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The concerted mechanism of 1,3-dipolar cycloadditions was challenged recently by Firestone, who proposed a
diradicai alternative on thermochemical and regiochemical grounds. His arguments are critically disproved here.
The retention of configuration of 1,3-dipole and dipolarophile in the cycloaddition is incompatible with a diradi-
cai intermediate. 1,3-Dipoles are “heteroallyl anions” which lose the allylic resonance energy in forming a diradi-
cai intermediate; taking this into consideration, the energies of diradicai formation exceed the experimental acti-
vation energies of cycloadditions. Following the symmetry-allowed scheme [,4S+ ,29, 1,3-dipoles undergo only
cycloadditions of the ring size classification 3 + 2 *m 5 while allyl cations are only amenable to 1,4 additions of the
type 3 + 4 —»7. The activity sequences of dipolarophiles are 1,3-dipole specific; the diradicai hypothesis fails to
explain this phenomenon while recent MO perturbation treatments provide elegant interpretations for dipolaro-
phile activities as well as for directions of addition. The frequently found “bidirectionality”, i.e., different orienta-
tions of dipolarophiles with electron-releasing and electron-attracting substituents, is at variance with diradicai
intermediates. The regioselectivity is connected with the ambident nucleophilic and electrophilic properties of
1,3-dipoles. An independently synthesized 1,5-diradical does not show the reactivity postulated by Firestone.

Definitions and Classification. A general principle for
the synthesis of five-membered heterocycles, introduced in
1960 as “1,3-dipolar cycloaddition”,2 has turned out to be
valuable, as the increasing number of applications testifies.
The “1,3-dipole” is defined as a species which is represent-
ed by zwitterionic resonance structures and which under-
goes 1,3 cycloadditions to a multiple bond system, the “di-
polarophile”.3

In 1963 it was deduced from experimental models that
the allyl anion type orbital (four electrons in three parallel
= orbitals) is responsible for the cycloaddition reaction.4
While the terminal centers of the allyl anion are only nu-
cleophilic, the termini of the “heteroallyl anion” systems of
1,3-dipoles are both nucleophilic and electrophilic (ambiv-
alent) as the resonance structures with a terminal electron
sextet suggest.

Octet Structures

Sextet Structures

An element of variation of 1,3-dipoles is provided by the
incorporation of an additional 7r bond in the plane perpen-
dicular to the allyl anion MO. This additional x bond

makes 1,3-dipoles of the propargyl-allenyl type5 linear
while those of the allyl type are bent.

=c Propargyl-Allenyl Type

al0 ~c AllyL Type

If one restricts the atoms a, b, and c to carbon, nitrogen,
and oxygen, the 1,3-dipoles shown in Table I result.3 Rep-
resentatives of all but two of these classes, many of them as
short lived in situ intermediates, have been shown to un-
dergo 1,3 cycloaddition. Inclusion of phosphorus and sulfur
atoms as centers increases the variety of 1,3-dipoles many-
fold; examples have been described. Also numerous “anion-
ic 1,3 cycloadditions” 6 and the “criss-cross additions” to
species free of formal charges7 follow the same mechanistic
pattern.

The formal analogy between ring-opened cyclopropanes
and 1,3-dipoles was emphasized recently by ascribing a
varying contribution of the diradical structure 1 to the

ground state of the 1,3-dipole.8 As in trimethylene9 one
deals with a spin-paired diradical which still allows a weak
bond of aor i type to exist between the terminal centers.10
The dramatic rate ratio of >1029 between the reactions 2 —
3 (concerted cycloreversion 5 -+ 3 + 2) and 4 — 5 (forma-
tion of a trimethylene) at —197° illustrates the energetic
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Table |
Classification of 1,3-Dipoles Consisting of
Carbon, Nitrogen, and Oxygen Centers

A. Propargyl-Allenyl Type

- + o .
C=N—C< —p 9=N=2Z Nitrile Ylides
+ - — + o .
aC=N—N-" —— =N=N Nitrile Imines
+ - - 4 . .
C=N—0 —_ -C=N=0 Nitrile Oxides
N=N—CC - — N=N=C< Diazoalkanes
n=n- n® _ N=N=N~» Azides
M A ;
N=N—0 —_— N= N=0 Nitrous Oxide
B. ALlyl Type
AC= N-C» :C—n=c; Azomethine Ylides
C=ijj Nx — >C-iJi=N~ Azomethine Imines
T—N—5 = - > "g‘—l\i:O Nitrones
‘N= N—N~ ———- X N—iji—N—  Azimines
\ -
'‘N= N -0 --—-  XN-lji= 0 Azoxy Compounds
+ —
o= Tp o — 5-tJ=o0 Nitro Compounds
:c=0-C< — /C—o=c” Carbonyl Ylides

c= o- NN —--e- AC—0=NX Carbonyl Imines

\ o iy i
o=o0o"0 - /IC —0=0 Carbonyl Oxides
‘N=0-N~ - —- X N—O0= NX Nitrosimines
'N=0-0 -— > N—O0=0 Nitrosoxides
0=0-0 -— - 5—o0=o0 Ozone

advantage of the allyl anion bond system over the long-
bond trimethylene species.11 However, with increasing

N
CH302CX /C 02CH3
CHAC
! ?
ch3 ch3
3
H N N
CH3. CO2 CHs Ch
” keOC
aHoC oA ¢ ¢
11 =6.3 min | !
-N ch3 C02CH3

Cyclopropane derivative

electronegativity of the middle atom of a 1,3-dipole some
ground state participation of the diradical structure 1 is
conceivable.12

Mechanistic Proposals. The concerted mechanism of
1,3-dipolar cycloaddition, first discussed in 1960,2 was sup-

Huisgen

ported by many experimental tests4'13 and is generally ac-
cepted.1415 It is an orbital symmetry-allowed [™MS+ r2s] cy-
cloaddition wherein the 1,3-dipole with its allyl anion type
MO functions as -4 reactant and the dipolarophile as ,2
reactant.1’5 The MO symmetry correlation diagram of 1,3-
dipolar cycloaddition16 bears a more than superficial re-
semblance to that of the Diels-Alder reaction. Another de-
scription attributes the concertedness to a Hiickel aromatic
type MO of the transition state.-7-19

As an alternative, Firestone20 proposed a mechanism
with a diradicai intermediate in 1968. Although the origi-
nal arguments were refuted,13 the diradicai hypothesis of
1,3-dipolar cvcloaddition (and of the related Diels-Alder
reaction) was recently refurbished on the basis of bond en-
ergy considerations2l and orientation phenomena.22

Firestone22 recently equipped the formulae of the diradi-
cal intermediates with partial charges which are a conse-
quence of Linnett notation23and which suggest electrostat-
ic attraction. The diradical 6, the assumed intermediate in
the addition of a nitrile oxide to a substituted phenyl-
acetylene, 22 is very similar to formula 7 which we have been
using to illustrate the transition state of the concerted ad-
dition for 12 years.4 The strength of the new CC a bond in 7
is developed to a higher extent than that of the CO a bond,
thus creating partial charges. This depiction 7 of the transi-
tion state was recently modernized in a MO perturbational
treatment which will be discussed below.

Though it is hard to discern a difference in the meaning
of 6 and 7 except of notation, one has to pay a high price for
designating 6 a diradical intermediate, as the following dis-
cussion will reveal. Duplication of earlier arguments13 will
be held to a minimum. Not all readers may be sufficiently
familiar with the Linnett notation;23 therefore, throughout
this paper conventional structural formulae are used unless
the Linnett notation is specifically required.

The Diradical Hypothesis and the Stereochemical
Criterion. The addition of diazomethane to methyl acry-
late (8, R = H), which gives a quantitative yield of 1224 via
the 1-pyrazoline 10, R = H,5serves as a model. The activa-
tion parameters are Aif* = 7.5 keal/mol and AS+ = —33 eu
in DMF.26 On replacing the acrylic ester by the cis-trans
isomeric a,"-dimethylacrylic esters (8, R = CH3, is angelic
ester), diastereomeric 1-pyrazolines are formed; Van Auken

HC=N=N — HC-N=N
<bb
H\, —R Hcv .
N co2ch3 >C—R
9 co2ch3
+
H\ ™ N
N'C—R
C02CH3
n
for R=H

ring closure after rotation
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and Rinehart found the stereospecificity to be >98%.27 A
recent reinvestigation of the addition to methyl angelate by
capillary GC demonstrated a stereospecificity greater than
99.8%.28 Retention of 1,3-dipole29'30 and dipolarophile413
configurations is a characteristic of 1,3-dipolar cycloaddi-
tions; no exceptions have been observed.

While stereospecificity is an obvious requirement for the
concerted process, it is an insurmountable obstacle to an
advocate of the diradical mechanism, as illustrated by the
following five points.

(1) If the diradical is formed in conformation 11 with all
centers lined up for ring closure (“cyclo diradical”),22 the
cyclization to give 10 must be faster than rotation around
a, the former double bond of the dipolarophile, otherwise
the rule of stereospecificity would be violated. Allowing for
<0.2% nonstereospecific reaction as the analytical limit,
the free energy of cyclization must be smaller than the
barrier to rotation by >3.4 kcal/mol.

(2) How large a rotational barrier is to be expected for
bond a in diradical 11? Alkanes possess barriers of 2.9-4.2
kcal/mol,31 but these do not provide the best comparison.
Carbon radicals like the one in 11 are known to be “it radi-
cals” with sp2-hybridized bond system.3233 The sixfold
barriers to rotation between sp3- and sp2-hybridized carbon
atoms are lower, e.g., V6 = 0.014 and 0.006 kcal/mol for tol-
uene and nitromethane, respectively. If such symmetrical
substitution is lacking, the sp3-sp2 bond assumes again a
threefold barrier but with lower heights than the sp3-sp3
bond; 0.78 and 2.1 kcal/mol were measured for V3 of ace-
tone and isobutene.3!

Rotational barriers of alkyl radicals have recently been
evaluated from ESR hfs line shape analysis. These barriers
were found in the range of 0-1.2 kcal/mol34 depending on
the nature and the number of substituents.

h3c— ch2 ch3ch2— ch2 ichsch— ch2

~0 0.4. 0.3

CH3CHz2— C(CHz)2 (CHs pCH— C(CHz)2

0.6 1.2 kcal/mol

Should one expect a higher rotational barrier for bond a
in the diradical 11, R = CH3, than 1.2 kcal/mol (tetrameth-
ylethyl radical)? Probably not. The barrier of the methyl-
malonic acid radical, CH3-C(C02H)2, is immeasurably
small.35 For CH3-CH2CO2H V3 is 2.4 kcal/mol, i.e., an even
smaller value than V3 = 3.4 kcal/mol for CH3-CH2CH3.31
Thus, a carboxy group does not give rise to higher barriers
than a methyl in sp3-sp3 bonds. Moreover, in cases of un-
symmetrically substituted bonds the energetically easier
of the two possible 180° rotations about the former double
bond of the olefinic dipolarophile is sufficient to effect non-
stereospecific addition.

Thus, it is safe to conclude: the cyclization barrier of the
diradical 11 should be nil if it has to be lower by 3.4 kcal/
mol than that of rotation about bond a, i.e., the cycloaddi-
tion must be concerted. The energy profile cannot contain
the diradical as a discrete intermediate as postulated.2021

(3) What happens to “extended diradicals” like 9, i.e.,
those which are formed in other conformations than the
“cyclo diradical” 11? Conversion to 10 should be preceded
by rotation about the axis b (sp3-sp3) in formula 9. How-
ever, this rotation should require more energy than rota-
tion about the former acrylic ester double bond a, which in
turn would cause a drop in stereospecificity. To save the di-
radical hypothesis, one is forced to assume20 that dissocia-
tion of the bond b, i.e., reversal of 9 to the reactants, takes
place much faster than rotation around a. Taking into ac-
count the deep-seated structural changes accompanying
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the rehybridization during the dissociation of 9, an activa-
tion barrier of « 1.2 kcal/mol reveals the artificiality of the
diradical concept.

4) The behavior of relatives of the alleged 1,5-diradicals

of type 9 and 11 is known. According to Bartlett’s classic
investigation, 1,4-diradicals occur as intermediates in the
addition of I,I-dichloro-2,2-difluoroethylene to the cis,-
trans isomers of hexa-2,4-diene or 1,4-dichlorobutadiene;
these [2 + 2] cycloadditions are forbidden as concerted pro-
cesses. For the diradical 13, R = CH3, rotation around the
marked bond takes place ten times faster than cyclization
at 80°.36 A temperature of 120° is needed for dissociation
cf 13, R = CH3, to become noticeable and to compete with
ring closure.37 For 13, R = Cl, at 150° rotational equilibri-
um is nearly attained, and cyclization is still four times
faster than cleavage to reactants.3s

Ficrcclj IFZC"CaZ ncu
+
c=CcC:
> = <
H XR |
13 R

One might argue that cyclization of the diradical 11 is
faster than that of 13 because Il gives rise to a more fa-
vored ring size. It is noteworthy that 13 still undergoes cy-
clobutane ring closure much faster than dissociation.

In the nonstereospecific 2 + 2 -*m 4 addition of cis- and
trans- 1,2-dichloroethylene to benzyne the 1,4-diradical 14
is a putative intermediate. The ratio of ring closure to rota-
tion was found to be 1.3 and 2.3 for cis- and trans-dichlo-
roethylene.39 The [2 + 2] additions of cis- and trans-prope-
nyl alkyl ether to benzyne proceed likewise nonstereospe-
cifically without reaching conformational equilibrium of
the 1,4-diradical.40 On the other hand, meso-15 and diI-15
produce at 145° the tetrasubstituted cyclobutanes with
>98% retention of configuration, probably via the 1,4-di-
radical;4l it is possible that the nitrogen elimination pro-
duces the substituted tetramethylene diradical in a state
permitting some 1,4 bonding. Nearly half of the azo com-
pound 15 is converted to 2-methyl-I-butene.41

Cr)3.c2H5
\%
ch3 c2hs
14 15 16

Tetramethylene diradicals have been suggested as inter-
mediates in the pyrolysis of cyclobutanes. The homolysis of
one a bond creates the tetramethylene in a conformation
suitable for splitting into two molecules of olefin.42 While
the diradical from cis-1,2-dimethylcyclobutane undergoes
dissociation to propylene four times faster (430°) than
rotation and reclosure of the four-membered ring43 the
corresponding ratio for the diradical from 1,1,2,2-tetra-
methylcyclobutane-de is >22 at 401°.44

A 1,5-diradical is the intermediate 16 which Gassman et
al. proposed for the cycloaddition of maleonitrile to bicy-
clo[2.1.0]pentane.45 The analysis of the stereoisomeric 2,3-
dicyanonorbornanes revealed that 16 undergoes cyclization
ca. four times (ca. nine times in the case of fumaronitrile)
faster than rotation. That the plethora of alleged 1,5-dirad-
:cals20-22 from all tested combinations of 1,3-dipoles and
dipolarophiles would suffer cyclization >50 times (>500 in
the example of 11, R = CHJ) faster than rotation (>98% or
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>09.8% stereospecificity, respectively), seems improbable.

An independently synthesized 1,5-diradical of the Fire-
stone type whose reactivity differs from that postulated
will be described in the last section.

(5) The assumption of the CC bond dissociation in the

process 9 —»8 via a barrier of «1.2 kcal/mol, already highly
artificial, becomes even more doubtful on scrutinizing the
structure of the diazo diradical 9. Diazo radicals RN=N-
are hypothetical intermediates in the reaction of diazoal-
kanes with radicals.46 It has also been suggested, though
not generally accepted,47 that the thermolysis and photoly-
sis of certain azo compounds is initiated by rupture of one
CN bond producing RN=N-; the evidence rests on Kinet-
ics,48 steric course,49 and rearrangement.50 The chemistry
of the highly elusive diazo radicals is rather monotonous:
except for some recombinations in caged radical pairs in
the liquid phase, the radicals RN=N* only lose nitrogen.
The species C6HsN=N- expels N2 so fast that it cannot
combine with triphenylmethyl in solution.51 On the other
hand, not a trace of N2 is liberated during the cycloaddition
of diazomethane to methyl acrylate. The hypothesis that
the conformation 9 exclusively suffers dissociation of the
CC bond while the C-N2*remains intact20'22 is unreason-
able.

Potential Hypersurface of the Firestone Diradical.
The cyclization of the postulated 1,3-diradical to the five-
membered ring, e.g., 11 —»10, would be a radical combina-
tion.

Although combination of methyl radicals is believed to
take place without activation, the variation of the ESR
measured termination (combination + disproportionation)
rates of cumyl and related radicals52 by a factor of 20 dem-
onstrates that zero barriers cannot be the rule. Substantial-
ly lower termination rates for branched-chain alkyls have
been reported recently.53 The rate ratio of radical combina-
tion and disproportionation (kc/k¢), originally regarded as
purely entropy controlled, showed a temperature depen-
dence which suggested finite barriers for both processes.54
If A/l —A equals 2.6 kcal/mol for the d,i3-dimethyl-
a-phenethyl radical,5 the combination barrier must even
be larger. Barriers appear to occur if substantial structur-
al changes accompany the rehybridization. For the combi-
nation of triphenylmethyl radicals Ea - 7 kcal/mol,56 and
for the termination of di-ferf-butylmethyl Ea = 19 kcal/
mol57 have been measured.

Intramolecular radical combination should be faster
than structurally corresponding intermolecular processes.
If one or both of the radical centers are well stabilized (see
next section), a barrier to combination should be expected
for the Firestone diradical.

What consequences would the assumption of a zero bar-
rier have for the cyclization of the hypothetical 1,5-diradi-
cal? There could no longer be an intermediate, i.e., a dip in
the energy profile; the two-step process becomes at best a
two-stage process. Rather flat potential hypersurfaces have
been described for the trimethylene958 and the tetrameth-
ylene diradicals.422 However, rotation still can take place
on such flat surfaces, the amount of rotation being depen-
dent on substitution.4258 This suppression of rotation in
favor of cyclization in Firestone’s diradical would build dis-
crete mountains into the energy surface with the effect that
radical combination becomes the unequivocal minimum
energy pathway. The one-step cycloaddition which must
result is indistinguishable from the concerted mechanism,
particularly since the transition state—only the diradical
with the proper conformation will cyclize20—is inconceiv-
able without partial bond between the radical centers. The
signs of the orbitals allow a bonding overlap from the start.

This conclusion is independent of the model used for the
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description of the diradical, e.g., valence bond structure,
HMO, or Linnett formulae. On theoretical grounds, based
on Linnett structures, Harcourt recently rejected 1,5-dirad-
icals as intermediates in 1,3-dipolar cycloadditions.10
Energies of Formation of the Diradical Intermedi-
ates. In our earlier paperI3we estimated the energy which
should be required to convert a 1,3-dipole and a dipolaro-
phile to the alleged 1,5-diradical. The lack of thermochemi-
cal data for bond energies in onium ions and for some radi-
cal stabilizations renders the estimates rather imprecise.
Our approximation for the loss of bond energy in the for-
mation of the diradical 18 frcm Af-methyl-C-phenylnitrone
(17) and methyl methacrylate, an arbitrarily chosen exam-
ple, amounted to 54 kcal/mol while the measured activa-
tion enthalpy of the cycloaddition was only 15.7 kcal/mol.5

ch3 ch3
q CBj
C6H5 c6h5 N—O-
17a 17b skt
-CH, HCN c- ch3
h2c= c( C02CH3
co2ch3 18
co2ch3
Huisgen’s estimate6l
Freezing of the allyl resonance by
converting the nitrone to the
fictitious resonance structure 17b 34 kcal/mol
Conversion of N =0 into N—O& 7
Loss of conjugation C6HS—-C~ 6
Conversion Cr=C *= C—C of
dipolarophile 63
Loss of conjugation
C==C(CH3)CO02CH3 6
Loss 186 kcal/mol
Formation of a new C—C 83 kcal/mol
Stabilization energy of
-C(CH3)C02CH3 11
Stabilization energy of
-N(CHJ3)-0" 35
Gain 129 kcal/mol
ch3
'>N|. I 2+N—0’ 2
> Mgl - i BEfMe o
°6ns"
ckHs CH,—C— CH,
co2ch3
19 20
Firestone's estimate'l'
Conversion of the three-electror.
bond C—N into the two-electron
bond C-N 34 kcal/mol
Electron correlation (see below) 4
Loss of substituent conjugation in
both reactants 8
Conversion C=C -» C--C of dipolar-
ophile 63
L strain2l 5
Loss 114 kcal/mol
Formation of a new C—C 83 kcal/mol
Stabilization energy of
-C(CH3)CO,CH3 11
L strain2l 5
Gain 99 kcal/mol
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Corresponding data for the addition of diphenyldiazo-
methane to methyl acrylate were »65 kcal/mol calculated
for diradical formation vs. AH* = 8.0 kcal/mol found for
the cycloaddition.60 In contrast, Firestone’s calculations of
the formation enthalpies of the two 1,5-diradicals2l were in
astonishing agreement with the experimental activation
enthalpies. How is this feasible? The two estimates may be
contrasted.

The main differences between the formation enthalpies
of the 1,5-diradical 18 (or 20), 57 vs. 15 kcal/mol, rests in
Firestone’s overestimation of the nitroxide radical stabili-
zation.

1) How large is the resonance energy of the allyl anion

and of 1,3-dipoles? Neither the pK a value of propane nor
that of propylene have been measured with sufficient pre-
cision nor are the pKa's of protonated 1,3-dipoles and their
saturated analogs known. An approximate figure of the
allyl anion resonance is based on the rotational barrier.

H H , H

[ i i
2 2

The bond system corresponding to one resonance struc-
ture of 21 is found in an allyl anion with 90° rotation about
the formal single bond.63 The rotational barrier of 1-pheny-
lallylpotassium in THF amounts to >20 kcal/mol.64 A re-
cent ab initio calculation afforded 28 kcal/mol for the rota-
tional barrier of the allyl anion.6%

The allyl anion resonance energy of a 1,3-dipole should
be influenced by the zwitterionic character— 1,3-dipoles
possess quadrupole moments—and by the exchange of car-
bon by heteroatoms. The rotational barrier of the substi-
tuted azomethine ylide 23 was measured to be 22 kcal/
mol,66 while an ab initio calculation provided 29 kcal/mol
for the parent azomethine ylide.65

@08 P 3 5
H 0204 N
1 1 ,C.- xO 0
chdX  h 66‘?—45 a5
23 2, 5
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two “frozen” resonance structures of methylphenyl-
nitrone (17) are nonequivalent; the CN and NO bond ener-
gies calculated by additivity favor 17b somewhat,&2 while
the anionic charge is better accommodated by 17a. Rota-
tion about the nitrones CN bond converts the ground state
to a 90° twist conformation 24 with the approximate bond
energy of the fictitious resonance structure 17b. Only a
couple of rotational barriers for the cis,trans isomerization
of nitrones have been measured; that of I\V-benzyl-C-phe-
nyl-C-p-tolylnitrone (26) amounts to 33.6 kcal/mol.67 The
barrier to rotation should be higher for methylphenylni-
trone (17),68 because the aryl substituents on carbon—two
in 26, only one in 17—contribute more to the stabilization
of the carbanion in the twist form 24 than in the delocal-
ized ground state. Thus, the energy loss in converting the
ground state of 17 into 17b is at least 34 kcal/mol.

It is a priori conceivable that the 90° twist conformation
is the diradical 2569 instead of the zwitterion 24. However,
this is ruled out by a rotational barrier of 24.6 kcal/mol for
C-cyano-C,iV-diphenylnitrone (27).70 The superior stabili-
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zation of the carbanion by the cyano group—acetonitrile is
by 10-16 pk units more acidic than toluene7l— lowers the
energy of the 90° twist conformation and reduces the bar-
rier height of 27 by 9 kcal/mol compared with 26. One
would expect no or even an opposite substituent influence
on a diradicai twist conformation of the type 25. Phenyl
stabilizes a carbon radical slightly better than cyano.72

2 Nevertheless, it is the nitrone diradicai like 25 (but

planar) which combines in our thermochemical consider-
ation with methyl methacrylate to give 18. One electron has
to be transferred from the nonbonding carbanion orbital of
17b into an antibonding orbital of the nitroso group pro-
ducing the nitroxide radical of 18. The formal charges of
17b are converted to those typical of the nitroxide reso-
nance 28. We account for the process on the debit side with
the conversion of N =0 to N -0 and on the credit side with
35 kcal/mol for electron transfer and nitroxide resonance.
The following scheme comprises the energetic changes (in
kcal/mol).

CH- a3
+1 3 +1 +%H3
HdAx
- >
Cl!,j, 0 T +77 [
66H-b -6H5 C6H5
Localized 1
a)
CHs
ch3 1
13
" b c 0
a+b ~HC « 0 1
- .35 v-1 cﬁ‘ﬁ
delocalized localized

(3) The Linnett structure 19 of methylphenylnitrone
contains two three-electron bonds of which one is retained
in the 1,4-diradical 20.21 Correspondingly, the 1,3-dipoles
of the propargyl-allenyl type (nitrilium and diazonium be-
taines in Table 1) are described by formulae with three-
and five-electron bonds. The unknown bond energies of
three- and five-electron bonds are assessed by Firestone in
an ingenious way:2l linear interpolation from experimental
bond energies of single, double, and triple bonds! This
standardization neglects major differences in the bond sys-
tems. While 1,3-dipoles like 17 accommodate the valence
electrons in bonding orbitals ('k2 weakly bonding), the di-
radicals of type 18 possess, like nitric oxide, in the MO de-
scription one electron in an antibonding MO.

For the allyl anion itself two three-electron bonds in 22
total 232 kcal/mol while the sum of C=C and C-C bond
energies is 229 kcal/mol. Thus, the calculated2l bond ener-
gy sum of the allyl anion comes very close to that of one
resonance contributor. Though allylic stabilization was not
mentioned,2l it is taken care of69 by “electron correla-
tions”, defined as stabilization energy for a distant pair of
electrons relative to a close pair. The allyl anion possesses
four such pairs corresponding to an increase of the bond
energy by 4 X 4 = 16 kcal/mol, and the nitrone 19 contains
six pairs amounting to 24 kcal/mol.2L

(4) What happens to the allylic stabilization of the 1,3-
dipole in the 1,5-diradical formation? In the resonance and
MO description the allylic stabilization terminates with the
destruction of the allylic system, and a new stabilization is
introduced for the nitroxide radical. In the Linnett descrip-
tion, for the process 19 — 20 the nonbonding electron on
the carbon of the nitrone group bonds to C-3 of methyl
methacrylate, the three-electron CN bond changes to a
two-electron CN bond with the third electron becoming a
nonbonding electron on nitrogen, and the three-electron
NO bond remains unchanged. For this overall process,
Firestone also cancels one “distant pair” 21 electron corre-
lation (4 kcal/mol). Thus, one finds the nitroxide group in
20 endowed with 119 kcal/mol for the three-electron bond.
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Bond energy N—0 21 99 kcal/mol
Five-electron correlations in the
nitroxide group 20
119 kcal/mol

Such a high bond energy for the nitroxide system in
18/20 can be foreseen neither by the resonance description
28 nor by the MO model with an electron in an antibonding
orbital.

(5) While no thermochemical data are known about ni-

troxide radicals, one is better off with the related hydrazyl
radicals, of which many representatives are known. The
standard heats of formation (in kcal/mol)73 listed below the
formulae allow evaluation of the NN bond energy of N2H3+
and the hydrazyl radical N2H3-.

X +
X =x3 nh2 + NH
237 +146 304 79
H2N— NH nh2 + NH
87 +33 41 79

Provided that the appearance potential measurements
for the two N2H3 species74 are correct, the electron in the
antibonding orbital of N2H3- would reduce the NN bond
strength by 113 kcal/mol to a value (33 kcal/mol) which is
even somewhat below the N-N bond energy (39 kcal/mol).
According to Firestone’s interpolation, N2H3- should have a
NN bond energy of 73 kcal/mol (N-N 66 kcal/mol + 3elec-
tron correlations, minus L strain 5 kcal/mol).

(6) Firestone estimated AH., = 16 kcal/mol for the for-

mation of the diradical 30 from 29 and ethyl acrylate;2! this
may serve as a second example. Diphenyldiazomethane
possesses according to the Firestone thermochemistry a
CN2 bond energy of 257 kcal/mol (C-N 109, N=N 148

1 i
z + z
(c6hspc—n=n; (CSHe
29 +

h2c=ch- co2c2hs

"C—CO0,C,Hq
H 4 4 =
ke

kcal/mol)21 plus an electron correlation of 24 kcal/mol for
six distant pairs, corresponding to the allylic resonance. On
the debit side for diradical formation is included for the
1,3-dipole moiety: the conversion of C-N into C-N with 34
kcal/mol, one electron correlation of 4 kcal/mol for the loss
of one distant pair, and 4 kcal/mol for the blocking of the
phenyl conjugation. Thus, the bond energy of the diazo
radical, R-Na-, in 30 would total 239 kcal/mol (281 — 42
kcal/mol).-The very fast decomposition of the notoriously
labile diazo radical (vide supra), R-N2*—R- + N2 (N=N
226 kcal/mol), would become endothermic by 13 kcal/mol,
diminished by whatever stabilization of R- is present. Ther-
mochemical calculations based on improved Aflf values of
azoalkanes have made accessible enthalpies for the exo-
thermic decompositions of alkyl diazo radicals recently,75
e.g.

