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lished research from 1933 through 
1968.
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introduction and background ma
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of asymmetric organic reactions.
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and ke'ones

• various asymmetric addition reactions 
of carbonyl compounds; hydrogen 
transfe' from chiral reducing agents 
to achiral substrates; asymmetric 
synthesis at hetero atoms

• asymmetric synthesis of amino acids; 
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additions to alkenes
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by arrangement with the authors.
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CROWN ETHERS
WE STILL HAVE THE LOWEST PRICES

S Y N T H E T I C  A P P L I C A T I O N S
Crown ethers are known for their ability to form stable complexes 
with alkali and alkaline earth cations. Cation complexation results in 
highly activated (‘'naked") anions which are useful in a wide variety 
of synthetic applications. A few of these applications are listed 
below.

ONE STEP HYDROLYSIS/DECARBOXYLATION OF MALONIC 
ESTERS TO ALKYL ESTERS

R-CH(C02Et)2 1) KOH/18-Crown-6
2) Heat

D. H. Hunter, R. A. Perry, S y n t h e s i s ,  1977 (1), 37.

R-CH2C02Et
45-95%

C H 3Oo N 2 BF4

ARYL COUPLINGS
18-Crcwn-6

PREPARATION OF CYANOFORMATES

KOAc/Benzene
CH3I O

R-O-C-CI
18-Crowrv6/KCN

O
R-O-C-CN

66% (from Aniline)
Best Literature Yield is 25% 

G. W. Gokel, L. Blum, and S. H Korzenowski, T e t r a h e d r o n  L e t t . , 1977 (22)1871.

CH2Clz

M. E. Childs, W. P. Weber, J .  O r g .  C h e m . ,  41(21)3486(1976)

62-94%

HYDROGEN CYANIDE ADDITION 
WITHOUT HYDROGEN CYANIDE

SELECTIVE HYDROLYSIS OF ESTERS

0 9
18-Crown-6/Benzene

KCN (catalytic amount) 
Acetone cyanohydrin 
relux 3 hr.

C. L. Liotta. A. M. Dabdouband L. H. Zalkow 
T e t r a h e d r o n  L e t t . , 1977 (13), 1117

R-C-O-R' KQ2(KOH)/18-Oown-6 RCOH + R'OH
(Amides & Nitriles remain unaffected)

J. San FiSppo, L. J. Ramano, C.l. Chem, and J. S. Valentine, J .  O r g .  C h e m . ,  41 (3) 586 
(1976).

C *N
a b :  1 4  85%

+ Acetone

SYNTHESIS OF ALLENES AND CYCLOPROPANES

IMPROVED PEPTIDE SYNTHESES CH3/XC = i

Dicyc ohexo-18-crown-6

CH3 CSCH KOH/Benzene [ > = = <

O R

© -CH2-CI +  K-O-C-C-N-BOC 
H H

Merrifield Resin

l8-Crown-6C MF 
50̂ C ~~

CH3
CH3

. ® - c h 2o -c -c -n-b o c
H H

100%
T. Sasaki. S. Eguchi. M. Ohnoand F. Nakata, J. O r g .  C h e m . ,  41, 2409 (1976)

R. W. Roeske, P.D. Gessellcnen T e t r a h e d r o n  L e t t , 1976 (38), 3369-3372.

Potassium cyanide in the presence of 18-Crown-6 reportedly gives selective 
cleavage of protected am no acids and peptides from oxyacyl resins.

J P Tam. W F. Cunningham-Rundles, E W Erickson, and R. B. Merrifield. T e t r a h e d r o n  

L e t t . .  1 9 7 7 .  4001.

Parish Chemical offers almost two hundred Crown Ethers and re
lated ligands. If we don’t already have the one you need we can 
probably make it for you. We also do contract research on applica
tions. If you need technical assistance give us a call or drop us a line. 
We ll be happy to help.

DISPLACEMENT OF BROMIDE BY OXYGEN

Br 18-Crown-6/KO,
In  63%

W R I T E  F O R  O U R  

A P P L I C A T I O N S  B O O K L E T

T. Yamaguchi and H. C. Van der Pías, Ree. Trav. Chim. Pays-Bas, % (3), 89(1977).

ARYL HALIDES FROM ANIUNES

B r - ^ ^ - N 2BF4
18-Crown-6

^  Bm T Y i
CHCI3 /CH3 I

^ - n 2b f 4 -

Cl

18-Crown-6

I2 /KOAC/CHCI3 % J r
Cl

G. W. Gokel, and S. K  Korzenowski, T e t r a h e d r o n  L e t t . , 1977 (40), 3519.

REDUCTION OF DIAZONIUM SALTS
N 2 BF 4  Dicyciohexo-18-crown-6

CH2 CI2/CU

cH30~CẐ~N2BFa
F F ' ^ F

G. D. Hartman, S. E. Biffar, J .  O r g .  C h e m . ,  42, 1468 (1977). 

18-Crown-6/CHCI3
CH;

° o

1405 Benzo-15-crown-5 5g $13.65; 25g $48.50
1816 12-Crown-4 5g $12.50; 25g $49.50
3424 15-Crown-5, tech. 1OOg $87.50
2259 15-Crown-5, purified 5g $10.50; 25g $38.00
1404 Cyclohexo-15-crown-5 5g $16.50; 25g $58.95
3423 18-Crown-6, tech. 10Og $39.25; 500g $165.00
2260 18-Crown-6, purified 5g $6.75; 25g $27.00
2428 18-Crown-6, acetonitrile complex 10g S8.25; 50g $31.75
3411 Dibenzo-18-crown-6, tech. 25g $15.85; 100g $45.75
1350 Dibenzo-18-crown-6, 99% 10g $10.25; 50g $36.25
2261 Dibenzo-24-crown-8 lg S9.85; 5g $24.75
1406 Dicyclohexo-18-crown-6, tech. 10g $12.50; 100g $98.50

2032 Dicyclohexo-18-crown-6, purified 5g $11.95; 25g $48.50;
(white crystals mp 50-60) 100g $170.00

2262 Dicyclohexo-24-crown-8 Ig $12.50; 5g $37.50

CU2O H3 PO2

S. H. Korzenowski, L. Blurr, J. O r g .  C h e m . ,  42, 1469 (1977)

P A R I S H  C H E M I C A L  C O M P A N Y
815 WEST COLUMBIA LANE, PROVO, UTAH 84601 (801)375-4943
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The effect of solvent transfer on rates of some classical Sjgl solvolyses ar.d Sf,-2 reactions depends on the anion 
solvating properties of the solvents, as measured either by AGtr(Cl- ) or by the changes in solvent acceptor number 
[A(AN)]. For .ransfer through high dielectric (« > 20) solvents other than water, the transfer free energies of activa
tion show the approximate linear free-energy relationships, AG*tr = nAGtr(Cl- ) = —n'A(AN). These very simple 
relationships are extreme cases of the more precise expressions, AG*u(Sn1) = pAGtr(K+) + r.AGtr(Cl_ ) — 
AGtr(RX) = —p'A(DN) -  n'A(AN) -A G ,r(RX) and AG*tr(SN2) = -n A G tr(Cl") -  AGtr(RX) = n'A(AN) -  
AG;r(RX). These expressions apply to a greater range of reactions and correlate rates in water and rormamide as 
well as other ess structured solvents. Even for “ limiting” solvolyses of tert-butyl chloride and p-me~hoxyneophyl 
tosvlate, cation solvation plays a significant role in SnI but not Sn2 reactions, if transfer is through a sufficiently 
wide range of low dielectric as well as high dielectric solvents. The usefulness of donor and acceptor numbers, as 
well as free erergies of transfer of K+ and Cl-  as measures of cation and anion solvating power of solvents, is demon
strated.

Chemists have been seeking a simple m ethod for predict
ing rates o f  reactions ir different solvents.1-9 This paper de 
velops the linear free-energy relationships (eq 1 and 2) which, 
for several reactions in most polar solvents, reduce to the ap
proximate relationships (eq 3). Equation 3 is a relationship 
o f remarkable simplicity and although approximate, predicts 
several solvent effects cm rate in a way that may be acceptable 
to many chemists.

A G *tr(SNl )  = p A G tr(K+) +  nA G tr(Cl~)
-  AGtr(R X ) = -  p A (D N ) -  n 'A (A N ) -  AGtr(R X ) (1)

A G *tr(SN2) = - n A G tr(C l-)  -  AGtr(R X ) (2a)

= n 'a (A N ) -  AG tr(R X ) (2b)

AG *tr(SNl or S n2) =  ± n A G tr(C l—) = =f p /A (A N ) (3)

In eq 1, A G *tr(SNl) is the transfer free energy o f activation 
for solvolysis reactions (eq 4) o f  carbon com pounds, R X , and 
A G *tr(SN2) in eq 2 is the transfer free energy o f activation for 
S n2 reactions o f  anions Y~ with carbon com pounds R X  (eq
5). Transfer is from  any polar reference solvent, o, to other 
solvents, s, and the effect (k s/k°) o f  solvent transfer on the 
rates, k, are related to A G *tr through eq 6. AGtr(K +) and 
AGtr(Cl_ ) in eq 1 and 2 are single ion free energies o f  transfer 
from the reference solvent to other solvents. They are based 
on the T A T B  assum ption that A G tr(P li4A s+) = 
AGtrfPhuB- ).10'11 Values o f  AGtr(R X ) are experimentally 
determined free energies o f  solvent transfer for carbon com -

* Author to whom inquiries snould be addressed at The School of Mathematical 
and Physical Sciences, Murdoch University, Murdoch, Western Australia.

0022-3263/78/1943-1843$01.00/0

pounds, R X . The donor numbers (D N ) and acceptor numbers 
(AN ) are empirical parameters reflecting the donor and ac
ceptor properties o f  the solvents12 and p, n, p ', and n' are 
sensitivity parameters. T he symbolism R X *  and Y R X ~ *  
denotes the Sn I and Sn2 transition states, respectively.

R X  ^  R 6+ ........... X * i_  —► R + +  X -  —*■, solvolysis products
(4)

Y "  +  R X  —  Y R X -*  —  Y R  +  X -  (5)

AG*tr = - R T  In (fes/&°) (6)

Apart from the AGtr(R X ) term, eq 1 in part corresponds to 
the general forms o f the multiparameter approaches proposed 
by Faw cett-K rygow ski13 and M ayer14 in terms o f the 
donor-accepror description o f  solvent effects on equilibrium 
constants and rates o f  reaction. In the case o f  S n2 reactions 
at carbon (eq 5) our expression (eq 2) differs from that pro
posed by Fawcett-Krygowski.13 Because cations and cationic 
centers are not involved in such Sn2 reactions we do not agree 
that solvent donor properties, e.g., cation solvating power, are 
a factor in determining rates o f  these reactions.

T he transfer free energy o f activation is given by eq 7 for 
S n I and by eq 8 for Sn2 reactions.2

A G *tr(S Nl)  =  AGtr(R X * ) -  AGtr(R X ) (7)

A G *tr(SN2) = AGtr(Y R X -* )  -  AGtr(R X ) -  AGtr(Y ~) (8)

As several chemists have appreciated,1-7 these equations allow 
interpretations o f  mechanism, but since AG tr o f  transition 
states cannot be measured independently o f  a rate constant,

©  1978 American Chemical Society 1843
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they are only of lim ited value in predicting solvent effects on 
rate. One approach is to use AGtr (model) for a real model 
solute as an indicator of AGtr(RX*) or AGtr(YRX~*). The 
work of Abraham3 -4 has been notable in this area and some 
preliminary developments1 have been reviewed.2

Another approach is to estimate AGtr(R X *) and 
AGtr(YRX~*) from the general anion and cation solvating 
properties of the solvents combined with estimates of the 
sensitivity of these “ solutes”  to such properties. 15  This rec
ognizes that YRX- *  is an anion and tha\ R X * is a highly polar 
species, w ith well-developed cationic and anionic centers 
which w ill respond to the cation and anion solvating power of 
the solvents. Anion and cation solvating power is measured 
directly by AGtr(Cl_)(TATB) and AGtr(K+)(TATB), re
spectively. AGtr(Cl_) is very appropriate for Sn2 reactions; 
however, the donor-acceptor approach12 ,16  to molecular in 
teractions has some advantages as a measure of ion solvating 
power in estimating AGtr(RX*) because R X * is not an ion, 
but a highly polar “ molecule”  and there may be some con
ceptual difficulties in relating AGtr(K +) or AGtr(Cl~) for fu lly 
solvated ions to solvation of parts of the R X * dipole.

Acceptor numbers are derived from the NM R chemical 
shifts of phosphorus which are produced on transfer of EtsPO 
through solvents. 12  They are directly observable quantities 
and prove to be an excellent quantitative empirical solvent 
parameter for correlating those chemical phenomena which 
change with the electrophilic or acceptor properties of sol
vents. 12 ,16  In the broadest possible sense of the word, acceptor 
numbers measure the ability of the solvents to “ accept”  (in
teract with) electron pairs from suitable donors in a variety 
of chemical situations.

Donor numbers measure the ability of solvents to donate 
electron pairs to suitable acceptors16“ 19 and have been defined 
as the negative of the enthalpy of adduct formation between 
the reference acid SbCl5 and a solvent molecule in highly d i
lute 1 ,2 -dichloroethane solution.

Despite occasional conceptual difficulties, especially re
lating to entropic effects,8 it  is an indisputable fact that a re
markable amount of chemical information on systems in so
lution, be i t  a AG, AH, or other property, is correlated by the 
donor and acceptor numbers of solvents. 16 The precise nature 
of the acceptor-donor interaction neec not be specified. I t  
could be H bonding, formation of an acid-base adduct, an 
ion-dipole interaction, covalent bonding, ion-ligand coordi
nation, nucleophilic assistance, or electrophilic solvation of 
a leaving group. The advantage of the donor-acceptor corre
lations is that they bring many types of anion-molecule, cat
ion-molecule, ion pair-molecule, and molecule-molecule in 
teraction under one umbrella.

The advantage of such a general concept for estimating 
AGtr(RX*) is obvious. The Sn I  transition state R X * for sol
volysis of RX is indisputably highly dipolar,3 ,1 5  but it  is not 
an ion pair, i t  is certainly not solvent separated ions, and it  is 
very unlike “ normal”  polar organic molecules RX. Many 
chemists do not wish to be drawn into disputes about the type 
of interaction between solvent and RX ir. the transition state, 
but they are very interested in finding the most suitable sol
vent for a desired reaction. The concept of a donor interaction 
at R"+ and an acceptor interaction at X s- between Rs+—X 6- 
and solvent does not require definition of the exact nature of 
R X*, nor does it  require a statement as to the precise nature 
of the interactions. 16

There are lim itations of course. The donor-acceptor cor
relations break down completely when interactions between 
soft acceptors (e.g., Cu+, T l+, Zn2+) ar.d soft donors (e.g., 
.V.iV-dimethylthioformamide) take place. Back-bonding is 
not modeled by interactions of donors w ith SbCls- Acceptor 
numbers only have valid ity i f  they reflect chemical shifts for 
EtaPO—A adduct formation, rather than (as with C F 3 C O 2 H )

protonation of triethylphosphine oxide. 12  Solvents which are 
weaker donors than dichloroethane (heptane) do not of course 
have meaningful donor numbers, other than to say they are 
less than zero.

Phenomenological Observations. W ith  the background 
given above, we w ill first demonstrate some phenomenological 
relationships (eq 3) between the transfer free energy of acti
vation of Sn I  and Sn2  reactions, anion solvating power, and 
solvent acceptor properties. We w ill then use eq 7 and 8  to see 
why these relationships develop and why, in some cases, de
viations from the linear relationships (eq 3) occur.

Equations 9-12 summarize four relationships between 
transfer free energies of anions (Y - ) 1 1 , 20 ,21 and cations 
(M + ) 1 1 , 20-23 in high dielectric solvents, excluding soft cations 
in soft solvents, excluding other situations (e.g., Ag+ in 
CH3CN) where back-bonding is possible and excluding hy
drophobic anions or cations (e.g., BPh4_, NBu4+) in water, 
where solvation is of the second kind. Some AGtr (ion) values 
are in Tables I  and II, but ref 11 and 20 contain additional 
values which f i t  eq 9-12.

Equation 9 summarizes the excellent correlation between 
solvation of potassium cation and solvation of other cations, 
including soft cations in hard solvents and hard cations in soft 
solvents.24,25 As shown in Table III , values of p decrease w ith 
decreasing surface charge of the cation (Zn2+ > Cd2+ >  Ba2+ 
> > L i+ > Na+ > K+ > Cs+ > Ph4As+). Thus -A G tr(K+) as 
recorded in Table II  is a good measure of cation solvating 
power of solvents.25 The more positive —AGtr(K +), the
stronger the cation solvating power.

AGtr(M+) = pAGtr(K +) (9)

AGtr(Y ") = nAGtr(C l-) (1 0 )

AGtr(M+) = —p'A(DN) (ID

AGtr(Y ") = —n'A(AN) ( 1 2 )

Data in Table I and II  in ref 11 and 20 show that anion sol-
vating power is effectively measured by — AGtr(Cl_) as in eq 
1 0 , w ith sensitivity (n) decreasing with decreasing anionic 
surface charge (OAC-  >  Cl-  > B r-  >  I -  >  C104_; Table
III).

Potassium ion solvating power (and thus general cation 
solvating power through eq 9) is well measured by solvent 
donor properties (eq 11), as shown in Figure 1  and Table II. 
Chloride ion solvating power (and thus general anion solvating 
power through eq 1 0 ) is well measured by solvent acceptor 
properties (eq 12), as shown in Figure 2 and Table II.

Equations 9-12 are of great value in correlating many as
pects of solution chemistry, but in this paper we are concerned 
only with kinetics of Sn I and Sn2 reactions. The expressions 
—AGtr(K +) or +1.30 A(DN) are equivalent as measures of the 
cation solvating power of solvents. Values of —AGtr(Cl_) or 
+1.30 A(AN) are equivalent as measures of anion solvating 
power, as shown in Table II. We expect that eq 1 1  or 1 2  w ill 
only give lower limits to AGtr(M + 1 or AGtr(Y~) when transfer 
is to solvents of very low dielectric constant (<5) like dioxane 
and ether. This is because Born type solvation is the major 
contributor to AGtr(ion) for such extreme transfers and this 
is not well measured by donor and acceptor numbers.

Sn 2 Reactions. Transfer free energies of activation for 
many Sn2 reactions like eq 5 have simple linear free-energy 
relationships (eq 13-15) with AGtr'Y - ), AGtr(Cl_), and A(AN) 
as shown in Table IV. Values of n " , n, and n' are in Table I I I  
and express the sensitivity of each reaction to solvent trans
fer.

AG *tr(SN2) = —n"AG tr(Y- ) (13)

AG *tr(SN2) = -n A G tr(C l-) (14)
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Table I. Free Energies of Transfer of Ions from DMF at 25 °C (kJ g-ion-1 ). 
TATB Assumption AGtr(Ph4As+) = AGtr(Ph4B- )

Solvent13
AGtr6
(Br- )

AGtr6
(N3- )

AGtr6
(I -)

AGtr6
(SCN- )

AGtr
(NMe4+) d-f

AGtr
(Me3S+)c7

AGtr6
(Ag+)

CF3CH2OH -4 1 -2 5 66
h 2o -3 4 -3 5 -1 8 -1 6 5 17
HCONH2 -2 4 -2 3 -1 1 -1 2 2
MeOH -2 3 -2 4 -1 0 -1 0 11 13 24
NMeF -1 9 2«
EtOH -1 5 -1 8 - 4 15 16 20'
Me2SO - 7 -1 1 —9C —8C 3 -1 7
M eN 02 -1 0 - 6 - 7 6 11 43
PC - 6 - 6 - 7 33
MeCN - 3 - 6 - 4 - 3 8 11 - 5
DMF 0 0 0 0 0 0 0
DMA - 1 - 2 1 1 - 5
NMePy 1 6 0 3 2 - 7 '
Me2CO 8 9 8 8 12 25;
HM PT 13 12 6 -26«’
0.70 M e2S 0 -H 20 -97 -8J
0.32 Me2S 0 -H 20 —172 -10J - 85'

“ Abbreviations as in Table II. 6 From AGtr(AgX)n '20 — AGtr(Ag+)(TATB ), this table. c Dubious value because o f high solubility 
of AgX and complex formation. d From AGtr(Me4NI)3 -  AGtr(I- ), this table. c From AGtr(Me3S+) -  AGtr(Ag+)2 + AGtr(Ag+)(TATB), 
this table, f Values are somewhat uncertain because of the high solubility o f Me4NI and Me3SX  in many solvents and the possibility 
of solvates. This is why we prefer AGtr(K+) as a measure of cation solvating power. g H. Schneider and C. Kalidas, private communication 
based on the ferrocene assumption, cf. ref 10 and 20. h Reference 11. ‘ Reference 22.1 Reference 2.

a ( d n )

Figure 1. Relationship between potassium cation solvating power 
and solvent donor properties. Plot of the equation AGtr(K+) = 
— 1.30AQN) of eq 9 and 11 and Table II. Solvent data points are 
numbered as in Table II.

A  ( a n )

Figure 2. Relationship between chloride anion solvating power and 
solvent acceptor properties. Plot of the equation AGtr(Cl- ) = 
—1.30A(AN) of eq 12 and 10 and Table II. Solvent data points are 
numbered as in Table II.

A G * ;r(SN2) = rc'A(AN) (15)

Transfer is through any set o f  polar solvents o f  high d i
electric constant ( > 10), provided that the observed rate 
constants are for reaction o f free anions Y " ,  rather than ion 
pairs.

As shown in Tables III and IV, the relationship is even 
simpler for some Sn2 reactions o f  iodom ethane and for m ost 
SwAr reactions in that n "  in eq 13 is unity. Equations 14 and 
15 follow  as corrolaries o f  eq 13, through eq 10 and eq 12, re
spectively. Thus n in eq 14 is n "  (eq 13) X n (eq 10) and n' (eq
15) is n "  (eq 13) X n' (eq 12). This is confirm ed in Table
III.

The attem pted corralations for water and formam ide are 
instructive. As shown in Table IV, water and form am ide are 
quite well correlated by eq 13-15 for reaction 6 o f  4-fluoroni- 
trobenzene with azide ion, reaction 5 o f  2,4-dinitroiodoben- 
zene with SCN - , and reaction 3 o f  iodom ethane with SC N - , 
where n ”  is unity. However, for all other reactions in Table
IV, Sn2 reactions in water and formam ide are up to 15 kJ

m ol-1 faster in terms o f A G *tr(SN-2) than required by eq
13-15. This is true, even for reactions where n "  is unity, e.g., 
CH 3I +  C l-  (reaction 1).

W e note from Table III that values of n "  in eq 13 o f less than 
unity are observed if  the transition state is loose;26 e.g., for 
displacem ent at the methyl o f  the tosylate by azide ion, n "  is 
only 0.5, for reaction 4 o f  n -butyl brom ide with azide ion, n "  
is 0.73, and for reaction o f bromomethane with Cl- , n "  is 0.80. 
Values o f n "  from eq 13 can give valuable mechanistic in for
mation as to the tight or loose nature o f  Sn 2 transition 
states.2-26

T he choice o f eq 13, 14, or 15 for predicting rates o f  Sn2 
reactions, or deriving values o f  n, n', or n "  to provide m echa
nistic information as to tightness or looseness, etc., o f  transi
tion states, will depend on which parameters, AG tr(Y - ), 
AGtr(Cl~), or A(AN ), are available. Equation 13 has the most 
direct mechanistic significance, as we will see, but the pa
rameters for eq 14 and 15 are more precise and more are 
available. Equation 13 o f course provides a way o f measuring 
AGtr(Y - ), eq 14 a way o f  measuring AGtr(Cl- ), and eq 15 a way
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Table II. Changes in Anion and Cation Solvating Power and Changes in Acceptor and Donor Properties of Solvents on 
____________________________________ Transfer from DMF at 25 °C (values in k j  g-ion-1)_____________________________________

Registry Cation solvating power_____  Anion solvating power
Solvent“ no. eb + 1.30A(DN) -A G tr(K +P + 1.30A(AN)* -A G tr(Cl~)

1 DCE 107-06-2 10.1 > -3 5 + 1
2 n -Hexane 110-54-3 1.9 > —35!’* ca. — 180J > - 20*
3 MeNOz 75-52-5 36.7 -3 1 -3 1 +6 + 14
4 PhNOz 98-95-3 34.8 -2 9 - 2
5 MeCN 75-05-8 36.0 -1 6 -1 9 +4 4
6 TMS 126-33-0 43.3 -1 5 -1 5 +4
7 Dioxane 123-91-1 2.2 > —15k > —6*
8 PC 2453-03-4 65.0 -1 5 -1 2 +3 +4
9 Me2CO 67-64-1 20.7 -1 2 -1 1 - 4 5 -1 1

10 H20 7732-18-5 78.5 -1 1 - 9 +50 +46
11 MeOH 67-56-1 32.6 -1 0 -1 8 +32 +32
12 Ether 60-29-7 4.2 > - 10* > -1 5 *
13 DMF 68-12-2 36.7 0* 0 0« 0
14 NMePy 872-50-4 33.0 +1 + 1 - 4 - 3
15 DMA 127-19-5 37.8 +2 +2 - 4 5 - 3
16 Me2SO 67-68-5 46.7 +4 +3 +4S +6
17 Pyd 110-86-1 12.3 +8 - 3
18 HM PT 680-31-9 29.6 +  16 +8 - 7 -1 3
19 NMeF 123-39-7 182.4 +21 +25
20 MezCHOH 67-63-0 18.3 + 225
21 EtOH 64-17-5 24.3 -2 5 +27 +25
22 HCONHz 75-12-7 109.5 - 7 +31 +33
23 HOAc 64-19-7 6.3 +48
24 CF3CH0OH 75-89-8 26.1 -4 5 +48c +56
25 CF3CO2H 76-05-1 8.3 > -3 5 * > -4 5 * < + 115d
26 0.32 Me2S 0 -H 20 33 m 26'
27 0.89 M eCN -H 20 20 m 20"
28 0.80 MeCN-HzO 27m 25"
29 0.63 M eCN -H 20 34 m 32"
30 0.51 M eCN -H 20 35m 36"
31 0.40 MeCN-HzO 36 m 385"
32 0.30 M eCN -H 20 38m 40"
33 0.20 M eCN -H 20 43 m 40"
34 0.10 MeCN-HoO 47 m 44"

a Abbreviations are: DCE, 1,2-dichloroethane; TM S, tetramethylene sulfone at 30 °C; PC, propylene carbonate; DMF, N,N-di- 
methylformamide; NMePy, A'--methyl-2-pyrrolidinone; DMA, JV,iV-dimethylacetamide; Me2SO, dimethyl sulfoxide; HM PT, hex- 
amethylphosphoric triamide; NMeF, A'-methylformamide. Solvent mixtures: numbers indicate mole fraction of organic solvent 
component. b Reference 12. c U. Mayer, private communication. d Maximum value, because acceptor number includes chemical shift 
for protonated EtaPO averaged with chemical shift of CF3C0 2H-0 PEt3 adduct. e Reference 22 and 23. f From AGtr(AgCl)11’20 — 
AGtr(Ag+)(TATB), Table I or ref 23. g The donor number of DMF is 26.6 and its acceptor number is 16.0. h Estimated from low dielectric 
constant and low basicity o f this solvent. 1 Solvents which are weaker donors than 1,2-dichloroethane should have negative donor 
numbers. Assignment of DN = 0 in eq 11 therefore indicates a solvating power which is somewhat too high. 1 AGtr(K +) is 340 kJ g-ion_1 
for transfer from DMF to the gas phase.22 A simple Born calculation, using a dielectric constant of 1.9 for hexane, predicts AGtr(K +) 
of 180 k j g-ion_1 for transfer frcm DMF to hexane. k It seems unlikely that the donor-acceptor concept for predicting ion solvating 
power extends to these very low dielectric solvents. We expect weaker ion solvating power than predicted by donor and acceptor numbers. 
’ Reference 2. m U. Mayer, W. Gerger, and V. Gutmann, Monatsh. Chem., 108,489 (1977). " W. E. Waghorne, Ph.D. Thesis, Australian 
National University, Canberra, Australia, 1972.

o f measuring acceptor numbers indirectly from rate constants 
in different solvents, should these not be otherwise available, 
and all three are related through eq 10 and 12.

In summary then, rates o f  Sn2 reactions between anions and 
molecules in polar solvents have tolerable linear free-energy 
relationships with the anion solvating properties and with the 
acceptor properties o f the solvents as recorded in Table II. An 
example is illustrated in Figure 3 for reaction 6 o f  Table IV.

SnI Solvolysis. T w o classical investigations o f  physical 
organic chemistry are the solvent effects on the rates o f  sol
volysis o f  tert-butyl chloride and p-m ethoxyneophyl tosylate 
(eq 16). The solvolysis o f  feri-bu ty l chloride leads to the 
Grunwald-W instein Y  values27’28-29 and the solvolysis o f 
p-m ethoxyneophyl tosylate (I) measures “ solvent ionizing 
power” .30’31 T he subsequent work by Abraham315 on tert- 
butyl chloride has been particularly illuminating, as have the 
investigations o f  Schleyer and co-workers31 and Rudakov32 
cn this and related substrates. It is o f interest to simplify these 
highly sophisticated and successful interpretations for the

benefit o f nonspecialists, who are familiar with the principles 
o f  anions, cation, and molecule solvation, but not the language 
and concepts o f the physical organic chemist. As noted, 
Fawcett and Krygowski8 have presented relationships which 
are closely related to ours, but we consider important new data 
points and discuss the implications in a somewhat different 
way.

MeO

p-Methoxyneophyl Tosylate. There is an excellent linear 
free-energy relationship (eq 17) between AGtr(C l- ) at 25 °C



Solvent Effects on Rates of Solvolysis J. Org. Chem., Vol. 43, No. 10,1978 1847

Table III. Sensitivities of Anions, Cations, and Sn2 Reactions to Solvent Transfer through High Dielectric Solvents at
2 5 '’ C. Values o f  n and p  in eq 9 - 15 and 2

Anions®
Y -

Registry
no.

n
(eq 10)

n'
(eq I2d)

Cations®
M+

Registry
no.

P
(eq 9)

P ’
(eq 11/)

F - 16984-48-8 1.25 1.62 Zn2+ 23713-49-7 5.2 7.5
OAc- 71-5C-1 1.33 1.73 Cd2+ 22537-48-0 4.3 6.0
c i - 16887-0C-6 1.00 1.30 Ba2+ 22541-12-4 3a 4s
Br" 24959-67-9 0.74 1.00 Li+ 17341-24-1 2.1 2.9
n 3- 14343-69-2 0.75 1.0 Na+ 17341-25-2 1.5 2.1
SC N - 1111-68-8 0.35° 0.45 K+ 24203-36-9 l.C 1.30
O Ts- 16722-51-3 0.3-0.4S 0.4-0.5c>i Cs+ 18459-37-5 0.7 1.0
I - 20461-54-5 0.35-0.4° 0.4-0.5 NM e4+ 51-92-3 0.5 0.7
C104- 14797-73-0 0 0 Pll4As+ 15912-80-8 0.25 0.3
B P h r 4358-26-3 0.05 0.05

Registry Reactants n" n n'
no. (RX) R X  +  Y - (eq 13* ■c) (eq 146'c) (eq 15b’d)

74-88-4 CH3I + SCN- 1.0° 0.35 0.45
CH?I +  Br“ 1.0 0.7 1.0
CH3I +  c i - 1.0 1.0 1.30

74-83-9 CH3Br +  SCN- 1.0° 0.35 0.45
CH3Br + C l- 0.80 0.80 1.0

109-65-9 rc-BuBr +  N3~ 0.73 0.55 0.72
80-43-8 CH3OTs + n 3- 0.50 0.36 0.54
350-46-9 4-NO2C6H4F 4- N3- 1.0 0.75 1.0
636-98-6 4-NO2C6H4I +  N3- 1.0 0.75 1.0
709-49-9 2,4-(N02)2C6H3I +  SCN" 1.0° 0.35 0.45

2,4-(N 02)2C6H3I + Cl“ 1.0 1.0 1.30

° Significant deviations from the appropriate equations occur for some solvents because of difficulties in measuring solubilities 
of Agl and AgSCN.18 6 Values o f A G +r(SN2) calculated from ref 2 .c Values of AGtr(Y_ ) from Table I or from AGtr(Ag+) + AGtr(Y- )n ’20 
-  AGtr(Ag+)(TATB), Table I. d Values of A(AN) from acceptor numbers in Table II. c Values o f AGtr(M +) from ref 11 or 23. f Donor 
numbers from Table II. * Only three data points available: cf. R. Alexander, E. C. F. Ko. Y. C. Mac, and A. J. Parker, J. Am. Chem. 
Soc., 89, 3703 (1967).

A G l r (C I~ ) [ k J . g i o n ~ ]

Figure 3. Relationship between transfer free energy of activation 
AG*tr(SN2) and anion solvating power of solvents for transfer of the 
SnAt reaction between azile ion and 4-fluoronitrobenzene at 25 °C. 
Plot of the equation AG*;j.(Sn2) = —0.75AGtr(Cl_), cf. eq 14 and 
Table IV.

Figure 4. Relationship between transfer free energy of activation and 
solvent acceptor properties for solvolysis of p-methoxyneophyl tos- 
ylate at 75 °C. Plot of the eq 18 AG^tASNl) = -0.52A(AN); cf. Table 
V. No. 35: mole fraction EtOH in mixture with water = 0.55. No. 36: 
mole fraction MeOH in mixture with water = 0.64.

(Table II) and the transfer free energy o f activation for sol
volysis o f  p-m ethoxynecphyl tosylate at 75 °C  (Table V). Even 
water tolerably satisfies the relationship. The value o f n is
0.40.

A G *tr;SNl)  = nAG tr(C l-)  (17)

A corrolary o f  eq 1 0 ,12, and 17 is given by eq 18. As shown 
in Figure 4 and Table V  there is a good correlation between 
acceptor numbers of pure solvents and alcohol-water mixtures 
and solvolysis rates (AG+triSN1-))  o f  p -m ethoxyneophyl tos
ylate. The value o f n' is 0.52 as required by the special case o f 
eq 12, AGtr(Cl_ ) = -1 .3 0  A(AN), and by n = 0.4 in eq 17. The

use o f acceptor numbers allows us to introduce extra data 
points for which AGtr(C l_ ) are not available. However these 
are all for solvents o f  low dielectric constant, i.e., acetic acid
(6.3), ether (4.2), pyridine (12.3), and trifluoroacetic acid (8.3). 
Substantial positive deviations (up tc +13 kJ m ol-1 ) from the 
requirements o f  eq 18 are observed in three o f  the solvents, 
but pyridine is well correlated in a relationship covering 56 
kJ m ol-1 in A G ^ ^ S mI)-

A G *tr(SNl )  = —n 'A (A N ) (18)

Unlike the good correlations with chloride anion solvating 
power and acceptor number, there is no meaningful rela-
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Table IV. Correlation of Solvent Effects on Sp,-2 Rates through eq 2,13,14 or 15. Transfer at 25 °C in kJ mol 1 from
Dimethylformamide of Reactions RX + Y-  —> RY + X-

Solvent“ AGtr(RX)b
AG*tr(SN2),b - 

(obsd)
-n" AGtr(Y 

(eq 13)
H —n A G tdC l-p  

(eq 14)
+  n 'A (A N )c 

(eq 15)
AG*tr(SN2) 

(eq 2a)
AG*tr(SN2) 

(eq 2b)

Reaction 1: R X = CH3I; Y - = Cl- ; n" = 1.0; n = 1.0; n' = 1.30
H20 11 35 46 50 35 39
HCONH2 6 27 33 31 27 25
DMF 0 0 0 0 0 0
DMA 0 - 3 - 3 - 3 - 3 - 3
MeCN 1 7 4 4 3 3
NMePy - 1 - 6 - 3 - 3 5 - 2 - 25
M eN 02 2 10 14 6 12 4
Me2CO - 2 0 -1 1 - 4 5 - 9 - 25
MeOH 3 £4 32 33 29 30
NMeF 24fid 25 21
C2H4C12 5C 1

Reaction 2: RX = CH3I; Y - = Br- ; n" -  1.0; n = 0.75; n' = 1.00
c f ,c h 2o h 31/ 41 41 37
h 2o 11 26 34 34 39 23 28
MeOH 3 24 23 24 25 21 22
HCONH2 6 20 24 24 24 18 18
EtOH 2 205/ 15 I8 5 21 17 19
MeCN 1 7/ 3 3 3 2 2
DMF 0 0 0 0 0 0 0
Me2CO - 2 - 5 - 8 - 8 - 3 5 - 6 “ Is
NMePy - 1 - 7 - 1 - 2 - 3 - 1 - 2

Reaction 3: R X  = CH3I; Y -  =; SCN- ; n" = 1.0; n == 0.35; n' = 0.45
H20 11 14 16 16 175 5/ 6.5 /
MeOH 3 13 10 11 11 8/ 8 !
HCONH2 6 10 12 11 11 5 J 5 1
NMeF 7s 8 5 7
M eN 02 2 5 7 5 2 3 0
MeCN 1 5 3 I s 1 0 0
DMF 0 0 0 0 0 0 0
DMAC 0 - 2 - 1 - 1 - 1 - 1 -1
PC 4 / 7 2 1
Me2CO - 2 - 2 - 4 - 2 - 2 0
NMePy - 1 - 7 - 3 - 1 - 1 0 0
Me2SO 0 2 f +8 +2 + I5 2
0.70 Me2S 0 -H 20 4s 7s 8 6
0.32 Me2S 0 -H 20 7 8 85 9 15s 2 4s

Reaction 4: R X  = n-BuBr; Y~ = N 3- ;  n" = 0.73; n = 0.55; n' = 0.72
MeOH 1 19 17.5 18 18 17 17
h 2o >15 15 25 25 28 <10 <13
HCONH2 4 13 17 18 17 14 13
TMS 4s 2
M e2SO 1 2 8 3 2 2 1
DMF 0 0 0 0 0 0 0
MeCN -O 5 - 2 4 2 2 25 25
DMAC 0 - 3 - 1 - 2 - 2 - 2 - 2
Me2CO 0 - 3 - 7 - 6 - 25 - 6 —25
HM PT - I s - 5 - 9 - 7 - 4 - 6 - 25

Reaction 5: R X  = 2,4-(N 02)2C6H3I; Y
HCONH2 ca.9* 11 12
MeOH >eh 19 10
Me2SO 3 8
MeNO, 2 7
MeCN 1 3
DMF 0 0 0
TMS 0
NMePy - 2 - 3
DMAC - 2 - 1
Me2CO - 6

SCN ; n" = 1.0; n = 0.35; n' = 0.45
11 11 21 2 7
11 11 <51 <5J
2 Is
5 2
1 1
0 0 0 0
1

-1 -1
-1 -1
-4 - 2

Reaction 6: R X = 4-N 02C6H4F; Y
h 2o >15* 26“ 35
MeOH 7* 25 24
HCONH2 9* 21 23
NMeF 18'.m
M eN 02 6“ 10
M e2SO 0.5* 3“ 11
MeCN 45* 3“ 6

n ” = 1.0; n = 0.75; n' = 1.0
35 39 <20J < 24/
24 25 17 J 18/
25 24 16/ 15/
19 16
10 45
45 3 4/ 25/3 3 - V ~ h J
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Table IV (C ontinued)

Solvent“ AGtr(R X ) 6
AG*tr(SN2),b

(obsd)
- n "  AGtr(Y ~)g 

(eq 13)
—nAGtr(Cl~)e 

(eq 14)
+  rc'A(AN)e 

(eq 15)
AG*tr(SN2) 

(eq 2a)
AG*tr(SN2) 

(eq 2b)

Reaction 6 (Continued)

PC 2sn 6 3 2
PhCN 1' 0
P hN 02 O' - 1
DMF 0h 0 0 0 0 0 0
TMS 0“ 3
DMAC - 3 - 1 - 2 - 2
Me2CO -5 - 9 - 8 -3 s
NMePy ~ h h - 5 - 6 - 2 - 3 - o 6; -1.5'
HM PT —2h - 9 n -1 3 - 7 - 5 -7>i - 3 '

“ Abbreviations as in Table II. b Reference 2, unless stated otherwise. c Reference 40. d A. J. Parker, J. Chem. Soc., 1328 (1961). 
e Table II. f Reference 20. « Table I unless stated otherwise. h Estimated from AGtT for 4-NO2C6H4I and 2,4-(N 0 2)2C6H3Cl, ref 2. 
1 AGtr(Y _ ) is uncertain; see Table 1. 1 These equations are not expected to apply to these reactions; see text. k Both 4 -N 02C6H4F and
2,4-(N02)2C6H3Cl (ref 2) have solubilities >1 M in DMF and <10~3 M in water at 25 °C AGtr(RX) is >15 k-J mol-1 . ' J. Miller and
A. J. Parker, J. Am. Chem. Soc., 83,117 (1961). m Extrapolated from a rate constant measured at 100 °C, assuming same activation 
energy as for reaction in formamide. n Reference 6.

Table V. Correlation of Solvent Effects on Rate of 
Solvolysis of p-Methoxyneophyl Tosylate k (ROTs) at 75

°C: Transfer from Acetonitrile

AG*tr(SNl) —0.52A(AN)f 0.40AGtr(Cl~K
Solvent“ (obsd) (eq 18) (eq 17)

CF3CO2H —35d -4 5 «
CF3CH2OH —21e -1 8 -2 1
H20 —21b’c -1 9 -1 7
MeOH - 10“ -1 2 -1 1
HOAC - 10“ -1 3
EtOH - 7 “ -9 s - 8
Me2SO - 3 “ 0 - 1
M eN 02 - 5 “ - 1 - 4
DMF 0“ Is 2
MeCN 0“ 0 0
Pyd 3C 2
MezCO 6C 3 6
Ether 21“ > 8 h
0.64 M eOH -
h2o

- 1 3 ' -1 3  J

0.55 EtOH-
h 2o

- I V - 125J

“ Abbreviations as in Table II, pyd is pyridine. b Approximate 
value, extrapolated from water-solvent mixtures. c Reference 30. 
d Estimated from solvolysis of neophyl tosylate in this solvent:
A. F. Diaz, I. Lazdins, and S. Winstein, J. Am. Chem. Soc., 90, 
6546 (1963). e Estimated from solvolysis of 2-adamantyl tosylate, 
ref 31. f Table II. « See footnote d, Table II. h Footnote k, Table 
II. 1 Calculated from rate constants at 25 and 50 °C given in ref 
30. > See footnote m, Table II. h Registry no.: 59024-80-5.

tionship such as eq 19 between A G 4tr(SNl) for these solvolyses 
and the cation solvating power o f the solvents (Table II). As 
shown by Fawcett and Krygowski,8 the dependence o f  these 
rates on solvent donor properties is negligible.

A G *tr(S Nl )  = p A G tr(K +) = —p 'A (D N ) (19)

Solvolysis o f p -m ethoxyneophyl tosylate is always faster 
in the significantly stronger anion solvating solvents (e.g., 
trifluoroethanol, trifluoroacetic acid) o f  a set o f  solvents, ir
respective o f cation solvating power. Instructive comparisons 
from Table V are: the similar values o f  A G +tr(SNl) between 
CH3NO2 and Me2SO, which are two solvents o f very different 
cation solvating, but similar anion solvating properties (Table
II); faster solvolysis in ethanol than D M F; and similar rates 
o f  solvolysis in water and trifluoroethanol (similar AN) despite 
a difference o f  35 kJ g-ion_1 in their ability to solvate K+ 
(Table II).

T o  summarize, rates o f  solvolyses o f  p-m ethoxyneophyl 
tosylate in solvents o f  high polarity have a linear free-energy 
relationship with the anion solvating properties, as measured 
by A(AN ) or — AGtr(Cl~) o f  the solvents. In the language o f 
the physical organic chemists, Figure 4 and Table V establish 
that electrophilic solvation o f the leaving group, rather than 
solvent ionizing power, is the major factor in determining 
differences in rates o f solvolysis o f  p -m ethoxyneophyl tosyl
ate. These are limiting solvolyses, with no detectable nu
cleophilic participation by the solvent. W e cannot agree that 
it is not necessary to account explicitly for electrophilic (an
ionic) solvation o f the leaving group in these  solvolysis reac
tions31 and recall the original H ughes-Ingold form ulation33 
o f an Sn I reaction. “ Sn I reactions involve a rate-determining 
ionization to  a cationic intermediate. T he solvent functions 
largely in an electrophilic manner (as an acceptor) to hetero- 
lyze the C -X  bond and solvate the anion. N o covalent inter
action between the solvent and cation is required.”  Certainly 
this solvolysis fits that description.

tert-Butyl Chloride. A G *tr(SNl) for teri-butyl chloride 
solvolysis, as measured by the rate o f  production o f HC1, is 
analyzed in Table VI. The linear free-energy relationship (eq 
17) is less satisfactory than it was for p-m ethoxyneophyl 
tosylate. Rates o f  solvolysis by  water and formamide are now 
much faster than required by eq 17. Weak cation solvators o f 
very different anion solvating properties, such as ethanol, 
methanol, trifluoroethanol, nitromethane, acetonitrile, and 
acetone, fit a linear relationship o f  slope 0.5 in eq 17. However 
solvolysis o f  ter t-butyl chloride by solvents which are very 
strong cation solvators (Table II), such as D M F, N -m ethyl- 
pyrrolidine, D M AC, and M e2SO, are a little faster than re
quired by eq 17.

As noted, eq 18 is a corollary o f  eq 10,12, and 17, so like eq 
17 it gives a tolerable correlation between solvent acceptor 
numbers and A G ^ ^ S nC  for solvolysis o f teri-butyl chloride 
in solvents o f  high dielectric constant, other than water. The 
value o f  n' is 0.65 in Table VI. T he use o f  acceptor numbers 
gives much the same deviations as eq 17, but allows inclusion 
o f data points, for ether (4.2), dioxane (2.2), heptane (1.9), 
nitrobenzene (35), isopropyl alcohol (18.3), acetic acid (6.3), 
and trifluoroacetic acid (8.3). M any o f these are low dielectric 
solvents (values in parentheses) so only maximum values o f 
their anion solvating power can be estimated from  A(AN) 
(Table II). T he low dielectric solvents (<  10) all actually sol- 
volyze ter t -butyl chloride m ore slowly than predicted by 
solvent acceptor numbers in eq 18. The slower than predicted 
rates are observed whether the low dielectric solvents are poor 
acceptors and donors, like heptane, strong donors but weak
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Table VI. Correlation of Solvent Effects on Rates of Solvolysis of tert-Butyl Chloride p and te r t-Butyl Bromide q at 25 
°C. Transfer from Acetonitrile in kJ mol-1 (t-BuCl) or DMF (t-BuBr)

AG*tr(SNl)  = pA G tr(K+) +  nAGtr(C l-) -  AGtr(i-B uX ) (la )

AG*tr(SNl)  = —p'A (D N ) -  rc'A(AN) -  AGtr(i-E uX ) (lb )

Reaction: i-B uX  = i-BuCl; p = 0.20; p ' = 0.28; n = 0.50; n' = 0.65
AGtr AG*tr(SNl) nAGtr(Cl~)‘ -n 'A (A N ) 1 AG+tr(SNl) AG*tr(SNl)

Solvent“ (t-BuX) (obsdcJ (eq 17) (eq 18) (eq la) (eq lb )

h 2o 18 —41c -2 1 -2 3 -4 1 -4 5
CF3C 0 2H - 3 2 h < -5 6 * < -5 2
CF3CH2OH —21h -2 6 -2 2 > -2 2
HCONH2 4> —25c - 1 4 b -1 3 s - 2O5 -21 .5
MeOH 1 - 1 5 e -1 4 - 1 4 b -1 5 -16 .5
HOAc 0 - 12e -2 2 < -1 9
EtOH 0 —9sc -IO 5 -1 2 -9,5
Me2CHOH 0 - 6e - 9 -1 0
M e2SO 1 - 5 5d - 1 0 - 6 - 5
M eN 02 1 —4d - 5 - 1 - 3 2
DMF - 1 - l d 2 2 - 1 - 1
DMA - \ k - o 6d 3s 4 - 1 2
MeCN 0 0d 0 0 0 0
NMePy - 1 l5d 3s 4 O5 2
P h N 02 - 2 6d 3 3 8 5
Me2CO - 2 8d 7s 4 85 55
Dioxane - 2 12d >5 f >8
Ether - 3 23d > W >12
n -Heptane - 3 42d >13/ >21
0.2 M e0H -H 20 12' —35m —21“ - 3 4 “
0.4 M e0H -H 20 8 ' -2 9 5m -1 9 " -2 8 °
0.6 M e0H -H 20 6( —24m -1 7 " - 2 4 “
0.8 M e0H -H 20 35' —19m -1 6 " —2O50

Reaction: f - B u X  = f-BuBr: p ■= 0.20; p ' = 0.28; n = 0.35; n' = 0.45 from DMF
AGtr(t-BuX) AG*tr(SNl) nAGtr(C l-) —n'A(AN) AG*tr(SNl) AG*tr(SNl)

h 2o 22 -3 2  6 -1 2 - 1 7 b -3 2 -37 .5
c f 3c h 2o h —18e -1 4 -1 7 > —8
MeOH 3 - l b - 8 -1 1 - 7 -1 2
EtOH 1 —2b - 5 -9fe - 1
DMF 0 0 b 0 0 0 0
DMA Qk 0 b 0 1 0 1
NMePy 0 2b 1 1 1 1
Me2CO "Os 7 b 3 I5 65 3ö

“ Abbreviations as in Table II. b Reference 3 .c Reference 29. d Reference 15. e F. L. Scott, Chem. Ind., 224 (1959). 1 Recorded acceptor
numbers for these low dielectric solvents give maximum estimates of their1 anion solvating power onlv (see text and Table II). * See
footnote d, Table II. h Reference 31. 1 From Table II. > Estimated from n-BuBr, ref 2. * Estimated from DMF. 1 Interpolated from
M. H. Abraham and G. F. Johnston, J. Chem. Soc. A, 1610 (1971) after conversion to mole fraction scale. m Interpolated from ref 29.
n See footnote m, Table II. 0 Assuming DN = constant ~ 18 for M e0H -H 20  mixtures. p Registry no.: 507-20-0. q Registry no.: 507-
19-7.

Table VII. Analysis of Solvent Effects on Rate of Solvolyses of tra n s-i-  tert-Butylcyclohexyl Tosylatef (ROTs) at 75 °C.
Transfer from Acetonitrile in kJ mol- 1

AG*tr(SNl) —0.5A(AN)e pA G tr(K+) - AGtr(ROTs) 0.4AGtr
Solvent“ (obsd) (eq 18) (eq 1) (K+)

CF3CO2H —29d < -4 3 <14 >10
c h 3c o 2h — 18d -1 6 -2
Me2SO —9 6 0 -9 - 9
EtOH —I e - 8 1 2
DMF - 4 6 +  3 -7 - 8
M eN 02 - l 6 0 -1 +5
MeCN O6 0 0 0
Me2CO 5b 4 1 - 3

“ Abbreviations as in Table II. 6 Reference 42. e S. Winstein and N. J. Holiness, J. Am. Chem. Soc., 77, 5562 (1955). d Reference
43. e Acceptor number from Table II. f Registry no.: 7453-05-6.

acceptors, like ether and dioxane, or very strong acceptors but 
weak donors, like acetic acid and trifluoroacetic acid.

For the same solvents, eq 17 is a little more satisfactory than 
eq 18.

Other Substrates. AG+tr(SNl) for solvolysis o f  tert-butyl 
brom ide is also analyzed in Table VI and tra ns-4 -tert- 
butylcyclohexyl tosylate is analyzed in Table VII. Equation 
18 is clearly not acceptable as describing solvent effects on
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rates of solvolysis of trans -4-feri-butylcyclohexyl tosylate in 
DMF and Me2S0 . The solvolyses of tert-butyl bromide f it  eq 
18 in much the same indifferent way as do those of ierf-buty l 
chloride, but n' in eq 18 is of course less (0.45) because the 
larger bromide ion is less responsive to solvent anion solvating 
properties than is the developing chloride ion in i-B uC l*.

Discussion
I t  is of interest to examine why we obtain the linear rela

tionships eq 13, 14, 15, 17, and 13 between rates, AGtr(Y- ), 
AGtr(Cl- ), and acceptor number for several Sn 2 and Sn I  re
actions in different solvents.34 Even more interesting are the 
reasons for the deviations which we have noted: i.e., reaction 
in water and formamide sometimes but not always faster than 
required by the relationships; solvolyses in strong cation sol- 
vators like DMF and Me2SO sometimes but not always faster 
than predicted; and much slower solvolyses in low dielectric 
solvents w ith a large range of donor and acceptor properties 
than required by the relationships.

S^2 Reactions. Rates of Sn2 reactions in different solvents 
are determined by the three transfer free energies of eq 8 . Two 
simplifications are possible.

First, i f  the transition state anion, YRX- *, is large with low 
surface charge, as for the SnA t reaction of azide ion w ith 4- 
fluoronitrobenzene, and i f  RX is of similar structure and size 
to YR X- *  (e.g., 4-fluoronitrobenzene) , 2 ’6 then we use an as
sumption, familiar for nonaqueous solvent chemists, that 
AGtr(YRX~*) = AGtr(RX ) .20'35 This “ transition state”  as
sumption is valid for formamide as well as other polar solvents 
of high dielectric constant, but may break down for solvents 
of low dielectric constant and for water.20 The equality given 
above is equivalent to assumptions like AGtr(Ph4B - ) = 
AGtr(Ph4C) 20 AGtr( l3~) = AGtr( l2 ) 35 and is conceptually re
lated to the ferrocene assumption,36 the bis(biphenyl)chro- 
mium assumption,37 and the cobaltocene assumption,36 which 
are of the form AGtr(M +) = AGtr(M°). The “ transition-state 
assumption” ,35 given above, reduces eq 8  to AG *tr(SN2 ) = 
—AGtr(Y- ) as observed for reactions 3, 5, and 6  in Table IV, 
over a wide range of solvents. This type of situation is a special 
case of eq 13 in" = 1) and is common for aromatic nucleophilic 
substitution reactions, as shown by their n" values of unity 
in Table I I I  and correlations for formamide in Table IV , re
actions 5 and 6 . I t  is less common for substitution at saturated 
carbon, but reactions of iodomethane w ith large anions such 
as thiocyanate (reaction 3, Table IV) approximate to i t .2 In 
these cases, eq 13-15 give a much better correlation than eq 
2 for water and formamide as shown in Table IV.

In the second simplification we have the more general case 
of eq 13. I f  RX is not large (e.g., CH3CI) or i f  for various rea
sons the Sn2 transition state is loose (N 3CH3 OTS- * ) 26 or i f  
its surface charge is significant (NsBuBr- *), then AGtr(RX) 
does not equal AGtr(YR X- *)  and the two terms must be 
considered.2 The transition state (YR X- *) is an anion, but 
is larger and has less surface charge than Y- . Thus it is subject 
to eq 1 0  and 1 2 , corresponding less strongly to solvent transfer 
but in the same way as does Y - . This corollary is expressed in 
eq 2 0 , which leads from eq 8  to eq 2 1  and 2 2 .

AGtr(Y R X -*) = n 'AG tr(Y -) (20)

AG*tr(SN2) = n 'AG tr(Y- ) -  AGtr(Y- ) -  AGtr(RX) (21) 

AG *tr(SN2) = -n "A G tr(Y -) -  AGtr(RX) (22)

where n" = 1  — n'
Equation 2 is a corrolary of eq 22, through eq 10 and 12.

In eq 20, n '  values are less than unity and decrease as 
YRX- *  decreases in surface charge (Table III)  relative to Y- . 
Thus nr in eq 22 is also less than unity, but increases toward 
unity as YR X- *  decreases in surface charge. For an anion

YRX- *  of comparable low surface charge to C104- , as shown 
in Table I I I ,  n' in eq 20 w ill be zero. Thus n" in eq 2 2  and eq 
13 w ill be unity. An example is reaction 1 in Table IV. I t  is 
important to note that reaction 1  in Table IV  is not the same 
situation as discussed above for reaction 3 in Table IV, where 
n" was unity because of the equality of AGtr(RX) and 
AGtr(YRX- *). Although n" is unity in both cases, the d if
ference lies in the need or otherwise to include AGtr(RX) for 
transfer to water or formamide in the correlation, i.e., to use 
eq 2 and 22 or eq 13.

For transfer of the monofunctior.al type of uncharged 
reactant RX considered here through solvents other than 
water and to a lesser extent formamide, AGtr(RX) is often 
negligible (±2 kJ mol- 1 ) ,2 as shown in Tables IV  and VI. I f  this 
term is negligible in eq 22, the relationship reduces to eq 13 
which, as illustrated for all reactions in Table IV, gives an 
acceptable approximate linear free-energy relationship for 
many S\j2  reactions in many solvents. As noted, i f  eq 3 is valid, 
then eq 14 and 15 follow as corollaries, via eq 10 and 12, and 
the success of these relationships is explained.

For transfer to water and formamide, AGtr(RX) in eq 22 is 
significantly positive (Table IV). This is because hydrophobic, 
weakly polar species RX are more weakly solvated in highly 
structured solvents like water and formamide than by other 
solvents. Solvation of such species in water is by a mechanism 
known as solvation of the second kind . 1 1 -25 ’38 Less structured 
solvents, like DMF, CH 3CN, and methanol, do not use this 
mechanism and solvate RX more strongly and to a comparable 
extent (AGtr is ± 2  kJ mol-1), so that transfer between them 
involves little  change in free energy. 1 1

I f  the transition state anion (YR X- *) has significant neg
ative surface charge, localized for example on Y and X, then 
its solvation by water, at least in the region of Y and X, is 
different from solvation of RX. I t  is solvation of the first 
k ind 1 1 ’38 and so AGtr(YR X- *) is usually more negative than 
AGtr(RX) on transfer to water. Thus the deviations from eq 
13, 14, or 15, shown by reactions 1, 2, and 4 in Table IV, for 
transfer to water and formamide are explained. For transfer 
of these reactions to water and to some extent formamide, eq 
2 2  or its corollary eq 2  gives a much better correlation of rates, 
which are otherwise faster than predicted by eq 13 or by its 
corollaries, eq 14 and 15. As noted, eq 13-15 give a better 
correlation of rates than eq 2 for reactions 3, 5, and 6  in water 
and formamide.

For a variety of reasons,3 ’3 2 ’3 3 '39 the transition states for 
highly endoenergetic Sn I  ionizations are regarded as highly 
dipolar species, having a cationic and anionic center. They 
have some of the features of the products of ionization, i.e., 
of a carbonium ion and an anion. Although not implying that 
the transition state is a fu lly  solvated cation and anion or an 
ion pair, we expect that the cationic portion of R X * w ill be 
solvated according to the cation solvating power of the solvent. 
The anionic portion w ill be solvated according to the anion 
solvating power of the solvent. As noted, AGtr for cationic 
centers responds to a solvent transfer as indicated by the 
linear relationship eq 9 and 11, and anionic centers respond 
to solvent transfer as indicated by eq 10 and 12. Thus 
AGtr(RX*) w ill be given by the sum of pAGtr(K +) + 
rcAGtr(Cl- ), or of -p 'A (D N ) -  rc'A(AN). The relationship of 
eq 1 to eq 7 is now apparent.

In eq 1 the sensitivity to solvent transfer, p, n, p', and n', 
will be less than for the corresponding real cations and anions 
because the charged centers in this dipolar transition state are 
not fu lly  solvated or developed ions. The sensitivity param
eters tell us much about mechanism.

(A) p-Methoxyneophyl Tosylate. In the case of solvolysis 
of p-methoxvneophyl tosylate, Table V and Figure 4, we en
counter a special case of eq 1  which could also be written as 
eq 23, since pAGtr(K +) = p" AGtr(R+) = -p 'A (D N ) through

-----------
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eq 9 and 11. In eq 23, R+ is the carbonium ion II.

AG*tr(SNl) = p"A G tr(R+) +  nAGtr(Cl-)

-  AGtr(RX) = p "A G tr(R+) -  rc'A(AN) -  AGtr(RX) (23)

The bridged hydrophobic carbonium ion I I  has very low 
surface positive charge and is of comparable large size to the 
hydrophobic reactant molecule, p-methoxyneophyl tosylate 
(R X ) . 30 Its small positive surface charge means that cation 
solvating power is a negligible factor in determining its AGtr 
through many solvents of dielectric constant 2 0 - 1 0 0  (p in eq 
9 is small as for Ph4As+ ) ,25 but again like Ph4As+ 1 1 ’25 its bulk 
and hydrophobic properties are significant factors in deter
mining a large positive A G ^R X *) for transfer to water. Thus 
we have a situation like that for the ferrocene-ferricinium 
couple,36 the bis(biphenyl)chromium(I)-b:s(biphenyl)chro- 
mium(0 ) couple,37 and the cobaltocene-cobalticene couple,36 

which have been used by electrochemists to estimate AGtr(ion) 
from A£ 1/2  values. The ferrocene-like assumptions that 
AGtr(M°) = AGtr(M +) have proved quite successful. 10 '36’37 For 
the same reasons that lead to the ferrocene assumption, we 
assume that p /,AGtr(R+) = AGtr(RX) = AGtr(R+), where R+ 
is cation I I  and RX is p-methoxyneophyl tosylate. Thus eq 
23 reduces to eq 17 and 18 and the excellent relationship 
shown in Table V and Figure 4 for transfer between high d i
electric solvents, including water, is explained.

I t  remains to be explain why eq 18 predicts faster solvolyses 
of p-methoxyneophyl tosylate than are observed in solvents 
of dielectric constant <10. The fu ll implications of ferro- 
cene-like assumptions that AGtr(M0) = AGtr(M +) need to be 
appreciated. The assumption has proved successful for 
transfer through solvents of dielectric constant 25-60, where 
A (l/c)tr is 0-0.024, and thus changes in “ Born-like solva
tion”  25 are negligible. However Born-like solvation can ac
count for >90% of the solvation energy of an ion on transfer 
from gas phase to high dielectric solvents.25 Thus we do not 
believe that AGtr(M +) = AGtr(M°) for transfer from solvents 
of dielectric constant >25 to solvents o f« <5. Born calculations 
suggest that for such a transfer (where A ( l/ i) tr is >0.16) 
AGtr(M +) is at least 20 kJ g-ion-1, even for transfer of large 
cations of low surface charge, like ferricinium and Ph4As+ .25 

The similar solubilities of large polar molecules like ferrocene, 
tert-buty l chloride (Table VI), and 4-iodonitrobenzene2 in 
dipolar aprotic solvents of e >  25 and in ether, hexane, and 
dioxane of e < 5 make it  obvious that AGtr(RX) and AG-r(M°) 
are <±5  kJ mol-1. Thus AGtr(M +) is greater than AGtr(M°) 
for transfer from high to very low dielectric solvents and the 
assumption which reduces eq 23 to eq 18 breaks down for such 
transfers. Then AG*tr(SNl), as observed, is more positive (i.e., 
solvolysis is slower) than predicted by eq 17 and 18 in Table 
V for solvolysis in ether, acetic acid, and trifluoroacetic 
acid.

The problem is accentuated by uncertainties as to whether 
acceptor numbers fu lly reflect the poor anion solvating power 
of very low dielectric solvents (Table II), so that other types 
of correlation may be more successful for such solvents. 15

Despite these difficulties, three points should be empha
sized: eq 17 and 18 correlate rates of this solvolysis to w ithin 
3 kJ for 10 of the 13 solvents in Table V, covering 27 kJ mol- 1  

in AG^trfSNl). I t  is notable that eq 18 correlates solvolysis in 
pyridine, a solvent of only moderate dielectric constant (12.3) 
and a strong cation solvator of high donor number. Despite 
its low dielectric constant and very weak cation solvating 
properties (Table II), solvolysis in trifluoroacetic acid is much faster than in any other solvent considered in this paper. The 
success of this anion solvator par excellence reemphasizes the 
overwhelming importance of anion solvating properties in 
determining rates of this type of solvolvsis.

(B) tert-Butyl Chloride. Values of AG*,,/Sn1) calculated

from titrim etric  rate constants for solvolysis have been 
shown39 to represent the free energies of activation for ionization of te rt-buty l chloride, w ithout complications such as 
ion pair return and rate determining (E2 C or other) elim ina
tion ,40 in polar high dielectric solvents. This Sn I  transition 
state is highly polar w ith about 0 .8  un it of positive charge 
spread mainly over the nine hydrogens of (CH.dsC and 0.8 unit 
of negative charge on chlorine.3 ' 1 5  The charge separation is 
about 2.3 A.15 I t  is important to note that much of the positive 
charge is spread over nine equivalent hydrogen atoms, which 
are hard acids, and the developing tert-buty l carbonium ion 
has considerably greater surface charge than the developing 
cation I I  of p-methoxyneophyl tosylate. This highly polar 
transition state w ill respond linearly to the changes in cation 
and anion solvating power on solvent transfer, so that eq 1 , a 
general expression for Sn I  solvolysis reactions, whether lim 
iting or not, is followed.

Ferrocene-like assumptions do not apply to the solvolysis 
of te rt-buty l chloride, but, as discussed, do apply to p- 
methoxyneophyl tosylate. The difference between tert-butyl 
chloride (M°) and p-methoxyneophyl tosylate solvolysis is 
that the developing tert-buty l cation (M +), like Me3S+ and 
NMe4+ ,2 ’3 is small enough and of sufficient surface charge to 
be solvated in water by the firs t kind of solvation mecha
nism , 1 1 '25 '38 so AGtr(M +) does not equal AGtl.(M°) in water or 
formamide, and eq 1, rather than eq 17 or 18, must be used.

The partial success of eq 17 and 18 (Table VI) in correlating 
rates of solvolysis of te rt-buty l chloride suggest that 
pAGtr(K +), the cation solvating contribution to AG *tr(SNl) 
in eq 1 , is usually negligible.

Equations 1,17, and 18 are applied in Table V I to the sol
volysis of te rt-buty l chloride, using the anion and cation sol
vating parameters of Table I I  and observed values for 
AGtr(i-BuCl). A value of 0.50 was used for n and 0.65 for n'; 
these fit  eq 17 and 18. A value of 0.20 was chosen for p and 0.28 
for p', so as to f i t  the observed AG+tr(SNl) and eq 1. Values 
of AG *tl.(SNl) observed and calculated from eq 1,17, and 18 
are in Table VI. Agreement is very satisfactory for eq 1, but 
as noted, deviations from eq 17 and 18 are observed.

Our value of 0.2 for p is supported by the following argu
ment. Values (Table I) of AGtr(Me3S+) and AGtr(Me4N +), 
through eq 9 and p in Table III , suggest the approximate re
lationship AGtr(Me4N +) »  AGtr(Me3S+) »  (0.5 ±  0.1)- 
AGtr(K +). I t  has been suggested that Me4N +, and more ob
viously Me3S+, model Me3CV in terms of its response to sol
vent transfer,2 '3 so that AGtr(Me4N +) = AGtr(Me3S+) = 
AGtr(Me3C+) = 0.5AGtr(K +) from eq 9. We have noted (n in 
Table VI) that the partial chloride ion in the transition state 
f-BuC l- *  seems to have half the response of a fu lly  solvated 
chloride ion to solvent transfer. I f  partial Me:iC+ has the same 
relative response as partial Cl-  to the fu lly solvated ion, then
0 . 5 AGtr(Me3C+)* = [(0.5 X 0.5) ±  0.1]AGtr(K+), so that a 
value of 0.2-0.3 for p in eq 1 is reasonable. Such a value makes 
pAGtr(K +) in eq 1 a small, even negligible term. Since 
AGtr(i-BuC l) in eq 1  also usually is small, the success of the 
approximate relationships eq 17 and 18, as well as eq 1, in 
correlating many solvolysis rates of tert-butyl chloride is 
readily explained.

The term 0.5AGtr(Cl- ) dominates the right hand side of eq
1, even more so since 0.2AGtr(K +) and AGtr(f-BuCl) in eq 1 
are of the same sign (Table I I  and VI) in most solvents, so that 
the deviation 0.2AGtr(K+) -  AGtr(i-BuCl) of eq 17 and 18 
from eq 1  is even smaller than each term. The exception is for 
transfer to water, where AGtr(f-BuCl) is +18 kJ mol- 1  and
0.2AGtr(K +) is —2 kJ g-ion- 1  for transfer from acetonitrile to 
water, so that eq 17 differs from eq 1  by 20 kJ mol- 1  in its at
tempt to correlate AG *tr(SNl). Equation 18 is even less suc
cessful than eq 17. Likewise, eq 18 gives increasing positive 
deviations for methanol-water mixtures with increasing water
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content, whereas excellent agreement is obtained by eq 1 .
Having demonstrated the significance of eq 1 in solvolysis 

of terf-butyl chloride, we note that Abraham also showed the 
occasional influence of AGtr(i-BuCl) in determining rate and 
developed a very satisfactory linear free-energy relationship 
(eq 24 and 25). This effectively uses a partial ion pair, 
Me4N+Cl- , as a model for the transition state i-B uC lT 3 

Equation 25 is valid for polar high dielectric solvents, but like 
eq 18, shows deviations for low dielectric solvents. Abraham 
comments that he finds a poor relationship, eq 26. This, via 
eq 9 w ith M+ = Me4N +, is identical to our relationship eq 1, 
except for different sensitivities. Abraham did not in fact 
separate AGtr(Me4N +) +  AGtr(Cl- ) in eq 26 into individual 
ionic transfers, and so was forced to allocate the same sensi
tiv ity  to anion and cation solvating properties. Thus he was 
unable to comment on the relative importance of anion and 
cation solvation in determining AG+tr(SNl). His rejection of 
eq 26 and adoption of eq 25 lead him to conclude that the S ^ l 
transition state has a structure between reactants and ion pair, 
not one between ion pair and solvated, separated ions.4 1 This 
question is not answered by our analysis, despite the apparent 
implications of eq 1 and 23. As noted, we have more confidence 
in relationships based on separately determined AGtr(Cl- ) 
and AGtr;K+) than in AGtr(Me3S+) + AGtr(Cl- ), AGtr(Cs+) 
+ AGtr(C l- ) , 32 AGtr(Me4N+) +  AGtr(C l-), or 
AGtr(Me4N +Cl_) from solubility and conductance measure
ments. This is because of the advantages of potentiometry 
over solubility methods for determining AGtr values of these 
single ions.22 ’2 3 ’25

AGtr(i-BuCH) = 0.67AGtr(Me4N+Cl) (24) 

AG*tr(SKD = 0.67AGtr(Me4N +C l-) -  AGtr(i-BuC l) (25)

AG*tr(SNl)  *  0.39AGtr(Me4N+)
+ 0.39AGtr(C l-) -  AGtr(t-BuCl) (26)

Equation 18 is not adequate for correlating the effects on 
AG^trlSNl) of transferring the solvolysis of tert-butyl chloride 
from high dielectric to very low dielectric solvents like ether, 
dioxane, n-heptane, acetic acid, and trifluoroacetic acid. The 
equations predict faster solvolyses than are observed in these 
low dielectric solvents and this can be explained in part by eq 
1 , which introduces a term allowing for the poor cation sol
vating properties of these solvents. Values of AGtr(£-BuCl) 
are still negligible (Table V I) for transfer to low dielectric 
solvents, so eq 1  can be written as the approximate relation
ship eq 27, which improves the correlation significantly for 
transfer to DMF, DMA, NMePy, and Me2SO, which are 
strong cation solvators. The coefficients in eq 27 for A(DN) 
and A(AN) follow from p' and n ' (Table I I I )  in eq 11 and 12, 
respectively. However, as shown in Table II, the relationships 
eq 11 and 12 which lead to eq 27 are very uncertain for low 
dielectric solvents, and i t  is not profitable to use eq 27 for 
solvolysis rates in ether, heptane, and dioxane.

AG*tr(SHl)  = 0 .2 AGtr(K+) +  0.5AGtr(C l-)
= —0.3A(DN) -  0.72A(AN) (27)

In summary, eq 1, 27, 17, and 18 give decreasingly less 
comprehensive correlations of the rates of solvolysis of terf- 
butyl chloride in different solvents. However, even eq 17 and 
18 are satisfactory for transfer through a wide range of sol
vents, where the combined effects of changes in cation sol
vation and in solvation of t-BuCl can be neglected.

We note the success of the reaction field method in ex
plaining solvolysis rates of tert-butyl chloride in a lim ited 
number of solvents which are weak anion solvators. 1 5  How
ever, dipole moment, quadrupole moment, molar volume, and 
refractive index of the transition state and solutes, coupled 
with the dielectric constant of the solvent, cannot explain the

differences between rates of solvolysis of tert-butyl chloride 
in trifluoroacetic acid and nitrobenzene, trifluoroethanol and 
ethanol, methanol and dimethylformamide, acetonitrile and 
acetic acid, and Me2SO-acetonitrile (Table VI). Anion sol
vating power and cation solvating power, as distinct from 
general electrostatic ion solvating power, must be taken into 
account when considering solvolysis of te rf-buty l chloride in 
a wider range of solvents.8 Anions and cations have specific 
and different “ chemical”  interactions with solvents. No theory 
based on solvent dielectric constant, dipole moment, qua
drupole moment, etc., can hope to be generally applicable to 
the detailed chemistry of ions in solution .2 ’ 1 3 ’25

(C) tert-Butyl Bromide and t r a n s - 4 - t e r t - Butylcy- 
clohexyl Tosylate. The analysis for solvolysis rates of tert- 
butyl bromide, in terms of eq 1, is in Table VI. Since bromide, 
rather than chloride, is now the leaving group, n is only 0.35, 
rather than 0.5; i.e., the solvolysis is less sensitive than that 
of fe rt-buty l chloride to anion solvating power. We use
0.2AGtr(K+), assuming the same sensitivity to cation solvating 
power for t-BuBr and f-BuCl. The deviations and the corre
lations in Table V I can be explained in the same way as for the 
solvolysis of te rf-buty l chloride.

The analysis of rates of solvolysis of trans-4-fert-butylcy- 
clohexyl tosylate (ROTs) at 75 °C (Table V I I ) 42’43 can only 
be semiquantitative at this time, because AGtr(ROTs) is un
known and there are insufficient data points fitting eq 1  to give 
accurate values of n and n'. Despite these difficulties, the 
analysis in Table V II is worthwhile, especially because the 
data are for solvolysis at a secondary carbon atom. Tables
V -V II show three situations. Table V analyzes data for sol
volysis at a primary carbon atom, with full participation from 
a neighboring 4-methoxyphenyl group. There is a require
ment for extensive solvation of the leaving tosylate (n' = 0.52). 
Table V I analyzes data for solvolysis at the tertiary carbon 
w ith less sensitivity to anion solvating power, and Table V II 
analyzes data for solvolysis of a secondary tosylate, with some 
neighboring hydrogen participation . 43 Table V II shows a 
partial analysis in terms of eq 1  and a fu ll analysis in terms of 
eq 18, with n' = 0.5 for this tosylate, as determined by the “ f i t ”  
for ethanol, nitromethane, acetonitrile, acetone, and acetic 
acid. Knowing n'A(AN) and AG*tr(SNl) allows calculation 
of p AGtr(K +) -  AGtr(ROTs), as shown in Table V II. We ex
pect2-3 AGtr(ROTs) for transfer through the solvents of Table 
V II to be no more than ±2 kJ mol-1 , so the significant devia
tions from eq 18 of up to 14 kJ mol- 1  for solvolysis in 
CF3C 0 2H, and ca. - 8  kJ mol- 1  for solvolysis in Me2SO and 
DMF are due to a stronger sensitivity of this solvolysis to 
cation solvating power. As shown in Table V II, a value of 
~0.4AGtr(K +) — 0.5A(AN) fits  the observed values of 
AG^triSNl) to eq 1 w ith modest success. Certainly the need 
to take account of the cation solvating power of the solvents 
is apparent for solvolysis of this tosylate.

In summary, the sensitivity to cation solvating power (Table
II)  of the solvolysis of p-methoxyneophyl tosylate (0.1), 
ie ri-bu ty l chloride (0.2), and trans-4-tert-butylcyclohexyl 
tosylate (0.4) increases in the order of p values (eq 1) shown 
in parentheses. Thus eq 17 and 18 (i.e., eq 3) are very satis
factory for correlating rates of solvolysis of p-methoxyneophyl 
tosylate, are of some value for correlating solvolysis of the 
tert-butyl halides, but are likely to be of very limited value for 
solvolysis of secondary halides and tosylates.

The expression AG- tr = ±nAGtr(Cl- ) = tm 'A(AN) is a very 
useful “ rule of thumb”  for estimating solvent effect on rates 

.o f Sn I  and Sn2  reactions of the charge type shown. Care is 
necessary when considering reactions in structured solvents 
like water and formamide.
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The analytical solution is presented for the kinetic scheme involving a starting material which exists in two iso
meric forms, each of which reacts via first-order or pseudo-first-order kinetics to give a different product. This ki
netic scheme has been approximated by the well-known Curtin-Hammett (C-H) principle (in terms of product ra
tios) and by the Winstein-Holness (W-H) equation (in terms of reaction rate). The versatility of the exact solution 
is discussed especially with regard to the range of validity of the C-H /W -H  approximations.

Conformational analysis commands a central role in the 
understanding of the physical properties and the chemical 
reactivity of molecules.2 Almost 25 years ago, Curtin and 
Hammett,3 Winstein and Holness,4 and Eliel and Ro5 inde
pendently considered the chemical consequences of a system 
in which the starting material exists in two distinct equili
brating forms, each reacting to give a different product 
(Scheme I).6

Scheme I

¿21 ¿23 ¿34
Al ■<----A 2 a- -  A3-----A4

¿32
Two principles dealing w ith this kinetic scheme were ad

vanced. The Curtin-Hammett (C-H) principle stated that the 
ratio of the products formed “ depends only on the relative

0022-3263/78/1943-1854$01.00/0

energy levels of the transition states by which the products 
are formed, provided that the activation energy for product 
formation is large compared to the activation energy for the 
interconversion of the isomeric starting materials” 7 (eq l) .8 
The Winstein-Holness (W -H) equation approximated the 
overall rate constant for total product formation as the 
time-independent quantity shown in eq 2.4’5-9

A 4 _ &23 &34 _ jç k34
(1 )A l &32 &21 &21

, &34K +  k2\ . .
K W H  “ K + 1

(2 )

The Winstein-Holness relationship and the C urtin - 
Hammett principle have been valuable approximations be-
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Curtin-Hammett/Winstein-Holness Kinetic System

cause they allow the use of simplified expressions to describe 
rate and product composition phenomena. The assumption 
used in both of these treatments is the same, that is, the rate 
constants for interconversion between the conformational 
isomers, 23 and k32, are significantly larger than the rate 
constants for reaction, k2\ and k34.

While the W-H relationship refers to reaction rates and the 
C-H principle refers to product ratio composition, the two are 
indeed fundamentally related to each other. These relation
ships have been extensively used in the literature although 
only qualitative arguments have been proposed to support the 
decision tc use, or not to use, these relationships for any par
ticular chemical system. We now report the analytical math
ematical solution10 (eq 3-14) to Scheme I and an analysis of 
the range of validity of the C-HAV-H approximations. This 
exact solution allows the determination of the concentration 
of reactants and products (A,) (C-H principle) and permits 
the calculation of the rates of formation of A 1 and A4 (W-H 
equation), both as a function of time. The exact solution is 
valid for any system which is represented by Scheme I,6a and 
we will demonstrate its usefulness by delineating the range 
of kij which will result in C-H /W -H kinetics and by eluci
dating those parameters which control the observed kinet
ics.11

Ax(t) = bk,2ieat/a + k2l Ce^/ß
+  (A io — bk2\/a - * 2 i  C/ß) (3)

A2(t) =  beat +  C e ^ (4)

A 3(t) = d eat +  he (5)

lt!a  +  h k ^ e^ / ß
+  (A 40 — d k3J  a - * 3 4  h/ß) (6)

a  =  [ - f i  +  (fi2 -  4 A )1/2]/2 (7)

ß =  [ - f i  -  (fi2 -  4 A )1/2]/2 (8)

fi = *21 +  *23 +  *34 +  *32 (9)

A =  *21*34 +  *21*32 +  *23*34 (10)

d =  bk23/(a +  *34 +  * 32) (H )

h = Ck23/(ß +  *34 +  * 32) (12)

c  = [A30 — A2o* 23/ (<X + lì 34 + <̂32)] /^23[1/(A + *34 + * 32)
— l / ( a  +  A34 +  * 32)] (13)

b = A 20 -  C where A;0 = initial concn of i (14)

The C-HAV-H approximations are valid when A3/A 2 = 
k23/k32 and is time independent. This relationship implies 
both eq 1 and 2. The validity of either eq 1 or 2 also implies 
that A 3/A 2 is constant. More complex results are obtained for 
sets of for which these requirements are not met. For a 
system involving non-C-H kinetics, both A 4/A 1 and A 3/A 2 
will be time dependent. Thus, a simple experimental test for 
C-H and W -H kinetics involves the examination of the time 
dependency of the product mixture and/or the ratio of starting 
isomers.6b

For the purpose of evaluating deviation from C-H kinetics, 
we have defined the terms A ch (eq 15) and Awh (eq 16).6b

Ach = K(fe34/fe2l).~ A 4 M l X 100

Awh -

k oksd

.4 4/A ,
*W H  —

*obsd
d(A! + A4) 

df

X 100

(A2 +  A 3)

(15)

(16)

For Scheme I kinetics, the absolute magnitude of Ach and
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Figure 1. The relative free energies of A, and the free energies of 
activation per mo.e for Scheme I systems when k2i < k23 < *32 and 
*34 < *32 (case I).

Awh either is close to zero at all times or increases in absolute 
magnitude monotonically to a limiting value with increasing 
reaction percentage. It is convenient to arbitrarily assign any 
value of | Ach I > 5 and any value of | Awh I > 5 as non-C-H 
and non-W-H, respectively. This value was based on a as
sumed experimental error of 5% expected for many reactions. 
The maximum value of Ach is at reaction completion and was 
evaluated at infinite time in this work. However, Awh is (1) 
meaningless at t = °° since the reaction is complete and (2) 
useless at t = 0 since it is exactly zero for all values of the rate 
constants at 0% conversion. This latter observation indicates 
that there is no deviation from W -H kinetics at t = 0, re
gardless of the values of ky, even though major deviations can 
occur as soon as the reaction begins.

The chemistry involved in Scheme I kinetics can be illus
trated by examining the extreme kinetic situations as shown 
in Figures 1 and 8. These figures, patterned after the recent 
observations of Cruickshank et al.,13 represent the free energy 
of 1 mol of each of the states concerned without reference to 
either reaction progress or time; i.e., the horizontal spacing 
is drawn as such for convenience only. Real chemical com
pounds are represented by solid lines while transition states 
are represented by broken lines.

Case I (Figure 1). When k2i < * 2 3  < * 3 2  and * 3 4  $  k32l then 
eq 3-14 can be used to calculate the reaction profile (cf. Figure
2) and it is possible to compare the results with those obtained 
using the C-HAV-H approximations. We choose a simplifying 
procedure to enable us to make these evaluations. A set of 
values for k23 and k32 was chosen; then, k2i and *34 were each 
varied over eight orders of magnitude in 32 steps. For each set 
of four rate constants, AJA\ at i = 00 and *0bsd at a prede
termined reaction time were calculated using eq 3-14. The 
percentage reaction at this reaction time was also calculated. 
From these values, Ach and AWh were determined. These 
results were automatically tabulated or could be more con
veniently displayed in a 40 X 40 matrix grid, the x and y 
coordinates being ft 21 and *34 and the out-of-plane z coordi
nate being either Ach or Awh-

For case I kinetics, as for most of the cases that follow 
Scheme I, certain sets of ky can result in Ach — 0 although
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Figure 2. Values of A, ( i = 1-4), A J A X, and A3/A2 as a function of 
percent reaction when k24 = 1.0 X 10-4, &03 = 5.64 X 10-4, k32 = 5.64 
X 10-3, and k34 = 4.0 X 10-3. Note that A3/A2 and A4/A1 are both 
time dependent. The very low value of A3 at >40% reaction indicates 
that A4, which increases continuously throughout the course of the 
entire reaction, originates actually form A2.

one or more of the basic assumptions seems not to apply. For 
example, Ach — 0 when k2 c* fe34, regardless of the values 
of k2 3 and k 32. In this situation the agreement with the C - 
H/W-H approximations is due to a mathematical degeneracy 
in the definition of Ach and Awh and not to a kinetic result 
which is consistent with the C-H /W -H postulates.

As seen in Figure 3, this results in the diagonal of the matrix 
becoming identically zero. Results similar to this for other 
choices of kij also have zero lines. The zero lines are not always 
along the diagonal of the matrix but always appear close to it 
(see below), due to the lack of symmetry caused by (223 ^  632 
in these cases. The rate of change of Ach perpendicular to the 
matrix diagonal is dependent on the location in the figure, 
being generally much smaller in absolute magnitude the closer 
to the upper left-hand corner. This is because the C-H ap
proximation is valid in this region of £,/s. It should be noted 
that the values of Ach and Awh are not symmetrical with an 
interchange of variables due to the selection of the exact so
lution as the reference in eq 15 and 16.

For case I kinetics, examination of a wide range of values 
of k23 = k32 as described above led to the interesting obser
vation that Ach < 5 when k23 > 10&2i (note that k2i < £34). 
Figure 4 illustrates the maximum value of 2̂1 as a function 
of Ach- It is interesting that a series of parallel lines results, 
indicating that similar deviations from C-H kinetics will be 
obtained for a set of rate constants having the same relative 
magnitudes proportional to one another.

As ft 34 approaches k32 in magnitude. Ach increases steadily. 
When k 34 >0.1 ft 32, then Ach > 5. In conclusion, it generally 
appears that when the rate of reaction from the less stable 
of the two isomers (A2 or A3) is greater than 0.1 times as fast 
as the rate of conversion of that compound to its isomer the

k 34
Figure 3. Ach contours determined at 100% reaction as a function 
of fe2i and k34 when k23 = k32 = 5.64 X 10~4. Note that multiplication 
of all the kij by the same constant does not change A c h -

MAXIMUM k23,k32
Figure 4. Maximum allowable values of k2i and k34 as a function of 
ACh when k23 = k32.

C-H/W-H kinetics will not approximate the actual chem
istry observed. As ft34 gets progressively smaller with respect 
to k32, k2\ can approach the value of ft23 and still allow the 
resultant system to follow the C-H /W -H approximations.

It is interesting that the conclusions from the previous 
paragraph are valid even when ft2i approaches, and in some 
cases is even greater than, ft23. This indicates the strong role
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Figure 5. T h e  d e p e n d e n c y  o f  A w h  a s  a  f u n c t i o n  o f  r e a c t i o n  c o m p l e 
t i o n  f o r  s e t s  o f  k  j. N o t e  t h a t  m u l t i p l i c a t i o n  o f  a l l  t h e  k t] b y  t h e  s a m e  
f a c t o r  w i l l  n o t  c h a n g e  t h e  d e p e n d e n c i e s  s h o w n  in  t h i s  f i g u r e  b u t  w i l l  
o n l y  c h a n g e  t h e  r e l a t i o n s h i p  b e t w e e n  p e r c e n t a g e  c o m p l e t i o n  a n d  
t i m e .

t h a t  t h e  A 3  - * •  A 4  t r a n s f o r m a t i o n  e x e r t s  o n  t h e  r e a c t i o n  p r o f i l e  
u n d e r  t h e s e  s p e c i a l  r e l a t i o n s h i p s  b e t w e e n  t h e  k-;-'s .  T h e  l a r g e r  
& 3 2  i s  w i t h  r e s p e c t  t o  /? 2 3 > t h e  l a r g e r  k 2] c a n  b e c o m e  w i t h  r e 
s p e c t  t o  & 2 3  a n d  s t i l l  f a l l  w i t h i n  t h e  C - H / W - H  a p p r o x i m a 
t i o n s .  T h i s  o b s e r v a t i o n  c a n  b e  e x p l a i n e d  b y  r e a l i z i n g  t h a t  
s i g n i f i c a n t l y  s m a l l e r  a m o u n t s  o f  A 3  w i t h  r e s p e c t  t o  A 2  a r e  
a v a i l a b l e  f o r  r e a c t i o n .

A s  d i s c u s s e d  a b o v e  A w h  w i l l  b e  r e a c t i o n  p e r c e n t a g e  d e 
p e n d e n t ,  a n d  t h i s  i s  i l l u s t r a t e d  i n  F i g u r e s  5  a n d  6  f o r  s e t s  o f  
c a s e  I  k i n e t i c s .  A  s t r o n g  p e r c e n t a g e  r e a c t i o n  d e p e n d e n c y  d o e s  
e x i s t ,  a n d  . h e  g r e a t e r  t h e  v a r i a t i o n  f r o m  W - H  k i n e t i c s ,  t h e  
g r e a t e r  t h e  d e p e n d e n c y  b e c o m e s .  T h u s ,  w h e n  t h e  l i m i t i n g  
v a l u e  o f  A w h  i s  s m a l l ,  t h e  a s y m p t o t i c  v a l u e  i s  r e a c h e d  e a r l y  
i n  t h e  r e a c t i o n .  T h i s  o b s e r v a t i o n  i s  a  c r u c i a l  s i m p l i f y i n g  f a c t o r  
i n  o u r  c o m p a r i s o n  o f  A c h  a n d  A w h  a s  c r i t e r i a  f o r  t h e  k i n e t i c  
s y s t e m s .

S i n c e  o n e  o f  t h e  m a j o r  a s s u m p t i o n s  i n  t h e  d e r i v a t i o n  o f  b o t h  
C - H  a n d  W - H  k i n e t i c s  i s  t h a t  2 3 ,^ 3 2  »  k 2i , 6 3 4 , i . e . ,  A 3 / A 2 

i s  c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n ,  i t  w a s  e x p e c t e d  t h a t  A ch  
a n d  A w h  w o u l d  q u a l i t a t i v e l y  m i r r o r  e a c h  o t h e r  i n  r e s p o n s e  
t o  v a r i a t i o n  i n  t h e  c h o i c e  o f  k t] S u c h  a  c o m p a r i s o n ,  h o w e v e r ,  
i s  c o m p l i c a t e d  b y  t h e  t i m e  d e p e n d e n c y  d i s c u s s e d  a t  l e n g t h  
a b o v e ;  n o n e t h e l e s s ,  A c h  a n d  A w h  d i d  m a t c h  e a c h  o t h e r s  d e 
p e n d e n c e  a n  t h e  s e t  o f  kt.

F i g u r e s  5  a n d  6  r e p r e s e n t  c a s e s  h a v i n g  t h e  s a m e  k2z, k32, 
a n d  ¿ 3 4 , b u t  k 24 =  0 . 1  i n  F i g u r e  5  a n d  k 2 \ =  1  X  1 0 - 4  i n  F i g u r e
6 . N o t e  t h a t  A w h  i s  i n d e p e n d e n t  o f  p e r c e n t  r e a c t i o n  f o r  c e r 
t a i n  v a l u e s  o f  ktJ i n d e e d  f o r  t h o s e  v a l u e s  w h i c h  c o r r e s p o n d  t o  
C - H  k i n e t i c s .  A l s o  n o t e  t h e  d e g e n e r a c y  f o u n d  i n  A w h  ( F i g u r e
5), s i m i l a r  t o  t h e  d e g e n e r a c y  f o u n d  i n  A c h  a n d  d i s c u s s e d  
a b o v e .  A l s o ,  l o w e r i n g  k :i4 b e l o w  a  c e r t a i n  p o i n t  i n  e a c h  o f  t h e s e  
c a s e s  h a s  n o  e f f e c t  o n  A w h , h e . ,  A w h  r e a c h e s  a  l i m i t i n g  v a l u e .  
A  c o m p a r i s o n  o f  F i g u r e s  5 a n d  6  i n d i c a t e s  t h e  i m p o r t a n t

Figure G. The dependency of A w h  as a function of reaction comple
tion for sets of Compare with Figure 5.

c o n t r o l l i n g  f e a t u r e s  i n  W - H  k i n e t i c s .  F o r  e x a m p l e ,  F i g u r e  5 
s h o w s  t h e  d e g e n e r a c y  a t  k 24  ~  0 .05  ( i . e . ,  w h e r e  A w h  r e a c h e s  
a  m i n i m u m  v a l u e )  a n d  t h e  k i n e t i c s  b e c o m e  s t r o n g l y  n o n - W - H  
f o r  £ 3 4  1 . O n  t h e  o t h e r  h a n d ,  F i g u r e  6  i n d i c a t e s  t h e  d e g e n 
e r a c y  a t  k  34 ~  1 X 10- 4  b u t  t h e  k i n e t i c s  a r e  w e l l  a p p r o x i m a t e d  
b y  W - H  f o r  ft 34  ^  1 . C l e a r l y ,  F i g u r e  6  k i n e t i c s  a r e  a  c l o s e r  f i t  
t o  t h e  W - H  k i n e t i c s  t h a n  F i g u r e  5 k i n e t i c s .  T h i s  i s  b e c a u s e  
t h e  l o w e r  v a l u e  f o r  f t 2 i  i n  F i g u r e  6  k i n e t i c s  b i a s e s  t h e  s y s t e m  
t o  f a v o r  t h e  a p p r o x i m a t i o n s  m a d e  i n  d e r i v i n g  t h e  C - H / W - H  
e q u a t i o n s .

W h e n  A c h  a n d  A w h  »  5, t h e s e  t e r m s  b e c o m e  q u a n t i t a 
t i v e l y  m e a n i n g l e s s  i n  a  p r a c t i c a l  s e n s e .  T h e  d e v i a t i o n s  f r o m  
a n  a s s u m e d  k i n e t i c s  s i t u a t i o n  f o r  s e t s  o f  k tJ a r e  s o  g r e a t  t h a t  
o n l y  q u a l i t a t i v e  m e a n i n g  c a n  b e  p l a c e d  o n  l a r g e  v a l u e s  o f  t h e s e  
t e r m s .  A  d e t a i l e d  a n a l y s i s  o f  n o n - C - H A V - H  k i n e t i c s  c a n  b e s t  
b e  d o n e  b y  t h e  e x a m i n a t i o n  o f  t h e  d e p e n d e n c y  o f  A ,  a s  a  
f u n c t i o n  o f  t i m e  ( p e r c e n t  r e a c t i o n ) .

A  v e r y  l a r g e  p e r c e n t a g e  o f  t h e  l i t e r a t u r e  w h i c h  c i t e s  t h e  
C u r t i n - H a m m e t t  p r i n c i p l e  a n d / o r  t h e  W i n s t e i n - H o l n e s s  
e q u a t i o n  i s  r e l a t e d  t o  k i n e t i c  s y s t e m s  i l l u s t r a t e d  b y  c a s e  I  k i 
n e t i c s .  F o r  e x a m p l e ,  t w o  c o n f o r m a t i o n s  o f  t h e  s t a r t i n g  m a 
t e r i a l  h a v i n g  u n e q u a l  f r e e  e n e r g i e s  o f  f o r m a t i o n  e a c h  g i v e  a  
d i f f e r e n t  p r o d u c t  a t  r a t e s  s i g n i f i c a n t l y  s l o w e r  t h a n  t h e i r  r a t e s  
o f  i n t e r c o n v e r s i o n .  T h i s  i s  i l l u s t r a t e d  b y  c o n s i d e r i n g  t h e  i n 
t e r c o n v e r s i o n - a l k y l a t i o n  o f  t h e  n i c o t i n e  a n a l o g u e ,  1 - 
m e t h y l - 2 - p h e n y l p y r r o l i d i n e ,  s h o w n  i n  S c h e m e  I I . 1 4  I f  
ft 2 — 3 , f t  3 - 2  »  1 , ^ 3 — 4 ,  t h e n  [ 4 ] / [ l ]  a n d  [ 3 ] / [ 2 ]  a r e  e x p e c t e d
t o  b e  c o n s t a n t  t h r o u g h o u t  t h e  c o u r s e  o f  t h e  r e a c t i o n  a n d  t h e  
C - H / W - H  a p p r o x i m a t i o n s  a r e  e x p e c t e d  t o  b e  v a l i d .

E s t i m a t e s  o f  t h e  r a t e s  a n d  b a r r i e r s  f o r  t h e  n i t r o g e n  i n v e r 
s i o n s  s h o w n  i n  S c h e m e  I I  c a n  b e  m a d e  o n  t h e  b a s i s  o f  l o w -  
t e m p e r a t u r e  N M R  r e s u l t s  a n d  s t r o n g  a c i d  k i n e t i c  q u e n c h i n g  
o f  t h e  2  <=i 3  m i x t u r e .  K i n e t i c  s t u d i e s  o f  t h e  i o d o m e t h y l a t i o n  
o f  2  <=t 3  u s i n g  w e l l - e s t a b l i s h e d  c o n d u c t o m e t r i c  t e c h n i q u e s  
a l l o w  t h e  d e t e r m i n a t i o n  o f  t h e  o v e r a l l  p s e u d o - f i r s t - o r d e r  r a t e  
c o n s t a n t  f o r  a l k y l a t i o n ,  a n d  2 H  N M R  a n a l y s i s  o f  t h e  t o t a l



1858 J. Org. Chem., Vol. 43, No. 10,1978 Seeman and Farone

Figure 7. The relative concentrations of 1-4 (see Scheme II) and the 
ratios of starting materials (3/2) and products (4/1) where &2—l = 3.24 
X 10“ 4, fc3- 4 = 3.45 X 10-3, K  = fe 2- 3/63-2 = 5.26 X 10"2, and 
63—2/6 3—4 > 20.

Scheme II

/  \
CO3 CHj

r e a c t i o n  m i x t u r e  r e s u l t i n g  f r o m  d e u t e r o i o d o m e t h y l a t i o n  a l 
l o w e d  t h e  d e t e r m i n a t i o n  o f  t h e  v a l u e  o f  4 / 1 .  T h e s e  d e t e r m i 
n a t i o n s  a l l o w e d  t h e  e s t i m a t e s  f o r  t h e  r a t e  c o n s t a n t s  s h o w n  i n  
t h e  c a p t i o n  o f  F i g u r e  7 . 14

T h e  r a t e  c o n s t a n t s  a n d  s u b s e q u e n t  k i n e t i c  a n a l y s i s  u s i n g  
t h e  e x a c t  s o l u t i o n  f o r  S c h e m e  I I  a r e  s h o w n  i n  F i g u r e  7 ,  w h i c h  
i l l u s t r a t e s  t h e  c o m p o s i t i o n s  a n d  r a t i o s  o f  c o n f o r m e r s  a n d  
p r o d u c t s  o f  S c h e m e  I I  f o r  1 - 9 5 %  c o n v e r s i o n  r e p r e s e n t i n g  o v e r  
6 0  h  o f  r e a c t i o n  t i m e .  A s  e x p e c t e d ,  3 / 2  a n d  4 / 1  a r e  c l e a r l y  t i m e  
i n d e p e n d e n t .  W h i l e  t h e  r a t e s  o f  i s o m e r  i n t e r c o n v e r s i o n  a r e  
c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  r a t e s  o f  a l k y l a t i o n ,  a  t i m e  d e 
p e n d e n c y  i n  b o t h  t h e  p r o d u c t  r a t i o  4 / 1  a n d  t h e  “ o v e r a l l  r a t e  
c o n s t a n t ”  & w h  o c c u r s  o n l y  a t  v e r y  l o w  c o n v e r s i o n .  T h i s  i s  
r e a s o n a b l e ,  s i n c e  a  s m a l l  t i m e  d e l a y  w i l l  b e  r e q u i r e d  f o l l o w i n g  
t h e  i n i t i a t i o n  o f  t h e  r e a c t i o n  t o  a l l o w  r e e q u i l i b r a t i o n  o f  t h e  
i s o m e r s .  T h e  s i z e  o f  t h i s  t i m e  d e l a y  w i l l  b e  v e r y  d e p e n d e n t  o n  
t h e  c l o s e n e s s  t o  t h e  C - H / W - H  a p p r o x i m a t i o n s .  T h u s ,  n o  s e t s  
o f  k n  w i l l  e x a c t l y  b e  d e s c r i b e d  b y  t h e  C - H / W - H  a p p r o x i m a 
t i o n s .

A  n u m b e r  o f  k i n e t i c  s i t u a t i o n s  c a n  b e  p o s t u l a t e d  w h i c h  b y

Figure 8. The relative free energies of A, and the free energies of 
activation per mole for Scheme I systems when 623 < 632 < 62J and
ft 34 (case IV).

i n s p e c t i o n  f a i l  t c  m e e t  t h e  C - H / W - H  c r i t e r i a .  I n c l u d e d  i n  
t h e s e  a r e  c a s e  I I  ( 6 2 3  k32 <  k 21  a n d  6 3 4  <  £ 3 2 )  a n d  c a s e  I I I
( fc 2 i  <  k 23 <  k 32  <  f t 3 4 ) .  E x a m p l e s  o f  c a s e s  I I  a n d  I I I  i n  
c h e m i c a l  s y s t e m s  i n  w h i c h  t h e  A 2 <=* A 3  r e p r e s e n t s  c o n f o r 
m a t i o n a l  i n t e r c o n v e r s i o n  a r e  r a r e ,  a n d  w e  w i l l  n o t  e x a m i n e  
t h e s e  s y s t e m s  i n  d e t a i l .  S u f f i c e  i t  t o  s a y  t h a t  e q  3 - 1 4  c a n  b e  
u s e d  e x p e d i t i o u s l y  t o  d e r i v e  t h e  k i j  f r o m  k i n e t i c  d a t a  i n  t h e s e  
c a s e s .  I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  s y s t e m s  i n v o l v i n g  m o r e  
c o m p l e x  c h e m i c a l  r e a c t i o n s  b e t w e e n  A 2  a n d  A 3  c a n  b e  s o l v e d  
e x a c t l y  u s i n g  e q  3 - 1 4  ( s e e  b e l o w ) .

Case IV ( F i g u r e  8 ; ¿ 2 3  < ¿ 3 2  < ¿ 2 1  and ¿ 34). I n  t h i s  c a s e ,  
b o t h  r e a c t i o n  r a t e s  a r e  g r e a t e r  t h a n  t h e  r a t e s  o f  i n t e r c o n v e r 
s i o n ,  a n d  n o n - C - H / W - H  k i n e t i c s  w i l l  b e  o b t a i n e d .  T h i s  c a s e  
i s  p a r t i c u l a r l y  i n t e r e s t i n g  i n  t h a t  i t  d e s c r i b e s  a  n u m b e r  o f  
i m p o r t a n t  c h e m i c a l  s i t u a t i o n s  g e n e r a l l y  l a b e l e d  a s  “ t h e  f a s t  
c h e m i c a l  r e a c t i o n  t e c h n i q u e ” . 1 5

T h e  o b j e c t  o f  t h i s  t e c h n i q u e  i s  o f t e n  t o  d e t e r m i n e  t h e  c o n 
f o r m a t i o n a l  e q u i l i b r i u m  v a l u e  f o r  a  c o m p o u n d  e x i s t i n g  i n  
m o r e  t h a n  o n e  f o r m  a n d  n o t  t o  a n a l y z e  t h e  c o m p o u n d ’s  r e 
a c t i v i t y .  I n d e e d ,  a s s u m p t i o n s  a r e  m a d e  w i t h  r e s p e c t  t o  t h e  
c o m p o u n d ’s  c h e m i c a l  r e a c t i v i t y  a n d  t h e s e  a r e  b a s i c  t o  t h e  
m e t h o d .

M c K e n n a  h a s  d e s c r i b e d  f i v e  k i n e t i c  c a s e s ,  t h r e e  i n v o l v i n g  
i n t e r m o l e c u l a r  r e a c t i o n s  a n d  t w o  i n v o l v i n g  i n t r a m o l e c u l a r  
r e a c t i o n s . 15 11  T h e  e x a c t  m a t h e m a t i c a l  s o l u t i o n  t o  S c h e m e  I  
a l l o w s  a  m o r e  d e t a i l e d  e x a m i n a t i o n  o f  a  n u m b e r  o f  M c K e n n a ’s  
c a s e s .  F o r  e x a m p l e ,  M c K e n n a ’s  c a s e  5  i s  s i m i l a r  t o  o u r  c a s e  I V  
i n  t h a t  o n e  i s  d e a l i n g  w i t h  a n  i n t r a m o l e c u l a r  r e a c t i o n  i n  w h i c h  
6 2 3 , 6 3 2  «  6 2 1 , 6 3 4  ( o f t e n  t e r m e d  “ d i f f u s i o n  c o n t r o l l e d ” ) .  
M c K e n n a  c o n c l u d e s  t h a t  A J A \  =  6 3 2 / 6 2 3  e v e n  i f  6 2 i  ^  6 3 4 . 
A n  e x a m i n a t i o n  o f  T a b l e  I  r e v e a l s  h o w  t h e  e x a c t  s o l u t i o n  o f  
S c h e m e  I  p l a c e s  a  m o r e  q u a n t i t a t i v e  r e l a t i o n s h i p  b e t w e e n  t h e  
r a t e  c o n s t a n t s  i n v o l v e d  i n  c a s e  I V  k i n e t i c s .

C o n s i d e r  t h e  s i t u a t i o n s  i n v o l v i n g  c o n f o r m a t i o n a l  i s o m e r s  
h a v i n g  A H * i nw =  6 , 1 0 , a n d  1 8  k c a l / m o l  b e i n g  s u b j e c t e d  u n d e r  
S c h e m e  I .  A  n u m b e r  o f  o b s e r v a t i o n s  c a n  b e  m a d e . 6b

( 1 )  W h e n  A / i * ; n v  i s  s u f f i c i e n t l y  s m a l l  a n d  A 23  =  A 326 b  i s  
s u f f i c i e n t l y  l a r g e  s o  t h a t  k23,k32 >  1 0 6 2 1 , 1 0 6 3 4 , t h e n  A 4/A 1 =  
K (k3J k 2i), e x a c t l y  a s  e x p e c t e d  u n d e r  C - H  c o n d i t i o n s  ( s e e  
c a s e  I  a b o v e ) .  F o r  e x a m p l e ,  t h e  b a r r i e r  o f  i n v e r s i o n  f o r  n i c o t i n e  
i s  c a .  6  k c a l / m o l . 14  A c c o r d i n g  t o  T a b l e  I ,  l i n e s  1 - 3 ,  t h e  C - H  
a p p r o x i m a t i o n  i s  v a l i d ,  A 4/A 1 i s  t i m e  i n d e p e n d e n t ,  a n d  a k i 
n e t i c  d i s c r i m i n a t i o n  b e t w e e n  t h e  f o r m a t i o n  o f  A i  a n d  A  4 c o u l d  
b e  d i r e c t l y  o b s e r v e d  i n  t h e  p r o d u c t  r a t i o .

( 2 )  W h e n  6 2 1 , 6 3 4  »  6 2 3 , 6 3 2  ( T a b l e  I ,  l i n e s  7 - 9 ) ,  t h e n  t h e  
k i n e t i c  s y s t e m  b e h a v e s  a s  i f  A 2  a n d  A 3  a r e  n o t  i n t e r c o n v e r t i 
b l e ;  i . e . ,  t h e  r e a c t i o n  t o  p r o d u c t  o c c u r s  s o  q u i c k l y  t h a t  a n y  
d e p l e t i o n  o f  e i t h e r  A 2  ( o r  A 3 ) w o u l d  n o t  b e  r e p l e n i s h e d  f r o m
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Table I. Scheme I Kinetics under Fast Chemical Reaction Conditions^

E o ,in v t  _________________________A 4 / A
L i n e fe2 i fe23a fe32a CO kcal mol 1 10% rxn 50% rxn 94% rxn 100% rxn

1 1 X 1012 1.15 X 1013 1.03 X 1014 1  x  1 0 12 6 0.111 0.111 0.111 0.111
2 2 X 1012 1 X 1012 0.056 0.056 0.056 0.056
3 1 X 1012 2 X 1012 0.222 0.222 0.222 0.222
4 1 X 1012 1.31 X 1010 1.18 X 1011 1 X 1012 10 0.111 0.111 0.111 0.111
5 2 X 1012 1 X 1012 0.056 0.065 0.090 0.105
6 1 X 1012 2 X 1012 0.211 0.171 0.124 0.118
7 1 X 1012 1.71 X 104 1.54 X 105 1 X 1012 18 0.111 0.111 0.111 0.111
8 2 X 1012 1 X 1012 0.057 0.065 0.092 0.111
9 1 X 1012 2 X 1012 0.212 0.170 0.118 0.111

“  D e t e r m i n e d  u s i n g  e q  1 8  w i t h  A  =  1 X 1 0 l0  a t  2 9 8 .1 6  K .  N o t e  t h a t  m u l t i p l i c a t i o n  o f  a l l  t h e  k tJ b y  t h e  s a m e  n u m  b e r  c h a n g e s  t h e  p r o d u c t  
c o m p o s i t i o n  w i t h  r e s p e c t  t o  t i m e  b u t  n o t  w i t h  r e s p e c t  t o  p e r c e n t  r e a c t i o n .  6 A 30 / A 20  =  ^ 2 3 / ^ 3 2  =  0 .1 1 .  c N o t e  r e f  6 .

A 3  ( o r  A 2 ) .  T h u s ,  e v e n  i f  fe2 i  ^  ^ 34 , k i n e t i c  d i s c r i m i n a t i o n  w i l l  
b e  o b s e r v e d ,  b u t  o n l y  p r i o r  t o  r e a c t i o n  c o m p l e t i o n .  I t  i s  i n 
t e r e s t i n g  t o  n o t e  t h a t  A J A \  w i l l  b e  t i m e  d e p e n d e n t  b u t  e q u a l  
t o  K  =  k ,2' J k ?,2 a t  1 0 0 %  r e a c t i o n .  R e a c t i v i t y  o f  t h i s  s o r t  m a y  
b e  e x p e c t e d  f r o m  i s o m e r s  s u c h  a s  c i s -  a n d  t r a n s - N - a l k y l - 2 -  
a r y l a z i r i d i n e s ,  k n o w n  t o  h a v e  A / i * j n v  =  1 8  k c a l / m o l .

( 3 )  W h e n  ^ 2 1 , ^ 3 4  ~  ^ 2 3 ,^ 3 2  ( T a b l e  I ,  l i n e s  4 - 6 ) ,  a n  i n t e r 
m e d i a t e  k i n e t i c  r e s p o n s e  i s  o b t a i n e d .  N e i t h e r  t h e  C - H  a p 
p r o x i m a t i o n  n o r  t h e  k i n e t i c  q u e n c h i n g  f o r m u l a t i o n  d e s c r i b e  
A 4 / A 1 . H e r e ,  a  k i n e t i c  d i s c r i m i n a t i o n  f o r  r e a c t i o n  c a n  b e  d e 
t e r m i n e d  o n l y  b y  a p p l i c a t i o n  o f  t h e  e x a c t  s o l u t i o n  t o  S c h e m e  
I  k i n e t i c s .  T h i s  w o u l d  r e q u i r e ,  f o r  e x a m p l e ,  t h e  d e t e r m i n a t i o n  
o f  K  =  ^ 2 3 / ^ 3 2  a n d  A 4 / A 1  a t  1 0 0 %  r e a c t i o n .  T h e s e  e x p e r i 
m e n t a l  v a l u e s  a n d  t h e  a p p l i c a t i o n  o f  a  n u m e r i c a l  t e c h n i q u e  
s u c h  a s  t h e  N e w t o n - R a p h s o n  m e t h o d  f o r  e x t r a c t i n g  r o o t s  o f  
a n  e q u a t i o n  w o u l d  a l l o w  t h e  e v a l u a t i o n  o f  & 3 4 / ^ 2 1  f o r  t h e  i n 
t e r m e d i a r y  c a s e .

( 4 )  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  t h e  e x a m p l e s  s h o w n  i n  
T a b l e  I ,  l i n e s  1 - 9 ,  A 4 / A 1  a t  l o w  ( < 1 0 % )  p e r c e n t a g e  r e a c t i o n  
d e p e n d s  p r i m a r i l y  o n  t h e  r a t i o s  f t 2 i / f e 3 4 a n d  / s 2 .3 A 32  a n d  n o t  
o n  t h e  r e l a t i v e  m a g n i t u d e s  o f  fey-; t h i s  i s  b e c a u s e  a n y  i m b a l a n c e  
i n  A 3 / A 2  w h i c h  m a y  o c c u r  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n  
h a s  n o t  y e t  b e e n  a b l e  t o  e x e r t  i t s  i n f l u e n c e .

( 5 )  W h e n  fe2 i  =  £ 3 4  f o r  s o m e  o f  t h e  c a s e s  i n  T a b l e  I  ( l i n e s  1 ,  
4 ,  a n d  7 ) ,  A J A \  =  0 . 1 1 1  =  fe23/ f e 3 2 - T h e s e  s e t s  o f  f e y ’s  f a l l  a l o n g  
t h e  z e r o  l i n e  o f  t h e  A c h  m a t r i x ,  i . e . ,  a r e  d e g e n e r a t e .

( 6 )  W e  h a v e  p r e v i o u s l y  d e m o n s t r a t e d  t h a t  A 4 / A 1  i s  n o t  
d e p e n d e n t  o n  t h e  m a g n i t u d e s  o f  t h e  f e y ’s  ( a s  t h e  t i m e - p e r 
c e n t a g e  r e a c t i o n  d e p e n d e n c y  i s )  b u t  o n l y  o n  t h e i r  r e l a t i v e  
m a g n i t u d e s .  T h u s ,  T a b l e  I  i s  m o r e  g e n e r a l l y  a p p l i c a b l e  i n  t h a t  
m u l t i p l i c a t i o n  o f  t h e  f e y ’s  i n  o n e  s e t  b y  t h e  s a m e  c o n s t a n t  r e 
s u l t s  i n  t h e  s a m e  d e p e n d e n c y  o f  A 4/A 1 a s  a  f u n c t i o n  o f  r e a c 
t i o n  p e r c e n t a g e .

M o r e  c o m p l e x  k i n e t i c  s c h e m e s  m a y  b e  n e c e s s a r y  t o  d e s c r i b e  
p h e n o m e n a  a s s o c i a t e d  w i t h  b i o m o l e c u l a r  d i f f u s i o n - c o n t r o l l e d  
r e a c t i o n s .  F o r  e x a m p l e ,  s u b s t r a t e  a n d  r e a g e n t  m i x i n g  a n d  
o t h e r  s o l u t i o n  i n h o m o g e n e i t y  f a c t o r s  m u s t  b e  i n c l u d e d .  T h e  
t r e a t m e n t  s h o w n  i n  T a b l e  I  i s  t h e  s i m p l e s t  e x a c t  s o l u t i o n  
p o s s i b l e .  I f  T a b l e  I  s h o w s  t h e  r e s u l t s  t o  b e  n o n - C - H ,  t h e n  a l l  
m o r e  c o m p l i c a t e d  s y s t e m s  w i l l  b e  n o n - C - H  u n l e s s  t h e r e  e x i s t  
f o r t u i t o u s  b a l a n c i n g  f a c t o r s .  H e n c e ,  t h e  r e s u l t s  s h o w n  i n  T a b l e  
I  c a n  b e  u s e d  a s  a p p r o x i m a t i o n s  f o r  m o r e  c o m p l e x  r e a c t i n g  
s y s t e m s .

Reaction Energetics

I t  m u s z  b e  n o t e d  t h a t  t h e  C - H / W - H  a p p r o x i m a t i o n s  a r e  
i n  t e r m s  o f  t h e  k tJ a n d  n o t  a c t i v a t i o n  e n e r g i e s  ( E LJ) a n d  
p r e e x p o n e n t i a l  f a c t o r s  ( A y ) . 6b  T h e  A r h e n n i u s  e q u a t i o n  ( e q  
1 7 )  a n d  t h e  E y r i n g  e q u a t i o n  ( e q  1 8 )  a r e  t h e  t w o  r e l a t i o n s h i p s  
g e n e r a l l y  u s e d  t o  r e l a t e  t h e  r a t e  c o n s t a n t s  o f  a  r e a c t i o n  t o  
e n e r g y  a n d  e n t r o p y  p a r a m e t e r s .  T h e s e  t w o  e q u a t i o n s  a r e  
s p e c i f i c  f o r m u l a t i o n s  o f  t h e  m o r e  g e n e r a l  E y r i n g  e q u a t i o n  ( e q

Table II. Derivation of the Minimum E 21 and E :ii for C-H
Acceptability When E 23 = E32 = 18 kcal/mol (298 K )a

E2i,E-m 
f o r  C - H

A 23,A326'C fe2l:fe34C,d A21,A34
fe2l/A 2l,
fe34/A 34

a c c e p t 
a b i l i t y , “ A  

k c a l  m o l “ 1

1 X 105 < 4  X 10“ 10 1 < 4  X 10“ 10 >12.8
10 < 4  X 10“ 11 >14.1

1 X 102 < 4  X 10“ 12 > 15 .5
1 X 103 < 4  X 10“ 13 > 16 .9
1 X 104 < 4  X IO’ 14 > 1 8 . 2
1 X 105 < 4  X 10~15 > 19 .6

1 X 1010 < 4  X 10“ 5 1 < 4  X IO“ 5 > 6 .0
10 < 4  X 10“ 6 > 7 . 3

1 X 102 < 4  X I O '7 > 8 . 7
1 X 103 < 4  X 10“ 8 >10.1
1 X 104 < 4  X IO“ 9 > 11 .4
1 x  105 < 4  X 10“ 10 > 12 .8

1 X 1015 < 4 1  x  1 0 2 < 4  X IO“ 2 >1.9
1 X 103 < 4  X IO“ 3 > 3 . 3
1 X 104 < 4  X IO-4 > 4 .6
1 X 105 < 4  X 10“ 5 > 6 .0

0 T h e  A r r h e n i u s  e q u a t i o n  i s  a r b i t r a r i l y  u s e d  i n  t h e s e  c a l c u l a 
t i o n s ;  e .g . ,  E a  =  18 k c a l / m o l  i m p l i e s  t h a t  f e /A  =  5.64 X 10-14 a t  
298 K .  b A 23  =  A 32  s i n c e  t h e  s a m e  t r a n s i t i o n  s t a t e  i s  i n v o l v e d .  
c M u l t i p l i c a t i o n  o f  a l l  t h e  fey  b y  t h e  s a m e  n u m b e r  c h a n g e s  t h e  
p r o d u c t  c o m p o s i t i o n  w i t h  r e s p e c t  t o  t i m e  b u t  n o t  w i t h  r e s p e c t  t o  
p e r c e n t  r e a c t i o n .  d  T h e s e  a r e  t h e  m a x i m u m  v a l u e s  p o s s i b l e  f o r  
fe2 i , f e 34  s u c h  t h a t  A c h  <  5. N o t e  r e f  6.

1 9 ) .  T h e  a p p r o p r i a t e  r a t e  e q u a t i o n  f o r  a  p a r t i c u l a r  r e a c t i o n  
i s  d e p e n d e n t  o n  t h e  n a t u r e  o f  t h e  r e a c t i o n ,  i . e . ,  w h e t h e r  t h e  
r e a c t i o n  i s  u n i m o l e c u l a r  o r  b i m o l e c u l a r ,  w h e t h e r  t h e  t r a n s i t i o n  
s t a t e  c o m p l e x  i s  l i n e a r ,  n o n l i n e a r ,  e t c . 16  I n  S c h e m e  I ,  t h e  i n 
t e r c o n v e r s i o n s  A 2  A 3  s i g n i f i e d  a  u n i m o l e c u l a r  c o n f o r m a 
t i o n a l  ( o r  c o n f i g u r a t i o n a l )  t r a n s f o r m a t i o n ,  a n d  a s  s u c h  e q  1 8  
i s  s u g g e s t e d  b y  t h e o r y . 16  T h e  o n l y  a s s u m p t i o n  t h a t  h a s  b e e n  
m a d e  i n  t h e  d e r i v a t i o n  o f  t h e  e x a c t  s o l u t i o n  i n  t e r m s  o f  t h e  
r e a c t i o n s  A 2  - * •  A i  a n d  A 3  -►  A 4  i s  t h a t  t h e y  o b e y  f i r s t - o r d e r  
k i n e t i c s  o r  p s e u d o - f i r s t - o r d e r  k i n e t i c s .  T h e o r y  s u g g e s t s  a  w i d e  
r a n g e  o f  v a l u e s  f o r  n  i n  e q  1 9  f o r  r e a c t i o n s  f o l l o w i n g  t h i s  a s 
s u m p t i o n ,  a n d  f o r  t h e  c a l c u l a t i o n  o f  Ach a n d  Awh w e  h a v e  
c h o s e n 1 7  t h e  v a l u e  n  =  0  a s  h a s  o f t e n  b e e n  d o n e  i n  t h e  l i t e r a 
t u r e .

k  =  A  e x p { — E J R T ) ( 1 7 )

k  =  A T  e x p { — E  0 Ì R T ) ( 1 8 )

k  =  A T n e x p { — E 0 / R T ) ( 1 9 )

T a b l e s  I I  a n d  I I I  d e m o n s t r a t e  t h e  i m p o r t a n t  o b s e r v a t i o n  
t h a t  t h e  p r e e x p o n e n t i a l  f a c t o r s  p l a y  a  d e t e r m i n i n g  r o l e  i n
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Table III.“ Derivation of the Minimum E 2i and £34 for 
C-H Acceptability When E23 = £32 = 6 kcal/mol6

£ 2 1 , £ 3 4  

for C-H 
accept- 

k2i/'A2i, ability,“
^ 23,̂ 32_____ ^21)̂ 34_____ ^ 21,̂ 34 ^34/'A34 kcai mol 1

10 < 3 X 1 0 - 1 1 < 3 X 10--1 > 0 .7 1
10 < 3 X 10--2 >2.07

1 X 10 2 < 3 X 10- -3 > 3.43
1 X 10 3 < 3 X 10- -4 >4.79
1 X 10 4 < 3 X 10- -5 > 6 .15
1 X 10 6 < 3 X 10--6 > 7 .5 1

1  x  10 10 < 3 X 10 4 1 X 10 5 < 3 X 10--1 > 0 .7 1
1  x  10 15 < 3 X 10 9 1 X 10 10 < 3 X 10--1 > 0 .7 1

“ See Table II footnotes. 6 £ a -  6 kcal/mol implies k/A = 3.83 
X  I Q - 5 .

E2o" E-32
Figure 9. The minimum values cf the activation energies £ 21 and £34 
for C-H acceptability ( A c h  <  5) as a function of the activation ener
gies for isomer interconversion (£ 23 = E32). The family of lines rep
resents different values of the preexponential factors A2i = A 3 4 . Note 
that the free energies of A2 and A3 are equal and A23 = ,4:;2 = 1 X
1 0-10.

these kinetics. While significant statistical errors are associ
ated with the experimental determination of the preexpo
nential factor A, it is clear that the preexponential factors for 
typical unimolecular reactions18 (e.g., conformational inter
conversion) are a number of orders of magnitude greater than 
the preexponential factors of bimolecular reactions.19

These points are illustrated by comparing the results for 
Scheme I kinetics when £ a = 18 kcal/mol (Table II) with those 
when £ a = 6 kcal/mol (Table HI). The former is representative 
of the energy barrier of nitrogen inversion for aziridines18 and 
the latter is representative of the inversion barrier of a hin
dered pyrrolidine, e.g., nicotine.14 If we assume (1) that the

Figure 10. The minimum values of the activation energies £21 and 
£ 3 4  for C-H acceptability ( A c h  <  5) as a function of the activation 
energy £ 23 for different values of A £  =  £ 23 -  £ 32- A 23 = A32 = 1 X  

10_1°; A 2 i  = A34 = 1 X  10-5. In this figure, the free energy difference 
between A 2 and A3 is varied; compare with Figure 9.

preexponential factor for inversion is 1010 and (2) the upper 
limit for any preexponential factor for the reactions A2 —*■ Ai 
and A3 —*■ A\ is 105, then any reaction having a barrier less 
than 12.8 kcal/mol will result in non-C-H/W-H kinetics for 
the aziridines (AH*q = 18 kcal/mol) while any barrier less 
than 0.71 kcal/mol for the substituted pyrrolidine would result 
in non-C-H/W-H kinetics. Consider the result if one assumes 
that the preexponential factor for nitrogen interconversion 
is 1015 rather than 1010. Reaction barriers less than 6.0 kcal/ 
mol for aziridines would result in non-C-H/W-H kinetics.

The influence of the preexponential factor in determining 
reaction profiles can be seen in Figure 9 which shows the 
minimum values of £ 21,£34 for Ach < 5 for different values 
of A 2i = A34 assuming A23 = A32 = 1 X 1010. The parallel lines 
are not an obvious consequence of the exact solution (eq 3-14) 
but are related to the linear relationship found in Figure 4.

We also examined the minimum £ 21,£34 allowable and still 
maintain Ach < 5 for sets of £ 23,£32 having a constant energy 
difference x = £23 — £32 as a function of £23 (Figure 10). A 
series of parallel lines resulted, thus indicating that the actual 
value of the energy difference between A2 and A 3 is important 
for determining the minimum value of £ 2i,£32 but the location 
on the energy scale, in an absolute sense, is not.

It is important to stress at this stage that the kinetics are 
controlled by the rate constants which appear in the rate ex
pressions, and it is from these rate constants measured at 
various temperatures that the AH* and AS* are calculated. 
We have attempted to use the designations of £ a, E q , or AH* 
corresponding to the individual author’s use in the literature. 
In some literature cases, it is difficult to determine which 
equation (e.g., eq 17-19) the author used in derivation of his 
activation parameters. Although the relationship between 
these various parameters is well-known, considerable uncer
tainly exists in the usage of eq 17-19. For example, the value
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Table IV.° Calculated6 Percentages of Hydroboration 
Products for Thujopsene (5) under the Assumption That 

the Minor Isomerc Reacts Faster Than the Major Isomer0

EhB,5s— 6, 
kcal mol-1

EhB,5s—7, 
kcal mol-1

£ 55—6 ^inv % products
5̂n—7 A hb 6 7

3.7 9.1 1 x 104 1 X 103 96.6 3.4
3.7 9.1 1 X 104 1 X 104 98.8 1.2
5 9.5 2 X 103 1 X 107 95.2 4.8
9 14 4.8 X 103 1 X 103 97.9 2.1
8 13 4.8 X 103 1 X 103 97.9 2.1

° Subscripts “ inv” and ‘“HB” refer to the ring inversion pro-
cesses and hydroboration reactions, respectively. 6 E5s_.5n = 11 
kcal mol-1 Calculations were based on eq 17 at 25 °C. Note that 
multiplication of all kt] by the same number changes the product 
distribution with respect to time but not with respect to percent 
reaction. c [A: 5a_ 5n/fe 5n _5s = 0.01],

of n in eq 19 is usually assumed to be 0 or 1, but other values 
are certainly possible and would dramatically effect the de
rived thermodynamic parameters. The value of k  is, by and 
large, indeterminate and is generally assumed to be 1, though 
theory suggests that k  can be considerably larger than 1 (e.g., 
in unimolecular processes). Tables II and III are meant to il
lustrate the controlling factors in C-H /W -H  chemistry in 
terms of these more widely used activation parameters. Thus, 
whether or not an aziridine or any other molecule follows 
C-H/W -H kinetics will be best judged following the experi
mental determination of the £y and not by the hypothetical 
treatment shown in Tables II and III.

Additional Applications of the Exact Solution. Perhaps 
the ultimate use of the exact solution (eq 3-14) to Scheme I 
is the determination of all the rate constants from time-con
centration data. The experimental difficulties in determining 
time-concentration data coupled with the previous unavail
ability of the exact solution to this kinetic scheme have en
couraged various investigators either (1) to use the C-H/W-H 
approximations or (2) to intuitively cite the probable failure 
of these approximations for the treatment of their systems. 
We are unaware of any kinetic treatment of a Scheme I non- 
C-H/W -H kinetic system.

Numerous examples can be found in the literature in which 
the C-H /W -H  approximations are utilized for various de
terminations. If appropriate upper (or lower) limits can be 
made for the reaction rate constants for a chemical system or 
interest, then the exact solution can predict the appro
priateness or inappropriateness of the use of these approxi
mations.

One continuing application of Scheme I kinetics involves 
the determination of the position of the A2 <=* A3 equilibrium, 
defined by K = 623/632. For example, the early work on the 
quaternization of tropines incorporated the assumption that 
the product ratio AJA\ was dependent only on the free energy 
difference between the reactant configurational isomers.20 
Such considerations led to incorrect deductions20 of reactant 
isomer ratios, since the C-H approximation clearly indicates 
a dependency not only on K  [=623/632 = exp(—AG°/RT)] but 
also on the ratio of reaction rates £34/621 (see eq 1).

Indeed, numerous examples can be found in the chemical 
literature in which the C-H principle is interpreted by 
implying that “ the ratio of the products so formed is inde
pendent of the relative energy levels of the various starting 
forms .. ,'\7 This interpretation is somewhat misleading as 
evidenced by eq 1. Indeed, the relative values of 623 and £32 
are always reflected in the relative values of A 1 and A4: (1) if 
£21,634 »  £23,632, then (kinetic quenching) A4/A 1 = A3/A 2 
= £23/632 at reaction completion; (2) if £21,634 «  £23,632 
(C-H/W-H), then eq 1 is valid; and (3) if £2i and/or fe34 ~  £23 
and/or &32, then eq 3-14 are the simplest descriptors of A,(i),

Scheme III

7

and A, are certainly dependent on the relative values of kLJ.
To exemplify these concepts, consider the attempt by 

Acharya and Brown to elucidate the conformational equilib
rium position of (—)-thujopsene (5).21’22 Acharya and Brown 
hypothesized that the steroidal 5s and nonsteroidal confor
mations 5n of (—)-thujopsene would stereospecifically yield 
alcohols 6 and 7, respectively, on hydroboration-peroxide 
oxidation. The isolation of a single alcohol identified as 6 in 
96.3% yield formed the basis of their conclusion that thujop
sene exists preferentially in the steroidal conformation 
5s.21

An alternative hypothesis is that thujopsene exists prefer
entially (e.g., 100-fold greater) in the nonsteroidal confor
mation 5n but the hydroboration rate £58—6 of the steroidal 
conformer is considerably larger than the rate k5n̂ 7 of the 
nonsteroidal conformer. Utilizing the activation barriers for 
Scheme III suggested by Acharya and Brown,21 one can apply 
eq 3-14 and examine the conditions under which isomer 6 is 
preferentially formed when conformer on predominates. The 
results of some of these calculations are illustrated in Table 
IV, which clearly indicates that if the ratio £58—6/ 6511—7 is 
sufficiently large, product from the “ minor” isomer will pre
dominate whether or not the kinetic system can be described 
by the C-H/W-H approximations. The major conclusion from 
this treatment is that detailed kinetic studies must be per
formed in any attempt to correlate product ratio with the 
equilibrium distribution of isomers.

Considerable interest has been shown for some years in the 
thermal chemistry of azoalkanes.23 Engel et al.23a recently 
investigated the thermolysis of a number of cis- and trans - 
azoalkanes. They demonstrated that trans-dinorbornyldi- 
azene (8t) decomposes giving nitrogen and unspecified hy
drocarbons, while lower temperature thermolysis of the less 
stable cis isomer 8c leads only to the trans compound 8t. The 
possibility that some of the nitrogen from 8t was derived from 
prior isomerization to 8c was not mentioned. Equations 3-14, 
coupled with the thermodynamic parameters reported for 
these compounds, allow the calculation of the ratio of nitrogen 
coming directly from the trans isomer 8t vs. the nitrogen 
coming from the trans isomer via the cis isomer 8c (Table V). 
The relative times for 50% reaction completion are also shown 
in Table V and can serve as an additional experimental test 
for the kinetic parameters. Since a significant amount of 
product does indeed arise via the indirect pathway, the tran
sition state parameters for the transformation of 8t to prod-

w N=N

8c 8t
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Table V. Calculated8 Reaction Profiles for the Thermal 
Decomposition of 8t

Temp, Total N?. via 8t Rei
°C Total N2 via 8c rxn times6

400 1.35 1
300 1.39 1.3 X 103
200 1.53 3.8 X  107
100 1.72 2.5 X 1014

a Based on thermodynamic data cited in ref 23a,d using eq 18. 
This treatment assumes Ast—sc = Asc—st and A8c—Pdt =  A8t—pdt- 
6 Relative times for 50% destruction of 8.

Table VI.“ Calculated6 Reaction Profiles for the Thermal 
Decomposition of 9c and 9t_______________

AH4’ 9c—9t AH+gt—9c

9c — 9t —» N2c d 
from —17 °C 

pyrolysis 
cf 9c, %

9t — 9c — N2d e 
from 183 °C 

pyrolysis 
of 9t, %

20 42.3 96 0.241
21 43.3 89 0.234
22 44.3 54 0.215
23 45.3 14 0.172
24c’f 46.3 2.2 0.107

° The exact solution to Scheme I (eq S—14) can also serve as the 
exact solution to lesser included kinetic schemes. In some cases, 
as exemplified in a number of the calculations performed for 
Table VI, sets of are obtained in which Scheme I can be ap
proximated by simplier kinetics schemes, e.g., parallel or series 
first-order reactions (cf. ref 16, Chapter 8). 6 Based on the ther
modynamic data cited in ref 23a, assuming A9t—9c = A9c—9t. 
c Experimentally, the conversion 9c — 9t at —17 °C was not ob
served. d Evaluated at infinite time. e The percentage of de
composition occurring via the indirect path (9t — 9c — N2) 
compared with the direct path (9t -*• N2) at >180 °C was not 
discussed in the literature (cf. ref 23a). f Minimum value consis
tent with experimental data (see footnote c above) assuming an 
experimental error of 5%.

ucts should be reobtained from experiments that can distin
guish these two pathways.

Thermolysis of either cis- or trans-tert-butyldiazene (9c 
and 9t) leads only to fragmentation; in neither case was cis- 
trans isomerization observed.238 Equations 3-14 can be uti
lized to determine the minimum activation enthalpies for 
cis-trans isomerization such that these processes not be ob
served; in addition, the likelihood of the sequence 9t —» 9c —► 
N2 can be evaluated. These results are shown in Table VI.

Figure 11. The calculated percentage reaction dependency of the 
product ratio [1 lt]/[llc] obtained in the independent pyrolyses of 
either lOt or 10c using rate data obtained from ref 25: &ioc— lot = 3.96 
X  10-5; k iot—ioc — 2.07 X  10~5; feioc—lie = 1-2 X  10-6; kiot—lit= 1-15 
X  10-6. The dashed line in the figure represents the C-H value.

should have been obtained (see Figure 11). Note that, as in
dicated in Figure 11, maximum deviation from C-H kinetics 
occurs early in the reaction. The use of the exact kinetic so
lution should allow the most accurate determination of the 
rate constants and other thermodyanmic properties of this 
system, as well as substantiate the system’s presumed ste
reospecificity.

X  ^  X  X
------- N = » N  ~ ~  ^  N =  N ------- ►

X
9t 9c

The exact solution for Scheme I kinetics has two additional 
versatilities: it can be used for systems (1) in which A 2 and A3 
do not necessarily represent conformational isomers but, in 
a less restrictive sense, interconverting compounds; and (2) 
in which the initial ratio of concentrations A3o/A2o is not equal 
to the equilibrium distribution.24

An interesting example incorporating both of these aspects 
can be found in the recent work of Dolbier and Enoch on the 
thermochemistry of cis- and trans-1,1-difiuoro-2,3-dimeth- 
ylcyclopropanes, 10c and lOt, respectively.25 Analysis of this 
system using the published rate data and eq 3-14 indicates 
that C-H/W -H kinetics should be obtained if an equilibrium 
mixture of 10c and lOt were pyrolyzed; however, when 10c and 
lOt were pyrolyzed independently, non-C-H/W-H kinetics

Summary and Conclusions
Equations 3-14 form the exact analytical solution to any 

chemical system represented by Scheme I. The solution can 
be applied regardless of the relative values of the rate con
stants kij. The species A 2 and A3 can be conformational or 
configurational isomers or two compounds related by their 
mutual interconversion through more complex chemistry. Any 
initial values for the species A 1-A 4 may be used as input;e.g., 
the initial value A30/A 20 may not equal the equilibrium value
K. If the reactions to Ai and A4 from A2 and A3, respectively, 
are bimolecular (or higher order) with respect to a particular 
reagent, then eq 3-14 can be used only if the reactions to 
product can be treated as pseudo-first-order. The reaction 
order to A\ and A4 need not be identical, however, as the ap
propriate transformations in the kl} may be made.

Maximum utilization of these results can be had as in any 
kinetic study if time-concentration data are available. These 
data would allow the determination of the fey. However, if only



partial experimental information is available, upper and/or 
lower limits of some of the rate parameters may be estimated 
in many cases as described above.

A wide range of values of ktj has been selected and the ki
netic results have been evaluated (cases I-IV above). This has 
allowed the rough generalization that the Curtin-Hammett 
principle and the Winstein-Holness equation correctly ap
proximate the exact solution when k23,k32 > 10/221,10/234. 
However, the more skewed the system, either by grossly dif
fering values of the ¿221,634 or k23,k32 pairs or by situations in 
which A30M 20 ~ k23/k32, the greater the above inequality 
must be for C-H /W -H  acceptability.

The relationships between the rate constants and the 
thermodynamic parameters (£ a, A, AH*, and AS*) were ex
amined for Scheme I kinetic systems. It was found that the 
preexponential factor plays a considerable role in determining 
the kinetic results. This observation was contrasted to the 
usual view that the activation energies alone controlled the 
kinetics. An important consequence of the dominating role 
of the preexponential factor is that chemical systems which 
undergo intramolecular conversion to product are more likely 
to be non-O-H/W-H. This is due to the significantly greater 
value of the preexponential factor for intramolecular processes 
than for intermolecular processes (from five to ten orders of 
magnitude larger) ,6a’18’19

The product ratio AJA\ is always partially dependent on 
the relative energy levels of the starting forms. This depen
dency is manifested (albeit in a complex fashion) in the ap
pearance of both /z23 and k32 in eq 3-14. Under C-H /W -H 
conditions, this dependency is simply directly proportional 
to the ratio k23/k32 (cf. eq 1).

It is hoped that these results will not only allow a better 
appreciation of the Curtin-Hammett and Winstein-Holness 
concepts but also serve as the basis for more detailed experi
mentation in complex chemical systems. We are currently 
examining the utility of the solution and anticipate that these 
results will indeed be put to significant use exceeding the 
simple, but important, analyses initially made possible by the 
long and well-used approximations of Curtin-Hammett and 
Winstein-Holness.26,27

Acknowledgment. We thank Drs. E. B. Sanders and A. 
Kassman for their continued assistance in this project. We also 
thank the Philip Morris Research Center Computer Section, 
and in particular Dr. P. Martin and Mr. D. Clark, for their 
interest in this investigation. The technical assistance of Mrs. 
Anne Donathan and Mr. J. Day is gratefully acknowledged. 
We especially thank Dr. T. S. Osdene for his encouragement. 
We acknowledge Professor Paul S. Engel for helpful discus
sions and for supplying us with unpublished results.

Registry No.— 1, 65414-58-6; 2/3, 938-36-3; 4, 65414-59-7; 5, 
470-40-6; 6,25966-77-2; 7,26039-33-8; 8c, 59388-64-6; 8t, 59388-65-7; 
9c, 24577-10-4; 9t, 15464-01-4; 10c, 694-20-2; lOt, 694-21-3; 11c, 
590-18-1; l it , 624-64-6.

References and Notes
(1) For the previous paper in this series, see J. I. Seeman, Synthesis, 498  

(1977).
(2) (a) N. L Allinger and E. L. Eliel, "Topics in Stereochemistry". Vol. 1 -9, 

Interscience, New York, N.Y., 1967-1976; (b) International Symposium 
on Conformational Analysis Lectures, Pure Appl. Chem., 465-666  (1971); 
(c) E. L. Eliel, N L. Allinger, S. J. Angyal, and G. A. Morrison, "Conforma
tional Analysis” , Interscience, New York N.Y., 1965; (d) L. M. Jackman 
and F. A. Cotton, Ed., “Dynamic Nuclear Magnetic Resonance Spectros
copy” , Academic Press, New York, N.Y., 1975; (e) M Hanack, "Confor
mation Theory” , Academic Press, New York, N.Y., 1965; (f) E. Eliel, 
"Stereochemistry of Carbon Compounds” , McGraw-Hill, New York, N.Y., 
1962.

(3) (a) D. Y. Curtin, Rec. Chem. Prog., 15, 111 (1954); (b) L. P. Hammett, 
“Physical Organic Chemistry”, 2nd ed., McGraw-Hill, New York, N.Y., 1970,

Curtin-Hammett/Winstein-Holness Kinetic System J. Org. Chem., Vol. 43, No. 10,1978 1863

pp 119-120; (c)D. Y. Curtin and M. C. Crew, J. Am. Chem. Soc., 77, 354 
(1955); (d) ref 2f, pp 149-156, 234-239; (e) ref 2c, pp 28-35 .

(4) (a) S. Winstein and N. J. Holness, J. Am. Chem. Soc., 77, 5562 (1955); (b) 
ref 2c, pp 2 7-28 , 47-50: (c) ref 2f, pp 234-237.

(5) (a) E. L. Eliel and R. S Ro, Chem. Ind. (London), 251 (1956); (b) E. L. Eliel 
and C. A. Lukach, J. Am. Chem. Soc., 79, 5986 (1957); (c) E. L. Eliel, J. 
Chem. Educ., 37, 126 (1960); (d) see ref 2c footnote on pp 48-49 .

(6) (a) The treatment given herein is also applicable to kinetic systems in which 
the products are formed via a bimolecular or h gher order reaction but follow 
pseudo-first-order kinetics, (b) Throughout this paper, A, (/ =  1 -4) repre
sents the concentration of the chemical entit es involved in Scheme I with 
rate constants ky for the reaction A¡ —► A¡; A (0 represents the initial value 
of A,. E¡¡, A H¡¡, and Ay represent the activation energy, the activation en
thalpy, and the preexponential factor, resoectively, for the A, —► Ay 
transformation.

(7) Reference 2c, p 28.
(8) (a) An extension of the Curtin-Hammett principle to chemical systems 

involving three or more very rapidly interconverting conformations each 
reacting slowly to give the same two products with independent rate con
stants has recently been made[cf. C. Alvarez-lbarra, F. Fernández-Gon- 
zález, A. Garcia-Martinez, R. Pérez-Ossorio, and M. L. Quiroga, Tetrahedron 
Lett., 2715 (1973), and references cited therein], (b) For an extension of 
the Curtin-Hammett principle to systems in which each conformer yields 
the same two products, see R. O. Hutchins, J. Org. Chem., 42, 920 
(1977).

(9) For an examination of special cases of Winstein-Holness kinetics, see
(a) D. C. Best, G. M. Underwood, and C. A. Kinsbury, J. Org. Chem., 40, 
1984 (1975) (note especially footnote 36); (b) E. S. Lewis and M. D. Johnson, 
J. Am. Chem. Soc., 82, 5399 (1960).

(10) The method of solution for systems of equations such as these is given in,
e.g., R. C. Buck and E. F. Buck, "Introducticn to Differential Equations” , 
Houghton Mifflin Co., Boston, Mass., 1976, Chapter 6; E. L. Ince, “Ordinary 
Differential Equations', Dover Publications, New York, N.Y., 1956, Chapter 
IX; I. S. Sokoln koff and R. M. Redheffer, "Mathematics of Physics and 
Modern Engineering", McGraw-Hill, New York, N.Y., 1958, pp 95-106 .

(11) The primary use of the W -H  equation has been the extrapolation of /tax and 
/ceq in a conformationally fixed system (e.g., cis- and frans-4-fert-butyl- 
cyclohexanol) to a compound (e.g., cyclohexanol) capable of existing in 
and reacting from two conformations. The inherent assumption in such 
an analysis is that only two idealized conformations are available to the 
reacting compcund. This assumption has been the focus of considerable 
controversy due to the established importance of substituent-induced 
conformational changes.12 Our manuscript does not deal with this extra
polative use of the W -H  equation, although t can be used in some cases 
(i.e., when the W -H  approximation to Scheme I fails) to determine the 
validity of the use of Scheme I to represent a particular chemical system's 
kinetics. Equations 3 -1 4  will always allow one to derive ky from tim e- 
concentration data for Scheme I systems. However, extrapolations and 
other uses of these k,y must be evaluated in terms of the assumptions made 
in the extrapolation procedure. These justifications are independent of the 
correct derivation of the ky. For a particularly interesting discussion on the 
problems that can occur in the extrapolative use of W -H  concepts, see
H. Kwart and T. Takeshita, J. Am. Chem. Soc., 86, 1161 (1964).

(12) See, for example, P. J. Halfpenny, P. J. Johnson, M. J. T. Robinson, and 
M. G. Ward, Tetrahedron, 32, 1873 (1976), and references cited there
in.

(13) F. R. Cruickshank, A. J. Hyde, and D. Puch, J. Chem. Educ., 54, 288 
(1977).

(14) (a) J. F. Whidbv and J. I. Seeman, J. Org. Chem., 41, 1585 (1976); J. I. 
Seeman, J. F. Whidbv, E. Thomas, and W. A. Farone, unpublished results;
(b) J. I. Seeman H. V. Secor, R. L. Bassfield, and J. F. Whidby, Tetrahedron 
Lett., in press.

(15) (a) D. C. Appleton, J. McKenna, J. M. McKenna, L. B. Sims, and A. R. Walley, 
J. Am. Chem. Soc., 98, 292 (1976); (b) J. McKenna, Tetrahedron, 30, 1555 
(1974); (c) F. A. L. Anet, I. Yavari, I. J. Ferguson, A. R. Katritzky, M. Mo- 
reno-Manas, and M. J. T. Robinson, J. Chem. Soc., Chem. Commun., 399 
(1976), and references cited therein; (d) P. „. Crowley, M. J. T. Robinson, 
and M. G. Ward, Tetrahedron, 33, 915 (1977).

(16) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism” , 2nd ed, Wiley, 
New York, N.Y.. 1961, Chapters 4 and 5; note especially Table 2, p 94.

(17) This approach also results in computational simplicity, for the kT"lh  term 
can be considered "lumped into” the preexponential factor Ay.

(18) (a) J. B. Lambert, Top. Stereochem., 6, 19—105 (1971); (b) J. M. Lehn, Top. 
Curr. Chem., 15, 311 (1970); (c) C. K. Ingold, "Structure and Mechanism 
in Organic Chemistry” , 2nd ed, Cornell University Press, Ithaca N.Y., 1969, 
pp 471-473.

(19) (a) A. T. Bottini in "Selective Organic Transformations” , Vol. 1, B. S. 
Thyagarajan, Ec., Wiley, New York, N.Y., 1973, pp 89-142; (b) J. L. Imbach, 
A. R. Katritzky, and R. A. Kolinksi, J. Chem. Soc. B, 556 (1966); (c) H. C. 
Brown, J. Chem. Soc., 1248 (1956).

(20) (a) J. McKenna, Top. Stereochem., 5, 275 -308  (1970); note especially 
p 278. (b) For an elegant summary of this work, see G. Fodor, R. V. Chas
tain, Jr., D. Frehel, M. J. Cooper, N. Mandava, and E. L. Gooden, J. Am. 
Chem. Soc., 93, 403(1971).

(21) S. P. Acharya and H. C. Brown, J. Org. Chem., 35, 3874 (1970) (note 
especially ref 14).

(22) See also P. C. Traas, L. M. van der Linde, and H. J. Takken, Reel. Trav. Chim. 
Pays-Bas., 93, 264 (1974).

(23) (a) P. S. Engel, R. A. Melaugh, M. A. Page, S. Szilagyi, and J. W. Timberlake, 
J. Am. Chem. Soc., 98, 1971 (1976); (b) J. W  Timberlake and A. W. Garner, 
J. Org. Chem., 41, 1666 (1976); (c) P. S. Engel and D. J. Bishop, J. Am. 
Chem. Soc., 97, 6754 (1975); (d) J. Hinz, A. Oberlinner, and C. Rüchardt, 
Tetrahedron Lett., 1975 (1973); (e) L. D. Fogel, A. M. Rennert, and C. Steel, 
J. Chem. Soc., Chem. Commun., 536 (1975), and references cited in these 
publications.

(24) See, for example, (a) R. Grée and R. Carrié, J. Chem. Soc., Chem. Com-



1864 J. Org. Chem., Vol. 43, No. 10,1978 Alston, Ottenbrite, and Cohen

mun., 112 (1975); (b) H. L. Goering, C.-S. Chang, and J. V. Clevenger, J. 
Org. Chem., 41, 4023 (1976); (c) W. C. Agcsta and S. Wolff, J. Am. Chem. 
Soc., 98 ,4 18 2 (19 7 6 ).

(25) W. R. Dolbier, Jr., and H. 0 . Enoch, J. Am. Chem. Soc., 99, 4532  
(1977).

(26) Following the completion of our work, we became aware that J. M. Lluch, 
Universidad Autonorra de Barcelona, had also solved kinetic Scheme I

exactly (unpublished work). We thank Professor E. L. Eliel for bringing this 
work to our attention and for helpful discussions.

(27) Note Added In Proof. Following acceptance of this paper, N. S. Zefirov 
reported [Tetrahedron, 33, 2719 (1977)] an analytical expression for A4M ,  
for Scheme I at reaction completion. This expression does not include 
arbitrary initial conditions and does not describe the system as a function 
of time.

Secondary Orbital Interactions Determining Regioselectivity 
in the Diels-Alder Reaction. 3. Disubstituted Dienes

Peter V. Alston*

E. I. du Pont de Nemours and Company, Organic Chemicals Department,
Jackson Laboratory, Wilmington, Delaware 19898

Raphael M. Ottenbrite

Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia 23284

Theodore Cohen

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 

Received October 17,1977

Frontier molecular orbital theory is used to predict the regioselectivity in the Diels-Alder reactions of disubsti
tuted butadienes. The primary orbital interactions which have been used by several investigators to predict the reg
ioselectivity in the Diels-Alder reaction could not account for the regioselectivity observed with 1,2-disubstituted 
butadienes. When the secondary orbital interactions were included in the theory, the preferred regioisomer was 
predicted in every case. The frontier molecular orbitals of the dienes and dienophiles were determined by the 
CNDO/2, INDO, CNDO/S, and Huckel methods.

The regioselectivity of the Diels-Alder reaction has been 
successfully rationalized by considering only the interactions 
between the frontier molecular orbitals (FMO) of the diene 
and the dienophile.1 5 This approach is based on the sec
ond-order perturbation equation for the energy change which 
accompanies the orbital interactions of the two molecules 
involved in a cycloaddition reaction.6 From This theory several 
investigations2-5 have used the following generalizations to 
predict the regioselectivity: (1) the principle stabilization of 
the transition state arises from the HOMO-LUMO interac
tion which is the closest in energy (when the FMO interactions 
have similar energy separations, both interactions are con
sidered); (2) the larger primary orbital coefficient of the diene 
will bond preferentially with the larger primary orbital coef
ficient of the dienophile. In fact, Anh et al.3 has recently ap
plied this approach to approximately IOC examples of the 
Diels-Alder reaction.

In previous investigations we have found numerous cases 
in which this approach failed to predict the regioselectivity 
that was observed.1 However, these discrepancies were elim
inated when the secondary orbital interactions were consid
ered. Consequently, we have added a third generalization in 
our approach which is as follows: (3) the secondary orbital 
coefficient of the dienophile will interact preferentially with 
the larger secondary orbital coefficient of the diene. By con
sidering which regioisomers are favored by the interactions 
in generalizations 2 and 3 and the relative importance of these 
generalizations, the preferred regioisomer can be predicted.

In this paper the above theories have been applied to the 
uncatalyzed Diels-Alder reactions of disubstituted buta
dienes. In these cases generalizations 2 and 3 favor different 
regioisomers and the experimentally preferred regioisomer 
varies with the substituent combination, thereby allowing a 
critical evaluation of the two theoretical approaches.

0022-3263/78/1343-1864$01.00/0

Results and Discussion

CNDO/2 calculations predict that the energy separation 
between the HOMO of the diene and the LUMO of the di
enophile is considerably smaller than the energy separation 
between the LUMO of the diene and the HOMO of the di
enophile for all reactions that have been investigated. Thus, 
the principle stabilization of the transition state will result 
from the former MO interaction and the latter can be ne
glected. Consequently, in the frontier molecular orbital ap
proach the second-order perturbation equation simplifies into 
eq 1 and 2 for the two possible endo approaches of the dieno
phile to the diene.7 In the equations the y cc values are the 
atomic orbital transition state resonance integrals for the pz 
carbon atomic orbitals. The c values are the atomic orbital 
coefficients in the respective molecular orbitals and the E 
values are the energies of the interacting frontier molecular 
orbitals.

Using CNDO/2 FMO energies and coefficients (Table I), 
the stabilization energy from the interaction of HOMO of the 
diene and the LUMO of the dienophile has been calculated 
for the various reactions. A resonance integral of 7 eV for the 
primary orbital interactions and a resonance integral of 2.8 
eV for the secondary orbital interactions were used in the 
calculations. The value of 7 eV for the resonance integral of 
the primary orbital interactions was derived from the con
certed transition state that ab initio calculations8 predicted 
for the cycloaddition of ethylene to butadiene along with 
consideration for the narrowing of the FMO energy separation 
in the transition state and a larger than experimental CNDO/2 
energy separation between the interacting MO’s. The reso
nance integral for the secondary orbital interactions was as
signed a smaller value because the geometry of the transition 
state favors the overlap between the primary orbitals at the

© 1978 American Chemical Society
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Table I. Highest Occupied Molecular Orbitals of the Disubstituted Butadienes

Ri

R, R:i

Ri r 2 r 3
MO

method C -l
Pz coeff° 

C-2 C-3 C-4
Energy of 

HOMO, eV
c h 3 c h 3c o n h H CNDO/2 0.578 0.357 0.180 0.336 -10.83

INDO 0.577 0.340 0.169 0.317 -10.17
CNDO/S 0.596 0.421 0.320 0.503 -8 .65
Hückel 0.622 0.421 0.238 0.466

c h 3 c h 3o H CNDO/2 0.580 0.410 0.225 0.402 -11.38
INDO 0.585 0.393 0.210 0.380 -10.75
CNDO/S 0.606 0.456 0.286 0.483 -8 .80
Hückel 0.627 0.434 0.258 0.490

o ac CO c h 3 H CNDO/2 0.561 0.456 0.284 0.468 -11.72
INDO 0.562 0.453 0.296 0.475 -11.29
CNDO/S 0.588 0.469 0.322 0.514 -8 .89
Hückel 0.592 0.444 0.316 0.546

c 6h 5s c h 3o H CNDO/2 0.296 0.300 0.094 0.231 -9.93
Hückel 0.562 0.248 0.307 0.425

c h 3 c 6h s H CNDO/2 0.563 0.442 0.257 0.432 -11.64
INDO 0.566 0.440 0.266 0.438 -11.15
CNDO/S 0.596 0.469 0.311 0.499 -8 .94
Hückel 0.465 0.424 0.227 0.459

c 6h 5 c 6h 5 H CNDO/2 0.535 0.445 0.242 0.421 -11.46
INDO 0.538 0.448 0.250 0.428 -10.92
CNDO/S 0.589 0.475 0.303 0.495 -8 .94
Hückel 0.446 0.374 0.162 0.376

H C H ,0 c 6H5s CNDO/2 0.079 0.039 0.140 0.329 -10.50
Hückel 0.669 0.419 0.254 0.406

H Cl c h 3 CNDO/2 0.519 0.322 0.319 0.497 -12.54
Hückel 0.579 0.364 0.378 0.602

H c 6H5 c h 3 CNDO/2 0.570 0.357 0.332 0.520 -12.15
Hückel 0.591 0.335 0.268 0.472

a These are absolute values. The other atomic orbital coefficients are zero for HOMO.

Table II. HOMOdjene-LUMOdiaooPhiie Energy Difference between Regioisomers of the Disubstituted Butadienes

Diene
Registry

no. Dienophile
Registry

no.

Ĉ meta ^para)» kcâl/ 
mola,°

Primary and 
Primary secondary

l-M ethyl-2-acetamido-l,3-butadiene 65442-04-8 Acrolein 107-02-8 6.710 2.182
1 - Methyl- 2-methoxy-1,3-butadiene 65415-12-5 Methyl acrylate 96-33-3 5.389 0.371
1,2-Dimethyl-l, 3-butadiene 4549-74-0 Acrylonitrile 107-13-1 1.844 -1.694
1,2-Dimethyl-l,3-butadiene Methyl acrylate 2.956 -2.026
1,2-Diphenyl-l,3-butadiene 5731-95-3 Acrylic acid 79-10-7 3.187 -2.536
l-M ethyl-2-phenyl-l,3-butadiene 37580-41-9 Acrylic acid 3.764 -1.466
l-Phenylthio-2-methoxy-l,3-butadiene 65415-13-6 Methyl vinyl ketone 78-94-4 1.307 -2.197
2-Methoxy-3-phenylthio-l,3-butadiene 60603-16-9 Methyl vinyl ketone -2.976 -1.951
2-Methoxy-3-phenylthio-l,3-butadiene Acrylonitrile -2.132 -1.336
2-Methyl-3-chloro-l,3-butadiene 1809-02-5 Acrylic acid -0.733 -0.693
2-Methyl-3-phenyl-l,3-butadiene 18476-73-8 Acrylic acid -1.527 -0.888

0 Meta or para to 2-substituent. b A negative energy difference favors the meta regioisomer while a positive energy difference favors 
the para regioisomer.

expense o f  the secondary orbital overlap.
From these stabilization energies the energy difference 

between the two possible regioisomers in the reactions o f  the
1,2-disubstituted butadienes was determined (Table II). In 
all o f  these reactions the primary orbital interactions favored 
the para (to the 2-substituent) regioisomer. However, the para 
regioisomer was preferred in only two o f  the analogous reac
tions that were found in the literature (Table III).9 If the 
secondary orbital interactions were included in the theory, the 
experimentally preferred regioisomer was predicted in every 
case.

Perturbation calculations were also carried out on the re

actions o f several 2,3-disubstituted butadienes (Table II). In 
these cases the calculations predicted that the primary in
teractions will dom inate the secondary orbital interactions, 
in agreement with the experimental results.

Furthermore, INDO and CN DO/S calculations were carried 
out on several o f  the dienes to determine the sensitivity o f the 
coefficient magnitudes to changes in parameterization and 
the level o f  approximation. In every case the relative m agni
tudes o f the HOM O coefficients from these SCF MO methods 
agreed with those o f  the C N D O /2 m ethod (Table I).

The effect o f  the interaction between the H O M O  o f the 
dienophile and the LU M O  o f the diene on the theories’ pre-
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Table III. Preferred Regioisomer in the Diels-Alder Reactions of Disubstituted Butadienes

Diene

CV,—y j

C l.tt 'O N H

CH,O

Dienophile

<
CHO

CHr̂ yj C H , . . G O O C H  
(H ) 1  (CM)

CH,

CA—y j
C A

COOH

f
COOH

(1
C A

0
II

C H , - y _ /

C A O
A

CH pO C  Y
0

M
/C O O H
f

Cl CH, II

K
.C O O H

1
C.H, CH,

M
.C O C H , ( ’ CN)

C„H-,S OCH,

C H S - W .COCH,r

.CH,

'GOOCH,

Preferred regioisomer

C A

C l jC C O N H ^ J .

U

CH,

CH

CHO

CO O C H (C N ) 

C H  (H)

CA
c a ^ A / C ooh

U
CH,

c«T^/L^COO H  

C H  O

C H O,

CHOOC Q

.C H , 

v GOOCH,

CH

C,H,

CH

C..H-.S.

COOH

COOH

' X X
C A O  COCH

(CN)

S C A

C H .,0 ^  X  A O C H ,A x c

Ref

a L. E. Overman and L, A. Clizbe, J. Am. Chem. Soc., 98, 235 (1976). b Y. A. Titov, Russ. Chem. Rev., 31, 267 (1962). c B. M. Trost 
and A. J. Bridges, J. Am. Chem. Soc., 98, 5017 (1976). d T. Cohen, A. J. Mura, Jr., D. W. Shull, E. R. Fogel, R. J. Ruffner, and J. R. 
Falck, J. Org. Chem., 41, 3218 (1976).

F  m e ta  2 ( c 1 C2 ,7 cc  +  C4 C 3 ’ 7 cc +  C2 C , ' y  c c )  /

primary interactions secondary 
interaction

(FdieneHOMO "  EdienophüeLUM0 ) (D

X X

para (to  Y)

E  para 2 (c ,C 3'7 cc + c 4C2’7 c c  +  c 3 c i ' 7 Cc ) V  
primary interactions secondary 

interaction

(FdieneHOMO ~  F dienophüeLUMO ) (2 )

dictions was examined. N o improvement in A nh ’s theory was 
found by including this M O interaction. Also, this M O inter

action had no effect on the predictions from  our approach. 
Furthermore, the tt M O ’s lying below  (subjacent) and above 
(superjacent) the FM O ’s were also considered. Though it is 
difficult to ascertain the im portance o f the interactions o f 
these M O ’s in the transition state, no im provem ent in either 
theoretical approach could be found by the inclusion o f these 
interactions. Furthermore, the molecular orbital methods did 
not agree on the actuality o f  the subjacent and superjacent 
molecular orbitals. In fact, the C N D O /S calculations which 
treat the (3 for a ar.d rr overlap differently had no subjacent and 
superjacent it M O ’s which could affect the regioselectivity.

Anh et al.3-10 has indicated that simple Hiickel calculations 
are superior to C N D O /2 calculations in the prediction o f the 
preferred regioisomer in cycloaddition reactions. Conse
quently, Huckel calculations were carried out on the disub
stituted dienes using Hess and Schaads’ parameters11 for 
sulfur and Streitwieser’s parameters12 which were found to 
give good predictions by Anh for all o f  the other atoms. The 
Huckel coefficients did not agree with the SCF M O coe ffi
cients in three cases (Table I), resulting in incorrect predic
tions in these cases. However, in defense o f the Huckel method 
these cases contained sulfur or chlorine substituents for which 
the parameters may not be adequate.

Finally, the geometries used in the SCF M O calculations13’14 
were determined by standard bond angles and bond lengths13 
except for the sulfur-carbon bond and the zCSC which were 
assigned values15 o f 1.75 A  and 109°, respectively. Small 
changes in these bond angles and bond lengths d id  not a ffect
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the interpretations. Also, the CNDO/2 method predicts that 
the preferred conformation of the phenyl group is perpen
dicular to the plane of the diene moiety for all dienes except
l-phenybhio-2-methoxy-l,3-butadiene. Consequently, this 
conformation of the phenyl group was used in those calcula
tions.

Conclusion
The regioselectivity in the Diels-Alder reactions of disub- 

stituted butadienes cannot be predicted from the primary 
orbital interactions. However, by including the secondary 
orbital interactions in the theory the preferred regioisomer 
can be predicted in all these cases.16 Furthermore, we have 
applied our approach to approximately 100 examples of the 
Diels-Alder reaction including 1-substituted, 2-substituted,
1,3-disubstituted, and 1,4-disubstituted butadienes as well 
as the reactions in this paper. In all these other cases, the 
preferred regioisomer was correctly predicted using CNDO/2 
FMO energies and coefficients.
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Extending studies of the photostimulated reactions of diethyl phosphite ion with aryl halides to form diethyl ar- 
ylphosphonates, we find that sodium and potassium diethyl phosphite serve equally well, that the reaction is suit
able for use on a preparative scale, that the ortho, meta, and para isomers of the iodoanisoles and iodotoluenes all 
react satisfactorily, and that the iodobenzene/bromobenzene reactivity ratio is about 1 X 103. In Sr nI reactions of 
dihalobenzenes with nucleophiles, whether one or two halogen atoms are replaced depends on the nucleophiles and 
the halogens involved and on their orientation (meta or para in this study); reactions of the chloroiodooenzenes are 
about the borderline between mono- and disubstitution.

Under photostimulation, aryl iodides react smoothly and 
quickly with diethyl phosphite ion to form diethyl arylphos- 
phonate esters;3’4 see eq 1. The reaction occurs in a number 
of solvents, although ammonia or dimethyl sulfoxide is pre
ferred. Observed quantum yields in Me2SO greatly exceed 
unity;5 that and other facts indicate a chain mechanism, and 
the radical chain SrnI mechanism6 is believed to obtain.

Arl + (EtO)2PO - - X  ArPO(OEt)2 + I ~ (1)

The propagation cycle for the SrN1 mechanism, which was 
first proposed (though without symbolization) by Kornblum7 
and Russell8 and their associates for some substitutions at 
rather specialized aliphatic centers, is sketched in Scheme I.

Scheme I

[A rX ]-• -  Ar • + X -  (M l)

Ar • + Y - — [ArY]" • (M2)

[ArY] “  ■ + ArX — ArY + [ArX]"  • (M3)

0022-3263/78/1943-1867$01.00/0 © 1978 American Chemical Society
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Figure 1. Reactivity of iodobenzene with diethyl phosphite ion in 
liquid ammonia at reflux: open circles, irradiation without additives; 
closed circles, irradiation with 0.5 mol % of p-dir.itrobenzene added; 
circle with horizontal bar, irradiation with 5 mol % of p-dinitrobenzene 
added; circle with vertical bar, without additives in the dark.

The sum of the three steps of this cycle is, after cancellation 
of like terms that appear on both sides, merely a substitution 
(ArX + Y~ -*  ArY + X - ) in which nucleophile Y_ replaces 
nucleofuge X “ . A complete radical chain mechanism also 
comprises initiation and termination steps. The probable 
character of these for the reaction of eq 1 is discussed in detail 
elsewhere.5

We now report observations relevant to the scope and 
mechanism of this reaction.

Results
Preparative Scale Reaction. Inasmuch as previous re

actions according to eq 1 had all been conducted on a small 
scale, about 0.01 mol, an experiment was conducted in which
0.1 mol of iodobenzene and 0.2 mol of (EtO)2PO~K+ in 1 L of 
ammonia were irradiated for 45 min in the Rayonet photo
chemical reactor. All the iodobenzene was consumed, and 20 
g (94%) of pure diethyl phenylphosphonate was obtained. The 
reaction is thus shown to be useful on a preparative scale. An 
Organic Syntheses procedure on an even larger scale was 
developed on the basis of this experiment.9

Use of Sodium Diethyl Phosphite. In all previous ex
periments concerning the reaction of eq 1, potassium salts of 
diethyl phosphite or other dialkyl phosphites had been em
ployed. We prepared sodium diethyl phosphite in the usual 
way by reaction of sodium metal with diethyl phosphonate, 
(EtO^PHO, in liquid ammonia and found that it reacted with 
iodobenzene during 45-min irradiation to give diethyl phen
ylphosphonate in 88% yield. Because this is satisfactory and 
because sodium metal is easier to handle, sodium diethyl 
phosphite is the reagent employed in most of the present 
work.

Behavior of Bromobenzene. The reaction of bromoben- 
zene with diethyl phosphite ion, under photostimulation, is 
much slower than of iodobenzene. During 4-h irradiation, only 
61% of bromide ion was released. GLC examination of the 
organic products indicated the presence of 59% of diethyl 
phenylphosphonate as well as residual bromobenzene.

Reactivity of Iodobenzene. A mixture of iodobenzene 
(0.0455 M) and (EtO)2PO~K+ (0.0909 M) in ammonia at re
flux was irradiated in the Rayonet reactor with “ 350 nm” 
lamps, and samples taken at various times were analyzed by 
GLC. After 21 min, more than 99% of the iodobenzene had 
reacted. From experience with the same reaction in Me2SO 
solution,5 one would expect the rate to be independent of io
dobenzene concentration but dependent on the first power 
of (EtO)2PO_K+ concentration and, therefore, that a plot of 
In (6 — x) vs. time, where b is the initial nucleophile concen
tration and x is the diethyl phenylphosphonate concentration, 
would be linear. Such a plot (not shown) was linear from time 
2 to 12 min (31-86% reaction) but had a steeper slope for the 
first 2 min. A second-order kinetic plot, of In (a — x)/{b — x)

vs. time, where a is the initial iodobenzene concentration, was 
linear from time 0 to 10 min (to 74% reaction) but was steeper 
thereafter. We judge this experiment not to be definitive of 
kinetic order.

The outcome of a group of experiments at similar but not 
identical concentration levels is shown in Figure 1. Under ir
radiation, the reaction of iodobenzene with (EtO)2PO~K+ was 
finished in 20 min. In the dark, only 5% of iodide ion was re
leased in 45 min. When 5 mol % of p-dinitrobenzene (an effi
cient inhibitor of many SrnI reactions7) was present, an ir
radiated reaction released only 9% of iodide ion in 45 min. 
When the p-dinitrobenzene presence was reduced to a mere
0.5 mol %, reaction under irradiation was somewhat faster; it 
went to the extent of 32% in 50 min, but that nevertheless 
represents strong retardation.

Interpretation of the retarding effect of p-dinitrobenzene 
is not straightforward. On the one hand, it may be acting as 
a scavenger of electrons or radicals and thereby interfering 
with perpetuation of the propagation cycle of Scheme I. Al
ternatively, it or something derived from it may be absorbing 
photons necessary for initiation. The reaction solutions con
taining p-dinitrobenzene were observed to have yellow to 
brown-red color.

The influence of dioxygen, a familiar radical scavenger, was 
assessed by preparing a mixture of (EtO)2PO~K+ and iodo
benzene in ammcnia in the usual way, under N2, and then 
bubbling air briskly through it before and during irradiation 
for 45 min. The usual products were obtained in virtually 
quantitative yield: iodide ion (98.4%) and diethyl phenyl
phosphonate (99%). Clearly dioxygen has little, if any, ef
fect.

Reaction in the Presence of Bromide Ion. The reaction 
of iodobenzene with (EtO)2PO_Na+ in ammonia was con
ducted in the presence of excess KBr in order to see if any 
incorporation of bromide ion occurred to form bromobenzene. 
After 5-min irradiation, 81% of iodide ion had been released, 
77% of diethyl phenylphosphonate had been formed, but no 
bromobenzene could be detected.

Reactions of Substituted Iodobenzenes with Diethyl 
Phosphite Ion. Reactions of o- and m-iodotoluene and of o- 
and m-iodoanisole with (EtO)2PO~Na+ in ammonia under 
irradiation for 60-75 min afforded the corresponding diethyl 
arylphosphonates according to eq 1 in yields of 71, 91, 85, and 
86%, respectively. The corresponding para isomers have al
ready been reported to undergo the same type of reaction, in 
both cases in 95% yield.3 Reaction of o-iodotoluene with so
dium dimethyl phosphite in ammonia during 2-h irradiation 
afforded dimethyl o-tolylphosphonate in 82% yield. These 
conversions are all straightforward.

Reactions of Dihalobenzenes with Diethyl Phosphite 
Ion. Experiments concerning photostimulated reactions of 
all eight m- and p-haloiodobenzenes with diethyl phosphite 
ion are summarized in Table I. About half the data are due to 
Bunnett and Creary,3 and about half stem from the present 
work. Except for two substrates that have low solubility in 
ammonia and which reacted incompletely despite prolonged 
irradiation, all these compounds afforded high yields of ar- 
ylphosphonate esters. In the cases of the diiodobenzenes and 
the bromoiodobenzenes, both halogen atoms were replaced 
to afford bis(phosphonate esters); only from m-bromoiodo- 
benzene was any monophosphonate ester obtained, and it was 
a minor by-product. The two fluoroiodobenzenes displayed 
opposite behavior, giving only the corresponding diethyl 
fluorophenylphosphonates which represent replacement of 
iodine but not fluorine.

As for the chloroiodobenzenes, there is a remarkable dif
ference in the behavior of the meta and para isomers, p- 
Chloroiodobenzene affords mainly the corresponding bis- 
(phosphonate ester) accompanied by a mere trace of mono-
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Table I. Photostimulated Reactions of Haloiodobenzenes with Diethyl Phosphite Ion ! in Ammonia

Expt no. x c 6h 4i
Registry

no.
Irradiation 
time, mina

Products,
C6H4[PO(OEt))]i

b o/Q
XC6H4PO(OEt;2

Recovered
x c 6h 4i ,%

l c p -c 6h 4i2 624-38-4 2051d 87 0
2C m-C6H4I2 626-00-6 90 94 0
3 p-BrCeH4I 589-87-7 240 d 56 0 24
4r m-BrC6H4I 591-18-4 60 87 Trace
5 P-C1C6H4I 637-87-6 90 59 Trace e
6ar m-ClC6H4I 625-99-0 40 4 89
6b m-ClCeH4I 60 Trace 91
7 p -f c 6h 4i 352-34-1 90 0 91
8° m-FC6H4I 1121-86-4 50 0 96

a In the Rayonet photochemical reactor, with 16 “ 350 nm”  lamps. b No cine substitution was detectable. c Experiments 1, 2, 4, 6a, 
and 8 are from ref 3. d Irradiation prolonged because of low substrate solubility. ’  Detected but not determined. < Registry no.: 
29800-93-9.

Table II. Competition between Bromo- and Iodobenzene in Photostimulated Reaction with Diethyl Phosphite Ion in
Ammonia

Expt no.
P h l,e
mmol

P h B r/
mmol

(EtO)2PO -K+,
mmol

PhPO(OEt)2,
mmol

Irradiation 
time, s % I" % Br_ kph\/kphBt

I I 6 10 29 29 551c 30 0.089 400
12 5 25 18 55r 42 0.C94 580
13 1 25 20 60 69 0.076 1520
14 1 50 20 60 63 0.056 1770
15 1 75 20 60 77 0.060 2230
16 1 25 20 0.1 30 40 0.044 1160
17 1 25 20 1 30 59 0.056 1590
18 1 25 20 3 60 99 0.094 d
19 1 25 20 5 60 69 0.064 1830
20 1 25 20 10 60 98 0.064 d
21 1 25 20 10 30 34 0.040 1040
22 1 25 20 10 45 55 0.048 1660

“ Experimental uncertainty due to titration error estimated as ±10% in the rate ratio. h Experiment by Creary. ' Ammonia volume: 
160 mL. d Not calculated (too much I- ). e Registry no.: 591-50-4. f Registry no.: 108-36-1.

phosphonate product. However, m -chloroiodobenzene gives 
a high yield o f  the m onophosphonate ester, diethyl m -chlo- 
rophenylphosphonate, but very little bisphosphonate. This 
striking difference is susceptible to rational interpretation, 
as discussed below.

Iodobenzene/Bromobenzene Reactivity Ratio. By
means o f a direct com petition experim ent,103 Creary11 esti
mated the relative reactivity o f  iodobenzene with respect to 
bromobenzene to be 400. W e have perform ed several further 
experiments o f the same sort; they are summarized, with 
Creary’s experiment, in Table II. They show iodobenzene to 
be several hundredfold more reactive than bromobenzene.

In these experiments, the amounts o f  brom ide and iodide 
ion formed were determined by potentiometric titration with 
A g N 0 3. In a typical experiment (experim ent 17), 12.42 mL 
o f  titrant was required to  attain the iodide end point and a 
further 0.28 mL to the brom ide er.d point. One may ask 
whether the end points were well enough defined for such 
small differences to be accurately measurable. The answer is 
that the end points were indeed sharp and clearly separated. 
The estimated uncertainty o f each end point is ±0.02 mL. 
Taking this uncertainty into account leads to an estimated 
uncertainty in the fcphi/^phBr ratios o f  about ±10%.

In experiments 11-15, the initial iodobenzene/brom oben- 
zene concentration ratio varied from about 1:3 to 1:75, and the 
measured reactivity ratio rises steadily from  400 to 2230. We 
believe the effect to be real, not an experimental artifact.

W e thought o f  the possibility that the reaction product, 
diethyl phenylphosphonate, might influence the reactivity 
ratio. In experiments 13 and 16-22, varying amounts o f  this 
product were present along with constant amounts o f  the

reactants. Although the measured reactivity ratio varied 
somewhat among these experiments, there is no correlation 
o f  it with the am ount o f  diethyl phenylphosphonate 
present.

Discussion
Utility as a Preparative Method. Our work shows that 

the reaction o f eq 1 serves excellently for the preparation o f 
diethyl phenylphosphonate on a 0.1 m ol scale. It also shows, 
extending the experience o f  Bunnett and Creary,3 that the 
m ethod works well with the ortho, meta, and para isomers o f 
the iodoanisoles and the iodotoluenes. It appears to be a 
method o f choice :or the preparation o f dialkyl arylphos- 
phonates, being experimentally convenient, having wide ap
plicability, and giving excellent yields.

Remarkable Behavior of m-Chloroiodobenzene. In its 
reaction with (EtO )2P O _ K +, this dih&lobenzene for the most 
part suffers replacement o f  iodine but not chlorine, furnishing 
diethyl m -chlorophenylphosphonate. W hat makes this re
action remarkable is comparison o f it with the reaction o f the 
para isomer with the same reagent and with the photostim u
lated reaction o f m -chloroiodobenzene with thiophenoxide 
ion in ammonia. In the latter, both halogen atoms are replaced 
to form mainly m -bis(phenylthio)benzene with very little 
m -chlorophenyl phenyl sulfide.16

In Scheme II, the general Sr n I mechanism o f Scheme I is 
elaborated for the somewhat more com plex case o f  an iodo- 
halobenzene reacting with nucleophile Y _ .

Scheme II comprises two parts. Steps M 4, M5, and M 6 are 
exactly analogous to the three steps o f  Scheme I; these con 
stitute a propagation cycle for the replacement o f  iodine but
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Scheme II

x ® -1 +  I (M4)

X
+  Y“ (M5)

+

( Q ? - (M6)

+  X (M7)

+  Y“

+ M - ' -  M ~ y

(M8)

+ (M9)

not of halogen atom X  by nucleophile Y~. Steps M7, M8, and 
M9, together with steps M 4 and M5, constitute a propagation 
cycle for the replacement both of iodine and the other halogen 
by the nucleophile. Steps M7, M8, and M 9 are of the same 
character as steps M4, M5, and M6, respectively, dealing with 
the involvement of halogen X  instead of the depicted iodine 
atom.

According to the model of Scheme II, the relative rates of 
steps M 6 and M7 determine whether one or both halogens are 
replaced. (In some cases, the product of monosubstitution, 
XC6H4Y, may, of course, be able to react further with the 
nucleophile under the reaction conditions.) A major factor 
determining whether step M 6 or M7 is the faster is the rate 
of the fragmentation that occurs in step M7.

Electrochemical studies have provided some information 
about factors affecting the frangibilitv of aryl halide radical 
anions.12-14 They show the fragility of carbon-halogen bonds 
to decrease in the order: C-I > C-Br > C-Cl > C-F. They 
show the order of frangibility among isomers, [p-RCeH4X]~* 
> [m-RCfiH4X]- -, where R is a group with capability to accept 
electrons mesomerically, such as the benzoyl or the (fl-4- 
pyridyljvinyl group, NC5H4CH=CH -.

Consider now the behavior of m-chloroiodobenzene, with 
respect to the other m-haloiodobenzenes in their photo- 
stimulated reactions with diethyl phosphite ion in ammonia. 
As listed in Table I, m-diiodobenzene suffers replacement of 
both iodines without any monosubstitution product being 
detectable. m-Bromoiodobenzene gives mainly disubstitution 
but a little monosubstitution product is formed. m-Chlo- 
roiodobenzene gives some disubstitution product but mainly 
monosubstitution. From m -fluoroiodobenzene, only the 
product of replacement of icdine could be obtained. With 
respect to the mechanism of Scheme II, the product pattern

correlates very well with the indicated order of the fragility 
of C -X  bonds in aryl halide radical anions.

Consider next the behavior of m-chloroiodobenzene as 
compared to p-chloroiodobenzene. In photostimulated re
action with diethyl phosphite ion, the para isomer affords 
mainly the disubstitution product with a mere trace of the 
monosubstitution product. But the meta isomer gives mainly 
mono- and little disubstitution product. This is a manifesta
tion of the orientational effect on radical anion frangibility 
indicated by electrochemical studies. Although to our 
knowledge m- and p-chlorophenylphosphonate esters have 
not been examined by cyclic voltammetry, it would be ex
pected from studies on analogous compounds12’14 that the 
radical anion of the para isomer would fragment perhaps two 
orders of magnitude faster than that of the meta isomer. Ob
served behavior again finds interpretation in the model of 
Scheme II. The further implication that the product ratio 
should depend on the concentration of m-chloroiodobenzene, 
which should affect the absolute rate of step M6 but not M7, 
has recently been confirmed in experiments of Bunnett and 
Shafer.15

Consider finally the behavior of m-chloroiodobenzene with 
diethyl phosphite ion as compared to that with thiophenoxide 
ion. With the phosphorus nucleophile, monosubstitution 
predominates whereas mainly disubstitution occurs with 
thiophenoxide ion.16 Bunnett and Creary3 pointed out that 
this difference could be understood if step M7 were slower 
when group -Y  were the diethoxyphosphinyl group, 
(Et0 )2P(0 )-, than the phenylthio group. They suggested that 
because the former is more strongly electron attracting the 
[m-ClC6H4PO(OEt)2]_- radical anion could be expected to 
be less frangible than [m-ClC6H4SPh]“ -. That seems a rea
sonable proposition.

A complete argument should also take into account the 
effect of group -Y  on the rate of step M6. We have no infor
mation about substituent effects on such processes, but we 
suspect that when -Y  is more strongly electron attracting the 
rate of electron transfer in the indicated sense should be lower. 
On the other hand, it is conceivable that the rate constant is 
at or close to the encounter-controlled limit, irrespective of 
whether -Y  is the diethoxyphosphinyl or the phenylthio 
group.17

Iodobenzene/Bromobenzene Reactivity Ratio. In
competition experiments, iodobenzene reacts about 1000 
times faster than bromobenzene with diethyl phosphite ion. 
This huge difference contrasts with the approximately 
eightfold difference observed in the photostimulated reactions 
of these compounds with acetone enolate ion in ammonia11 
or the 5.6-fold difference in the dark or photostimulated re
action with pinacolone enolate ion in dimethyl sulfoxide so
lution.18

We suppose, in terms of the SrnI mechanism, that the 
measured reactivity ratios report the relative rate constants 
for the involvement of iodo- and bromobenzene in step M3, 
Scheme I. That is an electron-transfer step.

The rate of electronation of iodobenzene by means of the 
hydrated electron is about thrice as great as for bromoben
zene;19 fephi is 1.2 X 1010 M-1 s-1, essentially at the encoun
ter-controlled limit, and &phBr is 4.3 X 109 M_1 s-1. In tetra- 
hydrofuran solution, rate constants for electron transfer from 
(ion-paired) sodium naphthalenide to butyl iodide and hexyl 
bromide20 are, respectively, 4.6 X 107 and 7.2 X 104 M_1 s_1. 
Rate constants for electron transfer from aromatic hydro
carbon radical anions to other aromatic hydrocarbons are 
about 3 X 109 M_1 s-1, essentially at the encounter-controlled 
limit, when the standard free energy change is negative, but 
one or two powers of ten slower when it is positive.17

An hypothesis warranting consideration21 is that step M3 
shows selectivity similar to that in reactions of the hydrated



Aryl Iodides with Diethyl Phosphite Ion J. Org. Chew.., Vol. 43, No. 10,1978 1871

w
vH>CÖ
Co

Xa
oXcu

05ao
£

>>x
P<

C«3
C0

«3aa
£

OQ

Ü
q
CO
pi
§
Z
X

03 5=
S c . '  ■ 3.2 2 
X .-

«  i  j  s  =
t | . 2 |  £

% y
o

s

.2 otsc c

o O CJ O
CD aT X to(M a rH rH

rH of icf D3 CN
i>"2 CD o i : 2 lO CD"<N 7-1 X o  ^  ^ rH
N or tH ^ x^cd'' (M CM

cf ^ cx  x X+ H H +001 s  - - s s>3 CM X wTf 3 t>
x  00 ®OSr^ T—1o <N ^  ^

XrHrH 00
5 -

Tf
tT<N <N CN X (M

¡ «
.X

fsc t .
„ X m '

■ I Iß „
os co ^  _  c -
- c l  t4 X  2  w 2.°p
W ^  ^  - I „  ___„ _
^  C:X  X " K CD ^  ^  «T £ 2  cd co L

-■ -  E i * w s ^ ^ « 0i
i  £ "1 C K = rH ^  H^w XC D Ä s3CDCC0(Nt}'I>C0C0C0Ä 

CN T-H H

■'CO

CO

X
- ̂  - „ hf

S c H SC £
•SC co 'S -» ^  ¿ .

00 SC CD of - ®
00 I

o ^ ^ ^ f p o s ® - - ! 0!“  Cco CO TfV

LO
CO
W © -̂C<N + CN
S  <N
""  CM CO <M 
Tf „ 
^  CO
c  (NlOCN

COX
^ o' 
o  ^
^  CD* <̂Ch

k Z - *co io

Tf |
;

SC »•
• SC -a

c~ £CO ¿0 0

• I CSh1 o  | SC
^Ct> t> Tf

cCD X  T3 C

105 C . .
X  wt> X

2
o
oa.
sc’
o ’
SC
o

Xc
q
sc'
o
6

w
o
oCL,
sc
o
sc
Ü

H
o
oCL,

Ü
o
sc
o

H
o
oCL,

o
q
sc
o

-H> -s
H> H

W &q O w
o O O o
o O CL, o

gl X Ph
H- HH■C K
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’ĉ  Ccc 03 CC ^
1 1  
J= I
2 H
1  z
1  a  

' i  o
■a S
2 JS Q

0) . a p
c . .05C O t> .C t> CD - O O
a ^ C

H  X  <Nw NCO53 T?(M X



1872 J. Org. Chem., Voi. 43, No. 10,1978 Bunnett and Traber

electron with phenyl halides when the associated free energy 
change is significantly negative but that selectivity is much 
greater when the free energy change is near zero or positive. 
That would amount to postulating a selectivity-reactivity 
relationship,22 and whether such relationships exist is a matter 
of controversy.1011 An alternative hypothesis is that when the 
free energy change for step M3 is positive this step may be a 
quasi-equilibrium within the encounter complex, with step 
M l then entering into determination of the apparent elec
tron-transfer rate.

Available polarographic data do not, however, support such 
interpretations. For polarographic reduction of diethyl 
phenylphosphonate in dimethylformamide solution with 
tetraethylammonium iodide supporting electrolyte, E i/2 is 
reported to be —2.04 V vs. the mercury pool,23 which amounts 
to about —2.54 V vs. the standard calomel electrode.24 Inas
much as E 1/2 values for reduction of iodo- and bromobenzene 
are higher (less negative),25 electron transfer from 
[PhPO(OEt)2]~- to either halobenzene should be exoener- 
getic.

Interpretation of the remarkable difference in iodoben- 
zene/bromobenzene reactivity ratios is a challenge.

Experimental Section
Large-Scale Preparation. To a solution of potassium metal (7.8 

g, 0.2 mol) in 1000 mL of liquid ammonia in a 3-L round-bottom flask 
provided with a well-type condenser and swept by a slow stream of 
dry N2, about 27.7 g (0.2 mol) of diethyl phosphonate was added 
during a period of 5 min. The last increments were added dropwise, 
and addition was stopped when the blue color was discharged. Iodo- 
benzene (20.4 g, 0.1 mol) was added, and the flask with condenser and 
stirrer was placed within a Rayonet Model RPR-100 photochemical 
reactor equipped with fluorescent lamps emitting maximally at 350 
nm. Irradiation was conducted for 45 min, with interruption at ca.
15-min intervals to spray the flask exterior with a little 2-propanol 
and wipe away the frost with a towel. Ammonium nitrate (10 g) and 
250 mL of diethyl ether were added, the ammonia was allowed to 
evaporate, 100 mL of water was added, the ether layer was separated, 
and the water layer was thrice extracted with 200-mL portions of 
ether. The combined ether extracts were dried over anhydrous 
Na-iSOj, the ether was evaporated, and the residue was distilled; 20.0 
g (94%) of diethyl phenylphosphonate, bp 85-87 °C (0.05 Torr), was 
obtained. The IR spectrum was identical with that of an authentic 
sample.

Reactions of Substituted Iodobenzenes with Diethyl Phosphite 
Ion. These reactions were conducted as described above, but on a 
smaller scale. In general, 250 mL of ammonia was used, in a 500-mL 
flask, and the molar amount of sodium or potassium diethyl phosphite 
was about double that of the substrate. Details about the experiments 
and the properties of the products obtained are set forth in Table III. 
The observed 'H NMR spectra are in agreement with the observations 
of Obrycki and Griffin.26 Iodide, bromide, or chloride ion in the

aqueous layer from product workup was determined by titration with
AgN03.

Competition Experiments (Table II). Reactions were performed 
in the manner described, with 250 mL of ammonia being used unless 
otherwise stated. After evaporation of the ammonia and addition of 
water, the aqueous phase was separated, acidified with H N 03, and 
titrated with standard AgN03 solution. fephi/^PhBr values were 
reckoned by means of the expression108

kpH/kPhBr = In ( [PhI]o/[Phi]( )/ln ([PhBr]0/[PhBr]t)

Experiments on the Reactivity of Iodobenzene. Reactions were 
carried out in the manner described. Samples (ca. 1 mL) were removed 
at measured times by means of a J tube27 and added to 1 mL of water, 
and the mixture was extracted with 1 mL of ether. The ether layer was 
examined by GLC on a column of 2.5% SE-54 on Chromosorb 
GAW/DMCS. The peaks for iodobenzene and diethyl phenylphos
phonate were corrected for molar response, and the progress of the 
reaction was judged from their relative magnitudes.
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Role of Monosubstitution Product in the Reactions of 
m-Dihalobenzenes with Diethyl Phosphite Ion to Form 

Tetraethyl m-Phenylenebisphosphonate. Strong Evidence of 
Mechanism from Simple Observations1
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Interrupted photostimulated reaction of diethyl phosphite ion with m-bromoiodobenzene (lb) in liquid ammo
nia gives much tetraethyl m-phenylenebisphosphonate (3), much unreacted lb , and a little diethyl ro-bromophen- 
ylphosphonate (2). Inasmuch as 2 is less reactive than lb  with diethyl phosphite ion under these conditions, 2 can
not be an intermediate on the main route from lb  to 3. This result is compatible with the SrnI mechanism but ex
cludes all conceivable alternative mechanisms. Interrupted reaction with m-dibrcmobenzene (la) affords a similar 
product mixture but, since 2 is more reactive than la under the more strenuous conditions necessary to get la to 
react, the failure of 2 to appear as a product of interrupted reaction is of uncertain significance. Experiments specif
ically to probe one alternative radical chain mechanism offer no support for it.

Under photostimulation, diethyl phosphite ion reacts 
readily2 with iodobenzene and more slowly with bromoben- 
zene to form diethyl phenylphosphonate, OfiHnPO(OEt)2. The 
same reagent converts m-bromoiodobenzene mainly into 
tetraethyl m-phenylenebisphosphonate (3) (87% yield), only 
a small amount of monosubstitution product 2 being formed.2 
Titration of samples taken in the course of a reaction showed 
that the ratio of iodide ion to bromide ion release was virtually 
constant throughout the process and, thus, that there was no 
accumulation of 2 at early stages of the reaction.3

(EtO)oPO-

la , X  = Br 
b, X  = I

/PO(OEt)2 PO(OEt)2

( O )  -  ( O )  <■>

PCKOEt),

3

Analogous behavior has been observed for reactions of 
certain dihalobenzenes with thiophenoxide ion.4 In the case 
of the thiophenoxide reaction with m-chloroiodobenzene, not 
only is the disubstitution product, m-C6H4(SPh)2, formed 
preferentially to m-chlorophenyl phenyl sulfide, but the latter 
reacts demonstrably slower than m-chloroiodobenzene with 
thiophenoxide ion. The conclusion that m-chlorophenyl 
phenyl sulfide is not an intermediate on the main route to the 
disubstitution product is of great significance in regard to 
reaction mechanism.4

We now report an inquiry into the role that 2 may play as 
an intermediate or by-product in the photostimulated con
version o: la  and lb into 3. We have also performed some 
other experiments concerning the mechanism of reaction of 
aryl halides with diethyl phosphite ion.

Results
Reactions of m-bromoiodobenzene (lb). In the presence 

of a fourfold excess of sodium diethyl phosphite under irra
diation at about 350 nm for 7 min, lb reacted incompletely, 
forming 2 in about 7% yield and 3 in about 60% yield, with 
about 28% of unreacted lb remaining (experiments 1 and 2, 
Table I). Under the same conditions, 2 reacted only to the 
extent of 40% (experiment 3), and thus 2 is less reactive than 
ib .

The lesser reactivity of 2 is demonstrated also by the be
havior of mixtures of lb and 2 under conditions of the same 
type (experiments 4 and 5). While all or nearly all of the lb

reacts, virtually all of the 2 introduced is recovered as such, 
and there is extensive formation of 3. Undoubtedly some of 
the 2 was a minor by-product from the reaction of lb, but 
nevertheless experiments 4 and 5 show that while lb reacts 
extensively 2 reacts only to a small extent.5

There was negligible reaction of lb with (EtOUPCUNa4 in 
the dark (experiments 16 and 17).

These experiments constitute compelling evidence that 2 
is not an intermediate except perhaps to a minor extent in the 
transformation of lb into 3. They do not exclude the possi
bility of an alternative stepwise reaction involving first the 
replacement of bromine to form diethyl m-iodophenylphos- 
phonate and then the replacement of iodine, but strong 
arguments against such a possibility can be marshaled on 
other grounds.

Reactions of m-Dibromobenzene (la). If both halogens 
in a m-dihalcbenzene are the same, uncertainties as to which 
would be replaced first in a stepwise mechanism disappear.

la is much less reactive than lb  with diethyl phosphite ion. 
Compare experiment 6 with experiment 1 or 2. Under iden
tical conditions, la reacts (forming 3 exclusively) only to the 
extent of 15% while lb is about 70% consumed. In no case did 
the reaction of la with sodium diethyl phosphite form any 
detectable amount of 2.

In experiments 7 and 8, the reactivities of la and 2, sepa
rately, are compared under identical conditions. Whereas la 
reacts only to the extent of about 30%, 2 is almost wholly 
consumed.6 In experiments 9 and 10, which are nearly iden
tical in design, the reactivities of la and 2, admixed, are 
compared. In both experiments there was almost total reaction 
by 2 and scarcely any consumption of la.

The comparative reactivities of la and 2 were also examined 
under irradiation with lamps that emit maximally at 300 nm. 
Experiments 12 and 13 show that, separately, 2 is more reac
tive than la. Experiment 14 shows that, admixed, 2 is again 
more reactive than la. Experiment 15 demonstrates that ex
tended irradiation of 2 in the absence of the nucleophile causes 
little change.

It is thus evident that, for reactions of la with diethyl 
phosphite ion, the monosubstitution product 2 is more reac
tive than the original substrate. One cannot tell from the 
present data whether or not the absence of 2 as a detectable 
product from the reaction of la is due to its never being 
formed or to its rapid transformation, after being formed, to 
disubstitution product 3. A more detailed kinetic and product 
study might, however, enable the question to be answered 
definitively.

0022-3263/78/1943-1873$01.00/0 © 1978 American Chemical Society
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Table I. Photostimulated Reactions of m-Dihalobenzenes with Sodium Diethyl Phosphite in Liquid Ammonia

Materials present

Expt
no.

Dihalo-
benzene,

mmol
2,

mmol
(EtO)2P O -N a+,

mmol A, nm“
Irradiation 
time, min

after reaction, mmol 
Dihalo-
benzene 2 3

1 lb , 5.1 19.4 350 7 1.4 0.3 3.2
2 lb , 5.0 22.0 350 7 1.4 0.4 2.8
36 4.8 22.1 350 7 3.0 1.9
4 lb , 3.1 2.4 22.0 350 7 0.12 2.7 2.5
5 lb , 2.6 2.5 21.3 350 7 0 2.4 2.2
6 la, 5.3 21.0 350 7 4.5 0 0.8
7 la, 5.1 21.9 350 29 3.6 0 1.6
8C 4.8 21.8 350 29 0.1 4.3
9 la, 2.7 2.4 22.3 350 20 2.7 0.5 1.9

10 la, 2.5 2.4 22.2 350 20 2.5 0 2.2
11 la, 5.2 21.9 350 120 1.3 0 3.6
12 la, 5.0 20.7 300 20 2.1 0 2.6
13 4.7 21.7 300 20 d 4.7
14 la, 2.5 2.4 22.0 300 20 2.1 0 2.9
15 4.6 Nil 300 120 4.3
16c lb, 4.6 20.3 Dark 7.5 f g g
17e lb , 4.6 20.2 Dark 1221 h ]

a Broad-bd radiation from fluorescent lamps rated emit maximally at the wavelength listed. 0 In a preliminary experiment, 4.6 
mmol of 2 and 20.9 mmol of (EtO)2PONa scarcely reacted in 7 min, and 94% of unreacted 2 was determined.c In a preliminary exper
iment, 4.9 mmol of 2 and 22.1 mmol of (EtO)2PONa during 20-min irradiation afforded 9% of 3, and 92% of unreacted 2 was determined. 
d A trace at the appropriate GLC retention time. e Experiment by Raymond R. Bard. f Time in dark. « No detectable formation of 
halide ion. h Iodide ion (1.9%) and bromide ion (1.4%) were determined as products.

Comparison of experiments 7 and 12, Table I, suggests that 
light of shorter wavelength is more effective for stimulation 
of the reaction of la with diethyl phosphite ion. However, 
inasmuch as both sets of fluorescent lamps furnish broad-band 
radiation and no actinometry was performed, these experi
ments cannot be regarded as an adequate test of the depen
dence of quantum yield on wavelength.

Probes of an Alternative Mechanism. For reasons dis
cussed below, we exposed iodobenzene to two sets of condi
tions under which we thought that diethyl phosphonvl radi
cals, (EtO)2PO-, might exist transiently. In one experiment, 
a mixture of iodobenzene, diethyl phosphonate [(EtO)2PHO], 
and di-ferf-butyl peroxide was heated at reflux for 5 h. A large 
amount of unreacted iodobenzene was found by GLC analysis, 
but no diethyl phenylphosphonate could be detected. In the 
other, a solution of diiodine, I2, in tetrahydrofuran was added 
slowly with stirring to a solution of iodobenzene and sodium 
diethyl phosphite in liquid ammonia carefully shielded from 
external illumination, and the solution was stirred a few 
minutes longer. Again there was extensive recovery (94%) of 
iodobenzene, and no trace of diethyl phenylphosphonate could 
be found.

Preparation of Diethyl m-Bromophenylphosphonate
(2). Because little or no 2 is formed in the reactions of la and 
lb with diethyl phosphite ion, we were obliged to use another 
approach in order to obtain quantities sufficient for our 
studies. The Doak-Freedman synthesis7 of m-bromo- 
phenylphosphonic acid (from m-bromobenzenediazonium 
fluoroborate and PClj in ethyl acetate with catalysis by CuBr) 
served us dependably although the yield was modest (32%). 
In some cases we experienced difficulty in converting the acid 
to the acid chloride, m-BrCeH.tPOCL. For reasons not well 
understood, successful conversion to the acid chloride seemed 
to depend on fastidious recrystallizauon of the phosphonic 
acid. Transformation of the acid chloride to 2 was straight
forward. The 2 used in the studies reported above was pre
pared by this route.

Despite its serviceability, the route cescribed was somewhat 
objectionable because of the difficulties mentioned, the many 
steps involved, and the low overall yield. We therefore at
tempted the direct bromination of diethyl phenylphospho

nate, a reaction of which we found no mention in the literature. 
Attempted bromination by means of the Organic Syntheses 
procedure for bromination of nitrobenzene8 afforded no 
bromination product. The method of Derbyshire and Wa
ters,910 which employs bromine and silver sulfate in concen
trated sulfuric acid, was, however, successful, giving 2 in 66% 
yield in a short reaction time. The 2 so obtained was, however, 
not pure. GLC analysis showed the presence of some un- 
brominated diethyl phenylphosphonate and of some di- 
brominated material, each to the extent of about 5%. In 
working with small quantities, we were able to effect a partial 
separation by distillation, and we believe that a larger quantity 
could be purified successfully by this means.

Solvent Effects. A problem with use of liquid ammonia as 
a solvent for SrnI reactions is the limited solubility of some 
substrates in it. We did a few experiments concerning pho
tostimulated reaction of la with sodium diethyl phosphite in 
ammonia contair.ing 20% of tetrahydrofuran or dimethyl 
sulfoxide as cosolvent. Whereas a 32% yield of 3 was obtained 
in neat ammonia (experiment 7, Table I), three experiments 
with tetrahydrofuran cosolvent for the same or longer irra
diation time gave 3 in yields ranging from 0 to 15%, and one 
experiment with dimethyl sulfoxide cosolvent gave 3 in 14% 
yield.

Discussion
We have observed that both la and lb, in interrupted 

photostimulated reactions with excess diethyl phosphite ion 
according to eq 1, give mainly or entirely disubstitution 
product 3 with little or none of monosubstitution product 2, 
even as substantial amounts of la and lb remain unreact
ed.

In the case of lb, we have shown that lb reacts with diethyl 
phosphite ion faster than does 2. The fact that little 2 is 
formed compels the conclusion that 2 is not an intermediate 
on the main route from lb to 3.

In the case of la, we have found that 2 does react faster than 
la. That experiment is therefore inconclusive as to whether 
or not 2 is an intermediate on the pathway from la to 3. Be
cause of the close analogy between la and lb and because of
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PCXOEt),

7
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PO(OEt),

8 + 4 +  3

(6)

(7)

mechanistic considerations discussed below, we believe that 
2 is not an intermediate in this reaction either.

These reactions are presumed to occur by the SrnI mech
anism.11 When that mechanism is applied straightforwardly 
to the present case, two alternative propagation cycles result, 
as sketched in Scheme I. One cycle, which leads to monosub
stitution product 2, comprises steps 2-4. The other, leading 
to disubstitution product 3, consists of steps 2,3, and 5-7. This 
radical chain mechanism must, of course, also involve initia
tion and termination steps, but they are of little immediate 
interest. Other work12 gives some insight into what their na
ture may be.

The mechanism of Scheme I accommodates naturally the 
experimental conclusion that 2 is not an intermediate on the 
main route from lb to 3. The intermediate which represents 
replacement of iodine but not of bromine is not 2 but 6, which 
is the radical anion of 2. Scheme I provides two pathways for 
6 to tread, namely, electron transfer to lb  (step 4) with for
mation of 2 and fragmentation to expel bromide ion (step 5) 
and ultimately to form 3. Under the conditions employed, the 
latter pathway was selected about ten times as often as the 
former.

The reaction of la with diethyl phosphite ion is presumed

lb + (EtO)TO

to occur via the same mechanism. The same crucial interme
diate, 6, is involved regardless of the identity of halogen X. In 
the partitioning between steps 4 and 5, somewhat less use of 
step 4 would be anticipated because electron transfer from the 
hydrated electron to bromobenzene is slower than to iodo- 
benzene.13 One would therefore expect less formation of 2 than 
in the reaction of lb, but one cannot tell whether this is the 
reason no 2 could be detected as a product because 2 itself is 
transformed comparatively rapidly to 3 under the conditions 
of the reaction with la.

Although the mechanism of Scheme I gives a fine account 
of the present observations and of others regarding the pho- 
tostimulated reactions of m-dihalobenzenes with dialkyl 
phosphite ions and is the only conceivable mechanism com
patible with the evidence, we must invoke the universal caveat 
that the evidence may also be consistent with some mecha
nism as yet unconceived, that is, with a mechanism that no one 
has thought of or that at least has not come to our atten
tion.

Our finding that 2 is not an intermediate on the main route 
from lb to 3 serves to exclude a great many mechanisms, some 
rational, some ridiculous, some conceivable, and maybe some 
as yet unconceived, that would involve 2 as an intermediate. 
However, the significance of this exclusion is considerably 
reduced unless stepwise replacement first of bromine, to form 
intermediate 9, and then of iodine can also be excluded. We 
did not investigate the reactivity of 9 with diethyl phosphite 
ion but, taking note of the greater reactivity of 2 than of la,

I

PCXOEt)
9

we suppose that 9 would be more reactive than lb. There is, 
however, a strong argument against any mechanism that 
would replace the bromine of lb  before the iodine, namely, 
that iodobenzene is enormously more reactive than bromo
benzene in photostimulated reaction with diethyl phosphite 
ion.14 The greater reactivity of lb  than of la is a further ex
pression of the same characteristic. The exclusion of reaction 
via the intermediacy of 9 is therefore strongly supported.

A mechanism of wholly different character that provides 
for conversion of lb  to 3 without the intermediacy of 2 is
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I  +  ( O E t ) 2P O -  — *  < A  • X ( 8 )

PO(OEt),
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sketched in Scheme II. I t  is an aryne mechanism, and a central 
intermediate is the conjugate base of 2 rather than 2. Argu
ments against it  can be made, but it  is definitively disqualified 
by the fact (experiment 16) that lb  does not react detectably 
w ith (EtO)2PO- Na+ in the dark under the conditions of ex
periments 1, 2, 4, or 5.

Exclusion of an Alternative Radical Mechanism.
Among the many mechanisms excluded by the predominance 
of a pathway that avoids 2 as an intermediate is a radical chain 
mechanism, the propagation cycle of which is sketched (for 
reaction of iodobenzene) in Scheme III. This mechanism finds 
precedent in mechanisms suggested for substitution reactions 
in which, i t  appears, other types of radicals react w ith aryl 
halides.15

Although a mechanism analogous to that of Scheme I I I  
could be written for an aryl bromide, the far greater reactivity 
of iodo- than of bromobenzene w ith diethyl phosphite ion 
would dictate that as applied to lb i t  should involve replace
ment firs t of iodine to form 2 and then of bromine. Such a 
mechanism provides no way for involvement of iodine in the 
process to trigger the involvement of bromine, as does the 
mechanism of Scheme I. For that reason alone a mechanism 
of the type in Scheme I I I  can be rejected.

As mentioned above, we did nevertheless perform further 
experiments to test the mechanism of Scheme III . The ex
periment w ith iodobenzene, diethyl phosphonate, and di- 
tert-butyl peroxide was fashioned after experiments of Jason 
and Fields16 who achieved the phosphonation of naphthalene, 
anthracene, and other polynuclear aromatic hydrocarbons in 
good yields by refluxing them w ith diethyl phosphonate and 
d i-f erf-butyl peroxide. They proposed a radical mechanism 
involving the attachment of (EtO^PO- radicals to ring carbon 
atoms and then removal of hydrogen atoms. The failure of 
iodobenzene to react appreciably i f  at all under those condi
tions inveighs against the mechanism of Scheme III.

The experiment w ith iodobenzene, sodium diethyl phos
phite, and diiodine in liqu id ammonia in the dark was per
formed w ith the thought that diiodine might bring about 
one-electron oxidation of the diethyl phosphite ion, somewhat 
as in step 10, Scheme III. I f  diethyl phosphonyl radicals were 
thereby generated, reaction to form diethyl phenylphospho- 
nate should occur readily i f  Scheme I I I  were valid, for the 
conditions are (except for the mode of stimulation) identical 
w ith those under which reaction occurs in high yield under 
illumination. Again, little  reaction of the iodobenzene was 
detected.

Experimental Section
Instrumentation. N M R  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  J E O L  

M i n i m a r  6 0 - M H z  i n s t r u m e n t .  G L C  a n a l y s e s  w e r e  p e r f o r m e d  b y  

m e a n s  o f  a  H e w l e t t - P a c k a r d  M o d e l  5 7 5 0  f l a m e  i o n iz a t io n  i n s t r u m e n t  

e q u i p p e d  w i t h  a  1 8 3  c m  X  3 .2  m m , 1 0 %  s i l i c o n e  r u b b e r  ( U C - W 9 8 )  o n  

8 0 - 1 0 0  m e s h  W A W  D M C S  c o lu m n .  R e a c t i o n  y i e l d s  w e r e  e s i t m a t e d  

f r o m  p e a k  a r e a s  w i t h  r e s p e c t  t o  t h o s e  o f  a n  i n t e r n a l  s t a n d a r d ,  s u i t a b le  

m o la r  r e s p o n s e  c o r r e c t io n s  b e in g  a p p l i e d .  P h o t o s t i m u l a t e d  r e a c t i o n s  

w e r e  c a r r i e d  o u t  in  a  R a y o n e t  M o d e l  R P R - 1 0 0  r e a c t o r  e q u i p p e d  w i t h  

1 6  l a m p s ,  u s u a l l y  a  s e t  r a t e d  t o  e m i t  m a x i m a l l y  a t  3 5 0  n m  b u t  s o m e 

t i m e s  a  s e t  r a t e d  t o  e m i t  m a x i m a l l y  a t  3 0 0  n m ,  a s  n o t e d  in  T a b l e  I .

Reactions of Substrates with Sodium Diethyl Phosphite. In
a  t h r e e - n e c k  2 5 0 - m L  r o u n d - b o t t o m  f l a s k  e q u i p p e d  w i t h  a  d r y  i c e  

c o n d e n s e r  a n d  p o l y e t h y l e n e  s t i r  b a r ,  a n d  u n d e r  a  d r y  n i t r o g e n  a t 

m o s p h e r e ,  d r y  a m m o n i a  w a s  c o n d e n s e d  t o  t h e  l e v e l  o f  5 0  m L  a s  

m a r k e d  o n  t h e  o u t s i d e  o f  t h e  f l a s k .  T h e n  2 0 - 2 2  m m o l  o f  c le a n  s o d i u m  

m e t a l  w a s  a d d e d  a n d  s t i r r e d  u n t i l  d i s s o l v e d .  T h i s  s o l u t i o n  w a s  t h e n  

t i t r a t e d  d r o p w i s e  w i t h  d i e t h y l  p h o s p h o n a t e ,  u n t i l  n o  b l u e  c o l o r  r e 

m a i n e d .  T h e n  t h e  s u b s t r a t e  o r  s u b s t r a t e s  w e r e  a d d e d ,  in  a m o u n t s  a s  

n o t e d  in  T a b l e  I .  T h e  s o lu t io n  w a s  p la c e d  in  t h e  p h o t o l y s i s  a p p a r a t u s  

a n d  s t i r r e d  g e n t ly ,  a n d  t h e  f r o s t  w a s  w a s h e d  o f f  t h e  f l a s k  w i t h  a c e t o n e .  

T h e  p h o t o ly s i s  w a s  t h e n  s t a r t e d .  I f  p h o t o ly s i s  w a s  lo n g e r  t h a n  2 0  m in ,  

i t  w a s  s t o p p e d  e v e r y  2 0  m i n  a n d  t h e  f r o s t  r e m o v e d  f r o m  t h e  o u t s i d e  

o f  t h e  f l a s k  b y  r in s in g  w i t h  a c e t o n e .  A f t e r  t h e  p h o t o ly s i s  w a s  c o m p le t e ,

1 . 7  g  ( 2 1  m m o l)  o f  a m m o n i u m  n i t r a t e  a n d  5 0  m L  o f  c h i l l e d  d i e t h y l  

e t h e r  w e r e  a d d e d .  T h e  a m m o n i a  w a s  a l lo w e d  t o  e v a p o r a t e ,  a n d  w a t e r  

w a s  a d d e d  a n d  t h e n  a  m e a s u r e d  a m o u n t  o f  d i p h e n y l m e t h a n e  a s  i n 

t e r n a l  s t a n d a r d .  T h e  c r u d e  r e a c t io n  m i x t u r e  w a s  s u b j e c t e d  t o  a  n o r m a l  

w o r k u p .  A  p o r t i o n  o f  t h e  r e s u l t i n g  e t h e r  e x t r a c t  w a s  a n a l y z e d  b y  

G L C .
Modified Doak-Freedman Synthesis of m-Bromophenyl- 

phosphonic Acid, m - B r o m o b e n z e n e d i a z o n i u m  t e t r a f l u o r o b o r a t e  

( 4 8 .5 9  g , 0 . 1 7 9  m o l)  w a s  p la c e d  in  a  1 - L ,  t h r e e - n e c k ,  r o u n d - b o t t o m  

f l a s k  a n d  2 7 9  m L  o f  e t h y l  a c e t a t e  w a s  a d d e d .  T h e  f l a s k  w a s  e q u i p p e d  

w i t h  a  m e c h a n i c a l  s t i r r e r ,  t h e r m o m e t e r ,  a n d  a  g a s  o u t l e t  i n t o  a  w a t e r  

t r a p .  A f t e r  s t i r r i n g  w a s  b e g u n ,  1 5 . 8 4  m L  ( 2 4 .9 3  g , 0 . 1 8 2  m o l)  o f  

p h o s p h o r u s  t r i c h l o r i d e  a n d  4 .0  g  o f  c o p p e r ®  b r o m i d e  w e r e  a d d e d .  

A f t e r  s o m e  3 0  m in ,  a  s l i g h t  d a r k e n i n g  o f  t h e  r e a c t i o n  m i x t u r e  w a s  

n o t e d  b u t  n o  g a s  e v o lv e d .  T h e  r e a c t io n  m i x t u r e  w a s  t h e n  h e a t e d  w i t h  

a  w a t e r  b a t h  t o  5 0  ° C ;  t h e n  t h e  b a t h  w a s  r e m o v e d .  G a s  s t a r t e d  t o  

e v o l v e  s lo w l y  a n d  t h e n  r a p i d l y ,  a n d  t h e  r e a c t i o n  m i x t u r e  w a s  c o o le d  

w i t h  a n  ic e  b a t h  t o  p r e v e n t  f o a m in g .  A f t e r  a b o u t  3 0  m in ,  n o  m o r e  g a s  

c o u ld  b e  o b s e r v e d .  T h e  r e a c t i o n  w a s  s t i r r e d  1  h , a n d  t h e n  t h e  h e a t i n g  

s t a r t e d  a g a i n ,  t h i s  t i m e  w i t h o u t  c o o l in g  a s  g a s  w a s  e v o l v e d  s lo w l y .  

A f t e r  3 0  m in  m o r e  o f  s t i r r i n g ,  t h e  n o w  b l a c k  s o l u t i o n  w a s  q u e n c h e d  

c a r e f u l l y  w i t h  w a t e r .  T h e  r e a c t i o n  m i x t u r e  w a s  s u b j e c t e d  t o  s t e a m  

d i s t i l l a t i o n  t o  r e m o v e  v o la t i l e  m a t e r i a l s .  T h e  r e m a i n i n g  s o l u t i o n  w a s  

c o n c e n t r a t e d  o n  a  r o t a r y  e v a p o r a t o r  u n t i l  t h e  s o l i d - a q u e o u s  s u s 

p e n s io n  c o n t a in e d  o n ly  a b o u t  5 0  m L  o f  l i q u i d .  T h e  s o l id  w a s  r e m o v e d  

b y  f i l t r a t i o n .  T h e  c r u d e  s o l i d  w a s  d i s s o l v e d  in  a  m i n i m u m  o f  1 0 %  s o 

d i u m  h y d r o x i d e  a n d  a n  i n s o l u b l e  t a r  r e m o v e d  b y  f i l t r a t i o n .  T h e  s o 

l u t i o n  w a s  a g a i n  c o n c e n t r a t e d  t o  a b o u t  5 0  m L  a n d  t i t r a t e d  d r o p w i s e  

w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  u n t i l  t h e  p H  w a s  4 - 4 . 5 ,  a s  i n d i 

c a t e d  b y  m e a n s  o f  p H  3 - 5  i n d i c a t o r  p a p e r .  T h e  r e s u l t i n g  c r u d e  s o l i d  

w a s  r e m o v e d  b y  f i l t r a t i o n  a n d  a d d e d  t o  6 0  m L  o f  6  M  h y d r o c h l o r i c  

a c i d  w h ic h  w a s  t h e n  b r o u g h t  t o  b o i l i n g .  T h e  s o l u t i o n  o f  p h o s p h o n i c  

a c i d  w a s  t h e n  s e p a r a t e d  f r o m  i n s o lu b le  d i a r y l p h o s p h i n i c  a c id ,  p la c e d  

in  a  w a r m  b e a k e r ,  a n d  a l lo w e d  t o  c o o l  s lo w ly .  I n i t i a l l y ,  s o m e  g r a n u l a r  

c r y s t a l s  f o r m e d .  T h e  h y d r o c h l o r i c  a c i d  s o l u t i o n  w a s  d e c a n t e d  f r o m  

t h i s  g r a n u l a r  s o l id  a n d  a l lo w e d  t o  c o o l .  T h e  c r y s t a l s  t h a t  f o r m e d  s lo w ly  

( p la t e s )  w e r e  c o l le c t e d  o n  a  s i n t e r e d  g la s s  f u n n e l .  T h e s e  c r u d e  c r y s t a l s  

w e r e  r e c r y s t a l l i z e d  f r o m  4 0  m L  o f  6  M  h y d r o c h l o r i c  a i c d ,  a g a i n  w i t h  

s e p a r a t i o n  o f  t h e  i n i t i a l  g r a n u l a r  c r y s t a l s  f r o m  t h e  a c i d  s o lu t io n .  T h e  

a c i d  s o l u t i o n  w a s  a l l o w e d  t o  c o o l  s lo w l y  a n d  t h e  r e s u l t i n g  c r y s t a l s  

( p l a t e s )  w e r e  c o l l e c t e d  b y  g l a s s  f r i t  f i l t r a t i o n  a n d  t h e n  d r i e d  f o r  1 5  h  

u n d e r  a  v a c u u m  ( ~ 0 . 5  m m )  a t  r o o m  t e m p e r a t u r e :  y ie ld ,  1 3 . 4 8  g  ( 3 2 % ) ; 

m p  1 4 9 - 1 5 1  ° C  ( l i t . 7  m p  1 4 9 - 1 5 1  ° C ) .

m - B r o m o p h e n y l p h o s p h o n i c  d i c h l o r i d e  w a s  p r e p a r e d  f r o m  t h e  

p h o s p h o n i c  a c i d  a f t e r  D e n h a m  a n d  I n g h a m . 17

Preparation of Diethyl m-Bromophenylphosphonate. T o  a  

m i x t u r e  o f  2 .8 3  g  ( 3 .6  m L ,  0 . 0 6 1 4  m o l)  o f  a b s o l u t e  e t h a n o l  a n d  2 .0 4  

g  ( 2 . 1  m L ,  0 .0 2 5 7  m o l)  o f  p y r i d i n e  u n d e r  a  n i t r o g e n  a t m o s p h e r e  a t  0  

° C  w a s  a d d e d  d r o p w i s e  3 .3 6  g  ( 0 . 0 1 2 3  m o l)  o f  m  - b r o m o p h e n y l p h o s -  

p h o n i c  d i c h l o r i d e .  A f t e r  t h e  a d d i t i o n  w a s  c o m p l e t e ,  t h e  m i x t u r e  w a s  

a l l o w e d  t o  w a r m  t o  r o o m  t e m p e r a t u r e ,  s t i r r e d  f o r  1 5  m i n  a t  r o o m  

t e m p e r a t u r e ,  a n d  h e a t e d  t o  5 0  ° C  f o r  3 0  m in .  T h e  m i x t u r e  w a s  c o o le d , 

3 0  m L  o f  c o ld  d i e t h y l  e t h e r  w a s  a d d e d ,  a n d  t h e  s o l u t i o n  w a s  f i l t e r e d  

t o  r e m o v e  p y r i d i n e  H y d r o c h lo r id e .  T h e  r e s u l t i n g  s o l u t i o n  w a s  e v a p 

o r a t e d  u n t i l  a l l  t h e  e ~ h e r  a n d  e t h a n o l  w e r e  g o n e . T h e  r e s u l t in g  v i s c o u s  

l i q u i d  w a s  r e d i s s o l v e d  in  c o ld  d i e t h y l  e t h e r ,  a n d  t h e  a d d i t i o n a l  p y r i 

d i n e  h y d r o c h l o r i d e  w h ic h  s e p a r a t e d  w a s  r e m o v e d  b y  f i l t r a t i o n .  T h e  

e t h e r  s o l u t i o n  w a s  w a s h e d  w i t h  w a t e r  a n d  t h e  e t h e r  r e m o v e d  u n d e r  

v a c u u m .  T h e  c r u d e  l i q u i d  w a s  d i s t i l l e d  a t  r e d u c e d  p r e s s u r e :  y i e l d ,  

2 .8 7 6  g  ( 7 9 % ) ; b p  1 1 0 - 1 1 4  ° C  (0  2  m m ) ;  N M R  ( C D C I 3 ) 6 1 . 3 3  ( t ,  6  H ) ,

4 . 1 8  ( q u i n t e t ,  3 1 P  c o u p l i n g ,  4  H ) ,  7 . 1 8 - 8 . 2 7  ( m , 4  H ) .

Bromination of Diethyl Phenylphosphonate. I n  a  1 0 0 - m L  

t h r e e - n e c k ,  r o u n d - b o t t o m  f l a s k  e q u i p p e d  w i t h  a  T e f l o n  s t i r  b a r  a n d  

a  c o n d e n s e r  w a s  p la c e d  2 2 . 5  m L  o f  9 8 %  s u l f u r i c  a c i d  a n d  2 .5  m L  o f  

d i s t i l l e d  w a t e r .  T o  t . i i s  m i x t u r e  w a s  a d d e d  5 .0 0  g  ( 0 .0 2 3 3  m o l)  o f  d i 

e t h y l  p h e n y l p h o s p h o n a t e  a n d  t h e n  1 . 3  m L  ( 4 .0  g , 0 . 0 2 5 3  m o l)  o f  

b r o m in e .  T h e  r e a c t io n  m ix t u r e  w a s  s t i r r e d ,  4 .2 5  g  ( 0 .0 1 3 6  m o l)  o f  s i l v e r
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s u l f a t e  w a s  a d d e d ,  a n d  s t i r r i n g  w a s  c o n t i n u e d  f o r  1  h ,  a t  w h ic h  t im e  

n o  b r o m in e  w a s  n o t e d  in  t h e  m i x t u r e  a n d  a  t h i c k  y e l lo w  s u s p e n s i o n  

w a s  n o t e d .  T h e  r e a c t io n  m i x t u r e  w a s  p o u r e d  in t o  7 5  m L  o f  c o ld  w a t e r  

a n d  t h e  f l a s k  w a s  w a s h e d  w i t h  1 5  m L  o f  w a t e r .  D i e t h y l  e t h e r  ( 1 0 0  m L )  

w a s  a d d e d ,  t h e  r e s u l t i n g  t w o - p h a s e  s u s p e n s i o n  w a s  f i l t e r e d  t h r o u g h  

a  s in t e r e d  g la s s  t u n n e l  t o  r e m o v e  s i l v e r  s a l t s ,  a n d  t h e  r e s u l t in g  m ix t u r e  

w a s  s u b j e c t e d  t o  a  n o r m a l  w o r k u p .  R e m o v a l  o f  t h e  e t h e r  u n d e r  v a c 

u u m  l e f t  a  v i s c o u s  l i q u i d  w h i c h  w a s  d i s t i l l e d  a t  r e d u c e d  p r e s s u r e :  b p  

1 1 9 - 1 2 4  °C - ( 0 .6  m m ) ;  y i e l d ,  4 . 5 0  g  (6 6 % ). T h e  i n f r a r e d  a n d  N M R  

s p e c t r a  o f  t h i s  p r o d u c t  w e r e  v i r t u a l l y  id e n t ic a l  w i t h  th o s e  o f  a u t h e n t ic  

d i e t h y l  m - b r o m o p h e n y l p h o s p h o n a t e .  H o w e v e r ,  a n a l y s i s  b y  m e a n s  

o f  a  F i n n i g a n  M o d e l  4 0 0 0  g a s - l i q u i d  c h r o m a t o g r a p h  in t e r f a c e d  w i t h  

a  m a s s  s p e c t r o m e t e r  s h o w e d  t h e  s a m p l e  t o  b e  c o n t a m i n a t e d  w i t h  

a b o u t  5 %  d i e t h y l  p h e n y l p h o s p h o n a t e  a n d  w i t h  a b o u t  5 %  o f  a  s u b 

s t a n c e  o f  l o n g  r e t e n t i o n  t i m e  w i t h  M S  c h a r a c t e r i s t i c  o f  a  d i b r o m o  

d e r i v a t i v e  t h e r e o f .

Reaction of Iodobenzene with Sodium Diethyl Phosphite and 
Iodine. D r y  a m m o n i a  ( 5 0  m L )  w a s  c o n d e n s e d  in  a  2 5 0 - m L ,  t h r e e -  

n e c k ,  r o u n d - b o t t o m  f l a s k  e q u i p p e d  w i t h  a  p o l y e t h y l e n e  s t i r  b a r  a n d  

d r y  ic e  c o n d e n s e r  a n d  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  S o d i u m  m e t a l  

( 4 5 7  m g , 1 9 .8 9  m m o l)  w a s  a d d e d  t o  t h e  l i q u i d  a m m o n ia .  T h e  m i x t u r e  

w a s  s t i r r e d  a n d  t i t r a t e d  w i t h  d i e t h y l  p h o s p h o n a t e  u n t i l  n o  c o l o r  r e 

m a i n e d .  T h e n  9 4 2  m g  ( 4 .6 2  m m o l)  o f  io d o b e n z e n e  w a s  a d d e d .  T h e  

e n t i r e  r e a c t i o n  a s s e m b l y  i n c l u d i n g  f l a s k  a n d  c o n d e n s e r  w a s  c o v e r e d  

w i t h  a l u m i n u m  f o i l  t o  k e e p  l i g h t  o u t .

In  a  v i a l ,  2 5 8  m g  ( 1 . 0 2  m m o l)  o f  i o d in e  w a s  p la c e d  a n d  1 0  m L  o f  d r y  

t e t r a h y d r o f u r a n  ( f r e s h l y  d i s t i l l e d  f r o m  L i A l H d  w a s  a d d e d .  T h e  v i a l  

w a s  e q u i p p e d  w i t h  a  s t i r  b a r  a n d  t h e  s o l u t i o n  w a s  s t i r r e d  u n t i l  t h e  

io d in e  d i s s o lv e d .  T h i s  s o lu t io n  w a s  d r a w n  in t o  a  s y r i n g e  c o v e r e d  w i t h  

a l u m i n u m  f o i l  a n d  a d d e d  d r o p w i s e  t o  t h e  s t i r r e d  l i q u i d  a m m o n i a  

s o lu t io n .  A f t e r  t h e  a d d i t i o n  w a s  c o m p l e t e ,  t h e  m i x t u r e  w a s  s t i r r e d  3  

m in  a n d  t h e n  q u e n c h e d  w i t h  2 . 1  g  o f  N H 4 N O 3  a n d  5 0  m L  o f  c o l d  d i 

e t h y l  e t h e r .  T h e  a l u m i n u m  f o i l  w a s  r e m o v e d  a n d  t h e  a m m o n i a  w a s  

a l lo w e d  t o  e v a p o r a t e .  T h e  r e s u l t i n g  m i x t u r e  w a s  s u b j e c t e d  t o  n o r m a l  

w o r k u p .  G L C  a n a l y s i s  s h o w e d  a  9 2 %  r e c o v e r y  o f  io d o b e n z e n e  a n d  n o  

t r a c e  o f  d i e t h y l  p h e n y l p h o s p h o n a t e .

Reaction of Iodobenzene with Diethyl Phosphonate and Di- 
iert-butyl Peroxide. I o d o b e n z e n e  ( 4 .0 8  g , 2 .2 4  m L ,  0 .0 2  m o l)  a n d  

d i e t h y l  p h o s p h o n a t e  ( 3 . 1 6  g ,  2 .9 5  m L ,  0 .0 2 2 9  m o l)  w e r e  p la c e d  in  a  

2 5 - m L ,  r o u n d - b o t t o m  f l a s k  e q u i p p e d  w i t h  a  s t i r  b a r  a n d  c o n d e n s e r  

a n d  u n d e r  a  n i t r o g e n  a t m o s p h e r e ,  T h e n  1 . 4 6  g  ( 1 .8 4  m L ,  0 . 0 1  m o l)  o f  

d i - f e r f - b u t y l  p e r o x i d e  w a s  a d d e d .  T h e  m i x t u r e  w a s  g e n t l y  r e f l u x e d  

( a t  a b o u t  1 1 1  ° C )  f o r  5  h . T h e  r e a c t i o n  m i x t u r e  w a s  c o o le d ;  d i e t h y l  

e t h e r  a n d  w a t e r  w e r e  a d d e d  a n d  s u b j e c t e d  t o  n o r m a l  w o r k u p .  T h e  

e t h e r  e x t r a c t  w a s  w a s h e d  w i t h  a q u e o u s  f e r r o u s  a m m o n i u m  s u l f a t e

s o l u t i o n  t o  r e m o v e  t r a c e s  o f  p e r o x i d e s .  G L C  a n a l y s i s  o f  t h e  e t h e r  s o 

lu t io n  s h o w e d  la r g e  q u a n t i t i e s  o f  io d o b e n z e n e  b u t  n o  t r a c e  o f  d i e t h y l  

p h e n y l p h o s p h o n a t e .

Solvent Effects. I n  e a c h  o f  a  s e r i e s  o f  e x p e r i m e n t s ,  a b o u t  5  m m o l  

o f  la w a s  a l lo w e d  t o  r e a c t  w i t h  a b o u t  2 0  m m o l  o f  ( E t 0 )9P 0 - N a + in  

5 0  m L  o f  a m m o n i a  w i t h  i r r a d i a t i o n  b y  “ 3 5 0  n m "  l a m p s .  T h r e e  e x 

p e r i m e n t s  in  w h ic h  2 0 %  t e t r a h y d r o f u r a n  w a s  p r e s e n t  a s  c o s o l v e n t  

g a v e ,  in  i r r a d i a t i o n  t i m e s  o f  2 0 ,  4 0 , a n d  1 2 0  m in ,  r e s p e c t i v e l y ,  n i l ,  1 0 ,  

a n d  1 5 %  y i e l d s  o f  3, w i t h  a  c o r r e s p o n d i n g  a m o u n t  o f  u n r e a c t e d  la 
b e in g  p r e s e n t .  W i t h  2 0 %  d i m e t h y l  s u l f o x i d e  a s  c o s o lv e n t ,  a  1 4 %  y i e l d  

o f  3 w a s  f o r m e d  d u r i n g  2 0 - m i n  i r r a d i a t i o n

Registry No.— la, 1 0 8 - 3 6 - 1 ;  lb, 5 9 1 - 1 8 - 4 ;  2, 3 5 1 2 5 - 6 5 - 6 ;  3, 
2 5 9 4 4 - 7 9 - 0 ;  s o d i u m  d i e t h y l  p h o s p h i t e ,  2 3 0 3 - 7 6 - 6 ;  m - b r o m o p h e n y l -  

p h o s p h o n i c  a c id ,  6 9 5 9 - 0 2 - 0 ;  m - b r o m o b e n z e n e d i a z o n i u m  t e t r a f l u o -  

r o b o r a t e ,  5 0 0 - 2 5 - 4 ;  m - b r o m o p h e n y l p h o s p h o n i c  d i c h l o r i d e ,  6 5 4 4 2 -

1 5 - 1 ;  d i e t h y l  p h e n y l p h o s p h o n a t e ,  1 7 5 4 - 4 9 - 0 ;  i o d o b e n z e n e ,  5 9 1 - 5 0 -

4 .
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T h e  r e a c t i o n s  o f  m - b r o m o i o d o b e n z e n e  ( l a l  a n d  m - c h l o r o i o d o b e n z e n e  ( 1  b < w i t h  d i e t h y l  p h o s p h i t e  io n  g i v e  m i x 

t u r e s  o f  a  m o n o s u b s t i t u t i o n  p r o d u c t ,  in  w h i c h  o n l y  i o d i n e  i s  r e p l a c e d ,  a n d  a  d i s u b s t i t u t i o n  p r o d u c t ,  ir . w h i c h  b o t h  

h a lo g e n s  a r e  r e p l a c e d .  T h e s e  p r o d u c t s  a r e ,  r e s p e c t i v e l y ,  a  d i e t h y l  m - h a l o p h e n y , p h o s p h o n a t e  a n d  t e t r a e t h y l  m - 
p h e n y l e n e b i s p h o s p h o n a t e .  M a i n l y  m o n o s u b s t i t u t i o n  o c c u r s  w i t h  l b  a n d  m a i n l y  d i s u b s t i t u t i o n  w i t h  l a .  A s  e x p e c t 

e d  f r o m  t h e  S r n I  r a d i c a l  c h a i n  m e c h a n i s m ,  t h e  r a t i o  o f  m o n o s u b s t i t u t i o n  t o  d i s u b s t i t u t i o n  p r o d u c t  f r o m  e i t h e r  s u b 

s t r a t e  i n c r e a s e s  l i n e a r l y  w i t h  i n c r e a s i n g  s u b s t r a t e  c o n c e n t r a t i o n .

m-Bromoiodobenzene (la) and m-chloroiodobenzene 
(lb) react rapidly w ith diethyl phosphite ion in liquid am
monia under irradiation to form one or both of two products, 
one representing replacement only of iodine and the other 
representing replacement of both halogens by the nucleo
phile;2-5 see eq 1. These products are, respectively, a diethyl 
m-halophenylphosphonate (2a or 2b) and tetraethyl m- 
phenylenebisphosphonate (3).

