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UNEXPLORED TERRITORY

Activated methylenes are known to undergo a wide variety of useful and interesting reactions such as: the Aldol, Claisen, 
Claisen-Schmidt, and Knoevenagel condensations; the Mannich, Thorpe, and Japp-Klingemann reactions; Michael additions; and such 
standard reactions as halogénation, alkylation and acylation. Activated methylenes have also proven useful in numberless heterocyclic 
ring closures such as the Hantzsch, and Gattermann-Skita pyridine syntheses; the Hantzsch pyrrole synthesis; the Pfitzinger, and 
Niementowski quinoline syntheses; and the Timmis synthesis of fused pyrazines. The analogous reactions utilizing sulfonyl activated 
methylenes are virtually unexplored territory.

A variety of sulfonyl activated methylenes are now commercially available as potential building blocks for novel pharmaceuticals, 
dyes, herbicides, pesticides, and intermediates. In addition to the practical applications, we think investigators will also discover some 
plain-or-new-fashioned-academically-interesting chemistry along the way.
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Anomalous results found in the acyloin condensation do not fit into the currently acceptable mechanistic 
schemes for this reaction. A new mechanism is proposed for the acyloin condensation that does not involve «-di- 
ketones as intermediates. This mechanism satisfactorily accounts for the wide variety of reaction products ob
tained in acyloin condensations conducted under different conditions.

The acyloin condensation is a particularly valuable syn
thetic tool in the construction of large ringsla-g and in the 
manufacture of perfumes.111 A thorough review of the liter
ature concerning the acyloin condensation as a cyclization 
method was published in 1964.2 More recently, Rtihlmann 
has reviewed much of the work on the acyloin condensation 
conducted in the presence of trimethylchlorosilane.3 Dur
ing the preparation of an article on the acyloin condensa
tion,4 a number of anomalous results were found which 
were not explained by the published mechanistic schemes 
for the reaction.la-2’5-7 The mechanism (s) for any reaction 
should account for all reported results but, in the case of 
the acyloin condensation, the anomalous results have not 
been fitted into a coherent mechanistic scheme. This paper 
presents some conclusions as to the mechanism of the acyl
oin condensation in order to stimulate thought and experi
mentation on this reaction. We are presently unable to 
carry out any further work toward this end.

Currently Accepted Mechanistic Schemes
The currently accepted mechanism for the acyloin con

densation involves production of the dianion 3 either (a) by 
coupling of two initially formed radical anions l 1®-2,5 or (b) 
by two-electron reduction of an ester to a dianion 2 fol
lowed by its addition to a second molecule of ester (Scheme
I). The diketone 4 has been presumed to be an intermedi
ate produced by loss of alkoxide from 3. Subsequent two- 
electron reduction produces the acyloin enediolate 6 via 
the semidione 5.8 Neutralization of 6 gives the free acyloin
7. The overall process requires two electrons for each mole
cule of ester reduced.

For simplicity in presentation e~ is used as the indicated reduc- 
tant in the mechanistic schemata. The metal employed certainly 
has some effect on the course of the reduction, partly through dif
ferences in ease of electron release to the ester and partly through 
differences in stability of intermediate salts and their degree of as
sociation. At present, however, there are no experimental data 
available on the latter effect and only inferences may be made 
about the former effect (vide infra).

Scheme I0~ r  o-. ii
2RCO,R' 2RCOR' or

i
R— C— OR' +  RC02R'

1 2
0 “  0"
1 1

R— C— C— R
1 1

OR' OR'
3

00

Öb o 1 o 1

—2R'0~ «II e- 3 R C C R -^ 1 1 e- I IRC=CR -L - RC=CR
4

6

5
OOH
¡1

RCCHR
7

6

Alkylation experiments on several acyloin reaction
mixtures in liquid ammonia produced ketone derivatives of 
the starting esters.7 This result caused speculation that the 
enediolate 6 was in equilibrium with an acyl anion 8 (eq 1). 

0 O

6 ^  2RC_ -5^»- RCR" +  2Br (1)
8 9

Despite the fact that others have obtained 10, the normal 
product of simple enolate alkylation (eq 2),9 the acyl anion

HO 0

G ^1». M b  R— c — CR

R"
10

(2)

(or an alkoxide adduct of it), has been uncritically accepted 
by authors of reference works.10 Furthermore, other experi-
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mental work suggests that compounds of structure 10 may 
have decomposed under the drastic work-up conditions in 
use at that time,7 which included base extractions in air 
and atmospheric pressure distillation.11 Moreover, ah 
though no data are available to substantiate or disprove it, 
entropy considerations in an equilibrium between 6 and 8 
in acyloin condensations of diesters should ultimately lead 
to polymer and not to the cyclic products which are ob
served.

Evidence against the Mechanism of Scheme I
Perhaps the most compelling evidence against this mech

anism is found in the reduction of esters in the presence of 
trimethylchlorosilane. Trimethylchlorosilane is an excel
lent trap for any alkoxides formed in the reaction. Al
though no kinetic data are available from the literature on 
the rate of reaction of MegSiCl with alkoxides, a second- 
order rate constant of 102-104 1. mol-1 sec-1 can be esti
mated for the rate of its reaction with alkoxide.12 If inter
mediate 3 of Scheme I has any lifetime, it should be 
trapped when the acyloin condensation is conducted in the 
presence of MegSiCl. This has not been observed and 
therefore it is unlikely that 3 is an intermediate.

Furthermore, diketone 4 is excluded by the following ex
perimental data. (1) Diketones are not found when oxygen 
is carefully excluded from reaction mixtures and work-up 
procedures.3 (2) Diketones are reduced by sodium in the 
presence of MegSiCl to give mixtures which contain silylat- 
ed 6 as only one of many products,3’15 although a-diketones 
having no enolizable hydrogens reduce normally.168 Some 
diketones are not reduced at all in the absence of 
MegSiCl.17 (3) Reduction of a mixture of methyl pivalate (1 
mol) and di-ierf-butyl diketone (1 mol) with 2 g-atoms of 
sodium (enough to reduce all the ester or all the dione but 
not both) in the presence of MegSiCl gave only trimethylsi- 
lylated enediolate and diketone with no recovered ester.16 
Reduction of methyl pivalate (1 mol) with 1 g-atom of sodi
um (enough to reduce only half the ester all the way or all 
of it to dione) gave recovered ester and silylated enediolate 
as the only products.16 These two experiments should show 
the relative rates of reduction of ester and diketone if dike
tone were truly an intermediate. If diketone reduced faster 
or at the same rate as ester, then unreacted ester should 
have been found in the first experiment; or, alternatively, if 
ester is reduced faster than diketone, then diketone should 
have been found in the second experiment. These data 
strongly suggest that diketones 4 are not intermediates in 
the acyloin condensation.

An alternative mechanism to that of Scheme I is shown 
in Scheme II. Scheme II involves no diketone intermediates 
but assumes stepwise loss of alkoxide from 3.

O ' CT
I I

R C — CR
I •

OR'
12

Scheme II
<r o

2RC02R' ^  3 R C = C R

OR'
11

O’ CT
-R'O"

12  R C = C R  6

5

This scheme can also be ruled out on the basis of experi
ments conducted in the presence of Me3SiCl. If dialkoxy 
intermediate 3 is not trapped by Me3SiCl, then 11 should 
be trapped because it also is a molecule that should have

some stability. However, because trimethylsilanol is a 
stronger acid18 than either methanol or ethanol (and tri- 
methylsilyl oxide is therefore likely to be a better leaving 
group), at least some of the final product should have the 
structure shown in eq 3.

Me,SiCl

OSiMe3 0
I « e-

RC----------- C— R -I
OR'

OR'O'
I I

R — C = C — R
e~

MejSiCl

OSiMe3 CT
I I

R C -----------C — RI
OR'
OR' OSiMe,
I I

R C = C R (3)

All data that have been found to date on reductions of 
esters point to the conclusion that the acyloin condensa
tion mechanism does not involve the formation of dialkoxy 
derivative 3 and diketone 4 and therefore must not involve 
the dimerization of two initially formed radical anions or 
the addition of an ester dianion to a second mole of ester. 
Moreover, the schemes presented above do not account for 
reductions in liquid ammonia7’19' 22 and in hydrocarbon sol
vents23-25 where acids, alcohols, and other anomalous prod
ucts are found. (References 7 and 19-25 are only a few rep
resentative examples.)

Initial Radical Nature of the Reaction
That the initial step in the acyloin condensation involves 

the addition of one electron to the ester forming the radical 
anion 1 does not seem arguable. What subsequently occurs 
may still be open to considerable debate.

Evidence which supported the initial radical nature of 
the reaction was obtained from reductions in which an ini
tially formed radical anion could decompose to carbon 
monoxide, alkoxide, and a resonance-stabilized tertiary 
radical.26 Reduction of the esters RCO2C2H5 [R = 1-phen- 
ylcyclopentyl, 1-phenylcyclohexyl, and 2,3,4-trimethyl-3- 
pentenyl] produced acyloin, RH, RR, and RCOR. The se
quence of reactions suggested to account for these results 
was

0“  0

RC02C2H5 RCOC2H6 ~C.'’Hi0 > RC- —*- R- +  CO (4) 
1 14 15

The radical 15 was presumed to dimerize to form R-R, 
react with 14 to produce ketone, or abstract a hydrogen 
atom from solvent to . produce RH. The acyloin was sup
posed to be formed by dimerization of 1 or 14 followed by 
reduction.

Recently, the reduction of phenylacetic esters in the 
presence of Me3SiCl was also explained in terms of free 
radical intermediates (Scheme III).3 Bibenzyl, which is 
found in reactions involving benzyl radicals, is surprisingly 
absent from the reaction mixture. This suggests that the 
benzyl radical might not be present at all. This point is dis
cussed in more detail below.

Compound 23, the silylated derivative of the original 
ester was also isolated. It was suggested that this product 
was formed by hydrogen atom abstraction from 16 to give 
the enolate corresponding to 23 which was rapidly silylat
ed.

An alternative explanation involving benzyl anions could 
explain all the results of Scheme III. Benzyl anion could at
tack starting ester at carbonyl to produce ketone, or it 
could abstract a proton to give enolate of starting ester (eq
5). A pathway by which benzyl anions can form is discussed 
below.
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Scheme III
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OR' OR'
23

0"
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+
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OR
22

\
c6h5ch= c ;

.0" ,OSiMe:1
—> c6h5ch=- <

OR' OR'

23 (5b)

Unified Acyloin Condensation Mechanism
Scheme IV describes an alternative to the currently ac

cepted acyloin condensation mechanism. This section will 
describe precedents for the formation and fate of each in
termediate and will attempt to show how the sequence can 
be interrupted at many points to give the anomalous prod
ucts which have been found. Next, the outlines of Scheme 
IV will be used to describe the products of the reduction of 
dimethyl dimethylmalonate22 in which a large number of 
anomalous products are found. Finally, two cases will be 
described which are difficult to explain by any mechanism 
at all. Note that the proposed mechanism of Scheme 
IV involves no ketone (either mono- or di-) and involves 
discrete steps in which one electron is added at each junct
ure.

Scheme IV

25
-R'O-

0 “1 OR' OR' OR' OR'
1

- RCOR' RC0 2R' 1 1 e -  1 1RC— 0 — CR —  RC— 0 — CR
1 1

0“
1
0 “

25 26
OR' 0
1 II

RC— 0— CR 
27 ''v

OR'
1 / ° \  x ' ° \RC CR ^  RC--------- CR

26 -
OR'

m r y '
I I
OR' 0“

28
o - - O'

29

29 — RC— CR

0" 0“

-R'cr
cr cr

. . , ■ 1 1RC=CR RC=CR
5 6

(I) The Initially Formed Radical Anion (1). The ini
tially formed radical anion can have three possible fates: 
(1) addition to a second molecule of ester to give the first 
oxy-bridged intermediate 25 (see below), (2) 0 scission to 
produce a carboxylate anion and an alkyl radical, and (3) 
in the case of substituted succinic esters, fragmentation to 
produce (finally) two enolate anions.

The 0 scission reaction takes place with esters which are 
so hindered that they are not hydrolyzed by base. Thus, 
reaction 6 probably occurs.19 Note that in this case, the 
ester is so highly hindered that approach of a second ester 
to form the oxy-bridged intermediate 25 cannot readily 
occur.

The fragmentation reaction of succinic esters is exempli
fied by two cases: eq l 21 and 8.28a Three factors seem to fa-

C H A  ^ OSiMe,

COjCHj
(a) Na, Me,SiCl

O K

,OSiMe3

OSiMe:i
(a) 24-40% CHjO^ 'OSiMe,,

(a) 58-40%
(b) 85%

(7a)

( 7b )

cilitate fragmentation: (1) exceptional strain in the poten
tial cyclic product, (2) increased reducing power of the 
metal-medium, and (3) in liquid ammonia, solvation of the 
initially formed radical anion. This means that there are at 
least two alternate pathways that can occur before closure

0 "

1 ^ ° "  RC-ryC— OR' R2C = cr '
—  X 0R'

R2CJ+C— OR')iiC°
t

R2C =C — OR'

0 -

n
R,C— C02R' 

1
R2C— C02R'

le-
Y
0 ~
I

0“
I1

R,C---- 0— OR1 ' -
RaC— C— OR

RaCj -̂C— OR' 
l~Vwr—

RaC— C— OR'

0  0~

/ 0_
2R2C=C (9) 

X 0R'

2R,C=C (10)
X 0R'
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to the oxy-bridged radical anion 25 (eq 9, 10). It is quite 
possible that fragmentations of succinic esters in liquid 
ammonia28 involve an apparent two-electron reduction of 
the diester by a very fast addition of a second electron to 
the initially formed radical anion (eq 10). The timing of the 
addition is the most important step in the acyloin conden
sation mechanism (vide infra).

(II) Oxy-Bridged Radical Anion 25. The oxy-hridged 
radical anion 25 can be formed either by attack of the oxy
gen of an ester radical anion on carbonyl carbon of an unre
duced ester or by attack of the carbon of the radical anion 
on carbonyl oxygen of unreduced ester (eq 11). The first

OR'I
•C— 0 " +  0 = 0

R Yt

OR' OR'
X C= 0  + N : — O'

R ^  K

OR' OR'

J k S k “ im
o

25

mode of attack needs no further comment while the second 
is found in trialkyltin hydride reductions of acid chlorides 
and ketones.29 In addition, the esr spectrum of the oxy- 
bridged radical anion 30 has been recently observed (eq 
12).30

Oxy-bridged radical anion 25 could have three fates: (1) 
/3 scission and decomposition to produce ester, carboxylate 
anion, and a radical (eq 13), (2) addition of a second elec
tron .to form dianion 26, and (3) loss of alkoxide to form 
radical 27. The /3 scission and fragmentation reaction may 
have been observed in the case of some benzoic esters of al
cohols such as benzyl, allyl, cinnamyl, etc.25 (vide infra).

OR' OR'
I / O  I R

RC C

0“
25

0 OR'
Il I

RC— 0 — C— R +  R'-

0“

RCOr +  RC02R' +  R'- (13)

Scheme V
O 0

R'- ] l / 0\ l l  R'°”-► RC OR-----► RC02 +  RC02R'

\ n h ,
► RC02H +  RCONH,

OR'

R C ^ """CR
II
O 

27

' OR'

R C ^  'C— R

0

RC0,R' +  CO + R-

OR' OR'

RCk" '""CR ^=5- R C ^ -^ C R

0 0
28 29

cates that there is a greater chance of electron release to 
the ester (giving 25 or 27) with the large particle size sodi
um. Once one electron is released to the ester, giving one 
molecule of 25 or 27, the situation is now reversed, for the 
ratio of available sodium atoms to 25 or 27 molecules is now 
103 times greater with the small particle size sodium than 
with the large particle size sodium. This means that the 
second one-electron reduction to 26 or 27 is more favorable 
in the small particle size case. These calculations suggest 
that the most important step in the acyloin condensation 
mechanism is the timing of the transfer of the second elec
tron to the substrate and that this step determines to a 
great extent what course the reaction will take. This tim
ing is a function of both the reducing power of the metal- 
medium and the various steric and electronic factors in the 
substrate.

For reactions conducted in liquid ammonia Scheme V of
fers one pathway for the formation of amides.7 Scheme V 
also provides a pathway for the formation of radicals in the 
reduction of those esters where resonance-stabilized terti
ary radicals can be formed.26 We believe that Scheme V 
better accounts for the radical products (R-R  and R-H) 
found than the a elimination previously proposed26 (see eq 
4).

(IV) Dianion 26. Dianion 26 has two possible pathways 
for decomposition: (1) loss of alkoxide to give oxy-bridged 
anion 28 and (2) in ammonia or at high concentrations of 
starting ester,24 protonation and fragmentation to aldehyde 
and ester (eq 14). Further reduction of the aldehyde would

(III) Radical 27. Discussion of the formation and fate of 
dianion 26 will be passed over for the moment and instead 
the fate of radical 27 will be discussed because it is here 
that an earlier point concerning the timing of the addition 
of the second electron becomes very important. The vari
ous fates of radical 27 are summarized in Scheme V.

Scheme V offers another pathway for formation of acids 
in hydrocarbon solvents. Such a reaction was noted in the 
reduction of benzoic esters using large particle size sodi
um.25 This result was quite puzzling until a simple calcula
tion was carried out on surface area per unit volume for so
dium particles of 1-mm and 1 -n particle size. Comparison 
of these two surfaces showed that the 1-fi particle size sodi
um had a surface area 103 times greater than that of thè 1- 
mm particle size sodium. This means that in a given unit 
volume, the ratio of molecules of unreacted ester to avail
able sodium atoms in the large particle size case is 103 
times greater than in the small particle size case. This indi-

OR' OR' .OR' OR'

R- k °
\ l  X—H

C— R ------ *
1
0

H b
o y

RCHO +  RCT +  RCO,R' (14)

lead to alcohol if sufficient reducing agent were present. 
This reaction would take place in a situation where R is 
very sterically crowded and thus cannot go further to 28 <=> 
29, because the bonding distance cannot be attained. This 
is, in fact, the result obtained in the reduction of methyl 
mesitoate by lithium in liquid ammonia.19

(V) Oxy-Bridged Anion 28. The entire concept of an 
oxy-bridged anion is hoary. It was first suggested by Favor- 
sky31 as providing possible intermediates for the Cannizza
ro reaction, benzilic acid rearrangement, and acyloin rear
rangement, as well as the reaction that now bears his name.
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In ammonia, protonation of 28 could occur, leading to 
amide, alcohol, and even aldehyde if insufficient reducing 
agent were present (eq 15).7,20,22

OK'

I
0

28 OR'

RC
H

R 'O '

R'O-

CR
I!
0

NH, RCHO +  RCONH2

L
2H RCHoOH

RCOr +  RCH(OR')2 

RCHO +  RC02R'

(15a)

(15b)

(15c)

(15d)

Further examination of transformations of 28 shows that 
it can account for the reduction products of phenylacetic 
esters3 in a way that explains the absence of bibenzyl but 
without invoking free radicals other than as transient radi
cal-anion intermediates (eq 16). Thus, 28' can fragment, 
producing a resonance-stabilized anion and starting ester.

OR'
I / O - O  p *

CfiH5CH,Cjr C-—ch2c6h6

0
28'

C6H5CH2C02R +  CO +  C6H5CH2-  (16)

In the presence of Me3SiCl, the anion can be trapped to 
produce benzyltrimethylsilane (20) or it can attack the 
starting ester (perhaps in a “ cage”  reaction). Attack at car
bonyl would produce dibenzyl ketone (22) while attack at 
the benzylic hydrogen would produce enolate of the start
ing ester which is subsequently silylated to give 23. No bi
benzyl is predicted by this scheme. A similar fragmentation 
pathway in the reactions involving tertiary benzylic or al- 
lylic compounds26 also produces resonance-stabilized an
ions which account for all products except dimer hydrocar
bons.

The steps involving the conversion of 28 to 29 parallel 
very closely, in reverse, the pathways suggested for cleav
age of benzils by cyanide ion (eq 17)32 or by methylsulfinyl 
carbanion.33 The anion 31 is comparable to 29 while 32 is

00  0 “ 0
l l l l  I II

C6H5CCC6H5 +  ON” +=* C6H5C— C— C6H5

CN
CN 0

01 C6H5CO,R + C6H5CHO (17)

comparable to 28. Furthermore, an intermediate very much 
like 29 was proposed to account for products from the pera- 
cid oxidation of d-diketones.34 A very similar structure is 
also found in the hydrate of 1,2-cyclohexanedione which is 
formulated as a dihydroxyepoxycyclohexane.35

Malonic esters undergo a reaction in which the elements 
of carbon monoxide and alkoxide are lost to give the substi
tuted acetic ester (eq 18).22,36 Note that the closure of 28" 
to the epoxide derivative would produce a 2-oxabicyclo- 
[1.1.0]butane. An alternate pathway open to 28" is expul-

OR' OR'
,C02R' e~ A / 0_

C02R' ~r'°
- R A / )  —

Ï ■ v

IIS’Î

0 0
28" (18)

sion of carbon monoxide and formation of ester enolate, 
which is the result observed in hydrocarbon solvents at 
room temperature and above. This result fits with the pre
viously stated concept that most of the anomalous products 
of the acyloin condensation can be explained most readily 
as results of anionic reactions.

(VI) Epoxide 29. The formation of epoxy intermediate 
29 was just discussed. The reduction of epoxides by alkali 
metals in both hydrocarbon solvents and liquid ammonia 
has been carefully investigated.37 Thus conversion of 29 to 
semidione 5 and subsequent reduction to endiolate 6 is eas
ily understood, However, if Me3SiCl is present, 29 should 
have sufficient lifetime to be silylated before reduction to a 
silylated semidione. Silylated 29 is a nearly symmetrical in
termediate and reduction could occur in either of two di
rections (eq 19). No mixed silylated-alkylated enediolates

OR'
1

OR'
1

R  9 \  MejSiCl R ~ k n  -\—
O

-

Í E - k
I

1
0~

1
OSiMe3

29 R̂  O'
R— C— OR'

1 — I
R— C— 0 C

1 R 0SiMe3
0SiMe3

R (T

I

OR'

R— C— CT
I

R— C— OSiMe3

C— O' 
R

R. .OR'
C

+  II (19)

0SiMe3
0~

are found. The ring opening of silylated 29 in one direction 
only may be rationalized in the following way. Comparison 
of tert-butyl methyl ether with trimethylsilyl methyl ether 
by nmr shows that the oxygen of the trimethylsilyl methyl 
ether is more electronegative than that in tert-butyl meth
yl ether.38 The reason for this is participation of the vacant 
silicon d orbitals in delocalizing the lone pairs on oxygen to 
a certain extent. Thus, inductively, the carbon next to the 
silyloxy group in silylated 29 can more readily accept an 
electron than the carbon next to the alkoxy group.

O n e  o th e r in te rm e d ia te  c o u ld  be in v o lv e d  in  th e  e q u il ib r iu m  28  
<=* 2 9  o f  S c h e m e  I V .  T h is  is  in te rm e d ia te  1 1  o f  S c h e m e  I I  (eq  20). 
F o r  th e  re a so n s sta te d  p re v io u s ly  u n d e r  S c h e m e  I I  i t  is  fe lt  t h a t  1 1  
is  n o t in v o lv e d  in  th e  a c y lo in  c o n d e n s a tio n  m e c h a n is m  b e c a u se  no 
m ix e d  s i ly lo x y -a lk o x y  a lk e n e s  a re  fo u n d  w h e n  th e  re a c t io n  is  
c o n d u c te d  in  th e  p re se n ce  o f M e a S iC l.

OR 0
l / ° \ lR— Ç C— R

28
OR'
l / ° \

R— C-------- C— R

~ 0  O
I II

R— C— C— R (20)

0
29

OR'
11



398 J. Org. Chem., Vol. 40, No. 4, 1975 B loom fie ld , O w sley, A in sw o rth , a n d  R o b e rtso n

Scheme VI
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One final piece of evidence is now offered which strongly 
implies that the mechanism for the acyloin condensation is 
not the “ classical” one of Scheme I. Figure 1A is a plot of 
yield vs. ring size for the acyloin condensation, the Dieck
mann condensation, and the Thorpe-Ziegler condensa
tion.39 Note that the rapid drop in yield for the acyloin 
condensation falls at the eight-membered ring while in 
both the Dieckmann and the Thorpe-Ziegler reactions, the

drop is at the nine-membered ring. Entropy considerations 
should govern the formation of a given size ring, no matter 
how it was formed. Figure IB is a plot of the size of the first 
formed intermediate vs. yield for all three condensation 
reactions. Note that in the “ unified” mechanism discussed 
above, the oxy-bridged intermediates are one member larg
er than the ring size of the final product. The plots of inter
mediate size vs. yield correspond well for all three cases.

Reduction of Dimethyl Dimethylmalonate
T h e  v a r ie ty  o f  p ro d u cts  issu ing  from  th e  re d u ct io n  o f  d im e th y l 

d im e th y lm a lo n a te  b y  so d iu m  in liq u id  a m m o n ia 22 o ffe rs  an  e x a m 
p le  in  w h ich  th e  gen era lity  o f  th e  “ u n ifie d ”  a cy lo in  m e ch a n ism  can  
ex p la in  a ll p ro d u cts . S ch em e  V I g ives p a th w ays  t o  th ese  p ro d u c ts  
in term s o f  in term ed ia tes  2 5 -2 9  o f  S ch e m e  IV . In  th ese  rea ction s , 
M e.-jSiCl w as a d d e d  at th e  en d  o f  th e  re d u ct io n  t o  fa c ilita te  is o la 
t io n  o f  th e  p ro d u c ts . 22

T a b le  I is a co m p ila t io n  o f  th e  y ie ld s  o f  th e  va r iou s  p ro d u c ts  as 
th e  re a ctio n  c o n d it io n s  w ere ch an ged . E x a m in a tio n  o f  th is  ta b le  
sh ow s th a t  th ere  are p ro b a b ly  tw o  in d e p e n d e n t  g ro u p s  o f  p ro d u cts . 
T h e  y ie ld s  o f  40  an d  42  are n ea rly  in d e p e n d e n t  o f  all ch a n g es  in  
c o n d itio n s , w h ile  th ose  o f  33, 35 , a n d  36 ch a n g e  as th e  te m p e ra tu re  
is low ered  fro m  —34 to  —7 8 °. N o te  a lso  th a t  a t  —3 4 ° th e  to ta l y ie ld  
o f  33 , 35 , an d  36 is 56%  w h ile  at —78 ° th e  y ie ld  o f  33 is 57%  a n d  35 
an d  36 co m p le te ly  d isap pea r. T h is  su ggests th a t  33 , 35 , a n d  36 
arise from  a  c o m m o n  in term ed ia te .

S ch em e  V I  is c o n s is te n t  w ith  th is  view . C o m p o u n d  33 is fo rm e d  
b y  fra g m en ta tion  o f  in term ed ia te  28 a , as sh ow n  in eq  18. C o m 
p o u n d s  35 an d  36 are fo rm e d  from  34, an  a m m o n o ly s is  p ro d u c t  o f  
28a . I f  d ia n ion  34 d e co m p o se s  w ith  loss o f  ca rb o n  m o n o x id e  an d  
m e th o x id e , th e  p recu rsor  t o  35 is fo rm e d . O n  th e  o th e r  h a n d , i f  34 
is p ro to n a te d  b e fo re  d e co m p o s it io n , th en  a  p a th w a y  to  36 is n ow  
o p e n e d . T h e  d isa p p ea ra n ce  o f  35 an d  36 as th e  te m p e ra tu re  is lo w 
ered  su ggests th a t  th e  a m m on o ly s is  o f  2 8 a  (to  34 ) is m u ch  slow er 
a t  —7 8 ° a n d  th a t  a t  —7 8 ° 28a can  fra g m e n t o r  b e  re d u ce d  fu rth er . 
T h is  is c o n s is te n t  w ith  th e  ex p e c ta t io n  o f  a  low er a ct iva tio n  en ergy  
fo r  fra g m en ta tion  or  re d u ctio n  o f  28 a  th a n  fo r  its a m m on o ly s is .

T h e  in d e p e n d e n ce  o f  th e  y ie ld  o f  40 an d  42 fro m  all ch a n ges  in 
c o n d it io n s  a lso  su ggests a co m m o n  p recu rsor , in te rm e d ia te  39 . I n 
te rm ed ia te  39 is fo rm e d  in p re feren ce  t o  a c y c lo p r o p e n e  sem id ion e . 
In stea d , 37  u n d erg oes  fu rth er  re d u ct io n  a n d  p ro to n a tio n  t o  give 
39 a  3 9 b . R e d u c tio n  o f  39 a  to  th e  cis-c y c lo p ro p a n e d io la te  p re 
cu rso r  o f  40 is easily  ex p la in ed  in term s o f  th e  k n ow n  m e ta l-a m in e  
re d u ct io n  o f  e p o x id e s  w h ich  p ro ce e d s  w ith  in vers ion  o f  co n fig u ra 
t io n  a t  ca rb o n .37b'c

T h e  p a th w a y  fro m  3 9 b  t o  th e  s ily la ted  d io l  42  in v o lv es  th e  c y c lic  
h em ia ce ta l 41-, p ro d u ce d  b y  re d u ct io n  o f  2 ,2 -d im e th y lp ro p io la c - 
to n e  (4 0 ). T h e  su ggestion  o f  th e  h em ia ce ta l 41 is p a r ticu la rly  p la u 
s ib le  b eca u se  a cy c lic  h em ia ce ta l has been id e n t ifie d  a m o n g  th e  
p ro d u cts  o f  an  a cy lo in  co n d e n sa tio n  c o n d u c te d  in liq u id  a m m o 
n ia . 20 D io ls  h a ve  a lso  been  fo u n d  in o th e r  a cy lo in  c o n d e n sa 
t io n s .23 '24

A m m o n o ly s is  o f  40 co u ld  a lso  p ro d u ce  th e  a m id e  a lc o h o l 36 . 
H ow ever, i f  th is  w ere th e  m a jor  p a th w a y  to  36 , th en  a c o n c o m ita n t  
rise in  th e  y ie ld  o f  42 sh ou ld  be n o te d  as th e  te m p e ra tu re  is lo w 
ered . S in ce  42 is fo u n d  in su ch  sm all y ie ld s  (3 -4 % ) , a n y  c o n tr ib u 
t io n  b y  th is  p a th w a y  to  th e  overa ll y ie ld  o f  36 m u st b e  n eg lig ib le .

A  c y c lo p ro p a n o n e  d eriva tive  3 9 c  is a lso  p o ss ib le  in th e  e q u ilib r ia  
rep resen ted  b y  3 9 a - c .  B eca u se  o f  th e  k n ow n  p ro p e n s ity  o f  c y c lo -

p ro p a n o n e s  to  rea ct  w ith  n u c le o p h ile s ,40 3 9 c  w o u ld  b e  ra p id ly  
tra p p e d  b y  th e  a d ja ce n t o x y  a n ion  t o  fo rm  h em ik eta l 39a . A tta ck  
o f  a m m on ia  (o r  a m id e ) on  3 9 c  cou ld  lead to  36 (e q  21 ), b u t  aga in  a
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R in g  S i z e  o f  F i n a l  P r o d u c t  (N o . o f  At o m s )

S i z e  o f  F i r s t  Fo r m e d  I n t e r m e d i a t e  (N o . o f  At o m s )

F ig u r e  1. D e p e n d e n ce  o f  y ie ld  o f  v ariou s cy c liz a t io n  p rocesses  o n  p ro d u c t  r in g  size (A )  an d  o n  th e  size  o f  th e  h y p o th e tica l  fir s t  fo rm e d  c y 
c lic  in term ed ia te  (B )  [a d a p ted  fro m  J. S ich er , Progr. Stereochem., 3 , 215 (1 962 )].

d ecrease  in  y ie ld  o f  36 w ith  d ecrea s in g  tem p era tu re  sh ou ld  p r o 
d u ce  a rise  in th e  y ie ld  o f  40 an d  42 i f  eq  21 d e sc r ib e d  th e  m a jor  
p a th w a y  to  36 . F u rth erm ore , re d u ct io n  o f  3 9 c  sh ou ld  p ro d u c e  a 
trans -c y c lo p ro p a n e d io la te  o n  th e  g rou n d s  o f  grea ter  charge  se p a 
ra tion  in  th is  m o le cu le  o v e r  th a t  in th e  cis-c y c lo p ro p a n e d io la te  (eq  
2 2 ). T h e se  c o m p lica tio n s  m a k e  an y  su b sta n tia l c o n tr ib u t io n  o f  3 9 c  
very  u n lik e ly  as n o  p ro d u c ts  d e r iv e d  fro m  it  are  fo u n d .

T h e  p ro p o se d  in te rm e d ia cy  o f  th e  2 -o x a b ic y c lo [ l . l .0 ]b u ta n e  in 
term ed ia tes  29a an d  39 a  lead s t o  p re d ic tio n s  o f  a va rie ty  o f  p r o d 
u cts  via a c o m b in a t io n  o f  th erm a l rea rra n gem en ts41 a n d  re d u c 
t ion s. O n e  su ch  rea rra n gem en t is sh ow n  in  e q  23. C o m p o u n d  44  
has b een  te n ta tiv e ly  id e n t ifie d  in th ese  reaction s.

W h e n  th e  re d u ct io n  o f  d im e th y l d im e th y lm a lo n a te  in  liq u id  a m 
m o n ia  is c o n d u c te d  in  th e  p resen ce  o f  m e th a n o l 43 is p ro d u c e d  on  
su b se q u e n t trea tm en t w ith  M e^SiC l. T h is  is easily  a c co u n te d  fo r

— CH2OSiMe3
4 3

b y  m eth a n o ly s is  o f  th e  en o la te  p re cu rso r  o f  33 a n d  su bsequ en t ’ 
B o u v e a u lt -B la n c 4 1 re d u ctio n  t o  the  a lco h ó la te  o f  43 . In  fa ct, it is 
lik e ly  th a t  th e  m ech a n ism  o f  th e  B o u v e a u lt -B la n c  re d u ct io n  is a 
v a rian t o f  th e  a cy lo in  co n d e n sa tio n  m ech a n ism  (see  e q  15d).
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Scheme VI did not include an exposition of the fate of a possible 
dianion intermediate (26a) resulting from reduction of 25a. It is 
not likely that 26a is in the pathway for this reduction. Scheme VII 
summarizes the possible fates for 26a, in which the intermediacy of 
aldehyde ester 45 is predicted. However, reduction of 45 under the

Scheme VII
0Me OMe

25a

1
X .

CHO (1) 4e“ ,NH3

CHO i~> MejSiC! 
46

X CH2OSiMe3

CH2OSiMe3
42

acyloin reaction conditions produced a mixture which consisted of 
35 (6%), 40 (25%), 42 (25%), and 43 (45%).22 These results suggest 
that any pathway for the reduction of the diester that goes through 
26a must be negligible. The production of 43 from 46 could involve 
a type of internal Cannizzaro reaction (eq 24).
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Results Difficult to Explain

The simultaneous reduction of a mixture of two different 
long-chain diesters gives very peculiar results.43 When di
methyl nonanedioate is reduced alone, the yield of acyloin 
is 16%. In the presence of an equimolar amount of another 
long-chain diester, a yield of nine-membered acyloin of
52-62% is obtained!43

Table II presents a comparison of some results obtained 
in both the Dieckmann and acyloin condensations. Note 
that the Dieckmann cyclization is Worthless for monomer

in the C9-C12 range but that cyclic dimer is produced. In 
the acyloin condensation with added Me3SiCI, the yield for 
all ring sizes ranges from fair to excellent.4 Related data are 
plotted in Figure 1A and B.

Compare the two cases in Table II in which the acyloin 
condensation was carried out in the presence of Me3SiCl 
under both normal and high-dilution conditions. Under 
normal conditions, the yield of dimer is considerable. The 
mixed-ester reactions43 were carried out without added 
MesSiCl under normal conditions. Under high-dilution 
conditions, the reaction becomes monomolecular and the
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T a b le  I
Y ie ld s  o f  V a r i o u s  P r o d u c t s  f ro m  the  R e d u c t io n  o f  D im e t h y l

D im e t h y lm a lo n a te  b y  S o d iu m  i n  L iq u id  A m m o n ia 22

X S Ï L '  >  ^«NHSiMe,
\ - ‘CH2OSiMe3 —OSiMe, 
^X O N H SiM e:, 0SiMe:„

sSs_ /C H 2OSiMe;t
^ S : H 20 'SiMe:l.

Conditions 33 35 36 40 42

( 1 ) N a -N H 3, e t h e r ,  - 3 4 ° 6 : 2 5 2 5  25 3
( 2 ) M e 3S iC l

( 1 ) N a - N H 3, e t h e r ,  - 7 8 ° 57 2 5 3
(2 ) M e 3S iC l

( 1 ) K -N H 3, e t h e r ,  - 7 8 ° 3 8 7 25 5
( 2 ) M e 3S iC l
( 1 ) N a - N H j ,  C H 3O H , e t h e r ,  - 3 4 ° 1 0 2 2 3
( 2 ) M e 3S iC l

a lS O  > —CHjOSiMe, (43) (55%)
■fi

Table II
Comparison of Yields ( % )  for Cyclization of RC^CfCFDnCOgR under Various Conditions

Acyloin ,

MejSiCl (B) fring size Dieckmann Ref 43° ■Ref 43d Me35iC l(A )e

8 15  ( d i m e r  =  1 1 ) 7 2 - 8 5
9 0  ( d i m e r  =  2 8 ) 5 5 (1 6 ) 2 2  ( d i m e r  =  6 2 ) 6 8

1 0 0  ( d i m e r  =  1 2 ) 52 6 9  (5 2 ) 53 ( d i m e r  =  2 0 ) -  
2 2  ( d i m e r  =  73)

5 8 - 6 9

1 1 0 .5  ( d i m e r  =  2 3 ) 6 0 6 2  (6 9 ) 4 8
1 2 0 .5  ( d i m e r  =  16) 57 84  (7 2 ) 6 8

13 2 4  ( d i m e r  =  19 ) 62 5 2  (6 4 ) 84
14 3 2  ( d i m e r  =  2) 58 87  (8 4 ) 6 7

“  T a k e n  fro m  T a b le  II in  J . P . S ch a e fe r  a n d  J . J . B lo o m fie ld , Org. React., 15 (1967). 6 N o te  th a t  fo r  th e  D ie ck m a n n  re a c tio n  th e  v a lu e  o f
n  to  o b ta in  a g iv e n  size  ring  m u st b e  1  larger th a n  in  th e  a cy lo in  c o n d e n s a t io n .e Y ie ld  o f  Cg c y c le  w h en  0.01  m o l o f  Cg d iester  is c y c liz e d  w ith  
0.01  m o l o f  th e  d iester  fo r  w h ich  n = N  -  2 . d Y ie ld  o f  CN c y c le  w h en  0 . 0 1  m o l o f  C n  is c y c liz e d  w ith  0.01 m o l o f  Cg d iester . T h e  n u m b e r  in  
p aren th eses  is th e  y ie ld  w h en  n o  o th er  ester  is p re s e n t . e R e feren ce  3, e ster  a d d e d  fa ir ly  r a p id ly . 1 R e feren ce  44, ester s lo w ly  a d d e d  via  h igh -
d ilu t io n  cy c le .

Table III t . -

Esters Which Are Not Reduced

R e d u c e d f q h a o c o a h /
>C0 2CH3r / ^ / € 0 ,CH3l

v ' x ;o2ch3

C03CH3rfCLj
co2ch3

/ ^ co2ch /
Y ^ co .o h ,

N o t  r e d u c e d ^ c h a c c o 2ch3*
>co2ch36

-

w C O J C H . 1

^COjCH-g

co2ch3*

c p
co2ch3

co2ch3'db
co2ch;,

a R e feren ce  3 6 b .6 R e fe re n ce  4 4 .c R e feren ce  4 5 . d R e feren ce  2 7 . e R e fe re n ce  4 6 ; f  R e feren ce  47 . «  R e feren ce  48.

yield of monomer goes up, although reaction rates are slow. 
[The relative rates in parentheses are C9 (16), Cio (6), Cn
(6.6), C12 (2), and C14 (1.7).43]

Study of Table II provides a clue to what might occur 
when two long-chain esters are reduced simultaneously.43 
The relative rate studies show that the C9 diester is re
duced at a much faster rate than the other esters studied. 
Therefore, could the initially formed radical anion from the 
C9 diester be trapped by a higher carbon numbered diester 
to produce an intermediate bimolecular product which de
composes to two monomolecular products? Scheme VIII 
offers a very speculative suggestion. Note that in interme
diates 47 and 48, the ends of the Cg diester are now held in 
a 14-membered ring, and the Cn diester is held in a C„+3 
size ring (the size of the intermediate in the unimolecular

acyloin condensation). If n  + 2 = 9, then a 10-membered 
ring is formed which results in no net gain in ring size and 
dimer is formed. With n + 2 > 9, then going to such struc
tures as 47 and 48 might be favored, opening a pathway to 
higher yields of the C9 monomolecular acyloin.

In Table III are collected a number of other anomalies in 
the acyloin condensation. For these examples there can be 
no mechanism because the diesters are not reduced at all! 
For comparison some diesters are included which are re
duced and have structures similar to those of the diesters 
which are not reduced. (Not all the known examples of 
nonreduction are recorded in Table III. For more complete 
listing see ref 4.)

This paper has presented a number of conclusions about 
the acyloin condensation mechanism which are at variance
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with the generally accepted mechanism of the reaction. It 
is hoped that further discussion and experimentation will 
result which will either prove or disprove these conclusions. 
Furthermore, because of the importance of the acyloin 
reaction as a synthetic tool in organic chemistry, more work 
is needed to describe (1) adsorption and desorption of or
ganic molecules on alkali metal surfaces and (2) steric, con
formational, and electronic effects on the electron transfer 
to esters.
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A  s im p le  system  fo r  th e  d es ig n a tion  o f  ch e m ica l re a c tio n  m ech a n ism s is su ggested . T h e  new  sy stem  rep resen ts  
each  b o n d -m a k in g  an d  b o n d -b re a k in g  step  in  sy m b o lic  fo rm  a n d  requ ires  o n ly  tw o  sy m b o ls  p lu s a to m ic  sy m b o ls  
fo r  th e  e lem en ts  to  rep resen t all h e te ro ly t ic  a n d  h o m o ly tic  rea ction s  in c lu d in g  e le c tro n -tra n s fe r  rea ction s . M in o r  
m o d ifica t io n  o f  ¡the  system 1 a llow s th e  d es ig n a tion  o f  io n -p a ire d  in term ed ia tes  a n d  ca g ed  rad ica l pa irs. A n  a p 
p ro a ch  t o  th e  d es ig n a tion  o f  p h o to ch e m ica l re a ctio n  m ech a n ism s is a lso  su ggested . T h e  new  system  can  serve  as a 
d ig ita l co d e  w h ich , w h en  ap p lied  t o  a se t  o f  reagen ts, w ill g en era te  b o th  m ech a n ism  an d  p ro d u cts . Its a p p lica tio n  

■to in fo rm a tio n  retr ieva l is a n tic ip a te d . ,

In the past 30 years chemistry has become increasingly 
mechanistic. The term mechanism has many peripherally 
different definitions but basically means a description of 
the sequence of bond-making and bond-breaking steps oc
curring as a set of starting molecules, atoms, or ions is con
verted to a new set. When mechanisms are grouped for 
classification, extramechanistic information is included to

indicate the outcome of the reaction, i.e., substitution, 
elimination, or addition. This procedure gives more infor
mation than would be available from the purely mechanis
tic part of the classification symbols, but it still leaves im
portant parts of the known details of the mechanism to be 
associated with the symbols by memorization.

As an example, consider the classification Sn2. The most
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descriptive part of the symbol gives the information that 
the eventual outcome of the reaction is substitution of one 
group for another but it does not convey the important fact 
that the reaction is concerted. To the uninformed beginner 
it might seem redundant that the attack of a nucleophile 
would have to be designated as bimolecular. The symbol 
Sn I would completely baffle a beginning student until he 
was told that this is a two-step reaction and the designa
tions nucleophilic and unimolecular apply to different 
steps. Even the most mechanistically organized textbooks 
invariably group Sn I and Sn2 reactions together, implying 
a nonexistent similarity in the events leading to products. 
Mechanistically, an Sn2 reaction is more closely related to 
the attack of base on a carbon acid to form a carbanion 
than to an Sn I reaction and the factors which facilitate the 
first two reaction types are closely related. It is not uncom
mon to find other nucleophilic substitutions, such as those 
involving addition-elimination, which is still a third mech
anistic type, incorporated in discussions of Sn I and Sn2 
reactions.

It is not the main purpose of this paper to support a 
mechanistic approach to teaching organic chemistry. Some 
chemical educators feel that students find the mechanistic 
approach more difficult than the functional-group or reac
tion-outcome approaches. We would, however, suggest that 
a completely mechanistic approach has never been given a 
chance. The nomenclature system we will suggest has the 
pedagogic advantage of having reaction-type symbols that 
directly describe molecular events. The new system also 
provides a number of more general benefits and directives.

Chemical Reactions as Bond-Making and Bond- 
Breaking Processes

Background. Almost all chemical reactions involve 
bond making and bond breaking. These processes are the 
lowest common denominators of all reaction mechanisms. 
A reasonable system of mechanistic nomenclature should 
therefore start with a system for labeling the distinguish
able types of bond making and bond breaking and continue 
by indicating the sequence of such steps which occur as 
reactants are converted to products. The first section of 
this paper is essentially a description of the method pre
viously suggested by Mathieu and coworkers.1 We have al
tered the symbolism slightly and made a few extensions.

Association Processes. Association processes may be 
separated into three categories, i.e., homolytic (A-), nucleo
philic (An ), and electrophilic (Ae), i.e.

x- + R- - R:X (A*)
X: + R —-► R:X (An)
X + R: - ->- R:X (Ae)

These categories subdivide into various charge types when 
the substrate (R) and reagent (X) structures are specified. 
As in previous systems, ambiguity arises when it is not 
clear which reactant should be considered the reagent and 
which the substrate.2 This difficulty can produce two de
scriptions of the same mechanism. However, the problem 
may be avoided in a manner to be described later in this 
paper.

Dissociation Reactions. The reverse of these associa
tions will be called homolytic dissociation (D-), nucleopho- 
bic dissociation (Dn ), and electrophobic dissociation (De) 
and are illustrated as

R:X —-  R- + x- (D-)
R:X —-► R + X: (Dn)
R:X — *■ R: + X (De)

Use of the term nucleophobic to describe a process in which 
an electron pair is repelled by the nucleus has the advan

tage that both forward and reverse reactions are identically 
subscripted and are therefore easily remembered.3

Nonconcerted Combinations of Two Processes. If 
two or more bond-forming or bond-breaking processes, or 
two sets thereof, are not synchronous, a plus sign will be in
troduced between the terms describing each separate step. 
For example, an Sn I reaction becomes Dn + An 

RX —— R + :X (Dn)
R + :Y — >- R:Y (An)

Nucleophilic addition to C = 0  could be An + Ae

:Q:
II '

R —C—R  +  :x

:0:
I •

R —C —R  +  Y
I

X

:0:

R—C—R (An)

X
Y
:Ö:

R—C—R
I

X
(Ae)

or Ae + An for the corresponding electrophilic addition. 
With a leaving group attached to C = 0 , the reaction could 
be An + Dn

:0:
II .

R—C—Y + :X
f

R—C—Y (An)

R—C—Y
X

:0:
II

R—C—X + :Y (Dn)

In all, there are 16 possible combinations. Of these, eight 
are unlikely because they usually increase or decrease 
charge by 2. These are either combinations of identically 
labeled A’s or D’s (An T  An ) or a sum of two different pro
cesses with different labels (An + De ). Thus, for a two- 
term combination, the probable processes are those for 
which only two of the, symbols are identical. Exceptions to 
this arise when the part of the molecule being designated as 
substrate changes between steps as in the abstraction of 
some group.

The four remaining probable processes not discussed 
above all involve De terms. For uncharged molecules this 
denotes expulsion of a cation and there is fairly general 
agreement that, for most examples of this process, a base or 
nucleophile assists in removal of the cation, probably via a 
concerted process. An E l reaction, for example, is probably 
never a Dn + De type because some base, however weak, is 
involved in removal of the proton, even though this often is 
omitted in textbook representations. Decarboxylation of a 
carboxylate anion more closely approximates a true De 
process, but this representation simply reflects ignorance 
of the changes in solvation as the carbon dioxide is being 
formed. The same objection can be raised to all of the four 
single-term descriptions: An , Dn , Ae , De . This is not a 
weakness of the system but rather a lack of experimentally 
demonstrated facts. As will be seen below, a great strength 
of this scheme is a flexibility which allows a mechanism’s 
designation to keep pace with increasing awareness of its 
complexity.

Concerted Combinations of Two Processes. If two or
more bond-making or bond-breaking processes occur in a 
concerted, synchronous fashion, the plus sign will be re
moved. An Sn 2 reaction then becomes AnDn . Certain 
types of Se2 may be AeDe. Cycloadditions could be AeAn 
and their reverse DeDn . The order of the terms is obvious-
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ly unimportant for a concerted reaction so that only eight 
combinations are possible. As in the nonconcerted cases, 
combinations with more or less than two different symbols 
indicate group abstraction.

Use of the System to Describe Common Reaction 
Types

Comparison of Systems. Before proceeding to a discus
sion of nomenclature for other common mechanistic types, 
a brief comparison of the information provided by the ex
isting and proposed systems is in order. Consider, for èx- 
ample, the relative merits of Sn2 u s . AnDn as a descrip
tion of the reaction of CH3I and “ OH. The numerical part 
of the former symbol is unnecessary in the proposed system 
because every dissociation reaction is unimolecular and, 
with the exception of intramolecular reactions, for which 
we will later suggest distinguishing symbols, associations 
are always bimolecular. Thus, the molecularity of each step 
in a reaction is obvious from its symbol. The uninformed 
student might assume that AnDn meant nucleophilic dis
placement on iodine or on hydrogen. Both of these alterna
tives are more properly considered AnDe reactions. Al
though neither of these reactions compete when this partic
ular substrate is treated with hydroxide ion, the origin of 
the classification difference is illustrative. In the associa
tion step, the hydrogen or iodine atom is considered part of 
the substrate, but in the dissociation step it is not. The ar
bitrary change in frame of reference results in a designation 
for which the number of different symbols is other than 2.

While the system discussed above is satisfactory for the 
designation of simple mechanistic types and is superior to 
the existing method, ambiguities develop in the description 
of more complex reactions. Moreover, while the system 
conveys some extramechanistic information, this feature is 
dependent on the availability of a consistent method for 
making the substrate-reagent assignment. We will now de
velop a different subscriptive procedure which not only 
avoids the substrate-reagent decision but which also de
scribes the mechanistic events in sufficient detail to allow 
the determination of product structure.

A Modification Which Avoids the Substrate-Re
agent Decision. In order to give complete reaction-out
come information, the two atoms involved in each bond
making and bond-breaking process must be specified in the 
designation. This can be easily done by subscripting the 
atomic symbols of the two atoms after each A or D nota
tion. Conveniently, it is not necessary to employ the desig
nations N or E provided that a standard direction for elec
tron flow is chosen. We will subscript the atomic symbols 
so that the first subscripted atom is the one carrying the 
electron pair in a heterolytic process. A homolytic process 
will be designated by placing a dot between the two atomic 
symbols.

Nucleophilic and Electrophilic Substitutions. The
three processes referred to in the preceding section now be
come

HO: + CHSI — ► CH3OH + :I (AoCDIC)
HO: + CH3I —-  HOH + :CH2I (AoHDch)
HO: + CH3I — >- HOI 4- :CH3 (AoiDcj)

The designations are clearly distinguishable and complete
ly specified. This modified system has the pedagogic draw
back that mechanistic classes are not so easily identified, 
but with some practice the general categories can be recog
nized. In the foregoing set of reactions, for example, all of 
the designations have the form AxzDyZ where X  and Y 
represent the entering and leaving groups, respectively, 
arid Z is an atom on which concerted nucleophilic displace

ment is occurring. An electrophilic displacement would 
have the common atom subscripted first and have the gen
eral form AzxDzy- Nonconcerted nucleophilic and electro
philic substitutions will have the forms DXz +  Ayz and Dzx 
+ Azy, respectively.

Elimination Reactions. The most commonly encoun
tered elimination reaction is the loss of HX

Y: + H—C—C—X
\ /C = C  + YH + :X
/  \

The accepted mechanistic alternatives are
E l — Dxc +  AyHDCH 

E2 =  A yhDchDxc 
E lcB ■= AyhDch +  Dxc

The presence of identical terms indicates that the reaction 
outcome is the same for all three mechanistic variations. It 
should be noted that insofar as the “ substrate” is con
cerned, it is possible to obtain the same reaction outcome 
with different symbols. In the case of elimination reactions, 
there is a set of possible mechanisms whose representations 
contain the terms Ahy, Dqx, and Dhc, which lead to the 
same products. It is generally true that, for any mechanistic 
representation, reversal of the subscript order for one term 
will require that all the others be either reversed or re
placed. This has the effect of reversing the direction of 
electron flow and may or may not lead to a realistic mecha
nistic alternative. In the present example, the combination 
AhyDcxDhc is, in fact, observed as a component part of 
the mechanism for reduction of hindered ketones by iso
propyl Grignard reagents (X = Mg, Y = C). A more com
plete representation of this mechanism would be AHyDcx- 
DhcAox- The absence of a balancing A term in our repre
sentation of the common elimination types simply ignores 
the fate of the departing nucleophobe.

Returning to the common elimination types, DXc + 
AyhDch, AyhDchDXc, and AyhDch + DXc, it will be 
noted that not all of the possible sequences are represent
ed. An inquisitive student might ask, “ Why not Ayh + 
DchDXc (hydrogen bonding followed by concerted elimi
nation) or DXcAyh + Dch (hydrogen-bond formation con
certed with loss of nucleophobe)?” We feel that, by sys
tematizing thought, adoption of our scheme might stimu
late the search for evidence of new mechanistic types. Some 
apparently complex mechanistic distinctions can be repre
sented in simple terms by this system. The question of an- 
chimeric assistance, for example, reduces to a consideration 
of the validity of a single plus sign in the mechanistic desig
nation.

Addition Reactions. The general form of acid-catalyzed 
addition of HX to a double bond is

VC = C  + HY
/ \

H—CJ r + :X

H—C—C* + :Y

I IH—C—C—X

The addition is seen to be the reverse of an E l reaction and 
this relationship is apparent from the symbolic representa
tion AchDyh + AXc- The A ’s and D ’s are simply inter
changed and the order of the terms reversed. Addition of 
HX, where HX itself serves as the proton source, is a spe
cial case of the reaction above (Y = X).

A similar relationship exists between nucleophilic addi
tion to a multiple bond and the ElcB reaction and this is 
evident using the new terminology. The reverse of an E2 
reaction would be designated AXcAchDyh- The combina-
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tion A x q A q y  is representative of a termolecular reaction 
unless X  and Y are atoms in the same molecule. Reverse E2 
reactions are highly improbable.

It is probably worth mentioning at this point that for 
reactions involving formation or destruction of multiple 
bonds, the tt bond is not indicated in the designation. This 
means that for ^-elimination reactions, the species generat
ed is formally a zwitterion

H—C—C—X — ► *C—C- + HX

As this species is a very minor resonance contributor to 
most carbon-carbon double bonds, the double bond may be 
regarded as formed at this point and inclusion of an addi
tional A cc term seems superfluous. We would reserve this 
abbreviation of the system for cases in which the plus and 
minus charges are generated on adjacent carbons. All other 
cases should specifically designate bond formation if that is 
intended.

A related problem is that our system does not indicate 
the hybridization of the atom involved in a particular 
bond-making or -breaking process. Nucleophilic attack at 
carbon is Axe regardless of whether C is present as tetrahe
dral carbon, C =Y , C =Y , etc. We considered including a 
method for designating this in the system, but it seemed to 
open the door for inclusion of a variety of structural dis
tinctions of increasing subtlety, the logical extension of 
which was a complete designation of the structures of all 
reagents. A reviewer has suggested Aoh-,ch3 + D ]-ch3 for 
the SN2 reaction of methyl iodide with hydroxide. We have 
no objection to this and feel that the capacity for such ex
tension is a strength of the system. For simplicity in this 
paper, however, we will confine our subscripting to the two 
atoms directly involved. We would point out that a consid
erable amount of implicit structural information is con
tained in the mechanistic designation because of structural 
exclusion of certain mechanistic types. Axe + Dye is not an 
observed mechanism for nucleophilic displacement at satu
rated carbon and the designation therefore implies trigonal 
or digonal carbon.

Free-Radical Reactions. As mentioned above, homoly- 
tic reactions require special notation. For simple associa
tion and dissociation of radicals, the order of subscripting 
is arbitrary, but if a free radical is bonding to or separating 
from a diamagnetic species, it is informative to subscript 
the atom carrying the unpaired electron first. The reac
tion

RS- + H2C =C H 2 — *  RSCH2—c h 2 - 

RSCH2—CH2- + RSH — * RSCH2CH3 + RS-

will be designated As-c + Ac-hDs-h
Rearrangements. In rearrangement processes where 

bonds are broken and new bonds formed without separa
tion of any parts of the molecule or ion, increased clarity is 
obtained if the intramolecular processes are placed within 
parentheses. For example, the reaction

H

CH,—C—CH2—BrI

C H ,

CH3—O—CHj + :Br 
CH,

would be designated DgrcIAHcDHC'). The order of the 
terms is unimportant, provided that the intramolecular 
processes are adjacent for bracketing. We have chosen to 
indicate the bonds made or broken in the order of their in
creasing number of bond distances from one reaction ter
minus (arbitrarily taken as the C-Br bond). If the same 
atomic symbol is used more than once in a designation, a 
prime notation will be affixed each time the symbol refers

ïÎtH tOM

to a new atom. In more elaborate cases, it might be desir
able to number the different atoms of the same element 
but this is usually unnecessary.

Complex Reactions
General Considerations. For complex reactions these 

mechanistic designations can become quite lengthy. For ex
ample, acid-catalyzed ester hydrolysis can be represented 
as AohDxh +  Ao'c + Axh 'Do'H' + Acth'Dxh' + Do"c + 
AxhDoh- This is clearly too unwieldy for oral communica
tion of mechanistic thought. Its value lies in the fact that 
the groups of terms present are readily related to the com
ponent parts of other mechanisms. To illustrate, the first 
two terms are of the same general form as all electrophilic 
additions to multiple bonds. The combination AohDxh + 
Doc will be common to all acid-catalyzed dehydrations, 
ether cleavages, etc. The relationship to acid-catalyzed 
amide hydrolysis is evident in the replacement of AohDxh 
+  Doc by AnhDxh + Dnc, thus allowing ready recognition 
of the mechanistic similarity. In general, mechanisms 
which are too complex or unique to warrant a special desig
nation in the system presently in use are easily named in 
the new system and their relationship to more common 
types becomes apparent.

Reactions Involving Electron-Transfer Steps. As an
example, consider the “Srn1’: 
by Bunnett4

’ mechanism recently studied

Mn + ArX — *■ [ArX]-' + M”*1 (1)
[ArX]-' —*• Ar- + X- (2)
Ar- + R: - —  [ArR]-' (3)

[ArR]-' + ArX —-  ArR + [ArX]-' (4)

The first and fourth steps present a problem in that no 
bond-making or -breaking steps are required. Electron- 
transfer reactions are generally thought to proceed by com
plex formation prior to the electron-transfer step and can 
be treated as A + D processes within the framework of the 
proposed nomenclature system.

If the electron transfer were an inner-sphere process, 
such as

ArX + M” — >- ArXM — *- [ArX]-' + Mntl

the designation would be Am.x + Dxm or Amx + Dx -m- We 
prefer the former representation if the donor (M) is para
magnetic and the latter when it is diamagnetic.

For an outer-sphere reaction, we suggest subscripting a 
symbol for the molecular orbital of the donor which carries 
the electron to be transferred followed by a symbol for the 
orbital in the acceptor which receives the electron. For the 
particular case of the S r n I  mechanism, the full designa
tion will be Am-tt + D^m + Dxc + Act: + A .,v + Dxv- The 
symbol ir is understood to represent a it molecular orbital. 
In the fifth and sixth terms of the representation, the elec
tron is considered to be transferred to a new w system even 
though it is identical with the one involved in the first step. 
In other words, the reaction is considered to take place 
among a set of molecules which are all different even if the 
structures of some are identical.

The third and fourth terms present a new problem. Al
though the third term is Dxc> a valid alternative is Dc-x- 
Both representations are correct because the reaction is 
both a nucleophobic and a homolytic dissociation. We have 
chosen to represent reactions involving attack or retreat of 
a nonbonded pair of electrons as heterolytic even if a free 
radical is formed or destroyed in the process. Thus the 
fourth term is Ac-c rather than Ac-c'- 

Photochemical Reactions. These can be regarded as 
intramolecular electron-transfer reactions arid treated 

»  * " ‘ 
r m n n a i f n t in 7
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within the framework of our scheme. For example, the 
basic reaction

can be designated (A^^*D^«.^). The parentheses indicate 
the intramolecular nature of the process. Intersystem 
crossing could be termed AstDt.s but this requires six sym
bols where two would suffice. We suggest that the combina
tion ST be used for singlet to triplet interconversion. As an 
example, consider the photochemical preparation of 
benzpinacol

Ph2C = 0  —^  1[Ph2C = 0 ]*  
HPhjC^O]* — * 3[Ph2C = 0 ]*  

3[Ph2C =Q ]* + XH — ► PhjCOH

2Ph2COH Ph,C—CPh2
I I o o 

H H

We suggest the designation 2l(A^^*D,p».^) + ST + 
Ao-hDx -h] + Ac-c- When a series of steps occurs more than 
once in the formation of one molecule of product, the re
peated series is enclosed in brackets and a coefficient in
dicating the number of occurrences placed in front of the 
brackets. This bracketing technique can also be used for 
parallel sequences which generate intermediates that sub
sequently react with each other. For example, photochemi
cal formation of mixed pinacol could be represented 
[(A,^*D^*.*) + ST + Ao-hDx -h] +  [(A>j,̂ ,*D̂ *.>i<) + ST + 
Ao-hDx -h]' + Ac-c'- Note that the prime notation has been 
placed outside of the second bracketed sequence to avoid 
having to prime each atom and orbital in the second se
quence. The use of brackets in this way should be regarded 
as an optional technique for increasing clarity. In the pre
ceding mixed pinacol case, its use is convenient but not 
necessary.

Reactions Involving Ion Pairs. It is well established 
that ion pairing of intermediates can affect the outcome of 
chemical reactions. It is therefore useful to have a notation 
to distinguish these. For the sequence

R X  R * X "  = ^ =  R *  | |X" R *  +  X -

where the first intermediate is an intimate ion pair and the 
second a solvent-separated ion pair, we suggest the desig
nation D((rx»  + D(rx) + Drx- The subscript R represents 
the atom bonded to X in RX. The same technique can be 
used in free-radical reactions to indicate caged pairs. It will 
be noted that no attempt has been made to indicate revers
ibility of steps. The system proposed describes the fate of 
the minimum number of molecules required by the stoichi
ometry. If there was more than one path to the product, we 
would regard the reaction as proceeding by more than one 
mechanism.

Use o f the New Systems
Pedagogical Use. For the purpose of teaching mecha

nistic organic chemistry to beginners, we suggest that the N 
and E labels be used to designate mechanistic categories 
such as AnDn for Sn2 reactions but that the atomic sym
bol subscripts be introduced when individual cases are 
compared: AocDfc, AocDcic, AocDbi-c, etc., are all AnDn 
reactions with different nucleophobes but a common oxy
gen nucleophile.

Information Retrieval. Once translated into this sys
tem, mechanisms could be easily indexed. The main cate
gories would be the A-D sequences and these would be

subdivided into atomic variations. Further subdivision 
could be based on structural units (functional groups, ring 
systems, etc.) and, finally, each subcategory could be in
dexed by complete reactant structures. It would be a sim
ple matter to determine whether a particular complete 
mechanism had been previously proposed. Finding the 
component parts of mechanisms, on the other hand, pre
sents a formidable cross-indexing problem.

Suppose, for example, the goal was to find examples of 
nucleophilic displacement of fluoride from aromatic sys
tems by the Axe + Dpc mechanism. Subdivision of A + D 
mechanisms would probably start with the first subscript
ed atom, so that search for examples involving a particular 
nucleophile would be much easier than the search for a nu- 
cleophobe. It would be necessary to examine each nucleo
phile subdivision for fluoride in the second term. All of 
these data would then be screened to remove nonaromatic 
substrates (acyl fluorides, vinyl fluorides, etc.). The situa
tion is analogous to the search of a formula index for all 
compounds containing five oxygens.

A related problem arises if the search demands informa
tion not present in the mechanistic symbols alone. It is the 
nature of this system that a complete mechanism is not 
generated until the designation is applied to a particular 
substrate. Supposing that the search was for examples of 
nucleophilic addition of sulfur to double bonds, the term 
Asc does not include the bonding at carbon. A relatively 
simple screening of substrates could be used for mecha
nisms where Age appeared as the first term. It would be 
more difficult to find those cases for which the double bond 
was generated in steps preceding that designated by Asc-

We suggest that such complexities can be handled using 
high-speed computers. A suitable format would have to be 
devised for storage of both structural and mechanistic in
formation. Much effort has been devoted to computer cod
ing of molecular structure. Our system provides a workable 
approach to coding mechanistic information. Programs to 
interpret and screen the data in accord with the search 
goals can be envisioned to solve problems of the type dis
cussed above.

We anticipate that in addition to its value for informa
tion retrieval, the computerized system would have predic
tive capability. The frequent appearance of certain mecha
nistic types and the absence of others would allow the com
puter to formulate mechanistic generalities. Perhaps new 
and useful reactions could be predicted.

Because the computerized system would be capable of 
generating the structures of reaction products from those 
of reactants, it also provides a source of synthetic informa
tion. Existing programs for chemical syntheses could possi
bly be adapted to use information abstracted in this form.

Summary o f Advantages o f the Proposed System
We have proposed a new system for the designation of 

reaction mechanisms. We feel that it has the following im
portant advantages.

(1) Any mechanism can be designated, using only two 
mechanistic symbols and atomic symbols.

(2) Molecularity decisions are unnecessary.
(3) The mechanism is related to the symbols by logical 

rules so that no memorization is required. A beginning stu
dent can express a mechanism symbolically after a brief in
troduction to the rules.

(4) The system can be used to organize reactions into 
truly mechanistic categories.

(5) The system is an aid to mental organization, both for 
the reaction mechanician who would like to consider all 
possibilities in a system under study and for the beginner 
who can recognize similarities between mechanisms.
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(6) The pedagogic potential is considerable. A student 
who is asked to translate mechanisms into symbols and 
vice versa is forced to blend structural change with elec
tron movement. Memorization is discouraged and logical 
deduction is required. The system also should adapt well to 
computer-assisted instructional programs and automated 
examination grading.

(7) The system should be adaptable to information re
trieval and would be easily computer coded.

(8) The basic framework provides possibilities for mod
ernization. If, for example, a simple coding system for mo
lecular orbitals were to become available, the atom-desig
nating subscripts could be replaced by molecular orbital 
designations and possibly allow the incorporation of stereo
chemical information.
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Rate constants for the reaction of diphenyldiazomethane with eight sets of ortho-substituted benzoic acids, six 
sets of phenylacetic acids, and seven sets of other acids were correlated with The equations

Qx =  affix + /3Tex + # x  + *
Qx = IX "b /3ffRX + h

to detect the presence of steric effects. All of the benzoic acids clearly showed the presence of a steric effect. This 
is the first time that a steric effect has been definitively demonstrated in sets of ortho-substituted benzene deriva
tives. The results obtained show that the electrical effect is definitely predominant, in good agreement with previ
ous findings. Of the eight sets of benzoic acids studied, seven show steric acceleration of the rate; the eighth shows 
steric deceleration of the rate. Of the six phenylacetic acid sets studied, three showed steric effects. One these was 
rate accelerating; the other two were rate decelerating. Again, the electrical effect was predominant in these sets. 
Of the seven sets of other carboxylic acids studied, only the cis-a-phenylcinnamic acids showed a steric effect. 
Again, the electrical effect was predominant in this set. The composition of the electrical effect varied sufficiently 
to make impossible the use of a single set of ortho-substituent constants for the correlation of all sets studied. The 
values of a and 0 obtained in the correlations are linear in the I?t (30 ) solvent parameters. New values of £ t (30 ) 
have been calculated for i-BuOH and Me2EtCOH. The possibility of hydrogen bonding in the case of hydroxyl 
substituents is evaluated. Hydrogen bonding definitely occurs in the case of salicylic acid; it may possibly occur in 
the case of 2-hydroxyphenylacetic acid.

In this paper we extend our previous work1-5 on the na
ture of the ortho effect by a study of the rates of reaction of 
ortho-substituted carboxylic acids with diphenyldiazo
methane by means of linear free energy relationships. The 
major objectives of this investigation are to detect the pres
ence or absence of steric effects and to determine the com
position of the electrical effect. The method which was em
ployed in the study of steric effects is based on the correla
tion of the rate constants with linear free energy relation
ships. In order to carry out the analysis of the data it is nec
essary to examine four possible cases. 1. The steric effect 
may be represented by a steric parameter. Then the data 
will follow the equation

Qx =  affix + i/'T'x 4  ̂ (l)

where <n and o-r represent the localized (field) and delocal
ized (resonance) electrical effects and u is a steric parame
ter defined as6

v x — rvx — rvH =  yvx — 1.20 (2)

group and the hydrogen atom, respectively. We have cho
sen v as a steric parameter in preference to the Taft Eg ste
ric parameters7 because we have previously demonstrated a 
linear relationship between Es and the van der Waals 
radii.1 2. The steric effect cannot be represented by some 
steric parameter, and therefore the data do not obey a lin
ear free energy relationship. In this case, the electrical ef
fect of the X  substituent remains a function of oqx and 
<i r x - Whatever part of the rate constant is not represented 
by the electrical effect is dependent on the steric effect Sx- 
Then for the rate constant of the compound bearing the X 
substituent we may write

Qx “  a d i x  4- /3crR X  + S x  + h (3 )

3. The steric effect is constant. Then uy is constant, and 
therefore ipux is constant. From eq 1

Qx =  acrIX + /3orx + h' (4)
where

In eq 2, rvx and tvh are the van der Waals radii of the X h' =  h + $vx (5)
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4. The steric effect is negligible or nonexistent. Then \p = 0, 
and from eq 1

Qx =  aoix + /3crRX + h (6)

which is simply the entended Hammett equation. Equa
tions 4 and 6 are equivalent.

There is a fifth case which may also be considered. It is 
possible that in some sets8 no steric effect occurs until a 
certain limiting substituent size is reached, while substitu
ents whose size is greater than the limiting value will show 
a steric effect. Such a set consists of the combination of two 
subsets, one of which obeys eq 6 (shows no steric effect) 
whereas the other obeys eq 1 or 3.

The analysis of the data may now be carried out as fol
lows.

I. The set to be studied is correlated with eq 1. The cor
relation is tested for significance by means of the F test, for 
which a confidence level greater than or equal to 90% is 
considered meaningful. If the correlation is significant 
then, the set may belong to case 1, case 3, or case 4. Case 1 
is distinguished from cases 3 and 4 by a “ student t ”  test of 
\p. A confidence level greater than or equal to 90.0% indi
cates that the set is an example of case 1. If the confidence 
level of the t test is less than 90.0% then the set belongs to 
case 3 or case 4. If the correlation with eq 1 is not meaning
ful (that is, if the confidence level of the F  test is less than 
90.0%), then the set may be an example of case 2, case 3, or 
case 4, or it may be an example of case 1 with the wrong 
choice of steric parameter. It is also necessary to consider 
the confidence levels of the partial correlation coefficients 
ri3 and r22 which measure the extent of correlation between 
<ri and v and between or and u, respectively. If either of 
these partial correlation coefficients has a confidence level 
greater than or equal 90.0% then it is impossible to separate 
the steric and electrical effects in the set being studied.

II. The data set being studied is correlated with eq 6. 
The measure of a successful correlation is again the confi
dence level of the F test. If the correlation is meaningful, 
then the set is an example of case 3 or case 4. That this 
must be true is shown by the following argument. If the set 
belongs to case 1 or case 2 then a steric effect is present. 
Since eq 6 does not account for this steric effect it cannot 
successfully correlate a set which belongs to case 1 or case
2. Case 3 may be distinguished from case 4 by a “ student t” 
test for the significance of the difference between the ex
perimentally observed value for h (this is the data point for 
the unsubstituted member of the set) and the value of h 
obtained from the correlation. If h 0bsd ^  h, then the set 
belongs to case 3. If habS(j = h, then the set is an example of 
case 4. Should the correlations with both eq 1 and 6 be un
successful, the set is either an example of case 2, or it 
belongs to case 1 and the choice of a steric parameter and 
incorrect. Unfortunately, it is not possible at the present 
time to distinguish between these possibilities. It might be 
argued that case 5 is also a possibility. Case 5 can be dis
cerned by plotting the data against appropriate substituent 
constants. Those members of the set which do not shown a 
steric effect will give a linear plot, from which the larger 
groups will deviate.

Twenty sets of reaction rates of ortho-substituted car
boxylic acids with diphenyldiazomethane have been 
subjected to the analysis described above. For the data 
used in these correlations, see the paragraph at the end of 
this paper regarding supplementary material. The <ti con
stants required were taken from our compilation9 when 
possible. The or constants were obtained from the equa
tion

o-R =  crp -  CTi (7)

Table II
Values of 4/ and PK

Solvent
parameter

Set Solvent ‘ T ¡P p s [E r (30)Ja

1 EtOH 20 0.556 18 51.9
2 EtOH 30 0.522 19 51.9
3 EtOH 40 0.752 13 51.9
4 Dioxane 30 0.564 15 36.0
5 EtOAc 30 0.498 10 38.1
6 MeOCH2CH2OH 30 0.394 12 52.3
7 Me2NCHO 30 -0.118 2.7 43.8
8 Me2SO 30 0.222 6.0 45.0
9 MeOH 30 0.0384 5.3 55.5

13 t- BuOH 30 - 0 . 1 0 1 8.3 43.9
14 Me2EtCOH 30 -0.0996 7.3 (40.6)&
19 EtOH 30 -0.0988 10 51.9
“ K. Dimroth, C. Reichardt, J. Siepmann, and F. Bohlmann, 

Justus Liebigs Ann. Chem., 661,1 (1963) .b Calculated in this work.

using the op constants of McDaniel and Brown10 when 
available. In the case of the nitro group, the value of <ri is 
taken from previous work.11 Values of v are generally taken 
from our collection.6 Exceptions are the v values for ¿-Pr 
and Et for which values of 0.76 and 0.56 respectively were 
used. These values were obtained by a method which will 
be described in a future publication. The value of the rate 
constant for the hydroxyl group was excluded from all sets 
in which it occurs (sets 2, 15, 16, and 17) due to the possi
bility of hydrogen bonding.

Results
Results of the correlations with eq 1 and 6 are set forth 

in Table I. Correlations labeled A and B are with eq 1 and 
6, respectively. Results for correlation of set 19 with eq 1 
and 6 were greatly improved by the exclusion of the value 
for the nitro group (sets 19A2 and I9B2).

Discussion
Steric Effect. Of the eight sets of benzoic acids in vari

ous solvents, three gave a confidence level of 99.9% and five 
a CL of 99.0% for the “ student t” test for the significance of 
1p. It is clear, then, that sets 1-8 belong to case 1. This is the 
most certain, clear-cut steric effect we have ever observed 
for any physical or chemical data for ortho-substituted 
benzenes.1"5 To describe the magnitude of the steric effect 
we have defined the quantity Ps, the percent of steric ef
fect, by means of the equation

M 100
a j + \ß\:-+ '[ili j (8)

Values of Ps are set forth in Table II. The values of Ps for 
the benzoic acid sets range from 2.7 to 19. Thus, although 
the steric effect is unquestionably present, in all sets it is 
subordinate to the electrical effect. This is in agreement 
with our previous results. We have so far observed no set of 
data, chemical or physical, in which the steric effect was 
predominant.1“5 It is interesting to observe that seven of 
the eight benzoic acids gave positive values of 1p indicating 
steric acceleration of the rate while the set in dimethylfor- 
mamide gave a negative value of \p, indicating steric retar
dation of the rate. While the magnitude of the steric effect 
as measured by both \p and Ps varies with solvent, inspec
tion of Table II shows no relationship of either p or Ps with 
the £ t ( 3 0 )  solvent parameters. As most solvent parameters 
are very approximately linearly related to each other we
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Table III
“ Student t”  Tests for the Significance of the 

Difference between h and ftobsd

S e t ^o b s d ha b sha t nc

1 0 0 .0 5 7 0 0 .0 6 6 4 0 .0 0 9 4 0 .0 0 8 4 7 1 .1 1 0 “ 1 0

1 1 0 .2 9 0 0 .2 9 9 0 .0 0 9 0 .0 0 8 5 7 1 .0 5 0 “ 1 0

1 2 - 0 . 0 9 2 6 - 0 . 0 9 1 6 0 .0 0 1 0 0 .0 1 0 5 0 .0 95® 1 0

15 - 0 . 1 4 5 - 0 . 1 3 6 0 .0 0 9 0 .0 2 7 5 0 .3 2 7 ' 7

16 0 .7 8 0 0 .7 6 8 0 .0 1 2 0 .0 0 9 9 9 1 .2 0 1 “ 7

17 0 .0 1 7 0 0 .0 3 1 6 0 .0 1 4 6 0 .0 3 8 1 0 .3 8 3 ' 7

18 - 0 .0 0 1 3 1 0 .0 5 6 1 0 .0 5 7 4 0 .0 5 6 4 1 .0 1 8 “ 7

21 0 .5 0 5 0 .4 9 6 0 .0 0 9 0 .0 1 9 5 0 .4 6 2 ' 5

a F rom  T a b le  I. b h0b s  — h. 
C L .e 20%  C L . f 20%  C L .

c N u m b e r  o f  p o in ts  in th e  set. d 5 0 %

may conclude that neither \p nor Ps is related to any other
solvent parameter.

Of the six sets of phenylacetic acids correlated with eq 1, 
two gave very good confidence levels for the “ student t” 
test of 99.0%, one gave a poor confidence level of 90.0%, and 
the other three did not give significant confidence levels. 
Sets 10, 11, and 12 must belong to case 3 or case 4 as they 
all gave excellent correlations with eq 6. To differentiate 
between these possibilities, we must determine whether h 
= h0bsd- Values of the “ student t ”  test for the significance 
of the difference between h and h0bsd, together with their 
confidence levels, are set forth in Table III. Inspection of 
these values for sets 10, 11 and 12 shows that there is no 
significant difference between h and h0bsd for these sets. It 
therefore follows that these sets are members of case 4 and 
are free of any steric effect.

Inspection of the \p values for the sets which belong to 
case 1 shows that set 9 has a small accelerating steric effect 
on the rate whereas sets 13 and 14 show larger decelerating 
effects on the rate. It is perhaps significant that sets-13 and 
14 were studied in t-BuOH and Me2EtCOH, respectively. 
These are the largest and bulkiest of the solvents in which 
the phenylacetic acids were studied. It is of interest to note 
that the Ps values of sets 9, 13, and 14 again clearly show 
the predominance of the electrical effect, in agreement 
with our previous results.1"5

Of the seven sets of acids with side chains intervening 
between the carboxyl group and the ring which were corre
lated with eq 1, only one set gave a meaningful “ student f ” 
test for the significance of \p, a confidence level of 90% was 
obtained indicating poor results. This is probably due to 
the small size of the set (I9A2) which had only six points. 
This set is probably an example of case 1, Of the remaining 
six sets, five (sets 15-18 and 21) gave significant correla
tions with eq 6. These sets belong to case 3 or case 4. The 
sixth set, set 20, did not give significant correlation with ei
ther eq 1 or 6. This is probably due to the small number of 
points in the set, five. Examination of the values of the 
“ student i ” test for the significance of the difference be
tween h and hQbsd for sets 15-18 and 21 given in Table III 
shows that for all five of these sets h is equal to h0bsd and 
therefore these sets are examples of case 4; that is, they are 
free of steric interactions, The steric effect observed for 
sets 19A2 is one of rate deceleration. Again, the Ps value 
shows that electrical effects are predominant in this set.

C om position  of the Electrical Effect. Previously1 we 
have described the composition of the electrical effect by 
means of the parameter where

e =  W'a (9)

We believe that a better description of the composition of 
the electrical effect is the parameter Pr, given by

Table IV 
Values of Pr

Set Solvent f Side chain Bt (30)“ PRb

1 E tO H 2 0 5 1 .9 4 0

2 E tO H 3 0 5 1 .9 3 6

3 E tO H 4 0 5 1 .9 4 9

4 D io x a n e 3 0 3 6 .0 3 6

5 E t O A c 3 0 3 8 .1 43

6 M e O C H 2C H 2O H 3 0 5 2 .3 43

7 M e 2N C H O 3 0 4 3 .8 49

8 M e 2SO 3 0 4 5 .0 4 4

9 M e O H 3 0 c h 2 5 5 .5 4 5

1 0 E tO H 3 0 c h 2 5 1 .9 4 4

11 ¿ -B u O H 3 0 c h 2 ( 4 8 .5 ) c 4 6
12 ¿ - P r O H 3 0 c h 2 4 8 .6 , 45
13 f -B u O H 3 0 c h 2 4 3 .9 4 6
14 M e 2E tC O H 3 0 c h 2 ( 4 0 .6 ) “ 4 7

15 E tO H 3 0 c h 2c h 2 5 1 .9 53

16 E tO H 3 0 c h 2o 5 1 .9 3 6

17 E tO H 3 0 T - C H = C H 5 1 .9 53

18 E tO H 3 0 T - C H = C P h 5 1 .9 d
19 E tO H 3 0 C - C H = C P h 5 1 .9 4 9

2 0 E tO H 3 0 C = C 5 1 .9 e
21 D io x a n e 3 0 C = C 3 6 .0 27

0 F o o tn o te  a, T a b le  I I . b P r va lu es  fo r  case  1 sets w ere  ca lcu la te d  
from  corre la tion s  w ith  e q  1; P r v a lu e s  fo r  case  4 sets w ere c a lc u 
la ted  from  corre la tion s  w ith  eq  6. c C a lcu la te d  in  th is  w ork . d 0 
w as n o t  s ig n ifica n t fo r  th is  set. e C orre la tion  w as n o t  s ig n ifica n t fo r  
th is set.

PR =  ,3100/(0! + $  (10)

The Pr values have the advantage that their range is 0-100 
while « has a range from 0 to infinity. Values of P r are re
ported in Table IV.

The Pr and e values are related to each other by the ex
pression

' PR =  el 00/ (s + 1) (11)

Values of P r obtained range from 27 to 53. Obviously 
then no one ortho substituent constant will be applicable 
to all sets of data involving the reaction of carboxylic acids 
with diphenyldiazomethane. These results agree with our 
previous findings.1-5

The values of Pr for the benzoic acids seem somewhat, 
dependent on solvent.' Inspection of Et (30) values given in 
Table IV indicates no dependence of Pr on Pr(30). There 
seems to be a dependence of P r on temperature. Values of 
P r for the benzoic acid sets range from 36 to 49. It should 
be noted that r i2, the partial correlation coefficient of crj on 
<tr, was significant at the 90% CL for sets 1, and 3-8. This 
suggests that there may be some uncertainty in the P r 
values for the benzoic acid sets. The values of Pr for the 
phenylacetic acids are essentially constant and are inde
pendent of the solvent. The sets show an average P r value 
of 46.

We may now consider the variation of the Pr value with 
side chain. Considering only sets in EtOH at 30°, we may 
compare sets 2, 10, 15-17, and 19. In so doing, we observe 
that with the exception of set 16, there is an increase from 
P r = 36 for no side chain to Pr = 44 for a CH2 side chain 
to Pr = 49 to 53 for a two carbon-atom side chain. This re
sult is in agreement with our previous observations on the 
variation of the composition of the electrical effect with 
side chain in proton transfer reactions.5

Variation of the Reaction Parameters with Solvents. 
Values of a and ft for the phenylacetic acid sets (for sets 9,
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Table V
Results of Correlations with Equations 12 and 13

Set m C ra Fb sestc %C sc0 <A

At -0.0466 4.04 0.862 11,59e 0.207 0.0137e o ^ is ' 6
a 2 -0.0654 4.96 0.969 46.34' 0.115 0.009601 0.447' 5
Bt -0.0301 2.79 Ô.438 0.952s 0.467 0.0309'' 1.39’ 6
b 2 -0.0677 4.63 0.810 5.7391 0.338 0.02831 1.32e 5
C -0.0199 1.48 0.997 332.7* 0.00934 0.00109y 0.0548' 4
D -0.0184 1.32 0.990 95.60* 0.0161 0.00189"1 0.0946/ 4

a Correlation coefficient. b F test for significance of regression. c Standard errors of the estimate, m, and c. d Number of points in the set.
« 95.0% CL. t 99.0% CL. * <90% CL.h 50% CL. ‘ 80% CL. > 90% CL.k 99.95% CL. ' 97.5% CL. m 98.0% CL.

Table VI
Variation of the Reaction Parameter with Side Chain

Set Side chain a s Set Side chain a ñ

2 1.45 0.820 17 trans- CH=CH 0.273 0.306
10 c h 2 0.434 0.344 18 trans-CR=CPh 0.364 a
15 CH2CHj 0.234 0.267 19 cis- CH =C Ph 0.429 0.420
16 ch2o 0.325 0.186

“ d was not significant for this set.

13, and 14 values of a and (3 are from correlations with eq 1; 
for sets 10, 11, and 12 values of a and /3 are taken from cor
relations with eq 6) were correlated with the £ T(30) solvent 
parameters12 by the equations

a =  mET + c ■ (12)
j3 =  mET + c (13)

Results of the correlations are given in Table V. Best re
sults for the correlation of a and (3 of substituted benzoic 
acids are obtained on exclusion of the values for dioxane 
(sets A2 and B2, respectively). Set A2 gave very good corre
lation and set B2 gave poor but significant correlation. Cor
relation of a (set C) and (3 (set D) for phenylacetic acids 
gave excellent and good results, respectively. The correla
tion of a values seems to be superior to that of (3 values.

The results obtained for the correlation of a for phenyl
acetic acids (set 6) are good enough to permit their use in 
the calculation of new jEt values. Values of A’t (30) were 
calculated for ¿-BuOH and Me2EtCOH and the values ob
tained are 48.5 and 40.6, respectively.

Variation of Reaction Parameters with Side Chain. 
We may now consider the effect of the side chain on values 
of a and (3. Appropriate values of a and 13 are reported in 
Table VI. All data are in EtOH at 30°.

Values of a and f3 for sets 2, 10, and 19 are from correla
tions with eq 1; values of a and (3 for sets 15-18 are from 
correlations with eq 6. With the exception of the a and (3 
values for the cts-CH=CPh side chain, the magnitude of a 
and /j falls off with increasing size of the side chain as is ex
pected. The values obtained for the methylene side chain 
seem too small, however.

Hydrogen Bonding in the Case of Hydroxyl Substit
uent. The rate constants for X =O H  were excluded from 
the correlations of sets 2,15, 16, and 17 due to the possibili
ty of hydrogen bonding. To determine whether hydrogen 
bonding occurs, values of the rate constant for the hydroxyl 
group were calculated as were values of the quantity 
ifoH,obsd/&OH,caicd- These values are set forth in Table VII. 
The k oH.caicd values were calculated from the correlations 
with eq 1 in the case of set 2, the &oH,caicd values for sets 15, 
16, 17 were calculated from correlations with eq 6. The 
value of k oH.obsd/̂ OH.caicd for set 2 suggests a large hydro-

TableVII
Values of feoH,caled, ftcH.obsd, and feoH.obsd/JtOH,caled

Set k OH, catcd *OH, obsd ÔHjobsd / ̂ OH, caled

2 D.209 7.55 36
15 0.571 0.670 1.2
16 5.42 12.1 2.2
17 0.813 0.594 0.73

gen-bonding effect. The value of this ratio for set 16 indi
cates the possibility of a very small hydrogen bonding ef
fect, if any exists at all. The values of k oH,obsd/& o h ,caicd for 
sets 15 and 17 show no hydrogen-bonding effect.

Registry No.— D ia zo d ip h e n y lm e th a n e , 8 8 3 -40 -9 .
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Kinetic isotope effects for the solvolysis of 2-methyl-d3-e:ro-2-norbornyl p- nitrobenzoate and 2-methyl-d 3- 
endo- 2-norbornyl p- nitrobenzoate were determined in 70% aqueous ethanol. Within experimental error, k \\fk  d 
for both epimers are similar—exo p-nitrobenzoate (1.22 ± 0.02 at 75.0°), endo p-nitrobenzoate (1.26 ± 0.04 at 
130.0°; 1.31 ± 0.05 corrected to 75.0°)—where k w/k D is calculated for three deuteriums for fully deuterated sub
strate. The similarity of the kinetic isotope effects for the exo and endo epimers argues against the supposition of 
extensive bridging in the intermediate for the solvolysis of the exo p- nitrobenzoate. These results are in good 
agreement with kinetic isotope effect measurements for other deuterated tertiary norbornyl substrates already in 
the literature.

There is extensive experimental evidence that carboni
um ions derived from solvolysis of esters of exo tertiary 
norbornanols are classical and do not involve significant 
bridging.

Goering and Humski, on observing that most of the ac
tivity remained in the products of solvolysis (alcohol + ole
fin) of optically active 1,2-dimethyl-exo-2-norbornyl p- 
nitrobenzoate (1) in 90% aqueous acetone, concluded that 
ionization proceeded predominantly through the asymmet
ric classical ion 2.1

The same workers,2 in trying to establish experimentally 
that the large 7-deuterium isotope effect (1.10) reported 
for the solvolysis of the secondary 6,6-dideuterio-exo-2- 
norbornyl brosylate3 was a manifestation of assisted ioniza
tion, measured the rate of solvolysis of the tertiary 6,6-di- 
deuterio-l,2-dimethyl-exo-2-norbornyl p-nitrobenzoate (3) 
in 90% aqueous acetone (78.47°). They observed a negligi
ble kinetic isotope effect (&h/&d was 1.02 ±  0.01), a result 
consistent with the expectation of a classical intermediate.

Humski4 measured k u/k d  for 1,2-dimethyl-exo- 2-nor- 
bornyl-3,3-d 2 p-nitrobenzoate (4) in mixtures of 50-70% 
dioxane-water (69.30°). Although the observed kinetic iso
tope effects varied from 1.278 ±  0.010 for 50% dioxane- 
water to 1.351 ±  0.079 for 70% dioxane-water, the k H/& D 
calculated for ionization after correction for elimination 
was remarkably constant (1.22) over the entire range of sol
vent composition.53 Humski concluded that a &H/fcD of
1.22 indicated that solvolysis proceeded through a classical 
intermediate.

Borcic and Sunko6 measured k h/& n for both 2-methyl- 
exo- 2-norbornyl-3,3-d2 p-nitrobenzoate (5) and its endo 
epimer (6) in 70% aqueous acetone.7 They observed a k H/ 
k D of 1.334 ±  0.018 (95.0°) for 5 and 1.306 ±  0.060 (120.7°) 
for 6. Even with the larger uncertainty in the value for 6,

there does not seem to be a significant difference in kinetic 
isotope effects between the exo and endo p- nitrobenzoates. 
It should also be noted that the k K/k D for 5 falls within the 
range of the observed k u/k ¡3 for 4 measured by Humski in 
70% dioxane-water (1.351 ±  0.079).4

Schaefer8 examined 2-phenyl-exo- 2-norbornyl-3,3-d2 
p- nitrobenzoate (7) and the endo epimer (8) in 60% aque
ous dioxane. The observed kyi/kd for 7 was 1.18 ±  0.02 
(39.50°) and that for 8 was 1.15 ±  0.02 (62.50°). After cor
rection to full deuteration5b (the p-nitrobenzoates con
tained 1.87 atoms of deuterium per molecule), k u/k d per D 
was 1.09 ±  0.01 for 7 and 1.08 ±  0.01 for 8. Within the cer-

Ph OPNB
7 8

tainty of the measurements, the kinetic isotope effects for 
the exo and endo p-nitrobenzoates are indistinguishable 
and it was concluded that in both cases solvolysis involved 
a classical intermediate.

To complete the series of kinetic isotope effect mea
surements on tertiary norbornyl substrates, we prepared 
2-methyl-d3-exo-2-norbornyl p-nitrobenzoate (9b) and the 
endo epimer (10b)9 and determined kn/kn in 70% aqueous

9  10

a, R = CH;(
b, R = CD'

ethanol at 75.0 and 130.0°, respectively. Rate constants for 
the solvolyses and the kinetic isotope effects (observed, 
corrected for full deuteration per D, corrected for full deut
ération for three deuteriums, and, for 10, corrected to 
75.0°) are given in Table I. Within experimental error, kH/
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Table I
Rate Constants and Kinetic Isotope Effects for the Solvolysis of 9a, 9b, 10a, and 10b in 70% Aqueous Ethanol“

Compd̂ Temp, °C 10*. hr"1 Voted 1 W c o r r /D c  ̂ * corr / 3Drf

9a 75.0 2.51 ± 0.03 1.19 ± 0.02 1.07 ± 0.01 1.22 ± 0.02
9b 2.11 ± 0.03

10a 130.0 2.63 ± 0.05 1.25 ± 0.04 1.08 ± 0.01 1.26 ± 0.04
10b 2.11 ± 0.05 (correction to (1.31 ± 0.05

75.0° negligible) corrected to
75.0°)e

0 R a te  con sta n ts  a n d  sta n d a rd  d e v ia tio n s  w ere ca lcu la te d  b y  c o m p u te r  as d e scr ib e d  in  th e  E x p e r im e n ta l S e c t io n  a n d  are th e  averages o f  
tw o  d e term in a tion s . E rrors fo r  kn /ku  w ere c a lcu la te d  from  th e  fo rm u la  g iv en  in  W . J . B la e d e l a n d  V . W . M e lo ch e , “ E le m e n ta ry  Q u a n tita 
tive  A n a ly s is ,”  2nd  e d , H a rp e r  a n d  R ow , N e w  Y ork , N .Y .,  1963, p  642. b D eu ter iu m  an alysis  sh ow ed  2.59  a to m s  o f  D /m o le c u le  (8 6 .3 % ) fo r  
9b an d  2.74  a to m s  o f  D /m o le c u le  (9 1 .3 % ) fo r  10b.12 c Iso to p e  e ffe c t  p er  D  fo r  fu lly  d eu tera ted  su b s tra te .56 d [(h H /h rd co rr /o ]3. e (k n /k r ijr ,  =
(kH/k D)T lT1/T2-

kj) for the exo and endo deuterated p-nitrobenzoates are 
virtually the same. For closer comparison, since neither 
ester was fully deuterated, the observed kinetic isotope ef
fects were corrected for full deuteration for three deuteri
ums, giving 1.22 ±  0.02 for 9b and, after further correction 
to 75.0°, 1.31 ±  0.05 for 10b.10

It is interesting to compare these results with those of 
Humski and Schaefer cited earlier. (Because our p-nitro
benzoates are trideuterated and the others dideuterated, 
k hIk d values corrected per D for full deuteration5b will be 
used for this comparison.) The ¿ h/^ d for 9b (1.07 ±  0.01) 
is in fair agreement with Humski’s number (1.11) for the 
solvolysis of 4 in aqueous dioxane; the k hA d values for 
Schaefer’s exo and endo p-nitrobenzoates 7 (1.09 ±  0.01) 
and 8 (1.08 ±  0.01) are, within experimental error, identical 
with ku/kn for 9b (1.07 ±  0.01) and 10b (1.08 ±  0.01).11 
The near identity of &h/&d for 9 and 10 argues against sig
nificant participation for the solvolysis of 9b, as the results 
quoted earlier argued against it for the solvolyses of the exo 
tertiary substrates in 1-8.

Experimental Section12
Synthesis. M e th y l i o d id e -d 3 w as p re p a re d  a c co rd in g  t o  th e  p r o 

ce d u re  o f  K u h n  a n d  T r is ch m a n n . 13

2-Methyl-d 3 - e n d o -2-norbornanol w as p rep a red  b y  a d a p ta 
t io n  o f  th e  p ro ce d u re  o f  S a u ers . 14  A  so lu tio n  o f  G rign a rd  reagen t 
p re p a re d  fro m  51 .64  g  (0 .3636  m o l) o f  m e th y l i o d id e -d 3 a n d  8 .8  g 
(0 .36  m o l) o f  m agn esiu m  in  110 m l o f  a n h y d ro u s  e th er  w as a d d e d  
to  20.0 g (0 .182  m o l) o f  n o r ca m p h o r  (A ld r ich ) in  150 m l o f  a n h y 
d ro u s  eth er . T h e  re a ctio n  m ix tu re  w as stirred  a t  r o o m  tem p era tu re  
fo r  16 hr, a llow ed  t o  stan d  overn ig h t, an d  h y d ro ly z e d  b y  a d d itio n  
to  a m ixtu re  o f  200 g  o f  ice , 26 g  o f  a m m o n iu m  ch lo r id e , an d  50 m l 
o f  w ater. T h e  layers w ere  sep a ra ted  a n d  th e  a q u e o u s  layer w as .ex
tra cted  w ith  e th er  (2  X  100 m l). T h e  c o m b in e d  e th er  ex tra cts  w ere 
d rie d  ov er  m agn esiu m  su lfa te  a n d  m o st  o f  th e  so lv e n t  w as rem ov ed  
b y  d is tilla t ion  th rou g h  a V ig reu x  co lu m n . T h e  c ru d e  p ro d u c t  w as 
d is tille d  u n d er  asp ira tor  pressu re  (~ 1 5  m m ) t o  g ive  16 g  (7 0% ) o f  
th e  d e u te ra te d  n orb o rn a n o l, b p  7 3 .5 -7 4 .5 ° . T h e  p ro d u c t  s o lid ifie d  
o n  stan d in g , m p  3 0 -3 1 °  ( l it . 15  m p  3 1 -3 2 ° ) .

2-Methyl-d o-endo -2-norbornyl p  -nitrobenzoate (10b) w as 
p rep ared  fro m  th e  a lco h o l b y  th e  m e th o d  o f  B ro w n . 15  T o  a stirred  
so lu tion  o f  1 g  (0 .0079  m o l) o f  th e  d e u te ra te d  n o rb o rn a n o l in 30  m l 
o f  hexane, 2.72 m l (0 .0079  m o l) o f  n- b u ty llith iu m  in  h exa n e  (A lfa  
In orga n ics ) w as a d d e d  w ith  a  syringe. U n d e r  n itrogen , 1.466 g 
(0 .0079  m o l) o f  p -n it r o b e n z o y l  ch lo r id e  (A ld r ich , recry sta llized  
fro m  lig ro in , m p  7 1 -7 2 ° )  w as a d d e d  t o  th e  st irred  so lu tio n  th rou g h  
a  15 -cm  tu b e  a tta ch ed  t o  th e  flask . A  fin e , w h ite  p re c ip ita te  a p 
p eared  a lm ost  im m e d ia te ly  an d  th e  su sp en sion  w as stirred  o v e r 
n igh t.

T h e  so lid  w as re m o v e d  b y  filtra tio n  a n d  th e  h ex a n e  w as r e 
m o v e d  on  a ro ta ry  ev a p ora tor . T w o  recry sta lliza tion s  fr o m  h o t  
p en tan e  a f fo r d e d  0 .5 g  o f  10b m p  1 0 0 -1 0 1 °  ( l it . 15  m p  1 0 0 .5 °) a fter  
vacu u m  p u m p in g . D e u te r iu m  an alysis  in d ica te d  th e  p re se n ce  o f
2 .74  d eu teriu m  a to m s /m o le cu le  (91 .3% ).

2-Methyl-d3-exo -2-chloronorbornane w as p re p a re d  b y  a d a p 
ta tion  o f  the  p ro ce d u re  o f  B a rtle tt  a n d  S a rg e n t . 16  A  m ixtu re  o f
12.6 g o f  2 -m e th y l-d  3 -e n d o -2 -n o rb o rn a n o l  a n d  75 m l o f  c o n c e n 

tra te d  h y d ro ch lo r ic  a c id  w as stirred  v ig o ro u s ly  a t  ro o m  te m p e ra 
tu re  fo r  2 hr. P e tro le u m  e th er  w as a d d e d  a n d  th e  o rg a n ic  layer  w as 
sep a ra ted , w ashed  w ith  sa tu ra ted  ca lc iu m  ch lo r id e , an d  d rie d  ov er  
ca lc iu m  ch lo r id e . T h e  so lv e n t w as r e m o v e d  o n  a  r o ta ry  e v a p ora tor , 
a f fo rd in g  a b o u t  14 g  o f  a  co lo r le ss  o il. T h e  ir sp e ctru m  sh o w e d  n o  
h y d ro x y l a b sorp tion .

2-Methyl-d 3 - e x o -2-no.rbornanol w as p re p a re d  b y  a d a p ta tio n  
o f  a  p ro ce d u re  o f  B a rtle tt  an d  S a rg en t . 16  I c e -c o ld  a q u eou s  1 N  s o 
d iu m  h y d ro x id e  (1 75  m l) w as a d d e d  t o  th e  flask  co n ta in in g  the  
c ru d e  n o rb o rn y l ch lo r id e  fr o m  th e  p re p a ra t io n  a b o v e . T h e  m ixtu re  
w as h e a te d  a t  9 5 °  fo r  45  m in  a n d  th en  s t irre d  v ig o ro u s ly  a t  room  
te m p e ra tu re  fo r  16 hr. E th er  w as a d d e d  a n d  th e  o rg a n ic  la yer  was 
sep a ra ted , w ash ed  w ith  w ater, a n d  d r ie d  ov er  m agn esiu m  su lfate . 
T h e  so lv e n t  w as re m o v e d  b y  ca re fu l e v a p o ra tio n , y ie ld in g  a w h ite , 
f lu ffy  so lid . T h e  a lc o h o l w as recry sta llized  fo u r  t im es  fr o m  p e n ta n e  
an d  su b lim e d , a f fo rd in g  6  g  (5 7% ) o f  fin e , n e e d le -lik e  crysta ls , m p
8 4 .8 -8 5 .4 °  ( lit . 16  m p  8 4 -8 5 ° ) .

2-Methyl-(i3-exo -2-norbornyl p - nitrobenzoate (9b) w as p re 
p a red  fro m  th e  a lco h o l b y  th e  m e th o d  o f  B ro w n 15  as d e sc r ib e d  p r e 
v io u s ly  fo r  th e  e n d o  ep im er . T h e  e ster  c ry sta llized  as w h ite , sh im 
m erin g  p la tes , m p  1 1 3 .5 -1 1 4 .5 °  ( l it . 15  m p  1 1 4 .5 ° ) . D e u te r iu m  a n a l
ysis  in d ica te d  th e  p re se n ce  o f  2.59 d eu teriu m  a to m s /m o le cu le  
(86 .3% ).

2-Methyl-endo-2 -n o rb o rn y l p -nitrobenzoate (10a) a n d  2- 
m e t h y l - e x o  -2-norbornyl p - nitrobenzoate (9a) w ere p rep a red  
b y  th e  sam e p ro ce d u re s  d e sc r ib e d  a b o v e  e x c e p t  th a t  m e th y l io d id e  
w as u se d  in stea d  o f  m e th y l io d id e -d 3.

Kinetic Procedure. T h e  rates  o f  so lvo lys is  in  70%  a q u e o u s  e th 
a n o l fo r  9a, 9b, 10a, an d  10b w ere m easu red  w ith  a C a ry  14 u ltra v i
o le t  s p e c tro p h o to m e te r  e q u ip p e d  w ith  a th e rm o sta te d  ce ll h o ld er , 
b y  fo llo w in g  th e  a b so rb a n ce  [Amal 2610 A  (« 93 30 )] as a fu n c tio n  o f  
t im e . B e ca u se  p -n it r o b e n z o ic  a c id  [Amax 2710 A  (c 10 ,037 )] h ad  a 
c o m p o n e n t  o f  a b so rp t io n  a t  th e  Amax o f  th e  ester, it  w as n ecessa ry  
t o  su b tra c t  th e  A „  va lue o f  th e  ester fro m  ea ch  A, v a lu e  in  th e  k i
n e t ic  p lo t. In  all cases, p lo ts  o f  At — A „ vs. t im e  w ere  linear. A s  a 
ch e ck  on  th e  sa m p lin g  te ch n iq u e , th e  u n d eu tera ted  ester  w as so l- 
v o ly ze d  a t  th e  sam e t im e  as th e  d e u te ra te d  ester fo r  ea ch  d e te rm i
n a tio n  o f  kyi/hr>.

T h e  so lv o ly ses  w ere  ca rrie d  o u t  in  1 0 -m l P y re x  b rea k  seal a m 
p ou les . A b o u t  3 m l o f  a p p ro x im a te ly  1.3 X  10 - 4  M  e ster  so lu tio n  
w as d isp e n se d  in to  th e  a m p o u le , w h ich  w as th en  fit te d  w ith  a 
d ry in g  tu b e , co o le d  in  D r y  I c e -a c e to n e , a n d  sea led . T y p ica lly , 
seven  o r  e ig h t  a m p o u le s  o f  b o th  d e u te ra te d  a n d  u n d e u te ra te d  ester 
w ere  p re p a re d  fo r  ea ch  run . S o lv o ly se s  o f  th e  e x o  p -  n itro b e n z o a te  
esters  w ere carried  o u t  a t  75 .0 °  a n d  th o se  o f  th e  e n d o  p -  n itro b e n - 
zoa tes  w ere  carried  o u t  at 13 0 .0 °. A fte r  e q u ilib ra tio n  fo r  a b o u t  1 
hr, tu b es  w ere w ith d ra w n  e v e ry  0 .5 hr, c o o le d  in  D ry  I c e -a c e to n e , 
a n d  s to re d  in  th e  freezer  ( —2 0 ° ) u n til an a lysis . T h e  in f in ity  sa m 
p les  w ere  so lv o ly ze d  fo r  a t  lea st 1 0  h a lf-liv es .

T o  ch e ck  th e  an a ly tica l m e th o d , a  ru n  w ith  9a w as m a d e  w h ere  
th e  u n co n v e rte d  9a an d  th e  l ib e ra te d  a c id  (as th e  a n ion ) w ere  s e p 
a ra ted  b y  e x tra c tio n  a n d  an a lyzed  sep arate ly . P lo ts  o f  In (At — 
A „ )  vs. t im e  fo r  th e  d isa p p e a ra n ce  o f  th e  ester  a n d  In (A «  — At ) 
fo r  th e  a p p ea ra n ce  o f  th e  a c id  w ere b o th  lin ea r a n d  gave , w ith in  
e x p e r im e n ta l error , th e  sam e ra te  co n sta n ts  as o b se rv e d  fo r  s o lv o l
y s is  o f  9a m easu red  b y  an a lyzin g  th e  e s te r -a c id  m ixtu re .

T h e  e x tra c tio n  p ro ce d u re  w as ca rried  o u t  as fo llo w s . T h e  a liq u o t  
to  b e  an a lyzed  (2  m l) w as p ip e t te d  in to  a  5 0 -m l sep a ra tory  fu n n e l 
(T e f lo n  s to p c o c k ) con ta in in g  10 m l o f  sp e c tra l g ra d e  h exa n e  a n d  1 
m l o f  5%  so d iu m  h y d ro x id e . T h e  se p a ra to ry  fu n n e l w as sh ak en  v ig 
o ro u s ly  fo r  a b o u t  1 m in . A fte r  th e  layers  h a d  sep a ra ted , a p p ro x i
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m a te ly  3 m l o f  th e  h exa n e  so lu tio n  w as w ith d ra w n  w ith  a  P asteu r 
p ip e t  a n d  s to re d  in  a v ia l. T h e  first  fe w  d ro p s  o f  th e  a q u e o u s  layer 
w ere  d isca rd e d  an d  th e  rem a in d er  o f  th e  so lu tio n  w as s to re d  in  a 
v ia l u n til analysis.

T o  p rep a re  sa m p les fo r  th e  re feren ce  bea m  fo r  th e  s p e c tr o p h o to - 
itietric an alysis  o f  b o th  th e  h exa n e  a n d  th e  a q u eou s  layers , an  e x 
tra ct io n  w as ca rried  o u t  ex a c tly  as d e sc r ib e d  a b o v e  e x c e p t  th a t  2  

m l o f  70%  a q u eou s  e th a n o l w as used  in p la ce  o f  th e  ester  so lu tio n .
T h e  70%  a q u e o u s  e th a n o l so lu tio n  w as p re p a re d  b y  w eigh t, 

e m p lo y in g  th e  a p p ro p r ia te  c o rre c t io n s  fo r  b u o y a n c y . 17  R e a g e n t  a b 
so lu te  e th a n o l (P h a rm co ) a n d  d is tille d  w ater  w ere  u sed  w ith o u t 
fu rth er  p u r ifica t io n . T h e  so lv e n t  w as s to re d  in  a sea led  2-1. er len - 
m eyer  fla sk , e q u ip p e d  w ith  a s ip h o n in g  d ev ice .

K in e t ic  run s w ere  ca rried  o u t  in  3 -m l qu artz  u v  ce lls  (P y r o ce ll  
M a n u fa c tu r in g  C o m p a n y ) w h ich  ha d  a 1 -cm  p ath  len g th . T h e  ce lls  
h a d  g ro u n d -g la ss  sto p p e rs , w h ich  w ere  t ig h tly  sea led  d u r in g  th e  k i
n e t ic  runs to  m in im ize  ev a p ora tion .

B e e rs ’ law  p lo ts  o f  a b so rb a n ce  at 2610 A us. c o n ce n tra tio n  w ere 
lin ea r fo r  b o th  th e  e x o  an d  e n d o  p -  n itro b e n z o a te  esters  ov er  th e  
range o f  co n ce n tra tio n  th rou g h  w h ich  th e  so lv o ly s is  k in etics  w ere 
fo llo w e d . S im ila r  p lo ts  fo r  p- n itro b e n z o ic  a cid  b o th  a t  27 10  A  
(\ max o f  th e  a c id ) an d  a t  2610 A  (Amax o f  th e  ester) w ere  linear.

R a te  co n sta n ts  w ere  ca lcu la ted  fr o m  a su b  r o u tin e  fo r  p lo tt in g  
In (At — A ,„) vs. t im e  o f  a  c o m p u te r  p ro g ra m  d e v is e d  b y  Y o r k , 18 

m o d ifie d  b y  D r. M ich a e l M a rro n  a n d  u sed  p re v io u s ly  b y  D r. J oh n  
C o n k lin g  fo r  ca lcu la tin g  th e  rates o f  sd lvo lys is  o f  d e u te ra te d  n o r - 
b o rn y l b ro sy la te s . 19 A n  I B M  7094 c o m p u te r  w as used  fo r  th e  ca l
cu la tio n s , g iv in g  th e  fir s t -o rd e r  rate  co n s ta n t  a n d  s ta n d a rd  d e v ia 
t io n  fo r  each  run.
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T h e  m e th y l su b stitu e n t e ffe c ts  o n  th e  rates a n d  p ro d u c ts  o f  th e  so lv o ly s is  rea ction s  o f  exo- a n d  ered o-2 -m eth y l- 
b icy c lo [3 .2 .0 ]h e p t -6 -e n -2 -y l p -n it r o b e n z o a te s  (6 -O P N B  a n d  5 -O P N B , re sp e ct iv e ly ) w ere in v estig a ted  b y  c o m p a r 
ing  th ose  o f  th e  d e m e th y la te d  an a logs  (7 -O T s  a n d  2 -O T s , re sp e ct iv e ly ) t o  e lu c id a te  th e  n atu re  o f  th e  b ic y c lo -  
[3 .2 .0 ]h e p t-6 -e n -2 -y l ca rb o n iu m  io n  3. T h e  a ce to lys is  rate  o f  7 -O T s  in d ica te s  a rate e n h a n ce m e n t o f  3500 (2 5 ° )  
w h en  co m p a re d  to  th a t  o f  2 -O T s , w h ile  6 -O P N B  u n d e rg o e s  so lv o ly s is  a t  a rate  o n ly  2 .8  t im es as fa s t  as 5 -O P N B  
a t  2 5 °. T h e  a ce to lys is  o f  7 -O T s  g ives ex c lu s iv e ly  a n fi-7 -n o r b o r n e n y l a ce ta te  14, w h ile  2 -O T s  u n d e rg o e s  a ce to lys is  
t o  a  35 :65 m ix tu re  o f  7 -O A c  a n d  14. O n  th e  o th e r  h a n d , 5 -O P N B  a n d  6 -O P N B  y ie ld  e x c lu s iv e ly  6 -O H  th ro u g h  
o n e  c o m m o n  c lassica l ca rb o n iu m  ion  15. T h e  a b o v e  resu lts  su ggest th a t  3 is m a in ly  sta b ilized  b y  a h o m o a lly lic  in 
tera ction  t o  lead  to  th e  in itia l ca rb o n iu m  io n  1 2 , w h ich  rearranges to  th e  s ta b le  b is h o m o c y c lo p r o p e n y l ca rb o n iu m  
ion  13.