H3C-N—N- —mH3C- + N=N —16.1 kcal/mol

The AH{ for higher alkyls is greater by the stabilization
energy of the alkyl radical. Thus, the energy level of the
diazo radicals is ~29 kcal/mol (13 + 16 kcal/mol) higher
than assumed by Firestone.21 On correcting his estimate for
the formation enthalpy of 30 from the reactants by this
amount, one reaches AH » +45 kcal/mol, which is far
above the experimental activation enthalpy of 8 kcal/mol60
for the cycloaddition of 29 to ethyl acrylate. Firestone’s er-
roneous assessment of diradical bond energies becomes ob-
vious here.

Huisgen

The Criterion of Ring Size and Electronic Demand
in Cycloadditions. Diels-Alder reactions and 1,3-dipolar
cycloadditions owe their wide scope and synthetic potential
to the very fact that they are concerted, i.e., that high-ener-
gy intermediates (diradicals, zwitterions) are avoided. In
contrast to these P4S+ X23 processes, RS+ X29 additions
are not allowed to be concerted by orbital symmetry.15 Un-
like the cycloadditions 3 + 2 —=5 and 4 + 2 -*m 6,76 the pro-
cesses 2 + 2 —4 are limited in application. Polyhaloethy-
lene36-38 and conjugated dienes77 can enter into [2 + 2] cy-
cloadditions owing to the stabilization of carbon radicals by
adjacent halogen or vinyl groups, respectively. The combi-
nation of electron-rich and electron-deficient multiple
bonds constitutes an alternative with 1,4-zwitterions as in-
termediates.78-80

An experiment of Wheland and Bartlett8l sheds light
upon the relationship of rate, concertedness, and stereo-
specificity. trans-1,2-Dichloro-l,2-difluoroethylene reacts
with cyclopentadiene to form the six-membered ring of 31
with retention of dienophile configuration, while the clo-
sure of the four-membered ring in a side reaction produces
all the four conceivable diastereomers of 32. If one would
postulate diradical intermediates for the Diels-Alder reac-
tion,22 it should be one and the same diradical intermedi-
ate which closes the six-membered ring stereospecifically
and the four-membered ring nonstereospecifically.

The cycloadditions of benzyne bring the diradical hy-
pothesis into the same dilemma. The nonstereospecific
four-membered ring formation with 1,2-dichloroethylene is
contrasted by a stereospecific Diels-Alder reaction with
trans,trans-2,4-hexadiene or trans,trans-muconic ester.39

1,3-Dipoles as zwitterionic heteroallyl anions add even to
cis-fixed 1,3-dienes only in the 1,2 manner, furnishing five-
membered rings; a 1,4 addition to produce a seven-mem-
bered ring would be the forbidden process [,4S + X49.
Though allyl anions, the all-carbon system, do not share
the propensity of 1,3-dipoles for the closure to five-mem-
bered rings, a few examples of [3 + 2] cycloadditions were
described recently.82

33

By way of contrast, allyl cations add to 1,4-dienes exclu-
sively to produce seven-membered rings, as the formation
of 33 from methallyl iodide and silver trichloroacetate in
the presence of cyclopentadiene testifies.83 This 4 + 3 -* 7
addition is a new variant of the symmetry-allowed elec-
tronic type [,4S+ ,2j. The formation of five-membered
rings from allyl cations and alkenes, both as x2 reactants, is
not known.

cbhb
[

+ I+
N
1

N\.
C6H5 G

34

Spectacular cases of symmetry-allowed concerted cy-
cloadditions in which larger numbers of welectrons cooper-
ate were reported recently. Tropone combines as a triene



Concerted Nature of 1,3-Dipolar Cycloadditions

with cyclopentadiene in a [,,6S+ ,,4j reaction giving a poly-
cyclic adduct with ten-membered perimeter.84 The synthe-
sis of 34 from tropone and diphenylnitrilimine, along with
[2 + 3] adduct,& illustrates the addition of a 1,3-dipole to
the terminal positions of a triene system; electronically,
this reaction is of the [,6S+ X49 type, the ring size classifi-
cation being 6 + 3 —»9.

35 36

Fulvenes also possess a triene system. Houk and Lus-
kus8 have observed that 6,6-dimethylfulvene (35) accepts
diazomethane at the 1,6, rather than 1,2 or 1,4 positions to
give 36. While the addition of benzonitrile oxide to 35 takes
place at the 1,2 positions, 6-dimethylaminofulvene com-
bines 1,6 with the same 1,3-dipole producing 37 after sub-
sequent elimination of dimethylamine.87 Both the [,6S +
X4g and [,4S+ X29 cycloadditions are symmetry-allowed
concerted processes, while the forbidden [X4S+ T49 reac-
tion, though easily acceptable from the standpoint of ring
strain, has not been observed. The addition of dimethyl
acetylenedicarboxylate to diazocyclopentadiene to yield
38s8 follows another symmetry-allowed path, [T8S+ ,2 9.

37 38

This selectivity of cycloadditions with respect to the
total number of 7 electrons involved overrides effects of
ring size and must be more than a coincidence. Why does
the dimerization of azepine-N-carboxylic ester choose a
pathway89 in which one molecule acts as a 1,3-diene and
the second as a 1,3,5-triene system? No reason can be seen
why in stepwise processes via diradicals or zwitterions such
a discrimination should be obeyed. After the first a bond
has been established, the termini of the intermediate would
no longer be conjugated and, therefore, would not influence
one another; all conceivable encounters of the reactive cen-
ters should take place as long as not prevented by ring
strain. The reason for the selectivity, however, has been
found: the conservation of orbital symmetry15 or the “aro-
matic” number of (4q + 2) ir electrons in the transition
statel7'190f concerted cycloadditions!

Reactivity Scale of Dipolarophiles. The dipolarophilic
activities of the CC double or triple bond and heteromulti-
ple bonds depends highly on substituents. The addition
rate constants usually range over many powers of ten. A pe-
culiar phenomenon frequently observed: common alkenes
and alkynes add to the 1,3-dipoles rather slowly, whereas
electron attraction as well as electron release by substitu-
ents increase the dipolarophilic activity of the multiple
bond. U-Shaped curves result from plotting addition con-
stants of dipolarophiles vs. the electron density of their
multiple bond systems.413 Such behavior has been found
for the 1,3-dipolar cycloadditions of nitrile imines,16 nitrile
oxides, 0 azides,91 azomethine imines,9%2 azomethine oxides
(nitrones),’ and carbonyl ylides, 8B with curves specific for
each class of 1,3-dipoles and, to a minor extent, even for
each individual 1,3-dipole. The U-shapes can vary consid-
erably and sometimes degenerate to the extent that only
half of the U is preserved. The additions of nitrile ylides%4
and diazoalkanes2660% are accelerated only by electron-
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attracting substituents in the dipolarophile whereas
ozone% and nitrous oxide97 show a strong preference for
electron-rich multiple bonds.

We ascribed earlier the large spread of dipolarophile ac-
tivity to three effects.416

(a) The high activity of conjugated systems was attrib-
uted to increased polarizability.

(b) Unequal bond formation in the transition state
creates partial charges which are stabilized by the moieties
stemming from 1,3-dipole and dipolarophile.

(c) Steric hindrance increase with the degree of substitu-
tion of ethylene or acetylene; the large negative entropies
of activation, observed for all concerted cycloadditions, em-
phasize steric requirements.

6+ +
A C*Hc—N—N=N
neton 65 1 0"
C6Hb-N -
HC—C=C

h- H "OCH3
~C — CO,CH,

H 44
39 40

Two examples may illustrate the strengths and short-
comings of argument b. The addition of phenyl azide to
ethyl acrylate yielding ethyl I-phenyl-1,2,3-triazoline-4-car-
boxylate® is 40 times faster than the addition to 1-hep-
tene.91 This was interpreted by the stabilization of partial
charges in the transition state 39 in which one of the two
new < bonds is developed to a greater extent than the
other. The participation of 40 as a hyperconjugated con-
tributor to the concerted transition state would be an alter-
native way of symbolizing the same idea. Analogously, the
zwitterion 41 as a hyperconjugated structure contributes to
the resonance hybrid of the transition state of the phenyl
azide addition to 1-pyrrolidinocyclopentene, which is
480,000 times faster than the one to 1-heptenedl and fur-
nishes the 5-amino-substituted triazoline.99,100 The struc-
tures 40 and 41 symbolize the capability of 1,3-dipoles to
stabilize charges of either sign which is in accordance with
the U-shaped activity sequence.

The hyperconjugated contributors 40 and 41 correspond
to the adducts of an electrophilic and a nucleophilic re-
agent, respectively, with the azide system. The cycloaddi-
tion of phenyl azide to 1-pyrrolidinocyclopentene is only
ten times faster in DMF than in cyclohexane;9l thus the
contribution of the zwitterionic structure 41 to the transi-
tion state cannot be very high. Why then is the rate con-
stant for addition to enamines so large?

HC—N= N H,C=N—N
+ |
H,C~C=C AH’=C—ch2
H oc2h5
4-2 43

Correspondingly, 42 and 43 contribute to the transition
state of the concerted additions of diazomethane to ethyl
acrylate and to vinyl butyl ether. Formulae 42 and 43 do
not disclose why diazomethane adds to ethyl acrylate 2700
times faster and to vinyl butyl ether 4500 times slower
than to ethylene.26 However, the basic and nucleophilic
gualities of diazomethane are more pronounced than its
electrophilicity. The correlation between the cycloaddition
rates and the nucleophilicity of diazomethane finds its con-
verse in the cycloadditions of ozone and of nitrous oxide,
which act as electrophilic reagents. Thus, the various de-
viations from the U shape of dipolarophile activity scale
can be rationalized.

The advantage of the concerted mechanism of cycloaddi-
tion lies in the partial compensation of the energy required
for bond breaking by that of making two new a bonds. Is it
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Type |

Electron-donating substitu-

Type 11

ents in l3dipo|e or electron-
attracting substituents in

dipolarophile accelerate

Figure 1. The HOMO-LUMO interaction between 1,3-dipole and dipolarophile depends on the orbital energies of the 1,3-dipole:

strong;-—-- , weak interaction.

reasonable to ascribe the large rate accelerations of 1,3-di-
polar cycloadditions by substituents to small contributions
of zwitterionic structures in which only one a bond con-
nects the reactants?

One welcomes recent successful attempts of MO pertur-
bation theory to cope with nucleophilicity scalesi01 as well
as with dienophile102 and dipolarophile activity sequences.
The reactions of nucleophilic with electrophilic reagents—
cycloadditions provide specific examples—are controlled
by the HOMO-LUMO interplay which depends on orbital
energies and size of the eigenvector coefficients. The rate of
a cycloaddition is not simply a function of the nucleophil-
icity and electrophilicity of the reactants, but rather all
these phenomena have common underlying reasons.

As 1,3-dipole and dipolarophile approach each other,
their frontier orbitals begin to interact and new MO's of Cs
symmetry are formed in the transition state. According to
perturbation theory, the interaction energy of the two
HO-LU combinations is expressed by eq 1.103 E\ and E\\

AE « (ca zd Poc/ + ccc'ePcf ) + {CO cd?ad + c'ccgPce,
El El
Ej = EN-E~~= HO(1,3-Dipole) - LU(Dipolarophile)

Eji = Ey _ = HO(Dipolarophile) - LU (1,3-Dipole)

are the orbital energy differences; ¢ and ¢ the coefficients
of the atomic orbitals of HO and LU, respectively. The sub-
scripts are defined in Figure 1. The larger the number of
heteroatoms (increased Coulomb integral) in a 1,3-dipole,
the lower are its orbital energies compared with those of
the parent allyl anion ('F2 nonbonding in HMO). T2 is the
HO, T;. the LU of 1,3-dipoles. The a resonance integrals ft
in eq 1 depend not only on the distance of the atoms, but
also on their nature (dc-c > do -N > dc~0)-

If the dipolarophile d=e is part of a conjugated system,
then 'Fa will be destabilized and \B stabilized. The de-
creased HO-LU distance leads via smaller values of E 1 and
Ell in eq ! to alarger AE which effects rate acceleration.104
Our earlier concept4'16 of the increased polarizability of
conjugated systems has thus achieved a more authoritative
meaning.

Electron-donating and
-attracting substituents
in l3dipo|e and dipo-

larophile accelerate

Huisgen

Type HE

Electron-attracting substitu-
ents in l3dipo|e or electron
donating substituents in

dipolarophile accelerate

Sustmann104 deduced qualitatively the various U-shape
dipolarophile activity scales from the three types of
HO-LU interactions sketched in Figure 1. For 1,3-dipoles
of type Il the interactions ~ -'F b and 'Fa-'l/3 are of compa-
rable importance. Electron-attracting conjugated substitu-
ents like CO2R, COR, and NO2 will lower the orbital ener-
gies of ethylene. The increase of the first term in eq 1 due
to a reduced Ei (energy difference 'F2 — 'FB) exceeds the
loss in the second term caused by an increased E n; rate ac-
celeration will be the result. Electron-releasing substitu-
ents (OR, NR2) raise the dipolarophile orbital energies. In
this case the second term of eq 1 gains more than the first
one loses; once more an increase of rate will result. Azides,
nitrile jmines, nitrile oxides, etc., belong to this type II.

For 1,3-dipoles of type | essentially the interaction
'F2-'F B is important; owing to the larger energetic distance
'Fa-'Fs, the second term in eq 1 becomes small. Electron-
attracting substituents will lower, i.e., stabilize, Tb and ac-
celerate the reaction by reducing Ej; electron-donating
substituents, however, deactivate the dipolarophile by rais-
ing Nitrile ylides and diazoalkanes belong to type I.
Correspondingly, for 1,3-dipoles of type Il the dominating
interaction 'Fa — jF3 (energy difference Eji) profits from
lifting 4>a by electron-releasing substituents, but is weak-
ened by electron-attracting groups. Cycloadditions of ni-
trous oxide and ozone follow this pattern.

A semiquantitative correlation can be achieved by dras-
tic approximation. After setting equal the numerators of
the two terms in eq 1 and assuming that the substituent
changes the energy of 'lI'a and Vb by the same amount, x,
Sustmann and Trilli06 derived eq 2. On plotting log for
cycloadditions of phenyl azide to 20 dipolarophileso! vs. the
ionization potentials of the highest occupied it molecular
orbitals of these dipolarophiles—the ionization potentials
represent an experimental measure of 'Fa energies—the
data fit fairly well the paraboloid function (superposition
of two hyperbolae) of eq 2. Similar curves were obtained for
benzonitrile oxide and diphenylnitrilimine cycloadditions9
(type Il of Figure 1). In contrast, log £2 values of diazo-
methane cycloadditions (type 1) to ten monosubstituted
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Table 11
Substituent Influence Expected for the Formation of Firestone’s Diradicai from
Dipolarophiles HXC=CHR and Relative Rate Constants of 1,3-Dipolar Cycloaddition

R=H

A. Thermochemical Data (kcal/mol) for Diradicai Formation from Monosubstituted Ethylenes

Ground state conjugation free energy (ref 107) =0
Stabilization enthalpy of H2C—R (ref 108) 0
Stabilization free energy of H2C—R (25°, ref 108) 0
Gain of stabilization free energy« 0

B. Relative Rate Constants of 1,3-Dipolar Cycloadditions

C6H5C =N -0, 0° (ref 90) 3.2
C6HsCs=N-N -C 6Hs, 80° (ref 16)
H2C~=N=N, 25° (ref 26) 103

(C6H5)2C=N==N, 40° (ref 26, 60)
C6H5N =N =N, 25° (ref 91)
C6HSCH=N(CH?3)-0, 80° (ref 59)

Alkyl CQ2R OR CH=CH?2 C6H5
3.2 3.2 5.2« 4.9 4.9
6 8* 11 16 19
7 9* 11 15 18
4 6 6 10 13

= 1.0 27 6.8 3.9
1.0 350 2.2 10.2 8.5
1.0 280,000 0.02 49 101
1.0 14,000 13 21
1.0 41 1.7 0.6 1.7
1.0 150 2.8 4.4

a Values for OCH3. 6 70% of the stabilization energy of H2CCOCH3; see H. E. O'Neal and S. W. Benson, J. Phys. Chem.,

72, 1866, 1882 (1968). ¢ Difference of third and first line.

ethylenes fit a good linear relation with 1/€i, i.e., the ener-
gy difference of HO(diazomethane) and LU(dipolaro-
phile).26

Can the diradical hypothesis rationalize these specific di-
polarophile activity sequences? No. Firestone deduces the
regioselectivity from energy differences—sometimes quite
small—of isomeric diradicals in which the dipolarophile
has become attached to either terminus of the 1,3-dipole.2
If the same kind of reasoning is applied to the variation of
the dipolarophiles, these consequences follow.

(1) In combining with a 1,3-dipole to give a diradical, the
dipolarophile loses its ground state conjugation energy, but
contributes through its radical moiety to the stabilization
energy of the diradical (Table I1A). Both these energies de-
pend on the dipolarophile alone. The endothermicity of di-
radical formation (near zero activation energy of the re-
verse reaction) demands that the transition state is
structurally very close to the diradical. Thus, the dipolaro-
phile activity scale should be uniform and independent of
the nature of the 1,3-dipole. The whole wondrous diversity
of dipolarophile scales would be exterminated by assuming
diradical intermediates.

(2) The uniform sequence of dipolarophile activity ex-
pected on the basis of rate-determining diradical formation
bears no resemblance to the experimental activity scales
observed for various 1,3-dipoles (Table 11B). The log &2 of
the cycloadditions should be proportional to the difference
between the stabilization free energy of the dipolarophile
moiety in the diradical and the conjugation free energy of
the olefinic bond in the ground state.106 While the latter is
fairly well known,107 the free energies of radical stabiliza-
tion are less reliable and only available for monosubsti-
tuted methyls.108 Therefore, the values for the gain of sta-
bilization free energy, as given on the fourth line of Table
1A, provide an approximation.

Neither conjugation energies nor radical stabilization
energies are strictly additive in polysubstituted structures.
We had to be content with using the stabilization energies
for R-CH2, because those of R-CH(CH3), though a better
model, are not available. The data of the fourth line of
Table 1A may thus be somewhat too large, but their trend
is expected to be correct.

Nevertheless, the discrepancy with the rate constants of
Table 11B is obvious. In contrast to the expectation for rad-
ical stabilization, ethylene reacts faster than 1-alkenes.
Styrene should exceed acrylic ester in dipolarophilic activi-
ty by -~105; the rate constants show acrylic ester to be fast-

er than styrene by factors of 7-2800. The vinyl ether col-
umn of Table Il is symptomatic. The diradicals from 1,3-
dipoles and vinyl ethers should be formed ~104 times fast-
er than the ones from ethylene. However, diazomethane
(1,3-dipole of type 1) reacts with vinyl butyl ether 4500
times slower than with ethylene. All the other 1,3-dipoles
of Table Il are of type Il; they also respond to the ether
function in the dipolarophile with a small rate increase.

3 Only one of the two substituents in 1,2-disubstituted

ethylenes or acetylenes can contribute to the stabilization
of the Firestone diradical and assist in its formation. The
second substituent loses its conjugation with the double
bond and could even retard diradical formation. Neverthe-
less, for dimethyl fumarate-methyl acrylate the following
addition rate ratios have been measured: C-methyl-N-
phenylsydnone, 7; diphenylnitrilimine, 6; 3,4-dihydroiso-
guinoline N-phenylimine, 4; diphenyldiazomethane, 3.

The diradical hypothesis of the Diels-Alder reaction22
encounters the same difficulties. 9,10-Dimethylanthracene
reacts with tetracyanoethylene 105 times faster than with
1,1-dicyanoethylene;10 diradical formation with tetracya-
noethylene should be slower than with the 1,1-dicyano
compound, because the conjugation energy of two cyano
groups has to be sacrificed. However, the lower LU energy
of tetracyanoethylene together with an early transition
state of the concerted cycloaddition offers a satisfactory ex-
planation.1®

Regioselectivity. “The orientation phenomena in 1,3-
dipolar as well as Diels-Alder addition offer perhaps the
biggest unsolved problem in the field.” 13 This was my
opinion 7 years ago, and it was only recently that in this
cloud of uncertainty a silver lining became visible. As the
substituent effects offered by classic resonance theory are
inadequate to interpret the regiochemistry of concerted cy-
cloadditions, we were often tempted to overemphasize pre-
sumed steric effects.

While the range of dipolarophile activity corresponds to
differences in activation free energies of 10 kcal/mol and
more, the competition of the two addition directions of a
1,3-dipole to a dipolarophile is energetically more subtle. A
free energy difference of 3 kcal/mol suffices to make the
minor isomer disappear below the 1% analytical limit. Re-
giochemistry is a phenomenon of kinetic competition and
cannot be detached from the question of dipolarophile ac-
tivity.

“The diradical mechanism predicts that the regiospecifi-
city observed with both electron-poor and electron-rich
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olefins should be the same toward any given 1,3-dipole” 22
because relative to hydrogen all substituents stabilize a
radical center. Thus. Firestone regards “unidirectionality”
as normal, but admits that the “bidirectionality” of the ad-
ditions of azides to monosubstituted ethylenes and acety-
lenes does not conform to this rule. The alleged superiority
of the diradical concept was illustrated with 147 examples
including six “exceptions”.2

“The strong tendency for each 1,3-dipole to add in the
same direction to both electron-rich and electron-poor ole-
fins” 22 is basically erroneous. In fact, only the cycloaddi-
tions of nitrile imines and nitrile oxides are unidirectional
and even these to a limited extent. Bidirectional are the cy-
cloadditions to nitrile ylides,94,110 diazoalkanes, azides, azo-
methine imines,111 and nitrones. If the dipolarophiles are
ordered by the electron density of their double or triple
bonds, one finds that the point of switching from one orien-
tation to the other is 1,3-dipole specific. As shown below,
there is no sharp borderline between unidirectional and bi-
directional behavior, but a mechanistically enlightening
continuous transition. Even “unidirectionality” is not in
conflict with the concerted mechanism as argued.22

The stabilization of partial charges in the transition state
can make the concerted addition nonsynchronous. One
would expect an orientational pattern in which the more
nucleophilic end of the 1,3-dipole controls the addition to
ethylenes and acetylenes with electron-withdrawing sub-
stituents, while the more electrophilic terminus would be-
come attached to the /? position of a dipolarophile bearing
an electron-releasing substituent. The ambivalence of the
termini of the 1,3-dipole (see above) occasionally compli-
cates the assignment of the nucleophilic and electrophilic
end. Nevertheless, it is tempting to see if there is an analo-
gy between the directional behavior of 1,3-dipoles in their
concerted cycloadditions and their nucleophilic and elec-
trophilic properties in additions leading to acyclic prod-
ucts. By the way, an inherent polarity is not a requirement;
ozone or azomethine ylides are not less reactive in concert-
ed cycloadditions because their ends are identical.

A. Azides. Phenyl azide accepts acrylic ester and vinyl

ethers (and enamines) in different addition directions as il-
lustrated by the adduct structures 4498 and 45100 in accor-
dance with the resonance contributors of the type 40 and
41 to the transition state. The allegation22 that this regiose-
lectivity both for electron-poor and for electron-rich olefins
is incorrect for the concerted mechanism rests on the as-
sumption that “azides are polarized with the outer nitrogen
negative”. This misunderstanding stems from the direction
of the net dipole moment of phenyl azide; the azido group
as a whole attracts electrons from the benzene ring. Fire-
stone22 invokes a dipole interaction between the two reac-
tants as a potent orientational factor,112 although the for-
mation of his “cyclo diradical” requires virtually the same
relative orientation of 1,3-dipole and dipolarophile in the
activation process. This mentioned dipole interaction ap-
pears to be of minor importance for the orientation.113114

= JL
CeH5-N % CfiHg-N™ %
coz2chs oc4 ho
44. 45

The acid-catalyzed decomposition of aryl azides is ini-
tiated by protonation at the inner nitrogen atom (46, e =
H)115and the protonated hydrogen azide bears both hydro-
gens at the same nitrogen.116 The azidium complexes of
silyl, chloroantimonvl, and fluoroboryl azidel17 also corre-
spond to type 46. Thus, it is the inner nitrogen which is
more basic and nucleophilic. The hyperconjugated contrib-

Huisgen

utor 40 to the transition state of the acrylic ester addition
is likewise of the general type 46 and explains straightaway
the formation of adduct 44.

4
R—N—N=N R-N—N—N—n
eI
4.6 47

All additions of nucleophilic reagents n (cyanide, phos-
phines, carbanions, phosphorus and sulfur ylides, etc.) to
organic azides take place via structures like 47 at the outer
nitrogen atom,118 thus marking the preferred electrophilic
center. 'Likewise the 3 position of vinyl ethers and enam-
ines in cycloadditions become bonded to the outer nitro-
gen; e.g., the resonance contributor 41 is of type 47. Thus,
the regioselective additions to electron-deficient and elec-
tron-rich olefins do not fit the unidirectionality expected
for adiradical intermediate.

B. Diazoalkanes. Firestone2 compared the formation
energies of the two conceivable diradicals 48 and 49,
formed from a diazoalkane and a dipolarophile D, and esti-
mated a preference for 48 as high as 17 kcal/mol. There-
fore, all cycloadditions of diazoalkanes to monosubstituted
ethylenes or acetylenes should take place unidirectionally
via the diradical 48 to produce 3-substituted pyrazolines or
pyrazoles.

RZC—N=N-  R2C—N=N
| |
D 0-
oYy

4.8 4.9 50

While the formation of 10 from diazomethane and meth-
yl acrylate obeys this rule, the additions to electron-rich di-
polarophiles are decidedly at variance. Butyl vinyl ether
and diazomethane yield 4-butoxypyrazoline (50).119 Dia-
zoacetic ester and diazoketones combine with 1-pyrrol-
idine-4-methylcyclohexene to give the structurally secure
tetrahydroindazoles 53120 via the primary adducts 51. It is
the nucleophilic enamine position which becomes at-
tached to the diazoalkane nitrogen. Finally, diazomethane
and ethoxyacetylene produce solely 4-ethoxypyrazole (52)
of established structure.121

The regioselectivity toward electron-deficient and elec-
tron-rich dipolarophiles is thus symbolized by the zwitter-
ionic contributors 42 and 43 to the transition state and
these, again, would fit the anticipation for additions which
are controlled by nucleophilicity and electrophilicity. Pro-
tonation on carbon induces the nitrogen loss from diazoal-
kanes; acylation, alkylation, and azo coupling (with aryldia-
zonium ions) of diazomethane also take place on carbon.12
On the other hand, Grignard reagents add to the outer ni-
trogen of diazomethanel23 as does triphenylphosphine in
the formation of triphenylphosphazine.124 The more elec-
tron-depleted diazoalkane system in «-diazocarbonyl and
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-dicarbonyl compounds easily reacts with thiolates, amines,
and other nucleophiles, always at the terminal nitrogen
atom.12 Dicyanodiazomethane even undergoes azo cou-
pling with dimethylaniline.15 According to the diradicai
hypothesis, however, the opposite direction of cycloaddi-
tion to electron-rich multiple bonds should be favored by a
rate factor of 1012 (AAGt = 17 kcal/mol).22

@2~ xN i N
tJ ‘co2ch3 OfH3 2
54. 55
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A revealing feature: the orientation rules of diazoalkane
cycloadditions to electron-deficient multiple bonds (elec-
tron-attracting substituent ending up in pyrazoline 3 posi-
tion) are not very strict. The normal addition direction to
a,/3-unsaturated nitro compounds and sulfones can be re-
versed by encumbering /? substitution.126 127 While dimeth-
yldiazomethane combines with methyl acrylate to give the
“normal” adduct 54 (analogous to 12), d,d-dimethylacrylic
ester adds dimethyldiazomethane in the opposite direction
to give 55 and only a trace of the “normal” adduct.128 Cin-
namic ester accepts diazomethane with quantitative forma-
tion of the pyrazoline 3-carboxylate.12 Diazoacetic ester,
however, produces the “normal” adduct 56 and the “anom-
alous” adduct 57 in a 8:1 ratio.130 The 2-pyrazolines 54, 56,
and 57 are results of subsequent tautomerization of 1-pyra-
zolines.

A similar reversal of the “normal” orientation has been
observed in diazoalkane cycloadditions to the CC triple
bond of tetrolic and arylpropiolic esters.131 The anomalous
adducts have been interpreted as the result of switching
from electronic to steric control.128 In our opinion the
change in regioselectivity is strong evidence for the ambi-
dent nucleophilicity of diazoalkanes.

C. 1,3-Dipoles as Ambident Nucleophiles and Elec-
trophiles. The attack of numerous electrophilic reagents
on the diazoalkane carbon is followed by fast subsequent
reactions, usually loss of N212 The fast nitrogen evolution
on treatment with acids prevents clarification of the possi-
bility that protonation might take place on carbon and ni-
trogen competitively. N-Protonation is suggested by the
formation of aminoisonitrile, H2N-N=C, from diazo-
methyllithium with acid.1® There is some evidence that
alkyl azides are ambident nucleophiles. The intermediates
58 and 59 have been postulated as being responsible for the
simultaneous loss of N2 and azide ion in the reaction with
aluminum chloride.133

+ + -
Alkyl —N— N=N Alkyl—N=N=N—ALCI3

~aici3

58 59

NH2 N= N-0 pr3 +

H2N—N= N—0 —— N=N—0—PR3

60 61

The sextet formulae suggest that 1,3-dipoles are ambi-
dent electrophiles as well. The conversion of nitrous oxide
to alkali azide by alkali amide involves attack at the termi-
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nal nitrogen with 60 as intermediate.134 On the other hand,
the deoxygenation by triethylphosphinel® probably takes
place via 61.