PO(OEt), PO(OEth

(O )  +■ (O )  111

B r

a ,  X =  B r ;  b ,  X  =  C l

PCKOEt L 
3
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Table I. Photostimulated Reactions of jn-Haloiodobenzenes with Diethyl Phosphite Ion in Liquid Ammonia

Expt.
no. Substrate

[Substrate], 
M

Irradiation 
time, min

Unreacted 
subtrate, %

Product yields, % 
2“ 3

i 6 la 0.101 7 28 8 56
2 0.052 5 22 6 58
3 0.027 2 31 3 55
4 0.014 1.0 39 1.5 58
5 0.007 0.8 26 1.0 63
6 0.007 0.7 63 0.6 30
7 0.007 1.0 11 c 83
8 0.051 7 14 6 59
9 0.026 7 0 2 96

10 lb 0.100 10 7 96 0
11 0.026 2.5 2 91 3
12 0.012 1.2 2 86 7
13 0.008 0.9 2 80 13

a Product 2 is 2a from la or 2b from lb. b From ref 5. c Present in trace amount but not measured.

From la, the chief product is bisphosphonate ester 3 in 
about 90% yield, monophosphonate ester 2a having been re
ported only to the extent of about 8%. However, from lb  the 
principal product is monophosphonate ester 2b with bis
phosphonate ester 3 having been sometimes observed2 and 
sometimes not.3

These reactions are thought to occur by the SrnI  mecha
nism.6 This is a radical chain mechanism. The propagation

Scheme I

7  +  ( E t O ) , P O -

8  +  1  — ►  4  +  3

(6 )

(7)

steps relevant to the present reactions are presented in 
Scheme I. According to this mechanism, the formation of 
monophosphonate ester 2a or 2b is attributed to the cycle of 
steps 2-4, while the formation of bisphosphonate ester 3 is 
ascribed to the repeating sequence of steps 2, 3, and 5-7.

In terms of Scheme I, the formation mainly of disubstitu
tion product 3 from m-bromoiodobenzene (la) but mainly of 
monosubstitution product 2b from m-chloroiodobenzene (lb) 
is explicable mainly in terms of the effect of C -X  bond 
strength on the frangibility of radical anion 6 in step 5. Elec
trochemical studies have shown that the radical anions of aryl 
bromides fragment, into halide ion and aryl radical, much 
faster than do the radical anions of aryl chlorides.7 Frag
mentation step 5 is much faster when X  is bromine than 
chlorine, and, therefore, the extended propagation cycle 
leading from la  to 3 is favored over the shorter cycle that leads 
to 2.

Strictly speaking, however, i t  is the relative rates of steps 
4 and 5 that determine the relative amounts of mono- and 
disubstitution products, according to the mechanism of 
Scheme I. Whereas step 5 is unimolecular, step 4 is bimolec- 
ular, for i t  involves electron transfer from radical anion 6 to 
substrate molecule. This mechanism would therefore call for 
the partitioning between mono- and disubstitution products 
to depend on the concentration of substrate, w ith  a larger 
percentage of monosubstitution product being obtained at 
higher substrate concentrations.

We now report an experimental test of this expectation. We 
have examined the effect of substrate concentration on the 
partitioning between products for reactions both of la and of 
lb.

Results

Our principal experimental results are summarized in Table
I. Experiments 1-5, inclusive, constitute a rational set con
cerning m-bromoiodobenzene (la). The yield of monosub
stitution product 2a drops steadily as the substrate concen
tration is diminished. Experiments 10-13, inclusive, constitute 
a corresponding set concerning m-chloroiodobenzene (lb). 
Again the yield of monosubstitution product 2b decreases as 
the substrate concentration is decreased. There is a corre
sponding increase in the yield of disubstitution product 3.

The photostimulated reaction of iodobenzene w ith potas
sium diethyl phosphite in dimethyl sulfoxide solution, to form 
diethyl phenylphosphonate, has been found to proceed at a 
rate independent of iodobenzene concentration but dependent 
on about the 0.84 power of light intensity.8 Those observations 
were made under conditions such that nearly every incident 
photon was absorbed. The present reaction mixtures were 
probably similarly opaque. I f  a similar rate law obtains for the
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reactions of eq 1, a shorter time should be necessary at lower 
substrate concentration to realize a given percentage of con
version of reactants to products.

Because 2a is known to be capable of reacting under the 
conditions of these experiments to form 3, albeit slower than 
la, it was deemed desirable to terminate each experiment with 
la at a time at which a substantial amount of la remained 
unreacted so that conversion of 2a to 3 could be minimized. 
I t  is for this reason that a shorter irradiation time was used 
with each decrease in substrate concentration, both for the 
set of experiments 1-5 and for the set of experiments 10-13. 
W ithin the former set, in each case about 30% of the substrate 
remained unreacted.

These concerns were less pressing for reactions of lb, for 
we found that, although 2b does react with diethyl phosphite 
ion under photostimulation to form 3, the reaction is very slow 
and would have made negligible progress during the very short 
reaction times involved in our principal experiments. Ac
cordingly, the fact that reactions of lb were carried nearly to 
completion is no cause for worry. Actually, the employment 
of ever shorter irradiation times within experiments 10-13 was 
probably unnecessary.

That these concerns were justified in respect to reactions 
of la  is shown by comparison of experiment 9 with experiment
3. The product ratio, 3/2a, is about 18 when the reaction is 
conducted only to the extent of about 69% but climbs to 48 
when the reaction is conducted for 3.5 times as long, w ith 
complete consumption of the substrate. I t  is probable that in 
experiment 9 there was some transformation of 2a to 3 in the 
later minutes of irradiation.

Experiments 5-7 were conducted with nearly identical 
reactant concentrations and w ith irradiation times, respec
tively, of 48. 40, and 60 s. The percentage of conversion of la  
to products varies considerably within this set of experiments 
and is not uniformly related to the measured irradiation times. 
We suspect that this minor irregularity is to be attributed to 
short induction periods stemming from the presence of 
varying amounts of adventitious impurities in ostensibly 
identical reaction mixtures.

I t  may be noted in Table I that lb appears to be somewhat 
more reactive than la. Compare especially experiment 11 with 
experiment 3 or experiment 12 w ith experiment 4.

Discussion
The Srn I  propagation mechanism of Scheme I provides, 

as we have seen,5 a straightforward rationalization of the facts 
that 2a is not an intermediate on the main route from la to 
3 and that la gives mainly disubstitution product 3 while lb 
gives mainly monosubstitution product 2b.

However, the mechanism of Scheme I also requires that the 
partitioning of reaction between mono- and disubstitution 
products be related to substrate concentration in the sense 
that relatively more monosubstitution product should be 
formed at higher concentrations of substrate. Our results show 
that recuirement to be satisfied both for reactions of la  and 
of lb.

Furthermore, the mechanism of Scheme I calls for a quan
titative relationship of product ratio to substrate concentra
tion. Inasmuch as product partitioning should be decided by 
competition between steps 4 and 5

d[2]/d[3] = M 6][l]/fes[6] = (*4 /*s )[l] (8)

Integrating

[2]t /[3|, = (kjkb) /  [1] (9)

Since substrate concentration did not remain constant within 
any experiment, one must consider the shape of the integral,

Figure 1. T h e  m o n o s u b s t i t u t i o n / d is u b s t i t u t io n  p r o d u c t  r a t io  (2a/3), 
a s  a  f u n c t i o n  o f  l a  c o n c e n t r a t i o n ,  f o r  r e a c t i o n s  o f  m - b r o m o i o d o b e n -  

z e n e  w i t h  d i e t h y l  p h o s p h i t e  io n . D a t a  o f  e x p e r i m e n t s  1 - 6 ,  i n c l u 
s iv e .

S  [1], in eq 9. Providing that each experiment is carried to the 
same fraction of completion, each integral w ill have a similar 
relationship to the original concentration of substrate la or 
lb , and therefore the ratio of mono- zo disubstitution product 
w ithin any such set of experiments should be approximately 
linearly related to in itia l substrate concentration.

In Figure 1  we present a plot of data from experiments 1-6, 
inclusive, the product ratio, 2a/3, against la concentration. 
The expected linearity is observed except for the point for 
experiment 1. A similar plot for the cata of experiments 11-13 
is also linear.

The fact that partitioning between mono- and disubstitu
tion products conforms both qualitatively and quantitatively 
to the requirements of the mechanism of Scheme I  provides 
further strong support for the Srn I  mechanism.

Experimental Section
T h e  e x p e r i m e n t s  s u m m a r i z e d  in  T a b l e  I  w e r e  c o n d u c t e d  a c c o r d in g  

t o  t h e  p r o c e d u r e s  u s e d  in  t h e  p r i n c i p a l  e x p e r i m e n t s  o f  a n  a c c o m p a 

n y i n g  r e p o r t .5  T h e  c o n c e n t r a t i o n  o f  ( E t O ) 2 P O _ N a +  w a s  t h r o u g h o u t  

a b o u t  0 .4 2  M .  I n  a  f u r t h e r  e x p e r i m e n t ,  4 .9 6  m m o l  o f  d i e t h y l  m - c h lo -  

r o p h e n y lp h o s p h o n a t e  (2b) a n d  2 1 . 5  m m o l  o f  s o d i u m  d i e t h y l  p h o s 

p h i t e  in  5 0  m L  o f  a m m o n i a  u n d e r  N 2 w e r e  i r r a d i a t e d  in  t h e  R a y o n e t  

r e a c t o r  w i t h  “ 3 5 0  n n ”  l a m p s  f o r  6 0  m i n ;  b y  G L C  i t  w a s  d e t e r m i n e d  

t h a t  1 7 %  o f  3  h a d  b e e n  f o r m e d  a n d  t h a t  8 3 %  o f  t h e  2b r e m a i n e d  u n 

r e a c t e d .

Registry No.— la, 5 9 1 - 1 8 - 4 ;  lb, 6 2 5 - 9 9 - 0 ;  2a, 3 5 1 2 5 - 6 5 - 5 ;  2b, 
2 3 4 1 5 - 7 1 - 6 ;  3 , 2 5 9 4 4 - 7 9 - 0 ;  ( E t O ) 2 P O - N a + ,  2 3 0 3 - 7 6 - 6 .
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T h e  p r o d u c t  d i s t r i b u t i o n s  o b t a i n e d  in  t h e  r e a c t i o n s  o f  a c e t y l a n t h r a n i l  ( 1 )  w i t h  a m i n e s  2  h a v i n g  t h e  g e n e r i c  f o r  

m u l a  H 2N ( C H 2) „ H  i n d i c a t e  t h a t  r e a c t i o n  v i a  p a t h w a y  A  t o  g i v e  t h e  c o r r e s p o n d i n g  a c e t a m .d i n e  s a l t  3 ,  w h i c h  r e 

q u i r e s  o n l y  m i n u t e s  f o r  c o m p l e t i o n ,  i s  f a v o r e d  w h e n  n <  4 ,  b u t  t h a t  r e a c t i o n  v i a  p a t h w a y  B  t o  g iv e  t h e  c o r r e s p o n d 

in g  d i a m i d e  4 ,  w h ic h  r e q u i r e s  h o u r s  f o r  c o m p l e t i o n ,  i s  f a v o r e d  w h e n  n ï  4 . I t  i s  p o s t u l a t e d  t h a t  t h i s  c r o s s o v e r  in  s e 

l e c t i v i t y  a t  n =  4  i s  c a u s e d  b y  s t e r i c  h i n d r a n c e  o w i n g  t o  a  c o i l e d  c o n f i g u r a t i o n  o n  t h e  p a r t  c f  t h e  H 2 N ( C H 2 ) 4 s e g 

m e n t  h e l d  t o g e t h e r  b y  i n t r a m o l e c u l a r  v a n  d e r  W a a l s  f o r c e s .  T h i s  c o i l e d  c o n f i g u r a t i o n  a l s o  a p p e a r s  t o  a c c o u n t  f o r  

t h e  s m a l l ,  b u t  m e a s u r a b l e ,  d e c r e a s e  in  p K a f o r  t h o s e  a m i n e s  w i t h  n ^ 4 .

I t  w a s  r e p o r t e d  t h a t  t h e  r e a c t i o n  o f  a c e t y l a n t h r a n i l  ( 1 ) 

w i t h  a m i n e s  2  i n  n o n p o l a r  s o l v e n t s  s u c h  a s  b e n z e n e  o r  d i e t h y l  

e t h e r  o c c u r s  v i a  a l t e r n a t e  p a t h w a y s 2  t o  g i v e  e i t h e r  t h e  c o r r e 

s p o n d i n g  a c e t a m i d i n e  i n t e r m e d i a t e  3  v i a  p a t h w a y  A  o r  t h e  

c o r r e s p o n d i n g  b e n z a m i d e  4  v i a  p a t h w a y  B .  P r i m a r y  a m i n e s  

f o l l o w  p a t h w a y  A  u n l e s s  s o m e  f o r m  o f  s t e r i c  h i n d r a n c e  p r e 

c l u d e s  a d d i t i o n  t o  t h e  2  p o s i t i o n  o f  1 ,  w h i c h  s e r v e s  t o  r e s t r i c t  

i n t e r a c t i o n  t o  t h e  s l o w e r  a l t e r n a t i v e  p a t h w a y  B  t o  g i v e  4  a s  

d i s c u s s e d  p r e v i o u s l y . 3 ’4  S e c o n d a r y  a m i n e s ,  h o w e v e r ,  f o l l o w  

p a t h w a y  B  e x c l u s i v e l y .  I t  w a s  s h o w n  t h a t  e v e n  p s e u d o s e c 

o n d a r y  a m i n e s  ( i . e . ,  a  p r i m a r y  a m i n e  s u : : h  a s  a n t h r a n i l i c  a c i d  

o r  e t h a n o l a m i n e ,  w h i c h  c a n  f o r m  a  f i v e -  o r  s i x - m e m b e r e d  r i n g  

b y  i n t r a m o l e c u l a r  h y d r o g e n  b e n d i n g  w i t h  t h e  p o l a r  g r o u p  a t  

t h e  /3 p o s i t i o n )  f o l l o w  p a t h w a y  B  i n  a  n o n p o l a r  s o l v e n t . 0  I n  a  

p o l a r  s o l v e n t ,  h o w e v e r ,  t h e s e  a m i n e s  b e h a v e  l i k e  n o r m a l  p r i 

m a r y  a m i n e s  a n d  f o l l o w  p a t h w a y  A ,  b e c a u s e  t h e  f o r m a t i o n  o f  

t h e  c y c l i c  c o n f i g u r a t i o n  i s  p r e c l u d e d  b y  i n t e r m o l e c u l a r  a s s o 

c i a t i o n  w i t h  t h e  s o l v e n t . 5  T e r t i a r y  a m i n e s  d o  n o t  r e a c t  w i t h  

1  e x c e p t  t o  s e r v e  a s  a n  e x c e l l e n t  s o l v e n t  f o r  r e a c t i o n  w i t h  o t h e r  

n u c l e o p h i l e s  s u c h  a s  w a t e r ,  w h i c h  g i v e s  o - a c e t a m i d o b e n z o i c  

a c i d . 2 ’ 4

I t  w a s  n o t e d 4  t h a t  r e a c t i o n  w i t h  p r i m a r y  a r o m a t i c  a m i n e s  

n e a t  u s u a l l y  r e q u i r e s  2 - 3  h  f o r  c o m p l e t i o n ,  w h e r e a s  t h e  c o r 

r e s p o n d i n g  r e a c t i o n  w i t h  m e t h y l - ,  e t h y l - ,  a n d  n - p r o p y l a m i n e s  

i s  c o m p l e t e  w i t h i n  1 0  m i n .  T h i s  d i f f e r e n c e  i n  r e a c t i v i t y  w i t h  

a m i n e s  t h a t  f o l l o w  p a t h w a y  A  w a s  a s c r i b e d  t o  t h e  r e l a t i v e  

d i f f e r e n c e  i n  b a s i c i t y  f o r  t h e  a r o m a t i c  ( p K a c a .  5 )  a n d  t h e  a l 

i p h a t i c  (p -K b , c a .  1 1 )  a m i n e s . 4  I t  w a s  d e c i d e d ,  t h e r e f o r e ,  t o  i n 

v e s t i g a t e  w h e t h e r  o r  n o t  t h e  r a t e  o f  r e a c t i o n  w i t h  t h e  a m i n e s  

H 2 N ( C H 2 ) n H  v i a  p a t h w a y  A  w o u l d  i n c r e a s e  w i t h  n  i n  a c c o r 

d a n c e  w i t h  t h e  e x p e c t e d  e l e c t r o p o s i t i v e  c o n t r i b u t i o n  o f  t h e  

p o l y m e t h y l e n e  c h a i n  t o  t h e  n u c l e o p h i l i c  c e n t e r .

Results and Discussion
A c e t y l a n t h r a n i l  ( 1 )  w a s  m a d e  t o  r e a c t  i n  b e n z e n e  a t  r o o m  

t e m p e r a t u r e  w i t h  t h e  s e t  o f  l i n e a r  a l i p h a t i c  a m i n e s  2a-h, 
w h e r e i n  n  =  0 , 1 ,  2 , 3 ,  4 ,  6 , 1 0 ,  a n d  1 2 ,  r e s p e c t i v e l y .  T h e  a p -

S c h e m e  I

4 5

p r o x i m a t e  t i m e  r e q u i r e d  f o r  r e a c t i o n  c o m p l e t i o n  w a s  n o t e d  

a n d  t h e  p r o d u c t  m i x t u r e s  o b t a i n e d  t h e r e b y  w e r e  s e p a r a t e d  

a c c o r d i n g  t o  t h e  m a t e r i a l s  b a l a n c e  p r o c e d u r e  d e s c r i b e d  p r e 

v i o u s l y . 2  T h i s  p r o c e d u r e  a c c o u n t e d  f o r  m o r e  t h a n  9 5 %  o f  t h e  

r e a c t a n t s ,  w h i c h  w e r e  a d d e d  i n  e q u i v a l e n t  a m o u n t s .  T h e  

p e r c e n t  a c e t y l a n t h r a n i l  i s o l a t e d  a s  3 ,  4 ,  a n d  5  w a s  t h e n  u s e d  

t o  c a l c u l a t e  t h e  c o r r e s p o n d i n g  s e l e c t i v i t y  r a t i o  f o r  r e a c t i o n  v i a  

p a t h w a y  A  t o  p a t h w a y  B ,  i . e . ,  k j k p ,  =  ( 3  a n d / o r  5 ) / 4 .  T h e  

m a t e r i a l s  b a l a n c e  d a t a  a r e  c o l l e c t e d  i n  T a b l e  I  a n d  t h e  s u p 

p o r t i n g  c h a r a c t e r i z a t i o n  d a t a  a r e  c o l l e c t e d  i n  T a b l e  I I .  U n 

r e a c t e d  a c e t y l a n t h r a n i l  w a s  e i t h e r  r e c o v e r e d  p e r  s e  ( e x a m p l e  

2a) o r  i s o l a t e d  a s  o - a c e t a m i d o b e n z o i c  a c i d  (6) w h i c h  w a s  

p r o d u c e d  b y  r e a c t i o n  w i t h  w a t e r  a s  p a r t  o f  t h e  p o s t  r e a c t i o n  

s e p a r a t i o n  p r o c e d u r e  ( e x a m p l e s  2g a n d  2h).
I n s t e a d  o f  t h e  e x p e c t e d  m o n o t o n i c  i n c r e a s e  i n  r e a c t i v i t y  

w i t h o u t  c h a n g e  i n  s e l e c t i v i t y  a s  a  f u n c t i o n  o f  n ,  T a b l e  I  s h o w s  

t h a t  t h e  m e m b e r s  o f  t h e  s u b s e t  w i t h  n <  4  f o l l o w  p a t h w a y  A ,  

w h e r e a s  t h o s e  w i t h  n  >  4  f o l l o w  p a t h w a y  B .  M o r e o v e r  t h e  

f o r m e r ,  w i t h  t h e  e x c e p t i o n  o f  a m m o n i a ,  r e q u i r e d  o n l y  m i n u t e s  

f o r  r e a c t i o n  c o m p l e t i o n ,  w h e r e a s  t h e  l a t t e r  r e q u i r e d  h o u r s .  

T h e  s h a r p  c h a n g e s  i n  s e l e c t i v i t y  a n d  r e a c t i v i t y  a r e  e s p e c i a l l y  

i n t e r e s t i n g  b e c a u s e  b o t h  o b s e r v a t i o n s  i n f e r  s o m e  f o r m  o f  s t e r i c  

h i n d r a n c e  i n  t h i s  r e a c t i o n ,  w h i c h  i s  a s s o c i a t e d  w i t h  t h e  s e g 

m e n t  H 2 N ( C H 2 ) 4 - .

T h e  r e s u l t s  o b t a i n e d  w i t h  a m m o n i a ,  h o w e v e r ,  w e r e  u n i q u e  

a n d  a p p a r e n t l y  c o n t r a d i c t i v e .  T h e  r e a c t i o n  o f  1  i n  b e n z e n e  

s a t u r a t e d  w i t h  a n h y d r o u s  a m m o n i a  a t  r o o m  t e m p e r a t u r e  w a s  

p s e u d o - f i r s t - o r d e r  a n d  t h e  h a l f - l i f e  o f  1  u n d e r  t h e s e  c o n d i t i o n s  

w a s  3 2  h . 4  A b o u t  3 5 %  w a s  r e c o v e r e d  u n c h a n g e d  a f t e r  4 8  h  a n d  

t h e  r e s t  w a s  i s o l a t e d  a s  2 - m e t h y l q u i n a z o l - 4 - o n e  (5a). T h e  

i s o l a t i o n  o f  t h i s  p r o d u c t  i n  g o o d  y i e l d  s h o w s  t h a t  t h e  r e a c t i o n  

f o l l o w s  p a t h w a y  A  e x c l u s i v e l y  a s  e x p e c t e d  f o r  a n  a m i n e  t h a t  

d o e s  n o t  e x h i b i t  s t e r i c  h i n d r a n c e ,  s u c h  a s  m e t h y l a m i n e ,  b u t  

t h e  u n u s u a l l y  s l o w  r a t e  o f  r e a c t i o n  i s  c h a r a c t e r i s t i c  o f  a m i n e s  

t h a t  e x h i b i t  c o n s i d e r a b l e  s t e r i c  h i n d r a n c e ,  s u c h  a s  t e r i - b u -  

t y l a m i n e .  B e c a u s e  t h e s e  t w o  o b s e r v a t i o n s  a p p e a r  t o  b e  i n 

c o n s i s t e n t ,  m o r e  i n v e s t i g a t i o n  a t  a  l a t e r  t i m e  i s  r e q u i r e d  f o r  

c l a r i f i c a t i o n .

T h e  u n e x p e c t e d  o b s e r v a t i o n  o f  a  c h a n g e  i n  s e l e c t i v i t y  a t  n 
=  4  f r o m  p a t h w a y  A .  w h i c h  g i v e s  3  a s  a  p r e c i p i t a t e ,  t o  p a t h w a y  

B ,  w h i c h  g i v e s  4  a s  a  s o l u b l e  p r o d u c t ,  o f f e r e d  t h e  a d d i t i o n a l  

p o s s i b i l i t y  f o r  f o l l o w i n g  t h e  r e a c t i o n s  t h a t  g o  v i a  p a t h w a y  B  

s p e c t r o p h o t o m e t r i c a l l y  i n s t e a d  o f  g r a v i m e t r i c a l l y .  O u r  a t 

t e m p t s  t o  d o  s o  b y  I R  a n d / o r  N M R  a n a l y s i s  v e r i f i e d  t h a t  r e 

a c t i o n  o f  1  w i t h  a n  e q u i v a l e n t  a m o u n t  o f  a n  a m i n e  2  h a v i n g  

n  >  4  r e q u i r e s  2 - 6  h  f o r  c o m p l e t i o n  a n d  t h a t  t h e  r e a c t i o n  i s  

s e c o n d  o r d e r  ( i . e . ,  i n  a  g i v e n  e x p e r i m e n t ,  t h e  r a t e s  o f  d i s a p 

p e a r a n c e  o f  t h e  r e a c t a n t s  1  a n d  2  a r e  b o t h  e q u a l  t o  t h e  r a t e  o f  

f o r m a t i o n  o f  t h e  p r o d u c t  4 ) .  T h e  r e p r o d u c i b i l i t y  o f  t h e  c a l 

c u l a t e d  r a t e  c o n s t a n t s  i n  a  s e t  o f  r e p e a t  e x p e r i m e n t s  w i t h  a  

g i v e n  a m i n e ,  h o w e v e r ,  w a s  n o t  g o o d  e n o u g h  t o  v e r i f y  o r  d e n y

0022-3263/78/1943-1880$01.00/0 © 1978 American Chemical Society
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Table I. Products Obtained in the Reaction of 1 with H2 N(CH2)nH in Benzene at Room Temperature

A m i n e

R e g i s t r y

n o . n P  K J
T i m e  a l l o w e d  

f o r  r e a c t i o n 4

%  1  i s o l a t e d  a s  

3 5

S e l e c t i v i t y  

A / B  =  ( 3  a n d / o r  5 ) / 4

2 a 7 6 6 4 - 4 1 - 7 0 9 .2 6 2  d a y s " 0 0 6 5 > 5 0 / 1 b
2 b 7 4 - 8 9 - 5 1 1 0 . 6 6 1  h c 0 1 0 0 0 > 5 0 / 1
2 c 7 5 - 0 4 - 7 2 1 0 . 8 1 1  h c 0 1 0 0 0 > 5 0 / 1
2 d 1 0 7 - 1 0 - 8 3 1 0 . 7 1 4  h c 7 9 3 0 1 7 / 1 d
2 e 1 0 9 - 7 3 - 9 4 1 0 . 6 1 1  d a y 0 1 0 0 0 0 < 1 / 2 5
2 f 1 1 1 - 2 6 - 2 6 1 0 . 5 6 1  d a y e 9 6 0 4 1 / 2 4

2 g 2 0 1 6 - 5 7 - 1 1 0 1 0 . 6 4 5 h ° 9 6 0 0 < 1 / 2 5
2 h 1 2 4 - 2 2 - 1 1 2 1 0 . 6 3 5  h ° 9 7 0 0 < 1 / 2 5

“  T h i s  r a t e  o f  r e a c t i o n  ( T 1 / 2  =  3 2  h )  i s  u n u s u a l l y  s l o w  f o r  a n  a m i n e  t h a t  f o l l o w s  p a t h w a y  A .  W e  h a v e  o b s e r v e d  t h a t  t h e  r a t e  o f  r e a c t i o n  

i s  f a s t  i n  p o l a r  s o l v e n t s ,  b u t  t h e  p r o d u c t s  d e p e n d  o n  t h e  c h o i c e  o f  s o l v e n t .  T h e  r e a c t i o n  o f  1  w i t h  N H 3 , w h i c h  i s  u n u s u a l l y  c o m p l i c a t e d ,  

w i l l  b e  d i s c u s s e d  f u l l y  i n  a  s u b s e q u e n t  p u b l i c a t i o n .  b T h e  r e m a i n i n g  3 5 %  w a s  r e c o v e r e d  a s  u n r e a c t e d  1 . c P r e c i p i t a t i o n  o f  3  w a s  c o m p l e t e  

w i t h i n  1 0  m i n  i n d i c a t i n g  r e a c t i o n  c o m p l e t i o n  w i t h i n  t h i s  t i m e  i n t e r v a l .  d R e a c t i o n  w a s  c o m p l e t e  w i t h i n  1 0  m i n  i n  r x - p r o p y l a m i n e  n e a t , 4 

a n d  t h e  s e l e c t i v i t y  w a s  > 5 0 / 1 .  c S u b s e q u e n t  a t t e m p t s  t o  f o l l o w  r e a c t i o n  k i n e t i c a l l y  b y  I R  a n d / o r  N M R  a n a l y s i s  i n d i c a t e d  t h a t  r e a c t i o n  

w a s  c o m p l e t e  w i t h i n  2 - 6  h .  f p K a v a l u e s  t a k e n  f r o m  r e f  1 8  a n d  1 9 .

T a b l e  I I .  C h a r a c t e r i z a t i o n  D a t a  f o r  P r o d u c t s  3 ,  4 ,  a n d  5  N o t e d  i n  T a b l e  I

P r o d u c t n M p ,  ° C K e y  I R  a b s o r p t i o n  b a n d s

A c e t a m i d i n e s  ( 3 )  f r o m  a m i n e

2fc 1 1 3 6 - 7 3 . 2 - 4 . 4 ,  6 .3

2 c 2 1 0 9 - 1 0 3 . 0 - 4 . 4 ,  6 . 3

2 d 3 1 1 8 - 2 0 3 . 2 - 4 . 3 ,  6 . 3

2 - M e t h y l q u i n a z o l o n e s  ( 5 )  f r o m

2 a 0 2 4 0 - 1 6 .0 ,  6 .2

2 d 3 8 1 - 2 6 .0 ,  6 . 2

o - A c e t a m i d o b e n z a m i d e s  ( 4 )  f r o m

2 d 3 1 2 5 - 7 3 . 1 ,  6 . 1 ,  6 . 2 ,  6 . 3 ,  6 .5

2 e 4 1 3 3 - 4 3 . 1 ,  6 . 1 ,  6 .2 ,  6 . 3 ,  6 . 5

2 f 6 9 9 - 1 0 0 3 . 1 ,  6 .0 ,  6 . 1 ,  6 . 2 ,  6 . 3 ,  6 .5

2 g 1 0 8 5 - 9 0 3 . 1 ,  6 .0 ,  6 . 1 ,  6 . 2 ,  6 . 3 ,  6 .5

2 t 1 2 8 4 - 7 3 . 1 ,  6 .0 ,  6 . 1 ,  6 . 2 ,  6 . 3 ,  6 .5

t h e  e x p e c t e d  d e p e n d e n c e  o f  r a t e  o n  n ,  b e c a u s e  t h e  r a n g e  i n  

c a l c u l a t e d  r a t e  c o n s t a n t s  f o r  a  g i v e n  a m i n e  w a s  a t  l e a s t  a s  g r e a t  

a s  t h e  r a n g e  i n  a v e r a g e  r a t e  c o n s t a n t s  f o r  t h e  s e t .  I t  w a s  d e 

c i d e d ,  t h e r e f o r e ,  t o  d e f e r  p u b l i c a t i o n  o f  t h e s e  d a t a  u n t i l  t h e  

r e q u i r e d  q u a n t i t a t i v e  r e p r o d u c i b i l i t y  c o u l d  b e  e s t a b l i s h e d  a n d  

t h e  w o r k  r e p e a t e d .

M e a n w h i l e  t h e  c a u s e  f o r  t h e  q u a l i t a t i v e  c h a n g e  i n  s e l e c t i v i t y  

f r o m  p a t h w a y  A  t o  B  a t  n  =  4  b e c a m e  m o r e  i n t e r e s t i n g  t o  u s  

t h a n  t h e  o r i g i n a l  o b j e c t i v e .  A c c o r d i n g l y ,  t h e  l i t e r a t u r e  w a s  

r e e x a m i n e d  t o  s e e  i f  s i m i l a r  a b e r r a t i o n s  i n  t h e  r e a c t i o n s  o f  t h e  

l i n e a r  a l i p h a t i c  a m i n e s  H 2N ( C H 2 L H  w e r e  o b s e r v e d  w i t h  

o t h e r  e l e c t r o p h i l e s .

I t  w a s  n o t e d  b y  H a l l  e t  a l . 6 a ’b t h a t  t h e  b a s e  s t r e n g t h  o f  t h e s e  

a m i n e s  d o e s  n o t  i n c r e a s e  m o n o t o n i c a l l y  a s  a  f u n c t i o n  o f  n  f r o m  

1  t o  5 .  L a t e r  B r o w n 6c n o t e d  t h a t  t h e  i r r e g u l a r i t y  i n  c h e m i c a l  

b e h a v i o r  w h e n  n  i s  3  o r  4  i s  f a i r l y  g e n e r a l  a n d  e v e n  a p p e a r s  i n  

t h e  g a s - p h a s e  d i s s o c i a t i o n  o f  t h e  c o r r e s p o n d i n g  a d d i t i o n  

c o m p o u n d s  w i t h  t r i m e t h y l b o r o n .  H e  a s c r i b e d 60 t h i s  i r r e g u 

l a r i t y  p r i m a r i l y  t o  a n  e n t r o p y  e f f e c t ,  o w i n g  t o  s t e r i c  p r e c l u s i o n  

o f  c e r t a i n  c o n f i g u r a t i o n s  w h e n  n >  2 .

A l t h o u g h  m a n y  p a p e r s 9 ’ 10  a n d  e x c e l l e n t  r e v i e w  a r t i c l e s 1 1 - 1 4  

h a v e  b e e n  w r i t t e n  a b o u t  t h e  r e l a t i v e  b a s i c i t y  o f  a m i n e s  i n  

t e r m s  o f  p a r a m e t e r s  t h a t  r e f l e c t  B r o w n ’ s  “ B - S t r a i n  T h e o r y ” , 1 5  

T r o t m a n - D i c k e n s o n ’ s  “ S o l u t i o n  T h e o r y ” , 16  a n d  T a f t ’ s  “ <x* 

V a l u e s ” ,1 7 3  l i t t l e  f u r t h e r  a t t e n t i o n  w a s  g i v e n  t o  t h e  a m i n e s  

H 2 N ( C H 2 ) r iH ,  e x c e p t  t o  n o t e 1 2  t h a t  t h e  p K a v a l u e s  f o r  t h i s  

s e r i e s  f r o m  n  =  1  t o  2 2  f a l l  i n  t h e  r a n g e  o f  1 0 . 7  ±  0 . 2 .  A p p a r 

e n t l y  t h e  v a r i a n c e  i n  t h i s  s e t  o f  p X £  v a l u e s  w a s  n o t  c o n s i d e r e d  

w o r t h y  o f  f u r t h e r  c o n s i d e r a t i o n 1 2 ’ - 4 s i n c e  a  l a r g e  c h a n g e  i n  n  
c a u s e s  a t  m o s t  o n l y  a  s m a l l  c h a n g e  i n  p K a. T h i s  a t t i t u d e  i s  

i n d e e d  j u s t i f i e d ,  b u t  o n l y  i f  t h e  r e p o r t e d  d a t a  e i t h e r  d e v i a t e s  

r a n d o m l y  a b o u t  t h e  l i n e  p K a =  1 0 . 7  ±  0 . 2 ,  r e f l e c t i n g  e x p e r i 

m e n t a l  e r r o r ,  o r  i n c r e a s e s  m o n o t o n i c a l l y  f r o m  1 0 . 5  t o  1 0 . 9 ,

r e f l e c t i n g  t h e  e x p e c t e d  i n f l u e n c e  o f  i n d u c t i o n  w i t h i n  t h e  h o 

m o l o g o u s  s e r i e s .  N e i t h e r  i s  t h e  c a s e ,  h o w e v e r ,  a s  c a n  b e  s e e n  

f r o m  F i g u r e  1 ,  w h i c h  p l o t s  t h e  p K a d a t a  f o r  t h e s e  a m i n e s ,  

t a k e n  f r o m  r e f  1 8  a n d  1 9  a s  a  f u n c t i o n  o f  n .  I n  c o n t r a s t  t o  e i 

t h e r  a l t e r n a t i v e  c o n d i t i o n ,  i t  i s  n o t i c e d  t h a t  t h e  p K a v a l u e s  r i s e  

s m o o t h l y  f r o m  9 . 2 6  a t  n  =  0  t o  a  m a x i m u m  o f  1 0 . 8 1  a t  n  =  2  

a n d  t h e n  f a l l  t o  a n  a s y m p t o t i c  l i n e  g i v e n  b y  1 0 . 6 2  ±  0 . 3 ,  f r o m  

n  =  4  t o  a t  l e a s t  n  =  2 2 ,  t h e  h i g h e s t  m e m b e r  o f  t h i s  s e r i e s  f o r  

w h i c h  a  p K a v a l u e  i s  r e p o r t e d .  T h e  p K a v a l u e s  f o r  t h e  m e m 

b e r s  b e l o w  n  =  4  a r e  o u t s i d e  t h e  l i m i t s  o f  r e p r o d u c i b i l i t y  i n 

d i c a t e d  b y  t h e  d a t a  g i v e n  f o r  t h e  m e m b e r s  w i t h  n  >  4 .  T h i s  

r e c o n s i d e r a t i o n  o f  t h e  d a t a  s u g g e s t s  t h a t  t h i s  o b s e r v e d  d i s 

t r i b u t i o n  o f  p K a a s  a  f u n c t i o n  o f  n  m a y  b e  a  m a n i f e s t a t i o n  o f  

s o m e  r e a l  f a c t o r  t h a t  s u p p r e s s e s  t h e  e x p e c t e d  i n c r e a s e  i n  b a s e  

s t r e n g t h  a s  n o t e d  b y  o t h e r s . 6

I n  c o n t r a s t  t o  t h e  a b n o r m a l  b e h a v i o r  o f  t h e  a m i n e s  i n  s o 

l u t i o n ,  g a s - p h a s e  p r o t o n a t i o n  o f  H 2 N ( C H 2 ) n H  a p p e a r s  t o  b e  

q u i t e  n o r m a l .  I t  w a s  r e p o r t e d  b y  A u e 20 t h a t  t h e  f r e e  e n e r g y  

a n d  e n t h a l p y  o f  t h e s e  r e a c t i o n s  w i t h  m e t h y l - ,  e t h y l - ,  n - p r o p y l ,  

a n d  n - b u t y l a m i n e  e x h i b i t  a  s i m p l e  m o n o t o n i c  i n c r e a s e  f r o m  

n  =  1  t o  4 ,  i n d i c a t i n g  t h a t  t h e  c h e m i c a l  a b e r r a t i o n  m a y  b e  

p e c u l i a r  t o  t h e  s o l v a t e d  s t a t e  a t  r e l a t i v e l y  l o w e r  t e m p e r a 

t u r e s .

O n e  w o u l d  e x p e c t  t h e  p K a v a l u e s  i n  w a t e r  f o r  t h e  s e t  o f  

a m i n e s  H 2N ( C H 2 ) r  H  t o  a p p r o a c h  r a p i d l y  a n  a s y m p t o t i c  l i m i t  

a s  s h o w n  b y  t h e  d o t t e d  l i n e  i n  F i g u r e  1  a n d  g i v e n  b y  t h e  

e q u a t i o n :

p A a *  =  9 . 2 6  +  1 . 4 0  V  1  / n 3 
1

w h e r e  9 . 2 6  i s  t h e  p K a v a l u e  f o r  n  =  0 , 1 . 4 0  i s  t h e  d i f f e r e n c e  i n  

p A a  v a l u e s  f o r  n  =  0  a n d  1  ( i . e . ,  t h e  f i r s t  a n d  s e c o n d  m e m b e r s ,  

r e s p e c t i v e l y ) ,  a n d  p A a *  i s  t h e  i d e a l i z e d  v a l u e  f o r  t h e  (n  +  l ) t h
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pKa - Values fo r H2N(CH2)n H as a function  o f n

pKa '

n -
pKa* = 9 .2 6  + 1.40 £  A  (Calculated) 

1 n

D.D. Perrin "'Dissociation Constants fo r Organic Bases 
in Aqueous S o lu tion " Butersworth, London (1965)

Figure 1.

m e m b e r  o f  t h i s  s e r i e s .  T h i s  e q u a t i o n  i s  a n a l o g o u s  t o  t h a t  w h i c h  

r e l a t e s  t h e  b o n d  d i s s o c i a t i o n  e n e r g i e s  ( B D E )  f o r  t h e  c o r r e 

s p o n d i n g  b o n d s  i n  t h e  h o m o l o g o u s  s e r i e s  R ( C H 2 ) , , H  i n  t e r m s  

o f  n , 2 1  n a m e l y :

E n =  E q +  A E o 1  Y .  l / ^ 3  
1

w h e r e  E q i s  t h e  B D E  f o r  t h e  f i r s t  m e m b e r ,  A E o 1  i s  t h e  c o r r e 

s p o n d i n g  d i f f e r e n c e  f o r  t h e  f i r s t  a n d  s e c o n d  m e m b e r s ,  a n d  E n 
i s  t h e  v a l u e  f o r  t h e  (n  +  l ) t h  m e m b e r .

T h e  d i f f e r e n c e  b e t w e e n  t h e  c a l c u l a t e d  i d e a l i z e d  p K £ *  a n d  

t h e  e x p e r i m e n t a l l y  o b s e r v e d  p K a ( i . e . ,  A p K a =  p K a*  -  p K a) 
a p p r o a c h e s  r a p i d l y  a n  a s y m p t o t i c  l i m i t  o f  a b o u t  0 . 3  p K a  u n i t s ,  

w h i c h  c o r r e s p o n d s  t o  a  d i f f e r e n c e  i n  f r e e  e n e r g y  o f  l e s s  t h a n

0 .  5  k c a l .  T h i s  d i f f e r e n c e  i s  c o n s t a n t  o v e r  t h e  r a n g e  n  =  4  t o  2 2  

a s  s h o w n  i n  F i g u r e  1 .  S i n c e  s i g n i f i c a n t  i n c r e a s e s  i n  A p K a o c c u r  

o n l y  a t  n  =  3  a n d  4 ,  i t  i s  c o n c l u d e d  t h a t  t h e s e  a r e  t h e  m e t h 

y l e n e  g r o u p s  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  c h e m i c a l  a b e r r a t i o n  

a n d  t h a t  c o n s e q u e n t l y  t h e  a b e r r a t i o n  m u s t  b e  a s s o c i a t e d  w i t h  

s o m e  c o n f i g u r a t i o n  p e c u l i a r  t o  t h e  H 2 N ( C H 2 ) 4  s e g m e n t ,  w h i c h  

m i g h t  s o m e h o w  i m p e d e  t h e  a p p r o a c h  o f  a n  e l e c t r o p h i l i c  

c e n t e r  t o  t h e  a m i n o  g r o u p .

I f  t h i s  p o s t u l a t i o n  i s  c o r r e c t  t h e n  o n e  s h o u l d  o b s e r v e  a  s h a r p  

c h a n g e  i n  s e l e c t i v i t y  a t  a b o u t  n  =  3  o r  4 ,  w h e n  t h i s  s e t  o f  

a m i n e s  w i t h  t h e  g e n e r a l  f o r m u l a  H 2 N ( C H 2 ) n H  i s  m a d e  t o  

r e a c t  w i t h  a c e t y l a n t h r a n i l  i n  a  n o n p o l a r  s o l v e n t .  T h i s  i s  e x 

a c t l y  w h a t  w a s  o b s e r v e d  w i t h i n  t h e  s e t  g i v e n  b y  t h e  m e m b e r s  

n  =  0 , 1 , 2 , 3 ,  4 ,  6 , 1 0 , a n d  1 2 . T h e  d a t a  c o l l e c t e d  i n  T a b l e  I  

s h o w  t h a t  r e a c t i o n  i n  b e n z e n e  a t  r o o m  t e m p e r a t u r e  f e l l o w s  

p a t h w a y  A  e x c l u s i v e l y ,  w h e n  n  i s  0 , 1 ,  a n d  2  ( i . e . ,  A / B  >  5 0 / 1 ) ,  

b u t  t h a t  r e a c t i o n  v i a  p a t h w a y  B  i s  m e a s u r a b l e  a t  n  =  3  ( i . e . ,  

A / B  =  1 7 / 1 )  a n d  i s  t h e  d o m i n a n t  p a t h w a y  f o r  a l l  v a l u e s  o f  n 
>  3  ( i . e . ,  A / B  <  1 / 2 4 ) .  T h i s  c h a n g e  i n  s e l e c t i v i t y  a t  n  =  4  c o r 

r e s p o n d s  e x a c t l y  t o  t h e  f i r s t  m e m b e r  o f  t h i s  s e r i e s  t h a t  m a n 

i f e s t s  m a x i m u m  A p K a a s  a  f u n c t i o n  o f  n  a s  s h o w n  i n  F i g u r e

1 .  T h i s  i n f e r s  t h a t  b o t h  e f f e c t s  a r e  m a n i f e s t a t i o n s  o f  t h e  s a m e  

c a u s e ,  w h i c h  e x h i b i t s  i t s  f u l l  i m p a c t  w h e n  n  >  3 .  S i n c e  r e a c t i o n  

o f  a  p r i m a r y  a m i n e  w i t h  a c e t y l a n t h r a n i l  v i a  p a t h w a y  B  i s  a s 

s o c i a t e d  w i t h  s o m e  f o r m  o f  s t e r i c  h i n d r a n c e ,  i t  i m p l i e s  t h a t  

h e r e  t o o  s t e r i c  h i n d r a n c e  i s  s o m e h o w  r e s p o n s i b l e  f o r  t h e  s h a r p  

c h a n g e  i n  s e l e c t i v i t y  a t  n =  4 .  T h i s  c r o s s o v e r  i n  s e l e c t i v i t y  

c a n n o t  b e  a s c r i b e d  t o  t h e  u s u a l  s o l v e n t  o r  t e m p e r a t u r e  e f f e c t s  

s i n c e  t h e  s a m e  s o l v e n t ,  b e n z e n e ,  a n d  t h e  s a m e  t e m p e r a t u r e ,

r o o m  t e m p e r a t u r e ,  w e r e  u s e d  i n  e a c h  e x p e r i m e n t .  I t  i s  c o n 

c l u d e d ,  t h e r e f o r e ,  " .h a t  t h e  c h e m i c a l  a b e r r a t i o n  i s  d u e  t o  s t e r i c  

h i n d r a n c e  m a n i f e s t e d  b y  t h e  H 2 N ( C H 2 ) 4  s e g m e n t ,  w h i c h  i s  

p r e c l u d e d  ( o r  m i t i g a t e d ,  c o n s i d e r a b l y )  w h e n  n <  4 .

I t  i s  d i f f i c u l t  t o  i m a g i n e  h o w  t h e  H 2 N ( C H 2 ) 4  s e g m e n t  m i g h t  

e x h i b i t  s t e r i c  h i n d r a n c e  i n  t h i s  r e a c t i o n  u n l e s s  i t  a t t a i n s  a  f i v e -  

o r  s i x - m e m b e r e d  r i n g  c o n f i g u r a t i o n ,  w h i c h  i s  g e o m e t r i c a l l y  

s i m i l a r  t o  t h a t  o f  a  c y c l i c  s e c o n d a r y  a m i n e  a s  d e s c r i b e d  i n  t h e  

f i r s t  p a r a g r a p h  f o r  e t h a n o l a m i n e  a n d  f o r  a n t h r a n i l i c  a c i d .  I n  

t h e s e  t w o  e x a m p l e s ,  h o w e v e r ,  t h e  i n t e g r i t y  o f  t h e  p s e u d o -  

c y c l i c  a m i n e  s t r u c t u r e  w a s  m a i n t a i n e d  b y  i n t r a m o l e c u l a r  

h y d r o g e n  b o n d i n g ,  w h i c h  i s  n o t  a v a i l a b l e  t o  t h e  H 2 N ( C H 2 ) 4  

s e g m e n t .  I f  t h e s e  l i n e a r  a l i p h a t i c  p r i m a r y  a m i n e s  d o  a s s u m e  

c y c l i c  c o n f i g u r a t i o n s  i n  s o l u t i o n ,  t h e n  t h e i r  i n t e g r i t y  m u s t  b e  

m a i n t a i n e d  o n l y  b y  i n t r a m o l e c u l a r  f o r c e s  o f  t h e  v a n  d e r  W a a l s  

t y p e ,  w h i c h  a r e  v e r y  s m a l l  i n d e e d .  C o n s e q u e n t l y  t h e  e f f e c t  o f  

t h i s  w e a k  i n t r a m o l e c u l a r  a s s o i c a t i o n  w o u l d  b e  f e l t  o n l y  i n  

s o l u t i o n  a t  l o w e r  t e m p e r a t u r e s  w h e r e  “ b a l l i n g ”  w o u l d  b e  

a b e t t e d  b y  g e n t l e  c o l l i s i o n s  w i t h  s u r r o u n d i n g  s o l v e n t  m o l e 

c u l e s .  I n  t h e  g a s  p h a s e ,  h o w e v e r ,  t h e  e n e r g y  s t a t e  i s  s u c h  t h a t  

t h e  w e a k  f o r c e  o f  i n t r a m o l e c u l a r  a s s o c i a t i o n  i s  e a s i l y  o v e r c o m e  

b y  t h e r m a l  e f f e c t s  a n d  t h e  m o l e c u l e  a s s u m e s  a n  o p e n  c o n f i g 

u r a t i o n ,  w h i c h  i s  m o r e  a c c e s s i b l e  t o  a  p r o t o n .  C o n s e q u e n t l y  

t h e  c h e m i s t r y  i n  t h e  g a s  p h a s e  s h o u l d  b e  q u i t e  “ n o r m a l ”  a s  

r e p o r t e d  b y  A u e , 2C w h e r e a s  i n  s o l u t i o n  i t  m a n i f e s t s  t h e  s l i g h t  

a b e r r a t i o n  f i r s t  o b s e r v e d  b y  o t h e r s . 6

T h e  h y p o t h e s i s  t h a t  t h e  H 2 N ( C H 2 ) n  s e g m e n t s  a s s u m e  a  

c o i l e d  c o n f i g u r a t i o n  i n  s o l u t i o n ,  w h i c h  s e r v e s  t o  i m p e d e  r e 

a c t i o n  w i t h  a n  e l e c t r o p h i l i c  r e a g e n t ,  b e a r s  f o r m a l  r e s e m b l a n c e  

t o  N e w m a n ’ s  “ R u l e  o f  S i x ” , 17 b  w h i c h  s t a t e s  t h a t  i n  r e a c t i o n s  

i n v o l v i n g  a d d i t i o n  t o  a  c e n t e r  o f  u n s a t u r a t i o n ,  t h e  g r e a t e r  t h e  

n u m b e r  o f  a t o m s  i n  t h e  6  p o s i t i o n ,  t h e  g r e a t e r  w i l l  b e  t h e  s t e r i c  

h i n d r a n c e  t o  a t t a c k  a t  t h e  c e n t e r  o f  u n s a t u r a t i o n  o f  m o l e c u l e s  

s u c h  a s

1 6 £  
2 ^ 0 ~ ~ H  / c

A — cC
/ % \ 6  

V  C  H

w h e r e  A  i s  H O ,  R 2 N ,  R ,  o r  H .  N e w m a n 17 b  p o i n t e d  o u t  t h a t  t h e  

c o i l e d  p o s i t i o n  i s  e f f e c t i v e  i n  h i n d e r i n g  a t t a c k  a t  t h e  c e n t e r  

o f  u n s a t u r a t i o n  b e c a u s e  ( 1 ) t h e  s p a c e  a b o u t  t h e  c e n t e r  o f  u n -  

s a t u r a t i o n  i s  p a r t i a l l y  b l o c k e d  b y  t h e  p h y s i c a l  p r e s e n c e  o f  t h e  

h y d r o c a r b o n  c o i l ,  a n d  ( 2 ) w h e n  a d d i t i o n  o c c u r s  f r o m  t h e  o p e n  

d i r e c t i o n ,  t h e  i n c r e a s e d  s p a t i a l  r e q u i r e m e n t s  i n v o l v e d  i n  g o i n g  

f r o m  t h e  g r o u n d  s t a t e  t o  t h e  t e t r a h e d r a l  c o n f i g u r a t i o n  o f  t h e  

i n t e r m e d i a t e  s t a t e  a r e  m o r e  e a s i l y  m e t  i n  a n  u n c o i l e d ,  r a t h e r  

t h a n  a  c o i l e d ,  c o n f i g u r a t i o n .

T h e  i d e a  t h a t  i n t r a m o l e c u l a r  a s s o c i a t i o n  t o  f o r m  a  s i x -  

m e m b e r e d  r i n g  c a n  i n f l u e n c e  t h e  c h e m i s t r y  o f  o r g a n i c  c o m 

p o u n d s  w a s  f i r s t  s u g g e s t e d  b y  D i p p y , 2 2  w h o  p r o p o s e d  t h a t  

i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  o f  t h e  c a r b o x y l  g r o u p  w i t h  

t h e  h y d r o g e n  a t o m  o f  t h e  C H 3  w a s  r e s p o n s i b l e  f o r  t h e  a b 

n o r m a l  i n c r e a s e  i n  t h e  i o n i z a t i o n  c o n s t a n t  o f  b u t y r i c  a c i d  o v e r  

p r o p i o n i c  a c i d .  B r o w n 6c s u g g e s t e d  t h a t  t h i s  m i g h t  a l s o  o b t a i n  

i n  t h e  l i n e a r  a l i p h a t i c  a m i n e  s e r i e s ,  b u t  h e  p o i n t e d  o u t  c o r 

r e c t l y  t h a t  t h e  e f f e c t  i s  t o o  s m a l l  t o  b e  a t t r i b u t e d  t o  i n t r a m o 

l e c u l a r  h y d r o g e n  b o n d i n g  a n d  s u g g e s t e d  t h e r e f o r e  t h a t  i t  

m i g h t  b e  a t t r i b u t a b l e  t o  a n  e n t r o p y  e f f e c t  t h a t  f a v o r s  d i s s o 

c i a t i o n  o f  t h e  p r o t o n a t e d  f o r m .

A l t h o u g h  B r o w n ’ s  e x p l a n a t i o n  i s  v a l i d  f o r  r e v e r s i b l e  r e a c 

t i o n s  t h a t  i n v o l v e  d i s s o c i a t i o n ,  i t  i s  n o t  v a l i d  f o r  n o n r e v e r s i b l e  

r e a c t i o n s  t h a t  g o  i n  t h e  f o r w a r d  d i r e c t i o n ,  s u c h  a s  t h e  r e a c t i o n s  

o f  1  w i t h  H 2 N ( C H 2) n H  t o  g i v e  e i t h e r  t h e  c o r r e s p o n d i n g  3  o r  

4  v i a  p a t h w a y s  A  o r  B Z r e s p e c t i v e l y .  I f  s t e r i c  h i n d r a n c e  i s  t o  

i n f l u e n c e  t h e  s e l e c t i v i t y  i n  t h e s e  r e a c t i o n s ,  i t  m u s t  d o  s o  i n  t h e  

f o r w a r d  d i r e c t i o n ,  s i n c e  t h e  r e v e r s e  p o s s i b i l i t y  i s  e x c l u d e d  b y  

d e f i n i t i o n .  I t  i s  p o s t u l a t e d  t h e r e f o r e  t h a t  t h i s  s t e r i c  h i n d r a n c e
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is caused by the amine in its coiled configuration, which re
sembles geometrically a cyclic secondary amine.

I t  was shown that intramolecular hydrogen bonding is in 
deed strong enough to ensure the integrity of a cyclic config
uration in the cases of anthranilic acid and ethanol amine5 in 
nonpolar solvents. A key question now is whether or not the 
weak force of van der Waals attraction is also sufficiently great 
to hold long chain aliphatic amines in the postulated cyclic 
configuration.

More experiments are required to test further the hy
pothesis ;hat these amines indeed manifest a form of “ New
man Steric Hindrance”  and also to help clarify the unique but 
mutually inconsistent results on selectivity and reactivity 
noted with ammonia.

Experimental Section
General Procedure. R e a c t i o n  o f  a c e t y l a n t h r a n i l  (1) w i t h  t h e  

a m i n e  2 w a s  m a d e  t o  o c c u r  in  b e n z e n e  a t  r o o m  t e m p e r a t u r e .  T h e  

p r o d u c t s  3 ,  4 , a n d  5  w e r e  s e p a r a t e d  a n d  i d e n t i f i e d  a c c o r d i n g  t o  t h e  

c h e m i c a l  p r o c e d u r e  d e s c r i b e d  p r e v i o u s l y . 1 ,2  T h e  m a t e r i a l s  b a l a n c e  

o f  p r o d u c t s  w it h  r e a c t a n t s  w a s  u s u a l l y  a b o u t  9 5 % . T h e  s e l e c t i v i t y  f o r  

r e a c t io n  v i a  p a t h w a y  A  r e l a t i v e  t o  p a t h w a y  B  w a s  c a lc u l a t e d  f r o m  t h e  

p r o d u c t  d i s t r i b u t i o n  a c c o r d i n g  t o  t h e  e q u a t i o n :  A / B  =  (3 a n d / o r  5 ) / 4 .  

T h e  d a t a  f o r  t h e s e  r e a c t i o n s  a r e  c o l l e c t e d  in  T a b l e  I . T h e  c h a r a c t e r 

iz a t io n  d a t a  f o r  t h e  c o r r e s p o n d in g  p r o d u c t s ,  3 ,4 , a n d  5 ,  a r e  c o l le c t e d  

in  T a b l e  II. T h e  d e t a i l s  f o r  r e a c t i o n  o f  a m m o n i a  (2a), m e t h y la m i n e  

(2b), a n d  e t h y l a m i n e  (2c) in  b e n z e n e ,  a t  r o o m  t e m p e r a t u r e ,  a n d  n -  

p r o p y l a m i n e  (2d) n e a t ,  a t  0 ° C ,  a r e  g i v e n  in  r e f  4. T h e  d e t a i l s  f o r  r e 

a c t i o n  o f  1 w i t h  2d, n - b u t y l a m i n e  (2e), n - h e x y l a m i n e  (2f), n - d e c y -  

l a m i n e  (2g), a n d  n - d o d e c y l a m i n e  (2h) in  b e n z e n e ,  a t  r o o m  t e m p e r a 

t u r e ,  a r e  g i v e n  b e lo w :

Reactions of 1 with H2N(CH2)„H in Benzene at Room Tem
perature. i. With n-Propylamine (2d i to Give 3d and Some 4d.
A  s o l u t i o n  o f  a c e t y l a n t h r a n i l  ( 5  g )  in  b e n z e n e  ( 5 0  c m 3 ) w a s  m i x e d  a t  

r o o m  t e m p e r a t u r e  w i t h  a  s o l u t i o n  o f  n - p r o p y l a m i n e  (2d) ( 2 . 0  g )  in  

b e n z e n e  ( 5 0  c m 3 ). P r e c i p i t a t i o n  b e g a n  t o  o c c u r  w i t h i n  2 0  m in  a n d  

.a p p e a r e d  t o  b e  c o m p le t e  w i t h i n  4  h . T h e  p r e c i p i t a t e  ( 1 . 9  g ; m p  1 1 8 - 1 2 0  

° C )  w a s  s e p a r a t e d  b y  f i l t r a t i o n  a n d  i d e n t i f i e d  a s  ;V - ( 2 - c a r b o x v -  

p h e n y l ) - A " - ( n  - p r o p y l  l a c e t a m  id  in e  (3d) b y  i t s  I R  s p e c t r u m ,  T a b l e  

I I .  T h e  m o t h e r  l iq u o r  w a s  e v a p o r a t e d  t o  d r y n e s s  u n d e r  v a c u u m . T h e  

r e s i d u e  ( 5 .2  g )  w a s  le a c h e d  s e q u e n t i a l l y  w i t h  d i lu t e  a q u e o u s  b a s e  a n d  

t h e n  w i t h  d i lu t e  a q u e o u s  a c i d .  T h e  b a s e - a c i d  i n s o l u b l e  r e s i d u e  ( 0 .5  

g ;  m p  1 2 5 - 1 2 7  ° C )  w a s  i d e n t i f i e d  a s  o - a c e t a m i d o - N - i n - p r o p y l ) -  

b e n z a m i d e  (4d) b y  i t s  IR s p e c t r u m .  T h e  a q u e o u s  e x t r a c t s  w e r e  a l 

lo w e d  t o  r e m a i n  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t ,  d u r i n g  w h i c h  t im e  

a  w h i t e  c r y s t a l l i n e  s o l i d  ( 3 .0  g ;  m p  8 1 - 8 2  ° C )  s e p a r a t e d  f r o m  t h e  a l 

k a l i n e  s o l u t i o n .  T h i s  p r e c i p i t a t e  w a s  i d e n t i f i e d  a s  N - ( n - p r o p y l ) - 2 -  

m e t h y lq u i n a z o l - 4 - o n e  (5d) b y  i t s  I R  s p e c t r u m .  I t  w a s  d e m o n s t r a t e d  

t h a t  5d i s  f o r m e d  f r o m  3d in  a q u e o u s  s o l u t i o n  b y  d i s s o l v i n g  a  1 - g  

s a m p l e  o f  3d in  d i lu t e  a q u e o u s  b a s e  a t  r o o m  t e m p e r a t u r e  t o  g i v e  a  

c l e a r  s o l u t i o n  f r o m  w h i c h  5d ( 0 . 1  g ) p r e c i p i t a t e d  w i t h i n  4  h .

ii. With n-Butylamine (2e) to Give 4e. A  s o lu t io n  o f  1 ( 1 .6  g )  a n d  

n - b u t y l a m i n e  (0 .8  g )  in  b e n z e n e  ( 1 0  c m 3 ) w a s  a l l o w e d  t o  r e a c t  o v e r 

n i g h t  a t  r o o m  t e m p e r a t u r e .  T h e  r e a c t i o n  m i x t u r e  w a s  s e p a r a t e d  a s  

d e s c r ib e d  in  T h e  o n l y  p r o d u c t  i s o l a t e d  ( 2 .2  g ; m p  1 3 2 . 5 - 1 3 3  ° C )  w a s  

o - a c e t a m i d o - ( V - ( n - b u t y l ) b e n z a m i d e  (4e) w h ic h  w a s  i d e n t i f i e d  b y  i t s  

I R  s p e c t r u m  a n d  i t s  m p  ( T a b l e  I I ) .

iii. With n-Hexylamine (2f) to Give 4f and Some 5f. A s o lu t io n  

o f  1 ( 5  g )  a n d  n - h e x y l a m i n e  (2f) ( 3 .0  g )  in  b e n z e n e  ( 5 0  c m 3 ) w a s  a l 

lo w e d  t o  r e a c t  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t .  T h e  r e a c t i o n  m i x t u r e

w a s  s e p a r a t e d  a s  d e s c r i b e d  in  i. T h e  m a j o r  c o m p o n e n t  ( 7 .5  g ;  m p  

9 9 - 1 0 0  ° C ,  a f t e r  r e c r y s t a l l i z a t i o n  f r o m  m e t h a n o l )  w a s  i s o l a t e d  a s  t h e  

in s o lu b le  f r a c t io n  a f t e r  s e q u e n t ia l  e x t r a c t io n  w i t h  d i lu t e  a q u e o u s  b a s e  

a n d  a q u e o u s  a c id .  I t  w a s  i d e n t i f i e d  a s  ( o - a c e t a m i d o ) - i V - ( n - h e x y l ) -  

b e n z a m i d e  (4f) b y  i t s  I R  s p e c t r u m  ( T a b l e  I I ) .  N e u t r a l i z a t i o n  o f  t h e  

a q u e o u s  a c i d  e x t r a c t  w it h  b a s e  g a v e  a  w h i t e  p r e c i p i t a t e  ( 0 .3  g ;  m p

6 4 - 6 6  ° C )  w h i c h  w a s  i d e n t i f i e d  a s  i V - ( n - h e x y l ) - 2 - m e t h y l q u i n a z o l -
4 - o n e  (5f) b y  i t s  I R  s p e c t r u m .

iv. With n-Decylamine (2g) to Give 4g. A  s o lu t io n  o f  1  ( 5  g )  a n d

n - d e c y l a m i n e  ( 4 .8  g )  in  b e n z e n e  ( 3 0  c m 3 ) w a s  a l l o w e d  t o  r e a c t  f o r  5  

h  a t  r o o m  t e m p e r a t u r e .  T h e  c l e a r  s o l u t i o n  p r o d u c e d  t h e r e b y  w a s  

s e p a r a t e d  a s  d e s c r i b e d  u n d e r  i, a n d  o - a c e t a m i d o - i V - ( n - d e c y l ) b e n z -  

a m i d e ,  (4g) (9 .4  g ;  m p  8 5 - 9 0  ° C )  w a s  t h e  o n l y  p r o d u c t  i s o la t e d .  I t  w a s  

i d e n t i f i e d  b y  i t s  I R  s p e c t r u m  ( T a b l e  I I ) .  U n r e a c t e d  1  w a s  i s o l a t e d  a s  

o - a c e t a m i d o b e n z o i c  a c i d  ( 0 .5  g ; m p  1 8 5 - 1 8 6  ° C ) .

v. With n-Dodecyiamine (2h) to Give 4h. A  s o lu t io n  o f  1  ( 1 . 6  g )  

a n d  n - d o d e c y l a m i n e  12 .0  g ;  A r m e e n - 1 2 D )  in  b e n z e n e  ( 4 0  c m 3 ) w a s  

a l l o w e d  t o  r e a c t  f o r  5  h  a t  r o o m  t e m p e r a t u r e .  T h e  s o l u t i o n  w a s  s e p a 

r a t e d  a s  d e s c r i b e d  u n d e r  i, a n d  o - a c e t a n i d o - N - ( n - d o d e c y l ) b e n z -  

a m id e  (4h) ( 3 .5  g ; m p  3 4 - 8 7  ° C )  w a s  t h e  o n l y  p r o d u c t  i s o la t e d .  I t  w a s  

i d e n t i f i e d  b y  i t s  I R  s p e c t r u m  ( T a b l e  I I ) .  U n r e a c t e d  1  w a s  i s o l a t e d  a s  

o - a c e t a m i d o b e n z o i c  a c i d  ( 0 . 1  g ; m p  1 8 6 - 1 8 7  ° C ) .
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Acylanthranils. 7. Influence of the End Group on Selectivity in the 
Reaction of co-Substituted Linear Aliphatic Amines with Acetylanthranil1
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T h e  r e a c t i o n  o f  a c e t y l a n t h r a n i l  ( 1 )  w i t h  t h e  a m i n e s  H 2N ( C H 2 )4 < C  H 2) „  _ 4 Z  (2a, 2b, 3 c )  f o l l o w s  p a t h w a y  B  w h e n  

Z  is  H  (2a), b u t  i t  f o l l o w s  p a t h w a y  A  w h e n  Z  is  a  p o l a r  g r o u p  s u c h  a s  O H  (2b) o r  C O 2 H  (2c). T h i s  r e m o t e  c o n t r o l  o n  

r e a c t i o n  s e l e c t i v i t y  a t  t h e  o t h e r  e x t r e m i t y  i s  a t t r i b u t e d  t o  s t e r i c  h i n d r a n c e  t o  r e a c t i o n  w i t h  1  i m p a r t e d  b y  t h e  

H 2N ( C H 2) 4-  s e g m e n t ,  w h i c h  i s  h e l d  in  t h e  f o r m  o f  a  s i x - m e m b e r e d  N e w m a n  c o i l  b y  t h e  f o r c e  o f  i n t r a m o l e c u l a r  a s 

s o c i a t i o n  o f  t h e  v a n  d e r  V V aa  s  t y p e  w h e n  Z  is  H ,  b u t  w h i c h  is  o v e r c o m e  b y  i n t e r m o le c u la r  h y d r o g e n  b o n d i n g  w h e n  

Z  is  a  O H  o r  C 0 2 H . T h e  r e a c t i o n  f o l l o w s  p a t h w a y  B ,  h o w e v e r ,  w h e n  t h e  t e r m i n a l  g r o u p  is  e s t e r i f i e d .

I t  w a s  o b s e r v e d 2 ,3  t h a t  t h e  p K a v a l u e  f o r  t h e  a m i n e s  i n  

t h e  h o m o l o g o u s  s e r i e s  H 2 N ( C H 2 ) n H  (2a) d o e s  n o t  i n c r e a s e  

w i t h  n  t o  a n  a s y m p t o t i c  l i m i t  a s  e x p e c t e d  b u t  r a t h e r  p e a k s  a t  

n =  2  a n d  t h e n  f a l l s  t o  a  l o w e r  v a l u e ,  w h i c h  r e m a i n s  r e l a t i v e l y  

c o n s t a n t  o v e r  t h e  r a n g e  f r o m  n =  4  t o  2 2 .  T h i s  o b s e r v a t i o n  l e d  

t o  t h e  s p e c u l a t i o n 3  t h a t  o n l y  t h e  t h i r d  a n d / o r  f o u r t h  m e t h 

y l e n e  g r o u p s  a r e  r e s p o n s i b l e  f o r  t h i s  d e v i a t i o n  f r o m  i d e a l i t y ,  

s i n c e  i n c r e a s i n g  t h e  c h a i n  f u r t h e r  d o e s  n o t  i n c r e a s e  t h e  d e 

v i a t i o n .

H a r d  e v i d e n c e  i n  s u p p o r t  o f  t h i s  s p e c u l a t i o n  w a s  n o t e d  i n  

t h e  p r o d u c t  d i s t r i b u t i o n s  o b t a i n e d  i n  t h e  r e a c t i o n  o f  a c e t 

y l a n t h r a n i l  (1) w i t h  t h e  a m i n e s  2a n e a t  o r  i n  a n  o r g a n i c  s o l 

v e n t . 3  T h o s e  a m i n e s  w i t h  n <  3  f o l l o w e d  p a t h w a y  A  e x c l u 

s i v e l y  t o  g i v e  t h e  c o r r e s p o n d i n g  I V - ( 2 - c a r b o x y p h e n y l ) a c e t -  

a m i d i n e  s a l t  3  o r  i t s  c y c l o d e h y d r a t i o n  p r o d u c t  5 ;  w h e r e a s  t h o s e  

a m i n e s  w i t h  n >  3  f o l l o w e d  p a t h w a y  B  e x c l u s i v e l y  t o  g i v e  t h e  

c o r r e s p o n d i n g  o - a c e t a m i d o b e n z a m i d e  4  a s  s h o w n  i n  S c h e m e

I .  A l t h o u g h  r e a c t i o n  w i t h  n - p r o p y l a m i n e  (2a; n  =  3 )  w a s  

d o m i n a t e d  b y  p a t h w a y  A ,  r e a c t i o n  v i a  t h e  a l t e r n a t e  p a t h w a y  

w a s  s o m e w h a t  c o m p e t i t i v e .  T h e  e x a c t  s e l e c t i v i t y  r a t i o ,  h o w 

e v e r ,  d e p e n d e d  o n  t h e  r e a c t i o n  c o n d i t i o n s .

S i n c e  r e a c t i o n  v i a  p a t h w a y  B  i s  f o l l o w e d  o n l y  b y  t h o s e  

a m i n e s  t h a t  e x h i b i t  s o m e  f o r m  o f  s t e r i c  h i n d r a n c e , 4 ’ 5  i t  w a s  

s u g g e s t e d 3  t h a t  t h i s  c r o s s o v e r  i n  r e a c t i o n  s e l e c t i v i t y  a t  n  =  4  

i s  a l s o  c a u s e d  b y  s t e r i c  h i n d r a n c e  a n d  t h a t  i t  i s  i m p a r t e d  b y  

t h e  s e g m e n t  H 2 N ( C H 2 ) 4 - .  I t  w a s  p o s t u l a t e d 3  t h a t  i t  d o e s  s o  

b y  f o r m i n g  i n  s o l u t i o n  a  s i x - m e m b e r e d  c o i l  s i m i l a r  t o  t h a t  

d e s c r i b e d  b y  N e w m a n 6  i n  h i s  “ R u l e  o f  S i x ”  t o  e x p l a i n  t h e  

m a r k e d  d e c r e a s e  i n  r e a c t i v i t y  e x h i b i t e d  b y  c a r b o n y l  c o m 

p o u n d s  t h a t  c a n  c l o s e  a  s i x - m e m b e r e d  r i n g  b y  i n t r a m o l e c u l a r  

a s s o c i a t i o n .

I t  w a s  s h o w n 7  t h a t  a  s i m i l a r  p s e u d o h e t e r o c y c l i c  s e c o n d a r y  

a m i n e  c o n f i g u r a t i o n  c a n  i n d e e d  e x h i b i t  s t e r i c  h i n d r a n c e  i n  t h e  

r e a c t i o n  w i t h  a c e t y l a n t h r a n i l ,  i f  t h e  i n t e g r i t y  o f  t h i s  c o n f i g u -

S c h e m e  I

IB

^ ^ > . C O N H ( C H 2)nH

Ô
^ s n h c o c h 3 

4 a

When n > 4

When n < 4

[ I  - h 2o  

^  o
2>n H

5 a

r a t i o n  i s  m a i n t a i n e d  b y  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g .  

T h u s ,  a m i n e s  s u c h  a s  e t h a n o l a m i n e  a n d  a n t h r a n i l i c  a c i d ,  

w h i c h  a s s o c i a t e  b y  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  i n  n o n 

p o l a r  s o l v e n t s ,  r e a c t  w i t h  a c e t y l a n t h r a n i l  i n  b e n z e n e  v i a  

p a t h w a y  B ,  b u t  i n  p y r i d i n e  o r  i n  a c e t i c  a c i d  t h e y  r e a c t  v i a  

p a t h w a y  A ,  o w i n g  t o  i n t e r m o l e c u l a r  a s s o c i a t i o n  o f  t h e  jS - 

s u b s t i t u t e d  a m i n e s  w i t h  t h e  s o l v e n t ,  w h i c h  p r e c l u d e s  t h e  

f o r m a t i o n  o f  t h e  c y c l i c  c o n f i g u r a t i o n  a n d  h e n c e  p r e c l u d e s  t h e  

s t e r i c  h i n d r a n c e . 7

T h e  q u e s t i o n  n o w  i s  w h e t h e r  o r  n o t  t h e  w e a k  f o r c e  o f  i n 

t r a m o l e c u l a r  a s s o c i a t i o n  o f  t h e  v a n  d e r  W a a l s  t y p e  i s  a l s o  

s u f f i c i e n t  t o  e n s u r e  t h e  i n t e g r i t y  o f  t h e  p s e u d o c y c l i c  c o n f i g 

u r a t i o n  i n  b e n z e n e  s o l u t i o n .  I n  s u c h  a  c o i l e d  c o n f i g u r a t i o n ,  t h e  

H 2 N ( C H 2 ) 4 -  s e g m e n t  l i k e  t h e  a b o v e  r e s e m b l e s  g e o m e t r i c a l l y ,  

b u t  n o t  e l e c t r o n i c a l l y ,  h e t e r o c y c l i c  s e c o n d a r y  a m i n e s ,  w h i c h  

a r e  k n o w n  t o  r e a c t  w i t h  1  v i a  p a t h w a y  B  o w i n g  t o  s t e r i c  h i n 

d r a n c e .

I t  w a s  p o s t u l a t e d 3  t h a t  t h i s  s m a l l  f o r c e  i s  s u f f i c i e n t  t o  r e 

s t r i c t  i n  a q u e o u s  s o l u t i o n  t h e  f r e e  r o t a t i o n  o f  t h e  t e t r a m e t h -  

y l e n e  s e g m e n t  a b o u t  t h e  a m i n o  g r o u p  t o  w h i c h  i t  i s  a t t a c h e d  

a n d  t h e r e f o r e  t o  i n f l u e n c e  d i s p r o p o r t i o n a t e l y  t h e  s t e r i c  r e 

q u i r e m e n t  f o r  h y d r a t i o n  o f  t h e  f r e e  a m i n e  f o r m ,  r e l a t i v e  t o  

t h a t  o f  t h e  a m m o n i u m  i o n  f o r m  t o  a c c o u n t  f o r  t h e  e n t r o p y  

e f f e c t  s u g g e s t e d  b y  B r o w n . 2c  I n  c o n t r a s t  t o  t h e  c h e m i c a l  a b 

e r r a t i o n  n o t e d  i n  a q u e o u s  s o l u t i o n ,  t h e  a f f i n i t y  o f  t h e  a m i n e s  

H 2 N ( C H 2 ) n H  f o r  a  p r o t o n  i n  t h e  g a s  p h a s e  i s  q u i t e  n o r m a l  a s  

p o i n t e d  o u t  b y  A u e . 8  T h i s  o b s e r v a t i o n  i s  n o t  u n e x p e c t e d  o r  

i n c o n s i s t e n t ,  s i n c e  t h e s e  m o l e c u l e s  i n  t h e  g a s  p h a s e  a r e  i n  a  

h i g h e r  e n e r g y  s t a t e ,  w h i c h  i s  s u f f i c i e n t  t o  o v e r c o m e  t h e  w e a k  

f o r c e  o f  i n t r a m o l e c u l a r  a s s o c i a t i o n  t h a t  s u p p o r t s  t h e  c o i l e d  

c o n f i g u r a t i o n  i n  a q u e o u s  s o l u t i o n .  C o n s e q u e n t l y  t h e  m e t h 

y l e n e  c h a i n  i n  t h e  g a s  p h a s e  s h o u l d  r e m a i n  i n  a  m o r e  o p e n  o r  

e x t e n d e d  c o n f i g u r a t i o n ,  w h i c h  d o e s  n o t  i n t e r f e r e  w i t h  t h e  

a p p r o a c h  o f  a  p r o t o n  o r  e n h a n c e  d i s s o c i a t i o n  o f  t h e  a m m o 

n i u m  i o n  a s  i s  a s s u m e d  t o  b e  t h e  c a s e  i n  a q u e o u s  s o l u t i o n .

I f  t h i s  p o s t u l a t i o n  i s  c o r r e c t ,  t h e n  t h e  s e t s  o f  a m i n e s  

H 2 N ( C H 2 ) „ Z ,  w h e r e  t h e  to g r o u p  Z  i s  a  p o l a r  g r o u p ,  s u c h  a s  O H  

(2b) o r  C 0 2H  ( 2 c ) ,  s h o u l d  n o t  e x h i b i t  t h e  c h e m i c a l  a b e r r a t i o n  

t h a t  i s  e x h i b i t e d  i n  s o l u t i o n  a t  r o o m  t e m p e r a t u r e  b y  t h e  s e t  

2a, w h e r e  Z  =  H .  T h e  r e l a t i v e l y  s t r o n g  f o r c e  o f  i n t e r m o l e c u l a r  

h y d r o g e n  b o n d i n g  w i t h  t h e  s e t s  2b a n d  2c s h o u l d  e a s i l y  

o v e r c o m e  t h e  w e a k e r  f o r c e  o f  i n t r a m o l e c u l a r  v a n  d e r  W a a l ’ s  

a s s o c i a t i o n  e x t a n t  i n  t h e  s e t  2a t o  e n s u r e  t h a t  t h e  a m i n e s  2b 
a n d  2c r e m a i n  i n  o p e n  c o n f i g u r a t i o n ,  e s p e c i a l l y  i n  a  p o l a r  

s o l v e n t ,  a s  s h o w n  i n  S c h e m e  I I .  A c c o r d i n g l y ,  l o n g - c h a i n  a l i 

p h a t i c  a m i n e s  w i t h  a  p o l a r  s u b s t i t u e n t  i n  t h e  to p o s i t i o n s  

s h o u l d  b e h a v e  c h e m i c a l l y  t o w a r d  e l e c t r o p h i l i c  r e a g e n t s  l i k e  

s i m p l e  s h o r t - c h a i n  a l i p h a t i c  a m i n e s  s u c h  a s  e t h y l a m i n e .

S u p p o r t  f o r  t h i s  p r e m i s e  c a n  b e  f o u n d  i n  t h e  d a t a  p u b l i s h e d  

b y  G i r a u l t  a n d  R u m p t ,  w h o  r e p o r t e d 9  i n  1 9 5 8  t h a t  u n l i k e  t h e  

a m i n e s  H 2 N ( C H 2 ) n H  t h e  p K a v a l u e s  f o r  t h e  a m i n e s  

H 2 N ( C H 2 ) n O H  (2b) (n  =  0  t o  6 ) i n c r e a s e  m o n o t o n i e a l l y  f r o m

5 . 9 6  f o r  n  =  0  t o  1 0 . 6 2  f o r  n  =  6 . O n  t h e  b a s i s  o f  t h e s e  d a t a ,  

h o w e v e r ,  o n e  c a n n o t  s a y  u n e q u i v o c a l l y  t h a t  t h e  c h e m i c a l

0022-3263/78/1943-1884$01.00/0 © V 78 American Chemical Society
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%  u n i t s  o f  1  C a l c d

Table I. Products Isolated from the Reaction of 1 with H2N(CH2)nZ, 2____________

A m i n e  __________________________ R e a c t i o n  c o n d i t i o n s  ________________  i s o l a t e d  a s  s e l e c t i v i t y

S e r i e s n Z S o l v e n t T e m p ,  ° C T i m e 4 ~ T 5 A / B  =  ( 3  a n d / o r  5 ) / 4

2 a < 4 H B e n z e n e r t 4  h 0 a a > 1 6 / 1 “
> 4 H B e n z e n e r t 1  d a y a 0 0 > 1 / 2 3 °

2 b 2 O H N e a t r t 1  d a y b 0 0 > l / 2 5 fc
2 O H P y r i d i n e r t 1  d a y 0 0 b < 5 0 / 1 6

3 O H c 8 0 2 0  m i n b 0 b 2 / 1 6

3 O H P y r i d i n e r t 1  d a y b 0 b 1 7 / 1 b
3 O H N e a t r t 1  d a y 0 0 b > 5 0 / 1 6

6 O H c 1 0 0 l h 0 0 6 2 > 5 0 / 1 d
2 c 2 C 0 2 H A c e t i c  a c i d R e f l u x 3  h 0 0 1 0 0 > 5 0 / 1

P y r i d i n e r t 1  d a y 0 0 9 5 > 5 0 / 1

3 c o 2 h A c e t i c  a c i d r t 1  w k 0 0 8 0 > 5 0 / 1 °

P y r i d i n e r t 1  d a y 0 0 1 0 0 > 5 0 / 1

5 c o 2 h A c e t i c  a c i d r t 1  w k 0 0 8 0 > 5 / 1 /

P y r i d i n e r t 1  d a y 0 0 1 0 0 > 5 0 / 1

2 d 6 g c 1 0 0 4  h 9 0 0 0 < 1 / 2 5

°  D a t a  t a k e n  f r o m  r e f  3 .  b D a t a  t a k e n  f r o m  r e f  7 . c 1  m a d e  t o  r e a c t  w i t h  a n  e q u i v a l e n t  w e i g h t  o f  a m i n e  b y  f u s i o n  a t  t h e  t e m p e r a t u r e  

i n d i c a t e d .  d 1 7 %  o f  t h e  u n i t s  o f  1  i s o l a t e d  a s  6 - ( o - a c e t a m i d o b e n z c a r b o x y ) - r c - h e x y l a m i n e ,  2d, a n d  1 6 %  i s o l a t e d  a s  4d, t h e  o - a c e t a m i -  

d o b e n z a m i d e  o f  2d. e 1 4 %  o f  t h e  u n i t s  o f  1  w e r e  i s o l a t e d  a s  o - a c e t a m i d o b e n z o i c  a c i d ,  f  2 0 %  o f  t h e  u n i t s  o f  1  w e r e  i s o l a t e d  a s  o - a c e t a m -  

i d o b e n z o i c  a c i d ,  i n d i c a t i v e  t h a t  t h e s e  r e a c t i o n s  ( n o t e s  e  a n d  f )  w e r e  n o t  y e t  c o m p l e t e  w h e n  t e r m i n a t e d .  *  T h e  g r o u p  i s  o -

( C H 3 C 0 N H ) P h C 0 2 .

Table II. Characterization Data for Reaction Products 4 and 5 in Table I

P r o d u c t

R e g i s t r y

n o .

m p ,

° C

K e y  I R °  a b s  

b a n d s  i n  p m N M R 6 d a t a  i n  r  v a l u e s

A m i d e

4d (n  =  6 ) f r o m  

a m i n e  2d ( n  =  6 )

6 5 4 5 3 - 0 0 - 1

6 5 4 5 3 - 0 1 - 2

1 4 4 - 5 3 . 0 ,  3 . 1 ,  5 . 8 ,  6 .0 ,  

6 . 2 ,  6 . 3 ,  6 . 6

( C D C I 3 ) 1 . 2 - 3 . 0  ( c p x ,  A r ,  - 1 . 2  a n d  3 . 5  

( b r ,  N H ) ,  5 . 6 3  ( t ,  C H 2 0 ) ,  6 . 5 2  ( q ,  C H 2 N H ) .  

7 . 7 5  a n d  7 . 8 0  ( s ,  C H 3 ) . 8 . 0 - 8 . 6  ( C H 2 ) 4

Q u i n a z o l o n e s  

5b (n = 6 ) f r o m  

a m i n e  2b (n  =  6 )

6 5 4 5 2 - 9 2 - 8

4 0 4 8 - 3 3 - 3

1 2 0 - 1 2 .9 ,  6 . 1 ,  6 . 3 ( C D C h )  1 . 6 - 2 . 7  ( c p x ,  A r ) ,  5 . 8 8  ( t ,  C H 2 N ) ,  

6 . 3 2  ( t ,  C H 2 0 ) ,  7 . 3 4  ( s ,  C H 3 ) ,  7 . 6 3  ( s ,  O H ) ,  

8 . 0 - 8 . 6  ( C H 2 ) 4

5c (n = 2 )  f r o m  

a m i n e  2c (n =  2 )

6 5 4 5 2 - 9 3 - 9

1 0 7 - 9 5 - 9

2 1 8 - 2 0 3 . 3 - 4 . 3 ,  5 . 9 ,  6 . 3 ,  6 .4

5 c  (n  =  3 ) 6 5 4 5 2 - 9 4 - 0
1 1 4 - 5  1 

1 4 l - 2 d )

3 . 0 - 4 . 3 ,  5 . 7 ,  5 . 9 ,  6 . 1 ,  

6 . 3 ,  6 .4

; M e 2 S O - d 6 ) 1 . 7 - 2 . 6  ( c p x ,  A r ) ,  5 . 8 8  ( t ,  

C H 2 N ) ,  7 . 3 3  ( s ,  C H 3 ) ,  7 . 5 7  ( t ,  C H 2 C = 0 ) ,  

8 .0 6  ( c p x ,  C H 2 )

5c (n  =  5 ) 6 5 4 5 3 - 0 2 - 3 1 7 9 - 8 0 3 . 2 - 4 . 3 ,  5 . 8 ,  6 .0 ,  6 . 3 ,  6 .4

A m i n e  

2d (n  = 6 ) ° O i l 3 . 1  b r ,  5 . 8 ,  6 . 1 ,  6 . 3 ,  6 . 6

0  b r  =  b r o a d .  b c p x  =  c o m p l e x ,  b r  =  b r o a d ,  t  =  t r i p l e t ,  q  =  q u a r t e t ,  s  =  s i n g l e t .  c o - ( C H 3 C O H N ) P h C 0 2 ( C H 2 ) 6 N H 2, i . e . ,  t h e  o - a c e -  

t a m i d o b e n z o a t e  o f  a m i n e  2 b  (n  =  6 ) . d H y d r a t e s .

a b e r r a t i o n  i n  p K a a s  a  f u n c t i o n  o f  n  n o t e d  i n  t h e  s e t  2 a  w a s  

a v o i d e d  i n  t h e  s e t  2 b  b e c a u s e  s t e r i c  h i n d r a n c e  t o  f o r m a t i o n  

o f  t h e  a m m o n i u m  i o n  w a s  a v o i d e d  o r  t h a t  t h e  r e v e r s e  r e a c t i o n  

w a s  s u p p r e s s e d  b y  a v o i d i n g  t h e  e n t r o p y  e f f e c t s  n o t e d  b y

H h J ' ,CH^ 0H

S c h e m e  I I

V  Y h  S r S H2N(CH2)n OH S

2 b '
/  \  /

H CHjCHj

2 b

S + H ,N IC H ; )r OH S

2 b "

1

5b

B r o w n , 2c  o r  b o t h ,  s i n c e  p K a i s  o n l y  a  m e a s u r e  o f  t h e  e q u i l i b 

r i u m  s t a t e  o f  t h e  s y s t e m .

T h e  p r o d u c t  d i s t r i b u t i o n  o b t a i n e d  i n  t h e  r e a c t i o n  o f  a m i n e s  

w i t h  a c e t y l a n t h r a n i l  i s  a  m o r e  d e f i n i t i v e  t e s t ,  s i n c e  t h e  p r o d 

u c t s  a r e  f o r m e d  i r r e v e r s i b l y  a n d  t h e r e f o r e  t h e  r e a c t i o n  s e 

l e c t i v i t y  w i l l  i n d i c a t e  t h e  p r e s e n c e  o r  a b s e n c e  o f  s t e r i c  h i n 

d r a n c e  t o  t h e  f o r w a r d  r e a c t i o n  o n l y .  A c c o r d i n g l y ,  a c e t y l a n 

t h r a n i l  w a s  m a d e  t o  r e a c t  w i t h  t h e  a m i n o  a l c o h o l s  

H 2 N ( C H 2 ) n O H  ( 2 b )  (n  =  2 ,  3 ,  a n d  6 ) . T h e s e  r e s u l t s  a r e  c o l 

l e c t e d  i n  T a b l e  I  f o r  e a s y  c o m p a r i s o n  w i t h  r e s u l t s  o b t a i n e d  

e a r l i e r 3  w i t h  t h e  a m i n e s  H 2 N ( C H 2) n H  ( 2 a ) .  T h e  c o r r e 

s p o n d i n g  c h a r a c t e r i z a t i o n  d a t a  f o r  t h e  p r o d u c t s  o f  r e a c t i o n  

w i t h  2 b  a r e  c o l l e c t e d  i n  T a b l e  I I .

I n  c o n t r a s t  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  2 a ,  t h e  d a t a  s h o w  

t h a t  t h e  a m i n o  a l c o h o l s  2 b  f o l l o w  p a t h w a y  A  p r e f e r e n t i a l l y  

f o r  t h e  v a l u e s  o f  n >  2  a n d  e v e n  f o r  n  =  2  w h e n  t h e  r e a c t i o n  

i s  c a r r i e d  o u t  i n  a  p o l a r  s o l v e n t  a s  m e n t i o n e d  e a r l i e r .

T o  m a k e  c e r t a i n  t h a t  t h i s  r e m o t e  c o n t r o l  o n  r e a c t i o n  s e 

l e c t i v i t y  o f  t h e  a m i n o  g r o u p  i n  t h e  w  p o s i t i o n  i s  n o t  u n i q u e  t o  

c o - s u b s t i t u t e d  a m i n o  a l c o h o l s ,  a c e t y l a n t h r a n i l  w a s  m a d e  t o
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Scheme III

react w ith the carboxylic acids H2N(CH2),,C 02H (2c) (n = 
2, 3, and 5). Again the reaction products were separated and 
identified and the selectivity was calculated from the product 
distribution as described previously.9 These data are also 
collected in Table I and the characterization data for the 
products isolated are collected in Table II. As expected, the 
selectivity data show that all the amines in the set 2c follow 
pathway A preferentially. This uniform result is in sharp 
contrast to that obtained w ith the set 2a, which shows cross
over in selectivity from pathway A to B at n = 4.

That this remote control over reaction selectivity is at
tributable to intermolecular hydrogen bonding by the polar 
groups at the terminal positions is demonstrated further by 
the results obtained w ith 6 -(2 -acetamidobenzcarboxy)-n- 
hexylamine (2d) (n = 6 ), which was isolated as a component 
of the complicated product mixture obtained when 6 - 
amino-ri-hexanol- 1  (2b) (n = 6 ) was made to react w ith an 
equivalent amount of acetylanthranil by fusion at 100 °C. In 
this reaction 62% of the acetylanthranil units was isolated as 
N-(6-hvdroxyhexamethylene)-2-methylquinazol-4-one (5b) 
{n = 6 ), 17% as 6-(2-acetamidobenzcarboxy)-n-hexylamine 
(2d) (n = 6 ), and 16%as4d, the o-acetamidobenzamide of 2d. 
The formation of these products can be rationalized as out
lined in Scheme III . That 4d (n = 6 ) was indeed formed from 
2d (n = 6 ) was demonstrated when 2d (n = 6 ) was made to 
react w ith an equivalent amount of 1 by fusion at 100 °C to 
give 4d (n = 6 ) as the major product of reaction, exclusive of 
the alternative possible product [i.e., the 2 -acetamidobenzoate 
ester of 5b (n = 6 )]. This result indicates that selectivity re
verts to pathway B, inferring steric hindrance, when the 
possibility for intermolecular hydrogen bonding is decreased 
owing to esterification of the terminal OH group.

The results obtained in this investigation are consistent 
w ith the hypothesis that the amines H 2N(CH 2 )4 (CH2 )n_4Z 
exhibit steric hindrance to reaction w ith electrophiles when 
Z is H owing to the H 2N(CH 2 )4-  segment, which assumes a 
six-membered Newman coil configuration. When Z is a polar 
substituent, however, the intramolecular force that holds the 
cyclic configuration is overcome by intermolecular hydrogen 
bonding so that the amine can now react with the electrophilic 
reagent without steric hindrance.

Experimental Procedures

T h e  g e n e r a l  p r o c e d u r e  f o r  r e a c t i o n  o f  a c e t y l a n t h r a n i l  ( 1 )  w i t h  a l i 

p h a t i c  a m i n e s  2  a n d  t h e  s e p a r a t i o n  a n d  i d e n t i f i c a t i o n  o f  t h e  p r o d u c t s

3 , 4 ,  a n d  5  a r e  d e s c r i b e d  in  p r e c e d i n g  p u b l i c a t i o n s . 3 ’5 '7 T h e  m a t e r i a l s  

b a l a n c e  o f  p r o d u c t s  w i t h  r e a c t a n t s  w a s  u s u a l l y  m o r e  t h a n  9 0 %  s o  t h a t  

r e l i a b l e  c a lc u l a t i o n  o f  t h e  r e a c t io n  s e l e c t i v i t y  c o u ld  b e  m a d e  f r o m  t h e  

c o r r e s p o n d i n g  p r o d u c t  d i s t r i b u t i o n  a s  n o t e d  in  T a b l e  I .  C h a r a c t e r 

iz a t io n  d a t a  f o r  t h e  p r o d u c t s  i s o la t e d  a r e  c o l le c t e d  in  T a b l e  I I .  S p e c i f i c  

d e t a i l s  a n d  s l i g h t  m o d i f i c a t i o n s  in  p r o c e d u r e  t o  a c c o m m o d a t e  t h e  

b i f u n c t i o n a l  a m i n e s  i n v e s t i g a t e d  a r e  n o t e d  b e lo w .

A. Reaction of 1 with the Amines H2N(CH2)„H (2a) in Ben
zene. T h e s e  p r o c e d u r e s  a r e  d e s c r i b e d  in  r e f  3 .

B. Reaction of 1 with the Amines H2N(CH2)„OH (2b). ( i)  

e t h a n o la m i n e  2b (n = 2 )  i s  d e s c r i b e d  in  r e f  7 ;  ( i i )  3 - a m i n o  p r o p a n o l  

(2b) (n =  3 )  is  d e s c r i b e d  in  r e f  7 ;  ( i i i )  6 - a m i n o - n - h e x a n o l - l  (2b) (n =
6 ).

A c e t y l a n t h r a n i l  ( 5  g )  a n d  6 - a m i n o - n - h e x a n o l - l  (2b; n = 6 ) ( 5  g ) 

w e r e  w a r m e d  o n  a  s t e a m  b a t h  f o r  1  h . T h e  s o lu t io n  w a s  a l lo w e d  t o  c o o l 

t o  r o o m  t e m p e r a t u r e  o v e r n i g h t .  T h e  s o l i d  p r o d u c t  w a s  g r o u n d  t o  a  

f i n e  p o w d e r  a n d  t h e n  l e a c h e d  s e q u e n t i a l l y  w i t h  c o ld  d i l u t e  a q u e o u s  

b a s e  a n d  a q u e o u s  a c id .  T h e  I R  a n d  N M R  s p e c t r a  o f  t h e  i n s o l u b l e  

r e s i d u e  ( 1 . 1  g )  i n d i c a t e d  t h a t  t h i s  m a t e r i a l  w a s  4d (n  =  6), i .e . ,  t h e  

2 - a c e t a m i d o b e n z a m i d e  d e r i v a t i v e  o f  6 - ( 2 - a c e t a m i d o b e n z c a r b o x y ) -  

n - h e x y l a m i n e  (2d) [n =  6 ) . R e c r y s t a l l i z a t i o n  o f  t h i s  a m id o  e s t e r  f r o m  

m e t h a n o l  g a v e  4d (n  =  6 ) in  t h e  fo r m  o f  c o lo r le s s  c r y s t a l s  ( m p  1 4 4 - 1 4 5  

° C ) .  T h e  a s s ig n e d  s t r u c t u r e  o f  t h e  r e c r y s t a l l i z e d  p r o d u c t  w a s  v e r i f i e d  

b y  i t s  N M R  a n d  I R  s p e c t r a  ( T a b l e  I I ) .  T h e  a q u e o u s  a c i d  e x t r a c t  w a s  

m a d e  a l k a l i n e  w i t h  d i lu t e  a q u e o u s  b a s e  a n d  a  v i s c o u s  o r a n g e  o i l  ( 1 . 6  

g )  s e p a r a t e d  f r o m  s o lu t io n .  T h e  I R  s p e c t r u m  ( T a b l e  I I )  o f  t h i s  o i l  

i n d i c a t e d  t h a t  t h i s  p r o d u c t  w a s  6 - ( 2 - a c e t a m i d o b e n z c a r b o x y ) - n -  

h e x y l a m i n e  (2d) (n  =  6 ) . A  s a m p l e  o f  t h e  o i l  ( 1  g )  w a s  f u s e d  w i t h  a n  

e q u a l  w e i g h t  o f  a c e t y l a n t h r a n i l  t o  g i v e  4d (n =  6 ) in  g o o d  y i e l d  ( 1 . 5  

g ; m p  1 4 2 - 1 4 4  ° C )  ( n o  d e p r e s s i o n  w i t h  t h e  a b o v e  s a m p l e ) .  T h e  

a q u e o u s  a l k a l i n e  m o t h e r  l i q u o r  f r o m  w h ic h  2d ( n  =  6 ) w a s  s e p a r a t e d  

w a s  a l l o w e d  t o  r e m a i n  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t ,  d u r i n g  w h i c h  

t i m e  N - ( 6 - h y d r o x y - n - h e x y l ) 2 - m e t h y l q u i n a z o l - 4 - o n e  (5b) (n =  6 ) 

s e p a r a t e d  in  t h e  f o r m  o f  a  w h i t e  p o w d e r  ( 4 .8  g ; m p  1 2 0 - 1 2 1  ° C ) .  T h e  

a s s i g n e d  s t r u c t u r e  w a s  c o n f i r m e d  b y  i t s  I R  a n d  N M R  s p e c t r a  ( T a b l e  

I I ) .  T h u s  6 2 %  o f  t h e  a c e t y l a n t h r a n i l  u n i t s  w e r e  i s o l a t e d  a s  5b (n =  6 ), 

1 7 %  a s  2d (n -  6 ). a n d  1 6 %  a s  4d (n =  6 ).

C .  Reactions with the Amines H2N(CH2)nC02H, (2c). i. 3- 
Aminopropionic Acid ( n  =  2). A  s o l u t i o n  o f  1  ( 5  g )  a n d  3 - a m i n o -  

p r o p i o n i c  a c i d  (2c) (n =  2 )  ( 5  g )  in  a c e t i c  a c i d  ( 6 0  c m 3 ) w a s  a l l o w e d  

t o  r e a c t  a t  r e f l u x  f o r  3  h . T h e  s o lu t io n  w a s  c o o le d  t o  r o o m  t e m p e r a t u r e  

a n d  t h e n  a d d e d  t o  5 0 0  c m 3  o f  c o ld  w a t e r  t o  c a u s e  p r e c i p i t a t i o n  o f  t h e  

p r o d u c t  a s  a  w h i t e  p o w d e r  ( 8  g ) ,  w h i c h  w a s  s o l u b l e  in  N a H C 0 3 . R e 

c r y s t a l l i z a t i o n  f r o m  h o t  w a t e r  g a v e  t h e  p r o d u c t  in  t h e  f o r m  o f  w h i t e  

c r y s t a l s  ( 7 .2  g ;  m p  2 1 8 - 2 2 0  ° C )  w h i c h  w e r e  i d e n t i f i e d  a s  N - ( 2 - c a r -  

b o x y e t h y l ) - 2 - m e t h v l q u i n a z o l - 4 - o n e  (5c) (n =  2 )  b y  i t s  I R  s p e c t r u m  

( T a b l e  I I )  a n d  b y  i t s  e le m e n t a r y  a n a ly s i s .  A n a l .  C a l c d  f o r  C 12 H 1 2 N 2O 3 : 

C ,  6 2 .0 6 ;  H ,  5 . 2 i ;  N ,  1 2 . 4 9 ;  N E ,  2 3 2 . 2 .  F o u n d :  C ,  6 2 . 1 ;  H ,  5 . 3 ;  N ,  1 2 . 1 ;  

N E ,  2 2 8 .

T h e  q u i n a z o l o n e  c a r b o x y l i c  a c i d  w a s  a l s o  o b t a i n e d  in  g o o d  y i e l d  

w h e n  t h e  r e a c t i o n  w a s  r e p e a t e d  u s i n g  p y r i d i n e  a s  s o l v e n t  a t  r o o m  

t e m p e r a t u r e .  T h e  r e a c t i o n  m i x t u r e  w a s  s e p a r a t e d  e s s e n t i a l l y  a s  d e 

s c r i b e d  in  d e t a i l  f o r  r e a c t i o n  o f  1  w i t h  2 c  i n  =  5 ) .

ii. 4-Aminobutyric Acid (n = 3). A  s o l u t i o n  o f  1 ( 5  g )  a n d  4 - a m i -  

n o b u t y r i c  a c i d  (2c) (n =  3 )  ( 5  g )  in  a c e t i c  a c i d  ( 5 0  c m 3 ) w a s  a l l o w e d  

t o  r e a c t  a t  r o o m  t e m p e r a t u r e  f o r  1  w e e k .  T h e  e x c e s s  s o l v e n t  w a s  r e 

m o v e d  a t  a b o u t  1 0  m m H g  p r e s s u r e  in  a  r o t a r y  f i l m  e v a p o r a t o r .  T h e  

n o n v o l a t i l e  p r o d u c t  w a s  l e a c h e d  w i t h  w a t e r  t o  d i s s o l v e  t h e  a c e t a m i -  

d in e  s a l t ,  le a v i n g  a  p o w d e r y  r e s i d u e  (0 .8  g ; m p  1 8 2 - 1 8 3  ° C ) ,  w h ic h  w a s  

i n d e n t i f i e d  a s  o - a c e 'a m i d o b e n z o i c  a c i d  b y  i t s  I R  s p e c t r u m  a n d  m i x 

t u r e  m e l t i n g  p o i n t  w i t h  a n  a u t h e n t i c  s a m p l e .  T h e  m o t h e r  l i q u o r  w a s  

a l l o w e d  t o  r e m a i n  a :  r o o m  t e m p e r a t u r e  o v e r n i g h t .  D u r i n g  t h i s  t i m e  

t h e  a c e t a m i d i n e  s a l t  w a s  c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  q u i n a z o lo n e  

c a r b o x y l i c  a c i d ,  w h i c h  p r e c i p i t a t e d  f r o m  s o l u t i o n  a s  a  w h i t e  p o w d e r .  

T h e  p o w d e r  w a s  r e c r y s t a l l i z e d  f r o m  h o t  w a t e r  t o  g i v e  t h e  p r o d u c t  in  

t h e  f o r m  o f  w h i t e  c r y s t a l s  ( 6 .5  g ) ,  w h i c h  m e l t e d  a t  1 1 4 - 1 1 5  ° C  w i t h  

e v o l u t i o n  o f  a  g a s ,  s o l i d i f e d ,  a n d  r e m e l t e d  a t  1 4 1 - 1 4 2  ° C .  A  s a m p l e  

w a s  f u s e d  a t  1 2 0  ° C  u n t i l  b u b b l i n g  w a s  c o m p le t e d  t o  g iv e  a  w h i t e  s o l id  

t h a t  r e m e l t e d  a t  1 4 0  3 C . T h e  I R  a n d  N M R  s p e c t r a ,  T a b l e  I I ,  i n d ic a t e d  

t h a t  t h e  s a m p l e  m e l t i n g  a t  1 1 4  ° C  a n d  t h a t  a t  1 4 1  ° C  w e r e  h y d r a t e s  

o f  A - ( 3 - c a r b o x y p r o p y l ) - 2 - m e t h y l q u i n a z o l - 4 - o n e  (5c) (n =  3 ) .

T h u s  1 4 %  o f  t h e  a c e t y l a n t h r a n i l  u n i t s  w e r e  r e c o v e r e d  a s  a c e t y l a n -  

t h r a n i l i c  a c id ,  in d ic a t in g  in c o m p le t e  r e a c t io n ,  a n d  8 0 %  w e r e  r e c o v e r e d  

a s  t h e  q u i n a z o l o n e  c a r b o x y l i c  a c i d  5 c  (n =  3 ) .

C o n v e r s i o n  o f  1  t o  t h e  q u i n a z o l o n e  c a r b o x y l i c  a c i d  w a s  9 0 %  c o m 

p le t e  w h e n  t h e  r e a c t i o n  w a s  a l l o w e d  t o  o c c u r  o v e r n i g h t  in  p y r i d i n e  

a t  r o o m  t e m p e r a t u r e .  T h e  p r o d u c t  w a s  i s o l a t e d  e s s e n t i a l l y  a s  d e 

s c r i b e d  in  d e t a i l  f o r  r e a c t i o n  o f  1  w i t h  2 c  (n =  5 ) .

iii. 6-Aminocaproic Acid (n = 5 ) .  A  s o l u t i o n  o f  1  ( 5  g )  a n d  6 - 

a m i n o c a p r o i c  a c i d  ( 2 c )  (n =  5 )  ( 4 .0  g )  in  a c e t i c  a c i d  ( 3 0  c m 3 ) w a s  a l 
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lo w e d  t o  r e a c t  a t  r o o m  t e m p e r a t u r e  f o r  1  w e e k ;  t h e  r e a c t i o n  m i x t u r e  

w a s  s e p a r a t e d  e s s e n t i a l l y  a s  d e s c r i b e d  in  d e t a i l  f o r  r e a c t i o n  o f  1  w i t h  

2c (n = 3 ) .  A b o u t  2 0 %  o f  t h e  a c e t y l a n t h r a n i l  u n i t s  w e r e  r e c o v e r e d  a s  

o - a c e t a m i d o b e n z o i c  a c i d  ( m p  1 8 5 - 1 8 6  ° C )  a n d  t h e  r e s t  w a s  i s o l a t e d  

a s  N - ( 5 - c a r b o x y - n - p e n t y l ) - 2 - m e t h y l q u i n a z o l - 4 - o n e  (5c) (n =  5 )  ( m p  

1 7 9 - 1 8 0  0 Cl). T h e  a s s i g n e d  s t r u c t u r e  w a s  v e r i f i e d  b y  i t s  I R  s p e c t r u m  

a n d  b y  i t s  N E  ( c a lc d  2 7 4 ;  o b s d  2 7 7 ) .

A n o t h e r  s o l u t i o n  o f  1  ( 5  g )  a n d  2c (n =  5 )  in  p y r i d i n e  ( 4 0  c m 3 ) w a s  

a l lo w e d  t o  r e a c t  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t .  D u r i n g  t h i s  t i m e  t h e  

q u i n a z o lo n e  p r o d u c t  s e p a r a t e d  a s  a  w h i t e  p o w d e r  ( 4 .8  g ; m p  1 6 9 - 1 7 1  

° C ) ,  w h i c h  w a s  r e m o v e d  b y  f i l t r a t i o n .  T h e  m o t h e r  l i q u o r  w a s  e v a p o 

r a t e d  t o  d r y n e s s  a t  6 0  ° C  ( 1 0  m m H g ) .  T h e  n o n v o l a t i l e  s e m i s o l i d  r e s 

id u e  w a s  le a c h e d  w i t h  w a t e r  t o  r e m o v e  p y r i d i n e .  T h e  I R  s p e c t r u m  o f  

t h e  c r y s t a l l in e  r e s i d u e  ( 3 . 1  g ;  m p  1 7 2 - 1 7 5  ° C )  w a s  e s s e n t i a l l y  t h e  s a m e  

a s  t h a t  f r a c t io n  m e l t in g  a t  1 6 9 - 1 7 1  ° C  ( n o  d e p r e s s io n  in  m e l t in g  p o in t  

w i t h  a  m i x e d  s a m p l e ) .  T h e  t w o  f r a c t i o n s  w e r e  c o m b i n e d  a n d  r e c r y s 

t a l l i z e d  f r o m  h o t  w a t e r  t o  g i v e  N - ( 5 - c a r b o x y - n - p e n t y l ) - 2 - m e t h y l -  

q u i n a z o l - 4 - o n e  (5c) (n -  5 )  in  t h e  f o r m  o f  w h i t e  c r y s t a l s  ( 7 .3  g ; 

1 7 9 - 1 8 0  ° C ) .  T h e  I R  s p e c t r u m  o f  t h i s  s a m p l e  w a s  i d e n t i c a l  t o  t h a t  

o b t a i n e d  v i a  r e a c t i o n  in  a c e t i c  a c id .

Registry No.— 1,5 2 5 - 7 6 - 8 ;  2c (n = 3 ) ,  5 6 - 1 2 - 2 ;  2c (n =  5 ) ,  6 0 - 3 2 - 2 ;  

o - a c e t a m i d o b e n z o i c  a c i d ,  8 9 - 5 2 - 1 .
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A l t h o u g h  h y d r o c a r b o n  a m i n e s  w i t h  t h e  g e n e r a l  f o r m u l a  I B N l C l B h R  (2 )  r e a c t  “ a b n o r m a l l y ”  w i t h  a c e t y l a n t h r a -  

n i l  ( 1 )  t o  g i v e  t h e  c o r r e s p o n d i n g  o - a c e t a m i d o b e n z a m i d e  ( 4 ) ,  a n a l o g o u s  a m .n e s  t h a t  d o  n o t  h a v e  a  h y d r o g e n  a t o m  

a t  t h e  c r i t i c a l  f o u r t h  c a r b o n  p o s i t i o n  r e m o v e d  f r o m  t h e  a m i n o  g r o u p  r e a c t  “ n o r m a l l y ”  w i t h  1  t o  g i v e  t h e  c o r r e s p o n d 

in g  a c e t a m i d i n e  s a l t  3 .  T h e s e  r e s u l t s  s u p p o r t  t h e  p r e m i s e  t h a t  t h e  “ a b n o r m a l ”  s e l e c t i v i t y  i s  c a u s e d  b y  t h e  a m i n o t e -  

t r a m e t h y l e n e  s e g m e n t ,  w h i c h  f o r m s  a  s i x - m e m b e r e d  N e w m a n  c o i l  d u e  t o  i n t r a m o l e c u l a r  v a n  d e r  W a a l s  a t t r a c t i o n  

o f  h y d r o g e n  f o r  n i t r o g e n .

I t  was reported2’3 that the reaction selectivity of acetylan
thranil w ith the linear aliphatic amines H 2N(CH 2)nH is de
pendent upon the number of methylene groups in the a li
phatic c.iain. When n < 3 the reaction follows pathway A ex
clusively to give the corresponding acetamidine intermediate 
3 or its cyclodehydration product 5, but when n > 3 the reac
tion follows pathway B exclusively to give the corresponding 
o-acetamidobenzamide (4) as shown in Scheme I. Reaction 
with n-propylamine (2a) (n = 3) follows both pathways in the 
relative ratio of A/B > 17/1.

Since pathway B is associated w ith amines that exhibit 
steric hindrance to reaction with other electrophiles, whereas 
pathway A is associated w ith amines that do not,4 it  was sug-

Scheme I

O CX*
+ H2N(CH2)nZ

2a. Z = H 
2b. Z = OH 
2c. Z = CO2H

3a. n<4, Z = H 
3b. Z = OH 
3c. Z = COpH

4a, na4, Z = H 
4b, n=2, Z = OH neat

5a, n<4, Z = H 
5b, Z = CH 
5c. Z = C02H

gested3 that steric hindrance is also responsible for the sharp 
crossover in reaction selectivity w ith 1 at n = 4, and it  was 
postulated further that this steric hindrance is caused by the 
H 2N (0 1 1 2 )4— segment, which is held in the form of a six- 
membered ring by the small force of intramolecular associa
tion of the var. der Waals type3 as shown in Figure 1. Such a 
configuration is similar to that proposed by Newman5 in his 
“ Rule of Six”  to explain the observed marked decrease in rate 
of saponification for amides and esters of aliphatic acids with 
more than three carbon atoms in the chain.

Support of This point of view is fcund in the observation6 
that the long-chain aliphatic amines H 2N(CH2)nOH (2b) and 
H 2N(CH2)nC 02H (2c) react w ith 1 via pathway A, showing 
that interaction with 1 occurs without steric hindrance, when 
the long-chain amine has a polar group in the w position. This 
remote control by the polar substituent, OH or C 02H, on the 
reaction selectivity of the N H 2 group at the other extremity 
is attributed to the intermolecular hydrogen bonding, espe
cially in a polar solvent, which serves to overcome the weak 
force of intramolecular van der Waals association that sup
ports the Newman coil. Thus, the co-substituted amine is kept 
in a more open configuration, which enables interaction to 
occur with 1 via pathway A as described previously.6 Analo
gous results were obtained7 with antkranilic acid (2d) and with 
ethanolamine (2b) In = 2). In nonpolar solvents, or neat, these 
amines interacted w ith 1 via pathway B, owing to intramo
lecular hydrogen bonding that formed six- and five-membered 
rings, respectively. In polar solvents, such as pyridine or acetic 
acid, however, these amines interacted with 1 via pathway A, 
since the ring structure that imparted steric hindrance in the

0022-3263/78/1943-1887$01.00/0 © 1978 American Chemical Society
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Table I. Product Distributions Obtained in the Reaction of 1 with H2 NR in Diethyl Ether

%  1  u n i t s

R e g i s t r y  _________i s o l a t e d  a s ________  S e l e c t i v i t y  a t  r t

A m i n e n o . R 4 3 5 A / B  =  ( 3  a n d / o r  5 ) / 4

2 a  (n  <  3 ) (CH2)nH 0 a 0 > 5 0 / 1 °

2 a  (n =  3 ) ( C H 2 ) 3 H a a 0 > 1 7 / 1 °

2 a  (n >  3 ) ( C H 2 ) 4 ( C H 2 ) „ _ i H a 0 0 < 1 / 2 4 °

2 b  ( n =  6 ) (CH2)6OH 0 0 b > 5 0 / 1 6

2 c  (n =  5 ) ( C H 2 ) 5 C 0 2H 0 0 b > 5 0 / 1 b
2 e 9 1 9 - 3 0 - 2 (CHo)3 Si(OEt) 3 0 9 5 0 > 5 0 / 1

2 f 6 5 4 5 2 - 6 4 - 4 (CH2 )3 Si[OSi(OCH3)3]3 1 6 ° 0 8 0 ° — 5 / 1 °

2 g 7 8 - 8 1 - 9 C H oC H ( C H 3 )o d d 0 2 3 / 1 d
2 h 5 8 1 3 - 6 4 - 9 C H 2C ( C H 3 ) 3 d d 0 1 2 / 1 d

2 i  (n  =  2 ) 7 5 3 - 9 0 - 2 c h 2 c f 3 0 9 9 0 > 5 0 / 1

2 i  (n =  3 ) 4 2 2 - 0 3 - 7 CH.CFoCF;, 0 0 9 5 > 5 0 / 1

2 i (n =  6 ) 3 5 5 - 3 4 - 0 C H 2 ( C F 2) 4C F 3 0 0 9 9 > 5 0 / 1

2 j 5 3 3 2 - 7 3 - 0 C H oC H 2C H 2O C H 3 4 0 ° 0 4 0 c - 1 / 1 °

2 k 1 0 9 - 8 5 - 3 c h 2 c h 2 o c h 3 5 0 ° 0 2 5 ° - 1 / 2 °

a D a t a  t a k e n  f r o m  r e f  2 .  b D a t a  t a k e n  f r o m  r e f  3 .  °  P r o d u c t  m i x t u r e  i s o l a t e d  a s  a n  o i l .  T h e  p r o d u c t  d i s t r i b u t i o n  ( i . e . , s e l e c t i v i t y )  

w a s  e s t i m a t e d  f r o m  i t s  I R  a n d  N M R  s p e c t r a .  d D a t a  t a k e n  f r o m  r e f  5 .

w h e r e  t h a n  a t  t h e  » - c a r b o n  a t o m .

A  f e w  a m i n e s  o f  t h i s  t y p e  w e r e  a v a i l a b l e  t o  u s  f o r  t e s t i n g  

w i t h  a c e t y l a n t h r a n i l .  A c c o r d i n g l y ,  t h e  r e s p e c t i v e  m a t e r i a l  

b a l a n c e s  w e r e  c o m p l e t e d  a s  d e s c r i b e d  p r e v i o u s l y 4 '9 a n d  t h e  

c o r r e s p o n d i n g  r e a c t i o n  s e l e c t i v i t i e s  c a l c u l a t e d  t h e r e f r o m  a r e  

c o l l e c t e d  i n  T a b l e  I  f o r  e a s y  c o m p a r i s o n  w i t h  r e s u l t s  o b t a i n e d  

i n  e a r l i e r  s t u d i e s .  T h e  c o r r e s p o n d i n g  c h a r a c t e r i z a t i o n  d a t a  

o f  n e w  p r o d u c t s  a n d  d e r i v a t i v e s  t h e r e o f  a r e  c o l l e c t e d  i n  T a b l e  

I I .

T h e  d a t a  s h o w  t h a t  t r i e t h o x y - 3 - a m i n o - n - p r o p y l s i l a n e  ( 2 e ) ,  

w h i c h  h a s  o x y g e n  a t o m s  i n  e a c h  o f  t h e  t h r e e  c r i t i c a l  p o s i t i o n s ,  

a s  s h o w n  i n  F i g u r e  1 ,  f o l l o w s  p a t h w a y  A  i n s t e a d  o f  B  t o  g i v e  

t h e  c o r r e s p o n d i n g  a c e t a m i d i n e  s a l t  i n t e r m e d i a t e  3 e  i n  9 5 %  

y i e l d ,  d e s p i t e  t h e  f a c t  t h a t  t h e  - S i ( O E c ) 3  g r o u p  i n  t h e  f o u r t h  

p o s i t i o n  i s  b u l k i e r  t h a n  a  - C H 3 g r o u p ,  w h i c h  c a u s e d  r e a c t i o n  

w i t h  n - b u t y l a m i n e  t o  f o l l o w  p a t h w a y  B  e x c l u s i v e l y .

A  s a m p l e  o f  3 e  w a s  c o n v e r t e d  i n  g o o d  y i e l d  t o  t h e  c o r r e 

s p o n d i n g  q u i n a z o b n e  5 e  b y  f u s i o n  a b o v e  1 0 0  ° C  t o  c o n f i r m  

t h e  a s s i g n e d  s t r u c t u r e .

E v e n  t h e  a m i n e ,  t r i s ( t r i m e t h y l s i l y l o x y ) - 3 - a m i n o - n - p r o -  

p y l s i l a n e  ( 2 f )  f a v o r e d  p a t h w a y  A  o v e r  p a t h w a y  B  i n  t h e  r a t i o  

o f  a b o u t  5 / 1 ,  d e s p i t e  t h e  e n o r m o u s  u m b r e l l a - l i k e  b u l k  o f  t h e  

- S i [ O S i ( O C H 3 ) 3 ] 3  g r o u p  i n  t h e  f o u r t h  p o s i t i o n .  I n  t h i s  c a s e  

t h e  p r o d u c t  m i x t u r e  w a s  i s o l a t e d  a s  a n  o i l  t h a t  c o u l d  n o t  b e  

s e p a r a t e d  c h e m i c a l l y  o w i n g  t o  t h e  h y d r o l y t i c  i n s t a b i l i t y  o f  t h e  

t r i m e t h y l s i l y l o x y  g r o u p .  T h e  I R  a n d  N M R  s p e c t r a  o f  t h i s  o i l ,  

h o w e v e r ,  i n d i c a t e d  t h a t  c y c l o d e h y d r a t i o n  o f  3 f  h a d  o c c u r r e d  

t o  g i v e  t h e  c o r r e s p o n d i n g  q u i n a z o l o n e  5 f  a n d  t h a t  t h e  r a t i o  

o f  5 f  t o  4 f ,  t h e  o - a c e t a m i d o b e n z a m i d e  p r o d u c t  o b t a i n e d  v i a  

p a t h w a y  B ,  w a s  5 / 1 .

T h e s e  r e s u l t s  i n d i c a t e d  t l i a t  a n  H  a t o m  l o c a t e d  o n  t h e  

f o u r t h  c a r b o n  p o s i t i o n  r e m o v e d  f r o m  t h e  a m i n o  g r o u p  i s  v i r 

t u a l l y  a  n e c e s s a r y  c o n d i t i o n  f o r  “ a b n o r m a l ”  r e a c t i o n  o f  l i n e a r  

a l i p h a t i c  a m i n e s  w i t h  a c e t y l a n t h r a n i l  v i a  p a t h w a y  B ,  w h i l e  

m e r e  b u l k i n e s s  h a s  r e l a t i v e l y  l i t t l e  e f f e c t ,  u n l e s s  o f  c o u r s e  i t  

i s  o n  N  i t s e l f  o r  t h e  a - c a r b o n  a t o m  a s  r e p o r t e d  p r e v i o u s l y . 4 

S i m i l a r  r e s u l t s  w e r e  n o t e d  e a r l i e r  w i t h  C 4 a n d  C ft a m i n e s ;  b o t h  

i s o b u t y l -  a n d  n e o p e n t y l a m i r . e s 4 ( 2 g  a n d  2 h ) ,  w h i c h  h a v e  n o  

f o u r t h  c a r b o n  p o s i t i o n ,  f o l l o w e d  A  p r e f e r e n t i a l l y ,  w h e r e a s  t h e  

c o r r e s p o n d i n g  s t r a i g h t  c h a i n  C 4 a n d  C 5 a m i n e s  f o l l o w e d  

p a t h w a y  B  d e s p i t e  t h e i r  r e l a t i v e  l e s s  “ b u l k y "  g e o m e t r y .

T o  t e s t  t h e  s i x - r i n g  h y p o t h e s i s  f u r t h e r ,  a c e t y l a n t h r a n i l  w a s  

a l l o w e d  t o  r e a c t  w i t h  a  s e t  o f  f l u o r o c a r b o n  a m i n e s  o f  g e n e r i c  

f o r m u l a  H 2 N C H 2 ( C F 2 ) n F  ( 2 i ) .  T h e s e  h a v e  n o  H  a t o m  a t  t h e  

c r i t i c a l  f o u r t h  c a r b o n  p o s i t i o n  f o r  r i n g  f o r m a t i o n  a n d  c o n s e 

q u e n t l y  s h o u l d  n o t  e x h i b i t  t h e  c r o s s o v e r  i n  s e l e c t i v i t y  w i t h  

i n c r e a s e  i n  c h a i n  l e n g t h .

H
H— C 

H -N  CH; 
H CH2-C H 2

2a(n24)

(CH2)n_4H OEt
/

H2N(CH2)3 -  Si -  OEt
\

OEt

2e

? , H
H— C

H - n  p
H 'CH2-C H 2 

2k

O Si(OCH3)3 

H2N(CH2)j - S i-D S i (OCH3)3 

O SKOCHjIj

2 f

%
A

H -N  CH2 
H 'CH2-C H 2

2 j

F i g u r e  1 .

H2N CH2(CF2ln.,F  

2 i(n  = 2,3,6)

n o n p o l a r  s o l v e n t s  n o w  w a s  p r e c l u d e d  b y  i n t e r m o l e c u l a r  h y 

d r o g e n  b o n d i n g  a t  t h e  e x t r e m i t i e s .

A  s i m i l a r  m i t i g a t i n g  e f f e c t  o f  a  p o l a r  g r o u p  i n  t h e  u> p o s i t i o n  

o n  t h e  c h e m i s t r y  o f  l o n g - c h a i n  a l i p h a t i c  a m i n e s  i s  e v i d e n c e d  

w h e n  o n e  c o m p a r e s  t h e  r e a c t i o n s  o f  t h e  a m i n e s  H 2 N ( C H 2) n H 3 

a n d  H 2 N ( C H 2 ) n O H 7 w i t h  h y d r o n i u m  i o n s  i n  a q u e o u s  s o l u 

t i o n .  T h e  p K a v a l u e s  o f  t h e  a m i n e s  H 2 N ( C H 2 ) n H  a s  a  f u n c t i o n  

o f  n  s h o w  a  m a x i m u m 3 o f  1 0 . 8 1  a t  n =  2  f o l l o w e d  b y  a  s m o o t h  

d e c r e a s e  t o  t h e  l i n e  1 0 . 6 2  ±  0 . 0 3  f o r  a l l  v a l u e s  o f  n >  3 ,  w h e r e a s  

t h e  p K a v a l u e s  f o r  t h e  a m i n e s  H 2 N ( C H 2 ) r , O H  s h o w  n o  s u c h  

m a x i m u m 8 b u t  r a t h e r  i n c r e a s e  m o n o t o n i c a l l y  f r o m  5 . 9 6  a t  n  
=  0  t o  1 0 . 6 2  a t  n = 6 .

A l t h o u g h  t h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  p o s t u l a t i o n  

t h a t  t h e  c h a n g e  i n  c h e m i s t r y  a s  a  f u n c t i o n  o f  n  i s  c a u s e d  b y  

t h e  f o r m a t i o n  o f  a  N e w m a n  c o i l  a s  s h o w n  i n  F i g u r e  1 ,  t h e y  d o  

n o t  i m p l i c a t e  s p e c i f i c a l l y  i n t r a m o l e c u l a r  v a n  d e r  W a a l s  a t 

t r a c t i o n  o f  t h e  n i t r o g e n  a t o m  w i t h  a  h y d r o g e n  a t o m  o n  t h e  

f o u r t h  m e t h y l e n e  g r o u p .  A  m o r e  d e f i n i t i v e  t e s t  o f  t h i s  h y 

p o t h e s i s  i s  t h e  p r o d u c t  d i s t r i b u t i o n  o b t a i n e d  w h e n  a c e t 

y l a n t h r a n i l  i s  m a d e  t o  r e a c t  w i t h  s i m i l a r  l o n g - c h a i n  a l i p h a t i c  

a m i n e s  t h a t  h a v e  n o  h y d r o g e n  a t o m  i n  t h i s  c r i t i c a l  p o s i t i o n .  

I f  t h i s  h y p o t h e s i s  i s  c o r r e c t  t h e n  t h e  p r o d u c t  d i s t r i b u t i o n  

o b t a i n e d  w i t h  t h e s e  a m i n e s  w i l l  i n d i c a t e  t h a t  r e a c t i o n  o c c u r s  

p r e d o m i n a n t l y  v i a  p a t h w a y  A  i n s t e a d  o f  B  d e s p i t e  t h e  f a c t  

t h a t  t h e s e  a m i n e s  m a y  h a v e  r a t h e r  b u l k y  s u b s t i t u e n t s  e l s e -



Acylanthranils J. Org. Chem., Vol. 43, No. 10,1978 1889

Table II. Characterization Data for Products 3, 4, and 5 Listed in Table I

Product Mp, °C Key IR abs bands in pm
NMRb data (Me2SO-d6) 

in r  values

Acetamidines, 3
From amine 2g 78-83 2.9-4.0, 6.1, 6.3, 6.5
From amine 2i (n = 2) 107-8 3.2-4.3 6.1, 6.3, 6.5

2-Methylquinazolones, 5
From 3g 185-200 6.0, 6.3
From 3i (n = 2) 92-3 6.0, 6.3
From 2i (n = 3) 106-7 6.0, 6.3
From 2i (n = 6) 100-2 6.0, 6.3 1.7-2.5 (cpx, Ar), 

4.86 (t, CH2N), 
7.33 (s, CH3)

From 2k 72-4 3 6.0, 6.3
2-Acetamidobenzamides, 4

From 2k 83-5 3 3.1, 6.1, 6.2, 6.3, 6.5 -1.2 and 1.3 (2, NH), 
1.4-2.9 (cpx, Ar)

From 3i (n = 2) 
(trace)

191-194 3.1, 6.1, 6.3, 6.5 6.49 (cpx, NHCH2CH20), 
6.69 (s, CH30),

° Isolated from the product mixture obtained as an oil by repeated recrystallization from hexane and manual separation of two 
distinctly different crystalline types to give small samples of 5k and 4k for identification purposes. b cpx = complex,t = triplet, s = 
singlet.

The data are summarized in Tables I and II. The results 
obtained with the firs t two members of this set (i.e., 1,1- 
dihydroperfluoroethylamine (2i) (n = 2) and 1,1-dihydro- 
perfluorc-n-propylamine (2i) (n = 3)) showed that fluoro
carbon amines with less than four carbon atoms react like their 
hydrocarbon counterparts to give the corresponding acet- 
amidine salt 3 via pathway A, but at a slower rate owing to the 
decreased basicity of the amine. Significantly, no crossover 
in selectivity was noted when 1,1-dihydroperfluoro-n-hex- 
ylamine (2i) (n = 6) was made to react w ith 1. The “ normal”  
pathway was followed and the correspoinding quinazolone 5i 
(n = 6) was isolated in good yield as the only product of the 
reaction.

One might expect to find borderline cases that manifest 
intermediate selectivity when gross structural changes modify 
the ability of the molecule to form or hold the coiled structure 
illustrated w ith 2a. One such change is replacement of a 
methylene group by an ether link.

Acetylanthranil was allowed to react w ith  the amino ether 
H 2N(CH 2)3 0 CH3 (2j) which lacks a hydrogen atom in the 
“ critical”  fourth position. A product mixture of 5j and 4j was 
obtained which indicated that reaction occurred via both 
pathways at comparable rates. While the analogous five ring 
would seem untenable due to the six-bond oppositions re
quired, a seven-membered ring analogous to the coil form of 
2a would not suffer from that objection, though perhaps it  
would be partially destabilized by entropy effects related to 
ring size and the flexib ility  of the ether link. Some support for 
this view is provided by results w ith  the lower amino ether 
H 2N(CH 2 )2 0 CH 3 (2k) for which was found only a small 
preference for the “ abnormal”  pathway B. This is consistent 
w ith the above suggestion but r.ot decisive.

Taken as a whole these results support the premise2’3 that 
aliphatic hydrocarbon amines w ith the segment H 2N(CH2)4-, 
which can form a coiled six-membered configuration by in 
tramolecular association, do indeed exhibit Newman “ Rule- 
of-Six”  steric hindrance to reaction w ith electrophilic re
agents.

Experimental Section
General Procedure. A c e t y l a n t h r a n i l  w a s  a l l o w e d  t o  r e a c t  a t  c a . 

2 5  ° C  w i t h  a n  e q u i v a l e n t  a m o u n t  o f  a  c h o s e n  a m i n e  in  d i e t h y l  e t h e r  

a n d  t h e  p r o d u c t s  w e r e  s e p a r a t e d  a c c o r d i n g  t o  t h e  s c h e m e  d e s c r i b e d  

in  d e t a i l  in  a  p r e v i o u s  p u b l i c a t i o n .9 S a m p l e s  o f  t h e  a c e t a m i d i n e  s a l t  

3  w h e n  i s o l a t e d  w e r e  c o n v e r t e d  t o  '.h e  c o r r e s p o n d i n g  q u i n a z o l o n e  5

b y  f u s i o n  o r  b y  s o l u t i o n  in  d i lu t e  a q u e o u s  b a s e  a s  d e s c r i b e d  p r e 

v i o u s l y . 10  T h e  p e r c e n t a g e  o f  a c e t y l a n t h r a n i l  u n i t s  i s o l a t e d  a s  t h e  

p r o d u c t s  3,4, a n d  5 a n d  t h e  c o r r e s p o n d i n g  r e a c t io n  s e l e c t i v i t i e s ,  A/B 
=  (3 a n d / o r  5)/4, c a l c u l a t e d  t h e r e f r o m  a r e  c o l l e c t e d  in  T a b l e  I. T h e  

c h a r a c t e r i z a t i o n  d a t a  f o r  t h e  p r o d u c t s  i s o l a t e d  in  t h e s e  r e a c t i o n s  a n d  

t h e  q u i n a z o lo n e s  p r o d u c e d  b y  c y c l o d e h y d r a t i o n  o f  t h e  a c e t a m i d i n e s  

i s o l a t e d  a r e  c o l l e c t e d  in  T a b l e  I I .

Amines Used. T r i ( e t h o x y ) - 3 - a m i n o p r o p y l s i l a n e  (2e) w a s  o b t a i n e d  

a s  a  c o m m e r c i a l  s a m p l e  “ A - 1 1 0 0 ”  f r o m  U n i o n  C a r b i d e  C o r p .  T r i s -  

( t r i m e t h y l s i l y l o x y ) - 3 - a m i n o p r o p y l s i l a n e  (2f) w a s  o b t a i n e d  f r o m  D .

N .  V i v o n a  o f  t h e  3 M  C o . ,  w h o  h a d  p r e p a r e d  t h e  a m i n e  f r o m  2e. H i s  

p r e p a r a t io n  is  d e s c r ib e d  in  a  r e c e n t  p a t e n t . 1 1  T h e  f lu o r o c a r b o n  a m in e ,

1 , 1 - d i h y d r o p e r f l u o r o e t h y l a m i n e  (2i) (n =  2 ) ,  w a s  o b t a i n e d  f r o m  D r .

T .  S .  R e i d  o f  t h e  3 M  C o . ,  w h o  p r e p a r e d  t h e  c o m p o u n d  b y  r e d u c t i o n  

o f  p e r f l u o r o a c e t o n i t r i l e  a c c o r d i n g  t o  t h e  p r o c e d u r e  o f  B i s s e l  a n d  

F i n g e r ; 1 2  1 , 1  - d i h y d r o p e r f l u o r o - n - p r o p y l a m i n e  (2i) (n =  3 )  w a s  p r e 

p a r e d  b y  D r .  D .  R .  H u s t e d  ( n o w  d e c e a s e d )  o f  t h e  3 M  C o . ,  a c c o r d i n g  

t o  t h e  p r o c e d u r e  o f  H u s t e d  a n d  A h l b r e c h t ; 1 3  1 , 1 - d i h y d r o p e r f l u o r o -  

r c - h e x y l a m i n e  (2i) (n =  6) w a s  s y n t h e s i z e d  b y  M .  L. S a n d b e r g  o f  t h e  

3 M  C o .  v i a  c a t a l y t i c  r e d u c t i o n  o f  p e r f l u o r o - n - h e x a n o n i t r i l e  a c c o r d in g  

t o  t h e  p r o c e d u r e  o f  H u s t e d  a n d  A h l b r e c h t . 1 4  T h e  a m i n o  e t h e r s ,  3 -  

m e t h o x y - r c - p r o p y l a m i n e  (2j) a n d  2 - m e t h o x y e t h y l a m i n e  (2k), w e r e  

f r o m  A m e r i c a n  C y a n a m i d  C o .  a n d  E a s t m a n  O r g a n i c  C h e m i c a l s  C o . ,  

r e s p e c t i v e l y .
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T h e  p r o d u c t s  f r o m  t h e  t h e r m a l  d e c o m p o s i t i o n s  o f  A - b e n z h y d r y l - a . a - d i p h e n y l n i t r o n e  ( l a )  in  d i e t h y l c a r b i t o l ,  in  

f e r f - b u t y l  a l c o h o l ,  a n d  in  N , . V - d i m e t h y l a c e t a m i d e  h a v e  b e e n  d e t e r m i n e d .  T h e  p r o d u c t s  f r o m  t h e  t h e r m o l y s e s  o f  

l V - ( p - m e t h y l b e n z h y d r y l ) - a , a - d i p h e n y l n i t r o n e  (lb), N - b e n z h y d r y l - a , a - b i s ( p - c h l o r o p h e n y l ) n i t r o n e  ( l c ) ,  a n d  N -  
b e n z h y d r y l - a , a - b i s ( p - m e t h y l p h e n y l ) n i t r o n e  (Id) in  d i e t h y l c a r b i t o l  h a v e  a l s o  b e e n  i s o l a t e d  a n d  i d e n t i f i e d .  R a t e s  

a n d  a c t i v a t i o n  p a r a m e t e r s  f o r  t h e r m a l  d e c o m p o s i t i o n s  h a v e  b e e n  m e a s u r e d .  T h e  a l k y l a t i o n  o f  ( Z ) - b e n z a l d o x i m e  

a n i o n  w i t h  c h lo r o t r i p h e n y lm e t h a n e  h a s  b e e n  r e p e a t e d .  T h e  s t r u c t u r e  o f  t h e  p r o d u c t  i s  s h o w n  t o  b e  ( Z ) - 0 - t r i p h e n -  

y l m e t h y l b e n z a l d o x i m e  [ ( Z ) - 6 ] a n d  n o t  a  n i t r o n e  a s  p r e v i o u s l y  r e p o r t e d .  T h e  g e o m e t r i c a l ly  i s o m e r i c  p - m e t h y l b e n -  

z o p h e n o n e  O - t r i p h e n y l m e t h y lo x i m e s  [ ( E ) - 9  a n d  ( Z ) - 9 ]  h a v e  b e e n  p r e p a r e d  a n d  c h a r a c t e r i z e d .  T h e r m a l  g e o m e t r i c  

e q u i l i b r a t i o n s  o f  ( Z ) - 6  a n d  i t s  i s o m e r  ( E ) - 6  a s  w e l l  a s  o f  ( Z ) - 9  a n d  ( E ) - 9  a r e  d e s c r i b e d .  T h e  m e c h a n i s m s  o f  t h e s e  

t h e r m a l  p r o c e s s e s  a r e  d i s c u s s e d  in  l i g h t  o f  t h e s e  e x p e r i m e n t s .

In several recent publications2' 4 we presented evidence 
bearing on specific stereochemical and kinetic properties of 
intermediates which are formed during the thermal decom
positions of !V-benzhydryl-a,a-diarylnitrones. In the present 
report we summarize kinetic and product data which support 
the mechanistic course of these reactions which was proposed 
earlier.5 Some observations regarding the thermal behavior 
of O-alkyloximes are also presented.

The stereochemical course2-4 of the nitrone to O-alkyloxime 
rearrangements as well as crossover studies3 rule out a con
certed process6 as a major mechanistic path. A t the inception 
of the present study i t  was hoped that a detailed kinetic and 
product study would provide a basis for distinguishing be
tween two7 alternate likely mechanistic routes (eq 1 and 2).

+  >  >
(C,;H5 )2C =N  (C6H5)2C=N

HC(C6H-J2 HC(C6H5),
l a

H
I

^ O C f Q H d ,

— ► (C„H,)X’= N  ( 1 )
2

/ ° ‘
la - j *  (C6H5)2C==N *■ 2 (2)

linen ),

+ / °
(XCfiH4)2C = N

N̂ CH(CfiH4Y)C6H., 
l a ,  X  =  Y  =  H

b ,  X  =  H ;  Y  =  p - C H 3

c ,  X  =  p - C l ;  Y  =  H

d ,  X  =  p - C H 3 ; Y  =  H

(XC,.H„)3C = N

O C H 'C „ H 4 Y ) C 6H i

+  (YCßHjCH)., +  (XCfiHj )2C = N '

I ‘
C..H-,

/
O H

+  (X C „H 4)2C = 0  (3 )  

5
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The kinetic investigation provides moderate support for the 
homolytic pathway and the results of the product analyses 
clearly require radical intermediates in these decomposi
tions.

Results
Products from Nitrone Decompositions. The thermal 

decompositions of four nitrones gave some or all of the prod
ucts8 shown in eq 3. Complete (99%) decomposition typically 
required a minimum of 40 h at 144 °C. The results are shown 
in Table I.

Kinetics of Nitrone Decompositions. Kinetic data are 
summarized in Table II. The rate plots for disappearance of 
nitrones la-d show excellent linearity in accord w ith the 
first-order rate law. Included in the table are rate constants 
for the thermal decompositions (in diethylcarbitol) of the 
geometrically isomeric nitrones le and If.9

P-CH;)C,;H4 5 C'CH.CsH, CH(C6H5),
\  + /  \  + /

C = N  C = N

C . \ /  \ ’H(C,.H. )2 C6H5 O
l e  i f

Preparation and Thermolyses of O-Alkyloximes. The
geometrically isomeric O-tritylbenzaldoximes [(E )-6 and 
(Z)-6] were prepared as described previously by Buehler.10 
Alkylation of the two oxime anions w ith chlorotriphenyl
methane afforded the geometrically pure O-trityloximes. The

0„H , c 6h 5
\ (C6H 5)3CC1 \

C = N C = N

V

c 2h 5o h

K \

(Eye
C,.H o c 6h 5

V  / (C6H s)3CC1 \
C = N o = N

„ /  , C2H sOH /
H

i
i
i
i

H

( Z ) - 6

i
i
i

X --------------- *

C(iH ,
+ /

= N

\

. ( K Ì C . . H . )
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Table I. Products from the Thermolyses of Various Nitrones at 144 °C

N i t r o n e S o l v e n t C o n e n “ 2
%  y i e l d  

3 6 4 5
P r o d u c t

b a l a n c e “

%

r e a c t i o n

la D E C d 0 . 0 0 3 7 4 3 . 9 3 4 . 8 2 2 . 0 7 2 . 2 9 9 . 2

la f-BuOH 0 . 0 0 3 6 9 9 .4 9 9 .4 9 9 .9 9
la D M A “ 0 . 0 0 8 3 5 0 . 0 3 8 . 7 2 6 .9 8 2 . 8 1 7 8 .8
ib D E C 0 . 0 0 2 8 3 9 . 1 3 4 . 6 5 8 .0 8 5 . 5 9 9 .0

lc D E C 0 .0 0 4 6 2 9 . 5 2 7 . 4 4 0 . 3 1 3 . 7 7 0 . 2 9 8 .8

Id D E C 0 . 0 0 3 8 2 7 . 3 3 2 . 9 2 4 . 1 2 2 . 8 6 7 . 2 9 8 .8

“  I n i t i a l  n i t r o n e  c o n c e n t r a t i o n .  6 B a s e d  o n  1  m o l  o f  3 f r o m  2  m o l  o f  1 . c P e r c e n t  o f  m o l e s  o f  u n r e c o v e r e d  1  a c c o u n t e d  f o r  in  t h e  p r o d u c t s .

d D i e t h y l  c a r b i t o l .  d N , N - D i m e t h y l a c e t a m i d e .  t 2 1 . 4 %  o f  t h e  s t a r t i n g  n i t r o n e  w a s  r e i s o l a t e d  f r o m  t h i s  r e a c t i o n .

Table II. Rate Constants“ and Activation Parameters6 for the Decomposition of Various Nitrones

R e g i s t r y T e m p , 1 0 3 [ 1 ] , % 1 0 5 fe, E a, A S * ,

C o m p d n o .  S o l v e n t  ° C M c r e a c t i o n s “ 1 k e a l / m o l e u

la 5 0 7 6 - 5 7 - 3  D E C  1 3 0

1 4 4

1 6 0

i - B u O H  1 3 0  

1 4 4

D M A

lb D E C

5 0 7 6 - 5 5 - 1

1 6 0

1 3 0

1 4 4

1 6 0

1 3 0

1 4 4

1 6 0

lc
5 0 7 6 - 5 8 - 4

D E C 1 4 4

Id 5 1 2 0 - 6 8 - 3 D E C 1 4 4

le 4 2 2 7 0 - 9 9 - 5 D E C 1 4 4

If 4 2 2 7 1 - 0 0 - 1 D E C 1 4 4

3 . 2 0  

2 . 5 2  

2 . 1 5

2 .4 4  

2 . 1 3  

2 . 2 6  

0 . 4 3 4  

0 . 4 3 7  

2 . 1 1  

2 . 0 0  

2 . 3 7

3 . 4 4  

0 . 7 3 3  

0 . 7 4 5  

2 . 4 1  

3 . 5 0  

2 . 5 8  

0 .9 0 6  

0 .6 6 4  

0 . 5 9 6  

3 . 0 7  

2 .8 4  

0 . 9 3 0  

0 . 6 5 0  

3 . 4 3  

3 . 3 0

3 . 2 2  

3 . 6 4  

0 .9 2 6  

0 .9 0 2  

3 . 1 0  

3 . 3 4  

2 .6 9  

2 . 6 6

3 . 2 3

3 . 2 1  

2 . 3 9

2 . 4 5

3 . 0 3  

2 . 2 7  

2 . 7 6  

1 . 9 4  

1 . 7 1  

0 . 5 2 8  

0 . 5 2 9  

2 . 3 6  

2 . 2 9  

0 . 6 3 0  

0 . 7 9 3

3 . 3

3 . 3

6 1 . 5

7 9 . 7

6 4 .4

7 5 . 1

7 5 . 1

6 1 . 5

7 1 . 9

7 1 . 2

3 7 . 0

7 0 . 0

4 6 .0

6 2 .4

5 9 . 7

6 0 . 5

6 9 .9

6 1 . 0  

8 8 . 0

7 5 . 4

7 2 . 2

7 2 . 2

7 7 . 0

7 7 . 8

8 2 . 7

7 4 .9

7 6 .0

7 6 .0

6 8 . 3

6 9 .9

6 8 . 3

6 9 .9

7 8 . 1

7 8 . 1

8 5 . 8

8 6 . 2

7 2 . 6

7 2 . 8

6 4 .2  

6 6 . 0

4 6 . 5

6 9 . 3

7 4 . 4

7 7 . 5

7 9 .0

7 7 . 5

7 1 . 8

6 0 .9  

6 2 . 4

6 2 . 7

6 3 . 8

7 5 . 0

7 5 . 0

0 . 5 7 9

0 . 5 9 4

2 .8 6  3 8 . 8  ±  0 . 3

2 . 8 8

2 .8 9  

2 . 9 3

3 . 0 1

3 . 0 1

1 5 . 3  

1 6 . 7  

1 7 . 0

0 . 2 5 0

0 . 2 3 2

0 . 2 3 6

1 . 2 6  4 0 .9  ±  0 .4

1 . 2 8

1 . 3 2  

1 . 3 0

1 . 3 4

1 . 3 5

7 .6 6  

7 . 9 7  

8 . 1 3  

8 . 2 2  

0 . 3 5 7  

0 . 3 6 0

1 . 7 8  3 9 . 1  ± 0 . 3  

1 . 8 0

1 . 8 4

1 . 9 0

1 0 . 5

1 0 . 6  

0 .6 9 4  

0 . 7 1 5

3 .0 9  3 7 . 9  ±  0 .2

3 . 1 0  

3 . 2 2

3 . 3 2

1 7 . 4

1 7 . 9

1 8 . 9  

2 .6 0

2 . 7 1  

2 .6 0  

2 . 6 1

1 . 6 6

1 . 7 1  

1 . 7 3

1 . 7 8  

2 . 9 8 d 

( 2 . 6 0 ) “

1 . 7 6 d

( 2 . 6 5 ) “

1 1 . 0  ± 0 . 8

1 4 . 5  ±  0 .8

1 0 . 7  ±  0 .7

9 . 2  ±  0 .6

0 A v e r a g e  p r e c i s i o n  ( p r o b a b l e  e r r o r )  o f  k w a s  ± 1 % .  6 T h e  e r r o r s  l i s t e d  f o r  E a a n d  A S *  a r e  s t a n d a r d  e r r o r s . 1 I n i t i a l  n i t r o n e  c o n c e n 

t r a t i o n .  d R a t e  c o n s t a n t s  d e t e r m i n e d  f r o m  s l o p e s  o f  p l o t s  c o r r e s p o n d i n g  t o  0 - 1 0 %  r e a c t i o n . R a t e  c o n s t a n t s  d e t e r m i n e d  f r o m  s l o p e s  

o f  p l o t s  c o r r e s p o n d i n g  t o  3 5 - 6 5 %  r e a c t i o n .
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p r o d u c t  o f  t h e  s e c o n d  a l k y l a t i o n  s h o w n  w a s  o r i g i n a l l y  a s s i g n e d  

a  n i t r o n e  s t r u c t u r e . 1 0  T h a t  t h i s  a s s i g n m e n t  w a s  i n c o r r e c t  c a n  

b e  s h o w n  b y  t h e  f o l l o w i n g  o b s e r v a t i o n s .  T h e  u l t r a v i o l e t  

s p e c t r u m  r e p o r t e d  f o r  7  [A m ax  2 5 2  n m  ( l o g  e 4 . 2 3 ) ]  i s  i n 

c o n s i s t e n t  w i t h  t h a t  e x p e c t e d  f o r  t h i s  c o m p o u n d .  N i t r o n e s  

h a v i n g  t h e  g e n e r a l  s t r u c t u r e  8  a r e  k n o w n  t o  h a v e  i n t e n s e  ir-ir* 
t r a n s i t i o n s  w i t h  m a x i m a  i n  t h e  r e g i o n  o f  a b o u t  2 9 0 - 3 4 0  

n m . 1 1 ’ 1 2  A l s o  t h e  N M R  s p e c t r u m  o f  a  n i t r o n e  o f  g e n e r a l  

s t r u c t u r e  8  i s  e x p e c t e d  t o  s h o w  t w o  l o w - f i e l d  p r o t o n s  ( s e p a -

A r

\

/
H

C = N
/

\

0

R ( o r  A r )

8

r a t e d  f r o m  a n d  l o w e r  t h a n  t h e  r e m a i n i n g  a r o m a t i c  p r o 

t o n s ) . 1 3 - 1 5  T h i s  i s  n o t  o b s e r v e d  f o r  t h e  a l k y l a t i o n  p r o d u c t  f r o m  

t h e  ( Z ) - o x i m e  a n i o n .  T h a t  t h e  c o r r e c t  s t r u c t u r e  i s  ( Z ) - 6  i s  

c o n f i r m e d  b y  t h e  d i p o l e  m o m e n t  c o m p a r i s o n s  s h o w n  i n  T a b l e

I I I .  I t  i s  c l e a r  t h a t  t h e  n i t r o n e  7  w o u l d  b e  e x p e c t e d  t o  h a v e  a  

d i p o l e  m o m e n t  s e v e r a l  t i m e s  l a r g e r  t h a n  t h a t  e x h i b i t e d  b y  

( Z ) - 6 . T h e  g e o m e t r i c  a s s i g n m e n t s  f o r  6  r e s t  o n  f i r m  g r o u n d  

s i n c e  s t e r e o s p e c i f i c  O - a l k y l a t i o n s 5  a n d  a r y l a t i o n s 1 5  o f  i s o m e r i c  

o x i m e  a n i o n s  h a v e  b e e n  p r e v i o u s l y  o b s e r v e d .

T h e  i s o m e r i c  p - m e t h y l b e n z o p h e n o n e  O - t r i t y l o x i m e s  [ ( F ) - 9  

a n d  ( Z ) - 9 ]  w e r e  s i m i l a r l y  p r e p a r e d  b y  a l k y l a t i o n  o f  t h e  c o r 

r e s p o n d i n g  o x i m e  a n i o n s  w i t h  c h l o r o t r i p h e n y l m e t h a n e .

p - C H A H

C = N

/  \  -
C Ä  0

C 1 C ( C 6H 5) 3

aceton e

p - C f t A H ,  y . )  

C = N

/
CfiH e

C 1 C ( C 6H 5) 3

a c e t o n e

p - c h a h ,

C = N

C ,H  ^  \ ) C ( C , H , > . ,

[ E y  9

p - C H A H ,  ^ o o c i t i

C = N

( Z ) - 9

S a m p l e s  o f  ( Z ) - 6  a n d  s e p a r a t e l y  (E  ) - 6  w e r e  s e a l e d  i n  g l a s s  

t u b e s  u n d e r  v a c u u m  a n d  h e a t e d .  T h e  p r o d u c t s  w e r e  c h r o -  

m a t o g r a p h i c a l l y  s e p a r a t e d  o n  a l u m i n a - p a c k e d  c o l u m n s  

e l u t i n g  w i t h  b e n z e n e - h e x a n e  m i x t u r e s . 1 6  S t a r t i n g  w i t h  e i t h e r  

i s o m e r ,  a n  e q u i l i b r i u m  m i x t u r e  ( F ) - 6 / ( Z ) - 6  o f  9 . 8  ±  0 . 1  w a s  

o b t a i n e d  a t  2 0 0  ° C . 1 7  N o  o t h e r  p r o d u c t  w a s  o b s e r v e d  i n  t h e s e  

m e l t s .  G e o m e t r i c  e q u i l i b r a t i o n  w a s  c o m p l e t e  w i t h i n  3 0  m i n  

a t  2 0 0  ° C .  T h e  e q u i l i b r a t i o n  d a t a  a t  t h i s  t e m p e r a t u r e  l e d  t o  

a  f r e e - e n e r g y  d i f f e r e n c e  b e t w e e n  ( F ) - 6  a n d  ( Z ) - 6  o f  a p p r o x i 

m a t e l y  2  k c a l / m o l .

T h e  t h e r m a l  E  ^  Z  e q u i l i b r a t i o n  o f  ( F ) - 9  a n d  ( Z ) - 9  w e r e  

o b s e r v e d  i n  m e l t s  a f t e r  a b o u t  6  h  a t  1 8 0  ° C  a n d  a f t e r  9 6  h  i n  

t e r t - b u t y l  a l c o h o l  a t  1 4 4  ° C . 1 8  T h e  N M R  a n d  I R  s p e c t r a  o f  

t h e  r e c o v e r e d  s a m p l e s  w e r e  i d e n t i c a l  w i t h  t h o s e  o f  a  5 0 : 5 0  

m i x t u r e  o f  p u r e  i s o m e r s .  T h e  E P R  s p e c t r u m  d e t e r m i n e d  

d u r i n g  t h e  t h e r m a l  i s o m e r i z a t i o n  o f  ( Z ) - 9  i n  t h e  m e l t  ( 1 8 0  ° C )  

c o n s i s t e d  o f  t h r e e  l i n e s  o f  e q u a l  i n t e n s i t y .  T h e  n i t r o g e n  h y -  

p e r f i n e  c o u p l i n g  c o n s t a n t  w a s  3 1 . 4  ±  0 . 6  G .  N o  a d d i t i o n a l  

c o u p l i n g  t o  h y d r o g e n  w a s  o b s e r v a b l e .

Table III. Dipole Moments of Several 
Nitrones and O-Alkyloximes

C o m p d

R e g i s t r y

n o . p ,  D S o l v e n t R e f

( £ ) - 6 0 . 8 4  ( 0 .8 6 ) B e n z e n e a

( p- CH jfCgH ^C= N

o c h 3
6 5 3 1 1 - 1 3 - 9 1 . 1 6 B e n z e n e a

+ / °
(C 6H ( )2c = iA

C H ,

7 5 0 0 - 7 9 - 0 4 . 3 1 B e n z e n e a

( Z ) - 6 1 . 2 3  ( 1 . 3 4 ) B e n z e n e a

C A  + o -

> = <
H  C H ,

3 . 4 9 B e n z e n e h

p - N O , C A .  +  . 0 -
C = N ^ 6 . 2 0 D i o x a n e h

H C H ,

p -N O ,C 6H 4 + o -  

/ - C = N \
6 . 3 2 D i o x a n e h

H " ^  C A

a T h e s e  v a l u e s  w e r e  d e t e r m i n e d  i n  t h e  c o u r s e  o f  t h i s  w o r k .  

D i e l e c t r i c  c o n s t a n t s  o f  s o l u t i o n s  w e r e  m e a s u r e d  u s i n g  a  D i p o l -  

m e t e r  T y p e  D M  0 1  ( W i s s e n s h a f t l i c h - T e c h n i s c h e  W e r k s t ä t t e n  

G m b H ,  W e i l h e i m ,  G e r m a n y ) .  T h e  G u g g e n h e i m  m e t h o d  [ E .  A .  

G u g g e n h e i m ,  Trans. Faraday Soc., 7 4 , 2 1 9 3  ( 1 9 5 2 ) ]  w a s  e m p l o y e d  

f o r  o b t a i n i n g  d i p o l e  m o m e n t s .

T h e  t h e r m a l  c o n f i g u r a t i o n a l  s t a b i l i t y  o f  p - m e t h y l b e n z o 

p h e n o n e  ( Z ) - 0 - b e n z y l o x i m e  ( 1 0 ) 1 9  w a s  a l s o  t e s t e d .  T h e  O -

p  C H  ( M l ,  O C H A H s

c „h ;

1 0

1 4 4  C

p - C H A H ,

X = N

( M l ^  ' \ ) C H A H

b e n z y l o x i m e  w a s  h e a t e d  i n  t e r f - b u t y l  a l c o h o l  a t  1 4 4  ° C  f o r  1 1 6  

h  u n d e r  s e a l e d  t u b e  c o n d i t i o n s .  A f t e r  r e m o v a l  o f  t h e  s o l v e n t ,  

s p e c t r o s c o p i c  a n a l y s i s  s h o w e d  t h a t  n o  d e t e c t a b l e  i s o m e r i z a 

t i o n  o r  d e c o m p o s i t i o n  h a d  o c c u r r e d .

Discussion

T h e  p r o d u c t s  o f  t h e  t h e r m a l  d e c o m p o s i t i o n s  o f  l a  a n d  i t s  

m e t h y l -  a n d  c h l o r o - s u b s t i t u t e d  a n a l o g u e s  a r e  m o r e  d i v e r s e  

t h a n  o r i g i n a l l y  r e p o r t e d  b y  C o p e . 6  O n l y  i n  t e r t - b u t y l  a l c o h o l  

i s  t h e  N  t o  O  r e a r r a n g e m e n t  e s s e n t i a l l y  f r e e  o f  s i d e  p r o d u c t s .  

T h e  p r o d u c t i o n  o f  a  s u b s t a n t i a l  q u a n t i t y  o f  s y m - t e t r a a r y l -  

e t h a n e  (2 ) f r o m  e a c h  o f  t h e  n i t r o n e s  s t u d i e d  p r o v i d e s  e v i d e n c e  

f o r  t h e  i n t e r m e d i a c y  o f  b e n z h y d r y l  r a d i c a l s .  A l s o ,  t h e  f o r 

m a t i o n  o f  d i a r y l k e t o x i m e s 2 0  ( 4 )  i s  m o s t  e a s i l y  e x p l a i n e d  o n  

t h e  b a s i s  o f  h y d r o g e n  a t o m  a b s t r a c t i o n  b y  i m i n o x y  r a d i c a l s .  

A n  a l t e r n a t i v e  s o u r c e  o f  t h e  o x i m e s ,  n a m e l y ,  p r o t o n  t r a n s f e r  

t o  a n  o x i m e  a n i o n  ( e q  1 ) ,  i s  i n c o n s i s t e n t  w i t h  t h e  a b s e n c e  o f  

t h i s  p r o d u c t  o n l y  i n  t e r t - b u t y l  a l c o h o l .  R a t h e r ,  s i n c e  t e r t -  

b u t y l  a l c o h o l  i s  a  n o t o r i o u s l y  p o o r  h y d r o g e n  a t o m  d o n a t i n g  

s o l v e n t ,  r e c o m b i n a t i o n  o f  i m i n o x y  r a d i c a l s  w i t h  b e n z h y d r y l  

r a d i c a l s  a p p e a r s  t o  b e c o m e  t h e  d o m i n a n t  r e a c t i o n  c o u r s e .  T h e  

a l m o s t  q u a n t i t a t i v e  f o r m a t i o n  o f  O - b e n z h y d r y l o x i m e  i n  

t e r t - b u t y l  a l c o h o l  c a n n o t  b e  a t t r i b u t e d  t o  a n  u n u s u a l l y  e f f i 

c i e n t  c a g e  e f f e c t ,  s i n c e  t h e  f r a c t i o n  o f  t h e  t o t a l  O - e t h e r  p r o d u c t  

g e n e r a t e d  w h i c h  i s  f o r m e d  v i a  a n  i n t e r m o l e c u l a r  p r o c e s s  i s  

a c t u a l l y  g r e a t e r  f o r  t e r t - b u t y l  a l c o h o l  t h a n  f o r  t h e  o t h e r  t w o  

s o l v e n t s  ( s e e  a c c o m p a n y i n g  p a p e r ) .  I t  s h o u l d  b e  n o t e d  t h a t  

t r a c e s  o f  t e t r a p h e n y l e t h a n e  w e r e  i s o l a t e d  u n d e r  s i m i l a r  c o n 

d i t i o n s  d u r i n g  c r o s s o v e r  s t u d i e s  i n  t e r t - b u t y l  a l c o h o l  ( a c -
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companying paper). I t  would be reasonable to assume that the 
use of efficient radical scavengers during decompositions in 
tert-butyl alcohol would trap the free radicals in competition 
w ith recombination to give O-benzhydryloximes. Such ex
periments have not yet been performed with this system. The 
undecomposed nitrone might have been expected to behave 
as a reasonably good spin trap. In fact, nitroxide radicals at
tributed to reactions between la and benzhydryl radicals have 
been observed for decompositions of la either in the melt or 
in diethylcarbitol.5b I f  such processes are taking place in 
tert-butyl alcohol, only very small quantities of nitroxide must 
be forming or the process is rapidly reversible. Perhaps more 
interesting is the basis for the inability of im inoxy-iminoxy 
and benzhydryl-benzhydryl dimerization processes to com
pete with benzhydryl-iminoxy radical combinations. A l
though radical-radical terminations are believed to have very 
low activation energies, a benzhydryl-iminoxy recombination 
may be more nearly a diffusion-controlled process because of 
resonance stabilization of the transition state as shown. This 
possibility is being subjected to experimental tests.

C U  .  . O '
X C = N  C H < ( H .  •

C a H s  I

C ,H ,  0
\  /

C = N

/
c y H *

C H (C „ H  ■

p - C h C . H .  0

\  + /
C = N

/  \
( 1 1  C l b C .H  )

le

\

p -c h 3c 6h .,x  o -

C = N  +  C H i C . l l  ) —

C 6H ,

l i e

p-CH3C«H,
C = N  +  C H i C . l l  ),

c ,ft o-
I l f

p-CU.CM,  C H ( C ,H  >
\  /

C = N

/  + \
CfiHr, 0

I f

The first-order rate constants (Table II)  for the decompo
sition of the nitrones in diethylcarbitol at 144 °C differ by less 
than a factor of 2. In addition, the rate constants for the de
composition of la  in each of the three solvents vary over a 
range of only 2.2 at 144 °C. The small variation in rate with 
changing substituents and solvents is more compatible with 
a radical or concerted process than an ionic route such as eq
1.

The net effects expected for an ionic process with the sub
stituent changes made in lc  and Id are difficult to assess. The 
substituents in lc  and Id are both probably capable of sta
bilizing the ground state via resonance. But i f  oxime anion 
formation were nearly complete in a transition state, the p- 
chloro substituents would presumably stabilize and the p- 
methyl substituents destabilize the activated complex. The 
net effect anticipated from the substitution of H by methyl 
in the benzhydryl portion of the nitrone is less ambiguous. 
This substitution would be expected to lead to a considerable 
rate enhancement i f  a benzhydryl cation were substantially 
formed in the transition state. In diethylcarbitol at 144 °C the 
rate ratio for lb / la  is only 1.1. This value is comparable to 
p-methyl substitution effects in the radical decompositions 
of te rt-buty l arylperacetates f&P.cH3/&H ~  2)22 and in the 
homolyses of azocumenes (kpp'.cn3/kn ~  1.7).23

Only the rate plots for the decompositions of nitrones le  
and I f  show curvature. The final “ slopes”  (35-65% reaction) 
are essentially identical and reflect the fact that at this stage 
of the reaction, geometric equilibration24 of the starting n i
trones is largely complete. These nitrones have been shown 
spectroscopically (NM R analysis of reisolated nitrone) to 
equilibrate during the decompositions, finally reaching a 50:50 
±  2% composition. I f  one concludes (from the data from the 
present study and from the others referred to herein) that the 
initia l step in the decomposition of le  and I f  is the formation 
of iminoxy radicals and benzhydryl radicals, then the free- 
energy difference between the two iminoxy radicals, l i e  and 
I l f ,  in diethylcarbitol can be estimated. I f  the usual as
sumption is made that the activation energy is negligible for 
the recombination of radicals (in this case to reform le  and

If), then the difference between the “ in itia l”  rate constants 
(obtained during the first 10% of the decomposition) can be 
ascribed to differences in the free energies of the two iminoxy 
radicals. This value at 144 °C is 437 cal, corresponding to an 
equilibrium constant of 1.70. A similar observation has been 
made for the iminoxy radicals formed in tert-butyl alcohol, 
where k was found to be 1.4.4

The rates and activation parameters for decomposition- 
rearrangement of la were determined in three solvents 
varying substantially in hydrogen-bonding capability and 
polarity.25 The essential invariance in rates and activation 
parameters is most easily accommodated by a homolytic 
dissociation.

On the basis of product studies, only for the decomposition 
of la in tert-butyl alcohol is a cyclic concerted rearrangement

l a

¿  +
- ?

• C H i C . l l . )

2

to 2 a viable mechanistic option. However, the nearly identical 
activation parameters for the decomposition of la  in the three 
solvents renders this possibility highly unlikely. Also, the high 
degree of intermolecularity for the rearrangement in tert- 
butyl alcohol (see accompanying paper) relegates a concerted 
process to a minor competing role i f  at all existent.

The O-trityloximes (E)-6, (Z)-6, (E)-9,27 and (Z)-9 were 
shown to undergo geometric equilibration in the melt or/and 
in solution at temperatures ranging from 144 to 200 °C. The 
most likely course of these isomerizations is again a homolysis 
of the N -0  bond, followed by rapid geometric isomerization 
of the iminoxy radicals4 and recombination as shown in eq 4 
and 5. Were a nor.dissociative (rotational or lateral shift) 
mechanism operative, the O-benzhydryl analogues of 9 would 
be expected to undergo a similar geometric isomerization. But 
the O-benzhydryl derivatives have been shown to be com
pletely configurationally stable under the above conditions.4 
Similarly, the (Z)-benzyl derivative, 10, was shown to be
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configurationally stable. The remarkable configurational 
stability of benzophenone O-methyloxime derivatives has 
been previously reported.28 Thus, in contrast with 0-methyl, 
benzyl, and benzhydryl derivatives, the stability of the de
veloping tr ity l radical appears to be responsible for lowering 
the activation energy and promoting the homolysis. I t  is 
possible that trityloxyphenyl nonbonded interactions in 9 
raise ground-state free energies and thereby accelerate the 
homolysis. But the facile isomerization of (E)-6 (possessing 
only a trityloxy-hydrogen interaction) suggests that this factor 
is of relatively minor importance. The observation of the im- 
inoxy radicals in isomerizing melts at 180 °C by electron-spin 
resonance supports the above mechanistic proposal.

Conclusions
The available evidence now indicates that the nitrone de

compositions and the O-trityloxime isomerizations are in i
tiated by a homolysis of C -N  or a C -0  bond producing 
reasonance-stabilized iminoxy and alkyl radicals. Conceivably 
the formation of these radicals could be formed in a reversible 
electron-transfer step following a heterolysis as in eq 1. Bile- 
vitch and co-workers29 have reported ESR evidence for such 
an electron transfer between tr ity l cations and tert-butoxy 
anions w ith resultant formation of the ether. The absence of

(C6H 5)3C+ + (CH3)3CO- -  (C6H 5)3C-
+ -OC(CH3)3 -  (C6H 5)3COC(CH3)3

appreciable substituent or solvent effects in the nitrone de
compositions diminishes the likelihood that such a multistep 
process is operative in these reactions.

Experimental Section30
p-Methylbenzophenone (Z)-0-Trityloxime f(Z)-9]. p - M e t h 

y l b e n z o p h e n o n e  ( Z ) - o x i m e 2 '4 ( 0 . 9 1 7  g ,  4 . 3 4  m m o l)  in  2 0  m L  o f  a b s o 

l u t e  e t h e r  w a s  c o n v e r t e d  t o  i t s  s o d i u m  s a l t  w i t h  m e t a l l i c  s o d i u m .  T h e  

e t h e r  w a s  r e m o v e d  u s i n g  d r y  n i t r o g e n  a n d  1 5  m L  o f  a c e t o n e  w a s  d i s 

t i l l e d  in t o  t h e  r e a c t io n  f la s k .  A n  e q u iv a le n t  o f  c h lo r o t r i p h e n y lm e t h a n e  

w a s  a d d e d  a n d  t h e  m ix t u r e  w a s  s t i r r e d  u n d e r  n it r o g e n  f o r  2 4  h  a t  r o o m  

t e m p e r a t u r e .  T h e  r e a c t io n  m i x t u r e  w a s  c o n c e n t r a t e d  u n d e r  r e d u c e d  

p r e s s u r e ,  d i s s o lv e d  in  b o i l in g  C C L ,  a n d  f i l t e r e d .  T h e  f i l t r a t e  w a s  a g a i n  

c o n c e n t r a t e d  t o  a n  o . l  a n d  t h e n  c r y s t a l l i z e d  f r o m  9 : 1  d i o x a n e - w a t e r  

a n d  a g a i n  f r o m  p e t r o le u m  e t h e r  ( b p  6 0 - 8 0  ° C ) ,  a f f o r d in g  0 .5 7 6  g  (2 9 % ) 

o f  ( Z ) - 9 ,  m p  1 7 1 . 5 - 1 7 3  ° C .  T h e  i m p o r t a n t  s p e c t r a l  f e a t u r e s  a r e  a s  

f o l l o w s :  N M R  ( C H C 1 3 ) 5 7 .6 0 - 6 .9 0  ( m , 2 4  H ,  a r o m a t i c ) ,  2 .4 2  ( s ,  3  H ,  

p - C H 3 ); U V  ( C 2H 5 O H )  Amax 2 6 3 .5  n m  ( lo g  £ 4 . 1 6 ) .

A n a l .  C a l c d  f o r  C 3 3 H 2 7 N O : C ,  8 7 .3 8 ;  H ,  6 .0 0 ; N ,  3 .0 9 .  F o u n d :  C ,  

8 7 .4 6 ;  H ,  6 .3 2 ;  N ,  3 . 3 3 .

p-Methylbenzophenone (E)-O-Trityloxime [<E)-9]. T h e  E
i s o m e r  w a s  p r e p a r e d  f r o m  t h e  ( E ) - o x i m e 2 '4 a s  d e s c r i b e d  f o r  ( Z ) - 9 .  I t  

w a s  o b t a i n e d  in  2 5 %  y i e l d  f o l l o w i n g  c r y s t a l l i z a t i o n s  ( o f  t h e  C C 1 4- 

e x t r a c t e d  o i l)  f r o m  h e x a n e  a n d  t h e n  f r o m  a b s o l u t e  e t h a n o l ,  m p

1 2 4 - 1 3 4  ° C .  T h e  i m p o r t a n t  s p e c t r a l  f e a t u r e s  a r e  a s  f o l l o w s :  N M R  

( C H C I 3 ) 6 6 . 8 3 - 7 . 5 0  ( m , 2 4  H ,  a r o m a t i c ) ,  2 .2 6  ( s ,  3  H ,  p - C H 3) ; U V  

( C 2 H 5 O H )  Amax 2 6 6 .5  n m  ( lo g  £ 4 .2 0 ) .

A n a l .  C a l c d  f o r  C 3 3 H 27N O :  C ,  8 7 .3 8 ;  H ,  6 .0 0 ;  N ,  3 .0 9 .  F o u n d :  C ,  

8 7 . 1 7 ;  H ,  6 .0 6 ;  N ,  3 .2 9 .
(Z)-0-Tritylbenzaldoxime [(Z)-6] ( p r e v io u s ly  a s s ig n e d  s t r u c t u r e

7 )  w a s  p r e p a r e d  a s  d e s c r i b e d  b y  B u e h l e r 3 1  in  5 2 %  y i e l d :  m p  1 4 4 - 1 4 5 . 5  

° C  ( l i t .3 1  m p  1 4 3 - 1 4 4  ° C ) ;  U V  ( C 2 H 6O H )  Amax 2 5 1  n m  ( lo g  £ 4 .2 4 )  [ l i t .3 1  

Amax 2 5 2  n m  ( lo g  e 4 . 2 3 ) ] .

(E)-0-Tritylbenzaldoxime [ ( E ) - 6 ]  w a s  p r e p a r e d  a s  p r e v i o u s l y  

d e s c r i b e d 3 1  in  6 3 %  y i e l d :  m p  1 2 0 . 5 - 1 2 1 . 5  ° C  ( l i t .3 1  m p  1 1 8  ° C ) ;  U V  

( C 2 H 5 O H )  Amax 260* n m  ( lo g  £ 4 .2 6 )  [ l i t . 3 1  Amax 2 6 0  n m  ( lo g  £ 4 .2 7 ) ] .

4,4'-Dimethylbenzophenone O-Methyloxime. T o  a  m i x t u r e  o f

5 .0 6  g  ( 2 2 .4  m m o l)  o f  4 , 4 '- d i m e t h y l b e n z o p h e n o n e  o x i m e  a n d  3 9 .7  g  

( 0 .2 8 0  m o l)  o f  io d o r r .e t h a n e  w a s  s lo w l y  a d d e d  7 .2 8  g  ( 3 1 . 4  m m o l)  o f  

s i l v e r  o x id e .  T h e  m i x t u r e  w a s  h e a t e d  u n d e r  r e f l u x  f o r  1  h  a n d  f i l t e r e d .  

T h e  r e s i d u e  w a s  w a s h e d  w i t h  5 0  m L  o f  e t h e r .  T h e  c o m b i n e d  f i l t r a t e  

w a s  c o n c e n t r a t e d ,  w h e r e u p o n  t h e  p r o d u c t  c r y s t a l l i z e d .  T h e  0 -  

m e t h y lo x i m e  w a s  t h e n  r e c r y s t a l l i z e d  f o u r  t im e s  f r o m  a b s o l u t e  e t h e r ,  

a f f o r d i n g  2 .0 4  g  ( 3 8 % )  o f  c o lo r le s s  c r y s t a l s ,  m p  9 9 - 1 0 0  ° C .  T h e  N M R  

s p e c t r u m  ( C C I 4 ) s h o w s  t h e  f o l lo w in g :  5 6 . 5 8 - 7 . 4 0  ( m , 8  H ,  a r o m a t i c ) ,

3 .8 7  ( s ,  3  H ,  O C H 3 ), 2 . 3 2  a n d  2 . 3 7  ( 2  s ,  3  H ,  3  H ,  p - C H 3 ).

A n a l .  C a l c d  f o r  C 16 H 1 7 N O : C ,  8 0 .4 0 ;  H ,  7 . 1 6 ;  N ,  5 .8 6 .  F o u n d :  C ,  

8 0 .2 6 ;  H ,  7 .3 0 ;  N ,  5 .6 2 .

l V - M e t h y l - a , a - d i p h e n y l n i t r o n e .  S a m p l e s  o f  1 . 4 7  g  ( 1 7 . 6  m m o l)  

o f  l V - m e t h y l h y d r o x > l a m i n e  h y d r o c h l o r i d e  a n d  3 . 8 1  g  ( 1 7 . 6  m m o l)  o f  

b e n z o p h e n o n e  im i n e  h y d r o c h l o r i d e  w e r e  m i x e d  in  3 5  m L  o f  9 0 - 1 0 0  

° C  p e t r o l e u m  e t h e r  u n d e r  n i t r o g e n .  A m m o n i a  w a s  b u b b l e d  t h r o u g h  

t h e  s t i r r e d  m i x t u r e  f o r  4 5  m in .  T h e  m i x t u r e  w a s  t h e n  b o i l e d  u n d e r  

r e f l u x  f o r  1 2  h . T h e  m i x t u r e  w a s  f i l t e r e d .  C o n c e n t r a t i o n  a n d  c o o l in g  

o f  t h e  f i l t r a t e  a f f o r d e d  1 . 5 6  g  (4 2 % ) o f  t h e  n it r o n e ,  m p  9 8 - 1 0 0  ° C  ( l i t .32 

m p  1 0 2 - 1 0 3  ° C ) .  T h e  N M R  s p e c t r u m  ( C C 1 4) s h o w s  t h e  f o l l o w i n g :  b
7 .9 0  ( m , 2  H ,  o r t h o  p r o t o n s  o n  a - p h e n y l  c i s  t o  o x y g e n ) ,  7 .3 8  ( m , 8  H , 

a r o m a t i c ) ,  a n d  3 .5 6  ( s , 3  H ,  N C H 3).

The preparations of lV-benzhydryl-a,a-diphenylnitrone (la) 
and the substituted analogues lb-d w e r e  p r e v i o u s l y  d e s c r i b e d .33

Thermal Configurational Stability of p-Methylbenzophenone 
(Z)-0-Benzyloxime19 ( 1 0 ) .  T h e  O - b e n z y lo x im e  ( 3 3 .7  m g )  w a s  p la c e d  

in  a  P y r e x  t u b e  ( 8  X  2 0 0  m m ) .  D r y  f e r i - b u t y l  a lc o h o l  ( 2  m L )  w a s  

a d d e d .  T h e  s o l u t i o n  w a s  d e g a s s e d  a n d  t h e  t u b e  w a s  s e a l e d  u n d e r  

v a c u u m  a n d  h e a t e d  a t  1 4 4  ° C  f o r  1 1 6  h . T h e  t u b e  w a s  o p e n e d ,  t h e  

s o l v e n t  w a s  e v a p o r a t e d ,  a n d  t h e  N M R  ( C D C 1 3 ) o f  t h e  r e s i d u e  w a s  

d e t e r m i n e d .

The Thermal Isomerizations of p-Methylbenzophenone (El
and (Z)-0-Trityloximes [(E)-9 and (Z)-9]. T h e  p u r e  O - t r i t y l o x -  

im e s  [ d e g a s s e d  s o l u t i o n s  ( ~ 0 . 0 3  M  in  i e r t - b u t y l  a lc o h o l ) ]  w e r e  s e p 

a r a t e l y  h e a t e d  a t  1 4 4  ° C  f o r  9 6  a .  T h e  r e s u l t i n g  s o l u t i o n s  w e r e  c o n 

c e n t r a t e d  t o  r e m o v e  s o lv e n t .  T h e  N M R  a n d  I R  s p e c t r a  o f  t h e  r e s i d u e s  

w e r e  t h e n  d e t e r m i n e d .

The Thermal Isomerization ( E ) -  and (Z)-0-Triphenyl- 
methylbenzaldoxime [ ( E ) - 6  and (Z)-6]. S a m p l e s  o f  ( E ) - 6  a n d  

s e p a r a t e l y  ( Z ) - 6  w e r e  h e a t e d  f o r  v a r i o u s  p e r i o d s  o f  t i m e  a t  t e m p e r a 

t u r e s  o f  2 0 0  ° C  o f  ~ 1 4 5  ° C .  T h e  p r o d u c t s  w e r e  c h r o m a t o g r a p h i c a l l y  

s e p a r a t e d  o n  a l u m i n a - p a c k e d  c o lu m n s  e l u t i n g  w i t h  h e x a n e - b e n z e n e  

m i x t u r e s .



General Procedures for Kinetic Experiments. R a t e  c o n s t a n t s  

w e r e  m e a s u r e d  f o r  t h e  d i s a p p e a r a n c e  o f  t h e  n i t r o n e  b y  f o l l o w i n g  t h e  

d e c r e a s e  in  it s  m a x im u m  a b s o r b a n c e  a t  a b o u t  3 1 0  n m . A  s o lu t io n  (— 1 0  

m L )  o f  t h e  r . i t r o n e  w a s  p r e p a r e d  w i t h  f r e s h l y  d i s t i l l e d  s o lv e n t .  A b o u t  

1  m L  o f  s o lu t io n  w a s  p i p e t t e d  i n t o  e a c h  o f  t e n  P y r e x  t u b e s .  T h e  s o 

lu t io n s  in  t h s  t u b e s  w e r e  d e g a s s e d  a n d  t h e n  s e a le d  u n d e r  v a c u u m  a n d  

p la c e d  s i m u l t a n e o u s l y  in  a  c o n s t a n t  t e m p e r a t u r e  ( ± 0 . 1  ° C )  o i l  
b a t h .

T u b e s  w e r e  r e m o v e d  f r o m  t h e  o i l  b a t h  a t  a p p r o x i m a t e l y  e q u a l  t im e  

in t e r v a l s  a n d  q u e n c h e d  in  a n  i c e - w a t e r  m i x t u r e .  T h e  f i r s t  ( z e r o  t im e )  

t u b e  in  a  g i v e n  r u n  w a s  g e n e r a l l y  q u e n c h e d  1 5 - 3 0  m i n  a f t e r  t h e  t i m e  

o f  im m e r s io n  o f  a l l  t h e  t u b e s .  F r o m  f iv e  t o  t e n  t u b e s  w e r e  u s e d  f o r  e a c h  

k i n e t i c  r u n .  I n f i n i t y  a b s o r p t i o n s  w e r e  o b t a i n e d  f o r  e a c h  s o l v e n t  a n d  

f o r  e a c h  n i t i o n e .

A f t e r  a l l  t h e  q u e n c h e d  t u b e s  h a d  b e e n  o p e n e d  a n d  a l l o w e d  t o  

t h e r m a l l y  e q u i l i b r a t e  ( ~ 1  h )  t o  r o o m  t e m p e r a t u r e  in  a  d e s i c c a t o r ,  

a l i q u o t s  ( ~ 1  m L )  w e r e  w e i g h e d  b y  d i f f e r e n c e  i n t o  v o l u m e t r i c  f l a s k s  

a n d  t h e n  d i l  J t e d  w i t h  c h lo r o f o r m  ( A C S  r e a g e n t  g r a d e )  a t  r o o m  t e m 

p e r a t u r e .  A b s o r b a n c e s  w e r e  m e a s u r e d  a t  2 5 .0  ° C  w i t h  a  B e c k m a n  

M o d e l  D U  s p e c t r o p h o t o m e t e r .

T h e  f i r s t - o r d e r  r a t e  c o n s t a n t ,  w h ic h  is  t h e  s lo p e  o f  t h e  p lo t  o f  In  (A  
— A J)  v s .  t (A  is  t h e  a b s o r b a n c e  a t  t i m e  t ,  a n d  A *  i s  t h e  a b s o r b a n c e  

a t  t =  ° ° ) ,  w a s  c a l c u l a t e d  b y  m e t h o d  o f  l e a s t  s q u a r e s .  T h e  A r r h e n i u s  

a c t i v a t i o n  e n e r g y ,  E a, w a s  c a l c u l a t e d  f r o m  t h e  l e a s t - s q u a r e s  s lo p e  o f  

t h e  p lo t  o f  In  k v s .  1 / T .
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T h e  s y n t h e s i s  o f  l V - ( b e n z h y d r y l - p , p '- c i 2 ) - a , a - d i p h e n y l - p , p '- ( i 2 - n i t r o n e  (8 ) i s  d e s c r i b e d .  T h e r m a l  d e c o m p o s i 

t i o n s  o f  m i x t u r e s  o :  8  a n d  t h e  u n d e u t e r a t e d  a n a l o g u e  9  h a v e  b e e n  c o n d u c t e d  in  d i e t h y l c a r b i t o l ,  in  t e r t - b u t y l  a l c o 

h o l ,  a n d  in  d i m e t h y l a c e t a m i d e .  O n  t h e  b a s i s  o f  m a s s  s p e c t r a l  a n a l y s e s  o f  t h e  p r o d u c t  ( b e n z o p h e n o n e  O - b e n z h y 

d r y l o x i m e ) ,  t h e  e x t e n t  o f  i n t e r m o l e c u l a r i t y  in  t h e  N  t o  O  r e a r r a n g e m e n t  h a s  b e e n  d e t e r m i n e d .  S o l v e n t  e f f e c t s  o n  

t h e  p a r t i t i o n i n g  o f  “.h e  r a d i c a l  i n t e r m e d i a t e s  i s  d i s c u s s e d .  E v i d e n c e  i s  a l s o  p r e s e n t e d  f o r  i m i n o x y  b e n z h y d r y l  r a d i c a l  

r e c o m b i n a t i o n  a t  n i t r o g e n  t o  r e g e n e r a t e  n i t r o n e .

The currently available data2 bearing on the thermal re
arrangement of ./V-benzhydryl-a,a-diarylnitrones to the cor
responding O-benzhydryloximes indicate that the principal 
mechanistic route involves the formation of iminoxy and 
benzhydryl radicals. In this report we describe the preparation 
of para-tetradeuterated Af-benzhydryl-a,a-diphenylnitrone
(8 ). Thermal decompositions of mixtures of 8  and the un
deuterated analogue 9 are also described. The results allow 
an assessment of the inter- vs. intramolecular partitioning of 
this rearrangement.

Results
Syntheses. The synthesis of Ar-(benzhydryl-p,p'-d2)-

a.a-diphenyl-p.p'-cG-nitrone (8 ) is illustrated in Scheme I. 
The starting trichloride was easily prepared by the acid-cat
alyzed alkylation of bromotenzene by chloral hydrate , 3 but 
in low (9%) yield. Conversion of the trichloride 1 to 4,4'-di- 
bromodiphenylmethane (2) proceeded in high (85%) yield as 
previously described by Galun, Kaluszyner, and Bergmann.4 

This dibromide was treated with butyllithium  in hexane, the 
concentration of which was determined by a double titra tion 
technique.5 Adventitious contamination by water during the 
deuterolysis step led to less than complete dideuteration. 
Nonetheless, approximately 93% of theoretical maximum 
deuterium content was introduced into the two para positions. 
The chlorination of 3 proceeded in 74% yield. Conversion of

S c h e m e  I  

K O H , H 20 ,  1 85  °C
( p - B r C 6 H 4 ) 2 C H C C l 3 --------------------------------- ►  ( p - B r C 6H 4 ) 2 C H 2

1  (H 0 C H 2C H 2) 20  2

1. n -B uL i, ether, 25 °C 
 ►  ( p - D C 6 K 4 ) 2 C H 2
2. D 20  2

SO.Clh, PC13, 70  C
— — ---------------------- ►  ( p - D C 6 H 4 ) 2 C C l 2

hv, 40  h .4

h 2n c o 2c , h ,
---------------------- --- ( p - D C 6 H 4 ) 2 C = N H 2C l

155  °C 5

Br-
( p - D C 6 H 4 ) 2 C H 2 ------- —  ( p - D C 6 H 4 ) 2C H B r

3 1 6 0  c 6

;C H j) ;C = N O H
----------------------------------------- ►  ( p - D C 6 H 4 ) 2 C H N H O H
C H jC O jH, H 20 ,  1 0 0  °C

1 . N H j  +
5  +  7 ---------------------------------------- * - (  p-DCYHj )2C = N '

2 . C 6H 5C H 3, re flu x , 4 0  h G H ( C ;H 4D -p ).,

8

0022-3263/78/1943-1896$01.00/0

4 to the imine hydrochloride 5 was accomplished in 40% yield 
using ethyl carbamate.6 Bromination of 3 provided 6  in 8 6 % 
yield. The alkylation of acetone oxime by 6  and in situ hy
drolysis afforded the deuterated iV-benzhydrylhydroxylamine
(7) in 43% yield. Finally, condensation in toluene of 7 and the 
imine liberated from 5 by ammonia provided the desired la
beled nitrone 8  in 30% yield.

Combustion analysis of 8 showed i t  to have 17.63 atom % 
excess of deuterium (average of two analyses). Since the the
oretical for fu lly tetradeuterated nitrone is 19.05 atom %, this 
represents 92.5% of complete para deuteration. This is in ex
cellent agreement w ith the value obtained for 3. Thus no 
deuterium was lost in the intervening synthetic steps. The 
mass spectra of 8 (using mass spectra of the undeuterated 
analogue 9 to correct for naturally occurring isotope contri
butions) indicated that 8  was composed of 81.33% tetra-, 
17.56% tri, and 1.11% dideuterated species.

A sample of the O-benzhydryl isomer of 8  was prepared by 
heating 8  in the melt at 180 °C, followed by chromatography 
and crystallization.

+ / 0 _
( p - D C 6H 4 )2C = N

C H ( C t H 4D - p )2

8

1 8 0 oc  O C H ( C 6H 4 D - p ) 2

j  g  ^  *  ( p - d c bh 4 ) 2c = n  

1 0

Crossover Experiments. Mixtures of the deuterated and 
undeuterated nitrones 8  and 9 were decomposed in degassed 
solutions prepared from diethylcarbitol, tert-butyl alcohol, 
and N,N- dimethylacetamide. The products were separated 
chromatographically and the isotopic composition of either 
the O-benzhydryloxime or recovered nitrone was then de
termined mass spectroscopically.7 The product analyses for 
these decompositions are summarized in Table I.

The degree of intramolecularity, a, was determined by 
comparing the mole fraction of dideuterated species (m/e 365) 
found in the O-ether or nitrone w ith  that expected from a 
purely statistical recombination of benzhydryl and iminoxy 
radicals. The degree of intramolecularity is defined by

«  =  ( A 3 6 5  — Z ) 3 6 5 ) / ( C 3 6 5  — 0 3 6 s )  ( 1 )

where X365 is the mole fraction of dideuterated species in the 
isolated nitrone or O-ether, 0 365 is the mole fraction of d i
deuterated species which would be formed from a completely 
statistical recombination of radicals, and C365 is the mole 
fraction of dideuterated species in the starting m ixture of 
nitrones 8  and 9. The general methods and discussion of ap-

© 1978 American Chemical Society
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Table I. Product Analyses from Decompositions of Mixtures of 8 and 9 at 144 °C in Several Solvents

R u n  n o .

W e i g h t s  o f  

8  a n d  9 ,  m g S o l v e n t V o l ,  m L

%

r e a c t i o n “

O - E t h e r , 8

m g

N i t r o n e , “

m g

T e t r a p h e n y l 

e t h a n e ,  m g

I 1 0 . 2 , 1 0 . 4 D E C d 2 0 9 9 .9 9 .8 3 . 5
I I 1 0 . 2 ,  9 .9 i - B u O H 2 0 9 9 .9 1 7 . 0 0 . 2

I I I 1 0 .0 , 1 0 . 1 D M A “ 2 0 9 9 .9 8 . 6 3 . 9
I V 9 . 9 , 1 0 . 1 i - B u O H 2 0 5 0 9 .8

“ B a s e d  u p o n  k i n e t i c  d a t a .  6 W e i g n t  o f  O - b e n z h y d r y l o x i m e .  “ W e i g h t  o f  r e c o v e r e d  n i t r o n e .  d D i e t h y l c a r b i t o l .  e 7 V , i V - D i m e t h y l -  
a c e t a m i d e .

Table II. Distribution of Ion Species from O-Benzhydryloximes and Nitrone Isolated from the Decomposition of
Mixtures of 8 and 9

R u n  n o . °

P r o d u c t

a n a l y z e d

F r a c t i o n  o f  i o n s  w i t h  m /e
3 6 3 3 6 4 3 6 5 3 6 6 3 6 7

I O - E t h e r 6 0 . 3 3 9 7 0 . 0 3 3 1 0 . 2 8 6 2 0 . 0 6 2 6 0 . 2 7 8 4 X “
0 . 4 9 7 7 0 . 0 0 . 0 0 5 8 0 .0 8 8 2 0 . 4 0 8 5 C c
0 . 2 4 7 7 0 . 0 4 9 4 0 . 4 5 3 0 0 . 0 4 5 0 0 . 2 0 4 8 D c

I I 0 - E t h e r 0 . 3 0 2 3 0 . 0 3 8 7 0 . 3 7 1 0 0 . 0 5 3 4 0 . 2 3 4 6 X
0 . 5 1 0 1 0 . 0 0 . 0 0 5 4 0 .0 8 6 0 0 . 3 9 8 5 C
0 . 2 6 0 2 0 . 0 4 9 4 0 . 4 5 2 8 0 . 0 4 2 8 0 . 1 9 4 9 D

I I I O - E t h e r 0 . 3 3 4 3 0 . 0 3 3 1 0 . 2 8 0 6 0 . 0 6 5 2 0 . 2 8 6 9 X
0 . 5 0 8 4 0 . 0 0 . 0 0 5 5 0 . 0 8 6 3 0 . 3 9 9 8 C
0 . 2 5 8 5 0 .0 4 9 4 0 . 4 5 2 8 0 . 0 4 3 1 0 . 1 9 6 2 D

I V N i t r o n e 0 . 3 9 6 9 0 . 0 1 6 2 0 . 1 8 4 6 0 . 0 7 2 7 0 . 3 2 9 7 X
0 . 4 9 7 6 0 . 0 0 . 0 0 5 6 0 .0 8 8 2 0 .4 0 8 6 C
0 . 2 4 7 6 0 .0 4 9 4 0 . 4 5 3 0 0 . 0 4 5 0 0 .2 0 4 9 D

0  C o r r e s p o n d s  t o  e x p e r i m e n t s  s u m m a r i z e d  i n  T a b l e  I .  b O - B e n z h y d r y l o x i m e . c V a l u e s  i n  s u c c e s s i v e  r o w s  o p p o s i t e  X , C, a n d  D  c o r 

r e s p o n d  t o  f r a c t i o n a l  d i s t r i b u t i o n s  c a l c u l a t e d  f o r  p r e v i o u s l y  d e f i n e d  X m, C m, a n d  D m.

Table III. Summary of Crossover Experiments“ Corresponding to Total Decompositions of Mixtures of 8 and 9 at 144 °C

S o l v e n t

N i t r o n e  

c o n c n ,  M 6

T o t a l

O - e t h e r

y i e l d “ a d

Y i e l d  o f  

i n t r a m o l  

O - e t h e r “

Y i e l d  o f  

i n t e r m o l  

O - e t h e r f

Y i e l d  o f  

c o u p l i n g  

p r o d u c t *

D E C 6 0 . 0 0 2 8 4 0 . 4 7 6 0 . 3 7 3 0 . 1 7 8 0 . 2 9 8 0 . 3 7

f - B u O H 0 . 0 0 2 7 6 0 .8 4 6 0 . 1 8 3 0 . 1 5 5 0 . 6 9 1 0 . 0 2

D M A * 0 . 0 0 2 7 8 0 . 4 2 6 0 . 3 8 5 0 . 1 6 4 0 . 2 6 2 0 .4 2

°  B a s e d  u p o n  d a t a  i n  T a b l e s  I  a n d  I I .  b I n i t i a l  c o n c e n t r a t i o n  o f  t h e  m i x t u r e .  c F r a c t i o n  o f  n i t r o n e  c o n v e r t e d  t o  b e n z o p h e n o n e  0 -  

b e n z h y d r y l o x i m e .  d D e g r e e  o f  i n t r a m o l e e u l a r i t y  in  N  t o  0  r e a r r a n g e m e n t .  e F r a c t i o n  o f  n i t r o n e  c o n v e r t e d  t o  0 - e t h e r  b y  a n  i n t r a m o l e c u l a r  

p r o c e s s ;  e q u a l  t o  p r o d u c t  o f  t o t a l  O - e t h e r  y i e l d  a n d  a. f  D i f f e r e n c e  b e t w e e n  t o t a l  O - e t h e r  y i e l d  a n d  t h e  i n t r a m o l e c u l a r  O - e t h e r  y i e l d .  

*  F r a c t i o n  o f  n i t r o n e  c o n v e r t e d  t o  1 , 1 , 2 . 2 - t e t r a p h e n y l e t h a n e  b a s e d  u p o n  1  m o l  o f  t e t r a p h e n y l e t h a n e  f r o m  2  m o l  o f  n i t r o n e .  h D i e t h y l 

c a r b i t o l .  1 W . N - D i  m e t h y l  a c e t a m i d e .

p r o x i m a t i o n s  f o r  o b t a i n i n g  s u c h  v a l u e s  f r o m  m a s s  s p e c t r a l  

i n t e n s i t i e s  h a v e  b e e n  d e s c r i b e d  b y  B i e m a n n . 8  M a s s  s p e c t r a  

o f  u n d e u t e r a t e d  n i t r o n e  a n d  O - e t h e r  w e r e  u s e d  t o  c o r r e c t  m a s s  

s p e c t r a l  i n t e n s i t i e s  o f  i s o t o p i c a l l y  l a b e l e d  s a m p l e s  f o r  i s o t o p i c  

n a t u r a l  a b  u n d a n c e s .  T h e  v a l u e  o f  a  i s  t h e  f r a c t i o n  o f  t h e  0 -  

b e n z h y d r y l o x i m e  p r o d u c t  o r  t h e  f r a c t i o n  o f  r e c o v e r e d  n i t r o n e  

w h i c h  i s  n o t  f o r m e d  b y  a  s t a t i s t i c a l  r e c o m b i n a t i o n  o f  b e n -  

z h y d r y l  a n d  i m i n o x y  r a d i c a l s .  I n  t h e  c a s e  o f  t h e  r e i s o l a t i o n  o f  

u n r e a r r a n g e d  n i t r o n e ,  t h e  m a g n i t u d e  o f  a  i s  i n f l u e n c e d  b y  t h e  

f a c t  t h a t  a  p o r t i o n  o f  t h e  n i t r o n e  n e v e r  u n d e r g o e s  h o m o l y 

s i s .

T h e  v a l u e  o f  a  c a n  t h e o r e t i c a l l y  b e  c a l c u l a t e d  f r o m  t h e  

e q u a t i o n

a = (Xm-Dm)/(Cm-Dm) (2)

f o r  a n y  v a l u e  o f  m  i n  t h e  r a n g e  o f  3 6 3 - 3 6 7 .  H o w e v e r ,  \Xm — 
D m | a n d  | Cm — D m | h a v e  t h e  l a r g e s t  v a l u e s  f o r  m  =  3 6 5 . 9

T h e  d i s t r i b u t i o n  o f  i o n  s p e c i e s  d e r i v e d  f r o m  p r o d u c t s  ( n i 

t r o n e  o r  O - e t h e r )  s h o w n  i n  T a b l e  I  a r e  p r e s e n t e d  i n  T a b l e  I I .  

N e c e s s a r y  c o n t r o l  e x p e r i m e n t s  ( e m p l o y i n g  m a s s  s p e c t r a l  

a n a l y s e s )  w i t h  n i t r o n e s  a n d  O - e t h e r s  o f  k n o w n  i s o t o p i c  c o m 

p o s i t i o n  d e m o n s t r a t e d  t h a t  n e i t h e r  i s o t o p i c  s c r a m b l i n g  n o r  

s t r u c t u r a l  i s o m e r i z a t i o n  o c c u r  d u r i n g  t h e  i s o l a t i o n  a n d  s e p 

a r a t i o n s  f o l l o w i n g  p a r t i a l  o r  t o t a l  d e c o m p o s i t i o n s  o f  n i t r o n e  

m i x t u r e s .

T h e  i n t r a -  v s .  i n t e r m o l e c u l a r i t y  o f  t h e  N  t o  0  r e a r r a n g e 

m e n t s  u n d e r  c o n d i t i o n s  e f f e c t i n g  t o t a l  d e c o m p o s i t i o n s  o f  n i 

t r o n e s  i s  g i v e n  i n  T a b l e  I I I .

Discussion
T h e  d a t a  a n d  d a t a  s u m m a r y  i n  T a b l e s  I —I I I  d e m o n s t r a t e  

t h a t  i n  a l l  s o l v e n t s  e m p l o y e d ,  t h e  m a j o r  p o r t i o n  o f  b e n z o 

p h e n o n e  O - b e n z h y d r y l o x i m e  f r o m  r e a r r a n g e m e n t  o f  n i t r o n e  

i s  f o r m e d  v i a  a n  i n t e r m o l e c u l a r  p r o c e s s .  T h u s ,  i n  d i e t h y l c a r 

b i t o l  6 2 . 5 %  o f  t h e  O - e t h e r  i s o l a t e d  i s  p r o d u c e d  i n t e r m o l e c u 

l a r  l y ;  i n  d i m e t h y l a c e t a m i d e  t h e  c o r r e s p o n d i n g  v a l u e  i s  6 8 . 1 % , 

a n d  i n  t e r t - b u t y l  a l c o h o l  i t  i s  8 1 . 7 % .

T h e  s u b s t a n t i a l  i n t e r m o l e c u l a r i t y  o f  t h e  N  t o  0  r e a r 

r a n g e m e n t  t o g e t h e r  w i t h  t h e  i s o l a t i o n  o f  t e t r a p h e n y l e t h a n e  

i n  e a c h  c a s e  p r o v i d e  e v i d e n c e  f o r  t h e  i n i t i a l  f o r m a t i o n  o f  

b e n z h y d r y l  a n d  i m i n o x y  r a d i c a l s  f r o m  h o m o l y s i s  o f  t h e  n i 

t r o n e  C - N  b o n d .

T h e  f r a c t i o n  o f  n i t r o n e  c o n v e r t e d  t o  O - b e n z h y d r y l o x i m e  

b y  a n  i n t e r m o l e c u l a r  p r o c e s s  i s  c l e a r l y  s o l v e n t  d e p e n d e n t . 1 0  

B y  c o n t r a s t ,  t h e  f r a c t i o n  o f  n i t r o n e  c o n v e r t e d  t o  O - b e n z h y -  

d r y l o x i m e  v i a  a n  i n t r a m o l e c u l a r  r o u t e  i s  n e a r l y  i n d e p e n d e n t
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Scheme II

O C H ( C 6H 5)2

( C 6H 5 )2C = N

14

O

( C 6H 5 )2C = N ^  C H ( C 6H 5 )2

9 11

fed  / ° ‘
— ►  ( C 6H 5 )2 C = N  +  C H ( C 6H 5 ) 2

12 13
s h  / O H

1 2  — -  ( c 6H 5 ) 2 c = r r

ko
12 + 1 3 --- - 14

12 + 13 9
1 3  +  1 3 --------►  ( C , H i ) a C H C H ( C , H , ) J

feb  1 5

of the nature of the solvent (at least at this elevated temper
ature of 144 °C), the value being 16.5 ±  1%. These results can 
be explained in terms of the behavior of the radical pair in i
tia lly  formed in these solvents. The options available to the 
radical pair are outlined (using undeuterated structures for 
simplicity) in Scheme II. The radical pair, 11, is in itia lly  
formed via C -N  homolysis w ithin a solvent cage. This caged 
pair of radicals can collapse to O-benzhydryloxime (giving 
intramolecularly formed 14) before they diffuse (fed) and be
come free radicals or they can recombine at nitrogen, regen
erating nitrone. The fraction of radical pairs that eventually 
collapse to the cage product, 14, prior to diffusion, is nearly 
identical in the three solvents at this elevated temperature.11 
The bulk of the remaining radical pairs, 11, are converted to 
free radicals. The free benzhydryl and iminoxy radicals thus 
formed by the diffusion process can recombine at oxygen to 
form “ intermolecular O-ether”  or at nitrogen. That the latter 
as well as the former occurs can be deduced from the data in 
Table II, wherein reisolated nitrone was analyzed mass 
spectrometrically after 50% decompositicn. Using eq 1, a is 
found to be 0.60. The coupling of benzhydryl radicals to form 
tetraphenylethane and the abstraction of hydrogen atoms 
from the solvent13 (primarily by iminoxy radicals to form 
benzophenone oxime) are, however, processes which compete 
with the bimolecular recombination of these two free radicals. 
The hydrogen atom donating abilities of the three solvents are 
reflected in the yield of benzophenone oxime. Under condi
tions comparable to those employed for the crossover studies, 
the yields of benzophenone oxime in diethylcarbitol and in 
DMA were 22 and 27%, respectively; in teri-butyl alcohol, the 
yield was virtua lly zero.14 Thus the diminished yields of in- 
termolecularly formed O-benzhydryloxime in diethylcarbitol 
and in DMA is a result of extensive destruction of free iminoxy 
radicals via hydrogen-atom transfer from the solvents.

The crossover experiments discussed above show that free 
benzhydryl and iminoxy radicals are generated to a major 
extent during the decomposition of Af-benzhydryl-a,a-di- 
phenylnitrone. The intramolecularly formed rearrangement 
product presumably originates from cage recombination of 
the radical pair at oxygen, an irreversible process at the op
erating temperature.23'0 The possibility that a small amount 
of this product is formed by way of a fu lly  concerted mecha
nism15 cannot be excluded. In this regard it  is interesting to 
note the following. Nitrone 16 has been decomposed in a so

(c„h .>x = n ;
C H i C . I I .  l

k.,

lution of hexachlorobutadiene at 200 °C.2d During the de
composition, CIDNP (emission) was observed for the ben
zhydryl proton of the rearrangement product 17, formed in

1 6  1 7

52% yield. Thus, caged radical recombination is implicated 
during the thermolysis of this nitrone, which is closely related 
to the substrate in the present study.

A fu ll report describing the kinetic partitioning of processes 
available to the benzhydryl-iminoxy radical pair, 11, w ill be 
published at a later time.

Experim enta l Section16
l,l-Bis(4-bromophenyl)-2,2,2-trichloroethane ( l )3 w a s  c o n 

v e r t e d  t o  4,4'-dibromodiphenylmethane (2) b y  a  p r e v i o u s l y  d e 

s c r i b e d  m e t h o d .4

Diphenylmethane-4,4'-d2 ( 3 )  w a s  p r e p a r e d  f r o m  4 , 4 '- d i b r o m o -  

d i p h e n y lm e t h a n e  v i a  a  m e t a l - h a lo g e n  e x c h a n g e  ( u s in g  b u t y l l i t h i u m )  

f o l lo w e d  b y  d e u t e r o ly s i s .  A  9 6 .0 -g  ( 0 .2 9 5  m o l)  s a m p le  o f  t h e  d i b r o m id e  

in  1 5 0 0  m L  o f  a n h y d r o u s  e t h e r  w a s  t r e a t e d  w i t h  3 2 0  m L  o f  a  1 . 6 8  M  

s o lu t io n  ( 0 .5 3 8  m o l)  o f  b u t y l l i t h i u m  in  h e x a n e  o v e r  a  p e r i o d  o f  3 0  m in . 

T h e  r e a c t i o n  w a s  c a r r i e d  o u t  u n d e r  a n  a t m o s p h e r e  o f  n i t r o g e n  w h i l e  

s t i r r i n g  t h e  m i x t u r e  c o n t i n u o u s l y .  F o l l o w i n g  a n  a d d i t i o n a l  2 5 - m i n  

p e r i o d  o f  s t i r r i n g ,  a n  e x c e s s  o f  9 9 .5  m o l  %  p u r e  d e u t e r i u m  o x i d e  w a s  

a d d e d  d r o p w i s e  w i t h  c o o l in g  a n d  s t i r r i n g .  T h e  r e a c t i o n  m i x t u r e  w a s  

f i l t e r e d  a n d  c o n c e n t r a t e d  t o  a b o u t  1 0 0  m L .  T h e  c o n c e n t r a t e  w a s  t h e n  

d i s t i l l e d  a f f o r d in g  3 6 .4  g  (7 9 .6 % )  o f  3 ,  b p  1 4 6 - 1 5 7  ° C  ( 2 7 - 3 0  m m ) . T h i s  

p r o d u c t  w a s  c o m b in e d  w i t h  5 .8  g  o f  3  s i m i l a r l y  o b t a i n e d  a n d  r e d is t i l l e d  

t o  g i v e  3 6 . 1  g  o f  3  a s  a  c o l o r l e s s  l i q u i d ,  b p  1 0 5 - 1 0 8  ° C  ( 3 . 3  m m ) .  D i -  

p h e n y l m e t h a n e  r e p o r t e d l y  d i s t i l l s  a t  1 4 9  “ C  ( 2 9  m m ) . 1 7  T h e  N M R  

s p e c t r u m  ( C C L t)  i s  a s  f o l lo w s :  5 3 .9 0  ( s ,  2  H ,  C H 2 ) a n d  7 . 1 2  ( m , ~ 8  H ,  

a r o m a t i c ) .  D u p l i c a t e  c o m b u s t i o n  a n a l y s e s  o f  t h e  p r o d u c t  i n d i c a t e d  

1 5 . 4 5  a n d  1 5 . 5 5  a t o m  %  e x c e s s  D  ( t h e o r e t i c a l  f o r  f u l l y  d i d e u t e r a t e d  

d i p h e n y l m e t h a n e  is  1 6 .6 7 % ) .

Dichlorodiphenylmethane-4 , T - r / 2  ( 4 ) .  A  m i x t u r e  o f  1 8 . 2  g  ( 0 . 1 0 7  

m o l)  o f  d i d e u t e r i o d i p h e n y l m e t h a n e ,  3 5  m L  ( 0 .4 3 3  m o l)  o f  f r e s h l y  

d i s t i l l e d  s u l f u r y l  c h lo r i d e ,  a n d  1 . 4  m L  ( 0 .0 1 6  m o l)  o f  p h o s p h o r u s  t r i 

c h lo r i d e  w a s  p la c e d  in  a  2 5 0 - m L  q u a r t z  f l a s k  e q u i p p e d  w i t h  a  c o n 

d e n s e r  a n d  a c i d i c  g a s  t r a p .  T h e  m i x t u r e  w a s  p la c e d  in  a  R a y o n e t  

p h o t o c h e m ic a l  r e a c t o r  f i t t e d  w i t h  2 5 3 .7 - n m  l a m p s .  T h e  s o l u t i o n  w a s  

s t i r r e d  a n d  i r r a d i a t e d  f o r  4 0  h  a t  a b o u t  7 0  ° C .  T h e  r e a c t i o n  m i x t u r e  

w a s  d i s t i l l e d  a f f o r d i n g  1 8 . 8  g  (7 4 % ) o f  a  l ig h t - y e l lo w  l iq u id ,  b p  1 3 8 - 1 4 5  

° C  ( 2 .4  m m ) . D ic h lo r o d ip h e n y lm e t h a n e  r e p o r t e d l y  d i s t i l l s  a t  1 6 4 - 1 6 7  

° C  ( 1 2  m m ) . 18  T h e  I R  s p e c t r u m  ( n e a t )  s h o w e d  t h e  C - D  s t r e t c h e s  a t  

2 2 6 0  a n d  2 2 8 0  c m - 1 . T h e  N M R  s p e c t r u m  (CCI4 ) s h o w e d  o n l y  a  

s y m m e t r i c a l  m u l t i p l e t  a t  5 7 .4 0 .

Benzophenone Imme-4,4'-<f2 hydrochloride (5) w a s  p r e p a r e d  

f r o m  4 u s i n g  a  m e t h o d  p r e v i o u s l y  d e s c r i b e d  f o r  t h e  u n d e u t e r a t e d  

a n a lo g u e . 19  T h e  c r u d e  h y d r o c h lo r id e  w a s  p u r i f i e d  b y  s u b l im a t i o n  [ 1 8 5  

° C  ( 1  m m ) ] . T h e  w h i t e  c r y s t a l l i n e  p r o d u c t  w a s  o b t a i n e d  in  4 0 %  y i e l d  

a n d  u s e d  d i r e c t l y  a s  d e s c r i b e d  b e lo w .

Bromodiphenyhnethane-4,4'-</2 (6) w a s  p r e p a r e d  b y  b r o m i-  
n a t i n g  3  a s  d e s c r i b e d  f o r  t h e  u n d e u t e r a t e d  a n a l o g u e . 20  T h e  p r o d u c t  

( o b t a in e d  in  8 6 %  y ie ld )  d i s t i l l e d  a s  a  y e l lo w  l i q u i d ,  b p  1 3 5 - 1 4 5  ° C  (0 .9  

m m ) .  B r o m o d i p h e n y l m e t h a n e  d i s t i l l s  a t  1 8 3  ° C  ( 2 3  m m ) . 7  T h e  i n 

f r a r e d  s p e c t r u m  ( n e a t )  s h o w e d  C - D  s t r e t c h e s  a t  2 2 6 0  a n d  2 2 8 0  c m - 1 . 

T h e  N M R  s p e c t r u m  ( C C I 4 ) w a s  a s  f o l lo w s :  5 6 . 1 7  ( s ,  1  H ,  C B r H )  a n d

7 .4 2  ( m , ~ 8  H ,  a r o m a t i c ) .

JV-Benzhydrylhydroxylamine-4,4'-d2 ( 7 )  w a s  p r e p a r e d  f r o m  
6  a s  d e s c r ib e d  f o r  t h e  u n d e u t e r a t e d  a n a lo g u e . 2 1  T h e  c o lo r le s s  p r o d u c t  

( o b t a i n e d  in  4 3 %  y i e l d )  c r y s t a l l i z e d  f r o m  c y c l o h e x a n e ,  m p  7 6 . 5 - 7 7 . 5  

° C .  T h e  r e p o r t e d 2 1  m e l t i n g  p o i n t  o f  t h e  u n d e u t e r a t e d  c o m p o u n d  is  

7 5  ° C .

jV-(Benzhydryl-p,p'-d2)-«,a-diphenyl-p,p'-d2-nitrone ( 8 ) w a s

p r e p a r e d  b y  c o n d e n s in g  0 . 0 3 1  m o l  o f  5  a n d  0 . 0 3 1  m o l  o f  7  in  5 7  m L  o f  

t o l u e n e  e s s e n t i a l l y  a s  d e s c r i b e d  f o r  t h e  u n d e u t e r a t e d  n i t r o n e .63  T h e  

c r u d e  o i ly  s o l id  p r o d u c t  m i x t u r e  w a s  d i s s o lv e d  in  8 5  m L  o f  h o t  e t h a n o l .  

T h e  p a l e  y e l lo w  c r y s t a l l i n e  p r o d u c t  (6 . 8  g )  w a s  c o l l e c t e d  a n d  d r i e d ,  

m p  1 5 7 - 1 6 5  ° C .  T h i s  m a t e r i a l  w a s  f u r t h e r  p u r i f i e d  b y  c h r o m a t o g r a 

p h y  o n  F l o r i s i l .  I n  a  t y p i c a l  p u r i f i c a t i o n ,  2 . 2 1  g  o f  c r u d e  p r o d u c t  w a s  

c h r o m a t o g r a p h e d  o n  a  3 .4  X  1 9  c m  c o l u m n  o f  F l o r i s i l  ( 7 5  g ) .  H e x a n e
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t h r o u g h  b e n z e n e - h e x a n e  ( 1 : 4 )  e l u t e d  0 .2 2 0  g  o f  d e u t e r a t e d  b e n z o -  

p h e n o n e  i V - b e n z h y d r y l i m i n e . 22  B e n z e n e - h e x a n e  ( 3 :2 )  e l u t e d  0 .4 6 0  

g  o f  n i t r o n e  c o n t a m i n a t e d  w i t h  t h e  ( V - b e n z h y d r y l i m i n e  a n d  a  y e l lo w  

s u b s t a n c e ,  a n d  b e n z e n e - h e x a n e  ( 4 : 1 )  e l u t e d  0 .2 4 6  g  o f  s l i g h t l y  d i s 

c o lo r e d  n i t r o n e .  P u r e  n i t r o n e  w a s  e l u t e d  a s  a  w h i t e  s o l i d  ( 1 . 2 5 5  g )  b y  

b e n z e n e  a n d  b e n z e n e —e t h e r  ( 1 9 : 1 ) .  C o l o r le s s  f r a c t i o n s  o f  n i t r o n e  t h u s  

o b t a i n e d  w e r e  r e c r y s t a l l i z e d  t w i c e  f r o m  a b s o l u t e  e t h a n o l ,  a f f o r d i n g  

3 .4 4  g  (3 0 .4 % )  o f  8 , m p  1 6 7 - 1 6 9  ° C .  T h e  r e p o r t e d  m e l t in g  p o i n t  o f  t h e  

u n d e u t e r a t e d  n it r o n e  is  1 6 5 - 1 6 7  ° C . 1S  T h e  i m p o r t a n t  s p e c t r a l  f e a t u r e s  

o f  8  a r e  a s  fo l lo w s :  I R  ( K B r )  2 2 8 0  ( C - D  s t r e t c h )  a n d  1 2 2 0  c m - 1  ( N  —►  

0 ) ;  N M R  ( C D C lg )  5 6 .4 5  ( s ,  1  H ,  b e n z h y d r y l  C - H ) ,  7 . 3 3  ( m , ~ 1 4  H ,  

a r o m a t i c ) ,  a n d  8 .0 8  ( d , 2  H ,  o - H  o f  a - p h e n y l  r i n g  c i s  t o  o x y g e n ) .

C o m b u s t io n  a n a l y s e s  o f  8  in d i c a t e d  1 7 . 6 0  a n d  1 7 . 6 5  a t o m  %  e x c e s s  

D  ( t h e o r e t ic a l  f o r  f u l l y  t e t r a d e u t e r a t e d  n i t r o n e  is  1 9 . 0 5  a t o m  % ) . T h e  

m a s s  s p e c t r u m  ( 1 9  e V )  o f  8  s h o w s  p e a k s  a t  m /e  3 6 5 , 3 6 6 , 3 6 7 , 3 6 8 ,  a n d  

3 6 9 .  N o  p e a k s  w e r e  p r e s e n t  b e t w e e n  t h e  p a r e n t  io n  r e g io n  (m /e  
3 6 3 - 3 6 7 )  a n d  t h e  r e g io n  m /e  3 4 7 - 3 5 1  w h i c h  c o r r e s p o n d s  t o  t h e  lo s s  

o f  o x y g e n .  C o r r e c t i o n s  f o r  n a t u r a l  i s o t o p e  c o n t r i b u t i o n s  b y  c o m p a r 

is o n  w i t h  a n  u n d e u t e r a t e d  s a m p l e  ( p o s s e s s i n g  p e a k s  a t  m /e  3 6 3 ,  3 6 4 ,  

a n d  3 6 5 )  w e r e  m a d e .  T h e  c a l c u l a t e d  d i s t r i b u t i o n  ( a v e r a g e  o f  t h r e e  

s p e c t r a )  o f  d e u t e r a t e d  s p e c i e s  in  8  w a s  t h u s  f o u n d  t o  b e  1 . 1 1 %  d i - ,  

1 7 . 5 6 %  t r i - ,  a n d  8 1 . 3 3 %  t e t r a d e u t e r a t e d  ( a l l  ± 0 . 1 1 % ) .  T h e  a t o m  %  

e x c e s s  D  c a l c u l a t e d  f r o m  t h e  m a s s  s p e c t r a l  d a t a  i s  1 8 . 1 1 .

Benzophenone-p,p'-d2 0-(BenzhydryI-p,p'-d2)oxime (10). 
A  6 7 - m g  s a m p le  o f  t h e  d e u t e r a t e d  n i t r o n e  w a s  h e a t e d  in  a n  e v a c u a t e d  

t u b e  a t  1 8 0  ° C  f o r  1 . 8  h . T h e  p r o d u c t  m i x t u r e  w a s  c h r o m a t o g r a p h e d  

t w i c e  o v e r  c o l u m n s  ( ~ 1  X  7  c m )  o f  a l u m i n a .  H e x a n e - b e n z e n e  ( 4 : 1 )  

e l u t e d  a  c o l o r l e s s  o i l  w h i c h  c r y s t a l l i z e d  f r o m  a b s o l u t e  e t h a n o l ,  a f 

f o r d i n g  5 0  m g  ( 7 5 % )  o f  1 0  a s  a  w h i t e  s o l i d ,  m p  1 0 1 . 5 - 1 0 3 . 5  ° C .  T h e  

r e p o r t e d  m e l t i n g  p o i n t  o f  t h e  u n d e u t e r a t e d  a n a l o g u e  is  1 0 1 . 5 - 1 0 2  

° C . 1 5  H e x a n e - b e n z e n e  ( 4 9 : 1 )  a n d  e t h e r  a l s o  e l u t e d  4  a n d  6  m g ,  r e 

s p e c t i v e l y ,  o f  d e u t e r a t e d  t e t r a p h e n y l e t h a n e  a n d  b e n z o p h e n o n e  

o x im e .

T h e  i m p o r t a n t  s p e c t r a l  f e a t u r e s  o f  10 a r e  a s  f o l lo w s :  I R  ( K B r )  2 2 6 0  

a n d  2 2 9 0  c m - 1  ( C - D  s t r e t c h ) ;  N M R  ( C D C I 3 ) 5 5 .5 5  (s , 1  H , b e n z h y d r y l  

C - H ) ,  7 . 3 2  ( m , ~ 1 6  H ,  a r o m a t i c ) .  T h e  m a s s  s p e c t r u m  ( 1 7  e V )  o f  10 
s h o w e d  p e a k s  a t  m /e  3 6 5 ,  3 6 6 ,  3 6 7 ,  3 6 8  a n d  3 6 9  in  t h e  p a r e n t  io n  r e 

g io n .  T h e  c a l c u l a t e d  d i s t r i b u t i o n  ( a v e r a g e  o f  t h r e e  s p e c t r a )  o f  d e u 

t e r a t e d  s p e c i e s  in  10 w a s  1 . 0 7 %  d i - ,  1 7 . 8 5 %  t r i - ,  a n d  8 1 . 0 8 %  t e t r a 

d e u t e r a t e d  ( a l l  ± 0 . 1 0 % ) .

Crossover Experiments. A p p r o x i m a t e l y  e q u i m o l a r  a m o u n t s  o f  

d e u t e r a t e d  a n d  u n d e u t e r a t e d  n i t r o n e s  ( t y p i c a l l y  a b o u t  1 0  m g  o f  e a c h )  

w e r e  w e i g h e d  i n t o  P y r e x  t u b e s .  T h e  a p p r o p r i a t e  s o l v e n t  ( f r e s h l y  

d i s t i l l e d )  w a s  a d d e d  w i t h  a  p i p e t .  T h e  s o l u t i o n s  w e r e  t h e n  d e g a s s e d  

a n d  s e a l e d  u n d e r  v a c u u m .  T h e  t u b e s  w e r e  h e a t e d  in  a  c o n s t a n t  t e m 

p e r a t u r e  b a t h  a t  1 4 4  ±  0 . 1  ° C .  A f t e r  a  t im e  r e q u ir e d  f o r  9 9 .9 %  r e a c t io n ,  

t h e  0 - b e n z h y d r v l o x i m e  p r o d u c t  w a s  i s o l a t e d  q u a n t i t a t i v e l y  b y  

c h r o m a t o g r a p h y  o n  a l u m i n a .  H e x a n e - b e n z e n e  ( 4 : 1 )  e l u t e d  t h i s  

p r o d u c t .  M a s s  s p e c t r a l  a n a l y s e s  w e r e  t h e n  u s e d  t o  d e t e r m i n e  t h e  

e x t e n t  o f  c r o s s o v e r .  I n  t h e  d e c o m p o s i t i o n  c o r r e s p o n d i n g  t o  5 0 %  d i s 

a p p e a r a n c e  c f  n i t r o n e ,  i t  w a s  n e c e s s a r y  t o  f i r s t  c h r o m a t o g r a p h  t h e  

d e c o m p o s i t i c n  m i x t u r e  o n  F l o r i s i l  in  o r d e r  t o  i s o l a t e  t h e  u n d e c o m 

p o s e d  n i t r o n e  w h i c h  is  u n s t a b l e  o n  a l u m i n a .
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S y n th e s is  o f  N it r o n y l  A lc o h o ls  a n d  T h e ir  B e n z o a te  E s te rs

T h e  s y n t h e s i s  o f  s i x  n e w  n i t r o n y l  a l c o h o l s  i s  r e p o r t e d :  P h C H = N + (0 _ ) C ( C H 3 )2 ( C H 2 ) n 0 H , in  w h i c h  m =  1 ,  2 ,  

a n d  3 ;  a n d  P h C H = N + (0 ~ ) C ( C H 3 ) n ( C H 2 0 H ) o , in  w h i c h  n  +  p  =  3  a n d  0  <  n <  3  a n d  0  <  p  <  3 .  A l l  a r e  p r o d u c e d  

b y  c o n d e n s a t i o n  o f  b e n z a ld e h y d e  a n d  t h e  a p p r o p r i a t e l y  s u b s t i t u t e d  h y d r o x y l a m i n e  d e r i v e d  f r o m  t h e  n i t r o  a lc o h o l  

o f  t h e  c o r r e s p o n d i n g  s t r u c t u r e .  T h e  s y n t h e s i s  o f  t h e  b e n z o a t e s  o f  t h e  n i t r o n y l  a l c o h o l s  s t a r t i n g  f r o m  t h e  b e n z o a t e s  

o f  t h e  c o r r e s p o n d i n g  n i t r o  a l c o h o l s  i s  a l s o  d e s c r i b e d .

The addition of radicals to nitrones produces nitroxides .2

\  A  I - A  I . . A
r . +  n C = N .  — R C — N .  —  R C — N .

/  + \  | + \  | \

This reaction seems to be fa irly general for radicals w ith the 
unpaired electron centered on carbon (carbon-centered rad
icals3) and also for oxygen-centered radicals.4 Because the 
ESR spectrum of the nitroxides produced should be in p rin 
ciple unique for each radical trapped, the addition reaction 
is useful in detecting low concentrations of reactive free rad
icals which cannot be detected directly by ESR methods. This 
technique has been named spin trapping .3 '5 The potential 
applications and lim itations of this method are under inves
tigation in these laboratories.

I t  is obvious that a water-soluble nitrone would be desirable 
for free-radical studies in aqueous solution. The extensively 
studied «-phenyl-f erf-butylnitror.e (PBN) dissolves very 
slowly in water up to about 0.1 M. One would expect improved 
water solubility w ith retention of stability on spin trapping 
when the tert-butyl methyl hydrogens are replaced by hy
droxy groups (I—III). The synthesis of these compounds as well

cohols and esters have been reported. The following reactions 
were used to prepare the nitronyl alcohols reported in the 
literature .6-8

P h C H = N O H
/ \

+  C H — e i l C H C H

0 “

^  P h C H = N C H , C H O H C H , C H ;  <1>

P h C H = i N O H  +  C H . = C F C O O R

0 “

I
— P h C H = = N C H , C H JC O O R  ( 2 )  

+

P h C H = N O ~ N a +  +  B r C H R C O O R '

0

I
P h C H = N TC H R C O O R ' C l)

The synthesis of V I is also included here.

O -  M e  0 “  C T L O H

i i  i r
P h C H = N — C C H - O H  P h C H = N — C C H .O H

+  | + |

M e

I I

O -  C H  ,0 H

I I
P h C H = N — C C H .O H

+ I
C H .O H

I I I

0  M e

1 I
P h C H = N — C H C H jO H

+

V I

General Approach to the Synthesis of Nitronyl Alco
hols. The nitronyl alcohols reported here were synthesized 
by the condensation of benzaldehyde with the appropriately 
substituted hydroxylamine. The substituted hydroxylamine

0 “

I
PhCHO + HONHCR.R.R —* PhCH=NCR,R,R,

as their benzoate esters is described in this paper. Also, the 
preparation of two phenylr.itrones with an extended meth
ylene chain w ill be given (IV  and V).

0 “  M e  0 ~  M e

P h C H = N — C C H  C H .O H  P h C H = N — C C H .C H .C H .O H

+ I + I
M e  M e

I V  V

Apparently these N-tert-alkylnitronyl alcohols have not 
been previously prepared, although a few other n itronyl al

* A d d r e s s  c o r r e s p o n d e n c e  t o  t h e  U n i v e r s i t y  o f  G u e l p h .

is obtained from the zinc/ammonium chloride reduction of 
the appropriate n itro alcohol. The nitro alcohols needed for 
the synthesis of I, II, and I I I  were prepared from formaldehyde 
and the appropriate nitroalkane. However, they can also be 
obtained commercially. The n itro  alcohols for IV  and V were 
prepared by special methods. In every case the nitronyl alcohol 
benzoate ester was made by the condensation of benzaldehyde 
with the hydroxylamine of the nitro alcohol benzoate ester.

Synthesis. a-Phenyl-JV-(l-hydroxy-2-methyl-2- 
propyl)nitrone (I). Since this compound bears a close re
semblance to PEN, the name “hydroxy PBN” or HOPBN w ill 
be used. HOPBN can be prepared from formaldehyde, 2- 
nitropropane, and benzaldehyde in good yield. The assign
ment of structure is based on NMR, IR, and UV spectroscopy. 
In CDCI3 the following assignments are made: m ultip le t at b

O flO O  Q O C Q / n a d Q ^ q  I Q f t n t m  n n / n  1 Q 7 R  A m e r i c a n  C h e m i c a l  f i n c i e t v
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8.23 due to the ortho protons of the phenyl group, m ultiplet 
at ô 7.40 due to the meta, para, ar.d vinyl protons, broad singlet 
at 5 4.45 due to the hydroxy proton, singlet at 5 3.73 due to the 
methylene protons, and singlet at 8 1.55 due to the protons of 
the two methyl groups. Integration is consistent w ith this 
assignment. The spectrum in the region of the phenyl group 
is identical w ith that of PBN and frequently has diagnostic 
value for identifying the presence of N-substituted phenyl- 
nitrones, particularly in polar solvents like D20  or Me2SO-d6.9 
In polar solvents the ortho protons are strongly deshielded, 
appearing at 5 8.4, whereas the meta and para protons appear 
at 5 7.1-7.4. This separation frequently allows resolution of 
the vinyl proton singlet at 8 7.4-7.8. In K B r absorptions due 
to the OH and C = N  stretch are found at 3180 and 1591 cm-1, 
respectively. The ultraviolet spectrum of HOPBN is identical 
w ith that of PBN: \ max 298 (ethanol), 305 (hexane) nm (emax 
ca. 15 000). The two broad, moderately intense absorptions 
have been reported to be characteristic of N-alkylated phen- 
ylnitrones.10

The question as to the possibility of intramolecular H 
bonding in this compound is under investigation.

H  . 0 "

M e

P h

M e  C H jO H

H , 0  • • ■ H .

Y = N +  O

/  \  /
P h  c—C H /

/ \
M e  M e

HOPBN is a stable white crystalline solid completely sol
uble in water. No evidence for the cyclic hydroxylamine isomer 
has been found. Thus, although aliphatic hydroxylamines

H  O -

\ > = N + '  M e

P h  / C \

M e  C H O H

H  O H

\  /
P h C — N  ]yip 

/ \ /

° x
C H  x M e

react instantly with alcoholic silver nitrate at room tempera
ture upon mixing to yield a dark gray, silver precipitate, pure 
samples of HOPBN (or PBN) do not produce precipitates in 
the presence of silver ions. However, when followed by ESR 
spectroscopy, a small amount of nitroxide is observed upon 
mixing HOPBN w ith alcoholic silver nitrate at room tem
perature. This signal increases w ith time. The same result is 
obtained w ith lead tetraacetate. Further studies of this reac
tion are under way. The Lewis acid centers probably facilitate 
cyclizaticn by coordination w ith  the nitronyl oxygen. The 
structural assignment of V II is based on the synthesis of the 
amine precursor.11

H

P h

/ 0 A g

.M e  - j T

/ \
M e  C E , O H

H ^  ^ O A g

P h C — N  .M e  
J V . /

O x  / (-
C H 2

H

M e

O -

\  /
P h C — N

O.

M e

’\  +  A g
C H ,  X M e

V I I

The benzoate ester of I  was prepared by reducing the ben
zoate ester of 2-methyl-2-nitropropanol to the hydroxylamine 
followed by condensation w ith oenzaldehyde. This method 
appears to be quite general for the preparation of n itronyl 
benzoates. Attempts to synthesize the benzoate ester of I  d i

rectly from HOPBN were unsuccessful.
B zC l

N 0 2CMe2CH20H  — »- N 0 2CMe2CH20Bz

P h C H O
HONHCMe2CH2OBz — PhCHN(0)CMe2CH20Bz

The acetate ester of 2-methyl-2-nitropropanol did not 
survive the Z n /N H ^ l reduction. Hydrolysis occurred, pro
ducing I upon reaction w ith benzaldehyde.

a-Phenyl-IV-( 1,3-dihydroxy-2-methyI-2-propyl)ni- 
trone (II). The name “ dihydroxy PBN ” or (HO)2PBN w ill 
be used for this ccmpound. (HO)2PBN was prepared from 
nitroethane, formaldehyde, and benzaldehyde in relatively 
poor overall yield. This compound is a white low-melting 
hygroscopic solid. The structural assignment is based on NMR 
spectroscopy. In D20  the vinyl proton peak falls between the 
ortho and meta/para multiplets. The peaks for the methyl and 
hydroxy protons are singlets w ith the correct relative areas. 
Of interest is the fact that the diastereotopic methylene pro
tons appear as two triplets with different chemical shifts. The 
possibility of intramolecular H  bonding of one hydroxy- 
methylene group is under investigation.

\  / °  H \
/ - N \  / °

P h  y C — C H ,

M e  I

C H . 0 H

n

The dibenzoate ester of I I  was prepared from the dibenzoate 
ester of 2-methyl-2-nitro-l,3-propar.ediol.

a-Phenyl-7V-(2-hydroxymethyl-l,3-dihydroxy-2-pro- 
pyl)nitrone (III). (HOHPBN was prepared from nitro- 
methane, formaldehyde, and benzaldehyde in moderately low 
yield. The compound is a white crystalline solid. The struc
tural assignment is based on NMR, IR, and UV spectroscopy 
and elemental analysis (see Experimental Section). The NMR 
spectrum of (HO)sPBN differs from that of (HO)2PBN in that 
both the hydroxy and methylene protons appear as singlets 
in this case. No evidence for a difference in chemical shift for 
one methylene group as compared to the other two is available 
at this time.

The tribenzoate ester of I I I  was prepared from the triben
zoate ester of 2-hydroxymethyl-2-nitro-l,3-propanediol.

a-Phenyl-JV-(4-hydroxy-2-methyl-2-butyl)nitrone 
(IV). Since this compound still bears a close resemblance to 
PBN, except that instead of a tert- butyl group a tert-pentyl 
group is attached to the nitrogen atom of the nitrone, the term 
“ hydroxy PPN”  or HOPPN w ill be used to designate g j  -  hy
droxy-«-phenyl-V- (ieri-pentyl) nitrone. The synthesis of 
HOPPN was accomplished by condensation of benzaldehyde 
with the substituted hydroxylamine obtained from reduction 
of 3-nitro-3-methylbutanol. The latter was made from the 
hydrolysis of 3-merhyl-3-nitrobutyl acetate produced in the 
peracid oxygenation of 5-methyl-5-nitro-2-hexanone. A 13% 
overall yield was obtained.