Although there is no straightforward demonstration of 
the existence of homoallylic carbonium ion intermediates, 
the unusual reactivities and stereospecific products of the 
solvolysis reactions of some rigid polycyclic ring com
pounds have been interpreted by homoallylic interactions 
between electron-deficient carbinyl carbon and electron- 
rich double bond.2 In our recent study of anti- tricy- 
clo[5.2.0.02’5]nona-3,8-dien-6-yl tosylate (1-OTs)3 we ob
served that the rate of acetolysis of 1-OTs is enhanced by a 
factor of 7.3 X 104 when compared to that of endo-bicyclo-
[3.2.0]hept-6-en-2-yl tosylate (2-OTs) which is in the par
tially similar ring system. In connection with this result, it

ÒTs
1-OTs 2 -O T s 3

seems to be of some interest to further investigate the na
ture of the bicyclo[3.2.0]hept-6-en-2-yl carbonium ion 3.2~4 
Thus, exo- and erado-2-methylbicyclo[3.2.0]hept-6-en-2-yl 
p-nitrobenzoates (6-OPNB and 5-OPNB, respectively) and
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Table I
Kinetic Data for Solvolysis of exo- and endo-2-Methylbicyclo[3.2.0]hept-6-en-2-yl p-Nitrobenzoates 
(6-OPNB and 5-OPNB), exo-Bicyclo[3.2.0jhept-6-en-2-yl Tosylate (7-OTs), and Related Compounds

S ubstra te ,. T e m p ,  C f t ,  s e c " * A H * , k c a l / m o l
. *
A S  ,  e u ft r e l

6-OPNB0 125 (1.71 ± 0.02) x 10-56 29.8 ± 0.3 -6.1 ± 0.8
150 (1.68 ± 0.02) X IO'46
25 3.80 X 1Q-Ilc 2.8

5-OPNB“ 125 (3.45 ± 6.07) x 10-66 28.2 ± 0.2 “ 13.2 t 0.5
150 (3.06 ± 0.03) x IO'56
25 1.38 X io -n ° (1.0)

7-OTsä 25 (9.59 ± 0.11) X  10-66 23.9 :± 0.2 -1.5 ± 0.7 3 7 5 ' x 10s
50 (2.35 ± 0,04) x lO-46

2-OTs 25 2.70 X 10-9 ® 28.1 ±. 0.6e -3 .6  ± 1.5° (1.0)
1-OTs 25 1.97 x io-4° 25.2 ± 1.4° •9.0 ± 4 . 8 ° 7.3 x 104

°  Ca. 0 .006 M  in  50%  a c e to n e -5 0 %  w a ter  b y  v o lu m e . 6 T h e  errors are d e v ia tio n  from  th e  average o f  tw o  runs. c V a lu e  e x tra p o la te d  from  
data  at h igh er  t e m p e ra tu re . d Ca. 0 .02  M  in  a ce t ic  a c id  b u ffe re d  w ith  0.045 M  s o d iu m  a c e ta te . e R e feren ce  3.

the demethylated analogous tosylates (7-OTs and 2-OTs, 
respectively) have been synthesized and studied to obtain a 
quantitative assay of the methyl substituent effects on 3 
formed in the solvolysis reactions. These results would pro
vide some evidence for the existence of the homoallylic in
teraction in the transition state of the solvolysis reactions.

Results and Discussion
The known ketone 45 was treated with freshly prepared 

methyllithium to produce exclusively 5-OH in 83% yield, 
which was converted to 5-OPNB in the usual fashion. The 
exo epimer (6-OH) was obtained by an acid-catalyzed 
isomerization of 5-OH in low yield (17%) and converted to
6-OPNB. The stereochemical assignments for the exo and 
endo epimers were based upon the methyllithium reaction 
of 4 and their nmr spectral data. Since attack of methylli
thium on ketones would usually occur from the less hin
dered side of carbonyl groups, the only one (product ob
tained here might be the endo epimer (5-OH). The nmr 
spectra of 5-OPNB and 6-OPNB show that the methyl 
group of 6-OPNB absorbs at S 1.20 which is shielded by 
0.13 ppm more than of 5-OPNB as expected by a result of 
diamagnetic anisotropic shielding effect. The exo alcohol 
(4-OH)4b was obtained by inversion of 2-OTs3 with tetra- 
n-butylammonium acetate in dry acetone6 followed by lith
ium aluminum hydride reduction and was converted to 7- 
OTs (23% based on 2-OTs) (Scheme I).

Scheme I

7, R  =  H , T s

The solvolytic reactivity of 7-OTs was measured in buff
ered acetic acid by the uv absorbance method,3 and the

reactivities of 5-OPNB and 6-OPNB were measured in 50% 
aqueous acetone by the titrimetric method.3 The kinetic 
data are Summarized in Table I where literature values for 
related compounds are involved for comparison.

Generally, it has been known that the introduction of 
electron-releasing substituents at a cationic center leads to 
diminution in participation by double bonds resulting in a 
classical carbonium ion.2a>7 For example, the acetolysis rate 
of aniï-7-norbornenyl tosylate (9) is enhanced by a factor 
of 1011 over that of 7-norbornyl tosylate (8),8 while 7-p-ani- 
syl-anii-7-norbornenyl p-nitrobenzoate (11) undergoes sol
volysis at a rate only 2.5 times greater than 7-p-anisyl-7- 
norbornyl p-nitrobenzoate (10).9 Thus, a comparison of the 
exo/endo rate ratio for 5-OPNB and 6-OPNB to that for 
2-OTs and 7-OTs will account for the natures of the initial 
intermediates formed on ionization of these isomeric com
pounds.

8 (1)“ 9 (1011) 10 (1) 11 (2.5)

“ k rel in paren th eses.

It is clear from Table I that 7-OTs is 3.5 X 103 times 
more reactive than 2-OTs while 6-OPNB undergoes solvol
ysis at a rate 2.8 times as fast as 5-OPNB at 25°. This re
sult suggests that the high reactivity of 7-OTs might be 
mainly due to participation of the double bond in the ion
ization at the reaction site to produce the homoallylic car- 
bonium ion 12. Here, it is interesting to note that even 7- 
OTs is less reactive than 1-OTs in spite of the fact that the 
similar homoallylic interaction should be expected in their 
transition states. The difference in the reactivity of 1-OTs 
and 7-OTs (ca. 20) appears to result from a combination of 
two factors. First, an increase in reactivity of 1-QTs proba
bly results from a ground-state interaction10 with the anti- 
cyclobutene ring providing relief of strain at the transition 
state. Second, there is likely a more favorable geometry for 
the homoallylic interaction by the double bond in 1-OTs 
than in 7-OTs; since the nmr spectral study of 7-OTs 
suggests, 7-OTs in a “ boat” confprmation,11,this conforma
tion would provide decrease in the homoallylic interaction 
because of the prolonged distance, between the reaction 
center and the double tond, compared to the rigid tricyclic 
tosylate (1-OTs). ;

The acetolysis of 7-OTs gives exclusively anii-7-norbor- 
nenyl acetate 14, while 2-OTs undergoes acetolysis to a 35:
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65 mixture of 7-OAc and 14 in accord with Story’s result.28 
From the kinetic data and the solvolysis studies, it is sug
gested that the incipient positive center of 7-OTs is stabi
lized first by the homoallylic interaction to produce the ini
tial carbonium ion intermediate 12,12 which rapidly rear
ranges to the bridged carbonium ion 13. On the other hand, 
2-OTs leads predominantly to 13 and, at the same time, 
partially to 7-OAc by attack of solvent. Both epimeric p- 
nitrobenzoates, 5-OPNB and 6-OPNB, however, yield ex
clusively 6-OH as only the monomeric alcohol, suggesting 
one common classical carbonium ion intermediate 15 which 
is captured by solvent from the less hindered side. The ob
servations are summarized in Scheme II.

Scheme II

The difference in the activation energies of 7-OTs (AH* 
= 23.9 kcal/mol) and 2-OTs (AH* = 28.1 kcal/mol) also 
suggests the significant difference in the stabilization of 
their transition states. The conformational studies of these 
bicyclic ring systems by X-ray analysis are under investiga
tion.

Experimental Section
M e lt in g  p o in ts  w ere ta k e n  o n  a  Y a m a to  M P - 2 1  m e lt in g  p o in t  

a p p a ra t u s  a n d  u n c o rre c te d , In fr a r e d  sp e c tra  w ere re c o rd e d  on a 
S h im a d z u  IR -4 0 0  sp e c tro p h o to m e te r a n d  u lt r a v io le t  sp e c tra  w ere 
d e te rm in e d  w ith  a S h im a d z u  U V -2 0 0  sp e c tro p h o to m e te r. N u c le a r  
m a g n e t ic  re so n a n c e  sp e c tra  w ere re c o rd e d  u s in g  a  H it a c h i R -2 4  i n 
s t ru m e n t  w it h  th e  c h e m ic a l s h if t  (&) g iv e n  in  p a rt s  p e r m il lio n  
d o w n  fro m  T M S .  G a s - l iq u id  c h ro m a to g ra p h y  w as p e rfo rm e d  o n  a 
S h im a d z u  G C - 4 B  in s t ru m e n t . M a s s  sp e c tra  w ere d e te rm in e d  w ith  
a  J E O L - Q l O  m a ss sp e c tro m e te r. M ic ro a n a ly s e s  w ere d e te rm in e d  
in  th e  m ic r o a n a ly t ic a l la b o r a t o ry  o f In s t it u t e  o f  P h y s ic a l  a n d  
C h e m ic a l  R e s e a rc h , W a k o -s h i,  S a it a m a , J a p a n .

endo-2-Methylbicyclo[3.2.0]hept-6-en-2-ol ( 5 - O H ) .  T o  
f r e s h ly  p re p a re d  m e t h y ll it h iu m  in  e th e r (ca. 0.05 m o l) w as a d d e d  
d ro p w is e  a  s o lu t io n  o f 4 3  (4.0 g, 0 .0 3 7  m o l)  in  20  m l o f  e th e r a t  
ro o m  te m p e ra tu re  u n d e r  n itro g e n  a tm o sp h e re . T h e  r e s u lt in g  s o lu 
t io n  w as s t ir r e d  fo r 30 m in . T h e  e xcess m e t h y ll it h iu m  w as d e 
stro y e d  b y  a d d it io n  o f a m m o n iu m  c h lo r id e , a n d  w a te r w as c a r e fu l
ly  a d d e d  to th e  f la s k . A ft e r  se p a ra t io n  o f th e  o rg a n ic  la y e f , th e  
a q u e o u s la y e r  Was e x tra c te d  w it h  eth er. T h e  e th e re a l s o lu t io n  w as 
c o m b in e d  w it h  th e  o rg a n ic  la y e r ,  a n d  th e  c o m b in e d  s o lu t io n  w as 
w ash e d  w it h  w ate r a n d  d r ie d  ( M g S 0 4). A ft e r  re m o v a l o f  e th e r d is 
t il la t io n  gave  th e  e nd o  a lc o h o l 5 - O H  a s a  c le a r  o il  [3.8 g, 8 3 % ,  bp  
6 0 - 6 1 . 0 °  (9 m m )]: i r  ( f ilm )  3 3 5 0  ( O H ) , 30 50 ; 29 3 0 , 12 9 0 , 1 1 5 0 ,  a n d  
1 1 2 0  c m - 1 ; n m r  ( C C I 4) ô 6 .1 5  a n d  6.03 (2  d , A B ,  2  H ,  v in y l,  J  =  2.6 
H z ) ,  3 .5 0  (s, 1  H ,  - O H ) ,  3 .0 5  (m , 1  H ,  H 5), 2 .7 5  (d, 1  H ,  H 1; J  =  3.6 
H z ) ,  2 .2 0 -1 .7 0  (m , 1  H ) ,  1 .6 0 -1 .2 0  (m , 3  H ) ,  a n d  1 . 1 0  (s, 3  H ,  
- C H 3); m a s s  sp e c tru m  m /e  1 2 4  ( M + ), 10 9 , a n d  10 6 .

en<fo-2-Methylbicyclo[3.2.0]hept-6-en-2-yl p-Nitroben- 
zoate ( 5 - O P N B ) .  T o  a  s o lu t io n  o f 5 - O H  (500 m g, 4 .0 4  m m o l)  in  1 5  
m l o f  d r y  p y r id in e  w as a d d e d  p -n it r o b e n z o y l c h lo r id e  (76 0 m g , 4 .10  
m m o l) in  s m a ll  p o rt io n s  a t  0 ° .  A ft e r  c o m p le tio n  o f th e  a d d it io n , 
th e  r e s u lt in g  s o lu t io n  w as a llo w e d  to  s ta n d  in  a  re fr ig e ra to r  fo r 5 
d a y s  a n d  th e n  p o u re d  in to  ic e -w a t e r  (10 0  g) c o n ta in in g  5  m l o f 
c o n c e n tra te d  h y d ro c h lo r ic  a c id . T h e  p ro d u c t  w as e x tra c te d  in to  
c h lo ro fo rm , w h ic h  w as w ash e d  w it h  d ilu t e  h y d r o c h lo r ic  a c id , 
w ate r, 5 %  s o d iu m  b ic a rb o n a te  s o lu t io n , a n d  w a te r a n d  d r ie d  
( M g S 0 4). R e m o v a l o f th e  s o lv e n t gave  a  p re c ip ita t e  w h ic h  w a s re 
c r y s t a lliz e d  fro m  h e x a n e  to  y ie ld  8 10  m g ( 7 4 % )  o f  5 - O P N B :  m p
1 0 9 . 5 - 1 1 0 . 5 ° ;  i r  ( N u jo l)  1 7 2 0  ( C = 0 ) ,  1 6 1 0 , 1 5 2 5 , 1 3 5 0 ,  1 3 1 0 ,  12 9 0 , 
1 1 2 0 , 1 1 1 0 ,  a n d  7 2 0  c m - 1 ; n m r  ( C D 3C O C D 3 ) & 8 .20  ( A 2B 2 , 4  H ,  a ro 
m a t ic , J  =  9.0 H z ) ,  6.08 a n d  5.99 (2  d , A B ,  2  H ,  v in y l,  J  =  2 .6  H z ) ,
3.40 (d , 1  H ,  H 1; J  =  3 .2  H z ) ,  3 .2 1  (m , 1  H ,  H s), 2 .7 0 -1 .9 0  (m , 3 H ) ,  
1 .7 0 -1 .4 0  (m , 1  H ) ,  a n d  1 . 5 1  (s, 3 H ,  - C H 3).

A n a l.  C a lc d  fo r C 15 H 15 N O 4: C ,  6 5 .9 2 ; H ,  5 .5 3 . F o u n d : C ,  6 6.05; 
H ,  5.46.

exo-2-Methylbicyclo[3.2.0]hept-6-en-2-ol (6 - O H ) .  T o  a  s o lu 
t io n  o f 5 - O H  (3 .4  g, 0 .0 2 7 5  m o l) in  10 0  m l o f p e n ta n e  a t  0 °  w as 
a d d e d  a  s o lu t io n  o f 5 0 %  s u lfu r ic  a c id  (50  m l) . T h e  r e s u lt in g  m ix 
tu re  w as a llo w e d  to  s t ir  fo r 10  h r  a t  0 °  a n d  40 h r  a t  w a t e r -b a th  
te m p e ra tu re , fo llo w in g  th e  p ro g re ss o f th e  re a c t io n  b y  g lp c  ( F F A P  
1 5 % ,  3 m  X  3  4> c o lu m n ). A ft e r  se p a ra t io n  o f th e  o rg a n ic  la y e r  th e  
a q u e o u s la y e r  w as e x tra c te d  w it h  e th e r. T h e  e th e re a l s o lu t io n  w as 
c o m b in e d  w it h  th e  o rg a n ic  la y e r , a n d  th e  r e s u lt in g  s o lu t io n  w as 
w a sh e d  w it h  w ate r, 5 %  s o d iu m  b ic a rb o n a te  s o lu t io n , a n d  w a te r a n d  
th e n  d r ie d  ( M g S IT i) .  E v a p o r a t io n  o f th e  s o lv e n t  g a ve  a  m ix t u r e  o f
5 - O H ,  6 - O H ,  a n d  a n  u n id e n t if ie d  k e to n e  ( < 3 % ) .  T h e  m ix t u re  w as 
p u r if ie d  b y  c h ro m a to g ra p h y  o n  a  s i l ic a  gel c o lu m n , e lu t in g  w it h  
2 5 %  e th e r in  be n zen e  to g iv e  56 7 m g  ( 1 6 .6 % )  o f  6 - O H  a s a  c le a r l iq 
u id ,  w h ic h  is  c ry s ta lliz e d  on s ta n d in g : m p  4 2 - 4 3 .5 ° ;  i r  ( C C I 4) 36 20  
(free O H ) ,  3 3 2 0  ( O H ) , 3040, 2 9 3 0 ,10 6 0 , a n d  10 4 0  c m “ 1 ; n m r  ( C C 1 4) 
h 6 .0 0 -5 .7 0  (m , 2  H ,  v in y l) ,  3 .0 7  (s, 1  H ,  H O ,  2 .4 3  (b r s, 1  H ,  H 5),
2 . 1 3 - 1 . 2 3  (m , 2  H ) ,  1 .4 0  (s, 1  H ,  - O H ) ,  1 . 2 1 -0 . 7 5  (m , 2  H ) ,  a n d  1 . 1 1  
(s, 3 H ,  - C H 3): m a s s  s p e c tru m  ra le  12 4  ( M + ), 10 9 , a n d  10 6 .

exo-2-Methylbicyclo[3.2.0]hept-6-en-2-yl p-Nitrobenzoate 
(6-OPNB). T h e  exo a lc o h o l 6 - O H  (10 0  m g ) w as c o n v e rte d  to  th e  
p -n itro b e n z o a t e  (6 - O P N B )  a s d e s c r ib e d  abo ve fo r 5 - O H :  y ie ld  17 0  
m g  ( 7 8 % ) ;  m p  7 8 .0 -7 9 .5 ° ;  i r  ( N u jo l)  1 7 2 0  ( C = 0 ) ,  1 6 1 0 , 1 5 3 0 ,1 3 5 0 ,  
12 7 0 , 1 1 1 0 ,  a n d  7 2 0  c m - 1 ; n m r  ( C D 3C O C D 3 ) 6 8 .1 5  ( A 2B 2 , 4 H ,  a ro 
m a t ic , J  -  10 .0  H z ) ,  6 .1 1 - 5 . 7 6  (m , 2  H ,  v in y l) ,  4 .30  (s, 1  H ,  H x),
2 .7 8  (b r s, 1  H ,  H 5), 2 . 1 0 -1 . 5 9  (m , 3  H ) ,  1 .4 0 -1 .0 3  (m , 1  H ) ,  a n d  1 .2 0  
(s, 3 H ,  - C H 3).

A n a l  C a lc d  fo r C 15 H 15 N 0 4: C ,  6 5 .9 2 ; H ,  5 .5 3 . F o u n d : C ,  6 5.6 3; 
H ,  5.39.

Kinetic Measurements. T h e  r a t io  o f  aceto n e  to  w ate r w as 50: 
50 b y  v o lu m e . F o r  e a ch  ru n , a p p ro x im a t e ly  80 m g  o f e a ch  5 - O P N B  
a n d  6 - O P N B  w as w eig h e d  in to  a  5 0 -m l v o lu m e tr ic  f la s k  a n d  th e n  
f il le d  w it h  th e  5 0 %  a q u e o u s aceto n e . E ig h t  tu b e s, c o n ta in in g  6  m l 
o f th e  a b o ve  s o lu t io n , w ere se a le d  u n d e r  n itro g e n  a n d  h e a te d  in  a 
c o n s ta n t  te m p e ra tu re  c o n tro lle d  o il  b a t h  ( ± 0 . 3 ° ) .  A ft e r  th e  c o m 
p le t io n  o f th e  r u n , 5  m l o f th e  s o lu t io n  w as re m o v e d  fo r t it r a t io n . 
T o  th e  s o lu t io n , 1 5  m l o f w ate r w as a d d e d  w ith  a  few  d ro p s  o f 0 . 1 %  
B r o m o t h y m o l B lu e  in d ic a t o r  in  5 0 %  e th y l a lc o h o l. T h is  m ix t u r e  
w as t it ra t e d  w it h  0.003 M  s o d iu m  h y d ro x id e  in  m e th a n o l u n d e r  n i 
tro g e n .3

T h e  e x o -to s y la te  ( 7 -O T s )  w as so lv o ly z e d  in  a c e t ic  a c id  c o n t a in 
in g  s o d iu m  a c e ta te , a n d  th e  ra te s w ere m e a su re d  a s p r e v io u s ly  d e 
s c r ib e d .3 T h e  k in e t ic  d a ta  a re  sh o w n  in  T a b le  I .

Preparative Solvolyses of 5-OPNB and 6-OPNB. T h e  en d o -  
p -n itro b e n z o a t e  ( 5 - O P N B ,  200 m g) in  10 0  m l o f  5 0 %  a q u e o u s a c e 
to n e  c o n ta in in g  1 5 4  m g o f 2 ,6 -lu t id in e  w as se a le d  in  s ix  te s t  tu b e s  
u n d e r  n itro g e n  a n d  h e a te d  fo r 4 7  h r  a t , 1 5 0 ° .  T h e  co o led  tu b e s  w ere 
o p e n e d , a n d  th e  aceto n e  w as re m o v e d  b y  a ro t a r y  e v a p o ra tio n . T h e  
p ro d u c t  m ix t u re  w as is o la te d  b y  e th e r e x tra c t io n . A f t e r  re m o v a l o f 
th e  so lv e n t , th e  p ro d u c t  w as p u r if ie d  b y  c h ro m a to g ra p h y  o n  a  s i l i 
c a  g e l c o lu m n , e lu t in g  w ith  2 0 %  e th e r in  b e n zen e  to  g iv e  3 1  m g 
( 3 4 % )  o f a  p ro d u c t  w h ic h  w as id e n t if ie d  as 6 - O H  b y  n m r  c o m p a r i
son.

T h e  e x o -p -n it ro b e n z o a te  (6 - O P N B )  w as so lv o ly z e d  a s m e n 
t io n e d  a b o ve  e x c e p t fo r b e in g  h e a te d  fo r 1 0  h r  a t  1 5 0 ° .  T h e  exo  a l 
co h o l w as o b ta in e d  in  3 0 %  y ie ld .

T h e  low  is o la te d  y ie ld s  o f th e se  re a c t io n s  a re  a tt r ib u t e d  to  s u b l i 
m a t io n  d u r in g  d r y in g  a n d  a n  u n id e n t if ie d  h y d ro c a rb o n  w h ic h  h a s  
a  v e r y  sh o rt  re te n tio n  t im e  in  g lp c . T h e  a b so lu te  y ie ld s  b y  g lp c  
( F F A P  1 5 % ,  3  m  X  3 <t>) a n a ly s e s  w ere sh o w n to b e  4 5 %  fo r 5 -  
O P N B  a n d  5 1 %  fo r 6 - O P N B .

Preparative Acetolyses of 2-OTs and 7-OTs. T h e  e ra d o -to sy l- 
ate  ( 2 - O T s ,  200 m g) in  2 5  m l o f  a c e t ic  a c id  c o n t a in in g  8 4.5 m g  o f
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s o d iu m  a ce ta te  w as se a le d  in  fo u r  te s t  tu b e s  u n d e r  n itro g e n  a n d  
h e a te d  fo r 48 h r  a t  1 0 0 ° .  T h e  c o o le d  tu b e s  w ere  o p e n e d , a n d  the 
s o lu t io n  w as n e u tra liz e d  w it h  s o d iu m  b ic a rb o n a te  a n d  e x tra c te d  
w ith  e th e r. T h e  e th e re a l s o lu t io n  w as w a s h e d  w it h  s a tu ra te d  s o d i
u m  c h lo r id e  s o lu t io n , d r ie d  ( M g S 0 4), a n d  c o n c e n tra te d . T h e  p ro d 
u c t  w as p u r if ie d  b y  c h ro m a to g ra p h y  o n  s i l ic a  g e l c o lu m n , e lu t in g  
w it h  2 0 %  e th e r in  p e tro le u m  e th e r a ffo rd in g  8 2 m g  (6 4 % )  o f  a  m ix 
tu re  o f 14 13 ( 6 5 % )  a n d  7 -O A c  ( 3 5 % ) .  T h e  e x o -to sy la te  ( 7 -O T s ,
67.8  m g ) w as s o lv o ly z e d  a t  5 0 ° to g iv e  2 5  m g  ( 5 8 % )  o f 14 .
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T h e  re a rra n g e m e n t  o f  d ip h e n y l-2 -p y r id y lm e t h a n e  A T-o xid e  (8) w it h  a c e t ic  a n h y d r id e  in  a c e t o n it r ile  w as in v e s t i
g a ted . T h e  p ro d u c t  w as id e n t if ie d  a s d ip h e n y l-2 -p y r id y lm e t h y l  a c e ta te  (10 ) . A n  in tra m o le c u la r  p a th w a y  w as e lu 
c id a te d  b y  a  c o m b in a tio n  o f  o x y g e n -18  la b e lin g  s t u d ie s  a n d  th e  c o n v e rs io n  o f l -a c e t o x y -2 -b e n z h y d r y lp y r id in iu m  
p e rc h lo ra te  (14 )  to  p ro d u c t  b y  a  b a se  (D a b c o ) o th e r t h a n  a d d e d  a c e ta te  io n .

The reactions of aromatic IV-oxides with acid anhydrides 
have been studied extensively since the first report in 1947 
that pyridine (V-oxide was converted to 2-pyridyl acetate 
when heated in acetic anhydride.3 Twenty years ago several 
groups observed that alkyl substituents at C-2 of pyridine 
TV-oxide altered the pathway to afford 2-pyridylmethyl ace
tates.46 Since that time mechanistic aspects of these reac
tions have been thoroughly investigated and excellent re
views are available.7’8 The generally accepted mechanism 
for side chain rearrangement is represented in eq 1-3, the 
key feature of which is the generation of an anhydrobase 
intermediate (3), which rearranges intramolecularly via an 
ion pair to product (4).9

The present work stemmed from our observation that 
nearly all reported examples of this rearrangement with 2- 
alkylpyridine (V-oxides (1) involved structures with an a- 
methylene group. At the time this work was commenced we 
were aware of only two cases in which disubstitution at the 
a position of the side chain was involved; both compounds,
55 and 6,10 were reported to undergo no rearrangement in 
acetic anhydride. Since the failure to observe the antici
pated reaction with 5 and 6 could be attributed to an intra
molecular interaction between the A/-oxide moiety and the 
«-acetoxy group, it seemed desirable to test a simpler case

+  A c , 0
R

N' (1)

A cÖ  A cO

2

A cO H  +  ' 'N -

A cO

(2)

"N
A cO ”

R (3 )

of disubstitution such as 7. The choice of diphenyl-2-pyri- 
dylmethane iV-oxide (8) was based on product consider
ations. Side chain rearrangement of 7 (R = alkyl) to a terti
ary acetate would, upon acid hydrolysis, afford an alcohol 
capable of undergoing an undesirable dehydration. Subse-
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quent to the completion of this study Schnekenburger re
ported that 7 (R = p-acetoxyphenyl) rearranged in acetic 
anhydride to give 93% of 9. Although no mechanistic stud-

9
ies were carried out, it was assumed that the pathway in
volved a “ concerted” rearrangement of the anhydrobase.

Results and Discussion
The reaction of 8 with excess acetic anhydride in reflux

ing acetonitrile yielded 94% of diphenyl-2-pyridylmethyl 
acetate (10) under optimum conditions. The initial struc-

(4 )

tural assignment was based on spectroscopic evidence: the 
presence of an acetate ester (ir, nmr), the presence of H-6, 
and the absence of the benzylic proton (nmr). If ring sub
stitution had occurred, hydrolysis during work-up would 
have afforded an a-pyridone compound.12 The identity of 
the previously unreported 10 was confirmed by hydrolysis 
to the known carbinol 11 and by comparison with an au
thentic sample of 10 prepared independently (eq 5).

With the product structure established, our attention 
was focused on the mechanism for this rearrangement. Al
though the anhydrobase route (eq 1-3) was assumed to be 
applicable, the details of the final step were not secure. Ion 
pair 13, derived from anhydrobase 12 (eq 6), could afford 
10 either intramolecularly (eq 7) or intermolecularly (eq 8). 
The latter step would involve diffusion from the solvent 
cage and reaction of the diphenyl-2-pyridylmethyl cation 
with acetic acid. Our attempts to resolve this ambiguity 
were patterned after the elegant studies of Oae,13 Trayne- 
lis,14 and Muth.16

The reaction of 8 (no oxygen isotope enrichment) was 
carried out with uniformly labeled (>90 atom %) oxygen-18 
acetic anhydride. Mass spectral analysis of the crude terti
ary acetate showed the presence of three species of product 
10 with molecular ions of m/e 303, 305, and 307 in relative

proportions of 12, 51, and 37, respectively.16 Since the m/e 
values corresponded to an isotopic composition for 10 of 
zero, one, and two atoms of 180, the anticipated distinction 
between eq .7 and eq 8 could not be based on these data 
alone. The most abundant of the three species (m/e 305) 
was clearly produced by an intramolecular process, while 
the doubly labeled product (m/e 307) appeared consistent 
with an intermolecular pathway. An alternate interpreta
tion, however, was possible for the latter species. The reac
tion of 8 with labeled acetic anhydride produced 1 equiv of 
acetic acid uniformly labeled with oxygen-18, and it was 
therefore possible that trityl ester 10 had undergone disso
ciation and exchange in the reaction medium. That this 
process could occur was demonstrated by a control experi
ment in which unlabeled 10 was refluxed in acetonitrile 
with labeled acetic acid. The mass spectrum of the recov
ered ester exhibited molecular ions only at m/e 303 and 
307. Thus the isotopic labeling studies indicated that the 
major, if not the exclusive, pathway was the intramolecular 
process (eq 8).

Additional mechanistic inferences were drawn from the 
180  experiments. Mild alkaline hydrolysis of labeled 10 
(from 8 and labeled acetic anhydride) afforded diphenyl- 
2-pyridylcarbinol (11) whose mass spectrum contained mo
lecular ions at m/e 261 and 263 in relative proportions of 51 
and 49, respectively.16 The m/e values corresponded to 
species of 11 unlabeled and labeled with one 180  atom. 
When adjustments were made for the generation of 11 from 
unlabeled and doubly labeled 10, it was estimated that 
singly labeled 10 produced the species at m/e 261 and 263 
in a ratio of ca. 3:1. This result indicated that complete 
equilibration of the oxygen atoms did not occur for the ace
tate ion within the ion pair. Such a preference for 160  bond 
formation at the side chain may be caused by steric effects 
within the anhydrobase 12; similar interpretations have 
been proposed by Oae.13 Supporting evidence for this as
signment of the 180  distribution was obtained from the in
frared spectra of the esters. The carbonyl stretching fre
quency of unlabeled 10 occurred at 1742 cm-1, whereas la
beled 10 exhibited a medium shoulder at 1748 and a strong 
doublet at 1727 and 1709 cm-1. The greater intensity of the 
lower frequency doublet was consistent with 180  as the pre
dominant oxygen isotope of the carbonyl group.17

The intramolecular nature of the rearrangement was cor
roborated by studies with l-acetoxy-2-benzhydrylpyridi- 
nium perchlorate (14). Thus, treatment of 14 with base

14
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yielded a product mixture composed of 8 and 10. A variety 
of bases was investigated and l,4-diazabicyclo[2.2.2]octane 
(Dabco) proved to be the reagent of choice. The reaction 
(eq 9) was monitored by nmr spectroscopy, and the product 
composition was deduced from ir analysis. The conversion 
of analogous 1-acetoxypyridinium ions to mixtures of start
ing N-oxides and rearranged acetates has been observed 
primarily with added triethylamine or acetate ion,14’15’18 al
though Dabco has effected a similar “ back reaction.” 1̂  
High-pressure liquid chromatography of the reaction mix
ture confirmed the presence of 8 and 10. This analytical 
procedure also showed that trace amounts of diphenyl-2- 
pyridylmethane (15) were produced. Similar deoxygena
tions have been observed with picoline IV-oxides.20 The 
process, which is always a minor pathway, involves free 
radical intermediates.

Experimental Section
M e ltin g  p o in ts , u n co rre c te d , w ere  d e te rm in e d  o n  a m o d ifie d  

H ersh b erg  ap p aratu s w ith  to ta l- im m e rs io n  A n sch u tz  th e r m o m e 
ters. S p e ctra  w ere  r e co r d e d  o n  th e  fo llo w in g  in stru m en ts: P e rk in - 
E lm er  237B  ir sp e c tro p h o to m e te r  (p o ly s ty re n e  fi lm  ca lib ra t io n ); 
B e ck m a n  D B -G  u v  sp e c tro p h o to m e te r ; P e rk in -E lm e r  R 1 2 B  n m r 
sp e c tro m e te r  a t  60  M H z , ch e m ica l sh ifts  in  p p m  fro m  an  in tern a l 
T M S  re feren ce ; A E I  M S -9  m ass s p e c tro m e te r  a t  an  ion iz in g  v o lt 
age o f  70  e V . M icro a n a ly se s  w ere  p e r fo rm e d  b y  G a lb ra ith  L a b o r a 
to rie s , In c ., K n o x v ille , T e n n .

Materials. T r ie th y la m in e  w as r e flu x e d  o v e r  a ce t ic  a n h y d rid e  
an d  d is tille d , a n d  a m id d le  c u t  w as s to re d  o v e r  so lid  p o ta ss iu m  h y 
d ro x id e  a n d  th e n  re d is t ille d  fr o m  b a riu m  o x id e : m id d le  c u t  b p
8 7 .5 -8 8 °  (7 36  m m ). D a b c o  fr o m  H o u d r y  P ro ce ss  a n d  C h e m ica l C o. 
w as recry sta llized  fr o m  m e th a n o l-d ie th y l e th e r  a n d  v a cu u m  su b 
lim ed : m p  1 5 6 -1 5 7 °  (sea led  tu b e ).

T h e  fo llo w in g  reagen ts w ere  u sed  w ith o u t  fu rth er  p u r ifica t io n : 
a ce t ic  a n h y d r id e  (9 9 .2% ) fr o m  J. T .  B a k er ; a ce to n itr ile  (< 0 .0 1 %  
w ater, s to re d  o v e r  m o le cu la r  s iev es) fr o m  E a stm a n  K o d a k ; u n i
fo r m ly  la b e le d  o x y g e n -1 8  a ce t ic  a n h y d r id e  a n d  a ce t ic  a c id  (m in  90  
a to m  % ) fr o m  B io -R a d  L a b o ra to r ie s ; 15 fr o m  A ld r ich .

Diphenyl-2-pyridylmethane JV-Oxide (8). T o  a  so lu tio n  o f  d i-  
p h e n y l-2 -p y r id y lm e th a n e  (1 0  g , 0 .041  m o l)  in  a ce t ic  a c id  (7 5  m l) 
w as a d d e d  30%  h y d ro g e n  p e ro x id e  (5 .5  m l) a n d  th e  so lu tio n  w as 
h e a te d  a t  7 0 -8 0 ° . A fte r  3  h r  a d d it io n a l 30%  H 2O 2 (4 .0  m l; to ta l 9 .5  
m l, 0 . 1 2  m o l)  w as a d d e d , a n d  th e  so lu tio n  w as h e a te d  an a d d itio n a l 
9  hr. T h e  r e a c tio n  s o lu tio n  w as c o n ce n tra te d  a t  r e d u ce d  p ressu re  
t o  15 m l a n d  th e  y e llo w  res id u e , w h ich  s o lid if ie d  u p o n  c o o lin g , w as 
tr itu ra te d  w ith  d ie th y l e th e r  t o  g iv e  8 .9  g  (8 3% ) o f  w h ite  crysta ls , 
m p  1 6 1 .0 -1 6 1 .8 ° . T h e  p r o d u c t  w as re cry sta llized  fro m  b e n ze n e  t o  
g iv e  8 .5  g (8 0% ) o f  8 : m p  1 6 1 .6 -1 6 2 .1 °  ( lit . 2 1  m p  1 6 4 -1 6 6 ° ) ;  ir 
(H C C I3) 1245 a n d  835 c m - 1  (N -o x id e ) ;  u v  (C H 3C N ) m a x  276 n m  (< 
10 ,500 ); n m r (C D 3C N ) S 6 .1 8  (s , 1 , b e n zy lic  H ) , 8 .15  (m , 1, H - 6 ).

Diphenyl-2-pyridylmethyl Chloride. A  m a g n e tica lly  stirred  
so lu tio n  o f  d ip h e n y l-2 -p y r id y lm e th a n e  (2 .2  g , 9 .0  m m o l) a n d  N -  
c h lo ro su cc in im id e  (2 .7  g , 20  m m o l) in  90  m l o f  CCI4 w as h ea ted  
an d  irra d ia ted  4 .5  h r  w ith  a  2 7 5 -W  su n la m p . In so lu b le  su cc in im id e  
w as re m o v e d  b y  g ra v ity  filtra tio n  fr o m  th e  c o o le d  re a c tio n  m ix 
tu re , a n d  th e  filtra te  w as co n ce n tra te d  o n  a  ro ta ry  e v a p o ra to r  at 
re d u ce d  p ressu re  to  g ive  2 .4  g o f  a  v isco u s  res id u e  w h ich  c ry sta l
lized , m p  6 0 -6 5 ° . T h e  c ru d e  p ro d u c t  w as recry sta llized  tw ice  fro m  
lig ro in  (ch a rco a l d e co lo r iza tio n ) t o  g ive  0 .44  g (17% ) o f  d ip h e n y l-  
2 -p y r id y lm e th y l ch lo r id e , m p  7 2 .2 -7 3 .2 ° .

Anal. C a lcd  fo r  C i 8H 14 NC1: C , 77 .28 ; H , 5 .04 ; N , 5 .01; C l, 12.67. 
F o u n d : C , 77 .12; H , 5 .04 ; N , 4 .96 ; C l, 12.74.

Diphenyl-2-pyridylmethyl Acetate (10). A  m a g n etica lly  
stirred  m ix tu re  o f  d ip h e n y l-2 -p y r id y lm e th y l ch lo r id e  (2 .0  g , 7.2 
m m o l) a n d  s ilver  a ce ta te  (1 .5  g , 9 .3  m m o l)  in  30  m l o f  c y c lo h e x a n e  
w as re flu x e d  3 h r  u n d er  a n itro g e n  a tm o s p h e re , c o o le d , a n d  filte re d  
b y  su ctio n . T h e  filtra te  w as co n ce n tra te d  o n  a  ro ta ry  ev a p o ra to r  
u n d er  r e d u ce d  p ressu re  t o  g ive  2 .0  g  (9 2 % ) o f  a  cry sta llin e  residu e , 
m p  7 8 -8 2 ° . T h e  c ru d e  p ro d u c t  w as r e cry sta llize d  fr o m  iso o c ta n e  
(ch a rco a l d e co lo r iz a tio n ) t o  g iv e  1.3 g (6 0% ) o f  10: m p  8 4 .2 -8 5 .6 ° ; ir 
(H C C I3) 1742 c m - 1  ( C = 0 ) ;  u v  (C H 3C N ) m a x  259 n m  (« 4 0 7 0 ) ;  n m r 
(C D 3C N ) 6 2 .12  (s, 3 H , a ce ta te ) , 8 .47  (m , 1 , H - 6 ).

Anal. C a lcd  fo r  C 20H 1 7 O 2N : C , 79 .18 ; H , 5 .65; N , 4 .62 . F o u n d : C , 
79 .07 ; H , 5 .61; N , 4 .57.

Rearrangement of 8 . A  so lu tio n  o f  8  (1 .3  g, 5 .0  m m o l) a n d  a ce 
t ic  a n h y d rid e  (5 .1 g , 50  m m o l) in  100 m l o f  a ce to n itr ile  w as re 
flu x e d  24 hr, c o n ce n tra te d  on  a ro ta ry  e v a p o ra to r  u n d e r  re d u ce d

p ressu re , n eu tra lized  w ith  0 .1 N  N a O H , a n d  e x tra c te d  fo u r  tim es 
w ith  3 0 -m l p o rt io n s  o f  d ie th y l e th er . T h e  c o m b in e d  e th erea l e x 
tra ct  w as w ash ed  th ree  t im es w ith  5%  N a H C 0 3, d rie d  (M gS O .t), 
a n d  co n ce n tra te d  as a b o v e  to  y ie ld  1.4 g  (9 4% ) o f  a  sem icrysta llin e  
y e llo w  o il  w h ose  ir an d  n m r sp ectra  w ere  id e n tica l w ith  th ose  o f  a u 
th e n t ic  10. T h e  c ru d e  p ro d u c t  w as re cry sta llized  fr o m  isoocta n e  
(ch a rco a l d e co lo r iza tio n ) t o  g iv e  0 .5 6  (37% ) o f  10, m p  8 3 ,6 -8 5 .0 ° , 
m ix tu re  m e ltin g  p o in t  u n d ep ressed . V a r ia tio n s  o v e r  th e  fo llo w in g  
ranges d e fin e d  th e  a b o v e  o p tim a l co n d it io n s : tem p era tu re , a m b i
e n t  o r  re flu x ; t im e , 3 -1 2 0  hr; m o la r  ra tio  o f  A c 20 : 8 , 2:1 t o  10:1.

S im ila rly , th e  rea rra n gem en t o f  8 (0 .072  g, 0 .2 8  m m o l) w as ca r 
r ied  o u t  W ith u n ifo rm ly  la b e le d  (> 9 0  a to m  %  180 )  a ce t ic  a n h y d rid e  
(0 .28  g , 2 . 6  m m o l) in  6  m l o f  a ce ton itr ile  to  a ffo rd  0 .086  g  ( 1 0 0 % ) o f  
a v iscou s  y e llo w  o il, w h ose  id e n t ity  as u n co n ta m in a te d  1 0  was c o n 
firm ed  b y  ir  a n d  n m r sp ectra . T h e  is o to p ic  c o m p o s it io n  o f  the 
c ru d e  p ro d u c t  w as d e te rm in e d  b y  m ass sp ectra l an alysis.

Diphenyl-2-pyridylcarbinol (11). A  so lu tio n  o f  rea rra n gem en t 
p r o d u c t  10 (1 .4  g, 4 .6  m m o l) a n d  K O H  (0 .42  g , 7 .5  m m o l)  in  5 m l o f  
m e th a n o l w as re flu x e d  4  hr, d ilu te d  w ith  6 0  m l o f 'w a te r , n e u tra l
ize d  w ith  2  N  H C1, e x tra c te d  w ith  th ree  3 0 -m l p o r t io n s  o f  d ie th y l 
e th er , d r ie d  (M g S 0 4 ) ,  a n d  co n ce n tra te d  u n d e r  r e d u ce d  p ressu re  t o  
g ive  0 .99  g (8 3% ) o f  a sem icry sta llin e  residu e. A  p o r t io n  o f  th e  
c ru d e  p r o d u c t  w as recry sta llized  fr o m  95%  e th a n o l (ch a rco a l d e c o l 
o r iza t io n ) t o  a ffo rd  11, m p  1 0 2 .8 -1 0 3 .5 °  ( l i t .2 1 m p  1 0 5 ° ) , m ixtu re  
m e ltin g  p o in t  w as u n d e p re sse d  w ith  an  a u th e n tic  sa m p le  p re p a re d  
b y  th e  re a c tio n  o f  2 -b e n z o y lp y r id in e  w ith  p h e n y lm a g n e s iu m  b r o 
m id e .22

S im ila rly , th e  h y d ro ly s is  o f  180 - la b e le d  10 (7 0  m g , 0 .0 23  m m o l) 
w as ca rried  o u t  w ith  K O H  (20 m g, 0 .3  m m o l) in 2 m l o f  50%  a q u e 
ou s  m e th a n o l a t  re flu x  fo r  20 m in . W o rk -u p  as a b o v e  g ave  34 m g  
(5 7% ) o f  sem icry sta llin e  p ro d u c t ; th e  is o to p ic  c o m p o s it io n  o f  th e  
c ru d e  p r o d u c t  w as d e te rm in e d  b y  m ass sp ectra l analysis.

Acetolysis of 10. A  so lu tio n  o f  10 (51 m g, 0 .17  m m o l) an d  u n i
fo rm ly  la b e le d  (> 9 0  a tom  %  180 )  a ce t ic  a c id  (0 .11  g , 1.7 m m o l) in  4 
m l o f  a ce to n itr ile  w as re flu x ed  24 h r  an d  w o rk e d -u p  as a b o v e  to  
g iv e  q u a n tita tiv e  r e co v e ry  o f  1 0 , w h ose  id e n t ity  w as co n firm e d  b y  
ir a n d  n m r sp ectra . T h e  is o to p ic  c o m p o s it io n  o f  th e  c ru d e  p ro d u c t  
w as d e te rm in e d  b y  m ass sp ectra l analysis.

l-Acetoxy-2-benzhydrylpyridinium Perchlorate (1 4 ) . A  s o 
lu tion  o f  8  (2 .5  g, 9 .6  m m o l) an d  a ce t ic  a n h y d rid e  (1 0  m l) in  125 m l 
o f  0.1 N  p e rch lo r ic  a c id  in  a ce tic  a cid  was re fr ige ra te d  overn igh t. 
T h e  crysta llin e  p ro d u c t  w as co lle cte d , w ash ed  tw ice  w ith  c o ld  
A c 20 - A c O H  so lu tion  (1 2 :1 ), an d  three  t im e s  w ith  c o ld  d ie th y l 
e th er , a n d  d rie d  in  vacuo ov er  P 2O 5 t o  g ive  3 .4  g  (8 8 % ) o f  14: m p
1 8 4 .5 -1 8 5 .2 °  d e c ; ir (C H 3C N ) 1842 cm " 1 ( C = 0 ) ;  n m r (C D aC N ) &
2.20 (s, 3 , a ce ta te ), 6 .18  (s, 1, ben zy lic ).

Anal. C a lcd  fo r  C 2oH 18C 1 N 0 6: C , 59 .49; H , 4 .4 9 ; N , 3 .47 ; C l, 8.78. 
F o u n d : C , 59 .42 ; H , 4 .52 ; N , 3.33; C l, 8.94.

Reaction of 14 with Base. A  so lu tion  o f  14 (1 33  m g, 0 .33  m m o l) 
an d  l,4 -d ia z a b icy c lo [2 .2 .2 ]o c ta n e  (37 m g, 0 .33  m m o l) in 10 m l o f  
a ce to n itr ile  w as re flu x e d  fo r  24 hr, c o n ce n tra te d  o n  a  ro ta ry  e v a p o 
ra tor  a t  re d u ce d  pressu re , d ilu te d  w ith  1 0  m l o f  w ater, m a d e  s lig h t
ly  a lk a lin e  w ith  N a H C 0 3, a n d  ex tra c te d  w ith  th ree  1 0 -m l p o rt io n s  
o f  C H 2C12. T h e  co m b in e d  e x tra c t  w as w ash ed  w ith  sa tu ra ted  N a C l 
so lu tio n , d rie d  (M g S 0 4), an d  e v a p o ra te d  t o  d ryn ess  as a b o v e  to  
g ive  87 m g  o f  res id u a l o il w h ose  co m p o s it io n  as a  m ix tu re  co n ta in 
in g  8  a n d  1 0  w as d e d u ce d  fro m  ir a n d  n m r sp ectra .

T h e  m ix tu re  w as an a lyzed  b y  h ig h -p ressu re  liq u id  ch ro m a to g ra 
p h y  o n  a  W a ters  A ssoc ia tes  A L C  20 2 /40 1  in s tru m en t f it te d  w ith  a 
2 m m  X  4 f t  B o n d a p a k  C ig /C o ra s il co lu m n  an d  w ith  ace ton itrile : 
w ater (1 :1 ) as th e  m o b ile  phase. C o m p a re d  to  a u th en tic  sa m p les o f  
8 , 10, 15, a n d  11, th e  p ro d u c t  m ix tu re  w as sh ow n  to  con ta in  the  
first  th ree  o f  th ese  co m p o u n d s , b u t  n o t  th e  fo u rth .

T h e  re a ctio n  o f  14 w ith  v ariou s bases in  a ce to n itr ile  w as a n a 
ly ze d  b y  ir G c -= o  1742 c m - 1  fo r  10) a n d  n m r (a p p e a ra n ce  o f  8.47 
fo r  H - 6  o f  10 a n d  d isa p p e a ra n ce  o f  5 6 .18  fo r  b e n zy lic  p ro to n  o f  14) 
sp ectra . T h e  gen era tion  o f  10 w as n o t  o b se rv e d  w ith  th e  fo llo w in g  
bases: so d iu m  a ce ta te , p y r id in e , tr ie th y la m in e , 1 ,5 -d ia za b icy c lo -
[4 .3 .0 ]n on en e -5 , l ,5 -d ia z a b icy c lo [5 .4 .0 ]u n d e ce n e -5 , a n d  l , 8 -b is (d i-  
m e th y la m in o )n a p h th a le n e . In  som e  cases p ro d u c t  m ix tu res  w ere 
o b ta in e d  w h ich  e x h ib ite d  fre q u e n c ie s  at 1718 or  1661 c m - 1 , b u t  
th ese  stru ctu res  w ere  n o t  in v estig a ted  fu rth e r . C o n tro l e x p e r i
m e n ts  es ta b lish ed  th a t  10 w as stab le  t o  D a b co  u n d e r  th e  re a ctio n  
co n d it io n s .
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Acetylenedicarbonyl fluoride (3) has been prepared by (a) reaction of SF4 with the monopotassium salt of 
acetylenedicarboxylic acid and (b) by reaction of phenylsulfur trifluoride with acetylenedicarboxylic acid. The 
physical and spectral properties including a mass spectral analysis of 3 have been determined. The diacyl fluoride 
reacts with alcohols, phenols, and aliphatic primary and secondary amines to give the respective esters and di
amides in good yield. With ethanethiol and 3, a mixture of a-ethylthiofumaroyl and maleoyl fluorides, is pro
duced.

The properties and reactions of acetylenedicarbonyl ha
lides have not been reported. Only two disclosures on their 
synthesis have been documented. The. synthesis in low 
yield of acetylenedicarbonyl chloride (1) by a Diels-Alder 
displacement reaction involving maleic anhydride was re
ported in 1938.2 Attempts to prepare l from acetylenedi
carboxylic acid (2) or its salts by more direct routes48 give 
only addition products and tars.3a’4b’c Acetylenedicarbonyl 
fluoride (3) -has been prepared by the controlled fluorina- 
tion of 2 with SF4.5 Its properties and experimental details, 
however, were not reported.
H 02C C = C C 0 2H + 2SF4 —-*■

2 O O
F C C = C C F  + 2HF + 2SOF2

3
The diacyl halides of 2 are potentially reactive interme

diates for the preparation of acetylenic compounds which 
cannot be conventionally prepared from 2 or its diesters. 
Acetylenedicarbonyl fluoride has been prepared by two ad
ditional routes6 in moderate to good yields. We report here 
on these modified routes as well as a survey of its physical 
properties and reactions with alcohols, phenols, a thiol, and 
amines.

Synthesis
The fluorination of the monopotassium salt of 2 (4) in di- 

methylcyclohexane with SF4 at 60° for 15 hr produced 3 in 
yields ranging from 48 to 70%, depending upon the purity 
of the SF4 employed. The substitution of 2 by 4 alleviated 
the problem of having excess HF which is always a poten
tial source of side reactions in the product mixture. The HF

H 02C C = C C 0 2K + SF4 — ► 3 + KHF2 + 2SOF2 
4

produced in the fluorination is thus scavenged by the KF 
generated. Alternatively, 3 could be prepared in the labora
tory and in glass equipment from 2 and phenylsulfur tri
fluoride7 in 1,2-dibromoethane8 at 10°. The latter prepara
tion required a catalytic amount of HF to initiate the fluo
rination as evidenced by a short induction period at the 
onset of the phenylsulfur trifluoride addition. The yield of 
3 using this route was ca. 50%.

2 + 2C6H5SF3 — * 3 + 2C6H5SOF + 2HF 

Physical Properties of 3
Acetylenedicarbonyl fluoride has a bp of 46° and a fp of 

—51° (DTA) From —15 to 41° the vapor pressure obeyed 
the relation log Pt0tt = -(1688 ±  41)/T° K -F 8.19 ±  0.16
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Table I
Mass Spectrum of Acetylenedicarbonyl 

Fluoride (70 eV)

mle ;  r Assigned ion+ Intensity

118 FCOC=CCOF 52.1
99 FCOC=CCO 6.0
90 . FCOC=CF 32.8
71 FCOC=C 100.0
62 FC=CF 38.4
52 ,COC=C 20.7
47 COF 22.7
43 C=CF 15.4
31 CF 19.9
28 CO 13.9
24 C2 24.8
19 F 1.4
12 c 17.5

which gave AHv = 7.72 ±  0.27 kcal mol-1 and ASv = 22.5 
cal mol-1 deg-1.

The mass spectrum of 3 has not been reported and is 
given in Table I. The base peak ion is FCOC=C+ ^  
+0 = C = C F  (m/e 71) resulting from the facile loss of 
COF+. Fragment ions of FCOC=CF-+ (m/e 90) and FC 
CF-+ (m/e 62) appear to be generated by carbon-carbon 
bond cleavage with elimination of CO followed by a skeletal 
migration of a fluorine atom. The ease to which this occurs 
is associated with the presence of the acetylenic linkage 
which may be ionized by electron removal followed by mi
gration of the fluorine atom to the electron deficient site.9 
An additional striking feature of the fragmentation pattern 
of 3 is the large relative abundance of the C2 ion (m/e 24) 
compared to that produced in the mass spectral fragmenta
tion pattern of acetylenic esters and diesters.9 The large in
tensity of the C2 ion suggested that thermolysis or photoly
sis of 3 might generate the ion in the gas phase. Our at
tempts to generate the C2 ioti using flash photolysis, how
ever, were unsuccessful. Scheme I summarizes the mass 
spectral fragmentation and rearrangement mode of 3.

Scheme I
- C O  - C O

[FCOC=CCOF]*+ — ► [FCOC=CF]*+ — *- ,[FC=CF]«+

j-coF m/e 90 (32%) m/e 62 (38%)
- f  - c o

[FCOC=C]-+ — -  [0 = C C = C ]”* — - [C=C]'*
m/e 52 (21%) m/e 25 (25%)

unsuccessful, but addition of 3 to sodium phenoxide in di- 
oxane at 15° produced a 3:1 adduct, diphenyl phenoxyfu- 
marate (6a). The undesired addition of phenoxide ion to 
the triple bond was minimized by carrying out the addition 
of 3 to a suspension of 5 in fluorotrichloromethane at 0°. 
The insoluble diphenyl acetylenedicarboxylate (7a) could 
then be filtered and purified.

ZC,,H40Na +  3
5a,Z = H 
b, Z = m-CH,

With Thiols. Treatment of a neat mixture of ethanethiol 
and NaF at 10c with 3 gave an exclusive mixture of only a- 
ethylthiofumaroyl (8) and maleoyl fluorides (9). The in-

FOC SC2H5 H / SC2H5
C2H6SH + 3  — *  / c = = c \  + y C>=(C

W  ^COF FOCT COF
8 9

frared spectrum of the mixture exhibited strong absorp
tions at 1842 and 1802 cm-1 (COF). The ’ H nmr spectrum 
of the mixture displayed two nonequivalent ethyl groups. 
The vinyl proton in 9 appeared as a doublet of doublets re
sulting from geminal ( J h - f  = 4.5 Hz) and trans (JH- f = 1.3 
Hz) coupling with the acyl fluorides.13 The olefinic proton 
in 8 appeared as a doublet.

With Amines. In general, activated acetylenic deriva
tives add primary and secondary amines exothermically to 
yield imino or enamino derived products.14 Attempts to 
prepare di- or tetrasubstituted acetylenedicarboxylic am
ides from dimethyl acetylenedicarboxylate and aliphatic 
amines have met with little success. An earlier report15 de
scribed the synthesis of A/̂ A1, AF.A^-tetraethylacetylenedi- 
carboxamide (10a) from dimethyl acetylenedicarboxylate 
and diethylamine. Later work16 established the compound 
to be the addition product, dimethyl a-diethylamino- 
maleate, rather than 10a. Acetylenedicarboxamide17 has 
been prepared from dimethyl acetylenedicarboxylate and 
aqueous ammonia at —10°.

Recently, a novel synthesis of new disubstituted and te
trasubstituted acetylenic diamides (10) was reported18 
starting from dibromofumaryl chloride followed by anima
tion and dehalogenation (Scheme II). Similar acetylenic di-

ZQRAC. .OC6H4Z
t = c£

H CC^CAZ
6a

ZC6H4C).2CCh= (X 0 2C6H4Z 
7a, b

Having a center of symmetry about the acetylenic bond, 
3 exhibits little absorption in the infrared spectrum. 
Raman analysis of 3 displayed strong absorptions for the 
acyl carbonyl and triple bond at 1824 and 2262 cm-1, re
spectively. The 19F nmr spectrum of 3 in methylene chlo
ride displayed a sharp singlet at h 49.4 and was shifted only 
to <5 50.5 when cooled to —90°' The 13C satellite spectrum 
(see Experimental Section) yielded a fluorine-fluorine cou
pling of 1.8 Hz similar to an analogous four-bond coupling 
in perfluoro-2-butyne of 2.2 Hz.10

Reactions of 3
With Alcohols and Phenols. Acetylenedicarbonyl fluo

ride acylates alcohols under neutral conditions with negli
gible addition to the acetylenic bond to yield the corre
sponding diesters. For example, the diallyl11 and dipropar- 
gyl12 esters were obtained in 81 and 80% yield, respectively. 
Attempts to acylate phenols under similar conditions were

Scheme II

B r \ ^ ___  / C ° C 1 2RR'NH

C10C/  "N lr

Brx  XONKR'
NC=C/  ----- -— -  RR'NCOC=CCONRT
X  \  (CHACOR'RNOCr X Br 1 3,2 10

amides (10) can also be prepared by controlled addition of 
primary and secondary amines to 3 in methylene chloride 
at 0°. The yields of these alicyclic and cyclic diamides 10 
(Table II) ranged from 40 to 70%. Addition products ap
pear also to be formed, but their isolation has not been at
tempted. The diamides are easily separated from these col
ored side products by column chromatography. Their prop
erties are summarized in Table II. The infrared spectra of 
10 showed the characteristic amide carbonyl at 1630-1650
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Table II
Properties of Acetylenic Diamides (IO)“’6

v < C = 0 ),„ (C = C ),
Compd R R' YieIdC Mp, °C cm”1 d cm”1 ’

a C 2H5 c 2h 5 40 65 > 1642
b H n - C3H7 67 151-153 1637 2238
c H ¿ - C j H j 48 189-190 1642 2244
d H A llyl 45 103-104 1637 2246
e n -C 4 B g w-C4H9 Oil 1645
f H C6H „ 72 244-245 1634 2234
g H c h 2c 6h 5 45 204-205 1631 2245
h H 1 -Adamantyl 67 263-274 1645 2246
i RJt' - O 43 98-99 1664 2237

j R.R' =  N ,0 \__/
64 145-147 1656 2230

k RJR' - ■ a 40 118-119 1626 2232

a Satisfactory analytical data were reported for all new com
pounds listed in the table. Compounds 10k and lOf had a ±0.7 
deviation in the carbon analysis. '’ The 1H nmr spectra of lOa-k 
were measured in either CDCI3  or DMSO-d6 and displayed absorp
tions, coupling constants, and multiplicities consistent with the 
assigned structures.c Isolated yield.d Nujol mull. e Neat powder

Table III
13C Nmr Spectrum of 10j in Methylene Chloride

•5 , ppm Assignment

-171 .9 c5
-101 .4 ce

-8 7 .6 Cj o r  C
-87 .2 C3 or  C
-68.2 c4
-6 3 .0 e2

cm-1 and Raman analysis displayed a strong absorption for 
the symmetric triple bond at 2232-2246 cm“ 1 (Table II). 
The pnmr spectra (Table II, footnote b) of the N,N'-disub- 
stituted derivatives exhibited proton coupling through ni
trogen with the adjacent methylene or methine proton. In 
10b the proton absorption of the a-methylene group ap
peared as a quartet arising from coupling through nitrogen 
in addition to the /I-methylene hydrogens (i.e., s/ hn-H ~  
J h h)- In lOd the amido hydrogen appeared as a triplet 
with J  = 5.5 Hz resulting from a-methylene coupling. The 
tetrasubstituted derivatives of 10 displayed nonequiv
alence of the N,N- dialkyl group typical of disubstituted 
amides.

The cyclic diamides displayed complex pnmr spectra 
with the exception of lOj. The pnmr of lOj displayed two 
singlets of 1:1 intensity at 5 3.82 and 3.90 for the a- and ¡1- 
methylene protons. No additional splitting was observed 
down to -64 °, and the doublet coalesced in DMSO-d6 at 
90° to a singlet at 5 3.88. The 13C nmr spectrum of lOj ex
hibited six peaks. Their assignments and chemical shifts 
are summarized in Table III. Because of hindered rotation 
around the C-N bond, Cf and C3, and C2 and C4, are non
equivalent. In the other rotational isomer, because of the

O O

symmetry of the ring system, the spectrum is exactly repro
duced with Ci and C3 exchanged as well as C2 and C4. Since

the ring is symmetric along the C-N bond, only one type of 
carbonyl carbon and acetylenic carbqn is observed. The two 
singlets observed arise by accidental degeneracy of the Ci 
and C2 hydrogens. The chemical shifts of the Ci and C3 hy
drogens, which are chemically equivalent, will have differ
ent chemical shifts because of restricted rotation around 
the C-N bond. Similarly, the chemical shifts and the C2 
and C4 hydrogens are different. This coupled with the acci
dental degeneracy of the chemical shifts of hydrogen in Ci 
and C2 and also on C3 and C4 result in the observed two- 
line pattern in the proton spectrum.

Experimental Section

All melting points are uncorrected. Chemical shifts are ex
pressed in 8, parts per million, downfield from an internal stan
dard of TMS. The 13C nmr spectrum of lOj was recorded on a 
Bruker Scientific, In HFX-90 multinuclear magnetic resonance 
spectrometer operating at 22.6 MHz using CH3I as an external ref
erence.

Materials. All solvents including methylene chloride, dioxane, 
fluorotrichloromethane, 1,2-dibromoethane, and dimethylcyclo- 
hexane (isomeric mixture) were dried over molecular sieves (Type 
4A). SilicAR CC7, 100-200 mesh, was obtained from Mallinckrodt 
Co. The amines used in the preparation of the acetylenic diamides 
were all commercially available and used without further purifica
tion.

The preparation of acetylenedicarbonyl fluoride (3) has already 
been described.6 Analysis of the 13C satellite coupling in the 19F 
spectrum of 3 in carbon tetrachloride showed a set of doublets with 
Jiac_F = 324 Hz and a second set of doublets with Ji3c-F = 115 Hz. 
Analysis of these couplings gave J f f  = 1.8 Hz.

Diallyl Acetylenedicarboxylate. A mixture of 4.9 g (0.085 
mol) of allyl alcohol and 4 g of NaF in 40 ml of dry benzene was 
treated dropwise with 2.0 g (0.017 mol) of 3 in 10 ml of dry benzene 
at 15°. After stirring for 20 hr, the mixture was filtered and ben
zene removed under vacuum. Residual benzene and allyl alcohol 
were removed at 25° at 0.001 Torr yielding 2.7 g (81%) of diallyl 
acetylenedicarboxylate:11 bp 77-79° (0.4 Torr); ir (neat) 1754“ 1 
(C = 0 ), 1647 (C = d ), and 1250 cm“ 1 (CO).

Dipropargyl Acetylenedicarboxylate. A mixture of 4.8 g 
(0.085 mol) of propargyl alcohol and 4 g of NaF in 40 ml of dry 
benzene was treated dropwise with a solution of 2 g (0.017 mol) of 
3 in 10 ml of dry benzene at 15°. After stirring 18 hr at 25°, the sol
ids were filtered and the solvent and propargyl alcohol removed 
under vacuum. Fractional distillation yielded 2.2 g (80%) of dipro
pargyl acetylenedicarboxylate:12 bp 95° (0.4 Torr); ir (neat) 3322 
(HC=C), 2155 (C=C), 1742 (C = 0 ), and 1250 cm“ 1 (CO).

Diphenyl Phenoxyfumarate (6a). A solution of 2 g (17 mmol) 
of 3 in 20 ml of dioxane was added dropwise to a mixture of 3.9 g 
(34 mmol) of sodium phenoxide19 in 100 ml of dioxane at 15°. The 
mixture was stirred 2 hr and filtered. After removal of solvent in 
vacuo, the residue was chromatographed on 90 g of silica gel with 
1:1 benzene-carbon tetrachloride to yield 1.7 g (28%) of pure 6b: 
mp 137-138°; ir (Nujol) 1770 and 1727 cm“ 1 (C = 0 ); nmr (DMSO) 
8 5.69 (s, CH =C, 1 H), and singlet multiplet for aromatic protons.

Anal. Calcd for C22H16O5: C, 73.39; H, 4.44. Found: C, 72.82; H, 
4.38.

Diphenyl Acetylenedicarboxylate (7a). A suspension of 4.0 g 
(3.4 mmol) of sodium phenoxide19 in 50 ml of fluorotrichloro
methane was treated dropwise at —15° with a solution of 2.0 g (17 
mmol) of 3 in 15 ml of fluorotrichloromethane. After 2 hr, the mix
ture was warmed to 25° and filtered. The solids were stirred 3 hr at 
25° with 50 ml of fluorotrichloromethane followed by filtration. 
Removal of solvent from the filtrate yielded an oil whose infrared 
spectrum indicated a mixture of phenol and the 3:1 adduct 6. The 
fluorotrichloromethane insolubles were extracted with benzene 
producing a tan solid on removal of the benzene. Recrystallization 
from ethanol yielded 2.2 g (50%) of pure (7a): mp 149-150°; ir 
(KBr) 1733 (C=C), 1587 cm“ 1 (C=C); nmr (CDCI3), multiplet for 
the aromatic protons.

Anal. Calcd for C16H1004: C, 72.18; H, 3.79. Found: C, 72.08; H,
3.88. r.

Di-m-tolyl Acetylenedicarboxylate (7b). A solution of 1.0 g 
(8.5 mmol) of 3 in 15 ml of 1,1,2-trichlorotrifluoroethane was 
added dropwise to a stirred suspension of 2.2 g (17 mmol) of sodi
um m-cresoxide19 in 50 ml of 1,1,2-trichlorotrifluoroethane at 0°. 
After 4 hr, the mixture was warmed to 25° and filtered. The solid 
was extracted with benzene (200 ml) to yield 1.3 g (52%) of 7b: mp
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85-86° (ethanol); ir (Nujol), 1727 (C = 0 ), 1220 cm" 1 (CO); uv (iso- 
octane) sh 245 (e 5320) and sh 225 nm (t 6880); nmr (CDC13) <S 2.38 
(s, CH3, 6 H), 1.2-1 A (m, phenyl, 8 H).

Anal. Calcd for C18H14O4: C, 73.46; H, 480. Found: C, 73.22; H,
5.07.

Ethanethiol with 3. A solution of 2.0 g (17 mmol) of 3 in 10 ml 
of dry benzene was added dropwise to a stirred mixture of 3.1 g (50 
mmol) of ethanethiol and 4 g of NaF in 40 ml of benzene at 10°. 
After 18 hr at 10°, the mixture was filtered followed by removal of 
benzene and excess thiol under vacuum. Distillation of the orange 
residue yielded a light yellow liquid: bp 49-56° (0.9 Torr). The in
frared spectrum of the distillate indicated a mixture of a-ethyl- 
thiofumaroyl and -maleoyl fluorides: ir (neat) 1842 and 1802 
(C0F), 1572 cm-1 (C=C); nmr (CDCI3), a-ethylthiofumaroyl fluo
ride, 6 1.37 (t, CH3, 3 H), 3.08 (q, -CH 2S-, 2 H), 6.52 (doublet, 
Jh f  = 4.5 Hz, HC=C, 1 H), and «-ethylthiomaleoyl fluoride, 0
1.45 (t, CH3, 3 H), 3.17 (q, -CH 2-, 2 H) (doublet of doublets, J H- f  
= 4.5 Hz; J h - h  (trans) = 1.3 Hz, HC=C, 1 H).

General Method for the Preparation of Acetylenic Di
amides 10. A mixture of 26 mmol of 3 and 6 g of NaF in 75 ml of 
dry methylene chloride was treated dropwise at 0° with 102 mmol 
of the primary or secondary alkyl amine in 30 ml of dry methylene 
chloride. After 0.5 hr, the mixture was warmed to 25° and filtered. 
The volatiles were removed on a rotary evaporator to yield dark 
semisolid residues. These residues were chromatographed on Sili- 
cAR CC-7 employing a chloroform-carbon tetrachloride mixture 
as the eluent. The products, which eluted first, were then recrys
tallized from either chloroform, acetone, or a chloroform-hexane 
mixture and vacuum dried over P2O5 at 25° to yield analytically 
pure samples. In the case of 10f,g the products precipitated from 
solution during the addition. In these cases the filter cake was 
washed with water (400 ml) and air dried prior to recystallization.

N,N' -Dicyclohexylacetylenedicarboxamide. Aqueous
Method. An Osterizer blender was charged with 3.64 g (33.4 mmol) 
of cyclohexylamine, 250 ml of distilled water, and 13.3 ml of 10% 
NaOH (33.4 mmol). The blender was started, and a solution of 3.0 
g (16.7 mmol) of 3 in 125 ml of dry carbon tetrachloride was added 
in one portion. The mixture was stirred vigorously for 10 min and 
filtered. The yield of lOf by this method was 2.3 g (50%) after re
crystallization.

Registry No.—3, 675-75-2; 5a, 139-02-6; 5b, 4549-72-8; 6a, 
53683-88-8; 7a, 53683-89-9; 7b, 53683-90-2; 8, 53683-91-3; 9,

53683-92-4; 10a, 25883-23-2; 10b, 29453-12-1; 10c, 53683-93-5; lOd, 
53683-94-6; lOe, 29606-11-9; lOf, 53683-95-7; lOg, 53683-96-8; lOh, 
53683-97-9; lOi, 29453-10-9; lOj, 53683-98-0; 10k, 25883-25-4; dial- 
lyl acetylenedicarboxylate, 14447-07-5; allyl alcohol, 107-18-6; di- 
propargyl acetylenedicarboxylate 3154-91-4; propargyl alcohol, 
107-19-7; ethanethiol, 75-08-1; diethylamine, 109-89-7; propylam
ine, 107-10-8; isopropylamine, 75-31-0; allylamine, 107-11-9; dibu- 
tylamine, 111-92-2; cyclohexylamine, 108-91-8; benzylamine, 100-
46-9; 1-adamantylamine, 768-94-5; piperidine, 110-89-4; morpho
line, 110-91-8; pyrrolidine, 123-75-1.
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Contrary to expectation, acetylenedicarbonyl fluoride, 2, had been found to react with aniline and substituted 
anilines under strict nonacid conditions to yield l-arylamino-4-arylimino-a-crotonolactones (i.e., isomaleimides),
3. Under acidic conditions, the isomeric 1-arylaminomaleimides, 4, are formed. The configuration of 3 was de
duced chemically by mild reduction of 3a (R = H) with sodium borohydride to give 2-anilino-l-hydroxy-4- 
phenylimino-2,5-dihydrofuran, 9, which in turn could be reoxidized back to 3a with M n02. Similarly, the reduc
tion of 4a (R = H) yielded 4-anilino-5-hydroxy-2-pyrrolin-2-one, 10. With excess aniline and 2, the only product 
isolated was the 3:1 adduct, N,N-diphenyl-N-phenyliminofuramide, 13. The imino isomer, 13, was found to tau- 
tomerize slowly in DMSO at 50° producing the isolatable enamino derivative, 16. The isomerization was observed 
to be irreversible and catalyzed by acid. The physical and spectral properties of 3 and 4 are summarized as well as 
the pnmr data for all the compounds described.

Several reports on the synthesis of A^AI'-diphenyl- 
acetylenedicarboxamide (1) have recently appeared. Schul
te,2® et al., obtained 1 by addition of phenyl isocyanate to 
acetylenedimagnesium iodide. A later report by Dehmlow2b 
described the formation of 1, based on infrared data, by 
photolysis of diethoxycyclobutenedione in an aniline-ether

mixture. With the reported3-4 synthesis of acetylenedicar
bonyl fluoride (2) there appeared to be an additional and 
more general route to 1 and other acetylenic dianilids.

The condensation of primary and secondary aliphatic 
and alicyclic amines with 2 was observed3 to yield the cor
responding acetylenic diamides with minimal addition of
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Table I
Physical Properties of

l-Arylamino-4- arylimino-«-crotonolactonesa

NE' 
3___

Compd r ' % yield** Mp,°C
pc=o >

cm- 1
*'C=N’ 

cm- ^
^C=C»

cm~l

a c 8h5 65 329 1786 1706 1629
b 4-FC6H4 37 198 1779 1730 1629
c 2-FC6H4 34 155 1805 1715 1647
d 4-CH3CeH4 31 160-162 1786 1701 1634
e 4-ClC8H4 50 190 1783 1704 1637
f 4-N02C6H4 45 284-285 1812 1706 1650
g 2-N02C8H4 16 179-181 1786 1712 1647

a Satisfactory analytical data were reported for all new com 
pounds. b Isolated yield.

the amine to the triple bond. Extension of this reaction 
with aniline or ring-substituted anilines, however, failed to 
produce the expected acetylenic dianilids. Instead, isomeric 
products were isolated which involved the addition of 2 
equiv of aniline with 2. Under a variety of reaction condi
tions, these products were the new isomaleimides (3) and 
maleimides (4). With excess aniline, only a 3:1 adduct was 
isolated.

2RC6H4NH2
+

fcoc= ccof
2

4

In this paper are reported the results of a study of the 
synthesis, structure proof, configurational assignment, and 
reactions of l-arylamino-4-arylimino-a-crotonolactones
(3). The preparation and chemistry of 1-arylamino-lV-aryl- 
maleimides (4) are also described.

Results and Discussion
Addition of aniline to a methylene chloride solution of 

freshly distilled 2 containing NaF at 5° produced a 65% 
yield of l-anilino-4-phenylimino-a-crotonolactone (3a). 
Under strict nonacid conditions none of the isomeric malei- 
mide, 4a, was observed. Similar results were obtained using 
other substituted anilines. With crude (¿.e., once distilled) 
2 a mixture of both the isomaleimide (3) and maleimide (4) 
was produced and could be separated and purified by col
umn chromatography. For example, with aniline and 2, the 
major product is a-amlino-Ai- phenylmaleimide (4a)5 
formed by acid-catalyzed rearrangement of 3a during the 
course of the reaction. Pure 3a could also be isomerized to

Table II
1HNmra and Uv6 Data for

l-Arylamino-4- arylamino-a- crotonolactones (3)
Compd 6nh 6 vinyl X, nm (6 ) X, run (e )

3a 9.95 5.82 233 (20,300) 335 (15,800)
3b 9.93 5.83 232 (17,300) 328 (15,400)
3c 9.86 5.41c 231 (19,900) 332 (10,500)
3d 9.76 5.72 240 (25,500) 365 (10,200)
3e 10.0 5.93 240 (24,800) 337 (20,100)
3f d 6.59 250 sh (12,000) 365 (25,500)
3g d 6.33 231 (27,900) 323sh (11,500)

0 Recorded in DMSO-de and expressed in ppm downfield from
internal TMS. b Measured in acetonitrile. c Doublet. d Not ob-
served.

4a with anhydrous HC1, BF3-etherate, and methanolic so
dium methoxide. Use of an acidic solvent such as hexaflu- 
oro-2-propanol and pure 2 with 4-fluoroaniline gave the 
maleimide 4b. The physical properties of 3 are summarized 
in Table I.

Isomaleimides 3. The formation of 3 involves an initial 
cis addition of the arylamine to 2 yielding the anilino- 
maleoyl fluoride, 5, followed by addition of a second equiv
alent of arylamine to yield the intermediate 6. Loss of HF

can then occur to form the hydroxy imino intermediate 7 
which in turn cyclizes with loss of a second mole of HF to 
yield 3. In all cases 3 was the only product isolated when 
freshly distilled 2 was used. It is possible that some trans 
addition occurred or isomerization of 5 took place to yield 
the anilinofumarolyl fluoride, 8. Herbig6 has reported an 
80:20 distribution of cis-trans addition of aniline to di
methyl acetylenedicarboxylate in benzene at 0°. On stand
ing the cis isomer dimethyl a-anilinomaleate was observed

2 +  RC6H4NH2 — ►

16



Acetylenedicarbonyl Fluoride. II J. Org. C hem ., Vol. 40, N o. 4, 1975 425

to isomerize to the thermodynamically more stable7 di
methyl «-anilinofumarate. In the case of 2 with aniline, the 
initial kinetic product 5 reacts quickly with aniline to produce 3. The trans addition isomer 8, if produced, could 
react further with additional arylamine to yield the 3:1 ad
duct 16. Alternatively, 16 could also be produced by addition of the arylamine to 3. Inspection of the ir and pnmr spectra of the crude products before chromatography did 
not reveal the presence of 16.

The structure and identification of 3 and 4 were based on 
elemental, infrared, pnmr, and mass spectral analyses. The infrared spectra of 3 exhibited intense characteristic8 car
bonyl absorption peaks in the 1783-1805-cm“1 region, absorption in the C=N region at 1704-1730 cm-1, and N-H 
absorption of 3268-3378 cm-1 for the anilino hydrogen. The pnmr in DMSO-d6 (Table II) displayed singlet absorp
tions at 8 9.8-10.0 and 5.4-6.6 for the respective anilino and vinyl protons in both 3 and 4. In 3c and 4c the vinyl proton 
was split into a AX doublet with Jh-f = 2.5 Hz. The AX doublet of 3c and 4c is attributed to a through space cou
pling of the vinyl hydrogen with the ortho fluorine atom of the anilino group.

With both rings lying in the same plane, their internu- 
clear distance would predict a large coupling. The observed H-F coupling of 2.5 Hz suggests, based on Myrhre’s work,9 that the H-F distance is in fact c a .  2.7 A indicating a per
pendicular or skewed conformation of the two rings. Direct H-F coupling through six bonds including a nitrogen atom 
would appear remote in 3c and 4c.

NCeH4F-2 0
3c 4c

Table III
Mass Spectrum of 3a and 4a (70 eV)°

Rel intensity

m J'e
+

Ion 3a 4a

265 M + 1 41.6 18.4
264 M 100 100
263 M -  1 29.0 10.0
220 ' M — C 02 1.3 0
171 M -  C6H5NH2 3.6 1.3
145 M -  C6H5NCO 61.5 12.7
144 M -  CsH6NHCO 100 62.7
117 CgH5NHC=CH 26.5 9.0
116 c 6h 5n h c = c 17.8 5.1

93 c sh 5n h 2 51.0 3.1
77 c 6H5 9.0 9.3

° Direct injection at 150°.

merized quantitatively to 4 in methylene chloride at 25° 
using anhydrous HC1 or BF3-etherate. With longer reaction times using crude 2, there was also observed some of the arylamine addition product. For example, with aniline 
16 was detected. In these cases attack by the arylamine on 
the isoimidium salt can yield the ring-opened furamide 
product.10

Configuration of Isomaleimides. In the case of 4 there 
is only one configurational isomer due to its inherent symmetry. However, in 3 there are two possible isomeric struc
tures differing only by the substitution of the arylamino group relative to the carbonyl or arylimino carbon. In
frared, pnmr, ultraviolet (Table II), and mass spectroscopy 
were of little help in assigning the position of the arylamino 
substituent. Conventional attempts to hydrogenate 3a failed. By chance, a mild chemical reduction of 3a was found employing sodium borohydride in ethanol to yield
2-anilino-l-hydroxy-4-phenylimino-2,5-dihydrofuran (9).

The mass spectrum of 3a is essentially indistinguishable 
from 4a. A comparison of their spectra under similar conditions is shown in Table III. The major fragment loss of phe
nyl isocyanate is observed in both compounds, and only a small loss of CO2, characteristic of isoimides, from 3a is ob
served.

Maleimides 4. The infrared spectra of the known and new maleimides displayed an unsymmetric doublet in the 
carbonyl region at 1757-1779 and 1704-1721 cm-1 charac
teristic of imides6 and absorptions of 1626-1645 and 
3257-3333 cm-1  for the vinyl and anilino N-H absorptions, respectively. The maleimides were yellow to yellow-orange 
in color and exhibited fluorescence in the solid form with 
ultraviolet light. In direct contrast, the isoimides 3 were not 
colored. The structure of 4a was further confirmed by hydrogenation over Pt02 to Q-anilino-A'-phenylaspartimide411 
and comparison of the properties of 4a with an authentic sample prepared from aniline and dimethyl acetylenedicar- 
boxylate.5 The pathway for the formation of 4 from crude 2 is envisioned as an acid-catalyzed ring opening of the ini
tially formed 3, rearrangement, and subsequent ring closure through nitrogen (Scheme I). Similarly, 3 could be iso-

Scheme I

The infrared spectrum of 9 showed only the imino and ole- finic absorptions at 1678 and 1684 cm-1 and the absence of the original carbonyl peak at 1786 cm-1. Analysis of the 
220-MHz pnmr spectrum of 9 in DMSO-dg exhibited a doublet of doublets for the 1-hydroxy and 1-methine protons at 5 6.25 and 5.93, respectively, with J  =  10 Hz. A singlet peak at 5 6.04 was observed for the vinyl proton. Addi
tion of D20 collapsed the doublet at 8 5.93 to a singlet and completely exchanged the doublet at 8 6.25 and the singlet for the anilino hydrogen at 8 8.10. The chemical shifts for the vinyl, hydroxyl, and methine protons and their coupling constants are similar to those reported for hydroxyfu- 
rans formed either by photooxidation of pyrroles11-13 or by ammonolysis of 2,5-dihydrofuran-2-ones.14 The absence of 
coupling between the vinyl and methine protons supports the configuration shown for 9. The mass spectrum of 9 displayed the parent ion at m / e  266 and peaks at m / e  248, 
220, and 218 for the loss of H20, HC02H, and HC02H+, respectively. Mild oxidation of 9 with activated Mn02 in 
methylene chloride re-formed 3a. The use of e x c e s s  sodium borohydride for the reduction of 3a repeatedly caused 
isomerization to 4a followed by a similar reduction of the carbonyl in 4a to yield 4-anilino-5-hydroxy-3-pyrrolin-2-
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one (10) in almost quantitative yield. Its infrared spectrum 
displayed absorptions for the anilino group and a peak at 1664 cm-1 for the carbonyl function. The 220-MHz pnmr 
in DMSO-dg displayed singlet absorptions at 8 9.33 and5.35 for the anilino and vinyl protons, and a doublet of doublets at 5 5.94 and 6.77 for the respective methine and hy
droxyl protons with J  =  10 Hz. Addition of D20  exchanged 
the anilino and hydroxyl proton leaving only a singlet absorption for the methine and vinyl protons, supporting the 
configuration shown in 10. Mild reoxidation of 10 to 4a 
could also be effected using activated Mn02 in methylene 
chloride. The reaction of sodium borohydride with 3a and 
4a represents the first case of maleimide and isomaleimide reduction to yield stable cyclic products. No tautomerism to the open ring structure was observed by solution pnmr 
for 9 and 10. Similar reductions of phthalimide either elec- 
trolytically15 or with sodium borohydride16 have been reported to yield the corresponding hydroxyphthalimidines

NCBH5
NaBH,

electrolysis

(11). iV-Phenylmaleimide failed to react with methanolic 
sodium borohydride under the reaction conditions used for 
3a and 4a.The presence and proximity of the anilino group adja
cent to the carbonyl appear to provide activation and/or stabilization for the carbonyl as well as a potential source 
for an intramolecular proton abstraction in the case of the primary adduct, 12 (Scheme II). Proton abstraction of 12

Scheme II

l O

3a

c6h 5n

3 W H *  cH ,a I \
+  -------- - c6h 5n h c c h 2c c n h c 6h5
2 NaP 'll

n c 6h 5
13

ring
open

3a

infrared spectrum exhibited a peak with shoulder at 1661 cm-1 for the carbonyl group and an intense absorption at 
1704 cm-1 for the C=N stretch.The isolation of 13 suggests that aniline can attack 3a in 
either the imino or enamino tautomeric form. The absence 
of the imino isomer in the pnmr of 3a suggests that it is not the reacting species with aniline. Rather, it appears that aniline adds to the enamino form to yield the intermediate 
14 which could by a series of proton transfers produce 15 
followed by ring opening yielding 13. When a DMSO-d6 solution of 13 was allowed to stand 48 hr at 25°, a quantita
tive conversion to the enamino tautomer, A/,iV-diphenyl- ff-anilinofuramide (16), was observed. The pnmr in

C6H5

C„H,

:n c6h 5 0 c 6h 51
h II 1

H
c6h 5n c v N.

V *  "H
DMSO
(48 hr) 
or H+

n h c 6h 5

DMSO-dg displayed only a vinyl singlet at S 5.65 and the appearance of a third amino proton at 5  10.00. Singlet ab
sorptions for the amide protons were also observed at 610.60 and 10.65. Addition of trifluoroacetic acid failed to 
alter the pnmr spectrum of 16. Addition of trifluoroacetic 
acid-perdeuteriomethanol to a freshly prepared solution of 
13 in DMSO-d6 converted it to the deuterated enamine 17.

13
n c 6h 5

can also occur from the decomposition of the initial borohydride complex similar to that described by Horii, e t

a l .16
3:1 Adduct of Aniline and 2. When excess aniline was 

employed with purified 2 under similar conditions described for 3a, the 3:1 adduct, iV,Al-diphenyl-Al-phenylimi- nofuramide (13) was the only product isolated. The furam- ide 13 appears to be formed by addition of a third mole of 
aniline to 3a since the reaction could be carried out in a stepwise fashion employing 3a and aniline. The pnmr of 13 in DMSO-CÎ6 indicated that the imino form was the only tautomer present. The spectrum displayed a singlet at ô

3.67 for the methylene hydrogens and singlets at 8 10.05 
and 10.30 for the amide protons. The lower field amide absorption at 8 10.05 is less deshielded than the higher field 
amide proton because of intramolecular hydrogen bonding between the amide hydrogen and the amino nitrogen. The

CDjOD

CF.CO.H

No methylene, vinyl, or N-H absorptions were observed after 1 min at 35° indicating a fast acid-catalyzed equilibration of the enamine and imino forms. Similar observa
tions on the independent isolation of primary enamine and 
its tautomeric imine have been reported for the anilino and phenyliminoethyl butenonates17 and crotonates18 as well as other amine19 derivatives. The formation of 13 in methylene chloride, a nonpolar solvent, thus allows for the isolation of an imino derivative which when dissolved in a polar- 
aprotic solvent such as DMSO produces the isolable thermodynamically more stable enamine derivative.

Experimental Section
Melting points were measured with a Thomas-Hoover capillary 

melting point apparatus without correction. Proton nmr spectra 
were recorded on a Varian Associates A-60 nmr spectrophotometer
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using DMSO-dg as the solvent. Chemical shifts are expressed in 8 
(parts per million) downfield from an internal standard of TMS. 
The 220-MHz nmr spectra of 9 and 10 were recorded on a Varian 
Associates High Resolution 220-MHz nmr spectrometer. Infrared 
spectra were recorded on a Perkin-Elmer 21 and mass spectra on a 
Du Pont CEC 21-103C mass spectrometer. Ultraviolet spectral 
analyses were obtained usinga Cary 17 ultraviolet spectrometer. 
Elemental analyses were performed by the Analytical Laboratories 
of the Central Research Department.

Materials. All solvents including methylene chloride, chloro
form, carbon tetrachloride, and hexane were dried over molecular 
sieves (Type 4A). Silica gel (SilicAR CC7) having 100-200 mesh 
was obtained from Mallinckrodt Co. The anilines used in the prep
aration of 3 and 4 were all commercially available and were used 
without further purification. Acetylenedicarbonyl fluoride (2) was 
prepared from acetylenedicarboxylic acid monopotassium salt and 
SF4 in dimethylcyclohexane.4 The diacid fluoride was distilled di
rectly from the filtrate after removal of KF, KHF2, and unreacted 
starting acid. This distillate represented once distilled 2.

General Preparation of a-Arylamino-4-aryIimino-a-croto- 
nolactones (3). A solution of 53 mmol of the appropriate arylam- 
ine in 200 ml of methylene chloride was added dropwise to a slurry 
of 12 g of NaF and 26 mmol of 2 (freshly distilled from NaF direct
ly into the reaction vessel) in 600 ml of methylene chloride at 5°. 
After stirring 1 hr, the mixture was warmed to 25° and filtered. 
Removal of the solvent under vacuum left a residue which was 
chromatographed on 90 g of neutral silica gel with 2:1 v/v carbon 
tetrachloride-chloroform to yield the isomaleimides, 3. Mixed sol
vent recrystallization using chloroform and hexane yielded analyti
cally pure samples. Their yields and physical and spectral proper
ties are summarized in Tables I, II, and III.

a-Anilino-JV-phenylmaleimide (4a).5 A solution of 6.4 g 
(0.070 mol) of aniline in 50 ml methylene chloride was added drop- 
wise to a slurry of 4.0 g (0.034 mol) of crude 2 (once distilled) and 4 
g of NaF in 100 ml of methylene chloride at —5°. The mixture was 
stirred 1.5 hr, warmed to 25°, and filtered. The solvent was re
moved under vacuum, and the residue was chromatographed on 90 
g of neutral silica gel with 4:1 v/v chloroform-carbon tetrachloride 
to yield 3.0 g (43%) of 4a: mp 238-239° (chloroform); dipole mo
ment (dioxane) 5.393 D; ir (KBr) 3257 (NH), 1767, 1704 (C = 0 ), 
1626 cm" 1 (C =C ); uv (CH3CN) 239 (c 23,300), 280 (e 7330), and 
376 nm (e 8030).

Anal. Calcd for Ci6H12N20 2: C, 72.71; H, 4.58; N, 10.60. Found: 
C, 72.69; H, 4.79; N, 10.84.

«-(4-Fluoroanilino)-Ar-(4-fluorophenyl)maleimide (4b). A
mixture of 2.0 g (0.017 mol) of purified 2 and 20 g of NaF in 125 ml 
of hexafluoro-2-propanol was treated dropwise with a solution of
3.8 g (0.034 mol) of 4-fluoroaniline in 20 ml of hexafluoro-2-propa- 
nol at 5°. After stirring 15 min, the mixture was warmed to 25° 
and filtered and the solvent was removed from the filtrate. Chro
matography of the residue on 90 g of neutral silica gel with 1:1 v/v 
chloroform-carbon tetrachloride yielded 2.1 g (41%) of 4b. Recrys
tallization from chloroform gave mp 256° dec; ir (KBr) 3311 (NH), 
1757, 1709 (C = 0 ), and 1642 cm" 1 (C=C); uv (CH3CN) 237 (e 
16,700), 288 (c 11,500), and 375 nm (t 4740); mass spectrum, m/e 
300 (M+).

ff-(2-Fluoroanilino)-Ar-(2-fluorophenyl)maleimide (4c). A
mixture of 2 g (0.017 mol) of crude 2 and 8 g of NaF in 50 ml of 
methylene chloride was treated dropwise with a solution of 3.8 g 
(0.034 mol) of 2-fluoroaniline in 20 ml of methylene chloride at 
25°. After stirring 1 hr, the mixture was filtered and filtrate was 
concentrated under vacuum. The residue was chromatographed on 
90 g of neutral silica gel with 1:1 v/v carbon tetrachloride-chloro
form to yield 2.8 g (55%) of product. The first eluted compound 
was the isomaleimide, 3c (1.0 g, 20%). The second eluted product 
was 4c (1.8 g, 35%): mp 119-121° (chloroform-hexane); ir (KBr) 
3322 (NH),- 1779, 1727 (C==0), and 1642 cm“ 1 (C=C); uv 
(CH3CN) 231 (i 20,800), 262 U 8940), and 3(77 nm (t 8850).

Anal. Calcd for C16HioN20 2p 2:,C, 64.00; H, 3.33; N, 9.33. Found: 
C, 63.33; H, 3.31; N, 9.15.

ff-(4-Methylanilino)-lV-(4-methylphenyl)maleimide (4d). A
mixture of 3.0 g (0.026 mol) of crude 2 and 12 g of NaF in 200 ml of 
methylene chloride at 10° was treated dropwise with a solution of
5.4 g (0.051 mol) of 4-toludine in 30 ml of methylene chloride at 
10° and allowed to react at 25° for 18 hr. The solids were filtered 
and the solvent was removed from the filtrate. Recrystallization of 
the residue from chloroform gave 3.4 g (46%) of 4d: mp 228-229°; 
ir (KBr) 3300 (NH), 1757, 1706 (C = 0 ), and 1637 cm“ 1 (C=C); uv 
(CH3CH) 240 (0 18,150), 288 (e 13,000), and 382 nm (c 5140); mass 
spectrum m/e 292 (M+).

A n a l.  Calcd for Ci8Hi6N20 2: C, 73.95; H, 5.52; N, 9.58. Found: 
C, 74.59; H, 5.83; N, 9.85.

a-(4-Chloroanilino)-7V-(4-Chloropheny])maleimide (4e). A
slurry of 8 g of NaF and 2.0 g (0.017 mol) of crude 2 in 50 ml of 
methylene chloride was treated dropwise with a solution of 4.3 g 
(0.034 mol) o f 4-chloroaniline in 25 ml of dioxane at 5°. After stir
ring for 1.5 hr, the mixture was warmed to 25° and filtered, and 
the solvent was removed from the filtrate. Methylene chloride (25 
ml) was added to the residue and the yellow maleimide was filtered 
to yield 2.2 g (39%) of 4e: mp 244-245° (chloroform-hexane); ir 
(KBr) 3333 (NH), 1773, 1724 (C = 0 ), and 1645 cm“ 1 (C=C); uv 
(CH3CN) 246 (e 24,700), 290 (e 11,100), and 377 nm (e 7490).

A n a l. Calcd for Ci6HioN20 2Cl2: C, 57.41; H, 3.01; N, 8.41. 
Found: C, 56.65; H, 2.98; N, 8.10.

The second filtrate was chromatographed on 90 g of neutral sili
ca gel with 1:1 carbon tetrachloride-chloroform to yield 2 g (35%) 
of the isomaleimide, 3e.

N,N1 -Diphenyl-a-iV-phenyliminofuramide (13). A solution 
of 0.8 g (0.102 mol) of aniline in 300 ml of methylene chloride was 
treated dropwise with 3 g (0.025 mol) of purified 2 in 50 ml of 
methylene chloride at 5°. After 15 min, the mixture was filtered 
and the solvent was removed. Recrystallization of the tan residue 
from chloroform gave 4 g (60%); mp 207-208°; ir (KBr) 3333 (NH), 
1661 (C = 0 ), 1704 cm- 1 (C=N ); uv (C2H6OH) 224 (e 22,800), 240 
(e 19,700), and 325 nm (e 8560); mass spectrum, m/e 357 (M )+, 264 
(M -  C6H5NH2)+, 237 (M -  CONHC6H5)+, 144 (237 -  
C6H5NH2)+, 118 (C6H5NCO) + , 93 (C6H5NH2)+, 77 (C6H5) + ; 
JH nmr (DMSO-d6) 8 3.31 (s, HOD or H20), 3.67 (s, CH2), 10.05 
(s, NH), and 10.30 (s, NH). Ratio of NH:NH:CH2 was 1:1:2. A com
plex multiplet for the aromatic protons was observed.

A n a l.  Calcd for C22Hi9N302-%H20 : C, 72.19; H, 5.51; N, 11.48. 
Found: C, 72.36; N, 5.07; N, 11.72.

The furamide 13 could also be prepared by allowing a solution of 
200 mg of 3a and 5 ml of aniline in 25 ml of methylene chloride to 
stir for 2 hr at 0° and then 1 hr at 25°. Removal of solvent and re
crystallization from chloroform-hexane gave 13, mp 206-207°.

A/AP-Diphenyl-a-anilinofuramide (16). A solution of 13 in 
dimethyl sulfoxide was allowed to stand 48 hr. The solution was 
added to ice water and the mixture was filtered. The solid filtered 
was dried under vacuum over P2O5: mp 197-198°; ir (KBr) 3484 
(NH) and 1639 cm" 1 (C = 0 ); uv (C2H5OH) sh 227 U 17,100) and 
338 nm (e 26,100); 'H nmr (DMSO-dg) 6 5.65 (s, vinyl H), 10.00 (s, 
enamine NH), 10.60 and 10.65 (s, amide NH), complex multiplet 
for aromatic protons.

3- Anilino-2-hydroxy-5-phenylimiao-2,5-dihydrofuran (9). 
A mixture of 1.0 g (3.8 mmol) of 3a in 15 ml of dry dimethoxyeth- 
,ane was treated in one portion at 5° with 0.20 g (3.9 mmol) of sodi
um borohydride. After stirring 1 hr at 5° and 4 hr at 25°, the mix
ture was filtered. The solvent was removed under vacuum and the 
residue was hydrolyzed with 5 ml of an aqueous saturated ammo
nium chloride solution. The product was filtered, dried, and re
crystallized from acetonitrile: mp 209-210° dec; ir (KBr) 3289 
(wide, NH and OH), 1684 (C =N ), 1664 cm-1 (C=C); uv 
(C2H5OH) 253 (f 20,900) and sh 315 nm 5690); 'H nmr (DMSO- 
d6) (220 MHz) 5 8.10 (s, NH), 6.04 (s, vinyl H), 5.93 (d, >CH), 6.25 
(d, >C— OH), with J  = 10 Hz). Addition of D20  collapsed the 
doublet at 8 5.93 to a singlet and completely exchanged the doublet 
at 5 6.25 and singlet at 8 8.10. Mass spectrum: m/e 266 (M)+, 248 
(M -  H20)+, 219 (M -  H2C 02H)+, 220 (M -  H C02H)+, 117 
(C6H5NHC=CH)+.

A n a l.  Calcd for Ci6H i4N20 2-%H20 : C, 65.58; H, 4.82; N, 9.56. 
Found: C, 65.00; H, 5.02; N, 9.68.

A mixture of 6 and activated M n02 in 25 ml of methylene chlo
ride was stirred 2 hr at 25°. The mixture was filtered and the sol
vent was removed from the filtrate to yield a product whose in
frared spectrum was identical with the isomaleimide, 3a.

4- Anilino-5-bydroxy-A3-pyrrolin-2-one (10). A solution of
0.40 g (1.6 mmol) of 4a in a mixture of 35 ml of dioxane-25 ml of 
ethanol was treated in one portion with 0.11 g (3.0 mmol) of sodi
um borohydride and mixture was stirred for 3 hr at 25°. The ex
cess hydride was decomposed with acetic acid (ca . 1 ml) and the 
solvents were removed under vacuum. Water (5 ml) was added to 
the residue and the product was filtered and dried to yield 0.39 g. 
Recrystallization from the methanol-chloroform mixture gave mp 
218-220°; ir (KBr) 3289 (broad, NH and OH), 1664 (C = 0 ), and 
1629 cm“ 1 (C=C); uv (C2H5OH) 232 (t 12,500) and 315 nm (e 
23,500); 220-MHz XH nmr (DMSO-de) 8 9.33 (s, NH), 5.35 (s, vinyl 
H), 5.94 (d, CH), 6.77 (d, C—OH) with J = 10 Hz. Addition of D20  
completely exchanged the doublet at 8 6.77 and the singlet at 8 9.33 
and collapsed the doublet at 8 5.94 to a singlet. Mass spectrum:
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m/e 266 (M +), 338 (monosilylated product)*, 410 (disilylated 
product)+, 248 [monosilylated — (CHaLSiOHJ*.

Anal. Calcd. for CieHuNsO* C, 72.24; H, 5.31; N, 10.53. Found: 
C, 71.15; H, 5.26; N, 10.34.

A mixture of 100 mg of 10 and 500 mg of activated MnC>2 in 10 
ml of methylene chloride was stirred at 25° for 1 hr. Removal of 
MnC>2 and solvent yielded the yellow fluorescent maleimide, whose 
infrared spectrum was identical with an authentic sample of 4a.

Registry No.—2, 675-75-2; 3a, 53683-74-2; 3b, 53683-75-3; 3c, 
53683-76-4; 3d, 53683-77-5; 3e, 53683-78-6; 3f, 53683-79-7; 3g,
53683-80-0; 4a, 13797-26-7; 4b, 24978-25-4; 4c, 53683-81-1; 4d,
53683-82-2; 4e, 53683-83-3; 9, 53683-84-4; 10, 53683-85-5; 13,
53683-86-6; 16, 53683-87-7; aniline, 62-53-3; 4-fluoroaniline, 371-
40-4; 2-fluoroaniline, 348-54-9; 4-methylaniline, 106-49-0; 4-chlo- 
roaniline, 106-47-8; 4-nitroaniline, 100-01-6; 2-nitroaniline, 88-74-
4.
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Brominatioh of aryl-substituted 1,1,1-trifluoro-N-phenylmethanesulfonamides in ethanol-water usually gave 
only one product when an extra equivalent of bromine was used to react with the acidic sulfonamide. Chlorination 
was much less selective and mixtures were always obtained. The (l,l,l-trifluoromethanesulfonyl)amino moiety 
was ortho-para directing in both cases. A number of halogen aryl substituted 1,1,1-trifluoro-N-phenylmeth- 
anesulfonamides were prepared by bromination and chlorination in higher overall yields than with prior synthes
es which consisted of sulfonylation of the previously prepared halogenated aniline with trifluoromethanesulfonyl 
fluoride or anhydride. The chlorination of unsubstituted 1,1,1-trifluoro-Af-phenylmethanesulfonamide was sur
veyed in various solvent-catalyst systems to prepare N-(2,4-dichlorophenyl)-l,l,l trifluoromethanesulfonamide. 
The CH3COOH-AICI3 and nitrobenzene-AlCl3 systems gave the best selectivity with up to 70% 2,4-dichloro prod
uct produced in the latter system. Incremental addition of AICI3 to nitrobenzene during chlorination increased 
the rate of reaction and resulted in a mixture containing 81% 2,4-dichloro-, 10.4% 4-chIoro-, and 8.6% 2,4,6-tri- 
chlorosulfonamide. Pure A/-(2,4-dichlorophenyl)-1,1,1-trifluoromethanesulfonamide was then obtained by frac
tional crystallization in a yield of ~60%.

We have recently reported that halogen substituted
1,1,1-trifluoro-lV-phenylmethanesulfonamides possess in
teresting and unique biological activity as herbicides and 
plant growth regulators.1’2 The preparation of these com
pounds was generally by reaction of the substituted aniline 
with trifluoromethanesulfonyl fluoride or the correspond
ing anhydride. However, sulfonylations of di- and trihalo- 
genated anilines were usually low yield reactions and often 
required usage of the more reactive and more expensive tri- 
fluoromethanesulfonic acid anhydride. In extreme cases, 
such as the preparation of iV-(2,4,6-trichIorophenyl)-1,1,1- 
trifluoromethanesulfonamide', the sodium salt of the sub
stituted aniline had to be preformed before sulfonylation 
could be effected.2

It has now been found that sulfonylation of mono- or un
substituted anilines with trifluoromethanesulfonyl fluoride 
is generally a facile reaction (yields greater than 75%) and 
suitable starting materials are therefore readily available 
for subsequent halogénation. For this reason, halogénation 
pf the parent and monosubstituted 1,1,1-trifhioro-lV-phen- 
ylmethanesulfonamides was investigated as a possible al

ternate, higher yield route to the di- and trihalogenated 
compounds reported in this paper. Additionally, to the best 
of our knowledge, a careful study of the mixture of prod
ucts resulting from halogénation of any alkanesulfonanilide 
previously had not been undertaken with presently avail
able gas-liquid partition chromatography techniques.

The (methanesulfonyl)amino group has been shown to 
be an ortho-para director in electrophilic aromatic substi
tution. Shriner3 in 1932 nitrated methanesulfonanilide 
with nitric acid in sulfuric acid and obtained only 2,4-dini- 
tromethanesulfonanilide while Kostova4 in 1959 treated 
ethanesulfonanilide in dichloroethane with chlorine and 
zinc oxide and obtained only 2,4-dichloroethanesulfonan- 
ilide. Low yields (5-10%) of other products probably would 
not have been detected because of the analytical proce
dures used by these authors. In addition’ no attempt was 
made to moderate experimental conditions such that only 
monosubstitution would have occurred. More recently, the 
(l,l,l-trifluoromethanesulfonyl)amino moiety was shown 
to be an ortho-para director in the nitration of 1,1,1-tri- 
fluoro-Ai-phenylmethanesulfonamide.5’6 However, the
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Table I

Bromination of XC6H4NHS02CF3 in 85% Ethanol-15% Water

X Registry No. Conditions0
Bromination

Position Registry No. Mp (°C) Yield (%)

H 456-64-4 30 min, 80° 4 23384-06-7 58-59 26.6
2,4-di 23384-22-7 106-107 23.8

H 6 hr, reflux6 2,4-di 106-107 58.7
2-F 23383-98-4 30 min, 80° 4 53608-52-9 90.5-91.5 65.2
2-Cl 23384-02-3 30 min, 80° 4 53608-53-0 114.4-115.3 33.3
2-CHg 53443-75-7 1 hr, reflux“ 4 53608-54-1 88-90 88.7
4-F 23384-00-1 1 hr, 60° 2 53608-55-2 58-59 34.2
4-Cl 23384-04-5 45 min, 50° 2 53608-56-3 105-106 45.2
4-CF3 23384-12-5 1.5 hr, reflux 2 53608-57-4 78-80 66.3

0 Two moles of bromine per mole of sulfonamide unless specified otherwise. 6 Three moles of bromine per mole of sulfonamide. c Solvent,
63% ethanol-37% water.

Table II
Chlorination of XC6H4NHS02CF3 with A1C13 as Catalyst

X Solvent Reaction Conditions
Chlorination

Position Registry No.
Mp or Bp (nun), Approximate 

°C Composition (%)

2-F Acetic acid I l  hr, 50° 4 53608-58-5 75-80 (0.05) 88
4,6 53608-59-6 85-90 (0.05) 12

4-F Acetic acid 56.5 hr, 50° 2 53608-60-9 75-78.5 75“
2,6 53608-61-0 95-96 17

4-F Acetic acid 8 hr, 100° 2,6 95-96 100
4-CF3 Nitrobenzene 6 hr, 50° 2 27573-83-7 91.5-92.5 416

2,6 53608-62-1 109-111 57
“ Includes 8% unreacted l,l,l-trifluoro-lV-(4-fluorophenyl)methanesulfonamide. 6Includes 2% unreacted 1,1,l-trifluoro-7V-(4-trifluoro- 

methylphenyl)methanesulfonamide.

more electronegative di (1,1,1 -trifluoromethanesulfonyl) - 
amino group was shown to be predominately a meta direct
ing group (89% meta-11% para nitration).5

Experimental Section
The preparations and physical properties of the aryl-substituted

1,1,1-trifluoro-lV-phenylmethanesulfonamide starting materials 
and all o f the mono-, di-, and trichlorinated 1,1,1-trifluoro-W- 
phenylmethanesulfonamides were reported previously as was the 
general procedure for sulfonylation of substituted anilines with tri
fluoromethanesulfonyl fluoride.2 All new compounds had satisfac
tory carbon, hydrogen, and nitrogen microanalyses (±0.3%) and in
frared spectra. All melting points are uncorrected.

General Bromination Procedure. Bromine (3 mol) was added 
dropwise at room temperature to a solution of the 1,1,1-trifluoro- 
IV-phenylmethanesulfonamide (1 mol) in 85% ethanol-15% water. 
The solution warmed to about 35° during the addition. The solu
tion was refluxed until the bromine color was discharged (6 hr). 
The reaction mixture was cooled and poured into ice-water and 
the crystals were filtered. Recrystallization was from hexane-ben
zene.

General Chlorination Procedure. Chlorine, dried with con
centrated sulfuric acid, was passed through a calibrated flowmeter 
into a nitrogen flushed, mechanically stirred, and electrically heat
ed solution of the sulfonamide. The reaction was initially exother
mic in acetic acid. With acetic acid solvent, the mixture was 
poured into ice-water and the resulting oil extracted twice with di- 
chloromethane. With sodium hydroxide and water as solvent, the 
final acidic reaction mixture was extracted directly. Product recov
eries were nearly quantitative because of the high lipophilicity of 
the various sulfonamides. With nitrobenzene solvent, the acidic 
sulfonamides were extracted with sodium hydroxide solution after 
addition of petroleum ether to decrease the solubility of the sodi
um salt in the organic phase.

Gas-Liquid Partition Chromatography. Product analyses 
were by a Varian Aerograph 202B gas chromatograph. The 0.25 in.
o.d. column was packed with 7 in. of 15% XE60 on ABS followed 
by 3 ft of 25% QF1 on Anakrom P. The helium pressure was 50 
cm3/min and the column temperature was 205°.

Results
Preparative Brominations. The bromination reactions 

are summarized in Table I. There was no indication of

more than one product even when examined by glpc except 
as noted for the bromination of 1,1,1-trifluoro-N-phenyl- 
methanesulfonamide (1). Bromination of 1 with 1 equiv of 
bromine gave an oil upon reaction work-up. This oil was an 
unseparable mixture of largely starting material and a 
small amount of the 4-brominated product (estimated from 
the infrared spectrum). However, bromination of 1 with 2 
equiv of bromine gave an easily separable mixture of 4- 
bromo (oil) and 2,4-dibromo (crystalline) derivatives in the 
yields given in Table I. Bromination of 1 with 3 equiv of 
bromine resulted only in 2,4-dibromination.

Preparative Chlorinations. These reactions are sum
marized in Table II. The chlorination reactions were not as 
selective as were brominations since it was impossible to 
obtain only monochlorination. Product percentages are ap
proximate since detector response factors were not deter
mined. Pure products were obtained by preparative glpc 
utilizing a Beckman MegachromR chromatograph equipped 
with a 0.75 in. o.d. column packed with 12 ft of 25% SE-30 
on Chromosorb P. The helium pressure was 1.5 psi and the 
column temperature was 200°.

Chlorination of 1,1,1-Trifluoro-iV-phenylmethane- 
sulfonamide (l). The chlorination of 1 was investigated 
in more detail as a preparative procedure for obtaining N- 
(2,4-dichlorophenyl) -1,1,1 -trifluoromethanesulfonamide. 
This compound is a novel herbicide and plant growth regu
lator which had been prepared previously in low yields 
(3.4%) by the sulfonylation of 2,4-dichloroaniline.2 The ef
fect of solvent and catalyst was first surveyed and the re
sults of the initial survey are shown in Table III. All of the 
possible chlorinated products had previously been pre
pared by other means and detector response factors were 
used to calculate exact product composition percentages.

The more active solvent-catalyst systems such as CC14-  
AICI3 and NaOH-water produced a more random mixture 
and a larger amount of the undesired 2,4,6-trichloro prod
uct. The NaOH-water system was also undesirable since 
evolved hydrochloric acid neutralized the sodium hydrox-
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Table III
Survey of Effect of Catalyst (0.5 g) and Solvent (50 ml) on Chlorination of CeH5NHS02CF3 (0.05 mol)

Catalyst Solvent Temp (°C) Time (hr)
Chlorine

(mol)
Starting
Material 2-C1 4-C1 2,4-diCl 2,6-diCl 2,4,6-txiCl

CuCl2 CH3COOH 60 2 0.20 0 19.0 65.2 14.7 0.1 0.7
ZnCl2 CH3COOH 50 2 a 1.1 18.9 73.7 4.7 0 1.6
F eC l3 CHgCOOH 50 2 a 0 16.8 60.8 19.4 1.2 1.9
AICI3 CHCij 50 2 0.44 16.3 3.3 57.2 19.9 0.2 2.9
AlClg CC14 50 2 0.44 0 22.0 62.0 5.8 0 10.2
AlClg CH3COOH 70 1.5 0.33 0 10.5 57.0 29.9 0.1 2.5
A lC lj Nitrobenzene 50 3 a 0 5.7 44.0 44.2 0.8 5.3

NaOH/HjO6 40 1 0.17 0 15.0 15.3 50.3 ■ 1.1.2 8.2
s 2c i2 CH3COOH 50 2 0.44 0 10.0 79.0 7.0 4.0 T race
° Not measured.6 Used 0.0525 mol of NaOH.

Figure 1. Chlorination of 1 (0.05 mol) in acetic acid (50 ml)-AlCl3 
(0.5 g) at 20° (0.22 mol of Cl2/hr).

ide resulting in precipitation of the sulfonamides making 
the reaction heterogeneous. Primarily 4-chloro and 2,4-di- 
chloro products were produced in the less active systems 
such as CH3COOH-AICI3 and nitrobenzene-AlCl3 and 
these systems were investigated in more detail. In all these 
solvent-catalyst systems, pure 4-chloro-l,l,l-trifluoro- 
methanesulfonamide could be isolated by fractional recrys
tallization in yields of greater than 50% if chlorination 
times were reduced.

The product ratios as a function of time were determined 
by glpc for the solvent-catalyst system CH3COOH-AICI3. 
These results are plotted in Figure 1. In this system the 
concentration of the 2,4-dichloro product never exceeded 
52.5% since the 2,4,6-trichloro concentration became large 
before all of the 2-chloro and 4-chloro products were con
sumed. The chlorination of 1 in nitrobenzene (no catalyst) 
at 50p was slow as shown in Figure 2. The addition of A1C13 
(0.09 mol/mol of sulfonamide) resulted in only a slight rate 
increase at 50° and had a negligible effect upon product ra
tios. However, in nitrobenzene-AlCls at 80° an increased 
reaction rate was observed, and results are shown in Figure
3.

A significant improvement of the nitrobenzene-AlCl3 
over the CH3COOH-AICI3 system is that the concentration 
of 2,4,6-trichloro product did not increase significantly 
with time in the former system. In order to further increase 
the rate of chlorination in nitrobenzene, 0.15 mol of A1C13 
for each mole of 1 was added at the beginning and after 3.5 
hr of chlorination. At the end of 6.5 hr, the reaction mix
ture contained approximately 81% 2,4-dichloro, 10.4% 4-

Figure 2. Chlorination of 1 (0.125 mol) in nitrobenzene (160 ml) at 
50° (0.47 mol of Cl2/hr).

Figure 3. Chlorination of 1 (0.125 mol) in nitrobenzene (160 m l)- 
AICI3 (1.5 g) at 80° (0.30 mol of Cl2/hr).

chloro, and 8.6% 2,4,6-trichloro products. Pure 2,4-dichloro 
product was then obtained by fractional recrystallization in 
yields of approximately 60%.

Discussion and Conclusions. In the halogénation of 
sulfonamides, the first equivalent of halogen probably



reacts at the acidic (l,l,l-trifhioromethanesulfonyl)amino 
site (pK a = 4.45 for l )1 as illustrated for the chlorination of

Cl

QftNifSO^F, +  Cl2 — ► C6H5N— S02ICF3 + HjCl

1. Attempts to isolate such an intermediate in this study 
were unsuccessful. Such intermediates have been isolated 
from numerous aryl-substituted N - phenylbenzenesulfona- 
mides7 and /V,iV-dichloroalkanesulfonamides have also 
been prepared.8 The former compounds rearrange in gla
cial acetic acid to give ortho-para ring chlorination. In ad
dition, further chlorination of the IV-chloro-Al-phenylben- 
zenesulfonamides with sodium hypochlorite in glacial ace
tic acid results in the formation of N-chloro-Af-(2,4,-dichlo- 
rophenyl)benzene sulfonamide.7 Therefore the directing 
group in the present study is probably an N-halogen- 
(l,l,l-trifluoromethanesulfonyl)amino moiety which is 
clearly an ortho-para directing group as indicated by the 
results shown in Tables I and II.