While nitrile oxides add nucleophiles HB on carbon to
given hydroximoyl derivatives,13% triphenylphosphine at-
tacks on oxygen to effect reduction to nitriles.137 Benzoni-
trile oxide reacts with benzyl mercaptan both at the carbon
and oxygen atom forming the thiobenzhydroximic ester
and benzonitrile, respectively.138 Nitrones show a similar
dual behavior toward nucleophilic reagents.13

D. The Silver Lining. According to Fukui,140 reactions
take place in the direction of maximal HO-LU overlap. In
concerted cycloadditions that orientation should be fa-
vored in which the centers with the largest atomic orbital
coefficients interact. This principle allows the interpreta-
tion of most of the heretofore problematic orientation phe-
nomena in Diels-Alder reactions.141 Equation 1 contains in
the numerator of the two terms the square of the sum of
the products of orbital coefficients.

Bastide et al. used the perturbation approach, based on
CNDOJ/2 calculations, to correlate the regioselectivity in
cycloadditions of diazomethanell4 and substituted diazo-
methanesl® to numerous olefinic and acetylenic dipolaro-
philes with the first interaction energy term of eq 1 for the
two addition directions. These diazoalkanes belong to the
1.3-dipoles of Sustmann’s type 1104 where only the interac-
tion HO(diazoalkane) — LU(dipolarophile) is important.
The treatment was refined by including all interactions be-
tween occupied and vacant orbitals of the reactants.143144
Also for fulminic acid, benzonitrile oxide, diphenylnitrilim-
ine, and phenyl azide a satisfactory agreement between cal-
culated and experimental orientations has been achieved;
the addition directions of these 1,3-dipoles of type Il are
governed by both HO-LU interactions.

Independently, Houk calculated by CNDO/2 the orbital
energies and atomic orbital coefficients of the three diazo-
nium betaines and deduced the bidirectionality of the ad-
ditions to dipolarophiles with donor and with acceptor sub-
stituents.145 A similar procedure for all other classes of
1.3-dipoles led to rationalizations of addition direc-
tions.146147 The calculated orbital energies were adjusted
with the help of known ionization potentials and ir —mir*
transitions.

Introduction of a conjugating substituent (C"H-,,
CH=CH?2) or an electron-attracting group (CO2R, CN)
into ethylene will influence the atomic orbital coefficients
of the a and i3 carbon in the sense of ca < cp in both HO
and LU, according to CNDO/2.143146 Electron-releasing
substituents (OR, NR2) also lead to ¢, < ¢$ in HO, but to
ca> in LU.

The HO of diazomethane possesses the largest atomic or-
bital coefficient on carbon; hence carbon has the greatest
nucleophilicity. The size of the orbitals in the orientation
complex formulae 62-65 reflect the squares of the atomic
orbital coefficients.114148 The carbon orbital of diazo-
methane overlaps in the important 'lI'V'l'r interaction pref-
erably with that dipolarophilic carbon which possesses the

cz 057 002 041 c2028 050 022
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higher c¢'2 values. The smaller energy distance '"“-'Fr
makes the contribution of 62 larger than 63 in the reaction
with methyl acrylate though both result in the same orien-
tation. The increasing 'F~-Tr distance (nonadjusted
CNDOJ/2 figures)148 in 62, 64, and 65 indicates decreasing
rate, and the squares of ¢’ illustrate why diazomethane pro-
duces 3-substituted pyrazolines with acrylic ester and 1-
alkenes, but the 4-alkoxypyrazole with ethoxyacetylene.
Vinyl ethers and alkoxyacetylenes are borderline cases, be-
cause the two HO-LU interactions favor different orienta-
tions.

The “anomalous” orientation in the formation of 55 from
dimethyldiazomethane and /3,/3-dimethylacrylic ester is
also easily explained. The difference in the size of the ter-
minal atomic orbital coefficients is diminished in both of
the reactantsl42 compared with diazomethane and acrylic
ester. The less stringent electronic orientation is now over-
come by steric control. The squares of ca' and ¢/ of phenyl-
propiolic ester are less different than in cinnamic ester;142
therefore, only the triple-bonded ester accepts diazo-
methane in the two addition directions.13L

cl 035 0 0l c 003 028 0.5
ev 1 eV
-11.1 cbh5 IN—N= N u +31 ; H—N—N==)]
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13. 6
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Replacement of the diazomethane carbon by nitrogen
functions to give organic azides causes a lowering of 473.
The dominant interaction of phenyl azide, a 1,3-dipole of
type 11,104 in the reaction with acrylic ester is still ‘121 o,
i.e, 66 » 67. The contributions of (68) and 'Fa-'Fs
(69) to the transition state of the vinyl ether addition are
nearly equal, while 4A'I'3 preponderates for enamines.
Both the interactions 68 and 69 direct the donor substitu-
ent to the 5 position of the triazoline, while 66 and 67 influ-
ence the orientation in opposite directions

The opposite orientations obeyed in the cycloadditions
of diazonium betaines to electron-deficient and electron-

Huisgen

rich dipolarophiles, which can hardly be reconciled with
the diradicai hypothesis, are accounted for elegantly.

E. The Unidirectionality. Some 1,3-dipoles combine
“unidirectionally” with both electron-rich and electron-
poor monosubstituted ethylenes, i.e., the donor as well as
the acceptor substituent ends up at the same position of
the heterocyclic ring. This behavior is the heart of the di-
radicai hypothesis.2022 On closer inspection one sees that
the orientation rules are not strict; the argument loses its
strength.

cbh5- csn- n- c6h5

O6H5-C = iU=N-C6H5
70
HjfcCH-R

R=
R=

Diphenylnitrilimine (70) reacts with methyl acrylate,149
styrene,150 1-hexene,151 and vinyl butyl ether150 to produce
the 5-substituted pyrazolines 71 exclusively. While in all
adducts of enol ethers and enamines the donor substituent
is directed to the 5 position, the orientation in the cycload-
dition to a,/3-unsaturated esters can easily be reversed.
Methyl crotonate and methyl /3,/3-dimethylacrylate produce
72 and 73 with increasing amounts of the 4 ester 73.149 The
orientations with acetylenic dipolarophiles are even less
strict: methyl propiolate, the monosubstituted acetylene,
gives the methyl I,3-diphenylpyrazole-5- and -4-carboxyl-
ates in a 78:22 ratio.149

H H 96 4
ch3 H 34 66
cH3 c¢ch3 6] 100
CBH5 H 30 70

Benzonitrile oxide cycloadditions show a related pattern
of regioselectivity. Additions to 1-alkenes, styrene, vinyl
ethers, and enamines give 2-isoxazolines bearing alkyl, phe-
nyl, ether, or amino groups, respectively, in position
5 152-154 The predominance of the 5-carboxylic ester in the
addition to methyl acrylate (96% 74 and 4% 75) is reversed
in the adducts of /3-substituted acrylic esters; /3,/3-dimeth-
ylacrylic ester affords the 4 ester 75 only.166 Methyl propio-
late, likewise, gives rise to isoxazole-5- and -4-carboxylic es-
ters; ratios from 91:9 to 22:78 have been observed for 16 ni-
trile oxides.156 In contrast, dipolarophiles with donor sub-
stituents produce 5-substituted products exclusively.

Nitrile imines, nitrile oxides, and nitrones belong to
type Il (Figure 1) where both frontier orbital interactions
contribute. While the terminal nitrogen or oxygen possess-
es a larger atomic orbital coefficient than carbon in 'F2, it is
the other way around in W3.i46,i48 Both the interactions
4'2- 4'p and 'Fa-'Fs enforce one and the same addition di-
rection for donor-substituted ethylenes or acetylenes. On
the other hand, orientational forces on the acrylic ester



Concerted Nature of 1,3-Dipolar Cycloadditions

type dipolarophile are opposite for the interactions 'i'2'1'
and Ma- U's, as in the case of phenyl azide (65 vs. 66). In
contrast to phenyl azide, the two HO-LU pairs are closer in
energetic distance. The final outcome depends on a delicate
balance, i.e., small structural changes can cause marked
differences in the addition directions of unsaturated esters
and nitriles. Occasionally the energetically greater interac-
tion loses orientational control because the orbital coeffi-
cients of one reactant are not sufficiently different. PMO
rationalizations of “unidirectional” behavior have been
published recently.143'144'147

R R CH1
13
&% @A
M h W 4 G38
r' chs3o2c h no2
78

76 R=ch3 ,c6hs 77

IV-Methyl-C-phenylnitrone  or  C,IV-diphenylnitrone
combines with 1-alkenes,157 styrene, vinyl ethers,158 enam-
ines, 159 acrylic ester, and acrylonitrile160 to yield the 5-sub-
stituted isoxazolidines 76. Both HO-LU interactions ap-
pear to direct alkyl, phenyl, and alkoxy to the 5 position. In
the reaction with electron-deficient dipolarophiles the

'Fz-'Fb interaction seems to dominate somewhat in ener-

gy,147 but 'La-"'s exerts stronger orientational control
owing to a larger difference between cqPc-0 and ccfiCC
The reversal of the addition direction of methyl crotonate
is noteworthy: the 4-carboxylic ester 77 is formed.160 With
ca slightly larger than cp in \KA of methyl crotonate,148 both
HO-LU interactions now favor the 4-carboxylic ester.

The reversal can also be effected by another trick: lower-
ing of the orbital energies in going from acrylic ester to ni-
troethylene results in an accretion of the interaction
which directs the ethylenic substituent into position 4. Ac-
cording to Sims and Houk,161 N-methy]-C-phenyInitroné
and nitroethylene produce the 4-nitroisoxazolidine 78.
Methyl propiolate, a borderline case, no longer accepts the
nitrone unidirectionally, but gives the isoxazole-4-carbox-
ylate 79, R = CO2CH3, and the 5 isomer 80 in a 58:42 ratio;
162 cyanoacetylene affords only 79, R = CN,161 as an out-
come of further lowering of orbital energies.

These satisfying results of PMO foster the hope that the
vexing orientation problem in 1,3-dipolar cycloadditions
will be completely solved in the near future. Urgently need-
ed are additional data on HO energies from ionization po-
tentials, on LU energies from electron affinities and more
reliable quantum-chemical values for eigenvectors and or-
bital energies. CNDO/2 exaggerates the energy distance of
HO and LU.

Kinetic Isotope Effects. Dolbier et al.163 studied the
1,3-dipolar cycloaddition of the carbonyl ylide 82, which is
in thermal equilibrium with tetracyanoethylene oxide
(81),164 to 1,1-dideuterioallene (83). The result, kfp/ku =
0.93, agrees with the secondary Kinetic isotope effect found
in the Diels-Alder reaction of 83 with hexachlorocyclopen-
tadiene. The cycloadditions of acrylonitrile and tetrafluo-
roethylene to 83 as well as the dimerization of 83 show
kn/kD = 1.14-1.21; these reactions probably include diradi-
cal intermediates.
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Bayne and Snyder165 investigated the cycloaddition of 82
to the three isomeric monodeuterated styrenes specifically
labeled at the olefinic positions. The identical secondary
isotope effects observed, (jh/~d = 0.96-0.97, render it high-
ly probable that both olefinic centers are equally involved
in bond reorganization in the transition state of the con-
certed process.

k/k z 1.012

k/k - 1.040

Benjamin and Collinsi66 recently labeled the n-carbon
acorn of C,/V-diphenylnitrone and the a- or /i-carbon atom
of styrene with 14C and found the primary Kinetic isotope
effects (see 84) in the formation of 2,3,5-triphenylisoxazoli-
dine to be compatible only with the concerted mechanism.
The diradicai hypothesis would suggest that one of the iso-
tope effects should be secondary. However, the observed
k/k* values in 84 are larger than known secondary 14C/12C
isotope effects, which, moreover, are generally <1.

Crucial Tests. A. Oxime Formation from Nitrile Ox-
ides and Arylacetylenes. Alkyl radicals not only recom-
bine, but also disproportionate to give alkane + alkene.
The alleged diradicai intermediates of 1,3-dipolar cycload-
ditions might be expected to undergo at least some hydro-
gen transfer reaction to form open-chain compounds along
with cyclization and dissociation.

R—C=N—" + HC= C—Ar

Griinanger et al.167 noticed that the synthesis of isoxaz-
oles 85 from nitrile oxides and arylacetylenes is accompa-
nied by the formation of acetylenic oximes 86 which cyclize
to 85 on heating or under base catalysis. When the reaction
was run in THF-D20, the cyclization 86 —* 85, but not the
cycloaddition (kis), is accompanied by deuterium incorpo-
ration into the 4 position of 85.188 Therefore, the Italian au-
thors proposed the scheme above with simultaneous reac-
tions leading to 85 and 86.167-169 Analogously, diarylni-
trilimines and arylacetylenes produce pyrazoles and acety-
lenic hydrazones in concurrent reactions.170

Investigating the reaction of 3,5-dichloro-2,4,6-trimeth-
ylbenzonitrile oxide with phenylacetylene, Beltrame et
al.171 found that a deuterium label in the starred position
neither affected the overall rate constant nor the ratio 89:
90, 0.18. A careful reinvestigation by Dondoni et al.,172 who
used p-chloro- and p-methylbenzonitrile oxide, confirmed
the absence of an isotope effect.

Beltrame et al.171 considered a common (diradical or
zwitterionic) intermediate, but later dismissed that idea.173
Firestone22 ascribes the oxime formation to the “extended
diradical” 88 which is postulated to be in a highly mobile
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equilibrium with the reactants, while 89 is conjectured to
be produced via the “cyclo diradical” 87.

Only the hydrogen transfer in 88 — 90, but not the con-
version 87 — 89, should be subject to a primary kinetic iso-
tope effect. The process 88 —* 90 would be comparable to a
radical disproportionation which has an early transition
state. Therefore, one should perhaps not expect the sizable
isotope effects known for hydrogen abstractions by oxygen
radicals,174 but a smaller magnitude; e.g., ku/kn = 1.87 has
been measured for the disproportionation of the a-phen-
ethyl radical.55 The replacement of H* by D should result
in an increase of the isoxazole yield at the expense of oxime
formation. The nonoccurrence of this effect makes it im-
probable that the C-H* bond-breaking step is connected
by mobile reversible reactions with the product-determin-
ing step leading to 89. The diradical scheme above would
be compatible with the facts only under the stringent con-
dition that the step 88 —* 90 (kd) is much faster than the
dissociation of 88 to reactants (kr) for which we deduced a
very small barrier above (Ea« 1.2 kcal for 9). For example,
if kiizkj) - 1.6, aratio k,\\/kr = 1,5, or 10 would increase the
product ratio 89:90 by 30,10, or 5%, respectively.

I agree with the Italian authors167+173 that the concomi-
tant formation of isoxazoles and acetylenic oximes does not
“establish the correctness of the diradical mechanism be-
yond a reasonable doubt.” 22 No objections can be raised
against an irreversibly formed diradical 87 or a zwitter-
ion171 as precursor of the acetylenic oxime. The recently
proposed 1,1-cycloadduct as intermediatel72 constitutes an
interesting alternative.

B. Independent Synthesis of 1,5-Diradicals. Close rel-
atives of Firestone-type diradicals have recently become
accessible; they do not show the asserted behavior.

The rate constants of racemization of the optically active
1V-cyclopropylazomethines 91 and the k values of their ring
expansion to the pyrrolines 95 display a linear relation oh
the log scale for 12 different Ar's. The log k values also cor-
relate linearly with the logarithms of the partial rate fac-
tors of radical aromatic phenylation and methylation as
well as with atom localization energies.175 This corrobo-
rates the widespread assumption that the vinylcyclopro-
pane rearrangement proceeds via diradical intermedi-
ates176 as does the racemization (or cis-trans isomeriza-
tion) of substituted cyclopropanes.9 The racemization of 91
may take place by ring opening to 92 or 93, rotation about
the 2,3 bond, and reclosure of the three-membered ring; 92
contains an exo,exo and 93 an endo,exo disubstituted aza-
allyl radical. Only 93 can undergo 1,5 combination to give
the pyrroline 95.

According to the diradical hypothesis,22 the allyl anion
type orbital of the (unknown) nitrile ylide 96 should inter-
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act with diphenylethylene to produce reversibly the “ex-
tended diradical” 94 and a related “cyclo diradical” which
closes the ring to 95. The diradical 94 differs from 92 only
by a 90° rotation about the 4,5 bond and this also differen-
tiates the “cyclo diradical” from 93. It is hard to predict
whether the allylic resonance in 92 or the three-electron
bond in 94 will provide greater stabilization. Is it conceiv-
able that diradical manifolds of the types 92 and 94 are
separated by substantial energy barriers?69 A smooth con-
version to the more stable conformation is expected be-
cause the rotational barrier between 92 and 94 should be
wiped out owing to the cos2 a relation for the interaction
energy of twisted it systems.

According to Firestone,22 the “extended diradical” 94
should dissociate very rapidly to 1,3-dipole and dipolaro-
phile. However, even at 165° the conversion 91 —* 95 is
guantitative. The racemization of 91, Ar = C6H40CH3-P, is
110 times faster than its ring enlargement to 95 at 101°,175
i.e., the diradical intermediates are often created from 91
before the pyrroline 95 is irreversibly formed. The lack of
any dissociation of the 1,5-diradical intermediates is at
variance with their alleged behavior.22

C6H-C=N-CH-Ar + C6H-CH=CH2

100 1o
Ar = C6Hi,NO2-p

Benzonitrile p-nitrobenzylide (97) combines with sty-
rene to produce the pyrrolines 98 and 99 in 79% yield (at
20°).177 The cis,trans isomeric N-cyclopropylazomethines
100 and 101 yield the same pyrrolines 98 and 99 quantita-
tively at 70°. Three arguments allow one to reject a com-
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mon manifold of diradical intermediates in the two pro-
cesses.

(1) The diradicals from 100 and 101 rotate and reclose
the three-membered ring with a similar rate as they suffer
ring expansion at 65°.178 Though the azomethines 100 and
101 are stable at 20°, they do not occur as products in the
cycloaddition of 97 + styrene at room temperature.

(2) The azomethine 100 (101) yields via rotameric diradi-
cals the pyrrolines 98 and 99 in a 11:89 (22:78) ratio at
70°.1771@ With a ratio of 66:34 of 98 and 99 at 70°,18) how-
ever, the concerted cycloaddition of 97 to styrene shows a
well-understood preference for the cis isomer.

(3) The conversion of the azomethines 100 and 101 into
98 + 99 is quantitative, even in methyl acrylate as solvent.
That rules out any dissociation of diradical intermediates
into 97 + styrene because methyl acrylate exceeds styrene
>20-fold in dipolarophilic activity toward 97.180

Calculation of the Transition State. Polanski and
Schuster18l used HMO to calculate the transition state en-
ergy for the concerted addition of diazomethane to ethyl-
ene. In a more refined study Fukui et al.18 applied a semi-
empirical SCF including Cl to the same reaction. They
found the formation of the new a bonds concerted, but
nonsynchronous in the sense of CC < CN distance in the
transition state due to the predominant HO(I,3-dipole)-
LU(dipolarophile) interaction.

Recently Leroy and Sanal83 calculated the hypersurface
of the reaction diazomethane + ethylene by an ab initio
method. The transition state of the concerted cycloaddition
was found at the following distances: CC 2.27 A and CN

2.24 A; the results excluded a secondary energy minimum.

In agreement with PMO, there is a net flow of charge (6%
of an electron charge) from diazomethane to ethylene in
the transition state.

Conclusion

All mechanistic criteria underline the superiority of the
concerted mechanism over the diradical hypothesis. My
main concern, however, was not just to refute the argu-
ments for diradical intermediates, but rather to point out
how well the large bulk of data on 1,3-dipolar cycloaddi-
tions complies with the expectations for the concerted pro-
cess [X4S+ ,2J. The MO perturbational treatment provides
a deeper insight and promises a solution of remaining prob-
lems in the near future.
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The chemistry of the tricyclic monobromides 4, 5, 6, and 7 has been examined. Evidence is presented which im-
plicates a partially opened cyclopropyl cation as a reaction intermediate.

The chemical properties of various tricyclic cyclopropyl
halides have been of interest to us and several others for
some time now.2 We recently reported on the silver ion as-
sisted solvolysis of the gem-dibromides 1, 2, and 3.3 A con-
tinued interest in this area led us to examine the corre-
sponding monobromo compounds 4, 5, 6, and 7. The chem-

istry of these monobromo derivatives differed significantly

from that observed for the aforementioned dibromo sys-

tems. We now wish to report on these differences, and we

attempt to offer reasonable explanations as to their origins.

LX =Y=Br 2,X=Y=Br 3 X=Y=DBr
4 X=H Y=Br 5 X=HY=Br 7 X=H Y=0Br
6, X=Br,Y=H



420 J. Org. Chem., Voi. 41, No. 3,1976

Ledlie, Swan, Pile, and Bowers

Table |
Products Obtained in the Silver lon Assisted Solvolysis of 4, 5, 6, and 7

Compd

Products0

a Absolute yields reprinted in parentheses. Reactions were carried out at reflux unless noted otherwise. * Yields reported
are for reflux and room temperature runs, respectively. ¢ Reaction carried out at 100°C. The remaining nonvolatile material

consists of intractable substances.2

Results

Synthesis of the requisite monobromides was readily ac-
complished by treating the corresponding dibromides with
tri-n-butyltin hydride. Yields in all cases were between 50
and 60%. The structure of 4 was assigned based on a correct
elemental analysis and an NMR spectrum which exhibits a
sharp singlet at 2.94 ppm (1 proton). Monobromides 5, 6,
and 7 were identical in every respect with those reported by
Paquette et al.4 Isomers 5 and 6 were separated via column
chromatography. Product studies were carried out using
the same techniques reported previously.3 Our results are
contained in Table I.

The structures of 8 and 10 were assigned on the basis of
elemental analysis and spectral data (see Experimental
Section). It should be noted that the 13C NMR spectrum of
10 has five lines. This is consistent with the symmetry of
the assigned structure and unambiguously rules out several
mechanistically feasible isomers as possible structures.

The NMR spectrum of 9 exhibits absorption at 5.28
(triplet, 3 = 6 Hz, 1 proton), 3.03 (singlet, 3 protons), 2.66
(doublet, J = 12 Hz, 1 proton), and 0.80-2.35 ppm (com-
plex, 15 protons). This is certainly consistent with the
structure assigned; the doublet at 2.66 ppm is characteris-
tic of bicyclic systems of this type and can be assigned to
the proton on the methylene bridge which is anti to the ole-
finic linkage.25a Unambiguous proof of structure, however,
was based on the synthetic sequence outlined in Scheme I.

A few comments concerning this sequence are perhaps
necessary. The saturated bicyclic ether 19 had an NMR
spectrum very similar to that of 10. A sample of the materi-
al assumed to be 19 was collected via gas chromatography
for elemental analysis. Surprisingly, it analyzed correctly
for CuH18 The NMR absorption of the collected material
shows absorption at 5.48 (triplet, 3 = 6 Hz, 1 proton), 2.73
(doublet, J = 12 Hz, 1 proton), and 2.53-1.06 ppm (com-
plex, 16 protons). The triplet at 5.48 ppm and the doublet
at 2.73 pm lend credence to the assigned structure 20. Re-
duction of 20 afforded 21, which was identical in every re-

Scheme 1

spect with authentic material. These facts we feel ade-
quately support the structure assigned to 9.

Scheme 1 also outlines the structure proof of 11. Catalyt-
ic reduction of 11 afforded a mixture of four isomeric satu-
rated ethers which were identical in every respect with
those obtained from the reduction of 14.50 Both structures
13 and 14 had infrared and NMR spectra identical with
those of authentic material. The identity of 12 was con-
firmed by its reduction to 8, The stereochemistry of the
methoxyl group has been tentatively assigned. Comments
as to this point will be made later.

The nature of the bicyclic carbon skeleton of 15 was as-
certained as outlined below.

Reduction of 23 afforded two isomeric hydrocarbons 24
which were identical in every respect with those obtained
from the reduction of 15.7 The placement of the double
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Table Il
Rate Constants and Activation Parameters for the Silver lon Assisted Solvolysis of 4, 5, 6,and 7

Compd Temp, °Cfl k, L mol-1 sec-1
4 24.4 5.86 X 10"4(+0.07)
39.6 3.63 x 10~3(+0.03)
25.0 6.32 x 10"4*
100.0 1.20*
5 76.0 5.41 x 10"4(+0.08)
89.5 1.68 X 10"3(+0.02)
25.0 3.01 X 10"6*
100.0 3.83 X 10"3*
6 48.2 1.34 X 10"4(+0.02)
65.4 7.76 X 10"4(+0.12)
25.0 9.14 X 10"6*
100.0 1.64 X 10~2*
7 124.8 5.03 x 10-«(+0.06)
140.0 1.89 X 10"3(+0.02)
25.0 3.12 x 10" *
100.0 462 X 10'5*

aAt least two runs were made at each temperature. * This is an extrapolated value.

23 24

bonds within 15 was based on its NMR spectrum.8 Com-
plex absorption was observed between 1.40 and 1.75 (4 pro-
tons) and 1.75-2.50 ppm (6 protons). Absorption in the ole-
finic region (complex, 5.05-6.35 ppm) accounted for four
protons. The structures of 16, 17, and 18 have been pre-
viously assigned.2

Rate studies were carried out as previously described.3
Rate data as well as activation parameters for both mono-
and dibromides are contained in Tables Il and Il1l. We have
also solvolyzed the bicyclic dibromides 27 and 28 (see

Table 1V).

27 28

Discussion

We observe that the products of solvolyses of the mono-
bromo derivatives 4, 5, 6, and 7 are strikingly different
from those obtained in the silver ion assisted solvolyses of
1, 2, and 3. Warner has recently performed a labeling ex-
periment with the gem -dihalide 29.9 His results indicate

C.
29 30

that the bicyclic enone 30 does not arise via the alkyl shift
mechanism postulated initially by us and other workers.23
Rather it is derived from the intermediate 31, which after
capture by solvent then undergoes an alkyl shift (Scheme
I1). This mechanistic scheme clearly explains the lack of bi-
cyclic product of the general type 33 or 34 in the solvolysis
of the monobromides 4-7. According to our earlier mecha-
nistic suggestions, products of this type would have been
expected; however, they cannot form if a mechanism as
outlined in Scheme Il is in operation. One would thus ex-

AHt, kcal mol™ ASt, eu * 5re|
21.6 - 0.8 2 X 105
20.4 -15.3 1X 103
21.4 -9.8 3 X103
27.6 -4.7 1
Table 111

Rate Constants at 25° for the Silver lon Assisted
Solvolysis of 1, 2, and 3a

Compd k, L mol"1sec 1 * 25rel
1 1.87 X 10”2 3 X 106
2 4.83 X 10"4 7 X 104
3 6.97 X 10™ 1

aThese are extrapolated values.

Scheme 11
Br Br

pect “cyclopropyl” trapping products and bicyclic products
derived directly from a bridgehead double bond species.
This is exactly what we have observed.

33 34

Whether or not a full-fledged cyclopropyl cation is an in-
termediate in the solvolysis of these tricyclic cyclopropyl
systems has been briefly discussed.3We offer here evidence
which seems to point toward a partially opened species.10
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Table IV
Rate Constants and Activation Parameters for the Silver
lon Assisted Solvolysis of 27 and 28

AHt,
Temp, kcal
Compd °Ca k, 1 mol-1 sec-1 mol-1 ASt, eu ferrei
27 86.7 8.34 X10"4(+0.10) 243 —5.5 24
100.5 3.04 X 10"3(x0.12)
25.0 6.11 X10"7%
100.0 2.90 X 10-32
28 120.0 3.12 X 10-4 (+0.15) 22.4 —18.26 1

136.0 1.03 X 10-3 (+0.08)
25.0 2.55 X 10-8*
100.0 6.29 X 10~5t

a At least two runs were made at each temperature.
bThis is an extrapolated value.