N O .C H M e ,  - > N 0 2C M e 2C H , C H , C 0 C H :>

CF.COODH
N O ,C M e ,C H 2C H 2O C O C H 3

N O „ C M e ,C H ,C H , O H  - -  > H O N H C M e ,C H ,C H , O H
NHuCl

PhCHO
P h  C H = N  C M e 2C H  ,C  H  , 0  H  

+
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a-P henyl-JV -(5 -hydroxy-2 -m ethy l-2-penty l)n itrone
(V). Since the hydroxyalkyl group in this compound is tert- 
hexyl, the term “ hydroxy PH N ”  or HOPHN w ill be used to 
designate a>-hydroxy-a-phenyldV-(fert-hexyl)nitrone. The 
synthesis of HOPHN was accomplished by condensation of 
benzaldehyde w ith the substituted hydroxylamine obtained 
from the reduction of 4-nitro-4-methylpentanol. The latter 
was made by reduction of 4-nitro-4-methylpentanal w ith so
dium cyanoborohydride. A 15% overa.l yield was obtained. 
Structure assignment was by NM R spectroscopy.

N 0 2C H M e 2 CH 2=C H C H °->  N 0 2C M e 2C H 2C H 2C H 0

NaCNBH,
------------+  N 0 2C M e 2C H 2C H 2C H 23 H

Zn

N H 4C1
H O N H C M e 2C H 2C H 2C H ,O H

0 ~

P h C H = N C M e 2C H 2C H 2C H 20  H  
+

An attempt was made to obtain the nitrone by protecting 
the aldehydic function from the zinc/NH4CI reduction of the 
nitro group. Although the expected protected phenylnitrone 
was obtained, hydrolysis destroyed the nitrone function. This 
method was not successful in producing HOPHN. The as
signment of structure was based on NM R spectroscopy.

N O C M .- .C H C H .C I I
'  \

o - 1

Zn PhCHO

N H 4CI

I / L
P h C H = N  C M e 2C H zC H 2C H

+  " '
0 -

a-P lieny l-J¥-(l-hydroxy-2-propy l)n itros ie  (V I). The 
condensation of benzaldehyde w ith the hydroxylamine ob-

0 “

I
P h C H O  +  H O N H C H M e C H jO H  — ♦  P h C H = N C H M e C H 2O H

V I

tained from 2-nitropropanol produced V I in 55% overall yield. 
Structural assignment was based on NM R spectroscopy.

E xperim enta l Section

S y n t h e s i s  o f  a - P h e n y l - i V - ( l - h y d r o x y - 2 - m e t h y l - 2 - p r o p y l ) -  

n i t r o n e  ( I ) .  T o  a  c o o le d  f l a s k  c o n t a i n i n g  2 - m e t h y l - 2 - n i t r o p r o p a n o l  

( 5 .9 5  g , 0 .0 5  m o l)  in  1 5 0  m L  o f  e t h a n o l  w a s  a d d e d  a m m o n iu m  c h lo r id e  

( 3 . 2 5  g ,  0 . 0 6 1  m o l)  in  5 0  m L  o f  d i s t i l l e d  w a ‘ e r .  F i n e  z in c  p o w d e r  ( 1 3  

g ,  0 .2  m o l)  w a s  a d d e d  o v e r  a  p e r i o d  o f  1 5  m in  w i t h  s t i r r i n g  a n d  c o n 

t i n u e d  c o o l in g  ( < 3 0  ° C ) .  A f t e r  s t i r r i n g  f o r  4  h  t h e  z in c  s a l t s  w e r e  f i l 

t e r e d  o f f  a n d  w a s h e d  w i t h  h o t  9 5 %  e t h a n o l  ( 2  X 1 0 0  m L )  a n d  h o t  

c h lo r o f o r m  ( 2  X 1 0 0  m L ) .  T h e  l ig h y  g r e e n  f i l t r a t e  ( th e  b lu e  c o lo r  c o m e s  

f r o m  t h e  n i t r o s o  f u n c t i o n )  w a s  c o n c e n t r a t e d  t o  5 0  m L  b y  r o t c e v a p o -  

r a t i o n  a n d  e x t r a c t e d  w i t h  c h lo r o f o r m  (4  X 1 0 0  m L ) .  T h e  c o m b i n e d  

e x t r a c t s  w e r e  c o n c e n t r a t e d  t o  1 0 0  m L  a n d  u s e d  in  t h e  n e x t  s t e p .

B e n z a l d e h y d e  ( 5 .2 5  g , 0 .0 5  m o l)  w a s  a d d e d  t o  t h e  a b o v e  c h lo r o f o r m  

s o lu t io n ,  a n d  t h e  m i x t u r e  w a s  g e n t l y  r e f l u x e d  f o r  3 .5  h . A f t e r  c o o l in g ,  

d r y i n g  o v e r  a n h y d r o u s  M g S 0 4, a n d  c o n c e n t r a t in g  b y  r o t o e v a p o r a t io n ,  

a  s o l i d  p a s t e  w a s  r e c o v e r e d  w h i c h  a f t e r  t w o  r e c r y s t a l l i z a t i o n s  f r o m  

c o ld  C C I 4  y i e l d e d  a  f i n e  w h i t e  p o w d e r  ( 5 .2  g , 5 5 %  y i e l d  o v e r a l l ) :  m p

7 5 - 7 6  ° C ;  N M R  ( C D C 1 3 ) b 8 . 2 3  ( m , 2  H ,  C 3K 5  o r t h o ) ,  7 .4 0  ( m , 4  H ,  

C 6H 5  2  m e t a  a n d  1  p a r a ,  1  v i n y l ) .  4 . 4 5  ( s ,  b r o a d ,  1  H ,  C H 2 O H ) ,  3 . 7 3  

( s , 2  H ,  C H 2 O H ) ,  1 . 5 5  ( s ,  6  H ,  2 C H 3) ; I R  ( K B r )  3 1 8 0  ( O H ) ,  1 5 9 1  

( C = N )  c m - 1 ; U V  Xmax 2 9 8  ( E t O H ) ,  3 0 5  ( h e x a n e )  n m  (emax c a . 1 5  0 0 0 ). 

A n a l .  C a lc d  f o r  C u H 16 N 0 2: C ,  6 8 .3 7 ;  H ,  7 .8 2 ;  N ,  7 .2 5 .  F o u n d :  C ,  6 8 .2 2 ;  

H ,  7 .8 8 ;  N ,  7 .3 4 .

S y n t h e s i s  o f  a - P h e n y l - ) V - ( l , 3 - d i h y d r o x y - 2 - m e t h y l - 2 -  

p r o p y l ) n i t r o n e  ( I I ) .  R e d u c t i o n  o f  2 - m e t h y l - 2 - n i t r o - l , 3 - p r o p a n 

e d i o l  t o  t h e  h y d r o x y l a m i n e  d e r i v a t i v e  a n d  c o n d e n s a t i o n  w i t h  b e n z 

a l d e h y d e  w e r e  a c c o m p li s h e d  o n  a  0 .0 5 - m o l  s c a le  b y  t h e  p r o c e d u r e  u s e d  

f o r  t h e  p r e p a r a t i o n  o f  I .  T w o  r e c r y s t a l l i z a t i o n s  f r o m  c o l d  b e n z e n e  

y i e l d e d  l o w - m e l t i n g  w h i t e  c r y s t a l s  ( 1 . 6  g , 1 5 . 3 %  y i e l d  o v e r a l l ) :  m p  

5 2 - 5 5  ° C  ( h y g r o s c o p ic ) ;  N M R  ( D 2 0 )  <5 8 . 1 8  ( m , 2  H ,  C 6H 5  o r t h o ) ,  7 .3 8  

( m , 4  H ,  C e H 6 2  m e t a  a n d  1  p a r a ,  1  v i n y l ) ,  4 . 1 0  ( s ,  b r o a d ,  2  H ,  

2 C H 2 O H ) ,  3 .9 8  ( m , 4  H ,  2 C H 2 O H ) ,  1 . 4 1  ( s , 3  H ,  C H 3) ; I R  ( f i l m )  3 2 8 0  

( O H ) ,  1 5 8 8  ( C = N )  c m “ 1 ; U V  ( E t O H )  Xmax 2 9 6  n m .  A n  a n a l y t i c a l l y  

p u r e  s a m p l e  s u i t a b l e  f o r  e l e m e n t a l  a n a l y s i s  c o u l d  n o t  b e  p r e p a r e d .
S y n t h e s i s  o f  a - P h e n y l - J V - ( 2 - h y d r o x y m e t h y l - l , 3 - d i h y d r o x y -

2 -  p r o p y I ) n i t r o n e  ( I I I ) .  R e d u c t i o n  o f  2 - h y d r o x y m e t h y l - 2 - n i t r o -

1 ,3 - p r o p a n e d i o l  t o  t h e  h y d r o x y l a m i n e  d e r i v a t i v e  a n d  c o n d e n s a t i o n  

w i t h  b e n z a ld e h y d e  b y  t h e  m e t h o d  u s e d  f o r  I  g a v e  w h i t e  p o w d e r y  

c r y s t a l s  a f t e r  f o u r  r e c r y s t a l l i z a t i o n s  f r o m  m e t h a n o l / p e t r o l e u m  e t h e r  

( 2 .4 8  g ,  2 2 %  o v e r a l l  y i e l d ) :  m p  8 9 - 9 1  ° C ;  N M R  ( D 2 0 )  <5 7 .7 0  ( m , 2  H ,  

C 6H 5  o r t h o ) ,  7 .2 0  ( s ,  1  H ,  v i n y l ) ,  7 .0  ( m , 3  H ,  C 6H 5  m e t a  a n d  1  p a r a ) ,  

4 .4 5  ( s , 6  H ,  3 C H 2 O H l ;  I R  ( K B r )  3 3 8 0 - 3 1 9 0  ( b r o a d  O H ) ,  1 5 9 0  ( C = N )  

c m - 1 ; U V  ( E t O H )  Xmax 2 9 8  n m  ( r max c a .  1 5  0 0 0 ) .  A n a l .  C a l c d  f o r  

C 1 1 H 1 5 N O 4 : C ,  5 8 .6 6 ;  H ,  6 . 7 1 ;  N ,  6 .2 2 . F o u n d :  C ,  5 8 .4 9 ;  H ,  6 .6 0 ;  N ,

6 . 1 5 .
S y n t h e s i s  o f  a - P h e n y l - J V - ( 4 - h y d r o x y - 2 - m e t h y l - 2 - b u t y l ) n i -  

t r o n e  ( I V ) .  T o  a  s o lu t io n  o f  t r i f l u o r o p e r a c e t i c  a c i d  ( 3 2 .5  g ,  0 .2 5  m o l)  

in  m e t h y le n e  c h lo r i d e  p r e p a r e d  f r o m  t r i f l u o r o a c e t i c  a n h y d r i d e  a n d  

9 0 %  h y d r o g e n  p e r o x i d e  b y  t h e  m e t h o d  o f  E m m o n s  a n d  P a g a n o 12  w a s  

a d d e d  5 - m e t h y l - 5 - n i t r o - 2 - h e x a n o n e  ( p r e p a r e d  f r o m  t h e  M i c h a e l  

a d d i t i o n  o f  2 - n i t r o p r o p a n e  t o  v i n y l  m e t h y l  k e t o n e )  d r o p w i s e  w i t h  

c o o l in g  o v e r  a  p e r i o d  o f  1  h . T h e  m i x t u r e  w a s  a l l o w e d  t o  s t a n d  o v e r 

n i g h t  a n d  w a s  t h e n  p o u r e d  i n t o  5 0 0  m L  o f  w a t e r .  T h e  o r g a n i c  l a y e r  

s e p a r a t e d  a n d  w a s  e x t r a c t e d  w i t h  1 0 %  N a H C 0 3  ( 2  X  1 0 0  m L )  a n d  

s a t u r a t e d  N a C l  ( 1 0 0  m L ) .  R o t o e v a p o r a t i o n  y i e l d e d  a  w h i t e  s w e e t 

s m e l l i n g  s l u r r y ,  w h i c h  f r o m  N M R  s p e c t r o s c o p y  w a s  e s t i m a t e d  t o  

c o n t a i n  6 6 %  o f  3 - m e t h y l - 3 - n i t r o b u t y l  a c e t a t e .  T h e  m i x t u r e  w a s  r e 

f l u x e d  i n  m e t h a n o l i c  K O H  f o r  2  d a y s .  T h e  d a r k  t a r r y  m i x t u r e  w a s  

f i l t e r e d  t h r o u g h  g l a s s  w o o l ,  c o n c e n t r a t e d  t o  1 0 0  m L  u n d e r  v a c u u m ,  

a n d  e x t r a c t e d  w i t h  e t h e r  ( 5  X  1 0 0  m L ) .  T h e  e t h e r  e x t r a c t  w a s  c o n 

c e n t r a t e d  t o  1 0 0  m L ,  f i l t e r e d  t h r o u g h  g la s s  w o o l ,  a n d  r o t o e v a p o r a t e d  

t o  y i e l d  a  d a r k  b r o w n  o il. T h i s  w a s  h e a t e d  t o  b o i l in g  in  5 0 %  H 20 / E t O H  

a n d  t r e a t e d  w i t h  c h a r c o a l  ( N o r i t ) .  A f t e r  f i l t e r i n g  a n d  c o n c e n t r a t i n g  

t o  5 0  m L  o n  t h e  r o t o e v a p o r a t o r ,  e x t r a c t i o n  w i t h  c h lo r o f o r m  y i e l d e d

3 -  m e t h y l - 3 - n i t r o b u t a n o l  ( 4 .2 5  g ,  1 2 . 8 %  y i e l d )  a s  a  p a l e  y e l lo w  o i l:  

N M R  ( C D C I 3 ) 5 4 . 5 0  ( s ,  b r o a d ,  1  H ,  O H ) ,  3 .7 0  ( t ,  J  =  6  H z ,  2  H ,  

C H 2 O H ) , 2 .2 3  ( t ,  J  =  6  H z ,  O C H 2 C H 2) , 1 . 6 5  ( s , 6  H ,  2 C H 3) ; I R  ( n e a t )  

3 3 5 0  ( O H ) ,  1 5 5 1  ( N 0 2) c m - 1 .

R e d u c t i o n  t o  t h e  h y d r o x y la m i n e  w a s  a c c o m p li s h e d  b y  t h e  s t a n d a r d  

p r o c e d u r e  u s e d  in  t h e  p r e p a r a t i o n  o f  I .

T h e  r e s u l t i n g  c h lo r o f o r m  s o lu t io n  o f  t h e  h y d r o x y la m i n e  d e r i v a t i v e  

w a s  g e n t l y  r e f l u x e d  w i t h  b e n z a ld e h y d e  ( 3 .4 0  g , 0 .3 2  m o l)  f o r  3  h .  R o 

t o e v a p o r a t i o n  y i e l d e d  a  g r e e n  o i l ,  a n d  T L C  o n  s i l i c a  g e l  i n d i c a t e d  t h e  

p r e s e n c e  o f  t w o  c o m p o n e n t s .  T h e  m i x t u r e  w a s  s e p a r a t e d  o n  a  1 1  X

1  in  s i l i c a  g e l  ( 6 0 - 2 0 0  m e s h )  c o lu m n  u s i n g  e t h y l  a c e t a t e / c h l o r o f o r m  

( 5 0 :5 0 )  a s  e l u t a n t .  T h e  n i t r o n y l  a l c o h o l  w a s  c o l l e c t e d  w i t h i n  t h e  

2 5 0 - 3 3 0 - m L  f r a c t i o n  o f  e l u t a n t  ( f lo w  r a t e ,  1  c m 3 / m in ) .  R o t o e v a p o 

r a t i o n  f o l l o w e d  b y  v a c u u m  d e s i c c a t i o n  y i e l d e d  t h e  n i t r o n y l  a l c o h o l  

a s  a  c le a r  v is c o u s  o i l  ( 0 .8 5  g , 12 .9 % ) :  N M R  ( C D C 1 3) 6 8 . 1 8  (m , 2  H ,  C g H s  

o r t h o ) ,  7 .4 8  ( s , 1  H ,  v :n y l ) ,  7 .2 3  ( m , 3  H ,  C e H 5  2  m e t a  a n d  1  p a r a ) ,  4 . 5 5  

( s , b r o a d ,  1  H ,  O H ) ,  3 .4 7  ( t ,  J  =  5  H z ,  2  H ,  C H 2 O H ) , 2 .2 9  ( t ,  J  =  5  H z ,

2  H ,  C H 2 C H 2 0 ) ,  1 . 6 1  ( s ,  6  H ,  2 C H 3 ); I R  ( n e a t )  3 3 5 0  ( O H ) ,  1 5 8 4  

( C = N )  c m - 1 ; U V  ( E t O H )  Xmax 2 9 8  n m  (emax c a .  1 5  0 0 0 ) .

S y n t h e s i s  o f  a - P h e n y l - I V - ( 5 - h y d r o x y - 2 - m e t h y  1 - 2 - p e n t y l ) - 

n i t r o n e  ( V ) .  I n  a  w e l l - v e n t i l a t e d  h o o d  f r e s h l y  p r e p a r e d  4 - m e t h y l -

4 -  n i t r o p e n t a n a l  ( 5 . 3  g , 0 .0 6 4  m o l)  f r o m  2 - n i t r o p r o p a n e  a n d  a c r o l e i n  

w a s  a d d e d  t o  c o o le d  5 0 %  a q u e o u s  m e t h a n o l  ( 1 0 0  m L )  a t  p H  4  

( H 2 S 0 4). T h i s  w a s  f o l l o w e d  b y  t h e  a d d i t i o n  o f  s o d i u m  c y a n o b o r o h y 

d r i d e  ( 4 .0 4  g , 0 .0 6 5  m o l)  in  s m a l l  p o r t i o n s  o v e r  3 0  m i n  w i t h  p e r i o d i c  

a d d i t i o n s  o f  H 2S 0 4  t o  m a i n t a i n  p H  4 . A f t e r  s t i r r i n g  f o r  4  h  a t  r o o m  

t e m p e r a t u r e ,  t h e  d e e p  b r o w n  l i q u i d  w a s  d i l u t e d  w i t h  2 5 0  m L  o f  H 20  

a n d  e x t r a c t e d  w i t h  c h lo r o f o r m  (4  X  1 0 0  m L ) .  A  p a l e  y e l lo w  o i l  ( 8 .0  g , 

8 4 % )  w a s  i s o l a t e d  b y  r o t o e v a p o r a t i o n :  N M R  ( C D C 1 3) b 4 . 2 5  ( s ,  b r o a d ,  

1 H ,  O H ) ,  3 .6 5  ( t ,  J  =  5  H z ,  2  H ,  C H 2 O H ) , 1 . 9 0  ( m , 2  H ,  C H 2) , 1 . 6 1  (s , 

6  H ,  2 C H 3 ) , 1 . 5 0  ( m , 2  H ,  C H 2) ; I R  ( n e a t )  3 3 4 5  ( O H )  a n d  1 5 5 0  ( N 0 2 ) 

c m " 1 , w i t h  n o  t r a c e  o f  c a r b o n y l  a b s o r p t i o n .

R e d u c t i o n  t o  t h e  h y d r o x y l a m i n e  d e r i v a t i v e  w a s  a c c o m p l i s h e d  b y  

t h e  p r o c e d u r e  u s e d  in  t h e  p r e p a r a t i o n  o f  I .  T h e  r e s u l t in g  g r e e n  o i l  w a s  

e lu t e d  t h r o u g h  a  1 0  X  1  in  s i l i c a  g e l  ( 2 0 0  m e s h )  c o lu m n  u s in g  2 5 %  e t h y l  

a c e t a t e  in  c h lo r o f o r m .  T h e  n i t r o n y l  a l c o h o l  w a s  c o l l e c t e d  i n  t h e  

f r a c t i o n  b e t w e e n  3 0 0  t o  3 8 0  m L  o f  e l u t a n t  ( f lo w  r a t e ,  1  m L / m i n ) .  

E v a p o r a t i o n  o f  t h e  s o l v e n t  f o l l o w e d  b y  2 4  h  o f  v a c u u m  d e s i c c a t i o n  

y i e l d e d  t h e  n i t r o n e  a s  a  c o l o r l e s s  j e l l y  ( 2 .0 5  g , 1 4 . 5 3 %  o v e r a l l ) :  N M R  

( C C I 4 ) & 8 .2 0  ( m , 2  H ,  C e H 5  o r t h o ) ,  7 . 3 8  ( s , 1  H ,  v i n y l ) ,  7 . 2 5  ( m , 3  H ,  

C 6H 5 2  m e t a  a n d  1  p a r a ) ,  3 . 6 5  ( s ,  b r o a d ,  1  H ,  O H ) ,  3 .4 0  ( t ,  J  =  4  H z ,
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2  H ,  C H 2 O H l ,  1 . 8 0  ( m , 2  H ,  C H 2) ,  1 . 4 5  ( s ,  6  H ,  2 C H 3 ). 1 . 3 5  ( m , 2  H ,  

C H 2) ; I R  ( n e a t )  3 3 5 0  ( O H ) ,  1 5 8 5  ( C = N )  c m " 1 ; U V  ( E t O H )  Amax 2 9 8  

n m  ( i mai  c a .  _ 5  0 0 0 ) .

Synthesis of the Ethylene Glycol Acetal of V. A  m i x t u r e  o f  4 - 

m e t h y l- 4 - n i t r o p e n t a n a l  ( 2 5  g ,  0 . 1 7  m o l)  e t h y l e n e  g l y c o l  ( 1 0 . 7 8  g , 0 . 1 8  

m o l ) ,  a n d  0 .5  g  o f  p - t o l u e n e s u l f o n i c  a c i d  in  5 0  m L  o f  b e n z e n e  w a s  

v ig o r o u s ly  r e f lu x e d  u n d e r  a  D e a n - S t a r k  t r a p  f o r  3  h . T h e  s o lu t io n  w a s  

c o o le d ,  d i lu t e d  t o  1 5 0  m L  w i t h  b e n z e n e ,  e x t r a c t e d  w i t h  s a t u r a t e d  

N a H S 0 3  ( 2  X  5 0  m L )  a n d  s a t u r a t e d  N a C l ,  a n d  r o t o e v a p o r a t e d ,  a n d  

t h e  o i l  r e c o v e r e d  w a s  d i s t i l l e d  u n d e r  v a c u u m  ( 1 2 0  ° C  a t  6  m m ) .  T h e  

d i o x o l a n e  w a s  i s o l a t e d  a s  a  c o l o r l e s s  l i q u i d  ) 2 5 .3  g, 7 8 .8 % ) :  I R  1 5 4 6  

( N 0 2) c m - 1 , w it h  n o  c a r b o n y l  a b s o r p t i o n .

R e d u c t i o n  t o  t h e  h y d r o x y l a m i n e  a n d  c o n d e n s a t i o n  w i t h  b e n z a l-  

d e h y d e  w e r e  o n  a  0 . 1 - m o l  s c a l e  f o l l o w i n g  t h e  p r o c e d u r e  u s e d  in  t h e  

p r e p a r a t i o n  c f  I .  T h e  c r u d e  n i t r o n e  w a s  i s o l a t e d  a s  a  g r e e n  o i l ,  w h i c h  

s o l i d i f i e d  u p o n  r e f r i g e r a t i o n .  R e c r y s t a J i z a t i o n  f r o m  n e x a n e / p e t r o -  

l e u m  e t h e r  y i e l d e d  p u r e  w h i t e  c r y s t a l s  ( 1 9 . 9  g , 7 6 % ) :  m p  6 4 - 6 5  ° C ;  

N M R  ( C D C 1 3 ) 6 8 . 2 5  ( m , 2  H ,  C e H s  o r t h o ) ,  7 .4 5  ( s ,  1  H ,  v i n y l ) ,  7 . 3 0  

(m , 3  H , C g H g  2  m e t a  a n d  1  p a r a ) ,  4 .8 4  ( t ,  J  =  4 H z , 1  H ,  m e t h in e ) ,  3 .8 5  

( m , 4  H ,  a c e t a l ) ,  2 .0  ( m , 2  H ,  C H 2), 1 . 6 5  ( m . 2  H ,  C H 2) , 1 . 6 0  ( s ,  6  H ,  

2 C H 3 ); I R  ( K B r )  1 5 8 5  ( C = N )  c m - 1 . A n a l .  C a l c d  f o r  C i 5 H 2 1 N 0 3: C ,  

6 8 .5 0 ;  H ,  8 .0 3 ;  N ,  5 . 3 2 .  F o u n d :  C ,  6 8 .4 8 ;  H ,  8 . 0 1 ;  N ,  5 .2 9 .

Synthesis of the Benzoate Ester of Nitrone I. P y r i d i n e  ( 3 .9  g ,

0 .  0 5  m o l)  w a s  a d d e d  t o  2 - m e t h y l - 2 - n i t r o p r o p a n o l  ( 5 .9 5  g , 0 .0 5  m o l)  

a n d  b e n z o y l  c h lo r i d e  ( 7 .0  g ,  0 .0 5  m o l)  in  5 0  r r .L  o f  d r y  b e n z e n e .  A f t e r  

r e f lu x in g  v ig o r o u s ly  f o r  1  h  t h e  s o lu t io n  w a s  c o o le d  a n d  e x t r a c t e d  w it h  

1  N  H C 1  ( 2  X  1 0 0  m L ) ,  1  N  K O H  ( 2  X  1 0 0  m L ) ,  a n d  5 0  m L  o f  s a t u 

r a t e d  N a C l .  R o t o e v a p o r a t i o n  y i e l d e d  t h e  b e n z o a t e  a s  a  s w 'e e t - s m e ll in g  

y e l lo w  o i l  ( 9 .8  g ,  9 5 % ) :  I R  ( n e a t )  1 7 2 8  ( C = 0 ) ,  1 5 4 9  ( N 0 2) c m - 1 .

R e d u c t i o n  zo t h e  h y d r o x y la m i n e  d e r i v a t i v e  a n d  c o n d e n s a t io n  w i t h  

b e n z a ld e h y d e  w e r e  a c c o m p li s h e d  b y  f o l l o w i n g  t h e  p r o c e d u r e  u s e d  fo r

1 .  T h e  c r u d e  n i t r o n y l  e s t e r  w a s  r e c r y s t a l l i z e d  f r o m  c c l d  b e n z e n e  t o  

y i e l d  w h i t e  c r y s t a l s  ( 7 . 1 2  g , 4 8 %  o v e r a l l ) :  m p  9 5 - 9 6  ° C ;  N M R  ( C D C 1 3 ) 

S 8.32  ( m , 2  H ,  C g H g  o r t h o ,  n i t r o n e ) ,  7 .9 0  ( m . 2  H ,  C g H s  o r t h o ,  e s t e r ) ,

7 .6 0  (s , 1  H ,  v i n y l ) ,  7 .4 0  ( m , 6  H ,  2 C g H s  4 m e t a  a n d  2  p a r a ) ,  4 .6 9  ( s ,  2  

H ,  C H 2 0 ) ,  I T S  ( s ,  6  H ,  2 C H 3 ) ; I R  ( K B r )  1 7 3 2  ( C = 0 ) ,  1 6 8 4  ( C = N )  

c m - 1 . A n a l .  C a l c d  f o r  C 1 8 N 19 N O 3 : C ,  7 2 . 7 1 ;  H .  6 .4 4 ;  N ,  4 . 7 1 .  F o u n d :  

C ,  7 2 . 5 9 ;  H ,  6 .4 4 ;  N ,  4 .8 0 .

Synthesis af the Dibenzoate Ester of Nitrone II. P y r i d i n e  ( 7 .8  

g , 0 . 1 0  m o l)  w a s  a d d e d  t o  6 0  m L  o f  d r y  b e n z e n e  c o n t a i n i n g  2 -  

m e t h y l - 2 - n i t i o - l , - 3 - p r o p a n e d io l  ( 6 .7 5  g , 0 .0 5  m o l)  a n d  2  e q u i v  o f  

b e n z o y l  c h lo r i d e  ( 1 4 . 5  g , 0 . 1 0  m o l) .  T h e  t u r b i d  s o l u t i o n  w a s  r e f l u x e d  

f o r  6  h ,  c o o le d ,  d i l u t e d  w i t h  1 0 0  m L  o f  b e n z e n e ,  a n d  e x t r a c t e d  w i t h  

1  N  H C 1  ( 2  X  1 0 0  m L ) ,  1  N  K O H  ( 2  X  1 3 0  m L ) ,  a n d  1 0 0  m L  o f  s a t u 

r a t e d  N a C l .  R o t o e v a p o r a t i o n  y i e l d e d  a  c r u d e  s o l i d  w h i c h  r e c r y s t a l 

l iz e d  f r o m  e t h y l  a c e t a t e / p e t r o l e u m  e t h e r  t o  y i e l d  w h i t e  c r y s t a l s  o f  t h e  

d i b e n z o a t e  ( 1 3 . 2  g ,  8 4 .9 % ) : m p  8 5 - 8 6  ° C ;  N M R  ( C D C 1 3) 5 8 . 2 3  ( m , 4  

H ,  2 C g H s  o r t h o ) ,  7 .6 5  (m . 6  H ,  2 C g H s  4  m e t a  a n d  2  p a r a ) .  4 .9 7  ( s , 4  H ,  

2 C H 20 ) ,  1 . 9 0  ( s , 3  H ,  C H 3 ); I R  ( K B r )  1 7 3 2  ( i n t e n s e  2 C = 0 ) ,  1 5 4 7  

( N 0 2 ) c m - 1 .

R e d u c t i o n  t o  t h e  h y d r o x y la m i n e  d e r i v a t i v e  a n d  c o n d e n s a t io n  w i t h  

b e n z a ld e h y d e  w e r e  a c c o m p l i s h e d  b y  t h e  p r o c e d u r e  u s e d  in  t h e  

p r e p a r a t i o n  o f  I .  F r o m  1 0 . 5  g  o f  t h e  n i t r o  a lc o h o l  w a s  o b t a i n e d  1 2 . 6  

g  (8 9 .5 % )  o f  n i t r o n y l  e s t e r  a s  f in e  w h i t e  c r y s t a l s :  m p  1 5 4 - 1 5 5  ° C  ( e t h y l  

a c e t a t e ) ;  N M R  ( C D C 1 3) S 8 .3 0  ( m , 2  H ,  C g H 5 o r t h o ,  n i t r o n e ) ,  7 .9 5  (m , 

4  H ,  2 C g H 5 o r t h o ,  e s t e r ) ,  7 .6 3  ( s ,  1  H ,  v i n y l ) ,  7 .4 0  ( m , 6  H ,  3 C g H s  2  

m e t a  a n d  2  p a r a ) ,  4 .8 8  ( m , 4  H ,  2 C H 2 0 ) .  1 . 8 5  ( s ,  3  H ,  C H 3) ; I R  ( K B r )  

1 7 3 0  ( in t e n s e  C = 0 ) .  1 5 8 8  ( C = N )  c m - 1 . A n a l .  C a l c d  f o r  C 25 H 2 3 N O s : 

C ,  7 1 . 9 3 ;  H ,  5 . 5 5 ;  N ,  3 . 3 5 .  F o u n d :  C ,  7 1 . 8 8 ;  H ,  5 .6 0 ;  N ,  3 . 3 2 .

Synthesis of the Tribenzoate Ester of Nitrone III. A  s o l u t i o n  

o f  c o m m e r c i a l  2 - h y d r o x y m e t h y l - 2 - n i t r o - l , 3 - p r o p a n e c i o l  ( 3 .0  g ,  0 .0 2  

m o l)  in  5 0  m L  o f  d r y  b e n z e n e  w a s  a d d e d  t o  3  e q u i v  o f  b e n z o y l  c h lo r id e  

( 8 .4 3  g ,  0 .0 6  m o l)  in  d r y  p y r i d i n e  ( 4 .6 8  g ,  0 .0 6  m o l) .  T h e  m i x t u r e  w a s  

r e f l u x e d  f o r  3  h , c o o le d ,  w a s h e d  w i t h  1 0 0  m L  o f  w a t e r ,  a n d  e x t r a c t e d  

w i t h  1  N  H C 1  ',2 X  5 0  m L ) ,  1  N  K O H  ( 2  X  5 0  m L ) ,  a n d  s a t u r a t e d  N a C l  

s o l u t i o n .  R o t o e v a p o r a t i o n  y i e l d e d  a  c r u d e  y e l lo w  s o l i d  w h i c h  a f t e r  

t w o  r e c r y s t a l l iz a t io n s  f r o m  e t h y l  a c e t a t e / p e n t a n e  g a v e  t h e  t r ib e n z o a t e  

a s  w h i t e  c r y s t a l s  ( 2 .3 4  g , 2 5 % ) :  m p  1 1 0 - 1 1 1  ° C ;  N M R  i.C D C 1 3 ) 5 8 . 1 0  

( m , 6  H ,  3 C 6 H 5 o r t h o ) ,  7 .6 0  ( m , 9  H ,  3 C 6 H El 6  m e t a  a n d  3  p a r a ) ,  5 .0 8  

(s , 6  H , 3 C H 2 0 ) ;  I R  ( K B r )  1 7 3 9  ( v e r y  in t e n s e  C = 0 ) ,  1 5 5 0  ( N 0 2) 

c m - 1 .
R e d u c t i o n  t o  t h e  h y d r o x y l a m i n e  d e r i v a t i v e  w a s  b y  t h e  p r o c e d u r e  

u s e d  f o r  I  e x c e p t  t h a t  d i o x a n e / w a t e r  w a s  u s e d  i n s t e a d  o f  e t h a n o l/  

w a t e r .  T h e  c o n d e n s a t i o n  w i t h  b e n z a ld e h y d e  g a v e  a  w h i t e  s o l i d  ( 1 . 6 0  

g , 6 1 % )  w h ic h  w a s  r e c r y s t a l l i z e d  t w ic e  f r o m  e t h y l  a c e t a t e / p e n t a n e  t o

y i e l d  t h e  n i t r o n y l  e s t e r  a s  f i n e  w h i t e  c r y s t a l s :  m p  1 2 3 - 1 2 4  ° C ;  N M R  

( C D C 1 3 ) 5 8 .2 6  ( m , 2  H ,  C 6 H 5  o r t h o ,  n i t r o n e ) ,  7 .8 0  ( m . 6  H .  3 C 6H 5 

o r t h o ,  e s t e r ) ,  7 .6 5  ( s ,  1  H ,  v i n y l ) ,  7 . 3 0  ( m , 1 2  H ,  4 C g H a  8  m e t a  a n d  4  

p a r a ) ,  5 .0 8  ( s ,  6  H ,  3 C H 20 ) ;  I R  ( K B r )  1 7 3 3  ( i n t e n s e  C = 0 ) ,  1 5 9 3  

( C = N )  c m “ 1 . A n a l .  C a l c d  f o r  C 3 1 H 2 7 N O 7 : C ,  7 0 .8 4 ;  H ,  5 . 1 8 ;  N ,  2 .6 7 .  

F o u n d :  C ,  7 0 . 7 8 ;  H ,  5 . 1 2  N .  2 . 6 1 .

Synthesis of a-Phenyl-N-(l-hydroxy-2-propyl)nitrone (VI). 
T h i s  n i t r o n y l  a l c o h o l  w a s  p r e p a r e d  b y  t h e  s a m e  p r o c e d u r e  u s e d  f o r  

I  b y  s t a r t i n g  w i t h  c o m m e r c i a l  2 - n i t r o p r o p a n o l  ( 5 .2 5  g ,  0 .0 5  m o l) .  T w o  

r e c r y s t a l l i z a t i o n s  o f  t h e  c r u d e  p r o d u c t  f r o m  e t h y l  a c e t a t e / p e t r o l e u m  

e t h e r  g a v e  p u r e  w h i t e  c r y s t a l s  ( 4 .9 4  g ,  5 5 %  o v e r a l l ) :  m p  1 3 9 - 1 4 0  ° C ;  

N M R  ( C D C 1 3) 5 8 . 1 S  ( m , 2  H ,  C 6H 5  o r t h o ) ,  7 .3 -3  ( m , 4  H ,  C 6H 5  2  m e t a  

a n d  1  p a r a ,  1  v i n y l ) ,  3 .9 0  ( m , 4  H ,  C H 2O H , m e t h y n e ,  C H 9O H ) ,  1 . 3 1  

(d , J  =  1 0  H z , 3  H ,  C H 3); I R  ( K B r )  3 2 8 0  ( O H ) ,  1 5 9 5  ( C = N )  c m “ 1 ; U V  

( E t O H )  Amax 2 9 8  n m  ( r m, x c a .  1 5  0 0 0 ) . A n a l .  C a l c d  f o r  C i o H i 3N 0 2: C ,  

6 7 .0 2 ;  H ,  7 . 3 1 ;  N ,  7 .8 2 .  F o u n d :  C ,  6 6 .9 6 ;  H .  7 .3 6 ;  N ,  7 .7 5 .
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d r o x y a m i n o - 2 - m e t h y l - l , 3 - p r o p a n e d i o l  d i b e n z o a t e ,  6 5 1 0 2 - 5 6 - 9 ;  2 -  

h y d r o x y m e t h y l - 2 - n i t r o - l , 3 - p r o p a n e d i o l  t r i b e n z o a t e ,  6 5 1 0 2 - 5 7 - 0 ;  

2 - h y d r o x y a m i n o - 2 - h y d r o x y m e t h y l - l , 3 - p r o p a n e d i o l  t r i b e n z o a t e ,  

6 5 1 0 2 - 5 8 - 1 .
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Rates of acid-catalyzed hydration of Z/E isomers of 2-butene, 3-hexene, 2,5-dimethyl-3-hexene, and 2,2,5,5-tet- 
ramethyl-3-hexene were measured at 25 °C in H2O or 20% EtOH-80% aqueous H2SO4. The reactions proceeded 
by rate-determining protonation on carbon with rate ratios Z/E of 2.1, 1.2, 0.50, and 3.8, respectively. The results 
indicate little loss of steric strain in the transition state for protonation and are compared with the corresponding 
ratios in other electrophilic additions.

The reactivities of isomeric cis and trails olefins have been 
a topic of continuing interest in the study of electrophilic re
actions.1 In particular the relative reactivities of the isomeric
1,2-di-fert-butylethylenes have been used as a criterion of 
mechanism in the addition of p-chlorophenylsulfenyl chlo
ride,2® mercuric acetate,2b bromine,20 and chlorine.2d These 
studies were intended to disclose whether bridged or open 
transition states occurred in these reactions. The reactivity 
of these isomers in catalytic hydrogenation was also used to 
study the mechanism of that process.2e However, rates of 
protonation, the prototype of an electrophilic reaction pro
ceeding through an open transition state, have not been 
available for these compounds.

We have confirmed by a study of structural effects upon 
reactivities of alker.es in acid-catalyzed hydration reactions3 
that this reaction proceeds through A§e2 rate-determining 
protonation on carbon (eq I) and have established that the

H

, c = c ;
«  ä

+ c— c —
I ß ( 1)

effect of substituents on the reaction may be quantitatively 
correlated by eq 2 for 1,1-disubstituted alkenes.

log fe2 = p2 cp+ + C (2)

When (3 substituents (eq 1) are also present the addition of 
terms to account for the effects of the f  substituent on the 
ground-state stability of the alkenes and on the developing 
charge in the ion allows these compounds to be included in the 
correlation as well.

It appeared, therefore, highly desireable to utilize the 
mechanistic understanding gained of the hydration reaction 
for an analysis of the reactivity of geometrically isomeric 
alkenes, in particular the 1,2-di-ieri-butylethylenes. We had 
previously collected the data available on the isomeric 2- 
butenes and 3-hexenes,3d but nothing had been reported on 
the higher homologues of this series.

Results

Hydration of the isomeric 2-butenes and 3-hexenes could 
be followed by observing the disappearance of the ultraviolet 
end absorption of the alkene chromophores in aqueous sul
furic acid as we have done previously.3 However, the isomeric
1,2-diisopropyl- and 1,2-di-ierf-butyletliylenes were insuf
ficiently soluble in this medium to utilize this method. 
Therefore rates were carried out in 20% ethanol-80% aqueous 
sulfuric acid, a medium for which the acidity function H0 is 
available.4 For comparison of the rates on a common basis the

1 D e d i c a t e d  t o  P r o f e s s o r  M .  S . N e w m a n  o n  t h e  o c c a s i o n  o f  h i s  7 0 t h  b i r t h d a y .

rates of the 3-hexenes were determined in each medium, and 
the relative reactivity factor for these substrates was used to 
calculate rates for all the substrates in aqueous sulfuric acid. 
The observed rates are collected in Tables I and II and are 
summarized in Table III with derived slopes and intercepts 
of log k vs. Ho plots, solvent isotope effects, and Z/E rate ra
tios.

Our rates for (Z) and (E)-3-hexene in H2SO4 may be com
pared to data of Yates et al.5a in both cases and Modena et al.5b 
in the latter. Minor differences occur, with our rates being 
slightly greater in all cases, and the rates of Yates et al. being 
rather closer to ours than to those of Modena et al. The most 
significant differences are in the slopes of the log k vs. H0 plots 
for the E isomer (—1.145b as compared to our value of —1.35) 
and the fact that Yates et al. report k(Z)/k{E) = 0.84, whereas 
we find a value of 1.2. An objective assessment of the relative 
reliabilities of the sets of data does not appear practical, but 
our data are internally consistent, and in any event the dif
ferences between the different laboratories are minor.

The UV absorption decreased by at least 90% during the 
course of each of the reactions, indicating large equilibrium 
constants for hydration. However, in the case of the 1,2-di
isopropyl and 1,2-di-terf-butylethylenes after about 5 half- 
lives for hydration a slow increase in the UV absorption be
came noticeable. In the case of the 1,2-di-ierf-butylethylenes 
this eventually increased to a value greater than the absorp
tion of the original alkenes. When 2,2,5,5-tetramethyl-3- 
hexanol (1), the expected product of direct hydration, was 
subjected to the reaction conditions the UV absorption in
creased with the approximate first-order rate constant of 3.2 
X 10~5 s_1 at 25 °C in 20% EtOH-80% H2SO4 containing 13.9 
equiv H+ kg-1. The same rate constant was observed for the 
slow increase in absorption beginning with either of the iso
meric di-ferf-butylethylenes.

Reaction of (E )-1,2-di-ieri- butylethylene with a solution 
of 33% 14 M H2SO4 and 67% dioxane at 85 °C for 22 h led to 
a product mixture containing about 10% starting material and 
90% 2,3,5,5-tetr£methyl-2-hexene (2 ) .6 When the Z  isomer was 
subjected to the same conditions the VPC trace of the product 
mixture showed the presence of about 5% starting material, 
5% E isomer, ar.d 90% 2 .

Repetition of the isomerization with E alkene in D2SO4 for 
2 h led to the isolation of 2  whose NMR spectrum showed a 
sharp t-Bu peak but with considerably diminished and 
broadened signals for the vinyl methyl and CH2 protons. The 
integrals of the last two peaks decreased by 80 and 72%, re
spectively, relative to the tert- butyl group. The mass spectrum 
of the undeuterated 2  showed the molecular ion at m/e 140 
and strong signals at 125 (M+ -  CH3), 83 (M+ -  t-Bu), and 
69 (perhaps MeC+HCH=CHMe). The deuterated material 
showed strong signals at m/e 156-160, 149-151, 134-136, 
93-95, and 76-78. This indicated the presence of two species, 
one containing 16-20 deuteriums and the other 9-11. As

0022-3263/78/1943-1904$01.00/0 © 1978 American Chemical Society



Acid-Catalyzed Hydration of Isomeric Z/E Alkenes J. Org. Chem., Vol. 43, No. 10, 1978 1905

________________________T able I. Rates o f  H ydration o f A lkenes in Aqueous H 2 SQ 4 (25 °C)____________________

Alkene___________________ Registry no._______________ [H2SQ4](M)°____________ ________________ feobsd, s" 1
EtCH=CHEtc (Z) 7642-09-3

EtCH=CHEtd (E) 13269-52-8

MeCH=CHMe* (Z ) 590-18-1
(2 )

MeCH=CHMe/ (E) 624-64-6

0 Measured by titration. b Interpolated from standard tables. 
= 0.999). * log k = —1.49/fo -8 .34  (r = 1.000). ' log k = -1 .40H0

Scheme I

outlined in the discussion this may be interpreted in terms of 
Scheme I.

The ho values calculated from extrapolation of the log feobsd 
vs. Ho plots to Ho = 0 are somewhat less than those we derived 
earlier.3d As we have discussed before,3e this arises from the 
steep dependence of rate on acidity shown by these alk
enes.

The solvent isotope effects (Table IV) are compared at 
equal molarities. As we have noted before,3e this is reasonable 
inasmuch as the acidity functions of H2S04 and D2S 04 are 
essentially identical at the same molarity except in very dilute 
acids and above 97% acid.

Discussion

The dependence of the rates on acidity and the reactivities 
of the alkenes are consistent with the reactions proceeding by 
rate-determining protonation on carbon to give carbonium 
ions (the Ase2 mechanism, eq 11. This is supported by the 
results obtained on a wide variety of other alkenes of diverse 
structural types.3 As we have noted elsewhere3* solvent isotope 
effects vary within a considerable range for alkene protona

8.63 -4 .19 0.760 X lO- 2
8.09 -3.91 0.269 X lO“ 2
7.47 -3 .57 0.960 X lO" 3
6.92 -3 .28 0.407 X lO“ 3
8.82 (D2S 0 4) 0.972 X lO’ 2
6.93 (D2S 0 4) 0.350 X lO" 3
8.63 -4 .19 0.594 X lO" 2
8.09 -3.91 0.219 X lO“ 2
7.47 -3.57 0.792 X lO" 3
6.92 -3 .28 0.347 X lO“ 3
8.82 (D2S 0 4) 0.829 X lO“ 2
6.93 (D2S 0 4l 0.336 X lO' 3
8.63 -4 .19 0.793 X lO" 2
8.09 -3.91 0.282 X lO“ 2
7.47 -3 .57 0.928 X lO" 3
6.92 -3 .28 0.344 X lO" 3
8.82 (D2S 0 4) 0.694 X lO“ 2
8.63 -4 .19 0.354 X lO' 2
8.09 -3.91 0.130 X lO" 2
7.47 -3.57 0.456 X lO" 3
6.92 -3 .28 0.183 X lO' 3
8.82 (D2S 0 4) 0.449 X lO“ 2

c log k = — 1.39Wo - 7.96 (r = 0.999). d log k = — 1 .3 5 /io -
8.35 (r = 0.999).

tions and are not an unambiguous criterion of mechanism. The 
values found here are within the limits reported for others 
reacting by the Ase2 route.

The initial decrease in absorption in each case suggests that 
following the rate-determining steps the resulting carbonium 
ions then undergo hydration to the corresponding carbinols. 
This is in accord with the generally observed 1,2 additions of 
a variety of electrophiles which has been noted for these 
compounds. For example, HBr-catalyzed addition of acetic 
acid to the 2-tutenes and 3-hexenes,7 trifluoroacetic acid 
addition to the 3-hexenes,8 bromination of the 1,2-diisopor- 
pylethylenes,2* and chlorination2d of the 1,2-di-fert-butyl- 
ethylenes occur predominantly by this route.

The initial sharp drop in the ultraviolet absorption during 
reaction of the 1,2-di-ferf-butylethylenes implies that the 
hydration product 1 is initially formed, although this material 
was not actually isolated. The slower formation of a substance 
with a stronger UV absorption at the same rate from either 
E or Z alkene, or authentic 1, and the isolation of 2 strongly 
supports this pathway, as shown in Scheme I.

The possibility must be considered that the (Z)-di-terf- 
butyl alkene is being rapidly converted to the E isomer so that 
the observed rate of reaction of the Z isomer corresponds to 
consumption of the E isomer. However, that k(Z)/k(E) for 
the 1,2-di-teri-butylethylene has a close correspondence to 
k2/k i (Scheme I) is supported by several lines of evidence. The 
fact that k(Z) exceeds k(E) by a factor of 3.8 (Table III) shows 
that isomerization of Z to E is not extensive, as this process 
if complete would result in identical observed rate constants 
beginning with either isomer. The presence of some residual 
Z isomer after 90% conversion to 2 also indicates that the 
conversion of Z to E is not a major route, and the fact that 
when the E isomer is converted to 2 to the extent of 25% in 
D2S04 the recovered E isomer contains only 2% deuterium 
indicates that fc4 > fe-i (Scheme I).

The deuterium distribution of 2 formed in D2S04 is highly 
revealing as to the course of the reaction. Much of 2 contains
9-11 atoms D, but the NMR spectrum of the product shows 
a sharp tert-butyl signal, indicating that none of 2 with a 
partially deuterated tert-butyl group is present. The absence 
of mass spectral peaks corresponding to the incorporation of
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__________________ T able II. Rates o f  R eaction  o f  A lkenes in 20% EtQH -80%  H 2 SO 4 {25 °C)__________________

Alkene ______________ Registry no.________________ Equiv H+, kg~la_____________ Ho_____________ kobsd, s~x

t-B uC H =C H -i-B u  (Z )b 692-47-7

t-B uC H =C H -t-B u (E )c 692-48-8

¿-PrCH =C H -i-Pr (Z )d 10557-44-5

¿-PrCH =CH -t-Pr (E )e 692-70-6

E tC H =C H E t (Z )f

E tC H =C H E t (E)s

11.3 -4.51 1.61 X IO“ 2
10.6 -3 .95 2.67 X IO“ 3
10.0 -3 .62 1.14 X IO“ 3
9.65 -3 .39 4.92 X 10~4
10.9 (D2S 0 4) 4.31 X IO" 3
12.0 -5 .07 1.93 X IO“ 2
11.3 -4.51 4.86 X IO” 3
10.6 -3 .95 6.61 X IO“ 4
10.0 -3 .62 2.82 X IO- 4
10.9 (D2SO4) 1.46 X IO" 3
10.7 (D2SO4) 1.06 X IO“ 3
11.3 -4.51 2.29 X IO" 3
10.6 -3 .95 4.61 X 10~4
10.3 -3 .62 2.26 X IO" 4
9.65 -3 .39 1.19 X IO“ 4
10.9 (D2SO4) 1.16 X IO“ 3
10.2 (D2SO4) 2.94 X IO" 4
11.3 -4.51 5.64 X IO- 3
10.6 -3.95 8.37 X 10~4
10.0 -3.62 4.96 X IO- 4
9.65 -3 .39 2.14 X IO“ 4
10.9 (D2SO4) 2.47 X IO“ 3
10.7 (D2SO4) 1.44 X IO“ 3
11.3 -4.51 1.23 X IO" 2
10.6 -3 .95 2.07 X IO“ 3
9.65 -3 .39 7.11 X 10“ 4
9.08 -3 .05 2.43 X 10“ 4
10.9 (D2SO4) 4.26 X IO- 3
10.7 (D2SO4) 2.82 X IO“ 3
11.3 -4.51 1.05 X IO“ 2
10.6 -3 .95 1.94 X IO“ 3
9.65 -3 .39 5.31 X IO“ 4
9.08 -3.05 2.06 X IO“ 4
10.9 (D2SO4) 4.15 X IO" 3
10.7 (D2SO4) 2.51 X IO“ 3

a Determined by titration. b log k = —1.33iio — 7.80 (r = 0.999). c log k = — 1.30/io — 8.26 (r = 0.997). d log k =  - l . l S H o  — 7.78 (r 
= 0.999). e log k = —1.23/io -  7.83 (r = 0.992). f log k = -1 .13H 0 -  7.04 (r = 0.995). * log k = -1 .15H 0 -  7.20 (r = 0.999).

T able III. Com parative R ates and Isotope E ffects o f  
Protonation  o f  Alkenes R C H = C H R

f e H + / f e p + °  _______________________
R Z E Z E

Me 1.56 1.04 4.53 X IO“ 9 4.48 X IO“ 9
Et 1.14 1.06 1 10 X 10“ 8 1.27 X 10~8
i-Pr 0.92 0.96 2.77 X IO" 9 6.82 X IO" 9
i-Bu 1.47 1.05 1.95 X 10“ 8 5.88 X IO- 9

° Average of all values in aqueous H2S0 4 and in 20% EtOH-80%
aqueous H2SO4 solutions calculated as feobsd [HA]/ft0bsd [DA] at 
the molarities of DA reported in Tables I and II using rates of HA 
interpolated to the same molarity. b k2 = ft0bsd/ho at ho = 1; rates 
not statistically corrected. For R = i-Pr and i-B u rates are for 
aqueous H2SO4 solution estimated from the observed rates in 20% 
EtOH-80% H2SO4 by multiplying the rate ratio o f the alkene to 
(£)-3-hexene at 11.3 equiv H + kg-1 in 20% EtOH by the value 
of (E)-3-hexene. At Ho = 0 the average of the rates in H2O -H 2SO4 
of the (E)- and (Z)-3-hexenes is 0.16 times the rates in 20% 
EtOH.

12-15 deuteriums is in accord with this conclusion. This result 
could occur by conversion of the initial se c o n d a ry  ion to a 
te r t ia ry  ion via k 4 and then rapid interconversion of te r t ia ry  
ions via ft5-ft9 and their reversal. Some of 2 contained 16-19 
atoms D  and was thus approaching complete deuteration. 
This could occur by an occasional reformation of the se c o n 
d a ry  ion from the te r t ia r y  ion via ft- 4  followed by either de
protonation (ft-i) or hydride migration to give the isomeric 
se c o n d a ry  ion with the same carbon skeleton. Rapid conver

sion to a te r t ia r y  ion and complete equilibration of the hy
drogens would then follow.

The rates of reaction suggest that several competing 
structural factors on reactivity are operative. The 3-hexenes 
tend to be more reactive than the 2-butenes, suggesting a 
greater electron donation by the ethyl groups relative to 
methyl. (Z)-l,2-Diisopropylethylene is distinctly the least 
reactive of the group, giving rise to the only k { Z ) /k ( E )  ratio 
less than 1.0. (Z)-l,2-Di-feri-butylethylene is the most reac
tive of the group, suggesting some relief in the transition state 
of the 10 kcal/mol steric strain9 present in the ground state 
of this molecule. For RCH=CHOEt the f-Bu/Me rate ratio 
is 1.2 for the Z isomers and 0.6 for the E  isomers, and the Z /E  
ratios are 7.1, 5.7, 3.8, and 3.2 for R = f-Bu, i-Pr, Et, and Me, 
respectively.103 Steric hindrance to solvation in the developing 
cation might have been expected to be a significant factor, as 
the solvation energy from interaction of solvent with the w 
cloud in (£ )-l ,2-di-terf-butylethylene has been found to be 
negligible for DMF solvent.10b’c However, in MeOH solvent 
steric hindrance does not appear to reduce the solvation en
ergy. 10b’c In the present case the change in solvation energy 
between the ground state and transition states is the signifi
cant quantity, and no major change between the different 
pairs is noticeable.

Correlation of the rates by the extended version of eq 2 used 
for 1,2-disubstituted alkenes3a is straightforward and these 
substrates fit the correlation within the limits previously es
tablished. Even for these crowded substrates an explicit term 
to account for ground state strain is unnecessary.

The most surprising feature of this work is the low ft(Z)/
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Table I V .  Relative R eactivities ( k ( Z ) / k ( E ) I o f  Isom eric 
Alkenes tow ard Various E lectrophiles

Electrophile
Alkene H30 +“ ArSCl" Hg(OAc)2 Br2 Cl2

i-BuCH=CH- 3.8 1.58 > 100" 51.9« 0.37«
f-Bu X 10s

i-PrCH=CH-r- 0.50 9.7 0.42«
Pr

EtCH=CHEt 1.2 9.2 6.21 1.1« "
MeCH=CHMe 2.1 3.1 3.4« 1.3«’" 1.3'

° This work. " G. H. Schmid, C. L. Dean, and D. G. Garratt, Can. 
J. Chem., 54,1253 (1976). « Reference 2d. d Reference 2b, and R. D. 
Bach and R. F. Richter, Tetrahedron Lett., 4099 (1973). « K. Yates 
and R. S. McDonald, J. Org. Chem., 38, 2465 (1973), and ref 2c. f H. 
J. Bergman, G. Collin, G. Just, G. Muller-Hagen, and W. Pritzkow, 
J. Prakt. Chem., 314, 285 (1972). « J. Halpern and H. B. Tinker, J. 
Am. Chem. Soc., 89,6427 (1967). " G. A. Olah and T  R. Hockswender, 
Jr., J. Am. Chem. Soc., 96,3574 (1974); see also J. E. Dubois and G. 
Mouvier, Lull. Soc. Chim. Fr., 1426 (1968). 1 M. L. Poutsma, J. Am. 
Chem. Soc, 87,4285(1965).

k(E) ratio of only 3.8 for the 1,2-di-ieri-butylethylenes. This 
ratio is much less than those observed for arylsulfenyl halide 
addition, bromination, or oxymercuration (Table IV) (reac
tions that we have concluded proceed through bridged in
termediates for these but not all substrates).11 It might well 
have been anticipated that protonation of the 1,2-di-tert- 
butylethylenes would have led to an even greater k(Z)/k{E) 
ratio than for the reactions leading to bridged transition states. 
Thus formation of an open ion (Scheme I) might allow relief 
of a great deal of the 10 kcal/mol strain present in the Z iso
mer, particularly since alkene hydrations are proposed to have 
late transition states.12

The transition state model13 below for this reaction may 
help to explain this result. During protonation there is prob-

cells thermostated at 25 °C in a Cary 118 spectrophotometer and 
monitoring the decrease in absorbance at 197.5 nm. Solutions of 20% 
EtOH 80% H2S04 were prepared as described.4 Deuterated solutions 
were prepared by dilution of D2S04 with D20  or EtOD. Acid con
centrations were measured by titration with standard NaOH and were 
converted to weight percentages using standard tables.3’4 At least two 
runs were made at each acidity.

The product study of (E)-2,2,5,5-tetramethyl-3-hexene was carried 
out by heating 0.35 g (2.5 mmol) of the alkene in a mixture of 10 mL 
of dioxane and 5 mL c f 14 M H2SO4 in a sealed ampule at 85 °C for 
22 h. The mixture was then extracted with ether, washed with NaCl 
and NaHCC>3 solutions, and dried over Na2C 03. After evaporation 
of volatile solvent the residue was analyzed by gas chromatography 
using a 3 M X 10 mM 20% FFAP column at 120 °C and 60 mL/min 
He. The major product, retention time 15 min, showed a mass spec
trum (70 eV) with peaks (rel heights) at mle 140 (M+, 10), 125 (M+ 
-  CH3, 43), 97 (16), 84 (23), 83 (M+ -  t-Bu, 68), 82 (12), 71 (11), 70 
(72), 69 (100), 37 (t-Bu+, 40), and 55 (40) and NMR (CC14) h 0.88 (s, 
9, i-Bu), 1.68 (s, 9, 3 vinyl Me), and 2.00 (s, 2, CH2-i-Bu) and was 
identified as 2,3,5,5-tetramethyl-2-hexene (2) by comparison of the 
NMR with that c f an authentic sample.6 Approximately 10% of the 
starting material was still present.

Treatment of the Z isomer under the same conditions led to a 
product mixture consisting of 90% of 2 and peaks in the gas chro
matogram corresponding to 5% each of the (Z )- and (£)-2,2,5,5-tet- 
ramethyl-3-hexenes. Comparable results were obtained with either 
isomer when the dioxane was absent from the reactant mixture.

The E alkene (0.35 g, 2.5 mmol) was also heated with a mixture of 
4 mL of 18 M D2S04, 1 mL of D20, and 10 mL of dioxane for 2 h at 85 
°C. After extraction the mixture was separated by gas chromatogra
phy as above and found to consist of about 75% starting material and 
25% of the material with the same retention time as 2. The mass 
spectrum (70 eV) of the former indicated the incorporation of 2% 
deuterium. The NMR of the latter corresponded to that of 2, but the 
vinyl methyl and methylene absorptions had broadened and dimin
ished in area by 89 anc 72%, respectively, in their areas relative to the 
f-Bu peak in the undeuterated material. The mass spectrum (70 eV) 
showed peaks (rel heights) at m/e 160 (2), 159 (3), 158 (4), 157 (3), 156
(I) , 151 (7), 150 (3), 149 (5), 148 (2), 136 (S), 135 (5), 134 (3), 96 (13), 
95 (43), 94 (57), 93 (38), 92 (20), 91 (10), 78 (14), 77 (23), 76 (18), 75
(II )  , 74 (8), 66 (19), 65 (18), 62 (18), 61 (15), and 57 (100).

Acknowledgment is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical 
Society, and to the National Research Council of Canada for 
support of this research.

ably little twisting around the central C-C bond as there is still 
significant double bond character remaining. The R group on 
C  ̂is depressed from the plane of the groups on CQ, but at the 
same time the decreasing Ca-C^-R angle tends to minimize 
any movement of the R groups away from one another in the 
transition state. Only in the fully formed intermediate can 
significant rotation around the central C-C bond occur with 
concomitant reduction of the R -R  repulsion.

As for the reactions involving bridged transition states we 
have suggested that steric approach control is the decisive 
rate-determining factor.2® Thus in the E isomer both sides of 
the molecule are blocked to attack of the electrophile, whereas 
in the Z isomer one side of the molecule is unhindered. This 
factor appears to be much less important in protonations, 
possibly due to a combination of lower steric requirement for 
the electrophile and because of a more open direction of ap
proach.

Experimental Section

(E)- anc (Z)-2-Butene were obtained from Matheson Gas Products 
and the isomeric 3-hexenes and 2,5-dimethyl-3-hexenes and (E)-
2,2,5,5-tetramethyl-3-hexene were obtained from Chemical Samples 
Co. (Z)-2,2,5,5-Tetramethyl-3-hexene was obtained by hydrogenation 
of 2,2,5,5-tetramethyl-3-hexyne over Raney nickel.9 Deuterated acids 
and solvents were obtained from Aldrich-Diaprep.

Kinetics were performed by injecting 10-mL samples of 0.3 M so
lutions of the alkenes in MeOH into 3 mL of the ac.d solution in 1-cm
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Reaction of Singlet Oxygen with 2-Methylnorbornadiene and
2-Methylidenenorbornene. Evaluation of Electronic and Steric 

Effects on the Course of Hydroperoxidation
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The dye-sensitized photooxygenation of 2-methylnorborna-2,5-diene (5) and 2-methylidenenorborn-5-ene (6) 
has been studied. Olefin 5 gave the expected allylically rearranged exo and endo hydroperoxides in a ratio of 7.3:1. 
Oiefin 6 gave the allylically rearranged hydroperoxide (98%) together with the exo and endo epoxides deriving from 
the methylidene function (2%). The rates of photooxygenation of 5 and 6 were compared with those obtained with 
2-methylnorborn-2-ene (1), 2-methylidenenorbornane (2), 1-methylcyclopentene (7), and methylidenecyclopen- 
tane (8). The partial rates for oxygen attack on the exo faces of the bicyclic olefins were found to parallel the ioniza
tion potentials of the reacting double bonds. An interpretation of electronic and steric effects was made in terms 
of the formation of an activated complex arising from the interaction of the HOMO of the olefin with the LUMO 
of singlet oxygen.

Norbornene is a substrate par excellence for the study 
of the mechanism of reactions occurring at the double bond. 
Norbornene itself is slowly oxidized by singlet oxygen, but 
cannot give hydroperoxide in an ene-type reaction as the al- 
lylic carbon-hydrogen bond lies in the nodal plan of the 
double bond. 1 However, 2-methylncrbornene (1) and 2- 
methylidenenorbornane (2 ) react readily to give the allylic 
hydroperoxides.2

Compounds 1 and 2, unlike simple olefins, only undergo the 
“ ene” reaction in one direction. Furthermore, the approach 
of the oxygen molecule is differentiated by the exo and endo 
faces of the norbornyl skeleton. By studying rates of pho
tooxygenation and product analyses of 1 and 2  together with 
their 7,7-dimethyl derivatives 3 and 4 (Table I) we discovered 
that, while the endo sides in the series 1 -4  are really indis
tinguishable, the partial rates for the exo side varied signifi
cantly.3

The presence of methyl at C(7) depressed the rate of attack 
by oxygen much more at an internal than an external double 
bond. W e concluded that steric hindrance in the ground-state 
structures is an important rate-determining factor for the 
hydroperoxidation reaction. W e deduced that steric strictures 
operate in the formation of the carbon-oxygen bond, but not 
in the abstraction of the allylic hydrogen atom, and further 
that the former event precedes the latter. As a consequence 
the transition state should have dipolar character; partial 
negative charge would accumulate on the terminal oxygen 
atom counterbalancing positive charge dispersed hypercon- 
jugatively over the allylic portion (Figure 1 ). There are two 
important corollaries, if this picture is correct. The first is that 
when steric and statistical differences are negligible for a pair 
of competing “ ene” modes, then the products should be par
titioned according to the relative importance of the Mar- 
kownikoff effects. The second is that, as oxygen behaves as 
an electrophile, rates ought to be determined by the relative 
energies of the respective frontier orbitals.

In this paper we examine the validity of this second corol
lary by modifying the molecular orbital levels of the reacting 
olefin by introducing a second double bond but which is es
sentially inert to singlet oxygen. The substrates chosen are

Scheme I

2-methylnorbornadiene (5) and 2-methylidenenorbornene
(6) . The kinetics and stereochemistry of the photooxygenation 
of 5 and 6 are compared with the monoolefinic parents 1 and 
2  together with the monocyclic olefins, 2 -methylcyclopentene
(7) and 2-methylidenecyclopentane (8 ).

Results

Product Analyses. Photooxygenation of 2-methylnor
bornadiene gave, after reduction with triphenylphosphine or 
sodium borohydride, a mixture of the expected exo and endo 
allylic alcohols 9 and 10 in a ratio of 7.33:1 in a yield of 88%  
(Scheme I).

2-Methylidenenorborn-5-ene (6) under similar conditions 
gave the expected hydroperoxymethyl derivative 11. However, 
the exo- and endo- epoxides 12 and 13 were also obtained to
gether with traces of norborn-2-en-2-one (14) (Scheme II). As 
the photooxygenation leading to primary products was slow, 
the reaction was stopped after 2% conversion of 6; the relative 
percentages of the products so obtained were 98% (11), 0.2%

6

Scheme II

13
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Table I. Relative Rates of Photooxygenation of
2-Methylnorbornene, 2-Methylidenenorbornane, and 

Their 7,7-Dimethyl Derivatives

1 3 2 4

1 “ 3 6 2 e 4 d

ferei(total) 40.0 1.0 13.0 3.4
^rel(exo) 39.4 0.16 12.5 1.4
fcrei(endo) 0.6 0.84 0.5 2.0

a Registry no. 694-92-8. 6 Registry no. 514-14-7. c Registry no. 
497-35-8. d Registry no. 471-84-1.

6 5 6 5 6 -
0 = 0  H 4 0  =  0  H 4

Figure 1. Creation of dipolar transition state leading to allylically 
rearranged hydroperoxide.

(12), and 1.8% (13). The assignment of structures to 12 and 13 
was made by comparison with authentic samples prepared 
independently.4

No equilibration between 12 and 13 occurred under the 
conditions of gas-phase chromatography. Moreover, the ratio 
was invariant with the amount of 6 consumed and therefore 
it can be assumed that they arise from secondary reactions of 
hydroperoxide 11. This assumption was confirmed by irra
diating 11 under nitrogen instead of oxygen. A mixture of the 
13 and 12 epoxides was obtained in a ratio of 5.6:1. The pre
dominance of the endo isomer (13) can be attributed to the 
preferred conformation of the hydroperoxide in which the 
hydroxy grouping points toward the endo side of the diene 
moiety (15). This conformation should be favored over others,
e.g., 18, by virtue of intramolecular hydrogen bonding. H o
molysis of the oxygen-oxygen bond in 15 will furnish the oxy 
radical 16 which on rapid closure gives the homoallylic radical 
17, whence 13 (Scheme III). In similar fashion, the less favored

Scheme III

H-C— 0 *0
15 16 17

0 — OH  » 0

conformational isomer 18 generates the radicals 19 and 20, 
which furnish the exo-epoxide 1 2 .

Kinetics. The total rates of photooxygenation of the six 
olefins were determined by measuring the disappearance of 
substrate. For the purposes of comparison, rates were parti
tioned into relative rates for exo and endo attack. As the 
products resulted from kinetic control, the exo/endo isomer 
ratio gives the partial rates directly. The exo/endo ratio for 
6 was estimated by assuming that the proportionality which 
pertains to the pair of olefins 1 and 2 also holds for the pair 5 
and 6 (Table II).

Discussion

On inspecting Table II, it is seen that the monocyclic olefins 
react faster than their bicyclic counterparts. There also ap
pears to be an inconsistency for the bicyclic partners. On going 
from the norbornene 1 to the norbornadiene 5, the rate in
creases some 2.5 times, whereas on passing from the norbor- 
nane 2 to the norbornene 6 the rate actually decreases four
fold. These different rates can be usefully analyzed by con
sidering the frontier orbitals of the reactants.

The approach of the singlet oxygen molecule to the olefin 
will result in a mutual perturbation of the appropriate frontier 
orbitals.6’7 Two limiting approaches may be considered. In the 
first, the whole allylic fragment is attacked by both ends of the 
oxygen molecule; an ene-type mechanism operates and the 
hydroperoxide is formed with allylic shift (Figure 2a). In the 
second, the oxygen molecule adds end-on to the double bond 
creating a perepoxide, which subsequently rearranges to the 
allylic hydroperoxide (Figure 2b). Since oxygen is an elec
trophile, the dominant interaction will be that between the 
lowest unoccupied molecular orbital (L U M O ) of oxygen and

Table II. Relative Rates of Photooxygenation of Some Cyclic Monoolefins Together with Their Ionization Potentials

Registry Exo/endo kTe\
No. Substrate no. isomer ratio (total)

2

8

1

5

7

694-91-7

1528-30-9

5235-55-2 

693-89-0

3.0°

28 6 

1

66 b

7.3

1

I  rei
(exo)

I  rei
(endo)

r̂el
(exo')

In
r̂el

(5X0')
IP,
eV

1 0.75 0.25 1 0 9.31c

4.3 4.15 0.15 5.5 1.7 9.02c

15.5 7.75 7.75 10.3 2.33 9.15d

13.5 13.3 0.2 17.7 2.87 8.57e

34.0 30 4 40.0 3.69 8.42e

507 253 253 338 5.82 8.55d

° By extrapolation, see text. b Obtained from ref 1 and 3 .c Obtained from ref 5. d See ref 23. “ Determined by E. Haselbach (University 
of Basel).
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Figure 2. Alternative transition states leading to allylic hydroper
oxidation. (a) The concerted ene reaction, (b) Cheletropic reaction 
generating transient perepoxide.

Otcftn(7r) Activated Oxygen
Complex Electrophile Ce)

LUMO

HOMO
c -H 
\ etc

AE

V

x \ lumo

HOMO

Figure 3. Interaction of the HOMO of the olefin with the LUMO of 
singlet oxygen to form the activated complex.

T able III. Ionization Potentials and E lectron  Densities
o f  N orbornane-T ype Olefins

Olefin
Electron density“ 

i rA 7rB

IP
obsd, eV

HOMO 1.33 9.02

z / b c : HOMO 1.28 0.14 8.93

Next
HOMO

0.15 1.28 9.31

/ b n
HOMO 1.40 8.57

O 22!>
HOMO 0.19 1.41 8.42

5

• Z / b n .
Next

HOMO
1.35 0.23 9.10

z b
HOMO 1.40 8.91b

a Calculated by MINDO/3. k Reference 14a.

the highest occupied molecular orbital (HOMO) of the allylic 
or, to simplify matters, the double bond portions respectively 
(Figures 2a and 2b).A~10

The stabilization (rx) attained or. forming the activated 
complex will be a linear measure of the rate of reaction.

rate - /(ex), cx = — i¥2/AE

Moreover, the extent of the lowering of the HOMO level (tx) 
of the olefin is determined by the closeness of the energy’ gap 
(AE) existing between the respective orbitals of the olefin (Ex) 
and oxygen (Ee) before interaction (Figure 3). The numerator 
of the perturbation expression also shows that the size of the 
stabilization depends on the square of the hamiltonian (Ji), 
namely on the matching of symmetries and the overlap 
capabilities of the interacting orbitals. For practical purposes, 
ionization potentials (IP) and electron affinities (EA) can 
represent the energies of the HOMO and LUMO levels, re
spectively.11'12

rate W2/[IPhomo ~ EALUmo] (1)
As oxygen is used throughout, the value of its electron affinity 
is not needed. Assuming that the numerator of eq 1 is constant 
for a series of olefins, their ionization potentials should con
stitute a reliable index of their rates of photooxygenation. As 
we shall see later, the application of this empirical expression 
furnishes information on electronic and steric effects.

For the bicyclic dienes, a sizable splitting exists between the 
pairs of ionization potentials, 0.38 eV for 6 and 0.68 eV for 5, 
indicating a strong interaction between the homoconjugated 
orbitals.13 Although the systems themselves are not appre
ciably stabilized, the reactivity of the allylic double bonds is 
significantly altered. When two doubly occupied molecular 
orbitals interact, the lower-lying level is stabilized while the 
higher is destabilized, the effect beir.g greater the closer the 
levels in energy.14 Accordingly, the experimental ionization 
potentials can be assigned to each of the homoconjugated 
double bonds (tta and ttb) (Table lilt. Since it is only the al
lylic fragment (which contains itb) which can react, the fron

tier orbital implicated in the reaction will be the HOMO for 
5, but the next HOMO for 6. For the bicyclic series the de
nominator of eq 1 is a minimum for 5 and a maximum for 6, 
so that the reactivity rates (k ) should increase in the order

which is in fact the case.
Strictly speaking, the numerator also affects the rate; 

however, MIND 0/3 calculations indicate, notwithstanding 
their drawbacks, that the electron densities in the ttb part are 
relatively unchanged for the pairs 1/5 and 2/6 (Table III). The 
calculations are less than satisfactory for the IP’s, but this is 
less important, as the experimental values are available. 
Therefore, for each pair, the numerator of eq 1 remains the 
same.

Nevertheless, discrepancies in the rates still remain. The 
sequence of ionization potentials certainly parallels the rates 
found for the bicyclic olefins, but for a constant IP the 
methylidene derivatives react faster than their endocyclic 
isomers. Moreover, the monocyclic reference compounds react 
even faster still, much more so than their ionization potentials 
would indicate. A way of reconciling these differences is to 
assume that the simplest structures, the references 7 and 8, 
are reacting normally and that photooxygenation of the bi
cyclic olefins is stericallv retarded.

A semiquantitative measure of steric effects is obtainable 
by plotting the logarithm of rates against ionization potentials, 
or rather the logarithms of the exo partial rates, assuming the 
exo faces of the substrates to have more in common topogra
phically than the endo faces. If it is assumed that for each pair 
of olefins (7/8,2/6, and 1/5) the exo steric environment is the 
same, then three parallel straight lines are obtained (Figure 
4). Olefins 7 and 8 are conformationally mobile and thus the 
fit of both partners in the activated complex is as good as it 
can be. However, on passing to the rigid methylidene deriva
tives, 2/6, approaching oxygen now experiences hindrance by 
the C(7) syn hydrogen atom (Figure 5); the fit is less good and
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Figure 4, Correlation of the rate of exo photooxygenation with the 
ionization potential of the reacting double bond (t b ) for some cyclic 
and bicydic olefins.

Figure 5. Different steric impediments due to the C(7) syn-hydrogen 
atom experienced by oxygen approaching (a) the midpoint of an ex
ternal double bond and (b) an internal double bond in the norbor- 
nane-type skeleton.

the depression in rate of A In k ~  1.4 is about the same for 
both. If the oxygen is obliged to insert itself deeper into the 
bicyclic skeleton (Figure 5), as is the case for the pair of nor- 
bornenes 1/5, the extra hindrance arising from the C(7) hy
drogen atom occasions a further slowing in rate of about A In 
K  ~  1.25-1.4. This steric trend is corroborated by the exo/endo 
ratios found for the epoxidation of methylidenenorbornane 
and norbornene, viz. 6.7 and 200, respectively.15

C on clu s ion

This study shows that hydroperoxidation of an olefin by 
singlet cxygen is well described as a typical electrophilic re
action, the rate of which is controlled by the HOMO of the 
active double bond. To a first approximation the rate of 
photooxygenation is inversely proportional to the ionization 
potential of the double bond. For a series of olefins, any de
viations from the predicted rate can be ascribed to the oper
ation of steric effects. Although the model was based on an 
activated complex leading to perepoxide, the use of an ene- 
type transition state would entail similar electronic and steric 
arguments leading to the same conclusions.24

E x p erim en ta l S ection

General. The details of the chromatographic, spectroscopic, and 
photooxygenation procedures as well as the preparation of 2-meth- 
ylnorbornene (1) and 2-methylidenenorbornane (2) have already been 
described.3

Olefins. 1-Methylcyclopentene (7) was purchased from Fluka, 
Buchs. Methylidenecyclopentane (8) was prepared by the Wittig re
action.16 2-Methylidenenorborn-5-ene (6). The commercial product 
(purchased from Aldrich Chemical Co.; was rid of minor quantities 
(~5%) of its isomer 5 by GLC at 100 °C (5% FFAP on Chromosorb G). 
2-Methylnorborna-2,5-diene (5).25 A solution of 18.4 g of freshly 
distilled and degassed norborna-2,5-diene (0.2 mol) in 50 mL of ether 
was added tc 20.8 g of N-butyllithium (0.3-5 mol) in 250 mL of ether

at 0 °C.17 After stirring overnight, the violet-colored solution was 
added slowly under nitrogen to 60 g of methyl iodide (0.42 mol) in dry 
ether at —78 °C. The temperature was allowed to rise to 25 °C over 
1 h and the solution was poured into ice-water. The organic layer was 
separated, washed, dried, and evaporated. Fractional distillation 
followed by preparative GLC (20% Apiezon on Chromosorb W) gave
3.8 g of 6 (18% yield): NMR (CC14) 6 1.85 (d, 3 H), 1.95 (m, 2 H), 3.2 
(m, 1 H), 3.5 (m, 1 H), 6.1 (m, 1 H), 6.8 (m, 2 H); MS (m/e) 106 (M+, 
79), 105 (38), 91 (100), 91 (100), 66 (53).

Photooxygenations. Determination o f Relative Rates (Table
II). The competition method, based on the disappearance of olefin, 
requires no calibration since only ratios of concentrations are mea
sured.18 Moreover, the products are often unstable under GLC con
ditions, whereas the olefins are quite stable. A pair of olefins of roughly 
similar reactivity is dissolved in a standard solution of acetonitrile 
containing methylene blue. An inert standard is also added. Typically 
the mixture consists of ~1 mmol of each olefin and 0.5 mmol of ben
zene in 2 mL of solvent. The solution is then placed in the reaction 
vessel under oxygen, irradiated, and stirred to 0 °C.19 Small samples 
are taken at regular intervals and analyzed by GLC. Oxygen uptake 
is measured volumetrically. For a competition reaction between two 
olefins, A and B, the rate (ft) can be expressed as follows:

If A
A + O2 — AO2 

B + O2 — >- BO2

If the oxygen concentration is constant then k\/k% -  In (Ao/At)/ln 
(Bo/At) where Ao and B0 are the starting concentrations and At and 
Bt are the concentrations after time t.

Product Analyses. 2-Methylnorborna-2,5-diene (5). A solution 
of 0.48 g of 5 in 3 mL of acetonitrile (plus methylene blue) under an 
atmosphere of oxygen was irradiated at 0 °C until 95% reaction. Re
duction was effected with sodium borohydride in methanol, giving
0.493 g of crude product which was purified by GLC (20% on Chro
mosorb W). The exo and endo allylic alcohols 9 and 10 were obtained 
in a ratio of 7.3:1 in a 72% yield. The distinction between 9 and 10 was 
made by NMR spectroscopy. Isomer 9 shows a W-type coupling be
tween the anti C(7) and endo C(3) protons which is absent in isomer 
10.2° The exo an(j en(J0 dispositions of the hydroxyl groups were 
further confirmed by using shift reagent.

Exo Isomer (9):28 NMR (CDCI3) 5 1.74 (d of t of d, 1 H), 1.9 (d of 
t of t, 1 H) [C(7) anti and C(7) syn, 3J 7ai = 1.5 Hz, V 7a3 = 1.5 Hz, 
2J 7a78 = 9.0 Hz], 2.8 (m, 1 H), 3.12 (m, 1H), 4.02 (m, 1 H), 4.98 (s, 1 
H), 6.06 (d, 1 K); IR (film) 3500-3200, 3065, 2980,1320,1100,1039, 
890, 760, 720 cm "1.

Endo Isomer (10): NMR (CDC13) a 1.48 (d oft, 1 H), 1.72 (d o ft  
of t, 1 H) [C(7) anti and C(7) syn, 3J 7aii = 1.8 Hz, 3J 7Si1 -  1.5 Hz,
= 9.0 Hz], 3.04 (m, 1 H), 3.16 (m, 1 H), 4.56 (m, 1 H), 5 and 5.06 (two 
s, 2 H), 6.14 and 6.40 (d of d, 2 H).

2-Methylidenenorborn-5-ene (6). Olefin 6 (0.6 g, 5.6 mmol) in 
3 mL of acetonitrile was irradiated for 2 h at 0 °C. After 80% absorp
tion of 1 equiv of oxygen, the solvent was evaporated and the residue 
extracted with pentane. After further evaporation, column chroma
tography over silica gel (eluting with pentane/ether) effected removal 
of olefin 6 (15 mg). Subsequent thin-layer chromatography (silica gel, 
eluting with hexane/ether) gave exo-epoxide 12 (Rf 0.409, traces), 
endo-epoxide 13 (Rf 0.337,15 mg), norbomenone 14 (Rf 0.313, traces), 
and lastly hydroperoxide 11 (Rf 0.297, 85 mg). After a 2% conversion 
of olefin 6 the percentage ratios of products were 0.2, 1.8, ~ 0.1, and 
98%.

l-Hydroperoxymethylnorborna-2,5-diene (11): NMR (CDCI3) 
6 2.1 (s, 1 H), 3.3 (m, 2 H), 4.7 (d, 1 H), 6.75 (m, 1 H), 6.9 (m, 2 H), 8.25 
(s, 1H); IR (CC14) 3540 (m), 1675 (m), 1260 (w) cm "1, MS (m/e) 138 
(M+, 0.85), 120 (13), 91 (40), 66 (29), 18 (100). Treatment of 11 with 
triphenylphosphine in ether gave the corresponding alcohol. It was 
purified by chromatography over silica gel and identified by com
parison with an authentic sample.21

Epoxides 12 and 13. These were identified with authentic sam
ples.4

Norborn-5-en-2-one (14). This was identified by oxidizing 2- 
hydroxynorborn-5-ene.22-
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Wittig Reactions of the Corresponding Enone and Dione
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Oxidation of l,2,5,6-tetramethyl-3,4-dimethylenetricyclo[3.1.0.02"]hexane upon treatment with OSO4, ‘ O2, and 
O3 is reported. The corresponding bicyclobutane-bridged a,/3-unsaturated ketone and «-diketone are used as start
ing materials in Wittig reactions, which in one case result in cyclopropane formation.

Oxidation of organic compounds constitutes a subject 
with numerous ramifications.1-5 Hydrocarbon oxidation using 
transition-metal compounds, peracids, and peroxides together 
with photosensitized oxygenations and ozonization rank 
among the frequently employed methods in this area in which 
phase-transfer catalysis6 and crown ether chemistry7 are of 
increasing importance.

In view of the intriguing reactivity of tricyclic diene l,8-9 e.g., 
in Diels-Alder reactions, we aimed at synthesizing the cor
responding enone 2 and diketone 3 from 1. Two types cf ke

tone preparation involving carbon-carbon bond breaking, 
one-step and two-step cleavage reactions, are opportune. 
Apart from realization of the diene -*■ enone -*  dione trans
formations, attention has to be paid to keep the bicyclobutane 
moiety intact. Generally speaking this leaves out the modes 
of oxidation which involve the use of acids and those in which 
the presence of certain transition metals is required. Ir. the 
present paper the results of some oxidation reactions (e.g., O3, 
10 2) of compound 1 are described, together with those of the 
Wittig reactions of enone 2 and dione 3.

O xid ation  o f  1. A. O sm ium  T e tro x id e . The highly poi

0022-3263/78/1943-1912$01.00/0

sonous osmium tetroxide can be employed to convert olefins 
to glycols or ketones, depending upon reaction conditions; the 
initially formed adducts in many cases are of sufficient sta
bility to permit their isolation.10'11 Upon addition of osmium 
tetroxide at room temperature to diene 1 in ether containing 
pyridine (10:1), a brown precipitate was formed immediately. 
To this compound structure 4 is tentatively assigned. Sup

porting data for the proposed structure were obtained by 
performing a reductive cleavage of 4 by mannitol in an alkaline 
solution, leading to glycol 5, and a pyrolysis at 250 °C, af
fording «,/3-unsaturated ketone 2. which was trapped at —196 
°C. However, this expensive route did not allow a large scale 
preparation of 2 a id was abandoned for this reason.

B. S in g let O xygen . Rearrangements of [2 + 4] adducts 
from singlet oxygen (’ 02) and conjugated dienes12 to a,/3- 
unsaturated [2 + 2] adducts are known in the literature.13' 15

© 1978 American Chemical Society
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Furthermore, fragmentation of dioxetanes is a common pro
cess.16’17 In view of these data, singlet oxygen addition to diene 
1 was investigated. However, no reaction between ’Oa and 1 
was observed at room temperature ('02 was generated in a 
methylene blue sensitized reaction). When this experiment 
was repealed after addition of a catalytic amount of silver 
perchlorate together with sodium carbonate to the methylene 
chloride solution, diene 1 was rapidly converted to peroxide 
6.18'19 Because of the fact that AgC104/Na2C03 was not found 
to accelerate the addition of 102 to other conjugated dienes 
(cyclohexadiene and 9), the smooth formation of aromatic 
compound 6 may indicate that a benzvalene (7) participates 
in an equilibrium which exists under the prevailing experi
mental conditions. Since it has been reported20 that, apart 
from their behavior towards AgC104./Na2C03, benzvalenes 
are extremely sensitive to acids, AgClOVIN^COs was replaced 
by acetic acid (20 mol %) in anotner 1C>2 experiment. As ex
pected,20 a homofulvene (8) could be isolated in this case, 
which reinforces the idea of a preequilibrium in the singlet 
oxygen reaction. The hope of being able to prove this experi
mentally by performing the reaction of 1 with 1C>2 at —70 °C 
and running the NMR spectra of the sample at the same 
temperature was not fulfilled, however.

It is of interest to note that bicyclic diene 9 does react with

1C>2 at room temperature, leading to 10.21 Although the ob
served difference22 between I and 9 is intriguing, no progress 
was made in this approach as far as the synthesis of 2 and 3 is 
concerned.

C. Ozonolysis. In a third attempt to convert 1 to 2 and 
subsequently to 3, we made use of O3. There are reasons to 
assume that the initial interaction between a carbon w system 
and ozone leads to the reversible formation of a ir complex,23 
the fate of which depends on the character of the organic 
substrate. The possibilities are in principle the entrance into 
a 1,3-dipo.ar cycloaddition, leading ultimately to ozonolysis 
products via a 1,2,3-trioxolane, and the conversion to a a 
complex followed by loss of an oxygen molecule, resulting in 
epoxide formation. The ratio of epoxide to cleavage products 
increases with increasing steric hindrance around the double 
bond in question.

Initially, ozonolysis of diene l 24 was performed in chloro

form at room temperature. Ozone was added until no JH NMR 
signals due to olefinic protons of the diene could be observed 
anymore. Two products were formed in a 1:4 ratio and iden
tified as the a,/j-unsat,urated ketone 2 and the rearranged ester 
11, respectively, When the ozonolysis was carried out in the 
presence of Na2C03 or pyridine, the product ratio changed to 
1:1 in the former and 4:1 in the latter case. Ozonolysis of ke
tone 2 under similar conditions in chloroform containing 
pyridine was performed: again two products were isolated 
from the reaction mixture, the a-diketone 325 and the anhy
dride 12, which were formed in a 9:2 ratio. Bicyclic diene 9 
reacts with ozone in a different manner: epoxides are formed 
exclusively.21 Data provided by Story and Burgess28 support 
the idea that most abnormal ozonolysis products are in fact 
normal Baeyer-Villiger products generated by the action of 
the peracid formed in the reaction. Actually, in our case the 
m-chloroper benzoic acid oxidation of 2 leads to 11 and that 
of 3 to 12. Thereupon, more detailed investigations led to the 
conclusion that both 2 and 3 can be made the sole identifiable 
products in their respective reaction steps: the former by 
performing the reaction at low temperatures in methylene 
chloride and pyridine, and the latter by performing the ozo
nolysis of 2 in methanol at room temperature followed by 
addition of dimethyl sulfide.29 Of course, the Baeyer-Villiger 
reactions mentioned earlier make it possible to synthesize 
exclusively both l l 30 and 12.

Wittig Reactions of 2 and 3. Investigations concerning the 
chemical aspects of diene 118,19,32 mac[e it desirable to have 
a route to substituted dienes at one’s disposal. Of course, both 
enone 2 and dione 3 can in principle take part in Wittig reac
tions. Experiments performed in this area are jointly repre
sented in Scheme I. The reaction between enone 2 and iso-

Scheme I

propylidenetriphenylphosphorane took an unexpected course: 
instead of the corresponding diene 16, a cyclopropane-con
taining product (18) was isolated. The formation of a cyclo
propane derivative has been reported by Freeman33 in the 
reaction between methylidenetriphenylphosphorane and 
mesitoylphenylethylene, in which attack at the carbonyl 
carbon is sterically hindered. However, steric effects alone are 
not enough as a motive for cyclopropane formation in our case
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since 17 could be prepared in high yield from 3, in which case 
the ylide was given no alternative. Hence, as to be expected,

1 11

steric and electronic aspects of both reactants affect the out
come of the reaction. On the basis of the observed mode of 
attack of 2 by isopropylidenetriphenylphosphorane, one may 
wonder whether in 13 and 14 the methyl substituent is in a syn 
or anti position. Addition of successive portions of Eu(fod)3 
gave rise to ’ H NMR shift enhancements which indicate the 
substituent to be in a syn position in 14. A second method to 
solve syn-anti problems in conjugated dienes rests on the 
principle of complexation34 followed by décomplexation:35 the 
fact that 13 as a starting material proved to be identical with 
the diene obtained by oxidation of 19 is in agreement with the

presence of a syn-methyl group in 13 (tne synthesis and 
chemical aspects of the iron tricarbonyl complex of 1 have 
been reported36).

Experimental Section

General Remarks. Melting points are uncorrected. Mass spectra 
were run on a AEI MS-902. Infrared spectra (Nujol mull) were re
corded on a Perkin-Elmer Infracord 257 spectrophotometer. 'H NMR 
spectra were taken with a Jeol C-60 HL spectrometer with deuter- 
iochloroform as the solvent and Me4Si as an internal reference. 13C 
NMR spectra were run on a Varian XL-100 with deuteriochloroform 
as the solvent and Me4Si as an internal reference. Preparative TLC 
was performed with aluminium oxide (Merck; 10-40 ftm, not acti
vated).

0 s 0 4 Addition to 1. To a solution of diene 1 (3.160 g, 1.00 mmol) 
in ether (10 mL) and pyridine (1.0 mL) was addec Os04 (0.254 g, 1.00 
mmol) while stirring at room temperature. A brown precipitate was 
formed immediately, which in part was filtered. This solid material 
(0.217 g) was heated at 250 °C under reduced pressure (1.0 mm) for 
10 min, and both enone 2 (22 mg) and pyridine (49 mg) were trapped 
at -196 °C. Spectroscopic data of 2 were identical with those of ma
terial obtained from ozonolysis of 1.

Mannitol (1.0 g) and aqueous potassium hydroxide (10%, 10 mL) 
were added to the remaining suspension, and the mixture was stirred 
overnight at room temperature. The aqueous layer was extracted with 
methylene chloride (3X 5  mL), and the combined organic layers were 
subsequently dried over anhydrous potassium carbonate. Evaporation 
of the solvent under reduced pressure followed by preparative TLC 
(methylene chloride) afforded 5 as a colorless viscous oil (58 mg, 0.30 
mmol): *H NMR b 1.09 (s, 3 H), 1.11 (s, 3 H), 1.31 (s, 3 H), 1.35 (s, 3 
H), 3.54 (broad s, 2 H), 4.67 (s, 1 H), and 4.87 (s, 1 H); IR 1650 and 3400 
(broad) cm-1; MS Calcd exact mass, m/e 194.131 (M+); MS Found, 
m/e 194.135. When pyridine was omitted no 5 could be obtained.

’ 02 Addition to Diene 1. A solution of diene 1 (1.60 g, 10.0 mmol) 
and methylene blue (50 mg) in methylene chloride (150 mL) contin
uously saturated with oxygen was irradiated at room temperature for 
48 h with a high-pressure mercury arc (Hanau S8l) using a saturated 
aqueous solution of potassium bichromate as a filter. Diene 1 was 
completely recovered upon filtration through AI2 O3  followed by 
evaporation of the solvent. When the reaction was carried out at —70 
°C no spectroscopic indication (XH NMR) for the presence of 7 in the 
reaction mixture could be obtained. In the presence of AgC104 (41 mg,
0.20 mmol) and Na2CC>3 (1.0 g) the experiment was repeated at room 
temperature under otherwise identical conditions. After 90 min 1 was 
completely converted. The usual workup followed by crystallization 
from rc-pentane afforded 6 (1.78 g, 9.27 mmol; 93%): mp 160.5-161.5 
°C; H NMR 5 2.08 (s, 6 H), 2.22 (s, 6 H), and 5.09 (s, 4 H); IR 800,970, 
995, and 1045 cm“ 1; MS m/e 192 (M+). Anal. Calcd for C12HI60 2: C, 
74.97; H, 8.39. Found: C, 74.61; H. 8.29.

When acetic acid (0.12 g, 2.0 mmol) was added to the solution in
stead of AgC104/Na2C03, diene 1 was found to be completely trans
formed to homofulvene 8 within 2.5 h under otherwise identical 
conditions. Compound 8 was purified by preparative TLC (n-pen- 
tane): NMR b 0.92 (distorted q. J  = 6 Hz, 1 H), 1.03 (distorted d,
■J = 6 Hz, 3 H), 1.10 ;S, 3 H), 1.20 (s. 3 H), and 4.67^.83 (6 H); IR 890, 
990, and 1600 cm-1; MS Calcd exact mass, m/e 192.115 (M +); MS 
Found, m/e 192.116.

When cyclohexadiene or bicyclic diene 9 was allowed to react with 
10 2 at room temperature under the conditions mentioned above, it 
was found that the presence of AgC104/Na2C03 did not alter the re
action rates of the 10 2 addition.21’37

Synthesis o f  l,2,5,6-Tetram ethyl-4-m ethylenetricyclo- 
[3.1.0.02’6]hexan-3-one (2). Procedure I. At room temperature 
ozone was added at a rate of 1.5 g/h (oxygen flow of 20 L/h through 
a Fischer OZ III “ Ozone Generator” ) to a stirred solution of 1 (0.800 
g, 5.00 mmol) in CHCI3 (10 mL) until no 'H  NMR signals due to ole- 
finic protons of the diene could be observed anymore. Two products 
were formed in a 1:4 ratio (3H NMR), isolated (GLC; SE-30 column 
all temperatures below 200 °C), and identified as 2 and 11, respec
tively. Enone 2: mp 45.0-45.5 °C; 3H NMR b 1.16 (s, 3 H), 1.27 (s, 3 
H), 1.51 (s, 6 H), 4.94 (s, 1 H), and 5.67 (s, 1 H); I3C NMR b 3.3,4.4,
7.2, 30.9, 41.3, 50.9,106.1,149.3, and 210.3; IR 1650 and 1720 cm "1; 
MS m/e 178 (M+); UV (ethanol) Xmax 215 nm (log c 3.7) and 314 (1.3). 
Anal. Calcd for Ci,H140: C, 81.48; H, 8.64. Found: C, 81.00; H,
8.62.

Lactone 11: mp 55.0-56.0 °C; 3H NMR b 1.22 (s, 3 H), 1.38 (s, 3 H),
1.55 (broad s, 6 H), £.53 (s, 1 H), and 6.28 (s, 1 H); 13C NMR 5 7.9,8.5,
15.0 (2C), 53.4,87.8,120.3,141.0,142.1,143.6, and 170.5; IR 1650 and 
1750 cm-1; MS m/e 178 (M+). Anal. Calcd for CnHi402: C, 74.16; H,
7.87. Found: C, 74.00; H, 7.92.

Procedure II. When the ozonolysis was carried out in the presence 
of Na2C03 (1.0 g) under otherwise identical conditions, the ratio of 
compounds 2 and 11 changed to 1:1 (3H NMR).

Procedure III. Addition of pyridine (1.0 mL) instead of Na2C03 
(procedure II) afforded 2 as the major product (the ratio of compounds 
2 and 11 was 4:1, respectively), as determined by 3H NMR spectros
copy.

Procedure IV. Diene 1 (28.8 g, 180 mmol) dissolved in CH2CI2 (750 
mL) containing pyridine (36 mL) was ozonolyzed (0 2 flow >80 L/h) 
at —60 °C for 2 h and 53 min under vigorous mechanical stirring. The 
solution was allowed to warm to room temperature overnight, and 
subsequently methylene chloride and pyridine were removed by 
evaporation under reduced pressure, n-Hexane (100 mL) was added 
to the residue, the mixture was stirred for 2 h, and water (50 mL) was 
introduced. The reaction mixture was filtered through Celite-535, the 
layers were separated, and the organic phase was washed with water 
(3 X 10 mL) and a saturated aqueous solution of NaCl (2 X 10 mL) 
and dried over anhydrous sodium sulfate. Filtration and evaporation 
of the solvent under reduced pressure afforded crude 2 (29.7 g), which 
was estimated to be about 60% pure (3H NMR). Enone 2 was purified 
by distillation under reduced pressure (30-40 °C, 0.01 mm): yield 53% 
(15.5 g, 95.7 mmol), purity 85% (3H NMR). Analytically pure enone 
2 was obtained by crystallization from n-pentane followed by subli
mation at 35 °C. The fact that none or at the most only negligible 
amounts of 11 are formed makes this procedure the one of choice for 
the synthesis of 2.

Procedure V. According to the method reported by Thompson,38 
the concept of reductive decomposition of the trioxolane at low 
temperatures was investigated. Employing triphenylphosphine or 
dimethyl sulfide, nc improvements concerning the yield of 2 or the 
workup procedure were made compared with procedure IV.39

Preparation o f 1,2,5,6-Tetramethyltricyclo[3.1.0.02,6]hex- 
ane-3,4-dione (3). Procedure I. Analogous to procedure III, enone 
2 (0.810 g, 5.00 mmcl) was ozonolyzed in CHCI3 (10 mL) containing 
pyridine (1.0 mL). Two products were formed, isolated (repeated 
fractional crystallizations from ether followed by sublimations), and 
identified as a-diketone 3 and anhydride 12, which were present in 
the reaction mixture in a 9:2 ratio, respectively. Diketone 3: mp
142.5-143.0 °C; 3H NMR b 1.30 (s, 6 H) and 1.67 (s, 6 H); 13C NMR 
b 3.5, 4.6, 28.7, 51.6, and 194.6; IR 1750 cm -1; UV-vis (ethanol) Xmax 
272 nm (log « 1.1) and 436 (1.4); MS m/e 164 (M+). Anal. Calcd for 
Ci0H12O2: C, 73.06; H, 7.36. Found: C, 72.92; H, 7.33.

Anhydride 12: mp 154.0-155.0 °C; iH NMR b 1.30 (s, 6 H) and 1.54 
(s, 6 H); 13C NMR b 3.7,10.0, 31.6, 41.9, and 169.6; IR 1770 and 1800 
cm“ 1; MS m/e 180 (M+). Anal. Calcd for C-0Hi2O3: C, 66.73; H, 6.72. 
Found: C, 66.68; H, 6.71.

Procedure II. Enone 2 (4.82 g, 30.0 mmol) dissolved in dry meth
anol (125 mL) was ozonolyzed (0 2 flow 10 L/h; i.e., 1.2 g of 0 3 per hour) 
at room temperature for 72 min. Subsequently ozone was removed
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by a stream of nitrogen, and dimethyl sulfide (3.0 mL) was added to 
the solution. Stirring was continued for 1 h. Evaporation of the solvent 
under reduced pressure (T <  40 °C) followed by column (diameter 
= 2.5 cm) chromatography (Merck, activity II—III, 50 g of AI2O3; 
ether,) of crude 3 (dissolved in CHoCL) afforded 3, which was crys
tallized from ether, yield 43% (2.13 g, 13.0 mmol). This procedure 
constitutes the best method for the synthesis of 3, with no 12 being 
formed.

Syntheses o f 11 and 12. When 2 (0.162 g) or 3 (0.164 g) dissolved 
in CHClj (5 mL) was treated with m -chloroperbenzoic acid (0.150 g) 
in the presence of Na2C0 3 (1.0 g) at room temperature, the exclusive 
formation of 11 and 12, respectively, was observed OH NMR).

Wittig Reactions: General Procedures. Method A. To a stirred 
suspension of phosphonium salt (5.00 mmol) in dry' THF (50 mL) was 
added rc-BuLi (2.8 mL, 1.8 N in n -hexane) under a nitrogen atmo
sphere at room temperature. A solution of the substrate ( 5.00 mmol) 
in THF (2 mL) was subsequently introduced. The workup procedure 
consisted of addition of water (100 mL), extraction with n-pentane 
(2 X 50 mL), drying of the combined organic layers over anhydrous 
potassium carbonate, filtration, evaporation of the solvent under 
reduced pressure, and preparative TLC (n-pentane).

Method B. In this case the ylide was added to the organic substrate 
in THF (30 mL). The workup was according to method A above.

Tetracyanoethylene (TCNE) Adducts. All newly synthesized 
dienes were for analytical purposes converted to their polycyclic 
TCNE adducts, which isomerized to aromatic compounds prior to 
melting.8'19 General procedure: to a solution of the diene (0.20 mmol) 
in chloroform (5 mL) was added TCNE (0.025 g, 0.20 mmol) at room 
temperature; after stirring for 10 min the solvent was evaporated, and 
the obtained solid material was crystallized from ether; the polycyclic 
TCNE adduct was heated as such at 100 °C for 15 min, followed by 
crystallization from ether.

Ozonolysis of Substituted Enones. In a way essentially analogous 
to the one reported for the synthesis cf 3 from 2 according to proce
dure II, all newly prepared enones were ozonolyzed to 3, in qualitative 
experiments, in order to obtain confirmable information about their 
polycyclic skeleton.

Synthesis o f 13 from 2 (Method A). Reaction time: 30 min at room 
temperature. Using the phosphonium bromide, compound 13 was 
isolated in 73% yield as a colorless liquid (0.635 g, 3.65 mmol): JH 
NMR 8 1.10 (s, 3 H), 1.36 (s, 9 H), 1.83 ;d, J = 7 Hz, 3 H), 4.40 (s, 1 H),
4.86 (s, 1 H), and 5.68 (q, J = 7 Hz, 1 H); IR 1640 and 3080 cm-1; MS 
m/e (M- ) 174.

Polycvclic TCNE adduct: 'H NMR 0 1.06 (s, 3 H), 1.15 (s, 3 H), 1.45 
(s, 3 H), 1.47 (s, 3 H), 1.62 (d, J  = 7 Hz, 3 H), and 3.0-3.5 (m, 3 H); IR 
1660 and 2240 cm-1.

Aromatic TCNE adduct: mp 190.5-191.5 °C; :H NMR 8 1.68 (d. 
J = 7 Hz, 3 H), 2.17 (s, 3 H), 2.20 (s, 9 H), 3.54 and 3.74 (AB system, 
Jab = 17 Hz, 2 H), and 3.95 (q ,J  = 7 Hz, 1 H); IR 2250 cm-1; MS m/e 
302 (M+). Anal Calcd for CjgHigN,,: C. 75.47; H, 6.00. Found: C, 75.39; 
H, 5.98.

Synthesis of 14 from 3 (Method B). Reaction time: 15 min at room 
temperature. An 81% yield of 14 as a viscous oil (0.717 g, 4.07 mmol) 
was obtained using the phosphonium bromide: XH NMR 8 1.05 (s, 3 
H), 1.45 (s, 3 H), 1.51 (s, 6 H), 1.84 (d, <7 = 8 Hz, 3 H), and 6.05 (q, J 
= 8 Hz, 1 H); IR 1650 and 1710 cm-1; MS m/e 176 (M+). Induced 
downfield shifts varied linearly with the ratio [Eu(fod)3]/[14] in the 
range 0.0-0.7, A6h = 7.0 ppm and A6ch;. = 2.0 ppm at [Eu(fod)3]/[14] 
= 0.7 (H and CH3 are the substituents of the terminal sp2 carbon 
atom), in agreement with the presence of the CH3 group in the syn 
position in 14.

Preparation of 13 from 14 (Method A). Reaction time: 15 min 
at room temperature. Using the phosphonium iodide, compound 13 
was isolated in 69% yield (0.598 g, 3.44 mmol). The spectroscopic data 
were in agreement with those of material obtained using 2 as the 
starting material.

Synthesis o f 15 from 14 (Method A). Reaction time: 1 h at room 
temperature. A 73% yield of 15 as a colorless liquid (0.683 g, 3.63 
mmol) was isolated using the phosphonium bromide: 'H NMR 8 1.35 
(s, 6 H). 1.38 (s, 6 H), 1.84 (d, J  = 7 Hz, 6 H), and 5.53 (q, J = 7 Hz, 2 
H); IR 1635 ar.d 3040 cm-1; MS m/e 138 (M+).

Polycyclic TCNE adduct: XH NMR 5 1.12 (s, 6 H), 1.45 (s, 3 H), 1.48 
(s, 3 H), 1.63 (d, J = 7 Hz, 6 H), and 3.25 (q ,J  = 7 Hz, 2 H); IR 1650 
and 2250 cm- -.

Aromatic TCNE adduct: mp 192.0-193.0 °C; JH NMR 5 1.71 (d, 
J = 7 Hz, 6 H), 2.25 (s, 12 H), and 4 03 (q, J = 7 Hz, 2 H); IR 2260 
cm-1; MS m/e 316 (M+). Anal. Calcd for C20H20N4: C, 75.92; H, 6.37. 
Found: C, 75.69; H, 6.42.

Preparation of 17 from 3 (Method B). Reaction time: 15 min at 
room temperature. A 79% yield of 17 as a viscous oil (0.752 g, 3.96

mmol) was obtained employing the phosphonium bromide: *H NMR 
b 1.06 (s, 3 H), 1.41 (s, 3 H), 1.45 (s, 6 H), 1.88 (s, 3 H), and 2.07 (s, 3 
H); IR 1650 and 1700 cm-1; MS m/e 190 (M +).

Synthesis of 16 from 17 (Method A). Reaction time: 1 h under 
reflux. Using the phosphonium iodide, compound 16 was isolated as 
a colorless liquid in 72% yield (0.679 g, 3.61 mmol): 'H NMR 8 1.08 (s, 
3 H), 1.33 (s, 3 H), 1.37 (s, 6 H), 1.94 (broad s, 6 H), 4.73 (s, 1 H), and
4.98 (s, 1 H); IR 1643 and 3080 cm-1; MS m/e 188 (M+).

Polycyclic TCNE adduct: JH NMR 8 1.01 (s, 3 H), 1.16 (s, 3 H), 1.44 
(s, 6 H), 1.57 (s. 6 H), and 3.18 (s, 2 H); IR 1650 and 2260 cm-1.

Aromatic TCNE adduct: mp 191.5-192.5 °C; *H NMR 8 1.70 (s, 6 
H), 2.20 (s, 3 H), 2.25 (s, 9 H), and 3.76 (s, 2 H); IR 2260 cm-1; MS m/e 
316 (M+). Anal. Calcd for C20H20N4: C, 75.92; H, 6.37. Found: C, 75.58; 
H, 6.42.

Preparation o f 2 from 3 (Method B). Reaction time: 15 min at 
room temperature. Employing the phosphonium iodide gave an 84% 
yield (0.684 g, 4.22 mmol). The spectroscopic data were in agreement 
with those of material obtained from the ozonolysis of 1.

Synthesis of 1 from 2 (Method A). Reaction time: 15 min at room 
temperature. Using the phosphonium iodide, compound 1 was isolated 
in 78% yield (0.621 g, 3.88 mmol). The spectroscopic data were in 
agreement with those of authentic material.9

Preparation o f 18 from 2 (Method A). Reaction time: 6 h under 
reflux. A 57% yield of 18 (0.578 g, 2.83 mmol) was isolated employing 
the phosphonium bromide: XH NMR 8 0 74 (s, 2 H), 1.07 (s, 6 H), 1.17 
(s, 3 H), 1.21 (s, 3 H), 1.42 (s, 3 H), and 1.48 (s, 3 H); 13C NMR 8 2.6,
3.5,4.8,10.3,19.7,22.9,23.5,25.3,29.7,31.9, 38.0, 38.8, 52.2, and 216.4; 
IR 1735 and 3050 cm-1; MS Calcd exact mass, m/e 204.151 (M+); MS 
Found, m/e 204.154. Anal. Calcd for C14H20O: C, 82.31; H, 9.87. 
Found: C, 82.79; H, 10.01.

Preparation of the Fe(CO)3 Complex 19. Diene 13 (0.696 g, 4.00 
mmol) was heated with iron pentacarbonyl (1.60 g, 8.00 mmol) at 70 
°C for 24 h under a blanket of nitrogen. The mixture was cooled and 
filtered, and excess iron pentacarbonyl was removed by distillation 
under reduced pressure. Preparative TLC (n-pentane) afforded 19 
as an orange liquid !0.347 g, 1.11 mmol; 28%): 'H NMR ¿0.45 (d, J =
2.5 Hz, 1 H), 1.11 (q, J = 7.0 Hz, 1 H), 1.16 (s, 3 H), 1.37 (s, 3 H), 1.49 
(s, 3 H), 1.57 (s, 3 H), 1.66 (d, J  = 7.0 Hz, 3 H), and 2.05 (d, J = 2.5 Hz, 
1 H ) ;  IR 1980 and 2060 cm-1; MS m/e 314 (M+) (peaks at m/e 286. 
258, and 230 indicate the successive loss of CO ligands).

Oxidation o f 19. Complex 19 (0.347 g, 1.11 mmol) was heated in 
benzene (5 mL) at 40 °C for 2 days in the presence of Me3N 035 (3.0 
g) in a nitrogen atmosphere. The mixture was cooled and filtered, and 
the solvent was evaporated under reduced pressure. Preparative TLC 
(n-pentane) yielded only diene 13 (48 mg, 0.28 mmol; 25%).

Registry No.— 1, 50590-86-8; 2, 53745-77-8; 3, 56745-78-9; 4, 
65121-37-1; 5,65102-61-6; 6,65102-62-7; 8,65102-63-8; 11,56745-76-7; 
12,56745-79-0; 13,65102-64-9; 13-TCNE, 65121-38-2; 14,65102-65-0; 
15, 65102-66-1; 15-TCNE, 65102-70-7; 16, 65102-67-2: 16-TCNE, 
65102-71-8; 17, 65102-68-3; 18, 65102-69-4; 19, 65120-34-5; 0 s 0 4, 
20816-12-0; Fe(CO)5, 13463-40-6; 0 2, 7782-44-7
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Bicyclobutane-bridged diene 1, l,2,5,6-tetramethyl-3,4-dimethylenetricyclo[3.1.0.02'6]hexane, was used as start
ing material in the syntheses of cyclopropanes and aliénés. These compounds were prepared by performing modifi
cations of the butadiene moiety in 1. First of all, dihalocarbene additions were carried out under phase-transfer 
conditions. Reduction af the geminal dihalocyclopropanes with sodium in liquid ammonia afforded cyclopropanes. 
Aliénés were prepared by treating the geminal dibromocyclopropanes with methy.lithium. Reactions of the aliéné 
and cyclopropane analogues of 1 with tetracyanoethylene are reported.

The bicyclobutane-bridged diene 1,2,5,6-tetramethyl-
3,4-dimethylenetricyclo[3.1.0.02’6]hexane, l ,1’2 has recently 
been found to be extremely reactive in Diels-Alder cycload
ditions.3 Compound 1 is also easily available in large amounts.

These two facts led us to consider the use of 1 as starting 
material in the syntheses of small ring compounds and reactive 
multiple bonds.

In order to minimize the risks of bicyclobutane rearrange
ments during modifications of the carbon-carbon double 
bonds of the diene moiety of 1 into allenes or cyclopropanes, 
it was evident that reaction paths involving the use of tran
sition metals or acids had to be avoided. Our hope was that the 
transformations would occur at reasonably low temperatures 
and via synthesis of a common precursor or directly from the 
diene. Since allenes can easily be synthesized from geminal 
dihalocyclopropanes and alkyllithium compounds4-8 and, 
moreover, reductions of geminal dihalocyclopropanes yield 
cyclopropanes,4'5 geminal dihalocyclopropanes in principle 
constitute the desired type of precursor and our attention was 
drawn to their preparation.

Dihalocarbene generation under phase-transfer conditions 
proved to be a versatile method which facilitated the synthesis 
of a substantial number of geminal dihalocyclopropanes. Al
though the reaction of dichlorocarbene generated according 
to classical methods with conjugated olefins usually does not 
occur beyond the addition of 1 ec uiv, mono and multiple ad
ditions are easily accomplished with dichlorocarbene gener
ated under phase-transfer catalysis conditions.

Dihalocarbene Additions. According to the general pro

cedure as reported by Makosza and Warzyniewicz,9 diene I 
was allowed to react with dichlorocarbene at room tempera
ture under vigorous stirring. Within 1 h 1 was converted to the 
bis adduct (80%), of which only the trans isomer appeared to 
be present. This is due to the fact that one of the chlorine 
atoms erects a barrier at the cis side in the mono adduct. The 
smooth formation of the bis adduct mentioned above is in 
sharp contrast with the unsuccessful attempts to prepare a 
bis adduct in the case of diene 2,10 in which compared with 1

the central bicyclobutane C-C bond has been opened, there
with in principle allowing the methyl groups in question to 
exert more steric influence on chemical events at the diene 
moiety.

A modification of the organic phase, n-pentane and chlo
roform in a 3:1 ratio, made it possible to synthesize and isolate 
the mono adduct 3 (76%) of dichlorocarbene and diene 1 under 
otherwise identical conditions.

The same method allows the generation of the dibromo- 
carbene adducts. The yields of the adducts are lower than 
those achieved in the corresponding dichlorocarbene reac
tions. Furthermore, the mono and bis adducts of dibromo- 
carbene and 1 (compounds 5 (38%) and 6 (28%), respectively) 
were found to be less stable than their chloro analogues. 
Thermal disrotatory ring opening11-12 takes place very easily, 
especially in the case of 6, leading to a compound which we 
tentatively assign as structure 7.

Synthesis of a Mono- and Bisallene. The treatment of 
geminal dibromocyclcpropanes with methyllithium is known 
to provide a widely applicable route to allenes.4 8 Intramo-

0022-3263/78/1943-1916$01.00/0 © 1978 American Chemical Society



Analogues of a Bicyclobutane-Bridged Diene J. Org. Chem., Vol. 43, No. 10,1978 1917

lecular reactions may cause complications, however, when the 
bromides involved are derivatives of vinylcyclopropane or 
bicyclopropane: Skatteb01 obtained cyclopentadienes in the 
former and fulvenes in the latter case as the major prod
ucts.8

Because of these findings a risk of intramolecular mishaps 
existed also in the planned conversion of 5 to monoallene 8 and

of 6 to bisallene 9. However, when methyllithium was added 
at low temperature (—58 °C) to ether solutions of either 5 or 
6 followed by workup at room temperature, the aliénés 8 and 
9 were isolated as the major product. Although the formation 
of minor amounts of a cyclopentadiene and a fulvene, re
spectively, cannot rigorously be excluded, there were no 
spectroscopic indications for their presence in the reaction 
mixtures immediately after workup.

The aliénés were allowed to react with tetracyanoethylene 
(TCNE) at room temperature, and sifter isomerization of the 
bicyclobutane moieties the aromatic cycloadducts 11 and 13 
were subjected to elemental analyses.

When the chloro analogues 3 and 4 were treated likewise 
with methyllithium, the starting materials were recovered 
unchanged. Neither was compound 8 formed from 3 using 
n-butyllithium. However, bis adduct 4 did undergo the desired 
reaction on addition of n-butyllithium, but the reaction 
mixture consisted of 4, bisallene 9, and o-diethynylbenzene 
derivative 14. The intermediacy of 9 :n the conversion of 4 to

14 was shown by an experiment in which a large excess of n-
butyllithium was added to a sample of pure bisallene 9, pre
pared from 6, affording exclusively 14.13 The allene-acetylene

equilibrium can be set up by the use of catalytic amounts of 
strong bases. No equilibrium is obtained when large quantities 
of base are used, but all the material is tied up as the alkali salt 
of the terminal acetylene.14

Synthesis of a Mono- and Bicyclopropane. The Na/NH;! 
type of reduction15 was tried on 3, 4, 5, and 6. This approach 
turned out to be successful in all cases, and both the bicyclo
butane-bridged vinylcyclopropane 15 and bicyclopropane 16 
were isolated. Since these compounds can be synthesized in 
higher yields and, moreover, are easier to handle, the geminal 
dichlorocyclopropanes 3 and 4 are preferable to the corre
sponding dibromo compounds 5 and 6 as starting materials.

Attempts to prepare 15 and 16 directly from diene 1 according 
to the method published by Simmons and Smith16 failed due 
to isomerization of the bicyclobutane moiety. The tetraline 
derivative 17 was isolated in spite of the presence of dime-

i  iz

thoxyethane, which was recommended to prevent Lewis acid 
catalyzed rearrangements under the prevailing conditions 
(Simmons-Smith reagent/diene 1, 3:1).

Diazomethane addition to unsaturated ketone 1821 followed 
by the photochemically induced loss of nitrogen and a Wittig 
reaction provides another route to 15 which proceeds in a high

overall yield;17 the method described earlier is, however, su
perior for reasons of simplicity.

In the literature18 the initial formation of a [2 +  2] adduct 
from vinylcyclopropane and TCNE has been reported; the 
product isomerizes thermally to a seven-membered ring. Al
though 15 contains a vinylcyclopropane moiety, its reaction 
with TCNE takes a different course involving a rearrangement 
of the bicyclobutane skeleton. In chloroform the conversion 
of 15 to 21 is complete within 3 min at room temperature. The 
behavior of 15 toward TCNE bears a close resemblance to that 
of 22.19 Although in contrast to the latter reaction an inter
mediate adduct was not observed by NMR spectroscopy, the 
addition of TCNE to 15 leading to 21 is likely to occur along 
an analogous pathway.
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TCNE

NC CN

NC CN

No reaction between TCNE and 16 was observed at tem
peratures up to 150 °C.

Synthesis of a Cyclopropylallene. In order to complete 
the class of aliéné and cyclopropane modifications of 1, the 
synthesis of the cyclopropylallene 24 starting from 15 via the 
dibromocarbene adduct 23 was attempted. No attempts were 
made to purify and completely characterize 23. Compound

24 could actually be isolated after addition of methyllithium 
to a solution of crude 23, but difficulties were encountered in 
its reaction with TCNE. The immediate addition of TCNE 
did take place at —20 °C, but the 1:1 adduce which is thought 
to have structure 25 decomposed during workup.

NC CN

Conclusion

Of the newly prepared compounds, allenes 8 and 9 decom
pose rapidly within a few days at room temperature and, 
moreover, are difficult to purify. However, compounds 15 and 
16 deserve further experimental and theoretical attention 
since they possess a considerable amount of strain energy, are 
easily synthesized, and are fairly stable at room temperature. 
Experiments to exploit their chemical reactivity are being 
performed.

Experimental Section

General Remarks. Melting points are uncorrected. Mass spectra 
were run on a AEI MS-902. Infrared spectra (Nujol mull) were re

corded on a Perkin-Elmer Infracord 257 spectrophotometer. 1H NMR 
spectra were taken with a Jeol C-60 HL spectrometer with deuter- 
iochloroform as the solvent and Me4Si as an internal reference. 13C 
NMR spectra were run on a Varian XL-100 with deuteriochloroform 
as the solvent and Me4Si as an internal reference. Preparative TLC 
was performed with aluminium oxide (Merck; 10-40 Mm, not acti
vated).

Synthesis of Spiro[2,2-dichlorocyclopropane-l,3'-l',2 ',5 ',6'- 
tetramethyl-4'-methylenetricyclo[3.1.0.02,6]hexane] (3). Chlo
roform (25 mL), n -pentane (75 mL), diene 1 (4.0 g, 25 mmol), a 50% 
aqueous solution of sodium hydroxide (100 g), and triethylbenz- 
ylammonium chloride (1.0 g) were combined and stirred vigorously 
at room temperature for 1 h. Then water (200 mL) and chloroform 
(100 mL) were added, the organic layer was separated, washed with 
water (3 X 20 mL), and dried over anhydrous potassium carbonate, 
and the solvent was evaporated. A mixture of 1 and 3 was obtained, 
from which 1 was removed by vacuum distillation. Compound 3 (4.6 
g, 19 mmol; 76%) was pure enough to be used in further experimental 
work: mp 58.0-59.0 °C; ^  NMR 1 1.07 (s, 3 H), 1.14 (s, 3 H), 1.33 (s, 
3 H), 1.45 (s, 3 H), 1.70 and 1.80 (AB system, JAB = 8 Hz, 2 H), 4.48 
(s, 1 H), and 4.73 (s, 1 H); 13C NMR b 2.4,3.2,7.5,8.6, 26.0,27.4,28.7,
42.2,45.5, 46.6, 64.7, 99.0, and 157.6; IR 1660 cm -1; MS Calcd exact 
mass, m/e 242.063 (M+); MS Found, m/e 242.065.

Preparation of d,I-Dispiro[2,2-dichlorocyclopropane-l,3'- 
l',2',5 ',6'-tetram erhyltricyclo[3.1.0.02 ’6’]h exan e-4 ',l''-2 ",2 "- 
dichlorocyclopropane] (4). Compound 4 was prepared analogously 
to the synthesis of 3. However, instead of n-pentane (75 mL) addi
tional chloroform was used (75 mL). After evaporation of the organic 
solvent a solid material resided which was recrystallized from n- 
pentane. An 80% yield of 4 (6.5 g, 20 mmol) was obtained: mp
140.0-140.5 °C; >H NMR b 1.06 ;s, 6 H), 1.48 (s, 6 H), and 1.81 and 2.07 
(AB system, J ab = 9 Hz. 4 H); 13C NMR b 3.0,9.2,27.0,27.1,44.1,47.0, 
and 64.6; MS (M+) m/e 324, 326, 328, 330, and 332. Anal. Calcd for 
C14H i6C14: C, 51.56 H, 4.95; Cl, 43.49. Found: C, 51.48; H, 4.95; Cl,
43.55.

Synthesis o f Spiro[2,2-dibrom ocyclopropane-l,3'-l',2',5',6'- 
tetramethyl-4'-methylenetricyclo[3.1.0.02',6']hexane] (5). Mono 
adduct 5 was prepared in a similar manner as 3. Instead of chloroform 
(25 mL) bromoform (25 mL) was used. Both 1 and excess bromoform 
were removed by distillation (T < 35 °C) under reduced pressure. For 
reasons of stability crude 5 (viscous oil) was stored in the dark while 
cool, yield 38% (2.4 g, 9.5 mmol): *K NMR 6 1.11 (s, 3 H), 1.15 (s, 3 H),
1.33 (s, 3 H), 1.46 (s, 3 H). 1.90 and 2.36 (AB system, J ab = 7 Hz, 2 H),
4.47 (s, 1 H), and 4.75 (s, 1 H); IR 1650 cm“ 1; MS (M+) m/e 330,332, 
and 334.

Preparation of d,/-Dispiro[2,2-dibromocyclopropane-l,3'- 
l',2',5 ',6'-tetram ethyltricyclo[3.1.0.02''6']h exan e-4 ',l"-2 ",2 "- 
dibromocyclopropane] (6). Bis adduct 6 was synthesized in a way 
analogous to the preparation of 4. Instead of chloroform (100 mL) 
bromoform (100 mL) was used. Excess bromoform was removed by 
distillation under reduced pressure (T < 35 °C). After crystallization 
from n-pentane 6 was obtained in 28% yield (3.5 g, 6.9 mmol): ]H 
NMR b 1.12 (s, 6 H). 1.55 (s, 6 H), and 2.04 and 2.42 (AB system, J Ab 
= 9 Hz, 4 H); MS (M+) m/e 500, 502, 504, 506, and 508.

Prior to melting, compound 6 underwent ring opening on heating 
at 60 °C for 5 min, affording 7 as a viscous oil: 'H NMR h 1.03 (s, 6 H),
1.36 (s, 6 H), 4.78 (s. 2 H), and 5.33 (s, 2 H); MS (M+) m/e 500, 502, 
504, 506, and 508.

Synthesis of l,2,),6-Tetramethyl-3-methylene-4-vinylidene- 
tricyclo[3.1.0.02’6]hexane (8) from 5. A solution of 5 (0.664 g, 2.00 
mmol) in ether (25 mL) kept under a nitrogen atmosphere was cooled 
(—50 °C), and subsequently methyllithium (1.4 mL, 1.5 N in ether) 
was added by means of a syringe. Then the mixture was allowed to 
warm to room temperature and water (25 mL) was added. The two 
layers were separated, and the organic layer was collected, dried over 
anhydrous potassium carbonate, and evaporated, leaving crude allene 
8 which was purified by preparative TLC (n-pentane). An isolated 
yield of 27% of 8 (0. 583 g, 0.54 mmol) was obtained. For reasons of 
stability compound 8, a colorless mobile oil, was used immediately 
or stored at low temperature in the dark: JH NMR b 1.16 (s, 6 H), 1.43 
(s, 6 H), 4.96 (s, 1 H), and 5.21 and 5.25 (two partially overlapping s, 
3 H); IR 1650 and I960 cm "1; MS m/e 172 (M+).

Preparation o f 10. To a solution of 8 (0.070 g, 0.41 mmol) in 
chloroform (10 mL) was added TCNE (0.051 g, 0.40 mmol) at room 
temperature. After s'irring for 10 min the solvent was evaporated (T 
< 35 °C) and the residing solid was crystallized from n-pentane. 
Adduct 10 (0.097 g, 0.32 mmol) was isolated in 80% yield; it rearranged 
to compound 11 before melting: *H NMR b 1.13 (s, 3 H), 1.35 (s, 3 H),
1.55 (s, 6 H), 3.37 (s, 2 H), and 5.88 (apparent s, 2 H); IR 1625 and 2260 
cm-1.
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Synthesis of 11. When 10 (0.097 g, 0.32 mmol) was heated at 100 
°C a rearrangement took place which was complete within 5 min and 
afforded 11 in a quantitative yield: *H NMR b 2.22 (s, 3 H), 2.31 (s, 
6 H), 2.42 (s, 3 H), 3.77 (s, 2 H), 5.87 (d. J  = 2 Hz, 1 H), and 6.46 (d, 
J  = 2 Hz, 1 H); IR 1625 and 2260 cm-1; MS m/e 300 (M+). Anal. Calcd 
for Ci9H16N4: C, 75.98; H, 5.37; N, 18.65. Found: C, 75.76; H, 5.42; N,
18.79. Compound 11 decomposed at temperatures above 225 °C.

Synthesis o f l,2,5,6-Tetram ethyl-3,4-divinylidenetri- 
cyclo[3.1.0.02'6]hexane (9) from 6. Both the preparation and the 
purification of 9 were carried out according to the procedures de
scribed previously fcr monoallene 8. Using 6 (1.000 g, 1.984 mmol) as 
the starting material, bisallene 9 (0.212 g, 1.15 mmol) was isolated as 
a colorless mobile oil in a 58% yield and for reasons of stability it was 
used immediately or stored at low temperature in the dark: *H NMR 
b 1.12 (s, 6 H), 1.41 (s, 6 H), and 5.06 (s, 4 H); IR 1970 cm-1; MS m/e 
184 (M+).

Preparation of 12. Starting from 9 (0.212 g, 1.15 mmol), adduct 
12 (0.281 g, 0.901 mmol) was prepared and purified in the way men
tioned in the case of 10 (80% yield); 12 rearranged to 13 prior to 
melting; 'H  NMR b 1.34 (s, 6 H), 1.57 (s, 6 H), and 5.90 (apparent s, 
4 H); IR 1620 and 2260 cm“ 1.

Synthesis o f 13. Compound 12 (0.281 g, 0.901 mmol) isomerized 
on heating at 100 °C for 10 min. The aromatic compound 13 was iso
lated in quantitative yield: *H NMR 5 2.32 (s, 6 H), 2.45 (s, 6 H), 5.88 
(d, J = 2 Hz, 2 H), and 6.48 (d, J = 2 Hz, 2 H); IR 1625 and 2260 cm-1; 
MS m/e 312 (M+). Anal. Calcd for C20H16N4: C, 76.90; H, 5.16; N,
17.94. Found: C, 76.61; H, 5.10; N, 18.06. Compound 13 decomposed 
at temperatures above 225 °C.

Formation o f l,2-Diethynyl-3,4,5,6-tetramethylbenzene (14).
To a cold (—50 °C) solution of 4 (1.63 g, 5.00 mmol) in ether (25 mL) 
kept under a nitrogen atmosphere was added n-butyllithium (6.0 mL,
1.8 N in n-hexane). After warming to room temperature water (25 mL) 
was introduced and the organic layer was collected and evaporated. 
'H NMR spectroscopy indicated the presence of 9 and 14 (1:2 ratio) 
and starting material (30%).

When pure 9 (0.184 g, 1.00 mmol), prepared from 6, was treated with 
an excess of n-butyllithium (10 mL, 1.8 N in n-hexane) under other
wise identical conditions, only 14 cculd be observed by *H NMR 
spectroscopy after workup. Compound 14 was purified by preparative 
TLC (n-pentane) followed by crystallization from n-pentane. A 73% 
yield of 14 (0.133 g, 0.731 mmol) was isolated: 2H NMR b 2.12 (s, 6 H), 
2.35 (s, 6 H), and 3.40 (s, 2 H); IR 212C cm-1 MS m/e 182 (M+). Anal. 
Calcd for C14H14: C, 92.26; H, 7.74. Found: C, 92.27; H. 7.74. After 
melting at 114.5-115.5 °C, compound 14 decomposed at a slightly 
higher temperature.

Synthesis of Spiro[cyclopropane-l,3 '-l',2',5 ',6'-tetram ethyl- 
4'-methylenetricyclo[3.1.0.02’’6']hexane] (15). Ammonia (250 mL) 
was condensed at -5 0  °C in a dry reaction vessel containing 3 (4.86 
g, 20.0 mmol), and the vessel was equipped with a cold-finger con
denser. The ammonia inlet was replaced with a stopper, and sodium 
(1.84 g, 80.0 mg-atom), cut into small pieces, was introduced in por
tions throughout the reaction. After addition of the total amount of 
sodium the reaction mixture was stirred at —50 °C until the solution 
decolorized. Then the condenser was removed and the ammonia al
lowed to evaporate. Ether (100 mL) and water (100 mL) were added, 
and the aqueous layer was extracted with ether (2 X 200 mL). The 
organic layers were combined and dried over anhydrous potassium 
carbonate, and the solvent was subsequently evaporated, leaving 
crude 15 which was distilled under reduced pressure at 28-33 °C (1.0 
mm). A 76% yield of 15, a colorless liquid (2.64 g, 15.2 mmol), was 
obtained: 'H NMR 5 0.40 (m, 2 H), C.68 (m, 2 H), 0.76 (s, 3 H), 1.13 
(s, 3 H), 1.38 (s, 6 H), 4.07 (s, 1 Hi, anc 4.38 (s, 1 H); laC NMR b 2.6,
4.9, 7.1, 9.4, 25.7, 30.1, 40.1, 46.1, 89.9, and 164.2; IR 1650 and 3050 
cm-1; MS m/e 174 (M +).

Since no satisfactory elemental analysis could be obtained, com
pound 15 was also synthesized in an independent way using diazo- 
methar.e (see below).

Preparation o f D ispiro[cyclopropane-l,3 '-l',2 ’,5',6'-tetra- 
methyltricyclo[3.1.0.02,6']hexane-4',l"-cyclopropane] (16). In
the manner described for the conversion of 3 to 15, compound 4 (6.52 
g, 20.0 mmol) afforded 16 upon reduction with sodium (3.68 g, 160 
mg-atom) in liquid ammonia at —50 °C. An 84% yield of 16, a colorless 
liquid (3.14 g, 16.7 mmol), was isolated after distillation under reduced 
pressure at 30-35 °C (1.0 mm): 2H NMR 6 —0.17 (m. 4 H), 0.28 (m, 
4 H), 0.72 (s, 6 H), and 1.32 (s, 6 H); 1EC NMR b 3.0,3.5,5.6,21.0,31.8, 
and 43.5; IR 3050 cm-1; MS Calcd exact mass, m/e 188.156 (M+); MS 
Found, m/e 188.158.

Na/NHs Reductions o f 5 and 6. Using 5 or 6 as the starting ma
terial, 15 and 16, respectively, were synthesized in a way essentially 
identical with the method described above. After distillation under

reduced pressure compound 5 (0.664 g, 2.00 mmol) afforded 15 (72%) 
and compound 6 (0.504 g, 1.00 mmol) gave 16 (79%).

Preparation o f 17. A mixture of methylene iodide (1.90 g, 7.10 
mmol), a zinc-copper couple prepared according to Shank and 
Shechter16 (4.68 g, 7.20 mg-atom), diene 1 (400 mg, 2.50 mmol), an
hydrous ether (2.5 mL), dimethoxyethane (0.5 mL), and a crystal of 
iodine was heated under reflux for 6 h ir. a nitrogen atmosphere. The 
solution was then washed with a saturated ammonium chloride so
lution (3 mL) and water (3 mL). Evaporation of the solvent afforded 
a complex reaction mixture. Preparative TLC (n-pentane) made it 
possible to isolate and characterize one of the components (17); the 
melting point (78.0-78.5 °C) and spectroscopic data of 17 (MS, IR, 
and 2H NMR) are in agreement with those of authentic material.20 
No indication for the presence of 15 or 16 was obtained by 'H NMR 
spectroscopy. The yield of 17 was 24% (0.112 g. 0.596 mmol).

Alternative Synthesis of 15 Using Diazomethane. To a solution 
of diazomethane in ether (20 mL, 0.25 n) was added enone 18 (0.810 
g, 5.00 mmol) under stirring at room temperature. After about 2 h the 
solution lost its characteristic color and the solvent was evaporated, 
leaving 19 in quantitative yield: *H NMR 5 0.93 (s, 3 H), 1.18 (s, 3 H),
1.50 (s, 3 H), 1.65 (s, 3 H), and 4.3M.8 (ABCD system, 4 H); 13C NMR 
b 2.4, 3.1, 4.3, 6.0, 21.2, 26.3, 28.5,41.5, 52.4, 77.0,100.1, and 211.5; IR 
1540 and 1730 cm-1.

Using a high-pressure mercury arc, compound 19 (0.998 g, 4.89 
mmol) dissolved in benzene or chloroform (150 mL) was irradiated 
for 3 h. Evaporation of the solvent afforded 20 (0.848 g, 4.82 mmol) 
as a waxy solid in quantitative yield: 'H  NMR b 0.56 (s, 4 H), 0.87 (s, 
3 H), 1.09 (s, 3 H). and 1.49 (s, 6 H); IR 1735 cm“ 1; MS m/e 174 
(M+).

To a suspension of methyltriphenylphosphonium iodide (2.02 g,
5.00 mmol) in dry tetrahydrofuran (50 mL) was added n-BuLi (2.8 
mL, 1.8 N in n-hexane) under a nitrogen atmosphere at room tem
perature. A solution of 20 (0.848 g, 4.82 mmol) in tetrahydrofuran (2 
mL) was subsequently introduced, and the reaction mixture was 
stirred for 15 min at room temperature. Water (100 mL) was added 
and the aqueous layer was extracted with n-pentane (2 X 50 mL). The 
combined organic layers were dried over anhydrous potassium car
bonate, and the solvent was evaporated, leaving crude 15 which was 
identical with the material prepared by Na/NH3 reduction of 3. 
Preparative TLC (n-pentane) afforded 89% of 15 (0.738 g, 4.29 
mmol).

Synthesis of 21. To a stirred solution of 15 (0.696 g, 4.00 mmol) in 
chloroform (25 mL) was added TCNE (0.512 g, 4.00 mmol) at room 
temperature. After 15 min the solvent was evaporated and the re
sulting crude 21 was crystallized from ether. yield 83% (0.998 g, 3.30 
mmol): mp 154.0-154.5 °C; *H NMR b 0.5-1.0 (m, 4 H), 1.28 (q, J = 
0.5 Hz, 3 H), 1.41 (s, 3 H), 1.65 (s, 3 H), 1.70 (q, J  = 0.5 Hz, 3 H), and
2.55 and 2.75 (AB q, JAB = 7.5 Hz, 2 H); 13C NMR b 5.8, 6.5, 8.4,11.3,
12.4, 12.8, 30.8, 38.6, 41.5, 45.5, 47.2, 47.5, 52.5, 110.4, 110.9, 111.2,
112.7, 132.5, and 136.6; IR 1660 and 2240 cm“ 1; MS m/e 302 (M+). 
Anal. Calcd for C19H18N4: C, 75.47; H, 6.00; N, 18.53. Found: C, 75.20;
H, 5.92; N, 18.24.

No indication for an intermediate adduct was obtained from *H 
NMR spectra recorded during an experiment performed at low 
temperature (T  = -4 0  °C).

Attempted Addition o f TCNE to 16. Under the conditions men
tioned above 16 was not found to react with TCNE. Even at higher 
temperatures (T < 150 °C and hexachiorobuta-1,3-diene as the sol
vent) no formation of an adduct was observed by *H NMR spectros
copy.

Synthesis of Spiro[cyclopropane-l,3 '-l',2',5 ',6'-tetramethyl- 
4'-vinylidenetricyclo[3.1.0.02’,6']hexane] (24). Under phase-transfer 
conditions dibromocarbene was allowed to react with compound 15 
(0.870 g, 5.00 mmol) in the way indicated earlier (synthesis of 6). 
Excess bromoform was removed by distillation under reduced pres
sure (T < 35 °C). By 'H NMR spectroscopy signals due to olefinic 
protons in 15 were shown to be absent and, furthermore, absorptions 
due to the four methyl groups in 23 (6 1.07,1.27,1.33, and 1.50) were 
observed. Under a nitrogen atmosphere methyllithium (4.0 mL, 1.5 
N in ether) was added to a solution of 23 in ether (25 mL) at -5 0  °C 
followed by workup as reported previously (preparation of 8). Pre
parative TLC (n -pentane) afforded 27% of 24 as a colorless mobile 
oil (0.247 g, 1.33 mmol): ‘ H NMR b 0.25-0.55 (m, 4 H), 0.73 (s, 3 H),
I. 12 (s, 3 H), 1.38 (s, 6 H), and 4.90 (s. 2 H); IR 1965 and 3050 cm“ 1; 
MS Calcd exact mass, m/e 186.141 (M +); MS Found, m/e 186.144.

Addition o f TCNE to 24. Upon addition of TCNE (0.170 g, 1.33 
mmol) to a solution of 24 (0.247 g, 1.33 mmol) in chloroform (0.3 mL) 
kept in a NMR tube at -4 0  °C a reaction took place leading to a 
product (25) containing olefinic protons [5 5.47 (d, J = 2.5 Hz) and
6.02 (d, J  = 2.5 Hz)]. However, when the temperature was raised to
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room temperature the adduct decomposed. Upon addition of more 
TCNE the formation of yet another adduct (presumably 2:1) was 
oaserved (also at —40 °C) suggesting the presence of a vinylcyclo- 
propane moiety in the initially formed adduct 25. Because of the en
countered difficulties in workup no adduct was isolated.

Registry No.— 1, 50590-86-8; 3, 65103-68-6; 4, 65103-69-7; 5, 
65103-70-0; 6,65103-71-1; 7,65103-72-2; 8,65103-73-3; 9,65103-74-4; 
10, 65103-75-5; 11, 65103-76-6; 12, 65103-77-7; 13, 65103-78-8; 14, 
65103-79-9; 15, 65103-80-2; 16, 65103-81-3; 17, 19063-11-7; 18, 
56745-77-8; 19, 65103-82-4; 20, 65103-83-5; 21, 65103-84-6; 23, 
65103-85-7; 24, 65103-86-8; 25, 65103-87-9; chloroform, 67-66-3; 
bromoform, 75-25-2; diazomethane, 334-88-3.
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The decomposition of peracetic acid in benzene, which was initiated by two light sources (at 2537 Â or over 2900 
Â), showed preferential reaction of methyl radical with benzene, affording toluene, rather than reaction of hydroxyl 
radical, affording phenols. Analysis of simple products including methane, ethane and water showed that induced 
decomposition of peracid by methyl and hydroxyl radicals is the major pathway rather than aromatic radical sub
stitution. The formation of biphenyl by phenyl radical coupling or addition of phenyl radical to benzene is not im
portant.

The interaction between radicals and aromatic hydrocar
bons may involve two reactions, i.e., radical addition and hy
drogen atom abstraction, and radical addition is said to pre
dominate in solution.1-2 The reaction of methyl radical with 
benzene affords mainly toluene via addition and dehydroge
nation,1-2 while hydroxyl radical gives phenols and coupling 
products.3-5

The thermal decomposition of peracetic acid in benzene has 
been studied kinetically6 but is only limited information on 
the decomposition mechanism and products. The photolysis 
of peracetic acid in cyclohexane was reported to give mainly 
cyclohexanol which suggests induced decomposition of peracid 
by cyclohexyl radical.7

Our previous study® suggested that the photolysis of pera
cetic acid in toluene involved the induced decomposition of 
peracid by CH3-, HO-, and PhCH2- radicals and the extent of 
the induced decomposition varied with wavelength of light.

The present paper discloses the mechanism of photoin
duced decomposition of peracetic acid in benzene, where more 
induced decomposition occurs than in toluene.

Results

The photolysis of peracetic acid in benzene with 2537 À or 
>2900 Â light afforded carbon dioxide, oxygen, methane, 
ethane, water, methanol, methyl acetate, toluene, phenol, and 
biphenyl (trace). The yield of phenol with 2537 Â light in
creases with a decrease in peracid concentration, while only 
a trace of phenol is formed at >2900 Â independent of the 
peracid concentration. Trace amounts of xylenes and meth- 
ylbiphenyls (M+ 168, m/e 152,153,165,167,163 and no peak

of m/e 91 corresponding to PhCH2)9 were obtained in both 
photolyses.

Estimation of C 0 2 and 0 2. C02 (1 mol) was evolved from 
1 mol of peracid decomposed with 2537 A light, but the yield 
of C 02 was 5-10% lower at >2900 A (Tables I and II). The 
yield of 0 2 was 5-15% of peracid decomposed at 2537 A and 
>2900 A.

Products. The time dependence of yields was studied in 
order to know primary products and the possibility of further 
reaction. These results are shown in Tables I (2537 A) and II 
(>2900 A). As is apparent from the tables, the yield of H20, 
methane, and toluene increases as the photolysis proceeds,
i.e., the concentration of peracid decreases. The yield of phenol 
is relatively high at 2537 A, while only a trace was detected at 
>2900 A.

Analogously to toluene,® the yield of MeOH decreases as 
the photolysis proceeds. The MeOH initially formed being 
esterified to methyl acetate with acetic acid.

The effects of the concentrations of peracid and radicals on 
the yields were studied to estimate the reactivity of methyl 
and hydroxyl radicals, and the results are shown in Tables III 
(2537 A) and IV (>2900 A).

The effects of peracid concentration on the yields (Tables 
III and IV) were similar as observed in the time dependence 
(Tables I and II). The remarkable difference between 2537 A 
and >2900 A was observed in the yields of HaO, CH4, C2H6, 
and PhOH. That is, at 2537 A, the yield of H20  is high (relative 
to >2900 A) and the yield of CH4 is less than that of C2H6. 
Whereas at >2900 A, the yield of H20  is low and the yield of 
CH4 is greater than that of C2H6. In addition, the yield of

0022-3263/78/I943-1920$01.00/0 © 1978 American Chemical Society
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Table 1. Time Dependence of Product Yields on Irradiation (2537 A) Time in Photolysis of Peracetic Acidc in Benzene

Time, decomposed] __________________________________ Products X 104 mol (%)
h X 104 mol 1%) C02a <V H20° CH4a c 2h68 MeOH“ MeOAc3 PhMe° Xylene8 PhOH“ PhPh8

0.5 3.135 3.079 Trace 0.429 0.509 0.690 0.640 0.014 0.210 0.016 0.017 0.011
(8.5) (98.2) (13.7) (16.2) (44.0) (20.4) (0.4) (6.7) (1.0) (0.2) (0.7)

1.0 5.141 5.017 0.084 0.952 0.866 1.089 0.897 0.037 0.562 0.044 0.105 0.015
(13.9) (97.6) (3.3) (18.5) (16.9) (42.4) (17.5) (0.7) (10.9) (1.7) (2.0) (0.6)

3.0 13.79 14.10 0.396 3.092 2.372 2.835 2.045 0.142 1.808 0.139 0.441 0.026
(37.3) (102.3) (5.7) (22.4) (17.2) (41.1) (14.8) (1.0) (13.1) (2.0) (3.2) (0.4)

4.5 18.18 17.89 0.658 4.861 3.240 3.748 2.227 0.340 2.800 0.193 0.791 0.028
(49.2) (98.4) (7.2) (26.7) (17.8) (40.6) (12.3) (1.9) (15.4) (2.1) (4.4) (0.3)

7.0 24.45 23.94 C.949 6.936 4.460 4.831 2.245 0.645 3.888 0.108 1.208 0.088
(66.1) (97.9) (7.8) (28.4) (18.2) (39.5) (9.2) (2.6) (15.9) (2.5) (4.9) (0.3)

a % = [yield]/[peracid decomposed] X 100. * % = 2 X  [yield]/[peracid decomposed] X  100. Experimental error was within ± 5 %  by 
GLC analysis. c Initial concentration cf peracid = 3.699 mmol/25 mL (0.148 M).

Table II. Time Dependence of Product Yields on Irradiation (>2900 A) Time in Photolysis of Peracetic Acidf in Benzene

Time,
h

[CH3CO3H 
decomposed] 
X  104 mol (%)

Products X 104 mol (%)
C02" o 28 H20° CH4" c 2h 68 MeOH0 MeOAc0 PhMe° Xylene8 PhOH« PhPh8

1.0 2.608 2.283 0.009 0.146 1.149 0.239 0.491 0.003 0.118 0.009
(7.1) (87.5) (0.7) (5.6) (44.1) (18.4) (18.8) (0.1) (4.5) (0.7)

2.0 4.931 4.455 0.041 0.518 2.239 0.422 0.908 0.018 0.333 0.018 0.002 0.001
(13.3) (90.3) (1.7) (10.5) (45.4) (17.1) (18.4) (0.4) (6.8) (0.7) (0.1) (0.1)

4.0 9.575 8.546 0.148 1.631 4.493 0.813 1.540 0.056 0.831 0.027 0.006 0.005
(25.9) (89.3) (3.1) (17.0) (46.9) (17.0) (16.1) (0.6) (8.7) (0.6) (0.1) (0.1)

6.0 13.27 12.26 0.380 2.696 6.108 1.083 2.006 0.122 1.084 0.033 0.024 0.008
(35.9) (92.4) (5.7) (20.3) (46.0) (16.3) (15.1) (0.9) (8.2) (0.5) (0.2) (0.1)

9.0 17.98 16.46 0.788 3.848 8.553 1.424 2.411 0.223 1.881 0.058 0.047 0.013
(48.6) (91.6) (8.8) (21.4) (47.6) (15.8) (13.4) (1.2) (10.5) (C.6) (0.3) (0.2)

12.0 21.71 20.46 1.220 4.928 10.56 1.811 2.872 0.239 2.338 0.078 0.080 0.022
(58.7) (94.3) (11.2) (22.7) (48.6) (16.7) (13.2) (1.1) (10.8) (C.7) (0.4) (0.2)

0 % = [yield]/[peracid decomposed] X  100. 8 % = 2 X  [yield]/[peracid decomposed] X  100. Experimental error was within ± 5 %  by 
GLC analysis. c Initial concentration of peracid = 3.699 mmol/25 mL (0.148 M).

PhOH increases with decreasing peracid concentration at 2537 
A, while only a trace of PhOH is observed at >2900 A. The 
difference may be due to the concentration of produced rad
icals.

Discussion

Initial Process. As reported previously with toluene,8 in 
view of the extinction coefficient of benzene U2537A = 90 and 
«>2900À œ o)10 and peracetic acid (e<2537A < 25,11 e290oA = 2.4, 
«soooÀ = 1-23, and e360oA = 0.046),8 'he 2537 A light should be 
absorbed predominantly by benzene, since the extinction 
coefficient of benzene is ca. 5 times as large as that of peracid 
and benzene is in a large excess. Then excited benzene must 
transfer energy to peracid as toluene does,8 producing two 
radicals (eq 1-3). On the other hand, the >2900 A irradiation 
excites mainly peracetic acid resulting in the 0 -0  cleavage (eq 
4), because the extinction coefficient of peracid is much higher 
than that of benzene at >2900 A.

hv (2537 A)
PhH — ► [PhH]* ( 1)

[PhH]* + CH3CO3H — PhH + [CH3CO3H]* (2) 

[CH3CO3H]* — CH3C 02- + HO- -  CH3-
+ C 02 + HO- (3)

hv (>2900 A)
CH3CO3H — »► CH3C 02- + HO-

— CH3- + C 02 + HO- (4) 

The rate of radical production by eq 1-3 with 2537 A may

be greater than that by eq 4 with >2900 A, since half-time of 
decomposition is ca. 4.2 h with 2537 A and ca. 9.5 h with >2900
A. This is due to the higher extinction coefficient of benzene 
than that of peracetic acid and also to a large excess of ben
zene. Therefore, this high relative absorbance at 2537 A (where 
total light would be absorbed within a pathlength of 2 cm) 
indicates the possibility of producing high local concentrations 
of the radicals relative to the >2900 A photolysis. This would 
certainly have an effect on yields of radical-radical coupling 
products.

Induced Decomposition of Peracid by Radicals. As re
ported previously with toluene,8 CH3- and HO- radicals formed 
in eq 3 and 4 may induce the following reactions.

PhH + R- — Ph- 4- RH (5)

CH3C03H + R- — CH3C 03- + RH (6)

CH3C 020H  + CH3- -  CH3C 02- + CH3OH (7)

R = CH3 and HO

The direct H-atom abstraction by radicals (eq 5) may 
occur.12 However, this reaction is not important since the yield 
of the coupling product (e.g., biphenyl) is very low even at high 
concentrations of peracid (Tables III and IV).

In the 2537 A photolysis, the total yields of CH4 and H20  
are ca. 46-60% per peracid decomposed and the total yields 
of products bearing phenyl group are 11-27% as shown in 
Table III. The total yields of CH4 and H20  in the >2900 A 
photolysis are ca. 58-73% and the total yields of products 
bearing phenyl group are ca. 4-16% (Table IV). Therefore,
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Table III. Effect of Peracetic Acid Concentration on Product Yields in Irradiation (2537 A) of Peracetic Acid in Benzene

[CH3-
c o 3H]°
X 10 M

[CH3CO3H 
decomposed] 
X 104 mol (%)

Products X 104 mcl (%)
0 26 H2Oc CH4c C2H6b MeOHc MeOAcr PhMec Xylene6 PhOHc PhPh6

4.372 84.91 2.428 25.65 14.29 17.90 18.99 2.700 7.727 0.403 0.403 0.055
(77.7) (5.7) (30.2) (16.8) (42.2) (22.4) (3.2; (9.1) (1.0) (0.6) (0.1)

3.240 54.65 1.465 15.65 10.16 11.41 10.25 1.459 5.771 0.281 0.312 0.082
(67.5) (5.4) (28.6) (18.6) (41.8) (18.8) (2.7) (10.6) (1.0) (0.6) (0.3)

2.665 57.51 2.088 19.13 10.46 11.58 10.93 1.984 6.688 0.316 0.719 0.101
(86.3) (7.3) (33.3) (18.2) (40.3) (19.8) (3.5) (11.6) (1.1) (1.3) (0.4)

1.874 36.96 1.464 11.30 7.266 7.000 6.180 1.005 5.463 0.224 1.087 0.052
(78.9) (7.9) (3C.6) (19.7) (37.9) (16.7) (2.7) (14.8) (1.2) (2.9) (0.3)

1.197 23.94 0.903 8.216 5.214 4.715 3.347 0.491 3.871 0.138 1.183 0.037
(80.0) (7.5) (34.3) (21.8) (39.4) (14.0) (2.1) (16.2) (1.2) (4.9) (0.3)

0.942 19.34 0.838 6.303 4.094 3.695 2.798 0.414 3.050 0.120 1.400 0.017
(82.1) (8.7) (32.6) (21.2) (38.2) (14.5) (2.1) (15.8) (1.2) (7.2) (0.2)

0.391 7.354 0.346 2.519 1.624 1.359 1.174 0.134 1.025 0.044 0.480 0.012
(75.2) (9.4) (34.3) (22.1) (37.0) (16.0) (1.8) (13.S) (1.2) (6.5) (0.3)

0.176 3.535 0.201 1.320 0.787 0.667 0.427 0.067 0.663 0.024 0.241 0.008
(80.3) (11.4) (37.4) (22.3) (37.7) (12.1) (1.9) (18.8) (1.4) (6.8) (0.4)

0 Initial concentration. 6 % = 2 X [yield]/[peracid decomposed] X 100. c % = [yield]/[peracid decomposed] X 100. Experimental 
error was within ±5% by GLC analysis.

Table IV. E ffect o f  P eracetic A cid Concentration on Product Yields in Irradiation (>2900 A) o f  P eracetic A cid in
Benzene

[CH3- 
CO3H]“ 
X 10 M

[CH3CO3H 
decomposed] 
X 104 mol (%)

Products X 104 mol (%)
( V H2Of CH4c c 2h66 MeOHc MeOAcf PhMec Xylene6 PhOHc PhPh6

4.372 65.39 3.845 11.92 26.18 6.461 12.15 2.256 2.138 0.016 0.098 0.134
(59.8) (11.8) (18.2) (40.0) (19.8) (18.6) (3.5) (3.3) (0.1) (0.2) (0.4)

3.240 44.30 2.997 8.258 18.79 4.191 7.194 1.444 1.741 0.053 0.089 0.071
(54.7) (13.5) (18.6) (42.4) (18.9) (16.2) (3.3) (3.3) (0.2) (0.2) (0.3)

2.665 44.20 3.346 10.40 18.72 3.803 7.850 1.114 2.475 0.066 0.141 0.066
(66.3) (15.1) (23.5) (42.4) (17.2) (17.8) (2.5) (5.6) (0.3) (0.3) (0.3)

1.874 26.68 1.717 5.963 11.85 2.180 3.975 0.758 2.644 0.111 0.125 0.017
(57.0) (12.9) (22.4) (44.4) (16.3) (14.9) (2.8) (9.9) (0.8) (0.5) (0.1)

1.197 17.54 1.058 4.257 8.088 1.243 2.703 0.217 1.775 0.080 0.074 0.021
(58.6) (12.1) (24.3) (46.1) (14.2) (15.4) (1.2) (10.1) (0.9) (0.4) (0.2)

0.942 13.01 0.727 2.970 5.989 0.920 1.941 0.215 1.443 0.082 0.047 0.012
(55.2) (11.2) (22.8) (46.0) (14.2) (14.9) (1.7) (11.1) (1.3) (0.4) (0.2)

0.391 6.720 0.439 1.696 3.156 0.452 0.816 0.088 0.892 0.035 0.028 0.008
(68.7) (13.1) (25.2) (47.0) (13.4) (12.2) (1.3) (13.3) (1.0) (0.4) (0.3)

0.176 2.781 0.168 0.719 1.299 0.184 0.345 0.031 0.394 0.017 0.008 0.003
(63.1) (12.1) (25.9) (46.7) (13.3) (12.4) (1.1) (14.2) (1.2) (0.3) (0.2)

a Initial concentration. b % = 2 X [yield]/[peracid decomposed] X 100. c % = [yield]/[peracid decomposed] X 100. Experimental 
error was within ±5% by GLC analysis.

CH:)- and HO- must abstract H atom from peracid, because 
the quantities of H atoms available from benzene are insuf
ficient for the CH4 and H20  produced.

Furthermore, as shown in Tables I and II, the yield of H20  
increases with decomposing peracid. The yield of CH4 at 2537 
A  is lower than that of H20  after 1-h irradiation, while the 
yield of CH4 at >2900 A  is much higher than that of H20  at 
any reaction time. These results suggest that radicals CH3- and 
HO-, which were directly formed by eq 3 and 4, couple to give 
C2H6, H20 2, and CH3OH, and alternatively they decompose 
CH3C03H (eq 6 and 7) to give CH4, H20, CH3OH, and (H20 2). 
Thus induced decompositions (eq 6 and 7) reduce the con
centration of HO- compared with that of CH3- because 
CH3C 03- and CH3C02- (eq 6 and 7) give CH5- alone. There
fore, the yield of H20  will be lower than that of CH4 although 
the H-atom abstraction by HO- is preferred to that by 
CH3, 13

Acetylperoxy radical1 CH3C03-) by eq 6 should decompose

to give CH3-, C 02, and 0 2 as reported previously;14 CH3- thus 
formed may repeatedly be used in the induced reaction, since 
CH3- will again be produced by a radical attack on peracetic 
acid.

Coupling of Radicals. Ethane may be formed by radical 
coupling (2CH3- -»  C2Hr). Table V shows that the ratio 
[C2H6]/[C0 2] («0.19 with 2537 A  and «0.075 with >2900 A) 
is greater than that with toluene («0.16 with 2537 A  and 
«0.065 with >2900 A). This fact reveals that coupling of CH3- 
is favored in benzene, because ring H atoms are difficult to 
abstract compared with the methyl H atoms of toluene.

As stated above, the induced decomposition (eq 6) and thus 
radical concentration are related to the wavelength used, e.g., 
the higher absorbance at 2537 A  may give higher (local) con
centrations of radicals relative to the >2900 A  photolysis. As 
shown in Table V, the ratio [C2H J/[C 02] is higher at 2537 A. 
This is due to the high concentration of CH3- radical at 2537 
A, which again accelerates the formation of CH3- by induced
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Table V. Decomposition of Peracetic Acid jn Benzene vs. Toluene
Temp,

°C
[CH3C03H]“ 

X IO2 M
C02/

[CH3CO3H decomposed] CH4/CO2 C2H6/C02 (CH4 + C2H6)/C02
rt6 9.42 0.98 0.216 0.195 0.606
rt6 3.91 0.97 0.228 0.191 0.610
rtb 1.76 1.01 0.220 0.189 0.598
rtc 9.42 0.89 0.517 0.080 0.677
rtc 3.91 0.93 0.505 0.072 0.649
rtc 1.76 0.91 0.513 0.073 0.659
rtd 6.50 1.01 0.40 0.16 0.72
rtd 3.70 1.02 0.44 0.16 0.76
rtc 10.6 0.89 0.70 0.064 0.83
rte 6.8 0.91 0.65 0.057 0.76
85.0 f 2.30 0.07 0.72
65.0« 7.60 0.293 0.024 0.340

“ Initial concentration. 6 With 2537 A light irradiation. c With >2900 A light irradiation. d Data summarized for photolysis of peracetic 
acid in toluene with 2537 A light by Y. Ogata and K. Tomizawa, J. Org. Chem. 43, 261 (1978). e Data summarized for photolysis of 
peracetic acid in toluene with >2900 A light by Y. Ogata and K. Tomizawa, J. Org. Chem., 43,261 (1978). < Data reported for thermal 
decomposition of peracetic acid in toluene by F. W. Evans and A. H. Sehon, Can. J. Chem., 41,1826 (1963). e Data reported for thermal 
decomposition of diacetyl peroxide in benzene by M. Levy and M. Szwarc, J. Am. Chem. Soc., 76, 5981 (1954).

decomposition of peracid (eq 6) and eventually leads to the 
high ratio.

This is apparent from the formation of methanol. The total 
yields of methanol and methyl aceta:e were 14-25% at 2537 
A and 13-22% at >2900 A with benzene, while those yields 
were 2.4-10.7% at 2537 A and 5.6-8.5% at >2900 A with tolu
ene. The increase of total yields in benzene compared with 
that in toluene may be due to the decrease of the reactivity of 
radical on benzene, i.e., the acceleration of coupling of CH3- 
and HO- radicals and an induced reaction (eq 7).

In contrast, there is obtained only a trace of biphenyl which 
is formed by coupling (eq 8) and/or addition (eq 9).

2Ph- ----- *■ Ph-Ph (8)

Coupling (eq 8) is less probable than the addition (eq 9) in 
view of the low concentration of phenyl radical which is 
formed by the ring H atom abstraction.

Methylbiphenyls detected by GC-MS may also be formed 
similarly (eq 10).

H
1 (or para isomer)

H
(or meta or para isomer)

(or meta or para isomer)

1 (or para isomer) 2

(or para isomer)

A d d ition  and A b stra ct io n  by  R a d ica ls . The formation 
of CH4 or H20 ) via abstraction of ring H atoms by CH3- and 
HO- radicals is unlikely, so that toluene, xylene, and phenol 
may be formed by addition of the appropriate radical to 
benzene (eq 11-13).

As to the formation of xylenes, eq 12a is preferred to eq 12b, 
since intermediate 1 is converted readily to toluene in the 
presence of radicals, xylenes formed in this photolysis include 
0-, m- and p-xylenes, and there is no evidence for the presence 
of dimethyldihydrobenzene (2) by means of GC-MS.

The photolysis of methylmercuric iodide in benzene with 
3130 A light gave toluene (ca. 40%) and xylenes (ca. 1%).15 The 
lower yield in our photolysis (Tables III and IV) is attributed 
to the variety of reactants for attack of CH3-, i.e., peracetic acid 
(induced reaction shown in eq 6 and 7), CH3- and HO- (cou
pling), and benzene (addition), in contrast to the simple 
reactant (benzene alone) in methylmercuric iodide photoly
sis.

( -R H )
C ^ - ° h (13)

An increase of the yield of toluene was observed at lower 
peracid concentration (Tables III and IV). With increasing 
peracid concentration, the concentration of radicals generated 
by photolysis (eq 1-4) and also by induced decomposition (eq 
6 and 7) increases, hence coupling is more important than 
addition, whereas with lowering peracid concentration, the 
extent of coupling decreases and hence the extent of addition 
increases.

The yield of phenol at 2537 A is less than that of toluene and 
the yield increases with a decrease of peracid concentration. 
The concentration of HO- is lower than that of CH3- because 
of the occurrence of eq 6 and 7 and hence the yield of phenol 
is lower than that of toluene. The proportionality of the yield



1924 J. Org. Chem., Vol. 43. No. 10,1978 Ogata and Tomizawa

of phenol and 1/[CH3C0 3H] may be due to a similar reason 
as that given for toluene as stated above.

The very low yield of phenol at >2900 A (Table IV) is at
tributable to the facile reaction of HO- with peracid (eq 6) 
and/or its reaction with benzene to abstract H atom forming 
stable H-20  rather than addition to benzene. On the other 
hand, the high relative yield of phenol at 2537 A compared 
with the >2900 A photolysis may be due to higher concen
tration of HO- (directly formed) on account of the higher ab
sorbance at 2537 A. The increase of the yield of phenol with 
decreasing peracid concentration may be due to the increasing 
ratio of addition vs coupling.

As stated above, the yields of aromatic products, i.e., tolu
ene, xylenes, phenol, and biphenyl, are low on the basis of 
peracetic acid decomposed. This is due to the low reactivity 
of benzene to radicals (CH3- and HO-) which attacks prefer
entially peracid by abstracting atoms, as reported in the re
action of peracetic acid with tert-butoxy radical,14 thus CH3- 
and HO- abstract H atom of CH3C03-H to give CH4 and H20, 
respectively, and CH3- abstracts HO- of CH£,C02-0H to form 
methanol.

For the formation of 0 2 there are two conceivable mecha
nisms, i.e., dark disproportionation of peracid (eq 14) and 
decomposition of peroxyacetyl radical (eq 15).14

2CH3C 03H — 2CH3C 02H + 0 2 (14)

2CH3C 03- -*■ 2CH3- + 2C02 + 0 2 (15)

Equation 14 does not evolve C02, so that is not in accord 
with our results (Tables I and II); hence the formation of 0 2 
may be due to eq 15. 0 2 evolved by eq 15 may react rapidly 
with alkyl radical (CH3-) to give peroxy radical (CH300-) 
and/or may escape out of the solution. When the concentra
tion of CH3- is high, the reaction of CH3- with 0 2 is probable 
and thus methylperoxy radicals formed may react with 
themselves and peroxyacetyl radicals to form CH3OH, 
CH3C 02H, 0 2, etc., as reported previously.14 In fact, an in
crease of concentrations of peracid at 2537 A in our photolysis 
increased the yield of CH3OH by the reaction of CH3- with 0 2 
and/or coupling of CH3- with HO- and/or induced decompo
sition (eq 7). On the other hand, the higher yield of 0 2 at lower 
concentration of peracid may be due to the evolution of 0 2 
from the solution without reacting with CH3-.

The concentration of radicals formed by eq 4 is low at >2900 
A compared with that at 2537 A; therefore, the possibility of 
reaction of 0 2 with CH3- is lower than that at 2537 A and hence 
the yield of 0 2 evolved is higher than that at 2537 A. Tables 
III and IV show that this is the case.

C on clu sion s

(i) The decomposition of peracid by excited energy transfer 
(eq 1-3) is more effective at 2537 A than that by the direct 
decomposition (eq 4) at >2900 A, so that the contribution of 
induced decomposition (eq 6) at 2537 A may be less than that 
at >2900 A. This less contribution of induced decomposition 
(eq 6) may be due to the increased coupling at 2537 A caused 
by the higher concentrations of radicals. Therefore, the evo
lution of 0 2 at >2900 A is greater than that at 2537 A.

(ii) The reaction of radicals with peracid, i.e., induced de
composition, is preferred to the reaction with benzene.

(iii) The yield of toluene, a product via addition of CH3- to 
benzene, is ca. 9-18% (2537 A) and 3-14% (>2900 A), while the 
yield of xylenes from toluene8 is 10-14% (2537 A) and 5-7% 
(>2900 A).

E xperim en ta l S ection

Materials. Peracetic acid was prepared by the reaction of acetic 
anhydride (205 g) with 60% aqueous H20 2 added with concentrated 
H2S 04 (0.5 mL) at 35-40 °C.16 Benzene was purified by distillation

over P20 5. A water-free peracetic acid-benzene solution was prepared 
by the method of Hormer17 and was immediately irradiated after the 
estimation of peracid concentration.

Apparatus. GLC analyses were performed on a Yanagimoto gas 
chromatograph with FID and TCD, Model G 180. A Shimadzu 
GC-MS 7000 gas chromatograph-mass spectrometer was used to 
determine gaseous products and identify the photolysis products. A 
Halos low-pressure 30 W Hg lamp and a Halos high-pressure 300 W 
Hg lamp were used as light sources. All experiments were carried out 
in a cylindrical quartz vessel (2 X  12 cm) or a cylindrical Pyrex vessel 
(2 X  12 cm).

Analyses o f Gaseous Products. The gaseous products evolved by 
photolysis were collected in a gas buret (300 mL) connected with a 
capillary tube to the photolysis system. Analysis of gaseous products 
was carried out by two methods: (A) Analysis of C 02 was carried out 
by the measurement of the gas volume absorbed in 33% aqueous KOH 
and then analysis of 0 2 was done by absorption with aqueous alkaline 
pyrogallol.18 Gaseous products remaining in the gas buret were ana
lyzed by GC-MS and GLC with columns packed with Porapak T 
(80-100 mesh, 2.5 mm X  2 m) and Porapak QS (80-100 mesh, 2.5 mm 
X  2 m); the mass analysis of CH4 and C2H6 was done by the compar
ison of peaks with those of authentic samples.19 (B) Analyses of 0 2 
and CH4 were carried out by GLC with a column packed with Mo
lecular Sieve 5A (80-100 mesh, 2.5 mm X  2 m) with thermal conduc
tivity detector (TCD) using He as a carrier gas. Analyses of C 02,CH4, 
and C2H6 were performed by GLC with a column packed with Pora
pak QS with TCD.

Another estimation of C 02 was done also by acidimetry with 10~2 
N Ba(OH)2 in which the gas had been bubbled with N2 as a carrier.

Photolysis of a Mixture of Peracetic Acid and Benzene. A
mixture of peracetic acid and benzene was photolyzed in a quartz cell 
with a 30 W low-pressure Hg lamp or in a Pyrex cell with a 300 W 
high-pressure Hg lamp through a water jacket (18-20 °C). After es
timation of peracid remaining in the solution, a constant amount of 
Me2SO-benzene was added to the photolyzate to avoid contamination 
by GLC thermolysis products of peracid.20 Gaseous products evolved 
were analyzed by the above method and the products in the solutions 
were analyzed by GLC with TCD and FID (Porapak QS, Bentone
34-DIDP, PEG 20M Chamelite CS, and Apiezon Grease L). The same 
mixtures of peracetic acid-benzene as used in photolysis were kept 
standing under the same conditions (in the dark) without irradiation. 
After the same treatments as used in the photolysis, the solutions were 
analyzed by GLC. The yields of photolysis products were corrected 
by the observed yields (trace) of the dark reaction.

Registry No.—Peracetic acid, 79-21-0; benzene, 71-43-7; toluene, 
108-88-3.
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The decomposition of 2,4-dinitrofluorobenzene (DNF) and 2,4-dinitrochlorobenzene (DNC) in aqueous NaOH 
and cetyltrimethylammomum bromide (CTABr) is speeded by added glucose and the kinetic form and spectral evi
dence suggest that an intermediate ether is formed and decomposes to 2,4-dinitrophenoxide ion. This intermediate 
is also formed in the absence of CTABr. The reaction in CTABr is also speeded by methyl a-glucoside and sorbose. 
The rate constants for the reaction of DNF with OH-  and the anion of the sugar and the decomposition of the ether 
can be separated by following the reactions at an isosbestic point and at \max for 2,4-dinitrophenoxide ion. Meisen- 
heimer complexes are detected spectrally in reactions of glucose, sorbose, and sorbitol in the presence of CTABr, 
and the sorbitol complex is long-lived. Glucose also speeds the reaction of DNF in micelles of p-octyloxybenzyltri- 
methylammonium bromide. Glucose inhibits the reactions of glycyl glycinate with DNF in CTABr and of p-nitro- 
phenyl diphenyl phosphate with fluoride and hydroxide ion. These polyols inhibit reaction by a medium effect, but 
their anions may react nucleophilically.

The effect of chemically inert solutes on micellar catalysis 
in water has been studied extensively,3 and generally both 
electrolytes and nonpolar solutes decrease catalysis.5’8’9 The 
effect of added electrolytes can be rationalized in terms of a 
competition between an inert counterion and a reactive ion 
for the micelle with some possible effect due to changes in 
micellar structure.8’10 Nonionic hydrophilic solutes disrupt 
micelles, and hydrophobic solutes enter them and reduce the 
surface charge. Both effects should reduce micellar catalysis. 
Several monosaccharides apparently increase the catalysis by 
micellized cetyltrimethylammomum bromide (CTABr) of the 
reaction of 2,4-dinitrochlorobenzene (DNC) with hydroxide 
ion.11 This interesting observation was unexpected and ap
peared to be an important exception to the well-documented 
examples of inhibition of micellar catalysis by inert solutes.5-7 
It was suggested that the sugars had a physical effect on the 
micellar structure but no evidence was given.

Alkoxide ions are good nucleophiles, even in water,12 and 
the 1-hydroxyl groups of sugars have pKa ~  12,13’14 so that at 
high pH an alkoxide ion might react with the halonitroben- 
zene. Attack of alkoxide ion occurs readily in water at high pH 
with both DNC and 2,4-dinitrofluorobenzene (DNF) in the 
presence of d-trifluoroethanol, propargyl alcohol, or choline, 
and with DNF the formation of the intermediate is much 
faster than its subsequent decomposition to products, al
though this is not so with DNC.15

The anion of a micellar bound sugar should be a good nu
cleophile. For example, micelles of alkyl(2-hydroxyethyl)- 
dimethylammonium bromide and related compounds are 
effective nucleophiles at high pH in nucleophilic aromatic 
substitution,15 addition to carbocations, and déphosphor
ylation and deacylation.16 It therefore seems probable that 
the rate enhancements reported in ref 11 are due to a chemical 
intervention by the sugar and not to a physical effect on the 
micelle.

If the beneficial effect of a sugar upon micellar catalysis has 
a physical origin it should be observed with a variety of nu
cleophiles, such as fluoride ion or amines, which react at rel
atively low pH, but if the sugar acts as a nucleophile the effect 
should be seen only at high pH where the sugar is partly ion
ized.

We therefore examined the effects of added D-glucose upon 
the micellar-catalyzed reactions of hydroxide ion and gly- 
cylglycine with DNF17 and hydroxide and fluoride ion with 
p-nitrophenyl diphenyl phosphate.18 Rates are increased 
when the sugar can react as a nucleophile, otherwise we ob
serve inhibition.

D-Glucose was used in most experiments, but we used other 
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polyols including methyl a-glucoside, whose 1-hydroxyl group 
is blocked. Glucose also speeds the reaction of DNF in aqueous 
sodium hydroxide and reaction intermediates are detected 
spectrally in the presence and absence of micelles.

E x p erim en ta l S ection

Materials. The reactants and CTABr were purified following 
procedures already described.15 p-Octyloxybenzyltrimethylammo- 
nium bromide (OOBTABr) was prepared by reducing p-octyloxy- 
benzoic acid to the alcohol (LiAlHO, converting the alcohol into the 
bromide (PBr3/Et20), and quaternizing the bromide with Me:1N in 
MeCN. The bromide was precipitated (Et20) and recrystallized 
(Me2C0 -Et20). This surfactant in water had cmc = 6.9 X 10-3 M, and 
there was no minimum in a plot of surface tension against concen
tration. (Found: C, 60.3: H, 9.1; N, 3.7; Br, 22.1. C isl^NOBr requires: 
C, 60.3; H, 9.0; N, 3.9; Br, 22.3.)

Kinetics. All the reactions were followed spectrophotometrically 
at 25.0 °C, using solutions made up so that CO2 was excluded. Solu
tions were freshly made up because glucose is unstable at high pH, 
and its decomposition is speeded by micelles of CTABr.11 The reaction 
of glyclyglycine with DNF was followed at 355 nm, and that of p- 
nitrophenyl diphenyl phosphate with OH" or F~ was followed at 403 
nm. The formation of 2,4-dinitrophencxide ion from DNF was fol
lowed at 358 nm, but we observed isosbestic points for the reaction 
of DNF in NaOH with several sugars botn in water and in the presence 
of CTABr (cf. ref 15). Isosbestic points were at the following wave
lengths: for DNF with glucose 329-330 mm, methyl a-glucoside 330 
nm, and sorbose 327 nm, and for DNC with glucose 330 nm. We ob
tained good first-order rate constants fcr the reactions of DNF when 
reaction was followed at the isosbestic point but generally not when 
it was followed at 358 nm. However, the final part of these runs fol
lowed a first-order rate equation.

There was also a species with Amax at 495 nm which built up during

© 1978 American Chemical Society
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Table I. p K a o f  G lucose “

[glucose], M pK a [glucose], M pK a

0.01 12.38 0.15 12.30(12.28)
0.03 12.31 0.30 (12.24)
0.07 12.30(12.23) 0.50 (12.20)
0.10 12.32

“ At 23 °C with stoichiometric concentration o f NaOH of 0.01
M. The values 
NaOH.

in parentheses were obtained using 0.02 M

T able II. Inhibition o f G lucose o f  the R eaction  o f p -  
N itrophenyl D iphenyl Phosphate with H ydroxide Ion“

[glucose], M \03k<f,,s 1 [glucose], M 103/j*, s 1

3.80 0.05 2.33
0.01 3.42 0.07 2.27
0.03 2.78 0.10 2.17

0 At 25.0 °C in 0.01 M NaOH.

T able III. E ffect o f  G lucose on the R eaction  o f D N F w ith
H ydroxide Ion a

103 (r ? h[OH- [
[glucose], M + fey0[GO- ]) s-1 h lCFMOH- ] s-1 c

2.58d
0.01 5.32 0.23
0.02 8.50
0.03 8.03 0.14
0.07 7.87 0.097
0.10 6.89 0.064
0.15 6.47 0.050
0.30 5.14
0.50 3.90
0.70 3.94

° At 25.0 °C with 0.02 M NaOH. b Followed at the isobestic 
point at 329 nm . c Final part o f the reaction followed at 358 nm. 
d 103/?^ = 2.4 for reaction followed at 358 nm.lf

reaction. The absorbance in this region was small for reactions of DNF 
in the presence of glucose and sorbose, but it was large in the presence 
of sorbitol.

Acid Dissociation o f Glucose. We calculated the pKa of glucose 
from the change of pH when glucose is added to dilute NaOH using 
a Thomas high pH glass electrode and a Cormng Model 12 pH meter 
with an expanded scale. Our values are classical and assume no effect 
of glucose on for water. Within experimental error the pKa values
do not depend on the concentration of added glucose and decrease 
slightly with increasing initial concentration of hydroxide ion (Table 
I). Our pKa values agree reasonably well with literature values of 12.43 
at 18 °C and 12.18 at 16.5-19 °C.13-14

R esu lts

The general approach was to follow three types of reactions: 
Type 1 reactions were run at relatively low pH using nucleo
philes other than hydroxide or alkoxide ion, for example, 
fluoride ion or amine. Type 2 reactions involve attack of hy
droxide or alkoxide ion, but here only the first step of reaction 
was followed. In Type 3 reactions attack of alkoxide ion gives 
an intermediate which generates the final detectable products 
in a second step, e.g., attack upon a halonitrobenzene gives an 
aryl ether which then decomposes to a dinitrophenoxide 
ion.15

R ea ction s in  the A b sen ce  o f  S u rfactan t. As an example 
of a type 2 reaction we examined the effect of glucose upon the 
decomposition of p-nitrophenyl diphenyl phosphate in 
aqueous sodium hydroxide (Table II). There is a small rate 
retardation suggesting that glucose (GOH) has a negative 
solvent effect which overcomes any contribution due to re-

Scheme 1

ft OH
DNF + OH- — -------►ArO

ArOG

action between substrate and GO-  (the reaction of hydroxide 
ion is slowed by adcition of organic solvents19).

A type 3 reaction was that of DNF in hydroxide ion. Addi
tion of small amounts of glucose speeds the reaction of DNF 
in 0.02 M sodium hydroxide followed at the isosbestic point 
(Table III). In this table the term k?H[OH~] + fef-’fGO- ) is 
the first-order rate constant for the postulated attack by OH-  
and GO-  (where GO-  is an anion of glucose). The rate con
stants go through a maximum with increasing glucose con
centration, which is the result of attack by the reactive alk
oxide ion, GO- , and a negative solvent effect by glucose. Re
actions at the higher glucose concentration (>0.1 M), followed 
at the isobestic point, were first order for only 2 half-lives, 
suggesting that more than one intermediate might be formed, 
and there was a small shift in the isosbestic point during re
action.

The final part of the reaction followed at 358 nm was first 
order, and the first-crder rate constant for this step is feo[OH- ] 
(Table III).

K in etic  A nalysis o f  R ea ction  o f  D N F  in A q u eou s H y 
d ro x id e  Ion . Although there is evidence for formation of a 
small amount of Me.senheimer complex in reactions of DNF 
with glucose in CTABr we detected no such complex in water 
where the reaction follows Scheme I.

The overall first-order rate constant is determined by fol
lowing reaction at the isobestic point, whereas reaction fol
lowed at 358 nm has a complex kinetic form (cf. ref 15). On the 
assumption that an intermediate ether is formed the value of 
ft2[OH- ] for decomposition of the intermediate, ArOG, is es
timated by following the final part of the reaction at 358 nm 
after all the DNF has disappeared.

The first-order rate constant for disappearance of DNF is 
&Ph[OH- ] + fef°[GO- ], where [OH- ] and [GO- ] are the actual 
concentrations of the ions in the reaction solution. In principle 
we can separate these constants using the concentrations of 
OH-  and GO-  calculated from the pKa of glucose, but there 
are several problems, (i) Glucose in relatively high concen
tration has a medium effect on the reactions, cf. Tables II and 
III, and probably on its own acid dissociation, (ii) Although 
the 1-hydroxyl group of glucose is the most acidic there may 
be contributions from reactions of the other hydroxyl groups, 
for example, methyl a-glucoside reacts with DNF. But in 0.01 
M glucose [GO- ] = 0.0044 M from the data in Table I, and if 

has the same va.ue as in water ~  0.75 M-1 s-1. Thus 
the anion of glucose is more nucleophilic than OH-  for which 

= 0.13 M-1 s-1 (Table III), and our results establish that 
at high pH glucose is an effective nucleophile, despite the 
statements to the contrary in ref 11.

The intermediate is much less reactive to hydroxide ion 
than is DNF, and the decrease of fe2[OH- ] with increasing 
glucose can be ascribed to a medium effect of glucose and a 
decreasing concentration of hydroxide ion.

In this treatment we have neglected the role of the a and 8 
epimers of glucose. They and the open chain compound will 
be in equilibrium in our reaction conditions, but the reactions 
of their alkoxide ions toward DNF generate different non- 
equilibriating ethers, which could decompose to dinitro
phenoxide ion at different rates. However, the rates of attack 
of hydroxide upon various 2,4-dinitrophenyl ethers do not 
depend markedly upon the alkyl group (cf. ref 15 and refer
ences cited therein), so that the existence of epimeric inter-
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Table IV. Inhibition by G lucose o f  the R eaction  o f 
_______________ G lycylglycine b w ith  D N F a’c________________

[glucose], M 10%*, s-1 [glucose], M 10%*, s- -
2.71 C.07 1.43

0.01 2.22 C.10 1.28
0.03 1.78

a At 25.0 °C, pH 9.5 with 0.015 M borate buffer, 0.025 M gly- 
clyglycine, and 0.025 M CTABr. b Registry no. 556-50-3. c Reg
istry no. 70-34-8.

Table V. Inhibition by G lucose d o f  the Reactions o f  p -  
N itrophenyl D iphenyl Phosphate e w ith  F luoride f  and 
____________________ H ydroxide Ion a-*"

s 1
[glucose], M NaF5 NaOHc

2.84 7.78
0.01 2.69 5.33
0.02 4.56
0.03 2.08 4.78
0.05 1.70 4.13
0.07 1.64 3.58
0.10 1.52 3.17

a At 25.0 °C. b 0.01 M NaF at pH 9.0, D.015 M borate buffer,
and 0.002 M CTABr. c 0.01 M NaOH in C.003 M CTABr. d Reg-
istry no. 50-99-7. e Registry no. 10359-36-1. f Registry no.
16984-48-8. s Registry no. 14280-30-9.

Table VI. E ffect o f  G lucose on the R eaction  o f  H ydroxide
Ion w ith 2,4-D initrochlorobenzene a,d

10%*, s'-1
[glucose], M 330 nm5 358 nmc

0.01 3.39 5.26
0.02 5.13 6.25
0.04 6.73 7.50
0.07 7.70 6.07
0.10 6.71 5.40
0.15 5.42 4.33

° At 25.0 °C with 0.05 M NaOH in 0.02 M CATBr, 10%* = 4.2 
s '1 in the absence of glucose. b Isosbestic point. c Xmax for 2,4- 
dinitrophenoxide ion. d Registry no. 97-C07.

mediates should not seriously complicate our kinetic analysis 
based on Scheme I.

M ice lla r -C a ta ly ze d  R ea ction s

Inhibiting  E ffects  o f  G lucose. It is convenient to consider 
first type 1 and 2 reactions, because their rates in aqueous 
CTABr are reduced by added glucose. This is shown by the 
results for the type 1 reactions of glycylglycine with DNF in 
CTABr17 (Table IV) and of fluoride ion with p-nitrophenyl 
diphenyl phosphate (Table V) and for the type 2 reaction of 
p-nitrophenyl diphenyl phosphate with hydroxide ion (Table
V).

In these reactions small amounts of glucose are effectively 
reducing micellar catalysis. Glucose is very hydrophilic and 
can exert an appreciable effect on water structure and disrupt 
the micelles. Attack by glucose upon the phosphoryl group is 
apparently unimportant.

C atalysis b y  G lu cose  o f  R e a ctio n s  in  C T A B r . The re
actions of DNF and DNC at high pH fall into type 3, and re
petitive scanning of the reaction mixture in the ultraviolet 
region shows that an intermediate builds up and decays during 
reaction. We follow disappearance of substrate at the isos
bestic point for the intermediate ether and 2,4-dinitro- 
phenoxide ion and appearance of 2,4-dinitrophenoxide ion

T able VII. E ffects o f  G lucose on the R eaction  o f D N F in 
H ydroxide and C T A B r a

io3%?h[o h -] io% 2[o h -],
[glucose], M + fe?°[GOi), s -1 5 s_1 c

100
0.01 240 3.92
0.02 285
0.03 282 1.33
0.05 324
0.07 308 0.63
0.10 334
0.15 323 0.35
0.20 275 0.22
0.40 183 0.09

0 At 25.0 °C with 0.01 M NaOH and 0.025 M CTABr. b Fob
lowed at 330 nm. c Fodowed at 358 nm.

Table VIII. D ecom position o f  the Ether Interm ediate a>b

[glucose], M_______________ 10%2[QH~], s " 1

0.01 12.7
0.02 11.6
0.04 9.32

a At 25.0 °C; reaction followed at 358 nm in 0.05 M NaOH and
0.02 M CTABr. b Registry no. 25775-97-7.

formed directly or via the intermediate at 358 nm.
The reaction followed at the isosbestic point is first order 

with respect to DNC, but that followed at 358 nm is only ap
proximately so, and first-order plots were linear for less than 
2 half-lives. In addition the values of k * obtained at the two 
wavelengths do not agree (Table VI).

The attack of hydroxide or alkoxide :on upon DNF should 
be much faster than upon an intermediate 2,4-dinitrophenyl 
ether, cf. Table III and ref 15. The general approach is similar 
to that described for reaction in the absence of CTABr. Re
actions are followed both at the isosbestic point and at 358 nm, 
and the results are in Table VII.

For reactions of both DNC and DNF the rate constants for 
disappearance of substrate (£?h[OH- ] + fcp°[GO~]) go 
through maxima witn added glucose, suggesting that it in
troduces a new reaction path but also has a negative solvent 
effect.

The second step of the reaction, decomposition of the in
termediate, was followed in 0.05 M NaOH for comparison with 
the observations on the reaction of DNC. Under these con
ditions the first step of the reaction of DNF is too fast to be 
followed by conventional methods, but the first-order rate 
constant, k2[OH~] (Table VIII), is slightly larger than the rate 
constant for disappearance of DNC (Table VI). Aryl ethers 
are often more reactive to nucleophiles than the corresponding 
chlorides.15

S ep aration  o f  R a te  C on stan ts o f  F irst Step. The initial 
reaction of DNF gives 2,4-dinitrophenoxide ion directly, plus 
an ether which slowly goes to phenoxide ion. Therefore the 
overall reaction followed at 358 nm is not first order with re
spect to DNF and in principle the steps in Scheme I can be 
separated using a simulator (Appendix) and fitting the vari
ation of 2,4-dinitrophenoxide ion with time to rate constants 
for the various steps. (In this approach the value of fe2[OH_] 
was that determined directly from the last part of the reac
tion.)

For reaction in CTABr these individual rate constants are 
in Table IX, and their sum agrees reasonably well with the 
values determined directly. The rate of attack of hydroxide 
ion upon DNF decreases steadily with increasing glucose 
which decreases the concentration of hydroxide ion.
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T able IX. Separation o f  Rate Constants in R eaction  o f 
D N F a

103fe?H[OH-[, 
[glucose], M s-1

103fe?°[GO-],
s—1

Sum
0bsd6 Calcd

0.01 211 66.7 240 278
0.03 183 142 282 325
0.07 113 217 308 330
0.15 58.3 239 323 297
0.20 41.7 233 275 275

“At 25.0 °C in 0.01 M NaOH and 0.025 M CTABr. b Table
VII.

T able  X . E ffect o f  ¿¡-Methyl G lucoside d on D ecom position
o f  D NF in C A T B r a’ e

103(fe?H[OH-[ 103fe2[OH~],
[glucoside], M + ki°[RO[), s -1 b s“ 1 c

100
0.01 107 (105) 0.16
0.02 (112)
0.03 121 (118)
0.05 119(131)
0.07 (139) 0.12
0.10 169 0.16
0.15 0.16

° At 25.0 °C with 0.01 M NaOH and 0.025 M CTABr. b Fol
lowed at 330 nm; the values in parentheses were obtained at 358 
nm. c Followed at 358 nm. d Registry no. 709-50-2. e Registry no. 
57-09-0.

T able XI. E ffect o f  Sorbose 6 on the D ecom position  o f
D N F a

[sorbose], M 103ft*, s 1 [sorbose], M 103fe*, s 1

0.01 175 0.05 133
0.02 233 0.07 132
0.03 151 0.07 132

“ At 25.0 °C in 0.025 M CTABr and 0.01 M NaOH, for reaction 
followed at 327 nm; in the absence of sorbose lO3̂ * = 100 s-1. 
b Registry no. 87-79-6.

We were also able to fit the kinetic form of the reaction of 
DNF in 0.01 M glucose and 0.02 M NaOH in water, followed 
at 358 nm, using the simulator (cf. ref 15), and estimated the 
following values of fe?H[OH-] = 3.0 X 10"3 and fef°[GO-] =
1.3 X 10~3 s_1. They are in fair agreement with the first-order 
rate constant of 5.32 X 10~3 s“ 1 for disappearance of DNF 
followed at the isosbestic point of 329 nm.

E ffe c t  o f  a -M e th y l G lu cos id e  on  R e a ct io n  o f  D N F . 
Glucose is probably most reactive at the 1-hydroxyl group but 
there may be contributions from reaction at other positions, 
because methyl «-glucoside speeds the decomposition of DNF 
giving an intermediate which decomposes to 2,4-dinitro- 
phenoxide ion (Table X).

In a-methyl glucoside the 6-hydroxyl group should be the 
most accessible, but reaction of cycloamyloses occurs at the
2-hydroxyl group.23

E ffe c ts  o f  O th er  P o ly o ls  and F orm a tion  o f  M eisen h e- 
im er  C om plexes. Meisenheimer complexes are formed in 
some of these reactions, because we observe absorbances at 
495 nm which go through maxima in reactions of DNF with 
glucose or sorbose in CTABr. Cyclic Meisenheimer complexes 
of 1,2 diols with 2,4-dinitrobenzenes have extinction coeffi
cients at this wavelength of ca. 26 000.21 If we use this value 
we estimate that in 0.025 M CTABr and 0.01 M NaOH the 
reaction of DNF with 0.1 M glucose or sorbose gives a maxi-

T able XII. E ffect o f  S o rb ito l6 on the D ecom position  o f  
D N F a

[sorbitol], 103fe*, s 1 [sorbitol], 10:T I'jS 1
M X 358 nm X 495 nm M X 358 nm X 495 nm

0.01 104 91 0.05 185
0.02 100 91 0.07 183 207
0.03 121 94 0.10 210 233

“ At 25.0 °C in 0.025 M CTABr and 0.01 M NaOH. b Registry
no. 50-70-4.

T able  X III. Catalysis o f  the R eaction  o f  D N F w ith
H ydroxide Ion by O O B T A B r a’ b

103[OOBTABr],
M lO3̂ ^, s 1 103[OOBTABr], M 103fe*, s 1

1.2 25 34.0
6 1.56 30 35.0

10 9.26 40 35.3
20 23.5 60 33.3

° At 25.0 °C in 0.01 M NaOH. b Registry no. 69405-78-3.

T able X IV . E ffect o f  G lucose on the D ecom position  o f  
DN F in O O B T A B r a

103(fe?H[OH-]
[glucose],______ + fef°[GO~]), s-1 b_____ 103fe2[OH~], s-1 c

0.01 88.9 1.77
0.02 107.0 1.04
0.03 112.0
0.05 126.0
0.07 128.0 0.46

° At 25.0 °C with 0.01 M NaOH and 0.03 M OOBTABr. b Fol
lowed at 330 nm. c Followed at 358 nm.

mum of ca. 5% of Meisenheimer complex. We neglect this 
relatively small contribution to the overal reaction in our ki
netic treatment (Scheme I). We see no absorbance at 495 nm 
in reactions of methyl a-glucoside with DNF.

Sorbose behaves very much like glucose in that the disap
pearance of DNF followed at the isosbestic point of 327 nm 
follows first-order kinetics. The rate constants are in Table
XI. The reaction followed at Xmax for 2,4-dinitrophenoxide ion 
is not first order, as expected if it involves formation of an 
intermediate ether plus a small amount of Meisenheimer 
complex.

With sorbitol there is ca. 50% formation of a Meisenheimer 
complex absorbing at 495 nm, based on an extinction coeffi
cient of 26 000.21 This complex is long lived under our reaction 
conditions (0.1 M sorbitol, 0.01 M NaOH, and 0.025 M 
CTABr)22 but it decomposes at low pH. The reaction is first 
order when followed at either 358 or 495 nm and the rate 
constants are "similar (Table XII) suggesting that the products 
do not interconvert extensively during the reaction.

The rate enhancements by sorbitol are similar to those 
found with sorbose, and the only difference is that this open 
chain polyol forms a cyclic complex much more readily than 
do the cyclic sugars, even though both glucose and sorbose can 
have hydroxyls in a cis 1,2 arrangement.

R e a ct io n  in  O th er C a tion ic  M ice lles . These rate en
hancements by polyols should be general for reactions in so
lutions of other cationic surfactants, as shown for OOBTABr 
(Tables XIII and XIV).

In the absence of glucose the micellar catalysis is approxi
mately half that of CTABr, but added glucose gives very 
similar rate enhancements of the first step of the reaction, 
followed at the isosbestic point (330 nm), and there is a second
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slow decomposition of an intermediate (Scheme I) which can 
be followed at 358 nm (Table XIV). The rate constants for this 
second step decrease as expected with increasing glucose 
concentration.

Chemical and Physical Effects of Sugars and Related 
Polyols. Glucose and related compounds increase reaction 
rates in cationic micelles only when they can react as nucleo
philes and introduce a new reaction path which involves an 
alkoxide ion which is more reactive than hydroxide. This sit
uation is observed in reactions of DNC and DNF but not in 
dephosphorylation or in reactions followed at relatively low 
pH.

There is always an additional innibitory effect which is 
similar to, but larger than, that of hydrophilic monohvdric 
alcohols.°"7,17b

Our evidence relates only to glucose and its methyl gluco- 
side, sorbose, and sorbitol but the effects seem to be general; 
for example, the largest rate enhancements of the decompo
sition of DNC in CTAB were by fructose which is more acidic 
than either glucose or arabinose.13’14 There is no evidence that 
these rate enhancements have a physical origin as suggested 
in ref 11.

The rate reductions which we observe in those systems in 
which the alkoxide ion of the polyol does not act as a nucleo
phile are similar to those found on addition of simple mon- 
ohydric alcohols.17b The driving fcrce for micellization, i.e., 
the hydrophobic effect, depends on the water structure, which 
is disrupted by polar hydroxylic solutes. As noted in ref 11, 
glucose and related compounds have marked physical effects 
on micellar catalysis, but these always appear to be inhibitory, 
and the rate enhancements observed here and reported in ref 
11 are occasioned by introduction of a new chemical reac
tion.

Acknowledgments. Support of this work by the National 
Science Foundation and the Arthritis, Digestive and Meta
bolic Diseases Institute of the U.S. Public Health Service is 
gratefully acknowledged.

Appendix
The kinetic simulation followed the approach used earlier,15 

except that a digital rather than an analogue system was used. 
The design of the simulator is described elsewhere.24
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Host-Guest Complexation. 8. Macrocyclic Polyethers Shaped by Two Rigid 
Substituted Dinaphthyl or Ditetralyl Units1’2
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Reported here are the syntheses and characterization of a large number of stereoisomeric macrocyclie polyethers 
(hosts) that contain rigid chiral units for studies of chiral recognition in molecular complexation with racemic alkyl- 
ammonium salts (guests). These macrocyclic compounds contain six oxygens hexagonally arranged and held to
gether by four ethylene (E) units and two differently substituted l,l'-dinaphthyl units (D) bound to oxygen in their 
2,2' positions to give the general structure D(OEOEO)2D. Also reported are similarly shaped compounds in which 
l,l'-ditetralyl units (T) are bound tc oxygen in their 2,2' positions to give the general structures T(OEOEO)2D and 
T(OEOEO)2T. The general shape of these compounds with all oxygens coplanar and turned inward places the 
naphthalene or tetralin rings in planes perpendicular to the plane of the macroring, with the two aryl rings protrud
ing from each face of the macroring. Between the walls formed by these rigid units are chiral cavities, which are 
shaped further by substituents in the 3,3' positions of the dinaphthyl or ditetralyl units. These 3,3' substituents in
clude CH3, CHoCl, CH2OH, C(CH3)2OH, CH(CH3)2, CH20CH2C 02CH3, CH2,0CH2C 02H, CH2N(CH2CH2)20, 
and Br. Substituents in the 6 position of the dinaphthyl unit diverge from the macroring and the cavities, and are 
used to manipulate solubility properties or to bond the hosts to solid supports. They are remote from the macroring 
binding sites and chiral barriers. These 6 substituents include Br, Si(CH3)2OCH3, COCH3, C 02CH3, C 02H, 
CH2C 02CH3, CH2CH2OH, CH =CH 2, S 03Bai/2, and C(CH3)3. Optical resolutions of 3,3'-dimethyl-2,2'-dihydroxy- 
1,1'dinaphthyl and of 3,3'-dicarboxy-2,2'-dihydroxy-l,l'-dinaphthyl are reported Catalytic reductions of the enan
tiomers of 2.2'-dihydroxy-l,l'-dinaphthyl, 3,3'-dimethyl-2,2'-dihydroxy-l,l'-dinaphthyl, and dinaphthyl-contain- 
ing macrocyclic polyethers converted the l,l'-dinaphthyl units into the 5,5',6,6',7,7',8,8'-octahydro-l,l-dinaphthyl 
(l,l'-ditetraiyl) units with full preservation of configuration. The configurational stabilities to heat and catalysts 
and the maximum rotations of compounds containing chiral units were determined. The critical ring-closing steps 
were conducted without high dilution and went in yields that varied between about 17 and 64%. They were conduct
ed under conditions that fully preserved the configurations of the chiral units. Generalizations useful in developing 
synthetic strategies emerged from this work: (1) Substituents in the 3 position of the dinaphthyl system had to be 
introduced before ring closure. (2) Alkyl, CH2OH, (CH3)2COH, Br, and CH2N(CH2CH2)20  substituents did not 
interfere with the ring-closing reactions. (3) Electrophilic substitution reactions of the macrocyclic ethers occurred 
in the 6 positions of the dinaphthvl and in the 3 positions of the ditetralyl units. (4) Only the Mannich reaction on 
2,2'-dihydroxy-l,l'-dinaphthyl (dinaphthol) could be used to introduce substituents directly into the 3 positions 
of the dinaphthyl unit. (5) The chiral diphenolic starting materials and the macrc cycles were configurationally sta
ble to the conditions of the reactions to which they were submitted with the exception of the Mannich reaction. (6) 
The ring closures were the most satisfactory when D(OEOEOTs)2 or T(OEOEOTs)2 was treated with D(OH)2 or 
T(OH)2 in refluxing THF-KOH. Tne symmetry properties and shapes of the host compounds reported here are 
discussed.

Paper 7 of this series4 reports the syntheses of a variety 
of macrocyclic host compounds containing one, two, or three 
chiral 1,1-dinaphthyl units incorporated into ring systems. 
Ether oxygen or pyridine nitrogen-containing units attached 
to the 2,2' positions of the dinaphthyl group (or groups) were 
used to complete the cycles. The dinaphthyl units act as chiral 
barriers, and the heteroatoms provide binding sites for hy
drogen bonding to the ammonium ions of amine salts, which 
are the guests in complexation.

Molecular models (Corey-Pauling-Koltun, or CPK) of 
hosts that contain two dinaphthyl units and six ether oxygens 
such as 1 indicate that the six oxygens in their more stable 
gauche conformations are about equally spaced from one 
another in a plane. The four naphthalene rings occupy four 
different planes each of which is perpendicular to that of the 
macrocycle. Two of the aromatic rings are above and tangent 
to the macroring and two are below and tangent to the ma
croring. Thus the space above and below the macroring is di
vided into two chiral cavities by the naphthalene rings which 
act as walls or steric barriers. Systems containing two cavities 
on each face are referred to as dilocular, since the substituents 
attached to an alkylammonium ion complexed on one face 
must be distributed in these two cavities. Dilocular hosts 
possess shapes remarkably dependent on the relative con
figurations of the two dinaphthyl units. When they possess 
the same configuration as in 1, the naphthalene walls occupy

0022-3263/78/1943-1930$01.00/0

parallel planes, the cavities are of about equal size, and the 
molecule is chiral. When the two dinaphthyl units possess 
opposite configurations, the naphthalene walls occupy planes 
that converge, as in 2. On each face, one of the cavities is large 
and the other is small. If the dinaphthyl units are similarly 
substituted, these compounds are meso and achiral.

The shapes of the cavities are subject to the number and 
nature of substituents A and A' attached at the 3 and 3' po
sitions of the naphthalene rings in 1 and 2. Such substituents 
extend the chiral barriers and converge on the molecular parts 
of guests bound by the oxygens of the macroring. Substituents 
B and B' attached to the 6 positions of the naphthalene rings 
in 1 and 2 diverge from the binding site and have little effect 
on the shapes of the cavities. Substituents in these positions 
can be used to manipulate the physical properties of such 
hosts or to attach them to solid supports.

The degree and direction of chiral recognition in complex
ation exhibited by dilocular hosts such as 1 have been reported 
to depend on substituents A.2a’b 5 Dilocular hosts such as 1 
have been attached through B substituents to solid supports 
for optical resolution of guests by chromatography.2c-d This 
paper reports the syntheses of compounds I and 2 in which 
substituents A and B have been extensively varied. Also re
ported are cycles in which the outer benzene rings of 1 and 2 
have been reduced to their tetrahydro derivatives. The first 
Results section deals with the starting materials for ring clo-

© 1978 American Chemical Snriefv
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chiral chiral

¿ ( p r o je c t io n  fo rm u la )

sures. The second section describes the syntheses of the ring 
systems, and the manipulation of substituents once the rings 
are closed. The third section reports on how the dinaphthyl 
can be converted to ditetralyl units either before or after the 
rings are closed, and how both types of units can be incorpo
rated into the same compounds. The first section under Dis
cussion reports on the configurational stability of compounds 
that contain the dinaphthyl and ditetralyl units. The second 
section points to the symmetry properties and shapes of the 
host compounds of this paper. The results of complexation 
of many of these host compounds are described in future pa
pers of this series.

Results
Dinaphthols, Ditetralols, and Derivatives. Use of 4-

(butoxymethy 1) morpholine6 in a modified Mannich reaction

3, A=A' =H
4, A=A' =ch2n(ch2ch2)2o

5, A=H, A'=CH2N(CH2CH2)20
6, A=A' =CH2N(CH3)2
7, A=A' =CH2C'Ac, R=Ac

8, A=CH20Ac, r=h

A'=CH£N(CH2CH2igO
9, A=A‘=CH2CH

10, A=H, A'=CH20H
11, A=C4^0H, A1=CH,N(CH2CH2 ) 20

¡2, A=A'=CH2Br
13, A=A'=CH3
14, A=CH3, A'=CH20H
is ,  a=ch3 , a 1=ch2n ( ch2ch2 i 2o

16, A=A'=C02H
17, a=A'=C02CH3
18, a=A'=C(CH3)20H
19, a=A'=CH3 , R=(CH2CH20 )2H

20, a= a'= ch3, r= (ch2ch2o) 2ts

21, A=A'=H, R=(CH2CH20 )2Ts

(160 °C) with 2,2'-dihydroxy-l,T-dinaphthyl (3) gave mainly 
disubstituted product 4 (61%) but a small amount of mono- 
substituted compound 5 (15%) as well. Similarly, the bisamine 
6 was prepared (33%).7 When heated in acetic anhydride, 4 
gave tetraacetate 7 (46%) and monoacetate 8 (39%), reduction 
of which with LiAlH4 gave tetrol 98 (98%) and triol 11 (75%), 
respectively. Applications of similar procedures to aminodiol 
5 gave triol 10 (80%). Substitution of propionic anhydride at 
reflux for acetic anhydride gave a better conversion to the 
tetraester, reduction of which gave tetrol 9 in 85% overall 
yield.

Key intermediate 3,3'-dimethyl-2,2'-dihydroxy-l,l'dina- 
phthyl (13) was prepared in several ways. Treatment of tetrol 
9 with HBr in AcOH gave dibromide 12 (85%), reduction of 
which with LiAlH4 gave 13 (98%). Direct but not exhaustive 
catalytic reduction of tetrol 9 with palladium and hydrogen 
gave diol 13 (33%) as well as incompletely reduced triol 14 
(32%). Direct reduction of diaminodiol 4 with palladium and 
hydrogen produced 13 (44%) as well as aminodiol 15 (20%).

Racemic dimethyldiol 13 was resolved easily through the 
cinchonine and strychnine salts of its phosphoric acid diester, 
the former of which produced a 34% yield (racemate = 100%) 
of optically pure (+)-(#)-13, and the latter a 20% yield of op
tically pure (—)-(S)-13. The absolute configurations of these 
enantiomers were determined by their synthesis from optically 
pure diacids (+)-(R )-16 and (—)-(S)-16 (respectively) of es
tablished absolute configurations.9 An improved preparation 
of 1610 (41%) and its optical resolution to give its pure enan
tiomers10 are also reported here, (+)-(i?)-16 in 34% and (—)-
(S)-16 in 30% yield. Reduction with LiAlH4 of (+)-(R)-16 of 
maximum rotation gave (+)-(R)-9 (77%) and of (—)-(S)-16 
gave (—)-(S)-9 (79%). Hydrogenolysis of each enantiomer with 
hydrogen and palladium gave (+)-(/? 1-13 (94%) and (—)-
(S)-13 (98%), respectively. The four separately prepared 
samples of one or the other enantiomers of dimethyldiol 13 
gave rotations of essentially the same values (disregarding 
signs), which points to their optical purities (see Experimental 
Section). Treatment of optically pure diacid (+)-(R)-16 gave 
diester (+)-(fl)-179a (76%), reduction of which with LiAlH4 
gave (+)-(/?)-9 (63%), of essentially the same rotation observed 
for the compound prepared from diacid (+ )-(/?)-16 directly. 
Diester (+)-(R)~ 17 with CH3Li gave tetrol (+)-(R)-18 (87%) 
as a benzene solvate.

As starting materials for directed ring closures (next sec
tion) involving two different kinds of biarylol units, 
OCH2CH2OCH2CH2OH “ arms” were attached at the 2,2' 
positions of the 3,3'-dimethyl-l,l'-dinaphthyl system. 
Treatment of optically pure (-)-(S)-3,3'-dimethyl-2,2'- 
dihydroxy-l,l'-dinaphthyl [(—)-(S)-13)] with NaH and 
C1CH2CH20CH2CH.20TH P4 (THP is the tetrahydropyranyl 
protecting group) gave the corresponding bis(THP) deriva
tive, which was cleaved with acid to give dimethyldiol, (+)-
(S)-19 (90%). Similarly, (+)-(/f)-13 was converted to (—)- 
(/?)-19 (68%). These two diols were converted to their re
spective ditosylates, 1 +)-(S)-20 (92%) and (-)-(R )-20 (93%), 
whose rotations were equal in magnitude and opposite in sign. 
Of all the dinaphthyl compounds prepared, only 19 and 20 
coupled the (R) configuration with a (—) rotation and the (S) 
configuration with a (+) rotation. The ditosylates without the
3-methyl groups substituted in the naphthalene ring (21) were 
reported previously.4

Catalytic reduction of certain of the above l,l'-dinaphthyl 
derivatives with platinum and hydrogen in glacial acetic acid 
gave the corresponding l,l'-ditetralyl derivatives. As expected 
both on steric and electronic grounds, the outer aromatic rings 
were reduced selectively to leave the biphenyl moiety intact. 
Importantly for our purposes, when conducted at 25 °C, the 
reduction went with no loss in optical purity. Thus reduction 
of optically pure (+)-(R)-2,2'-dihydroxy-l,l'-dinaphthyl
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22, A=H 25, A=CHr  IHCHjCĤ H
23, A=CH3 26, A=CH3, R=(CHgCHgO)gTs
24, A=H, R=(CH2CH20)2Ts 27, A=B-

[(+)-(R)-3] at 25 °C over a 7-day period gave (+)-(/?)-22 (92%) 
as sharp-melting crystals. Similar reduction of optically pure 
(—)-(S)-3 at 65 °C over a 3-day period gave (—)-(S)-22 (92%) 
which melted over a 3 °C range, and whose rotations at four 
wavelengths were 8  ±  1 % lower in magnitude than those for 
(+)-(/?)-22. Apparently at 65 °C for three days, 4% of the 
material at some stage underwent inversion of configuration. 
The configurational stability to heat of compounds containing 
the 2 ,2 ,-d isubstitu ted-l,l'-d ite tra ly l unit are discussed in a 
future section of this paper.

As a further test of the stereospecificity of the reduction 
reaction, optically pure dimethyldiol, (+)-(/?)-13, was con
verted to its ditetralyl derivative (+)-(/?)-23 by two different 
routes. In the first, (+)-(i?)-13 was reduced directly to (+)- (R)-23 (94%) to give a sharp-melting solid. In the second, the 
two phenolic hydroxyl groups of (+)-(/?)-13 were methoxy- 
methylated to give the derivative w ith the more bulky and 
nonketolizable OCH2OCH3 groups. This derivative was then 
reduced with platinum and hydrogen in glacial acetic acid at 
25 °C and the mixed acetal protective groups were removed 
to give (+)-(#)-23 (81% overall) of the same melting point and 
rotation as that produced by direct reduction. These results 
make it highly unlikely that any racemization occurs during 
reductions conducted at 25 °C. Attempts to rearomatize 22 
to give 3 under m ild conditions failed.

Other l,l'-d inaph thy l compounds w ith ether groups ap
pended in the 2 ,2 ' positions were similarly reduced to their 
l, l'-d ite tra ly l derivatives. Thus the two hydroxyl groups of 
optically pure (-)-(S )-3  were converted to 0C H 2CH 20- 
CH2CH2OH groups as before,4 and this polyetherdiol was 
reduced and tosylated to give (—)-(S)-24 (69% overall). Sim
ilarly, optically pure dimethyl two “ armed”  diol (+)-(S)-19 
was reduced to (+)-(S)-25 (98%), and (—)-(/?)-19 gave (—)- 
(/?)-25. These reduced diols were converted to their ditosy- 
lates, (+)-(S)-26 and (—)-(/?)-26, in 97 and 70% yields, re
spectively. The magnitudes of the optical rotations of these 
two sets of enantiomers were in satisfactory agreement w ith 
one another considering rotations were taken on incompletely 
chemically purified materials (all were glasses, and only a few 
milligrams were purified for analysis). Interestingly, the 
coupling of the (R) configuration with levorotatory character 
was carried over from 19 and 20 to their corresponding dite
tra lyl derivatives, 25 and 26.

The substitution patterns in the bromination of 2,2'-dihy- 
d roxy-l,l'-d ite tra ly l [(+)-(/?)-2 2 ] proved to be simpler than 
those observed w ith 2,2'-dihydroxy-l.T-dinaphthyl (3). W ith 
the former compound (optically pure) bromination in CH2CI2 

at —30 °C gave (+)-(#)-27 (98%) as a sharp melting solid. 
Bromination of 3 in CH2C12 at reflux led to 5,5',6,6'-tetra- 
bromo-2 ,2 '-d ihydroxy-l,l,-dinaphthyl (28), 81%, identified 
by its analysis and XH N M R  and mass spectra. Bromination 
of 2 ,2 '-d im ethoxy-l,l'-d inaphthyl1 2  gave 4,4',6,6'-tetra- 
bromo-2,2'-dimethoxy-l,T-dinaphthyl, 91%, identified by its 
analysis and >H NM R and mass spectra. 13

Macrocyclic Polyethers Containing Substituted Di
naphthyl Units. In the following ring-closing reactions, yields

(RR) (SS)-b, A=CH3, A' =H
(RS) (SR)-29, A=CH3, A'=H 
(+)-(RR)-29, A=CH3, A'=H 
(-)-(SS)-29, A=CH3, A'=H 
(+)-(SR)-29, A=CH3, A'=H
(RR) (SS)-30, A=CH20H, A'=H
(RS) (SR)-30, A=CH20H, A’=H 
(-*-)-(RR_)-30, A=CHjOH, A'=H 
(+)-(RR)-31, A=CH2C1, A'=H 
(RR)(SS)-32, A=A’=CH3 
(RSj-32, A=A'*CH3 
(+)-(RR)-32, A=A'=CH3

(-)-(SS)-32, A=A'=CH3 
(+)-(RR)-33, A=C(CH3)20H, A'=H 
(+)-(RR)-34, A=CH(CH3)2, A'-H
(RR) (SS)-35, A=CH20CH2C02C«3, A'=H
(RS) (SR)-35, A=CH20CH2C02CH3, A'=H 
(+)-(RR)-35, A=CH20CH2C02CH3, A'=H 
(RS)(SR)-36, A=CH20CH2C02H, A'=H 
(RR)(SS)-36, A=CH20CH2C02H, A'=H 
(+)-(RR)-36, A=CH20CH2C02H, A'=H 
(RR)(SS)-37, A=A’=CH20H 
(RSJ-37, A=A'=CH20H
38, A=A'=CH2N(CH2CH2)20

were not maximized nor were high dilution conditions em
ployed. Dry TH F and KOH (35%) as a reaction medium (at 
reflux) in general gave the highest yields.

Because of the high chiral recognition in complexation ex
hibited by the dimethyl substituted cycles 29,2b all of its ste
reoisomers were prepared and characterized. Treatment of 
the racemic two-armed ditosylate4 20 with racemic diol 3 in 
D M F-N aH  led to a mixture of diastereomers that was sepa
rated by chromatography to give (R,S),(S,R)-29 (12%) and 
(R,R),(S,S)-29 (8 %), both of which were high melting solids. 
The !H NM R spectral chemical shift of the methyl groups of 
the (R,R),(S,S) isomer occurred at 0.1 ppm higher field than 
that for the (R,S),(S,R) isomer. Molecular models (CPK) of 
(R,R),{S,S)-2% indicate that conformations are available 
which allow the methyl groups attached to one naphthalene 
ring to approach the face of a transannular naphthalene ring. 
In  models of (R,S),(S,R)-29, these conformations are not 
available. The spectra of the two diastereomers differed even 
more in the OCH2 region. Optically pure (R,R)-29 was pre
pared in 32%yield from (R)-3 and (R )-2 0  in THF, KOH, and 
H 20 , whereas (S,£>)-29 was obtained (64%) from (S )-3  and
(S )-2 0  (minimum of water). Optically pure (S ,R )-29  (16%) was 
prepared similarly from the reaction of optically pure d i
methyldiol (£>)-13 and optically pure two-armed ditosylate, 
(R)-21. Comparisons of the rH NM R spectra of those isomers 
made by the stereodirected syntheses with those prepared 
from racemic materials identified the configurations of the 
two racemates. Although the two racemates were crystalline 
solids melting well over 200 °C, the (S,R), (R,R), and (S,S) 
enantiomers could not be induced to crystallize. They were 
purified carefully by both absorption and gel permeation 
chromatography, and the (R,R) and (S,S) isomers possessed 
rotations of the same magnitude but of opposite sign. The 
magnitude of rotation of (S,R)~29 was much smaller than that 
of its diastereomers, a fact which correlates w ith its more 
“ meso-like”  structure.

Treatment of racemic tetrol 9 w ith racemic two-armed d i
tosylate 21 likewise produced (R,R),(S,S)~30 (16%) and 
{R,S),(S,R)-30 (8 %) both as high melting solids with different 
'H  NM R spectra. From (R)-9 and (f?)-21, (R,R)-30 was pre
pared as a glass (28%) whose JH NM R  spectrum served to 
differentiate between the two racemates. As expected, the 
greater acidity of the two phenolic hydroxyl groups of tetrol 
9 led to their alkylation in the presence of 2 equiv of base in 
preference to the CH2OH groups in the production of 30. 
Treatment of (R,R)-30 w ith thionyl chloride gave dichloride
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(R,R)-31 (76%), reduction of which with LiAlH4 gave (R,R)-29 
(80%). The optical rotations of the two samples of (R,R)-29 
prepared by the two entirely different routes are in exact 
agreement with one another at A 578 nm and have the exact 
magnitude as that of (S,S)-29 at this wavelength. Further
more, the magnitudes of the optical rotations of (R,R)-29 
prepared from dichloride (R,R)-31 were the same at A 546 and 
at A 436 nm as the sample of (S,S)-29 prepared by the other 
route.

The four stereoisomeric tetramethyl compounds 32 were 
also prepared, but in lower yields for the ring closures. From 
the reaction of racemic dimethyldiol 13 with racemic two
armed ditosylate 20 was isolated a 13% yield of the (R,R)-(S,S)-32 and a 7% yield of (R,S)-32, both of which are high 
melting solids. These two compounds were also prepared in 
5 and 4% respective yields by the reaction of diethylene glycol 
ditosylate with 13. A smaller cycle closed by the reaction of 
one molecule of each reactant with one another was also pro
duced in 8% yield. From (R)-13 and (fi)-20, (R,R)-32 was 
obtained (28%), and from (S)-13 and (S)-20, (S,S)-32 was 
produced (28%). These compounds are also glasses and possess 
rotations of almost identical magnitude. They possess 4H 
NMR spectra identical to that of (Fiji ) (S,S)-32 but distinctly 
different from that of (R,S)-32. These comparisons were used 
to assign the configurations to the racemate [(R,R),(S,S)-32] 
and to the meso compound [(7?,S)-32].

Isopropyl groups were introduced as substituents into the 
3,3' positions of the dilocular system as follows. Treatment 
of the tertiary diol (+';-(R,R)~ 18 with the two-armed ditosylate 
(+)-(R)-21 gave diol (+)-(R,R)-33 (28%). This compound was 
dehydrated by heating it at 175 °C with pyridine-treated 
alumina,14 and the two 2 -propenyl groups were reduced to two 
isopropyl groups with hydrogen and palladium to give (+)- 
(R,R)-34 (75%).

Carboxyl-terminated side chains were introduced into the 
hosts with the cyclic diols 30 as starting materials. For ex
ample, (R,R),(S.S)-30 when mixed with NaH followed by 
methyl bromoacetate gave diester (R,R),(S,S)-35 (71%). 
Similarly, (R,S),(S,R)-30 gave (R,S\,(S,R)-35 (50%) and 
(R,R)-30 gave (R,R)-35 (77%). Hydrolysis of diesters (R,S),- 
(S,R)-35, (R,R),(S,S)~35, and (R,R)-35 gave the corresponding 
diacids (R,S),(S,R)-36 (94%), (R,P.),(S,S)-36 (83%), and 
(R,R)-36 (76%).

Tetrols 37 are potential starting materials for preparation 
of polycyclic hosts in which four bridges link two dinaphthyl 
units. A mixture of the diastereomeric cyclic tetrols 37 was 
produced by treatment of racemic open-chain tetrol 9 with 
diethylene glycol ditosylate in THF-KOH. The two diaste- 
reoisomers produced were separated by chromatography and 
exhibited identical melting points. When mixed, the diaste- 
reomers gave a 20 °C melting point depression. They also 
exhibited different chromatographic behavior and 'H NMR 
spectra. Their configurational identification made use of the 
fact that one was a racemate [(fi,R),(S,S)-37] and the other 
a meso compound [(/?,S)-37].

The structures were assigned to these diastereomers by a 
new partitioning method. Each was distributed between two 
layers composed of a mixture of CDCI3, CD3CO2D, D2O, 
(+)-a-phenylethylammonium bromice, and NaPFe, whose 
composition was adjusted to allow nearly half of the host to 
be in each layer ('H NMR spectra). The amine salt remained 
almost completely in the DzO-rich layer. The layers were 
separated, the host was isolated from each layer, and optical 
rotations were taken on the four host samples produced. The 
rotation of product isolated from the CDCls-rich layer was 
positive and from the D20-rich layer was negative for the 
sample originally of the (R,R),(S,S) configuration. Zero 
rotation was observed for the product isolated from each layer 
when the (R,S) material was used. The yield of (R,R),(S,S)-38

isolated from the original reaction mixture was 10%, and the 
yield of (R,S)-38 was also 10%.

In a similar ring-closing reaction, racemic diaminodiol 4 was 
treated with diethylene glycol ditosylate in THF-f-BuOK. 
A 36% yield of 2,3,4,5-di-l,2-(3-N-morpholinomethylna- 
phtho)-l,6 ,9-trioxaundeca-2,4-diene was isolated and char
acterized (cyclic prcduct of reaction of 1 mol of diethylene 
glycol ditosylate and of 4). Also produced was a 51% yield of 
a sharp-melting compound which appeared to be either 
(R,R),(S,S)~38 or (R,S)-38. The configuration was not de
termined, but the compound probably possesses the (R,R),-
(S,S) configuration. Molecular models (CPK) of each dia- 
stereoisomer indicate the meso or (R,S) isomer to be some
what more sterically congested than the (R,R) isomer.

Fortunately the dilocular systems were subject to direct 
electrophilic substitution, the 6  positions being the point of 
attack. The various stereoisomers of parent compound 39

(RR)(SS)-3Ç, B=H 
(RSI-39, B=H 
(+)-(RR)-39, 8=H 
(-)-(SS)-39, B=H 
(RR)(SS)-4Cl, B=Br 
(RSJ-40, B=Br 
(+)-(RR)-40, B:Br 
(RSI-41, B=Si(CH3)20CH3 
(RR)(SS)-42, 8=CH3C0

(-)-(SS.;-42, b=ch3co 
(RR) (Sî_;-43, B=C0jCH3 
(RR)(SS; -44, B=C0?H 
(-)-(SS1-45, B=CH2C02CH3 
(SS)-46, B=CH2CH2OH 
(-MSSI-47, B<H=CH, 
(-MS5I-48, B*S03(Ba)% 
(-)-(5S]-49, B=C(CH3:3

listed were available from a previous study.4 The chiral iso
mers used were optically pure and were freed from their 
crystalline solvates before use. Bromination of (R.R),(S,S)-39 
with excess bromine at 2  °C gave tetrabromide (R.R),(S,S)-40 
(8 8%). That the compound contained four bromine atoms was 
demonstrated by its analysis and mass spectrum. Similarly, 
(R,S)-39 gave (R,S)-40 (90%), and (R,R:-39 gave (R,R)-40. The 
splitting patterns of the aryl protons in the 'H NMR spectra 
of these compounds demonstrated the 6  positions were sub
stituted. As a model reaction for attachment of dilocular 
systems to silica gel,2c (R,S)-40 was tetralithiated with bu- 
tyllithium, and this organometallic was added to a very large 
excess of dichlorodimethylsilane followed by methanol. Thus 
four dimethylmethcxysilyl groups were introduced into the 
6  positions of the naphthalene rings to give (R,S)-41 (84%).

Acetylation of (R,R),(S,S)-39 with acetyl chloride in ni
trobenzene at 25 °C gave the tetraacetyl derivative, (R,R),-
(S,S)-42 (93%). Similarly, (S,S)-39 gave (S,S)-42 (89%). The 
aryl proton splitting pattern in the 4H NMR spectrum of this 
isomer was uniquely interpretable on the basis of substitution 
in the 6  positions of the naphthalene rings. Oxidation of 
(R,R),(S,S)-42 with NaOBr and esterification of the tetraacid 
product gave tetraester (R,R),(S,S)-43 i.77%), whose 'H NMR 
spectrum confirmed the substituents occupied the 6 positions. 
Hydrolysis of this tetraester gave tetracarboxylic acid 
(R,R),(S,S)-44 (77%). This compound was almost totally in
soluble in organic solvents but was readily soluble in aqueous 
alkali. The symmetrical distribution of the four C02_ groups 
prevented the salt from being a soap Thus the highly lipo
philic host 39 can be converted into a highly hydrophilic host 
by introduction of four carboxylate ions in the 6  positions.

Tetraacetyl compound (S,S)-42 was used to prepare the
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tetravinyl compound (S,S)~47. This compound was prepared 
for use as a highly chiral cross-linking agent for use in the 
polymerization of styrene and other vinyl monomers. Poly
mers cross-linked with (S,S)-47 are visualized as containing 
chiral cavities potentially useful for resolving racemates by 
chromatography.15

Oxidative rearrangement1"5 of (S,S)-42 was accomplished 
with thallium trinitrate in methanol-perchloric acid-CH2Cl2. 
Tetraester (S,S)-45 was produced in 98% yield, reduction of 
which gave tetrol (S,S)-46 (90%). This compound was con
verted to its tetratosylate, which without characterization was 
treated with i-BuOK-Me2SO to give the tetravinyl compound
(S,S)-47 (47%).

Sulfonation of (S,S)-39 gave the tetrasulfonic acid char
acterized as its barium salt, (S,S)-48 (50%). The aryl proton 
splitting pattern in the 1H NMR spectrum of this compound 
established that sulfonation had occurred in the 6  position. 
This barium salt was converted to its lithium salt (a nonsoap), 
which was readily soluble in water and totally insoluble in 
organic media. This material was used in chiral recognition 
experiments conducted in aqueous media with chiral alkyl- 
ammonium salts.17

Attachment of long hydrocarbon chains (e.g., C(CH3)2- 
(CH2)i6CH3) to the 6  position of these dilocular hosts would 
not only make them extremely lipophilic but also would pro
duce high molecular weight waxes potentially useful as liquid 
phases for optical resolution in GLC chromatography. As a 
model experiment for attachment of such chains to these 
hosts, (S,S)-39 was treated at —78 °C in dry CH2C12 with t- 
BuCl and A1C13 to give (S,S)-49 (45%). The aromatic proton 
splitting pattern in the 1H NMR spectrum of this compound 
was too complicated to be interpreted. However, it was similar 
enough to those of 45 and 47 that contain CH2C02CH3 and 
CH=CH2 groups respectively in their 6  positions to make it 
clear that the four tert-butyl groups had entered the 6  posi
tions as well.

Macrocyclic Poljgethers Containing Ditetralyl Units.
Molecular models of hosts containing the 2,2'-disubstituted 
S^'.e^'J^'.SjS'-octahydro-l.l'-dinaphthyl (ditetralyl) unit 
are very similar in shape to those containing the dinaphthyl 
unit. However, their ir base properties and aromatic substi
tution patterns were expected to be different from their parent 
dinaphthyl compounds. Therefore syntheses were undertaken 
of hosts containing two of these units and six oxygens incor
porated into 2 2 -membered macrocyclic rings.

Two general approaches proved viable. In the first, the cy
cles containing two dinaphthyl units were reduced directly 
to produce cycles containing two ditetralyl units. In the second 
and more flexible approach, the rings were assembled by 
combining ditetralyl with dinaphthyl units to give hosts 
containing one unit of each type.

Reduction of unsubstituted bisdinaphthyl host (—)- 
(*S,S)-394 with hydrogen in platinum-acetic acid at 25 °C for 
several days gave (-)-(S,S)-50 in yields of 95-99%. Unlike the 
starting material, this product crystallized without forming 
a solvate. The same compound, (—)-(S,S)-50, of the same 
rotation was obtained in 54% yield by treatment of diol (—)-

(-)-(SS)-50, A=A'=K (+)-(RR)-52, A=A'=CH3 
(+)-(RR)-50, A=A'=H (+)-(SS)-53, A=A’=Br 
(+HS-51, A=CH3, A1 =H

(S,S)-22 with the reduced two-armed ditosylate (—)-(S)-24 
(THF-KOH). The enantiomer, (+ ) - (R ,R )~ 50, was obtained 
by similar reduction of the cycle containing one dinaphthyl 
and one ditetralyl unit [(+)-(R,R)-55] whose synthesis is de
scribed later in this section. The rotations and melting points 
of the two enantiomers corresponded, a fact that indicates the 
reductions occurred without loss of optical purity. Similarly, 
dimethyl bisdinaphthyl host (+ ) - (R ,R )-29 was reduced to the 
dimethyl bisditetralyl host (+)-(/?,i?)-51 (70%). The same 
compound was prepared by ring closing the ditetralyl two
armed ditosylate (+)-(R)-24 with dimethyldiol (+)-(R)-13 to 
make (+)-(/?,R )-5 7  which was reduced to (+ ) - ( R ,R ) - 51. The 
fact that the rotations of the two samples of (+ ) - (R ,R )-51 were 
within 2% of one another indicates that no loss of optical pu
rity occurred during the reactions. Similarly, tetramethyl 
bisdinaphthyl system ( + ) - {R ,R )-32 was reduced to (+)- 
(R ,R )-52 (8 8 %). The 4H NMR and mass spectra of these re
duced compounds and their elemental analyses indicated that 
only the outer rings underwent catalytic reduction. This result 
correlates with the facts that these outer rings are much less 
sterically hindered than the inner biphenyl systems, which 
appear to resist reduction. Reduction of the outer rings of 50 
allows substituents to be introduced directly into the 3 posi
tion of the cycles. Thus bromination of (—)-(S,S)-50 gave 
(+)-(S,S)-53 (96%).

Ring closure of dibromodiol (+)-(R)-27 and dinaphthyl 
two-armed ditosylate (+)-(R)-2 1 4 gave the dibromocycle 
i + ) - ( R ,R )-54 (6 8 %) which contains one ditetralyl and one

(+.-(RR)-SS, A=H

dinaphthyl unit. Lithiation of this substance and protonation 
of the organometallic produced gave { + ) - ( R ,R )-55 (96%), 
catalytic reduction of which gave (+)-(R,R)-50 (92%). Di- 
methylditetralol, (+)-(R)-23, and dinaphthyl two-armed di
tosylate (+)-(R)-21 cyclized to produce ( + ) - ( R ,R )-56 (70%), 
which contains a dimethylditetralyl unit on one side of the 
macrocycle and a dinaphthyl unit on the other. The isomer 
of this compound in which the methyl groups are on the di
naphthyl unit, ( - ) - ( S ,S ) - 5 7 ,  was produced in 42% yield by 
treating dimethyldinaphthyl two-armed ditosylate (+)-(S)-20 
with ditetralol (-)-(S)-2 2 .

i-)-iSS)-58, A-H 
<*)-iSS)-59, A-Br
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The isomer of 39 containing two dinaphthyl units of the (S) 
configuration connected by one -0CH 2CH20 -  and one 
- 0 (CH2CH20 )3-  bridge was catalytically reduced to give 
(—)-(S,S)-58 (85%). Bromination of this compound gave 
(+)-(S,S)-59 (94%) in which the bromine atom specifically 
entered the 3,3' position of the ditetralyl units OH NMR 
spectra).

Discussion
Configurational Stabilities of Compounds Containing 

the Ditetralyl Units. Since many of the hosts described here 
were prepared for quantitative chiral recognition studies, their 
optical purities are important. Thus questions of what reaction 
conditions might induce reversal of the configurations of the 
dinaphthyl or ditetralyl units had to be answered. Studies 
already showed the cyclic hosts containing the dinaphthyl 
units were stable to temperatures of more than 200 °C .4 Here 
we describe comparisons of the configurational stabilities of 
both the smarting materials and cycles that contain the dite
tralyl and dinaphthyl units. When heated in butanol at 118 
°C for 24 h (+)-(R)-2,2'-dihydroxy-l,T-dinaphthyl [(+)-(/?)-3] 
lost ~ 1% of its rotation, whereas (+)-()?)-2 ,2 /-dihydroxy- 
5,5',6,6',7,7'8,8'-octahydro-l,l'-dinaphthyl [(+)-(fí)-22] lost 
~2% of its rotation. When heated for 24 h at 100 °C in diox- 
ane-water, 1.2 M in HC1, (+)-(R)-3 lost 56% of its rotation 
whereas (+)-(fi)-22 lost <1% of its rotation. When heated at 
118 °C for 24 h in butanol, 0.7 M in KOH, (+)-(fi)-3 lost 20% 
of its rotation, whereas (+)-(ñ)-22 lost 7% of its rotation. Care 
was taken in the isolation of the compounds after treatment 
to avoid optical fractionation (rotations were taken on total 
samples). Small amounts of the rotational losses could reflect 
slight compound decomposition. Interestingly, the ditetralyl 
unit appears somewhat more configurationally stable to base 
and particularly to acid than the dinaphthyl unit. This latter 
fact correlates with the expectation that direct protonation 
of a 1 ,1 -dinaphthyl system in the 1 or 1 ' positions to give a 
configurationally unstable cation4 occurs more readily than 
protonation in the 1 or 1 ' positions of a l,l'-ditetralyl sys
tem.4

The optical stabilities of bisdinaphthyl system (+ ) - (R ,R )-39 
and bisditetralyl system (+)-(/?,fi i-50 were compared by 
heating each in ampules at 226 °C in diphenyl ether for 1 week 
and reisolating the compounds. During the reisolation, traces 
of solvent and decomposition products were removed (silica 
gel chromatography). Since both compounds were glasses and 
total samples were used, no fractionation occurred. The 
rotations of the respective starting materials and recovered 
cycles were within 3% of one another, which indicates the 
compounds were essentially optically stable at this tempera
ture for this time period.