In the present study bromination of 1,1,1-trifluoro-N- 
phenylmethanesulfonamides was found to be much more 
selective (only 2,4-dibromination with 3 equiv of bromine) 
than was chlorination. Both bromination and chlorination 
of aryl-substituted 1,1,1-trifluoro-Af-phenylmethanesulfo- 
namides result in higher overall yields when compared with
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the previous syntheses2 and require less expensive starting 
materials. The halogénation technique also allowed syn
theses of sulfonamides in cases where the corresponding di- 
or trihalogenated anilines were not commercially available. 
These anilines could have been prepared by conventional 
techniques but the subsequent sulfonylations would then 
have been low yield reactions as previously described.
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On The Alkylation of Multisite Aromatic Heterocycles. 1,2,3,4-Thiatriazoles
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5-Substituted 1,2,3,4-thiatriazoles are alkylated with triethyloxonium tetrafluoroborate to give a single prod
uct. The location of the ethyl group in the ring at position 3 has been accomplished by means of ’ H, 18N, and 13C 
nmr. CNDO calculations were performed to rationalize the exclusive alkylation of nitrogen fi to sulfur. The theo
retical and experimental results are in conflict, suggesting that the reaction :s more complicated than it appears.

The 5-substituted 1,2,3,4-thiatriazole system 1 possesses 
five potential sites to which an alkylating agent may be de
livered. Two quite different problems arise in an attempt 
to decide the course of the reaction. The first concerns sub
stituent vs. ring attack. The second arises in the latter case 
and involves a decision as to which heteroatom of 1 has 
been alkylated. It is to these questions that we primarily 
address ourselves in the sequel.

4N -N 3 Ft ORFa a Eta0BF<t

X ^ V 12
N—N
// -Vr—C2H5

A

la, X = SCH2CH3 2a, X = SCH2CH3
b, X = sch3 b. X = SCH,
c , X  =  C6H5 c,x  = c6h5

Treatment of sodium l,2,3,4-thiatriazole-5-thiolate (1, 
X = S_ ) with diphenylmethyl, triphenylmethyl, and benzo
yl chloride were formerly believed to yield 4-substituted
1.2.3.4- thiatriazoline-5-thiones.2 In a recent paper these 
reactions were reexamined and evidence was presented 
that the products obtained in fact are all 5-substituted
1.2.3.4- thiatriazoles.3 On the other hand it was reported by 
Neidlein and Tauber that alkylation of 5-arylamino-

1,2,3,4-thiatriazoles (1, X  = NHAr) with diazomethane 
leads to formation of 4-methyl-5-arylimino-l,2,3,4-thi- 
atriazolines, while alkylation with dimethyl sulfate pro
vides 5-7V-aryl-A'-methylamino-l,2,3,4-thiatriazoles.4 
These results prompted us to investigate the reaction of 5- 
mercapto-l,2,3,4,-thiatriazole (1, X  = SH) with diazo
methane and triethyloxonium tetrafluoroborate. Only the
5-alkylthio-l,2,3,4-thiatriazoles are formed.

By contrast the latter products, la and lb, as well as 5- 
phenylthiatriazole (lc), can be alkylated with EtgO+BF^ 
yielding crystalline salts. Under similar alkylating condi
tions, the alkoxy derivative (1, X  = OC2H5) decomposes 
entirely to nitrogen, sulfur, and ethyl cyanate as previously 
described.5 Apparently the electronegative ethoxy moiety 
reduces electron density in the ring sufficiently so that al
kylation cannot compete with fragmentation.

The structures of the former salts are analyzed below on 
the basis of XH, 13C, and 15N nmr data.

S vs. N Alkylation. Upon treatment with triethyloxon
ium tetrafluoroborate the 5-ethyl- and 5-methylthio deriv
atives of I (a, b) lead to a single product salt in each case in 
65 and 35% yields, respectively. The XH nmr values of start
ing thiatriazoles and the corresponding ethyl derivatives 
are given in Table I.

Ring alkylation is immediately suggested since the ethyl
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Table I
1H Nmr Values of Thiatriazoles and 

Thiatriazolium Salts

Scheme I

/
Ph— C

HisN02

\
Compd - sg h 3 - sch2ch3 -SCH2CH3 -NCH2CH3 - nch2ch3 N H N B ,

Et
la 3.43“ 1.57 + /
2a 3.576 1.51 5.26 1.83 N —N„ » Et.OBF, N —  N

lb 2.88“ A .  >  1 - ("
2b 3.02” 5.38 1.86 Ph S Ph S
2c 5.34“ 1.94 3

° Solvent, CCI4.6 Solvent, (¿6-acetone. c Solvent, CD3OD/CDCI3 
(1:1).

groups delivered by the alkylating agent display 5 values 
expected of N- ethyl salts? rather than S- ethyl salts.7 Fur
thermore the new bands appearing in the nmr spectra of 
the alkylated alkylthio derivatives 2a and 2b are virtually 
superimposable with those of the phenyl system 2c, a sub
stance for which side-chain alkylation is not possible.

In all cases of alkylation, products are crystalline and 
stable up to 180-200° in the solid state. Although nothing 
has been reported regarding the cycloaddition behavior of
S- alkyl thiephenium salts,8 thiophene S- oxides dimerize 
spontaneously at ambient temperatures.9 A cryoscopic mo
lecular weight determination on the phenyl salt 2c shows 
that the compound is monomeric. Solutions of the latter 
are stable (nmr) for periods of at least 1 year. Finally the 
XH nmr spectra of salts 2a-c (Table I) do not accommodate 
the nonequivalence of alkyl substituents expected of di
mers.

In sum, the proton nmr spectra, molecular weight mea
surement, and stability of thiatriazolium salts 2a, 2b, and 
2c argue for N us. S alkylation within the ring. In addition 
the near identity of chemical shifts and coupling constants 
for the ethyl groups suggests strongly that the position of 
alkylation is common to the three salts. In an attempt to 
define which of the three nitrogens has been ethylated, 
three isotopically distinct 15N-labeled 5-phenyl-l,2,3,4-thi- 
atriazoles have been prepared as outlined in the synthetic 
scheme (Scheme I). Each compound was subsequently al
kylated with triethyloxonium tetrafluoroborate (3, 4, and
5) and analyzed by 15N and 13C nmr spectroscopic data.

The three possible N-alkylation products are illustrated 
by structures 6, 7, and 8 (i.e., N-2, N-3, and N-4 alkylation, 
respectively). Both nitrogen chemical shifts and coupling 
constants (J  n h , J n c ) derived from the labeled substances 
3, 4, and 5 have been used to locate the alkylated nitrogen 
as N-3.

Alkylation Product 3 ( 15N-2). In the ]H nmr spectrum 
of salt 3 the methylene signal at 5 5.34 ppm is observed as a 
double quartet with 3J h h  = 7.25 Hz and an additional 
splitting of 2.4 Hz. The methyl signal at 5 1.94 ppm is a 
clean triplet ( 3J h h  = 7.25 Hz) exhibiting a line width at 
half height of 0.2 Hz. The 2.4-Hz splitting of the methylene 
signal can be assigned to 15N-H interaction by means of 
heterodecoupling. The corresponding 15N-2 chemical shift 
is found to be —31 ±  2 ppm. No change in line width of the 
methyl signal was observed during the decoupling experi
ment.

Alkylation Product 4 (15N-2 and 15N-4). The lH nmr
spectrum of 4a and 4b is very similar to that of 3 described 
above. The methyl signal is a sharp triplet with a line width 
of ~0.2 Hz, while the methylene signal again appears as a 
double quartet. The latter, however, evidences a line width 
somewhat larger than that found for compound 3. Decou
pling at the nitrogen frequency determined above for N-2 
results in a quartet of triplets (see Figure 1). The outer

S
/  ,5N = N = N *

Ph— c  ------------- >
\

SCHjCO.Na

* % —N EtjOBF,

Et

4a, b

(ii)

// läNH,NHä
Ph— C ------— ’

\
SCH,C0,Na

//
Ph— C

1. hno2

2. EtjOBF,

Et

% —

piA ^
5a, b

(iii)

N—N

c,hA > - c,h5

C2H6 C Ä
/ \

N—N + N ^ N
// w 

A
C,,H A

1  VV 
C A ' V

7 8

lines are separated by 1.64 Hz. This spacing represents the 
coupling of the methylene protons to 15N at position 4. 
Thus altering the nitrogen decoupling frequency produces 
another triplet structure in which the spacing of the outer 
lines is 2.4 Hz. The shift position of 15N-4 is accordingly 
—73 ±  2 ppm.

Alkylation Product 5 (15N-3 and lsN-4). The low
abundance of 15N in sample 5 (30% total, 15% in 5a and 5b, 
respectively) limits the accuracy of the nmr measurement. 
Nonetheless, although the methylene signal is dominated 
by the methyl-induced quartet, satellites with a spacing of
1.7 Hz can be observed. The satellites disappear when the 
material is irradiated at —73 ppm, the shift frequency de
termined for 15N-4. In the decoupled spectrum no evidence 
for an additional set of satellites was found. An upper limit 
of about 1.2 Hz is therefore placed on the magnitude of the 
coupling between CH2 and 15N at position 3. In contrast to 
the isotopic substitutions 3 and 4, the methyl signal of 5 
displays 15N satellites with a spacing of 3.7 Hz. To erase 
the latter, irradiation at yet a third nitrogen frequency was 
necessary. The chemical shift of 15N-3 is consequently es
tablished as -91  ±  2 ppm. Structure 7' and Table II sum
marize the three nitrogen shift values for salt 2c derived 
from the isotopic species 3, 4, and 5.

Further General Discussion of the Nmr Spectra of 
the Alkylation Products. Recently, nitrogen chemical 
shift data have been reported for a large number of five- 
membered heterocycles.10 Among the molecules cited are
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Figure 1. XH nmr spectra displaying the CH2 group in the thiatria
zolium salts 3 and 4 (a and b and c, d, and e, respectively) under 
15N selective decoupling. Spectra a and d show the undecoupled 
bands of 3 and 4 respectively. The decoupling rf field is present 
but offset sufficiently (15 kHz) so as not to influence the spectra. 
Curve b depicts the decoupling of 15N-2 in compound 3 at a fre
quency o f 10,137,040 ±  3 Hz. Spectrum c illustrates the result of 
irradiating salt 4 at 10,136,620 ±  5 Hz. At the latter frequency 
15N-4 is decoupled. The resulting spectrum is a superposition of 
equally intense spectra a and b. In e 15N-2 (4) was irradiated at 
10,137,040 ±  3 Hz leading to a combination pattern containing b 
and type a [J (I5N(4)-CH2) = 1.64 Hz; cf. Table II],

2-methyl-l,2,3-triazole (9) and 2-methyl-l,2,3,4-tetrazole
(10) (Chart I). No thiatriazoles were included in the work,

Chart I
14N Chemical Shift for Triazole 9 (CH3OH) and 

Tetrazole 10 (CH3OH) and 15N Shifts for Salt V  (3,4, 5) 
(CDCI3/CD 3OD 1:1) in Parts per Million Upfield from

c h 3n o 2

ch3
-55 /

N— N -132

CH,
-55 /

N—N -103

tJ'
-1 0  

10

¿N -5 5

c2h 5
-7 3  /

4N— N3 -9 1

C6H5̂ s f N2_31

but based on a few selected examples the authors suggest 
that ring substitution of CH with S ought to have a minor 
influence on chemical shifts in the nitrogen nmr spectrum. 
In the present case the ring carries a positive charge which 
may well be located largely on sulfur.11 Consequently a 
deshielding of N-2 relative to N-4 can be expected. Given 
these considerations the 14N chemical shifts observed for 
compounds 9 and 10 may be seen as expectation values for 
salt 2c to within 10-20 ppm. Furthermore it appears to be 
general that nitrogen atoms in five-ring aromatic heterocy
cles lacking a lone-pair electrons are shielded to a greater 
extent than nitrogens bearing them. The former give rise to 
signals in the range -100 to -190 ppm while the latter are 
observed from 0 to —25 ppm for N -N -N  and from —20 to 
—70 ppm for the N -N -C  combination.10 In view of this cor
relation, the 15N chemical shift values determined for 2c 
(cf. T  and Table II) can be consistently interpreted as an 
indication of alkylation at N-3.

The assignment is strengthened by evaluation of the het-

Tablell
15N Chemical Shifts and 15NH Coupling Constants 

for Thiatriazolium Salt 7 and Related 
N-alkylated Heterocycles“

15N position 6(^N),& ppm V(15N-CH2), Hz
15

j (  N-CH3), Hz

2 -31  ± 2 2.43 ± 0.05 <  0.2c
3 -91 ± 2 < 1.20c 3.74 ± 0.1
4 -73  ± 2 1.64 ± 0.05 <0.2C

Q  j .
1 Br

3.4“’ “
3.1a,e

CH.,CH,

O x - 0.6-1.84' e

j
cm:. . 

I <  Line width 2.8a,/
N T kar,

0 Coupling constants for heterocycles other than 7 were measured 
as J(14NH) values and converted to J(15NH) by J'(14NH) = 0.7129 
x J(15NH); cf. M. Bose, N. Das, and N. Chatterje, J. Mol. Spec- 
tros., 18, 32 (1965). '’ Position relative to CH3NO2; r>(NH4' ) = 
-360 ppm .c Coupling not observed. The values listed represent the 
observable half-width limit. d Reference 14. e Reference 15. r M. 
Ueyama and K. Tori, Org. Magn. Resonance, 4,913 (1972).

eronuclear coupling constants. Thus the 15NH coupling 
constants for thiatriazolium salts can be profitably com
pared to literature data (Table II). These and other mea
surements14 permit the generalization that |2JNH| < |3JnhJ. 
Applied to compound 2c, the latter suggests that a sizable 
nitrogen coupling to methyl should be observable when 15N 
is bonded directly to CH2CH3. Table II illustrates that only 
15N-3 fulfills the necessary criterion. In agreement with 
previous work15’16 the methylene group shows little or no 
nitrogen coupling (<1.2 Hz),

The noise decoupled natural abundance 13C spectra of 
the phenylthiatriazole isotope lc and salt 2c are recorded 
in Table III. The chemical shifts of the aromatic ring car-. 
bons are in agreement with the work of Ray, et al. 17 The 
meta carbons are unaffected by ion formation while Ci ex
periences increased shielding. The 13C response of Cpara to 
alkylation may appear surprising, but the same effect has 
been recently established for a variety of phenyl-substitut
ed five-membered-ring nitrogen heterocycles and their azo- 
lium salts.18

Of importance in confirming the site of alkylation is the 
13C shift position of NCH2, a doublet at 61 ppm (J = 5 
Hz). Data given by Bucci19 shows that for the neutral 
NCH2CH3 moiety a chemical shift value of 50 ppm can or
dinarily be expected. The increased electronegativity of 
N-3 in 7', by virtue of ring-supported positive charge, leads 
to a downfield shift bringing the value close to what is ob
served for ethoxy derivatives. The 13C data is in accord 
with pmr chemical shifts (Table I) in ruling out S alkyla
tion.

The splitting of the methylene carbon resonance in 3 by 
~5 Hz corresponds to a 15N -13C coupling constant. The 
quantity is in the range found by Lichter and Roberts14 for 
heteronuclear splittings of this type.

The total evidence, proton and 15N and 13C chemical 
shift data as well as spin-spin splitting constants (J nh and 
J  nc)> effectively eliminates sulfur alkylation and simulta
neously fixes the site of ethylation for 2c to be N-3.

Attempts were made to unambiguously synthesize 5- 
phenyl-3-ethyl-l,2,3,4-thiatriazolium tetrafluoroborate (7)
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Table III

13C Chemical Shifts for Phenylthiatriazole lc and Thiatriazolium Salt 7°

Compd c i ^  ortho c meta c para C-5 ch2 CH3

l c 125.84 129.14 129.14 132.63 178.46
2c 122.79 129.07 129.52 135.48 186.42 60.65 49.58
AÔ -3 .0 5 -0 .0 7 0.38 2.85 7.96

“ Lines are measured relative to internal TMS. b (CDCI3 ) has been used as secondary standard. Positive b values correspond to low field 
shifts.

by a nonalkylation route. Thus 2-ethylthiobenzoylhydra- 
zine was treated with nitric acid in tetrafluoroboric acid, 
but only an unidentified sulfur-free compound was ob
tained. Apparently redox processes dominate the cycliza- 
tion reaction.

Thermal Properties of Thiatriazolium Tetrafluoro- 
borates. The alkyl N-3 assignment is consistent with the 
pronounced thermal stability of the salts. All 5-substituted 
thiatriazoles decompose spontaneously either at room tem
perature or upon slight warming with evolution of N2, 
whereas the salts are unchanged up to 180-200°. Evidently 
alkylation at the 3 position effectively blocks the ability of 
the system to eject nitrogen under mild conditions. It must 
be pointed out, however, that this observation permits no a 
priori prediction concerning the thermal properties of thi
atriazolium salts bearing a substituent at the 2 or 4 posi
tion.

Reactivity Considerations. The finding that the alkyl 
moiety is located on N-3 of the phenyl salt 2c was unex
pected. There are several reasons for believing a priori that 
N-4 might be the preferred nucleophilic center. The litera
ture records a single example of thiatriazole ring alkylation. 
Diazomethane is reported to deliver methyl to the 4 posi
tion.4 Similar results are available for other multisite het
erocycles. A variety of papers argue that tetrazoles 11 are 
alkylated exclusively on N-4 to give 12.20>2)a In the case of
5-aminotetrazole (11, X = NH2; Ri = alkyl) the major 
product was assigned structure 12, while the mesoionic de
rivative 13 (N-3 alkylation) was isolated in low yield.22 A 
recent careful study shows that in least one case (11, X  = 
C(:,H5), alkylation at N-3 (i.e., 14) competes favorably with 
reaction at N-4.23

Ri H; R1
12 13 14

1,2,4-Triazoles are reported to alkylate21b and proton- 
ate24 at N-4 (i.e., 15), while the 1,2,3 isomers produce the

CfiH;

N-

A •n ;
c ,h s

X

T otal
charge
d istr ib u tio n

Sigma
framework
charge
d istr ib u tio n

o r b ita l
c o e f f ic ie n t s

2 (Cf  ) 2

s + 0 .07 -0 .1 5 0 .27

N-2 -0 .1 9 + 0 .05 0 .2 9
N-3 + 0 .11 + 0 .03 0 .1 4
N-4 -0 .3 9 1 O O to 0 .3 0

Figure 2. CNDO calculated charge densities (total and <r) and 
highest occupied molecular orbital for thiatriazole. The relative 
areas correspond to the squares of the contributing atomic orbital 
coefficients.

N-3 derivatives 16.25 A contrasting example is the N-2 al
kylation product 17 from a l,2,4-oxadiazole.20b

If the above examples were to be used as a guide to rela
tive nitrogen nucleophilicity in five-membered heterocyclic 
rings of the type described, the following reactivity order is 
suggested: N-4 > N-3 »  N-2.26 This generalization should 
be regarded with caution. Only certain of the above cita
tions provide definitive structural evidence as to the site of 
alkylation. Furthermore there is no uniformity with regard 
to ring substituents, the type of alkylating agent or the sol
vent employed. It is well known that these and other fac
tors strongly influence the site of reactivity for related am- 
bident systems.27 An additional product controlling influ
ence, kinetic us. thermodynamic control, is discussed 
below.

In an attempt to derive a reactivity rationale for our as
signment, SCF-MO-CNDO calculations28 have been car
ried out for the unknown parent thiatriazole 18. Total 
charge densities29 and the frontier orbital electron distribu
tion for the energy-geometry optimized heterocycle are 
given in Figure 2. These theoretical quantities have been 
used as indices of positional reactivity under conditions 
where the reaction is charge controlled or orbital con
trolled, respectively.34-35 In the present case both criteria 
predict the reactivity order N-4 > N-2 > N-3.

In sum general literature trends for poly nitrogen hetero
cycles suggest N-4 to be at least strongly competitive with 
N-3 as the favored nucleophilic center in thiatriazoles,
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while our calculations indicate a clear preference for N-4 
over N-3.36 On the contrary the latter bears the alkyl moi
ety. There are several factors which permit partial reconcil
iation of the apparent disagreement. It is possible that the
4- ethyl salt 8 is generated in a kinetically controlled step 
followed by dealkylation and re-ethylation at N-3 to give 
the thermodynamically favored isomer 7.37 Similar hetero
cycles have been observed to undergo a thermodynamic 
equilibration of this type, but always in the presence of io
dide ion, a powerful nucleophile.23’33 In particular 1-alkyl-
5- phenyltetrazoles 19 alkylate both at N-4 (20) and N-3
(21) under mild conditions. The system is ultimately con
verted through the less stable N-3 salt 20 to the energeti
cally favored l-alkyl-4-phenyltetrazole 22.23

N—N
// w

c6h  / y N
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/

N—N

q h A n

19 22

j f  (20 only) (2Jonly)||
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R

1
R

20 21

In the present case ( lc  .-*■ 7) it seems unlikely that the 
tetrafluoroborate anion or possible traces of F~ have the 
capability to promote the required dealkylation. Further
more the reaction has been monitored by nmr under ambi
ent conditions during its early stages. The result does not 
support a multistep reaction scheme. The only new signals 
which appear in the spectrum of the freshly prepared solu
tion are those arising from the 3-ethyl salt.38

A second explanation for the observed result may be ste- 
ric in origin. Bulky substituents affect product distribution 
in the positional alkylation40 and quaternization33 of di-, 
tri-, and tetraaza heterocycles in a decided manner. Like
wise 2-substituted 1,2,3-triazoles quaternize less readily 
than the 1-substituted isomer.41

It has not been demonstrated conclusively that the alkyl- 
thio derivatives 2a and 2b are ethylated at position 3. 
Based on the course of the reaction for phenylthiatriazole 
lc  and the similar nmr spectra of salts 2 (Table I), it seems 
reasonable to assume that the side-chain sulfur cases pos
sess structure 7. If this hypothesis is valid and steric effects 
dominate electronic factors, both phenyl and S-alkyl are 
completely blocking reaction at * position 4. Results re
ported for the phenyltetrazole 19 and the s-triazolo[4,3- 
a]pyridine33 system make it unlikely that steric compres
sion alone would direct the alkylating agent so specifically.

In conclusion, a conflict remains between the present re
sult, literature precedent and the calculations. The general 
lack of reaction at N-2 for multisite heterocycles appears 
an even greater anomaly than the absence of observable 
competition between N-3 and N-4 for thiatriazoles 1. The 
course of the thiatriazole alkylation clearly needs much 
closer attention.

Experimental Section
Nmr. 1H spectra were obtained on a Varian HA-100 spectrome

ter by frequency sweep at 32°. The samples were prepared by dis
solving 15 mg of the thiatriazolium compound in a 50:50 mixture of 
CDC13 and CD3OD with TMS as internal reference. After several

freeze-thaw cycles the degassed samples were sealed. 15N decou
pling was performed using a Schlumberger FSD 120 frequency 
synthesizer. The probe was modified for heterodecoupling accord
ing to McFarlane.16 The chemical shift of 15N was determined by 
comparison with the the decoupling frequency for ammonium ni
trate.42 The 13C spectrum of compound 7 was obtained using the 
sample described above on a Varian XL-100 Fourier transform 
spectrometer: 100 k transients, pulse width 60 Msec over a range of 
5000 Hz, aquisition time 0.4 sec, 4 K data points.

Alkylation of l,2,3,4-TMatriazole-5-thiol. A. Diazomethane 
(140 mmol, 2.5% ether solution) was added dropwise to 1,2,3,4-thi- 
atriazole-5-thiol (11.9 g, 100 mmol) in dry diethyl ether (100 ml) 
at —20°. The resulting solution was stored overnight at 0° and 
then concentrated in vacuo without heating to ~50 ml. Concur
rently 5-methylthio-l,2,3,4-thiatriazole, mp 32.0-34.0° (8.0 g, 60.1 
mmol, 60%), precipitated from solution. The material was identi
fied by comparison of its ir and nmr spectra with that of an au
thentic sample (mp 34.0-34.5°).23

Evaporation of the mother liquor led to additional less pure 
product (mp 29.0-33.0°, 4.5 g, 33.8 mmol) corresponding to a total 
yield of 94%.

B. l,2j3,4-ThiatriazoIe-5-thiol (1.00 g, 8.4 mmol) was neutralized 
with 0.6 ml of 50% aqueous sodium hydroxide (pH 9, phenol- 
phthalein) and mixed with methylene chloride (10 ml) by stirring. 
Triethyloxonium tetrafluoroborate (1.60 g, 8.4 mmol) in methylene 
chloride (5 ml) was added at 0°. During addition sodium tetrafluo
roborate precipitated. After filtration and drying (MgS04) the so
lution was evaporated to dryness and the remaining solid recrys
tallized from methanol (5 ml) (1.12 g, 8.4 mmol, 100%). The prod
uct was identified as above.

Alkylation of 5-Substituted 1,2,3,4-Thiatriazoles. The 5-sub- 
stituted 1,2,3,4-thiatriazole (20 mmol) was dissolved in methylene 
chloride (10 ml) and a solution of triethyloxonium tetrafluorobo
rate (20 mmol) in methylene chloride (10 ml) was added dropwise 
over a short period of time. The system was surrounded with a 
water bath at ambient temperature. After standing overnight at 
room temperature the solvent Was removed and the residue ex
tracted several times with dry ether. The thiatriazolium salts thus 
obtained were recrystallized from absolute ethanol. Yields were 
from 50 to 70% after crystallization; for nmr shift values, see Table 
I.

With different 5 substituents the following analytical results 
were obtained: C6H5, mp 87.5-88.5° (Calcd for C9H10N3SBF4: C, 
38.75; H, 3.87; N, 15.07. Found: C, 39.05; H, 3.69; N, 15.22.); CH3S, 
mp 86.0-86.5° (Calcd for C4H8N3S2BF4: C, 19.45; H, 3.47; N, 16.95. 
Found: C, 19.27; H, 3.28; N, 16.81.); C2H5S, mp 58.0-59.5° (Calcd 
for C5H10N3S2BF4: C, 22.83; H, 3.83; N, 15.97. Found: C, 22.87; H, 
3.83; N, 15.97.).

2-15N-Labeled 5-Ethyl-3-phenyI-l,2,3,4-thiatriazolium 
Tetrafluoroborate (3). To 2-irW-5-phenyl-1,2,3,4-thiatriazole 
(0.20 mmol) [prepared from thiobenzhydrazide. and Na15N 0 2 (95% 
isotopically labeled) by the usual (see also below) procedure43] in 
methylene chloride (150 pi) was added triethyloxonium tetrafluo
roborate (0.20 mmol) in methylene chloride (150 /d). After 24 hr at 
room temperature the solvent was removed in vacuo and the re
maining solid or half-crystalline product washed a few times with 
dry ether. Recrystallization from absolute ethanol (300 pi) yielded 
~25 mg of the crystalline title compound in 95% isotopic purity. 
Sometimes the material crystallized only after short boiling with 
ethanol. With the exception of J n h , the lH nmr spectrum is iden
tical with that of the unlabeled species.

Mixture of 3-15N- and 4-15N-Labeled 3-Ethyl-5-phenyl-
1.2.3.4- thiatriazolium Tetrafluoroborate (5a,b). A. Prepara
tion of the 15N-Labeled Thiatriazole. To 15NH2NH2, H2S04 (1.3 
mmol) [prepared according to Bak, et al.,4i from 15NH4C1 (30% 
isotopically labeled)] neutralized with 1 N  NaOH (2.6 ml) and 
cooled in ice was slowly added a solution of carboxymethyl di- 
thiobenzoate45 (1.3 mmol) in 1 Af .NaOH (1.3 ml); After 1 hr at 
room temperature the mixture was extracted with a total of 15 ml 
of ether, washed with a small amount of water, dried over MgS04, 
and evaporated in vacuo: Thiobenzhydrazide thus formed was 
converted to the thiatriazole by the usual procedure.43®

B. The thiatriazole was alkylated with Et3OBF4 as described 
above for the 2-15N-labeled product. The yield was ~20 mg of a 
crystalline mixture of the title compounds each 15% isotopically la
beled. With the exception of J n h , the *H nmr spectrum is identi
cal with that of the unlabeled species.

Mixture of 2-15N- and 4-15N-Labeled 3-Ethyl-5-phenyl-
1.2.3.4- thiatriazolium Tetrafluoroborate (4a,b). A. Prepara
tion of Na15N3. The procedure used is a small-scale modification



of well-known methods.46 A small test tube with a side arm con
taining solution A was closed by means of a rubber bulb and the 
side arm fitted with a plastic tube leading to solution C kept 
cooled in an ice bath. By means of a needle pierced through the 
rubber bulb, and reaching below the surface of solution A, nitrogen 
was swept through the system in a gentle stream during the whole 
procedure. From a syringe, fitted with a needle pierced through 
the rubber bulb, solution B was added slowly to solution A. After 
finishing addition the converted solution C was left covered over
night and the precipitate then isolated by means of centrifugation. 
The Na15N3 (95% isotopically pure at one nitrogen) thus formed 
was washed two times with small amounts of CH30H-Et20 (1:1) 
and then with dry ether, yield 17 mg. Solutions: A, Na16NC>2 (95% 
isotopically labeled) (60 mg), H2O (200 pi), C2H5OH (25 pi); B, 
H2O (200 jul), concentrated H2SO4 (25 ¿¿1), C2H5OH (25 yj.1); C, Na 
(25 mg) in CH3OH (300 mD, NH2NH2, H2Q (50 p i) ,  ether (500 pi).

B. Formation of the Thiatriazole. A solution of carboxy- 
methyl dithiobenzoate45 (5.0 mmol) in 1 N  NaOH (5 ml) and water 
(1 ml) was prepared and washed with ether to remove impurities. 
Excess ether dissolved in the water phase was removed by bub
bling a stream of nitrogen through the solution. To 0.6 ml of this 
solution was added the above prepared Na15N3 (17 mg). The re
sulting solution was left at room temperature for 4 hr. The thi
atriazole was isolated by means of centrifugation and carefully 
washed with water, yield 15 mg.

C. The thiatriazole was alkylated with Et3OB4_ as described 
above for the 2-15N-labeled product. The yield was ~5 mg of a 
crystalline mixture of the title compounds each 47.5% isotopically 
labeled. With the exception of J n h , the 1H nmr spectrum is identi
cal with that of the unlabeled species.

The Alkylation Process of 5-Phenyl-l,2,3,4-thiatriazole 
Followed by Means of Pmr Spectroscopy. Equivalent amounts 
of thiatriazole (32.0 mg) and Et3OB4_ (37.6 mg) were dissolved in 
CD2CI2 (0.5 ml) and the 'H  nmr signals recorded at given intervals 
during 22 hr, the time necessary for practical transformation. No 
signals besides those of the starting materials and the signals aris
ing from 3-ethyl-5-phenyl-l,2,3,4-thiatriazolium tetrafluoroborate 
were observed.

Molecular Weight Determination. 3-Ethyl-5-phenyl-
1,2,3,4-thiatriazolium tetrafluoroborate (1.427 g) was dissolved in 
water (86.3593 g) and the freezing point depression determined to
0.222° ±  0.005°. From these values a molecular weight of 277 ±  5 
can be determined (calculated 279).
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2-Mercaptoimidazoles and -benzimidazoles react with bromomethyldimethylchlorosilane in tetrahydrofuran to 
give the respective bromomethyldimethylchlorosilane dérivâtes. Cyclodehydrohalogenation of the latter by 1,8- 
bis(dimethylamino)naphthalene affords 2-dimethylsila-3if-imidazo[2,l-6]thiazoles and 2-dimethylsila-3//-thia- 
zolo[3,2-o]benzimidazoles in good yields. The spectral properties of the new heterocycles are discussed.

A number of fused azoles exhibit important pharmaco
logical activity (e.g., 1, tetramisole, is a commercial, broad 
spectrum anthelmintic).3-7

1

It was of considerable interest to learn what effect the re
placement of a ring carbon by silicon would have on the ac
tivity of azoles of structural type 1. The preparation of 
these heterocycles was required as a first step in attempt
ing to answer this question. We now wish to report a simple 
and convenient synthesis of the 2-dimethylsila-3H-imida- 
zo [2,1 - b] thiazoles and 2-dimethylsila-3H-thiazolo[3,2- 
a ] b enzimidazoles.

Results and Discussion

Table I
Yields and Melting Points for 4, 6, 8, and 9

Compd Formula0 Mp, °C Yield,6 %

4a, R = H CeHnBrN2SiS 177-178 46
4b, R = C6H5 C18H19BrN2SiS 205-206 50
6a, R =  H C6H10N2SiS 128-133 80-85
6b, R =  CgH5 C18H18N2SiS 150 dec 80-90
8a, R =  H C,„H,,BrN,SiS 218-219 47
8b, R =  NOV C,nH,,BrN,0,SiS >  177dec 31
9a, R =  H C10H12N,SiS 181-182 >80
9b, R =  NO, CioHnNsChSiS 165 dec 65

“ All compounds except 4a (R = H) (Anal. Calcd: C, 28.69.Found: 
C ,29.42.) and 9a (R = H )(Anal. Calcd: C, 54.50. Found: C,53.93.) 
gave C, H, and N analysis within 0.4 of the calculated values. 6 No
attempt was made to optimize yields.

Reaction of 2-mercaptoimidazole (2a, R = H) or 4,5-di- 
phenyl-2-mercaptoimidazole (2b, R = C6H5) with bro- 
momethyldimethylchlorosilane (3) in anhydrous tetrahy
drofuran (THF) afforded the bromomethyl silylated imida
zoles (4a (R = H), 4b (R = CfjH5)), characterized on the

basis of analytical data and spectral results (Table I). Pre
vious studies using a-halo carbonyls8 and epoxy bromides9 
showed that: condensation occurs at the mercapto group of 
2-mercaptoimidazoles or 2-mercaptobenzimidazoles.

The infrared (ir) spectra of 4 (KBr disk) were character
ized by an NH stretching band at 3400 cm-1; a weak ab
sorption at 1427-1433 cm-1 due to asymmetric deforma
tion of the methyl groups bound to silicon.10 The nmr spec
tra (DMSO-d6) of 4a and 4b showed singlets at 8 0.20 and 
0.22, respectively, corresponding to the gem-dimethyl 
group, and singlets at 8 2.87 and 2.97, respectively, for the 
methylene group.

Cyclodehydrohalogenation of 4 to 6 was effected in high 
yield by use of the powerful but nonnucleophilic base, 1.8- 
bis(dimethylamino)naphthalene (5, “ proton sponge” ).11 
Nucleophiles, such as hydroxide or methoxide ion, cleaved 
the sulfur-silicon bond of 4. The ir spectra of 2-dimeth- 
ylsila-3/7- imidazo[2,l-6 Jthiazole (6, R = H) and its 5,6- 
diphenyl derivative (6, R = C6H6) showed the expected 
asymmetric and symmetric deformation bands for the 
methyl groups attached to silicon, but lacked any absorp
tion due to an NH group. In the nmr spectrum, the signal 
for the methyl groups of 6a (R = H) and 6b (R = CfiH5) ap
peared at almost the same chemical shift as noted for 4, 
while the methylene groups of 6 displayed a singlet at high
er field than observed for the corresponding protons of 4 
(i.e., 8 2.56-2.59 for methylene protons of 6).

Condensation of 2-mercaptobenzimidazole (7a, R = H) 
or 2-mercapto-5-nitrobenzimidazole (7b, R = NO2) with 3 
in THF gave 8a (R = H) and 8b (R = N 02), which on expo
sure to l,8-bis(dimethylamino)naphthalene afforded 2- 
dimethylsila-3//-thiazolo[3,2-a] benzimidazole (9a, R = H) 
and its 7-nitro derivative (9b, R = N 0 2)12 in good yields 
(Table I). The ir and nmr spectral properties for 8 and 9 
were completely analogous to data discussed for the related
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systems, 4 and 6. In addition, a parent molecular ion peak 
was observed in the mass spectrum of 9a, R = H, at m/e 
220.

In summary, condensation of mercaptoazoles with bro- 
momethyldimethylchlorosilane, followed by cyclodehydro- 
halogenation, constitutes a simple two-step entry into 
fused silaazoles. This synthetic pathway should be applica
ble to other azoles such as mercaptotriazoles and mercapto- 
tetrazoles. Compounds 4, 6, 8, and 9 are currently being 
screened for pharmacological activity.

Experimental Section
General. Elemental analyses were determined by Hoffmann-La 

Roche, Nutley, N. J., Pascher Microanalytical Laboratory, Bonn, 
Germany, and by Heterocyclic Chemical Corp., Harrisonville, Mis
souri. Infrared spectra were determined using a Perkin-Elmer 457 
spectrophotometer. Nuclear magnetic resonance spectra were re
corded on a Varian A-60 spectrometer. All mass spectra were ob
tained from an AEI MS-902 spectrometer.

Bromomethyldimethylchlorosilane and l ,8-bis(dimethylamino)- 
naphthalene were purchased from Pierce and Aldrich Chemical 
Co., respectively, and were used as received. The mercaptoazoles 
were commercially available and were recrystallized from aqueous 
ethanol and then oven dried, prior to use.

Solvents were purified by standard techniques. All reactions 
were run under a nitrogen atmosphere. All weighings and reaction 
work ups were carried out in a glove bag (N2 atmosphere).

General Procedure for Reactions of Mercaptoazoles (2, 7) 
with Bromomethyldimethylchlorosilane (3). To a solution of 
the mercaptoazole in THF (40-70 ml) was added, by syringe tech
niques, an approximately equimolar amount (7-15 mmol) of bro- 
momethyldimethylchlorosilane. The mixture was stirred at room 
temperature for 1 day and filtered, and the white solid was washed 
well with the THF and then dried in vacuo. The yields, melting 
points, and analytical data for 4 and 8 are listed in Table I.

General Procedure for Cyclodehydrohalogenation of 4 and
8. A suspension of 4 or 8 (5-12 mmol) in THF (50-80 ml) contain
ing l,8-bis(dimethylamino)naphthalene (1.0- 1.5:1.0 mol ratio of 
5:4,8) was stirred for 1 day at room temperature. The solution was

filtered to remove protonated 5 and any unreacted 4 or 8, and the 
filtrate was evaporated in vacuo. The residue obtained was treated 
with hexane and filtered, and the product (6, 9) was washed well 
with hexane and dried. The hexane washings contained unreacted 
5 (if present). The yields, melting points, and analytical data for G 
and 9 are given in Table I.
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The specific preparations of l-n-propyl-7-amino-2,5-dimethylbenzimidazole (1), l-n-propyl-4-amino-2,6-di- 
methylbenzimidazole (2), and 4-ra-propyl amino-2,6-dimethylbenzimidazole (3) are described. These methods 
make use of the regiospecific or highly regioselective acylation and alkylation possible in the substrates. A correla
tion of isomeric structure with nmr spectra is also presented.

The regiospecificity of acylation and alkylation at multi
ple sites available in substituted fused imidazoles has re
ceived the greatest attention with purine derivatives be
cause of their importance in living systems.1 These data 
have received only limited application to the prediction of 
the reactivity of substitution of benzimidazoles.2 For this 
reason the syntheses of 1 -n- propyl-7-amino-2,5-dimethyl- 
benzimidazole (1), 1-n- propyl-4-ami no-2,6-dimethylben- 
zimidazole (2), and 4-n- propylamino-2,6-dimethylbenzim- 
idazole (3) were attempted in order to obtain authentic ex
amples of the three structures for comparison. Similarly 1- 
n- propyl-2,6-dimethyl-4-nitrobenzimidazole (4) was pre
pared and an unsuccessful attempt was made to synthesize 
1-n- propyl-2,5-dimethyl-7-nitrobenzimidazole (5).

f  Ri — H; R2 — Cjif-; IR-
2, Ri =  H; R3 =  re-C3H7; 1^-
3, R! =  n-C3H7; R̂  =  H; Ry-

4, R2 =  n-C3H7; R,-
5, Rt =  n-C3H7; R2~

The synthesis of authentic 1 could be accomplished from 
the symmetrical N-n- propyl-2,6-dinitro-p-toluidine (6) 
obtained from 2,6-dinitro-p- toluidine (7)3 by a Sandmeyer
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reaction4 to 4-chloro-3,5-dinitrotoluene (8) followed by nu
cleophilic displacement of the halogen with n- propylam
ine. The structure of 6 was evident from the method of syn
thesis and the nmr spectrum which required a symmetrical 
structure. The reduction of the nitro groups with tin and 
hydrochloric acid gave the triamine 9, which underwent cy- 
clization with acetic anhydride to the intermediate acylat- 
ed benzimidazole 12. Hydrolysis of the acetamide gave au
thentic l-n-propyl-7-amino-2,5-dimethylbenzimidazole (1) 
in 42% overall yield from 8.

X| nhc3h7
02N\ A ^ no2 h2n v j v . N H 2

t ô r  - V i -
1

ch3 I
ch3

6,X = nhc3h7 9
7, X = NH2
8, X = Cl

The synthesis of authentic l-n-propyl-4-amino-2,6-di- 
methylbenzimidazole (2) was based on the selectivity of al
kylation of adenine5 and the anticipated steric interference 
to alkylation at a nucleophilic position adjacent to the large 
nitro group. Thus, 4-nitro-2,6-dimethylbenzimidazole (10), 
prepared from 7 by selective reduction of one nitro group 
to 3-nitro-5-methyl-o-phenylenediamine (11)6 and ring 
closure, was converted to the anion with sodium hydride 
and alkylated with n- propyl bromide. The product was re
duced with tin and hydrochloric acid to give a compound 
differing from 1 in melting point and spectral data. The 
only logical structure for this product is 2 based on the 
method of formation and spectral data, vide infra.

2

The synthesis of the third isomer, 3, was also based on 
the selectivity observed on acylation of adenine which was 
shown to form an unstable diacyl derivative which was rap
idly hydrolyzed to the 6-acyladenine.7 Thus, 4-amino-2,6- 
dimethylbenzimidazole (13) was prepared by cyclization 
with acetic anhydride of the triamine 14 formed from the 
tin and hydrochloric acid reduction of 7. Heating 13 with 
propionic acid gave a propionamide the infrared spectrum 
of which showed absorption bands at 1650 and 1538 cm-1 
indicative of a secondary amide. These data are consistent 
with the structure 15. Reduction of 15 with diborane8 gave

the desired 4-n-propylamino-2,6-dimethylbenzimidazole
(3).

15
Jb 2h 6

3

The alkylation of the anion of 15 was attempted, for this 
reaction should give substitution at the amide nitrogen at 
position 4, or the imidazole nitrogen farthest removed from 
the amide group, providing an alternate synthesis of 3 or 2, 
depending on the site of alkylation. The alkylation product 
was hydrolyzed and the nmr clearly showed that alkylation 
had occurred on the imidazole ring, for the triplet for the 
NCH2 was at about 4 ppm. Further study clearly showed 
the product to be 4-amino-2,6-dimethyl-l-propylbenzim- 
idazole (2).

The alkylation of 2,6-dimethyl-4-nitrobenzimidazole
(10) provided a synthetic method for 1 >n- propyl derivative 
4 and an alternate route was investigated for the prepara
tion of 2,5-dimethyl-l-n-propyl-7-nitrobenzimidazole (5) 
from the corresponding amino derivative 1. Attempted oxi
dation of the amino group with peracids9 or the replace
ment of the diazonium salt with nitrite ion using a copper 
catalyst10 failed to give an isolable product. Apparently ex
tensive decomposition occurred in the former reaction and 
reduction and phenol“ formation resulted by the second 
method. These data suggest that severe steric interaction 
between a 1-alkyl group and a 7-substituent provides unfa
vorable interference in the transition state for the forma
tion of 5. No further attempt was made to prepare 5.

Discussion of Nmr Spectra
The chemical shifts relative to TMS for the protons of 

the three isomers are listed in Table I. In comparing com
pounds 1 and 2, it is worthwhile to compare the aromatic 
protons (Hg and H10) and the N- methylene group of each. 
When the propyl group is in the 3 position (R2) both aro
matic protons are relatively unaffected;- thus, H10 appears 
at 7.01 ppm and Hg at 6.37 ppm. When the propyl group is 
in the 1 position (R3) in compound 2, H10 should be 
shielded and, therefore, be shifted. H8 has the exact same 
chemical shift in .l and 2. The chemical shift of the NCH2 
group has also changed. This is due presumably to the fact 
that this group in the 3 position (R2) is deshielded by the
4-amino function. Thus, there is an upfield shift of 0.16 
ppm for the NCH2 in going from compound 1 to 2.

As one might expect, there is a large difference in the 
chemical shifts of 3 relative to those of 1 and 2. The elec
tron-poor imidazole ring as well as the aromatic ring cur
rent deshield the methylene protons of the NCH2 leading 
to an 0.8-1.0 ppm downfield shift in 1 and 2 as compared 
with 3. The aromatic protons are shifted upfield due to the 
inductive effect of the propyl group.
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Table I11
Nmr Spectra of iV-n-Propylbenzimidazole

n-C 3H7

Compd Rj R2 R3 H1q(s) Hg (s) CH3' (s) CH3 (s) NCH2 (t) CH2 (h) CH3 (t)

1 H w-C3H7 7.012 H w-C3Ht 6.52
3 w-C3H7 (H) (H) 6.41

It is evident from these data that within a series of sub
stituted benzimidazoles the location of a substituent can be 
determined by nmr spectroscopy.

T he position o f alkylation and acylation o f 4-amino-2,6- 
dim ethylbenzim idazole can be com pared with the corre
sponding reactions in purines. The primary amino group on 
the benzo ring is acylated more readily than the imidazole 
nitrogens and gives a more stable acyl derivative. Alkyla
tion o f  the benzim idazole anion occurs at the less hindered 
nitrogen o f  the imidazole ring.

Experimental Section
Melting points were determined, using a Thomas-Hoover capil

lary melting point apparatus and were not corrected Elemental 
analyses were determined using an F&M Model 185, C, H, and N 
analyzer. Infrared spectra were determined using a Perkin-Elmer 
Model 337 spectrometer with samples prepared as KBr pellets. 
The nuclear magnetic resonance spectra were determined using a 
JEOL Model MH-100 spectrometer.4-Chloro-3,5-dinitrotoluene (8). A solution of 5.6 g (0.081 
mol) of sodium nitrite in 120 ml of concentrated sulfuric acid was 
cooled to 20° and a slurry of 14.7 g (0.075 mol) of 4-amino-3,5-dini- 
trotoluene (7) in 150 ml of warm glacial acetic acid was added at 
such a rate to keep the temperature below 40°. After stirring for 
0.5 hr at 40°,> the solution was added in portions to 15.8 g (0.16 
mol) of cuprous chloride in 150 ml of concentrated hydrochloric 
acid. After the addition was finished, the reaction mixture was 
heated at 80° for 0.5 hr. The yellow solid which had separated was 
removed by filtration. The solid was boiled in 500 ml of benzene 
and the solution was decanted from the inorganic solids. Evapora
tion of the benzene gave 12.4 g (76.5%) of 4-chlor6-2,5-dinitroto- 
luene (8) as a yellow solid: mp 112-114° (lit.12 mp 113-114°).4-Af-Propylamino-3,5-dinitrotoluene (6). A solution of 5.0 g 
(0.023 mol) o f 8. in 40 ml of benzene and 5 ml of triethylamine was 
placed in a 250-ml round-bottomed flask and 7.4 g (0.125 mol) of 
n-propylamine was added. The mixture was heated under reflux 
for 2 hr and the solvent Was evaporated to give a mixture of solid 
and oil. This mixture was triturated with 70 ml of hot pentane and 
the insoluble material removed by filtration. The filtrate was evap
orated in a hood, leaving behind 4-.lV-propylamino-3,5-dinitrotol- 
uene (6) as orange solid. Recrystallization from hexane afforded
5.5 g (100%) of 6: mp 65-66° (lit.13 55°).

Anal. Calcd for C10H13N3O4: C, 50.21; H, 5'48; N, 17.57. Found: 
C, 49.90; H, 5.54; N, 17.33. vf4-Amino-2,S-dimethy 1-3-propyl benzimidazole (T). A three- 
necked 500-ml round-bottomed flask, fitted with a condenser and 
overhead stirrer, was charged with 120 ml of concentrated hydro
chloric acid. Mossy tin (18.0 g) was carefully added, followed by 7.2 
g (0.030 mol) of 6 and the mixture was heated for 1 hr. After cool
ing to 5° with an ice bath, 75 ml of CHC13 was added. The mixture 
was made basic with 140 g of 50% NaOH, then filtered to remove 
the insoluble inorganics. The CHC13 layer was separated from the 
filtrate and the aqueous layer was extracted four more times with
25-ml portions of CHC13. The combined CHCI3 layers were washed 
with 50 ml of H2O, dried over Na2S04, filtered, and evaporated to 
give 4.0 g (74.1%) of 9 as a light red oil: nmr (CDCI3, in ppm) 6.03 
(s, 2 H), 3.44 (br, 5 H), 2.84 (t, 2 H), 2.14 (s, 3 H), 1.58 (h, 2 H), 0.96 
(t, 3 H).

6.37 2.52 2.36 4.12 1.84 0.96
6.37 2.55 2.39 3.96 1.81 0.95
6.12 2.41 2.34 3.12 1.58 0.91

This oil was immediately treated with 20 ml of acetic anhydride 
in a 250-ml round-bottomed flask and heated on a steam bath for 
15 min. After cooling, the mixture was treated with 60 ml of 3 AT 
hydrochloric acid, and then heated under reflux for 2.5 hr. The 
mixture was cooled, made basic with concentrated NH4OH, and 
extracted four times with 25-ml portions of CHC13. The combined 
CHCI3 layers were evaporated, and the residue was added to 40 ml 
of 6 N  HC1 and heated under reflux for 2.5 hr. The mixture was 
made basic with concentrated NH4OH and extracted three times 
with 30-ml portions of CHCI3. The combined CHCI3 layers were 
dried over Na2S04, filtered, and evaporated leaving behind a crude 
solid. Recrystallization of the solid from 25% aqueous ethanol af
forded 2.3 g (51.5%) of 1 as light brown needles, mp 185-186°.

Anal. Calcd for Ci2Hi7N3: C, 70.90; H, 8.43; N, 20.67. Found: C, 
70.87; H, 8.54; N, 20.73.3,4-Diamino-5-nitrotoluene (11). A solution of 11.82 g (0.0600 
mol) of 7 in 150 ml of dimethoxyethane and 15 ml of chloroform 
was hydrogenated over 600 mg of 10% Pd/C at ambient tempera
ture and a pressure of 3 atm. The mixture was allowed to absorb 
the amount of hydrogen required to reduce one nitro group during
1.5 hr. The catalyst was removed by filtration through a Celite 
pad, and the filtrate was concentrated by evaporation in a hood to 
give a dark solid residue. Recrystallization of the solid from 40% 
aqueous ethanol gave 8.1 g (81%) of 11 as a dark red crystalline 
solid: mp 152-154° (lit.14 152-154°).2.6- Dimethyl-4-nitrobenzimidazole (10). A solution of 7.5 g 
(0.045 mol) of 11 and 25 ml of acetic anhydride was heated in a 
500-ml round-bottomed flask on a steam bath for 0.5 hr. The flask 
was fitted with a condenser, and 80 ml of 3 N  hydrochloric acid 
was added to the cooled reaction mixture. The mixture was heated 
under reflux 1 hr and diluted with 100 ml of H2O. The solution was 
boiled with Norit briefly and then filtered through a Celite pad. 
The cooled filtrate was made basic by addition of concentrated 
NH4OH. The precipitate which formed was removed by filtration 
and dried. Recrystallization of the solid from 35% aqueous EtOH 
gave 4.8 g (56%) of 10 as a tan solid, mp 238-240° (lit.14 238-240°).2.6- Dimethyl-4-nitro-l-propylbenzimidazole (4). A mixture 
of 4.78 g (25.0 mmol) of 10, 1.06 g (25.0 mmol) of a 57% NaH-par- 
affin oil dispersion, and 100 ml of dry tetrahydrofuran was heated 
under reflux for 3 hr. To the cooled solution was added 12.3 g 
(0.100 mol) of n-propyl bromide, and the mixture was heated at re
flux for 36 hr. The mixture was cooled and 200 ml of H20  was 
added. The aqueous solution was extracted four times with 30-ml 
portions of CHC13, and the combined CHCI3 layers were dried 
(K2CO3), filtered, and evaporated, leaving 3.8 g (66%) of a brown 
solid, the nmr of which showed the presence of only 4. Recrystalli
zation from 40% aqueous EtOH afforded 4 as gold needles, mp
135.5-136°.

Anal. Calcd for Ci2Hi5N30 2: C, 61.79; H, 6.48; N, 18.01. Found: 
C, 61.53; H, 6.48; N, 17.63.4-Amino-2,6-dimethyl-l-propylbenzimidazole (2). A mixture 
of 1.00 g (4.30 mmol) of 4, 3.0 g of mossy tin, and 20 ml of concen
trated hydrochloric acid was placed in a 100-ml round-bottomed 
flask and heated on a steam bath for 1.5 hr. The cooled mixture 
was made basic with 30 g of 50% NaOH, and then extracted four 
times with 25-ml portions of CHC13. The combined CHC13 layers 
were dried over Na2S04, filtered, and evaporated leaving an oil, 
which solidified when triturated with pentane. Recrystallization of 
the solid from hexane afforded 0.66 g (75.9%) of 2 as white needles, 
mp 94-95°.
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Anal. Calcd for C12H17N3: C, 70.90; H, 8.43; N, 20.67. Found: C, 
70.79; H, 8.58; N, 20.52.

3,4,5-Triaminotoluene (14). A mixture of 3.9 g (0.020 mol) of 7,
9.0 g of mossy tin, and 60 ml of concentrated hydrochloric acid was 
placed in a three-necked 500-ml round-bottomed flask, fitted with 
a condenser and overhead stirrer, and heated on a steam bath for 1 
hr. The cooled mixture was made basic with 80 g of 50% NaOH, 
then extracted four times with 50-ml portions of CHCI3. The com
bined CHCI3  layers were dried over Na2S04, filtered, and evapo
rated leaving behind a white solid. Recrystallization of the solid 
from benzene afforded 1.7 g (63%) of 14 as white needles, mp 100- 
102.5° (lit.15 105°).

4-Amino-2,6-dimethylbenzimidazole Monohydrate (13). A
mixture of 3.7 g (0.027 mol) of 14 and 25 ml of acetic anhydride 
was heated in a 250-ml round-bottomed flask on a steam bath for 
15 min. After cooling the mixture, 50 ml of 3 N  hydrochloric acid 
was added, and the reaction was heated under reflux for 2 hr. The 
mixture was cooled, made basic with concentrated NH4OH, and 
extracted four times with 40-mi portions of CHCI3. Evaporation of 
the combined CHCI3 layers yielded an oily residue, which was 
treated with 60 ml of 6 N  hydrochloric acid and heated under re
flux for 3 hr. The cooled mixture was made basic with concentrat
ed NH4OH, and allowed to sit in the refrigerator for 3 hr, resulting 
in the formation of 3.0 g (62.5%) of 13 as long light gold needles, 
mp 97-98.5° (lit.16 100°). This was used without further purifica
tion.

4-Propionamide-2,6-dimethylbenzimidazole (15). A mixture 
of 3.0 g (0.017 mol) of 13 and 50 ml of propionic acid was heated 
under reflux for 6 hr. The mixture was poured into 100 ml of ice 
water, and made basic with concentrated NH4OH. The resulting 
precipitate was removed by filtration and washed liberally with 
water. After drying the solid it was recrystallized from tetrahydro- 
furan to yield 2.7 g (75.7%) of 15 as a white crystalline solid, mp 
139° dec.

Anal. Calcd for C12H15N3O: C, 66.34; H, 6.96; N, 19.34. Found: 
C, 65.98; H, 6.98; N, 19.27.

2,6-Dimethyl-4-Af-propylaminobenzimidazole (3). A three
necked 250-ml round-bottomed flask, fitted with a condenser, ad
dition funnel, and septum, was charged with 20.5 ml (20.5 mmol) 
of a 1 M  borane-THF solution. A solution of 1.77 g (8.20 mmol) of 
15 in 80 ml of hot dry THF was added to the mixture over a 10- 
min period and the reaction was heated under reflux for 3.5 hr. To 
the cooled mixture 60 ml of 6 N  hydrochloric acid was added slow
ly. The THF was removed by distillation at atmospheric pressure.

Sodium hydroxide pellets were added to saturate the aqueous 
phase and the latter was extracted three times with a total of 60 ml 
of ether. The ether was evaporated leaving behind an oil which was 
treated with 60 ml of 6 N  hydrochloric acid and heated at reflux 
for 2 hr. After cooling sodium hydroxide pellets were added until 
the mixture was basic and the latter was extracted a total o f three 
times with 60 ml o f ether. After drying with Na2S04, the ether was 
evaporated leaving behind a solid. Recrystallization from 40% 
E t0H -H 20  afforded 1.0 g (60.2%) of 3 as a white amorphous solid, 
mp 87-88°.

Anal. Calcd for C12H17N3 • 0.5H2O: C, 67.89; H, 8.55; N, 19.79. 
Found: C, 68.19; H, 8.86; N, 19.94.
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Reaction of benzil benzal monoazine (5) with sodium methoxide in ether gives as the major product benzil di- 
azine (9). Several other products are formed, which include benzonitrile, benzamide, benzoic acid, 5-methoxy- 
l,2,5-triphenyl-3,4-diaza-2,4-pentadjen-l-one (2), 3,4,5-triphenylpyrazole (6), N-benzyl benzamide (7), and a di
hydro derivative of benzil diazine (10). It is suggested that the products are formed via two primary reaction 
pathways: (i) nucleophilic attack by methoxide ion on the benzal carbon atom of 5, and (ii) abstraction of a proton
from this carbon atom by methoxide ion.

The reaction of benzil monoazine (1) with sodium meth
oxide in ether has been shown to give the products depicted 
in Scheme I.2 A possible pathway for the formation of the 
dihydro product 3 has been proposed to be that shown in 
Scheme II.2 This postulate has led us to attempt to gener
ate the anionic species 4 in an alternative fashion.

To this end the reaction of benzil benzal monoazine (5) 
with sodium methoxide was investigated in the hope that 
reaction might proceed, at least in part, by removal of the 
azomethine proton followed by fragmentation to benzoni

trile and the anion 4. In the event, treatment of 5 with sodi
um methoxide in boiling ether led to the rapid develop
ment of a blue coloration that later became dark red- 
brown; after 5 days aqueous work-up gave a plethora of 
products, which did not include 3. These are shown in 
Scheme III; only 9 was isolated in major amount (35%).

Compounds 2 and 6 were identified by direct comparison 
with samples of those compounds that had been obtained 
previously in our work with benzil monoazine.2 A/-Benzyl - 
benzamide (7) was identified by comparison with an au-
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tive, since insufficient material was available for full char
acterization; it is made on the basis of the similarity of the 
ir spectrum of this product with that of benzil monohydra- 
zone (11).

The structure of the yellow diazine 9 was assigned on the 
basis of the close similarity of its ir spectrum to that of 
benzil monoazine (1) and its hydrolysis to benzil and hy
drazine. The assignment was confirmed by the indepen
dent preparation of 9 from benzil dihydrazone (12) and 
benzil (Scheme IV). Compound 10 separated from the orig-
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thentic sample prepared by treatment of benzoyl chloride 
with benzylamine.3 The structural assignment 8 is tenta-

PK
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Ph
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11, R = H

inal reaction mixture as an orange-red solid at the water- 
ether interface after treatment of the reaction mixture with 
water. It could not be purified by recrystallization since the 
red solutions formed in organic solvents rapidly turned yel
low in air, giving the diazine 9.4 A sample of the solid after 
thorough washing with ether and water gave elemental an
alytical data corresponding to the composition C42H32N4- 
O2 • O.5H2O; mass spectrometry corroborated the assign
ment of the formula C42H32N4O2. This formulation and its 
very facile oxidation to 9 suggested that it is a dihydro de
rivative of 9, and structure 10 (or the geometrical isomer at 
the ethylenic bond) is proposed on the basis of the relation
ship of its ir spectrum to the ir spectra of 8 and 11.

The formation of the products other than 9 and 10 from 
5 and sodium methoxide can be envisaged as occurring via 
initial attack of methoxide ion to give the anion 13 (Scheme 
V). Hydride transfer from 13 to a second molecule of 5 
would produce 2 and the anion 14, which could serve as the 
source of products 6, 7, and 8 and the smaller fragments 
observed (Scheme V). Alternatively, the anion 14 could 
arise via hydride or electron transfer from methoxide ion to 
5. Scheme V involves the protonation of 14 before work-up; 
the proton source is considered to be methanol formed by 
proton abstraction from 5 (vide infra). The isolation of 
benzoic acid but not of methyl benzoate is attributed to hy
drolysis of the latter by hydroxide ion formed in the con
version of 8 to 6.

The formation of products 9 and 10 is postulated to in
volve a different primary reaction—proton abstraction by 
methoxide ion of the azomethine hydrogen of 5 to give the 
anion 15 (Scheme VI). Reaction of this with a second mole
cule of 5 would serve as a source of 10, via formation of its 
anion 16 or its dianion, 17; it is possible that the initial blue 
color of the reaction mixture is due to the latter species.5 
The azine 9 is considered to arise by oxidation of 10, either 
during the course of the reaction or during work-up.

The fact that compound 3 was not observed among the 
products from the reaction of 5 with sodium methoxide 
fails to provide evidence concerning the intermediacy of 4 
in the formation of 3 from 1 and sodium methoxide. For,
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although the possibility exists that 4 m ight be form ed from  
5 via elimination o f  benzonitrile from  15, there is no evi
dence that this occurs.

Experimental Section
Benzil Benzaldehyde Monoazine (5).6 Benzil monohydrazone 

(17.0 g, 0.077 mol) was added to a solution of benzaldehyde (9.4 g, 
0.088 mol) in absolute ethanol (550 ml) and the solution was re
fluxed for 3 hr. The solution was concentrated to ca. 100 ml and 
cooled to give yellow plates (15.25 g), mp 139-146°. Further con
centration and cooling gave a second crop (5.30 g), mp 149-150.5°. 
The combined crops were dissolved in a mixture of benzene (50 
ml) and ethanol (50 ml), and the solution was concentrated to 75 
ml to give benzil benzaldehyde monoazine (20.2 g): mp 149-150° 
(lit.6 mp 150°); \max (CHC13) 5.94 M; Amax (EtOH) 260 (log « 4.23), 
306 nm (log i 4.46); S (CDCI3) 7.43 (m, 11 H), 7.92 (m, 4 H), 8.57 (s, 
1 H).

Reaction of 5 with Sodium Methoxide. Benzil benzaldehyde

monoazine (14.4 g) and dry sodium methoxide (9.06 g) in dry ether 
(1.21.) were stirred under a blanket of dry nitrogen. After 24 hr the 
solution was deep blue, and after 5 days red-brown. The red-brown 
reaction mixture was shaken with water (300 ml). The red-orange 
solid at the water-ether interface and suspended in the aqueous 
phase was filtered, washed with water and ether, and dried. This 
solid, compound 10 (0.52 g), had mp 184.5-185° dec; Amax (CHCI3)
3.01, 6.14 n; m/e (%) 624 (4), 519 (6), 491 (5), 415 (28), 414 (58), 402
(5), 387 (6), 311 (10), 310 (24), 297 (10), 194 (5), 178 (10), 165 (10), 
150 (10), 134 (14), 110 (7), 109 (55), 108 (17), 107 (13), 106 (27), 105 
(100), 104 (65), 103 (29).

Anal. Calcd for C42H32N4O2 • 0.5H2O: C, 79.60; H, 5.25; N, 8.85. 
Found: C, 79.70; H, 5.40; N, 8.86.

The aqueous solution was extracted with ether, and the extracts 
were combined with the red ethereal solution, whose color rapidly 
changed to yellow. This process was not dependent on light. The 
aqueous solution was acidified to give benzoic acid (1.04 g, 7%); 
this was recrystallized to give material, mp 119-120°; mmp 120- 
121°.

The combined ethereal solutions were concentrated to ca. 150 
ml and on standing for 5 days gave a mixture of crystals (4.11 g) 
from which a white crystalline solid, mp 165-173°, was separated 
manually. This was crystallized from ether to give material: mp
178-179° dec; Xmax (CHCI3) 2.99, 3.04 (complex), 5.98 n: solutions 
of this material in hot carbon tetrachloride or chloroform were red. 
Consistent elemental analytical and mass spectral data could not 
be obtained for this substance.

The residual yellow crystalline solid had mp 164-180°. Several 
recrystallizations from ethanol-benzene gave material, mp 184- 
186°. An analytical sample, mp 184.5-185.5°, was prepared by sev
eral recrystallizations of this material from acetic acid: Amax 
(CHCI3) 5.98 n; Amax (CH2C12) 258 (log e 4.59), 318 nm (log t 4.67); 
5 (CDCI3) 7.15-7.55 (m, 26 H), 7.97 (m, 4 H).

Anal. Calcd for C42H3oN40 2: C, 81.01; H, 4.86; N, 9.00. Found: C, 
80.73; H, 4.85; N, 9.11.

This was identified as benzil diazine (9) by mmp 184-185° with 
an authentic sample (vide infra), mp 184-185°. Its mixture melt
ing point with benzil monoazine was 169-175° and with benzil 
benzaldehyde monoazine, 141-144°.

The original ethereal solution was evaporated, and the residue 
was taken up in benzene-petroleum ether and chromatographed 
on alumina (B.D.H.; 480 g). Elution with benzene-petroleum ether 
(1:1) gave an oil (1.01 g) that contained mainly benzonitrile, identi
fied by ir and nmr spectroscopy and by odor.

Further elution with benzene-petroleum ether (1:1) gave an oil 
(0.62 g), which was crystallized from ether to give crystalline mate
rial, mp 121-123°; this was recrystallized from ether to give nee
dles, mp 124-125°. It was shown to be l,2,5-triphenyl-5-methoxy-
3,4-diaza-2,4-pentadien-l-one (2) by ir spectral comparison and by 
mixture melting point comparison with an authentic sample.2

Further elution with benzene-petroleum ether (1:1, 3:1, and 9:1) 
and benzene gave additional benzil diazine (2.56 g; total, 6.06 g), 
mp 184-185°.

Elution with ether-benzene (1:99) gave an orange oil (0.62 g) 
that crystallized from benzene to give A'-benzylbenzamide (7): mp
104-105° and mmp 104-105° with an authentic sample (vide 
infra), mp 103.5-104°; Amax (CC14) 3.05, 6.00 n; S (CDC13) 4.43 (d, J 
= 6 Hz, 2 H; s after D20  treatment), 7.17 (m, 9 H; 8 H after D20  
treatment), 7.73 (m, 2 H).

Elution with ether-benzene (1:9) gave a green gum (0.78 g), 
which was rechromatographed under the same conditions to give 
material (0.54 g) that crystallized from ethanol as a solid, mp 
125-135°; after recrystallization from ethanol this gave greenish 
needles, mp 147-148°; Amax (CHC13) 3.01,6.09 n.

Anal. Calcd for C2iH18N20: C, 80.23; H, 5.77; N, 8.91. Found: C, 
79.89; H, 6.33; N, 8.95.

Elution with ether gave a white solid (0.57 g) from which 3,4,5- 
triphenylpyrazole (6), mp 265-266.5°, was obtained by crystalliza
tion from ethanol; it had mmp 265-266.5° with an authentic sam
ple,2 mp 265-266.5°.

Elution with methanol-chloroform (1:1) gave a black oil (0.57 g) 
that had an ir spectrum characteristic of benzamide and crystal
lized from water to give benzamide, mp 121-124°.

Hydrolysis of 9. Compound 9 (0.65 g) was heated in aqueous 
66% sulfuric acid (75 ml) for 20 min. The mixture was poured into 
water (500 ml) and continuously extracted with ether for 2 days. 
The ethereal solution was dried and evaporated to give benzil (0.58 
g, 88%), which after crystallization from ethanol had mp 90-93.5°. 
The aqueous acidic solution was treated with excess salicylal- 
dehyde to detect hydrazine.7 The solution became fluorescent and
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on standing salicylalazine crystallized and was filtered to give fluo
rescent needles (0.42 g, 96%), mp 214-216° (lit.8 mp 213°); mmp 
214-216° with an authentic sample, mp 214-216°, prepared from 
salicylaldehyde and hydrazine dihydrochloride in water. The ir 
spectra of the two samples were indistinguishable.

Conversion of 10 to 9. Compound 10 (58 mg) was dissolved in 
dichloromethane and the red solution was allowed to stand in the 
air until the color had changed to yellow. The solution was evapo
rated, and the residue was crystallized from acetic acid to give yel
low crystals (44 mg, 78%) of benzil diazine, mp 182-184°; mmp 
182-184°.

iV-Benzylbenzamide (7). Benzoyl chloride (1.40 g, 0.0100 mol) 
in dry ether was added to a solution of benzylamine (2.14 g, 0.0200 
mol) in dry ether (50 ml). White crystals formed, which were fil
tered and washed well with ether. The filtrate and washings were 
evaporated to give a white solid, which was crystallized from ben
zene to give JV-benzylbenzamide (1.50 g, 50%), mp 103.5-104° (lit.3 
mp 105-106°).

Benzil Dihydrazone. (12). Benzil dihydrazone was prepared by 
boiling a solution of benzil and 2 equiv of hydrazine hydrate in 1- 
propanol under reflux for 60 hr: mp 151.5-152.5° (lit.9 mp 152- 
153°); Xma* (CHCls) 2.90, 3.03; 6.19, 6.30 «  « (CDClg) 5.67 (br s, 4 
H), 1.2-7.7 (m, 10 H).

Benzil Diazine (9). Benzil dihydrazone (2.38 g, 0.0100 mol) and 
benzil (4.20 g, 0.0200 mol) were heated under reflux in 1-propanol 
for 5 hr with a few drops of concentrated hydrochloric acid. A yel

low crystalline mass, mp 171-180°, crystallized on cooling. Three 
crystallizations from glacial acetic acid gave benzil diazine, mp 
184-185°.
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Diazotization of endo-7-Aminomethylbicyclo[3.3.1]nonan-3-ols and 
endo-7-Aminomethylbicyclo[3.3.1]non-2-ene1
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Diazotization of endo-7-aminomethylbicyclo[3.3.1]nonan-exo-3-ol (3) with aqueous nitrous acid produced 3- 
methylbicyelo[3.3.1]non-2-en-exo-7-ol (7), exo-7-methylbicyclo[3.3.1]nonan-3-one (8), and presumably exo-8-- 
hydroxybicyclo[4.3.1]dec-2-ene (9) as major products. Exposure of ercdo-7-aminomethylbieyclo[3.3.1]nonan-ercdo-
3-ol (2) to both protic (acetic acid or water) and aprotic (benzene) deamination resulted mainly in formation of 1- 
methyl-2-oxaadamantane (19) and 4-oxahomoadamantane (20) in addition to a component tentatively identified 
as endo-8-hydroxybicyelo[4.3.ljdec-3-ene (21). Compound 2 yielded eredo-7-aminomethylbicyclo[3.3.1]non-2-ene
(4) with dilute sulfuric acid. Deamination of 4 under conditions used for 2 provided 2-adamantanol (28) and 2- 
adamantyl acetate (29) as principal products. Elimination, transannular interactions, and apparently ring expan
sion comprise the dominant reaction routes. 7 gave 8 with sulfuric acid. The preparations of the isomeric 7-mdth- 
ylenebicyclo[3.3.l]nonan-3-ols (10) and endo-7-methylbicyclo[3.3.1]nonan-3-one (11) from reduction of 7-methy- 
leriebicyclo[3.3.1]nonan-3-one (12) are described. Endo alcohol 10b provided 19 under acidic conditions. Mecha
nistic aspects of the investigation are treated.

Previous reports from this laboratory have described the 
preparation5 of endo-7-aminomethylbicyclo[3.3.1]nonan-
3-one (1) and its versatility as a precursor to various bicy- 
clo[3.3.1]nonane derivatives.6 Reduction of 1 with NaBH4

in alcoholic solvents provided the corresponding alcohols,7 
2 (endo) and 3 (exo). Keeping in mind the possibility for 
transannular interaction with the hydroxyl and alkenyl 
moieties, we intended to determine the response of 2 and 3, 
as well as the aminoalkene 4, toward various deaminating 
systems. Attention was devoted to mechanistic aspects.

In related studies,8 diazotization of 1 yielded 4-protoada- 
mantanone and 3-methylbicyclo[3.3.1]non-2-en-7-one (5). 
endo-3-Aminomethylbicyclo[3.3.1] nonane (6) produced 3- 
methylbicyclo[3.3.1]non-2-ene, 3-methylenebicyclo[3.3.1]- 
nonane, endo-3-acetoxymethylbicyclo[3.3.1]nonane, and 
endo-3-hydroxymethylbicyclo[3.3.1]nonane.

Results and Discussion
The isomeric amino alcohols 2 and 3 were subjected to 

deamination in three solvent systems. The major products 
resulted from elimination and transannular interactions. In 
addition, there was indication of ring expansion to the bi- 
cyclo[4.3.1]decene system.



J. Org. C hem ., Vol. 40, N o. 4, 1975 445Diazotization of en d o -7-A m  inomethytbiCyclo[3.3.1 ]nonan -3-ois
endo-7-Aminomethylbicyclo[3.3.1]nonan-ejco-3-ol.

When amino alcohol 3 was exposed to sodium nitrite and 
acetic acid in aqueous solution, the major products were 3- 
methylbicyclo[3.3.1]non-2-en-exo-7-ol (7) (50%), exo-7- 
methylbicyclo[3.3.1]nonan-3-one (8) (16%), and presum
ably exo-8-hydroxybicyclo[4.3.1]dec-2-ene (9b) (12%), eq 1.

3 — ►

Several uncharacterized minor components (ca. 5% of the 
total) were also present. Structures for 7, 8, and 9 were as
signed, in part, from spectral and microanalytical data. The 
nmr spectrum of 7 displayed an allylic methyl group, a 
multiplet for the alkene proton, and the characteristic 
seven-line multiplet indicating exo configuration7 for the 
hydroxyl moiety.

The infrared spectrum of 8 showed strong carbonyl ab
sorption, and the nmr data contained a doublet for the 
methyl protons, as well as broad absorption for the methy
lene protons adjacent to the carbonyl. The exo assignment 
for the methyl group is based on literature data9-12 and in
dependent synthesis. A simple preparative method for 8 
consisted of exposing 7 to 75% sulfuric acid by analogy to 
work with lycopodine alkaloids.13 Presumably, cation 15 
(Scheme I) functions as an intermediate. Examples of the 
conversion of 7-methylenebicyclo[3.3.1]nonan-exo-3-ol9’14 
(10a) to 8 through the agency of sulfuric acid have been

O H

10a, e x o

b, e n d o

disclosed.19'10 The stereochemistry was further corroborated 
by comparison with the erido isomer11-15 (11) of 8 which 
was obtained by two routes. The first approach consisted of 
reduction of 7-methylenebicyclo[3.3.1]nonan-3-one16 (12)

The unsaturated alcohol 9 had informative nmr features 
consisting of two alkene protons, as well as the seven-line 
multiplet for the proton a to the exo OH. A multiplet at 5
2.60, assigned to the allylic bridgehead proton, and the rel
ative complexity of the spectrum support the unsymmetri- 
cal structure 9b. The hydroxyl and alkene absorptions in 
the infrared region were also diagnostic, as was the molecu
lar ion at m/e 152 in the mass spectrum. The isomeric alk- 
enol 10a was ruled out by comparison of the materials. 
Compound 10a was prepared by LiAlH4 reduction of 12.

When ispamyl nitrite in acetic acid or isoamyl nitrite in 
acetic acid-benzene was used for deamination of 3, 
mixtures arose which were difficult to separate by glpc. It 
appeared, however, that the yield of 8 was greater in these 
cases.

Scheme I outlines reasonable mechanistic pathways for 
formation of 7,8, and 9 from 3.

Scheme I
O H

, 1 I " '
9a or 9b 8

O

C H 2

12

with LiAlH4, followed by acetylation of the isomeric alco
hols. After hydrogenation of the mixture of unsaturated 
acetates, the esters were saponified. Finally, chromic anhy
dride oxidation provided the desired ketone. A less com
plex route made use of direct hydrogenation11’15 of 12 in 
the presence of platinum oxide. Ketone 11 exhibited spec
tral (ir and nmr) and physical properties different from 
those of its isomer 8. An attempt to use 58 as a precursor 
for 11 under reducing conditions (H2-Ptp2) provided un
changed starting material. The reluctance to react can be 
attributed to the slow rate at which highly alkylated alkT 
enes undergo hydrogenation.17

Rearrangement to 15 appears to be the predominant 
mode of reaction of the initially formed cation 14 (see 
below). Elimination from 15 comprises the major type of 
reaction, leading to 7. Intermediate 15 can undergo further 
rearrangement by transannular hydride abstraction10’13 
with eventual production of 8 via 17. Transannular hydride 
abstractions involving bicyclo[3.3.1]nonyl cations have 
been documented. For example, solvolysis10 of the tosylate 
of exo-7-methylbicyclo[3.3.1]nonan-exo-3-ol provided 
more than 50% of 3-methylbicyclo[3.3.1]non-2-ene, in addi
tion to exo-7-methylbicyclo[3.3.1]non-2-ene from 1,2 elimi
nation. Additional examples are presented in a recent re
view.13

The Demyanov type rearrangement of 14 to 18 provides 
a rare example of ring expansion from a bicyclo[3.3.1]no- 
nane to a bicyclo[4.3.1]decane. Subsequent elimination of a 
proton can occur with formation of 9. A related ring en
largement via the (l-bicyclo[3,3.1]nonyl)methyl cation has 
been reported,19 eq 2.
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Prior literature that has come to our attention con
cerning diazotization of amino alcohols generally involved 
the l-hydroxy-2-amino types. These compounds undergo 
ring expansion ilia Tiffeneu-Demyanov rearrangement.20

endo-7-Ammomethylbicyclo[3.3.1]nonan-endo-3-ol.
In the case of the endo alcohol 2, the major products were 
l-methyl-2-oxaadamantane (19) and 4-oxahomoadaman- 
tane (20) in all three systems, eq 3. Identification of 19 and 
20 was based on spectral and literature data.8’21,22

2

19

Our studies were carried out with a 95:5 mixture of 2:3 
since alcohol of this composition (difficult to separate) was 
readily obtained by NaBH4 reduction7 of 1. Upon diazoti
zation with sodium nitrite and acetic acid in aqueous solu
tion at 80-90°, 19 was formed in 36% yield and 20 in 26% 
yield. A third component (17%) has been tentatively as
signed the endo-8-hydroxybicyclo[4.3.1]decene structure 
(most likely 21a) from its spectral features. Another prod
uct (about 7%) appears to be a mixture on the basis of scru
tiny by glpc and nmr. About four other components were 
present, each ~2-3% of the total. At least three of these 
minor products could arise from the small amount of 3 in 
the starting material. When 2 was deaminated with isoamyl 
nitrite in acetic acid at 80-85°, 19 was produced in 55% 
yield and 20 in 27% yield. Several minor, unidentified com
ponents (ca. 10% of the total) were also present along with 
less than 5% of 21.

With benzene-isoamyl nitrite-acetic acid at reflux, 19 
and 20 were again generated as the major products in yields 
of 23 and 60%, respectively, along with about 5% of 21 and 
minor components (about 8% of the total).

Since elimination leading to olefins is a common occur
rence in deamination, it is noteworthy that this type of 
product was not observed as a major component. In an at
tempt to synthesize one of the possible hydroxyalkenes, 3- 
methylenebicyclo[3.3.1]nohan-endo-3-ol (10b), which 
might be formed during deamination, compound 12 was re
duced with LiAlH4 or NaBH4. Only 19 was detected during 
glpc analysis of the product. Evidence (nmr) indicated that 
ring closure did not occur during reduction. Hence, conver
sion by acidic sites on the solid support may be responsible 
for some of "the 19 isolated by glpc from the diazotization. 
When a base impregnated column was employed for glpc 
analysis, it was possible to separate and collect both 10a 
and 10b with very little 19 being formed. When the product 
mixture from the diazotization of 2 was examined with this 
column, substantial amounts of 19 were present, providing 
assurance that 19 is generated during diazotization. The 
conversion of 10b to 19 during chromatography on silica gel 
has been reported,9 as well as by acid catalysis.21

Formation of 19, 20, and 21 from 2 can be rationalized 
according to Scheme II.

Attack of oxygen by the cation in 23 (see below) would 
yield 20. Alternatively, 22 may serve directly as precursor 
to 20 via displacement of molecular nitrogen by the nucleo
philic hydroxyl group. Rearrangement of 23 by a 1,2-hy
dride shift generates the more stable tertiary ion 24. It is 
significant that a higher ratio of 20:19 is realized when non
polar benzene serves as the medium. Presumably, the more 
polar acetic acid and water favor the conversion of 23 to 24. 
Cation 23 may also rearrange by a second pathway (see 
above) to provide the ring-expanded, unsaturated alcohol 
21 by way of elimination from 26.

Transannular reactions in the bicyclo[3.3.1]nonane series 
are not uncommon. For example, both 5 and 12 produced 
1-adamantanol on exposure to H2/Pd.8 Reductive cycliza- 
tion was observed when 1 was hydrogenated in ethanol in 
the presence of Raney nickel.7 Other examples are dis
cussed elsewhere.8’23

endo-7-Aminomethylbicyclo[3.3.1]non-2-ene. Expo
sure of amino alcohol 2 to refluxing dilute sulfuric acid re
sulted in formation of 4 in moderate to good yields. The 
proposed structure for the aminoalkene is consistent with 
spectral and microanalytical data. Catalytic hydrogenation 
produced 6 which was identical with the compound ob
tained from Wolff-Kishner reduction6 of 1. Further char
acterization of 4 was effected through its benzoyl deriva
tive. Dehydration of alcohols by dilute sulfuric acid is com-



monly employed.24® Indeed, too highly concentrated sulfu
ric acid favors hydration of olefins.24*3

Amino olefin 4 was subjected to diazotization in the 
three systems. In all cases, the predominant product re
sulted from the intermediate 2-adamantyl cation 27. 
Deamination of 4 with sodium nitrite and acetic acid in 
aqueous solution afforded a mixture of three products 
(Scheme III), the major component being 2-adamantanol
(28) . One of the minor products was 2-adamantyl acetate
(29) , prepared independently by acetylation of 28 with ace
tyl chloride. The second minor substance, not completely 
characterized, appears to be an unsaturated alcohol, per-

Diazotization of mdo-7-Aminomethylbicyclo[3.3.1]nonan-3-ols

'CH2OH
30

haps 3022’38 (or ring expanded product, see above) on the 
basis of ir and nmr data. Several contaminants were also 
present in trace amounts in the product mixture. Glpc 
analysis, in conjunction with authentic materials, pointed 
to the absence of 1-adamantanol and 4-protoadamantanols.

When diazotization of 4 was carried out in glacial acetic 
acid containing a small amount of acetic anhydride to en
sure anhydrous conditions, the major product was 2-ada
mantyl acetate (29) (75%). Only one principal minor com
ponent (ca. 10%) was present. Although not identified, it 
most likely is the acetate of the alcohol which was tenta
tively assigned structure 30.

Deamination of 4 was also carried out in benzene solu
tion with isoamyl nitrite and acetic acid. Unlike previous 
runs in which reaction was immediate and rapid as indicat
ed by nitrogen evolution at room temperature, there was no 
evidence of diazotization under these conditions. However, 
heating at reflux produced a mixture of products with 29 
representing a major component. The other, unidentified 
products displayed relatively short retention times in glpc.

Formation of cation 27 from deamination of 4 might re
sult from either of two paths (Scheme IV). The initially

Scheme IV

formed diazonium ion 31 might lose nitrogen via an SNl 
type reaction to form the primary cation 32. Ion 32 then at
tacks the tt system generating the more stable ion 27. How
ever, it has been reported that diazonium ions do not un
dergo unimolecular fission to primary carbocations, but 
rather rearrange by a concerted process25 (also see Schemes 
I and II). Alternatively, the ir electrons in 31 could assist in 
the displacement of molecular nitrogen, via an Sn2 mecha
nism, to yield 27 directly. The distinction between SNl and

Sn2 routes in deamination reactions has been a topic of in
terest in recent years.26

Participation of ir electrons in substitution reactions has 
literature precedent.27 In a system closely related to our 
own, the tosvlate of endo-7-hydroxymethylbicyclo-
[3.3.1]non-2-ene (33) provided mostly 28 in 80% acetone at
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25°, along with about 5% of the internal return product, 2- 
adamantyl tosylate.28 The rate ratio at 25° for 33 vs. its 
saturated counterpart was 2 X 204. In addition, 30 provided 
28 with sulfuric acid.22

In deamination of a related compound 34, involvement 
of the tt electrons with the electrophilic site is not feasible 
at the initial stage29 (Scheme V). With the isomeric amine,

Scheme V

the alkene function is unfavorably situated stereochemical- 
ly for assisting in displacement.29 Although the type of tt 
participation illustrated in Scheme IV has been proposed 
in the case of certain diazonium ketones (enol forms), these 
hypotheses should be regarded as quite speculative.8’30 Fi
nally, diazotization of endo-3-aminobicyclo[3.3.1]nonane 
gave the 3-endo OH and bicyclonon-2-ene.31

Experimental Section
Melting points are uncorrected. Infrared spectra were obtained 

with Beckman IR-8 and IR-20A and Perkin-Elmer 137 instru
ments, calibrated with the 1601- cm-1 band of polystyrene. Varian 
T-60 and HA-100 instruments were used to obtain nmr data which 
are reported in parts per million relative to tetramethylsilane as 
internal standard. Gas chromatography was carried out with a 
Varian Aerograph instrument (A-90-P, 1700, or 1800) with the fol
lowing columns: (A) 15 ft X 0.25 in., 15% Carbowax 20M and 10% 
NaOH on Chromosorb P (30-60 mesh); (B) 10 ft X 0.25 in., 15% 
Ucon 50HB2000 and 5% NaOH on Chromosorb W (45-60 mesh); 
(C) 10 ft X 0.25 in., 20% Carbowax 20M on Chromosorb W (45-60 
mesh). Solutions were dried over Na2SÛ4. Microanalyses were per
formed by the Baron Consulting Co., Orange, Conn. Mass spectral 
data were obtained with a Hitachi Perkin-Elmer RMU-6E instru
ment.

The preparations of 2 and 3 have been described7 previously. 
The sample of 2 used in diazotization was obtained from 1 and 
NaBH4 in methancl, and contained 5-7% of 3 by glpc (column A at 
225°).

Diazotization of 3. In Water. A mixture of 3 (1.7 g, 10 mmol), 
water (40 ml), sodium nitrite (0.85 g, 12 mmol), and acetic acid (0.8 
ml, 13.5 mmol) was heated at 80-90° for 3 hr. After the cooled so
lution was extracted with methylene chloride, the organic layer 
was washed first with 5% sodium bicarbonate, next with water, and 
then dried. Glpc analysis (column C), with camphor as internal 
standard, indicated the presence of three major components: 7 
(16%), 8 (50%), and 9 (12%]. Pure samples were obtained by pre
parative glpc followed by sublimation.

8: mp 51.5-53.5° (see below); ir (CC14) 1695 cm-1 (C = 0 ); nmr
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(CC14) 6 0.84 (d, 2, CH3, J  = 4-5 Hz); mass spectrum m/e 152 
(M+).

Anal. Calcd for C10Hl6O: C, 78.90; H, 10.59. Pound: C, 78.62; H, 
10.31.

2,4-DinitrophenyIhydrazone, mp 178.5-180°, from 95% ethanol 
(see below).

Anal. Calcd for C16H2oN4Oi: C, 57.82; H, 6.07; N, 16.86. Found: 
C, 58.07; H, 5.81; N, 17.02.

7: mp 46-49°; ir (CCI4) 3350 (OH), 1670 (C—C), 1438, 1377 
(CH3), and 1050 c m 1 (C— 0); nmr (CCI4) b 5.45 (m, 1, HC=C),
3.88 (m, 1, CHOH, Jax = 3-4 Hz, J bx = 13-14 Hz), 1.60 (s, 3, allylic 
CH3); mass spectrum m/e 152 (M+).

Anal. Calcd for Ci0H i6O: C, 78.90; H, 10.59. Found: C, 78.76; H, 
10.49.

9: mp 41.5-45.5°; ir (CC14) 3570, 3330 (OH), 1650 (C=C), 1040 
(C—O), and 714 and 680 cm-1; nmr (CC14) 6 5.55 (m, 2, alkene),
3.80 (m, 1, CffOH), 3.33 (s, 1, OH), 2.60 (m, 1); mass spectrum m/e 
152 (M+).

Anal. Calcd for C10Hi6O: C, 78.90; H, 10.59. Found: C, 78.63; H, 
10.47.

In Acetic Acid. A solution of 3 (2 g, 12 mmol), acetic acid (30 
ml), and isoamyl nitrite (2 ml, 15 mmol) was warmed at 60-65° for 
3 hr. A greenish color and gas evolution were evident upon mixing. 
Water (30 ml) was added, and the cooled mixture was extracted 
with pentane and with benzene. The combined organic extract was 
washed successively with water, 5% sodium bicarbonate, and 
water, and then dried. Solvent removal yielded 2.5 g of a yellow oil. 
Glpc (column C) showed three principal products at least two of 
which were mixtures and not characterized further. The presence 
of an acetate was indicated by ir analysis. A positive test with 2,4- 
dinitrophenylhydrazine pointed to the presence of a ketone, most 
probably 8.

exo-7-Methylbicyclo[3.3.1]nonan-3-one (8 from 7). Com
pound 7 (122 mg) was stirred with 4 ml of 75% sulfuric acid for 6 hr 
at room temperature. The reaction mixture was diluted with 
water, and then extracted with pentane. Solvent removal afforded 
the crude product. Glpc analysis (column C) indicated that the 
conversion of 7 to 8 was essentially quantitative with no by-prod
ucts. A pure sample was obtained by preparative glpc and subse
quent sublimation, mp 54.5-56.5° [lit.9 mp 57-58°]. The nmr and 
infrared spectra were identical with those of the ketone isolated 
from diazotization of 3; 2,4-dinitrophenylhydrazone, mp 183.5- 
184.5°, mixture melting point with same derivative of 8 from dia
zotization of 3 ,182-186°.

endo-7- Methylbicyclo[3.3.1]nonan-3-one (11 from 12). (1).
Compound 12 (1.33 g) was shaken with 326 mg of PtC>2 in 120 ml of 
ethyl acetate under 40 psi of hydrogen for 48 hr. The catalyst was 
removed by filtration, and the solvent was evaporated under re
duced pressure to give crude 11 as a yellow solid in greater than 
95% yield. Glpc analysis (column C) showed the presence of one 
very minor impurity as well as the absence of 5. Preparative glpc 
and sublimation provided pure 11, mp 40-42° [lit.11 mp 42.5- 
43.5°]; ir (CC14) 1706 cm" 1 (C = 0 ); nmr (CDC13) b 0.81 (d, 3, CH3, 
J = 6 Hz); mass spectrum m/e (rel intensity) 152 (35), 109 (65), 95 
(100); 2,4-dinitrophenylhydrazone, mp 170.5-172°, from 95% etha
nol.

Anal. Calcd for C16H2oN40 4: C, 57.82; H, 6.07; N, 16.86. Found: 
C, 57.89; H, 5.95; N, 16.86.

(2). Compound 12 (2:0 g, 13.3 mmol) was reduced with (0.25 g,
6.6 mmol) LiAlH4 in refluxing ether. The crude alcohol mixture 
was acetylated with acetic anhydride (5 ml)-sodium acetate (3 
g)-water (25 ml) by warming on a steam cone for 45 min. Methy
lene chloride extraction provided 3.3 g of a light yellow liquid. Glpc 
analysis indicated only partial acetylation. An alternate process 
was carried out by stirring the crude product with acetyl chloride 
(7.5 ml)-triethylamine (30-35 ml)-benzene (75 ml) for 1.5 hr. at 
room temperature. Samples of the endo and exo acetates were iso
lated by glpc. The infrared spectra (CCI4) confirmed the presence 
of ester and exocyclic methylene functionalities.

Anal. Calcd for C12Hi80 2: C, 74.19; H, 9.34. Found: (exo) C, 
73.96; H, 9.61; (endo) C, 73.99; H, 9.15.

The crude mixture of acetates was hydrogenated at low pressure 
over 1 g of Pd/C catalyst in 50 ml of methanol. After the catalyst 
was removed by filtration, the saturated esters in the methanol so
lution were saponified by heating for 2-3 hr with 40 ml of 5% 
NaOH. The methanol was evaporated, and the basic solution was 
extracted with CH2CI2. Drying and solvent removal provided the 
crude saturated alcohols.

The crude alcohol mixture was oxidized32 as follows. An oxidiz
ing solution of chromium trioxide (4 g), water (5 ml), acetic acid

(12 ml), and concentrated sulfuric acid (3.6 ml) was added drop- 
wise to a solution of the crude alcohols (ca. 200 mg) in 10 ml of 
CH2CI2 and 5 ml of acetic acid until the orange color of the oxidant 
persisted at room temperature. After 15 ml of water was added, the 
layers were separated. The aqueous layer was extracted with 
CH2C12; the combined CH2CI2 solution was washed with water and 
then dried. Solvent removal left a yellow oil. Preparative glpc (col
umn C) provided a sample of 11 which proved identical (ir, nmr) 
with that obtained from the direct catalytic reduction of 12.

1,3-Dibromoadamantane. A literature procedure33 was fol
lowed with 1-bromoadamantane (100 g), bromine (200 ml), boron 
tribromide (25 g), and aluminum bromide (0.5 g). The progress of 
the reaction was monitored by periodic analysis of small aliquots 
by glpc. Work-up provided 125 g (90%) of the desired product, mp 
108-111°, from Skelly B [lit.34 mp 106-108° (sealed tube)].

12 from 1,3-Dibromoadamantane. A literature method35 was 
used with 125 g of 1,3-dibromoadamantane (diglyme as solvent). 
Work-up led to 41 g (65%) of 12, mp 159-164° [lit.36 mp 160-164°]. 
The product contained traces of diglyme which did not interfere 
with subsequent reactions.

Attempted Preparation of 11 from 5. A 70-mg sample of 5 was 
shaken with 108 mg of P t02 in 21 ml of ethyl acetate under 40 psi 
of H2 for 48 hr. Catalyst and solvent removal left a green colored 
oil. Glpc analysis (column C) in conjunction with the infrared 
spectrum indicated the oil to be mainly unreacted 5.

Diazotization of 2. In Water. A mixture of 2 (2 g, 12 mmol), 
acetic acid (0.8 ml, 13.5 mmol), water (40 ml), and sodium nitrite 
(0.85 g, 12 mmol) was heated at 80-90° for 2 hr. The cooled solu
tion was extracted with methylene chloride, and the extract was 
washed with 10% sodium carbonate and water, and then dried. Sol
vent removal afforded a yellow oil, 1.8 g. Glpc analysis (column C), 
1-adamantanol as internal standard, showed the presence of 19 
(36%) and 20 (26%). A minor component (7%) proved to be a mix
ture upon closer examination. A second component (17%) was ten
tatively identified as 21: nmr (CDC13) & 5.78 (m, 2, alkene), 3.80 
(m, 1, CHOH), 2.75 (s, 1, OH, exchangeable with D20), 2.4-1.3 
(rest of H); ir (CCI4) 3450, 2995, 1647, 1047, and 707 cm-1; mass 
spectrum, m/e 152 (M+).

Anal. Calcd for CioHigO: C, 78.90; H, 10.59. Found: C, 78.54; H, 
10.27.

Identification of 19 and 20 was accomplished by spectral com
parison (ir and nmr) with authentic36 samples. Several minor con
taminants (each 2-3% of the total) were also present.

In Acetic Acid. A solution of 2 (2 g, 12 mmol) and isoamyl ni
trite (2 ml, 15 mmol) in acetic acid (30 ml) was kept at 85° for 3 hr. 
Water (30 ml) was then added, and the cooled solution was ex
tracted with pentane and with benzene. The combined extract was 
washed with 5% sodium bicarbonate and water, and then dried. 
Solvent removal afforded 4.2 g of light yellow oil. The product 
mixture contained appreciable quantities of isoamyl alcohol, iso
amyl acetate, and isoamyl nitrite. Glpc analysis (column C), 1-ada
mantanol as standard, revealed the presence of 19 (55%) and 20 
(27%) in addition to four-five minor components (ca. 10% of total).

In Benzene. A mixture of 2 ( 2 g, 12 mmol), acetic acid (0.8 ml,
13.5 mmol), and isoamyl nitrite (2 ml, 15 mmol) in 40 ml of ben
zene was heated at reflux for 3 hr. The cooled benzene solution was 
washed with 5% sodium bicarbonate and water, and then dried. 
Solvent removal afforded 4.4 g of light yellow oil. Isoamyl alcohol, 
isoamyl acetate, and isoamyl nitrite were present in appreciable 
quantity. Glpc analysis (column C, 1-adamantanol as internal 
standard) showed the presence of 19 (23-24%), 20 (60%), and 21 
(4-5%) and four-five minor components (ca. 10% of total).

Reduction of 12 with NaBH4. A mixture of compound 12 (2.5 
g, 16.7 mmol), NaBH4 (0.64 g, 17 mmol), and absolute ethanol (40 
ml) was stirred at room temperature for 12 hr. Saline (20%, 5 ml) 
was added, and the reaction mixture was stirred a few minutes 
more. The volatile solvents were removed under reduced pressure, 
and the residue was extracted with CH2C12. Evaporation of the 
dried solution gave a crude product, 2.5 g. Glpc analysis (column 
C, 190°) indicated the presence of 19 and unreacted 12, identified 
by their ir and nmr spectra. Glpc analysis (column A) provided 10a 
and 10b which were further purified by sublimation: 10a, mp 89- 
90° [lit.9 mp 93-94°]; 10b, mp 79-81° [lit.21 mp 88°]. The infrared 
and nmr spectral characteristics of the isomeric alcohols were in 
accord with prior observations.14

Compound 12 (0.5 g) was reduced by refluxing with 0.63 g of 
LiAlH4 in 30 ml of ether for several hours. The reaction mixture 
was quenched with D20  and then worked up as described above. 
The white solid which remained was examined by nmr. None of 19 
was contained in the crude product mixture as evidenced by the
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lack of the characteristic singlet for the methyl group in 19. A sam
ple of crude 10b was subjected to gas chromatography (column C). 
The nmr spectrum of 19 obtained in this way indicated no incorpo
ration of deuterium into the methyl group during rearrangement 
on the column, indicating that acidic sites on the solid support are 
responsible for the conversion of 10b to 19 during glpc.

endo-7-Aminomethylbicyclo[3.3.1]non-2-ene (4 from 2 and
3). A 75:25 mixture7 of 2 and 3 (503 mg, 2.9 mmol) was refluxed for 
24 hr in 40 ml of 0.1 M  sulfuric acid. After the solution was made 
strongly alkaline with 20% sodium hydroxide, the resulting oil was 
taken up in ether. Solvent removal from the dried solution gave 
350 mg, 80% of a light yellow oil which was 95% pure by glpc (col
umn B). An analytical sample of 4 was obtained by preparative 
glpc: ir (neat) 3345, 3260 (NH2), 2990 (vinyl CH), 1640 (C=C), and 
1600 cm“ 1 (NH2); nmr (CDC13) & 5.68 (m, 2, CH=CH), 2.62 (d, 2, 
CH2NH2), and 1.67 (m, 13, CH, CH2, and NH2 exchangeable with 
D20).

Anal. Calcd for C10H17N: C, 79.41; H, 11.33; N, 9.26. Found: C, 
79.62; H, 11.10; N, 9.01.

Benzamide, mp 135-136°, from cyclohexane: ir (KBr) 3220 
(NH), 3050 (aromatic CH), 2990 (vinyl CH), 1635, 1550 (CONH); 
nmr (CDCI3) 5 7.56 (m, 5, aromatic), 6.77 (m, 1, NH), 5.72 (m, 2, 
vinyl H), 3.40 (m, 2, CH2NHCO), and 1.70 (m, 11, CH and CH2).

Anal. Calcd for C17H2iNO: C, 79.96; H, 8.29; N, 5.48. Found: C, 
79.77; H, 8.26; N, 5.25.

When the above procedure was carried out with 12 g of the mix
ture of 2 and 3, 500 ml of 0.1 M  sulfuric acid, and methylene chlo
ride as extracting solvent, 4 was isolated in 55% yield, bp 64-65° 
(0.24 mm), bp 42-43° (0.05 mm). Essentially all of the unreacted 
starting material was recovered by the extraction procedure, and 
then was separated from 4 by distillation.

6 from 4. A 20-mg sample of 4 in 15 ml of methanol was hydro
genated under 45 psi of hydrogen with 10% palladium on charcoal 
at room temperature for 2 hr. The catalyst was removed by filtra
tion, and the solvent was evaporated to afford an essentially quan
titative yield of 6. The exact yield could not be determined because 
of rapid absorption of atomspheric carbon dioxide. Spectral analy
sis showed the absence of 4; benzamide, mp 93-95° [lit.6 mp 93.5- 
94.5°].

Diazotization o f 4. In Water. A solution of sodium nitrite (593 
mg, 8.6 mmol) in 2 ml of water was slowly added to a solution of 4 
(651 mg, 4.3 mmol) in 10 ml of water containing acetic acid (0.6 ml,
10 mmol). The mixture was then stirred at room temperature for 
20 min followed by heating on a steam bath for 30 min. The solid 
which had separated was taken up in ether. The ether solution was 
washed with 5% sodium bicarbonate and water, and then dried. 
Solvent removal gave 632 mg of a yellow solid. Glpc (column C) 
showed the solid to be 2-adamantanol 28 (90% pure, 87% yield) 
with minor amounts of 2-adamantyl acetate (29) (~5%) and an un
saturated alcohol, perhaps 30 (~5%). Products 2837 and 29 were 
identified by comparison of their infrared spectra to those of au
thentic samples.

In Acetic Acid. To a solution of 757 mg (5 mmol) of 4 in 10 ml 
of glacial acetic acid and 2 ml of acetic anhydride was added 690 
mg (10 mmol) of sodium nitrite in small portions. The mixture was 
then stirred at room temperature for 30 min, followed by heating 
on a steam bath for 30 min. The mixture was diluted with 150 ml 
of water, and extracted with ether. The ether solution was washed 
with 5% sodium hydroxide and water, and then dried. Solvent re
moval afforded 803 mg of a light yellow oil. Glpc analysis (column 
C) showed the oil to be principally 2-adamantyl acetate 29 (75% 
yield), along with one unidentified contaminant.

In Benzene. A solution of 4 (765 mg, 5.1 mmol), isoamyl nitrite 
(610 mg, 5.2 mmol), and acetic acid (0.3 ml, 5.2 mmol) in 20 ml of 
benzene was refluxed for 1 hr. The solution was then treated with 
anhydrous potassium carbonate, filtered, and then evaporated to 
yield 870 mg of a yellow oil. Glpc analysis (column C) showed the
011 to be composed of 2-adamantyl acetate 29 (44% yield) and a 
mixture of low boiling components.

29 from 28. A small sample of 28 and a large excess of acetyl 
chloride in benzene were warmed on a steam bath for 1 hr. The sor 
lution was then washed with water, 5% sodium hydroxide, and 
again with water. Solvent removal from the dried solution yielded 
29, ~98% pure by glpc. A pure sample of 29 was obtained by pre
parative glpc: ir (CC14) 1710 (C = 0 ), 1235 (OCOCH3), 1040 and 
1025 cm“ 1; nmr (CC14) 6 4.84 (br, 1, CHOCO) and 2.2-1.2 (m, 17, 
CH, CH2, and OCOCH3).
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Twist-boat conformations have been assigned to cis- and trans-4,7-dimethyl-l,3-dioxacyclohept-5-ene and to 
r-2-feri-butyl-cis-4,trans-7-dimethyl-l,3-dioxacyclohept-5-ene on the basis of carbon-13 substituent effects. 
These assignments are consistent with pmr spectra. The data also suggest that 2,2-dimethyl-l,3-dioxacyclohept-
5-ene is in a twist-boat conformation but r-2-ieri-butyl-ci's-4,cis-7-dimethyl-l,3-dioxacyclohept-5-ene is in a 
chair conformation.

Conformational analysis of the 1,3-dioxacycloalkanes has 
received considerable recent attention.1-4 The 1,3-dioxacy- 
clopentanes2 and 1,3-dioxacycloheptanes have numerous 
low-energy conformations available to each of an equili
brating pair of diastereoisomers. In contrast 1,3-dioxacy- 
clohexane has only one favorable low-energy chair confor
mation for each isomer of a cis-trans pair.1

An analogous situation is found for simple cycloalkanes. 
Five-5 and seven-membered6 cycloalkanes pseudorotate 
among several low-energy conformations whereas cyclohex
ane has only one low energy conformation.

Nmr studies indicate that 1,2-benzocycloheptene, 5,5- 
dimethyl-l,2-benzocycloheptene, cycloheptene, and 5,5- 
difluorocycloheptene exist in chair conformations. Low- 
temperature nmr studies on l,3-dioxacyclohept-5-ene, 2,2- 
dimethyl-l,3-dioxacyclohept-5-ene, and l,3-dioxa-5,6-ben- 
zocycloheptene failed to define a specific conformation for 
these compounds but did reveal that 2,2-dimethyl-l,3- 
dioxa-5,6-benzocycloheptene exists in a twist-boat confor
mation.^ It has been shown that 3,5-dioxabicyclo[5.1.0]- 
octane. exists in a twist-boat conformation.9® In contrast 
cycloheptene oxide exists in an equilibrium of two chair 
conformations.911 Encouraged by the discovery of these 
twist-boat conformations and by data on the carbon-13 hy
drogen coupling constants of C2 in some 1,3-dioxacycloal- 
kanes7d a search was initiated for twist-boat conformations 
among the l,3-dioxacyclohept-5-enes. We now report the 
results of that search and also a correlation of carbon-13 
substituent effects.

Configurational Assignments. The cis and trans iso
mers of 4,7-dimethyl-l,3-dioxacyclohept-5-ene were sepa
rated by gas chromatography. Configurational assignments 
were made on the basis of proton magnetic resonance spec
tral data. Examination of models indicates that the C2 pro
tons for the cis isomer are diastereotopic in all conforma
tions. The cis configuration was therefore assigned to that 
isomer whose C2 protons gave an AB nmr spectrum with 
chemical shifts of 302 and 283 Hz. These values compare 
favorably with those reported for the C2 protons of cis-
4,7-dimethyl-l,3-dioxacycloheptane, 290 and 272 Hz.3

The trans configuration was assigned to the remaining 
isomer which had a single C2 proton signal at 287 Hz. This 
value compares favorably with a reported value of 282 Hz 
for the C2 protons in trans-4,7-dimethyl- 1,3-dioxacyclo-
heptane.3’10

Configurational assignments for r-2-£eri-butyl-cis-4,cis-
7-dimethyl-l,3-dioxacyclohept-5-ene and r-2-ieri-butyl- 
cis-4,irans-7-dimethyl-l,3-dioxacyclohept-5-ene were 
made on the basis of the meso-d,l isomer ratio found for 
the 3-hexene-2,5-diol10 starting material. The 4,7-di-

methyl-l,3-dioxacyclohept-5-enes prepared from the 3- 
hexene-2,5-diol gave products with a cis-trans ratio of 4:1 
as indicated by the areas for the C2 protons in the nmr 
spectrum. It follows that the meso-d,l ratio is 4:1. The cis,- 
cis-cis,trans isomer ratio for the r-2-ierf-butyl-4,7-di- 
methyl-l,3-dioxacyclohept-5-enes prepared from the same
3-hexene-2,5-diol paralleled the 4:1 distribution.

The pmr spectra are consistent with these assignments. 
The C2 proton for the r-2-feri-butyl-ci's-4,cis-7-dimethyl 
isomer absorbs at higher field, 248 Hz, than the C2 proton 
for the cis-4,trans-7 isomer, 261 Hz. This parallels the data 
for cis- and trans-2-tert-butyl-4-methyl-l,3-dioxacyclo- 
heptane which gave signals for the C2 protons at 246 and 
250 Hz, respectively. It is also accordant with C2 proton 
signals for cis,cis and cis,trans isomers of r-2-iert-butyl-
4,7-dimethyl-l,3-dioxacycloheptane.4

Carbon-13 Chemical Shifts. All the carbon-13 spectra 
were recorded at ambient temperatures at which the rates 
of interconversions of the conformations were fast. There
fore the chemical shifts are average values to which each of 
the conformations contributes according to its population.

The carbon-13 chemical shifts for a series'of 1,3-dioxacy- 
clohept-5-enes are summarized in Table I. The assign
ments of the carbon resonances were made on the basis of 
relative intensities and comparison with chemical shifts for
1,3-dioxacycloheptanes.

Assignments were made in a straightforward way. The 
tert-butyl methyl signals were readily distinguished from 
the methyl groups substituted directly on the ring by signal 
intensity. That for the quaternary carbon of the tert-butyl 
group was distinguished by reduced intensity and the 
chemical shifts for C5 and C6 were readily assigned be
cause of the magnitude of the downfield shift expected for 
vinyl carbons. The signals assigned to C2, C4, and C7 corre
spond to chemical shifts in 1,3-dioxacycloheptanes and to 
the chemical shifts for C2, C4, and C6 in 1,3-dioxacyclohex- 
anes.

Some important observations can be made from the data 
in Table I. The difference in geometry between the 1,3- 
dioxacycloheptanes and the l,3-dioxacyclohept-5-enes has 
little effect on the saturated carbon-13 chemical shifts. The 
signals for C2 are within 4 ppm of the corresponding sig
nals for the dioxacyclohexanes and dioxacycloheptanes. 
The C4 and C7 methyl signals fall within a very narrow 
range and suggest that these methyl groups experience very 
similar surroundings. It was this observation which first in
dicated that cis- and irans-4,7-dimethyl-1,3-dioxacyclo- 
hept-5-ene exist in twist-boat conformations.

The signals for the methyl carbons of the tert- butyl 
groups fall within a narrow range and are not affected by
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Table I
Chemical Shifts for Some l,3-Dioxacyclohept-5-enesa

Entry Compd Registry no. C2 C4#7 C5,6 Me i-BuMe- Cq&

C arbon-13 Chem ical Shifts

1 1,3 -Dioxacy clohept - 5417-32-3 96.38 66.95 130.58
5-ene

2 2-ieri-Butyl- 53586-63-3 110.81 68.10 128.99 24.96 36.21
3 2,2-Dimethyl 1003-83-4 101.73 61.23 129.74 24.02
4 czs-4,7-Dimethyl- 53643-36-0 93.26 74.16 134.39 21.29
5 ¿ra«s-4,7-Dimethyl- 53586-64-4 93.77 71.23 134.71 21.58
6 r-2-tert-Buty 1-cts- 53586-65-5 109.88 74.60 134.06 22.21 24.92 36.44

4 ,cis-7 -dimethy 1-
7 r-2-ferf-Butyl-cfs- 53626-27-0 109.88 74.60 134.06 22.15 25.02 36.96

4, trans-7 -dimethyl-

Proton Chemical Shifts0
1 286 251 340
2 248 261,254 340 53
3 248 336 80
4 302,283 268 331 77
5 287 267 328 74
6 248 257 329 75 54
7 261 257 323 68 54

“ All chemical shifts are in ppm downfield from internal TMS. b The quaternary carbon of the teri-butyl group. c All chemical shifts are 
in Hz downfield from internal TMS.

Table II
Carbon-13 Chemical Shift Substituent Effects for Some l,3-Dioxacyclohept-5-enesa ft

Entry Compd C2 C 4,7 C5,6

1
2
3
4
5

6

2-teri-Butyl- 
2,2-Dimethyl- 
c¿s-4,7-Dimethyl- 
fnms-4,7-Dim.ethyl- 
r-2-íerf-Butyl-cis- 

4, czs-7-dimethylc 
r-2-tert-B utyl-cis- 

4, trans-7 -dimethyl -c

-14.43 (-15.27) 
-5.35
+3.12 (0.60) 
+2.61 (+2.72) 
-13.50 (-14.21) 

[0.93]
-13.50 (-10.93) 

[0.93]

-1.15 (-1.46)
+5.72
-7.21 (-8.65)
-4.28 (-5.15)
-7.65 (-7.88)

[-6.50]
-7.65 (-3.30, -10.66) 

[-6.50]

+1.59 (+0.34) 
+0.84
-3.81 (-3.71) 
-4.13 (-6.46) 
-3.48 (-3.74) 

[-5.07] 
-3.48 (-6.59) 

[-5.07]
a All values are in ppm calculated from l,3-dioxacyclohept-5-ene. A negative value indicates a signal downfield from the reference com

pound. 6 Values in parentheses are for corresponding 1,3-dioxacycloheptanes taken from ref 4 .c Values in brackets are referenced to 2-tert- 
butyl-l,3-dioxacyclohept-5-ene.

Table III
Carbon-13 Chemical Shift Substituent Effects Produced by Substitution on l,3-Dioxacyclohept-5-ene and

2-tert-Butyl-1,3-dioxacyclohept-5-enea

Entry Compd a ß r Ô

i 2-ieri-Butyl -14.43 (-15.27)1’ -1.15 (-1.46) +1.59 (+0.34)
2 2,2-Dimethyl- -5.35 +5.72 +0.84
3 cfs-4,7-Dimethyl- -7.21 (-8.65) -3.81 (-4.47) +3.12 (+3.17, -0.57)
4 iraws-4,7-Dimethyl- -4.28 (-5.15) -4.13 (-7.22) +2.16 (+0.42, 1.55)
5 r-2-ierf-Butyl-cfs-

4, cis-7  -dimethyl - a -6.50 (-6.42) -5.07 (-4.08) +0.93 (+1.06)
6 r-2-tert-B utyl-cis-

4, trans-7 -dimethyl-“ -6.50 (-1.84, -9.20) -5.07 (-6.93) +0.93 (+4.34)
“ Values compared to 2-ieri-butyl-l ,3-dioxacyclohept-5-ene. 6 Values in parentheses are from the corresponding 1,3-dioxacycloheptanes, 

ref 4.

substitution on the ring. There is no indication of an axial 
tert-butyl group.4 Substituents at C4 and C7 do affect the 
signals at G5 and C6 but a substituent at C2 does not.

Carbon-13 Substituent Effects. Table II lists the car
bon-13 chemical shift substituent effects produced on each 
carbon of unsubstituted l,3-dioxacyclohept-5-ene by intro
duction of alkyl groups at several positions. Table III sum
marizes these same effects but lists them as to origin, i.e., 
a, d, y, and 5. This table also lists sbstituent effects pro
duced by substitution on 2-tert-butyl-1,3-dioxacyclohept-

5-ene. The values in parentheses are for corresponding
1,3-dioxacycloheptanes.