If one compares the relative rates of solvolysis of the bi-
cyclic dibromides 27 and 28 at 25° a rate ratio (£27/°28) of
approximately 24 is observed, while the tricyclic dibrom-
ides 1and 2 give a ratio {kx/k~ of 39. The difference in free
energy of activation between the members of each pair is
for all practical purposes identical. Now, the mechanism of
solvolysis of the bicyclic system 27 is well documented, i.e.,
concerted ionization to a cis allyl cation and subsequent
capture by solvent.122 The mechanism of solvolysis of 28 is
not well documented, however. It could be argued that
rather than form an antiaromatic allyl cation, 28 would ion-
ize to form a cyclopropyl cation.13 However, Gassman has
demonstrated that the allyl p-nitrobenzoates 35 and 3G sol-

35 36

volyze at essentially the same rates (©35/736 = 19 at
120°).14 The additional double bond in 36 apparently does
not interact sufficiently with the allyl ribbon to impart any
degree of antiaromaticity. The effect observed is probably
purely an inductive one (slightly destabilizing). It would
seem reasonable then that both 27 and 28 solvolyze via
similar mechanisms and that the difference in relative rates
between the two pairs can be attributed for the most part
to the electron-withdrawing effect of silver ion which can
complex with the double bond in 28.3

If one assumes that both 1and 2 ionize initially to form a
cyclopropyl cation, then one would expect that the differ-
ence in energy of activation between 1 and 2 would be less
than the difference observed between 27 and 28 since the
site of positive charge in the ion formed from 2 is further
removed from the complexed silver ion than in the allyl ion
formed from 28.15The fact that the observed relative rates
are nearly identical then implies that there is some degree
of ring opening (i.e., some allyl character) at the transition
state in the solvolysis of 1and 2. An increase in strain ener-
gy might well accompany this partial opening and be of a
greater magnitude for 2 than 1

That a true cyclopropyl cation is probably not a viable
intermediate in the solvolysis of the tricyclic monobrom-
ides is exemplified by the behavior of the unsaturated iso-
meric monobromides 5 and 6. Molecular mechanics were
carried out on the systems in question (see Table V).16

These calculations indicate that there is a difference in
ground state energy between 5 and 6 of about 3.5 kcal/mol
(6 being more stable than 5). The method of calculation in
all probability exaggerates this difference.17 Our rate data
(25°) put an upper limit on this value of approximately 2.5
kcal/mol (compare 1vs. 2, 4vs. 6, and 27 vs. 28). This does

LecOe, Swan, Pile, and Bowers

Table V
Calculated Strain Energies for Tricyclic
Bromocyclopropanes

Compd  Strain, kcal mol-1  Compd  Strain, kcal mol-1

1 120.30 5 113.18
2 117.26 6 109.71
3 108.50 7 104.72
4 112.32

not take into consideration the destabilization of the tran-
sition state afforded the unsaturated ions by the complexed
silver ion. A more reasonable estimate (which takes the ef-
fect of the silver ion into consideration) of the difference in
ground state strain between 5 and 6 would be on the order
of 1.0-1.5 kcal/mol. Thus, one would expect that isomer 5
would solvolyze some ten times faster than 6 if the reaction
proceeded via a common intermediate, namely, a cyclopro-
pyl cation. In fact the observed reactivity is reversed, i.e., 6
solvolyzes approximately three times faster than 5. The ki-
netic evidence thus seems to eliminate a common interme-
diate for the two reactions. The product data (Table 1) are
also consistent with this hypothesis. We would like to pro-
pose that both 5 and 6 begin to open in a disrotatory fash-
ion, the direction of which depends on the stereochemistry
of the leaving groups and thus should be different for each
isomer. Thus, if taken to the limit, 5 would afford 37 while
6 should yield 38. We stress that these are limiting cases

and that ion 37 has a greater amount of inherent strain
owing to the presence of the double bond in the same ring
as the trans allyl ion. We suggest, then, that 5 on solvolysis
yields an ion having less allyl character than either 37 or
38, i.e., it has more cyclopropyl character and is represent-
ed by structure 39. This would nicely explain the lack of

any cyclopropyl trapping product observed in the solvolysis
of 6.

The product ratios obtained in the solvolysis of 4 are
temperature dependent (see Table I). While the absolute
yield of 8 remains unchanged, at the higher temperature 11
is formed at the expense of both 9 and 10. We have demon-
strated that both 9 and 10 are converted quantitatively into
11 when refluxed in methanol containing a trace of nitric
acid. It is postulated, then, that 9 and 10 are initially
formed from a partially opened ion and then rearrange to
11 under the condition of the reaction (see Scheme 111).18

The major product obtained in the solvolysis of both 5
and 6 is the bicyclic conjugated triene 13. However, the
yield of the material obtained from 6 is almost 30% higher
than that obtained from 5 (Table I). We have stated pre-
viously that the ion formed from 6, namely 38, in all proba-
bility has a greater degree of allyl character than the ion
(39) formed from 5. It would seem that the conformation of
38 is well suited such that either elimination of a proton or
rearrangement of the bridgehead double bond will prefer-
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entially place a double bond in the ring already containing
unsaturation. We emphasize that we are not sure as to the
timing of these steps. Monobromide 5 tends to open in the
opposite sense and not to as great an extent. The confor-
mation of 39 would favor the formation of 42 which would
account for the higher yield of 14 obtained from 5, for 42 is
an intermediate in the formation of 14.20

42

The stereochemistry of the tricyclic ether 12 has been
tentatively assigned. The location of the methoxyl absorp-
tion in its NMR spectrum indicates that the methoxyl is
syn to the double bond. The methoxyl absorbtions in 44

occur at 3.17 and 3.24 ppm, while in 8 and 12 methoxyl ab-
sorbs at 3.15 and 3.25 ppm, respectively. If the stereochem-
ical assignment is correct, the behavior of ion 39 is quite
different from that of the bicyclic ion reported by Schleyer,
Schollkopf, et al.11

The products 17 and 18 isolated in the solvolysis of 7 can
also be rationalized in terms of a partially opened species
similar to 39. The origin of the naphthalene has been dis-
cussed previously.3

Experimental Section22

11-Bromotricyclolt.t.1.O" NJundecane (4). To a refluxing solu-
tion of 4.7 g (0.015 mol) of Il,ll-dibromotricyclo[4.4.1.016lunde-
cane and a trace of AIBN was added with stirring and under a ni-
trogen atmosphere 4.4 g (0.015 mol) of tri-n-butyltin hydride dis-
solved in an equal volume of ether. After addition of the hydride
the reaction mixture was refluxed for 5 hr and then stirred at room
temperature for 18 hr. Distillation of the crude reaction mixture
followed by elution chromatography and redistillation afforded 1.7
g (50%) of the desired material. The NMR of 4 exhibited absorp-
tion at 2.97 (singlet, 1 proton) and 0.97-2.18 ppm (complex absorp-
tion, 16 protons).

Anal. Calcd for CnH17Br: C, 57.65; H, 7.48; Br, 34.87. Found: C,
57.78; H, 7.54; Br, 34.67.
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anti- and syn-11-Bromotrieyclo[4.4.1.0'6Jundec-3-ene (5
and 6). The procedure described for the synthesis of 4 was em-
ployed. A mixture of the two isomers was obtained which was sepa-
rated via elution chromatography (silica gel eluted with ligroin). A
yield of 3.24 g (20%) of the anti isomer 5 [bp 74-75° (0.6 mm)] and
I. 69 g (10%) of the syn isomer 6 [bp 77-78° (0.5 mm)] was ob-
tained. Spectral properties of the above isomers were in complete
agreement with those reported by Paquette et al.4

Il-Bromotricyclo[4.4.1.01'6lundeca-3-diene (7). The material
was prepared according to the procedure previously reported.2

Silver lon Assisted Solvolysis of 4. A. At Reflux. Silver ni-
trate (0.738 g, 4.36 mmol) and 4 (0.060 g, 0.218 mmol) dissolved in
25 ml of methanol were refluxed for 20 hr. After the usual work-up
the crude reaction mixture was subjected to gas chromatographic
analysis on a 3 ft X 0.25 in. 10% Carbowax 20M column.3 Four
major components were shown to be present and all were collected.
The NMR spectrum of 8 exhibited absorption at 3.15 (singlet, 3
protons), 2.50 (singlet, 1 proton), and 2.05-0.68 ppm (complex ab-
sorption, 16 protons).

Anal. Calcd for C12H4200: C, 79.94; H, 11.18. Found: C, 80.11; H,
1. 28

Compound 11 exhibited absorption in the NMR at 0.95-2.47
(complex absorption, 16 protons), 2.70 ppm (complex multiplet, 1
proton), and 3.12 ppm (singlet, 3 protons).

Anal. Calcd for C12H200: C, 79.94; H, 11.18. Found: C, 79.75; H,
11.02.

The third component 10 absorbs in the NMR at 1.55 (broad sin-
glet, 16 protons), 1.90 (singlet, 2 protons), and 2.97 ppm (singlet, 6
protons).

Anal. Calcd for C13H2402 C, 73.54; H, 11.39. Found: C, 73.27; H,
11.18.

In addition a 13C NMR spectrum of 10 exhibits the expected
five-line spectrum: 41.5, 52.3, 61.6, 61.9, and 88.2 ppm relative to
MeiSi.

The NMR of the fourth component (9) is reported in the text.

Anal. Calcd for Ci2H200: C, 79.94; H, 11.18. Found: C, 79.77; H,
11.27.

In runs in which yields were determined an internal standard
(d-methylnaphthalene) was added directly to the reaction mixture
after all starting material had been consumed. The reaction mix-
ture was then analyzed via VPC without further work-up. For a
tabulation of yields see text.

B. At Room Temperature. The same procedures were followed
as described in A. The reaction mixture was stirred for 20 hr at
room temperature and then analyzed.

Reduction of 9. A mixture of 50 mg of 9 and approximately 0.1
g of 5% Rh on alumina in ethanol was stirred under a hydrogen at-
mosphere until thin layer chromatography indicated that all the
starting material had been consumed. The reaction mixture was
analyzed via gas chromatography on a 3 ft X 0.25 in. 10% Carbo-
wax 20M column. Only one volatile component was shown to be
present. The material was collected and its NMR measured. The
compound absorbed at 0.28-2.22 (complex absorption with abroad
singlet at 1.53 ppm and a smaller one at 1.88 ppm, 19 protons) and
3.02 ppm (singlet, 3 protons).

Treatment of 9 with Acid. Compound 9 (40 mg, 0.22 mmol)



424 J. Org. Chem., Vol. 41, No. 3,1976

and 2 drops of concentrated nitric acid in 25 ml of methanol were
refluxed for 12 hr. After the usual work-up the crude product was
analyzed via VPC. One volatile product was in evidence. It was col-
lected and its infrared spectrum was measured. It was identical
with that of 11.

Treatment of 10 with Acid. Compound 10 (60 mg, 0.33 mmol)
and 2 drops of concentrated nitric acid in 25 ml of methanol were
refluxed for 12 hr. After the usual work-up the crude product was
analyzed via VPC. A single volatile product was shown to be
present. Its infrared spectrum was identical with that of 11.

Reduction of 11. Compound 11 (50 mg, 0.27 mmol) was reduced
in a manner identical with that described for the reduction of 9.
Gas chromatographic analysis of the crude product showed four
major components. These were collected and their infrared spectra
were measured. These were identical with the products obtained in
the reduction of 14. An NMR of the mixture showed no olefinic ab-
sorption.

Synthesis of Benzocyclohepten-2-ol. The compound was syn-
thesized according to the method of Huisgen et al.7 It was identical
in all respects with the reported material.

Synthesis of 14. 1,2-Benzocyclohepten-4-ol (0.1 g, 0.617 mmol)
in 5 ml of anhydrous ether was added dropwise with stirring and
under a nitrogen atmosphere to a suspension of 0.044 g (1.8 mmol)
of sodium hydride. The resulting mixture was stirred at room tem-
perature for 1.5 hr. Methyl iodide (2.5 g, 6.0 mmol) was then added
and the reaction mixture was stirred for 48 hr. After the usual
work-up the product was subjected to VPC analysis. One major
component was in evidence. It was collected and its NMR spec-
trum exhibited absorption at 1.07-1.90 (complex absorption with a
broad multiplet centered at 1.70 ppm and complex absorption be-
tween 2.47 and 3.17 ppm, 9 protons), 3.23 (singlet, 3 protons), and
6.93 ppm (singlet, 4 protons).

Anal. Calcd for Ci2H160: C, 81.77; H, 9.02. Found: C, 81.54; H,
9.02.

Silver lon Assisted Solvolysis of 5. The reaction was carried
out in exactly the same manner as described for the solvolysis of 4.
Three major volatile products were isolated: 12, 13, and 14. The
NMR spectrum of 12 exhibited absorption at 1.08-2.42 (complex,
12 protons), 2.83 (singlet, 1 proton), 3.25 (singlet, 3 protons), and
5.40 ppm (broad singlet, 2 protons). The infrared and NMR spec-
tra of 13 were identical with those of authentic material.5 The in-
frared spectrum of 14 was identical with that of authentic materi-
al. Yields were determined as described previously. Biphenyl was
employed as the internal standard. See text for yield tabulations.

Silver lon Assisted Solvolysis of 6. The reaction was carried
out in the same manner as reported for the solvolysis of 5. Yields
were determined via gas chromatography and are listed in the text.
The proof of structure for 15 is discussed in the text.

Reduction of 15. Compound 15 was reduced at atmospheric
pressure (H2, Pt02 EtOH). The usual work-up yielded 24 which
was identical with material obtained in the catalvtic reduction of
23.

Silver lon Assisted Solvolysis of 7. Details concerning the sol-
volysis of 7 are contained in a previous publication.2

Kinetic Procedures. Rate constants and activation parameters
were determined as previously described.2

Catalytic Hydrogenation of 12. Compound 12 was reduced at
atmospheric pressure (H2 5% Rh/alumina, EtOH). The usual
work-up afforded material whose infrared spectrum was identical
with that of 8.

Synthesis of 27 and 28. Both 27 and 28 were synthesized in a
manner analogous to that employed for 1, 2, and 3.3The properties

of the materials obtained were identical with those reported ear-
lier. 2324
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Formation of Highly Substituted, Nonplanar Butadienesl
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The reactions of 2-phenyl- (1) and 2,2,3,3-tetramethylisobutenylidenecyclopropane (2) with selected electro-
philic reagents has been investigated. Electrophilic attack by proton, acetoxymercuri cation, and benzenesulfenyl
cation occurs by highly selective attack on the C1-C4 (exocyclic) double bond leading to ring-opened products.
Some attack on the three-membered ring of 1 occurs during acetoxymercuration, while benzenesulfenyl chloride
undergoes some attack on the C4-C5double bond. The ring-opened products derived from 1 are highly substitut-
ed 1,3-butadienes which must exist in nonplanar conformations separated by high energy barriers as evidenced by
the appearance of the diastereotopic methylene hydrogens of 21 as AX doublets at 30°. The nature of the group
interactions in 21 and the isomeric 20 in the transition state for enantiomerization of the diene is discussed. The
acid-catalyzed and possible thermal rearrangements and isomerizations of these 1,3-butadienes have also been in-
vestigated. In contrast to the preference for electrophilic attack on the C:C4 double bond of 1, electrophilic at-
tack by proton and benzenesulfenyl cation occurs exclusively on the C4C 5double bond of 2, while acetoxymercu-
ration results in attack only on the C1-C 4double bond and the three-membered ring. The difference in position of
electrophilic attack between 1 and 2 is discussed in terms of functional group interactions in transition states and
intermediates, and of the nature of the electrophilic species.
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Previous studies in our laboratories on the chemical
properties of alkenylidenecyclopropanes have been focused
in the area of cycloaddition reactions. Although alkenyli-
denecyclopropanes undergo cycloaddition with 4-phenyl-
1,2,4-triazoline-3,5-dione only across the methylenecyclo-
propane system2 with increased reactivity with increasing
methyl substitution on the ring,3 cycloaddition reactions

with chlorosulfonyl isocyanate (CSI) do not always display
the same selectivity.4 2-Phenylisobutenylidenecyclopro-
pane (1) reacts with CSI via electrophilic attack at the p or-
bital on C4 of the C1-C4 double bond to produce a dipolar
intermediate which collapses to products having structures
similar to those derived with PTAD 4 In contrast, 2,2,3,3-
tetramethylisobutenylidenecyclopropane (2) undergoes at-
tack at C5 ultimately leading to the formation of a /3-lactam
derivative.43

X =0;Y = NS0Z1
X = NSOXL Y=0

The dramatic difference in mode of reaction of I and 2
with CSI has prompted an investigation of the reactions of
alkenylidenecyclopropanes with a variety of electrophilic
species. The only previous reports of reactions of alkenyli-
denecyclopropanes with electrophilic reagents involve
epoxidation5 and protonations's of 2; reactions which in-
volve electrophilic attack on the C4-C5 double bond, for ex-
amples

HSO
CH/»H ch3ch3 ch3
I I
RO— C—- C—C~AC— C— CHs
H3 1 1 I
ch3 ¢ ch3ch3 H
CH;
— ¢— -CK,
CEs ch3 CH3
ch3 H \ 1 |
c— c— ch3
ch3 1 |
ch3 h

Results and Discussion

Solvomercuration. Acetoxymercuration of 1. Ace-
toxymercuration of 1 followed by reductive demercuration
using a great excess of sodium borohydride7 produces a
complex mixture of the monomeric acetates 3 and 4 (60:40
ratio), dimeric diacetates, and bis(acetoxyalkyl)mercury
compounds.7 Acetates 3 and 4 were isolated in a pure state
by chromatographic techniques and their structures were
readily assigned from ir, NMR, and mass spectral data.
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The stereochemistry of 3 has been assigned on the basis of
mechanistic arguments. Disrotatory ring opening of an in-
termediate spiromercurinium ion (or possible cyclopropyl
cation as a transition state) is expected to occur with out-
ward rotation of the phenyl group, i.e., in the least sterical-
ly congested manner, to produce an allylic cation which
then reacts with acetate to produce 3 and 4. Efforts to more

HgtojCeciy,

rigorously define the stereochemistry of 3 have met with
failure. Attempted cycloaddition of 3 with maleic anhy-
dride at 100° for 14 days resulted in no reaction. Various
efforts to isomerize 3 to stereoisomer 5 for comparison of
differences in chemical shifts of the isopropylidene methyls
in 3 and 5 (arising from long-range shielding effects of the

aromatic ring)8 have failed. Attempted iodine-catalyzed
thermal isomerization at 100° failed. Heating a benzene so-
lution of 3 in a sealed tube at 300° for 5 days in an attempt
to effect a reversible [3,3] sigmatropic rearrangement equi-
librium9 between 3 and 4 and hopefully 5 resulted only in
partial polymerization. In the presence of strong protic
acids, however, 4 cleanly rearranges to 3 (vide ante); no
peaks are present in the NMR spectrum of the rearranged
product which would suggest any formation of 5. The in-
ability to thermally or chemically isomerize 3 to 5 and the
acid-catalyzed rearrangement of 4 to 3 suggest that 3 is
considerably more thermodynamically stable than 5. In-
spection of models of various conformations of 3 and 5
suggests that 3 can in fact exist in a twisted conformation
which possesses less steric strain than does any conforma-
tion of 5.

The three dimeric diacetates isolated from the acetoxy-
mercuration of 1 (see Experimental Section for character-
ization and proposed structures) are formed by combina-
tion of the free radicals formed during the reductive de-
mercuration.9 NMR and mass spectral data indicate that
the bis(acetoxyalkyl)mercury compounds contain acetoxy-
alkyl groups corresponding to 3 and 4 (see Experimental
Section for characterization and partial structures).

Hydroxymercuration of 1. In addition to the formation
of alcohols 7 and 8, which correspond to the acetates 3 and
4 formed in acetoxymercuration of 1, hydroxymercuration
of I in 50% aqueous tetrahydrofuran also results in the for-
mation of the acetylenic alcohol 9 (small amounts of ace-
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1 Hg(0,CCH3E HD-THF

> NaBH, O CEH5CH,CHX=CC(CH32 +

OR
6, R= COCH3
9,R=H

tates 3, 4, and 6 are also formed). The acetate 6 and alcohol
9 must be formed by initial attack by acetoxymercuri cat-
ion on one of the ring bonds, either as shown to produce 10
or alternatively on the -CH2—C = bond to give 11, both of
which would be reduced to 6 and 9. Attack by a mercuri
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cation on a ring bond of a substituted cyclopropane has
been observed previously by DePuy and co-workers1l and
in our laboratories with a bisalkylidenecyclopropane.12 In
aqueous THF electrophilic attack on the ring bond(s) of 1
accounts for 25% of the reactivity of 1, whereas in acetic
acid no attack on the ring bonds is observed. We feel that
this change in mode of reaction is primarily due to differ-
ences in the dielectric constants of the two solvent systems
which affects the stabilization afforded transition states
and/or intermediates, and not to changes in the nature of
the electrophilic species.

Acetoxymercuration of 2. Acetoxymercuration -demer-
curation of 2 produces a complex mixture from which the
five most abundant components were separated by prepar-
ative GLC. Identification of the two major components (12
and 16) has been achieved from ir, NMR, and mass spectral
data, while the structures proposed for the minor compo-
nents (13, 15, and 17) are based solely on proton Fourier
transform NMR spectra. The fraction containing 13 also
contained ~30% of another compound (14) which we have
not been able to identify. The ratio of the products 12:16:
13:14:15:17 is approximately 26:100:15:10:5:5.

The triene 12 was easily identifiable by its characteristic
NMR spectrum, which contains three vinyl hydrogen mul-
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tiplets and five long-range coupled methyl resonances. Al-
cohol 16, which is structurally identical with triene 12, was
similarly identified by its NMR spectrum, which showed
one vinyl proton, four long-range coupled methyl doublets,
a six-proton singlet, and an exchangeable OH resonance.
The acetate of 16 must have been the primary product
formed in the acetoxymercuration of 2 and must have un-
dergone hydrolysis, or reduction, under the basic reductive
demercuration conditions.

The structures of the cyclopropane ring containing prod-
ucts 15 and 17 are based solely on their FT spectra. The
spectrum of acetate 15 contains a single vinyl proton reso-
nance at 8 5.46 and two long-range coupled methyl dou-
blets characteristic of a -CH=C(CH:i)2 group. The methyl
groups attached to the three-membered ring appear at high
field as sharp singlets at 8 0.90 and 0.96, with the acetate
methyl appearing at 8 1.91. In the NMR spectrum of ace-
tate 17, the low-field vinyl methyl groups appear as sharp
singlets along with a single proton singlet. Also present are
sharp, high-field methyl singlets at 8 1.04 and 1.21 for the
ring methyls.

The structure of 13 is assigned on the basis of its NMR
spectrum and by comparison of its spectral characteristics
with those of 19, which is the product formed in the acid-

CH3 ch3 ch3
I | |
CHjCO,— C-—--C— — C— CH3
I |
ch3 ch3 h
19

catalyzed acetolysis of 2 (vide infra).5 The isopropyl hydro-
gen of 13 appears as a multiplet at 8 1.40 characteristic of
an isopropyl group attached to a saturated carbon atom. In
contrast, the isopropyl hydrogen of 19 is deshielded by the
triple bond and appears at 8 2.48. The isopropyl methyl
doublet of 13 similarly appears at higher field than the iso-
propyl doublet of 19.

The formation of 12, 16, 15, and 17 occurs via initial elec-
trophilic attack on the C1-C4 double bond as illustrated in
the following scheme. The formation of 13 must occur by
attack on the three-membered ring as illustrated for the
hydroxymercuration of i. No structures were isolated and
characterized which would be formed via electropholic at-
tack on the C4-C5 double bond (e.g., 18 and Itt).13 This be-
havior is in contrast to that observed in the acid-catalyzed
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acetolysis of 2, which proceeds exclusively by attack of pro-
ton at Cs5 (vide infra).

Acetolysis. Acetolysis of 1. 1 reacts very slowly with
acetic acid at 115° to produce a 35:65 mixture of 3 and 4. In
order to avoid complications arising from thermal rear-
rangement of 1 at temperatures >100°, as well as polymer-
ization, catalysis of the acetolysis by p-toluenesulfonic
(PTS) acid was investigated. In the presence of catalytic
quantities of pTS 1 reacts slowly at 70° to produce only 3!
Heating a sample of pure 4 in acetic acid in the presence of
pTS at 105° results in quantitative rearrangement to 3.
Thus, 4 appears to be the kinetically favored product in the
acetolysis of 1, but 3 is the thermodynamically favored
product.14

The exclusive rearrangement of 4 to 3, and not to any ex-
tent to the stereoisomer 5, at first appeared unusual. Al-
though the stereochemistry in 3 is that expected in the
product directly derived in the acetolysis of 1, such stereo-
chemical constraints are not present in the acid-catalyzed
rearrangement; i.e., different rotomers of 4 can give rise to
allylic cations of differing stereochemistry which should
then react to give 3 and 5, respectively. Inspection of mo-
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lecular models of 3 and 5 indicate that 5 is more sterically
conjested than is 3 and, thus, should be less thermodynam-
ically stable. As the rearrangements of 4 to 3 and 5 are re-
versible, the only observable rearrangement is to the most
thermodynamically stable product 3.

Acetolysis of 2. pTS-catalyzed acetolysis of 2 produces a
40:60 mixture of 18 and 195 which were separated by col-
umn chromatography. The formation of 18 and 19 occurs
via protonation at C5 followed by ring opening as illus-
trated in the following scheme. No products were detected

ch3 ch3
CKVV—C—<-:<:—I — CH 18 + 19
CH7 | |

CH, H

which would have been formed by electrophilic attack on
the C1-C4 double bond (i.e., 12 or the acetate of 16) or the
three-membered ring (i.e., 13 or an enyne derived thereof).
Qualitatively, 2 undergoes pTS-catalyzed acetolysis consid-
erably more rapidly than does 1.

Benzenesulfenyl Chloride. Reaction with 1. Benzene-
sulfenyl chloride reacts with 1 to produce a complex mix-
ture of products which can be partially separated; extensive
decomposition during chromatography, however, has pre-
cluded characterization of at least two minor products.
Chromatography on silica gel resulted in the isolation of
adducts 20, 21, and 22, and a mixture of 21, 22, and a reac-
tive adduct believed to possess structure 23. Comparison of

23 24

the NMR spectrum of 20 with that cf the original reaction
mixture indicates that 20 is not a primary reaction product,
but is an artifact of the chromatographic separation proce-
dure. Integration of the NMR spectrum of the original re-
action mixture indicates that 21, 22, and 23 are formed in a
29:57:14 ratio.
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The structures of the adducts are assigned on the basis
of NMR and mass spectral data. In the mass spectrometer
the molecular ions of 20, 21, and 22 all undergo dominant
fragmentation by loss of chlorine atom and hydrogen chlo-
ride characteristic of an allylic chloride, and not by domi-
nant loss of phenylthio radical as observed with isomeric
adducts in which the positions of the chlorine and phenyl-
thio groups are interchanged.15 The NMR spectrum of 22 is
straightforward, displaying two broadened terminal meth-
ylene doublets and a broadened methine singlet. The NMR
spectra of 20 and 21 at 30° are dramatically different and
merit detailed discussion. The NMR spectrum of 20 shows
a singlet for the -CH2Cl protons while the spectrum of 21
contains AX doublets with a geminal coupling constant of
12.7 Hz. The diastereotopicity of the -CH 2ClI protons of 21
arises from slowed rotation about the central C-C bond of
the butadiene chromophore which becomes a chiral diene
on the NMR time scale.16'17 On raising the temperature the
AX doublets reversibly coalesce to produce a sharp singlet
at 142°. (Coalesence occurs at approximately 95° resulting
in a crude estimate for AG368 of ~18 kcal/mol.)19 The as-
signments of the stereochemistry of 20 and 21 is based on
mechanistic arguements (vide supra) and their NMR spec-
tral behavior. Inspection of molecular models of 20 and 21
reveals that the barrier to rotation about the central C-C
bond of 21, via the lower energy transoid transition state,20
must be higher than for 20. In the transoid transition state
for enantiomerization of the skewed diene system in 21 two
severe “1,3-diaxial-type” interactions are present: one be-
tween phenyl and phenylthio, the other between chloro-
methyl and methyl. In the transition state for enantiomeri-
zation of 20 only one severe 1,3 interaction is present, that
being between chloromethyl and methyl. Thus, the barrier

to rotation in 21 must be higher than that in 20 and is con-
sistent with the stereochemistry of 21 assigned on the basis
of mechanistic reasoning.

During the chromatographic separation 20 is formed by
isomerization of 21 and/or rearrangement of 22. That dou-
ble bond isomerization is apparent in this system but does
not occur in the acid-catalyzed isomerization of 4 to 3 is
due to different substitution patterns on the butadiene
frameworks. In the more stable twisted transoid conforma-
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tion of 3 a 1,3 interaction exists between phenyl and hydro-
gen whereas in 21 a 1,3 interaction exists between phenyl
and phenylthio. In both 5 and 20 substantial cis 1,2 interac-
tions are present, in 5 between phenyl and acetoxymethyl
and in 20 between phenyl and chlororr.ethyl. Thus, the en-
ergy of 21 is higher relative to 20 than is the energy of 3 rel-
ative to 5, and in a thermodynamically controlled situation
21 is more prone to isomerize to 20 than is 3 to 5.

NMR evidence indicates that a ring-retained adduct is
also formed. This adduct was isolated only as a mixture
with 21 and 22, and appears to undergo decomposition dur-
ing chromatography. The NMR spectrum of this adduct
shows distinct A and X resonance patterns of an AMX spin
system (the M resonances are obscured by the methyl reso-
nances of 21 and 22). That the adduct is a methylenecyclo-
propane derivative and not a cyclopropane derivative is in-
dicated by the chemical shift of the ring benzyl hydrogen (6
2.76) while in 1 the benzyl hydrogen appears at 8 2.80. In
addition, the methyl protons of the adduct appear as a sin-
glet at 8 1.67 whereas in an isobutenylcyclopropane the two
methyl groups would be expected to appear as two singlets
at lower field. The positions of the chloro and phenylthio
groups on the isobutylidenecyclopropane framework can-
not be unambiguously specified. Both possible structures
23 and 24 are anticipated to be quite reactive; 23 being a
tertiary halide and 24 being a halomethylenecyclopro-
pane.2t As no adducts were apparently formed that would
be derived by electrophilic attack on the C4-C5 double
bond followed by ring opening (e.g., 25 or its dehydrochlor-
ination product), we believe that the structure of the ring-
retained adduct is 23 which would be derived via the same
episulfonium ion intermediate that would ultimately give
rise to 21 and 22. No adducts were observed that would be
formed by electrophilic attack on the tkree-membered ring
(e.qg., 26).