A comparison of CPK molecular models of dinaphthol 3 and 
ditetralol 2 2  suggests that the barriers to rotation in the two 
units should be somewhere nearly comparable. In both com-

pounds, the transition states for racemization undoubtedly 
involve conformations A and B rather than C and D. The 
protons in A and B might well be in the 1 or V positions, rather 
than on oxygen. Incorporation of the dinaphthyl and ditetralyl 
units in cycles containing 2 2 -ring members or less forces ra
cemization to occur via conformations C and D. Molecular 
model (CPK) examinations provide this conclusion and in
dicate that C and D are much higher energy than A and B.

The important question arises as to whether adsorption on 
platinum during catalytic reduction of the enantiomers of 
dinaphthyl 3 to those of ditetralol 22 also catalyzes the in
terconversion of enantiomers at some stage. Conceivably 
transition states for stereoisomer interconversion (e.g., A and 
B) that are much more planar than starting materials might 
be stabilized by adsorption on a platinum surface. Alterna
tively, platinum might transfer hydrogen atoms reversibly to 
the 1 ,1 ' positions to produce short-lived intermediates with 
lower rotation barriers than those of A-D. Although such ca
talysis might exist, the barriers to interconversion must re
main high enough to have allowed the reductions of dina
phthol 3 and dimethyldinaphthol 13 when carried out at 25 
°C to have gone with negligible configurational loss. The ev
idence for this conclusion was discussed in an earlier sec
tion.

The question remains whether the cy cle s containing di
naphthyl units underwent configuration modification during 
reduction to ditetralyl units through stabilization of planar 
structures (e.g., C and D). Evidence that the cycles were stable 
to the conditions used in the reduction reactions is found in 
the fact that the same (or enantiomeric) compounds assem
bled in different reaction sequences gave rotations whose 
magnitudes were very close to one another. In the sequences 
compared, catalytic reduction in one of the two sequences was 
carried out before ring closure and the other after ring closure. 
In the first example, cycle (—)-(S,S)-39 was reduced to (—)-
(S,S)-50, which gave the same magnitude of rotation and mp 
as ( + ) - {R ,R )-50 obtained by a route that involved (+)- 
(R ,R ,)-22 as one starting material. In the second example, 
cycle ( + ) - ( R ,R )-29 was reduced to (+ )- {R ,R )~ 51, which gave 
a rotation only 2% higher than that obtained for a sample of 
( + ) - ( R ,R )-51 prepared from (+)-(/?)-24 (which contains a 
ditetralyl unit) as one starting material. In the latter synthetic 
route, the intermediates and the final product were not crys
talline and the purification procedures depended on chro
matographic procedures in which fractionation of enantiomers 
is highly improbable.

Symmetry Properties and Shapes of Host Compounds.
These macrocyclic polyethers were prepared for study as host 
compounds for their chiral recognition properties in the 
complexation of enantiomeric primary amine salts as guests. 
Structure 60 is an idealized representation of the sterically

more stable diastereomeric complex between (R ,R )-39 and 
LMSC*NH3 +X -, in which L is a large, M a medium, and S 
a small group. All of the hosts reported here possess three 
oxygens that can be spaced to hydrogen bond, in the tripod- 
like arrangement of structure 60, with the NH3+ group of the 
guest (CPK models). Such an arrangement in a complex 
makes the C-N bond of the guest perpendicular to the best 
plane of the oxygens of the host. The L, M, and S groups are
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distributed in the two chiral cavities between the naphthalene 
walls that protrude from that face of the complex from which 
the N-C bond protrudes.

In the following projection formulas of hosts whose syn
theses have been described here, the presence of C2 axes in the 
compounds they represent are indicated by the symbols or 
o , and planes of symmetry by the symbol |. The presence of 
the hosts of a ditetralyl unit substituted in the 3 positions by 
A groups is indicated by partial structures 61.

61

Hosts that contain at least one C2 axis form the same 
complex when a guest is attached to either face. Such hosts 
are said to be nonsided, since each side is the stereochemical 
equivalent of the other. Hosts that contain three mutually 
perpendicular C2 axes (D-> symmetry) possess two cavities on 
each face between their naphthalene walls which although 
chiral are the stereochemical equivalent of one another. As a 
result, superimposable complexes are produced when L is 
distributed in any of the four cavities on the two faces of a host 
with D2 symmetry. For example, if L were distributed in the 
lower and S and M in the upper cavity by conformational 
reorganization (180° rotation of the guest only about the C-N 
bond) in complex 60, the new complex would be superim
posable on the original by rotation of the whole new complex 
180° around the C-N bond.

The shapes and symmetry properties of these macrocycles 
are affected both by the substituents in the 3 positions of the 
aryl units and by reduction of the outer rings of the dinaphthyl 
units. Structure 62 which possesses D  , symmetry represents 
the shapes of several compounds reported here. In (R ,R )-32, 
the A’s are methyl groups, which are coplanar with their at
tached naphthalene rings and bonded oxygens. Thus the 
methyl groups extend the chiral barriers and decrease the 
cavity sizes.

In CPK molecular models of host 62 with A = H, we esti
mated that each naphthalene ring protruding from each face 
occupies ~65° of the 360° of that cylinder of space whose axis 
is perpendicular to the best plane of the oxygens and is cen
tered equidistant from all six oxygen atoms turned inward. 
In the model used for this estimate, each oxygen was equi
distant from its two nearest oxygen neighbors. Since two 
naphthalene rings protrude from each face, in 62 with A = H 
each cavity exposes ~115° of the cylinder.4 Examination of 
models of 62 with A = CH3 (R ,R -32) suggests that each 3- 
methylnaphthyl group occupies about ~80°, which leaves only 
about 100° for each of the two cavities on each face. In 62 with 
A = CH2OH {R ,R -37), the two OH groups on each face are 
close enough to hydrogen bond one another with no confor
mation adjustments except those involving rotations about

02-symmetry

the CH2-O and O-H bonds. In such a conformation, no space 
is available for an alkylammonium ion guest. The close 
proximity of these pairs of ArCH2OH groups to one another 
suggests that the gas liberated when the racemate (R ,R ),-
( S , S )~37 melts at 170 °C is water and that the high tempera
ture introduces two extra CH2OCH2 groups into the cycle. 
Interestingly, the mass spectrum of the cycle gives a strong 
M+ minus 2H20  peak. When the CH2OH groups are turned 
outward, away from the axis of the cylinder, their space oc
cupation of the cavities is only slightly greater than those of 
CH3 groups. When the A groups of 62 are Br [(/?,/?)-53], again 
only about 1 0 0 ° of the cylinder is left for each cavity.

Structure 63 is :he meso form of 62. The naphthalene walls 
and their A substituents that protrude from each face con
verge on one another. When A = H as in (R ,S )-39, ~60° of the 
cylinder is available in one cavity, ~170° remaining in the 
other. When A = CH3 as in (R ,S )~ 32, the methyl groups are 
close to touching one another. Only about 30° of the cylinder 
remains open to the small cavity, but the other cavity remains 
at ~170°. In 63 with A = CH2OH [CR,S)-37], the OH groups

63
One mirror plane plus a axis

on the same face in the proper conformation can easily hy
drogen bond one another. The gas liberated when ( R ,S )-37 
melts at 168-170 °C is probably water, a fact that correlates 
with the appearar.ee in the mass spectrum of an ion with M+ 
minus 2H20. The {R ,S )  four-stranded cycle that possibly is 
formed looks in CPK models about comparably compressed 
to that of the (R ,R ) configuration.

Compound 64 with A = CH3 [(R ,R )-29] is chiral and pos
sesses a C2 axis, which means the two faces are stereochemi- 
cally equivalent and the guest is nonsided. The larger of the

One C2 axis

two cavities has available 115c and the smaller 100° of the 
imaginary cylinder of space. When A = CH2OH [(/?,/? )-30] 
with the OH group turned outward, the cavity sizes are 
close to those of rhe compound with A = GH3. With A = 
C(CH3)2OH [(/?,/? t-33], either a CH3 or OH is turned inward, 
and the smaller of the two cavities shrinks to ~90° or less, 
depending on whether an OH or CH3 is turned toward the 
opposite naphthalene wall. When A = CH(CH3)2, the smaller 
of the cavity sizes can be as large as 100° with H turned in
ward, but as small as 60° with CH3 inward.

When A = H in 65, the structure contains a mirror plane 
and a C2 axis, as in (R,S)-39. However, when A = CH3 as in 
(S,R)-29, the compound is chiral, possesses a C2 axis, and is 
therefore nonsided. The two cavities on each face are different 
from those of any of the other compound. The smaller of the 
two has available only 45% of the cylinder and the larger 170° 
of the cylinder.



Host-Guest Complexation J. Org. Chem., Vol. 43, No. 10,1978 1937

One C2 axis

The compounds that contain two ditetralyl units with 
similar substituents (A groups) in their 3 positions are rep
resented by projection structure 6 6 . Like structure 62,66 ex
hibits D2 symmetry which means all four cavities are chiral 
and are stereochemically equivalent to one another. Most 
importantly, the molecules represented by 6 6  are nonsiaed. 
The substitution of these ditetralyl for the dinaphthyl units 
has in CPK molecular models only minor effects on their 
shapes and cavity sizes. Provided the four methylene groups 
of the ditetralyl units are in the proper conformations, the 
dihedral angles between the planes of the diphenyl part unit 
can be as small as the 60° estimated for the dinaphthyl units. 
This allows the two oxygens attached to each biaryl unit to be 
as close to one another as the oxygens of gauche-ethylene 
glycol. Again given the proper conformations, the dihedral 
angle appears able to be as large as ~ 1 2 0 ° without causing 
bond angle deformations of any consequence. When in the 
conformation with all oxygens turned inward and close to
gether, the macroring places the oxygen’s unshared electron 
pairs in positions that resemble those of 18-crown-6 (CPK 
molecular models). The main difference in shape between 
compounds 6 6  and 62 (provided the A groups are the same) 
occurs only in those parts of the cavities most distant from the 
axis of the imaginary cylinder. The saturated portions of the 
tetralin rings are thicker than the corresponding unsaturated 
portions of the naphthalene rings. Therefore the effects of the 
spacial differences between the ditetralyl and dinaphthyl 
systems on host-guest relationships are expected to be small 
except when guests possess large groups that extend far from 
the axis of the cylinder in the complexes. However, the basi
cities of the aryl oxygens and the i t  base strengths of the two 
types of units are expected to be somewhat different.

Compounds </?,/?)-50 (A = H), (R  R )-52 (A = CH3), and 
(R ,R )-53 (A = Br) (actually the S,S isomer was prepared) all 
conform to the general structure, 6 6 . Systems that lose two of

D2-symmetry

their C2 axes by combining a dinaphthyl with a ditetralyl unit 
are represented by general structures 67 and 6 8 . Compounds 
(R,R)-54 (A = Br), (R,R)-55 (A = H), and (R,R)-56 (A = CH3) 
all possess the general shape of 67, whereas (S,S)-57 conforms

axis

Cg axis

to the general shape of 6 8  in which A = CH3. The cavity sizes 
in all of these compounds are estimated to be similar to those 
of the corresponding dinaphthyl parent compounds.

Compounds (S,S)-58 (A = H) and (S,S)-59 (A = Br) possess 
entirely different shapes than 62-66. The two ditetralyl groups 
in these compounds are attached by one ethylene glycol unit 
and by a triethylene glycol unit. They possess the general 
shape suggested by 69, which is chiral, but possess a C2 axis

and are therefore nonsided. The compound with A = H pos
sesses cavities in CPK models similar to those of the parent 
bisdinaphthyl system.4 The smaller of the two cavities on one 
face has ~55° of the imagined cylinder available whereas the 
larger has ~  175°. When A = Br, the smaller cavity is nar
rowed to ~30°, and the larger to ~160°.

These results demonstrate feasibility for synthesizing a 
variety of potential host compounds whose symmetry prop
erties, shapes, hydrophilicity, and lipcphilicity are subject to 
manipulation. The syntheses reported here are highly mod
ular. A few rigid units with different shapes and symmetry 
properties have been strung together with more flexible 
spacing and binding units to provide desired compounds. 
These syntheses make possible a semisystematic attack on the 
problem of host-guest complexation phenomena.

Experimental Section
General. Melting points were taken on a Thomas-Hoover appa

ratus and are uncorrected. All 'H  NMR chemical shifts are given as 
5 in ppm from internal Me4Si unless otherwise indicated and were 
recorded on a Varian HA-100 or T-60 spectrometer. Optical rotations 
were obtained with a Perkin-Elmer 141 polarimeter in a 1 dm ther- 
mostated cell. Gel permeation chromatograms were run on a % in. by 
20 ft column of styragel 100-A beads in CH2C12 (30-70 (im particle size, 
exclusion limit of 1500 molecular weight) at a flow rate of 4 mL m-1 
and a pressure of 200-400 lb/in.2. Mass spectra were taken at 70 eV 
on an AEI Model MS-9 double-focusing spectrometer. All chemicals 
were reagent grade. Tetrahydrofuran (THF) was distilled from so
dium benzophenone ketyl immediately prior to use. Dimethylform- 
amide (DMF) was distilled from CaH2 prior to use. All reactions that 
involved KOH, KO-i-Bu, LiAlH4, or NaH were conducted in an inert 
atmosphere. All organic solutions were dried with magnesium sulfate. 
All noncrystalline macrocycles, once syntnesized, were air sensitive 
and were therefore stored under argon at 0 °C.

3,3'-Bis(lV-inorpholinomethyl)-2,2'-dihydroxy-l,l'-dinaphthyI
(4) and 3-N-Morpholinomethyl-2,2'-dihydroxy-1,1'-dinaphthyl
(5) . A solution of 100 g (0.35 mol) of 2,2'-cihydroxy-l,l'-dinaphthyl 
(3) in 850 g (4.9 mol) of 4-(butoxymethyl)morpholine6 was heated at 
160 °C. under N2 for 5 days (a precipitate of 4 started to form after 6 
h). The reaction mixture was cooled, 300 mL of benzene was added 
with stirring, and after the mixture had stood 10 h at 25 °C the solid 
was collected, washed with 300 mL of ether, and dried at 25 °C (30 
mm) to give 104 g (61%) of 4. A sample of 5 g of this material was re
crystallized from CHCI3 and EtOAc to give 4.5 g of 4, mp 300 °C. The 
60 MHz 4H NMR spectrum in CDC13 gave 5 7.60 (m, ArH, 4 H), 7.05
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(m, ArH, 6 H), 3.98 (ABq. J ab = 14 Hz, ArCH2N, 4 H), 3.64 (m. OCH2, 
8 H), and 2.60 (m, NCH2, 8 H). The mass spectrum gave M+ 484. Anal. 
Calcd for C3oH3204N2: C, 74.36; H, 6.66; N. 5.78. Found: C, 74.23; H, 
6.75; N, 5.66.

From the filtrate of the original reaction by chromatography was 
obtained 5 in 15% yield, mp 226-228 °C. Anal. Calcd for C^H^O ijN: 
C, 77.90; H, 6.01. Found: C, 77.84; H, 5.99.

3,3'-Bis(dimethylaminomethyl)-2,2'-dihydroxy-l,l'-dina- 
phthyl (6). Application of the same procedure tc 42.9 g (0.15 mol) of 
2,2'-dihydroxy-l,l'-dinaphthyl and 131 g (1 mol) of dimethylami- 
noisobutoxymethane7 in 400 mL of isobutyl alcohol gave after 9 days 
at 160 °C 19.8 g (33%) of diamine 6, mp 256-258 °C, M+ 400. Anal. 
Calcd for C26H28N2O2: C, 77.97; H, 7.05. Found: C, 78.20; H, 6.88.

3,3'-Diacetoxymethyl-2,2'-diacetoxy-l,l'-dinaphthyl (7). A 
solution of 50 g (0.105 mol) of 4 in 1200 mL of acetic anhydride was 
refluxed for 8 days. The solution was cooled and evaporated at 30 mm, 
and the residue was dissolved in 150 mL of benzene. The residue was 
chromatographed on 1 kg of silica gel in hexane-benzene (2:1, v:v). 
Elution of the column with hexane-benzene mixtures eluted the de
sired product, 7, which was recrystallized from ether to give 24.5 g 
(46%) of tetraacetate, mp 113-114 °C. Anal. Calcd for C3oH2fiC>8: C, 
70.03; H, 5.09. Found: C, 70.18; H, 5.18. Further elution of the column 
with ether-benzene produced 3-acetoxymethyl-3'-(V-morpholi- 
nomethyl-2,2'-dihydroxy-l,l'-dinaphthyl (8), which was recrystallized 
from benzene-ether to give 13.5 g (39%), mp 115-117 °C. Anal. Calcd 
for C28H27NO5: C, 73.51; H, 5.95. Found: C, 73.72; H. 6.04. Substitu
tion of propionic anhydride at reflux for 4 days for acetic anhydride 
gave an 85% yield of the corresponding tetraester, which without 
characterization was converted to tetrol 9 (see next section).

3,3'-Bis(hydroxymethyl)-2,2'-dihydroxy-l,l'-dinaphthyl (9). 
To a refluxing suspension of 10.0 g (0.21 mol) of LiAlH4 suspended 
in 1.5 L of dry ether was added dropwise 18.5 g (0.036 mol) of tetra
acetate 7 dissolved in 100 mL of THF. The mixture was refluxed for 
6 h and cooled, and ethanol was added dropwise at 0 °C to decompose 
excess reagent. To the mixture was added 400 mL of 15% hydrochloric 
acid and 300 mL of THF. The solution was st irred for 12 h and the 
organic layer was washed with 10% NaHC03 solution, and dried. The 
ether was evaporated at 30 mm, and the concentrated solution (250 
mL) was refluxed with continuous replacement of THF by benzene. 
Tetrol 9 crystallized from hot benzene to give 12.5 g (98%), mp 222-224 
°C (lit.8 mp 231 °C), M + 346. Anal. Calcd for C22H180 4: C, 76.29; H,
5.24. Found: C, 76.44; H, 5.35.

3-Hydroxymethyl-2,2'-dihydroxy-l,l-dinaphthyl (10). Ap
plication of the above procedures to 3-iV-morpholinomethyl-2,2'- 
dihydroxy-l,l'-dinaphthyl 5 gave triol 10 (80%), mp 206-207 °C, M+ 
316. Anal. Calcd for C2iH160 3: C, 79.73; H, 5.10. Found: C, 79.70; H,
5.29.

3-Hydroxymethyl-3'-lV-morpholinomethyl-2,2'-dihydroxy- 
l,l'-dinaphthyl (11). Application of the above procedure to com
pound 8 gave triol 11 (75%), mp 190-192 °C, M+ 415. Anal. Calcd for 
C26H2504N: C, 75.16; H, 6.06. Found: C, 75.07; H, 5.95.

3,3'-Bis(bromomethyl)-2,2'-dihydroxydinaphthyl (12). A slow 
stream of dry HBr was bubbled through a stirred suspension of 8.5 
g of tetrol 9 in 120 mL of glacial acetic acid. After 10 min, the solid 
dissolved, the temperature increased, and a heavy precipitate formed. 
The mixture after standing 1 h was filtered and the filtrate was 
evaporated. The residue and filtrate were dissolved in 500 mL of ether 
and the solution was washed with water and then with a saturated 
solution of NaHC03. The solution was dried and evaporated to give 
11 g of solid. One crystallization of this material from benzene gave
9.5 g (85%) of 12: mp 215-216 °C; 4H NMR (CD3COCD3) & 8.05 (s, 
ArH4, 2 H), 7.84 (q, ArH5, 2 H), 7.22 (m, Ar6’7, 4 H), 6.94 (m, ArH8, 2 
H), 4.84 (s, ArCH2Br, 4 H); M+ 472. Anal. Calcd for C22H160 2Br2: C, 
55.96; H, 3.41. Found: C, 55.94; H, 3.53.

3,3'-Dimethyl-2,2'-dihydroxy-l,l'-dinaphthyl (13). To a sus
pension of 3.0 g of LiAlH4 in 350 mL of dry ether was added 7.08 g of 
the above dibromide 12 dissolved in 100 mL of THF. The mixture was 
refluxed for 4 h and stirred at 25 °C for 12 h more. At 0 °C, 25 mL of 
95% ethanol was cautiously added, followed by 300 mL of 15% hy
drochloric acid and 100 mL of THF. The layers were separated and 
the organic layer was washed twice with 10% NaHC03 solution and 
with water and was dried and evaporated. The residue was crystallized 
from benzene to give 4.7 g (98%) of dimethyldiol 13, mp 205 °C. The 
4H NMR spectrum in CDC13 gave 5 7.76 (m, ArH4'5, 4 H), 7.17 (m, 
ArH, 6 H), 5.05 (s, OH, 2 H), and 2.47 (s, CH3, 6 H); mass spectrum 
M+ 314. Anal. Calcd for C22H18Os: C, 84.05; H, 5.77. Found: C, 83.98; 
H, 5.85.

Dimethydiol 13 was also prepared by catalytic reduction of tetrol 
9. A solution of 6.0 g of 9 in 60 mL of 95% ethanol was stirred with 3.0 
g of 10% palladium on charcoal under 1 atm of hydrogen for 8 h. The

mixture was filtered and the filtrate was evaporated under vacuum 
and chromatographed on 100 g of silica gel. Elution of the column with 
benzene gave dimethyldiol 13,1.83 g (33%), mp 205 °C, undepressed 
by admixture with an authentic sample. Elution with 1:1 (v:v) ben- 
zene-CH2Cl2 gave 1.9 g (32%) of 3'-hydroxymethyl-3-methyl-2,2'- 
dihydroxy-l,l'-dinaphthyl (14): mp 204 °C (from benzene); M+ 330; 
5H NMR (CDC13) 5 >7.82 (m, ArH4 5, 4 H), 7.16 (m, ArH, 6 H), 4.93 (s, 
ArCH2. 2 H), and 2.50 (s, CH3. 3 H). Anal. Calcd for C22Hi80 3: C, 
79.98; H, 5.49. Found: C, 79.96; H, 5.68.

Elution of the column with 98:2 (v:v) CH2Cl2-isopropyl alcohol gave
1.0 g (17%) of starting tetrol, 9.

Reduction of diaminediol 4 gave dimethyldiol 13 and 3-lV-mor- 
pholinomethyl-3'-rr.ethyl-2,2,-dihydroxy-l,l'-dinaphthyl (15). A 
mixture of 2.0 g of diaminediol 4,80 mL of glacial acetic acid, 120 mL 
of 95% ethanol, and 1.0 g of 10% palladium on charcoal was stirred 
under 1 atm of H2 fcr 15 h. The product was isolated by chromatog
raphy on 100 g of silica gel. Benzene eluted 0.56 g (44%) of dimethyl
diol 13, mp 206 °C, undepressed by admixture with an authentic 
sample. Elution of the column with 1:1 benzene-CH2Cl2 gave 0.280 
g (20%) of aminodiol 15, mp 185 °C, from CH2Cl2-ether: M+ 399; 4H 
NMR (CDCI3) 5 7.72 (m, ArH4’5, 4 H), 7.16 (m, ArH, 6 H), 3.96 (s, 
ArCH2N, 2 H), 3.66 (t, CH20 , 4 H), 2.60 (t, CH2N, 4 H), and 2.49 (s, 
CH3, 3 H). Anal. Calcd for C26H250 3N: C, 78.17; H, 6.31. Found: C, 
78.09; H, 6.37.

Optical Resolution of 3,3'-Dimethyl-2,2'-dihydroxy-l,l'-di- 
naphthyl (13). A slurry of 146 g of racemic 13,750 mL of CH2C12, and
84.5 g of P0C13 was stirred under N2 and 111.3 g of triethylamine was 
added slowly at a rate that maintained gentle reflux. After addition 
was complete, the solution was stirred an additional hour and ex
tracted twice with 300 mL of water. The solution was dried and 
evaporated and the crude chlorophosphate was stirred with 750 mL 
of THF and 200 mL of water at 50 °C for 1 h. To this solution, 700 mL 
of ethyl acetate was added, the layers were separated, and the organic 
layer was washed with 200 mL of water and with 200 mL of brine, 
dried, and evaporated under vacuum to produce white crystals of the 
phosphoric acid diester of weight 129 g (75%), mp >300 °C, M+ 
376.

A mixture of 60 g (0.160 mol) of the above acid ester, 47.0 (0.160 
mol) of cinchonine, and 800 mL of methanol was warmed to reflux, 
and to the solution was added 149 mL of water. The solution was 
cooled to 25 °C, and the crystalline salt that separated was collected, 
washed, and dried to give 40.8 g cf salt (38% based on racemate = 
100%). This material was recrystallized three times from methanol- 
water to give 32.0 g (30%) of salt: [a l^ s  —291°, [a]25̂  -339°, [a]2543g 
-632° (c 1.1, DMF).

The (—)-salt, 40.0 g (0.06 mol), was shaken with 1 L of ether and 500 
mL of 5 M hydrochloric acid. The resulting slurry was extracted with 
ether in a continuous extractor until all solids dissolved (4 days). The 
ether layer was evaporated to give a white foam: weight 21.5 g (95%); 
[“ ]25436 -1121°, [a]25546 —650°, [c:]25578 — 561° (c 1.0, MeOH); mp 
>300 °C. In 200 mL of dry THF was suspended 2.0 g (0.53 mol) of 
LiAlH4, and dropwise a 50 mL of THF solution of this acid diester was 
added at a rate to maintain a gentle reflux. The reaction mixture was 
cooled to 25 °C and stirred for 8 h. Excess reducing agent was de
stroyed by adding cautiously 10 ml of ethyl acetate. The aluminum 
salts produced were treated in succession with 2 mL of water, 2 mL 
of 40% NaOH solution, and 3 mL of water. The salts were filtered and 
washed with fresh THF. The organic layers were combined and 
evaporated under vacuum. The resulting oil was dissolved in CH2C12, 
washed with water and brine, and dried. Evaporation of the solvent 
at reduced pressure gave 14.9 g (90%) of white crystals, recrystalli
zation of which from benzene gave dimethyldiol, (+)-(/?)-13, which 
after heating for 8 h at 110 °C (0.05 mm) to remove benzene gave mp 
200-201 °C: 4H NMR (CDC13) & 7.76 (m, ArH, 4 H), 7.17 (m, ArH, 6 
H), 5.05 (s, OH, 2 H), 2.47 (s, 6 H); M+ 314: [a]25436 +131.3°, [a]25546 
+45.7°, and [«]25578 + 37.3° (c 1.0, CHC13). Anal. Calcd for C22H180 2: 
C, 84.05; H, 5.77. Found: C, 83.92; H, 5.85.

The mother liquors from the abcve cinchonine salt formation and 
purification were evaporated under vacuum to a gel, which when dried 
at 100 °C under vacuum gave 68.2 g of fine powder. This material was 
suspended in 1 L of 5 M HC1 solution and continuously extracted with 
ether until a homogeneous aqueous solution was obtained. The ether 
was evaporated to yield a white foam, weight 34.8 g (58% of original 
acid), [a]26436 + 923° (73% optically pure).

In 52 mL of hot ethanol, 2.0 g (0.C53 mol) of the above (+)-acid and
1.77 g (0.053 mol) of strychnine were mixed to give a solution. When 
cooled, fine white crystals separated, which were recrystallized from 
methanol-water to give 2.0 g (48%) of salt, [a]25436 + 6 7 2.0° (c 1.0, 
DMF), which did net change on further recrystallization. This salt 
(1.0 g) was converted to its acid by the same procedure as that used
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for the cinchonine salt to give 0.47 g (89%) of (+)-acid diester, [n]25436 
+ 1218°, [a]25546 + 869°, [a]25578 + 566° (c 1.0, MeOH). Recrystalli
zation of this material from methanol did not change these rotations. 
By the same procedure used for the (-)-acid  diester, 0.300 g of this 
(+)-acid diester was converted to 0.224 g of dimethyldiol (-)-(S)-13, 
which after recrystallization from benzene and drying for 8 h at 110 
°C (0.05 mm) to remove benzene gave 0.203 g (82%) of white crystals: 
[«]25436 -129.8°, [ « P 546 -  45.1°, and [a]25578 -  36.9° (c 1.0, CHC13); 
mp 200-202 °C; ‘ H NMR (CDCI3) 5 7.72 (m, ArH, 4 H), 7.17 (m, ArH, 
6 H), 2.48 (s, CH3, 6 H); M+ 314. Anal. Calcd for C22H180 2: C, 84.05; 
H, 5.77. Found: C, 84.01; H, 5.70.

2,2'-Dihydroxy-l,l'-dinaphthyl-3,S'-dicarboxylic Acid (16). 
A mixture of 3-hydroxy-2-naphthoic acic (72 g, 0.383 mol) and NaOH 
(14.4 g, 0.36 mol) in 1 L of water was heated to reflux in a 12-L flask. 
With vigorous stirring and refluxing, a hot solution of FeCl3-6H20  (108 
g, 0.4 moll in 200 mL of water was added dropwise (15 min). The 
mixture foamed as greenish-brown precipitates separated. After being 
stirred at reflux for 45 min, the mixture was cooled and a solution of 
80 g (2 mol) of NaOH in 1 L of water was added, followed by 600 mL 
of concentrated hydrochloric acid. The mixture was stirred for 20 min, 
and the yellow precipitate that separated was filtered, washed with 
350 mL of 10% HC1 and 600 mL of H20, and dried. To a hot solution 
of the 73.5 g of dried solid in 370 mL of THF was added 59.8 g (0.59 
mol) of triethylamine. The solution produced large brown plates when 
cooled to 25 °C for 1 day and to 0 °C for 1 day, which were collected 
and washed with cold THF to give 47 g of salt. This material was 
dissolved in 200 mL of 5% aqueous NaOH, and the resulting solution 
was washed once with ether. The aqueo j s  layer was filtered, and the 
filtrate was acidified with concentrated hydrochloric acid to pH ~1. 
The deposited solid (16) was collected, water washed, and dried to give 
a yellow powder (29.5 g, 41%), mp >285 °C. This material was used 
directly in the following optical resolution.

Resolution of 2,2'-Dihydroxy-l,T-dinaphthyl-3,3'-dicarboxylic 
Acid (16). To a suspension of 61.2 g (0.164 mol) of racemic 16 in 700 
mL of methanol was added a solution in 20 mL of methanol of 50.0 
g (0.345 mol) of cptically pure L-leucine methyl ester, [a]25589 +15.3° 
(neat). The reddish-brown solution was heated on a steam bath for
5 min and cooled to 25 °C for 1 day and to 0 °C for 1 day. The salt that 
separated was filtered, w'ashed with a small amount of methanol, and 
dried to give 50.3 g (92%) of yellow crystals. The crystals were pow
dered in a mortar, and the powder was cigested in three successive 
portions of 200 m.L of hot methanol at reflux with stirring for 1 h. The 
rotations (c 0.3, MeOH) and weights of the solids obtained at each 
stage were as follows: before digestion, [a]25578 + 99.7°. weight 50.0 
g; first digestion, [n]25578 +117.8°, weight 43 g; second digestion, 
['i]25578 +124.9°, weight 39.6 g; third digestion, [a]2S578 +123.0°, weight
37.5 g. The final powder was dissolved in 200 mL of water containing
6 g of NaOH. The resulting solution was washed with ether, filtered, 
and acidified to pH 1 to give a yellow precipitate, which was collected, 
washed, and dried at ca. 110 °C under vacuum to give (+)-(/? )-16, 20.9 
g (34%, racemate = 100%). An analytical sample was recrystallized 
from glacial acetic acid and had to be dried at 138 °C for 24 h at 0.05 
mm to free it of solvent: needles; mp >285 °C; [«]25578 +194°, [n]25589 
+185° (c 1.08, pyridine), reported103 [a]15s89 +179° (pyridine). Anal. 
Calcd for C22H140 6: C, 70.58; H, 3.77. Found: C, 70.48; H, 3.94.

The mother liquor from the original salt was evaporated to a brown 
oil which was mixed with 60 mL of methanol and filtered from an 
insoluble yellow powder (which was methanol washed), and the oil 
was evaporated. The residual salt was converted back (see above) to 
diol diacid 16 enriched in the (—) isomer, 29.1 g. To a suspension of
29.0 g of this powder in 200 mL of methanol was added 23.5 g (0.233 
mol) of triethylamine, and the resulting hot clear dark-red solution 
was allowed to stand at 25 °C for 2 days. The solid that separated was 
air dried (36.5 g) and recrystallized from 365 mL of methanol con
taining 3 mL of triethylamine to give 29.6 g of large plates of the salt. 
This material was converted to its acid (see above) to give after drying 
at 110 °C under vacuum for 24 h (—)-(S)-16 as a yellow powder: 18.2 
g (30%, racemate = 100%); mp >285 °C; [«]25s46 -246°, [«]iS578 -  203°, 
[«]25589 -190° lc 0.750, pyridine), reported1011 [o]20589 -171° (pyri
dine). The 'H NMR spectra in dimethylacetamide of the two enan
tiomers were identical to one another.

(+)-(i?)-3,3'-Bis(hydroxymethyri-2,2'-dihydroxy-1,1'-dina
phthyl, (+ )-(R )-9, and (-)-(S )-9 . A solution of the above diacid diol 
(+)-(fi)-16 (7.49 g or 20 mmol) in 60 mL of THF was added to a sus
pension of LiAlH4 (6.08 g or 160 mmol) in 200 mL of THF, which was 
refluxed for 9 h. The cooled reaction mixture was stirred with 90 mL 
of 50% hydrochloric acid and 100 mL of ether. The organic layer was 
separated, and the aqueous layer was extracted with a mixture of 
ether-THF. The combined organic layers were washed with brine, 
dried, and evaporated with added benzene to give a yellow solid.

Recrystaliization of this material from THF-benzene gave prisms 
(solvate) which when dried at 138 °C at 0.05 mm for 24 h gave (+)- 
(R)-9:5.35 g (77%); mp 192-195 °C; [a]2̂  +78.7° (c 1.2. THF). Anal. 
Calcd for C22H180 4: C, 76.28; H, 5.24. Found: C, 76.39; H, 5.36.

A similarly conducted reduction of optically pure (—)-(S)-16 gave 
(—)-(S)-9 in 79% yield: mp 190-193 °C; [a]25546 -  77.8° (c 1.1, THF). 
This material gave M+ 349 and the same JH NMR spectrum in 
CD3COCD- as (R)(S)-9 as follows: 6 7.98 (s, Ar4H, 2 H), 7.80 (m, Ar°H, 
2 H), 7.18 (m, ArH, 6 H). and 4.92 (s, CH2, 4 H).

(+)-(J?)-3,3’-Dimethyl-2,2'-dihydroxy-l,l'-dinaphthyl, (+)-
(R) -13, from (+)-(R)-2,2'-Dihydroxy-l,T-dinaphthyl-3,3'-di- 
carboxylic Acid, (+)-(R)-16, and (-)-(S )-13 from (-)-(S)-16. 
Diacid diol (+)-(R)-16, [a]25s89 +185° (c 1.08, pyridine), was reduced 
to tetrol (+)-(R)-9 by the above procedure and the tetrol reduced to 
dimethyldiol ( + )-(R)-13 as follows. -A mixture of 1 g (2.9 mmol) of 
(+)-(R)-9,60 mL of ethyl acetate, and 1 g of 10% palladium on char
coal was reduced at 25 °C for 20 h under 3 atm of H2 on a Parr appa
ratus. The mixture was filtered and evaporated and the product was 
chromatographed on 60 g of silica gel in CH2C12 to give product re
crystallized from benzene and dried at 110 °C at 0.05 mm for 8 h to 
remove benzene to give 0.85 g (94%) of (+ )-(/?)-13: mp 197-199 °C; 
[a]25436 +125.0°, M 25546 +44.2°, H 25578 + 36.3° (c 1, CHC13). The iH 
NMR spectrum and TLC behavior of this material were identical to 
those of (+)-(R)-13 prepared by direct resolution.

Similarly, diacid diol (—)-(S)-16, [a]2558a -190° (c 1, pyridine), was 
reduced to tetrol ( - ) - (S ) -9 ,1.0 g (2.9 mmol) of which was hydroge
nated to give 0.89 g (98%) of dried (8 h at 110 °C (0.05 mm)) ( - ) -
(S) -13, which gave: mp 199-121 °C; [a]26436 -128.8°, [a]25546 -  45.1°, 
and [a]25573 -  36.8° (c 1, CHC13).

(+)-(R)-3,3'-Dicarbomethoxy-2,2'-dihydroxy-1,1'-dinaphthyl, 
(+)-(R)-17. To a solution of 5.48 g (14.6 mmol) of diacid diol (+)- 
(R)-16 (see above), [oj^szs +190° (c 1.1, pyridine), in 70 mL of THF 
was adde d a solution of CH2N2 in 70 mL of ether (prepared from 7.0 
g or 47 mmol of N-methyl-]V-nitrosourea). Excess CH2N2 was de
composed immediately with 4 mL of AcOH, and the solution was 
evaporated to dryness. The residual solid was dissolved in CH2C12, 
and the solution was washed successively with water, saturated 
aqueous NaHC03, water, and brine. The solution was dried and 
evaporated, and 6.9 g of residual solid was chromatographed on silica 
gel in CHC13. The diester product [(+)-(R)-17] was recrystallized from 
benzene-pentane to give transparent plates, drying of which at 110 
°C under vacuum converted them to nontransparent plates (4.5 g, 
76%): mp 243-245 °C (lit.93 239-240 °C); [a]25436 + 675°, [a]25546 
+227°, M 25578 +184°, [a]25589 +172° (c, 0.815, THF), reported93 
[a]25589 +159° (c 1.0, THF). This material gave M+ 402, and the 'H 
NMR (CDCI3) (60 MH2) b 6.00 (s, CH3, 6 H), 2.85-2.55 (m, ArH, 6 H),
2.0-2.3 (m, ArH, 2 H), 1.33 (s, ArH, 2 H), -0 .7  (s, OH, 2 H). Anal. 
Calcd for C24H180 6: C, 71.63; H, 4.51. Found: C, 71.66; H, 4.65.

Reduction of this diester with LiAlH4 gave (+)-(/? )-9 in 63% yield, 
mp 191-193.5 °C; [a]25646 + 77.1°, [a]25B78 + 63.8° (c, 1.24, THF), 
whose 4H NMR spectrum was identical to that of the sample prepared 
directly from (+)-(R)-16 (see above).

(+)-(R)-3,3'-Di(2-hydroxy-2-propyl)-2,2'-dihydroxy-l,l'-di- 
naphthyl, (+)-(R)-18. To a solution of 5.0 g (12.4 mmol) of (+)- 
(fi)-3,3'-dicarbomethoxy-2,2'-dihydroxy-l,l'-dinaphthyl [(+)-(R)-17], 
[o]26578 +184° (c 1.0, THF), in 300 mL of dry THF at 0 °C under N2 
was added 70 mL of CH3Li (1.6 M in hexane) in a single portion. The 
mixture was stirred for 1 h at 25 °C, CH3OH was added dropwise to 
decompose the excess CH3Li, the solution was diluted with 150 mL 
of water, and 12 M hydrochloric acid was added dropwise with stirring 
until a pH of 4 was attained.- The mixture was shaken with 400 mL 
of CH2C12 and 600 mL of NaHC03 saturated aqueous solution; the 
organic layer was dried and evaporated under reduced pressure. The 
residue was crystallized from benzene to give 5.2 g (87%) of light- 
yellow needles that were dried at 25 °C and atmospheric pressure, mp 
~175 °C (decompose), of a 1:1 benzene sclvate of (+)-(fl)-18: M+ 402; 
JH NMR CD3COCD3) b 7.92 (m, ArH. 4 H), 7.20 (m. ArH, 6 H), 1.83 
(s, CH3, 12 H); [a]2°646 +132°, [a]25=78 +109°, and [a]25589 +103°. 
When heated at 110 °C (0.05 mm) for 8 h, the solvate showed signif
icant deccmposition (TLC and ‘ H NMRl. A sample dried at 0.05 mm 
for 48 h at 25 °C gave an analysis consistent with 0.5 mol of benzene 
of solvation. Anal. Calcd for C26H26O4-0.5CeH6: C, 78.88; H, 6.62. 
Found: C. 78.82; H, 6.62.

(+)-(S)-3,3'-Dimethyl-2,2'-bis(5-hydroxy-3-oxa-l-pentyl- 
oxy)-l,T-dinaphthyl [(+)-(S)-19] and (-)-(R )-19. In 150 mL of
dry DMF (stored under 4A molecular sieves) at 50 °C was dissolved 
20 g (63.7 mmol) of (-)-(S )-3 ,3,-dimethyl-2,2'-dihydroxy-l,l'-dina- 
phthyl [(—)-(S)-13], [n]25578 -  36.9°, [a]26436 —129.8° (c 1.0, CHC13). 
Under dry N2, 6.4 g (128 mmol) of a 50% NaH dispersion in oil was 
carefully added. After H2 evolution ceased, 26.5 g (127 mmol) of 2-
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(2-chloroethoxy)ethyl 2-tetrahycropyranyl ether4 in 50 mL of dry 
DMF was added. The resulting mixture was stirred at 70 °C for 40 h 
and then an additional 0.65 g (13 mmol) of NaH and 2.65 g (12.7 
mmol) of the above chloro ether were added. The mixture was stirred 
for an additional 2 days, and mixed with 600 mL of water. After 
standing 24 h, the water was decanted from the precipitated oil, which 
was shaken with 200 mL of CH2C12 and 200 mL of water. The organic 
layer was washed with three 200-mL portions of water, dried, and 
filtered through a column of 50 g of activated alumina (MCB), which 
was subsequently washed free of product with CH2C12. The resulting 
solution was evaporated to 150 mL, and 150 mL of methanol and 10 
mL of concentrated hydrochloric acid were added. After stirring for
2 h at 25 °C, the mixture was shaken with 100 mL of NaHC03 in water 
to neutralize the acid, the aqueous layer was saturated with NaCl and 
washed twice with CH2C12, the combined CH2C12 solutions were 
washed twice with water and dried, and the solvent was evaporated. 
The residue was magnetically stirred and heated at 120 °C for 2 h (0.1 
mm) and cooled, and the mineral oil was rinsed from the oil with three 
successive 20 mL pentane portions. The product was dried to give 28.4 
g (90%) of (+)-(S)-19 as a soft white glass dried at 75 °C at 50 /¿m for 
24 h: 4H NMR (CDC13) 5 8, 2.53 (s, CH,, 6 H), 3.17 (m. CH20- 
CH2CH20 , 12 H), 3.50 (m, ArOCH2 and OH. 6 H), 7.09 (m, ArH, 6 H), 
7.74'(m, ArH, 4 H); [«]25578 +106.4°, [a]25̂  +124.4°, [a]25436 + 246.3° 
(c 1.0, CHCI3). Anal. Calcd for C30H34O6: C, 73.45; H, 6.99. Found: C, 
73.37; H, 7.00.

Similarly, from (+)-(/?)-3,3'-c.imethyl-2,2'-dihydroxy-l,l'-dina- 
phthyl, (+)-(/?)-13, [a]25436 +125.0° (c 1, CHC13), (-)-(R )-19 was 
prepared in 68% yield (15.4 g scale), M+ 462, whose 1H NMR spectrum 
was identical to its enantiomer.

(+)-(S)-3,3'-Dimethyl-2,2'-bis(5-tosyloxy-3-oxa-l-pentyl- 
oxy)-l,l'-dinaphthyl [(+)-(S)-20], (—)-(iZ)-20, and (R S )-20. To 
a solution of 20.0 g (40.8 mmol) of diol (+i-(S)-19 in 75 mL of dry 
pyridine cooled to -20  °C was added 20 g (105 mmol) of tosyl chloride 
in 50 mL of dry pyridine at -20  °C. The mixture was swirled for 1 min 
and stored at -2 0  °C for 48 h. The mixture was poured onto 500 g of 
crushed ice, and the aqueous layer was decanted from the precipitated 
oil. The oil was dissolved in CH2C12 and washed with water, cold 5% 
hydrochloric acid, and 5% aqueous NaHC03. The solution was dried 
and evaporated under vacuum to give after drying at 40 °C (0.1 mm) 
for 30 h 30.2 g (92%) of (+)-(S)-20 as a white glass: !H NMR (CDCI3)
6 2.36 (s, P-CH3,6 H), 2.46 (s, 3-CH3, 6 H), 2.90-1.00 (m, OCH2. 16 H), 
6.90-7.40 (m, ArH, 10 Hi, 7.57-7.87 (m, ArH, 8 H); [«]25578~+69.3°, 
[«]25546 + 80.8°, [a]25436 +158° (c 1.0, CHC13). Anal. Calcd for 
C44H46O10S2: C, 66.15; H, 5.80. Found: C, 66.16; H, 5.91.

Similarly, from (-)-(R)-19 (see above) was prepared 22.9 g (93%) 
of ( - ) - ( /? )-20, [ « p 57g -69.7° ic 1.0, CHCI3). Anal. Calcd for 
C44H46O10S2: C, 66.14; H, 5.80. Found: C, 66.27; H, 6.05.

Similarly from (/?),(S)-13 was prepared (R),(S)-19 (59%), which 
was converted to (R),(S)-20 (90%), which was a glass, and possessed 
an 'H NMR spectrum identical to that of ( + )-(S)-20. Anal. Calcd for 
C44H46OI0S2: C, 66.15; H, 5.80. Found: C, 66.40; H, 6.16.

(+)-(i?)-2,2'-Dihydroxy-5,5',6,6',7,7',8,8',-octahydro-l,l'-di- 
naphthyl [(+)-(R)-22) and (—)-(S)-22. A mixture of 10.0 g (0.0275 
mol) of (+)-(R)-2,2'-dihydroxy-l,l'-dinaphthyl [(+)-(/?)-3], [a]25589 
+34.2° (c 1.0, CHC13), 1.2 g of Pt02, and 250 mL of glacial acetic acid 
was shaken in a Parr apparatus under 3 atm of hydrogen at 25 °C for
7 days. The mixture was filtered through a Celite pad, and the filtrate 
was shaken with 400 mL of CHC13 and 1.5 L of water. The organic 
layer was washed with two 1-L portions of water and 1 L of 10% 
NaHC03 solution, dried, and evaporated. The residue was dissolved 
in 50 mL of CH2C12 and the solution was passed through a 150-g silica 
gel column. The product eluted with 2 L of CH2C12 and was crystal
lized from heptane to give 9.7 g (94%) of (+)-(R)-22: mp 165-166 °C; 
M+ 294; >H NMR (CDC13) 0 6.90 (ABq, ArH. 4 H), 4.60 (s, OH, 2 H),
2.70 (m, ArCH2, 4 H), 2.20 (m, ArCH2, 4 H), and 1.66 (m, CCH2CH2C,
8 H); H 2543B +137.3°, [a]25̂  +65.2°, [«]25573 + 55.5°, [«]25589 + 52.8° 
(c 1.1, CHCI3). Anal. Calcd for C20H22O2: C, 31.60; H, 7.53. Found: C, 
81.40; H, 7.38.

Similarly (-)-(S )-3  of [a]25589 -34.3° (c 1.0, CHC13) was reduced 
at 25 °C to (—)-(S)-22 (95%): M + 294; *H NMR identical to its enan
tiomer; [aPr,78 -55.5°; mp 165-166 °C.

A similar conversion was applied to 5.0 g of (-)-(S )-3  of [a]25589 
-34.3° (c 1.0, CHC13), except the reaction was conducted at 65 °C for
3 days. The product, 4.7 g (92%), gave: mp 164-167 °C; M+ 294; !H 
NMR identical to its enantiomer; [«]2S436 -125°, [«]25546 -  60.1°, 
M 25578 -  50.5°, and [a]25589 -  49.4° (c 1.0, CHC13). Anal. Calcd for 
C2oH220 2: C, 81.59; H, 7.53. Found: C, 81.70; H, 7.54. These rotations 
are 8 ±  1% below those observed for (+ )-(#)-22, a fact compatible with 
4% of the material undergoing inversion at some stage during the re
duction at this higher temperature.

(+ ) - (R)-3,3’ -Dimethyl-5,5',6,6',7,7',8,8'-octahydro-2,2'-dihy- 
droxy-l,l'-dinaphthyl [(+ )-(R )-23 ]. A mixture of 3 g (9.5 mmol) 
of optically pure (+)-(i?)-3,3'-dimethyl-2,2,-dihydroxy-l,l'-dina- 
phthyl [(+ )-(/?)-13], [q]25578 + 37.3° (c 1, CHC13), 0.25 g of P t02, 100 
mL of glacial acetic acid, and 20 mL of ethyl acetate was shaken in a 
Parr apparatus under 3 atm of H2 for 6 days. The product was isolated 
as in the reduction of (+)-(R)-3 but was crystallized from hexane to 
give 2.9 g (94%) of (+)-(/?)-23 as white needles: mp 164-166 °C; M + 
322; [a]25436 +190°, [ « P ms +94°, and [a]25578 + 84° (c 1.04, THF); 
4H NMR (CDCI3) b 6.88 (s, ArH, 2 H), 4.57 (s, OH, 2 H), 2.72 (m, 
ArCHo, 4 H), 2.21 (m, ArCH2, 4 H), 2.20 (s, ArCH3, 6 H), and 1.68 (m, 
CCH2CH2C, 8 H). Anal. Calcd for C22H260 2: C, 81.95; H, 8.13. Found: 
C, 81.83; H, 7.92.

The same compound, (+)-(R)-23, was prepared from the same 
(+)-(/? )-13 by first protecting the two OH groups with OCH2OCH3 
groups to inhibit possible racemization, reducing the tetraether, and 
deprotecting the reduced product. To a solution of 3 g (9.5 mmol) of 
(+)-(/?)-13 in 150 mL of THF under N2at 25 °C was added 2 g of NaH 
as a 50% oil dispersion. The mixture was stirred 15 min, 3 g (37.5 
mmol) of chloromethyl methyl ether was added, and the mixture was 
stirred for 12 h. The excess NaH was decomposed by dropwise addi
tion of CH3OH; the resulting solution was shaken with CH2C12 and 
H20  (400 mL of each). The organic layer was dried and evaporated 
under vacuum to an oil. An 4H NMR spectrum of this product (a small 
mineral oil contaminant) in CDC13 gave b 7.78 (m, ArH, 4 H), 7.22 (m, 
ArH, 6 H), 4.52 (AB quartet, OCH2, 4 H), 2.80 (s, OCH3, 6 H), and 2.53 
(s, ArCH3, 6 H). This protected (tetraether) phenol was reduced 
similarly to its parent (+)-(R)-13, and the reduced product was 
chromatographed in benzene on 100 g of silica gel made up in cyclo
hexane. Elution of the column with 2 L of benzene gave mineral oil, 
whereas elution with 2 L of 19:1 (v:v) benzene to ether gave the 
tetraether as a colorless oil. Its 4H NMR spectrum in CDCI3 gave 5 6.82 
(s, ArH, 2 H), 4.80 (s, OCH2, 4 H), 2.90 (s, OCH3, 6 H), 2.72 (m, ArCH2,
4 H), 2.22 (m, ArCH2, 4 H), 2.21 (s, ArCH3, 6 H), and 1.68 (m, 
CCH2CH2C, 8 H). This oil was mixed with 200 mL of CHCI3, 300 mL 
of CH3OH, and 5 mL of concentrated hydrochloric acid, and the 
mixture was stirred for 18 h at 25 °C. A saturated aqueous solution 
of NaHC03 (800 mL) was cautiously added, the mixture was shaken, 
and the organic layer was dried and evaporated under vacuum. The 
residue was crystallized from hexane to give 2.5 g (81% overall) of 
white needles of ( + )-(/?)-23, mp 164-166 °C, whose JH NMR spec
trum was identical to that of directlv prepared material, and which 
gave [a]25436 +190°, [a]25546 +94°, and [a]25578 + 80° (c 1.08, THF).

(-)-(S)-2,2'-Bis(5-tosyloxy-3-oxa-l-pentyloxy)-5,5',6,6',- 
7,7',8,8'-octahydro-l,l'-dinaphthyl [(-)-(S)-24], The diol, (S)- 
2,2'-bis(5-hydroxy-3-oxa-l-pentyloxy)-l,l'-dinaphthyl (20.9 g or 45.2 
mmol), prepared as before4 from optically pure (—)-(S)-2,2'-dihy- 
droxy-l,l'-dinaphthyl [(—)-(S)-3] was dissolved in 250 mL of glacial 
acetic acid. Platinum oxide (250 mg) was added and the mixture was 
stirred under 1 atm of H2 for 4 days at 25 °C. The solution was filtered, 
and the filtrate was evaporated under reduced pressure. The residue 
was dissolved in CH2C12, and the solution was washed with aqueous 
NaHC03, dried, and evaporated to give 21.0 g (99%) of the corre
sponding octahydrodiol as a viscous oil. This material was dissolved 
in 50 mL of dry pyridine, the solution was cooled to 0 °C, and 20 g (105 
mmol) of tosyl chloride in 30 mL of dry pyridine cooled to 0 °C was 
added. The solutions were mixed and allowed to stand at —20 °C for
5 days and then poured onto 500 g of crushed ice. The mixture was 
brought to 25 °C, the water was decanted, and the precipitated oil was 
dissolved in CH2C12. The solution was washed with cold 5% hydro
chloric acid and water, dried, and evaporated under vacuum to give
34.0 g (98%) of a viscous white gum. A small sample was purified by 
silica gel TLC to give (-)-(S )-24: 4H NMR (CDC13) 6 1.67 (m, 
CCH2CH2C, 8 H), 2.17 (m, ArCH2, 4 H), 2.42 (s, ArCH3, 6 H), 2.70 (m, 
ArCH2, 4 H), 3.40 (m, CH2OCH2, 8 H), 3.90 (m, ArOCH2 and 
CH2OTs, 8 H), 6.67 and 7.00 (d, d, diphenyl ArH, 4 H), 7.32 and 7.75 
(d, d, tosyl ArH, 8 H); [a]25578 -  26.2° (c 1.0, CHC13). Anal. Calcd for 
C42H8oOioS2: C, 64.76; H, 6.47. Found: C, 64.71; H, 6.63.

( + )-(S)-3,3'-DimethyI-2,2'-bis(5-hydroxy-3-oxa-l-pentyl- 
oxy)-5,5',6,6',7,7',8,8'-octahydro-l,l-dinaphthyl [(+)-(S)-25] and 
(—)-(R)-25. A mixture of 100 mL of glacial acetic, 10 g of diol (+)- 
(S)-19 (see above), and 0.10 g of P t02 was stirred under 1 atm of H2 
at 25 °C for 3 days. The mixture was filtered, the acetic acid was 
evaporated under reduced pressure, and the residue was distributed 
between CH2C12 and aqueous NaCH03. The organic layer was washed 
with water, dried, and evaporated under vacuum to give after drying 
under vacuum 10 g (98%) of (+l-(S)-25 as a white glass: >H NMR 
(CDCI3) b 1.67 (m, CCH2CH2C), 2.20 (m, ArCH2, 4 H), 2.27 (s, ArCH3,
6 H), 2.70 (m, ArCH2, 4 H), 3.93 (m, OCH2, 16 H), 6.85 (s, ArH, 2 H); 
[«]25589 + 25.0°, [a]2o578 + 26.3° (c 1.0, CHC13). An analytical sample
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was prepared by TLC on silica gel. Anal. Calcd for C30H42O6: C, 72.26; 
H, 8.49. Found: C, 72.40; H, 8.51.

Similarlv 17.0 g of ( - ) - (R ) -19 (see above) was reduced to give 20.0 
g (98%) of (-)-(R)-25: [u]25̂  -24.0° (c 1.0, CHC13); >H NMR (CDC13) 
6 1.67 (m, CCH2CH2C, 8 H), 2.18 (m, ArCH2, 4 H), 2.25 (s, CH3, 6 H),
2.68 (m, ArCH2 and OH, 6 H), 3.25-3.84 (m, OCH2, 16 H), 6.86 (s, 
ArH, 2 H). A small sample was purified by preparative TLC on silica 
gel for analysis. Anal. Calcd for C30H49O6 C, 72.26; H, 8.49. Found: 
C, 72.27; H, 8.23.

(—)-(.R)-3,3'-Dimethyl-2,2'-bis(5-tosyloxy-3-oxa-l-pentyl- 
oxy)-5,5',6,6',7,7',8,8'-octahydro-l,l'-dinaphthyl [(-)-(ii)-26) and 
(+)-(S)-26. From 17.4 g (34.5 mmol) of diol (—)-(/?)-25 and 15.0 g 
(78.7 mmol) of tosyl chloride in 50 mL of pyridine for 3 days at —20 
°C was obtained product which was filtered through 100 g of alumina 
in CH2C12. The product, (—)-(.R)-26, 27 g (97%), was a white glass: !H 
NMR (CDCI3) b 1.35 (m, CCH,CH2C, 8 H), 2.15 (m, ArCH2, 4 H), 2.18 
(s, CH:, of r.aphthvl, 6 H), 2.40 (s, CH3 of tosyl, 6 H), 2.72 (m, ArCH2, 
4 H), 3.17-4.08 (m, OCH>, 16 H), 6.83 (s, diphenyl ArH, 2 H), 7.27 (d, 
tosyl ArH, 4 H), 7.58 (d, tosyl ArH, 4 H); [«]25589 -14.4° [a]2557g 
— 14.0° (c 0 5, CHCI3). An analytical sample was prepared by TLC on 
silica gel. Anal. Calcd for C44H54O10S2: C, 65.48; H, 6.74. Found: C, 
65.24; H, 6.77.

Similarly, from 10 g of diol ( + )-lS)-25 was prepared 11.2 g (70%) 
of ( + )-(S)-26 as a white glass, [«]25578 +13.4° (c 0.5, CHCI3), whose 
'H NMR spectrum was essentially identical to that of its enantiomer. 
An analytical sample was prepared bv TLC on silica gel. Anal. Calcd 
for C44H54O10S2: C, 65.48; H, 6.74. Found: C, 65.62; H, 6.70.

(+)-(R)-3,3'-Dibromo-2,2'-dihydroxy-5,5',6,6',7,7',8,8'-octa- 
hydro-l,l'-dinaphthyl, (+)-(R)-27. To a solution of 4.6 g (16 mmol) 
of ( + )-(R)-22, [«]25546 + 65.2° (c 1.1, CHCR), in 150 mL of CH2Cl2at 
-3 0  °C was added 5.8 g (36 mmol) of Br2 in a single portion. The 
mixture was stirred for 15 min, 200 mL of NaHS03 saturated aqueous 
solution was added, and the mixture was allowed to warm to 25 °C 
and was stirred for 1 h. The CH2C12 layer was separated, washed with 
10% NaHCCH (300 mL). dried, and evaporated and the residue was 
crystallized from heptane to give 6.9 g (98%) of (+)-(ft)-27: mp 
142-143 °C; M+ 450 (79Br); >H NMR (CDC.3) b 7.18 (s, ArH. 2 H), 5.17 
(s, OH. 2 H), 2.70 (m, ArCH2, 4 H), 2.20 (m, ArCH2, 4 H), and 1.66 (m. 
CCH2CH2C, 8 H); [ff]25436 +65.0°, [ « P 546 +35.3°, [ « P sts +30.5°, and 
M 2°589 +29.2° (c 1.05, CHCI3). Anal. Calcd for C aoH joB ^ : C, 53.12;
H. 4.46. Found: C, 53.24; H, 4.46.

5,5',6,6'-Tetrabromo-2,2'-dihydroxy-l,l'-dinaphthyl (28).13 To 
a solution oi 2,2'-dihydroxy-l,T-dinaphthyl (5.72 g or 0.020 mol) in 
200 mL of CH2C12 was added Br2 (10 mL, 31.96 g or 0.20 mol) in one 
portion, and the resulting solution was held at reflux for 19 h. The 
solution was cooled, washed with two 100-mL portions of 20% aqueous 
NaHSC>3, with 5% aqueous NaHC03, and with water. The solution 
was dried and evaporated to give a white solid purified by trituration 
with CH2C12: 9.75 g (81%); M+ 598 P B r) >H NMR (CD3COCD3) 5
6.88, 6.97 (d of d, half of AoB2q, J 7 8 = 9 Hz, J4 8 of the epi H*s = 0.9 
Hz, H8, 2 H ), 7.34, 7.43 (d, half of A2B2q, J 7,s = 9 Hz, H7, 2 H); 7.37, 
7.46 (d, half of A2B2q, J3,4 = 9.5 Hz, H3, 2 H), 8.22, 8.32 (d of d, half 
of A2B>q, J34 = 9.5, H3, Jep, = 0.9 Hz, H4, 2 H). Anal. Calcd for 
C20H,oBr40 2: C, 39.91: H, 1.68. Found: C, 39.52; H, 2.12.

4,4',6,6'-Tetrabromo-2,2-dimethoxy-l,l-dmaphthyl.13 To 1.57 
g (0.005 mol) of 2,2'-dimethoxy-l,1-dinaphthyl,12 mp 195 °C, in 80 
mL of CHCL was added at 25 °C dropwise a solution of 2 mL or 6.2 
g of Br2 (0.0388 mol) in 20 mL of CHC13. After the resulting solution 
has stood 18 h it was treated with 25 mL of 20% aqueous NaHS03 with 
cooling. The resulting mixture was shaken with water and CH2C12, 
the organic phase was washed with aqueous K2C 03 solution, dried, 
and evaporated under vacuum. The product was chromatographed 
on 200 g of neutral alumina, and the product was eluted with 25% (v) 
CH2C12 in pentane to give 2.86 g (91%) of product, which was recrys
tallized frcm CCR-ethanol and dried at 135 °C (1 mm): mp 225-227 
°C; M+ 626 (79Brc ‘H NMR (CDC13) 5 3.68 (s, CH30 , 6 H), 6.81,6.90 
(half of AEq, J = 9 Hz, H8, 1 H), 7.20, 7.29 (d. d, J = 2 Hz. H7 coupled 
to H-„ half of ABc coupled to H8, J = 9 Hz. H7. 1 H), 7.68 (s, H3, 2 H),
8.35 (d, J = 2 Hz, Hs coupled to H7, 2 H). Anal. Calcd forC22Hi4Br402: 
C, 41.94; H, 2.24. Found: C, 41.69; H, 2.47.

(R,fi),(S,S)-2,3,4,5-Di-l,2-(3-methylnaphtho-13,14,15,16- 
di(l,2-naphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15- 
tetraene [(R,R),(S,S)-29], (R,S),(S,R)-29, ( - ) - (« ,S)-29, (+)- 
(R,R)-29, and (-)-(S,S)-29. To a solution of 0.570 g of 3 in 15 mL 
of dry DMF stirred at 25 °C under N2 was added 0.22 gof NaH (57% 
dispersion in mineral oil), followed by 1.6 g of two-armed dimethyl 
ditosylate 20, in 25 mL of dry DMF. The mixture was stirred at 45 
°C until i: became homogeneous and then at 60 °C for 48 h. The 
mixture was cooled, the solvent was evaporated under reduced pres
sure, and the residue was shaken with CH2C12 and water. The organic

layer was washed with water and brine, dried, and evaporated, and 
the residue was dried as a foam at 80 °C and 50 ¡im for 3 h, weight 1.3 
g. This material was chromatographed on 200 g of silica gel. Hexane 
eluted unreacted 3 (0.13 g or 23%), whereas 2:3 hexane-CH2Cl2-  
methane eluted first (R,S),(S,R)-29 (mp 249 °C, 0.176 g, 12%, from 
CH2C12), then a mixture of diastereomers (0.12 g, 8%), and finally 
(R,R),(S,S)-29 (mp 222-223 °C, 0.147 g, 10%, from CH2C12). Both 
diastereomers gave M+ 740. The *H NMR spectrum in CDCI3 of the 
(R,S),(S,R) isomer gave b 7.72 (m, ArH, 8 H), 7.36 (s, ArH, 2 H), 7.12 
(m, ArH, 12 H), 3.96 (m, CH20, 4 H), 3.69 (m, CH20, 4 H), 3.33 (m, 
CH20 , 4 H). 2.88 (m, CH20 , 4 H), and 2.50 (s, CH3, 6 H); that of the 
(R,R),(S,S) isomer gave b 7.80 (m, ArH, 8 H), 7.38 (s, ArH, 2 H), 7.09 
(m, ArH, 12 H), 4.00 (m, OCH2, 4 H), 3.50 (m, CH20, S H), 3.04 (m, 
CH20, 4 H), and 2.4C (s. CH3, 6 H). Anal. Calcd for each isomer 
C5oH440 6: C, 81.06; H, 5.99. Found for (R,S),(S,R)-29: C, 80.84; H,
6.23. Found: C, 80.63; H. 6.12.

Procedure II (see below) was applied to 1.80 g of optically pure 
(—)-(S)-13 and 4.40 g of optically pure ( - ) - (R )-19 (two-armed dito
sylate) to give 0.68 g (16%) of (+)-(S,R)-29 as a foam, [a]2S589 +41.4°, 
[«]2557» +44.2°, [a]25546 +53.4°, and [a]23W6 +142.3° (c 1, CHC13). 
The 'H NMR spectrum of this compound was identical to that of 
(R,S),(S,R)-29 but different from that of (R,R),{S,S)-29. Anal. Calcd 
for C5oH4406: C, 81.06; H, 5.99. Found: C, 81.12; H, 6.20.

Procedure I. Isomer (+)-(/?,/?)-29 was synthesized from optically 
pure binaphthol (+)-(/?)-3 and dimethyl two-armed ditosylate ( - ) -  
(R)-20 as follows. To 1 L of THF, 6.04 g (0.021 mol) of (+)-(R)-3, 
[a]25589 + 34.1° (c 1.0, CHC13), and 2.8 g (0.0042 mol) of KOH (85%) 
dissolved in 30 mL of water were added and the solution was held at 
reflux 30 min. Optically pure (—)-(R)-20 [[or]25578 -69.7°, c 1.0, CHC13] 
was added and the mixture was refluxed for 180 h. The reaction 
mixture was evaporated under reduced pressure and shaken with 
water-CH2Cl2; the CH2C12 layer was water washed, dried, and 
evaporated to give 5.6 g of oil. This oil was chromat ographed on 250 
g of neutral alumina and eluted with 1:10 (v:v) acetone-CCl4, the last 
900 mL of 1600 mL of which gave 4.97 g (32%) of product as a white 
foam: M+ 740, M2+ 370, gel permeation column retention volume 152 
mL of CH2C12; [«]2V s +152° (e 1.0, CHC13); !H NMR (CDC13) b
7.8-6.9 (m, ArH, 22 H), 4.20-2.85 (m, CH20 , 16 H), 2.35 (s, CH3, 6 H). 
Anal. Calcd for C50H44O6: C, 81.06; H, 5.99. Found: C, 81.10; H, 
6.13.

Procedure II. A mixture of 100 mL of THF, 1.0 g of optically pure 
binaphthol, (-)-(S )-3  (0.0032 mol, [a]25589 — 34.3°, c 1.0, CHCI3), and 
0.40 g (0.0064 mol) of KOH (85%) was stirred for 1 h and then 2.54 g 
(0.0032 mol) of optically pure (+)-(S)-20 (dimethyl two-armed dito
sylate, [o]2S578 + 70.0°, c 1.0, CHC13) in 100 mL of THF was added; 
the mixture was refluxed under N2 for 175 h. The crude product (2.62 
g) was isolated as before and purified by gel permeation chromatog
raphy to give 1.50 g (64%) of (—)-(S,S)-29 as a white foam; M + 740, 
M2+ 370, gel permeation retention volume 152 mL of CH2C12; [a]25436 
—380°, [n]2f,546 —171°, [a]25578 —152° (c 1.0. CHC13); >H NMR~(CDC13) 
b 7.80-6.90 (m, ArH, 22 H), 4.2-2.85 (m, CH20, 16 H), 2.35 (s, CH3, 
6 H). Anal. Calcd for C5oH440 6: C, 81.06; H, 5.99. Found: C, 81.38; H,
6.03.

(R,R),(S,S)-2,3,4,5-Di-l,2-(3-hydroxymethylnaphtho)-13,- 
14:15,16-di(l,2-naphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-
2,4,13,15-tetraene [1 R,R),(S,S)-30], (R,S),(S,R)-30, and (+)- 
(R,R)-30. A solution of 23 g of tetrol 9 in 2 L of THF, 5.4 g of NaOH 
in 60 mL of H20, and 56 g of 2,2'-di(5-tosyloxy-3-oxa-l-pentyloxy)- 
-l,T-dinaphthyl (21)4 was stirred under N2 at reflux for 100 h. The 
crude product was isolated as in procedure I and chromatographed 
on 1.5 kg of alumina. The column was washed with 3 L of ether, and 
the products were eluted with ether-isopropyl alcohol mixtures to 
give 17.0 g (33%) of crude 30. The faster moving diastereomer was 
fractionally crystallized from CH9d 2-ethvl acetate to give (R.S)- 
,(S,R)-30: 4.25 g (8%); mp 197-198” °C; M+ 772; !H NMR (CDC13) b
8.00-6.98 (m, ArH, 22 H), 4.94 (m, ArCH2, 4 H), and 4.40-2.76 (m, 
OCH2, 16 H). Anal. Calcd for C50H44O8: C, 77.70; H, 5.74. Found: C, 
77.50; H, 5.96.

Fractional crystallization of the slower moving racemate from 
CH2C12 and ethyl acetate gave 8.5 g (16%) of (R,R),{S,S)-30: mp 
230-231 °C; M+ 772; H NMR (CDC13) b ” .80 (m. ArH. 8 H), 7.18 (m, 
ArH, 14 Hi, 4.70 (m, ArCH2, 4 H), and 4.22-3.78 (m, OCH2, 16 H). 
Anal. Calcd for C5oH4408: C, 77.70; H, 5.74. Found: C, 77.48; H, 
6.01.

By the same procedure from optically pure (+ )-(/?)-214 and (+)- 
(R)-9 (see above) was produced in 28% yield (+)-(/?,/?)-30 as a glass, 
pure to TLC, [a]2557S +120°, [a]25546 +115°, [«125436 +318° (c 1.0, 
CHCI3). The ’ H NMR spectra of (+)-(fi,R)-30 and that of (R,R),-
(S,S)-30 (see above) were identical but decidedly different from that 
of (R,S),iS,R)-30 (see above).
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(+)-(ii,ii)-2,3,4,5-Di-l,2-(3-chlorom ethylnaphtho)- 
13,14:15,16-di(l,2-naphtho)-l,S,9,12,17,20-hexaoxacyclodo- 
cosa-2,4,13,15-tetraene, ( + )-(Jf,fi)-31. To a solution of 0.90 g (1.2 
mmol) of (+)-(ft,fi)-30 in 40 mL of benzene was added 4.0 g (34 mmol) 
of thionyl chloride in a single portion. The solution was stirred at 25 
°C for 10 h and evaporated at 30 mm of pressure and 60 °C. The res
idue was dissolved in 50 mL of CH2C12 and the solution was extracted 
with 30 mL of 10% NaHC03. The organic layer was dried and con
centrated to 15 mL, and the residue was chromatographed on 50.0 g 
of silica gel. Elution of the column with 2 L of CH2CI2 gave 0.72 g (76%) 
of ( + )-(R,R)-31 as a glass, which was dried at 50 ¿an and 50 °C for 10 
h. The compound gave the 1H NMR spectrum in CDCI3 of 6 8.05-6.90 
(m, ArH, 22 H), 4.70 (ABq, ArCH2. 4 H), and 4.16-2.78 (m, OCH2, 16 
H); [a]25589 +116°, [«P5578 +122°, [ « p 546 +145°, and [«]25436 + 335°. 
Anal. Calcd for CBoH42Cl206: C. 74.15; H. 5.24. Found: C, 74.50; H,
5.26.

( + )-(li,li)-D im ethyldinaphtho-22-crown-6 [(+)-(jR ,R )-29] 
from (+)-(ff,J?)-31. To a solution of 1.5 g (39 mmol) of LiAlH ( in 150 
mL of THF under N2 was added 0.7 g (0.87 mmol) of (+)-(R,R)-31 in 
20 mL of THF. The mixture was refluxed for 3 h and cooled to 5 °C 
and the excess LiAlH4 was decomposed by dropwise addition of water. 
Ether (150 mL) and 100 mL of 6 N hydrochloric acid were added and 
the resulting mixture was stirred at 25 °C for 6 h. The organic layer 
was separated, and the aqueous phase was extracted with 100 mL of 
ether. The combined organic extracts were washed with 100 mL of 
10% NaHC03 solution, dried, and concentrated to 30 mL. The residue 
was chromatographed on 50 g of neutral alumina. Elution of the col
umn with 2.5 L of ether gave 0.51 g (80%) of (+)-(R,R)-29 as a colorless 
glass, dried at 50 jim and 100 °C for 5 h. The ’ H NMR spectrum in 
CDCL gave 0 8.00-6.90 (m, ArH, 22 H), 4.24-2.90 (m, OCH,. 16 H), 
and 2.40 (s, CH3, 16 H); [a]25589 +145°, [«]25B78 +152°. [ « p B46 +170°, 
and [ a p 436 + 381° (c 1.0, CHC13).

(i?,R),(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2,(3-methylnaph- 
tho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[(R,R),(S,S)-32], (R,Si-32, (+ ) - ( « ,R)-32, and (~)-(S,S)-32. From 
0.942 g of racemic 13, 2.4 g of racemic 20, and 0.377 g of KOH in 60 mL 
of THF and 1 mL of water refluxed for 40 h was obtained an isomeric 
mixture that was chromatographed on 400 g of silica gel. Benzene 
elution of the chromatogram and recrvstalbzation of the product gave 
0.155 g (7%) of (R,S)-32: mp 314-315 °C; M+ 763; 'H NMR (CDC13) 
a 7.73 (d, ArH4’5’ 8 H), 7.10 (m, ArH. 12 H). 3.68 1 m, C H ,0. 8 H), 3.26 
(m, CH20, 4 H), 2.86 (m, CH20 , 4 H), and 2.52 (s, CH3, 12 H). Anal. 
Calcd for CB2H480 8: C, 81.22; H, 6.29. Found: C, 81.01; H, 6.28. Elution 
of the chromatographic column with 20:1 (v:v) benzene-ether gave 
{R,R),(S,S)-32, which after recrystallization from CHt>Cl2-ether gave: 
0.22 g (10%); mp 158-160 °C; M+ 768; 'H NMR (CDC13) h 7.70 (m, 
ArH4-5, 8 H), 7.12 (m, ArH, 12 H), 3.50 (m, CH20 , 8 H), 2.92 (m, CH20, 
8 H), 2.45 (d, CH3, 12 H). Anal. Calcd for CB2H480 6: C, 81.22; H, 6.29. 
Found: C, 80.93; H, 6.28.

When racemic 13 was treated similarly with diethylene glycol di- 
tosylate, (R,S)-32 (4%). mp 314-315 °C, (R,R],(S,S)-32 (5%), mp 
158-160 °C, and (R),(S)-2,3,4,5-di-l,2-{3-methylnaphtho)-l,6,9- 
trioxaundeca-2,4-diene (8%), mp 285 °C (from benzene), were pro
duced. This monolocular material gave: M+ 384; !H NMR (CDC13) 
a 7.72 (m, Ar4’5, 4 H), 7.20 (m ArH, 6 H), 4.06 (m, CH20 , 4 H), 3.28 (t, 
CH20 , 4 H), and 2.58 (s, CH3, 6 H). Anal. Calcd for C26H2403: C, 81.22;
H, 6.29. Found: C, 81.45; H, 6.44.

From a mixture of 8.60 g (0.0274 mol) of (+)-(fi)-13, [«]25B78 + 37.3° 
(c 1.0, CHCI3), 21.9 g (0.027 mol) of (-)-(R )-20, [a]25578 -  67.9 °C (c
I. 0, CHCI3), 4.2 g (0.0636 mol) of KOH (85%) in 75 mL of water, and
1.5 L of THF at reflux for 231 h was obtained by procedure I (and a 
CH2C12 solution filtration through 50 g of alumina to remove polymer)
6.4 g of crude product. This material w’as chromatographed on 300 
g of alumina and eluted with the last 900 mL of 1.8 L of acetone-CCl4 
(1:10, v:v) to produce 5.8 g (28%) of (+)-(R,R)-32 as a glass: M+ 768; 
'H NMR (CDCI3) 5 7.8-6.9 (m, ArH, 20 H). 4.2-2.8 (m, CH20 , 16 H),
2.35 (s, CH3, 6 H); [«]254,6 + 321°, [a]25B46 +156.5°, [a]2557g +135° (c
1.0, CHCI3). Anal. Calcd for C52H4g0 6: C, 81.23; H. 6.28. Found: C, 
80.92; H, 6.14.

Similarly, (-)-(SS)-32 was prepared as a glass (28%), [aps-js —134° 
(c 1, CHCI3). Anal. Calcd for C52H4806: C, 81.23; H, 6.28. Found: C, 
81.38; H, 6.02.

( + )-(R,R)-2,3,4,5-Di-l,2-[3-(2-hydroxy-2-propyl)naphtho]- 
13,14:15,16-di(l,2-naphtho)-l,6,9,12,16,20-hexaoxacyclodo- 
cosa-2,4,13,15-tetraene, (+)-(R ,Ji)-33. From 3.6 g (9 mmol) of 
(+)-(R)-3,3'-(2-hydroxy-2-propyl)-2,2'-dihydroxy-l,l'-dinaphthyl 
(see above), 7.0 g (9 mmol) of optically pure (+)-(R)-2,2'-di(5-tos- 
yloxy-3-oxa-l-pentyloxy)-l,l'-dinaphthyl,4 750 mL of THF, and 20 
mL of water (procedure I) after 7 days of reflux was obtained crude 
material that was chromatographed on 100 g of activity 1 neutral

alumina (in ether). The column was washed with 300 mL of ether, and 
the product was eluted with 49:1 (v:v) ether-isopropyl alcohol to give
2.1 g (28%) of (+)-lfi,R)-33 as a white foam; M+ 828 (weak), M + -  
HoO 810 (strong), M+ -  2H20  792 (strong); 'H NMR (CDCI3) 6 7.78 
(m, ArH, 8 H), 7.12 'm, ArH, 14 H). 3.55 (m, OCH2, 16 H), 1.60 (s, CH3, 
6 H), and 1.70 (s, CH3, 6 H); a]25436 + 222°, [a]25546 + 88°, [a]25B78 
+73°, [a]2S589 + 589° (c 1.0, CHCI3). Anal. Calcd for CB4HB20 8: C, 
78.24; H, 6.32. Found: C, 78.2C; H, 6.43.

(+)-(R,if)-2,3,4,5-Di-l,2-(3-isopropylnaphtho)-13,14,15,16-di- 
(l,2-naphtho)-l,6.9,12-hexaoxacyclodocosa-2,4,13,15-tetraene, 
(+)-(iJ,R)-34. To a solution of 0.450 (0.54 mmol) of (+)-(/?,/?)-33 (see 
above) in 25 mL of CH2C12 was added 7 g of neutral alumina, activity 
1, pretreated with 2% pyridine.14 The suspension was evaporated at 
25 °C (30 mm), and the residue was heated at 175 °C for 5 h under 30 
mm of pressure. The solid was extracted five times with 50-mL por
tions of CH2C12 at 25 °C, and the combined extracts were evaporated. 
The residue was dissolved in 50 mL of ethyl acetate and hydrogenated 
under 2 atm of H2 with 1 g of 10% Pd on C in a Parr apparatus for 30 
min. The suspension was filtered, the filtrate was evaporated, and the 
residue was dissolved in CH2C12 and chromatographed on 50 g of 
neutral activity 1 alumina in echer. Elution of the column with 1.5 L 
of ether gave 325 mg (75%) of (+)-(R,R)-34 as a white foam: M + 796; 
JH NMR (CDCI3) 5 7.80 (m, ArH, 8 H), 7.14 (m, ArH, 14 H), 3.38 [m, 
OCH2, CH(CH3)2, 18 H] and 1.39 (d, CH3, 12 H); [a]25436 + 207°, 
H 25546 + 86°, [q]25,578 +71°, and [«Pasg +67° (c 1.0, CHCI3). Anal. 
Calcd for CB4HB2Oe: C, 81.38; H, 6.58. Found: C, 81.46; H, 6.57.

(■R,i2),(S,S)-2,3,4,5-Di-l,2-[3-(2,5-dioxa-4-oxohexa)]-13,14,- 
15,16-di(l,2-naphthol)-l,6,9,12,16,20-hexaoxacyclodocosa-
2,4,13,15-tetraene [(J?,i?),(S,S)-35], (R,S),(S,R)-3o, and (+)- 
(R,R)-35. To a solution of (R, R) , (S,S) - io ,  2.4 g or 3.1 mmol, in 200 
mL of THF under N2 was added NaH (2.0 g, 42 mmol) as a 50% min
eral oil dispersion. The mixture was stirred for 15 min, methyl bro- 
moacetate (3.0 g, 20 mmol) in 1C mL of THF was added, and the 
mixture was refluxed for 18 h. The reaction mixture was cooled, fil
tered, and evaporated under reduced pressure. The residue was 
shaken with 200 mL each of water and CH2C12, the water layer was 
extracted with CH2C12, and the combined organic layers were dried 
and evaporated under reduced pressure. The residue in 10 mL of 
benzene was chromatographed on 100 g of silica gel (cyclohexane). 
The column was washed with 500 mL of cyclohexane, 1 L of benzene, 
and 2 L of 49:1 (v:v) benzene-ether to give impurities, and the product 
was eluted with 2 L of 9:1 (v:v) benzene-ether as 2.0 g (71%) of a col
orless oil: M+ 916; -H NMR (CDC13) 6 7.90 (m, ArH. 8 H), 7.20 (m, 
ArH, 14 H), 4.72 (broad s, ArCH2, 4 H), 4.03 (s, 0CH 20 , 4 H), 3.63 (s, 
CH30, 6 H), and 4.22-2.90 (m, 0CH2CH20, 16 H). Anal. Calcd for 
C56HB20 i2: C, 73.35; H, 5.72. Found: C, 73~.29; H, 5.75.

By the same procedure, (R,S),lS,fi)-30 was converted to (R,S),- 
(S,R )-35 (50%) which was a glass: M+ 916; 4H NMR (CDC13) 5
8.07-6.85 (m, ArH. 22 H), 4.97 (s, ArCH2, 4 H), 4.20 (s, CH2C 02, 4 H),
3.66 (s, OCH3, 6 H). and 4.40-2.50 (m. 0CH2CH20 , 16 H). Anal. Calcd 
for CB6HB20 i2: C, 73.35: H, 5.72. Found: C, 73.30; H, 5.60.

Similarly, (+)-(/?,/?)-30 (see above) was converted to (+)-(/?,R)- 
35 (77%) which was a glass: [q]25B89 +110°, [cr]25B7s +116°, [a]25s46 
+137°, [«]25436 + 311° (c 1.0, CHC13); 4H NMR (CDC13) identical to 
(R,R),(S,S)-35. Anal. Calcd for CB6HB20 i2: C, 73.35; H, 5.72. Found: 
C, 73.19; H, 5.59.

(Ji,S),(S,ii)-2,3:4,5-Di-l,2-[3-(2,5-dioxa-4-oxopenta)]- 
13,14:15,16-di(l,2-naphtho)-l,6,9,12,16,20-hexaoxacyclo- 
docosa-2,4,13,15-tetraene [(R,S),(S,R)-36), (R,R),(S,S)-36, and 
(+)-(R,R)-36. To a solution of diester (R,S),(S,R)-3o (see above) (0.6 
g, 0.65 mmol) in 60 mL of ethanol was added NaOH (2.0 g, 50 mmol) 
in 10 mL of water. The solution was refluxed for 12 h, concentrated 
at 60 °C (30 mm) to about 5 mL, and diluted with water to 100 mL. 
The suspension was extracted with two 50-mL portions of CH2C12; 
the aqueous layer was acidified with HC1 to pH 1. The mixture was 
stirred with 200 mL of CH2C12 until the two phases were transparent 
(2 h). The layers were separated, and the aqueous layer was extracted 
with 50 mL of CH2C.2. The combined CH2C12 layers were washed with 
water, dried, and evaporated to give 550 mg (94%) of product as a 
white powder: M+ 888; 4H NMR 6 8.10-6.90 (m, ArH, 22 H), 5.00 
(broad s, ArCH2, 4 H), 4.22 (broad s, CH2C 02, 4 H), 4.30-2.80 (m, 
0CH2CH20, 16 H). Anal. Calcd for CB4H480i2: C, 72.96; H, 5.44. 
Found: C, 72.90; H, 5.32.

Similarly, (R,R),(S,S)-35 (see above) was hydrolyzed to (R,R)r
(S,S)-36 (83%), which was a colorless glass: M+ 888; 'H  NMR 
(CD3C 02D) 5 8.15-6.80 (m, ArH, 22 H), 4.80 (s, ArCH2, 4 H), 4.18 (s, 
OCH0CO0, 4 H), and 4.20-2.75 (m, 0CH 2CH20, 16 H). Anal. Calcd 
for CB4H480i2: C, 72.96; H, 5.44. Found: C, 73.12; H, 5.51.

Similarly, (+)-(/?,R)-35 (see above) was converted to (+)-(/?,R)-36 
(76%); glass; [a p 589 +104°, [ « P 578 + 110°, [a]25« «  +131°, and [a]25436
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+304° (c 1.0, THF); 4H NMR 5 8.15-6.35 (m, ArH, 22 H), 4.68 (broad 
s, ArCH2, 4 H), 3.98 (broad s, 0CH 2C 02, 4 H), and 430-2.80 (m, 
OCH2CH2O, 16 H). Anal. Calcd for C54H48O12: C, 72.96; H, 5.44. 
Found: C, 73.10; H, 5.56.

(R,R),(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(3-hydroxymethyl- 
naphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[(R,R),(S,S)-37] and (R,S)-37. From 3.5 g (10.1 mmol) of tetrol 9,
4.1 g (10 mmol) of diethylene glycol ditosylate, 1.15 g (20.3 mmol) of 
KOH in 210 mL cf THF, and 16 mL of water refluxed under N2 for 
5 days was obtained 5.5 g of crude product (procedure I). Chroma
tography of this material on silica gel with 20:1 (v:v) ether-methanol 
gave after further chromatography or. alumina 0.50 g (10%) of 
(R,R),(S,S)-37: mp 168-170 °C (bubbles); M+ 832 (weak) M+ -  2H20  
796; 4H NMR (CDC13) 5 7.76 (m, ArH, 8 H i, 7.10 (m, ArH, 12 H), 4.76 
(s, ArCH2, 8 H), 3.36-2.96 (m, OCH2CH2O, 16 H). Anal. Calcd for 
CsaHigOjo: C, 74.98; H, 5.81. Found: C, 74.86; H, 6.00.

Further elution of the silica gel column with 92% ether-8% methanol 
(v:v) gave 0.52 g (10%) of (R,S)-37: mp 168-170 °C (bubbles); M + -  
2H20  796; lH NMR (CDC12) 6 7.80 (m, ArH, 8 H), 7.10 (m, ArH, 12 
H), 4.80 (broad s, ArCH2, 8 H), 3.83-2.48 (complex m, 0CH 2CH20, 
16 H). Anal. Calcd for C52H48O10: C, 74.98; H, 5.81. Found: C, 75.14; 
H, 6.00.

These two diastereomers give a mmp 148-160 °C (bubbles). 
Thorough mixing of (R,R),(S,S)-37 (83 mg), 0.20 mL of CDCI3, 0.40 
mL of CD3CO2D, 0.11 mL of D2O, 20.2 mg of optically pure (+)-a- 
phenylethylammonium bromide, and 10 mg of NaPFg gave two layers, 
whose 'H NMR spectra indicated the macrocycle was 40% in the 
aqueous-rich and 60% in the chloroform-rich phase. The amine salt 
was almost completely in the aqueous layer. The macrocycle in each 
layer was isolated. Material from the CDCI3 layer gave [a]26578 + 0.1 
±  0.05° (c 2, CHCI3), and that from the water layer gave [a]28578 — 0.2 
±  0.1° (c 2. CHCI3). A similar distribution experiment performed with 
(R,S)-37 gave optical rotations of 0.0°.

2,3,4,5,13,14,15,16-Tetra-l,2-(3-lV-morpholinomethylnaph- 
tho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene (38). 
From 19.36 g (40 mmol) of diaminodiol 4, 29 g (80 mmol) of t-BuOK, 
and 16.56 g (40 mmol) of diethylene glycol ditosylate in 800 mL of 
THF held at 25 °C for 12 h and at reflux for 90 min was isolated 
(procedure I) 34.8 g of material which was chromatographed on 900 
g of neutral alumina with ether as eluting agent. Fractions 3-7 
(500-mL fractions) contained 2,3:4,5-di-l,2-(3-Af-morpholinometh- 
ylnaphtho)-l,6,9-trioxaundeca-2,4-diene which after further puri
fication by alumina chromatography gave 7.9 g (36%) of pure material 
as an oil, dried at 60 °C (20 mm) for 24 h, M + 554. Anal. Calcd for 
C34H38O5N2: C, 73.64; H, 6.86. Found: C, 73.92; H, 7.08. Fractions 9-14 
of the original chromatograph column contained 38, which precipi
tated as a microcrystalline material on evaporation of the ether so
lution: weight 11.2 g (51%); mp 130-132 °C; M+ 1108; one component 
on TLC. Anal. Calcd for C88H760ioN4: C, 73.64; H, 6.86. Found: C, 
73.32; H, 7.16. The configuration of this material was not deter
mined.

(R,jK),(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(6-bromonaphtho)-
l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene [(R,R),-
(5.5) -40], (R,S)-40, and (+)-(R,R)-4C*. Cycle (R,R),(S,S)-bisdi- 
naphthyl-22-crown-6 [(R,R),(£>,>S,)-39)],4 6.82 g (9.57 mmol) in 400 mL 
of CH2CI2, was stirred under argon at 2 °C. Bromine (4.0 mL or 78.4 
mmol) dissolved in 100 mL of CH2CI2 was added dropwise (30 min) 
with stirring. After an additional 30 m:n, 50 mL of a 10% NaHSCL 
solution was added, the organic phase was separated, anhydrous 
K2CO3 was added, and the mixture was refluxed for 10 min and fil
tered. The filtrate was filtered through a 100-g column of activity IV 
alumina, and the column filtrate was evaporated to leave a light yellow 
oil. This material crystallized from CH2Cl2~ether (1:1, v:v), and the 
solid that separated was collected and slurried with hot ethyl acetate, 
cooled, ar.d filtered to give 8.65 g (88%) of white crystals of {R,R)t-
(5.5) -40: mp 299-300 °C; !H NMR (CDC13) 6 7.25 (d, ArH3, J 3,4 = 9 
Hz, 4 H), 7.80 (d. ArH4, 4 H), 7.97 (d, ArH8, J 6,7 = 2 Hz, 4 H), 7.20 (d 
of d, ArH7, J 7,s = 9 Hz, 4 H), 6.85 (d, ArH8, 4 H), 3.81 (m, ArOCH2, 
8 H), and 3.17 (m, CH2OCH2, 8 H). Anal. Calcd for CLsHogB^Of;: C, 
56.06; H, 3.58. Found: C, 56.25; H, 3.50.

Similarly, (R,S)-39 gave CR,S)-40 in 9C%yield, mp 334-335 °C (from 
CHCl3-heptane), M+ 1024. Anal. Calcd for C48H36Br40 6: C, 56.06; 
H, 3.53. Found: C, 56.30; H, 3.57.

Similarly, optically pure (+)-(R,R)-394 gave (+)-(R,R)-40 (91%); 
mp 179-180 °C (from CHCla-heptane); [ci]23589 +108°, [a]25578 +124°, 
M 25546 +148° (c 1.0, CHCI3). Anal. Calcd for C48H36Br40 6: C, 56.06; 
H, 3.53. Found: C, 56.27; H, 3.12.

(R,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(6-dimethylmethoxysil- 
ylnaphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetra- 
ene [(R,S)-41]. In a dry system under pure dry argon was placed 250

mL of pure dry 1,2-dimethoxymethane (distilled from CaH2) con
taining a trace amount of triphenylmethane indicator. A few drops 
of butyllithium solution in hexane were added until a pink color 
persisted. Then 6 mL of a 2.2 M solution of butyllithium in hexane 
(13.2 mmol) was added dropwise under argon to the solution stirred 
at —75 °C. Tetrabromide (R,S)-40 (2.05 g) was added and the re
sulting mixture was stirred for 3 h at -7 5  °C and then added rapidly 
under argcn to 12 g of dichlorodimethylsilane stirred at —75 °C. The 
stirred mixture was allowed to warm to 25 °C, and after 4 h at 25 °C 
the mixture was heated to reflux for 10 h. The mixture was cooled and 
filtered, the filter cake was washed with dry 1,2-dimethoxyethane, 
and the solvent was evaporated under reduced pressure to give a glass, 
which was stirred with 25 mL of dry methanol. The resulting solution 
was evaporated and the residue was chromatographed on silica gel 
in CH2CI2 to give 1.8 g (84%) of (R,S)-41: mp 95-96 °C; M+ 1064. Anal. 
Calcd for C6oH72Si4Oio: C, 67.67; H, 6.77. Found: C, 67.45; H, 6.89.

(R,R),(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(6-acetylnaphtho)-
1.6.9.12.17.20- hexaoxacyclodocosa-2,4,13,15-tetraene [ (R,R),-
(5 .5 ) -42]. Anhydrous A1C13 (10.68 g or 80 mmol) and acetyl chloride 
(3.14 g or 40 mmol) were added to 50 mL of nitrobenzene (distilled 
from P2O5 and stored over 4 A molecular sieves) at 25 °C. The solution 
was stirred at 25 °C for 15 min, 1.0 g (1.4 mmol) of {R,R),(S,S)-394 was 
added, and the mixture was stirred at 25 °C for 2 h. The reaction 
mixture was poured onto a mixture of ice and hydrochloric acid, and 
the mixture was shaken with CH2CI2. the water layer was extracted 
with CH2C12, and the combined organic phases were dried and 
evaporated (in vacuum), and the residue was chromatographed on 
75 g of low activity silica gel with CH2Cl2-ethanol (98:2, v:v) as eluting 
agent to give 1.15 g (93%) of product, which was rechromatographed 
on 75 g of silica gel to give with 200:1 (v:v) CH2Cl2-ethanol, (R,R),-
(5.5) -42, which was dissolved in 40 mL of hot CHC13 and crystallized 
by the addition of 5 mL of ether to give 630 mg (51%) of pure product: 
mp 340-341 °C (decomposition); IR spectrum (KBr), carbonyl ab
sorption at 1680 cm-1. Anal. Calcd for C48H4o06: C, 76.35; H, 5.49. 
Found: C, 76.10; H, 5.64.

Similarly, 2.0 g of optically pure (—)-(S,S)-394 was converted to 2.2 
g (89%) of (—)-(S,S)-42 (without chromatography, but precipitated 
with ether from nitrobenzene-CH2Cl2), 258-262 °C. An analytical 
sample recrystallized from ether-CHCl3 gave: mp 264-265 °C dec; 
[«]25578 -  87°, [or]25546 -105° (c 1.7, CHCI3); m  NMR (CDC13) 5 2.67 
(s, CH3, 12 H), 3.19 (m, ArOCH2, 8 H), 3.83 (m, CH2OCH2, 8 H), 7.03 
(d, J 78 = 9 Hz, 4 H), 7.34 (d, J 34 = 9 Hz, 4 H), 7.70 (d of d, J7g = 9 Hz, 
J 5,7 =’ 2 Hz, 4 H), 8.08 (d, J 3,4 = 9 Hz, 4 H), 8.48 (d, J 5.7 = 2 Hz, 4 H); 
M+ 880; IR spectrum (KBr), carbonyl absorption at 1670 cm-1. Anal. 
Calcd for C48H40O6: C, 76.35; H, 5.49. Found: C, 76.35; H, 5.69.

(R,R),(S,S) -2,3,4,5,13,14,15,16-Tetra-l,2-(6-carbomethoxy- 
naphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[(JS,Ji),(S,S)-43]. A solution of 16 g of KOH (85%) and 11.2 g of 
NaOH in 72 mL of water was cooled to 0 ° C and 8.0 mL (24.8 g or 155 
mmol) of Br2 was added. Tetraacetylcycle 1 R,R),(S,S)-42 (1.2 g or 1.36 
mmol) was added to the stirred solution followed by 120 mL of puri
fied dioxane (refluxed 24 h with Na followed by distillation). The 
vigorously stirred solution was heated slowly to reflux (30 min), held 
there for 2 h, cooled, and mixed with 100 mL of 10% aqueous NaHSC>3. 
The solvent was evaporated at reduced pressure and the residue was 
dissolved in 80 mL of water. The solution was acidified with 15 mL 
of 20% aqueous H2S04 to a pH of 1. The heavy precipitate of tetraacid 
was collected and washed with acetone and water to give 1.234 g of 
crude material, which was mixed with 350 mL of dry methanol and 
56 drops of concentrated H2S 04. The mixture was stirred at reflux 
for 5 days, the methanol was about 75% evaporated, and the resulting 
solution was shaken with water and CH2C12. The organic layer was 
washed with water, dried, and evaporated under reduced pressure, 
and the residue was chromatographed on S 00 g of silica gel deactivated 
with 15% water with CH2CI2 as the developer to give 1.1 g of crude 
diester, which was recrystallized from CH2Cl2-acetone to give 1.0 g 
(77%) of [R,R),(S,S)-43: mp 300-301 °C; M+ 994; 4H NMR (CDC13) 
5 7.30 (d, ArH3, J 3 4 = 9 Hz, 4 H), 8.04 (d, ArH4, 4 H), 8.60 (d, ArH8, 
J5 7 = 2 Hz, 4 H), 7.72 (d of d, ArH7, J7 8 = 9 Hz, 4 H), 7.02 (d, ArH8, 
4 H), 3.87 (m, ArOCH2, 8 H), 3.17 (m, CH2OCH2, 8 H), and 3.88 (s, 
CH3, 12 H). Anal. Calcd for C66H480 i4: C, 71.18; H, 5.12. Found: C, 
71.08; H, 5.10.

( R , R ) , ( S , S ) - 2 , 3 , 4 , 5 , 1 3 , 1 4 , 1 5 , 1 6 - T e t r a - l ^ - ( 6 - c a r b o x y n a p h t h o ) -

1.6.9.12.17.20- hexaoxacyclodocosa-2,4,13,15-tetraene [(R,R),-
(5 .5 ) -44]. A mixture of 0.769 g (0.813 mmol) of (R,R),(S,S)~43 and 
150 mL of a 0.5 M LiOH solution of 50% purified dioxane-water (v) 
was heated at reflux for 12 h and the solvent was evaporated under 
reduced pressure to 30 mL. This solution was acidified with 120 mL 
of 1 N HC1, and the mixture was boiled to coagulate the product which 
was collected and water washed. The product was dissolved in 10 mL
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of 0.25 M aqueous NaOH, the solution was washed twice with CH2CI2, 
and the product was again precipitated and coagulated with 1 N HC1 
solution to pH 1.5. The product was collected and washed with 1 N 
HC1 solution and dried at 0.1 mm at 165 °C for 24 h to give 0.557 g 
(77%) of (R,R),(S,S)-44; 4H NMR (2.5 M NaOD in D20 ) 6 2.89 (m, 
0CH20 , 8 H), 3.70 (m ArOCH2, 8 H), 6.98 (d, ArH3, J3A = 9 Hz, 4 H),
7.40 (d, ArH8, J 78 = 9 Hz, 4 H), 7.63 (d of d, ArH7, J-j 8 = 9 Hz, J 57 
= 1.3 Hz, 4 H), 8.28 (d, ArH4, J3A = 9 Hz, 4 H), and 8.54 (d, ArH5, J 5’t7 
= 1.3 Hz, 4 H). Anal. Calcd for C52H40O14: C, 70.26; H, 4.54. Found: 
C, 70.28; H, 4.71.

(-)-(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-[6-(3-oxa-2-oxobuta)- 
naphtho]-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[ (—)-(S,S)-45]. Thallium trinitrate (4.2 g or 9.5 mmol)16 was dissolved 
in a mixture of 83 mL of methanol and 70% aqueous perchloric acid 
(16 mL) cooled in an ice bath. A solution of optically pure tetraac- 
etylcycle (—)-(S,S)-42 (2.04 g or 2.32 mol) in 25 mL of CH2CI2 was 
added. The initially homogeneous mixture was stirred for 1 h at 4 °C 
and 3 h at 25 °C and fdtered from the precipitated thallous nitrate. 
The filtrate was diluted with 200 mL of water and extracted with 200 
mL of CH2CI2 twice, and the combined organic layers were dried. 
Evaporation of the solvent and drying of the residue under vacuum 
at 75 °C gave (-)-(S,S)-45 as a foam; 2.27 g (98%); M+ 1000; 'H NMR 
(CDCI3) 6 3.0-3.4 (m, och20 , 8 H), 3.6-4.0 (m, ArOCH2, 8 H), 3.67 (s, 
OCH3, 6 H), 3.72 (s, ArCH2, 4 H), 7.0-7.4 (m, ArH, 12 H), 7.7-8.0 (m, 
ArH, 8 H). Recrystallization of a small sample of the material from 
ether-chloroform gave mp 174-175 °C. Anal. Calcd for C60H56O14: 
C, 71.99; H, 5.64. Found: C, 71.75; H, 5.85.

(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-[6-(3-oxapropana)naph- 
tho]-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[(S,S)-46], Ester (-)-(S ,S)-45,1.65 g, was reduced with LiAlH4 in 
THF in the usual way to give 1.3 g (90%) of (S,S}-46 as a white foam: 
M+ 888; JH NMR (CDC13) 6 1.67 (s, OH, 4 H), 2.92 (t, ArCH2CH2, J 
= 6 Hz, 8 H), 3.85 (t, ArCH2CH2, J = 6 Hz, 8 H), 3.0-3.4 (m, ArOCH2, 
8 H), 3.6-4.0 (m, 0CH20, 8 H), 7.0-7.4 (m, ArH, 12 H), 7.7-8.0 (m, 
ArH, 8 H). An analytical sample was chromatographed on silica gel 
with gradient elution from CH2C12 to 6% methanol-CH2Cl2 (v), fol
lowed by drying at 160 °C (0.1 mm). Anal. Calcd for C56H56O10: C, 
75.65; H, 6.35. Found: C, 75.67; H, 6.34.

(—)-(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(6-vinylnaphtho)-
l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene [(—)-
(5 .5 ) -47], To a solution of crude tetrol (5,S)-46 (200 mg, 0.23 mmol) 
in 3 mL of puridine at 0 °C was added 300 mg or 1.6 mmol of tosyl 
chloride, and the solution was allowed to stand at 0 °C for 48 h. The 
tetratosylate was isolated in the usual way to give 0.310 mg or 0.21 
mmol (88%) of crude product used directly in the next step. This 
material was dissolved in 4 mL of Me2SO (4 mL. distilled from BaO 
and stored over 4 A molecular sieves) and 112 mg (1 mmol) of t-BuOK 
was added to give a dark brown mixture that was stirred for 2 h at 25 
°C. The mixture was shaken with 25 mL of 10% hydrochloric acid and 
40 mL of CH2C12. The organic layer was washed with water, dried, and 
evaporated under reduced pressure to give a brown oil that was 
chromatographed on 7 g of silica gel in CH2C12 to give 80 mg (47%) of 
(—)-(S,S)-47 as a colorless glass, dried at 25 °C (0.1 mm): M+ 816; 
M 25578 -52 °, [«125546 -62 °, [a ] 2 5 4 3 5  -175° (c 1.4, CHCI3); >H NMR 
(CDCI3) 3.1-3.4 (m, ArOCH2, 8 H), 3.7-4.0 (m, CH2OCH2, 8 H), 5.23,
5.71, and 6.84 (d of d, CH =CH 2 J = 1 and 11 Hz; J = 1 and 17 Hz; J 
= 11 and 17 Hz, respectively, 4 H each), 7.0-7.5 (m, ArH, 12 H), 7.7-8.0 
(m, ArH, 8 H). For analysis the sample was dried at 140 °C (0.1 mm) 
for 72 h. Anal. Calcd for C56H480 G: C, 82.35: H, 5.92. Found: C, 82.25; 
H, 6.02.

(-)-(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(6-barium sulfonato- 
naphtho)-l,6,9,12,17,20-hexaoxacyelodocosa-2,4,13,15-tetraene 
[ (—)-(S,S)-48], Optically pure bisdinaphtho-22-crown-6 [(—)-
(5 .5 ) -39]4, 5.0 g or 7.02 mmol, was added at 25 °C with stirring to 25 
mL of concentrated H2 SO4 . After 2 h of stirring at 25 °C the mixture 
was homogeneous and light brown. After 22 h of additional stirring 
at 25 °C, the solution was poured slowly into 125 mL of distilled water 
at 0 °C with stirring at 0 °C (ice bath). The solution was neutralized 
to pH 7.4 with Ba(0H)2-8H20. Because of the massive precipitate of 
BaS04 it was necessary to filter at an intermediate stage and then the 
neutralization was continued. The final mixture was heated to coag
ulate the BaS04 and the mixture was filtered through a fritted glass 
filter. The filter cake was thoroughly washed with boiling distilled 
water, and the clear filtrate was evaporated under reduced pressure 
to give 4.5 g (50% of (-)-(S,S)-48. An analytical sample of this salt 
dissolved in H20  was purified by gel permeation chromatography 
(Bio-Gel P2, 100-200 mesh, exclusion limit, 26001. The neutral UV- 
active fractions were combined and evaporated to dryness to give 
white crystals: mp >360 °C; [«Pssa -165.5°, [a P 578 -180.0°, [o]25546 
—216.4° (c 1.2, H20); 'H NMR (D20 ) 5 relative to (CH3)2CO as in

ternal standard 0.46 (broad s, OCH20 . 8 H), 1.32 (broad s, ArOCH2, 
8 H), 4.66 (d, J 7,8 = 9 Hz, ArH8, 4 H), 5.08 (m, ArH3 + ArH7, 8 H), 5.97 
(d, J3 4 = 10 Hz, ArH4, 4 H), and 6.24 (s, ArH5, 4 H). Anal. Calcd for 
C48H^S40 i8Ba2: C, 43.22; H, 2.78; Ba, 21.20. Found: C, 43.50; H, 3.02; 
Ba, 21.20.

An aqueous solution containing 1.5 g (1.1 mmol) of (-)-(S,S)-48 
in distilled water was passed through 10 g of Dowex 50 cationic ex
change resin. The UV-active effluent was evaporated, and the re
maining tetrasulfonic acid liquid was dried at 40 °C for 4 h. This 
material gave a neutralization equivalent with LiOH in distilled water 
to a phenolphthalein end point of 255 (Calcd 258) and was neutralized 
likewise to give after evaporation and drying 1.2 g (98%) of the 
tetralithium salt of the tetrasulfonic acid, whose 4H NMR spectrum 
in D20  was superimposable on that of the Ba salt.

(—)-(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(6-ter-t-butylnaph- 
tho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[(-)-(S,S)-49]. A solution of 391 mg (0.54 mmol) of optically pure 
(—)-(S,S)-394 in 5 mL of dry CH2C12 was cooled to —78 °C, and 0.51 
g (5.4 mmol) of tert- butyl chloride was added followed by 0.72 g (5.4 
mmol) of AICI3. The reaction mixture was stirred for 6 h at —78 °C 
and quenched with water. The mixture was shaken with CH2C12 and 
water, the organic phase was dried, and the solvent was evaporated 
under reduced pressure to give 0.40 g of crude product as a foam. This 
material was chromatographed on silica gel with CH2C12 as the mobile 
phase to give 230 mg (45%) of product, which after crystallization from 
ethanol-CHClsgave (-)-(S,S)-49: mp 289-291 °C; M+ 936; 'H  NMR 
(CDCI3) <5 1.25 (s, CH3, 36 H), 3.20 (m, CH2OCH2, 8 H), 3.8 (m, 
ArOCH2, 8 H), 6.92 to 7.26 (m, ArH, 12 H), and 7.70 to 7.88 (m, ArH, 
8 H). The aryl splitting pattern resembles that of tetraester 45 and 
that of tetravinyl compound 47. The compound gave [aPr,s9 —116.9°, 
M 25578 -122.4°, [o]25546 -146.2°, H 25436 -  342.3° (c 1.05, CHCI3). 
Anal. Calcd for C64H7206: C, 82.01; H, 7.74. Found: C, 81.75; H, 
7.91.

(—)-(S,S)-2,3,4,5.13,14,15,16-Tetra-l,2-(5,6,7,8-tetrahydro- 
naphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[ (—)-(S,S)-50]. A 2.0-g sample (23 mmol) of (—)-(S,S)-39, (a]25578 
—221° (e 1.0, CHCI4),4 was dissolved with heating in 350 mL of glacial 
acetic acid-ethyl acetate (6:1, v:v) and 0.50 g of P t02 was added. The 
solution was hydrogenated in a Parr apparatus at 25 °C under 3 atm 
of hydrogen for 5 days. The solution was filtered, the solvent was 
evaporated under reduced pressure, and the residue in CHCI3 was 
extracted with 10% NaHC03 to remove the acetic acid. Evaporation 
of the filtrate gave 2.0 g (98%) of product as white needles, which were 
recrystallized from cyclohexane to give (—)-(S,S)-50: mp 235-236 °C; 
M+ 728; 4H NMR (CDC13) 5 1.7 (m, CCH2CH2C, 16 H), 2.2 (m, CH, 
at C-8 of tetralin, 8 PI), 2.8 (m, CH2 at C-5 of tetralin, 8 H). 3.4 and 3.7 
(m, m, OCH2CH2O, 16 H), 6.5 (d, ArH3, 4 H), 6.9 (d, ArH4, 4 H); 
[ « P 578 -55°, [a]25,*« -62°, [«]25436 —106° (c 1.0 CHCI3). Anal. Calcd 
for C48H560 6: C, 79.09; H, 7.74. Found: C, 79.15; H, 7.96.

This same compound, (—)-(S,S)-50, was prepared in 54% yield by 
the ring-closing reaction of 1.1 g (3.7 mmol) of reduced diol (—)-(S)-22, 
M 25578 —55.5° (c 1.0 CHCI3), with the reduced two-armed ditosylate 
(—)-(S)-24, [a]26578 — 26.2° (c 1.0, CHC13), in 300 mL of refluxing 
THF-H20  (99:1, v:v) containing 0.42 g (7.5 mmol) of KOH (4 day 
reaction time). The cyclic product, after alumina chromatography 
and recrystallization from cyclohexane, gave mp 235-236 °C, an ]H 
NMR spectrum identical with that of (—)-(S,S)-50 prepared from 
(-)-(S,S)-39, and [a 25578 -55°, [a]25546 -6 2  °, and [a]25436 -105° (c
1.0, CHCI3).

(+)-(R,iJ)-2,3,4,5-Di-l,2-(3-methyl-5,6,7,8-tetrahydronaph- 
tho)-13,14,15,16-di-l,2-(5,fi,7,8-tetrahydronaphtho)-l,6,9,12,-
17,20-hexaoxacyclodocosa-2,4,13,15-tetraene [( + )-(R,R)-51],
Procedure III. A sample of 1.23 g (1.66 mmol) of (+)-(R,R)-29, {«]- 
25578 +144.5° (c 1, CHCI3), was dissolved with heating in 50 mL of 
glacial acetic acid, and 297 mg of P t02 was added. The mixture was 
stirred at 85 °C under 1 atm of H2 for 5 days and filtered. The filtrate 
was evaporated under reduced pressure, and the residue in ether was 
passed through a short alumina column to remove the acetic acid. The 
material was then chromatographed in CH2C12 on silica gel to give 1.17 
g (70%) of (+)-{R,R)~51 as a white foam (dried at 50 °C (0.1 mm) for 
20 h): M+ 756; [a]25573 +35.4°, [a]25̂  +39.2°, [a]25436 +63.7° (e 1.01, 
CHCI3); 4H NMR (CDCI3) <5 1.7 (m, CCH2CH2C, 16 H), 2.2 (s and m 
superimposed, CH3 and CH2 at C-8 of tetralin ring, 14 H), 2.8 (m, CH2 
at C-5 at tetralin ring, 8 H), 3.4 and 3.7 (m, 0CH2CH20 , 16 H), 6.5-7.0 
(s at 6.8 superimposed on q, ArH, 6H). Anal. Calcd for C5oH6006: C, 
79.33; H, 7.99. Found: C, 79.31; H, 7.92.

In an alternative synthesis of (+)-(R,R)-51 in which none of the 
intermediates were characterized, optically pure (+)-(R)-3 was con
verted to (+)-(i?)-bis-2,2'-bis(5-hydroxy-3-oxa-l-pentyloxy)-l,l'- 
dinaphthyl,4 [ a p 578 + 22.1° (c 1, CHC13), which was catalytically
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reduced in acetic acid with P t02 and H2 at 50 °C for 2 days to give 
(/?)-2,2'-bis(5-hydroxy-3-oxa-l-pentyloxy)-5,5'-6,6',7,7',8,8'-octa- 
hydro-l,l'-dinaphthyl (68%) which was tosylated to give the ditosylate 
(R)-24,45% (’ H NMR identical to (S)-24, see above). This material 
was ring dosed by procedure II with (+)-(fl)-13 (optically purel to 
give (+)-(R,R)-57 (72%) (4H NMR identical to (-)-(S.S)-57, see 
below) which was reduced in acetic acid, H2, and P t02 at 80-90 °C for 
5 days to give (+)-(/?,/?)-51 (43%), [a]26578 +34.8°, [a]25546 +38.5°, 
[ « ] 2o436  + 62.0° (c 1.92, C H C I3). These rotations are 98, 98, and 97% 
respectively of the sample of (+)-(!?,R)-51 prepared from (+)- 
(R,R)-29.

(+)-(.R,i?)-2,3,4,5,13,14,15,16-Tetra-l,2-(3-inethyl-5,6,7,8-
tetrahydronaphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-
2.4.13.15- tetraene [( + )-(if,Jf)-52], A 2.0-g sample (12.6 mmol) of 
(+ )-(« ,fl)-32, [ « p 578 +134.8° (c 1.0, CHCls), 250 mL of glacial acetic 
acid, and 660 mg of Pt02 was stirred at 60 °C. The product was iso
lated as in procedure III to give 1.84 g (88%) of (+)-{RJ?)-52 as a white 
foam: M+ 784; [a P 578 +22.2°, [a]25546 +23.3°, [a]25436 + 33.9° (c 1.0, 
CHCI3); 'H  NMR (CDCI3) S 1.6 (m, CCH2CH2C, 16 H), 2.2 (m and 
s, ArCH2 at C-8 of decalin and ArCH3, 20 H), 2.7 (m, ArCH2 at C-5 
of decalin, 8 H), 3.3 and 3.7 (m, m, 0CH 2CH20 , 16 H), 6.8 (s, ArH, 4 
H). Anal. Calcd for C52H640 6: C, 79.55; H, 8.21. Found: C, 79.33; H,
8.01.

(+)-(S,S)-2,3,4,5,13,14,15,16-Tetra-l,2-(3-bromo-5,6,7,8-
tetrahydrcnaphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-
2.4.13.15- tetraene [(+)-(S,S)-53]. To a solution of 141 mg (0.194 
mmol) of (—)-(S,S)-50 (see above) dissolved in 10 mL of CH2C12 was 
added 0.05 mL of Br2. The solution was immediately covered with foil 
and cooled to —45 °C for 1 h, by which time starting material had 
disappeared (TLC). After an additional 45 min, the reaction mixture 
was added to 10 mL of 10 aqueous NaHS03. The mixture was shaken, 
the aqueous layer was washed with CH2C12, and the combined organic 
layers were washed with water, dried, and evaporated to give (+)-
(S,S)-53 as a white foam which was dried at 50 °C (0.1 mm) for 24 h, 
0.193 mg (96%). The material gave: M+ 1040 (part of an isotopic 
cluster); [ « p 578 +98.1°. [ « P ms +114°, [a 25436 +223° (c 0.81, CHC13); 
>H NMR (CDCI3) 5 1.7, 2.2, and 2.7 [m, (CH2)4, 32 H], 3.4 and 3.7 (m, 
0CH 2CH20 , 16 H), 7.3 (s, ArH. 4 H). Aral. Calcd for C48H5206Br4: 
C, 55.19; H, 5.02. Found: C, 55.34; H, 5.05.

( + )-(/i,ii)-2,3,4,5-Di-l,2-(3-bromo-5,6,7,8-tetrahydro- 
naphtho)-13,14,15,16-di(l,2-naphtho)-l,6,9,12,17,20-hexaoxa- 
cyclodocosa-2,4,13,15-tetraene [(+)-(ii,B)-54]. To a stirred so
lution of 7.3 g (16 mmol) of dibromodiol (-) - (R )-27 (see above) and
14.2 g (18 mmol) of the optically pure two-armed ditosylate (+)- 
(R)-214 in 1 L of THF under N2 was added 1.8 g (36 mmol) of KOH 
in 30 mL of water. The mixture was refluxed for 7 days and the crude 
product was isolated in the usual way and chromatographed on 300 
g of neutral activity I alumina in ether. The column was eluted with 
5 L of ether to give 9.6 g (68%) of (+)-(/? ft)-54 as a white foam: M+ 
876 (79Br); [a]25436 + 66°, [a]26546 + 20°, and [a]25578 +16° (c 1, 
CH2C12); !H NMR (CDCI3) 5 7.80 (m, ArH, 4 H), 7.24 (m, ArH, 10 H),
3.50 (m, 0CH2CH20 , 16 H), 2.70 (m, ArCH2, 4 H), 2.10 (m, ArCH2, 
4 H), and 1.62 (m, CCH2CH2C, 8 H). Anal. Calcd for C48H46Br20 6: 
C, 65.16; H, 5.28. Found: C, 65.78; H, 5.48.

(+)-(JR,J?)-2,3,4,5-Di-l,2-(5,6,7,8-tetrahydronaphtho)-
13,14,15,16-di(l,2-naphtho)-l,6,9,12,17,20-hexaoxacyclodocosa-
2.4.13.15- tetraene [(+)-(if,Ji)-55]. To a stirred solution of 1.5 g (1.7 
mmol) of dibromocycle (+)-(R,R)-54 (see above) in 200 mL of dry 
THF stirred under N2 at —78 °C was added 20 mL of butyllithium 
(1.6 M in hexane). The mixture was stirred for 45 min, CH3OH was 
added dropwise (20 mL), and the solution was allowed to warm to 25 
°C. The crude product was isolated by the usual extraction-evapo
ration method to give a white solid which when crystallized from 
C^Cl^hexane gave 1.18 g (96%) of (+]- R,R)-55: mp 211-212 °C, 
M+ 720; [a P 436 +251°, [a]25̂  +116°, and [a]25578 + 99° (c 1, CHC13); 
*H NMR (CDC13) 5 7.82 (m. ArH, 4 H), 6.96 (m, ArH, 12 H), 3.50 (m, 
OCH1CH00, 16 H), 2.74 (m, ArCH2, 4 H), 2.18 (m, ArCH2, 4 H), and
1.68 (m, CCH2CH2C, 8 H). Anal. Calcd for C48H4806: C, 79.97; H, 6.71. 
Found: C, 80.22; H, 6.96.

(+)-(R„R)-2,3,4,5,13,14,15,16-Tetra-l,2-(5,6,7,8-tetrahydro- 
naphtho)-l,fi,9,12,17,20-hexaoxacyclodocosa-2,4,13,15-tetraene 
[( + )-(!? ,I?)-5oj. A mixture of 300 mg (0.42 mmol) of (+)-(R,R)-55 
and 100 mg of Pt02 and 50 mL of glacial acetic acid was hydrogenated 
at 25 °C for 5 days. The product was isolated as in procedure III to give 
280 mg (92%) of white crystalline (+)-(.R,R)-50 (from C yC phexane), 
mp 234-235 °C, whose 'H  NMR spectrum and TLC behavior were 
identical to that of (—)-(S,S)-50 (see above), [ « P 436 +102°, [a]26546 
+60°, [ « p 578 + 53° (c 1.0, CHC13).

(+)-(fi,il)-2,3,4,5-Di-l,2-(3-methyl-5,6,7,8-tetrahydronaph-
tho)-13,14,15,16-di(l,2-naphtho)-l,6,9,12,17,20-hexaoxacyclo-

docosa-2,4,13,15-tetraene [(+)-(ff,R)-56]. To a stirred solution of
3.8 g (11.8 mmol) of reduced optically pure iimethyldiol, (+)-(R)-23, 
in 600 mL of THF under N2 was added 1.35 g (24 mmol) of KOH in 
10 mL of water. The mixture was stirred for 15 min at 25 °C, 9.5 g (12.3 
mmol) of optically pure dinaphthyl two-armed ditosylate [(+ )-(#)-
21]4 in 400 mL of THF was added, and the mixture was refluxed for
7 days. The crude product was isolated as in procedure I and was 
chromatographed on 200 g of alumina in ether with ether as developer 
to give 6.2 g (70%) of product as a white foam after drying at 60 °C (0.1 
mm) for 24 h. This (+)-(/?,R)-56 gave: M+ 748; [a P 436 +244°, [a]25̂  
+110°, [a]25578 +93°, and [a]25589 +83° (c 1.0, CHC13); 4H NMR 
(CDCI3) 6 7.80 (m, ArH, 10 H), 7.08 (m. ArH, 10 H), 3.50 (m, 
0CH 2CH20 , 16 H), 2.72 (m, ArCH2, 4 H), 2.18 (s, ArCH3, 6 H), 2.14 
(m, ArCH2, 4 H), and 1.64 (m. CCH2CH2C, 8 H). Anal. Calcd for 
C5oH620 6: C, 80.18; H, 7.00. Found: C, 80.09; H, 7.03.

(—)-(S,S)-2,3,4,5-Di-l,2-(3-methylnaphtho)-13,14,15,16-di-
l,2-(5,6,7,8-tetrahydronaphtho)-l,6,9,12,17,20-hexaoxacyclo- 
docosa-2,4,13,15-tetraene [ (—)-(S,S)-57]. To a solution of reduced 
ditetralyldiol (-)-(S)-22, [a]26678 -49.4° (: 1.0, CHC13), in 150 mL 
of dry THF under N2 was added 0.50 g (7.6 mmol) of KOH (85%), the 
mixture was refluxed for 30 min, and 2.62 g (3.4 mmol) of optically 
pure dimethyldinaphthyl two-armed ditosylate (+)-(S)-20 ([a]25s78 
+70.0°, c 1.0, CHC13) in 50 mL of dry THF was added. The mixture 
was refluxed for 160 h, and the crude product was isolated as in pro
cedure I to give 1.45 g of material that was submitted to gel permeation 
chromatography to give after drying at 60 °C (0.1 mm) for 24 h 1.06 
g (42%) of (—)-(S,S)-57 as a white foam: M + 748; [ff]25436 -  88.6°, 
[ « P s «  -47.6°, [a]25678 -41.0°, and [npssg -39.4°; >H NMR (CDC13)
5 7.9,6.8 (m, m, ArH, 14 H), 3.L-4.0 (m, 0CH2CH20), 2.95 (m, ArCH2, 
4 H), 2.50 (s, CH3, 6 H), 2.23 (m, ArCH2, 4 H), 1.93 (m, CCH2CH2C,
8 H). Anal. Calcd for C,5oH5206: C, 80.18; H, 6.99. Found: C, 80.07; H,
7.03.

(—)-(S,S)-2,3,4,5,10,ll,12,13-Tetra-l,2-(5,6,7,8-tetrahydro- 
naphtho)-l,6,9,14,17,20-hexaoxaeyelodocosa-2,4,10,12-tetraene 
[ (—)-(S,S)-58]. A mixture of 1.013 g (1.41 mmol) of (—)-(S,S)-
2,3,4,5,10,ll,12,13-tetra-l,2-naphtho-l,6,9,14,17,20-hexaoxacyclo- 
docosa-2,4,10,12-tetraene [[a]25s78 —223°, c 4.5, CHC13],4 48 mg of 
P t02, and 70 mL of glacial acetic acid was heated at 75-85 °C under 
1 atm of H2 with stirring for 7 days. The product was isolated as in 
procedure III and purified by chromatography on silica gel-CH2Cl2 
to give 820 mg (85%) of (-)-(S,S)-58: M+ 728; [«]25678 -106°, [ « P 546 
-121°, [a]25436 -  223° (e 1.01, CHC13); ‘ H NMR (CDC13) <5 1.7 (m, 
CCH2CH2C, 16 H), 2.2, 2.8 (m, m, ArCH2, 16 H), 3.2, 3.5, 3.9 (m, 
0CH2CH20 , 16 H), 6.2-7.0 (m, ArH, 8 H). Anal. Calcd for C48H560 6: 
C, 79.09; H, 7.74. Found: C, 79.10; H, 7.80.

(+)-(S,S)-2,3,4,5,10,ll,12,13-tetra-l,2-(3-bromo-5,6,7,8-tetra- 
hydronaphtho)-l,6,9,14,17,20-hexaoxacyclodocosa-2,4,10,12- 
tetraene [(+)-(S,S)-59]. To a solution of 581 mg (0.798 mmol) of 
(—)-(S,S)-58 (see above) in 25 mL of CH2C12 in a foil-wrapped flask 
and cooled to —50 °C was added with stirring 0.25 mL of bromine. 
After 2 h, 15 mL of a 10% aqueous solution of NaHS03 was added, the 
layers were shaken, and the aqueous layer was washed with 10 mL of 
CH2C12. The combined organic layers were washed with water, dried, 
and evaporated under reduced pressure to give a white foam of (+)-
(S,S)-59: 588 mg (94%); M+ 1040 (isotopic cluster); [a]2S578 + 47.6°,
[a]25546 + 55.4°, [a]2S436 +109.6° (c 1.03, CHC13); JH NMR (CDC13)
6 1.7, 2.1 and 2.7 [m, (CH2)4, 32 H], 3.4 and 3.8 (m, 0CH2CH20 , 16 H),
7.3 (d, ArH, 4 H). Anal. Calcd for C48H52Br40 6: C, 55.19; H, 5.02. 
Found: C, 55.52; H, 5.03.

Optical Stability to Heat of (—)-(S,S)-2,3,4,5,13,14,15,16- 
Tetra-1,2-(5,6,7,8-tetrahydronaphtho)-1,6,9,12,17,20-hexaoxa- 
cyclodocosa-2,4,13,15-tetraene [(-)-(S,S)-(50)]. A 77.8-mg sample 
of (—)-(S,S)-50 was dissolved in 15 mL of diphenyl ether which had 
been passed through an alumina column. The rotations of the solution 
were measured at 25 °C in a 1-mL, 1-dm cell, i»25578 —0.110°, a25̂  
—0.124°, a25436 -0.168° (observed). An 8-mL aliquot of this solution 
was transferred to a thick-walled glass ampule which was evacuated, 
passed through two freeze-thaw cycles, frozen a third time, and sealed, 
all under high vacuum. The ampule was heated to 175 °C for 1 week 
and cooled and the rotations were measured, [a]25s78 —0.106°, 
[a]25 5«  -0.122°, [a]25436 -0.162°. The already heated material was 
transferred to a fresh ampule, similarly sealed and heated at 200 °C 
for 1 week and 223 °C for 1 week and the rotations were measured, 
M 25578 -  0.106°, [a]25546 -118°, [ o p 436 -156°. The already heated 
material was similarly recycled and held at 253 °C for 5 days to give 
[a]2557B -0.106°, [ a p 546 -  0.119°, and [a]25436 -0.156°. These ex
periments demonstrate these ditetralyl systems are configurationally 
stable to temperatures as high as 250 °C for as long as 5 days.

In a similar experiment, (+)-(R,R)-50 of rotation [a]2S578 + 57.8° 
(c 0.83 CHC13) was heated in a sealed tube in diphenyl ether at 226
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°C for 1 week. The material was reisolated and subjected to silica gel 
chromatography (a small amount of open-chain material was re
moved), and the (+)-(/?,R)-50 recovered gave [g]25578 +60.2° (c 1.04, 
CHC13).

In an identical and parallel experiment, the bisdinaphthyl system 
(+)-(/?,R)-39 of rotation [a]2S578 + 209° (c 1.0, CH2C12) was found to 
decrease in rotation to [n]25578 +202° (c 1.1, CH2C12). During silica 
gel purification, again a small amount of open-chain material was 
removed.

Configurational Stability to Heat of (+)-(R)-2,2'-Dihy- 
droxy-l,l'-dinaphthyl [(+)-(R)-3] and of (+)-(R)-2,2'-Dihy- 
droxy-5,5',6,6',7,7',8,8'-octahydro-l,l'-dinaphthyl [(+)-(R)-22],
The general procedures involved dissolving 100-mg samples of each 
diol in the appropriate solutions in parallel experiments and heating 
each solution with stirring under N2 in the same oil bath. The optical 
purity of the isolated product was then determined. Neutral, acidic, 
and basic conditions were all examined.

A. Neutral Conditions. The diols were heated in 10 mL of butanol 
at 118 °C for 24 h, and the solutions were cooled and evaporated under 
reduced pressure to give white solids that were dried at 110 °C (0.05 
mm) for 8 h. The total samples were dissolved and their rotations were 
taken.

B. Acidic Conditions. The diols were heated at 100 °C for 24 h in 
a solution of purified dioxane (12 mL) and 10 mL of 1.2 M aqueous 
hydrochloric acid. The solutions were cooled and shaken with 50 mL 
of CHClg and 300 mL of water and the organic layer was dried and 
evaporated under reduced pressure to give a pale yellow foam dried 
at 110 °C (0.05 mm) for 8 h. Total samples were dissolved and their 
rotations were taken.

C. Basic Conditions. The diols were heated at 118 °C for 26 h in 
10 mL of butanol that was 0.7 M in KOH. The solutions were cooled 
and shaken with 50 mL of CHCI3 and 300 mL of dilute hydrochloric 
acid and the organic layer was washed with water, dried, and evapo
rated under reduced pressure. Each residue was dissolved in 10 mL 
of CH2C12 and chromatographed on 20 g c f silica gel in CH2C12. The 
500 mL of column eluate (CH2C12) was evaporated under reduced 
pressure to give white solids that were dried 8 h at 110 °C (0.05 
mm).

Comparisons of the optical rotations before and after the heat 
treatments are as follows: Diol (+)-(R)-3, [o]24s89 +34.2° (c 1.0, THF), 
initial rotation gave after the above treatments: neutral conditions, 
[c t]2S5S9  +33.7° (c 1.0, THF) or 1% loss in rotation; acidic conditions, 
[«j25589 +14.9° (c 1.0, THF) or 56% loss in rotation; basic conditions, 
[a P 589 + 27.2° (c 1.0, THF) or 20% loss in rotation. Reduced diol, 
(+)-(R)-22, initial rotation [a]25s89 +52.8 (c 1.0, CHCI3), gave after 
the above treatments: neutral conditions, [a]25589 + 51.6° (c 1.0, 
CHCI3), 2% loss in rotation: acidic conditions, [«]25589 +52.5° (c 1.0, 
CHCI3), <1% loss in rotation; basic conditions, [g]2S589 + 49.1° (c 1.0, 
CHCI3), 7% loss in rotation.

Registry No.— (±)-3,41024-90-2; (+)(R)-3,18531-94-7; (-)(S)-3, 
18531-99-2; (± )-4 ,55442-26-7; (± )-5 ,55442-27-8; (± )-6 ,55442-28-9; 
(±)-7, 55442-29-0; (±)-8, 65355-15-9; (±)-9, 55515-95-2; (+)(fi)-9, 
42167-07-7; (—)(S)-9, 42167-06-6; (±)-10, 55442-32-5; (± )-ll, 
55442-31-4; (±)-12, 55442-33-6; (±)-13. 55442-34-7; (±)(R)-13,
55515- 98-5; (—)(S)-13, 55515-99-6; (±)-13 phosphoric acid diester, 
65355-16-0; (+)(R)-13 phosphoric acid diester cinchonine, 65391-02-8; 
(+)(R)-13 phosphoric acid diester, 65391-01-7; (-)(S)-13 phosphoric 
acid diester, 39648-68-5; (+)(R)-13 strychnine, 65355-10-4; (+)(R)-13 
CH2OCH3 diether, 65355-11-5; (±)-14, 55442-35-8; (±)-15, 55442-
36-9; (±)-16, 65390-98-9; (+)(f?)-16 L-leucine methyl ester, 65355- 
12-6; (+ ) ( « ) -16, 18531-92-5; (~)(S)-16, 42167-04-4; (+)-(R)-17, 
18531-91-4; (+ )(/()-18,65355-13-7; (+)(S)-19,65390-99-0; (—)(R)-19, 
65391-00-6; (±)-19, 55442-38-1; (±)-20, 55442-39-2; (+)-(S)-20, 
65337-83-9; (-)(R)-20, 65337-84-0; (±)-21, 55441-94-6; (+)(R)-21, 
55821-78-8; (+)(R)-22,65355-14-S; (-)(S)-22,65355-00-2; (+ )(« )-23, 
65355-01-3; (+)(R)-24,65355-02-4; (-)(S)-24,65355-03-5; (+)(S)-25, 
65355-04-6; (-)(R)-25,65355-05-7; (-)(R)-26,65355-06-8; (+)(S)-26, 
65355-07-9; (+)(R)-27,65355-08-0; (±>-28,65355-09-1; (R,S),(S,R)-29,
55516- 17-1; (R,R),(S,S)-29, 55516-16-0; I+)(S,R)-29, 65390-97-8; 
(+)(R,R)-29, 55516-22-8; (-)(S,S)-29, 55821-98-2; (R,S),(S,R)-30,

55442-69-8; (R,R),[S,S)-30, 55516-19-3; (+)(R,R)-30, 55516-20-6; 
(+)(R,R)-31, 55516-21-7; (R,S)~32, 55516-15-9; (R,R),(S,S)-32, 
55442-67-6; (+)(R,R)-32, 65337-85-1; (-)(S,S)-32, 65390-94-5; 
(+)(R,R)-33, 65354-98-5; (+)(R,R)-34, 65354-99-6; (R,R),(S,S)-35, 
55442-70-1; (R,S),yS,R)-35, 55516-23-9; (+)(R,fl)-35, 55516-24-0; 
(R,S),(S,R)-36, 55442-71-2; (R,R),{S,S)- 36, 65390-95-6; (+ )- 
(R.R)-36, 55516-25-1; (R,R),(S,'S)-37, 55442-64-3; (R,S)-37, 
55527-98-5; (R,R),(S,S)-38, 6539C-96-7; (R,R),(S,S)-39, 41024-97-9; 
(R,S)-.39, 41024-94-6; (+)(R,R)-39, 41024-95-7; (-)(S,S)-39, 
41024-93-5; (R,R)(S,S)-40, 55516-26-2; (R,S)-40, 55516-27-3; (+ )- 
(R,R)-40, 55130-93-3; (R,S)-41, 55516-28-4; (R,R),(S,S)-42, 
55442-74-5; (-)(S,S)-42, 65390-91-2; (R,fl),(S,S)-43, 65354-86-1; 
(R,R)(S,S)-44, 55442-79-0; ;-)(S,S)-45, 65354-87-2; (S,S)-46, 
65354-88-3; (-)(S ,S )-4 7 ,65354-89-4; (-)(S ,S)-48,65354-90-7; ( - ) -  
(S,S)-49, 65354-S1-8; (-)(S,S)-o0, 65354-92-9; (+)(R,R)-50, 
65390-92-3; (+)(R.R)-51, 65354-93-0; (+)(R ,R)-52, 65354-94-1; 
(+)(S,S)-53, 65354-95-2; (+)(R,R)-54, 65354-96-3; (+)(R,fi)-55, 
65354-97-4; (+)(RR)-56, 65378-55-4; (+)(R,fl)-57, 65390-93-4; 
(—)(S,S)-57, 65354-80-5; (-'.(S.S)-58, 65354-81-6; (+)(S,S)-59, 
65354-82-7; 4-(butcxymethyl)morpholine, 5625-84-3; dimethylami- 
noisobutoxymethane, 50339-64-5; cinchonine, 118-10-5; 3-hydroxy- 
2-naphthoic acid, 92-70-6; L-leucine methyl ester, 2666-93-5; 2-(2- 
chloroethoxy)-ethyl-2-tetrahydropyranyl ether, 54533-84-5; tosyl 
chloride, 98-59-9; chloromethyl methyl ether, 107-30-2; (S)-2,2'- 
bis(5-hydroxy-3-oxa-l-pentyloxy)-l,l'-dinaphthyl, 65390-89-8; 
4,4',6,6'-tetrabromo-2,2-dimethoxy-l,l-dinaphthyl, 65354-83-8; 
2,2'-dimethoxy-l,l-dinaphthyl, 2960-93-2; (R),(S)-2,3:4,5-di-l,2- 
(3-methylnaphtho) -1,6,9-trioxaundeca-2,4-diene, 55442-68-7; 2,3:
4,5-di-l,2-(3-N-morpholinomethylnaphtho)-l,6,9-trioxaundeca-
2,4-diene, 55442-62-1; dichlorodimethylsilane, 75-78-5; ferf-butyl 
chloride, 507-20-0; (+)-(R)-bis-2,2'-bis(5-hydroxy-3-oxa-l-pentyl- 
oxy)-l,l'-dinaphthyl, 65390-90-1; (R)-2,2'-bis(5-hydroxy-3-oxa- 
l-pentyloxyl-S.S'.O.O'RR'.S.S'-octahydro-Ll-dinaphthyl, 65354-85-0; 
(- ) - (S ”S)-2,3,4,5,lC,ll,12,13-tetra-i,2-naphtho-l,6,9T4,17,20-hex- 
aoxacyclodocosa-2,4,10,12-tetraene, 55515-84-9.
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Addition of AT,Af-dimethyl-2-trimethylsilylacetamide to either lithium diisopropylamide or n-butyllithium gen
erates the lithium enolate 4, which was isolated as a white solid. The enolate is stable for several days in THF solu
tion at 25 °C. Reaction of the enolate with aldehydes or ketones gives o,d-unsaturated amides. Reaction of the eno
late with epoxides gives products corresponding to addition followed by 1,4 migration of the trimethylsilyl grouping 
from carbon to oxygen.

The lithium enolates of a-trimethylsilyl esters, 1, react 
with aldehydes or ketones to give excellent yields of a ,  ft-un-

LiCHCO.R LfjHCONR,

Silt’ll !. Silt'll I
1 2

saturated esters.1 We recently reported that enolates of 
Ar,./V-dialkylamides have appreciably greater stability than 
the corresponding ester enolates.2 Consequently, it seemed 
likely that enolates of «-trimethylsilylamides, 2 , would have 
synthetic advantages over 1. We report here the results of a 
study on the formation and stability of 2 , together with in
formation on its reactions with aldenydes, ketones, and ep
oxides.

Results and Discussion
Formation and Isolation of Lithio-A7,AT-dimethyl-2- 

trimethvlsilylacetamide. Addition of N ,¡V-dimethyl-2 -tri- 
methylsiiylacetamide, 3, to THF solutions of lithium diiso
propylamide, LDA, at 0 °C formed the lithium enolate, 4.

L D A  or  n-BuLi
iCIl i SiCH CON« H ------------------------ -  LiCHCOXiCH.),

„  0 ° C ,  T H F  I
3 Si(CH.,):1

4

contrast, the corresponding ester enolate, 5, must be generated 
at dry ice temperature and undergoes rapid self-condensation 
on warming to room temperature.18

Addition of 3 to solutions of LDA in pentane gave a white 
precipitate assumed to be an amine complex of 4. Removal of 
solvent and diisopropylamine under reduced pressure gave 
4 as a white solid in 95% yield. Quenching weighed samples of 
4 with glacial acetic acid gave 99-100% recovery of 3 (GLC). 
The solid turns brown on exposure to air; however, samples 
stored in sealed bottles have remained colorless for several 
months. The solid is soluble in dry pyridine and 1H-NMR and 
13C-NMR spectra were obtained with the solution. For com
parison, the 1H-NMR2 and 13C-NMR data for the lithium 
enolate of iV,.'V-dimethylacetamide, 6 , in pyridine solution

A)Li
(CH:,);,S iC H =C ^ i d !  : Sit’ll TONiCIT).

N(CH,), 3

‘ H NMR 5 2.80 (s, 3 H),
2.73 (s, 3 H), 1.96 
(s, 2 H), 0.13 (s, 9 H)

13C NMR 5 171.10 (C ,), 
37.72 (NCHQ, 34.46 
(NCH 3), 24.67 (C ,),
0.56 (SiCH ,)

4
‘ H NMR 5 2.90 (s, 1 H), 
2.76 (s, 6 H), 0.33 
(s, 9 H)

l3C NMR 5 174.69 (C ,), 
56.00 (CO, 39.34 
(NCH,), 2.35 (SiCH,)

Quenching the reaction mixture with acetic acid gave a 
quantitative recovery of 3. Surprisingly, the same results were 
obtained using n-butyllithium as the base. Presumably, the 
bulky trimethylsilyl grouping of 3 prevents addition of n- 
butyllithium to the carbonyl group. Thus, addition of the less 
hindered A(,iV-dimethylacetamide to solutions of n -butyl- 
lithium in THF gave predominantly addition products. The 
ability to generate 4 by means of n-butyllithium may be of

0 °C H O A c
CH.CON(CH), +  /'-C .R L i ------- >- ----------* CII CONiCH i

THF

+  CEiC-rt-C.H,, + CII ( TlOlh n -<'¡11.i

synthetic advantage when amine-free solutions are re
quired.

Solutions of 4 prepared by either method are stable for 
several days at room temperature. For example, quenching 
the reaction mixtures after 6  days returns 90-95% of 3. In

LiCHCOClCH )
SUCH,);

5

/  \
H NIGH,),

6
'H NMR: 5 3.16 (d, 1 H), 2.93 
(d, 1 H), 2.63 (s, 6 II)
13C NMR h 169.39 (C ,), 55.99 
(C 2), 39.53 (N CH ,)

were also obtained. We note that the two N-methyl groupings, 
which are nonequivalent in 3, are equivalent by both and 
13C NMR in the enolates 4 and 6 . Presumably, this is indica
tive of a lessened resonance interaction of the nitrogen elec
tron pair in the enolates. Considering the similarity of the 
spectra of 4 to those of 6  (for which an oxygen-lithium struc
ture was proposed2) an oxygen-lithium bonded structure for 
4 seems likely.

Reaction of 4 with Aldehydes and Ketones. THF solu
tions of 4 were prepared by reaction of 3 with LDA at 0 °C and 
treated with an equivalent amount of an aldehyde or ketone. 
Quenching after 15 min, followed by GLC analysis, gave the 
results shown in Table I. Good yields of a./l-unsaturated 
amides were obtained with ketones and with nonenolizable 
aldehydes. However, the enolizable aldehydes, acetaldehyde,

0022-3263/78/1943-1947$01.00/0 © 1978 American Chemical Society
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Carbonyl____________Registry no._____________________________ Product____________________________ Yield, %°

Table I. Reaction of Lithio-jV,JV-dimethyltrimethyIsilylacetamide (4) with Carbonyl Compounds______

CH3COCH3 67-64-1 (CH3 )2C=CHCON(CHa) 2 8 6

CHaCOCHa (CH3 )2C=CHCON(CH 3 ) 2 94 (82)b
c-CgHioO 108-94-1 c-(C6H io)=CHCON(CH 3 ) 2 94 (85)
c-CgHioO c-(C6H 10 )=CHCON(CH 3 )2 92°
C6H5CHO 100-52-7 C6H5CH=CHCON(CH 3 ) 2 85
c bh 6c h = c h c h o 14371-10-9 C6H5 CH=CHCH=CHCON(CHa)o 90 (89)
CHaCHO 79-07-0 CH3 CH=CHCON(CH3 ) 2 1 0

CH3CHO CH3CH=CHCON(CH3 ) 2 9b
CH3CHÆHO 123-38-6 CH3CH2CH=CHCON(CH 3 ) 2 15

° GLC yield, isolated yields in parentheses. h Reaction at dry ice temperature. c 4 prepared by reaction of n-butyllithium with 3.

and propionaldéhyde gave only negligible yields. In these 
cases, major amounts (70-80%) of the starting amide 3 were 
found in the quenched reaction mixture together with a va
riety of higher boiling products. Presumably, 4 reacts with 
these aldehydes mainly by enolization.

4 + RCH2CHO — RHC=CHOLi + 3

Attempts to overcome this problem by reaction of the alde
hyde with 4 at dry ice temperature were unsuccessful. How
ever, slightly higher yields of the corresponding cï,/3-unsatu- 
rated amide from the reaction with acetone were obtained at 
dry ice temperature (see Table I).

The reagent adds in a 1,2 fashion with the o,/i-unsaturated 
aldehyde, frans-cinnamaldehyde.

of propylene oxide. The reaction mixture was stirred at room 
temperature and the progress of the reaction was monitored 
by GLC analysis of quenched aliquots. After 2  h, starting 
material was consumed, and a single product, 9, was present

4 +  CH.CH- -CH„

T H F H . O

OSi(CH,);,
CH:jCHCHoCH,CON(CH;,)2 

9 (75%, GLC)
in 75% yield. The structure of 9 was deduced from its 'H-NMR 
spectrum and by synthesis from the corresponding alcohol.

2 5  C ,  2  h

4 + C6H5CH=CHO

— C6H5CH=CHCH=CHCON(CH3)2
i

The product (7) is a 60:40 mixture of t r a n s - 2 ,t r a n s -4  and 
c is-2 ,tr a n s-4  isomers. Consequently, although the stereo
chemistry of the original double bond is retained, there ap
pears to be little stereoselectivity in the formation of the new 
double bond. Similar observations have been made for the 
corresponding reactions of aldehydes with the ester enolate 
l.lb Finally, the reaction appears to work equally well with 
amine-free 4 prepared by reaction of 3 with n-butyllithium, 
as judged by the results obtained with cyclohexanone (Table
I).

Reaction of 4 with Epoxides. Reaction of 4 with carbonyl 
compounds presumably occurs by an initial addition to the 
carbonyl grouping followed by a fast 1 ,2  elimination of lithium 
trimethylsilyloxide.3 A similar sequence with epoxides would 
give cyclopropanes by a 1,3 elimination.4 We note that such 
a reaction with the ester enolate 5 is unlikely to succeed be-

4 +  R.CO

OLi Si(CH;1)3

R,C-------CHCON(CH,t

8

—- (CH:,).SiOLi + R,C=CHCON(CH;)2
cause of the low reactivity of epoxides and the instability of 
5.la

A THF solution of 4 was treated with an equivalent amount

)Li , Si(CH:,h
\  X X  /  

4 +  / C— C\
n—Ç—C—CHCONICH !.

(CH hSiOLi +  — C ------CH CON (OIL),X

E t 3 N

CH3CHOHCH2CH2CON(CH3)2 + (CH3)3SiCl 9

Refluxing reaction mixtures of 4 and propylene oxide for 
periods of several days led to a gradual loss of 9, but only much 
higher boiling products were formed with no evidence for 
cyclopropane compounds.

Reaction of 4 with styrene oxide proceeded similarly and 
a 90% yield (GLC) of the corresponding product, 1 0 , was ob
tained.

4 +  CgH-,CH- -CH,
T H F

2  h ,  2 5  ° C

OSKCH ■ 
h 3o + !
-------- - C,;Hr,CHCHGHXON( CH, )2

10 (90%, GLC)

These results are rationalized by assuming an initial addi
tion of 4 at the less substituted side of the epoxide, followed 
by a 1,4 migration of silicon from carbon to oxygen to form the 
amide enolate, 11. That 11 is inert to cyclopropane formation

RCH- -CH, +  4

OLi Si(CH3)3 
RCHCH3CHjCON(CH3)2

OSi(CH:i):)
—- RCHCH2CH(Li)CON(CH3}2

11
was confirmed by refluxing a reaction mixture containing 9 
and LDA. Complete recovery of 9 was obtained by quenching 
after 12  h. Although the lack of cyclopropane formation is 
discouraging, we note that the results possibly represent the 
first observation of a 1,4 migration of silicon from carbon to 
oxygen0 and also are suggestive that the reaction of 4 with

ysi(CH3)3

4 +  R.CO — ► 8 — > R2CCH(Li)CON(CH3l)_,

R.C=CHCON(CH3)2 + <CH hSiOLi
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carbonyl compounds proceeds by initial 1,3 migration of sili
con followed by elimination.

Experimental Section
■H-NMR spectra were recorded on a Varian T-60 with Me4Si in

ternal standard. 13C-NMR spectra were recorded with a Varian 
CFT-20 spectrometer using external D20  for locking signal. GLC 
analyses were performed with a Varian 920 using 6 ft X  0.25 in. 
stainless steel columns packed with 3% carbowax 20M on non-acid- 
washed Chromosorb G support. n-Butvllithium (Aldrich) was titrated 
before use by the procedure of Watson and Eastham.6 Diisopro
pylamine was distilled from CaH2 and stored under nitrogen. THF 
was distilled from the sodium ketyl of benzcphenone just prior to use. 
All other reagents were obtained commercially and used directly.

Preparation of Lithio-A^W-dimethy 1-2-trimethylsilylaceta- 
mide (4). A 50-mL round-bottom flask equipped with magnetic 
stirrer, septum inlet, and mercury bubbler was flushed with argon and 
charged with 10 mL of pentane and 6.3 n L  (10 mmol) of a solution 
of rc-butyllithium in hexane. The flask was immersed in an ice-water 
bath and 1.4 mL (10 mmol) of diisopropylamine was injected. The 
cooling bath was removed, and after 5 min of stirring at 25 °C, volatile 
material was removed under vacuum. The white residue of LDA was 
dissolved in 20 mL of THF and the flask was immersed in an ice-water 
bath. Af,Al-Dimethyl-2-trimethylsilylacetamide,7 1.6 mL (10 mmol), 
was injected dropwise. After 10 min of stirring in the ice bath, the 
colorless solution of 4 was used directly for reaction with carbonyl 
compounds or epoxides.

Stability Studies of 4. A solution of 4 was prepared as described 
above and warmed to room temperature. Aliquots (0.5 mL) were re
moved periodically and quenched by addition of 0.02 mL of glacial 
acetic acid. The mixture was centrifuged and analyzed by GLC for 
recovered 3. The recovery of 3 was 100% after 1 h, 95% after 3 days, 
and 92% after 6 days. The initially colorless reaction mixture was light 
yellow after 6 days.

Preparation of 4 for NMR Analyses. A 0.5 M solution of LDA 
in pentane was prepared as described above and maintained at 0 °C. 
Al,Af-Dimethyl-2-trimethylsilylacetamide (1.6 mL, 10 mmol) was 
added dropwise and a white precipitate formed immediately. After 
15 min of st.rring at 0 °C, the solvent and amine were removed under 
vacuum to obtain a white residue of 4 weighing 1.57 g (95% yield). The 
solid was dissolved in 10 mL of dry pyridine and NMR spectra were 
obtained.

Reaction of 4 with Aldehydes and Ketones. A solution of 4 (10 
mmol) in THF prepared as described above and maintained at ice- 
water temperature was treated with 10 mmol of the aldehyde or ke
tone. The solution was then warmed to 25 3C and allowed to stir for 
15 min. At the end of this period, the reaction mixture was quenched 
by addition of 5 mL of 2 M HOAC. The separated organic layer was 
analyzed by GLC for a,/3-unsaturated amide. The solvent was stripped 
off and the product was isolated. The following a,/3-unsaturated 
amides were prepared. N,N-Dimethyl-3-methyl-2-butenoamide (from 
4 with acetone): 'H  NMR (CCI4, internal Me4Si) 6 5.63 (s, 1 H), 2.87 
(s, 6 H), 1.83 (d, 3 H), 1.77 (d, 3 H). Ar,N-Dimethyl-2-cyclohexyli-

deneacetamide (from 4 with cyclohexanonei: 'H NMR (CCI4 internal 
Me4Si) b 5.35 (s, 1 H), 2.88 (s, 6 H), 2.54 (m, 2 H), 2.10 (m, 2 H), 1.57 
(m, 5 H); IR (CC14) 1640 (C = 0 ). 1625 cm "- (C=C). (V,N-Dimethyl-
5-phenyl-as-2,irans-4-pentadienoamide (from 4 with trans-einna- 
maldehvde): mp 39^41 °C (lit.8 mp 38-40 °C); 'H  NMR (CCI4 internal 
Me4Si) 6 7.8 (d, d, 1 H. J  = 15,11 Hz), 7.3 (m, 5 H), 6.0 (d, d, 1 H, J = 
11, 1 Hz), 3.1 (bs, 6 H). (V,Ar-Dimethyl-5-phenyl-irans-2,trans-4- 
pentadienoamide (from 4 with frans-cinnamaldehyde): mp 98-100 
°C (lit.8 mp 100-102 °C); 'H  NMR (CCI4, internal Me4Si) 5 7.4 (m, 
6 H), 6.9 (m, 2 H), 6.45 id, 1 H, J = 15 Hz), 3.1 (bs, 6 H). The products 
from reaction of 4 with benzaldehyde, acetaldehyde, and propanal 
were identified by comparison with authentic samples (GLC retention 
times).

Reaction of 4 with Propylene Oxide. A solution of 4 (10 mmol) 
in THF was prepared as described above and maintained at 25 °C. 
Propylene oxide (0.76 mL, 11 mmol) was injected and the solution was 
stirred for 2 h. The reaction mixture was then quenched with 0.6 mL 
(11 mmol) of glacial acetic acid. GLC analysis revealed the only traces 
of 3 and the presence of N,iV-dimethyl-4-trimethylsiloxypentano- 
amide (9) in 75% yield. Pure samples of 9 were obtained by preparative 
GLC: >H NMR (CC14, internal Me4Si) b 3.81 (m, 1 H), 2.94 (s, 3 H),
2.84 (s, 3 H), 2.21 (t, 2 H), 1.60 (m, 2 H), 1.10 (d, 3 H), 0.10 (s, 9 H).

Reaction of 4 with Styrene Oxide. Using the procedure described 
above for propylene oxide, GLC analysis indicated the formation of 
N,iV-dimethyl-4-phenyl-4-trimethylsiloxybutanoamide (10) in 90% 
yield. Pure samples of 10 were obtained by preparative GLC: 'H  NMR 
(CC14, internal Me4Si) b 7.16 (s, 5 H), 4.75 (t, 1 H), 2.94 (s, 6 H), 2.27 
(t, 2 H), 1.94 (m, 2 H), 0.10 (s, 9 H); IR (CC14) 1645 cm" 1 (C = 0 ).
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The diastereomeric carbamates derived from (f?)-l-[l-naphthyl]ethyl isocyanate and racemic secondary propar
gylic alcohols such as l-butyn-3-ol. l-pentyn-3-ol, or l-heptyn-3-ol are readily separable by multigram HPLC. Once 
separated, these diastereomers react with dialkylcuprates at low temperature to afford 1,3-dialkylallenes in high 
yields and with substantial enrichment (60-80% ee) in one enantiomer. Both enantiomers of the aliéné may be ob
tained; absolute configurations are predictable.

In the absence of additional functional “handles” for res
olution, chiral allenes of high enantiomeric purity are not 
generally obtainable.1 For example, partial hydroboration of 
a racemic aliene with an asymmetric dialkylborane affords but 
modest enantiomeric enrichment of the residual aliene.2 While 
cycloelimination reactions leading to chiral allenes have been 
reported,3’4 resolution of the chiral precursors may be tedious 
and the resulting allenes may be of but low enantiomeric 
purity.3 Corey and Borden have prepared 1,3-di-feri-butyl- 
allene of high enantiomeric purity from a chiral propargyl 
alcohol.5 However, this reaction, which also affords substantial 
amounts of an achiral acetylene, has not been shown to be 
generally useful as a preparative method for allenes. A pre
parative procedure of documented generality has been re
ported by Crabbé; the reaction of propargylic acetates with 
lithium dialkylcuprates efficiently affords a variety of al
lenes.6-7 Importantly, Crabbé showed in one instance that a 
chiral acetate afforded an optically active aliene, albeit in 
modest enantiomeric purity. This reaction can be considerably

improved; the present report describes several such modifi
cations that convert Crabbé’s original approach to a simple 
and convenient method for efficiently obtaining either en
antiomer of a chiral aliéné in relatively high enantiomeric 
purity.

Scheme I outlines the synthesis of enantiomerically en
riched 1,3-dialkylallenes starting from racemic propargylic 
alcohols. The diastereomeric carbamates derived from racemic 
propargylic alcohols such as 1-3 and (/?)-l-[l -naphthyl|ethyl 
isocyanate are readily separable by multigram HPLC. After 
separation, lithium dialkylcuprates react with these diaste
reomers at —78 °C to afford chiral allenes having a substantial 
degree of enantiomeric enrichment. Our modification 
simplifies the resolution of the chiral precursor, makes it un
necessary to retrieve the chiral alcohol from the resolving 
agent, and obviates the need to convert the alcohol to acetate. 
Use of reaction temperatures lower than those used by Crabbé 
results in enhanced enantiomeric purities.

For example, high R f (R ,R ) carbamate diastereomer 6 a

Scheme I 
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7-10
1, 4, 7, R = R' = CI13
2, 5, 8 , R = R 1 = CH,CH,

3, 6 , 9, R = R ' = CH2(CH2)2CH3 
10, R = CH2CH3; R ' = CH2(CH2)2CH3 or 

R = CH2(CH2)2CH3; R' = CH2CH3
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Table I. Synthesis of Chiral 1,3-Dialkylallenes by the Reaction of Lithium Dialkylcuprates with Propargyl Esters at 
_______________  -7 8  °C

L i t h i u m

c u p r a t e

R e g i s t r y

n o . E s t e r

R e g i s t r y

n o . A l l e n e

R e g i s t r y

n o .

I n v e r s e  a d d i t i o n

%  y i e l d “ /  

[ a ] 2 5 i j  %  e e g

N o r m a l  a d d i t i o n  

%  y i e l d /  

[o ]25d  %  e e

D i - n - b u t y l 2 4 4 0 6 - 1 6 - 4 6a 6 5 3 9 1 - 2 5 - 5 ( S ) - 9 6 5 2 5 3 - 1 9 - 2 + 3 4 . 7  ( 5 , 7 8 / 5 1 + 5 4 . 5  ( 3 .6 , 7 6 / 8 0

C H C I 3 ) C H C I 3 )
6b 6 5 3 3 7 - 0 7 - 7 ( f i ) - 9 6 5 2 5 3 - 2 0 - 5 - 3 3 . 4  ( 7 , 7 5 / 4 9 - 5 1 . 2  ( 5 . 5 , 7 6 / 7 5

C H C I 3 ) C H C I 3 )
6b ( f i ) - 9 - 2 . 5  ( 3 . 3 , 7 7 / 5 f>

C H C I 3 )
1 1 6 5 2 5 2 - 1 7 - 0 ( S ) - 9 + 2 6 . 2  ( 5 , 6 0 / 3 9

C H C I 3 )
1 2 6 5 2 5 3 - 1 8 - 1 ( S ) - 9 + 3 0 . 5 ( 1 . 1 , 7 3 / 4 5

C H C I 3 )
5a 6 5 3 3 7 - 0 8 - 8 ( S ) - 1 0 2 0 4 3 1 - 7 0 - 3 + 2 7 . 9  ( 4 .6 , 7 4 / 3 4 + 4 2 . 4  ( 4 .2 , 7 7 / 5 2

C H C I 3 ) C H C I 3 )
5b 6 5 3 3 5 - 0 9 - 9 ( f i ) - 1 0 6 5 3 3 7 - 1 2 - 4 - 4 9 . 4  ( 5 , 7 9 / 6 1 - 4 0 . 2  ( 4 .2 , 7 9 / 5 0

C H C I 3 ) C H C I 3 )
D i e t h y l 3 8 2 9 7 - 2 0 - 0 5a ( S b  8 2 0 4 3 1 - 6 2 - 3 + 6 2 . 8  ( 4 , 7 3 / 6 0 + 3 3 . 8  ( 2 , 7 2 / 3 3

C H C I 3 ) C H C I 3 )
5b (R) -8 3 4 8 6 2 - 6 6 - 3 - 6 2 . 6  ( 5 . 1 , 7 1 / 6 0 - 2 8 . 0  ( 1 . 2 , 7 2 / 2 7

C H C I 3 ) C H C I 3 )
5b O R ) - 8 - 2 6 . 4  ( 1 , 7 4 / 2 6 c

C H C I 3 )
6a ( S ) - 1 0 + 5 3 . 2  ( 4 .3 , 7 0 / 6 6 + 2 1 . 4  ( 3 . 5 , 7 2 / 2 6

C H C I 3 ) C H C I 3 )
6b ( R ) - 1 0 - 2 7 . 7  ( 4 .3 , 7 3 / 3 4 - 2 7 . 4  ( 4 .7 , 7 3 / 3 4

C H C I 3 ) C H C I 3 )
D i m e t h y l 1 5 6 8 1 - 4 8 - 8 4a d 6 5 3 3 7 - 1 0 - 2 e

6b e
1 3 6 5 3 3 7 - 1 1 - 3 (R)-7 2 0 4 3 1 - 5 6 - 5 - 2 9 . 7  ( 2 .6 , 3 0 / 1 9  d-f

E t o O )
D i - t e r f - b u t y l 2 3 4 0 2 - 7 5 - 7 6a e . f
1 - P e n t y n y l ( n - 3 9 6 9 7 - 4 1 - 1 6a ( S ) - 9 < 1 5 / - e-f

b u t y l )

S P h ( n - b u t y l ) 5 3 1 2 8 - 6 8 - 0 6b ( R ) - 9 - 5 3 . 4  ( 1 . 6 , 20 / 828
C H C I 3 )

“  D e t e r m i n e d  b y  G L P C .  b R e a c t i o n  t i m e  o f  3  h  a t  — 3 0  t o  — 4 0  ° C .  c C a r b a m a t e  a t  — 7 8  ° C  w h e n  a d d e d .  d E i - n - b u t y l  e t h e r  u s e d  a s  

s o l v e n t .  e R e c o v e r e d  s t a r t i n g  m a t e r i a l .  1 R e a c t i o n  t i m e  o f  1 8  h .  *  R e a c t i o n  t i m e  o f  2 4  h .

( r e l a t i v e  a n d  t h e r e f o r e  a b s o l u t e  c o n f i g u r a t i o n s  a s s i g n e d  b y  

N M R  d i f f e r e n c e s  b e t w e e n  6a a n d  6b8) r e a c t s  w i t h  l i t h i u m  

d i - r c - b u t y l c u p r a t e  a t  — 7 8  ° C  t o  a f f o r d  ( S ) - ( + ) - l , 3 - d i - n . -  

b u t y l a l l e n e  w h e r e a s  \ S , R ) d i a s t e r e o m e r  6b s i m i l a r l y  a f f o r d s  

( R ) - ( — ) - l , 3 - d i - n - b u t y l a l l e n e .  E n a n t i o m e r i c  p u r i t i e s  o f  7 5 - 8 0 %  

h a v e  b e e n  a t t a i n e d .  T a b l e  I  s u m m a r i z e s  t h e  y i e l d s  a n d  e s t i 

m a t e d  e n a n t i o m e r i c  p u r i t i e s 9  f o r  a l l e n e s  p r e p a r e d  i n  t h e  

c o u r s e  o f  t h i s  s t u d y .

A n  i m p o r t a n t  a n d  u n a n t i c i p a t e d  f i n d i n g  i s  t h a t  t h e  o p t i c a l  

y i e l d  o f  t h e  r e a c t i o n  d e p e n d s  u p o n  t h e  o r d e r  i n  w h i c h  r e a g e n t s  

a r e  m i x e d  a n d  t h a t  t h e  o p t i m u m  m i x i n g  o r d e r  i s  n o t  t h e  s a m e  

f o r  a l l  c u p r a t e s .  T h i s  “ m i x i n g  o r d e r ”  e f f e c t 1 2  o n  a l l e n e  e n a n 

t i o m e r i c  p u r i t y  i s  g r e a t e r  i n  m a g n i t u d e  t h a n  t h e  s m a l l  b u t  r e a l  

v a r i a t i o n s  i n  e n a n t i o m e r i c  p u r i t y  e n c o u n t e r e d  b e t w e e n  t w o  

d i a s t e r e o m e r s  u s i n g  a  g i v e n  m i x i n g  o r d e r . 1 3  T h e  d i f f e r e n c e  

i n  s t e r e o s p e c i f i c i t y  b e t w e e n  a  p a i r  o f  d i a s t e r e o m e r s  w a s  m o s t  

p r o n o u n c e d  d u r i n g  t h e  “ c r o s s i n g ”  e x p e r i m e n t s  t h a t  l e d  t o

3 , 4 - n o n a d i e n e .  T h a t  s u c h  d i f f e r e n c e s  m a y  o c c u r  i s  c l e a r  i n  

p r i n c i p l e .  H o w e v e r ,  w e  p r e s e n t l y  h a v e  n o  i n s i g h t  i n t o  t h e  a c 

t u a l  o r i g i n  o f  t h e s e  d i f f e r e n c e s .  I n d e e d ,  t h e r e  i s  l i t t l e  d e t a i l e d  

u n d e r s t a n d i n g  o f  t h e  m e c h a n i s m  o f  t h i s  m u l t i s t e p  a l l e n e -  

f o r m i n g  r e a c t i o n . 6

I t  i s  e v i d e n t  f r o m  d a t a  i n  T a b l e  I  t h a t  t h e  n a t u r e  o f  t h e  

l e a v i n g  g r o u p  a l s o  i n f l u e n c e s  t h e  e n a n t i o m e r i c  y i e l d  o f  t h e  

r e a c t i o n .  U s i n g  s i m i l a r  c o n d i t i o n s ,  t h e  e n a n t i o m e r i c  p u r i t i e s  

o f  t h e  a l l e n e s  d e r i v e d  f r o m  i n v e r s e  a d d i t i o n  o f  l i t h i u m  d i - n -  

b u t y l c u p r a t e  t o  t h e  t o s y l a t e  ( 1 1 ) ,  a c e t a t e ,  ( 1 2 ) ,  a n d  c a r b a -  

m a t e ( s )  (6a ( o r  6b)), r e s p e c t i v e l y  o f  r e s o l v e d  l - h e p t y n - 3 - o l ,  

w e r e  o b s e r v e d  t o  i n c r e a s e  i n  t h e  o r d e r  3 9 , 4 5 ,  a n d  5 1 %  ( o r  4 9 % ) .

I t  w o u l d  a p p e a r  t h a t  p o o r e r  l e a v i n g  g r o u p s  a f f o r d  h i g h e r  e n 

a n t i o m e r i c  y i e l d s .  S i m i l a r l y ,  l e s s  r e a c t i v e  c u p r a t e s  m a y  a l s o  

a f f o r d  h i g h e r  e n a n t i o m e r i c  y i e l d s . 1 4  F o r  e x a m p l e ,  t h e  m i x e d  

l i t h i u m  t h i o p h e n o x y ( n - b u t y l ) c u p r a t e  d i d  r e a c t  w i t h  c a r b a 

m a t e  6b t o  a f f o r d  1 , 3 - d i - n - b u t y l a l l e n e  o f  g r e a t e r  e n a n t i o m e r i c  

p u r i t y  ( 8 2 %  e e )  t h a n  t h a t  o b t a i n e d  u s i n g  o p t i m a l  c o n d i t i o n s  

w i t h  d i - n - b u t y l c u p r a t e  ( 7 6 %  e e ) .  H o w e v e r ,  t h e  y i e l d  o f  a l l e n e  

w a s  m u c h  r e d u c e d  ( 2 0 % )  a n d  m o s t  o f  t h e  s t a r t i n g  c a r b a m a t e  

w a s  r e c o v e r e d .  L i t h i u m  d i m e t h y l c u p r a t e  w a s  a l s o  f o u n d  t o  b e  

u n r e a c t i v e  t o w a r d  p r o p a r g y l  c a r b a m a t e  4a. H o w e v e r ,  t h i s  

r e a g e n t  d o e s  r e a c t  w i t h  t h e  t o s y l a t e  ( 1 3 )  o f  ( S ) - l - b u t y n - 3 - o l  

t o  a f f o r d  ( R ) - ( — ) - l , 3 - d i m e t h y l a l l e n e  a l b e i t  i n  l o w  y i e l d  a n d  

e n a n t i o m e r i c  p u r i t y .

I n  s u m m a r y ,  r a c e m i c  s e c o n d a r y  p r o p a r g y l i c  a l c o h o l s  c a n  

b e  r e a d i l y  r e s o l v e d  a s  d i a s t e r e o m e r i c  c a r b a m a t e s  b y  m u l t i 

g r a m  H P L C .  T h e s e  c a r b a m a t e s  r e a c t  w i t h  l i t h i u m  d i a l k y l 

c u p r a t e s  a t  — 7 8  ° C  t o  a f f o r d  c h i r a l  a l l e n e s  o f  h i g h  e n a n t i o m 

e r i c  p u r i t y  a n d  i n  h i g h  y i e l d .  T h i s  r e a c t i o n  s e q u e n c e  r e p r e s e n t s  

a  s i m p l e  a n d  c o n v e n i e n t  t w o - s t e p  s y n t h e s i s  o f  c h i r a l  a l l e n e s  

f r o m  r e a d i l y  a v a i l a b l e  s t a r t i n g  m a t e r i a l s .

Experimental Section
C u p r o u s  i o d i d e  w a s  p u r i f i e d  b y  a  m e t h o d  p r e v i o u s l y  d e s c r i b e d . 1 5  

E t h y l l i t h i u m  w a s  p r e p a r e d  in  d i e t h y l  e t h e r  in  a  m a n n e r  a n a lo g o u s  

t o  G i l m a n ’s  p r e p a r a t i o n  o f  r c - b u t y l l i t h i u m . 1 6  n - B u t y l l i t h i u m  in  

h e x a n e  w a s  o b t a i n e d  f r o m  V e n t r o n  C o r p .  R a c e m i c  p r o p a r g y l i c  a l c o 

h o ls  w e r e  e i t h e r  p r e p a r e d  b y  t h e  a d d i t io n  o f  t h e  a p p r o p r i a t e  a ld e h y d e  

t o  e t h y n y l m a g n e s i u m  b r o m i d e 1 7  o r  w e r e  p u r c h a s e d  f r o m  F a r c h a n  

A c e t y l e n e s .  L i t h i u m  d i a l k y l c u p r a t e s  w e r e  p r e p a r e d  a s  p r e v i o u s l y  

d e s c r i b e d :  d i m e t h y l , 1 8  d i e t h y l , 1 8  d i - n - b u t y l , 1 8  d i - f e r f - b u t y l , 1 9  t h io -
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phenoxy (n-butyl),19 and 1-pentynyl (n-butyl).20 Alcohols (S)-l and 
(R)-3 were prepared from 4b and 6a respectively by trichlorosilane 
cleavage.21

Carbamates 4-6. These diastereomers were prepared and sepa
rated as previously described.8 Chromatographic separation of the 
propargylic carbamate diastereomers is general and facile, increasing 
in ease for higher members of the series.

(R)-l-Heptynyl 3-Acetate (12). To a cold (0 °C) stirred solution 
of (R)-3 (4 mmol) in diethyl ether (10 mL) was added n -butyllithium 
in hexane (4 mmol). After stirring for 10 min, acetyl chloride (4.2 
mmol) was added dropwise and the mixture was stirred for 2 h. The 
reaction mixture was extracted with 10% NaHC03 (2 X 10 mL) and 
dried (MgS04> and the ether was removed under reduced pressure 
to afford 12 (95%) as a colorless liquid: NMR (CCI4) <5 0.9 (triplet, 3, 
CH3), 1.4 (multiplet, 4, CH2CH2CH2CH3). 1.7 (multiplet, 2, 
HOCHCH9), 2.0 (singlet, 3, C 02CH3), 2.27 (doublet, 1, O C H ), 5.2 
(dt, 1, HOCH).

Allenes. All allenes were prepared by either (or both) of the pro
cedures described below for the preparation of 1,3-di-rc-butylal- 
lene.

A. Normal Addition. Carbamate 6a, 1.04 g (3.5 mmol), in diethyl 
ether (25 mL) was added dropwise over a 10-min period to a stirred 
solution of di-n-butylcuprate (3.5 mmol) in diethyl ether (15 mL) 
cooled with acetone-dry ice. After being stirred for an additional 7 
h at —78 °C, the cooling bath was removed and the reaction mixture 
was allowed to come to 0 °C, quenched with saturated aqueous NH4CI 
(20 mL), and stirred for 15 min to allow the copper salts to precipitate. 
The mixture was filtered and the organic layer was separated, washed 
with saturated aqueous NH4C1 (20 mL), dried (MgS04), and con
centrated at reduced pressure. Molecular distillation of the residue 
afforded 0.4 g (76%) of (S)-(+)-l,3-di-n-butylallene: [ n ] 2 5 D  +54.5° 
(3.6, CHCI3); IR (film) 1945 cm-1 (allene); NMr )ccl4) b 0.9 (triplet, 
6, CH3), 1.3 (multiplet, 8, CH2CH2CH9CH3), 1.95 (multiplet, 4, 
C =C C H 2), 4.95 (quintet, 2, H C=C).

B. Inverse Addition. Lithium di-n-butylcuprate (3.5 mmol) in 
diethyl ether (15 mL) cooled to —78 °C was added portionwise over 
5 min to cold (—78 °C) stirred solution of carbamate 6a, 1.08 g (3.5 
mmol). The reaction mixture was stirred for 7 h at —78 °C and allene 
was isolated by a workup identical to that above. (S)-(+)-l,3-Di-n- 
butylallene, 0.39 g  (74%), [ « ] 2 6 d  +34.7° (5, CHC13), was obtained.

1.3- Dimethylallene (7). This allene was prepared from 13 as de
scribed in Table I. The allene was identical to authentic material by 
GLPC and gave the same methoxymercuration adduct.2

1.3- Diethylallene (8). This allene was prepared in various yields 
and enantiomeric purities as shown in Table I: IR (film) 1945 cm-1 
(allene); NMR (CCI4) b 1.0 (triplet, 6, CH3), 2.0 (multiplet, 4, 
CH2CH3), 5.1 (quintet, 2, HC=C).

3.4- Nonadiene (10). This allene was prepared in various yields and 
enantiomeric purities as shown in Table I: IR (film) 1955 cm-1 (al
lene); NMR (CCI4) b 0.97 (triplet, 6, CH3), 1.32 (multiplet, 4, 
CH2CH2CH2CH3), 1.9 (multiplet, 4, C=CCH 2), 4.8 (quintet, 2, 
HC=C).
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Synthesis of exo-tricyclo[3.3.2.02'4]decan-9-one (5) through efficient (92%) Simmons-Smith reaction of olefinic 
ketal 4 is described. Efforts to extend this work to ketals 16 and 17 led unexpectedly to selective cyclopropanation 
anti to the ketal function and formation of 27 and 28, respectively. Improvements in the preparation of various 
known intermediates are reported, including a doubling of the yield (to 50%) in oxidation of cycloheptatriene to tro- 
pone.

A s  p a r t  o f  a  s t u d y  o f  t h e  p h o t o c h e m i s t r y  o f  t r i c y c l i c  k e 

t o n e s  w e  r e q u i r e d  e x o - t r i c y c l o [ 3 . 3 . 2 . 0 2 ’4 ] d e c a n - 9 - o n e  ( 5 ) .  I n  

t h i s  r e p o r t  w e  d e s c r i b e  c o n v e n i e n t  p r e p a r a t i o n  o f  t h i s  s u b 

s t a n c e  a l o n g  w i t h  o t h e r  r e l a t e d  s y n t h e t i c  t r a n s f o r m a t i o n s .  

M a n y  o f  t h e  c o m p o u n d s  i n v o l v e d  h a v e  b e e n  r e c o r d e d  p r e 

v i o u s l y ,  b u t  w e  w e r e  a b l e  t o  m a k e  m a t e r i a l  i m p r o v e m e n t s  i n  

s o m e  e a r l i e r  p r e p a r a t i o n s ,  p r o v i d e  t w o  s t e r e o c h e m i c a l  a s 

s i g n m e n t s ,  a n d  a l s o  u n c o v e r  t w o  e x a m p l e s  o f  t h e  S i m m o n s -  

S m i t h  r e a c t i o n  t h a t  s p e c i f i c a l l y  f u r n i s h  a n  u n e x p e c t e d  s t e 

r e o i s o m e r .  T h e r e  h a v e  b e e n  r e c e n t  p u b l i c a t i o n s  i n  r e l a t e d

0022-3263/78/1943-1952S01.00/0 © 1978 American Chemical Society
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a Reference 3. b Reference 6 . c Reference 12. d References 
14 and 19.

areas,12 and our observations may be cf some general interest. 
The preparation of 5 is summarized in Scheme I, and only 
those steps requiring specific comment are discussed 
below.

We have separated and characterized the two diastereo- 
meric Diels-Alder adducts 1 and 2, previously known only as 
a mixture,3 and assigned their stereochemistry on the basis 
of differences in their NMR spectra. The olefinic resonance 
in one (assigned as 2) appears at 5 6.32 (m, 2 H), while in the 
other (assigned as 1) the two protons are shifted downfield and 
separated, 3.42 and 6.52 (dd, J \  =  Jn  = 8  Hz, 1 H, for each 
signal). A similar spectral difference is seen in the related 
endo- and exo-5-norbornene-2-carbonitriles (6 and 7, re
spectively), where the olefinic protons of 6  appear downfield 
~0.1 ppm relative to their positions in 7.4 In support of this 
assignment for 1 and 2 is the further observation that the 
proton a  to the cyano group resonates at 2.96 in 1 and at 2.76 
in 2. In the related alcohols the carbinyl proton of 8a appears
0.17 ppm downfield from that of 9a. Studies of other bicyclic 
systems have shown that the relative chemical shift of such 
protons in epimers is a useful and reliable indication of 
stereochemistry.5

Previous work had shown that for the alcohols 8a and 9a, 
the ethyl esters 8b and 9b, and the saturated alcohols 10 the 
exo isomer (as 8a and 8b) is the more stable in each case.6 ’7 
Attempts to confirm the configurational assignment of 1 and 
2  by base-catalyzed equilibration were thwarted, however, 
since the observed equilibrium mixture contained 50 ±  1% of 
each isomer. It has been suggested that the controlling factor 
in determining the relative stability of the two isomers of 10 
is the sizable interaction of the hydroxyl group of the endo 
isomer with hydrogens of the trimethylene bridge.7 In models 
it is clear that such interactions in 2 should be much less severe 
than in 9a or 9b because of the cylindrical symmetry of the 
cyano group. One final point of interest in 1 and 2 concerns

the applicability of the Alder-Stein rules8 to the Diels-Alder 
reaction in which they are formed. Alder previously pointed 
out9 that the rules worked poorly for vhe addition of cyclic 
dienes to acrylonitrile, since the reaction with cyclopentadiene 
gave 6 and 7 in the ratio 60:40,10 and since the two adducts 
with 1,3-cyclohexadiene were formed in essentially equal 
amounts. This trend is continued in the reaction of acryloni
trile with 1,3-cycloheptadiene; the configurational assignment 
made above leads to the conclusion that the epimer predicted 
by the Alder-Stein rules (1) is actually the minor product in 
this case (1:2 ~  35:65).

The mixture of nitriles 1 and 2 was converted to ketone 36 
through chlorination with phosphorus pentachloride11 and 
subsequent hydrolysis in aqueous alcoholic sodium sulfide.12 
In our hands these more recently developed conditions for 
hydrolysis of the chloronitrile were preferable to the pre
viously employed6 potassium hydroxide in aqueous dimethyl 
sulfoxide. In line with observations in related systems,1’ 13’14 
neither 3 nor the major alcohol formed on its reduction under 
a variety of conditions, 9a,6 was reactive in the Simmons- 
Smith reaction. Ever, under forcing conditions, for example, 
9a yielded only a minute amount of l l .15 Only in 8 a can the 
hydroxyl group facilitate cyclopropanation,14’16’17 and indeed 
8a6 did react satisfactorily to form 12. Unfortunately, however, 
this unsaturated alcohol is not readily available from 3.6 A 
useful solution to this practical problem involved conversion 
of 3 to its ethylene ketal 4, which underwent smooth, stereo
selective cyclopropanation in 92% yield on treatment with a 
large excess of zinc-copper couple and methylene iodide.18 
The specific procedure used, which is very convenient since 
it requires only commercially available zinc-copper, was based 
on earlier, detailed studies.19

Reduction of tricyclic ketone 5 with sodium in alcohol or 
with lithium aluminum hydride in ether furnished 11 and 12 
in the ratio —3:1, and this correlation provides proof that the 
inefficient cyclopropanation of 9a mentioned above proceeds 
by exo attack.

The efficacious Simmons-Smith reaction of 4, along with 
the earlier observations noted above, suggested that an ap
propriate functional group located on the three-carbon bridge 
would direct and accelerate cyclopropanation of a bicy- 
clo[3.2.2]nonene from the endo side and thus provide a syn
thetic approach to the tricyclic ketone 13. This reasoning led 
to our preparation of the two isomeric bicyclononenones 14 
and 15, ketones previously described by Baker,21 and explo-
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ration of the Simmons-Smith reaction with the derived ketals 
16 and 17. Preparation of these compounds is shown in 
Scheme II and makes use of intermediates reported by 
Baker21 and others as indicated. Again, only those transfor
mations requiring special comment are discussed below.

The selenium dioxide oxidation of cycloheptatriene to 
tropone was originally reported to give a 25% yield,22 and this 
or a lower yield has been obtained subsequently by others.21'23 
We have reliably obtained a 50% yield in this transformation 
through use of purified dioxane as solvent, vigorous stirring, 
and careful control of the reaction temperature at 90 ±  0.5 °C 
for 21  h; the improvement in yield should enhance the value 
of this convenient one-step preparation of tropone. We have 
confirmed the interesting observation first made by Baker21 
that addition of maleic anhydride to 18 furnishes not only the 
expected adducts 19 and 20, but also the isomeric adduct 21. 
Transformation of one of these adducts (19) to dienone 14 is

Scheme II

19
OCOPh

22, R = COPh
23, « R = H

“ References 21, 22, and 23; see text. * Reference 23. 
«R eference 21. d Reference 24. «F rom  saponification o f
22. /R eference 26.

illustrated in Scheme II. For preparative purposes these re
actions were also performed on the mixture 19-21 to give both 
14 and 15. Various of the individual steps were carried out on 
purified materials derived from one or the other of the indi
vidual benzoates 19-21, and the resulting intermediates were 
identical with those found by Baker.21 In place of the pre
viously used21 electrolytic oxidative bisdecarboxylation of 
these ester anhydrides 19-21, we found it advantageous to 
treat them with dicarbonylbis(triphenylphosphine)nickel,24 
a procedure which yielded 92-97% of the desired diene ben
zoates (as 22) on a 5-g scale. Ketalization of 14 required par
ticular attention; either excessive acid or prolonged reaction 
times led to increasing amounts of the ketal of phenylacetone
(24), through opening of the bicyclic system and aromatiza- 
tion. Mild conditions, either with a quite limited amount of 
p-toluenesulfon:c acid or alternatively with pyridinium 
chloride as catalyst, gave ketal 16 as desired. As is mechanis
tically reasonable, no similar problem was encountered in 
ketalization of 15.

Cyclopropanation of ketals 16 and 17 proceeded to give 
products originally presumed to be the endo cyclopropanes 
25 and 26 respectively. This view was reinforced by the finding 
that the alcohol 23 failed to undergo the Simmons-Smith 
reaction under comparable conditions. This latter result 
seemed reasonable, since the expected dominant conformation 
of 23 holds the hydroxyl group equatorial and away from both 
double bonds, as shown. In the reactive ketals, however, the 
two half-chair conformations of the three-carbon bridge are

equivalent, and one of the double bonds will always have a 
nearby oxygen atom to facilitate cyclopropanation. The ap
parent wisdom cf these considerations notwithstanding, the 
Simmons-Smith products from 16 and 17 were shown une
quivocally to be 27 and 28 by conversion of each ketal to tri
cyclic ketone 5. Ketones 29 and 30 obtained from the ketals 
underwent Wolff-Kishner reduction to give the same hy
drocarbon 31. A control experiment showed that 30 was 
thermally stable at 195-200 °C in diethylene glycol, thus 
ruling out the pcssibility that the configuration of the three- 
membered ring was inverted in the course of the Wolff- 
Kishner reduction. Hydroboration25 of 31 yielded 11 selec
tively and 11 was oxidized to 5 using chromic oxide in pyri
dine.26 The formal possibility that it is the Simmons-Smith 
reaction of 4 rather than that of 16 and 17 that leads to the 
unanticipated stereochemical result may be dismissed on the
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basis of the spectroscopic properties of various intermediates. 
A striking example is the large downfield chemical shift of the 
methylene protons of the cyclopropane ring of 12  and of the 
ethylene ketal of 5 in comparison with their position in l l .27 
No such difference in NMR spectra would be expected for the 
two epimers represented in 32.

We conclude then that, although 16 and 17 show reactivity 
in the Simmons-Smith reaction greater than that expected 
for unactivated simple olefins, they are exceptional in that the 
stereochemistry of this process is not that required by intra
molecular assistance of the sort seen in 4 and in earlier work 
by others.1’14-16’17 It appears that the relative positions of the 
ketal grouping and double bond in both 16 and 17 are such 
that this sort of intramolecular assistar.ee in cyclopropanation 
is unfavorable; the observed enhanced reactivity may be due 
to a directive effect of the second double bond or to intermo- 
lecular assistance, but further information is needed to explain 
this behavior of 16 and 17 satisfactorily. For the present our 
observations provide a cautionary note on assignment of 
stereochemistry solely on the basis of stereoselective Sim
mons-Smith cyclopropanation.

Experimental Section
Materials and Equipment. All analytical and preparative VPC 

separations were performed on a Varian Aerograph Model 920 sin
gle-column gas chromatograph equipped with a thermal conductivity 
detector. Helium was used as the carrier gas at ~65 lb pressure. In
jection port and detector temperatures were kept constant at 200-210 
and 210-220 °C, respectively. Chromatograms were recorded with 
a Servo Writer II (Texas Instruments, Inc.) operating at a constant 
speed of 8 in./h. The following columns were used: A, 16 g of 20% 
Carbowax 20M, 5 ft: B, 33 g of 20% DEGS, 11 ft; C, 25% QF-1, 10 ft; 
D, 28 g of SILAR 10-C, 10 ft. All columns were constructed of standard 
aluminum tubing having 3/i6-in. i.d. Chromosorb P, mesh 60/80, was 
used as the solid support in all, except in column C, where chromosorb 
W, mesh 45/60, was employed. Yields were determined either by 
weighing the collected fractions or by weighing cutout traces of the 
peaks. Retention times were measured at the interval between the 
injection point and the maximum of a given peak. VPC data are re
ported as follows: retention time in minutes, column temperature in 
degrees centigrade, flow rate in milliliters per minute. NMR spectra 
were obtained on a Varian T-60A (60 MHz), or on a Varian HR-220 
(220 MHz) spectrometer operating in either continuous wave mode 
or in Fourier Transform (FT) mode. NMR spectra were recorded in 
CCI4 solution containing ~1% tetramethylsilane (Me4Si) as an in
ternal reference (0 ppm). Infrared spectra (CCI4 solution) were re
corded on a Perkin-Elmer Model 621 grating infrared spectropho
tometer. A mass spectrum was obtained on a Du Pont 21-492 dou
ble-focusing mass spectrometer with a resolution of 104 with an AEI 
DS-30 data system. Melting points were obtained on a Thomas- 
Hoover capillary melting point apparatus. Melting points are cor
rected, and boiling points are reported uncorrected. Solutions were 
dried over anhydrous NagSCL or MgS04. Exceptions to the above are 
noted.

exo- and endo-6-Cyanobicyclo[3.2.2]non-8-ene (1 and 2). A
mixture of the epimeric nitriles was prepared in 78% yield as described 
by Alder.3 VPC analysis of a crude sample on column A (182 °C, 167 
mL/min) indicated two products which were isolated and identified 
as the following: endo-8-cyanobicyclo[3.2.2]non-6-ene (2) (14 min, 
51%): mp 65.5-67.0 °C; IR 3045 (m), 2933 (s), 2879 (m), 2864 (m), 2243 
(m), 1646 (w), 1472 (m), 1465 (m), 1455 (m), 1448 (m), 942 (w), 933 (m), 
721 (m), 708 (s), 660 (w) cm "1; NMR (220 MHz) b 1.44-1.75 (m, 4 H), 
1.75-2.08 (m, 3 H), 2.20 (add, J = 13.5,12,6.5 Hz, 1 H), 2.54 (m, 1 H),
2.67 (m, 1 H), 2.76 (ddd, J = 12,10,6 Hz, 1 H), 6.32 (m, 2 H); exo-S- 
cyanobicyclo[3.2.2]non-6-ene (1) (20 min, 27%): mp 57.5-58.5 °C; IR 
3046 (m), 2935 (s), 2860 (m), 2242 (m), 1654 (w), 1466 (w), 1452 (m), 
1448 (m), 941 (m), 713 (s) cm“ 1; NMR (223 MHz) b 1.30-1.73 (m, 6 
H), 1.98 (ddd. J = 14,5,5 Hz, 1 H), 2.21 (ddd J = 14,10,1.5 Hz, 1 H),
2.56 (m, 1 H), 2.78 (m, 1 H), 2.96 (ddd, J = ID, 5,1.5 Hz, 1 H), 6.42 (dd, 
J = 8,8 Hz, 1 H), 6.52 (dd, J  = 8, 8 Hz, 1 Hi.

Equilibration of 1 with a catalytic amount of potassium ferf-bu- 
toxide in THF28 and subsequent VPC analysis on column A gave 
equal amounts of 1 and 2 (50 ±  1%).

Bicyclo[3.2.2]non-8-en-6-one (3). A solution of 6-chloro-6- 
cyanobicyclo[3.2.2]non-8-ene (22.5 g, 124 mmol),6 Na2S-9H20  (44.7 
g, 186 mmol), and 95% aqueous ethanol (150 mL) was heated at reflux

for 17 h.12 The cooled orange mixture was added to water (200 mL) 
and extracted with 100 mL of ether (8X). The combined ether extracts 
were washed with brine and dried. Concentration, followed by sub
limation at 115-150 °C (17 mm), gave 8.0 g (47%) of a white solid. The 
physical and spectroscopic characteristics of 3 were the same as those 
reported.6

exo- and endo-Bicyclo[3.2.2]non-8-en-6-ol (8a and 9a). Re
duction of 3 (1.00 g, 7.36 mmol) with sodium (7.50 g, 326 mmol), in dry, 
absolute ethanol (100 mL) and purification by sublimation (aspirator) 
gave 957 mg (96%) of a white solid. VPC of a crude sample on column 
A (150 °C, 122 mL/min) indicated complete conversion and two 
products which were isolated and identified on the basis of their 
previously reported IR spectra.6 For exo-bicyclo[3.2.2]non-8-en-
6-0I (8a) (30 min, 35%): NMR (220 MHz) 5 1.22-1.67 (m, 8 H), 2.25 
(dd, J = 14.6,8.2 Hz, 1 Hi, 2.40 (m, 2 H), 4.08 (d, J -  8.1 Hz, 1 H), 6.00 
(dd, J = 8.0, 8.0 Hz, 1 H), 6.19 (dd, J = 8.0, 8.0 Hz, 1 H). For endo- 
bicyclo[3.2.2]non-8-en-6-ol (9a) (37 min, 61%): NMR (220 MHz) b 
1.23-1.68 (m, 5 H), 1.68-1.93 (m, 3 H), 2.24 (ddd, J = 14, 10, 7 Hz, 1 
H), 2.42 (m, 2 H), 3.91 (ddd, J = 10, 5, 5 Hz, 1 H), 5.92 (m, 2 H).

Bicyclo[3.2.2]non-8-en-6-one Ethylene Acetal (4). A mixture 
of 3 (4.91 g, 361 mmol), ethylene glycol (10 mL;, and p-toluenesulfonic 
acid monohydrate (292 mg) in benzene (200 mL) was heated at reflux 
with continuous removal of water. Fresh acid (187 mg) was added after 
20 h and heating continued for 30 additional h. The mixture was 
worked up in the usual fashion and distilled to give 6.50 g (100%) of 
a colorless liquid, bp 77-79 °C (0.80-0.85 mm). A sample purified 
further by VPC on column A had the following properties: IR 3042 
(m), 2929 (s), 2875 (s), 1648 (w), 1446 (m), 11380 (m), 1360 (m), 1198 
(m), 1135 (s), 1105 (s), 1039 (s), 967 (m), 948 (m), 844 (m), 712 (s) cm“ 1; 
NMR (60 MHz), b 0.958-2.69 with major absorntions at 1.56,1.96,2.29 
(m, 10 H), 3.76 (br s, 4 H), 5.91 (m, 2 H).

Anal. Calcd for Cn H160 2: C, 73.30; H, 8.95. Found: C, 73.17; H,
8.97.

General Cyclopropanation Procedure. All Simmons-Smith 
reactions were carried out as reported in the literature,14 except that 
a large excess of diiodomethane (Aldrich) and a zinc-copper couple 
(Ventron-Alfa) were used.19 In a typical run, a mixture of zinc-copper 
couple (5-6 equiv) and a few crystals of iodine in anhydrous ether was 
heated at reflux for ~0.5 h. At the end of this period, a solution of the 
olefinic compound (1 equiv) and diiodomethane (3-4 equiv) in a small 
amount of anhydrous ether was added dropwise over 0.5 h. The 
mixture was heated for 24-48 h, cooled to 0-5 aC, and quenched with 
saturated aqueous NH4CI. The two layers were separated, and the 
aqueous layer was extracted with ether (3-4X). The combined ether 
extracts were washed with 10% aqueous Na2C 02 and with brine. After 
drying and concentration, the crude product was purified by distil
lation or by preparative VPC.

exo-Tricyclo[3.3.2.02,4]decan-exo-9-ol (12). Treatment of 8a 
(50 mg, 362 mmol) with diiodomethane (292 mg, 1.09 mmol) and 
zinc-copper couple (142 mg, 2.17 mmol) in ether (5 mL) for 21 h and 
purification of the crude product by VPC on column A gave 23 mg 
(42%) of a white solid: mp 157-161 °C (sealed tube); IR 3620 (m), 3384 
(br, s), 3082 (w), 3006 (s), 2923 (s), 1468 (m), 1465 (m), 1448 (m), 1322 
(w), 1182 (m), 1086 (w), 1071 (w), 1061 (m), 1033 (s), 1011 (s), 940 (m) 
cm -1; NMR (220 MHz) Ô 0.438 (ddd, J  = 8.5.8.5, 5.5 Hz, 1 H), 0.784 
(dddd, J = 13,8.5,4.5, 2 Hz, 1 H), 0.903 (dddd, J = 13,8.5,4.5,1.5 Hz, 
1 H), 1.26 (ddd, J = 5.5, 4.5,4.5 Hz, 1 H), 1.32-1.97 (m, 9 H), 2.11 (m, 
1 H), 2.23 (m, 1 H), 3.90 (dddd, J = 8, 4, 4, 2 Hz, 1 H).

Anal. Calcd for CjoHisO: C, 78.89; H, 10.59. Found: C, 78.71; H,
10.61.

exo-TricycIo[3.3.2.02’4]decan-9-one Ethylene Acetal. A mixture 
of 4 (2.96 g, 16.4 mmol), diiodomethane (12.9 g, 48.2 mmol), and 
zinc-copper couple (6.31 g, 96.5 mmol) in ether (40 mL) was treated 
as described above. Microdistillation gave 2.93 g (92%) of a colorless 
liquid: bp 106-110 °C (1.4 mm). An analytical sample purified by VPC 
on column A had the following characteristics: IR 3090 (w), 3014 (m), 
3001 (m), 2954 (s), 2931 (s), 2900 (s), 2880 (s), 2856 (m), 1466 (m), 1447 
(m), 1437 (m), 1371 (m), 1127 (s), 1108 (s), 1072 (m), 1057 (s), 1043 (m), 
1031 (m), 1016 (w), 985 (m) cm-1; NMR (60 MHz, with CHCI3 as in
ternal reference) b 0.346 Im, 1 H), 0.942 (m. 3 H), 1.27-2.40 with d, J 
= 4 Hz at 1.72 (m, 10 H), 3.77 (br s, 4 H).

Anal. Calcd for C19H13O2: C, 74.19; H, 9.43. Found: C, 74.14; H, 
9.50.

Bicyclo[3.2.2]non-8-en-6-one tosylhydrazone was prepared in 
90% yield according to a procedure of Cope:29 mp 195-198 °C (dec); 
IR (CHCI3) 3294 (w), 3220 (w), 3022 (m), 2937 (s), 2860 (m), 1632 (w), 
1598 (w), 1388 (m), 1335 (m), 1166 (s), 1092 (m), 812 (m). 658 (m), 545 
(m) cm-1; NMR (60 MHz, CDCI3) b 0.933-2.02 with major absorption 
at 1.52 (m, 6 H), 2.02-2.82 with s at 2.42 (m, 7 H), 3.08 (m, 1 H), 6.05 
(m, 2 H), 7.22 (d, J  = 8 Hz, 2 H), 7.78 (d, J  = 8 Hz, 2 H).
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Anal. Calcd for CieHjoNjOjS: C, 63.14; H, 6.62; N, 9.21. Found: C, 
63.18; H, 6.76; N, 9.24.

Tropone. The procedure used for the preparation of 14 was es
sentially that of Radlick22 with the following modifications: Spectral 
grade dioxane (Scintrex Reagent from J. T. Baker), cycloheptatriene 
(43.0 g, 97% from Aldrich), and a freshly opened bottle of selenium 
dioxide (55.0 g, from MCB) were used. The mixture was thermostated 
at 90 ±  0.5 °C (oil bath) with vigorous stirring for 21 h. Distillation 
on a simple head gave a small amount of cycloheptatriene and 24.1 
g (50%) of a pale yellow liquid: bp 110 °C (11 mm) [lit.14 bp 91-92 °C 
(4 mm)]. The yield was found to be reproducible on this scale.

3-Benzoyloxybicyclo[3.2.2]nona-6,8-diene (22). Anhydride 19 
(5.00 g, 16.0 mmol)21 was treated with dicarbonylbis(triphenylphos- 
phine)nickel (20.5 g, 32.1 mmol) in dry diglyme (200 mL) at vigorous 
reflux for 65 h.24 The cooled, black mixture was concentrated in vacuo, 
diluted with chloroform (200 mL), and filtered through Celite. 
Chloroform was removed and the yellow-green residue was diluted 
with pentane (1000 mL) to precipitate unreacted starting material 
and/or impurities. The solution was filtered, and the filtrate was 
washed with 200 mL of water (3X), dried, and concentrated. The 
yellow semisolid was dissolved in a small amount of 7:3 (v:v) petroleum 
ether/benzene and chromatographed over a 44 X 4 (i.d.) cm silica gel 
(activity I, 260 g) column to give 17.8 g (87% recovery) of the catalyst 
(eluted with 1500 mL of 7:3 petroleum ether/benzene) and a white 
solid (eluted with 1500 mL of benzene) which after drying at 40 °C 
(0.1 mm) weighed 3.55 g (92%); the melting point and spectral char
acteristics were the same with those reported for 22.21 In another run 
using twice the amount of catalyst indicated above while keeping the 
other reagents constant, a 97% yield of 22 was realized.

In similar fashion mixtures of 19 and the isomeric 2-benzoate an
hydride yielded 22 and the 2-benzoate diene. Purification of the latter 
product by preparative VPC gave material identical with that pre
viously reported.21

Bicyclo[3.2.2]nona-6,8-dien-3-one Ethylene Acetal (16). Ketone 
14 obtained by hydrolysis of 22 and subsequent oxidation21 was ke- 
talized with minimal rearrangement by treatment (3.44 g, 25.6 mmol) 
with ethylene glycol (10 mL) using pyridinium chloride (304 mg) as 
catalyst30 in benzene (75 mL) for 39 h. Distillation gave 3.76 g of a 
colorless liquid (82%): bp 64-65 °C (0.40 mm). VPC on column A (150 
°C, 109 mL/min) revealed three peaks identified as starting 14 (30 
min, 4.4%), 24 (35 min, 8.1%), and 16 (54 min, 70%). For 16: IR (CS2) 
3047 (m), 2947 (s), 2928 (s), 2873 (m), 1610 (w), 1372 (m), 1361 (w), 
1157 (m), 1101 (s), 1068 (m), 1058 (m), 948 (m), 780 (s) cm "1; NMR 
(60 MHz) i  1.72, (d, J = 4 Hz, 4 H), 3.02 (m, 2 H), 3.69 (s, 4 H), 6.15 
(m, 4 H).

Anal. Calcd for CiiH i40 2: C, 74.13; H, 7.92. Found: C, 74.25; H,
7.98.

Ketalization was also carried out successfully using very small 
amounts of p-toluenesulfonic acid and by controlling the reaction 
period. However, use of ordinary conditions and amounts of this acid 
led to a 78% yield of 24, acid hydrolysis of which gave phenylace- 
tone.

Bicyclo[3.2.2]nona-6,8-dien-2-one Ethylene Acetal (17). A 52:48 
mixture of 14 and 1521 (3.32 g, 24.7 mmol) was treated with ethylene 
glycol (7.0 mL) and p-toluenesulfonic acid (203 mg) in benzene (150 
mL) for 24 h. Concentration of the solution gave 3.89 g (88%) of a 
viscous oil. VPC on column D (150 °C, 71 mL/min) indicated 24 (51 
min, 48%) and 17 (82 min, 40%). For 17: IR (CS2) 3045 (m), 2955 (s), 
2926 (s), 2873 (s), 1609 (w), 1372 (m), 1352 (m), 1296 (m), 1282 (m), 
1222 (m), 1129 (m), 1098 (s), 1067 (s), 1055 (m), 1033 (m), 950 (s), 909 
(m), 895 (m), 725 (s), 693 (m), 671 (m), 658 (m) cm "1; NMR (60 MHz) 
5 1.28-1.97 (m, 4 H), 2.88 (m, 2 H), 3.75 (br s, 4 H), 6.08 (m, 4 H).

Anal. Calcd for CnH u 0 2: C, 74.13; H, 7.92. Found: C, 74.12; H,
7.87.

exo-Tricyclo[3.3.2.02-4]dec-9-en-7-one Ethylene Acetal (27).
A mixture of 16 (413 mg, 2.32 mmol), diiodcmethane (2.48 g, 9.27 
mmol), and zinc-copper couple (0.91 g, 14 mmol) in ether (15 mL) was 
heated at reflux for 24 h. VPC on column A (initial column tempera
ture 150 °C, raised to 170 °C after 90 min, 109 mL/min) showed three 
peaks, two of which were identified as 24 (35 min, 7.1%) and 27 (77 
min, 68%); the third (127 min, 25%) remains unidentified. Preparative 
VPC gave 193 mg (43%) of 27: IR (CS2) 3074 (w), 3037 (m), 3002 (m), 
2970 (m), 2943 (s), 2916 (s), 2871 (m), 1154 (m), 1113 (s), 1094 (s), 1052 
(m), 1029 (s), 828 (s), 764 (m), 752 (m) cm "1; NMR (60 MHz) 6 0-0.583 
(m, 2 H), 1.10 (m, 2 H), 1.88 (d, J  = 4 Hz. 4 H), 2.55 (m, 2 H), 3.78 (br 
s, 4 H), 5.66 (m, 2 H).

Anal. Calcd for Ci2H160 2: C, 74.97; H, 8.39. Found: C, 74.81; H, 
8.21.

exo-Tricyclo[3.3.2.02’4]dec-9-en-7-one (29). Hydrolysis of 27 
(30.5 mg, 0.159 mmol) with an equivolume solution of 10% aqueous

HCl-methanol, followed by preparative VPC on column A, gave 14.5 
mg (62%) of a white solid: mp 46-49 °C (sealed tube); IR (CS2) 3077 
(w), 3042 (m), 3007 (s), 2912 (s), 1698 (s), 1411 (m), 1385 (m), 1327 (m), 
1191 (m), 1153 (m), 1032 (s), 1028 (s), 829 (s), 814 (w), 779 (m), 722 
(m) cm“ 1; NMR (60 MHz) 6 0.062-0.612 (m, 2 H), 1.14 (m, 2 H), 2.51 
(m, 4 H), 2.71 (m, 2 H), 5.84 (m, 2 H).

Anal. Calcd for Ci0H12O: C, 81.04; H, 8.16. Found: C, 80.81; H,
8.16.

exo-Tricyclo[S.3.2.02’4]dec-9-en-6-one Ethylene Acetal (28). 
Cyclopropanation of 17 (430 mg, 2.41 mmol) was carried out as for 16. 
An analytical sample purified by VPC on column A had the following 
properties: IR (CS2) 3076 (w), 3041 (m), 3003 (m), 2953 (m), 2912 (s), 
2874 (s), 1290 (m), 1115 (s), 1100 (s), 1088 (s), 1061 (s), 1043 (m), 1034 
(m), 956 (s), 881 (m), 827 (m), 740 (m), 719 (m) cm-1; NMR (60 MHz) 
6 0.117-0.617 (m, 2 H), 0.617-1.38 (m, 2 H), 1.38-2.28 (m, 4 H), 2.53 
(m, 2 H), 3.83 (br s, 4 H), 5.60 (m, 2 H).

Anal. Calcd for Ci2H160 2: C, 74.97; H, 8.39. Found: C, 75.00; H,
8.24.

exo-Tricyclo[3.3.2.02’4]dec-9-en-6-one (30). Crude 28 was hy
drolyzed to give (after purification by VPC on column A) 266 mg of 
a white solid (74%, based on 17): mp 33-35 °C (sealed tube); IR (CS2) 
3076 (w), 3042 (m), 3004 (m), 2952 (m), 2922 (s), 2859 (m), 1701 (s), 
1412 (m), 1226 (m), 1160 (m), 1151 (m), 1032 (m), 1027 (m), 889 (m), 
881 (m), 727 (m), 722 (m), 702 (s) cm“ 1; NMR (60 MHz) 5 0.500 (m, 
2 H), 1.18 (m, 2 H) 2.00 (m, 2 H), 2.65 (m, 3 H), 3.10 (m, 1 H), 5.75 (m, 
2 H).

Anal. Calcd for CioHi20: C, 81.04; H, 8.16. Found: C, 81.02; H,
8.15.

exo-Tricyclo[3.3.2.02i4]dec-9-ene. (31). A. From 29. The modi
fied Wolff-Kishner reduction31 of 29 (231 mg, 1.56 mmol), followed 
by VPC purification on column A, gave 180 mg of a white solid (86%): 
mp 78-80.5 °C (sealed tube); IR (CS2) 3073 (w), 3033 (m), 3000 (s), 
2915 (s), 2851 (s), 1652 (w), 1432 (w), 1384 (m). 1323 (m), 1108 (w), 
1094 (w), 1059 (m), 1040 (w), 1027 (m), 923 (m), 875 (m), 831 (m), 748 
(m), 726 (w), 713 (s), cm "1; NMR (60 MHz) 5 0.012-0.595 (m, 2 H), 
0.920 (m, 2 H), 1.48 (m, 6 H), 2.50 (m, 2 H), 5.50 (m, 2 H).

Anal. Calcd for C10H14: C, 89.49; H, 10.51. Found: C, 89.42; H, 
10.38.

B. From 30. Similar treatment of 30 (241 mg, 1.63 mmol) and pu
rification gave 162 mg of 31 (74%). In a control experiment, no change 
was observed in 30 after heating it in diethylene glycol at 195-200 °C 
for 1.5 h.

exo-Tricyclo[3.3.2.02,4]decan-encio-9-ol (11). A. From 31. Hy-
droboration of 31 (742 mg, 5.53 mmol) with diborane in THF26 gave 
0.80 g of a white solid. A small sample (purified by VPC on column 
A) and a large excess of bis(trimethylsilyl) acetamide were sealed in 
a tube and heated at 75-78 °C (oil bath) for 40 h. The cooled tube was 
unsealed; the solution was shaken with water (—10 min) and extracted 
with ether (4X). The combined ether extracts were washed with water 
and brine, and dried. Removal of ether gave a viscous oil which was 
purified by VPC cn column B and subsequently hydrolyzed. An an
alytical sample purified by VPC on column B had the following 
characteristics: mo 177-179 °C (sealed tube); IR 3620 (m), 3418 (br, 
s), 3078 (w), 3007 (s), 2929 (s), 1469 (m), 1461 (m), 1447 (m), 1217 (w), 
1085 (s), 1071 (s), 1061 (m), 1025 (m), 1009 (s), 994 (m), 946 (m) cm“ 1; 
NMR (220 MHz) b 0.379 (m, 2 HI, 0.902 (m, 2 H), 1.19-2.10 (m, 9 H),
1.83 (m, 2 H), 3.76 (ddd, J = 10,6,4, Hz, 1 H).

Anal. Calcd for Ci0H16O: C, 78.89; H. 10.59. Found: C, 78.77; H,
10.58.

B. From 9a. A mixture of 9a (102 mg, 0.738 mmol), diiodomethane 
(592 mg, 2.21 mmol), and zinc-copper couple (289 mg, 4.42 mmol) in 
ether (10 mL) was heated at reflux for 63 h. Preparative VPC on col
umn A (168 °C, 162 mL/min) gave 19 mg of two unidentified products 
A (9.4 min) and B (10 min), 24 mg of starting 8b (16 min) and 4.9 mg 
(5.7% yield, based on unrecovered 9a) of a white solid (33 min). The 
IR and NMR spectra of the latter, were identical with those of 11 
described above.

exo-Tricyclo[3.3.2.02'4]decan-9-one (5). A. From its Ethylene 
Acetal. The acetal (2.90 g, 14.9 mmol) was hydrolyzed with 10% 
aqueous HCl-methanol solution. Preparative VPC on column A gave
2.09 g of a white solid (93%): mp 141-142 °C; IR 3072 (w), 3009 (m), 
2929 (s), 2862 (m), 1717 (s), 1461 (m), 1443 (m), 1412 (m), 1380 (w), 
1342 (w), 1313 (w), 1214 (m), 1187 (w), 1088 (m), 1024 (m) cm“ 1; NMR 
(220 MHz, CHCI3 as internal reference) b 0.329 (m, 1 H), 0.471 (ddd, 
J = 8, 8,6.5 Hz, 1 H), 1.06 (m, 2 H), 1.23-2.16 with d, J  = 4 Hz, at 1.93 
(m, 8 H), 2.34 (m, 1 H), 2.65 (m, 1 H); mass spectrum m/e 150.1026 
(M+, calcd for C10H140, 150.1044).

B. From 12. Oxidation26 of 12 (279 mg, 1.83 mmol) followed by VPC 
isolation on column A gave 212 mg of a white solid (77%) which had 
identical melting point and spectral characteristics with those of 5 
described above.
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C. From 11. Similarly, crude 11 (0.80 g) from hydroboration of 31 
was oxidized27 to 664 mg of 5 (80%, based on 31).

Reduction o f 5. A. With Sodium in Ethanol. Ketone 5 (196 mg,
1.30 mmol) was reducec with sodium (1.34 g, 58.2 mmol) in dry, ab
solute ethanol (15 mL), as described above for 3. The crude sample 
was purified by VPC on column A to give 167 mg (one peak) of 11 and 
12 (84%), treatment of which with bis(trimethvlsilyl) acetamide (see 
above) gave a viscous liquid. VPC on column B (110 °C, 71 mL/min) 
indicated two products, A (50 min, 76%) and B (54 min, 24%). Each 
product was isolated and hydrolyzed to the corresponding alcohol. 
The IR spectra of the alcohols from A and B were identical with those 
of 11 and 12, respectively.

B. With Lithium Aluminum Hydride. Ketone 5 (188 mg, 1.25 
mmol) was reduced with excess lithium aluminum hydride in ether 
to give a white solid which after purification by VPC on column A 
weighed 144 mg (78%). Analysis via the trimethylsilyl ethers as de
scribed above indicated 11 (73%) and 12 27%).
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Stereoselective Total Syntheses of the Fungitoxic Hydroquinones 
(±)-Zonarol and (i)-Isozonarol
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Stereoselective and regioselective total syntheses of two naturally occuring fungitoxic hydroquinones (±)-zonar- 
ol (lb ' and (i)-isozonarol (2b) are described. The key features of these syntheses are: (a) the dehydrat on of terti
ary alcohol 6 to alkene 7 without rearrangement utilizing dimethyl sulfoxide at 155 °C; (b) the conjugate addition 
of 2,5-dimethoxyphenylmagnesium bromide Grignard reagent to enone 9b; and (c) ether cleavage of compounds 
la and 2a utilizing lithium n -butyl mercaptide in hexamethylphosphoric triamide at 150 °C for 24 h to afford the 
respective natural products.

The two naturally occurring fungitoxic hydroquinones 
zonarol (lb) and isozonarol (2b) were isolated from brown 
seaweed D ictop teris  u n d u la ta  found in the Pacific Ocean near 
Southern California and the Gulf of California. 1-3 The 
structure and absolute stereochemistry of these merosesqui-

terpenoids4 were rigorously defined by degradation and 
spectroscopy. 1-3 These two marine natural products were 
found to be active against the following pathogenic fungi: 
P h y to p h th o ra  c in n am o n i, R h iz o c to n ia  so lan i, S c le ro t in ia  
sc lero tio ru m , and S c le ro t iu m  ro lfs i i . 1 We wish to report,

0022-3263/78/1943-1957$01.00/0 © 1978 American Chemical Society
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Scheme I

i l

“  N .H4, KOH, DEG, A. b C r0 3, H2S 0 4, H20 , acetone, 
c CHjLi, Et20 , 0 °C. d Me2SO, 155 °C. « m-CPBA N a,H P04, 
CHC13. / LiN(n-Pr)2, THF, A, 6 h. S C r0 3 ■ Pyr2, CH2C12. 
b Chromatography, S. Merck, silica gel-60, 15% Et20 -8 5 %  
petroleum ether (bp 3 0 -6 0  °C) eluent. ' 2,5-Dim ethoxy- 
phenylmagnesium bromide, DME. i A c ,0  fcKOH, CH3OH.

herein, the full details of the first stereoselective and reg- 
ioselective total syntheses of both (±)-zonarol (lb) and (±)- 
isozonarol (2b).5

Results and Discussion
The starting material chosen for these syntheses is readily 

available ketol 3 previously prepared by Heathcock and co- 
workers.6 Ketol 3 is prepared from 2-methyl-l,3-cyclohex- 
anedione and ethyl vinyl ketone in three synthetic stages in 
46% overall yield. Haung-Minlon modification of the Wolff- 
Kishner reduction of ketol 3 using hydrazine hydrate in di
ethylene glycol (DEG) in the presence of potassium hydroxide 
at 200 °C gives alcohol 4 in 90% yield.7 Oxidation of alcohol
4 with Jones’ reagent in acetone affords ketone 5 in 82% yield.8 
Addition of excess methyllbhium in ether at 0 °C to ketone
5 produces a mixture of tertiary alcohols 6 in 90% yield. De
hydration of tertiary alcohols 6 utilizing standard reagents 
(SOCI2, pyridine; or POCI3, pyridine; or I2, benzene; or H0SO4, 
pentane; or p-TsOH, benzene) gives only substantial quan
tities of the corresponding symmetrical rearrangement 
product 11. This troublesome rearrangement can be circum
vented by performing the dehydration in anhydrous dimethyl 
sulfoxide at 155 °C for 16 h.9 This latter reaction converts

tertiary alcohols 6 to trisubstituted alkene 7 without any trace 
of the rearrangement product in 77% yield. Epoxidation of 
alkene 7 with m-chloroperbenzoic acid in chloroform in the 
presence of disodium hydrogen phosphate gives an equimolar 
mixture of epoxides 8  (a//3, respectively) in 98% yield.10 Ep
oxide ring opening by treatment of oxiranes 8  with lithium 
di-n-propylamide in refluxing tetrahydrofuran for 6  h pro
duces a mixture of allylic alcohols.11 Oxidation of this mixture 
of allylic alcohols with Collins’ reagent12 then affords an easily 
separable mixture of enones 9a and 9b (ratio 32:68, respec
tively) in 69% yield. Enones 9a and 9b are easily separated by 
column chromatography on E. Merck silica gel-60 using 15% 
ether-85% petroleum ether (bp 30-60 °C) as the eluent. Enone 
9a displays a one proton quartet (J = 2 Hz) at b 5.53 ppm, 
whereas enone 9b shows a two-proton AB quartet (Jab -  2 
Hz) with each doublet centered at b 4.93 and b 5.36 ppm, re
spectively. When the epoxidation of alkene 7 to oxirane 8 is 
carried out in dry ether the ratio of epoxides is 30:70 (a /(), 
respectively). When this mixture of epoxides is carried 
through the same reaction sequence to enones 9a and 9b the 
ratio of enones 9a/9b changes to 56:44, respectively, in 69% 
yield. Enone 9b was previously prepared by Eschenmoser et 
al. as well as White et al. via different synthetic routes.13 
Generation of the Grignard reagent of l-bromo-2,5-dim- 
ethoxybenzene14 utilizing standard methods (Mg turnings, 
I2 catalyst, DME or THF) is rather difficult and capricious; 
however, when the magnesium metal is prepared by Rieke’s 
method (MgCl2 + 2K, DME) , 15 then the Grignard reagent 
forms readily in 1,2-dimethoxyethane (DME). Addition of 
copper(I) iodide (in catalytic amount) followed by enone 9b 
and quenching with freshly distilled acetic anhydride affords 
a crude enol acetate by conjugate addition and enolate anion 
trapping. 16 Treatment of this crude enol acetate with potas
sium hydroxide in methanol then produces ketone 10 (mp 
108-109 °C) in 70% overall yield from enone 9b. Enolate anion 
trapping with acetic anhydride facilitates the isolation and 
purification of the final product, ketone 1 0 . Quenching the 
conjugate addition reaction at 0 °C with dilute hydrochloric 
acid solution gives ketone 10 in somewhat lower yields. Nu
clear magnetic resonance data (CCI4) of ketone 10 indicate the 
presence of three aromatic protons (m, b 6.67), two methoxyl 
groups (s, b 3.72 and s, b 3.76), and three quaternary methyl 
groups (s, b 0.97; s, b 0.90; and s, b 0.80 ppm).

A Wittig reaction on ketone 10 utilizing methylenetri- 
phenylphosphorane in anhydrous dimethyl sulfoxide at 80 °C 
for 24 h affords (±)-zonarol dimethyl ether (la, mp 117-118 
°C) in 93% yield.17 Cleavage of dimethyl ether la to (±)- 
zonarol (lb) is smoothly accomplished in 90% yield with 
lithium n-butyl mercaptide in hexamethylphosphoric tri- 
amide at 150 °C for 24 h. Other reagents and conditions 
(NaSEt, DMF18: LiI-3H20, collidine19; and CH3MgI, A20) give 
an equimolar mixture of the monomethyl ethers. Treatment 
of ketone 10  with excess methyllithium in ether at 0  °C fol
lowed by dehydration of the resulting tertiary alcohol by 
heating in anhydrous dimethyl sulfoxide at 155 °C for 16 h 
gives (±)-zonarol dimethyl ether (la) and (i)-isozonarol di
methyl ether (2a) (ratio 1:4.8, respectively) in 67% yield. After 
separation (chromatography over 15% silver nitrate on silica 
gel) (i)-isozonarol dimethyl ether (2a) was then smoothly 
converted to (i)-isozonarol (2b) by treatment with lithium 
n -butyl mercaptide in hexamethylphosphoric triamide at 150 
°C for 24 h. Both synthetic (±)-zonarol dimethyl ether (la) 
and (i)-isozonarol dimethyl ether (2a) were identical (IR, 
NMR, GLC, and TLC) wbh the respective dimethyl ethers 
prepared from natural zonarcl (lb) and isozonarol (2b).21

Experimental Section
Melting points were determined on a Fisher-Johns and/or Buchi 

melting point apparatus and are uncorrected. Analyses were per
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formed by Spang Microanalytical Laboratory, Ann Arbor, Mich. 
48106.

Silica gel PF 254-366 (E. Merck No. ’7748) and Silica gel 60 (E. 
Merck No. 7734, 70-230 mesh) available from Brinkmann Instru
ments were used for thin-layer and column chromatography, re
spectively.

Analytical gas-phase chromatography (GLC) was performed using 
the following types of columns and flow rates: (A) 5-ft stainless steel, 
0.125-in. column packed with 3% SE-30 on Varaport 30,100/120 mesh 
(Varian), flow rate 15 mL/min at ambient temperature; (B) 6-ft 
stainless steel, 0.125-in. column packed with 5% OV-17 on Vara- 
port-30, 80/100 mesh (Varian), flow rate 15 mL/min at ambient 
temperature.

Infrared (IR) spectra were recorded on a Perkin-Elmer 237B. Solid 
samples were recorded in spectroquality carbon tetrachloride or 
chloroform using 0.10-mm sodium chloride cells. Liquid samples were 
sometimes taken as thin films between sodium chloride plates.

Nuclear magnetic resonance (NMR) spectra were measured on a 
Varian Associates Model T-60 spectrometer. All reactions were per
formed under an atmosphere of dry nitrogen. The equipment was 
dried in an oven at 120 3C for several hours, then allowed to cool in 
an atmosphere of dry nitrogen. All liquid transfers were made with 
nitrogen-filled syringes.

The petroleum ether used was Baker Analyzed Reagent, bp 30-60 
°C. The terms “ dry tetrahydrofuran” , “ dry 1,2-dimethoxyethane” , 
and “ dry diethyl ether” refer to purification of the commercial ma
terials by distillation from lithium aluminum hydride under nitrogen. 
“ Dry benzene” , “ dry hexamethylphosphoric triamide” , and “ dry 
di-rc-propylamine” were obtained by distillation of the commercial 
materials item calcium hydride. “Dry dichloromethane” was obtained 
by distillation of the solvent from phosphorus pentoxide. Dimethyl 
sulfoxide was triple distilled from calcium hydride-sodium amide 
(98:2) onto freshly activated molecular sieves type 4A. The nomen
clature utilized is that preferred by Chemical Abstracts.22

(la,4a/S,8aa)-Decahydro-5,5,8a-trimethyl-l-naphthalenol (4). 
Haung-Minlon modification of Wolff-Kishner reduction was utilized. 
Hydrazine hydrate (14.42 g, 0.45 mol) and potassium hydroxide (22.44 
g, 0.4 mol) in diethylene glycol (100 mL) were added to ketone 3 (20 
g, 95 mmol) and heated under nitrogen atmosphere for 2 h at 150 ±  
5 °C. Then the temperature was raised to 200 °C to remove excess 
hydrazine and water, and heating was continued for another 4 h. The 
reaction mixture was then cooled to room temperature, diluted with 
dilute hydrochloric acid, and extracted with ether (3 X  200 mL). The 
combined ethereal extracts were washed with water (3 X  50 mL) and 
saturated sodium chloride solution (50 mL), then dried (MgS04), 
filtered, and concentrated in vacuo to give 13 g (90%) of alcohol 4: bp 
70 ±  2 °C (0.1 mm); IR (CC14) 3400-3600 (OH), 1370, 1390 cm’ 1 
(gem-dimethyl); NMR (CCD 5 0.87 (s, 9, CHg), 3.00 ppm (m, 1, ox- 
ymethine). Anal. Calcd for C13H24O: C, 79.53; H, 12.32. Found C, 
79.69; H, 12.33.

irans-Octahydro-5,5,8a-trimethyl-1 (2H) -naphthalenone (5).
Saturated alcohol 4 (17.5 g, 89.5 mmol) was dissolved in reagent ace
tone (100 mL), cooled to 0-5 °C, and Jones reagent was added drop- 
wise until the reaction mixture remained orange. After stirring for an 
additional 20 min, the reaction was quenched with isopropyl alcohol, 
diluted with water (400 mL), and then extracted with ether (3 X 150 
mL). The combined ethereal extracts were washed with water (3 X 
50 mL) and saturated sodium chloride solution (50 mL), dried 
(MgS04), filtered, and then evaporated in vacuo to give 16 g of crude 
ketone 5. This material was purified by cclumn chromatography on 
silica gel (400 g) using 15% ether-85% petroleum ether as the eluent 
collecting 250-mL fractions. Fractions 6-10 were combined to give 
13 g (82%) of pure ketone 5: bp 65 ±  5 °C (0.3 mm) (bulb to bulb); IR 
(film) 1705 cm" 1 (CO); NMR (CCL,) 5 0.90 (bs, 6, CH,), 1.13 ppm (s, 
3, CH3). Anal. Calcd for C13H220: C, 80.35; H, 11.41. Found: C, 80.39; 
H, 11.53.

Decahydro-l,5,5,8a-tetramethyl-l-naphthalenol (6). Saturated 
ketone 5 (8.7 g, 45 mmol) was dissolved in freshly distilled dry ether 
(100 mL), cooled to 0 °C (ice bath) and methyllithium in ether (25 mL, 
2 M, 50 mmol) was added dropwise over a period of 30 min and then 
stirred for 4 h. The reaction mixture was poured into ice water (400 
mL) and extracted with ether (3 X 100 mL). The combined ethereal 
extracts were washed with water (3 X 60 mL) and saturated sodium 
chloride solution (50 mL), dried (MgS04), filtered, and evaporated 
in vacuo to give 9 g of crude alcohol 6. The material was purified by 
passing through a column of silica gel and eluting with 1:1 ether/ 
petroleum ether to give 8.4 g (90%) of pure tertiary alcohol 6: IR (film) 
3485-3530 cm“ 1 (OH).

trans-1,2,3,4,4a,7,8,8a-Octahydro-1,1,4a,5-tetramethylnaph- 
thalene (7). Tertiary alcohol 6 (8.4 g, 40 mmol) was dissolved in dry

dimethyl sulfoxide (50 mL) and heated at 155 °C under nitrogen for 
16 h. The reaction mixture was then cooled to room temperature, 
diluted with water (300 mL), and extracted with 1:1 ether/pentane 
(3 X 100 rr.L). The combined ether-pentane extracts were washed 
with water (3 X  25 mL) and saturated sodium chloride solution (50 
mL), then dried (MgSC>4), filtered, and concentrated in vacuo to give
7.05 g of crude olefin 7. This material was purified by distillation to 
give 5.93 g (77%) of alkene 7: bp 62-65 °C (C.2 mm) (bulb to bulb); IR 
(CC14) 1630 cm“ 1 (C=C); NMR (CC14) <5 0.87 (s, 3, CH3), 0.88 (s, 3, 
CH3), 1.00 (s, 3, CH3), .5.10 ppm (bs, 1, alkene proton).

Anal. Calcd for Ci4H24: C, 87.42; H, 12.58. Found: C, 87.48; H,
12.62.

Decahydro-4,4,7a,7b-tetramethyloxireno[a]naphthaIene (8).
To a solution of m-chloroperbenzoic acid (2.5 g, 85%, 12 mmol) in 
reagent grade chloroform (50 mL) was aeded disodium hydrogen 
phosphate (3.41 g, 24 mmol). This mixture was cooled to 0 °C (ice 
bath) and alkene 7 (1.92 g, 10 mmol) in chloroform (10 mL) was added 
dropwise with stirring for 2 h. The reaction was monitored by thin- 
layer chromatography (TLC, 10% ether-90% petroleum ether). Di
sodium hydrogen phosphate was filtered anc washed with chloroform. 
The combined chloroform layers were washed with 10% sodium hy
droxide solution (2 X 25 mL), water (3 X 2s mL), and saturated so
dium chloride solution (25 mL), dried (MgS04), filtered, and evapo
rated in vacuo to give crude epoxide 6 (2.3 g). This material was dis
tilled (bulb to bulb), bp 65-68 °C (0.3 mm), to give 2.11 g (98%) of 
epoxide 8: IR (CC14) 1240,855 cm' 1 (epoxide); NMR (CC14) 5 0.83 (s, 
6, CH3), 1.03 (s, 3, CH3). 1.12 (s, 3, CH3), 2.67 ppm (s, 1, oxymethine). 
Anal. Calcd for C14H240: C, 80.71; H. 11.61. Found: C, 80.80; H,
11.69.

trans-Octahydro-5,5,8a-trimethyI-l-methylene-2(l H)- 
naphthalenone (9b) and trans-4a,5,6,7,8,8a-Hexahydro- 
4,4a,8,8-tetramethyl-2( 1 H)-naphthalenone (9a). Freshly distilled 
di-rc-propylamine (4.86 g. 6.58 mL, 48 mmol) was dissolved in dry 
tetrahydrofuran (100 mL) and cooled to 0 °C (ice bath). n-Butyl- 
lithium (24 mL, 2 M, 48 mmol) was added dropwise with stirring. After 
10 min the ice bath was removed and epoxide 8 (3.02 g, 16 mmol) in 
dry tetrahydrofuran (2C mL) was added dropwise over a period of 10 
min. The resulting mixture was then heated at reflux for 6 h. The 
reaction mixture was cooled in an ice bath, quenched with 10% hy
drochloric acid (400 mL), and extracted with ether (3 X  100 mL). The 
ether extract was washed with water (3 X  50 mL) and saturated so
dium chloride solution (50 mL), then dried (MgS04), filtered, and 
evaporated in vacuo to give 3.6 g of crude allylic alcohols.

To a solution of pyridine (15.5 g, 15.8 mL, 0.196 mol) in dry meth
ylene chloride (75 mL), under nitrogen, coo.ed toO °C (ice bath) was 
added anhydrous chrcmium trioxide (9.8 g, 98 mmol) in small 
amounts. This mixture was then allowed to stir for 30 min. The crude 
allylic alcohol (3.4 g, 16.35 mmol) dissolved ir. dry methylene chloride 
(25 mL) was added over a period of 10 min and then allowed to stir 
for about 1 h at room temperature. A very dark solid separated as the 
reaction proceeded. The total reaction mixture then was filtered 
through a short column of either silica gel or Florisil and eluted with 
methylene chloride (500 mL). The total eluent was washed with 10% 
hydrochloric acid solution (4 X 50 mL), water (3 X  50 mL), and sat
urated sodium chloride solution (50 mL), then dried (MgS04), filtered, 
and evaporated in vacuo to give 2.87 g of crude ketones.

This mixture (4.7 g, combined from several experiments) was 
chromatographed on silica gel (250 g) and eluted with 15% ether-85% 
petroleum ether. Fractions 6 to 16 gave 2.35 g (47%) pure enone 9b, 
distilled bulb to bulb at 65 °C (0.5 mm): IR (CC14) 1685 (C = 0 ), 1600 
cm- 1 (C=C); NMR (CC14) 5 0.97 (s, 3, CH3), 1.00 (s, 3, CH3), 1.05 (s, 
3, CH3), 4.93,5.36 ppm (dd, 2, = C H 2). Fractions 20 to 30 gave 9a 1.16 
g (22%), distilled bulb to bulb at 65-68 °C (0.5 mm); IR (CC14) 1670 
(C = 0 ), 1615 cm' 1 (C=C); NMR (CC14) 6 0.92 (s, 3, CH3), 0.96 (s, 3, 
CH3), 1.13 (s, 3, CH3), 5.53 ppm (bs, 1, —COCH=). Analysis of ketone 
9b was reported in the literature. Analysis cf ketone 9a: Anal. Calcd 
for C14H220: C, 81.50; H, 10.75. Found C, 81.60; H, 10.88.

(la, 4aj3, 8aa)-l-[(2,5-Dimethoxyphenyl)methyl]octahydro- 
5,5,8a-trimethyl-2(lH)-naphthalenone (10). Freshly cut potassium 
metal (2.737 g, 70 mg atom), anhydrous magnesium chloride (ana
lytical grade dried under vacuum at 150 °C for 2 h, 3.427 g, 36 mmol), 
and potassium iodide (6 g, 36 mmol) were mixed under dry nitrogen 
atmosphere in 1,2-dimethoxyethane (100 mL) and heated under re
flux for 3 h. The reaction mixture became a dark and viscous liquid; 
then 2,5-dimethoxy-l-bromobenzene (7.6 g, 35 mmol) was added and 
the mixture was allowed to reflux for another 2 h. The reaction mix
ture then was cooled to D °C; copper(I) iodide (1.4 g) was added and 
the mixture was stirred for 5 min. Enone 9b (1.5 g, 7.3 mmol) dissolved 
in 1,2-dimethoxyethane (20 mL) was added dropwise and stirred for 
15 min at 0 °C (ice bath) and for 30 min at room temperature. The
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reaction was then quenched with acetic anhydride (20 mL) and stirred 
overnight. The reaction mixture was then diluted with saturated 
ammonium chloride solution (400 mL) ar.d extracted with ether )4 
X  100 mL). The combined ethereal extracts were washed with water 
(3 X  50 mL) and saturated sodium chloride solution (100 mL), then 
dried (MgSCD, filtered, and evaporated in vacuo to give dark brown 
oil (7 g). This crude material was treated for 20 h at room temperature 
with 10% alcoholic potassium hydroxide solution (100 mL). Most of 
the alcohol was removed in vacuo, then diluted with water (200 mL) 
and extracted with ether (3 X  100 mL). The combined ethereal ex
tracts were washed with water (3 X 50 mL) and saturated sodium 
chloride solution (50 mL), dried (MgSCD, filtered, and evaporated 
in vacuo to give a brown oil. This material was distilled (bulb to bulb) 
to remove low boiling material such as 1,4-dimethoxybenzene and 
unreacted 2,5-dimethoxybromcbenzene, bp 70-98 °C (0.7 mm). 
Residue, 2.35 g (94%), was recrystallized from petroleum ether to give
1.74 g (70%) of pure ketone 10: mp 108-109 °C; IR (CCD 1710 (C = 0),
1605.1585 (aromatic), 1040 (aromatic methoxvl), 855 cm-1 (aromatic
1.4- disubstitution); NMR (CCD 5 0.80 (s, 3, CH3), 0.90 (s, 3, CH3), 
0.97 (s, 3, CH3), 2.66 (bs, 2, henzylic), 3.72 (s, 3, OCH3), 3.76 (s, 3, 
OCH3), and 6.67 ppm (m, 3, aromatic). Anal. Calcd for C22H32O3: C, 
76.70; H, 9.36. Found: C, 76.61; H, 9.66.