The a and d effects are generally consistent with those 
for cyclohexane. 1,3-dioxacyclohexane, and 1,3-dioxacyclo- 
heptane. A tert-butyl substituent at C2 gives a values of 
—14.43 and —13.50 ppm. These values compare with 
—11.06 and —15.25 ppm for 1,3-dioxacyclohexane and 1,3- 
dioxacycloheptane, respectively. A gem-dimethyl substitu
tion at C2 gives an a shift of —5.35 ppm which compares 
with —3.21 ppm for 2,2-dimethyl-2,3-dioxacyclohexane.
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The relation of the y  effect to conformation is probably 
the best understood of the chemical shift substituent pa
rameters.1>5,u It reflects a paramagnetic shift due to a 1,3- 
diaxial steric compression. The 5 effect reflects the same 
kind of compression for a 4,7-diaxial interaction.

The y  effect for the 2,2-dimethyl derivative (+5.72 ppm) 
is smaller than that for 2,2-dimethyl-1,3-dioxacyclohexane 
(7.51 ppm).1'12 This was unexpected because models indi
cate that the distance between the 1,3-diaxial methyl and 
hydrogen atoms is smaller for 2,2-dimethyl-l,3-dioxacy- 
clohept-5-ene than for the dioxacyclohexane homolog. 
Thus for a chair conformation a bigger y  shift for the 1,3- 
dioxacyclohept-5-ene was expected. In a twist-boat confor
mation the distance between the axial C2 methyl group and 
the axial C4 hydrogen is considerably larger than it is for 
the chair conformation. The small y  shift is consistent with 
a twist-boat conformation but an unequivocal assignment 
cannot be made.

The 3.12 ppm y  shift at C2 for «s-4,7-dimethyl-l,3-diox- 
acyclohept-5-ene, 1, is consistent with a twist-boat confor
mation. A chair conformation would require a very small or 
no 7 shift. For example the y  shift at C2 for cis-4,6-di- 
methyl- 1,3-dioxacyclohexane is +0.7 ppm. In contrast the 
7 shift at C2 for the trans isomer is +7.6 ppm.12a

The twist-boat conformation has a 1,3-methyl-hvdrogen 
interaction but models indicate that the distance between 
the C4 methyl group and the C2 hydrogen is greater than in 
the corresponding chair conformation. This accounts for 
the small y  shift compared to +7.6 ppm for trans-4,6-di- 
methyl- 1,3-dioxacyclohexane. Therefore the evidence indi
cates that the twist-boat conformation is more favorable 
than the chair conformation for which both methyl groups 
are equatorial.12b The angle strain imposed by the C5,6 
double bond and the generalized anomeric effect may well 
account for this rather surprising conclusion. A twist-boat 
should relieve the angle strain and the dipolar repulsions 
due to the generalized anomeric effect.

A boat conformation is not a reasonable alternative since 
it does not account for the y  shift at C2. The situation here 
is analogous to that for cycloheptene,13 in which the boat 
conformation is estimated to be least stable by 3.37 kcal/ 
mol. It is reasonable to expect the boat conformation for
l,3-dioxacyclohept-5-ene to be of even higher energy, when 
compared to its chair conformation, than boat cyclohep
tene, compared to its chair, because of the shorter COC 
bonds. This shorter distance makes the interaction be
tween the prow of the boat and the double bond even more 
severe than in cycloheptene.15 Therefore it is reasonable to 
exclude the boat conformation from consideration.

A twist-boat conformation has also been assigned to the 
trans isomer, 2. This assignment is consistent with the 2.61 
ppm 7 shift at C2. This value is considerably smaller than 
the +7.6 ppm found for trans-4,6-dimethyl-1,3-dioxacyclo- 
hexane.

A rapid equilibrium between two chair conformations 
would account for the A2 spectrum of the C2 protons. How
ever, the chair conformation has a 1,3-diaxial methyl-hy
drogen interaction across COC bonds and a 4,7-methyl- 
hydrogen interaction. It is known that the sum of the ener
gies of these interactions is sufficiently high that such con
formations must be excluded from the conformational 
array of 4,7-dimethyl-l,3-dioxacycloheptanes. These inter
actions are at least as severe as those found in the 1,3-diox- 
acyclohexanes which are estimated at 2.9 kcal/mol.14 
Therefore it is reasonable to exclude the chair conforma
tion from consideration.

The 7 shift (+0.93 ppm) for r-2-ter£-butyl-cis-4,cis-7- 
dimethyl-l,3-dioxacyclohept-5-ene is consistent with a 
chair conformation. This value is in accord with +0.7 ppm

for cis-4,6-dimethyl-l,3-dioxacyclohexane and —0.1 ppm 
for r-2-C(,s-4,cis-6-trimethyl-1,3-dioxacyclohexane. Exami
nation of models indicates that the twist-boat conforma
tion has a severe 1,3-ierf-butyl-methyl interaction. This 
interaction should manifest a 7 shift at both the methyl 
carbon and the tert- butyl group.4 This is not in accordance 
with the carbon-13 data.

A twist-boat conformation is assigned to r-2-tert-bu- 
tyl-cis-4,£rans-7-dimethyl-l,3-dioxacyclohept-5-ene. This 
conformation has neither a 1,3-diaxial nor a 4,7-diaxial 
methyl-hydrogen interaction. It is consistent with the 
small value of the 7 shift at C2 and the absence of a para
magnetic shift at the C7 methyl carbon. The C2 7 shift for

r-2-cis-4,iran.s-6-trimethyl-1,3-dioxacyclohexane is +2 
ppm. This compound is known to have an axial methyl 
group. It is reasonable to conclude that there is no axial 
methyl group and therefore no chair conformation for the 
corresponding l,3-dioxacyclohept-5-ene.16

Experimental Section
Proton nmr spectra were recorded on a Varian A-60A nmr spec

trometer. Samples were run as 10% solutions in carbon tetrachlo
ride. All chemical shifts are reported in hertz downfield from inter
nal TMS. The carbon-13 spectra were recorded at 25.15 MHz on a 
Varian HA 100D nmr spectrometer interfaced with a Digilab 
NMR-FTS-3 pulse and data system. The number of data points 
was 8K or 16K as required to obtain satisfactory resolution. Spec
tra were recorded with broad-band proton decoupling. All chemi
cal shifts were referenced to internal TMS and reported in ppm. 
All mass spectra were determined on a AEI-9 high resolution mass 
spectrometer. The infrared spectra were recorded on a Beckman 
IR-8 instrument and the absorption values are reported in mi
crons.

l,3-Dioxacyclohept-5-ene was prepared as described in the lit
erature.17

2-£ert-Butyl-l,3-Dioxacyclohept-5-ene. The general proce
dure for the preparation of these compounds is that of Brannock 
and Lappin.17 The preparation of 2-iert-butyl-l,3-dioxacyclohept-
5-ene is described as a general example. A mixture of 8.8 g (0.1 
mol) of cis-2-butene-l,4-diol, 8.6 g (0.1 mol) of pivaldehyde, 50 ml 
of benzene, and 50 mg of p-toluenesulfonic acid was refluxed 
under a Dean-Stark distillation trap until 1.8 ml of water was col
lected. The mixture was fractionally distilled at reduced pressure 
to give a 75% yield of the desired product: bp 38-40° (2 Torr); ir
3.4, 3.65 6.1, 6.7, 7.2, 9.5, and 10.0; m/e 156 (parent peak).

4,7-Dimethyl-l,3-dioxacyclohept-5-ene. The mixture of iso
mers had bp 25° (0.3 Torr) and the yield was 40%. The isomers 
were separated by glpc (12 ft 5% l,2,3-tris(cyanoethoxy)propane 
on Chromosorb). The cis-trans ratio was 4:1 and the trans isomer 
was the first peak: ir (mixture) 3.3, 3.6, 6.9, 7.3, 9.0, 9.7, 10.8, 11.3; 
m/e 128 (parent peak).

2-£eri-Butyl-4,7-DimethyI-l,3-Dioxacyclohept-5-ene.18 The
mixture of isomers had a bp 36-40° (1 Torr) and the yield was 
70%. The cis-trans ratio was 4:1 and the first peak was r-2-tert- 
butyl-ci's-4,cis-7-dimethyl-l,3-dioxacyclohept-5-ene: ir (neat) 3.4,
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6.9, 7.3, 7.8, 8.2, 8.9, 9.7, and 10.8; m/e 184 (parent peak). The iso
mers were best separated by glpc (8 ft Carbowax 20 M  10% on 
Chromosorb).

2,2-Dimethyl-l,3-dioxacyclohept-5-ene. A mixture of 8.8 g 
(0.1 mol) of 2-butene-l,4-diol, 20.0 g of anhydrous copper sulfate, 
50 mg of p-toluenesulfonic acid, and 50 ml of anhydrous acetone 
was placed in a pressure bottle which was sealed and heated to 50° 
for a period of 2 weeks. Fractional distillation gave a 50% yield of 
the desired product: bp 18-20° (1 Torr); ir (neat) 3.3, 3.5, 6.9, 9.9, 
11.6,13.1; m/e 128 (parent peak).
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A series of 14 new 2-R-2-R'-6-cyanocyclohexanones was synthesized. The enol-keto contents of 19 compounds 
of this type were determined by quantitative ir study of conjugated CN (enol) and unconjugated (keto) absorban
ces. Application of the concept that steric inhibition of enolization was important in this system seemed appropri
ate. The per cent enol found for the R, R' compounds were 37 (H, H), 24 (Ph, Ph), 20 (Me, Me), 18 (Et, Et), 19 
(Me, Ph), 13 (CH2CH2Ph, Ph), 10 (Et, Ph), 10 (Pr, Ph), 10 (Am, Ph), 6 (i-Bu, Ph), 6 (c-Hex, Ph), 5 (¿-Pr, Ph), 4 
(CH2Ph, Ph), and 5 (rc-Bu, Ph). The series can be classified in four categories by percentage: A, only parent com
pound, ~37; B, four compounds, ~ 20; C, four compounds, ~10; and D, five compounds, ~5. The equivalency or 
extent of dissimilarity (branching) of substituents, number of conformations, and the 2-alkyl ketone effect ratio
nalize the data with one exception and support the view that steric interference decreases enolization in these fl- 
keto nitriles.

Large differences in the relative rates of hydrolysis of a 
series of a,a-disubstituted a'-cyanocycloalkanone ¡mines
(1) to their corresponding cyano ketones (2) have been ob
served.2-4 The results were qualitative and the availability 
of a number of these /3-keto nitriles or extension o f the se
ries by their ready synthesis suggested that quantitative 
date on the enolization of the latter might be useful.

The ¡mines were more difficult to hydrolyze as their ste
ric requirements increased. The isoelectronic ¡mine 
(>C =N ) and carbonyl bonds (> C = 0 ) are not only chemi
cally similar5 but are also subject to similar steric limita
tions on the degree of enolization.6-7 Whereas steric hin
drance afforded a satisfactory explanation for the conver
sion of > C = N  to > C = 0  in our previous work, this is an ir
reversible reaction. The enolization process, however, is an

equilibrium condition. The concept that there can be steric 
inhibition of enolization has been employed to account for 
decreased enol contents in a series of compounds with in
creasing steric requirements83 but exceptions are also 
known.86 Steric requirements can have a profound effect.8c 
Studying our compounds seemed to offer an opportunity to 
contribute to the developing knowledge of enol-keto equili
bria.8'1 Therefore, the percentage enol in a series of 2,2-di- 
substituted 6-cyanocyclohexanones (2k) was obtained.

The compounds listed in Table I were, either on hand 
from earlier work or were synthesized from the appropriate 
disubstituted acetonitriles by alkylation with 5-chloropen- 
tanenitrile and cyclization in one reaction to the cyanocy- 
clohexanone ¡mines3 (eq 1) which were subsequently hy
drolyzed to keto nitriles. The effectiveness of the two-step,
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Table I
Enol Contents of 2,2-Disubstituted

6-Cyanocyclohexanones (2)
% keto 

% enol (2250 
( 2 2 1 0  cm- 1

cm—1 CN Total % % enol
Compd R R* CN conj) unconj) (E+ K) nmr

2a H H 37 60 97 30
2b Me Me 20 74 94 19
2c Ph Ph 24 77 101
2d c h 3 Ph 19 79 98
2e Et Et 18 79 97 23
2f CH2CH2Ph Ph 13 90 103 15
2g Et « Ph 10 86 96 10
2h k -C 3H7 Ph 10 96 106
2i n -C5Hn Ph 10 94 104
2j c -C eHM Ph 6 106 112 6
2k ¿-C 4H9 Ph 6 98 104
21 ¿-C 3H7 Ph 5 95 100 4
2m Yl~ C^Hg Ph 5 102 107
2n CH2Ph Ph 4 103 107

RR'CH'CN +  C1(CH2)4CN — * RR'C(!CN)[CH2]4CN — *■ 1

(1)

one-batch, alkylation-cyclization was readily monitored by 
running the infrared spectrum. The presence of any uncy- 
clized substituted adiponitrile was indicated by unconjugated nitrile absorption at ~2250 cm-1 whereas the cyclic cyanoimine (mainly existing as its tautomeric /3-amino 
vinyl cyanide, H2N—C=C—CN)2’9 showed a strong, sharp peak at ~2210  cm-1  for conjugated nitrile.

The classical Kurt Meyer titration method and modifica
tion10 for determining enol contents of these alicyclic compounds were found to be nonreproducible. Others have re
ported similar unreliability.11 Ultraviolet spectroscopic determinations of enol content12 did not correlate with ir and nmr values due to solvent and concentration differences 
and this technique is not the method of choice.

3
Quantitative infrared spectroscopy was examined next. Preliminary attempts to use either the C=C or C—OH region were inconclusive.
The nitrile region of the infrared spectrum of these compounds in dioxane solution offers an excellent method for determining their enol contents. There are two sharp peaks

for the keto and enol structures appearing at ~2250 cm-1 
for the nonconjugated keto nitrile (2K) and ~2210  cm-1  for 
the conjugated enol nitrile (2 e ) . These peaks occur in a region of the spectrum where there is virtually no interfer
ence from other absorptions. Thus, there are two independent means of checking the equilibrium values. The per 
cent keto is obtained by comparing the nitrile absorbance 
at ''■ '2250 cm-1  to a calibrated related standard, e . g . ,  2re to
4-cyanocyclohexene (5). The complementary per cent enol 
isomer is obtained by comparing the nitrile absorbance at 
~2210  cm-1 to a different calibrated related standard, e . g . ,  
2ak to l-cyano-2-methoxycyclohexene (3). The total of 
enol and keto isomers should account for 100% composition of the equilibrium system. The E + K column in Table I 
shows that the results generally strike total material bal
ance. It was found that at least two sets of standards were necessary. For hydrogen or alkyl substituents, the reference 
compounds were l-cyano-2-methoxycyclohexene (3) and
4-cyanocyclohexene (5). For compounds containing at least 
one aryl substituent, the reference compounds were 1- cyano-2-methoxy-3,3-diphenylcyclohexene (4) and 2- 
cyano-2-methyl-6,6-diphenylcyclohexanone (6). Obviously 
an enol and a keto standard for e a c h  compound would be preferable. The per cent enol, keto, and total for the 14 
compounds studied are listed in Table I.An alternative keto-enol analysis procedure was employed: high resolution nuclear magnetic resonance spec
trometry.13 The compound selected for initial intensive study was 6-cyano-2,2-diethylcyclohexanone (2c). The car
bon-bound enolizable proton ( 8  3.71 ppm) appeared as a 
distinct and deshielded multiplet well separated from the 
complex envelope of cyclohexyl ring and ethyl group meth
ylene hydrogens (5 1.2 to 2.7 ppm). The oxygen-bound eno
lizable proton (in the enol tautomer) could not be located 

• in the spectrum even at very low field. There is ample precedent for similar enol OH’s to be difficult to locate or ap
parently absent.14 The only other clearly distinguishable 
resonances were the two overlapping methyl triplets at 8  

0.78 ppm.The keto-enol sample, prepared in CDC13, was allowed 
to obtain equilibrium distribution of isomers at probe tem
perature (34°) but there was essentially no further change in the spectrum after 5 min. Integration of the 3.71 ppm 
multiplet with reference to the two overlapping methyl res
onances taken as six proton units was used to calculate the 
keto percentage as 77 ± 5%.

In order to firmly establish that the 3.71 downfield multiplet (which resembled two overlapping triplets of J  = 4 
Hz under high resolution scale expansion) was indeed due 
to the carbon-bound enolizable proton, two experiments were devised. A spectrum of a methyl enol ether (3) showed 
no such downfield proton. Furthermore, the CDCI3 solu
tion of the original 6-cyano-2,2-diethylcyclohexanone was treated with D2O and with periodic shaking underwent slow diminution of the 3.71 ppm resonance until at the end of 16 days it had almost vanished.

The nmr method was then applied to six other com
pounds and gave the results found in Table I. The enolizable H was centered between 3.45 (j-Pr, Ph) and 3.9 (Me, 
Me) ppm in all cases. An attempt to use dioxane-d8 as solvent failed due to impurity resonance at 3.56 ppm. The no
nequivalence of methyls was clearly evidenced by two singlets at 2.23 and 2.31 for 2b and two doublets at 0.49 and 
0.88 for 21. The tabulated nmr data presented involve judi
cious choices in interpretation and calculation. Furthermore, at best these nmr data are ±5% reliable for quantitative work.

Alkylation experiments which were carried out to pre
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pare potential standards gave unanticipated results. Ethyl 
iodide was reacted with the sodium salt of 2,2-diphenyI-6- 
cyanocyclohexanone (2c) in an attempt to obtain the corre
sponding carbon ethylated product. However, the 0 -  ethyl 
compound, l-cyano-2-ethoxy-3,3-diphenylcyclohexene (6), was isolated. Others have shown that this type of alkylation 
is highly dependent upon reagents and conditions.15 The 
reaction of the diphenyl keto nitrile (2c) under similar con
ditions with methyl iodide gave the C- alkylated product, 
2-eyano-2-methyl-6,6-diphenylcyclohexanone (7). Repetition of the methylation on the phenyl isopropyl compound 
(21) also gave C-alkylation. The nmr spectrum of 2-cyano-
6-isopropyl-2-methyl-6-phenylcyclohexanone (8) showed two doublets of equal intensity and spacing at 0.45 ppm (3 
H) and 0.94 ppm (3 H) due to the restricted rotation of the isopropyl group and its nonequivalent methyls.

The compounds appear to fall into four main categories:(A) 2a (H, H) is clearly the most highly enolized at ~37%;
(B) four compounds (2b, 2c, 2d, 2e) [(Me2), (Ph2), (PM, 
CH3), (Et2)] are ~20% enolized; (C) four compounds (2f, 
2g, 2h, 2i) [(Ph, (CH2)2Ph), (Ph, Et), (Ph, n-C3H7), (Ph, n-CsHn)] are ~10% enolized and (D) five compounds (2j, 
2k, 21, 2m, 2n) [(Ph, c-C6Hu ), (Ph, ¿-C4H9), (Ph, ¿-C3H7), 
(Ph, n-C^Hg), (Ph, CH2Ph)] are ~5% enolized.

Among effects which influence keto-enol equilibrium are resonance, hydrogen bonding, solvation, induction, steric 
requirements, and entropy. The structures of the alicyclic (¡-keto nitriles included in this work are quite complex 
mainly due to conformational possibilities of the cyclohex
ane system. Compounds of type A and B, except 2d, have 
equivalent substituents. The change from hydrogens (2a) 
to other groups involves a change in steric requirement. 
Thus, these compounds have one enol form of cyclohexene, 
since pseudo axial and pseudo equatorial are equivalent, and two keto forms, CN equatorial (eclipsed to carbonyl) and CN axial (hydrogen eclipsed to carbonyl). Type C and 
D compounds, with different substituents adjacent to the 
carbonyl, present a more complicated situation. There are now two enol forms (ethyl pseudo axial, phenyl pseudo 
equatorial, and v i c e  v e r s a  which can interconvert) leading 
v i a  ketonization by hydrogen attachment above or below 
the plane of the cyclohexene nitrile to four arrangements of 
the keto nitrile (CN eclipsed to carbonyl with either phenyl 
or ethyl cis and CN staggered to carbonyl with either phenyl or ethyl cis). Examination of molecular models shows a preference for carbonyl-CN staggered conformations. Fur
thermore, the distinctions between type C and D com
pounds on steric grounds are emphasized. Type C com
pounds are alkyls with a  a n d  ( i methylene carbons but type D compounds, with the exception of 2m, are branched ei
ther on the « or (3 carbon. The enigma introduced by 2m 
eludes definitive comment but models suggest the n-butyl has more freedom of rotation than n-amyl and encounters 
considerable 1,3-diaxial interference similar to other type 
D compounds.The major factors influencing enol-keto equilibria in this series appear to be population of the number of possible 
configurations and conformations and the “2-alkyl ketone effect.” 16 The latter indicates some stabilization difference in going from methyl to ethyl but a large difference in com
paring 2-ethyl to 2-isopropylcyclohexanone.In summary, for enol values in this series the ir method 
of comparing conjugated nitrile absorbance with the corre
sponding easily prepared methyl enol ether standard absorbance curve is recommended for ±1% reliability. Although the population and steric effects discussed offer a 
reasonable interpretation of the data, it is difficult to di
sentangle all contingencies.80,17

Table II
Properties of 2,2-Disubstituted 

6-Cyanocyclohexanones (2)

Coxnpd Mp,a deg % yield Formula &

2d 64-64.5 90 C14H45NO
2f 128-130 10 0 C2jH21NO
2h 104-104.5 10 0 c 16h 19n o
21 40.5-42 90 Ci8H23NO
2j 149-151 85 C 19H23NO
2k 71-72 80 c 17h 21n o
21 94-95 94 Ci6H19NO
2m 52-53 70 C n H21NO
2n 122.5-123 93 C20H19NO

0 Recrystallized from Et20  (2n), 50% MeOH (21), petroleum
ether (2d, 2i, 2k, 2m), MeOH (2f, 2j), and 80% MeOH (2h).6 Satis-
factory analytical data (±0.4% for C, H, and N) were reported for
all new compounds listed in the table.

Experimental13 Section

l-Cyano-2-methoxycyclohexene (3). To 0.086 mol of 2-cyano- 
cyclohexanone in 30 ml of dry ether was added excess diazo
methane in ether (HOOD). Evolution of nitrogen occurred slowly 
and the mixture was allowed to stand at room temperature over
night. The excess diazomethane was destroyed by cautiously add
ing hydrochloric acid. The ethereal solution was washed with water 
then aqueous sodium hydroxide. After drying (MgS04), filtration, 
and concentration, the residue distilled cleanly at 114-116° (9 
mm), 83% yield.

Anal: Calcd for C8Hu NO: C, 70.04; H, 8.08; N, 10.21. Found: C, 
69.90; H, 8.24; N, 10.15.

1- Cyano-2-methoxy-3,3-diphenylcyclohexene (4). This com
pound was prepared as described above from 2,2-diphenyl-6-cy- 
anocyclohexanone (2c). Recrystallization from methanol gave mp
102-103.5°, 87% yield.

Anal. Calcd for C29H19NO: C, 83.01; H, 6.62; N, 4.84. Found: C, 
83.03; H, 6.49; N, 4.87.

4-Cyanocyclohexene (5) was obtained from K & K Laborato
ries, Inc., and distilled, bp 70-72° (17 mm).

2- Amino-l-cyano-3,3-disubstituted Cyclohexenes (1E).
These compounds were available or prepared by the method pre
viously described.3 The crude reaction mixtures obtained by alkyl
ation of the disubstituted acetonitriles were heated under vacuum 
only to remove unreacted starting materials and the remaining un
distilled dinitriles (which contained some cyclic enamines) were 
then cyclized. The enamines were obtained in 75-100% yields and 
had the following melting points: Id, 95-97°; If, 114-115°; lh,
113-113.5°; li, 64.5-66°; lj, 100-102°; lk, 77-80°; 11, 121-123°; 
lm, 64-67°; In, 143-144°. The infrared spectra of all these com
pounds showed two NH stretch peaks and one conjugated CN 
peak as found earlier.

2,2-Disubstituted 6-Cyanocyclohexanones (2r). These com
pounds were available or prepared as previously described.3 The 
properties of the new ketones are listed in Table II.

Calibration Data for Infrared Determinations. Compound 3 
in solutions of 0.131-1.314 mmol/10 ml of dioxane was used to run 
a calibration curve for conjugated nitrile absorbances (2210 cm-1) 
for aliphatic compounds. Similarly compound 4 in dioxane at 
0.344-1.552 mmol/10 ml of dioxane was used for compounds which 
contained at least one aryl substituent. The unconjugated nitrile 
absorbances at 2240 cm-1 were obtained from 5 in 2.643-4.748 
mmol/10 ml of dioxane for aliphatic compounds and similar data 
were obtained with compound 6 for compounds with aryl substitu- 
ent(s).

Enol and Keto Contents in Dioxane. The enol contents of 14 
compounds (2a-n) in concentrations of ~3.5 mmol/10 ml of diox
ane (0.35 M) were determined by comparing the nitrile absorban
ces to 3 for aliphatic substituents or 4 for aryl substituent(s) in 
matched 0.189-mm cells with dioxane in the reference cell. Keto 
contents were obtained similarly but the reference compounds 
were 5 and 6. The percentages are listed in Table I. Most of the 8- 
keto nitriles equikbrated almost instantaneously but 21, 2m, and 
2n required 10 days to equilibrate.

l-Cyano-2-ethoxy-3,3-diphenylcyclohexene (6). In a dry ap
paratus 4.8 g (0.0175 mol) of 2c was dissolved in 210 ml of absolute
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ethanol at 65°. An ethanol solution of 0.0175 mol of sodium ethox- 
ide was added and the mixture was cooled to room temperature. 
To this was added 13.70 g (0.0875 mol) of ethyl iodide and after re
fluxing 1.5 hr an additional 5.26 g of ethyl iodide was added and 
reflux was continued another 1.5 hr. By this time the solution was 
neutral and it was allowed to cool and stand overnight. About two- 
thirds of the ethanol was removed by distillation, then 80 ml of 
water and 40 ml of ether were added. The separated ethereal solu
tion was washed repeatedly until a negative test for iodide was ob
served. Evaporation of the ether left 4.7 g (91%) of crude product. 
Recrystallization from absolute methanol then 70% ethanol gave
1.1 g (21%) of very pure product, mp 116-117°. The infrared spec
trum had nitrile absorption at 2210 cm-1 characteristic of conju
gated CN as in 4. The nmr spectrum in CDC13 had a triplet (3 H) 
at 0.93 ppm and a quartet (2 H) at 4.14 ppm showing an ethyl 
bonded to an oxygen.

Anal. Calcd for C21H21NO: C, 83.13; H, 6.98; N, 4.62. Found: C, 
83.19; H, 7.Q5; N, 4.60.

2-Cyano-2-methyI-6,6-diphenylcyclohexanone (7). Repeti
tion of the above reaction with methyl iodide gave 33% pure prod
uct after vacuum sublimation and recrystallization from ether, mp
134.5-135°. The infrared spectrum in dioxane showed unconjugat
ed nitrile at 2240 cm-1 and a shoulder at 2250 cm-1. The nmr 
spectrum in CDCI3 had a singlet (3 H) at 1.42 ppm, an aromatic 
(10 H) at 7.23 ppm, and methylenes (6 H) at ~2.85 ppm.

Anal. Calcd for C20H19NO: C, 83.01; H, 6.62; N, 4.84. Found: C, 
83.06; H, 6.68; N, 4.64,4.77.

2-Cyano-6-isopropyl-2-methyl-6-phenylcyclohexanone (8). 
Similarly 21 and methyl iodide gave an oil which was vacuum dis
tilled and crystallized with difficulty. Recrystallization from 30-60 
petroleum ether gave a 40% yield, mp 77.5-78.5°. The nmr spec
trum (CDCI3) had a doublet (3 H) at 0.45 ppm, a doublet (3 H) at 
0.94 ppm, a singlet (3 H) at 1.12 ppm, a singlet (1 H) at 1.99 ppm, a 
septet (6 H) at 2.56 ppm, and an aromatic (5 H) at 7.32 ppm.

Anal. Calcd for C17H21NO: C, 79.92; H, 8.29; N, 5.49. Found: C, 
80.14; H, 8.12; N, 5.65.
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All four predicted positional isomers of dideoxystreptamine have been synthesized. From the two mesylates 
(10a and 10b), 2,4-(4a) and 4,6-dideoxystreptamine (7a), together with the acetyl derivatives of two other diami- 
nocyclohexanediols (11 and 12), were obtained. 2,5-Dideoxystreptamine (5a) Was synthesized regioselectively in 
good yield via an intermediate 1,3-hydrazino conipound (15a) obtained by hydrazinolysis o f 1,4-cis-diepoxycyclo- 
hexane (14). 4,5-Dideoxystreptamine (6a) was prepared from the dimesylates 17 and 19.

In 1969, Rinehart and his coworkers2 described the first successful bioconversion of streptamine (l)3 and 2-epi- streptamine (2)4 to semisynthetic neomycin A and B using mutants of S t r e p t o m y c e s  f r a d i a e  in a fermentation media containing 1 and 2. Very recently, two papers5-6 on the bio
conversion of aminocyclitols to antibiotics have been pub
lished. Rinehart and collaborators5 have tested 29 analogs of 2-deoxystreptamine (3) as to whether they are incorporated into antibiotics and it has been found that only two

compounds (1 and 2) undergo bioconversion to active antibiotics. Structural features of the aminocyclitols which 
allow the bioconversion were limited to a minor modifica
tion of 2-deoxystreptamine; their results suggested guidelines for subsequent synthesis of 2-deoxystreptamine ana
logs. Along this line, we have attempted to synthesize di
deoxystreptamines. In the neomycins,7 paromomycins,8 and ribostamycin9 an aminohexose and D-ribose are linked to the hydroxyl groups at C-4 and C-5 of 2-deoxystreptam-
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ine. Therefore, 2,4-dideoxystreptamine (4a) might be incorporated into these antibiotics by a bioconversion tech
nique. Since the kanamycins10 have two amino sugars on 
the C-4 and C-6 positions of 2-deoxystreptamine in a-gly- cosidic linkages, 2,5-dideoxystreptamine (5a) is an attractive compound for the bioconversion. However, none of the 
four possible isomers of dideoxystreptamine has been described in the literature so far. In the present paper, we 
wish to report the synthesis of all the predicted dideoxy
streptamine isomers: 2,4- (4a), 2,5- (5a), 4,5- (6a), and 4,6- 
dideoxystreptamine (7a).11 Besides the possibility of the bioconversion, these dideoxystreptamines will be used for a 
total chemical synthesis of hybrimycin analogs by methods extensively exploited by three research groups12 to investi
gate relationships between structural features of aminocy- clitols and biological activities of synthetic antibiotics.

oi
6a 7a

2,4- (4a) and 4,6-Dideoxystreptamines (7a). These 
compounds were synthesized starting from two dimesylates 
(10a and 10b) of 1,3/2,5-cyclohexanetetrol (8), which was 
prepared by hydrogenolysis of l,5-dibromo-l,5-dideoxy- 
chtro-inositol13’14 in 32% yield. Treatment of 8 with 2,2- 
dimethoxypropane in dimethylformamide in the presence

10a R = Ms,R'=Ac 
b R = Ac,R'= Ms

9a R = H 
b R = Ms
c R = Ac

of a catalytic amount of p-toluenesulfonic acid gave the
1,2-O-isopropylidene derivative (9a) as a homogeneous 
syrup, which was treated with mesyl chloride in pyridine yielding the dimesylate (9b) in 62% yield based on 8. On 
hydrolysis with 50% aqueous acetic acid followed by acety
lation, 9b was converted to l,2-di-0-acetyl-3,5-di-0-mesyl- 1,3/2,5-cyclohexanetetrol (10a) in 89% yield. Compound 9a 
was also treated with acetic anhydride in pyridine to give an oily diacetyl derivative (9c). Compound 9c was hydro
lyzed under mild conditions and subsequently treated with 
mesyl chloride in pyridine yielding l,5-di-0-acetyl-2,3-di-
0-mesyl-l,3/2,5-cyclohexanetetrol (10b).Azidolysis of 10a with an excess amount of sodium azide in refluxing 2-methoxyethanol for 20 hr followed by acety
lation gave a mixture of azido compounds. The mixture was catalytically hydrogenated and subsequently acetylated to 
give a mixture of tetraacetyl derivatives of three diamino- 
cyclohexanediols which were separated by fractional crystallizations to afford 4b, 11, and 12 in 13, 24, and 13% 
yields, respectively. Structural elucidations of the com-

NHAc

13
pounds were carried oUt on the basis of pmr spectroscopy and the proposed reaction mechanism. Three diazido compounds were produced from 10a by nucleophilic substitu
tion of its mesyloxy groups by azide ions. Thus, the axially located 5-mesyloxy group is initially replaced by an azido 
'group by direct Sn 2 attack of the nucleophile with an inversion of the configuration at C-5. On the other hand, substitution of the 3-mesyloxy function is assumed to proceed either v i a  neighboring-group participation or direct Sn 2 reaction. Therefore, the structures of the three diazido-diol acetates formed may be formulated as the acetates of (l,3,5/2)-3,5-diazido-l,2-, (l,2,5/3)-2,5-diazido-l,3-, and
(l,5/2,3)-3,5-diazido-l,2-cyclohexanediols (precursors of 
4b, 11, and 12, respectively). The pmr spectral data of the
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Table I
Characterization of Tetra-TV, O-acetyldiaminocyclohexanediols

Chemical shifts of methyl protons b

Acetamido Acetoxy Microanàlyses,0 %

Compd Mp,° °C . £q Ax Eq Ax C- H. N

4b 231.5-233 8.24 8.07 53.46 6.94 8.70
8.21 8.04

5b 292-293 8.22á 8.03“* 53.35 6.94 8.84
6b 274-275.5 8.25á 8.12 53.01 6.89 8.60

8.04
7b 300-300.5 8.25á 8.10 53.51 7.03 8.77

8.01
11 269.5-270 8.20 8.12 8.07 53.34 7.09 8.76

8.00
12 190.5-191.5 8.17 8.10 8.02 7.95 53.52 7.03 8.63

a Measured in a sealed capillary in a liquid bath and uncorrected. 6 Determined at 60 MHz in DMSO-dß with tetramethylsilane as an 
internal standard. Chemical shifts are given in r values.c Calcd for C14H22N2O6: C, 53.49; H, 7.05; N, 8.91. d Singlet for two methyl groups.

tetra-iV,C)-acetyldiaminocyclohexanediols áre listed in 
Table I. Assignments of the signals due to the acetyl methyl protons were based on the results of Lichtenthaler.15 
The pmr spectrum of 4b indicated that all the substituents 
were in equatorial positions, and its unsymmetrical structure was demonstrated by an appearance of individual sin
glets due to the four acetyl groups. Consequently, structure 
4b was assigned to di-0-acetyl-(l,3/5/2)-3,5-diacetamido-1,2-cyclohexanediol (tetra-A/O-acetyl-2,4-dideoxystrep-tamine). The pmr spectrum of 12 showed the presence 
of two axial substituents, which established the structure 
as di-0-acetyl-(l,2,5/3)-2,5-diacetamido-l,3-cyclohexane- diol. Compound 11 was shown by its pmr spectrum to possess one axial acetamido group in the favored conformation. Therefore, it was assigned to di-0-acetyl-(l,5/2,3)-
3,5-diacetamido-l,2-cyclohexanediol.

On similar azidolysis followed by hydrogenation and acetylation, 10b yielded a single crystalline tetra-Ar,0-acetyl- 
diaminocyclohexanediol (7b) in 41% yield. The pmr spec
tral data indicated that 7b possessed a symmetrical structure and that all the substituents were in equatorial posi
tions, which established the structure as di-O-acetyl- 
(1,3,5/4) -3,5-diacetamido-1,4-cyclohexanediol (tetra-A/O- 
acetyl-4,6-dideoxystreptamine). The chemical shifts of the acetyl methyl protons of its epimer (13), (l,4/3,5)-isomer,16 
showed identical values compared with those of 7b except for one signal of 13 at r 7.91.16 Mechanistically, substitutions of the two mesyloxy functions with azide ions may involve a neighboring-group participation reaction followed by direct Sn2 reaction.

2,5-Dideoxystreptamine (5a). Introductions of 1,3-ci's- diamino groups in cyclitols have been successfully carried 
out v i a  1,3-hydrazino derivatives by hydrazinolysis of suitable disulfonates or dideoxydihalogeno derivatives.17 Therefore, the most promising synthetic route for 5a was hydrazinolysis of ci's-l,4-diepoxycyclohexane (14).18 Compound 14 was prepared from 1,4-cyclohexadiene according 
to the directions of Craig, e t  a/.19 The separation of the stereoisomers of 1,4-diepoxycyclohexane formed was found to be most efficient by using silica gel column chromatogra
phy with 1:4 2-butanone-toluene as an eluent. The cis and trans isomers were thus obtained as pure crystals in 31 and 
8% yields, respectively, based on 1,4-cyclohexadiene.When 14 was treated with an excess amount of hydrazine in refluxing 2-methoxyethanol for 4.5 hr, the reaction pro
ceeded smoothly to give a single crystalline 1,3-hydrazino compound (15a) in 85% yield, which was further character

ized as the di-A-acetyl (15b) and the tetraacetyl deriva
tives (15c). Neither derivative exhibited an absorption in 
the amide II region in the ir spectra. Hydrogenation of 15a in the presence of platinum catalyst or Raney nickel T-420 
afforded a crystalline diaminocyclohexanediol (5a) in 88% yield, which was isolated and characterized as its dihydro
chloride. Compound 5a was converted into the tetraacetyl 
(5b), the di-N-acetyl (5c), and the di-iV-carbobenzyloxy 
derivatives (5d) by the usual methods. On the basis of the

0

14
R'N

15a R = R'= H 
b R= H,R'=Ac 
C R = R -  Ac

OR r  
1

* OR
3i

r \V" V — / nhr'r
NHR'

16a R = H 5a R = R‘= H

b R = Ac b R = R’= Ac 
c R = H,R'= Ac 
d R = H,R'=Cbz

roR̂ 7 / r '
^ N R

3 15

pmr spectral data, 5a was assigned to di-0-acetyl-(l,3/4,6)-
4,6-diacetamido-l,3-cyclohexanediol (tetra-A/O-acetyl-2,5- dideoxystreptamine). Thus, 2-proton double triplets hav
ing 4.5, 11, and 11 Hz splittings at r 5.31 were ascribed to magnetically equivalent H-l and H-3, indicating that all the substituents were in equatorial orientations.Accordingly, 15a was shown to be 6,7-diazabicyclo-[3.2.1]octane-(2S,4R)-diol ((l,3/4,6)-4,6-hydrazino-l,3-cy-
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Table II

Chemical Shifts and Coupling Constants for
6,7-Diazabicyclo[3.2.1]octane-(2S,4R)-diol and -oct-6-ene-(2S,47?)-diol, and Their Derivatives"

15a
<D20 )

15b
(D20 )

15c
(CDCI3 )

16a
<d 2o )

16b
(CDCI3 )

Chemical Shifts'1
H-1,5 6.49 5.32 5.25 4.79 4.69d t t dd ddH-2,4 6.13 5.73 4.78 6.04 4.96t td m m qH-3a 7.93 8.21 8.01 8.29dt t t tH-3e 8.43 8.21 8.01 8.29d t t tH-8a 7.27 7.07 7.27 7.50 7.57d d d d dH-8e 8.48 8.56td td

Coupling Constants®
7 i ,2 5.0 5.0 5.0 CO CJ1 4.0

074,5)
J2,3a 5.0 3.5 3.5 6.0 4.0
■72,3e 0 3.5 3.5 0 4.0
73a,3e -17.0 0 0 -16.0 0
■71,8a 0 0 0 0 0
71,8e 5.0 5.0 5.0 5.5 6.0
78a, 8e -12.0 -13.0 -12.5 -13.0 -12.5
7 2 ,8e 1.0 1.0 1.5

° Measured at 60 MHz in CDCI3 or D2O with tetramethylsilane 
or sodium 3-(trimethylsilyl)-l-propanesulfonate as an internal 
standard, respectively. 6 Chemical shifts are given in r values. 
Signals are denoted by s (singlet), d (doublet), t (triplet), q (quar
tet), dd (doublet of doublet), td (triplet of doublet), and m (multi
plet)./ Values are first order.

clohexanediol). The pmr spectra data (Table H) of 15a 
and its derivatives well supported the proposed structures. 
In the pmr spectrum of 15a, the C-8 transoid proton ap
peared as a doublet at lower field compared with the cisoid 
one, attributable to the deshielding effect of the syn-diaxial two hydroxyl groups on C-2 and C-4.18’21 The C-3 axial pro
ton appeared also to be deshielded by the hydrazino bridge. In the pmr spectra of 15b and 15c, no influence owing to a restricted rotation of the secondary amido groups was observed.

Compound 15a was comparatively stable in the pure crystalline state; however, in solution or in an impure state, 
it decomposed gradually by oxidation to yield a crystalline 
azo compound (16a), which was further characterized by converting into the diacetate (16b). The presence of the azo group in 16a and 16b was clearly shown by characteristic uv absorptions of Amax 336 nm in water and 344 nm in methanol, respectively.22 Their pmr spectra also supported the proposed structures. Therefore, 16a was assigned to6,7-diazabicyclo [3.2.1] oct-6-ene-(2S, 4 R )  -  diol. Compound 
16a was obtained from 15a by oxidation with hydrogen peroxide in 57% yield.

4,5-Dideoxystreptamine (6a). Compound 6a was first obtained as its tetraacetyl derivative (6b) in 3% yield by 
azidolysis, followed by hydrogenation and acetylation, of2,3-di-0-acetyl-l,4-di-0-mesyl-l,2,3/4-cyclohexanetetrol(17), which was prepared from l,2:5,6-dianhydro-3,4-0- 
cyclohexylidene-a/Zo-inositol23 by lithium aluminum hydride reduction and successive mesylation.24 Reaction of 17

with an azide ion is reasonably expected to proceed 
through initial formation of an intermediate 3,4-acetoxon- 
ium ion. Nucleophilic attack on C-3 results in formation of 
all-trans diazidodiol (18), but it seems preferable to attack on C-4.
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OH

19 20
All the substituents of 6b were shown to be in equatorial orientations by pmr spectroscopy, and the 1-proton wide 

triplet at r 5.25 and the 1-proton wide quartet at r 6.08 were ascribed to H-2 and H-3, respectively, showing that 
they have trans-diaxial methine protons in the vicinal posi
tions. Therefore, structure 6b was assigned to di-O-acetyl- (l,3/2,4)-2,4-diacetamido-l,3-cyclohexanediol (tetra-(V,0-- acetyl-4,5-dideoxystreptamine).

In order to improve the yield of 6b, an alternative route 
v i a  a hydrazino compound was studied. As starting materi
al l,4-di-0-mesyl-l,4/2,3-cyclohexanetetrol (19) was used, which was readily available by lithium aluminum hydride 
reduction24 of l,2-anhydro-5,6-0-cyclohexylidene-3,4-di-O-mesyl-chiro-inositol24 followed by mesylation. Treat
ment of 19 with an excess amount of hydrazine in refluxing 2-methoxyethanol for 6 hr, followed by hydrogenation and 
acetylation, afforded 6b exclusively in 45% yield. This re
sult was accounted for by assuming the selective formation 
of the 1,3-hydrazino compound (20).

Experimental Section25
1,3/2,5-Cyclohexanetetrol (8). This compound was prepared 

from 1,5-dibromo-l,5-dideoxy-chi>o-inositol in 32% yield accord
ing to the directions of McCasland and Horswill,13 mp 175-178°. 
Recrystallized sample melted at 178-180° (lit.13 179-180°). It was 
further characterized by preparation of the tetraacetate, mp 88-  
89° (lit.14 84-86°).

1,2- 0-Isopropylidene-3,5-di- O-mesyl-1,3/2,5-cyclohexane- 
tetrol (9b). To a solution of 8 (1.0 g) in dimethylformamide (20 
ml) was added 2,2-dimethoxypropane (2.0 ml) and p-toluenesul- 
fonic acid (20 mg), and the mixture was heated at 85-90° for 90 
min. The mixture was cooled to 0°, neutralized with Amberlite 
IRA-410 (OH- ), and evaporated to yield the syrupy 1,2-O-isopro- 
pylidene derivative (9a). It was, without further purification, dis
solved in pyridine (15 ml) and cooled below 0°. Mesyl chloride (2.5 
ml) was added dropwise under agitation and the reaction mixture 
was allowed to stand in a refrigerator overnight. The mixture was 
then poured into ice-water (100 ml) and the resulting precipitate
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was collected by filtration, giving 1.45 g (62.4%) of 9b as needles: 
mp 127-132°; recrystallization from chloroform-ethanol raised its 
mp to 131-132°; pmr (CDC13) r 4.73 (q, 1, H-5, J = 3 Hz), 5.08 (d 
of t, 1, H-3, t/23 = 9-5 Hz, e/34a = e/3,4e = 5 Hz), 6.14 (d of t, 1, H-l, 
JU6a = 11.7 Hz, Ji.ee = 4.3 Hz), 6.51 (t, 1, H-2, Jia = 9.5 Hz), 6.84 
(s, 3, OMs), 6.91 (s, 3, OMs), and 8.52 (s, 6, C(CH3)2).

l,2-Di-0-acetyl-3,5-di-0-mesyl-l,3/2,5-cyclohexanetetrol 
(10a). A mixture of 9b (0.97 g) and 50% aqueous acetic acid (25 ml) 
was heated at 75° for 80 min. The reaction mixture was then evap
orated to dryness and the residue was treated with acetic anhy
dride (5 ml) and pyridine (7 ml) overnight at room temperature. 
The mixture was poured into ice-water to give 1.05 g (97%) of 10a, 
mp 163-164°. Recrystallization from chloroform-ethanol gave 0.97 
g (89%) of pure needles: mp 164-164.5°; pmr (DMSO-de) r 6.70 (s, 
3, OMs), 6.80 (s, 3, OMs), 7.96 (s, 3, OAc), and 8.01 (s, 3, OAc).

Anal. Calcd for C12H20O10S2: C, 37.11; H, 5.19; S, 16.51. Found: 
C, 37.02; H, 5.04; S, 16.46.

1,5-Di- 0-acetyl-2,3-di- O-mesyl-1,3/2,5-cyclohexanetetrol 
(10b). The syrupy 9a obtained from 8 (1.01 g) was treated with a 
1:2 mixture (15 ml) of acetic anhydride and pyridine overnight at 
room temperature. The reaction mixture was poured into ice- 
water (100 ml) and extracted with ethyl acetate (30 ml), and the 
extract was washed successively with 10% aqueous potassium car
bonate and water, dried over anhydrous sodium sulfate, and evap
orated to give a syrup, which showed a single spot on tic. The prod
uct was heated with 50% aqueous acetic acid at 70-75° for 30 min 
and evaporated to dryness. The resulting syrup was mesylated in 
the usual manner to give 1.76 g (66.5%) of 10b: mp 168.5-171°. Re
crystallization from chloroform-ethanol gave 1.52 g (57.7%) of pure 
needles: mp 172-173°; pmr (DMSO-d6) r 6.67 and 6.78 (s, 3, OMs),
7.92 and 7.95 (s, 3, OAc).

Anal. Calcd for CI2H2oOioS2: C, 37.11; H, 5.19; S, 16.51. Found: 
C, 37.12; H, 5.09; S, 16.74.

Di-0-acetyl-(l,3,5/2)-3,5-diacetamido-l,2-cyclohexanediol 
(Tetra-Ar,0-acetyl-2,4-dideoxystreptamine) (4b), -(1,5/2,3)-
3,5-diacetamido-l,2-cyclohexanediol (11), and -(l,2,5/3)-2,5- 
diacetamido-l,3-cyclohexanediol (12). A mixture of 10a (0.752 
g), sodium azide (0.73 g), and 90% aqueous 2-methoxyethanol (30 
ml) refluxed for 20 hr. The reaction mixture was then evaporated 
to dryness and the residue was treated with a 1:2 mixture (15 ml) 
of acetic anhydride and pyridine overnight at room temperature. 
An insoluble material was filtered and washed with acetic anhy
dride (5 ml) and toluene (5 ml), and the filtrate and washings were 
combined and evaporated to give a syrupy product, which was pu
rified by passing through a short alumina column with ethyl ace
tate as an eluent. A solution of the product in ethanol (15 ml) was 
hydrogenated in Parr shaker apparatus in the presence of Raney 
nickel T-420 under pressure (3.4 kg/cm2) overnight at room tem
perature. The catalyst was removed by filtration and the filtrate 
was evaporated to give a syrupy product, which was treated with a 
1:2 mixture (8 ml) of acetic anhydride and pyridine overnight at 
room temperature. The crystals deposited directly from the reac
tion mixture were collected by filtration and washed with toluene 
giving 139 mg (23.8%) of 11: mp 255-260° dec. Recrystallization 
from ethanol-ether gave an analytically pure sample: mp 269.5- 
270°; pmr (DMSO-d6) r 1.96 (d, 1, J  = 10 Hz, NHAc), 2.20 (d, 1, J  
= 8 Hz, NHAc).

The residual reaction mixture was concentrated to give a syrup 
which was dissolved in ethyl acetate (5 ml) and kept in a refrigera
tor overnight, affording 78 mg (13.4%) of 4b: mp 223-225° (the 
slight turbidity of the melt disappeared at 240°). An analytical 
sample was obtained by two recrystallizations from ethyl acetate- 
ether: mp 231.5-233°; pmr (DMSO-de) T 2.10 (d, 1, J  = 8 Hz, 
NHAc), 2.16 (d, 1, J  = 10 Hz, NHAc).

The mother liquor from 4b was concentrated to give a syrup, 
which was dissolved in ether (3 ml) and kept in a refrigerator over
night to afford 74 mg (12.7%) of 12 as granular crystals: mp 126- 
129.5°. Recrystallization from ethanol-ether gave an analytical 
sample: mp 190.5-191.5°; pmr (DMS0-d6) r 2.17 (d, 1, J  = 8.5 Hz, 
NHAc), 2.29 (d, 1, J  = 8 Hz, NHAc), 5.79 (d of d, 1, H-2, J  = 4 and 
5 Hz, after deuteration).

Di-0-acetyl-(l,3,5/4)-3,5-diacetamido-l,4-cyclohexanediol 
(Tetra-N,0-acetyl-4,6-dideoxystreptamine) (7b). A mixture of 
10b (0.61 g), sodium azide (0.64 g), and 90% aqueous 2-methoxy
ethanol (30 ml) was heated at reflux for 20 hr. The reaction mix
ture was then evaporated to dryness and the residue was treated 
with acetic anhydride (5 ml) in pyridine (10 ml) overnight at room 
temperature, and filtered to remove an insoluble material. The fil
trate was evaporated to give a syrup which was dissolved in etha
nol (10 ml) and.hydrogenated as described above. The product was

acetylated in a similar way to give crystals, which were recrystal
lized from dimethyl sulfoxide-water to afford 200 mg (40.7%) of 7b 
as thin needles: mp 300-300.5°; pmr (DMSO-de) r 5.31 (t, 1, H-2, J  
= 11 Hz), 6.10 (t of d, 2, H -l and H-3, J  = 4.5 ,11, and 11 Hz).

cis-l,4-Diepoxycyclohexane (14). This compound was pre
pared from 1,4-cyclohexadiene according to the directions of Craig, 
et al.19 Separation of a mixture of the two stereoisomers of 1,4- 
diepoxycyclohexane thus obtained was effected by use of a silica 
gel column chromatography with 1:4 2-butanone-toluene as an el
uent, giving cis and trans isomers as chromatographically homoge
neous crystals in 31.4 and 7.9% yields, respectively, based on 1,4- 
cyclohexadiene used. The cis diepoxide melted at 58-60° (lit.19 
60-61°). and the trans one at 92-100° (lit.19 106-107°).

6,7-Diazabicyclo[3.2.1]octane-(2S,4R)-diol ((l,3/4,6)-4,6- 
Hydrazino-l,3-cyclohexanediol) (15a). A mixture of 14 (1.0 g), 
anhydrous hydrazine (2.5 ml), and 2-methoxyethanol (60 ml) was 
refluxed for 4.5 hr. The mixture was evaporated to give a crystal
line residue, which was pulverized and washed with ethanol, af
fording 1.09 g (85%) of 15a as granular crystals: mp 193-200°. This 
compound was shown to be pure enough for an elementary analy
sis. Attempted recrystallization from water-ethanol resulted in de
composition.

Anal. Calcd for C6Hi2N20 2: C, 49.98; H, 8.39; N, 19.43. Found: 
C, 49.66; H, 8.23; N, 19.36.

Compound 15a (0.50 g) was treated with acetic anhydride (5 ml) 
and pyridine (10 ml) overnight at room temperature. The mixture 
was evaporated to give a syrup which was crystallized from etha
nol-ether affording 1.0 g (93%) of the tetraacetyl derivative (15c): 
mp 131°; ir (KBr) 1740 (OAc) and 1650 cm-1 (NAc).

Anal. Calcd for CI4H2oN206: C, 53.84; H, 6.45; N, 8.97. Found: C, 
53.95; H, 6.42; N, 8.98.

Compound 15a (0.40 g) was treated with acetic anhydride (5 ml) 
in methanol (40 ml) for 2 days at room temperature. The mixture 
was evaporated to give a crystalline residue which was pulverized 
with ethanol-n-hexane affording 0.50 g (79%) of the di-N-acetyl 
derivative (15b): mp 184-186°. Recrystallization from ethanol gave 
an analytical sample: mp 185-187°; ir (KBr) 1670 and 1620 cm-1 
(NAc).

Anal. Calcd for C10Hi6N2O4: C, 52.62; H, 7.07; N, 12.27. Found: 
C, 52.92; H, 7.04; N, 12.22.

Compound 15c could be transformed into 15b in the usual way.
(l,3/4,6)-4,6-Diamino-l,3-cyclohexanediol (5a) Dihydro

chloride (2,5-Dideoxystreptamine Dihydrochloride). A solu
tion of 15a (1.2 g) in a 1:1 mixture (40 ml) of ethanol and water 
containing 12M hydrochloric acid (1.2 ml) was hydrogenated in a 
Parr shaker apparatus in the presence of platinum catalyst (70 mg) 
under hydrogen stream (3.4 kg/cm2) for 4.5 hr at room tempera
ture. The catalyst was removed by filtration and the filtrate was 
evaporated to give a crystalline product, which was pulverized with 
ethanol and filtered to give 1.6 g (88%) of 5a dihydrochloride as 
needles: mp 290-295° dec. An analytical sample was obtained by 
recrystallization from aqueous ethanol, which showed the same 
melting behavior and a single spot (Rf 0.21) on paper chromatogra
phy (6:4:3:1.1-butanol-pyridine-water-acetic acid).

Anal. Calcd for C6H14N202-2HC1: C, 32.89; H, 7.36; N, 12.79; Cl,
32.36. Found: C, 32.76; H, 7.15; N, 12.41; Cl, 32.04.

(l,3/4,6)-4,6-Diaeetamido-l,3-cyclohexanediol (5c). To a 
suspension of 5a dihydrochloride (51 mg) in methanol (5 ml) was 
added Amberlite IRA-410 (OH- ) (ca. 1 ml) and the mixture was 
stirred until it became a clear solution. Acetic anhydride (0.5 ml) 
was added dropwise to the solution and the reaction mixture was 
settled at room temperature overnight. The mixture was evapo
rated and the residue was washed with ethanol to give 28 mg (49%) 
of 5c, mp 297.5-301°. Recrystallization from methanol gave an an
alytical sample, mp 301-302°.

Anal. Calcd for CI0H18N2O4: C, 52.16; H, 7.88; N, 12.17. Found: 
C, 52.02; H, 7.73; N, 11.90.

Di- O-acetyl- (1,3/4,6)-4,6-diacetamido-1,3-cyclohexanediol 
(Tetra- JV,0-acetyl-2,5-dideoxystreptamine) (5b). The crude 5c 
derived from 5a dihydrochloride (81 mg) was treated with acetic 
anhydride (4 ml) arid pyridine (6 ml) overnight at room tempera
ture. After being heated at 100° for 30 min, the reaction mixture 
was filtered to remove unreacted 5c (20 mg), and the filtrate was 
evaporated to dryness. The crystalline residue was recrystallized 
from ethanol-ether to give 51 mg (44% based on consumed 5c) of 
5b as needles: mp 292-293°; pmr (CDC13) r 3.75 (d, 2, J = 9 Hz, 
2NHAc), 5.13 (t of d, 2, H -l and H-3, J = 10.5, 10.5, and 5 Hz),
7.95 (s, 6, 2 OAc), 8.07 (s, 6, 2 NHAc); (DMSO-d6) r 5.31 (t of d, 2, 
H -l and H-3, J = 11, 11, and 4.5 Hz), 6.11 (broad q of d, 2, H-4 and 
H-6).
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Di-lV-Carbobenzyloxy-( 1,3/4,6)-4,6-diamino-l,3-cyclohex- 
anediol (5d). To a solution of 5a dihydrochloride (1.7 g) in a 2:1 
mixture (60 ml) of acetone and water was added sodium carbonate 
(3.2 g). Carbobezyloxy chloride (14.3 ml of a 35% toluene solution) 
was added dropwise to the stirred solution under ice cooling. Stir
ring was continued overnight in a refrigerator, and then the result
ing precipitates were collected and washed with toluene to give
2.65 g (83%) of 5d: mp 198-199°. Recrystallization from ethanol af
forded an analytical sample: mp 201°.

Anal. Calcd for C22H26N20 6: C, 63.75; H, 6.37; N, 6.76. Found: C, 
63.46; H, 6.27; N, 6.74.

6,7-Diazabicyclo[3.2.1]oct-6-ene-(2S,4ii)-diol (16a). To a so
lution of 15a (0.30 g) in water (5 ml) was added 30% hydrogen per
oxide solution (0.65 ml, 3 molar equiv) and the solution was kept 
for 3 days at room temperature, at which time 15a was shown to be 
completely converted into the faster moving component by tic (5:1 
2-butanone-toluene). An excess amount of hydrogen peroxide was 
destroyed by adding a small amount of Raney nickel and the mix
ture was filtered and evaporated to give a crystalline residue, 
which was pulverized with ethanol-ether giving 0.17 g (57%) of 
16a, mp 133-138°. Recrystallization from ethanol-ether afforded 
an analytical sample: mp 140-145°; uvmax (H20 ) 336 nm (e 178).

Anal. Calcd for C6HioN20 2: C, 50.69; H, 7.09; N, 19.71. Found: 
C, 50.30; H, 6.99; N, 20.06.

Compound 16a (60 mg) was treated with acetic anhydride (1 ml) 
in pyridine (5 ml) overnight at room temperature, and then the 
mixture was evaporated to give a syrup which crystallized upon 
addition of ethanol to give 57 mg (60%) of the diacetyl derivative 
(16b) as needles: mp 103-104°; uvmax (CH3OH) 344 nm (e 238).

Anal. Calcd for C10H14N2O4: C, 53.09; H, 6.24; N, 12.39. Found: 
C, 52.97; H, 6.18; N, 12.96.

This compound was also obtained from the decomposed 15a by 
the usual acetylation.

2.3- Di- O-acetyl- 1,4-di- O-mesyl-1,2,3/4-cyclohexanetetrol
(17). A mixture of 2,3-0-cyclohexylidene-l,4-di-0-mesyl-l,2,3/4- 
cyclohexanetetrol24 (4.93 g) and 80% aqueous acetic acid (100 ml) 
refluxed for 30 min, and the mixture was then evaporated to dry
ness and the residue was treated with acetic anhydride (15 ml) and 
pyridine (25 ml) overnight at room temperature. The reaction mix
ture was poured into ice-water (400 ml) and the resulting precipi
tate was collected by filtration, giving 3.57 g (72%) of 17 as needles: 
mp 152-153.5°; pmr (CDC13) r 4.33 (t, 1, H-2, J  = 2.5 Hz), 6.97 (s, 
6, 2 OMs), 7.83 and 7.95 (s, 3, OAc).

Anal. Calcd for C i2H2oOioS2: C, 37.10; H, 5.20; S, 16.51. Found: 
C, 37.43; H, 5.12; S, 16.21.

1.4- Di-0-mesyl-l,4/2,3-cyclohexanetetrol (19). A mixture of
2,3-0-cyclohexylidene-l,4-di-0-mesyl-l,4/2,3-cyclohexanetetrol24 
(2.5 g) and 80% aqueous acetic acid (50 ml) was refluxed for 20 
min. The reaction mixture was then evaporated to dryness and the 
residue was crystallized from ethanol to give 0.99 g (50%) of 19 as 
needles: mp 129-130°. The recrystallized sample melted at 131— 
132°.

Anal. Calcd for C8HI60 8S2: C, 31.78; H, 4.66; S, 21.21. Found: C, 
31.79; H, 4.88; S, 21.00.

Di-0-acetyl-(l,3/2,4)-2,4-diacetamido-l,3-cyclohexanediol 
(Tetra-JV,0-acetyl-4,5-dideoxystreptamine) (6b). (a) A mix
ture of 17 (1.0 g), sodium azide (1.0 g), and 90% aqueous 2-methox- 
yethanol (40 ml) refluxed for 19 hr. The reaction mixture was 
treated according to the procedure described before for azidolysis 
of 10a. The syrupy product was crystallized from ethanol-ether to 
give 21 mg (2.9%) of 6b: mp 240°. An analytical sample was ob
tained by recrystallization from chloroform: mp 274-275.5°.

(b) A mixture of 19 (0.40 g), anhydrous hydrazine (0.5 ml), and 
2-methoxyethanol (30 ml) was refluxed for 90 min. The reaction 
mixture was evaporated to dryness, and the syrupy residue was 
dissolved in water (12 ml) and treated with Amberlite IRA-410 
(OH- ). The solution was hydrogenated as described above for 15a 
and the product was acetylated in the usual manner to afford 188 
mg (46%) of 6b: mp 274-275.5°; pmr (DMSO-d6) r 2.24 (d, 2, J  = 9 
Hz, 2 NHAc), 5.25 (t, 1, H-3, J  = 10.5 Hz), 6.08 (q, 1, H-2, J  10.5 
Hz).
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Syntheses of methyl dl-jasmonate (1) and methyl dl-2-epijasmonate (2) from 3a,7a-cis-3a,4,7,7a-tetrahydro-l- 
indanone (3a) are described. Efficient construction of the carbomethoxymethyl and eis-pentenyl moieties could 
be achieved by developing a successful method for a key step, the partial oxidation of aldehyde hemiacetal 6, pre
pared from 3a, to acid hemiacetal 7a. The methyl ester of 7a was converted to both 1 and 2 by different routes via 
the thioacetals 8b and 11, respectively.

Methyl jasmonate1 and .related compounds2 have been of interest as synthetic targets because of their use in the perfumery industry and as new members among the plant hormones. Indeed, much attention have been paid to the prep
aration of methyl dl- jasmonate (1) in recent years.3 We 
now report syntheses of methyl d/-jasmonate (1) and 
methyl dl- 2-epijasmonate (2), which involve efficient con-

struction of the carbomethoxymethyl and c i s -  pentenyl 
moieties and include as a key step the partial oxidation of aldehyde hemiacetal 6. In order to satisfy the stereochemi
cal requirement for the formation of 6 we chose l,7a-cis- 3a,7a-«'s-l,5,6-trihydroxyperhydroindan (5) as a starting 
material, which could be provided from 3a,7a- c i s -  
3a,4,7,7a-tetrahydro-l-indanone (3a).4The synthetic pathway leading to methyl dl-jasmonate 
is outlined in Scheme I. Interesting questions with regard to the scheme were whether oxidative fission of triol 5 
would provide 6 and whether the formyl group of 6 could 
be oxidized selectively to the acid hemiacetal 7a.

Scheme I

b, Rl =  [Me; RI = H
c, R|= Me; R';= Me

1 -'^'-COOMe 
CHO

H
10a, cis b, trans

COOMe

H
9a, cis
b, trans

Oxidation of 3a with KMn04-MgS045. in methanol at —40° afforded the diol 4 as white crystals in 69% yield.

Stereoselective reduction of 4 was achieved by the treat
ment with sodium borohydride in ethanol to give 5 in good 
yield. The structure assignment could be established by 
conversion of 5 into the 5-lactone 11 and the y-lactone 16, 
respectively.Treatment of 5 with sodium metaperiodate6 at 2° gave 
the aldehyde 6 in 98% yield. The structure assignment of 6 
was corroborated by the following spectral data.7 The ir 
spectrum exhibited a broad band at 3320 (OH) and charac
teristic streching bands at 2723 (aldehyde, v c u )  and 1724 
cm-1  (C=0). The nmr spectrum in CDCI3 showed 5 3.73 (1 
H, OH), 4.82 (1 H, CHO), 5.51 (1 H, OCHO), and 9.75 (1 H, 
CHO).Under carefully controlled reaction conditions, oxidation 
of 6 with KMn04-MgS04 in aqueous acetone at 2° and subsequent esterification with diazomethane afforded the hemiacetal ester 7b (60%) along with the dimer 17b (10%)8 
and the lactone 16b (10%). Without further purification the 
crude product was refluxed in dry methanol in the presence 
of a catalytic amount of p -  toluenesulfonic acid. Separation 
of the product by column chromatography over silica gel 
gave 7c (65% yield based on 6) and 16b (10%). The nmr 
spectrum of 7c showed the presence of two singlets due to a 
methoxy group at 5  3.27 (acetal) and 3.64 (ester), respec
tively. The acetal ester 7c was converted in two steps, by thioacetalization to 8b and by a slight modification of the Corey’s oxidation method,9 to the keto ester 9a in 64% 
yield. Epimerization of 9a was carried out by heating in tri- 
ethylamine in a sealed tube at 130° to give 9b in quantita
tive yield. Hydrolysis of 9b with HgCl2-HgO in aqueous ac
etonitrile10 gave 10b in 90% yield. The Wittig reaction of 
10b with salt-free n -  propylidenetriphenylphosphorane11 afforded 1 in 88% yield.

In the course of the thioacetalization of 7c the presence 
of a catalytic amount of water facilitated formation of the thioacetal 5-lactone 11 (80% yield) rather than 8. Hydrolysis of 11 with aqueous methanolic potassium hydroxide and subsequent esterification with diazomethane yielded 8 in 85% yield.

The second approach from 11 as shown in Scheme II also 
led to 1 v i a  2 .  The conversion was accomplished as follows: 
hydrolysis of 11 to 12 and subsequent Wittig reaction afforded 13, which on hydrolysis and esterification with diazomethane yielded 14b.12 Subsequent oxidation with chro
mic acid gave 2 in 61% overall yield. Epimerization of 2 to 1 proceeded smoothly on treatment with triethylamine in a sealed tube at 130°. Another route to methyl d l -  2-epijas
monate (2) involved 10a, prepared in 95% yield by hydroly
sis of the thioacetal 9a with HgCl2-HgO in aqueous acetonitrile. Wittig reaction of 10a with the salt-free phospho- rane afforded 2 in good yield.Normally one would expect that in the formation of 7a 
from 6 the hemiacetal function should be protected from 
the action of oxidation reagents. Thus, oxidation of 6 with
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7c
Scheme II

HSiCHQaSH
BFs-EtaO

14a, R =  H
b, R =  Me

chromic acid13 followed by esterification gave the 7 -lactone ester 16b in quantitative yield. In contrast, runs using 
KMnC>4-MgS04 at 2° exhibit nearly exclusive selectivity for the oxidation of the formyl group. The reason for this 
behavior may be the presence of the dimeric form 18 and/

16a, R =  ¡H 
b. R =  Me

or hydrogen bonding to the acetone solvent i n  s i t u ,  which 
results in resistance to oxidation of the hemiacetal func
tion.14

Experimental Section
Melting points and boiling points are uncorrected. Nmr spectra 

were determined with Hitachi R-24 and R-20 instruments. Ir spec
tra were recorded on a Hitachi EPI-S2, only major absorptions 
being cited. Mass spectral analyses were carried out on Hitachi 
RMS-4 and JEOL JMS-OISG mass spectrometers at 70 eV, with 
molecular and major fragment ions being cited: m/e (relative in
tensity). Column chromatography was carried out using Wako gel 
C-200 (silica gel) with benzene-AcOEt (20:1) as the developing sol
vent. Elemental analyses were performed by Mr. Tsutomu Okamo- 
to of our laboratory. Anhydrous sodium sulfate was used for all 
drying operations.

3a,7a-cis-5,6-Dihydroxyperhydro-l-indanone (4). To a 
stirred EtOH solution (75 ml) of 3a,7a-eis-3a,4,7,7a-tetrahydro-l- 
indanone (3a)4 (3.60 g, 26.5 mmol) a solution of KMnC>4 (3.98 g,
25.2 mmol) and MgS04 (2.98 g, 24.8 mmol) in water (95 ml) was 
added over 2 hr at -4 5  to -40 °. After the addition was completed, 
the reaction mixture was stirred for 2 hr and for an additional 1 hr 
at room temperature and then filtered. The precipitate was 
washed several times with hot water. The combined filtrates were 
concentrated to ca. 10 ml using a rotary evaporator. The aqueous 
solution was extracted several times with AcOEt and the extracts 
were dried and concentrated. The residue was chromatographed 
(CH2Cl2-AcOEt, 1:1) to give 3.1 g (69%) of 4: white crystals; mp 
122-123°; ir (Nujol) 3375, 3280 (OH), and 1735 cm“ 1 (C = 0 ); nmr 
(CDCI3 ) 5 3.90 (m, 1 H, HCO), 3.45 (m, 1 H, HCO), 3.20 (s', 2 H, 
OH), and 3.00-1.50 (m, 10 H); mass spectrum 170 (M+).

Anal. Calcd for C9H14O3: C, 63.51; H, 8.29.- Found: C, 63.57; H,
8.22.

3a,7a-cJS-l,7a-cis-l,5,6-Trihydroxyperhydroindan (5). A
mixture of 4 (2.00 g, 11.75 mmol) and NaBH4 (1.05 g, 27.85 mmol) 
in EtOH (200 ml) was stirred for 12 hr at room temperature. The 
reaction mixture was cooled with an ice-water bath and 34 ml of 
AcOH was added. After stirring for additional 0.5 hr, the mixture 
was evaporated to dryness and the residue was extracted ten times 
with hot AcOEt. Evaporation of the solvent afforded a white solid,

whose recrystallization from AcOEt gave 1.72 g (84.9%) of 5: white 
crystals; mp 160.5-161.0°; ir (neat) 3300 cm-1 (OH).

Anal. Calcd for C9Hi60 3: C, 62.77; H, 9.36. Found: C, 62.83; H,
9.57.

1.5- cis-5,6-cis-6-Formylmethyl-3-hydroxy-2-oxabicyclo-
[3.3.0]octane (6). A solution of 5 (300 mg, 1.74 mmol) and sodium 
metaperiodate (375 mg, 1.75 mmol) in water (90 ml) was stirred for 
7 hr at 2° under nitrogen. The aqueous solution was extracted with 
CHCI3, washed with water, dried, and concentrated to give 295 mg 
of 6: ir (neat) 3320 (OH), 2723 (CHO), and 1724 cm" 1 (C = 0 ); nmr 
(CDC13) 6 1.21-3.37 (10 H), 3.73 (br s, 1 H, OH), 4.82 (m, 1 H, 
CHO), 5.51 (d, J = 3.6 Hz, OCHO), and 9.75 (m, 1 H, CHO). The 
product 6 was homogeneous in tic [Merck PF 254, R f 0.32 (ben- 
zene-acetone-n-hexane, 2:1:1)]; however, 6 is hygroscopic and was 
used in the following experiment without further purification. To a 
stirred acetone (60 ml) solution of 6 (300 mg, 1.76 mmol) a solution 
of KM n04 (279 mg, 1.75 mmol) and MgS04 (209 mg, 1.73 mmol) in 
water (6 ml) was added dropwise for 1 hr at 2-3°. After addition 
was completed, the mixture was stirred for 9 hr at 2-3°, and then 
2-propanol (30 ml) was added. The mixture was stirred for 10 hr at 
2-3° and for additional 5 hr at room temperature. The mixture 
was filtered and the precipitate was washed with hot water (3 ml). 
The combined filtrate and washings were concentrated to 3 ml and 
washed with CHCl3. The aqueous solution was acidified with dilut
ed HC1 and extracted with CHCI3. The extracts were dried. Re
moval of the solvent under reduced pressure gave 265 mg of an oil. 
Without further purification, the crude oil was treated with diazo
methane to give 280 mg of products. Preparative tic analysis of the 
liquid products indicated the following compounds to be present 
[fif values, AcOEt-benzene (1:3); yields based on 6]: 7b (0.15, ca. 
60%), 16b (0.47, ca. 10%), and 17b (0.55, ca. 10%). The physical 
and spectral data together with elemental analyses are as follows.

Compound 7b: bp 65-68° (0.03 mm); ir (neat) 3425 (OH) and 
1738 cm" 1 (C = 0 ); nmr (GDCI3) 5 1.27-3.22 (10 H), 3.49 (br, 1H, 
OH), 3.67 (s, 3 H, CHaO), 4.71 (m, 1 H, CHO), and 5.55 (d, J = 4.5 
Hz, 1 H, OCHO).

Anal. Calcd for Ci0Hi6O4: C, 59.98; H, 8.05. Found: C, 60.28; H,
8.18.

Compound 16b: bp 82-85° (0.02 mm); ir (neat) 1775 (lactone 
C = 0 ) and 1735 cm“ 1 (C = 0 ); nmr (CDC13) 5 1.60-3.20 (10 H),
3.69 (s, 3 H, CH ;0), and 5.05 (m, 1 H, CHO); mass spectrum 198 
(M+, 2), 180 (10), 166 (52), 152 (55), 149 (50), 138 (50), 125 (58), 96 
(100), 81 (63), 74 (68), 67 (50), 55 (55), and 41 (63).

Anal. Calcd for Ci0Hi4O4: C, 60.59; H, 7.12. Found: C, 60.80; H,
7.14.

Compound 17b: mp 94.5-95.0°; ir (Nujol) 1739 cm-1 (C = 0 ); 
nmr (CDC13) 6 1.13-3.20 (20 H), 3.67 (s, 6 H, CH30), 4.52 (m, 2 H, 
CHO), and 5.35 id, J  = 4.2 Hz, 2 H, OCHO); mass spectrum (15 
eV) 199 ](M+ + 0)/2,2], 183 [(M+ -  0)/2 , 99], 182 ](M+ -  0 )/2  -  
H, 34], 151 (60), 150 (22), 139 (10), 123 (17), 122 (20), 109 (18), 108
(36), 95 (26), 94 (48), 82 (100), 81 (89), 68 (31), and 59 (25).

Anal: Calcd for C20H30O7: C, 63.16; H, 8.10. Found: C, 63.42; H, 
8.13.

1.5- cj's-5,6-cis-6-Carbomethoxymethyl-3-methoxy-2-oxabi- 
cyclo[3.3.0]octane (7c). A solution of 7b (170 mg, 0.85 mmol) and 
p-toluenesulfonic acid (3 mg) in MeOH (10 ml) was refluxed for 30 
min. After distillation o f most of the solvent fresh MeOH (30 ml) 
was added slowly during 2 hr under heating. When the addition 
was completed, the mixture was refluxed and then diluted cau
tiously with benzene (10 ml). The mixture was distilled slowly to a 
small volume (ca. 5-10 ml) under atomospheric pressure. The resi
due was taken up in ether (10 ml) and washed with aqueous 
NaHC03, dried, and concentrated. The residue was chromato
graphed .to give 173 mg (95%) of 7c: ir (neat) 1739 cm-1; nmr 
(CDCI3) 5 1.30-2.50 (10 H), 3.27 (s, 3 H, CH30), 3.64 (s, 3 H, 
CH30), 4.53 (m, 1 H, CHO), and 4.55 (d, J  = 4.2 Hz, 1 H, OCHO); 
mass spectrum 199 (M+ — Me, 5), 181 (M+ — MeO, 18), 182 (M + — 
MeOH, 48), 151 (51), 139 (11), 122 (46), 108 (58), 94 (83), 82 (90), 
81 (100), 71 (60), 68 (59), 59 (58), 53 (49), and 41 (58).

Anal. Calcd for Cn Hlg0 4: C, 61.66; H, 8.47. Found: C, 61.62; H, 
8.42.

In the similar manner, the acetalization of 17b with MeOH gave 
7c in almost quantitative yield.

Preparation of Thioacetals (8b and 11). To a stirred dry 
CHOI3 solution (2 ml) o f boron trifluoride etherate (251 mg, 1.80 
mmol) a solution of 7c (180 mg, 0.84 mmol) and 1,3-propanedithiol 
(92 mg, 0.85 mmol) in dry CHC13 (1 ml) was added dropwise at 2°. 
After stirring for 12 hr at room temperature the mixture was 
poured into ice-water and extracted with CHC13. The extracts 
were washed with aqueous NaHC03 and with water, dried, and
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concentrated. The residue was chromatographed to give 187 mg 
(80%) of 8b together with 15 mg (7%) of 11.

In this reaction, when an excess amount of boron trifluoride eth- 
erate and commercial CHCI3 (without drying operation) were em
ployed, 11 was obtained in 80% yield together with a trace of 8b.

Compound 8b boiled at 112-114° (0.01 mm): ir (neat) 3485 and 
1725 cm "1; nmr (CDCI3) 5 1.40-2.33 (10 H), 2.17 (s, 1 H, OH), 2.45 
(br s, 2 H, CHsCO), 2.87 (m, 4 H, CH2S), 3.64 (s, 3 H, CH30), 4.10 
(t, J  = 6.6 Hz, SCHS), and 4.27 (m, 1 H, CHO); mass spectrum 290 
(M+, 8), 272 (1), 258 (3), 230 (1), 225 (1), 198 (4), 183 (19), 171 (2), 
165 (4), 151 (43), 139 (10), 132 (74), 119 (100), 108 (33), 94 (20), 81
(56), 74 (39), 68 (21), 59 (26), and 41 (85).

Anal. Calcd for C13H2203S2: C, 53.78: H, 7.64. Pound: C, 53.64; 
H, 7.60.

Compound 11 melted at 105.2-105.5°: ir (Nujol) 1723 cm' 1 
' (C = 0 ); nmr (CDC13) b 1.53^2.73 (12 H), 2.81 (m, 4 H, CH2S), 4.10 
(t, J  = 8.4 Hz, 1 H, SCHS), and 4,63 (m, 1 H, CHO); mass spec
trum 258 (M+, 26), 230 (8), 211 (3), 198 (3), 186 (4), 156 (11), 132 
(100), 119 (96), 106 (34), 74 (26), 67 (17), 55 (14), and 41 (44).

Anal. Calcd for C12Hi80 2S2: C, 55.78; H, 7.02. Found: C, 55.80; 
H, 6.88.

2.3- cis-3-Carbomethoxymethyl-2-(l',3'-dithianyl-2')meth- 
ylcyclopentan-l-one (9a). To a stirred solution of IV-chlorosucci- 
nimide (100 mg, 0.74 mmol) in toluene (5 ml) was added at 0° 
methyl sulfide (1 ml) under nitrogen. The mixture was cooled to 
—25° and a solution of 8b (60 mg, 0;21 mmol) in toluene (1 ml) was 
added dropwise. Stirring was continued for 3 hr at —25°, and then 
triethylamine (78 mg, 0.77 mmol) was added. The cooling bath was 
removed and after 5 min, ether was added. The organic layer was 
washed with 5% HC1 and with water, dried, and concentrated. The 
residue was chromatographed to give 45 mg (76%) of 9a: bp 107- 
110° (0.01 mm) (bath temperature); ir (neat) 1741 (shoulder) and 
1734 cm“ 1 (C = 0 ); nmr (CDCI3) 5 1.36-2.96 (16 H), 3.71 (s, 3 H, 
CH3O), and 4.16 (t, J = 7.2 Hz, 1 H, SCHS); mass spectrum 288 
(M+, 9), 257 (4), 215 (1), 182 (1), 134 (38), 133 (62), 132 (100), 119 
(58), 106 (10), 97 (15), 85 (11), 83 (21), and 41 (31).

Anal. Calcd for Ci3H2o03S2: C, 54.16; H, 6.99. Found: C, 54.12; 
H, 7.00.

Epimerization of 9a. A solution of 9a (24 mg, 0.08 mmol) in tri
ethylamine (1 ml) was heated for 20 hr at 135-140° in a sealed 
tube. After removal of the solvent, distillation of the residue gave 
23 mg (96%) of 9b: bp 115-120° (0.02 mm) (bath temperature); ir 
(neat) 1737 cm" 1 (C = 0 ); nmr (CDC13) b 1.48-2.95 (16 H), 3.70 (s, 
3 H, CH3O), and 4.28 (t, J = 7.2 Hz, 1 H, SCHS); mass spectrum 
288 (M+, 10), 257 (4), 215 (2), 182 (2), 134 (44), 133 (66), 132 (100), 
119 (61), 106 (10), 97 (15),- 86 (50), 84 (60), and 41 (38)i

Anal. Calcd for Ci3H2o03S2: C, 54.16; H, 6.99. Found: C, 54.05; 
H, 7.06.

2.3- irans-.3-Carbomethoxymethy 1-2-formylmethyl-l-cy- 
clopentanone (10b). To a stirred suspension of HgCl2 (43 mg, 0.16 
mmol) and HgO (17 mg, 0:08 mmol) in aqueous 80% MeCN (2 ml) 
a solution of 9b (21 mg, 0.07 mmol) in aqueous 80% MeCN (2 ml) 
was added under nitrogen. The mixture was refluxed for 4 hr with 
stirring. After cooling the mixture was filtered and the precipitate 
was washed with CH2Cl2-n-hexane (1:1). The combined filtrates 
were washed with aqueous AcONH-i and water, dried, and concen
trated. The residue was chromatographed to give 13 mg (90%) of 
10b: bp 64-67° (0.04 mm) (bath temperature); ir (neat) 2775 
(CHO), 1745, 1730, and 1722 cm“ 1 (C = 0 ); nmr (CDC13) b 1.35-
2.90 (10 H), 3.67 (s, 3 H, CH30), and 9.71 (s, 1 H, CHO).

Anal. Calcd for C10H14O4: C, 60.59; H, 7.12. Found: C, 60.62; H,
7.08.

Methyl d/-Jasmonate (1). To a stirred solution of 10 (8 mg, 
0.04 mmol) a salt-free benzene solution (2 ml) o f n-propylidenetri- 
phenylphosphorane prepared from n-propyltriphenylphospho- 
nium bromide (100 mg, 0.25 mmol) by the reported method11 was 
added. After stirring for 10 hr at room temperature the reaction 
mixture was evaporated to a small volume and the residue was ex
tracted several times with n- hexane. The extracts were concen
trated and the residue was chromatographed to give 8 mg (88%) of 
1: bp 120-125° (7 mm) [lit.3® bp 81-84° (0.001 mm)]; ir (neat) 3000 
(H C=C), 1741 (C = 0 ), and 1650 cm' 1 (C=C); nmr (CDCi3) b 0.97 
(t, J  = 7.2 Hz, 3 H, CH3C), 1.45-2.90 (12 H), 3.69 (s, 3 H. CH3O),
5.27 (d, J  = 6 Hz, 1 H, HC=C), and 5.45 (d, J  = 6 Hz, HC=C). Ir, 
nmr, and mass spectral data were identical with those of methyl 
dl- jasmonate reported in the literature.3a'b

8-syn-Formylmethyl-2-oxabicyclo[3.2.1]oc tan-3-one (12). 
To a stirred suspension of HgCl2 (238 mg, 0.88 mmol) and HgO (95 
mg, 0.44 mmol) in aqueous 80% MeCN (2 ml) a solution of 11 (100 
mg, 0.39 mmol) in aqueous 80% MeCN (4 ml) was added. The mix

ture was refluxed for 4 hr. After work-up in the usual manner, 
there was obtained 62 mg (96%) of 12: bp 115-125° (0.03 mm) 
(bath temperature); ir (neat) 2725 (CHO), 1747, 1735, and 1715 
cm" 1 (C = 0 ); nmr (CDC13) b 1.60-3.06 (10 H), 4.68 (m, 1 H, CHO), 
and 9.88 (s, 1 H, CHO).

Anal. Calcd for C9Hi20 3: C, 64.27; H, 7.19. Found: C, 64.20; H, 
7.47.

8-syu-(2-cis-Pentenyl)-2-oxabicyclo[3.2.1]octan-3-one 
(13). To a stirred solution of 12 (45 mg, 0.27 mmol) in benzene (0.5 
ml) a salt-free benzene solution (2 ml) of n- propylidenetriphenyl- 
phosphorane prepared from n- propyltriphenylphosphonium bro
mide (200 mg, 0.52 mmol) was added under nitrogen and the mix
ture was stirred for 12 hr at room temperature. After work-up in 
the usual manner, there was obtained 44 mg (85%) of 13: ir (neat 
3000 (HC=C), 1738 (C = 0 ), and 1651 cm“ 1 (C=C); nmr (CDC13) b 
0.96 (t, J = 7.2 Hz, 3 H, CH3C), 1.52-2.75 (12 H), 4.59 (m, 1 H, 
CHO), and 5.13-5.73 (m, 2 H, HC=C); mass spectrum (80 eV) 194 
(M +, 3), 176 (1), 162 (3), 151 (3), 134 (82), 125 (23), 119 (36), 105
(26), 93 (41), 81 (49), 79 (72), 68 (100), 67 (75), 55 (59), and 41 (89).

Anal. Calcd for Ci2Hig02: C, 74.19; H, 9.34. Found: C, 74.38; H,
9.36.

1.2- cis-2,3-cis-3-Carbomethoxymethyl-2-(cis-2-pentenyl)- 
cyclopentan-l-ol (14b). A solution of 13 (45 mg, 0.27 mmol) and 
KOH (100 mg, 1.8 mmol) in MeOH (1 ml) containing a few drops 
of water was stirred for 12 hr at room temperature. The reaction 
solution was diluted with 3 ml of water and concentrated to a small 
volume with a rotary evaporator. The aqueous solution was acidi
fied to pH 3-4 with diluted H2SO4, extracted with CHCI3, washed 
with water, and dried. Evaporation of the solvent gave 34 mg of 
14a: ir (neat) 3700-2350 (COOH) and 1710 cm-1 (C = 0 ); nmr 
(CDCI3) b 0.98 (t, J = 7.2 Hz, 3 H, CH3C), 1.50-2.72 (12 H), 4.22 
(m, 1 H, CHO), 5.11-5.68 (m, 2 H, HC=C), and 6.33 (br s, 2 H, 
OH). Without further purification, the crude carboxylic acid 14a 
was treated with diazomethane followed by column chromatog
raphy to give 35 mg (92%) of 14b: bp 75-80° (0.01 mm) (bath tem
perature); ir (neat) 3500 (OH), 3000 (HC=C), 1734 (C = 0 ), and 
1654 cm- 1 (C=C); nmr (CDCI3) b 0.97 (t, J = 7.2 Hz, CH3C), 
1.49-2.57 (12 H), 1.60 (s, 1 H, OH), 3.65 (s, 3 H, CH30), 4.20 (m, 1 
H, CHO), and 5.09-5.70 (m, 2 H, HC=C); mass spectrum 208 (M+ 
-  H20, 19), 193 (2), 176 (9), 165 (30), 152 (64), 148 (27), 139 (64), 
134 (100), 119 (85), 107 (74), 105 (80), 95 (67), 93 (8ij, 91 (63), 83
(56), 81 (57), 79 (88), 67 (73), 55 (84), and 41 (85).

Anal. Calcd for Ci3H220 3: C, 68.99; H, 9.80. Found: C, 68.97; H,
9.70.

Methyl di-2-Epijasmonate (2). To a stirred CH2C12 solution (3 
ml) of 14b (12.5 mg, 0.59 mmol) Jones reagent (0.2 ml) prepared 
from Na2Cr207 (40 mg) and concentrated H2S04 (50 mg) was 
added under cooling with an ice bath. After stirring for 10 min the 
ice bath was removed and the mixture was stirred for 5 hr at room 
temperature. The organic phase was separated, washed with aque
ous NaHC03 followed with brine, dried, and concentrated. The 
residue was chromatographed to give 10 mg (81%) of 2: bp 120-  
125° (7 mm) (bath temperature); ir (neat) 3000 (HC=C), 1742 
(C = 0 ), and 1654 cm-1 (C==C); nmr (CDC13) b 0.95 (t, J = 7.2 Hz, 
3 H, CH3C), 1.60-2.99 (12 H), 3.69 (s, 3 H, CH30), and 5.07-5.71 
(m, 2 H, H C = 0); mass spectrum (80 eV) 224 (M+, 26), 206 (10), 
193 (9), 177 (7), 167 (3), 165 (2), 156 (20), 151 (46), 133 (15), 121 
(13), 109 (32), 95 (64), 83 (100), 67 (50), 55 (52), and 41 (75).

Anal. Calcd for Ci3H2o03: C, 69.61; H, 8.99. Found: C, 69.53; H,
9.05.

Epimerization of 2. A solution of 2 (10 mg, 0.045 mmol) in tri
ethylamine (0.5 ml) was heated in. a sealed tube for 6 hr at 130°. 
Evaporation of the solvent followed by distillation gave 9.5 mg of 1 
(95%). Ir and nmr spectral data were identical with those of an au
thentic sample. The compound 1 boiled at 57-59° (0.025 mm).

2.3- cis-3-Carbomethoxymethyl-2'formylmethyl-l-cyclo- 
pentanone (10a). To a stirred suspension of HgCl2 (65 mg, 0.24 
mmol) and HgO (28 mg, 0.13 mmol) in aqueous 80% MeCN (1 ml) 
a solution of 9a (32 mg, 0.11 mmol) in aqueous 80% MeCN was 
added. After refluxing for 3.5 hr the mixture was worked up in the 
usual manner to give 21 mg of 10a: bp 67-69° (0.04 mm); ir (neat) 
2720 (CHO) and 1738 cm“ 1 (C = 0 ); nmr (CDC13) b 1.42-3.25 (10 
H), 3.68 (s, 3 H, CH30), and 9.77 (m, 1 H, CHO).

Anal. Calcd for C9H14O4: C, 60.59; H, 7.12. Found: C, 60.61; H,
7.03.

Wittig Reaction of 10a. To a stirred solution of 10a (21 mg, 
0.106 mmol) in benzene (0.5 ml) a benzene solution of salt-free n- 
propylidenetriphenylphosphorane prepared from n-propyltri- 
phenylphosphonium bromide (200 mg, .0.52 mmol) was added 
under nitrogen and the mixture was stirred for 15 hr at room tem-
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perature. The mixture was worked up in the usual manner to give 
17 mg of 2 (72%), whose ir and nmr spectral data were identical 
with those of 2 obtained in the preceding experiment.

Hydrolysis of 5-Lactone 11. A solution of 11 (46 mg, 0.18 
mmol) and KOH (100 mg) in MeOH (0.5 ml) containing a few 
drops of water was stirred for 6 hr at room temperature. The mixi 
ture was diluted with 5 ml of water and washed with CHCI3. The 
aqueous solution was acidified with diluted HC1 and extracted 
with CHCI3. The extracts were washed with water and dried. Re
moval of the solvent gave 42 mg of 8a as white crystals: mp 119.5- 
120.0°; ir (Nujol) 3525 (OH), 3350-2200 (COOH), and 1687 cm“ 1 
(C = 0 ).

Anal. Calcd for C12H2o0 3S2: C, 52.17; H, 7.30. Found: C, 52.31; 
H, 7.10.

Treatment of 8a with diazomethane followed by distillation gave 
44 mg of 8b (85%): bp 116-119° (0.02 mm). Ir and nmr spectra of 
8b were identical with those of an authentic sample.

1.5- cj's-5,6-eis-6-(2',2'-Dimethoxyethyl)-3-methoxy-2-oxa- 
bicyclo[3.3.0]octane (15). A solution of 6 (382 mg, 2.24 mmol) 
and p- toluenesulfonic acid (10 mg) in MeOH (35 ml) was refluxed 
for 2 hr. After processing as described in the preparation of 7c, the 
residue was taken up in CHCI3 (30 ml), washed with aqueous 
NaHCOa, and dried. Removal of the solvent gave 465 mg (90%) of 
15: bp 50-52° (0.03 mm); ir (neat) 1126 and 1096 cm” 1; nmr 
(CDCI3) 5 1.20-2.20 (10 H), 3.31 (s, 9 H, CH30), 6.38 (t, J  = 5.7 
Hz, 1 H, CHO), 6.56 (m, 1 H, CHO), and 6.98 (d, J = 4.2 Hz, 1 H, 
CHO).

Anal. Calcd for C12H22O4: C, 66.64; H, 9.15. Found: C, 66.98; H,
9.21.

1.5- cis-5,6-cfs-6-Carbomethoxymethyl-3-oxo-2-oxabicyclo- 
[3.3.0]octane (16b). To a stirred solution of 6 (205 mg, 1.20 mmol) 
in ether (10 ml) was added an aqueous solution of 4 N  chromic 
acid (1.3 ml) at 10° and the mixture was stirred for 10 hr at room 
temperature. The ether layer was separated and the aqueous solu
tion was extracted with ether. The combined extracts were washed 
with water and dried. Removhl of the solvent gave 191 mg (84%) of 
16a: ir (Nujol) 1767 (lactone) and 1698 cm-1 (COOH).

Without further purification, the acid 16a was converted into 
the lactone ester 16b by the action of diazomethane in quantitative 
yield: bp 82-85° (0.02 mm); ir (neat) 1775 (lactone C = 0 ) and 1735 
cm-1 (ester C = 0 ); nmr (CDCI3) 8 1.60-3.20 (10 H), 3.69 (s, 3 H, 
CH30), and 5.05 (m, 1 H, CHO); mass spectrum 198 (M+, 2), 180
(10), 166 (52), 152 (55), 149 (50), 138 (50), 125 (58), 96 (100), 81
(63), 74 (68), 67 (50), 55 (55), and 41 (63).

Anal. Calcd for C10H14O4: C, 60.59; H, 7.12. Found: C, 60.80; H,
7.14.

Chromic Acid Oxidation of 7b. To a stirred solution of 7b (30 
mg, 0.15 mmol) in ether (5 ml) a solution of 4 N  chromic acid (0.3 
ml) was added dropwise at room temperature. After processing as 
described above 27 mg (90%) of 16b was obtained, whose ir and 
nmr spectra were identical with those of an authentic sample.

Registry No.— 1, 20073-13-6; 2, 53369-26-9; 3a, 53320-14-2; 4, 
53320-15-3; 5, 53320-16-4; 6, 53320-17-5; 7b, 53320-18-6; 7c,

53320-19,7; 8a, 53320-20-0; 8b, , 53320-21-1; 9a, 53320-22-2; 9b, 
53320-23-3: 10a, 53320-24-4; 10b, 53320-25-5; 11, 53320-26-6; 12, 
53320-27-7; 13, 53403-88-6; 14a, 53369-27-0; 14b, 53369-28-1; 15, 
53320-28-9; 16a, 53320-29-9; 16b, 53320-30-2; 17b, 53403-89-7;
1,3-propanedithiol, 109-80-8; re-propylidenetriphenylphosphorane, 
16666-78-7.
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A  new triterpenoid aglycone holotoxinogenin (4 a ) and its 25-methyl ether 5 a  were isolated from the antifungal 
saponin holotoxin. The structure 4 a  was shown to be 3/3,20£,25-trihydroxy-16-oxolanost-9(ll)-ene-18-carboxylic 
acid lactone (18 — 20). The ketonic functionality at C(16) is unprecedented in sapogenins from sea cucumbers. 
The full structure and stereochemistry was determined by X-ray analysis, thus establishing for the first time the 
absolute configuration of C(20) in the sea cucumber aglycones. Holotoxinogenin was found to be identical with 
stichopogenin A4, whose earlier structure assignment is thus shown to be incorrect.

Sea cucumbers (Holothurians), members of the phylum  
Echinodermata, are known to possess toxic saponins in 
their body walls, as well as in the Cuvierian glands, for de
fensive and offensive purposes.4 T h e toxicological and 
pharmacological aspects of these toxins have been studied 
extensively.5 The chemical investigation of these saponins 
and their derived sapogenins began more than two decades 
ago and the tetracyclic triterpenoid structures of many of 
these compounds have since been established.6’7 Recently, 
we reported the isolation and structure elucidation of a new 
sapogenin (1) from the dried skin of S tich o p u s  ch lo ron o tu s  
Brandt,8 which contained only an isolated A9(11)-double 
bond without a C (12) substituent. Also noteworthy is the 
existence of a 23-acetoxy function.

b, R! =  H ;R ,=  OH

3a, R =  H 
b, R =  OH

In 1969 Shim ada reported the isolation of a new saponin, 
named holotoxin, from the body wall of the sea cucumber 
S tich o p u s  ja p o n ic u s ,9 the same species from which E lyak- 
ov, e t  a l.,10 isolated stichopogenins A 2 and A 4 and to which 
they assigned structures 2a and 2b. Crystalline holotoxin 
shows high activity against pathogenic fungi, a property 
that distinguishes it from the holothurins studied so far.

Th e infrared spectrum of holotoxin is sim ilar to that of 
holothurin but holotoxin lacks the sulfate group of the for
mer. It  is interesting to note that a considerable fraction of 
the biological potency of holothurin is linked to the posses
sion of a negative charge center, and removal of this anionic 
character, i.e., the sulfate group, causes a sharp decrease in 
its ability to destroy membrane excitability.53

We report here the structures of two new sapogenins de
rived by acid hydrolysis of Shim ada’s holotoxin.9 Due to 
the limited amount of material, the structures of holotoxi
nogenin (4a) and holotoxinogenin 25-m ethyl ether (5a)

were established predominantly by analysis of their spec
tral data and by X -ra y  analysis. L ike l 8 these genins con
tain the unusual 9 (11) double bond system; in addition 
they are unique in having a ketone function at C(16).

The mass spectrum of compound 5a depicted a molecu
lar ion at m fe  500. Th e composition of 5a as C 3 1 H 48O 5 was 
established by high resolution measurements on fragment 
ions corresponding to the loss of methyl and methanol. Th e  
nature of the oxygen functions was based on the following 
observations.

Th e infrared spectrum of sapogenin 5a revealed the 
presence of a five-membered lactone (>c=0 1755 cm- 1 ) and 
one hydroxyl group ( i<o h  3440 cm- 1 ) which could be acetyl- 
ated. Th e secondary nature of this hydroxyl group was es
tablished by the presence of only one H - C - 0  type proton 
in 5a and its derivatives. The strongly negative Cotton ef
fect, [0 )303 —16,500, in the C D  spectrum of 5a indicated the 
presence of a carbonyl chromophore. Since the ir spectrum  
did not have absorption corresponding to either an open-
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Figure 1. Nmr spectrum (100 Hz) of holotoxinogenin 25-methyl 
ether (5a) in deuteriochloroform.

chain ketone or a six-membered ring ketone, but showed 
broad absorption at 1755 cm“ 1 the Cotton effect was pre
sumably associated with a ketone contained in a five-mem- bered ring. The negative Cotton effect would then require 
that it be either a 14a-16-ketone or a 14/3-15-ketone.11 This 
point was settled rigorously by the X-ray data discussed below.Thé nmr spectrum (Figure 1) of 5a showed the presence of seven methyl groups in addition to a methoxyl function. 
The general resemblance with previously reported spec- trafi -8,12.1.3 strongly indicated the presence of the typical la- 
nostane skeleton with a 7 -lactone between C(18) and C(20).The 8  configuration of the C(3) hydroxyl group was indicated by the position of a broad nmr absorption ( b  3.18) in 
the alcohol 5a.14 The /3 configuration of the C(3) alcohol is 
further substantiated by the well documented15 larger lanthanide induced shift of the 4/3-methyl as compared to the 
4a-methyl group.2

The position of the methoxyl group at C(25) was established by the fact that the nmr signal of the C(26) and 
C(27) protons at 5  1.16 was similar to that of ternaygenin 
(3a)12 and praslinogenin (3b).13 The presence of the mass 
spectral peak at m / e  73 [(CH3)2C = 0 +CH3] confirmed that like 3a and 3b, compound 5a contained a methoxyl func
tion at C(25).The nmr spectrum (Figure 1) of 5a showed simple gemi- 
nal coupling (J = 15 Hz) at b  2.05 and 2.31, which could be 
the result of the methylene protons a to a carbonyl group. This and the fact that the protons of the C(14) methyl 
group were more deshielded (5 1.21) when compared with the C(14) methyl groups of praslinogenin (3b)13 ( b  1.16) 
and ternaygenin (3a)12 ( b  1.01) strongly suggest that the 
five-membered ring ketone function was at C(16).The empirical formula of 5a established by mass spectrometry required one more degree of unsaturation. There 
was only one olefinic proton (<5 5.3) in the nmr spectra (see Figure 1) of 5a and 5b. From spin decoupling data we concluded that the two-proton signal at 2.53 ppm was due to 
two allylic protons, which was consistent with three possi
ble positions (A5, A7, or A9(11), for the double bond. A definite conclusion was reached by X-ray crystallography.The complete three-dimensional structure of holotoxinogenin 25-methyl ether (5a) was elucidated by a single crys
tal X-ray diffraction experiment. The results of this are shown in a drawing of the final X-ray model given in Figure
2. The X-ray work established firmly the 9-11 position of the double bond (1.35 Â distance) which could not be settled by the nmr studies; similarly it proved rigorously the

Figure 2. A computer generated perspective drawing of holotoxi
nogenin 25-methyl ether (5a). Atoms are carbons unless otherwise 
specified and hydrogens are not shown.

presence of the 16-keto group whose infrared signal was 
masked by the lactone absorption. The negative Cotton ef
fect, mentioned previously, thus settles the absolute configuration of the molecule. In general, the bond distances were normal, the only abnormally short intermolecular contact being a hydrogen bond between 0(31) and 0(34) of 2.93 A.

The diagnostic peaks in the mass spectra of 5a and 5b are summarized in Table I. The fragmentations could be 
rationalized readily in terms of structure 5. Both com
pounds possess an intense peak at m / e  73.065 (C4H9O) cor
responding to (CH3)2C = 0 +CH3 which is a characteristic fragment ion for sapogenins with a C(25) methoxyl 
group.10b'12’13 The ion of mass 381.244 (C2SH33O3) originates from cleavage between carbon atoms 1 and 2 and 4 
and 5, respectively, of ring A. When 5a is acetylated, the mass spectrum cf the monoacetate 5b also contains an m / e  381 peak, indicating that the fragmentation is indeed the 
result of cleavage of ring A. The spectra of 5a and 5b display peaks at m / e  423 and 465, respectively, which could be 
generated by the loss of methanol, carbon dioxide, and a 
hydrogen atom. A conceivable mechanism is the following.

a
In view of the fact that none of the previously known holo- thurinogenins exhibit such fragmentation, it seems reason
able to conclude that the presence of the C(16) keto group facilitates this fragmentation process by furnishing the a,/3-unsaturated ketone moiety of ion a.

The structure of holotoxinogenin (4a) was established by 
a comparison of its spectra with those of 5a. The mass spectrum of 4a showed a molecular ion peak at m / e  486 
(C30H46O5). Like its methyl ether 5a, 4a contained a 7 -lac- 
tone ring (i>c=o 1755 cm-1), one or more hydroxyl groups 
( « o h  3440 cm-1), and essentially no uv absorption above 210 nm. It also had a negative Cotton effect curve that was identical in shape and sign with 5a. Acetylation of 4a at 
room temperature gave a monoacetate (4a) whose ir spec-



468 J. Org. Chem., Vol. 40, No. 4, 1975 Tan, Djerassi, Fayos, and Clardy

Table I
Diagnostic Peaks in the Mass 

Spectra of Holotoxinogenin 25-Methyl 
Ether (5a) and Its Acetate (5b)

Relative intensity in %

5a 5b

M* 500 (3) 542 (1%)
M - c h 3 485 (7%) 527 (6%)
M - c h 3o h 468 (100%) 510 (97%)
M - CHjOH +  c h 3 453 (15%) 495 (6%)
M - CH3OH +  ROH“ 450 (9%) 450 (6%)
M - CH3OH + ROH“ + CH3 435 (15%) 435 (26%)
M - c h 3o h  +  C 0 2 +  h 423 (12%) 465 (10%)
M - CHsOH +  ring A 381(4% ) 381 (2%)
M - ROH“ + side chain 367 (3%) 367 (2%)
(CH3) 2C = 0 +CH3 73 (57%) 73 (100%)

a RO refer to the 3/3-ÓH or 3/3-OAc substituent.

with that of A4 except that it lacks the 25-hydroxyl group 
and contains instead a A24(25) double bond.Roller, e t  a l . , 1 2  suggested that the methoxyl function at C(25) of 3a and 3b might be an artifact produced from a 
hydroxyl precursor during the acid hydrolysis conditions. It 
is likely that this has also happened here and that the naturally derived aglycone is holotoxinogenin (4a).

Experimental Section
Melting points are uncorrected and were determined on a Kofler 

hot-stage microscope. All optical rotations were determined using 
chloroform as solvent. Infrared spectra were measured using a Per- 
kin-Elmer Model 421 infrared spectrophotometer using polysty
rene as external reference (1601 cm“ 1). Ultraviolet spectra were 
measured in 95% ethanol on a Cary-14 recording spectrophotome
ter. Nuclear magnetic resonance (nmr) spectra were recorded on a 
Varian HA-100 or XL-100 spectrometer using deuteriochloroform 
as solvent. Tetramethylsilane was used as internal reference and 
line positions are given in the 5 scale. Low-resolution mass spectra 
(70 eV) were obtained on AEI MS-9, Atlas CH-4, and Varian

Table II
Values for Methyl Group Signals in Holotoxinogenin Derivatives

Compd C4-CH3 C10-CH3 C14—CH3 C20-CH3 C25-CH3 o-ch3 O-C(0)CH3

4a 0.86, 0.91 1.01 1.23 1.42 1.23, 1.23
5a 0.85, 0.91 1.01 1.21 1.42 1.15, 1.15 3.18
4b 0.91, 0.92 1.15 1.25 1.42 1.23, 1.23 2.08
5b 0.90, 0.92 1.15 1.23 1.42 1.15, 1.15 3.18 2.08

trum still indicated a hydroxyl absorption. Thus the five oxygen atoms of 4a were contained in a ^-lactone, a ketone, 
and two hydroxyl groups, one of them being nonaCetylable. Further confirmation was provided by comparing the nmr 
spectra of 4a and 4b with those of 5a and 5b (Table II), which clearly show that 4a differs from 5a only in the functionality at position C(25). Since 4a contains one CH2 unit 
less than 5a and has no methoxyl singlet, the substituent at 
C(25) has to be a hydroxyl, which would result in larger deshielding of the C(26) and C(27) protons.

The mass spectrum of 4a showed peaks at m / e  471.308 
(C2 9 H4 3O5 , M — CH 3 ) and a base peak at m / e  468.322 
(C3 0H4 4O5 , M — H 2O) and also ions due to subsequent loss of methyl and water from the fragment of mass 468. Like 
5a, 4a also had a peak at m / e  423.324 (C2 9 H4 3O2 ) presum
ably generated by the 16-ketone function. The peak at m / e  73 [(CH3 )2C = 0 +CH3] was absent from the spectrum. Instead, intense ions at m / e  69,0704 [(CH3 )2 C = C H C H 2+] and m / e  109.602

were encountered. These fragments have also been observed in other sapogenins (e . g ., koellikerigenin14) which 
contain a C(25) hydroxyl group. It follows that holotoxinogenin has structure 4a.

The fact that Elyakov’s stichopogenin A4 (2b) was also 
isolated from S t i c h o p u s  j a p o n i c u s ,  and possessed the same empirical composition and melting point as 4a, prompted us to question the correctness of the unprecedented diene 
formulation of ring B (2). A direct comparison16 (mixture melting point, CD, ir, glpc, and mass spectrum) of the monoacetates of stichopogenin A4 (2b) and holotoxinogenin 
(4a) showed that they were identical in all respects and that the diene system (c f . 2) was based on false assumptions. Examination of stichopogenin A2 (2a) acetate indi
cated that it also contained a 16-keto group (from CD and 
mass spectral results) and hence its structure is identical

MAT-711 instruments with direct inlet systems. High-resolution 
spectra were determined on MS-9 and MAT-711 instruments.

Gas-liquid chromatography (glpc) was carried out on a Hewlett- 
Packard 402 high-efficiency instrument with glass columns packed 
with 3% of OV-25 on Gas-Chrom Q (100-200 mesh) from Applied 
Science Laboratories, Inc. Column chromatography was carried 
out using E. Merck neutral, activity grade II, aluminum oxide. An
alytical scale thin layer chromatography was carried out on 5 X 20 
cm, 250-m silica get HF254 plates. Substances were visualized on 
these plates by spraying with ceric sulfate solution (2% in 1 M  sul
furic acid) followed by heating on a hot plate.

We thank Dr. L. J. Durham for the nmr spectra, Mr. R. Ross, 
Mr. R. Conover, and Miss A. Wegmann for the mass spectra, and 
Mrs. R. Records for the CD measurements.

Hydrolysis of Holotoxin. Holotoxin917 (1 g) was dissolved in 
20 ml of 30% hydrochloric acid in methanol and heated under re
flux for 3 hr. The mixture was diluted with methanol, the products 
precipitated by addition of water, and the aglycones extracted with 
dichloromethane. The dichloromethane layer was washed with 
water and sodium bicarbonate, dried (magnesium sulfate), and 
evaporated to give 340 mg of semisolid. Glpc demonstrated that it 
was a complex mixture of at least seven aglycones. The two major 
components holotoxinogenin (4a) and its 25-methyl ether (5a) 
were isolated in the following manner.

A 325-mg aliquot was dissolved in dichloromethane, absorbed on 
alumina activity II powder, and placed on an alumina II (50 g) col
umn. Chromatography using gradient elution with benzene-ethyl 
acetate and several recrystallizations gave 39 mg of holotoxinogen
in (4a) and 57 mg of holotoxinogenin 25-methyl ether (5a), both in 
about 90% purity (by glpc).

Holotoxinogenin (4a): mp 238-241° - (from CHCI3); [a]20D 
-97.6° (c 0.25); CD (methanol) [0]SO3 -14,274; ir (KBr) 3445 
(broad, OH), 1750 (lactone C = 0 ), 1460, 1440 (methylene adjacent 
to C = 0 ), 1375, 1360, 1180, 1155, 1095, 1025, 940 cm“ 1; essentially 
no uv absorption above 210 nm; nmr 5 0.86 (3, s, C(4cv) CH3), 0.91 
(3, s, C(40) CH3), 1.01 (3, s, C(10) CH3), 1.23 (9, s, C(14), C(25) 
CH3), 1.42 (3, s, C(20) CH3), 2.05 (1, one-half of AB quartet, J  =• 15 
Hz, C(15) H), 2.31 (1, one-half of AB quartet, J = 15 Hz, C(15) H),
2.53 (1, broad, C(12) H2), 3.19 (1, broad, C(3) H), 5.29 (1, broad, 
C (ll) H); mass spectrum (relative intensity) 486 (4, M +), 
471,30811 (9, M -  CH3), 468.32153 (100, M -  H90), 453.29980 (15, 
M -  H2Ó + CH3), 450.31421 (9, M -  H20  + H20), 435.29053 (22, 
M -  H20  + H20  + CH3), 423.32397 (16, M -  H20  +  C 02 + H), 
381.24268 (6, M -  H20  + ring A), 367.22656 (5, M -  H20  + side
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Table IIIFractional Coordinates for Nonhydrogen 
Atoms of Holotoxinogenin 25-Methyl Ether®

Atom X y Z

C (l) 1.0327 (3) 0.416 (1) 0.495 (1)
C(2) 0.9480 (3) 0.327 (1) 0.477 (1)
C(3) 0.9162 (3) 0.264 (1) 0.258 (1)
C(4)6 0.9626 0.070 0.9655
C(5) 1.0496 (3) 0.153 (1) 0.1245 (9)
C(6) 1.1023 (4) -0 .0 0 0  (1) -0 .03 2  (1)
C{7) 1.1785 (4) 0.121 (1) -0 .03 0  (1)
C(8) 1.2171 (3) 0.225 (1) 0.1707 (9)
C(9) 1.1661 (3) 0.350 (1) 0.3459 (9)
C(10) 1.0849 (3) 0.241 (1) 0.3456 (9)
C ( l l ) 1.1945 (3) 0.531 (1) 0.512 (1)
C(12) 1.2751 (3) 0.628 (1) 0.5373 (9)
C(13) 1.3294 (3) 0.454 (1) 0.3926 (9)
C(14) 1.2931 (3) 0.353 (1) 0.1724 (9)
C(15) 1.3590 (4) 0.210 (1) 0.046 (1)
C(16) 1.4289 (4) 0.371 (1) 0.136 (1)
C(17) 1.4130 (3) 0.524 (1) 0.3612 (9)
C(18) 1.3438 (4) 0.274 (1) 0.4857 (9)
C(19) 1.0983 (4) 0.042 (1) 0.419 (1)
C(20) 1.4631 (3) 0.474 (1) 0.523 (1)
C(21) 1.4689 (4) 0.682 (1) 0.726 (1)
C(22) 1.5388 (4) 0.373 (1) 0.445 (1)
C(23) 1.5878 (4) 0.324 (1) 0.607 (1)
C(24) 1.6561 (4) 0.183 (1) 0.511 (1)
C(25) 1.7141 (4) 0.152 (1) 0.659 (1)
C(26) 1.7530 (4) 0.385 (1) 0.792 (1)
C(27) 1.6792 (4) 0.039 (2) 0.795 (1)
C(28) 1.2808 (4) 0.546 (1) 0.099 (1)
C(29) 0.9341 (4) 0.053 (2) -0 .11 4  (1)
C(30) 0.9469 (4) -0 .1 5 8  (1) 0.114 (1)
0(31) 0.8367 (2) 0.204 (1) 0.2460 (9)
0(32) 1.2987 (3) 0.1361 (9) 0.5069 (8)
0(33) 1.4164 (2) 0.2927 (9) 0.5562 (7)
0(34) 1.7772 (2) 0.0207 (9) 0.5456 (8)
C(3 5) 1.7610 (5) -0 .21 3  (2) 0.431 (2)
0(36) 1.4868 (2) 0.380 (1) 0.0474 (8)

a The estimated standard deviation of the least-significant 
figure is given in parentheses. 6 Atom is used to define origin and 
never varied.

chain, C6H130), 328 (12), 274 (27), 259 (20), 241 (12), 109 (66), 69
(68), 55 (34), 43 (50).