Cl ch3 CeRS ch3
1 1 1 1
1 1

cbhS5chch,c= coch3
1

cbhS5chch,0= ccch3

scbh5 Cl
25 26

Reaction of Benzenesulfenyl Chloride with 2. Ben-
zenesulfenyl chloride reacts with 2 to produce a mixture of
apparently two major, very reactive adducts along with a
dehydrochlorination product of one adduct and smaller
amounts of unidentified products. The NMR spectrum of
the product mixture shows only two low-field methyl reso-
nances, a vinyl methyl double doublet belonging to 28 and
a low-field singlet believed to belong to 29. All other methyl
resonances appear as singlets and fall in the 8 1.61-0.97 re-

2 + CeH"NC1 — <
CH3 ch3 ch3

Cl— C-—C— C=C— C— SCeH5+

CH3 ch3 ch3
27

CH3 ch3

H,C
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CH;
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gion characteristic of methyl groups attached to quaternary
carbon atoms. The lack of low-field methyl resonances pre-
cludes the presence of structures related to 30 which would
be formed by attack on the Ci-C4 double bond as is ob-
served with 1. The products characterized are formed by
electrophilic attack on the C4-Cs double bond.

Storing the reaction mixture at 5° for short periods of
time resulted in extensive change. Attempted chromato-
graphic separation on silica gel resulted in extensive de-
composition, although a substantial fraction was obtained
which we believe contained 28 along with an unidentified
compound. The structure of 28 is assigned by comparison
of peak intensities and chemical shifts with those of 18, the
correspondence for the H2C=C(CH3)C(CH3)2- portions of
18 and 28 being within 0.03 ppm. The peaks of 28 are
present in the NMR spectrum of the original sample and
account for approximately 10% of the mixture. The forma-
tion of 28 during attempted chromatographic separation
occurs by dehydrochlorination of 27, whose NMR peaks in
the original mixture are assigned by comparison of chemi-
cal shifts of 27 and 28 with 18 and 19. 27 accounts for ap-
proximately 35% of the original product mixture. The pres-
ence of 29 is indicated by intense methyl singlets in the
NMR spectrum of the original mixture at 5 0.97, 1.15, and
1.78. No decomposition products of 29 could be identified.

Discussion of Factors Affecting Selectivity of Elec-
trophilic Attack. The results outlined in the forgoing por-
tion show that the selectivity of attack by an electrophile
on the alkenylidenecyclopropane system is greatly depen-
dent on the nature of the substituents attached to the
three-membered ring and, to some extent, the nature of the
electrophilic species. Attack by proton occurs on the p or-
bital on C4 of the C]-C4 double bond of the phenyl substi-
tuted system 1, while with the tetramethyl substituted
compound 2 attack occurs only at C5. The benzenesulfenyl
cation, which like the proton may be considered a “hard”,
irreversible, but bridging, electrophile, undergoes exclusive
attack on the Ci-C4 double bond of 1 while with 2 attack
occurs on the C4Cs double bond to form intermediate epi-
sulfonium ions. To gain an understanding of the difference
in mode of reaction of 1 and 2 one must consider the nature
of the bonding interactions in the cationic intermediates, or
contributing structures to the episulfonium ion intermedi-
ates, formed in both processes and the interaction of
groups attached to the three-membered ring with the mo-
lecular orbitals of the ring system.

Electrophilic attack on the p orbital of C4 of the Ci-C4
double bond produces a cyclopropyl cation (31) which de-
rives little stabilization from groups attached to the three-
membered ring. Although the pz orbital on C3 interacts
strongly with the pzorbitals on C2 and C3 to generate a set
of bonding, degenerate group orbitals, the latter do not
overlap strongly with the orbitals of carbon atoms attached
to C2 and C322 and thus little stabilization is afforded car-
bonium ion formation at Ci by alkyl groups attached to C2
ar.d C3. Development of charge at Ci does result in ulti-
mate ring opening and release of ring strain but from the
above reasoning this process should be little affected by
groups attached to C2 and C3. Electrophilic attack at C5 re-
sults in the formation of cation 32 in which the in-plane,

32

vacant p orbital on C4 interacts strongly with the Walsh-
type orbitals23 of the three-membered ring.22 Although un-
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saturated groups attached to the three-membered ring do
not interact strongly with the Walsh orbitals of the three-
membered ring owing to the small coefficients on the requi-
site p orbital on the atom attached to the ring,2425 alkyl
groups interact to a much greater degree owing to the sub-
stantial coefficients of the appropriate atomic orbitals on
both C2 (or C3) and the attached carbon atom.2225 There-
fore, alkyl groups attached to the three-membered ring sta-
bilize positive charge formation at C4 to a greater degree
than at Ci, and unsaturated groups (e.g., phenyl) do not
lead to stabilization of charge formation at either center.26

The selectivity of attack by the acetoxymercuri cation on
2, and in part on 1 in aqueous tetrahydrofuran differs from
that observed in protonation and in attack by benzenesul-
fenyl cation. In contrast to the proton and the benzenesul-
fenyl cation, the acetoxymercuri ion is a soft electrophile
and reacts reversibly with it bonds to form mercurinium
ions.2Z7 The acetoxymercuri cation apparently is not as
strong an electrophile and on attack on the ir system does
not polarize the Ci1-C4 or the C4-C5 double bonds suffi-
ciently to induce ring opening or attack by a nucleophile,
and by default undergoes electrophilic attack on a strained
ring bond.

Experimental Section

Acetoxymercuration of 1. To a stirred solution of 3.18 g (10
mmol) of mercuric acetate in 10 ml of acetic acid at 25° was slowly
added 1.70 g (10 mmol) of 1 After stirring for 30 min the reaction
mixture was cooled to 0° in an ice bath and a 12-fold excess of so-
dium borohydride7 (4.96 g) in 60 ml of 10% sodium hydroxide was
added as rapidly as possible, maintaining the temperature of the
reaction mixture below 20°. Saturated aqueous sodium chloride
(25 ml) was added and the mixture was extracted with two 40-ml
portions of ether. The ether extract was dried (MgSCh) and the
solvent was removed under reduced pressure, leaving 2.43 g of a
colorless liquid of which approximately one-half was soluble in
hexane.

The hexane-soluble portion of the above product was chromato-
graphed on a 2 X 25 cm column of silica gel. Elution with 20-25%
benzene in hexane produced 96 mg of pure 4: bp ~40° (0.08 mm in
a microstill); ir (cap film) 1735 (vc=0) and 905 cm-1 (P*ch2); NMR
(CDCI3) 6 1.68 (bs, 3 H), 1.70 (bs, 3 H), 2.08 (s, 3 H), 5.03 (bs, 1 H),
5.34 (bs, 1 H), 5.47 (bs, 1 H), 6.18 (bs, 1 H), 7.31 (s, 5 H); mass
spectrum M-+ 230.129 (calcd for C15H1802, 230.131), major peaks
at m/e 215, 188, 173, 170, 155 (base peak), 143, 141, 129, 115, and
91.

Elution with 30% benzene in hexane produced pure 3: bp ~40°
(0.08 mm in a microstill); ir (cap film) 1742 cm-1; NMR (CDCI3) &
143 (d,J = 09 Hz, 3H), 1.76 (d, J = 1.6 Hz, 3 H), 2.06 (s, 3 H),
466 (m, 2 H), 5.75 (bm, 1 H), 6.46 (bm, 1 H), and 7.25 (m, 5 H);
mass spectrum M-+ 230.129 (calcd for C15H1802 230.131) (the
mass spectrum of 3 was identical in all respects with that of 4).

Elution with 45-50% benzene in hexane produced fractions con-
taining a mixture of dimers [40 mg, mp (from hexane) 118-125°,
M-+ m/e 458] i and ii: ir (ccl14) 1744 and 1731 cm-1; NMR of i

(CDCI3) O1.69 (bs, 3 H), 1.92 (bs, 3 H), 2.11 (s, 3 H), 4.86 (m, 1 H),
5.38 (m, 1H), 6.14 (bs, 1 H), 7.33 (s, 5 H); NMR of ii (CDCI3) 01.69
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(s, 3H), 1.70 (s, 3 H), 1.93 (s, 3 H), 2.01 (s, 3 H), 2.02 (s, 3 H), 2.04
(s, 3 H), 5.08 (bs, 1 H), 5.31 (bs, 1 H), 6.18 (bs, 1 H), 6.75 (bs, 1 H),
7.25 (m, 10 H).

Further elution with 50% benzene in hexane gave 35 mg of un-
identified material. Elution with 55% benzene in hexane gave iii as

a viscous liquid: ir (CCI4) 1733 cm '; NMR (CDCI3) € 1.70 (s, 6 H),
2.04 (s, 6 H), 2.12 (s, 6 H), 4.66 (bs, 4 H), 6.46 (bs, 2 H), and 7.33
(m, 10 H).

The NMR and mass spectra (M-+ series of peaks at m/e 656-
662) of the hexane insoluble fraction indicate the presence of a
mixture of bis(acetoxyalkyl)mercury compounds with partial
structures ivand v. NMR (CDCI3) of iv 6 1.70 (s), 2.02 (s), 2.07 (s),

4.64 (m), 6.40 (bs), and ~7.2 (m); NMR of v 6 1.62 (s), 1.72 (s), 2.10
(s), 4.87 (m), 5.36 (m), 6.15 (m), and 7.31 (s).

Hydroxymercuration of 1 To a bright yellow solution of 3.5 g
(11.4 mmol) of mercuric acetate in 22 ml of 50% aqueous tetrahy-
drofuran was added 1.87 g (11.1 mmol) of 1. The yellow color was
rapidly discharged. After stirring for 30 min at 25° a solution of 0.5
M sodium borohydride in 10% sodium hydroxide (22 ml) was rap-
idly added with stirring. The reaction mixture was added to 100 ml
of water and was extracted with two 40-ml portions of ether. The
combined extract was washed with water and dried (MgSCq), and
the solvent was removed under reduced pressure, giving 2.79 g
(135% based on 1 plus H20) of residue. The residue was chromato-
graphed on a 2 X 25 cm column of silica gel. Elution with benzene
gave 0.15 g of a mixture of 3 and 4. Further elution with benzene
gave 50 mg of a mixture containing some 3 and 4 along with mostly
a compound assigned structure 6 (structure is assigned by compar-
ison of NMR spectral properties with those of alcohol 9 below):
NMR (CDCI3) 6 1.44 (s), A2X 2multiplets at 2.52 and 2.74 (J = 5.8
Hz), and ~7.3 (s).

Still further elution with benzene gave 150 mg of pure 7 (puri-
fied by molecular distillation at 40°, 1.0 mm): ir (cap film) koh
3430, i'=cH2904 cm-1; NMR (CDCI3) 5 1.72 (overlapping doublets,
J ~ 1Hz 6 H), 5.02 (m, 1H), 5.15 (bs, 1 H), 541 (m, 1 H), 5.47
(very broad m, 1 H), and 7.33 (s, 5 H); mass spectrum M-+ 188.119
(calcd for C13H160, 188.120), major peaks at m/e 170 (M-+ —HZ20),
107 (C6H5CHOMH+, base peak), 105 (C6H6CO+).

Elution with 50% chloroform in benzene gave 350 mg of pure 8
(purified by molecular distillation at 40-43°, ~0.07 mm): ir Poh
3390 cm-1 NMR (CDCI3) S143 (d,J = 11 Hz, 3H), 1.74 (d, J =
1.3 Hz, 3 H), 3.60 (bs, 1 H), 416 (d, J = 1.2 Hz, 2 H), 5.77 (bm, 1
H), 6.54 (t, J = 1.2 Hz, 1 H), 7.28 (m, 5 H); mass spectrum M-+
188.119 (calcd for CA*H”O, 188.120), major peaks at m/e 173 (M-+
- CHa), 170 (M-+ - H2), 157 (M-+ - CHZ20H), 155, 143, 115, and
91 (base peak).

Following the elution of 8, fractions containing 8 and 9 (0.47 g,
~50:50 ratio of 8:9) were eluted and rechromatographed on a simi-
lar column to give pure 9. ir (5% in CCI4) i>on 3608 and vc—¢ 2258
cm-1; NMR (CDCI3) 5145 (s, 6 H), 1.79 (s, 1 H, Sis concentration
dependent), 2.44 (X2 portion of an A2X 2system, J = 5.7 Hz, 2 H),
2.79 (A2portion of an A2X 2system, J = 5.7 Hz, 2 H), and 7.25 (s, 5
H); mass spectrum M-+ 188.119 (calcd for C13H160, 188.120),
major peaks at m/e 173 (M-+ — CHJ3), 170 (M-+ — H20), and 91
(base peak).

Acetoxymercuration of 2. To a solution of 1.21 g (3.8 mmol) of
mercuric acetate in 20 ml of acetic acid at 0° was added 0.57 g (3.8
mmol) of 2. The reaction mixture was stirred for 15 min at 0° and
was then allowed to warm to 25° for 1.75 hr. Sodium borohydride
(10 ml of 0.5 M in 10% sodium hydroxide) was added and the re-
sulting reaction mixture was stirred for 2 hr. The reaction mixture
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was transferred to a separatory funnel and 15 ml of saturated sodi-
um chloride was added followed by extraction with three 15-ml
portions of ether. The ether extract was washed with aqueous sodi-
um bicarbonate and was dried (MgSO,i). The solvent was carefully
removed by distillation, leaving 0.49 g of a colorless, viscous oil
containing some white solid material: ir (CHC13) 3680, 3470
(broad), 1737, 1725 (shoulder), 1665, 1635, and 914 cm“1 NMR
(CDCI3) indicated a complex mixture. Analysis by GLC on an 8-ft
Carbowax 20M column programmed from 85 to 145° at 2°/min in-
dicated the presence of up to 12 components. Preparative GLC
using the above conditions yielded sufficient sample for identifica-
tion of the five major (total >85%) components (in order of elu-
tion).

12: colorless oil; NMR (CDCI3) b 1.56 (d, J = 1.2 Hz, 3 H), 1.59
(d, 3 = 0.9 Hz, 3 H), 1.73, 1.75, 1.77 (overlapping broad singlets, 9
H total), 4.62 (m, 1 H), 4.90 (m, 1 H), and 5.59 (m, 1 H).

13 (also contains ~30% of an unknown structure 14): colorless
oil; NMR (CDCI3, X4 FT) b0.94 (d, J = 6.7 Hz), 1.33 (s), 1.40 (m),
1.63 (s), 1.99 (s). 14: NMR (CDC13) b1.10, 1.i2,1.17,1.25 (s).

15: NMR (CDCI3 'H FT) &0.90 (s), 0.98 (s), 1.60 (d, J = 0.9 Hz),
166 (d, J = 1.2 Hz), 191 (s), 546 (m); mass spectrum M-+
210.1620 (calcd for C13H2202, 210.1620).

16: colorless crystals from hexane (colorless plates), mp 67.5-
69°; ir (CHCI3) *oh 3660 and o=Ch2 907 or 917 cm"1 NMR
(CDCI3) b 1.35 (s, 6 H), 1.51 (d, J = 1.2 Hz, 3 H), 1.58 (d, J = 1.3
Hz, 3 H), 1.64 (s, peak disappears on addition of deuterium oxide,
1H), 1.76 (d, J = 1.4 Hz, 3H), 1.96 (d, J = 1.8 Hz, 3H), 567 (m, 1
H); mass spectrum M-+ 168.1514 (calcd for C11IH200, 168.1514),
major peaks at m/e 153, 150, 135 (base peak), 119, 110, 107, 95, and
59. 16 could be isolated from the original reaction mixture by pre-
cipitation with hexane.

17: NMR (CDC13, IH FT) b 1.04, 1.21, 1.26, 1.69, 1.72, and 2.11
(all singlets with approximate relative intensities of 6:6:1:3:3:3);
mass spectrum M-+ 210.1620 (calcd for C13H2202, 210.1620).

The GLC analysis and the NMR spectrum of the original reac-
tion mixture indicate that the relative ratio of the products 12:13:
14:15:16:17 is 26:15:10:5:100:5. Insufficient quantities of the other
fractions prevented obtaining good NMR spectra for identification
purposes. No significant dialkylmercury formation was indicated
or observed with 2.

p-Toluenesulfonic Acid Catalyzed Acetolysis of 1. A solution
of 65 mg of 1in 1 ml of acetic acid containing one small crystal of
p-toluenesulfonic acid was sealed in an NMR tube and heated in a
sand bath at 70°. After 2 hr analysis by NMR indicated that no 1
remained and that 3 was formed as the only product. The tube was
opened and its contents were poured into 15 ml of water. The mix-
ture was extracted twice with 15-ml portions of ether. The com-
bined ether extract was washed with 5% sodium bicarbonate until
free from acetic acid. The extract was dried (MgS04) and the sol-
vent was removed, giving 50 mg of pure 3 (by NMR).

Acetolysis of 1. A solution of 65 mg of 1in 1 ml of glacial acetic
acid was sealed in an NMR tube and was heated in a sand bath at
115°. The reaction was periodically monitored by NMR. After 20
hr at 115° peaks corresponding to 3 and 4 were observed (—25% re-
action producing a ~35:65 ratio of 3 to 4 along with some apparent
polymerization and/or isomerization of 1 also occurring).

Acid-Catalyzed Isomerization of 4 to 3. A solution of 37 mg of
4 in 1 ml of acetic acid containing one small crystal of p-toluene-
sulfonic acid was sealed in an NMR tube and was heated at 105° in
a sand bath. Analysis by NMR indicated that 4 was essentially
completely rearranged to 3 within 45 min.

Acetolysis of 2. In an NMR tube was sealed 126 mg of 2 in 1 ml
of acetic acid with one small crystal of p-toluenesulfonic acid.
After standing at 25° for 24 hr NMR analysis indicated that 2 had
completely reacted. The contents of the tube were dissolved in 20
ml of ether and the ether solution was washed repeatedly with sat-
urated sodium bicarbonate until free of acetic acid. The solution
was dried (MgS04) and the solvent was carefully removed under
reduced pressure, leaving 143 mg of a 40:60 mixture of 18 and 195
which were separated by chromatography on a 1 X 45 cm column
of silica gel. Elution with hexane gave 18: NMR (CDC13) b 1.13 (d,
J = 6.4 Hz, 6 H), 1.30 (s, 6 H), 1.84 (m, 3 H), 2.48 (septet, J = 6.4
Hz, 1H), 4.74 and 5.00 (m’s, 1 H each). Elution with 30% benzene-
hexane gave 19: NMR (CDC13) b 1.12 (d,J = 6.4 Hz, 6 H), 1.21 (s, 6
H), 1.61 (s, 6 H), 1.97 (s, 3 H), and 2.48 (septet, J = 6.4 Hz, 1 H).

Reaction of 1 with Benzenesulfenyl Chloride. To 365 mg (2.1
mmol) of 1in 3 ml of dichloromethane containing 50 mg of calcium
carbonate was slowly added 295 mg (2.0 mmol) of benzenesulfenyl
chloride dissolved in 2 ml of dichloromethane at 0° under a nitro-
gen atmosphere, the red color of the benzenesulfenyl chloride
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being discharged immediately. The reaction mixture was allowed
to warm to room temperature and was stirred for 20 min. The reac-
tion mixture was dried over magnesium sulfate and filtered, and
the solvent was removed under reduced pressure, leaving a pale
yellow oil. The residue was dissolved in hexane and was applied to
a 2 X 27.5 cm column of silica gel. Extensive decomposition oc-
curred at the top of the column. Elution with 5% benzene-hexane
gave 42 mg of 1 Elution with 10% benzene-hexane produced 14 mg
of 20: NMR (CDCI3) b2.10 (s, 3H), 2.17 (s, 3H), 4.41 (s, 2 H), 6.39
(s, 1 H), and 7.3 (m, 10 H); mass spectrum M-+ 314.0892 (calcd for
Ci9Hi9S35CL, 314.0896), major peaks at m/e 316, 314, 278 (base
peak, M-+ —HC1), 263, 248, 219, 205 (rel intensity 11.5), 201, and
185.

Further elution with 10% benzene-hexane gave 110 mg of a mix-
ture of 21, 22, and 23 or 24 from which pure fractions of 21 and 22
were obtained by careful rechromatography on a2 X 25 cm column
of silica gel using pure hexane as eluent. 21: NMR (CDC13) 6 1.72
(s, 3H), 2.00 (s, 3H), 414 (d, J = 12.7 Hz, 1 H), 450 (d, J = 12.7
Hz, 1 H), 6.47 (bs, 1 H), and 7.3 (m, 10 H); mass spectrum M-+
314.0889 (calcd for Ci9Hi9S35C1, 314.0896), spectrum essentially
identical with that of 20. 22: NMR (CDCI3) b 1.73 (s, 3 H), 1.75 (s,
3 H), 4.78 (bs, 1 H), 4.97 (broadened d, J = 1.7 Hz, 1 H), 543
(broadened d, J = 1.7 Hz, 1 H), and 7.2 (m, 10 H); mass spectrum
M-+ 314.0876 (calcd for Ci9Hi9S33C1, 314.0896), spectrum essen-
tially identical with that of 20 and 21. Unknown structure 23 or 24:
NMR (from CDCI3 solution of mixture with 21 and 22) b0.72 (dd,
J = 5.2and 10.2 Hz, 1 H), 1.67 (s, 6 H), ~1.7 (dd, J = 5.2 and 7.9
Hz, 1H), 2.76 (dd, J = 7.9 and 10.2 Hz, 1 H), ~7.2 (m, 10 H).

Further elution with more polar solvent systems produced con-
tinuous fractions, the NMR spectra of which did not correspond to
peaks appearing in the NMR spectrum of the crude reaction mix-
ture. These fractions represent decomposition products formed on
the silica gel column. As no clean separation of these decomposi-
tion products could be achieved, further characterization was not
attempted.

Careful inspection of the NMR spectrum of the crude reaction
mixture does not show the presence of peaks corresponding to 20.
Integration of the peaks corresponding to 21, 22, and 23 or 24 indi-
cate they were formed in a ratio of 29:57:14 and account for at least
75% of the product. Peaks appearing in the NMR spectrum which
were not identified with an isolable product appear at b 1.85 (bs),
3.21 (an apparent triplet), and weak multiplets at 4.65 and 5.85.

Reaction of 2 with Benzenesulfenyl Chloride. Benzenesul-
fenyl chloride (283 mg, 2.0 mmol) and 300 mg (2.0 mmol) of 2 were
allowed to react following the procedure outlined above for the re-
action with 1. Peaks in the NMR spectrum of the reaction mixture
assigned to 27, 28, and 29 are as follows. 27: NMR (CDCI3) b 1.21,
1.47, and 1.61 (all singlets of equal intensity). 28: b 1.28 (s, 6 H),
1.53 (s, 6 H), 1.86 (dd, J = 1.4 and 0.7 Hz, 3 H), 4.75 and 4.97 (m’s,
1 H each) (the relative intensities are assigned from the NMR
spectrum of a chromatography fraction rich in 28. 29: b 0.97 (s, 6
H), 1.15 (s, 6 H), and 1.78 (s, 6 H). Attempted chromatographic
separation of the mixture on a 2 X 16 cm column of silica gel re-
sulted in extensive decomposition. Elution with benzene gave one
fraction rich in 28.

Registry No.—i, 57443-31-9; ii, 57443-32-0; iii, 57443-33-1; 1,
4544-23-4; 2, 13303-30-5; 3, 57443-34-2; 4, 57443-35-3; 6, 57443-36-
4; 7, 57443-37-5; 8, 57443-38-6; 9, 57443-39-7; 12, 25914-11-8; 13,
57443-40-0; 15, 57443-41-1; 16, 30762-44-8;17, 57484-05-6; 18,
21860-12-8; 19, 21860-14-0; 20, 57443-42-2;21, 57443-43-3; 22,
57443-44-4;, 23, 57443-45-5; 27, 57443-46-6; 28, 57443-47-7; 29,
57443-48-8; mercuric acetate, 1600-27-7; benzenesulfenyl chloride,
931-59-9.
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The reactions of 2-isopropylidene-3-phenylmethylenecyclopropane (2) with the electrophilic reagents acetic
acid, mercuric acetate in acetic acid, benzenesulfenyl chloride (BSC), chlorosulfonyl isocyanate (CSl), and borane
in tetrahydrofuran, and thiophenol have been investigated. The acetolysis of 2 and reactions with BSC and CSI
occur by electrophilic attack on the methylene double bond giving ring-opened, butadiene-type products. The
acetoxymercuration of 2 appears to occur by attack on the isopropylidene double bond. In the hydroboration of 2
attack occurs on both double bonds ultimately giving both ring-retained and ring-opened products. The addition
of thiophenol to 2 occurs solely by attack of the thiopnenoxy radical on the methylene group giving a ring re-

tained product of cis stereochemistry.

In conjunction with other chemical and physical studies
of alkenylidenecyclopropanes carried out in our laborato-
ries we initiated a stereochemical study of the thermal re-
arrangement of alkenylidenecyclopropanes to bisalkyli-
denecyclopropanes;2for example, the rearrangement of 1 to
2. However, the high reactivity of 1and 2 and the similari-

ties in their physical properties have made separation of
the mixtures of 1 and 2 very difficult. In an attempt to cir-
cumvent these problems we have investigated various reac-
tions of 1 and 2 which could conceivably prove useful for
converting | and 2 to more tractable and easily separated
compounds still containing the chiral center present in 1
and 2. In the foregoing article we have described some of
the more interesting reactions of I;3 in the present article
we wish to report the results of similar studies with 2.

Results and Discussion

Acetolysis of 2. Heating 2 in acetic acid at 115°C for
prolonged periods of time did not result in acetolysis. The
addition of a catalytic amount of p-toluenesulfonic acid,
however, resulted in complete reaction at 115°C in 23 hr.

Chromatographic separation on silica gel resulted in the
isolation of small amounts of 34and 4, with the major prod-
uct being 5. The structures of the products were identified

+
3
+
-CH(CH;)2
H o~ C
4
Ph. OH, H OH,
o= ax AC==0" ch3
ir /C=c”™ ' -jr Ph~ /c= <
ococh3 CH' OCOCH., CH'
5 6

by their ir and NMR spectral properties. The ir spectrum
of 3 shows a typical alkyl acetate band at 1736 cm-1. In the
NMR spectrum of 3 the isolated methyl appears as a sin-
glet at S 1.56 while the isopropylidene methyls appearlas
doublets at S1.96 and 2.06 (3 ~ 1.1 Hz). The cyclopropyl
hydrogen appears as a multiplet at &2.17. The phenyl hy-
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drogens appear as a singlet at 5 7.24 typical of a phenyl
group attached to a saturated center. The unsaturated ke-
tone 4 (i'c=o0 1665 cm-1) appears to be a true reaction
product and not an artifact of the work-up or separation
procedures (by NMR analysis of the acetic acid reaction so-
lution). The NMR spectrum of 4 shows a doublet at 8 1.31
J = 7.3 Hz) for the isopropyl methyls, a doublet for the
vinyl methyl at d 2.05 (J = 1.3 Hz), a multiplet for the vinyl
hydrogen at 8 6.36, and a multiplet for the aromatic hydro-
gens at~5 7.3.

The acetate carbonyl of the major product 5 absorbs at
1755 cm-1, typical of vinyl acetates. The isopropylidene
methyls appear as singlets at 8 1.67 and 1.87, while the ace-
tate methyl appears at 8 2.15 and the remaining vinyl
methyl as a doublet at 8 1.94 (3 = 1.7 Hz). The vinyl hydro-
gen appears as a quartet at 8 6.58 with the aromatic hydro-
gens appearing as a broad singlet at 8 7.29. The stereo-
chemistry of 5 is assigned on the basis of mechanistic rea-
soning, and by NMR spectral comparisons with 6 which is
formed from 5 by thermal isomerization in the presence of
iodine. Heating a deuteriochloroform solution of 5 in the
presence of a trace of iodine resulted in the isomerization of
5 to 6 which possesses an NMR spectrum substantially dif-
ferent from that of 5. The isopropylidene methyls of 6 are
appreciably shielded in 6 (5 1.06 and 1.17) relative to those
in5 (5 1.67 and 1.87). In addition, the vinyl hydrogen of 6 is
substantially deshielded (8 7.56) relative to that in 5 (8
6.58), and the /3-styryl methyl group has shifted from 8 1.94
to 2.08. Inspection of molecular models of 5 and 6 indicate
that the various groups experience substantially different
long-range shielding effects by the phenyl and carbonyl
groups in the two structures. It appears that an important
conformation of 6 is that in which the isopropylidene group
resides in a highly diamagnetic shielding region above the
face of the aromatic ring.5 There is no conformation of 5

CH3

which places the isopropylidene group in such a shielding
region.

From a mechanistic point of view, protonation of the
methylene double bond of 2 produces the cyclopropyl cat-
ion 8, which undergoes ring opening in a disrotatory man-
ner. Rotation of the phenyl in an outward manner away
from the isopropylidene group produces 9, while inward
rotation toward the isopropylidene group produces 10. As
the outward rotation is sterically more feasible, the forma-
tion of 9 dominates, ultimately producing 5.6 (It should be
noted that 9 reacts to produce only 5; no evidence was

10

found for the formation of an allenyl acetate.) Whether 8 is
a distinct intermediate capable of giving rise to 3 and 9, or
a transition state capable only of going to 9, cannot be de-
fined. The cyclopropyl acetate 3 could also be formed by a
different mechanism, for example, via an AJE3 process.7
The fact that ring opening of 8 involves cleavage of a vinyl
C-C bond should be manifest in a slower rate of ring open-
ing relative to cyclopropyl cations, the ring opening of
which is calculated to have an energy barrier of only a few
kilocalories.8 If this change in structure results in a signifi-
cant activation barrier for the ring-opening process, 8 could
be an intermediate.