(±)-Zonarol Dimethyl Ether (la ). Sodium hydride (57% oil 
dispersion, 0.421 g, 10 mmol) was washed with dry re-pentane several 
times to remove oil and then flushed with nitrogen. Dimethyl sulf
oxide [10 mL, triple distilled from CaH2/NaNH2 (98:2, respectively) 
and then distilled onto freshly activated molecular sieves type 4A] 
was introduced and heated at 8(1 °C for 30 min until the evolution of 
hydrogen was complete. Methyltriphenylphosphonium bromide 
(3.572 g, 10 mmol) was added as a solid and stirred for 10 min. The 
reaction mixture became deep orange in color. At this stage, ketone 
10 (0.689 g, 2 mmol) dissolved in hot dimethyl sulfoxide (5 mL) was 
added and stirred at 80 °C for 24 h. The reaction mixture was then 
cooled to room temperature, diluted with water (150 mL), and ex
tracted with ether (3 X  100 mL). The combined ethereal extracts were 
washed with water (3 X  25 mL) and saturated sodium chloride solu
tion (50 mL), dried (MgSCD, filtered, and evaporated in vacuo to give 
a solid which was passed through a column of silica gel to remove 
triphenylphosphine oxide. The resulting material, 0.718 g, was re- 
crystallized from pentane to give white crystalline solid, (±)-zonarol 
dimethyl ether (la) (0.636 g, 93%), mp 117-118 °C: IR (CCI4) 1640 
(C=C), 1585 (aromatic), 1040 faromatic methoxyl) 855 cm-1 (aro
matic 1,4-disubstitution); NMR (CC14) 5 0.83 (s, 3, CH3), 0.86 (s, 3, 
CH3), 0.90 (s, 3, CH3), 2.66 (d, 2. henzylic), 3.60 (s, 3, aromatic meth
oxyl), 3.76 (s, 3, aromatic methoxyl), 4.63 id, 2, = C H 2), 6.53 ppm (m, 
3, aromatic). Anal. Calcd for C23H34O2: C, 80.65; H, 10.01. Found: C, 
80.74; H, 10.07.

(i)-Isozonarol Dimethyl Ether (2a). To a solution of ketone 10 
(0.344 g, 1 mmol) in anhydrous ether (10 mL) was added methylli- 
thium in ether (2 mL, 2 mol, 4 mmol) at 0 °C and stirred for 4 h at 
room temperature; excess methyllithium was quenched by adding ice 
water (20 mL), and the mixture was extracted with ether (3 X  20 mL). 
The combined ethereal extracts were washed with water (2 X  10 mL) 
and saturated sodium chloride solution (10 mL), dried (MgSCD, fil
tered, and evaporated in vacuo to give 0.37 g of crude alcohol: IR 
(CC14) 3400-3600 (OH), 1600,1580 cm“ 1 (aromatic); NMR (CC14) 5 
0.90 (s, 9, CH3), 1.05 (s, 3, CH3), 3.7 ppm (s, 3, aromatic methoxyl), 
(s, 3, aromatic methoxyl), 6.67 (m, 3, aromatic). The above crude al
cohol (0.37 g) was dissolved in dry dimethyl sulfoxide (10 mL) and 
heated at 150 °C for 18 h. The mixture was cooled to room tempera
ture, diluted with water (50 mL), and extracted with ether (3 X 25 
mL). The combined ethereal extracts were washed with water (2 X 
10 mL) and saturated sodium chloride solution (25 mL), dried 
(MgSCD, filtered, and evaporated in vacuo to give a gummy material. 
This material was passed through a column of silica gel to remove 
dimethyl sulfoxide and then chromatographed on 15% silver nitrate 
silica gel (20 g, 75 mL column volume) with 15% ether-85% petroleum 
ether as eluent; fractions 3 and 4 gave 0.185 g of (i)-isozonarol di
methyl ether (2a) and fractions 6 and 7 gave 0.036 g of (±)-zonarol 
dimethyl ether (la). (i)-Isozonarol dimethyl ether could not be 
crystallized (dried by vacuum, 0.1 mm, 24 h): IR (CCI4) 1660 (C=C),
1610.1585 (aromatic), 1050 (aromatic methoxyl!, 865 cm-1 (aromatic,
1.4- disubstitution); NMR (CCI4) 6 0.90 (s, 9, CH3), 2.61 (m, 2, benx- 
ylic), 3.70 (s, 3, aromatic methoxyl), 3.77 (s, 3, aromatic methoxyl),
5.30 (bs, 1, — C=CH), 6.63 ppm (m, 3, aromatic). Anal. Calcd for 
C23H3402: C, 80.65; H, 10.01. Found: C, 80.49; H, 10.12.

(±)-Zonarol (lb ). Lithium hydride (0.079 g or 0.15 g of 57% oil 
dispersion, 10 mmol) was freed from oil with pentane and flushed with 
dry nitrogen. Hexamethylphosphoric triamide (HMPA, 3 mL, re
fluxed over CaH2 and distilled cnto freshly activated molecular sieves

type 4 A) was added and stirred. To this slurry, n -butyl mercaptan 
(0.901 g, 1.11 mL, 10 mmol) was added dropwise and stirred until 
hydrogen evolution was complete (10 min). Pure (±)-zonarol dimethyl 
ether (0.172 g, 0.5 mmol) in HMPA (4 mL) was added and the solution 
was heated at 150 °C for 24 h. The reaction mixture was cooled to 
room temperature, diluted with 10% hydrochloric acid solution (50 
mL), and extracted with ether (3 X 30 mL). The combined ethereal 
extracts were washed with water (3 X 10 mL) and saturated sodium 
chloride solution (25 mL), dried (MgSCD, filtered, and evaporated 
in vacuo to give 0.27 g of crude product. This material was purified 
by passing through a column of silica gel and eluting with 35% 
ether-65% petroleum ether to give 0.152 g (90%) of pure (±)-zonarol 
(lb) as a gummy material: bp 155-160 °C (0.01 mm); IR (CHC13) 
3300-3600 (OH). 1660 cm" 1 (C=C); NMR (CDC13) 5 0.80 (s, 3, CH3), 
0.83 (s, 3, CH3), 0.90 (s, 3, CH3), 2.70 (d, 2, benzylic), 4.76 (d, 2, = C H 2),
6.56 ppm (m, 3, aromatic). Anal. Calcd for C2iH3o0 2: C, 80.21; H, 9.62.. 
Found: C, 80.22; H, 9.55.

(±)-Isozonarol (2b). Lithium hydride (0.04 g, 0.07 g of 57%, 5 
mmol) was washed with pentane to remove mineral oil and was 
flushed with dry nitrogen. Hexamethylphosphoric triamide (HMPA, 
2 mL) was added and stirred. To this slurry, n-butyl mercaptan (0.451 
g, 0.535 mL, 5 mmcl) was added dropwise and stirred until the evo
lution of hydrogen had stopped (10 min). (±)-Isozonarol dimethyl 
ether (0.069 g, 0.2 mmol) in HMPA (2 mL) was added and heated at 
145 ±  5 °C for 26 h. The reaction mixture was cooled to room tem
perature, diluted with 10% hydrochloric acid solution and extracted 
with ether (3 X 25 mL). The combined ethereal extracts were washed 
with water (3 X 10 mL) and saturated sodium chloride solution (25 
mL), dried (MgSCD, filtered, and evaporated in vacuo to give 0.075 
g of crude product. This material was purified by chromatography 
on silica gel, eluting with 65% petroleum ether-35% ether. Fractions 
6 to 10 gave 0.05 g (86%) of pure (i)-isozonarol (2b): bp 155-165 °C 
(0.01 mm); IR (CHC13) 3225-3600 (OH), 1620,1580 cm“ 1 (aromatic); 
NMR (CDC13) 5 0.90 (s, 9, CH3), 2.60 (m, 2, henzylic), 5.40 (bs, 1, — 
C=CH — ), 6.67 ppm (m, 3, aromatic). Anal. Calcd for C23H3o0 2: C, 
80.21; H, 9.62. Found: C, 80.05; H, 9.46.

l,2,3,4,5,6,7,8-Octahydro-l,l,5,5-tetramethylnaphthalene ( 11). 
To a solution of tertiary alcohol 6 (1.1 g, 4 mmol), in dry benzene (50 
mL), a crystal of p-toluenesulfonic acid was added and the solution 
was allowed to reflux for 4 h. The reaction mixture was then cooled 
to room temperature, washed with saturated sodium bicarbonate 
solution (25 mL), water (25 mL), and saturated sodium chloride so
lution (25 mL), filtered through MgSCD and evaporated in vacuo to 
give 0.95 g of crude product. This material was distilled bulb to bulb 
at 45 ±  5 °C (0.1 ir.m) to give 0.85 g (80%) of colorless alkene 11: IR 
(CCI4) 1675 (C=C), 1375, 1355 cm-1 (gem-dimethyl); NMR (CCD 
S 1.00 ppm (s, 12, CH3). Anal. Calcd for Ci4H24: C, 87.42; H, 12.58. 
Found: 87.39; H, 12.61.
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Cyclization of the chiral substrate 3-methyl-2-[(E)-6'-(m-methoxyphenyl)-3'-heptenyl]-2-cyclopenten-l-ol 16) 
was investigated. In addition to high stereo- and regioselectivity almost complete optical induction by the methyl 
substituent was observed: with stannic chloride at —70 °C ~75% of the tetracyclic products consisted of 3-methoxy- 
6af,17-dimethyl-l,3,5(10),13(17)-gonatetraene (8 a ). This compound was converted into the 3-methyl erhers of dl- 
6a:-methylestrone (11) and cf/-6a-methylestradiol-17(i (13), thus giving access to 6o-methyl-19-norster^ids.

In the last decade the biomimetic polyene cyclization re
action has proved to be a fruitful approach to the total syn
thesis of polycyclic natural products.1 Practical applications 
for the synthesis of steroids were mcst extensively explored 
by Johnson and co-workers.lab One of the many contributions 
by this group was a stereospecific total synthesis of dl- 
estrone.2

In this paper we report am extension of the latter synthesis, 
starting with a polyolefinic substrate which carries a methyl 
substitutent at the pro-C-6 atom.3 The purpose of this mod
ification was (a) to see whether the newly introduced chiral 
center would effect asymmetric induction in the cyclization 
and (b) to examine the practicality of this synthesis as a route 
to 6a-methyl-19-norsteroids.17

The substrate used in the dl-estrone synthesis2 lacks a 
stable chiral center, leading to racemic products.4 The pres
ence of a stable chiral center in the substrate allows early 
resolution (an important condition for an efficient steroid 
synthesis) and formation at will of the steroid with the natural 
or unnatural configuration depending on which enantiomer 
of the substrate is used, provided a high degree of optical 
induction by the chiral center takes place. Examples of op
tical induction in the biomimetic synthesis of lla-methyl- and 
lla-hydroxyprogesterone were reported by the Stanford 
group.3a'b In the present case the chiral center is further re
moved from the reaction center so that optical induction is not 
an a priori obvious matter.

6a-Methyl-19-norsteroids were shewn to be compounds 
with potent hormonal activity.5 They have been prepared by 
partial synthesis via a somewhat troublesome route6 and in 
racemic form via a Smith-Torgov type total synthesis.5 In
terestingly the latter synthesis produces 6/3-methylestradiol 
derivatives as the major initial products, whereas the 6a iso
mers are the biologically more active ones.7

Syn th esis o f  th e  Su bstrate

Methyl 3-(m-methoxyphenyl)butyrate (1) was prepared 
in 68% yield by addition of lithium dimethylcuprate to methyl

m-methoxycinnamate. This synthesis is shorter than the 
published one5 and more versatile allowing the introduction 
of alkyl groups other than methyl by a proper choice of the 
organometallic reagent. It should be noted that 1 is an asym
metric compound and therefore, at least in principle, resolv
able.

/= = \  /— R

'CH,
CH3O

1, R = COOCH, 3
2, R = CHO

Elegant asymmetric syntheses of ̂ -substituted acids8® and 
aldehydes8b have been reported. The aldehyde 2, obtained by 
reduction of 1 with diisobutylaluminium hydride in 72% yield, 
was condensed with the phosphorane derived from 39 
employing Wittig-Schlosser conditions.10 The olefin 4 was

6 , R = H(OH)

isolated in 80% yield (over 95% trans isomer by NMR analy
sis). Acid-catalyzed hydrolysis followed by base-catalyzed 
cyclodehydration produced the cyclopentenone 5 in 84% 
yield.

The ketone 5 was reduced with lithium aluminum hydride 
to the substrate 6 in quantitative yield. Due to its instability 
6 was subjected to cyclization immediately after workup.

0022-3263/78/1943-1961$01.00/0 © 1978 American Chemical Society
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C y cliza tion  Studies

The substrate 6 was cyclized with stannic chloride (3-5 
equiv) in dichloromethane (30 min, —70 °C). The reaction 
mixture showed essentially two spots on TLC. These corre
sponded with a less and a mare polar fraction isolated in 12 
and 64% yield by column chromatography, consisting of the
1-methoxy (7a, 7b) and 3-methoxy isomers (8a, 8b), respec
tively.

7a, R = a-C H 3 
b, R = (3-CH-,

8a, R = tt-CH, 
b, R = ¡3-CHj

Crystallization of the less polar fraction from methanol 
afforded its major component (9.5% yield based on 6), mp
94.5-96.5 °C, which was assigned structure 7a. The proton 
NMR spectrum showed inter alia a doublet at b 1.27 [J = 6.8 
Hz) for the 6a-CH3 group and a doublet of doublets at h 6.94 
(J = 8 and 2.5 Hz) for the proton at C-4. The latter represents 
a downfield shift of over 0.2 ppm with respect to the 6-un- 
substituted case. This shift is characteristic for a 6«-methyl 
substituent.5

Examination of the NMR spectrum of the mother liquor 
revealed the presence of a second methyl signal centered at 
5 1.30 (d, J = 7 Hz), attributed to the 6,3-isomer 7b. Integration 
and taking into account the amount of 7a isolated showed that 
the 7 a /7 b  ratio originally must have been ca. 9:1.

Crystallization of the more polar fraction from methanol 
afforded nearly pure 8a, mp 37-42 °C, in 53% yield based on
6. The proton NMR spectrum showed inter alia a doublet at 
5 1.31 {-J = 7 Hz) for the 6a-CH3 group and a broadened 
doublet (J  = 2.5 Hz) at 5 6.83 for the proton at C-4. These 
values compare well with reported data.5 The stereochemistry 
was proven unambiguously by the conversion of 8a into 
compounds with known structure (vide infra). The NMR 
spectrum of the mother liquor showed an additional doublet 
centered at 5 1.28 attributed to the 6/3-isomer 8b (cf. ref 5). The 
original mixture was determined to be a 9:1 mixture of 8a and 
8b.

The cyclization of 6 was also carried out with formic acid 
at ca. 5°C. This afforded 7a plus 7b in 19% yield and 8a plus 
8b in 52.5% yield. As in the previous experiment the 7a /7b  and 
8 a /8 b  ratio’s were ca. 9:1.

Pure 8a was converted into a mixture of chlorohydrins (9a, 
9b) by reaction with N-chlorosuccinimide in 2:1 ierf-butyl 
alcohol/water. In situ treatment with KGH afforded the a- 
epoxide 10 in 54% yield, mp 149-151 °C.

The somewhat disappointing yield could be traced to the 
first step. A sample of pure chlorohydrir.11 was isolated by 
chromatography over deactivated alumina (ca. 50% yield). 
Subsequent treatment with base employing the same condi
tions as above afforded 10 in practically quantitative yield.

The epoxide 10 was converted into the methyl ether of 
dl -6a-methylestrone (11) in 64% yield with boron trifluoride 
in toluene or dichloromethane. This compound, mp 110-112 
°C, was spectroscopically (NMR, IR) identical to authentic 
11 (d enantiomer),12 but different from authentic 12.13 Thus 
the structure of 11 and hence that of 8a were unequivocally 
established.

The mother liquor of 8a (enriched in 8b) was also carried 
through the reaction sequence described above. The NMR 
spectrum of the reaction product clearly showed the presence

0

11, R = G'-CHj
12, R = (3-CHj

of both 11 (13-CH3 at b 0.89) and 12 (13-CH3 at b 0.92), but the 
latter product could not be obtained in a pure state.

Reduction of 11 with lithium aluminum hydride afforded 
the known racemic estradiol derivative 13, whose physical data 
agreed with those reported.0

D iscu ssion

The synthesis of the substrate 6 closely follows the reported 
procedure2 and requires no comment. The low-temperature 
cyclization of 6 with SnCl4 showed high regioselectivity, the 
para/ortho ratio (= 8 a  +  8 b /7 a  +  7b) being ca. 5 at —70 °C. 
As expected this ratio was affected by temperature and cat
alyst decreasing to 2.7 at 5 °C with formic acid. No doubt the 
para/ortho ratio can be improved by conducting the cycliza
tion at lower temperature and by the use of bulkier ether 
substituents as was demonstrated by Johnson.2

More significant for our purpose is the great preponderance 
of 6a- over 6/3-methyl-substituted cyclization products (9:1 
ratio). This implies that cyclization of the (S) enantiomer of 
6, which can be obtained from (S)-l, must lead predominantly 
to products with the natural steroid configuration. It can be 
deduced that in that case the 6a-substituted products 7a and 
8a will have the natural configuration and those with the 
6/3-methyl substituent 7b and 8b the unnatural one. Since the 
latter products can easily be removed by crystallization it 
follows that the work described here lends itself to the total 
asymmetric synthesis of steroids with natural configuration 
by the simple expedient cf resolution (or asymmetric syn
thesis) at a very early stage.14

Whereas generally good yields were obtained in the syn
thesis leading to 8a further conversion into 11 suffered from 
relatively low yields. This was especially so for the formation 
of the chlorohydrins (9a, 9b). It was found that in this reaction 
step considerable amounts of polar by-products (up to 30% 
yield) were formed. We believe that these products15 arise by 
initial a attack of the Cl+ ion followed by proton elimination 
and hydrolysis.18

In spite of these complications, which need further explo
ration, already the overall yield of the total synthesis described 
here compares favorably with the previously reported 
Smith-Torgov route.5 Moreover it complements the latter in 
that 6a- rather than 6/3-methylestrone derivatives are ob
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tained as the principal products. In fact apart from a single 
reference in the patent literature" no satisfactory synthesis 
for this class of compounds appears tc have been reported (for 
an alternative unpublished synthesis, ref 12).

E xp erim en ta l S ection

Boiling points and melting points, determined in capillary tubes, 
are uncorrected. Infrared spectra were recorded in dichloromethane 
solution on a Perkin-Elmer 357 grating spectrometer. Proton NMR 
spectra were recorded in deuteriochloroform solution with tetra- 
methylsilane as internal standard on a Varian A 60 D or a Bruker 
HX-90E instrument.

Microanalyses were performed by Dr. W. McMeekin, Analytical 
Department. Organon Laboratories, Newhouse, Scotland. For column 
chromatography Woelm silica gel 90-230 mesh and Woelm aluminum 
oxide were used.

Unless stated otherwise reaction mixtures were worked up by ad
dition of water followed by three extractions with ether. The combined 
extracts were washed w:th water and dried over anhydrous sodium 
sulfate. After filtration solvents were removed in vacuo on a rotary 
evaporator. The residues were chromatographed over 20-30-fold by 
weight silica gel.

dI-3-(m-Methoxyphenyl)butanal (2i. A solution of lithium di- 
methylcuprate was prepared by addition of 40 mL of methyllithium 
(2 M solution, 0.080 mol) in ether to 7.6 g (0.040 mol) of cuprous iodide 
in 70 mL of dry ether under nitrogen at 0 °C.

A solution of 4.8 g (0.025 mol) of methyl m-methoxycinnamate in 
20 mL of ether was added dropwise and the resulting mixture was 
stirred for 1 h at 0 °C. The crude product was chromatographed with 
8:2 hexane-ethyl acetate to give 3.65 g (63% yield) of methyl 3-(m- 
methoxyphenyDbutyrate (1). This was dissolved in 36 mL of dry 
toluene and cooled to —78 °C under nitrogen. A solution of diiso- 
butylaluminum hydride in toluene (17.5 mL, 1.2 M, 20% excess) was 
added dropwise at < —7C °C. The reaction mixture was stirred for 25 
min at —70 °C and then poured onto 70 mL of 2 N sulfuric acid. The 
mixture was allowed to warm up to room temperature and the organic 
layer was separated, dried (anhydrous NasSCL), and concentrated 
in vacuo. The residue was chromatographed with 9:1 hexane-ethyl 
acetate and distilled in vacuo to give 2.25 g of 2 (72% yield): bp 92-94 
°C (0.8 mm); NMR 3 1.32 (d, -J = 7 Hz, 3 H, CHCHg), 2.67 im. 2 H, 
CH-> CHO), 3.35 (m. 1 H, ArCH-), 3.80 (s, 3 H, OCH3), 6.6-T.4 (m, 4 
H, aromatic H’s), 9.70 (t, J = 2Hz ,lH,  CHG), IR 2839 (OCH,), 1725, 
2720, 2821 cm“ 1 (CHO). Anal. Calcd for C „H i40 2: C, 74.13; H, 7.92; 
0,17.96. Found: C, 74.24; H, 7.79; 0 , 18.19.

<f/-(ii)-2-(m-M ethoxyphenyl)-9,12-bis(ethylenedioxy)-4-tri- 
decene (4). A suspension of 6.32 g (0.01 mcl) of the phosphonium salt 
3 in 20 mL of dry THF was cooled in an ice bath under nitrogen, while 
11 mL of a 1.0 M solution of phenyl litnium in ether was added 
dropwise (a red coloration indicating formation of the ylid started 
after addition of ca. 1 mL). The resulting red solution was stirred for 
15 min without cooling and then cooled tc —70 °C. A solution of 1.6 
g (9 mmol) of aldehyde 2 in 5 mL of dry THF was added dropwise and 
after 5 min 18 mL of 1 M phenyllithium ir. ether was added. The re
sulting red solution was warmed to -3 0  °C. After 5 min at -3 0  °C the 
reaction was quenched with 1 mL of methanol. Normal workup and 
chromatography with 8:2 hexane-ethyl acetate afforded 2.9 g (79% 
yield) of 4 as a colorless oil: NMR 5 1.22 (d, J = 7 Hz, 3 H, protons at 
C-l), 1.31 (s, 3 H, protons at C-13). 1.70 (s, 4 H, protons at C-10 and 
C -ll), 2.7 (m, 1 H, ArCH-), 3.80 (s, 3 H, OCH3), 3.92 (br s, 8 H, 
OCH2CH2O), 5.36 (m, 2 H, olefinic protons', S.6-7.4 (m, 4 H, aromatic 
protons), 1.3-2.4 (m, 8 Hi; IR 971 cm-1 (trans CH=CFI). Anal. Calcd 
for C24H36Of: C. 71.25; H, 8.97; 0,19.78. Found: C, 71.09; H, 9.07; O, 
19.89.

di-3-M ethyl-2-[(J5)-6 '-(m -m ethoxyphenyl)-3 '-heptenyl]-2- 
cyclopenten-l-one (5). A solution of 2.9 g (7.2 mmol) of 4 in 130 mL 
of 2:1 95% ethanol-0.2 N hydrochloric acid was heated at 55-60 °C 
for 1.5 h. Subsequently 11.5 mL of 2 N aqueous potassium hydroxide 
was added ar d the resulting mixture was heated at reflux for 2 h. The 
reaction mixture was concentrated in vacuo to ca. 50 mL and was 
further worked up in the normal manner. Chromatography with 8:2 
hexane-ethyl acetate gave 1.8 g (84% yield 1 of 5 as a viscous colorless 
oil: NMR 3 1.20 (d, -7 = 7 Hz, 3 H. ArCHCH3), 1.98 (br s, 3 H, allylic 
methyl), 3.78 (s, 3 H, OMe), 5.32 (m, 2 H, CH=CH), 6.5-7.3 1 m, 4 H, 
aromatic protons), 1.9-2.9 (m, 11 H); IR 1699,1645 (cyclopentenone), 
969 cm-1 (trans CH=CH). Anal. Calcd for C ôHgeCb: C, 80.49; H, 8.78; 
0,10.72. Found: C, 80.60; H, 8.86; 0,10.50.

d/-3-Methyl-2-[(E)-6'-(jn-methoxyphenyl)-3'-heptenyl]- 
2-cyclopenten-l-ol (6). A solution of 1.8 g (6 mmol) of 5 in 60 mL 
of dry ether was cooled to -2 0  °C. Lithium aluminum hydride (0.45

g, 12 mmol) was added in portions, with stirring. The mixture was 
allowed to warm up to 0 °C over 30 min. The excess of hydride was 
destroyed by addition of saturated sodium sulfate solution. The ether 
layer was decanted from precipitated salts, which were extracted with 
two more portions of ether. The combined ether solutions were dried 
over anhydrous Na2S04 and evaporated to dryness in vacuo (<25 °C). 
This left 1.8 g (99% yield) of 6 as a colorless oil, which was immediately 
used in the next step.

d l - 1- and -3-Methoxy-6a,17-dimethyl-l,3,5(10),13(17)-gona- 
tetraene (7a and 8a). a. With Stannic Chloride. A solution of 
stannic chloride (2.8 mL, 5 equiv) in 150 mL of dry dichloromethane 
was cooled to -7 0  °C under nitrogen. A solution of 1.80 g (6.0 mmol) 
of 6 in 60 mL of dichloromethane was added dropwise with stirring 
oxer 1 h and the resulting red solution was stirred for another 30 min 
at -7 0  °C. A solution of 6.0 g of NaOH in 30 mL of 80% ethanol was 
added dropwise (temperature < —60 °C) followed by water. The 
mixture was allowed to warm up to room temperature; the organic 
phase was separated and dried over anhydrous K2C 03. The solvent 
was stripped off and the residue was chromatographed with 9:1 hex
ane-toluene. First 1-methoxy isomers (7a, 7b) were eluted (0.198 g, 
12% yield). Crystallization from methanol gave 0.133 g of 7a, mp
94.5-96.5 °C, and a second crop of 0.027 g, mp 87-91 °C (9.5% yield). 
The mother liquor contained about equal amounts of 7a and 7b. 
Further elution produced the 3-methoxy isomers (8a, 8b) as an oil 
(1.08 g, 64% yield). Crystallization from methanol gave 0.90 g (53% 
yield) of crystalline 8a, mp 37-42 °C. Repeated crystallization af
forded an analytically pure sample, mp 45-46 °C. The mother liquor 
consisted of 8a and 8b, which could not be separated.

b. With Formic Acid. A solution of 0.85 g (2.83 mmol) of 6 in 50 
mL of dichloromethane was added dropwise with st irring to 25 mL 
of 98% formic acid at ca. 5 °C After the addition was completed (ca. 
1 h) the pale yellow reaction mixture was stirred for 15 min at 5 °C 
and then diluted with water. The organic phase was separated, washed 
with water and aqueous sodium bicarbonate, and dried over anhy
drous K2C 03. The products were isolated and purified as in a. Thus 
were obtained 7a + 7b (9:1 mixture) in 19% yield (0.15 g) and 8a + 8b 
in 52.5% yield (0.42 g) also as a 9:1 mixture 7a: NMR 5 1.27 (d, J =
6.8 Hz, 3 H, 6«-CH3), 1.65 (br s, 3 H, 17-CH3), 3.80 (s, 3 H, OCH3), 6.71 
(dd, -J = 7.5 and 2 Hz, H at C-2), 6.94 (dd, J = 8 and 2.5 Hz, H at C-4),
7.15 (t, J = 7.5 Hz, H at C-3), 0.5-3.3 (m, 14 H). 8a: NMR 6 1.31 (d, 
-7 = 7 Hz, 3 H, 6«-CH 3), 1.63 (br s, 3 H, 17-CH3), 3.77 (s, 3 H, OCH3),
6.72 (dd, J = 8.5 and 2.5 Hz H at C-2), 6.83 (d, J = 2.5 Hz, H at C-4),
7.23 (d, -7 = 8.5 Hz, H at C-l), 0.7-3.2 (m, 14 H). Anal. Calcd for 
C20H26O: C, 85.05; H, 9.28; 0, 5.67. Found for 7a: C, 84.98; H, 9.15; 0, 
5.70. Found for 8a: C, 85.07; H, 9.42; 0 , 5.76.

d/-3-Methoxy-6a,17-dimethyl-13a,17a-epoxy-l,3,5(10)-gona- 
triene (10). To a solution of 0.282 g (1.0 mmol) of 8a in 10 mL of 
tert-butyl alcohol was added with stirring and cooling in ice 5 mL of 
water, 0.50 g of powdered calcium carbonate, and 0.54 g (4 mmol) of 
N-chlorosuccinimide. The mixture was stirred for 1 h at 5 °C. In one 
experiment the reaction mixture was worked up at this point and 
chromatographed over neutral alumina (act.vity grade IV) to give 9a 
and 9b in ca. 50% yield. Otherwise 3 mL of 40% aqueous KOH was 
added and the resulting mixture was stirred for 30 min at 5 °C. Water 
and dichloromethane were added and the organic phase was separated 
and dried over anhydrous K2C 03. The solvent was stripped off and 
the residue was chromatographed over base-washed alumina (activity 
grade IV) with 2:1 hexane-dichloromethane. A small amount of 
starting material was eluted followed by 0.161 g of 10 (54% yield) and 
0.10 g of more polar by-products. Analytically pure 10, mp 149-151 
°C, was obtained by recrystallization from methanol. The mixture 
of 9a and 9b redissolved in 2:1 tert -butyl alcohol-water and treated 
as above afforded 10 in quantitative yield: NMR 3 1.36 (s, 3 H, 17- 
CH3), 1.32 (d, J = 7 Hz, 3 H, 6a-CH3), 3.83 (s, 3 H, OCH3), 6.7-7.4 (m, 
3 H, aromatic protons), 0.85-3.3 (m, 14 H). A.nal. Calcd for C2oH2g02: 
C, 80.49; H, 8.78; 0, 10.72. Found: C, 80.50; H, 8.88; O, 10.94.

dI-3-Methoxy-6a-methyl-l,3,5(10)-estratrien-17-one (11) A 
solution of 0.217 g (0.73 mmol) of 10 in 23 mL of toluene was treated 
witn 0.2 mL of boron trifluoride etherate and shaken for 1 min. The 
purple reaction mixture was shaken with aqueous K2C 03 until the 
color had disappeared. Normal workup and chromatography with 9:1 
hexane-ethyl acetate afforded 0.138 g (64% yield) of 11 as an oil which 
crystallized on standing. An analytical sample had mp 110-112 °C 
(from methanol): NMR 3 0.89 (s, 3 H, 13-CH3), 1.34 (d, J = 7 Hz, 3 H, 
6«-CH3), 3.79 (s, 3 H, OCH3), 6.6-7.3 (m, 3 H, aromatic protons), 
0.8-3.3 (m, 14 H). Anal. Calcd for C20H26O2: C, 80.49; H, 8.78; 0 , 10.72. 
Found: C, 80.53; H, 8.61; 0, 10.77.

d/-3-Methoxy-6a-methyM,3,5(10)-estratrien-17j3-ol (13). A
20-mg sample of 11 was reduced with lithium aluminum hydride in 
ether. Normal workup and crystallization from ether afforded 18 mg
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(90% yield) of pure 13: mp 174-176 °C (lit.5 mp 173-176 °C); NMR 
identical to reported data.5
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95, 7502(1973).

(3) Pro-C-6 référés to the carbon atom which is to becom e C-6 (steroid num
bering) following Johnson’s nomenclature: (a) W. S. Johnson and G. E. 
DuBois, J. A m . Chem. Soc., 98, 1038 (1976); (b) W. S. Johnson, S. Escher, 
and B. W. Metcalf, ibid., 98, 1039 (1976).

(4) A chiral center is present in the form of an allylic alcohol or its derivative, 
which is lost upon cyclization. It was suggested2“ that optical induction by 
this chiral center might take place, but investigations to that effect showed 
only minimal retention of optical activity: W. S. Johnson, J. A. M. Peters, 
N. P. van Vliet, and F. J. Zeelen, to be published

(5) G. FI. Douglas, G. C. Buzby, Jr., C. R. Walk, and H. Smith, Tetrahedron, 22, 
1019 (1966).

(6) C. C. Bolt, A. J. van den Broek, G. H. Visser, H. P. de Jongh, and C. M. 
Siegmann, R eel. Trav. C him , Pays-Bas. 90, 849 (1971).

(7) Japanese Patent Publication 2282 (1963). Teikoku Florm. Manufacturing 
Comp.; C hem . A b str., 59, 11607 (1963).

(8) (a) A. I. Meyers and C. E. Whitten J. A m . C hem . S o c ., 97, 6266 (1975); 
(b) S. Hashimoto, S. Yamada, and K. Koga. ibid., 98, 7450 (1976).

(9) W. S. Johnson, M. B. Gravestcck, and B. E. McCarry, J. A m . C hem . S oc., 
93, 4332(1971).

(10) Reaction conditions for this ard the following steps in the synthesis were 
taken with som e modifications from Johnson's work.2 9

(11) The NMR spectrum of this sample showed inter alia singlets at 6 1.49 and
1.64 (ca. 4:1 ratic) which tentatively may be assigned to the 17-CH3 group 
of 9a and 9b, respectively.

(12) Authentic d-11, mp 89 -9 0  °C , was prepared from 6«-m ethyl-4-estrene- 
3,17-dione6 by microbiological aromatization (Arthrobacter Simplex) fol
lowed by méthylation.

(13) Authentic d-12, mp 106-107 °C , was prepared by méthylation of 6/3- 
methylestrone: E. Velarde, J. Fiarte, FI. J. Ringold, and C. Djerassi, J. Org. 
C hem ., 2 4 ,311  (1959).

(14) By the same token steroids with the unnatural configuration may be obtained 
by starting with (R )-6.

(15) NMR evidence suggest the following partial structures:

14 15 16

The NMR spectrum showed inter alia signals at d 1.7 (br s, allylic methyl 
in 15 and 16), 1.34 (s, CH3CO in 14), and 4.56 (br d, J  =  5 Flz, FICOH in 
16).

(16) W e propose the following mechanism:

1 7  18 19

(17) A similar total synthesis of thiephene analogues of 6or-alkyl-19-norsteroids 
was reported recently: A. A. M acco, R. J. de Brouwer, and FI. M. Buck, J. 
Org. C hem ., 42, 3196 (1977).
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A total synthesis of racemic cedrol and cedrene is described in which a key step is the intramolecular Diels-Alder 
reaction of alkyl cyclopentadiene 3 to give the tricyclic olefin 4. Oxidation of this material followed by ring expan
sion gives cedrone (6), which is converted to the sesquiterpenes. Modification of the functionality of the starting 
materials will permit the application of this general route to diverse tricyclic systems.

Cedar-wood oil contains the interesting sesquiterpenes 
«-cedrene (1) (accompanied by ~15% of the (1 isomer) and its 
crystalline hydration product cedrol (2), both of which possess 
the relatively rare tricyclof.S.S.l.O1’5]undecane skeleton.1 In 
addition, several related more highly oxygenated members 
of this family such as shellolic acid2 and other lac resin and 
vetiver oil components3 are known. Interest in these tricyclic 
sesquiterpenes is widespread and a number of diverse syn
theses have been reported since the original total synthesis 
of Stork and Clarke.4 However, all of these recent synthetic 
studies5 have attempted to mimic, to some extent, the bio-

synthesis of cedrene and, thus, have utilized a series of car
bonium ion intermediates of the general type illustrated.

We report herein a total synthesis of l±)-cedrol (2) and 
(±)-cedrene (1) via an intramolecular Diels-Alder reaction

of an alkyl cyclopentadiene. The stereoselective route is direct 
and should be suitable for the construction of related com
pounds.6

The Diels-Alder reaction occupies a position of prominence 
in the arsenal of the synthetic organic chemist as a conse
quence of its good yields-, mild reaction conditions, predict
ability, and high stereoselectivity. In view of both the steric 
and electronic requirements for this cycloaddition, intramo
lecular applications provide access to diverse systems which 
are otherwise difficult to prepare.7 Thus, complex multicyclic

arrays (as illustrated) can be envisaged, when both the diene 
and dienophile components are themselves cyclic, and with

0022-3263/78/1943-1964$01.00/0 © 1978 American Chemical Society
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Scheme I

Scheme II

appropriate ring systems the opportunity to prepare stereo- 
selectively a variety of tricyclic sesquiterpenes is apparent.

Several possible approaches to the cedrene nucleus may be 
envisaged. Retrograde analysis of the cedrene skeleton reveals 
that a “ paper” Diels-Alder route should be the sequence in 
Scheme I. The simplicity of this approach has certain appeal; 
however, our studies on other internal Diels-Alder systems, 
earlier work by House and Cronin8 with acyclic dienes, and 
a careful examination of molecular models indicate that the 
unsaturated compound is too rigid to permit the required 
alignment of the tr systems for the reaction to be successful. 
Indeed, it appears that to the extent that any monomeric 
product is formed the undesired cyclobutane compound will 
be favored due to the preferred orientation of the dieno- 
phile.

Thus, the approach selected (Scheme II) is based on the 
generation of a suitable tricyclo[5.2 1.01>5]dec-8-ene system 
(i.e., 4) which by ring expansion and functional-group ma
nipulation could be converted to cedrene. An attractive route 
to this intermediate is by internal cycloaddition of the alkyl 
cyclopentadiene 3. The sequence takes advantage of the rapid 
isomerization of 5-alkyl- to 1-alkylcyclopentadienes at room 
temperature9 and, although the double bond is trisubstituted, 
necessitating forcing conditions for the reaction, it was an
ticipated, due to the stereochemical constraints of the system, 
that the cyclopentane side chain would have the correct exo 
orientation10 and that hydroboration would give the desired 
ketone 5 for ring expansion to cedrone (6).

R esu lts and D iscu ssion

A commercial sample of 6-methyl-5-hepten-2-one was re
duced with lithium aluminum hydride in diethyl ether and 
the resulting alcohol11 treated with tosyl chloride in pyridine 
to afford the tosylate 7 in 93% overall yield. Separate treat
ment of the alcohol with triphenylphosphine dibromide gave 
the corresponding bromide (74%). It is well established, from 
previous studies with methyl cyclopentadiene,9 that the initial 
product from alkylation of sodium cyclopentadiene 8a isom- 
erizes rapidly at room temperature to 8b and more slowly to 
8c. Thus, alkylation of sodium cyclopentadiene12 with tosylate 
7 in tetrahydrofuran at 0 °C for 30 min followed by 4 h at room 
temperature afforded, after workup, the isomer 8b (85% 
yield).13 Detectible amounts of the isomers 8a and 8c were not 
present based on the NMR spectrum. This spectrum dis
played a multiplet at 5 2.80 due to the two allylic cyclopentyl 
hydrogens and a complex signal from l  5.8 to 6.5 representing 
the three vinyl ring hydrogens consistent with structure 8b.

Although the desired isomer 8b had been obtained, the 
thermal conditicns required for the Diels-Alder reaction will

Scheme III

Scheme IV

shift the equilibrium, and thus consideration of the possible 
intramolecular cycloaddition produces which may result is 
warranted. These are depicted in Scheme III. It will be noted 
that monomeric tricyclic products from 8c are unlikely, since 
both possible structures violate Bredt’s rule. The desired 
product 4 from 8b will clearly be favored, since the geometry 
of the system precludes the efficient overlap of the reacting 
centers required for the twistane structure 4a. However, if 
sufficient 8a is present it would cyclize to the undesired 
structure, although for this to occur the Diels-Alder reaction 
must be more rapid than isomerization to 8b which seems 
unlikely under the temperature conditions found to be re
quired.

Cyclization of 8 was effected by heating a dilute solution in 
hexamethylphosphoramide or tri-n-butylamine at 205 ±  5 °C 
for 7 h to give the tricyclic olefin 4 in 36% yield after column 
chromatography. Alternatively the reaction was conducted 
in a sealed tube in xylene at 155 °C for 50 h. Based on un
reacted starting material this was the most efficient process 
affording the desired product in 74% yield, but attempts to 
push the reaction to completion including the use of metal 
catalysts were unsuccessful. It appears that the equilibrium 
position between the open precursor and the Diels-Alder 
adduct cannot be easily shifted under the temperature and 
pressure conditions available.

The isomeric internal Diels-Alder structures are excluded 
by the ]H NMR spectrum of the cyclization product which is 
consistent with 4. The olefinic signals appeared as an un- 
symmetrical multiplet at 5 6.01 representing the AB portion 
of an ABX system, while the single allylic bridgehead proton 
(X) gave rise to a broad resonance at <5 2.27 ( W  1/2 = 6 Hz). The 
methyl signals appeared as singlets at b 0.80 and 1.05 due to 
the endo and exo geminal group and as a doublet at 5 0.91 ( J  

= 6.5 Hz) representing the secondary methyl function. Al
though 4 was homogeneous by both GLC and TLC, the proton 
noise-decoupled 13C NMR spectrum indicated it was an ep- 
imeric mixture at Co (—1 :1).14 This spectrum confirmed the
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single mode of attachment of the cyclopentane side chain, and 
the success of the synthesis indicated this was exo.

Unfortunately, there does not appear to be a simple method 
of controlling the stereochemistry at C2 during the reaction. 
An unsubstituted alkyl cyclopentadiene (R = H) may react 
from either of the two conformations shown. These are 
equivalent except for the orientation of the double bond with 
respect to the cyclopentadiene methylene and cyclization will 
give rise to an enantiomeric mixture (the two products are 
nonsuperimposable mirror images). In our case (R = CH3), 
since there is not a significant conformational energy differ
ence due to the nonbonded interactions present in the pre
cursor (between the methyl group and the methylene bridge), 
even optically active 8b will afford a diastereomeric mix
ture.

Hydroboration of 4 in dimethoxyethane proceeded as ex
pected to give after oxidative workup and treatment with 
Jones’ reagent the desired ketone 5 whose infrared spectrum 
contained a strong carbonyl band at 1735 cm-1 typical of a 
cyclopentanone. No evidence for the positional isomer due to 
attack at the more hindered center was obtained. Previous 
work with norbornanone15 suggested that ring expansion of 
this ketone should give predominantly the required ketone 
6 as an epimeric mixture.

Ketone 5 was inert to diazomethane even under Lewis acid 
catalyzed conditions and, since conventional cyanohydrin 
formation failed, the trimethylsilylcvanohydrin 9 was pre
pared using the general procedure of Evans and co-workers16 
with trimethylsilylcyanide and zinc iodide at room tempera
ture. The nitrile displayed a very weak infrared band at 2220 
cm-1  in addition to intense absorptions at 860 and 1260 cm-1 
due to the trimethylsilyl function. The primary amine 10 
obtained upon lithium aluminum hydride reduction was 
treated with nitrous acid to give the ring-expanded ketones 
in 73% overall yield from 5. This product contained a variable 
amount (15-25%) of the positional isomer 11 which was sep
arated by TLC.17

5 2  R * Si Me3 . R, =CN 6 _M_

JO R = H, R, = CH2NH2

Stereoselective addition of methyllithium4 to the epimeric 
cedrone mixture 6 gave a 1:1  mixture of (±)-cedrol (2) and 
(±)-ept-cedrol. These alcohols were separated by GLC and 
the spectral (1H NMR, IR, MS) and chromatographic prop
erties (GLC, TLC) of the synthetic cedrol were indistin
guishable from an authentic sample of the natural material. 
The cedrol was converted to (±)-a-cedrene (1) and (±)-j3- 
cedrene in quantitative yield (ratio 80:20) by dehydration19 
in pyridine containing thionyl chloride at 5 °C to complete the 
synthesis.

Extension of this route using modified side chains should 
provide access to a variety of more highly oxygenated cedre- 
noids as well as the related tricyclofe^.l.C^'^undecane ring 
system possessed by isolongifolene.

Experimental Section
Melting points were determined on a Fisher-John’s melting point 

apparatus and are uncorrected. Microanalyses were performed by 
Atlantic Microlab Inc., Atlanta, Georgia.

Infrared spectra were recorded neat, unless otherwise indicated, 
on a Perkin-Elmer 237B or 451 grating spectrophotometer and were 
calibrated with the 2850- and 1601-cm_1 bands of polystyrene film. 
Proton magnetic resonance spectra were measured using a Varian 
Model EM-360 spectrometer in carbon tetrachloride solutions, unless 
otherwise stated, containing tetramethylsilane as an internal stan
dard. Band positions are reported in parts per million downfield from

Me4Si (6 scale). Mass spectra were determined on a Hitachi Perkin- 
Elmer EMU 6E instrument using a ionization energy of 70 eV.

The GLC analyses were conducted on a Varian Aerograph gas 
chromatograph Model 1720 with helium as a carrier gas on a 10 ft X 
0.25 in. 13% SE-30 column supported on Chromosorb W (AW-DMCS) 
(70-80 mesh) (A) or an a 8 ft X 0.25 in. 20% Carbowax 20 M column 
supported on Chromosorb W (AW-DMCS) (70-80 mesh) (B).

Solutions in organic solvents were dried over anhydrous magnesium 
sulfate and stripped of solvent with a Buchi rotary evaporator con
nected to a water aspirator.

6-Methyl-5-hepten-2-ol. A solution of 6-methyl-5-hepten-2-one 
(10 g, 68 mmol, Aldrich) in dry ether (50 mL) contained in a dropping 
funnel was added slowly to a EOO-mL three-necked round-bottom 
flask, equipped with a reflux condenser fitted with a calcium chloride 
drying tube, containing a suspension of lithium aluminium hydride 
(2.66 g, 70 mmol) in anhydrous ether (110 mL). The resulting mixture 
was refluxed for 12 h and the excess reagent destroyed by the careful 
addition of aqueous ethyl acetate. The reaction mixture was diluted 
with cold 2 M sulfuric acid (150 mLi. The organic layer was separated 
and the aqueous layer extracted with ether (2 X 45 mL). The com
bined ether extracts were washed with saturated aqueous sodium 
chloride solution and dried, the solvent was removed under reduced 
pressure, and the residual oil was purified by distillation [bp 33-35 
°C (0.35 mm), lit.11 bp 91 °C (34 mm)] to give the alcohol: 8.7 g (100%); 
IR (neat) 3320-3350 (br, OH) cm-1; JH NMR 5 5.0 (1 H, br t, J = 7 
Hz, CH=C), 4.16 (1 H, s, OH), 3.65 (1 H, sextet, J = 6.5 Hz, CHO),
1.64 (3 H, s, CH3C=C ), 1.55 (3 H, s, CH3C=C ), 1.09 (3 H, d, J  = 6.5 
Hz, CH3CH) ppm; mass spectrum M* 128.

6-Methyl-5-heptene 2-p-toluenesulfonate (7). p-Toluenesul- 
fonyl chloride (9.55 g, 50 mmol) was added in small increments to a 
cold solution (ice bath) of the methylheptenol (5.0 g, 39 mmol) in 
pyridine (22 mL), and stirring was continued for 21 h at ~5 °C (cold 
room). The white reaction mixture was transferred to a separatory 
funnel, ice-cold 40% aqueous hydrochloric acid (125 mL) was added, 
and the aqueous material was extracted with ether (2 X 100 mL). 
These combined extracts were washed with water and brine and then 
dried, and the solvent was removed under reduced pressure to give 
the tosylate 7 ,10.33 g (93.5%), as a clear light-yellow oil: IR (neat) 1597 
(Ph) 1195,1180 (-SC'aR) cm“ 1; !H NMR S 7.63 (2 H, d, J = 9 Hz, ArH 
a  to S 03), 7.18 (2 H, d, J  =  9 Hz, ArH a  to CH3), 4.83 (1 H, br t, J  =  

7 Hz, CH=C), 4.47 (1 H, sextet, J  = 6.5 Hz, CHO), 2.33 (3 H, s, 
CH3Ar), 1.59 (3 H, s, CH3C=C ), 1.45 (3 H, s, CH3C =C ), 1.18 (3 H, 
d, J = 6.5 Hz, CH3CH) ppm.

Anal. (C15H22O3S) C, H, S.
2-Bromo-6-methyl-5-heptene. To triphenvlphosphine (4.19 g, 

16 mmol, BDH) suspended in cold (ice bath) dry acetonitrile (70 mL) 
a solution of bromine (2.56 g, 16 mmol) in acetonitrile (15 mL) was 
added dropwise followed by pyridine (1.3 mL, 16 mmol). The reaction, 
after stirring for 15 min in the ice bath, was warmed to room tem
perature, and a solution of 6-methyl-5-hepten-2-ol (2.0 g, 16 mmol) 
in acetonitrile (20 mL) was added over 15 min. The resulting clear 
solution was stirred at room temperature for 1 h, the solvent was re
moved and the resulting solid was extracted between ethyl acetate 
and water. The organic layer was dried and the residue after filtration 
and concentration distilled [bp 32-38 °C (0.75 mm)] to give the bro
mide: 2.3 g (74%); JH NMR 6 5.01 (1 H, br t, J ~ 7 Hz, CH =C), 4.00 
(1 H, m, J «s 6.5 Hz, CHBr), 1.60,1.71 (9 H, CH3) ppm; mass spectrum 
M* 190.

Preparation o f l,5-Dimethyl-4-hexenyl-2'-cyclopentadiene
(8). (A) Sodium spheres (2.88 g, 3.125 mol, MCB) were refluxed in dry 
xylene (35 mL) under nitrogen until sodium sand had formed. After 
cooling to room temperature the xylene was decanted, and the sand 
was washed with dry tetrahydrofuran (2 X 25 mL) and suspended in 
tetrahydrofuran (75 mL). Freshly distilled cyclopentadiene (~10 mol) 
was added to the stirred mixture in four portions, resulting in a deep 
red-purple solution :n which all the sodium had been consumed (~3 
h).12 The solution was cooled in an ice bath, and the tosylate 7 (31.3 
g, 0.11 mol) in dry tetrahydrofuran (100 mL) was added dropwise over 
0.5 h. After the addition was complete, the reaction mixture was al
lowed to warm to room temperature and stirring continued for a 
further 4 h. The light-brown mixture was transferred to a separatory 
funnel, diluted with brine (100 mL), and extracted with ether (4 X  700 
mL), the combined extracts were washed with brine and dried, and 
the solvent was removed to afford an oil which was purified by column 
chromatography on silica gel (10:1) elution with n-hexane to give the 
hydrocarbon 8,16.5 g (85%), as a clear oil: IR 1660,1601 (C=C) cm“ 1; 
JH NMR 5.8-6.5 (3 H, m, cyclopentadiene), 5.02 (1 H, br t, J  »  6 Hz, 
CH=CM e2), 2.80 (2 H, d of m J m 5,1.3,1 Hz, C=CCH oC=C), 1.09 
(3 H, d, J = 7 Hz, CH3CH), 1.55,1.63 [6 H, s, (CH3)2C=C] ppm; mass 
spectrum M* 176.
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An analytical sample was obtained by preparative GLC (column 
A).

Anal. (C13H20) C, H.
(B) Similar reaction of sodium cyclopentadiene with the bromide 

required 104 h at room temperature in THF and after column chro
matography afforded the triene 8 in 69% yield.

(C) Cyclopentadienylmagnesium bromide was prepared according 
to the method of Brieger20 and reacted over 15 h at room temperature 
with tosylate in diethyl ether under nitrogen to give 8 in 65% yield 
after standard workup and chromatography.

(D) Lithium cyclopentadiene was generated from methyllithium 
and cyclopentadiene and reacted with the tosylate (4 h, 0-25 °C) to 
give a 57% yield of the alkyl cyclopentadiene after chromatogra
phy.

Preparation o f 2,6,6-Trimethyltricyclo[5.2.1.01>5]dec-8-ene
(4) . (A) A solution of alkylcyclopentadiene 8 (18.41 g, 0.105 mol) in 
dry hexametnylphosphoramide (HMPA, 100 mL) was added over a 
2-h period to a hot solution of HMPA (110 mL) maintained under N2 
in a silicone oil bath at 205 ±  5 °C in a 500-mL three-necked flask 
equipped with a condenser and pressure-equalizing dropping funnel. 
Heating was continued for a further 5 h, the reaction was cooled to 
room temperature, and the resulting black solution was diluted with 
brine (250 mL) and extracted with ethyl acetate (3 X 90 mL). The 
combined extracts were washed with water (5 X 100 mL), dried, and 
concentrated, and the oily residue was passed through a silica gel 
column (8:1) eluting with n-hexane. These fractions were combined 
and distilled [bp 53-56 (0.2 mm)] to give the tricyclic olefin 4: 6.5 g 
(36%); IR (neat) 3040 (CH=C), 1550 (w, C=C ) cm“ 1; 'H NMR 5 6.01 
(2 H, m, CH=CH), 2.27 (1 H, br s, w1/2 = 6 Hz, CH), 0.81 (3 H, s, CH3),
1.07 (3 H, S, CH:j), 0.91 (3 H, d, J  = 6.5 Hz, CH3CH) ppm; 13C NMR 
(CDCI3) 5 139.56,139.11,136.03,135.58 (C=C for each epimer); mass 
spectrum M* 176.

Anal. (C13H20) C, H.
(B) The triene 8 (0.161 g, 0.915 mmol) in dry xylene (4.5 mL) was 

sealed in a Carius tube and heated at 155 ±  3 °C for 51 h. The tube 
was opened, solvent was removed, and the product was isolated in 37% 
yield (74% based on unreacted starting material) by preparative GLC 
(column A).

(C) A solution of the triene 8 (0.271 g, 1.54 mmol) in dry tri-n-butvl- 
amine (15 mL) was added over a 0.5-h period to a hot solution of tri- 
n-butylamine (40 mL) maintained under N2 in a silicone oil bath at 
210 ±  5 °C in a 100-mL three-necked flask equipped with a condenser 
and pressure-equalizing dropping funnel. Heating was continued for 
a further 3.5 h, the cooled reaction mixture was poured into ice-cold 
50% aqueous hydrochloric acid, and the product was extracted with 
ether (2 X 50 mL). The combined extracts were washed with dilute 
hydrochloric acid, 10% aqueous sodium bicarbonate solution (25 mL), 
and brine, dried, and concentrated to give an oily residue. The tricyclic 
olefin 4 was purified by preparative GLC, 0.979 g (29%, ~55% based 
on unchanged starting material) (column A .̂

Preparation of 2,6,6-Trimethyltricyclo[5.2.1.01,5]decan-8-one
(5) . To a cold (0 °C) solution of the alkene 4 (1.7 g, 9.7 mmol) in dry 
dimethoxyethane (12 mL) under nitrogen, in a 100-mL three-necked 
flask equipped with a reflux condenser and pressure-equallizing 
dropping funnel maintained in an ice bath, was added sodium bcr- 
ohydride (0.53 g, 14 mmol). Freshly distilled boron trifluoride etherate 
(1.97 mL, 16 mmol) in dimethoxyethane was added dropwise to the 
cold solution over a 10-min period. The reaction mixture was allowed 
to warm to rcom temperature, and stirring was continued for a total 
of 20 h. The reaction was then cooled in an ice bath and the excess 
reagent destroyed by careful addition of water (~1.5 mL) and this was 
followed by aqueous sodium hydroxide solution (3 M, 5 mL) and 
aqueous hydrogen peroxide (30%, 5 mL) dropwise. The reaction was 
refluxed gently for 45 min, aqueous 10% sodium sulfite solution was 
added to destroy the excess peroxide (negative starch/KI test), diluted 
with water, and extracted with ethyl acetate (4 X  50 mL). The com
bined extracts were washed with brine (50 mL), dried, and concen
trated to give an oil (1.7 g). This alcohol was dissolved in dry acetone 
and cooled to 0 °C (ice bath), and Jones’ reagent was introduced 
dropwise to the stirred solution until a fainr-yellow color persisted. 
A few drops of isopropyl alcohol were added to utilize excess oxidant, 
and the mixture was poured into ether-brine. The aqueous layer was 
extracted with ether (3 X 35 mL), and the combined extracts were 
washed with water and brine, dried, and concentrated to afford the 
ketone as an oil (1.59 g, 86%). This material was shown to be homo
geneous by GLC analysis (column A) and was used without further 
purification: IR (neat) 1735, (CCI4), 1745 cm-1; NMR 5 0.96 (9 H, br 
s with two sharp shoulders), 1.03,0.98 (CH3); 75 mg of ketone plus 40 
mg of Eu(fod)3 resolved the methyl signals and confirmed that the 
diastereomeric ratio was 1:1; mass spectrum M* 192.

The ketone was further characterized as its 2,4-DNP derivative, 
crystallized from aqueous methanol, mp 164-166 °C.

Anal. (C19H24N4O4) C, H, N.
Preparation of Silyl Cyanohydrin (9). Anhydrous zinc iodide 

(10 mg) and trimethylsilylcyanide (0.92 g, 9.2 mmol) were added to 
the tricyclic ketone 5 (1.70 g, 8.85 mmol) ma.ntained under nitrogen. 
The resulting solution was stirred at room temperature for 5.5 h and 
then concentrated under reduced pressure to give the cyanohydrin 
ether: 2.51 g (97%); IR (neat) 2220 (w, C =N ) cm "1; *H NMR 5 0.30 
[9 H, s, (CH3)3Si] ppm; mass spectrum M* 291.

Preparation o f Amino Alcohol 10. Lithium aluminum hydride 
(10.4 g, 0.011 mol) was suspended in anhydrous ether (12 mL) under 
N2 in a 50-mL three-necked flask equipped with a magnetic stirring 
bar, reflux condenser, and pressure-equalizing dropping funnel. An 
ether solution (10 mL) of the cyanohydrin ether 9 (2.66 g. 9.14 mmol) 
was added dropwise so that gentle reflux was maintained. Stirring was 
continued for 10 h at room temperature, excess hydride was destroyed 
by careful addition of water (~1 mL), 15% aqueous sodium hydroxide 
solution (1 mL), and water (1 mL), and the reaction was stirred until 
a granular white precipitate was formed. After filtration, the ether 
solution was washed with brine, dried, and concentrated to give the 
aminomethyl alcohol 10: 1.81 g (89%); IR (neat) 3330 (br OH), 
3120-3280 (br NH2) cm“ 1.

The amine hydrochloride was prepared by bubbling hydrochloric 
acid through an ether solution of the amine and collecting the pre
cipitate: mp 205 °C, sublimed 250-260 °C; 4H NMR (Me2SOde) 5 8.10 
(3 H, br s, NH3+), 4.95 (1 H, br s, OH), 2.80 (2 H, s, CH2N) ppm. An 
analytical sample was recrystallized from methanol-diethyl ether 
(1:8).

Anal. (C14H260NC1) C, H, N.
Preparation of 2,6,6-Trimethyltricyclo[5.3.1.01’5]undecan-

8-one (6). An aqueous solution (3 mL) of sodium nitrite (0.38 g, 5.5 
mmol) was added dropwise to a cold (ice bath) solution of the amino 
alcohol 10 (0.91 g, 4.08 mmol) in water (7 mL) containing glacial acetic 
acid (0.35 mL, 6.0 mmol). The reaction was stirred for 2 h at 0 °C and 
6 h at room temperature, water was added, and the reaction was then 
extracted with ether (3 X 25 mL). The combined extracts were washed 
with aqueous 10% sodium bicarbonate solution and brine, dried, and 
concentrated to give the ketones as an oil (0.7 g, 83.3%). The analysis 
indicated that 15-25% (depending on run) of the positional isomer 
11 was present. They were separated from the epimeric cedrones by 
TLC (six elutions with 20% chloroform-n-hexane). The upper band 
contained ketone 11: IR (neat) 1706 (C = 0 ) om-1; *H NMR 5 0.88 (3 
H, d, J  = 6.5 Hz, CH3CH), 1.13 (3 H, s, CH3). 1.02 (3 H, s, CH3) ppm; 
mass spectrum M* 206.

The epimeric cedrones (6) were extracted from the lower band: IR 
(neat) 1705 (C = 0 ) cm-1; 'H NMR 5 0.97 (£ H, br s with shoulders, 
CH3) ppm; mass spectrum M* 206.

The diastereomer could be separated by preparative GLC (column 
B, 187 °C), the cedrone possessing the longer retention time.

Preparation o f (±)-epi-Cedrol and (±)-C edrol (2). A dry ether 
solution (5 mL) of the epimeric cedrones (0.33 g, 1.6 mmol) was added 
slowly to a methyllithium solution (10 mL, 11 mmol). The resulting 
solution was refluxed under nitrogen for 2 h. cooled, quenched care
fully with water, diluted with ether, and extracted, and the combined 
ether extracts were washed with brine, dried, and concentrated to give 
the cedrols as a semicrystalline residue, 0.284 g (80%). The alcohols 
were separated by preparative GLC (column B, 177 °C), the (±)- 
epi-cedrol being eluted first.

(±)-epi-cedrol recrystallized from aqueous methanol: mp 107-109 
°C; IR (Nujol) 3450 (br, OH); ‘ H NMR 6 0.83 (3 H, d, J = 6 Hz, 
CH3CH), 0.92 (3 H, s, endo-CH3), 1.19 (3 H s, exo-CH3), 1.23 (3 H, 
s, CH3COH) ppm; mass spectrum M* 222.

Anal. (Ci5H260) C, H, O.
(±)-Cedrol recrystallized from aqueous methanol; mp 94-96 (lit.4 

(+ )-cedrol mp 86-87 °C); IR (nujol) 3330 (br, OH) cm“ 1; *H NMR 
5 0.82 (3 H, d, J  = 6 Hz, CH3CH), 0.97 (3 H, s, endo-CUs), 1.18 (3 H, 
s, exo-CH3), 1.26 (3 H, s, CH3COH) ppm; mass spectrum M* 222. 
These spectral features were the same as an authentic sample of 
commercial cedrol.

The total ketone mixture from the ring expansion was also treated 
with methyllithium and the resulting alcohols were separated by GLC 
(column B), or alternatively the positional isomers were first separated 
from the cedrols by TLC eluting with 50% chloroform-n-hexane.

Preparation of (±)-a-Cedrene (1) and (±)-/3-Cedrene.19 
Thionyl chloride (0.1 mL) was added to a cold (0 °C) pyridine solution 
(1 mL) of (±)-cedrol (15 mg, 0.07 mmol), and the reaction was stirred 
under nitrogen for 1.5 h. Water was added and the mixture was ex
tracted with ether (3 X 15 mL); these extracts were washed with cold 
aqueous 10% hydrochloric acid and brine, dried, and concentrated
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to afford a quantitative conversion to (±)-a- and (±)-/}-cedrene 
(80:20). They could be separated by GLC (column B, 146 °C): XH 
NMR b 0.82 (3 H, d, J = 6.5 Hz, CH3CH), 0.92 (3 H, s, endo-CH3), 0.98 
(3 H, s, exo-C H s), 5.15 (0.8 H, br s, HC=C, a), 4.49 (0.2 H, br s, 
CH2= C , ß) ppm; mass spectrum M* 204.

These results compared favorably with an authentic sample of ce- 
drol, which under the conditions described above afforded the a- and 
d-cedrenes in an 83:17 ratio. The spectral features of the synthetic 
cedrene were in excellent agreement with an authentic sample of a- 
cedrene (Aldrich) shown by GLC and NMR analysis to contain 14% 
of the ß isomer.
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Synthesis of Garosamine and of Related Amino Sugars. An Efficient 
Tetrahydrooxazine Ring Opening
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Garosamine, a component of the antibiotic gentamicin, and a series of related amino sugars have been synthe
sized from glucose by a stereospecific route involving a versatile tricyclic intermediate. A new oxidative tetrahy
drooxazine ring-opening reaction is also reported.

The synthesis of branched chain amino sugars has been 
the focus of attention of a number of research groups in recent 
years because of the common occurrence of these compounds 
in nature in association with antibiotics. Synthetic approaches 
to these compounds have usually employed the addition of 
organometallic reagents, diazoalkanes, and enolate salts to 
cyclic ketones with varying degrees of stereochemical control. 
Such an approach was used in a previous synthesis of the 
methyl glycoside of garosamine ( l ),1 a component monosac
charide of the gentamicin antibiotics.2 Because of our interest 
in synthetic approaches tc aminoglycoside antibiotics,3 we 
required an efficient and stereospecific synthesis of garosa

mine and of structurally related amino sugars. We wish to 
report such a synthesis and also the development in the course 
of this work of a novel tetrahydrooxazine ring-opening reac
tion.

We had observed in a related study that the aldehyde 2 is 
prone to undergo aldol condensations leading, for example, 
after borohydride reduction of the initially formed aldol 
condensation product, to the dimeric compound 3, of unde
termined stereochemistry at position 4 of both furanosyl rings. 
Exploitation of the reactivity of a related aldehyde in the 
synthesis of apiose has been reported.4 Our planned synthesis 
is outlined in Scheme I.

0022-3263/78/1943-1968$01.00/0 © 1978 American Chemical Society
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Scheme I
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In view of the above observation, the aldehyde 2 was ex
pected to undergo aldol condensation with formaldehyde 
under mildly alkaline conditions to give, after reduction of the 
intermediate /3-hydroxy aldehyde, the diol 4. Methanolysis 
(6 N HC1) of 4 was expected to give an equilibrium mixture 
of the furanosyl and pyranosyl glycosides 5 ,6, and 7 in which

6, the pyranosyl anomeric mixture with the hydroxymethyl 
group in an equatorial position, was expected to predominate. 
It should be noted that the starting aldehyde epimeric at C-4 
would serve equally well for the purpose as the same enolate 
ion would be involved in the aldol condensation step.

The unknown amino sugar 6 formally corresponds to 
methyl garosaminide in which the C-methyl group is func
tionalized with a hydroxyl group and constituted in itself a 
desired target compound.

l,2:5,6-Diisopropylidene-3-methylamino-3-N-acetyl-a- 
D-galactofuranoside (8) was prepared in high overall yield 
from diisopropylidene glucose by modification of existing 
routes.5’6 Selective hydrolysis in aqueous acetic acid of the 
5,6-isopropylidene group gave the crystalline diol 9, mp 
114-118 °C, in 82% yield. Periodate oxidation of the diol gave 
aldehyde 2 which was not isolated but which was treated with 
excess aqueous formaldehyde under alkaline conditions (pH 
10.5). Over several hours at 40 °C a clean conversion into a 
single product (mp 79-80 °C) was observed in 90% yield after 
crystallization. Examination of the mass and XH NMR spectra 
allowed the assignment of structure 10 to this material. The 
expected aldol reaction clearly took place and was followed 
by cross-Cannizzaro reduction with excess formaldehyde to 
generate diol 4. Under the mildly basic conditions of this re
action, neighboring group-assisted hydrolysis of the acetamide 
group occurred to give the methylamino compound 12 which 
condensed rapidly with excess formaldehyde to give 10. In 
accordance with this mechanism, the diol intermediate 4 could 
be obtained in high yield by keeping the pH near 8. When 
sodium borohydride was added to the reaction mixture some

RO
RO

H

MeNAc

8 , R = R = isopropylidene
9, R = R = H

H

10
of the dimethylamino analogue 13 was obtained, mp 64-66 
°C.

CH,OH

r f V o
ie iM

11

ROH.C

HOH2C 

Me NR'

V -0

A
12, R = R' = H
13, R = H; R ’ = Me
23, R = tetrahydropyranyl ; R' = H

Although two isomeric forms of the tricyclic alcohol 10 
having either a cis or a trans ring junction are possible in 
principle, examination of models and of the 'H NMR spec
trum strongly suggested that only the cis ring junction would 
be formed, as drawn, because of constraints imposed by the 
1,2-isopropylidene group. The small coupling constant (~0.5 
Hz) between H-2 and H-3 in 10 and in all the 1,2-isopropyli
dene derivatives in this series is characteristic of a T23 twist 
conformation of the furanose ring7 in which the torsional angle 
between H-2 and H-3 is close to 90°. Only the hydroxymethyl 
group cis to the amine group can be involved in the tetrahy- 
drooxazine ring when the furanose has this conformation. 
Proof of this assignment was obtained by chemical correlation 
vide infra. The remarkable ease of hydrolysis of the amide 4 
presumably arises from catalytic participation by the neigh
boring cis-hydroxymethyl group.

Methanolysis (6 N HC1 in methanol) of 4 gave an anomeric 
mixture of the desired pyranosides (14 and 15) which were 
separable by partition chromatography on silica gel in a 
combined yield of 70%. Proof of the stereochemistry at posi
tion 4 of both anomers was obtained from circular dichroism 
measurements of the cuproammonium complexes (TaCu) in 
solution. Only vicinal amino alcohols can form strong com
plexes with tetramine copper8 and the sign of the Cotton effect

R

14, R = OH; R ’ = CH„OH; R " = H; R " = OMe
15, R = OH; R ' = CH.OH; R " = OMe; R ” ' = H
16, R = CH2OH; R ' = OH; R " = H; R ” ' = OMe
17, R = CH2OH; R ' = OH; R ” = OMe; R ’ " = H
18, R = OH; R' = Me; R ”  = H; R '"  = OMe
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Scheme II
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19, R = H; R' = OH
22, R = tetrahydropyranyl; R' = OH
25, R = CONHPh; R' = OH
26, R  = CONHPh; R' = I
27, R  = CONHPh; R' = H

at 280 nm is diagnostic for the chirality of the complex.9 The 
value for [ft]230 of —7100 obtained for 14 and of —5350 for 15 
corresponds in each case to a 5 chelate in which the vicinal 
amino and alcohol groups form a positive torsional angle. 
Whereas in 14 and 15 both possible sites of complexation 
would lead to such a chelate, both components of the alter
native anomeric mixture 16 and 17 have the alternative 
stereochemistry at C-4 and formation of both X and h chelates 
would be possible for each anomer making approximately 
equal and opposite contributions to the magnitude of the 
Cotton effect. This would lead in each case to a value for [ft]280 
near zero. In agreement with the assignment of structures 14 
and 15 to the products, a value for [ft] 230 of —7960 was obtained 
for d-methyl garosaminide (18) obtained from natural 
sources.

The ready formation of the tricyclic alcohol 10 offered the 
opportunity to modify selectively the groups corresponding 
to the geminal hydroxymethyl groups of the intermediate 4, 
thereby providing a stereospecific route to a number of 
branched chain amino sugars. For this purpose procedures 
were required to open the tetrahydrooxazine ring in the 
presence of the isopropylidene group. Attempts to hydrolyze 
this ring selectively under mildly acidic conditions were not 
successful. In addition, methanolysis of 10 in 6 N methanolic 
hydrochloric acid did not provide the expected methyl gly
cosides 14 and 15 but gave products which incorporated the 
0,./V-methylene group originally derived from formaldehyde 
either through retention of the tetrahydrooxazine ring or from 
initial cleavage to formaldehyde followed by recondensa
tion.

It was necessary, therefore, to devise a method to open the 
tetrahydrooxazine ring under neutral or mildly basic condi
tions. This was achieved by the action of iodine and sodium 
acetate in aqueous methanol. The oxidative cleavage of 10 by 
this method proceeded smoothly under mildly basic condi
tions to give the ring-opened IV-formyl compound 19 in 91% 
yield in 30 min at room temperature. Prolonged treatment led 
to the formation of traces of the product of formamide hy
drolysis. This reaction appears to be general for related sys
tems, proceeding efficiently also in the five-membered oxa-

zolidine ring system.10 The postulated mechanism is outlined 
in Scheme II.

Methanolysis of the iV-formyl derivative 19 under condi
tions identical to that of 4 gave rise to the same anomeric 
mixture of methyl glycosides 14 and 15.

The stereochemistry of the ring junction in the tricyclic 
alcohol 10 was determined by conversion of 10 into methyl 
garosaminide. Formal transformation of the methylene group 
marked with an asterisk in 10 into a methyl group would lead, 
after methanolysis, to methyl garosaminide (1) if the ring 
junction were cis as shown. If the junction were trans, the 
unknown isomer 20 would result. To this end, the hydroxy
methyl group in 10 was first blocked as its tetrahydropyranyl 
ether to give 21 as an inseparable diastereomeric mixture. 
Oxidative ring cleavage provided the iV-formyl analogue 22 
in 91% yield after chromatography. Attempts to convert the 
hydroxymethyl group generated in this reaction into a methyl 
group proved difficult because of steric hindrance to dis
placement reaction at that neopentyl-like site. Thus, lithium 
triethylborohydride reduction of the mesylate derivative 
proved unsuccessful. Similarly attempted displacement of the 
mesylate group with iodide ion led to recovered starting ma
terial and treatment with hydrazine gave only the product of 
sulfur-oxygen cleavage of the sulfonate group and de-lV-for- 
mylation (23).

A successful displacement was, however, achieved in 
moderate yield with triphenylphosphite methiodide, although 
acidic conditions generated by this reagent led to hydrolysis 
of the tetrahydropyranyl ether blocking group. In an alternate 
procedure, the alcohol group in 10 was blocked as the phen- 
ylcarbamate by reaction with phenyl isocyanate in pyridine 
and oxidative ring cleavage then proceeded smoothly as before 
to give the required N-formyl derivative 25. In this compound, 
as in all the A1-formyl derivatives, the 1H NMR spectrum re
flected the presence in solution of nearly equal proportions 
of the two amide rotamers. Treatment of 25 with triphenyl
phosphite methiodide in dry dimethylformamide at 80 °C 
gave the iodide 26 in 44% yield and reduction of this material 
with tri-n-butylstannane proceeded smoothly in benzene at 
reflux to provide the desired methyl analogue 27.

Attempts to generate the iodo derivative 26 directly from 
24 by oxidation with iodine in aprotic solvents via displace
ment on carbon of a postulated intermediate imminium salt
(31) were unsuccessful. This was presumably due in part to 
the considerable steric hindrance at the site of displace
ment.

As the phenylcarbamate group proved resistant to hy
drolysis by methanolic hydrochloric acid, compound 27 was 
deblocked in two successive stages; treatment with ethanolic 
hydrazine hydrate was followed by methanolysis. The product 
obtained in 80% yield was an anomeric mixture of a- and 0- 
methyl garosaminides (1) identical with authentic material 
in all chromatographic and analytical aspects.

This transformation constitutes a stereospecific synthesis 
of garosamine and also confirms the initial assignment of cis 
stereochemistry to the ring junction in 10. Clearly chemical 
manipulation of this tricyclic intermediate will lead therefore 
to a variety of branched chain amino sugars of known relative 
(and absolute) stereochemistry of utility in the synthesis of 
new aminoglycoside antibiotics.

Experimental Section
•H-NMR spectra were obtained at 60 or 100 MHz using either a 

Varian A60A or a XL 100-15 spectrometer. Chemical shifts in CDCI3 
are reported in ppm downfield from internal Me4Si. IR spectra were 
recorded with either a Perkin-Elmer 221 or an Infracord 137 spec
trometer. Mass spectra were recorded with a Varian CH5 spectrom
eter. CD spectra were recorded on a Cary 61 spectrometer.

Preparation of iV-Methyl-JV-acetyl-3-amino-3-deoxy-l,2:
5,6-diisopropylidene-a-D-galactofuranose (8). lV-Acetyl-3-



amino-3-deoxy-l,2:5,6-diisopropylidene-a-D-galactofuranose (5 g) 
was dissolved in dry DMF (20 mL). Sodium hydride (750 mg) and 
methyl iodide (3.5 g) were added and the whole solution was stirred 
for 5 h. Ethanol was added until effervescence ceased, the solution 
was filtered, and the filtrate was reduced to dryness under reduced 
pressure. The residue was taken up in chloroform and filtered and 
ether was added to induce crystallization of the title compound (4.5 
g, 85%): mp 140-141 °C; [a]26D +8.5° (0.4, methanol); NMR (CDC13) 
5 1.32,1.38.1.45, 1.58 (4 s, 12 H. isopropylidene CH3,s), 2.09 (s, 3 H, 
COCH3), 3.08 (s, 3 H, NCH3), 4.84 (dd, 1 H, J = 4,1 Hz, H-2), 6.08 (d, 
1 H, J = 4 Hz, H-l); mass spectrum m/e 315 (M +), 300 (M -  15)+. 
Anal. Calcd for C15H25N 06: C, 57.2; H, 7.9; N, 4.5. Found: C, 56.9; H, 
7.8; N, 4.62

Preparation o f !V-M ethyl-lV-acetyl-3-am ino-3-deoxy-l,2- 
iospropylidene-a-D-galactofuranose (9). N-Methyl-N-acetyl-
3-amino-3-deoxy-l,2:5,6-di-isopropylidene-a-D-galactofuranose (10.0 
g) was dissolved in 50% aqueous acetic acid and left at room temper
ature for IS h. The solvent was removed under reduced pressure and 
the residue was chromatographed on silica gel in 7.5% methanol in 
chloroform to give the title compound (7.6 g, 87%): mp 114-118 °C; 
[«]26d +23.4° (0.3, CHCI3); NMR (CDC13) 6 1.33 (s, 3 H, C-CH3), 1.58 
(s, 3 H, COCH3), 4.9 (d, 1 H, J  = 4 Hz, H-2), 6.08 (d, 1 H, J = 4 Hz, 
H =l); mass spectrum m/e 275 (M+). Anal. Calcd for Ci2H2iNC>6: C, 
52.4; H, 7.6; N, 5.1. Found: C, 52.3; H, 7.9; N, 5.0.

Starting material (1.1 g) was also recovered.
4-Hydrc>xymethyl-3,5-0,iV-methylene-l,2-isopropyIidene-

3-methylamino-3-deoxy-a-D-xylofuranoside (10). N-Acetyl- 
lV-methyl-l,2-isopropylidene-3-amino-3-deoxy-a-D-galafuranoside
(9) (7.6 g) was dissolved in water (70 mL) and sodium metaperiodate 
(6.23 g) was added. After 20 min, ethylene glycol (0.5 mL) was added 
followed after 10 min by an 37% aqueous solution of formaldehyde 
(40 mL). Sodium bicarbonate (2.5 g) was added and the pH of the 
resulting solution was adjusted to 10.5 with 1 N sodium hydroxide 
solution. After 4 h at 40 °C, a further 20 mL of formaldehyde solution 
was added and the reaction mixture was left at 40 °C for a further 30 
min. The solution was extracted with chloroform to give the title 
compound essentially pure (6.7 g). Chromatography on silica gel gave 
analytical grade material (6.1 g, 90%): mp 79-80 CC (from diethyl 
ether-hexane); [ a ] ^  -52.9°; NMR (CDC13) 6 1.33 (s, 3 H, CH3), 1.67 
(s, 3 H, CH3), 2.34 (s, 3 H, N-CH3), 2.48 (s, 1 H, OH), 2.81 (brohd s, 1 
H, H-3), 4.68 (broad d, 1 H, J = 5 Hz, H-2), 6.07 (d, 1 H, J = 5 Hz, 
H-l); mass spectrum m/e 245 (M+), 230 (M -  15)+. Anal. Calcd for 
Cn H19N 0 5: C, 53.9; H, 7.8; N, 5.7. Found: C, 53.6; H, 8.0; N, 5.5.

4-Hydroxymethyl- l,2-isopropylidene-3- N-formyl-3- N-me- 
thyl-3-amino-3-deoxy-a-D-arabinofuranoside (19). The tricyclic 
alcohol (10) (2.9 g) was dissolved in 25% aqueous methanol and treated 
with sodium acetate (15 g) and iodine (15 g). After 30 min, the reaction 
mixture was poured into water and extracted with ethyl acetate. The 
organic layer was washed with an aqueous solution of sodium thio
sulfate and water and dried. The whole was concentrated to dryness 
to give the title compound (2.3 g, 91%) as a gum: [«]26d +30.6° (0.3, 
ethanol); NMR (CDC13) 1.33 (s, 3 H, C-CH3), 1.58 (s, 3 H, c-CH3), 2.92,
3.12 (2 s, 3 H, N-CH3, rotamers); 4.2 (m, 1 H, H-3), 4.9, 5.14 (2 dd, 1 
H, J  = 1.5 4 Hz, H-2, rotamers), 5.99,6.08 (2 d, 1 H, H-l, rotamers),
8.1 (s, 1 K, CHO); mass spectrum m/e 261 (M+). Anal. Calcd for 
CiiH19N 06: C, 50.6; H, 7.3; N, 5.4. Found: C, 50.4; H, 7.4; N, 5.1.

Methyl 3-M ethylamino-3-deoxy-4-hydroxymethyl-2- and 
d-L-arabinopyranoside. The IV-formyl derivative (19) (2.1 g) was 
heated at reflux in 6 N methanolic hydrochloric acid for 3 h. The 
solvent was removed under vacuum and the residue was chromato
graphed on silica gel in the lower phase of a chloroform-methanol-10% 
ammonium hydroxide (2:1:1) solvent mixture to give first the a gly
coside as a gum (0.54 g) (15): [0]2so (TaCu) —5350; 100 MHz NMR 
(D20 ) 5 2.45 (s, 3 H, NCH3), 4.52 (s, 3 H, OCH3), 4.25 (d, 1 H, J = 8 
Hz, H -l); mass spectrum m/e 207 (M+), 208 (M + 1)+.

Subsequently isolated also as a gum was the (3 glycoside (14) (0.69 
g): [flko (TaCu) -7100; 100 MHz NMR (D20 ) 6 2.45 (s, 3 H. NCH3),
2.72 (d, 1 H, J  = 10.5 Hz, H-3), 3.41 (s, 3 H, OCH3), 3.77 (dd, 1 H, J 
= 4,10.5 Hz, H-2), 3.8 (d, 1 H, J  = 12.5 Hz, H-5 eq), 4.75 (d, 1 H, J = 
4 Hz, H -l); mass spectrum m/e 207 (M )+, 208 (M + 1)+.

Tetrahydropyranyl Ether (21). The tricyclic alcohol (10) (0.75 
g) was dissolved in dry benzene. Dihydropyran (0.56 mL) and triflu- 
oracetic acid (0.26 mL) were added and the solution was left at room 
temperature for 18 h. The benzene solution was washed with saturated 
aqueous sodium bicarbonate and water and dried (MgS04) and the 
solvent was removed under vacuum. Chromatography on silica gel 
in 1% methanol in chloroform gave the tetrahydropyranyl derivative 
(0.9 g, 93%) characterized as a diastereoisomeric mixture: [ ct] 26d  

-39.2°; 100 MHz NMR (CDC1) 5 1.32 (s, 3 H, CH3), 1.58 (s, 3 H, CH3), 
2.36, 2.38 (2 s, 3 H, NCH3, rotamers), 3.01, 3.04 (2 s, 1 H, H-3, ro-

Synthesis of Garosamine and of Related Amino Sugars

tamers), 4.65 (m, 2 H, H-2 and OCHO), 6.04 (2 d, 1 H, J = 5 Hz, H-l). 
Anal. Calcd for C,6H27N 06-V2H ,0: C, 56.8; H, 8.3; N, 4.1. Found: C, 
57.0; H, 85; N. 3.9.

4-Hydroxymethyl-5-0-tetrahydropyranyl-l,2-isopropyli- 
dene-3-)V-formyl-3-)V-methyl-3-amino-3-deoxy-a:,D-arabino- 
furanoside (22). The tetrahydropyranyl ether 21 (2.7 g) in 25% 
aqueous methanol was treated with sodium acetate (anhydrous) (4.0 
g) and iodine (2.0 g). After 17 h at room temperature, the reaction 
mixture was partitioned between chloroform and saturated sodium 
thiosulfate solution. The chloroform layer was washed with water, 
dried over MgS04 and evaporated to dryness, to give essentially pure 
title compound as a gum (91%): [a]26D -10.6°; NMR (CDCI3) 6 1.2 (s,
3 H, CH3); 1.6 (m, 12 H, CH3 and CH2), 2.93, 3.06 (2 s, 3 H, NCH3, 
rotamers), 5.0 (m, 1 H, H-2, rotamers), 6.08 (m, 1 H, H-l); mass 
spectrum m/e 330 (M -  15)+. Anal. Calcd for Ci6H27N 07: C, 55.6; H, 
7.8; N, 4.0. Found: C, 55.4; H, 7.9; N, 3.8.

Reaction of Phynyl Isocyanate with Tricyclic Alcohol (10). 
Tricyclic alcohol 10 (1 g) and phenyl isocyanate (0.50 g) were dissolved 
in pyridine (10 mL) and left at room temperature for 18 h. The solvent 
was removed under high vacuum and the residue was chromato
graphed on silica gel to give compound 24 as a gum (1.35 g, 92%): [a]26!) 
-2 8 ° (0.4, ethanol); NMR (CDC13) 5 1.3 (s, 3 H, CCH3), 1.58 (s, 3 H, 
CCH3), 2.35 (s, 3 H, NCH3), 2.87 (broad singlet, 1 H, H-3), 4.64 (d, 1 
H, J = 4.5 Hz, H-2), 6.05 (d, 1 H, J  = 4.5 Hz, H -l), 7.35 (m, 5 H, Ar); 
mass spectrum m/e 364 (M )+, 349 (M -  15)+. Anal. Calcd for 
Ci8H24N20 6: C, 59.4; H, 6.6; N, 7.7. Found: C, 59.7; H, 6.8; N, 7.5.

4-Hydroxymethyl-5- O-phenylcar bam oyl-1,2-isopropyli- 
dene-3-lV-formyl-3-fV-inethyl-3-amino-3-deoxy-/3-L-arabino- 
furanose (25). The phenylurethane 24 (5.0 g) was dissolved in 25% 
water in methanol (160 mL) and treated with sodium acetate (10 g) 
and iodine (10 g). After 2.5 h a further 5 g of each inorganic reagent 
was added. After a further 30 min, the whole was poured into water 
(300 mL) and extracted with ethyl acetate (2 X 250 mL). The organic 
layer was washed with an aqueous solution of sodium thiosulfate and 
water and dried. The whole was concentrated to dryness and the 
residue was crystallized from a chloroform-hexane mixture (86%); 
mp 175-176 °C; H 26D -34.90° (0.5, ethanol); NMR (CDC13) 5 1.33 
(s, 3 H, CCH3), 1.63 (s, 3 H, CH3), 2.9, 3.04 (2 s, 3 H, NCH3, rotamers),
4.88, 5.1 (two broad doublets, 1 H, H-2, rotamers), 6.05,6.16 (2 broad 
doublets, 1 H, H-l, rotamers), 8.1 (2 s, 1 H, CHO, rotamers); mass 
spectrum m/e 380 (M+). Anal Calcd for CifH24N20 7-V2H20 : C, 55.5; 
H, 6.4; N, 7.2. Found: C, 55.6; H, 6.25; N, 7.03.

4- Iodom ethyl-5-0-phenylcarbamoyl-l,2-isopropylidene-3- 
(V-formyl-3-lV-methyl-3-deoxy-a-D-arabmofuranoside (26). The 
phenylcarbamoyl derivative 25 (2 g) in dry DMF (25 mL) was heated 
at 80 °C for 18 h with triphenvlphosphite methiodide (8.0 g). The 
cooled reaction mixture was poured in 1 N aqueous potassium hy
droxide and extracted with chloroform. The extracts were washed 
with water, dried, and concentrated to leave an oily residue. Chro
matography of the residue on silica gel in benzene-ethyl acetate (1:1) 
gave the title compound (1.1 g, 44%) as an oil: [a]26D -20.3°c (0.5, 
ethanol); NMR (CDC13) 1.3 (s, 3 H, CCH3), 1.65 (s, 3 H, CCH3), 2.9,
3.05 (2 s, 3 H, NCH3, rotamers), 3.3 (m, 2 H, CH2I), 5.0 (2 d, 1 H, J -
4 Hz, H-2, rotamers), 6.1 (2 d, 1 H, J = 4 Hz, rotamers), 8.10, 8.16 (2 
s, 1 H, rotamers, CHO); mass spectrum m/e 490 (M+). Anal. Cald for 
C18H23N20 6I: C, 44.1; H, 4.7. Found: C, 44.4; H, 4.9.

5 - 0-Phenylcarbamoyl-l,2,isopropylidene-4-C-methyl-3- 
JV-methyl-amino-3-JV-forinyl-3-deoxy-j5-L-arabinofuranoside
(27). The iodo derivative 26 (1.0 g) was dissolved in dry benzene (10 
mL) and heated at reflux with tri-n-butylstannane (1.2 mL) for 6 h. 
The solvent was removed by evaporation under high vacuum to give 
an oily residue which was triturated with petroleum ether and the 
residue was chromatographed on silica gel in benzene-ethyl acetate 
(1:1) to give the title compound (0.63 g, 85%): [o]26d —35.4° (0.5, 
ethanol); NMR (CDC13) 1.3 (s, 3 H, CCH3), 1.35 (s, 3 H, CCH3), 1.66 
(s, 3 H, CCH3), 2.90,2.98 (2 s, 3 H, NCH3, rotamers), 4.9 (m, 1 H, H-2, 
rotamers), 6.0 (t, 1 H. H-l, rotamers), 8.1 (broad singlet, 1 H, CHO); 
mass spectrum m/e 364 (M+). Anal. Calcd for CigH24N206-V2H20: 
C, 57.9; H. 6.7; N, 7.5. Found: 58.1; H, 6.7; N, 7.1.

Methyl Garosaminides (1). The phenylcarbamoyl derivative (0.5 
g) was heated under reflux with 10% hydrazine hydrate in ethanol for
5 h. The solvent and excess hydrazine hydrate were removed by 
evaporation under high vacuum. The residue was taken up in 6 N 
methanolic hydrochloric acid and heated at reflux for 3 h. Evaporation 
of the solvent and chromatography of the residue on silica gel in the 
lower phase of a chloroform-methanol-7% ammonium hyroxide (2: 
1:1) solvent system gave methyl garosaminide as an anomeric mixture 
(0.21 g) (80%) identical in all respects with authentic material.

Garosamine Hydrochloride. The synthetic methyl garosaminide 
anomeric mixture was heated for 2 h in 6 N aqueous hydrochloric acid.
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Evaporation o f  the solvent gave garosamine hydrochloride identical 
with authentic material.
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Poly(iminomethylenes). 6.1 Synthesis and Polymerization of 
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B oth anomers o f 2,3 ,4,6-tetra-O -benzoyl-D -glucopyranosyl isocyanide have been synthesized starting from
2,3,4,6-tetra-O-benzoyl-cr-D -glucopyranosyl brom ide. T his brom ide was converted into the /5-azide which after h y 
drogenation to the am ine and form ylation afforded  iV -form yl-2,3,4,6-tetra-O oenzoyl-/3 -D -glucopyranosylam ine. 
Dehydration o f  the latter com pound gave the isocyanides in an a  to /5 ratio o f  1:9 Polym erization o f  the isocyanides 
was perform ed with nickel chloride From  the optical rotations it was concluded  that the helical polym ers obtained 
from  the anom eric m onom ers are opposites in a screw sense.

Poly (isocyanides), more systematically named poly(imi- 
nomethylenes), [RN =C<]„, are rigid rod polymers2 with a 
helical configuration.3’4 In general, they are easily prepared 
from the monomeric isocyanides, RN=C, with nickel chloride 
or a nickel(II) complex as catalyst.5’6 Stereoselective formation 
of either a right-handed (P) cr left-handed (M) helix can be 
expected when the monomeric isocyanide is one enantiomer 
of R*N=C, in which R* is chiral.

Because of their ready availability and optical purity nat
ural compounds often are the starting materials of choice for 
stereoselective syntheses. Our first entry into this field was 
the synthesis of a poly(iminomethylene) derived from L-his- 
tidine.1 In the present paper we wish to report the synthesis 
of such polymers derived from glucose An additional motive 
for the synthesis of these compounds is the fact that poly
mer-bounded sugars7 and especially sugar residues linked to 
polymer-bounded amino acids may be interesting models in 
immunological studies.8

R esu lts and D iscu ssion

Reaction of silver cyanide with benzyl protected glucopy- 
ranosyl halides (1) was recently reported9 to give formerly 
unknown isocyano sugars (2).

OBn OBn

BnO 
E

In our hands, however, this reaction afforded unseparable 
mixtures of a and 3 anomers and other unidentified prod
ucts.

We have synthesized the a and ¡3 anomers of D-glucopy- 
ranosyl isocyanide, compounds 7 and 9, via amine 5 and N- 
substituted formamide 6 according to Scheme I.

A convenient route for the synthesis of per-O-acylglycos-

V ^ \lnO-\_--- ---- - BnO — ---------- - NC

Scheme I

ylamines is provided by the reduction of the corresponding
O-acylglycosyl azides.10 Sproviero11 synthesized 2,3,4,6- 
tetra-0-benzoyl-/3-D-glucopyranosyl azide (4a) in 66% yield 
from 2,3,4,6-tetra-O-benzoyl-a-D-glucopyranosyl bromide 
(3a) by a nucleophilic displacement reaction with sodium 
azide in boiling acetonitrile. We have carried out this reaction 
by using phase-transfer catalysis in a mixture of chloroform 
and water. Compound 4a was isolated in quantitative yield; 
its (3-D-gluco configuration was confirmed by the 'H-NMR 
spectrum, in which the signal for the anomeric proton ap
peared as a doublet at 4.95 ppm (J12 = 8.7 Hz).

Catalytic hydrogenation of the glycosyl azide 4a over pal
ladium on carbon afforded l,3,4,6-tetra-0-benzoyl-|8-D-glu- 
copyranosylamine (5a) as a white foam. The latter amine was 
converted into its debenzoylated form (5b) by reaction with 
sodium methanolate in methanol. The infrared absorption 
spectrum of 5b showed that this compound was uncontami
nated by iV-benzoylglucopyranosylamine,12 proving that in 
the reduction step no O —»■ N benzoyl migration had oc-
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Table I. Optical Rotation Data of Poly(iminomethylenes) [R N = C < ]„, and Monomers, RN=C
Monomer

R
Polymer
M 2V

Contribution of 
helix to [a]

Screw sense 
of helix

-0
A
BiO [

+70.4°6 >+80oc (+) M

-0

BiO |
+44.7° d ft)OOÖ

( - ) P

a In chloroform; the rotation of the polymer is expressed per repeating unit. b c 1.47. c c 0.42. d c 2.52. e c 0.73.

curred.11 On treatment with formic acetic anhydride, the 
glycosylamine 5a gave N-formyl-2,3,4,6-tetra-0-benzoyl- 
d-D-glucopyranosylamine (6a). In the infrared and NMR. 
spectra of 6a the characteristic absorptions of the N-formvl 
function were partly masked by absorption peaks of the 
benzoyl protecting groups. After removal of the latter groups 
to give free N-formylglucopyranosylamine (6b) the former 
absorptions became visible. The coupling constant J i,2 in the 
4H-NMR spectrum of 6b amounted to 8.4 Hz. This is indica
tive of a d-D-gluco configuration.13 In view of its axial position 
the signal of the anomeric proton appeared at a rather low 
field (5 5.08 ppm). The low field shift is probably due to the 
electron-withdrawing character of the /V-formyl group at
tached to the anomeric center. A similar chemical shift value 
has been found for the anomeric proton in 2-acetamido-l- 
N-(4-L-asp£rtyl)-2-deoxy-d-D-glucopyranosylamine.13

The glycosyl isocyanides 7a and 9a were obtained in 90% 
yield by dehydration of the iV-formylglucopyranosylamine 
6a using phosphorus oxychloride and triethylamine as the 
dehydrating agent.14 Substitution of pyridine for triethyl
amine as the base lowered the yield to 15%. Other dehydrating 
agents like thionyl chloride in AT,lV-dimethylformamidels and 
triphenylphosphine-carbon tetrachloride16 gave no or only 
traces of isocyanide. Compounds 7a and 9a were separated 
by column chromatography and isolated as almost odorless, 
white solids in a ratio of 1:9. They were soluble in apolar sol
vents, moderately soluble in alcohols, and insoluble in water. 
The infrared absorption spectra of the solids showed char
acteristic isocyanide stretching vibrations at 2124 cm-1 (a 
anomer) and 2142 cm-1 (/3 anomer). In the 13C-NMR spectra 
of 7a and 9a the 13C resonances of the isocyano carbons were 
observed at 166.1 and 165.1 ppm, respectively.9 The structure 
of isocyanides 7a and 9a was further established by elemental 
analysis, 4H NMR, and mass spectroscopy.

Compound 9a could be converted into free /3-D-glucopy- 
ranosyl isocyanide (9b) without affecting the NC function. 
Aliphatic isocyanides with free hydroxylic groups have not 
been described before.17

The isolation of both a- and /3-isocyanide from N-formyl- 
(8-D-glucopyranosylamine might indicate anomerization of 
these compounds under the reaction conditions employed. 
Anomerization is conceivable to occur through acid- and 
base-catalyzed pathways (Scheme II).

Scheme II

Preliminary experiments, however, showed that neither 
triethylammonium chloride nor triethylamine could effect 
anomerization of 7a and 9a. Elevated temperatures and strong 
bases like l,8-bis(dimethylamino)naphthalene (“ proton 
sponge” ) and l,5-diazabicyclo[4.3.0]nor.-5-ene (DBN) were 
ineffective as well. Enhancement of the electron-withdrawing 
effect of the isocyano group through coordination of 7a and 
9a to copper(II) tetrafluoroborate and subsequent treatment 
with strong base was not successful either. The results above 
suggest that anomerization is most likely to occur in some 
stage of the dehydration of the .iV-formylglucopyranosylamine 
by phosphorus oxychloride.

Both glycosyl isocyanides 7a and 9a were polymerized by 
1 mol % nickel chloride5 in chloroform-methanol 1:1 (v/v). 
Under these conditions the rate of polymerization of 7a was 
very slow, probably as a result of steric hindrance; its isocyano 
group is in axial position. As judged by TLC, polymerization 
of 7a was accompanied by anomerization. The poly(imi- 
nomethylenes) were isolated as creamish brown solids. They 
were soluble in apolar solvents and insoluble in alcohols and 
water. Their infrared absorption spectra showed partly ob
scured -N = C <  stretching vibrations at approximately 1640 
cm-1. The polymers showed an intrinsic viscosity in the order 
of 0.025 dL/g (toluene, 30.0 °C). Applying the Mark-Houwink 
equation as determined2 for poly(l-phenylethyliminometh- 
ylene), a molecular weight of 6000 is calculated. Higher de
grees of polymerization can be expected at higher isocyanide 
catalyst ratios.18

Removal of the protecting groups in 10a and subsequent 
ultrafiltration and freeze drying of the resulting solution af
forded poly(/3-D-glucopyranosyliminomethylene), 10b, as a 
light-brown solid. In its infrared spectrum a distinct -N = C <  
stretching vibration was visible at 1630 cm-1. Compound 10b 
was soluble only in water.

In earlier papers3’4 we showed that poly(iminomethylenes) 
have a helical configuration. On polymerization of a chiral 
isocyanide an excess of one screw sense can be expected. The 
preferred screw sense can be predicted by application of our
S-M -L rule which will be described in a forthcoming paper.19
S-M -L stands for small, medium, and large in isocyanide C(S) 
(M) (L)-N =C, respectively. The reverse direction of rotation 
S —► M —► L in 7 and 9 gives rise to an opposed screw sense of 
their polymers, viz., right handed (P) for 10a and left handed 
(M) for 8a. We know4 that a P screw gives rise to a (—) con
tribution to the optical rotation. Since the side chain in 
polymer 10a will probably have the same sign of optical 
rotation as in the monomer, the contributions by main chain 
and side chain are opposing. The total rotation can be ex
pected to be small; in fact, it is not significantly different from 
zero (Table I). In polymer 8a the contributions by main chain 
and side chain are both predicted to be (+). The experimental 
value of 80° (Table I) is probably still somewhat too low for 
pure 8a. Because of the anomerization mentioned above, our 
sample of 8a will contain 10a or be a copolymer of 7a and 
9a.
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E xperim en ta l S ection

General. Melting points were determined on a Mettler FP5/FP51 
photoelectric melting point apparatus. Rotations were measured on 
a Perkin-Elmer 141 polarimeter. Infrared (IR) spectra were recorded 
on a Perkin-Elmer 457 spectrophotometer. 'H-NMR and 13C-NMR 
spectra were obtained on Varian EM-390 and Varian CFT-20 in
struments, respectively. Chemical shifts (5) are given in ppm down- 
field from internal tetramethylsilane or sodium 2,2,3,3-tetradeut- 
ero-3-(trimethylsilyl)propionate. Abbreviations used are: s = singlet, 
d = doublet, m = multiplet, br = broad. Mass spectra were recorded 
on an AEI MS-902 mass spectrometer. Elemental analyses were 
carried out by the Element Analytical Section of the Institute for 
Organic Chemistry TNO, Utrecht, The Netherlands, under super
vision of W. J. Buis. TLC was performed on silica (Schleicher and 
Schiill TLC Ready Plastic Foil FR-15001 and detection was effected 
by UV and/or spraying with 20% sulfuric acid in methanol and char
ring at 120 °C for 10 min. Column chromatography was performed 
on silica (Merck Kieselgel 60, 230-400 mesh).

2.3.4.6- Tetra-O-benzoyl-a-D-glucopyranosyl Bromide (3a). 
This compound was prepared as described in the literature.20

2.3.4.6- Tetra-O-benzoyl-jS-D-glucopyranosyl Azide (4a). To 
a solution of 13.2 g (20 mmol) of 3a in 100 mL cf chloroform was added 
26 g (400 mmol) of sodium azide in 100 mL of water and 300 mg of 
benzyltriethylammonium chloride. The mixture was vigorously stirred 
for 2 h at 70 °C. Hereafter another 26 g of sodium azide and 300 mg 
of benzyltriethylammonium chloride were added and stirring was 
continued until TLC (benzene-isopropyl alcohol, 100:1) indicated 
complete conversion of 3a (6-15 h). The aqueous layer was separated 
and extracted twice with chloroform. The combined organic layers 
were washed, dried over sodium sulfate, and concentrated in vacuo 
to give 12.6 g of white solid 4a. Recrystallization from absolute ethanol 
afforded a purified sample: mp 113-114 °C; [<*]22d  -0.54° (c 5.0, 
CHCI3) [lit. |« ]22d  +42.0° (c 1.0, CHCI3);11 to us this value seems less 
reliable]; IR (KBr) 2120 (N3), 1725 cm“ 1 (C = 0 ); >H NMR (CDC13) 
5 7.90 and 7.40 (2 X m, 20, benzoyl), 6.00-6.40 (m, 3, H-2,3.4), 4.95 (d, 
J 1 2 = 8.7 Hz, 1, H -l), 4.80-4.40 (m, 2, H-6,6'), 4.40-4.15 (m, 1, H-5). 
Anal. Calcd for C s ^ ^ O . ) :  C, 65.70; H, 4.38; N, 6.76; 0,23.16. Found: 
C, 65.54: H, 4.23; N, 6.82; 0 , 23.19.

2.3.4.6- Tetra-O-benzoyl-d-D-glucopyranosylamine (5a). An 
amount of 15.8 g (25.4 mmol) of 4a in 350 mL of ethyl acetate was 
hydrogenated over 1.8 g of 10% palladium on carbon under a slow 
stream of hydrogen. When TLC (chloroform-methanol, 25:1) showed 
that starting material was no longer present, the reaction mixture was 
filtered and used directly for the synthesis of 6a. For characterization 
a sample was drawn and evaporated to give a white foam: IR (KBr) 
3350 (NH2), 1725 cm-1 (C = 0 ) and absence of N3; [H NMR (CDC13) 
5 7.95 and 7.35 (2 X m, 20, benzoyl), 6.05-5.25 (m, 3, H-2,3,4 >, 4.70-4.35 
(m, 2, H-6,6'), 4.55 (d, J h2 = 8.i Hz, 1, H-l), 4.30-4.05 (m. 1, H-5). A 
broad signal at 5 2.30 was attributed to the NH2 group, although the 
integration value was too low for two protons.

lV-Formyl-2,3,4,6-tetra-0-benzoyl-/S-D-glucopyranosylamine 
(6a). To the solution of 5a in ethyl acetate was added at room tem
perature 17 mL (210 mmol) of formic acetic anhydride. After 6 h TLC 
(chloroform-methanol, 25:1) revealed the complete conversion of 5a. 
The volatile compounds were removed under reduced pressure fol
lowed by several codistillations with absolute ethanol in vacuo. After 
drying in vacuo (0.02 mm) 16.0 g (100%) of 6a was obtained. For an
alytical purposes a small amount was recrystallized from absolute 
ethanol: mp 178.5-179.5 °C; [a]22D +61.1° (c 1.0, CHC13); IR (KBr) 
3400 (NH), 1720 (C = 0  benzoyl), 1690 cm-1 (C = 0  formyl); *H NMR 
(CDCL) 5 8.15 (s, 1, CHO), 7.95 and 7.30 (2 X m, 21, benzovl and NH),
6.20-5.45 (m, 3, H-2,3,4), 5.60 (d, -Jh2 = 9.0 Hz, 1, H-l), 4.80-4.20 (m, 
3, H-5,6,6'). Anal. Calcd for C35H29NO10: C, 67.41; H, 4.69; N, 2.25; 
O, 25.66. Found: C, 67.06; H, 4.83; N, 2.13; O, 25.89.

IV-Formyl-jS-D-glucopyranosylaraine (6b). To a suspension of 
520 mg (0.83 mmol) of 6a in 100 mL of dry methanol was added a so
lution of sodium methanolate in methanol until the reaction mixture 
had pH 8 (wet indicator paper). After being stirred for 2 h at room 
temperature TLC (chloroform-methanol, 25:1) indicated that con
version was complete. The reaction mixture was neutralized by Dowex 
50W (H+) resin, filtered, and concentrated in vacuo (0.02 mm) to yield 
172 mg (100%) of 6b: IR (KBr) 3300-3400 lOH, NH), 1680 cm“ 1 
(C = 0  formyl); 'H NMR (D20) b 8.30 (s, 1, CHO formyl), 5.08 (d, J l;1 
= 8.4 Hz, 1, H-l), 3.90-3.30 (m, 6, remaining CH’s).

a and /J-Anomers of 2,3,4,6-Tetra-O-benzoyl-D-glucopyra- 
nosyl isocyanide (7a and 9a). An amount of 2.5 g (4.0 mmol) of 6a 
was suspended in 20 mL of triethylamine and 10 mL of methylene 
chloride; 4.8 g (31 mmol) of phosphorus oxychloride was added 
dropwise with stirring at 0 °C. The mixture was stirred overnight at 
room temperature. Subsequently, 25 mL of methylene chloride was

added and the mixture was poured into an ice-cold saturated solution 
of sodium bicarbonate in water. The layers were separated and the 
aqueous layer was extracted three times with 25 mL of methylene 
chloride. The combined organic layers were washed with water, dried 
over sodium sulfate, and evaporated to dryness in vacuo, yielding a 
crude mixture of 7a and 9a. This mixture was separated by chroma
tography on a column of silicagel (30 cm long, 4 cm i.d.) with chloro
form as eluent. In this way 0.12 g of 7a, 0.17 g of a mixture of 7a and 
9a, and 1.78 g of 9a were obtained. Total yield 86%.

Pure 7a had mp 54-56 °C: [ a ] 22D  +70.4° ( c  1.5, CHCI3); IR (KBr) 
2124 ±  1 (NC, CO was used for calibration), 1725 cm' 1 (C = 0 ); ’ H 
NMR (CDCI3) b 8.00 and 7.35 (2 X m, 20, benzoyl), 6.25 (d of d, 1) and
5.85 (d of d, 1, H-3,4), 5.90 (d, 9 = 4.5 Hz, 1, H -l), 5.50 (d of d, 1,
H-2), 5.00-4.40 (m, 3, H-5,6,6'); 13C NMR (CDC13) b 166.1 (NC), 165.7, 
165.2, 165.1 and 164.8 (C = 0 ), 133.8, 133.5, 133.2, and 133.1 (arom 
C-4), 129.9-129.5 and 128.4-128.0 (2 X m, remaining arom C’s), 78.8 
(C-2), 71.5 (C-l), 69.6 (C-3), 694 (C-5), 67.9 (C-4), 61.8 (C-6). 13C 
assignments were made by comparison with reported values of per- 
O-acetylglucopyranose21 and isocyanides;22 the position of C-6 was 
confirmed by an ]H off-resonance decoupling experiment.

Pure 9a had mp 88-90 °C: [o]22d +44.7° (c 2.5, CHCI3); IR (KBr) 
2142 ±  1 (NC), 1725 cm“ 1 (C = 0 ); 'H  NMR (CDCI3) b 8.00 and 7.45 
(2 X m, 20, benzoyl), 6.05-5.65 (m, 3, H-2,3,4), 5.20 (d, J\ 2 = 8.4 Hz,
l, H-l), 4.80-4.45 (m, 2, H-6,6'), 4.45-4.15 (m, 1, H-5);’ 13C NMR 
(CDCI3) b 165.1 (NC), 165.9, 165.4, 164.8, and 164.6 (C = 0 ), 133.6,
133.5,133.4, and 133.1 (arom C-4), 129.8-129.7 and 128.3-128.1 (2 X
m, remaining arom C’s); 79.6 (C-2), 74.9 (C-l), 72.1 (C-3), 71.6 (C-5),
68.4 (C-4), and 62.3 (C-6). 13C assignments are tentative vide supra; 
MS m/e 605 (M+), 428 (M -  benzoic acid — HC(O)NC), 361 (M — 2 
benzoic acid), 352 (M — benzoic acid anhydride — HCN), 334 (M — 
2 benzoic acid — HCN), 321 (M — PhCOOCH2- — benzoic acid — 
-H CN ). Anal. Calcd for C3SH27NO9: C, 69.42; H. 4.49; N, 2.31; 0 , 
23.78. Found: C, 69.47; H, 4.77; N, 2.35; 0 , 23.41.

/3-D-Glucopyranosyl Isocyanide (9b). Debenzoylation of 9a as 
described for 6a afforded 9b in quantitative yield. The product was 
isolated by freeze drying: IR (KBr) 3400 (OH), 2150 cm-1 (NC), no 
C = 0  present; 'H NMR (CD3OD) b 4.60 (H-l, [tartly masked by sol
vent), 3.85-3.25 (m, remaining H’s).

Polymerization of 2,,3,4,6-Tetra-O-benzoyl-/f-n-glueopyra- 
nosyl Isocyanide (9a). To a solution of 1.59 g (2.63 mmol) of 9a in 
4 mL of chloroform was added a solution of 6.1 mg (0.026 mmol) of 
nickel chloride hexahydrate in 4 mT, of methanol. The mixture was 
stirred for 2 days at room temperature. The solvent was removed 
under diminished pressure and the resulting red-brown solid was 
dissolved in 15 mL of chloroform. This solution was added dropwise, 
with vigorous stirring, to 500 mL of methanol-water 4:1. The pre
cipitate was filtered off and dried in vacuo yielding 1.56 g (98%) of pale 
yellow 10a: [a]22D 0.0° (c 0.7, CHC13); IR (KBr) 1730 (C = 0 ), 1640 
cm-1 (N =C); 'H NMR (CDC13) b 7.9 (Aiq/2 45 Hz) and 7.4 (Aiq/2 45 
Hz) (2 X br, 20, benzoyl), 5.8 (Avi/2 105 Hz, br, 4, tentative assignment 
H-l,2,3,4), 4.6 (Aiq/2 90 Hz, br, 3, tentative assignment H-5,6,6'). Anal. 
Calcd for C35H27N0 9: C, 69.42; H, 4.49; N, 2.31; 0 , 23.78. Found: C, 
68.63; H, 4.64; N, 2.67; 0 , 24.06.

Polymerization of 2,3,4,6-Tetra-O-benzoyl-a-D-glucopyra- 
nosyl Isocyanide (7a). A procedure analogous to that described for 
the polymerization of 9a was followed, except that the temperature 
of the reaction mixture was kept at 45 °C. After a reaction time of 7 
days a 35% yield of polymer was obtained: [o ] 22d  +80° ( c  0.42, CHC13). 
After another 5 days the yield had increased to 88%: [a]22r> +71°. 
Spectroscopic properties as for 10a.

Poly(/3-D-glucopyranosyliminomethylene) (10b). To a solution 
of 162 mg (0.27 mmol) of 10a in 40 mL of dry THF was added sodium 
methanolate in methanol until the reaction mixture had pH 8. After 
being stirred for 2 h at room temperature, TLC revealed complete 
removal of the benzoyl groups. Diluted hydrochloric acid was added 
dropwise until the mixture had pH 6. After removal of the organic 
solvents in vacuo, the residue was diluted with water and after several 
extractions with ether subjected to ultrafiltration (Diaflo Ultra-Filter, 
UM-2). Freeze drying of the resulting solution afforded 35 mg (68%) 
of a creamish powder: [a]22D 0° (c 0.7, D20); IR (KBr) 3500-3200 
(OH), 1630 cm-1 (NC); ’ H NMR (D20 ) b 5.1 (H-l, partly masked by 
solvent), 4.4 (Ai»i/2 20 Hz, br) and 4.1 ppm (An/2 30 Hz, br, remaining 
protons).
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R e g is t r y  No.—3a, 14 28-1 1-2 ; 4a, 33 6 3 9 -9 3 -9 ; 5a, 3 3 639 -91 -7 ; 6a, 
65293 -31 -4 ; 6b, 6 5 293 -32 -5 ; 7a, 65 3 7 5 -7 8 -2 ; 8a, 6 5 292 -96 -8 ; 9a, 
65375-79-3 ; 9 b , 65292-94-6 ; 10a, 65 292-93-5 ; 10b, 65292-95-7 ; sodium 
azide, 26628 -22 -8 ; formic acetic anhydride, 22 58-4 2-6 .
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A number of new substituted 7-amino- and 8-aza-7-amino coumarins have been synthesized. Substituent effects 
on fluorescence properties (maxima and quantum yields) are reported. Substitution by fluorine in the 4-methyl po
sition and by nitrogen in the benzo ring has been found to reduce fluorescence quantum yields. Nitrogen substitu
tion in the benzo ring provides a blue shift in the fluorescence while fluorine substitution at the 4-methyl position 
gives pronounced red shifts.

Recent synthesis programs in this laboratory have re
sulted in the preparation of a large number of substituted 
coumarins and azacoumarins for use as emission sources for 
dye laser applications. The effects of substituents on the lasing 
characteristics of these compounds have been reported.1-4 
This report describes the synthesis of several new laser dyes 
and the effects of substituents on their fluorescence maxima 
and fluorescence quantum yields.

The new coumarin dyes prepared in the present work are 
shown below. Results are summarized in Table I. The syn
theses led to several new results of chemical interest.

Synthesis. The preparation of 8-aza-7-hydroxy-4-meth- 
ylcoumarin (3c) by the method of von Pechmann0-6 from
2,6-dihydroxypridine (4) and ethyl acetoacetate gave in ad
dition to the desired product small amounts of the bis addition 
product 10-aza-2,8-dioxo-4,6-dimethyl-2.fi,8f/-benzo[l,2- 
f>:5,4-6]dipyran (5) (detected by mass spectroscopy; M+ ion

R'

l a .  R = C H .,;  R '=  H

b . R  =  C F  : R ' =  H

c . R  =  C H  - R ' =  C H ,

d . R  =  C F ,: R ' =  C H ,

2 a . R =  CH3; R' =  H
b. R =  CFS; R' =  H
c. R =  CH3; R' =  CH,
d. F. =  CF3; R' =  CH.,

3 a, R =  CH:,; R' =  NH,
b. R =  CH-; R' =  N(CH:j)2
c. R =  CH3; R' =  OH

d. R =  CF3; R' =  N V4

e. R =  CH3; R' =  N_0

at m/e 243). Merchant and co-workers7 also noted the for
mation of trace amounts of a similar bis addition product in 
the reaction of ethyl acetoacetate with resorcinol. When the 
condensation of 2,6-dihydroxypyridine (4) is carried out in

This paper not subject to U.S. Copyright. Published 1978 by the American Chemical Society
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the presence of excess ethyl 4,4,4-trifluoroacetoacetate, 10- 
aza-2,8-dioxo-4,6-bis(trifluoromethyl)-2//,8//-benzo[l,2- 
6:5,4-6]dipyran, (6), the bis addition compound, is the prin
cipal product (50% yield).

In the preparation of 7-amino-4-methylcoumarin (7) from

ethyl acetoacetate and m-aminophenol, a second strongly 
fluorescing coumarin was isolated. This material had also been 
prepared by von Pechmann and was reported to be 2-keto-
4,6,6,8-tetramethyl-6,7-dihydro-2f/-pyrano [3,2-g] quinoline
( 10).8

This assignment is incorrect. The product exhibits a sharp 
absorption in the IR at 3310 cm-1 indicative of the secondary 
amine moiety. The 1H-NMR spectrum (see Experimental 
Section) which eliminates 10 does not allow a definitive choice 
between 8 and 9. NMR analysis employing the shift reagent 
Eu(fod)3 which associates with the carbonyl oxygen made 
possible the assignment of all proton absorptions. However,
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Table II. R eaction  o f  /3-Ketoesters w ith  m -A m inophenol and 6-A m ino-2-pyridinol
o o

Experiment X R R'
Reaction

conditions
Coumarin (A) 

No. (%)
Quinolone (B) 

No. (%)

(1) c c h 3 c h 3 Neat 11(46) 12 (trace)
(2) c c h 3 h Neat 7 (trace) 13 (60)
(3) c c f 3 h Neat 14 (major) 15(10)
(4) c c h 3 h ZnCL/EtOH 7 (16) 13 (25)
(5) c c f 3 h ZnCl2/EtOH 14 (42) 15 (trace)
(6) N c f 3 h Neat 16 (61) 17(15)
(7) N c h 3 c h 3 Neat 18 (major) 19 (20)

0  0  
Il II

7 +  CH3CCH,COC,H5

a choice between 8 and 9 still could not be made since the 
geminal dimethyl group and vinylmethyl (the 6-methyl in 8 
or the 8-methyl in 9) are essentially equidistant from the site 
of Eu(fod)3 association.

Measurement of the nuclear Overhauser effect enhance
ments of the ring protons proved definitive. Saturation of the 
geminal dimethyl resonance resulted in the enhancement of 
the N-H integral and the dihydro ring vinyl proton integrals. 
Saturation of the 4-methyl absorption revealed enhancement 
of H-3 and H-5, while saturation of the dihydro ring vinyl 
methyl absorption resulted in observation of enhanced ab
sorption of H-5 and the dihydro ring vinyl hydrogen. These 
data are consistent only with structure 8.

Product 8 is most likely formed by the Michael-type addi
tion of the intermediate 7-amino-4-methylcoumarin (7) to 
mesityl oxide. The mesityl oxide most likely is formed under 
the reaction conditions employed from acetone (the acetone 
derived by retrogression from ethyl acetoacetate). Knoeven- 
agel9 has reported a similar 1,4-Michael addition of aniline 
to mesityl oxide (formed in situ from acetone) giving 1,2- 
dihydro-2,2,4-trimethylquinoline. This mechanistic path is 
further supported by the reaction of mesityl oxide with 7 to 
yield 8.

A convenient method for preparation of courmarins and 
quinolones is to omit catalyst and solvent and simply heat the

precursor amine phenol with the /3-keto ester.10-11 This 
method, however, can lead to mixtures of coumarins and 
quinolones in contrast to von Pechmann’s procedure which 
provides primarily coumarins. While the reaction is regios- 
pecific in that ring formation is ortho to the reacting functional 
group and para to the second giving 7-substituted products, 
no 5-substituted products are obtained, it is nonselective with 
respect to the functional groups.

Several examples illustrate this reaction feature (Table II). 
When m-aminophenol is heated in the presence of ethyl 2- 
methylacetoacetate, Table II, reaction 1, the major product 
is 7-amino-2,3-dimethylcoumarin (11) formed in 46% yield. 
A trace amount of the isomeric 7-hydroxy-2,3-dimethylqui- 
nolone (12) was isolated from the base-soluble extract of the 
reaction mixture.12 However, when m-aminophenol is heated 
in the presence of an equimolar amount of ethyl acetoacetate, 
the only isolable addition product is 7-hydroxy-4-methyl- 
quinolone (13). Only a trace amount of coumarin 7 (detected 
by TLC analysis of the reaction mixture) was formed.

When the condensation of m-aminophenol and ethyl
4,4,4-trifluoroacetoaeetate is carried out in absolute ethanol 
at reflux in the presence of anhydrous zinc chloride (von 
Pechmann conditions) the addition occurs at the hydroxyl 
group giving 14. Only a trace of quinolone is observed (Table 
II, reaction 5). Evidently the zinc chloride complexes with the 
amino group and thus facilitates condensation via the hy
droxyl group. However, when the condensation of m-amino
phenol with ethyl 4,4,4-trifluoroacetoaeetate is carried out in 
the absence of solvent (Table II, reaction 3), the major product 
is the coumarin 14. A 10% yield of quinolone 15 was recovered 
from the base-soluable extract.12

Similar results are obtained with 6-amino-2-pyridinol (20). 
When 20 is heated in the presence of ethyl 4,4,4-trifluo- 
roacetoacetate a 76% yield of addition products is obtained 
giving approximately a 4:1 ratio of quinolone to coumarin, 
Table II, reaction 6.12 A similar product distribution is realized 
when 20 is allowed to react with ethyl 2-methylacetoacetate,12 
Table II, reaction 7.

Since reaction of 20 with /3-keto esters gives mixtures of 
quinolones and coumarins, it was necessary to modify the 
reaction sequence in order to obtain pure 7-aminocoumarins 
in good yields. This was accomplished by first deactivating 
the amino substituent through formation of its urethane de
rivative. Reaction of this intermediate gives exclusively the 
coumarin derivative (Scheme I). The free amino compound 
is then liberated by mild acid hydrolysis.13

While urethane derivative 21 gave reasonable yields of 
coumarin upon reaction with /3-keto esters, 6-acetamido-2-
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Scheme I
0

20. X =  N 21, X =  N
a, X =  C 28,X =  C

O 0

RCCHXOC2H5

3a, X =  N; R =  CHj 22, X =  N; R =  CH:)
7, X =  C; R =  CH:, 29, X =  C; R =  CH:)

pyridinol (23) fails to give the desired product. Prolonged 
heating of 23 in the presence of excess ethyl acetoacetate re
sulted in the recovery of starting material.

A convenient procedure for the méthylation of functional 
groups (amino, hydroxyl, amide) in these systems has been 
developed. Where other procedures such as reductive méth
ylation with sodium cyanoborohydride or hydrogen (platinum 
catalyst) failed, simply heating the precursor in the presence 
of excess trimethyl phosphate gives the desired product in 
good to excellent yields,14 see for example the prepartion of 
lc and Id.

In the preparation of 7-hydroxy- and 5-hydroxy-5,6,7,8- 
tetrahydroquinolines it was found that when the hydroge
nation of the heteroring was carried out in neutral media, no 
acid catalyst,15 uptake of hydrogen was quantitative (although 
longer reaction times were required) and a cleaner product 
resulted.

Fluorescence. Substituent effects on the fluorescence 
maxima of these systems parallel those observed in other 
coumarin dyes. A large bathochromic shift of 82 nm is seen in 
changing the 4-methyl group in 2a to a trifluoromethyl group 
in 2b. Similar shifts are observed in other pairs, i.e., la-b, 
lc-d. The red shift is not of the same magnitude in the azac- 
oumarins. A shift of 53 nm is obtained with 3d compared to 
3e.

Varying the substituent in the 7 position does not result in 
large shifts in these compounds and does not seem to follow 
a predictable pattern. Compounds 2b and 2d for example both 
have fluorescence maxima at 537 nm. The alkylation seem
ingly has no effect. However, compound la exhibits a red shift 
of 8 nm upon méthylation of the nitrogen to give lc, and 
méthylation of 2a results in a 13-nm red shift in 2c. The aza- 
coumarins all exhibit pronounced hypsochromic shifts when 
compared to their carbon analogues.

The quantum yields of fluorescence are generally high for 
the substituted 7-amino-4-methylcoumarins. In all cases 
substitution by fluorine at the 4-methyl position results in a 
diminished quantum yield of fluorescence. In the azacoumarin 
series the quantum yields are less than in the carbon series, 
and again substitution of fluorine in the 4-methyl group lowers 
the quantum yield still further, i.e., compounds 3e and 3d.

These factors work in concert in the 4-trifluororr,ethyl-8- 
azacoumarins and these compounds exhibit low quantum 
yields of fluorescence. The fluorinated bis adduct 6 shows very 
poor fluorescence and at liquid nitrogen temperature in ab
solute ethanol exhibits strong phosphorescence. To the con
trary, the pseudo-bis adduct 8 fluoresces strongly at 470 nm 
with high stability and exhibits lasing action over a 25-nm

range (455-480 nm). Surprisingly, 8 also shows strong phos
phorescence in ethanol at liquid nitrogen temperature indi
cating efficient intersystem crossing to the triplet state, a 
process generally regarded to be highly deleterious to las
ing.

Experimental Section
Proton and 13C-NMR spectra were obtained with a Varian XL-100 

FT spectrometer and are referenced to tetramethylsilane as an in
ternal standard. IR spectra (KBr discs) were obtained with a Per- 
kin-Elmer 137 spectrometer. UV absorbance data were measured on 
a Cary-14 spectrometer. Fluorescence spectra and quantum yields 
were determined using a Turner Model 210 spectrofluorometer util
izing quinine sulfate as a quantum yield standard. Mass spectra were 
obtained with a Hitachi Perkin-Elmer RMU-6E spectrometer. 
Melting points are uncorrected. Elemental analyses were performed 
by Galbraith Laboratories, Knoxville, Tenn.

7-Hydroxyquinoline (23). This compound was prepared from 
m-aminophenol via the Skraup quinoline synthesis using the proce
dure of Bradford et a l . 16

7-Hydroxy-l,2,3,4-tetrahydroquinoline (24). 7-Hydroxyqui- 
noline (4.0 g, 27.6 mmol) and PtC>2 (0.3 g) were suspended in 150 mL 
of 95% ethanol containing 1 mL of concentrated HC1. Hydrogenation 
(Parr apparatus, room temperature, 50 lb H2 pressure) was continued 
until the theoretical amount of H2 was absorbed (4 h). Filtration and 
concentration gave 5.04 g of red oil. Water (50 mL) was added and the 
resulting suspension was made basic (dilute NH3). Extraction with 
ether (4 X 75 mL) drying (CaCl2), and concentration gave 3.5 g of oil 
(90%) which solidified upon standing (mp 70-80 °C): NMR (CDCI3) 
a 1.8-2.4 (m, 2H, CH2CH2CH2), 2.76 (t, 2, J = 7 Hz, NCH2CH2), 3.38 
(t, 2, J = 6 Hz, CK2CH2Ar), 4.8 (bs, 2, OH and NH), 6.16 (d, 1, J para 
= 2 Hz, H-8), 6.33 (d of d, 1, J pala = 2 Hz. JOTtho = 8 Hz, H-5), 7.05 (d, 
1, J ortho = 8 Hz, H-6). In subsequent preparations the HC1 was 
omitted. While the hydrogenation generally took two or three times 
longer, the product (obtained in quantitative yield) was of sufficient 
purity for use without further purification.

2-keto-4-methyl-6,7,8,9-tetrahydro-2il-pyrano[3,2-g']- 
quinoline (la ). Ethyl acetoacetate (7.78 g, 60 mmol), 24 (7.9 g, 53 
mmol), and anhydrous zinc chloride (11 g, 80 mmol) were added to 
absolute ethanol (100 mL). The resulting mixture was heated at reflux 
15 h. A yellow solid had precipitated. More solid was deposited upon 
cooling to room temperature. Filtration gave 5.62 g. Pouring the 
mother liquors into ice water (100 mL) yielded an additional 0.75 g 
of yellow solid. The crude yield was 55%. Two recrystallizations from 
ethanol gave yellow needles, mp 236-238 °C; NMR (Me2SO-d6): 6 2.78 
(m, 2, CH2CH2CH2), 2.30 (s, 3, 4-Me), 2.72 (t, 2, J = 6.2 Hz, 
CH2CH2Ar), 3.29 (t, 2, J  = 6.2 Hz. N-CH2CH2), 5.82 (s, 1, H-3), 6.31 
(s, 1, H-5), 6.81 (bs, 1, N-H), 7.21 (s, 1, H-10); IR: 3425 cm“ 1 (N-H); 
1710 cm- 1 (0 = 0 ).

2-Keto-4-trifluoromethyl-6,7,8,9-tetrahydro-2ii-pyra- 
no[3,2-gr]quinoline (lb ). 7-Hydroxy-l,2,3,4-tetrahydroquinoline 
(2.38 g, 16 mmol), ethyl 4,4,4-trifluoroacetoacetate (2.9 g, 16 mmol), 
anhydrous zinc chloride (6.0 g), and dry ethanol (50 mL) were mixed 
and the resulting mixture was heated at reflux for 18 h under a dry 
N2 atmosphere wish stirring. A solid deposited on cooling. Filtration 
gave yellow crystals: 3.5 g (76%); mp 229-230 °C; NMR (CDCI3) & 
1.64-1.88 (m, 2, CH2CH2CH2), 2.62 (t, 2, J  = 6 Hz, CH2CH2Ar), 3.23 
(t, 2, J  = 6 Hz, NCH2CH2), 6.23 (bs, 2 ,0 5  and 0 8 ) , 7.06 (bs, 1, H-3); 
IR 3450 (NH), 1720 cm-1 (C = 0 ), mass spectrum rale  269, M+.

2-Keto-4,9-diir.ethyl-6,7,8,9-tetrahydro-2fl-pyrano[3,2-gr]- 
quinoline (lc ). Trimethyl phosphate (1.0 g, 7.1 mmol) and la  (1.0 
g, 4.65 mmol) were heated in an oil bath at 200 °C for 30 min. The 
resulting dark oil set to a solid mass upon cooling. Crystallization from 
acetonitrile (10 mL) gave yellow-green plates (0.7 g, mp 145-148 °C) 
of the desired product (67% yield): NMR (CDCI3) h 1.75-2.2 (m, 2, 
CH2CH2CH2), 2.32 (d, 3, J  = 0.6 Hz, 4-Me), 2.81 (t, 2, J = 7 Hz, 
CH2CH2Ar), 3.40 it, 2, J = 6.5 Hz NCHoCH2), 2.98 (s, 3, NMe), 6.0 
(q, 1 ,J  = 0.6 Hz, H-3), 6.48 (s, 1, H-5), 7.18 (s, 1, H-6); IR 1724 cm“ 1 
(C = 0 ), N-H absent.

2-Keto-4-trifluoromethyl-9-methyl-6,7,8,9-tetrahydro-2ii- 
pyrano[3,2-g']quinoline (Id). Trimethyl phosphate (30 mL) and 
lb  (2.5 g) were heated at reflux for 4 h. Cooling gave yellow crystals 
(2.3 g, 87%) which recrystallized from acetonitrile gave golden needles 
(mp 197-198 °C): NMR (CDC13) a 1.86-2.10 (m, 2, CH2CH,CH2), 2.80 
(t, 2, J = 6 Hz, CH2CH2Ar), 3.01 (s, 3, NCH3), 3.41 (t, 2, J = 6 Hz, 
NCH2CH2), 6.36 and 6.44 (two s, each 1 H, C-5 and C-10), 7.20 (bs, 
1, H-3); mass spectrum m/e 283, M+.

5-H ydroxy-1,2,3,4-tetrahydroquinoline, (25). 5-Hydroxyqui- 
noline (5.0 g, 35 mmol) suspended in 100 mL of 95% ethanol con
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taining 6 raL of concentrated HC1 was hydrogenated in the presence 
of Pt02 (0.5 g) in a Parr apparatus (room temperature, 50 lb H2) until 
the theoretical amount of H2 was absorbed. Filtration and concen
tration gave a dark oil. Water (100 mL) was added and the resulting 
solution was neutralized by addition of 1 N NaOH (70 mL). The so
lution was extracted with ether (5 X  100 mL) and dried (CaS04). 
Filtration and concentration gave 5 g of a brown oily solid. The brown 
solid was washed with CHC13 (100 mL) and dried to give 4.8 g of a tan 
solid (95%): mp 110-112 °C; IR 3180 cm’ 1 (NH); NMR (CDCI3) b 1.92 
(m, 2, CH3CH2CH2), 2.65 (6, 2, J  = 7 Hz, NCH2CH2), 3.22 (t, 2, J  =
5.5 Hz, CH2CH2Ar), 4.76 (bs, 2, NH and OH), 6.09 (d, 2. J = 8 Hz, H-6 
and H-8), 6.80 (t, 1, J = 8 Hz, H-7).

2-Keto-4-methyl-7,8,9,10-tetrahydro-2H-pyrano[2,3-f]- 
quinoline (2a). Ethyl acetoacetate (5.2 g, 40 mmol), 25 (5.5 g, 37 
mmol), and anhydrous zinc chloride (6.8 g, 50 mmol) were added to 
50 mL of absolute ethanol. The resulting mixture, protected from 
moisture with a positive dry N2 atmosphere, was heated at reflux for 
20 h. The cooled reaction solution was poured onto 100 g of crushed 
ice. A viscous oil separated and gave 1.4 g of yellow solid upon rubbing 
with a glass rod. The remaining organic phase was dissolved in hot 
ethanol and gave a second crop of product (2.1 g). A third crop of 
yellow solid (3.1 g) was recovered from the combined aqueous phase 
extracts and acetone washings of the gummy solids adhering to the 
reaction flasks. Yield of crude product was 78%. Two recrystallizations 
(MeOH) gave yellow needles (mp 149-151 °C); NMR (CDCI3) 5 1.9 
(m, 2, CH2CH2CH2), 2.3 (s, 3,4-Me), 2.9 (t, 2, J = 6.4 Hz, CH2CH2Ar),
3.38 (t, 2, J = 5.8 Hz, NCH2CH2), 4.5 (bs. 1, NH), 6.0 (s, 1, H-3), 6.41 
(d, 1, J  = 8.5 Hz, H-5), 7.27 (d, 1, J  = 8.5 Hz, H-6); IR 3436 (NH), 1724 
cm-1 (0 =0 ).

2-Keto-4-trifluoromethyl-7,8,9,10-tetrahydro-2ff-pyranol 
[2,3-f]quinoline (2b). Ethyl 4,4,4-trifluoroacetoacetate (6.63 g, 36 
mmol), 25 (6.36 g, 36 mmol), anhydrous Zr.Cl2 (10 g), and absolute 
ethanol (75 mL) were heated at reflux for 20 h (dry N2 atmosphere). 
The cooled solution was concentrated, taken up in 75 mL of CHCI3, 
washed with 1 N NaOH (2 X 50 mL) and water (50 mL), and dried 
(MgSOj). Filtration and concentration gave 4.0 g (39%) of yellow solid, 
mp 187-183 °C (ethanol): IR 3310 (NH), 1710 cm-1 (C = 0 ); NMR 
(MeaSO-da) 0 1.84 (p, 2, J  = 6 Hz, CHoCHoCH,), 2.73 (t, 2. -J = 6 Hz. 
NCH2CH2i, 3.31 (t, 2, J = 6 Hz, CH2CH2Ar), 3.54 (bs, 1, NH), 6.29 
(s, 1, H-3), 6.58 (d, 1, efortho = 9 Hz, H-6), 7.19 (d of q. 1, J „ rtho =  9 Hz, 
JcFn = 1-8 Hz, H-5).

2-Keto-4,7-dimethyl-7,8,9,10-tetrahydro-2fi-pyrano[2,3-f]- 
quinoline (2c). Trimethyl phosphaste (1.0 g, 7 mmol) and 2a (0.83 
g, 3.8 mmol) were mixed and heated at 195 °C for 1 h in an oil bath. 
The resulting dark oil was dissolved in 20 mL of methylene chloride 
and chromatographed on a 15 X 3 cm alumina column (MeCL eluant). 
The first yellow band (0.7 g) was recrystallized from MeOH (10 mL) 
to give 0.44 g (50%) of the desired product: mp 126-128 °C; NMR 
(CDCI3) b 1.78 (m, 2, CH2CH2CH2), 2.34 (d, 3, J = 0.6 Hz, 4-Me),
2.7-3.1 (m, 2, CH2CH2Ar), 3.2 (s, S, NMe), 3.39 (t, 2, J = 6 Hz, 
NCH2CH2), 6.1 (bs, 1, H-3), 6.62 (d, 1, J = 9.4 Hz, H-5), 7.38 (d, 1, J 
= 9.4 Hz, H-6); IR 1740 cm“ 1 (0 = 0 ) ,  NH absent.

2- Keto-7-methyl-4-trifluoromethyl-7,8,9,10-tetrahydro-2Ji- 
pyrano[2,3-/]quinoline (2d). The methylation of 2b was carried out 
as in preparation 2c to give the desired product as yellow needles I mp 
134-136 °C): NMR (CDC13) b 2.0 (m, 2, CH ,CH2CH2), 2.92 (t, 2, J = 
7 Hz, CH2CH2Ar), 3.08 (s, 3, NMe), 3.36 (t, 2, J = 7 Hz, NCH2CH2), 
6.44 (s, 1, H-3), 6.65 (d, l,</ortho = 9 Hz, H-8), 7.44 (d ofq, l ,J ortho = 
9 Hz, Jr = 1.0 Hz, H-7); IR 1738 cm-1 (C = 0 ), N-H absent.

3- Hydroxyphenylurethane (28). Ethyl chloroformate (10 g, 92 
mmol) was added in one portion to a stirred suspension of m-ami- 
nophenol 110 g, 92 mmol) in 400 mL of dry diethyl ether. A white 
precipitate (the amine hydrochloride) formed immediately. The re
action mix'ure was stirred an additional 2 h at room temperature. The 
hydrochloride was removed by filtration. Evaporation of the solvent 
left 8 g of grey solid. Crystallization from benzene/cyclohexane (200 
and 400 mL, respectively) gave upon cooling (0 °C) 7.0 g (84% yield) 
of colorless needles: mp 94-95 °C; IR 3260 (NH), 1700 cm-1 (C = 0 ); 
NMR (CDCD b 1.30 (t, 3, J  = 7 Hz, OCH2CH3), 4.21 (q, 2. J  = 7 Hz, 
OCH2CH3). 6.59 (bm, 4. NH, OH, H-4, and H-6), 7.06 (t, 1. J  = 8 Hz, 
H-7). 7.30 (s, l.H-2).

7-Carbethoxyamino-4-methylcoumarin (29). Ethyl acetoac
etate (5.62 g, 43 mmol) and 28 (6.5 g, 36 mmol) suspended in 88 mL 
of 70% H2S04 were stirred 4 h at room temperature. The clear yellow 
solution was poured into 400 mL of ice water, giving a voluminous 
white crystalline precipitate. The solid filtered and crystallized from 
400 mL of absolute ethanol to give 7.4 g (83% yield) of colorless nee
dles: mp 186-188 °C; NMR (Me2SO-d6) b 1.39 (t, 3, J  = 7 Hz, 
CH2CH3), 2.32 (d, 3, J  = 1.4 Hz, 4-Me), 3.83 (q, 2, J  = 7 Hz. CH2CH3), 
5.54 (q, 1, J  = 1.4 Hz, H-3), 6.52 (d of d, 1, t/0rtho = 1-4 Hz, Jpare = 2

Hz, H-5), 6.65 (d, 1, J para = 2 Hz, H-8), 6.76 (d, 1, Jartho = 7.4 Hz, H-6), 
8.80 (bs, 1, NH). Anal. Calcd for Ci3Ht3N 04 C, 63.15; H, 5.30; N, 5.67. 
Found: C, 62.95; H, 5.29; N, 5.65.

7- Amino-4-methylcoumarin (7). 7-Carbethoxyamino-4-meth- 
ylcoumarin (29) (7.0 g, 28 mmol) was heated at reflux 4 h in 25 g of 
concentrated H2S04 and 25 g of glacial aceti: acid. On cooling a yellow 
precipitate was deposited. The mixture was poured into 100 mL of 
ice water and let stand overnight. The resulting suspension was made 
slightly basic with 50% NaOH with cooling by addition of ice chips. 
The yellow precipitate was filtered and washed with ice water (3 X 
50 mL). Crystallization from ethanol yielded three crops of yellow 
needles (4.9 g, 99%), mp 220-224 °C (lit.18 mp 223 °C).

6-Carbethoxyamino-2-pyridinol (26). 2-Amino-6-hydroxypy- 
ridine (11 g, 100 mmol) and ethyl chloroformate were stirred at room 
temperature for 20 h in a solution of 400 mL of dry ether and 100 mL 
of dry tetrahydrofuran containing 10 g (100 mmol) of trieth vlamine. 
Filtration of the reaction mixture gave 12.5 g of grey solid which was 
identified as a mixture of triethylamine hydrochloride and unreacted 
2-amino-6-hydroxypyridine by TLC. Evaporation of the mother li
quors gave 6.7 g (37%) of small colorless needles (mp 70-72 °C) which 
darkened appreciably upon exposure to light: IR 3420 (OH), 3310 and 
3205 (NH), 1755 cm“ 1 (C = 0 ); NMR (CDC13) S 1.34 (t, 3, J  = 7 Hz, 
CH2CH3), 4.37 (q, 2, J = 7 Hz, CH2CH3), 4.69 (bs, 2, NH and OH), 
6.45 (d, 1,,/ = 8 Hz, H-3 or H-5), 6.48 (d, 1,J = 8 Hz, H-3 or H-5), 7.50 
(t, 1, J  = Hz, H-4). Anal. Calcd for C8H10N2O3: C, 52.74; H, 5.53; N, 
15.38. Found: C, 52.67; H, 5.56; N. 15.32.

8- Aza-7-amino-4-methylcoumarin (3aI. Ethyl acetoacetate (4.55 
g, 35 mmol) and 26 (5.0 g, 27.5 mmol) were mixed and heated at 130 
°C with stirring for 16 h. After 15 min of heating a clear solution re
sulted. A yellow solid formed as heating was continued. After cooling 
the excess ester was removed by rotoevaporation. The resulting yellow 
solid was crystallized from Me2SO to give 2.3 g of yellow solid (mp 
230-235 °C). The mother liquors were diluted with 200 mL of distilled 
water to give an additional 2 g of yellow solid. The combined material, 
isolated in 63% yield, was 8-aza-7-amino-4-methylcoumarin as con
firmed from spectral data. Apparently the reaction conditions were 
sufficient to effec' hydrolysis of the carbethoxy group: IR 1670 cm“ 1 
(C =0). The NH absorption bands are not evident in KBr nor do they 
appear in a Nujol mull. The carbamate carbonyl is absent. NMR 
(Me2SO-d6) b 2.33 (s, 3 ,4-Me), 6.12 (s, 1, H-3), 6.26 (d, 1, J Drtho = 8.5 
Hz, H-5), 7.77 (d. 1, -Arth<. = 8.5 Hz, H-6); upon addition of D20  the
7-amino protons appeared as a broad singlet at 3.50; MS m/e 231, 
M+.

8-Aza-7-hydroxy-4-methylcoumarin (3c). Ethyl acetoacetate 
(2.60 g, 20 mmol . 4 (2.22 g, 20 mmol), and anhydrous ZnCl2 were 
mixed and heated at reflux in 25 mL of anhydrous methanol under 
a dry N2 atmospnere with stirring for 8 h. After standing at room 
temperature a red-orange solid was deposited (0.48 g), 15%: mp 
295-297 °C (Me2SO); NMR (Me2SO-d6) 2.40 (d, 3, J  = 0.8 Hz, 4-Me),
3.22 (bs, 1, OH), 6.18 (q, 1, J  = 0.8 Hz, H-3), 6.66 (d, 1, Jonho = 4 Hz, 
H-5), 8.04 (d, 1, J,)rtho = 4 Hz, H-6); IR 1750 cm“ 1 (C = 0 ).

2-Hydroxy-6-morpholinopyridine (27). 2-Chloro-6-hydroxy- 
pyridine (4.0 g, 31 mmol) was heated at reflux (87 °C) in 25 mL of 
morpholine for 96 h. Upon cooling morpholine hydrochloride, 3.5 g 
(mp 160-165 °C (lit.17 mp 175 °C)) precipitated. The hydrochloride 
was filtered and the green mother liquors were concentrated to give 
a green solid. The solid was dissolved in 100 mL of benzene, treated 
with decolorizing charcoal, and filtered. The emerald green solution 
deposited crystals upon cooling (10 °C), £.1 g (mp 136-140 °C, 91% 
yield). Recrystallization from acetonitrile did not improve the melting 
point: NMR (Me,SO-de) b 3.35 (m. 4, CH2OCH2), 3.69 (m, 4, 
CH,NCH,), 5.92 (d, 1, J = 4 Hz. H-2 or H-4), 6.09 (d, 1, J = 4 Hz, H-2 
or H-4), 7.39 (t, 1. J = 4 Hz, H-3); MS mls 180, M+; IR NH absent.

8-Aza-7-morpholino-4-trifluoromethylcourmarin (3d). Ethyl
4,4,4-trifluoroacetoacetate (5 mL) and 27 (2.0 g, 11 mmol) were heated 
at reflux for 60 h. The volatile material was removed by rotoevapo
ration to give crystalline material. Recrystallization from acetonitrile 
(75 mL) gave gold needles: 3.2 g (95%, mp 218-220 °C); NMR (ace- 
tone-de) b 3.02 (s, 8, morpholine protons), 6.57 (s, 1, H-3), 6.94 (d, 
J  ortho = 4.5 Hz, H-6), 7.90 (d of q, 1, Jonho -  4.5 Hz, J F = 1.0 Hz, H-5); 
IR 1728 cm“ 1 (C = 0).

8-Aza-7-dimethylamino-4-methylcoumarin (3b). 2-Dimeth- 
ylamino-6-hydrcxypyridine (1.1 g, 8 mmol) was heated at 150 °C in 
the presence of excess ethyl acetoacetate (10 mL) for 66 h. The excess 
ethyl acetoacetate was removed by rotoevaporation to give a dark oil. 
Addition of methanol (5 mL) gave a yellow solid. The solid was crys
tallized from benzene/hexane to give 210 mg (13%) of the desired 
product as yellow crystals (mp 157-160 °C): NMR (CDC13) b 2.24 (d, 
1, J  = 0.6 Hz, 4-Me), 3.12 (s, 6, NMe2), 5.94 (q, 1, J  = 0.6 Hz, H-3), 6.38 
(d, 1, Jortho = 4 Hz, H-5), 7.62 (d, 1, Jorlh, = 4 Hz, H-6).
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Table III. NOE Enhancem ent Factors

Saturated Enhancement“
group H-5 N-H H-10 H-3 H-7

Geminai dimethyl 1.00 1.16 1.00 0.95 1.23
6-Me 1.19 1.04 0.92 1.00 1.17
4-Me 1.34 0.97 0.9"7 1.54 1.00

° The enhancement ratio was determined from the ratio o f the 
integral obtained with the secondary irradiation frequency on to 
the integral obtained with the secondary irradiation frequency 
off, both values being the average value obtained for at least five 
integrations.

8-Aza-4-methyl-7-morpholinocoumarin (3e). Ethyl acetoacetate 
(5.1 g, 40 mmol) and 27 (2.0 g, 11 mmol) were mixed and heated at 
reflux for 60 h to give a dark oil. The volatile materials were removed 
by rotoevaporation giving 3.6 g of semicrystalline black solid. This 
solid was washed with ether (100 mL) and twice recrystallized from 
benzene to give tan needles: mp 188-189 “C; IR 1735 cm-1 (C = 0 ); 
NMR (CDCI3) <5 2.36 (d, 3 ,J  = 0.7 Hz, 4-Me), 3.76 (m, 8, morpholino 
protons), 6.04 (d, 1, J = 07 Hz, H-3), 6.54 (d, 1, J  = 4.2 Hz, H-5), 7.69 
(d, 1, «7 = 4.2 Hz, H-6).

10-Aza-2,8-dioxo-4,6-bis(trifluoromethyl)-21i,8fi-benzo- 
[l,2,-b:5,4-b]dipyran (6). 2,6-Dihydroxypyridine was heated at 135 
°C in excess ethyl 4,4,4-trifluoroacetoacetate (66 h). The product 
crystallized as colorless needles: mp 280-282 °C (Me2SO); 5.36 g (50% 
yield); IR 1780 cm" 1 (0 = 0 ) ;  MS m/e 351, M+; NMR (Me2SO-d6) 5
7.10 (s, 2, H-3 and H-7), 8.32 (broad s. 1, H-5). Anal. Calcd for 
Ci3H3F6N 04: C, 44.47; H, 0.86; F, 32.18; N, 3.99. Found: C, 44.42; H, 
0.82; F, 32.18; N, 3.99.

2,6-Dihydroxypyridine (4). 2,6-Dihydroxypyridine hydrochloride 
(10.0 g, 68 mmol) was suspended in 400 mL of water and the pH was 
adjusted to 3.5 by addition of concentrated aqueous ammonia. The 
flocculent white solid was filtered, dried in vacuo, and used immedi
ately without further purification.

6-Aeetamido-2-pyridinol (30). This compound was prepared by 
the method of Buo-Hoi, Gauthier, and Xuong18 in 50% overall yield 
starting from 6-amino-2-pvridinol.

Attempted Preparation o f 7-Acetamido-S-aza-4-methylcou- 
marin (31). Ethyl acetoacetate (1.72 g; 13.2 mmol) and 30 (2.0 g; 13.2 
mmol) were heated at 170 °C (oil bath) for 16 h. The pyridinol had 
not gone into solution. Mesytelene (5 mL) was acded and the reaction 
mixture was heated an additional 20 h at 170 °C. Upon coding, 2.1 
g of solid separated. NMR and IR showed this to be recovered 24, 
contaminated with a small amount of mesytelene.

2-Keto-4,6,8,8-tetramethyl-8,9-dihydro-2fi-pyrano[3,2-g']- 
quinoline (8). m-Aminophenol (10 g; 92 mmol) and ethyl acetoacetate 
were mixed. Upon heating to 150 °C a clear solution was obtained. As

heating continued a yellow precipitate formed. Heating was continued 
for a total of 6 h. The precipitate was filtered from the hot solution 
and washed with cyclohexane. A further 2.2 g of yellow solid was ob
tained from the cooled filtrate. Crystallization from methanol gave 
beautiful golden needles (mp 270-274 °C (lit.8 mp 268 °C)): NMR 
(Me2SO-dg) 6 1.68 Is, 6, 8-gem-dimethyls), 2.29 (d, 3, J = 2 Hz, 6-Me),
2.72 (d, 3, J = 1.6 Hz, 4-Me), 5.8 (bs, 1, H-7), 6.25 (q, 1, J  = 1.6 Hz, 
H-3), 6.71 (s, 1, H-10), 7.1 (bs, 1, NH), 7.43 (s, 1, H-5); IR 3311 (NH), 
1695 cm“ 1 (C = 0 ); MS m/e 255, M+. Anal. Calcd: C, 75.27; H, 6.71; 
N, 5.49. Found: C, 75.67; H, 6.87; N, 5.45. The nuclear Overhauser 
effect enhancements19 are given in Table III. The spectra were ob
tained at 80 °C from a 100% Me2S0-d6 sample degassed by five freeze 
cycles and sealed under vacuum.

Registry No.—4, 626-06-2; 6, 65292-88-8; 7, 26093-31-2; 8, 
65392-09-8; 23, 580-20-1; 24, 58196-33-1; 25, 61468-43-7; 26, 65292- 
89-9; 27,65292-90-2; 28,7159-96-8; 29,58632-48-7; 30,770-20-7; ethyl 
acetoacetate, 141-97-9; ethyl 4,4,4-trifluoroacetoactate, 372-31-6; 
trimethyl phosphate, 512-56-1; 5-hydroxyquinoline, 578-67-6; m- 
aminophenol, 591-27-5; 2-amino-6-hydroxypyridine, 5154-00-7; 2- 
chloro-6-hydroxypyridine, 16879-02-0; morpholine, 110-91-8; 2- 
dimethylamino-6-hydroxypyridine, 65292-91-3; 2,6-dihydroxypyri- 
dine-HCl, 10357-84-3; ethyl chloroformate, 541-41-3; ethyl 2-aceto- 
propionate, 609-14-3.
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Syntheses of [l-(Alkylthio)]- and 
(l-Mercapto)cycloalkanephosphonic Esters by the Reactions 

of Cycloalkanethiones with Trialkyl Phosphites
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Cycloalkanethiones reacted with trialkyl phosphites to give [l-(alkylthio)]- and/or (l-mercapto)cycloalkane- 
phosphonic esters. The reaction mechanism is discussed in terms of a concerted one via the betaine intermediate. 
These sulfur-containing esters are easily converted to cycloalkanephosphonic esters in good yields by Raney nickel 
treatment.

The chemistry of thiocarbonyl compounds1 has attracted 
much attention owing to their interesting reactivities and 
preparative significance. Especially, the reactions of thio

carbonyl compounds with organophosphorus compounds such 
as phosphites and phosphines have been the focus of interest 
in the past several years, because phosphines and phosphites

0022-3263/78/1943-1980$01.00/0 © 1978 American Chemical Society
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are known to demonstrate both “ carbophilicitv” and “ thio- 
philicity”2 toward organosulfur compounds. There have been 
several noteworthy reports on the reactions of thiocarbonvl 
compounds with phosphines or phosphites. Middleton and 
Scharkey3 reported the reactions of hexafluorothioacetone 
and thiofluorenone with trialkyl phosphites to give corre
sponding phosphoranes. The formation of 1,3-dithiacyclo- 
hexylidenephosphorane from l,3-dithiacyclohexane-2-thione 
and trimethyl phosphite was also reported by Corey and 
Markl.4 On the other hand, in his preceding papers, Corey et 
al.5'6 reported the formation of olefins by the reactions of 
substituted ethylene trithiocarbonates and thionocarbonates 
with trialkyl phosphites. By similar reaction of 1,3-dithiole-
2-thiones with phosphines and phosphites, many tetrathia- 
fulvalene derivatives have been synthesized.7 Thiocarbonvl 
compounds employed in those works were aromatic thiones,3,7 
perfluorothione,3 and cyclic trithiocarbonates.4-7 All these 
reactions cculd be explained to take place by initial thiophilic 
attack of phosphines and phosphites at the thiocarbonyl sulfur 
atom.

We have studied the reactions of cycloalkanethiones with 
trialkyl phosphites and succeeded in synthesizing new sul
fur-containing phosphonic esters, [l-(alkylthio)]- and (1- 
mercapto)cycloalkanephosphonic esters. This reaction is 
obviously explained by carbophilic attack of phosphites at the 
thiocarbonyl carbon atom.

Results and Discussion
The reaction of cyclohexanethione (1) with 4 equiv of tri

methyl phosphite in toluene at reflux temperature has been 
carried out. After a complete fading of the pink color of 1, the 
workup of the reaction mixture gave a 51% yield of 0 ,0 -  
dimethyl [l-(methylthio)]cyclohexanephosphonate (7a). The

0
S ^

M eS^ ^  P(OMe),
/ V  P(O M e)3 1

1 7a
structure of 7a was determined by the NMR and IR spectra. 
In the NMR spectrum of 7a, the protons of the methyl group 
attaching to the sulfur atom appeared as a singlet at b 2.20 and 
those attached to the oxygen atom as a doublet at <5 3.86 with 
J p _ h  = 10.1 Hz. For comparison, the methyl resonances in 
dimethyl cyclohexanephosphonate appear as a doublet at b
3.77 with Jp_H = 10 0 Hz. The infrared spectrum of 7a re
vealed a strong band at 1240 cm-1 which is characteristic of 
a P = 0  double bond. Desulfurization of 7a with Raney nickel 
in ethanol afforded dimethyl cyclohexanephosphonate, which 
was identical with the authentic sample.

In our preceding communication,8 cyclohexanedithiol (3) 
was employed as a precursor of cyclohexanethione (1), since 
heating of 3 is known to afford 1 by an elimination of hydrogen 
sulfide. Thus, in this study gem-dithiols were also used in most 
cases as starting materials, because they are more available 
than cycloalkanethiones.

When a solution of cyclopentar.edithiol (2) and 4 equiv of 
trimethyl phosphite in toluene was refluxed, hydrogen sulfide 
evolved and the color of the solution turned to pink. After the 
subsequent decolorization was complete, distillation gave 
0,0-dimethyl [l-(methylthio)]cyclopentanephosphonate (5a) 
in 56% yield, the formation of which was confirmed by com
paring the spectral data of the product (5a) to those prepared 
from cyclopentanethione. The evolution of hydrogen sulfide 
and the pink coloration indicate the formation of cyclopen
tanethione in the reaction (Scheme I).

The reaction of 2 with triethyl phosphite gave a mixture of 
two sulfur-containing phosphonic esters, which were distilled
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P( OEt t  HS.
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7, n = 5 
9, n = 6

a, R = M e; b , R = Et; c, R  = z'-Pr

-(CH 2)„
6, n = 4 
8, n = 5 

10, n = 6

as a mixture and analyzed by gas chromatography. The second 
fraction was 0 ,0 -diethyl [l-(ethylthio)]cyclopentanephos- 
phonate (5b). The structures were determined by the ele
mental analyses and spectral data. The NMR spectrum con
sisted of a quartet at b 2.86 (2 H, J = 7.5 Hz, SCH2CH3), 
double quartets at b 4.08 and 4.16 (4 H, Jh_h = 7.2 Hz, J p_h 
= 8.5 Hz, POCH5CH3), and two triplets at 5 1.20 (3 H, J  = 7.5 
Hz, SCH2CH3) and 1.32 (6 H, J = 7.2 Hz, POCH2CH3). The 
infrared spectrum revealed an absorption at 1235 cm-1 due 
to a P = 0  double bond. These spectral features were totally 
consistent with the assignment of 5b. The first fraction was 
0,0-diethyl (l-mercapto)cyclopentanephosphonate (6b). In 
the NMR spectrum of 6b, the mercapto proton appeared as 
a broad singlet at b 2.24, the methylene protons as double 
quartets at b 4.11 and 4.19, and the methyl protons as a triplet 
at b 1.34, respectively. The infrared spectrum of 6b clearly 
exhibited an absorption at 2505 cm-1 assigned to the S-H 
stretching.

The reaction of 2 with triisopropyl phosphite gave only 
0 ,0 -diisopropyl (1 -mercapto)cyclopentanephosphonate (6c) 
in good yield (83%), but no ester having an alkylthio group. 
Similarly to 6b, :n the NMR spectrum the mercapto proton 
appeared at b 2.28 and in the infrared spectrum a weak band 
at 2510 cm-1 assigned to the S-H stretching.

In the reactions giving mercaptophosphonic esters 6b and 
6c, the generation of corresponding olefins was detected by 
a usual method.

The reaction of 3 with trialkyl phosphites was briefly re
ported in our preceding communicaticn,8 and a detailed de
scription of the procedure and the characterization of the 
products were described in the Experimental Section.

The reaction of cycloheptanedithiol (4) with trialkyl 
phosphites was carried out under similar reaction conditions 
as mentioned atove. The evolution of hydrogen sulfide and 
the pink coloration were also observed, and the reactions were 
stopped after decolorization was complete. The results are 
summarized in Scheme I and Table I.

As seen in Table I, the reactions proceeded rather slowly 
in benzene, toluene, and xylene, though the use of such sol
vents makes the workup of the reaction mixture easier. By 
addition of a small amount of ethanol to toluene, the reaction 
of 3 with trimethyl phosphite was accelerated to give 0 ,0 -  
dimethyl [l-(methylthio)]cyclohexanephosphonate (7a) to
gether with trace of 0 ,0 -dimethyl (l-mercapto)cyclohexa- 
nephosphonate (8a). In the case of utilizing ethanol itself as 
a solvent, 8a was more favorably obtained than 7a.18

The mechanistic interpretation of the reactions of cy
cloalkanethiones (cycloalkanedithiols) with trialkyl phos-
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Table I. Reaction Conditions and Yields o f  Products in the R eaction  o f Cyclaalkanedithiols with T rialkyl Phosphites

Substrates Registry Reactants Registry Reaction ______Yield, %______
(gem-dithiols)__________ no.______ (phosphites)______ no._______ time, h________ Solvents________Alkylthio Mercapto

Cyclopentanedithiol (2) 1687-46-3 P(OMe)j 121-45-9 10 Toluene 56 0
P(OEt)3 122-52-1 12 Toluene 20° 26“
P(0-i-Pr)3 116-17-6 10 Toluene 0 83

Cyclohexanedithiol (3) 3855-24-1 P(OMe)3 20 Benzene 59 0
20 Toluene 70 0
10 Xylene 68 0
5 Toluene (ethanol) 63 Trace
5 Ethanol 23 39*

P(OEt)3 20 Toluene 20“ 30“
P(0-i-Pr)3 20 Toluene 0 89

5 Ethanol 0 85
P(OCr)3c 51666-84-3 20 Toluene 65 0

Cycloheptanedithiol (4) 65392-29-2 P(OMe)3 48 Toluene 48 0
P(OEt)3 40 Toluene 23“ 21“
P(0-t-Pr)3 48 Toluene 0 76

“ Determined by gas chromatography. b 7.6% of the ethyl ester was contained. c Cr = -CH2CH=CHCH3.

phites is outlined in Scheme II. The reaction would be ini
tiated by removal of hydrogen sulfide from cycloalkanedi- 
thiols, which might be accelerated by the action of phosphites 
as base. The resulting cycloalkanethiones A might immedi
ately react with phosphites. Though trialkyl phosphites 
mostly behave as thiophilic reagents toward thiocarbonyl 
groups, in this case the phosphorus atom of phosphite seems 
to attack directly at the carbon atom of the thiocarbonyl 
group. This carbophilic attack of phosphites would form the 
betaine intermediate B. Addition of a small amount of polar 
solvent such as ethanol would stabilize the betaine interme
diate B and make the reaction proceed more rapidly.

In the reaction of thiobenzophenone with trialkyl phos
phites, Ogata et al.9 suggested a reaction intermediate similar 
to B. The intermediate, they suggested, is not a zwitterion but 
a biradical, since the migration of alkylcarbonium ions in an 
ionic intermediate such as that of the Arbusov reaction was 
not observed. In our experiments, however, the intermediate 
should be a zwitterion type (B), because the migration of an 
alkyl group in an ionic intermediate occurred.

From the intermediate B the migration of the alkyl group 
or proton would afford the phosphonic esters containing a 
sulfur atom as the alkylthio or mercapto group. When phos
phites were trimethyl and/or triethyl phosphites, the nega
tively charged sulfur atom of the betaine intermediate B 
would intramolecularly interact with alkyl groups from the

backside and result in the formation of phosphonic esters 
bearing an alkylthio group. This migration is similar to that 
of the Arbusov reaction, in which halide anion is known to 
attack at the alkyl group from the backside and result in the 
formation of alkyl halide and phosphonic esters. However, 
when triethyl and/or triisopropyl phosphites were employed, 
these backside attacks of negatively charged sulfur would be 
hindered by methyl groups, and, therefore, the proton mi
gration would take place via a concerted mechanism. In the 
proton migration a stepwise mechanism involving the car- 
bonium ion also might be excluded for the following reasons:
(1) in nonpolar solvents such as benzene, toluene, and xylene, 
the formation of the carbonium ion would unlikely take place;
(2) in spite of the order of increasing stability of carbonium 
ions (f-Pr+ > Et+ > Me+), the product ratios of alkylthio- to 
mercaptophospnonic esters decrease in this series.

In connection with the study of whether the migration took 
place concerted or stepwise, the reaction of 3 with tricrotyl 
phosphite was examined. As shown in Scheme III, the phos
phite attacked at the carbon atom of the thiocarbonyl group 
and formed the betaine intermediate C. If the migration oc
curs stepwise, as the crotyl carbonium ion is known to be 
stable, the products must be the mercapto type phosphonic 
ester and/or the mixture of crotylthio and methylallylthio type 
esters. But, only one kind of alkylthio type phosphonic ester 
was obtained. In the NMR spectrum the methyl protons ap-
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Table II. Yields of Cycloalkanephosphonic Esters by Desulfurization of [1-(Alkylthio)]- and 
(l-Mercapto)cycloalkanephosphonic Esters with Raney Nickel

Registry Registry
Substrates no. Products no. Yield, %°
5a 65392-30-5 16a 26580-25-6 82 (46)
5b + 6b* 65392-31-6 (5b) 

65392-32-7 (6b)
16b 65392-40-7 79 (37)

6c 65392-33-8 16c 65392-41-8 89 (74)
7a 55499-38-2 17a 1641-61-8 78 (55)
7b + 8b* 55499-40-6 (7b) 

55499-39-3 (8b)
17b 7413-09-4 92 (46)

8c 55499-41-7 17c 7351-26-0 82 (73)
9a 65392-34-9 18a 26580-34-7 84 (41)
9b + 10b* 65392-35-0 (9b) 

65392-36-1 (10b)
18b 65392-42-9 80 (33)

10c 65392-37-2 18c 65392-43-0 82 (63)
a Numbers in parentheses indicate the overall yield of cycloalkanephosphonic esters from gem-dithiols. b Mixtures of ethyl esters 

(having the ethylthio and mercapto group) were directly used.

Scheme III
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peared clearly as a doublet at <5 1.37 and the infrared spectrum 
revealed a characteristic band for the terminal olefin at 910 
cm-1, which means that the alkyl group attaching to the sulfur 
atom is not crotyl (-CH2CH=CHCH3) but methylallyl 
[-CH(CK3)CH=CH2]. Furthermore, the reaction of 3 with 
trimethylallyl phosphite was also examined. As expected, only 
one kind of alkylthio type ester was obtained. In the NMR 
spectrum the methylene protons appeared as a doublet at 8 
3.36 (J = 7.0 Hz), which means that the alkyl group attached 
to the sulfur atom is not methylallyl but crotyl. Therefore, it 
is reasonably considered that the migration took place via a 
cyclic concerted mechanism. That is to say, the attack of the 
negatively charged sulfur atom occurred on the carbon atom 
of the C=C double bond, just as in the thio-Claisen rear
rangement, not directly on the carbon atom adjacent to oxy
gen.

Though the reactions of other cycloalkanethiones such as 
thiocamphor (12), adamantanethione (13), and 2,2,4,4-te- 
tramethylcyclobutane-l,3-dithione (14) with trimethyl

phosphite were carried out, the expected reaction did not 
occur. In the case of the former two thiones, 12 and 13, this is 
explainable by steric hindrance to attack by phosphite. The 
reaction of 14 gave the dithiolactone 15 quantitatively, which 
is different from the result of the reaction of tetramethylcy- 
clobutanedione with trimethyl phosphite.10 The formation 
of 15 from 14 is explained by the following scheme.

S

s

These pbosphonic esters are the new type esters in the view 
of bearing sulfur as alkylthio or mercapto groups. Our sul
fur-containing phosphonic esters were easily converted to 
cycloalkanephosphonic esters in good yields by Raney nickel 
desulfurization. The results are summarized in Table II. In 
the case of die'hyl esters, the mixture of two type esters was 
directly used. The overall yield from gem-dithiols 2-4 did not

R'S,
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o
II
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-<CHo).
vary whether sulfur-containing esters were isolated before 
reduction or not. In general, the phosphonic esters have been 
previously prepared from alkyl halides and phosphites by the 
Arbusov reaction, but the yields of cycloalkanephosphonic 
esters are known to be low because of the side reaction (e.g., 
removal of hydrogen halide), especially in the use of secondary 
alkyl halides.11 In our reactions, phosphonic esters were ob
tained in good yields as shown in Table II.
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E xp erim en ta l S ection

The infrared spectra were recorded on a Hitachi EPI-G3 grating 
infrared spectrophotometer; the ’ H NMR spectra were recorded on 
a Varian Associates AH-100 spectrometer. The chemical shifts are 
given in parts per million relative to internal Me4Si. Mass spectra were 
taken on a Hitachi RMU-6C mass spectrometer. Elemental analyses 
were carried out at the Elemental Analytical Center of Kyoto Uni
versity. Gas-liquid chromatography was carried out with a Shimazu 
gas chromatograph Model GC-6A, using the stainless steel column 
packed with 20% silicone DC-550 on Celite 545.

Materials. Cyclohexanethione was prepared as described by Mayer 
et al.,12 and cyclohexanedithiol and cyclopentanedithiol were prepared 
from 1-morpholinocyclohexene and -cyclopentene according to the 
literature of Djerassi and Tursch.13 Cycloheptanedithiol was similarly 
prepared from 1-morpholinocycloheptene with hydrogen sulfide in 
73% yield [62-63 °C (2.0 mmHg)]. Thiocamphor,14 adamantane- 
thione,15 and 2,2,4,4-tetramethylcyclobutane-l,3-dithione16 were 
prepared by the reported methods. Trimethyl phosphite and triethyl 
phosphite were commercial materials and were used after distillation. 
Triisopropyl and tricrotyl phosphites were prepared utilizing the 
procedure of Ford-Moore and Perry17 from phosphorus trichloride 
and the corresponding alcohols, bp 60-61 °C (10 mmHg) and 104-105 
°C (2.5 mmHg), respectively.

Reaction of Cyclohexanethione (1) with Trimethyl Phosphite.
A mixture of cyclohexanethione (1.14 g) and trimethyl phosphite (5.0 
g, 4 equiv) in 30 mL of toluene was heated at reflux under nitrogen 
overnight, producing a colorless solution. After removal of toluene 
and excess trimethyl phosphite, the oily residue was distilled to give
1.21 g (57%) of 7a as a colorless liquid: bp 112-113 °C (2.5 mmHg); 
IR (neat) 1230 (P = 0 ), 1180, and 1040 cm-1; *H NMR (CDCI3) b 
1.45-1.95 [m, 10 H, -(CH 2)5-], 2.20 (s, 3 H, SCH3), and 3.86 (d, 6 H, 
J = 10.1 Hz, POCH3); MS m/e 238. Anal. Calcd for C9H,90 3PS: C, 
45.37; H, 8.04; P, 13.00. Found: C, 45.08; H, 8.38; P, 13.38.

General Procedure for Reaction o f the Cycloalkanedithiols 
2-4 with Trialkyl Phosphites. A mixture of the 0.01 mol of the cy- 
cloalkanedithiol (2-4) and 0.04 mol of trialkyl phosphite in 30 mL of 
toluene was heated at reflux under nitrogen for 20-50 h. After removal 
of toluene and excess trialkyl phosphite, the residue was distilled 
under vacuum to give a colorless viscous liquid. In the reactions with 
triethyl phosphite, the distillates were [l-(ethylthio)]- and (1-mer- 
capto)cycloalkanephosphonic esters, which were separated by gas 
chromatography, and yields were determined.

The boiling points, IR, 'H  NMR, and mass spectral (MS) data, and 
the results of elemental analyses are as follows.

O.O-Dimethyl [ l-(m ethylthio)]cyclopentanephosphonate 
(5a): bp 103-104 °C (4.0 mm); yield 56%; IR (neat) 1240 (P==0), 1180, 
and 1040cm "1; 'H NMR (CDC13) b 1.47-2.26 [m, 8 H, -(CH2)4-], 2.23 
(s, 3 H, SCH3), and 3.85 (d, 6 H, J = 11 Hz, POCH3); MS m/e 224. 
Anal. Calcd for C8H170 3PS: C, 42.85; H, 7.64; P, 13.81. Found: C, 
42.98; H, 7.84; P, 13.57.

0 ,0 -D iethyl [l-(ethylthio)]cyclopentanephosphonate (5b):
bp 102-103 °C (2.5 mm) as a mixture of 5b and 6b; yield 20%; IR (neat) 
1235 (P = 0 ), 1162, and 1030 cm“ 1; 7H NMR (CDCI3) b 1.20 (t, 3 H, 
J = 7.5 Hz, SCH2CH3), 1.32 (t, 6 H, J = 7.2 Hz, POCH2CH3), 1.5-2.2 
[m, 8 H, -(CH 2)4-], 2.86 (q, 2 H, J = 7.5 Hz, SCHoCHs), and 4.08 (dq, 
4 H, J H- h  = 7.2 Hz, Jp„H = 8.5 Hz, POCH£CH3); MS m/e 266. Anal. 
Calcd for Cu H230 3PS: C, 49.61; H, 8.70; P, 11.63. Found: C, 49.36; H, 
8.99; P, 11.83.

O.O-Diethyl (l-m ercapto)eyclopentanephosphonate (6b):
yield 26%; IR (neat) 2505 (SH), 1235 (P = 0 ), 1160, and 1030 cm“ 1; 
!H NMR (CC14) 5 1.34 (t, 6 H, J  = 7.1 Hz, POCH2CH3), 1.5-2.3 [m, 
8 H, -(CH 2)4-], 2.24 (br s, 1 H,SH), and 4.11 and 4.19 (dq,4 H, s/ h-h 
= 7.1 Hz, Jp_H = 8.5 Hz, POCH2CH3); MS m/e 238. Anal. Calcd for 
C9HI90 3PS: C, 45.36; H, 8.04; P, 13.00. Found: C, 45.36; H, 7.96; P,
13.04.

O,0-Diisopropyl (l-mercapto)cyclopentanephosphonate (6c):
bp 107-109 °C (3.2 mm); yield 83%; IR (neat) 2510 (SH), 1245 lP = 0 ), 
and 980 c m '1; >H NMR (CDCI3) 6 1.35 [d, 12 H, J  = 6.5 Hz, 
POCH(CH3)2], 1.55-2.20 [m, 8 H, -(CH 2)4-), 2.28 (s, 1 H, SH), and
4.78 and 4.86 [dsep, 2 H, J H- h  = 6.5 Hz, J P_H = 8 Hz, POCH(CH3)2]; 
MS m/e 266. Anal. Calcd for CnH230 3PS: C, 49.61; H, 8.70; P, 11.63. 
Found: C, 49.30; H, 8.54; P, 11.91.

O ,O-Dimethyl [l-(methylthio)]cyclohexanephosphonate (7a): 
bp 102-104 °C (1.5 mm); yield 70%. All spectral and elemental data 
were identical with those of the product of the reaction of cyclohex
anethione with trimethyl phosphite.

0,0-D iethyl [l-(ethylthio)]cyclohexanephosphonate (7b): bp
114-115 °C (2.3 mm) as a mixture of 7b and 8b; yield 20%; IR (neat) 
1240 (P = 0 ), 1165, and 1030 cm“ 1; 7H NMR (CDC13) b 1.24 (t, 3 H,

J = 7.5 Hz, SCH2CH3), 1.35 (t, 6 H, J  = 7.0 Hz, POCH2CH3), 1.45-
1.98 [m, 10 H, -(CH2)5-], 2.78 (q, 2 H, J  = 7.5 Hz, SCH2CH3), and 4.15 
and 4.23 (dq, 4 H, J h~h = 7.0 Hz, J p_h = 8 Hz, POCH2CH3); MS m/e 
280. Anal. Calcd for C12H250 3PS: C, 51.41; H, 8.99; P, 11.05. Found: 
C, 51.01; H, 8.82; P, 11.39.

0,0-Diethyl (l-mercapto)cyclohexanephosphonate (9b): yield 
30%; IR (neat) 2500 (SH), 1245 (P = 0), 1165, and 1025 cm "1; !H NMR 
(CDCI3) b 1.37 (t, 6 H, J  = 7.0 Hz, POCH2CH3), 1.5-1.93 [m, 10 H, 
-(CH 2)s-], 1.93 (s, 1 H, SH), and 4.18 and 4.26 (dq, 4 H, J h -H  = 7.0 
Hz, Jp_H = 8.0 Hz, POCH2CH3); MS m/e 251. Anal. Calcd for 
Ci0H21O3PS: C, 47.60; H, 8.39; P, 12.28. Found: C, 47.71; H, 8.64; P,
12.47.

O.O-Diisopropyl (l-mercapto)cyclohexanephosphonate (8c):
bp 114-115 °C (2.5 mm); yield 89%; IR (neat) 2500 (SH), 1245 (P = 0 ), 
and 990 cm“ 1; 7H NMR (CDCI3) 6 1.33 [d, 12 H, J = 7 Hz, 
POCH(CH3)2], 1.46-1.90 [m, 10 H, -(CH 2)5-], 1.91 (s, 1 H, SH), and
4.67 and 4.73 [dsep, 2 H, J h h = 7 Hz, J?jh = 7.5 Hz, POCH(CH3)2]; 
MS m/e 280. Anal. Calcd for C,2H250 3PS: C, 51.41; H, 8.98; P, 11.05. 
Found: C, 51.56; H, 9.23; P, 11.16.

0 ,0 -D icrotyl [l-(methylallylthio)]cyclohexanephosphonate 
(11a): bp 149-150 °C (4.0 mm); yield 65%; IR (neat) 3080,3015,1675, 
1630, 1245 (P = 0 ), and 910 cm-1 (terminal vinyl); *H NMR (CCI4) 
b 1.37 [d, 3 H, J = 7.5 Hz, SCH(CH3)CH =CH 2], 1.41-2.25 [m, 16 H, 
-(CH 2)6-  and OCH2CH=CHCH3], 4.05-4.81 [m, 5 H, OCH2CH- 
=C H C H 3 and SCH(CH3)C H =C H 2], 4.83-5.21 [m, 2 H, 
SCH(CH3)CH =CH 2], 5.51-5.85 [m, 5 H. OCH2CH=CHCH3 and 
SCH(CH3)CH =CH 2j; MS m/e 385. Anal. Calcd for C18H310 3PS: C, 
60.30; H, 8.71; P, 8.64. Found: C, 60.19; H, 8.85; P, 8.71.

O.O-Dimethylallyl [ l-(crotylthio)]cyclohexanephosphonate 
( lib ) : bp 110-111 °C (0.5 mm); yield 58%; IR (neat) 3080,3013,1670, 
1630,1240 (P—0), and 910 cm“ 1; -H NMR (CC14) b 1.38 [d, 6 H, J =
7.4 Hz, OCH(CH3)CH =CH 2], 1.45-2.08 [m, 13 H, -(C H 2)5-  and 
SCH2CH=CHCH3 , 3.36 (d, 2 H, J  = 7.0 Hz, SCH2CH=CHCH3),
4.15-4.67 [m, 2 K, OCH(CH3)CH =CH 2], 4.57-6.23 [m, 8 H, 
OCH(CH3)CH =CH 2 and SCH2CH=CHCH3[; MS m/e 385. Anal. 
Calcd for Ci8H3i0 3PS: C, 60.30; H, 8.71; P, 8.64. Found: C, 60.47; H, 
8.93; P, 8.50.

O ,O-Dimethyl [l-(m ethylthio)]cycloheptanephosphonate
(9a): bp 126-128 °C (2.0 mm); yield 48%; IR (neat) 1240 (P = 0 ), 1180, 
and 1040cm“ 1; 'H NMR (CDC13) b 1.45-1.85 [m, 12 H, -(CH2)6-[, 2.21 
(s, 3 H, SCH3), and 3.81 (d, 6 H, J = 10.0 Hz); MS m/e 252. Anal. Calcd 
for Cj0H21O3PS: C, 47.60; H, 8.39; P, 12.28. Found: C, 47.83; H, 8.54; 
P, 11.98.

O,O-Diethyl [l-(ethylthio)]cycloheptanephosphonate (9b):
bp 132-134 °C (2.5 mm) as a mixture of 9b and 10b; yield 23%; IR 
(neat) 1235 (P = 0 ), 1160, and 104C cm "1; >H NMR (CDC13) b 1.24 (t, 
3 H, J = 7.5 Hz, SCH2CH3), 1.32 (t, 6 H, -7 = 7.0 Hz, POCH2CH3),
I. 45-1.93 [m, 12 H, -(CH 2)6-[, 2.78 (q, 2 H, J = 7.5 Hz, SCH2CH3), 
and 4.11 and 4.19 (dq, 4 H, J h - h  = 7.0 Hz, J p _h  = 8.0 Hz, 
POCH2CH3); MS m/e 294. Anal. Calcd for C13H270 3PS: C, 53.04; H, 
9.24; P, 10.52. Found: C, 52.75; H, 9.48; P, 10.73.

0,0-D iethyl (l-mercapto)cycloheptanephosphonate (10b): 
yield 21%; IR (neat) 2505 (SH), 1245 (P = 0 ), 1160, and 1038 cm-1; 
7H NMR (CDC13) b 1.38 (t, 6 H, J = 7.0 Hz, POCH2CH3), 1.50-1.95 
[m, 12 H ,-(CH2)6-[, 2.25 (s, 1 H, SH), and 4.19and 4.27 (dq, 4 H, J H-h 
= 7.0 Hz, Jp_H = 8.0 Hz, POCH2CH3); MS m/e 266. Anal. Calcd for 
CnH230 3PS: C, 49.61; H, 8.70; P, 11.63. Found: C, 49.89; H, 8.96; P,
II. 52.

O ,0-D iisopropyl (l-m ercapto)cycloheptanephosphonate 
(10c): bp 141-142 °C (2.9 mm); yield 76%; IR (neat) 2500 (SH), 1240 
(P = 0 ), and 990 cm“ 1; 'H NMR (CC14) b 1.32 [d, 12 H, J = 6.5 Hz, 
POCH(CH3)2], 1.42-2.20 [m, 12 H. -(CH 2)6-[, 2.11 (s, 1 H, SH), and
4.69 and 4.76 [dsep, 2 H, J H- h  = 6.5 Hz, JP_H = 7.5 Hz, POCH(CH3)2[; 
MS m/e 294. Anal. Calcd for C13H270 3PS: C, 53.04; H, 9.24; P, 10.52. 
Found: C, 53.32; H, 9.42; P, 10.61.

Reaction of Cyclohexanedithiol (3) with Trimethyl Phosphite 
in Ethanol. A mixture of 3 (1.48 g) and trimethyl phosphite (5.0 g) 
in 20 mL of ethanol was heated at reflux under nitrogen for 5 h. After 
concentration, the residue was distilled to afford 1.4 g of a mixture 
of 7a and 8a, which was separated by gas chromatography, and yields 
were determined. The yield of 7a was 23%, and all spectral data were 
identical with 7a.

O,O-Dimethyl (l-m ercapto)cyclohexanephosphonate (8a):
mp 31-32 °C; yield 39%; IR (neat) 2510 (SH), 1230 (P = 0 ), 1180, and 
1040 cm“ 1; 7H NMR (CDC13) b 1.43-1.98 m, 10 H, -(CH 2)5-[, 1.93 
(s, 1 H, SH), and 3.85 (d, 6 H, J  = 10.0 Hz, POCH3); MS m/e 224. 
Anal. Calcd for C8H170 3PS: C. 42.85; H, 7.64; P, 13.81. Found: C, 
42.83; H, 7.66; P, 13.68.

Reaction of 2,2,4,4-Tetramethylcyclobutane-l,3-dithione with 
Trimethyl Phosphite. A mixture of 14 (1.37 g) and 4 equiv of tri
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methyl phosphite in 20 mL of toluene was heated at reflux under ni
trogen for 3 h. After concentration, the residue was chromatographed 
on silica with the elution of benzene to give 1.35 g of orange liquid, 
whose spectral data were all identical with the authentic sample 
15.13

Reduction by Raney Nickel. To a suspended solution of 10-15 
g of Raney nickel (VV-2 type) in 50 mL of ethanol was added a solution 
containing phosphonic esters 5-10 (1.5—2.0 g in 5 mL of ethanol). The 
reaction mixture was heated at reflux for 20 h. After filtration of 
nickel, the filtrate was concentrated and the residue was distilled to 
afford cycloalkanephosphonic esters 16-18. The yields were sum
marized in Table II.

Registry No.— 1, 2720-41-4; 8a, 65392-38-3; 11a, 55499-42-8; lib , 
65392-39-4; 14, 10181-56-3; 15,10181-61-0; 1-morpholinocvclohep- 
tene, 7182-08-3.
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Estrones and Estradiols into Dichlorodoisynolic Acidsla
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Studies of the reactions of ketones and alcohols with CCLj-KOH-f-BuOH have been extended to include cycla
nones and cyclanols represented by a series of estrogens. With this reagent estrone (1) and estrone 3-rr.ethyl ether 
(4) were rapidly and selectively converted into the corresponding 16,16-dichlorodoisynolic acids (3, 6). The in situ 
reaction pathway consists of D-ring gem-a-dichlorination followed by ring cleavage. Similar treatment of estradiol
(2) and estradiol 3-methyl ether (5) also provided these respective products, but at much slower rates because the 
initial slow oxidation step is rate determining. However, because this step involves a free-radical chain mechanism 
initiated by dioxygen, the conversion of 5 was greatly accelerated when contact with air was unrestricted. Reaction 
of 2 could not be accelerated this way because its phenolic moiety functions as a built-in inhibitor of this oxidation 
process.

In the course of our recent investigations of the reactions 
of ketones and alcohols with CCl4-powdered KOH-f-BuOH, 
the use of estrones and estradiols as substrates was considered 
a valuable excursion because they represent a common class 
of cyclanones and cyclanols, respectively (Scheme I). It was 
already recognized that ketones possessing a-H’s are easily 
a chlorinated with this reagent; rapid subsequent reactions, 
however, generally lead to the formation of a variety of 
products.2-6 While ketones whose carbonyl function is steri- 
cally hindered, e.g., mesityl alkyl ketones, are still quite easily 
converted into «-chlorinated ketones, the latter do not un
dergo further reaction.7 Secondary alcohols are initially oxi
dized with this reagent into ketones which, as already indi
cated, are «  chlorinated in this medium.2-5’6’8 Sterically hin
dered alcohols, e.g., neopentyl alcohol and di-ier£-butylcar- 
binol, react slowly or not at all with this reagent at moderate 
temperatures.2’6’B

Results
Estrone (1) and estrone 3-methyl ether (4) are ketones 

whose carbonyl is hindered from attack mainly on one face. 
This degree of steric hindrance in 1 and 4 prevented neither 
the formation ncr subsequent reaction of their «-chlorinated 
derivatives. Thus, both ketones underwent facile conversion 
with CCU-KOH-f-BuOH at 25 °C into the gem-a-dichloro 
ketones (la, 4a) which, however, could not be detected per se 
because they were rapidly cleaved into 16,16-dichlorodoisy
nolic acid (3) and 16,16-dichlorodoisynclic acid 3-methyl ether
(6), respectively. Neither product has previously been re
ported. Within 1 h at room temperature 4 was converted into 
6 in 75-80% yield; the white crystalline product, mp 157-158 
°C, was analytically pure. The phenolic ketone 1, similarly 
treated for 1.5 h, was converted into 3 in yields estimated to 
be at least 90%; however, the crystalline product, mp 155-157 
°C, in this case was contaminated with material suspected to

0022-3263/78/1943-1985$01.00/0 © 1978 American Chemical Society
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CH,
Scheme II

3, R = H 
6, R = CH3

performed after the cleavage acids are isolated from the KOH 
fusion mixtures).11'12 By comparison, the conversions of the
3-methoxy substrates 4 and 5 into 6 with CCU-KOH-t-BuOH 
were carried out at 25 °C, the methoxy group was retained, 
and chirality was preserved.

Discussion
Cyclanones 1 and 4. We have found that in their reactions 

with CCLi-KOH-i-BuOH, ketones generally fall into four 
categories:2 7 (a) those having a- and a'-H ’s, whose a-chloro 
derivative is formed but rapidly undergoes Favorskii rear
rangement, e.g.,

0  0
II II

CH.CHrrH.CH —  CH,CH2CCHC1CH3

0

A
— ► CH.CH— CHCH.) —  CH,CH,CHCO.K

be the 2-aldehyde and 2-carboxylic acid derivatives of 3. These 
reactions of both 1 and 4 were conducted in systems contin
uously flushed with nitrogen or with air. However, little if any 
variation in reaction rate or product composition could be 
discerned in either case.

Estradiol (2) and estradiol 3-methyl ether (5) are secondary 
alcohols whose carbinol OH, but not a-H. is hindered. These 
steroidal alcohols slowly underwent reaction with CCI4-  
KOH-f-BuOH, first being converted into the corresponding 
estrones, 1 and 4, and then into the respective dichloro- 
doisynolic acids, 3 and 6. After being treated under nitrogen 
for 5 h at 25 °C, the 3-methoxy alcohol (5) was recovered to 
the extent of 84% and 6 was isolated in 14% yield. Based on 
consumed substrate, however, the conversion was close to 87%, 
which suggested that this transformation could be improved 
by enhancing the rate of the initial, slow oxidation step.3'6’8 
Such a modification was easily effected by carrying out the 
reaction in a system open to air; after 5 h at 25 °C these reac
tions provided 6 in yields averaging 30%, and unchanged 5 was 
recovered to the extent of 50-60%. The phenolic alcohol 2 
provided results surprisingly different from those of its me
thoxy counterpart. Thus, 2 not only was considerably less 
reactive, but its reactivity was not enhanced by the presence 
of dioxygen; less than 10% of 2 was consumed during 5 h at 25 
°C in reactions maintained under nitrogen or open to air.

The facile D-ring cleavage effected in these reactions via 
the gem-a-dichloroestrone intermediates (la, 4a) is quite 
striking in light of the fact that estrone and estradiol them
selves are rather resistant to base-induced cleavage. As illus
trated in Scheme II, fusion with KOH is required to convert 
these estrogens into doisynolic acid (7).6"11 Moreover, as a 
result of this vigorous process, yields are minimal, chiral 
modification can accompany the cleavage, and 3-methoxy 
substrates undergo conversion into 3-hydroxy products (when
3-methoxy products are desired, methylation is generally

CH;,

(b) those having an a-H but no a7-H and a sterically blocked 
carbonyl, whose a-chloro derivative is formed and is resistant 
to further reaction, e.g.,

(c) those having an a-H but no a'-H, whose a-chloro derivative 
is formed but is rapidly converted into the a-hydroxy deriv
ative, e.g.,
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0  0
Il II

PhCCH(CH:J2 — ► PhCCCl(CH3)2

OH

—> PhCC(CHj)2 

0
(d) Those having an a-H but no a'-H, whose a-chloro deriv
ative is formed but undergoes cleavage, e.g.,

K+ H
PhCO,K +  X l  —  X ]  

Cl ^  Cl ^
Cyclanones 1 and 4 possess a-H’s but no a'-H. Thus, the 

a-chlorination-Favorskii rearrangement of category a, which 
is most commonly observed with ketones treated with this 
reagent, cannot be considered in the cases of 1 and 4.

While molecular models suggest that the carbonyl of these 
rigid, trans-fused a-methyl ketones may be considerably 
hindered from attack, steric hindrance of the degree illus
trated in category b evidently is not exhibited by 1 and 4 whose 
a-chloro derivatives underwent rapid transformation.

Unhindered ketones possessing only a-H’s are usually 
converted with this reagent into a-ehlorinated ketones which 
undergo either a hydroxylation, category c, or cleavage, cat
egory d. These two pathways are not generally competitive; 
a-hydroxy ketones are usually formed exclusively. However, 
this a-hydroxylation reaction proceeds via an epoxide inter
mediate whose formation requires 1,3 elimination of Cl-  from 
a transition characteristic of Sn2 displacement reactions. 
When such a transition is not easily attained, the generally 
disfavored cleavage pathway may be followed, often exclu
sively as illustrated in the example of a-chlorocyclopropyl 
phenyl ketone. The unusual stability of the 1-chlorocyclo- 
propyl anion,13 augmented by the reduced ring strain in cy
clopropanes which may be effected by metallation,14 are fac
tors which would accelerate the cleavage reaction in this ex
ample.

Similarly, a hydroxylation of a-chlorinated 1 and 4 is dis
favored; in these rigid cyclic structures the transitional anti- 
periplanar geometry, required for displacement of Cl-  leading 
to epoxide formation, is not easily accommodated. Moreover, 
cleavage of these monochlorinated cyclopentanones is rela
tively slow, and in these systems gem dichlorination can and 
does occur rapidly. The gem-a-dichlorocyclanones la and 4a, 
therefore, are formed. They cannot be isolated, however, be
cause they undergo cleavage at a rate which is apparently 
accelerated by the formation of stabilized a,a-dichlorocar- 
banions and by the concomitant alleviation of ring strain and 
unfavorable vicinal interactions between the gem-dichloro 
substituents and gem -dioxyanions. In rhese reactions, then, 
1 and 4 follow the pathway first observed with camphor (9).2-4-6 
Similar facile base-induced cleavage of gem-a-dichlorocy- 
clobutanones has been reported.15 The dichlorination- 
cleavage pathway followed by cyclanones 1, 4, and 9 is illus
trated in Scheme III.

As illustrated in Scheme III, dichlorination-cleavage of 9 
into the dichlorocyclopentanoic acid 10 with this reagent 
proceeds with little if any epimerization of the two chiral 
centers.4 Thus, the fact that the dichloromethyl and carboxyl 
substituents of 10 are in a cis juxtaposition was demonstrated 
by the conversion of this acid into the chlorolactone 11 (a- 
chloro-a-campholide) and then into the known product, 12 
(camphoric acid sec-semialdehyde).16

k 2c o 3
10  

aq EtOH
or

aq acetone

11
mp 135 °C

mp 126 °C

Likewise, 1 and 4 apparently underwent dichlorination- 
cleavage with this reagent without suffering epimerization of 
the corresponding chiral centers. In each case the NMR 
spectrum of the cleavage product exhibited only one sharp 
singlet representing the methyl on the cyclohexanoic acid ring. 
Moreover, in those instances where the reactions were 
quenched prior to completion, the recovered ketone was 
identical to the original substrate (IR, NMR, mmp).

Scheme III
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There seemed to be little difference between the reactivities 
of estrones 1 and 4; the conversion of each proceeded to the 
extent of at least 80% within about 1 h at 25 °C. Furthermore, 
neither reaction exhibited much sensitivity to dioxygen, so 
that it mattered little if these reactions were carried out under 
a blanket of nitrogen or in a system open to air. These results 
are consistent with data suggesting that a chlorination of 
ketones with this reagent involves the reaction of enolate 
anions with CCU in a discrete electron transfer/chlorine atom 
transfer step proceeding through a radicai/anion-radical pair 
(RARP) mechanism, which is neither a radical chain process 
nor one that requires initiation by dioxygen.6’17

As shown in the equation, the coformation of CI3C:-  in the 
chlorination step leads to the generation of :CCl2 as well as 
•CCI3.2’6’17 Under the reaction conditions neither of these 
species is reactive with the 3-methoxy ketone (4) or its product
(6); the latter, therefore, was formed and isolated in a high 
state of purity. Phenoxides, however, are quite reactive with 
rCCU and with •CCI3-CCI4 under these conditions.6'17’18 It was

0

l; -  /
+  C C 1 4

0

( C C U )

0  Cl

C — C —  +  C 13C :

7 I /  \
:cci2+ci- 2 ci-c- + ci-

not suprising, then, that the conversion of the phenolic ketone
(1) into 3 was accompanied by the formation of small amounts 
of by-products spectrally characteristic of the 2-aldehyde and
2-carboxylic acid derivatives of 3 which might be expected 
from these minor secondary reactions.

Cyclanols 2 and 5. Alcohols 2 and 5 underwent reaction 
with CCU-KOH-t-BuOH quite slowly relative to the reac
tions of the corresponding ketones, 1 and 4, with this reagent. 
This result is reasonable because in these in situ transfor
mations of the alcohols in the initial step, oxidation to ketones, 
is low with this reagent and, therefore, is rate determin
ing.3’5’6’8 Steric hindrance may be a factor retarding the rate 
of these oxidations. Thus, neopentyl alcohol reacts with this 
reagent at a respectable rate only when the mixture is 
warmed,2’3 and isopropyl alcohol reacts faster than di-iert- 
butylcarbinol which exhibits no reactivity even at elevated 
temperatures.8 On the other hand, phenylcarbinols are 
especially reactive, even when hindered (e.g., benzhydrol). 
There is sufficient evidence now to indicate that alcohols, via 
their oxyanions/oxyanion radicals, undergo a free-radical 
chain reaction with CCI4, a process responsible for their oxi
dation with this reagent.6’8 The oxidation of cyclanols 2 and 
5 into cyclanones 1 and 4 by this pathway is illustrated in 
Scheme IV. The fact that these carbinols are relatively hin
dered and that neither their oxyanions nor oxyanion radicals 
are especially stabilized may reinforce each other in retarding 
the rate of these oxidations by this process.

These radical-chain oxidations are initiated by dioxygen 
and propagated by -CCL which is subsequently generated. The 
number of propagating chains in such a process is closely re
lated to the amount of dioxygen available. Consistent with this 
mechanism, therefore, is the fact that the reaction of methoxy 
alcohol 5 (25 °C, 5 h) proceeded much faster in an atmosphere 
of air (44% reaction) than in an atmosphere of nitrogen (16% 
reaction). Less obvious, but also consistent with this mecha
nism, is the fact that phenolic alcohol 2 was considerably less 
reactive than its methoxy alcohol counterpart and that its 
reactivity was indifferent to the amount of dioxygen present,

Scheme IV
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viz., less than 10% of 2 underwent reaction during treatment 
for 5 h at 25 °C in a system maintained under nitrogen or open 
to air. In these reactions a phenolic moiety is essentially all in 
the form of its phenoxy anion, a function known to inhibit 
autoxidation and free-radical chain reactions.19 Moreover, we 
have found that -CCL in CCI4 solution undergoes a radical- 
chain addition reaction with a variety of phenoxy anions,6’17’18 
a reaction which would interfere with other chain reactions 
propagated with -CCL. The oxidation of 2, therefore, suffers 
inhibition by these processes because its phenolic moiety 
functions as a “ built-in” inhibitor.

A comparison of the reactions and reactivity of the CCI4-  
KOH-i-BuOH reagent with those of alkaline potassium hy
pochlorite revealed that these two reagents perform differ
ently.2’3'5 Thus, while camphor is easily a,a dichlorinated with 
the CCI4 reagent (vide supra), it is completely recovered, un
changed, when refluxed for 6 h with IN  KOH-l/V KOC1 in 
aqueous dioxane (even though its enolate anion is formed 
under these conditions).20 Moreover, while phenolic carbinols 
are oxidized to the corresponding phenolic aldehydes or ke
tones with the CCI4 reagent, they primarily undergo ring po
lychlorination when treated with alkaline hypochlorite.21 
These results indicate that the selective dichlorination- 
cleavage reactions of the cyclanone and cyclanol systems de
scribed here cannot be carried out successfully with alkaline 
hypochlorite.

Bioassay
Doisynolic acid (7) and its methyl ether (8) are reported to 

exhibit estrogenic activity in rats equal to or greater than that 
of estrone itself.22 Halogenation of a steroid may enhance, 
reduce, or change the nature of its activity depending on the 
steroidal structure, the position of substitution, and the 
stereochemistry associated with the substitution.23 The effect 
of 16,16-dichloro substitution on the activity of 8 was found 
to be interesting in several aspects. Thus, 6 exhibited estro
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genic and anti-estrogenic activity in the mouse-uterine weight 
assay when tested at the standard screening dosage level of 
25 mg/kg. At the reduced dosage level of 8 mg/kg, however, 
estrogenic activity was maintained but anti-estrogenic activity 
no longer was exhibited.24

Experimental Section
Commercial-grade KOH pellets (85%) were freshly powdered 

(mortar and pestle) and used immediately. Both CCU and i-BuOH 
were spectr oquality. All TLC’s were developed with benzene-EtOAc 
(7:3, v/v), sprayed with 50% H2S04, then heated at 100 °C. NMR 
spectra were taken on a Varian A-56/60 spectrometer; IR spectra were 
taken on Beckman IR-5A or IR-10 spectrophotometers; pKa and 
neutralization equivalent measurements were determined on a Cor
ning Model 12 pH meter, and melting points were determined on a 
Thomas-Hoover capillary melting point apparatus and are not cor
rected. Elemental analyses were performed by Galbraith Laboratories, 
Inc., Knoxville, Tenn.

16,16-DiehIorodoisynolic Acid 3-Methyl Ether (6). (a) From 
Estrone 3-Methyl Ether (4). A solution of 570 mg (2.00 mmol) of 
estrone 3-rr.ethyl ether (4; mp 170-171 °C [from MeOH], prepared 
by the Jones oxidation of estradiol 3-methyl ether [5; G. D. Searle and 
Co.]) in 30 mL of CCI4 was added to a mixture of 4 g of well-powdered 
KOH and 16 mL of f-BuOH magnetically stirred and maintained 
under N2. The reaction was immediately exothermic and the colorless 
mixture became yellow, gradually deepening to orange. Within 10 min 
the temperature of the mixture fell to 25 °C and remained constant. 
After 1 h the mixture was poured into ice-water and extracted several 
times with ether. The combined extracts were washed with water, 
dried (MgS04), and evaporated, leaving 100 mg of a viscous oil con
taining at least five components (TLC) which were not characterized. 
The aqueous layer and water washings were combined, acidified (HC1) 
to pH <1, and extracted several times with ether. The combined ex
tracts were washed with aqueous NaHCOs (vide infra), dried 
(MgS04), and evaporated leaving 550 mg (1.48 mmol, 74%) of a 
crystalline solid, mp 147-148 °C, whose TLC exhibited one major 
green spot and four barely detectable other spots. Trituration with 
and recrystallization from ether provided white crystals (TLC pure, 
one green spot): mp 157-158 °C; NMR (CDCI3) 5 1.15 (s, 3, CCH3), 
3.77 (s, 3, OCH3), 5.82 (t, J = 6 Hz, 1, CHC12), 6.53 (d, J  = 3 Hz, 1, C-4 
H), 6.61 (split d, J = 8 Hz, 3 Hz, 1, C-2 H), 7.08 (d, J = 8 Hz, 1, C-l H), 
and 10.92 (s, 1, C 02H); IR (Nujol) v 3333-2250 (broad, OH), 1681 
(intense, C 02H), 1282 (v str, OC-O), 737 and 727 cm-1 (med, Cl- 
C-Cl); pKa 3-65 (in 48% EtOH, 25 °C; average of several values de
termined with 4.9 X 10-4 M solutions titrated with 10-2 N NaOH);25 
neutralization equivalent Calcd for Ci9H2403Cl2: 371. Found: 360 ±
3.

Anal. Calcd for Ci9H240 3Cl2: C, 61.46; H, 6.52; Cl, 19.10. Found: C, 
61.53; H, 6.63; Cl, 19.04.

The aqueous NaHCOs washings were combined, acidified (HC1) 
to pH <1, and extracted several times with ether; the combined 
ethereal extracts were dried (MgS04) and evaporated to provide 50 
mg of crystalline material (mp 68-135 °C) about one-half of which 
was 6 (TLC, IR).26 Including this additional amount the total yield 
approached 78%. Several preparations carried out under similar 
conditions provided almost identical results. In addition, two runs 
carried out in systems opened to air (25 °C, 1 h) afforded yields of 
about 75%. The same sample of recrystallized product did not always 
exhibit the same mp, which ranged from 157-158 °C (most frequently) 
to 164-166 °C.

(b) From Estradiol 3-Methyl Ether (5). To a stirred solution of 
572 mg (2.00 mmol) of estradiol 3-methyl ether (5; Searle, mp 118-120 
°C) in 30 mL of CC14 and 16 mL of t-BuOH, maintained under N2, 
was added 4.0 g of well-powdered KOH in one portion. The stirred 
mixture exhibited only a very small exotherm and became slightly 
yellow. Stirring was continued for 5 h (25 °C) after which time the pale 
yellow mixture was added to ice-water and extracted several times 
with ether. The combined ethereal extracts were dried (MgS04) and 
evaporated leaving 480 mg (1.68 mmol, 84%) of recovered 5 (IR, mp, 
mmp). The aqueous residue was acidified (HC1) to pH <1 and ex
tracted with ether, and the extracts were washed with aqueous 
NaHC03. The ethereal layer was dried (MgS04) and evaporated to 
provide 100 mg (0.27 mmol, 13.5%) of crude product, mp 149-156 CC; 
IR and NMR spectra were identical to those of the product prepared 
in (a). The aqueous NaHCOs washings were acidified to pH <1 with 
HC1 and extracted with ether, and the extracts were dried 1 MgS04) 
and evaporated; only a few milligrams of material were obtained from 
this fraction.26

When this reaction was carried out similarly (25 °C, 5 h) but in a

vessel opened to air the yield was improved considerably, to about 
30%, while correspondingly less starting material (50-60%) was re
covered.

16,16-Dichlorodoisynolic Acid (3). (a) From Estrone (1). To
a vigorously stirred solution of 540 mg (2.00 mmol) of estrone (1; 
Upjohn, mp 253-258 °C) in 30 mL of CC14 and 16 mL of i-BuOH 
maintained under N2 was added 4.0 g of well-powdered KOH in one 
portion. The mixture immediately became quite warm and attained 
a reddish brown coloration. The exotherm soon subsided and the 
mixture, at 25 °C, was stirred for a total of 1.5 h and then poured into 
ice-water. The mixture was acidified (HC1) to pH <1 and extracted 
with ether, several drops of 2-octanol being added to break the thick 
emulsion which formed during the extraction. The combined ethereal 
extracts were washed with aqueous NaHCOs, dried (MgS04), and 
evaporated, leaving 430 mg of solid material whose NMR spectrum 
(CDCl3-acetone-d6: S 1.23 (s, CCH3), 5.92 (t, J = 6 Hz, CHC12)) was 
characteristically similar to that of 6 but, in addition, exhibited small 
changes in the aromatic H pattern; likewise, its IR spectrum (Nujol: 
v 3400 (Ar-OH), 3200-2450 (broad, C 02H), 1681 (str, C 02H), 1282 
(med, OC-O), and 727 cm-1 (med, Cl-C-CI)) reflected the pattern 
of that exhibited by 6. The combined aqueous NaHCOs washings were 
acidified with HC1 to pH <1 and extracted with ether; evaporation 
of the dried extracts provided a solid, 270 mg (after being washed with 
pentane), whose NMR and IR spectra were very similar to those just 
described.26 The absence of starting material was evidenced by the 
NMR spectra of the two fractions. While the total weight of product, 
700 mg, represented a yield of 98%, this material was impure 3; the 
presence of the 2-aldehyde and 2-carboxylic acid derivatives of 3 was 
suggested by the NMR spectrum (5 7.52 (m, Ar-H ortho to CHO or 
C 02H), and 10.40 (s, 0 = C H  or C 02H)).

This reaction (with 270 mg [1.00 mmol] of 1,15 mL of CC14, 10 mL 
of f-BuOH, and 2.0 g of powdered KOH) was repeated but in a system 
opened to air. After 1.5 h at 25 °C the mixture was quenched with 
ice-water and extracted with CC14 three times. The residual aqueous 
layer was acidified with HC1 to pH <1 and the precipitated solid 
material was separated by filtration, washed with water, and dried 
in vacuo (25 °C, 16 h), providing 430 mg of a crystalline solid, mp 
155-157 °C. Its IF. and NMR spectra were almost identical to those 
described above, indicating the absence of 1, but suggesting the 
presence of somewhat more aldehyde contaminent. No further at
tempt was made to purify 3 prepared in these reactions.

(b) From Estradiol (2). To a vigorously stirred solution of 544 mg 
(2.00 mmol) of estradiol (2 [173]; Schering, mp 174-175 °C) in 30 mL 
of CCL and 16 mL of t-BuOH maintained under N2 was added 4.0 g 
of powdered KOH. The colorless mixture became light orange im
mediately on contact with the KOH, although no exotherm was evi
dent. After being stirred for 5 h at 25 °C the mixture was poured into 
ice-water and extracted several times with CC14, and the aqueous 
residue was acidified to pH <1 with HC1 which provided a mass of 
precipitated crystals. This mixture was extracted with ether and the 
combined extracts were dried (MgS04) and evaporated to leave 560 
mg of a solid composed of (IR, NMR) at least 90% of recovered 2 and 
less than 10% of 3 (the characteristic C 02H bands and the CCH3 
singlet of the latter were barely discernable in these spectra).

The same reaction was carried out but in a system opened to air, 
again for 5 h at 25 °C. The mixture seemed to be somewhat deeper 
orange-brown than that noted above, but similar workup provided 
about the same amount of solid whose spectra were almost identical 
to those described above; again, about 90% of 2 was recovered and no 
more than 10% of 3 was detected.
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The structure of dinosterol, a peculiar sterol isolated from the dinoflagellate Gonyaulax tamarensis, was con
firmed by x-ray crystallography. The proven identity of the stereochemistry of the side chain provided further sup
port for the suspected close biogenetic relationship of dinosterol with gorgosterol and acanthasterol.

A difficult but intriguing problem in the study of marine 
animal constituents is the metabolite transfer inherent in the 
marine food chain and symbiosis. More often than not, it is 
difficult to determine whether an isolated compound is 
biosynthesized by the organism itself or is of dietary origin, 
either intact or partially transformed. A most intriguing ex
ample is gorgosterol 1 and its derivatives isolated from soft 
coral or gorgonians.4 Their structures are unique not only for 
the presence of a cyclopropane ring but also for the unprece
dented C-23 alkylated side chain. The abnormal side chain 
seems to be formed by methylation at C-24 followed by a 
second methylation at A22 and a third alkylation leading to 
the cyclopropane ring (Scheme I). In fact. Kanazawa et al.5 
isolated from a soft coral, Sarcophyta elegans, 23£,24£-di- 
methylcholesta-5,22-dien-3/3-ol (2) which fits well into this 
scheme. A double bond isomer of gorgosterol, acanthasterol
(3), was also isolated from the crown-cf-thorns starfish, Acanthaster planci.6 Since starfish are known to transform 
exogenous A5 sterols to A7 sterols,7 it was immediately spec
ulated that acanthasterol was of dietary origin. Indeed the 
crown-of-thorns starfish is known to feed on soft corals. As to 
the origin of gorgosterol in soft corals, Ciereszko et al.8 already 
speculated that it might have come from symbiotic dinof- 
lagellates, Zooxanthellae, which sometimes constitute a 
substantial part of the total body weight. The extract of the 
washed-out zooxanthellae was found to give a mass spectrum 
peak m/e 426 corresponding to gorgosterol. It was also noticed

2 A ’ , R ,, R , = H
4 50, R, = H; R , = CH3
5 R, = p-I-C6H5C O ;R 2 = CH3

that the anaerobically kept zooxanthellae gave a m/e 428 peak 
of “ dihydrogorgosterol” .8

In view of the above-mentioned observation and the fact
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Scheme I

that dinoflagellates along with diatoms constitute the very 
basis of marine life, we have been investigating the steroidal 
components of unialgal cultures of dinoflagellates. In a pre
vious communication9 we reported the presence of dinosterol 
(4, C30H52O. mol wt 428) as the major sterol with a lesser 
amount of cholesterol in the toxic dinoflagellate, Gonyaulax 
tamarensis. The structure of dinosterol was determined as 
4a,23,24£-trimethyl-5a-cholest-22-en-3|8-ol by spectroscopic 
data and chemical correlation. The structure strongly implies 
that dinosterol is an intermediate to gorgosterol analogues or 
a compound just off the main metabolic stream. Significantly, 
the same sterol has been isolated from a soft coral, Plexaura 
homomalla and Pseudoplexaura porosa. 10

To prove the close association of the dinoflagellate sterol 
with gorgosterol, it was felt to be very important to compare 
the stereochemistry of C-24 of both compounds and also to 
determine the geometry of C-22 double bond.

The p-iodobenzoate of dinosterol, 5, crystallized from ethyl 
acetate as well formed rectangular solids, mp 217-221 °C. 
Preliminary x-ray photographs indicated orthorhombic 
symmetry and the systematic extinctions conformed to the 
common space group P212l2i- Accurate cell constants, deter
mined by least-squares fitting of 15 high angle 20 values, are 
a = 8.08*1 (2), b = 10.658 (3), and c = 40.212 (7) Â. All unique 
data with 6  < 114° were collected using graphite monochro- 
mated Cu Ka (1.54178 Â) x rays. A total of 2738 reflections 
were measured and after correction for Lorentz-polarization 
and background corrections, 1889 (60%) were judged observed 
(Fo >  3 <r(F0)).

The iodine atom was located in the three-dimensional 
Patterson synthesis11 and the remaining nonhydrogen atoms 
were located in a subsequent I-phased electron density syn
thesis. Hydrogen atoms were located and full-matrix least- 
squares refinement proceeded routinely. Correction for 
anomalous scattering from the iodine gave a conventional 
discrepancy index of 0.049 for the structure shown and 0.080 
for its enantiomer.12

Figure 1 is a computer-generated perspective drawing of 
the final x-ray model less hydrogens. The configuration of the 
C-22 double bond is E and C-24 has the R absolute configu
ration. The molecular geometry agrees well with generally 
accepted values.13

The absolute configuration of gorgosterol was established 
as 22R, 23R, 24P.4 Both dinosterol and gorgosterol have the 
same stereochemistry at C-24, i.e., brassicasterol type. The 
E form of the dinosterol double bond was anticipated con
sidering the mechanism for the three-membered ring forma
tion (Scheme I). The stereochemistry at C-20 was found to be 
the normal R configuration as assigned previously by the 
chemical correlation of dinosterol with stigmasterol.9 Fur
thermore the projected figure shows that the side chain in this 
crystalline form is taking the right-handed rotamer position, 
the least energetic conformer as recently suggested by Nés et 
al.14

Figure 1. Computer generated perspective drawing of dinosterol 
p-iodobenzoate.

Our results strengthen the previous assertion that dinof
lagellates are a primary source of novel sterols found in marine 
organisms. It is worth noting that the presence of a 4«-methyl 
group in dinosterol indicates that C-23 methylation in di
nosterol may occur at an early stage.

Experimental Section
Low-resolution mass spectra were taken with a DuPont 21-490B 

model and high-resolution mass spectrum with a CEC 21-110B mass 
spectrometer. The ]H NMR spectrum was measured on a Varian 
HA-100 spectrometer. Melting points were measured on a Fisher- 
Johns apparatus and were uncorrected. Gas liquid chromatography 
(GLC) was done with a Varian 1400 model equipped with a 6-ft col
umn.

Culture of Gonyaulax tamarensis. An isolated sample obtained 
at the height of the bloom at Ipswitch, Massachusetts, in September 
1972, was used as the seed culture. Large-scale culture of the organism 
was done in 20-L carboys using a culture medium based upon Guillard
p  15

Sea water collected at the Beaver Tail Point, Jamestown, R.I., was 
stored in a dark room at 12 °C for more than 2 weeks and was then 
filtered through a charcoal layer (Fisher Scientific, coconut charcoal). 
The filtered sea water was further passed through a Millipore filter 
(0.22 Mm). The filtrate was added with the inorganic ingredients and 
autoclaved for 15 min. After cooling the organic ingredients were 
added through a Millipore filter (0.22 Mm). The sterile culture medium 
(12 L) was inoculatec with 1 L of the seed culture. The culture bottle 
was kept under fluorescent illumination at 12 °C without agita
tion.

After 4 weeks when the population of the o'ganism reaches about 
5000-10000/mL, the organism was collected by centrifugation with 
a Szent-Gyorgi-Blum’s continuous system at 5 °C.

Extraction and Isolation of Dinosterol 4. (a) The reddish brown 
dinoflagellate cells (370 X 106) were digested with 5% ethanolic KOH 
solution for 3 h on a steam bath. The mixture was extracted with ether 
(3 X 50 mL). The ethereal extract was chromatographed on a silica 
gel 60 prepacked column (1.5 X 18 mm, E. Merck) using methanol- 
chloroform as eluting solvents. The dinosterol fraction (7.0 mg) was 
eluted just after phytol slightly overlapped with cholesterol. Re- 
chromatographv on the same column gave a chromatographically pure 
fraction (TLC and GLC). Recrystallization from MeOH gave needles: 
mp 220-222 °C; [a q ±5° (c 0.6, CHCI3); C30H52O (calcd. m/e 
428.4041; found: m/e 428.4054), m/e 428 (26), 387 (15), 370 (10), 316 
(65), 303 (24), 287 (100), 271 (67); !H NMR <5 0.70 (3 H, s), 0.90 (3 H, 
d, J  = 7 Hz), 0.84 (3 H, s), 0.85 (3 H. d, J = 7 Hz), 0.94 (6 H, d, J = 6.5 
Hz), 0.95 (3 H, d, J  = 7 Hz), 3.10 (1 H,m),4.87 : iH ,q ,J = 1 .2 ,10 Hz). 
Gas liquid chromatography relative retention time to cholesterol 1.59 
(1% OV-17, 24C °C).

The cholesterol fraction (10.5 mg), mp 146-147 °C, gave a single 
peak in the GLC system. A specimen recrystallized from methanol 
showed the IR and mass spectrum identical with those of an authentic 
sample of cholesterol.

(b) The algal cells were extracted with chloroform. The chloroform 
extract was directly chromatographed with the chromatographic 
system described in (a) without prior saponification. Dinosterol and 
cholesterol were obtained in a same proportion (GLC) as isolated in 
procedure (a) indicating the absence of the preferentially esterified 
forms of a sterol in the organism.

Dinosterol p-Iodobenzoate (5). To a solution of 1 mg of dinosterol 
in pyridine (0.5 mL) was added 20 mg of p-iodobenzoyl chloride. After 
2 days at room temperature, the mixture was diluted with ice-water 
and extracted with ether. After the usual procedure, a crystalline 
residue was recrystallized from CHCI3 to needles: mp 217-221 °C; m/e 
658 (17, M+), 345 (cl), 516 (69), 317 (21), 271 (100), 231 (38), 139 
(81).

Registry No.— 1, 29782-65-8; 4, 58670-63-6; 5, 65495-99-0; p- 
iodobenzoyl chloride. 1171-02-0.
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Supplementary Material Available: A listing of fractional 
coordinates and temperature factors (Table I(, bond lengths (Table 
II), and bond angles (Table III) of dinosterol (6 pages). Ordering in
formation is given on any current masthead page.
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Studies in Protoberberine Alkaloids. 14. Use of a Mixture of Phosphorus 
Pentabromide and Phosphorus Pentoxide As a Cyclizing Reagent in

Protoberberine Synthesis
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Cyclization of l-(2-bromo-«-methyl-4,5-methylenedioxybenzyl)-2-formyl-l,2,3,4-tetrahydro-6,7-dimethoxyiso- 
quinoline (3) with a mixture of PBrs and P2O5 (followed by reduction with KaBH4 in MeOH) led to the formation 
of 13j3-methyl-13aaH-tetrahydropseudoepiberberine (7), 4-bromo-13/J-methyl-13a«R-tetrahydropseudoepiber- 
berine (17), 13a-methyl-13aa//-tetrahydropseudoepiberberine (8), and 4-bromo-13«-methyl-13aa//-tetrahydrop- 
seudoepiberberine (18). Similarly the N-formyl derivative 4 gave 13/3-methyl-13aaH-tetrahydropseudocoptisine 
(9), 13«-methyl-13aaH-tetrahydropseudocoptisine ( 10), 4-bromo-13a-methyl-13aaR-tetrahydropseudocoptisine 
(19), and 4-bromo-13a-methyl-13aaif-tetrahydropseudocoptisine (20).

Our attempts to synthesize thalietrifoline (I), base II (2), 
and other related alkaloids by a modified procedure of 
Shamma et al.1 were not successful owing to an unexpected 
but novel rearrangement during the course of the Mannich 
reaction.2 It was then planned to use the Bischler-Napieralsky 
reaction for the cyclization of l-(2-brom o-a-m ethyl-4,5- 
m ethylenedioxybenzyl)-2-form yl-6,7-dim ethoxy-l,2,3,4-

I X = H
II X = B y

2

tetrahydroisoquinoline (3) and its bismethylenedioxy ana
logue 4 to get the required 13-methyltetrahydroprotober- 
berines.

The tetrahydroisoquinolines 5 and 6 gave the corresponding 
N -form yl derivatives 3 and 4 when heated with formic acid

and triethylamine. The N -form yl derivative 3 was then re
fluxed with freshly distilled phosphorus oxychloride in ben
zene and the quaternary salt formed was directly reduced with 
sodium borohydride in methanol. A  mixture of two products 
was obtained the constituents of which were separated by 
chromatography and identified from their spectral, physical, 
and analytical data as the diastereoisomeric 13-methyltet- 
rahydropseudoprotoberberines viz. 13/3-m ethyl-13aof/-tet- 
rahydropseudoepiberberine (7) and 13a-m ethyl-13aa/i-tet- 
rahydropseudoepiberberine (8). Similarly, when the /V-formyl 
derivative 4 was cyclized using POCI3, a mixture of two 
products was obtained and these were identified as 13/3- 
m ethyl-13a«//-tetrahydropseudocoptisine (9) and 13a- 
methyl-13aa//-tetrahydropseudocoptisine (10). The struc
tures of compounds 7, 8 , 9, and 10 were confirmed by com 
parison with authentic synthetic samples prepared as reported 
earlier. 1 '3 Identical results were obtained when distilled 
POBr34 was used for cyclization in the place of POCI3.

X

7 R=CH3 ; X--H 
9 R+R=CH¡j;X=H 

17 ÍUCH3 ;X = S r  
19 R+R=CH2 -, X=Bt

X

8 R=CH3 ; X«H  
10 R+R = CH2 i X*H 
18 R= CH5  ; X=Br 
20 R+R = CHz$X=Br

0022-3263/78/1943-1992S01.00/0 © 1978 American Chemical Society



Studies in Protoberberine Alkaloids ■J. Org. Chem., Vol. 43, No. 10,1978 1993

Table I

Compd
Registry

no.
T L C “

Rf Mp, °C

Chemical 
shift of the 

C -M e doublet 
8, ppm

Rate of methiodide 
formation

k X 10~4- s“ 1 
(31.5 °C)

p X a
values

A (17) 65366-50-9 0.9 146 0.93 1.3 7.00 ±  0.05
B (7) 24306-61-4 0.8 197-198 0.93 1.2
C (18) 65366-51-0 0.5 160 1.47 99.6 7.60 ±  0.05
D ( 8) 24314-69-0 0.4 132 1.48 60.3
E (19) 65366-52-1 0.9 205-206 0.93 6.4
F (9) 65391-28-8 0.8 195 0.94 9.5
G (20) 65366-53-2 0.5 179 1.43 98.7
H (10) 65391-29-9 0.4 131 1.44 69.00

0 Solvent system, CHCls/MeOH/EtOAc 40:1:2.5.

However, when an undistilled sample of POBr3 was used 
for the cyclization of 3, in addition to the two compounds 7 and 
8, a third compound was obtained in low yields. Analytical and 
N M R  spectral data indicated this compound to be a bromo- 
substituted tetrahydroprotoberberine and structure 1 1  was 
tentatively assigned to it and it was expected to give thalic- 
trifoline (1) on debromination. Hoping to improve the yield 
of this bromo compound a mixture of PRrs and P2O5 was 
employed in the cyclization step. W hen compound 3 was cy- 
clized using this mixture and the resulting quaternary salts 
were reduced with N aB H 4 in M eO H  four products were iso
lated. The mixture was separated by chromatography and the 
four produces were designated as A , B, C, and D, respectively, 
in the order of their increasing polarity on T L C . (Compound 
C was found to be identical with the bromo compound ob
tained earlier during POBr3 cyclization of 3.) The X-form yl 
derivative 4 also under the same conditions of cyclization and 
reduction le i  to four products viz. E, F, G, and H. Some of the 
physical and spectral data of these compounds are given in 
Table I. Compounds B, D, F, and H  were found to be identical 
with 7, 8, 9, and 10, respectively. Compounds A , C, E, and G 
gave 7, 8, 9, and 10, respectively, on reductive debromina
tion.

Compounds A  and C both analyzed well for the molecular 
formula C 2iH 22N 0 4Br and this was confirmed by their mass 
spectra (M + at m/e 433 and 431). Their N M R  spectra showed 
the presence of bromine in one of the two aromatic rings by 
showing signals for only three aromatic protons. The N M R  
spectrum in CDCI3 (60 M H z) of compound A showed the 
following signals: <5 0.93 (3 H , d, J  = 7  Hz, C H C H 3), 2 .78-3.35  
(5 H , m), 3.75 (2 H , bs, C8H ), 3.97 (6 H , s, 2 0 C H 3), 6.08 (2 H , 
s, O CH 20 ) ,  6.67 (1 H , s, ArH ), 6.77 (1 H , s, ArH ), 6.90 (1 H , s, 
ArH). The N M R  spectrum of compound C in CDC13 (100 
M H z) showed the following signals: 8 1.47 (3 H , d, J =  7 Hz, 
C H C H 3), 2 .75-3 .20 (5 H , m ), 3.71 (1 H , d, J  =  16 Hz, C8H ),
3.73 (1 H , s, C i3aH ), 4.16 (1 H , d, J  =  16 Hz, C8H ), 3.83 (3 H, 
s, O CH 3), 3.86 (3 H , s, O C H 3), 5.88 (2 H , s, O CH 20 ) ,  6.52 (1 
H, s, ArH), 6.69 (1 H, s, ArH), 6.76 (1 H , s, ArH). The chemical 
shift of the CCH 3 doublet5 and the presence of a broad singlet 
in compound A  and an A B  quartet in compound C for the 
C8-methylene protons6 indicated the trans- and cts-quinol- 
izidine geometry of compounds A  and C, respectively. These 
assignments are supported by their T L C  Rf values, rate of 
methiodide formation, and pK a values (cf. ref 1 ).

The position of bromine in compounds A and C could be 
partially assigned from an inspection of their mass spectra. 
All 13-methyltetrahydroprotoberberines give rise to two in
tense characteristic fragments in their mass spectra arising 
out of a retro Diels-Alder type ring opening as shown.7

Thus compounds of the type 12 would give rise to ions 13 
and 14. Compounds A  and C both exhibit prominent peaks 
at m/e 272,270 and 162, which could be only due to ions 15 and 
16, indicating the presence of bromine in ring A.

O f the two possible positions 1 and 4 for bromine in ring A 
position 4 is preferred on stereochemical considerations and 
the most probable structure for compounds A  and C could be 
represented by 17 and 18. Compounds E and G, whose N M R  
and mass spectral data were similar to compounds A  and C, 
were assigned structures 19 and 20, respectively. X -ray  crys
tallographic studies of these bromo compounds (which are in 
progress) will settle conclusively the position of bromine.

E x p e r im e n ta l  S e c t io n

Melting points are uncorrected. UV spectra were run on a Beckman 
DK2A spectrophotometer. EtOH (95%) solutions were used unless 
otherwise stated. IR spectra were run on a Perkin-Elmer Infracord 
and Model 421 IR spectrophotometers. Chemical shifts are quoted 
in ppm downfield from Me4Si used as internal reference. Mass spectra 
are from a Varian Mat CH7 mass spectrometer. Elemental analyses 
were performed by Ciba-Geigy Research Centre, Bombay.

l-(2-Bromo-a-methyl-4,5-methylenedioxybenzyl)-2-formyl-
1.2.3.4- tetrahydrc-6,7-dimethoxyisoquinoline (3). Anhydrous 
formic acid (3 g) was added to triethylamine (1.7 g) at 0 °C. To this 
mixture was added l-(2-bromo-«-methyl-4,5-methylenedioxyben- 
zyl)-l,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline2 (5) (3 g) and the 
mixture was refluxed at 145 °C for 2 h in an oil bath. The solution was 
cooled, poured into water, and extracted with chloroform. The CHCI3 
extract was washed with water, dried (Na2S0 4), and distilled to yield 
a gum which was crystallized from ethyl acetate: 2.5 g; mp 205 °C; IR 
(KBr) 1670 cm" 1 (CO); NMR (CDC13 + Me2SO-d6) 6 1.17,1.28 (2d, 
3 H, CHCH3), 3.89 (s, 6 H, 2 OCH3), 6.00 (s, 2 H, OCH20), 6.65-7.00 
(m, 4 H, aromatic protons). Anal. Calcd for C2iH22N05Br: C, 56.24; 
H, 4.91; N, 3.13. Found: C, 56.43; H, 5.02; N, 3.32.

1 - (2-Bromo-a-methyl-4,5-methylenedioxybenzyl)-2-formyl-
1.2.3.4- tetrahydrc-6,7-methylenedioxyisoquinoline (4). This 
compound was prepared from l-(2-bromo-a-methyl-4,5-methyl- 
enedioxybenzyl)-l,2,3,4-tetrahydro-6,7-methylenedioxyisoquinoline2 
(6) by the procedure described above for compound 3. It was crys
tallized from ethyl acetate: mp 195 °C; IR (Nujol) 1640 cm-1 (CO); 
mass spectrum m/e 229, 227, and 204. Anal. Calcd for C2oHigNOsBr: 
C, 55.55; H, 4.17; N, 3.24. Found: C, 55.81; H, 4.50; N, 3.30.

Cyclization of 3 Using a Mixture of PB r-, and P2O5. To a solu
tion of the Af-formyl derivative 3 (2 g) in dry benzene (150 mL) was 
added PBr5 (3 g) and P2Os (6 g) and the mixture was shaken and left 
aside at room temperature overnight. It was then refluxed for 10 min 
and cooled. n-Hexane (100 mL) was added and after shaking and 
leaving for some time the clear supernatant liquid was decanted. The 
residue was dissolved in cold methanol (150 mL) and neutralized with 
aqueous sodium hydroxide solution (40%). NaBH4 (1 g) was added 
in small portions. After 2 h the solvent was removed and the residue 
was treated with water (100 mL). The aqueous solution was then ex
tracted with CHC13; the CHCI3 extract was washed with water, dried 
(Na2S04), and evaporated. The crude product was chromatographed 
over silica gel (30 g) and eluted with benzene. Fractions (20 mL) were 
collected and monitored by TLC on silica gel plates using CHCI3/
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MeOH/EtOAc (40:1:2.5) as the solvent system and the following 
compounds were isolated.

1. 4-Bromo-13/3-methyl-13aaiT-tetrahydropseudoepiber- 
berine (17). Fractions.3-7 were combined and evaporated and the 
solid obtained was crystallized from benzene-hexane to yield pale 
yellow needles: 30 mg; mp 146 °C; IR (KBr) 2900-2750 cm-1 (Bohl- 
mann bands); UV (EtOH) 288 nm (log e 3.88); NMR data as given in 
the discussion; mass spectrum m/e 433 and 431 (M+), 272. 270 and 
162. Anal. Calcd for C2iH22N04Br: C, 59.55; H, 5.08; N, 3.23. Found: 
C, 59.42: H, 5.05; N, 3.27.

2. 13/3-Methyl-13aaH-tetrahydropseudoepiberberine (7).
Fractions 9-16 were combined and evaporated to yield a so.id which 
was crystallized from benzene as yellow needles: 300 mg; mp 197-198 
°C; found to be identical (IR, mp, mmp. and spectra) with an au
thentic sample prepared as reported.1

3. 4-Bromo-13a-methyl-13aafJ-tetrahydropseudoepiberber- 
ine (18). Fractions 20-30 were combined and evaporated to give a 
yellow residue. This was crystallized from, benzene-hexane as yellow 
needles: 420 mg; mp 160 °C; UV (EtOH) 288 nm (log « 3.88); NMR 
data as given in the discussion; mass spectrum m/e 433 and 431 (M+), 
272, 270, and 162. Anal. Calcd for C2iH22N04Br: C, 59.55; H, 5.08; N,
3.23. Found: C, 59.34; H, 5.35; N, 3.22.

4. 13-a-Methyl-13aaH-tetrahydropseudoepiberberine (8). 
Fractions 31-34 gave a compound which was crystallized from ben
zene as colorless crystals: 60 mg; mp 132 °C; found to be identical with 
an authentic sample.1

Cyclization of 4 Using PBrr, and P2O5. The A'-formyl derivative 
4 was cyclized as described above and the products were separated 
by chromatography.

1. 4-Bromo-l3d-methyl-13aaf/-tetrahydropseudocoptisine
(19) . Fractions 4-8 were combined and evaporated to give a colorless 
solid which was crystallized from benzene as colorless crystals: 55 mg; 
mp 205-206 °C; IR (Nujol) 2800-2700 cm-1 (Bohlmann bands); UV 
(EtOH) 292 nm (log « 4.00); NMR (CDCI3) 6 0.93 (d, 3 H, J = 7 Hz, 
CHCH3), 2.20-4.20 (8 H), 5.93 (s, 2 H, 0CH20), 6.05 (s, 2 H, 0CH20), 
6.57,6.67, 6.70 (3s, 3 H, aromatic protons); mass spectrum, m/e 417, 
415 (M+), 256, 254, and 162. Anal. Calcd for C2oHigN04Br: C, 57.70; 
H, 4.33; N, 3.36. Found: C, 57.81. H, 4.30; N, 3.36.

2. 13d-Methyl-13aa/f-tetrahydropseudocoptisine (9). Frac
tions 10-16 were combined ar.d crystallized from benzene as pale 
yellow crystals: 380 mg; mp 195 °C; identical with an authentic sam
ple.3

3. 4-Bromo-13a-methyl-13aaff-tetrahydropseudocoptisine
(20) . Fractions 18-27 when combined and evaporated gave a yellow 
solid which was crystallized from benzene-hexane as yellow crystals: 
400 mg; mp 179 °C; UV (EtOH) 291 nm (log t 3.98); NMR (CDCI3) 
6 1.43 (d, 3 H, J = 7 Hz, CHCH3), 2.57-3.00 (4 H), 3.30-4.35 (4 H), 5.92 
(s, 2 H, 0CH20), 6.01 (s, 2 H, OCH9O), 6.52 (1 H, aromatic proton),
6.73 (s, 2 H, aromatic protons); mass spectrum m/e 417,415 (M+), 256,

254, and 162. Anal. Calcd for C2oHigN0 4Br: C, 57.69; H, 4.33; N, 3.37. 
Found: C, 57.40; H, 4.30; N, 3.64.