Holotoxinogenin 3/i-Acetate (4b). Holotoxinogenin (4a) (12 
mg) was dissolved in 0.5 ml of (1:1) pyridine-acetic anhydride and 
stirred overnight. The usual work-up gave 13 mg of product. Re
crystallization from methanol yielded 9 mg of 4b: mp 221-223° 
(from MeOH); [«]20d  -8 4 ° (c 0.22); ir (CHC13) 3600 (OH), 1750 
(lactone C = 0 ), 1740 (five-membered ring C = 0 ), 1720,1240 (ester 
C = 0 ), 1460, 1440 (methylene adjacent to C = 0 ), 1360, 1150, 1125, 
1090, 1025, 975, 940 cm“ 1; nmr 6 0.91 (3, s, C(4a) CH3), 0.92 (3, s, 
C(4/J) CH3), 1.15 (3, s, C(10) CH3), 1.23 (6, s, C(25) CH3), 1.25 (3, s, 
C(14) CH3), 1.42 (2, s, C(20) CH3), 2.08 (3, s, CH3-C (0)-0), 2.05 (1, 
one-half of AB quartet, J  = 1 5  Hz, C(15) H), 2.31 (1, one-half of 
AB quartet, J = 15 Hz, C(15) H), 2.53 (2, broad, C(12) H2), 4.54 (1, 
broad, C(3) H), 5.19 (1, broad, C (ll) H); mass spectrum m/e (rela
tive intensity) 528 (2, M+), 513 (4, M — CH3), 510 (41, M — H20), 
495 (4, M -  H20  + CH3), 450 (5, M -  H20  +  AcOH), 435 (21, M -  
H20  + AcOH + CH3), 381 (3, M -  H20  + ring A), 367 (3, M -  
AcOH + side chain), 465 (9, M — H20  + C 02 + H), 328 (3), 316
(18), 241 (13), 109 (49), 69 (62), 55 (31), 43 (100).

Holotoxinogenin 25-methyl ether (5a): mp 236-238° (from 
CHC13) M 20d -125° (c 0.32); CDmethanoi [0]3O3 -16,500; ir (KBr) 
3440 (broad, OH), 1755 (lactone C = 0 ), 1460, 1440 (methylene ad
jacent to C = 0  in five-membered ring ketone), 1380, 1362, 1185, 
1095, 1080, 1025, 940 cm-1; essentially no uv absorption above 210 
nm; nmr 5 0.85 (3, s, C(4a) CH3), 0.91 (3, s, 0(4(?) CH3), 1.01 (3, s,
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Table IV
Bond Distances in Holotoxinogenin 25-Methyl Ether®

Atom pairs Distance Atom pairs Distance

C (l)-C (2 ) 1.54 C(14)-C(28) 1.52
C (l )-c (1 0 ) 1.53 C(14)-C (15) 1.54
C(2)-C (3) 1.53 C(15)-C(16) 1.52
C (3 )-0 (31 ) 1.41 C (16)-0(36) 1.20
C(3)-C (4) 1.56 C(16)-C(17) 1.53
C(4)-C(29) 1.51 C(17)-C(13) 1.54
C(4)-C(30) 1.53 C (18)—0(32) 1.20
C(4)-C(5) 1.57 C (18)-0(33) 1.34
C(5)-C(10) 1.55 0(33)—C(20) 1.46
C(5)-C(6) 1.50 C(20)-C(17) 1.57
C(6)-.C(7) 1.51 C(20)-C(21) 1.52
C(7)-C(8) 1.47 C(20)-C(22) 1.49
C(8)-C (9) 1.49 C(22)-C(23) 1.56
C(8)-C(14) 1.51 C(23)-C(24) 1.51
C(9)-C(10) 1.54 C(24)-C(25) 1.53
C (9 )-C (ll) 1.35 C(25)-C(26) 1.53
C (ll)-C (1 2 ) 1.49 C(25)-C(27) 1.52
C(12)-C(13) 1.53 C (25)-0(34) 1.44
C(13)-C(14) 1.55 0(34)—C(35) 1.43
C(13)-C(18) 1.53

°  The estimated standard deviation is 0.01 À.

C(10) CH3), 1.15 (6, 8; C(25) CH3), 1.21 (3, s, C(14) CH3), 1.42 (3, s, 
C(20) CH3), 2.05 (1, one-half of AB quartet, J = 15 Hz, C(15) H),
2.31 (1, one-half of AB quartet, J = 15 Hz, C(15) H), 2.53 (2, 
broad, C(12) H), 3.18 (1, broad, 0(3) H), 3.18 (3, s, OCH3), 5.3 (1, 
broad, C (ll) H); mass spectrum m/e (relative intensity) 500 (3, 
M+), 485.32690 (12, M -  CH3), 468.32251 (100, M -  CH3OH), 
453.2998 (15, M -  CH3OH + CH3), 450.31396 (9, M -  CH3OH + 
H20), 435.2915 (15, M -  CH3OH + H20  +  CH3), 423.32495 (11, M
-  CH3OH + C 02 +  H), 381.24390 (4, M -  CH3OH + ring A), 
367.22827 (3, M -  H20  + side chain C7H150), 328 (8), 274 (16), 
259 (16), 241 (7), 231 (24), 109 (40), 73 (60), 55 (48), 43 (68).

Holotoxinogenin 25-Methyl Ether 3/?-Acetate (5b). The hol
otoxinogenin 25-methyl ether (5a) (25.3 mg) was treated with 1:1 
pyridine-acetic anhydride and set aside overnight at room temper
ature. The mixture was heated on a steam bath for half an hour 
and worked up in the usual way to yield 24 mg of product. Recrys
tallization from methanol gave 22 mg of 5b: mp 230-233°; [a]20D 
-71.5° (c 0.33); ir (CHC13) 1755 (lactone C = 0 ), 1710, 1240 (ester 
-C(O) -O), 1740 (C = 0  in five-membered ring ketone), 1460, 1440 
(methylene adjacent to C = 0  in five-membered ring ketone), 1376, 
1362, 1095, 1085, 1025, 975, 940 cm“ 1; nmr 0.90 (3, s, C(4«) CH3), 
0.92 (3, s, C(4/3) CH3), 1.15 (9, s, C(25) CH3, C(10) CH3), 1.23 (3, s, 
C(14) CH3), 1.42 (3, s, C(20) CH3), 2.05 (1, one-half of AB quartet, 
J = 15 Hz, C(15) H), 2.31 (1, one-half of AB quartet, J = 15 Hz, 
C(15) H), 2.08 (3, s, CH3-C (0)-0), 2.53 (2, broad, C(12) H2), 3.18 
(3, s, OCH3), 4.45 (1, m, C(3) H), 5.3 (1, broad, C (ll) H); mass 
spectrum m/e (relative intensity) 542 (2, M +), 527 (6, M — CH3), 
510 (97, M -  CH3OH), 495 (6, M -  CH3OH + CH3), 465 (10, M -  
CH3OH + C 02 + H), 450 (5, M -  CH3OH + AcOH), 435 (27, M -  
CH3OH + AcOH +  CH3), 381 (2, M -  CH3OH + ring A), 367 (2, M
-  AcOH + side chain C7H15O), 328 (3), 316 (17), 241 (10), 226 (10), 
124 (13), 109 (37), 84 (35), 73 (100), 69 (34), 55 (27), 43 (62).

Crystallographic and X-Ray Data. Holotoxinogenin 25-meth
yl ether (5a) crystallizes in the triclinic crystal system and since it 
is optically active the space group must be P\. The following unit 
cell was chosen: a = 17.367 (4), b = 6.277 (5), c = 7.034 (3) A, a =
112.78 (2), ¡} = 89.79 (2), and 7 = 92.25 (2)°. The cell constants and 
their associated errors were obtained from a least-squares analysis 
of 15 reflections with 8 values between 30.0 and 40.0°. The calcu
lated density was 1.17 g/cm3 for one molecule of C3iH470s in the 
unit cell.

A crystal of dimension 0.35 X 0.26 X 0.09 mm was used for data 
collection. All unique reflections with 8 < 57° were collected on a 
fully automated four-circle Syntex P2\ diffractometer. An a scan 
of 2° was used because of the pronounced mosiac spread of the re
flections. Backgrounds were collected on both sides of the scan for 
one-half of the scan time. A total of 1866 reflections were mea
sured in this way. After correction for Lorentz polarization and



470 J. Org. Chem., Vol. 40, No. 4, 1975 Hariharan, Motekaitis, and Martell

background effects 1601 reflections were judged observed, ¡F j > 
3<t(F0). Three standard reflections were measured every hour and 
these showed no appreciable decline. The quantity <r(F0) was com
puted from |[Z +  ff(l)\/Lp\1/2 -  F018 and <r(l) was computed from 
[total count + background count + 0.05(total count)2 + 0.05(back- 
ground)2] 1̂2.

Determination and Refinement o f Structure. The observed 
structure factor amplitudes (IFJ2) were converted to normalized 
structure factors by removing the angular dependence of the re
flections.19 The solution of this 36 atom problem in the space 
group Pi presented a severe challenge to direct methods. The larg
est 150 E’s (E >  1.6) were assigned phases using the multisolution 
tangent formula approach.19 Of the resultant 32 solutions the one 
with the lowest i/y, residual was used to generate a Fourier map. 
The map was discouraging in that it resembled a continuous net of 
hexagons resembling chicken wire. The only encouraging aspect 
was the absence of outstandingly large peaks which meant that not 
much information had been destroyed by the squaring effect.20 
Nevertheless attempts to expand the model from various plausible 
fragments failed both through the use of the tangent formula21 and 
through difference Fourier calculations using only those structure 
factors for which Fc > 0.5Fa. In both methods and for every frag
ment the model could not be forced to give additional atomic posi
tions. Finally least-squares refinements with unit weights22 did ex
pand a 13-atom fragment into all 36 nonhydrogen atoms. Many cy
cles of least-squares refinements with anisotropic temperature fac
tors for the nonhydrogen atoms and fixed-hydrogen atoms lowered 
the conventional discrepancy index to 0.048 for the 1601 observed 
reflections. Figure 2 is a computer generated perspective drawing 
of the final X-ray mode.23 The absolute configuration is based on 
the negative Cotton effect CD measurement as only the relative 
configuration was determined by the diffraction experiment. (The 
estimated standard deviation in the bond lengths given in Table 
IV is 0.01 A.) Table III is a listing of the fractional coordinates.
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Synthesis of Dipeptides of Aminophosphonic Acids1
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Of the two classes of phosphono dipeptide derivatives, three new parent dipeptides were synthesized using a 
new method followed by the removal of the protective groups and were characterized by elemental and detailed 
nmr analyses. In addition, for two dipeptides containing amide linkages and terminal phosphonic acid groups the 
pKa’s and metal binding constants were determined. The peptides containing phosphonamide linkages could not 
be obtained in the free state because of their sensitivity toward acids and bases.

The recent isolation o f 2-aminoethylphosphonic acid 
(2AEP) from several organisms2®-13 and human beings2f\S 
has clearly shown that aminophosphonic acids are biologi
cally an important class of compounds. Early publications 
of the natural occurrence of 2-aminoethylphosphonic acid 
suggested participation o f the compound in lipid struc
tures,2a“e’3 but Quin4 showed that occurrence in protein 
structures was also possible. Quin suggested5 that the ami
nophosphonic acids could form part of polypeptide chains 
by amide formation through either one or both o f their 
amino and phosphonic acid groups.

In a preliminary communication5 we reported the prepa
ration o f the derivatives of several members of two classes 
(1 and 2) o f phosphonic acid dipeptides. This note provides

O
¡1

n h , c h 2c n h — (c h r )„p o 3h 2 
1

o
t

n h 2c h 2p n h — c h 2c o o h

OH
2

R =  H or  CH3 
n =  1 or 2

complete details for the removal o f the protective groups; 
describes the isolation o f three new dipeptides, glycyl-1- 
and 2-aminoethylphosphonic acid and glycylaminomethyl- 
phosphonic acid; provides nmr characterization; and re
ports the proto- and metallophilicity o f the dipeptides act
ing as ligands. Furthermore, a much simpler route was
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Figure 1. Nmr spectra of aminophosphonic acids in D20-NaOD 
solution; A, aminomethylphosphonic acid; B,: 1-aminoethylphos- 
phonic acid; C, 2-aminoethylphosphonic acid (assignments in 
text).

found for the synthesis of P-terminal phosphono dipep
tides in the mixed carboxyliccarbonic anhydride method and was used to replace the acylated amino acid chloride method.

Results and Discussion
CON Peptides. The previously reported condensation of 

the acylated amino acid chloride with the aminophosphon- ic acid was abandoned as it proved to be rather tedious, re
sulted in low yields, and presented purification problems. A 
new, simpler mixed carboxylic-carbonic anhydride method was substituted for the preparation of class 1 peptides as shown in eq 1 and 2.

Et3N . ' , '■
RNCHR'COOH +  R "O C O C l --------*

3 4
RNCHR'CO—O—C O R " (1) 

5
O O
+ . ! • f

5 + NH2CH2P(ONa)2 — ► RNCHR'CONHCH2P(ONa) 2 (2)6 7
The method is similar to the preparation of normal pep

tides by the mixed anhydride method,7 and essentially con
sists in treating a cold anhydrous dioxane solution of the 
acyl ,(R = phthaloyl or carbobenzoxy) aminocarboxylic acid with an equimolar quantity of ethyi chlorocarbonate (4, R" 
= C 2 H 5 ) in the presence of triethylamine and then adding 
an alkaline solution of the appropriate aminophosphonic acid (6). Since alcohol and carbon dioxide are the only byproducts of the reaction, the dipeptides were obtained in 
fairly pure form by this method. An added advantage of the 
method is that when the phthalyl or carbobenzoxy8 derivative of an optically active amino acid is used as one of the reactants, very little optical deactivation occurs in the for
mation of the mixed anhydride and hence the dipeptide. 
The removal of the protective phthalyl groups from the peptide derivatives was achieved using hydrazine under 
mild conditions.

PON Peptides. In contrast to the two methods for the synthesis of peptides with free phosphonic acid groups as 
described above, the condensation of amindmethylphos- phonic acid with AT-acylated aminocarboxylic acids in the presence of dicyclohexylcarbodiimide (DCC) failed. Perhaps the aminophosphonic acids are too acidic for this reaction to occur. Evidence for this interpretation comes 
from the observation that aminophosphonic acid esters do 
condense with N -  acylated aminocarboxylic acids in the presence of DCC.9The peptide of the type represented by 2 was found to be 
more difficult to synthesize than are the peptides repre-

•-] sented by 1. N -  Acylated aminophosphonic acids were 
'>  found ¡not to condense with ethylglycinate in the presence 

of dicyclohexylcarbodiimide. Hence an alternate route for the synthesis of P-N peptides was developed as outlined 
earlier6 by activating the phosphorus ester group with phosphorus pentachloride to form the phosphonochlor- idate intermediate, which in turn was reacted with the glycine ester.

The removal of the phthalyl group from the peptide 8 was found to be difficult because of the sensitivity of the 
P-N bond even to mild acids. Thus when 8 was allowed to 
stand in hydrochloric acid-acetic acid mixture for a short time (~30 min), the half-ester 9 separated out. The hydrolysis reaction is represented by eq 3.
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Nmr Spectra. The nmr spectra of the two classes of peptides and their derivatives provided clear proof of their structures: A comparison of the spectra of the dipepitides 
with those of the corresponding amino and aminophos- phonic acids is very useful in identifying the resonances 
and understanding the complex spin-spin interactions between the protons and the 31P nucleus. All the nmr spectra were obtained in solvents consisting of DgO with added so
dium deuteroxide in order to avoid complications diie to 
pH dependence. In the spectrum of aminoethylphosphonic 
acid the -CH2 protons are split into a doublet; r 7.33 and 
J p _ h  = H Hz, by the 31P nucleus. The spectrum of 1-ami- noethylphosphonic acid is more complex: The -CH proton signals are split into an octet ( r  7.08 and # f _ h  =  10.4 Hz); 
the quartet expected from the J h -h  spin-spin interaction with the -CH3 protons is further split by the spin of one- half of the 3IP nucleus as shown in Figure 1. Similarly the 
-CH3 proton signal is split into a quartet (r 8.74 and J j ‘ - H  
- 7 Hz) by long-range coupling with the :!tP nucleus. In the spectrum of 2-aminoethylphosphonic acid a quartet (r 6.98 
and Jp_H = 8 Hz) and quintet (r 8.27 and J p_h = 16 Hz) are observed for the N-CH2 and the -GH2-P protons, respectively. These multiplets for the methylene protons are separately a composite of six lines (as shown in Figure 1) with some of them overlapping one another. Here again these multiplets arise from the secondary splitting of the spin-spin interactions of the -CH2 protons with the 31P 
nucleus. ‘ : - *The spectra of the dipeptides contain the same features as those of the corresponding phosphonic acids in addition 
to the singlet due to the -CH2 group of the amino acid moiety. In the nmr spectra of all the free dipeptides containing terminal phosphonic acid groups the signal for the -CH2 
group of the aminocarboxylic acid moiety overlaps the signals due the -CH„-P i n  = 1 or 2) protons. Thus the spectrum of glycylaminomethylphosphonic acid consists of 
only two lines (Figure d; J p_cn = H Hz). Similar features are seen in the spectra of the other two peptides. Thus in 
the case of the Gly-l-Aep peptide, J p  oh = 10.2 Hz and
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Table Ia
Log Equilibrium Constants for Gly-Amp (H2L), Gly-2-Aep (H2L), Gly-Gly (HL), and 

Gly-/J-Ala (HL) at 25.0 ±  0.05° andp = 0.100MKNO3
Equilibrium quotient Gly-Amp6 Gly-2-Aep6 : Gly-Gly^ Gly-0 -AlaC

k f  =  [HL]/[H][L] 8.34 (2) 8.32 (1) 8.07 8.09
k 2h =  [h2l ]/[h][h l] 6.19 (1) 6.84 (1) 3.13 3.91

-  2+ XT.2+ „  2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+Cu Ni Co Cu Ni Co Cu Ni Co Cu

Kml = [M-L]/[M][Lj 6.86 (1) 4.75 (1) 3.68 (1) 7.55 (1) 4.44 (1) 3.53 (1) 5.50 4.05 3.01 5.70
Kuhl =  [MHL]/[ML][H] 5.19 (1) 5.79 (1) 6.29 (1) 5.21 (1) 6.64 (1) 6.87 (1) 6.29
k a ■= [m l ]/[mh_1l ][h] 5.17 (1) 5.26 (1) 4.07 4.57

a Gly-Amp is glycylaminomethylphosphonic acid; Gly-2-Aep is glycyl-2-aminoethylphosphonic acid; Gly-Gly is glycylglycine; Gly-d- 
Ala is glycyl-d-alanine. 6 This work.c Reference 15.

Figure 2. Nmr spectra of free phosphono dipeptides with terminal 
phosphonic acid group in NaOD solution; A, glycylaminomethyl
phosphonic acid; B, glycyl-l-aminoethylphosphonic acid; C, gly- 
cyl-2-aminoethylphosphonic acid (assignments in text).

J P—CH;( = 7 .Hz, and the Gly-2-Aep peptide, J c h 2- c h 2 = 10 Hz and J p -C H 2 = 16 Hz. (More detailed, nmr data on the compounds are .given in the Experimental Section.)
P-Ka’s and.Stability Constants. Due to the importance of the dipeptides synthesized in this work both the pEa’s 

and log stability constants with three representative metal 
ions were determined by potentiometric measurements at 
25° and p = 0.1, The, results are indicated in Table I to
gether, with. literature values of analogous compounds alongside for comparison purposes.

A comparison of each log A']11 value for the phosphono dipeptides with the values of the ordinary dipeptides of 
Table I indicates its assignment to the protonation of the 
terminal amino group. Similarly, log E 2H can be concluded 
to represent the protonation of the terminal P group.The further comparison of the log E ml data with the 
available data indicates that copper affinity increases one order of magnitude when a terminal phosphonate group is 
substituted for a earboxylate in a peptide. For Ni(II) and Co(II) the increase is less dramatic. »

A .comparison of log Xmhl values with the corresponding log K 21? values,strongly suggests that in the two CuHL che
lates, Cu2+ is, coordinated to the terminal amino group as well as to the peptide carbonyl. Likewise, in the NiHL and CoHL chelates the initial bonding must be to the P032- terminal and amido-0 groupings explaining the approxi
mately 2 log unit drop in the terminal N acidity constants. 
The case,of glycylglycinemckel(II) corroborates this finding.15

Only copper(II) ion assists in the dissociation of the amidic proton present in each peptide ( K \ ) ,  presumably because higher pH’s result in M hydrolysis before this phe
nomenon could be observed. .

Experimental Section
The reagents Jbenzene, ether, tetrahydrofuran (THF), chloro

form, and triethylamine used in the P-N  peptide synthesis were 
completely dried before use. Triisopropyl phosphite was donated 
by Mobil Chemical, Richmond, Virginia, and was redistilled at 88°

(33 mm) before use. The melting points given are uncorrected. The 
nmr spectra were recorded using a Varian T-60 nmr spectrometer. 
Elemental analyses were provided by Galbraith Laboratories, 
Knoxville, Tenn.

Phthalylgiycine (Phtgly). Finely powdered phthalic anhy
dride (74 g, 0.5 M) and glycine (37.5 g, 0.5 M) were thoroughly 
mixed together and heated in an erlenmeyer flask to 145-150° for 
0.5 hr over an oil bath. The fused mass was crystallized from meth
anol-water: mp 194 (lit.10 192-194); yield 90 g (90%).

Phthalylglycylaminomethylphosphonic Acid (Phtglyamp). 
A solution of 4.10 g (0.020 M) of phthalylgiycine and 2.04 g (0.020 
M) of anhydrous triethylamine in 40 ml of dry p-dioxane was 
cooled td —5° and treated with 2.17 g (0.020 M) of ethyl chlorofor- 
mate. After 25 min of mixing a cold solution of 2.22 g (0.020 M) of 
aminomethylphosphonic acid and 1.06 g (0.020 M) of anhydrous 
sodium carbonate in 20 ml of water was added and the mixture was 
stirred for 3-4 hr allowing it to warm to room temperature. The 
mixture was acidified with concentrated hydrochloric acid and 
cooled, and the product that separated out as white crystalline ma
terial was filtered and dried. Any unreacted phthalylgiycine was 
removed with hot ethylaeetate and the product was recrystallized 
from alcohol-water: yield 4.5 g (75%); mp 195°; nmr (NaOD) 2.43 
(s, 4, C6H4), 5.90 (s, 2, N-CH2-CO), 7.70 (d, 2, -CH 2-P).

Phthalylglycyl-l-aminoethylphosphonic Acid (Phtgly-1- 
Aep). The procedure employed was similar to that described for 
phtglyamp. The carboxylic-carbonic anhydride formed by the 
reaction of 4.10 g (0.020 M) of phthalylgiycine, 2.04 g (0.020 M) of 
triethylamine, and 2.17 g (0.020 M) o f  ethylchloroformate was 
treated with a neutral solution of 2.50 g (0.020 M) of 1-aminoethyl- 
phosphonic acid for 3 hr. The product was acidified and cooled, 
and the peptide was filtered off and was recrystallized: yield 4.1 g 
(66%); mp 225°; nmr (NaOD) 2.40 (s, 4, C6H„), 5.92 (s, 2, N-CH2-  
CO), 6.01 (m, 1, CH-P), 8.75 (q, 3 ,-CH 3).

Phthalylglycyl-2-aminoethylphosphonic Acid (Phtgly-2- 
Aep). The procedure employed is similar to that employed for the 
preparation of Phtglyamp. The mixed anhydride formed by the 
reaction between 4.10 g (0.020 M) of phthalylgiycine, 2.04 g (0.020 
M) of triethylamine, and 2.17 g (0.020 M ) of ethyl chloroformate 
was allowed to react with a neutral solution of 2-aminoethylphos- 
phonic acid for 3 hr. The product was acidified and cooled, and the 
phthalyldipeptide obtained was filtered and recrystallized from al
cohol-water: yield 4.2 g (67%); mp 236-238°; nmr (NaOD) 2-30 (s, 
4, € 6H4), 5.58 (s, 2, N-CH2-CO), 6.33 — 6.73 (q, 2, CH2-P ), 7.82 -»
8.40 (m, 2. NH-CH2).

Dephthalylatin. The following procedure is representative of 
those employed for the dephthalylation of the phthalyated dipep
tides.

Glycylaminomethylphosphonic Acid (Glyamp). Phthalylgly- 
cylaminomethylphosphonic acid (4.8 g, 0.016 mol), 1.0 g of sodium 
carbonate, and 1.0 ml of hydrazine were mixed with about 30 ml of 
distilled water and the clear mixture was stirred for 40 hr at room 
temperature. The precipitated phthalyl hydrazide was removed 
after acidifying with 15 ml of concentrated hydrochloric acid. On 
concentrating the filtrate, sodium chloride and hydrazine hydro
chloride separated out. The addition of alcohol to the filtrate re
sulted in the separation of the free dipeptide. It was recrystallized 
from a water-alcohol mixture: yield 1.5 g (30%).

(1) Glyamp: mp 205° dec; nmr* (NaOD) 6.67 (s, 2, NH2-CH 2),
6.71 (d, 2, CH2-P). Anal. Calcd for C3H9N20 4PH20 ; C, 19.46; H, 
6.00; N, 15.14; P, 16.73. Found: G, 19.28, H, 5.95; N, 14.94; P, 16.78.

(2) G ly-l-Aep: mp 235° dec; nmr (NaOD) 6.42 (s, 2, NH2CH2),



6.22 — 6.68 (m, 1, NH-CH-P), 8.30 — 8.80 (q, 3, -CH 3). A n a l .  
Calcd for C4HnN204P: C, 26.37; H, 6.08; N, 15.38; P, 17.00. Found: 
C, 26.19; H, 5.92; N, 15.20; P, 17.10.

(3) Gly-2-Aep: mp 250° dec; nmr (NaOD) 6.37 (s, 2, NH2-CH 2),
8.03 — 8.62 (m, 2, NH-CH2), 6.30 -*■ 6.82 (m, 2, CH2-P ). Anal. 
Calcd for C4HUN204P: C, 26.37; H, 6.08; N, 15.38; P, 17.00. Found: 
C, 26.46; H, 6.11; N, 15.33; P, 16.89.
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Mechanism and Stereochemistry of Oxetane Reactions. I. Stereospecific 
Synthesis of the Diastereoisomeric 2-Phenyl-3-methyloxetanes and Study of 

Their Configuration and Conformation by Nuclear Magnetic Resonance
Spectroscopy
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The stereospecific synthesis of. the diastereoisomeric 2-phenyl-3-methyloxetanes 7. and 8 has been achieved 
from the corresponding 1,3-diols through their monotosylates. The relative configurations of 7 and 8 have been 
unequivocally established by an extensive study of their nmr spectra. The assignment of the proton resonance sig
nals has been effected on the basis of the shielding effects and of the coupling constants, and confirmed through 
additive shielding parameters. By using the e/trans/ ĉis ratio it has been possible to obtain some informations on 
the conformational preference of the oxetane ring ih the examined compounds.

The stereochemistry of the ring opening of small ring heterocycles such as oxiranes1-3 and aziridine4’5 in acid 
media is well known and documented. However, practically 
no information is available on the steric course of the anal
ogous reactions of oxetanes.6 Furthermore no “stereospecific” synthesis of diastereoisomeric couples of oxetane has 
been reported and only a few pairs of diastereoisomeric ox
etanes have been prepared.7 Since we are strongly inter
ested in the study of mechanism and stereochemistry of the ring opening of small ring systems,3’6 it was thought desir
able to prepare and study diastèreoisomerically pure oxetanes of unquestionable configuration. Oxetanes 7 and 8 appeared as promising substrates for this purpose and their synthesis and stereochemical characterization was the aim 
of this work.The Reformatsky reaction of benzaldehyde and ethyl 2- bromopropionate gave a mixture of the diastereoisomeric 
esters e r y t h r o - 1 and t h r e o - 2  whose relative configurations 
were deduced from their nmr spectra on the basis of the higher coupling constant of the benzylic proton for the threo isomer 2, as found for the corresponding methyl es-. 
ters.8 On the other hand reduction of 1 and 2 with LiAlH4 afforded the known diols e r y t h r o -3 and fhreo-4.8f?9 Reac
tion of 3 and 4 with p-toluenesulfonyl chloride in pyridine- gave the respective monotosylates 5 and 6. The constitution of 5 and 6 could be inferred by the known fact that

H i • ... ' ■; t >vvr •

tosyl chloride should react preferentially with the primary rather than with the secondary hydroxyl group,10 and confirmed from their nmr spectra. In fact whereas the chemi
cal shift of the signals of the benzylic proton is almost the same for the diols 3 and 4 and the corresponding tosylates, 
the signals of the protons of the methylene group are shift
ed toward low field in the cases of tosylates. Treatment of 5 and 6 with potassium t e r t -  butoxide in t e r t -  butyl alcohol at room temperature led to the diastereoisomerically pure ox-
etanes 7 and 8. The configurations of oxetanes 7 and 8 were

Ç83 ĥ3 - M  ’ CH3
H—C —COOEk 1H —C-OH H—C — CHjjOH «—¿—OH H—C—CH2OTs 0° - f é — C—OH1Ph

1
1Ph » . 1 Ph }
3 5 Ph .

7 ;
iHa C«3 . , «3 ’ C«3

EtOOC—C—H 1H—C-0H 1Ph
hoh2c—c- hH—X —OH 1Ph

TsOH2C—Ç—HH—C—OH 1Ph / — »
2 .4, :.!y. ¿-ft,, .' Ph 8 ,

.¡■r‘ . . •' • . ,: ' ; „.,1 ■ ■ - •: ' U' *;• ,deduced from their method of. synthesis. The complete stereospecificity of the formations of oxetanes 7 and 8 is in accordance with the mechanism of their formation from 5
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Figure 1. Observed and calculated spectrum of cis- 2-phenyl-3- 
methyloxetane (7). Measured frequencies (in Hz) are relative to 
internal TMS.

and 6 which implies a Sn2 type substitution. In this reac
tion the two chiral centers are not involved and oxetanes 7 and 8 should have the same relative configuration of the 
starting compounds. In any case the configurations of 7 and 
8 have been unequivocally confirmed by an extensive study 
of their nmr spectra.

Relatively few nmr studies have been reported on the subject of oxetanes11-17 in comparison with other four- 
membered ring compounds,11’18 and just a few of those listed deal with conformational aspects.13'14,17

The complete analysis of the nmr spectra of c i s - 7  and 
t r a n s -  oxetane 8 should include, in addition'to the oxetane 
ring and methyl group protons, the five protons of the phenyl ring; however, since the coupling constants between the 
protons of the phenyl and oxetane ring were not observable, the analyses have been performed as an ABCDX3 
spin system from the 60-MHz nmr spectra. The theoretical spectra were calculated using program L E Q U O R , a seven- 
spin system modified from L A O C O O N -3 .19 Figures 1 and 2 show the observed and calculated spectra of 7 and 8, re
spectively.

Table I gives the valued of the spectral parameters of 7 and 8 obtained from the above mentioned analysis. Furthermore, the' corresponding data for unsubstituted oxe
tane 916 and 2-phenyloxetane 1012a have also been reported for the sake of comparison.

While the attribution of the protons a  to the phenyl and methyl groups of 7 and 8 is firmly established both on the 
basis of the known shielding effects of such substituents on the adjacent proton and from double resonance experi
ments, the assignment of H4 and H5 signals is not so straightforward. In both cases it is necessary to take into account the long-range screening effects of the methyl and phenyl group. It has been fairly well demonstrated that the use of additive shielding increments can often be a useful 
tool in making nmr assignments in configurational problems.20 If one assumes that small conformational changes of the oxetane ring do not affect to a large extent the chemical shift of the oxetane protons and the substituent effects, then the evaluation of the chemical shifts through additive 
shielding parameters can be used with a sufficient accuracy

Figure 2. Observed and calculated spectrum of trans- 2-phenyl-3- 
methyloxetane (8). Measured frequencies (in Hz) are relative to 
internal TMS.

in the. present situation. The contribution to the chemical 
shift of the 2-phenyl group on the cis (H4) and trans (H5) 
protons can be computed by comparison of the suitable spectral parameters of 2-phenyloxetane (10) and of oxetane 
itself (9) (A5(Ph cis) = +0.2 Hz; A£(Ph trans) = +10.1 Hz). 
The shielding of the 3-methyl group on cis and trans vicinal protons can be, on the other hand, deduced by comparing 
the chemical shift of the Hi proton of oxetanes 8 and 10 
and 7 and 10, respectively (A<5(CH3 cis) = —37.1 Hz; A5(CH3 trans) = —0.2 Hz). By adding the appropriate con
tribution to the chemical shift of the a  protons of the un
substituted oxetane 9, the theoretical chemical shift of H4 
and H5 protons of 7 and 8 can be predicted (see Table I). The very good agreement between the calculated and ob
served chemical shifts provides unambiguous proof of the 
assignment of the relative proton resonance positions and 
clearly demonstrates the usefulness of the additivity principle also in these cyclic systems. The relative configura
tions of oxetanes 7 and 8 have been confirmed by the following considerations. Whereas the proton resonance posi
tion of the methyl group in the trans colhpound 8, when 
compared with the corresponding 3,3-dimethyloxetane (76.5 Hz),12c is practically unaffected by the presence of the phenyl group, in compound 7 it resonates at much higher 
field. This fact agrees with the shielding variation arising from the changes in the magnetic field caused by the ring 
current21 keeping in mind that the phenyl ring should spend most of its time in a preferred conformation in which the plane of the phenyl ring lies very near the oxygen 
atom.12® Furthermore, the value of the J  l3 of 7 is higher 
than the J \ 2  of 8 which agrees with the finding that in oxe- tanes vicinal cis coupling constants are of a higher value that the trans ones.12,18 Furthermore, the values of the vicinal coupling constants of the H4 and Hs protons of 7 and 8 
also confirm the assignment of their resonance positions made on the basis of the additive shielding increments.22 A 
final confirmation came from the nuclear Overhauser effect
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Table I
The Pmr Parameters for Oxetanes“

Compd

7* 8 bt 916 10l2a

R c 6h 5 c 6h 5 H c 6h 5

X c h 3 H H H
Y H C H 3 H H
" 1 347.43 310.47 277.25 347.61

44.10 169.10 157.24 157.97
Hi 191.97 77.90 157.24 178.73
V4 245.11 (240.4) 274.63 (277.3) 277.25 277.40
Hi 288.71 (287.2) 254.89 (250.3)i 277.25 287.36
J n 6.67 6.60 7.31
^13 8.10 8.70 7.79
^23 7.10 6.80 -10.91
^24 8.10 8.70 9.15
^25 7.28 6.60 7.74
^34 5.66 6.60 5.62
^35 7.33 8.70 8.19-5.59 -5.60 -5.75
^14 0.0 0.0 0.14 -0.02
¿IS 0.0 0.0 0.20 -0.03

0 Chemical shifts (in Hz) are relative to TMS. 6 Values in
parentheses have been calculated by the additive shielding param-
eters.

Table II
e /tran s/e /e is Ratios for Oxetanes 7-10

J  trans^ *^cis ^ * 8 9 10

^ 1 2 / ^ 1 3
0.76 0.94

^ 2 5 / ^ 2 4 0.90 0.76 0.85
^ 3 4 / ^ 3 5  0.77 0.76 0.69
^ 3 4 / ^ 2 4

0.76 0.61
^ 2 5 / ^ 3 5

0.76 0.95
(N O E); the intensities of the signals for H 4 in 7 and for H i
and H 5 in 8  were increased respectively by 1 2 , 18, and 1 1 %  
on saturation of the methyl signal.

Even if  oxetane is essentially planar, 23 it  may be vibrat
ing between two equivalent interconvertible ring-puckered 
conformations. However, the presence of one or more sub
stituents on the ring can render one conformation more 
stable14,24  and this could be made evident by nmr spectros
copy.

A comparison of the coupling constants of oxetanes 7, 8 , 
and 1 0  with the corresponding ones of the unsubstituted  
oxetane 9 shows appreciable changes in the ring vicinal 
coupling constants; consequently, conformational modifi
cations must occur with the substitution of the oxetane 
ring. However, the variation of the single coupling con
stants may not be the most reliable way to reveal small 
conformational changes because the coupling constants can 
be influenced by several factors other than dihedral angle 
modifications. 25 In a modification of the so-called “ R- 
value” method,26 the J  trans/ J  cis ratio could provide a direct 
route for obtaining a qualitative picture of conformational 
preferences in these systems (factors other than conforma
tional ones should be minimized by using this ratio26a'b). 
Table I I  reports the values obtained from oxetanes 7, 8 , 9,

and 1 0 . Deviations from the J trans/Jcis value 0.76 obtained 
from the parent oxetane 9 (in which there is absolutely no 
conformational preference between conformer a and b)

7 a ( R  = Ph,X=CH3 ,Y= H) 
8 a ( R = P h , X = H  , Y= CH3 ) 
9a i R= X= Y = H )

10a lR = P h, X=Y= H)

7 b  ( R=Ph, X=CH3 ,Y= H) 
8 b  (R= Ph,X = H , Y  = CH3 ) 
9  b( R = X = Y= H)

1 0 b ( R  = P h, X=  Y= H)

should be indicative of conformational modifications. 
When the oxetane ring assumes conformation a from an 
ideal planar structure the increase of dihedral angle be
tween the 2 and 4 protons (<£2 4 ) and 2 and 5 protons (¥>25) 
will decrease J 2 4  and will increase J 2 5 ; 2 7  evidently the ef
fect on the value (<7trans/^cis) will be an increase. T h e same 
situation will hold for the J 12/J13, J 25/J3& ratios. On the 
contrary <¿>35 and ¥>34 will decrease, thus decreasing both J 3 5  

and J 3 4 , but the over-all effect on the J 3 4/ J 3 5  will be a net 
decrease. The same is found for J 3 4/ J 94. T h e exact opposite 
changes in the ratios will occur for conformation b.

Th e high value of the J  2 5/J 24 for trans oxetane 8  indi
cates that it exists largely in the dipseudoequatorial puck
ered conformation a. Also for 2-phenyloxetane 10 (in the 
original paper12 3  the conformational aspect was not dis
cussed by the authors) the J  trans/^ds values are consistent 
with conformation a having the phenyl group pseudoequa- 
torial. 14  Evidently the higher nonbonding repulsive inter
actions of the substituents in the more hindered pseudoax- 
ial positions favor conformation a. T h e ratio found for the 
cis oxetane 7 does not differ significantly from the value 
obtained in the unsubstituted oxetane 9; this means that 7 
likely exists as an about 50:50 equilibrium  of the two con- 
formers a and b both with a pseudoequatorial and a pseu- 
doaxial substituent.

Experimental Section
Ir spectra were recorded on a Perkin-Elmer Infracord Model 

137. Nmr spectra were determined on 10% solutions in carbon tet
rachloride with a Varian DA-60 IL (operating at 60 MHz) spec
trometer using tetramethylsilane as an internal standard. Peak po
sitions were directly measured with a Marconi TF 2414 frequency 
meter and the mean values of five measurements were taken. Ex
perimental line positions were determined to ±0.1 Hz. To compute 
the final chemical shifts, proton-proton couplings, and theoretical 
spectrum, an iterative program (LEQUOR) based on the method of 
Castellano and Bothner-By19 was applied and solved with an IBM 
370/155 computer equipped with a Calcomping plotting accessory. 
The parameters obtained should be correct to within ±0.1 Hz.

Glpc were run on a Carlo Erba Fractovap GV apparatus with a 
flame ionization detector, using a dual system with glass columns 
packed with 1% neopentylglycol succinate on 80-100 mesh silan- 
ized Chromosorb W. Preparative (2-mm layer) tic were performed 
on silica gel F 254 plates containing a fluorescent indicator. Mag
nesium sulfate was used as the drying agent. Evaporations were 
made in vacuo (rotating evaporator). Petroleum ether refers to the 
fraction boiling at 40-70°.

erythro- 1 and threo-Ethyl-3-hydroxy-2-methyl-3-phenyl 
Propionate (2). A mixture of 1 and 2 (106 g, bp 102-105° (0.2-0.3 
mm) [lit.28 107-109° (0.3-0.4 mm)]) was obtained according to the 
procedure of Zimmermann and English28 from benzaldehyde (63.6 
g, 0.6 mol), ethyl brornopropionate (119.4 g, 0.66 mol) and zinc 
(43.9 g, 0.66 g-atom) in benzene (170 ml). The above mixture (30 g) 
was chromatographed through a 3.5 X 82 cm column of silica gel 
collecting 250-ml fractions. Elution was carried out, successively, 
with petroleum ether (9.0 1.) and 98:2 (9.0 1.), 97:3 (2.0 1.), 96:4 (63.0
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1.), 95:5 (13.0 1.), 94:6 (9.0 1.) petroleum ether-ethyl acetate. The 
fractions were evaporated to dryness and checked by nmr and glpc. 
The fractions 104-190 were combinated as pure 1 (12.8 g): ir 2.86 
(OH), 5.84 y (CO): nmr 5 4.88 (1, H, d, J = 4.6 Hz, C6H5CH), 3.97 
(2 H, q, CH2), 2.60 (2 H, dq, CH3CH), 1.11 (3 H, t, CH3CH2), 1.09 
ppm (3 H, d, CH3CH). Anal. Calcd for Ci2H,60 3: C, 69.21; H, 7.74. 
Found: C, 69.12; H, 7.68.

The fractions 300-400 yielded pure 2 (5.5 g): ir 2.89 (OH), 5.82 y 
(CO); nmr S 4.56 (1 H, d, J = 8.55 Hz, C6H5CH), 4.02 (2 H, q, 
CH>), 2.62 (2 H, dq, CH3CH), 1.20 (3 H, t, CH3CH2), 0.91 ppm (3 
H, d, CH3CH). Anal. Calcd for Ci2H160 3: C, 69.21; H, 7.74. Found: 
C, 68.93; H, 7.56.

cry thro- 1 -Phenyl-2-methyl-1,3-propanediol (3). To a stirred 
suspension of LiAlH4 (6.8 g, 0.18 mol) in dry ether (150 ml) was 
added dropwise a solution of 1 (12.5 g, 0.06 mol) in the same sol
vent (150 ml). The mixture was then refluxed for 7 hr and left at 
room temperature for 12 hr, after which excess LiAlH4 was de
stroyed by adding water, followed by 2 M  NaOH. The organic 
layer was separated, filtered, dried, and evaporated to give 38c'9 
(9.4 g) as a liquid: ir 2.97 y (OH); nmr b 4.76 (1 H, d, J = 3.1 Hz, 
C6H5CH), 3.41 (2 H, m, CH2OH), 1.82 (1 H, m, CH3CH), 0.67 ppm 
(3 H, d, J = 6.9 Hz, CH3). The nmr data agree with the previously 
reported ones.80

threo-1-Phenyl-2-methyl-l,.3-propanediol (4). Reduction of 
2 (5.0 g, 0.024 mol) with LiAlH4 (2.7 g, 0.072 mol) as described 
above yielded 48c’9 (3.5 g) as an oil: ir 3.00 y (OH); nmr b 4.29 (1 H, 
d, J = 9.1 Hz, C6H5CH), 3.48 (2 H, m, C H2OH), 1.81 (1 H, m, 
CH3CH), 0.55 ppm (3 H, d , J =  6.9 Hz, CH3). The nmr data agree 
with the previously reported ones.80

erythro- l-Phenyl-2-methyl-3-tosyloxy-l-propanoI (5). A 
solution of tosyl chloride (3.81 g, 0.02 mol) in anhydrous pyridine 
(20 ml) was added to a solution of 3 (3.00 g, 0.018 mol) in the same 
solvent (30 ml), while keeping the temperature below 0°. After 4 
days at 5°, the mixture was poured in ice and extracted with 
CHC13. Evaporation of the washed (1 M  aqueous H2S 04, saturated 
aqueous NaHC03, and water) and filtered extracts gave pure 5 (3.9 
g) as an oil: ir 2.80 (OH) 7.40, 8.41 and 8.51 y (OS02-p- C7H7);29 
nmr b 4.68 (1 H, d, J = 4.4 Hz, C6HSCH), 3.99, 3.71 (1 H each, q, 
CH20), 1.99 (1 H, m, CH3CH), 0.74 ppm (3 H, d, J  = 7.2 Hz, 
CH3CH).

threo-1 -Phenyl-2-methyl-3-tosylc.'y-l-propanol (6). 4 (3.0 
g) was treated with tosyl chloride under the conditions used above 
to give pure 6 (4.3 g) as a liquid: ir 2.81 (OH), 7.40, 8.41, and 8.51 y 
(0 S 0 2-p -C7H7);29 nmr b 4.20 (1 H, d, J = 8.2 Hz, C6H5CH), 4.07,
3.93 (1 H each, q, CH20), 1.97 (1 H, m, CH3CH), 0.69 ppm (3 H, d, 
J  = 7.2 Hz, CH3CH).

cis-2-Phenyl-3-methyloxetane (7). A solution of 5 (3.90 g,
12.2 mmol) in tert- butyl alcohol (40 ml) was treated with potassi
um tert- butoxide (1.8 g, 16.0 mmol) and left 24 hr at room temper
ature. Dilution with petroleum ether, filtration, and evaporation of 
the solvent gave a residue (1.50 g) consisting of crude 7. Purifica
tion of this product through preparative tic (a 8:2 mixture of petro
leum ether-ethyl ether being used as eluent) yielded pure 7 (0.78 
g): ir 10.15 ix (oxetane ring);30 nmr (see Table I). Anal. Calcd for 
C10H12O: C, 81.04; H, 8.16. Found: C, 80.85; H, 8.05.

irans-2-Phenyl-3-methyloxetane (8). Treatment of a solution 
of 6 (4.10 g, 12.8 mmol) in teri-butyl alcohol (40 ml) with potassi
um feri-butoxide (1.87 g, 16.7 mmol) as described above yielded 8 
(1.70 g), which was purified through tic to give pure product (0.95 
g): ir 10.30 y (oxetane ring);30 nmr (see Table I). Anal. Calcd for 
C10H12O: C, 81.04; H, 8.16. Found: C, 80.83; H, 8.20.
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The reaction of 9-bromomethyl-10-chloromethylphenanthrene with alcoholic sodium sulfide has been found to 
yield not only l,3-dihydrophenanthro[9,10-c]thiophene (9) as reported by earlier investigators, but also phenan- 
thro[9,10-c]thiophene (7) in somewhat larger amount. Oxidation of 9 yielded the expected 1,3-dihydrophenan- 
thro[9,10-c]thiophene 2-oxide (8) which, surprisingly, was also obtained from 7 by addition of the elements of 
water during attempted oxidation with IV-bromosuccinimide in acetone-water solution. Sulfoxide 8 underwent 
facile elimination to afford 7 which gave a mixture of endo and exo Diels-Alder adducts on prolonged heating 
with /V-phenylmaleimide in xylene.

Some time ago it was shown that isoindoline IV-oxides (1, 
R = alkyl or aryl) lose the elements of water when pyro- lyzed or treated with acetic anhydride to afford 2-substi- 
tuted isoindoles (2) in good yield.2 Subsequently, this

method was extended to the preparation of several polynu
clear heterocyclic compounds where thiophene was anne- lated to benzene3 and naphthalene.4’5 For example, Cava and his coworkers3’4 observed that 1,3-dihydrobenzo- 
[cjthiophene 2-oxide (3) underwent dehydration to give 
benzo[c]thiophene (isothianaphthene) (4) and, in similar 
fashion, l,3-dihydronaphtho[l,2-c]thiophene 2-oxide (5) afforded napththo[l,2-c]thiophene (6), We now describe 
the first example of the reverse reaction: namely, the addi
tion of the elements of water to phenanthro[9,10-c]thio- phene (7) to form l,3-dihydrophenanthro[9,10-c]thiophene 
2-oxide (8). Furthermore, two new syntheses of 7 are re
ported together with a clarification of the results of the 
reaction used by earlier investigators6 to prepare 1,3-dihy- 
drophenanthro[9,10-c]thiophene (9).

3 4

9 10, exo
11, endo

In connection with our general study of the chemistry of
o-quinonoid heteroaromatic compounds and because of a 
specific interest in the effect of benzannelation7 on the sta
bility of these heterocycles, we had occasion recently to prepare l,3-dihydrophenanthro[9,10-c]thiophene (9). Stille 
and Foster6 had earlier described the synthesis of 9 by treatment of. 9-bromomethyl-lO-chloromethylphenan- 
threne with ethanolic sodium sulfide; they reported 9 to 
have mp 164-166°. Using their procedure we observed the 
formation of both ph'enanthro[9,10-c]thiophene (7) and the expected 1,3-dihydro derivative 9. Similar results were ob
tained when the cyclization was subsequently repeated with 9,10-bis(bromomethyl)phenanthrene. Chromato
graphic separation of the reaction mixture afforded 7 
(13%), mp 168-169°, and 9 (10%), mp 180-181°. The uv and nmr spectra of 7 and 9 served to distinguish these compounds. The uv spectrum of 9 was strikingly similar to that 
of 9,10-dimethylphenanthrene while 7, as expected, exhib
ited absorption at longer wavelength due to the additional conjugation. Phenanthro[9,10-c]thiophene (7) showed only 
low-field absorption for aromatic protons in its nmr spec
trum whereas the corresponding dihydro derivative 9 dis
played typical benzylic signals in addition to peaks for aro
matic protons.To confirm further that the lower melting component of the product mixture is indeed phenanthro[9,10-c]thio- 
phene (7), it was compared with an authentic sample (mp 
168-169°) whose preparation was first reported by Hinsberg.8 Both specimens were identical in all respects; hence, it is almost certain that the material melting at 
164-166° and believed by Stille and Foster6 to be 1,3-dihy- 
drophenanthro[9,10-c]thiophene (9) was actually a mixture 
of 7 and 9. The origin of 7 in the reaction of the 9,10- bis(halomethyl)phenanthrenes with sodium sulfide is ob
scure at this time, but it is possible that it is formed from 9 by oxidation during work-up of the reaction product. Compound 7, like the previously reported nitrogen analog,7’9 is an exceptionally stable o-quinonoid heterocycle and sur
vives prolonged standing at room temperature. It will react slowly with N-phenylmaleimide (NPM), as,noted below, 
suggesting that any difference in stability between 7 tad 9 
may be quite small. If this is the case, it would be reasonable to expect that oxidation of 9 to 7 should occur under relatively mild conditions. In this connection, it is interesting to note that the very reactive benzo[c]thiophene (4) was first synthesized by high-temperature catalytic dehy
drogenation of its considerably more stable 1,3-dihydro de
rivative.10 ■ .Oxidation of sulfide 9 with sodium periodate in aqueous ethanol afforded the expected 1,3-dihydrophenanthro-
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[9,10-c]thiophene 2-oxide (8) in 92% yield. When subjected 
to these same conditions, phenanthro[9,10-c]thiophene (7) was found to be inert, but quite surprisingly it underwent 
addition of the elements of water when treated with iV-bro- 
mosuccinimide in aqueous acetone to give sulfoxide 8 in 
77% yield. This material was shown by mixture melting point determination and spectral comparison to be identi
cal with a specimen prepared from sulfide 9. Using the pro
cedures of Cava and coworkers4 for effecting the dehydration of sulfoxides, we found that treatment of 8 with acetic 
anhydride or, more conveniently, pyrolysis of 8 in the pres
ence of neutral alumina afforded phenanthro[9,10-c]thio- 
phene (7) in 43% yield.The high degree of stability possessed by 7 necessitated 
the use of rather drastic conditions to effect the Diels- 
Alder reaction; addition to NPM occurred only after a solu
tion of the reactants in xylene was heated at reflux for 3 
days. The reaction product was separated by column chromatography into two stereoisomeric adducts, exo isomer 10 
(67%) and endo isomer 11 (9%). The assignment of structures 10 and 11 to the adducts Was made on the basis of their nmr spectra which are similar in many respects to 
those of the related exo and endo NPM adducts of na- 
phtho[l,2-c]thiophene.4

Experimental Section
Melting points were determined on a Mel-Temp melting point 

apparatus and are corrected. Infrared spectra were recorded on a 
Perkin-Elmer Model 137 Infracord. Ultraviolet spectra were ob
tained on a Cary 17 spectrophotometer. Nuclear magnetic reso
nance spectra were taken on Varian Model T-60 and HA-1G0 spec
trometers. Elemental analyses and molecular weight determina
tions were performed by Dorn is and Kolbe Microanalytical Labo
ratory, Mulheim, Germany.

Reaction of 9-BromomethyI-10-chloromethylphenanthrene 
with Sodium Sulfide. Phenanthro[9,10-c]thiophene (7) and
l,3-Dihydrophenanthro[9,10-c]thiophene (9). A solution of
19.0 g (0.08 mol) o f sodium sulfide nonahydrate in 500 ml of etha
nol was heated at reflux for 48 hr in an apparatus fitted with a 
Soxhlet extractor holding 5.0 g (0.015 mol) of 9-bromomethyl-10- 
chloromethylphenanthrene.6 The reaction mixture was poured 
into 1 1. of water and the resulting, suspension was collected by fil
tration. The crude solid was extracted with five 100-ml portions of 
boiling ethanol and the combined extracts were evaporated in 
vacuo to give 1.1 g of yellow solid. Chromatography on a column of 
silica gel with petroleum ether as eluent gave two fractions. The 
first fraction, on recrystallization from benzene-cyclohexane, af
forded 450 mg (13%) of 7 as colorless, felted needles, mp 168.5- 
169°; uv. Amax (EtOB) («9 253 nm (58,800), 262 (58,000),275 (7100), 
290 (7900), 305 (7100), 320 (4700), and 334 (2000); nmr (CDC13) 6
7.20-8.40 (m).

Anal. Calcd for CieHioS: C, 82.01; H, 4.30; S, 13.68; mol wt, 234. 
Found: C, 82.06; H, 4.28; S, 13.60; mol wt, 232 (osmometry).

The second fraction from1 the column was recrystallized from 
benzene-petroleum ether to give 350 mg (10%) of 9 as colorless 
needles: mp 180-181°; uv Amax (EtOH) (e) 254 nm (55,000), 277
(11,000), 287 (8340), and 300 (9100); nmr (CDC13) 5 6.9-8.1 (m, 8, 
aromatic) and 4.0 (s, 4, benzylic).

Anal. Calcd for Ci6Hi2S: C, 81.31; H, 5.12; S, 13.57; mol wt, 236. 
Found: C, 81.22; H, 5.15; S, 13.57; mol wt, 239 (osmometry).

Phenanthro[9,10-c]thiophene (7) by the Hinsberg Conden
sation.8 A solution of 6.0 g (0.029 mol) o f phenanthrenequinone 
and 6.0 g (0.029 mol) of diethyl thiodiglycolate in 600 ml of ben
zene was prepared by warming the mixture to 70°. This solution 
was cooled to 40° and added to a solution of 6.0 g (0.11 mql) of so
dium methoxide in 45 ml of methanol which was immersed in an 
ice bath. The resulting dark green solution was stirred under an at
mosphere of dry nitrogen at room temperature for 5 days and then 
added to 1 1. of water. The reddish-orange two-phase mixture was 
concentrated at reduced pressure to a volume of 300 ml and fil
tered to remove 2,1 g (35%) of unreacted phenanthrenequinone. 
Acidification of the filtrate with hydrochloric acid afforded 2.5 g of 
an orange solid which was collected by filtration; recrystallization 
from aqueous ethanol gave 1.70 g of phenanthro[9,10-c]thio- 
phene-l,3-dicarboxylic acid, mp 240° dec.11 Decarboxylation of the 
diacid by sublimation at 160° (1.0 mm) or by heating at 260° until

evolution of carbon dioxide ceased afforded 0.90 g of crude 7. 
Chromatography of this material on silica gel with benzene as el
uent and subsequent recrystallization from benzene gave a pure 
sample of 7, mp 168-169°, identical with the specimen prepared 
above by the method of Stille and Foster.

l,3-Dihydrophenanthro[9,10-c]thiophene 2-Oxide (8). A. 
From Compound 9. To a boiling solution of 60 mg (0.26 mmol) of 
9 in 15 ml of ethanol was added a solution of 64 mg (0.30 mmol) of 
sodium periodate in 2.5 ml of water. The resulting solution was 
heated at reflux for 20 hr, cooled, diluted by addition of 25 ml of 
water, and extracted with two 25-ml portions of chloroform. The 
combined chloroform extracts were dried over magnesium sulfate 
and concentrated under reduced pressure to yield 80 mg of crude 
solid, mp 210-215°. Recrystallization from benzene-hexane of the 
material thus obtained gave 60 mg (92%) of pure 8, mp 215-216°. 
This compound was shown by mixture melting point determina
tion and ir and nmr spectral comparison to be identical with 8 pre
pared below from 7.

B. From Compound 7. A solution of 1.10 g (4.7 mmol) o f 7 in 
175 ml of 85% aqueous acetone was warmed to 50° and maintained 
at this temperature while a solution of 0.91 g (5.1 mmol) of N-bro- 
mosuccinimide in 40 ml of 50% aqueous acetone was added with 
stirring over a 10-min period. The resulting yellow solution was 
stirred for 1 hr at room temperature and the acetone was then re
moved under reduced pressure. Filtration gave 1.1 g of light yellow 
needles, mp 197-202°. Recrystallization from benzene-hexane 
yielded 0.91 g (77%) of 8 as colorless needles: mp 215-216°; ir 
(mull) 1050 cm“ 1 (SO); uv Amax (EtOH) (e) 255 nm (53,500), 277 
(8700), 287 (6300), 300 (7900); nmr (CDCI3) & 7.3-7.9 (m, 8, aro
matic), 4.65 (s, 4, benzylic).

Anal. Calcd for C16H i2OS: C, 76.16: H, 4.79; S, 12.71. Found: C, 
76.10; H, 4.82; S, 12.76.

Pyrolysis of Sulfoxide 8. Formation of 7. An intimate mixture 
of 1.0 g (4.0 mmol) of 8 and 300 mg of neutral alumina (Merck, ac
tivity grade I) was heated in a sublimation apparatus at 180° (25 
mm). The colorless crystals which collected on the cold finger were 
recrystallized from benzene to give 0.40 g (43%) of 7, mp 167-168°. 
This material was shown to be identical with the samples of 7 pre
pared above.

Diels-Alder Reaction of 7 with N-Phenylmaleimide. For
mation of Adducts 10 and 11. A solution of 900 mg (3.8 mmol) of 
7 and 700 mg (4.0 mmol) o f iV-phenylmaleimide in 100 ml of dry 
xylene was heated under reflux for 72 hr. Evaporation of the re
sulting suspension in vacuo afforded 1.6 g of crude solid which was 
dissolved in benzene and chromatographed on silica gel using ben
zene as eluent. Three fractions were obtained. The first fraction 
gave 350 mg of a mixture consisting of unreacted 7 and IV-phenyl
maleimide. The second fraction yielded 1.03 g (67%) of exo adduct 
10, as a white solid, mp 253-255°, which on recrystallization from 
benzene-petroleum ether afforded an analytically pure sample: mp
254.5-255° dec; nmr (DMSO-dg) 5 7.20-8.95 (m, 13, aromatic),
5.90 (s, 2, bridgehead), and 3.58 (s, 2, a to imide C = 0 ).

Anal. Calcd for C26H17N 0 2S: C, 76.64; H, 4.20; N, 3.44; S, 7.87; 
mol wt, 408. Found: C, 76.45; H, 4.15; N, 3.44; S, 7.86; mol wt, 410 
(osmometry).

The third fraction gave 135 mg (9%) of endo adduct 11. Recrys
tallization from benzene-petroleum ether yielded 110 mg of pure 
11 as colorless plates: mp 225-226°; nmr (DMSO-de) 5 7.60-8.89 
(m, 11, aromatic), 6.95 (m, 2, aromatic H ortho to N), 5.85 (m, 2, 
bridgehead), and 4.48 (m, 2, a to imide C = 0 ).

Anal. Calcd for C26Hi7N0 2S: C, 76.64; H, 4.20; N, 3.44; S, 7.87; 
mol wt, 408. Found: C, 76.43; H, 4.42; N, 3.49; S, 7.85; mol wt, 410 
(osmometry).

Acknowledgments. The authors are grateful to the U.S. Army Natick Laboratories for the award of a Predoctoral Fellowship to D.E.R.
Registry No.—7, 235-95-0; 8, 53449-54-0; 9, 53449-55-1; 10, 

53449-56-2; 11, 53495-82-2; 9-bromomethyl-10-chloromethylphe- 
nanthrene, 35974-44-8; sodium sulfide, 16721-80-5; phenanthrene
quinone, 84-11-7; diethyl thiodiglycolate, 925-47-3; phenanthro- 
[9,10-c]thiophene-l,3-dicarboxylic acid, 19799-45-2; N- bromosuc- 
cinimide, 128-08-5; iV-phenylmaleimide, 941-69-5.

References and Notes
(1) Presented in part at the Fifth Northeast Regional Meeting of the Ameri

can Chemical Society, Rochester, N.Y., Oct 1973.
(2) For a review, see J. D. White and M. E. Mann, Advan. Heterocycl. 

Chem., 10, 119(1969).
(3) M. P. Cava and N. M. Pollack, J. Amer. Chem. Soc., 88, 4112 (1966).



Acid-Catalyzed Rearrangements of Humulene J. Org. Chem., Vol. 40, No. 4, 1975 479

(4) M. P. Cava, N. M. Pollack, O. A. Marner, and M. J. Mitchell, J. Org. 
Chem., 36, 3932 (1971).

(5) D. W. H. MacDowell, A. T. Jeffries, and M. B. Meyers, J. Org. Chem., 
36,1416(1971).

(6) J. K. S tille and R. T. Foster, J. Org. Chem., 28, 2708 (1963).
(7) J. Kopeckÿ, J. E. Shields, and J. Bornstein, Tetrahedron Lett., 3669 

(1967); J. E. Shields and J. Bornstein, J. Amer. Chem. Soc., 91, 5192 
(1969).

(8) 0. Hinsberg, Chem. Ber., 43, 901 (1910). For a review of the Hinsberg

thiophene ring svnthesis, see D. E. Wolf and K. Folkers, Org. React., 6, 
410(1951).

(9) J. S. Dewar, A. J. Harget, N. Trinajstic, and S. D. Worley, Tetrahedron, 
26, 4505 (1970).

(10) R. Mayer, H. Kleinert, S. Richter, and K. Gewald, J. Prakt. Chem., 20, 
244 (1963).

(11) Hinsberg, ref 8, p 903, reported the diacid decomposed at 270°, but 
noted this value depended on the purity of the compound and the meth
od of heating.

Acid-Catalyzed Rearrangements of Humulene1

William G. Dauben,* James P. Hubbell, and Noel D. Vietmeyer 
Department of Chemistry, University of California, Berkeley, California 94720 

Received August 14, 1974

Upon extended treatment with acid, the sesquiterpene humulene yielded 20-25% a-caryophyllene alcohol and 
70-75% mainly a new bicyclic sesquiterpene hydrocarbon. The structure of the material, as well as a series of its 
precursors, was established. The mechanism of the transformation was shown to proceed via a series of stepwise 
rearrangements.

In recent years considerable interest has been directed toward the biogenesis, rearrangement, and synthesis of po- 
lyisoprenoid natural products. The finding of the enzymatically induced cyclization of squalene epoxide to lanosterol 
called attention to the high degree of specificity of a poly- cyclization initiated by formation of a carbonium ion. The 
i n  v i t r o  equivalent of the process, i . e . ,  regiospecific carboni
um ion generation, has been utilized by Johnson2 to con
vert polyolefins to steroids, by Marshall3 to convert bicy- 
clo[4.3.1]decanes to hydroazulenes, and by studies in this 
laboratory4 of the acid catalyzed rearrangement of the cy- 
clopropyl-ene system in the sesquiterpene thujopsene to yield sesquiterpenes of the widdrene and chamigrene series.

In the Hendrickson biogenetic hypothesis for bicylic and tricyclic sesquiterpenes,5 key intermediates were the ele- ven-membered ring carbonium ions 2 and 3, respectively.

These ions were suggested to be the intermediates in the 
transformation of farnesol (1) to caryophyllene (4) and humulene (5). It was of particular interest that the ion 3 was 
related to humulene (5) by simple loss of a proton and such a relationship called attention to the possibility of the acid 
catalysis of the reverse process, 5 to 3.

The acid-catalyzed rearrangement of «-humulene, itself, was first reported by Nickon6 who reported that the hydro
carbon upon treatment with sulfuric acid in ether gave rise to alcohol 6 in 12-24% yield. The present studies were directed toward a more controlled reaction and investigation 
of all the products of the reaction. It was found that humulene (>97% pure) in refluxing dioxane-water containing 0.02 M  perchoric acid yielded 20-25% of alcohol 6 (stable

under the reaction conditions) and that the 75-80% of the 
remaining material was more than 90% of one hydrocarbon. 
This major material was isolated and its structure established.

The product (7) was isomeric with humulene (mass spectrum) and possessed an s-trans conjugated diene chromo- phore (uv max 245 nm, e 12,000). The nmr spectrum 
showed signals for one vinyl hydrogen atom, one vinyl methyl group, one quaternary methyl group, and an isopro
pyl grouD. The presence of the isopropyl group was further confirmed by double resonance studies and by an M -  43 
peak (93% of base peak) in the mass spectrum. These data indicated the absence of any additional double bond in the 
structure and with the conjugated diene accounting for only two degrees of ursaturation, the hydrocarbon 7 must 
be bicyclic. Furthermore, the quaternary methyl group 
most likely was at an angular position.

The material was dihydrogenated and vpc analysis of the 
crude reduction product showed the presence of 79% of hydrocarbon 8, 17% of hydrocarbon 9, and 4% of starting material. If the reaction mixture was allowed to remain under hydrogenation conditions for an extended period (6-8 hr) 
practically no further uptake of hydrogen occurred but the only product obtained was 9. The isomeric dihydro derivatives were isolated by preparative vpc. The nmr spectrum of 8 showed signals for one vinyl proton, an isopropyl 
group, an angular methyl group, and a new secondary 
methyl group but no vinyl methyl group. The final product 9 which was resistant to further hydrogenation showed no vinyl proton signals in the nmr spectrum but did show double bond absorption in the Raman spectrum. This unsaturated bond cannot be between two rings since there is ah angular methyl group. Furthermore, since there is no vinyl 
methyl group, it follows that the isopropyl group must be on the tetrasubstituted double bond.Treatment of hydrocarbon 8 with osmium tetroxide 
yielded diol lO which was cleaved with lead tetraacetate to give a keto acid 11a. The ir spectrum of the keto acid and 
its methyl ester indicated the presence of a five-membered
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Table I 'Acid-Catalyzed Rearrangement of Humulene“
Relative %-----—-------- -----------;----- ; : ' • • *>

Hydrocarbon

Time , hr ; a-Humùlèrie Alfcohol 6 Alcohol 21 ß-Humulene 7 19 20

0 1 0 0

5 76 4 . 0

8 57 4 . 6

9 56
13 46 5 . 7 ■ . ■ : n

19 33 1 . 4 1 . 8 6 .3

35 20
40 18 3 . 5 6 .3 7 .8 0 . 2 0 . 7 1 . 7

5 1 1 4 .4 6.6 8 .3 7 .3 0 . 6 1 . 5 2 . 3

55 1 3 .5 7 .5 8 .5 0 . 8 1 . 7 3 . 4

75 1 2 8.9 1 1 . 9 6 .0  ■ 0 . 9 2 .3 7 .3

92 4 .9

13 4 4 .4

15 9 4 .7 9 .0 1 8 .5 3 .3 . 5 . 7 • 5 ,4 1 3 .3

18 3 4 1 0 . 1 1 8 .7 7 . 1  ,!.V 6 .1 16 .8

206 3 .5 1 1 . 1 1 8 .3 8.6 8.6 6.0 1 7 .8

2 5 4 2 .6 1 1 . 6 1 7 .6 1 2 .3 7 .0 2 3 .0

3 0 7 . 1 .4 1 2 .3 1 5 .9 1 4 .5 7 .8 2 4 .6

3 5 5 1 4 .6 1 3 .8 1 8 .3 7 .4 2 8 .6

4 73 18 .0 1 0 .3 2 8 .7 5 .4 2 6 .7
: A  0.105 M  solution of hum ulene in  a 2 0 %  aqueous dioxane, 0.02 M  in  H C I O 4 , was heated at 67°.

ring ketone (1739 cm-1). Thus, the other ring of this bicy- clic system must be seven membered. Further structural 
information was gained by high resolution mass spectrome
try. The base peak for the keto ester l ib had an m / e  of 140 
and by exact mass measure was C9H16O. The loss of mass 
128 (C7H12O2) most likely resulted from the McLafferty rearrangemert as shown in Scheme I and showed that this piece derived from the seven-membered ring portion of the

molecule could not contain the isopropyl group. Further evidence for the assignment of the isopropyl group on the cyclopentanone ring was the loss of 43 (C 3H 2) from the m / e  
140 peak to form C6H9O ( m / e  97). Some evidence suggest-, ing the position of the tertiary methyl group in hydrocarbon 8 was derived from the appearance of m / e  88. This peak could result from a McLafferty rearrangement involv ing the ester function and would require a methyl group a  to the ester function.

The isomeric monoolefin 9 with the tetrasubstiituted 
double bond was also converted to a glycol and cleaved to yield the dione 12. Since the earlier discussed nmr data showed the isopropyl group was on the double bond, the unsaturated linkage containing it must be exocyclic to a

ring as it is the only arrangement possible for a tetrasub- stituted double bond without involvement of the methyl group. The diketone possessed carbonyl frequencies in the 
infrared (1712, 1700 cm-1) which were in agreement with those reported for the ozonization product of olefin 13 de-

rived from the sesquiterpene carotol.7 Using high resolution mass spectral data, the peak of m/e 140 (CgHigO) was 
shown by a metastable ion study to have a parent of m / e  
238 (C15H26O2). The loss of CrHioO would easily be ex-

C9H,„0
plained by a McLafferty rearrangement. This fragmenta
tion pattern when coupled with the earlier discussed placement of the isopropyl group established that diketone 12 must contain a seven membered ring with two methyl groups ( m / e  140, C9H16O).

These degradational and spectral studies established the structure of the basic ring system of the rearrangement hy
drocarbons. Further supporting evidence was obtained by allylic oxidation of olefin 9 to give the conjugated cyclopen- 
tenone 14. The most characteristic change in the nmr spectrum of this product was the appearance of a sharp two- proton singlet corresponding to a methylene group between the carbonyl group and a quaternary center. This finding is 
direct evidence for the placement of an angular methyl 
group. The degradational studies are summarized in Scheme II.

To obtain additional information with regard to the reaction pathway, the rearrangement of humulene was run at a lower temperature and the course of the reaction was
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Scheme II

Ila, X =  H 
b. X =  CE,

followed by vpc. The results (Table I, and Figure 1—3) 
showed that the initial products formed were humulol (15) and ^-humulene (16).8 The nmr spectrum of humulol was

identical with a major alcohol isolated from hop oil by But
tery,9 and later by Naya and Kotake.10 To establish the correctness of structure 15 for the natural humulol, the ma
terial was synthesized in an unequivocal manner. Humu
lene was converted to the monoepoxide 17 (humulene ep-

17 15 18

oxide II) by treatment with m-chloroperbenzoic acid and 
the resulting epoxide was allowed to react with lithium in 
ethylamine11 to give humulol (15) in 9% yield and isohumu- lol (18) in 56% yield. The synthetic 15 possessed the same ir, nmr., and mass spectra as well as vpc retention time (500 
ft X 0.02, PPE) as the natural humulol.

Next, the major hydrocarbon intermediates formed dur
ing these controlled reactions were examined. The nmr spectrum of 19 showed signals for three vinyl protons, two

19

vinyl methyl groups, and one quaternary (angular) methyl group. The infrared spectrum showed bands at 890 and 1640 cm-1, indicating the hydrocarbon possessed an un- 
symmetrical disubstituted methylene group. Specific hydrogenation of this double bond gave rise to a dihydro isomer which was shown to possess an isopropyl group by nmr analysis. The mass spectrum of this material showed a

Figure 1. Relative composition vs. time: humulene (5), •; humulol 
(15), A; /3-humulene (16), O.

Figure 2. Relative composition vs. time: «-caryophyllene alcohol 
(6), A; alcohol 21, •.

Time (hr)
Figure 3. Relative composition vs. time: hydrocarbon 7, •; hydro
carbon 19, O; hydrocarbon 20, A.

fragmentation pattern almost identical with that of hydrocarbon 7, suggesting that both materials possessed the 
same carbon skeleton. This conclusion was verified by the finding that 19 upon treatment with acid was converted to7. Thus, the isopropenyl structure shown in 19 was estab
lished.Hydrocarbon 20 also showed a mass spectral fragmentation pattern similar to that of 7. The nmr spectrum showed

20

signals for one vinyl proton, three vinyl methyl group, and one quaternary (angular) methyl group. Also, the spectrum 
possessed a one-proton multiplet absorption at 8 3.20, char
acteristic of a doubly allylic hydrogen atom. Based upon these spectral features and its conversion to 7 upon acid 
treatment, the isopropylidene structure shown in 20 was established.
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The alcohol 21 formed in the controlled studies was next 
studied. This material could only be obtained in 90% purity

with a-caryophyllene alcohol being the only impurity. The nmr spectra of the material showed signals for one vinyl 
proton, two equivalent methyl groups a to a carbon atom holding a hydroxyl grouping, one vinyl methyl group, and one quaternary (angular) methyl group. The mass spectral 
fragmentation pattern, after loss of water, was similar to 
those of hydrocarbons 7, 19, and 20. The alcohol was dehy
drated v i a  treatment of its mesylate with triethylamine and 
the hydrocarbon mixture obtained as shown, by vpc analysis, contained 16% of 7, 30% of 19, and 54% of 20. All these results establish the structure 21 for the alcohol.

The structural assignments for the hydrocarbons 19 and 
20 and for the alcohol 21 recently have been corroborated by Naya and Hirose12 in an independent study, the gross carbon skeleton being based upon the present structural 
proof for the hydrocarbon 7.From the structures of the various intermediates formed 
in the controlled acid-catalyzed rearrangement of humu- 
lene and from the simple kinetic studies, it appears that 
humulol was first formed from humulene in a reversible 
reaction. Then, humulol v i a  an intermediate(s) formed a- 
caryophylene alcohol (6) and alcohol 21, the latter, in turn, being converted to hydrocarbons 19,20, and 7.

Attention was next directed to the details of the rearrangement pathway followed by humulene. Recent chemical studies by Nickon6 and 13C nmr studies by Nickon and 
Stothers13 have elaborated the pathway leading to the formation of a-caryophyllene alcohol (6) and showed the requirement of the intermediate triene 22 in the rearrange-

22

ment process. To determine whether this same triene was a required intermediate in the formation of alcohol 21, a time study was done for the conversion of humulene to 6 and 21 
under reaction conditions of perchloric acid in refluxing di- oxane-water. It was found that the ratio of their formation changed with time, the values for the ratio of 21 to 6 at 1, 2, and 4 hr being 0.6, 0.9, and 1.2, respectively. These data clearly indicate that triene 22 although a required intermediate for 6 is not so required for the formation of 21. Also, if 
21 came v i a  triene 22, a protonation of the isolated double 
bond would be required for the cyclization. Such a protonation should be reversible but Nickon and Stothers did not find a deuterium at this position in their study of the formation of 6 in D 2SO4 .

A sample of deuterated 7 was prepared from humulene under the same conditions used above for the preparation 
of deuterated 6.13 Under these conditions, the deuterium incorporation was extensive and the material contained 
11% d o ,  15% d \ ,  17% d %  17% d ?„  14% <¿4, and 13% d5, by mass spectral analysis. The nmr spectrum showed a significant loss (~30-40%) of absorption at the vinyl methyl group (C-15 humulene numbering) and a slight loss (~ 10-  
15%) of intensity at the isopropyl group (C-12 and C-13).

There was no loss of absorption at the angular methyl 
group (C-14).

•  =  major deuterium location 
0 =  minor deuterium location

To obtain the placement of the other deuteria, hydrocar
bon 7, and its dihydro derivative 9 and deuterated 7 were submitted to 13C nmr analysis. With the knowledge that a-humulene, /3-humulene, and humulol are rapidly inter- 
converted (see Figure 1) and by comparison of the absorp
tions of 7 with dihydro 9, the assignment of the allylic methylene at C-6 was made. Also, in making some of the 
other assignments it was assumed that the absorpion bands 
of all carbons except 5, 6, 7, 8, 9, and 15 would not shift 
greatly upon dihydrogenation of 7 to 9. The assumption 
was based upon the fact that the rigidity of the five-mem- bered ring in 9 was retained. This analysis permitted as
signment of C-2 in the spectrum. With deuterated 7, major deuterium concentration was at carbons 2, 6 , and 15; a

Scheme III

7
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minor amount was located in the isopropyl carbons 11, 12, and 13. 1
With these data, the mechanism for the humulene inter

conversions can be accounted for as shown in Scheme III, 
First, the 6, 7 double bond of humulene is blocked by selective protonation either as humulol or /3-bumulene. This 
transformation directs the second protonation to occur at 
the 2,3 double bond, forming a tertiary carbonium ion which, in turn, cyclizes on the disubstituted double bond to 
yield the 15.4.0] bicycloundecane ring system. Finally, ring contraction with either concomitant dehydration (if humu
lol is the precursor) or double bond migration (if /5-humu- 
lene is the precursor) leads to the products 7, 19, 20, and21. Naya and Hirose12,14a have also studied the humulene isomerization and a similar mechanism to that first postu
lated by us was set forth on their minimal data.141'

Finally, it should be reemphasized that only a small 
amount of deuterium (<10%) was incorporated at C-ll of 
the isopropyl group. If, indeed, 21,19, and 20 were required 
intermediates in the generation of 7, then, as show, normal 
amounts of deuterium would have been found at C-ll. 
Such not being the case indicates that under the conditions employed in this labeled experiment the majority of the 
final product 7 arose v i a  a 1,2-hydride shift from C-10 to C-ll, shown below.

Experimental Section
Microanalysis and mass spectra were obtained from the Micro

chemical and Mass Spectrometry Laboratories, College of Chemis
try, University of California. Raman and some nmr (100 MHz) 
spectra were kindly provided by the U.S. Department of Agricul
ture Regional Laboratories, Albany, Calif. Unless noted, the in
frared spectra were taken in carbon tetrachloride and the nmr 
spectra were taken in carbon tetrachloride with TMS as the inter
nal standard. All carbon-13 nmr spectra were obtained at 25.2 
MHz with a Varian XL100 spectrometer, with chloroform as a sol
vent and TMS as an internal reference, and were kindly provided 
by the Space Science Laboratory, University of Calif. Melting 
points were determined in open capillary tubes in a Buchi melting- 
point apparatus and are uncorrected.

In working up a reaction all solutions were dried by filtration 
through a small amount of anhydrous magnesium sulfate and were 
concentrated by rotary evaporation at reduced pressure with a 
water aspirator. Purification of compounds by column chromatog
raphy was carried out using Woelm neutral alumina or silica gel 
from E. M. Reagents.

All samples for analysis by vpc in kinetic studies of acid-cata
lyzed rearrangement reactions were neutralized by saturated sodi
um bicarbonate solution. The organic material was extracted with 
ether and the ether extract was dried and concentrated. If the 
samples were to be analyzed on capillary columns of OV101, 
OV225, or Apiezon, the alcohols were removed by chromatography 
on a short column of dry-packed activity III Woelm alumina.

Acid Treatment of Humulene. Into a 500-ml, three-necked 
flask fitted with a reflux condenser, stopper, serum cap, and a 
magnetic stirrer, under a nitrogen atmosphere, was added 180 ml 
of dioxane, 20 ml of water, 0.8 ml of 70% perchloric acid, and 4.2 g 
(20.6 mmol) of humulene. The solution was refluxed for 1 week at 
which time by vpc analysis (10 ft X '/k in. 5% KDH, 5% Carbowax 
20M) it showed the presence of one major hydrocarbon. The reac
tion mixture was quenched with saturated sodium bicarbonate so
lution, the rearrangement products were extracted with hexane, 
and the extract was dried and concentrated. The residual oil was 
chromatographed on 80 g of dry-packed activity II alumina to give
2.1 g of hydrocarbons (hexane eluate) and 1.8 g of alcohols (ether 
eluate). Analysis of the hydrocarbon fraction by vpc (500 X 0.02" 
OV101) showed one hydrocarbon was present to at least 90%. Col
lection of this hydrocarbon by vpc (10 ft X % in., 10% KOH, 10% 
Carbowax 20M) gave pure hydrocarbon 7: ir (CCI4, CS2) 1380, 
1372, 1369, 1360, 861 cm-1; Raman 1650 cm-1; uv (95% EtOH) 245

nm (e 12,000); nmr 8 5.86 (s, 1), 2.70 (septet, 1, J  = 7 Hz), 1.72 (s,
3), 0.94 (d, 3, J  = 7 Hz), 0.92 (s, 3), 0.90, (d, 3, J  = 7 Hz); cmr 143.2 
0 0 , 139.1 (s), 137.2 (s), 119.3 (d, C-8), 50.1 (s, C-3), 42.4 (t, C-l),
40.4 (t, C-6), 37.0 (t, C-2), 27.6 (t and q, q = C-15), 27.1 (d, C -ll),
24.8 (q, C-12 or C-13), 24.9 (t, C-4), 21.6 (q, C-12 or C-13), 20.7 
ppm (q, C-14); mass spectrum (70 eV) m/e (rel intensity) 204 
(100), 189 (100), 163 (93), 133 (25), 119 (21), 105 (26). The mass 
spectrum gave a parent peak at mass 204.1881 (called for C15H24, 
204.1878). '

Fractional crystallization of the alcoholic fraction gave 1.3 g of a 
pure alcohol whose ir, nmr, and mass spectrum were identical with 
those of q-caryophyllene alcohol (6).

Formation of Humulol (15). To a stirred solution of 3.3 g (16.2 
mmol) of humulene, 120 ml of dioxane, and 30 ml of water heated 
in an oil bath at 47° (to 67°) was added 0.6 ml of 70% HCIO4. The 
reaction was followed by vpc (6 ft X % in., 10% SE-30) and stopped 
when 50 to 60% alcohol 15 was formed (less than 5% other products 
except starting ihumulene, at 47° approximately 2 weeks, at 67° 
approximately 6 hr). The crude product was chromatographed on 
neutral Woelm alumina (activity I) to give 1.3 g of humulene (hex
ane eluate) and 1.9 g of alcohol 15 (97%'pure, ether eulate): ir 3570, 
1385,1377,1364, 1111, 999 cm” 1; nmr 8 5.20 to 4.73 (m, 3), 1.58 (s,
3), 1.12 (s, 6), 1.06 (s, 3); mass spectrum (70 eV) m/e (rel intensity) 
222 (8), 204 (14), 125 (24), 122 (20), 103 (66), 82 (100).

Anal. Calcd for C15H26O: C, 81.08; H, 11.71. Found: C, 80.83; H,
11.51.

Reaction of a-Caryophyllene Alcohol with Acid. Using the 
procedure and conditions for the rearrangement of humulene with 
perchloride acid, 136 mg (0.61 mmol) of a-caryophyllene alcohol 
was refluxed for 4 days. The product of the reaction was found 
from analysis by nmr and tic to be the starting alcohol. No other 
products were found.

Hydrogenation of Hydrocarbon 7. To a shaking suspension of 
200 mg of prehydrogenated PtC>2 in 80 ml of acetic acid (or ethyl 
acetate) at room temperature and atmospheric pressure was added
2.0 g (9.8 mmol) o f hydrocarbon 7. The volume of hydrogen uptake 
was followed until 9.8 mmol of hydrogen was absorbed (~1 hr). 
The reaction mixture was filtered, diluted with hexane, and 
washed several times with water and then saturated sodium bicar
bonate solution to remove the acetic acid. The neutralized hexane 
solution was dried and concentrated to yield 1.95 g (9.5 mmol) of 
hydrocarbons. Analysis by vpc (500 ft X 0.02 in. OV225) showed 
4% starting material, 17% of hydrocarbon 8, and 79% of hydrocar
bon 9. Pure hydrocarbon 8 was obtained by preparative vpc (TO ft 
X % in. 10% KOH, 10% Carbowax 20M): nmr 8 5.18 (d of d,*l, J\ = 
2 Hz, J2 = 2.5 Hz), 1.02 (d, 3, J  - 7  Hz), 1.00 (d, 3, J  = 7 Hz), 0.92 
(s, 3); mass spectrum (70 eV) m/e (rel intensity) 206 (19), 191 (25), 
163 (100), 107 (19), 81 (22). The mass spectrum gave a parent peak 
at mass 206.2036 (calcd for C15H26: 206.2034).

To obtain pure hydrocarbon 9, the mixture of hydrogenated hy
drocarbons was placed under the hydrogenation conditions above 
for 6 to 8 hr. Analysis by vpc (500 ft X 0.02 in. OV225) showed hy
drocarbon 9 was present in greater than 90% purity. Pure hydro
carbon 9 was obtained by preparative vpc (10 ft X % in. 90% KOH, 
10% Carbowax 20M): ir (CC14, CS2) 1381, 1375, 1370, 1360, 1182, 
784, 762 cm-1; Raman 1665 cm-1; nmr 8 2.6 (septet, 1, J  = 7 Hz), 
0.96 (s, 3); cmr l40.89 ppm (s), 140.5 (s), 49.9 (s, C-3), 41.1 (q), 37.5
(t), 36.9 (d, C -8), 33.1 (t), 27.1 (t), 26.9 (d, C -ll), 25.7 (q), 23.9 (q, 
C-12 or C-13), 22:9 (t), 21.9 (q, C-12 or C-13), 21.8 (q,C-14); mass 
spectrum (70 eV) m/e (rel intensity) 206 (32), 191 (65), 163 (100), 
121 (36), 95 (37).

Anal. Calcd for Ci5H26: C, 87.38; H, 12.62. Found: C, 87.17; H,
12.63.

Osmylation of Hydrocarbon 8. A solution of 600 mg (2.9 
mmol) of 79% pure hydrocarbon 8, 50 ml of dry ether, 2 ml of dry 
pyridine, and 800 mg (3.15 mmol) of OSO4 was stirred at 25° in the 
dark for 1 week. To the reaction mixture was added 3 g o f sodium 
bisulfite and 100 ml of 95% ethanol and the mixture refluxed for 6 
hr. The solution was allowed to cool to room temperature and the 
inorganic material was removed by filtration. The organic filtrate 
was dried and rotary evaporated and the crude brownish diol was 
chromatographed on silica gel. The major product was fractionally 
crystallized from hexane to give 100 mn (0.42 mmol) of pure diol 
10: mp 82-83°; nmr 8 3.66 (d, 1, J  = 7 Hz), 2.78 (d of septet, 1, J ax 
= 7 Hz, J Bx =  2 Hz), 1.03 (d, 3, -7 = 7 Hz; 0.98 (s, 3), 0.94 (d, 3, J = 
5 Hz), 0.92 (d, 3, J = 7 Hz); mass spectrum (70 eV) m/e (rel inten
sity) 222 (12), 204 (54), 199 (100), 161 (58), 105 (50).

Anal. Calcd for Ci6H2802: C, 75.00; H, 11.67. Found: C, 75.00; H,
11.74.

Cleavage of Diol 10. To a stirred solution of 4.5 ml of benzene
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and 39 mg (0.17 mmol) of pure diol 10 under nitrogen atmosphere 
was added 85 mg (0.18 mmol) of Pb(OAc)4. The reaction mixture 
was neutralized after 1 hr with 4.5 ml of 25% saturated sodium bi
carbonate solution. The organic material was extracted with ether, 
and the extract was dried and concentrated to yield 32 mg (0.13 
mmol) of keto acid 11a: ir (crude) 1709, 1739 cm "1. The acid was 
esterified with diazomethane to yield keto ester lib : ir 1736 cm "1; 
mass spectrum (70 eV) m/e (rel intensity) 268 (2), 237 (9), 140 
(100), 97 (35), 88 (20). The mass spectrum gave a parent peak at 
mass 268:2047 (calcd for C16H28O3: 268.2038).

Oxidation of Hydrocarbon 9. Following the procedure used for 
the osmylation and cleavage of hydrocarbon 8, 400 mg (1.65 mmol) 
of hydrocarbon 9 (90% pure) and 0.5 g (1.93 mmol) of osmium te- 
troxide gave, after work-up, 200 mg of a crude diol. The crude diol 
was cleaved with a 10% molar excess of Pb(OAc)4 and the product 
was isolated by chromatography on silica gel. The pure diketone 12 
(120 mg, 0.48 mmol) had the following properties: ir 1712, 1700 
cm "1; nmr 5 1.03 (d, 6, J  = 7 Hz), 1.00 (s, 3), 0.97 (d, 3, J = 7 Hz).

Anal. Calcd for C16H260 2: C, 75.63; M, 10.92. Found: C, 75.44;
H, 10.89.

Allylic Oxidation of Hydrocarbon 9. Using the procedure of 
Mazur,15 100 mg (0.05 mmol) of hydrocarbon 9, 0.175 g (0.05 
mmol) of HgBr2, and 120 ml of freshly distilled tert-butyl alcohol 
were placed in a quartz flask. The solution was irradiated in a Ray- 
onet reactor at 254 nm with air bubbled through the solution for
I. 75 hr. The mixture was diluted'with hexane and the mixture was 
washed thoroughly with water. The organic material was dried and 
concentrated, and the residue was chromatographed on silica gel to 
give 60 mg (0.27 mmol) of pure enone 14: ir 1698, 1634 cm "1; uv 
max (95% EtOH) 241 nm (c 9000); nmr 5 2.06 (s, 2), 1.16 (d, 3, J -  
7 Hz), 1.14 (d, 3,</ = 7 Hz), 1.08 (s, 3); mass spectrum (70 eV) m/e 
(rel intensity) 220 (100), 205 (94), 191 (27), 178 (35), 177 (36).

Anal. Calcd for C15H24O: C,-81.82; H, 10.91. Found: C, 81.61; H,
10.74.

Formation of Intermediate Hydrocarbons 19 and 20. Humu- 
lene was treated with acid in the usual manner and product forma
tion followed closely by vpc (15 ft X % in. 1% OV1) until hydrocar
bon 19 represented 6% of the reaction mixture and hydrocarbon 20 
18% of the mixture. The reaction mixture was worked up in the 
usual manner and collection by vpc (10 ft X 0.25 in. 2% SF96) gave 
pure hydrocarbons 19 and 20, Hydrocarbon 19 had the following 
properties: ir (CC14, CS2) 2178, 1642, 1374, 886, 860, 539 cm "1; 
Raman 1642, 1669 cm "1; nmr (100 MHz) 5 5.02 (s, 1), 4.62 (s, 3),
1.69 (s, 3), 1.63 (s, 3), 0.78 (s, 3); mass spectrum (70 eV) m/e (rel in
tensity) 204 (92), 189 (100), 161 (60), 148 (30), 133 (35), 121 (67), 
107 (39), 93 (36); mass spectrum (70 eV, high resolution) 204.1889 
(calcd for CisH24: 204.1878). Hydrocarbon 20 had the following 
properties: ir 1374, 1182, 1147, 983, 864 cm "1; Raman 1678, 1662 
cm "1; nmr (100 MHz) & 5.51 (m, 1), 3.20 (broad s, 1), 1.73 (t, 3,J  =
1.5 Hz), 1.57 (s, 6), 0.70 (s, 3); mass spectrum (70 eV) m/e (rel in
tensity) 204 (72), 189 (100), 161 (80), 133 (24), 122 (22), 119 (30), 
105 (30), 91 (27), 41 (30); mass spectrum (70 eV, high resolution) 
204.1877 (calcd for C15H24: 204.1878).

Hydrogenation of Hydrocarbon 19. To a stirred suspension of 
30 mg of prehydrogenated P t02 in 10 ml of ethyl acetate was 
added a solution of 19 mg (0.093 mmol) of hydrocarbon 19 in 1 ml 
of ethyl acetate. Stirring was continued until approximately 2.7 ml 
(0.12 mmol) of hydrogen was absorbed by the hydrocarbon. The 
solution was filtered and was concentrated to yield the crude hy
drogenated hydrocarbon: nmr 5 5.16 (m, 1), 1.70 (s, 3), 0.88 (d, 3, J 
= 7 Hz), 0.83 (d, 3, J  = 7 Hz), 0.75 (s, 3); mass spectrum (70 eV) 
m/e (rel intensity) 206 (26), 191 (14), 162 (72), 135 (13), 123 (100), 
109 (48), 93 (22), 81 (39).

Rearrangement of Hydrocarbon 19 with Acid. Using the 
procedure and conditions for the rearrangement of humulene with 
perchloric acid, 5 mg (0.024 mmol) of hydrocarbon 19 was refluxed 
for 1 day. The reaction mixture was worked up and analysis by vpc 
(500 ft X 0.02 in. OV101) showed greater than 90% hydrocarbon 7.

Formation of Alcohol 21. Humulene was treated-with perchlo
ric acid in the usual manner and product formation followed close
ly by vpc (15 ft X % in. 1% OV1) until alcohol 21 represented about 
15% of the reaction mixture (approximately 7.0 hr). The reaction 
was worked up in the usual manner and collection by vpc (10 ft X 
0.25 in, 2% SF96) gave alcohol 21 with approximately 10% a-caryo- 
phyllene alcohol as an impurity. Alcohol 21 had the following 
properties: ir 3640, 3470,1375, 1369, 938, 875 cm-1; nmr b 5.32 (m, 
1), 1.73 (t, 3, J  = 1 Hz), 1.12 (s, 6), 0.77 (s, 3); mass spectrum (70 
eV) m/e (rel intensity) 222 (8), 204 (80), 189 (100), 161 (63), 121
(16), 108 (21), 107 (19).

Dehydration of Alcohol 21. A stirred solution of 15 ml of dry

ethyl ether, 6 ml of triethylamine, and 10 mg (0.045 mmol) of alco
hol 21 in a 50-ml, round-bottomed flask with nitrogen atmosphere 
was cooled to —20° in a Dry Ice-carbon tetrachloride bath. To this 
solution was added 50 pi (0.64 mmol) of mesyl chloride and stirring 
was continued for 20 min. The solution was warmed to room tem
perature and poured into a solution of 20 ml of saturated sodium 
bicarbonate solution. The organic material was extracted with 
ether and the ether extract was washed with 5% hydrochloric acid, 
saturated with sodium bicarbonate, dried, and concentrated to 
yield the crude hydrocarbons. The crude hydrocarbon mixture on 
analysis by vpc (500 ft X 0.02 in. OV101) showed 16% of hydrocar
bon 7, 30% of hydrocarbon 19, and 54% of hydrocarbon 20.

Dehydration of Humulol. Humulol (100 id) was injected on a 
10 ft X 0.25 in. SF96 gas chromatographic column at 230° with a 
flow rate of 10 cm3/min. The hydrocarbons were collected and 
analysis by vpc (500 ft X 0.03 in. Apiezon) showed 75% a-humu- 
lene and 25% /¡-humulene.

Epoxidation of Humulene. To a stirred solution of 3 g (14.7 
mmol) of humulene and 20 ml of CHC13 at —20° was added 2.5 g 
(82.5% 14.5 mmol) of m-chloroperbenzoic acid dissolved in 100 ml 
of CHCI3. The solution was stirred for 2 hr at the same tempera
ture, washed twice with 20% potassium hydroxide and saturated 
sodium chloride, dried with MgS04, and concentrated. Analysis of 
the residue by vpc (6 ft X % in. 10% SE30) showed 63% epoxide 
and 37% humulene. The product mixture was chromatographed on 
neutral Woelm alumina (activity III) to give 1.8 g (8.18 mmol) of 
pure epoxide. The ir and nmr of the epoxide were identical with 
humulene epoxide 17.16

Lithium, Ethylamine Opening of Epoxide 17. A dark blue so
lution of 1.9 g (8.6 mmol) of epoxide 17 and 3 g (0.43 mmol) of lith
ium in 100 ml of ethylamine, cooled in a Dry Ice-CCU bath, was 
stirred for 3 hr at which time tic showed complete disappearance 
of starting material. Saturated ammonium chloride solution was 
added and the ethylamine evaporated. The organic material was 
extracted with ether and the extract was dried and concentrated. 
Analysis of the reaction product by vpc (6 ft X % in. 10% SE-30) 
showed four major alcohols. The crude product was chromato
graphed on silica gel and the major fractions were purified by pre
parative vpc (10 ft X y4 in. 2% SF96) to give compounds 18,15, and 
two other products. Compound 18 (56%) had the following proper
ties: nmr b 5.30-4.75 (m, 3), 3.63 (m, 1), 1.57 (s, 3), 1.07 (s, 3), 1.02 
(s, 3), 0.83 (d, 3, J  = 6 Hz); mass spectrum (70 eV) m/e (rel intensi
ty) 222 (64), 151 (29), 123 (26), 110 (100), 95 (50), 82 (98); mass 
spectrum (70 eV, high resolution) 222.1986 (calcd for C15H26O: 
222.1983). Compound 15 (9%) spectral properties (ir, nmr, and 
mass spectrum) were identical with humulol.9 Two compounds 
were isolated in 10 and 24% yields whose mass spectrum (70 eV) 
show parent peaks at mass 226 and 224, respectively.

Rearrangement of Humulene with D2S 04.17 To a stirred so
lution of 10 ml of dry ether and 1 g (4.9 mmol) of humulene at 0° 
and under a nitrogen atmosphere was added 3 g of D2SC>4. Stirring 
was continued for 18 hr. The reaction mixture was slowly poured 
into a solution of saturated sodium bicarbonate solution. The or
ganic material was extracted with ether and the ether extract was 
washed with water, dried, and concentrated to yield the crude 
products. Column chromatography on a short column of alumina 
activity III gave the hydrocarbon products (hexane eluent). Collec
tion by vpc (10 ft X y4 in. 2% SF96) gave pure deuterated hydrocar
bon 7.
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The photolysis of 2-methoxy- and 2-ethoxy-l,4-naphthoquinones in acetic anhydride solution caused dimeriza
tion and subsequent cyclization of the alkoxy group to spiro-3-oxetanols in high yield. Similar photolysis of the 
2-isopropoxy derivative produced no dimer but a product in which ring closure via the keto group adjacent to the 
alkoxy group formed the acetate of 3,4-isopropylidenedioxy-l-naphthoI. Photolyses of film coatings of various 2- 
alkoxy- and 2-aralkoxy-l,4-naphthoquinones produced reducing species that are believed to be the 3,4-alkyli- 
denedioxy-l-naphthols.

It is well known that certain alkoxy- and alkylamino- substituted quinones are photolyzed by intramolecular hy
drogen abstraction and ring closure to produce substituted hydroquinones.1“6 An interest in the photochemistry of 
quinones led us to investigate the photolysis of naphthoquinones containing alkoxy groups with more easily ex
tractable H atoms, with the expectation that the cycliza
tion reaction might occur more readily.

Results
Photolysis of 2-methoxy-l,4-naphthoquinone in acetic anhydride solution produced mainly two dimers (1 and 2),

1, R =  H 2, R =  H
5, R =  CH3 6, R =  CH3

neither of which was reported by Baldwin and Brown.1 One(1) crystallized from the solvent in yellow prisms during 
photolysis, and the other (2) was recovered from the fil
trate. Small quantities of the acetylated hydroquinone (3) and its rearrangement product (4) obtained by Baldwin and Brown may have been formed, but no attempt was 
made to isolate them.

Prolonged photolysis resulted in lower yields of 1 and 
larger quantities of 2, suggesting that the ring closure to 
the oxetanol structure occurred from irradiation of 1. The 
structure of 1 was assigned by analogy to the photooxidation of 2-methyl-7 and 2-hydroxynaphthoquinone,8 whose dimeric products are the result of head-to-head coupling. No attempt was made to determine the steric arrangement about the cyclobutane ring.

Upon being melted at a normal rate, the dimer (1) 
cleaved to the monomer, but when immersed in a preheat
ed apparatus, the dimer melted rapidly only at temperatures above 210°. It was insoluble in all common solvents, and an nmr spectrum was unobtainable. It was cleaved 
when heated with solvents such as acetic anhydride or ace
tic acid during attempts at recrystallization. Although the dimer was detectable as a trace by mass spectrography, it 
was cleaved during analysis, giving relatively large quantities of the monomer; a fragmentation pattern characteristic of the monomer was observed. Its ir spectrum (KBr pressing) was different from that of the starting material.

The structure of 2 was assigned on the basis of its ir 
spectrum, which showed a very sharp OH band at 3500 
cm-1 and a carbonyl band at 1680 cm-1, its proton nmr spectrum, which showed two doublets characteristic of an 
AB system involving the -CH2-group of a 3-aryl-substitut- ed 3-oxetanol,9’10 and its C13 nmr spectrum.The compound lost two molecules of formaldehyde in 
the determination of the mass spectrum. The major component was mass 316 and the fragmentation pattern was 
nearly identical with that of the dimer of 1,4-naphthoquinone. The silated compound also lost formaldehyde thermally; the heaviest fragment observed was the tetrasilated 
dimer of 1,4-naphthoquinone.Photolysis of an acetic anhydride solution of 2-ethoxy-1,4-naphthoquinone with narrow-band irradiation cen
tered at 436 nm produced the simple dimer 5 in 90% yield. 
This dimer, whose absorption tailed out weakly to 400 nm, 
was converted to the spirooxetanol 6 upon being irradiated
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at 365 nm. Photolysis of the quinone with light of wave
lengths longer than 370 nm produced 6 in 70% yield.

Other evidence consistent with structure 6 for the pho
tolysis product of the quinone is its failure to be acetylated 
by acetic anhydride and its stability toward mild acid hy
drolytic conditions. Both 2 and 6 were readily oxidized by 
air or oxidizing agents such as 2-p-iodophenyl)-3-(p-nitro- 
phenyl)-5-phenyl-2if-tetrazolium chloride in alkaline solu
tions. Bubbling air through the alkaline solution of 6 
caused its oxidative decomposition with liberation of acet
aldehyde.

The 3-methyl derivative of 2-ethoxy-1,4-naphthoqui
none produced no dimeric products. The major product 
was the ring-closed acetate 7a. Other products isolated in

much smaller yields were the 2-hydroxy-l,4-naphthoqui
none and its acetate.

Photoreduction of 2-isopropoxy-l,4-naphthoquindne in 
acetic anhydride solution at room temperature produced 
no easily separable products. Gas chromatography of the 
residue remaining after removal of the acetic anhydride in
dicated the presence of small amounts of 7b and 8 in'about 
equal quantities, along with other products not easily iden
tifiable. Only 7b and its photo-Fries rearrangement prod
uct 9 were isolated in pure form. There was no evidence for 
the formation of dimeric products analogous to 1 or‘2.

9

The structure of 7b was established from ir, nmr; and 
mass spectra along with certain chemical evidence. The ir 
spectrum showed a maximum at 1645 cm-1, consistent 
with the enediol ether,11 as well as a maximum at 1755 
cm-1, associated with the acetoxycarbonyl group.

Saponification of 7b in ethanol under N2 by addition of 
NaOH occurred within a few seconds. Acidification by HC1 
produced the free hydroxy compound, which was extremely 
sensitive to aerial oxidation and was not isolated in a crys
talline state. Bubbling air through the alkaline solution lib
erated acetone quantitatively and formed 2-hydroxy-l,4- 
naphthoquinone. The compound was not hydrolyzed by 
acid.12

Photolysis of film coatings of alkoxy or aralkoxy 
naphthoquinones for short times produced 2-hydroxy-l,4- 
naphthoquinone7 and prolonged photolysis converted the 
hydroxyquinone into dimeric products,13 Either solutions 
or film coatings of the alkoxyquinones were nonemissive at 
the onset of photolysis, but as irradiation proceeded an 
emission characteristic of 10 (R = Me) (maximum 420 nm 
in film or 440 nm in methanol solution) developed. The ini
tial products were very labile in the presence of air and the 
intensity of emission decreased rapidly either in the dark 
or during prolonged irradiation.

Since oxidation of the hydroquinone.il (R = isopropoxy)

produced mainly the quinone and oxidation of 10 (R = Me) 
produced the 2-hydroxy compound, it is proposed that the 
initial products of the photolysis of 2-alkoxy or aralkoxy 
naphthoquinones under these conditions most likely have 
structures of the form of 10.

OH OH
10 11

Discussion
Any discussion of mechanism to account for the different 

behavior of the isopropoxy derivative is admittedly specu
lative. The difference may lie in its failure to dimerize, the 
reason for which is not readily apparent.

The methoxy and ethoxy derivatives most likely photo- 
dimerize to 12 as the first step. Excitation of the dimer, in
volving the carbonyl group adjacent to the alkoxy group 
(presumably mr*), produces the diradicai 13 following the 
H-transfer reaction. Ring closure of the diradicai produces 
the oxetanol 14.

R

12 13 14

Support for the stepwise process comes from the dimeri
zation of the 2-ethoxy quinone and subsequent photolysis 
to produce the oxetanol. A similar cyclization and dimeri
zation of a 3-methoxychromone reported by Gupta and 
Mukerjee most likely also involved two photolytic steps.14

The failure of the isopropoxy compound 15 to dimerize 
allows the reaction from the excited state to proceed differ
ently. The mr* excitation of the isopropoxy derivative and 
H abstraction might produce an intermediate shown as 16.
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Rearrangement and ring closure between the alkyl radical 
and the electron-deficient oxygen atom produces the sub
stituted naphthol (18) which, by nucleophilic displacement 
on the acetic anhydride, produces the product (19). The 
aromatization following H transfer is impossible with the 
excited dimer (13).

Experimental Section
Photolysis of 2-Methoxy-l,4-naphthoquinone in Acetic An

hydride. A solution of 2.0 g of the quinone in 175 ml of acetic an
hydride was photolyzed at room temperature in a Rayonet reactor 
equipped with mercury arc lamps rich in 365-nm radiation for 60 
hr. During this time pale yellow prisms of 1 (0.88 g, 44%) separated 
from the solution: mp > 210° dec; uv max (CH3CN) 205 (e 5.3 X 
104), 251 (e 2.6 X 104), 278 nm (6 2.8 X 103); ir (KBr) 1690 cm" 1 
(C = 0 ) different from the monomer; mass spectrum (70 eV) m/e 
(major peaks underlined) 376, 346,188,173.159,158,102, 89, 76.

Anal. Calcd for C22Hle0 6: C, 70.23; H, 4.26. Found: C, 69.9; H,
4.6.

Evaporation of the filtrate to dryness in vacuo and triturating 
the residue with acetonitrile produced 0.4 g (20%) of a yellow crys
talline solid (2), which crystallized from acetic anhydride in pale 
yellow needles: mp 230-240° dec; ir (KBr) 3500 (OH), 1680 cm-1 
(0 = 0 ) appreciably different from 1 at lower frequencies; nmr 
(DMSO) b 3.12 (s, 1), AB pair 4.46, 5.06 (AB, 2, J = 7 Hz), 6.42 (s, 
1, OH), 7.73 ppm (m, 4, aromatic); 13C nmr (DMSO) b 192.3 (s, 1, 
C = 0 ), 146.4 (s, 1, aromatic), 136.2 (d, 1, aromatic), 129.7 (d, 1, ar
omatic), 128.6 (d, 1, aromatic), 127.3 (s, d, 2, aromatic), 84.5 (2t, 2, 
-OCH2),15 91.1 (s, 1, -C -0 -) , 73.7 (s, 1, -C -0 -) , 46.5 ppm (d, 1, 
0 = C —CH); mass spectrum (70 eV) m/e (major peaks underlined) 
376, 346, 316, .299, 298, 288, 287, 271, 231, 215, 202, 130, 128, 104, 
102, 76; mass spectrum after silation (70 eV) m/e (major peaks un
derlined) 604,562, 561,489,462,147, 75, 73.

Anal. Calcd for C22H160 6: C, 70.23; H, 4.26. Found: C, 70.1; H,
4.4.

1,4-Naphthoquinone dimer: mass spectrum (70 eV) m/e (major 
peaks underlined) 316, 299, 298, 288, 287, 271, 270, 231, 215, 202,
130,128,104,102,76.

A dilute alkaline methanol solution of 2 yellowed rapidly in air 
and reduced instantaneously a solution of 2-(p-iodophenyl)-3-ni- 
trophenyl)-5-phenyl-2H-tetrazolium chloride.

Photolysis of 2-Ethoxy-l,4-naphthoquinone in Acetic An
hydride. 1. Dimerization. A solution of 0.15 g of the quinone in 
10 ml of acetic anhydride was photolyzed using the 436 line of a 
mercury source. Removal of the acetic anhydride in vacuo pro
duced the dimer (5), which crystallized from ethanol in colorless 
needles (0.135 g, 90%): mp 125-126°; uv max (CH3CN) 233 (f 5.25 
X 104), 302 nm (e 2.49 X 103); ir (KBr) 1710 cm“ 1 (C = 0 ); nmr 
(CDCI3) b 0.04 (t, 3, J = 12 Hz, CHCHs), 2.96 (q, 2, J  = 11 Hz, 
CH2CH3), 3.56 (s, 1, CH), 7.45 (m, 2, aromatic), 7.75 ppm (m, 2, ar
omatic); mass spectrum (70 eV) m/e (major peaks underlined) 404, 
387, 386, 360, 316, 314, 202,158, 146,105,102, 89. The nmr quartet 
at 2.96 ppm showed a splitting of 3. Hz.

2. Spirooxetanol Formation. A solution of 2.0 g of the quinone 
in 175 ml of acetic anhydride was photolyzed using a high-pressure 
mercury arc filtered to pass only light of wavelengths longer than 
370 nm. Removal of the acetic anhydride in vacuo gave a solid 6 
(1.5 g), which crystallized from acetonitrile as nearly colorless 
prisms (1.4 g, 70%): mp 206-207°; uv max (CH3OH) 255 (e 2.18 X 
104), 292 nm (e 3050); ir (KBr) 3640 (OH), 1690 cm' 1 (C = 0 ); nmr 
(CDCI3) b 1.74 (d, 3, J  = 12 Hz, CHCH3), 3.14 (&, 1, CH), 4.92 (q, 1, 
J = 10 Hz, CHCH3), 5.34 (s, 1, OH), 7.62 (s, 1, aromatic), 8.23 ppm 
(m, 3, aromatic); 13C nmr (CDC13 +  DMSO) b 191.2 (s, 1, C = 0 ),
145.5 (s, 1, aromatic), 135.0 (d, 1, aromatic), 128.5 (d, 1, aromatic),
127.5 (s, d, 2, aromatic), 126.8 (d, 1, aromatic), 89.6 (d, 1, OCHR),
87.7 (s, 1, C-O), 73.6 (s, 1, -C -0 -) , 45.7 (d, 1 ,0 = C — CH), 16.3 ppm 
(q, 1, CH3); mass spectrum (70 eV) m/e (major peaks underlined) 
202.187,173,158,146,105,102, 89.

Anal. Calcd for C24H20O6: C, 71.28; H, 4.98. Found: C, 71.3; H, 
5.0.

Photolysis in the Rayonet reactor produced the same results.
3. Spirooxetanol from Dimer. A solution of 0.1 g of the dimer 5 

in 10 ml of acetic anhydride was photolyzed using the 365-nm line 
of a mercury source. Removal of the acetic anhydride in vacuo and 
trituration with ethanol gave nearly colorless needles of 6 (0.06 g, 
60%). The product was identified by mp and nmr.

Upon acidification of an alkaline ethanolic solution of 6 which 
had been held under N2, 6 was recovered unchanged. Bubbling air

through the alkaline solution caused oxidative decomposition of 6 
with 90% recovery of acetaldehyde as its dinitrophenylhydrazone. 
Alkaline solutions of the spirooxetanol reduced tetrazolium salts 
instantaneously.

Photolysis of 2-Ethoxy-3-methyl-l,4-naphthoquinone in 
Acetic Anhydride. A solution of 1.5 g of the quinone in 175 ml of 
acetic anhydride was photolyzed for 60 hr in the Rayonet reactor. 
Acetic anhydride was removed in vacuo and the residual oil was 
chromatographed on a silica column eluted with benzene.

Compound 7a was obtained as a pale red oil: 0.5 g (3396): ir 
(KBr) 1660 (-O C=CO -), 1760 cm' 1 (C = 0 ); nmr (CDC13) 6 1.65 
(d, 3, CHCH3), 2.15 (s, 3, CH3), 2.27 (s, 3, COCH3), 6.26 (q, 1, J  = 8 
Hz, CHCH3), 6.38 (m, 2, aromatic) 7.6 ppm (m, 2, aromatic); mass 
spectrum (70 eV) m/e (major peaks underlined) 258, 216, 201,171,
115.43.

Photolysis of 2-Isopropoxy-l,4-naphthoquinone in Acetic 
Anhydride. A solution of 5.0 g of the quinone in 175 ml of acetic 
anhydride was photolyzed for 60 hr in the Rayonet reactor. Acetic 
anhydride was removed in vacuo and the residual oil was triturat
ed with 15 cm3 of methanol. The solid that separated (1.7 g) was 
nearly pure starting material.

Alcoholic filtrates from three photolyses were evaporated to dry
ness and the residual oil was dissolved in benzene. Chromatogra
phy on a silica column eluted with benzene (or methylene chloride) 
produced two crystalline products.

Compound 7b was obtained as pale yellow prisms from hexane 
(1.4 g, 11.7%): mp 84-86°; uv max (CH3OH) 300 (e 3800), 312 (i 
4300), 350 nm (c 4100); ir (KBr) 1645 (-O C=CO -), 1755 cm" 1 
(0 = 0 ) ; nmr (CBC13) b 1.72 (s, 6, C(CH3)2), 2.32 (s, 3, COCH3),
6.92 (s, 1, = C H —), 7.32 (m, 2, aromatic), 7.72 ppm (m, 2, aromat
ic); mass spectrum (70 eV) m/e (major peaks underlined) 258. 216.
201.116.175.102.101.43.

Anal. Calcd for Ci6H140 4: C, 69.76; H, 5.46. Found: C, 69.6; H,
5.6.

The Fries-rearranged product 9 crystallized from hexane as or
ange needles (1.1 g, 9.296): mp 138-139°; uv (CH3OH) 332 (c 3150), 
450 nm (0 3640); uv (CH3OH +  NMe3) 360 (f 6200), 460 nm (c 
5100); ir (KBr) 1655 (-O C=CO -), 1640 cm“ 1 (acetyl C = 0 ); nmr 
(CDC13) b 1.76 (s, 6, C(CH3)2), 2.63 (s, 3, COCH3), 7.30 (m, 3, aro
matic), 8.18 ppm (m, 1, aromatic); mass spectrum (70 eV) m/e 
(major peaks underlined) 258. 240, 218, 217, 200,199,172,144,129, 
115,101,43,41.

Anal. Calcd for C16H140 4: C, 69.76; H, 5.46. Found: C, 69.9; H,
5.6.