It is important to note that although 2 contains two dou-
ble bonds, one a methylene and one an isopropylidene type,
protonation occurs >98% at the methylene group. The
NMR spectrum of the crude reaction product does not con-
tain resonances typical of a terminal methylene in the al-
ternative product Il. One might have anticipated that pro-

Ph th (Chi2
> = <
H C=CH2
/
OCOCH3
n

tonation on the more highly alkyl substituted double bond
would have occurred in keeping with the known effect of
alkyl substitution on the reactivity of double bonds toward
electrophilic reagents.

Acetoxymercuration of 2. Acetoxymercuration of 2 fol-
lowed by reductive demercuration with sodium borohy-
dride followed by chromatographic separation produced
low, variable yields of acetate 13 along with considerable
guantities of bis(acetoxyalkyl)mercury 12b9 (see Experi-
mental Section). The structure of 13 is clearly evident from

Ph CH,
If | 0ZCH3 j
cC X — CH3
Hg(0.ccHP NaBH,
c™ H_ c¢c» \ HgR
H
128, R = 02CH3
b, r = cBh 1702
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cC .C— CH,
> e <
H—C~ ~H
H
13
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its ir and NMR spectra. Characteristic bands for an alkyl
acetate and terminal methylene appear at 1739 and 909
cm-1, respectively. The NMR spectrum displays three
vinyl hydrogen resonances at 8 5.02, 5.35, and 5.47 which
are broadened by long-range coupling. The resonance pat-
tern is definitely not the expected AMX pattern for a
-CH=CH2 as would be present in the alternative structure
14. In addition, the NMR spectrum of 13 contains overlap-

1CH3
ph H 1
N c- ch3
chXxo?2 cr
ACH2
14

ping methyl doublets at 8 1.72 (J = 1.1 Hz), a broadened
singlet at 8 6.18 for the benzylic hydrogen, an acetate meth-
yl singlet at 8 2.10, and an aromatic hydrogen singlet at 8
7.27.

The structure of the bis(alkoxyalkyl)mercury compound
12b is indicated by its mass and NMR spectra. The mass
spectrum of 12b shows a series of parent ion peaks in the
m/e 655-660 region with relative intensities comparable to
the natural abundance ratio of the isotopes of mercury.
The NMR spectrum contains two broad vinyl hydrogen
resonances at 55.08 and 5.30.

Two mechanisms can be written for the formation of 12a,
one involving electrophilic attack on one of the bonds of
the three-membered ring, the other involving attack on the
isopropylidene double bond. Direct attack on a ring bond
has been observed by DePuy and Van Lanenl0 in the sol-
vomercuration of cyclopropanes. Attack on the isopropyli-
dene double bond to produce the intermediate mercuri-
nium ion 15 followed by conjugate attack by acetate ion on
the three-membered ringll can also produce 12a. Because
of the vinylic nature of the bonds of the three-membered
ring in 2 we favor the latter mechanism.

.0 ZCH3
Hg

The apparent difference in the positions of electrophilic
attack on 2 by proton and acetoxymercuri ion can be un-
derstood if one considers the mechanism of solvomercura-
tion in greater detail. In prior studies we have shown that
formation of the mercurinium ion intermediate occurs in a
fast and reversible manner.12 Attack by acetoxymercuri ion
probably is also occurring at the methylene double bond of
2, but owing to the lesser stabilization afforded the mercu-
rinium ion by the hydrogens in the mercurinium ion
formed by attack at the methylene double bond this ion re-
verts to reactants, while the ion formed by attack on the
isopropylidene double bond leads to product formation.
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Apparently, the acetoxymercuri ion is not a sufficiently
strong electrophile to cause sufficient cyclopropyl cation
character to be developed which would result in ring open-
ing as do the other electrophiles described in this article.

Reaction of 2 with Benzenesulfenyl Chloride. The
NMR spectrum of the crude reaction mixture was very
complex, indicating the formation of several products. At-
tempted chromatographic separation on silica gel resulted
in the destruction of two of the original products with for-
mation of a ketone whose structure was readily assigned.
From the structure of the ketone and the NMR spectrum
of the original product mixture structures can be assigned
to all of the primary products.

Early fractions from the column contained pure 16
whose structure was readily assigned from its NMR and
mass spectra. The NMR spectrum shows two methyl sin-
glets (8 1.86 and 1.90), a methylene singlet (5 4.02), a vinyl
hydrogen singlet (6 6.62), and two five-proton aromatic sin-
glets (8 7.27 and 7.36). The presence of the -CH2SPI!1
group, instead of a-CH2Cl group, is indicated by the mass
spectrum, in which the molecular ion undergoes fragmenta-
tion by loss of thiophenoxy radical to give a chlorine-con-
taining daughter ion, but does not show a substantial peak
for loss of only a chlorine atom. The loss of the group from
an allylic position occurs much more readily than from a vi-
nylic position, thus placing the thiophenoxy group at the
allylic position.

Later fractions contained a mixture of 16 and its stereo-
isomer 17. Compound 17 was formed from 16 by heating
with iodine in chloroform solution. Substantial differences
exist between the chemical shifts of the isopropylidene
methyl groups in 16 and 17. In 17 these methyls are
shielded (5 1.34 and 1.79) relative to those in 16 (5 1.86 and
1.90). Compound 17 is a true product of the reaction and is
not formed by isomerization during chromatography as in-
dicated by the presence of peaks of 17 in the NMR spec-
trum of the reaction product mixture.

Late fractions from the column contained ketone 18. The
structure of 18 was indicated by its ir (fo=0 1663 cm-1 and
*=ch2 913 cm-1) and NMR spectra [vinyl methyl double
doublet (6 1.96, 3 = 1.5, 1.0 Hz), ketone methyl singlet (8
2.39), vinyl methylene multiplets (8 4.97 and 5.32), and 6 H
multiplet (6 7.30)]. The presence of the benzylidene group
was further demonstrated by the formation of benzalde-
hyde on ozonolysis of 18. The presence of a methyl ketone
was also indicated by the mass spectrum of 18, in which the
only dominant mode of fragmentation of the molecular ion
was by loss of methyl radical.

Comparison of the NMR spectrum of 18 with that of the
original product mixture clearly showed that 18 was not a
primary product, and that it must have been formed by de-
composition of one, or more, of the primary reaction prod-
ucts on the silica gel column. Peaks present in the NMR
spectrum of the reaction mixture, but not present in the
products eluted from the column, include vinyl methyl sin-
glets at 8 1.91 and 1.94, an AB double doublet (5 3.35 and
3.46, J = 12.0 Hz), terminal methylene hydrogen multiplets
(8 4.88 and 4.98), and a benzylic vinyl hydrogen multiplet (8
6.09). The presence of an AB system suggests the presence
of a-CH2X group in a structure containing a chiral carbon.
The only possible type of structure fulfilling these require-
ments is one in which the cyclopropane ring is retained. We
believe that structure 19 fulfills these requirements, having
two vinyl methyls and the diastereotopic methylene hydro-
gens. The formation of 19 can be visualized as involving
chloride ion attack on the intermediate episulfonium ion
21, instead of 21 undergoing ring opening to 22 which then
results in the formation of 16 and 17. On the surface of the
silica gel 19 can give 20 directly, or it can revert to the epi-
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sulfonium ion 21, which then rearranges to 20 and then hy-
drolyzes to the ketone 18. The other oroduct indicated to
be present in the original reaction mixture is believed to be
20, formed in the original reaction as indicated and hydro-
lyzed during chromatography.

Reaction of 2 with Chlorosulfonyl Isocyanate. The
reaction of chlorosulfonyl isocyanate (CSI) with 2 in meth-
ylene chloride solution resulted in the clean formation of
two products in a 78:22 ratio (by NMR). Attempted separa-
tion and purification by chromatography on Florisil (oven
dried at 110° for 48 hr) resulted in complete decomposi-
tion. Attempted separation by low-temperature crystalliza-
tion also met with failure. Attempted hydrolysis followed
by isolation of the hydrolysis products also was not success-
ful. (The extreme reactivity and sensitivity of the adducts
must be due to the presence of the vinyl ester and amide
functions. This is in contrast to the stability of the isomeric
adducts 26a and 26b formed in the reaction of 1 with CSI
which can be successfully chromatographed and hydro-
lyzed.)13 Although neither product could be isolated in
pure form, nor could any derivative thereof, the structures
of the two adducts could be easily assigned from the NMR
and ir spectra of the mixture. The major product is charac-
terized by a peak in the ir at 1740 cm-1 typical for the five
membered ring iV-chlorosulfonyllactam in 23. The NMR
spectrum of 23 shows methyl singlets at b 2.02 and 2.16, a
methylene doublet at b 3.59 (3 = 2.3 Hz), a vinyl hydrogen
triplet at b 6.81 (3 = 2.3 Hz), and a multiplet at b 7.33. The
minor adduct 24 (i>0=N 1595 cm-1) shows methyl singlets
at b 2.06 and 2.22, a methylene doublet at b 4.20 (J = 2.6
Hz), a triplet at b 6.50, and a multiplet at b 7.33. The ste-
reochemistry about the benzylidene group in 23 and 24 is
assigned on the basis of mechanistic arguments and the
NMR chemical shifts of the isopropylidene methyl groups.
The “inside” methyl groups of 2613 and similar adducts1314
are highly shielded (5 1.54 and 1.47, respectively, in 26a) by
the “inside” phenyl group. In the isomeric adducts with
“outside” phenyl groups, the shielding effect of the phenyl
group is absent and both methyls appear in the b 2.0-2.3 re-
gion.1314 The absence of a highly shielded methyl group in
23 and 24 is consistent with the indicated stereochemistry.
From a mechanistic point of view, in the opening of the
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three-membered ring during electrophilic attack on the
=CH 2, the phenyl group moves toward the -CH?2- group
instead of toward the more sterically bulky isopropylidene
group to produce the dipolar intermediate 25, which then
collapses to 23 and 24. No evidence was obtained regarding
the possible intermediate formation of a d-lactam deriva-
tive which would then undergo ring opening to the dipolar
intermediate 25.

26a. X = O; Y = NSChCI
b, X = NSO,Ci; Y= 0

Hydroboration of 2. The hydroboration of 2 (3:1 mole
ratio of 2:BHs) resulted in the formation of a complex mix-
ture of compounds which was partially separated by chro-
matography on Florisil. Early fractions contained a mix-
ture of the unsaturated ketones 32, 33, and 34 in a 35:27:38
ratio (by NMR). The infrared spectrum of the mixture
showed characteristic bands for an a,/J-unsaturated ketone
(1677 cm-1), terminal methylene (923 cm-1), and trisubsti-
tuted double bond (870 cm-1). The mass spectrum showed
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major peaks for loss of methyl and isopropyl radicals from
the molecular ions. The NMR spectrum of the mixture was
complex, but could be interpreted in terms of specific
structures on the basis of relative intensities and peak posi-
tions (see Experimental Section for the NMR data). Com-
pound 31 does not appear to have been formed in any sub-
stantial amount (i.e., <5%). The unsaturated ketones are
formed from the cyclopropanols 27 and 28 which undergo
base-catalyzed ring openingl5 to the anions 36 and 37 dur-
ing the basic oxidation of the intermediate organoboranes.

Intermediate fractions contained the major product 29.
The NMR spectrum of 29 displayed two broadened vinyl
methyl singlets at 8 1.88 and 1.92 (long-range coupled to
the two cyclopropyl ring hydrogens), a broad multiplet at $
~2.15, a highly broadened doublet at 8 2.90 with J = 9.2 Hz
(the benzylic hydrogen), an AB portion of an ABX system
with ¢a 3.52, ¢b 3.19, Jab = 11.6, Jax = 5.6, and Jbx = 8.0
Hz, and a singlet at 8 7.13. That structure 29 has the cis
stereochemistry is indicated by the large coupling constant
(9.2 Hz) between the cyclopropyl hydrogens.16 This is con-
sistent with the approach of the borane from the least hin-
dered side of the ring opposite the phenyl group as is ob-
served in other hydroboration reactions.17

The final fraction isolated possessed both hydroxyl (3430
cm-1) and saturated ketone (1705 cm-1) bands in the in-
frared spectrum. The structure is assigned as 35 based on
its very characteristic NMR spectrum. The diastereotopi-
cally related methyls appear as doublets at 80.87 and 1.02
with the isopropyl methine hydrogen appearing as a septet
at 82.47 (J = 6.7 Hz). The diastereotopic benzyl hydrogens
appear as two double doublets at 8 2.76 (J = 10.7 and 4.9
Hz) and 2.84 (J = 10.7 and 3.9 Hz). The carbinol meth-
ylene hydrogens appear as a tightly coupled AB portion (8

~3.7) of an ABX system (8x ~3.13). Compound 35 is de-
rived from the cyclopropanol 30, a dihydroboration prod-
uct, under the basic conditions of the oxidation of the in-
termediate organoborane.

Addition of Thiophenol to 2. Thiophenol undergoes
rapid addition to 2 in the absence of solvent or in benzene
solution at room temperature via what we believe to be a
radical-chain addition to produce a single product 38. The

NMR spectrum of the product shows a one-hydrogen dou-
blet (6 3.11) with J = 6.7 Hz. The chemical shift and the
coupling constant indicate a cis relationship between the
cyclopropyl hydrogens.16 No vinyl or saturated methyl res-
onances (<5%) were present in the NMR spectrum which
would be characteristic of an addition product formed by
addition to the isopropylidene double bond.

The cis stereochemistry in 38 must be due to steric ef-
fects present in the transition state for abstraction of the
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hydrogen atom from thiophenol by the intermediate radi-
cal 39, thiophenol approaching 39 from the least hindered
side of the three-membered ring opposite the phenyl group.
The structure of the intermediate radical 39, however, is
not indicated by the overall stereochemical outcome of the
reaction. A planar radical center would benefit from reso-
nance interaction with the isopropylidene group but suffers
from ring bond-angle strain. For a nonplanar radical center
it would be the opposite. Should the radical center be non-
planar, inversion between nonplanar forms must be reason-
ably facile in that as initially formed the nonplanar radical
should have the phenyl and phenylthiomethyl functions
trans, whereas in the final product the two groups are cis.

General Chemical Properties of 2. The foregoing sec-
tions indicate that the diene chromophore of 2 undergoes
electrophilic and radical attack only at the exocyclic meth-
ylene function to produce both ring-opened and ring-re-
tained products. The greater tendency to form ring-re-
tained products with 2 relative to 1 apparently is due to the
more difficult cleavage of a vinyl ring bond in the cation
derived from 2 relative to the allylic bond in the cation de-
rived from 1.3 The reactivity of 2 and 1 are comparable as
indicated by the consumption of approximately equal
quantities of 2 and 1 when a mixture is treated with a limit-
ed quantity of CSI.

Although 2 contains a conjugated diene chromophore, 2
does not react with dienophiles such as maleic anhydride
even under prolonged forcing conditions. Treatment with
the very reactive dienophile 4-phenyl-1,2,4-triazoline-3,5-
dione (PTAD) results in reaction; however, we have not
been successful in purifying or characterizing the adduct.18
In competition experiments 2 and 1 exhibit comparable
reactivities with PTAD. The reactivity of 1, however, is
~320 times less than that of trans- 1,3-pentadiene,19 which,
in turn, is much less reactive than 1,3-dienes which are per-
manently constrained in a cisoid conformation (e.g., cyclo-
pentadiene). The lack of reactivity of 2 toward cycloaddi-
tion can be attributed to any, or all, of three factors. (1)
The diene chromophore of 2 is undoubtedly twisted, which
decreases the overlap between the double bonds, which
thus lowers the energy of the highest occupied molecular
orbital. (2) Because of the geometry of the three-membered
ring the termini of the diene chromophore are separated by
a greater distance than in the normal cisoid dienes and
thus the dieneophile has more difficulty in spanning that
distance in the transition state. (3) The product is a Al6-
bicyclo[4.1.0]heptene system (40), a highly strained system.

C— CH3 40

CH3

Experimental Section

Acetolysis of 2. A solution of 0.7118 g of 2 in 1 ml of acetic acid
containing 10 mg of p-toluenesulfonic acid was heated in a sealed
NMR tube at 115° for 23 hr, at which time NMR analysis indicat-
ed complete consumption of 2 with formation of only 3, 4, and 5 in
a ratio of 3:6:91. The reaction mixture was poured into 10 ml of
cold water and was immediately extracted with ether. The extract
was washed with 5% sodium bicarbonate until free of acid and
dried (MgSCb). The solvent was removed and the residue was
chromatographed on a 2 X 36 cm Florisil column.

Elution with 25% dichloromethane-hexane gave ~70 mg of a
mixture of 3 and 4: ir 1736 and 1665 cm-1; NMR of 3 (CDC13) b
156 (s, 3H), 1.96 and 2.06 (d's,J = 11 Hz, 3 H each), 2.18 (s, 3 H),
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and 7.24 (s, 5 H); NMR 0f451.31 (d, J = 7.3 Hz, 6 H), 205 (d, J =
1.3, 3H), 2.27 (m, 1H), 6.36 (m, L H), and 7.3 (m, 5 H).

Further elution with 25% dichloromethane-hexane gave frac-
tions containing 4 and 5 followed by fractions containing pure 5: ir
1755c¢cm 'L, NMR (CDCI3) b 1.67 and 1.87 (s's, 3 H each), 1.94 (d, J
= 1.7 Hz, 3H), 2.15 (s, 3 H), 6.58 (m, 1 H), and 7.29 (m, 5 H); mass
spectrum M-+ 230.1330 (calcd for C15H 1802, 230.1306).

lodine-Catalyzed Isomerization of 5. A solution of 37 mg of 5
in 0.5 ml of deuteriochloroform containing one small crystal of io-
dine was sealed in an NMR tube and was heated at 95°. The NMR
spectrum was recorded periodically. After heating for 168 hr con-
version of 5 to 6 had progressed to ~80% completion: NMR of 6 6
1.06 and 1.17 (s's, 3 H each), 2.00 (d, J = 1.9 Hz, 3 H), 2.18 (s, 3 H),
7.3 (m,5H), and 7.56 (m, 1 H).

Acetoxymercuration-Demercuration of 2. To a stirred solu-
tion of 0.0949 g (0.56 mmol) of 2 in 10 ml of acetic acid and 10 ml
of tetrahydrofuran was added 0.1842 g (0.58 mmol) of mercuric ac-
etate at 0°. The reaction mixture was stirred at 0° for 75 min and
then at 25° for 20 min. A fine, white precipitate formed during the
reaction. A solution of 0.0874 g (2.3 mmol) sodium borohydride in
10 ml of 10% sodium hydroxide was slowly added. The reaction
mixture was stirred for 45 min and the liquid layer was decanted
from the mercury into 20 ml of water. The resulting mixture was
extracted twice with ether. The ether extract was washed with
water and 5% sodium bicarbonate and dried (MgS04). Removal of
the ether under reduced pressure gave 0.1207 g of material.

Chromatography on silica gel produced two fractions. Elution
with 50% dichloromethane-hexane gave 32.5 mg of 13 as a color-
less, viscous oil: ir 1739 and 909 cm-1; NMR (CDCI3) 5 1.71 (over-
lapping d's, J = 1.3 Hz, 6 H), 2.10 (s, 3 H), 5.02, 5.35, 5.47, and 6.20
(bs, 1 H each), and 7.28 (s, 5 H); mass spectrum M-+ 230.1316
(calcd for C15H1802, 230.1306), major peaks at m/e 215 (M-+ —
CH3), 188 (M-+ - H2C=C=0), 160,145,135,133,131, 97.

Elution with 50-75% dichloromethane-hexane gave 91.0 mg of a
white solid identified as a bis(acetoxyalkyl)mercury: mass spec-
trum M-+ series of peaks m/e 655-660 of relative intensities corre-
sponding to the isotopic distribution of mercury (calcd for
C30H3404200Hg, 658); NMR (CDCI3) b 1.6 and 1.9 (bs’s), 2.18 (s),
5.09, 5.32, and 6.62 (bs’s), and 7.27 (m).

Reaction of 2 with Benzenesulfenyl Chloride. To a stirred
solution of 0.1661 g (0.98 mmol) of 2 in 10 ml of dichloromethane
containing ~50 mg of calcium carbonate at —70° was added 0.1401
g (0.97 mmol) of benzenesulfenyl chloride in 10 ml of dichloro-
methane. The reaction mixture was stirred at —60° for 30 min and
was then allowed to come to room temperature and stirred for 25
min, producing a yellow solution. The reaction mixture was fil-
tered and the solvent was removed under reduced pressure. The
NMR of the reaction product was very complex, showing peaks in
the vinyl methyl region at b 1.34, 1.79, 1.86, 1.88, 1.90, 1.91, and
1.94. Characteristic lower field peaks were at b 3.35 (d, J = 12.0
Hz), 3.46 (d, J = 12.0 Hz), 4.02 (s), 4.88 (m), 4.98 (m), 6.09 (bs),
6.62 (bs), and 7.3 (m).

Chromatography (78% total recovery based on 2) on a 1 X 36 cm
column of heat-treated silica gel (110° for 48 hr) resulted in imme-
diate blackening of the top of the column upon adding the reaction
mixture. Elution with hexane gave 10.5 mg of diphenyl disulfide
(mp 55-56°) followed by 45.8 mg of 16 as a pale-yellow, viscous lig-
uid: NMR (CDCI3) b 1.86 and 1.90 (s, 3 H each), 4.02 (s, 2 H), 6.62
(s, 1 H), 7.27 and 7.36 (s, 5 H each); mass spectrum M-+ 314.0880
(calcd for C19H19CIS, 314.0896), major peaks at m/e 316 (37Cl con-
taining M-+), 314 (3C1 containing M-+), 278 (M-+ —HC1, low in-
tensity), 207 (37CL containing M-+ — CgH.sS-), 205 (3C1 containing
M-+ - C6H6S-).

Further elution with hexane gave 12 mg of a 1.1 mixture of 16
and 17, the latter identified by NMR spectral comparison with 17
prepared by isomerization of 16 (vide ante).

Elution with 50-100% chloroform-hexane gave 109 mg of 18 as a
dark yellow, viscous material: ir (neat) 1663 and 913 cm-1; NMR
(CDCI3) b 1.96 (dd, 3 = 1.5, 1.0 Hz, 3 H), 2.39 (s, 3 H), 4.97 and
5.32 (m’s, 1 H each) and 7.3 (m, 6 H); mass spectrum M-+ 186.1042
(calcd for C13H140, 186.1045), major peaks at m/e 186, 171, 143,
128, 115.

lodine-Catalyzed Isomerization of 16. A solution of 8 mg of 16
in 1 ml of deuteriochloroform containing two small crystals of io-
dine in a sealed NMR tube was heated in a sand bath at 95-100°.
The NMR spectrum was recorded periodically. After about 30 hr
an equilibrium mixture of 16 and 17 containing ~77% of the latter
was obtained. The NMR spectrum of 17 showed peaks at b 1.33
and 1.78 (s, 3 H each), 3.91 Is, 2 H), 6.94 (s, 1H), and 7.27 (m, 5 H).

Reaction of 2 with Chlorosulfonyl Isocyanate. To a stirred
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solution of 0.1259 g (0.74 mmol) of 2 in 15 ml of dichloromethane
at 0° was added 0.1056 g (0.74 mmol) of chlorosulfonyl isocyanate
in 15 ml of dichloromethane. The reaction mixture was stirred at
0° for 15 min and then allowed to come to 25° for an additional 35
min, resulting in a medium-red solution. The solvent was removed
under reduced pressure, giving a red, viscous liquid containing 22
and 23 in an 87:13 ratio: ir 1740 and 1595 cm-1; NMR (CDCI3) of
22 52.02 and 2.16 (s, relative intensities 3 H), 3.59 (d, J = 2.3 Hz, 2
H), 6.81 (t,J = 2.3 Hz, 1 H), and 7.33 (m, 5 H); 23 62.06 and 2.22
(s, 3 H each), 4.20 (d, J = 2.6 Hz, 2 H), 6.50 (t, J = 2.6 Hz, 1 H),
and 7.33 (m, 5 H).

Attempted chromatographic separation of 22 and 23 on dried
Florisil resulted in decomposition of the compounds. Small
amounts of several materials were eluted from the column; how-
ever, the NMR spectra of all of the fractions contained peaks not
present in the original reaction mixture. The fractions eluted from
the column were not further characterized.

Attempted hydrolysis in pH 5-7 buffer did not yield characteri-
zable products.

Hydroboration of 2. To 1.3 ml of 0.7 M borane in tetrahydrofu-
ran (0.9 mmol) at 0° was added 0.471 g (2.8 mmol) of 2. The reac-
tion mixture was stirred for 20 min whereupon the mixture was al-
lowed to come to 25° and was stirred for an additional 15 min. The
reaction mixture was cooled to 0° and 10 ml of water was added
followed by 2.5 ml of 3 N sodium hydroxide and 2.5 ml of 30% hy-
drogen peroxide. After stirring for 30 min the mixture was extract-
ed twice with ether. The extract was dried (MgSOi) and the sol-
vent was removed under reduced pressure. The residue was chro-
matographed on a 2 X 45 cm Florisil column set in benzene. Elu-
tion with benzene gave 99 mg of unreacted 2.

Further elution with benzene gave 76 mg of a mixture of 32, 33,
and 34 as a yellow liquid: ir 1677, 923, and 870 cm-1; mass spec-
trum M-+ 188.1198 (calcd for C13H 160, 188.1201), major peaks m/e
173 (M-+ —CH3) and 145 [M-+ - -CH(CH3)2. The peaks in the
NMR spectrum (CDCI3) could be assigned to the individual com-
ponents by their relative intensities and positions: 32, =C(CH,3
singlets at 5 1.97 and 2.06, -COCH 3singlet at 2.37, C6BH5CH?2 sin-
glet at 3.67, and C6H5 at —7.25; 33, -CH(CH3)2 doublet at 6 1.14,
=CCH3broad singlet at 2.03, -CH(CH?3)2 septet at 3.34 (J = 6.7
Hz), =CH - broad singlet at 6.54, and C6H5 multiplet at ~7.3; 34,
-CH(CH?3)2doublet at i 1.15, -CH(CH3)2 septet at 2.84 (J = 6.7
Hz), C6H5CH2 broad singlet at 3.57, =C H 2 broad singlets at 5.57
and 5.97, and C6H5- at ~7.30.

Elution with 10% ether-benzene gave 210 mg of 29 as a viscous,
pale yellow liquid: ir joh 3670 and 3510 cm-1 (nonbonded and
bonded O-H); mass spectrum M-+ 188.1197 (calcd for C13H 160,
188.1201), major peaks m/e 170 (M-+ - H2), 157 (M-+ —
«CH20H), 155, 145, 143, 142, 141, 129, 128, 127, 117, 115; NMR
(CCl4) =C(CH3)2 broad singlets at 6 1.88 and 1.92, >CHCH20H
broad multiplet at 2.15 (J = 9.2 Hz), C(jHSCH< very broad dou-
blet at 2.90 (J = 9.2 Hz), -CHaHbOH double doublet at 3.19 (J =
11.6 and 8.0 Hz), -CHaHbOH double doublet at 3.52 (J = 11.6 and
5.6 Hz), and CeHs- at 7.13.

Elution with 25% ether-benzene gave 57 mg of 35 as a low-melt-
ing solid: ir (CHCI13) koh 3430 and vc=>0 1705 cm-1; mass spectrum
M-+ 206.1310 (calcd for Ci3Hi80 2, 206.1307), major peaks m/e 188
(M-+ — H20), 176 (M-+ —CcH20H by a McLafferty-type rear-
rangement), 175 (M-+ - -CH20H), 145, 133, 117, 105, 91, and 77;
NMR (CDCI3) -CH (CH 3)(CH 3) doublets at 50.87 and 1.02 (J =
6.7 Hz), -CH(CH?J3)2 septet at 2.47 (J = 6.7 Hz), -CHAHBC6HS5
doublets at 2.76 (J = 10.7 and 4.9 Hz) and 2.84 (J = 10.7 and 3.9

Pasto, Smorada, Turini, and Wampfler

Hz), >CH- multiplet at 3.13, HOCHaHbCH< multiplet at ~3.7,
and C6H5 multiplet at 7.3.

Reaction of 2 with Thiophenol. The addition of an equimolar
quantity of 2 to thiophenol, either neat or dissolved in benzene (~1
M), open to the laboratory light and atmosphere results in rapid
reaction (~30 min) to give a viscous, pale-yellow liquid (after re-
moval of the benzene if carried out in benzene solution). The NMR
spectrum of the crude product (CDCR) showed broad singlets at &
1.79 and 1.94 (3 H each), a very broad multiplet at 2.39 (1 H), a
multiplet at ~2.86 (2 H), a doublet at 3.11 (0 = 6.7 Hz, 1H), and a
multiplet at 7.23 (10 H). Chromatography on silica gel (elution
with 20% benzene-hexane) gave a single fraction with an NMR
spectrum identical with that of the crude product. Mass spectrum
M-+ 280.1286 (calcd for CigH2S, 280.1286), only major fragmenta-
tion peak at m/e 171 (M-+ —CeHsS-).