4. 13a-Methyl-13aaff-tetrahydropseudocoptisine (10). Frac
tions 30-35 gave a compound which was crystallized from benzene- 
hexane as colorless needles: 75 mg; mp 131 °C. This compound was 
identical with an authentic synthetic sample.3

Catalytic Debramination of 17,18,19, and 20. The bromo com
pounds (250 mg each) were dissolved in methanol (75 mL) and Pd-C 
(10%, 150 mg) was added to the solution and hydrogenated at room 
temperature in a paar reduction apparatus for 5 h. The catalyst was 
then filtered off. the solution was neutralized with dilute NH4OH 
solution, and the methanol was distilled off. The residue was then 
extracted with CHCI3, and the CHCI3 layer was washed with water, 
dried (Na2SO,i), ar.d evaporated. The solid residue was crystallized. 
Thus compounds 17, 18, 19, and 20 gave 7, 8, 9, and 10, respective
ly.
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The rates of methiodide formation of several synthetic tetrahydroprotoberoerines anc some 13-methyltetrahy- 
droprotoberberines have been determined. The effect of the substitution pattern and the geometry of fusion of the 
B/C ring system on the rate constants of the compounds studied is briefly discussed. It i; also observed that alka
loids having free phenolic hydroxyl groups have larger reaction rates when compared to their O-alkyl derivatives.

Two important methods being used at present to assign 
conformation to quinolizidine and indolizidine systems are 
a study of their N M R  spectra1 and determination of their rate 
of quaternization with methyl iodide.2 In the course of our 
work on protoberberine alkaloids we had prepared a large 
number of synthetic tetrahydroprotoberberines and a few

13-methyltetrahydroprotoberberines. W e established the 
structures and stereochemistry of these compounds on the 
basis of their IR, N M R , and mass spectral data. Thus a variety 
of substrates of known stereochemistry were readily available 
to us and we thought it worthwhile to study their rate of 
quaternization with a view to study the limitations of this

0022-3263/78/1943-1994j>01.00/0 © 1978 American Chemical Society
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_____________ Table 1______________________
frans-Quinolizidines cis-Quinolizidines 
T a7 3ac lb d 3be ~2sJ 4a« 2bh 4b7

k X 104 s“ 1 1.3 6.4 1.2 9.5 99.62 98.70 60.32 69.07
31.5 °C (1.3)° (341)“

° Rate constants reported by Shamma et al.2 for these com
pounds determined at 25 °C. 6 Registry no. 24306-61-4.c Registry 
no. 65391-28-8. d Registry no. 65494-22-6. e Registry no. 
65442-06-0. i Registry no. 24314-69-0. g Registry no. 65391-29-9. 
h Registry no. 65442-05-9. ! Registry no. 65494-23-7.

method if any which have not been commented upon by ear
lier workers. Our observations of the cis- and fraws-quinol
izidines of the 13-methyltetrahydroprotoberberines are in 
general agreement with the earlier findings of Shamma et al.2 
However, we noticed certain aspects which we feel are im
portant and should be taken into consideration in the inter
pretation of the results of rate of quaternization.

Table I gives the rate constants for the methiodide forma
tion of four 13-methyltetrahydroprotoberberines2’3 (la, 2a, 
3a, and 4a) and their corresponding bromo derivatives4 (lb, 
2b, 3b, and 4b). It is clear that the cis-quinolizidine com
pounds react at a much faster rate than their corresponding 
trans compounds. The value of k for the trans compound 
studied (la) does not change significantly with temperature 
and the most likely conformation is that represented by A. 
The cis compound can exist in conformations B and C5 and

l a  'R=CH3 ; x = H  
l b  fl--CH3 ; X  = B r  
3 a  K1?=CH2; x =H 
3 b  ,RR=CH2 ? x = B r

2 a  CH3  ; x = h 

2  b "R= CH3  ‘1 x = B r
4 -a  "RR-CH^i X =  H 

4 b  RR=CH 2i) X = B r

is perhaps an equilibrium mixture in solution. At lower tem
peratures C is expected to be in preponderance, where the lone 
pair on nitrogen is sterically not hindered, while at higher 
temperatures the major conformation perhaps has to move 
to B where the axial methyl group comes in proximity to the 
nitrogen lone pair and thus makes the rate of quaternization 
slower. This is evident from the rate co nstants of 2a at two 
different temperatures.

It is also noted from Table I that for the trans-quinolizidine 
compounds the rate constants do not change much when there 
is a bromine atom present in ring A (compare the rates of la 
and 3a with those of lb and 3b). However, there is an appre-

ciable decrease in the rate of methiodide formation of the 
cis-quinolizidine compounds as is evident when the rate 
constants of 2a and 4a are compared with those of 2b and 4b. 
In these bromo compounds the position of bromine is not yet 
settled between the two possibilities of 1 and 4. Bromine in 
position 1 in the case of cis compounds may cause distortion 
in the geometry to produce more hindrance to the nucleophilic 
nitrogen resulting in the rate being decreased.

The kinetic data on the quaternization of the tetrahydro- 
protoberberines 5, 6, 7 ,8, 9, and 10 are presented in Table II. 
All these compounds have relatively lower reaction rates 
comparable to the trans-quinolizidine conformers of the
13-methyl series. Hence in accordance with the general view 
all these compounds may be said to exist in solution with their 
B/C rings in trans fusion. The rate of quaternization of the 
tertiary nitrogen in these compounds would depend upon the

Table II

(±)-Compound
Registry

No. Ri r 2
Substituents

Rs R4 Rs
k X 104 s- 1 
at 31.5 °C

(5) 53898-94-5 OCH3 OCH3 H OCH20 17.9
(6) 38853-67-7 OCH3 OCH3 OCHoO H 7.2

Ri T  )  JR. (7) 36295-42-8 OCH20 H OCH2O 10.67
T i i (8) 4312-32-7 OCH20 OCH20 H 7.34

(9) 28319-96-4 OCH20 H OCH3 OCH3 21.11
R, (10) 29074-38-2 OCH20 OCH3 OCH3 H 18.69

0 Rate constants reported by Shamma et al.2 for these compounds.
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Table IV
k X 104

s-1
Registry at 31.5

Compd R no. °C

quaternization than those compounds in Table II. Their rate 
constants, particularly of compounds 13 and (±)-caseadine
(14), approach more toward the values that would be expected 
for the cis-quinolizidines of the 13-methyl series.

Shamma and co-workers2 reported that the higher rates of 
quaternization of capaurine (15) and capaurimine (16) were 
indicative of the predominance of cis-quinolizidine confor
mations and this was borne out by x-ray crystallographic 
studies.6 However, a scrutiny of Table IV (which gives the 
kinetic data for some phenolic bases and their corresponding
O-alkylated compounds) indicates that the rate of quaterni
zation is considerably enhanced by the presence of free phe
nolic hydroxyl groups. The tetrahydroprotoberberines listed 
therein have the stable trans configuration (cf. Shamma7). The 
nature of the substituents, whether they are free phenolic or
O-alkylated, will not alter the stereochemistry of B/C ring 
fusion. So, the difference in the rate for this set of compounds 
can be ascribed only to the presence or absence of a phenolic 
substituent. Hence, in our view the rates of quaternization 
have to be used with caution to assign conformation in the 
quinolizidine ar.d indolizidine systems having free phenolic 
groups.
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basicity also. So the effect of substitution pattern on the ba
sicity of nitrogen becomes another important factor, besides 
stereochemical considerations of the different conformations. 
Here it must be borne in mind however that the stereochem
istry by itself can influence the basicity. Table II indicates a 
trend toward faster rates for the 10,11-substituted com
pounds, compared to those of the corresponding 9,10-sub- 
stituted ones as is revealed by the comparison of the pairs 5-6,
7-8, and 9-10. It is to be noted that all these compounds are 
likely to have trans conformation and the differences in their 
rates are only due to the varying substitution pattern.

In Table III are given the rates of quaternization of a few 
tetrahydroprotoberberines (11,12, 13, and 14) which contain 
a phenolic group. All four compounds have faster rates of
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l,l-Bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene and 3,3-dimethyl-l,l,5,5-tetrakis(p- 
methoxyphenyl)-l,4-pent£diene were synthesized and their photochemistry was studied. The excited singlets un
derwent the di-7r-methane rearrangement, while the triplets proved unreactive. In the case of the dianisyl diene un
usual regioselectivity was observed in which 2.2-dimethyl-l,l-diphenyl-3-[2,2-bis(p-methoxyphenyl)vinyl]cyclo- 
propane predominated 3.3:1 over l,l-bis(p-methoxyphenyl)-2,2-dimethyl-3-(2,2-diphenylvinyl)cyclopropane. 
This suggests that ionic factors may dominate over odd-electron stabilization in control of regioselectivity in the 
di-ir-methane rearrangement. The reaction quantum yield was determined to oe </> = 0.097 for the dianisyl diene 
and 0 = 0.044 for the tetraanisyl diene. The rates of excited singlet rearrangement and decay to ground state were 
determined. Markedly lower rates of rearrangement were encountered for the anisyl systems compared with the 
parent l,l,5,5-tetraphenyl-3,3-dimethyl-l,4-pentadiene. Additionally, the photochemistry of l,l-bis(p-lV,]V-di- 
methylaminophenyl)-3,3-cimethyl-5,5-diphenyl-l,4-pentadiene was explored. Here the vinylcyclopropane with 
the vinyl group bearing the dimethylaminophenyl groups proved to be the exclusive product, again suggesting ionic 
control of the reaction regioselectivity.

Eleven years ago we reported the occurrence of a general 
photochemical rearrangement of systems in which an sp3- 
hybridized carbon bears two it moieties; we termed this the 
di-7r-methane rearrangement. We proposed the general 
mechanistic sequence depicted in Scheme I.3’4 In the inter
vening years, our investigations of the reaction mechanism 
have included stereochemistry,5-6 multiplicity,5a-6-8 excited- 
state reaction-rate measurement6-9 and reaction regioselec
tivity.6-93-10 Our efforts and those of the literature6 have been 
pleasingly consonant with the mechanism proposed.

In this mechanism, the asterisk and double dagger of 
Scheme I have been depicted as odd electrons and the dirad
ical character of the reacting species was emphasized. Nev
ertheless, despite the success of this picture, it was deemed 
of interest to determine if there was appreciable ionic char
acter observable in the reaction. Thus, the photochemistry 
of 1,1-bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl -
1.4- pentadiene (5), 3,3-dimethyl-l,l,5,5-tetrakis(p-methox- 
yphenyl)-l,4 pentadiene (6), and l,l-bis(p-7V,AI-dimethyla- 
minophenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene (7) 
was examined.

Synthesis of Photochemical Reactants. The syntheses 
of l,l-bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-
1.4- pentadiene (5), 3,3-dimethyl-l,l,5,5-tetrakis(p-methox- 
yphenyl)-l,4-pentadiene (6), and l,l-bis(p-A!,IV-dimethyla- 
minophenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene (7) 
were carried out as delineated in Scheme II and described in

Scheme I. Resonance Version o f  the Di-77-methane 
Rearrangement

Scheme II. Syntheses o f  p-M ethoxy and 
p-Al.AT-Dimetliylamino Substituted Dienes

Ar
8 , Ar = Ph
9, Ar = p-MeOPh

la .  K O H , aq EtO H  
b. dii HCl

2. C H 2N 2

M e2SO 

175  °C

12, Ar = Ph
13, Ar = p-MeOPh

. A r 'L i 

. aq N H 4C1
silica gel 
o r  p -T sO H

10, Ar = Ph
11, Ar = p-MeOPh

5, Ar = Ph, Ar’ = p-MeOPh
6 , Ar = Ar' = p-MeOPh
7, Ar = Ph, Ar' = p-M e2NPh

the Experimental Section. Treatment of methyl and ethyl
3,3-dimethylglutarate with aryllithium and Grignard reagents 
did not lead to 1,5-diol precursors of the dienes of interest; 
rather, the diaryl 5-lactones 8 and 9 resulted. Thus, the se
quence utilizing the Me2SO elimination11 of the 5-hydroxy 
esters 10 and II proved both convenient and necessary.

Results
Exploratory Photolyses. The exploratory runs were made 

both in benzene and ieri-butyl alcohol solvent using a 450-W 
medium-pressure lamp, immersion well, and Pyrex filter. 
Each of the three dienes—the dianisyl diene 5, the tetraanisyl 
diene 6, and the bisl dimethylaminophenyl) diene 7—led 
nicely to photochemical products with irradiations up to ~40% 
conversion. Beyond this, secondary photochemistry was en
countered.

From the tetraanisyl diene 6, a single photoproduct re
sulted. Typically, irradiation of 265 mg of tetraanisyl diene

0022-3263/78/1943-1997$01.00/0 © 1978 American Chemical Society
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Scheme III. Structure Elucidation of Tetraanisyl 
Photooroduct 14

p-MeOPh 

p-MeOPh

p-MeOPh

p-MeOPh
14

+  p-MeOPh-

K M n O „
cro w n
ether,

PhH
(p-MeOPh),CO

L i -N H , p-MeOPh

\

CO>H

p-MeOPh
18

CO,H p-MeOPh
19

p-MeOPh.

> « T
L i-N H ,

p-MeOPh '0 _ /  1- ArMgBr
u  2. H ,S O ,

0

M e02C
X ^ c o 2h

6 afforded 81 mg of photoproduct 14, mp 149-150 °C, along 
with 125 mg of recovered diene reactant.

In the case of dianisyl diene 5 two photoproducts were iso
lated by column chromatography. In a typical run, irradiation 
of 780 mg of dianisyl diene 5 led to 257 mg of photoproduct 
15 and 77 mg of photoproduct 16, together with 297 mg of 
recovered reactant. The ratio of major to minor photoproduct 
thus proved to be 3.3:1, a value not far from that observed in 
quantum yield runs made to much lower conversion (vide 
infra).

Finally, photolysis of 47 mg of bis(dimethylaminophenyl) 
diene 7 to complete conversion afforded 21 mg of a single 
photoproduct (17).

Elucidation of Photoproduct Structures. In the case of 
photoproduct 14, derived from tetraanisyl diene 6, a vinyl- 
cyclopropane structure (note 14 in Scheme III) was strongly 
suggested by the NMR spectrum. Thus an AB quartet, cor
responding to the 7 4.57 vinyl and the r 7.99 cyciopropyl 
methine, was observed. This is closely analogous to the NMR 
situation observed for similar vinylcyclopropanes.8a’10b Also, 
there were observed two three-hydrogen singlets ascribed to 
nonequivalent methyl groups, two three-hydrogen singlets 
and one six-hydrogen singlet corresponding to the four me- 
thoxy groups, and also aromatic absorption. These NMR 
features supported the structural assignment, but unambig
uous proof was desired. This was obtained by Sam-Simmons12 
“purple benzene” oxidation of photoproduct 14 (note Scheme 
III) to give 4,4'-dimethoxybenzophenone and 2,2-bis(p- 
methoxyphenyl)-3,3-dimethylcyclopropanecarboxylic acid 
(18), whose structure was suggested by its NMR spectrum and 
confirmed by lithium-ammonia degradation to 4,4-bis(p- 
methoxyphenyl)-3,3-dimethylbutanoic acid (19) as depicted 
in Scheme III. The structure of the latter compound was es
tablished by independent synthesis (note Scheme III 
again).

Turning now to the photoproducts obtained from dianisyl 
diene 5, we again noted the characteristic AB quartet, two 
nonequivalent methyls, twc nonequivalent methoxy groups, 
and aromatic hydrogens for each photoproduct. The major 
photoproduct exhibited its vinyl hydrogen absorption at t  

4.52, which was remarkably close to the r 4.57 shift for the 
tetraanisylvinylcyclopropane 14. In the case of the minor 
photoproduct, the vinyl absorption at r 4.30 was strongly 
reminiscent of the r 4.25 vinyl peak in the NMR spectrum of 
the known 2,2-dimethyl-l,l-diphenyl-3-(2,2-diphenyl- 
vinyl)cyclopropane (4).8a

The upfield shift expected for a vinyl hydrogen ¡1 to an 
electron donor suggested that the major photoproduct con-

Scheme IV. Degradation of Dianisyl Diene Photoproducts
p-VeOPh

Ph- p-MeOPh
Ph

15

16
K M n 0 4,
crow n
ether,

PhH
Ph2CO +  p-MeOPh

p-MeOPh CO,H

18

tained a dianisylvinyl moiety, while the minor photoproduct 
had a diphenylvinyl group. The degradative scheme using 
“ purple benzene” 12 oxidation was again employed in each 
case. The major photoproduct 15 afforded 4,4'-dimethoxy- 
benzophenone and 3,3-dimethyl-2,2-diphenylcyclopropane- 
carboxylic acid (20)8a as shown in Scheme IV. The minor 
photoproduct 16 led to benzophenone and 2,2-bis(p- 
methoxyphenyl) -3,3-dimethylcyclopropanecarboxylic acid 
(18). This, too, is shown in Scheme IV.

Finally, the single photoproduct 17 derived from irradiation 
of the bis(dimethylaminophenyl) diene 7 revealed an NMR 
spectrum showing the typical AB quartet, the nonequivalent 
pair of methyl groups, and aromatic absorption. Also, there 
were observed two six-hydrogen singlets ascribed to the four 
TV-methyl groups. Additionally, the vinyl portion of the AB 
quartet was centered at r 4.73, still further upfield from that 
observed in the anisyl-substitilted vinyl groups, indicating the 
presence of the electron-donating dimethylaminophenyl 
groups on the double bond. These data lead us then to 2,2- 
dimethyl-l,l-diphenyl-3-[2,2-bis(p-N,N-dimethylamino- 
phenyl)vinyl]cyclopropane (17).

Quantum Yield Determinations. These determinations 
were made both on the black box apparatus and the semimi- 
crooptical bench described by us earlier.13,14 In using the 
former, filter solutions were employed giving 272- and 310-nm 
light with band widths of 50 nm baseline to baseline; ferriox- 
alate actinometer was employed.15 Details are given in the 
Experimental Section. The usual precautions were taken as 
previously described16 for quantum yield determinations. 
Assay of product was by isolation with gravimetric determi
nation or by high-speed liquid chromatography. The results 
of direct irradiations are summarized in Table I.

Sensitized runs were made with acetophenone and with 
benzophenone. In the benzophenone runs benzhydrol was also 
added, since to the extent that energy transfer was occurring, 
benzopinacol formation would be inhibited relative to runs 
omitting the di-r-methane reactant. In these runs, quenching 
of the benzophenone-benzhydrol reaction was observed and 
yet no reaction of the diene occurred. It can thus be concluded 
that despite energy transfer to the di-ir-methane dienes, no 
rearrangement of triplet occurs. These runs are also included 
in Table I.

Emission Measurements and Single Photon Counting 
Determination of Excited-State Rate Constants. With the 
quantum yields in hand, we turned our attention toward a
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Table I

Reactants (M)
^ ir ra d t

nm 4>r % conversion
5 (0.000 25) 285 0.085,° 0.0256 5.6
5 (0.000 87) 272 0.070,° 0.023 b 8.8
5 (0.001 49) 310 0.071,“ 0.0176 6.0
5 (0.000 813), PhCOCH3 (0.309) 331 <0.004c 0
6 (0.001 23) 272 0.040d 3.3
6 (0.001 53) 310 0.042d 6.7
6 (0.001 80) 310 0.051d 3.4
6 (0.000 705), Ph2CO (0.0449) 345 0.002c 0
7 (0.000 92) 310 <0.0054c 0
7 (0.000 493) 310 0.0027° 9.2
Ph2CO (0.0110), Ph2CHOH (0.005 45) 345 0.123t 24.0
Ph2CO (0.0110), Ph2CHOH (0.005 45), 5 (0.000 545) 345 0.03H 8.0
Ph2CO (0.0110), Ph2CHOH (0.005 45), 6 (0.000 400) 345 0.039f 18.0

“ Formation o f dianisylvinyl product 15. b Formation o f diphenylvinyl product 16 .c Limit of detection. d Formation of tetraanisyl
product 14. * Formation of bis(dimethylaminophenylvinyl) product 17 .f Formation of benzopinacol.

Table II. Results of Emission and Single-Photon Counting Studies

Compd Xem,a nm M kdt77, s-1 r77, ns k d i R T , s 1 rRT, ps ferRT, s 1

Dianisyl diene 5 330 95 3.7 X 108 2.7 3.5 X 1010 28 3.4 X 109
Tetraanisyl diene 6 335 75 5.2 X 108 1.2 3.9 X 1010 25 1.7 X 109
Dimethylaminophenyl diene 7 360 70 2.9 X 108 3.5 2.0 X 1010 50 5.4 X 107
1,1-Dianisylethylene 21 325 77 2.26 X 108 4.4 1.7 X 1010 57
l,l,5,5-Tetraphenyl-3,3-dimethyl-l,4-pen- 310 :225 8.1 X 109 0.12 1.8 X 1012 0.55 1.4 X 1011

tadiene 26 b

0 Xem refers to wavelength of maximum emission in nanometers. b Reference 9b.

more meaningful measure of molecular reactivity, namely the 
rates with which the excited states rearrange.

It was first necessary to inspect the fluorescence behavior 
of the di-7r-methane diene reactants. 1,1-Dianisylethylene (21) 
was included for comparison. The compounds under study 
showed similar absorption and emission spectra. The emission 
was typically diarylvinyl-like with little difference between 
the dienes and the monoethylenic models. Note Table II. The 
small shift in wavelength between absorption and emission 
curves, along with the overlap of these showing a common 0-0 
energy difference, indicated emission from Si and absence of 
emission from exciplexed species of either the inter- or in
tramolecular varieties.

It was important to ascertain that no self-quenching of 
excited singlets was occurring under experimental conditions. 
The case of the bis(dimethylaminophenyl) diene 7 was most 
critical, since its photochemical reactivity was lowest (vide 
supra). At very low concentration, fluorescence intensity is 
linear with concentration and deviations due to self-quenching 
are readily detected. However, in the medium concentration 
range, we have noted16,17 that fluorescence emitted mid-cell 
at 90° increases with concentration until a maximum intensity 
is obtained at a 0.87 absorbance, whereupon the intensity 
diminishes. A complex function of concentration is obtained16 
as given in the equation

7f = KI0 <t>fA X 10~<A/2> (la )

where A is the absorbance, If is the fluorescence intensity at 
90° through a slit placed midway along the cell depth, <pf is the 
fluorescence efficiency, Iq is the light intensity, and K  is an 
instrumental constant. While our previous study16 utilized 
a complete plot of this function to test lack of self-quenching, 
a convenient two-point test is provided by the equation

AilO- '41/2 = A210-A2/2 (lb)

Here we select as Ax the optical density used for the single
photon counting studies. One then solves eq lb for A2 and

determines if a solution of this absorbance really does emit 
with the same intensity as that with absorbance Ai. This test 
applied to the diene of present interest showed absence of 
self-quenching.

With static emission information in hand, we were able to 
turn our attention to single-photon counting measurements. 
The primary data derivable are the rate of excited singlet 
decay (i.e., kdt) and the corresponding excited singlet lifetimes 
(i.e., t = 1/ftdt). The method used has been described by us 
previously915 and :s detailed as necessary in the Experimental 
Section.

As has been observed in a number of instances in the past, 
the room-temperature decay rates proved too rapid, especially 
in the case of the methoxy dienes, to measure directly at room 
temperature. As before9b it was observed that the decay rates 
decreased dramatically with decrease in "emperature and were 
quite measureable at 77 K. These rates are summarized in 
Table II.

Previously we have noted that the ratio of fluorescence in
tensities at two temperatures gives the inverse of the ratio of 
the two rates of decay; note the equation

kdtRT/kd t 77 = / f77/ / fRT = M  (2)
We should note that eq 2 is derived915 with the assumption that 
the rate of fluorescence kf is temperature independent. While 
this cannot be taken to be invariably the case, it has pro
ven915,17 valid for systems of the type presently under study. 
The ratio in eq 2, termed915 the magic multiplier M, is obtained 
experimentally from the ratio of fluorescence intensities at 
the two temperatures.

With M  available and with the low-temperature decay rates 
measureable, one can thus calculate the very rapid room- 
temperature rates of decay (i.e., the kdtRT’s). Both the M ’s and 
the kdtRT's are included in Table II.

Interpretative Discussion
The first observation to be made is that the di-7r-methane 

rearrangement proceeds to afford the usual vinylcyclopropane



2000 J. Org. Chem., Voi 43, No. 10,1978 Zimmerman and Gruenbaum

Scheme V. Mechanism o f the Reaction

p-MeOPhd  Kp-MeOPh ph 
16

type product and does this via the singlet excited state as ex
pected8 for acyclic systems.

Unexpected and striking is the regioselectivity encountered. 
With the usual formulation, where the free valences in the 
cyclopropyldicarbinyl species 2 (note Scheme I) are repre
sented as odd-electron centers, one would have anticipated 
a preference for path B in Scheme V rather than the observed 
path A, since p-methoxyphenyl is known18’19 to stabilize 
odd-electron centers in excited states better than phenyl and 
p-;V,iV-dimethylaminophenyl would be expected tc behave 
similarly. We have noted,8c’9b however, that the Si excited 
state consists heavily of ionic terms of the type x i“ (i)xi/3(j), 
where the x ’s refer to atomic orbitals of the system, i and j are 
two electrons, and a and ¡1 refer to the electron spin.20-22 Thus 
Si states are likely to be quite polarizable; and the dot-dot 
representation of the excited states, while convenient , should 
not be construed to exclude polarization.

Also, we need to recognize that the qualitative resonance 
picture (e.g., note Scheme V) used conveniently is not in
consistent with the Mobius cyclic orbital array 22 (Figure 1), 
which we have used previously8® to rationalize the reaction 
stereochemistry and photochemical allowedness. Thus, the 
resonance picture in Scheme V merely dissects the two main 
mechanistic processes of the rearrangement, namely vinyl- 
vinyl bridging and accompanying three-ring reopening, for 
convenience in presentation and to allow consideration in 
traditional organic terms.

At this point there are two experimental observations which 
are particularly striking and deserve discussion. One is the rate 
inhibition by anisyl and dimethylaminophenyl substitution 
(note Table II) and the other is the regioselectivity encoun
tered wherein electron-donating aryl groups preferentially 
appear on the double bond of the photoproduct.

In our previous studies9b'10b we have suggested that tt- t 
bridging is rate limiting. We have also suggested that one 
significant mode of Si decay derives from such bridging, fol-

O rig in a l bonds 
b reaki ng

New bonds forming

Figure 1. Möbius orbital array in the di-ir-methane rearrangement.

lowed by internal conversion of the cyclopropyldicarbinyl 
diradicai (here 2*) to its ground-state counterpart (i.e., 2), 
which then reverts to diene reactant 1 by Grob fragmentation. 
Inspection of Table II reveals that for the presently studied 
molecules Adi, the total rate of singlet decay, is not appreciably 
more rapid than that of an isolated dianisylethylene excited 
singlet. This contrasts with such systems as 1,1,5,5-tetra- 
phenyl-3,3-dimethyl-l,4-pentadiene (26),8a’9b where an ul
trarapid decay is encountered with a lifetime of 0.55 ps. Thus 
in the present anisyl and dimethylaminophenyl systems a slow 
rate of bridging seems the likely source of a low Si reaction rate 
rather than any exceptional amount of return of bridged di
radicai to reactant. Hence the effect of these electron-donating 
groups must be :n the bridging process.

SCF-CI calculations113’23 reveal that the dramatic rate in
hibition derives from excessive stabilization of the vertical 
excited states for these molecules with considerably less sta
bilization of the cyclopropyldicarbinyl diradicai by these 
electron-donating aryl groups.

The regioselectivity provides evidence that in the three-ring 
opening of the cyclopropyldicarbinyl diradicai the carbinyl 
carbon destined to become the final vinyl group becomes 
much less electron rich. This leads to stabilization by anisyl 
and other donating groups. Conversely, the carbon destined 
to become a three-ring atom becomes more electron rich with 
consequent stabilization by electron-withdrawing groups. 
SCF-CI calculations1 show the cyclopropyldicarbinyl dirad
icai to be electron rich at the carbinyl carbons before opening; 
however, one might expect such a diradicai to be quite po
larizable.23

In this discussion we recognize that the excited state has all 
gradations of charge separation possible, and that the less than 
complete regioselectivity for anisyl suggests that we are not 
dealing with a heavily polar species.

Thus, we can formulate the reaction mechanism as in 
Scheme V, where the free valences are represented by an as
terisk and a double dagger. The significance of these two 
symbols is not constant along the reaction coordinate, and one 
might equally validly use the dot-dot formulation presented 
by us in earlier publications.

Conclusion
In conclusion, we comment that again our mechanistic 

reasoning in photochemistry has involved the implicit concept 
that excited-state transformations are controlled by the de
mand of these species for minimum energy pathways along 
the excited-state hypersurface.24 While consideration of ways 
in which these excited states can convert themselves into 
ground-state counterparts is of interest, this seems to be re
lated to the photochemical course of a reaction only in a sec
ondary fashion.25

Experimental Section30
3,3-Dimethyl-5,5-diphenyl-5-hydroxypentanoic Acid Lactone.

Phenylmagnesium bromide prepared from 42 mL (0.40 mol) of bro- 
mobenzene in 200 mL of anhydrous ether and 9.52 g (0.39 mol) of 
magnesium turnings was transferred under nitrogen to a constant- 
pressure addition funnel and added over 2.0 h to a solution of 34.3 g 
(0.18 mol) of dimethyl 3,3-dimethylglutarate in 400 mL of anhydrous
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ether. The reaction was stirred for 1.0 h, quenched with cold 10% 
sulfuric acid, ether extracted, washed with 5% aqueous sodium bi
carbonate solution and with saturated sodium chloride solution, dried 
over magnesium sulfate, and concentrated under vacuum to a yellow 
oil. Crystallization from hexane gave 10.0 g of 3,3-dimethyl-5,5-di- 
phenyl-5-hydroxypentanoic acid lactone. A second crop of lactor.e 
was obtained after removal of anisole and unreacted dimethyl 3,3- 
dimethylglutarate by vacuum distillation. The product was recrys
tallized from hexane to mp 90.5-91.5 °C (lit.31 mp 90.0-91.0 °C), 
giving a total of 20.0 g (80% based on unrecovered starting materi
al).

The spectral data were: IR (CHC13) 3.32.3.36,3.47,5.77,6.26,6.69,
6.90, 7.27, 7.41, 7.58, 7.61, 7.9, 8.0-8.3, 8.73, 9.15, 9.45, 10.00, 10.92,
14.43,15.25 pm; NMR (CDCI3) r 8.97 (3, 6 H, C(CH3)2), 7.85 (s, 2 H, 
CH2), 7.43 (s, 2 H, CH2), 2.73 (s, 10 H, arom).

Methyl 3,3-Dimethyl-5,5-diphenyl-5-hydroxypentanoate. A 
solution of 4.98 g (0.0178 mol) of 3,3-dimethyl-5,5-diphenyl-5-hv- 
droxypentanoic acid lactone, 2.35 g of potassium hydroxide, and 3CO 
mL of 95% et-ianol was refluxed for 2.5 h, concentrated under vacuum, 
taken up in ether and water, and acidified to a methyl orange end 
point with 10% hydrochloric acid. The ether layer was dried over 
magnesium sulfate and concentrated under vacuum to 4.84 g (91%) 
of white crystalline 3,3-dimethyl-5,5-diphenyl-5-hydroxypentanoic 
acid, mp 114-117 °C, which was used without further purification.

The spectral data were: IR (CHCI3) 2.71,2.76-4.0,5.92,6.26,6.71,
6.91, 7.15, 7.29, 7.70, 8.0-8.3, 8.55, 8.98, 9.42, 9.73,9.97,10.24, 14.43, 
15.43pm; NMR (CDC13) r 9.22 (s, 6 H, C(CH3)2), 7.52 (s, 2 H, CH2),
7.47 (s, 2 H, CH2), 3.93 (br s, 2 H, C 02H and CPh2OH), 2.97-2.45 (m, 
10 H, arom).

A solution of 9.20 g (0.031 mol) of 3,3-dimethyl-5,5-diphenyl-5- 
hydroxypentanoic acid in 100 mL of ether was added over 15 min to 
an ether solution of diazomethane generated from 16.8 g of DuPont 
EXR-101 (A\iV'-dinitroso-IV,IV'-dimethylterephthalimide with 30% 
inert filler) as described by Moore and Reed.32 After 7 h of stirring, 
excess diazomethane was removed with a stream of nitrogen. The 
white solid residue was dissolved in ether, filtered, and concentrated 
to a colorless oil. Recrystallization from hexane gave 8.52 g (89%) of 
methyl 3,3-d:methyl-5,5-diphenyl-5-hydroxvpentanoate, mp 70-70.5 
°C.

The spectral data were: IR (CHC13) 2.91, 3.21,3.25,3.31,3.37,3.43,
5.86, 6.25, 6.71, 6.91, 7.18, 7.30, 7.41, 7.50, 7.72, 8.28,8.69, 8.83,9.40, 
9.63, 9.72, 9 97, 10.22, 10.82, 11.29, 11.71, 14.34, 15.39 11m; NMR 
(CDCI3) r 9.22 (s, 6 H, C(CH3)2), 7.48 (s, 4 H, two CH2), 6.42 (s, 3 H, 
C 02CH3), 5.97 (s, 1 H, OH), 2.93-2.42 (m, 10 H, arom).

Anal. Calcd for C2oH240 3: C, 76.90; H, 7.74. Found: C, 77.06; H, 
7.82.

Methyl 3,3-Dimethyl-5,5-diphenyl-4-pentenoate. Following 
the general method of Traynelis,11 a solution of 0.642 g (2.05 mmol) 
of methyl 3,3-dimethyl-5,5-diphenyl-5-hydroxypentanoate and 2.8 
mL of dimethyl sulfoxide was heated at 175 °C for 2 h, diluted with 
water, ether extracted, dried over magnesium sulfate, and concen
trated to an oil residue which was immediately chromatographed on 
a 2.5 X 40 cm silica gel33 column. Elution with 2 L of 5% ether gave: 
fraction 1, 300 mL, nil; fraction 2,1000 mL, 0.550 g (91%) of methyl
3,3-dimethy(-5,5-diphenyl-4-pentenoate, a colorless oil; fraction 3, 
700 mL, nil.

The spectral data were: IR (CHC13) 3.35,5.78,6.26,6.71,6.82,6.93,
7.31,7.42,7.60,7.72,8.0-8.4,8.62,9.02,9.48,9.8,10.02,14.43 pm; NMR 
(CC14) r 8.97 (s, 6 H, C(CH3)2), 7.78 (s, 2 H, CH2), 6.42 (s, 3 H, 
C 02CH3), 3.90 (s, 1 H, vinyl), 2.90-2.68 (m, 10 H, arom).

Anal. Calcd for C20H22O2: C, 81.60; H, 7.53. Found: C, 81.49; H,
7.40.

1,1-Bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-1,4- 
pentadiene. A solution of 0.500 g (1.70 mmol) of methyl 3,3-di- 
methyl-5,5-diphenyl-4-pentenoate in 75 mL of anhydrous ether was 
added over 10 min to a solution of p-methoxyphenyllithium prepared 
from 2.5 mL (19.8 mmol) of p-bromoanisole in 60 mL of ether and 16.8 
mmol of n-butyllithium in 8.4 mL of hexane. The reaction was stirred 
for 4 h, quenched with cold saturated ammonium chloride solution, 
ether extracted, dried over magnesium sulfate, and concentrated to 
a yellow oil. The crude oils from two similar runs (total mass of 
starting ester used was 1.00 g (3.40 mmol)) were combined and chro
matographed on a 2.5 X 85 cm silica gel column.33 Elution proceeded 
as follows: fraction 1,800 mL, hexane, nil; fraction 2,2000 mL. hexane, 
2.63 g of anisole; fraction 3,1000 mL, 0.5% ether in hexane, nil; fraction 
4,1000 mL, 0.5% ether, 0.072 g of bianisole: fraction 5,500 mL, 0.5% 
ether, nil; fraction 6, 4700 mL, 0.5-2.0% ether, 1.42 g (91%) of 1.1- 
bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene 
as a colorless glass.

The spectral data were: IR (CHCI3) 3.32,3.36,3.38,3.47,3.50,6.23,

6.36, 6.63, 6.83, 6.94, 7.07, 7.28, 7.77, 8.04, 8.24, 8.51, 8.69,9.02, 9.34,
9.69,11.4,12.05,14.4 pm; NMR (CCI4) t  8.98 (s, 6 H, C(CH3)2), 6.34, 
(s, 3 H, OCH3), 6.30 (s, 3 H, OCH3), 4.21 (s, 1 H, -CH =CAr2), 4.10 (s, 
1 H, -C H =C Ph2), 3.44-2.84 (m, 18 H, arom); UV (95% EtOH) 245 
nm (< 30 600).

Anal. Calcd for C33H320 2: C, 86.05; H, 7 00. Found: C, 85.98; H,
7.11.

5,5-Bis(p-methoxyphenyl)-3,3-dimethyl-5-hydroxypentanoic 
Acid Lactone. p-Methoxyphenylmagnesium bromide prepared from
16.0 mL (0.125 mol) of p-bromoanisole in 100 mL of anhydrous tet- 
rahydrofuran and 2 91 g (0.120 mol) of magnesium turnings was added 
over 45 min to a solution of 9.47 g (0.050 mol) of dimethyl 3,3-di- 
methylglutarate in 120 mL of anhydrous tetrahydrofuran. The re
action was stirred for 5 h, quenched with cold 3% sulfuric acid, ether 
extracted, washed with saturated sodium chloride solution and with 
water, dried over magnesium sulfate, and concentrated under vacuum 
to 19.9 g of yellow oil. Removal of additional volatile material by 
vacuum distillation left 16.2 g of yellow oil which was chromato
graphed on a 4 X ^8 cm column of silica gel.33 Elution with 4 L of 
hexane, 2 L of 2.5%, 2 L of 5%, 3 L of 10%, 2 L of 12.5%, 4 L of 15%, 1 
L of 17.5%, and 1 L of 20% ether in hexane, and 1 L of 5% chloroform, 
25% ether, and 70% hexane gave in 1000-mL fractions: fractions 1-4,
1.38 g of a mixture of anisole and bianisole; fractions 5-10, 3.13 g of 
a mixture containing unreacted dimethyl 3,3-dimethylglutarate and 
bianisole; fraction 11, 0.172 g of material containing ~0.08 g of 5,5- 
bis(p-methoxyphenyl)-3,3-dimethyl-5-hydroxypentanoic acid lac
tone; fractions 12—14, 7.31 g of 5,5-bis(p-methoxyphenyl)-3,3-di- 
methyl-5-hydroxypentanoic acid lactone; fractions 15-16, 2.57 g of 
a mixture of 1.99 g of lactone and 0.58 g of 5,5-bis(p-methoxy- 
phenyl)-3,3-dimethyl-4-pentenoic acid; fractions 17-18, 0.419 g of 
the pentenoic acid. Crystallization of fractions 11-14 from hexane gave
9.35 g (55%) 5,5-bis(p-methoxyphenyl)-3,3-dimethyl-5-hydroxy- 
pentanoic acid lactone as a white crystalline solid, mp 88.5-89.5 
°C.

The spectral data were: IR (CHC13) 3.31,3.36,3.51,5.79,6.21,6.63,
6.84, 6.95, 7.30, 7.42, 7.7, 7.85, 8.05, 8.25, 8.49, 9.36, 9.70, 10.07 pm ; 
NMR (CDC13) r 8.95 (s, 6 H, C(CH3)2), 7.83 (s, 2 H, CH2), 7.48 (s, 2 
H, CH2), 6.25 (s, 6 H, OCH3), 3.21-2.64 (q, 8 H, arom).

Anal. Calcd for C2iH240 4: C, 74.09; H, 7 11. Found: C, 74.36; H,
7.18.

The structure of 5,5-bis(p-methoxyphenyl)-3,3-dimethyl-4-pen- 
tenoic acid was assigned on the basis of the soectral data: IR (CHC13)
2.8-3.9,3.32,3.36,3.51, 5.88,6.22,6.35,6.72,6.83,7.06, 7.27, 7.31,7.77,
8.05, 8.25, 8.53, 9.04, 9.67, 12.05 pm; NMR (CC14) r 8.92 (s, 6 H. 
C(CH3)2), 7.72 (s, 2 H, CH2), 6.31 (s, 3 H, OCH3), 6.24 (s, 3 H, OCH3),
4.02 (s, 1 H, vinyl), 3.40-2.80 (m, 8 H, aroml.

Methyl 5,5-Bis(p-methoxyphenyl)-3,3-dimethyl-5-hydroxy- 
pentanoate. An ether solution of 5,5-bis(p-methoxyphenyl)-3,3- 
dimethyl-5-hydroxypentanoic acid was prepared by refluxing a 
mixture of 14.6 g i0.043 mol) of 5,5-bis(p-methoxyphenyl)-3,3-di- 
methyl-5-hydroxypentanoic acid lactone, 15.0 g of potassium hy
droxide, 15 mL of water, and 500 mL of 95% ethanol for 2.0 h, con
centrating to near dryness under vacuum, dissolving the residue in 
water, acidifying to the methyl orange end point with 10% hydro
chloric acid, and extracting with ether. The resulting solution was 
added over 90 min to an ether solution of diazomethane generated 
from 23.7 g of DuPont EXR-101 (!V,jV'-dinitroso-lV,./V/-dimethyl- 
terephthalimide with 30% inert filler) as cescribed by Moore and 
Reed.32 After 4 h 0: stirring, excess diazomethane was removed with 
a stream of nitrogen. The residue was dissolved in ether, filtered, and 
concentrated under vacuum to 16.0 g (99%) of methyl 5,5-bis(p- 
methoxyphenyl)-3,3-dimethyl-5-hydroxypentanoate, pure by NMR, 
which was used without further purification.

The spectral data were: IR (CHC13) 2.95,3.34,3.39,3.41,3.44,3.53,
5.80, 6.25, 6.38, 6.65, 6.85,6.95, 7.09, 7.21, 7 33, 7.45, 7.59, 7.79, 8.05, 
8.20, 8.49, 8.54, 8 93, 9.70, 12.02 pm; NMR (CC14) 9.24 (s, 6 H, 
C(CH3)2), 7.58 (s, 2 H, CH2i, 7.54 (s, 2 H, CH2), 6.40 (s, 3 H, C 02CH3),
6.28 (s, 6 H, C6H4OCH3), 3.35-2.65 (q, 8 H, arom).

Methyl 5,5-Bis(p-methoxyphenyl)-3,3-dimethyl-4-pentenoate. 
A mixture of 15.7 g (0.042 mol) of methyl 5,5-bis(p-methoxyphenyl)-
3,3-dimethyl-5-hydroxypentanoate and 60 mL of dimethyl sulfoxide11 
was heated at 176 °C for 2.5 h, cooled, and partitioned between water 
and ether. The ether phase was washed with saturated sodium chlo
ride solution, dried over sodium sulfate, and concentrated to a yellow 
oil which was immediately chromatographed on a 2.5 X 45 cm silica 
gel column.33 Elution with 2.0 L of 1% ether in hexane gave 13.4 g 
(90%) of methyl 5.5-bis(p-methoxyphenyl)-3,3-dimethyl-4-pente- 
noate as a colorless oil.

The spectral data were: IR (CHC13) 3.36, £.50,5.75,6.22,6.35,6.63,
6.84,6.93,7.76,8.00,8.5,8.9,9.65,12.05 pm; NMR (CCD 8.98 (s, 6 H,
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C(CH3)2), 7-80 (s, 2 H, CH2), 6.42 (s, 3 H, C 02CH3), 6.29 (s, 3 H, 
C6H4OCH3), 6.21 (s, 3 H, C6H4OCH3), 4.07 (s, 1 H, vinyl), 3.42-2.95 
(m, 8 H. arom).

Anal. Calcd for C22H260 4: C. 74.55; H, 7.39. Found: C, 74.55; H,
7.33.

3,3-Dimethyl-1,1,5,5-tetrakis(p-methoxyphenyl)-l,4-penta- 
diene. A solution of 4.27 g (12.0 mmol) of methyl 5,5-bis(p-methox- 
yphenyl)-3,3-dimethyl-4-pentenoate in 75 mL of anhydrous ether was 
added over 30 min to a solution of p-methoxyphenyllithium prepared 
from 5.0 mL (38.9 mmol) of p-bromoanisole in 45 mL of ether and 39 
mmol of n-butyllithium in 27 mL of hexane. The reaction was stirred 
for 2.5 h, quenched with cold saturated ammonium chloride solution, 
ether extracted, dried over magnesium sulfate, and concentrated 
under vacuum to 8.98 g of yellow oil which was chromatographed on 
a 4 X 80 cm silica gel column.33 Elution with 4 L of hexane, 1 L of 0.5%, 
2 L of 1.0%, 1 L of 1.5%, 8 L of 2.5%, 4 L of 10%, 1 L of 12%, 1 L of 15%, 
and 1 L of 20% ether in hexane proceeded as fellows (1000-mL frac
tions): fraction 1 (4000 mL), 1.23 g of anisole; fractions 2-3, nil; frac
tions 4-5, 0.196 g of bianisole; fractions 6- 8, nil, fractions 9-12,0.686 
g of 3,3-dimethyl-l,l,5,5-tetrakis(p-methoxyphenyl)-l,4-pentadiene; 
fractions 13-14, 0.091 g of overlap; fractions 15-19, 5.42 g of 3,3- 
dimethyl- 1,1 -5,5-tetrakis(p-methoxyphenyl)pent-4-en-1 -ol; fraction 
20, nil. The combined yield of pentadiene and pentenol was 95%. The 
pentenol was dehydrated (vide infra) without further purification. 
Crystallization from ether-hexane gave white crystals, mp 183-186 
°C.

The spectral data were: IR (CHC13) 2.86,3.34,3.39,3.41, 3.45,3.53,
6.25, 6.38, 6.65, 6.77, 6.85, 6.96, 7.19, 7.30, 7.81. 8.06, 8.23, 8.50,8.55, 
8.96, 9.22, 9.73, 11.49, 12.03.12.44 Mm; NMR (CDC13) r 9.20 (s, 6 H, 
C(CH3)2), 7.42 (s, 2 H, CH2), 6.51 (s, 6 H, OCH3), 6.22 (s, 3 H, OCH3),
6.16 (s, 3 H, OCH3), 5.29 (s, 1 H, OH), 4.12 (s, 1 H, vinyl), 3.48-2.19 
(m, 16 H, arom).

A solution of 1.54 g (3.50 mmol) of 3,3-dimethvl-l,l,5,5-tetra- 
kis(p-methoxyphenyl)pent-4-en-l-ol in 10 mL of chloroform was 
added to a solution of 0.073 g of p-toluenesulfonic acid in 100 mL of 
chloroform, stirred at room temperature for 1.0 h, and poured into 
aqueous sodium bicarbonate solution. The organic layer was dried 
over sodium sulfate and concentrated to 1.67 g of material containing 
no trace of starting alcohol (NMR analysis). Chromatography of the 
crude product on a 2.5 X 80 cm silica gel33 column eluting with 2 L of 
hexane, and 4 L of 1.5% and 4 L of 2.5% ether proceeded a3 follows: 
fraction 1, 6000 mL. nil; fraction 2, 3000 mL, 1.42 g (96%) of 3,3- 
dimethyl-l,l,5,5-tetrakis(p-methoxyphenyl)-l,4-pentadiene, a col
orless glass; fraction 3,1000 mL, nil.

The spectral data were: IR (CHC13) 3.32, 3.37, 3.51, 6.23, 6.37, 6.64,
6.83, 6.94, 7.07, 7.28, 7.77, 8.0-8.3, 8.52, 8.68, 9.04, 9.68 Mm; NMR 
(CC14) r 9.00 (s, 6 H, C(CH3)2), 6.33 (s, 6 H, OCH3), 6.31 (s, 6 H, 
OCH3), 4.29 (s, 2 H, vinyl), 3.49-3.00 (m, 16 H, arom); UV (95% EtOH) 
244 (e 31 600), 264 nm (e 27 800).

Anal. Calcd for C35H3604: C, 80.74; H, 6.97. Found: C, 80.93; H,
7.09.

1,1 -Bis(p-IV,iV-dimethylaminophenyl)-3,3-dimethyl-5,5-di- 
phenyl-l,4-pentadiene. A solution of 0.831 g (2.83 mmol) of methyl
3.3- dimethyl-5,5-diphenyl-4-pentenoate in 25 mL of anhydrous ether 
was added over 10 min to a solution of p-N.TV-dimethylaminophen- 
yllithium prepared from 1.58 g (7.9 mmol) of p-bromo-IV.iV-di- 
methylaniline in 25 mL of anhydrous ether and 7.5 mmol of n-bu
tyllithium in 5.2 mL of hexane. The reaction was stirred for 90 min, 
quenched with cold saturated aqueous ammonium chloride solution, 
ether extracted, dried over magnesium sulfate, and concentrated 
under vacuum to 1.96 g of material which was chromatographed on 
a 2.5 X 45 cm silica gel column.33 Elution with 1 L of hexane and 0.5 
L of 1%, 1L of 3%, and 1 L of 6% ether in hexane proceeded as follows: 
fraction 1, 1000 mL, nil; fraction 2, 800 mL, 0.384 g of aryl coupling 
products; fraction 3,1500 mL, 1.23 g (89%) of the dehydrated product,
l,l-bis(p-N,7V-dimethylaminophenyl)-3.3-dimethyl-5,5-diphenyl-
1.4- pentadiene, a clear, viscous oil.

The spectral data were: IR (CHC13) 3.3S, 3.50,3.57,6.21,6.43,6.58,
6.68, 6.85, 6.92, 7.38, 8.59, 8.87, 10.00, 10.24, 10.56, 11.23, 11.59 ^m; 
NMR (CC14) r 8.97 (s, 6 H, C(CH3)2), 7.17 (s, 6 H, two of the N-CH3 
groups), 7.15 (s, 6 H, two IV-CH3 groups), 4.27 (s, 1 H, -CH =CA r2),
4.08 (s, 1 H, -C H =C Ph2), 2.8-:3.6 (m, 18 H, arom); UV (95% EtOH) 
262 nm («26 400).

Anal. Calcd for C35H38N2: C, 86.37; H, 7.87. Found: C, 86.08; H,
7.61.

Exploratory Photolysis of l,l-Bis(p-methoxyphenyl)-3,3- 
dimethyl-5,5-diphenyl-l,4-pentadiene. A solution of 0.510 g (1.11 
mmol) of l,l-bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-
1.4- pentadiene in 1.0 L of fert-butyl alcohol was purged with purified 
nitrogen34 for 1 h before and during photolysis. The diene solution

was irradiated for 0.5 h with a 450-W medium-pressure mercury lamp 
through a Pyrex filter. Removal of solvent under vacuum left a yellow 
oil which was chromatographed on a 2.5 X 125 cm silicic acid35 column. 
Elution proceeded as follows: fraction 1, 5000 mL, 0-1% ether in 
hexane, nil; fraction 2, 1300 mL, 1%, 0.432 g of the starting diene; 
fraction 3, 550 mL. 1%, 0.005 g of starting diene and 0.029 g of 2,2- 
dimethyl-l,l-diphenyl-3-[2,2-bis(p-methoxyphenyl)vinyl]cyclo- 
propane; fraction 4, 900 mL, 1%, 0.028 g of 2,2-dimethyi-l,l-diphe- 
nyl-3-[2,2-bis(p-methoxyphenyl)vinyl]cyclopropane; fraction 5,1300 
mL, 1%, 0.015 g of l,l-bis(p-methoxyphenyl)-2,2-dimethyl-3-(2,2- 
diphenylvinyl)cyclopropane. Yield of major product is 11% and yield 
of minor product is 3%.

The spectral data for 2,2-dimethyl-l,l-diphenyl-3-[2,2-bis(p- 
methoxyphenyl)vinyl]cyclopropane were: IR (CHC13) 3.28, 3.34,3.40,
3.41, 3.53, 6.25, 6.35, 6.64, 6.70, 6.85, 6.94, 7.12, 7.28, 7.78, 8.05, 8.26,
8.50,8.53,9.01,9.20,9.70,12.12,14.35 Mm; NMR (CC14) r 9.01 (s, 3 H, 
CH3), 8.71 (s, 3 H, CH3), 7.86 (d, J  = 10 Hz, 1 H, cyclopropyl methine),
6.28 (s, 3 H, OCH3), 6.16 (s, 3 H, OCH3), 4.52 (d, J = 10 Hz, 1 H, vinyl), 
3.36-2.48 (m, 18 H, arom).

Anal. Calcd for C33H320 2: C, 86.05; H, 7.00. Found: C, 85.94; H, 
7.02.

The spectral data for l,l-bis(p-methoxyphenyl)-2,2-dimethyl-3- 
(2,2-diphenylvinyllcyclopropane were: IR (CHCI3) 3.28, 3.34, 3.39,
3.41, 3.53, 6.25, 6.64, 6.71, 6.85, 6.95, 7.14, 7.28, 7.78, 8.05, 8.25, 8.53,
9.00, 9.70, 12.00 nxm; NMR (CC14) r 9.04 (s, 3 H, CH3), 8.72 (s, 3 H, 
CH3), 7.98 (d, J  = 10 Hz, 1 H, cyclopropyl methine), 6.37 (s, 3 H, 
OCH3), 6.28 (s, 3 H, OCH3), 4.30 (d, J  = 10 Hz, vinyl). 3.52-2.60 (m, 
18 H, arom).

Anal. Calcd for C33H320 2: C, 86.05; H, 7.00. Found: C, 86.20; H, 
7.08.

Exploratory Photolysis of 3,3-Dimethyl-l,L5,5-tetrakis(p- 
methoxyphenyl)-l,4-pentadiene. A solution of 0.265 g (0.51 mmol) 
of the diene in 125 mL of benzene was purged with purified nitrogen34 
for 30 min before and during photolysis. The diene solution was ir
radiated for 30 min through a 1-mm Pyrex filter with a 450-W me
dium-pressure mercury lamp. Removal of solvent under vacuum left 
an orange oil which was chromatographed on a 2.5 X 45 cm silicic 
acid30 column. Elution with 9 L of 0.0-2.5% ether in hexane gave nil; 
2 L of 2.5% gave 0.125 g (47%) of the starting diene; 2 L of 2.5-5.0% 
gave 0.081 g (31%) of l,l-bis(p-methoxyphenyl)-2,2-dimethyl-3- 
[2,2-bis(p-methoxyphenyl)vinyl]cyclopropane. Recrystallization from 
hexane gave the vinylcyclopropane as white needles, mp 149-150 
°C.

The spectral data were: IR (CHC13) 3.34,3.39,3.41,3.44,3.53,6.25, 
6.64, 6.85, 6.95, 7.14, 7.27, 7.39, 7.78, 8.03, 8.53, 9.01, 9.68,11.99 Mm; 
NMR (CC14) r 9.03 (s, 3 H, CH3), 8.75 (s, 3 H, CH3), 7.99 (d, J  = 10 
Hz, 1 H, cyclopropyl CH), 6.40 (s, 3 H, OCH3), 6.30 (s, 6 H, two OCH3),
6.21 (s, 3 H, OCH3), 4.57 (d, J  = 10 Hz, 1 H, CH=CAr2), 2.72-3.71 (m, 
16 H, arom).

Anal. Calcd for C3SH360 4: C, 80.74; H, 6.97. Found: C, 80.66; H,
6.91.

Exploratory Photolysis of l,l-Bis(p-iV,JV-dimethylamino- 
phenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene. A solution 
of 0.047 g (0.097 mmol) of l,l-bis(p-IV,lV-dimethylaminophenyl)-
3,3-dimethyl-5,5-d_phenyl-l,4-pentadiene in 125 mL of benzene was 
purged with purified nitrogen31 for 1.0 h before and during photolysis. 
The solution was irradiated for 70 min through a Pyrex filter with a 
Hanovia 450-W medium-pressure lamp. Removal of solvent in vacuo 
and elution of the crude product through a 2 X 12 cm silicic acid col
umn yielded 0.021 g (45%) of 2,2-dimethyl-l,l-diphenyl-3-[2,2- 
bisip-A^N-dimethylaminophenybvinylJcyclopropane in 200 mL of 
5% ether in hexane. No starting diene or isomeric vinylcyclopropane 
was detected.

Spectral data for the bis(dimethylaminophenyl)vinyl product are 
as follows: NMR (CC14) r 9.01 (s, 3 H, CH3), 8.74 (s, 3 H, CH3), 7.81 
(d, J = 10 Hz, 1 H, cyclopropyl methine), 7.20 (s, 6 H. NCH3), 7.10 (s, 
6 H, NCH3), 4.73 (d, J = 10 Hz, 1 H, vinyl), 3.6-2.5 (m, 18 H, 
arom).

Anal. Calcd for C35H38N2: exact mass, 486.30330. Found: exact 
mass, 486.30350.

4,4-Bis(p-methoxyphenyl)-3,3-dimethyl-4-hydroxybutanoic 
Acid Lactone. A solution of 4.49 g (0.026 mol) of 3-carbomethoxy-
3-methylbutanoic acid36 in 60 mL of anhydrous tetrahydrofuran was 
added over 100 min to a solution of p-methoxyphenylmagnesium 
bromide prepared from 11.6 mL (0.090 mol) of p-bromoanisole in 100 
mL of anhydrous tetrahydrofuran and 2.19 g (0.090 mol) of magne
sium turnings, stirred for 14 h, quenched with cold 7% sulfuric acid, 
partitioned between ether and saturated sodium chloride solution, 
dried over magnesium sulfate, and concentrated under vacuum to 12.6 
g of orange oil. Removal of anisole by vacuum distillation yielded 7.92
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g of material which was chromatographed on a 4 X 73 cm silica gel 
column.33 Elution with 3 L of hexane, 1 L of 2.5%, 1 L of 5%, 1 L of 
7.5%, 2 L of 10%, 2 L of 12.5%, 3 L of 15%, and 1 L of 25% ether in 
hexane, and 1L of 2% methanol, 38% ether, and 60% hexane proceeded 
as follows (500-mL fractions): fractions 1-5,1.21 g of anisole; fractions
6-9, 0.140 g of bianisole; fractions 10-11, 0.082 g of overlap; fractions
12-13, 0.326 g of 4,4-bis(p-methoxyphenyl)-2,2-dimethyl-4-hy- 
droxybutanoic acid lactone; fraction 14,0.594 g of 2,2-dimethyllactone 
and 0.100 g of the expected 4,4-bis(p-methoxyphenyl)-3,3-di- 
methyl-4-hydroxybutanoic acid lactone; fraction 15, 0.30 g of 2,2- 
dimethyllactone and 0.75 g of 3,3-dimethyllactone; fraction 16,0.090 
g of 2,2-dimethyllactone and 1.42 g of 3,3-dimethyllactone; fraction 
17,1.15 g of 3,3-dimethyllactone; fractions 19-26,0.050 g, unidentified. 
The major product (3.42 g, 40%), 4,4-bis(p-methoxyphenyl)-3,3- 
dimethyl-4-hydroxybutanoic acid lactone, was recrystallized from 
hexane to give white prisms, mp 114-115 °C.

The special data were: IR (CHC13) 3.32,3.36,3.39,3.50,5.66,6.20,
6.32.6.62.6.82.6.92.7.04, 7.17,7.26,7.70,8.0-8.3, 8.46.8.94,9.64,9.75, 
10.02, 10.19, 10.81, 10.96, 12.06 NMR (CDC13) r 8.78 (s, 6 H, 
C(CH3)2), 7 56 (s, 2 H, CH2), 6.22 (s, 6 H, OCH3), 3.15-2.49 (q, 8 H, 
arom).

Anal. Calcd for C20H22O4: C, 73.60: H. 6.79. Found: C, 73.83; H,
6.71.

The minor product (1.31 g, 15%), 4,4-bis(p-methoxyphenyl)-2,2- 
dimethyl-4-hydroxybutanoic acid lactone, was recrystallized from 
hexane as white prisms, mp 129-130 °C.

The spectral data were: IR (CHC13) 3.38,3.53,5.70.6.22,6.33,6.63,
6.83.7.04, 7.19,7.26,7.72,8.02,8.13,8.47,8.95,9.66,10.03,10.21,10.82,
10.99,12.11 pm; NMR (CDC13) r 8.85 (s, 6 H, C(CH3)2), 7.12 (s, 2 H, 
CH2), 6.24 (s, 6 H, OCH3), 3.06-2.57 (q, 8 H, arom).

Anal. Calcd for C20H22O4: C, 73.60; H, 6.79. Found: C, 73.55; H,
7.01.

4,4-Bis( p-methoxyphenyl)-3,3-dimethylbutanoic Acid. Lith
ium wire (0.014 g, 2.0 mmol) was added in four pieces to 0.280 g (0.86 
mmol) of 4,4-bis(p-methoxyphenyl)-3,3-dimethylbutanoic acid lac
tone dissolved in a mixture of 10 mL of ether, 10 mL of tetrahydro- 
furan, and 60 mL of liquid ammonia. The intense blue color persisted 
after addition of the fourth piece of lithium. The reaction was stirred 
for an additional 20 min, then quenched with excess solid ammonium 
chloride. Evaporation of ammonia left a white solid which was taken 
up in ether and water. The water layer was extracted with more ether 
and the combined organic layer was dried over magnesium sulfate and 
concentrated to 0.28 g of colorless oil, pure by NMR. Recrystallization 
from hexane gave 4,4-bis(p-methoxyphenyl)-3,3-dimethylbutanoic 
acid as white needles, mp 74-74.5 °C.

The spectral data were: IR (CHCla) 2.8-4.0, 3.37,3.51, 5.88, 6.21,
6.33,6.64.6.83,6.94,7.11,7.29,7.68,7.9-S.3,8.48,8.97,9.67 pm; NMR 
(CDCI3) T 8.84 (s, 6 H, C(CH3)2), 7.70 (s. 2 H, CH2), 6.25 (s, 6 H, 
OCH3), 6.04 (s, 1 H, (p-CH3OC6H4)2CH), 3.24-2.60 (q, 8 H. arom),
0.3 (brs. 1H, COOH).

Anal. Calcd for C20H24O4: C, 73.15; H, 7.37. Found: C, 73.33; H, 
7.40.

Characterization of 2,2-Dimethyl-l,l-diphenyl-3-[2,2-bis(p- 
methoxypHienyl)vinyl]cyclopropane. A solution of 0.090 g (0.195 
mmol) of 2,2-dimethyl-l,l-diphenyl-3-[2,2-bis(p-methoxvphenyl)- 
vinyl] cyclopropane in 15 mL of benzene was added to a solution of 
0.427 g of dicyclohexyl-18-crown-6 and 0.172 g of potassium per
manganate in 40 mL of benzene (the Sam-Simmons reagent12), stirred 
at room temperature for 37 h, poured into 100 mL of 0.5% hydrochloric 
acid, ether extracted, washed with water, dried over magnesium sul
fate, and concentrated to 0.559 g of yellow oil which was partitioned 
between ether and 5% aqueous sodium hydroxide solution. The or
ganic phase was washed again with sodium hydroxide solution, dried, 
and concentrated to an oily residue. Crystallization of the oil from 
ether-hexane gave 0.020 g (44%) of 4,4'-dimethoxybenzophenone as 
white needles, the melting point and spectral data of which were 
identical with that of commercially available 4,4'-dimethoxybenzo- 
phenone. The alkaline phase was neutralized to the methyl orange 
end point with 10% hydrochloric acid, ether extracted, dried, and 
concentrated to a white solid which gave 0.021 g (40%) of 3,3-di- 
methyl-2,2-diphenylcyclopropanecarboxylic acid after crystallization 
from ether-hexane. The melting point and spectral data were identical 
with the values reported previously.8“

Characterization of l,l-Bis(p-methoxyphenyl)-2,2-di- 
methyl-3-(2,2-diphenylvinyl)cyclopropane. A solution of 0.048 
g (0.10 mmol) of l,l-bis(p-methoxyphenyl)-2,2-dimethyl-3-(2,2- 
diphenylv:nyl)cyclopropane in 10 mL of benzene was added to the 
Sam-Simmons reagent12 prepared from 0.153 g of dicyclohexyl-18- 
crown-6 and 0.064 g of potassium permanganate in 15 mL of benzene, 
stirred for 22 h, poured into 1% hydrochloric acid, ether extracted,

dried over magnesium sulfate, and concentrated to 0.193 g of colorless 
oil which was chromatographed on a 2.5 X 88 cm column of silicic 
acid.35 Elution proceeded as follows: fraction 1, 4500 mL, 0-1% ether 
in hexane, nil; fraction 2,1800 mL, 1-2%, 0.011 g (60%) of benzophe- 
none; fraction 3,5100 mL, 2-40%, 0.045 g of material including some 
unreacted vinylcyclopropane; fraction 4, 1700 mL, 40-60%, 0.022 g 
(67%) of 2,2-bis(p-methoxyphenyl)-3,3-dimethylcyclopropanecar- 
boxylic acid; fraction 5, 1600 mL, 60-100%, 0.015 g of crown ether. 
Crystallization from hexane gave 2,2-bis(p-methoxyphenyl)-3,3- 
dimethylcyclopropanecarboxylic acid as white prisms, mp 182-183 
°C.

The spectral dara were: IR (CHC13) 2.9-3.6, 3.21, 3.31, 3.36, 3.41,
3.52, 5.87, 6.22, 6.32, 6.61, 6.83, 6.94, 7.27, 7.78, 8.00, 8.13,8.51,8.99, 
9.64,10.81 fim; NMR (CDC13) r 8.92 (s, 3 H, CH3), 8.54 (s, 3 H, CH3), 
7.76 (s, 1 H, CH), 6 26 (s, 6 H, OCH3), 3.28-2.68 (m, 8 H, arom), 2.5-0.5 
(1 H, C 02H, detectable only with integrator).

Anal. Calcd for C20H22O4: C, 73.60; H, 6.79. Found: C, 73.42; H,
6.76.

Characterization of l,l-Bis(p-methoxyphenyl)-2,2-di- 
methyl-3-[2,2-bis(p-methoxyphenyl)vinyI]cyclopropane. A so
lution of 0.135 g (0.26 mmol) of l,l-bis(p-methoxyphenyl)-2,2-di- 
methyl-3-[2,2-bis(p-methoxyphenyl)vinyl]eyclopropane in 10 ml of 
benzene was added to the Sam-Simmons reagent12 prepared from 
0.436 g of dicyclohexyl-18-trown-6 and 0.118 g of potassium per
manganate in 40 ml of benzene, stirred for 40 h, poured into 2% hy
drochloric acid, ether extracted, dried over sodium sulfate, and con
centrated under vacuum to 0.544 g of clear, viscous oil which was 
partitioned between ether and 5% aqueous scdium hydroxide solution. 
The ether layer was dried over sodium sulfate and concentrated under 
vacuum to 0.471 g of material from which 0.057 g (95%) of 4,4'-di- 
methoxybenzophenone was obtained by crystallization from hexane. 
The aqueous layer was acidified to the methyl orange end point with 
10% hydrochloric acid, ether extracted, dried over sodium sulfate, 
concentrated under vacuum, and crystallized from ether-hexane to 
give 34 mg (40%) of 2,2-bis(p-methoxyphenyl)-3,3-dimethylcyclo- 
propanecarboxylic acid.

Characterization of 2,2-Bis(p-methoxyphenyl)-3,3-dimeth- 
yleyclopropanecarboxylic Acid. Lithium wire (0.007 g, 1.0 mmol) 
was added to a solution of 0.023 g (0.07 mmol) of 2,2-bis(p-methox- 
yphenyl)-3,3-dimethylcyclopropanecarboxylic acid in 4 mL of an
hydrous ether, 4 mL of tetrahydrofuran, and 20 mL of liquid ammo
nia. The reaction was stirred for 40 min, then quenched with excess 
solid ammonium chloride. Evaporation of rhe ammonia left a white 
slurry which was dissolved in ether and water. The aqueous layer was 
saturated with sodium chloride and extracted with ether. The com
bined ether layers were dried over magnesium sulfate, filtered, and 
concentrated to 0.021 g of clear, colorless oil. Crystallization from 
hexane gave 5 mg of the starting cyclopropanecarboxylic acid. The 
mother liquors were crystallized from hexane to give 15 mg (65%) of
4,4-bis(p-methoxyphenyl)-3,3-dimethylbutanoic acid identical in all 
respects with independently synthesized material (vide supra).

Photolysis Equipment for Quantum Yield Determinations. 
Quantum yield irradiations were performed on the “ black box” ap
paratus or on the microoptical bench.13 Light output was measured 
by ferrioxalate actinometry.15 The light absorbed in the reaction cell 
was determined by the splitting ratio technique.13

For direct “ black box” photolyses, the solution filters used were 
the following. Filter A: (a) 1.74 M nickel sulfate hexahydrate in 5% 
sulfuric acid; (b) 1.0 M cobalt sulfate heptahydrate in 5% sulfuric acid; 
(c) 0.0013 M stannous chloride dihydrate in 15% hydrochloric acid; 
this combination gave a transmission maximum at 310 nm (40% 
transmission) and was opaque above 345 nm and below 275 nm. Filter 
B: (a) 2.0 M nickel sulfate hexahydrate in 5% sulfuric acid; (b) 0.8 M 
cobalt sulfate heptahydrate in 5% sulfuric acid; (c) 0.0002 M bismuth 
trichloride in 10% hydrochloric acid; this combination gave a trans
mission maximum at 272 nm (40% transmission) and was opaque 
above 305 nm and below 245 nm. For the microbench runs, the mo
nochromator inlet slit was set at 5.4 mm and the exit slit at 2.9 mm, 
giving a band pass of 22 nm at half-peak height.

For sensitized “black box” runs, the somtion filters used were as 
follows. Filter C:(a) 1.0 M nickel sulfate hexahydrate in 10% sulfuric 
acid; (b) 1.0 M cobalt sulfate heptahydrate in 10% sulfuric acid; (c) 
0.047 M stannous chloride dihydrate in 15% hydrochloride acid; this 
combination gave a transmission maximum at 331 nm (17% trans
mission) and was opaque above 365 nm and below 312 nm. Filter D:(a) 
0.1 M nickel sulfate hexahydrate in 10% sulfuric acid; (b) 0.4 M cobalt 
sulfate heptahydrate in 10% sulfuric acid; (c) 0.1 M stannous chloride 
dihydrate in 15% hydrochloric acid; this combination gave a trans
mission maximum at 345 nm (40% transmission) and was opaque 
above 380 nm and below 320 nm.



2004 J. Org. Chem., Vol. 43, No. 10,1978 Zimmerman and Gruenbaum

Direct Quantum Yields. l,l-Bis(p-methoxyphenyl)-3,3-di- 
methyl-5,5-diphenyl-l,4-pentadiene. Run 1 was performed on the 
microoptical bench, runs 2 and 3, on the black box apparatus.13 All 
employed dry teri-butyl alcohol as solvent. Each solution was purged 
with purified nitrogen34 for 1.0 h before and during irradiation. Runs 
1 and 2 were analyzed with high-pressure liquid chromatography using 
a 2 ft X V8 in. column packed with a silicic acid like material developed 
in these laboratories37 and eluting with 1.4% ether in hexane. 4-Bro- 
mobenzophenone was used as an internal standard. In run 3, the 
photoproducts were isolated by chromatography on a 2.5 X 45 cm 
silicic acid35 column, eluting with 1% ether in hexane. The composition 
of the fraction containing the photoproducts was determined by 
manual integration of the vinyl hydrogen peaks in the expanded 
(108-Hz sweep width) t 5.0-6.1 region of the 100-MHz NMR spec
trum. Data for the individual quantum yields are as follows.

Run 1: monochromator set at 285 nm; starting diene used, 1.0 X 
10~2 mmol in 40 mL; 5.1 X 10-2 mEinsteins absorbed; dianisylvin- 
ylcyclopropane formed, 4.3 X 10-3 mmol, 4> = 0.085; diphenylvinyl- 
cyclopropane formed, 1.3 X 10-3 mmol, 4> = 0.025; 5.6% conver
sion.

Run 2: filter B; starting diene, 6.45 X 10_1 mmol in 750 mL; 6.1 X
10-1 mEinsteins; dianisylvinylcyclopropane, 4.2 X 10-2  mmol, 4> = 
0.070; diphenylvinylcyclopropane, 1.4 X 10-2  mmol, $  = 0.023; 8.8% 
conversion.

Run 3: filter A; starting diene, 1.12 mmol in 750 mL; 7.7 X 10-1  
mEinsteins; dianisylvinylcyclopropane, 5.7 X 10~2 mmol, $  = 0.071; 
diphenylvinylcyclopropane, 1.3 X 10-2  mmol, 4> = 0.017; 6.0% con
version.

Sensitized Quantum Yield. l,l-Bis(p-methoxyphenyl)-3,3- 
dimethyl-5,5-diphenyl-l,4-pentadiene. A solution of 0.280 g (0.61 
mmol) of l,l-bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-
1,4-pentadiene, 30.0 mL of acetophenone, and 720 mL of ieri-butyl 
alcohol was purged with purified nitrogen34 for 1.0 h before and during 
photolysis. The solution was irradiated in the “black box” apparatus13 
through filter combination C with 1.60 mEinsteins of light. Removal 
of solvent and acetophenone in vacuo left 0^86 g of material. Analysis 
by NMR spectroscopy showed only starting diene and a trace of ac
etophenone. No vinylcyclopropanes were detected, and assuming that
3.0 mg could be detected, 4>sens < 4 X 10-3.

Direct Quantum Yields. 3,3-Dimethyl-l,l,5,5-tetrakis(p- 
methoxyphenyl)-l,4-pentadiene. All three runs were performed 
on the “ black box” apparatus.13 Each 750-mL ieri-butyl alcohol so
lution was purged with purified nitrogen31 for 1.0 h before ar.d during 
irradiation. Run 1 was analyzed using high-pressure liquid chroma
tography (vide supra), eluting with 10% echer in hexane. 4-Methox- 
ybenzophenone was used as an internal standard. Runs 2 and 3 were 
analyzed by the silicic acid chromatography-NMR integration 
technique described above. Data for the individual quantum yields 
are as follows.

Run 1: filter B; starting diene used, 9.2 X  10_1 mmol; 7.6 X  10_1 
mEinsteins absorbed; vinylcyclopropane formed, 3.0 X 10“  2 mmol,

= 0.040; 3.3% conversion.
Run 2: filter A; starting diene, 1.15 mmol; 1.87 mEinsteins; vinyl- 

cyclopropane, 7.9 X 10-2 mmol, $  = 0.042; 6.7% conversion.
Run 3: filter A; starting diene, 1.35 mmol; 9.1 X 10_1 mEinsteins; 

vinylcyclopropane, 4.6 X  10-2 mmol, $ = 0.051; 3.4% conversion.
Sensitized Quantum Yield. 3,3-Dimethyl-l,l,5,5-tetrakis- 

(p-methoxyphenyl)-l,4-pentadiene. A solution of 0.275 g (0.529 
mmol) of 3,3-dimethyl-l,l,5,5-tetrakis(p-methoxyphenyl)-l,4-pen- 
tadiene and 6.12 g of benzophenone in 750 mL of teri-butyl alcohol 
was purged with purified nitrogen34 for 1.0 h before and during pho
tolysis. The solution was irradiated in the “ black box” apparatus13 
through filter D with 3.36 mEinsteins of light. Removal of solvent 
under vacuum left a colorless oil from which benzophenone crystal
lized. Chromatography on a 2.5 X 45 cm silicic acid35 column eluting 
with 4.0 L of 0.5% ether in hexane removed benzophenone from the 
photolysate. Further elution with 1 L of 5% and 1 L of 10% ether in 
hexane gave 0.273 g of colorless oil. Analysis by NMR showed no ev
idence of vinylcyclopropane. Assuming tha: 3.0 mg could be detected, 
‘¡’sens < 1.7 X 10-3.

Direct Quantum Yields. l,l-Bis(p-lV,lV-dimethylamino- 
phenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene. Both runs 
utilized the “ black box” apparatus13 and filter combination A. Each 
750-mL teri-butyl alcohol solution was purged with purified nitro
gen34 for 1.0 h before and during photolysis. Both runs were analyzed 
by the silicic acid35 chromatography-NMR integration technique 
described above. Data for the individual quantum yields are as fol
lows.

Run 1: starting diene used, 6.9 X  10_I mmol; 1.14 mEinsteins ab

sorbed; vinylcyclopropane formed, <6.2 X 10 3 mmol; 4> <5.4 X
10“ 3.

Run 2: starting diene, 3.7 X 10-1 mmol; 15.0 mEinsteins absorbed; 
vinylcyclopropane, 4.1 X 10-2  mmol; <1> =  2.7 X 10-3 .

Energy Transfer Tests. Quenching of Benzophenone Triplets 
by l,l-Bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-l,4- 
pentadiene and by 3,3-Dimethyl-l,l,5,5-tetrakis(p-methoxy- 
phenyl)-l,4-pentadiene. The irradiations were carried out on the 
“ black box” apparatus13 using filter D. A solution of 0.500 g (2.74 
mmol) of benzophenone and 0.250 g (1.36 mmol) of benzhydrol in 250 
mL of tert-butyl alcohol was purged with purified nitrogen34 for 1.0 
h before and during the irradiation. Similarly, a solution of 0.500 g 
of benzophenone, 0.250 g of benzhydrol, and 0.063 g (0.136 mmol) of
l,l-bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene 
in 235 mL of ieri-butyl alcohol and a solution of 0.500 g of benzo
phenone, 0.250 g of benzhydrol, and 0.052 g (0.100 mmol) of 3,3- 
dimethyl-l,l,5,5-tetrakis(p-methoxyphenyl)-l,4-pentadiene in 235 
mL of ieri-butyl alcohol were purged and irradiated. Chromatography 
of each photomixture on a 2.5 X  45 cm silicic acid35 column, eluting 
with 1% ether, completely separated benzopinacol from the other 
components.

Run 1: no quencher; 2.40 mEinsteins absorbed; benzophenone 
recovered, 0.380 g; benzpinacol, 0.108 g; 4> = 0.123; 0% quenching.

Run 2: quencher, l,l-bis(p-methoxyphenyl)-3,3-dimethyl-5,5- 
diphenyl-l,4-pentadiene; 2.41 mEinsteins; benzophenone, 0.460 g; 
benzpinacol, 0.027 g; 4? = 0.021; 75% quenching.

Run 3: quencher, 3,3-dimethyl-l,l,5,5-tetrakis(p-methoxy- 
phenyl)-l,4-pentadiene; 2.41 mEinsteins; benzophenone, 0.410 g; 
benzpinacol, 0.034 g; 4> = 0.029; 68% quenching.

Emission Studies. Purification of Solvent. Isopentane and 
methylcyclohexane were purified by repeated washings with 10% 
fuming sulfuric acid until the washings were colorless, washing with 
water, refluxing with 10% sulfuric acid saturated with potassium 
permanganate for 3-6 h, washing again with water, drying over 
phosphorus pentoxide, and passing through a 2.0 X 80 cm column of 
alumina containing 10% silver nitrate.38 The early and late fractions 
were discarded. Solvents prepared in this manner were transparent 
in the ultraviolet and emission free.

Single-Photon Counting. The apparatus and procedure have been 
described in detail previously.911 The method uses a high-pressure 
(~80 psi) nitrogen flash lamp with a half-width of ~2 ns when run at
20-40 kHz, a 1P28 photomultiplier to trigger the start of a time-to- 
amplitude converter, monochromators before and after the sample, 
an RCA 8850 photomultiplier and Ortec model 463 constant fraction 
timing discriminator to signal emergence of a single photon, and a 12 
bit Northern Scientific A/D converter interfaced with a PDP8/I -  
FPP12 minicomputer. The minicomputer was used as a 512-word 
multichannel analyzer and to do on-line deconvolution by reiterative 
convolution as prev ously described.911 Independent studies39 establish 
a 16-ps error limit. Experiments were run for a time sufficient to 
collect a minimum of 2000 counts in the highest channel (about 
300 000 counts in 512 channels), when collecting at 5% of the 22-kHz 
lamp frequency. The 5% factor assures that few double photons are 
collected. Excitation was generally at 280 nm. Optical densities were 
adjusted to 1.6-2.0 at the excitation wavelength. All runs were per
formed at 77 K in 4:1 methylcyclohexane-isopentane solvent. The 
data are reported as follows: compound, average lifetime, average rate 
of decay, number of runs, estimated error in rates.

1.1- Bis(p-methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-l,4-penta- 
diene; 2.7 ns, &di77 = 3.7 X 10a s_1, five runs, 5%.

3,3-Dimethyl-l,l,5,5-tetrakis(p-methoxyphenyl)-l,4-pentadiene:
1.9 ns, k a 11 = 5.2 X  108 s-1, 5 runs, 5%.

1.1- Bis(p-iV,/V-dimethylam nophenyl)-.3,3-di me thy 1-5,5-di
phenyl-1,4-pentadiene: 3.5 ns, kit11 = 2.9 X  108 s_1, 13 runs, 15%.

1.1- Bis(p-methoxyphenyl)ethylene: 4.4 ns, k ^ 11 = 2.3 X 108, one 
run.

Magic Multipliers. For each compound, the fluorescence spectrum 
was recorded in 4:1 methylcyclohexane-isopentane solution at 77 and 
295 K under otherwise identical conditions using an Aminco-Kiers 
spectrofluorometer with a Hanovia 901C-1 150-W xenon lamp. 
Concentrations were adjusted to give an optical density in the range 
of 0.8-1.2, thus minimizing scatter. An excitation wavelength of 280 
nm was used for each compound. The magic multipliers were obtained 
from a single sample by integrating the emission intensities obtained 
at the two temperatures. Values obtained were as follows: l,l-bis(p- 
methoxyphenyl)-3,3-dimethyl-5,5-diphenyl-l,4-pentadiene, M = 95 
(2 runs); 3,3-dimethyl-l,l,5,5-tetrakis(p-methoxyphenyl)-l,4-pen- 
tadiene, M = 75 (two runs); l,l-bis(p-N,N-dimethylaminophenyl)-
3,3-dimethyl-5,5-diphenyl-l,4-pentadiene, M = 70 (two runs); 1,1- 
bis(p-methoxypher_yl)ethylene, M = 77 (two runs).
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The primary photoproduct of the chelated enol tautomer of the title compounds is a nonchelated enol. Primary 
and tertiary amines added at up to equimolar concentrations greatly enhance the rate of the secondary thermal re
actions, i.e., re-formation of the chelated enol, and tautomerization to the diketone. Triethylamine enhances the 
quantum yield of photoketonization. Ethanol added at up to 0.5 M concentrations also enhances the rate of the 
thermal re-formation of the starting compound. Differences between the solvents hexane, cyclohexane, benzene, 
and acetonitrile are marginal. It is suggested that the unchelated enol trans.ent undergoes efficient formation of 
a complex with the amines and, zo a much smaller extent, with ethanol. The rates of the spontaneous reactions of 
these complexes differ greatly from those of the free transient.

In our previous paper1 we showed that the primary photo
product of solutions of the (stable) chelated enols I in aliphatic 
hydrocarbons is a short-lived nonchelated enol III which then 
either reverts thermally to I or tautomerizes to the corre
sponding diketone II. (Both II and III may exist in several 
conformeric forms, Chart I). In steady irradiation experiments 
one observes only the so-called photoketonization I —*■ II. 
Since in most cases I is thermodynamically more stable, II 
eventually reverts to I, but at rates much smaller than III —► 
II. If the mechanism of photoketonization is indeed as indi
cated in Scheme I, the overall quantum yield of I —- II will 
depend on the ratio of the rates of the thermal steps 1 and 2. 
Since these reactions involve either formation of an H bond 
(III —► I) or a proton transfer (III —► II), one may expect them 
to be sensitive to additives such as amines, alcohols, or ace
tonitrile and to be affected by the nature of the solvent used.

The results may in turn extend our knowledge of the postu
lated nonchelated enol III. Compounds a-h described earlier1 
were investigated in this context, but only b and c were studied 
in greater detail. As will be shown, the rates of all three ther
mal reactions, III —*■ II, III —► I, and II —► I, are enhanced by 
amines and ethanol, while acetonitrile has little effect. The 
absorption spectra of I are in no case affected by the addi
tives.

Scheme I
h i' 1 3

I III----*■ I I ---->- I

Experimental Section
Photochemical and Spectrophotometric Methods. These were 

essentially as described.1 The light intensity during irradiations was 
varied by using wire mesh screens of known transmission. After each 
experiment, the cell was rinsed with hydrochloric acid, followed by 
water, acetone, and finally benzene, before drying.

Compounds, Solvents. The compounds have been described.1 
n-Heptane, cyclohexane, and benzene were dried by passing them 
through columns filled with Woelm basic alumina and kept over 
Molecular Sieves. Absolute ethancl, triethylamine, and n -hexylamine 
were purified by standard methods.38

Results
Steady Irradiation Experiments. Photoketonization.

The relative rates of photoketonization I -*  II were studied 
spectrophotometrically in the presence of varying concen
trations of additives.

(a) Triethylamine, TEA. Freshly prepared concentrated 
solutions of TEA in the respective hydrocarbon solvent were 
added to 10~4 to 10~5 M solutions of the compounds to give 
final TEA concentrations of up to 10-4 M. Under these con
ditions the absorption spectrum above 200 nm is not affected 
by TEA (Figure 1). The solutions were irradiated in 10-mm 
cells at a wavelength determined by the absorption of the re
spective compound: 254 nm with compounds a and f, 295-410 
nm with b-e, and 313 nm with g and h. As shown in Figure 1, 
almost complete conversion into the ketone can be obtained. 
The relative rates of photoconversion were measured in a 
range of TEA concentrations. In these experiments, Figure 
2, the extent of photoconversion never exceeded 20%. The 
spectral changes in the absence and presence of TEA were 
identical. Isosbestic points were observed up to high extents 
of photoketonization and also during the subsequent slow 
thermal reversion to the enol I. Threefold to tenfold variations 
in the light intensity affected neither the nature nor the 
quantum yield of the reaction in any of the eight compounds. 
The quantum yield of I — II was enhanced by TEA, the extent 
varying widely with the compound (Figure 2). In those com
pounds in which the quantum yield is very small in the ab
sence of TEA, audition of the latter caused a maximal 40-

Chart I
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Figure 1. Photoketonization: (a) Spectral changes induced by irra
diation of a cyclohexane solution of b (3.70 X 10~5 M) and TEA (4.0 
X 10-e M): (curve 1) before irradiation, (curves 2-5) after 0.75, 1.5, 
3, and 6 min of irradiation, respectively, (curve 6) absorption spectrum 
of Illb, from flash measurements, (b) Spectral changes induced by 
irradiation of a cyclohexane solution of [dj (1.9 X 10-5 M) and TEA 
(1.9 X 10-6 M): (curve 1) before irradiation, (curves 2-4) following 0.5, 
1.5, and 4.5 min of irradiation.

Figure 2. The ratio of the quantum yields in the presence (Qtea) and 
absence (Qo) of TEA as a function of the ratio of concentrations of 
TEA and of the compound, Co- Compounds as indicated for each 
curve.

60-fold increase (compounds a-d, where Q m  ~ 10-3) or a 
sixfold increase (compound e, Qi-^n *  5 X 10~4). In fact, the 
spectra shown in Figure 1 could only be taken in the presence 
of TEA. In contrast, the rate of photoketonization in the two 
ketoesters f and g (Qi^n = 0.10-0.15) and in the steroid di
ketone h ( Q m  = 4 X 10~5) is hardly affected by TEA. Some 
results are summarized in Table I. The relative rate of pho
toketonization was found to be independent of the actual 
concentrations of either the enol or TEA in the approximate 
range 10-6 to 10“ 4 M, and to vary only with the ratio of the 
concentrations, [TEA]/[compound] (Figure 2). This point was 
checked by measuring the rates in cells of 100. 10, and 1 mm 
light path, using such concentrations of the compound and 
of TEA that the absorption spectra were the same in all three 
cells.

(b) 1-n-Hexylamine, HA. Addition of this primary amine, 
whose pKh is similar to that of TEA, caused only a slight de
crease in the rates of photoketonization, at concentrations up 
to equimolar with the two compounds investigated, b and c

Table I. Quantum Yields of the Photoketonization I —► II 
in the Absence ( Qo) and Presence of TEA ( Q t e a ) 

(Approximate Maximal Values, cf. Figure 2 )

Compd 1 0 3 X  Qo 1 0 2 X  Q t e a

a 1.3 8
b 1.2 5
c 1.9 9
a 0 .6 6 5
e 0 .4 6 0 .3

[  H A ]  /  c 0

Figure 3. The effect of hexylamine, HA, on the relative quantum yield 
of photoketonization, Q/Qo, of compound c in cyclohexane (Co = 3.8 
X 10-5  M) in the absence (curve 1) or presence (curve 2) of TEA (1.4 
X 10-6  M). Abscissa: the ratio of the concentrations of hexylamine 
and the compound.

(4-5 X 10~5 M in cyclohexane). However, when added to
gether with TEA in cases where the latter sharply enhances 
the rates, HA reduces these rates and at sufficiently high 
concentrations may completely cancel the enhancement 
caused by TEA (Figure 3). The actual rate of photoketoniza
tion is determined only by the ratio [HA]/[TEA], irrespective 
of the order in which the amines were added or any previous 
irradiation in the presence of TEA only.

(c) Acetonitrile, CH3CN,4 did not affect the rates of 
photoketonization of b and c in cyclohexane even at 1 M.

(d) Ethanol. Ethanol attenuates the photoketonization rate 
of Ia-Ic both in the absence and in the presence of TEA. Thus, 
with a 5 X 10~5 M solution of b in cyclohexane, a tenfold de
crease of the rate lb -*► lib was achieved by adding ethanol to 
a final concentration of 0.5 M. In the presence of 5 X 10-6 M 
TEA a similar decrease is achieved by 0.15 M ethanol. Clearly 
the ethanol concentrations required to affect the photoke
tonization rates are four to five orders of magnitude higher 
than those of TEA. The ketoesters f and g show a completely 
different behavior; even when dissolved in ethanol their rates 
of photoketonization are similar to those observed in cyclo
hexane.

Flash Experiments. Formation and Decay of the 
Nonchelated Enol, III. Flash photolysis of solutions of enols 
I results in the transient formation of nonchelated enols, III, 
which decay in parallel paths to I and II.1 In analogy with the 
steady irradiation experiments described in the previous 
paragraph we studied the effect of the same additives on the 
extent of the photoformation of III and, as far as possible, on 
the rates of its decay along both paths. The concentration of 
the III isomer was estimated1 from the attenuation of the 
absorbance due to the depletion of 1 1 ms after the flash (du
ration <0.05 ms). Solutions of b (ca. 10-5 M) and c (ca. 4 X
10-6 M) were measured at 335 and 350 nm, respectively.
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Figure 4. Flash photolysis of a n-heptane solution of b (1.2 X 10-5 
M) in the absence and presence of TEA (4.5 X 10-6 M). (a) Time de
pendence of the optical transmission T at 335 r.m, where only lb ab
sorbs: (curve 1) transmission before the flash, (curve 2) following a 
flash in the absence of TEA (top time scale), (curve 3) the same as 
curve 2 in the presence of TEA (bottom time scale!), (b) Time de
pendence of the transmission at 283 nra, following the flash: (curve 
1) without TEA, (curve 2) with TEA (bottom time scale!). Cf. also 
Figure la.

Neither the two amines at up to 10-5 M nor ethanol had any 
appreciable effect on the extent of I depletion in cyclohexane 
solutions, nor was there any marked difference between so
lutions in n-heptane, absolute ethanol, or acetonitrile. In both 
b and c the equilibrium enol-ketone is practically completely 
in favor of the enol I in all solvents used here. The time-re- 
solved decay curves at various wavelengths help to understand 
the nature of the changes following the initial photoformation 
of III. At a wavelength where only I absorbs, one observed the 
re-formation of I from III, while at the isosbestic wavelength 
of the system I III, at which II absorbs much less, it is pos
sible to follow the reaction III —► II independently of any in
terconversion III —► I. In compounds a-e dissolved in either 
heptane, benzene, acetonitrile, 5% ethanol in heptane, or 5 X 
10~6 M hexylamine in heptane, the only process observable 
in the flash apparatus is the regeneration of I, in accordance 
with the very low quantum yield (about 10-3) of ketonization 
to II observed in steady irradiation experiments. However, 
addition of TEA to solutions of a (1.4 X 10~5 M), b (1.2 X 10~5 
M), or c (8 X 10~6 M) in heptane caused a different behavior. 
The absorbance of I was not recovered completely, and solu
tions measured in the Cary 14 a few minutes after flashing still 
showed partial conversion into the corresponding II form. 
(Complete reversion to I took place only after an hour or so.) 
Figure 4 furnishes a characteristic example, observed in a 
heptane solution of b, before and after addition of TEA (cf. 
also Figure la). The absorption at 335 nm, where only I ab
sorbs, is seen to be reduced immediately after the flash to a 
similar extent both with and without TEA. However, in the 
absence of TEA the original absorption T \ recovers com
pletely within about 20 s (T ;i = T x) while in its presence re
covery is much faster but only partial, to T'3 (Figure 4a). The 
difference T '3  — Ts increases with the concentration of TEA. 
At the isosbestic wavelength of the I III system, 283 nm 
(Figure 4b), one observes in the presence of TEA a gradual 
decay of the absorption, starling immediately after the flash, 
while in the absence of TEA a horizontal line is of course ob
tained. From these and similar results we conclude that TEA 
enhances the otherwise very inefficient spontaneous conver
sion III —► II. Hexylamine, added on top of TEA, attenuated 
the difference T '3  — T3 in Figure 4a and T2 — T x in Figure 4b. 
The correlation between the results of the steady and flash 
irradiation experiments is thus satisfactory.

Table II. Rate Constants of the Spontaneous Reaction III 
I at Room Temperature in Various Solvents'1

Compd Solvent k, s 1

a H 0.27
AN 0.92
H +  E 690

b CH 0.33
B 0.17
AN 0.87
H +  E 290

c CH 0.34
B 0.14
AN 0.99
H +  E 340

d CH 0.49
B 0.34
AN 1.1
H +  E 350

e CH 70
B 9
0.5% E in CH n o
1.5% E in CH 700

h CH 0.83
B 0.10
AN 0.69
H + E 140

g H 0.11
H + E 2.8

“Concentrations were 2.5-8 X 10~6 M. Solvents: H = «-hep
tane, CH = cyclohexane, B = benzene, AN = acetonitrile, H + E 
= 5% ethanol in heptane.

Figure 5. The base-induced enhancement of the rate of the thermal 
conversion III —► I in n-heptane solutions of compounds a, 8.3 X 10-6 
M (triangles), b (circles), and c, 3.5 X 10~6 M (squares). Regular 
symbols denote solutions with hexylamine, twisted or X-ed symbols 
denote solutions with triethylamine. Abscissa: ratio of concentrations 
of base and compound; ordinate: ratio of reaction rate constants in 
the presence and absence of the respective base.

The solvent dependence of the rate of spontaneous isom
erisation III —► I was studied in a series of solvents by looking 
at the kinetics of regeneration of I after a short light flash. 
Table II summarizes the results in heptane, benzene, aceto
nitrile, and 0.5-5% ethanol in n-heptane. Differences between 
the three solvents studied are seen to be small, but 5% ethanol 
in n-heptane enhances the rate up to 1000-fold as do 5 equiv 
of hexylamine or TEA. Figures 5 and 6 show the detailed 
variation of the rate of re-formation of I, after the flash, with 
the concentration of added base.
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Figure 6. T.ie effect of ethanol on the rate of the reaction Illb -* lb 
in a 3.5 X  10"s M solution of b in n-heptane, k and k ethanol denote the 
rate constants in the absence and presence of ethanol, respectively.

Discussion
If we assume the correctness of the mechanism proposed 

earlier,1 i.e, Scheme I, the results lead to the following con
clusions: (a) the primary photoreaction I —*■ III is not affected 
by the additives nor by the solvents investigated, indicating 
that no “ productive” interaction between the additives and 
I takes place in the ground or excited states; (b) the secondary 
thermal reactions I ■*— III —»■ II are strongly enhanced by hy
drogen donors or acceptors (the two amines and ethanol) but 
not by using a medium of high dielectric constant per se (ac
etonitrile): (c) TEA specifically enhances III —*• II in those 
cases where the photoketonization yield is small in the absence 
of additives, thereby increasing this yield dramatically, while 
ethanol preferentially enhances III -*  I, causing a decrease 
in photoketonization yield; (d) to a lesser extent II - » I  is also 
enhanced by all three additives. As a working hypothesis we 
may assume that III interacts strongly with the additives Ad 
by means of its free CO and OH groups, while I, in which these 
groups are neutralized by the chelate bond between them, does 
not interact. The complexes [III—Ad] thus formed from III 
undergo isomerization to I and tautomerization to II just like 
III but at much higher rates, k\ »  k\, k ' 2 »  k2, so that already 
at rather low extents of complexation the reactions of the 
complex will predominate and the extent of photoketonization 
will be determined by k'2/k'i for each additive. In fact, the 
possibility cannot be excluded that, at least in compounds b 
and c, the observed very inefficient photoketonization in the 
absence of additives is actually due to spurious impurities, at 
concentrations as low as 10- 7-10-8 M, acting as additives in 
the above sense.

The question thus arises by which mechanism complexes 
of III with amines and alcohols can undergo conversion into 
I and II much more efficiently than III itself and why TEA 
preferentially enhances III —*• II. With regard to the hydrogen 
transfer from oxygen to carbon involved in ketonization, we 
assume that in III the conjugation effect of the adjacent keto 
group on the hydroxy group makes the latter a better proton 
donor. This assumption is supported by the observation5-6 that 
the so-called “ fixed trans enols” which contain a keto group

Scheme II
III + Ad

i
k\ ko k 'l  r ,  k '2

I III — II; I + Ad [III—Ad] — II + Ad 

where Ad may be HA, TEA, or ethanol

conjugated to a hydroxy group, but unable to form an H bond 
with it, are much stronger acids than the chelated enolic forms 
of /3-diketones. Thus a pK a = 5.2 was reported for dimedon 
and 2.8 for methylketene dimer,5 as against 8.09 for la and 8.13 
for If.6 One may therefore expect that partial or even complete 
proton transfer takes place from the enolic OH groups to the 
amine,7 which may then act as a transfer agent. This role of 
the nitrogen may be similar to that suggested by us1 for the 
etheric oxygen in the 3-keto esters. Indeed in these com
pounds, g and f, the photoketonization yield is high from the 
start and not affected by TEA, meaning that the ratio k'^Jk' 1 
is barely influenced by the additive, while it is enhanced about
50-fold in compounds a-d. The fact that in compound e this 
ratio is affected much less, and in compound h not at all, in
dicates that in these two compounds additional factors are 
involved. In e the rate of Hie —*• Ie is particularly high, and it 
appears that the second aromatic group preferentially en
hances ki. In h the large steroid group may invoke steric fac
tors8 which enhance the energy of the transition state re
sponsible for the reaction Illh —»■ Ilh. As to the isomerization 
III —*■ I, if it involves rotation about a quasisingle bond,1 the 
rates observed (k = 0.1-1 s-1, Table II) are rather slow for such 
a process and indicate that either the bond order is appre
ciably above unity because of contributing bipolar mesomeric 
forms or some other factor is involved.

The reaction III —► I involves a decrease in the number of 
degrees of freedom, and its rate may be determined largely by 
the activation entropy.9 In the complex with an amine, in 
which the molecule probably exists as a negative ion, rotation 
is more facile, be it because of the lower bond order or because 
in the strongly polar complex the tendency is to minimize the 
extent of charge separation as achieved in the U form char
acteristic for the salts of 1,3-diketones.10

Schematically, if we denote the chelated enol ROH, the 
nonchelated (unstable) enol ROH, and the amine A, the sit
uation may be described by the following

ROH -^ X  [ROH-A] — H R O --A H +]

— [RO--AH+] — [ROH-A] ^ X  ROH

The short but barriered direct route is thus replaced by the 
multistep route in which smaller barriers have to be overcome. 
The difference between the primary and the tertiary amine 
may be due to steric factors. However, another reason may be 
that the primary amine can act either as a proton acceptor 
(from OH) or donor to form a hydrogen bond with the keto 
group. As such it may promote proton transfer from one 
oxygen to the other, in competition with the transfer from 
oxygen to carbon. A somewhat similar mechanism has been 
suggested for the proton transfer reactions in acetyl-acetone 
dissolved in secondary amines.11

The enhancement of the rate of III — I by ethanol is prob
ably due to k'\ »  k\ in a similar complex between III and 
ethanol. However, in this case much larger concentrations of 
additive are required, indicating that the complexes with 
ethanol are much weaker than those with amines. A possible 
role of ethanol as an acid catalyst cannot be ruled out but 
appears improbable in view of the fact1 that the nonchelated 
enols III are themselves rather strong acids, certainly much 
stronger than ethanol.

It is interesting to note that k\ in benzene solutions is con
siderably smaller than in heptane or cyclohexane (Table II). 
This attenuation of rotation about the quasisingle bond may 
be due to format ion of complexes, in which “ the positive end 
of the molecular dipole (of the solute) is situated above the 
plane of the aromatic ring” (of the solvent).12

Finally13 a word about the possible role of water. Obviously
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the usual procedures of drying solvents and cells cannot pre
vent the presence of water in the solutions at concentrations 
at least as high as those of the compounds and the amines, i.e., 
10~3-10-5 M. In the absence of experiments under “superdry” 
conditions it is not possible to assess the effect of such water 
traces. However, the very pronounced effect of amines on the 
kinetics observed in solutions containing such water traces 
remains an experimental fact. In nonpolar solvents it is rea
sonable that the compounds studied, as well as the amines, 
form associates with these traces of water.

Registry No.— la, 1522-20-9; lb, 1704-14-9; Ic, 65311-55-9; Id, 
65311-56-0; Ie, 1704-15-0; Ig, 1522-33-4; Ih, 65311-57-1; Ila, 123-54-6; 
lib, 93-91-4; lie, 13298-50-5; lid, 50593-99-2; He, 120-46-7.
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Two monoepoxides of endo-dicyclopentadiene have been prepared by peracetic acid oxidation. Acetone sensi
tized photolysis of endo-4-oxatetracyclo[6.2...02’7.03’5]undec-9-ene (1) results in efficient photoreduction of the 
double bond via a free-radical mechanism. Photolysis of model compounds indicates that there is no interaction 
between the triplet state excited clefin and the epoxy moiety.

Photochemical 2ir + 2ir intramolecular cyclizations have 
been used extensively in the synthesis of polycyclic molecules.2 
Recently, 2ir + 2cr photochemical cyclizations have been re
ported by Prinzbach and others.3 As a continuation of our 
studies into the photochemical interaction of olefinic and 
epoxide moieties,4 we have investigated the acetone sensitized 
photolysis of the monoepoxides of dicyclopentadiene. These 
molecules were chosen for study because the close proximity 
of the olefinic ir bond and the carbon-carbon a bond of the 
epoxy group might make them amenable to 27r + 2t intra
molecular photocyclization.

Peracetic acid epoxidation of endo- dicyclopentadiene gave 
two monoepoxides in a 1:1.5 ratio. The major product is as
signed as ercdo-9-oxatetracyclo[5.3.1.02’e.08’10]undec-3-ene
(2) while the minor product is assigned as endo-4-oxatetra- 
cyclo[6.2.1.02'7.03’5]undec-9-ene (1). The structures of these 
two epoxides were first correctly assigned by Alder and Stein.5 
However, they did not obtain a pure sample of epoxide 1. The 
assigned structures are readily confirmed by infrared and 
NMR analysis. Epoxide 1 shows strong absorption at 835 cm-1 
which is characteristic of the epoxycyclopentane system6 while 
epoxide 2 shows strong absorption at 850 cm-1 which is 
characteristic of the 2,3-epoxybicyclo[2.2.1]heptane system.6 
The NMR spectrum of epoxide 2 has an AB pattern centered 
at 8 1.1 for the protons at Cjj. This clearly indicates an exo- 
nornornyl epoxy group.7 The remainder of the spectral data 
is consistent with the assigned structures fsee Experimental 
Section).

The photochemistry of 1 and 2 was then investigated. Ep
oxide 2 was found to be essentially inert in both polar and

nonpolar solvents using a wide variety of sensitizers and ex
citing wavelengths. In marked contrast, however, photolysis 
of 1 in degassed acetone solutions with a 450 W Hanovia me
dium pressure lamp equipped with a Pyrex filter resulted in 
formation of 36 in 18-36% yield, 4 (and 4') in 14-33% yield, and
2,5-hexandione in 2-10% yield. Low concentrations of 1 (0.01 
M) favored 3 while higher concentrations of 1 (0.5 M) favored 
4 (4').

The infrared spectrum of 3 has a strong band at 838 cm-1 
as expected for an epoxycyclopentane system. We were unable 
to completely separate 4 and 4'. However, the infrared spec
trum displays a carbonyl band at 1710 cm-1 and a strong 
epoxy cyclopentane band at 837 cm-1. The NMR shows the 
methyl ketone at 8 2.10.

In order to determine the effect, if any, of the epoxide 
functional group upon the photoreactivity of 1 and 2, the 
photolysis of 56 and 68 was investigated.

In analogy to epoxide 2, compound 5 was found to be es
sentially inert to a wide variety of photochemical conditions. 
However, photolysis of 6 in acetone solution resulted in the 
formation of 79 (14-28%), 8 (30-48%), and 2,5-hexandione

0022-3263/78/1943-2010$01.00/0 © 1978 American Chemical Society
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(1-2%). Again, low concentrations of 6 favored formation of 
the photoreduced compound 7 while higher concentrations 
of 6 favored the acetonyl addition compound 8. Thus the 
photochemistry of this system is unaltered by the presence 
of the epoxide functionality.

In contrast to our results, compound 9 undergoes compet
itive 2ir + 2a cyclization and photoreduction3 while in our 
system only photoreduction was observed. The difference in 
reactivity between 1 and 9 is probably due to an excited state 
of much lower energy in 9, due to the extended conjugation. 
Thus the hydrogen abstracting ability of the triplet excited 
state of 9 would be greatly diminished over that of 1 and cy
clization can now effectively compete with hydrogen ab
straction. In accord with this explanation, photolysis of 10 in 
acetone yielded only the photoreduction product.10

c o 2c h ;!

COXH:,
9

Mechanistically the reaction probably proceeds through 
a photosensitized free-radical chain process. The mechanism 
is shown below; however, other possible sensitized mecha
nisms could also be postulated. The reaction is initiated by 
energy transfer from triplet state acetone to yield triplet state
1. Hydrogen abstraction from acetone by triplet state 1 pro
duces 11 and an acetonyl radical. A second hydrogen ab
straction produces 3 and another acetonyl radical. The 2,5-

Scheme 1

0

hexandione arises via radical coupling of two acetonyl radicals. 
A radical coupling between 11 and an acetonyl radical could 
account for the formation of 4 (4'); however, it is not reason
able for the major product in a free-radical transfer process 
to occur via a termination step. A more plausible pathway 
would be the addition of acetonyl radicals to the double bond 
to produce 12 followed by another abstraction from acetone 
giving 4. The exo face is usually the preferred position of at
tack on norbornene systems by free radicals.1

Similar photoreactions to those described here have been 
reported. Sauers has observed both acetonyl radical addition 
and photoreduction of several norbornenes by photolysis in 
acetone.12 Srinivasin and Hill report13 an acetonyl addition 
to cyclobutene under similar conditions. Using considerably 
higher concentrations than used in the present study, Sharf14 
has observed acetonyl addition and dimerization of tetracyclic 
homologues of norbornene during photolysis in acetone. These 
reactions presumably proceed by the same mechanism as 
those in the present study. The balance between photore
duction, acetonyl addition, and dimerization appears to be a 
delicate function of the olefin concentration. At very high 
concentrations (5-10 M) acetone sensitization results in 
mainly dimerization while at moderate concentrations (~1 
M) acetonyl addition products predominate. Finally, at very
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low concentrations of olefins, the simple photoreduction be
comes a major process.

The possibility still existed that the 2ir + 2<r cycloaddition 
of 1 was a viable reaction but one that proceeded an order of 
magnitude slower than the abstraction of hydrogen from the 
acetone sensitizer. In view of the known resistance of cyclo
propyl groups to hydrogen abstraction,15 it was felt that di
cyclopropyl ketone (DCK) might be an ideal sensitizer to ef
fect the desired cycloaddition. However, irradiation of 1 in the 
presence of DCK did not result in any photoreaction of 1. This 
lack of photoreactivity could be due to a triplet energy of DCK 
that is too low to efficiently generate norbornene triplets.

Photolysis of dicyclopentadiene (1%) in the presence of 
DCK produced the expected intramolecular cycloaddition 
product16 in excellent yield. Photolysis of norbornene in 10% 
DCK/benzene yielded the norbornene dimers in a 1:8 ratio in 
agreement with that reported for acetone sensitization.17 
Furthermore, there was no photoreduction of the norbornene 
as occurs in the case of acetone sensitization.

These results indicate that DCK is an excellent triplet 
sensitizer for norbornene type molecules since it does not 
produce concurrent photoreduction of the alkene. Finally, 
these results show that intramolecular 2tt + 2a photocycli- 
zation will not occur from the triplet state of 1 even when the 
photoreduction route is completely suppressed.

Experimental Section
Infrared spectra were obtained with a Perkin-Elmer Model 137 

spectrophotometer. Nuclear magnetic resonance spectra were ob
tained with a Varian A-60 spectrometer. Melting points were taken 
in a Hoover-Thomas Capillary Melting Point Apparatus and are 
uncorrected. Gas chromatography (GPC) was performed on F & M 
Model 700 and Model 701 gas chromatograph. The analytical column 
was 10 ft X V8 in. 15% carbowax 20 M on 60-80 Chromosorb W; the 
preparative column was 10 ft X 3/g in. 15% carbowax 20 M on 60-80 
Chromosorb W. Percentage composition data were estimated by peak 
areas. Microanalyses were performed by Chemalytics, Inc., Tempe, 
Ariz.

Epoxidation of Dicyclopentadiene. To an ice-cold mechanically 
stirred mixture of 15.0 g (0.133 Mi of endo-dicyclopentadiene and 105 
g of anhydrous sodium carbonate in 225 mL of methylene chloride 
was added dropwise 24.9 g (0.131 M) of 40% peracetic acid which had 
been pretreated with a small amount of sodium acetate. After addition 
was complete the mixture was stirred at room temperature until the 
solution gave a negative starch-iodide test (~20 h). The solid salts 
were removed by suction filtration and washed well with an additional 
250 mL of solvent. The solvent was removed from the filtrate by flask 
evaporation to give 20 g of crude product. GLC analysis of the crude 
product showed unreacted dicyclopentadiene and two products in 
the ratio of 1:1:1.5. Column chromatography of 4.0 g of crude product 
over silica gel using benzene as eluent gave 1.0 g cf pure 1 and 1.2 g of 
pure 2. The minor product 1 was identified as endo-4-oxatetracy- 
clo[6.2.1.02’7.03'5]undec-9-ene, mp 85-86 °C. The infrared spectrum 
(CCI4) of 1 displays strong bands at 725 and 835 cm-1 and weak ab
sorption at 1625 cm-1. The NMR spectrum shows (CCI4) 4-proton 
multiplet at <51.1-2.1, 6-proton multiplet at 2.3-3.3, and a 2-proton 
multiplet (CH=CH) centered at 6.04. Anal. Calcd for C10H12O: C, 
81.04; H, 8.16. Found: C, 81.36; H, 8.26.

The major product was identified as endo-9-oxatetracy- 
clo[5.3.1.02'6.08’10]undec-3-ene (2).5 mp 76-78 °C (lit.5 mp 79-80 °C). 
The infrared spectrum (CC14) shows absorption at 1640 (weak), 850, 
and 706 cm-1. The NMR (CC14) shows an AB pattern (J = 9.0 Hz) 
centered at 5 1.098, a 10-proton multiplet from 2.1-3.3, and a 2-proton 
broad singlet at 5.6.

Photolysis of 1. A. Preparative. A 1.0-g sample of epoxide 1 was 
dissolved in 100 mL of spectral grade acetone, degassed for 10 min by 
bubbling nitrogen through the solution and photolyzed for 100 min 
with a Hanovia 450 W medium pressure lamp equipped with a Pyrex 
filter. The acetone was removed by flash evaporation to give a gummy 
mass which was extracted with petroleum ether. The petroleum ether 
was removed by flash evaporation to give 0.54 g of greenish yellow oil. 
GPC analysis showed three volatile products in the ratio of 6:1:3.8. 
The three products were separated by preparative GPC.

The major product was identified as endo-4-oxatetracy- 
clo[6.2.1.02'7.03'5]undecane (3) by direct comparison with an authentic 
sample.6

Table I

[11, M % 3 % 2,4-hexandione % 4 (4')

0.017 36 11 14
0.034 34 6
0.068 30 5 19
0.136 23 2
0.204 18 2 33

Table II

[6], M % 7 % 8

0.018 28 36
0.068 22 48
0.340 14 45

The second product was ident:fied as 2,4-hexandione by direct 
comparison with an authentic sample.

The third product is assigned as a mixture of the two exo-acetonyl 
compounds 4 and 4'. They could not be separated by GPC or column 
chromatography. The sample shows IR (CCI4) band at 1725 ( C = 0 ) 
and 838 cm-1 (epoxide). The NMR spectrum (CCI4) showed a 3- 
proton singlet at 5 1.90 (CH3C = 0 ). They are assigned the exo-ace
tonyl stereochemistry based on analogy to free-radical additions to 
norbornene systems.11

Photolysis of 0.5 g of 1 in 50 mL of degassed DCK or 50 mL of 10% 
DCK/benzene with a 450 W medium pressure Hanovia lamp equipped 
with a Pyrex filter resulted in no detectable volatile products.

B. Chemical Yield Studies. Samples of varying concentration were 
photolyzed in degassed acetone solutions using a merry-go-round 
apparatus and either Rayonet RPR-3000 A bulk in Pyrex tubes or 
Ravonet RPR -2537 A bulbs in quartz tubes. The overall results were 
essentially the same. Table I lists the maximum yields (calculated 
using eicosane as internal standard) which were obtained of the three 
photoproducts at 2537 A.

Photolysis of Bicyclo[5.2.1.02>6]dec-8-ene (6). A 1.0-g sample of 
68 was dissolved in 130 mL of spectral grade acetone, degassed for 10 
min by bubbling nitrogen through the solution, and photolyzed for 
90 min with a Hanovia 450 W medium pressure lamp equipped with 
a Pyrex filter. Nitrogen was bubbled through the solution throughout 
the irradiation. The acetone was removed by rotary evaporation to 
give a yellow oil. GPC analysis showed two photoproducts and un
reacted 6 in the ratio of 1:2:1. The products were isolated by column 
chromatography over silica gel using benzene as eluent. A trace of
2,4-hexanedione was also isolated. The minor product was identified 
as bicyclo[5.2.1.02'6]decane (7) by comparison with an authentic 
sample.

The major product was assigned as exo-8-acetonyltricyc- 
lo[5.2.1.02’6]decane (8). The exo stereochemistry is assigned base on 
analogy to other noroornyl systems.11 Compound 8 has a strong in
frared hand at 1710 cm-1 (C = 0 ). The NMR spectrum shows two 
distinct features of interest: a three-proton singlet at <5 2.01 and a 
broad two-proton doublet at 6 2.23 (J = 2.0 Hz) indicating an acetonyl 
group attached to a tertiary carbon. Anal. Calcd for C13H20O: C, 81.20; 
H, 10.48. Found: C, 80.90; H, 10.55.

B. Chemical Yield Studies. Samples of varying concentrations 
were photolyzed in degassed acetone solutions using a merry-go-round 
apparatus and Rayonet RPR-3000 A lamps. Table II lists the maxi
mum yields (calculated using n-dodecane as internal standard) which 
were obtained of the two photoproducts.

Photolysis of Dicyclopentadiene. A 20-riL sample of dicyclo
pentadiene in 2 mL of DCK was degassed by bubbling nitrogen for 
3 min and then irradiated at 3000 A in a Pyrex tube. The only ob
served product was the intramolecular 2rr + 2it  cycloaddition product, 
identified by comparison with an authentic sample.16

Photolysis of Norbornene. A solution of 0.5 g of norbornene, 1.5 
mL of benzene, and 100 ^L of DCK was degassed by bubbling nitrogen 
for 3 min and irradiated in a Pyrex tube at 3000 A. The reaction was 
followed by GPC. The only observable products were the two nor
bornene dimers (8:1 ratio).17
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13C and 15N NMR spectra of a selection of penicillin and cephalosporin antibiotics are reported and evaluated. 
The 13C data seem in broad accord with the present theory of 13C chemical shifts. 15N chemical shifts are complicat
ed by solvent effects, and correlations with structure are frequently difficult to recognize. While 15N chemical shifts 
show no obvious relationship to biological activity, some correlations are possible in the case of 13C.

The contributions of nuclear magnetic resonance (NMR) 
spectroscopy to studies of the structure and conformations 
of penicillins and cephalosporins have been many and varied.1 
Because of the relative simplicity of these molecules, routine 
4H NMR spectra usually suffice to elucidate their structures. 
Nuclear Overhauser enhancement (NOE) measurements 
provide further information regarding configuration and 
conformations in these systems.1 In the rare cases wherein ’ H 
NMR spectroscopy fails to distinguish structural possibilities, 
the 13C NMR spectra can be used.2 As part of a general ex
ploration of the applicability of 15N NMR spectroscopy to 
organic and biological chemistry, we have measured the 15N 
NMR spectra of a number of penicillin and cephalosporin 
derivatives.3 The purpose of the present paper is to report 
these results and to provide additional data regarding 13C 
chemical shifts in these systems.

Experimental Section
Spectra were measured at natural abundance on JEOL PFT-100 

multinuclear spectrometers, using the SD-HC heteronuclear decou
pler. Data were collected into the JEOL EC-100 computer. Operating 
frequencies were 10.09 MHz for 15N and 25.03 MHz for 1SC spectra. 
15N spectra were accumulated over a 4-KHz sweep width in 8 K of 
memory, using 15-25° tip angles and 1.2-2.0 s repetition rates. De
pending on sample, accumulation times ranging from 6 to 16 h were 
required to obtain satisfactory signal-to-noise ratios. Data were col
lected and transformed under conditions which would be expected 
to lead to 0.7-2.0 Hz line broadening.

Whenever possible, spectra were measured in neutral or near- 
neutral aqueous solutions. Enough D2O 10%) was added to provide 
internal lock. Carbon chemical shifts were measured relative to in

ternal 1,4-dioxane and adjusted to the Me4Si scale by the relation: 
5c(Me4Si) = oc(diox) + 67.4.15N chemical shifts were measured rel
ative to external NH4CI (2.9 M) dissolved in 1 M HC1.

13C and 15N resonance assignments are based on chemical shifts,4 
off-resonance and single-frequency decoupling experiments,4 relative 
peak heights,3 and partial exchange experiments.5

Results and Discussion
Penicillins. The structures of the penicillins studied in this 

work appear in Figure 1 .15N chemical shift data for both the 
free antibiotics and their methyl esters are presented in Table
I. Inasmuch as the 15N spectra of the free antibiotics were 
measured in aqueous solutions at pH ~ 6, the carboxylic acid 
may be assumed to be fully deprotonated.

For the free penicillins, the lactam resonance appears at 
about 144 ppm. In penicillin V a-sulfoxide, the N(4) resonance 
is substantially shielded (125.9 ppm), as might be expected 
from the usual 7 effect of oxygen in 15N chemical shifts.6’7 
Because the rigid penicillin nucleus prevents the oxygen from 
approaching N(4) closely, this shielding cannot be due to a 
steric effect. This is in agreement with other studies46 which 
show that steric interactions are not essential to the shielding 
effects of 7 heteroatoms.

Except for the example of hetacillin, the lactam nitrogen 
chemical shifts in these penicillins appear to be relatively 
insensitive to changing substitution at N(6'). The case of he
tacillin is unique in that N(6') is incorporated into a lactam 
ring which bears bulky substituents. In those fl lactams which 
have been studied by x-ray crystallography,8 the amide N-H 
has been shown to be projected above the /3-lactam ring. In an

0022-3263/78/1943-2013$01.00/0 © 1978 American Chemical Society
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Figure 1. Structures of penicillin derivatives studied in this work.

Table 1.15N-NMR Chemical Shifts in Penicillin 
Derivatives

Penicillin
derivatives

Registry
no. N(4) N (6') Other Solvent

Methyl esters 
Penicillin G 653-89-4 134.3 85.1 c 6d 6
Penicillin V 2315-05-1 134.8 80.5 1,4-Diox-

Penicillin V a- 25547-92-6 117.3 78.9
ane

1,4-Diox-
sulfoxide

Methicillin 22668-52-6 136.8 83.4
ane

c 6d 6
Ampicillin 65404-78-6 135.4 78.2 1.1 c 6d 6
Oxacillin 27605-29-4 135.4 87.7 274.9 c h 2c i2-

Hetacillin 4052-65-7 124.9 78.4 35.8
- c 6d 6

CH2C12-
-C 6D6

Salts
Penicillin G, K 113-98-4 143.7 90.7 H20
Penicillin G, K 142.6 86.6 Me2SO
Penicillin G, 54-35-3 137.1 87.3 45.2, M e2SO

procaine 25.9
Penicillin V, 1098-87-9 143.1 85.5 HoO

Na
Penicillin V a- 65338-34-3 125.9 82.5 h 20

sulfoxide, Na
Methicillin, Na 132-92-3 144.5 95.8 h 2o
Ampicillin, Na 69-52-3 144.5 87.6 9.6 H oO
Oxacillin, Na 1173-88-2 144.1 92.1 262.3 h 2o
Hetacillin, K 5321-32-4 132.1 86.0 48.6 h 2o

higher field than in the parent antibiotics. The lactam reso
nance of procaine penicillin G also occurs at unusually high 
field. These changes are likely due to differences in the charge 
on the adjacent carboxylate group, in analogy to the observed 
changes at the ¡3 carbon of carboxylic acids.9 In cases wherein 
this charge is present, the lactam nitrogen comes into reso
nance at relatively lower field than when the charge is absent, 
as in the esters, or dispersed through ion pairing, as in procaine 
penicillin G.

As might be expected, the chemical shift of N(6') is much 
more dependent upon the identity of the amide. Some of the 
observed chemical shift differences can be interpreted in the 
light of our present understanding of 15N chemical shifts. 
Thus, the upfield positions of N(6') in penicillin V and am- 
picillin relative to penicillin G most probably result from the 
y heteroatoms included in the side chains of these derivatives.7 
Other changes in the chemical shift of N(6') are not easily 
explained in terms of the present theory of 15N chemical shifts. 
Thus, the effect cf the sulfoxide oxygen of penicillin V sulf
oxide relative to the parent antibiotic does not correlate well 
with the 5 effect observed in other systems;7’10 possibly this 
relatively shielded position of the N(6') resonance of the 
sulfoxide results from increased electronegativity7 of the y 
substituent (i.e., sulfoxide vs. sulfide). Also, the N(6') reso
nances of methicillin and oxacillin are deshielded relative to 
penicillin G; this is opposite the shielding effect usually ob
served in amides in which the carbonyl is in conjugation with 
an aromatic group.6 Finally, the amide nitrogen of hetacillin 
comes into resonance slightly upfield of that of ampicillin, 
even though the former has two additional f3 substituents. In 
15N chemical shifts, the ft effect has been found to be strongly 
deshielding in nature.6-7 The discrepancy here is likely due to 
the fact that N(6') in hetacillin is incorporated into a lactam, 
making direct comparison with the other analogues impossi
ble.

The chemical shifts of the amide nitrogens of the methyl 
esters are all shielded relative to the free penicillins, the shift 
differences ranging from 3.6 ppm (penicillin V a-sulfoxide) 
to 12.4 ppm (methicillin). Most of these differences can be 
ascribed to solvent effects (vide infra).

Cephalosporins. In Table II are gathered the 13C and 15N 
chemical shift data for the cephalosporins examined in this 
study. Because the cephalosporin nucleus has two sites of 
substitution (C-3' and N-7'), it was considered likely that the 
15N chemical shifts would vary over a greater range than ob
served for the penicillins. Accordingly, some effort was made 
to standardize the conditions of measurement, and all the data 
shown in Table II were obtained from the carboxylate salt of 
the eephalosporanic acid dissolved in aqueous solutions at pH 
values between 4 and 7. In a separate study,11 it was deter
mined that the 13C NMR spectrum of cephalosporin C (8) was 
invariant in this pH range, and this was assumed to obtain also 
for the 15N chemical shifts.

Compounds 1 through 8 differ only in the structure of the 
amide substituent, R. It is obvious that throughout most of 
this series, the 13C; NMR spectrum is essentially insensitive 
to this variation. Introduction of a methoxyl group at carbon 
7 (9) leads to the expected large changes in the chemical shifts 
of the resonances of carbons 7 (a effect) and 6 (/3 effect).43 The 
upfield shift at C(8) parallels that associated with a haloge-

analogous conformation, the geminai dimethyl group of the 
side chain of hetacillin would be expected to interact sterically 
with the thiazolidine ring and its substituents. We suggest that 
conformational differences resulting from these interactions 
account for the unusual 15N chemical shifts in hetacillin.

In the methyl esters of these penicillins, the lactam nitro
gens are seen to come into resonance approximately 8-10 ppm

OCH,

- OOCCH(CH,),CONH/ P

NH + OCOCH,

COO'
9
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Table II. 13C° and IoN h Chemical Shifts in Cephalosporins
RCONH

co r

Registry
no. Rc X d C(2) C(3) C(3') C(4) 4-C02- N (5) C(6) C(7) N(7') CO C(8)

1 27267-35-2 H OAc 26.3 117.1 64.9 132.3 169.1 129.3 57.6 58.5 89.6 165.4«- 165.5«-
2 32178-86-2 c h 3 OAc 26.3 116.9 65.0 132.3 169.2 129.7 58,0 59.9 87.5 175.5 165.9
3 859-07-4 PhCH2 OAc 26.3 116.9 65.0 132.3 169.2 129.7 58.2 60.0 86.7 176.0 165.5
4 10390-44-0 PhOCH2 OAc 26.3 117.0 65.0 132.3 169.1 129.3 58.0 59.4 81.1 172.7 165.1
5 27910-26-5 PhC(OH)H- OAc 26.3 116.8 65.0 132.3 169.0 129.6 58.1 59.6 31.4 176.2 165.2
6 153-61-7 ThCH, OAc 26.3 116.9 65.0 132.3 169.1 129.3 58.1 60.0 35.5 174.8 165.4
7 43141-96-4 TetCH2 OAc 26.3 117.2 65.0 132.3 169.2 129.1 57.8 60.0 33.5 168.2 165.1
8 47580-44-9 AAA OAc 26.3 116.9 65.0 132.3 169.3 129.4 58.0 59.9 37.1 177.3 165.7
9 3217.8-82-8 7-OMe, AAA OAc 26.5 116.7 64.8 132.4 168.8 n.a J 63.4 95.7 n.a J 178.1 161.1

10 34691-02-6 ThCH2 H 29.3 123.2 19.4 127.5 170.6 n.a. 57.7 59.6 n.a. 174.6 165.0
11 5935-65-9 ThCH2 OH 26.2 122.1 61.8 130.3 169.8 n.a. 58.2 59.9 n.a. 174.9 165.5
12 26722-85-0 ThCH2 SCHs 27.7 120.9 36.1 130.4 169.5 n.a. 58.6 59.8 n.a. 174.4 165.1
13 13057-93-7 ThCH2 PYR 25.9 113.1 62.6 135.9 167.9 130.8 58.3 60.4 85.9 174.5 165.4
14 26970-95-6 ThCH2 THD 27.7 119.1 38.7 131.9 168.4 n.a. 58.5 59.9 n.a. 174.3 165.3
15 33305-26-2 TetCH2 THD 27.7 119.6 38.8 132.0 168.5 130.7 58.1 59.9 83.7 168.1 165.0
16 65333-32-1 PhC(OH)H- TTZ 27.4 118.9 37.2 131.7 168.4 n.a. 58.2 59.5 n.a. 176.2 165.0
17 10203-11-7 PhOCH2 H 29.3 123.4 19.4 127.6 170.4 n.a. 57.5 59.0 n.a. 172.3 164.7
18 27723-35-8 PhC(NH2)H- H 29.2 122.7 19.3 127.4 170.6 129.9 57.8 59.1 83.7 176.9 164.8
° In ppm from Me4Si. b In ppm from NH4CI. c Abbreviations used: Ph = phenyl,

T h -
N=N

AAA = HQOCC(NH2)H(CH2)3-. d PYR = pryidinium

TH D  = X-N
. TTZ =

x- \

CH

e May be interchanged in assignment, f n.a. = not available.

nation of ketones.43 In analogy to the penicillins, variation of 
the structure of the amide substituent effects little change in 
the chemical shift of the lactam nitrogen. In fact, the varia
tions in the N(5) chemical shifts in compounds 1-8 can be 
taken as a measure of the experimental error in these spec
tra.

Of greatest interest, however, are the chemical shift changes 
observed at the amide nitrogen, N(7'). Throughout the series 
of compounds 1- 8, the chemical shift of this nucleus varies 
over a range of approximately 8.5 ppm, thereby making it a 
sensitive measure of variations in the structure of R. The N(7') 
chemical shift difference between 1 and 2 is small, consistent 
with the usually small differences between formamides and 
other amides.6" The similarities in the chemical shifts of the 
N(7') resonances of 2,3, and 8 indicate that in these systems, 
the 7 effects of phenyl and methylene groups are very small. 
As before, however, the addition of a 7 heteroatom brings 
about large shielding effects at the amide nitrogen, the largest 
changes being observed for the highly electronegative oxygen 
atoms of 4 and 5, although the smaller changes observed for 
nitrogen and sulfur (7 and 6, respectively) must be considered 
experimentally significant. These results are again in broad 
accord with the usual correlation between the magnitude of 
the 7 effect and the electronegativity of the 7 subst- 
ituent.4b-7

Compounds 6 and 10-14 form another series in which only 
one of the substituents on the cephalosporin nucleus is varied, 
this time the one attached to C(3'). Practical problems and 
deficiencies in supply prevent our reporting 15N data for more 
than two compounds in this series. As might have been ex
pected, the chemical shifts of the amide nitrogen and the three

carbons of the lactam ring are relatively unchanged through 
this series. Somewhat more surprising is the small change in 
the chemical shift of N(5) for X  equal to acetate and pyri- 
dinium (6 and 13, respectively). This point will receive further 
comment below.

The identity of X has a much larger effect on the chemical 
shifts of nearby carbons. Comparison of the spectra of this 
series shows that carbon 2 varies through a range of 3.4 ppm. 
Relating these chemical shifts to that of C(2) in 10 (X = H), 
it can be seen that these changes are due to 7 substitution and 
that the magnitude of the shift is again related to the elec
tronegativity of the atom attached tc C(3')- When this atom 
is oxygen (6,11) or positively charged nitrogen (13), the 7 ef
fect is approximately 3 ppm; for the less electronegative sulfur 
(12, 14), the shift is nearer 1.5 ppm.

Somewhat more dramatic effects are seen in the resonances 
■ of carbons 3 and 4. In 10 (X = H), the chemical shifts of these 
carbons differ by approximately 4 ppm. The addition of 
electronegative substituents at C (3') increases this chemical 
shift difference, a phenomenon which is generally associated 
with increasing polarization of the r-electron clouds.43 For 
electronegative substituents such as acetate and pyridinium, 
the differences in the chemical shifts of carbons 3 and 4 exceed 
15 ppm. Concurrent, but smaller, upfield shifts are seen to 
occur in the carboxylate (C-4') resonances. The importance 
of this bond polarization to the activity of these compounds 
is suggested by the fact that the two compounds showing the 
greatest differences between the chemical shifts of carbons 
3 and 4 (cf. 6 and 13) are among "he most successful ce
phalosporin antibiotics presently available commercially.

While there are presently rather few data available, it seems
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Table III. 15N Data for the Acid and Sodium Salt Forms
of 15

N(5) N(7') Other Solvent

Salt“ 130.7 83.7 204.9, 251.6 H20
Salt 130.8 82.1 205.7 Me2SO
Acid 125.1 81.3 205.3 Me2SO

° Registry no. 65338-33-2.

evident from Table II that the range of chemical shifts shown 
by the lactam nitrogen of cephalosporins will be disappoint
ingly small. Thus, throughout Table II, which includes com
pounds with X varying from H to pyridinium, the N(5) 
chemical shifts vary by less than 2 ppm. The contrast between 
this result and those discussed above for carbons 3 and 4 
suggests that the effect of X is not efficiently transmitted 
th rou gh  the carbon-carbon double bond to the lactam ni
trogen.

When the double bond is removed from conjugation with 
this nitrogen, however, the chemical shift is strongly affected. 
Thus, the N(5) resonances of 19 and 20 differ by 15.5 ppm, a

shift similar in both direction and magnitude to the chemical 
shift differences of the nitrogens of aniline and cyclohexyl- 
amine.3’6’7 Also intriguing is the difference of 4 ppm in the 
amide nitrogen chemical shifts of 19 and 20. This is a shift of 
surprising magnitude for a nitrogen so remote from the point 
at which the two structures differ. Most probably, the changes 
in these chemical shifts are influenced by the different in- 
terannular angles of the A2- and A3-cephem systems.3

In the penicillins, large changes were observed at both ni
trogens in going from the free antibiotics in aqueous solution 
to the methyl esters in organic solvents. Comparison of the 15N 
spectra of 2 and 21  provides a measure of the effect of the

analogous change in the cephalosporins. For the lactam ni
trogen, this chemical shift difference is 6.7 ppm, which com
pares reasonably with the changes observed in the penicillins 
(7.2-9.4 ppm). For the amide nitrogen, the difference is 4.1 
ppm, which again is similar to the previous examples. In an 
attempt to distinguish between the effects of differing charges 
on the carboxylate group and solvent effects, we measured the 
spectrum of 15 in both its acid and salt forms in dimethyl 
sulfoxide (Me2SO) solution. The data in Table III show that 
the spectra of the salt of 15 in Me2SO and water are quite 
similar, only the amide resonance being significantly different. 
This change in the chemical shift of N(7'), as well as that ob
served when 15 is converted to its acid form, is probably due 
to small changes in the solvation of the molecule. In contrast, 
the lactam nitrogen is seen to be shifted upfield by 5.7 ppm 
in the acid relative to the salt (Table III). This shift, which we 
believe results primarily from the change in charge on the

carboxylate group, compares closely with the 6.7-ppm shift 
difference noted above for the lactam nitrogens of 2  and 2 1 . 
On the basis of these results, we believe that while the dif
ferences in the N '5) chemical shifts of the penicillins (Table 
I) can be ascribed primarily to ionization effects, the large 
changes in the amide nitrogen chemical shifts are largely due 
to solvent effects

Conclusions
It is to be expected that 'H NMR spectroscopy1 will con

tinue to be the predominantly used method in problems of 
structure elucidation and conformational analysis of the 
penicillins and cephalosporins. The greater expense of 13C 
NMR spectroscopy in both time and money will probably 
result in its being reserved for rather specialized structure 
problems.2’12 The present requirement for relatively large 
samples for 15N NMR spectroscopy will make its use even 
more selective.

However, in structures with relatively few protons, espe
cially at centers generally regarded as important to the bio
logical activity, 1EC and 15N NMR spectroscopy can provide 
detailed information regarding the electron distribution 
throughout the molecule. In some cases, there appears at least 
a broad correlation between carbon chemical shifts and the 
activities of the /3-lactam antibiotics, as seen above in the cases 
of 6  and 13. In a phenomenon as complex as biological activity, 
however, such correlations cannot be expected to be generally 
successful. At present, for example, there is nothing obvious 
in the 13C or 15N NMR spectra of 18 which can be correlated 
with its commerical success.

Many of the sources of !5N chemical shifts are not well 
understood at present. It is apparent from the above discus
sion that generalizations derived from simpler systems do not 
necessarily apply to compounds of biological and commercial 
importance. Perhaps it is best to recognize the present em
pirical state of 15N NMR spectroscopy, collecting data when 
possible, but without prejudicing ourselves about the type of 
answers we expect.
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A  n e w  o x i d a t i v e  m e t h o d  f o r  t h e  s y n t h e s i s  o f  1 - p y r a z o l i n e s  (2) f r o m  2 - p y r a z o l i n e s  ( 1 )  u t i l i z i n g  b e n z o y l  p e r o x i d e s  

w a s  d i s c o v e r e d .  O x i d a t i o n  o f  2 w i t h  m - c h l o r o p e r b e n z o i c  a c i d  r e s u l t e d  in  t h e  f o r m a t i o n  o f  t h e  c o r r e s p o n d i n g  1 -  a n d  

2 - o x i d e s  (3 a n d  4). C h e m i c a l  d e g r a d a t i o n  o f  4 a n d  13 C  N M R  a n d  m a s s  s p e c t r a l  f r a g m e n t a t i o n  s t u d i e s  o f  2, 3, a n d  

4 l e d  t o  u n e q u i v o c a l  a s s i g n m e n t  o f  t h e  p o s i t i o n  o f  t h e  N - o x i d e  f u n c t i o n .

The recent interest in the chemistry of the azoxy function 
is partly related to its occurrence in natural products with 
potent physiological activity. Cyasin2 a potent carcinogen3 and 
elaiomycin4 a tuberculostatic agent5 serve as examples. Fur
thermore, azoxides are believed to be hydrolytic metabolic 
intermediates responsible for the biological activity of the 
clinically useful nitrosoureas.6 Our interest in 3-aroyloxy-l- 
pyrazoline iV-oxides as potential anticancer agents is based 
on the rationale that related azoxides could be generated upon 
the in vivo hydrolysis of these compounds.

Unlike previous reports on the preparation of cis7 and 
trans7®’8 azoxyalkanes, synthetic methods for 3-oxysubstituted 
azoxides are rather limited. Methoxide fragmentation of a 
nitrosourethanocyclopropane furnished a 3-methoxy-l-py
razoline 1 -oxide.9 Silver ion assisted displacement of bromide 
in phenylbromomethyldiazene 1 -oxide by oxygen nucleophiles 
afforded the corresponding substituted compounds.8 Peracid 
oxidation of 3-acetoxy- and 3-benzoyloxy-3,5,5-trimethyl-
1 - pyrazolines (2 a and 2 b) furnished, depending on the peracid 
used, the corresponding 1 - and 2-oxides.10 It is this latter 
method that was used in the present work to prepare the title 
compounds.

Freeman synthesized 2a and 2b by oxidation of the 2-py- 
razoline (1) with lead tetraacetate and lead tetrabenzoate, 
respectively.10 The instability of lead salts of substituted 
benzoic acids11 did not allow the use of this method for the 
preparation of a variety of aromatic esters whose rates of hy
drolysis could have interesting biological implications. How
ever, a new method for oxidation of such 2 -pyrazolines was 
discovered when it was noted that treatment of 1 with an 
equimolar quantity of benzoyl peroxide, with the aid of illu
mination, yielded the known 2b.10 This same method per
mitted the synthesis of the substituted 3-benzoyloxy-l-py- 
razolines (2c-i) as shown in Scheme I. The benzoyl peroxides 
were prepared by treatment of the corresponding acid chloride 
with sodium or hydrogen peroxide.12

The reactions were carried out in chloroform or benzene at 
room temperature and gave 40-60% yields of the product. It 
is believed that this oxidation takes place via radical inter
mediates as depicted in Scheme II.

Similar oxidations have been reported. a-Benzoyloxv ke
tones have been prepared by treatment of their enamines with 
benzoyl peroxide followed by hydrolysis.13 Pyrimidines have 
also beer, oxidized to their 5-benzoyioxy derivatives. 14

Peracid oxidation of 2 followed already reported proce
dures. 10 While peracetic acid gave only the 2-oxide (4). m - 
chloroperbenzoic acid (MCPBA) gave a mixture of the 1- and
2- oxides (3 and 4). The need for both isomers prompted us to 
use the latter method where separation of the N-oxide mixture 
was accomplished by column chromatography on silica gel. 
This method of separation, although it furnished pure isomers, 
resulted in extensive decomposition of what is believed to be 
the 1-oxide isomer (3) (vide infra). This is evidenced by gas
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generation and the isolation of the corresponding benzoic 
acid.

Oxidation of the 4-nitrophenyl compound (2i) produced 
unexpected results. In addition to the I- and 2-oxides, a minor 
product was isolated whose mass spectrum suggested the 
presence of chlorine in the molecule evidenced by pairs of 
peaks at m/e 300, 298; 158,156; 111, 139; and 113, 111, with 
intensity ratios of 1:3. The last six fragments are characteristic 
of chlorobenzoic acids as has been observed in the mass 
spectra of 3c-3e and 4c-4e. That the chlorine is in the meta 
position is shown by the identity of the aromatic regions in the 
13C- and ^-N M R  spectra to those of 3d and by the absence 
of the AA'BB' pattern expected for p-nitro benzoic acid. The 
presence of chlorine was further confirmed by elemental 
analysis which gave the compound an empirical formula of 
C13H15N2O4CI Based on the above data the structure of the 
compound could be either 5 or 6 .15

Although ultraviolet data could be used to distinguish be
tween cyclic azoalkane N-oxides and N,N'-dioxides,16 this 
method could r.ot be applied here, since the ultraviolet spectra 
of 2d, 3d, 4d ar.d the unknown were almost identical. 19 How
ever, the carbonyl absorption of 5 (6 ) was distinctly different

0022-3263/78/1943-2017$01.00/0 © 1978 American Chemical Society
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from (1786 cm-1) and was shifted to higher frequency than 
those for 2d, 3d, and 4d (1748 cm"1). Since analogous fre
quency differences have been observed between esters and 
peresters,20 the compound is assigned structure 5.

The formation of the perester 5 is visualized to arise from 
protonated 3i (Scheme III). Elimination of 4-nitrobenzoic acid 
furnished the intermediate 7 which is trapped with the more 
nucleophilic m-chloroperbenzoate ion to give the product 5. 
Support for this mechanism was obtained when 3i and 4i were 
subjected to oxidation with MCPBA. The perester 5 was ob
tained from the former only thus ruling out the intermediacy 
of the latter. The oxidation of the 3,5-dinitrophenyl compound 
2j with MCPBA gave increased 5 and the 2-oxide 4j, while the
1 -oxide 4i was not obtained. This demonstrates further that 
the stronger the electronegativity of the substituents on the 
phenyl ring the easier the solvolysis of the 1 -oxide.

Determination of the N-oxide position was derived from 
chemical and spectral methods. Freeman reported10 the base 
decomposition of 4b and the isolation of mesityl oxide from 
the reaction mixture. This result could be duplicated for our 
compounds resulting in the isolation of the a./t-unsaturated 
ketone.

I I -O X ID E

'  2 -O X ID E

130 50PPM

Figure 1.

In addition tc the above chemical approach, two spectral 
methods have been developed for determining the position 
of the iV-oxide, namely, 13C-NMR and mass spectral frag
mentation studies. The chemical shifts of the carbonyl carbons 
as well as those of C-3, C-4, and C-5 in compounds 2, 3, and 
4 are listed in Tables I, II, and III, respectively.

It is noted that N-oxidation exerts very little influence on 
the chemical shifts of >C =0 and C-4 while it has a shielding 
effect on both C-3 and C-5. The shileding magnitude however 
is not the same for both carbons and is reversed as one goes 
from a 1-oxide tc the isomeric 2-oxide. For example, C-5 is less 
shielded in 3b than in 4b (—6.29 vs. —24.74 ppm) while the 
reverse is true for C-3 which is more shielded in 3b than in 4b 
(-17.79 vs. - 8 .8 6  ppm). A schematic representation of the 
average of shileding effects on carbons 3,4, and 5 is shown in 
Figure 1.

A suggestion for the greater shielding of C-3 in the 1-oxides 
is offered in Scheme IV. Resonance effects of the N-oxide 
increase electron density at the neighboring nitrogen in 9 and 
1 1 , which results in the observed shielding of the adjacent 
carbon. Analogous shielding effects have been observed for 
pyridine oxide21 and 1,2,4-triazine 1 - and 2 -oxides.22

The observed smaller shielding of C-5 and C-3 in the 1- and
2 -oxides, respectively, appears, at first glance, to be an 
anomaly since one expects the positive charge at the oxygen
bearing nitrogen in 9 and 11 to deshield the adjacent C-3 and 
C-5, respectively. A reasonable explanation is derived from

Table I. Physical Data and Yields of 1-Pyrazolines (2)
R e g i s t r y  1 3 C  c h e m i c a l  s h i f t ,  p p m

2 n o . c4 c5 c3 V O II o M p , ° C Y i e l d ,  %

b 6 5 4 4 1 - 7 6 - 1 4 2 . 2 9 0 .8 1 1 8 . 1 1 6 4 . 5 6 8 - 7 0  ( l i t .  7 0 - 7 1 ) 10 5 9
c 6 5 4 4 1 - 7 7 - 2 4 1 . 8 9 0 .5 1 1 8 . 5 1 6 3 . 4 O i l 2 0

d 6 5 4 5 3 - 0 3 - 4 4 1 . 7 9 0 . 3 1 1 8 . 1 1 6 3 . 0 3 7 - 8 7 5
e 6 5 4 4 1 - 7 8 - 3 4 2 . 0 9 0 .6 1 1 8 . 3 1 6 3 . 6 7 5 - 6 4 2
f 6 5 4 4 1 - 7 9 - 4 4 2 . 0 9 0 .5 1 1 8 . 2 1 6 3 . 7 9 4 - 6 5 5

g 6 5 4 4 1 - 8 0 - 7 4 2 . 2 9 0 .4 1 1 7 . 9 1 6 3 . 4 7 0 - 4 5 0
h 6 5 4 4 1 - 8 1 - 8 4 1 . 8 9 0 .5 1 1 8 . 2 1 6 3 . 3 6 4 - 7 4 6
i 6 5 4 4 1 - 8 2 - 9 4 2 . 1 9 1 . 4 1 1 9 . 7 1 6 3 . 4 1 1 3 - 5 4 2

j 3 4 2 7 7 - 6 2 - 8 4 1 . 9 9 1 . 1 1 1 9 . 4 1 6 0 . 5 1 5 9 - 6 1 3 5

a S a t i s f a c t o r y  a n a l y t i c a l  d a t a  ( ± 0 . 4  f o r  C ,, H, a n d  N ) w e r e  r e p o r t e d  f o r  a l l  c o m p o u n d s .

Table II. Physical Data and Yields of 1-Pyrazoline 1-Oxides (3)“
R e g i s t r y 1 3 C  c h e m i c a l  s h i f t s ,  p p m

3 n o . c4 c5 c3 V n II o M p ,  ° C Y i e l d ,  %

b 6 5 4 4 1 - 8 3 - 0 4 5 . 5 8 4 .6 1 0 0 . 3 1 6 4 . 9 b
c 6 5 4 4 1 - 8 4 - 1 4 5 . 1 8 4 .6 1 0 0 . 9 1 6 3 . 7 O i l 2 7
d 6 5 4 4 1 - 8 5 - 2 4 5 . 4 8 4 .6 1 0 0 . 6 1 6 3 . 6 5 2 - 6 4 2 8
e 6 5 4 4 1 - 8 6 - 3 4 5 . 5 8 4 .8 1 0 0 . 6 1 6 4 . 1 1 1 7 - 1 9 2 6
f 6 5 4 4 1 - 8 7 - 4 4 5 . 6 8 4 .6 1 0 0 . 5 1 6 4 . 1 1 1 0 - 1 2 3 7

g 6 5 4 4 1 - 8 8 - 5 4 5 . 4 8 4 . 5 9 9 .9 1 6 3 . 9 1 1 0 - 1 4 3 2
h 7 5 4 4 1 - 8 9 - 6 4 5 . 3 8 4 . 7 1 0 0 . 4 1 6 3 . 8 1 1 2 - 1 4 2 8
i 6 5 4 4 1 - 9 0 - 9 4 5 . 5 8 5 .6 1 0 1 . 9 1 6 3 . 8 1 2 3 1 8

°  S a t i s f a c t o r y  a n a l y t i c a l  d a t a  ( ± 0 . 4  f o r  C ,  H, a n d  N )  w e r e  r e p o r t e d  f o r  a l l  c o m p o u n d s .  b P r e p a r e d  b y  t h e  m e t h o d  r e p o r t e d  i n  r e f

10.
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Table III. Physical Data and Yields of 1-Pyrazoline 2-Oxides (4)n

4
Registry

no. c4
13C chemical shifts, ppm

c5 c3 V 0 II 0 M p ,  °C Yield, %
b 65441-91-0 43.8 66 .1 109.2 163.7 b
c 65441-92-1 44.1 66.3 109.6 162.6 92-5 23
d 65441-93-2 43.8 66 .2 109.4 162.5 125-7 29
e 65441-94-3 44.1 66.4 109.6 163.1 136-7 21
f 65441-95-4 44.0 66 .2 109.4 163.0 137-40 14
g 65441-96-5 44.2 66 .1 109.2 163.5 138-40 16
h 65441-97-6 44.1 6 6 .2 109.4 162.8 120-4 18
i 65441-98-7 43.7 66.7 110.7 163.1 187-8 23
j 65441-99-8 43.8 66.5 110 .1 160.0 183-5 21

“ Satisfactory analytical data (± 0.4 for C, H, and N) were reported for all new compounds. 6 Prepared by the method reported in
ref 1 0 .

the XH-NMR data of pyridine and the pyridinium ion.23 In m /e  127 peak is not due to species 15 is provided by the ab-
pyridine, H-2 experiences most the anisotropic effect of the sence of this unit in the spectra of the parent pyrazolines
lone electron pair of nitrogen and thus is most deshielded. (2).
However, upon protonation, H-3 and H-4 experience a de
shielding effect with little change in the chemical shift of H-2. 
The deshielding effect of the positive charge on nitrogen is 
largely canceled by the reduction in the anisotropy of the ni
trogen atom. Using this argument one can explain the ob
served shielding of the carbons adjacent to the positive ni
trogen in 9 and 11 as a result of incomplete cancellation of two 
opposite effects. XH-NMR studies on cis azoxyalkanes have 
been reported to cause shielding of a  protons;7 however, the 
authors indicated that similar effects on a  carbons were not 
observed.

Mass spectral data of compounds 2, 3, and 4 provided an 
additional method for the location of the N-oxide function. 
A mass unit m /e  127 appeared in the fragmentation pattern 
of only the 1-oxides, Scheme V. This fragment corresponds 
to the relatively stable radical cation 12  which can be reso
nance stabilized by the N -o x id e  function as shown in 13. This 
explains the absence of the corresponding species 14 of the 
2-oxide which lacks similar resonance stabilization. That the
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Experimental Section

M e l t i n g  p o i n t s  w e r e  t a k e n  o n  a  T h o m a s - H o o v e r  c a p i l l a r y  m e l t i n g  

p o in t  a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  1 3 C - N M R  s p e c t r a  w e r e  r e c o r d e d  

o n  V a r i a n  C F T - 2 C  a n d  1 H - N M R  d a t a  o n  V a r i a n  A - 6 0  o r  J e o l c o  C -  

6 0 H L  N M R  s p e c t r o m e t e r s .  A l l  N M R  s p e c t r a  w e r e  d e t e r m i n e d  in  

C D C I 3 , e x c e p t  f o r  t h e  4 - n it r o  a n d  3 ,5 - d i n i t r o p h e n y l  d e r i v a t i v e s  (i a n d  

j )  w h i c h  w e r e  o b t a i n e d  in  d e u t e r i o a c e t o n e  a n d  a r e  e x p r e s s e d  a s  b in  

p p m  u n i t s  d o w n f i e l d  f r o m  M e 4S i .  M a s s  s p e c t r a  w e r e  o b t a i n e d  o n  a  

D u P o n t  4 9 0  m a s s  s p e c t r o m e t e r .  E l e m e n t a l  a n a l y s e s  w e r e  p e r f o r m e d  

b y  M i c r o a n a l y s i s ,  I n c . ,  W i l m i n g t o n ,  D e l .  M e l t i n g  p o i n t s  a n d  y i e l d s ,  

w h i c h  w e r e  n o t  o p t i m i z e d ,  f o r  t h e  1 - p y r a z o l i n e s  (2 ) a n d  t h e i r  1 - a n d

2 - o x i d e s  (3 a n d  4) a r e  l i s t e d  in  T a b l e s  I ,  II, a n d  III, r e s p e c t i v e l y .

3-(4-Chlorobenzoyloxy)-3,5,5-trimetyl-l-pyrazoline (2e). T h e  

f o l l o w i n g  p r o c e d u r e  is  r e p r e s e n t a t i v e  f o r  a l l  o t h e r  s u b s t i t u t e d  3 -  

b e n z o y l o x y - 3 ,5 ,5 - % r i m e t h y l - l - p y r a z o l i n e s .

A  m i x t u r e  o f  1 4 . 5  g  1 .0 . 14  m o l)  o f  1 ,  4 6 .7  g  ( 0 . 1 5  m o l)  o f  4 - c h lo r o -  

b e n z o y l  p e r o x i d e ,  a n d  5 5 0  m L  o f  b e n z e n e  o r  c h lo r o f o r m  w a s  s t i r r e d  

a t  r o o m  t e m p e r a t u r e ,  u n d e r  n i t r o g e n  a n d  i l l u m i n a t i o n  b y  i n c a n d e s 

c e n t  l i g h t ,  f o r  1 2  h . T h e  m i x t u r e  w a s  f i l t e r e d  a n d  t h e n  w a s h e d  w i t h  

s a t u r a t e d  a q u e o u s  s o d i u m  b i c a r b o n a t e  s o l u t i o n .  T h e  b e n z e n e  o r  

c h lo r o f o r m  l a y e r  w a s  d r i e d  a n d  f i l t e r e d  t h r o u g h  a  s h o r t  c o l u m n  o f  

s i l i c a  g e l.  E v a p o r a t i o n  o f  t h e  f i l t r a t e  a n d  r e c r y s t a l l i z a t i o n  o f  t h e  r e s 

id u e  t w i c e  f r o m  a q u e o u s  e t h a n o l  o r  e t h e r - h e x a n e  g a v e  2 e .  W h e n  

c r y s t a l l i z a t i o n  w a s  n o t  p o s s ib le ,  c o lu m n  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  

e l u t i n g  w i t h  a n  e t h e r - h e x a n e  m i x t u r e  w a s  u s e d  t o  p u r i f y  t h e  p r o d 

u c t s .

3-(4-Chlorobenzoyloxy)-3,5,5-trimethyl-l-pyrazoline 1- and 
2-Oxides (3e and 4e). T h e  f o l lo w in g  p r o c e d u r e  is  a l s o  r e p r e s e n t a t i v e  

f o r  a l l  o t h e r  s u b s t i t u t e d  3 - b e n z o y l o x y - 3 , 5 , 5 - t r i m e t h y l - l - p y r a z o l i n e  

1 - a n d  2 - o x id e s .

T o  a  s o l u t i o n  o f  t h e  p y r a z o l i n e  (2e, 3 .9  g , 0 . 0 1 5  m o l)  in  1 0  m L  o f  

c h lo r o f o r m  w a s  a d d e d  a  s o lu t io n  o f  3 - c h lo r o p e r b e n z o ic  a c id  ( 6 . 1  g , 0 .0 3  

m o l  c a lc d  a t  8 5 %  p u r i t y )  in  1 8 0  m L  o f  c h lo r o f o r m ,  a n d  t h e  r e a c t i o n  

m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 8  h , w a s h e d  w i t h  t h r e e  

5 0 - m L  p o r t i o n s  o f  s a t u r a t e d  a q u e o u s  s o d i u m  b i c a r b o n a t e  s o lu t io n ,  

d r ie d ,  a n d  e v a p o r a t e d  t o  g iv e  4 .5  g  o f  t h e  c r u d e  p r o d u c t  w h ic h  s h o w e d  

t w o  s p o t s  o n  t h i n  l a y e r  c h r o m a t o g r a p h y  ( T L C ) .  C o l u m n  c h r o m a 

t o g r a p h y  o f  t h e  m i x t u r e  o v e r  1 2 0  g  o f  s i l i c a  g e l  a f t e r  e l u t i o n  w i t h  

b e n z e n e - a c e t o n e  ( 9 9 : 1 )  g a v e  f i r s t  1 . 4 5  g  o f  t h e  1 - o x i d e  ( 3 e )  t h e n  0 .7  

g  o f  t h e  2 - o x i d e  ( 4 e )  f o r  a  t o t a l  y i e l d  o f  5 1 % .  A f t e r  r e c r y s t a l l i z a t i o n  

f r o m  c h l o r o f o r m - h e x a n e ,  t h e  a n a l y t i c a l  s a m p l e s  w e r e  o b t a i n e d .

3-(3-Chlorobenzoylperoxy)-3,5,5-trimethyl-l-pyrazoline 1- 
Oxide (5). T o  a  s o l u t i o n  o f  t h e  p y r a z o l i n e  (2i, 7 . 5  g , 0 .0 2 7  m o l)  in  4 0  

m L  o f  c h lo r o f o r m  w a s  a d d e d  a  s o lu t io n  o f  3 - c h lo r o p e r b e n z o ic  a c id  ( 7 .5  

g ,  0 .0 3 7  m o l  c a lc d  a t  8 0 %  p u r i t y )  in  2 2 0  m L  o f  c h lo r o f o r m  a n d  t h e  

r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  2 0  h  a n d  t h e n  

a n o t h e r  p o r t io n  c f  3 - c h l o r o p e r b e n z o i c  a c i d  ( 5 g ,  0 .0 2 5  m o l)  in  1 0 0  m L  

o f  c h lo r o f o r m  w a s  a d d e d .  T h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  r o o m  

t e m p e r a t u r e  f o r  a n o t h e r  2 0  h , w a s h e d  w i t h  t h r e e  1 0 0 - m L  p o r t io n s  o f  

s a t u r a t e d  a q u e o u s  s o d i u m  b ic a r b o n a t e  s o lu t io n ,  d r ie d ,  a n d  e v a p o r a t e d  

t o  g iv e  7 .9  g  o f  t h e  c r u d e  p r o d u c t  w h ic h  s h o w e d  t w o  s p o t s  u p o n  T L C ,  

w i t h  t h e  s a m e  R ,  v a l u e  a s  3i a n d  4i. A  f i r s t  a t t e m p t  t o  s e p a r a t e  t h e  

m i x t u r e  r e s u l t e d  in  t h e  lo s s  o f  h a l f  t h e  a m o u n t  d u e  t o  d e c o m p o s i t io n .  

T h e  r e c o v e r e d  m i x t u r e  ( 3 . 5  g )  w a s  w a s h e d  w i t h  a q u e o u s  s o d i u m  b i 

c a r b o n a t e  a n d  w a s  r e c h r o m a t o g r a p h e d  o n  s i l i c a  g e l  ( 1 0 0  g ) ,  e l u t i n g  

w i t h  b e n z e n e - a c e t o n e  ( 9 9 : 1 ) ,  g iv in g  f i r s t  0 .6 0  g  o f  a  m i x t u r e  o f  3i a n d  

5, w i t h  5 a s  a  m a jo r  c o m p o n e n t .  F u r t h e r  e l u t i o n  y i e l d e d  t h e  2 - o x i d e
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( 4 i)  f o r  a  t o t a l  y i e l d  o f  2 3 % . A f t e r  r e c r y s t a l l i z a t i o n  t w i c e  f r o m  c h l o 

r o f o r m - h e x a n e ,  t h e r e  w a s  o b t a i n e d  p u r e  5 :  m p  9 1 - 2  ° C ;  1 H  N M R  5

1 . 5 8  ( s ,  3  H ) ,  1 . 6 7  ( s ,  3  H ) ,  1 . 8 5  ( s ,  3  H ) ,  2 .3 9  a n d  2 . 6 1  ( A B  q ,  2  H ,  J  =  

1 4  H z ) ,  7 . 2 3 - 7 . 9 2  ( m . 4  H ) ;  1 3 C  N M R  6 2 3 .0 7 ,  2 6 .5 2 ,  2 7 . 0 6  ( 3  C H 3 ),

4 3 .7 0  ( C - 4 ) ,  8 3 .9 2  ( C - 5 ) ,  1 0 3 . 6 6  ( C - 3 ) ,  1 3 4 . 4 1 , 1 3 3 . 3 3 , 1 3 0 . 3 0 , 1 2 9 . 5 5 ,  

1 2 8 .8 4 ,  1 2 6 . 9 2  ( a r o m a t ic  c a r b o n s ) ,  1 6 2 . 1 1  ( C = 0 ) ;  m a s s  s p e c t r u m  ( 7 0  

e V )  m / e  ( r e la t iv e  in t e n s i t y )  3 0 0  ( M + ), 1 5 8  ( 3 - c h lo r o b e n z o ic  a c id )  ( 1 4 ) ,  

1 5 6  ( 4 2 ) ,  1 4 1  ( 1 1 ) ,  1 3 9  ( 3 3 ) ,  1 2 8  ( 2 4 ) ,  1 2 7  ( 1 0 0 ) ,  1 2 6  (8 ), 5 6  ( 1 1 ) ,  5 5  ( 7 ) ,  

4 3  ( 4 0 ) , 4 2  ( 5 ) ,  4 1  ( 1 0 ) .

A n a l .  C a l c d  f o r  C 1 3 H 1 5 N 2 0 4C 1 :  C ,  5 2 . 2 7 ;  H ,  5 .0 6 ;  N .  9 .3 8 ;  C l ,  1 1 . 8 7 .  

F o u n d :  C ,  5 2 . 5 4 ;  H ,  4 .9 5 ;  N ,  9 .4 8 ;  C l ,  1 1 . 8 5
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3 , 5 - d i n i t r o b e n z o y l  p e r o x i d e ,  1 5 8 6 6 - 2 4 - 7 .
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3 - N i t r o - 2 - i s o x a z o l i n e  ( l a )  c a n  b e  p r e p a r e d  b y  n i t r o s a t i o n  o f  l - c h l o r o - 3 - n i t r o p r o p a n e  f o l lo w e d  b y  in  s i t u  t a u t o -  

m e r i z a t i o n  a n d  c y c l i z a t i o n .  S i m i l a r l y ,  3 - n i t r o - 5 , 6 - d i h y d r o - l , 2 , 4 H - o x a z i n e  ( l b )  c a n  b e  p r e p a r e d  f r o m  l - c h l o r o - 4 -  

n i t r o b u t a n e .  T h e  n i t r o  g r o u p  o f  c o m p o u n d s  l a  a n d  l b  is  r e a d i l y  s u b s t i t u t e d  b y  a  w id e  v a r i e t y  o f  n u c l e o p h i l e s .  T h e  

r e s u l t i n g  3 - s u b s t i t u t e d  2 - i s o x a z o l i n e s  a n d  5 , 6 - d i h y d r o - l , 2 , 4 / i - o x a z i n e s  a r e  n o r m a l ly  o b t a i n e d  in  f a i r  t o  e x c e l l e n t  

y i e l d .

Studies directed at the application of 2-oxazolines1 and
5,6-dihydro-l,3,4H-oxazines2 to organic synthesis have been 
extensive and have certainly reaped substantial reward. On 
the other hand, 2 -isoxazolines have received relatively little  
attention toward their utilization in synthetic problems.3 In 
furthering the study of 2 -isoxazolines, we wish to report a 
convenient synthetic approach which allows for their prepa
ration with a hefty array of 3 substituents.4 This approach also 
provides easy access to the corresponding six-membered 
heterocycles (5,6-dihydro-l,2,4//-oxazines) which have 
hitherto received scant attention .5

Key intermediates in our approach are 3-nitro-2-isoxazoline 
(la) and the corresponding six-membered heterocycle lb. 
These can be prepared in yields of 79 and 48%, respectively, 
by treating l-chloro-3-nitropropane and l-chloro-4-nitro- 
butane w ith a combination of n-propyl n itrite  and sodium 
n itrite  in Me2SO. A convenient alternative preparation6-7 of 
la involves treatment of l-bromo-3-chloropropane w ith so
dium nitrite in DMF; however, the yield of this reaction is only 
about 50%.6

I t  is proposed that compounds la and lb are formed from

the nitro compounds8 by the mechanism of Scheme I. Support 
for this mechanism rests in the previously reported ability of 
the combination of n-propyl n itrite  and sodium n itrite  to ni- 
trosate a primary or secondary nitro compound at the a po
sition .9 For a primary nitro compound, this nitroso derivative 
would be expected to tautomerize to a n itrolic acid (a-ni- 
trooxime). Normally the nitrolic acid would then be converted 
to a carboxylic acid.9b Here, however, the nitrolic acid pref
erentially cyclizes via intramolecular substitution (Scheme 
I). In the preparation of lb, a 15% yield of 7 -butyrolactone (2) 
is also obtained. This is consistent w ith the formation and 
lactonization of 4-chlorobutyric acid as shown in Scheme I. 
Apparently conversion of the nitrolic acid to carboxylic acid 
competes w ith cyclization in this case.

Nucleophilic attack of the carbon-nitrogen double bond 
of compounds la and lb could conceivably occur at either 
carbon (typical of imines) or at nitrogen (Ji to the nitro group; 
compare the reactions of nitroolefins). In fact, we have ob
served only attack at carbon, the nitro group being expelled 
in the process. Thus, n itro compounds la and lb undergo 
substitution similar to imidoyl chlorides. 10  Tables I and I I

0022-3263/78/1943-2020$01.00/0 © 1978 American Chemical Society
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Scheme I

C I ( C H 2) „ C H t N 0 2

s - 0 — N
R0N =  0  N O ,' (  \
--------- 7 —  C 1 ( C H 2) „ — C N 0 2 —  ( Y — N O ,

NOi || N C H 2) , - '

N 0 H  l a ,  ft =  2

j  b, ft =  3

C l ( C H ,) „ C O ,H  (  f = 0

V - ( C H 2)„ > *

2, ft =  3

show the results obtained for a number of reactions. Nucleo
philes ranging from sodium benzenesulfinate to n -butyl- 
cadmium can be effectively employed.

Concerning the introduction of an alkyl group, we have 
examined n-butyllithium, lithium n-butylcuprate, and n -  
butylcadmium. The first two of these lead to complex mix
tures containing only traces, at best, of the substitution 
product. However, the less reactive organocadmium reagent 
affords substitution in 51% yield.

A logical mechamism for these reactions involves initial 
attack by the nucleophile to form a tetrahedral intermediate 
followed, in a second step, by explusion of nitrite ion (Scheme
II). The vastly different rates (less than 1 min at room tem
perature for n-butylcadmium to greater than 1 week for so
dium benzenesulfinate) of various nucleophiles are consistent 
with this stepwise mechanism (as well as other mechanisms11) 
assuming a rate-determining transition to the tetrahedral 
intermediate.

The best solvents for carrying out substitution are. for the 
most part, protic ones. Thus, sodium thiophenoxide reacts 
completely with lb in methanol solution within 10 min. In 
Me2SO the reaction takes 1 h for completion, despite the 
higher polarity12 and the greater nucleophilicity of thio
phenoxide in this solvent. Azide ion reacts at least as rapidly 
with la in aqueous alcohol as in Me2SO, too. On the other 
hand, reactions cf la and lb with cyanide are somewhat faster 
in Me2SO than in aqueous solution, although the difference 
is only a factor of 2 to 3. Clearly the rate-determining transi
tion state for these reactions is more easily attained in protic 
solvents than in aprotic ones. This suggests hydrogen bonding 
to the ring nitrogen of compounds la and lb facilitating 
transition to the tetrahedral intermediate. Alternatively, la

Scheme II

ft =  2 , 3

and lb may be fully protonated resulting in enhanced sub
stitution.

Experimental Section
M e l t i n g  p o i n t s  ( u n c o r r e c t e d )  w e r e  d e t e r m i n e d  o n  a  M e l - T e m p  

c a p i l l a r y  a p p a r a t u s .  I R  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  P e r k i n - E l m e r  

4 5 7  s p e c t r o p h o t o m e t e r .  N M R  s p e c t r a  w e r e  m e a s u r e d  w i t h  a  V a r i a n  

A - 6 0 A  s p e c t r o m e t e r ;  c h e m i c a l  s h i f t s  a r e  e x p r e s s e d  in  p p m  d o w n f i e ld  

f r o m  in t e r n a l  M e 4S i .  M a s s  s p e c t r a  w e r e  r e c o r d e d  o n  a  H i t a c h i  R M U -6  

s p e c t r o m e t e r .  V P C  a n a l y s e s  w e r e  p e r f o r m e d  o n  a  V a r i a n  1 4 0 0  g a s  

c h r o m a t o g r a p h  e q u i p p e d  w i t h  a  5  f t  X  0 . 1 2 5  in . 1 . 5 %  O V - 1 0 1 ,  C h r o -  

m o s o r b  G  c o lu m n .  E l e m e n t a l  a n a l y s e s  w e r e  p e r f o r m e d  b y  C h e m a l y -  

t i c s ,  I n c . ,  T e m p e ,  A r iz .

R e a g e n t s  e m p lo y e d  w e r e  o f  t h e  f i n e s t  c o m m e r c i a l  g r a d e  a v a i l a b l e .  

R e a g e n t  g r a d e  s o l v e n t s  w e r e  u s e d  a s  r e c e i v e d ;  o t h e r  s o l v e n t s  w e r e  

d i s t i l l e d .  M e t h a n o l  w a s  d i s t i l l e d  f r o m  m a g n e s i u m  m e t h o x i d e .  E t h e r  

a n d  T H F  w e r e  d i s t i l l e d  f r o m  s o d i u m  b e n z o p h e n o n e  k e t y l  a n d  w e r e  

s t o r e d  u n d e r  n i t r o g e n .

3-Nitro-5,6-dihydro-l,2,4ii-oxazine (lb). A  3 4 .4 - g  ( 0 .2 5  m o l)  

p o r t io n  o f  l - c h l o r o - 4 - n i t r o b u t a n e 1 3  w a s  a d d e d  t o  a  s o lu t io n  c o n t a in in g

8 6 .3  g  ( 1 . 2 5  m o l)  o f  s o d i u m  n i t r i t e  a n d  4 5 .2  g  ( 0 . 5 1  m o l)  o f  n - p r o p y l  

n i t r i t e 14  in  8 0 0  m L  o f  M e 2 S O .  T h e  r e a c t i o n  s o l u t i o n  w a s  s t i r r e d  f o r  

1 8  h  w i t h  o c c a s io n a l  c o o lin g  t o  k e e p  t h e  t e m p e r a t u r e  b e lo w  3 5  ° C .  T h e  

r e s u l t i n g  m i x t u r e  w a s  p o u r e d  in t o  i c e - w a t e r  a n d  t h e n  e x t r a c t e d  w i t h  

t e n  p o r t i o n s  o f  C H 2C I 2 . T h e  c o m b i n e d  e x t r a c t s  w e r e  t h o r o u g h l y  

w a s h e d  w i t h  w a t e r ,  d r i e d  ( N a 2 S 0 4) , a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  

p r e s s u r e .  D i s t i l l a t i o n  in  v a c u o  o f  t h e  c r u d e  p r o d u c t  g a v e  1 5 . 6  g  (4 8 %  

y ie ld )  o f  lb a s  a  g r e e n i s h - y e l lo w  o il: b p  8 9 - 9 1  ° C  ( 0 . 1 7  T o r r ) ;  I R  ( n e a t )

6 . 1 7  ( C = N ) ,  6 .5 2 ,  a n d  7 .4 5  nm  ( N 0 2 ) ; N M R  ( C D C I 3 ) a 4 . 2 2  ( t ,  2  H , 

J  =  5  H z ) ,  2 .8 7  ( t ,  2  H , J  =  7  H z ) ,  a n d  2 . 1 7  (m , 2  H ) :  m a s s  s p e c t r u m  

m /e  1 3 0  ( M + ). A n a l .  C a l c d  f o r  C 4H 6N 20 3: C ,  3 6 .9 3 ;  H ,  4 .6 5 ;  N ,  2 1 . 5 3 .  

F o u n d :  C ,  3 7 . 1 6 ;  H ,  4 .6 8 ;  N ,  2 1 . 7 8 .

A n  a d d i t i o n a l  1 . 0  g  ( 3 %  y i e l d )  o f  9 2 %  p u r e  ( V P C )  lb w a s  o b t a i n e d :  

b p  8 4 - 9  ° C  ( 0 . 1 7  T o r r ) .  T h e  d i s t i l l a t i o n  f o r e c u t  c o n t a i n e d  3 . 2  g  ( 1 5 %  

y i e l d )  o f  9 1 %  p u r e  ( V P C )  l a c t o n e  2 ,  c o n t a m i n a t e d  b y  M e 2 S O .

3-Nitro-2-isoxazoline (la). Procedure A. T h e  p r e c e d i n g  p r o 

c e d u r e  w a s  c a r r i e d  o u t  u s in g  l - c h l o r o - 3 - n i t r o p r o p a n e . 15  P u r e  la w a s  

o b t a i n e d  a s  a  g r e e n i s h - y e l l o w  o i l  in  7 9 %  y i e l d :  b p  9 3 - 4  ° C  ( 1 . 4  T o r r )  

[ l i t .6  b p  1 0 5 - 9  ° C  ( 5 .5  T o r r ) ] .  A n  a d d i t io n a l  2 %  y i e l d  o f  m a t e r i a l  w h ic h  

w a s  o n l y  8 0 %  p u r e  ( V P C )  w a s  a l s o  o b t a i n e d .

Table I. Substitution Reactions of 3-Nitro-2-isoxazoIine (la)°

N o .

P r o d u c t

r  =  0O -
U-~N

R e g i s t r y

n o . N u :

R e g i s t r y

n o . S o l v e n t %  y i e l d 6

3 r - s c 6h 5 6 5 1 5 0 - 7 1 - 2 N a S C 6H 5 9 3 0 - 6 9 - 8 M e t h a n o l 9 1

4 r - s o 2c 6h 5 6 5 1 5 0 - 7 2 - 3 N a 0 2 S C 6H 5 8 7 3 - 5 5 - 2 A q u e o u s  T H F 2 8 c

5 R - C N 6 5 1 5 0 - 7 3 - 4 N a C N 1 4 3 - 3 3 - 9 M e 2S O 8 5

6 R - C 4 H 9 6 5 1 5 0 - 7 4 - 5 n - B u 2 C d 3 4 3 1 - 6 7 - 2 E t h e r 5 1

7 r - n 3 6 5 1 5 0 - 7 5 - 6 N a N 3 2 6 6 2 8 - 2 2 - 8 A q u e o u s  a l c o h o l 6 9

“  A t  r o o m  t e m p e r a t u r e  u s i n g  a n  e x c e s s  o f  t h e  n u c l e o p h i l e .  b B y  i s o l a t i o n . c A f t e r  1 2  h  a t  6 0 - 6 5  ° C ;  s t a r t i n g  l a  w a s  r e c o v e r e d  in  1 5 %

y i e l d .

Table II. Substitution Reactions of 3-Nitro-5,6-dihydro-l,2,4If-oxazine (lb )a

P r o d u c t

r = <f ~ y - R e g i s t r y R e g i s t r y

N o . O -N n o . N u : n o . S o l v e n t %  y i e l d 6

8 r - s c 6h 5 6 5 1 5 0 - 7 6 - 7 N a S C e H g m e t h a n o l 8 2

9 R - C N 6 5 1 5 0 - 7 7 - 8 N a C N M e 2S O 8 1

10 R - N H C H 3 6 5 1 5 0 - 7 8 - 9 M e N H 2 7 4 - 8 9 - 5 A q u e o u s  M e N H 2 7 0

a A t  r o c m  t e m p e r a t u r e  u s i n g  a n  e x c e s s  o f  t h e  n u c l e o p h i l e .  6 B y  i s o l a t i o n .
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Procedure B.16 T o  a  s o l u t i o n  o f  1 3 8  g  ( 2 .0  m o l)  o f  s o d i u m  n i t r i t e  

a n d  5 0 .3  g  ( 0 .5 0  m o l)  o f  n - p r o p y l  n i t r i t e 14  in  1  L  o f  M e 2S O  w a s  a d d e d

1 5 7 . 5  g  ( 1 . 0  m o l)  o f  l - b r o m o - 3 - c h l o r o p r o p a n e .  T h e  r e a c t i o n  s o lu t io n  

w a s  s t i r r e d  f o r  1 4  h  w i t h  o c c a s i o n a l  c o o l in g  t o  k e e p  t h e  t e m p e r a t u r e  

b e l o w  4 0  ° C .  W o r k - u p  w 'a s  a s  d e s c r i b e d  f o r  lb. D i s t i l l a t i o n  g a v e  5 2 . 1  

g  ( 4 5 %  y i e l d )  o f  p u r e  la.
S i m i l a r  t r e a t m e n t  o f  l - b r o m o - 4 - c h lo r o b u t a n e  g a v e  l b  b u t  t h e  c r u d e  

p r o d u c t  h a d  t o  b e  c h r o m a t o g r a p h e d  a n d  o n l y  a  1 0 %  y i e l c  o f  p u r e  

p r o d u c t  w a s  o b t a i n e d .
3-Thiophenoxy-5,6-dihydro-1,2,4 H-oxazine ( 8 ) .  A  0 .9 7 - g  (0 .0 4 2  

g - a t o m )  p o r t i o n  o f  c l e a n e d  N a °  w a s  a d d e d  t o  2 0  m L  o f  a n h y d r o u s  

m e t h a n o l .  A f t e r  t h e  in i t ia l  r e a c t io n  s u b s id e d ,  t h e  m ix t u r e  w a s  r e f lu x e d  

u n t i l  c o m p l e t e  r e a c t i o n  w a s  a t t a i n e d .  T o  s h e  c o o le d  ( 1 0  ° C )  s o l u t i o n  

w a s  a d d e d  4 .9 8  g  ( 4 5  m m o l)  o f  d i s t i l l e d  t h i o p h e n o l  f o l l o w e d ,  a f t e r  1 0  

m i n ,  b y  2 .5 9  g  ( 2 0  m m o l)  o f  lb . T h e  r e s u l t i n g  s o l u t i o n  w a s  b u r g u n d y  

c o l o r e d ;  w i t h i n  1 0  m in  s h e  c o lo r  f a d e d .  A f t e r  1 5  m in  1 0 0  m L  o f  a q u e 

o u s  1 %  N a O H  w a s  a d d e d  a n d  t h e  p r o d u c t  w a s  e x t r a c t e d  in t o  C H 2 C 1 2. 

T h e  e x t r a c t  w a s  w a s h e d  w i t h  w a t e r ,  d r ie d  ( N a 2S 0 4 ) , a n d  c o n c e n t r a t e d  

a t  r e d u c e d  p r e s s u r e .  T h e  c r u d e  p r o d u c t  w a s  c h r o m a t o g r a p h e d  o n  

s i l i c a  g e l.  E l u t i o n  w i t h  c y c lo h e x a n e / e t h y l  a c e t a t e  ( 9 0 :10 )  a f f o r d e d  0 .6 9  

g  o f  d i p h e n y l  d i s u l f id e :  m p  5 7 - 8 . 5  ° C ;  m m p  ( w it h  a n  a u t h e n t ic  s a m p le ,  

m p  5 8 . 5 - 9 . 5  ° C )  5 7 . 5 - 9  ° C .

F u r t h e r  e lu t io n  a f f o r d e d  3 . 1 5  g  ( 8 2 %  y ie ld )  o f  8  a s  a n  o i l: b p  1 1 9 - 2 0  

° C  ( 0 . 1 2  T o r r ) ;  I R  ( n e a t )  3 . 2 8 , 6 . 4 2  ( s h o u ld e r ) ,  6 . 7 8 , 1 3 . 3 7 , 1 4 . 4 9  ( P h ) ,  

a n d  6 . 3 2  p m  ( P h  a n d  C = N ) ;  N M R  ( C D C 1 3 ) « 7 .8 3  ( m , 5  H ) ,  3 .9 5  ( t ,  

2  H ,  J  =  5  H z ) ,  a n d  1 . 8 0 - 2 . 3 5  ( m , 4  H ) .  A n a l .  C a l c d  f o r  C i o H n N O S :  

C ,  6 2 . 1 3 ;  H , 5 .7 4 ;  N ,  7 .2 5 ;  S ,  1 6 .6 0 .  F o u n d :  C ,  6 2 . 1 9 ;  H ,  5 .9 6 ;  N ,  7 . 3 2 ;  

S ,  16 .9 0 .

3-Thiophenoxy-2-isoxazoline (3). T h e  p r e c e d i n g  p r o c e d u r e  w a s  

d u p l i c a t e d  u s in g  la. C h r o m a t o g r a p h y  a s  b e f o r e  g a v e  d i p h e n y l  d i 

s u l f i d e  f o l lo w e d  b v  a  9 1 %  y i e l d  o f  3 a s  a n  o i l :  b p  1 0 4 - 5  ° C  ( 0 . 1 4  T o r r ) ;  

I R  ( n e a t )  3 .2 8 ,  6 .4 5 ,  6 .7 8 ,  1 3 . 4 4 ,  1 4 . 5 3  ( P h ) ,  a n d  6 .3 7  p m  ( P h  a n d  

C = N ) ;  N M R  (CDCI3 ) 0 7 .4 2  (m, 5  H ) ,  4 . 3 2  ( t  w i t h  f in e  s t r u c t u r e ,  2  H , 

J  =  1 0  H z ) ,  a n d  2 .9 2  (t w i t h  f i n e  s t r u c t u r e ,  2  H ,  J  =  1 0  H z ) .  A n a l .  

C a l c d  f o r  C 9 H 9 N O S :  C ,  6 0 . 3 1 ;  H ,  5 .0 6 ;  N ,  7 . 8 1 ;  S ,  1 7 . 8 9 .  F o u n d :  C ,  

6 0 .4 7 ;  H .  5 . 1 8 ;  N ,  7 .9 8 ;  S ,  1 7 . 8 1 .

3-Phenylsulfonyl-2-isoxazoline ( 4 ) .  T o  a  s o l u t i o n  o f  4 9 .2 0  g  ( 3 0 0  

m m o l)  o f  s o d i u m  b e n z e n e s u l f i n a t e  in  9 0  m L  o f  w a t e r  a n d  3 0  m L  o f  

T H F  w a s  a d d e d  3 . 3 9  g  ( 2 9  m m o l)  o f  la. T h e  r e s u l t i n g  s o l u t i o n  w a s  

h e a t e d  u n d e r  n i t r o g e n  a t  6 0 - 6 5  ° C  f o r  1 2  h ,  p c u r e d  in t o  w a t e r ,  a n d  

e x t r a c t e d  w i t h  C H 2 C 1 2 . T h e  e x t r a c t  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  

( N a 2S 0 4), a n d  c o n c e n t r a t e d  a t  r e d u c e d  p r e s s u r e  t o  a  s o l id ,  m p  7 5 - 8 4  

° C .  T h i s  c r u d e  p r o d u c t  w a s  t w i c e  r e c r y s t a l l i z e d  f r o m  e t h a n o l  t o  g i v e

1 . 2 5  g  ( 2 0 %  y i e l d )  o f  s u l f o n e  4 : m p  9 8 . 5 - 9 . 5  ° C :  I R  ( K B r )  3 .2 8 ,  6 .7 7 ,

1 3 . 2 2 ,  1 4 . 7 0  ( P h ) ,  6 . 3 3 ,  6 .2 9  ( P h  a n d  C = N ) ,  7 .5 6 ,  a n d  8 .6 2  p m  ( s u l 

f o n e ) ;  N M R  ( C D C I 3 ) b 7 . 5 - 8 . 2  ( m , 5  H ) ,  4 . 5 5  ( t  w i t h  f i n e  s t r u c t u r e ,  2  

H ,  J  =  1 1  H z ) ,  a n d  3 . 3 0  ( t  w i t h  f i n e  s t r u c t u r e ,  2  H ,  J  =  1 1  H z ) .  A n a l .  

C a l c d  f o r  C 9H 9N O 3S :  C ,  5 1 , 1 7 ;  H ,  4 .2 9 ;  N ,  6 .6 3 ;  S ,  1 5 . 1 8 .  F o u n d :  C ,  

5 0 .9 6 ;  H ,  4 .3 9 ;  N ,  6 .5 9 ;  S ,  14 .9 0 .

T h e  c o m b i n e d  m o t h e r  l i q u o r s  f r o m  t h e  r e c r y s t a l l i z a t i o n s  w e r e  

c h r o m a t o g r a p h e d  o n  s i l i c a  g e l.  E l u t i o n  w i t h  C H 2 C I 2  a f f o r d e d  0 .4 9  g  

( 1 5 %  y i e l d )  o f  s t a r t i n g  l a  f o l l o w e d  b y  0 .4 8  g  (8 %  y i e l d )  o f  4 ,  m p  9 5 - 8  

° C .

T r e a t m e n t  o f  s u l f i d e  3  w i t h  t w o  e q u i v a l e n t s  o f  m - C P B A  in  

C H 2 C l 2/ e t h e r  f o r  4 0  h  p r o v i d e d  a n  i n d e p e n d e n t  s y n t h e s i s  o f  s u l f o n e

4 . T h i s  p r o d u c t  w a s  i d e n t i c a l  t o  4  o b t a i n e d  b y  t h e  s u b s t i t u t i o n  r e a c 

t io n :  m p  9 8 . 5 - 9 . 5  ° C ;  m m p  9 8 - 9  ° C .

3-Cyano-2-isoxazoline (5). T o  a  s o l u t i o n  o f  2 .9 4  g  ( 6 0  m m o l)  o f  

s o d i u m  c y a n i d e  in  1 0 0  m L  o f  M e 2S O  w a s  a d d e d  5 .6 0  g  ( 4 8  m m o l)  o f  

la. A f t e r  1 5  m in  t h e  r e a c t i o n  w a s  w o r k e d  u p  a s  d e s c r i b e d  f o r  c o m 

p o u n d  l b .  T h e  c r u d e  p r o d u c t  w a s  d i s t i l l e d  a t  r e c u c e d  p r e s s u r e  t o  g iv e  

3 .9 4  g  ( 8 5 %  y i e l d )  o f  5: b p  1 1 7 - 8  ° C  ( 3 5  T o r r ) ;  I R  ( n e a t )  4 .4 6  ( C = N )  

a n d  6 . 4 1  p m  ( C = N ) ;  N M R  ( C D C 1 3 ) b 4 . 6 3  ( t d ,  2  H ,  J  =  1 0  H z )  a n d

3 . 2 3  ( t d ,  2  H ,  J  =  1 0  H z ) .  A n a l .  C a l c d  f o r  C4 H4N2 O: C ,  5 0 .0 0 ;  H ,  4 .2 0 ; 
N ,  2 9 . 1 5 .  F o u n d :  C ,  4 9 .7 2 ;  H ,  4 . 1 9 ;  N ,  2 9 . 1 0 .

3 - C y a n o - 5 , 6 - d i h y d r o - l , 2 , 4 f l - o x a z i n e  (9). T o  a  m i x t u r e  o f  4 .6 7  

g  ( 9 5  m m o l)  o f  p o w d e r e d  s o d i u m  c y a n i d e  a n d  9 0  m L  o f  M e 2S O  w a s  

a d d e d  3 .8 4  g  ( 2 9 .5  m m o l)  o f  l b .  A f t e r  2 .5  h  t h e  r e a c t i o n  w a s  w o r k e d  

u p  a s  d e s c r i b e d  f o r  l b .  D i s t i l l a t i o n  in  v a c u o  o f  t h e  c r u d e  p r o c u c t  g a v e  

2 .6 3  g  ( 8 1 %  y i e l d )  o f  9 9 %  ( V P C )  p u r e  9: b p  6 5 - 7  ° C  ( 0 . 1 8  T o r r ) .  T h e  

a n a l y t i c a l  s a m p l e  w a s  p r e p a r e d  b y  c h r o m a t o g r a p h i n g  t h i s  m a t e r i a l  

o n  s i l i c a  g e l  ( C H 2 C 1 2 e l u t i o n )  a n d  r e d i s t i l l i n g :  I R  ( n e a t )  4 . 7 0  ( C = N )  

a n d  6 . 4 1  p m  ( C = N ) ;  N M R  ( C D C 1 3 ) b 4 . 1 8  ( t ,  2  H ,  J  =  5  H z ! , 2 .4 3  ( t ,  

2  H , J =  6  H z ) , a n d  2 .0 2  ( m , 2  H ) .  A n a l .  C a l c d  f o r  C 5 H 6 N 20 :  C ,  5 4 .5 3 ;  

H ,  5 .4 9 ;  N ,  2 5 .4 4 .  F o u n d :  C ,  5 4 .2 6 ;  H ,  5 . 5 1 ;  N ,  2 5 .6 3 .

3-Butyl-2-isoxazoline ( 6 ) .  C a d m i u m  c h lo r i d e  ( 7 9 .9 7  g , 0 .4 4  m o l ,  

p r e d r i e d  in  v a c u o  o v e r  P 2 0 5 ) w a s  f l a m e  d r i e d  u n d e r  n i t r c g e n  a n d  

s u s p e n d e d  in  5 0 0  m L  o f  a n h y d r o u s  e t h e r .  T o  t h e  s u s p e n s i o n  w a s  

c a u t io u s ly  a d d e d  1 5 0  m L  o f  a  2 .4  M  n - b u t y i l i t h i u m  in  h e x a n e  s o lu t io n . 

T h e  r e s u l t i n g  m i x t u r e  w a s  r e f l u x e d  w i t h  s t i r r i n g  u n d e r  n i t r o g e n  f o r

1 5  h 1 7  a n d  t h e n  a l l o w e d  t o  s t a n d  a t  r o o m  t e m p e r a t u r e  f o r  3  h . T h e  

c le a r ,  c o lo r le s s  s o lu t io n  w h ic h  s e p a r a t e d  f r o m  a  b l a c k  p r e c i p i t a t e  w a s  

t r a n s f e r r e d  u n d e r  a  p o s i t i v e  n i t r o g e n  p r e s s u r e  t o  a n  a d d i t i o n  f u n n e l .  

A  1 6 0 - m L  ( c a . 6 0  m m o l  a s  n - b u t y l c a d m i u m )  p o r t i o n  o f  t h i s  s o l u t i o n  

w a s  a d d e d 18  d r o p w is e  o v e r  3 0  m in  t o  a  c o o le d  ( 1 5  ° C )  s o lu t io n  o f  6 .8 5  

g  ( 5 9  m m o l)  o f  l a  in  5 0  m L  o f  a n h y d r o u s  e t h e r .  I n s o l u b l e  c a d m i u m  

s a l t s  w e r e  t h e n  f i h e r e d  o f f  a n d  w a s h e d  w i t h  e t h e r .  T h e  c o m b i n e d  

f i l t r a t e  a n d  w a s h in g s  w e r e  w a s h e d  w i t h  s a t u r a t e d  a q u e o u s  K C 1 ,  d r i e d  

( N a 2 S 0 4), a n d  c o n c e n t r a t e d  a t  r e d u c e d  p r e s s u r e  t o  a n  o i l .  D i s t i l l a t i o n  

in  v a c u o  g a v e  4 . 5 5  g  o f  9 5 %  p u r e  ( V P C )  6 ,  c o n t a m i n a t e d  b y  s m a l l  

a m o u n t s  o f  s e v e r a l  m a t e r ia ls .  P u r e  6  w a s  o b t a i n e d  b y  c h r o m a t o g r a p h y  

o n  s i l i c a  g e l .  A f t e r  e l u t i o n  o f  1 9  m g  o f  u n i d e n t i f i e d  i m p u r i t i e s  w i t h  

c y c l o h e x a n e / e t h y l  a c e t a t e  ( 8 0 :2 0 ) .  3 .8 4  g  ( 5 1 %  y i e l d )  o f  6  w a s  i s o l a t e d :  

b p  4 6 - 7  ° C  ( 0 .2 5  T o r r ) ;  I R  ( n e a t ; ' 6 .2 0  p m  ( C = N ) ;  N M R  ( C D C 1 3 ) b
4 .2 7  ( t, 2  H ,  J  =  1 0  H z ) , 2 .9 1  ( t , 2  H ,  J  =  1 0  H z ) , 2 .3 8  ( t, 2  H , J  =  7  H z ) ,

1 . 2 —1 . 7  (m , 4  H ) ,  a n d  0 .9 2  ( d i s t o r t e d  t ,  3  H ) .  A n a l .  C a l c d  f o r  C7 H1 3 NO: 
C ,  6 6 . 1 1 ;  H ,  1 0 . 3 0 ;  N ,  1 1 . 0 1 .  F o u n d :  C ,  6 6 .3 3 ;  H ,  1 0 . 0 3 ;  N ,  1 1 . 2 9 .

3-Azido-2-isoxazoline (7). T o  a  s o l u t i o n  c o n t a i n i n g  8 .5 8  g  ( 1 3 2  

m m o l)  o f  s o d i u m  a z id e  in  3 5  m L  o f  w a t e r  a n d  5 0  m L  o f  e t h a n o l  w a s  

a d d e d  5 . 7 5  g  ( 5 0  m m o l)  o f  la. T h e  r e s u l t i n g  s o l u t i o n  w a s  s t i r r e d  a t  

r o o m  t e m p e r a t u r e  f o r  4 0  h  a n d  w a s  t h e n  p o u r e d  in t o  w a t e r .  E x t r a c t i o n  

w i t h  C H 2 C 1 2, d r y i n g  ( N a 2 S 0 4), a n d  c o n c e n t r a t i o n  a t  1 8 0  T o r r  g a v e  

a n  o i l .  T h i s  w a s  c a u t i o u s l y  d i s t i l l e d  b e h i n d  a  s a f e t y  s h i e l d 19  in  v a c u o  

t o  g i v e  3 .8 6  g  ( 6 9 %  y i e l d )  o f  p a l e  y e l lo w  7: b p  5 8 - 6 0  ° C  ( 1 . 2  T o r r ) ;  I R  

( n e a t )  4 .6 8  ( N 3 ) a n d  6 .2 6  p m  ( C = N ) ;  N M R  ( C D C 1 3 ) b 4 .5 0  ( t ,  2  H ,  J  

=  1 0  H z )  a n d  2 .9 5  ( t ,  2  H ,  J  =  1 0  H z ) .  A n a l .  C a l c d  f o r  C 3 H 4 N 4O : C ,  

3 2 . 1 5 ;  H , 3 .6 0 ;  N ,  4 9 .9 8 . F o u n d :  C ,  3 2 . 5 0 ;  H ,  3 .5 9 ;  N ,  4 9 . 9 1 .

3-Methylamino-5,6-dihydro-l,2,4fi-oxazine (10). T o  6 0  m L  o f  

a q u e o u s  4 0 %  m e t h y la m i n e  w a s  a d d e d  3 .8 5  g  ( 2 9 .6  m m o l)  o f  l a .  T h e  

r e s u l t i n g  s o l u t i o n  w a s  s t i r r e d  a t  2 0 - 2 5  ° C  ( o c c a s i o n a l  c o o l in g )  f o r  1 7  

h  a n d  t h e n  p o u r e d  in t o  1 0 0  m L  o f  s a t u r a t e d  a q u e o u s  K C 1  c o n t a i n i n g  

1 %  w / v  N a O H .  E x t r a c t i o n  w i t h  C H 2 C 1 2  f o l l o w e d  b y  w a s h i n g  o f  t h e  

e x t r a c t s  w i t h  w a t e r ,  d r y i n g  ( N a 2S 0 4) , a n d  c o n c e n t r a t i o n  a t  r e d u c e d  

p r e s s u r e  g a v e  a n  o i l.  T h i s  w a s  c h r o m a t o g r a p h e d  o n  s i l i c a  g e l.  E l u t i o n  

w i t h  e t h y l  a c e t a t e  a f f o r d e d  2 .3 6  g ( 7 0 %  y i e l d )  o f  p u r e  10. T h e  a n a 

l y t i c a l  s a m p l e  w a s  x u g e l r o h r  d i s t i l l e d  a t  9 0  ° C  ( 0 . 1  T o r r )20  a n d  d r i e d  

in  v a c u o  o v e r  K O H  p e l l e t s :  I R  ( n e a t )  2 . 8 5 - 3 . 1 5  ( N - H )  a n d  6 .2 3  p m  

( C = N ) ;  N M R  ( C D C I 3 ) 5 5 .0 5  ( b r o a d  s ,  1  H ,  s h i f t s  w i t h  c o n c e n t r a t io n ,  

e x c h a n g e s  w i t h  D 2 0 ) ,  3 .7 8  ( t ,  2  H ,-J  =  6  H z ) ,  2 .6 9  ( d , 3  H ,  J  =  5  H z , 

c o l l a p s e s  t o  a n  s  o n  D 20  e x c h a n g e ) ,  a n d  1 . 8 - 2 . 4  ( m , 4  H ) .  A n a l .  C a l c d  

f o r  C s H 10 N 2 O : C ,  5 2 . 6 1 ;  H , 8 .8 2 ;  N .  2 4 .5 4 .  F o u n d :  C ,  5 2 .7 6 ;  H ,  8 .7 4 ;  

N ,  2 4 .5 8 .
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R a t e  d a t a  f o r  t h e  b a s i c  m e t h a n o l y s i s  o f  P h C O N ( M e )  d e r i v a t i v e s  o f  p y r i d i n e  p y r i d i n e  N - o x i d e ,  a n d  1 - m e t h y l p y -  

r i d i n i u m  i o d i d e  a r e  r e p o r t e d .  P o s i t i o n a l  r e a c t i v i t i e s  a r e  4  »  2  >  3  ( p y r i d i n e ) ,  4  >  3  >  2  ( I V - o x id e ) ,  a n d  4  »  3  

( m e t h y l p y r i d i n i u m ) .  T h e  h e t e r o c y c l e s  a r e  a l s o  c o n s i d e r e d  a s  s u b s t i t u t e d  N - a r y l - A '- m e t h y l b e n z a m i d e s ;  w h e n  c o m 

b i n e d  w i t h  p u b l i s h e d  d a t a ,  t h e s e  r e s u l t s  y i e l d  a  l i n e a r  H a m m e t t  p lo t  (p =  3 .2 ) .  M e c h a n i s t i c  i m p l i c a t i o n s  o f  t h i s  

f i n d i n g  a r e  d i s c u s s e d .

The effect of substituents on the rate of basic hydrolysis 
and methanolysis of anilides (eq 1 ) is most interesting since

OMe
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RCNR'— /  / V  + MeCT RCNR'Ar
II V f  *" I

o  o _
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— RC + NHR'Ar + MeO .'!)
MeOH 11
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all types of Hammett plots are possible, depending on the 
particular structure and reaction conditions. Thus linear, 1 
curved,2 and intersecting straight line3 plots have been ob
tained, depending on the mechanisms or mechanism change. 
Of particular interest is the possibility of change from rate
determining breakdown of 1 (mechanism A, solvent assisted 
C-N cleavage via transition state 2 with Hammett p ~  31’2) to

OMe
I 5-

R— C— NR'Ar
I! \
O j- H----OMe

2

rate-determining formation of 1 (mechanism B, p »  1.34) for 
strongly electron-withdrawing aryl substituents. This 
mechanism change should be accompanied by a decrease in 
slope of a Hammett plot.

In the case of .Y-aryl-JV-methylbenzamides (R = Ph; R' = 
Me) the current knowledge seems best fitted by invoking 
mechanism A for all substituents studied, except 4-nitro where 
reaction is by mechanism B.5 The necessity for a strong res
onance withdrawing effect for mechanism B is suggested by 
the observation that the 3,5-dinitro-substituted compound 
probably reacts by mechanism A, though the total with
drawing effect (a  = 1.42) is greater than that of the 4-nitro (<r~ 
= 1.26). To probe further into this possible change we decided 
to extend the range of electron-withdrawing substituents by 
considering pyridine derivatives with the aza function being 
regarded as an aromatic substituent.

0022-3263/78/1943-2023801 00/0

We have previously noted6 the similarity in effects of the
4-nitro and 4-aza groups in the methanolysis of (V-arylacet- 
amides. In this paper we report on the reactivities of the het
erocyclic entities 3,4, and 5.7 Though the Hammett equation

PhCONMe PhCONMe PhCONMe

3 4 5

is not generally applicable to ortho substituents, we have in
cluded 2 -substituted compounds so as to compare reactivity 
of a complete series with their behavior in basic ester hy
drolysis (BEh) and nucleophilic displacement of ring halogen 
(S -̂Ar) reactions. This latter reaction, also powerfully aided 
by electron-withdrawing substituents, provides the substit
uent effect data for aza functions8 with which the correlation 
of the methanolysis results can be attempted. It is apparent 
from <r_4N+Me = 2.32 that we are indeed dealing with strong 
electron-withdrawing substituents.

Results and Discussion
Reactions were followed spectrophc tometrically by either 

standard UV or stopped flow procedures. The species moni
tored are indicated in the tables. Pseudo-first-order rate 
constants were obtained at a series of methoxide concentra
tions and second-order rate constants, k e, were obtained from 
&^/[MeO- ] or from a plot of k̂  vs. [MeO- ].

Rate constants at 100 °C were required for comparison with 
other arylbenzamide results. These were generally obtained 
by substantial extrapolation from Arrhenius plots.

The 2-methylazonium compound alone showed anomalous 
behavior in that addition of base produced an immediate UV 
spectral change, followed by a much slower change. This latter 
change gave a first-order plot but with nonreproducible re
sults. An NMR investigation showed that more than one or
ganic species was formed in the initial reaction and subsequent 
spectral changes were complex. The reaction was not inves
tigated further.

Salt effects, generally unimportant in these reactions,2 were 
noted in reactions of the other methylazonium isomers. It 
appeared that both ionic strength and specific salt effects were 
occurring since a certain minimum concentration of lithium 
perchlorate was needed before a linear vs. [MeO- ] plot

©  1978 American Chemical Society
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Table I. Rate Data for the Basic Methanolysis of 
/V-Methyl-iV-PyridinylbenzaElides, 3, at 373 K a

4 0 r

Aza Registry Anal. X, :o2fee, 3 0 -
position no. [MeO- ], M nm M- 1s- 1

2 65052-85-9 0.008-0.016 3051b 6.84 2 0
3 65442-07-1 0.02-0.04 315h 3.08
4 65052-87-1 0.002-0.004 252b 115

0 No L1 CIO4 present. b Product formation.

passing through the origin was obtained. Above this concen
tration (greater for the 3-methylazonium), good k e values were 
obtained which decreased as the salt concentration was in
creased. For comparison with results for other substrates, 
values of k e at zero ionic strength were estimated.

Aza 3. The rate constants in Table I show that positional 
reactivity is in the order 4 »  2 > 3, as for SNAr8 and BEh9 
reactions. The substituent exerts its standard combination 
of resonance and inductive effects.

Aza Oxide 4. For the 3 and 4 isomers fey/[MeO- ] was con
stant. For the 2 isomer, a plot of k^ vs. [MeO- ] was linear with 
a small positive intercept. This indicates that some reaction 
with methanol occurs, though the reason for such behavior is 
not clear.

Rate constants at 100 °C, and activation parameters, are 
listed in Table II. The amide reactions are characterized by 
a lower activation enthalpy but less favorable entropy than 
the corresponding S»Ar reaction. The reactivity order (4 > 
3 > 2) may be compared with those for SwAr8 (4 > 2 > 3) and 
BEh9 (2 «  3 > 4) reactions.

A resonance withdrawing effect of the aza oxide must make 
a significant contribution to the overall electronic effect to 
obtain the order 4 > 3. Interaction of the developing charge 
on the exocyclic nitrogen with the ring determines reactivity 
and this is enhanced from the 4 position (7). Essentially the 
same activation occurs in the SNAr reaction. In the BEh re
action, the reverse reactivity order seems best interpreted in 
terms of a rate-retarding resonance donation from the 4-aza 
oxide to the carbonyl group (8 ). The original interpretation9

1 0

— N : — N C = 0 C— 0"

was that the reactivity order was determined by the inductive 
effect, though the resonance donation possibility was recog
nized.

The low reactivity of the 2-aza oxide requires that an ad
ditional effect operates, probably of a steric nature though its 
origin is not clear. It presumably cannot arise from hindrance 
to methoxide attack on the carbonyl group as this should be 
more pronounced in the ester where the carbonyl group is 
closer to the pyridine ring.

Methylazonium 5. Reactions of the 4 isomer were carried 
out at various temperatures and three ionic strengths (cur
vature in a plot of k.j, vs. [MeO- ] was observed at p < 0.05). A 
value of 1 X 104 M - 1  s-i for k e373 at p = 0 was estimated from 
the effect of m1/2 on log k e373 (obtained by temperature ex
trapolation). Since salt effects obey the Debye-Hiickel 
equation only in dilute solution, this estimate is somewhat 
imprecise but any likely error does not affect the conclusions 
drawn below. For the 3 isomer, an ionic strength of 0.4 was

l o g k e

- 1 0
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-3  0

- 4  0
0 0 5 10 1 5 2 0 2 5
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Figure 1. Hammett plot for methanolysis of ¡V-aryl-A'-methyl- 
benzamides: (•), this work, (1) 4-N+Me, (2) 3-N+Me, (3) 4-N+0~, 
(4) 3-N+0-, (5) 4-N, (6) 2-N+O- , (7) 2-N, (8) 3-N; (O) data from ref 
5, (9) 3,5-(N02)2, (10) 4-N02, (11 1 3-N02, (12) 4-CO.>Me, (13) 3-Br, 
(14) 4-Br, (15) H.

necessary to obtain a linear k^ vs. [MeO- ] plot. Reactions in 
more concentrated salt solutions were not carried out and the 
k e value at p = 0 (116 M- 1  s-1) was obtained by assuming that 
the ionic strength effect on rate was the same for the 3 and 4 
isomers. As mentioned earlier, rate data were not obtained for 
the 2 isomer.

The reactivity order 4 »  3 is also found in the SnAt8 and 
BEh10 reactions and represents activation by inductive and 
resonance withdrawing effects.

Hammett Correlation. The rate data obtained in this 
work, together with published values,1 make possible corre
lation of a reactivity range of 1 0 7 for the basic methanolysis 
of N-aryl-fV-methylbenzamides. The Hammett plot is shown 
in Figure 1 (<r values for aza functions are those from SnAt 
reactivity8). Considering the range of reactivities, uncer
tainties in some a values, large temperature extrapolations 
to get some k e373 values, and salt effects, the correlation is 
remarkably good. The lower reactivity of the 2-aza oxide has 
been commented on. The point for the 2-aza compound also 
lies off the plot. Since proximity effects would be expected to 
be different in the amide and SnAt reactions, this deviation 
is not surprising.

The important point to emerge is that the plot is clearly 
linear with p = 3.2. Thus, in spite of an appreciable increase 
in substituent electron withdrawing power, there is no sign 
of downward curvature in the plot beyond the point for the
4-nitro substituent. The conclusion is therefore that the 
mechanism remains the same throughout, i.e., rate-deter
mining breakdown of I (mechanism A). This seems entirely 
reasonable as the basic pK a of A/-methyl-4-pyridinimine is 
ca. 15,11 i.e., it is only when one gets to the 4-methylazonium 
substituent that the leaving amine group has a basicity ap
proaching that of methoxide. Thus, with less electron-with- 
drawing substituents, the amine is a poorer leaving group than 
methoxide (at least from an electronic viewpoint) and k - \ >  
k 2 , the requirement for mechanism A.

The 4-nitro-substituted compound remains the anomaly. 
Though the deviation of the point from the Hammett corre
lation line is not gross, other evidence suggests that for this 
compound &2 > fe-i and mechanism B operates. We have
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Table II. Rate Data for the Basic Methanolysis of N-Methyl-jV-pyridinylbenzamide TV'-Oxides, 4°

Aza oxide 
position

Registry
no. [MeO'], M

Anal. X, 
nm

T,
K

102k e, 
M '1 s '1

1026 e373,
M '1 s '1

2 65442-08-2 0.004-0.04 3286 344 1.16c-d 8.67 e
0.01-0.04 354 2.43 '■ <
0.01-0.04 364 4.81e-«

3 65442-09-3 0.01-0.02 399 5 288.7 0.70 175*
0.01-0.02 299 1.60
0.01-0.02 307 3.00

4 65442-10-6 0.004-0.02 290 5 283.7 4.91 8291
0.004-0.02 289 7.20
0.004-0.01 295.7 12.7

a No LiC104 present. b Product formation. c From plot of k+ vs. [MeO']. d Intercept at [MeO'] = 0, 3 X 10'5 s '1. e A H *2m = 17-1 
kcal; AS*2c<8 = -  18 cal mol-1 K '1. < Intercept = 5 X 10'5 s '1. « Intercept = 1.1 X 10'4 s '1. h AH*298 =  13-4 kcal; AS *298 = -22 cal 
mol'1 K '1. 1 NH*298 = 11.4 kcal; AS* 298 = -24 cal mol-1 K '1.

Table III. Rate Data for the Basic Methanolysis0 of 
Benzoylmethylamino-l-methylpyridinium Iodides, 5

Registry T, k bKei k 373
Isomer no. K M '1 s '1 M '1 s '1
4C 65442-11-7 285.5 32.6d 4590e

297.4 72.7d
305.2 129d
286.5 17.2/ 2220«
298 37.3/
308 74.6/
288 14.5* 1880"
297.4 28.4*
309 62.6*

V 65442-12-8 291.6 0.145* 21.8*
304 0.369*
312 0.657*

° [MeO'] = 0.01-0.07 M. b k e = )?¿/[MeO ]. c Reactant dis-
appearance at X 305 nm followed. d M = 0.1(LiC104). e AH*293 -
11.4 kcal; AS* = —12 cal mol'1 K~ l. / n =  0.25. « A/i*298 = 11.4
kcal; AS *298 = —13 cal mol 1 K 1. h M = 0.4. 1 A//*298 = 11.6 kcal;
AS* 298 = —13 cal mol 1 K x. 1 Product formation at X 350 nm 
followed. k A H *298 = 12.7 kcal; AS*29s = “ 19 cai mol' 1 K “ 1 .

previously5 proposed an explanation involving steric and 
electronic effects for the apparently enhanced leaving group 
ability of this amine and can now comment further.

Steric compression exists in the tetrahedral intermediate 
from an NMe anilide relative to the situation for an NH ani
lide. While mechanism A is generally followed in both classes 
of compounds, this steric effect produces a difference in 
mechanism detail, evidenced by major activation parameter 
differences,5 for example, irrespective of the nature of the aryl 
substituent. The strain in an NMe intermediate is relieved 
more by loss of amine (k 2) than by loss of methoxide ( k - i ) .  
Thus, fe_x/fe2(NMe) < &_i/fe2(NH), but only for the 4-nitro 
substituent in the NMe series (in methanol) is the effect suf
ficient to tip the balance such that k - i  >  k 2 and mechanism 
B operates. We previously concluded that the reason was that 
this steric compression was most severe where through con
jugation between the exocyclic nitrogen and a para ring sub
stituent is a major factor in the substituent’s effect and co
planarity of the NMe group and ring is thereby required.

It seems that the change in substituent effect from aza to 
quaternized aza (N+-0 ~  or N+-Me) is very much due to an 
increased inductive effect while the resonance effect is rela
tively little altered.12 Thus the planarity requirement for 
through conjugation is not critical, the steric effect of the 
methyl is not significantly increased, and, even in these highly 
reactive compounds, the leaving group ability is not increased 
sufficiently to produce a mechanism change. It can therefore 
be deduced that, in this reaction in methanol, a further ex

ample of mechanism B requires a substituent with either a 
total electron-withdrawing effect even greater than that 
provided by the methylazonium group or a resonance com
ponent of a~  greater than that of the nitro group.

Experimental Section
F o r  p r o d u c t  a n a l y s i s  s t u d i e s ,  l - m e t h y l - 2 - m e t h y l a m i n o p y r i d i n i u m  

io d i d e ,  m p  1 6 4 - 1 6 6  ° C  ( l i t . 1 3  m p  1 5 9 - 1 6 0  ° C ) ,  l - m e t h y l - 3 - m e t h -  

y l a m in o p y r id in iu m  io d id e ,  m p  1 6 2 - 1 6 3  ° C  ( A n a l .  C a lc d  f o r  C 7 H n I N 2: 

C ,  3 3 .6 ;  H ,  4 .4 ; N ,  1 1 . 2 .  F o u n d :  C ,  3 3 . 5 5 ;  H ,  4 .5 ;  N ,  1 1 . 0 ) ,  w e r e  p r e p a r e d  

b y  r e a c t i o n  o f  t h e  a p p r o p r i a t e  a m i n o p y r i d i n e  w i t h  m e t h y l  i o d i d e  in  

e t h a n o l .

Aza 3 .  T h e  i s o m e r i c  .V - m e t h y l - N - p y r i d i n y l b e n z a m i d e s  w e r e  p r e 

p a r e d  b y  b e n z o y l a t i o n  o f  t h e  c o r r e s p o n d i n g  m e t h y la m i n o p y r i -  
d i n e s . 14

Methylazonium 5. Q u a t e r n iz a t io n  o f  t h e  a p p r o p r i a t e  3 w it h  m e t h y l  

i o d i d e  in  e t h a n o l  g a v e  l - m e t h y l - 3 - ( b e n z o y l m e t h y l a m i n o ) p y r i d i n i -  

u m i o d i d e ,  m p  1 6 5 - 1 6 6  ° C  ( E t O H )  ( A n a l .  C a l c d  f o r  C i 4H i 5 I N 2 0 :  C ,  

4 7 .5 ;  H ,  4 .2 ;  N ,  7 .9 .  F o u n d :  C ,  4 7 .5 ;  H ,  4 . 2 ;  N ,  7 .6 ) ,  a n d  l - m e t h y l - 4 -  

( b e n z o y l m e t h y l a m i n o ) p y r i d i n i u m  i o d i d e ,  m p  1 1 8 - 1 2 1  ° C  ( E t O H )  

( A n a l .  F o u n d :  C ,  4 7 .2 ;  H ,  4 . 5 5 ;  N ,  7 .6 ) .  T h e  2  i s o m e r  w a s  i n i t i a l l y  o b 

t a i n e d  a s  a  v i s c o u s  o i l .  T h i s  w a s  w a s h e d  t h r e e  t i m e s  w i t h  e t h a n o l  in  

a  d r y  i c e - a c e t o n e  b a t h .  T h e  r e s i d u e  s lo w l y  c r y s t a l l i z e d  a n d  g a v e  1 - 

m e t h y l - 2 - ( b e n z o y lm e t h y l a m i n o ) p y r i d i n i u m  io d id e ,  m p  1 7 0 - 1 7 3  ° C ,  

a f t e r  r e c r y s t a l l i z a n o n  f r o m  e t h a n o l .  ( A n a l  F o u n d :  C ,  4 7 .4 ;  H ,  4 . 3 5 ;  

N ,  7 .7 ) .

Aza Oxide 4. 2 - M e t h y l a m i n o p y r i d i n e  1 - o x i d e ,  m p  1 0 2 - 1 0 4  ° C  

( b e n z e n e - e t h e r )  ( l i t . 1 5  m p  1 0 3 - 1 0 5  ° C ) ,  w a s  p r e p a r e d  b y  r e a c t i o n  o f  

t h e  p y r id in e  w i t h  1  m o l  o f  m - c h lo r o p e r b e n z o ic  a c id  in  a c e t o n e  a t  r o o m  

t e m p e r a t u r e .  T h e  1 - o x i d e  c r y s t a l l i z e d  w h e n  t h e  s o l v e n t  w a s  e v a p o 

r a t e d  a n d  e t h e r  w a s  a d d e d .  B e n z o y l a t i o n 16  g a v e  t h e  a m i d e ,  m p  

1 5 0 - 1 5 1  ° C  ( l i t . 16  m p  1 5 2 - 1 5 3  ° C ) .

N - M e t h y l - N - f S - p y r i d i n y f i b e n z a m i d e  A ~ '- o x id e ,  m p  1 7 8 - 1 8 0  ° C  

( A n a l .  C a l c d  f o r  C  3 H i 2N 20 2: M ,  2 2 8 .0 8 9 8 0 .  F o u n d :  M ,  2 2 8 .0 9 1 3 6 ,  b y  

h ig h - r e s o lu t io n  m a s s  s p e c t r o m e t r y )  w a s  p r e p a r e d  b y  o x i d a t i o n  o f  t h e  

b e n z a m i d e  w i t h  m - c h l o r o p e r b e n z o i c  a c i d  in  a c e t o n e  ( 2  h  r e f l u x )  a s  

f o r  t h e  a m in e  a b o v e .  T h e  4  i s o m e r ,  m p  1 4 9 - 1 5 0  ° C  ( l i t .  m p 1 6 1 4 4 - 1 4 5  

° C ) ,  w a s  p r e p a r e d  s i m i l a r l y .

Kinetics. R a t e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  in  m e t h a n o l ,  w i t h  

v a r y i n g  c o n c e n t r a t i o n s  o f  m e t h o x i d e ,  u n d e r  p s e u d o - f i r s t - o r d e r  c o n 

d i t i o n s . 1  W h e r e  a p p l i c a b l e ,  c o n s t a n t  s a l t  c o n c e n t r a t i o n  w a s  m a i n 

t a i n e d  w i t h  a n h y d r o u s  l i t h i u m  p e r c h l o r a t e .  R e a c t i o n s  w e r e  c a r r i e d  

o u t  a t  l e a s t  in  d u p l i c a t e  a n d  t h e  i n d i v i d u a l  v a l u e s  a g r e e d  w i t h i n  4 % . 17  

T h e  3 -  a n d  4 - m e t h y l a m i n o p y r i d i n e  1 - o x i d e s  w e r e  n o t  p r e p a r e d  b u t  

in  a l l  o t h e r  c a s e s  w h e r e  k i n e t i c s  w e r e  f o l lo w e d ,  i n f i n i t y  s p e c t r a  a g r e e d  

w i t h  t h o s e  o f  a u t h e n t i c  p r o d u c t  m i x t u r e s .

S t o c k  s o l u t i o n s  o f  t h e  m e t h y la z o n i u m  c o m p o u n d s ,  5 ,  w e r e  m a d e  

u p  in  a c id i f ie d  m e t h a n o l  ( 2  d r o p s  o f  2  M  H C 1  t o  5 0  m L  o f  s o lv e n t )  a n d  

r e a c t i o n s  o f  t h e  4  is o m e r  w e r e  f o l lo w e d  b y  s h o p p e d  f lo w  k in e t i c s ,  w i t h  

kj, b e i n g  c a l c u l a t e d  f r o m  s i x  t o  n in e  f  i /2  m e a s u r e m e n t s .  A l l  o t h e r  r e 

a c t i o n s  w e r e  f o l l o w e d  b y  c o n v e n t i o n a l  U V  m o n i t o r i n g .  W i t h  t h e  3  

i s o m e r  o f  5, w h e r e  i  i /2  «  3 0  s ,  i t  w a s  n e c e s s a r y  t o  p r e e q u i l i b r a t e  s e p 

a r a t e  s o l u t i o n s  o f  a m i d e  a n d  m e t h o x i d e .  T n e s e  w e r e  t h e n  e f f i c i e n t l y  

m ix e d  w i t h in  5  s  in  t h e  t h e r m o s t a t e d  c e l l  a n d  s u b s e q u e n t  r e a c t io n  w a s  

f o l l o w e d .

Registry No.— l - M e t h y l - 3 - m e t h y l a m i n o p y r i d i n i u m  i o d i d e ,  

6 5 4 4 2 - 1 3 - 9 ;  l - m e t h y l - 4 - m e t h y l a m i n o p y r i d i n i u m  io d id e ,  5 9 4 3 5 - 9 6 - 0 ;
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1 -  m e t h y l - 2 - ( b e n z o y l m e t h y l a m i n o ) p y r i d i n i u m  i o d i d e ,  6 5 4 4 2 - 1 4 - 0 ;

2 -  m e t h y l a m i n o p y r i d i n e  1 - o x i d e ,  5 4 8 1 8 - 7 0 - 1 .
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T h e  R e f o r m a t s k y  r e a c t i o n  b e t w e e n  e t h y l  b r o m o a c e t a t e  a n d  l - a c e t o x y - 4 - p h t h a l i m i d o - 2 - b a t a n o n e  (4 )  p r o d u c e s  

in  m o d e s t  y i e l d  ,8 - a c e t o x y - / 3 - ( 2 - p k t h a l i m i d o e t h y l ) b u t y r o l a c t o n e  ( 1 0 ) , a  p r o d u c t  o f  n o r m a l  a d d i t i o n  t o  t h e  k e t o n e  

c a r b o n y l ,  a n d  i n  lo w  y i e l d  a  s e c o n d  c o m p o u n d ,  w h i c h  a r i s e s  f r o m  t r a n s f o r m a t  io n  o f  t h e  p h t h a l i m i d e  g r o u p .  T h e  l a t 

t e r  p r o d u c t  i s  s h o w n  t o  b e  l , 5 , 8 - t r i o x o b e n z [ / ] i n d o l i z i d i n e  ( 1 3 ) ,  a  m a t e r i a l  w h i c h  is  o f  s y n t h e t i c  i n t e r e s t  b e c a u s e  o f  

i t s  s t r u c t u r a l  r e l a t i o n s h i p  t o  t h e  p h e n a n t h r o i n d o l i z i d i n e  a n d  A m a r y l l i d a c e a e  a l k a l o i d s .  T h e  p r e c u r s o r  t o  k e t o n e  

4 ,  l - d i a z o - 4 - p h t h a l i m i d o - 2 - b u t a n o n e  ( 7 ) ,  w a s  f o u n d  t o  g i v e  1 3  d i r e c t l y  in  p r e p a r a t i v e l y  a c c e p t a b l e  y i e l d  v i a  a  n o v e l  

r e a r r a n g e m e n t  o f  i t s  d e r i v e d  k e t o c a r b e n e  ( 1 7 ) .

We are presently investigating a synthetic approach to 
the ring system of cocculolidine ( l),2 a member of the D-ring 
lactone subgroup of the Erythrina group of alkaloids. This 
approach requires the as yet unknown amir.obutenolide 2, and 
our immediate synthetic goal was the amine-protected lactone
3.

2 ,  R  =  H

3 ,  R  =  o - p h t h a l o y l

The key step in an initial sequence designed to produce 3 
was the Reformatsky reaction between ethyl bromoacetate 
and l-acetoxy-4-phthalimido-2-butanone (4). This ketone was

4, Z  = CH 2O A c 7, Z  = CH N . 10, Y  = O A c
5, Z  = OH 8, Z  = C H 20 C H O  11, Y  = OCHO
6, Z  = Cl 9, Z  = CH 2C1 12, Y  = OH

readily prepared in four steps from /3-alanine (3-aminopro- 
pionic acid) via intermediates 5, 6, and 7, respectively.

The major product of the Reformatsky reaction was the 
acetoxylactone 10, which was formed in modest yield (20%) 
and presumably arose from normal addition to the ketone 
followed by transesterification and cyclization. This reaction 
also produced a second, highly colored, product “A” in lower

yield (5%), whose elemental analysis indicated an empirical 
formula of C12H9NO3 and whose spectral data indicated that 
it was not derived from normal addition to the starting ketone. 
The structure of this product was assigned on the basis of the 
following.

The ]H NMR spectrum of the ketone 4 shows a typical 
A2X 2 pattern for the adjacent methylene groups: a pair of 
two-proton triplets at 5 2.9 and 4.1. ( J  =  8 Hz). The spectrum 
of A shows these signals unchanged, implying that the 
NCH2CH2CO grouping remains intact in the product. In 
contrast, the singlets due to the acetate methyl group [6 2.2 
(3 H)] and the 1-methylene group [ 5 4.7 (2 H)] in the starting 
material are absent in the product. In addition, the aromatic 
protons in 4 show the compact, symmetrical multiplet [5 7.8 
(4 H)] which is typical of N-substituted phthalimides, whereas 
in A a complex signal [5 7.6-8.2 (4 H)] appears, suggesting a 
loss of symmetry in the substitution pattern of the aromatic 
ring. The only remaining peak in the spectrum of A is a 
broadened singlet [5 6.5 (1 H)j which disappears on addition 
of D20.

The transformation of the phthalimide group and loss of 
ester functionality are both immediately evident from the IR 
spectrum: the peaks of the starting material 4 at 1715 (strong) 
and 1780 cm-1 (moderate), characteristic of phthalimides, and 
at 1750 cm-1 (OAc) are absent in A. Somewhat surprising is 
that A also lacks the absorption of 4 at 1730 cm-1 due to the 
simple ketone group. Instead, the product exhibits a strong 
peak at 1685 cm-1, moderately strong peaks at 1700 and 1675 
cm-1, and a very strong band at 1630 cm-1. The spectrum of 
A shows additionally a broad peak at 3240 cm-1, which cor
relates with the singlet at <5 6.5 in the NMR spectrum.

Consideration of mechanistic possibilities in- view of the 
above data leads to the benzindolizidine 13 as the structure 
of A.

0022-3263/78/1943-2026$01.00/0 © 1978 American Chemical Society



l,5,8-Trioxobenz[/]indolizidine J. Org. Chem., Vol. 43, No. 10,1978 2027

Scheme I

13

The 8 -dike tone structure is supported both by a positive 
ferric chloride test and by the IR spectrum. Enol diketones 
exhibit3 a very strong principal carbonyl peak in the range 
1640-1580 cm-1. Some also show two peaks at somewhat 
higher frequency. For example, 1-benzoylacetone and 2-ace- 
tyl-l-tetralone (14) both show4 moderately strong peaks at 
1715 and 1670 cm- 1  as well as an intense band at 1605 cm-1. 
These corre.ate well with the peaks in A at 1700, 1675, and 
1630 cm-1. The remaining adsorption in A at 1685 _1 can be 
reasonably assigned to the 5-lactam carbonyl group. The :H 
NMR spectrum described above is completely consistent with 
structure 13, as is the 13C NMR spectrum (see Experimental 
Section). It should be noted that the absorption of the hy
droxyl hydrogen at 5 6.5, an unusually high field for enolic 
protons, can be explained by assuming a low degree of intra
molecular hydrogen bonding5 and that the relative lack of this 
bonding is reflected as well in the IR spectrum by the promi
nence and high frequency of O-H stretch (3240 cm- 1 ) .6

A plausible pathway for the formation of 13 is shown in 
Scheme I. Z:nc enolates such as B are known7 to exist in Re- 
formatsky mixtures, and the formation of these species is 
considered' to be responsible for lowered yields of addition 
product and recovery of starting carbonyl compound, regen
erated from the enolate during the hydrolysis. We believe that 
this factor is particularly important here and that large 
amounts of B are formed, evidence for which, besides the 
relatively low yield of 1 0 , is that considerable amounts (ca. 
30%) of starting ketone were found in product mixtures. The 
unusual ease of conversion of 4 to its enolate would presum
ably be due to inductive stabilization by the electron-with
drawing group in the 1 position in B.

Beyond its unexpected nature we felt that the formation 
of 13 is of potential synthetic interest as this compound con
tains substantial portions of the carbon skeletons of at least 
two otherwise structurally diverse groups of alkaloids, ex
emplified by tylophorine (15) (phenanthrindolizidine) 83 and 
lycorine (16) (Amaryllidaceae).8b In particular, the synthesis

OMe

15 16

of the Amaryllidaceae ring system could be accomplished by 
direct elaboration of 13 since the ,8 -diketone functionality is 
located at the exact points of attachment of the C ring. Con
sequently, a brief investigation of some possibilities of in
creasing the yield of 13 to a preparatively useful level seemed 
justified.

Since our postulated mechanism (Scheme I) implies a key 
role for the 1 -acetoxy group, particularly with respect to its 
leaving ability, two other 1-substituted 4-phthalimido-2- 
butanones were prepared and subjected to Reformatsky 
conditions for comparison. l-Formyloxy-4-phthalimido-2-

11

13

Scheme II

D — ► 13

17 18

butanone (8 ) gave a decreased yield of the analogous normal 
addition product (1 1 , 1 0%) and a somewhat increased yield 
of 13 (8%). This is qualitatively consistent with the proposed 
mechanism and the properties of the formyloxy group relative 
to the acetoxy group, i.e., more electron withdrawing (greater 
stabilization in B, disfavoring normal addition) and better 
leaving ability (greater ease of loss in C, favoring 13). The ef
fect of replacing acetate by chlorine is less predictable, par
ticularly from a steric point of view, and in fact the 1 -chloro 
derivative 9 gave a lower yield of the normal addition product 
(12,10%) and none of 13.

It then occurred to us that material already in hand, the 
diazo ketone 7, would serve as a ready source of a different 
type of reactive species that might be used to exploit the 
susceptibility of the imide carbonyls to attack from the 5 po
sition of the iV-butanone chain. This approach is illustrated 
in Scheme II.

Thus, it seemed that the carbene derived from 7 (17) could 
undergo rearrangement to 13, initiated by intramolecular 
insertion10 across the imide carbonyl and proceeding via the 
resulting epoxide 18 through the diketo tautomer D.9 In the 
event of CuSC^-catalyzed10 decomposition of 7 in xylene at 
120 °C, 13 was indeed produced directly. The yield was 25%, 
which, though modest, is acceptable frcm a practical stand
point in view of the ease of product isolation and the efficiency 
and simplicity of the sequence leading to 7 (96% overall in 
three steps from /3-alanine). The conditions used were adopted 
when other experiments indicated that b oth lower and higher 
temperatures gave lower yields. For example, at 35 °C the 
decomposition gave a virtually quantitative yield of a new and 
apparently polymeric phthalimide (19) and only a trace of
13.

While the use of the intact phthaloyl grouping in an 
amine-protecting role is well established, the elaboration of 
phthalimides to more complex heterocyclic systems has re
ceived little attention.11 The results reported here suggest that 
the sensitivity of the phthalimide carbonyls to intramolecular 
attack, which in this work provided a facile entry to the 
benz[/]indolizidine nucleus, could form the basis for a variety 
of new synthetic approaches to such systems.
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Experimental Section

M e l t i n g  p o i n t s  a r e  u n c o r r e c t e d .  I R  s p e c t r a  w e r e  d e t e r m i n e d  w i t h  

a  B e c k m a n  4 2 3 0  i n s t r u m e n t  o n  N u j o l  m u l l s .  1 H  N M R  s p e c t r a  w e r e  

o b t a i n e d  o n  a  P e r k i n - E l m e r  R - 2 4  i n s t r u m e n t  a n d  13 C  s p e c t r a  o n  a  J e o l  

P S - 1 0 0  i n s t r u m e n t  o p e r a t i n g  in  t h e  F T  m o d e ,  u s i n g  M e 4S i  a s  a n  i n 

t e r n a l  r e f e r e n c e .  C o m b u s t i o n  a n a l y s e s  w e r e  p e r f o r m e d  o n  a  P e r k i n -  

E l m e r  M o d e l  2 4 0  a u t o m a t i c  e l e m e n t a l  a n a l y z e r .

d-Phthalimidopropionic Acid (5).12 P h t h a l i c  a n h y d r i d e  ( 1 4 8  g ,

1 . 0 0  m o l)  a n d  / 5 - a la n in e  ( 8 9 . 1  g ,  1 . 0 0  m o l)  w e r e  r e f l u x e d  t o g e t h e r  

o v e r n i g h t  in  e x c e s s  g l a c i a l  H O A c .  T h e  s o l v e n t  w a s  e v a p o r a t e d  a n d  

t h e  w h i t e  s o l i d  r e s i d u e  r e c r y s t a l l i z e d  f r o m  H 2 O  t o  g i v e  5,2 1 3  g  ( 9 7 % ) , 

in  t w o  c r o p s  a s  p u r e  w h i t e  c r y s t a l s ,  m p  1 5 0 - 1 5 1 . 5  ° C  ( l i t . 1 3  1 5 0 - 1 5 1  

°C ) .
/5-Phthalimidopropionyl Chloride (6). / 3 - P h t h a l im i d o p r o p io n ic  

a c i d  ( 5 ;  2 . 1 9  g , 0 . 0 1 0 0  m o l)  w a s  h e a t e d  in  e x c e s s  t h i o n y l  c h lo r id e  u n t i l  

g a s  w a s  n o  lo n g e r  e v o l v e d  ( c a . 0 .5  h ) .  T h e  r e s u l t i n g  s o l u t i o n  w a s  

e v a p o r a t e d  t o  a n  o i l  f r o m  w h i c h  m o s t  o f  t h e  r e s i d u a l  S O C I 2  w a s  r e 

m o v e d  b y  a l t e r n a t i v e  s o l u t i o n  in  C H 2 C 1 2  a n d  e v a p o r a t i o n .  T h e  c r y s 

t a l l i n e  r e s i d u e  w a s  d r i e d  in  v a c u o  t o  g i v e  G a s  a  w h i t e  s o l i d :  2 .3 6  g  

( 9 9 % ) ; m p  1 0 4 . 5 - 1 0 5 . 5  ° C .  I n  a  s i m i l a r  r u n  e v a p o r a t i o n  o f  a  m i c r o 

s a m p l e  o f  t h e  o r i g i n a l  r e a c t i o n  m i x t u r e  f o l l o w e d  b y  t h o r o u g h  d r y i n g  

i n  v a c u o  g a v e  a n a l y t i c a l l y  p u r e  m a t e r i a l ,  m p  1 0 7 . 5 - 1 0 8  ° C  ( l i t . 14  

1 0 7 - 1 0 8  ° C ) .