C13 Nmr Spectra. The spectra were obtained by T. Regan on a 
Brucker HX-90 spectrometer equipped with a Digilab NMR-3 
Pulse-Fourier transform system. Spectra under both broad-band 
and off-resonance continuous wave decoupling were obtained. The 
multiplicities were observed during partial decoupling. Chemical 
shifts are relative to tetramethylsilane.

Film Coatings. To 1 mmol of the compound was added 10 g of a 
10% solution of Eastman cellulose acetate butyrate in acetone- 
methanol (10:7). The mixture was stirred until the solid dissolved. 
It was coated at a wet thickness of 200 ¿tm on a film support and 
dried and cured at 40° to remove the solvents.
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The effects of aromatic substituents which are not conjugated with the carbonyl on the photochemical behavior 
of deoxybenzoin have been investigated. Photochemical a cleavage is the exclusive primary photoprocess ob
served in benzene solution. Room temperature phosphorescence is observed for several deoxybenzoins and pro
vides a convenient method of measuring triplet lifetimes. Substituents affect the rate constant for a cleavage 
without altering the triplet energy or radiative lifetime. The rate constants for a cleavage fit the Hammett equa
tion with the use of a+ (p = - 1.1). It is concluded that the transition state for a cleavage lies early on the reaction
coordinate and has moderate ionic character.

Deoxybenzoin and several of its aryl-substituted deriva
tives undergo photochemical a cleavage (Norrish type I) to 
give a benzoyl-benzyl radical pair (eq l ).3-6 The preceeding

O O
II hv II

A r'C C H 2A r — ► [Ar'C * *CH2A r] — ► products (1)

paper in this series5 describes the effects of a-methyl and 
a-phenyl substituents on the photochemical reactivity of 
deoxybenzoin. From a comparison of the rate constants for 
photochemical a cleavage of the deoxybenzoins studied and 
the rate constants for thermolysis of the corresponding per- 
esters,7 we concluded that the transition state for a cleav
age resembles the excited ketone rather than the radical 
pair. This conclusion is contrary to the common assump
tion that the rate of a cleavage is determined by the stabili
ty of the radical pair or biradical intermediate.8 In order to 
provide further information about the mechanism of pho
tochemical a cleavage and the possible influence of polar 
effects in the transition state, we have investigated the 
photochemical and photophysical reactions of a number of 
substituted deoxybenzoins ( l ).9 Polar effects, e.g., partial

charge formation in the transition state, have often been 
used in interpreting the influence of substituents on free 
radical abstraction11 and decomposition12-14 reactions 
which result in the formation of benzyl radicals. For exam
ple, substituent effects on phenyl-substituted f erf-butyl - 
peroxyphenylacetate thermolysis have been successfully 
explained in terms of different partial charge formation in 
the transition state.12-13 In view of the previously observed 
similarity of the structure-reactivity relationships for pho
tochemical a cleavage of deoxybenzoins and perester ther
molysis,5 we expected to observe polar contributions to the 
transition state for a cleavage.

Results
Quantum Yields and Kinetics. Irradiation of deoxy

benzoin and a number of aryl-substituted deoxybenzoins in 
degassed benzene solution results in the formation of bi
benzyls, toluenes, benzils, and benzaldehyde (eq 2). Quan

ta O
II w II

PhCCH2Ph — v PhC* +  *CH2Ph — »
OO O
II II II x

PhCH2CH2Ph + PhCHj + PhCCPh +  PhCH (2)
4- = 0.056 0.002 0.006 0.025

turn yields for product formation at 3% conversion from 
deoxybenzoin (0.03 M) are given in eq 2. The quantum 
yields for bibenzyl and benzil formation are corrected for 
the requirement of two benzyl or benzoyl radicals for the 
formation of one product molecule. Bibenzyls are the major 
products formed upon irradiation in degassed benzene so
lution for all of the deoxybenzoins in Table I. Toluene 
quantum yields are 2-5% of the bibenzyl quantum yields.

Irradiation of deoxybenzoin in the presence of either bi
phenyl (313-nm irradiation) or naphthalene (365 nm irra
diation) gave linear Stern-Volmer plots for quenching of 
bibenzyl formation (Table I). The slope of the quenching 
plot (kqr) for naphthalene quenching is twice as large as 
that for biphenyl quenching. Wagner15 has previously re
ported that biphenyl quenches aryl ketone type II photo
elimination with a rate constant (~ 2  X 10-9 M -1 sec-1) 
which is slightly less than the diffusion-controlled limit. 
Since the triplet energies of all the deoxybenzoins in Table 
I are similar (vide infra), it is assumed that the rate of trip
let quenching by biphenyl will also be similar.

Quantum yields for benzaldehyde formation (Table II) 
were determined for degassed 0.03 M  benzene solutions 
containing low concentrations of dodecanethiol. We have 
previously described the use of alkane thiols as efficient 
scavengers for benzoyl radicals.5-16 Benzaldehyde quantum 
yields decrease rapidly with increasing conversion due to 
quenching by photoproduct.5 The values given in Table II
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Table I
Quantum Yields for Bibenzyl Formation and 

Kinetic Data for Biphenyl Quenching

PhCOCH2 C6 H4-X
X V> M-lb

1/t x 10~6fd 
sec"*

H 0.056 1040 1.9
2100e 2.4

P-OCH3 0.13 294 6.8
p - c h 3 0.10 375 5.3
W-CHg 0.048 412 4.9
p -  F 0.070 842 2.4
p - Cl 0.052 1020 2.0
m -  Cl 0.046 2160 0.93

° Quantum yields for bibenzyl formation in degassed benzene 
( ~3% conversion). Corrected for requirement of two benzyl radicals 
per bibenzyl. 6 Least-squares slope of Stem-Volmer plot for 
quneching of bibenzyl formation by biphenyl. c Naphthalene 
quenching value from ref 5. d Calculated assuming ftQ = 2 x  109 
M _1 sec-1 for biphenyl quenching and fc, = 5 X 109 M  1 sec“ 1 for 
naphthalene quenching.

Table II
Quantum Yields for Benzaldehyde Formation and 

Kinetic Data for Naphthalene Quenching

PhCOCH2 -CgH4~X 1 / T x 10-6,
X Registry No» v u sec"if

H 451-40-1 0.44" 3100 1.6
p-OCHj 24845-40-7 0.23 270 19
P -CHg 2430-99-1 0.18 1400 3.6
«?-CH 3 34403-03-7 0.14 1100 4.5
p - F 347-91-1 0.17 1800 2.8
m -  F 347-90-0 0.14 4900 1.0
p - Cl 6332-83-8 0.33 2700 1.9
w-Cl 27798-43-2 0.10s 3700 1.4
;m-C F 3 30934-66-8 0.10s

0 Quantum yield for benzaldehyde formation in degassed 0.01 M  
dodecanethiol-benzene solution except as noted. Extrapolated to 
zero conversion. 6 Quantum yield in 3 X 10-3 M  dodecanethiol- 
benzene. c Least-squares slope of Stem-Volmer plot for naphtha
lene quenching of benzaldehyde formation. d Calculated assuming 
feq = 5X  10» M “ 1 sec“ 1.

are extrapolated to zero conversion. Quenching of benzal
dehyde formation by added naphthalene (365-nm irradia
tion) gave linear Stern-Volmer plots when maximum con
versions were <1%. The estimated error in the kinetic data 
(±50%) is large due to the relatively long triplet lifetimes 
and the experimental difficulties associated with measur
ing quantum yields at very low conversion. The kinetic 
data in Tables I and II are in reasonable agreement except 
for the values for p-methoxydeoxybenzoin.

Spectroscopic Data. Ultraviolet absorption data for the 
n,7r* absorption band in benzene solution are given in 
Table III. Neither the position nor the intensity of the n,ir* 
absorption is significantly different in cyclohexane or car
bon tetrachloride solution. Aryl substitution affects the in
tensity, but not the wavelength, of the n,7r* absorption, as 
previously observed for benzyl ketones17 and aldehydes.18 
The absorption intensities give a moderately good fit to a 
Hammett equation using <r+ substituent constants (eq 3).

€ =  143 ± 6 + (-166 ± 17)a+ (3)
r  =  0.937

Emission spectra for several deoxybenzoins were recorded 
at 77°K in methylcyclohexane and EPA (ether-isopentane- 
ethanol). Structured emission similar to that for acetophe

J. Org. Chem., Voi. 40, No. 4, 1975 489

Table III
Absorption and Low-Temperature Emission 

Spectral Data for Deoxybenzoins

PhCOCH2 CgH4 -X _ b I?T »
X *max* nnia (6) kcal/mol rf msec

H 325 (129) 72.0 1.9
p-OCHj 325 (256) 71.6 2.2
P-CH 3 325 (162) 71.0 1.9
m -C H3 324 (156)
p -F 325 (121) 72.2 2.5
in -F 323 (110)
p -C l 324 (128) 72.6
m -Cl 323 (111)
m -C  F3 323 (100)

0 Long wavelength absorption maximum in benzene solution at
room temperature. 6 Estimated from the position of the highest
energy emission maximum at 77°K in methylcyclohexane

Table IV
Room-Temperature Phosphorescence Quantum

Yield and Kinetic Data

PhCOCH2 -C6H4^X kC, x 10 ' 6,
X $pa T, Msec Tms ec sec"*

H 0.0034 1.8s 0.53 0.56
2 .1c
0.83*

p-OCHg < 0.0001
/>-CH3 0.0004 0.67s 1.6 1.5
p -F 0.0026 1.5s 0.59 0.67

0.83d
m -F 0.0028 3 .6s 1.3 0.28
p -C l 0.0035 2 .6s 0.71 0.39
m -C F 3 0.0061 5.3s 0.86 0.19
PhCOCHj 0.015 56e 3.7
Ph2CO 0.015 150e 10

a Values in carbon tetrachloride, limits of error ±  0.0005. b Cal-
culated from the slopes of linear Stem-Volmer plots for diene 
quenching in carbon tetrachloride. Limits of reproducibility 
~20%. c Measured by single photon counting. d Diene quenching 
in benzene solution. e Measured by flash emission.

none was observed in both solvents. Triplet energies esti
mated from the position of the highest energy emission 
band in methylcyclohexane are given in Table III. Triplet 
lifetimes were determined by the flash emission method5 at 
77°K. Only short-lived ( f  < 5 msec), single-component 
emission was observed in either methylcyclohexane or 
EPA.

Room temperature phosphorescence was observed for a 
number of deoxybenzoins, acetophenone, and benzophe- 
none in highly degassed benzene or carbon tetrachloride 
solution (Table IV). The room-temperature spectra were 
broader than the 77°K spectra, but showed the same vibra
tional structure. The spectra disappeared completely upon 
exposing the solutions to air. The position of the highest 
energy emission maximum is 400 ±  2 nm (71.5 keal/mol) 
for all the ketones in Table IV. Phosphorescence quantum 
yields were measured by comparing the integrated emission 
intensity to that of quinine sulfate.19 The value obtained 
for benzophenone in carbon tetrachloride is identical with 
that reported by Saltiel and coworkers.20

Triplet lifetimes (t) for the deoxybenzoins were deter
mined by quenching of room temperature phosphorescence 
intensity by naphthalene or 2,5-dimethyl-2,4-hexadiene. 
Linear Stern-Volmer plots (eq 4) were obtained with both
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* , V * p =  1 +  k A ® \  (4)

quenchers; however, the diene is the quencher of choice 
due to the absence of competitive absorption and emission. 
Assumption of diffusion-controlled quenching by diene in 
carbon tetrachloride (feq = 6.7 X 109 M -1 see-1)21® and 
benzene (kq = 5.0 X 109 M -1 sec-1)21b leads to the estimat
ed lifetimes given in Table IV. The lifetime of deoxyben- 
zoin in carbon tetrachloride was also directly measured 
using time-correlated single photon counting. The value is 
similar to that obtained by phosphorescence quenching 
(Table IV). The lifetimes of acetophenone and benzophe- 
none in degassed carbon tetrachloride are sufficiently long 
to allow measurement by a signal averaged flash emission 
technique (see Experimental Section). Larger phosphores
cence quantum yields and longer lifetimes were observed in 
carbon tetrachloride than in benzene solution.20’22 These 
parameters are highly dependent upon the purity of the 
solvent and ketone and the extent of degassing. A single 
batch of purified carbon tetrachloride22 was used for all the 
measurements reported in Table IV.

Discussion
Photochemical a cleavage is the only primary photo

chemical process observed for the deoxybenzoins in Tables 
I and II. Weak room-temperature phosphorescence is ob
served for several deoxybenzoins (Table IV) and provides 
an invaluable probe of excited state behavior (vide 
infra).5’23 Both a cleavage and phosphorescence occur from 
the lowest triplet excited state. The slopes of Stern-Volmer 
plots for naphthalene quenching of benzaldehyde forma
tion (Table II) and the phosphorescence (Table IV) of 
deoxybenzoin in benzene are the same, within the experi
mental error. A simplified kinetic scheme which accounts 
for a cleavage and phosphorescence is given in eq 5-9.

(1) hv
PhCOCH2Ar — Tt

(2) ST
(5)

ftp
Tt — ► S0 + hu (6)

Ti —  S0 (7)

Tj —̂  PhCO + •CH2Ar (8)

Tj + Q — + S0 + Q* (9)
Since the triplet state of deoxybenzoin is formed with unit 
efficiency,5 the quantum yields for phosphorescence and 
product formation (benzaldehyde or bibenzyl) in the ab
sence of added quencher are as given in eq 10 and 11. The

V  = k j { k v + fed + ka) = fepr (10)
product quantum yields are determined by the efficiency of 
a cleavage (fear) and the probability that the initially 
formed radical pair will give products (/?). Assuming that 
added quencher does not alter /3,24 the same Stern-Volmer 
expression (eq 12) is obtained for quenching of phosphores
cence or product formation.

* » =  {krrtrT j e - W  « °
*p°/4>p =  * bA° / * ba =  1 +  M Q ]  (12)

The results in Table I show that electron donating ben
zyl substituents give modest increases in the quantum yield 
for bibenzyl formation, whereas electron-withdrawing sub
stituents have little or no effect. In view of the low bibenzyl 
quantum yields, the variation in triplet lifetime with aro
matic substituents could be due to changes in the rates of a 
cleavage, radiative, and/or nonradiative decay. Since the

Figure 1. H a m m e t t  p lo t  fo r  p h o t o c h e m ic a l  a  c le a va g e  o f  d e o x y 
be n z o in s .

values of 1/r  are not significantly larger than rate constants 
for nonradiative decay of aryl ketones in benzene solution 
(fed ~  3 X 105 sec-1),10®'26 nonradiative decay may compete 
with a cleavage to a significant extent. The low quantum 
yields for bibenzyl formation (Table I) result in part from 
cage and noncage recombination of benzoyl and benzyl rad
icals as well as other free radical processes which compete 
with benzyl radical combination.5’16 The quantum yields 
for benzaldehyde formation (Table II) are significantly 
larger due to the ability of alkane thiols to efficiently sca
venge noncage benzoyl radicals.5 The benzaldehyde quan
tum yields in Table II represent minimum values for the a 
cleavage quantum yield. Cage recombination of benzoyl 
and benzyl radicals can account for approximately one-half 
of the initially excited molecules.16 For those deoxyben
zoins with long triplet lifetimes, the alkane thiol scavenger 
decreases the quantum yield by quenching the 3h,t * excit
ed state. Since the rate constant for thiol quenching of 
deoxybenzoin phosphorescence is 4.4 X 107 M -1 sec-1 ,5 the 
rate of quenching by 0.01 M  thiol is 0.44 X 106 sec-1. Thus 
quenching by thiol may influence the lifetimes and quan
tum yields in Table II.

The observation of weak room-temperature phosphores
cence from deoxybenzoin and its benzyl-substituted deriv
atives (Table IV) provides a useful probe of photochemical 
reactivity. Room-temperature phosphorescence has pre
viously been observed for several aromatic ketones in solu
tion and phosphorescence quenching has been used to 
study the intermolecular reactions of aromatic ketones 
with a variety of solvents and other substrates.19’21’25’26 The 
deoxybenzoins provide only the second example27 of room- 
temperature phosphorescence from an aromatic ketone 
which undergoes an efficient intramolecular reaction. The 
triplet lifetimes in Table IV are determined by quenching 
of room-temperatUre phosphorescence with added diene. 
The value for deoxybenzoin has been confirmed by single 
photon counting. Not only is phosphorescence quenching 
far simpler than product quenching, but it eliminates the 
major sources of error in the product quenching studies, in
cluding quenching by products and by thiol scavenger. The 
triplet lifetimes for deoxybenzoin and p-fluorodeoxyben- 
zoin determined by phosphorescence quenching are some
what longer than those determined by product quenching 
and are considered to be more reliable. Triplet lifetimes are



Photochemical a Cleavage of Deoxybenzoin J. Org. Chem., Voi. 40, No. 4, 1975 491

also 2-3 times longer in carbon tetrachloride than in ben
zene. High apparent rate constants for nonradiative decay 
of aryl ketone triplets in benzene are due to quenching by 
benzene.26c A solvent effect on the rate constant for a 
cleavage seems much less likely.

Phosphorescence quantum yields for the deoxybenzoins 
decrease with decreasing triplet lifetime (Table IV). For 
p-methoxydeoxybenzoin the emission is too weak to allow 
accurate measurement with our spectrophotometer. Radia
tive lifetimes can be determined from the triplet lifetimes 
and phosphorescence quantum yields (rR = r/4>p). Values 
for acetophenone and benzophenone are in good accord 
with previous reports,25’263 The radiative lifetimes of the 
deoxybenzoins are somewhat shorter than that of aceto
phenone, perhaps as a result of a weak interaction of the 
carbonyl n,ir* triplet with the «-aryl group. No significance 
should be attached to the variation in tr with substituent, 
in view of the substantial errors in <t>p and t.

The triplet lifetimes of the deoxybenzoins are all sub
stantially shorter than those of acetophenone and benzo
phenone (Table IV). Photochemical a cleavage is responsi
ble for at least part of the decrease in lifetime. The quan
tum yields for benzaldehyde formation (Table II) suggest 
that a cleavage is not the exclusive pathway for nonradia
tive decay of the deoxybenzoins in dodecanethiol-benzene 
solution. However, quenching by both thiol5 and ben
zene260 results in triplet lifetimes 3 to 5 times shorter than 
those in carbon tetrachloride. Thus we assume that a cleav
age is the predominant mode of deoxybenzoin nonradiative 
decay in carbon tetrachloride solution (ka ~  1/r).

The rate constants for a cleavage in Table IV give a bet
ter fit to the Hammett equation28 with the use of c+ (eq 13) 
than with a (eq 14). The good fit of the ka values to the

log ka =  5.77 -  (1.13 ± 0.08)cd r  = 0.989 (13)
logka =  5.88 -  (1.35 ± 0.15)a r  =  0.976 (14)

Hammett equation corroborates our assumption that the 
triplet lifetimes are largely determined by ka. The Ham
mett relationships (eq 13 and 14) can be used to estimate 
values of ka for p-methoxydeoxybenzoin; ka = 4.5 X 
106(cr+) and ka = 9.9 X 105(<r). The <x+ value is in better 
agreement with both the kinetic data in Tables I and II and 
the low phosphorescence quantum yield (Table IV). It 
should be noted that neither the product quantum yields 
nor the triplet lifetimes in Tables I and II give satisfactory 
linear free energy relationships with any substituent pa
rameters. This is a result of the fact that substituents affect 
both excited state reactivity and subsequent free radical 
reactions. There have been several previous attempts to 
correlate quantum yields or relative yields for photochemi
cal abstraction29 and cleavage28’30 reactions with Hammett 
substituent constants. Since there is no necessary relation
ship between quantum yield and photochemical reactivi
ty,31 the results of these previous investigations must be in
terpreted with caution.

Correlations of free radical abstraction11 and decomposi
tion12’13’32 reactions with <x+ have frequently been inter
preted as evidence for a transition state with ionic charac
ter. Bartlett and Riichardt123 found that the rates of ther
mal decomposition of tert- butyl aryl peracetates (eq 15)

O

ArCH2CO O -f-Bu

0
5. U

ArCH2-----CO-----O-if-Bu

1
, .  O

ArCH2 — -CO — -O - f-Bu _

ArCH 2* + C 0 2 + *0 -i-B u  (15)

correlate with a+ rather than <r (p = -1 .2  at 65°). Walling 
and Clark32 have recently reported that relative rates of 
alkoxy radical /? scission (eq 16) also correlate with a+ {p =

O* O

ArCH2CRjR2 — *- ArCH2- + RtCR2 (16)
—1.04 at 30°). Thermolysis of azopropanes is cited as an ex
ample of a free radical reaction for which the transition 
state resembles the free radical.7-14 The limited data for 
azocumene decomposition14 (eq 17) show that substituent 
effects are substantially different than those for a cleavage.

CH3
kni: Cl > OCH3 > CH3 > F > H

The similar values of p for perester decomposition and 
photochemical a cleavage of deoxybenzoins illustrate once 
again5 the remarkable similarity of the effects of substitu
ents on the rates of these reactions and provide a possible 
insight into the nature of the transition state for a cleav
age. Riichardt7 has conclusively demonstrated that the 
transition state for perester thermolysis lies early on the 
reaction coordinate and has little free radical character. 
Walling32 appears to argue for radical character in the 
transition state for (] scission (eq 16); however, he attrib
utes benzyl substituent effects to the contribution of polar 
structures to the transition state and proposes similar tran
sition states for d Scission and perester thermolysis.

We conclude that the preponderance of evidence favors 
an early transition state with a moderate degree of ionic 
character for photochemical a cleavage5 and perester ther
molysis.7 The transition state for a cleavage can be depict
ed as follows:

The partial negative charge can be stabilized by the elec
trophilic half-vacant nonbonding orbital on oxygen and the 
partial positive charge by electron-donating aromatic sub
stituents. a substituents which are capable of stabilizing an 
adjacent positive charge should effectively accelerate pho
tochemical a cleavage. The high photochemical reactivity 
of benzoin ethers indicates that this is indeed the case.33

Experimental Section
Materials. All deoxybenzoins were prepared by standard litera

ture procedures and had physical and spectral properties in agree
ment with literature values.34 Several deoxybenzoins were the gift 
of Dr. R. Scriven. All deoxybenzoins were extensively purified by 
recrystallization and vacuum sublimation to >99% purity by vpc. 
Naphthalene (Baker Photograde) and biphenyl (Aldrich zone re
fined) were used as received and 2,5-dimethyl-2,4-hexadiene was 
distilled prior to use. Benzene (spectrograde) was distilled from 
phosphorus pentoxide prior to use and carbon tetrachloride was 
purified by the method of Schuster and Weil.22

Quantum Yields and Lifetimes. Quantum yields for product 
formation, Stern-Volmer kinetic data, and 77°K triplet lifetimes 
were obtained as previously described.5 Phosphorescence quantum
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yields were determined for highly degassed samples sealed in 
Pyrex ampoules using a Perkin-Elmer MPF-2A spectrophotome
ter. Lifetimes for acetophenone and benzophenone were measured 
by pulsing the sample with the filtered output (Corning CS 7-60) 
of a Xenon Corp. 437A nanopulser and monitoring the transient 
emission at right angles with an RCA 1P28 photomultiplier 
through a Corning CS 3-74 filter. A Princeton Applied Research 
TDH-9 waveform eductor was used to average 100 or more decay 
transients and the output was recorded on an X -Y  recorder. The 
single photon counting apparatus is similar to that described by 
Ware.35
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The isomerization of dimethyl (A',A)-3,4-diphenylmuconate to its Z,Z stereoisomer is shown to proceed 
through an isolable cyclobutene intermediate with the stereochemistry predicted by orbital symmetry rules. Rate 
constants and activation parameters have been obtained for the individual steps in the reversible isomerizations.

Several years ago one of us was led to a reinvestigation of 
the structure and reactivity of the diastereomeric dimethyl
l,3-diphenylbicyclobutane-2,4-dicarboxylates by the viola
tions of orbital symmetry control suggested by the initial 
study of these compounds.1 The major discrepancies have 
been resolved by subsequent work,2-3 but the thermal inter
conversions of the dimethyl 3,4-diphenylmuconates I, 2, 
and 3 which were reported1-3 still invited explanation (eq 1, 
R = C 02Me).

Ph H Ph R Ph H

1 (E,E) 2 (Z ,Z) Z(EfZ)

The thermal isomerization o f  1 to 2 was originally o b 
served by D ’yakonov and coworkers,1 and the conversion o f  
3 to  2 was postulated by them 3 to account for the observa
tion that the thermolysis o f  the exo,exo- and endo,endo- 
substituted bicyclobutanes produced 2, rather than 3 as 
predicted by orbital symm etry theory. T he conversion o f  1 
to 2 could be accomplished by successive double-bond 
isomerizations involving 3 as an intermediate or by a conro- 
tatory ring closure o f  I to cyclobutene 4 and subsequent 
conrotatory opening to 2 (eq 2, R  =  C 0 2M e). T he form er 
pathway is consistent with the postulated conversion o f  3 
to 2, while the latter has ample precedent in the work o f 
Doorakian and Freedman.4 The isomerization o f  3 to 2 
might proceed by a double-bond isomerization or by way o f 
a disrotatory (“ forbidden” ) opening o f  the cis isom er o f 4.
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To elucidate the mechanisms of these interconversions a 
study of their kinetics was undertaken, and we are now able 
to report the results of this investigation.

As an alternative to the very inefficient synthesis via the 
bicyclobutanes,1’2 the dimethyl 3,4-diphenylmuconates 
were prepared using the procedure of Besehke5 (Scheme I).

Scheme 1
Ph

2BrZnCH2C0 2Et HO----C----CHoCOjEt
PhCOGOPh ------------------ ► |

CHjioci^v HO— C— CH2CO,Et

Ph
5

h2so 4
Ac20

One significant modification of the original method was the 
use of dimethoxymethane as the solvent for the double Re- 
formatsky reaction with preformed organozinc reagent.6 
This resulted in greatly improved yields and in the forma
tion of meso-5 as the only isolable product. The assignment 
of Z,Z stereochemistry to the muconate formed in this se
ries of reactions is based on the fact that the nmr spectrum 
of the product indicates it is symmetric (E,E or Z,Z) and 
the assumption that the necessarily Z substitution of the 
double bond in lactone 6 is preserved.

The preparation of the E,E and E,Z stereoisomers, 1 and 
3, was accomplished by photochemical isomerization of 2. 
Irradiation of a methanol solution of 2 at 254 nm produced 
a photostationary-state mixture of 1, 2, and 3 in a ratio of 
24:30:46.7 Separation by chromatography and fractional 
crystallization provided the (E,E)- and (Z?,Z)-muconates, 1 
and 3, needed for the study.

The thermal isomerization of 1 at 130-150° was followed 
by proton nmr in CDCI3. It was immediately obvious that 
an intermediate was being formed prior to the appearance 
of the Z,Z stereoisomer, 2. The appearance of the methine 
protons of the intermediate as a singlet at 5 4.18 suggested 
that it might be the proposed cyclobutene, 4. That this was 
in fact the case was shown by its isolation and catalytic hy
drogenation to the known dimethyl neotruxinate, 7.8

Ph Ph Ph Ph
H2/Pd Y - /

J — \  MeOH / “ X
CO, Me CO, Me CO,Me CO,Me

4 7

When the isomerization of 1 to 2 was followed to near 
equilibrium, small amounts of the E,Z isomer, 3, were de
tectable. In order to ascertain the source of 3, it was ther- 
molyzed under identical conditions. The initial and only

Table I
Rate Constants for the Interconversions of 1, 2, 3 , and 4 °

R a te  c o n s ta n t 130.1 1 3 9 .4 ° 1 4 9 .8 °

ku 2 0 . 8  ±  0 . 1 4 2 . 7  ±  0 . 6 9 3  ±  4

ku 4 9  ±  2 9 9  ±  5 2 0 4  ±  1 0

& 4 2 1 5 . 9  ±  0 . 4 3 7 . 6  ±  1 . 1 9 4  ±  3

& 2 4 0 . 5  ±  0 . 1 1 . 5  ±  0 . 3 3 . 5  ±  0 . 1

& 2 3 1 . 9  ± 0 . 2 2 . 4  ±  0 . 5 6 3 . 2  ±  0 . 4 °

& 3 2 6 . 4  ± 0 . 3 1 3 . 5  ±  0 . 6 & 2 5 . 1  ±  0 . 7 °

Rate constants in sec  1 x 1 0 6 . < > r =  1 3 8 . 9 ° . CT = 1 4 9 . 0 ° .

product detected for 4 half-lives of its disappearance was 
the Z,Z isomer, 2, indicating the isomerizations can be de
scribed by eq 3 (R = CC>2Me). The equilibrium mixture at

Ph Ph Ph Ph

2 3
140° consisted of the compounds 1, 4, 2, and 3 in a ratio of 
approximately 7:3:75:15.

In order to characterize further this series of reactions, 
the nmr data were analyzed to obtain the rate constants 
shown in Table I. Because of the large relative errors in k23 
and k24, it was possible to calculate accurate thermody
namic constants from differences in activation parameters 
only for the equilibrium between 1 and 4: AH = 1.3 ±  0.5 
kcal/mol, AS = 1.4 ±  1.2 eu, ÀG415 = 0.7 kcal/mol. It is ap
parent from these data that the strain between and the 
hindered rotation of the substituents on the butadiene 
skeleton in 1 nearly compensate for the strain and loss of 
diene rotation in cyclobutene 4. The normally much greater 
stability of the butadiene tautomer is exemplified by the 
unsubstituted butadiene-cyclobutene system, where AH298 
= 11.2 kcal/mol, AS298 = —3.6 eu, and AG2gs -  12.3 kcal/ 
mol.9 Qualitative consideration of the data for the equilib
rium between the cyclobutene, 4, and the (Z,Z)-muconate, 
2, indicates that the latter’s greater stability is due both to 
an increase in entropy and to a decrease in enthalpy of for
mation, i.e., less 3train and freer rotation of the substitu
ents.

The kinetic parameters for the isomerization of the (E,Z)- 
muconate, 3, to the (Z,Z)-muconate, 2, are somewhat un
usual for a double-bond isomerization: AH* = 23.5 ±  3.6 
kcal/mol, AS* = —25 ±  9 eu. For comparison, the corre
sponding parameters for methyl ci'.s-cinnamate are AH* =
40.2 kcal/mol and AS* = —14 eu.10 The parameters are 
even less consistent with an alternative mechanism of 
isomerization through a pyran intermediate as shown in eq
4. Such intermediates have been reported in thè isomeriza-

H H

tions of 1,4-diacylbutadienes,11 but even less negative en
tropies of activation are likely for this reaction.12 A mecha-
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nism involving a dihydrofurofuran11 (eq 5) might account 
for the large negative entropy of activation, but a concerted 
raction to form this intermediate from the (£,Z)-muconate, 
3, seems sterically impossible. Thus the isomerization of 2 
<=± 3 appears most likely to occur by simple twisting about 
one of the double bonds going through the intermediate or 
particularly well-stabilized transition state, 8, in which the 
rotational freedom of several of the substituents is lost.

Experimental Section
Infrared spectra were measured on a Perkin-Elmer 137 spectro

photometer, ultraviolet spectra were recorded on a Bausch and 
Lomb Model 505, and nmr spectra were determined on Varian A- 
60A and Perkin-Elmer R-12B spectrometers. Melting points are 
uncorrected., '

meso-Diethyl 3,4-Dihydroxy-3,4-diphenyladipate (5). A
mixture of 32.5 g (0.50 g-atom) of granular zinc and 150 ml of 
freshly purified dimethoxymethane was heated to reflux in a 1-1., 
three-necked flask fitted with a mechanical stirrer, a reflux con
denser, and a dropping funnel. To the stirred mixture 83.‘5 g (0.50 
mol) of ethyl bromoacetate was added dropwise over 30:min. After 
the exothermic reaction which accompanies the addition subsided, 
the mixture was refluxed 1 additional hr. To the resulting-solution
21,0 g (0.10 mole) of benzil in 200 ml of dimethoxymethane was 
added over a period of 1 hr, and the mixture was refluxed for 2 hr 
more. After addition of 200 ml of ice water, the mixture was trans
ferred to a separatory funnel containing 200 ml of ether and 100 ml 
of 6 N  sulfuric acid. After shaking of the mixture well, the aqueous 
layer was removed, and the organic layer was filtered to remove 
the product. The filtrate was concentrated to provide more prod
uct. The crude product was dissolved in hot benzene, which on 
trituration with ethanol and cooling gave 38.7 g (90%) of meso 
diester, 5: mp 168-170° (lit.5 mp 168°); ir (KBr) 3450, 1705, 1190, 
1150, 752, 742, 700 cm -1; nmr (CDC13, TMS) b 7.1-8.1 (m, 10 H, Ar 
H), 4.55 (s, 2 H, -OH), 3.78 (q, J  = 7 Hz, 4 H, -OCH2CH3), 3:35 (d, 
J =  16 Hz, 2 H), 2.27 (d, J = 16 Hz, 2 H), 0.92 ppm (t, J  = 7 Hz, 6 
H, -OCH2CH3).

Ethyl 2,3-Diphenylcrotonolactone-3-acetate (6). The lac
tone was prepared as described by Beschke5 in 81% yield: mp 90- 
92° (lit.5 mp 94°); nmr (CCI4, TMS) b 7.1-7.4 (m, 10 H), 6.24 (s, 1 
H), 4.01 (q, J  = 7.4 Hz, 2 H), 3.44 (d, J  = 15.0 Hz, 1 H), 3.25 (d, J 
= 15.0 Hz, 1 H), 1.12 ppm (t, J  = 7.4 Hz, 3 H):

Dimethyl (Z,Z)-3,4-Diphenylmuconate (2). The dimethyl 
ester was prepared via the sodium and silver salts of the diacid as 
described by Beschke for preparing the diethyl ester.6 After re
crystallization from methanol the ester (83% yield from 6) had a 
melting point of 114-116°: lit..1 mp 114°; uv (CH3OH) Xmax 295 nm 
(e 23,700); ir (KBr) 1710, 1630, 1610, 1185, 1160, 775, 682 cm“ 1; 
nmr (CCI4, TMS) b 7.30 (m, 10 H), 6.44 (s, 2 H), 3.56 ppm (s, 6 H).

Dimethyl (E',£)-3,4-Diphenylmuconate (1). A 1% solution of 
2 in spectral grade methanol was irradiated for 5 hr at 253.7 nm in 
a quartz tube in a photochemical reactor (New England Ultravio
let Co. Model RPR-100). Evaporation of the solvent provided a 
mixture of 1, 2, and 3 in a ratio (nmr) of 24:30:46, respectively. The 
mixture was separated into two fractions by dry column chroma
tography on silica gel (500 g of Waters Associates No. 27850/g), de
veloping with chloroform. Elution of the band at Rf ~0.75 provid
ed the E,E diester: mp 157-159° (lit.1 mp 152°) after recrystalliza
tion from methanol; uv (CH3OH) Xmax262 nm (e 14,000); ir (KBr)

1700, 1590, 1580, 1180, 1150, 750, 690 cm "1; nmr (CC14, TMS) b
7.32 (m, 10 H), 5.70 (s, 2 H), 3.42 (s, 6 H).

Dimethyl ( E,Z)-3,4-Diphenylmuconate (3). The fraction atRf 
0.3- 0.6 from the above chromatography was eluted with methanol. 
Evaporation of the solvent provided an oil consisting of 2 and 3. 
After several fractional crystallizations from chloroform and meth
anol, the (£,Z)-muconate, 3, was obtained: mp 96-98°; nmr (CCI4, 
TMS) b 7.2-7.6 (m, 10 H), 6.29 (s, 1 H), 6.04 (s, 1 H), 3.20 (s, 3 H),
3.15 ppm (s, 3 H). This material was contaminated with 5% of the 
(Z,Z)-muconate (by nmr) which could not be removed by further 
recrystallizations. This material was, however, sufficiently pure for 
thermolysis since the program used for analysis of the data could 
allow for its presence (see below).

Dimethyl 1,2-Diphenylcyclobutene- trans-3,4-dicarboxy- 
late (4). A solution of 300 mg of 2 in 2 ml of chloroform was sealed 
in a thick-walled tube under nitrogen and heated at 140° in an oil 
bath for 6 hr. The resulting mixture of 1, 2, and 4 (65:15:20 by 
nmr) was separated by dry-column and preparative thin-layer 
chromatography (silica gel-chloroform) to provide 22.5 mg of 4: 
mp 77-78° after recrystallization from methanol-water; uv 
(CH3OH) Xmax (e) 227 (20,700), 293 (14,600), 305 nm (sh) (13,500); 
ir (KBr) 1725,1430,1238,1222, 754, 688 cm“ 1; mhr (CDCI3, TMS) 
b 7.4-7.0 (m, 10 H), 4.18 (s, 2 H), 3.70 (s, 6 H); mass spectrum (70 
eV) m/e (relative intensity) 322 (46), 290 (79), 263 (100), 262 (71), 
231 (54), 203 (45), 202 (56), 129 (40), 102 (55).

Anal. Calcd for C2oHi80 4: C, 72.49; H, 5.78. Found: C, 72.46; H,
5.51.

A sample of 4 in methanol was hydrogenated at atmospheric 
pressure using 10% palladium on charcoal as catalyst. Trituration 
of the filtered solution with water provided crystals which were re- 
crystallized from methanol to provide dimethyl neotruxinate: mp 
126-128° (lit.8 mp 127°); nmr (CDC13, TMS) b 7.10 (br, s, 10 H), 
4.0-4.4 (rh, 4 H), 3,78 (s, 3 H), 3.32 (s, 3 H).

Thermolyses of 1 and 3. Solutions of 40-60 mg of 1 or 3 in 0.4 
ml of CDC13 were sealed in nmr tubes under nitrogen. The tubes 
were placed in a thermoregulated oil bath and withdrawn at regu
lar intervals for analysis by proton nmr. The extent of reaction and 
product composition was determined from the relative areas of the 
respective methine proton signals (1 at b 5.85, 2 at 6.62, 3 at 6.10 
and 6.25, and 4 at 4.18 ppm). Each peak was integrated ten times 
using a digital voltmeter connected to the spectrometer. The stan
dard deviation of the average was typically 0.5% of the total inte
gral. Three separate samples of 1 were thermolyzed at each of 
three temperatures, 130.1, 139.4, and 149.8 ±  0.2°. Twenty points 
were taken over periods of 24-120 hr, depending on the reaction 
temperature. The temperatures used for the thermolysis of 3 were
130,1, 138.9, and 149.0 ±  0.2°. As mentioned above, the samples of 
3 used in the kinetic study contained 5-10% 2.

Kinetic Analysis of Data. The data obtained from the thermo
lyses were analyzed for raté constants using the general curve-fit
ting program of Dye and Nicely.13 The uncertainties quoted in 
Table I are standard deviations calculated by the program. The 
criterion of fit was a minimum weighted sum of squares of devia
tions of all dependent variables (concentrations). The differential 
equations used in the analysis of the thermolyses of 1 were

d[l]/di =  fesl[3] -  fe13[l] 

d[2]/di =  fe32[3] + fe42[4] -  (k23 +  ku )[2] 

d[3]/di =: fe13[l] + &23[2] -  (fe31 + fe32)[3]

To simplify the calculations, k23 and &32 were set equal to the 
values determined independently from the thermolysis of 3, and 
the concentration of 4 was set equal to 100 — ([1] + [2] T [3]). All 
concentrations were expressed as per cent of the total mixture.

For analysis of the data from the thermolysis of 3, the differen
tial equation used was d[3]/di = fc23[2] — £32(3].

Acknowledgments. The authors wish to express their 
appreciation to Messrs. Bruce Frye and Gifford Marzoni 
for their assistance. Acknowledgment is made to the donors 
of the Petroleum Research Fund, administered by the 
American Chemical Society, for the support of this re
search. We also express our appreciation to the Michigan 
State University Computer Center for providing the pro
gram used in the kinetic analysis.

Registry No.— 1, 7576-89-8; 2, 7577-43-7; 3, 53432-82-9; 4, 
53432-83-0; 5, 53432-84-1; 6, 36126-37-1; 7,52305-39-2; dimethoxy
methane, 109-87-5; ethyl bromoacetate, 105-36-2; benzil, 134-81-6.



Acylation of Vicinal Dianions J. Org. Chem., Vol. 40, No. 4, 1975 495

References and Notes
(1) I. A. D'yakonov, V. V. Razin, and M. I. Komendantov, Tetrahedron Lett., 

1127, 1135(1966).
(2) R. B. Woodward and D. L. Dalrymple, J. Amer. Chem. Soc., 91, 4612 

(1969).
(3) I. A. D’yakonov, V. V. Razin, and M. I. Komendantov, Zh. Org. Khim., 5, 

386(1969).
(4) G. A. Doorakian and H. H. Freedman, J. Amer. Chem. Soc., 90, 3582, 

5310, 6896 (1968); G. A. Doorakian, H. H. Freedman, R. F. Bryan, and 
H. P. Weller, ibid., 92, 399 (1970).

(5) E. Beschke, Justus Liebigs Ann. Chem., 384, 143 (1911).
(6) J. Curé and M. Gaudemar, Bull. Soc. Chim. Fr., 2471 (1969).
(7) The iodine-sensitized photoisomerization of 2 to 1 has been reported.1
(8) R. Stoermer and E. Asbrand, Ber. Deut. Chem. Ges., 64, 2796 (1931).

(9) S. W. Benson, et al., Chem. Rev., 69, 279 (1969), and references there
in.

(10) G. B. Kistiakowsky and W. R. Smith, J. Amer. Chem. Soc., 57, 269 
(1935).

(11) G. Maier and M. Wiessler, Tetrahedron Lett., 4987 (1969).
(12) E. g., for the reaction of i -»  ii, A/7* = 20.6 kcal/mol, AS" = -4 .8  eu;

i ii

E. N. Marvel, G. Caple, T. A. Gosink, and G. Zimmer, J. Amer. Chem. 
Soc., 88, 619 (1966).

(13) J. L. Dye and V. A. Nicely, J. Chem. Educ., 48, 443 (1971).

Acylation of Vicinal Dianions. Formation of Products by 
Rearrangement and Proton Transfer

James G. Smith,* Isaac Ho, and George E. F. Simpson 

Department of Chemistry, University of Waterloo, Waterloo, Ontario, Canada 

Received May 29,1974

The acylation of the vicinal dianions 1 and 20, respectively derived by reductive metalation of benzophenone 
anil and N- (p-cyanobenzal)aniline, was examined in detail with ethyl chloroformate as the acylating agent. In the 
case of 1, dimethylcarbamoyl chloride was used as well. In addition to the expected acylation at the benzylic and 
amine anionic sites, additional products were formed by rearrangement of the acyl group and/or proton transfer. 
In the case of 1, these reactions, under certain conditions, led to triacylated semibenzene derivatives as a major 
product. Reaction of 20 was more complicated since the reaction products consisted of mono-, di- and triacylated 
derivatives. The reaction was studied by generating the individual monoanions formed as intermediates in the 
reaction. Proton transfer was more dominant in this reaction although migration of a carbethoxy group again oc
curred.

Ethyl chloroformate is a useful reagent for characterizing 
and functionalizing anionic species. Recently, in studies of 
two vicinal dianions,1'2 some interesting deviations from 
the anticipated acylation were noted. This report describes 
these reactions which involved acyl group migration and/or 
proton transfer and outlines some of the factors affecting 
the extent of the side reactions.

Scheme I summarizes our earlier observations with ethyl 
chloroformate and the vicinal dianion 1 derived from ben
zophenone anil. Thus rearrangement of the initially formed 
anion 4 (Y = OEt) to 5 (Y = OEt) occurred as clearly indi
cated by the characterizing reactions of 4 and 5 shown in 
Scheme I.

This rearrangement proceeded with even greater facility 
with dimethylcarbamoyl chloride3 as acylating agent. In
deed, the unrearranged anion 4 (Y = NMe2) could only be 
detected under reaction conditions unfavorable to rear
rangement (i.e., diethyl ether as solvent, lithium as coun
terion).

Proton transfer was observed1 during further acylation 
of the rearranged monoacylated anion 5 to produce the 
semibenzene derivative 11. Again this same reaction oc
curred with dimethylcarbamoyl chloride to give 12. In the 
case of 11 both spectral and chemical evidence supported 
the proposed structure (see Scheme II and Experimental 
Section), while structure 12 was based on the presence of 
four vinyl protons in the 5.8-6.8 region of the nmr spec
trum and on the strong absorption band in the 320-340-nm 
region of the uv spectrum.4

The availability of a second vicinal dianion 20 derived 
from N- (p - cyanobenzal)aniline2 prompted a comparison 
of its behavior toward ethyl chloroformate with that of 1. 
This reaction proved quite complex. With 1 equiv of acylat
ing agent both mono- and diacylated products 21 and 23

Scheme I
Acylation of the Benzophenone Anil Dianion

jPhjC— N— Phj2M+
1

CO,Et

o
II

C1CY,
|

Ph2CNPh Ph2CNPh
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M +  M + "  RX I

Ph2CNPh — Ph,CNPh

Ph2CNHPh 
2, Y =  OEt 
8. Y =  NMe,

CY QY
II II
0 0
4 5

jciCOjEt jciCOisEt

C02Et 0

COY

Ph2CNPh

C02Et
10

0  
II
CY

Ph,CHNPh 
3, Y =  OEt 
9, Y =  NMe.,

EtO,C' COvEt
11, Y =  OEt
12, Y =  NMe2

were isolated (see Scheme III). With 2 equiv, the additional 
N-monoacylated product 22, a second diacylated derivative 
24 and a triacylated compound 25 were also formed. The 
relative amounts of these products varied somewhat with 
reaction temperature (see Table I).
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Scheme II
Proof of Structure for the Semibenzene Product
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Scheme III
Acylation of Vicinal Dianion 20
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In order to analyze this behavior, the individual monoan
ionic species 26, 27, 29, 30, presumed present in the react
ing system, were generated by treating the corresponding 
protonated compounds with the disodium-stilbene (DSS) 
complex, followed by acylation with ethyl chloroformate of 
the anion in order to determine its behavior under the reac
tion conditions used in acylating dianion 20. This approach

failed to produce anion 27 from 22—instead 4,4'-dicyanobi- 
benzyl6 was formed. The results are summarized in Table 
II and outlined below.

The anion 30 (from the C,N-diacylated compound 23 
and DSS) produced the triacylated species 25 on acylation. 
Slow protonation of 30 by the solvent evidently occurred, 
since delaying the acylation for 16 hr produced only the 
starting material 23. Rearrangement of the anion 29 (from 
the C,C-diacylated derivative 24 and DSS) occurred and 
only the C,N-diacylated product 23 was isolated after 16 
hr. At shorter reaction times, acylation produced the tria
cylated species 25 indicating the intermediacy of anion 30 
in the rearrangement.

Acylation of the anion 26 or 28 (from the C-acylated 
compound 21 and DSS) produced both the C,C-diacylated 
and the N-acylated compounds 24 and 22. The latter prod
uct arose by acylation of the N-(p-cyanobenzyl)aniline 
which itself was formed by a reductive cleavage of 21 by 
DSS. Quenching of the anionic species showed this cleav
age to account for about 30% of the reaction. Since no 23 
was detected, the anion 29 was absent.

Isolation of the triacylated compound 25 was complicat
ed by its thermal sensitivity7 and column chromatography 
failed to give completely pure material. Thermal decompo
sition of 25 produced 24; hydrogenation of 25 (2 mol of hy
drogen reacted) gave a compound identified as 32 on the 
basis of its spectra and its synthesis (see Experimental Sec
tion). Two structures 33 and 34 are reasonable for the tria
cylated compound. Structure 33 is suggested by analogy

E
32

with the semibenzene product formed from the benzophe- 
none anil dianion 1 and hydrogenation of the nitrile group 
followed by rearrangement provides 32. In the case of 34, 
hydrogenation followed by a proton shift produces 32. Nei
ther structure is completely satisfactory—32 because a 
strained cyclic transition state must be proposed for the 
rearrangement and 34 because of the absence of a ketenim- 
ine band in the ir spectrum.

Discussion
Of the two anionic centers in the vicinal dianions I and 

20, the carbanionic one is the more reactive. This is clearly 
evident in the acylation of 1 but is less obvious in the case 
of 20. Here N-monoacylation (i.e., 22) is observed in signif
icant quantities in reactions 3 and 4 (Table I). However, 
after acylation at the carbanionic center of 20, the product 
26 now contains a labile proton and can be transformed by 
a base to 28. The base is, of course, the initial dianion 20
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and protonation of this produces 31 and/or the amine, N- 
(p-cyanobenzyl)aniline, which becomes the source of the 
N- monoacylated compound 22. Note that the amount of 22 
in reaction 3 closely approximates the amount of the N- 
(p-cyanobenzyl)aniline in reactions 1 and 2. The much 
lower temperature of reaction 4 retards proton transfer and 
the yield of 22 is less than in reaction 3.

Only in the presence of 2 equiv of ethyl chloroformate 
are reaction products observed which are clearly character
istic of proton transfer. Thus the anions 28 and 30, formed 
by proton transfer, manifest themselves as the diacylated 
product 24 and the triacylated product 25. In this regard, 
the amount of 24 in reaction 3 is of the same order of mag
nitude as the C-monoacylated product 21 of reaction 1. The 
difference between these values (9%) probably is due to 
rearrangement of 24 (through 29) to 30. Note that the sum 
of products 23 and 25 (both derived from 30) in reaction 3 
closely approximates the sum of the C,N-diacylated prod
uct 23 in reaction 1 plus the 9% difference.

A lower reaction temperature surpresses proton transfer 
but does not eliminate it. (Changing the counterion to lithi
um does not eliminate proton transfer insofar as the forma
tion of 25 is concerned. Material balance was incomplete in 
these experiments; so the results are not discussed in de
tail.) Note the smaller amount of triacylated product 25 in 
reaction 4 compared to reaction 3 although the sum of 23 
and 25 is equivalent in both reactions. The lower tempera
ture also favors monoacylation over diacylation (reaction 2 
vs. 1) and this larger amount of 21 (and its anion 28) is re
flected in the larger amount of 21 and 24 in reaction 4 com
pared to reaction 3. Again the combined amounts of 21 and 
24 in reaction 4 approximates the amount of 21 in reaction 
2.

In the case of the dianion 1, proton transfer is observed 
only after acylation occurs in the ring as shown in the par
tial formulas. Rapid quenching of the reaction shortly after 
the addition of the second equivalent of ethyl chlorofor
mate produced a complex mixture which included the p- 
carbethoxy derivative 13 arising by rearrangement of 35 
during isolation.

E = C02Et

Delocalization of the anionic charge into the aromatic 
ringe8 accounts for the ring acylation of monoanions 5 and 
30. In the case of 5, it would appear that steric crowding at 
the benzhydrylic anionic site sufficiently inhibits acylation 
that ring acylation predominates. The C,N-diacylated com
pound 10 can be obtained by acylation of the unrearranged 
monoanion 4 (Y = OEt) but in this case the second acyl 
group is introduced at the less crowded amine anionic cen
ter. Similar considerations apply to the monoanions formed 
on acylation of the dianion 20. Thus the steric crowding 
present in 30 causes acylation to occur at more remote loca
tions producing 25. However, the less crowded benzylic 
anion 28 yields the “ normal” product 24 on further acyla
tion.

Rearrangement of the acylated anions is slow relative to

acylation or proton transfer. Although the C,C-diacylated 
compound 24 is observed to rearrange at room temperature 
via 29 to the C,N-diacylated species 23, 24 is a product of 
the acylation of 20 with 2 equiv of ethyl chloroformate. 
Thus neutralization of the reaction medium occurs faster 
than the rearrangement.

The driving force for the rearrangement is the formation 
of a more stable anion.9 In the case of 4, a benzhydrylic 
anion (i.e., 5) is generated while with 29 the rearrangement 
produces 30, a benzylic anion additionally stabilized by the 
carbethoxy group. The rearrangement also appears depen
dent upon the degree of association of the ion pair with 
loose ion pairs favoring rearrangement. Thus the polarity 
of the solvent affects the reaction, rearrangement occurring 
much more rapidly in the more basic solvent THF.10 Simi
larly, the lithium cation with its greater Lewis acidity than 
that of sodium11 slows the rearrangement markedly be
cause of its tight association with the amine anionic center.

Experimental Section
M e ltin g  p o in ts , m easu red  in  a M e l-T e m p  a p p aratu s, are  u n co r 

rected . In fra red  sp e c tra  w ere  re co rd e d  on  a B e ck m a n  IR -1 0  in  K B r  
p e lle ts  un less o th erw ise  in d ica ted . N m r  sp ectra  w ere  r e co rd e d  o n  a 
V arian  T -6 0  sp e c tro m e te r  in  C D C I3 ; ch e m ica l sh ifts  are re p o r te d  
in 5 un its  d o w n fie ld  fro m  in tern a l te tram eth y lsilan e .

R e a c tio n  p ro d u c ts  w ere  iso la ted  b y  d ilu tin g  th e  re a ctio n  m ixtu re  
w ith  w ater, e th er  ex tra ctin g , d ry in g  th e  e x tra c t  w ith  m agn esiu m  
su lfa te , a n d  re m ov in g  th e  so lv e n t  o n  a  ro ta ry  e v a p o ra to r . C o lu m n  
ch ro m a to g ra p h y  o f  th e  c ru d e  p ro d u c ts  w as p e r fo rm e d  o n  0 .0 5 -  
0 .2 0 -m m  silica  g e l u s in g  h e x a n e -2 5 %  b en zen e  as s o lv e n t  e x ce p t  
w h ere  o th erw ise  sp e c ifie d .

T h e  p rep a ra tion  o f  d ia n io n 12  1 fro m  b e n zo p h e n o n e  an il a n d  d i 
a n io n 2 20 fr o m  N - ip -  cy a n o b e n za l)a n ilin e  has b e e n  d e scrib e d .

Acylation of Benzophenone Anil Dianion 1 without Rear
rangement. Preparation of 2, 6 , 8  and 10. T h e  d ia n io n  1 (M  =  
N a, 0.01 m o l) in  T H F  w as c o o le d  to  - 7 5 °  an d  trea ted  w ith  1 . 1  g 
(0 .01  m o l) o f  e th y l ch lo ro fo rm a te . T h e  c o lo r  fa d e d  fr o m  d e e p  red  
to  p in k  o v er  a 15 -m in  p e r io d  an d  w as th en  q u e n ch e d  w ith  m e th a 
n o l. Iso la tion , o f  th e  re a c tio n  p ro d u c ts  (2 .97  g ) fo llo w e d  b y  c h ro m a 
to g ra p h y  gave 2 .8  g (79%  y ie ld ) o f  e th y l lV ,2 ,2 -tr ip h en y lg ly c in a te ,
2. R ecry sta lliza tion  fro m  e th a n o l gave an a n a ly tica l sam p le : m p
1 1 1 -1 1 3 ° ; n m r 0.97  (t, J  =  8  H z , 3, C H 3), 4 .14  (q , J  =  8  H z, 2, 
C H 2 ), 5.2 (b ro a d  s, 1, N H ) , 6 .3 -7 .7  (m , 15, a ro m a tics ); ir (K B r ) 
3420 (N H ), 1735 ( C = 0 ) ,  1600, 1500, 750 , 690 (a ro m a tic ) , 1240, 
1180 (ester  C — O ) c m - 1 .

Anal. C a lcd  fo r  C 22H 2 1 N O 2 : C , 79 .73 ; H , 6 .39 ; N , 4 .23. F o u n d : C, 
79 .54; H , 6 .14 ; N , 4 .23.

T h e  a b o v e  ex p e r im e n t w as re p e a te d  e x c e p t  th a t  th e  rea ction  
m ix tu re  w as trea ted  w ith  1.4 g  (0 .01  m o l) o f  m e th y l io d id e  p rior  to  
th e  m e th a n o l q u e n ch . T h e  c ru d e  re a c tio n  p ro d u c t  (3 .3  g ) w as re 
c ry sta llized  fro m  e th a n o l t o  g ive  2.48  g (72%  y ie ld ) o f  e th y l N - 
m ethyl-IV , 2 ,2 -tr ip h e n y lg ly c in e , 6  (R  =  M e ): m p  8 4 -8 5 .5 ° ;  n m r 1.0 
(t , J  =  8  H z , 3, C H 3), 2 .88  (s, 3, N C H 3), 4 .13  (q , J  =  8  H z, 2 , C H 2),
6 .5 -7 .6  (m , 15, a ro m a tics ); ir (f ilm ) 2830 (N C H 3), 1735 ( C = 0 ) ,  
1 6 0 0 ,1 5 0 0 , 750 a n d  700 (a ro m a tic  C H ), 1220 (ester  C — 0 )  c m - 1 .

Anal. C a lcd  fo r  C asH saN f^ : C , 79 .97 ; H , 6 .71; N , 4 .06 . F ou n d : C, 
80 .19 ; H , 6 .87 ; N , 4.10.

T h e  d ia n io n  1 (M  =  L i, 0.01 m o l) in  T H F  w as tre a te d  w ith  1.2 g 
(0.01 m o l) o f  d im e th y lca rb a m o y l ch lo r id e  at - 7 8 ° ,  a llo w e d  to  react 
fo r  1  hr, a n d  q u e n ch e d  w ith  e th an ol, a n d  th e  iso la ted  c ru d e  p r o d 
u c t  w as recrysta llized  fro m  e th a n o l to  g ive  1.38 g (42%  y ie ld ) o f  8 : 
m p  2 1 9 -2 2 0 ° ; n m r 2.83 (s, 6 , N M e 2), 5 .0  (b ro a d  s, 1 , N H ), 6 .5 -7 .6  

(m , 15, a ro m a tics ); ir (K B r ) 3400 (N H ), 1640 ( C = 0 ) ,  750, 740, 690 
(a ro m a tic ) c m - 1 .

Anal, c a lcd  fo r  C 22H 22N 2O: C , 79 .96; H , 6 .71 ; N , 8 .48. F o u n d : C, 
79 .80 ; H , 6 .67; N , 8.29.

In  th e  case  o f  l ,(M  =  N a ) s im ilar  resu lts  w ere  o b ta in e d  p ro v id e d  
q u e n ch in g  o c cu rre d  a fter  a  15 -m in  rea ction  a t  —7 8 ° .

T h e  d ia n io n  1 (M  =  L i, 0.01 m o l) in  D E E  w as c o o le d  t o  —7 8 ° , 
trea ted  w ith  1 . 1  g  ( 0 . 0 1  m o l) o f  e th y l ch lo ro fo rm a te , an d  a llo w e d  to  
w arm  to  2 0 °  fo r  15 hr. It  w as th en  re co o le d  t o  —7 8 ° an d  trea ted  
w ith  a  s e co n d  1 . 1 -g a m o u n t  (0 . 0 1  m o l) o f  e th y l ch lo ro fo rm a te . 
A fte r  w arm in g  th e  m ixtu re  t o  2 0 ° fo r  9 hr, th e  c ru d e  p r o d u c t  (3 .6  
g ) w as iso la ted . C h ro m a to g ra p h y  gave 2 .4  g (6 0% ) o f  e th y l N -  c a r b 
eth oxy -A i, 2 ,2 -tr ip h e n y lg ly cin a te , 10, m p  1 0 6 -1 0 8 ° . T w o  re cry sta l
liza tion s  fr o m  p en ta n e  gave an an a ly tica l sam p le : m p  1 0 9 -1 1 1 ° ;
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n m r 1.08 (t , J  =  7 H z , 3, C H S), 1.40 (t, J =  7 H z , 3 , C H 3), 4 .12  (q , J  
=  7 H z , 2 , C H 2), 4 .45  (q , J  =  7 H z , 2 , C H 2) ,  7 .0 -7 .4  (m , 15 a ro m a t
ic s ); ir (K B r )  1730 an d  1700 ( C = 0 ) ,  1 6 0 0 ,1 5 0 0 , 750, 700 (a ro m a t
ic s ), 1230 (b ro a d , ester C — O ) cm - 1 .

Anal. C a lcd  fo r  C 25H 25N O 4: C , 74 .42; H , 6 .25; N , 3 .47. F ou n d : C , 
74 .65 ; H , 6 .22 : N , 3.46.

Acylation of the Benzophenone Anil Dianion, 1, with Ethyl 
Chloroformate and with Rearrangement. Preparation of 3, 7 
( Y  =  OEt) and 11. T h e  d ia n io n  1 (M  =  N a , 0.01 m o l) in T H F  w as
c o o le d  t o  —7 5 ° , a n d  e th y l ch lo ro fo rm a te  (1 .1 g , 0.01 m o l) w as 
a d d e d . A fte r  15 m in  th e  so lu tio n  w as a llow ed  t o  w arm  to  20 ° (s o lu 
t io n  b e ca m e  d ark  re d ) a n d  sta n d  fo r  12 h r  (s o lu tio n  A ).

Q u e n ch in g  o f  s o lu tion  A  w ith  m e th a n o l, iso la tion  o f  th e  cru d e  
p r o d u c t  (2 .94  g ), a n d  ch ro m a to g ra p h y  w ith  b e n ze n e -2 5 %  h exa n e  
gave 0 .4  g o f  a b e n z h y d r y la n ilin e -b e n z o p h e n o n e  an il m ix tu re  f o l 
lo w e d  b y  2 . 0  g (61%  y ie ld ) o f  c ru d e  N -c a r b e th o x y -N - b en zh y d ry l- 
an ilin e , 3 , 5 7 -6 0 ° . R ecry sta lliz a tio n  from  p e n ta n e  gave an  a n a ly ti
ca l sam p le : m p  5 9 -6 1 ° ; n m r 1,1 (t , J =  7 H z , 3, C H 3) ,  4 .17  (q , J  =  7 
H z , 2, C H 2), 6.71 (s, 1, C H ), 6 .9 -7 .3  (m , 15, a rom a tic  H ) ; ir (K B r ) 
1700 ( C = 0 ) ,  1300 (b ro a d , C — 0 ) ,  760, 720, 7 0 0 ,6 8 0  (a ro m a tic  C H ) 
c m -1 .

Anal. C a lcd  fo r  C 22H 2 1O 2N : C , 79 .73 ; H , 6 .39; N , 4 .23. F o u n d : C , 
79 .88; H , 6 .26 ; N , 4.06.

S o lu t io n  A  w as tre a te d  w ith  1.4 g  (0 .01  m o l) o f  m e th y l io d id e  at 
—7 8 °. A fte r  w arm in g  a n d  iso la tin g  th e  c ru d e  p ro d u c t  (3 .3  g ), c h r o 
m a to g ra p h y  u sin g  ben zen e  —25%  hexa n e  gave 2.6 g (75%  y ie ld ) o f  
c ru d e  7 (R  =  C H 3, Y  =  O E t). R e cry sta lliza tio n  fr o m  p e n ta n e  gave 
an  an a ly tica l sam p le : m p  8 8 -9 1 ° ; n m r 0 .92  (t, J =  7 H z , 3, 
C H 2C H 3 ) ,  1-73 (s, 3, C H 3), 3.91 (<?,</ =  7 H z , 2, G f f 2C H 3), 7 .1 -7 .6  
(m , 15, a ro m a tic  H ); ir (K B r ) 1710 ( C = 0 ) ,  1600, 1490, 760, 700 
(a ro m a tic  C H ) c m - 1 .

Anal. C a lcd  fo r  C 23H 23O 2N : C , 79.97; H , 6 .71 ; N , 4 .06. F ou n d : C , 
79 .85 ; H , 6 .69; N , 3 .90.

S o lu t io n  A  w as tre a te d  at - 7 8 °  w ith  1.3 g  (0 .01  m o l) o f  b e n zy l 
ch lo r id e  an d  a fte r  3 hr th e  rea ction  p ro d u c t  (4 .1  g) w as iso la ted . 
C h ro m a to g ra p h y  o f  1 g using  b en zen e  40%  h exa n e  gave 0 .9 (8 8 % ) 
o f  7 (R  =  P h C H 2, Y  =  O E t), m p  1 8 6 -1 9 0 ° . A n  an a ly tica l sam p le  
w as o b ta in e d  b y  recry sta lliza tion  fro m  d ie th y l e th er : m p  1 8 8 -1 9 0 ° ; 
n m r 0.87  (t,J  =  7 H z , 3, C H 2 C H 3 ), 3 .27  (s, 2, C t f 2 P h ), 3 .86  (q , J 
=  7 H z , 2, C H 2 C H 3), 6 .2 -7 .5  (m , 20, a ro m a tic  H ).

Anal. C a lcd  fo r  C 29H 27N O 2 : C , 82 .63; H , 6 .46 ; N , 3.32.* F o u n d : C , 
82 .79 ; H , 6 .50; N , 3.14.

S o lu t io n  A  w as trea ted  a t  —78 ° w ith  1 . 1  g  (0 .01  m o l) o f  e th y l 
c h lo ro fo rm a te  an d  a llow ed  t o  w arm  to  2 0 ° . T h e  c ru d e  p ro d u c t  (4 .0  
g ) was ch ro m a to g ra p h e d  using  b e n z e n e -2 5 %  h ex a n e  to  g ive  1.4 g o f  
3 (42%  y ie ld ). C on tin u in g  th e  e lu tion  w ith  c h lo ro fo rm  gave 2 .4  g 
(5 0%  y ie ld ) o f  11 as a gum . T h e  cru d e  11 w as trea ted  w ith  a ct iva ted  
ch a rco a l in h o t  e th a n o l an d  th e  filtra te  w as c o o le d  to  10 °. A fte r  
severa l d ays, 11 crysta llized  o u t  (0 .65  g ): m p  8 3 .5 -8 5 ° ;  n m r 1.05 
a n d  1.23 (ov e r la p p in g  t , J =  7 H z , 9 , C H 3), 4 .16  a n d  4 .20  (o v e r la p 
p in g  q , J  =  7 H z , 6 , C H 2), 6 .0 -6 .9  (m , 4 , v in y l H ) , 7 .0 -7 .5  (m , 10, 
a ro m a tic  H ); ir (K B r )  1730, 1710 ( C = 0 ) ,  1500, 750 , 690 (a ro m a t
ic ) , 1240 (ester  C — O ) c m - 1 ; u v  (E tO H ) Xmax 230 (e 1.5 X  104), 250 
(sh , 1.3 X  104), 315 (2 .0  X  104).

Anal. C a lcd  fo r  C 28H 29N O 6: C , 70 .71; H , 6 .1 5 ; N , 2 .95. F o u n d : C , 
70 .93; H , 6 .38 ; N , 2 .89.

T h is  e x p e r im e n t  w as re p e a te d  b u t th e  so lu tio n , a fter  tre a tm e n t 
w ith  th e  se co n d  e q u iva le n t o f  e th y l ch lo ro fo rm a te , w as q u e n ch e d  
w ith  w a ter  a fte r  a 1 5 -m in  rea ction . C h ro m a to g ra p h y  gave 2.16  g 
(65%  y ie ld ) o f  3 a n d  0.80  g  (20%  y ie ld ) o f  13 id e n t ifie d  on  th e  basis 
o f  its sp e c tra l p ro p e rtie s . N o  sem ib en zen e  11 co u ld  b e  d e te c te d .

Reaction of the Benzophenone Anil Dianion, 1, with Di- 
methylcarbamoyl Chloride with Rearrangement. Prepara
tion of 7 (R =  Me, Y =  NMe2), 9 and 12. R e a ctio n s  o f  th e  rear
ran ged  a n ion  5 (Y  =  N M e 2) p ro ce e d e d  in  th e  sam e m a n n er  as th at 
o f  5 (Y  =  O E t). T h u s , th e  rea ction  p ro d u c t  ofl (M =  N a, 0.01 m o l) 
in  T H F  w ith  1.2 g (0 .01  m o l)  o f  d im e th y lca rb a m o y l ch lo r id e  at 
—7 8 ° w as a llow ed  to  w arm  to  2 0 °  t o  co m p le te  th e  rea rra n gem en t 
an d  th en  re co o le d  t o  —7 8 ° (so lu tio n  B ).

T re a tm e n t  o f  th e  so lu tio n  B  w ith  m e th a n o l gave 3.16  g  o f  c ru d e  
p ro d u ct . C h ro m a to g ra p h y  gave 1.63 g (50%  y ie ld ) o f  9, m p  1 0 5 - 
10 8 °. A  s e co n d  fra c t io n  (1 .13  g ) e lu te d  la ter  w h ich  co n ta in e d  9 an d  
a s e co n d  u n id e n tif ie d  c o m p o u n d . R e cry sta lliz a tio n  o f  th e  c ru d e  9 
fro m  h exa n e  gave an  a n a ly tica l sam p le : m p  1 0 7 -1 0 9 ° ; ir (N u jo l)  
1670 ( 0 = 0 ,  1500, 1210, 1170, 750, 740, 690 c m - 1; n m r 2.73  (s, 6 , 
N M e 2), 6 .8 -7 .4  (m , 16, a ro m a tic  a n d  b e n zy lic  H ’s).

Anal. C a lcd  fo r  C 22H 22N 2O : C , 79 .96 ; H , 6 .71 ; N , 8 .48. F o u n d : C , 
80 .17 ; H , 6 .48; N , 8.52.

T re a tm e n t  o f  so lu tio n  B  w ith  1.4 g  (0 .01  m o l) o f  m e th y l io d id e  
a n d  w arm in g  to  20 ° gave 3 .2 g o f  iso la ted  c ru d e  p ro d u c t . C h r o m a 

to g ra p h y  gave 2.15 g (62%  y ie ld ) o f  7 (R  =  M e , Y  =  N M e 2), m p  
1 3 0 -1 4 5 ° . A n  an a ly tica l sa m p le  w as o b ta in e d  b y  c o lu m n  c h ro m a 
to g ra p h y  fo llo w e d  b y  tw o  recry sta lliza tion s  fr o m  h e x a n e -2 5 %  b e n 
zene: m p  1 5 8 -1 5 9 ° ; ir (N u jo l)  1660 ( C = 0 ) ,  1490, 770, 710 , 700 
(p h e n y l) , 1180 cm - 1 ; n m r 2.30  (s, 3 , C H 3 ),2 .73  (s , 6 , N M e 2), 6 .5 -7 .6  
(m , 15, a rom a tics ).

Anal. C a lcd  fo r  C 23H 24N 20 :  C , 80 .20 ; H , 7 .02 ; N , 8 .13. F o u n d : C , 
80 .37; H , 7 .18; N , 8 .07.

T re a tm e n t  o f  th e  rearra n ged  a n ion  5 (Y  =  N M e 2) a t  —7 8 °  w ith
1 . 1  g  (0 . 0 1  m o l) o f  e th y l ch lo ro fo rm a te  fo llo w e d  b y  w a rm in g  t o  2 0 ° 
gave 3 .66  g o f  iso la ted  c ru d e  p ro d u c t . C h ro m a to g ra p h y  u sin g  b e n 
zene gave 1.15 g (35%  y ie ld ) o f  9 fo llo w e d  b y  0 .9  g  (1 9%  y ie ld ) o f  12. 
P u r ifica t io n  w as e ffe c te d  b y  re ch ro m a to g ra p h y  a n d  recry sta lliza 
t io n  fro m  h e x a n e -2 5 %  ben zen e : m p  1 1 3 -1 1 5 ° ; n m r 1.23 (t , J  =  7 
H z , 6 , C H 2C H 3), 2.77 (s, 6 , N M e 2), 4 .28  (q , J  =  7 H z , 4, C H 2 C H 3),
5 .9 -6 .3  (m , 2, v in y l H ), 6 .7 -7 .5  (m , 12, v in y l a n d  a ro m a tic  H ’s ) ; ir 
(N u jo l)  1740, 1730 an d  1670 ( C = 0 ’s ), 1500, 750, 70 0  (a ro m a tics ), 
1250 (ester  C — 0 )  cm “ 1; u v  (E tO H ) Xmax 264 (e 1-74 X  104), 337 
(1 .94  X  104) nm .

Anal. C a lcd  fo r  CagHgoNzOs: C , 70 .86 ; H , 6 .37 ; N , 5 .90. F o u n d : 
C , 71 .02 ; H , 6 .51 ; N , 5.78.

Reactions of the Semibenzene 11. Pyrolysis of 11. T h e  s e m i
b e n ze n e  11 (0 .75  g) was h ea ted  u n d e r  n itro g e n  fo r  0 .5  h r  a t  2 5 0 °. 
T h e  d ark  resid u e  w as ch ro m a to g ra p h e d  t o  g iv e  0 .5  g  o f  p ro d u c t  
h av in g  n m r an d  ir sp ectra  id e n tica l w ith  t h o s o f  13.

Hydrolysis of 11. T h e  sem ib en zen e  11 (0 .65  g) w as d isso lv e d  in  
50 m l o f  e th a n o l, 1 0  m l o f  1 0 %  a q u e o u s  so d iu m  h y d ro x id e  w as 
a d d e d , a n d  th e  m ix tu re  w as r e flu x e d  0 .5  hr. A c id ifica t io n  (a q u e o u s  
H C1) p re c ip ita te d  0 .4 g o f  p ro d u c t  w h ose  n m r a n d  ir sp e c tra  w ere  
id en tica l w ith  th o se  o f  15.

Hydrogenation of 11. T h e  sem ib e n ze n e  11 (0 .8  g , 0 .0017  m o l) 
was h y d ro g e n a te d  in 20 m l o f  e th a n o l w ith  0.05  g  o f  5%  P d  o n  c h a r 
co a l as ca ta lyst. H y d ro g e n  u p ta k e  (119 c m 3 a t  N T P )  c o rre sp o n d e d  
t o  3 m o l /m o l  o f  11. T h e  c ru d e  p ro d u c t , p u r ifie d  b y  s h o r t -p a th  v a c 
uu m  d is tilla t io n  using  a su b lim a tio n  ap p a ra tu s , w as a  c lea r  gum  
sh ow in g  n o  a b so rp t io n  at 310 nm : n m r 1 .0 -1 .4  (m , C H 3) a n d  1 .4 -
2.6 (m , cy c lo h e x y l H ) (c o m b in e d  area 18), 3 .9 -4 .4  (m , 6 , C H 2), 5 .04  
(d , j  =  10 H z , 1, b e n zy lic  H ), 6 .5 -7 .4  (m , 10, a ro m a tic  H ) ; ir (f ilm ) 
1730 a n d  1700 ( C = 0 ) ,  1240 (b ro a d , ester C — 0 ,  750, 700 (a ro m a t
ic ) cm - 1 .

Anal. C a lcd  fo r  C 28H 35N 0 6: C , 70 .05 ; H , 7 .38 ; N , 2 .76 . F o u n d : C , 
69 .83; H , 7 .33; N , 2 .91.

Preparation of N -(p  -Carboxybenzhydryl)aniline, 18. p -
B e n z o y lb e n z o ic  a c id , 13  16 (10  g, 0 .044 m o l) , w as c o n v e r te d  t o  its 
co rre sp o n d in g  an il 17 b y  th e  p ro ce d u re  p re v io u s ly  d e s c r ib e d . 10 

T h is  p ro d u c t , m p  1 3 9 -1 4 5 ° , h y d ro ly z e d  ra p id ly  o n  a tte m p te d  p u 
r ifica tio n ; co n se q u e n tly  it w as d ire c t ly  re d u ce d . T h e  c ru d e  an il, 17 
(1 3  g ), w as d isso lv ed  in 50  m l o f  0 .2  N  so d iu m  h y d ro x id e  a n d  0 .5  g 
(0 .013  m ) o f  s od iu m  b o ro h y d r id e  w as a d d e d . A fte r  24  hr o f  stirr in g , 
th e  so lu tio n  w as a c id ifie d  t o  p re c ip ita te  8  g  o f  c ru d e  18. R e c ry s ta l
liza tio n  fr o m  e th a n o l p ro v id e d  an  a n a ly tica l sa m p le : m p  1 9 7 -2 0 0 ° ; 
n m r 4 .94  (b ro a d  s, 2, N H  a n d  C 0 2H ), 5 .62  (s, 1, C H ), 6 .5 -7 .4  (m , 
10, C gH s’s), 7 .56  an d  8.15  (A B  q , J  =  8  H z , 4 , P -C 6H 4); ir (K B r ) 
3360 (N H , O H ), 1650 ( C = 0 ) ,  1600, 1530, 750, 700, 680 (a ro m a tic ) , 
1 4 4 0 ,1 3 2 0 , 920 ( C 0 2H ).

Anal. C a lcd  fo r  C 2o H i7N 0 2: C , 79 .18 ; H , 5 .65 ; N , 4 .62 . F o u n d : C , 
79 .31 ; H , 5 .86; N , 4.37.

Preparation of N-Carbethoxy-N-(p-carboxybenhydryl)a- 
niline, 15. A  m ix tu re  o f  2 g  (0 .005  m o l) o f  18 a n d  e th y l c h lo r o fo r 
m ate  ( 1 . 1  g , 0 . 0 1  m o l) in 2 0  m l o f  1 : 1  b e n z e n e -p y r id in e  w as r e 
flu x e d  fo r  6  hr. A fte r  re m o v a l o f  th e  so lv e n t, th e  p ro d u c t  w as d is 
so lv e d  in a q u e o u s  N a O H , th e  so lu tio n  w as filte re d , an d  p re c ip ita 
t io n  w as d o n e  b y  a c id ifica tio n . R e cry sta lliz a tio n  fr o m  b e n z e n e -  
h ex a n e  g ave  0 .5  g  o f  15: m p  1 4 9 -1 5 1 ° ; n m r 1.10 (t, J  = 7  H z , 3, 
C H 3), 4.21 (q , J  =  7 H z, 2, C H 2), 6 .74  (s , 1, C H ), 7 .0 -7 .4  (m , 10, 
C gH s’s ), 7 .46  a n d  8.11 (A B  q , J  =  8  H z , 4, P - C 6H 4 ), 10 .75 (s , 1, 
C 0 2H ); ir (K B r ) 3200 (b ro a d , O H ), 1690 ( C = 0 )  1600, 1500, 760, 
700 (a rom a tics ).

Anal. C a lcd  fo r  C 23H 2 i N 0 4: C , 73 .58 ; H , 5 .64 ; N , 3 .73. F o u n d : C , 
73 .60 ; H , 5 .48 ; N , 3.50.

Preparation of N-(p-Carbethoxybenzhydryl)aniline, 19.
E ste r ifica tio n  o f  18 w as e ffe c te d  b y  re flu x in g  in  ex cess  e th a n o l 
w ith  su lfu r ic  a c id  as ca ta lyst. T h e  c ru d e  p ro d u c t  w as p u r ifie d  b y  
recry sta lliza tion  fro m  eth an ol: m p  1 0 1 -1 0 3 ° ; n m r 1.35 (t, J  =  7 
H z, 3, C H 3), 4 .0  (b ro a d  s, 1 , N H ) , 4 .38  (q , J  =  7 H z , 2, C H 2), 5 .56  
(s, 1 C H ), 6 .5 -7 .4  (m , 10, C 6H 5 ’ s ), 7 .50  a n d  8 .06  (A B  q , J  =  8  H z , 4, 
p - C 6H 4); ir (K B r ) 3380 (N H ), 1700 ( C = 0 ) ,  1600, 1500, 750, 690 
(a ro m a tic ) , 1270 (b ro a d , ester C — O ) c m - 1 .

Anal. C a lcd  fo r  C 22H 2 i N 0 2: C , 79 .73 ; H , 6 .39; N , 4 .23. F o u n d : C , 
79 .74 ; H , 6 .48 ; N , 4.16.
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Table I
Acylation of Dianion 20

Ethyl Product compn6

Temp,
chloro - 

for-
Monoacylated Diacylated

Reaction °C mate0 Aminec 21 2 2 23 24 25

1 20 1 35 29 1 36
2 -78 1 30 40 1 29
3 20 2 1 29 22 20 28
4 -7 8 2 11 6 42 24 16

“ Moles per mole of 20. 6 Area per cent by vpc. c N-(p-cyano 
benzyl)aniline.

Preparation of /V-Carbethoxy-/V-(p -carbethoxybenzhy- 
dryl)aniline, 13. Acylation of 19 was effected in the same manner 
as used in the conversion of 18 to 15. The crude 13 was obtained as 
a gum by short-path distillation at 0.05 mm and 150° using a subli
mation apparatus: nmr 1.12 (t, J  = 7 Hz) and 1.38 (t, J = 7 Hz, 6, 
CH3’s), 4.17 and 4.41 (overlapping q, J  = 7 Hz, 4, CH2’s), 6.71 (s, 1, 
CH), 6.9-7.3 (m, C6H5’s), 7.39 and 8.05 (AB q, p-C6H4) (total 14); 
ir (film) 1720 (broad, C = 0 ), 1270 (broad, ester C—0), 1600, 1500, 
760, 690 (aromatics) cm-1.

Anal. Calcd. for C25H25NO4: C, 74.42; H, 6.25; N, 3.47. Found: 
C, 74.45; H, 6.46; N, 3.21.

General Procedure for the Acylation of Dianion 20. A THF
solution of the dianion 20 (M = Na, 0.01 mol) was treated with 
ethyl chloroformate (0.01 or 0.02 mol) at —78° (or at room temper
ature). The adduct color changed from deep red to dark green. 
After stirring for 2 hr at —78°, the reaction mixture was warmed to 
room temperature overnight. The mixture was diluted with water, 
and the reaction product isolated by ether extraction.

The ether extracts were analyzed by vpc (flame ionization detec
tors) using a 5 ft. X % in. column pack with 3% SE-52 on Varaport 
30 and 5 ft X % in. column packed with 3% XE-60 on Varaport 30 
at 195° with a helium flow rate of 30-40 cm3/min, the latter col
umn being necessary to obtain the ratio of the two diacylated 
products, 23 and 24. Peaks were identified by “ spiking” with au
thentic samples. The results are summarized in Table I.

Reaction with 1 equiv of Ethyl Chloroformate. Isolation of 
Ethyl a-Anilino(p-cyanophenyl)acetate, 21, and Ethyl a -(N - , 
carbethoxy anilino)-p -cyanophenylacetate, 23. The standard 
run was quenched with ethyl chloroformate (1.08 g, 0.01 mol) at 
—78°. The crude product (2.48 g) was chromatographed and three 
fractions were collected, the first two being eluted with benzene 
and the third with chloroform.

The first fraction was distilled to give 0.81 g (33%) of 21 as a pale 
yellow oil containing some N- (p- cyanobenzyl)aniline. Two addi
tional distillations gave an analytical sample of 21, bp 189-192° 
(0.08 mm).14

Anal. Calcd for Cn Hi6N202: C, 72.83; H, 5.75; N, 10.00. Found: 
C, 72.63; H, 5.68; N, 9.85.

Reaction with 2 equiv of Ethyl Chloroformate at —78°. Iso
lation of Diethyl p-(Cyanophenyl)anilinomalonate, 24. The
above reaction was repeated using 2 equiv of ethyl chloroformate 
(2.17 g, 0.02 mol) and the crude oil (3.53 g) was chromatographed. 
The first fraction (1.11 g) eluted with benzene was found to con

tain two components, 21 and 24. This fraction was rechromato
graphed on 60 g of silica gel with benzene as eluent to give as the 
first component 0.52 g (15%) of 24. Recrystallization from ethanol 
gave a white crystalline solid: mp 79-80°;. ir (KBr) 3400 (NH), 
2980, 1380, 1360 (aliphatic CH), 2220 (CN), 1760 (broad C = 0 ), 
1600, 1500 (aromatic C—C), 1020 (-C (= 0 )0 ~ ) cm-1; nmr (D20  
washed) 1.11 (t, 6, J  = 7 Hz, CH3CH2), 4.22 (q, 4, J  = 7 Hz, 
CHsCH2), 6.3-7.4 (m, 5, NC6H5), 7.67 and 8.04 (AB q, 4, J AB = 8 
Hz.-CeKUCfr).

Anal. Calcd for C20H20N2O4: C, 68.17; H, 5.72; N, 7.95. Found: 
C, 68.05; H, 5.64; N, 7.70.

The second component which eluted (0.40 g, 11%) was distilled 
to give a pale yellow oil, bp 189-192° (0.09 mm). The ir and nmr 
spectra agreed in all respects with those of 21.

Continuing the elution of the original silica gel column with 
chloroform gave a second fraction, 2.10 g, Recrystallization from 
ethanol afforded 0.65 g (18%) of 23, mp and mmp 84-85°. Vpc 
analysis of the filtrate showed the presence of 23 and 25. Isolation 
of 25 is described below.

Isolation and Hydrogenation of 25. Preparation of Ethyl a- 
(A(-Carbethoxyanilino)-p -(N  -carbethoxyaminomethyl)phe- 
nylacetate, 32. The preceding reaction was repeated. A portion of 
the crude product (2.75 g) was chromatographed with diisopropyl 
ether as eluent. Two major fractions were collected. The first frac
tion (0.93 g) which contained a mixture of 21 and 24 was discarded. 
The second fraction (1.57 g) consisting of 23, 21, and 25 was re- 
chromatographed with diisopropyl ether as eluent. A center frac
tion (1.05 g) was collected. Vpc analysis showed 30% of 23 and 70% 
of 25; the nmr showed multiplets at 1.0-1.6. (G ff3CH2), 4.0-4.5 
(CH3CH2), and 7.1-8.0 (vinyl and aromatic H’s) and a singlet at
5.83 (CH of 23). Correcting the spectrum for the known content of 
23 indicated three carbethoxy groups per mole of 25. This fraction 
was hydrogenated in ethanol (60 ml) at atmospheric pressure of H2 
at 22° with 5% of rhodium on carbon (0.5 g) for 24 hr, during which 
time a total of 135 cm3 of hydrogen was taken up. The crude prod
uct was chromatographed with chloroform as eluent. One major 
fraction (0.6 g), a viscous pale yellow oil of 32, was collected which 
had a boiling point higher than 210° at 0.1 mm pressure: ir 
(film), 3370 (broad NH), 2990, 2950, 1380 (aliphatic CH), 1750, 
1700 (broad C = 0 ), 1600, 1500 (aromatic C—C), 1050 and 1030 
( -C (= 0 )0 - )  cm-1; nmr (D20  washed) 1.1-1.4 (m, 9, CH2CH3),
4.0- 4.5 (m, 8, C //2CH3 and C6H4CH2NH), 5.90 (s, 1, benzylic H),
7.1- 7.3 (m, 9, aromatic H).

Anal. Calcd for C23H28N2Q6: C, 64.46; H, 6.59; N, 6.54. Found: 
C, 64.65; H, 6.45; N, 6.24.

Reaction with 2 equiv of Ethyl Chloroformate at Room 
Temperature. Isolation of Ethyl JV-(p-Cyanobenzyl)-N-phe- 
nylcarbamate, 22. The above reaction was repeated at room tem
perature. The crude product (3.50 g) was chromatographed with 
benzene as eluent. The first fraction 0.6 g (17.1%) was recrystal
lized from ethanol to give 22, mp and mmp 80-81°. The ir and nmr 
spectra agreed with those of the authentic sample of 22 in all as
pects.

Preparation of Ethyl (V-(p-Cyanobenzyl)-N-phenylcarba- 
mate, 22. Ethyl chloroformate (0.35 g, 0.0006 mol) was added in 
one portion to a stirred solution of N- (p- cyanobenzyl)aniline (0.67 
g, 0.0003 mol) in ether (15 ml). The mixture was gently refluxed for 
2 hr, washed with aqueous base, dried, and evaporated. The resi
due after recrystallization from ethanol gave 0.92 g (86% yield) of 
22: mp 8i-82.5°; ir (KBr) 2990, 1390, 1370 (aliphatic CH), 2220

Table II
Reactions of Model Anions

Product compn, %

Substrate Anion

Reaction conditions . Monoacylated Diacylated

25. Time , 0 hr Reagent 2 1 2 2 23 24

23 30 0.5 E C l6 37 63
16 EC1 100

24 29 16 H20  or EC1 100
0.5 EC1 3 32 44 21

21 26 (28) 0.5 EC1 2 18 80
16 h 2o 69 (31)°

“ Time of reaction with DSS. 6 Ethyl chloroformate.° N-(p-Cyanobenzyl)aniline.
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(CN), 1700 (C = 0 ), 1600, 1500, (aromatic C—C), 1010, and 1030 
( -C (= 0 )0 - )  cm -1; nmr 1.22 (t, 3, J  = 7 Hz, CH3CH2), 4.22 (q, 2, J 
= 7 Hz, CH3CH2), 4.95 (s, 2, GH2NPh), and 7.0-7.7 (m, 9, aromat
ic H).

Anal. Calcd for C17H,6N20 2: C, 72.83; H, 5.75; N, 10.00. Found: 
C, 72.96; H, 5.85; N, 9.81.

General Procedure for the Reaction of /V-(p-Cyanoben- 
zyl)aniline Derivatives with thè Disodiùm-Stilbene Complex 
and Ethyl Chloroformate. A THF solution of the disodium-stil- 
bene complex was treated with a solution of an equivalent amount 
of the selected ester in THF (ea. 10 ml) at room temperature. The 
color changed from deep red of the stilbene complex to pale yellow 
or colorless immediately. The reaction was stirred and quenched 
with ethyl chloroformate. After 24 hr of additional stirring, this 
reaction mixture was diluted with water; the reaction product was 
isolated and analyzed by vpc using the same conditions as de
scribed earlier. The results are summarized in Table II.

Preparation of Ethyl a-(ÌV-Carbethoxyanilino)-p-(Af-car- 
bethoxyaminomethyl)phenylacetate, 32. Ethyl a-(N- car- 
bethoxyanilino)-p-cyanophenylacetate, 23 (0.704 g, 0.002 mol), 
was hydrogenated in ethanol (65 ml) with 5% rhodium on carbon 
(0.2 g) as a catalyst at atmospheric pressure of hydrogen for 24 hr, 
during which time 96 cm3 of hydrogen was consumed. The crude 
hydrogenated product was then dissolved in anhydrous ether (20 
ml) and ethyl chloroformate (0.216 g, 0.002 mol) was added. After 
being stirred for 24 hr, the mixture was treated with 3N  sodium 
hydroxide (1.0 ml), and the organic product was isolated (0.69 g) 
and chromatographed with chloroform as eluent. Of the two frac
tions obtained, the first (0.21 g), contained incompletely hydroge
nated material. The second fraction (0.26 g, 30% yield) was a pale 
yellow oil whose ir and nmr spectra were identical with those of 32 
prepared by hydrogenation of thè tricarbethoxy compound 25.

Thermal Decomposition of 25. A small amount of 25 placed in 
a test tube under nitrogen was heated in a metal block at 260° for 
6 hr. The product was analyzed by vpc and found to contain 90% of 
23 and 10% of ethyl N- (p-cyanobenzyl)-.V-phenylcarbamate, 22. 
The latter compound was present in the initial 25 as an impurity.
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The mass spectra of sixteen acyclic, isocyclic, and heterocyclic vinylogous imides, -(0 )C N G =G C (0)-, have 
been examined. Stereochemical and structural factors strongly influence the preferred fragmentation pathways, 
with oxazolium and/or isoxazolium fragment ions playing prominent roles in the decomposition of acyclic and iso
cyclic compounds. !

Several reports have appeared concerning the mass spec
tral fragmentations of vinylogous amides (la ),2-4 esters 
( lb ),3 urethanes ( lc ),2 and Al-acylurethanes (Id ).5 Loss of 
Y from the molecular ion of 1 to form the resonance stabi
lized «,/3-unsaturated acylium ion 2 is the major initial 
fragmentation in many instances, and then 2 usually con-

0

X— C = C — C— Y

la, X =  R,N; Y =  R
b, X =  RO; Y =  R
c, X =  R-2N; Y =OR
d, X =  RC(0)NH; Y =OR

2a, X =  RjN
b, X =  RO
c, X =  RC(0)NH

stitutes the base peak. Radical ions analogous to 2a are also 
important intermediates in the fragmentation patterns of 
uracils.6’7

The present study of vinylogous imides, /3-amido a,(i- 
unsaturated ketones, -(0 )C N C = C C (0)-, had two main 
thrusts. First, we wanted to extend previous results by in
cluding compounds of greater stereochemical variety in our 
work.8 Second, it seemed likely that the initial fragmenta
tion of the imides would be unique, leading not to ion 2c ,9 
but, if stereochemically permissable, to highly stable oxazo
lium and/or isoxazolium daughter ions.10 Earlier work in 
this laboratory1-11 made available a number of acyclic, iso
cyclic, and heterocyclic vinylogous imides. We herewith re
port the mass spectral results for these compounds.

Experimental Section
Melting points are uncorrected. Mass spectra were obtained on 

an A.E.I. MS-9 mass spectrometer operating at 70 eV. Samples 
were introduced via a direct insertion probe. The inlet system tem-
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Table I
Relative Intensities of Principal Peaks in the Mass Spectra of Acyclic Cis- s-Cis Compounds

O -H  V
// \  SI

R1— C ' 'N— C— R*

C =C
/  \

R- R;l

Compel M ’ 4 4 S 6 7 8 9 10 11

3a 15.2 55.4” 5.5“ 59.0 2 .16 5.3” 100.0 13.7 11.6
3b 21.4 20.4 2.1s 100.0 3.6 1C.5 96,2 12.4^ 10.5
3c 12.8 9.8 45.8 100.0 7.1 3.8 90.0 24.8 3.3
3d 17.1 39.9 13.2” 84.1 100.0 2.6” 55.9 9.9/ 0.9
3e 14.9 100.0” 4.7 28.5 0.8
3f 8.7 100.0” 10.9 45.3 2.2
3gs 17.8 100.0” 12.0 30.0 7.7

a Ions 4a and 5a are identical; relative importance of cleavage site is based upon results for compound 3b. 6 A single peak, m /e 112 (61.1%), 
is observed for ions 6a and 7a; values shown are based upon results for 3b. c Corrected for isotopic contribution from ion 6. d Ion 5b is 
CHaCO+ (m/e 43) and ion 10b is CHaC=NH+ (m /e 42) plus CHaC==ND+ (m /e 43). Experimental relative abundances of m/e 42 and 43 
peaks are 4.3% and 10.2%, respectively. Assuming the fragmentation modes of ion 9 are of equal importance for compounds 3a and 3b, one 
can then assign the tabulated values of 12.4% for ion 10b and, indirectly, a value of 2.1% for ion 5 b .e The characteristic stepwise fragmenta
tion of C6HsCO+ to C6H5+ and C4H3+ is observed along with the expected metastable transitions in every instance, f Based upon high- 
resolution results for 3c. s Although 3g does contain a cyclohexene ring, the compound is structurally very similar to 3f.

Scheme I Scheme II

R4- -C sO
4

, ? " HN I
R 1— C N— C— R4V /

C = C
/  \

R2

-R ’CO-
>/•

R3

R*CO
R>— C = 0 + 

5

6
a, Ri =  R2 =  R3 =  R4 =  CH3
b, R1 =  R2 =  R3 =  CH:); R4 =  CD,
c, Ri =  R> =  CH;); R2 =  H; R4 =  C1CH,
d, R1 =  C(iHr>; R2 =  H; R3 =  R4 =  CH;!
e, R> =  R3 =  CH:I; R2 =  H; R4 =  CJHj
f, R1 =  R2 =  R3 =  CH:!; R4 =  CGH6
g, R1 =  CH:1; R2 +  R3 =  (CH2)4;R4 =  C6H5

perature was maintained at 180-200°, except for deuterated com
pounds where it was 130-150°.12 High-resolution mass spectra for 
4-chloroacetylamino-3-penten-2-one (3c) and 3-acetylamino-5,5- 
dimethyl-2-cyclohexen-l-one (24b) were obtained on an A.E.I. 
MS-902 mass spectrometer. All values from exact mass measure
ment were accurate to within 15 ppm.

The preparation or source of each unlabeled compound utilized 
in the present work has been described earlier in this series.1’11 
Deuterated samples were prepared from acetic anhydride-da and 
the appropriate vinylogous amide. Isotopically labeled compounds 
included 4-acetyl-d3-amino-3-methyl-3-penten-2-one (3b), mp 
47-48°, 2-(l-acetyl-d3-aminoethylidene)cyclohexanone (12b), mp 
33-35°, and 3-acetyl-d3-amino-5,5-dimethyl-2-cyclohexen-l-one 
(24c), mp 157.5-158.5°.

Results and Discussion
Spectral data are included in Tables I -V . T he fragm en

tation pathways proposed below (Schemes I—VIII) are sub
stantiated by (1) appropriate shifts in the spectra o f  la
beled deuterium com pounds 3b, 12b, and 24c; (2) appropri-

\

[3 ]'4

c = c = o

-RCHCO

a, X =  Y =  H
b , X =  Y =D
c, X =  H ;Y =  C1
d, X =  Y =  H

CH:JC = N X  
10

ate metastable peaks (when present in all or m ost o f  the 
spectra this is indicated by an asterisk); and (3) selective 
high-resolution mass measurements.

Acyclic Compounds. Intensities o f  the major ions in the 
spectra o f  cis-s-cis8 vinylogous imides 3a-g are collected in 
Table I. Inspection o f  this inform ation supports the conclu 
sion that the fragmentation pattern o f  the initially form ed 
radical cation 3 (Schemes I and II) is directed by the loca
tion and nature o f  the particular acyl group involved.

W ithin Scheme I, a strong preference is noted for the 
form ation o f those ions, 4 and 6, which retain the IV-acyl 
group. Assuming both  acylium ions are form ed directly 
from  the molecular ion 3, it is not unreasonable that cation 
4, a product o f  allylic cleavage, should be favored over 5, 
where the neutral fragment is a vinyl radical. H igh-resolu
tion mass measurement (m/e 43 is greater than 99% 
C 2H 3O) plus the characteristic chlorine isotope pattern in 
the spectrum o f 3c clearly indicate that acetyl cation 5c (R 1 
=  C H 3) prevails over ion 4c, ClCH 2CO+. Although the lat
ter ion ’s low abundance is presum ably due to  the inductive 
effect o f  the chlorine atom, a satisfactory rationalization o f
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Table II
Relative Intensities of Principal Peaks in the Mass 

Spectra of Isocyclic Cis-s -Cis Compounds

P e a k

R

CH3 (12a) CD3 (12b) C6H5 (12c)

[mK 41.3 51.2 8.9
13 62.7 65.1 100.0°
14 61.9 56.3 20.0
15 64.7 40.5 16.5
16 31.8 26.0 20.0
17 15,8b 12.8 6.4
18 17.9C 20.9
19 34.7C 36.7
20 100.0 100.0
21 19,7b 16.0
22 17.1 14.9
23 24.7 22.1

a See Table I, footnote e. b A single peak, m /e 124 (35.5%), is ob
served for ions 17a and 21a. Values shown are based upon results 
for 12b. c Corrected for isotopic contribution from ion of next lower 
integral mass number.

the high intensity of ion 5c is not apparent. The impor
tance of the oxazolium13 ion 6 compared to isoxazolium13 
ion 7 is consistent with the lower acidity of the former 
cation in aqueous solution.14 Ring substituent effects are 
comparable or also favor 6 in all instances save that of 3d 
(the only C-benzoyl compound), where the base peak is 
isoxazolium ion 7d (m/e 160), Based upon high-resolution 
studies exact compositions were assigned to most of the im
portant ions generated from compound 3g: [M]*+, m/e 243, 
C15H17NO2; 6g, m/e 200, C13H14NO; 7g, m/e 138, 
CgH^NO; 4g, m/e 105, C7H5O; and m/e 77, C6H5.15

A very significant fragmentation pathway for acyclic N- 
alkanoyl imides 3a-d is shown in Scheme II. Loss of the ap
propriate ketene with transfer of a hydrogen (or deuteri
um) atom to nitrogen (3 —*■ 8) is followed by expulsion of 
methyl or phenyl radical (8 —► 9), thereby affording reso
nance stabilized cation 9.16 Subsequent decomposition of 
even-electron ion 9 is unexceptional. The greater relative 
importance of azirinium cations 11a and l ib  (R2 = CH3), 
compared to 11c and l id  (R2 = H), is probably due to the 
electron-donating power of the additional methyl substitu
ent. Exact mass measurement of all ions higher than m/e 
39 in the spectrum of compound 3c confirms the processes 
outlined in Scheme II, and in Scheme I as well. In particu
lar the moderately intense peak (29.6%) at m/e 42 is pri
marily (84% C2H4N, 16% C2H2O) the even-electron nitri- 
lium ion 10c (X = H).

Isocyclic Compounds. Having established the basic be
havior of representative acyclic compounds upon electron 
impact, it was of evident interest to determine what effect 
increasing stereochemical and/or structural restraint would 
have on the fragmentation pattern. We turn first to an ex
amination of the principal ions in the mass spectra of 2-(l- 
acylaminoethylidene)cyclohexanones 12a-c collected in 
Table II. Elemental compositions of all ions derived from 
12a and 12c (see Schemes III and IV) are compatible with 
high-resolution data15 and for 12a, with the spectrum of la
beled compound 12b as well. Initial fragmentation of the

Scheme III

Scheme IV

molecular ion 12 is dominated by bond cleavage at carbonyl 
carbon, as was the case with acyclic compounds 3a-g. Di
rect comparison of the relative intensities of related ions in 
Schemes I and III, i.e., those from 3a and 12a and from 3f 
and 12c, reveals: (1) no dramatic difference between acyl- 
ium ions 4 and 13, (2) decreased abundance of oxazolium 
ion 14, and (3) a large increase in importance of isoxazol
ium ion 15. These results are reasonable, since incorpora
tion of the C-acyl group into the six-membered ring of 12 
not only means that formation of radical ion 14 requires an 
additional bond cleavage (compared to ion 6), but also 
guarantees a more favorable entropy of activation for ap
pearance of the isoxazolium ion 15 (compared to 7). Ejec
tion of the remaining carbonyl from 14 or 15 gives rise to a 
common product, even-electron ion 16, as shown in Scheme
III. Although high-resolution measurements confirm 
C7Hi2N+ and compound 12a exhibits a metastable peak at 
m/e 87.7 (15 —► 16), what relatively stable structure corre
sponds to 16 is an open question for us.
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Table III
Relative Intensities of Principal Peaks in the Mass 

Spectra of Isocyclic Trans-,s-Trans Compounds
0

H

Peak H, CH3 (24a) CH3 , CH3 (24b) CH3 ,C D 3 (24c) CH3 ,C 6Hs (24d)

[m ].+ 3 4 . 9 27.0 28.2 7.8
25 25.5 13.8 13.5 4.8
26 0.3 14.1 15.2 2.2
27 46.8 100.0 100.0 10.6
28 79.7 66.9 70.9 lOO.O0
29 25.5 4.8 2.8
30 100.0 89.9 77.8
31 17.0 15.2 15.2
32 1.8 37.2 34.3 8.2
33 4.1 37.2 36.0
0 See Table I, footnote e.

Scheme IV presents a competing fragmentation pattern 
open to molecular ions 12a and 12b, ordinary or labeled (X 
= D) ketene being eliminated in the first step to generate 
radical cation 18. Further decomposition of 18 ultimately 
leads to azirinium radical ion 20 as the base peak, or to the 
less important even-electron azirinium ion 23.

The mass spectra of trans-s-trans vinylogous imides 
24a-d were examined next (Table III), and the basic frag
mentation pattern (see Scheme V) is clearly related to 
those of Schemes I-IV. Loss of an N-acyl radical (R2CO •) 
from molecular ion 24 is negligible,17 for the resulting cat
ion cannot attain the relatively stable isoxazolium struc
ture (cf. ions 7 and 15) unless ring cleavage18 and subse
quent trans -*■ cis isomerization also occurs. On the other 
hand, no significant barrier to oxazolium ion formation (24 
—*■ 25) exists,19 and indeed radical cation 27 constitutes the 
base peak in the mass spectra of compounds 24b and 24c.

The most abundant ion produced upon electron impact 
of N-acetyl compound 24a involves successive losses of ke
tene and ethylene, with appropriate metastable peaks 
being observed at m/e 80.6 (24a —*• 29a) and m/e 62.1 (29a 
- »  30a). Highly conjugated radical cation 30 is also very im
portant in the fragmentation of the two other IV-acetyl 
compounds, 24b and 24c. Subsequent expulsion of carbon 
monoxide from 30 should give rise to azirinium20 ion 31 as 
shown in Scheme V. In the case of compound 24a exact 
mass measurements fully support the structures assigned 
to fragment ions 25, 27, 29, and 30.15 Further substantia
tion of the pathways indicated in Schemes V and VI is pro
vided by high-resolution data (ions of m/e greater than 39) 
for gem-dimethyl compound 24b plus peak shifts in the 
spectrum of labeled compound 24c. Examination of the 
m/e 55 peak (22.3%) in the high-resolution spectrum of 24b 
showed it to be mainly (68% C3H5N, 32% C4H7) the azirin
ium radical cation 31b.

Primary fission of a ring methyl group is significant in 
the mass spectra of compounds 24b-d, the resulting terti
ary carbocations 32b-d possibly being stabilized via reso
nance involvement of the enamino system as envisioned in 
the bridged structures of Scheme VI. As expected, ejection 
of a hydrogen atom from molecular ion 24a (R1 = H) to 
form the secondary cation 32a is not a favored process.

Scheme V

• \ - c o

[24J

Scheme VI

33

Preferential loss of a methyl radical over a hydrogen radi
cal is also evidenced in the low abundance of even-electron 
ion 26a.

Heterocyclic Compounds. Finally, two groups of het
erocyclic imides were studied, the stereochemistry of the 
conjugated system in each set being completely fixed. 
Schemes VII and VIII suggest decomposition mechanisms 
based upon mass spectral results for monocyclic cis-s-trans 
compounds 34a and 34b (Table IV). The abundance of 
metastable peaks plus elemental compositions for all 
charged species of m/e 69 or greater provide strong support 
for these fragmentation pathways. No oxazolium or isoxa
zolium fragment ions are observed, but rather the two most 
abundant high mass peaks in the spectra of 34 are due to
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Scheme VII

38 +
R— N = C H

40
a, R =  H
b, R =  CH3

Scheme VIII
C,Hr CHjCH3 C,H5 CH,

T T
^  -RN=CHCH=C=0 

[34]'+---------------------- -

1
[38J+
• j-RN=CHCH=C=0

C ,H - 0 +

*}-co

(Ml,4 ^  C.Hi+
45 46

1 -CHa- 1
c
III

C
IIIIII

0
III
0

+ +

41 42

*1-°°
, - c2h >

c ,h 5+ — - c 4Hv+
44 43

an initial McLafferty rearrangement (34 —► 35, Scheme
VII)20 and an initial reverse Diels-Alder reaction (34 —*■ 41, 
Scheme VIII), respectively.

Within Scheme VII all fragment ions retain the nitrogen 
atom, a relatively stable even-electron ion 39 being formed 
via ring cleavage (37 —*• 39 or 38 —► 39). The structural rela
tionship between cation 39 and cation 9 (Scheme II) is 
quite apparent.

Alternatively, the heterocyclic nitrogen atom can be 
ejected within a neutral vinylogous isocyanate molecule 
(R N = C H C H = C = 0) in a first (34 —► 41) or second (38 -*• 
C4HsO+) decomposition step (see Scheme VIII). Not su- 
prisingly ion 42 dominates Scheme VIII, the ethacrylyl cat
ion22 being the base peak in the mass spectrum of com
pound 34a and also very important in 34b. Subsequent loss 
of carbon monoxide from 42 to yield a hydrocarbon frag
ment ion is as expected.23

No consistent fragmentation pathway of high probability 
appears to exist for the three bicyclic compounds 47a-c. 
Decomposition of the molecular ion to yield either an even-

TablelV
Relative Intensities of Principal Peaks in the Mass 

Spectra of Heterocyclic Cis-s -Trans Compounds

R

R

Peak H-(34>) CH3  (34b)

[ m K 8.2 7.4
35 92.9 100.0
36 31.0 3.5
37 9.4 15.0
38 12.7 15.7
39 57.4 71.4
40 13.6 23.3
41 86.8 73.6
42 100.0 85.7
43 45.9 30.8
44 13.0 9.5
45 25.4 17.2
46 15.0 7.9

Table V
Relative Intensities of Principal Peaks in the Mass 
Spectra of Heterocyclic Trans-s-Trans Compounds

R>

Peak H, CH3 (47a) C6Hs , H(47b)CfjHs, CH3 (47c)

[ m K 54.4 (C ,0H13NO2)° 93.2 100.0
M - 28 100.0 (c 8h 9n o 2)° 100.0 73.6
M - 29 12.6 31.2 17.4
M - 43 26.4 (C7H6N 02)° 2.8 5.9
M - 56 8.1 (C7H9NO)° 21.8 15.6
M - 57 6.8 (C7H8NO)° 25.4 8.9
M - 69 4.6 (C6H8NO)° 6.1 3.2
M - 71 5.4 (C6H6NO)a 7.6 17.3
M - 84 18.2 (C6H9N)'1 24.4 15.6
M - 85 7.6 (C6H8N)a 13.0 7.4
M - 97 16.2 (C ^ N O )0 7.0 2.8
M - 98 2.8 (C5H7N)“ 17.0 4.9
a Fragment ion compositions for compound 47a were determined 

by high-resolution measurement. The nominal masses are com
prised of greater than 90% of ion of the indicated elemental com
position with the exception of [M -  71] (greater than 75%) and 
[M -  98] (greater than 60%).

electron oxazolium or isoxazolium ion, or a highly reso
nance stabilized radical cation analogous to 35 (see Scheme
VII), is incompatible with compound structure. Except for 
the high mass region of 47a, the mass spectra of the three 
fixed trans-s-trans imides are characterized by ubiquitous 
ion clusters. In all cases the molecular ion peak is very 
abundant (see Table V) and either it or the [M — 28] radi
cal ion constitutes the base peak. Ejection of an ethylene
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molecule from [M ]'+ is followed by stepwise loss of two 
carbon monoxide molecules,24 the resulting [M — 2 8 ], [M — 
5 6 ] , and [M — 84] peaks all being relatively unstable odd- 
electron species. Confirming metastable transitions for the 
first two steps are found in the spectra of all three com
pounds. Additional experiments to further elucidate the re
sults of Table V do not seem to be a compelling objective at 
the present time.
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Site Selectivity on Hydrogenation of Bicyelo[4.2.I]nona-2,4,7-trien-9-one. A 
Possible Effect of Homoaromatic Delocalization

David I. Schuster*1 and Chong W. Kim

Department of Chemistry, New York University, Washington Square, New York, New York 10003

Received September 5,1974

The synthesis of bicyclo[4.2.1]nona-2,4-dien-9-one (2) by catalytic and diimide reduction of bicyclo[4.2.1]nona-
2,4,7-trien-9-one (1) was investigated. It was found that direct reduction of 1 gave five reduced ketones, whose 
structures were determined spectroscopically, but none of 2. An authentic sample of 2 was prepared in low yield 
by further reactions of two of the other reduced ketones. However, conversion of the ketone group of 1 to a di
methyl ketal, an ethylene ketal, or an alcohol prior to reduction, followed by treatment with diimide and then ei
ther hydrolysis or oxidation, respectively, gave high yields of 2. The reduction via the dimethyl ketal has been de
veloped into a useful preparative procedure for 2. The reluctance of 1 to give 2 on direct reduction is attributed to 
homoaromatic interaction of the electrons on the isolated double bond at C7-C 8 with the carbonyl at C9 leading to 
sharply reduced electron density at C7-C 8 compared to the diene moiety. The electron density in the diene may 
even be increased by bis(homocyclopentadienyl) interaction with the carbonyl. These effects are removed by con
version of C9 to a tetrahedral configuration from the trigonal configuration in 1. Steric effects in this system are 
analyzed and are concluded to be of less significance than the electronic effects.

We had need of bieyclo[4.2.1]nona-2,4-dien-9-one (2) for 
photochemical studies described elsewhere2 and sought to 
prepare 2 by reduction of bicyclo[4.2.1]nona-2,4,7-trien-9- 
one (1). Compound I was recently synthesized through dif
ferent routes by three groups.3’4 We naively assumed that 
catalytic or diimide hydrogenation of 1 would preferential
ly reduce the isolated double bond (C7-U8) as opposed to 
the diene moiety.

Results

The synthesis of 1 utilized was essentially that of Ant- 
kowiak and Shechter.3 The synthesis of 2 from 1 would 
seem to be simply accomplished by reduction of the C7-Cs 
double bond, since isolated double bonds are reduced pref
erentially to a conjugated diene grouping. However, 2 was 
not present in the complex product mixture derived from
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Table I
Product Distributions on Reduction of 1 and Derivatives

Products, % yield ̂

Reactant Reducing agent Mole ratio0 1 2 3 4 5 6 7

1 H / 0.5 50 0 40 2 4 4 Tr
l h2c 1.2 0 0 70 10 7 10 3
l IV 1.6 0 0 41 17 16 18 8
1 h2c 2.5 0 0 3 25 26 12 34
1 iV 2.0 0 0 15 35 20 20 10
l Diimide* 1.5 70 0 20 5 0 5 Tr
l Diimide*’8 2.0 45 0 35 10 0 10 Tr
l Diimide* 2.0 33 0 42 10 0 13 3
1 Diimide* 2.0 40 0 40 10 0 5 5
l Diimide* 4.0 Tr 0 Tr 40 0 Tr 60
9 Diimide* 1.0 0 67 2 0 0 30 1

10 Diimide* 1.0 0 62 15 0 0 19 3
11 Diimide* 2.0 0 39 25 1 0 30 5

° Ratio of reducing agent to reactant.6 Products were analyzed by glpc on a 5-ft column of 30% Carbowax 20M on 80-100 Chromosorb W 
at 190°. Ketones 1 and 2, which are not separated on this column, were separated on a 6-ft column of 10% UCON, 50 LB 550 Xon Chromosorb 
P at 160°. Yields given are based on glpc peak areas measured by disk integration assuming equal response factors for all ketones and are 
percentages of the total measured area. Tr = trace peak in chromatogram. c Catalytic hydrogenation carried out in dioxane using a 10% 
Pd/C catalyst. d Diimide was generated from potassium azodicarboxylate in situ. Mole ratio based on quantity of PADA used. e Carried out 
in very dilute solution.

catalytic hydrogenation or from diimide reduction of 1, 
which included virtually all of the other possible ketonic 
reduction products 3-8.

Reduction of trienone 1 with up to 2 mol of hydrogen or 
potassium azodicarboxylate per mole of 1 using standard 
procedures led to a complex product mixture, from which 
ketones 3, 4, 5, 6, and 7 could be isolated using preparative 
glpc. Dienone 2 was not present in detectable amount in 
any of the hydrogenation product mixtures. The distribu
tion of products is given in Table I.