Registry No.—2, 30896-86-7; 3, 57443-49-9; 4, 57443-50-2; 5,
57443-51-3; 6, 57443-52-4; 13, 57553-35-3; 16, 57443-53-5; 17,
57443-54-6; 18, 57443-55-7; 22, 57443-56-8; 23, 57443-57-9; 29,
57443-58-0; 32, 14771-80-3; 33, 57443-59-1; 34, 57443-60-4; 35,
57443-62-6; 38, 57443-61-5; acetic acid, 64-19-7; mercuric acetate,
1600-27-7; e benzenesulfenyl chloride, 931-59-9; diphenyl disul-
fide, 882-33-7; chlorosulfonyl isocyanate, 1189-71-5; thiophenol,
108-98-5.
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Dilithium derivatives of ketoximes react with alkyl halides and carbonyl compounds to give a-substituted ox-
imes. The position of substitution is governed by the configuration of the oxime. The intermediate monolithio ox-
imes are configurationally stable, allowing successive substitution on the same carbon. Since no oxime exchange is
observed with carbonyl compounds, directed aldol condensation is possible.

Many methods have been developed for the introduction
of a carbon chain onto the a carbon of a ketone, an impor-
tant one being alkylation of an enolate or equivalent
species. For example, potassium enolates, formed from the
ketone with potassium hydride,1 enamines, from the ke-
tone and a secondary amine,2 metalloenamines, from ke-
tone and primary amine (via an imine) and an organome-
tallic reagent,3all have been developed as a means of intro-
duction of the alkyl group into a ketone. A serious problem
which arises in these routes is the lack of control over the
position of alkylation if the ketone has two different acti-
vated carbons. We now find that the dilithium derivatives
of ketoximes, formed from the oxime and 2 equiv of alkyl-
lithium reagent, react with electrophilic reagents (alkyl ha-
lides and carbonyl compounds), and that the reaction is re-
giospecific, the position of substitution being controlled by
the stereochemistry of the oxime.

Dilithiation of oximes has previously been demon-
strated.45 The oxime of acetophenone was alkylated with
benzyl chloride, and oximes of several substituted aceto-
phenones and a-tetralone, cyclopentanone, and cyclohexa-
none were acylated and cyclized to isoxazoles.5 Apparently
the stereochemical features of the reactions were not exam-
ined.

Of all the azomethine ketone derivatives, oximes have
been the most thoroughly studied. Generally oximes are
configurationally stable, and configuration may be fairly
reliably assigned.6 An anion of an oxime would be expected
to have less configurational stability than the oxime itself,
since one contributing structure (1) has lost its stereochem-

Hor
i
ical identity. However, in none of our studies at —78° or at
room temperature (with the possible exception of mesityl
oxide oxime) have we observed loss of stereochemical integ-
rity. The configuration would be expected to be maintained
in the dianion (2"), since chelation would be expected to
play an important role.47 It is this chelation, we believe,
that directs the metalation onto that a carbon cis to the
oxime hydroxyl group, and which is responsible for the reg-
ioselectivity of the reactions reported here. It is interesting
to note that although azines, jmines, and phenylhydrazones
also can show stereoisomerism of the type shown by ox-
imes, and chelation is apparently important in their metal

OH XTLT
N N 'K N,
c c Li
HC. \,H HCA\ h HC'
.

derivatives, no directive effect of geometry has been ob-
served.3®

The oxime prepared from 2-butanone consists of 72% of
the E and 28% of the z isomer.8 When a solution of this
oxime mixture in tetrahydrofuran was treated with 2 molar
equiv of butyllithium, a two-step reaction could be ob-
served. The first half of the butyllithium caused the solu-
tion to become white (milky), but the mixture finally be-
came clear and yellow when the second half had been
added. The lithium salt (2') is apparently not completely
soluble in the THF-hexane medium, but is converted by
the second equivalent of butyllithium to the soluble di-
lithio derivative (2"). When the yellow solution was treated
with 1 mol of benzyl chloride, the yellow color was dis-
charged and the milky appearance noted. After aqueous
work-up of the reaction and hydrolysis of the resulting ox-
imes, gas chromatography showed two products in 73:27
ratio, identified (separately) by NMR as, respectively, 1-
phenyl-3-pentanone (6) and 3-methyl-4-phenyl-2-buta-
none (7). This experiment was interpreted as a conversion
of the mixture of oximes (3), each stereoselectively, to the
corresponding dilithio derivative (3" and 3vz), benzyla-
tion without change in configuration to the two lithium
salts (4' and 5", and hydrolysis to the two isomeric ketones
(6 and 7).

Li+
OH
2RLi 2RLi N A o\
> N —* 1w
chXxr |/
H,C— CCH2XCHj chX&chZzh3 chen3
3E 3(z and E) 37
lcehschZzi 1CeHsCH2CL
Li+ 0~ .0 LiH
N N
chX*hZzhZzchzh3 CHXCHCRAH3
4° 5'
0 0
I
cthhkhZzhZchZzh3 CH3CH(CH3CHAMH i
6 7

That the formation of the dilithio derivative from each
oxime is truly stereoselective, and the agreement of prod-
uct isomer distribution with oxime stereoisomer distribu-
tion is not simply a coincidence, was demonstrated by se-
guential méthylation and benzylation of acetone oxime.
When acetone oxime (8) was converted to its dilithio deriv-
ative (8") and treated with 1 equiv of methyl iodide, only
the lithium salt of the z oxime (3'Z) was produced; 3z was
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converted to a single dilithio derivative (3"z) by reaction
with a third mole of butyllithium. Reaction of this dilithio
derivative with benzyl chloride gave, after hydrolysis, ex-
clusively ketone 7 (67% yield from acetone oxime). Similar-
ly, benzylation of 8" followed by lithiation and méthylation
again gave isomer 7 (64% yield from acetone oxime; 1% of
isomer 6 was indicated by gas chromatography).

NOH
2RLi
CH3CCH3
8
O~Li+
~ O\ u+
N _ N 2R
Li ~ 3"Z
[ ~ %
chxt |/ chXxchZxh3
ch?2 37
g
QHLHL
| CaHSCHZCL
0" Li*
N/ Li+
RLi N A CH,(I \
CHCEHZHZEHr Li 5
CHXL /
chchZthb

It would be gratifying to report that this method of al-
kylation is completely successful, but candor compels us to
state that attempts to introduce a third alkyl group onto
the same carbon atom of acetone failed completely, and in
no case have we been successful in alkylating a tertiary car-
bon atom. Apparently the metalation step fails, since either
treatment of the reaction mixture containing 5' (from ei-
ther sequence) with a fourth mole of butyllithium, treat-
ment of a Z oxime (such as 5) from a secondary alkyl ke-
tone, or a dialkylation series on a ketoxime such as cyclo-
hexanone oxime did not give the expected yellow solution
indicating formation of a dilithio derivative (2"), but gener-
ally gave brownish solutions, reaction of which with alkyl
halides did not give the desired product. The oxime of 3-
methyl-2-butanone was reported to consist of 14% of the Z
and 86% of the E isomer.8 When this mixture of oximes was
benzylated via the dilithio derivative the product consisted
of 71% of 2-methyl-5-phenyl-3-pentanone, 17% of 1,2-di-
phenylethane, and 12% of unidentified material which was
not 3,3-dimethyl-4-phenyl-2-butanone. Thus it appears
that only the E isomer of the oxime undergoes metalation
and alkylation.

The oxime obtained directly from an unsymmetrical ke-
tone is usually either mainly or completely that isomer with
the hydroxyl trans to the larger group. Thus 2-methylcyclo-
hexanone yields an oily oxime which shows two spots on
TLC, but from which the crystalline E isomer, mp 42.5-
43.5°, can be obtained. Beckmann rearrangement of the
crystalline oxime produces in 69% yield a single lactam, 6-
heptanolactam. When cyclohexanone oxime was methyl-
ated via its dilithio derivative, none of the E oxime was de-
tected in the product by TLC (a small amount of cyclo-
hexanone oxime was indicated), and Beckmann rearrange-
ment gave 2-methylhexanolactam and 6-heptanolactam in
a ratio of 9:1.9 Similarly, 2-benzylcyclohexanone yields a
crystalline (E) oxime, mp 125.5-126°. From the benzyla-
tion of cyclohexanone oxime we obtained the crystalline Z
oxime, mp 103.6-104.4°, which was converted to the E
oxime (mp 125°) when held at 130° for 3 min. Thus this al-
kylation is an excellent method for stereospecific synthesis
of thermodynamically less favored oxime isomers.

Mesityl oxide forms a mixture of oximes (65% E, 35% Z
by NMR), from which the hydrochloride of the Z oxime
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can be crystallized, and pure crystalline Z oxime (9Z) ob-
tained. When the dilithio Z oxime (9"z) was benzylated,
hydrolysis afforded a mixture consisting of 62% of 3-ben-
zyl-4-methyl-4-penten-2-one (10) and 21% of I-phenyl-5-
methyl-4-hexen-3-one (11). Benzylation of the mixture of
oximes (65% E) afforded a mixture containing 71% of 11
and 11% of 10. The oxime of mesityl oxide is more labile
than those discussed previously, and formation of 11 from
9Z does not indicate that the reaction is not stereoselec-
tive.10

OH
N

CHE_CH=C(CH3,
9z

0 0

1 |
CHECH(CHTH5)C==CH2 + CBHECHXH2CCH==C(CH32
n

ch3
10

Alkylation of cyclopentanone, difficult by other methods
owing to the tendency of the ketone to undergo aldol con-
densation in the presence of basic reagents, was accom-
plished via the oxime in fair yield. From cyclopentanone
oxime 2-butylcyclopentanone was obtained in 59% yield
(from butyl iodide), 2-allylcyclopentanone in 64% vyield
(from allyl bromide), and 2-benzylcyclopentanone in 64%
yield. Also, cyclopentanone oxime was converted to
5,6,7,8-tetrahydroindan-5-one (12) by alkylation with 1,3-
dichloro-2-butene, hydrolysis to the ketone, and cyclization
with sulfuric acid.

Aldol Condensation. The problems associated with di-
recting the aldol condensation between two carbonyl com-
pounds toward one of the four products have been dis-
cussed elsewhere.1l1 The most successful method has been
the reaction of a lithio imine with a ketone.12 We have
found that dilithio oximes react with carbonyl compounds
to give aldols, and do not observe exchange or other side re-
actions which plague the previous methods. Thus from di-
lithio acetone oxime and cyclohexanone were obtained cy-
clohexylideneacetone and cyclohexenylacetone (13), while
from dilithio cyclohexanone oxime and acetone was ob-
tained isopropylidenecyclohexanone (14).

13 14

Conjugate Addition Reactions. It is interesting that
when conjugate addition reactions were attempted between
dilithio oximes and Michael acceptors none of the 1,4 ad-
duct was produced. When dilithio acetone oxime was treat-
ed with 3-buten-2-one, none of the expectedl13 conjugate
addition product was obtained, but the dienone 15 was ob-
tained in 17% yield. Acrolein with 8" also gave dienone 16
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Oxime
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Table |
Alkylation and Aldol Condensation of Dilithio Oximes

Registry no.

100-44-7
542-69-8

106-95-6

109-65-9
109-69-3

74-88-4

119-61-9

108-94-1

67-64-1
75-07-0

78-94-4

107-02-8

926-57-8

Oxime
cleavage** Product Yield, %
(¢]
A cbhbch2ch2cch3 72
B cbh,,coch3 63b
B 2-C6HsCH2C6H90 11
B 2-CH2=CHCH 2C6H 65
A 2-C4H9C6H90 59
A 2-C4H9C6H ,0 35
A 2-C4H9C6H ;0 24
C 2-C4H9C6H 90 58
D 2-C6H5CH2CsH ,0 64
A 2-C4H9CsHT70 59
B 2-CH2=2CHCH2CsHT0 64
A CH3COCH(CH3)CH2C6H5 67
D CH3COCH(CH3)CH2C6H5 64
Ac (C6Hs)2C=CHCOCH3 55
A 13 51
Be 14 48
A 2-CH3CH=C.HsO 45
0
B CH3CCH=C(CH3)CH=CH2 17
0
il
B CH3CCH=CHCH=CH2 15
B C6H5CH2CH(CH3)CH =0 37
B ch3cci= chch2c5h7o 54d

aYields are based on ketone isolated after hydrolysis of the oxime. Method A employed Cr(OAc)2with the oxime acetate;
see ref 15. Method B employed TiClI3; see ref 16. Method C employed Na2S20s; see ref 17. Method D employed Ce(NH4)2-
(N 03)6; see ref 18. b 2-Heptanone oxime was isolated in 84% yield. We believe that the yields of the oximes in these reac-
tions are substantially higher than the yields of ketones indicated. c Hydroxy ketones were obtained from hydrolysis of the
oximes; dehydration was effected by steam distillation from a solution containing oxalic acid. d After distillation the oxime
was obtained in 71% yield. The ketone was cyclized to 5,6,7,8-tetrahydroindan-5-one; see Experimental Section.

in 15% yield, and acrylonitrile or ethyl acrylate with 8"
gave only resinous material.

0
I

chXch= cch=

0
1

chXch= chch=
16

Aldoximes. The alkylation of dilithio aldoximes was not
successful. From propionaldéhyde oxime the benzylated
material was obtained in 33% yield, but attempts to alk-

ylate acetaldehyde oxime gave no

identifiable product.

Benzaldoxime was of interest because of the possibility of a
six-membered chelate to give ortho metalation (17), but re-
action of benzaldehyde oxime with 2 mol of butyllithium

17

[CEHEC =N] — » CEHEOCAH9 + CEHILOCHCH7

18

ch3

followed by methyl iodide gave 1l-phenylpentanone (18)
and 2-methyl-lI-phenylpentanone (19), presumably via
benzonitrile. Examination of the product mixture from ace-
taldoxime by infrared spectrometry revealed absorption at
2460 cm-1, suggestive of a nitrile.

Finally, since a-oximino ketones are readily made by ni-
trosation of ketones, it was of interest to examine such an
oxime, which would allow /3-alkylat,ion of a ketone. How-
ever, 2,3-butanedione monoxime reacted with butyllithium
to give the carbonyl adduct, and hydrolysis gave 3-hy-
droxy-3-methyl-2-heptanone. Butylmagnesium bromide
has similarly been reported to add to the carbonyl group of
this oxime.14

The results of these experiments are summarized in
Table 1.

Experimental Section

Melting points were determined on a Thomas-Hoover melting
point apparatus; the thermometer was calibrated with the stan-
dards provided. Infrared spectra were determined on a Perkin-
Elmer Model 337 spectrometer; NMR spectra on a Varian A-60
spectrometer.

Preparation of Oximes. Generally oximes were prepared in
aqueous ethanol from the ketone, hydroxylamine hydrochloride,
and sodium hydroxide. Crystalline oximes were recrystallized from
hexane or from ethanol. Oximes of 2-butanone, 3-methyl-2-buta-
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none, mesityl oxide, benzaldehyde, acetaldehyde, and propional-
dehyde were distilled before recrystallization.

Alkylation of Oximes. Since the procedures for the reactions
were so similar, a few representative experiments are described in
detail. In general the oxime was hydrolyzed without purification.
Yields in Table I are yields of distilled ketone. Methods of cleavage
of oximes are reported in ref 15-18. Reactions with ketones gave
aldol oximes, which were cleaved to aldols in a separate step and
dehydrated.

Alkylation of Cyclopentanone Oxime. 5,6,7,8-Tetrahydro-
5-indanone. To a stirred solution of 5 g (0.05 mol) of cyclopenta-
none oxime in 70 ml of tetrahydrofuran at room temperature was
added during 5 min 60 ml (0.1 mol) of 1.66 M butyllithium in hex-
ane. After 30 min a solution of 6.3 g (0.05 mol) of I,3-dichloro-2-
butene was added to the yellow-brown lithium derivative during
15 min. The resulting light brown solution was stirred for 1 hr, and
40 ml of water was added. The organic layer was separated, com-
bined with an ether extract of the aqueous layer, dried over mag-
nesium sulfate, and evaporated. Distillation of the residue gave 7.7
g (71%) of 2-(3'-chloro-2'-butenyl)cyclopentanone oxime: bp 131—
135° (1.3 mm); ir (film) 3240, 1660, 1656 cm-1; NMR (CCU) 59.76
(s, 1 H, OH), 5.50 (t, 1 H, vinyl), 2.42 (m, 5 H, a-CH, a-CH2, allylic
CH2), 2.10 (s, 3 H, CHJ), 1.75 (m, 4 H, CH2). The oxime was hydro-
lyzed by the method of Timms16 to 6.39 g (54% overall) of 2-(3'-
chloro-2'-butenyl)cyclopentanone: bp 93-95° (1.2 mm); ir (film)
1736, 1665 cm 'L, NMR (CCU) i 5.48 (t, 1 H, vinyl), 2.70-1.30
(overlapping peaks, 12 H).

A portion of the chloro ketone was cyclized. A mixture of 4.3 g
(0.025 mol) of ketone and 6 ml of 90% sulfuric acid was stirred at
room temperature overnight, poured into 50 g of ice, and extracted
with ether. The ethereal solution was dried over magnesium sul-
fate and concentrated. The residue, 3.4 g, was shown by gas chro-
matography to consist of 1.6 g of 5,6,7,8-tetrahydroindan-5-one
(33% from cyclopentanone oxime) [ir (film) 1660, 1620 cm-1; NMR
(CCl14) 6 574 (m, 1 H, vinyl), 2.8-1.1 (overlapping peaks, 11 H);
2,4-dinitrophenylhydrazone mp 196.5-197.5° (lit.19 199.5°)] and
1.8 g of 2-hydroxy-2-methylbicyclo[3.2.1]octan-8-one [ir (film)
3400, 1750 cm“ 1, NMR (CC14) 6 2.67 (s, 1 H, OH), 1.84 (overlap-
ping peaks, 10 H), 1.33 (s, 3 H, CH3)]. The samples for spectra
were collected from the gas chromatograph.

Twofold Alkylation of Acetone Oxime. 3-Methyl-4-phenyl-
2-butanone. To asolution of 1.46 g (0.05 mcl) of acetone oxime in
70 ml of THF was added during 5 min 60 ml (0.1 mol) of 1.66 M
butyllithium in hexane. The yellow solution was stirred for 30 min
in an ice bath. A solution of 7.46 g (0.053 mol) of methyl iodide in
30 ml of THF was added slowly. The resulting milky white suspen-
sion was allowed to warm to room temperature and 34 ml (0.056
mol) of butyllithium was added. The yellow solution was stirred
for 30 min and a solution of 6.33 g (0.05 mol) of benzyl chloride in
30 ml of THF was added. The resulting yellow solution was stirred
for 1 hr, 50 ml of water was added, and the aqueous solution was
separated and extracted with ether. The combined organic solu-
tion was dried over magnesium sulfate and evaporated. An aliquot
(two-fifths) of the crude oxime was converted to the ketone by the
method of Corey.15 Distillation gave 2.16 g (67%) of 3-methyl-4-
phenyl-2-butanone: bp 53-57° (0.05 mm) [lit.20 72-73.5° (0.5
mm)]; NMR (CC14) 67.10 (s, 5 H, Ar), 2.70 (m, 1 H, a-CH), 1.94 (s,
3 H, CH3), 1.02 (d, 3 H, CH3); 2,4-dinitrophenylhydrazone mp
75-77° (lit.21 76-77°). Gas chromatography indicated the ketone
to be homogeneous (the isomers 6 and 7 were separated by GC).

Aldol Condensation. 2-Ethylidenecyclohexanone. Dilithio
cyclohexanone oxime was prepared from 5.65 g (0.05 mol) of cyclo-
hexanone oxime in 70 ml of THF and 0.1 mol of butyllithium (60
ml of 1.66 M solution). The yellow solution was stirred in adry ice-
acetone bath for 15 min, and a solution of 2.64 g (0.05 mol) of acet-
aldehyde in 40 ml of THF was added. The solution was allowed to
warm to room temperature and 40 ml of saturated brine was
added. The aqueous layer was extracted with 80 ml of a 2:1 mix-
ture of ether and acetone. The organic solutions were combined,
dried over magnesium sulfate, and evaporated. The crude oxime
was hydrolyzed by the method of Coreyl5 to give 2-(I'-hydroxy-
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ethyl)cyclohexanone. The crude aldol was combined with 45 g (0.5

mol) of oxalic acid and 300 ml of water and distilled. The distillate

was saturated with sodium chloride and extracted with ether. The

ethereal solution was dried over magnesium sulfate and distilled to

give 2.88 g (46%) of 2-ethylidenecyclohexanone: bp 88-91° (12

mm) [lit.268-70° (7 mm)]; ir (film) 1695, 1622 cm* 1 NMR (CCU)

5 6.58 (quartet of triplets, 1 H, vinyl, 3Jq = 7, Jt= 2 Hz), 2.67-1.17
(overlapping t and m, 4 H, a-CH2, allylic CH2), 1.70 (doublet of
triplets, 3 H, CH3,Jd= 7,Jt= 1Hz), 1.82 (m, 4 H, CH2); 2,4-dini-

trophenylhydrazone mp 216.5-218° (lit.22219-220°).

Isolation of a Less Stable Oxime. 2-Benzylcyclohexanone
(Z)-Oxime. To a yellow solution of dilithio cyclohexanone oxime,
prepared from 5.65 g (0.05 mol) of cyclohexanone oxime in 70 ml of
THF and 60 ml of 1.66 M butyllithium (0.1 mol), was added a solu-
tion of 6.33 g (0.05 mol) of benzyl chloride in 30 ml of THF. The
yellow solution was stirred for 1 hr and 50 ml of water was added.
The aqueous layer was extracted with ether and the combined or-
ganic solution was dried over magnesium sulfate and evaporated.
The residue was recrystallized from methanol to give 8.63 g (85%)
of 2-benzylcyeiohexanone (Z)-oxime: mp 103.6-104.4°; ir (KBr)
3240, 1664 cm 'L, NMR (CDC13) 59.76 (s, 1 H, OH), 7.18 (s, 5 H,
Ar), 3.74 (m, 1 H, a-CH), 2.78 (d, 2 H, ArCH2), 2.26 (m, 2 H, a-
CH2), 1.50 (m, 6 H, CH2); 2,4-dinitrophenylhydrazone mp 162.5-
164° (1it.23 163-165°). A portion (1 g) of the Z oxime was heated in
an oil bath to 130° for 3 min and cooled, and the solid recrystal-
lized from methanol to give 0.85 g of 2-benzylcyclohexanone (E)-
oxime: mp 125° (lit.24 125.5-126.5°); ir (KBr) 3230, 1675 cm*“
NMR (CDCI3) 58.13 (s, 1 H, OH), 7.22 (s, 5 H, Ar), 2.72 (m, 5 H,
CH, CH2), 1.62 (m, 6 H, CH2).

Registry No.—7, 2550-27-8; 8, 127-06-0; 8", 57428-27-0; 12,
1489-28-7; 20, 100-64-1; 20 dilithio derivative, 57428-28-1; 21,
1192-28-5; 21 dilithio derivative, 57428-29-2; 2-(3'-chloro-2'-buten-
yl)cyclopentanone oxime, 57428-30-5; 2-(3'-chloro-2'-butenyl)cy-
clopentanone, 57428-31-6; 2-hydroxy-2-methylbicyclo[3.2.1]octan-
8-one, 57428-32-7; 2-ethylidenecyclohexanone, 1122-25-4; 2-ben-
zylcyclohexanone (Z)-oxime, 57428-33-8; 2-benzylcyclohexanone
(£)-oxime, 57428-34-9; 2-methylcyclohexanone, 583-60-8; 2-meth-
ylcyclohexanone (£)-oxime, 32179-89-8.
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A series of oxygenated 1,2,3,4-tetrahydroisoquinoline-I-carboxylic acids has been electrochemicaliy oxidatively
decarboxylated to yield 3,4-dihydroisoquinolines. The 3,4-dihydro derivatives were reduced chemically to tetra-
hydro derivatives for isolation. Overall yields were 50-90% in simple cases. The ease of decarboxylation was corre-
lated with the electron density of the aromatic ring, and the decarboxylation is thought to be triggered by removal
of electrons through the ring, making it an example of the pseudo-Kolbe reaction. The effect of various functional
groups was studied, and a concerted two-electron mechanism is proposed. The reaction tends to support Hahn's
theory of the biosynthesis of isoquinoline alkaloids by providing a laboratory analogy for the crucial decarboxyla-
tion step. The possible impact of this observation on classical ideas of oxidative phenol coupling reactions is dis-

cussed.

The nitrogen atom, carbons 3 and 4, and the aromatic
ring of the isoquinoline portion of the isoquinoline alka-
loids are derived biosynthetically from tyrosine, probably
by way of 3,4-dihydroxyphenylalanine (Dopa) and /3-(3,4-
dihydroxyphenyl)ethylamine (dopamine, 1).2 The source of
carbon 1, the various groups attached to it, and the mode of
ring closure have not been clearly established. Two major
theories have emerged as shown in Scheme 1.3 According to
one theory, carbon 1 is an aldehyde carbon; the ring closure
is a classical Pictet-Spengler reaction; and the tetrahydroi-
soquinoline is formed directly (1 — 2). According to the
second theory, generally attributed to Hahn,4a and recently
considered by others,4b'c carbon 1 is derived from the ke-
tone carbonyl of an a-keto acid (1 —* 3) and a decarboxyla-
tion is needed to yield the final product (3 —2). Both ring
closures have been shown to take place readily under
“physiological conditions” when a free phenol group is
ortho or para to the point of closure. Since a-keto acids are
more stable metabolites than aldehydes and are readily
available by transamination reactions from amino acids,
the Hahn route is the more plausible of the two possibili-
ties. The problem with the Hahn theory is that no methods
have been found for decarboxylating the tetrahydroisoqui-
noline-l-carboxylic acids (3) under any conditions that
could be termed “physiological”. In this paper, we would
like to describe a decarboxylation reaction which may well
suit this purpose.

Kapadia, Leete, Fales, and their co-workers3 have re-
cently shown that the cactus alkaloids, anhalamine (5) and
anhalonidine (6), are definitely synthesized in the plant by
the Hahn route (Scheme I1). The intermediate carboxylic
acids, 7 and 8, were isolated from the cactus and shown by
radioactive tagging experiments to be intermediates. The
interesting point to us was that when acid 8 was incubated
with fresh cactus slices, the product of the decarboxylation
reaction was not the alkaloid 6, but the 3,4-dihydroisoqui-
noline 10. Thus, it appeared that the crucial decarboxyla-
tion may be an oxidative decarboxylation (3 -*= 4) and that
a reduction step (4 —2) may be necessary to yield the alka-
loid. Since the logical site for any oxidation of the carboxyl-
ic acids would be the phenol groups present in the aromatic
ring, or even the ring itself, it appeared that our experience
in the electrochemical oxidation of phenolslb might be ap-
plicable. Thus, a series of substituted isoquinoline deriva-
tives, 11-20 (Table I), was prepared for study.

Preparation of Starting Materials. Compounds 11, 12,
and 13 were prepared from the appropriate phenylethyla-
mines and pyruvic acids by a classical Pictet-Spengler syn-
thesis5 (1 —=3) and suitably modified by methylation6 and/
or acetylation7 to give 15, 17, and 18. Compounds 14 and 16

Scheme |
Scheme 11
RCOCO.H
7 R=H 5R=H
8.R = CH; 6.R = CH,

were prepared through a Bischler-Napieralski reaction8 to
yield 3,4-dihydroisoquinolines which were substituted at
the 1 position by the Reissert sequence worked out by
Shamma and Jones.9 Compounds 1910 and 204a are known
and were prepared by a Pictet-Spengler synthesis.

The NMR spectra of compounds 12-18 are summarized
in Table Il as far as they were interpretable. In addition to
the peaks noted, the compounds showed entirely predict-
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A. Those containing two phenol groups (11 and 19) are oxi-
dized at potentials 0.2-0.3 V lower than those containing
one phenol group (20, 12-15), and those containing no phe-
nol groups (17 and 18) are relatively difficult to oxidize.
Second, it makes little difference whether the free phenol
group is meta (14 and m-hydroxyphenylacetic acid) or para
(12 and p-hydroxyphenylacetic acid) to the phenylacetic

Compd R, r2 R3 acid part of the molecule. This is of interest because a para
11 H H cbh5ch?2 H phenol group is necessary to promote a facile isoquinoline
12 H ch3 p-ch3oc,h4ch?2 H ring closure (1 —3). It is interesting, however, that a phe-
13 H ch3 p-HOC6EHACH2 H nol group in ring A is not necessary for decarboxylation
14 ch3 H e6HSCH2 H since 17 and 18 are decarboxylated, albeit with complicat-
15 H ch3 p-CH30C6H4CH2 CH3CO K .