A n a l .  C a l e d  f o r  C u H 8C 1 N 0 3 : C ,  5 5 .6 0 ;  H ,  3 ,3 9 :  N ,  5 .8 9 .  F o u n d :  C ,  

5 5 .5 0 ;  H ,  3 . 3 5 ;  N ,  5 .8 9 .

l-Diazo-4-phthalimido-2-butanone ( 7 ) .  T o  a  s o l u t i o n  o f  a n  e x 

c e s s  o f  d i a z o m e t h a n e  ( u n d i s t i l l e d ,  f r o m  n i t r o s o m e t h y l u r e a )  in  E t 20  

w a s  a d d e d  / 5 - p h t h a l i m i d o p r o p i o n y l  c h lo r i d e  (6 ;  1 1 . 9  g , 0 .0 5 0 0  m o l)  

in  p o r t i o n s  o v e r  c a .  0 .2 5  h . T h e  r e s u l t i n g  s u s p e n s i o n  w a s  s t i r r e d  f o r  

a n  a d d i t i o n a l  0 .5  h  a n d  t h e  r e m a i n i n g  d i a z o m e t h a n e  d e s t r o y e d  w i t h  

H O A c .  T h e  m i x t u r e  w a s  f i l t e r e d  t o  g i v e ,  a f t e r  d r y i n g  in  v a c u o ,  8 .5 0  

g  o f  7  a s  f i n e  p a l e  g r e e n  c r y s t a l s ,  m p  1 2 5 . 5 - 1 2 7  3 C .  E v a p o r a t i o n  o f  t h e  

f i l t r a t e  g a v e  a  s e c o n d  c r o p , m p  1 2 5 - 1 2 6 . 5  ° C ,  o f  2 .7 0  g  ( t o t a l  y i e l d  1 2 . 2  

g ,  10 0 % ) .  A n  a n a l y t i c a l  s a m p l e  h a d  m p  1 2 8 - 1 2 9  ° C ;  I R  2 1 6 0  

( C = N = N )  c m “ 1 ; 4H  N M R  ( C D C I 3 ) 6 2 .8  ( t ,  J  =  7  H z ,  2  H ) ,  4 .0  ( t ,  J  
=  7  H z ,  2  H ) ,  5 . 3  ( s , 1  H ) ,  7 .8  ( m , 4  H ) .

A n a l .  C a l e d  f o r  C1 2 H9N3 O3 : C ,  5 9 .2 6 ;  H ,  3 . 7 3 ;  N ,  1 7 . 2 8 .  F o u n d :  C ,  

5 9 . 2 7 ;  H ,  3 .7 0 ;  N ,  1 7 . 5 5 .

l-Acetoxy-4-phthalimido-2-butanone (4). A  s o l u t i o n  o f  9 . 1 4  g 
( 0 .0 3 7 6  m o l)  o f  d i a z o  k e t o n e  7  in  1 5 0  m L  o f  g l a c i a l  H O A c  w a s  h e a t e d  

t o  4 C M 5  ° C  f o r  5 .5  h  a n d  t h e n  s t i r r e d  o v e r n i g h t  a t  r o o m  t e m p e r a t u r e .  

E v a p o r a t i n g  t h e  H O A c  a n d  d r y i n g  t h e  r e s i d u e  in  v a c u o  t o  a  c o n s t a n t  

w e i g h t  g a v e  a  w h i t e  s o l id ,  m p  1 2 2 - 1 2 9  ° C ,  1 0 . 2 7  g  ( 1 0 0 %  c r u d e  y ie ld ) .  

A n  a n a l y t i c a l  s a m p l e  h a d  m p  1 3 0 . 5 - 1 3 1  ° C ;  I R  1 7 3 0  ( C = 0 ) ,  1 7 5 0  

( O A c )  c m “ 1 ; 4H  N M R  ( C D C 1 3 ) & 2 .2  ( s , 3  H ) ,  2 .9  ( t ,  J  =  8  H z ,  2  H ) ,  4 . 1  

( t ,  J  =  8  H z ,  2  H ) ,  4 . 7  ( s ,  2  H ) ,  7 .8  ( m , 4  H ) .

A n a l .  C a l e d  f o r  C1 4 H1 3 NO5 : C ,  6 1 . 0 9 ;  H ,  4 . 7 6 ;  N ,  5 .0 9 .  F o u n d :  C ,  

6 1 . 1 2 ;  H ,  4 . 7 2 ;  N ,  5 . 1 0 .

l-Formyloxy-4-phthaIimido-2-butanone (8). T o  2 5  mL o f  91%
H C O 2 H  w a s  a d d e d  2 .4 3  g  ( 0 . 0 1 0 0  m o l)  o f  7  ir , p o r t i o n s ,  a n d  t h e  r e 

s u l t i n g  m i x t u r e  w a s  s t i r r e d  f o r  s e v e r a l  m i n u t e s  u n t i l  n o  f u r t h e r  g a s  

w a s  e v o l v e d .  T h e  m i x t u r e  w a s  d i lu t e d  w i t h  H 2 O , m a d e  b a s i c  w i t h  

N a H C 0 3, a n d  e x t r a c t e d  w i t h  3  X  1 0 0  m L  o f  C H C I 3 . T h e  c o m b in e d  

e x t r a c t s  w e r e  d r i e d  ( C a S 0 4), e v a p o r a t e d ,  a n d  d r i e d  in  v a c u o  t o  a  

c o n s t a n t  w e i g h t ,  g i v i n g  2 .4 8  g  ( 9 5 %  c r u d e  y i e l d )  o f  8  a s  a  p u r e  w h i t e  

s o l i d .  A n  a n a l y t i c a l  s a m p l e  h a d  m p  1 5 4 - 1 5 4 . 5  ° C ;  I R  1 7 4 0  ( O C H O )  

c m “ 1 ; XH  N M R  ( C D C I 3 ) <5 2 .9  ( t , J  =  8  H z ,  2  H ) ,  4 . 1  ( t ,  J  =  3  H z ,  2  H ) ,
4 . 7  ( s ,  2  H ) ,  7 .8  ( m , 4  H ) ,  8 .0  ( s ,  1  H ) .

A n a l .  C a l e d  f o r  C i 3 H n N 0 5: C ,  5 9 . 7 7 ;  H ,  4 . 2 4 ;  N ,  5 .3 6 .  F o u n d :  C ,  
5 9 .6 4 ;  H ,  4 . 2 7 ;  N ,  5 .3 5 .

l-Chloro-4-phthalimido-2-butanone ( 9 ) .  T o  a  s t i r r e d  s o l u t i o n  

o f  8 .5 6  g  ( 0 .0 3 5 2  m o l)  o f  7  in  1 5 0  m L  o f  M e 2 C O  w a s  a d d e d  c o n c e n 

t r a t e d  H C 1  d r o p w i s e  u n t i l  g a s  w a s  n o  lo n g e r  e v o l v e d  a n d  t h e  i n i t i a l  

p a le  g r e e n  c o lo r  w a s  d i s c h a r g e d .  T h e  s o l v e n t  w a s  e v a p o r a t e d  a n d  t h e  

r e s u l t i n g  r e s i d u e  d r i e d  in  v a c u o  t o  g i v e  a  p u r e  w h i t e  s o l id ,  8 . 8 1  g  (9 9 %  

c r u d e  y i e l d ) .  A n  a n a l y t i c a l  s a m p l e  h a d  m p  1 2 0 - 1 2 0 . 5  ° C ;  I R  1 7 3 0  

( C O C H 2 C l)  c m - 1 ; 1 5  H I  N M R  ( C D C 1 3 ) 5 3 .0  ( t ,  J  =  7  H z ,  2  H ) ,  4 .0  ( t ,  

J  =  7  H z ,  2  H ) ,  4 . 1  ( s ,  2  H ) ,  7 .8  ( m , 4  H ) .

A n a l .  C a l e d  f o r  C i 2 H 1 0 C 1 N O 3: C ,  5 7 . 2 7 ;  H ,  4 . 0 1 ;  N ,  5 . 5 7 .  F o u n d :  C ,  
5 7 . 3 5 ;  H ,  4 .0 5 ;  N ,  5 .5 7 .

Reformatsky Reaction of l-Aeetoxy-4-phthalimido-2-buta- 
none (4). T o  a  f l a s k  c o n t a i n i n g  a  s t i r r e d  s o l u t i o n  o f  2 2 .9 0  g  ( 0 .0 8 3 3  

m o l)  o f  4  in  2 0 0  m L  o f  d r y  r e f l u x i n g  b e n z e n e  a n d  5 .4 5  g  ( 0 .0 8 3 3  g -  

a t o m )  o f  g r a n u l a t e d  z in c  w a s  a d d e d ,  u n d e r  d r y  n i t r o g e n ,  a  s o l u t i o n  

o f  1 0  m L  ( 0 .0 9 0  m o l)  o f  e t h y l  b r o m o a c e t a t e  in  1 0 0  mL o f  b e n z e n e  

d r o p w i s e  o v e r  1 . 5  h . A f t e r  3 . 5  h  ( t o t a l  t i m e )  a n  a d d i t i o n a l  1  g  o f  z in c  

a n d  2  m L  o f  e t h y l  b r o m o a c e t a t e  w e r e  a d d e d  a n d  r e f l u x i n g  w a s  c o n 

t i n u e d  f o r  1  h . T o  t h e  c o o le d  m ix t u r e  w a s  a d d e d  1 0 0  m L  o f  1 N  H 2 S 0 4 

w i t h  r a p i d  s t i r r i n g .  T h e  t w o  r e s u l t i n g  l i q u i d  l a y e r s  w e r e  d e c a n t e d  a n d

s e p a r a t e d .  A f t e r  3  d a y s  t h e  c r y s t a l s  t h a t  f o r m e d  in  t h e  a c i d  l a y e r 16  

w e r e  c o l le c t e d  o n  a  f i l t e r  t o  g i v e  0 .8 8 1  g  ( 5 % )  o f  13 a s  o r a n g e - y e l l o w 17  

n e e d l e s ,  m p  2 1 9 - 2 2 0  ° C .  A n  a n a l y t i c a l  s a m p l e  h a d  m p  2 2 0 - 2 2 1  ° C ;  

I R  3 2 4 0  ( v e r y  b r o a d ) ,  1 7 0 0 , 1 6 8 5 , 1 6 3 0  c m ' 1 ; 4H  N M R  ( C D C 1 3 ) 5 2 .9  

( t ,  J  =  8  H z ,  2  H ,  C H 2 C O ) ,  4 .2  ( t ,  J  =  8  H z ,  2  H ,  N C H 2) , 6 .5  ( s ,  1  H ,  

e x c h a n g e a b le  w i t h  D 2O , O H ) ,  7 . 6 - 8 . 3  ( m , 4  H ,  a r o m a t i c ) ;  1 3 C  N M R  

( M e 2 S O - c Î 6 ; m u l t i p l i c i t i e s  in  c o u p l e d  s p e c t r u m  a n d  r e l a t i v e  p e a k  

h e i g h t s  i n d i c a t e d )  5 3 4 .8  ( t ,  0 .7 5 ) ,  3 6 .4  ( t ,  0 .9 0 ) ,  1 2 2 . 9  ( d , 0 . 9 1 ) ,  1 2 4 . 6  

( d ,  0 .8 2 ) ,  1 2 8 . 7  ( s ,  0 .5 6 ) ,  1 3 0 . 0  ( d , 0 .8 9 ) ,  1 3 0 . 0  ( s ,  n o t  d i s t i n g u i s h a b l e  

in  d e c o u p le d  s p e c t r u m ) ,  1 3 2 . 2  (d . 1 . 0 0 ) ,  1 3 2 . 7  (s , 0 .6 0 ) ,  1 3 3 . 6  ( s ,  0 .5 3 ) ,

1 6 3 . 9  ( s ,  0 .4 4 ) ,  1 8 9 . 8  ( s ,  0 . 5 5 ) ;  U V  ( E t O H )  Xmax 3 7 5  n m  (e 1 9  0 0 0 ) .

A n a l .  C a l c d  f o r  C i 2 H 9N 0 3: C ,  6 6 .9 7 ;  H ,  4 . 2 2 ;  N ,  6 . 5 1 ;  m o l  w t  2 1 5 .  

F o u n d :  C ,  6 6 .7 4 ;  H ,  4 . 2 7 ;  N ,  6 .4 0 ;  m o l  w t  2 3 8  ( R a s t ) ;  m /e  2 1 5  ( b a s e  

p e a k ) .

E v a p o r a t i o n  o f  t h e  d r i e d  ( M g S 0 4) b e n z e n e  l a y e r  g a v e  a  d a r k  o i l y  

s o l i d ;  t r i t u r a t i o n  w i t h  6 5  m L  o f  E t O A c  l e f t  5 .2 8  g  ( 2 0 % )  o f  a c e t o x y -  

l a c t o n e  10 a s  l i g h t  c r y s t a l s ,  m p  1 5 8 - 1 6 0 . 5  ° C .  A n  a n a l y t i c a l  s a m p l e  

h a d  m p  1 6 1  ° C ;  I R  1 7 3 5  ( O A c ) , 1 7 7 0  (7 - la c t o n e  0 = 0 )  c m - 1 ; 1 H  N M R  

( C D C I 3 ) 5  2 .0  ( s ,  3  H ) ,  2 .4  ( t ,  J  =  8  H z ,  1 H ) ,  2 .5  ( t ,  J  =  8  H z ,  1 H ) ,  2 .8 5  

( s ,  1  H ) ,  2 .9 5  ( s , 1 H ) ,  3 .8  ( t ,  J  =  3  H z ,  2  H ) ,  4 . 3  ( d , J =  1 1  H z ,  1  H ) ,  4 .7  

( d ,  J  =  1 1  H z ,  1  H ) ,  7 .8  ( m , 4  H ) .

A n a l .  C a l c d  f o r  C 1 6 H 1 5 N O 6: C ,  6 0 .5 7 ;  H ,  4 . 7 7 ;  N ,  4 . 4 1 .  F o u n d :  C ,  

6 0 .5 3 ;  H ,  4 . 7 1 ;  N ,  4 .3 4 .

Reformatsky Reaction of l-Formyloxy-4-phthalimido-2- 
butanone ( 8 ) . T h e  p r o c e d u r e ,  u s i n g  2 .9 5  g  ( 0 . 0 1 1 3  m o l)  o f  8 , w a s  

a n a lo g o u s  t o  t h a t  d e s c r ib e d  a b o v e  a n d  t h e  i s o la t io n  o f  13 ( 0 . 1 9 1  g , 8 % ) 

w a s  t h e  s a m e .  T h e  f o r m y l o x y l a c t o n e  1 1  w a s  i n i t i a l l y  o b t a i n e d  a s  a n  

o i l  w h i c h  c r y s t a l l i z e d  o n  s t a n d i n g .  R e c r y s t a l l i z a t i o n  ( E t O A c - c y c l o -  

h e x a n e )  g a v e  0 .3 4 5  g  ( 10 % )  o f  11, m p  1 4 0 - 1 4 2  ° C .  A n  a n a l y t i c a l  s a m p le  

h a d  m p  1 4 4 - 1 4 4 . 5  ° C ;  I R  1 7 8 0 ,  1 7 2 0  c m " 1 ; ' H  N M R  ( C D C I 3 ) <5 2 .5 0  

( t ,  J  =  8  H z ,  1  H ) ,  2 . 5 5  ( t ,  J  =  8  H z ,  1  H ) ,  2 .9  ( s ,  1  H ) ,  3 .0  ( s ,  1  H ) ,  3 .8  

( t ,  J  =  8  H z ,  2  H ) ,  4 .4  ( d ,  J  =  1 2  H z ,  1  H ) ,  4 . 7  ( d , J  =  1 2  H z ,  1  H ) ,  7 .8  

( m , 4  H ) ,  8 .0  ( s ,  1  H ) .

A n a l .  C a l c d  f o r  C i 5 H i 3 N O g : C ,  5 9 . 4 1 ;  H ,  4 . 3 2 ;  N ,  4 .6 2 .  F o u n d :  C ,  

5 9 .5 6 ;  H ,  4 . 3 5 ;  N ,  4 .4 5 .

Reformatsky Reaction of l-Chloro-4-phthalimido-2-butanone 
(9). T h e  p r o c e d u r e ,  u s i n g  2 . 5 2  g  ( 0 .0 1 0 0  m o l)  o f  9, w a s  a n a l o g o u s  t o  

t h a t  d e s c r i b e d  f o r  4. N o  13 w a s  o b t a i n e d ,  a n d  t h e  h y d r o x y l a c t o n e  12 
w a s  o b t a i n e d  a s  a n  o i l  w h ic h  c r y s t a l l iz e d  o n  s t a n d in g .  R e c r y s t a l l i z a t i o n  

( E t O H )  g a v e  0 .2 6 8  g  ( 1 0 % )  o f  12 a s  a  w h i t e  s o l i d ,  m p  1 6 0 - 1 6 4  ° C .  A n  

a n a l y t i c a l  s a m p l e  h a d  m p  1 6 8 - 1 6 8 . 5  ° C ;  I R  3 4 8 0  ( O H ) ,  1 7 7 0  ( 7 - la c -  

t o n e  C = 0 )  c m “ 1 ; J H  N M R  ( C D C 1 3) 5 2 . 1  ( t ,  J  =  7  H z ,  2  H ) ,  2 .6  ( s ,  2  

H ) ,  3 .9  (t, J  =  7  H z ,  2  H ) ,  4 . 1 8  ( s , 1  H ) ,  4 . 2 4  ( s ,  1  H ) ,  7 .8  ( m , 4  H ) .

A n a l .  C a l c d  f o r  C i 4 H ] 3 N 0 5 : C ,  6 1 . 0 9 ;  H ,  4 . 7 6 ;  N ,  5 .0 9 .  F o u n d :  C ,  

6 0 .7 5 ;  H ,  4 .6 8 ;  N ,  5 . 1 3 .

Decomposition of Diazo Ketone 7. T o  a  s t i r r e d  s u s p e n s i o n  o f  0 .5 8  

g  o f  a n h y d r o u s  C u S 0 4 in  1 0 0  m L  o f  d r y  x y l e n e  a t  1 2 0  ° C  w a s  a d d e d  

d r o p w i s e  a  s o l u t i o n  o f  0 .5 6 5  g  ( 0 .0 0 2 3 3  m o l)  o f  7 in  5 0  m L  o f  x y l e n e  

o v e r  1  h . T h e  s o l u t i o n  w a s  f i l t e r e d  h o t ,  t h e  c o o le d  f i l t r a t e  e x t r a c t e d  

w i t h  2  N  N a O H ,  a n d  t h e  s e p a r a t e d  b a s i c  l a y e r  a c i d i f i e d  ( H 2 S 0 4) t o  

p H  1 . E x t r a c t i o n  o f  t h e  r e s u l t i n g  s o l u t i o n  w i t h  C H C I 3 , d r y i n g  

( M g S 0 4), e v a p o r a t i o n ,  a n d  d r y i n g  in  v a c u o  g a v e  0 . 1 3  g  ( 2 5 % )  o f  1 3  a s  

a  y e l l o w - g r e e n 1 7  s o l id .

T h e  p a le  y e l lo w  s o l id  t h a t  h a d  p r e c i p i t a t e d  f r o m  t h e  a q u e o u s  la y e r s  

w a s  c o l l e c t e d  o n  a  f i l t e r ;  t h i s  h i g h ly  i n s o l u b l e  m a t e r i a l  w a s  p u r i f i e d  

b y  r e f l u x i n g  in  a c e t o n e ,  a n d  r e f i l t r a t i o n  g a v e  0 . 1  g  o f  1 9 ,  m p  2 1 0 - 2 3 0  

° C  d e c ;  I R  1 7 1 0 , 1 7 7 0  ( p h t h a l i m i d e )  c m - 1 .

A n a l .  C a l c d  f o r  ( C i 2 H 9N 0 4) „ :  C ,  6 2 .3 4 ;  H ,  3 .9 2 ;  N ,  6 .0 6 .  F o u n d :  C ,  
6 2 . 2 1 ;  H ,  4 . 1 8 ;  N ,  6 .0 7 .

Registry No.—4, 6 5 4 6 5 - 6 6 - 9 ;  5, 3 3 3 9 - 7 3 - 9 ;  6, 1 7 1 3 7 - 1 1 - 0 ;  7, 
7 5 0 4 - 4 9 - 6 ; 8,6 5 4 6 5 - 6 7 - 0 ;  9,6 5 4 9 5 - 4 5 - 6 ;  10,6 5 4 6 5 - 6 8 - 1 ;  11,6 5 4 6 5 - 6 9 - 2 ;  

12,6 5 4 6 5 - 7 0 - 5 ;  13,2 3 4 2 8 - 8 4 - 4 ;  p h t h a l i c  a n h y d r id e ,  8 5 - 4 4 -9 ; / 5 -a la n in e , 
1 0 7 - 9 5 - 9 .
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A  s e r i e s  o f  2 - a l l y l - s u b s t i t u t e d  2 f f - a z i r i n e s  w e r e  f o u n d  t o  u n d e r g o  s m o o t h  r e a r r a n g e m e n t  t o  a f f o r d  3 -  

a z a b i c y c l o [ 3 . 1 . 0 ] h e x - 3 - e n e s  in  h i g h  y i e l d  o n  t h e r m o l y s i s .  T h e  r e a c t i o n s  c a n  b e s t  b e  r a t i o n a l i z e d  in  t e r m s  o f  a n  e q u i l 

i b r a t i o n  o f  t h e  2 f f - a z i r i n e  r i n g  w i t h  a  t r a n s i e n t  v i n y l  n i t r e n e  w h i c h  s u b s e q u e n t l y  a d d s  t o  t h e  a d j a c e n t  ir b o n d .  T h e  

i n i t i a l l y  f o r m e d  b i c y c l o a z i r i d i n e  r e a r r a n g e s  t o  t h e  3 - a z a b i c y c l o h e x e n e  r i n g  s y s t e m  b y  m e a n s  o f  a  l , 3 - s : g m a t r o p i c  

s h i f t .  E v i d e n c e  f a v o r i n g  t h i s  p a t h w a y  is  p r o v i d e d  b y  t h e  i s o l a t i o n  o f  2 - p h e n y l - 3 - m e t h y l - 5 - v i n y l - A 1 - p y r r o l i n e  f r o m  

t h e  t h e r m o l y s i s  o f  2 - ( 2 - b u t e n y l ) - 2 - m e t h y l - 3 - p h e n y l - 2 / f - a z i r i n e .  T h e  f o r m a t i o n  o f  t h e  A 1 - p y r r o l i n e  r i n g  s y s t e m  c a n  

b e  r a t i o n a l i z e d  a s  p r o c e e d i n g  v i a  a  h o m o [ l , 5 ]  h y d r o g e n  m i g r a t i o n  f r o m  a  6 - e n d o  m e t h y l - s u b s t i t u t e d  b i c y c l o a z i r i 

d i n e  i n t e r m e d i a t e .  T h e r m o l y s i s  o f  3 - m e t h y l - 2 - p h e n y l - 2 - a l l y l - s u b s t i t u t e d  2 f f - a z i r i n e s  a f f o r d s  m i x t u r e s  o f  3 - a z a b i -  

c y c l o h e x e n e s  a n d  i n d o l e s .  T h e  d i s t r i b u t i o n  o f  p r o d u c t s  w i t h  t h i s  r i n g  s y s t e m  is  c o n t r o l le d  b y  t h e  r a t e s  o f  n i t r e n e  

a t t a c k  o n  t h e  d o u b l e  b o n d  v s .  e l e c t r o c y c l i z a t i o n  o n  t h e  a d j a c e n t  p h e n y l  r in g .  F i n a l l y ,  t h e  t h e r m o l y s i s  o f  m e t h y l  4 -  

( 3 - m e t h y l - 2 - p h e n y l - 2 f f - a z i r i n - 2 - y l ) - 2 - b u t e n o a t e  r e s u l t s  in  a  n o v e l  r e a r r a n g e m e n t  a n d  p r o d u c e s  2 - m e t h y l - 3 - p h e -  

n y l - 5 - e a r b o m e t h o x y p y r i d i n e  a s  t h e  m a jo r  p r o d u c t .  A  t e n t a t i v e  b u t  r e a s o n a b l e  m e c h a n i s t i c  r a t i o n a l e  i s  a d v a n c e d  

t o  r a t i o n a l i z e  t h i s  r e a c t i o n .

The ready availability of 27f-azirines has spurred consid
erable activity in the chemistry of these strained heterocy
cles.1’2 Photochemical and thermal cleavage preferences in 
2W-a/,irines appear to be quite distinct.1’2 Photolysis of 2H -  
azirines leads to irreversible ring opening and the formation 
of nitrile ylides as intermediates.3,4 These species may be in
tercepted by a variety of dipolarophiles to form five-mem- 
bered heterocyclic rings.5’6 In certain cases the initially formed
1,3-dipole can be intramolecularly trapped to give novel aza- 
bicyclohexenes.7-10 For example, irradiation of allyl-substi- 
tuted 2H-azirines produces 2-azabicyclo[3.1.0]hex-2-enes via 
an unusual 1,1-cycloaddition reaction of the 1,3-dipole.7 
Products formed on thermal excitation of the 2/i-azirine 
system, on the other hand, appear to involve vinyl nitrenes as 
intermediates.11-23 Since examples cf the direct addition of 
vinyl nitrenes to olefins to give aziridines have appeared in
frequently in the literature,24 we decided to investigate the 
thermal chemistry of a number of allyi-substituted 2 f/-azir- 
ines in order to determine whether the initially generated vinyl 
nitrene would undergo addition to the neighboring double 
bond. We report here the results of these studies.25

Results

The synthesis of the 2-allyl-substituted 2H-azirine system 
was straightforward and involved a modified Neber reaction 
in which variously substituted 2-methyl-l-phenyl-4-pen- 
ten-l-ones were allowed to react with dimethylhydrazine. 
Treatment of the resulting dimethylhydrazone with methyl 
iodide followed by reaction with base gave the desired 2 - 
allyl-substituted 2ff-azirines in good yield.

We initially examined the thermal behavior of 2-allyl-2- 
methyl-3-phenyl-2ff-azirine (1). Thermolysis of 1 in toluene

1, R = H
4, R = CH3

2, R = H 
5, R = CM

3, R = H 
6 , R = CH3

at 195 °C for 180 h or in the absence of solvent at 250 °C for
1.5 h gave l-methyl-2-phenyl-3-azabicyclo[3.1.Q]hex-2-ene 
(2,90%) and 3-methyl-2-phenylpyridine (3,10%). The identity 
of 2  was determined by its straightforward spectral charac
teristics [NMR (100 MHz) r 9.55 (t, 1 H, J  = 4.0 Hz), 9.04 (dd, 
1 H, J  =  8.0,4.0 Hz), 8.57 (s, 3 H), 8.36 (m, 1 H), 6.25 (dd, 1 H, 
J = 17.5, 2.0 Hz), 6.02 (dd, 1 H, J  = 17.5, 5.0 Hz), 2.2-2.8 (m, 
5 H)] as well as its facile conversion into 3 on further heating. 
Thermolysis of the closely related 2-(l-methylallyl)-substi- 
tuted azirine 4 gave l,6-dimethyl-2-phenyl-3- 
azabicyclo[3.1.0]hex-2-ene (5, 58%) as a 1:1 mixture of endo 
and exo isomers as well as 3,4-dimethyl-2-phenylpyridine (6 , 
25%). The mixture of exo and endo isomers of 5 was smoothly 
converted into pyridme 6  on further heating.

Subjection of azirine 7 to similar pyrolysis conditions gave
l,4-dimethyl-2-phenvl-3-azabicyclo[3.1.0]hex-2-ene (8,71%), 
2-phenyl-3-methyl-5-vinyl-A1-pyrroline (9, 21%) as an in
separable cis-trans mixture, and a trace amount (<5%) of

0022-3263/78/1943-2029$01.00/0 © 1978 American Chemical Society
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2,5-dimethyl-6-phenylpyridine (10). The structure of A1- 
pyrroline 9 was confirmed by refluxing 9 in toluene in the 
presence of palladium on carbon (5%) for 48 h. This resulted 
in the quantitative formation of 2-phenyl-3-methyl-5-ethyl- 
pyrrole (11). The structure of pyrrole 11 was verified by 
comparison with an authentic sample prepared from the re
action of 2-phenyl-3-methylpyrrole anion with ethyl bromide. 
That A1-pyrroline 9 did not arise from 3-azabicyclohexene 8 
was shown by heating 8  under conditions similar to those used 
for the pyrolysis of azirine 7. Under these conditions 8  was 
converted exclusively into pyridine 1 0 .

The thermal rearrangement of (£)-2-cinnamyl-2-methyl- 
3-phenyl-2//-azirine (12) was also studied. Thermolysis of 12 
gave 2,6-diphenyl-3-methylpyridine (13, 49%) as the only 
characterizable material. The structure of 13 was verified by 
comparison with an authentic sample prepared from the 
thermolysis of oxime 14. In this case there was no detectable 
quantities of a 3-aza-substituted bicyclohexene. It would 
appear as though the initially formed azabicyclohexene is 
converted into pyridine 13 at a faster specific rate than it is 
formed.

We also studied the thermal behavior of azirine 15 and 
found that it was converted to l,4,4-trimethyl-2-phenyl-3- 
azabicyclo[3.1.0]hex-2-ene (16, 60%) [NMR (100 MHz) r 9.44 
(t, 1 H, J = 4.0 Hz), 9.20 (dd, 1 H, J  = 8.0, 4.0 Hz), 8.77 (s, 3 
H), 8.67 (s, 3 H), 8.57 (s, 3 H), 8.53 (dd, 1 H, J  = 8.0, 4.0 Hz),

2.2-2.9 (m, 5 H)] and a 1:1 cis-trans mixture of isomeric 2- 
phenyl-3-methyl-5-(2-propenvl)-A1-pyrrolines (17, 30%).

We also decided to investigate the thermal behavior of a 
2 //-azirine which possessed an electron-withdrawing sub
stituent on the double bond. To this end we synthesized 
methyl 4 -(2 -methyl-3 -phenyl-2 //-azirin-2 -yl)-2 -butenoate
(18). Heating a sample of 18 in toluene at 180 °C gave rise to

P h
y = N

C H 3

1 8

coni.

(1 ) L iA lH 4
(2 ) MsCl
(3 ) L iA lH 4

10

(1 ) C H 3MgBr
(2 ) B rC H 2C 0 2C H 3

H

pyridine 19 (47%) and pyrrole 20 (37%). The structure of 19 
was confirmed by its straightforward conversion (LiAlH4, 
MsCl, LiAlH4) to 2,5-dimethyl-6-phenylpyridine (10),26 while 
the identity of 2 0  was established by comparison with an in
dependently synthesized sample prepared from the reaction 
of 2-phenyl-3-methylpyrrole anion with methyl a-bromoa- 
cetate.

Further examples which would support the generality of 
these rearrangements were sought. With this in mind, we 
decided to prepare an acetylenic 2H -azirine with the expec
tation that this system might undergo some interesting 
thermal chemistry. Flash vacuum pyrolysis (500 °C at 0.005 
mm) of a sample of 2-(2-butynyl)-2-methyl-3-phenyl-2/i- 
azirine (2 1 ) through a quartz tube gave 2,5-dimethyl-6-

21 10

phenylpyridine (10) as the only characterizable product in 34% 
isolated yield.

Attention was next turned to the thermal behavior of the 
closely related 2-allyl-3-methyl-2-phenyl-2/f-azirine system. 
Thermolysis of azirine 22 in toluene at 180 °C for 28 h gave rise 
to a mixture of 2-methyl-l-phenyl-3-azabicyclo[3.1.0]hex- 
2-ene (23, 31%), 3-allyl-2-methylindole (24, 58%), and a trace 
amount (5%) of 2-methyl-3-phenylpyridine (25). The identity 
of azabicyclohexene 23 was determined by its straightforward 
spectral characteristics [NMR (CDCI3, 60 MHz) r 9.48 (t, 1 
H, J  = 4.0 Hz), 8.56 (dd, 1 H, J  = 8.0, 4.0 Hz), 8.13 (t, 3 H, J  
= 2.0 Hz), 7.98 (m, 1 H), 6.30 (dq, 1 H, J  = 17.5, 2.0 Hz), 5.92 
(ddq, 1 H, J  =  17.5, 5.0, 2.0 Hz), 2.80 (s, 5 H)] as well as its 
facile conversion into 2-methyl-3-phenylpyridine (25) on 
further heating. The structure of indole 24 was verified by 
comparison with an authentic sample prepared from the 
rection of 2-methylindole (26) with allyl bromide. Careful 
monitoring of the reaction showed that 2 2  was not converted



Vinyl Nitrenes J. Org. Chem., Vol. 43, No. 10,1978 2031

H
23 24

26
tc 1 by a Cope rearrangement, as had been encountered with 
the closely related cyclopropene system.27

Subjection of azirine 27 to similar pyrolysis conditions gave 
2-methyl-3-(l-methylallyl)indole (28) and 2,4-dimethyl-3- 
pnenylpyridine (29) as the major thermal products. The

27, R ,  = CH3; R 2 = H 28, R ,  = CH3: R ,  = H 29
30, R ,  = H; R 2 = CH, 31, R ,  = H; R ,  = CH3
structure of indole 28 was verified by comparison with an 
authentic sample prepared from the reaction of 2 -methylin- 
dole (26) with 3-chloro-l-butene. In this case there were no 
detectable quantities of a 3-aza-substituted bicyclohexene. 
Thermolysis of the closely related 2-(2-methylallyl)-3- 
methyl-2-phenyl-2/f-azirine (30) gave indole 31 (89%) as the 
only characterizable material. The structure of this material 
was verified by comparison with an authentic sample.

When the thermolysis of azirine 32 was carried out in tol
uene at 180 °C, a mixture of the cis and trans isomers of A1- 
pyrroline 33 as well as indole 34 were isolated in good yield.

Further evidence supporting the structure of A'-pyrroline was 
obtained by its ready conversion to 35 on treatment with 
catalytic quantities of p-toluenesulfonic acid. Confirmation 
of the structure of indole 34 was obtained by comparison with 
an authentic sample prepared by treating 2 -methylindole with
l-bromo-2 -butene.

We have also examined the thermolysis of methyl (E )-4 -  
(3-methyl-2-phenyl-2H-azirin-2-yl)-2-butenoate (36) and find

36
that this compound exhibits substantially different chemical 
behavior from that encountered with the closely related 
structural isomer 18. Heating a sample of azirine 36 in toluene 
at 185 °C gave 2-methyl-3-phenyl-5-carbomethoxypyridine 
(37, 70%) and methyl CE)-4-(2-methylindol-3-yl)-2-butenoate 
(38, 30%) as the only characterizable products. The structure 
of indole 38 was established by an independent synthesis. 
Structure 37 could be distinguished from the isomeric 2- 
methyl-3-phenyl-6-carbomethoxypyridine (39) by examina
tion of its unique NMR spectrum, which showed methyl sin
glets at r 7.40 (3 H) and 6.04 (3 H), the aromatic protons as a 
multiplet at r 2.48-2.72 (5 H), and the pyridine ring protons 
as doublets at t  1.86 and 0.90 (J = 2.0 Hz). The magnitude of 
the coupling constant (J  = 2.0 Hz) is consistent with the as
signed meta disposition of the ring protons. Pyridine 39 would 
be expected to exhibit a coupling constant of ca. 8.0 Hz for the 
ring protons, as was observed with pyridine 19 (see Experi
mental Section). Unequivocal proof for the structure of pyr
idine 37 was obtained by comparison with an authentic sample 
provided by Professor Julia.28

A related rearrangement was also encountered when azirine 
40 was subjected to thermolysis. The major component iso

lated (77%) was identified as 2-methyl-3-phenyl-5-cyanopy- 
ridine (41) on the basis of its spectral properties [NMR (100 
MHz) r 7.48 (s, 3 H), 2.58-2.92 (m, 5 H): 2.35 (d, 1 H, J  = 2.0 
Hz), 1.38 (d, 1 H, J  = 2.0 Hz)] and by hydrolysis to the known
6-methyl-5-phenylnicotinic acid (42).28

Discussion
Previous papers from this laboratory have established that 

the irradiation of allyl-substituted 2H-azirines produces 2 - 
azabicyclo[3.1.0]hex-2-enes as primary photoproducts.7 The 
photoreaction has been proposed to proceed via C-C bond 
cleavage and generation of a bent nitrile ylide intermediate
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(carbene-like). Attack of the carbene carbon of the dipole onto 
the terminal position of the neighboring double bond gener
ates a six-membered ring trimethylene intermediate which 
subsequently collapses to the observed 2 -azabicyclohexene 
ring system.

43 44

In contrast to the photochemical results, the thermal 
transformations observed with these systems can best be ra
tionalized in terms of an equilibration of the 2 /i-azirine with 
a transient vinyl nitrene which subsequently rearranges to the 
final 3-azabicyclohexene ring system. The products formed 
on thermal decomposition of 2 /f-azirines generally appear to 
involve C-N rather than C-C bond cleavage.11-23 In some 
cases C-N bond cleavage ultimately leads to fragmentation 
of the three-membered ring with the subsequent formation 
of a nitrile and carbene,11 and in other cases it results in the 
formation of indoles14 and pyrroles.22’29 Thus, Isomura and 
co-workers report that the thermolysis of 2 -phenyl-2 //-azirine 
(45) produces a 1:1 mixture of indole (46) and phenyl aceto-

45 46

nitrile (47) in 8 6 % isolated yield.13 The most obvious mech
anism for the formation of 46 involves the generation of a vinyl 
nitrene intermediate followed by electrocyclic closure. Simi
larly, the thermal rearrangements of a series of vinyl-substi
tuted 2//-azirines are best accounted for by C-N bond 
cleavage, leading to a vinyl nitrene intermediate.22’29 In fact,

Nishiwaki and co-workers17’21'30 have shown that the vinyl 
nitrene intermediate generated from the thermolysis of the 
2 H -azirine ring can actually be trapped with phosphines.

The formation of 3-azabieyclo[3.1.0]hex-2-enes as reaction 
products with the above systems suggests that the route by 
which the initially generated vinyl nitrene intermediate re
arranges to the final product (path a) involves attack of the 
neighboring ir system on the electrophilic singlet nitrene fol
lowed by bond reorganization. An equally plausible mecha

nism (path b) involves intramolecular addition of the nitrene 
onto the adjacent tt bond to give a bicycloaziridine (51) as a 
transient intermediate. This species can subsequently rear
range to the observed product by a 1,3-sigmatropic shift. The 
allowed concerted thermal 1,3-shift requires an inversion of 
the migration center, and this seems sterically prohibited in 
this system. Although a “forbidden” 1,3-suprafacial concerted 
process cannot be excluded,31 the rearrangement of 51 to the 
observed azabicyclohexene probably involves a diradicai in
termediate by analogy with the results obtained with the 
parent carbocycle.32’33 Several examples of intramolecular 
addition to nitrenes onto adjacent double bonds are available 
in the literature14-36 and provide reasonable chemical analogy 
for path b. Additional evidence favoring this pathway is pro
vided by the isolation of A^pyrrolines 9,17, and 33 from the 
thermolysis of azirines 7, 15, and 32. The formation of the 
A'-pyrroline ring system can be rationalized as proceeding via 
a homo[l,5] hydrogen migration from the endo isomer of bi
cycloaziridine 51. This transformation is related to the 
homo[l,5] sigmatropic reaction which occurs on thermolysis 
of bicyclo[3.1.0]hex-2-ene-endo-6-carboxaldehydes.37’38 

The formation of pyridine 10 from azirine 21 is also com-

21

patible with a vinyl nitrene intermediate. In this case, attack 
by the neighboring acetylenic functionality on the nitrene will 
lead to carbene 52, which would be expected to undergo a 
facile hydrogen migration to produce 1 0 .

Whereas 3-phenyl-2-methyl-2-allyl-substituted 2/i-azirines 
(e.g., 1) give only 3-azabicyclohexenes on thermolysis, the 
isomeric 3-methyl-2-phenvl-2-allyl-substituted azirines (e.g., 
22) also produce significant quantities of indoles. The distri
bution of products with the latter system will be controlled 
by the rates of nitrene attack on the double bond vs. electro- 
cyclization on the adjacent phenyl ring. It should be noted that 
there are several examples in the literature which provide good 
analogy for the cyclization of a butadienyl nitrene to a five- 
membered ring.22’29'39

The thermolysis of the carbomethoxy-substituted allyl 
2 //-azirine 18 represents a novel reaction and merits some 
comment. In simplest valence bond terms, this transformation 
is explicable in terms of an attack by the vinyl nitrene onto the 
neighboring double bond to give a short-lived hicyeloazindine
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53. Heterolytic cleavage of the C-N bond followed by proton 
reorganization would furnish pyrrole 20. The initially pro
duced six-ring zwitterion (or structure 53) would also be ex
pected to afford the azabicyclohexer.e ring system 54, which 
could in turn give rise to pyridine 19 on further heating.

19 54

The conversion of the isomeric carbomethbxy-substituted 
2if-azirine 36 to pyridine 37, on the other hand, proceeds by 
an entirely different pathway. Although information on the 
mechanistic details of this reaction is minimal, a tentative yet 
reasonable rationale can be advanced. Thus, the formation 
of pyridine 37 may be attributed to conjugate addition of the 
vinyl nitrene onto the electron-deficient double bond. The 
initially produced five-ring zwitterion 55 can then undergo 
a subsequent fragmentation to give azatriene 56. This species 
would be expected to undergo a ready electrocyclic closure 
followed by oxidation to ultimately afford pyridine 37. An 
alternative path involving nucleophilic attack by the available 
lone pair of electrons in starting material onto the conjugated 
double bond also seems possible. A similar mechanism would 
account for the conversion of azirine 40 to pyridine 41. The 
difference in behavior of the isomeric carbomethoxy-substi- 
tuted azirines (i.e., 18 vs. 37) can be attributed to the differ
ence in nucleophilicity of the nitrogen atom present in starting 
material or in the vinyl nitrene intermediate.

3

t

36

I

j [ 0 ]

37

Experimental Section
A l l  m e l t in g  a n d  b o i l in g  p o i n t s  a r e  u n c o r r e c t e d .  E l e m e n t a l  a n a l y s e s  

w e r e  p e r f o r m e d  b y  A t l a n t i c  M i c r o l a b s ,  A t l a n t a ,  G a .  T h e  i n f r a r e d  

a b s o r p t i o n  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  F e r k i n - E l m e r  M o d e l  1 3 7  

I n f r a c o r d  s p e c t r o p h o t o m e t e r .  T h e  u l t r a v i o l e t  a b s o r p t io n  s p e c t r a  w e r e  

m e a s u r e d  w i t h  a  C a r y  M o d e l  1 4  r e c o r d i n g  s p e c t r o p h o t o m e t e r  u s in g  

1 - c m  m a t c h e d  c e l l s .  T h e  p r o t o n  m a g n e t i c  r e s o n a n c e  s p e c t r a  w e r e  

d e t e r m i n e d  a t  1 0 0  M H z  u s in g  a  Je o lc o .  M L - 1 0 0  a n d  a  V a r i a n  X L - 1 0 0  

s p e c t r o m e t e r .  M a s s  s p e c t r a  w e r e  d e t e r m i n e d  w i t h  a  P e r k i n - E l m e r  

R M U 6  m a s s  s p e c t r o m e t e r  a t  a n  i o n iz in g  v o l t a g e  o f  7 0  e V .

Therm olysis o f  2-A lly l-2 -m ethyl-3 -phenyl-2H -azirin e (1). A  

s o lu t io n  c o n t a in in g  7 0 0  m g  o f  a z ir in e  1  in  1 5  m L  o f  t o lu e n e  w a s  h e a t e d  

a t  1 9 5  ° C  in  a  s e a l e d  t u b e  f o r  1 8 0  h . R e m o v a l  o f  t h e  s o l v e n t  u n d e r  

r e d u c e d  p r e s s u r e  l e f t  a  y e l lo w  o i l  w h i c h  c o n t a i n e d  t w o  c o m p o n e n t s .  

L i q u i d - l i q u i d  p a r t i t i o n  c h r o m a t o g r a p h y  o f  t h e  m i x t u r e  g a v e  1 -  

m e t h y l - 2 - p h e n y l - 3 - a z a b i c y c l o [ 3 . 1 . 0 ] h e x - 2 - e n e  (2; 6 3 7  m g , 9 2 % )  a s  a  

c l e a r  o i l :  N M R  (CCI4 , 1 0 0  M H z )  r  9 .5 5  ( t ,  1  H ,  J  =  4 .0  H z ) ,  9 .0 4  ( d d ,  

1 H . J  =  8 .0 , 4 .0  H z ) , 8 .5 7  (s , 3  H ) ,  8 .3 6  ( m , 1 H ) ,  6 .2 5  ( d d , 1  H , J  =  1 7 . 5 ,

2 .0  H z ) ,  6 .0 2  ( d d ,  1  H ,  J =  1 7 . 5 ,  5 .0  H z ) ,  2 . 2 - 2 . 8  ( m , 5  H ) .  W h e n  t h e  

s i g n a l s  a t  r  6 .2 5  a n d  6 .0 2  w e r e  i r r a d i a t e d  w i t h  a n  e x t e r n a l  f i e l d ,  t h e  

m u l t i p l e t  a t  r  8 .3 6  c o l la p s e d  t o  a  d o u b l e t  o f  d o u b l e t s  w i t h  J  =  8 .0  a n d

4 .0  H z . I R  ( n e a t )  3 0 5 5 , 2 9 5 0 ,  2 9 1 0 , 2 8 4 0 , 1 5 9 3 , 1 5 7 0 , 1 4 9 2 , 1 4 4 5 , 1 3 8 5 ,  

1 3 4 0 ,  1 0 0 0 ,  7 7 5 ,  6 9 8  c m - 1 ; U V  ( c y c l o h e x a n e )  2 3 9  n m  (« 1 1  0 0 0 ) ;  m /e  
1 7 1  ( M + a n d  b a s e ) ,  1 5 6 , 1 4 3 , 1 1 5 ,  7 7 .

A n a l .  C a lc d  fo r  C 12 H 1 3 N : C ,  8 4 . 1 7 ;  H ,  7 .6 5 ;  N ,  8 . 1 8 .  F o u n d :  C ,  8 4 .0 8 ; 

H ,  7 .6 2 ;  N ,  8 .0 4 .

T h e  m in o r  c o m p o n e n t  i s o l a t e d  f r o m  t h e  c o l u m n  ( 7 0  m g , 10 % )  w a s  

i d e n t i f i e d  a s  3 - m e t h y l - 2 - p h e n y l p y r i d i n e  ( 3 )  b y  c o m p a r i s o n  w i t h  a n  

a u t h e n t i c  s a m p l e : 40 p i c r a t e  m p  1 6 4 —1 6 5  ° C  ( l i t .40 m p  1 6 3 - 1 6 4  ° C ) ;  

N M R  ( C C 1 4, 1 0 0  M H z l  r  7 .6 8  ( s ,  3  H ) ,  3 .0 0  ( d d ,  1  H ,  J  =  8 . 0 , 4 . 5  H z ) ;  

I R  ( n e a t )  3 0 3 0 ,  2 9 4 1 ,  1 5 8 2 , 1 5 7 0 , 1 4 3 0 ,  8 0 3  7 8 7 ,  7 4 6 ,  7 0 1  c m ' 1 .

S u b j e c t i o n  o f  a z a b i c y c l o h e x e n e  2  t o  1 9 5  ’ C  f o r  8 5  h  r e s u l t e d  in  i t s  

p a r t i a l  c o n v e r s i o n  t o  5 - m e t h y l - 2 - p h e n y l p y r i d i n e  ( 3 ) .

T herm olysis o f  2 -M eth y l-2 -(l-m eth y la lly l)-3 -p h en y l-2 H - 
azirine (4). A  s o l u t i o n  c o n t a i n i n g  2 0 0  m g  o f  a z i r i n e  47 in  1 5  m L  o f  

t o l u e n e  w a s  h e a t e d  a t  1 9 5  ° C  in  a  s e a l e d  t u b e  f o r  1 8 2  h . R e m o v a l  o f  

t h e  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  l e f t  a  y e l lo w  o i l  w h i c h  w a s  

s u b j e c t e d  t o  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s i n g  a  1 : 5  e t h e r - c y c l o 

h e x a n e  m ix t u r e  a s  t h e  e lu e n t .  T h e  f i r s t  b a n d  c o n s is t e d  o f  a  1 : 1  m ix t u r e  

o f  t h e  e n d o  a n d  e x o  i s o m e r s  o f  l , 6 - d i m e t h y l - 2 - p h e n y l - 3 -
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a z a b i c y c l o [ 3 . 1 . 0 ] h e x - 2 - e n e  ( 5 , 5 8 % ) .  T h e  t w o  i s o m e r s  w e r e  e v e n t u a l l y  

s e p a r a t e d  b y  e x t e n s i v e  m u l t i e l u t i o n s  o n  a  t h i c k - l a y e r  p la t e .  T h e  e n d o  

i s o m e r  s h o w e d  t h e  f o l l o w i n g  s p e c t r a l  p r o p e r t i e s :  N M R  ( C C I 4 , 1 0 0  

M H z )  r  9 .2 5  ( d ,  3  H ,  J  =  6 .0  H z )  8 .7 8  ( d q ,  1  H ,  J  =  8 . 0 , 6 . 0  H z ) ,  8 .5 8  

( s ,  3  H ) ,  8 .3 8  ( d d d ,  1  H ,  J  =  8 .0 ,  7 .0 ,  2 .0  H z ) ,  6 .4 4  ( d d ,  1  H , J  =  1 8 . 0 ,

2 .0  H z ) ,  6 .0 7  ( d d ,  1  H ,  J  =  1 8 . 0 ,  7 .0  H z ) ,  2 . 2 - 2 . S  ( m , 5  H ) ;  I R  ( n e a t )  

3 0 3 0 ,  2 9 5 5 ,  2 9 1 0 , 1 5 9 5 , 1 5 7 0 , 1 4 9 0 , 1 4 4 5 , 1 3 8 0 , 1 3 4 0 , 1 3 2 0 , 1 0 0 0 , 7 8 1 ,  

7 5 8 ,  6 9 7  c m - 1 ; U V  ( c y c l o h e x a n e )  2 3 7  n m  (e 1 2  0 0 0 ) ;  m / e  1 8 5  ( M + ), 

1 8 4  ( b a s e ) ,  1 7 0 , 1 5 5 , 1 4 3 , 1 2 9 , 1 1 5 .
T h e  e x o  i s o m e r  e x h i b i t e d  t h e  f o l l o w i n g  s p e c t r a l  p r o p e r t i e s :  N M R  

( C C 1 4, 1 0 0  M H z )  r  9 .3 0  I p ,  1 H ,  J  =  6 .0  H z ) ,  8 . 8 1  ( d ,  3  H ,  J<= 6 .0  H z ) ,

8 .7 5  ( d d d ,  1  H ,  J  =  6 .0 , 5 .0 ,  2 .0  H z ) ,  8 .6 2  ( 3 , 3  H ) ,  6 . 2 2  ( d d ,  1  H ,  J  =
1 7 . 0 ,  2 .0  H z ) ,  6 .0 6  ( d d ,  1  H ,  J  =  1 7 . 0 ,  5 .0  H z ) ,  2 . 2 0 - 2 . 8 0  ( m , 5  H ) ;  I R  

( n e a t )  3 0 2 5 ,  2 9 5 0 , 2 9 1 5 , 1 5 9 2 , 1 5 6 5 , 1 4 9 0 , 1 4 4 5 , 1 S 8 8 , 1 3 4 0 , 1 3 0 7 , 1 0 0 0 ,  

7 8 0 ,  7 4 0 , 6 9 5  c m - 1 ; U V  ( c y c lo h e x a n e )  2 3 6  n m  It  1 2  0 0 0 ) ;  M S  m /e  1 8 5  

( M + ) ,  1 8 4  ( b a s e ) ,  1 7 0 , 1 5 5 , 1 4 3 , 1 2 9 , 1 1 5 .

T h e  s e c o n d  b a n d  i s o l a t e d  f r c m  t h e  t h i c k - l a y e r  p la t e  ( 2 5 % )  w a s  

i d e n t i f i e d  a s  3 , 4 - d i m e t h y l - 2 - p h e n y l p y r i d i n e  (6 ) b y  c o m p a r i s o n  w i t h  

a n  a u t h e n t i c  s a m p l e : 26 p i c r a t e  m p  1 7 1 - 1 7 2  ° C  ( l i t .26  m p  1 7 4 - 1 7 5  ° C ) ;  

N M R  ( C C I 4 , 1 0 0  M H z )  r  7 .7 6  ( s ,  3  H ) ,  7 .6 8  ( s ,  3  H ) ,  3 .0 4  ( d , 1  H ,  J  =

5 .0  H z ) ,  2 .6 2  ( m , 5  H ) ,  1 . 7 0  ( d , 1 H ,  J  =  5 .0  H z ) ;  I R  ( n e a t )  3 0 5 0 , 2 9 5 0 ,  

1 5 8 0 , 1 4 4 4 , 1 4 0 0 , 1 3 8 2 ,  1 1 8 3 , 1 0 6 0 , 1 0 1 0 ,  8 2 4 ,  7 8 3 ,  7 4 7 ,  7 0 0  c m - 1 .

T h e r m o l y s i s  o f  a  s a m p l e  o f  e i t h e r  t h e  exo-  o r  en d o-a z a b i c y c l o -  

h e x e n e  5  in  t o lu e n e  a t  1 9 5  ° C  f o r  7 2  h  g a v e  p y r i d i n e  6  a s  t h e  e x c l u s i v e  

p r o d u c t .
Thermolysis of (E)-2-(2-Butenyl)-2-methyl-3-phenyl-2H- 

azirine (7). A  s o l u t i o n  c o n t a i n i n g  1 0 0  m g  o f  a z i r i n e  71 in  1 0  m L  o f  

t o l u e n e  w a s  h e a t e d  a t  1 9 5  ° C  in  a  s e a l e d  t u b e  f o r  1 6 6  h . R e m o v a l  o f  

t h e  s o l v e n t  l e f t  a  y e l lo w  o i l  w h i c h  w a s  s u b j e c t e d  t o  t h i c k - l a y e r  c h r o 

m a t o g r a p h y  u s in g  a  1 : 2  m i x t u r e  o f  e t h e r - c y c l o h e x a n e  a s  t h e  e lu e n t .  

T h e  f i r s t  f r a c t i o n  ( 2 1 % )  c o n t a in e d  a n  i n s e p a r a b l e  m i x t u r e  ( 1 : 1 )  o f  t h e  

c is  a n d  t r a n s  i s o m e r s  o f  2 - p h e n y l - 3 - m e t h y l - 5 - v i n y l - A 1 - p y r r o l i n e  (9 ): 

N M R  ( C C I 4 , 1 0 0  M H z )  r  8 .8 2  a n d  8 .8 4  ( tw o  d o u b le t s ,  3  H ,  J  =  7 .0  H z ) ,

8 .4 - 8 .7  ( m , 1  H ) , 8 . 1 0  (m . 1  H ) ,  6 .6 4  ( m , 1  H  i, 5 .4 0  (m , 1  H ) ,  4 . 7 - 5 . 1  (m , 

2  H ) ,  3 . 8 - 4 . 2  ( m , 1  H ) ,  2 . 1 - 3 . 0  ( m , 5  H ) ;  I R  ( n e a t )  3 0 8 0 ,  3 0 2 0 ,  2 9 6 0 ,  

2 9 2 5 ,  2 8 6 5 , 1 6 3 9 , 1 6 0 5 , 1 5 7 0 , 1 4 9 2 , 1 4 4 5 , 1 3 7 3 , 1 3 3 0 , 1 2 6 7 , 1 0 1 9 , 9 9 0 ,  

9 2 0 ,  7 7 5 , 6 9 5  c m " 1 ; M S  m /e  1 8 5  : M + ) ,  1 7 0 , 1 4 3 , 1 1 5 , 7 7 ;  U V  ( m e t h a 

n o l)  2 4 3  n m  (e 1 3  2 0 0 ) .

A  1 0 0 - m g  s a m p l e  o f  M - p y r r o l i n e  9  in  5 0  m L  o f  t o l u e n e  c o n t a i n i n g  

1 0 0  m g  o f  5 %  p a l l a d i u m  o n  c a r b o n  w a s  h e a t e d  a t  r e f l u x  f o r  4 8  h . R e 

m o v a l  o f  t h e  c a t a l y s t  f o l l o w e d  b y  e v a p o r a t i o n  o f  t h e  s o l v e n t  l e f t  9 3  

m g  o f  2 - p h e n y l - 3 - m e t h y l - 5 - e t h y l p y r r o l e  ( 1 1 ) :  N M R  ( C C I 4 , 1 0 0  M H z )  

r  8 .7 9  ( t ,  3  H ,  J  =  8 .0  H z ) ,  7 . 8 1 ,  ( s , 3  H ) ,  7 .4 4  ( q , 2  H ,  J  =  8 .0  H z ) ,  4 . 3 2  

(d , 1  H , J  =  3 .0  H z ,  c o l la p s e d  t o  £  s i n g le t  w i t h  D 20  w a s h ) ,  2 . 6 - 3 . 0  (m , 

5  H ) ,  2 .0 - 2 . 6  ( 1  H ,  b r o a d  s ,  e x c h a n g e d  w i t h  D 2O ); I R  ( n e a t )  3 4 2 0 , 3 0 5 0 ,  

2 9 6 0 ,  2 9 2 0 ,  2 8 6 0 ,  1 6 0 0 ,  1 5 1 0 ,  1 4 8 5 , 1 4 4 0 ,  1 3 7 5 , 1 3 3 5 , 1 1 4 0 ,  8 0 0 , 7 6 0 ,  

6 9 5 ,  6 4 0  c m “ 1 ; M S  m /e  1 8 5  ( M + ), 1 7 0 , 1 4 7 ,  1 0 5 ,  7 7 .

A n a l .  C a lc d  f o r  C 1 3 H 15 N : C ,  8 4 .2 8 ; H ,  8 . 1 6 ;  N ,  7 .5 6 .  F o u n d :  C ,  8 4 . 1 0 ;  

H ,  8 .0 5 ;  N ,  7 .8 2 .

T h e  s e c o n d  b a n d  i s o l a t e d  f r o m  t h e  t h i c k - l a y e r  p l a t e  o f  t h e  c r u d e  

t h e r m o l y s i s  m i x t u r e  ( 7 1 % )  c o n t a i n e d  a  c l e a r  o i l  w h o s e  s t r u c t u r e  w a s  

a s s i g n e d  a s  e x o - 1 ,  4 - d i m e t h y l - 2 - p h e n y l - 3 - a z a b i c y c l o [ 3 . 1 .0 ] h e x - 2 - e n e

(8 ): N M R  ( C C 1 4, 1 0 0  M H z )  r  9 .5 2  ( t ,  1  H ,  J  =  4 .0  H z ) ,  9 .0 4  ( d d ,  1  H ,  

J  =  8 .0 ,  4 .0  H z ) ,  8 .7 5  ( d .  3  H ,  J  =  7 .0  H z ) ,  8 .5 4  ( d d ,  1  H ,  J  =  8 .0 ,  4 .0  

H z ) ,  8 .0 4  (s , 3  H ) ,  6 . 1 3  ( q , 1  H ,  J  =  7 .0  H z ) ,  2 . 1 - 2 . 3  ( m , 5  H ) ;  I R  ( n e a t )  

3 0 6 0 ,  3 0 2 5 , 2 9 6 0 ,  2 9 2 0 ,  2 8 5 5 , 1 5 9 2 , 1 5 6 8 , 1 4 9 0 , 1 4 4 2 , 1 3 8 5 , 1 3 4 0 , 1 2 9 0 ,  

1 2 1 0 ,  1 1 7 0 ,  1 0 6 4 ,  1 0 2 0 ,  1 0 0 0 ,  9 9 0 , 7 7 5 ,  7 0 0  c m " 1 ; U V  ( c y c l o h e x a n e )  

2 3 8  n m  (t 1 0  2 0 0 ) ;  M S  m /e  1 8 5  ( M + ) ,  1 8 4  ( b a s e ) ,  1 7 0 , 1 5 5 ,  1 4 1 ,  1 2 9 ,
1 1 5 , 7 7 .

A n a l .  C a lc d  f o r  C i 3H 16 N : C ,  8 4 .2 8 ; H ,  8 . 1 6 ;  N ,  7 .5 6 .  F o u n d :  C ,  8 4 .0 6 ; 
H ,  8 .2 0 ;  N ,  7 .4 0 .

T h e  N M R  s p e c t r u m  o f  t h e  c r u d e  r e a c t i o n  m i x t u r e  s h o w e d  t h e  

p r e s e n c e  o f  s m a l l  q u a n t i t i e s  ( c a . 5 % )  o f  2 ,5 - d i m e t h y l - 6 - p h e n y l p y r i d i n e

( 1 0 ) ( s i n g l e t s  a t  r  7 . 7 2  a n d  7 .5 2 ) .  T h e r m o l y s i s  o f  a  s a m p l e  o f  a z a b i -  

c y c l o h e x e n e  8  a t  1 9 5  ° C  f o r  9 6  h  g a v e  p y r i d i n e  1 0  a s  t h e  e x c l u s i v e  

p r o d u c t , 26 p i c r a t e  m p  1 3 9 - 1 4 0  ° C  ( l i t . 26  m p  1 3 4 - 1 3 5  ° C ) .

Independent Synthesis of 2-Phenyl-3-methyl-5-ethylpyrrole
( 1 1 )  . T h e  s t r u c t u r e  o f  t h e  p y r r o l e  o b t a i n e d  f r o m  t h e  p a l l a d i u m - i n 

d u c e d  i s o m e r iz a t io n  o f  A L p v r r o l i n e  9  w a s  e s t a b l i s h e d  b y  c o m p a r i s o n  

w i t h  a n  in d e p e n d e n t ly  s y n t h e s iz e d  s a m p le .  A  s o lu t io n  c o n t a in in g  1 7 . 3  

g  o f  2 - m e t h y l - l - p h e n y l - 4 - p e n t e n - l - o n e  in  5 0 0  m L  o f  m e t h a n o l  w a s  

o z o n iz e d  a t  —7 8  ° C .  S t a n d a r d  w o r k u p  c o n d i t i o n s  a f f o r d e d  3 - 

m e t h y l - 4 - p h e n y l - 4 - o x y b u t a n a l  in  9 2 %  y i e l d :  b p  9 4 - 9 5  ° C  ( 0 . 1  m m ) ;  

N M R  ( C D C I 3 , 6 0  M H z )  r  8 .8 8  ( d , 3  H ,  J  =  7 .5  H z ) ,  7 . 5 8  ( d d ,  1  H ,  J  =

1 8 . 0 ,  6 .0  H z ) ,  6 .9 4  ( d d ,  1  H ,  J  =  1 8 . 0 ,  8 .0  H z ) ,  6 . 1 0  ( d p ,  1  H ,  J  =  7 .5 ,

6 .0  H z ) ,  2 . 4 6 - 2 . 8 0  ( m , 3  H ) ,  2 . 0 - 2 . 4  ( m , 2  H ) ,  0 .3  ( s ,  1  H ) ;  I R  ( n e a t )  

3 0 1 0 , 2 9 4 0 , 2 8 2 0 , 2 7 0 0 , 1 7 2 5 , 1 6 7 5  c m “ 1 ; M S  m /e  1 7 6  ( M + ) ,  1 5 8 , 1 4 8 ,  
1 3 4 ,  1 0 5  ( b a s e ) ,  7 7 .

T o  a  s o l u t i o n  c o n t a i n i n g  3 . 5  g  o f  t h e  a b o v e  a l d e h y d e  in  4 0  m L  o f  

m e t h a n o l  w a s  a d d e d  1 5  m L  o f  c o n c e n t r a t e d  a m m o n iu m  c h lo r id e  a n d

1 0  m L  o f  c o n c e n t r a t e d  a m m o n i a .  T h e  m i x t u r e  w a s  h e a t e d  a t  r e f l u x  

f o r  1  h , c o o le d ,  a n d  e x t r a c t e d  w i t h  e t h e r .  T h e  e t h e r  l a y e r  w a s  w a s h e d  

w i t h  w a t e r ,  d r i e d  o v e r  m a g n e s i u m  s u l f a t e ,  a n d  c o n c e n t r a t e d  u n d e r  

r e d u c e d  p r e s s u r e  t c  g i v e  2 - p h e n y l - 3 - m e t h y l p y r r o l e  in  q u a n t i t a t i v e  

y i e l d :  N M R  ( C C 1 4, 6 0  M H z )  r  7 .8 0  ( s ,  3  H ) ,  4 . 1 0  ( t ,  1  H ,  J  =  3 .0  H z ) ,  

3 .6 2  ( t , 1  H , J  =  3 .0  H z ) , 2 .8 5  ( s , 5  H ) ,  2 .4  ( b r o a d  s , 1  H ) ;  I R  'n e a t )  3 3 8 0 ,  

3 0 3 0 , 2 9 1 0 , 1 5 9 5 , 1 4 9 5 ,  1 4 7 0 , 1 4 4 0 , 1 4 0 0 , 1 2 5 5 , 1 1 9 0 , 1 1 1 0 , 1 0 7 5 , 1 0 6 0 ,  

1 0 1 0 ,  8 9 7 , 8 4 2 , 7 6 5 , 7 2 5 , 6 9 9  c m " 1 ; M S  m / e  1 5 7  ( M + ), 1 5 6  ( b a s e ) ,  1 2 9 ,  

1 2 8 , 1 0 5 ,  7 7 .
T o  a  s o l u t i o n  c o n t a i n i n g  1 . 5 7  g  o f  2 - p h e n y l - 3 - m e t h y l p y r r o l e  in  2 0  

m L  o f  e t h e r  a t  0  ° C  w a s  a d d e d  3 .6  m L  o f  a  2 .9  M  m e t h y lm a g n e s i u m  

b r o m i d e  s o l u t i o n .  A f t e r  s t i r r i n g  f o r  3 0  m i n ,  a  2 .0 - g  s a m p l e  o f  e t h y l  

b r o m i d e  w a s  a d d e d  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  a l l o w e d  t o  s t i r  f o r  

1 2  h  a t  r o o m  t e m p e r a t u r e .  R e m o v a l  o f  t h e  s o l v e n t  f o l l o w e d  b y  

t h i c k - l a y e r  c h r o m a t o g r a p h y  g a v e  a  p u r e  s a m p l e  o f  2 - p h e n y l - 3 -  

m e t h y l - 5 - e t h y l p y r r o l e  ( 3 1 % )  w h i c h  w a s  i d e n t i c a l  w i t h  t h a t  o b t a i n e d  

f r o m  t h e  p a l l a d i u m - i n d u c e d  i s o m e r i z a t i o n  o f  A ’ - p y r r o l i n e  9 .

Preparation and Thermolysis of (E)-2-Cinnamyl-2-methyl- 
3-phenyl-2ff-azirine. A  s a m p l e  o f  a z i r i n e  12 w a s  p r e p a r e d  b y  t h e  

m e t h o d  p r e v i o u s l y  o u t l i n e d : 7 b p  1 3 2 - 1 3 6  ° C  ( 0 .2  m m ) ;  N M R  (CCI4 , 
1 0 0  M H z )  r  8 .5 8  ( s ,  3  H ) ,  7 .5 6  ( d d ,  1  H ,  J  =  1 4 . 0 ,  7 .0  H z ) ,  7 . 3 4  ( d d ,  1  

H ,  J  =  1 4 .0 ,  7 .0  H z ) ,  3 .7 6  ( d t ,  1  H ,  J  =  1 6 . 0 , 7 . 0  H z ) ,  3 .5 4  i d ,  1  H ,  J  =

1 6 . 0  H z ) ,  2 . 0 - 3 . 0  ( m , 1 0  H ) ;  I R  ( n e a t )  3 0 8 0 ,  3 0 6 0 ,  3 0 2 0 ,  2 9 2 0 ,  1 7 2 4 ,  

1 5 9 4 , 1 4 8 5 , 1 4 5 0 , 1 3 7 4 , 1 1 9 2 , 9 6 1 ,  7 6 1 ,  7 4 8 ,  6 8 8  c m - 1 ; U V  ( c y c l o h e x 

a n e )  2 4 7  n m ; M S  m /e  2 4 7  ( M + > , 2 4 6 ,  2 4 5 , 1 2 1 , 1 1 9 , 1 1 7 , 1 0 5 ,  9 1 ,  7 7 .

A n a l .  C a lc d  f o r  C lBH 1 7 N : C ,  8 7 . 4 1 ;  H ,  6 .9 3 ;  N ,  5 .6 6 . F o u n d :  C ,  8 7 .2 0 ;  

H ,  6 .8 5 ;  N ,  5 .6 2 .

D i s t i l l a t i o n  o f  t h e  a b o v e  a z i r i n e  t h r o u g h  a  9  in  V i g r e u x  c o l u m n  a t  

2 0 0  ° C  g a v e  a  4 9 %  v i e l d  o f  2 ,6 - d i p h e n y l - 3 - m e t h y l p y r i d i n e  (13): b p  

1 6 5 - 1 6 8  ° C  ( 0 .0 3  m m ) ;  p ic r a t e  m p  1 7 2 - 1 7 3  ° C ;  N M R  ( C C U , 1 0 0  M H z )  

r  7 . 7 2  ( s ,  3  H ) ,  2 . 4 - 2 . 9  ( m , 1 0  H ) ,  1 . 9 8  ( m , 2  H ) ;  I R  ( n e a t )  3 0 5 5 , 3 0 2 5 ,  

2 9 2 0 , 1 5 8 2 , 1 5 6 0 , 1 4 9 0 , 1 4 5 5 , 1 4 3 0 , 1 3 7 2 , 1 3 0 9 , 1 2 6 4 , 1 3 0 2 , 1 0 6 5 , 1 0 1 5 ,  

8 3 0 ,  7 8 4 ,  7 6 0 ,  7 4 9 ,  6 3 2 ,  6 3 3  c m " 1 ; M S  m /e  2 4 5  ( M + ) , 2 4 4  ( b a s e ) ,  7 7 .

A n  a u t h e n t i c  s a m p le  o f  p y r i d i n e  1 3  w a s  i n d e p e n d e n t ly  s y n t h e s i z e d  

a c c o r d i n g  t o  t h e  p r o c e d u r e  o f  S e h o l t z 4 1  a n d  w a s  i d e n t i c a l  t o  t h a t  o b 

t a i n e d  f r o m  t h e  t h e r m o l y s i s  o f  a z i r i n e  1 2 .

Thermolysis of 2-Methyl-2-(3-methyl-2-butenyl)-3-phenyl- 
2f/-azirine ( 1 5 ) .  A  s o lu t io n  c o n t a in in g  4 0 0  m g  o f  a z i r in e  1 5 7 in  1 2  m L  

o f  t o l u e n e  w a s  h e a t e d  a t  1 9 5  ° C  in  a  s e a l e d  t u b e  f o r  5 8  h . R e m o v a l  o f  

t h e  s o l v e n t  l e f t  a  y e l lo w  o i l  w h i c h  w a s  s u b j e c t e d  t o  t h i c k - l a y e r  c h r o 

m a t o g r a p h y  u s in g  a  2 :5  m i x t u r e  o f  e t h e r - c y c l o h e x a n e  a s  t h e  e l u e n t .  

T h e  m a t e r i a l  i s o l a t e d  in  t h e  f i r s t  h a n d  c o n t a i n e d  a  1 : 1  m i x t u r e  o f  

i s o m e r ic  2 - p h e n y l - 3 - m e t h y l - 5 - ( 2 - p r o p e n y l) - A 1 - p y r r o l in e s  (17). I s o m e r  

A :  N M R  ( C C 1 4, 1 0 0  M H z )  r  8 .8 2  ( d , 3  H ,  J  =  7 .5  H z ) ,  8 .2 6  (s , 3  H ) ,  8 . 1 2  

( t ,  1  H , J  =  8 .0  H z ) , 8 .0 8  ( t , 1  H ,  J  =  8 .0  H z ) ,  6 .5 5  ( m , 1  H ) ,  5 .4 2  ( b r o a d  

t ,  1  H ,  J  =  8 .0  H z ) ,  5 .2 2  ( b r o a d  s , 1  H ) ,  5 .Ó 5 ( b r o a d  s , 1  H ) ,  2 . 0 - 2 . 8  (m , 

5  H ) ;  I R  ( n e a t )  3 0 2 C , 2 9 4 0 , 1 6 5 0 , 1 3 4 0 , 1 5 7 5 , 1 5 1 5 , 1 4 5 0 , 1 3 4 0 , 1 2 4 0 ,  

1 1 6 0 , 1 1 2 5 , 1 0 7 5 , 1 0 3 0 , 9 0 0 , 7 8 0 , 6 9 4  c m - 1 ; M S  m /e  1 9 9  ( M + ), 1 8 4 , 1 5 7 ,  

1 1 5 ,  7 7 .

T h e  o t h e r  i s o m e r  ( B )  s h o w e d  t h e  f o l l o w i n g  s p e c t r a l  p r o p e r t i e s :  

N M R  ( C C 1 4, 1 0 0  M H z )  r  8 . 8 1  ( d ,  3  H ,  J  =  7 .0  H z ) ,  8 . 1 9  ( s ,  3  H ) ,  8 .0 7  

( m , 1  H ) ,  7 .5 0  ( d t ,  1  H ,  J  =  1 2 . 0 , 8 . 0  H z ) ,  6 .5 8  ( m , 1  H ) ,  5 .4 4  ( d d ,  1  H ,  

J  =  8 . 0 , 7 . 0  H z ) ,  5 .2 0  ( b r o a d  s ,  1 H ) ,  5 . 1 1  ( b r o a d  s ,  1  H ) ,  2 . 0 - 2 . 8  ( m , 5  

H ) ;  I R  ( n e a t )  3 0 2 0 , 2 9 4 0 , 1 6 4 5 , 1 6 3 0 , 1 5 7 0 , 1 5 0 0 , 1 4 5 0 , 1 3 3 5 , 1 2 7 0 , 1 1 3 0 ,  

1 0 7 5 , 1 0 3 0 , 1 0 0 0 , 9 0 1 , 7 7 5 , 6 9 7  c m " 1 ; M S  m /e  1 9 9  ( M + ) ,  1 8 4 , 1 5 7 , 1 0 4 ,  
7 7 .

T h e  s e c o n d  b a n d  f r o m  t h e  t h i c k - l a y e r  p l a t e  c o n t a i n e d  a  c l e a r  o i l  

(6 0 % )  w h o s e  s t r u c t u r e  w a s  a s s i g n e d  a s  l , 4 , 4 - t r i m e t h y l - 2 - p h e n y l - 3 -  

a z a b i c y c l o [ 3 . 1 . 0 ] h e x - 2 - e n e  ( 1 6 )  o n  t h e  b a s i s  o f  i t s  s p e c t r a l  d a t a :  N M R  

( C C 1 4 , 1 0 0  M H z )  r  9 .4 4  ( t ,  1 H , J  =  4 .0  H z ) ,  9 .2 0  ( d d ,  1  H ,  J  =  8 .0 , 4 . 0  

H z ) ,  8 .7 7  ( s ,  3  H ) ,  8 .6 7  ( s ,  3  H ) ,  8 .5 7  ( s , 3  H ) ,  8 .5 3  ( d d ,  1  H ,  J  =  8 . 0 , 4 . 0  

H z ) ,  2 . 2 - 2 . 9  ( m , 5  H ) ;  I R  ( n e a t )  3 C 2 0 ,  2 9 4 0 ,  1 6 0 0 ,  1 5 7 0 ,  1 4 9 3 ,  1 4 4 3 ,  

1 3 8 5 ,  1 3 5 5 , 1 3 4 0 ,  1 2 6 5 ,  1 2 3 5 ,  1 1 9 0 , 1 0 7 5 ,  1 0 3 0 ,  1 0 1 0 ,  1 0 0 0 ,  9 7 5 ,  8 3 3 ,  

7 8 0 ,  7 0 0  c m “ 1 ; M S  m /e  1 9 9  ( M - ) ,  1 8 4 ,  1 5 7 ,  1 4 3 ,  1 2 8 ,  1 1 5 ,  7 7 .

A n a l .  C a l c d  f o r  C 14 H i 7 N : C ,  8 4 .3 7 ;  H ,  8 .6 0 ; N ,  7 .0 3 .  F o u n d :  C ,  8 4 . 1 7 ;  
H ,  8 .4 5 ;  N ,  7 .0 8 .

Thermolysis of Methyl 4-(2-MethyI-3-phenyl-2fi-azirin-2- 
yl)-2-butenoate ( 1 8 ) .  A  s o l u t i o n  c o n t a i n i n g  7 5  m g  o f  (E )-  o r  (Z )- 
a z i r i n y l - 2 - b u t e n o a t e  1 8 42 in  1 0  m L  o f  t o l u e n e  w a s  h e a t e d  in  a  s e a l e d  

t u b e  a t  1 8 0  ° C  f o r  1 2 4  h . R e m o v a l  o f  t h e  s o l v e n t  u n d e r  r e d u c e d  

p r e s s u r e  l e f t  a  y e l lo w  o i l  w h ic h  w a s  s u b j e c t e d  t o  t h i c k - l a y e r  c h r o m a 

t o g r a p h y .  T h e  m in o r  c o m p o n e n t  ( 3 7 % )  i s o la t e d  f r o m  t h e  t h i c k - l a y e r  

p l a t e  w a s  a  c o l o r l e s s  o i l  w h o s e  s t r u c t u r e  w a s  a s s i g n e d  a s  m e t h y l  4 - 

m e t h y l - 5 - p h e n y l p y r r o l - 2 - y l a c e t a t e  (20) o n  t h e  b a s i s  o f  ius s p e c t r a l  

d a t a :  N M R  ( C D C 1 3 , 1 0 0  M H z )  r  7 .7 6  ( s ,  3  H ) ,  6 .3 4  ( s ,  2  H \  6 .2 8  ( s ,  3  

H ) ,  4 .0 7  ( d , 1  H ,  J  =  1 . 5  H z ) ,  2 . 5 4 - 2 . 9 0  ( m , 5  H ) ,  2 . 1 6  ( b r o a d  s ,  1  H ,  

e x c h a n g e d  w i t h  D 2 0 ) ;  I R  ( n e a t )  3 3 0 0 ,  2 9 0 0 ,  1 7 2 0 ,  1 6 0 0 ,  1 5 1 0 ,  1 4 3 0 ,  

1 2 4 2 ,  1 2 0 5 , 1 1 5 6 ,  1 0 1 2 ,  7 9 2 ,  7 6 7 ,  6 9 7  c m ' 1 ; U V  ( c y c lo h e x a n e )  3 5 0  n m  

(e 8 3 0 ) ,  2 7 8  ( 9 7 0 0 ) ,  2 3 6  ( 7 7 0 0 ) ;  M S  m /e  2 2 9  ( M + ) ,  1 7 0 , 1 5 8 , 1 2 7 , 1 0 5 ,  
7 7 .
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A n a l .  C a l c d  f o r  C 1 4 H 1 5 N 0 2: C ,  7 3 . 3 4 ;  H . 6 .5 9 ;  N ,  6 . 1 1 .  F o u n d :  C ,  
7 3 . 3 0 ;  H ,  6 .5 0 ;  N ,  6 .3 0 .

T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  v e r i f i e d  b y  c o m p a r i s o n  w i t h  a n  

i n d e p e n d e n t ly  s y n t h e s i z e d  s a m p l e .  T o  a  s o l u t i o n  c o n t a i n i n g  1 5 . 7  g  

o f  2 - p h e n y l - 3 - m e t h y l p y r r o l e  in  1 5  m L  o f  b e n z e n e  a t  1 0  ° C  w a s  a d d e d

3 .6  m L  o f  a  2 .9  M  m e t h y lm a g n e s i u m  b r o m id e  s o lu t io n .  A f t e r  s t i r r i n g  

f o r  3 0  m in , a  2 .5 - g  s a m p l e  o f  m e t h y l  b r o m o a c e t a t e  w a s  a d d e d  a n d  t h e  

r e s u l t i n g  m i x t u r e  w a s  a l l o w e d  t o  s t i r  a t  r o o m  t e m p e r a t u r e  f o r  1 2  h . 

A f t e r  c a r e f u l  h y d r o l y s i s ,  t h e  s o l u t i o n  w a s  d r i e d  a n d  c o n c e n t r a t e d  

u n d e r  r e d u c e d  p r e s s u r e .  T h e  c r u d e  o i l  w a s  p u r i f i e d  b y  t h i c k - l a y e r  

c h r o m a t o g r a p h y  u s i n g  a  5 %  a c e t o n e - h e x a n e  m i x t u r e  a s  t h e  e l u e n t  

t o  g iv e  a  p u r e  s a m p l e  o f  m e t h y l  4 - m e t h y l - 5 - p h e n y l p y r r o l - 2 - v l a c e t a t e  

(2 0 ) w h ic h  w a s  i d e n t i c a l  in  e v e r y  d e t a i l  w i t h  t h e  m in o r  c o m p o n e n t  

o b t a i n e d  f r o m  t h e  t h e r m o l y s i s  o f  a z i r i n e  1 8 .

T h e  m a jo r  p r o d u c t  o b t a i n e d  f r o m  t h e  t h e r m o l y s i s  o f  a z i r i n e  18 
( 4 7 % )  w a s  i d e n t i f i e d  a s  2 - p h e n y l - 3 - m e t h v l - 6 - c a r b o m e t h o x y p y r i d i n e  

(19): N M R  ( C D C 1 3 , 1 0 0  M H z )  r  7 .6 0  ( s ,  3  H ) ,  6 . 0 1  ( s , 3  H ) ,  2 .4 0 - 2 . 7 0  

( m , 5  H ) ,  2 .0  a n d  2 . 3 2  ( A B  p a t t e r n ,  2  H ,  J  =  8 .0  H z ) ;  I R  ( n e a t )  2 9 0 0 , 

1 7 1 0 ,  1 5 9 5 ,  1 4 3 0 , 1 3 9 0 , 1 3 0 0 , 1 2 3 5 , 1 2 0 5 ,  1 1 3 6 ,  1 1 1 0 ,  1 0 2 0 ,  9 2 2 ,  8 5 5 ,  

7 8 7 , 7 6 6 , 7 4 3 , 6 9 9  c m - 1 ; U V  ( c y c lo h e x a n e )  3 4 2  n m  (e 6 3 0 ) ,  2 7 8  (6 4 0 0 ) , 

2 3 8  ( 1 0  4 0 0 ) ;  M S  m /e  2 2 7  ( M + ) ,  2 2 6  ( b a s e ) ,  2 1 2 , 1 7 0 , 1 6 9 ,  1 6 8 ,  1 6 7 ,
1 6 6 , 1 1 5 , 1 0 5 , 7 7 .

A n a l .  C a l c d  f o r  C 14 H 1 3 N 0 2: C ,  7 3 . 9 9 ;  H ,  5 . 7 7 ;  N ,  6 . 1 6 .  F o u n d :  C ,  

7 3 . 8 7 ;  H ,  5 .6 8 ;  N ,  6 .0 6 .

T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  a s s i g n e d  o n  t h e  b a s i s  o f  i t s  c o n 

v e r s i o n  t o  2 ,5 - d i m e t h y l - 6 - p h e n y l p y r i d i n e  (10).26  T o  a  s l u r r y  c o n 

t a i n i n g  2 5  m g  o f  l i t h i u m  a l u m i n u m  h y c r i d e  in  5  m L  o f  e t h e r  w a s  

a d d e d  8 .5  m g  o f  t h e  a b o v e  p y r i d i n e  in  1  m L  o f  e t h e r .  T h e  r e a c t i o n  

m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 2  h  f o l lo w e d  b y  a  b a s ic  

w o r k u p .  T h e  r e s u l t i n g  o i l  w a s  i d e n t i f i e d  a s  2 - p h e n y l - 3 - m e t h y l - 6 -  

h y d r o x y m e t h y l p y r i d i n e  o n  t h e  b a s i s  o f  i t s  s p e c t r a l  p r o p e r t i e s :  N M R  

( C D C I 3 , 1 0 0  M H z )  r  9 .7  ( b r o a d  s ,  1  H ) ,  7 .6 6  ( s , 3  H ) ,  5 .2 9  (s , 2  H ) ,  2 .9 6  

(d , 1  H ,  J  =  8 .0  H z ) ,  2 . 5 3  ( m , 5  H ) ,  2 .4 8  ( d , 1  H ,  J  =  8 .0  H z ) ;  I R  ( K B r )  

3 1 7 5  ( b r o a d ) ,  1 5 9 0 , 1 5 7 5 , 1 4 5 0 , 1 4 3 0 , 1 2 2 0 , 1 1 8 5 , 1 0 7 3 , 1 0 0 6 ,  9 9 0 , 8 3 0 , 

7 8 4 , 7 6 4 ,  6 9 9  c m “ 1 ; M S  m /e  1 9 7 , 1 9 6 , 1 8 2 , 1 8 0 , 1 5 2 , 1 0 5  ( b a s e ) ,  7 7 .

T h e  a b o v e  a l c o h o l  w a s  d i s s o l v e d  in  1  m L  o f  m e t h y le n e  c h lo r i d e  

w h ic h  c o n t a i n e d  4  d r o p s  o f  t r i e t h y l a m i n e .  T h i s  m i x t u r e  w a s  c o o le d  

t o  — 1 5  ° C ,  a n d  t h e n  3  d r o p s  o f  m e t h a n e s u l f o n y l  c h lo r i d e  w a s  a d d e d .  

T h e  m i x t u r e  w a s  a l l o w e d  t o  s t i r  f o r  1 5  m i n  a n d  t h e n  w a s  t a k e n  u p  in  

m e t h y le n e  c h lo r id e  a n d  w a s h e d  w i t h  a  1 0 %  h y d r o c h lo r ic  a c id  s o lu t io n  

f o l l o w e d  b y  a  s a t u r a t e d  s o d i u m  b i c a r b o n a t e  s o l u t i o n .  T h e  o r g a n i c  

l a y e r  w a s  d r i e d  o v e r  m a g n e s i u m  s u l f a t e  a n d  c o n c e n t r a t e d  u n d e r  r e 

d u c e d  p r e s s u r e .  T h e  r e s u l t i n g  m e s y l a t e  w a s  t a k e n  u p  in  1  m L  o f  e t h e r  

t o  w h ic h  2 5  m g  o f  l i t h iu m  a lu m in u m  h y d r i d e  w a s  a d d e d .  T h e  r e s u l t in g  

m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 2  h . T h e  n o r m a l  b a s i c  

w o r k u p  a f f o r d e d  6 . 2  m g  o f  2 ,5 - d i m e t h y l - 6 - p h e n y l p y r i d i n e  ( 1 0 ) , w h ic h  

w a s  i d e n t i c a l  in  e v e r y  d e t a i l  w i t h  a n  a u t h e n t i c  s a m p l e . 26

Preparation and Thermolysis of 2-(2-Butynyl)-2-methyl-3- 
phenyl-2/i-azirine (21). T h e  a z i r i n e  w a s  p r e p a r e d  in  t h e  n o r m a l  

m a n n e r 7 f r o m  t h e  c o r r e s p o n d i n g  t r i m e t h y l h y d r a z o n i u m  i o d i d e  s a l t :  

b p  8 0 - 8 1  ° C  ( 0 .0 3  m m ) ;  N M R  ( C D C 1 3 , 1 0 0  M H z )  r  8 .5 2  ( s , 3  H ) ,  8 .2 6  

( t ,  3  H ,  J  =  2 .7  H z ) ,  7 .6 4  ( d q ,  1  H ,  -J =  1 5 . 5 ,  2 .7  H z ) ,  7 . 3 2  ( d q ,  1  H ,  J  
=  1 6 . 5 , 2 . 7  H z ) ,  2 .4 8 - 2 .6 8  ( m , 3  H ) ,  2 . 1 6 - 2 . 3 6  (m , 2  H ) ;  I R  ( n e a t )  3 0 5 0 ,  

2 9 4 0 , 2 2 3 0 , 1 7 3 5 , 1 6 0 0 , 1 5 8 0 , 1 4 9 5 , 1 4 5 0 , 1 3 7 0 , 1 2 3 5 , 1 1 9 5 , 1 1 5 5 , 1 0 7 2 ,  

1 0 1 0 ,  9 7 6 ,  9 2 6 ,  8 7 5 ,  7 6 3 ,  6 8 7  c m “ 1 ; U V  ( c y c l o h e x a n e )  2 4 2  n m  U 
1 4  0 0 0 ) ;  M S  m /e  1 8 3  ( M + ) , 1 8 2  ( b a s e ) ,  1 6 8 , 1 4 2 , 1 3 1 , 1 1 5 ,  1 0 5 ,  7 7 .

A n a l .  C a lc d  f o r  C 1 3 H 1 3 N : C ,  8 5 .2 0 ;  H ,  7 . 1 5 ;  N ,  7 .6 4 . F o u n d :  C ,  8 5 . 1 4 ;  

H ,  7 .0 3 ;  N ,  7 .6 8 .

A  1 0 0 - m g  s a m p l e  o f  t h e  a b o v e  a z i r i n e  w a s  s u b l i m e d  ( 0 .0 0 5  m m )  

t h r o u g h  a  4 0 - c m  q u a r t z  t u b e  w h i c h  w a s  h e ld  a t  5 0 0  3 C . T h e  p r o d u c t s  

f o r m e d  w e r e  c o l l e c t e d  o n  a  l i q u i d  n i t r o g e n  c o ld  f i n g e r .  T h e  r e s u l t i n g  

r e s i d u e  w a s  s u b j e c t e d  t o  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s i n g  a  2 0 %  

e t h e r - h e x a n e  m i x t u r e  a s  t h e  e l u e n t .  T h e  m a jo r  c o m p o n e n t  ( 3 4 % )  

i s o l a t e d  f r o m  t h e  t h i c k - l a y e r  p la t e  w a s  i d e n t i f i e d  a s  2 , 5 - d i m e t h y l -

6 - p h e n y l p y r i d i n e  ( 1 0 ) b y  c o m p a r i s o n  w i t h  a n  a u t h e n t i c  s a m p l e : 26 

p ic r a t e  m p  1 3 8 - 1 3 9  ° C  ( l i t .26  m p  1 3 4 —1 3 5  ° C ) ;  N M R  (b e n z e n e - f/ e , 1 0 0  

M H z )  r  7 .9 7  ( s ,  3  H ) ,  7 .5 4  ( s ,  3  H ) ,  3 . 5 5  a n d  2 .9 8  ( A B  p a t t e r n ,  2  H ,  J  
=  8 .0  H z ) ,  2 .7 0 - 2 .9 0  (m , 3  H ) ,  2 . 3 2 - 2 . 4 4  ( m , 2  H ) ;  I R  ( n e a t )  3 0 3 0 ,  2 8 7 5 ,  

1 5 8 7 , 1 5 6 3 , 1 4 5 5 , 1 4 2 9 , 1 3 7 0 , 1 2 5 0 , 1 1 2 5 , 1 0 6 2 , 1 0 2 8 , 8 1 8 , 7 8 6 ,  7 3 5 , 6 9 8  

c m - 1 ; U V  ( c y c l o h e x a n e )  2 8 1  n m  (e 5 0 0 0 ) ,  2 3 8  ( 7 2 0 0 ) ;  M S  m /e  1 8 3  

( M + ) ,  1 8 2  ( b a s e ) ,  1 6 8 .
Thermolysis of 2-Allyl-3-methyl-2-phenyI-2f/-azirine (22).

A  s o l u t i o n  c o n t a i n i n g  1 0 0  m g  o f  a z i r i n e  22" in  2 0  m L  o f  t o l u e n e  w a s  

h e a t e d  in  a  s e a l e d  t u b e  a t  1 8 0  ° C  f o r  2 8  h . R e m o v a l  o f  t h e  s o l v e n t  l e f t  

a  y e l lo w  o i l  w h ic h  w a s  s u b j e c t e d  t o  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s in g  

a  1 5 %  a c e t o n e - h e x a n e  m i x t u r e  a s  t h e  e lu e n t .  T h e  f i r s t  c o m p o n e n t  

i s o l a t e d  f r o m  t h e  c o lu m n  ( 5 8 % )  w a s  i d e n t i f i e d  a s  3 - a l l y l - 2 - m e t h y l -  

in d o le  (24) o n  t h e  b a s i s  o f  i t s  s p e c t r o s c o p i c  p r o p e r t i e s  a n d  b y  c o m 

p a r i s o n  w i t h  a n  i n d e p e n d e n t l y  s y n t h e s i z e d  s a m p l e :  N M R  ( C C I 4 , 6 0  

M H z )  r  7 .8 7  ( s ,  3  H ) ,  6 . 6 8  ( d , 2  H ) ,  4 . 8 5 - 5 . 3 0  ( m , 2  H ) ,  3 . 7 0 - 4 . 4 5  ( m ,

1  H ) ,  2 . 5 - 3 . 2  ( m , 5  H ) ;  I R  ( n e a t )  3 4 0 0 ,  3 0 3 0 .  3 0 2 0 ,  2 9 6 5 ,  2 9 1 0 ,  1 6 3 0 ,  

1 6 0 0 ,  1 4 7 5 ,  1 4 5 5 ,  1 4 2 5 ,  1 3 8 5 ,  1 2 9 2 ,  1 2 1 5 ,  1 1 5 0 ,  1 0 7 0 ,  9 8 5 ,  9 1 0 ,  7 4 0  

c m " 1 ; U V  ( c y c l o h e x a n e )  2 9 0  n m  (e 4 7 0 0 ) ,  2 8 3  ( 5 9 5 0 ) ,  2 7 4  ( 6 2 0 0 ) ,  2 6 8  

( 5 5 0 0 ) ,  2 2 2  ( 2 8  0 0 0 ) ; M S  m /e  1 7 1  ( M + ) ,  1 7 0 , 1 5 6 , 1 4 4 , 1 3 1  ( b a s e ) ,  1 1 9 ,

1 1 7 , 9 1 , 7 7 .

A n  a u t h e n t i c  s a m p l e  o f  3 - a l l y l - 2 - m e t h y l ; n d o l e  (24) w a s  p r e p a r e d  

b y  t r e a t i n g  2 - m e t h y l i n d o l e  (26) w i t h  a l l y l  b r o m i d e .  T o  a  s o l u t i o n  

c o n t a i n i n g  3 2 5  m g  o f  2 - m e t h y l i n d o l e  in  5  m l , o f  b e n z e n e  w a s  a d d e d  

0 .9  m L  o f  a  2 .9  M  s o lu t io n  o f  m e t h y lm a g n e s iu m  b r o m id e  in  e t h e r .  T h e  

m i x t u r e  w a s  s t i r r e d  a t  2 5  0  C  f o r  3 0  m in ,  a n d  t h e n  3 0 0  m g  o f  a l l y l  

b r o m i d e  w a s  a d d e d .  T h e  m i x t u r e  w a s  a l l o w e d  t o  s t i r  a t  2 5  ° C  f o r  1 2  

h  a n d  w a s  t h e n  p o u r e d  i n t o  1 0 0  m L  o f  a  1 . 0  M  h y d r o c h l o r i c  a c i d  s o 

l u t i o n  a n d  e x t r a c t e d  w i t h  e t h e r .  T h e  e t h e r  l a y e r  w a s  w a s h e d  w i t h  

w a t e r ,  d r ie d  o v e r  m a g n e s iu m  s u l f a t e ,  a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  

p r e s s u r e .  C h r o m a t o g r a p h y  o f  t h e  r e s i d u e  o n  a  t h i c k - l a y e r  p l a t e  g a v e  

a  5 1 %  y i e l d  o f  3 - a l l y l - 2 - m e t h y l i n d o l e  (24), w h i c h  w a s  i d e n t i c a l  w i t h  

t h e  m a jo r  c o m p o n e n t  i s o l a t e d  f r o m  t h e  t h e r m o l y s i s  o f  a z i r i n e  2 2 .

T h e  s e c o n d  b a n d  o b t a i n e d  f r o m  t h e  c r u d e  r e a c t io n  m ix t u r e  d e r iv e d  

f r o m  t h e  t h e r m o l y s i s  o f  22 c o n t a i n e d  a  5 %  y i e l d  o f  2 - m e t h y l - 3 - p h e n -  

y l p y r i d i n e  (25): p i c r a t e  m p  1 3 2 - 1 3 3  ° C  ( l i t .43 m p  1 3 5 - 1 3 6  ° C ) ;  N M R  

( C D C 1 3 , 6 0  M H z )  r  7 .5 0  ( s ,  3  H ) ,  2 . 4 0 - 2 . 9 5  ( m , 7  H ) ,  1 . 6 0  ( d d ,  1  H ,  J  
=  5 . 0 , 2 . 0  H z ) ; I R  ( n e a t )  3 0 1 0 ,  2 8 7 5 , 1 6 9 5 , 1 6 1 5 , 1 5 7 5 , 1 4 9 0 , 1 4 5 0 , 1 4 3 0 ,  

1 3 7 0 , 1 1 9 0 , 1 0 7 5 , 1 0 1 0 , 3 1 0 , 7 6 3 ,  7 3 8 , 7 0 2  c m “ 1 ; M S  m /e  1 6 9  ( M +  a n d  

b a s e ) ,  1 6 8 , 1 5 4 .

T h e  s lo w e s t  m o v in g  b a n d  c o n t a in e d  a  p a le  o i l  ( 3 1 % )  w h o s e  s t r u c t u r e  

w a s  a s s ig n e d  a s  2 - m e t h y l - l - p h e n y l - 3 - a z a b i c y c lo [ 3 . 1 .0 ] h e x - 2 - e n e  (23): 
N M R  (CDCI3 , 6 0  M H z )  r 9 .4 8  ( t ,  1  h ,  J  =  4 .0  H z ) ,  8 .5 6  ( d d ,  1  H ,  J  =
8 . 0 , 4 . 0  H z ) ,  8 . 1 3  ( t ,  3  H ,  J  =  2 .0  H z ) ,  7 .9 8  ( m , 1  H ) ,  6 .3 0  ( d q ,  1  H ,  J  =

1 7 . 5 ,  2 .0  H z ) ,  5 .9 2  ( d d q ,  1  H ,  J  =  1 7 . 5 ,  5 .0 ,  2 .0  H z ) ,  2 .8 0  ( s ,  5  H ) ;  I R  

( n e a t )  3 0 3 0 ,  3 0 0 0 , 2 9 2 0 , 2 8 6 0 , 1 6 9 5 , 1 6 3 0 , 1 6 1 0 , 1 5 0 2 , 1 4 6 0 , 1 4 4 2 , 1 3 8 5 ,  

1 3 1 0 , 1 2 7 0 , 1 1 9 5 , 1 1 6 0 , 1 0 9 5 , 1 0 7 0 , 1 0 2 6 , 9 3 5 , 8 3 0 , 7 5 7 , 7 0 0  c m - 1 ; U V  

( c y c l o h e x a n e )  2 5 0  n m  [e 9 3 0 ) ;  M S  m /e  1 7 1  ( M +  a n d  b a s e ) ,  1 7 0 , 1 5 6 ,  

1 3 0 , 1 2 9 , 1 2 8 , 1 1 5 .  1 0 2 , 9 1 ,  7 7 .

A n a l .  C a lc d  f o r  C i 2H 13 N :  C ,  8 4 . 1 7 ;  H ,  7 .6 5 : N ,  8 . 1 8 .  F o u n d :  C ,  8 4 .0 7 ; 

H ,  7 .6 2 ;  N ,  8 .0 4 .

Preparation and Thermolysis of 2-(l-Methylallyl)-2-phe- 
nyl-.‘1-methyl-2//-azirine (27). T h e  a z i r i n e  w a s  p r e p a r e d  in  t h e  

n o r m a l  m a n n e r 7 f r o m  t h e  c o r r e s p o n d i n g  t r i m e t h y l h y d r a z o n i u m  i o 

d i d e  s a l t :  b p  5 4 - 5 5  ° C  ( 0 .0 5  m m ) ;  N M R  ( C C 1 4 , 6 0  M H z )  i n d i c a t e d  a  

7 : 1 0  m i x t u r e  o f  d i a s t e r e o m e r s  w i t h  s i g n a l s  a t  r  9 . 1 9  a n d  9 .0 8  ( b o t h  

d o u b l e t s  w i t h  J  =  7 .0  H z ) ,  7 .7 0  ( tw o  s i n g le t s  w i t h  c a .  1 . 0 - H z  s p a c in g ) ,

6 .8 3  a n d  6 .6 9  ( t w o  p e n t u p l e t s  w i t h  J  =  7 .0  H z ) ,  4 . 8 - 5 . 2  ( m , 2  H ) ,

4 . 0 -  4 . 7  ( m , 1  H ) ,  2 .9 0  ( 3 , 5  H ) ;  I R  ( n e a t )  3 0 5 0 ,  3 0 2 0 ,  2 9 6 0 ,  2 9 2 0 , 1 7 5 5 ,  

1 6 8 0 , 1 5 9 2 , 1 4 8 9 , 1 4 4 0 ,  1 3 6 5 , 1 2 6 5 ,  9 9 5 ,  9 1 1 ,  7 7 2 ,  7 3 0 ,  6 9 5  c m " 1 ; U V  

( c y c l o h e x a n e )  2 7 2  n m  (t 8 0 0 ) ,  2 5 6  ( 2 0 0 0 ) ,  2 2 5  ( 7 0 0 0 ) :  M S  m /e  1 8 5  

( M + J ,  1 8 4 , 1 7 1 , 1 7 0  ( b a s e ) ,  1 3 0 , 1 2 9 , 1 1 5 ,  7 T

A n a l .  C a lc d  f o r  C i 3H 15 N : C ,  8 4 .2 8 ; H ,  8 . 1 6 ;  N ,  7 .5 6 .  F o u n d :  C ,  8 4 .2 7 ; 

H ,  8 .4 2 ;  N ,  7 .3 9 .

A  s o l u t i o n  c o n t a i n i n g  2 8 0  m g  o f  t h e  a b o v e  a z i r i n e  in  1 0  m L  o f  t o l 

u e n e  w a s  h e a t e d  in  a  s e a l e d  t u b e  a t  1 8 0  ° C  f o r  5 3  h . R e m o v a l  o f  t h e  

s o l v e n t  l e f t  a  b r o w n  o i l  w h i c h  w a s  s u b j e c t e d  t o  t h i c k - l a y e r  c h r o m a 

t o g r a p h y  u s i n g  a  2 0 %  a c e t o n e - h e x a n e  m i x t u r e  a s  t h e  e l u e n t .  T h e  

f a s t e s t  m o v i n g  b a n d  c o n t a i n e d  3 5  m g  ( 1 3 % )  o f  2 - m e t h y l - 3 - ( l - m e t h -  

y l a l ly l ) i n d o l e  ( 2 8 ) .  T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  a s s i g n e d  o n  t h e  

b a s i s  o f  i t s  s p e c t r a l  d a t a  a n d  b y  c o m p a r i s o n  w i t h  a n  i n d e p e n d e n t l y  

s y n t h e s iz e d  s a m p le :  N M R  (CCI4 , 1 0 0  M H z )  r  8 .6 0  (d , 3  H ,  J  =  7 .5  H z ) ,  

7 . 7 2  (s , 3  H ) ,  6 . 1 4  ( m , 1  H ) ,  4 . 9 8 - 5 . 2 0  ( m , 2  H ) ,  3 . 8 0 - 4 . 1 8  ( m , 1  H ) ,

3 . 0 0 -  3 .3 0  ( m , 2  H ) ,  2 .8 0  ( b r o a d  s ,  1  H ,  e x c h a n g e d  w i t h  D 20 ) ,  2 .6 0 - 2 .7 6  

(m , 1  H ) ;  I R  ( n e a t )  3 3 3 0 , 3 0 3 0 , 2 9 4 0 , 1 6 2 5 , 1 5 9 0 , 1 4 5 0 , 1 4 1 5 , 1 3 5 5 , 1 2 9 0 ,  

1 2 4 0 , 1 2 2 0 , 1 0 6 2 , 1 0 1 0 ,  9 9 5 ,  9 3 5 ,  7 8 7 ,  7 6 5 ,  7 4 3 ,  6 9 9  c m “ 1 ; U V  ( a c e t o 

n i t r i l e )  2 9 0  n m  (e 3 6 6 0 ) ,  2 8 2  ( 4 2 0 0 ) ,  2 2 3  ( 2 3  5 0 0 ) ;  M S  m /e  1 8 5  ( M + ), 

1 7 0  ( b a s e ) ,  1 5 8 , 1 4 6 , 1 3 0 , 1 1 5 ,  7 7 .

A n a l .  C a lc d  fo r  C i 3H 15 N : C ,  8 4 .2 8 ; H ,  8 . 1 6 ;  N ,  7 .5 6 .  F o u n d :  C ,  8 3 .9 3 ;  

H ,  8 . 3 1 ;  N ,  7 .7 5 .

A n  a u t h e n t i c  s a m p l e  o f  i n d o le  2 8  w a s  p r e p a r e d  b y  t r e a t i n g  2 -  

m e t h y l i n d o l e  ( 2 6 )  w i t h  3 - c h l o r o - l - b u t e n e  a n d  w a s  i d e n t i c a l  in  e v e r y  

d e t a i l  w i t h  2 8  o b t a i n e d  f r o m  t h e  t h e r m o l y s i s  o f  2 7 .

T h e  s lo w e s t  m o v in g  c o m p o n e n t  ( 1 1 % )  i s o la t e d  f r o m  t h e  t h i c k - l a y e r  

p l a t e  w a s  i d e n t i f i e d  a s  2 ,4 - d i m e t h y l - 3 - p h e n y l p y r i d i n e  (29) b y  c o m 

p a r i s o n  w i t h  t h e  s p e c t r a l  p r o p e r t i e s  r e p o r t e d  in  t h e  l i t e r a t u r e :26 N M R  

( C C 1 4, 1 0 0  M H z )  t-8 .0 0  ( s , 3  H ) ,  7 .8 2  ( s , 3  H I ,  3 . 1 4  (d , 1  H ,  J  =  4 .5  H z ) ,

2 . 8 0 - 3 . 0 0  ( m , 2  H ) ,  2 .5 6 - 2 . 8 0  ( m , 3  H ) ,  1 . 8 4  ( d , 1  H  , J  =  4 . 5  H z ) ;  I R  

( n e a t )  3 0 2 0 ,  2 8 6 5 , 1 6 1 3 , 1 5 9 0 , 1 4 8 8 , 1 4 4 5 ,  1 4 0 5 , 1 3 7 0 , 1 2 3 7 , 1 0 7 4 , 1 0 1 0 ,  

8 2 9 ,  7 6 3 ,  7 0 2  c m - 1 ; M S  m /e  1 8 3  ( M + ) ,  1 8 2  ( b a s e ) ,  1 6 9 , 1 6 8 , 1 6 7 , 1 1 5 ,  

7 7 .
Thermolysis of 2-(2-Methylallyl)-3-methyl-2-phenyl-2H- 

azirine (30). A  s o l u t i o n  c o n t a i n i n g  2 0 0  m g  o f  a z i r i n e  307 in  1 0  m L  o f  

t o l u e n e  w a s  h e a t e d  in  a  s e a l e d  t u b e  a t  1 8 0  ° C  f o r  1 1 8  h . R e m o v a l  o f  

t h e  s o l v e n t  l e f t  a  y e l lo w  o i l  w h i c h  w a s  c h r o m a t o g r a p h e d  o n  a  t h i c k -  

l a y e r  p la t e  t o  g i v e  2 - m e t h y l - 3 - ( 2 - m e t h y l a l l y l ) i n d o l e  (31) a s  t h e  e x 
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e lu s iv e  p r o d u c t  ( 8 9 %  y i e l d ) :  N M R  (C C L i,  6 0  M H z )  r  8 . 3 3  ( s ,  3  H ) ,  7 .7 6  

( s , 3  H ) ,  6 . 6 8  ( s , 2  H ) ,  5 . 3 5  ( m , 1  H ) ,  3 . 0 - 3 . 1 6  ( m , 3  H ) ,  2 . 5 - 2 . 9  ( m , 2  H ,  

1  p r o t o n  e x c h a n g e d  w i t h  D o O ); I R  ( n e a t )  3 4 0 0 , 3 0 6 0 , 2 9 6 0 , 2 9 1 0 , 1 6 4 0 ,  

1 6 1 6 , 1 5 8 0 , 1 4 6 0 , 1 4 3 0 , 1 3 7 0 , 1 3 3 5 , 1 3 0 0 , 1 2 4 0 , 1 2 2 0 , 1 1 5 0 , 1 1 3 2 , 8 8 5 ,  

7 4 0  c m “ 1 ; U V  ( c y c l o h e x a n e )  2 9 0  n m  (e 3 9 5 0 ) ,  2 8 2  ( 5 1 0 0 ) ,  2 7 8  ( 5 3 3 0 ) ,  

2 7 3  ( 5 4 0 0 ) ,  2 2 2  ( 2 5  0 0 0 ) ;  M S  m /e  1 8 5  ( M + ) , 1 7 0 , 1 4 4  ( b a s e ) .

A n a l .  C a lc d  f o r  C 1 3 H 1 5 N : C ,  8 4 .2 8 ; H ,  8 . 1 6 ;  N ,  7 .5 6 .  F o u n d :  C ,  8 4 . 1 9 ;  

H ,  8 .4 5 ;  N ,  7 .4 8 .

A n  a u t h e n t i c  s a m p l e  o f  i n d o le  31 w a s  p r e p a r e d  b y  t r e a t i n g  2 -  

m e t h y l i n d o l e  ( 2 6 )  w i t h  3 - c h l o r o - 2 - m e t h y l p r o p e n e  a n d  w a s  i d e n t i c a l  

w i t h  t h e  p r o d u c t  o b t a i n e d  f r o m  t h e  t h e r m o l y s i s  o f  30.
Thermolysis of (E)-2-(2-Butenyl)-3-methyl-2-phenyl-2H- 

azirine (32). A  s o l u t i o n  c o n t a i n i n g  3 2 0  m g  o f  32 in  1 0  m L  o f  t o lu e n e  

w a s  h e a t e d  a t  1 8 0  ° C  f o r  5 3  h  in  a  s e a l e d  t u b e .  T h e  b r o w n  r e s i d u e  

o b t a i n e d  a f t e r  r e m o v i n g  t h e  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  w a s  

s u b j e c t e d  t o  p r e p a r a t i v e  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s i n g  c h lo r o 

f o r m  a s  t h e  e l u e n t .  T h e  s lo w e s t  m o v i n g  b a n d  c o n t a i n e d  4 3  m g  ( 1 4 % )  

o f  a  c l e a r  o i l  w h o s e  s t r u c t u r e  w a s  a s s i g n e d  a s  2 - m e t h y l - 3 - p h e n y l - 5 -  

v i n y l - A 2- p y r r o l i n e  (35) o n  t h e  b a s i s  o f  i t s  s p e c t r o s c o p i c  p r o p e r t i e s :  

N M R  ( C C 1 4, 1 0 0  M H z )  r  8 . 1 2  ( s , 3  H ) ,  6 . 8 8  ( d d ,  1  H ,  J  =  1 7 . 6 , 6 . 0  H z ) ,

6 .5 6  ( d d ,  1 H , J =  1 7 . 6 ,  4 .5  H z ) ,  5 .2 4  ( d d ,  1  H ,  J  =  6 .0 , 4 .5  H z ) ,  4 . 7 2 -

5 .0 0  ( m , 2  H ) ,  4 .0 8  ( d d d ,  1  H  ,J  =  1 7 . 6 , 1 1 . 0 , 6 . 0  H z ) ,  3 . 5 0  ( b r o a d  s ,  1  

H ,  e x c h a n g e d  w i t h  D 2 O ) , 2 . 4 8 - 2 . 8 0  ( m , 3  H ) ,  2 . 0 - 2 . 1 6  ( m , 2  H ) ;  I R  

( n e a t )  3 2 3 0 ,  3 0 3 0 ,  2 8 7 5 , 1 6 5 5 , 1 5 9 0 , 1 5 1 7 , 1 4 4 0 , 1 3 6 1 , 1 2 7 5 , 9 9 5 , 9 2 6 ,  

7 8 7 ,  7 5 8 ,  6 9 0  c m “ 1 ; M S  m /e  1 8 5  ( M + ) ,  1 5 8 , 1 2 9 ,  1 1 5 , 1 0 5  ( b a s e ) ,  7 7 ;  

U V  ( a c e t o n i t r i l e )  2 3 6  n m  ( « 1 5 3 0 ) .

A n a l .  C a lc d  f o r  C 1 3 H 1 5 N : C ,  8 4 .2 8 ; H ,  8 . 1 6 ;  N ,  7 .5 6 .  F o u n d :  C ,  8 4 .4 4 ; 

H ,  8 .3 6 ;  N ,  7 .9 4 .

W h e n  t h e  c r u d e  r e a c t i o n  m i x t u r e  w a s  s u b j e c t e d  t o  p r e p a r a t i v e  

v a p o r - p h a s e  c h r o m a t o g r a p h y  ( 1 5 %  S E - 3 0  c o l u m n  a t  1 7 0  ° C ) ,  t w o  

a d d i t i o n a l  c o m p o n e n t s  w e r e  i s o l a t e d .  T h e  f a s t e r  m o v i n g  c o m p o n e n t  

( 7 6 % )  c o n s i s t e d  o f  a  m i x t u r e  o f  i s o m e r s  o f  2 - m e t h y l - 3 - p h e n y l - 5 -  

v i n y l - A L p y r r o l i n e  (33), o f  w h i c h  t h e  m a jo r  c o m p o n e n t  s h o w e d  t h e  

f o l l o w i n g  s p e c t r o s c o p i c  p r o p e r t i e s :  N M R  ( C D C I 3 , 1 0 0  M H z )  r  8 . 1 6  

( d , 3  H ,  J  =  2 .0  H z ) ,  7 .9 0  ( d d ,  1  H ,  J  =  1 4 . 0 , 6 . 5  H z ) ,  7 .4 0  ( d d ,  1  H ,  J  
=  1 4 . 0 ,  7 .0  H z ) ,  5 . 3 9  ( m , 2  H ) ,  4 . 7 2 - 5 . 0 0  ( m , 2  H), 4 .0 8  ( d d d ,  1  H ,  J  =
1 6 . 5 , 1 0 . 0 , 6 . 0  H z ) ,  2 .7 6  ( s , 5  H ) ;  I R  ( n e a t )  3 1 7 5 , 1 6 5 0 , 1 4 9 5 , 1 4 5 0 , 1 3 7 0 ,  

1 2 3 5 , 1 0 6 4 , 9 8 5 , 9 2 6 , 7 6 6 . 7 0 2  c m - 1 ; U V  ( c y c lo h e x a n e )  2 4 5  n m  (r 7 8 5 ) ;  

M S  m /e  1 8 5  ( M + ) ,  1 8 4 , 1 7 0 , 1 0 5  ( b a s e ) ,  7 7 .

T r e a t m e n t  o f  t h e  i s o m e r i c  m i x t u r e  o f  A ' - p y r r o l i n e s  w i t h  p - t o l u -  

e n e s u l f o n i c  a c i d  in  c h lo r o f o r m  r e s u l t e d  in  i s o m e r i z a t i o n  o f  t h e  d o u b le  

b o n d  a n d  a f f o r d e d  2 - m e t h y l - 3 - p h e n y l - 5 - v i n y l - A 2- p y r r o l i n e  (35). A 
s i m i l a r  i s o m e r i z a t i o n  a l s o  o c c u r r e d  o n  c h r o m a t o g r a p h y  o v e r  s i l i c a  

g e l.

T h e  s lo w e r  m o v in g  c o m p o n e n t  in  t h e  g a s  c h r o m a t o g r a m  (2 4 % )  w a s  

i d e n t i f i e d  a s  ( E ) - 3 - ( 2 - b u t e n y l ) - 2 - m e t h y l i n d o l e  (34) o n  t h e  b a s i s  o f  

i t s  s p e c t r a l  p r o p e r t i e s  a n d  b y  c o m p a r i s o n  w i t h  a n  i n d e p e n d e n t l y  

s y n t h e s i z e d  s a m p l e :  N M R  ( C D C I 3 , 1 0 0  M H z )  r  8 .3 6  ( d , 3  H ,  J  =  4 .0  

H z ) ,  7 .6 8  ( s ,  3  H ) ,  6 .6 4  ( m , 2  H ) ,  4 .4 4  ( m , 2  H ) ,  2 . 4 0 - 3 . 0  ( m , 4  H ) ,  2 .3 0  

( b r o a d  s , 1  H ) ;  I R  ( n e a t )  3 3 9 0 , 3 0 1 0 ,  2 9 0 0 , 1 6 8 0 , 1 6 2 0 , 1 5 9 0 , 1 4 9 0 , 1 4 5 0 ,  

1 4 3 0 , 1 2 8 5 , 1 2 5 0 , 1 1 5 5 , 1 1 4 0 , 1 1 0 0 , 9 9 7 , 7 4 5  c m “ 1 ; U V  ( c y c l o h e x a n e )  

2 9 1  n m  (c 3 2 0 0 ) ,  2 8 3  ( 4 2 5 0 ) ,  2 7 9  ( 4 4 3 0 ) ,  2 7 3  ( 4 5 6 0 ) ,  2 2 3  ( 2 1  0 0 0 ) ;  M S  

m /e  1 8 5  ( M + ) , 1 7 0 ,  1 5 7 , 1 5 6 , 1 4 6  ( b a s e ) ,  1 4 4 , 1 0 5 ,  7 7 .

T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  u n a m b i g u o u s l y  e s t a b l i s h e d  b y  

c o m p a r i s o n  w i t h  a n  a u t h e n t i c  s a m p l e  p r e p a r e d  b y  t r e a t i n g  2 - 

m e t h y l i n d o l e  (2 6 )  w i t h  l - b r o m o - 2 - b u t e n e  u s i n g  t h e  p r o c e d u r e  p r e 

v i o u s l y  d e s c r i b e d .

Thermolysis of Methyl (U)-4-(3-Methyl-2-phenyl-2ff-az- 
irin-2-yl)-2-butenoate (36). A s o l u t i o n  c o n t a i n i n g  2 0 0  m g  o f  t h e  

a z i r i n e  in  1 0  m L  o f  t o l u e n e  w a s  h e a t e d  a t  1 8 5  ° C  f o r  6 0  h . R e m o v a l  

o f  t h e  s o lv e n t  u n d e r  r e d u c e d  p r e s s u r e  l e f t  a  y e l lo w  o i l  w h ic h  c o n t a in e d  

t w o  c o m p o n e n t s .  S u b j e c t i o n  o f  t h e  c r u d e  m a t e r i a l  t o  t h i c k - l a y e r  

c h r o m a t o g r a p h y  u s in g  c h lo r o f o r m  a s  t h e  e l u e n t  r e s u l t e d  in  a  c le a n  

s e p a r a t i o n  o f  t h e  t w o  p r o d u c t s .  T h e  f a s t e r  m o v i n g  b a n d  c o n t a i n e d  

4 6  m g  ( 2 3 % )  o f  a  c l e a r  o i l  w h o s e  s t r u c t u r e  w a s  a s s i g n e d  a s  m e t h y l  

( £ ) - 4 - ( 2 - m e t h y l i n d o l - 3 - y l ) - 2 - b u t e n o a t e  (38): N M R  ( C D C 1 3 , 1 0 0  
M H z )  t 7 .6 8  ( s ,  3  H ) ,  4 .2 6  (d , 1  H ,  J  =  1 6 . 0  H z ) ,  2 . 5 6 - 3 . 0 4  ( m , 5  H ) ;  I R  

( n e a t )  3 4 0 0 ,  3 0 1 0 ,  2 9 1 0 , 1 6 9 5 . 1 6 4 5 , 1 4 5 0 , 1 4 3 0 , 1 3 4 2 , 1 2 6 5 , 1 1 9 8 , 1 1 6 5 ,  

1 0 2 5 ,  7 3 8  c m - 1 ; M S  m /e  2 2 9 ,  2 1 4 , 1 9 8 , 1 9 7 , 1 8 5 , 1 7 0 , 1 6 8 , 1 4 4  ( b a s e ) ,
1 3 1 , 1 3 0 , 7 7 .

A n a l .  C a l c d  f o r  C 14 H 1 5 N O 2 : C ,  7 3 . 3 4 ;  H .  6 .5 9 ;  N ,  6 . 1 1 . F o u n d :  C ,  
7 3 . 2 0 ;  H ,  6 .4 8 ;  N ,  6 .0 6 .

T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  v e r i f i e d  b y  c o m p a r i s o n  w i t h  a n  

i n d e p e n d e n t l y  s y n t h e s i z e d  s a m p l e .  T o  a  s o l u t i o n  c o n t a i n i n g  1 . 3 1  g  

o f  2 - m e t h y l i n d o l e  in  2 0  m L  o f  t e t r a h y d r o f u r a n  az — 1 0  ° C  w a s  a d d e d

3 .5  m L  o f  a  2 .9  M  s o lu t io n  o f  m e t h y lm a g n e s iu m  b r o m id e .  T h e  m ix t u r e  

w a s  s t i r r e d  f o r  3 0  m in  a t  2 5  ° C  a n d  t h e n  c o o le d  t o  - 1 0  ° C .  T o  t h i s  

s o l u t i o n  w a s  a d d e d  2 . 3  g  o f  m e t h y l  4 - i o d o c r o t o n a t e 44 in  1 0  m L  o f  

t e t r a h y d r o f u r a n .  A f t e r  s t i r r i n g  f o r  1 2  h  a t  2 5  ° C ,  t h e  m i x t u r e  w a s  

h y d r o l y z e d  a n d  e x t r a c t e d  w i t h  e t h e r .  T h e  o r g a n i c  l a y e r  w a s  d r i e d ,

c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e ,  a n d  p u r i f i e d  b y  v a p o r - p h a s e  

c h r o m a t o g r a p h y  u s in g  a  1 0 %  S E - 3 0  c o lu m n  a t  2 0 0  ° C .  T h e  m a jo r  

p r o d u c t  o b t a i n e d  '4 5 % )  w a s  i d e n t i c a l  in  e v e r y  d e t a i l  w i t h  a  s a m p l e  

o f  3 8  i s o l a t e d  f r o m  t h e  t h e r m o l y s i s  o f  a z i r i n e  3 6 .

T h e  m a jo r  c o m p o n e n t  ( 5 3 % )  i s o la t e d  f r o m  t h e  t h e r m o l y s i s  o f  a z i r in e  

36 w a s  id e n t i f ie d  a s  2 - m e t h y l - 3 - p h e n y l - 5 - e a r b o m e t h o x y p y r i d i n e  (37), 
m p  6 5 - 6 6  ° C ,  o n  t h e  b a s i s  o f  i t s  s p e c t r a l  d a t a  a n d  b y  c o m p a r i s o n  w i t h  

a n  a u t h e n t i c  s a m p l e : 28  N M R  ( C D C 1 3 , 1 0 0  M H z )  r  7 .4 0  ( s , 3  H ) ,  6 .0 4  

( s ,  3  H ) ,  2 . 4 8 - 2 . 7 2  ( m , 5  H ) ,  1 . 8 6  i d ,  1  H ,  J  =  2 .0  H z ) ,  0 .9 0  ( d ,  1  H ,  J  
=  2 .0  H z ) ;  I R  ( K B r )  3 0 1 0 ,  2 9 2 0 ,  1 7 1 0 ,  1 5 9 0 ,  1 4 2 0 ,  1 4 0 0 ,  1 3 0 5 ,  1 2 4 0 ,  

1 1 1 7 , 1 0 5 3 , 1 0 2 5 , 9 6 6 , 8 6 2 , 8 0 0 .  7 6 3 , 7 0 9  c m “ 1 ; M S  m /e  2 2 7  ( M + ) ,  2 2 6  

( b a s e ) ,  2 2 5 ,  2 1 2 , 1 9 6 , 1 6 9 , 1 6 8 . 1 6 7 , 1 4 1 , 1 3 9 , 1 2 7 , 1 1 5 ,  7 7 .

H y d r o l y s i s  o f  t h e  a b o v e  m e t h y l  e s t e r  u s i n g  c o n c e n t r a t e d  h y d r o 

c h lo r i c  a c i d  a f f o r d e d  a  q u a n t i t a t i v e  y i e l d  o f  6 - m e t h y l - 5 - p h e n y l n i c o -  

t i n i c  a c i d  h y d r o c h l o r i d e ,  m p  2 0 5 - 2 0 7  ° C  ( l i t .28  m p  2 0 0 - 2 0 3  ° C ) .

Thermolysis of 2-(3-Cyanopropen-2-yl)-2-phenyl-3-methyl- 
2H-azirine (40). A s o l u t i o n  c o n t a i n i n g  3 5  m g  o f  40 in  10 m L  o f  t o l 

u e n e  w a s  h e a t e d  a t  1 8 0  ° C  f o r  7 0  h . R e m o v a l  o f  t h e  s o l v e n t  u n d e r  r e 

d u c e d  p r e s s u r e  l e f t  a  y e l lo w  o i l  w h i c h  w a s  p u r i f i e d  b y  t h i c k - l a y e r  

c h r o m a t o g r a p h y .  T h e  m a jo r  c o m p o n e n t  o b t a i n e d  w a s  a  c le a r  o i l  ( 7 7 % )  

w h o s e  s t r u c t u r e  w a s  a s s ig n e d  a s  2 - m e t h y l - 3 - p h e n y l - 5 - c y a n o p y r i d i n e

(41) o n  t h e  b a s i s  o f  i t s  s p e c t r a l  d a t a :  N M R  ( C D C I 3 , 1 0 0  M H z )  r  7 .4 8  

( s , 3  H ) ,  2 . 5 8 - 2 . 9 2  1 m , 5  H ) ,  2 . 3 5  ( d ,  1  H ,  J  =  2 .0  H z ) ,  1 . 3 8  ( d ,  1  H ,  J  
=  2 .0  H z ) ;  I R  ( n e a t )  3 0 1 0 ,  2 9 0 0 ,  2 2 2 0 ,  1 5 9 0 ,  1 5 4 0 , 1 4 9 0 ,  1 4 5 0 ,  1 4 2 5 ,  

1 3 9 0 , 1 2 5 9 , 1 2 2 7 , 1 0 5 3 , 1 0 3 0 ,  9 1 7 , 7 7 5 , 7 4 1 , 7 2 7 , 6 9 9  c m " ;  U V  ( c y c l o 

h e x a n e )  3 4 0  n m  (e 5 7 0 ) ,  3 2 1  ( 8 9 0 ) , 2 7 4  ( 6 2 3 0 ) .

T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  f u r t h e r  v e r i f i e d  b y  h y d r o l y s i s  

w i t h  a  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  s o l u t i o n  t o  6 - m e t h y l - 5 -  

p h e n y ln ic o t in ic  a c id  h y d r o c h lo r id e :  m p  2 0 3 - 2 0 4  ° C  ( l i t .28  m p  2 0 0 - 2 0 3  

° C ) ;  N M R  ( M e 2 S C - d 6, 1 0 0  M H z )  r  7 .2 8  ( s ,  3  H ) ,  3 .6 0  ( b r o a d  s ,  1  H ,  

e x c h a n g e d  w i t h  D 2 3 ) ,  2 . 1 6  ( s ,  5  H ) .  1 . 2 8  ( d ,  1  H ,  J  =  2 .0  H z ) ,  0 .5 6  ( d , 

1  H ,  J  =  2 .0  H z ) ;  I R  ( K B r )  3 5 0 0 - 2 3 0 0  ( b r o a d  b a n d ) ,  1 7 2 5 , 1 6 2 5 , 1 4 2 0 ,  

1 3 8 0 , 1 3 5 0 , 1 2 2 0 , 1 1 3 5 , 1 0 5 3 ,  7 7 2 ,  7 5 8 ,  7 2 5 ,  7 0 2  c m “ 1 .

T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  u n a m b i g u o u s l y  e s t a b l i s h e d  b y  

h y d r o l y s i s  o f  a n  a u t h e n t i c  s a m p l e  o f  2 - m e t h y l - 3 - p h e n y l - 5 - c a r b o -  

m e t h o x y p y r i d i n e  ( 3 7 )  t o  t h e  s a m e  a c i d  h y d r o c h lo r id e  a s  w a s  o b t a i n e d  

f r o m  c y a n o p y r i d i n e  4 0 .
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R e g i s t r y  N o . — 1 , 5 6 4 3 4 - 9 5 - 8 ;  2, 5 7 8 2 7 - 5 3 - 9 ;  3, 1 0 2 7 3 - 9 0 - 2 ;  4, 
5 6 4 3 4 - 9 6 - 9 ;  endo- 5 .5 7 8 2 7 - 5 4 - 0 ;  e x o -5 , 5 7 8 8 5 - 0 5 - 9 ;  6 , 2 7 0 6 3 - 8 0 - 5 ;  7,
6 2 7 3 6 -  9 8 - 5 ;  8 ,6 5 5 3 0 - 0 1 - 0 ;  cis- 9 ,6 5 4 9 5 - 8 0 - 9 ;  trans- 9 ,6 5 4 9 5 - 8 1 - 0 ;  10, 
2 7 0 6 8 - 6 9 - 5 ;  11,6 5 4 9 5 - 8 2 - 1 ;  12,6 5 4 9 5 - 8 3 - 2 ;  13,2 8 4 8 9 - 5 2 - S ;  13 p i c r a t e ,  

6 5 4 9 5 - 8 4 - 3 ;  15, 6 2 7 3 7 - 0 0 - 2 ;  16, 6 5 4 9 5 - 8 7 - 6 ;  c i s -17, 6 5 4 9 5 - 8 5 - 4 ;  

tra n s-17, 6 5 4 9 5 - 8 6 - 5 ;  18, 6 5 4 9 5 - 8 8 - 7 ;  19, 6 5 4 9 5 - 8 9 - 8 ;  20,6 5 4 9 5 - 9 0 - 1 ;  

21, 6 5 4 9 5 - 9 1 - 2 ;  22, 5 9 1 7 5 - 1 8 - 7 ;  23, 6 5 5 1 6 - 3 5 - 0 ;  24, 6 5 4 9 5 - 7 6 - 3 ;  25, 
3 2 5 6 - 8 9 - 1 ;  26, 9 5 - 2 0 - 5 ;  27 ( i s o m e r  I ) ,  6 5 4 9 5 - 6 4 - 9 ;  27 l i s o m e r  I I ) ,  

6 5 4 9 5 - 6 3 - 8 ;  28, 6 5 4 9 5 - 6 5 - 0 ;  29, 2 9 3 9 6 - 6 1 - 0 ;  30, 5 9 1 7 5 - 2 5 - 6 ;  31, 
6 5 4 9 5 - 6 6 - 1 ;  32, 5 9 1 7 5 - 2 6 - 7 ;  cfs-33,6 5 4 9 5 - 6 8 - 3 ;  trans-33,6 5 4 9 5 - 6 9 - 4 ;  

34, 6 5 4 9 5 - 7 0 - 7 ;  35, 6 5 4 9 5 - 6 7 - 2 ;  36, 6 5 4 9 5 - 7 1 - 8 ;  37, 1 0 1 7 6 - 8 4 - 8 ;  38, 
6 5 5 0 4 - 8 9 - 4 ;  40, 6 5 4 9 5 - 7 2 - 9 ;  4 1 ,  1 0 1 7 6 - 9 3 - 9 ;  42 (HC1), 6 5 4 9 5 - 7 5 - 2 ;  

2 - m e t h y l - l - p h e n y l - 4 - p e n t e n - l - o n e ,  1 7 1 8 0 - 4 9 - 3 ;  3 - m e t h y l - 4 - p h e -  

n y l- 4 - o x y b u t a n o l ,  6 5 4 9 5 - 7 7 - 4 ;  2 - p h e n y l - 3 - m e t h y l p y r r o l e ,  2 0 8 1 4 - 3 5 - 1 ;  

2 - p h e n y l - 3 - m e t h y l - 6 - h y d r o x y m e t h y l p y r i d i n e ,  6 5 4 9 5 - 7 9 - 6 ;  2 - p h e -  

n y l - 3 - m e t h y l - 6 - h y d r o x y m e t h y l p y r i d i n e  m e s y l a t e ,  6 5 4 9 5 - 7 3 - 0 ;  2 -  

( 4 - h e x y n - 2 - y l ) b e n z a l d e h y d e t r i m e t h y l h y d r a z o n i u m  io d i d e ,  6 5 4 9 5 -  

7 4 - 1 ;  3 - p h e n y l - 4 - m e ~ ,h y l- 5 - h e x e n - 2 - o n e t r i m e t h y lh y d r a z o n iu m  io d id e ,
6 2 7 3 7 -  0 9 - 1 ;  m e t h y l  4 - i o d o c r o t o n a t e ,  6 5 4 9 5 - 7 8 - 5 .
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F l a s h  t h e r m o l y s i s  o f  2 , 5 - d i a r y l t e t r a z o l e s  2  a t  4 0 0 - 5 0 0  ° C  ( 1 0 - 3  m m )  g i v e s  3 - a r y l i n d a z o l e s  5  in  y i e l d s  o :  9 6 - 1 0 0 % .  

T h u s ,  2 , 5 - d i p h e n y l - ,  2 - ( p - t o l y l i - 5 - p h e n y l - ,  2 - p h e n y l - 5 - ( p - t o l y l ) - ,  2 , 5 - d i ( p - t o l y l ) - ,  a n d  2 - p h e n y l - 5 - ( 4 - p y r i d y l ) t e t r a -  

z o le  f u r n i s h  3 - p h e n y l - ,  3 - p h e n y l - 5 - m e t h y l - ,  3 - ( p - t o l y l ) - ,  3 - ( p - t o l y l ) - 5 - m e t h y l - ,  a n d  3 - ( 4 - p y r i d y l ) i n d a z o l e ,  r e s p e c 

t i v e l y .  I n d a z o l e s  5  a r e  f o r m e d  a l s o  b y  h e a t i n g  t h e  t e t r a z o le s  2  in  t e t r a l i n  a t  2 0 7  ° C  for 1 5  m in .  F l a s h  t h e r m o l y s i s  o f  

t h e  s a m e  t e t r a z o le s  2  a t  8 0 0  ° C  ( 1 0 - 3  m m )  g i v e s  2 , 6 - d i s u b s t i t u t e d  f l u o r e n e s  7 12 ,6  s u b s t i t u e n t s  =  H o r  C F R )  o r  3 -  

a z a f l u o r e n e  (7e) in  y i e l d s  o f  9 0 - 1 0 0 % .  T h e  t h e r m o l y s i s  o f  3 - p h e n y l p y r a z o l o [ 3 , 4 - 6 ] p y r i d i n e  ( 8 ) a t  7 7 0  ° C  r e s u l t e d  

in  a  4 9 %  c o n v e r s i o n  t o  4 - a z a f l u o r e n e  (9). T h e r m o l y s i s  o f  2 , 4 - d i p h e n y l - l , 3 , 4 - o x a d i a z o l i n - 5 - o n e  (16a) a t  SCO ° C  ( 1 0 - 2  

m m )  g a v e  3 - p h e n y l i n d a z o l e  ( 9 4 % ) ; a t  7 5 0  ° C  f l u o r e n e  w a s  o b t a i n e d  (8 4 % ) . 2  M-:‘ ! h y l - 4 - p h e n y l  l ,3 .4  o x a u i a z o l i n  5  

o n e  (16b) g a v e  a t  4 5 0  ° C  3 - m e t h y l i n d a z o le  (8 9 % ) a n d  a t  6 5 0  ° C  s t y r e n e  ( 9 4 % ) . T h e  r e s u l t s  a r e  i n t e r p r e t e d  in  t e r m s  

o f  t h e  i n t e r m e d i a t e  f o r m a t i o n  o f  n i t r i l e  i m i n e s  b y  lo s s  o f  N 2  f r o m  2 a n d  o f  C O «  f r o m  16. T h e  n i t r i l e  i m i n e s  a r e  r e 

g a r d e d  a s  a  r e s o n a n c e  h y b r i d  o f  b e n t  d i p o la r  a n d  c a r b e n e  s t r u c t u r e s  ( 2 3 )  w h ic h  c y c l i z e  u n t o  t h e  r e m o t e  a r o m a t i c  

r in g .

The cycloaddition of 1,3 dipoles has become an important 
method for the synthesis of five-membered heterocyclic rings.2 
For example, nitrile imines generated by the thermal de
composition3® of 2,5-disubstituted tetrazoles30 or by base- 
induced elimination from hydrazonyl halides3*1 undergo in situ 
addition to acetylenes, olefins, and nitriles, yielding pyrazole

[R - C E N - N - R "

-iR—C=N=N —R1-

o=b_ Ij* ÿ

R-C =N-NH-R
I
X

or triazole derivatives.2 The cycloaddition of 1,3 dipoles can 
also take place intramolecularly to suitably oriented dipo-

0022-3263/78/1943-2037$01.00/0

larophiles.4 Recently, it has been shown that intramolecular 
1 ,1  addition of nitrile ylides4’5 as well as nitrile imines6 can 
compete with the normal 1,3 addition when certain geometric 
constraints are imposed. In these cases, the reactions can be 
formulated in terms of the carbene forms of the dipoles.431

-Nv.
R -C ^ ^ X ^

|l,3-addn 11,1-addn

"At) X 3
Huisgen2 recognized carbene forms as resonance structures 
of 1 ,3  dipoles; however, such species may exist in two distinct 
molecular geometries: a bent carbene-like structure and/or 
a linear dipolar structure.7 The ab initio STO-3G and 4-31G

© 1978 American Chemical Society
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Scheme I

1—7 o b_______c d______ e_
X CH CH3-C  CH c h3- c CH
Y CH CH CH3-C  CH3- C  N

calculations of Houk and Caramella7b suggest that the nitrile 
imine, in particular, is a flexible molecule which can adapt its 
geometry according to the nature of the reaction; thus, elec
trophilic reagents would favor a planar structure possessing 
a relatively high-lying HOMO, whereas nucleophilic reagents 
would promote the bent carbene-like form, which possesses 
a low-lying LUMO.

In this paper we wish to report a fundamentally new type 
of reaction of 1,3 dipoles, namely, intramolecular ring closure 
of nitrile imines unto aromatic rings. The nitrile imines were 
generated by thermolysis of 2,5-disubstituted tetrazoles or by 
a new procedure employing l,3,4-oxadiazolin-5-ones. The 
results are of importance with respect to the carbenic nature 
of 1,3 dipoles.8

Results and Discussion
Using the procedure of Dimroth and Merzbacher9-10 the 

required 2,5-diaryltetrazoles 2 were prepared by treatment 
of the hydrazones 1 with phenyl azide (Scheme I). Flash 
thermolysis of the tetrazoles at 400-500 c C gave near quan
titative yields of 3-arylindazoles 5 (Scheme I, Table I). The

Scheme II

9

substituent pattern in 5 demonstrates that the carbon atom 
of the nitrile imine 3 becomes bonded to the aromatic ring 
originating from the arylhydrazine. This would lead initially 
to the 3/i-indazoles 4. When the temperature is high enough 
(ca. 800 °C) the 3/i-indazoles may eliminate a further mole
cule of N2, leading to the carbenes 6, which cyclize to 2,6-di- 
substituted fluorenes 7, again in near quantitative yields 
(Table I). The 3/i-indazoles may also be populated by direct 
thermal excitation of the 1/i-indazoles 5. However, since 4 is 
an energetically very unfavorable tautomer, yields of fluorene 
are far from quantitative when starting from 5. This circum
stance in itself supports the assumption of an initial formation 
of the unfavorable tautomer 4 in the thermolysis of the te
trazoles 2.

As an example of fluorene formation from indazoles, the 
known 3-phenylpyrazolo[3.4-5]pyridineu (8) was thermolyzed 
at 770 °C, resulting in a 49% conversion to 4-azafluorene (9) 
(Scheme II), the remainder of the starting material being re
covered. It has been reported12 that indazoles and pyra- 
zolo[3,4-b]pyridines may also yield arylcarbenes by gas-phase 
thermolysis. This contention has been criticized13 and can be 
excluded in the present reaction since it is known14 that the 
arylcarbene 10 furnishes a mixture of 1- and 3-azafluorene (11 
and 12) and not 4-azafluorene (9) when generated from the 
diazo compound 13.

Table I. Thermolysis of 2,5-Diaryltetrazoles 2

_____________________ Yield of products, %_________________
Registry no._______ Tetrazole________ Conditions0__________5_________ Registry no._________ 7_________ Registry no.

18039-45-7 2a 4 2O/IO- 3 100 6 13097-01-3
515/10“3—10—2 92 6 5° 86-73-7
800/10-2 
Tetralin, 
reflux 15 min

-OC
O

95c

20433-19-6 2b 515/10--3
8OO/IO- 3

100d 57614-16-1
95° 1430-97-3

20433-11-8 2c 515/10-3
800/10-3

96 f 65452-73-5
100S 2523-39-9

59635-32-4 2d 500/10-3
800/10-3

98 h 65452-74-6
961 65452-75-7

65452-72-4 2e 500/10-3
800/10-3

997 37885-56-6
90* 244-42-8

Tetralin, 
reflux 15 min

647

0 Gas-phase thermolyses used apparatus A (see Experimental Section), and conditions are expressed as temperature (°C)/pressure 
(mm). b 3-Phenylindazole, mp 115-116 °C (from hexane) [lit. mp 115-116 °C: W. Borsche and W. Scriba, Ju s tu s  L iebigs Ann. Chem., 
540, 83 (1939)]. 0 Fluorene, mp 115-116 °C (identical with an authentic sample). d 5-Methyl-3-phenylindazole (see Experimental 
Section). e 2-Methylfluorene, mp 104-105 °C [lit. mp 104-105 °C: B eilste in s H andbuch der Org. Chem., 5, III, 1991 (1964)]. f 3-(p- 
Tolyl)indazole (see Experimental Section). « 3-Methylfluorene, mp 88-89 °C [lit. mp 88-90 °C: B eilsteins Handbuch der Org. Chem., 
5, III, 1992 (1964)]. h 5-Methyl-3-(p-tolyl)indazole "(see Experimental Section). ' 2,6-Dimethylfluorene, mp 65-66 °C (sublimed at 
25 °C (0.1 mm)) [lit. mp 66-67 °C: B eilsteins H andbuch der Org. Chem., 5, III, 2006 (1964)]. J 3-(4-Pyridyl)indazole (see Experimental 
Section). * 3-Azafluorene (see Experimental Section).
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Scheme III

X V = k  R-cN"d>
15 17

1- o X ROrT
19 18

20
OoD

7a Jr = c h3

21

a, R =  C6Hs b. R=CH3

It can also be excluded that the fluorenes 7 (Scheme I) arise 
via a rearrangement of the nitrile ¡mines 3 to diaryldia- 
zomethanes 14. The latter are known to give 2,7-disubstituted 
fluorenes 15 via a double carbene-carbene rearrangement.15

quantitative yield, as has also been observed in the thermolysis 
of 3-methylindazole itself. 12a-b 

Consider now the mechanism of cyclization of the nitrile 
imines, 3 —*■ 4 and 17 —► 18. Recent theoretical7 and experi
mental5 work indicates that nitrilium betaines may exist in 
linear and/or bent forms, of which the latter was found to be 
the ground state in the case of nitrile ylides.76 The related 
forms of a nitrile imine can be represented in valence bond 
terms by 22 and 23.

R - C = N - N - R
22

23

C — N
NR

The requirement of a bent geometry in the transition state 
leading to 4 and 18 (Schemes I and III) rules out the linear 
structure 22 but does not, of course, say anything about the 
ground-state geometry of the species. The bent, carbene-like 
nitrile imines 23 nicely rationalize the cyclizations as car- 
bene-type reactions. The finer details may involve electro- 
cyclization, electrophilic substitution, or CH insertion by the 
carbenic carbon. The results obtained with 16b are particu
larly important in this respect for they indicate that the re
active intermediate should not be regarded as a pure carbene. 
Had such a species (24) been formed, we would expect a very 
rapid rearrangement to the azo olefin 25. Although 25 could

16b h 3c - c - n = n

24

< ’ N n = :N “ Q >

25

The elimination of this pathway was particularly important 
because 5-aryltetrazoles do decompose thermally to aryldia- 
zomethanes; a hydrogen shift is involved in these reactions.80

Furthermore, there is some evidence that the parent nitrile 
imine (isodiazomethane) tautomerizes to diazomethane.16

The cyclization of nitrile imines to indazoles is not limited 
to the gas phase. The tetrazoles 2a and 2e were decomposed 
in the liquid phase, i.e., under conditions where the nitrile 
imines 3 can be trapped3 by added dipolarophiles. In the ab
sence of trapping agents, the corresponding indazoles were 
formed in considerable yields (Table I). Thus, the ability to 
undergo intramolecular cyclization may be assumed to be a 
basic property of such 1,3 dipoles.

In order to widen the scope of nitrile imine chemistry, a new 
precursor was sought. l,3,4-Oxadiazolin-5-ones 16 are easily 
accessible from acid hydrazides17 but have received relatively 
little attention. The gas-phase thermolyses of oxadiazolinones 
16a,b (Scheme III) are reported in Table II. The reactivity of 
16a is very similar to that of 2a, leading to high yields of 3- 
phenylindazole (19a) or fluorene (7a), depending on the 
temperature. Similarly, 16b gives rise to 3-methylindazole 
(19b) in the low temperature range. At higher temperatures, 
the carbene or diradical 20 isomerizes to styrene (21) in near

give rise 30 modest yields of styrene, it cannot account for the 
virtually quantitative formation of 3-methylindazole.

The 1,2-hydrogen shift in alkylcarbenes is exceedingly 
fast,18 competing strongly with all other carbene reactions. 
However, the bent carbene-like nitrile imine 23 differs from 
an ordinary singlet carbene in that it is the second  lowest 
unoccupied molecular orbital (SLUMO) which possesses a 
large coefficient at the carbenic carbon atom.76 The propensity 
of 23 toward 1,2-hydrogen shifts may, therefore, be overridden 
by the interaction v/ith the aromatic ring bonded to N, which 
can, in principle, overlap simultaneously with the HOMO and 
the SLUMO of 23.14

The optimized STO-3G geometry cf 23 (R = H) resembles 
a trans azo compound.711 In the cyclizations leading to inda
zoles (4 and 18) a geometrical isomerization to the cis azo 
forms of 23 (R = aryl) is required. The calculated flexibility76 
of the molecule is expected to facilitate this process.

In conclusion, the hybrid of carbenic and dipolar bent 
structures (23) best describes the nitrile imines involved in 
the cyclization reactions reported here. These reactions have 
considerable potential for the synthesis of indazoles and 
fluorenes since a variety of starting materials 2 and 16 can be 
prepared from simple chemicals.170’19 As an example, 3- 
azafluorene was prepared previously in 12% overall yield in 
a lengthy synthesis;14 it can be obtained in higher yield but 
as a mixture with 1-azafluorene via a carbene-carbene rear
rangement starting with phenyl-3-pyridyldiazomethane

Table II. Thermolysis of l,3,4-Oxadiazolin-5-ones 16

Registr>- no. Oxadiazolone Conditions“ Product, yield Registry no.

19226-10-9 16a 500/10“2
750/10-2

3-Phenylindazole (19a), 94% 
Fluorene (7a), 84%fc

13097-01-3

28740-63-8 16b 450/10-2
650.10-2

3-Methylindazole (19b), 89% 
Styrene (21). 94%

3176-62-3
100-42-5

a Apparatus B was used (see.Experimental Section), and conditions are expressed as temperature (°C)/pressure (mm). b An 8.6% 
yield of 9,9'-bifluorenyl was also obtained; this is most probably a secondary pyrolysis product of fluorene.
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(13).14 H o w e v e r ,  3 - a z a f l u o r e n e  i s  a  h i g h l y  u n s t a b l e  c o m p o u n d ,  

r a p i d l y  t u r n i n g  b l u e  a n d  l a t e r  b l a c k  a t  r o o m  t e m p e r a t u r e .  I t  

i s  t h e r e f o r e  i m p o s s i b l e  t o  o b t a i n  r e a s o n a b l e  y i e l d s  o f  t h i s  

c o m p o u n d  u n l e s s  i t  i s  t h e  o n l y  r e a c t i o n  p r o d u c t .  T h i s  r e 

q u i r e m e n t  i s  s a t i s f i e d  i n  t h e  t h e r m o l y s i s  o f  2e a t  8 0 0  °C  ( T a b l e

I ) .

E x p e r im e n ta l S e c t io n

General. T w o  p y r o l y s i s  a p p a r a t u s e s  w e r e  u s e d .  A p p a r a t u s  A  e m 

p lo y e d  a  3 0  X  2  c m  q u a r t z  t u b e  e v a c u a t e d  w i t h  a n  E d w a r d s  “ D i f f s t a k , ”  

c a p a b le  o f  a n  u l t im a t e  v a c u u m  o f  c a . 1 0 ” 7 m m . A p p a r a t u s  B  c o n s is t e d  

o f  a  4 0  X  3 . 5  c m  q u a r t z  t u b e ,  t h e  p u m p  g i v i n g  a n  u l t i m a t e  v a c u u m  o f  

c a .  1 0 “ 3 m m . F u r t h e r  d e t a i l s  o f  t h e  p r o c e d u r e  h a v e  b e e n  p u b l i s h e d  

e l s e w h e r e . 20 S a m p l e s  w e r e  in  a l l  c a s e s  s u b l im e d  in t o  t h e  p y r o l y s i s  t u b e  

b e lo w  t h e i r  m e l t i n g  p o i n t s .  T h e  p r o d u c t s  w e r e  c o l l e c t e d  in  a  t r a p  

c o o le d  in  l iq u id  N  > o r  d r y  i c e - a c e t o n e .  T h e  p r e s s u r e s  r e c o r d e d  d u r in g  

p y r o l y s i s  a r e  t h o s e  o f  g a s e s  e s c a p i n g  t h e  t r a p s .  T h e  p r o d u c t s  w e r e  

o f t e n  s p e c t r o s c o p ic a l ly  p u r e  o r  e ls e  t h e y  w e r e  p u r i f i e d  b y  s u b l im a t i o n  

o r  r e c r y s t a l l i z a t i o n .  W h e n  m i x t u r e s  o f  in d a z o l e s  a n d  f l u o r e n e s  w e r e  

o b t a i n e d ,  t h e y  w e r e  r e a d i l y  s e p a r a b l e  b y  t h i r . - l a y e r  a n d  c o lu m n  

c h r o m a t o g r a p h y  o n  SiC>2 , e l u t i n g  t h e  f l u o r e n e  f i r s t  w i t h  C H C b  a n d  

t h e n  t h e  in d a z o le  w i t h  C H C l 3- M e O H  ( 9 : 1 ) .

M a s s  s p e c t r a  w e r e  r e c o r d e d  o n  a  C E C  2 1 - 4 9 0  i n s t r u m e n t  a t  7 0  e V  

u s in g  a  d i r e c t  in le t  a t  a  s o u r c e  t e m p e r a t u r e  o f  2 0 0  ° C  a n d  a r e  r e p o r t e d  

a s  m /e  v a l u e s  f o l lo w e d  b y  r e l a t i v e  a b u n d a n c e  ( p e r c e n t  o f  b a s e  p e a k ) .  

M e l t i n g  p o i n t s  a r e  c o r r e c t e d .  M i c r o a n a l y s e s  w e r e  p e r f o r m e d  b y  M r .

E .  T h o m m e n ,  U n i v e r s i t ä t  B a s e l ,  B a s e l ,  S w i t z .

2-(p-Tolyl)-5-phenyltetrazole (2b). T o  a  s o lu t io n  o f  0 .5 4 5  g  ( 2 3 .7  

m m o l)  o f  N a  in  1 2  m L  o f  2 - m e t h o x y e t h a n o l  w a s  a d d e d  2 . 1  g  ( 1 0  m m o l)  

o f  b e n z a ld e h v d e  p - t o l y l h y d r a z o n e  a n d  1 . 2 3  g  ( 1 0 . 3 4  m m o l)  o f  p h e n y l  

a z id e . T h e  m ix t u r e  w a s  s t i r r e d  m a g n e t i c a l ly  a t  1 0 0  ° C  f o r  1 4  h , c o o le d , 

a n d  d i lu t e d  w it h  1 0  m L  o f  E t O H .  a f t e r  w h ic h  t h e  p r o d u c t  c r y s t a l l iz e d :

1 . 3 7  g  ( 5 8 % )  ( l i t . 10  1 9 .2 % ) ;  m p  1 0 2 - 1 0 3  ° C  ( l i t . 10  m p  1 0 3 - 1 0 4  ° C ) .

2,5-Di(p-tolyI)tetrazole (2d). T o  a  s o lu t io n  o f  0 .4 7 6  g  ( 2 0 .7  m m o l)  

o f  N a  in  1 0  m L  o f  2 - m e t h o x y e t h a n o l  w a s  a d d e d  1 . 9 7  g  ( 8 .7 9  m m o l)  o f  

p - t o l u a l d e h y d e  p - t o l y l h y d r a z o n e  a n d  1 . 0 8  g  ( 9 .0 8  m m o l)  o f  p h e n y l  

a z id e . T h e  m i x t u r e  w a s  r e f l u x e d  ( 1 2 4  ° C )  f o r  7  h , c o o le d ,  d i lu t e d  w i t h  

1 0  m L  o f  E t O H ,  a n d  a l l o w e d  t o  c r y s t a l l i z e ,  y i e l d i n g  1 . 1 4  g  ( 5 2 % ) .  

R e c r y s t a l l i z a t i o n  f r o m  E t O H  f u r n i s h e d  c o lo r le s s  n e e d le s :  m p  1 3 9  ° C  

( l i t . 10a m p  1 3 9 - 1 4 0  ° C ) ;  m a s s  s p e c t r u m ,  m /e  2 5 0  ( M + , 1 2 ) ,  2 2 2  ( 4 0 ) , 

1 1 8  ( 4 ) ,  1 1 7  ( 3 ) ,  1 1 6  ( 3 ) ,  1 0 5  ( 10 0 » ,  1 0 4  ( 2 3 ) ,  7 8  ( 2 0 ) .  A n a l .  C a l c d  f o r  

C 1 5 H 14 N 4: C ,  7 1 . 9 8 ;  H .  5 .6 4 ;  N ,  2 2 .3 8 .  F o u n d :  C ,  7 1 . 7 0 ;  H ,  5 .5 9 ;  N ,

2 2 .4 4 .

2- Phenyl-5-(4-pyridyl)tetrazole (2e) w a s  o b t a i n e d  in  8 1 %  y i e l d  

f o l lo w in g  t h e  a b o v e  p r o c e d u r e .  A f t e r  r e c r y s t a l l i z a t i o n  f r o m  e t h a n o l  

i t  h a d  m p  1 4 1 . 5 - 1 4 2 . 5  ° C ;  m a s s  s p e c t r u m ,  m /e  2 2 3  ( M + , 3 ) .  1 9 5  ( 2 9 ) ,  

1 0 5  ( 0 . 1 ) ,  1 0 4  ( 0 . 1 ) ,  9 1  ( 1 0 0 ) ,  7 7  ( 0 .3 ) .  6 4  ( 2 ) ,  5 1  (C .5 ) .  A n a l .  C a l c d  f o r  

C 1 2 H 9N 5 : C ,  6 4 .5 6 ;  H .  4 .0 6 :  N .  3 1 . 3 7 .  F o u n d :  C .  6 4 .6 4 ;  H .  3 .9 9 ;  N .  

3 1 . 4 0 .

Gas-phase pyrolysis of tetrazoles 2  w a s  c a r r i e d  o u t  u s i n g  a p p a 

r a t u s  A .  C o n d i t i o n s  a n d  y i e l d s  a r e  c o l l e c t e d  in  T a b l e  I . K n o w n  c o m 

p o u n d s  w e r e  i d e n t i f i e d  b y  T L C  a n d  s p e c t r a l  c o m p a r i s o n  w i t h  a u 

t h e n t i c  m a t e r i a l s .  T h e  f o l l o w i n g  e x a m p l e s  a r e  t y p i c a l .

3- Phenyl-5-methylindazole (5b). 2b ( 9 8 7  m g ,  4 . 2 2  m m o l)  w a s  

t h e r m o l y z e d  a t  5 1 5  ° C  ( 1 0 ~ 3  mm), b e in g  s u b l i m e d  in  a t  9 0 - 1 0 0  ° C .

3 - P h e n y l - 5 - m e t h y l i n d a z o l e  ( 9 7 7  m g ,  1 0 0 % ) d e p o s i t e d  o u t s i d e  t h e  
p y r o ly s i s  t u b e .  A n  a n a l y t i c a l  s a m p le  w a s  o b t a i n e d  b y  r e c r y s t a l l iz a t io n  

f r o m  e t h v l  a c e t a t e - p e t r o l e u m  e t h e r  ( b p  4 0 - 6 0  ° C ) :  m p  1 1 7 - 1 1 8  ° C ;  

N M R  ( C D 3 O D )  h 7 . 8 - 6 . 8  ( m , 8  H ) ,  2 . 1  ( s , 3  H ) ;  I R  ( K B r )  3 1 5 0  b r o a d  

s ,  3 0 4 0  s ,  2 9 2 0  s ,  1 6 2 0  w , 1 5 0 0  s ,  1 4 5 0  m , 1 3 3 0  s ,  1 3 1 0  m , 1 2 6 0  m , 1 1 1 0  

s , 9 9 0  s , 9 4 0  m , 7 8 0  s ,  7 5 0  s ,  7 0 0  s  c m - 1 ; m a s s  s p e c t r u m ,  m /e  2 0 8  ( M + , 

1 0 0 ) ,  2 0 7  ( 2 8 ) ,  1 3 1  (6 ), 1 0 4  ( 1 3 ) ,  7 7  ( 1 8 ) .  A n a l .  C a l c d  f o r  C 14 H 1 2 N 2: C ,  

8 0 .7 4 :  H . 5 . 8 1 ;  N ,  1 3 . 4 5 .  F o u n d :  C  8 0 .5 2 ;  H , 5 .8 5 ;  N ,  1 3 . 4 0 .

3-(p-Tolyl)indazole (5c) w a s  p r e p a r e d  in  9 6 %  y i e l d  f r o m  2c in  a  

s im i la r  m a n n e r :  m p  9 5 - 9 6  ° C  ( l i t . 2 1  m p  9 7 - 9 8  ° C ) ;  N M R  ( C C 1 4) 5 7 .9 5  

( d , -7 =  8  H z ,  2  H ,  s u p e r i m p o s e d  c n  u n r e s o l v e d  p e a k s ,  1  H ) , '7 . 3 0  ( d , 

7  =  8  H z ,  2  H ) ,  7 . 3 - 6 . 6  ( m , 3  H ) ,  2 .3 8  ( s , 3  H ) ;  I R  ( K B r )  3 1 5 0 - 3 0 0 0  

b r o a d  s , 2 9 6 0 - 2 8 5 0  b r o a d  s ,  1 6 3 0  s ,  1 4 8 5  s , 1 3 4 5  s ,  1 2 6 0  s , 1 1 1 0  s ,  1 0 1 0  

s ,  9 9 5  s , 9 1 0  s ,  8 2 5  s , 7 8 0  s .  7 4 0  s  c m " 1 ; m a s s  s p e c t r u m ,  m /e  2 0 8  ( M + , 
1 0 0 ) ,  1 0 4  ( M 2 + , 5 ) ,  9 1  (8 ).

3-(p-Tolyl)-5-methylindazole (5d) w a s  o b t a i n e d  b y  p y r o l y s i s  o f  

2d ( T a b l e  I ) .  A n  a n a l y t i c a l  s a m p l e  w a s  o b t a i n e d  b y  r e c r v s t a l l i z a t i o n  

f r o m  e t h y l  a c e t a t e - p e t r o l e u m  e t h e r  fo l lo w e d  b y  s u b l im a t i o n :  m p  1 2 0  

° C ;  N M R  ( C C 1 4) 6 8 .0  ( d , 7  =  8  H z ,  2  H ,  C - %  a n d  C - 6 ' ) ,  7 . 7 5  ( b r o a d 

e n e d  s ,  1  H ,  C - 4 ) ,  7 . 3 5  ( d , 7  =  8  H z ,  2  H , C - 3 '  a n d  C - 5 ') ,  6 .9 5  ( c e n t e r ,  

d i s t o r t e d  A B  p a t t e r n ,  2  H ,  C - 6  a n d  C - 7 ) ,  2 .4 5  ( s , 6  H ,  C H 3 ); I R  ( K B r )  

3 1 3 0  b r o a d  s .  2 9 6 0  s ,  1 6 3 0  w , 1 4 9 0  s , 1 4 4 0  m , 1 3 2 0  s ,  1 3 0 5  m , 1 2 6 0  m , 

1 1 8 0  w , 1 1 5 5  w , 1 1 0 5  s ,  9 8 5  s , 9 4 0  s ,  8 2 5  s ,  7 9 c  s  c m - 1 ; m a s s  s p e c t r u m ,

m /e  2 2 2  ( M + , 1 0 0 ) ,  1 1 1  (6 ) , 1 1 0  ( 5 ) ,  9 1  (6 ). A n a l .  C a l c d  f o r  C , 5 H i 4 N 2: 

C ,  8 1 . 0 5 ;  H , 6 .3 5 ;  N ,  1 2 .6 0 .  F o u n d :  C ,  8 0 .8 2 ;  H ,  6 .3 9 ;  N .  1 2 . 5 9 .

3-(4-Pyridyl)indazole (5e) w a s  p r e p a r e d  b y  p y r o l y s i s  o f  2e ( T a b l e  

I ) :  m p  1 8 8  ° C  ( f r o m  2 - p r o p a n o l ) ;  N M R  ( a c e t o n e-d$) <5 8 .2  ( d ,  7  =  6  

H z , 2  H ) ,  7 . 5  ( d , 7  =  6  H z , 2  H ) ,  7 .8 - 6 . 6  ( m , ~ 4  H ) ;  I R  ( K B r )  3 0 5 0  

b r o a d  s , 2 8 5 0  b r o a d  s , 1 6 0 0  s ,  1 4 7 0  m , 1 4 1 0  m , 1 3 6 0  m , 1 3 4 5  s ,  1 3 1 0  m . 

1 2 5 5  s , 1 2 2 0  m , 1 1 1 0  w , 1 0 6 0  w . 1 0 1 0  s ,  9 9 0  s ,  9 0 0  m , 8 2 5  s ,  7 3 0  s ,  6 1 0  

s  c m ” 1 ; m a s s  s p e c t r u m ,  m /e  1 9 5  ( M + . 1 0 0 ) ,  1 6 8  (5 ) ,  1 1 8  (6 ), 9 7 .5  ( M 2 + ,

3 ) ,  9 8  ( 3 ) ,  7 8  ( 3 ) ,  5 1  (4 ) . A n a l .  C a l c d  f o r  C 1 2 H 9N 3: C ,  7 3 . 8 3 ;  H ,  4 .6 5 ;  N ,

2 1 . 5 2 .  F o u n d :  C ,  7 3 . 5 8 ;  H ,  4 . 6 1 ;  N ,  2 1 . 4 2 .

3- Azafluorene (7e). 2e ( 4 0 0  m g , 1 . 7 9  m m o l)  w a s  p y r o l y z e d  a t  8 0 0  

° C  ( 1 0 —3  m m )  f o r  3  h , t h e  s a m p l e  b e i n g  s u b l i m e d  in t o  t h e  a p p a r a t u s  

a t  1 0 0 - 1 2 5  ° C .  T h e  p r o d u c t ,  a  y e l lo w  o i l  ( 2 7 0  m g , 9 0 % ), w a s  t a k e n  u p  

in  e t h e r  a n d  r a p i d l y  c h r o m a t o g r a p h e d  o n  S i O ^ h l o r o f o r r r . .  t h e  ye llo w - 

b a n d  b e in g  c o l l e c t e d  u n d e r  N 2. C o n c e n t r a t i o n  a f f o r d e d  a  7 0 %  y i e l d  

o f  p u r e  7e, w h o s e  g a s  c h r o m a t o g r a p h i c  a n d  N M R .  I R ,  a n d  m a s s  

s p e c t r a l  p r o p e r t i e s  w e r e  id e n t ic a l  w it h  t h o s e  o f  a n  a u t h e n t ic  s a m p l e . 14  

T h e  c o m p o u n d  t u r n s  b l u e - g r e e n  v e r y  r a p i d l y  a n d  d e t e r i o r a t e s  e v e n  

u n d e r  N 2 a n d  in  t h e  c o ld .

4- Azafluorene ( 9 ) .  3 - P h e n y l p y r a z o l o [ 3 ,4 - b ] p y r i d i n e n  (8 ) ( 5 0 0  m g )  

w a s  p y r o l y z e d  a t  7 7 0  ° C  ( 1 0 “ 3 - 1 0 - 2  m m ) ,  b e in g  s u b l i m e d  in  a t

1 1 5 - 1 2 0  ° C  in  t h e  c o u r s e  o f  2 .5  h . T h e  p r o d u c t  w a s  c h r o m a t o g r a p h e d  

o n  S i 0 2 , e l u t i n g  w i t h  c h lo r o f o r m  t o  y i e l d  2 1 7  m g  o f  s t a r t i n g  m a t e r i a l  

( 4 3 % )  a n d  2 1 0  m g  (4 9 % )  o f  4 - a z a f l u o r e n e :  m p  9 3 - 9 4  ° C ;  m i x t u r e  

m e l t i n g  p o i n t  w i t h  a n  a u t h e n t i c  s a m p l e  ( A l d r i c h ) ,  9 3 - 9 5  ° C .  T h e  

c o m p o u n d  h a d  s p e c t r a l  p r o p e r t i e s  i d e n t i c a l  w i t h  t h o s e  o f  t h e  c o m 

m e r c i a l  s a m p le .

Liquid-Phase Thermolysis of Tetrazoles. A  s o l u t i o n  o f  111 m g  

( 0 .5  m m o l)  o f  2 ,5 - d i p h e n y l t e t r a z o l e  (2a) in  5 0  m L  o f  t e t r a l i n  w a s  

a d d e d  d r o p w i s e  t o  5 0  m L  o f  r e f l u x i n g  t e t r a l i n  ( 2 0 7  ° C ) .  H e a t i n g  w a s  

c o n t in u e d  fo r  1 5  m in  lo n g e r , a f t e r  w h ic h  t im e  t h e  s o lv e n t  w a s  r e m o v e d  

in  v a c u o .  F r o m  t h e  r e s i d u a l  b r o w n  s o l id  7 6  m g  ( 7 8 % )  o f  3 - p h e n y l -  

in d a z o le  ( 5 a )  w a s  s u b l im e d  a t  1 0 0  ° C  ( 1 0 ” 2  m m ) . T h e  m i x t u r e  m e l t in g  

p o in t  ( 1 1 5 - 1 1 6  ° C )  a n d  I R  a n d  m a s ;  s p e c t r a  w e r e  id e n t ic a l  w it h  t h o s e  

o f  a u t h e n t i c  m a t e r i a l .

I n  t h e  s a m e  m a n n e r ,  a  6 4 %  y i e l d  o f  3 - ( 4 - p y r i d y l ) i n d a z o l e  ( 5 e )  w a s  

o b t a i n e d  f r o m  2 - p h e n y l - 5 - ( 4 - p y r i d y l ) t e t r a z o l e  ( 2 e ) .  T h e  p r o d u c t  w a s  

i d e n t i c a l  w i t h  t h e  o n e  p r e p a r e d  b y  g a s - p h a s e  t h e r m o l y s i s  ( v id e  

s u p r a ) .

Pyrolysis of oxadiazoiinones w a s  c a r r i e d  o u t  u s in g  a p p a r a t u s  B .

2,4-Diphenyl-l,3,4-oxadiazolin-5-one17a (16a; 5 0 0  m g , 2 . 1  m m o l)  

w a s  p y r o l y z e d  a t  5 0 0  ° C  ( 0 .0 1  m m ) . T h e  r e s u l t i n g  s l i g h t l y  y e l lo w  

p r o d u c t  w a s  r e c r y s t a l l i z e d  f r o m  p e t r o le u m  e t h e r  t o  g iv e  3 8 4  m g  (9 4 % ) 

o f  3 - p h e n y l i n d a z o l e ,  i d e n t i f i e d  b y  c o m p a r i s o n  w i t h  a n  a u t h e n t i c  

s a m p le .  T h e  r e s u l t s  o f  p y r o l y s i s  a t  h ig h e r  t e m p e r a t u r e s  a r e  i n d ic a t e d  
in  T a b l e  I I .

2-Methyl-4-phenyl-l,3,4-oxadiazoIin-5-one17b (16b; 5 0 0  m g ,

2 .8  m m o l)  w a s  p y r o l y z e d  a t  4 5 0  ° C  ( 0 .0 1  m m ) .  T h e  r e s u l t i n g  s lig h t ly -  

c o lo r e d  s o l i d  w a s  c h r o m a t o g r a p h e d  o n  S i 0 2, e l u t i n g  w i t h  e t h e r -  

h e x a n e  ( 5 : 1 )  t o  g i v e  3 3 1  m g  (8 9 % )  o f  3 - m e t h y l i n d a z o l e .  m p  1 1 3  ° C  

( l i t . 22  m p  1 1 3  ° C ) .

16b ( 5 0 0  m g , 2 .8  m m o l)  w a s  a l s o  p y r o ly z e d  a t  6 5 0  ° C  ( 0 .0 1  m m ) . T h e  

l i q u i d  p r o d u c t  w a s  r e d i s t i l l e d  u n d e r  h ig h  v a c u u m  a n d  i d e n t i f i e d  a s  

s t y r e n e  b y  g a s  c h r o m a t o g r a p h y  a n d  N M R  a n d  I R  s p e c t r o s c o p y ,  y ie ld  
2 7 4  m g  ( 9 4 % ) .
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Annélations of Amidines on Halonitroaromatics. A One-Step Route to 
Quinoxaline and Imidazoquinoxaline N -Oxides and Related Structures
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T h e  r e a c t i o n s  o f  a - p h e n y l a c e t a m i d i n e s  w i t h  o - n i t r o h a l o a r o m a t i c s  a n d  r e l a t e d  s u b s t r a t e s  h a v e  b e e n  s h o w n  t o  

y i e l d  d i s p l a c e m e n t - a d d i t i o n  p r o d u c t s  in  w h i c h  t h e  a m i d i n e  is  a n n e l a t e d  a c r o s s  t h e  r i n g  c a r b o n  a n d  n i t r o g e n  o f  a n  

a d j a c e n t  n i t r o  g r o u p  in  t h e  a r o m a t i c .  T h e  p r o d u c t s  a r e  q u i n o x a l i n e  a n d  i m i d a z o q u i n o x a l i n e  i V - o x id e s .  T h e  r e a c t i v i 

t y  o f  a m i d i n e s  i n  m e t a - b r i d g i n g  r e a c t i o n s  v s .  o r t h o  s u b s t i t u e n t  a n n e l a t i o n s  is  d i s c u s s e d .

We have previously found that the nitrogen and a  carbon 
of a-phenylacetamidines act as nucleophilic centers in 
meta-bridging reactions1 (eq 1) of polynitrobenzenes, pyri- 
dines, and naphthalenes.2-4 For example, reaction of a-phe- 
nvl - .V, ;V- d i m e th y lacetam id i n e with 1,3-dinitronaphthalene 
yields products in which a CCN moiety from the amidine is 
annelated across the 2 and 4 positions of the aromatic sub
strate.3 The amidine in this reaction acts as a bifunctional 
nucleophile. Because of tetrahedral geometry at the C-l car
bon of anionic sigma complexes5 we have previously proposed 
that geometrical constraints in the intermediate precursor to 
benzazocines (the addition complex 1A) favor nucleophilic 
attack of amidine carbon at the 3 position in the cyclization 
step,1’2 i.e.,

1A IB

I
m e t a - b r i d g e d

2 - b e n z a z o c i n e

!

0022-3263/78/1943-2041$01.00/0

Consideration of geometry in a planar SnAr displacement 
“intermediate” IB (resulting from amidine attack on an ar
omatic bearing a good leaving group) led us to suppose that 
attack on an ortho substituent would be favored. This sup
position is supported by the observed cyclization of ni- 
troanilides like 2.6 o-Nitrite displacement could also occur, 
however, as observec in the reaction of 3 with 2-mercapto-

0 "

benzimidazole.7 We have carried o u t  reactions of several 
amidines with various 1-substituted 2-nitroaromatics in order 
to further explore patterns of amidine reactivity.

As noted above, while 1,3-dinitronaphthalene yields a 2- 
benzazocine with a-phenyl-N.N-dimethylacetamidine, 1- 
methoxy-2,4-dinitronaphthalene yields an entirely different

© 1978 American Chemical Society
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product which is not simply the result of SnAr displacement. 
The yellow crystalline product obtained from this reaction 
analyzes correctly for a 1:1 adduct of amidine and aromatic 
less an equivalent each of methanol and water. No absorptions 
between & 3.5 and 7.0 are observed in the JH NMR spectrum 
of this material as would be expected if 4 had been formed (Ha,

O C H ;

MeOH
or

C6H 5C H 2C = N H

M e.SO

' A
N M e,

NMe,

N O ,

5a

N M e

5

Hb, and Hc).3 The parent peak in the mass spectrum at m /e  
360 as well as the M-16 peak at 344 are characteristic of the 
N -o x id e  5.® The rest of the spectral data (see Experimental 
Section) also support this structure. Although the isomeric 
structure 5a cannot be ruled out on the basis of spectral and 
analytical data, mechanistic considerations9,10 support a 
structure in which amidine nitrogen attack occurs on carbon 
bearing methoxy in the aromatic substrate. Formation of 5 is 
analogous to the previously reported two-step synthesis of
2-amino-6-nitronaphtho[l,2-e]triazene 4-oxide 6 from 
guanidine and l-chloro-2,4-dinitronaphthalene.n

The reaction with l-methoxy-2,4-dinitronaphthalene was 
carried out with the intention of clarifying how meta-bridging, 
1 A, and ortho substituent cyclization, IB, might compete in 
an aromatic substrate which had structural prerequisites 
suitable for each type of reaction. It was of interest to carry

Cl

N O .

6

out the annelation reaction on a substrate which could not be 
expected to undergo meta bridging. Meta bridging has been 
shown to occur only on benzenes bearing a minimum of two 
nitro groups plus one additional electron withdrawing group 
(not halogen) or a benzofusion.1 Sangor’s reagent (1-fluoro-
2,4-dinitrobenzene) reacts after a few minutes in warm ethanol 
solution with a-phenylacetamidine to yield a yellow insoluble 
crystalline solid. The elemental analyses, XH NMR, and mass 
spectral data are all consistent with 7. These are summarized

in the Experimental Section. A strong parent peak at m /e  282 
as well as an M -  16 peak characteristic of heterocyclic N -  
oxides (8) are present in the mass spectrum. In addition, a 
strong M — 17 peak is also present which has been reported 
as characteristic of quinoxaline N -oxides,12a thus supporting 
structure 7 rather than the isomeric 7a. Quinoline IV-oxide 
decomposes upon electron impact to yield a major peak at m /e  
117 which is accounted for by the following rearrangement 
process followed by loss of C0.12b A similar process can occur 
with 7 which leads to the stable delocalized radical ion 8 which 
is the largest peak in the mass spectrum of 7 except for M+ 
(100%). This lencs further support to structure 7 rather than 
7a. The reaction leading to 7 requires a relatively acidic ami
dine methylene, for the analogous reaction with propionam- 
idine does not occur. This is consistent with the mechanism 
proposed for the formation of 5 (and presumably 7). The po
sition of tautomeric equilibrium of the amidine side chain in 
the initial displacement product (i.e., C ^  D) may well de
termine the rate at which cyclization occurs.

The preparation of the quinoxaline ring system via a one- 
step annelation with amidines would be useful if it could be 
adapted to other related heterocyclic compounds of interest. 
The limited but intriguing patent literature dealing with the 
imidazo[l,2-a]quinoxalines as antiinflammatory,13-15 anti
bacterial,15 and antiviral agents13 prompted us to attempt a 
one-step preparation of this interesting ring system using an



Annélations of Amidines on Halonitroaromatics J. Org. Chem., Vol. 43, No. 10, 1978 2043

9 (m /e  1 1 7  ( 1 0 %  ))

8 ( m / e  2 5 4  ( 3 0 % ) )

amidine annélation. All previously described routes to imid- 
azo[l,2-a]quinoxalines involve chloroquinoxalines as pre
cursors in a two-step sequence involving nucleophilic dis
placement followed by intramolecular cyclization.13’16’17 

The use of cyclic amidines could provide a potentially useful 
one-step preparation of imidazo[l,2-a]quinoxaline ¿V-oxides. 
These could easily be deoxygenated if desired.8

1. H ,N C H 2C H (O M e )2; 2. H+ (re f 1 6 )

R  =  C 6 H 5 

o r  a l k y l

1. C 6H 6, N E t3, aziridine,

2. a ce ton e , N al (re f 1 7 )

H 2N C H 2C H 2O H ; 2. P O C l3 (re f 1 3 )
10

Reaction of l-fluoro-2,4-dinitrobenzene with the cyclic 
amidine 11 (Tolazoline) yields a yellow crystalline solid 12 
which analyzes correctly for a 1:1 adduct of amidine and aro
matic less an equivalent of HF and H20  (see Experimental 
Section). The 'H NMR and mass spectrum are consistent with 
structure 12. A similar product, 14, :s formed when 1-chloro-
2,6-dinitro-4-carboethoxybenzene (13) is the aromatic sub
strate.

Interestingly, when the carboethcxy group is interchanged 
with a nitro group ortho to chlorine in 13, reaction with To

lazoline gives an entirely different product. This material 
analyzes correctly for an adduct of amidine and aromatic less 
an equivalent each of HC1 and ethanol. The M -  16 peak 
characteristic of heterocyclic N-oxides is not present in the 
mass spectrum and the XH NMR spectrum does not contain 
a triplet and quartet for the carboethoxy function. All the 
spectral data are consistent with the imidazoquinoline 15.

NO,

OH
15b

Annelation has apparently occurred ay attack on the ester 
carbonyl rather than on a nitro group. There is no carbonyl 
absorption in the IR spectrum of 15 but strong absorption does 
appear from 3100 to 3500 cm-1, which does not appear in the 
analogues 12 or 14. This is consistent with the formation of 
15b rather than the tautomeric 15a.

These interesting bis nucleophilic reactions further elabo
rate the utility of amidine annelations in the preparation of 
heterocyclic ring systems.

Experimental Section
A l l  m e l t i n g  p o i n t s  a r e  u n c o r r e c t e d .  ' H - N M R  s p e c t r a  w e r e  r u n  o n  

J E O L  C - 6 0  H L  a n d  M H - 1 0 0  s p e c t r o m e t e r s  w i t h  M e 4S i  a s  a n  in t e r n a l  

r e f e r e n c e .  V i s i b l e  a n d  u l t r a v i o l e t  s p e c t r a  w e r e  r e c o r d e d  o n  a  P e r -  

k i n - E l m e r  M o d e l  4 0 2  U V - v i s i b l e  s p e c t r o p h o t o m e t e r .  I n f r a r e d  s p e c t r a  

w e r e  r e c o r d e d  o n  a  P e r k i n - E l m e r  M o d e l  2 3 7  B  i n f r a r e d  s p e c t r o p h o 

t o m e t e r .  M a s s  s p e c t r a  w e r e  o b t a i n e d  o n  a  P e r k i n - E l m e r  R M U - 6 D  

m a s s  s p e c t r o m e t e r .  E l e m e n t a l  a n a l y s e s  w e r e  c r o s s  c h e c k e d  b y  G a l 

b r a i t h  L a b o r a t o r i e s ,  I n c . ,  K n o x v i l l e ,  T e n n . ,  G .  I .  R o b e r t s o n  L a b o r a 

t o r i e s ,  F l o r h a m  P a r k ,  N . J . ,  a n d  I n t e g r a l  M i c r o a n a l y t i c a l  L a b o r a t o r i e s ,  

I n c . ,  R a l e i g h ,  N . C .

Preparation of Amidines. a - P h e n y l - A , A l - d i m e t h y l a c e t a m i d i n e  

w a s  p r e p a r e d  a s  r e p o r t e d  p r e v i o u s l y .2  o r - P h e n y la c e t a m i d i n e  w a s  

p r e p a r e d  b y  a  m e t h o d  s i m i l a r  t o  t h a t  f o r  t h e  p r e p a r a t i o n  o f  N -  
c y a n o - N '- p h e n y l a c e t r m i d i n e . 18  T o  2 .0  g  o : ' e t h y l  p h e n y l a c e t i m i d a t e 19  

in  5  m L  o f  M e O H  w a s  a d d e d  1 5  m L  o f  a  s a t u r a t e d  s o l u t i o n  o f  a m 

m o n ia  in  E t O H .  A f t e r  3  d a y s  t h e  s o l v e n t  w a s  r e m o v e d  u n d e r  v a c u u m  

a t  r o o m  t e m p e r a t u r e .  T h e  r e s i d u e  w a s  a d d e d  t o  2 0  m L  o f  a  s a t u r a t e d  

a m m o n i a  s o lu t io n  a r d  t h e  m i x t u r e  w a s  s t o r e d  f o r  3  d a y s .  R e m o v a l  o f  

t h e  a lc o h o l  g a v e  a  r e s i d u e  w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  e t h e r - p e n 

t a n e  m i x t u r e s .  T h e  w h i t e  c r y s t a l s  m e l t e d  a t  6 2 - 6 3  3 C .  T h e  p i c r a t e  

m e l t e d  a t  2 2 4 - 2 2 5  ° C  ( l i t .20  m p  2 2 5 - 2 2 6  ° C ) .

T o l a z o l i n e  h y d r o c h l o r i d e  w a s  p u r c h a s e d  f r o m  A l d r i c h  a n d  w a s  

c o n v e r t e d  t o  t h e  f r e e  b a s e  a s  f o l l o w s .  A  s o l u t i o n  o f  1 4 . 5  g  ( 0 .0 9 8  m o l)  

o f  t h e  h y d r o c h l o r i d e  in  1 0 0  m L  o f  M e O H  w a s  a d d e d  t o  a  s o l u t i o n  o f

2 .2 8  g  ( 6 .0 9 9  m o l)  o f  N a  in  7 5  m L  M e O H  a t  - 7 0  ° C .  A  w h i t e  p r e c i p i 

t a t e  o f  N a C l  fo r m e d  im m e d ia t e ly  a n d  t h e  d r y  i c e - a c e t o n e  b a t h  b o ile d  

v i g o r o u s l y  i n d i c a t i r g  a n  e x o t h e r m i c  r e a c t i o n .  T h e  m i x t u r e  w a s  a l 

lo w e d  t o  s t a n d  o v e r n i g h t ,  t h e  N a C l  w a s  f i l t e r e d  o f f .  a n d  t h e  f i l t r a t e  

w a s  s t r i p p e d  o r . a  r o t a r y  e v a p o r a t o r  t o  y i e l d  a  y e l lo w  o il. D r y  E t 20  w a s  

t h e n  a d d e d .  T h e  r e s u l t i n g  w h i t e  s o l id  w a s  f i l t e r e d  o f f  a n d  t h e  f i l t r a t e  

w a s  a g a i n  s t r i p p e d  o n  a  r o t a r y  e v a p o r a t o r  t o  y i e l d  1 1 . 2  g  o f  a  y e l lo w -  

w h i t e  w a x y  s o l i d ,  m p  6 5 - 6 8  ° C  ( l i t . 2 1  m p  6 7  ° C ) .  T h e  f r e e  b a s e  w a s  

u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
Preparation of 5. T o  a  s o l u t i o n  o f  ' . 3 4  g  ( 0 . 0 0 1 4  m o l)  o f  1 - m e -  

t h o x y - 2 , 4 - d i n i t r o n a p h t h a l e n e  in  1 0 0  m L  o f  M e O H  w a s  a d d e d  0 .5 3  

g  ( 0 .0 0 3  m o l)  o f  o - p h e n y l - A ’. N - d i m e t h y l a c e t a m i d m e .  A f t e r  5  d a y s  

t h e  r e s u l t i n g  y e l lo w  c r y s t a l s  w e r e  f i l t e r e d  o f f ,  w a s h e d  w i t h  m e t h a n o l  

a n d  e t h e r ,  a n d  t h e n  v a c u u m  d r i e d  t o  g i v e  0 .2 9  g  ( 0 .0 0 1  m o l)  o f  p r o d u c t ,  

m p  2 7 7 - 2 7 9  ° C .  T i e  I R  s p e c t r u m  ( K B r )  s h o w s  a b s o r p t i o n  b a n d s  a t13
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1600, 1750, 1520, 1395, 1370, 1340, 1300, 1245, and 1215 cm“ 1. The 
'H-NMR spectrum in CDCI3 shows absorptions at 5 3.02 (6 H, s, 
MNe2), 7.69 (5 H, m, C6H5), 7.92 (2 H, m), 8.78 (1 H, dd, J  = 6 and 2 
Hz, peri to N), 9.28 (1 H, dd, J = 6 and 2 Hz, peri to NO2), and 9.35 
(1 H, s, peri to iV-oxide). The mass spectrum shows a parent peak at 
m/e 360 as well as peaks at 344 (M+ — O), 343, and 314. Anal. Calcd 
for C20H16N4O3: C, 66.66; H, 4.48; N, 15.55. Found: C, 66.77; H, 4.74; 
N, 15.59.

Preparation of 7. This compound was prepared in a fashion 
analogous to that for 5. It was also prepared by generating the amidine 
from the hydrochloride in situ as follows. To a solution of 1.82 g (0.011 
mol) of a-phenylacetamidine hydrochloride in 60 mL of EtOH was 
added 0.25 g (0.011 mol) of Na. A white precipitate of NaCl formed 
immediately. The mixture was filtered through a fine frit sintered 
glass funnel and the filtrate was added directly to 1.0 g (0.005 mol) 
of l-fluoro-2,4-dinitrobenzene. The solution was refluxed for about 
8 h and after cooling the resulting yellow solid was filtered off and 
recrystallized from acetonitrile to give 0.2 g of orange crystals, mp 
279-282 °C. The crystals changed from orange to yellow at ~265 °C 
but did not otherwise change at this temperature. The 1H-NMR 
spectrum (Me2SO-d6) shows absorptions at <5 7.10 (2 H, hr, NH), 7.55 
(5 H, m, C6H5), 7.68 (1 H, d, J  = 8 Hz, peri to N), 8.39 (1 H, dd, J = 
8 and 3 Hz, para to N-oxide), and 8.92 (1 H, d, J  = 3 Hz, ortho to 
iV-oxide). The mass spectrum shows a parent peak at m/e 282 as well 
as strong peaks at 266, 265, 254, 235, 219. and 207. Anal. Calcd for 
C14H10N4O3: C, 59.57; H, 3.57; N, 19.85. Found: C, 59.80; H, 3.53; N,
19.71.

An attempt was made to run this reaction under identical condi
tions using propionamidine hydrochloride instead of phenylaceta- 
midine hydrochloride. No trace of an adduct analogous to 7 could be 
isolated, however.

Preparation of 12. A solution of 1.28 g (0.008 mol) of Tolazoline 
in 10 mL absolute ethanol was added to 0.74 g (0.004 mol) of 1-flu- 
oro-2,4-dinitrobenzene in this same solvent. After 5 min an orange 
solid precipitated. After 24 h the solid was filtered off, washed with 
a small portion of ethanol, and vacuum dried to yield 1.08 g of 12, mp 
212-213 °C. Recrystallization of a small portion of these crystals from 
ethanol and then again from acetone yielded crystals melting at 
230-231 °C. The 'H-NMR spectrum (Me2SO-ds) shows absorptions 
at S 4.07 (4 H, br s, -CH2CH^), 7.05 (1 H, d, J = 9 Hz, peri to N), 7.45 
(3 H, m, Ar), 7.95 (2 H, m, Ar), 8.32 (1 H, dd, J -  2 and 9 Hz, para to 
N-oxide), and 8.75 (1 H, d, -J = 9 Hz, ortho to N-oxide). The mass 
spectrum shows a parent peak at m/e 308 as well as strong peaks at 
292 and 291 (M — 16 and M — 17) characteristic of the N -oxide 
functionality. The IR spectrum shows strong absorptions at 1600 
(C=N), 1508 (N 02), 1425,1320,1275, and 1145 cm’ 1. Anal. Calcd for 
Ci6H12N403: C, 62.33; H, 3.93; N, 18.17. Found: C, 62.24; H, 3.96; N, 
18.34.

Preparation o f 14. A solution of 2.40 g (0.009 mol) of 1-chloro-
2,6-dinitro-4-carboethoxybenzene in 40 mL of hot EtOH was mixed 
with a solution of 2.79 g (6.018 mol) of Tolazoline in 10 mL of EtOH. 
The solution was refluxed gently and turned very dark yellow. After 
2 more h of refluxing and 2 h at room temperature, the reaction mix
ture was cooled to 0 °C. The resulting yellow crystals were filtered off 
and recrystallized twice from ETOH to yield 1.0 g of product, mp 
201-202 °C. The JH-NMR spectrum (Me2SO-de) shows absorptions 
at b 1.50 (3 H, t, J  = 7.5 Hz, CH3CH2), 4.21 (4 H, m, CH2CH2), 4.68 
(2 H, q, J = 7.5 Hz, CH3CH2), 7.80 (3 H, m, Ar), 8.20 (2 H, m, Ar), 8.77 
(1 H, d, J = 3 Hz, para to iV-oxide), and 9.17 (1 H,d, J = 3 Hz, ortho 
to N-oxide). The mass spectrum shows a parent peak at m/e 380 as 
well as a very strong peak at m/e 364 (M+ -  O). These are the most 
intense peaks in the spectrum. The IR spectrum shows a strong car
bonyl absorption at 1700 cm-1 as well as strong absorptions at 1600,

1520, 1370, 1310, 1280, 1220, 1190, and 1020 cm "1. Anal. Calcd for 
C19H16N405: C, 60.00; H, 4.24; N, 14.73. Found: C, 60.15; H, 4.18; N,
15.01.

Preparation of 15b. A solution of 1.72 g (0.006 mol) of 1-chloro-
2,4-dinitro-6-carboethoxybenzene in 30 mL of EtOH was added to 
a solution of 2.0 g (0.012 mol) of Tolazoline in 10 mL of EtOH. The 
reaction mixture was refluxed for 5 min and a voluminous yellow 
precipitate formed. This was filtered off and recrystallized from 
CH3CN to yield 0.9 g of 15b, mp 291-293 °C. The 'H-NMR spectrum 
(Me2SO-d6) shows absorptions at b 3.80 (2 H, m, CH2CH2), 4.28 (2 
H, m, CH2CH2), 7.65 (5 H, m, Ar), 8.00 (1 H, br s, OH), 9.16 (1 H, d, 
J = 2 Hz, nitroaromatic ring proton), and 9.28 (1 H, d, J = 2 Hz, ni- 
troaromatic ring proton). The mass spectrum shows a parent peak 
at m/e 352. No peaks are observed at all in the M — 16 or M — 17 re
gion confirming the absence of the .V-oxide function. The IR spectrum 
shows broad absorption in the region from 3100 to 3500 cm-1 (OH) 
and no other absorntion above 1610 cm-1 (absence of C = 0 ). Anal 
Calcd for C17H12N4Ô5: C, 57.95; H, 3.43; N, 15.90. Found: C, 57.83; H, 
3.17; N, 16.03.
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The reaction of N-nitrosodibenzylamine (NDBA) with phenacyl bromides in the presence of silver hexafluoroan
timonate proceeds via the intermediacy of N-dibenzylaminonitrene in ether to give bibenzyl and benzylidenedi- 
benzylhydrazine. In benzene as solvent, diphenylmethane is the major product. In all cases, benzaidehyde was 
formed, sometimes as the majcr product of the reaction. Possible mechanisms for these transformations are dis
cussed.

For some time we have been interested in novel methods 
to generate N-nitrenes (1). In principle, N-nitrosamines (2)

R \ - 0> - v
R' 0

Rv

R ''

+
: n = n
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^ n = n  * -  
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-  / N  
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Results and Discussion
For reasons discussed earlier,6 N-nitrosodibenzylamine 

(NDBA, 2, R = R' = PhCH2) was chosen as the substrate for 
our investigation. Since N-nitrosamines had been reported 
to be O-alkylated by powerful alkylating agents such as tri- 
alkyloxonium salts,8 the reactions of NDBA were carried out 
with phenacyl bromides 3 and silver hexafluoroantimonate 
(actually compex 9 is believed to be the reactive species as 
shown in eq 4).9

ArCOCH2Br + Ag3bF6 — [ArCOCH2+SbF6i  + AgBr
3 4 (1)

a, Ar = C6H5; b, Ar = p-BrC6H4; c, Ar = p -N 0 2C6H4

could serve as precursors of N-nitrenes if they are regarded 
as N-nitrene N-oxides, a view supported by the large contri
bution of mesomeric form 2b to the structure of N-nitro
samines.1 These considerations coupled with the current in
terest in the chemistry2 and biological activity of N-nitro- 
samines3 prompted the investigation herein described.

The “ deoxvgenation” of N-nitrosamines has been pre
viously accomplished with ethyl diphenylphosphinite,4 iron 
pentacarbonyl,5 and aryl azides.6 The oxidation of a-halo 
carbonyl compounds by compounds such as sulfoxides and 
amine N-oxides7 suggested that N-nitrosamines could simi
larly be “ deoxygenated” to N-nitrenes. Indeed it was antici
pated that phenacyloxy diazenium ions 7 if formed would 
surrender a proton to an external base to yield the N-nitrenes 
and the a-dicarbonyl compounds.

The reactions of NDBA with 4 are summarized in Table I. 
In diethyl ether as solvent (Table I, experiments 7,11, and 13), 
bibenzyl (5) and benzylidenedibenzylhvdrazine (6) were iso
lated and characterized. Their formation can be understood 
in terms of further reactions of N-dibenzylaminonitrene (1, 
R = R' = PhCH2) as shown in Scheme I.10

1 — PhCH2CH2Ph + PhCH=NN(CH2Ph)2 (2) 
5 6

In most cases, benzaidehyde was a major product of the 
reaction. Its formation may be rationalized via removal of one 
of the benzylic hydrogens of 7 as shown in Scheme II.11

The results of the reaction of phenacyl bromide with silver 
hexafluoroantimonate followed by addition of NDBA in wet 
ether (experiment 7) were informative. The appearance of

T able I. R eaction  o f A rCO CH 2B r (3) w ith N D B A  in the Presence o f  A gSbF6a

ArCOCHsBr (3) 
(mmol)

Registry
No.

NDBA,6
mmol

AgSbF6,
mmol

Et3N,
mL

Solvent'’
(mL) 5 6

Products, %°
10 PhCHO Others

1 C6H5 (7) 70-11-1 7 B (20) d
2 7 7 10 B (20) e
3 C6H5 (4) 4 B (10) f
4 C6H5 (10) 10 10 10 B (25) 4 42 Traces g
5 C6H5 (10) 10 10 B (25) 4 37 19 h
6 C6H5 (10P 10 10 10 B (25) 5 15 i
7 c 6h 5 (10) 10 10 10 E (25) 13 10 10 i
8 c 6H5 (10) 10 10 E (25) 4 4 21 k
9 p-BrC6H4 (8.4) 99-73-0 8.4 8.4 8.4 B (20) 10 45 Traces 1

10 p-BrC6H4 (10) 10 10 B (25) 6 43 16 m
11 p-BrC6H4 (10) 10 10 10 E (25) 11 12 23 n
12 p -N 0 2C6H4 (10) 99-81-0 10 10 10 B (25) 11 40 Traces 0

13 P-NO9C6H4 (10) 10 10 10 E (20) 10 18 15 p

° Reactions were carried out at reflux for 24 h; in experiments where Et2N was used, the reaction mixture was heated for an additional
24 h after the addition. Yields are based on starting material used and were divided by 2 for 10 and multiplied by 2 for 6. 6 NDBA = 
N-nitrosodibenzylamine (2, R = R7 = PhCH2). 1 B = benzene; E = diethyl ether. d Phenacyl bromide, 96%. f NDBA, 96%. f Phenacyl 
bromide, 95%; and NDBA, 95%. e Benzil, 21%. h Benzil, traces; benzoic acid, 12%; and phenacyl bromide, 6%.. 1 Reaction of phenacyl 
bromide and AgSbFe was heated at reflux for only 3 h. 1 NDBA, 10%. k Phenacyl alcohol, 94%; NDBA, 23%.; and phenacyl bromide 
5%. 1 p-Bromobenzil, 13%; and NDBA, traces. m p-Bromobenzoic acid, 5%; p-bromophenacyl bromide, 4%; and p-Bromobenzil, 12%. 
n NDBA, 24%. 0 p-Nitrobenzil, 8.4%. ?  NDBA, 11%.

0022-3263/78/1943-2045$01.00/0 © 1978 American Chemical Society
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Scheme I
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N-nitrene products 5 and 6 coupled with the formation of 
phenacyl alcohol in 94% yield indicated that intermediate 7

r \  + .CH.Ph 
ArC0CH,0—- N = N ^

^  TH.Ph

PhCOCH,— 0 = N — Nr

7a

.CH,Ph

"CH,Ph

PhCOCH.Br +  AgSbF„ — ^

PhCOCHoSbFe” 
4

+  AgBr

(4)

PhCOCH,-II
SbF6-

9

-Br-LNDBA

Similarly, reaction of the anion of 1,1-dibenzylhydrazine with 
tosyl azide10 afforded 5 and 6 in 26 and 10% yield; in none of

[(PhCH,)2N — N]

-N, [PhCH,-solvent]
cage

PhCH,Ph
10

PhCH2CH2Ph

(5)

these reactions was diphenylmethane (10) detected. The re
sults rule out the reaction of benzyl radical with benzene as 
the source of diphenylmethane.

The formation of 10 may be understood in terms of a het- 
erolytic breakdown of 7 to give the benzyl carbocation. Indeed

ArCO CH ,O N =N '
,CH>Ph

CH,Ph

[ArCOCHON= N CH.Ph ] +  [PhCH.+]
PhH

PhCH.Ph (6 ) 
10

the reaction of benzyl chloride with AgSbFs in benzene cleanly 
provided a 95% yield of essentially pure diphenylmethane. 
Further support for this view came from the reactions of N -  
nitroso-A1-benzyianiline with phenacyl bromide and AgSbF,, 
in benzene. Diphenylmethane and biphenyl were obtained in 
31 and 10% yields, respectively. The formation of these two 
compounds must be viewed as arising from heterolytic

[PhCOCHO] +  [<PhCH .),N =N ]I
decom position products

5 + 6

(3)

+  H,0 PhCOCH2OH +  (P h C H ,),N N = 0

was generated and partially fragmented tc 1 thence to 5 and 
6 (Scheme I and eq 2). However, the main path was hydrolysis 
to phenacyl alcohol and NDBA. It was shown in a control 
experiment that the complex of phenacyl bromide and silver 
hexafluoroantiomonate, u n d e r  the  s a m e  co n d itio n s  (wet 
ether) but in the ab se n c e  of NDBA, gave phenacyl bromide 
in nearly quantitative recovery (95%). This suggests that 
complex 9 and not the phenacyl carbocation is the species that 
reacts with NDBA and that NDBA must somehow assist in 
breaking up the complex.

When benzene was used as solvent, the major product 
(40-45%) was diphenylmethane (10). It was initially believed 
that benzene was acting as an efficient trap for the benzyl 
radicals. However, oxidation of 1,1-dibenzylhydrazine in 
benzen e  with manganese dioxide and with lead tetraacetate 
gave 5 in 34 and 7% and 6 in 48 and 20% yields, respectively.

Ph

PhCH,'
N N = 0  +  4

PhCOCH,ON=NC
,Ph

CH,PhI
Ph.

PhCH,
'N = N

I
[PhN=NOCH ,COPh] +  [PhCH,+] —- V  PnCH,Ph

1

PhPh ^  [Ph+] [PhN,+] (7)
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breakdown as the corresponding /V-nitrene does not undergo 
homolytic fragmentation to any major extent.12 The formation 
of biphenyl from the reaction of phenyl cation with benzene 
is well documented.13 In contrast, the reaction of iV-nitroso- 
diphenylamine with phenacyl bromide and silver hexafluo- 
roantimonate in benzene gave no biphenyl. In this case, the 
loss of a relatively stable carbocation (eq 8) is not possible even 
if intermediate 11 is formed. The formation of 11 might not

[PhCOCH +] +  P h -N N = 0  ->-

r  -| _  Ph+ +  PhCOCH ,ON=N'Ph
+ Ph -H -

P h C O C H .O N = N ^  (8)
T h J

n  PhCOCHO +  [ P h X — X]

be favored since the substituent phenyl groups may render 
the nitroso oxygen devoid of any nucleophilic power and thus 
unable to break up complex 9. The alternate route, namely loss 
of an a hydrogen, would also be unfavorable since N-di- 
phenylaminonitrene would not easily be formed under these 
conditions. Even if generated this N-nitrene is not known to 
fragment to phenyl radicals.

The absence of the expected arylglyoxals was as puzzling 
as was the formation of benzils as by-products (experiments
5,10, and 12). It was surmised that the glyoxals were under
going further reaction with benzene. This was supported by 
the report of the formation of benzoins (and their subsequent 
facile air oxidation to benzils) from the reaction of arylglyoxals 
with benzene in the presence of aluminum chloride.14 Indeed 
the reaction of freshly distilled phenylglyoxal with benzene 
in the presence of AgSbFg gave benzil. So far, we are unable 
to account for the formation of the tenzoic acids (experiments 
5 and 10). Since p-bromobenzoic acid and not benzoic acid was 
obtained when p-bromophenacyl bromide (experiment 10) 
was used, the benzoic acids evidently arose from the phenacyl 
component of the reaction.

Experimental Section
All melting points were taken on a T iomas-Hoover Uni-melt ap

paratus and are uncorrected. Infrared and NMR spectra were re
corded on a Perkin-Elmer 137 (Infracord! and Hitachi Perkin-Elmer 
R-24 spectrometers. YPC analyses were performed on a Perkin-Elmer 
154 D fractometer using a stainless steel column packed with silicone 
grease (20%) on HMDS-CROM W.

Materials. iV-Nitrosodibenzylamine (NDBA),15 1,1-dibenzylhy
drazine,1(1 and the phenacyl bromides17 were prepared according to 
reported procedures. Benzene was purif.ed by a reported method18 
and dried over lithium aluminum hydride. Anhydrous ether, silver 
hexafluoroantimonate (Alfa Inorganics), and ethyllithium in benzene 
(Alfa Inorganics) were commercial products and were used as re
ceived.

AgSbFe Induced Reaction of Phenacyl Bromides with NDBA. 
General Procedure. In Benzene. A mixture of the phenacyl bromide 
(10 mmol), NDBA (10 mmol), and silver hexafluoroantimonate (10 
mmol) in 25 mL of dry benzene was heated to reflux for 24 h with 
vigorous stirring. Triethylamine (10 rr.L) was then added to the re
action mixture and heating with stirring was continued for an addi
tional 24 h. The hot reaction mixture was poured into 100 mL of water 
and the organic layer was washed with water and dilute hydrochloric 
acid repeatedly. After drying over magnesium sulfate and evaporation 
of the solvent in vacuo, the resulting dark oil was chromatographed 
on 50 g of silica gel (60-200 mesh). Rapid elution with n -hexane gave 
diphenylmethane and bibenzyl, identified by comparison with au
thentic samples. Quantitative analysis of the mixture was performed 
by NMR and VPC. Further elution with n-hexane/benzene and 
benzene gave benzaldehyde and the more polar fractions. Each 
product was identified by comparison of its NMR and IR spectra and 
its YPC retention time with those o: authentic samples. Mixture 
melting points were used also for solid samples.

In the absence of triethylamine, benzoic acid (1.2 mmol) was ex
tracted from the benzene layer with aqueous sodium bicarbonate. 
Under the same conditions, phenacyl bromides reacted with trieth
ylamine to give the phenacyltriethylammonium bromides. With p-

bromophenacyl bromide, p-bromobenzoic acid (mp 250-252 °C) and
4-bromobenzil (mp 77-80 °C; m/e 290, 288) instead of benzoic acid 
and benzil respectively were obtained in addition to diphenylmethane 
and bibenzyl. With p-nitrophenacyl bromide, 4-nitrobenzil (mp 
138-139 °C (lit.19 mp 140-141 °C); m/e 255 ■ was obtained in addition 
to diphenylmethane and bibenzyl.

In Ether. The procedure was similar to 'mat described above. The 
reaction mixture was separated and the aqueous layer was extracted 
with benzene. The combined organic phase was evaporated and the 
residue was chromatographed. Rapid elution with n -hexane gave 
bibenzyl followed by benzylidenedibenzvlhydrazine and benzalde
hyde.

Reaction of Phenacyl Bromide, N-Nicroso-lV-benzylaniline, 
and AgSbF6 in Benzene. The procedure was the same as described 
for the reaction with NDBA. Chromatography on silica gel gave di
phenylmethane (31%s biphenyl (9.7%). benzoic acid (1%), and 
phenacyl bromide (15%).

Reaction of Phenacyl Bromide, N-Nitrosodiphenylamine, and 
AgSbFe in Benzene. The procedure desc-ibed for NDBA was fol
lowed. Chromatography of the residue on silica gel gave 65% of the 
recovered phenacyl bromide but no biphenyl was detected by TLC, 
IR, or VPC. N-Nitrosodiphenylamine when heated to reflux for 24 
h gave several compounds (TLC) and diphenylamine in addition to 
recovered starting nitrosamine.

Oxidation of 1,1-Dibenzylhydrazine in Benzene. With Lead 
Tetraacetate. To a solution of 1,1-dibenzylhydrazine (10 mmol) in 
25 mL of benzene was added portionwise lead tetraacetate (10 mmol) 
and the mixture was heated to reflux for 20 h with stirring. The pre
cipitated lead diacetate was filtered and the filtrate was washed with 
water and aqueous sodium bicarbonate repeatedly. The residue ob
tained from evaporation of the dried benzene solution was chroma
tographed on silica gel (60-200 mesh, 50 g) and afforded bibenzyl (7%) 
and benzylidenedibenzylhydrazine (48%) in addition to a liquid (1.03 
g) whose IR and NMR spectra indicated it to be mostly benzyl acetate 
(containing some benzylidenedibenzylhydrazine). There was no 
substantial difference in the yields of bibanzyl (7.4%) and benzyli
denedibenzylhydrazine (41%) and benzyl acetate when 1,1-diben
zylhydrazine was added dropwise to a suspension of lead tetraacetate 
in benzene at reflux.

With Manganese Dioxide. To a suspension of activated manga
nese dioxide (1 g) in benzene (25 mL) was added dropwise a solution 
of 1,1-dibenzylhydrazine (10 mmol) in benzene (25 mL) over a period 
of 1.5 h and the reaction mixture was then heated to reflux for 20 h 
with stirring. The precipitated solid was filtered and the filtrate was 
worked up to give bibenzvl (34%) and benzylidenedibenzvlhvdrazine 
(20%).

Reaction of 1,1-Dibenzylhydrazine Anion with Tosyl Azide. 10

Ethyllithium in benzene (10 mL. 1.25 Ml was added dropwise to a 
solution of 1,1-dibenzylhydrazine (10 mmol) in benzene (25 mL) at 
room temperature over a period of 10 min under a nitrogen atmo
sphere. Then a solution of tosyl azide (2 g) in benzene (25 mL) was 
added dropwise at room temperature. After completion of the addi
tion, the reaction mixture was heated to reflux for 2 h, and then 
quenched by the addition of water. Chromatography of the residue 
obtained after workup gave bibenzyl (26%) and benzylidenediben
zylhydrazine (10%).

Reaction of Benzyl Chloride with AgSbFe in Benzene. A mix
ture of benzyl chloride (10 mmol) and silver hexafluoroantimonate 
(10 mmol) in 25 mL of benzene was hea ed to reflux for 24 h with 
vigorous stirring. The reaction mixture was poured into water and the 
benzene layer was separated. The aqueous phase was extracted with 
benzene and the combined organic extract was dried and evaporated 
to give an oil (1.6 g, 95%) which was characterized as essentially pure 
diphenylmethane by IR, NMR, VPC, and TLC; no benzyl chloride 
was present in the oil.

Reaction of Phenacyl Bromide, NDBA, and AgSbFe in Wet 
Ether. A mixture of phenacyl bromide (1 92 g, 10 mmol), NDBA (2.26 
g. 10 mmol), and silver hexafluoroantimonate (3.5 g, 10 mmol) in wet 
ether21 (25 mL! was heated to reflux for 24 h with vigorous stirring. 
The reaction mixture was poured intc water and extracted with 
benzene. The following compounds were isolated by chromatography 
of the product with n-hexane, varying mixtures of n-hexane/benzene 
and benzene: diphenylmethane (0.39 mmol), benzylidenediben
zylhydrazine (0.21 mmol), benzaldehyde (2.09 mmol), phenacyl 
bromide (0.48 mmol), NDBA (2.34 rr.-nol) along with unknowm 
products. The fractions eluted with chloroform gave 1.28 g (94%) of 
phenacyl alcohol, identified by comparison (IR, NMR, TLC) with an 
authentic sample.22 Treatment of phenacyl alcohol with o-phenyl- 
enediamine in methanol gave a 25% yield of 2-phenvlquinoxaline, mp
77-78 °C (lit.28 77-78 °C).
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Reaction of Complex of Phenacyl Bromide and Silver Hex- 
afluoroantimonate with Water. A mixture of phenacyl bromide (1 
g, 5 mmol) and silver hexafluoroantimonate (1.8 g, 5 mmol) in anhy
drous ether (15 mL) was heated to reflux for 2 h with vigorous stirring. 
To the reaction mixture was then added water (5 mL) and reflux and 
stirring were continued for 22 h. The reaction mixture was poured into 
water and extracted with benzene. The dried benzene extract gave 
only phenacyl bromide (883 mg, 88.3%).

Reaction o f a Complex o f Phenacyl Bromide and Silver Hex
afluoroantimonate with Benzyl Alcohol. A mixture of phenacyl 
bromide (1 g, 5 mmol) and silver hexafluoroantimonate (1.8 g, 5 mmol) 
in anhydrous ether (15 mL) was heated to reflux for 2 h with vigorous 
stirring. To the reaction mixture was then added benzyl alcohol (5 mL) 
and reflux and stirring were continued for 22 h. The reaction mixture 
was poured into water and extracted with benzene. No benzaldehyde 
was detected on TLC, NMR, and IR.

Reaction of Benzylidenedibenzylhydrazine with AgSbFG in 
Wet Ether. A mixture of benzylidenedibenzylhydrazine (1.5 g, 5 
mmol) and silver hexafluoroantimonate (1.8 g, 5 mmol) in wet ether21 
(15 mL) was heated to reflux for 24 h with vigorous stirring. The re
action mixture was poured into water and extracted with benzene. 
Removal of the solvent gave 1.3 g of an oily material which was shown 
to consist of starting material (89%) and benzaldehyde (11%) by NMR 
spectral examination.

Reaction of Phenylglyoxal with AgSbFG in Benzene. A mixture 
of freshly distilled phenylglyoxal (1.4 g, 10 mmol) and silver hexa
fluoroantimonate (3.5 g, 10 mmol) in anhydrous benzene was heated 
to reflux for 24 h with vigorous stirring. The reaction mixture was 
poured into water and extracted with benzene. The dried benzene 
extract was evaporated :n vacuo and residue was chromatographed 
on 50 g of silica gel (60-200 mesh). Fractions were eluted rapidly with 
benzene to give benzil as a thick yellow oil whose IR spectrum and 
TLC retention time were identical to those of authentic sample; the 
infrared spectrum of the bis(2,4-dinitrophenylhydrazone), mp 
285-290 °C (lit.24 mp 317-318 °C), was identical to that of an au
thentic sample.
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zylhydrazine, 21136-32-3; benzaldehyde, 100-52-7; diphenylmethane,
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Bis- and tris(methylthio)benzenes have been synthesized by a facile process involving nitro displacement.. Also 
prepared were pentakis- and hexakis(methylthio)benzene. The thioethers were readily oxidized to the correspond
ing sulfones in high yield.

Nucleophilic displacement of nitro groups either ortho 
of para to an electron pair stabilizing function is well docu
mented. Our previous reports1 have demonstrated the syn
thetic utility of nitro displacement ortho to cyano, carboxylic 
acid ester, and aldehyde functions by a variety of nucleophiles. 
Other workers2 have reported nitro displacement involving 
activation by sulfone, carboxamide, ketone, and phenyl sub
stituents, in addition to the three functions above. Reports 
also include displacements starting with 3-nitrophthalic an
hydride3 and (V-substituted 3-nitrophthalimides.4

No examples were found for which the stabilization could 
be attributed to a thioether function. In fact, Miller5 reported 
that p-methylthio showed only weak activation (similar to the 
heavier halogens) in rate studies involving methoxide dis
placement of chlorine activated by an o -nitro group. Also, 
Bordwell and Boutan6 predicted only slight electron pair 
stabilization for an aromatic methylthio substituent based on 
acidity constants and spectral measurements. In contrast to 
these reports, we wish to describe several examples of facile 
nitro displacement by methanethiol anion where the activa-
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tion is due to an ortho (and in one case a para) methylthio 
function.

R esu lts

Treatment of 4-chloro-3,5-dinitrobenzotrifluoride ( l )7 with 
methanethiol anion in aqueous alcohol gave the expected

Cl SMe

CF CF;
4 5

thioether 2 (67% yield). When 2 was allowed zo react with 
excess methanethiol anion (lithium salt) in cold DMF (ice 
bath) for 1 h, the product obtained was 3,4,5-tris(methyl- 
thio)benzotrifluoride 1,3, 95%). Similar treatment of 1 yielded 
3 directly (74%). The same reaction with 2-chloro-3,5-dini- 
trobenzotrifluoride (4)8 gave 2,3.5-tris(methylthio)benzotri- 
fluoride (5, 70%). The bis thioether 6a <61%) could be obtained

SMe

6a, R = CF3
b, R = H
c, R = Me

SMe SMe

8a, R = Cl 
b, R = OMe

from 1 by lowering the reaction temperature to —20 °C, al
though some 3 was also present in the crude product. When 
l-chloro-2,6-dinitrobenzene was subjected to the reaction 
conditions, the bis(thioether) 6b was obtained cleanly in 79% 
yield after only 15 min at ice bath temperature. When the 
reaction was allowed to continued for 4.5 h at room tempera
ture, the tris(thioether) 7a (75%) was the isolated product. 
Similarly, from 4-chloro-3,5-dinitrotoluene9 was obtained 6c 
(78%) and 7b (60%).

Treatment of 2,3-dichloro-l-nitrobenzene under the usual 
reaction conditions yielded l-chloro-2,3-bis(methylthio)- 
benzene (8a, 73%). Similarly, 2-chloro-3-nitroanisole10 gave
2,3-bis(methylthio)anisole (8b, 55%), although the reaction 
rate was slower (30 h at room temperature). When 1,3,5-tri- 
chloro-2,4-dinitrobenzene11 was utilized as starting material, 
the product obtained was pentakis(methylthio)benzene (9a, 
63%). Similar treatment of 1,3,4,5-tetrachloro-2,6-dinitro
benzene12 yielded hexakis(methylthio)benzene (9b, 71%). The 
same compound was obtained likewise from 1,2,3,4-tetra- 
chloro-5,6-dinitrobenzene13 (57%), pentachloronitrobenzene 
(76%), and hexachlorobenzene (75%). The latter result is in 
contrast to the findings of Kulka,14 who reported 1,4-bis and
1,2,4,5-tetrakis substitution in the reaction of hexachloro
benzene and ethanethiol anion.

20a. R = OH
b, R = NHCH; CH,NH,
c, R = NHCH(CH,CH3)2

Displacement products were not obtained with a number 
of substrates. Although no attempts were made to isolate the 
desired product in these cases, TLC showed at least five major 
components, whereas the successful reactions described were 
essentially one component by TLC. For instance, both o- and 
p-chloronitrobenzene underwent chloride displacement at 
ice bath temperature, but complex mixtures were obtained 
when the reaction was brought to room temperature, appar
ently because of competing reactions involving reduction of 
the nitro group. Similar results were encountered with 2,4- 
dichloro-l-nitrobenzene, 2,4-dinitro-l-chlorobenzene, 2- 
chloro-3-nitrotoluene, and 2-chloro-5-nitrobenzotrifluoride. 
Picryl chloride, even at —60 °C, gave a complex mixture. In 
the case of compounds 3 ,5 , and 6a through 8b, the displaced 
nitro group (1 position) was always ortho (2 position) to a 
methylthio function and meta (3 position) to a substituent 
(nitro, trifluoromethyl, methylthio, chloro, or methoxyl) ca
pable of withdrawing electrons by induction. All cases not 
meeting this criterion have given complex mixtures, except 
for the para displacement with compound 5.

Treatment of 1 with benzenethiol anion at room tempera
ture for 24 h gave 3,4 5-tris(phenylthio)benzotrifluoride (10, 
50%). The longer reaction time and lower yield is probably due 
to steric hindrance. Other phenyl thioethers were not inves
tigated. Most of the thioethers were readily oxidized to the 
corresponding sulfones by treatment with hydrogen peroxide 
in acetic acid. The yields were in the range of 80-95% and the 
products are summarized in Table I. Several nucleophilic 
displacements were examined utilizing the tris sulfonyl de
rivative 11. Treatment with dipropylamine in hot Me2SO 
produced the phenol 20a (49%), apparently formed by reaction 
with water in the solvent. Condensation with the primary 
amines, ethylenediamine, and 3-aminopentane in alcohol gave 
the bis(sulfonyl)anilines 20b (86%) and 20c (90%), respec
tively. The NMR spectra of the latter three derivatives all 
showed singlet methylsulfonyl and aromatic proton signals, 
thus verifying the assigned symmetrical structures.

The scope of the nitro displacement reaction in heterocyclic 
systems was investigated for pyridine. Reaction of penta- 
chloropyridine with methanethiol anion at room temperature 
for 48 h yielded pentakis(methvlthio)pyridine (21) but only 
in 10% yield.

SMe

MeS'
MeS ¥

21

■SMe
■SMe
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Table I. Synthesis o f  M ethylsulfonylbenzenes
S0;Me

Rj

Registry Yield,
Compd“ no. Reactant Ri r 2 Rs R4 Mp, °C %

11 65516-86-1 3 SOoMe H CF3 H 258-260 95
12 65516-87-2 5 CF3 H S 0 2Me H 279-281b 80
13 65516-88-3 6b NOo H H H 237-239 90
14 65516-89-4 6c N 0 2 H Me H 256-258 93
15 65516-90-7 7a S 0 2Me H H H 243-245 81
16 65516-91-8 8a Cl H H H 188-189 85
17 65516-92-9 8b OMe H H H 199-201 85
18 65516-84-9 9a SOoMe SCUMe S 0 2Me H >300 97
19 65516-25-8 9b S 0 2Me SO,Me S 0 2Me S 0 2Me >300c 81

a Satisfactory analytical data (±0.4% for C, H, N, or S) were reported for all new compounds listed in the table. b Recrystallized 
from DMF-water. c Product triturated with hot DMF.

D iscu ssion

From our observations it appears that the nitro displace
ment reactions described above occur by means o f the classical 
addition-elim ination mechanism o f nucleophilic aromatic 
substitution.15 The high yields and absence o f side reactions, 
other than those leading to nitro group reduction, support this 
mechanism, although an alternate route involving radical 
anion intermediates cannot be ruled out. The reactions ap
peared to go equally well in the presence or absence o f oxygen, 
but the slower reactions were carried out under nitrogen in 
order to prevent oxidation o f the thiol.

The relative ease o f nucleophilic displacem ent o f  the aro
matic nitro group has been verified by numerous kinetic 
studies.16 Also to be taken into consideration is the unusual 
nucleofuge-nucleophile relationship involving the nitro group 
and thiol anions. Bartoli and T odesco1' recently examined the 
kinetics o f  the reaction o f l-X -2,4-dinitrobenzenes and ben- 
zenethiol anion in methanol at 25 °C. The relative rate o f nitro 
displacem ent was 2000-times that o f  chlorine and 50-times 
that o f fluorine. These differences were much larger than those 
found with other nucleophiles in the earlier kinetic studies. 
A similar observation was noted by Bunnett and M erritt,18 
who studied the kinetics o f  the same reaction at 0 °C  and re
ported that nitro displacement was too fast for measurement, 
although rate constants were readily obtained for both ch lo
rine and fluorine displacement. These authors concluded that 
the nitro group appears “ to have an unusually high repla- 
ceability when the reagent is thiophenoxide ion” . In our ex
amples this unusual nucleofuge-nucleophile relationship 
apparently plays a major role, but it is probably not the 
com plete explanation. For example, in the synthesis o f  com 
pounds 7a -8b , the only obvious activation o f the nitro group 
must be attributed to an o-m ethylm ercapto function. The 
requirement for a second electronegative substituent ortho 
to the methylmercapto group cannot be explained at this time, 
although effects on the reduction potential o f  the nitro group 
should be considered.

Our main interest in the reaction concerns the ease with 
which a seemingly unactivated nitro group can be converted 
to a thioether function and applications o f  the reaction to 
synthesis. Further examples o f  this utility are the subject o f 
the following paper.

E xp erim en ta l S ection
All starting materials are commercially available except where 

literature references are given. Unless otherwise noted, cold solution

refers to ice bath conditions. Lithium hydroxide was ground to a fine 
powder in order to facilitate solution. Addition of the lithium hy
droxide was exothermic; in all cases the temperature was not allowed 
to exceed 15 °C during the addition. Excess reagent was utilized in 
all cases where molar equivalent is omitted. Alcohol refers to 95% 
ethanol. NMR spectral data are partial and only signals pertinent to 
the structural assignment are given. Melting points were determined 
on a Mel-Temp apparatus and are uncorrected.

a,a,a-Trifluoro-3,4,5-tris(methylthio)toluene (3). To a cold 
solution (under nitrogen) containing 5.4 g of 4-chloro-3,5-dinitro- 
benzotrifluoride' (20 mmol) and 7 mL of methanethiol in 100 mL of 
DMF was added portionwise 5 g of lithium hydroxide. The mixture 
was stirred in the cold for 0.5 h and poured into ice water. The solid 
was collected and crystallized from alcohol to yield 4.2 g (74%) of 
product: mp 140-141 °C; NMR (CDCla) 5 2.33 (s, 3 H). 2.43 (s, 6 H), 
and 6.99 (s. 2 H). Anal. Calcd for C10H11F3S3: C, 42.23; H, 3.90; S, 
33.82. Found: C, 42.42: H, 4.05; S, 34.10.

a,a,a,-Trifluoro-4-(methylthio)-3,5-dinitrotoluene (2). To a 
cold solution of 5.4 g of 4-chloro-3,5-dinitrobenzotrifluoride7 (20 
mmol) and 2 mL of methanethiol in 75 mL of alcohol was added 
dropwise a solution of 1.2 g of potassium hydroxide in 15 mL of water. 
The mixture was stirred in the cold for 1 h and poured into ice water. 
The solid was collected and crystallized from alcohol to yield 3.8 g 
(67%) of product, mp 93-96 °C. Anal. Calcd for C8H5F3N2O4S: C, 
34.05: H, 1.79; N, 9.93; S, 11.36. Found: C, 34.20; H, 1.8S; N, 9.82; S,
11.37.

Lithium hydroxide (8 g) was added portionwise to a cold mixture 
containing 11.3 g of 2 (40.1 mmol) and 15 mL of methanethiol in 150 
mL of DMF. The solution was stirred in the cold for 1 h and poured 
into ice water. Crystallization from alcohol yielded 10.8 g (95%) of 3, 
mp 140-141 °C. ’

a,a,a-Trifluoro-2,3,5-tris(methylthio)toluene (5). To a cold 
solution containing 5.4 g of 2-chloro-3,5-dinitrobenzotrifluoride8 (20 
mmol) and 7 mL of methanethiol in 100 mL of DMF was added por
tionwise 5 g of lithium hydroxide. The mixture was stirred in the cold 
for 2 h and at room temperature for 2 h. It was poured into ice water 
and the crude solid was collected and crystallized from alcohol to yield
4.1 g (70%) of product: mp 61-62 °C; NMR (CDCI3) 5 2.33 (s, 3 H), 2.45 
(s, 3 H), 2.52 (s, 3 H), 7.13 (d, 1 H), and 7.32 (d, 1 H). Anal. Calcd for 
C10H 11F3S3: C, 42.23: H, 3.90; S, 33.82. Found: C, 42.48; H, 3.67; S, 
33.90.

a,a,a-Trifluoro-3,4-bis(methylthio)-5-nitrotoluene (6a). A
solution (under nitrogen) containing 8.4 g of 4-chloro-3,5-dinitro- 
benzotrifluoride7 (31 mmol) and 4 mL of methanethiol in 125 mL of 
DMF was cooled to —20 °C (dry ice-alcohol). Lithium hydroxide (2 
g) was added portionwise at a rate to keep the temperature below -10  
°C. The mixture was stirred for 1 h while it slowly warmed to 0 °C and 
then the mixture was poured into ice water. The solid was collected 
and crystallized from alcohol to vield 5.3 g (61%) of produc t: mp 85-87 
°C; NMR (CDCI3) 6 2.48 (s, 3 H), 2.58 (s, 3 H), 7.48 (d. 1 H), and 7.60 
(d, 1 H). Anal. Calcd for C9H8F3N0 2S2: C, 38.16; H, 2.85; N, 4.94; S, 
22.64. Found: C, 38.40; H, 2.76; N, 5.07; S, 22.73.

General Procedure for Preparation of 6b and 6c. Lithium hy
droxide (15 g) was added portionwise to a cold solution containing 60
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mmol of the appropriate l-chloro-2,6-dinitrobenzene and 20 mL of 
methanethiol in 100 mL of DMF. The mixture was stirred in the cold 
for 15 min and poured into ice water. The following were obtained 
after collection and crystallization from alcohol: 6b (79%; mp 102-103 
°C) and 6c (78%; mp 109-110 °C). Anal. Calcd for C8H9N 02S2 (6b); 
C, 44.63; H. 4.21; N, 6.50; S, 29.79. Found: C, 44.77; H, 4.11; N, 6.47; 
S, 29.42. Calcd for C9H11NO2S2 (6c): C, 47.14; H, 4.84; N. 6.11; S, 27.96. 
Found: C, 47.43; H, 4.63; N, 6.13; S, 28.22.

General Procedure for Preparation of 7a and 7b. To a cold 
solution (under nitrogen) containing 20 mmol of the appropriate 1- 
chloro-2,6-dinitrobenzene and 10 mL of methanethiol in 80 mL of 
DMF was added portionwise 5 g of lithium hydroxide. The mixture 
was stirred in the cold for 15 min and at room temperature for 4.5 h 
for 7a and 20 h for 7b. It was then poured intc ice water, and the solid 
was collected and crystallized from alcohol. The following were ob
tained: 7a (75%; mp. 111-113 °C; NMR (CDCI3) 6 2.32 (s, 3 H) and 2.39 
(s, 6 H)) and 7b (60%; 156-158 °C). Anal. Calcd for C9H12S3 (7a): C, 
49.96; H, 5.59; S, 44.45. Found: C, 50.20; H, 5.37; S, 44.30. Calcd for 
C10H14S3 (7b): C, 52.13; H, 6.12; S, 41.75. Found: C, 52.37; H, 6.22; S,
41.79.

l-Chloro-2,3-bis(methylthio)benzene (8a). To a cold mixture 
(under nitrogen) of 7.7 gof 2,3-dichloro-l-nitrobenzene (40.1 mmol) 
and 10 mL of methanethiol in 80 mL of DMF was added portionwise 
5 g of lithium hydroxide. The mixture was stirred in the cold for 15 
min and at room temperature for 30 min and poured into ice water. 
The solid was collected and crystallized from alcohol to yield 4.5 g of 
product, mp 71-72 °C. Concentration of the mother liquor yielded 
an additional 1.5 g of product: mp 71-72 °C; NMR (CDCI3) 5 2.35 (s, 
3 H) and 2.38 (s, 3 H). Anal. Calcd for C8H9C1S2: C, 46.93; H, 4.43; Cl, 
17.32; S, 31.32. Found: C, 47.11; H, 4.46; Cl, 17.52; S, 31.37.

l-Methoxy-2,3-bis(methylthio)benzene (8b). Lithium hydroxide 
(5 g) was added portionwise to a cold solution (under nitrogen) con
taining 3.7 g of 2-chloro-3-nitroanisole10 (19.7 mmol) and 10 mL of 
methanethiol in 75 mL of DMF. The mixture was stirred in the cold 
for 15 min and at room temperature for 36 h. The mixture was then 
poured into ice water and the solid was collected and crystallized from 
alcohol-water to yield 2.2 g (55%) of product: mp 102-103 °C; NMR 
(CDCI3) 0 2.33 (s, 3 H), 2.38 (s, 3 H), and 3.87 (s, 3 H). Anal. Calcd for 
C9H12OS2: C, 54.00; H, 6.00; S, 32.00. Found: C, 53.82; H, 5.89; S,
31.70.

Pentakis(methylthio)benzene (9a). Lithium hydroxide (5 g) was 
added portionwise to a cold solution (under nitrogen) of 5.4 g of
2,4,6-trichloro-l,3-Cinitrobenzenen (19.9 mmol) and 15 mL of 
methanethiol in 100 mL of DMF. The mixture was stirred in the cold 
for 1 h and at room temperature for 44 h. The mixture was then 
poured into ice water and the solid was collected and crystallized from 
alcohol to yield 3.9 g (63%) fo product: mp 103-105 °C; NMR (CDCI3)
5 2.38 (s, 6 H), 2.44 (s, 6 H), and 2.53 (s, 3 H). Anal. Calcd for C11H16S5: 
C, 42.82; H, 5.23; S, 51.96. Found: C, 43.07; H, 4.94; S, 52.26.

Hexakis(methylthioibenzene (9b). To a cold solution (under 
nitrogen) containing 1.7 g of 2,4,5,6-tetrachloro-l,3-dinitrobenzene12 
(5.6 mmol) and 10 mL of methanethiol in 75 mL of DMF was added 
portionwise 5 g of lithium hydroxide. The mixture was stirred in the 
cold for 30 min ar.d at room temperature for 2 h. The mixture was then 
poured into ice water and the solid was collected and crystallized from 
alcohol to yield 1.4 g (71%) of product: mp 88-90 °C; NMR (CDC13)
6 2.52 (s). Anal. Calcd for Ci2Hi8S6: C, 40.64; H, 5.12; S, 54.24. Found: 
C, 40.87; H, 5.27; S, 54.41.

Using the procedure above, 2.6 g of 3,4,5,6-tetrachloro-l,2-dini
trobenzene,13 15 mL of methanethiol, and 5 g of lithium hydroxide 
in 75 mL of DMF stirred in the cold for 30 min and at room temper
ature for 5 h yielded 1.7 g (57%) of 9b; 5.9 g of pentachloronitroben- 
zene, 15 mL of methanethiol, and 5 g of lithium hydroxide in 75 mL 
of DMF stirred in the cold for 30 min and at room temperature for 5 
h yielded 5.4 g (76%) of 9b; 5.7 g of hexachlorobenzene, 15 mL of 
methanethiol, and 5 g of lithium hydroxide in 75 mL of DMF stirred 
in the cold for 1 h and at room temperature for 20 h yielded 5.3 g (75%) 
of 9b.

a,a,a,-Trifluoro-3,4,5-tris(phenylthio)toluene (10). To a solu
tion (under nitrogen) containing 4.2 g of 4-chloro-3,5-dinitrobenzo- 
trifluoride7 (15 mmol) and 5.5 g of thiopher.ol (50 mmol) in 75 mL of 
DMF was added portionwise 5 g of lithium hydroxide. The mixture 
was stirred for 24 h and poured into ice water. The solution was ex
tracted three times with ether and the combined extracts were washed 
with water. Evaporation of the solvent and crystallization from 
ether-hexane yielded 3.5 g (50%) of product, mp 72-74 °C. Anal. Calcd 
for CasHnFsSg: C, 63.81; H, 3.64; S, 20.44. Found: C, 63.52; H, 3.53; 
S, 20.64.