5 6 7 8

It should also be noted that the total yields of the possi
ble products of further hydrogenation of 2, namely, ketones 
5, 6, and 7, always comprised a minor fraction of the total 
reaction mixture in the runs starting with trienone 1. A 
synthesis of 2 was devised as follows. The catalytic hydro
genation of 1 was controlled to maximize the yield (39%) of 
5 and 6. The hydrogenated mixture without prior purifica
tion was brominated with a large excess of Af-bromosucci- 
nimide and then treated with zinc in acetic acid. The other 
three hydrogenated ketones 3, 4, and 7 present in the origi
nal hydrogenation mixture do not interfere with the subse
quent reactions. Either these ketones do not possess allylic 
positions which can be brominated or the brominated 
products give the starting material after treatment with 
zinc and acetic acid. Dienone 2 in 19% yield was isolated 
from the final mixture by preparative glpc (gas-liquid par
tition chromatography).

Mass spectroscopy distinguished between dihydro (2, 3, 
and 8), tetrahydro (4-6), and hexahydro (7) reduction 
products of 1, Dienone 3 was distinguished from 2 on the

basis of nmr spectroscopy. In 3, there are two different 
bridgehead protons at 2.92 and 3.19 ppm. Dienone 3 had 
two isolated olefinic protons at 5.76 and 6.16 ppm, whereas 
2 had four protons of a butadiene group at 5.44 ppm, which 
collapsed on irradiation of the bridgehead protons (160 Hz) 
in a decoupling experiment. The decoupling of 3 was con
sistent with the structure and is described in the Experi
mental Section. Dienone 8 should have two different olefin
ic protons, probably different from those of 2 and 3. Enone 
4 showed two bridgehead protons (2.92 ppm), which are al
lylic and in the position a to the carbonyl. However, the 
bridgehead protons in enone 5 were not as deshielded as in 
4 and, hence, did not appear as a separate peak. Enone 5 
was detected only in the catalytic hydrogenation mixture, 
which is reasonable since the diimide molecule supplies two 
hydrogen atoms to the double bond through a six-mem- 
bered cyclic transition state, and is thus unable to achieve
1,4 reduction. Enone 6 had an unsymmetrical pattern in its 
nmr spectrum, which could be distinguished from the sym
metric spectrum of 4.

After preliminary rationalization of the lack of formation 
of 2 from the reduction of 1 (as discussed below), a new ap
proach to 2 via ketal 9 was designed as shown in Scheme I.

Scheme I

Since trienone 1 isomerizes to indanone in the presence of 
Lewis acids (discussed below), a mild catalyst5 and longer 
reaction time (5 days) were necessary for ketal formation in 
this case.
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Reduction of 9 by diimide produced in about 70% yield 
the dimethyl ketal of 2 (see Table I), which was hydrolyzed 
to 2 without difficulty. The synthesis of 2 via 9 occurs in 
good overall yields and has been worked up into a useful 
preparative procedure for this elusive material. The syn
thesis of 2 could also be accomplished via the ethylene 
ketal 10, which gave 62-67% yields of 2 on diimide reduc
tion and acid hydrolysis. This route was much less useful 
preparatively because of difficulty in formation of ketal 10.

9 10 11

Alternatively, the carbonyl group of 1 could be reduced 
with sodium borohydride to alcohol 11, reported pre
viously,6-8 which was then reduced with diimide. The crude 
reaction mixture was oxidized directly with magnesium 
dioxide to a mixture of ketones, which was analyzed by glpc 
by coinjection with the previously isolated ketones 2-7. 
The major product produced in this way, as shown in Table
I, was indeed 2. A large decrease in the yields of 3 and 4 was 
also observed, further indicating that the primary site of 
reduction had shifted (relative to 1) to C7-Cs.

Discussion
Earlier studies have established that the rates of reduc

tion of olefins by diimide are sensitive to a variety of struc
tural parameters, including torsional strain, bond angle 
bending strain, and substituent effects.9 Electronic rather 
than steric effects of substituents appear to dominate in 
most systems,9 although other workers10 find that diimide 
reductions are sensitive to steric approach control. For ex
ample, only exo-cis addition to 2-norbornene-2,3-dicar- 
boxylic acid is observed, and trans-substituted double 
bonds are reduced by diimide more rapidly than corre
sponding cis bonds in acyclic olefins. Special electronic ef
fects can operate in certain systems, as demonstrated by 
the predominant reduction by diimide of the syn rather 
than the anti double bond in 7-hydroxy-, 7-acetoxy-, and
7-teri-butoxynorbornadiene.11 The fact that the more ster- 
ically hindered (to exo-cis attack) double bond is the pre
ferred site of reaction is rationalized by coordination of di
imide with the oxygen atom attached to C7, followed by de
livery of hydrogen to the proximate double bond.

Thus, a variety of factors may be involved in catalytic 
and diimide reduction of the bicyclo[4.2.1]nonatrienes 1, 9, 
10, and 11 described in this paper. Models suggest that the 
diene moiety in 1 is highly strained, with the angle between 
the C2-C 3 and C4-C 5 double bonds perhaps as high as 135°. 
This would suggest that diimide reduction at the diene site 
in 1 ought to be particularly favored over reduction of the 
isolated double bond at C7-Cg because of greater relief of 
steric strain.9 While this steric strain is undoubtedly re
lieved to some extent on conversion of the trigonal center 
at C9 in 1 to a tetrahedral configuration at C9 in 9, 10, and
II, the residual strain would appear from models to be suf
ficient to expect preferential attack by diimide or hydrogen 
on the diene in 9, 10, and 11 on the basis of strain consider
ations alone. Furthermore, the orientation of the hydroxyl 
group in 11 should promote diimide attack on the diene 
moiety, by extrapolation of the earlier study11 of substitut
ed norbornadienes. This proximity effect11 should be large
ly equalized in the ketals 9 and 10.

Models also suggest that the five-membered ring in the

bicyclo[4.2.1]ncnatrienes is quite flat, although attempts at 
deuterium exchange of the bridgehead protons in 1 and 2 
by extended treatment with D20  and KOH in acetonitrile 
were unsuccessful. The reaction was monitored by nmr for 
a period of 2 months.12 In any event, saturation of the car
bonyl group of 1 should result in increased steric hindrance 
to exo-cis attack at the diene moiety relative to attack at 
the isolated double bond at C7-Cg. On this basis, some de
crease in the amount of products arising from initial attack 
on the diene in 9, 10, and 11 is anticipated purely on steric 
grounds. However, the extent of steric shielding of the 
diene in ketals 9 and 10 ought to be different, because of 
the freely rotating methyl in 9 which can assume conforma
tions severely shielding the diene, while in 10 the methy
lene grobps are rigidly held back from the reaction site. It 
is therefore striking that the course of hydrogenation of 
these two ketals is in fact very similar, suggesting that ste
ric factors are probably not important in these systems.

The hydrogenation data demonstrate that none of 2 is 
formed on either direct hydrogenation or diimide treat
ment of trienone 1, although 2 is the major product of the 
three-step sequence involving protection of the carbonyl at 
C9, hydrogenation, and regeneration of the carbonyl. Thus, 
the isolated double bond which is totally unreactive rela
tive to the diene 1 is the most reactive hydrogenation site 
in 9, 10, and 11. This striking change in site reactivities is 
not readily rationalized on the basis of the various effects 
cited above. It seems that some special factors(s) are in
volved which operate so as to selectively reduce the reactiv
ity of the isolated double bond in trienone 1.

The results seem to us to be best understood on the basis 
of the operation of homoaromatic (and perhaps also anti
homoaromatic) delocalization of ir electrons in l .13 Interac
tion of the C7-C 8 7r bond with the carbonyl p orbital at C9 
should remove electron density from C7-C 8, by analogy 
with bis(homocyclopropenyl) interaction in the 7-norbor- 
nadienyl cation.13’14 However, overlap in a similar manner 
of the p orbital at C9 with the C2-C 5 diene moiety on the 
other side of the molecule should be energetically unfavor
able, since it would create an antiaromatic bis(homocyclo- 
pentadienyl) cation,15 as shown in structure I. It is even

CT

I
possible that electron density at the diene moiety may be 
increased in 1 if the (empty) p orbital at C9 acts as a con
ductor of electron density from the potentially aromatic 
bis(homocyclopropenyl) cation on one side of the molecule 
to a potentially antiaromatic bis(homocyclopentadienyl) 
anion on the other side. On this basis, exclusive hydrogena
tion of 1 at the diene moiety is understandable. Reduction 
at C9 would cancel these electronic effects and restore the 
“ normal” reactivity pattern of a bicyclo[4.2.1]nonatriene, 
i.e., preferred reduction at C7-Cs.16
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These considerations have obvious relevance to the dis
cussion in recent literature of bicycloaromaticity17 in the 
bicyclo[4.2.1]nonatrienyl cation 13 and related molecules. 
The first report relating to 13 showed that solvolysis of tos- 
ylate 14 is accompanied by deep-seated rearrangement.7 
Thus, reaction of 14 in tetrahydrofuran in the presence of 
lithium aluminum hydride gives c is-8,9-dihydroindene
(15). This is consistent with results of later studies,18’19 e.g., 
the formation of acetate 16 on acetolysis of 14. The rate of 
acetolysis of 14 is enhanced by a factor of 104 over that of 
the more saturated analogs 17 and 18, despite the rate-re
tarding inductive effect of the butadiene moiety in 14. This

17 18

suggests that there is a stabilizing interaction of the bis(ho- 
mocyclopropenyl) type between the C7-C 8 vr electrons and 
the developing p orbital at C9 in 13. There seems to be 
agreement that the observation of rearrangement coupled 
with rate acceleration on solvolysis of 14 seems best under
stood in terms of initial formation of a bicycloaromatic ion 
19 in which stabilization by homoaromatic [i.e., bis(homo-

cyclopropenyl)] interaction20 provides only a small portion 
(estimated as 20%)19b of the total stabilization. The inter
action of the butadiene and homocyclopropenyl moieties is 
not sufficient, however, to prevent rearrangement of 19 to 
the bis(homotropylium) ion 20 which is the source of the 
observed products.18-19

Photoelectron spectroscopy provides some additional in
formation about ir-electron interaction in these systems. 
Data for the triene 21 indicate no appreciable interaction of 
this type,21 although extensive ir interaction is indicated 
for tetraene 22.22 Nonetheless, the authors in the latter

study22 do not feel that the evidence at present demands 
the operation of bicycloaromatic delocalization in 22. Simi
larly, we do not claim that our results prove that tt delocali
zation of either the homoaromatic20 or bicycloaromatic17 
variety is occurring to a significant extent in 1 and/or the 
hydrogenation transition states and that the data can be 
rationalized only on the basis of such effects. However, we 
do believe that such interactions and their mechanistic im
plications provide a consistent as well as compelling expla
nation of the experimental observations.24

Experimental Section
All melting points are uncorrected. Proton magnetic resonance 

spectra were obtained with a Varian Model A-60 spectrometer. 
Abbreviations used in reporting data are s = singlet, d = doublet, q 
= quartet, m = multiplet, br = broad, and sh = sharp. Mass spec
tra were obtained with a Varian M-66 double focusing cycloidal 
path mass spectrometer. Infrared spectra were taken on a Perkin- 
Elmer Model 137 Infracord spectrophotometer and, ultraviolet 
spectra on a Cary Model 15 spectrophotometer.

Gas-Liquid Partition Chromatography. Analytical studies 
were carried out on a Hewlett-Packard Model 5750 research chro
matograph using flame ionization detection. Preparative separa
tions were made on an Aerograph preparative gas chromatograph, 
Model A-90-P. The column used for most of the ketone analyses 
was a 6 ft X % in. stainless steel column containing 20% Carbowax 
20M on 80-100 mesh Chromosorb W, operating at a column tem
perature of 160° and the injection port set at 280°. The flow rates 
were helium 40-60 ml/min, hydrogen 40-60 ml/min, and air 300- 
400 ml/min. Under these conditions the retention times (min) of 
the ketones were as follows: 1 and 2 (not separated), 13.2; 3, 8.6; 4, 
6.2; 5, 10.4; 6, 11.2; and 7, 8.4. Where other columns and conditions 
are used, they are specifically indicated.

Bicyclo[4.2.1]nona-2,4,7-trien-9-one. The synthesis of 1 was 
essentially the same as that of Antowiak and Shechter2 except that 
hydroquinone was added to  the reaction mixture to lessen tar for
mation. After the reported work-up procedure, the crude reaction 
product was distilled quickly at 0.5 mm and was then redistilled 
through a short Vigreux column to give 1, bp 80-90° (0.9 mm), as a 
colorless liquid: i w neat 3025, 2945, 1760, 1580, 1260, 1150, 920, 
and 865 cm“ 1; AmaxCH3° H 267 nm (e 3000), 276 (2800), and 320 
(630); ¿tmscdc'3 5.46 (m, 6 H, olefinic) and 2.73 (br s, 2 H, bridge
head); m/e 132,131,116,104,103, 91,78, and 72.

A by-product from the above reaction is the assumed dimer of- 
bicyclo[4.2.1]nona-2,4,7-trien-9-one (1): cmaxKBr 3000, 2950, 1675 
(split), 1205, 880, 865, 695, and 660 cm“ 1; 6Tmscdc ‘3 2.2 (br s, 4 H),
3.2 (br s, 1 H), 3.6 (d, 1 H), 4.0 (br s, 1 H), and 5.9 (m, 8 H).

Bicyclo[4.2.1]nona-2,4-dien-9-one (2). Bromination-De- 
bromination Route. Trienone 1 (2.11 g, 0.016 mol) in 40 ml of di- 
oxane was catalytically hydrogenated over 10% Pd/C. A total reac
tion time of 13 hr was required to consume 920 ml of hydrogen at 
room temperature. The relative yields of the five reduced products 
at this point (glpc) were as follows: 1 (none), 2 (none), 3 (3.0%), 4 
(24.7%), 5 (26.4%), 6 (12.4%), and 7 (33.7%).

To the above crude mixture in 30 ml of carbon tetrachloride 
were added 5.70 g (0.032 mol) of /V-bromosuccinimide and 0.03 g of 
benzoyl peroxide. The mixture was heated at reflux for 50 min 
under a nitrogen atmosphere. The solid was removed by filtration, 
and the solvent was removed. The crude product was dissolved in 
100 ml of ethyl ether and to it were added 1.64 g (0.025 g-atom) of 
zinc dust and 1.1 g (0.018 mol) of acetic acid. The mixture was 
stirred for 1.5 hr at room temperature and then heated at reflux 
for 30 min. After the mixture was cooled, 4.0 ml of pyridine was 
added. The salt formed was filtered off, and the ether layer was 
washed, dried, and concentrated. Dienone 2 was collected (18.8% 
overall yield) by preparative glpc using an 8-ft 10% Carbowax 20M 
column: cmaxnaat 3025, 2950, 2865, 1750, 1450, 1180, 865, 745, 700, 
and 650 cm "1; AmaxCH3° H 264 nm U 3300) and 313 (500); ¿tmscdc‘3
5.44 (m, 4 H, butadienyl), 2.42 (br s, 2 H, bridgehead), and 2.00 (m, 
4 H, ethanyl); m/e 134,119,106,91, 85,83, and 78.

Bicyclo[4.2.1]nona-2,4-dien-9-one (2). Dimethyl Ketal 
Route. In a typical run, ammonium nitrate (0.6 g) dissolved in 20 
ml of methyl alcohol was added to a mixture of 2.11 g (0.016 mol) 
of trienone (1) and 2.12 g (0.020 mol) of trimethyl orthoformate.5 
The reaction mixture was stirred at room temperature for 5 days. 
Sodium carbonate (1.0 g) followed by 200 ml of ethyl ether was 
added. The ether layer was filtered and concentrated and the 
crude mixture was separated by column chromatography on silica 
gel, eluting with ether-hexane mixtures. Pure 9,9-dimethoxybicy- 
clo[4.2.1]nona-2,4,7-triene (9, 400 mg) was obtained from the 
fourth, fifth, and sixth fractions (700 ml each), eluted with 20% 
ether-80% hexane: cmaxneat 3025, 2930, 2825, 1450, 1295, 1205, 
1130, 1055, and 710 cm“ 1; 6Tmscdc‘3 5.86 (m, 4 H), 5.19 (d, J  = 1.5 
Hz, 2 H), 3.10 (sh s), 3.05 (sh s), and 3.10 (br) (total 8 H); m/e 178, 
177, 147, 131,121,105, and 91.

Into a slurry of 194 mg (1.0 mmol) of potassium azodicarboxy- 
late in 10 ml of dioxane under a nitrogen atmosphere was intro
duced 178 mg (1.0 mmol) of dimethyl ketal 9. To this was added 
half of a solution of 120 mg (2.0 mmol) of glacial acetic acid in 3 ml 
of dioxane at the start of the reaction and the other half after 20



hr. After a total reaction time of 44 hr, the yellow color of the mix
ture was totally bleached. The solid was separated by filtration, 
and 100 ml of ethyl ether was added to the filtrate. The ether layer 
was washed with 5% carbonate solution and then with saturated 
sodium chloride solutions. The ethereal solution was dried over an
hydrous magnesium sulfate and then concentrated. Analysis of the 
crude product by glpc and nmr indicated 67% conversion to ketal 
12. The mixture was chromatographed on a column of aluminum 
oxide of pH 7.8 (J. T. Baker) which was eluted with ether-hexane 
mixtures. In addition to ketal 12, some dienone 2 was eluted di
rectly from the column. However, the overall material balance was 
very poor. Attempts at separation of 12 from the crude mixture by 
fractional distillation and liquid-liquid partition chromatography 
were also unsuccessful. The ketal 12 was eventually separated in a 
pure state most efficiently by preparative glpc using a 15-ft col
umn of 30% Carbowax 20M on Chromosorb W at 215° with the in
jection port set at 310°. The ketal 12 was identified primarily by 
its nmr spectrum: ¿tmsCDC13 6.87 (m, 4 H), 3.34 (s, 6 H), 2.70 (br s, 
2 H), and 2.08 ppm (m, 4 H).

In a typical run, 17.0 g of a sample which was about 70% of the 
ketal 12 was hydrolyzed by stirring with 3 N  HC1 for 15 min at 
room temperature. After the conventional work-up, a total of 2.09 
g of bicyclo[4.2.1]nona-2,4-dien-9-one 2 was collected by prepara
tive glpc on the 15-ft 30% Carbowax 20M column.

The material obtained was identical with that obtained earlier 
according to glpc analysis on two different columns: 6 ft X % in. 
column of 15% Carbowax 20M on 80-100 mesh Chromosorb W at 
175° with the injection port at 265° (retention time 5.8 min); 15 ft 
X 0.25 in. column of 15% Carbowax 20M on 80-100 mesh Chromo
sorb W at 190° with injection porf at 275° (retention time 20.2 
min).

Bicyclo[4.2.1]nona-2,4-dien-9-one. Ethylene Ketal Route.
Trienone 1 (1.4 g, 0.01 mol), 25 ml of ethylene glycol, a small 
amount of ammonium nitrate, and a trace of hydroquinone were 
mixed and stirred for 15 days at room temperature. Analysis by 
glpc indicated approximately 70% conversion to ketal 13. The reac
tion was stopped after 17 days, 100 ml of water was added, and the 
mixture was extracted with 500 ml of pentane. The pentane layer 
was washed once with carbonate solution and three times with sat
urated salt solutions. The aqueous layer was extracted once with 
300 ml of ether, and then the ether layer was washed as above with 
carbonate and saturated salt solutions. The pentane and ether 
layers were combined, dried over anhydrous sodium sulfate, and 
concentrated. The ketal 10 was obtained by preparative glpc On a 6 
ft X % in. column of 25% Carbowax 20M on 80-100 mesh Chromo
sorb W. Spectral data for ethylene ketal 10 are as follows: i'maxneat 
3020, 2950, 2900, 1600, 1480, 1350, and 1275 cm“ 1; STmscdc ‘3 5.83 
(m, 4 H), 5.28 (d, 2 H), 3.81 (s, 4 H), and 2.82 ppm (m, 2 H); m/e 
176,175,104, 86, and 84 (base peak).

The ketal 10 (80 mg, 0.46 mmol), 88 mg (0.46 mmol) of potassi
um azodicarboxylate, and 60 mg (1.0 mmol) of glacial acetic acid in 
10 ml of dioxane were allowed to react as described for ketal 9. The 
reduction was stopped after 9 hr of stirring at room temperature. 
After work-up, as above, the crude product was hydrolyzed with 3 
N  HC1 for 15 min at room temperature. The ketonic mixture was 
analyzed by glpc as previously described and showed 62.0% 2, 
14.5% 3,19.4% 6, and 2.6% 7.

Bicyclo[4.2.1]nona-2,4-dien-9-one. Route via 9-Hydroxybi- 
cyclo[4.2.1]nona-2,4,7-triene. A solution of 1.06 g (0.008 mol) of 
trienone 1 and a trace of hydroquinone in 10 ml of methyl alcohol 
was slowly added to a stirred solution of 0.296 g (0.008 mol) o f so
dium borohydride and a drop of 50% aqueous KOH in 5 ml of 
water. The mixture was stirred for 20 hr, keeping the temperature 
below 25°. Hydrochloric acid (20 ml of a 2% solution) was added to 
destroy excess hydride, and the organic material was extracted 
with 300 ml of ether. The ether layer was washed with saturated 
salt solution, dried, and concentrated. A white solid was obtained 
with mp 47-51° (lit.6 mp 52.0-52.5°; lit.7 mp 51.0-52.5°) which 
showed only one peak by glpc analysis. The spectral data, in sub
stantial agreement with previous reports,6,7 are consistent with the 
assignment of structure 11, 9-hydroxybicyclo[4.2.l]nona-2,4,7- 
triene, to this material: ivlaxne,it 3560, 3020, 2950, 1405, 1220, 1105, 
1060, 980, 910, and 690 cm -1; ¿tmscdc '3 5.85 (m, 4 H), 5.08 (d, J  =
1.5 Hz, 2 H), 4.20 (br s, 1 H), 2.89 (m, 2 H), and 2.03 ppm (br s, 1 
H); m/e 134, 133, 115, 105, 92, 91, and 78. The nmr spectrum 
agrees well with that reported by Shechter, et al.,1 under some
what better resolution: 5 5.89 (m, 4 H, diene), 5.03 (m, 2 H, olefin- 
ic), 4.26 (triplet of doublets, 1 H, Cg), 2.92 (br tr, J = 6 Hz, 2 H, 
bridgehead), and 1.64 (d, J = 12 Hz, OH).

Into a magnetically stirred slurry of 1.83 g (9.4 mmol) of potassi

Hydrogenation of Bicyclo[4.2.1]nona-2,4,7-trien-9-one

um azodicarboxylate in 20 ml of dioxane under a nitrogen atmo
sphere was dissolved 630 mg (4.7 mmol) of alcohol'll, above. A so
lution of 0.6 g (9.4 mmol) of glacial acetic acid in 2.5 ml of dioxane 
was added dropwise. After 12 hr of stirring at room temperature, a 
second portion of 0.6 g of acetic acid in 2.5 ml of dioxane was 
added. The yellow color of the mixture was completely bleached 
after a total reaction time of 24 hr. After 100 ml of ether was 
added, the mixture was filtered and the solvent was then removed 
on a Rotovap. The crude product (120 mg) was chromatographed 
on an aluminum oxide column. A liquid product, 94 mg, was isolat
ed from a 300-ml fraction eluted with 15% ethyl acetate-85% ethyl 
ether. This material was dissolved in 20 ml of distilled hexane and 
activated manganese dioxide (1.0 g) was added. The reaction mix
ture was stirred for 2 days at room temperature. The solid was re
moved on a Rotovap. The crude mixture was analyzed by glpc on a
6-ft column of 10% UCON 50 LB 550 X  on Chromosorb P by coin
jection with authentic samples of ketones 2-7. The relative 
amounts of products were 38.7% 2, 24.9% 3, 0.8% 4, 30.2% 6, and 
5.4% 7.

Diimide Reduction of Trienone 1. Into a magnetically stirred 
slurry of potassium azodicarboxylate (76.5 g, 0.394 mol) in 2.5 1. of 
distilled dioxane under a nitrogen atmosphere was added trienone 
1 (26.0 g, 0.197 mol). A solution of distilled acetic acid (23.8 g) in 
50 ml of dioxane was added dropwise into the reactor at room tem
perature over a period of 1 hr. After 10 hr of stirring, a second por
tion of acetic acid (23.8 g, total 0.788 mol) in 50 ml of dioxane was 
added. The reaction mixture was stirred for a total o f 36 hr until 
the yellow color had almost disappeared. The remaining solid was 
removed by filtration, and the dioxane was removed. The residue 
was dissolved in 500 ml of ethyl ether. The ether solution was 
washed, dried, and concentrated. The crude product was distilled 
through a short Vigreux column. A portion boiling between 46 and 
49° (0.1-0.06 mm) was collected, weighing 10.5 g. The glpc analysis 
of the distillate showed four components in addition to the starting 
material. The first three compounds were separated by preparative 
glpc on a 3-ft 20% Carbowax 20M column. The fourth peak over
lapped with other components and was separated by a 15-ft 30% 
Carbowax 20M column. These four compounds were spectroscopi
cally identified as 3,4,6, and 7.

Bicyclo[4.2.1]nona-2,7-dien-9-one (3): /'maxIieat 3030, 2950, 
1765, 1430, 1155, and 745 cm "1; XmaxCH3° H 255 nm (e 330) and 295 
(160); 5tmscdc|3 6.16 (doublet of quartets, J  = 4, 7 Hz, 2 H), 5.76 
(m, 2 H), 3.19 (m, 1 H), 2.92 (m, 1 H), and 2.12 (m, 4 H); m/e 134, 
106, 91, 78 (base peak), and 28.

An nmr decoupling experiment on dienone 3 was carried out. On 
irradiation at Ha (196 Hz), the resonances of Hb and He were 
broadened, whereas only He peaks were broadened on irradiation 
at Ha (172 Hz). On irradiation at Hc (146 Hz), the Hb peaks were 
again broadened.
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Bicyclo[4.2.1]nonan-7-en-9-one (4): »mMneat 2925, 2850, 1750, 
1440, 1175, 850, 790, and 730 cm“ 1; XmaxCH3° H 270 and shoulder 
extending to 310 nm; ¿tmscd c '3 6.06 (d, 2 H), 2.92 (br s, 2 H), and 
1.52 (br s, 8 H).

Bicyclo[4.2.1]nonan-2-en-9-one (6): nmain" lt 3025, 2950, 1745, 
1640, 1450, 1150, 715, and 660 cm-1; XraaxCH:|OH 295 and shoulder 
extending to 310 nm; ¿tmscdc)3 5.77 (m, 2 H), 1.5-2.8 (10 H).

Bicyclo[4.2.1]nonan-9-one (7): i'maxneat 3000, 2930, 2850, 1725, 
1450,1220,1190,1105, and 740 c m '1; otmscdc'3 1.1-2.5 (14 H).

Catalytic Hydrogenation of 1. Trienone 1 (0.264 g, 2 X 10-3 
mol) was hydrogenated in 10 ml of dioxane using 10% Pd/C as cat
alyst. During 3 hr c f reaction at room temperature, 65 ml of hydro
gen gas (118% based on one double bond) was absorbed. After re
moval of the catalyst and the solvent, a glpc analysis of the crude 
reaction mixture indicated none of the starting material and five 
reduced products: 3 (70%), 4 (3%), 5 (7%), 6 (10%), and 7 (3%). The 
new component (5) was isolated by preparative glpc and identified 
as bicyclo[4.2.1]nonan-3-en-9-one (5): i'maxneat 3010, 2950, 2880, 
1740, 1425, 1175, and 650 cm“ 1; aTMSCDC'3 5.86 (br s, 2 H) and
2.9-1.2 (10 H).

Modified Synthesis of Potassium Azodicarboxylate. The
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procedure described below is a modification of the reaction origi
nally reported by Thiele.23 Azodicarbonamide, 20 g (Aldrich 
Chemical Co.), was dumped into a 2-1. beaker at 0° containing 50 
ml of 50% potassium hydroxide solution. The mixture was vigor
ously agitated while the ammonia evolved caused foam. The yellow 
paste was then agitated for 10 min, filtered quickly, and dissolved 
in 100 g of ice-water maintained at 1-2°. If the water temperature 
rises to about 5°, the compound decomposes rapidly. The aqueous 
solution was filtered very quickly into 500 ml of 95% ethyl alcohol 
at —20°. The yellow crystals precipitated in the alcohol were again 
filtered quickly. The recrystallization process was repeated once 
more with 100 g of ice-water and 500 ml of 95% ethyl alcohol. The 
potassium azodicarhoxylate was washed with methanol by swirling 
for a few minutes. The material was dried overnight at high vacu
um at room temperature and kept under vacuum in the refrigera
tor.
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Mass spectrometry has not found wide application to 
problems in stereochemistry although some elegant demon
strations of its potential exist.1 The usual but not the only 
approach10 is to measure fragment ion abundances for an 
elimination reaction; the spacial relationship between the 
groups involved in the elimination determines the activa
tion energy for the reaction and hence the product ion 
abundance. We now show that the translational energy re
lease associated with the fragmentation of metastable ions 
can serve to characterize the mechanism of a particular ele
mentary reaction and so to distinguish stereoisomers. 
Thus, instead of relying only on a comparison of the rela
tive extents to which different stereoisomers undergo a 
specific reaction, the reaction is further characterized in 
terms of its thermochemistry which might be unique to 
each stereoisomer. We also show that by employing two 
successive fragmentations it is sometimes possible to am
plify stereochemical differences and so to facilitate the 
analysis. In particular, diastereometic ions can yield 
structurally isomeric fragment ions in the first step of the 
reaction. These products fragment as metastable ions and 
the relative abundances of the further products, in con
junction with the kinetic energies released, serve to charac
terize the primary product ions and so the neutral mole
cules.

Experimental Section
Measurements were made using a modified Hitachi RMH-2 

mass spectrometer operated at an accelerating voltage of 8 KV, an 
ionizing electron energy of 70 eV, and an electron emission current 
of 1 mA. In some experiments a mass-analyzed ion kinetic energy 
spectrometer (MIKES) was also used under similar conditions. 
Reactions were followed in the first field-free region of the RMH-2 
by the accelerating-voltage scan technique and in the preelectric 
sector region o f the MIKES by electric sector scans. Kinetic energy 
releases were determined from the width of the metastable peak 
measured at half-maximum. A kinetic energy resolution of ap
proximately 4000 (full width at half-maximum) was employed. 
Full details regarding instrumentation and methodology have been 
presented elsewhere.2

2,3-Difluorobutane was prepared by reaction of the p-tolu- 
enesulfonyl ester of the diol with KF in diethylene glycol.3 The 
meso and d,l isomers were formed in approximately equal amounts 
and separated by preparative gas chromatography on an SF-96 
column. The meso isomer is eluted first on a boiling point column.4
l-Fluoro-3-butene was prepared from l-hydroxy-3-butene by the 
same method. 2-Chloro-2-butene was obtained commercially and 
the cis and trans isomers were separated by gc and their structures 
confirmed by nmr. The lower boiling isomer (trans, bp 63°) was 
eluted before the cis (bp 67°). 2-Chloro-l-butene was obtained 
commercially and purified by gc. 2,3-Dichlorobutane was ob
tained commercially and the meso and d,l isomers were separated 
by gc (SF-96).

Results
The 70-eV mass spectra of d,l- and meso- 2,3-difluorobu- 

tane are identical. Both isomers show metastable peaks for

jLL-Cf̂ CHFCHFCHj

Figure 1. Overlapping broad and narrow metastable peaks for HF 
loss from the (M — HF) • + fragment ion in d,l- and meso-2,3-diflu- 
orobutane. The spectra were obtained by scanning the accelerating 
voltage (HV) on the RMH-2 mass spectrometer.

the elimination of HF from both the molecular ion and the 
(M -  HF) • + fragment ion. The primary HF elimination is 
associated with a kinetic energy release of 15 ±  3 meV in 
both cases. However, the abundance of the metastable peak 
is about 15 times greater for the d,l than for the meso iso
mer. (The more intense peak height was 0.25% relative to 
that of the corresponding molecular ion.) The secondary 
HF elimination is associated with similar metastable ion 
abundances in the d,l and meso isomers; however, detailed 
analysis of the metastable peak at high kinetic energy reso
lution revealed a striking difference. Thus both isomers 
give composite metastable peaks5 for this reaction, indicat
ing that two processes occur for each isomer. The kinetic 
energy release for the broad component was 854 ±  30 meV 
for both isomers and approximately 32 meV for the narrow 
component in both cases. However (Figure 1), in one of the 
isomers the ratio of narrow to broad components was 3 
times greater than in the other.

The 2,3-dichlorobutanes could also be distinguished by 
ion kinetic energy spectrometry. Dehydrohalogenation of 
the molecular ions gave composite metastable peaks for 
both isomers with the relative contribution of the narrow 
peak being some 50% more intense in the meso compound.6 
Composite peaks were also observed for the secondary 
dehydrochlorination from the C4H7CI •+ ion, the meso 
compound giving slightly more of the narrower component 
than the d,l isomer.

2-Chloro-l-butene and cis- and trans-2-chloro-2-butene 
all gave identical mass spectra. Moreover, the metastable 
peaks for HC1 elimination from the respective molecular 
ions (C4H7CI ■+) were in each case similar to those ob
served for the further reaction of the primary products of 
dehydrochlorination of the 2,3-dichlorobutanes. The cis 
and trans isomers were indistinguishable in this regard but

511
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2-chloro-l-butene gave relatively more of the narrow com
ponent in this metastable ion reaction.

Discussion
The results presented show that it is possible to distin

guish the stereoisomers under consideration by ion kinetic 
energy spectrometry. They also show that the fluoro and 
chloro compounds do not behave analogously.

In accounting for these observations note must be made 
of the fact that the kinetic energy release accompanying a 
metastable ion fragmentation can serve as a characteristic 
of ion structure and reaction mechanism.7 This is facilitat
ed by the results of previous studies on dehydrohalogena- 
tion by ion kinetic energy spectrometry.6’8 A general con
clusion possible from these studies is that dehydrohaloge- 
nation of haloalkanes will be associated with a large kinetic 
energy release when it occurs by 1,2 elimination and by a 
small release when it occurs by 1,3 elimination. Depen
dence of the relative abundances of metastable peaks asso
ciated with large and small energy releases upon the stereo 
isomer involved is the basic observation made in this study. 
Association of reaction mechanism with stereochemistry 
can hence be made.

Consider, first, the primary dehydrochlorination of 2,3- 
dichlorobutane. Both isomers give both the broad and the 
narrow peaks which is interpreted as a result of competi
tive 1,2 and 1,3 eliminations.5 The fact that 1,3 elimination 
is more favored relative to 1,2 elimination in the meso than 
in the d,l isomer follows from a consideration of literature 
data on rotamer stabilities.9 In using these data it is as
sumed that the conformational preferences of the molecu
lar ion will parallel those of the corresponding neutral mol
ecules and that the potential energy minima reflect associ
ated rotational barrier heights. Thus, meso- 2,3-dichlorobu- 
tane can exist in three low-energy rotamers: one trans form
(1) and two gauche forms (2 and 3) which are enantiomers.

abstraction is assumed6 to be favored over primary where 
competition is possible, viz. for the 1,2 elimination mecha
nism. It is apparent that in each isomer two of the total of 
four modes of 1,2 elimination are associated with the stable 
rotamer. Hence little, if any, difference in the abundance of 
the broad metastable peak is expected when the isomers 
are compared. However, for 1,3 elimination the reaction 
path degeneracy associated with the most stable d,l config
uration is zero and hence its contribution to the metastable 
ion abundance should be negligible. Hence, the greater 
metastable ion abundance for the narrow peak is predicted 
to be associated with the meso isomer since for this isomer 
the population distribution of rotational isomers and the 
reaction path degeneracies favor the 1,3 elimination. The 
observed behavior confirms this prediction.

Since a conformational analysis of 2,3-difluorobutane 
has apparently not been reported, the experimental results 
cannot be compared with literature data in this case. More
over, differences in steric size and electronegativity distin
guish the fluoro and chloro compounds.

To account for the observed behavior we suggest that, at 
least in the molecular ion, rotamer 5 is specially stabilized 
in the fluorine case. Models show that in this species two 
H-F interactions involving quasi-five-membered rings (7)

Cl
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The enthalpy of the trans configuration in the vapor phase 
is approximately 1.3 kcal/mol lower than that of the two 
gauche forms.10 For the d,l isomer there are three separate 
rotamers of which one (4) is 1.5-1.6 kcal/mol more stable 
than the others.10 The degeneracies for 1,2 and 1,3 elimina
tions are shown below the structures. Secondary hydrogen

could form such that one H-F bond locks the molecule into 
a configuration from which 1,3 elimination will occur from 
the other bond. This proposal is based upon the fact that 
electrostatic attractive forces between the polarizable 
methyl group and a halogen atom have significant effects 
upon conformational enthalpies.11 The result, in terms of 
conformation preferences, is analogous to that when the 
halogen group is suitably oriented relative to a hydroxyl 
group— viz., to that when the halogen hydrogen bonds to 
this group.12 In the case of the strongly electronegative flu
orine atom it seems to us appropriate to refer to the inter
action as hydrogen bonding. It may be noted that the im
portance of strong hydrogen bonding in bimolecular mass 
spectrometry has recently been emphasized.13

The postulate of stronger hydrogen bonding in the fluoro 
than in the chloro compounds accounts for the suppression 
of the 1,2-elimination channel in both the meso and the d,l 
isomers. Moreover, since the double hydrogen bonding sug
gested above is applicable to only one of the six rotamers, 
hydrogen bonding also accounts for the much greater meta
stable ion abundance in the d,l as compared to the meso 
isomer. Another factor which probably contributes to the 
difference between the behavior of the fluorine and chlo
rine compounds is the steric size of halogen; it has been 
shown1® that HF elimination tends to occur via a cyclic ac
tivated complex of larger ring size than that for HC1 elimi
nation.

Turning to the secondary dehydrohalogenation, we again 
consider first the chloro compounds. The ion of interest is 
C4H7CI • + and the apposite observation concerns a differ
ence of some 20% in relative peak heights for the broad and 
narrow components of the composite metastable peak in
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the two isomers. A previous study6 suggested that while the 
broad peak must be associated with 1,2 elimination across a 
saturated bond, the narrow peak could here be due either 
to 1,3 elimination or vinylic 1,2 elimination. It was also 
shown explicitly that the ratio of the broad and narrow 
components varied with the origin and, hence, the initial 
structure and internal energy distribution of the C4H7CI • + 
ion. These observations are supported by the new results 
obtained here on 2-chloro-2-butene and 2-chloro-l-butene. 
The conclusion must be that isomerization between the 
various C4H7CI •+ structures is largely complete prior to 
metastable ion fragmentation, the small abundance differ
ences associated with different methods of preparation re
flecting differences in internal energy distributions.14 
Stereochemical distinctions can, therefore, not be made on 
the basis of the secondary dehydrochlorination.

In striking contrast, the secondary HF elimination gives 
the disparate metastable peaks illustrated in Figure 1: 
These differences must be due to structural differences in 
the reacting (M -  HF) ■ + ions since differences in the in
ternal energy distributions, which for stereoisomers are ex
pected to be very small in the molecular ions, should be 
even further reduced when the (M — HF) - + product ions 
are compared.15 (Compare also the preceding chlorine re
sults.) Hence, we are apparently observing the amplifica
tion of stereochemical differences in the molecular ions 
into structural isomerism in the (M — HF) •+ fragment 
ions.

In accounting for this remarkable behavior the broad 
and narrow components are assigned, by analogy with 
dehydrochlorination,6-8 as 1,2 elimination from saturated 
carbons on the one hand and 1,3 and/or vinylic 1,2 elimina
tion on the other. The available data on HF loss also fit this 
picture, including that for l-fluoro-3-butene which only 
shows a broad component (T  = 0.80 eV) in the metastable 
peak for HF loss. Further evidence comes from the thermo
chemistry of the typical reactions 1 and 2. The heats of for-

CH3C H = C F C H 3-+ — ► CH3C =C C H 3,'t + HF (1)

CH2=C H C H F C H 3** — *  CH2= C H C H = C H 2-* + HF (2)

mation of the neutral C4H7F isomers are not well-known 
but it was sufficient for the comparison involved here to 
compare the analogous methyl-substituted butenes to ac
count for the difference in the double-bond position. From 
the measured appearance potential16 of the (C4H7F — 
HF) •+ ion, 11.9 ±  0.2 eV (AP -  IP = 2.4eV), 
AHf°(CH3C=CCH3 • +) = 263 kcal/mol, dHf°(CH2=  
CHCH=CH2 • +) = 236 kcal/mol, and AH f  (HF) = -64.9 
kcal/mol, it is estimated that the difference in the total en
ergy available for partitioning in reactions 1 and 2 is ~41 
kcal/mol. Hence the broad metastable peak is associated 
with reaction 2, which has a much greater energy available 
for partitioning.

The stereochemical differences between the meso and d,l 
molecular ions translate into geometrical isomerism in the 
dehydrohalogenation products, whether formed by 1,2 or 
by 1,3 elimination. Thus, 1,2 elimination from the meso 
molecular ion yields exclusively the trans olefin, while the 
d,l isomer yields exclusively the cis olefin. A corresponding 
stereospecificity exists in formation of the ionized cyclo
propane which is the intial product of 1,3 elimination from 
the molecular ion. The presence of the broad component in 
Figure 1 requires that the intially formed butene isomerize 
in part to a structure such as the reactant shown in (2) 
from which 1,2 elimination can occur from saturated car
bons. The trans-2-fluoro-2-butene, perhaps because of hy
drogen bonding,17 may undergo 1,3 elimination of HF more

readily than the cis isomer undergoes either 1,3 or 1,2 elim
ination. Hence, given a primary 1,2 elimination, the narrow 
component is expected to be more pronounced for the meso 
compound as is indeed observed. It is not possible to tell 
whether the metastable (M — HF) • + ions are formed from 
the molecular ion by the 1,2 or the 1,3 elimination mecha
nism. However, both reactions are stereospecific and the 
observed behavior is accounted for in either event if the 
isomerization of the intital (M — HF) • + product ion is 
stereochemically controlled.

Thus the overall effect is that optical isomerism in the 
molecular ions is translated into geometrical isomerism in 
the (M — HF) • + ions and, hence, into differences in the 
relative proportions of structural isomers for those (M — 
HF) • + ions which react further.

Conclusion
The marked differences observed in this study between 

metastable peaks for stereoisomers, even when a secondary 
ion fragmentation is considered, emphasize the delicacy of 
mass spectrometry as a stereochemical probe. The unique 
contribution of kinetic energy measurements is that they 
make it possible to dissect individual reaction mechanisms 
on the basis of their dynamics and so to assign stereochem
istry. Both the effect seen in the primary fragmentation, 
which is due to conformation preferences in the molecular 
ion, and that seen in the secondary fragmentation, which 
depends on the translation of optical isomerism into geo
metrical isomerism in the initial step, can be expected to 
occur in other classes of compound.
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The 2-methyl-3-hexen-2-yl cation (I) is formed on addi
tion of 2,3-dimethyl-4-penten-2-ol (II) to HO3SF at —78°, 
eq 1. Ion I is the dominant product as evidenced by 90% of

OH

the nmr band areas being attributable to I. A novel feature 
of eq 1 is the elongation of the five-carbon chain of II to the 
six-carbon chain of I. This type of elongation does not seem 
to have been observed heretofore in allyl cation rearrange
ments1 and will probably be uncommon because it would 
involve going from more branched to less branched carbo
nium ions.

The rearrangement cannot have taken place by H migra
tion alone and paths involving H migration and 1,2-alkyl 
shifts are unlikely. The only attractive paths are those in
volving cyclopropylcarbonium ions and rearrangements of 
these ions of the type exemplified by the scrambling of 
methylene groups in the cyclopropylmethyl cation.2 At 
least two paths involving this type of rearrangement can be 
constructed.

Structure I was assigned on the basis of its nmr spec
trum: triplet at 1.29 (J  = 6.5 Hz, ~3 H on C-6), unresolved 
quartet at 2.96 (2.0 H on C-5), singlet at 3.06 (6.0 H on 
ge/ra-dimethyl), doublet at 7.74 (J = 14.5 Hz, 1.0 H on C-2), 
doublet at 9.60 (J = 14.5 Hz, 1.0 H on C-3). The band at
9.60 was broadened by coupling with the H on C-4. The 
band positions are in accord with precedent.1

The identification of I was confirmed by its independent 
synthesis by addition of 5-methyl-4-hexen-3-ol to HO3SF 
at —78°, eq 1. This formation was quantitative.

It had been anticipated that II would form the 2,3-di- 
methyl-3-penten-2-yl cation, III, as the first stable observ
able cation. The question thus arose as to whether III was 
an intermediate in the formation of I. This was not the 
case. Addition of 2,3-dimethyl-3-penten-2-ol (IV) to 
HO3SF at —40° produced III, eq 2. Ion III was stable at

—40°. On warming to 25° it formed a mixture of cyclopen- 
tenyl cations (as did I) without the nmr bands of I ever ap
pearing. This formation of cyclopentenyl cation mixtures is 
a common fate o f carbonium ions.3

The identification of III rested on its mode of formation 
and nmr spectrum: singlet at 2.23 (3.0 H on C-3), a broad 
unresolved pair of bands at 2.75 (6.0 H of the gem-dimeth
yl), doublet at 3.11 (J = 6 Hz, 3.1 H on C-5), quartet at 9.55 
(J  = 6 Hz, 1.0 H on C-4). These are typical for allyl cations1 
and are in agreement with structure III.

It is remarkable that the two alcohols II and IV, which 
differ only in the position of the double bond, produce en
tirely different stable allyl cations, I AND III, on addition 
to HO3SF at -78°.

Experimental Section
Nmr Spectra. Spectra were recorded on a Varian A-60 instru

ment. Spectra of ions I and III were recorded at -40 °. Tétraméth
ylammonium chloride (6 3.10) was used as the internal standard in 
HO3SF. Band positions are expressed in <i.

Carbonium Ion Precursors. 2,3-Dimethyl-4-penten-2-ol (II) 
was commercially available from Aldrich Chemical Co., Milwau
kee, Wis. 2,3-Dimethyl-3-penten-2-oI4 (IV) was prepared from 
CHsLi and 3-methyl-3-penten-2-one. The nmr spectrum in CCI4 
consisted of a singlet (6 H, gem-dimethyl) at 1.22, an overlapping 
singlet and doublet (6 H, remaining two methyl groups) at 1.45- 
1.77, a singlet (H on OH) at 2.47, and a multiplet (H on C-4) from
5.20 to 5.77. The J  coupling constants between hydrogens on C-4 
and C-5 could not be accurately determined but both were in the 
same 6-7-Hz range. The boiling point (82-83° at 72 Torr) was in 
agreement with that reported (84-86° at 85 Torr4).

5-Methyl-4-hexen-3-ol5 was prepared by LiAlH4 reduction of 5- 
methyl-4-hexen,3-one. The nmr spectrum in CCI4 consisted of a 
triplet (J = 6.5 Hz, 3 H on C-6) at 0.83, a multiplet (2 H on C-5) 
from 1.06 to 1.62, a pair of doublets (J = 1.5 Hz, 6 H on gem-di
methyl) at 1.65 and 1.70, a singlet (H on OH) at 3.07, a multiplet 
(H on C-4) from 3.93 to 4.35, and a multiplet (H on C-3) from 4.95 
to 5.27. The boiling point (58° at 13 Torr) was in agreement with 
that reported (63-65° at 22 Torr5).
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The 1,4 dianions of phenylhydrazones having an «-hy
drogen atom, such as dilithioacetophenone phenylhydraz- 
one, have been condensed with esters1 and nitriles2 to give, 
after acid cyclization, numerous pyrazoles, especially 3,5- 
disubstituted pyrazoles.

It was of interest to treat these dianions with aroyl chlo
rides in order to determine the effect of these more reactive 
electrophilic reagents and to compare the results with those 
already obtained for esters and nitriles. When the dilithio- 
phenylhydrazones 1 were treated with benzoyl, p-chloro- 
benzoyl, and p-toluoyl chlorides, followed by acid cycliza
tion, 4-acylpyrazoles 2a-j were obtained instead of 3,5-di- 
substituted pyrazoles 3.
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Table I
4-Acylpyrazoles

p-YC6H4CO 

p-XC6H4̂  "N '

Compd no.a X Y Name (-pyrazole) Yield, % Mp,°C Ir(C=0),&  c m l

2a H H 4 -B en zoy l -1 ,3 ,5  -triphenyl - 100 174-176C 1650-1655
2b H Cl 4 -(p -C h lorob en zoy l)-5 -(p -C h lorop h en y l)-l, 3 -d iphenyl- 38 169-170 1640-1650
2c H CH3 1,3 -D iphenyl -4  -  (p-toluoyl) -5  -  (p -tolyl) - 62 166-167 1640-1650
2d F Cl 4 - i p - C h lor obenzoy 1) -  5 -  (p-chloropheny 1) -  

3 -  (p-fluorophenyl) - 1-phenyl -
32 177-179 1640-1650

2e F H 4 - (Benzoyl) - 1,5 -dipheny 1-3 -  (p  - f  luor ophenyl) - 68 143-144 1640-1650
2f c h 3 H 4 -(B e n zo y l)-l ,5 -d ip h e n y l-3 -(/>  -to ly l)- 72 170-172 1640-1650
2g Cl H 4-B enzoy  1 -1 ,5  -diphenyl -3  -  (p-chloropheny 1) - 43 153-156 1645-1655
2h Cl CH3 3 -  (p -C h loroph en y l)-l -phenyl -4  -  (p -to luoy l)-5  -(p -to ly l) - 30 184-186 1640
2i CH3 c h 3 1 -  Phenyl -4  -  ( p - toluoy 1) -  3,5 -d i (p -tolyl) - 61 158-160 1640
2j c h 3o Cl 3 - ( p  -A n isy l)-4 -(/> -ch lorob en zoy l)- 

5 -(p -ch lo ro p h e n y l)-l-p h e n y l-
47 162-164 1650

°  C, H, N analysis for 2b-j ±  0.30%. 6 The C = 0  absorption for 4-acylisoxazoles was reported at 1653 cm 
mp 174°; N analysis, ±0.30%; see ref 4.

1 (KBr pellets); see ref 5. c Lit.

CH2Li
I

X C Ä — (X
TM— NLi

I
c 6H5

1
+

YC6H4C0C1

I
r = |  c6h 4y

3,5-disubstituted
pyrazole

y c 6h 4c o  q i ^ y

J s J f — C A
XC6H4 ^

2a-j
4-acylpyrazole

In a typical reaction, a freshly prepared phenylhydra- 
zone was dissolved in tetrahydrofuran and treated with 2 
molar equiv of n-butyllithium in hexane, and this was fol
lowed by condensation with 1 molar equiv of aroyl chloride, 
acid cyclization with 3 N  hydrochloric acid, and recrystalli
zation of the product. Optimum yields of products were ob
tained when the ratio of phenylhydrazone:base:acid chlo
ride was 1:2:1; this is consistent with the proposed mecha
nism. The yield is based on one-half of the amount of acid 
chloride used, since two molecules of this reactant are 
needed for each molecule of 4-acylpyrazole prepared.

The sequence in Scheme I would account for the results 
obtained. Reaction of the phenylhydrazone with 2 equiv of 
n-butyllithium gives C(a),!V-dilithiophenylhydrazone 1. 
Prior to the addition of the full amount of the base, the 
reaction mixture was red in color, and it turned dark red to 
red-black in color after addition was complete, indicating 
complete conversion to dianion 1. Treatment of 1 with 0.5 
equiv of acid chloride leads to intermediate 4, which with 
0.5 molar equiv of dianion 1 gives 5 and 6. Reaction of 5 
with another 0.5 equiv of acid chloride, which was slowly 
being added to the reaction mixture, would lead to inter
mediate 7 and thence to 2.

It was of interest to treat a phenylhydrazone with 1 
molar equiv of base followed by 1 molar equiv of acid chlo
ride. When acetophenone phenylhydrazone monoanion was

Scheme I
0

CH.,Li
I

ArC.

CH2CAr'
I

0.5 mol ArCL
N— NLi Ar-coci* ±M— NLi

Ph Ph

0

Ai'C.
O

CHCAr'
I

CL

0.5 mol 
1

o
II

LiCHCAr'
( 05 mo1 » J i
Ar'COCl

N— NPh
I
Li

7

K
2

ÇH,

+  ArC,
N— NLi

I
Ph

^ N — NLi
I
Ph

6

treated with benzoyl chloride, and was followed by acid cy
clization, 2a was isolated in 16% yield. This suggests forma
tion of some C(a) ion in addition to the resonance stabi
lized N anion;3 however, other monolithiophenylhydra- 
zones treated with acid chlorides gave side products (uni
dentified, but definitely not pyrazoles), which supports the 
importance of the C(a),IV-dilithiophenylhydrazone inter
mediate.

Only 5-(p-anisyl)-3-(p-tolyl)pyrazole resulted from the 
treatment of the dianion with p-anisoyl chloride followed 
by cyclization. The failure to form the 4-acylpyrazole evi
dently reflects the diminished reactivity of the acid, chlo
ride, which does not react further with intermediate 5 to 
give 7.

Of the 4-acylpyrazoles, only 2a has been reported, and it 
was prepared by the reaction of benzoyl chloride with 
1,3,5-triphenylpyrazole.4 The melting point of 2a prepared 
in this work agreed with that reported (see Table I). The
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carbonyl absorption for all of the 4-acylpyrazoles prepared 
was in the range of 1640-1655 cm-1, comparing well with 
the values reported for 4-acylisoxazoles.5

This new route to 4-acylpyrazoles requires readily avail
able starting materials, is easily and readily carried out, 
and products are easily purified.

Experimental Section
All combustion analyses were performed by Robertson Labora

tory, Florham Park, N.J., and by M-H-W Laboratories, Garden 
City, Mich. Infrared spectra were obtained from a Perkin-Elmer 
700 infrared spectrometer (0.1 mm, chloroform solvent). Melting 
points were taken in a Thomas-Hoover melting point apparatus in 
open tubes and are uncorrected. The re-huty (lithium was obtained 
from the Lithium Corporation of America, Bessemer City, N.C. 
The tetrahydrofuran was obtained from Matheson Coleman and 
Bell and was used as supplied. The phenylhydrazones were pre
pared by a standard method,6 recrystallized from ethanol, and 
used immediately.

General Procedure for the Preparation of 4-Acylpyrazoles.
To a stirred solution of 0.02 mol of phenylhydrazone dissolved in 
100 ml of dry THF, which was blanketed by nitrogen and cooled to 
0°, was added 0.042 mol of n-butyllithium during 5 min. After stir
ring the resulting mixture for 30 min, 0.022 mol of acid chloride 
dissolved in 100 ml of THF was added during 5-10 min. The re
sulting mixture was stirred for 30 min and neutralized with 100 ml 
of 3 N  HC1. The entire mixture was stirred and heated under re
flux for 1 hr and cooled. The mixture was placed in a large flask 
and approximately 100 ml of ether was added, and this was fol
lowed by careful neutralization with sodium bicarbonate. The 
layers were separated, and the aqueous layer was extracted with 
two 50-ml portions of ether. The organic layers were combined, 
dried (Na2SO,t), filtered, and concentrated, and the resulting oil or 
residue was immediately crystallized and/or recrystallized from 
hot 95% ethanol.

Preparation of 3-(p-Methoxyphenyl)-5-(p-tolyl)pyrazole.
Dianion (0.025 mol) was prepared by the treatment of 0.025 mol of
4-methylacetophenone phenylhydrazone with 0.055 mol of n- 
butyllithium (see above). This dianion was condensed with 0.05 
mol (twofold excess) of p-anisoyl chloride dissolved in 100 ml of 
THF. After acid cyclization and isolation of product, 5.00 g (59%) 
of 3-(p-methoxyphenyl)-5-(p-tolyl)pyrazole was obtained: nmr 
(CDCL) 6 2.38 (s, 3 H, CH3), 3.78 (s, 3 H, CH30), 6.72 (s, 1 H, 
C4H), and 6.88-7.88 (m, 13 H, ArH). Anal. Calcd for C23H20N2O: 
C, 81.15; H, 5.92; N, 8.23. Found: C, 80.98; H, 5.92; N, 8.09.
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There are many reports that C-20 tertiary carbinol ste
roids may undergo dehydration,2 rearrangement,3 or both4 
under certain conditions.

A recent report by Narwid, Cooney, and Uskokovic8 on 
the Carroll rearrangement of (20S)-20-vinylpregn-5-ene- 
3|8,20-diol 3-acetate (2a) prompts us to publish our results 
on the acid-catalyzed rearrangement of that compound. 
This work was undertaken in order to compare the behav
ior of the 20-vinyl- with the behavior of the 2-methyl-3 and 
20-ethynylcarbinols4 under similar conditions.

The synthesis of 20-vinylpregn-5-ene-3/3,20-diol 3-ace- 
tate (20-isomeric mixture) (2a,b) was achieved by treating 
3/5-hydroxypregn-5-en-20-one acetate (1) with vinylmag- 
nesium bromide, followed by reacetylation6 of the 3/3-hy- 
droxyl. The epimers 2a and 2b were isolated in an 11:1 
ratio. The 20S configuration was assigned to the major 
product 2a (77%) for the following reasons. (1) In a recent 
publication,7 we have shown that the stereochemistries of 
nucleophilic additions of 20-keto steroids are in agreement 
with Cram’s rule. (2) The (20S)-20-ethynylpregn-5-ene- 
3/3,20-diol 3-acetate (5),4’8 when selectively reduced with 
Lindlar catalyst,9 gave a product identical in all respects 
with the vinylcarbinol 2a.

The present study is concerned solely with acid-cata
lyzed reactions of the vinylcarbinol 2a. The compounds iso
lated were those arising from dehydration and allylic rear
rangement; no D-homoannulation was observed (Scheme 
I). Table I summarizes the results of this investigation.

Table I
Reaction of Carbinol 2a

Products in % yield

Reagents, conditions •' 3' 4b 7

AcOH-/>-TsOH, 25°, 72 hr 
AcOH-I2, 100°, 0.5 hr 
POCl3-Py, 100°, 3 hr 
H2S04-dioxane, 100°, 1 hr 
AcOH-/)-TsOH, 100°, 0.25 hr 
Benzene-PBr3, 25°) 20 hr

Structure of Triene 3. The elemental analysis of 3 
showed that the compound was derived by loss of one mol
ecule of water from the vinylcarbinol 2a and the infrared 
spectrum showed the absence of any hydroxyl group. The 
ultraviolet absorption maximum was at 228 nm (e 11,500), 
characteristic of a monosubstituted conjugated diene,10’11 
although higher than predicted according to Woodward’s12 
rules. The proton magnetic resonance spectrum showed the 
presence of six vinylic protons and the absence of a methyl 
group on an unsaturated carbon, consistent with the struc
ture 3.

Structure of Diacetate 4b. The elemental analysis of 
4b indicated a formula derived from the starting material 
2a by acetylation of the alcoholic function. This was con
firmed by the absence of any hydroxyl band in its infrared

20 50
10 50
30
80

30 60
70
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Scheme I

5
4a, R = H

b, R = COCH3

CHO

6a, R = H 
b, R = COCH3

spectrum and the presence of two acetate peaks at 8 2.08 
and 2.06 in its nmr spectrum. The absence of a terminal 
vinylic band in the infrared spectrum ruled out the possi
bility of the 20-acetate of compound 2a. Furthermore, the 
nmr spectrum showed a peak at 1.74, assignable to a meth
yl group on an unsaturated carbon, which would fit the C- 
21 methyl in formula 4b.

Stereochemistry of 4b. In order to determine the stere
ochemistry of the 20(22) double bond of 4b, this compound 
was first hydrolyzed to the diol 4a which was then oxidized 
with 2,3-dichloro-5,6-dicyanobenzoquinone. The C-23 al
dehyde 6a was characterized by a strong infrared band at 
1642 c m '1, a uv absorption maximum at 247 nm, and a nmr 
peak at <5 10.1. The nmr signal of the C-21 methyl protons 
of 6a appeared at 8 2.2. This indicated a cis configuration 
(with respect to the CH3 and CHO groups) of the 20(22) 
double bond of 6a and hence of 4b. Faulkner13 has shown 
that the average position of the nmr signals of the methyl 
protons of E olefins is at 8 2.15, and that of the Z olefins at 
8 1.96. Recently we14 have confirmed this stereochemical 
assignment of 6a by converting it to the known (£)-cho- 
lesta-5,20(22)-dien-3/?-ol.s>15

Structure of Triene 7. The infrared spectrum of nor- 
chola-5,17(20),22-trien-3/S-ol acetate (7) displayed a conju
gated diene band at 1580 cm' 1 and a tetrasubstituted dou
ble bond at 1670 cm-1. The uv absorption spectrum of 7

showed a maximum at 240 nm (e 13,000) in agreement with 
the calculated value of 238 nm.16

The Z configuration about the 17(20)-double bond was 
determined by the position of the C-21 methyl peak in the 
nmr spectrum, as already described8 for the following pairs:

7a and 8a, 7b and 8b, and 7c and 8c. Table II gives the po
sitions of the nmr peaks for the above-mentioned pairs.

Table II

(Z)-7 (Z )-7a <Z)-71> (Z)-Tc (£)-8a (E)-8b <E)-8c

2I-C H 3 1.76a 1.8“ 1.76“ 1.75“ 1.92" 1.986 1.906

“ Broad. 6 Triplet, J  = 1.5-1.6 Hz.

Experimental Section
Melting points are not corrected. The rotations were measured 

in chloroform solution and the ultraviolet spectra were recorded on 
a methanol solution with a Cary spectrophotometer Model 11 MS. 
Nmr spectra were obtained in deuteriochloroform solution on a
60-MHz Varian Associates DA-60 spectrometer using tetramethyl- 
silane as an internal reference and the positions of the proton sig
nals are expressed in parts per million downfield from tetrameth- 
ylsilane signals. The microanalyses were performed by Schwarz
kopf Microanalytical Laboratory, Woodside, N.Y.

(20S)-20-VinyIpregn-5-ene-3/3,20-diol 3/3-Acetate (2a) from 
1. To a cooled and stirred Grignard solution, prepared from 5 g of 
magnesium turnings and 15 ml of vinyl bromide in 60 ml of te- 
trahydrofuran, was added dropwise a solution of 15 g of 1 in 100 ml 
of tetrahydrofuran. The reaction mixture was refluxed overnight, 
then hydrolyzed with a saturated solution of ammonium chloride. 
The organic material was extracted with ethyl acetate, which was 
washed with water, dried over sodium sulfate, and evaporated to 
yield 13.4 g (89%) of crystalline residue. The infrared spectrum 
showed an intense hydroxyl peak (3,20-diol) at 3333 cm-1 and no 
absorption in the carbonyl region. The crude reaction product was 
acetylated with 4C ml of acetic anhydride and 80 ml of pyridine at 
23° for 24 hr. The reaction mixture was then poured into a large 
excess of water. The crystalline precipitate was filtered off, washed 
with water until all pyridine was removed, and finally dried at 45°. 
Recrystallization from methanol gave 2a: mp 163-164°; [ « ] 22D 
—67° (c 1.10). The ir spectrum showed bands at 3500 (hydroxyl), 
1712 and 1250 (acetate), and 916 cm-1 (vinyl group); nmr 6 0.86 
(I8-CH3), 1.04 (19-CH3), 1.40 (21-CHs), 6.05 (22-H) d of d (Jcis =
10.5 Hz and Juans = 17.5 Hz), multiplet between 5.5 and 4.8 Hz (3
H, 2 H23 + 1 Hg).

Anal. Calcd for C25H380 3: C, 77.67; H, 9.91. Found: C, 77.87; H,
10.12.

(20/?)-20-Vinylpregn-5-ene-3/8,20-diol 3/3-Acetate (2b) from
I. The mother liquors of 2a were combined and after chromatogra
phy on thick layer plates and several recrystallizations from ben
zene there was obtained 1.03 g (7%) of 2b: mp 200-202°; [a ]22D 
—23° (c 0.70). The ir spectrum was very similar to the spectrum of 
its 20 epimer; nmr 5 0.80 (I8-CH3), 1.04 (19-CH3), 1.24 (21-CH3),
6.07 d of d (22-H).

Anal. Calcd for C25H38O3: C, 77.67; H, 9.91. Found: C, 77.37; H,
9.99.

Reduction of (20S)-20-Ethyny]pregn-5-ene-3/3,20-diol 318- 
Acetate (5) to (20S)-20-VinyIpregn-5-ene-3/3,20-diol 3/3-Ace
tate (2a). A solution of 500 mg of 5 in 46 ml of ethyl acetate was 
added to 100 mg of Lindlar catalyst. The mixture was hydrogenat-
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ed under 40 psi for 1 hr. The reduction mixture was filtered 
through Celite and the filtrate concentrated to give 2a. After re
crystallization from methanol the product melted at 163-164°, 
[„P°D -6 5 ° (c 0.35), and was in all respects identical with the ma
terial obtained from 1.

Rearrangement of 2a in Acetic Acid and p-Toluenesulfonic 
Acid at Room Temperature. A solution of 1.3 g of 2a in 50 ml of
glacial acetic acid was gently warmed to effect solution. Then 17 
mg of p-toluenesulfonic acid was added, and the reaction mixture 
was stirred at room temperature for 3 days. The solution was 
poured into 500 ml of cold 2 N  sodium hydroxide and extracted 
with ether. The ether extracts were washed with saturated sodium 
bicarbonate, then water, dried over anhydrous sodium sulfate, and 
finally evaporated to give a yellow oil. Chromatography on activat
ed alumina (Alcoa F-20) with benzene afforded two products: 256 
mg (20% yield) of 3 and 700 mg (53% yield) of 4b. Recrystallization 
of the latter from methanol gave pure 4b: mp 134-135°; [a]20D 
—52° (c 0.715); the ir spectrum showed bands at 1742 and 1247 
(acetate), 805 cm-1 (trisubstituted double bond); nmr 5 0.57 (18- 
CH3), 1.03 (19-CHg), 1.74 (21-CH3), 4.64 d (23-H), 5.40 m (6-H +
22-H).

Anal. Calcd for C27H40O4: C, 75.66; H, 9.41. Found: C, 75.68; H, 
9.32.

Compound 3 melted at 124-125°: [a]22D —47° (c 1.60); Amax 228 
nm (c 11,500). The ir spectrum showed bands at 1730 and 1250 (ac
etate), 1590 (conjugated diene), 898 cm" 1 (terminal vinyl group); 
nmr 5 0.58 (18-CH3); 1.04 (19-CH3), 6.44 (22-H) d of d (JtTana =
17.5 Hz, Jcis = 11 Hz.

Anal. Calcd for C25H360 2: C, 81.47; H, 9.85. Found: C, 81.45; H,
9.89.

Rearrangement of 2a in Glacial Acetic Acid with a Catalyt
ic Amount of Iodine. A solution of 100 ml of acetic acid, contain
ing 400 mg of 2a and 8 mg of iodine, was warmed on a steam bath 
for 30 min. It was then cooled and worked up as described above. 
Chromatography on a column of neutral alumina (Woelm grade
III) gave 3 and 4b in a ratio of 1:5.

Dehydration of 2a with Phosphorus Oxychloride. To a solu
tion of 400 mg of 2a in 6 ml of pyridine was added dropwise 13 ml 
of phosphorus oxychloride in 7 ml of pyridine. The reaction mix
ture was heated at reflux under nitrogen on a steam bath. After 
cooling, the solution was poured onto ice and extracted with ether. 
The ether extracts were combined, washed with 2 N  aqueous sulfu
ric acid, sodium bicarbonate solution, water, and finally evapo
rated to give 100 mg of 3 (25% yield). After recrystallization, the uv 
exhibited \max 228 nm (e 11,500).

Formation of 3 from 2a by the Action of Sulfuric Acid in 
Dioxane. A solution of 480 mg of 2a in 100 ml of dioxane contain
ing 0.2 ml of sulfuric acid was heated at reflux for 1 hr. After cool
ing, the solution was extracted with ether. The ether extracts were 
then washed with sodium bicarbonate and water and finally evapo
rated, Chromatography on silica gel furnished 345 mg of 3 in a 
yield of 72%, identical in all respects with a sample obtained pre
viously.

Rearrangement of 2a in Glacial Acetic Acid and p-Tolu- 
enesulfonic Acid at Steam Bath Temperature. A solution of 3,4 
g of 2a in 120 ml of glacial acetic acid containing 42 mg of p-tolu- 
enesulfonic acid was refluxed on a steam bath for 15 min. Two 
products were isolated as described earlier for the rearrangement 
performed at room temperature. Chromatographic separation on 
alumina furnished 1.11 g (32% yield) of 4b and 1.97 g (58% yield) of 
7..

Compound 7, after recrystallization from methanol, had uv Amax 
at 240 nm (« 13,000); mp 138-139.5°; [a]2°n -6 2 ° (c 0.55). The ir 
spectrum had bands at 1580 (conjugated diene), 910 (vinyl), and 
1670 cm-1 (tetrasubstituted double bond).

Anal. Calcd for C25H360 2: C, 81.47; H, 9.85. Found: C, 81.46; H,
9.93.

3a,23-Diacetate 4b from 2a by Treatment with Phosphorus 
Tribromide and Potassium Acetate. To 1 ml of benzene contain
ing 4 drops of phosphorus tribromide was added 340 mg of 2a in 9 
ml of benzene. The reaction was stirred at room temperature over
night, methanol added, the solution washed with sodium bicarbon
ate and water, and finally the benzene layer was dried over anhy
drous sodium sulfate and evaporated in vacuo. The residue was 
immediately dissolved in 30 ml of redistilled acetone, 1 g of anhy
drous potassium acetate was added, and the reaction mixture was 
refluxed for 5, hr. The potassium salts were filtered andthe acetone 
evaporated in vacuo. The residue was dissolved in ether, washed 
with dilute potassium carbonate and water, and dried over anhy

drous sodium sulfate. Finally, the ether extract was evaporated 
and the crude product upon chromatography on Alcoa F-20 with 
benzene gave a small amount of an unidentified compound, which 
is believed to be the 20-vinyl acetate. Continued elution gave the 
major product, 225 mg (66% yield), which was identified as the 
3/3,23-diacetate 4b.

Hydrolysis of 4b. A solution of 400 mg of 4b in 20 ml of metha- 
nolic potassium hydroxide was boiled for 30 min. The solution was 
then diluted with water and extracted with ethyl acetate. The ex
tract was washed with water to neutrality, dried over sodium sul
fate, and evaporated in vacuo to give 300 mg of 4a. Recrystalliza
tion from benzene furnished the pure 4a: mp 197-198°; [a]20D 
-5 1 ° (c 0.9) (lit.17 gives 159-161°). The ir spectrum showed bands 
at 3400 and 1650 (allylic alcohol) and at 800 cm^1 (trisubstituted 
double bond); nmr 6 0.58 (18-CH3), 1.00 (19-CH3), 1.70 (21-CH3),
4.17 (d, 2 H23, J = 1 Hz).

Anal. Calcd for C23H360 2: C, 80.18; H, 10.53. Found: C, 80.12; H,
10.30.

Oxidation of 4a to 6a. A solution of 240 mg of the 3/3,23-diol 4a 
and 300 mg of 2,3-dichloro-5,6-dicyanobenzoquinone in 12 ml of 
dioxane was allowed to react in the dark at room temperature for 
36 hr. The precipitate was collected and washed with dioxane, and 
the combined filtrate and washings were evaporated to give an oily 
residue which was chromatographed on neutral alumina (Woelm 
grade III). The eluates with 5% ethyl acetate in benzene gave 120 
mg (50% yield) of the 23-aldehyde 6a. Recrystallization from 
methylene chloride-cyclohexane yielded pure 6a: mp 187-188°; 
[a]20D —45° (c 0.215); uv absorption Xmax 247 nm (e 12,600). The ir 
spectrum showed bands at 3448 (hydroxyl group) and at 1642 
cm-1 (conjugated aldehyde); nmr 6 0.63 (18-CH3), 1.02 (19-CH3),
2.20 (21-CH3), 5.4 (6-H), 6.0 (d, 22-H, J  = 8 Hz), 10.1 (d, 23-H, J = 
8 Hz).

Anal. Calcd for C23H3402: C, 80.65; H, 10.01. Found: C, 80.52; H,
9.96.

3(J-Acetoxy-24-norchola-5,20(22)-dien-23-al (6b)17 from 6a.
The solution of 1.0 g of 6a in 10 ml of pyridine and 1.2 ml of acetic 
anhydride was stirred at 25° for 20 hr. The mixture was poured on 
ice, and the precipitate was filtered, washed with water, and air 
dried. Recrystallization from acetone gave 981 mg (87%), mp 140- 
141°.

Anal Calcd for C25H3603: C, 78.08; H, 9.44. Found: C, 77.98; H, 
9.56.

Acknowledgment. This study was supported by U.S. 
Public Health Service Grant No. AM-03419 from the Insti
tute of Arthritis and Metabolic Diseases, by a contract 
from the Atomic Energy Commission, AT(ll-l)-3026, and 
by a grant from the National Science Foundation, 
P3B0006-000. The authors thank Dr. Thomas A. Narwid, 
Hoffmann-La Roche Inc., for useful discussions.

Registry No.— 1, 1778-02-5; 2a, 53139-43-8; 2b, 53495-20-8; 3, 
53432-00-1; 4a, 53495-21-9; 4b, 53432-01-2; 5, 3091-94-9; 6a, 
53432-02-3; 6b, 53495-22-0; 7,53432-03-4; vinyl bromide, 593-60-2.

References and Notes
(1) Taken, in part, from, a dissertation by M. M. L. Lo in partial fulfillment of 

the requirements for the M.S. Degree in Organic Chemistry, Clark Uni
versity, Worcester, Mass., 1965.

(2) A. Butenandt and H. Cobler, Z. Physio l. C hem ., 234, 218 (1935).
(3) F. Kohen, R. A. Mallory, and I. Scheer, J. Org. C hem ., 36, 716 (1971).
(4) N. K. Chaudhuri and M. Gut, J. A m e r. C hem . S o c ., 87, 3737 (1965).
(5) T. A. Narwid, K. E. Cooney, and M. R. Uskokovic, Helv. Chim . A c ta , 54, 

771 (1974).
(6) For retention of acetate compare ref 5.
(7) N. K. Chaudhuri, J. A. Williams, R. Nickolson, and M. Gut, J. Org. C hem  

34, 3759 (1969).
(8) F. Sondheimer, N. Danieli, and Y. Mazur, J. Org. C hem ., 24, 1278 

(1959).
(9) H. Lindlar, H elv. C him . A c ta , 35, 446 (1952).

(10) H. Booker, L. X. Evans, and A. E. Gillam, J. C hem . S o c ., 1453 (1940).
(11) H. H. Jaffe and M. Orchin, "Theory and Application of Ultraviolet Spec

troscopy,” Wiley, New York, N.Y., 1962, pp 196-204.
(12) R. B. Woodward, J. A m e r. Chem . Soc., 64, 72 (1942).
(13) D. J. Faulkner, Synthesis , 175 (1971).
( 14) Unpublished work from this laboratory.
(15) N. K. Chaudhuri, R. Nickolson, J. G. Williams, and M. Gut, J. Org. C hem  

34, 3767 (1969).
(16) L. Dorfman, C hem . Rev., 53, 47 (1953).
(17) A. O. Colonna and E. G. Gros, J. S te ro id  B ioch e m ., 4, 171 (1973).



N o te s J. Org. Chem., Vol. 40, No. 4, 1975 5 1 9

hydrogen (expt 6) even though primary alcohols are report
edly good hydrogen donors for the RuCl2(PPh3)3 complex.5 
Preferred reaction conditions for the amine synthesis (50— 
150 atm of H2, 90-130°, excess alkali) should in fact favor 
the formation of the intermediate hydrochlorotris(triphen- 
ylphosphine)ruthenium(II) complex2 (eq 2), and this is

RuCl2(PPh3)3 + H2 + B: ^  RuHCl(PPh3)3 + B*HC1 (2)

consistent with the observed similar hydrogenation rates 
for RuHCl(PPh3)3 and RuCl2(PPh3)3 (expt 9 and 10), in
duction periods prior to hydrogenation with RuCl2(PPh3)3, 
and the spectra of recovered catalyst samples (v(Ru-H) 
2020 Cm-1). Basic reaction conditions should also favor 
deprotonation of the nitroalkane to its anionic form,3 by 
shifting the equilibrium of eq 3 further to the right. The

RR'CHNOj + B: =*=*= (RR'CN02)' + BH+ (3)

formation of this anion has been confirmed spectroscopi
cally.13 Here the effect of added alkali and triethylamine is 
seen primarily to improve catalyst selectivity and amine 
yields, father than to increase the rate of hydrogenation 
(expt 2, 8, and 9). The addition of pyridine leads to catalyst 
deactivation,2 as does the presence of the strongly coordi
nating CO molecule (expt 7 and 15).

The suggested mechanism for nitroalkane hydrogenation 
to amine (eq 4-6) contains several points in common with

RuHCl(PPh3)3 ^  RuHCl(PPh3)2 +  PPh3 (4) 

RuHCl(PPh3)2 + (RR 'C N 02)- — *-

RuCl(PPh)2(RR'CNO) +  OH" (5) 

RuCl(PPh3)2(RR'CNO) +  3H2 —*

RuHCl(PPh3)2 + RR'CHNH2 + H20  (6)

that proposed earlier for alkene hydrogenation.6 Initial dis
sociation of RuHCl(PPh3)3 to give the irans-hydrochloro- 
bis(triphenylphosphine)ruthenium(II) complex6’7 is con
sistent with the observed inhibition by excess triphenyl-

Table I
Hydrogenation of Nitrododecane“’5

Expt Complex Added base
Mole ratio of 

Ci2H25N02;(Ru, Fe):base
H2  pressure, 

atm
C12H25NH2 

yield,c mol % Rei ratd*

1 RuCl2(PPh3)3 KOH
1

100:1:200 90 54
2 RuCl2(PPh3)3 KOH 10:1:20 90 88 1- 1.5
3 RuCl2(PPh3)3 KOH 3:1:6 90 81
4 R uCl,(PPh3)3 KOH 3:1:6 34 59
5 RuCl2(PPh3)3 KOH 3:1:6 1 <5
6 RuCl2(PPh3)3 KOH 10:1:20 0e <1
7 RuCl2(PPh3)3 c 5h 5n 3:1:20 90 33
8 RuCl2(PPh3)3 Et3N 10:1:20 90 83 0.90
9 R uCl,(PPh3)3 None 10:1 ■ 90 57 1.00

10 RuHCl(PPh3)3 None 10:1 90 60 0.95
11 RuCl3(AsPh3)2 None . 10:1 90 79 2.1
12 RuCl2(SbPh3)3 • None 10:1 90 77 2.9
13 RuCl2(d ip h o s )/ None 10:1 90 57 1.1
14 RuCl2(PPh3)3 + 2PPhs . None 10:1 90 1.7 <0.1
15 RuCl2(CO)2(PPh3)2 KOH 10:1:20 90 23
16 Ru(CO)3C l2 KOH 10:1:20 90 67i
17 Fe(CO)., KOH 1:1:2 90 67/
18 Fe(C O )3(PPh3)2 KOH 2:1:4 90 16 *

a A mixture of isomers 2- through 6-nitrododecanes. 6 Run conditions: 0.001-0.02 M. Ru, 120°, 1-6 hr. c Q12H25NH2 yield data refer to max
imum dodecylamine yields, based upon nitrododecane charged, for reaction times up to 6 hr. The data were estimated by both ir and glpc 
techniques. d Relative rate data are based upon the maximum observed rates of nitrododecane reduction for each experiment, as determined 
by glpc, with expt 9 as the base (reference) case. e Run under N2 (68 atm). < Extensive precipitation of ruthenium or iron complex. * diphos, 
= (CsHshPCUzClW CeHsh.

Homogeneous Catalyzed Reduction of Nitro 
Compounds. III. Synthesis of Aliphatic Amines

John F. Knifton . ;
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Herein we describe the novel application of homoge
neous catalysis to the selective hydrogenation of nitroal- 
kanes to amines (eq 1), in good yields and conversions,

R '

R '

R '

,CH—NO, + 3H,
R /

CH—NH2 + 2H20  (1)

using a broadly defined class of ligand-stabilized ruthen
ium complexes. While the aim of this research has been to 
evaluate homogeneous catalysts for selective RNO2 reduc
tion,1 in this work, particular attention has been given to 
tris(triphenylphosphine)ruthenium(II) chloride as a cata
lyst precursor, in view of (a) its proved activity for hydroge
nation catalysis,2 (b) its stability in basic media, where the 
formation of the more reactive nitroalkane anion should be 
favored,3 and (c) the previous history of the iron-group 
metal complexes for catalyzing transformations of the C- 
NO2 function.4

Nitroalkane hydrogenation catalyzed by solutions of 
RuCl2(PPh3)3 has been demonstrated here in oxygen-free 
1:1 benzene-ethanol mixtures (see Table I). Advantages of 
this technique over existing methods for reducing nitroal- 
kanes via homogeneous catalysis3’4 include the good (up to 
88 mol %) yields of alkylamine obtained, with improved 
catalyst turnover, without the need for stringent reaction 
conditions or for an aqueous, acidic media which could re
sult in competing Nef-type hydrolysis. In this work, no 
amine formation was detected in the absence of ruthenium 
complex; neither does reduction proceed in the absence of
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phosphine (expt 14) and increasing rate with decreasing 
ligand strength8 (expt 9, 11, and 12) in the order PPh3 < 
AsPh3 < SbPh3. However, related hydridoruthenium com
plexes9 may also be involved here, and recovered catalyst 
samples often contain ruthenium carbonyl species 
(„(C = 0 ) 1950 cm-1) as a result of ethanol decarbonyla- 
tion.6 Samples may also show new maxima at 1580 cm-1 as
signable to NO2 vibrations of the coordinated RR'CN02_ 
anion.10 The dependence of the hydrogenation rate upon 
applied H2 pressure and substrate concentration indicates
(6) to include the rate-determining step. Deoxygenation of 
the coordinated nitroalkane anionlb (eq 5) might proceed 
via a nitrene-like intermediate,4 but this seems unlikely in 
view of the lack of evidence for coupling products. A more 
detailed examination of C -N 02 reduction by solubilized 
ruthenium complexes, embodying both selective and se
quential hydrogenation, has been found possible with ni- 
troaromatic substrates.11

A variety of ruthenium complexes with ir-bonding lig
ands, capable of forming hydrido species of differing labil
ity, have been screened and found active for hydrogenation 
of nitroalkanes12 (expt 9-16). Bis(triphenylphosphine)iron 
tricarbonyl and iron pentacarbonyl both yielded some 
amine4 but were generally less effective and showed lower 
stability in the alkali media.

Experimental Section
Hydrogenation (prepurified) was purchased from Matheson Co., 

dichlorotris(triphenylphosphine)ruthenium(II) was supplied by 
Strem Chemical Co., and other ruthenium complexes were pre
pared by published methods.13 Nitrododecane (a mixture of 2 
through 6 isomers) was synthesized by liquid-vapor phase nitra
tion of n-dodecane.

Synthesis Procedure. A known weight of ruthenium complex 
(0.1-2 mmol) was dissolved, with stirring, in 100 ml of predried, 
N2-saturated, equivolume benzene-ethanol, alkali metal hydroxide 
was added as required, and the mixture was heated to 120° in a 
glass-lined pressure reactor. Nitrododecane (1-100 mmol) was in
jected into the reaction mixture from a side ampoule, and the H2 
pressure was adjusted (1-90 atm). The course of the reduction may 
be monitored by withdrawing small (1-2 ml), clear liquid samples 
at regular time intervals and analyzing these by glpc or ir.

On cooling, the product liquid was concentrated under reduced 
pressure, and the amine product was isolated by solvent extrac
tion. Dodecylamines were identified by ir, nmr, elemental analyses, 
and comparison with authentic samples.
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In recent work the synthesis of benzothiophenes and 
benzimidazoles from thiophenes and imidazoles, respec
tively, was presented.1’2 Typical was the introduction of a 
suitably functionalized four-carbon atom fragment on the 
heterocyclic system, followed by acid-catalyzed formation 
of the benzene moiety as indicated below. This type of

H OH

reaction seemed to be extendible to ring systems which are 
susceptible toward electrophilic substitution reactions.

This approach applied in the’ synthesis of naphthalenes 
proved to be successful. Reaction of the strongly activated
3,4,5-trimethoxybenzaldehyde (la) with Grignard deriva
tive 23 gave alcohol 3a, which upon treatment with reflux
ing 10% aqueous sulfuric acid for 1 hr afforded 2,3,4-tri- 
methoxynaphthalene (4a) nearly quantitatively.4

In the same way products 4b-f were obtained in excel
lent yields. Naphthols 4g and h could be obtained under 
the same conditions on allowing hydroxybenzaldehydes lg 
and h to react with 2 equiv of 2 and following this with cy- 
clization. Formation of the less activated products 3i and j 
leading to 2-methylnaphthalene and naphthalene required 
prolonged reaction times (6 and 16 hr, respectively). It 
should be mentioned that in the cases where cyclization 
could take place at two different positions (3c, 3e, 3f, 3h, 
and 3i) more than 90% regiospecificity was observed, lead
ing to the least hindered products.

A particular case is presented by the synthesis of naph- 
thol 6. Treatment of 3a with manganese dioxide5 in reflux
ing benzene gave ketone 5. Under the assumption that the 
deactivation of the keto group on the benzene ring was
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Table I 
Naphthalenes

Compd Yield, %
O

Mp, C
O

Bp, C Empirical Formula

4a° 95 154-156 (5) Ci3H140 3
4b6 75 115-118 C12H1202
4c° 84 69-70 CuHioO
4Ad 62 128-132 (1) c 12h12o 2
4ee 91 95-97 C11HA
4ff 84 C12H120
4g* 54 48-51 CiiH10O2
4h" 52 118-120
4i‘ 84 115-120 (1) CiiH1()
4 f 31 78-80 C10Hg.
6* 30 92-95 175-185(0.05) C13H14°4

a A. Ueno and S'. Fukushima, Chem. Pharm. Bull., 14, 129 
(1966). b Ng. Buu-Hoi and D. Lavit, J. Org. Chem., 21, 21 (1956). 
c G. A. Baramki, H. S. Chang, and J. T. Edward, Can. J. Chem., 
40, 441 (1962). d R. Heck and C. Ellinger, J. Amer. Chem. Soc., 79, 
3105 (1957), e W. Bonthrone and J. W. Conforth. J. Chem. Soc. C, 
1202 (1969). 1 P. C. Mitter and D. E. Shyamakanta, J. Indian. 
Chem. Soc., 16, 35 (1939). * H. S. Chang and J. T. Edward, Can. J. 
Chem., 41, 1233 (1963).Ä L. Schaeffer, Ann., 152, 279 (1869). ‘  K. E. 
Schulze, Ber., 17, 842 (1884). J R. Schiff, Ann., 223, 247 (1884). 
k Anal. Calcd for C13H14O4: C, 66.67; H, 5.98. Found: C, 66.82; H, 
5.92.

compensated by the methoxy groups, compound 5 in 10% 
sulfuric acid was converted to naphthöl 6 in moderate

a, Rj =  R2 =  H; R3 =  R4 =  R5 =  OCHj
b, Rj =  R, =  R5 =  H; R;, =  R4 = 0 ('H ,
c, Rj =  R> =  R4= Rj = H; R3 =  OCH3
d, R, =  R, =  R4 =  H; R3 =  R5= OCH3
e, Ri = R, = R5 = H; R3, R4 =  0-C H ,-0
f, R, =  CH3; R, =  R4 =  R5 =  H; R3 =  0CH3
g, R, =  R4 =  R5 =  H; R> =  OH;R3 =OGH3
H, Ri =  R, =  R4 =  Rj =  H; R3 =  OH
i, Rj =  R, =  R4 =  R3 =  H; R3 =  CH3
i, R4 = R3 = R3 = R4 = R j = H

yield. The results are summarized in Table I. Attempts 
made in our laboratories to achieve a facile entry into in
doles and benzofurans in this particular way failed because 
of the instability of the pyrrole and furan ring under the 
cyclization conditions.

Experimental Section
General. Melting points were determined on a Mettler appara

tus and are uncorrected. Nmr data were consistent with the as
signed structures (Varian T-60, TMS as an internal standard). The 
intermediates were characterized by means of nmr and converted 
as is to the products offered in Table I. All starting materials were 
commercially available. Grignard derivative 2 was prepared ac
cording to a known procedure.3 The preparation of the naphtha
lenes is illustrated by the synthesis of 4a. : : ! l;. ’

l-(l,3-Dioxolan-2-yl)-3-hydroxy-3-(3,4,5-trimethtrxyphen- 
yl)propane (3a). To a solution of 2, prepared from 1.6 g (0.065 g- 
atom) of magnesium and 12.3 g (0.065 mol) of 2-(2-bromoethyl)-
1,3-dioxolane in 50 ml of THF, was added dropwise with stirring a 
solution of 8.5 g (0.045 mol) of 3,4,5-trimethoxybenzaldehyde (la) 
in 20 ml of THF. After additional stirring for 4 hr the reaction 
mixture was poured in 500 ml of a 10% NH4C1 solution and ex

tracted twice with CHCI3. Washing, drying, and evaporation of the 
organic phase left a viscous oil, which upon treatment with (i- 
Pr)20  afforded 10.6 g of 3a as a solid; mp [benzene-petroleum 
ether] 86-87°. Anal. Calcd for C15H22O6: C, 60.40; H, 7.38. Found: 
C, 60.44; H, 7.57. Nmr (CDCI3) b 1.75 (m, 4, - CH2CH2-), 3.24 (s, 1, 
OH), 4.57 (m, 1, ArCH(OH)), 4.84 (m, 1, -OCH(R)O-), 6.60 (s, 2, 
ArH).

l-(l,3-Dioxolan-2-yl)-3-oxo-3-(3,4,5-trimethoxyphenyl)- 
propane (5). To a solution of 5 g (0.017 mol) of 3a in 75 ml of ben
zene was added 20 g of Mn02. The mixture was refluxed with stir
ring for 2 hr. Filtration of the reaction mixture and evaporation of 
the solvent left 4.2 g (87%) of 5 as a white crystalline solid; mp 57- 
59° [(¿-Pr2)0 -petroleum ether]. Anal. Calcd for C15H20O6: C, 
60.81; H, 6.76. Found: C, 60.83; H, 6.93. Nmr (CDC13) 5 2.14 (m, 2, 
ArCOCff2), 3.01 (m, 2, ArCOCH2CH2), 4.49 (t, 1, OC(R)HO), 7.22 
(s, 2, AtH).

1,2,3-Trimethoxynaphthalene (4a). A solution of 5.96 g (0.02 
mol) of 3a in 10 ml of methanol was added in 5 min to 100 ml of 
stirred refluxing 10% sulfuric acid. After 1 hr the reaction mixture 
was cooled and extracted twice with CHCI3. Washing with 5% 
NaHCOs solution, drying, and evaporating of the solvent left an 
oil, which upon distillation yielded 4.0 g (95%) of 4a; bp 154-156° 
(5). '■**'

Registry No.— la, 86-81-7; lb, 120-14-9; lc, 591-31-1; Id, 
7311-34-4; le, 120-57-0; If, 586-37-8; lg, 148-53-8; lh, 100-83-4; li, 
620-23-5; lj, 100-52-7; 3a, 53579-08-3; 3b, 53597-09-4; 3c, 53597-
10-7; 3d, 53597-11-8; 3e, 53597-12-9; 3f, 53597-13-0; 3g, 53597-14- 
1; 3h, 53597-15-2; 3i, 53597-16-3; 3j, 53597-17-4; 4a, 5892-02-4; 4b, 
10103-06-7; 4c, 9S-04-9; 4d, 10075-61-3; 4e, 269-43-2; 4f, 2825-01-6; 
4g, 1888-41-1; 4h, 135-19-3; 4i, 91-57-6; 4j, 91-20-3; 5, 53597-18-5; 
6,53597-19-6; 2-(2-bromoethyl)-l,3-dioxolane, 18742-02-4.
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It is a matter of interest to evaluate the biological and 
pharmacological activities of prostaglandin analogs con
taining the sulfo group in place of the carboxy function (G- 
1). We now report the synthesis of prostaglandin sulfonic 
acids by the Wittig reaction with a phosphorous ylide hav
ing the sulfo group.

(4-Sodium sulfonato-rc-butyl)triphenylphosphonium 
bromide (1) was obtained as colorless crystals, mp 268- 
270°, from sodium 4-bromo-n-butanesulfonate and tri- 
phenylphosphine in AT,A/-dimethylformamide on heating. 
Reaction of the corresponding ylide, prepared from 1 and a 
solution Of sodium methylsulfinyT carbanide in dimethyl 
sulfoxide, with 2-oxa-3-hydroxy-6-syn-(3a-tetrahydropyr- 
anyloxy-l-trans-octenyl)-7-cmft-tetrahydropyranyloxy-cis- 
bicyclo[3.3.OJoctane1 (2), an intermediate for the Corey 
synthesis of prostaglandins, in dimethyl sulfoxide at 30° 
for 3 hr afforded the sulfonic acid 3 as yelloW-brown crys
tals in 48% yield.

According to the procedures of Corey1-2 and Pike,3 the 
sulfonic acid 3 was converted to the corresponding F2„ (4), 
Fia (5), E2 (6), E1 (7) and A2 (8).
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Experimental Section
Preparation of (4-Sodium sulfonato-n-butyl)triphenylphos- 

phonium Bromide (1). Sodium 4-bromo-n-butanesulfonate (23 g)4 
and triphenylphosphine (85 g) were dissolved in DMF (400 ml) 
and a solution was heated at 125° with stirring for 10 hr; the sol
vent was removed by distillation and the residue was washed with 
ether.

The residue was chromatographed on silica gel using CH2CI2-  
MeOH (6:1) as eluent to give 1 as colorless crystals (27 g): ir (KBr 
tablet) v 1210, 1180, 1038 cm-1; nmr (D2O) b 8.02-7.35 (15 H, m), 
3.60-3.10 (2 H, m), 3.25-2.80 (2 H, t), 2.42-1.60 (4 H, m).

Preparation of Sodium 6-[2/3-|3a-(2-Tetrahydropyrany- 
loxy)-l-irans-octenyl)-3a-(2-tetrahydropyranyloxy)-5a-hy- 
droxycyclopent-la-yl]-4-cis-hexenylsulfonate (3). Phosphoni
um salt (1) (10.8 g), which had been dried under reduced pressure 
at 100°, was dissolved in dimethyl sulfoxide (50 ml) and the solu
tion was added at ambient temperature to sodiomethyl-sulfinyl- 
carbanide which had been prepared from sodium hydride (1.71 g, 
content 63.9%) in dimethyl sulfoxide (20 ml) at 70° under nitro
gen. After the addition was over, the yellow-red reaction mixture 
was stirred for 5 min and a solution of 1 (4.00 g) in dimethyl sulf
oxide (20 ml) was added and the mixture was stirred at 30° for 3 
hr. The bright red reaction mixture was diluted with ice water (500 
ml), saturated with sodium chloride, and extracted with ethyl ace
tate-ether (1:1). The organic layer was washed with brine, dried, 
and concentrated in vacuo. The residue was submitted to column 
chromatography using methylene chloride-methanol (4:1) as el
uent to give 3 (2.44 g, 48% yield) as pale yellow crystals: mp 178- 
180°; nmr (CDC13) S 5.72-5.18 (4 H, m), 4.30-3.70 (4 H, m), 3.70-
3.28 (4 H, m), 3.12-2.75 (2 H, m), 1.0-0.73 (3 H, t), 4.82-4.56 (2 H, 
m); ir (KBr tablet) i> 1200,1185, 1038, 1023 cm” 4; homogeneous by 
tic (methylene chloride-methanol 5:1,/?f 0.4-3).

Preparation of Sodium 6-[2/3-j3a-(2-Tetrahydropyrany- 
loxy ) -1 -irans-octenyl)-3a-(2-tetrahydropyranyloxy ) -5a-hy- 
droxycyclopent-la-yl]hexanesulfonate. A solution of 3 (1.08 g) 
in methanol (60 ml) was reduced under hydrogen atmosphere (1 
atm) using 5% palladium on carbon (170 mg) as a catalyst at ambi
ent temperature for 2 hr. Concentration in vacuo gave sodium 6- 
[2/3-|3o-(2-tetrahydropyranyloxy)-l-iran.s-octenyl|-3a-(2-tetrahy- 
dropyranyloxy)-5a-hydroxycyclopent-la-yl]hexanesulfonate (913
mg).

Preparation of Sodium 6-j2/3-(3a-Hydroxy-l-trans-octenyl)- 
3a,5a-dihydroxycyclopent-la-yli-4-ds-hexenesuIfonate (4). 
To a solution of 3 (312 mg) in methanol (5 ml) was added several 
drops trifluoroacetic acid. The mixture was stirred at 19° for 30

min and concentrated in vacuo. The residue was subjected toucol- 
umn chromatography on silica gel using methylene chloride-meth
anol (4:1) as eluent to give 4 (84 mg) as colorless crystals: mp 122- 
125°; nmr (CD3OD) 6 5.68-5.28 (4 H, m), 4.31-3.72 (3 H, m),
2.95-2.68 (2 H, m), 1.03-0.77 (3 H, t).

Preparation of Sodium 6-(2/J-(3a-Hydroxy-l-trares-octenyl)- 
3a,5o-dihydroxycyclopent-la-yl|hexanesulfonate (5). Using 
the experimental conditions described as above, sodium 6-[20- 
¡3a-(2-tetrahydropyranyloxy)-l-frans-octenyl|-3a-(2-tetrahydro- 
pyranyloxy)-5ff-hydroxycyclopent-la-yl]hexanesulfonate (283 
mg) gave sodium 6-|2d-(3a-hydroxy-l-trans-octenyl)-3a,5a:-dihy- 
droxycyclopent-la-yljhexanesulfonate (59 mg) as a colorless pow
der: mp 182-183°; ir (KBr tablet) v 1190,1060 cm-1; nmr (CD3OD) 
5 5.71-5.39 (2 H, m), 4.28-3.74 (3 H, m), 2.97-2.67 (2 H, m), 1.01- 
0.75 (3 H, t).

Preparation of Sodium 6-|2/)-(3a-Hydroxy-l-irans-octenyl)- 
3a-hydroxy-5-oxocyclopent-lff-ylj-4-cis-hexenesulfonate (6). 
To a solution of sodium 6-[2/3-(3a:-(2-tetrahydropyranyloxy)-l- 
iran,s-octenyl|-3a-(2-tetrahydropyranyloxy)-5a-hydroxycyclo- 
pent-l«-yl]-4-«s-hexenesulfonate (766 mg) in acetone (33 ml) was 
added Jones reagent (1.8 ml) (prepared by dissolving chromium 
trioxide (2.67 g) and sulfuric acid (2.3 ml) in water and making up 
the total volume with water to 10 ml) at —20°, and the solution 
was stirred at —20 to -15° for 4 hr. 2-Propanol was added to the 
reaction mixture and the resulting mixture was diluted with brine 
and the product was extracted with ethyl acetate. The organic 
layer was washed with brine, dried, and concentrated in vacuo. 
The residue (628 mg) in methanol (5 ml) was treated with 1 N  hy
drochloric acid (0.3 ml) and the mixture was stirred at 27° for 1.5 
hr and neutralized with sodium bicarbonate. Concentration in 
vacuo at a low temperature and subjection of the residue to col
umn chromatography on silica gel using methylene chloride-meth
anol (4:1) as eluent gave sodium 6-|2d-(3a-hydroxy-l-irans-oc- 
tenyl)-3a-hydroxy-5-oxocyclopent-lff-ylj-4-Cis-hexenesulfonate 
(204 mg): mp 83-84°; nmr (CD3OD) 5 5.58-5.27 (4 H, m), 4.13-3.67 
(2 H, m), 2.96-2.55 (3 H, m), 1.03-0.67 (3 H, t); homogeneous by tic 
(CH2Cl2-MeOH 3:1, Rf 0.19).

Preparation of Sodium 6-(2/3-(3a-hydroxy-l-frans-octenyl)- 
3a-hydroxy-5-oxocyclopent-la-yljhexanesulfonate (7). To a 
solution of sodium 6-|2/3-(3a-hydroxy-l-inms-octenyl)-3«-hy- 
droxy-5-oxocyclopent-la-yljhexanesulfonate (592 mg) in acetone 
(81 ml) at -20° was added Jones reagent (prepared as described in 
above example) (1.5 ml) dropwise, and the mixture was stirred at 
—20 to —15° for 3.5 hr. 2-Propanol was added to the reaction mix
ture and the resulting mixture was diluted with brine and the 
product was extracted with ethyl acetate. The organic layer was 
washed with brine, dried, and concentrated under reduced pres
sure. The residue (497 mg) was dissolved in methanol (6 ml), treat
ed with 1 N  hydrochloric acid (0.36 ml), and stirred at 27° for 1.5 
hr and neutralized with sodium bicarbonate. Concentration in 
vacuo at a low temperature and subjection of the residue to col
umn chromatography on silica gel using methylene chloride-meth
anol (4:1) as eluent gave sodium 6-{2d-(3a-hydroxy-l-frarcs-oc- 
tenyl)-3a-hydroxy-5-oxocyclopent-la-yljhexanesulfonate (173 
mg): nmr (CD3OD) 6 5.69-5.38 (2 H, m), 4.25-3.74 (2 H, m), 2.94-
2.56 (3 H, m), 1.03-0.77 (3 H, t).

Preparation of Sodium 6-|2/3-(3a-hydroxy-l-trans-octenyl)-
5-oxo-3-cyclopenten-la-yl)-4-cis-hexenesulfonate (8). A solu
tion of 5 (64 mg) in 90% aqueous acetic acid (5 ml) was stirred at
55-60° for 16 hr. The reaction mixture was concentrated in vacuo 
and the residue was dissolved in ethyl acetate and washed with 
brine, and the organic layer was concentrated in vacuo. The resi
due was subjected to column chromatography on silica gel using 
methylene chloride-methanol (5:1) as eluent to give sodium 6-|2/3- 
(3a-hydroxy-l-frans-oCtenyl)-5-oxo-3-cyclopenten-lo-ylj-4-cis- 
hexenesulfonate (42 mg) as a solid: mp 80-81°; nmr (CDCI3) <5 
7.68-7.52 (1  H, q), 6.30-6.12 (1 H, q), 5.75-5.52 (2 H, m), 5.52-5.25 
(2 H, m), 4.27-3.96 (1 H, m), 3.43-3.18 (1 H, m), 2.97-2.71 (2 H, 
m), 1.02-0.75 (3 H, t).

Registry No.—1, 53535-01-6; 3, 53535-02-7; 4, 53535-03-8; 5, 
53535-04r9; 6, 53535-05-0; 7, 53535-06-1; 8, 53535-07-2; sodium 4- 
bromo-ra-butanesulfonate, 53535-08-3; triphenylphosphine, 603-
35-0; sodium 6-[2/3-|3a-(2-tetrahydropyranyloxy)-l-iran.s-octenyl)- 
3a-(2-tetrahydropyranyloxy)-5a-hydroxycycIopent-la-yl]hexane- 
sulfonate, 53535-09-4.
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In connection with our continuing study of the synthesis 
of selenobiotin we have prepared the parent fused biheter-

0

Se

S e le n o b io t in

ocyclic system 10. Effective synthetic entry is based on ring 
closure with divalent selenium after the cis, vicinal, azide 
functions, precursors of the needed amine groups, are posi
tioned in a cis relationship on 7. Approaches utilizing 3,4- 
disubstituted selenophanes or varied derivatives of meso- 
erythritol other than 4 failed to produce the desired diaz- 
idoselenophane (8) or diaminoselenophane (9), and are the 
subject of a future communication.

Proof o f structure for the diazide 6 was realized by near- 
quantitative conversion to the known /neso-2,3-diaminobu- 
tane-l,4-diol dihydrobromide2 and dihydrochloride, by 
catalytic reduction and treatment with hydrogen halide.

This conversion further establishes the cis stereochemis
try of the synthetic intermediates, and of the final product, 
since this cis arrangement of the nitrogen function is not 
affected by subsequent reactions. Supporting evidence for 
this cis, meso sterochemistry is found in the nmr spectra, 
which present complex multiplets resulting from the six- 
spin AA'BB'CC' system, the analyses of which are beyond 
the scope of this report. For instance, the spectra of the 
noncyclic meso compounds resemble that of meso-1,2,3,4- 
tetrachlorobutane, rather than d -1,2,3,4-tetrachlorobu- 
tane,3 while the nmr spectra of the monocyclic compounds, 
and cis-3,4-ureyleneselenophane, are consistent with that 
reported for the similar system: cis- tetrahydro-2,2-dimeth- 
ylthieno[3,4-d]-l,3-dioxole (the acetone ketal of cis-3,4- 
dihydroxythiophane).4

Of the vicinal diazides subsequently described, meso-
2,3-diazidobutane-l,4-diol (6) slowly polymerizes on stand
ing to an unidentified acetone-insoluble substance; in addi
tion, the monomer is initially obtained as a supercooled liq
uid with such a high heat of fusion that efficient cooling is 
required at the onset of solidification to avoid detonation. 
The unexpected stability of some of the diazides was dem
onstrated by their melting point behavior: the acetate and 
methanesulfonate diesters, 5 and 7, give sharp, reproduci
ble melting points, and initially melt in an open flame be
fore deflagrating mildly; under identical conditions, the liq
uid heterocyclic diazide 8 detonates violently. Most reac
tions outlined in Scheme I are easily performed within a 
relatively short period of time under reasonably mild con
ditions.

Scheme I“-6

9 10

0 Compounds 5-10 are previously unreported. b For all new 
compounds, except 6 and 8, analytically pure samples were ob
tained which gave either satisfactory elemental analyses or mass 
spectra consistent with the structure indicated.

Evaluation of the biological activity of 10 is underway, 
and will be separately reported.

Experimental Section
All temperature readings were uncorrected. Ir spectra were de

termined on a Perkin-Elmer Model 457 spectrophotometer. Nmr 
spectra were recorded on a Variali A-60 or HA-100D spectropho
tometer. Mass spectra were determined at Cornell University, Ith
aca, N.Y. Microanalyses were performed by Schwarzkopf Mi- 
croanalytical Laboratory, Inc., Woodside, N.Y. Sodium selenide 
was purchased from Alfa Inorganics, Inc., Beverly, Mass.; cis-2- 
butene-l,4-diol was obtained from GAF Corp., Inc., Binghàmtbn,
N. Y. Those melting points taken in sealed evacuated capillaries 
are designated (SEC).

Thè diacetate 2 and the diol 3 were prepared according to litera
ture procedures.5

rrieso- l,4-Di-0-acetyl-2,3-di-0-(methylsulfonyl)erythritol 
(4). A solution of 3 (28:4 g; 0.140 mol) in pyridine (100 ml) is 
stirred at 0° and treated dropwise with methanesulfonyl chloride 
(34.4 g, 0.300 mol) over a 0.5-hr period. Stirring is continued 4 hr, 
and the mixture is then poured into 1 1. of ice water. The crystal
line product which separates is collected by suction filtration, 
washed with several portions of cold water, and air dried to give
50.5 g (99.5%) of 4: mp 138-140° (SEC) (lit.7 mp 140-141°).

meso- l,4-Diacetyloxy-2,3-diazidobutane (5). A solution of 4 
(36.2 g, 0.100 mol) in DMSO (500 ml) is stirred and warmed to 60° 
in an oil bath. Finely powdered sodium azide (14.3 g, 0.220 mol) is 
added portionwise until solution is complete. The solution is then 
maintained at 90-100° for 24 hr before cooling to room tempera
ture. The solution is poured into 11. of ice water. After addition of 
saturated sodium chloride solution (500 ml), the crystalline prod
uct is collected by suction filtration, washed with several portions 
of cold water, and air dried to give 24.7 g (96%) of 5: mp (ahd re
melt) 108.5-109.0° (SEC) (CCU); ir (KBr) 2180, 2120, 1730, 1320, 
1240 cm-1; nmr (pyridine) 6 2.04 (s, 6 H, CH3), 4.12 (m, 2 H, CH), 
4.52 (m, 4 H, CH2).

Anal. Calcd for C8H 12N60 4: C, 37.37; H, 5.02; N, 32.70. Found: 
C, 37.30; H, 4.68; N, 32.90.

me.50-2,3-Diazidobutane-l,4-diol (6). A solution of 5 (14.8: g,
O. 058 mol) in 0.01% methanolic potassium . hydroxide (200 ml) is 
stirred overnight in an open vessel. Removal of solvent and methyl 
acetate under reduced pressure and at room temperature produces 
a pale yellow, slightly opaque oil which is immediately redissolved.
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in methanol (100 ml). Treatment with charcoal (0.5 g), filtration, 
and solvent removal from the filtrate produce a clear, colorless oil 
which crystallizes exothermically (caution: vigorous cooling must 
be employed to avoid detonation) to give 10.0 g (99%) of 6: mp 
(crude) 67-68° (SEC); ir (KBr) 3300, 2150, 2100, 1315, 1270, 1070 
cm“ 1; nmr (D20 ) 5 3.98 (m, 2 H, CH), 4.13 (m, 4 H, CH2).

meso-2,3-Diaminobutane-l,4-diol. A solution of 6 (7.4 g; 0.043 
mol) in methanol (200 ml) containing 5% Pd/C catalyst (1.0 g) is 
shaken overnight under hydrogen (125 psi). The catalyst is re
moved by filtration, and the filtrate is stripped of solvent to give
5.2 g (100%) of the diaminediol, mp 126-127°. A solution of this 
compound (1.2 g, 0.010 mol) in acetone (50 ml) treated with 40% 
HBr (5 ml), produces a crystalline precipitate, which was collected 
by suction filtration, washed with several portions of acetone and 
air dried to give 2.4 g (85%) of the dihydrobromide: mp 212-213° 
(SEC) (lit.2 mp 214-215°). A similar solution of the diaminediol 
treated with concentrated HC1 (3 ml) gives, upon identical work
up, 1.8 g (93%) of the dihydrochloride: mp 240-242° (SEC) (lit.2 
mp 241.5-242.5°).

meso-2,3-Diazido-l,4-dimesyloxybutane (7). A solution of 6 
(11.2 g; 0.065 mol) in pyridine (100 ml) is stirred at 0° and treated 
dropwise with methanesulfonyl chloride (16.4 g, 0.143 mol) over a 
0.5-hr period. Stirring is continued 4 hr, and the mixture is then 
poured into 1.3 1. of ice water. The crystalline product which sepa
rates is collected by suction filtration, washed with several por
tions of cold water, and air dried to give 20.2 g (95%) of 7: mp (and 
remelt) 92.0-92.5° (SEC) (EtOH); ir (KBr) 2125,1360, 1290,1175, 
930, 820 cm-1; nmr (acetone-dg) 5 3.27 (s, 6 H, CH3), 4.24 (m, 2 H, 
CH), 4.63 (m, 4 H, CH2).

Anal. Calcd for C6H i2N606S2: C, 21.90; H, 3.92; N, 25.53; S, 
19.48. Found: C, 22.20; H, 3.72; N, 25.15; S. 19.85.

cis-3,4-Diazidoselenophane (8). Sodium selenide (10.0 g; 0.080 
mol) is added portionwise to a stirred, degassed solution of 7 (19.7 
g, 0.60 mol) in dimethyl sulfoxide (300 ml) under a nitrogen blan
ket. The reaction exotherm causes the temperature to rise to 45- 
50°. After stirring overnight, the mixture is poured into ice water 
(1.5 1.) and extracted with ethyl ether (4 X 400 ml). The ether ex
tracts are combined, washed with water (4 X 500 ml) and saturated 
sodium chloride solution (2 X 200 ml), and dried (MgS04). After 
filtration the yellow ethereal solution is stripped of solvent to pro
duce a yellow-orange oil. The liquid is dissolved in methanol (50 
ml) and eluted (MeOH) from a 1-in. diameter column packed with 
neutral alumina (100 g). The eluent is stripped of solvent to yield a 
mobile yellow liquid with a marked offensive odor. The liquid is 
redissolved in methanol (50 ml), serially treated with charcoal (1.5 
g), and filtered until a clear, colorless solution is obtained. This so
lution is stripped of solvent to give 6.2 (48%) of 8 as a colorless, 
mobile liquid, homogeneous by tic: ir (neat) 2110,1335,1265 cm-1;, 
nmr (CC14) 5 3.00 (m, 4 H, CH2), 412 (m, 2 H,CH).

cis-3,4-Diaminoselenophane (9). A solution of 8 (6.2 g, 28.6 
mol) in methanol (100 ml) containing Adams catalyst (0.5 g) is 
shaken overnight under hydrogen (125 psi). The catalyst is re
moved by filtration, and the filtrate is stripped of solvent to give
4.6 g (98%) of 9 as a colorless mobile liquid which readily absorbs 
carbon dioxide from the atmosphere. The diamine 9 is character
ized as the dihydrochloride salt: mp 289-290° dec (SEC) (20% 
aqueous acetone); ir (KBr) 3100-2800, 1490 cm-1; nmr (D20 ) 5
3.22 (m, 4 H, CH2), 4.33 (m, 2 H, CH). Mass spectrum of the dihy
drochloride gave a peak characteristic only of monoprotonated di
amine 9 (70 eV), m/e 167 [(M + 1)+].

cis-3,4-Ureyleneselenophane (10). A solution of 9 (3.3 g, 0.020 
mol) in benzene (50 ml) is treated with a 12.5% solution of phos
gene (3.6 g, 0.030 mol) in benzene (24 ml) followed by pyridine (50 
ml). After a 3-hr reflux, an additional 9 ml of phosgene solution 
(1.0 g; 0.010 mol) is added, and reflux is continued overnight. After 
removal of solvents under vacuum, water (200 ml) is added to the 
particulate residue, and the resulting slurry is vigorously stirred 
0.5 hr. The solids are collected by suction filtration, washed with 
several portions of water, and air dried to give 2.0 g (53%) of 10: mp 
256-258° (SEC) (EtOH); 53%; ir (KBr) 3200, 1690, 1260 cm-1; 
mass spectrum (70 eV) m/e 191 (M+); nmr (DMSO-d6) t> 3.2 (m, 4 
H, CH2), 4.64 (m, 2 H, CH).
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Although several procedures are available for the prepa
ration of dithiols,3 our experience has been that the stan
dard methods are often unreliable or give contaminated 
products, especially when tertiary or other hindered thiols 
are desired or where stereochemical control is required for 
the production of particular dithiol diastereomers. The 
need for relatively pure samples of such dithiols as precur
sors for various sulfur heterocycles4 led us to investigate 
several approaches toward such systems. This Note de
scribes a convenient dithiol synthesis which is particularly 
attractive for hindered systems and when a maximum of 
stereochemical control is essential.