General Procedure for Preparation o f Methylsulfonylben- 
zenes (11-19). A solution of the appropriate thioether (Table I) in

1 vol of 30% hydrogen peroxide and 2-3 vol of acetic acid was heated 
in an open flask at steam-bath temperature for the time shown. In 
most cases, the product crystallized and was collected and washed 
with cold alcohol. Otherwise, the mixture was diluted with water until 
the product crystallized. The following were obtained (reactant, mmol; 
mL of hydrogen peroxide;19 reaction time): 11 A, 21.1; 50/10; 2 h); 12 
(5,10.6; 25; 3 h); 13 (6b, 27.9; 40/20; 2 h): 14 (3c, 34.5; 50/25; 2 h); 15 
(7a, 11.6; 15; 16 h); 16 (8a, 12.2; 15/7.5; 2 h); 17 (8b, 8.5; 15; 16 h); 18 
(9a, 3.2; 25; 2 h); 19 (9b, 7.0; 20/20; 150 h). Yields and melting points 
are given in Table I.

a,a,a-Trifluoro-2,6-bis(m ethylsulfonyI'-p-cresol (20a). A 
solution of 3.8 g of 11 (10 mmol) and 10 mL of dipropylamine in 75 mL 
of Me2SO was heated at 80 “C for 2 h. The solution was poured into 
ice water and then acidified with hydrochloric acid. The solid was 
collected to yield 1.4 g (49%): mp 226-228 °C; NMR (Me^O-de) & 3.37 
(s, 6 H) and 8.10 (s, 2 H) Anal. Calcd for C9H9F3O5S2: C, 33.96; H, 
2.85; S, 20.15. Found: C, 34.19; H, 2.84; S, 19.89.

lV-[a,a,a-Trifluoro-2,6-bis(methylsulfonyl)-p-tolyl]ethyl- 
enediamine (20b). A solution containing 3.8 g of 11 (10 mmol) and 
10 mL of ethylened¡amine in 10 mL of alcohol was stirred for 16 h. The 
mixture was cooled and the product was collected to yield 3.1 g (86%): 
mp 188-190 °C; NMR (Me2SO-d6) 5 3.38 (s, 6 H) and 8.64 (s, 2 H). 
Anal. Calcd for CUH15F3N20 4S2: C, 36.66; H, 4.20; N, 7.77; S, 17.79. 
Found: C, 36.95; H, 4.10; N, 7.79; S, 17.92.

jV-(l-Ethylpropyl)-a,a,a-trifluoro-2,6-bis(methylsulfonyl)- 
p-toluidine (20c). A mixture of 1.6 g of 11 (4.2 mmol) and 7 mL of
3-aminopentane in 75 mL of alcohol was heated to reflux for 48 h. The 
product crystallized from the cooled solution to yield 1.4 g (90%); mp
132-134 °C; NMR (CDCf) 6 3.12 (s, 6 H) and 8.35 (s, 2 H). Anal. Calcd 
for C14H2oF3N0 4S2: C, 43.40; H, 5.20; N, 3.62; S, 16.55. Found: C, 
43.61; H, 5.30; N, 3.89; S, 16.62.

Pentakis(methylthio)pyridine (21). To a '»Id solution containing
7.5 g of pentachloropyricine (30 mmol) and 20 mL of methanethiol 
in 75 mL of DMF was added portionwise 7 g of lithium hydroxide. The 
mixture was stirred in the cold for 1 h and at room temperature for 
48 h. It was poured into ice water and the solid was collected and 
crystallized from alcohol to yield 0.9 g (10%) o: product, mp 78-80 °C. 
Anal. Calcd for C10H15NS5: C, 38.80; H. 4.88; N, 4.52; S. 51.79 Found: 
C, 38.57; H, 4.65; N, 4.56. S, 51.59.
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Nitro Displacement by Methanethiol Anion. Synthesis of Bis-, Tris-, 
Tetrakis-, and Pentakis(methylthio)benzoic Acids and Related Derivatives
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3,4,5-Tris(methylthio)benzamide has been synthesized by a process involving nitro displacement with methane
thiol anion. Similarly prepared were various bis-, tris-, and tetrakis(methylthio)benzoic acids and their S-methyl 
thioesters. Several of the thioethers were oxidized to the corresponding sulfones. Also prepared were 3,4,5- 
tris(methylthio)benzenesulfonamide, 3,4,5-tris(methylthio)phenylacetamide, and pentakis(methylthio)benzam- 
ide.

In a previous paper1 we discussed the nucleophilic dis
placement of nitro groups, which were activated by o- or p- 
methylthio functions, with methanethiol anion. The objective 
of this work is to demonstrate the utility of this facile reaction 
for the preparation of bis-, tris-, tetrakis-, and penta- 
kis(methylthio)benzoie acids (and their derivatives) and re
lated benzenesulfonamides and phenylaeetamides.

Results
Three general procedures were used for the synthesis of the 

benzoic acids. The first (Scheme I) involved treatment of 4- 
chloro-3,5-dinitrobenzoic acid (1) with excess methanethiol 
anion (lithium salt) in cold DMF for 0.5 h to yield 3,4- 
bis(methylthio)-5-nitrobenzoic acid (2, 80%). Attempted 
displacement of the second nitro group at elevated tempera
ture and longer reaction time was unsuccessful. The benzoic 
acid 2 was converted to its morpholine amide 3 (81%), which 
readily underwent nitro displacement to give the trisfthio- 
ether) 4 (90%).

The second approach is illustrated in Scheme II. When
4-chloro-3,5-dinitrobenzamide (5) was allowed to react with 
excess methanethiol anion in DMF at room temperature for
1.5 h, 3,4,5-tris(methylthio)benzamide (6, 76%) was formed. 
This compound was hydrolyzed to yield 3,4,5-tris(methyl- 
thio)benzoic acid (7, 76%).

Scheme I

Cl SMe

tw o steps
i ----------—

Scheme II
SMe

SMe

Scheme III 
SMe

The third procedure is shown in Scheme III. The benzoic 
acid 1 was first treated with a molar equivalent of l,l'-car- 
bonyldiimidazole in DMF at room temperature. The reaction 
mixture was then cooled and the intermediate was allowed to 
react with excess methanethiol anion. The isolated product 
was identified as the tris(methylthio) thioester 8 (71%). Hy
drolysis of the ester yielded 7 (75%).

When the third procedure was utilized, the following 
thioesters were synthesized: 9a (64% from 2-chloro-3-nitro- 
benzoic acid), 9b (64% from 2-chloro-3,5-dinitrobenzoic acid), 
and 9c (56% from 2,4-dichloro-3,5-dinitrobenzoic acid). Hy
drolysis of these thioesters yielded the benzoic acids 10a (87%), 
10b (93%), and 10c (93%), respectively. Treatment of pen- 
tachlorobenzamide under the usual reaction conditions 
(Scheme II) for 27 h at room temperature yielded penta- 
kis(methylthio)benzamide (11, 41%).

The thioethers were readily oxidized to the corresponding 
sulfones with hydrogen peroxide in acetic acid and these de-

0022-3263/78/1943-2052$01.00/0 © 1978 American Chemical Society
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Table I. Synthesis o f  M ethylsulfonylbenzoic Acids
R ,

Compd Reactant Ri R2 Rs Mp. °C Yield, %
12a 7 SChMe S 0 2Me H 287-293 dec 76
12b 2 n o 2 S 0 2Me H 270-280 dec 77
12c 10a H H S 0 2Me 225-227 26
12d 10b S 0 2Me H S 0 2Me 274-277 dec 95
12e 10c S 0 2Me S 0 2Me S 0 2Me 247-250 dec 79

rivatives are summarized in Table I. Oxidation of 11 was ac
companied by oxidative deamination followed by decarbox
ylation, and the product obtained was pentakis(methylsul- 
fonyl)benzene (48%).1 Oxidation of the bis(methylthio) de
rivative 13, which was obtained from «,a,«-trifluoro-2,6-

dinitro-p-toluamide by displacement with methanethiol anion 
in 80% yield, unexpectedly gave the 1.2-benzisothiazole-3-one 
1-oxide 14 (73%). The synthesis of this ring system was first 
described by Stoss and Satzinger2 using the reaction of o- 
(alkylsulfinyl)benzoic acid esters with hydrazoic acid.

4-Chloro-3,5-dinitrobenzenesulfonamide3 was allowed to 
react with excess methanethiol anion at room temperature for 
2 h, and the product obtained was the tris(methylthio) de
rivative 15 (71%). Oxidation of 15 with hydrogen peroxide in

SMe

16a, R = SO ,Me
b, R = NH CH(CH ,CH ,),

acetic acid gave the tris(sulfone) 16a (91%). Reaction of 16a 
with 3-aminopentane in alcohol produced the aniline 16b

(72%). The N M R  spectrum of 16b showed a singlet aromatic 
proton signal and a singlet methylsulfonyl proton signal.

Still another example of the synthetic utility of the 
methanethiol anion displacement reaction involved treating
4-chloro-3,5-dinitrophenylacetic acid4 under the usual reac
tion conditions (Scheme I). The product obtained was the 
bis(thioether) 17 (8E%). As in the case of the related benzoic

SMe SMe

18a, R = NO, 
b, R = SMe

acid derivative 2, conditions could not be found for displace
ment of the second nitro group. The ac.d 17 was converted to 
its carboxamide 18a (83%), which upon treatment with 
methanethiol anion gave the tris(thioether) 18b (57%).

D iscu ssion
The third methoc for the conversion of nitrobenzoic acids 

to the corresponding (methylthio)benzoic acid derivatives is 
probably the most general. It is possible that the use of an acid 
chloride, instead of the imidazole amide derivative, would 
yield the same thioester product, although this was not in
vestigated.

The carboxylic acid or its derivative undoubtedly has a 
positive effect on the rate of displacement but, as was shown 
in the previous paper,1 the same type of replacement reactions 
occurred in the presence of electron-donating substituents and 
the yields were similar. The same disadvantage noted in the 
previous examples was encountered with the benzoic acid 
derivatives. For example, treatment of 4-(methylthio)-3- 
nitrobenzamide or "he corresponding morpholinamide with 
methanethiol anion under the usual conditions both led to the 
formation of complex mixtures. Thus, the requirement for an 
electronegative substituent in the position ortho to the 
methylthio function and meta to the nitro leaving group ap
pears to be a general requirement for the displacement reac
tion.

With respect to the choice of the procedure to be used with 
a given substrate, no standard rules can be applied. For in
stance, treatment cf the morpholinamide of 2-(methylthio)-
3-nitrobenzoic acid with methanethiol anion, as in the first 
procedure, gave a complex mixture of products. However, the 
reaction of the free acid with methanethiol anion using the 
third procedure gave a 64% yield of the thioester 9a.

E x perim en ta l S ection

All starting materials are commercially available unless literature 
references are noted Cold solution refers to ice bath conditions.
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Lithium hydroxide was ground to a fine powder in order to facilitate 
solution. Since the addition of lithium hydroxide was exothermic, the 
temperature was not allowed to exceed 15 °C during the addition. 
Excess reagent was utilized in all cases where molar equivalent is 
omitted. Alcohol refers to 95% ethanol. NMR spectral data are partial 
and only signals pertinent to structural assignment are given. Melting 
points were determined on a Mel-Temp apparatus and are uncor
rected.

3,4-Bis(methylthio)-5-nitrobenzoic Acid (2). To a cold solution 
(under nitrogen) containing 7.4 g of 4-chloro-3,5-dinitrobenzoic acid 
(30 mmol) and 10 mL of methanethiol in 30 mL of DMF was added 
portionwise 10 g of lithium hydroxide. The mixture was stirred in the 
cold for 0.5 h and then poured into ice water and acidified with hy
drochloric acid. The solid was collected and crystallized from alcohol 
to yield 6.2 g (80%) of product: mp 210-212 °C; NMR (Me2SO-d6) b 
2.44 (s, 3 H). 2.63 (s, 3 H), 7.92 (s, 1 H), and 8.00 (s, 1 H). Anal. Calcd 
for C9H9NO4S2: C, 41.69; H, 3.50; N, 5.40; S, 24.73. Found C, 41.46; 
H, 3.49; N, 5.53; S, 24.74.

4-[3,4-Bis(methylthio)-5-nitrobenzoyl]morpholine (3). 1,1'- 
Carbonyldiimidazole (5.8 g; 35.8 mmol) was added portionwise to a 
solution of 7.8 g of 2 (34.1 mmol) in 25 mL of DMF. The mixture was 
stirred at room temperature for 15 min, and then 5 mL of morpholine 
was added dropwise. The solution was stirred for 15 min and then 
poured into ice water. The solid was collected and crystallized from 
alcohol to yield 9.1 g (81%) of product, mp 179-180 °C. Anal. Calcd 
for Ci3H16N20 4S2: C, 47.55; H, 4.91; N, 8.53; S, 19.53. Found: C, 47.81; 
H, 4.92; N, 8.50; S, 19.47.

4- [3,4,5-Tris(methylthio)benzoyl]morpholine (4). To a cold 
solution (under nitrogen) of 4.9 g of 3 (14.9 mmol) and 5 mL of 
methanethiol in 75 mL of DMF was added portionwise 3 g of lithium 
hydroxide. The mixture was stirred in the cold for 0.5 h and at room 
temperature for 1 h. The mixture was poured into ice water, and the 
solid was collected and crystallized from alcohol to yield 4.4 g (90%) 
of product: mp 113-114 °C; NMR (CDC13) 0 2.31 (s, 3 H), 2.38 (s, 6 H), 
and 6.84 (s. 2 H). Anal. Calcd for C14H19NO2S3: C, 51.03; H, 5.81; N, 
4.25; S, 29.19. Found: C, 51.21: H, 5.95; N, 4.35; S, 28.97.

3.4.5- Tris(methylthio)benzamide (6). Lithium hydroxide (10 g) 
was added portionwise to a cold solution (under nitrogen) containing
9.8 g of 4-chloro-3,5-dinitrobenzamide (40 mmol) and 20 mL of 
methanethiol in 150 mL of DMF. The ice bath was removed and 
stirring was continued for 1.5 h. The mixture was poured into ice 
water, and the solid was collected and crystallized from alcohol to yield
7.9 g (76%) of product: mp 221-222 °C; NMR (Me2SO-d6) b 2.32 (s, 
3 H), 2.50 (s, 6 H), and 7.45 (s, 2 H). Anal. Calcd for C10H13NOS3: C, 
46.30; H, 5.05; N, 5.40; S, 37.08. Found: C, 46.13; H, 5.19; N, 5.38; S,
37.25.

3.4.5- Tris(methylthio)benzoic Acid (7). Potassium hydroxide 
(5 g) and 7.6 g of 6 (29.3 mmol) in 100 mL of alcohol was heated to 
reflux for 51 h. The mixture was poured into ice water and then 
acidified with hydrochloric acid. The solid was collected and crys
tallized from DMF-warer to yield 5.8 g (76%) of product: mp 246-248 
°C; NMR (Me2SO-d6) 5 2.30 (s, 3 H), 2.46 (s, 6 H), and 7.47 (s, 2 H). 
Anal. Calcd for C10H12O2S3: C, 46.13; H, 4.65; S, 36.94. Found: C, 46.33; 
H, 4.58; S, 36.82.

S’-Methyl 3,4,5-Tris(methylthio)benzenecarbothioate (8). To
a solution containing 25 g of 1 (0.1 mol) in 125 mL of DMF was added 
portionwise 22.7 g of l,l'-carbonyldiimidazole (0.14 mol). The mixture 
was stirred for 0.5 h and then cooled in an ice bath. Methanethiol (30 
mL) was added to the solution (under nitrogen), and then 15 g of 
lithium hydroxide was added portionwise. The mixture was stirred 
in the cold for 0.5 h and at room temperature for 1 h. The mixture was 
then poured into ice water and the resulting solid was collected and 
crystallized from alcohol to yield 20.5 g (71%) of product: mp 121-123 
°C; NMR (CDCI3) <5 2.33 (s, 3 H), 2.45 (s, 9 H). and 7.36 (s, 2 H). Anal. 
Calcd for CiiH14OS4: C, 45.48; H, 4.86; S. 44.15. Found: C, 45.78; H, 
4.75; S, 44.03.

3.4.5- Tris(methylthio)benzoic Acid (7). Potassium hydroxide 
(2 g) and 8 g of 8 (27.6 mmol) in 125 mL of alcohol was heated to reflux 
for 5 h. The solution was poured into ice water and then acidified with 
hydrochloric acid. The solid was collected and crystallized from al
cohol to yield 5.4 g (75%) of product, mp 250-252 °C. The NMR 
spectrum was identical to that of 7 prepared above.

5 -  Methyl 2,3-Bis(m ethylthio)benzenecarbothioate (9a). 
l,l'-Carbonyldiimidazole (7.8 g; 48.1 mmo.) was added portionwise 
to a solution of 8.1 g of 2-chioro-3-nitrobenzoic acid (40.2 mmol) in 
80 mL of DMF. The mixture was stirred for 15 min and then cooled 
(under nitrogen) in an ice bath. Methanethiol (12 mL) was added and 
then 4 g of lithium hydroxide was added portionwise. The solution 
was stirred in the cold for 1 h and poured into ice water. The solid was 
collected and crystallized from alcohol-water to yield 6.3 g (64%) of

product, mp 92-93 °C. Anal. Calcd for C10H12OS3: C, 49.15; H, 4.95; 
S, 39.36. Found: C, 49.34; H, 4.91; S. 39.62.

S-Methyl 2,3,5-Tris(methylthio)benzenecarbothioate (9b). 
To a solution containing 12.3 g of 2-chloro-3,5-dinitrobenzoic acid 
(49.9 mmol) in 120 mL of DMF was added portionwise 9.7 g of 1,1'- 
carbonyldiimidazole (59.9 mmol). The mixture was stirred for 15 min 
and then cooled (under nitrogen) in an ice bath. Methanethiol (12 mL) 
was added and then 5 g of lithium hydroxide was added portionwise. 
The mixture was allowed to warm to room temperature with stirring 
for 1.5 h. The product was isolated as in the case of 9a to yield 9.3 g 
(64%), mp 123-124 °C. Anal. Calcd for C11H14OS4: C, 45.48; H, 4.86; 
S, 44.15. Found: C, 45.67; H, 4.77; S, 44.43.

S-Methyl 2,3,4,5-Tetrakis(methylthio)benzenecarbothioate 
(9c). l,l'-Carbonyldiimidazole (13.6 g; 84 mmol) was added por
tionwise to a solution of 19.7 g of 2,4-dichloro-3,5-dinitrobenzoic acid 
(70.1 mmol) in 125 mL of DMF. The mixture was stirred for 15 min 
and then cooled (under nitrogen) in an ice bath. Methanethiol (30 mL) 
was added and then 15 g of lithium hydroxide was added portionwise. 
The solution was stirred in the cold for 0.5 h and at room temperature 
for 0.5 h. The product was isolated as in the case of 9a to yield 13.2 g 
(56%); mp 93-94 °C. An analytical sample, mp 94-95 °C, was recrys
tallized. Anal. Calcd for C^H^OSs: C, 42.82; H, 4.79; S, 47.63. Found: 
C, 43.11; H, 4.78; S, 47.89.

2.3- Bis(methylthio)benzoic Acid (10a). Potassium hydroxide 
(1 g) and 3 g of 9a (12.3 mmol) in 50 mL of alcohol was refluxed for 3 
h. The mixture was poured into ice water and then acidified with 
hydrochloric acid. The solid was collected and crystallized from al
cohol-water to yield 2.3 g (87%) of product: mp 145-146 °C; NMR 
(CDCI3) 6 2.45 (s, 6 H) and 7.40 (m, 3 H). Anal. Calcd for CgH ioO ^: 
C, 50.44; H, 4.70; S, 29.92. Found: C, 50.72; H, 4.84; S, 3C.29.

2.3.5- Tris(methylthio)benzoic Acid (10b). Potassium hydroxide 
(1.5 g) and 6 g of 9b (20.7 mmol) in 75 mL of alcohol was refluxed for
5.5 h. The product was isolated as in the case of 10a to yield 5.0 g 
(93%): mp 146-147 °C; NMR (CDC13) b 2.40 (s, 3 H), 2.43 (s' 3 H), 2.50 
(s, 3 H), 7.10 (d, 1 H). and 7.43 (d. 1 H). Anal. Calcd for CioH120 2S3: 
C, 46.13; H, 4.65; S, 36.94. Found: C, 46.38; H, 4.56; S, 36.85.

2.3.4.5- Tetrakis(methylthio)benzoic Acid (10c). Potassium 
hydroxide (2 g) and 10 g of 9c (29.8 mmol) in 125 mL of alcohol was 
refluxed for 5 h. The product was isolated as in the case of 10a to yield 
8.45 g (93%): mp 173-174 °C; NMR (CDC13) b 2.48 (m, 12 H) and 7.50 
(s, 1 H). Anal. Calcd for CnHi402S4: C, 43.11; H, 4.60; S, 41.85. Found: 
C, 43.13; H, 4.61; S, 41.75.

2,3,4,5,6-Pentakis(methylthio)benzamide ( 11). To a cold solution 
(under nitrogen) containing 11.7 g of pentachlorobenzamide (39.9 
mmol) and 20 mL of methanethiol in 120 mL of DMF was added 
portionwise 10 g of lithium hydroxide. The ice bath was removed and 
the mixture was stirred for 27 h. It was poured into ice water, and the 
resulting solid was collected and crystallized from Me2SO-water to 
yield 5.7 g (41%) of product: mp 174-176 °C; NMR (Me2NCHO-d7) 
b 2.46 (s, 6 H) and 2.55 (s, 9 H). Anal. Calcd for C12H17NOS5: C. 40.99: 
H, 4.87; N, 3.98; S, 45.60. Found: C, 40.69; H. 4.63; N, 3.92; S. 45.75.

3.4.5- Tris(methylsulfonyl)benzoic Acid (12a). A solution of 2.4 
g of 7 (9.2 mmol) in 15 mL of 30% hydrogen peroxide and 30 mL of 
acetic acid was heated in an open flask at steam-bath temperature 
for 1 h. More hydrogen peroxide (15 mL) was added and the mixture 
was heated for an additional 18 h. The solid residue was crystallized 
from DMF-water to yield 2.5 g (76%) of product, mp 287-293 °C dec. 
Anal. Calcd for Ci0H;2O8S3: C, 33.70; H, 3.39; S, 26.99. Found: C, 33.50; 
H, 3.48; S, 27.23.

3.4- Bis(methylsulfonyl)-5-nitrobenzoic Acid (12b). A solution 
of 5 g of 2 (19.3 mmol) in 30 mL of 30% hydrogen peroxide and 60 mL 
of acetic acid was heated in an open flask at steam-bath temperature 
for 1 h. Hydrogen peroxide (15 mL) was added and heating was con
tinued for 19 h. The solution was cooled to yield 4.8 g (77%) of product, 
mp 270-280 °C dec. Anal. Calcd for C9H9NO8S2: C, 33.44: H. 2.81; N, 
4.33; S, 19.84. Found: C, 33.44; H, 2.81; N. 4.52; S, 20.13.

2,3-Bis(methylsulfonyl)benzoic Acid ( 12c). A solution of 3 g of 
10a (12.3 mmol) in 15 mL of 30% hydrogen peroxide and 30 mL of 
acetic acid was heated in an open flask at steam-bath temperature 
for 45 min. Hydrogen peroxide (15 mL) was added and heating was 
continued for 2 h. The mixture was filtered hot, cooled, and extracted 
twice with ethyl acetate. The combined organic extracts were washed 
three times with water, dried, and evaporated. The crude material 
was crystallized from ethyl ace'.ate-hexane to yield 0.9 g (26%) of 
product, mp 225-227 °C. Anal. Calcd for CgHmOgS :̂ C, 38.84; H, 3.62; 
S, 23.04. Found: C, 38.55; H, 3.80; S, 22.83.

2.3.5- Tris(methylsulfonyl)benzoic Acid (12d). A solution con
taining 2.4 g of 10b (9.2 mmol) in 10 mL of 30% hydrogen peroxide and 
20 mL of acetic acid was heated in an open flask at steam-bath tem
perature for 1 h. Hydrogen peroxide (10 mL) was added and heating
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was continued for 18 h. The solid residue was crystallized from water 
to yield 3.1 g (95%) of product, mp 274-277 °C dec. Anal. Calcd for 
C10H12O8S3: C, 33.70; H, 3.39; S, 26.99. Found: C, 33.91; H, 3.22; S,
27.29.

2.3.4.5- Tetrakis(methylsulfonyl)benzoic Acid (12e). A solution 
of 2.5 g of 10c (8.2 mmol) in 15 mL of 30% hydrogen peroxide and 30 
mL of acetic acid was heated in an open flask for 1 h. Hydrogen per
oxide (15 mL) was added and heating was continued for 18 h. The 
solid residue was crystallized from water to yield 2.8 g (79%) of 
product, mp 247-250 °C dec. Anal. Calcd for CiiH14OioS4: C, 30.41; 
H, 3.25; S, 29.52. Found: C, 30.66; H, 3.10; S, 29.72.

Oxidation o f Pentakis(methylthio)benzamide. A solution 
containing 2.5 g of 11 (7.1 mmol) in 15 mL of 30% hydrogen peroxide 
and 30 mL of acetic acid was heated in an open flask for 1 h. Hydrogen 
peroxide (15 mL) was added and heating was continued for 1 h. The 
solution was cooled to yield 1.6 g (48%) of product, mp >350 °C. It was 
identified by microanalysis and NMR as per.takis(methylsulfonyl)- 
benzene.1

a,a,a-Trifluoro-2,6-dinitro-p-toluamide. A solution of 5.0 g of
a,a,a-trifIuoro-2,6-dinitro-p-tolunitrile5 (19.2 mmol) in 10 mL of 80% 
sulfuric acid was heated at steam-bath temperature for 5 h and then 
poured into ice water. The product was collected and crystallized from 
alcohol to yield 3.6 g (68%) of product, mp 256-258 °C. Anal. Calcd 
for CgHiFgNgOs: C, 34.42; H, 1.44; N, 15.09. Found: C, 34.65; H, 1.29; 
N, 14.86.

a,a,a-Trifluoro-2,6-bis(methylthio)-p-toluamide (13). To a
cold solution (under nitrogen) of 11.1 g of c:,«,«-trifluoro-2,6-dini- 
tro-p-toluamide (39.8 mmol) and 10 mL of methanethiol in 120 mL 
of DMF was added portionwise 5 g of lithium hydroxide. The mixture 
was stirred in the cold for 0.5 h and then poured into ice water. The 
solid was collected and crystallized from alcohol to yield 9.0 g (80%) 
of product: mp 249-250 °C; NMR (Me2SO-d(9 5 2.50 (s, 6 H) and 7.39 
(s, 2 H). Anal. Calcd for C10H10F3NOS2: C, 42.70; H, 3.58; N, 4.98. 
Found: C, 42.88; H, 3.73; N, 4.99.

l-M ethyl-4-(m ethylsulfonyl)-6-(trifluorom ethyl)-l/f,3ii- 
l,2-benzisothiazol-3-one 1-Oxide (14). A solution of 6.5 g of 13 (23.1 
mmol) in 15 mL of 30% hydrogen peroxide and 30 mL of acetic acid 
was heated in an open flask at steam-bath temperature for 1 h. Hy
drogen peroxide (15 mL) was added ar.d heating was continued for 
1 h. The mixture was cooled and the product was collected to yield
5.55 g (73%): mp 269-271 °C; NMR (Me2SO-d6) 5 3.62 (s, 3 H), 3.97 
(s, 3 H), 8.60 (m, 1 H), and 9.35 (m, 1 H); IR (Nujol) 1698 cm“ l; MS 
327 (M+). Anal. Calcd for CIOH8F3N04S2: C, 36.70; H. 2.45; N, 4.28; 
S, 19.57. Found: C, 36.69; H, 2.57; N, 4.31; S. 19.74.

3.4.5- Tris(methylthio)benzenesulfonamide (15). To a cold 
mixture (under nitrogen) containing 5.6 g of 4-chloro-3,5-dinitro- 
benzenesulfonamide3 (19.9 mmol) and 10 mL of methanethiol in 75 
mL of DMF was added portionwise 5 g of lithium hydroxide. The 
mixture was stirred in the cold for 15 min and at room temperature 
for 2 h. The mixture was poured into ice water which was then acidi
fied with hydrochloric acid. The solid was collected and crystallized 
from DMF-water to yield 4.2 g (71%) of product: mp 260-262 °C; 
NMR (Me2SO-d6) 5 2.34 Is, 3 H), 2.56 (s, 6 H), and 7.37 (s, 2 H). Anal. 
Calcd for CgH^NOsS.,: C, 36.59; H, 4.44; N, 4.74; S, 43.41. Found: C, 
36.74; H, 4.69; N, 4.96; S, 43.62.

3.4.5- Tris(methylsulfonyl)benzenesulfonamide (16a). A solu
tion of 6 g of 15 (20.3 mmol) in 50 mL of 30% hydrogen peroxide and 
75 mL of acetic acid was heated in an open flask at steam-bath tem
perature for 3 h. The mixture was cooled and the product was collected 
to yield 7.1 g (91%) of product, mp 321-325 °C dec. Anal. Calcd for 
C9Hi3N 08S4: C, 27.61; H. 3.35; N, 3.58; S, 32.76. Found: C, 27.78; H, 
3.35; N, 3.66; S, 32.65.

4-[(l-Ethylpropyl)amino]-3,5-bis(methylsulfonyl) benzene-

sulfonamide (16b). 3-Aminopentane (10 mL) and 2.6 g of 16a (6.7 
mmol) in 100 mL of alcohol was heated at reflux temperature for 18 
h. The solution was cooled and the product was collected to yield 1.9 
g (72%): mp 192-194 °C; NMR (Me2SO-d6) <5 3.38 (s, 6 H) and 8.50 
(s, 2 H). Anal. Calcd for C];,H22N206S3: C, 39.18; H, 5.56; N, 7.03; S, 
24.14. Found: C, 39.46; H, 5.35; N, 7.17; S, 23.91.

3.4- Bis(methylthio)-5-nitrophenylacetic Acid (17). To a cold 
solution (under nitrogen) containing 5.2 g of 4-chloro-3,5-dinitro- 
phenylacetic acid4 (20 mmol) and 10 mL of methanethiol in 80 mL 
of DMF was added portionwise 5 g of lithium hydroxide. The mixture 
was stirred in the cold for 15 min and at room temperature for 1 h. It 
was poured into ice water, which was then acidified with hydrochloric 
acid. The solid was collected and crystallized from alcohol to yield 4.6 
g (85%) of product, mp 165-168 °C. Anal. Calcd for CioHu N 04S2: C, 
43.94; H, 4.06; N, 5.12; S, 23.46. Found: C. 43.97; H, 4.11: N, 5.35; S, 
23.19.

3.4- Bis(methylthio)-5-nitrophenylacetamide (18a). 1,1'-Car- 
bonyldiimidazole (3.3 g; 20 mmol) was added portionwise to a solution 
of 4.3 g of 17 (16 mmol) in 25 mL of DMF. The mixture was stirred for 
10 min, and then 10 mL of concentrated ammonium hydroxide was 
added dropwise. The mixture was then stirred for 1 h and poured into 
ice water. The solid was collected and crystallized from alcohol to yield
3.6 g (83%) of product, mp 195-197 °C. Anal. Calcd for CioHi2N203S2: 
C, 44.10; H, 4.44; N, 10.29; S, 23.55. Found: C, 44.32; H, 4.53; N, 10.23; 
S, 23.80.

3,4,5-Tris(methylthio)phenylacetamide (18b). Lithium hy
droxide (5 g) was added portionwise to a cold solution (under nitrogen) 
containing 7.5 g of 18a (27 mmol) and 10 mL of methanethiol in 100 
mL of DMF. The mixture was stirred in the cold for 15 min and at 
room temperature for 7 h and then poured into ice water. The solid 
was collected and crystallized from alcohol to yield 4.2 g (57%) of 
product: mp 178-180 °C: NMR (Me2SOde) 5 2.26 (s, 3 H), 2.42 (s, 6 
H), 3.47 (s, 2 H), and 6.93 (s, 2 H). Anal. Calcd for C11H15NOS3: C, 
48.32; H, 5.53; N, 5.12; S. 35.18. Found: C, 48.22; H, 5.31: N, 5.36; S,
35.03.
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N o t e s

( E , E ) -  and (E ,Z )-l ,4 -D ib e n z o y l-l,3 -b u ta d ie n e . 
Synthesis v ia W ittig  C on den sation  and S o lid -S ta te  

P h otoch em istry

Compounds 1 and 2 were irradiated in the solid state. 
Compound 1 gave a single photoproduct, whose IR, *H-NMR, 
and mass spectra showed it to be either a (4 + 4) dimer (6) or
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In connection with other studies, we synthesized (E,E)-
1,4-dibenzoyl-l,3-butadiene (1) according to the method of 
Bailey and Ross,1 starting with (£,E)-l,3-butadiene-l,4- 
dicarboxylic acid via Friedel-Crafts phenylation of the acid 
chloride. Compound 1 was found to be extremely photolabile

COPh COPh

COPh

1 2 3

as a solid or in solution, and it could only be handled using 
special lighting conditions. Inspired by the elegant work of G.
M. J. Schmidt and co-workers2 on the solid-state photo
chemistry of other 1,3-butadienes, we decided to investigate 
the photochemistry of solid 1. We wish to report formation of 
a (2 + 2) dimer from solid 1. In addition, we have succeeded 
in synthesizing the (E,Z) isomer 2 and wish to report pre
liminary solid-state photochemistry results, the first to be 
reported on an (£,Z)-l,4-disubstituted 1,3-diene.

In our hands, attempts to synthesize the stereoisomers of 
1, i.e., 2 and 3, by organometallic or Friedel-Crafts phenylation 
of the corresponding l,3-butadiene-l,4-dicarboxylic acid or 
acid chloride were unsuccessful, resulting in either Michael 
additions3 or in isomerization to 1. However, we have suc
ceeded in preparing 2 by the Wittig condensation of glyoxal 
4 with 2 mol of phenacyltriphenylphosphorane (5) (reaction 
1).

OHC-CHO + 2PhCOCH=PPb3 ------>. 1 + 2  (1 )

4 5

The reaction product was shown to consist of two com
pounds, chromatographic separation of which gave 1 and a 
second component, X. This latter compound was shown to be
2. Its IR, 4H NMR, and mass spectra were very similar to those 
of 1. The IR spectra of 1 and X  were extremely similar, both 
showing strong absorption (KBr) at 1653, 1587, and 1563 
cm-1. The ‘H NMR spectra of 1 and X were similar, 1 showing 
multiplets from 5 7.3 to 8.1 and X  evincing multiplets from 5
6.0 to 7.0 and from 7.0 to 8.1. The mass spectra of the two 
compounds both had M+ of 262 plus fragments at m/e 197, 
157, 128, 105, and 77. A solution of X, when stirred with a 
crystal of iodine over short periods of time, isomerized to 1. 
Extended treatment of X  or 1 with either iodine or dilute 
hydrochloric acid resulted in formation of 2-phenacyl-5- 
phenylfuran.3 Finally, the number of lines in the proton- 
decoupled I3C-NMR spectrum of X (i.e., 11, of a maximum 
of 14) showed it to be the less symmetrical (2). The more 
symmetrical (Z,Z)-3, like 1, could only have shown a maxi
mum of seven lines. Compound 1 indeed gave all seven lines. 
The number plus the chemical shifts of the resonances support 
the assignment of structure 2 to compound X, rather than the 
stereoisomeric 3.

a (2 + 2) dimer (e.g., 7). However, the number and chemical 
shifts of the lines in the proton-decoupled 13C NMR spectrum 
ruled out the more symmetrical 6 in favor of 7, whose structure 
is analogous to the dimer obtained from the solid-state pho
tolysis of the stereoisomeric l,3-butadiene-l,4-dicarboxylic 
acids.4 In addition, the UV spectrum of the dimer was almost 
identical to that of another a,d-unsaturated ketone, 1-phe- 
nyl-2-buten-l-one.

Irradiation of 2 resulted in a mixture of two compounds that 
have proved difficult to separate. However, the mixture did 
show a M+ of 524, indicating that at least one of the compo
nents is a dimer.

Further work, including X-ray crystallographic studies of 
both monomers and dimers, is in progress.

E xperim en ta l S ection

(E,E)-l,4-Dibenzoyl-l,3-butadiene (1). This compound was 
prepared using the method of Bailey and Ross,1 except that special 
lighting conditions were used to circumvent the photolability of the 
compound, i.e., Westinghouse lamp No. F 20T 12/GO “ Gold-Bug- 
A-Way” 20W (0% transmittance <500 nm).

(E,Z)-l,4-Dibenzoyl-l,3-butadiene (2). A solution of 1.38 g of 
freshly prepared glyoxal 4° and 18.1 g of phenacyltriphenylphos
phorane (5)6 in 300 mL of absolute ethanol was stirred for 24 h at room 
temperature. The precipitated solid, 4.5 g, was shown by TLC to 
consist of two compounds of very similar Rf. A 0.4-g portion of this 
material was dissolved in a minimum amount of methylene chloride 
and chromatographed on 140 g of neutral silica gel, eluting with 
benzene. We were able to partially separate the mixture into 0.21 g 
of pure 1 and 0.10 g of the second component. The IR, ^ -N M R , and 
mass spectra of the two compounds were extremely similar. A solution 
of the second component in methylene chloride was stirred with a 
crystal of iodine. After a short period of time, isomerization to 1 was 
observed. Extended treatment of either 1 or the second component 
with either iodine or dilute HC1 resulted in formation of a compound 
that was shown by spectroscopic analysis to be 2-phenacyl-5-phen- 
ylfuran.3 The 13C-proton-decoupled-NMR spectrum of the second 
compound was, unlike its 'H-NMR spectrum, markedly different 
from that of 1, evincing 11 lines at 129.0,129.1,138.0, and 138.3 (ar
omatic C), 130.6, 133.3, and 133.7 (aromatic and a-olefinic C), 139.8 
and 140.0 (/3-olefinic C), and 191.6 and 191.7 ppm (carbonyl C). 
Compound 1 showed only seven lines in its 13C spectrum, at 128.9,
129.1, 132.9, and 137.8 (aromatic C), 128.9 (a-olefinic C), 141.5 (/3- 
olefinic C), and 190.3 ppm (carbonyl C).

Solid-State Photochemistry o f (E ,E)-l,4-dibenzoyl-l,3-bu- 
tadiene (1). In a typical experiment either 0.3 g of finely divided 1 
was placed in an uncovered Petri dish or a solution of 0.3 g of 1 in 
methylene chloride was placed in an uncovered Petri dish and allowed 
to evaporate in the dark. The solid was irradiated with a 275 W sun
lamp. After 3 h, thin-layer chromatography showed that the conver
sion to a single photoproduct was quantitative, with no detectible 
starting material. This material, a slightly off-white solid, mp 206-7 
°C (lit.1 207-8 °C), could be recrystallized from either benzene or 
chloroform to give a white solid that showed no change in melting 
point.

The IR spectrum (KBr) displayed strong absorption at 1661,1612, 
1600, and 1582 cm-1, consistent with an a,/3-unsaturated carbonyl. 
The UV spectrum (95% EtOH) showed AXmas at 250 (log t 4.29) and 
ca. 330 nm (sh, log e 3.23). The UV spectrum (95% EtOH) of 1-phe-
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nyl-2-buten-l-one showed XXmas at 254 (leg t 4.24) and 330 nm (log 
e 1.77). Its mass spectmm gave a M + at 524 plus fragments at m/e 506, 
488, 419, 401, 299, 262. 157, 105, and 77. The 100-MHz 'H-NMR 
spectrum evinced multiplets at b 7.97 and 7.45 (20 H), a multiplet at 
b 6.80 (4 H), and a broad singlet at b 4.48 (4 H). The proton-decoupled 
13C-NMR spectrum shewed lines at 40.1 and 48.5 (alicyclic C), 128.9, 
129.2, 129.4, 133.1, 136.6, and 137.9 (aromatic C), 134.2 and 145.1 
(olefinic C), and 190.9 and 198.1 ppm (carbonyl C).

Solid-State Photochemistry o f (l£,Z»-l,4-D ibenzoyl-l,3-bu
tadiene (2). Irradiation of 2 was carried out in a manner similar to 
that for 1 (vide supra). The product was shown by TLC to consist of 
two compounds of nearly identical Rf. Thus far the mixture has re
sisted all attempts at separation.
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In our work on syntheses of hydroxylated metabolites of 
vitamin D1-2, we have studied various approaches to the in
troduction of the 5,7-diene system of the provitamins.3 
Bromination at C-7 of a A5-steroid followed by dehydrobro- 
mination is a well-known procedure4 but gives mixtures of 
A5’7- and A4’6-dienes, which are often difficult to separate. As 
an alternative, we recently described the oxidation of a 7/J- 
phenylselenide;2 this approach does give 5,7-diene uncon
taminated by 4,6-diene, but the yield is limited by simulta
neous production of a 5/3-hydroxy A6-steroid. The thermal 
decomposition of the lithium salt of a A5-7-tosylhydrazone 
leads in excellent yield5 to the corresponding 5,7-diene un
contaminated by 4,6-diene. Accordingly, we set out to study 
the conversion of A5-steroids to A5-7-ketones.

A number of oxidants based on chromium6 have been re
ported to accomplish this transformation. In our work, we 
chose initially cholesteryl benzoate as a model. The allylic 
oxidation of cholesteryl benzoate with sodium chromate in 
acetic acid/acetic anhydride7 is, in our experience, a poor re
action and our best yield of the A5-7-ketone was 38%. The use 
of Collins reagent8’9 produced in situ gave a 68% yield, but the 
volume of methylene chloride used as solvent and the amount 
of calcined Celite11 used to absorb precipitated oily solids is 
enormous. The time required for complete reaction, in our 
hands, in the latter case is ca. 50 h and 3—4 days in the former. 
Pyridinium chlorochromate12,13 in methylene chloride at room 
temperature did not bring about any allylic oxidation.

We have found that the allylic oxidation of cholesteryl
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benzoate with 3,5-dimethylpyrazole chromium trioxide 
complex14 (DMP-CrOs) is remarkably fast.15 In reactions 
where the molar ratio of the CrC>3 to steroid is the same (ca. 
20:1) as that required for complete reaction with pyridine as 
ligand, the reaction with BMP as ligand is complete in less 
than 30 min, representing a rate increase of some 100-fold. The 
DMP is recoverable in yields ranging from 70-90% and the 
yield of the A5-7-ketone is routinely 70-75%.

A probable explanation for the rate enhancement of this 
oxidation lies partly in the much increased solubility of the 
chromium containing complexes but more importantly in the 
possibility of intramolecular acceleration due to the pyrazole 
nucleus. Many of the characteristics of the reaction are con
sistent with either of the following mechanistic schemes, 
proposed as reasonable heuristics. They differ only in the 
details of the manner in which a carbon oxygen bond is first 
established at C-7. In Scheme I one two-electron transfer is 
involved; in Scheme II two one-electron transfers take place. 
The salient feature of both is that the chromium complex 
attacks first at the double bond and not at the allylic meth
ylene group.16

Both schemes assume a one-to-one addition of DMP and 
CrC>3 to give the complex shown14’17 (the 3,5-methyl groups 
are omitted for the sake of clarity), in which one ligand site 
remains free on the chromium atom allowing facile attack by 
the it electrons of the double bond. In Scheme I, the complex 
attacks the 5,6-double bond by means of an “ ene” reaction 
wherein the removal of the axial 7a-hydrogen is hastened by 
the appositely placed basic nitrogen of the pyrazole ligand. 
Such an intramolecular course of action is not possible with 
Py2-CrOs because (a) no ligand sites are available for com- 
plexation with rr electrons unless pyridine is first displaced 
and (b) then no basic nitrogen is available to assist in the re
moval of the 7n-hydrogen except by an intermolecular de
protonation by the displaced pyridine. It is for stereoelectronic 
reasons18 that the Cr will attack axially at C-5 and that an 
axial C-H bond will be severed, since overlap of the interacting 
orbitals is maximum in this geometrical array.

In passing from 1 to 2, no reduction of the CrVI has taken

© 1978 American Chemical Society
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place. A proton shift from nitrogen to oxygen gives 3 (this 
proton shift could occur later). Although we have found no 
references to the isolation of CrVI alkyls, Cr11 and Cr111 alkyls 
have been described.19 Complexes such as 2 or 3 containing 
CrVI-C a bonds have been postulated recently by two 
groups.20'21 During the 2,3-sigmatropic shift of the chromium 
alkyl 3 to give the intermediate 4 oxidation of the steroid takes 
place and reduction of Cr171 to CrIV occurs.16

The same intermediate 4 is reached in Scheme II. In this 
scheme, CrVI first removes one electron from the double bond 
to give the radical cation22 together with a Cr' species 5.20 
Removal of a proton from C-7 by the pyrazole ligand leads to 
the allyl radical 6, which now does a further one-electron 
transfer23 to give the intermediate 4. Before further collapse

Ó

H

" 'C r ''
(OH);

4

t> 0<A
(HO). Il 

O
8

of species 4 to the A5-7-keton3 can occur, oxidation of Crlv to 
CrVI, or Crv, must take place. (Collapse of 4 directly to ketone 
and a Cr11 species is not considered likely.24) Again, the de
composition25 of the resulting chromate ester 8 to the ketone 
is aided by an intramolecular cyclic mechanism as shown.14

In support of the geometrical requirements of this mecha
nistic scheme is the behavior of cholest-6-ene-3/1,5«-did and 
cholest-6-ene-3d,5d-diol, 3-benzoates,2 with the DMP-Cr03 
reagent. At 0 °C, the 5cv-hydroxy compound is oxidized very 
cleanly to the A5-7-ketone in less than 2 min! Primary and 
secondary alcohols are oxidized to aldehydes and ketones at 
a comparable rate, indicating that the formation of the chro
mate ester 9 is fast and that a sigmatropic shift (albeit a 3,3 
as opposed to a 2,3 in Scheme I) must ensue rapidly to give the 
same intermediate as 8 in the schemes above.

On the other hand, although oxidized in part to the A5-7- 
ketone, the 5/3-hydroxy compound reacts much more slowly 
and the reaction yields many by-products. The geometry of 
the chromate ester 10 derived from this AB-cis compound 
cannot accommodate a 3.3-sigmatropic shift (certainly not at 
least with the desirable 1,3-diaxial disposition equivalent to 
that in 9). Presumably the initially formed chromate ester 
splits into an ion pair (or radical pain and it is the resulting 
allvlic carbonium ion (or radical) which is further oxidized in 
different ways to yield the many observed products. These, 
and the observations made by Dauben and Michno13 on the 
oxidation of tertiary allylic alcohols with pyridinium chloro- 
chromate, support the concerted nature of the 3,3-shift in the 
5a-hydroxy case and the necessity for attack from the a face 
of the steroid with the geometry indicated in the schemes for 
the oxidation of A5-steroids.

Such mechanisms rationalize some further observations. 
For example, no attack at C-4 is observed; the 4/3-axial hy
drogen and approach to the 6/3 position by Cr are both hin

dered by 1,3-diaxial interaction with the methyl group on 
C-10.9-26 In addition, reaction is hastened at low temperature. 
This could be due in part to the large negative entropy factor 
that would be expected in the formation of the highly ordered 
transition state such as depicted in 1, which is likely to be the 
rate-determining step in this sequence.

However, this is probably not the only factor involved in the 
improved reaction at low temperature. If the complex is al
lowed to stand a* room temperature, it rapidly loses its ac
tivity. This may be explained by the possibility of ligand 
reorganization as in 11, or mere likely by polymerization of
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the oxidant caused by bridging via pyrazole nuclei17 as in
12.

Experimentally, the reaction is straightforward. It is im
portant to prepare the oxidant at low temperature (usually 
-25  to —20 °C) by adding the DMP as quickly as possible to 
the CrOg suspended in dry methylene chloride. It is equally 
important that the Cr03 be dried over P2O5 before use for 
most efficient oxidation. When the molar ratio of CrCL to 
steroid is ca. 20, the reaction is complete in ca. 30 min; when 
it is ca. 10, the reaction takes as long as 5 h for completion. A 
typical reaction is conducted thus: Chromium trioxide (6.0 g,
60.0 mmol) is suspended in dry methylene chloride (50 mL) 
at —20 °C and the DMP (5.76 g, 60 mmol) is added in one 
portion. After stirring at —20°C for 15 min, cholesteryl ben
zoate (2.44 g, 5 mmol) is added and the mixture is stirred for 
4 h while maintaining the temperature between —10 and —20 
°C. Sodium hydroxide solution (25 mL, 5 N) is then added and 
the mixture is stirred for 1 h at 0 °C. The phases are then 
separated. The organic layer is washed with dilute hydro
chloric acid to remove the DMP, which can be recovered by 
subsequent basification of this acidic wash. The methylene 
chloride phase is now washed with water and saturated sodium 
chloride solution and evaporated to yield a residue, which is 
crystallized from cyclohexane to give 7-ketocholesteryl ben
zoate, 1.86 g, 74%.

A number of As-steroids have been converted to the A5-
7-ketones in a similar manner; for example, 25-hydroxycho- 
lesteryl benzoate, stigmasteryl benzoate, la,25-hydroxycho- 
lesterol, 1,3-diacetate, and 17a-methylandrost-5-ene-3d- 
17/Ci-diol diacetate.31

Registry No.— DMP, 67-51-5; Cr03, 1333-82-0; DMP-Cr03, 
53143-09-2; cholesteryl benzoate, 604-32-0; 7-ketocholesteryl ben
zoate, 6997-41-7; cnolest-6-ene-3,3,5a-diol 3-benzoate, 64746-63-0; 
cholest-6-ene-3/3,5/:-diol 3-benzoate, 64746-65-2.
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We are currently interested in exploring electrocatalytic 
organic reactions and report here some initial results which
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survey electrohydrogenations of aromatic compounds. This 
particular aspect of electrocatalysis seems to have obtained 
only limited attention. The possibility of hydrogenation at the 
very mild conditions normally employed in electrosynthesis, 
room temperature, and atmospheric pressure is, however, 
attractive. Furthermore, the electrochemical production of 
hydrogen directly at the surface of the catalyst would cir
cumvent the compression, transportation, and storage of 
hydrogen.

Electrocatalytic hydrogenation of olefins has been the 
subject of numerous investigations employing both precious 
metal catalyst electrodes,1*3 like palladium, platinum, and 
rhodium, as well as “ spongy” nickel. The latter is capable of 
hydrogenating activated double and triple bonds in very good 
yields.4,5

The reduction of aromatic compounds was discovered long 
ago. Early workers6,7 hydrogenated phenol in dilute H2SO4 
at a platinized platinum (Pt|Pt) cathode to cyclohexanol in 
fair material yield, but with low current efficiency. Under 
similar conditions8 the three isomeric cresols have been hy
drogenated, yielding in each case an unseparated mixture of 
alcohols and ketone. The electrocatalytic hydrogenations of 
cinnamic acid, phenylacetic acid, and benzoic acid at a Pt|Pt 
cathode in a pressurized cell have also been reported.9

The most widely used electrode in electrocatalytic hydro
genation has been a platinum electrode covered with different 
kinds of metal “ blacks” .2,3 To reduce cost we investigated the 
use of carbon rods as the conductive base for the catalyst, an 
approach recently successfully applied in other fields of 
electrocatalysis.10 These electrodes were used to hydrogenate 
several aromatic compounds. As shown in Tables I and II we 
were able to hydrogenate different phenols, anisole, aniline, 
benzoic acid, cumene, and ieri-butylbenzene to the corre
sponding cyclohexyl compounds in fair to excellent yields. 
Special attention was given to phenol reduction, in part be
cause we wished to evaluate the competition between hydro
genation and hydrogenolysis of the hydroxy group. The hy
drogenation of phenol in dilute H2SO4 was initially shown to 
be much more efficient on a Pt|C electrode than on Pt|Pt. 
After passage of the theoretical amount of electricity (6 F/mol) 
at a Pt| C electrode, the isolated mixture contains cyclohexa
none (2, R = H) and cyclohexanol (3, R = H) together with 
phenol (1, R = H).

If a larger amount (12 F/mol) of current is passed the only 
isolated product is cyclohexanol. The material yield though 
is still low, suggesting a high degree of hydrogenolysis to 
benzene and cyclohexane. Cyclohexane could, indeed, be de
tected by gas chromatography in the catholyte before workup 
of the reaction mixture.

On a Rh|C electrode the material yield was much higher 
producing 92% cyclohexanol, with a current efficiency as high 
as 79%. This is the highest yield reported and it is a quite 
satisfactory method for the synthesis of cyclohexanols. The 
observed difference between platinum and rhodium is very 
similar to the results obtained in normal catalytic hydroge
nation where platinum is known to give considerable hydro
genolysis of phenols and phenyl ethers as compared to a rho
dium catalyst.11,12

It is also clear from the results in Table I that the activity 
of the catalyst metals follows at least qualitatively the se-
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Table I. E lectrocata lytic  H ydrogenation o f  Phenols"_______________

Yield. %
Registry Registry Registry

1, R = no. Cathode i, A F , mol 2 no. 3 no. 1

H 108-95-2 Pt/Pt 0 .1 6 7 108-94-1 17 108-93-0 50
H Pt/C 0 .8 6 6 43 11
H Pt/C 0 .8 12 54
H Rh/C 0 .2 6 8 77
H Rh/C 0 .8 6 15 74 1
H Rh/C 0 .8 7.2 92
H Pd/C 0 .2 6 6 2 74
H Pd/Cb 0 .2 6 15 5 49
2-Methyl 95-48-7 Rh/C 0 .2 6 29 583-60-8 45c 12
2-Methyl Rh/C 0 .8 6 24 43 d 9
2-Methyl Rh/C 1.0 6 30 42* 14
2-Methyl Rh/C 0 .8 10.8 83 !
2,6-Dimethyl 576-26-1 Rh/C 0 .8 6 28 2816-57-1 39 5337-72-4 20
2,6-Dimethyl Rh/C 0 .8 12 1 82
2,3-Dimethyl* 526-75-3 Rh/C 0 .8 6 10 13395-76-1 17 1502-24-5 63
2,3-Dimethyl* Rh/C 0 .8 12 7 73 9
ö^ .̂S-Tetrahydro-l-naphthol1* 1125-78-6 Rh/C 0 .2 20.4 20 4832-17-1 46 825-51-4 6
2-Naphthol11 135-19-3 Rh/C 0 .2 21 441 5

“ 0 .2  M H2SO4 as catholyte. b Catholyte heated to 65 °C. r 80 cis:2 0  trans. d 83 cis:17 trans. e 87 cis:17 trans. 7 70 cis:30 trans. * Ca- 
tholyte heated to 40 °C. h Catholyte heated to 65 °C. ' 5,6,7,8-Tetrahydro-2-naphthol.

Table II. E lectrocata lytic  H ydrogenation o f A rom atic 
Com pounds3______________________

Reactant
C6H5-X, X = i, A F , m o l

Yields, %
c6h „ x  c6h 5x

n h 2 0 .8 12 73
co2h 0 .2 10 63 31
(CH3)2CH 0 .2 8.4 56 23
( C H 3) 3C 0 .2 10 33 51
och3 0 .8 6 54b 5
O C H 3 0 .8 12 50c
1-Methylnaphthalene 0 .4 9 95

° Using Rh|C in 0.2 M H2S04. b Also cyclohexanone (14), cy- 
clohexanol (1). c Also cyclohexanol (25).

quence established from “normal” catalytic hydrogenation.11 
Only platinum and rhodium, which are known to hydrogenate 
aromatic nuclei at atmospheric pressure,12’13 are effective 
under the applied electrochemical conditions. Palladium, 
which requires increased pressure and temperature for normal 
hydrogenation, gives only low electrocatalytic conversion, and 
nickel, which normally requires very severe conditions,11 gives 
no electrohydrogenation at all; instead hydrogen is evolved 
and phenol is recovered.

Table I also shows, with hydrogenation of o-cresol (1, R = 
2-methyl) as an example, that variation of the current density 
from 0.2-1.0 A (approximate geometric area of the electrode, 
68 cm2) only has a small effect on the current efficiency. 
Therefore, hydrogenations could be performed at a high 
current density to reduce the time scale of the experiment. It 
is also clear that the current efficiency is a function of the 
concentration of substrate as shown by the total depression 
of the hydrogen evolution in the beginning of the experiment 
but not at the end.

The electrocatalytic hydrogenation of o-cresol produced 
2-methylcyclohexanol stereoselectively with a cis:trans ratio 
of 70:30. This is in accordance with results obtained from 
catalytic hydrogenation of o-cresol on a Rh catalyst.14 As re
ported we also found that the hydrogenation of 2-methylcy- 
clohexanone gave approximately a 50:50 mixture of the cis and 
trans alcohols, therefore, the hydrogenation of o-cresol cannot 
all take place through the ketone, and indeed the cis:trans 
ratio of the alcohol was higher when the hydrogenation was 
stopped before the total conversion of the ketone to the al

cohol. The hydrogenation of 2,6-dimethylphenol also pro
duced one isomer with very high selectivity (82%). From NMR 
the structure of this isomer was shown to be c is ,c is -2,6-di- 
methylcyclohexanol.

Both /3-naphthol and 5,6,7,8-tetrahydro-l-naphthol are 
rather insoluble in water and hydrogenation is not successful 
on Rh|C at room temperature. We were, however, able to 
hydrogenate these compounds by heating the catholyte, which 
allowed sufficient material to dissolve. /3-Naphthol gave al
most exclusively 5,6,7,8-tetrahydro-2-naphthol which was not 
further hydrogenated. 5,6,7,8-Tetrahydro-l-naphthol, on the 
other hand, was hydrogenated (on a fresh catalyst electrode) 
to a mixture of the decalones and decalols. The current yield, 
however, was low in both cases and the electrode was some
what poisoned after each hydrogenation, which probably ex
plains why the hydrogenation of /3-naphthol stopped at the 
tetrahydro stage.

Solvent effects were investigated and a pronounced de
crease in catalyst activity due to organic solvents was found. 
The addition of just 5% methanol to the aqueous catholyte 
decreases the activity of the Rh|C catalyst electrode toward 
hydrogenation of phenol. Recovery of 68% 1, 27% 2, and only 
5% cyclohexanol 3 was observed when 15% methanol in 0.2 M 
H2SO4 was used and 6 F/mol were passed. The same effect was 
found by addition of ethanol, butanol, dioxane, and acetic 
acid. The size of the inhibiting effect is dependent on the ac
tivity of the particular electrode. Thus, freshly prepared Rh|C 
electrodes were less sensitive to this cosolvent effect than 
similar electrodes which had been previously used.

The effect of the organic cosolvent is readily visible since 
hydrogen evolution at a Pt|C or Rh|C cathode in aqueous 
H2S04 is totally depressed by addition of phenol to the 
catholyte. If, however, an organic cosolvent is present, little 
depression of the hydrogen evolution is observed. The effect 
of the solvent seems to be the exclusion of the phenol from the 
catalyst by competitive adsorbtion in such a way that the re
duction of protons is still possible. This effect must also be 
present in catalytic hydrogenations. In that case only the rate, 
not the yield, is affected because the system is closed. The 
electrochemical system used here is, however, open and hy
drogen gas is lost.

This inhibition by organic cosolvents limits the presently 
constituted method. Although quite insoluble liquid aromatics 
like cumene and i erf-buty [benzene were hydrogenated sat-
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Experimental Section
All hydrogenations were performed in a divided H-type cell with 

two glass frits of medium porosity as the dividing membrane. The 
catholyte volume was approximately 100 mL. The electrolyte was 0.2 
M H2SO4, and the working electrode consisted of six carbon rods (6 
mm diameter, 100 mm long), onto which the catalyst metal had been 
electroplated. The geometric area of the catalyst electrode was ap
proximately 69 cm2. A piece of Pt sheet was used as the counter 
electrode. This assured that the anodic reaction was the production 
of O2. All experiments were performed at constant current using a 
H.P. 6266B DC power supply.

The plating solutions used for cathode preparation were either a 
2% aqueous H2PtCl6 solution, a 2% RhCl3 solution in 0.1 M H2S04, 
or a 2% PdCl2 solution in 0.1 M H2SO4. In one case the H2PtCl6 sup
plied by Alfa Ventron failed to give the expected platinum black 
plating. Each carbon rod was plated separately centered in a cylin
drical Pt-sheet anode using 1 A for 5 min. The Ni|C electrodes were 
plated from a solution of 10 g of NiS04 in £0 mL of H2O + 50 mL of 
concentrated NH4OH with a current of 1 A for 5 min.

Most hydrogenations were performed us.ng 2 g of substrate. After 
the electrolysis was stopped the catholyte was extracted either directly 
or in the case of hydrogenation of aniline, after basification with 
NaHC03, with 5 X  100 mL of CH2CI2, dried over MgS04, and evap
orated.

The products were identified by NMR of the reaction mixture and 
comparison of the gas liquid chromatography (GC) retention times 
with these of authentic samples, or after isolation by preparative GC 
or high-pressure liquid chromatography by their NMR and MS data. 
Quantitation was performed by GC using internal standards. Current 
yields were calculated using an assumed stoichiometry of 6 e~/mol- 
ecule.

The most abundant isomer of 2,6-dimethylcyclohexanol, produced 
in 82%, gave a NMR spectrum with a sharp doublet at 1.0 ppm dem
onstrating equivalency of the two methyls. The methine proton next 
to the hydroxyl group gave an unresolved singlet at 3.55 ppm with no 
observable splitting indicating an axial-equatorial or equatorial- 
equatorial coupling. On this basis the isomer was identified as the 
cis,cis-2,6-dimethylcyclohexanol.
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isfactorily by using rapid stirring of the suspension, a-meth-
ylnaphthalene proved to be inert.
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The thermal rearrangement of N-arylsulfenamides was 
first reported by Zincke and Eismayer.1 Later the rear-

0022-3263/78/1943-2061$01.00/0

rangement of various sulfenanilides was studied by Moore and 
Johnson,2 and the rearrangement of N-thiazolylsulfenamides 
was reported by Hoggarth.3 More recently, the rearrangement 
has been studied by Davis and co-workers.4 We wculd like to 
report here the results of our studies on the rearrangements 
of N-methylalkanesulfenamides Ia-d.

CH3

R _ S —N—Ph 
la, R = CH3 
b, R = C2H5 
C, R = I-C;;H- 
d, R = t-C4H9

The sulfenamides were prepared by reaction of the appro
priate sulfenylchloride with N-methylaniline and purified by 
vacuum distillation. Unless care was taken the methanesul- 
fenanilide (la) rearranged to a mixture of o- and p-methyl- 
thio-N-methylanilines during distillation; however, the eth
ane, 1-methylethane- and 1,1-dimethylethanesulfenanilides 
could be vacuum distilled without decomposition. The 
structures of the sulfenanilides were confirmed by examina
tion of their spectra and the observation that under acidic 
conditions in the presence of iodide ion iodine was liberated.5-6 
The NMR spectra of Ia-Id exhibited resonances for the N- 
methyl groups, the S-alkyl groups, and 5-aromatic protons 
and established that the sulfur atom was attached to the ni
trogen atom and not to the aromatic ring.

Upon heating la neat at 150 °C in an oil bath, it was ob
served that it was transformed into a mixture of o- and p- 
methylthio-N-methylanilines. Vacuum distillation of the 
crude rearrangement products followed by column chroma
tography of the sulfide-containing fraction over Florisil in 
hexane gave 2-methylthio-N-methylaniline (Ha) and 4- 
methylthio-N-methylaniline (Ilia) as pure liquids. These 
compounds were identified by their spectroscopic properties. 
The NMR spectrum of the ortho isomer showed a complex 
coupling pattern between b 7.5 and 6.3 that gave an integrated 
area of four protons, a broad peak for the amino hydrogen at 
b 4.75, a three-proton singlet at b 2.76 fcr the N-methyl group, 
and a three-proton singlet at b 2.18 for the S-methyl group. 
The IR spectrum indicated the presence of the N-H group and 
an absorption band at 750 cm-1 which indicated that this was 
the ortho isomer. The para isomer gave an NMR spectrum 
that was composed of an aromatic region, b 7.48 to 6.15, 
characteristic of the AA'BB' system of a para-disubsitituted 
benzene, a broac N-H singlet at b 4.68, a three-proton singlet 
for the N-methyl group at b 2.6, and a three-proton singlet for 
the S-methyl group at b 2.25. The IR spectrum indicated the 
presence of the N-H group and an absorption band at 820 
cm-1 which further substantiated the assignment of the para 
structure. The same products were obtained upon heating la 
at 60 °C in CC14, acetonitrile, or CC14 with HBr in acetic acid 
added.

The ethanesulfenanilide (lb) rearranged as d.d la upon 
heating in CC14 at 60 °C, and the products were separated and 
identified by the same general procedure just described, the 
only difference being the presence of an S-ethyl grcup in place 
of an S-methyl group. Under the same conditions, the rear
rangement of the S-isopropyl, Ic, and S-tert-butyl, Id, de
rivatives was not observed, the only products of these at
tempted rearrangements being N-methylaniline and mixtures 
of dialkyl di- and trisulfides. Heating Ic neat at 150 °C gave 
a mixture of N-methylaniline, isopropyl sulfide, and isopropyl 
trisulfide. Refluxing Ic in acetonitrile with a trace of p-tolu- 
enesulfonic acid added gave N-methvlaniline and isopropyl 
disulfide as the only identifiable products and heating Ic in 
benzene with aluminum chloride gave N-methylaniline, iso
propyl disulfide, and isopropyl trisulfides. Refluxing Ic in

© 1978 American Chemical Society
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Figure 1. Plot of the fraction of unrearranged la vs. time in various 
solvents (open circles, CD3CN; squares, CCI4; “riangles, CCI4 with 
HBr/HOAc).

rate is enhanced by the addition of acid so that the reaction 
also appears to be acid catalyzed.4 When the kinetics of the 
rearrangement of la in acetonitrile-do was followed by NMR, 
the plot of concentration vs. time is linear after an initial in
duction period. This evidence also suggests that the reaction 
is catalyzed by se me species generated in the reaction.

The evidence given above suggests that the rearrangement 
is at least in part intermolecular. If the slow step in the reac
tion is the displacement of a protonated amine from the con
jugate add of the sulfenamide by either N-methylaniline or 
Af,A/-dimethylan:line giving the sulfide as one product and 
an aniline, N-methylaniline, as the other, then it is also pos
sible to rationalize the linear plot of concentration vs. time 
since the reactant is regenerated (eq 1).

K
I +

PhNMeR' + RSN—Me — NMe2-

ethanol with a molar equivalent of aniline hydrochloride gave 
N-methylaniline, aniline, and isopropyl disulfide as the 
products. In each of the cases just mentioned, there also were 
obtained colored materials that were not identified. Similar 
attempts with Id gave as products disulfides and trisulfides 
and iV-methylaniline.

When the rearrangement of la in acetonitrile-da was carried 
out with added ]V,Af-dimethylaniline, two new products were 
observed. Analysis of the product mixture by GC/MS indi
cated that the new products were methylthio-N,A/-dimethy- 
lanilines based upon the observed molecular ions at m/e 167. 
The 0- and p-methythio-N,N-dimethylanilines were prepared 
by the reaction of methanesulfenyl chloride with dimethyl- 
aniline in chloroform. After purification of the products by 
distillation, they were identified by their NMR spectra and 
by comparison with the published sepeerra.' These com
pounds were shown to be identical with those obtained in the 
trapping experiment by comparison of the chemical shifts of 
the sulfur and nitrogen methyl groups, and by comparison, 
by coinjection onto a gas chromatograph with the material 
obtained from the rearrangement reaction The yield of the 
trapped product was approximately four times the yield of the 
normal rearrangement products.

The above described experiment suggests two interpreta
tions. Either the rearrangement is in part intermolecular or 
the rearrangement is exclusively intramolecular with rear
rangement occurring following sulfenanilide-amine exchange. 
The latter is known to occur between primary amines and 
sulfenanilides and has been used to account for the presence 
of crossover products when arenesulfenaniiides are rearranged 
in the presence of aniline derivatives.4 Davis has reported that 
no crossover products were found when arensulfenanilides 
were rearranged in N,N-diethylaniline4 since tertiary amines 
cannot undergo sulfenanilide-amine exchange. Since the 
sulfenanilide-amine exchange reaction can be ruled out as a 
reaction pathway for the tertiary amines, the transfer of alk- 
ylthio groups from the alkanesulfenanilide to A/.N-dimeth- 
ylaniline must have been the result of an intramolecular re
action. This is the first unambiguous demonstration of such 
an intermolecular rearrangement of sulfenanilides.

We have also made a brief study of the kinetics of the re
arrangement by monitoring the NMR spectrum of the reac
tion mixture as a function of time, Figure 1. Fortunately, the 
IV-methyl resonance of the reactant (la), <5 3.33, is different 
from that of Ha, & 2.75, and Ilia, 6 2.65, so that the relative 
concentrations of reactants and products can be determined 
by measuring peak heights in the spectrum. Evaluation of 
concentrations determined this way shows that in CC14 and 
CCI4 with a trace to HBr/HOAc, the reaction appears to be 
zero order, that is a plot of concentration vs. time is linear. The

Ph
-SR + PhN+H2Me (1) 

R' = H or Me

It is also possible to rationalize the failure of the S-isopropyl 
and S-tert-butyl derivatives to react because that reaction 
corresponds to a nucleophilic displacement in the isobutyl- 
and neopentylhydrocarbon systems which are known to be 
slower than displacements in ethyl- and n -propylhydrocarbon 
systems.8

The conclusions of the present study are that (1) the rear
rangements of sulfenanilides probably provide a convenient 
route to ortho and para alkythioanilines and (2) the rear
rangement is at least in part intermolecular based upon the 
trapping experiment with N,A'-dimethylaniline.

E xperim en ta l S ection

Melting points are corrected. Infrared spectra were run on a Per- 
kin-Elmer 137 spectrophotometer and absorbances are reported in 
cm-1. Thin-layer chromatograms were run on glass plates coated with 
a 0.01 in. layer of silica gel PR-254 (Brinkman). GPC analyses were 
done using a 5 ft by '/s in. copper column packed with 5% SE-30 on 
60/80 Chromosorb W. Nuclear magnetic resonance spectra were ob
tained on a Varian A-60A spectrometer with tetramethylsilane as the 
internal standard and carbon tetrachloride as the solvent., unless 
otherwise indicated. Mass spectra were obtained with a DuPont-492 
double-focusing high-resolutior. spectrometer at an ionizing electron 
energy of 75 eV, an inlet temperature of 200 °C, and using either the 
direct or gas chromatograph inlet system. The following materials 
were obtained commercially and used without purification: N- 
methylaniline, A/N-dimethylaniline, and methyl, ethyl, and isopropyl 
disulfide. fert-Buty. disulfide was purified from a crude mixture of 
disulfide and trisulfide by fractional distillation at 0.1 mmHg through 
a 6 in. column packed with glass helices.

IV-Methylmethanesulfenanilide. In a 100-mL round-botton 
flask, 4.7 g (0.05 mol) of dimethyl disulfide was dissolved in 50 mL of 
chloroform, and while the solution was stirred, it was cooled to —40 
°C. Then 2.26 mL of liquid chlorine, previously condensed into a 
graduated centrifuge tube and cooled in a dry ice-acetone bath, was 
allowed to evaporate into the solution of disulfide while the bath 
temperature was kept between —35 and —40 °C. The contents of the 
flask were transferred to an addition funnel and added slowly with 
stirring to a solution of 10.7 g of iV-methylaniline (0.1 mol), 50 mL of 
ether, 5 g of NaOH, and 20 mL of water contained in a 200-mL flask 
which had been placed in an ice bath. After the addition of sulfenyl 
chloride was complete, the reaction mixture was stirred for 10 min 
and transferred to a separatory funnel. The organic layer was sepa
rated and washed with tap water until the pH of the aqueous phase 
was about 6. The organic layer was then separated and dried over 
sodium sulfate and filtered; the fihrate was concentrated under re
duced pressure. The resulting oi- was then distilled at 0.1 mmHg, and 
the fraction boiling a* 70-80 °C was collected and analyzed as follows: 
NMR 0 7.3-6.38 (m, 5, aromatic), 3.33 (s, 3, NCH3), 2.12 (s, 3, SCH3); 
MS m/e (re! intensitv) 155 (3.5), 154 (3.5), 153 (35), 138 (21), 123 (14), 
109 (11), 107 (16), 106 (57), 105 (14), 104 (21), 97 (21), 94 (2), 91 (1.4), 
79 (29), 78 (23), 77 (100), 76 (3.5), 74 (3.5), 66 (7), 65 (14), 64 (9.3), 63
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(14); n25D 1.5760. The vield based on methanesulfenyl chloride was 
70%. Anal. Calcd for C8HUNS: C, 62.74; H, 7.19. Found: C, 62.92; H,
7.17.

iV-Methylethane- and 1-Methylethanesulfenanilide. The same 
procedure was followed as outlined for N-met.hylmethanesulfenani- 
lide beginning with the appropriate disulfide. The yields were similar 
and analytical data are as follows respectively: n25p 1.5653; bp 70 °C 
(0.1 mm); NMR <5 7.18-6.5 (m, 5, aromatic). 3.2 (s, 3, NCH3), 2.6 (q, 
2, J = 8 Hz, SCH2CH3), 1.1 (t, 3, J = 8 Hz, SCH2CH3); MS m/e (rel 
intensity) 169 (3.9), 168 (9), 167 (54), 152 (5.4), 140 (3.9), 139 (18), 138
(45), 123 (11.8), 122 (11.8). 109 (27), 108 (4.5), 107 (45), 106 (100), 105 
(18), 104 (30), 98 (57), 80 (34), 79 (34), 78 (100), 66 (16), 65 (18), 64 (9), 
51 (50). Anal. Calcd for C3H13NS: C, 64.67; H, 7.78; N, 8.35. Found: 
C, 64.37; H, 7.64; N, 8.37.

IV-Methyl-l-methylethanesulfenanilide: n25D 1.5575; NMR 5
7.2-6.5 (m, 5, aromatic), 3.32 (s, 3, NCH3), 3.28 (septuplet, 1, 
SCH(Me)2), 8.82 (d, 6, J = 8 Hz, SCHlCHsh); MS m/e (rel intensity) 
181 (100), 139 (15), 117 (5), 116 (5), 106 (10), 105 (11), 99 (13), 97 (90), 
76 (15), 75 (20), 74 (80), 64 (33), 60 (20), 59 (15), 58 (55). Anal. Calcd 
for CioH,3NS: C, 66.29; H, 8.28; N, 7.73. Found: C, 66.11; H, 8.14; N,
7.56.

IV-M ethyl-l.l-dim ethylethanesuifenanilide. The sulfenvl 
chloride was prepared by dissolving 10.7 g of tert-butyl disulfide in 
50 mL of chloroform and chlorinolysis at room temperature with 2.26 
mL of liquid chlorine. Titration and NMR indicated an 85% yield of 
terf-butylsulfenyl chloride based on the amount of chlorine. The 
condensation with 10.7 g of (V-methylanilir.e and purification was 
done as described earlier. The product was distilled at 0.1 mmHg with 
the head temperature ranging from 80 to 90 °C. The analytical data 
are as follows: n25H 1.5505; NMR 6 7.18-6.5 (m, 5, aromatic). 3.35 (s, 
5, NCH3), 1.22 (s, 9, SC(CH3)3); MS m/e (rel intensity) 197 (0.7), 196
(1.4), 195 (14), 141 (7), 140 (10). 139 (100), 123 (7), 122 (10), 107 (93), 
96 (28), 78 (21), 77 (21), 76 (93), 60 (36), 56 (86), 50 (32). Anal. Calcd 
for C11H17NS: C, 67.69; K, 8.71; N, 7.18. Found: C, 67.45; H, 8.60; N,
7.09.

Rearrangement of jV-Methylmethanesulfenanilide. Rear
rangement was accomplished with either pure or crude sulfenanilide 
by heating it at 150 “C in an oil bath. The extent of reaction was de
termined by monitoring the concentration of starting material by 
GLC. After all of the starting material had vanished, the reaction 
mixture was distilled under 0.1 mm of pressure and several fractions 
were collected, ranging frcm 45 to 90 °C. GLC analysis of the fractions 
indicated the presence of ,V-methylaniline and two other components. 
Separation of each component was accomplished by column chro
matography. The column was packed with Florisil at a weight ratio 
of 30/1 and hexane was used as the eluent. Fractions with similar 
composition as determined by TLC were combined, concentrated 
under reduced pressure, and then distilled at 0.1 mmHg. The overall 
yield of rearranged products using A'-methylaniline as the limiting 
reagent was 35%.

2-Methylthio-lV-methylaniline: bp 70 °C (0.1 mm); NMR <5 
7.48-6.3 (m, 4, aromatic), 4.7 (s, 1, NH), 7.3 (s, 3, NCH3), 2.18 (s, 3, 
SCH3); IR (neat) 3500 (NH), 750 cm-1 (ortho-disubstituted benzene). 
Anal. Calcd for C8HUNS: C, 62.74: H, 7.10. Found: C, 63.00; H, 
7.35.

4-Methylthio-lV-methlaniline: bp 78 °C (0.1 mm); NMR i5 
7.38-6.08 (m, 4, ArH), 3.68 (s, 1, NH), 2.6 (s, 3, NCH3), 2.25 (s, 3, 
SCH3); IR (neat) 3500 cm-1 (NH), 820 cm-1 (para-disubstituted 
benzene). Anal. Calcd for CsHnNS: C, 62.74; H, 7.19. Found: C, 63.01; 
H, 7.17.

Rearrangement of iV-Methylethanesulfenanilide. The same 
procedure as was described earlier for /V-methylmethanesulfenanilide 
was followed and the rearranged products were separated the same 
way. The combined yield of rearranged products was 30% based on 
iV-methylaniline.

2-Ethylthio-JV-methylaniline: bp 8C °C (0.1 mm); NMR h 
7.32-6.22 (m, 4, ArH), 4.92 (s, 1, NH), 2.78 (s, 3, NCH3), 2.58 (q, 2, 
SCH2CH3), 1.16 (t, 3, J = 8 Hz, SCH2CH3): IR (neat) 3600 (n-H), 760 
cm-1 (ortho-disubstituted benzene); MS m/e (rel intensity) 169 (5.2), 
168 (13), 167 (100), 139 (4.3), 138 (30), 137 (53), 136 (8.6), 135 (22), 134 
(13), 110 (6.5), 109 (6.5), 108 (22), 105 (22), 104 (8.6), 103 (8.6), 96 (86), 
79 (4.3), 78 (8.6), 77 (22), 65 (17), 58 (17), 43 (22).

4-Ethylthio-IV-methylaniline: bp 85 °C (0.1 mm); NMR h 7.2-
6.18 (m, 4, 4 ArH), 3.58 (s, 1, NiH), 7.34 (s, 3, NCH3), 2.62 (q, 2, J = 
8 Hz, SCH2CH3), 1.18 (t, 3, J  = 8 Hz, SCH,CH3); IR (neat) 3550 
(NH), 815 (para-disubstituted benzene); MS m/e (re! intensitv) 169
(3.8), 168 (7.1), 167 (50), 154 (11), 153 (22), 152 (22), 150 (22), 139 (22), 
139 (14), 138 (100), 136 (18), 106 (14), 76 (14,, 58 (14), 43 (64.5). Anal. 
Calcd for C9H13NS: C, 64.67; H, 7.78. Found: C, 65.20; H, 7.82.

Rearrangement o f la in (V,IV-Dimethylaniline. A solution of

100 aiL of /V-methylmethanesulfenanilide and 200 gh of N,N-di- 
methylaniline in 1 mL of CD3CN was placed in a small test tube closed 
with a cork stopper and kept at 60 °C. The reaction was followed by 
observing the intensity of the IV-methyl protons of la in the NMR 
spectrum of the mixture. After complete disappearance of the starting 
sulfenanilide, the reaction mixture was analyzed by GC/MS and 
NMR, The GC/MS indicated the presence of two components with 
m/e 167 for the parent ions corresponding to the molecular weights 
of the two isomeric crossover products 0- ar.d p-methylthio-/V,iV- 
dimethylaniline. Comjection of samples of 0- and p-methylthio- 
iV,lV-dimethylaniline prepared by the reaction of methanesulfenyl 
chloride with /V,7V-dimethylaniline in chloroform onto a gas chro
matograph with the product mixture obtained from the rearrange
ment reaction gave enhancement of the peaks that corresponded to 
the material with molecular weights of 167.
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W e recently described a new osmium catalyzed procedure 
for the cis dihydroxylation o f olefins.2 Although generally 
superior to the existing3 methods for this transformation, it 
involves rather alkaline conditions, and thus is successful only 
with molecules which are not sensitive to base. This limitation 
has now been removed with the discovery that Et4N O H  can 
be replaced by E t4N O Ac4 if at the same time the solvent is 
changed from ter t-butyl alcohol to acetone.0

As revealed in Table I, this new procedure works well for 
base-sensitive molecules. Esters are not hydrolyzed (entries
4- 7), and ethyl crotonate gave only the fhreo-glycol (entries
4- 6 ) with no sign o f the epoxide which would arise if conjugate 
addition o f te r t -butyl hydroperoxide were a com peting pro
cess. Furthermore, even for simple olefins such as 4-octene

0022-3263/78/1943-2063$01.00/0 © 1978 American Chemical Society
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Table I. V icinal D iols from  O lefins“

Scale in Equiv o f6
Olefin __________mol_____ Et4NOAe % yield“

1. (.E)-4-Octene 0.1 0.25 81
2. (E )-4-Octene 1.0 0.25 78
3. (E)-4-Octene 0.1 0.25d 74
4. Ethyl crotonate 0.1 0.25 71
5. Ethyl crotonate“ 1.0 0.25 72
6. Ethyl crotonate * 0.1 0.25 58
7. Citronellol acetate 0.05 0.25 83
8. Cyclohexene 0.1 0.125 51
9. Cyclohexene“ 0.1 0.125 52

10. Cyclohexene 0.1 0.125d 45
11. 2,3-Dimethyl-2-octene 0.1 0.25 0

“ In all cases the amount of 0 s04 catalyst was 0.2% (1/500) of 
the amount of the olefin. b Equivalent here is based on the 
amount of olefin. c All yields are for distilled or recrystallized 
products. d In this case Et4NOAc was generated in situ by stirring 
Et4NCl-H20  and anhydrous NaOAc together in acetone. e The 
oxidant here was 70% ter t-butyl hydroperoxide. 1 In this prepa
ration one-half the usual volume of acetone was used.

(entry 1) the yields were about 10% better than those realized 
with the Et4NOH  m ethod.2 Interestingly, the E t4NOAc 
m ethod fails with tetrasubstituted olefins (entry 11); it ap
pears that the more vigorcus hydrolytic conditions o f  the 
Et4NOH method account for its success with this substitution 
type.

It is important to emphasize that both these methods (Et4- 
N O Ac and Et4N O H ) still have shortcomings. For example, 
neither procedure succeeds with cholesterol, and it seems 
reasonable to anticipate negative results with m ost hindered 
tri- and tetrasubstituted olefins. As discussed previously,2 we 
feel the problem lies in the inertness o f hindered osmate esters 
to further reaction. Consistent with this hypothesis is the 
observation that olefins which fail to  react in these systems 
are potent inhibitors o f the catalytic process. Thus when the 
hydroxylation o f a normally reactive olefin, such as cyclo
hexene, is attempted in the presence o f cholesterol no reaction 
occurs. The cholesterol apparently traps the osmium by 
forming an extremely stable osmate ester. In order to further 
im prove these catalytic hydroxylations we are seeking more 
effective ways for hydrolyzing such obstinate osmate esters.

These new catalytic procedures (Et4N O H /T B H P 2 and 
Et4N O Ac/T BH P) for vicinal cis d¡hydroxylation of olefins are 
the most econom ical methods currently available for this 
transformation. The only other effective  catalytic method for 
this conversion is that employing A '-m ethylm orpholine N - 
oxide; this technique was recently reported by chemists at 
Upjohn.6“ The TV-oxide procedure is very impressive especially 
with disubstituted olefins. It is not yet known how generally 
applicable it is to trisubstituted olefins (one example was 
given).6“ In our hands it failed to react with 2,3-dimethyl-2- 
octene; this tetrasubstituted olefin is readily converted to the 
corresponding diol using the Et4N O H /T B H P  procedure.2 It 
seems likely that the Et4N O A c/T B H P  procedure and espe
cially the Et4N O H /TB H P procedure2 will prove more reliable 
for tri- and tetrasubstituted olefins than the IV-oxide method. 
Another im portant factor in comparing the T B H P  and N -  
oxide methods is cost. A m ole o f T B H P  (Aldrich) is 20 times 
less expensive than a mole o f iV-methylmorpholine ZV-oxide 
(E.K.). Since T B H P  is available at much lower prices in bulk 
quantities (55-gal drums and tank cars), this price differential 
would be even larger for industrial scale applications. A recent 
patent describes the use o f  T B H P  for the osmium catalyzed 
oxidation o f allyl alcohol to glycerol.6*5

In conclusion, these new T B H P -based methods are appli
cable to a wider range o f olefin types than are the other cata
lytic m ethods.3’6“ However, it must be pointed out that the

most certain means for producing a cis -diol from  an olefin is 
still reaction with a stoichiom etric am ount o f  osmium te- 
troxide in pyridine.

E xperim en ta l S ection

The olefins are available commercially and were used without pu
rification. Reagent grade acetone was employed as the solvent, except 
in the 1-mol scale oxidation of (P)-4-octene (entry 2, Table I) where 
wash grade acetone was utilized without significant deleterious effect 
(yield was only 3% lower). Et4N0Ac-4H20  (Eastman Kodak), 
Et4NCl-H20  (Aldrich), and anhydrous NaOAc (Aldrich) were used 
as obtained.

There are three commonly available grades of terf-butyl hydro
peroxide (TBHP) and all are sold by Lucidol, a division of the 
Pennwalt Corporation. They differ in the amounts of tert-butyl al
cohol (TBA), water, and di-£erf-butyl peroxide (DTBP) present as 
impurities. There are two 70% grades: one (Lucidol-TBHP-70X) 
contains TBHP (~70%), water (~30%), and traces (<1%) of aldehydes 
and TBA; the other (Lucidol-TBHP-70) contains TBHP (~70%), 
DTBP (~19%), and ~11% of TBA and water. The third grade (Luci- 
dol-TBHP-90) contains ~90%TBHP, ~ 6%TBA, ~4% H20, and 
<1%DTBP; this 90% grade is also available from Aldrich Chemical 
Co. We describe here procedures using both the 90% grade (density 
= 0.90, ~9.0 mmol of TBHP/mL) of TBHP and the 70% grade (den
sity = 0.94, ~7.2 mmol of TBHP/mL) which is free of DTBP (i.e., 
Lucidol-TBHP-70X). Both work equally well in these oxidations. The 
only grade to be avoided in this and other catalytic applications of 
TBHP is that containing ~19% DTBP (i.e., Lucidol-TBHP-70). The 
presence of DTBP dramatically lowers the thermal stability of TBHP. 
Although care should always be exercised in handling compounds with
0 - 0  bonds, TBHP is one of the most stable commercially available 
peroxidic substances, and the 70% grade which contains 30% water 
is sold in 55-gal drums. Detailed information on the use and handling 
of organic peroxides is contained in various technical bulletins 
available from Lucidol.

The Os04 (Matchey Bishop, Inc.) catalyst solution was prepared 
as described by Daniels and Fischer with the except ion that tert -butyl 
hydroperoxide was used in place of H20 2 as the stabilizer and reagent 
grade tert-butyl alcohol was used without further purification. Recipe: 
1 g of Os04, 199 mL of reagent grade £er£-butyl alcohol, and 1 mL of 
90+% tert -butyl hydroperoxide; each milliliter contains 5 mg (~2 X
10-5 mol) of 0 s0 4.7

Two general procedures (A and B) are described below. Although 
they are very similar, the differences are worth pointing out. Proce
dure B is intended for cases where water-soluble diols are produced, 
hence the modification in the workup where the aqueous phase is 
concentrated before the final extractions. Procedure B also differs 
from procedure A :n that less Et4NOAc is employed. Less Et4NOAc 
is required to obtain good results with olefins (e.g., cyclohexene) which 
are not prone to over-oxidation than with olefins (e.g. 4-octene) which 
are. If one is uncertain about how the olefin at hand should be re
garded in this context, the higher (25%) level of Et4NOAc of procedure 
A should be utilized. Using more Et4NOAc than the minimum nec
essary to obtain the optimium yield with a given olefin has no adverse 
effect. For reasons which are not obvious to us, Et4NOAc is fairly 
expensive at present. This provided the incentive for developing a 
modification (entries 3 and 10, Table I) wherein Et4NOAc is generated 
in situ by combining the inexpensive ingredients Et4NCl and anhy
drous NaOAc in acetone (we thank Dr. Irwin Klundt of Aldrich for 
suggesting this approach).

The reaction in acetone is less vigorous than that in the tert-butyl 
alcohol system,2 and the amount of heat evolved upon addition of 
catalyst is dependent upon the olefin. With the volumes used here, 
the reaction mixtures warm only slightly if at all. The initial cooling 
serves to slow the reaction at first and this appears to have favorable 
effects on the yields and helps suppress over-oxidation. If the initial 
volume of acetone is halved, the pot temperature rises to ca. 40 °C 
unless cooled with a water bath. While the yield with this reduced 
solvent volume looked promising by GLC, isolated yields were inferior 
to those at lower concentrations.

Procedure A. i /1 reo-4,5-Dihydroxyoctane. A 1-L Erlenmeyer 
flask, equipped with magnetic stirrer, was charged with 200 mL of 
acetone, 11.2 g (100 mmol) of (E)-4-octene, 6.5 g (25 mmol) of Et4- 
N 0Ac4H 20, and 18 mL (ca. 162 mmol) of 90+% tert-butyl hydro
peroxide. After stirring at room temperature until the Et4NOAc had 
dissolved, the resulting solution was cooled in an ice bath and 10 mL 
(i.e., 50 mg or 0.2 mmol of Os04) of the catalyst solution containing 
Os04 in fert-butyl alcohol was added in one portion. The solution 
immediately became brownish purple. After 1 h the ice bath was re
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moved and the reaction mixture was allowed to warm to room tem
perature, stoppered loosely, and stirred overnight. Ether (400 mL) 
was added and the resulting mixture was cooled by stirring in an ice 
bath. Then 50 mL of freshly prepared 10% NaHSCL solution was 
added in one portion.11 The ice bath was removed and stirring was 
continued for 1 h, at which point the organic layer had become almost 
colorless. Solid NaCl was added until the aqueous layer was saturated 
and stirring of the two-phase mixture was continued for several 
minutes. The organic layer was separated and washed with 50 mL of 
brine. The combined aqueous layers were extracted twice with 100-mL 
portions of ether. The combined organic layers were dried (Na2S04), 
and when concentrated afforded an oil which upon distillation gave
11.8 g (81%) of threo-4,5-dihydroxyoctane: bp 87-90 °C (3 mm) [lit.10“ 
bp 109.8-110 °C (8 mm)].

1-Mol Scale. The same procedure was also carried out on (£)-4- 
octene on a 1.0-mol scale and afforded 113.9 g (78%) of the distilled 
threo-diol (entry 5, Table I). In this case the amount of all the ingre
dients was simply increased by a factor of 10 over that employed in 
the 0.1-mol scale oxidation described in detail above.

Generation of EtiNOAc in Situ. The EtiNOAc was generated 
by combining 4.60 g 125 mmol) of Et,iNCl-H20  and 4.10 g (50 mmol, 
2 equiv based on Et4NCl-H20 ) of NaOAc in 200 mL of acetone and 
stirring for ca. 1 h (this use of NaOAc and Et4NCl-H20  in a molar ratio 
of 2:1 was found to afford better yields of ciol than a 1:1 molar ratio). 
In the case of (£)-4-octene (entry 3, Table b , a somewhat lower yield 
(74%) was realized with this variation. We have established that 
chloride ion has a deleterious effect on these catalytic oxidations8 and 
the incomplete precipitation of chloride ion (as NaCl) is probably 
responsible for the slightly poorer yield with this modification. It 
would be worthwhile to seek a means for causing more complete 
precipitation of the chloride ion. If chloride ion remains a problem 
it should be possible to find less expensive routes to tetraalkylam- 
monium acetates (E:4N0Ac-4H20  is presently selling for ca. 80«/g). 
In any case, even in its present form this inexpensive method of gen
erating EtiNOAc should prove useful, especially for large-scale ap
plications.

Procedure A. threo-2,3-Dihydroxyethyl Butyrate. Ethyl cro- 
tonate (11.4 g, 100 mmol) was transformed ias described in detail for 
(£)-4-octene) into 10.4 g (71%) of the fhreo-diol, bp 102-104 °C (6 
mm)[lit.3h bp 123-125 °C (18 mm)]. The complete absence of the 
erythro -diol was established by its synthesis and subsequent spectral 
and chromatographic comparison with the threo reaction product.

Procedure A. 70% TBHP Modification: 1-Mol Scale Oxidation 
o f Ethyl Crotonate. In a 6-L Erlenmeyer flask, equipped with 
magnetic stirrer, freshly distilled ethyl crotonate (114.14 g, 1 mol),
63.35 g (250 mmol) o: Et4N0Ac-4H20, and 240 mL (ca. 1.7 mol)of70% 
tert-butyl hydroperoxide (Lucidol-70X) were combined in 2 L of 
acetone and stirred until the salt had dissolved.9 The solution was 
cooled in an ice bath and 100 mL of the catalyst stock solution (2 mmol 
Os04) was added in one portion. After stirring for 1 h, the ice bath was 
removed, the flask was lightly stoppered, and the contents was left 
to stand overnight at room temperature. The resulting golden solution 
was divided into two 12.50-mL portions and each portion was worked 
up identically. Two liters of ether was added to each and the mixture 
cooled by stirring in an ice bath; 250 mL of freshly prepared 10% 
NaHSC>3 solution was added in one portion to each half.11 The ice bath 
was then removed from each and stirring continued for 1 h. Sufficient 
salt was added to saturate the aqueous layer and stirring was con
tinued for several minutes. The phases we re partitioned in a 4-L 
separatory funnel and the organic phase of each half was washed with 
250 mL of brine. The aqueous layers of each portion were then ex
tracted with two 500-mL portions of ether. The combined organic 
layers were dried overnight (Na2S 04) and concentrated to afford a 
residue that still contained considerable amounts of water. This 
material was diluted with 1500 mL of CH2CI2 and an aqueous layer 
of ca. 75 mL separated. The two phases were partitioned and the 
aqueous phase was saturated with solid NaCl. This was then extracted 
with three 50-mL portions of CH2C12. The combined organic layers 
were dried again (Na2S04) and concentrated to afford a clear oil which 
upon distillation gave 106.3 g (72%) of pure threo-2,3-dihydroxyethyl 
butyrate: bp 106-108 °C (7 mm).

Procedure A. Doubled Concentration. In a 500-mL Erlenmeyer 
flask, 11.86 g of 96% ethyl crotonate (100 mmol), 6.5 g (25 mmol) of 
Et4N0Ac-4H20, ar.d 24 mL (ca. 170 mmol) of 70% tert-butyl hydro
peroxide were combined in 100 mL of acetone. This was chilled by 
stirring in an ice bath, and 10 mL of OsCL stock solution was added 
in one portion. After 1 h the ice bath was removed and the contents 
allowed to warm to .room temperature. V/hen the pot temperature 
exceeded 25 °C, it was immersed in a bath of 20 °C tap water, lightly 
stoppered, and allowed to stand in the bath overnight. The resulting

golden solution was diluted with 200 mL of ether and chilled by stir
ring in an ice bath. Then 25 mL of freshly prepared 20% NaHSC>3 
solution was added in one portion,11 the ice bath was removed, and 
the contents of the flask was stirred for 1 h. The aqueous layer was 
saturated with NaCl and the two phases were partitioned. The organic 
layer was washed with 25 mL of brine. The combined aqueous layers 
were washed with two 50-mL portions of ether. The combined organic 
layers were dried overnight (Na2S04) and concentrated, and the 
residue was taken up in 350 mL of CH2C12 which was then dried again 
(Na2S 04). Concentration of this solution gave a clear oil which upon 
distillation afforded 8.62 g (58%) of threo-2.3-dihydroxyethyl buty
rate: bp 102 °C (6 mm).

Procedure A. l-Acetoxy-6,7-dihydroxv-3,7-dimethyloctane.
Citronellol acetate (7.8 g, 50 mmol) was converted to 9.6 g (83%) of 
the corresponding vicinal diol: bp 141-144 °C (3 mm) [lit.10b bp 90-95 
°C (0.5 mm)].

Procedure A. Fails with 2,3-Dimethyl-2-octene. Attempted 
oxidation of 2,3-dimethyl-2-octene (14.0 g, 100 mmol) led to no re
action and the starting olefin was recovered.

Procedure B. c i s -  1,2-Dihydroxycyclohexane. The procedure 
works well on cyclohexene, with crude yields of crystalline diol ap
proaching 80%. The limitation lies in further purification of this crude 
material, and recrystallization usually gives less than satisfactory 
results. Evaporation of mother liquors gives a syrupy residue that 
cannot be further recrystallized, but is nonetheless predominantly 
diol as verified by GLC.

Procedure B with cyclohexene (8.20 g, 100 mmol) is the same as A 
with the following exceptions: (1) Only 3.3 g (12.5 mmol) of Et4- 
N0Ac-4H20  was used (this is half the amount used in procedure A).
(2) Before washing the NaCl saturated aquecus layer with ether it was 
concentrated almost to dryness on a rotary evaporator, then (as in 
procedure A) it was extracted twice with 100-mL portions of ether. 
The combined organic layers were dried (Na2S04) and concentrated 
to give 8.54 g (74%) of white solid: mp 73-83 °C. Recrystallization from 
ether afforded 5.94 g 151%) of cis-l,2-dihvdroxycyclohexane, mp
96.5- 97 °C [lit.IOc mp 98 °C]. Evaporation of the mother liquors gave 
approximately 3 g of yellow oil that was almost exclusively diol by 
GLC. Procedure B gives identical results when the larger amount of 
base, 6.5 g of Et4N0Ac-4H20  (25 mmol), is used.

In another experiment, cyclohexene (8.20 g. 100 mmol) was oxidized 
by the above procedure to afford 8.68 g (75%) of crude solid. This was 
bulb-to-bulb distilled at reduced pressure to give 6.96 g (60%) of white 
solid, mp 85-86.5 ° C .  A single crystallization from chloroform/hexanes 
afforded 5.56 g (48%) of pure eis-l,2-dihvdroxycyclohexane, mp
97.5- 98 °C.

Procedure B. 70% TBHP Modification. The procedure is 
identical with that above except that 24 mL of Lucidol-70X TBHP 
was used as the oxidant. Cyclohexene (8.20 g, 100 mmol) was con
verted to 6.01 g  (52%) of « s - l ,2-dihydroxycyclohexane, mp 96-96.5 
°C.

Procedure B. Generation of Et4NOAc in Situ. Et4NCl-H20  (2.30 
g, 12.5 mmol) and 2.05 g (25 mmol, 2 equiv based on Et4NCl-H20 ) of 
anhydrous NaOAc were combined in 200 mL of acetone and stirred 
for 1 h. A white solid remains suspended. Cyclohexene, oxidant, and 
catalyst stock were added as described above. When the reaction was 
complete, the golden solution was filtered before beginning the 
workup as previously described. Cyclohexene (8.20 g, 100 mmol) was 
converted to 8.49 g (73%) of crude diol. A single recrystallization 
(EtOAc) afforded 5.15 g (45%) of the cis diol, mp 95-96.5 °C.
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As part of our program to study the chemistry of nitriles 
bearing photoactive functionality in the cr position,1 we re
quired a general synthesis of a-azidonitriles 4. This intriguing 
synthon was first prepared by Moore2 in the photochemical 
rearrangement of 2,3-diazido-l,4-quinones. Although the 
scope of this rearrangement process has not been determined, 
we were interested in devising other approaches which would 
utilize ketones 1 as starting materials.

Our initial foray in this area focused on the substitution of 
a-iodo or a-mesyloxynitriles by azide ion. Although aware of 
the difficulties which beset such a reaction, we were prodded 
into exploring this reaction by a report3 that tertiary a-bromo 
ketones underwent just such a substitution with azide ion in 
82-88% yield. Our efforts to utilize 5 in such a reaction led 
exclusively to the expected a,/3-unsaturated nitriles4 6.

5a, X  = I 6
b ,  X  = OMs

An alternate route involving the ring opening of an epoxide 
ultimately proved successful in this connection. A modified 
Darzens condensation of ketones 1 with chloromethyl phenyl 
sulfone5 provided the a,/3-epoxy sulfones6 2. Contrary to a 
report by Durst,7 the ring opening of 2 with sodium azide in 
dimethylformamide provided the a-azidoaldehydes 3 in good 
yields. Conversion of 3 to the a-azidonitriles 4 was then ac
complished by dehydration of the oximes derived from the 
aldehydes 3. We have applied this sequence to the synthesis 
of a-azidonitriles 4 from aryl alkyl and dialkyl ketones 1 in
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RA R,

< S02Ph 

R'

2
OHC N3 

I C T '

NC X,

„ X ,
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overall yields of 23 to 59% as shown in Table I. We have also 
explored the direct conversion of 3 to 4 using reagents such 
as hydroxylamine O-sulfonic acid but found that this latter 
procedure offered certain disadvantages. For example, the 
reaction of 20-£zido-6/3-methoxy-3a,5a-cyclopregnane-20- 
carboxyaldehyde (3g) with hydroxylamine O-sulfonic acid 
converted not only the aldehyde to the nitrile but also effected 
the ring opening of the isocyclopropyl ether to give 20-azido- 
3/3-hydroxy-5-pregnene-20-carbonitrile. We are presently 
engaged in studying the photochemistry of a-azidoaldehydes 
3 and a-azidonitriles 4.

Experimental Section
Infrared spectra were determined on a Perkin-Elmer infracord 

spectrophotometer. The abbreviation TF denotes thin film. NMR 
spectra were determined on a Varian EM390 spectrometer. Mass 
spectra were determined on a Varian MAT CH5 mass spectrometer. 
Melting points were determined using a Thomas-Hoover apparatus 
and are uncorrected. Elemental analyses were performed by Atlantic 
Microlabs, Atlanta. Ga. Samples for elemental analysis were prepared 
by recrystallization or by chromatography on Merck silica gel F254 
preparative layer plates followed by drying under high vacuum at 25 
°C for 6-10 h.

The following is a typical experimental procedure.
l,l-Undecamethylene-2-(benzenesulfonyl)- 1,2-epoxyethane 

(2c). The procedure of Tarares6 was repeated using 1.05 g (5.5 mmol,
1.1. equiv) of chloromethyl phenyl sulfone5 and 910 mg (5.0 mmol) 
of cyclododecanone to afford 1.69 g of solid which was recrystallized 
to furnish 1.15 g (68%) of the a,d-epoxy sulfone 2c: mp 102-103 °C; 
IR (KBr) 7.55 and 8.69 ^m; NMR (CDC13) h 1.17-2.36 (m, 22, CH2), 
3.72 (s, 1, CHSCLPh), and 7.50-8.02 (m. 5, aromatic H); mass spec
trum (70 eV) m/e (rel intensity) 250 (4), 196 (10), 185 (68), 177 (8, M+ 
— (PhS02 + H20)), 94 (100), and 77 (31). The loss of m/e 159 was 
characteristic of all a,i)-epoxy sulfones.

An analytical sample was prepared from two recrystallizations from 
dichloromethane-ether. Anal. Calcd for C19H28O3S: C, 67.82; H. 
8.39. Found: C, 67.83; H, 8.39.

1-Azidocyclododecane-l-carboxaldehyde (3c). To 890 mg (13.7 
mmol, 4 equiv) of sodium azide in 10 mL of anhydrous dimethyl
formamide under a nitrogen atmosphere wras added 1.15 g (3.4 mmol) 
of a,/J-epoxy sulfone 2c in 10 mL of dimethylformamide. The mixture 
was stirred for 18 h at 73 °C. This crude product was diluted with 60 
mL of 30% dichloromethane-ether and washed with 50 mL of water. 
The aqueous layer was extracted with 60 mL of 30% dichlorometh
ane-ether. The combined organic layers were washed with 50 mL of 
water and 50 mL of brine and dried over anhydrous MgS04. Evapo
ration of the solvent afforded 821 mg (100%) of 3c: IR (TF) 4.76 and 
5.80 Mm; NMR (CDC13) 5 1.26-1.90 (m, 22, CH2) and 9.48 (s, 1, CHO); 
mass spectrum (70 eV) m/e (rel intensity) 181 (50), 138 (29), 124 (44). 
95 (44), 81 (39), and 69 (45).

Anal. Calcd for C13H23N30: C, 65.78; H. 9.77. Found: C, 65.99; H, 
9.82.

1-Azidocyclodocecane-l-carbonitrile (4c). To 530 mg (7.68 
mmol, 3 equiv) of hydroxylamine hydrochloride and 307 mg (7.68
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T able I. Synthesis o f  g -A zidonitriles A______________________

Base used in Isolated Yields. %
Ketone 1__________ Registry condensation Registry Registry Registry

4 R R' no. 1 -*• 2 (equiv) 2 no. 3 no. 4 no.

a -(C H 2)6- 108-94-1 KO-f-Bu (1.1) 97 28937-60-2 52 65516-42-9 67 65545-20-2
b -(C H 2)7— 502-49-8 K O-t-Bu (1.5) a b 65516-36-1 63d 65516-43-0 66 65516-49-6
c -((JH j) ix 830-13-7 KO-t-Bu (1.1) 68 65516-37-2 100 65516-44-1 87 65516-50-9
d OH3 Ph 98-86-2 KO-t-Bu (1.5) a b 65516-38-3 68 65516-45-2 60 65516-51-0
e CH2CH2Ph CH2CH2Ph 5396-91-8 KO-t-Bu (1.1) 71 65516-39-4 87 65516-46-3 63 65516-52-1
f C-C5H9 CH3 6004-60-0 KO-t-Bu (1.5) 79 6 65516-40-7 861d 65516-47-4 74 65516-53-2
g 6/3-Methoxy- 32249-55-1 LiN(r-Pr)2 (2) 49 65516-41-8 78 65516-48-5 598 65516-54-3

3a,5a-cyclo-
pregnan-20-one

0 a,/3-Epoxy sulfone 2 was unstable to preparative layer chromatography and crude 2 was converted directly to 3. b Used 1.5 equiv 
of chloromethyl phenyl sulfone. c Used 2 equiv of hydroxylamine hydrochloride and sodium hydroxide. d Reaction temperature was 
45-50 °C.

mmol, 3 equiv) of sodium hydroxide in 7 mL of water was added 607 
mg (2.6 mmol) of the a-azidoaldehyde 3c in 7 mL of THF. This mix
ture was stirred at 63 °C for 13 h. The crude product was diluted with 
60 mL of 30% dichloromethane-ether and washed with 40 mL of 
water. The aqueous layer was extracted with 60 mL of 30% dichloro
methane-ether. The combined organic layers were washed with 40 
mL of water and 40 mL of brine and dried over anhydrous MgS04. 
Evaporation of the solvents afforded 666 mg of a light yellow solid. 
To this crude product and 650 mg (6.40 mmol, 2.5 equiv) of triethyl- 
amine in 20 mL of dichloromethane at 0 °C was slowly added 325 mg 
(2.82 mmol, 1.1 equiv) of methanesulfonyl chloride. This solution was 
stirred at 25 °C for 1 h. The reaction was poured into 50 mL of cold 
water and extracted with 50 mL of ether. The aqueous layer was re- 
extracted with 50 mL of 30% dichloromethane-ether. The combined 
organic layers were washed with 50 mL of saturated sodium bicar
bonate solution and 50 mL of brine and dried over anhydrous MgS04. 
Evaporation of the solvent afforded 598 mg of a yellow solid which 
was chromatographed on two 20 X 20 cm (2 mm thick) Merck silica 
gel F254 preparative layer plates in 2:1 dichloromethane-hexane. A 
band (Rf 0.61) was eluted to afford 521 mg (87%) of 4c: mp 46-47 °C; 
IR (KBr) 4.69 anc 4.75 Mm; NMR (CDC13: b 1.20-2.13 (m, 22, CH2); 
mass spectrum (70 eV) m/e (rel intensity) 192 (50), 163 (25), 149 (34), 
135 (41), 121 (33), 80 (50), and 55 (100).

Anal. Calcd for C13H22N4: C, 66.63; H, 9.46. Found: C. 66.63; H,
9.48.

Spectral Data for a./3-Epoxy Sulfones 2 .2a: IR (CHCI3) 7.61 and
8.60 Mm; NMR (CDC13) b 1.37-2.36 (m, 10, CH2), 3.74 's, 1, CHS02Ph), 
and 7.39-8.10 (m. 5, aromatic H); mass spectrum 170 eV) m/e (rel 
intensity) 190 (7). 143 (30), 111 (95), 93 (63), 82 (9), 77 (41), and 76 
(100).

Anal. Calcd For Ci3H160 3S: C, 61.89; H, 6.39. Found: C, 61.84; H,
6.41.

2e: IR(TF) 7.55 and 8.52 Mm; NMR (CDC13) b 1.80-3.16 (m, 8, CH2), 
3.81 (s, 1, CHS02Ph), 6.97-7.38 (m, 10, aromatic H), and 7.50-8.03 
(m, 5, aromatic H '; mass spectrum (70 eV) m/e (rel intensity) 251 (7), 
250 (13), 233 (8), 91 (100), and 77 (13).

Anal. Calcd for C24H240 3S: C, 73.45; H, 6.16. Found: C, 73.20; H,
6 21

2f: IR (TF) 7.61 and 8.60 Mm; NMR (CDC13) b 1.79 (s, 3, CH3), 3.78 
(s, 1, CHS02Ph), and 7.40-8.02 (m, 5, aromatic H); mass spectrum 
(70 eV) m/e (rel intensity) 143 (19), 125 (44), 107 (24>, 94 (40), 77 (19), 
and 67 (771.

Anal. Calcd for C14FL3O3S: C, 63.14; H, 6.81. Found: C, 62.91; H,
6.88.

20-Benzenesulfonylm ethyl-20,22-epoxy-6d-m ethoxy-3a,5a- 
cyclopregnane (2g). To a solution of 101 mg (1.0 mmol, 2 equiv) of 
diisopropylamine in 0.5 mL of THF under a nitrogen atmosphere at 
-7 8  °C was added 0.45 mL of 2.23 M (1 mmol, 2 equiv) n-butyllithi- 
um. The solution was stirred for 10 min at -7 8  °C and then warmed 
to 25 °C. To this diisopropylamide solution, 191 mg (1 mmol, 2 equiv) 
of chloromethyl phenyl sulfone5 was added in 0.5 mL of THF. The 
reaction was stirred for 15 min and 165 mg (0.5 mmol) of 6/J-me- 
thoxy-3a,Ea-cyclopregnan-20-ones (lg) was added in 0.5 mL of THF. 
The reaction was stirred at 25 °C for 48 h, diluted wish 30 mL of ether, 
washed two times with 10 mL of water and 10 mL of brine, and dried 
over anhydrous MgS04- Evaporation of the solvent afforded 220 mg 
of a brown oil. The product was chromatographed on two 20 X 20 cm 
(2 mm thick) Merck silica gel F254 preparative layer plates in 40:1

benzene-ether. After two developments, a band (Rf 0.44) was eluted 
to afford 0.12 g (49%) of 2g: mp 50-67 °C; IR (CHC13) 7.57 and 8.61 
Mm; NMR (CDCI3) 6 0.79 and 1.01 (two s, 6. C-18 and C-19 angular 
CH3), 1.88 (s, 3, C-21 CH3), 2.73 (t, J = 3 Hz, 1, C-6a H), 3.30 (s, 3, 
OCH3), 3.68 (s, 1, CHS02Ph), and 7.42-8.01 (m, 5, aromatic H); mass 
spectrum (70 eV) m/e (rel intensity) 484 (52. M+), 343 (71), 311 (76), 
288 (66), 199 (21), 159 (46), and 90 (100).

Anal. Calcd for C29H4o0 4S: C, 71.87; H, 8.32. Found: C, 71.64; H, 
8.40.

Spectral Data for a-Azidoaldehydes 3 .3a:8 IR (TF) 4.76 and 6.13 
Mm; NMR (CDCI3) b 1.10-2.19 (m, 10, CH2), and 9.42 (s, 1, CHO); mass 
spectrum (70 eV) m/e (rel intensity) 125 (1), 124 (3), 111 (1), 110 (1), 
97 (6), 96 (66), 81 (5), 55 (100), and 54 (20).

3b: IR (TF) 4.75 and 5.78 mm; NMR (CDC13) 1.43-2.09 (m, 14, CH2), 
and 9.44 (s, 1, CHO); mass spectrum (70 eV) m/e (rel intensity) 124
(30), 82 (22), 81 (42), 78 (20), and 55 (100).

Anal. Calcd for C9H15N3O: C, 59.64; H, 8.34. Found: C, 59.75; H, 
8.38.

3d: IR (TF) 4.76 and 5.75 Mm; NMR (CDC13) b 1.77 (s, 3, CH3), 7.36 
(s, 5, aromatic H), and 9.41 (s, 1, CHO); mass spectrum (70 eV) m/e 
(rel intensity) 147 (9), 119 (7), 118 (58), 77 (100), and 51 (25).

Anal. Calcd for C9H9N30: C, 61.70; H, 5.18. Found: C, 61.76; H,
5.25.

3e: IR (TF) 4.74 and 5.75 Mm; NMR (CDC13) b 1.84-2.99 (m, 8, CH2),
7.02-7.41 (m, 10, aromatic H), and 9.58 (s, 1, CHO); mass spectrum 
(70 eV) m/e (rel intensity) 236 (5), 132 (4), 105 (100), and 91 (34).

Anal. Calcd for Ci8H19N30: C, 73.69; H, 6.53. Found: C, 73.66; H,
6.56.

3f: IR (TF) 4.75 and 5.78 mm; NMR (CDC13) b 1.40 (s, 3, CH3), 9.49 
(s, 1, CHO); mass spectrum (70 eV) m/e (rel intensity) 139 (1), 111 (4), 
95 (2), 70 (8), and 69 (98).

Anal. Calcd for C8H13N30: C, 57.46; H, 7.84. Found: C, 57.28; H,
7.88.

3g: IR (TF) 4.75 and 5.78 Mm: NMR (CDCI3) b 0.84 and 1.01 (two 
s, 6, C-18 and C-19 angular CH3), 1.45 (s, 3, C-21 CH3), 2.74 (t, J = 3 
Hz, 1, C-6a H), 3.30 (s, 3, OCH3). and 9.52 (s. 1, CHO); mass spectrum 
(70 eV) m/e (rel intensity) 385 (10, M+), 330 (35), 328 (100), 255 (78), 
and 121 (20).

An analytical sample was prepared from three recrystallizations 
from hexane, mp 85-86.5 °C.

Anal. Calcd for 0 ^ 35̂ 02: C, 71.65; H, 9.15. Found: C, 71.61; H,
9.16.

Spectral Data for a-Azidonitriles 4 .4a:8 IR (TF) 4.57 and 4.74 
Mm; NMR (CDCL) b 1.09-2.28 (m, 10, CH2); mass spectrum (70 eV) 
m/e (rel intensity) 150 (9, M+), 108 (51), 93 (23), 82 (11), 83 (100), 54
(30), and 42 (78).

4b:8 IR (TF) 4.74 NMR (CDC13) b 1.40-2.25 (m, 14, CH2); mass 
spectrum (70 eV) m/e (rel intensity) 136 (24), 121 (19), 109 (25), 107
(33), and 93 (36).

4d: IR (TF) 4.73 Mm: NMR (CDC13) b 1.90 (s, 3, CH3) and 7.32-7.66 
(m, 5, aromatic H); mass spectrum (70 eV) m/e (rel intensity) 172 (6, 
M+), 131 (111, 130 (100), 103 (41), and 77 (48).

Anal. Calcd fcr C9HgN4: C, 62.77; H, 4.68. Found: C, 62.56; H,
4.71.

4e: IR (CHC13) 4.69 (sh) and 4.76 Mm; NMR (CDCI3) b 1.93-3.02 (m, 
8, CH2), 7.09-7.50 (m. 10, aromatic H), 9.60 (s, 1. CHO); mass spec
trum (70 eV) m/e (rel intensity) 262 (9), 248 (1), 171 (15), 158 (52), 105
(49), 91 (100), and 77 (12).
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Anal. Calcd for C18H18N4: C, 74.45; H, 6.25. Found: C, 74.29; H,
6.30.

4f: 1R (TF) 4.72 (sh) and 4.78 pm; NMR (CDC13) 6 1.60 (s, 3, CH3); 
mass spectrum (70 eV) m/e (re! intensity) 122 (13), 94 (16), 69 (100), 
67 (71), and 53 (31).

Anal. Calcd for C8H12N4: C. 58.21; H, 7.37. Found: C, 58.38; H,
7.42.

4g: mp 64-66 °C; IR (TF) 4.76 îm; NMR (CDC13) 6 0.94 and 1.01 
(two s, 6, C-18 and C-19 angular CH3), 1.69 (s, 3, C-21 CH3), 2.75 (t, 
J = 3 Hz, 1, C-6ff H), and 3.30 (s, 3, 0CH3); mass spectrum (70 eV) 
m/e (rel intensity) 382 (50, M+), 368 (52), 351 (81), 328 (100), 159 (19), 
and 119 (24).

Anal. Calcd for C23H34N40: C, 72.21; H, 8.96. Found: C, 72.20; H,
8.97.

2-Cyclopentyl-2-iodopropanenitrile (5a). To 486 mg (3.0 mmol,
1.5 equiv) of iodine monochloride at —10 °C under a nitrogen atmo
sphere was added 474 mg (2.0 mmol) of N-teri-butyldimethylsilyl- 
cyclopentylmethylketenimine10 :n 2 mL of anhydrous THF. This dark 
brown solution was stirred for 1 h at 25 °C, diluted with 25 mL of 
ether, and washed with 25 mL of water. The aqueous layer was re
extracted with 25 mL of ether, and the combined organic layers were 
washed with two 25-mL portions of a saturated sodium thiosulfate 
solution, with two 25-mL portions of water, and with 25 mL of brine 
and dried over anhydrous MgS04. Evaporation of the solvent afforded 
542 mg of a brown oil which was chromatographed on a 20 X 20 (2 mm 
thick) Merck silica gel F254 preparative layer plate in 5:1 hexane- 
ether. A band (Rf 0.57) was eluted to afford 182 mg (37%) of 5a:8 IR 
(TF) 4.50 jim; NMR (CDC13) 5 2 25 (s, 3, CH3); mass spectrum (70 eV) 
(rel intensity) 127 (3), 122 (93), 105 (11), 95 (63), 80 (21), and 67 
(100).

2-Cyclopentyl-2-hydroxypropanenitrile Mesylate (5b). The
procedure of Crossland11 was repeated using 139 mg (1.0 mmol) of 
2-cyclopentyl-2-hydroxypropanenitrile, 126 mg (1.1 mmol, 1.1 equiv) 
of methanesulfonyl chloride, and 111 mg (1.1 mmol, LI equiv) of 
triethvlamine in 3 mL of anhydrous dichloromethane at 0 °C to afford 
195 mg (90%) of 5b: IR (CHC13) 7.32 and 8.41 pm; NMR (CDC13) 61.94 
(s, 3, CH3) and 3.16 (s, 3, S02CH3); mass spectrum (70 eV) m/e (rel 
intensity) 138 (11), 122 (62), 95 (86), 79 (18), and 69 (100).
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The ecological imbalance and environmental pollution due 
to insectiside residues has stimulated a great interest in the 
synthesis of pheromones, since they may provide a generally 
nontoxic method of biological control of insect populations.1 
A pheromone complex emitted by live male boll weevils 
(Anthonomus grandis Boheman) comprising the four terpe
noid compounds (+)-cis-2-isopropenyl-l-methylcyclobuta- 
neethanol (1), (Z)-3,3-dimethyl-A1'lJ-cyclohexaneethanol (2), 
(Z)-3,3-dimethyl-A1'“ -cyclohexaneacetaldehyde (3), and 
(£)-3,3-dimethyl-Alia-cyclohexaneacetaldehyde (4) were

1 2 3 4

identified and first synthesized by Tumlinson et al.2 3 4 5 We would 
like to report a simple sequence of reactions which afford the 
synthesis of alcohol 2 and aldehydes 3 and 4 in high yield from 
readily available starting materials.

Scheme I shows the synthesis of three cyclohexyl constit
uents of the boll weevil pheromone. 3,3-Dimethylcyclohexa- 
none (6), utilized in previous syntheses,3-5 was prepared from 
commercially available 3-methyl-2-cyclohexen-l-one by 
conjugate addition.6 Reaction of ketone 6 with triethyl or
thoformat e in anhydrous ethanol and a catalytic amount of 
p-toluenesulfonic acid afforded 3,3-dimethylcyclohexanone 
diethyl ketal (7) in 87% yield. Treatment of ketal 7 with ethyl 
vinyl ether in a 10% ZnCl2-ethyl acetate solution7 8 9 10 11 gave the 
acetal 8 in 94% yield. Hydrolysis of compound 8 with glacial 
acetic acid, sodium acetate, and water afforded the isomeric 
aldehydes 3 and 4, in 84% yield.8 Thus, aldehydes 3 and 4 were 
prepared in 69% overall yield from starting material 6. Re
duction of a mixture of aldehydes 3 and 4 with NaBH4 in

Scheme I

C H 2= C H — O E t 
Z n C l,

© 1978 American Chemical Society
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ethanol gave the corresponding mixture of Z alcohol 2 and its 
E isomer 9 in a quantitative yield. Aldehydes 3 and 4 could be 
separated9 prior to this step or alcohols 2 and 9 would have to 
be isolated after reduction.

Experimental Section
All boiling points are ur.corrected. Infrared spectra were determined 

with a Perkin-Elmer Model 137 spectrometer. NMR spectra were 
determined in deuteriochloroform solution on Varian Associates 
spectrometers, Models A-60 or XL-100. Line positions are given in 
8 scale, with tetramethylsilane as an internal standard. Mass spectra 
were recorded on an Atlas CH-4B or Associated Electrical Industries 
MS-902 spectrometer, high resolution measurements being deter
mined with the latter instrument.

3,3-Dimethylcyclohexanone Diethyl Ketal (7). 3,3-Dimethyl- 
cyclohexanone (6) (6.54 g, 51.0 mmol), triethyl orthoformate (8.98 g,
60.6 mmol), and p-toluenesulfonic acid (6 mg) in 38 mL of anhydrous 
ethanol were stirred at room temperature for 64 h. Enough ethanolic 
NaOEt was added to neutralize the reaction mixture and the latter 
was concentrated under vacuum. Fractional distillation through a 
spinning-band column gave 9 g (87%) of pure 3,3-dimethylcyclohex- 
anone diethyl ketal (7): bp 82-83 °C (13 mm); IR (neat) 1385, 1359 
(-C(CH3)2), 1195, 1174, 1119, 1093, 1058 cm“ 1 (COCOC); 'H NMR 
(CDCls) 8 0.95 (s, 6 H, geminal CH3), 1.14 (t, 6 H, J  = 7 Hz, CH3CH>-),
1.49 (s, 2 H, (RO)2CCH2C(CH3)2), 3.45 (q, 4 H, J  = 7 Hz, CH3CH2-); 
mol wt 200.1777 (calcd for C12H240 2: 200.1776).

2-(l-Ethoxy-3,3-dimethylcyclohexyl)-l,l-diethoxyethane (8). 
In a three-necked flask equipped with a rubber septum and a dry ice 
condenser protected with a calcium chloride tube are placed 3,3- 
dimethylcyclohexanone diethyl ketal (7) (7.37 g, 36.9 mmol) and 3 mL 
of a solution of 10% ZnCl2 in ethyl acetate. The mixture was stirred 
and maintained at a temperature of 45 °C while 3.8 mL of ethyl vinyl 
ether (40.5 mmol) was added dropwise with a syringe. After the ad
dition was completed the mixture was stirred for 2 h at 45-50 °C (bath 
temperature) and then allowed to come to room temperature. The 
mixture was diluted with ether and washed with a solution of 5% 
NaOH and the ethereal layer was dried over Na2C 03. Filtration and 
removal of the solvent gave 9.45 g (94%) of 2-(l-ethoxy-3,3-dimeth- 
ylcyclohexyl)-l,l-diethoxyethane (8), whicn was purified by distil
lation using a spinning band column; bp 79-80 °C (0.5 mm); IR (neat) 
2950,1389,1370,1183,1124, and 1064 cm“ 1; 'H NMR (CDC13) 8 0.86 
and 1.05 (two singlets for geminal methyl group), 1.12 and 1.18 (t, 3 
H, CH3CH)0), 1.74 (d. 2 H. J  = 4 Hz, EtOCCH,CHlOEt)2), 3.2-38 
(m, 6 H, OCH2CH3), 4.68 (t, 1 H. J = 4 Hz, CH(OEt)2).

Preparation of (Z)-3,3-D im ethyl-A '’“ -cyclohexaneacetaI- 
dehyde(3) and ( E)-3,3-Dimethyl-A'^-cvclohexaneacetaldehyde
(4). To acetal 8 (950 mg, 3.4 mmol) dissolved in 10 mL of glacial acetic 
acid and 0.77 mL of water was added 1.1 g of sodium acetate. The 
reaction mixture was stirred and heated for 3 h at 95 °C under an at
mosphere of nitrogen. After cooling the result ing mixture was poured 
into ice, basified by careful addition of solid NaHC03, and extracted 
with ether. The combined extracts were washed with water and 5% 
aqueous NaHC03 and dried over anhydrous Na2C 03. Filtration and 
removal of the solvent gave 450 mg (84%) of a mixture7 of aldehydes 
3 and 4, showing properties consistent with those reported by Tum- 
linson:2 IR (neat) 1681 and 1639 cm“ 1; 'H NMR (CDC13) 8 0.96 (s, 6 
H, geminal CH3), 2.24 (t, 2 H, -CH 2-  trans to -CHO), 2.50 (s, 2 H, 
-CH 2-  cis to -CHO), 5.92 (d, 1 H, J  = 8 Hz, -C = C H -), and 9.98 (d, 
1 H, J = 8 Hz, -CHO) were assigned to 3, while those peaks at 0.93 (s, 
6 H geminal CH3), 2.08 (s, 2 H, -CH 2-  trar.s to -CHO), 2.68 (t, 2 H, 
-C H ,- cis to -CHO), 5.78 (d, 2 H, -J = 8 Hz, -C = C H -). and 10.02 (d, 
1 H, -J = 8 Hz, -CHO) were assigned to 4. NMR peaks at 1.2-1.9 were 
common to both isomers; mol wt 152.1206 (calcd for CmHisO: 
152.1201).

Preparation of the Isomeric Alcohols (Z)-3,3-Dimethyl- 
A'^-cyclohexaneethanol (2) and (ERS^-Dim ethyl-IA '^-cyclo- 
hexaneethanol (9). A mixture of 400 mg of aldehydes 3 and 4 (6:4 
ratio) in 20 mL of absolute ethanol and 400 mg of NaBH.j was stirred 
at ambient temperature for 1 h. The reaction mixture was hydrolyzed 
with water and extracted with CH2C12. The combined extracts were 
washed with water and dried over anhydrous MgSCL. Filtration and 
removal of the solvent gave the isomeric alcohols 2 and 9 in a quan
titative yield, showing properties consistent with those reported by 
Tumlinson:2 IR (neat) 3400, 1667, 1075, 1031. 1000 cm“ 1; >H NMR 
(CDC13) 8 0.90 (s, 6 H, geminal CHO, 1-92 (s, 2 H. -CH 2-  cis to 
-CH 2OH), 2.07 (t, 2 H, -C H ,- trans to -CH 2OH), 4.12 (d, 2 H. -7 = 7 
Hz, -CH2OH), and 5.48 (t, 1 H, J = 7 Hz, -C = C H -) were assigned 
to 2, while those at 0.87 (s, 6 H, geminal CH3). 1.89 (s, 2 H. -CHo-trans 
to -CH2OH), 2.12 (t, 2 H, -C H ,- cis to -CH,OH), 4.14 (d, 2 H, J  = 7

Hz, -CH,OH), and 5.32 (t, 1 H, J = 7 Hz, -C = C H -) were assigned 
to 9. NMR peaks at 1.2-1.8 were common to both isomers; mol wt 
154.1341 (calcd for C,0H18O: 154.1357).
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A large body o f literature exists covering various aspects 
o f metal-catalyzed oxidation o f cyclohexanone or cyclohexane 
to yield predominantly adipic acid.1 4 W e report herein results 
o f  studies on cobalt-catalyzed oxidations o f  isotopically la
beled cyclohexanone. O f the numerous by-products formed, 
glutaric and succinic acids are form ed in 10-20% yields. We 
examined the fate o f  cyclohexanone labeled at the carbonyl 
carbon with 14C and with 13C to try to resolve conflicting 
mechanistic proposals for the form ation o f glutaric and suc
cinic acids.

The percentage retention o f the carbonyl carbon from  la
beled cyclohexanone in glutaric and succinic acid products was 
91% in glutaric acid and 87% in succinic acid as shown in Table
I.

The high retention o f C -l from labeled cyclohexanone is not 
consistent with a proposal that glutaric acid arises by exclusive

Table I. Oxidation o f [1 -14C ]- and [ l - 13C ]C yclohexanone
(K ): P ercent Retention o f C -l by G lutaric and Succin ic 

Acids

% retention of C -l j K
% yields from K

K adipic adipic sion Adipic Glutaric Succinic

[1-14C] 88 82 63 18 5 0.4
[ l - i3C] 96 84 62 23 4 0.5
[1-13C] 88 94 34 37 8 1.1
Average 91 87
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loss of C-l from an intermediate 2,6-dihydroperoxycyclo- 
hexanone compound (I).5 A more recent proposal that glutaric 
acid is formed by loss of C-2 from an n-ketooxy radical (II) is 
consistent with the observed high retention of the labeled 
carbonyl carbon.3

It has been reported that a-ketooxy radicals undergo 
thermolysis or metal-catalyzed cleavage to generate carboxylic 
acids in which the carboxyl group is derived from the keto 
group.6 It has been proposed that 1.2-cyclohexanedione (III)

is formed during oxidation of cyclohexanone and gives rise to 
most of the CO and CO2 evolved.' Although 1,2-cyclohex- 
anedione may account for CO and COo generation, it is not a 
viable intermediate for glutaric or succinic acid formation. 
Loss of a carbonyl carbon from III would decrease the isotopic 
enrichment by a factor of 2.

Significant glutaric acid formation from decarboxylation 
of adipic acid is not consistent with the o bserved high degree 
of retention of C-l from labeled cyclohexanone or with re
ported carboxylic acid decarboxylation studies.89 The extent 
to which succinic acid is derived from solvent acetic acid was 
examined using [l-I4C]acetic acid under the oxidation con
ditions used for labeled cyclohexanone. The conversion of 
cyclohexanone was 44% with a yield to adipic acid of 27%. 
Radiometric analysis of isolated succinic acid showed the 
presence of 0.04 mol of [l-14C]carboxyl groups per mole of 
succinic acid. Assuming all HC^C-CHa- radicals were derived 
from acetic acid, about 2% of the succinic acid was derived 
from acetic acid.

The effect of methyl substitution on the extent of loss of C-l 
was found to be substantial. Whereas unsubstituted (labeled) 
cyclohexanone gave glutaric acid with >90% retention of C-l,
4-methylcyclohexanone (IV) gave a 3-methylglutaric (V)/ 
2-methylglutaric (VI) acid ratio of 3:1. The stability of diacid 
products V and VI to reaction conditions was checked by re
placing half of the cyclohexanone in a typical oxidation ex
periment with equal molar amounts of V and VI. Of the cy
clohexanone charged, 34% was converted to adipic acid. The 
ratio of V/VI in the product was 1.0 within experimental error

based on 'H NMR integrals for the methyl resonances for V 
(b 1.05) and VI (& 1.15). The preponderance of loss of C-l with 
methyl substitution may be largely a steric effect.

Experimental Section
All oxidation reactions were carried out in 10-cm3 stainless steel 

shaker tubes at ICO °C with 200 psi of 0 2 for 10-16 h. A typical starting 
solution consisted of 5.5 g (91.7 mmol) of acetic acid. 1.05 g (10.7 
mmol) of [l-14C]cyclohexanone, and 0.10 g (0.42 mmol) of ColOAcL. 
Gas chromatographic analyses for adipic, glutaric, and succinic acids 
were carried out an a 12 ft X  0.12 in. stainless steel column of OV-1 
at 190 °C following treatment with BSTFA to form trimethylsilyl 
diesters. [ l-14C)Cyclohexanone was commercially available.10 [1- 
13C]Cyclohexanone was prepared by carbonylation cf bisborinane 
with 13CO.n Products containing 14C were analyzed with a Packard 
liquid scintillation spectrometer using standard dilution techniques. 
Each sample was crystallized repeatedly to obtain constant specific 
activity. Products containing 1SC were analyzed by gas chromatog- 
raphy/mass spectroscopic techniques.12
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During the co jrse of studies of the mechanism of glucose 
transport in human erythrocytes, the need arose for deriva
tives of glucose which could serve as photoaffinity labeling 
agents.1’2 Since an integral part of these studies involved the 
evaluation of reagents in which the distance between the sugar 
moiety and the photolabile grouping was varied systemati-

*A ddress corresp ondence  to  this author at R utgers— T h e  State U niversity  o f  
N ew  Jersey.
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HO

1

cally, we designed a synthetic scheme for the preparation of 
glucosides 1 of cc-(arylazido)alkanols.

The key step in this synthesis involves the highly selective 
N-arylation of an a,co-amino alcohol by 4-fluoro-3-nitrophenyl 
azide1*3 (2) (eq 11 to form substituted anilines (3). The struc

FI HN(CH,)„OHIX/NO, A / N O ,

¥ + NH,(CHo)„0H —
Ù T  ->

1
N3

1
N,

2
a, n = 10
b, n = 6
c, n = 3

3

tural assignments for the anilines are based on the appearance 
of quartets at ca. 5 3.4 in their NMR spectra.

Glucosylation (eq 2) was accomplished by a modified3
CH,OAc

4

H
la, n = 10
b, n = 6 (2)
c, n = 3

Koenigs-Knorr reaction using silver oxide and tetraacetyl- 
a-D-glucosyl bromide. Deacetylation yielded the free sugar 
derivatives la-c.

These reactions should be generally applicable to the syn
thesis of photoaffinity labeling agents of other sugar deriva
tives provided the glycosylation step is carried out under mild 
conditions.

Experimental Section
Nuclear magnetic resonance (NMR) data were obtained from a 

Varian Model T-60 spectrometer in CDC13 using tetramethylsilane 
as internal standard. Infrared spectra were determined on a Perkin- 
Elmer Model 137 spectrometer. The mass spectrum was determined 
on a Hitachi Perkin-Elmer Model P.MU-7 mass spectrometer at 80 
eV.

4-Fluoro-3-nitrophenyl Azide (2). This material is commercially 
available from ICN Pharmaceuticals, Inc., Cleveland, Ohio, or from 
Pierce Chemicals, Rockford, 111. Alternatively, it can he synthesized 
from 4-fluoro-3-nitroaniline by the following procedure.4 A slurry of 
1.561 g (0.010 mol) of 3-nitro-4-fluoraniline in 100 mLof 1.1 M sulfuric 
acid was cooled to — 20 °C. A solution of 1.38 g (0.020 mol) of sodium 
nitrite in 10 mL of water was added over 5 min to the stirred mixture. 
The slurry was allowed to warm to —10 °C over 20 min at which time 
100 mL of ether was added. Potassium azide (1.622 g, 0.020 mol) in 
10 mL of water was added over 5 min at —10 °C. After 10 min of stir
ring, the layers were separated and the aqueous phase was extracted 
twice with ether. The extracts were dried (MgS04) and evaporated 
to yield 0.896 g of crude product. Recrystallization from petroleum 
ether (20-40 °C) gave 0.778 g (43%) of orange needles: mp 53-55 °C 
(lit.lbmp 52 °C); NMR ¿7.75 (m, 1 H), 7.35 (m, 2 H); mass spectrum 
(m/e) 182 (molecular ion), 154 (M+ -  N2) and 108 (M+ — N2 -  NO2, 
base peak).

10-]V-(4-Azido-2-nitrophenyl)amino-l-decanol (3a). A solution 
of 570 mg (2.5 mmol) of 2 and 865 mg (5.0 m mol) of 10-amino-l- 
decanol in 2.5 mL of dioxane was kept at 25 °C for 2.5 h. The solvent 
was evaporated at a temperature not exceeding 70 °C.° The residue 
was dissolved in chloroform and chromatographed on a silica gel 
column (1 X 50 cm) using chloroform as an eluant. The product 3a 
was obtained as red crystals: mp 58-59 °C; yield 857 mg (83%); IR

(melt) 4.72 ^m (N3); !H NMR b 8.2 (broad. 1 H). 6.7-7.9 (m. 3 H), 3.7 
(t, 2 H), 3.3 (q, 2 H, J = 6 Hz), 2.3-1.15 (m, 16 H).

Anal. Calcd for C16H75N5O3: C. 57.29: H. 7.51: N. 20.88. Found: C. 
57.53; H, 7.63; N, 20.65.

3 -Ar-(4-Azido-2-nitrophenyl)amino-l-propanol (3c). By the
above procedure there was obtained a 68% yield6 of 3c: mp 86-86.5 
°C; IR (Nujol) 4.68 jim (N3); *H NMR ¿8.2 ¡broad. 1 Hl.6.8-7.9 (m, 
3 H), 3.84 (t, 2 H), 3.46 (q, 2 H, J = 6 Hz), 2.16-1.66 (m. 3 H).

Anal. Calcd for C9H „N 50 3: C, 45.58; H, 4.63; N, 29.53. Found: C, 
45.61; H, 4.56; N, 29.75.

6-N-(4-Azido-2-nitrophenyI)amino-l-hexanol (3b). Similarly, 
compound 3b was obtained as a red oil in 70% yield; IR (film) 4.78 run 
(N3); NMR b 8.0 (b 1 H), 7.8-6.7 (m. 3 H), 3.65 (t, 1 H), 3.30 (q, 1 H).
2.0-1.2 (m, 9 H). The oil could not be induced to crystallize.

10-jV-(4-Azido-2-nitrophenyl)amino-l-decyl-/?-D-glucopyra- 
noside (la). The following mixture was stirred at 25 °C for 22 h: 586 
mg (1.75 mmol) of 3a, 720 mg (1.75 mmol) of tetra-O-acetyl-a-D- 
glucopyranosyl bromide,7 410 mg (1.75 mmol) of freshly prepared 
silver oxide,8 270 mg (2.0 mmol) of anhydrous calcium sulfate, and
4.0 mL of benzene. The slurry was filtered and the filtrate was washed 
thoroughly with a solution of 100 mg of silver nitrate in 25 mL of 
water, twice with water, and once with brine. The organic phase was 
dried (Na2S0 4), filtered through celite, and evaporated. The crude 
product mixture (1.12 g) was acetylated to aid the chromatographic 
separation. This was accomplished by treatment with 0.25 mL of 
acetic anhydride in 1.0 mL of pyridine for 1 h at 25 °C. Benzene (25 
mL) was added and the solution was washed once with water, three 
times with cold HC1, twice with water, and once with brine. The or
ganic layer was dried (Na2S0 4) and evaporated. Chromatographic 
separation (CHC13) on a 3 X 50 cm column of silica gel gave two major 
fractions: the acetate of 3a (32%) and the acetate of la9 which was 
contaminated with some pentaacetyl glucose. Evaporation of the 
solvent from the second fraction gave a residue which was dissolved 
in 40 mL of methanol. This solution was saturated with ammonia gas 
and kept at 25 °C for 24 h after which the volatile materials were re
moved by evaporation. The residue was triturated with benzene to 
remove acetamide and then dissolved in 100 mL of CHC13. The glu
cose was removed by washing with water (5X). The dried CHC13 was 
evaporated and the residue was crystallized from 2 mL of methanol 
to give 266 mg of la (46%): mp 105-106.5 °C; IR (Nujol) 4.73 (im 
(N3).

Anal. Calcd. for C22H35NsOg: C, 53.13; H. 7.03; N, 14.08. Found: C, 
53.37; H, 7.29; N, 13.85.

Similar results were obtained more conveniently by use of thick 
layer (5 mm) silica plates in place of the column chromatography.

6-iV-(4-Azido-2-nitrophenyl)amino-l-hexyl-/5-D-glucopyra- 
noside (lb). By a similar procedure to that above lb was prepared 
in 17% yield as a low-melting solid: mp 45°C; IR (Nujol) 4.74 nm 
(Na).

Anal. Calcd for C18H27N5O8: C, 48.97; H. 6.16; N. 15.86. Found: C, 
48.69; H, 6.38; N. 15.63.

3-7V-(4-Azido-2-nitrophenyl)amino-l-propyl-d-D-glucopyra- 
noside (lc ). A mixture of 3.78 g (15.5 mmol) of 3c. 6.15 g (15 mmol) 
of 4, 3.46 g (15 mmol) of silver oxide,8 2.5 g of anhydrous sodium sul
fate. and 65 mL of dry methylene chloride was stirred for 2 days at 
room temperature. The mixture was filtered and the filtrate was 
treated with 2.0 mL of pyridine and 2.9 mL (40 mmol) of acetic an
hydride. After 5 h at 25 °C the volatiles were removed by rotary 
evaporation with care being taken not to heat the flask above 65 °C. 
The residue was chromatographed on a silica column using chloroform 
as an eluant. The first fraction consisted of the acetate of 3c (90% 
recovery). The second band consisted of the acetate of lc  and a smaller 
amount of another product. A second purification by preparative TLC 
(silica, CHC13) did not separate these two components. The mixture 
was deacetylated in ammonia-methanol. The solvent was evaporated 
and the residue was treated with 2 mL of methanol and enough ethyl 
acetate to precipitate all of the glucose which was formed. The mixture 
was filtered and the filtrate was evaporated. The residue was stirred 
with chloroform yielding an orange powder which was filtered and 
dried in vacuo: yield 480 mg (52%); mp 116-117.5 °C. This material 
showed a single spot of TLC and azide absorption at 4.72 Mm. Anal. 
Calcd for Ci.5H2iNs0 3: C, 45.10; H. 5.30; N, 17.53. Found: C, 44.90; H, 
5.30; N, 17.27.
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As part of a program for the synthesis of medium-ring 
compounds, the preparation of the bicyclic ester 1 became 
necessary. This could be accomplished in moderate yield by 
the Diels-Alder reaction shown in eq 1. Attempts to improve

OAc 0

the yield by the use of Lewis acids such as boron trifluoride 
etherate provided the unexpected lactone 2a in good yield. 
The structure of this novel rearrangement product was proven 
by hydrogenation1 to butyrolactone 3 and independent syn
thesis of 3 by the reaction of levulinic acid with 2 equiv of 2- 
methyldithiane,2 followed by oxidative removal of the dithiane 
moiety using NBS3 (eq 2). Although the presence of diverse 
functionality should make this type of compound a versatile 
synthon, a literature search indicated that the preparation of 
this class of ketolactones had not been previously reported. 
Therefore, we sought to probe the extent of this rearrange
ment with other esters. Compound 5 was readily synthesized 
by quenching the lithium enolate4 of angelicalactone 4 with

( ^  11 2 I I + e n c o m i COI!
V u  ■ - -

CH;

THF H,
Pd/BaSO,

2 a (2 )

A , o

o

1 o V 1
2. A m C O C l “  /  'O CK '''Am

H;,C
CH;

B F , E t , 0

r o o m  ’  A m ^  V o ' S ,  <3) 
te m p  j_| Q

hexanoyl chloride (eq 3). Reaction of 5 with boron trifluoride 
etherate afforded ketolactone 6 in 40% isolated yield. A pos
sible mechanism ?or this intriguing rearrangement would be 
one analogous to the Lewis acid catalyzed Fries rearrange
ment.5

The reactions o ’ thiophene analogues 7 and 86 produced the 
mixtures shown in eq 4 and 5.

CK
b OCOCH;

7 9

(4)

11 12

Compounds 9 ar d 10 could arise from intermolecular attack 
as illustrated in ec 6.

,BF -E:.,0

9 +  10 (6)

A similar scheme can account for the formation of com
pounds 11 and 12 from thiophene 8.

Experimental Section
NMR spectra were obtained with a Varian (A60) NMR spectrom

eter. The chemical shifts are reported in 6, using tetramethylsilane 
as reference. All melting points v/ere taken upon a Fisher-Johns block 
and are uncorrected. Elemental analyses were determined by Gal
braith Laboratories, Knoxville, Tenn. Organic solutions were dried 
over sodium sulfate.

General Procedu-e for the Synthesis of 2 and 5. A solution of
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10 mmol of angelicalactone in 5 mL of tetrahydrofuran (THF) was 
added over 5 min to a solution of 11 mmol of lithium diisopropylamide 
in 10 mL of THF at —78 °C. The solution was stirred at —78 °C for 
15 min. The appropriate acid chloride (20 mmol) was added rapidly 
and the resulting suspension was stirred an additional 5 min. The 
reaction was worked up by the addition of ether and water. The 
aqueous layer was extracted twice with ether. The organic layer was 
dried, filtered, and concentrated. Column chromatography (1:10 
ether/pentane) on silica gel afforded the acyloxyfurans as oils.

2-Acetoxy-5-methylfuran (2): colorless oil, 40% yield; IR (film) 
1785,1620,1570,1175 cm "1; NMR (CDC13I 5 2.25 (d, J = 1 Hz, 3 H),
2.29 (s, 3 Hi, 5.82 id, J = 3 Hz, 1 H), 6.02 (d of t, J  = 3 Hz, 1 Hz, 1 
H).

2- Hexanoyloxy-5-methylfuran (5): colorless oil, 40% yield; IR 
(film) 2964, 2940, 2880,1780 cm "1; NMR (CDCI3) b 0.7-1.9 Im, 9 H),
2.25 (d. 3 H), 5.75 id, 1 H), 5.94 (d oft, 1 H).

General Procedure for the Boron Trifluoride Etherate Pro
moted Rearrangements. To a solution of 1 75 mmol of heterocyclic 
ester in 4 mL of benzene at 0 °C was added 1.75 mmol of distilled 
boron trifluoride etherate. The solution was allowed to warm slowly 
to room temperature and stirred until TLC indicated that reactant 
had been consumed (4-20 h). The solution was then diluted with 
ether, washed with sodium bicarbonate and brine, dried, and con
centrated. The crude product was filtered through silica gel to afford 
pure product.

5-Acetyl-5-methyldihydro-2(5ff)-furanone (2a): 65% yield; bp 
65 °C (2 mm); IR (film) 1780,1725,1600 cm“ 1; NMR (CDC13) b 1.61 
(s, 3 H), 2.20 (s, 3 H), 6.20 (d, J = 6 Hz, 1 H), 7.45 (d, J = 6 Hz, 1 
H).

Anal. Calcd for C7H80 3: C, 59.99; H, 5.75. Found: C, 59.88; H.
5.80.

5-Hexanoyl-5-methyldihydro-2(5ff)-furanone (6): 40% yield; 
bp 77 °C (2 mm); IR (film) 2960, 2935, 2870, 1780,1725. 1600 cm "1; 
NMR (CDCI3) b 0.7-1.7 (m. 9 H), 1.64 (s, 3 H), 2.6 (m, 2 H), 6.23 (d, 
J  = 6 Hz, 1 H), 7.5 (d, J = 6 Hz, 1 H).

Anal. Calcd for CnHi603: C, 67.32; H, 8.22. Found: C, 65.70; H,
8.20.

5-Acetylthiophen-2-ol Acetate (10): 45% yield; mp 103-105 °C; 
IR (mull) 1775,1660 cm“ 1; NMR (CDC13) b 2.38 (s, 3 H), 2.55 (s, 3 H),
6.84 (A,J = 4 Hz, 1 H), 7.62 (d, J = 4 Hz, 1 H).

Anal. Calcd for CgHgOaS: C, 52.16; H, 4.38. Found: C, 52.19; H,
4.41.

3- Acetyl-5-methylthiophen-2-ol (12): 40% yield, oil; IR (film) 
1735,1630 cm "1; NMR (CDCI3) b 2.26 (s, 6 H), 6.26 (br s, 1 H); high- 
resolution mass spectrum, m/e 156.02327 (C7HHO2S requires 
156.02451).

4- Hydroxy-4-methyl-5-oxohexanoic Acid 7 -Lactone (3). (A)
Platinum oxide (10 mol %) and 2a were stirred at 23 °C in ethanol (0.5 
M) under a balloon of hydrogen until TLC indicated that the reaction 
was complete. The mixture was filtered through Celite and concen
trated in vacuo to yield 3: 97% yield, colorless oil; IR (film) 1790,1725 
cm“ 1; NMR (CDC13) b 1.55 (s, 3 H), 2.32 (s, 3 H), 2.6 (m, 4 H).

(B) An acetone solution of the protected ketolactone (0.86 mmol) 
was added to a rapidly stirred solution of N-bromosuccinimide (5 
mmol, 0.3 M in aqueous acetone) at 0 °C. The solution was stirred 15 
min at 0 °C, then 5 min at 25 °C. It was then poured into a mixture 
of hexane/chloroform and saturated sodium bicarbonate. The organic 
layer was separated, dried, and concentrated. Chromatography on 
silica gel using 1:4 ether/pentane afforded 0.11 g (90%) of a colorless
011 which was identical in all respects (TLC, IR, NMR) with the ma
terial prepared in A.

4-Hydroxy-4-methyl-5-oxohexanoic Acid 7 -Lactone 1,3- 
Propylene Dithioketal. Levulinic acid (2.5 mmol) is added dropwise 
to a solution of 2-iithio-2-methyldith:ane (5.0 mmol) at —78 °C. The 
solution was allowed to warm to —10 °C, then stored in the refrigerator 
for 20 h. The reaction mixture was then poured into ice and extracted 
twice with ether/chloroform. The aqueous layer was then acidified 
to pH 3, extracted with chloroform, dried, and concentrated: 86% 
yield, colorless liquid; IR (film) 1775, 750 cm-1; NMR (CDCI3) b 1.55 
(s, 3 H), 1.62 (s, 3 H), 1.8-3.6 (m, 10 H).

Anal. Calcd for Ci0HI6O2S2: C, 51.66; H, 6.94. Found: C, 51.73; H,
7.02.

Acknowledgment. We wish to thank the Department of 
Health, Education and Welfare for generous financial assis
tance through Grant No. 5 S05 RR07034 administered by the 
Iowa State University Research Foundation.

Registry No.—2, 65748-93-8; 2a, 65748-94-9; 3, 30246-17-4; 4, 
591-12-8; 5, 65748-95-0; 6, 65748-96-1; 7, 33448-58-5; 8, 65748-97-2;

10, 65748-98-3; 12, 65748-99-4; acetyl chloride, 75-36-5; AmCOCl, 
142-61-0; 4-hydroxy-4-methyl-5-thioxohexanoic acid 7-lactone
1,3-propylene dithioketal, 65749-00-0; levulinic acid, 123-76-2; 2- 
lithio-2-methyldithiane, 27969-97-7.

References and Notes
(1) W. A. Jacobs and A. B. Scott, J. Biol. Chem., 87, 601 (1930).
(2) D. Seebach and E. J. Corey, J. Org. Chem., 40, 231 (1975).
(3) E. J. Corey and B. Erickson, J. Org. Chem., 36 , 3557 (1971).
(4) G. A. Kraus and B. Roth, Tetrahedron Lett., 3129 (1977).
(5) A. Blatt, Org. React., 1, 342 (1942).
(6) A. B. Hornfeldt and S. Gronowitz, Ark. Kemi., 2 1 ,  250 (1963).

An Efficient Synthesis of Enol Carbonates

R. A. Olofson,* John Cuomo, and Bette A. Bauman

Department of Chemistry, The Pennsylvania State 
University, University Park, Pennsylvania 16802

Received October 28,1977

Acid of Hg2+ catalyzed transesterification provides ready 
access to most carboxylic acid enol esters. Alternatively, these 
useful synthetic intermediates and valuable polymer pre
cursors can be made by a second scheme involving acylation 
of metal enolates with carboxylic acid anhydrides.1 Because 
the required starting materials are either unstable or un
known, neither of these complementary routes can be adapted 
to the preparation of enol carbonates (1). Simple enol esters 
have been obtained by variations of the second scheme 
wherein the anhydride has been replaced by the analogous 
acid halide. However, competitive C-acylation of the ambident 
enolate anion has generally made such processes impractical, 
a point forcefully demonstrated in the extensive enolate 
acetylation studies of House.1 For example, O-acetylation of 
2 was nearly quantitative with AC2O in dimethoxyethane.

RO— C— 0 — C = C
P\  / ° "

^ ,C = C ^  [Nn+ or Li ]

H Me
2

However, with AcCl only 24-50% of the 0 -acetyl product was 
found and this was contaminated by 14-22% of the C-acetyl 
isomer and unspecified amounts of the 0,C-diacyl species 
(from C- then O-acylation).2 Even less promising product 
mixtures were obtained in earlier investigations of the reaction 
of sodium enolates with ethyl chloroformate.3

Recent communications from this laboratory have illus
trated a few of the unique advantages of enol carbonates (1) 
as synthetic intermediates.4 These and other results have 
encouraged us to examine further the acylation of enolates 
with chloroformâtes in the hope of developing a broadly useful 
synthesis of 1.

Two potential routes to 1 readily extrapolated from the data 
of House et al. were not explored. These authors reported only 
O attack from treatment of a-mercuri ketones with acetyl 
chloride.1 However, the costs and dangers endemic to work 
with organomercurials led us to discard an approach based on 
this observation. They also found exclusive O-acylation in the 
reaction of potassium cyclohexanone enolate with ethyl 
chloroformate (39% yield).1 Generalization of this scheme was 
abandoned because of the expense and technical problems 
inherent in the preparation and use of tritylpotassium, the 
base required in the best applicable synthesis of potassium 
enolates.

However, this final result of House did provide an impor
tant lead by suggesting that selective O-acylation could be 
accomplished by coercing a lithium enolate to mimic a po
tassium enolate, an effect sometimes achieved by carrying out

0022-3263/78/1943-2073$01.00/0 © 1978 American Chemical Society
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Table I. Enol Carbonates: Synthesis and Properties

MS parent IR stretch
No. m/e (CC U), KM R 5

Registry
no.

Ketone Registrv Yield. BP (°C Found (CDCI3)
(ROCOC1) Product no. % (Torr) (Calcd) C = 0 C = C vinyl H a

108-94-1
541-41-3

Cyclohexanone 
(R = ethyl)

— OCOjEt 65496-21-1 4 
76

112-114
(22)

b 5.71 5.91 5.3-5.5 (m)

98-53-3 4-ierf-Butylcyclo-
hexanone ¡-Bu— OCOjEt 65496-22-2 5 89-94 226.1582 5.71 5.89 5.25-5.5 (m)

(R = ethyl) 78 (0.1) (226.1568)
98-86-2 Acetophenone H.,C—COCO.Et 65496-23-3 6 112-115 c 5.68 6.06 5.05 id, J = 2)

(R = ethyl) 1
Ph

73 (3) 5.35 (d, J  = 2)

765-43-5 c-C3H5-COMe HC=COCO,--Bu 65496-24-4 7 89-96 184.1089 5.67 6.01 4.55-4.65 (m)
543-27-1 (R = isobutyl)

À
60 (4) (184.1099) 4.68-4.78 (m)

67-64-1 Acetone H C=COCO Ph 65496-25-5 8 68-70 178.0632 5.64 5.96 4.71 Id, J  =
1

Me
1.5)

1885-14-9 (R = phenvl) 49d (0.2) (178.0629) 4.89 (d ,J  =
1.5)

4-ieri-Butylcyclo-
hexanone i-Bu—^  y — oco2ch= ch2 65496-26-6 9 79-83 224.1428 5.65 5.89 4.62 (q, J  = 2, 

6)
5130-24-5 (R = vinyl) 47 (0.2) (224.1412) 6.05 4.97 (q, J  = 2, 

14)
5.45-5.65 (m) 
7.12 (q, J = 6,

14)
566-88-1 5-o-Cholestan-3- 65496-27-7 10 107-108 444.3594 5.70 Too 5.0-5.5 (m)

one ' ' T 74 (mpl (444.3603) weak
79-22-1 (R = methyl) Il 1

M eO .C O ^^u

529-34-0 o-Tetralone OCO./Bu 65496-28-8 11 126-129 246.1255 5.66 6.02 5.80 (t,J  = 4)
(R = isobutyl)

n r S
90 (0.6) (246.1255)

530-93-8 /3-Tetralone _ ^  ,0C02Me 65496-29-9 12 115-118 204.0777 5.65 5.98 6.21 (s)
(R = methyl)

u u
76 (0.7) (204.0785)

° Coupling constants in Hz, multiplet = m, quartet = q, etc. b Known compound, lit. bp 108-110 (20 Torr) . c Anal. Calcd for C nH i20 3: 
C, 68.74; H, 6.29. Found: C, 69.05; H. 6.22. d Corrected yield; see text.

a reaction in a very polar, highly ionizing solvent. L ith ium  
enolates are most conveniently made by deprotonation of 
ketones with lithium  amide bases. For such a process to be 
useful in the present work, it  is crucial that the liberated amine 
be much less reactive toward chloroformâtes than the gener
ated enolate.5 Most amines, including diisopropylamine (the 
conjugate acid of the most popular amide base), fail this test. 
Recently lithium  2,2,6,6-tetramethylpiperidide (LiTM P) was 
introduced by this laboratory as the base of choice in situa
tions with similarly stringent selectivity requirements and its 
success in a variety of applications6 invited the prediction that 
HTM P could not effectively compete w ith an enolate for 
chloroformate.

In itia l studies were performed on the deprotonation of cy
clohexanone with L iT M P  followed by acylation with ethyl 
chloroformate. As anticipated, both the C- and O-acyl prod
ucts (3 and 4) were isolated with dimethoxyethane (10% 3,11% 
4) or TH F (-78  °C: 16% 3,16% 4; 25 °C: 16% 3,16% 4) as the 
solvent. When the THF was diluted with DMF (1:1), the ratio 
of 4:3 improved to 2.5:1 and the yield of 4 increased to 35%.

Ill LiTMP /  \ = 0  +  < 7 —  OCOEt
<2>ClCO,F.i \___/  \___/

CO Et 4

W ith the even more polar hexamethylphosphoric triamide 
(HMPA) as the cosolvent, no C-acyl product was found and 
further increases in the yield of 4 were realized. The best re
sults were obtained when cyclohexanone (1 equiv) was added 
to L iTM P (1.1 equiv) in THF at —78 °C. The enolate solution 
was then warmed to room temperature and diluted w ith an 
equal volume of HMPA. Addition of ethyl chloroformate (1.1 
equiv) was followed by a reaction work-up in which the by
product, HTMP, and the high-boiling HMPA were removed 
by extraction from pentane with aqueous pH 4 citrate buffer. 
The yield of pure, distilled 1-cyclohexenyl ethyl carbonate (4) 
was an excellent 76%.

Other enol carbonates which have been synthesized by this 
procedure are listed in Table I along with reaction yields, 
physical properties, and spectral data of structural impor
tance. Yields are generally good to excellent, no C-acylation 
products were found, and all compounds were readily isolated 
pure except 8 which was contaminated by some diphenyl 
carbonate. Two products are possible in the reactions of cy
clopropyl methyl ketone, /Ltetralone, and 5-tv-cholestan-3-one 
but in each case only one isomer was found. The structure (7) 
from the cyclopropyl ketone is in accord with expectations but 
the isolation of the conjugated product (12) from d-tetralone 
is somewhat surprising since the C-formylation, oxalylation, 
and carboxylation of /l-tetralone are reported to give either 
primarily or exclusively the 3 isomer.7 Based on analogies with 
other enolate and enol ester forming reactions of cholestan-
3-one,8 the product 10 should have its C =C  bond in the 2
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position as pictured. However, a A:,-ene structure has not been 
rigorously excluded. From the products (8 and 9), it  is evident 
that in this reaction aryl and vinyl chloroformâtes9 behave like 
simple alkyl chloroformâtes. To our knowledge, the cyclo- 
hexenyl vinyl carbonate (9) is the firs t known example of a 
mixed bis(enol) carbonate though such species would be of 
special interest in polymer chemistry.

Efforts to prepare an enol carbonate from cyclohexane 
carboxaldehyde were unsuccessful. Evidently, the use of 
L iTM P  does not avoid the aldol condensation complications 
normally encountered in endeavors to make solutions of al
dehyde enolates. Attempts to extend the reaction to the syn
thesis of enol chloroformâtes by enolate acylation with 
phosgene also failed. Unlike chloroformâtes, phosgene reacts 
rapidly with HMPA at 0 °C.10

The HMPA effect carries over to the reaction of L iTM P  
derived cyclohexanone enolate w ith acetyl chloride. Using 
TH F as the solvent, the product ratio of 2-acetylcyclohexan- 
one to cyclohexenyl acetate was 2:1. W ith  1:1 TH F-H M P A  
only the latter was obtained though the yield was a mediocre 
25%. Acylation with benzoyl chloride gave 2-benzoylcyclo- 
hexanone as the sole product (50% yield) w ith THF as the 
reaction solvent but this C-acyl product (52% yield) was joined 
by cyclohexenyl benzoate (13% yield) in 1:1 TH F-H M PA. 
L ittle  practical value of this procedure in the synthesis of 
simple enol esters is foreseen.

In conclusion, a comment concerning the H +arpoon base, 
L iTM P, seems appropriate. In the present synthetic appli
cation, unlike most others developed in our laboratory6 and 
more recently in other laboratories, the success of L iT M P  is 
not primarily a result of its proton abstracting selectivity. 
Instead its value derives: first, from the relative inertness of 
the conjugate acid, HTMP, toward chloroformâtes and in the 
longer term toward the activated ester products and, second, 
from the ease of removal of H TM P by a simple extraction 
procedure from neutral products. The firs t advantage is not 
shared by other often used amide bases and the second is a 
deficiency in the use of tr ity l anions. Though both advantages 
are further optimized w ith alkali metal hydride bases, solu
b ility  problems severely lim it their u tility  in synthesis.

Experimental Section

Melting points were taken in a Thomas-Hoover apparatus equipped 
with a calibrated thermometer. Infrared spectra were obtained on a 
Perkin-Elmer 267 spectrophotometer, NMR spectra on a Varian 
A60-A spectrometer, and mass spectra on an AEI MS-902 spec
trometer. Gas chromatographic analyses were performed on a Varian 
“ Aerograph"’ chromatograph, Model 920, equipped with thermal 
conductivity detectors and fitted with a 5 ft X 0.25 in. SE-30 on Gas 
Chrom Q column.

The hexamethylphosphoric triamide (HMPA) was distilled from 
CaH2 and the THF from LAH. The distilled chloroformâtes were 
stored over CaCOs, the distilled ketones were stored under No, and 
the 2,2,6,6-tetramethylpiperidine )HTMP, Aldrich) was dried over 
KOH. distilled through a short Vigreaux column, and stored under 
No. The vinyl chloroformate was obtained from D. J. Wancowicz;9 
other reagents were available commercially.

1-Cyclohexenyl Ethyl Carbonate. Glassware was dried at 150 
°C, assembled hot in a nitrogen stream, and set up to maintain a slight 
positive No pressure during the reaction sequence. A three-neck flask 
was fitted with a stirring magnet, a pressure equalizing dropping 
funnel, a condenser topped with an N2 gas inlet, and a septum cap. 
First, the LiTMP was prepared by dripping MeLi (0.022 mol, Ven- 
tron, ca. 1.6 M in ether) into a solution o: HTMP (3.10 g, 0.022 mol) 
in TF1F (20 mL) slowly enough to accommodate the resulting methane 
evolution. After another 10 min, the solution was cooled in a dry 
ice-acetone bath11 and cyclohexanone (2.08 g, 0.0212 mol) in THF 
(10 mL) was dripped in (20 min) through the dropping funnel. Stirring 
at ca. —70 °C was continued for another 15 min and then the clear 
yellow enolate solution was warmed to 25 °C and diluted with 40 mL 
of HMPA which caused the color to darken to an orange-brown. Next

ethyl chloroformate (2.38 g, 0.022 mol) was rapidly syringed into the 
reaction vessel (heat generated! again changing the color to a light 
yellow. The mixture was then poured into 50 mL of aqueous 10% citric 
acid (buffered to pH 4 with 50% NaOH) and pentane (50 mL) was 
added.12 After separation, the aqueous phase was extracted with 
pentane (2 X 25 mL) and the combined organic layers were washed 
with 5% NaHCÛ3 and water and dried (anhydrous Na2SO,t). Vacuum 
distillation afforded the product as a colorless liquid: 2.86 g; bp 
112-114 °C (22 Torr); NMR (CCI,) Ô 1.28 (3 H, t, J = 7 Hz), 1.5-2.5 
(8 H, m), 4.13 (2 H, q, J = 7 Hz), 5.3-5.S (1 H, m); IR (CCI4 ) 5.71,7.32,
8.0 /tm; mass spectrum m/e (rel intensity) 170 (p, 15), 98 (100), 83 (63), 
70 (98). Analysis (GC) indicated that the product was contaminated 
by only a trace of cyclohexanone; 76% overall yield.13

The other carbonates in Table I were similarly prepared from the 
appropriate ketones and chloroformâtes except for the following 
minor variations. Enolate formation from cyclopropyl methyl ketone 
was performed at -9 5  °C (liquid N2-CH2CI2 bath) to give 7. The 
cholestenyl carbonate 10 was isolated by recrystallization from ace
tone, mp 107-108 °C.

The various control and comparison experiments outlined in the 
text involving 3, 4, cyclohexane carboxaldehyde, phosgene, and acetyl 
and benzoyl chloride were also carried out by the general procedure 
above with the modifications discussed in the text. When product 
mixtures were obtained, these were often analyzed by GC prior to final 
purification. After 18 h the NMR spectrum of a mixture of ethyl 
chloroformate and HMPA was still the sum of the spectra of both 
compounds. In contrast, phosgene rapidly reacted with ethereal 
HMPA at 0 °C to evolve a gas and precipitate a white solid.

In preliminary tests, 4 was obtained in 20% yield when sodium cy
clohexanone enolate was made with NaNH2 in ether, diluted with 
HMPA, and heated to drive off the NH3 . The main product was the 
dehydrated aldol condensation dimer of cyclohexanone. With cy
clohexanone, NaH (55% in mineral oil), and HMPA, the product 
mixture was even more complex, and an attempt to use lithium 
HMPA radical anion14 in HMPA as the enolate generating base and 
solvent also failed.
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Deoxygenation of epoxides to olefins is often required in 
structural and synthetic work, and various methods for this 
transformation have been developed.1'2

We have found that mono-, di-, and trisubstituted epoxides 
could readily be converted to olefins on treatment with 
methyltriphenoxyphosphonium iodide3 (MTPI, 10 molar 
equivalents) in the presence of boron trifluoride etherate (1-3 
molar equivalents) in acetonitrile4 under mild conditions 
(room temperature, 1-2 h) (see Table I). Concerning the ste
reochemical aspect of this reaction, deoxygenation of trans 
and cis epoxides [e.g., 3 and 4 in the table] was effected to af
ford the corresponding trans and cis olefins, respectively, 
proceeding with retention of stereochemistry.5 Since in some 
cases [e.g., 3] an iodohydrin was also formed under conditions 
using 1 molar equivalent of boron trifluoride etherate, a de
rivative of the iodohydrin was deduced to be an intermediate 
of deoxygenation of the epoxide to the olef.n; the iodohydrin 
could be converted to the olefin under conditions employing 
3 molar equivalents of boron trifluoride etherate.

In order to investigate the effect of the reactivity of the io
dide ion on the above deoxygenation reaction using MTPI, 
the following experiments were carried out. When sodium 
iodide was used instead of MTPI [Nal (10 molar equiva- 
lents)-BF.vOEt2 (1-3 molar equivalents)-acetone, room 
temperature, 2 h], epoxides were partly or entirely trans
formed into iodohydrins without formation of olefins. On the 
other hand, deoxygenation of epoxides could be effected by 
potassium iodide complexed with crown ether6 to an extent 
less than in the case of MTPI [KI (10 molar equivalents)- 
dicyclohexyl-18-crown-6 (1 molar equivalent)-BF3-OEt2 (1-3 
molar equivalents), MeCN or benzene, room temperature-50 
°C, 1-5 h]7 (Table I). The above results indicate that the re
activity of the iodide ion is important for deoxygenation of 
epoxides to olefins. As a reagent for deoxygenation of epoxides

Table I. Deoxygenation of Epoxides to Olefins by MTPI- 
______ BF3-OEt2 and by Kl-Crown Ether-BF3-OEt2_______

Yield5 of olefin, % 
Kl-crown

Epoxide BF3-OEt2° M TPI ether

1-Dodecene (1) 3 60e 54 e
5a-Androst-2-en-17-one 1 99 78

(2 )d
Methyl trans-9- 3 99e 94 e

octadecenoate (3)
Methyl cis-9-octadecenoate 3 95 ! 85/

(4)
Methyl trans-13- 3 99 e 71e

docosenoate (5)
Methyl cis-13-docosenoate 3 86/ 46f

(6)
Citronellol methyl ether (7) 3 74 31
Cholest-5-ene (8)g 1 91 53
Cholest-4-en-3-one (9)ff 1 99 44

° Molar equivalent. 5 Isolated yields except for 1; the products 
were purified by preparative TLC and identified by spectral (IR, 
NMR, and mass) comparison with authentic samples. c Yields 
determined by GLC. d 2e,3«-Epoxide. e Trans. /  Cis. * A mixture 
of a- and d-epoxides was employed.

0022-3263/78/1943-2076$01.00/0

to olefins under the present conditions, MTPI is much more 
effective than the “ naked” iodide ion generated from potas
sium iodide and crown ether.

The above findings suggest that a phosphorus-containing 
intermediate such as A would be involved in the deoxygena
tion of epoxides using MTPI, which would undergo more 
readily the /? elimination effected by the iodide ion than a 
corresponding reaction intermediate in the case of the K l- 
crown ether system. The reaction intermediate similar to the 
above intermediate A was previously suggested in the con-

(PhO)PMe

I
0

I
A

version of epoxides to cis- 1,2-dichlorides using the mechan
istically related triphenylphosphine-carbon tetrachloride
system.8’9

It should be noted that deoxygenation of epoxides to olefins 
could be made [e.g., the epoxide of methyl trans- 13-docose- 
noate (5), 99%; the epoxide of cholest-4-en-3-one (9), 65%] by 
methyltriphenylphosphonium iodide [PhsMeP-I (10 molar 
equivalents)-BF,rOEt-2 (1-3 molar equivalents)-MeCN, room 
temperature, 1-2 h] to an extent a little less than in the case 
of MTPI but significantly more than in the case of the K l- 
crown ether system, suggesting in this case again the impor
tant role of a phosphonium ion and that the reaction would 
proceed through a phosphorus-containing intermediate.10

Experimental Section11
Methyltriphenoxyphosphonium iodide (MTPI), which was pre

pared according to the procedure by Verheyden and Moffatt,36 was 
purified prior to use as follows: dry ether was added to a solution of 
MTPI in dry CH2C12 to afford precipitates of MTPI, and this proce
dure of purification was repeated three times, giving almost colorless 
MTPI, which was filtered and dried in vacuo. Boron trifluoride eth
erate was distilled from CaH2 prior to use. Acetonitrile was refluxed 
over P2O5 for 5 h and distilled. Benzene and ether were refluxed over 
Na and distilled, respectively. Methylene chloride was distilled from
CaCl2.

Procedures for Deoxygenation. Similar procedures were used 
to perform deoxygenation for all the epoxides examined. Represen
tative procedures employing M TPI-BF3-OEt2 and Kl-crown 
ether-BF3-OEt2 follow.

Deoxygenation of the Epoxides of Cholest-5-ene (8) Using 
MTPI-BF3OEt2. To a magnetically stirred solution of a mixture of 
a- and /(-epoxides of cholest-5-ene (8) (20.0 mg, 0.052 mmol) and 
MTPI (234 mg, 0.52 mmol) in 2 mL of MeCN-benzene (v/v, 1:1) was 
added a solution of BF3-OEt2 in MeCN (0.066 mL containing 6.6 pL 
(0.052 mmol) of BF3-OEt2) at room temperature. After 1 h at room 
temperature the reaction mixture was diluted with saturated NaHC03 
solution and extracted with CHCI3 four times. The combined organic 
extracts were washed with saturated NaCl solution, dried, and con
centrated. The crude product was purified by preparative TLC (silica 
gel, n-hexane) to affcrd crystals of 8, mp 87-89 °C (17.5 mg, 91%).

Deoxygenation of 2a,3a-Epoxy-5a-androstan-17-one (2) Using 
Kl-Crown Ether-BF3'OEt2. A solution of 2<v,.3«-epoxy-5«-an- 
drostan-17-one (2) (23.0 mg, 0.080 mmol) in 2 mL of MeCN was added 
with stirring to a suspension of KI (133 mg, 0.80 mmol) and dicyclo- 
hexyl-18-crown-6 (29.5 mg, 0.080 mmol) in 1 mL of MeCN at room 
temperature. To this mixture was added a solution of BF3-OEt2 in 
MeCN (0.10 mL containing 0.010 mL (0.080 mmol) of BF3-OEt2) at 
room temperature. After stirring was continued for 3 h at room tem
perature, the mixture was diluted with saturated NaHC03 solution 
(3 mL) and extracted with CHC13 three times. The organic extracts 
were washed with saturated NaCl solution, dried, and concentrated. 
The crude crystalline material was purified by preparative TLC (silica 
gel, n-hexane-EtOAc (v/v, 3:1)), giving crystals of 2, mp 103-106 °C 
(17.0 mg, 78%).

Registry No.—1, 2855-19-8; 1 corresponding olefin, 112-41-4; 2,
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965-67-3; 2 corresponding olefin, 963-75-7; 3, 6084-76-0; 3 corre
sponding olefin, 1937-62-8; 4, 2566-91-8; 4 corresponding olefin,
112-62-9; 5,6084-74-8; 5 corresponding olefin, 7439-44-3; 6,6084-75-9; 
6 corresponding olefin, 1120-34-9; 7, 38595-13-0; 7 corresponding 
olefin, 55915-70-3; 3 «-epoxide, 20230-22-2; 8 /J-epoxide, 24375-46-0; 
8 corresponding olefin, 570-74-1; 9 «-epoxide, 2515-12-0; 9 /1-epoxide, 
1975-34-4; 9 corresponding olefin, 601-57-0.
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Allyl Ethers of Ethyl
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Intermediates for the Synthesis of 
4H-l,3,4-Benzoxadiazines
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In a study of 1,3-dipoles bearing an alkenyl substituent, 
we found1 that the reaction of 1-chlorohydrazone lc with 
triethylamine gave, in addition to the expected pyrazoline 
derivative 3c arising from the intermediate nitrile imine 2c, 
minor quantités of the isomeric 4ff-l,3,4-benzoxadiazines 5c 
and 7c. Since few synthetic methods are available for this ring 
system,2-5 further work was done on 1-chlorohydrazones of 
type 1 as possible precursors of 1,3,4-benzoxadiazines. In view 
of the fact that 1-chlorohydrozones are well known to follow 
a general pattern in a basic medium, giving rise to nitrile im- 
ines,6 thermochemical reactions of la-c seemed to be worthy 
of investigation.

Compounds la-c slowly underwent change in boiling xylene 
to give a mixture of several products. In all cases, the reaction 
mixture was worked up before the complete disappearance 
of the starting substrate; in fact, longer times were not ad
vantageous since formation of Tar began to occur. Products,

Table I. Reaction of 1-Chlorohydrazones 1 in Boiling 
Xylene0

Unre
acted
sub-

Compd
Registry

no.
strate,

% 6
Prod
ucts

Registry
no.

Mp,
oC c

Yield,
%

la 61364-10-1 25 4a 65465-81-8 103 33
6a 65465-82-9 129 11
3a 61364-13-4 d 8
5a 65465-83-0 101° 13

lb 65465-79-4 31 4b 65465-84-1 91 34
3b 65495-44-5 132 9
5b 65465-85-2 97° 17

lc 65465-80-7 29 3c 65465-86-3 d 16
6c 61364-17-8 d 10
5c 61364-19-0 d 20
7c 61364-18-9 d 13

0 After 42 h. 6 Recovered by column chromatography. c From 
diisopropyl ether. d See ref 1. e Yellow crystals.

which were isolated by column chromatography, are indicated 
in Table I along with the corresponding isolation yields.

Control experiments showed that compounds 4a,b and 6a,c 
are not stable in boiling xylene but slowly react to afford the 
corresponding AH- 1,3,4-benzoxadiazines 5a,b and 7a,c.7 Some 
6a was detected in the product arising from 4a.

The ring closure of 4a,b and 6a,c to 5a,b and 7a,c was 
greatly accelerated in the presence of basic agents. In fact, it 
was complete within 30 min by treating 4a,b and 6a,c with 
triethylamine (5 mol) in boiling toluene. Under these condi
tions, the cyclization products 5a,b and 7a,c were obtained 
in quantitative yields.

NN=CCOOEt

OCH Cl R, )=CHR_.
2

NHN=CCOOEt
I

Cl

RjC H C (R ,)= C H = ('H 2

R.CHO R; )= C H

5

a, R, = R 2 = H
b, R, = Me; R , = H
c, R, = H; R 2 = Ph

0022-326S/78/1943-2077$01.00/0 © 1978 American Chemical Society



2078 J. Org. Chem., Vol. 43, No. 10,1978 Notes

The above results can be accommodated within the frame 
of the following mechanistic picture. In accord with the known 
thermochemical behavior of aryl allyl ethers,8 compounds 
la -c  are capable of undergoing a Claisen rearrangement re
action leading to 2,6-disubstituted phenols 4. These primary 
products can then evolve according to one or both of the fol
lowing pathways: (i) further migration of the allyl-tvpe sub
stituent to give 2,4-disubstituted phenols G; (ii) intramolecular 
nucleophilic displacement of the chlorine atom to afford 8- 
substituted 4fM,3,4-benzoxadiazines 5. The latter process, 
which is very fast in the presence of triethylamine, parallels 
the intermolecular reaction of 1-chlorohydrazones with phenol 
under basic catalysis.9 Of course, a similar ring closure is 
possible for 6 to give 7.

Examination of the results given in Table I reveals that the 
migration of the allyl substituent to the para position, which 
is lacking in the case of lb, proceeds rather easily in the case 
of lc, thus keeping the concentration of phenol 4c under de
tectable values (by NMR). The actual formation of the latter 
compound is demonstrated by the isolation of the corre
sponding cyclization product 5c. The observed preference for 
the para position in the Claisen rearrangement of lc  could 
perhaps be the consequence of a steric hindrance by the 
phenyl group. This effect would be operating in the retroe- 
nolization of the primarily formed cyclohexadienone A, thus

H CH(Ph)CH=CH 
A

favoring the alternative pathway, i.e., further migration of the 
substituent to the para position.

The tricyclic compounds 3 unquestionably arise from 2 via 
intramolecular 1,3-cycloaddition. In spite of the absence of 
a basic reagent, the formation of 2 is not surprising since 1- 
chlorohydrazones have been reported to undergo, although 
slowly, thermal elimination to give nitrile ¡mines.6

Experimental Section
Melting points were taken on a Biichi apparatus and are uncor

rected. Infrared spectra were recorded on a Perkin-Elmer Model 377 
spectrophotometer. NMR spectra were usually obtained on a Varian 
A-60A instrument with Me4Si as an internal standard; a Varian 
HA-100 instrument was used for compound 3b.

Preparations of la, c have been previously reported.1
Ethyl 2-Chloro-2-[2-(2-methylprop-2-enyloxy)phenylhy- 

drazono]acetatc (lb). This compound was prepared from 2-(2- 
methylprop-2-enyloxy)aniline10 according to the precedure described 
for la.c:1 yield 56%; mp 51 °C (n-pentane); IR (Nujol) 3350 (NH) and 
1740 cm -1 (CO); NMR (CDC13) 5 1.37 (3 H, t, CH,CH 3), 1.82 (3 H, s, 
CH3), 4.30 (2 H, q, CH2CH3), 4.42 (2 H, s, CH,j, 4.8-5.2 (2 H, m. 
CHo=), 6.7-7.6 (4 H. m, ar), 8.8 (1 H, broad s, NH). Anal. Calcd for 
Ci |Hi7ClN20 3: C, 56.66; H. 5.78; N, 9.44. Found: C, 56.80; H, 5.48; N,
9.31.

Reaction of 1-Chlorohydrazones 1 in Boiling Xylene. General 
Procedure. A solution of 1 (40 mmol) in dry xylene (2 L) was heated 
under reflux for 42 h. The solvent was then removed under reduced 
pressure and the residue was chromatographed on silica gel column 
(1 kg) to afford unchanged 1 followed by the products indicated in 
Table I. Eluents were light petroleum-diethyl ether (3:2) in the case 
of la,b and benzene-ethyl acetate (4:1) in the case of lc.

Reaction of 1-Chlorohydrazones 4 and 6 with Triethylamine. 
General Procedure. A solution of 1-chlorohydrazone 4 or 6 (5 mmol) 
and triethylamine (25 mmol) in dry toluene (250 mL) was heated 
under reflux for 0.5 h. The mixture was then washed with aqueous 
HC1. dried over MgSOj, and evaporated. The residue gave the cycli
zation product 5 or 7 in 93-95% yield. Compound 7a: yellow crystals, 
mp 139 °C (from diisopropyl ether).

Registry No.—7a, 65465-87-4; 2-(2-methylprop-2-enyloxy)aniline, 
55000-14-1.

Supplementary Material Available: Spectral (IR and NMR) and 
analytical data for compounds 3b, 4a,b, 5a,b, 6a, and 7a (2 pages). 
Ordering information is given on any current masthead page.
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Mild Procedure for the Cleavage of 
«-Hydroxy Ketoximes Using Dichlorocarbene4
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The fragmentation of anft-a-hydroxy ketoximes (1) to yield 
aldehydes or ketones (2) and nitriles (3) can be effected by a 
number of reagents such as phosphorus pentachloride,1 
benzenesulfonyl chloride-pyridine,2 phosphoryl chloride- 
pyridine,3 polyphosphoric acid,4 thionyl chloride,5 and 
phosphonitrile dichloride-pyridine.6

We now wish to describe a novel Beckmann fragmentation 
technique for arc (/-«-hydroxy ketoximes using dichlorocar- 
bene as the reagent. The carbene was generated in situ in a 
two-phase system using a phase-transfer catalyst.7 The 
method proceeds under mild conditions to give high yields of 
the corresponding carbonyl compound and the nitrile:

Oil N.
X OH

1
c h lo r o f o r m —e t h y l  a c e ta te  R j
4 0 °c  aq  s o d iu m  h y d r o x id e

------------------------------------------------- ► , C = 0  +  RCN
b e n z y l t r ie th v la m m o n iu m  c h lo r id e
( 5  w t  °c) 3 0  m i n  r e f l u x  R _

2 3
A wide variety cf «-hydroxy ketoximes such as a-benzoin 

oximes, terpenoid-o-hydroxy ketoximes, and steroid-«- hy
droxy ketoximes underwent fragmentation in high yields. The 
results are summarized in Table I.

A tentative reaction pathway on the lines previously 
suggested2b o 8 for the observed Beckmann fragmentation of 
arci/-«-hydroxy ketoximes is shown in Scheme I.

Experimental Section
All melting points are uncorrected. IR spectra were determined on 

a Perkin-Elmer infra:ord spectrometer in Nujol and as KBr pellets. 
All «-hydroxy ketoximes were prepared by previously reported pro
cedures and were fully characterized prior to use. All knowm products 
were confirmed by comparison of their IR spectra with authentic 
samples.

* Dedicated to Professor Bal Dattatra/s Tilak on the occasion of his 60th 
birthday.
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Table I. Yields of Products from the Fragmentation of «-Hydroxy Ketoximes

«-Hydroxy
ketoximes

Ph

H

\
A

C— 0 — Fh

OH NOH

la
Ph

H

e — C4bOMe<p)

7 t I
OH NOH 

lb

Registry
no.

Mp,
°C Product

Registra
no.

Yield,“
%

Mp or bp 
(Torr) 

°C

Lit.
mp or bp 
(Torr), °C

574-13-0 150“ PhCHO
PhCN

100-52-7
100-47-0

80 6 
76

236
191 (760)

236“
191c (760)

65414-48-4 136° PhCHO
p-OM eC6H4CN 874-90-8

74 6 
65

236
62

236
62“

3221-98-4 157-58“
n c ' x ^ Y ch o

65414-49-5 85 6 195-96

65451-08-3 179'’ I cholestane 27270-59-3 85 96 96-7«

65452-44-0 190 and
2 l2 h

I cholestane

p K r
m r

65414-50-8 86 66 66-68h

0 Isolated yields of products purified by chromatography or distillation. b Isolated as 2.4-dinitrophenylhydrazone. c R. L. Shriner,
R. C. Fuson, and D. Y. Curt in, “ The Systematic Identification of Organic Compounds” . Wiley, New York, N.Y., 1965. d M. Tiffeneau 
and J. Levy, Bull. Soc. Chim. Fr., 49, 725 (1931). e R. A. Chittenden and G. H. Cooper, J. Chem. Soc. C. 49, (1970). f L. F. Fieser and
S. Rajagopalan, -J. Am. Chem. Soc., 71, 3938 (1949). « L. Knof, Justus Liebigs Ann. Chem., 642,194 (1961). h Reference 5.

:c—c— r CO G IO

Scheme I

R \
C — C----R;

OH N
N ) " N a 4

R / I
OH N

N>—en—ri n'.y

R x h  'T il
C— R

O" Na N,
' 0 — CHC1— Cl

N aO H  j

2 +  3 +  NaCl +  HCOONa

Registry No.— le DNP, 65414-47-3; dichlorocarbene, 1605-72-
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General Procedure for the Reaction of the Dichlorocarbene 
with the «-Hydroxy Ketoximes. Cleavage of 2-exo-Hydroxy- 
3-hydroxyiminobornane (lc). To a solution of lc (9.15 g, 50 mmol) 
in chloroform-ethyl acetate (200 mL, 1:1 v/v) was added 40% sodium 
hydroxide (50 mL, C.7 mol) followed by benzyltriéthylammonium 
chloride 2̂.2 mmol) with stirring. Upon addition of 40% sodium hy
droxide. the formation of a white precipitate was observed. The 
reactants were refluxed for 30 min, during which time the precipitate 
slowly went into complete solution. The progress of the reaction was 
followed by TLC (silica gel; benzene-ethyl acetate (5:1) as eluent). 
The organic layer was then separated, washed with 2 N HC1 (5 mL) 
and water, and dried. IR (CCD of product showed 2240 (CN) and 
1723 cm-1 (COt The crude product was converted into its 2,4-dini- 
trophenylhydrazone and recrystallized from ethanol as yellow needles 
(14.6 g, 85%); mo 195-96 °C; IR (KBr) rmax 3280 and 2220 cm "1. Anal. 
Calcd for Ci6H i9Ns0 4: C, 55.65; H, 5.50; N, 20.29. Found: C, 55.80; H, 
5.62; N, 20.13.

Synthesis of Methylaryloxypropanolamines1

Thomas L. Lemke,* Robert L. Bohlitt, George A. Capiton, 
Lindley A. Cates, and Gary E. Martin
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University of Houston, College of Pharmacy,
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Several years ago we initiated a project directed toward 
developing a general synthesis o f a-m ethylarvloxypropa- 
nolamines. These compounds were o f  interest because o f their 
reported selective /3-adrenergic blocking action.2' 3 The route 
proposed for the synthesis o f  these com pounds consisted of

0022-3263/78/1943-2079$01.00/0 © 1978 American Chemical Society
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Table I. g-Methylaryloxypropanolamines (4) and 7 -Mcthylaryloxypropanolamines (5)

Compd
Registry

no. Ri R2 R.s
>H NM Rn 

CHa6 NC(CH3>3 Ion A
MS

Ion C f Mp, °C
Yield,

%f Formula*

4a 65701-89-5 3-CH3 4-CH;, C(CH3)3 1.12 1.07 100 221(47) 8.1
4a HC1 65701-90-8 3-CH3 4-CH3 C(CH3)3 1.32 1.37 159—161d C I6H27N 0 2HC1
4b 65701-91-9 3-H 4-CT1, C(CH3)3 1.10 1.02 100 221 (9) 8.4
4b HC1 65701-92-0 3-H 4-CoHr, C(CH3)3 1.31 1.37 174-176d c 16h 27n o 2h c i

4c 65701-93-1 H H C(CH3)3 1.18 1.13 100 193(3) 7.0
4c HC1 65701-94-2 H H C(CH3)3 1.30 1.30 135-139d C14H2:ìN 0 2HC1
5a 65701-95-3 3-CH3 4-CH3 C(CH3)3 1.18 1.03 86 207(66) 14.4
5a HC1 65701-96-4 3-CHs 4-CH, C(CH3)3 1.20 1.33 169—171 c 16h 27n o 2h c i

5b 65701-97-5 3-H 4-C2H5 C(CH3)3 1.21 1.03 86 207 ( 11 ) 21.0
5b HC1 65701-98-6 3-H 4-C2H5 C (CH3)3 1.22 1.33 150-152^ c 16h 27n o 2 h c i

5c 65701-99-7 H H C(CH3)3 1.33 1.12 86 179(47) 41.0
5c HC1 65702-00-3 H H C(CH3)3 1.30 1.40 132-135d C,.|H2:iN 0 2HCl

0 All spectra were run in Me2SO-d6 arid chemical shifts are reported in parts per million downfieid from Me4Si. The Me2SO-d6 peak 
was used as the internal standard. h The methyl existed as a doublet centered at the location indicated. c Figure in parentheses is 
relative intensity (%) with ion A the base peak. d From EtOAc. e From EtOAc-c-CeH 12. 1 Yields based on the two-step reaction starting 
with 2 and are isolated yields. * All compounds were analyzed for C, H, N, and Cl where present and the results were within ±0.4% 
theory.

addition o f substituted phenols (1) to threo-3 -brom o-l,2 - 
epoxybutane (2) using boron trifluoride etherate as a catalyst 
(Scheme I). It was expected that this would give rise to bro- 
mohydrins (3) which upon treatment with a primary amine 
should result in formation o f the desired «-m ethylaryloxy- 
propanolamines (4). Upon attempting the first step in this 
sequence it was noted that the reaction led to a mixture o f 
bromohydrins. Attem pts to separate the resulting brom ohy- 
drins proved fruitless and therefore the mixture was treated 
with a primary amine to give the alkvl-substituted aryloxy- 
propanolamines. At this point separation was possible and 
resulted in isolation o f two products, a minor product 4 and 
the major product 7 -m ethylaryloxyproparolam ine (5). This 
paper reports the identification o f these com pounds.

Results and Discussion
The addition of nucleophiles to haloepoxides under neutral 

or basic conditions has been reported to lead to a stereose
lective addition to the epoxides.6-7 When electron-withdrawing 
substituents, such as a methyl halide, are attached to the ep
oxide ring, opening o f  the epoxide usually is inhibited at the 
carbon which bears the electronegative substituent. In the case 
o f 2 this should result in addition to the 1 position. A similar 
trend has been noted for acid-catalyzed addition to epox
ides.6-8 Although addition to 2 under acidic conditions should 
lead to 3 and finally on to 4, one cannot rule out the possible 
addition to the 2 position which would ultimately lead to 
minor quantities o f 6. In addition, with opening o f the epoxide 
followed by migration o f the brom ide and addition o f phenol 
a compound with structure 7 might be expected. The identity 
o f  the products as 4 and 5 and the absence o f  6 and 7 was 
confirm ed by 'H  N M R, 13C N M R, and MS.

Scheme I

4

CH, 1 ^
CHo0H 1 £

H-CH-CĤ NH FL
R, v  0H ‘

r2

H-CH-NHR-,
RiX^J CH ° 

«2
5 s

3

The a-m ethyl group in 4 and 6 should show- a characteristic 
downfieid shift if the 'H  N M R  o f the hydrochloride is com 
pared with that o f  the free base. On the other hand, the 
chemical shift o f the 7 -methyl or /3-methyl o f the free base and 
the hydrochloride o f 5 and 7, respectively, should not signif
icantly change. As an internal standard, the shift o f the methyl 
protons o f the £erf-butyl group was used for comparison. The 
base to salt shift [A = ¿¡(salt) — 6(base)] o f the fert-butyl 
protons is 0.3 (Table I). The 7 -methyl group in 5 a -c  does not 
experience a change between the free base and salt. This 
proves that the major product does not contain an a-m ethyl 
group. The minor product does show a base to salt shift o f  0.2 
ppm  when 4 a -c  are compared with their respective salts. 
These results suggest an a-m ethyl group but do not d iffer
entiate between 4 and fi. The M S does differentiate between
4 and 6 and between 5 and 7. T w o im portant fragmentations 
and the lack o f  another in the methylarloxypropanolamines 
were o f considerable value in the structure proof. T he base 
peak results from fragmentation between C -2 and C-3 to give 
ion A, Figure 1. The expulsion o f neutral aldehydes, D, and 
ion C have been noted with compounds 4 and 5. This is similar 
to  results reported by Rix and W ebster.9 The base peak for 
4 a -c  w as m/e 100. This corresponds to ion A, R 5 = CH 3 and 
R 3 = ter t -butyl. The same base peak would result from 6, but 
6 would be expected to also undergo a cleavage o f the primary 
alcohol to give a M  — 30 peak.10 N o such ion was found. The 
additional cleavage o f 4 should result in elimination o f acet
aldehyde, D (R.( = H), and formation o f ion C (R r, = C H 3). 
This is found to occur as shown in Table I. In a similar manner
5 ionized to give a base peak o f m /e 86 where R 5 =  H and 5 
expells propionaldehyde along with ion C, m/e 207. C om 
pound 7 would be expected to ionize to give a base peak o f m/e 
116. This was not seen with any o f the com pounds isolated.

Perhaps the most convincing evidence for 4 and 5, which 
in addition allows the differentiation between 4 and 6, is the



Notes J. Org. Chem., Vol. 43, No. 10,1978 2081

^4 ?5
- 0 - C H - Ç  H - C H - N H R  

OH 3

CH3NHF,
R, OHI"CH=CH

A(100”/.l
Figure 1.

c
1 4 . 4

Table II Observed 25.2-MHz 13C-NM R Chemical Shifts 
of 3-tert-Butylamino-2-hydroxy-l-aryloxybutanes (4)

4CH3

4a,
Ri = R2 = CH3

4b,
Ri = H; R2 = CH2CH3

XIIh£
1 69.6 69.8 69.5
2 72.3 72.7 72.7
3 49.4 48.9 48.6
4 20.3 21.2 21.3
5 52.3 51.3 51.0
6 29.4 30.0 30.0
7 156.9 156.9 158.8
8 116.2 114.5 114.5
9 137.4 128.5 129.2

10 128.6 136*4 120.6
11 130.1 128.5 129.2
12 111.4 114.5 114.5
13 18.6“ .
14 19.8° (CH2) 27.9

(CH3) 15.7

° Could not be unambiguously assigned.

13C -N M R  spectra o f  the com pounds. Calculated chemical 
shifts may be obtained for the aromatic portion o f the m ole
cule through the use o f  additivity parameters.11’12 For the 
aliphatic portion o f the molecule, approximate chemical shifts 
were obtained on the basis o f  polar group replacements o f the 
appropriate methyl groups o f  2,3-dimethylpentane with the 
value for the phenyl substituent obtained from 2-phenoxy- 
butane. As is shown in Figure 2, the calculated chemical shifts 
o f  8, 9, and 10 have an inherent pattern which allows the d if
ferentiation o f both the «-m ethyl from the 7 -methyl isomers, 
8 and 9, respectively, as well as from 10. One o f the charac
teristics which permits the discrimination between a - and
7 -methyl isomers is the position o f the methyl group itself. In 
the case of the a-m ethyl isomers, 4, the observed, average 
chemical shift o f  the methyl group is b 20.9 which agrees rea
sonably well with the predicted value o f 5 19.4. It should also 
be noted that this observation does not facilitate the differ- 
entation o f 4 from 6, as the calculated methyl shifts for both 
o f these structural possibilities are identical. In the case o f the
7 -methyl isomer, 5, the observed average shift o f  the methyl 
group at 0 15.9 also agrees reasonably well with the predicted 
value from the m odel o f  b 14.4 (Table III).

A second factor contributing to the differentiation between 
the a- and 7 -methyl isomers is the relative behavior o f  the a 
and 7 carbons themselves. As expected, the a and 7  carbons

9

6 5 . 5
ch2oh

1 9 . 4

10
Figure 2. Calculated 13C-NMR chemical shifts for models of the 
aminobutanol portion of the methylaryloxypropanolamines.

Table III. Observed 25.2-MHz 13C-NM R Chemical Shifts 
of l-iert-Butylamino-2-hydroxy-3-aryloxybutanes (5)

4CH3

R,

5a, 5b, 5c,
R 1 = R 2 = CH3 Ri = H; R 2 = CH2CH3 Rj = R2 = H

1 41.8 43.8 43.8
2 71.8 72.5 72.4
3 76.2 76.4 76.1
4 15.3 16.7° 15.8
5 51.8 50.2 50.2
6 28.1 29.3 29.0
7 154.7 155.8 157.7
8 117.7 116.0 115.9
9 137.6 128.6 129.3

10 128.9 136.4 120.8
11 130.2 128.6 129.3
12 111.2 116.0 115.9
13 17.9°
14 19.3° (CH2) 27.9 

(CH3) 16.8°

are both shifted downfield when they carry the methyl group, 
relative to the position when they carry hydrogen. Although 
the values observed for the carbons (Table II and III) do not 
agree precisely with the predicted values (Figure 2), this may 
be accounted for by the relative accuracy o f the m odel itself. 
T he models represent a system containing a primary amino 
group as opposed to the secondary amine o f  the observed 
system. It will be noted that the observed shifts o f the methyl 
groups agree reasonable well with the predicted values as does 
the chemical shift o f the /I carbons which carries the hydroxyl 
group com m on to 4 and 5. There is also excellent agreement



2082 J. Org. Chem., Vol. 43, No. 10, 1978 Notes

observed for the carbon in 4 and 5 with the appropriate carbon 
in 8 and 9. It should be noted that these correlations provide 
the basis for discrimination between 4 and 6. Thus, on the 
basis of 13C NMR, in conjunction with toe observed mass 
spectra behavior, 6 can be ruled out in favor of 4 as the product 
actually formed.

The formation of 5, which is thought to proceed through 
l-bromo-3-aryloxy-2-propanol, is under investigation both 
as to the nature of the mechanism of the rearrangement and 
also from the stereochemical standpoint. It is not known 
whether 4 and 5 are diastereomeric mixtures or pure iso
mers.

Experimental Section
Melting points were obtained on a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. Microanalyses were 
performed by Atlantic Microlab, Inc., Atlanta, Ga. Satisfactory IR 
and 'H-NMR spectra were obtained for all compounds reported. 
'H-NMR spectra were recorded on Varian T-60 and EM-360 spec
trometers in Me2SO-d6- MS spectra were obtained on a Hitachi 
Perkin-Elmer RMU-6H spectrometer. Chromatography was per
formed using Brinkmann silica gel whereas TLC was done on silica 
G with 254 fluorescent indicator (Analtech uniplates). 13C-NMR 
spectra were run on a Varian XL-100 spectrometer operating in the 
pulsed fourier transform mode and equipped with a Nicolet TT-100 
data system and NT-440 frequency synthesizer at ambient temper
ature in CDCR All resonance lines are relative to the central line of 
CDCfi at 5 76.9. Typical fixed instrument parameters were: pulse 
width 10 ns; pulse delay 10 s; sweep width 5 kHz; acquisition time 
1.638 s. Aliphatic signal assignments were confirmed by the use of 
off-resonence decoupling techniques.

Bromohydrin Mixture. To a stirred solution of freshly recrys
tallized 3.4-dimethylphenol (32 4 g. 0.28 mol) and freshly distilled 
BF:rEt20  (0.7 g) in dry CgHg (140 mL) maintained at 0-5 °C was 
added 2IiU4 (10.0 g, 0.071 mol). The addition toak 0.75 h and the re
action was maintained a: 0 °C for an additional 0.5 h and then allowed 
to warm to 25 °C. A few drops of H20  were added and the mixture was 
dried (MgS04). Removal of the solvent and crystallization of the 
residue from hexanes led to recovery of 21 g of 3,4-dimethylphenol. 
The filtrate was concentrated ar.d the residue was taken up in Et20, 
washed with three 50-mL portions of cold 5% NaOH and H20. and 
dried (MgS04). Removal of the solvent resulted in recovery of 13.7 
g of crude product which was used without fur:her purification for 
the next step. Partial purification of the bromohydrin mixture re
sulted in recovery of an oil. Anal. Calcd for Ci2H i7Br02: C, 52.76; H, 
6.27; Br. 29.25. Found: C, 51.72; H, 6.16: Br, 28.74. A similar procedure 
was used to prepare the bromohydrin mixture when 4-ethylphenol 
and phenol were used as reactants.

3-iert-Butylamino-l-(3,4-dimethylphenoxy)butan-2-ol (4a)

and l-tert-butylamino-3-(3,4-dimethylphenoxy)butan-2-ol (5a).
A solution of bromohydrins (13.5 g, 0.05 mol), freshly distilled tert- 
butylamine (10.9 g, 0.15 mol), and EtOH (25 mL) was heated under 
reflux for 48 h. Concentration of the reaction mixture gave a residue 
which was taken up in 10% HC1 and washed with three 25-mL portions 
of Et20. The H20  layer was cooled, made alkaline with 30% KOH, and 
extracted with CHCI3. The combined CHCI3 was dried (MgS04) and 
evaporated to give 10 g of 4a and 5a. This oil was chromatographed 
on silica gel (1 kg) eluting with EtOAc-MeOH-EtaN (95:2:3). Com
pound 4a, 2.1g, was the first product off the column. The second 
product 5a, 4.0 g, was collected and showed a single product by TLC. 
Each compound was individually converted to their respective HC1 
salt. The recrystallization solvent, yield, and physical constants for 
these products and the other compounds 4 and 5 which were prepared 
by a similar procedure are given in Table I.
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C o m m u n i c a t i o n s

A Novel Potassium Hydride Induced Reorganization 
Reaction. Synthesis of Condensed Heterocycles

Summary: The potassium hydride induced ¡3 elimination of 
the heteroatom bridge of specifically substituted 7-hetero- 
bicyclo[2.2.1]heptenes has been examined as a new route to 
condensed heterocycles.

Sir: The Diels - Alder reaction is one of the most powerful tools 
available for the construction of complex organic molecules.1 
We now report an efficient method for the preparation of 
fused-ring heterocycles by base-induced heterolysis of the
7-heterobicyclo[2.2.1]heptenes available from the Diels-Alder 
reaction of furans and pyrroles with 1,3-dicarboethoxyal- 
lene.4

The primary objective of this investigation was the devel
opment of a direct process for the preparation of 4-car- 
boethoxycxindole (1). This product was deemed a valuable 
precursor for the synthesis of various ergot alkaloids.2 These 
compounds have aroused renewed interest because of their 
possible use as prolactin inhibitors and anti-Parkinsonian 
drugs.3

Structural analysis of the target 1 suggested its derivation 
from the aminohomophthalate 2, which in turn could be 
generated from an intermediate of structure 3, the cycloadduct 
of a pyrrole 4 and 1,3-dicarboethoxyallene (5).

CO Et

H
1

That cycloadduct 3 does indeed possess all the structural 
features required for conversion to oxindole 1 was readily 
demonstrated. The azabicyclo[2.2.1]heptene 3 (R = COCH3), 
available in 70% yield from the Diels-Alder reaction of N- 
acetylpyrrole and 1,3-dicarboethoxvallene (5),4 was treated 
with a large excess of potassium hydride (4-5 equiv) in tet-

rahydrofuran for 1 h at room temperature. The reaction 
mixture was then quenched with aqueous ammonium chloride 
and extracted with chloroform. The solid residue obtained 
after concentration was recrystallized from methanol to afford
4-carboethoxyoxindole (1) (mp 184-185 °C) in 60-75% 
yield.

The structure of this product was confirmed by spectral 
analysis [IR (CHC1S) 3450, 3200, 1705 (overlapping C = 0  
groups) cm-1; NMR (CDC13) b 9.33 (br s, 1 H), 7.00-7.90 (m, 
3 H), 4.43 (q, J = 7 Hz, 2 H), 3.90 (s, 2 H), 1.40 (t.J = 7 Hz, 3 
H); M+ m/e 205.07390] and by its facile base-catalyzed con
densation with pyridine-2-carboxaldehyde to give the crys
talline derivative 6.5

A possible mechanism for this novel molecular reorgani
zation is shown below. The first two steps of this process are

0

I

II

envisioned to involve carbanion formation followed by car
bon-nitrogen bond cleavage to yield intermediate I. An 
analogous base-induced (3 elimination of a heteroatom bridge 
has previously been recorded by Stork and co-workers in some 
of their initial attempts to synthesize cantharidin.6

Intermediate I is now transformed by lactamization and 
aromatization (the timing of these steps is uncertain and, of 
course, will depend on the olefin geometry of I) to interme
diate II.7 Subsequent deacetylation of II by the ethoxide 
ejected during the course of this reaction affords 1 on acidic 
workup.

This methodology was also shown to be applicable to the 
synthesis of 5-methyl-4-carboethoxyoxipdole (8) [IR (CHCI3) 
3450, 3200,1720,1710 cm "1; NMR (CDC13) 0 8.45 (br s, 1 H),
6.93 (ABq, 2 H, J = 8 Hz, cab = 13.86). 4.33 (q, J = 7 Hz, 2 H),
3.70 (s, 2 H), 2.48 (s, 3 H), 1.40 (t, J = 7 Hz, 3 H); M+ m/e 
219.08879] and 4-oarboethoxy-2-oxo-2,3-dihydrobenzofuran
(10) [IR (CHCI3) 1810,1720 cm "1; NMR (CDC13) b 7.07-7.83 
(m, 3 H), 4.33 (q, J = 7 Hz, 2 H), 4.00 (s, 2 H), 1.40 (t, J = 7 Hz, 
3 H); M+ m/e 206.05580] from the precursor cycloadducts 78 
and 9,4 respectively.

The potassium hydride induced ft elimination of a het
eroatom bridge was also examined with cycloadduct 11 as 
substrate. Subjection of this oxabicycloheptene, prepared 
from the Diels-Alder reaction of 4-methyl-2,3-pentadiene- 
nitrile and furan, to excess potassium hydride in tetrahydro-

0022-3263/78/1943-2083$01.00/0 © 1978 American Chemical Society
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are major). Although definitive assignments of stereochemistry to these 
products have not been made, NMR analysis of the isomers indicates that 
the major components probably have the same stereochemical features 
as found for the cycloadducts of pentadienedioic acid and cyclopentadiene: 
W. C. Agosta, J. Am. Chem. Soc., 86, 2638 (1964). Also see H. Hauth, D. 
Stauffacher, P. Niklaus, and A. Melera, Helv. Chim. Acta, 48, 1087 (1965) 
for the effect of the olefin geometry of an «.jl-unsaturatec acid on the 
chemical shift of neighboring protons. Since isomerization is likely to occur 
under these reaction conditions, the olefinic geometry of the starting ma
terials is apparently not crucial to the success of this process.

(8) N-Acetyl-2-methylpyrrole, prepared from the potassium salt of 2-methyl- 
pyrrole [J. L. Rainey and H. Adkins, J. Am. Chem. Soc., 61, 1104 (1939)] 
and acetyl chloride, was transformed to cycloadduct 7 by refluxing with
1,3-dicarboethoxyallene in benzene for 3 days.

(9) The 4-methyl-2,3-pentadienenitrlle was prepared by the method of P. M. 
Greaves, S. R. Landor, and D. R. J. Laws, Chem. Commun.. 321 (1965), and 
reacted with furan at 120 °C  for 30 h to afford 11. Attempts to prepare the 
cycloadduct of diethyl 3-methyl-1,2-butadienyiphosphonate [V. Mark, Tet
rahedron Lett., 281 (1962)] and furan were unsuccessful.
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1. KH (10 h, o °c,
then 1 h, room temp)

2. NH4C1

CO, Et

10 (45% isolated yield)

furan afforded isopropenylbenzonitrile (12) on ammonium 
chloride workup.

p-Quinobis(benzo-1,3-dithiole)

Summary: The synthesis and characterization of p-quino- 
bis(benzo-l,3-dithiole) (4) is described. Compound 4 repre
sents the first isolable p-quinodimethane derivative substi
tuted by electron-donating groups at the exo- methylene 
groups.

This product results from the acid-catalyzed dehydration 
of III, an intermediate which cannot aromatize in the basic 
milieu.

The heterolytic scission reaction reported herein thus 
provides a convenient method for the synthesis of fused het
erocycles. This method is, however, limited to the use of al- 
lenes bearing specific electron-withdrawing groups in both the 
1 and 3 positions.
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Sir: The unusually high solid-state electrical conductivity of 
the charge-transfer complex of tetrathiafulvalene (TTF, 1) 
with tetracyanoquinodimethane (TCNQ, 2)1 has provided the 
impetus for the synthesis of a variety of derivatives of TTF.2 
One of our recent goals has been the synthesis of derivatives 
of the unknown p-quinodimethane analogue of TTF, p-qui- 
nobis(l,3-dithiole) (3).3 We now report the synthesis in pure 
crystalline form of the dibenzo derivative of 3, namely p- 
quinobis(benzo-l,3-dithiole) (4), which also represents the 
first isolable p-quinodimethane substituted by electron- 
donating groups at C7 and Cg.

1 2

3 4

The recently described push-pull stabilized sulfoxide 5,4 
as well as the stable bis(dithiolium)fluoborate 64 should be 
convertible to 4 by chemical reduction; however, our attempts

0
5
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to effect such reductions using a variety of reagents (e.g., di- 
thionite, silanes, thiols, phosphines, and phosphites) were 
unsuccessful, affording only ill-defined products.

The mass spectrum of sulfoxide 5 shows no molecular ion 
(m/e 396), but the appearance of a strong M — 16 peak (m/e 
380) led us to investigate the pyrolysis of 5. When 5 was heated 
to 300 °C under 0.01-mm pressure, three distinct zones of 
sublimate (A, B, and C) were collected. Chromatography of 
the yellow zone A on silica afforded colorless needles of tri- 
sulfide 7 110%) mp 149-153 °C;5 m/e 248 (M~, 17%), 216 (M 
— 32, 100%) and 184 (M — 64, 87%)]; a minor constituent of 
zone A (5%) was ber.zo-l,3-dithiole-2-thione (8), mp 165-167 
°C, identical with an authentic sample. Silica chromatography 
of the orange zone B gave the known tetrasulfide 9 (14%) [mp 
215-230 DC (lit.6 mp 215-230 °C); m/e 280 (M+, 100%)]. 
Products 7,8, and 9 may all be considered to be derived from 
dithio-o-benzoquinone (10), which corresponds to the base 
peak (m/e 140) in the mass spectrum of 5, and from the par
tially desulfurized intermediates 11 and 12 which can form 
from 10.

The red zone C consisted of almost pure quinodimethane 
4 (38%). Recrystallization without decomposition could be 
achieved only from a large volume of carbon disulfide under 
argon, giving small crimson plates: mp 280 °C dec: m/e 380 
(100%); IR (KBr) 3003 (w), 1527 (m), 1443 (s), 1427 (m), 1307 
(m), 1285 (m), 1121 (m), 966 (m), 793 (s), 735 (s) cm“ 1; visible 
Amax (CS2) (log c) 478 (4.81), 503 nm (4.96). Anal. Calcd for 
C20H12S4: C, 63.12; H, 3.18; S, 33.70. Found: C, 63.38; H, 2.90;
5, 33.59. Proof that 4 has the unrearranged skeleton of 5 was 
easily obtained by treating 4 with HBF4 in acetic anhydride, 
followed by crystallization from acetonitrile-HBF4 (air 
present) to give an almost quantitative yield of fluoborate
6.

Attempts to obtain a pure crystalline TCNQ complex of 4 
have not yet succeeded, due to a combination of the great in
solubility of 4 in organic solvents and by its ready decompo
sition in dilute solution in all solvents except carbon disulfide. 
Differential pulse polarography measurements of 6 in aceto
nitrile showed two reductions at ti/21 = 0.330 and ti/22 = 
+0.057 V, corresponding to the monothiolium radical cation 
13 and 'die neutral compound 4. As evidenced by the irre-

13

versibility for polarographic reduction, both 13 and 4 appear 
highly unstable with respect to 6. Corresponding polaro
graphic oxidation measurements of 4 were severely hampered 
by the presence of oxygen even though common precautionary 
procedures were followed. A single, irreversible oxidation was 
observed for 3 at approximately —0.142 V.
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Deamination of 1-Methylcytosine by the 
Carcinogen iV-Acetoxy-4-acetamidostilbene: 
Implications for Hydrocarbon Carcinogenesis1

Summary: Reaction of the carcinogen Ar-acetoxy-4-acetam- 
idostilbene with 1-methylcytosine in water and acetone results 
in a uracil derivative, apparently l-(4-acetamidophenyl)-l- 
[3-(l-methyluracilyl)]-2-hydroxy-2-phenyIethane.

Sir: Upon solvolysis in water and acetone, the potent local 
carcinogen N-acetoxy-4-acetamidostilbene (iV,0-diacetyl- 
AM4-stilbenyl)hydroxylamine, 1) yields a,/+dihydroxy-4- 
acetamidobibenzyl, while in aqueous methanol dimethoxya- 
cetamidobibenzyl and hydroxymethoxyacetamidobibenzyl 
are formed.2 Comparable products were expected in the re
actions of this compound with nucleosides. In the case of 1- 
methylcytosine and cytidine, it appears that initial alkylation 
of N-3 in the pyrimidine ring is followed by neighboring group 
attack on the adjacent exocyclic amino group (N4) to yield a 
uracil derivative (Scheme I). This appears to be the first 
demonstration of alteration of the CNO content of a nucleic 
acid base by an alkylating agent, and presents the possibility 
of induction of base pair transitions in DNA.

1-Met.hylcytosine (1 g) in water (50 mL) was treated with 
1 N H2SO4 to reduce the pH to 7.3. 1 (300 mg) in 33 mL of 
acetone was added and the mixture incubated at 37 °C over
night. Acetone was evaporated under reduced pressure, the 
remaining mixture was extracted with four 50-mL portions 
of ethyl acetate, and the combined extracts were dried over 
sodium sulfate and evaporated. The residue was taken up in 
a minimal amount of 95% ethanol and applied to a dry column 
of silica gel (1 X  15 cm). Dihydroxyacetamidobibenzyl was 
eluted with CH2CI2, and then adduct and some unreacted 
l-methylcvtosine were eluted with methanol. The residue 
from the methanol eluate was then applied to a 20 X  20 cm 
silica thin-layer plate, which was developed four times with 
ethyl acetate. Some residual dihydroxyacetamidobibenzyl ran 
close to the front, and the next major band was eluted with 
large volumes of methanol and evaporated and the isolated 
solid (31 mg) redissolved in methanol and precipitated with 
ether. After centrifugation and washing with ether, the 
product (2) was homogeneous on silica gel TLC: mp 252-253 
°C (corr); UV absorption max at 253 nm (95% ethanol, log t
4.16). Anal. Calcd for C2iH2iN304-CH:S0 H: C, 64.23; H, 6.08; 
N, 10.21. Found: C, 64.30; H, 5.62; N, 10.23. Acetylation with
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Scheme I

acetic anhydride and pyridine at room temperature gave a 
product of mp 258-260 °C (ethyl acetate/petroleum ether), 
with strong IR absorption at 1750,1708,1690,1652, and 1230 
cm-1. A 270-MHz NMR spectrum in dimethyl-d6 sulfoxide 
(70 °C) revealed only three CH3 groups in the acetate at 1.86,
1.97, and 3.29 ppm (Me^SO-d^ reference at 2.49 ppm). Dou
blets corresponding to single protons were found at 5.69, 6.40,
6.98, and 7.63 ppm. In methanol, the doublets at 5.69 and 6.40 
ppm appeared to have been replaced by a bread singlet at 4.65 
ppm, while the remaining downfield peaks were all located 
between 7.08 and 7.69 ppm. 6-H of the pyrimidine ring thus 
seems to be little shifted from its position in cytidine or uri
dine,3 while 5-H, normally found near 5.8 ppm, is now buried 
among the aromatic protons of the bibenzyl group.

Identification of the base in 2 as uracil was made by rigorous 
establishment of molecular weight and elemental composition 
by mass spectrometry4 of 2 and its bis(trimethylsilyl) deriv
ative 3, using field desorption (2, M+ 379, MNa+ 402). field 
ionization (3, M+ 523), and electron impact (3, M+ 523) 
methods. Further data showing uracil and placement of sub
stituents on the ethylene carbons were provided by exact mass 
measurements on fragment ions from 25 and 3 (Scheme II). 
In particular, the two major fragments (masses 344 and 179) 
of the MeaSi derivative of 2 (shown as structure 3 in Scheme 
II) can only be obtained by attachment of methyluracil to the 
‘toluidine” carbon and of -OH to the benzyl carbon. The al

ternative substitution would yield different fragments which 
were not found.

The mass spectra do not permit unambiguous assignment 
of the position of attachment at the pyrimidine ring, as shown 
by the structurally plausible alternate forms of m/e 261 and 
189 (Scheme II). The apparent change in chemical shift 
iNMR) of 5-H in the pyrimidine from near 6 ppm to greater 
than 7 ppm suggests an alteration of O4 rather than at N-3. 
On the other hand, both 5-H and 6-H were found to be shifted 
in 0 4-ethyluridine,6 the latter to 8.32 ppm. Thus, the NMR 
data cannot be meaningfully compared with earlier results.

Scheme II
HNCOCH3

189.
189

0655 (6 8 % )  
0664

HNCOCM3

m/e 
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hnO
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Y )c r t \ r

ch3
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^  3 44 .1427(21% ) JM SN CO CH u
c a l c .  344.1430 I ^
a/s 179.0885(30% ) \ 
caic. 179.0892

TMSCk 0

'CR' 'N |)
o " V

CH3

TM SN C O CH 3

523.2311(0.6% ) 
ale. 52 3.2323

E/e 261.1057(22% )
calc. 261.10 60

Kusmierek and Singer6 noted that 0 4-methyluridine is 90% 
converted to uridine in 0.01 N HC1 after 21 h at room tem
perature, and that 0 4-ethyluridine is converted to cytidine 
after 2 days in methanolic ammonia at 37 °C. 2 shows no 
change in its UV spectrum between pH 12 and 2, and is stable 
toward both mild acid and methanolic ammonia. This 
chemical evidence thus speaks for alkylation of N-3, and is 
supported by several C = 0  peaks in the IR spectrum of the 
acetate of 2 (acetate, amide, 0 2 and 0 4 of uracil).

Treatment of cytidine with 1 under the same conditions, 
or with trans-4-acetamidostiIbene a,d-epoxide,7 results in a 
major adduct with the same UV properties as 2. RNA was 
prepared with 14C in cytosine, treated with 1 in acetone and 
water, isolated, degraded enzymatically, and the enzyme di
gest chromatographed on Sephadex LH-20. About one-third 
of the carcinogen-modified cytidine appeared at the same 
retention volume as the major nucleoside adduct. Details of 
the cytidine and RNA studies will be published in the near 
future, together with studies on other nucleosides and po
lynucleotides.

While conjectural, the mechanism in Scheme I has certain 
features which make it consistent with previous observations 
of reactions of both 1 and cytosine derivatives. A referee has 
suggested that the deamination could occur simply by hy
drolysis of the intermediate immonium ion. This suggests, 
however, that any alkylation of N-3 of a 1-alkylcytosine would 
largely lead to a uridine product. However, this has never been 
observed with monofunctional alkylating agents, such as 
benzyl bromide or dimethyl sulfate. Thus, it seems essential 
that a neighboring group in the alkylating agent be involved. 
One could also well ask why the initial site of reaction between 
cytosine and nitrenium ion is proposed to be the benzyl car
bon, rather than the toluidine carbon of the nitrenium ion. 
Reaction of 1 with methionine at pH 7.5 leads to d-methyl- 
mercapto-4-acetamidostilbene as the major product (76% of 
all methionine adducts),8 while HMO calculations for the 
Ar-acetyl-A'-(4-stilbenvl(nitrenium ion show that the molec
ular orbital coefficient for the /3 carbon is higher tha that for 
the a carbon in the two lowest unoccupied orbitals, and that
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there is a higher positive charge on the 3 carbon.9 These data 
suggest that the reactions with nucleosides should also begin 
at the 3  car Don. An alternative mechanism would have initial 
attack by water, with the nucleoside attacking the interme
diate quincne imide methide. Further pursuit o f  this m ech
anism, however, leads to structures which appear less likely 
than those proposed in Scheme I.

It is clear that the mechanism shown in Scheme I, or one o f 
the alternatives suggested above, could apply equally well to 
any reaction which would result in an initial adduct bearing 
a hydroxyl group vicinal to N-3. Such a reaction could well 
take place Detween cvtidine or a nucleic acid and a hydro
carbon epoxide. Reaction o f benzo[a]pyrene-7,8-dihydrodiol
9,10-oxide with poly(C) in v itro10 and with cytosine in RN A 
in tissue explants-1 has already been demonstrated. However, 
it has not been established that the products are actually cy 
tosine com pounds. In light o f our finding, it appears w orth
while to undertake structural studies on the putative 
benzpyrene-cytidine adducts.
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Meldrum's Acid in Organic Synthesis. 2. A General 
and Versatile Synthesis of /?-Keto Esters

Summary: On acylation with various acyl chlorides Mel- 
drum’s acid, 2,2-dimethyl-l,3-dioxane-4,6-dione, gave the 
corresponding acyl Meldrum’s acids, which readily underwent 
alcholysis with methanol, ethanol, tert-butyl alcohol, benzyl 
alcohol, and trichloroethanol to give various ft-keto esters; the 
acyl Meldrum’s acids can be regarded as a synthetic equivalent 
of mixed diketenes.

Sir: Since the first example of the Claisen condensation was 
discovered more than a century ago, /f-keto esters have been 
one of the most important intermediates in organic synthesis.1 
However, it is still required to establish a general and practical 
method for the preparation of arbitrary /3-keto esters of the

Table I. Yields of Various ff-Keto Esters (4-7)°

Starting _____________ Yield, %
chloride 4 5 6 7

2a 82 74 74 86
2b 79 70 77 75
2c 75 74 80 78
2d 84 80 80 82
2e 86 78 71 75
2f 90 77 73 74
2g 92 85 79 80
2h 85 82 60 74
2i 79 84 74 82
2j 81 78 78 73
2k 69 73 73 71

a See footnote 19.

Scheme I

RCOCH .CO.R + CH.COCH, + CO.

4, R = CH,
5, R = CH.CH,
6, R = CH,C, H,
7, R' = C(C H , ),

Q, R CH. ::h , g. R = (CH )-CH,
b, R (CH ),CH, h, R = (CH )„C H = C H
c, R (CH ),CH, i, R = CH 2f H,
d. R (CH ),C H , h R = (CH ).CO CH
e, R (CH ),CH, k, R = (CH ROCH.CH,
f, R (CH )„CH,

type RCOCH2CO2R '.2 Among the many methods for syn
thesizing d-keto esters of the type RCOCH2CO2C2H5, two 
classical syntheses via acetoacetic esters4 and via mixed ma- 
lonic esters5 rather than some modern methods6 are practi
cally useful, though not always satisfactory in yield, and none 
is capable of modifying the ester group. We wish to report here 
a general and versatile method for the synthesis of /¡-keto es
ters based on the noteworthy reactivity of Meldrum’s acid (1),
2,2-dimethyl-l,3-dioxane-4,6-dione,7 as outlined in Scheme
I.

In marked contrast with acetoacetic esters (pK a 10.7)8 and 
acyclic malonic esters (pKa 13.7),8 1 readily reacts with elec
trophiles such as aldehydes even in the absence of a strong 
base9 because of its great acidity (p.Ka 4.97).10 Therefore, ac
ylation of 1 is also expected to occur under similar conditions. 
When a dichloromethane solution of 1 was treated with 1.1 
equiv of propionyl chloride (2a) in the presence of pyridine 
(2 equiv) at 0 °C for 1 h and then at room temperature for 1 
h under nitrogen, an acyl Meldrum’s acid (3a) [mp 55 °C; 6 
(CC14) 1.26 (3 H, t, J = 7 Hz), 1.70 (6 H, s), 3.08 (2 H, q, J = 
7 Hz), 15.0 (1 H, s)] was isolated in almost quantitative yield.11 
Similarly, 1 was acylated with various chlorides (2b—k) to give 
the corresponding acyl Meldrum’s acids (3b-k) almost 
quantitatively.12

Although ethanolysis of 1 and its monoalkyl derivatives
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proceeds quite slowly without acid catalyst,9 its acyl deriva
tives (3) are expected to undergo easily the ethanolysis because 
of enolization of the acyl group.11 When the crude 3a13 was 
heated in methanol under reflux, the methanolysis took place 
smoothly with the evolution of carbon dioxide. After 2 h, the 
solvent was evaporated and the residue was distilled under 
reduced pressure to give methyl propionylacetate (4a)r,a in 82% 
yield from 1. Various methyl acylacetates (4b—k) were simi
larly synthesized. In the same manner, the ethanolysis of 3 also 
proceeded readily to give the corresponding ethyl esters 
(5a-k) in good yield. The results are summarized in Table
I.

The reactivity of 3 in alcoholysis is comparable to that of 
diketene,14 which is known to be susceptible to attack by 
various nucleophiles such as alcohols15 and amines10 to give 
acetoacetic acid derivatives. Therefore, 3 can be regarded as 
a synthetic equivalent of mixed diketene 8, which is usually 
not available.

RCH=r

V

8
This alcoholysis of 3 was extended to the synthesis of acyl- 

acetic acid benzyl and fer£-butyl esters without any difficulty. 
A benzene solution of 3 containing 3 equiv of benzyl alcohol 
or tert-butyl alcohol was refluxed for 3 h. After evaporation 
of the solvent, the residue was distilled to give 6 or 7 in good 
yield. The results are also summarized in Table 1.

Finally, some trichloroethyl esters,17 which can be hydro
lyzed by zinc in acetic acid,18 were synthesized in fair 
yield.19

with dilute HCI and water, dried, and evaporated to leave almost pure 3, 
which can be used for the alcoholysis without further purification.

(14) T. Kato, Acc. Chem. Res., 7, 265 (1974).
(15) S. O. Lawesson, S. Gronwall, and R. Sandberg, 'Organic Synthesis ", 

Collect. Vol. 5, Wiley, New York, N.Y., 1973, p 155.
(16) J. W. Williams and J. A. Kryn tsky, "Organic Syntheses", Collect. Vol. 3, 

Wiley, New York, N.Y., 1955, p 10.
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densation: T. Mukaiyama, T. Sato, S. Suzuki, and T. Inoue, Chem. Lett., 
95 (1976).

(18) R. B. Woodward, K. Heusler, J. Gosteii, P. Naegeli, W. Oppolzer, R. Ramage,
S. Ranganathan, and H. Vorbruggen, J. Am. Chem. Soc., 88, 852
(1966).
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134 (0.3); 7c, 66 (0.1 ); 7d, 79 (0.15); 7e, 88 (0.15); 7f, 96 (0.2); 7g, 117 (0.2); 
7h, 133 (0.3); 7i, 112 (0.25) (mp 36 °C); 7j, 101 (0.2); 7k, 79 (0.2); 9a, 88 
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(21) T. Kato, K. Tabei, and E. Kawashima, Chem. Pharm. Bull., 24, 1544 
(1976).
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Prostaglandin H2 Methyl Ester

Summary: Prostaglandin H2 methyl ester has been prepared 
in 20-25% yield from 9/3,lld-dibromo-9,ll-dideoxyprosta- 
glandin F2o with silver trifluoroacetate and hydrogen per
oxide.

RC0CH2C 02CH2CC13 

9a, R = CH(CH3)2; 67%

b, R = (CH2)2C 02CH3; 7C%

c, R = (CH2)2OCH2CH3; 67%

Further applications of this simple and versatile synthesis 
of /3-keto esters to some developments of the Carroll reac
tion,20 indole synthesis,21 etc., are currently in progress.
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Sir: The prostaglandin endoperoxides PGH2 and PGG2 have 
attracted considerable attention in recent years. These in
termediates in prostaglandin biosynthesis play an important 
role in diverse physiological functions such as blood platelet 
aggregation,1-3 and an understanding of the chemistry and 
pharmacology of these species may well provide new insights 
into the chemical mechanism of heart attack and stroke.4 
Several different synthetic approaches to the 2,3-dioxabicy- 
clo[2.2.1]heptane system have been reported5’6 and recently 
the Upjohn group of Johnson, Nidy, Baczynskyj, and Gorman7 
have reported a synthesis of PGH2 methyl ester (2) in 3% yield 
from 9d,ll|3-dibromo-9,ll-dideoxyprostaglandin F2q: methyl 
ester (1). The method reported by Johnson et al.7 involves 
reaction of 1 with potassium superoxide8’9’10 in an Sn2 dis
placement reaction. Inasmuch as the yields of 2 formed by the

Bi

2

superoxide method are low, and prospects for yield im
provement are limited,7 we have sought to develop other 
methods for carrying out the conversion 1 —» 2. In particular, 
the potential conversion of 1 to 2 by silver salts and hydrogen
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Figure 1. LC trace from reaction mixture of 3.9 mg of 1,59 mg of silver 
trifluoroacetate, and 68 pL of H2O2 in 0.5 mL of ether (conditions of 
chromatography as stated in General Procedure).

peroxide seemed promising, since this method had been used 
successfully to prepare the model PGH endoperoxide 2,3- 
dioxabicyclo[2.2.1]heptane from cis- 1,3-cyclopentane di
bromide.1 - We report here the preparation of 2 from 1 by the 
Ag+/H20 2 method.11’12 The yields of 2 formed by this method 
(20-25%) are superior to the superoxide method7 and this 
advantage makes the chemical synthesis of 2 or its analogues 
(including the free acid, PGH2) synthetically reasonable.

The reaction of 11:1 with Ag+/H 20 2 was carried out under 
a variety of experimental conditions. Of primary importance 
in determining the course of reaction of 1 with Ag+/H 202 was:
(1) the silver salt used; (2) the reaction time; and (3) the con
centration of Ag+ and H20 2 employed. Preliminary screening 
reactions (3 mg) were carried out using silver acetate, silver 
trifluoroacetate, or silver stearate reagents in several organic 
solvents. Although some 2 may have been produced from the 
stearate and acetate, by far the best reagent proved to be silver 
trifluoroacetate/H202 in diethyl ether. Further, side products 
appeared to be minimized by using relatively concentrated 
solutions of silver trifluoroacetate/H20 2 and short reaction 
times. For example, when 1 (7.9 mg/mL) was reacted with 
silver trifluoroacetate (54 mg/mL) and H2O2 (110 pL/mL) in 
diethyl ether, reaction times of >0.5 h were required for con
sumption of 1, and nonpolar compounds were the major 
products. An increase of the silver reagent to 118 mg/mL and 
H20 2 to 136 pL/mL led to rapid consumption of 1 and, if re
action was terminated after 15 min, a product mixture of 
which 2 was a significant component.15

A major problem encountered in the preparation of PGH2 
methyl ester by the superoxide7 or silver trifluoroacetate/H20 2 
methods is the separation of 2 from the complex product 
mixture. The Upjohn group used preparative TLC, but noted 
that considerable decomposition of 2 could occur if chroma
tography was not carried out immediately after application 
of 2 to the TLC plates.

High-pressure liquid chromatography (LC) is an important 
separations method, but no reports of PGH2 purification by 
LC have appeared. We have been able to greatly simplify the 
isolation of 2 from the Ag+/H20 2 reaction mixture by LC. A 
typical LC trace of a crude reaction mixture chromatographed 
at —11 °C on microporasil (solvent 70:20:10 hexane/EtOAc/ 
THF; refractive index detection) is presented in Figure 1. 
PGH2 methyl ester can be readily detected in product mix
tures resulting from reaction of as little as 1 mg of dibromide
1. Thus, quantities of 2 as low as 150 pg can be detected. Al

though most of our chromatography has been carried out in 
jacketed columns at —10 °C or colder, we have no evidence 
that suggests that this low temperature precaution is entirely 
necessary. In fact, we have carried out LC of pure 2 at room 
temperature with no apparent decomposition.

The product, 2, purified by LC was peroxide positive to 
ferrous thiocyanate reagent,7 it chromatographed under 
several different solvent conditions identically with authentic 
PGH2 methyl ester,13 and it was reduced to PGF2n methyl 
ester with triphenylphosphine.16

The sevenfold improvement in the yield of 2 for the Ag+/  
H20 2 method as compared to the superoxide approach and 
the easy isolation of PG endoperoxides by LC opens the way 
for the synthesis of a variety of endoperoxide analogues17 and 
makes the parent free acid, PGH2, potentially available by 
chemical synthesis.

Silver Trifluoroacetate/H202 (General Procedure).
To 12.4 mg (2.51 X 10~5 mol) of 1 in 1.6 mL of anhydrous ether 
was added 212 pL of 98% H20 214 (8.8 X 10-3 mol, 350 equiv) 
followed by addition of 183 mg of silver trifluoroacetate18 (8.4 
X 10-4 mol, 33 equiv) in one batch to the dibromide-H20 2 
solution. The mixture was stirred for 15 min at room tem
perature, during which time a light yellow solid precipitated 
from solution. The reaction mixture was diluted to 25 mL and 
washed with 30-mL portions of cold water, cold bicarbonate, 
and cold water. The ether layer was dried over sodium sulfate 
at 0 °C and the solvent then removed. LC on a Waters mi
croporasil column (—11 °C) with 70:20:10 hexane (distilled 
from sodium)/EtOAc (distilled form P2Oo)/THF (distilled 
from LiAlH4) with a Waters refractive index detector resulted 
in a LC trace similar to that shown in Figure 1. Removal of the 
solvent, first by rotary evaporator at aspirator pressure fol
lowed by vacuum pump solvent removal (<0.1 mm for 45 
min), resulted in 1.9 mg of 2 (21%), pure by TLC and 
LC.
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