The procedure involves initial conversion of a dihalide or 
disulfonate ester to a di- or polysulfide5 by displacement 
with disulfide anion (prepared in situ from sodium sulfide 
and sulfur) and subsequent reduction to the dithiol with 
lithium aluminum hydride without prior isolation of inter
mediates. The pathway is illustrated in Scheme I and

Scheme I

x---(CH2)„---X NagS9H;jO 
S, DMÌF

c
(Ch 2) / J  ^ ¡ v  h s h c h ^ - s h

or oligomers

Table I presents results for a variety of dithiols chosen to 
illustrate the versatility of the method with difficult to pre
pare compounds. For instance, entries 1 and 2 represent 
highly hindered systems, the former involving displace
ment of a bifunctional neopentyl system. Furthermore, 
minimal racemization of chiral centers occurs, thus allow
ing stereochemical control for the production of diastereo
mers (entries 3, 4, and 5). Finally, the secondary tertiary 
halide, 2-methyl-2,4-dibromopentane (entry 6), gave the 
otherwise difficult to obtain dithiol in respectable yield, 
presumably via initial displacement at the secondary car
bon followed by internal substitution.

Experimental Section
Registry No. 3, 53431-90-6; 4, 53431-91-7; 5, 53431-92-8; 6, Materials. Dimethylformamide was reagent grade from a fresh-. 

53431-93-9; 7, 53431-94-0; 8, 53431-95-1; 9, 53431-96-2; 9 • 2HC1, ly opened bottle, used without further purification. The sulfonate
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Table I
Preparation of Dithiols by Nucleophilic Displacement with Disulfide followed by Lithium Aluminum

Hydride Reduction

Entry Compound
Time displ, hr 

(temp, ®C) Tim e red ., hr Ya y ield d ith io la

l 2 ,2 -D im ethyl-1 ,3 -propanediol dim esylate 60 (10Ö) 3 61
2 2 - t e r t -Butyl- 1 ,3-propanediol ditosylate 67 (8C) 3.25 70
3 w iesc-2 ,4 -Pentanediol ditosylate 67 (80) 2.5 71b
4 ¿/-2 ,4 -P en tan ed io l ditosylate 67 (80) 2,5 71«
5 m es0-2 ,5 -H exanediol ditosylate 21.5 (80) 1.25 56*
6 2- M ethyl- 2 ,4- dibrom opentane 96e 5 42 '
7 1,4- Dichlorobutane 51.5 (80) 12 60

° Yields are for isolated and purified products. 6 Composed of 92% meso and 8% dl isomers as determined by glpc. c Contains less than 
0.5% meso isomer.d The reaction was carried out in two steps. The intermediate cis-3,6-dimethyl-l,2-dithiacyclohexane was isolated in 61% 
yield; subsequent reduction afforded the dithiol in 91% yield. The product showed a meso/dl ratio of ca. 98:2 (glpc). e Conducted at room 
temperature for 72 hr followed by 24 hr at 80°. f 92% pure (glpc).

esters were prepared by standard procedures6“ from the diols and 
the appropriate sulfonyl chloride in pyridine. 2-Methyl-2,4-dibro- 
mopentane was prepared in 90% yield from the diol and phospho
rus tribromide.6b Organic solutions were dried over anhydrous 
MgSOi.

Preparation of Dithiols. General Procedure. An equal molar 
portion of the dihalide or sulfonate ester was added to equal molar 
portions of fresh, crushed sodium sulfide nonahydrate and sulfur 
in DMF (200-400 ml/0.10 mol of the substrate) and heated with 
stirring at the temperature and for the durations listed in Table I. 
The reaction mixture was then poured into water and cracked ice 
and extracted three times with hexane. The aqueous phase was 
acidified with concentrated HC1 and extracted again with hexane. 
The combined organic solution was washed with water, dried, and 
concentrated on a rotary evaporator. The resulting yellow oil was 
added dropwise to a slurry of lithium aluminum hydride (usually 
0.076 mol/0.1 mol of initial substrate) at such a rate that gentle re
flux was maintained. After an appropriate period (Table I), the 
reaction mixtures were cautiously treated with water to destroy ex
cess hydride, then excess 10% aqueous sulfuric acid was added and 
the product isolated from the ether phase and purified by distilla
tion. Representative preparations are illustrated below.

meso-2,4-Pentanedithiol. meso-2,4-Pentanediol ditosylate 
(105.6 g, 0.256 mol) was added to a mixture of Na2S • 9H2O (61.4 g, 
0.256 mol) and sulfur (8.29 g, 0.256 mol) in 700 ml of dry DMF and 
the solution was stirred in a 1-1. flask equipped with a condenser 
and drying tube at 80-85° for 67 hr, and then poured into 1500 ml 
of water and ca. 500 g of cracked ice. The mixture was extracted 
three times with hexane, then the aqueous phase was acidified 
with concentrated HC1 and extracted with hexane. The combined 
hexane solution was washed twice with water, dried, and concen
trated on a rotary evaporator. The resulting yellow oil was added 
dropwise with stirring to a slurry of lithium aluminum hydride 
(7.37 g, 0.195 mol) in 250 ml of anhydrous ether at such a rate that 
gentle reflux ensued (ca. 0.5 hr). The solution was then stirred at 
ambient temperature for 2 hr, and then refluxed for 30 min and 
cooled to room temperature. Approximately 7.5 ml of water was 
added cautiously to the mixture followed by an excess amount of 
10% aqueous sulfuric acid in order to dissolve the aluminum salts. 
Approximately 200 ml of ether was added and the layers sepa
rated. The aqueous layer was extracted three times with ether. The 
combined ether solutions were washed and dried. Concentration 
on a rotary evaporator afforded a pale yellow oil which was dis
tilled to yield nearly colorless product, bp 83-85° (24 mm) (lit.7 
74.5° (12 mm)). The yield was 24.8 g (71%). Analysis by glpc (10 ft 
20% Carbowax 20M column) showed the product to contain ca. 8% 
of the dl isomer. In contrast, the ¿/-ditosylate under the same con
ditions yielded product containing less than 0.5% of meso-dithiol.

2-Methyl-2,4-pentanedithiol. To a solution of 12 g (0.05 mol) 
of Na2S • 9H2O and 1.2 g (0.05 mol) of sulfur in 100 ml of dry DMF 
was added dropwise 12.2 g (0.05 mol) of 2-methyl-2,4-dibromopen- 
tane at room temperature. The mixture was stirred for 3 days at 
room temperature and 1 day at 80-85° and then poured into a 
mixture of 300 ml of water and 200 g of ice. The mixture was ex
tracted three times with hexane; the aqueous phase was acidified 
with concentrated HC1 and again extracted twice with hexane. The 
combined hexane extract was washed twice with water and dried, 
and the solvent removed on a rotary evaporator. The resulting yel
low oil was dissolved in 30 ml of dry ether and added dropwise

with mechanical stirring to a slurry of 5 g (0.13 mol) of lithium alu
minum hydride in 150 ml of dry ether at a rate to ensure gentle re
flux. The solution was stirred at room temperature for 3 hr, re
fluxed for 2 hr, and cooled. The excess hydride was destroyed by 
cautious addition of water (15 ml) and then 10% aqueous sulfuric 
acid was added to dissolve the aluminum salts. An additional 100 
ml of ether was added and the ether layer separated. The aqueous 
phase was extracted twice with 50-ml portions of ether and the 
combined ether extracts were washed twice with water and dried. 
Removal of the solvent gave a pale yellow oil, 6.6 g (ca. 89%), which 
was fractionally distilled to give a colorless oil (3.1 g, ca. 42%), bp
78-80° (20 mm), which was ca. 92% pure by glpc (25 ft 30% QF-1 
on Chromosorb W). The ir and nmr spectra were identical with 
those of an authentic Sample.8 The contaminants were not identi
fied, but did not appear to interfere with subsequent use of the 
product.

cis-3,6-Dimethyl-l,2-dithiacyclohexane. The procedure was 
a slightly modified version of that described by Dodson and Nel
son5 in that Na2S • 9H2O was used instead of the anhydrous salt. 
The product was obtained in 61% yield, bp 78-80° (5 mm). Analy
sis by glpc (20% Carbowax 20M column) indicated a cis/trans ratio 
of ca. 96/4 and traces of two lower boiling components. The nmr 
spectrum corresponded to that reported.9

meso-2,5-Hexanedithiol. A solution of c¿.s-3,6-dimethyl-1,2- 
dithiacyclohexane (4.44 g, 30 mmol) in 10 ml of anhydrous ether 
was added dropwise to a stirred slurry of lithium aluminum hy
dride (864 mg, 22.8 mmol) in 20 ml of anhydrous ether over a 15-. 
min period. The mixture was refluxed for 1.0 hr, and then worked 
up as previously described above. Distillation afforded 4.08 g (91%) 
of colorless product, bp 76-78° (5 mm) (lit.10 bp 87-88° (12 mm), 
for the mixture of diastereomers). Analysis by glpc (10 ft 20% Car
bowax 20M) indicated the mesoIdl ratio to be ca. 98/2.
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It is well known that 3,5-disubstituted isoxazoles are 
very stable compounds to acids, bases, hydrides, and oxida
tive reagents. Previously, we reported that 3,5-dimethyl- 
isoxazole, easily obtainable from 2,4-pentanedione and hy- 
droxylamine, reacted regiospecifically at the methyl group 
in the 5 position with alkyl halides in the presence of an al
kali amide in liquid ammonia.1 Other electrophiles such as 
aldehydes, ketones, esters,2 nitriles, and ketimines3 react to 
give the corresponding alcohols, ketones, and amines. Re
cently, Buchi and his coworkers reported4 that isoxazoles, 
prepared from «,/3-unsaturated ketones, could be converted 
into «/i-unsaturated ketones (11) by reduction with sodi
um and tert-butyl alcohol in liquid ammonia.

In this paper, we describe how isoxazoles can be convert
ed regiospecifically into a,/3-unsaturated ketones (6), which 
are isomeric with 11. As a typical example, 5-ethyl-3- 
methylisoxazole (2b), prepared from 3.5-dimethylisoxazole 
(1) and methyl iodide, was hydrogenated over a platinum 
catalyst to afford 2-amino-2-hexen-4-one (3b). The reduc
tion of 3b with sodium borohydride was attempted, but the 
expected reaction did not occur and the starting material 
was recovered. At this point the superdelocalizability for 
nucleophilic reagents (SrN) at C-4 of 3b was calculated by 
the HMO method, to give the result shown in Table I.5 The

.____________  Table I __________________

Sr11 Values at

Compd C-4 C—2

3 1.9388 1.6494
4 2.0432 1.7400
7 2.0422 1.7423
9 2.0214 1.7259

corresponding SrN value of the AT-benzoyl derivative (4b) 
was also calculated and shown to be higher. Thus reduction 
of the carbonyl group of 4b with sodium borohydride is ex
pected to be easier and, indeed, on treatment with sodium 
borohydride, 4b gave 2-benzamide-2-hexen-4-ol (5b). This
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structure was supported by ir and nmr spectra. Without 
purification, 5b was hydrolyzed with dilute sulfuric acid at 
room temperature. From the ir and nmr spectra, the prod
uct was found to be 3-hexen-2-one (6b), which had identi
cal spectral data and retention time on vpc with an authen
tic sample. In addition, the semicarbazone of 6b showed no 
melting point depression on admixture with an authentic 
sample.

Since the SrN values at C-4 of N-acetylated (7b] and N - 
carbomethoxylated derivatives (9b) were also calculated to 
be higher than that of 3b, the reduction of 7b and 9b with 
sodium borohydride was investigated. After treatment with 
dilute sulfuric acid, the products from both 7b and 9b were 
identical with authentic 6b. Similarly, 3-hepten-2-one (6c) 
and 3,ll-tetradecadiene-2,13-dione (6d) were obtained 
from 3-methyl-5-n-propylisoxazole (2c) and l,6-bis(3- 
methyl-5-isoxazolyl)hexane (2d), respectively.

In conclusion, this report, in conjunction with Biichi’s re
port, provides a selective method for (1) isomerization of an 
a,d-unsaturated ketone, (2) protection and regeneration of 
an a,/3-unsaturated ketone, or (3) conversion of a 1,3-dike- 
tone regiospecifically into an a,/3-unsaturated ketone.

Experimental Section
IV-Acylation of 3. To a solution of 31-6 (0.005 mol) in anhydrous 

pyridine (10 ml) was added 1 g of acyl chloride with stirring in an 
ice bath. Stirring was continued for another 3 hr at room tempera
ture. The mixture was poured onto ice and extracted with methy
lene chloride. The extract was washed with dilute hydrochloric 
acid and water, dried with magnesium sulfate, and concentrated 
under reduced pressure. The residue was purified by recrystalliza
tion from an n-hexane-benzene mixture.

2-Benzamido-2-hexen-4-one (4b) was obtained from 3b and 
benzoyl chloride: yield 96%; mp 33.0-34.0°; ir (KBr) 3440, 1695, 
1650,1600, and 700 cm“ 1; nmr (CDCI3) 5 5.43 (s, 1 H), 7.5 (m, 3 H),
8.02 (m, 2 H), and 13.38 (broad s, 1 H).

Anal. Calcd for C13H15NO2: C, 71.86; H, 6.96; N, 6.45. Found: C, 
72.11; H, 6.97; N, 6.26.

2-Benzamido-2-hepten-4-one (4c) was obtained from 3c and 
benzoyl chloride: yield 90%; mp 44.0-45.0°; ir (KBr) 3410, 1690, 
1640,1595, 850, and 695 cm-1; nmr (CDCI3) 5 5.32 (s, 1 H), 7.5 (m, 
3 H), 8.0 (m, 2 H), and 13.45 (broad s, 1 H).

Anal. Calcd for 'Ci4H17N 02: C, 72.70; H, 7.41; N, 6.06. Found: C, 
72.47; H, 7.34; N, 6.17.

2.13- Bis(benzamido)tetradeca-2,12-diene-4,ll-dione (4d)
was obtained from 3d and benzoyl chloride: yield 90%; mp 159.0- 
160.0°; ir (KBr) 3450, 1690, 1600, and 705 cm“ 1; nmr (CDCI3) 6 
5.30 (s, 2 H), 7.5 (m, 6 H), 8.0 (m, 4 H), and 13.4 (broad s, 2 H).

Anal. Calcd for C28H32N2O4: C, 73.02; H, 7.00; N, 6.08. Found: 
C, 73.27; H, 7.04; N, 6.20.

2-Acetamido-2-hexen-4-one (7b) was obtained from 3b and 
acetyl chloride: yield 80%; bp 210-212° (760 mm); ir (liquid film) 
3425, 1720, 1645, 1600, and 890'cm "1; nmr (CDC13) 3 2.13 (s, 3 H),
5.3 (s, 1 H), and 12.3 (broad s, 1 H).

Anal. Calcd for C8H i3N 02: C, 61.91; H, 8.44; N, 9.03. Found: C, 
61.80; H, 8.44; N, 8.92.-

2-Carbomethoxyamino-2-hexen-4-one (9b) was obtained 
from 3b and methyl chloroformate: yield 50%; mp 63.5-65.0°; ir 
(KBr) 3475, 1760, 1655, 1600, and 870 cm -1; nmr (CDC13) 3 3.71 (s, 
3 H), 5.32 (s, 1 H), and 11.95 (broad s, 1 H).

Anal. Calcd for C8Hi3N 03: C, 56.12; H, 7.65; N, 8.18. Found: C, 
55.96; H, 7.64; N, 8.08.

Sodium Borohydride Reduction of 4, 7, and 9. A solution of 4, 
7, or 9 (4 mmol) in methanol (20 ml) was reduced with an excess 
sodium borohydride (5 mmol). After 10 hr, the mixture was poured 
onto water and extracted with methylene chloride. The extract was 
dried and evaporated. It was difficult to purify the residue by 
chromatography or distillation, because of its instability.

2-Benzamido-2-hexen-4-ol (5b) was obtained from 4b: yield 
80%; ir (liquid film) 3320, 1655, 1515, 1025, and 700 cm-1; nmr 
(CDCI3) 3 1.55 (m, 2 H), 2.95 (broad s, 1 H), 4.35 (m, 1 H), 4.88 (d, 
1 H), and 9.05 (broad s, 1 H).

2-Benzamido-2-hepten-4-ol (5c) was obtained from 4c: yield 
67%; ir (liquid film) 3325,1655,1515,1025, and 700 cm-1.

2.13- Bis(benzamido)tetradeca-2,12-diene-4,ll-diol (5d) was
obtained from 4d: yield 96%; ir (liquid film) 3350,1730,1650,1520,

1030, and 700 cm -1; nmr (CDC13) 3 1.35 (m, 12 H), 4.3 (m, 2 H), 4.8 
(d, 2 H), and 9.57 (s, 2 H).

2-Acetamido-2-hexen-4-ol (8b) was obtained from 7b: yield 
30%; ir (liquid film) 3300, 1665, 1620, 1525, and 880 cm“ 1; nmr 
(CDCI3) 3 0.9-1.6 (m, 5 H), 2.05 (s, 6 H), 3.43 (s, 1 H), 4.12 (q, 1 H),
4.9 (d, 1 H), and 8.03 (broad s, 1 H).

2- Carbomethoxyamino-2-hexen-4-ol (10b) was obtained 
from 9b: yield 95%; ir (liquid film) 3325,1745, 1720,1680, and 1180 
cm“ 1; nmr (CDCI3) 3 1.5 (m, 2 H), 2.07 (s, 1 H), 2.75 (broad s, 1 H),
3.67 (s, 1 H), and 8.03 (broad s, 1 H).

Hydrolysis of 5, 8, and 10. To a solution of crude 5, 8, or 10 in 
dichloromethane was added dilute sulfuric acid and the mixture 
was stirred for 10 hr at room temperature. This suspension was 
washed with water and extracted with methylene chloride. The ex
tract was dried over magnesium sulfate and evaporated. The re
sulting products were purified by fractional distillation and/or sili
ca gel column chromatography.

3- Hexen-2-one (6b) was purified by fractional distillation: 
yield 60% (from 5b), 67% (from 8b), 76% (from 10b); bp 130-140°. 
The semicarbazone of 6b was recrystallized from aqueous ethanol: 
mp 196° (lit.7 198°).

3-Hepten-2-one (6c) was purified by fractional distillation: 
yield 30% (from 5c); bp 163-165°. The 2,4-dinitrophenylhydrazone 
of 6c was recrystallized from aqueous ethanol: mp 122-123° (lit.8 
125-126°);

3,ll-Tetradecadiene-2,13-dione (6d) was purified by silica gel 
column chromatography eluting with benzene-ethyl acetate mix
ture: yield 42%; ir (liquid film) 1660, and 1620 cm“ 1; nmr (CDCI3) 3
1.4 (m, 8 H), 2.2 (m, 4 H), 2.25 (s, 6 H), 6.02 (d, 2 H), and 6.82 (d-t, 
2 H). The bis-2,4-dinitrophenylhydrazone of 6d was recrystallized 
from aqueous ethanol: mp 130° dec; ir (KBr) 3400,1620,1590, and 
1325 cm-1.

Anal. Calcd for C26H3oN808: C, 53.60; H, 5.19; N, 19.24. Found: 
C, 53.36; H, 5.40; N, 19.54.

Registry No.—3b, 33663-57-9; 3c, 33663-59-1; 3d, 41027-52-5; 
4b, 53535-13-0; 4c, 53535-14-1; 4d, 53535-15-2; 5b, 53535-16-3; 5c, 
53535-17-4; 5d, 53535-18-5; 6b, 763-93-9; 6c, 1119-44-4; 6d, 53535-
19-6; 6d bis (2,4-DNPH), 53535-20-9; 7b, 53535-21-0; 8b, 53535-
22-1; 9b, 53535-23-2; 10b, 53535-24-3; benzoyl chloride, 98-88-4; 
acetyl chloride, 75-36-5; methyl chloroformate, 79-22-1.
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Photolysis of certain cyclopropyl ketones generates cy- 
clopropylketenes1 which have been cited as thermal pre
cursors of the 2-cyclopentenones also formed.la_d’2

We have investigated the rearrangement of cyclopropyl
ketene (1) generated in situ by pyrolysis of its dimer (2) 
and have found, in addition to cyclopentenone (3), allene 4 
and spirodiene 5. Results are summarized in Table I.

There is ample evidence that ketene dimers crack ther
mally to the parent ketenes4 or to allenes5 (and carbon 
dioxide). Thus, we suggest that alternative cracking pat
terns a and b, as shown, accoupt for the products observed. 
That the allene was the precursor of the spirodiene was
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Table I
Pyrolysis of Dimer 2°

% yield

Rim T,b "c Packing 3 4 5

1 560 G lass w ool 31 0 . 2 14
2 540 G lass w ool 17 0 9
3 555 6-m m  helices 15 2 0 3

“ The pyrolysis procedure has been described previously.3
Dimer (1-3 g) was introduced as vapor (0.2- 1.8 mm) at 0.8- 2.1
g/hr. 6 Temperature at the center of thè hot tube, ±10°.c Yields are 
based upon glpc analysis. A 5 or 10 ft x 0.25 in. column packed with 
Chromosorb W coated with 20% by weight of Apiezon L was used, 
with ethyl benzoate or 4-methylcyclohexanone as internal stan
dard. Identification of 3 was done by comparing glpc retention 
times and ir spectra with those of an authentic sample. For identi
fication of 4 and 5, see Experimental Section.

Table II
Pyrolysis of Ethyl Cyclopropaneacetate 6“

Run T ?  °C

% 3
produced C

% 6
recovered

4 585 3 9 42
5 610 3 4 30
6 625 27 20

“ The pyrolysis procedure has been described previously.3 Ester 
entered the glass wool packed hot tube as vapor (0.25-2.0 mm) at 
ca. 1 g/hr. 6 Temperature at the center of the hot tube, ± 10°. 
c Yields are based upon glpc analysis as described above. Yields of 
3 produced are based on unrecovered 6.

t> —CH2COOC2H5 — ► [0 ^ -C »= G = D ~
6 1

I3
[>  CH==0==iCH <[] — * Q Q  

4 5

suggested by the increased yield of aliéné at the expense of 
spirodiene (run 3 us. run 2) with a smaller packing surface 
at the same rate of distillation.

Pyrolysis of ethyl cyclopropaneacetate (6)6 also gave cy- 
clopentenone. Results are summarized in Table II.

Acyl oxygen cleavage of esters affording ketenes is less 
well known than the more usual alkyl oxygen cleavage giv
ing alkenes.7 Phenyl esters, in particular, are prone to acyl 
oxygen cleavage, as are certain other esters.8 There is some 
evidence that /3-keto esters afford acylketenes pyrolytically 
in the presence of a glass surface.3’9 Consequently we 
suggest that cyclopropylketene (1) may be the primary 
product of pyrolysis of ester 6 (although a vinylcyclopro- 
pane rearrangement of the enol form is certainly not ex
cluded).

Experimental Section
Melting points were determined on a Mel-Temp apparatus (un

corrected). Microanalyses were performed by Spang Analytical 
Laboratory, Ann Arbor, Mich. Glpc results were obtained with a

Varian-Aerograph Model A90-P3 thermal conductivity machine. 
Infrared spectra were taken on a Perkin-Elmer Model 237B or 
Beckman IR-20 grating spectrophotometer; ultraviolet spectra, 
with a Cary 14; nmr spectra, with a Varian A-60A; mass spectra, 
with a Varian/MAT CH-7 (at 70 eV). Pyrolyses were performed as 
described previously3“ with a Hevi-Duty Electric Co. Type 77-T 
(600 W, “ Multi-Unit” ) oven using a 37 X 2.5 cm Vycor tube 
packed as described above.

Dimer 2 (3-Cyclopropyl-4-cyclopropylmethylidene-2-oxe- 
tanone). The dimer 2 was prepared by Sauer’s procedure10 from 
the corresponding acid chloride11 and triethylamine in 41% yield: 
bp 79-80° (0.20 mm); ir (CC14) 3.23, 5.32, 5.80 p; nmr (CC14) 6 
0.12-1.92 (m, 10, cyclopropyl CH), 3.88 (d, d, J\ = 1.3 Hz, «/ 2 =
6.2 Hz, CHCtfC=CH), 4.35 (d, d, J 1 = 1.3 Hz, J 2 = 9.1 Hz, 
CHCH— CCH); uv (EtOH) Amax 210 nm (e 2400); mass spectrum 
order of intensity m/e 82 > 54 > 39 > 164 = 41, parent ion m/e
164.12 Compound 2 was converted to N-p-bromophenyl-2,4-dicy- 
clopropyl-3-oxobutyramide, by treatment with p-bromoaniline, in 
78% yield: mp 130-131° (ethanol-water); ir (CCL) 3.05, 5.95, 6.60 
p; nmr (CDCI3) 5 0.35-1.67 (m, i0, cyclopropyl CH), 2.60 (d, 2, J =
6.5 Hz, CHC H 2), 2.83 (d, 1 , J  = 10 Hz, CHCH (CO-)2), 7.45 (s, 4, 
Ar H).12

No cyclopentenone was observed (glpc) in the reaction mixture 
during preparation of the dimer.

Allene 4 (l,3-DicyclopropyI-l,2-propadiene). The allene was 
trapped from the glpc effluent of the dimer pyrolysate: ir (CC14) 
3.23, 5.11 p; nmr (CC14) S 0.10-1.43 (m, 10, cyclopropyl CH), 5.00 
(d, d, 2, J x = 3.2 Hz, J 2 = 5.0 Hz, CH CH =C); uv (EtOH) Xmax 
213 nm (t 1490); mass spectrum order of intensity m/e 91 > 39 > 
77 > 105 > 65 = 51 = 41 > 120, parent ion m/e 120.12

Spirodiene 5 (Spiro[4.4]nonadiene-l,6). The spirodiene13,14 
was also trapped from the glpc effluent of the dimer pyrolysate: ir 
(CCL) 3.28, 6.22 p; nmr (CC14) 5 1.63-1.97 (m, 4, C ff2CH2CH =C), 
2.17-2.53 (m, 4, CH2CH2CH =C), 5.83-5.72 (m, 4, CH2C H =  
CH-)-, mass spectrum order of intensity m/e 105 > 120 > 91 > 
90 > 79 > 77 > 78 > 65 > 64, parent ion m/e 120, consistent with 
the literature values.14“’12

Pyrolysis of the dimer also gave 25-30% of nonvolatile material. 
Hydrolysis of this with hot 10% aqueous sodium hydroxide afford
ed small amounts of 2-pentenoic acid, cyclopropaneacetic acid, 
and 1,3-dicyclopropylacetone,15 totaling about 60% of the nonvola
tile fraction and presumably derived from dimer or oligomers of 
cyclopropylketene.
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The photoreactions of benzaldehyde have been reported 
extensively. Some of these include photooxidations,3 pho
toreductions,4 cycloadditions to form oxetanes6 and sus
pected oxetene intermediates,6 and mechanistic studies 
using chemically induced dynamic nuclear polarization 
(CIDNP) techniques.7 We wish to report on the products of 
the ultraviolet irradiation of benzaldehyde and 1-hexyne.

Mixtures of 1-hexyne and benzaldehyde were irradiated 
through Pyrex under a nitrogen atmosphere. The reaction, 
mixture was separated by vapor phase chromatography 
(vpc) and the products (Scheme I) were analyzed by com-

c6h 5c h o  +  c4h 9=

Scheme I

CH

0  OH OH OH 0
Il 1 1 1 II

CiH 5C— CHC6H5 + C6H5CH— c h c 6h 5 +  C6H5CCH,
I n III

1.5 hr 13% 12% 4%
7.5 hr 8 % 8 % , 4%

O 0
II II

C.H-.CQH,, +  C6H5CCH=CHC4H9 +
IV V

0% 5%
05 % 3%

0 O 0
II II II

C6HSCCH2C H ==CHC3H7 +  C6H5CCH2CHCC6H5

VI
C4H9

VII
4% 48%
3% 57%

15%
16%

various aldehydes to the esters of maleic and acetylenedi- 
carboxylic acids.10 Product IV is formed by a photochemi
cal reduction of V. Indeed, irradiation of V gave IV proba
bly in a similar manner as that reported by Griffin and 
O’Connell for the reduction of cis-dibenzoylethylene.11 
Product VII is formed by further addition of benzaldehyde 
to V as shown by the fact that irradiation of V in benzalde
hyde gave a high yield of VII in a very short period of time. 
It is instructive to note that product VII was the major 
product of the overall reaction. This is probably a result of 
the high reactivity of V toward radical reactions. Thè sec
ond benzoyl radical added to the second carbon of the orig
inal 1-hexyne, giving the more stable radical a to the ben
zoyl group. This reaction has possible value as a prepara
tive method for y-diketones although we made no attempt 
to study the preparative aspects.12 Product Vi probably re
sulted from a simple photochemical isomerization of V as 
first shown by Yang and Jorgenson.13 In our case, mixtures 
of V and VI, when irradiated, gave products which con
tained 95% or more of compound VI.

We do not believe that the addition of benzaldehyde to
1-hexyne involves the cycloaddition of triplet state benzal
dehyde to the unsaturated system to form an oxetene as re
ported by Buchi and coworkers.6 They obtained 6-benzyli- 
dene-5-decanone when benzaldehyde was irradiated in 5- 
decyne. They proposed an oxetene intermediate which 
opened to give the observed product.6 In our reaction of 
benzaldehyde with 1-hexyne, two different oxetene inter
mediates (VIII and IX) would be possible. Ring opening of 
these intermediates would lead to l-phenyl-l-hepten-3-one
(X) and a-n-butylcinnamaldehyde (XI). Neither X  nor XI 
was found in our reaction indicating that an oxetene inter
mediate is not involved.

C Ä C H — o

hc= cc4h9
VIII

C Ä C H -7 -0

K h -
c4h9c= = ch

IX

0
II

c6h5ch= ch cc4h3

X

C6H5CH==CCHO

c4h9
XI

parisons with authentic samples some of which were pre
pared in our laboratory. Products V and VI were both iso
lated in the course of preparing V. The structures are con
sistent with their nmr spectra. The aliphatic portion of the 
nmr spectrum for V is the same as that for 1-hexene while 
the aliphatic portion of the nmr spectrum for VI is the 
same as that for 1-pentene. We believe that compound V 
has the trans form because the infrared spectrum has two 
carbonyl bands.8 Six per cent of the benzaldehyde was con
verted in 1.5 hr and 17% in 7.5 hr. The listed yields are 
based on the actual conversion of the benzaldehyde.

Products I, II, and III were formed from benzaldehyde- 
benzaldehyde reactions as previously reported.2 As shown 
by the products, radical addition to 1-hexyne to form IV- 
VII dominates, but radical pair formation7® and hydrogen 
abstraction4 mechanisms are also in evidence. We believe 
that benzoyl radicals formed by hydrogen abstraction from 
benzaldehyde add to the first carbon of 1-hexyne as has 
been observed for the addition of free radicals to 1-alk- 
ynes.9 The resulting hexenyl radical (CeHsC^O)- 
CH=CC4H9) would abstract a hydrogen from another 
benzaldehyde or from a 1-hexyne molecule to form 2-hep- 
tenophenone (V). This reaction is similar to that reported 
by Wiley and Harrell for the cobalt-60 induced addition of

Experimental Section
Materials and Apparatus. Spectra were obtained as follows: ir, 

Perkin-Elmer Model 457 spectrophotometer; nmr, Varian À60-A; 
uv, Cary Model 15 spectrophotometer; mass spectra, Varian MAT- 
111 gc-ms system using a 4 ft X % in. column packed with 3% SE- 
30 on Chromosprb W. A Varian Aerograph 202-B temperature pro
gramming vapor phase chromotpgraph (vpc) was used to analyze 
and separate all reaction mixtures. Accurate analytic analyses were 
carried out using a 4 ft X 0.25 in-stainless steel column packed 
with 4% Carbowax 20M on Chromosorb G/AW, 80-100 mesh. 
Quantitative yields were obtained by calibrating the columns with 
a mixture of weighed amounts of the compounds to be analyzed.14 
A Hanovia 450-W medium-pressure lamp was used for all irradia
tions. Benzaldehyde (J. T. Baker) and 1-hexyne (Chemical Sam
ples Co.) were distilled prior to use.

Preparation of 2-Heptenophenone (V ).15 Phènacyltriphenyl- 
phosphonium bromide (0.65 g, 14.1 mmol), prepared from triphen- 
ylphosphine and 2-bromoacetophenone, was dissolved in 25 ml of 
ethanol containing about 0.1 g of potassium hydroxide. To this so: 
lution was added 0.23 g (2.68 mmol) of pentanal in 25 ml of te- 
trahydrofuran. This mixture was refluxed for 25 hr and evaporated 
leaving a yellow liquid and a white solid. The liquid was separated 
on the vpc to give compounds V (65%) and VI (35%). Compound V 
exhibited the following spectra: nmr ô 7.85 (m, 2)„ 7.40 (m, 3), 6.80 
(m, 2), 2.20 (m, 2), 1.40 (m, 4), 0.95 (m, 3); uv Amax (ethanol) 258 
nm (r 18,000); ir 1673 and 1625 cm“ 1. Compound VI exhibited the 
following spectra: nmr 5 7.85 (m, 2), 7.40 (m, 3), 5.55 (m, 2), 3.60
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(m, 2), 2.0 (m, 2), 1.40 (m, 2), 0.90 (m, 3);_uv Amax (ethanol) 244 irai 
U 9700); ir 1690 cm "1.

Anal, (for a mixed V and VI sample). Calcd for C13Hi60: C, 
82.93; H, 8.57. Found: C, 82.78; H, 8.67.

Irradiation of Benzaldehyde and 1-Hexyne. A solution of 
8.09 g (75 mmol) of benzaldehyde and 3.1 g (38 mmol) of 1-hexyne 
was placed in a Pyrex tube and purged with nitrogen for 10 min. 
The tube was then stoppered and irradiated at a distance of 8 in. 
from the light source, Aliquots were removed from the irradiated 
mixture at various times and analyzed by vpc. The results for 1.5 
and 7.5 hr are listed in Scheme I. The vpc fractions (at 7.5 hr) were 
collected and the structures determined as follows. Fraction 1 
proved to be 1-hexyne. Fraction 2 was benzaldehyde {83% recov
ered). Fraction 3 (0.5%) exhibited an ir spectrum identical with 
that of authentic heptanophenone (IV) (Pfaltz-Bauer Inc.). Frac
tion 4 (3%) exhibited ir and mass spectra identical with that of an 
authentic sample of 3-heptenophenone (VI). Fraction 5 (3%) ex5 
hibited ir and mass spectra identical with that of an authentic 
sample of 2-heptenophenone (V). Fraction 6 (4%) exhibited an ir 
spectrum identical with that of deoxybenzoin (III) prepared by the 
method of Allen and Barker.16 Fraction 7 (8%) showed ir spectrum 
identical with that of an authentic sample of benzoin (I) (Heyden 
Chemical Co.). Fraction 8 (8%) exhibited an ir spectrum identical 
with that of hydrobenzoin (II) (Sadtler spectrum no. 37,405). Frac
tion 9 (57%) showed ir, nmr, and mass spectra identical with that 
of 2-n-bUtyI-l,4-diphenyl-l,4-butanedione (VI) prepared by the 
procedure of Sawa and coworkers.17

Other fractions were observed but could not be isolated in a 
large enough yield to characterize.

Irradiation of a Mixture of V and VI in Benzaldehyde. A  
mixture of V and VI (0.069, 0.32 mmol) and 10 g of benzaldehyde 
was irradiated as above to yield VII (67%) along with compounds I, 
II, and III. Compound VI was recovered.

Irradiation of V and VI Mixtures in Benzene. In two experi
ments a mixture of 78% VI and 22% V and a mixture of 89% V and 
11% VI were irradiated in benzene through a 310-410-nm filter. 
Both irradiations resulted in a mixture greater than 95% VI and 
5% V. Small amounts of compound IV were also formed in these 
reactions.
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The hydrogenolysis of cyclic and acyclic, acetals and ke- 
tals to the corresponding ethers can be effected by alane,2 
chloroalane,2 dichloroalane,2 alkoxyalanes,3 and alkoxy- 
chloroalanes.3 Hydrogenolysis of acetals or ketals by lithi
um aluminum hydride (LAH) is rare. However certain al- 
lylic acetals can be reductively rearranged to vinyl ethers 
by LiAlH4 alone. For example, hex-2-enopyranosides led to 
3-deoxyglycals4 and certain vinyl-substituted 2-vinyl-l,3- 
dioxolanes led to 1-propenyl 2-hydroxyethyl ethers.5 In the 
light of these results and because of our continuing inter
est3,6 in the hydrogenolysis of acetals and ketals, we chose 
to study the reactions of an acetylenic acetal, 2-butynal di
ethyl acetal 1. If hydrogenolysis by LAH alone were analo
gous to the allylic acetal reaction, then C -0  bond cleavage 
of the acetylenic acetal with bond migration would yield an 
allenic ether7 2 (Scheme I, path a). Otherwise C -0  bond

Scheme I

CH ,CH =C=CH O Et

X

LiAlH,
CH,. ,H

CH3C=CCH (O Et)2 —
1

CH3C ^ C C H 2OEt

^ C = C
H CH,OEt

4

CH
' 'X = C . /

A1C12H

H

H "CH(0Et)2

cleavage without bond migration would simply lead to the 
acetylenic ether 3 (Scheme I, path b).

In this work the reaction of 1 with LAH led to trans- 
crotyl ethyl ether 4. To determine if the observed product 
resulted from reduction of allenic ether 2, reduction of 1 
with LAH was repeated and the reaction quenched with 
D2O (Scheme II). There was found a 65% deuterium incor-

1. LiAlH,

2. D,0

CH,

Scheme II
-D CH,

H CH,OEt
6 5 %

3\ /:c=c:
D '

H

CH,OEt
3 5 %

poration at C-2 and 35% at C-3.8 For the allenic ether to be 
an intermediate 100% of the hydrogen at C-3 must come 
from LAH. When the reduction of 1 was repeated using 
LiAlD4 followed by quenching with H2O, the crotyl ethyl 
ether 4 was found to have 65% deuterium at C-3, 35% at C- 
2, and 100% at C -l8 (Scheme III). For the allenic ether to 
be an intermediate, there would have to be 100% incorpora
tion of deuterium at C-3 and C-l.

2-Butynyl ethyl etlier 3 was ruled out as a possible inter
mediate by allowing it to react with LAH in refluxing ether 
for 48 hr. While 3 gave crotyl ethyl ether 4 in 65% yield, 
35% of 3 remained unreacted. On the contrary no trace of
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(35%) (65%).

2-butynyl ethyl ether was found from the reaction of 1 with 
LAH after 24 hr. Therefore it appears that 2-butynyl ethyl 
ether 3 is too unreactive to be considered an intermediate 
in the reaction of 1 with LAH.

Based upon the results from the above experiments, the 
formation of the observed product trans-crotyl ethyl ether 
4 from the reaction of 2-bUtynal diethyl acetal 1 with LAH 
can be explained by a pathway involving the nonregiospeci- 
fic addition of LAH or LAD to the triple bond followed by 
hydrogenolysis of the acetal linkage (see Scheme III).

A number of the other experiments were also carried out. 
2-Butynal diethyl acetal 1 was smoothly hydrogenolyzed by 
dichloroalane in ether to 2-butynyl ethyl ether 3.

iran.s-Crotyl ethyl ether 4 can be obtained by the dichlo
roalane hydrogenolysis of trarcs-crotonaldehyde diethyl ac
etal 5 and is identical with the product of the LAH reduc
tion of 2-butynal diethyl acetal 1.

It was also determined that crotonaldehyde diethyl ace
tal 5 is 8 times more reactive than 2-hutynal diethyl acetal 
1. Since the carbon-carbon double bond can stabilize a pos
itive charge better than the carbon-carbon triple bond, the 
preceding result is consistent with the accepted mechanism 
of acetal hydrogenolysis which predicts.the acetal produc
ing the more stable carbonium ion to be more reactive, 
other factors, such as steric, being the same.6

• Experimental Section

An F&M Model 700 gas chromatograph was used for glpc analy
ses. Nmr spectra were obtained with a Varian A-60 spectrometer 
on CDCI3 solutions with TMS as an internal standard.

2-Butynal diethyl acetal 1 and 2-butynyl ethyl ether 3 were ob
tained from Farchan Laboratories, Willoughby, Ohio.

Trans-Crotonaldehyde diethyl acetal9 5 was prepared from 
irara.s-cortona 1 dehyde and triethyl orthoformate by a method pre
viously described.6

iran.s-Crotyl ethyl ether10 4 was prepared by the dichloralane 
hydrogenolysis of irans-crotonaldehyde diethyl acetal by a method 
previously described.6

Competitive hydrogenolyses of 1 and 5 with alane were carried 
out according to the procedure of Davis and Brown.6

Reaction o f 2-Butynal Diethyl Acetal 1 with LiAlH4. This 
reaction was carried out by the procedure of Davis and Brown.5 
The reaction was repeated using LiAlH4 but quenched with D2O, 
The reaction was also carried out with LiAlD4 and quenched with 
H2O. In each there was obtained an 83% yield of frans-cortyl ethyl 
ether 4 and 12% of starting material. In each case the crotyl ethyl 
ether was subjected to nmr analysis in the following manner. In a 
glove bag with a nitrogen atmosphere, 63 mg o f Eu(fod):i was 
weighed into an nmr tube and dissolved in 30 /¿I of CDCI3. The 
glpc-purified crotyl ethyl ether was added to the nmr tube and the

spectra were run. From the initial amount of 30 /xl, the amount of 
crotyl ethyl ether was successively increased to 40, 50, 60, and fi
nally 85 g\. The nmr spectra were run and analyzed as described.8

Registry No.— 1, 2806-97-5; 4 ,1476-06-8; LiAlH4, 16853,85-3.
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Lithium triethylborohydride has recently been reported 
to be a source of remarkably nucleophilic hydride ion as 
demonstrated by its ability to rapidly reduce organic ha
lides susceptable to Sn 2 displacement.1 In light of the ap
parent high nucleophilicity of this reagent it seemed that 
lithium triethylborohydride might serve as a source of hy
dride ion for the displacement of groups which are much 
poorer leaving groups than halide ions. We now wish to re
port that this reagent readily effects the displacement of 
tertiary amines from quaternary ammonium iodides in 
THF.2 Results are shown in Table I.

As can be seen from the results in Table I, aromatic trial- 
kylammonium iodides readily react with lithium triethyl
borohydride at room temperature to give the tertiary 
amine resulting from the displacement on an alkyl group 
by hydride ion. It is also evident that displacement occurs 
predominately on a methyl group in salts containing at 
least two methyl groups while an appreciable amount of 
deethylation is observed with phenyldiethylmethylammon- 
ium iodide which contains but one methyl group. The sur
prising increase in deethylation in this case may be due to 
an increased steric hindrance to the attack on the remain
ing methyl group.

It is worthy of note that while the above mentioned salts 
are readily demethylated at 25°, these displacements are 
considerably slower than those involving the displacement 
of halide ion. Under conditions in which n-octyl bromide is 
said to be completely reduced to n-octane (2 min, 25°),1 n-
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Table I
Reduction of Quaternary Ammonium Iodides with Lithium Triethylborohydride“

Quaternary Salts Registry no. Temp, 0 C Time, hr Produces)6 (% yield)P

C gH5N(CH3)3I 98-04 -4 25 0.75 C eH5N(CH3)2 (100, 92i )
65 0.25 (100)

c 6h 5n (c 2h 6)(c h 3)2i 1006-07-1 25 0.75 C 6H6N(C2H5)CH3 (96) + C 6H6N(CH3)2 (4)
c 6h 5n (c 2h 5)2c h 3i 1007-67-6 25 0.75 CeH5N(C2H5)2 (66) + C eH5N(C2H5)CH3 (33)
c 6h 5c h 2n (c h 3)3i 4525-46-6 65 7.0 CeH5CH2N(CH3)2 (100, 85s)

25 2.0 (<  5)
c h 3(c h 2)5n (c h 3)3i 15066-77-0 65 4.0 CH3(CH2)5N(CH3)2 (100, 88ä)

25 2.0 (<  5)
c h 3c  (c h 3)2c h 2c  (c h 3)2n (c h 3)3i 53624-41-8 65 1.0 c h 3c (c h 3)2c h 2c (c h 3)2n (c h 3)2 (100)

“ Reductions were performed using 1.0 mmol of salt and 1.5 mmol of LiEt3BH in 5 ml of dry THF under nitrogen. 6 All products identified 
by comparison with authentic samples or through preparation of known derivatives of isolated products. c Yields were determined by glpc 
analysis with the aid of an internal standard unless otherwise noted. a Yield of isolated picrate salt.

pentyltrimethylammonium iodide suffers less than 5% re
duction.

Quaternary ammonium salts of aliphatic amines are 
much less readily reduced, however, owing to the increased 
basicity of the tertiary amine and require longer reaction 
times at elevated temperatures for the quantitative libera
tion of the dealkylated tertiary amine. The addition of hex- 
amethylphosphoric triamide, which often accelerates the 
rate of Sn2 processes,3 does not affect a noticeable increase 
in the rate of the reaction with these substrates.

Thus, lithium triethylborohydride is an excellent reagent 
for the selective demethylation of quaternary ammonium 
salts containing methyl groups. It seems likely that this re
markable reagent will find use in other reductions involv
ing the displacement of poor leaving groups by hydride ion.

Experimental Section
Materials. The quaternary ammonium salts employed in this 

work were prepared by the treatment of the corresponding tertiary 
amines with excess methyl iodide in benzene. The A,TV-dimethyl 
amines were obtained from commercial sources or by the methyl- 
ation of the corresponding primary amines.4 Physical properties of 
all materials were in agreement with published values. A I M  stock 
solution of lithium triethylborohydride in THF was prepared as 
previously described.1

General Procedure for the Dealkylation of Quaternary 
Ammonium Salts. A1,AT-Dimethylaniline from Phenyltri- 
methylammonium Iodide. The following procedure illustrates 
the general procedure used for the reduction of all of the quater
nary ammonium iodides reported in Table I. Variations in reaction 
time and temperature for specific salts are shown in Table I. To a 
suspension of 0.265 g (1.0 mmol) of phenyltrimethylammonium io
dide in 5 ml of dry THF under a nitrogen atmosphere was added
1.5 ml of 1 M  lithium triethylborohydride stock solution. The mix
ture was stirred at room temperature for 0.75 hr. The resulting ho
mogeneous mixture was treated with 1.0 ml of 10% aqueous hydro
chloric acid and the THF was removed under reduced pressure. 
The aqueous solution was made basic by the addition of sodium 
hydroxide and the tertiary amine was obtained by extraction of the 
aqueous phase with several small portions of ether. Addition of the 
ethereal solution of iV.A-dimethylaniline to 5 ml of saturated pic
ric acid in ethanol gave 0.322 g (92%) of /V.A'-dimethylaniline pic
rate, mp 161-162° (lit.6 mp 163°).
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With the exception of allyl halides, the carbonylation of 
organic halides using palladium catalysts has received little 
attention because of the severe reaction conditions.1-4 A re
cent study6 of the carbonylation of dichlorobis(triphenyl- 
phosphine)palladium(II) (1) suggests it as a potential cata
lyst for the carbonylation of organic halides. Carbonylation 
of 1 in methanol in the presence of primary or secondary 
amines affords a mixture of carbonylpalladium(O) com
plexes 2 and 3, whereas in the presence of tertiary amines, 
chlorocarbomethoxybis(triphenylphosphine)palladium(II)
(4) is formed. Treatment of 4 with methyl iodide or benzyl 
bromide yields the corresponding methyl ester.5

Since aryl, benzyl, and vinyl halides readily react with ei
ther finely divided palladium metal6’7 or organophos- 
phinepalladium(O) complexes8-9 to form organopalladi- 
um(II) complexes, it appeared likely that the palladium(O) 
complexes 2 and 3 would react with organic halides via oxi-

UPdCl, +  CO +  CH3OH Pd(CO)L3 +  Pd/CO lU ,

1, L =  PPh3 2 3
rr'r̂ 'n

1 +  CO +  CH3OH -------- *■ L2PdCKC02CH:l)

4

dative addition to afford organopalladium complexes which 
upon carbonylation would give acylpalladium(II) deriva
tives. Alcoholysis of the acylpalladium(II) compounds 
would afford esters and regenerate a palladium(O) complex 
in the presence of a base.10 A catalytic cycle for the carbon
ylation of organic halides could also be achieved with the 
carbomethoxypalladium complex 4 if dihalobis(triphenyl-
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Table I
Carboalkoxylation of Aryl and Benzyl Halides“

RX R'OH Base temp, C time, hr r c o 2 R' ROR' ROAc

P h i 6 C H 3O H N a O A c 6 0 4 8 8 0 ■
P h i 6 C H 3O H E t 3N 6 0 4 8 8 5
P h C H 2 C l c C H 3O H N a O A c 8 0 2 4 6 1 1 9 1 3
P h C H 2C l ° « - B u O H N a O A c 8 0 36 6 8 T r a c e T r a c e
P h C H 2 C l ° n - B u O H N a O A c 60 36 5 0 T r a c e T r a c e
P h C H 2C l c C H j O H N a 2C 0 3 8 0 2 4 4 9 3 5
P h C H j C P C H 3O H E t 3N 8 0 2 4 3 6 4
P h C H 2C l c C H j O H l , 8 - B is ( d im e t h y l a m in o ) n a p h t h a l e n e 80 2 0 9 1 3
P h C H 2C l c C H 3O H 2 , 6 - L u t i d i n e 8 0 4 0 3 6
P h C O C H 2B r Ä C H 3O H 1 , 8 -  B i s  ( d im e t h y la m in o ) n a p h t h a le n e 8 0 4 8 6 4

/ r .^ (C0) ~ 200 psi at room temPerature- 6 PdCl2(PPh3)2-PhI = 1:100; Phi = 30 mmol; base = 50 mmol; CH3OH = 100 ml. « PdCl2- 
(PPh3)2-PhCH2Cl = 1:100; PhCH2Cl = 40 mmol; base = 60 mmol; R'OH = 100 ml. * PdCl2(PPh3)2-PhCOCH2Br = 1:58- PhCOCHoBr = 
25 mmol; base = 29 mmol; CH3OH = 100 ml.

phosphine)palladium(II) (la) is produced from the reac
tion of 4 with organic halides to afford esters.

Treatment of iodobenzene with carbon monoxide (200 
psi) and bases in methanol in the presence of a catalytic 
amount of 1 at 60° afforded good yields of methyl benzoate 
(Table I). The palladium catalyst was recovered as halocar- 
bomethoxybis(triphenylphosphine)palladium(II) (4a) in 
>90% yield. Carboalkoxylation of benzyl chloride was 
achieved under similar conditions in the presence of a vari
ety of bases. The best yield of ester product was obtained 
with l,8-bis(dimethylamino)naphthalene, a strong base 
with low nucleophilicity. By-products such as benzyl meth
yl ether and benzyl acetate probably arose from nucleophil
ic displacements at either benzyl chloride or a benzylpalla- 
dium species. In the reactions of benzyl chloride which 
yielded esters, the palladium catalyst 1 was converted to ei
ther palladium black or an air-sensitive complex, probably 
a palladium(O) material. No ester was obtained in the pres
ence of 2,6-lutidine and a 70% yield of 4 was obtained, thus 
suggesting a palladium(O) species as the active catalyst in 
the carboalkoxylation of benzyl chloride.

Carbonylation of equimolar amounts of 1 and iodoben
zene afforded a 34% yield of methyl benzoate after 12 hr. 
Treatment of iodobenzene with an equimolar amount of 4 
under similar conditions resulted in a 25% conversion to 
methyl benzoate. Allowing for the variation in reaction 
temperature, these results as well as the isolation of 4a 
from the catalytic carbométhoxylation of iodobenzene are 
compatible with 4a being the actual catalyst. However, the 
possibility that the active catalyst is a palladium (0) species 
present in a trace amount in the reaction mixture cannot be 
eliminated.

1 +  Phi +  CO +  CHjOH NaOAc, L2 hr 
00°, 200 psi

PhCO^Hj +  LsPdXICOzCH,) 

34% 4a, X =  Cl or I
L =  PPh,

4 +  Phi
CH:1OH 

60°, 12 hr
PhC02CH;, +  LjPdX'Cl

25% la, X =  Cl or I 
L = PPh3

The carbonylation of a-bromoacetophenone (5) in meth
anol in the presence of l,8-bis(dimethylamino)naphthalene 
was effected by treatment with a catalytic amount of 1 and 
carbon monoxide (200 psi) at 80°. The reaction afforded a

0

Ph— C — CH,Br
MeOH

00
1

0
II

Ph— C— CHjCO^CHj

64%

64% yield of a-carbomethoxyacetophenone. Carbonylation 
of 2-bromobutane in benzene, methanol or dimethyl sulf
oxide gave no carboxylic acid derivatives.

Experimental Section
General Procedure for the Catalytic Carbonylation of Phe

nyl Iodide and Benzyl Chloride. In a 500-ml autoclave was 
placed a mixture of the organic halide, the base, dichlorobis(tri- 
phenylphosphine)palladium(II) (1), and alcohol. The mixture was 
heated at 60 or 80° under 200 psi of carbon monoxide until gas ab
sorption stopped. The palladium catalyst was removed by gravity 
filtration and washed with 50 ml of methanol. The combined fil
trates were concentrated by distillation through a 10 cm Vigreux 
column. The residue was diluted with 100 ml of water and extract
ed with several small portions of pentane. The combined pentane 
extracts were washed with 2N  hydrochloric acid, aqueous sodium 
bicarbonate, and saturated aqueous sodium chloride successively. 
The pentane solution was dried over magnesium sulfate, concen
trated by evaporation through a 10 cm Vigreux column, and then 
distilled under reduced pressure using a short path distillation ap
paratus to give the organic products. The products were character
ized by nmr and vpc. Separation and quantitative analysis of or
ganic products were achieved by vpc using a 10 f t  X  % in. 30% 
DEGS-Chromosorb W column. The results are given in Table I,

Stoichiometric Carbonylation of Iodobenzene. A mixture of 
0.3 g (1.43 mmol) of iodobenzene, 0.24 g (2.9 mmol) of sodium ace
tate, and 1.0 g (1.43 mmol) of dichlorobis(triphenylphosphine)pal- 
ladium(II) (1) in 15 ml of methanol was heated at 60° in a heating 
mantle with stirring in an autoclave which was pressurized with 
carbon monoxide at 200 psi. After 12 hr, the reaction mixture was 
filtered gravimetrically and washed with 50 ml of Skelly B to af
ford 1.0 g of a grayish-white complex which was identified by ir 
and nmr analyses as halocarbomethoxybis(triphenylphos- 
phine)palladium(II) (4a): (KBr) 1665 cm-1 (C = ); nmr
(CDC13) 6 2.39 (s, 3, C 02CH3), and 7.2-8.0 ppm (30). The com
bined filtrates were concentrated under reduced pressure and the 
residue was extracted with several small portions of pentane. The 
combined pentane extracts were washed with aqueous sodium bi
carbonate and saturated aqueous sodium chloride, dried over mag
nesium sulfate, and concentrated under reduced pressure. Quanti
tative vpc analysis showed a 34% yield of methyl benzoate.

Reaction of Iodobenzene with Chlorocarbomethoxybis(tri- 
phenylphosphine)palladium(II) (4). A mixture of 0.29 g (1.38 
mmol) of iodobenzene and 1.0 g (1.38 mmol) of 4 in 15 ml of meth
anol was heated at 60° in an oil bath for 12 hr. (Anal. Calcd for 
C38H33C102P2Pd: C, 62.91; H, 4.58. Found: C, 63.01; H, 4.57.) The 
yellow solid was collected by gravity filtration and washed with 50 
ml of Skelly B to afford 1.0 g of a mixture of la and 4a as deter
mined by ir analysis. The combined filtrates were concentrated
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under reduced pressure and analyzed by vpc. The yield of methyl 
benzoate was 25%.

Carbonylation of a-Bromoacetophenone (5). A mixture of 5.0 
g (25 mmol) of 5, 0.3 g (0.43 mmol) of 1, 6.0 g (29 mmol) of 1,8-bis- 
(dimethylamino)naphthalene, and 50 ml of methanol was heated 
at 80° with stirring in a 500 ml autoclave which was pressurized 
with carbon monoxide at 200 psi. After 48 hr, the reaction mixture 
was filtered gravimetrically and washed with 50 ml of methanol. 
The combined filtrates were concentrated under reduced pressure 
and the residue was extracted with three 50-ml portions of dichlo- 
romethane. The combined extracts were washed with 2 N  hydro
chloric acid, aqueous sodium bicarbonate, and saturated aqueous 
sodium chloride successively. The dichloromethane solution was 
concentrated under reduced pressure and the residue was distilled 
using a short path distillation apparatus to afford 3.0 g (16 mmol, 
64%) of a liquid which was identified as a-carbomethoxyacetophe- 
none by comparison of its nmr spectrum with that reported for an 
authentic sample:11 bp 90-94° (0.4 mm); nmr (CDCI3 ) 6  3.72 (s, 3),
3.98 (s, 1.7), 5.64 (s, 0.3), 7.2-8.0 (m, 5), and 12.51 ppm (s, 0.3).
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A number of years ago we described a new method for 
the nonoxidative cleavage of carbon-carbon bonds which 
involved treatment of «-diketone monothioketals with nu
cleophilic bases.1 In the course of subsequent studies aimed 
at clarifying the reaction pathway we discovered that cleav
age of decalone 1 followed by the addition of methyl iodide 
to the basic reaction mixture led to the vinyl sulfide 4.2 
This intermediate was smoothly converted to the vinyl 
compound 5 upon desulfurization with Raney nickel. Alter
natively, the intermediate dithianyl acid 2 could be isolat
ed, esterified, and then converted to the sulfonium salt 
with various methylating agents. Base cleavage was then 
best effected with sodium hydride. These facile transfor
mations seemed well suited as a potential synthetic entree 
to the recently discovered growth-inhibitory elemanolide 
sesquiterpene dilactones vernolepin, vernodalin, and ver- 
nomenin.3 With such goals in mind we directed our atten-

3, R =  Me

4 5

tion to the prototype lactone 13 (Scheme I) as our initial 
synthetic objective.4

Scheme I
c h 2o r

6, R =  H
7, R =  CHCH3

OCH2CH3

8, R =  CHCH3

OCH2CH3

SiCHiJsSCIij

COOH
10

1. HCO,Et, NaH
/—  STs

2. (  , KOAc
' — STs

Attempts at dithianylation of hydroxy ketone 65 via the 
hydroxymethylene derivative6 were unsuccessful presum
ably because of interactions between the hydroxyl and car
bonyl groupings. We therefore examined a number of hy
droxyl-protected derivatives of which the mixed acetal 7 
proved most suitable.7 Basic cleavage of the derived thioke- 
tal ketone 8 followed by acid hydrolysis yielded the crystal
line lactone 9.1

We next explored the conversion of lactone thioacetal 9
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to the vinyl sulfide lactone 11 by S-methylation and subse
quent basic elimination with sodium hydride under condi
tions previously optimized for the production of vinyl sul
fide 4. However except for one initial experiment which af
forded this substance in about 50% yield, numerous at
tempts to effect this conversion met with complete failure. 
The principal product of these many attempts appeared to 
be the tricyclic lactone 14, possibly arising via internal eno- 
late alkylation or carbene insertion.

14

We eventually discovered a two-step process for the de
sired conversion which involved méthylation of thioacetal 9 
with excess methyl fluorosulfate and basic hydrolysis of the 
resultant (mono)methylsulfonium intermediate to give, 
after acidification, the hemithioacetal 10. Previous workers 
have employed méthylation and subsequent aqueous base 
treatment as a procedure for the hydrolysis of thioacetals.8 
In the present case the inertness of thioacetal 9 toward bis- 
methylation and participation of the lactone-derived hy
droxyl group to give a base-stable hemithioacetal must ef
fectively preclude the hydrolysis pathway. Elimination to 
the vinyl sulfide readily occurred upon heating hemithio
acetal 10 with p-toluenesulfonic acid in benzene. These 
conditions also promoted lactonization and the desired lac
tone sulfide 11 could thus be prepared in over 85% yield. 
Desulfurization with deactivated W-2 Raney nickel in ace
tone9 afforded the vinylated lactone 1210 whose conversion 
to the methylene derivative 13 has been described by Grie- 
co and Hiroi.4

Experimental Section11
Methyl l-[2,2-(Propane-l,3-dithio)ethyI]-cis-l-methylcy- 

clohex-2-ylacetate (3). An ether solution of 1.15 g,(4.0 mmol) of 
acid 21 was esterified with diazomethane. Isolation with ether af
forded 1.20 g (100%) of ester 3, bp 155° (bath temperature) at 0.02 
mm: Xmax (film) 5.75 (CO), 6.95, 7.85, 7.90, 8.55, 8.80, 9.95 pm; ¿tms 
(CCh) 4.07 (1 H, t, J  = 5 Hz), 3.57 (3 H, s), 0.80 ppm (3 H, s).

Anal. Calcd for Ci5H260 2S2: C, 59.56; H, 8.66; S, 21.20. Found: 
C, 59.44; H, 8.89; S, 20.98.

Methyl l-(3,7-Dithia- trans-1 -octenyl )-cis- ) -methylcyclo-
hex-2-ylacetate (4). A solution of 660 mg (2.2 mmol) of ester 3 
and 2 ml (32 mmol) of methyl iodide was stirred at room tempera
ture for 12 hr. The excess methyl iodide was removed in vacuo and 
the crude sulfonium salt in 4 ml of tetrahydrofuran was trans
ferred to a suspension of 186 mg (4.4 mmol) of sodiUm hydride in 2 
ml of tetrahydrofuran. The mixture was stirred for 2.5 hr, water 
was added, and the product was isolated with ether. Chromatogra
phy on 35 g of silica gel with 1:9 ether-benzene as eluent afforded 
595 mg (86%) of vinyl sulfide 4. An analytical sample was secured 
by preparative layer chromatography on silica gel (1:3 ether-petro
leum ether) and distillation, bp 165° (bath temperature) at 0.02 
mm: Xmax (film) 5.75 (CO), 6.20 (C=C), 6.95, 7.85, 7.95, 8.32, 8.55, 
8.75, 9.90, 10.40 m  Xt m s  (CC14) 5.60 (2 H, AB, J = 16 Hz, A^ab =
22.6 Hz), 3.57 (3 H, s), 2.04 (3 H, s), 0.90 ppm (3 H, s).

Anal. Calcd for Ci6H2g0 2S2: C, 60.71; H, 8.92; S, 20.26. Found: 
C, 60.68; H, 9.15; S, 20.00.

Methyl l-Vinyl-cis-l-methylcyclohex-2-ylacetate (5). A 
suspension of 5 ml of W-2 Ra Ni, demineralized with ion-exchange 
resin12 and deactivated by prior heating at reflux for 25 min in 
ethyl acetate and for 40 min in acetone, and 150 mg (0.47 mmol) of 
vinyl sulfide 4 in 30 ml of acetone was heated at reflux for 3 hr. 
The cooled reaction mixture was filtered through a pad of Celite 
and the solvent was removed affording 88 mg (95%) of ester 5. Dis
tillation at 75° (bath temperature) and 0.2 mm afforded 82 mg 
(89%) of ester 5 which was found to be 82% pure by gc. An analyti
cal sample was secured by preparative gc on a 6 ft X 0.375 in. col
umn packed with 4% DC-550 on Chromosorb G • Amax (film) 5.75

(CO), 6.19 (C=C), 6.90, 10.85 Mm; 5Tm s  (CC14) 5.90-4.65 (3 H, m),
3.54 (3 H, s), 0.90 ppm (3 H, s).

Anal. Calcd for C12H20O2: C, 73.43; H, 10.27. Found: C, 73.22; H,
10.30.

10-[2,2-(Propane-l,3-dithio)ethyl]-cj's-3-oxa-2-decalinone
(9). A solution of 2.73 g (15 mmol) of alcohol 6,6 1.3 ml (25 mmol) 
of ethyl vinyl ether, and 120 pi of dichloroacetic acid was stirred at 
room temperature for 15 hr according to the procedure of Eaton.7 
Solid sodium carbonate was added and stirring was continued an 
additional 1 hr. The reaction mixture was filtered and the solvents 
were removed in vacuo affording 3.82 g (100%) of acetal 7 as an oil: 
Xmax (film) 5.84 (CO), 6.86, 7.24, 8.80, 9.15, 9.40, 10.65 pm; 3Tm s  
(CDCI3) 4.66 (1 H, q, J  = 6 Hz), 3.8-3.0 (4 H, m), 1.28 (3 H, d, J =
5.5 Hz), 1.16 ppm (3 H, t, J = 7 Hz).

A solution of 3.80 g (13.4 mmol) of the hydroxymethylene ke
tone obtained (92%) from the above acetal 7 by the procedure of 
Turner,13 6.67 g (16 mmol) of propane-1,3-dithiol di-p-toluenesul- 
fonate,14 and 5 g of potassium acetate in 120 ml of absolute ethanol 
was heated at reflux for 10 hr according to the procedure of Wood
ward.6 The ethanol was removed in vacuo from the cooled reaction 
mixture, water was added to the residue, and the products were 
isolated with ether. The crude product was filtered through 125 g 
of Fisher alumina with 500 ml of benzene. Removal of the solvent 
afforded 3.0 g (67%) of thioketal ketone 8 as an oil: Xmax (film) 5.90 
(CO), 6.90, 7.28, 7.85, 8.11, 8.85, 9.21, 9.50, 10.82 p m ; 6Tm s  (CDC13)
4.66 (1 H, q, J  = 6 Hz), 3.8-3.0 (4 H, m), 1.28 (3 H, d, J  = 5.5 Hz),
1.16 ppm (3 H, t, J  = 7 Hz).

To a stirred solution of the above thioketal ketone 8 (2.95 g, 8.5 
mmol) in 20 ml of tert-butyl alcohol was added 1.43 g (25.5 mmol) 
of powdered potassium hydroxide. The reaction mixture was heat
ed at 60° for 10 hr,1 water was added, and the mixture was extract
ed with ether. The aqueous phase was acidified with concentrated 
hydrochloric acid, acetone was added to make the mixture homo
geneous, and the resulting solution was stirred for 3 hr. The ace
tone was removed in vacuo and the product was isolated with ether 
affording 2.11 g (87%) of lactone 9 as an oil which crystallized on 
standing. Recrystallization from ether afforded material of mp
75.5-77°: Xmax (KBr) 5.80 (CO), 6.84, 7.15, .7.95, 8.10, 8.40, 9.28, 
9.50, 11.00, 11.55, 12.55 pm; STMS (CDCI3) 4.25 (2 H, AB, J  = 11 
Hz, Aj>ab = 18.9 Hz), 4.05'ppm (1 H, t, J = 5 Hz).

Anal. Calcd for Ci4H220 2S2: C, 58.70; H, 7.74; S, 22.39. Found: 
C, 58.56; H, 7.70; S, 22.45.

10- (3,7-Dithia- trans-1 -octenyl) -cis-3-oxa-2-decaIinone
(11). The method of Ho8 was modified for the preparation of acid
10. A solution of 620 mg (2.16 mmol) of lactone 9, 242 pi (3.0 
mmol) of methyl fluorosulfonate, and 5 ml of benzene was stirred 
at room temperature for 3.5 hr whereupon 5 ml of 10% sodium hy
droxide was added and stirring was continued an additional 15 
min. Water was added and the aqueous phase was extracted with 
ether and acidified with concentrated hydrochloric acid. The acid
ic product was isolated by ether extraction affording 672 mg (98%) 
of acid 10 as an oil: Xmax (film) 2.80-4.20 (COOH), 5.88 (CO), 6.90,
7.70, 8.05, 9.55, 10.90 m  5Tm s  (CC14) 10.00 (1 H, s), 5.20 (1 H, m), 
3.60 (2 H, m), 2.05 ppm (3 H, s).

The above acid 10 was refluxed with 20 mg of p-toluenesulfonic 
acid monohydrate in 20 ml of benzene for 2 hr with removal of 
water via a Dean-Stark trap. Isolation of the product with ether 
and chromatography on 35 g of silica gel with 1:4 ether-benzene as 
eluent afforded-545 mg (87%) of lactone 11: Xmax (film) 5.75 (CO),
6.90, 7.90, 8.35, 9.20 am: St m s  (CC14) 5.75 (2 H, AB, J = 16 Hz, 
Avar = 55.5 Hz), 4.10 (2 H, AB, J = 11 Hz, A^ab = 13.1 Hz), 2.05 
ppm (3 H, s). The analytical sample was secured by preparative 
layer chromatography on silica gel (1:4 ether-benzene) and distil
lation, bp 180° (bath temperature) at 0.02 mm.

Anal. Calcd for C15H2402S2: C, 59.96; H, 8.05; S, 21.34. Found: 
C, 59.75; H, 8.19; S, 21.18.

10-Vinyl-cis-3-oxa-2-decalinone (12). The procedure outlined 
above for the preparation of ester 5 was followed. A suspension o f  7 
ml of W-2 Ra Ni, deactivated by prior heating at reflux for 25 min 
in ethyl acetate and for 4.5 hr in acetone, and 249 mg (0.83 mmol) 
of lactone 11 in 30 ml of acetone was heated at reflux for 2 hr to 
give 143 mg (96%) of lactone 12. Distillation at 115° (bath temper
ature) and 0.02 mm afforded 135 mg (90%) of lactone 12 which was 
found to be 85% pure by gc. The infrared and nmr spectra of this 
material were identical with those of an authentic sample.10
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The additions of free radicals in general,2 and of thiyl 
radicals in particular,3 to carbon-carbon double bonds 
have been studied extensively over the years. Examples of 
the application of Hammett-type linear free-energy treat
ments to such a reaction, however, are rather rare.4 In the 
case of thiyl radical addition, previous work4b-c tended to 
indicate that electron-donating substituents enhanced the 
rate of addition, while electron-withdrawing substituents 
retarded it. However, these studies, which dealt with the 
reaction (eq 1) between thioglycolic acid (or its methyl

CH,— C = C H ,

(CH3)
+  HS— CH2C02H

Table I
Relative Reactivities of Substituted a-Methylstyrenes 

toward Thiyl Radicals at 70°

Substituent Registry no. aa  a +a

P-CH 30 1712-69-2 -0 .27 -0 .778 1.85 ± 0.13
P -CHS 1195-32-0 -0 .17 -0 .311 1.36 ± 0 .1 8
W-CHg 1124-20-5 -0 .07 -0 .066 1.15 ± 0.09
H 98-83 -9 0.00 0.00 1.00
M2-CH..O 25108-57-0 0.12 0.047 1.02 ± 0.07
p - Cl 1712-70-5 0.23 0.114 0,98 ± 0.04
m -Cl 1712-71-6 0.37 0.399 0.69 ± 0.10
wi-CFj 368-79-6 0.47 0.52 0.58 ± 0.07
p - n o 2 1830-68-8 0.78 0.790 0.99 ± 0.10

a Reference 5.

ester) and substituted «-methylstyrenes, suffer due to the 
small number of different substituted compounds exam
ined and the possibility of competing ionic addition in cer
tain cases. It was felt that a more extensive Hammett study 
of this reaction might be of interest.

The system chosen for study involved photoinduced 
competitive reactions of pairs of substituted a-methylsty- 
renes with thiophenol under nitrogen at reduced pressure. 
It was felt that the possible reversibility of addition step2’3 
(eq 2) should not affect the validity of the result from the 
linear free-energy treatment under these conditions. In

support of this assumption was an experiment of Cadogan 
and Sadler4c in which they found that the relative reactivi
ty ratio for a pair of substituted «-methylstyrenes toward 
the thiyl radical derived from methyl thioglycolate re
mained constant as the relative initial concentration of 
methyl thioglycolate was varied.

Our results for the relative reactivities of substituted «- 
methylstyrenes toward the thiyl radical from thiophenol in 
benzene at 70° are listed in Table I. Nearly identical reac
tivity ratios were obtained when thiyl radicals were ther
mally, rather than photolytically, generated. In the former 
case, however, a lessened total reactivity was observed. 
When a linear free-energy treatment is applied using the 
Hammett a constants, a p value of —0.57 ±  0.03 (correla
tion coefficient, r = —0.962) is obtained, while using the 
Okamoto-Brown <j+ parameters gives p equal to —0.38 ±  
0.02 (r = —0.984).5 Both of these p values were obtained 
using all of the data points except that corresponding to 
the para nitro compound. A graphic presentation of the lin
ear free-energy treatment using the <r+ parameters is shown 
in Figure 1.

The anomalously high reactivity of p-nitro-a-methyl- 
styrene observed in this study has also been noted in previ
ous work4c’d for strongly electron-withdrawing substituents 
in the para position. It has been attributed to enhanced 
resonance stabilization of the benzylic free radical by such 
groups. An alternative explanation is suggested by the work 
of Walling, et al.6 In a copolymerization study, the relative 
reactivities of a series of substituted styrenes toward sty
rene radical were determined. These results show rate en
hancement by electron-withdrawing substituents and tend 
to correlate with the c~ parameters. Thus, the high reactiv
ity of the para nitro compound in the present study could 
be due to copolymerization taking place preferentially to,
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Figure 1. Correlation of log kx/ku and a+ for the addition of thio- 
phenol to substituted «-methylstyrenes.

or together with, the desired addition process. This possi
bility was supported by an experiment In which a small 
amount of thiophenol caused more than twice the expected 
amount of p-nitro-a-methylstyrene to react.

The reaction shows a modest dependence upon the sub
stituent in the a-methylstyrene system. The p value ap
pears to be consistent with the exothermic addition step.7 
In terms of the Hammond postulate,8 the transition state 
should tend to resemble the olefin plus thiyl radical more 
than the intermediate benzylic radical, giving rise to less 
sensitivity of the reaction to the substituent, Furthermore, 
the better correlation was obtained with the <r+ parameters. 
In the formalism of Russell,9 this result can be taken as evi
dence for significant contribution by structure I to the

■CK,
I

Ph— C — CH2 SPh
+

I
transition state of the addition step. Another explanation 
of such substituent effects, suggested by a number of 
groups,4̂  is that they arise out of initial complex forma
tion between the olefin and radical. However, at the pres
ent time, no definitive choice between these two interpreta
tions can be made.

Experimental Section
Materials. Reagent benzene and o-dichlorobenzene were used 

without further purification. Commercial «-methylstyrene was dis
tilled before use. In general, the substituted «-methylstyrenes were 
prepared from the appropriate aryl Grignard and acetone, followed 
by dehydration, according to literature methods.10 p-Nitro-a- 
methylstyrene was prepared from cumene by nitration, followed 
by bromination with N-bromosuccinimide, and dehydrobromina-

tion.11 Glc analysis showed the purity of all compounds to be 
greater than 98%. Physical properties of all compounds agreed 
with literature values.

Equipment. All glc analyses were performed on a Varian Aero
graph Model 202B and a Sargent recorder with a disc integrator. A 
0.25 in. X  12 ft aluminum column packed with 5% SE-30 on Chro- 
mosorb W or a 0.25 in. X  12 ft aluminum column packed with 8%  
FFAP on Chromosorb W were used.

Product Studies. An approximate 1:1:5 mixture of thiophenol, 
a-methylstyrene, and benzene was irradiated with a 275-w sun
lamp for 1 hr at 70°. Glc analysis showed only the reactants (>94% 
reacted) and one ether peak of considerably longer retention time. 
Isolation and analysis of this component showed that it was 2-phe- 
nyl-l-thiophenoxypropane.

A similar study was carried out for p-methoxy-a-methylstyrene. 
From this study it was determined that less than 4% of the olefin 
disappeared via polymerization. Total reaction was again greater 
than 90%.

A final study was carried out to determine whether the overall 
reaction was reversible. Equimolar amounts of 2-phenyl-1-thio- 
phenoxypropane and p-methoxy-a-methylstyrene were allowed to 
react for 45 min in benzene at 70°. No «-methylstyrene was ob
served to be formed and the para methoxy compound decreased by 
no more than 2%.

Kinetics. The basic kinetic procedure has been described pre
viously.12 Mixtures of approximately 1:1:1:1:5 a-methylstyrene I, 
a-methylstyrene II, thiophenol, o-dichlorobenzene, and benzene 
were used. Reaction times varied from 35 to 90 min with per cent 
reaction 31-62%. The substituted «-methylstyrenes were run 
against p-chloro-a-methylstyrene in order to facilitate glc analysis. 
The rates of reaction relative to p-chloro-a-methylstyrene were 
then adjusted so that the parent hydrocarbon had a relative reac
tivity of 1.00.

Registry No.—Thiophenol, 108-98-5.
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Communications
A Diels-Alder Route to Cis-Fused A'-S-Octalones

Summary: Cycloaddition of trans- 1 -methoxy-3-trimethyl- 
silyloxy-1,3-butadiene with cyclohexene-type nucleophiles 
leads to cis-fused A^-octalones.

Sir: Applications of the Diels-Alder reaction to the synthe
sis of octalones and decalones using dienophiles such as 2 
and 3 (X = 0 , etc.) have, on the whole, proven disappoint
ing.1-4 High temperatures have been necessary to effect 
reaction, and low yields have resulted.

In connection with synthetic objectives directed toward 
vernolepin,5-6 we sought to prepare cis-fused octalone de
rivatives of the type 4. It will be recognized that such sys
tems are not readily prepared from the corresponding cis- 
fused decalones.7 The tendency of such decalones to under
go enolization-induced functionalizations preferentially8 at 
the 4 position, or competitively at the 2 and 4 positions,9 is 
well known. A recent solution to this problem in the steroid 
series10 has not yet been extended to simpler systems.11

Recently we described12 the preparation of trans-1 -me- 
thoxy-3-trimethylsilyloxy-l,3-butadiene (1). The smooth 
cycloadditions12 of 1 with conventional electron-withdraw
ing dienophiles suggested that it might be sufficiently reac
tive to undergo Diels-Alder reactions with systems of the 
type 2 and 3 under milder conditions than have thus far 
been possible. The cycloadducts would be expected to suf
fer ready conversion to the target system, 4.

Compounds 1 and 5 were heated in a sealed tube at 190° 
for 30 hr. The total reaction product was added to a solu
tion of 3:1 THF:0.005 N  HC1 at —5 to 0°. After work-up, 
the reaction mixture was chromatographed on silica gel. 
Subsequent to elution of traces of 5, a 53% yield of enone 6 
[ ¡W  (CHCls) 1720, 1669, 1645 (sh) cm“ 1; Xmax (EtOH) 229 
nm (« 22,500); 8 (CDC13) 3.75 (s, 3 H, C02Me), 6.01 (d, J = 
10 Hz, 1 H, 0= C C H = C H -), 6.63 (dd, J = 10 Hz, 0 = C - 
CH =CH -) ppm] was obtained. Further elution afforded a 
2% yield of the /3-methoxy ketone 7 [i> (CHC13) 1720 (sh), 
1710 cm“ 1; 8 (CDC13) 3.24 (s, 3 H, OCH3), 3.5-3.8 (m, con
taining s at 8 3.75, 4 H, OCHR + C 02CH3) ppm].

azeotropic removal of water. Work-up and chromatography 
on silica gel gave an 85% yield of ketal ester 8, mp 40-41°. 
Compound 8, itself, functions as a dienophile in another 
Diels-Alder reaction with 1. The conditions required for 
this reaction are more severe (1 equiv of 8, 5 equiv of 1 in 
xylene; sealed tube; 175-185°; 40 hr). Treatment of the 
total reaction mixture with 3:1 THF:0.005 N  aqueous HC1 
at —5 to 0° for 10 min allowed for maintenance of the ketal 
while the /3-methoxysilyl enol ether was unraveled to the 
desired enone. Chromatography on silica gel gave 11% re
covered 8 and a 73% yield (65% efficiency) of enone ketal 
ester 9, whose spectral properties [i>max (CHC13) 1724, 1675, 
1650 (sh) cm "1; Amax (EtOH) 226 nm (t 13,000); 8 (CDC13) 
(3.71, s, ,3 H C02CH3), 3.90 (s, 4 H, dioxolane), 6.01 (d, J  = 
10 Hz, 0 = C C H = C H -), 6.60 (dd, J,=  10 Hz, J  = 1.5 Hz, 1 
H, 0= C C H = C H -)] confirm its structure. A 2% yield of 
the /3-methoxy ketone 10 [Pmax (CHC13) 1730 (sh), 1710 
cm-1; 8 (CDCI3) 3.22 (s, 3 H, OCH3), 3.7 ~3.85 (m, contain
ing s at 8 3.75, 4 H, OCHR + CO2CH3), 3.88 (s, 4 H, dioxo
lane) ppm] was obtained on further elution.

Compound 9 is a potentially valuable synthetic interme
diate since it contains differentiated carbonyl systems and 
angular functionality.13

The cycloaddition of 1 with cyclohexene dienophiles of 
the type 3 was demonstrated with 2-methylcyclohexe- 
none.14 A solution of compound 1 (3.5 equiv) and the enone 
(1 equiv) in xylene was heated in a sealed tube at 200° for 
20 hr. The total reaction mixture was treated with 3:1 
THF:0.005 N  aqueous HC1. Work-up and chromatography 
gave 11% recovered enone and 47% (42% efficiency) ene- 
dione 11: mp 54-55°; i>max (CHC13) 1700, 1680, 1655 cm-1; 
Xmax (EtOH) 227 nm (« 7,000); 8 (CDC13) 1.45 (s, 3 H, angu
lar CH3), 5.98 (d, J = 10 Hz, 1 H, 0= C C H = C H -), 6.58 (d, 
J  = 10 Hz, 1 H) ppm].

The possibilities of conducting sequential Diels-Alder 
reactions with diene 1 are seen in the three-step assem
blage of enone ketal 9. A solution of methyl acrylate (20 
mmol) and diene 1 (23 mmol) in benzene (5 ml) was heated 
under reflux for 24 hr. Ethylene glycol (2 g), p-toluenesul- 
fonic acid (200 mg), and additional benzene (15 ml) were 
added. Reflux was continued for an additional 6 hr with

5 3 8
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In view of the rather harsh reaction conditions used in 
the cycloaddition, the stereochemistry of the product was 
confirmed in a chemical fashion. Catalytic hydrogenation 
of 11 gave the dihydro compound 12, mp 65-66°. The spec
tral properties and melting point of 12 were different from 
those of the authentic trans compound, 13, mp 57.5- 
59°. i5,X6 positive comparison was made starting with the 
ketoacetate 14.16 Hydrolysis and Jones oxidation of 14 gave 
an authentic sample of 1217 undistinguishable with that 
prepared from the Diels-Alder route.

Studies of further applications of this active diene in 
Diels-Alder reactions as well as utilization of the octalones 
are in progress.
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Hofmann Elimination with Diazomethane on 
Quaternary Curare Bases1

Summary: Treatment of (-P)-tubocurarine, (-F)-isotubocu- 
rarine, and (+)-chondocurarine at room temperature with 
an excess of diazomethane leads to Hofmann elimination 
type methine bases resulting from unique stereochemical 
pathways.

Sir: When O-methylating (+)-tubocurarine chloride (I) 
with excess diazomethane in the usual way to produce the 
0,0-dimethyl derivative, we observed that the crude reac
tion product, when examined by thin layer chromatogra
phy (tic), showed anomalous spots which could logically be 
ascribed to unexpected tertiary bases on the basis of their 
R f values. Additional experimentation indicated that the 
apparent intensities of the spots were enhanced with larger 
amounts of diazomethane. The same experiment repeated 
on (-t-)-isotubocurarine (II)2 and chondocurarine chloride
(III) reinforced the conclusion that a Hofmann elimination 
reaction had taken place to generate tertiary methine bases 
by the action of diazomethane on I, II, and III. This stimu
lated a more informative inquiry into the anomaly.3

The general aspects of the presently reported reaction 
were that the respective quaternary bases were treated in 
methanolic solution with a tenfold molar excess of ethereal 
diazomethane4 added incrementally over a 24-hr period. 
The work-up of the products was essentially a separation 
on 1-mm precoated silica gel plates developed with a sol
vent system composed of 2.5% ammonia:ethyl acetate:2- 
propanokmethanol (0.7:3:3:4). The appropriate bands were 
removed and extracted with a suitable solvent mixture of 
methanol and ethyl acetate to yield the respective prod
ucts.5

Examination of the nuclear magnetic resonance (nmr) 
spectra (CDCI3, 8) of the methine bases obtained from I, II, 
and III provides an interesting comparison of steric factors 
directing the course of the Hofmann elimination (see Fig
ure 1). The major elimination product of I isolated was the 
stilbene derivative (IV): 2.32 [s, 6, N(CH3)2], 2.46 (s, 3, 
NCH3), 3.76 (d, 6, 2 OCH3), 3.87 (d, 6, 2 OCH3), 5.82-7.08 
[m, 12, 10 aromatic and 2 vinyl (i.e., stilbene)]. In the case 
of II, the methine base was exclusively a styrene derivative
(V): 2.10 (s, 3, NCH3), 2.25 [s, 6, N(CH3)2], 3.67 (d, 6, 
2 OCH3), 3.83 (d, 6, 2 OCH3), 5.16-5.56 (4d, 2, the AB sty
rene protons in

HX\  ^ /H a

J a x  = 9, J b x  = 17, J a b  = 1-5 Hz), 5.80-6.95 (m, 11,10 aro
matic and the X  proton of the styrene product). Ill be
haved in the expected manner to fom a monostilbene-mo- 
nostyrene derivative (VI): 2.22 [s, 6, N(CH3)2], 2.34 [s, 6, 
N(CH3)2], 3.75 (d, 6, 2 OCH3), 3.82 (d, 6, 2 OCH3), 5.16- 
5.56 [4d, 2, the AB styrene protons (as in V)], 5.80-7.05 [m, 
13, 10 aromatic, 3 vinyl {i.e., 2 stilbene protons and the X  
proton of the styrene moiety)].

These unique stereochemical pathways become explica
ble by examining Dreiding models of the compounds. By 
orienting the molecules in their preferred conformations,6’7 
several observations account for the pathways that I, II, 
and III undergo in this Hofmann elimination reaction.

(1) Assuming that the eliminations proceed mostly by an 
E2 mechanism8 wherein the groups must be anti-peri- 
planar, it will be noticed that in the case of I the (3 hydro
gens on C-4' leading to a styrene product and those on C-a' 
leading to a stilbene product can be oriented anti to the 
leaving quaternary group with equal ease. Thus, in I, since
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IY V VI

Figure 1. The generation of a stilbene derivative (IV) from (+)- 
tubocurarine (I), a styrene derivative (V) from (+)-isotubocurarine 
(II), and a stilbene-styrene derivative (VI) from (-f)-chondocurar 
ine (III) by the action of excess ethereal diazomethane on alco
holic solutions of the substrates.

the /i hydrogens leading to both styrene and stilbene prod
ucts are equally accessible, the driving force would be the 
greater stability derived from the extended conjugation 
when a stilbene rather than a styrene olefin is formed, and, 
therefore, the formation of IV is favored. In II, only the /3 
hydrogens on C-4 leading to a styrene product can be ori
ented anti to the leaving group, and, thus, V is formed ex
clusively. It follows that VI (a stilbene on the lower portion 
and a styrene on the upper portion of the molecule) would 
be the product expected from the elimination reaction on 
III since no new conformational changes have been intro
duced.

(2) Other plausible explanations of this behavior rest on 
the natural structural restrictions placed on all compounds 
of the curine-chondocurine type.9 This stems from the po
sitions of the phenyl ether linkages present. In this 
subgroup of bisbenzyltetrahydroisoquinolines, the two 
phenolic junctions are not para-para (i.e., symmetrical as 
in the isochondodendrine type) nor meta-meta (as in the 
hayatine type) but are, rather, meta-para. This structural 
feature is probably largely responsible for the unique 
course of reaction that I, II, and III undergo in the present 
Hofmann elimination. Specifically, two consequences of 
the restriction become evident.

(a) The conformation of the molecules is such that the 
phenolic ether oxygen between C-8' and C-12 is less than 3 
Â away from the /3 hydrogens at C-a' (which lead to a stil
bene product), whereas the other phenolic ether oxygen 
lying between C-7 and C -ll ' is separated by more than 10 
Â from the /3-hydrogens at C-a. We feel that thé proximity 
of this oxygen atom to the protons at C-a' in I facilitates 
their removal and, consequently, contributes to the forma
tion of the stilbene product (IV). This driving force is not 
operable to remove the protons at C-a in the case of II, 
hence the formation of the styrene product (V).

(b) In focusing attention on the possible olefinic prod
ucts formed, the virtually exclusive formation of a stilbene 
product (IV) from I and a styrene product (V) from II 
would be expected because of the restrictions brought

about by this type of phenyl ether linkage. A trans-stil
bene10 can only be accommodated in the lower portion of 
the molecule, i.e., leading to IV, whereas in the upper por
tion only a cis-stilbene can be formed which would proba
bly be unfavorable because of the resulting steric hin
drance.

It may be noted that all of the above arguments rely on 
steric factors for their validity. We believe that electronic 
considerations play only a minor role, if any, in influencing 
the course of the Hofmann elimination in these com
pounds.
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The Nature of the X 263 Chromophore in the 
Palytoxins1

Summary; Palytoxins, the toxic constituents of zoanthids 
of the genus Palythoa, are substituted N- (3-hydroxypro- 
pyl)-frans-3-amidoacrylamides.

Sir: Except for certain polypeptides and proteins from bac
teria (botulinus, tetanus, and diphtheria toxins) and plants 
(ricin), the palytoxins are the most poisonous substances 
known to date. We first isolated a palytoxin from a marine 
coelenterate known to the Hawaiians as limu-make-o- 
Hana (the deadly seaweed of Hana)2 and now designated 
Palythoa toxica Walsh and Bowers.3 Since then, seemingly 
identical toxins have been isolated from several other 
species of zoanthids of the genus Palythoa.4~® The palytox
ins from P. toxica, P. mammilosa Ellis and Solander from 
Jamaica, and a new species of Palythoa from Tahiti possess 
identical lethal and anticancer properties5 and exhibit the 
same uv spectra (Amax 233, 263 nm). Subtle differences, 
however, can be seen in the pmr and cmr spectra of the 
three toxins (Figure 1) despite their large molecular 
weights and absence of repetitive amino acid or sugar 
units.7 We now wish to report identification of a moiety 
that contains two of the four nitrogens in palytoxin and ex
hibits the 263-nm chromophore of the toxin.

The cmr spectra of the palytoxins show signals at 169.2 
and 175.6 ppm8 which are assigned to two amide9 carbons. 
The 300-MHz pmr spectra of the palytoxins in 100% 
DMSO-df,10 display two amide NH absorptions. One is a
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PPM FROM TM8
Figure 1. Comparison of the 25.2-MHz cmr spectra of palytoxins 
from Hawaiian Palythoa toxica (bottom), Jamaican P. mammilosa 
(middle), and an unknown Tahitian P. ssp. (top): 0.2, 0.5, and 0.4 
g/2.5 ml of D20, respectively. Arrows point out a line at 73.5 ppm 
in the spectral traces of the Hawaiian and Jamaican toxins that is 
missing in the spectrum of the Tahitian sample. Note also that the 
line at 100.2 ppm in the upper and center traces is absent in the 
lower spectrum.

triplet (J  = 6.5 Hz) at 8 7.81, which was subsequently as
signed to a 3-amidopropanol residue and corroborated by 
nmdr and deuterium exchange experiments. The other NH 
signal is a doublet (J = 11 Hz) at 8 10.20 ascribed to an 
amido group attached to the /3 position of a trans disubsti- 
tuted n,/3-unsaturated carbonyl system. The a and /3 pro
tons appear as a doublet and a doublet of doublets at 8 5.93 
(J  = 14 Hz) and 7.61 (J = 11 and 14 Hz). Irradiation of the 
NH at 8 10.20 or addition of D2O reduces the signal for the 
0 proton to a doublet. The doublet resonance experiment 
also causes an appreciable sharpening of the NH triplet at 8
7.81, showing long range coupling between the two NH pro
tons.

These data suggested to us two partial structures 1 and 2 
for palytoxin. After studying model compounds such as 3 
[mp 88-89°; Xmax 264 nm (e 22,000)], 4,11 5 (mp 77.5-78.5°),

7.61 (dd, 11,14) J

/ CNR 0

and 6 it was clear that the /3-amidoacrylamide (1) provides 
a better fit. In disubstituted ureas (6) no W coupling is ob
served between the two NH protons. Furthermore the 
chemical shifts of the NH protons and the carbonyl carbon 
of disubstituted ureas are observed at higher field than 
those for palytoxin.12 Confirmation was achieved by acid 
hydrolysis and hydrogenation of palytoxin.

When a palytoxin is hydrolyzed in refluxing 2 N  HC1 for 
4 hr the 263-nm uv band disappears as does toxicity. After 
ultrafiltration of the hydrolysate through a Diaflo UM-2 
membrane,13 only 3-aminopropanol is identified in the dif- 
fusate (pmr). The other products are either volatile and are 
lost during work-up or have molecular weights greater than 
1000 and would be found in the retentate. When the paly
toxin is catalytieally hydrogenated (Pt/aqueous EtOH) 
prior to acid hydrolysis, equivalent amounts of /3-alanine 
and 3-aminopropanol are obtained in the diffusate after ul
trafiltration. These data suggest 7 and 8 as possible partial 
structures for hydrogenated palytoxin. Of these only 7 
should yield on brief acid hydrolysis, in addition to /3-ala- 
nine and 3-aminopropanol, a third ninhydrin-active prod
uct of low molecular weight, N-(3-hydroxypropyl)-3-ami- 
nopropionamide (9). In fact, synthetic A/-(3-hydroxypro- 
pyl)-3-acetamidopropionamide [10, from /3-alanine: (1) 
AC2O; (2) ClC02Et, Et.sN, 0°; (3) 3-aminopropanol], mp 
102-103°, produces a maximum amount of 9 after a 0.5-hr 
reflux in 1 N  HC1. In a parallel experiment, hydrolysis of 
hydrogenated palytoxin also gave 9 which was isolated by 
ultrafiltration (Diaflo UM-2 membrane) and chromatogra-

1. NH,
2. Ac20  

pyridine

1. SOCl2
2. NaN3

3. reflux in CHC13 

5 hr
4. NH2CH2CH2CHL,OH

7.82 (dd, 11,14),

0  H 

H H
6.65 (t, 6.5)' V Hk_ 5.21 (d,14)

9.37 (d, 11)
6

Figure 2. Nmr data and synthesis of model compounds.



5 4 2  J. Org. Chem., Vol. 40, No. 4, 1975 C o m m u n ic a t io n s

Organoselenium Chemistry. A General Furan 
Synthesis

Summary: An efficient four-step synthesis of 2,4- and
2,3,4-substituted furans from y-lactones via their corre
sponding butenolides is described.

Sir: The facile elimination of selenoxides derived from a- 
phenylselenenyl-y-lactones with almost complete forma
tion of endocyclic a,/3-unsaturated butenolides suggested a 
general route to furans (eq l).1’2 We wish to report a gener-

phy of the diffusate on silica gel with a 7:2:1 mixture of 2- 
propanol-water-concentrated ammonia. Compound 9 was 
eluted between 3-aminopropanol and /3-alanine and proved 
to be identical in all respects with synthetic 9 obtained by 
hydrolysis of 10 or by treatment of 7V-(3-hydroxypropyl)-/3- 
phthalimidopropionamide [11, from /3-alanine: (1) phthalic 
anhydride; (2) CICOgEt, Et3N, 0°; (3) 3-aminopropanol], 
mp 166-167°, with hydrazine hydrate in EtOH (reflux) for 
1 hr.14

The palytoxins are. therefore substituted IV-(3-hydroxy - 
propyl)-t rarcs-3-amidoacrylamides.(1).
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al method for the conversion of substituted 7-lactones into
2,4- and 2,3,4-substituted furans3 via their corresponding 
butenolides (see Table I). The a-selenenylated 7-lactones 
of type I can be efficiently prepared by selenenylation of 
the corresponding a-substituted 7-lactones which are pre
pared by direct alkylation of lactone enolates2’4 or by con
jugate-addition of an organocopper reagent to an a-methy- 
lene-y-lactone (eq 2).5 Thé reaction sequence constitutes a

widely applicable method. As indicated in Table I, yields 
are generally high.

The method outlined above, however, is critically depen
dent upon only one of the two possible syn6 modes of elimi
nation predominating. a-Phenylselenenylated lactones 
have previously2 been employed in the construction of 
fused a-methylene lactones with complete exclusion of the 
endocyclic double bond isomers.7 We have observed, how
ever, that selenoxides derived from I (R3 = alkyl), in which 
there exists the possibility for two syn modes of elimina
tion, result in >95% yield of the endocyclic olefin despite 
the statistical preference for exocyclic olefin formation. 
The high propensity for endocyclic olefin formation thus 
provides a useful A“ ’̂ -butenolide synthesis as well as pro
viding direct access to furans via reduction with diisobuty- 
laluminum hydride8 (see Table I).

A typical furan synthesis is illustrated below for the con
version of 7-decalactone9 to 2-butyl-4-benzylfuran. The 
lithium enolate of 7-decalactone was prepared at —78° by 
slow addition (1 mmol/hr) of a solution of 7-decalactone (1 
equiv, 1 M  in THF) to a solution of lithium diisopropylam- 
ide (LDA) (1.05 equiv, 0.3 M  in THF). After the mixture 
was stirred for 20 min, a solution of benzyl bromide (1.05 
equiv, 1 M  in THF) containing hexamethylphosphoramide 
(HMPA) (1.05 equiv) was added. The temperature was 
raised to ca. —40° and was maintained at that temperature 
for 3 hr. The reaction was quenched by the addition of 10% 
HC1 and after usual work-up and chromatography on silica 
gel (hexanes/ether, 3:1) afforded a-benzyl-7-decalactone 
(88%) [ir (film) 5.66 and 6.25 g; nmr (CCI4) 6 7.15 (s, 5 H),
4.18 (m, 1 H), 2.6-3.2 (m, 3 H)j.

Selenenylation of a-benzyl-y-decalactone was carried 
out by slowly adding (1 mmol/hr) a solution of the lactone 
(1.0 equiv, 1 M  in THF) to a solution of LDA (1.1 equiv, 0.3 
M  in THF) cooled to -78°. After 20 min, the reaction mix
ture was treated with a solution of phenylselenenyl chlo-
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Table I
Synthesis of 2,4- and 2,3,4-Substituted Furans

Yield"

a -Phènylse- Eli min- Yield
Example Starting lactone a -Alkylation lenenylation ation Product Reduction

c2h5
a See ref 9. b J. Klein, J. Amer. Chem. Soc., 81, 3611(1959).c P. A. Grieco and N. Marinovic (unpublished results) .d Yield represents pure 

compound isolated by chromatography; no attempt was made to optimize the yield. e Prepared by the addition of a solution of the 
«-methylene lactone (1.0 equiv, 0.25 M  in TH F)to a solution of lithium di-rc-butylcopper (1.5 equiv, 0.15 M  in THF) at -78°. After addition 
was complete, stirring was continued for 5.5 hr at -2 0 °.s

ride9 (1.1 equiv, 1 M  in THF) containing HMPA (1.1 
equiv). The temperature was maintained at —78° for 1 hr 
and —40° for 2 hr. Quenching with 10% HC1 followed by 
usual work-up and purification on silica gel afforded a 72% 
yield of I (Rx = C6H13, R2 = H, Rs = CH2C6H5). To a solu
tion of the above selenenylated lactone (1.0 equiv, 0.16 M  
in THF) at 0° containing a trace of acetic acid was added 
30% hydrogen peroxide (ca. 6.0 equiv). After 30 min at 0°, 
the reaction was quenched by the addition of saturated 
NaHCOs. Work-up afforded an 85% yield of butenolide II 
(Ri = C6H13, R2 = H, R3 = CH2C6H5) [ir (film) 5.71, 6.05, 
6.24 p; nmr (CC1.,) 8 7.18 (s, 5 H), 6.78 (m, 1 H), 4.75 (m, 1 
H), 3.48 (t, <7=1 cps, 2 H)|. 1 : ‘A 1

A solution of diisobutylaluminum hydride (DIBAL) (1.5 
equiv, 0.5 M  in THF) was added at —20° to a solution of 
the butenolide (1.0 equiv, 0.3 M  in THF), After 3 hr at 
—20°, the reaction was quenched by the addition of 10%; 
sulfuric acid and the reaction mixture was warmed to room 
temperature. Work-up afforded directly a 99% yield of III 
(Ri = C6His, R2 = H, R3 = CH2C6H5) [nmr (CC14) 5 7.12 (s, 
5 H), 6.90 (s, 1 H), 5.67 (s, 1 H), 3.60 (s, 2 II), 2.45 (t, 2 H)],

The high degree of endocyclic olefin formation during 
the elimination of the selenoxides derived from «-substi
tuted «-selenenylated 7-lactones and the high degree of 
stereospecificity observed in the selenenylation of exam
ples 6-8 associated with this approach to 3-substituted fu- 
rans offers some advantages over existing methods.3

Acknowledgment. This investigation was supported by 
a Public Health Service Research Grant (No. ROl CA 
13689-03) from the National Cancel Institute and in part 
by Eli Lilly & Co. We thank Mr. F. Okuniewicz for ob
taining the mass spectral data.

References and Notes
(1) A report concerning the elimination of an a-phenylselenenylated 7 -lac

tone with no alkyl group on the a  carbon atom has been described by K. 
B. Sharpless, R. F. Lauer, and A. Y. Teranishi, J. Amer. Chem. Soc., 95, 
6137 (1973). Also see H. J. Reich, I. L. Reich, and J. M. Renga, ibid., 95, 
5813 (1973); D. L. J. Clive, J. Chem. Soc., Chem. Commun., 695

, (1973). • • . ' i "" ■
(2) For the almost exclusive formation of an «-substituted butenolide when 

two possible syn® modes of elimination exist, see P. A. Grieco and M. 
Miyashita, J. Org. Chem., 39, 120 (1974).

(3) A. P. Dunlop and F. N. Peters, "The Furans,” Reinhold, New York, N.Y., 
1953, p 30; F. M. Dean, "Naturally Occurring Oxygen Ring Com
pounds,” Butterworths, London, 1963, p 6 ; M. E. Gàrst and T. A. Spen
cer, J. Amer. Chem. Soc,, 95, 250 (1973).

(4) J. L. Flermann and R. H. Schlessinger, J. Chem. Soc., Chem. Commun.,
711 (1973): . ; ■ ' ' . 1 • ;

(5) We believe this to be the first report of a conjugate-addition of an orga- 
nocopper reagent to an «-methylene lactone.

(6 ) K. B. Sharpless, M. W. Young, and R, F, Lauer, Tetrahedron Lett., 1979 
(1973).

(7) This-route to »-methylene lactones represents a special case in that the 
«-methyl and «-phenylselenenyl substituents were introduced stereo- 
specificâlly sô as to establish an anti relationship between the a-phenyl- 
selenenyl substituent and the adjacent methine hydrogen (e.g., i —► ii).

Likewise one can control the stereochemistry on the a  carbon atom so 
as to establish a syn relationship between the a-selenenyl substituent 
and the adjacent methine hydrogen (e.g., i iii) (see ref 2 ).

(8 ) H. Minato and T. Nagasaki, Chem. Ind. (London), 899 (1965).
(9) Commercially available from Aldrich.

(10) Fellow of the Alfred P. Sloan Foundation, 1974-1976.

Department of Chemistry Paul A. Grieco*10
University of Pittsburgh Chester S. Pogonowski
Pittsburgh, Pennsylvania 15260 S. Burke

Received December 10,1974



5 4 4  J.'Org: Chem., Vol. 40, No. 4, 1975 C o m m u n ic a t io n s

Reaction of Pyridinium iV-Imines with 
2-Phenylazirine

Summary: Pyridinium IV-imine hydriodides 1 and 3 react
ed with 2-phenylazirine in the presence of alkali to give the 
corresponding 3-phenyl- l,9a-dihydro-2H- pyrido [1,2-6]-
as-triazine derivatives 2 and 4 in good yields.

Sir: In the course of studies on the chemistry of pyridinium 
ylides, we recently reported the first synthesis of pyri- 
dotriazine derivatives from the reaction of pyridinium N- 
imines with a-haloacrylates. Mechanistic considerations 
suggested that the corresponding aziridine or azirine deriv
ative as intermediate might be involved in this reaction.1 
This possibility has now confirmed by isolation of the 3- 
phenylpyridotriazines 2 and 4 from the reaction of pyridin
ium A1-¡mines with the readily available 2-phenylazirine.

When the mixture of pyridinium IV-imine hydriodide 1 
with 2-phenylazirine2 was treated with potassium carbon
ate in methylene chloride at room temperature for 4 days, a 
new compound 2 (mp 95-97°) was formed in 73% yield. 
Anal. Calcd for C13H13N3Î- C, 73.90; H, 6.20; N, 19.89. 
Found: C, 73.93; H, 6.22; N, 19.73. Similar treatment of 4- 
methylpyridinium iV-imine hydriodide 3 with the azirine 
afforded the corresponding compound 4 (mp 112-115°) as 
yellow crystals in 65% yield. Anal. Calcd for C14H15N3: C, 
74.64; H, 6.71; N, 18.65. Found: C, 74.57; H, 6.69; N, 18.62. 
(See Scheme I.)

Scheme I
R

NH2
1, R -  H
3, R =  Me

Compounds 2 and 4 were 1:1 adducts of the correspond
ing IV-¡mines and 2-phenylazirine, arid the ir spectra 
showed characteristic absorption for a secondary amino 
group at 3225 (2) or 3240 cm-1 (4) and a carbon-nitrogen 
or carbon-carbon double bond at 1637 (2) or 1654 cm 1 (4), 
respectively. The T l nmr spectrum of compound 2 exhib
ited signals due to five protons of the dihydropyridine ring 
at 5 (CDCI3) 4.74 (1 H, br t, J  = 7.5, 7.5,1.5 Hz, C7 H), 5.23 
(1 H, br d, J  = 11.0 Hz, C9 H), 5.42 (1 H, br s, C9a H), 5.99 
(1 H, m, C8 H), and 6.62 (1 H, d, J  = 7.5 Hz, C6 H), an 
amino proton at 5 2.00 (1 H, br s), two methylene protons 
at S 3.74 (1 H, d, J  = 18.0 Hz) and 4.07 (1 H, d; J  = 18.0 
Hz), and five aromatic protons in the range of 5 7.1-7.5. 
The XH nmr spectrum of 4, compared with that of 2, 
showed the absence of one proton signal in the olefinic re
gion and the presence of a new methyl signal at 0 1.79 (3 H, 
d, J ~ 1.5 Hz). These assignments were also supported by 
the correspondence of the ring proton signals in the spectra 
of 2 and 4 and of 2-methyl-3-methoxycarbonyl-l,9a-dihy- 
dro-2//-pyrido[l,2-6]-as-triazine, prepared earlier by us.1 
From these results, we conclude that compounds 2 and 4 
are 3-phenyl-l,9a-dihydro-2//-pyrido[l,2-6]-as-triazine 
and its 8-methyl homolog.

The reaction probably proceeds via initial electrophilic 
addition of 277-azirine to the N- ¡mines, followed by homo-
1,5-dipolar cyclization(,r4s + „2S) of resulting N- (2-aziridi-

Scheme II
R

— ► priith a 
— path b

nium)iminopyridinium ylide 5 or by cyclization of 1,6-di- 
polar species 6 from 5 to give pyridotriazines 2 and 4 (path 
a). Similar addition reactions to azirine are well known.3 
An alternative route (path b) to 2 and 4 involves initial
1,3-dipolar cycloaddition („4S + „2S) of the IV-imines with 
the azirine followed by 1,3 shift of the amino hydrogen in 
the primary tricyclic adduct 7. Since such thermal 1,3 shift 
is a symmetry-forbidden process,4 the 1,3 migration should 
be proceed via not sigmatropic but ionic process under 
such basic condition as employed here.5 The possible reac
tion mechanisms are shown in Scheme II.

In this reaction path a seems to be more probable than 
path b, because 1,3-dipolar cycloaddition of 2-phenylazir
ine with various N-substituted iminopyridinium ylides was 
unsuccessful. Further investigation of this reaction is in 
progress.
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T C N E  and T C N Q :
the electron-thirsty ones

N C 'r _ r ' C N  N C r / = \  r 'C N

N C '  C N  N C 'C \ = /  C N

T C N E  T C N Q

C H A R G E - T R A N S F E R  C O M P L E X E S  -  S E M I C O N -  
D C C T O R S

H a v in g  a  h ig h  e le c t r o n  a f f in it y ,  b o t h  T C N E  a n d  T C N Q  

fo r m  c h a r g e -t r a n s f e r  c o m p le x e s  w it h  s u it a b le  e le c t r o n  d o n o r s ,  
s u c h  a s  a r o m a t ic  7 r -s y s te m s . S o m e  o f  th e  s o l id  c o m p le x e s  e x 

h ib it  s e m ic o n d u c t io n g  p r o p e r t ie s .1 T h e  m o s t  e x c it in g  o n e  to  
d a te  is  th e  1 : 1  c o m p le x  o f  T C N Q  a n d  t e t r a t h io f u lv a le n e ,  w h ic h  
n o t o n ly  b e h a v e s  l ik e  a  m e t a l o v e r  a  la rg e  t e m p e ra tu re  ra n g e  
b u t  h a s  b y  f a r  th e  la rg e s t  m a x im u m  e le c t r ic a l  c o n d u c t iv it y  o f  
a n y  k n o w n  o r g a n ic  c o m p o u n d .2

C Y C L O A D D I T I O N  R E A C T I O N S

T C N E  is  a  r e a c t iv e  d ie n o p h ile  a n d  u n d e rg o e s  D ie ls - A ld e r  

t y p e  re a c t io n s  w it h  c o n ju g a t e d  d ie n e s  w it h  u n u s u a l e a se  a n d  at 
r e la t iv e ly  lo w  t e m p e ra tu re s . I t  e v e n  re a c ts  s p o n t a n e o u s ly  w it h  

s lu g g is h  d ie n e s  s u c h  a s  2 -v in y ln a p h t h a le n e  w it h o u t  a d d e d  
c a t a ly s t  o r  a p p l ic a t io n  o f  e x t e r n a l h e a t .1 W it h  a  d ie n e  in 
c a p a b le  o f  f o r m in g  a  D ie ls - A ld e r  p r o d u c t  it  re a c ts  to  y ie ld  a  

c y c lo b u t a n e  d e r iv a t iv e .1 T C N E  u n d e rg o e s  1 , 6 - c y c lo a d d it io n  
to  1 / / - a z e p in e s . 1

D E H Y D R O G E N A T I O N S

T C N E  h a s  b e e n  u se d  s u c c e s s f u lly  to  a r o m a t iz e  1 , 4 -d ih y d r o -  

b e n z e n e s 4 a n d  to  in d u c e  d e h y d r o g e n a t io n  o f  s t e r o id a l  d ie n e s .5

F O R  O Z O N O L Y S I S

B e in g  s t a b le  to  o z o n e , T C N E  p r o v id e s  a  n e w  m e t h o d  f o r  th e  

c le a v a g e  o f  o z o n id e s  to  p r o d u c e  a ld e h y d e s  a n d  k e t o n e s  d ir e c t 
ly  in  g o o d  y ie ld s .6

S Y N T H E S I S  O F  H E T E R O C Y C L I C  C O M P O U N D S
T C N  E  is  a  u s e fu l s t a r t in g  m a t e r ia l  f o r  th e  s y n t h e s is  o f  5 -  a n d

6-m e m b e r e d  h e t e r o c y c le s  w it h  o n e  o r  tw o  h e t e r o a t o m s , s u c h  
a s  t h io p h e n e s , p y r r o le s ,  is o x a z o le s ,  p y r a z o le s ,  p y r id in e s ,  
p y r im id in e s ,  a s  w e ll a s  fu se d  p o ly n u c le a r  h e t e r o c y c le s .1

ANALYTICAL APPLICATIONS
It s  a b i l it y  to  fo r m  7 r -c o m p le x e s  w it h  a  v a r ie t y  o f  o r g a n ic  

c o m p o u n d s  in s t a n t ly  u n d e r  m i ld  c o n d it io n s  m a k e s  TCNE 
u s e fu l f o r  d e t e r m in in g  a n d /  o r  d e t e c t in g  m a n y  o r g a n ic  c o m 

p o u n d s , e.g., a r o m a t ic  h y d r o c a r b o n s ,  p h e n o ls ,  a r y l  e t h e r s .1 
O t h e r  c o m p le x o m e t r ic  o r  p h o t o m e t r ic  m e t h o d s  f o r  th e  d e t e r 
m in a t io n  o f  o r g a n ic  c o m p o u n d s  a re  e s s e n t ia lly  b a s e d  o n  th e  

c h e m ic a l  r e a c t iv it y  o f  TCNE, s u c h  a s  th e  d ie n e  r e a c t io n  a n d  
the a r o m a t ic  s u b s t it u t io n  r e a c t io n .1 TCNQ is  a  u s e fu l re a g e n t  

f o r  th e  c o lo r im e t r ic  d e t e r m in a t io n  o f  fre e  r a d ic a l  p r e c u r s o r s ,  

s u c h  a s  c y s te in e , p r o l in e ,  h y d r o x y p r o l in e ,  p h e n o x a z in e s ,  a n d  
m e r c a p t a n s .7 I t  is  a ls o  u s e fu l in  lo c a t in g  th e  a b o v e  a m in e  

a c id s ,  s o m e  a m in o  a c id  d e r iv a t iv e s ,  a c r id in e s ,  p o ly n u c le a r  

a r o m a t ic  h y d r o c a r b o n s ,  m e r c a p t a n s , t h io a m id e s ,  t h io h y d a n -  
t o in s  a n d  t h io s e m ic a r b a z o n e s  o n  p a p e r  o r  t h in  la y e r  

c h r o m a t o g r a m s .7 T h e s e  t e c h n iq u e s  c a n  b e  a p p lie d  to  a i r  p o l lu 

t io n  s t u d ie s .7 A f lu o r im e t r ie  m e t h o d  u s in g  TCNQ to  lo c a te  
a n d  d e te ct l - 2 0 y  o f  s o m e  f if t y  o r g a n ic  c o m p o u n d s  ( a m in e s ,  

a m in o  a c id s ,  p r o t e in s ,  e n z y m e s )  o n  p a p e r  a n d  s i l ic a  g e l 
c h r o m a t o g r a m s  h a s  a ls o  b e e n  d e s c r ib e d .8 F u r t h e r m o r e .  

TCNQ is  a  c o lo r  re a g e n t f o r  th e  t h in  la y e r  c h r o m a t o g r a p h ic  

id e n t if ic a t io n  o f  th e  a l k a l i ,  a lk a l in e  e a r t h , a n d  s o m e  p o s t 

t r a n s it io n  m e t a l io n s . I t  is  p a r t ic u la r ly  s e n s it iv e  f o r  th e  d e te c 
t io n  o f  th e  u n iv a le n t  c a t io n s .9
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