16 ch3 ch3 p-hocbhdch2 H ing secgndary reactions. o
17 ch3 ch3 p-ch3oc6bhich?2 H As will be shown subsequently, the initial products of the
18 ch3 ch3 p-ch3ocbhdch?2 ch3co preparative oxidations of compounds 11-15 and 17 at po-
19 H H ch3 H tentials similar to the values of the lowest half-wave poten-
20 H ch3 ch3 H tial are, indeed, the predicted 3,4-dihydroisoquinolines
Table 11
NMR Spectral Data on Starting Materials and Products
NMR Shift, 5b
Compd Solvent3 CSH C8H 6-OCH3 7-OCH3 ca H Other
12 CDjCN—NaOD 6.28 7.16 3.80 3.25
AB, ics = 8 Hz
JAB = 13 Hz
13 CD3CN—NaOD 6.34 7.23 3.81 3.14
AB, ics = 19 Hz
e/"B = 13 Hz
14 Me2SO—NaOD 6.49 7.13 3.66 3.12
AB, ics = 12 Hz
Jp,b = 13 Hz
15 Acetone-d6 6.38 7.00 3.75 2.02, CH3CO
16 Me2S0O—-NaOD 6.48 7.24 3.74 3.67
17 CF3CO,H 6.99 7.59 4.1 4.03 3.99, OCH3
18 Acetone-d6 6.51 7.11 3.82 3.76 3.63, OCH3
3.0, CH3CO
22 Me2SO—CC14— 6.86 7.56 3.86 4.47
cf3co2h
25 cdci3 6.66 6.66 3.83 4.15 3.83 4-OCH3
26 CDC13—NaOD 6.81 6.57 3.83 4.15 7.32, benzyl
27 CDClj—Me2S0 6.81 6.81 3.70 3.80, 4-OCH3 7.53,
AB, ics = 50 Hz,
~AB = 8 Hz
28 CDC13 6.49 6.49 3.77 3.70 7.16, benzyl
29 Me2SO—HC1 6.67 6.25 3.57 3.33 CQOCH3
30 Me2SO—HC1 6.63 6.24 3.56 3.3, 3.2 two Ca
och3
32 CDClIj 6.80 7.00 3.80 3.88 7.53, AB, ics = 58
33 CC14-CDC13 6.52 6.40 3.75 3.67 4.15 Hz, JAB = 9 Hz
NaOD
34 CDC13 6.74 6.74, 3.75, 4.92, 1.80 COCH3
7.30 3.80 5.05 4.1, 4-OCH3
35 cdci3 7.29 6.92 3.90 4.17 1.9 COCH3

aMe2SO is dimethyl sulfoxide; NaOD and DC1 imply that the solvent was just basified or acidified with NaQD—D20 or
DC1-DjO, respectively. bThe term ics refers to the distance between the inner peaks of a pattern.

able aromatic peaks for the protons on the benzyl ring and
poorly resolved multiplets in the region of b 2.5-3.5 corre-
sponding to four protons on carbons 3 and 4. The most in-
teresting feature is the presence of the Cg H at exceptional-
ly low fields (over 5 7), probably due to the conformation of
the molecule dictated by the carboxyl group at Ci.

Voltammetry. Compounds 11-20, m- and p-hydroxy-
phenylacetic acids, and the reaction products 22 and 27
were studied by cyclic voltammetry in two solvent systems,
0.1 M NaHCOg in Me0O H-H 20, 6:4, and 0.1 M NaOMe in
MeOH. The cyclic voltammograms (Figure 1 for 12 is rep-
resentative) seem to indicate an irreversible EC process.11
The half-peak potentials are given in Table III.

Several conclusions may be drawn from the data in
Table Il1. First, the ease of oxidation can be directly corre-
lated with the number of free phenol groups present in ring

shown in Schemes | (4) and Il (10). Since such a decarbox-
ylation requires the loss of two electrons and a coulometric
experiment on 12 indicated a two-electron reaction, it is
reasonable to believe that the lowest half-wave potential is
that of a two-electron oxidation. The second half-wave po-
tential at about +0.3-0.4 V observed for most of the com-
pounds and the products, 22 and 27 (Scheme Il), is appar-
ently associated with the 3,4-dihydroisoquinoline moiety in
some as yet unknown way. It is of interest to note that the
half-wave potential of the decarboxylated product (of 12,
for example) is about 0.2 V higher than that of the starting
carboxylic acid. Thus, the oxidation has a convenient
“stopping place” which will be referred to in the Discus-
sion.

It appears from the data that the oxidative decarboxyla-
tion depends upon the relative electron density in the aro-
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matic ring and, further, that the electrons are probably
withdrawn through the aromatic ring. Two recent papers in
electrochemistry clearly point to the same conclusion. Cole-
man, Utley, and Weedon12 studied the decarboxylation of a
series of substituted phenylacetic acids (some are in Table
111), and concluded that electron-rich ring systems tended
to promote a two-electron, oxidative reaction leading to
carbonium ion formation at the carbon containing the orig-
inal carboxyl group.13 Furthermore, the oxidations of some
anthracene-10-acetic acids and their salts have supported
this conclusion.14 Eberson has called this type of reaction a
“pseudo-Kolbe reaction”.

Preparative Oxidations and Products. Preparative
oxidations of compounds 11-18 were carried out in two sol-
vent systems, 0.1 M NaOMe in MeOH and 0.1 M NaHCCU
in MeOH-FUO (2:1). The anode was graphite felt; the cath-
ode was platinum; the potential was controlled by a poten-
tiostat against a standard calomel electrode; and the reac-
tions were carried out under nitrogen in a two-compart-
ment cell.15 The two solvent systems each had advantages
and disadvantages. Oxidations in the NaOMe system took
place at lower potentials and showed less electrode coating
than those in the NaHCO03 system. Frequently, however,
overoxidation to 1l-benzoyl-3,4-dihydroisoquinolines (such
as 27, 31 and 32) or to a-methoxy derivatives (such as 29
and 30) was unavoidable in the NaOMe system. The
NaHCO03 system allowed cleaner reactions for some of the
substrates, but frequently led to serious electrode coating.
Furthermore, some of the substrates were not very soluble
in the NaHCOs system.

The products of the various reactions are shown in
Scheme IIl, and their NMR spectra are summarized in
Table Il. Under optimized conditions for each substrate,
compounds 11, 12, and 14 were decarboxylated to the dihy-
droisoquinolines 21, 22, and 23, and reduced in the electro-
lytic cell with NaBFU to give the tetrahydroisoquinolines
24, 25, and 26. Compounds 11 and 14 were decarboxylated
in the NaOMe system whereas 12 was oxidized in the
NaHCOs system. The diphenol 24 was methylated to the
known compound 2816 in an overall yield of 66%. Com-
pound 25 was obtained in a yield of 88%. It gave the correct
analysis and had the NMR pattern expected. Compound 26
is known17 and was obtained in 52% yield.

In the oxidations of 11, 12, and 14, the immediate prod-
ucts of electrooxidation, 21, 22, and 23, were observed by
TLC to be the sole or major products. The TLC spots on
silica gel GF254 had a characteristic blue fluorescence
when viewed at 254 and at 360 nm. In the oxidation of 12,
the intermediate dihydro compound, 22, was isolated and
partially characterized. This oxidation, carried out. in the
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Table 111
Half-Wave Potentials of Some
Tetrahydroisoquinoline-l-carboxylic Acids and
Reference Compounds

Half-wave potentials

Hy- 0.1 M NaOCHj 0.1 M NaHCOj in
droxyl in MeOH MeOH—H20 (2:1)
groups
in 1st 2nd 1st 2nd
Compd ring A wave wave wave wave
Isoquinoline Acids
11 2 -0.17 0.32 0.00
19 2 -0.17 0.31 0.03
20 1 0.08 0.30 0.18 0.38
12 1 0.08 0.30 0.13 0.36
13 1 0.05 0.30 0.13 0.36
14 1 0.10 0.27 0.22
15 1 0.14 0.30 0.21 0.35
16 0 0.28 0.40 0.37
17 0 >0.60 >0.80
18 0 >0.60 >0.80
Reference Compounds
Hydroxy - 0.29 0.38
phenylace-
tic acid
T-Hydroxy- 0.34 0.43
phenylace-
tic acid
p-Methoxy- 1.39«
phenylace-
tic acid
Phenylacetic
acid 2.5«
Representative Products
22 0.30 0.34
27 0.36 0.36

«These values were taken from ref 12 and may not be
directly comparable with others.

NaOMe system, yielded a separable mixture of 22 and the
product of the overoxidation, the 1-benzoyl derivative, 27.
Compound 22 had a typical C=N ir absorption at 1600
cm-1 and an NMR peak attributable to the C,,H which var-
ied from S 4.05 in phosphate pH 7.5 buffer to 4.5 in
CF3CO2H-CDCI3 to 4.7 in DCI-CDCI3. This striking be-
havior is presumably due to the difference in degree of ni-
trogen protonation in the various media. On recrystalliza-
tion, 22 was partially converted to 27 by air oxidation.18
The ketone 27 was characterized by its NMR spectrum,
which showed an unusually large spacing between the two
halves of the AB pattern due to the aromatic protons of the
benzyl ring (50 Hz). This is due to the strongly electron-
withdrawing effect of the keto group. Compound 27 was
methylated to give the known compound 32.18 The overoxi-
dation to the 1-benzoyl derivatives was not noticed when
no oxygen was present in the benzyl group.

When free phenol groups were present in the para posi-
tion19 of the benzyl group and in the isoquinoline ring, oxi-
dation at the a carbon of the benzyl group is unavoidable.
Thus, 13 on oxidation in the NaOMe system followed by
NaBHA4 reduction led to the methoxylated products, 29 and
30. Compounds 29 and 30 had clear methoxyl peaks in their
NMR spectra which were neither aromatic methoxy groups
nor MeOH/ These peaks disappeared when 29 and 30 were
hydrogenolyzed over Pd on carbon to give the known com-
pound 33.20 The methoxylation reactions are charateristic
anodic substitution reactions.21'2

When a free phenol was present in the benzyl ring and
none was present in the isoquinoline ring (as in 16), exten-
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Scheme 111
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sive fragmentation resulted and no products were isolated.
Such fragmentations have been previously noted.2324
When no phenol groups are present, as in 17, decarboxyla-
tion did take place at a high potential in the NaOMe sys-
tem to give 29% of the known 1-benzoyl derivative 3218 and
5% of the compound methyl anisate.25 Compound 32, like
27, showed a large spacing (58 Hz) between the halves of
the AB pattern in its NMR spectrum, due to the ketone.
The role, if any, of the isoquinoline nitrogen in the decar-
boxylation is not clear, although it certainly furnishes an
electron pair for the formation of the 3,4-dihydroisoquinol-
ines. It is known that N-acylated alanines can be decarbox-
ylated electrochemically in MeOH to give methyl ethers,26
and quinuclidene-2-carboxylic acid has been decarboxylat-
ed to yield 2-methoxyquinuclidine.27 In our experiments,
acetylation of the nitrogen has little effect on the ease of
oxidation in one case (compare 12 and 15 in Table 111), but
seemed to block the reaction entirely in another case (com-
pound 17 vs. 18). The major product from the preparative
oxidation of 15 in the NaHCOa system was the ketone 27
(Scheme 1V) in 26% yield. Compound 27 is the product of
decarboxylation, a remarkably easy deacetylation, and
overoxidation at the a carbon. The more interesting prod-
ucts, however, are 34 and 35, which were obtained in yields
of 9 and 15%, respectively. When treated with acid, 34 is
rearranged to 35. Compound 34 showed essentially a dou-
ble NMR spectrum, probably due to a cis-trans mixture
around the double bond. Compound 35 was completely

HOA RjO
. fy A~
INH
1 MeO'"A Jk r,OMe MeCf
"OMe
fy roro©
HO™ rdo/
30 31,R,R2=H
32,Ri,r2=ch3
Scheme IV
15 R=H
18 R= CH)
H+
/ \
HO. _ v
INCOCH. / - i
MeO 1 + MeO V k y NCOCHi
fy AY
MeO MeO™ J
34 35
+ 27

characterized by its NMR spectrum, especially the large
shifts for C5H and CsH and the CJH at 8 4.17 (Table II).
Both 34 and 35 had carbonyl absorptions at 1650-1660
cm-1 in their ir spectra. The isolation of 34 and 35 show
how the decarboxylation reaction can lead to quinone
methides and unsaturated compounds which may be of in-
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terest in the “oxidative coupling” of phenolic isoquinolines
(see Discussion).

When the nitrogen was acylated and no phenol groups
were present as in 18, no decarboxylation took place up to
about 1.0 V and starting material was recovered.

All of the products mentioned gave calculated mass spec-
tral molecular ions and fairly predictable fragmentation
patterns.11

Discussion

It appears that the oxidative decarboxylation involves
the removal of electrons through the aromatic ring and is of
the “pseudo-Kolbe” type.14 Since it makes little difference
whether the free phenol is in the 6 or 7 position, any mech-
anism must be a fairly general carbonium type.12-14 The re-
action could take place by two paths. In the first path the
electrons might be removed one at a time in a conventional
ECE process similar to that proposed by Coleman and Eb-
erson for the “pseudo-Kolbe” reaction.14 The second path
might then be a concerted reaction in which two electrons
“flow” out through the aromatic ring at the same time that
CO2 s lost. It is impossible to state whether either or nei-
ther of the paths is valid. However, it does appear from the
voltammetry that a single two-electron wave is present at
which, on preparative reaction, the appropriate products
are obtained. This is supported by a crude coulometric
study on 12 which indicated that about two electrons per
mole of 12 were transferred during the reaction. Since the
decarboxylations do take place at the same potentials as
phenol oxidations and phenol oxidations certainly take
place in natural environments,2829 these decarboxylations
would appear to be plausible model reactions supporting
Hahn'’s hypothesis for insoquinoline alkaloid biosynthesis.

The most interesting redox systems in isoquinoline bio-
synthesis are, however, surely the phenol coupling reac-
tions which lead from the simple 1-benzyltetrahydroisoqui-
nolines to a large number of complex alkaloids.30 Most, but
not all, of these coupled products involve the loss of two
electrons per isoquinoline residue. Thus, coupling tends to
be intramolecular (two electrons per molecule) or to in-
volve the formation of a double coupled intermolecular
dimer (four electrons, two per isoquinoline). If Hahn’s hy-
pothesis is correct, and if the decarboxylation is oxidative
as we suggest, the 3,4-dihydroisoquinoline products have
the correct oxidation state for the majority of the coupled
isoquinoline alkaloids. The various coupled products would
then be formed by some type of quinone addition3l and
without further oxidation. This would then be an example
of what Hamilton29 has called a NOC or nonoxidative cou-
pling. A few examples of reactions which may involve such
quinone additions in the isoquinoline series have been ob-
served by Hoshino, Toshioka, and Umezawa32 and by Kup-
chan and Liepa.33

Such an hypothesis has considerable appeal in that the
decarboxylation could serve as a driving force for the oxi-
dation. Furthermore, the oxidation would be expected to
stop after the loss of two electrons due to the relative deac-
tivation of the aromatic ring by the 1,2 double bond (see
Table 111, 22 and 27 vs. others). Much of the difficulty en-
countered in laboratory oxidations of phenols has been
caused by overoxidation. It is quite likely that coupling re-
actions could be triggered by pH changes or by quaterniza-
tion of the nitrogen in the 3,4-dihydro compounds. Experi-
ments to check this hypothesis are in course.

It remains to be seen whether electrochemical decarbox-
ylations can be made to serve an even wider role in biom-
imetic alkaloid synthesis. Van Tamelen and his co-work-
ers34 have made a case for the involvement of some oxida-
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tive decarboxylations of amino acids in biosynthesis. Some
of these intermediates were 3-carboxy-1,2,3,4-tetrahydroiso-
quinolines and 2,3,4,5-tetrahydro-(3-carboline-4-carboxylic
acids. The oxidant used to test the hypothesis was hypo-
chlorite, and the results were inconclusive. In that case, the
point of oxidation was the nitrogen rather than, as in our
case, the aromatic ring. The ring was also separated from

the carboxylic acid by one additional saturated carbon
atom.

Experimental Section3%b

Preparation of 11, 12, and 13. Phenylpyruvic acid (2.3 g, 139
mmol) was added to 24 g (13.1 mmol) of /3-(3,4-dihydroxyphen-
yl)ethylamine hydrochloride in 40 ml of H.O, and the pH was ad-
justed to 4.5-5.0 with NH:OH. The product crystallized during 5
days and was collected by filtration, washed (cold H.0, then
EtOH, then acetone), and dried to give 3.3 g (87%) of 11. Com-
pound 11 was crystallized from concentrated HC1 MeOH (1:2) to
give 11 hydrochloride, mp 243-246° dec (lit:o 240° dec).

In a similar manner. 12 was prepared in :: % yield from p-
methoxyphenylpyruvic acid and /?-(3-hydroxy-4-methoxyphen-
yl)ethylamine hydrochloride. The hydrochloride of 12, prepared
from concentrated HCI-MeOH (1:1), melted at 258-261° dec, mass
spectrum M+ m/e 343, calcd 343 (CisH2:NO:s).

Anal. Calcd for Ci9sH.iNOs-HC1: C, 60.02; H, 5.84; N, 3.68.
Found: C, 59.79; H, 6.11; N, 354.

In a similar manner, 13 was prepared in ¢s % yield from p-hy-
droxyphenylpyruvic acid and /3-(3-hydroxy-4-methoxyphenyl)eth-
ylamine hydrochloride. Compound 13, as the free base, was crys-
tallized from MeOH, and melted at 270° dec.

Anal. Calcd for CisHisNOh C, 65.65; H, 5.77; N, 4.25. Found: C,
65.23; H, 6.07; N, 4.14.

Preparation of 14 and 16. Benzoyl chloride (16 ml, 135 mmol)
was added dropwise to a vigorously cooled (o °), stirred solution of
7-benzyloxy-6-methoxy-3,4-dihydroisoquinoliness (13 g, 49 mmol)
in a two-phase system of 100 ml of CH.CL and 40 ml of HD con-
taining 14 g of KCN.s» The mixture was stirred for an additional 2
hr at room temperature. The CH.Cl. layer was separated, washed
(H:0, 10% HC1, 5% NaOH, and saturated NaCl, successively),
dried (Na:S. + ), and evaporated to a gum. Trituration of the gum
with MeOH gave 7.5 g (39%) of crystalline A-benzoyl-7-benzyloxy-
6-methoxy-I-cyano-l,2,3,4-tetrahydroisoquinoline, mp 178-180°.

Anal. Calcd for C:sH::N20 5 : C, 75.36; H, 5.57; N, 7.03. Found: C,
75.11; H, 5.73; N, 7.10.

Benzyl chloride (3.23 g, 25.6 mmol) was added to a cooled (0-
10°) suspension of the above nitrile (s s g, 17.1 mmol) in 30 ml of
dried (molecular sieve 3 A) dimethylformamide. Sodium hydride
(850 mg, 17 mmol in a 48% oil dispersion) was added slowlys The
cooling bath was removed, and the mixture was stirred for 15 hr
during which time the suspension became a clear, light yellow solu-
tion. The reaction mixture was poured over crushed ice to give a
white gum. The gum was collected by filtration and triturated with
warm MeOH to give crude N-benzoyl-7-benzyloxy.. -benzyl-: -
cyano-6-methoxy-1,2,3,4-tetrahydroisoquinoline.

The above crude benzylisoquinoline nitrile (1.5 g, 3.06 mmol)
was hydrolyzed by heating it to 100° in 10 ml of 85% H:PO. for 15
min. The mixture was cooled, diluted with 10 ml of ice water, and
filtered. The filtrate was carefully neutralized with NH. OH. After
standing overnight at 0-5°, the product precipitated to give, after
collection by filtration, 0.9 g (s s %) of 14. Crystallization from con-
centrated HCI-MeOH (1:1) yielded the hydrochloride of 14, mp
245-248° dec.

Anal. Calcd for CisH:sNO.-HCL: C, 61.80; H, 5.76; N, 4.00.
Found: C, 61.88; H, 5.49; N, 3.82.

In a similar sequence, the known compound, iV-benzoyl-1-
cyano-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline s was convert-
ed in 61% yield to iV-benzoyl-I-(p-benzyloxybenzyl)-I-cyano-6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinoline, mp 152-153° from
MeOH.

Anal. Calcd for casH3on204: C, 76.42; H, 5.83; N, 5.40. Found: C,
76.61; H, 6.00; N, 5.53.

Again, in a similar manner, the benzyloxybenzyl isoquinoline ni-
trile was hydrolyzed to give, in % Yyield, 16. Recrystallization
from concentrated HCI-MeOH (1:1) gave white microcrystals, mp
244-247° dec.

Anal. Calcd for CisH..NOs-HCL: C, 60.08; H, 584; N, 3.69.
Found: C, 60.45; H, 6.11; N, 3.42.

Preparation of the JV-Acetyl Derivatives, 15and 18.7 Acetyl
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chloride (1.1 g, 14 mmol) was added dropwise to a stirred mixture
of 1 g (3 mmol) of 1. and 1.65 g of K.CQOs in 75 ml of acetone. The
mixture was heated to reflux for 20 hr. The inorganic salts were re-
moved by filtration, and the filtrate was evaporated to near dry-
ness, taken up in CHCIs, washed (10% HC1, H:O, and saturated
NaCl, successively), dried (Na-SC»), and evaporated to give 0.42 g
(26%) of crystalline 15. Recrystallization from cci4 yielded pure 15
as white needles, mp 143-145°.

Anal. Calcd for C.1H2sNOs: C, 65.44; H, 6.01; N, 3.64. Found: C,
65.28; H, 6.07; N, 357.

In a similar manner, acetylation of 17 yielded 18 in 24% yield.
Compound 18 melted at 124-126° and had an NMR spectrum sim-
ilar to that of 15 except that three OCH: peaks were present.

Anal. Calcd for C.:H:sNo 6 C, 66.15; H, 6.31; N, 351. Found: C,
66.43; H, 5.95; N, 3.89.

Preparation of 17. A large excess of CH:N. (from 7.5 g of
IV, IV-dimethyl-TV,N'-dinitrosoterephthalamide;s in 200 ml of
ether was added to 3.0 g of 12 in 50 ml of MeOH. After being
stirred overnight at about .. °, the solvents were evaporated and
the CH:N: treatment was repeated. Evaporation of the solvents
and partition of the residue between CHCI: and phosphate buffer
(pH 7.5) afforded a CHCIs extract which, after evaporation, gave
3.2 g of the methyl ester of 17 as a light yellow oil. The oil was dis-
solved in CHCls-hexane (1:1) and purified by passing it over a
short column of silica gel GF (2X1 in.). Evaporation of the sol-
vents gave pure ester. This ester (3 g) was saponified by heating it
to reflux with 1 g of KOH in 10% aqueous EtOH for 2 hr. Upon
cooling the mixture in ice, the potassium salt of 17 precipitated
and was collected by filtration. The salt was dissolved in 100 ml of
alcoholic NaOH [10% in EtOH-H:» (1:1)] and acidified with HCL
The hydrochloride of 17 precipitated (2.8 g, 90%) and was recrys-
tallized from concentrated HCI-MeOH (1:1) to give white needles,
mp 278-281°.

Anal. Calcd for CzoNOe-HCI-HjO: C, 58.32; H, 6.36; N, 3.40.
Found: C, 58.49; H, 6.33; N, 3.72.

Oxidative Decarboxylations. General Procedure. The oxida-
tions were conducted on a graphite felt anode (6.2 X 16 cm) sepa-
rated from a Pt cathode by a medium porosity glass frit:s The re-
actions were carried out under nitrogen at 15-25°. A standard cal-
omel electrode was connected by a salt bridge to a point as close as
possible to the anode, and the potential was electronically con-
trolled. In general, about 1.5 mmol of substrate was added to a
stirred, preequilibrated, preelectrolyzed, deoxygenated cell con-
taining about 250 ml of electrolyte. The anode potential was ad-
justed so that 20-50 mA of current passed and the reaction was
continued until the current dropped back to the residual of 5 mA
or so or until TLC showed that no starting material remained. The
reaction mixture, along with the anode, were blended in a Waring
blender, and the suspension was filtered. The particles of anode
were washed several times with MeOH, and the combined filtrate
and washings were evaporated to a residue and processed for spe-
cific compounds.

Oxidation of 11. Compound 11 (500 mg) was oxidized at —0.28
V in 250 ml of 0.1 N NaOMe in MeOH. The initial current of 43
mA fell to a residual in 3 hr; the oxidation was stopped; and the re-
action mixture was processed as described above. The residue so
obtained was extracted twice with MeOH, and the MeOH extracts
were treated with CH:N: (from 7.5 g of /V.N'-dimethyl-N./\V'-dini-
trosoterephthalamide). After about 15 hr, the solvents were evapo-
rated, and the methylated compound was dissolved in 15 ml of
MeOH, cooled in ice, and stirred while 0.5 g of NaBH. was added.
The pH was maintained between s and 7 by periodic additions of ¢
N HCL After 2.5 hr, the MeOH was evaporated, and the residue
was partitioned between CHCI: and saturated aqueous NaHCOs.
The layers were separated; the agueous portion was washed once
more (CHCIs); and the combined CHCIs extracts were washed
(twice with saturated NaCl), dried (Na:So«), and evaporated to
yield 524 mg of crude product. Purification by preparative TLC
yielded 310 mg (ss %) of I-benzyl-6,7-dimethoxy-l1,2,3,4-tetrahy-
droisoquinoline (28), the NMR spectrum of which checked exactly
with the literature 16

Oxidation of 12. Compound 12 (515 mg) was oxidized at +0.01
V in 250 ml of 0.1 N NaOMe in MeOH. The initial current was 48
mA, and the reaction was continued until starting material was
gone (TLC, CH:CN-H-O, 85:15), in about 3.7 hr. The mixture was
processed as described above, and the residue was partitioned be-
tween CHCIs and aqueous, pH 7.5, phosphate buffer. The CHCls
layer was washed (saturated NaCl), dried (Na-So 4), and evapo-
rated to give 485 mg of products (22 and 27) which was separated
on a short column of silica gel G using CHCIs as an eluent. Com-
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pound 22 (130 mg, 29%) showed the expected C=N peak in its ir
spectrum and has a predictable NMR and mass spectrum. Since it
decomposed on attempted crystallization to give 27, it was charac-
terized by NaBH. reduction to give 25 as characterized below.
Compound 27 (235 mg, 50%) melted at 186-188°: mass spectrum,
M+ m/e 311, caled 311; ir (CHCIs) 1645 cm.. (C=0). Compound
27 was methylated as described above to yield 32, mp 103-106°
lit:s 105°).

( Compou)nd 12 (515 mg) was also oxidized at 0.28 V in 250 ml of
0.1 M NaHCOs in MeOH-H: ., 6:4. The initial current of 34 mA
dropped rapidly to about 12 mA, and the reaction was continued
for 6.5 hr. The electrolyte solution, still in the cell, was made
slightly acidic (pH about 6.5) with HC1 and treated with 1 g of
NaBIU- The solution was kept acidic by periodic acid additions.
The mixture was processed as described above, and the residue
was acidified with HCL. Crystallization from MeOH gave 445 mg
(s s %) of 25 as its hydrochloride, mp 233-234°.

Anal. Calcd for Cig”"NOsCI: C, 64.37; H, 6.55; N, 4.17. Found:
C, 64.62; H, 6.61; N, 4.11.

Oxidation of 14. Compound 14 (300 mg) was oxidized in the
methoxide system for 5.5 hr. The potential was slowly raised from
0.0 to +0.2 V to maintain a current of 37 mA during the reaction.
The reaction mixture was acidified, reduced with NaBH,t, and pro-
cessed as described above for 12. The residue was dissolved in 5 ml
of MeOH-HCI (1:1) and precipitated with 10 ml of acetone to yield
153 mg (52%) of the hydrochloride of 26, mp 115-119°, which was
identical with a known sample..-

Oxidation of 13. Compound 13 (500 mg) was oxidized in the
methoxide system at —0.12 V for 4.5 hr. Preliminary attempts to
isolate the two observed products, probably the 3,4-dihydroisoqui-
nolines corresponding to 29 and 30, were unsuccessful owing to
their instability. The reaction mixture was then reduced with
NaBHi as described for 12. Compounds 29 and 30 were isolated by
preparative TLC (CHCl:-MeOH-NH.iOH, 100:25:0.1) in yields of
77 (16%) and 16 mg (3%), respectively. These compounds showed
methoxyl groups in their NMR spectra at b 3.33 for 29 and at 53.2
and 3.3 for 30 along with the presence of one and no protons on C,,,
respectively. The remainder of the spectra were as predicted. Fur-
ther characterization was not possible, and both compounds were
methylated with CH:N. and hydrogenolyzed over Pd/C in EtOH
to give 33. Compound 33 was found to be identical with a sample
prepared from 25 which had the properties recorded 1s

Oxidation of 15. Compound 15 (423 mg) was oxidized in the bi-
carbonate system for 35 hr at +0.15 V. The contents of the cell
were processed as described in the general procedure, and the resi-
due was separated by preparative TLC (CHCl:-EtOH, 9:1) to give
0. 088 g (26%) of 27, identified previously, and a pair of tautomers,
34 and 35, in amounts of 35 (9%) and 55 mg (15%), respectively.
Neither compound gave a satisfactory analysis owing to instability.
Compound 34 melted at 224-226° as crystallized from MeOH and
had the following spectral properties: NMR in Table Il; mass spec-
trum M+ m/e 339, calcd 339.

Compound 35 was not crystalline and had the following spectral
properties: NMR in Table II; mass spectrum M+ m/e 339.1468,
calcd 339.1470.

Compound 34, when allowed to stand overnight in CHClI.-
MeOH-HCI, 2:1:1, was converted to 35 (by TLC) with a small
amount of decomposition. In an experiment 7.3 mg of 35 (46%) was
obtained from 16 mg of 34.

Oxidation of 16 and 18. Compound 16 was oxidized in the
methoxide system at +o.. V. Extensive decomposition resulted,
and no products could be isolated. When 18 was oxidized in the
methoxide system at +0.6-0.8 V, no current flowed, and starting
material was recovered.
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The 13C NMR spectra of caffeic acid (3a) and 3-(3,4-dihydroxyphenyl)lactic acid (4a) and a series of their O-
alkylated derivatives in neutral aqueous solutions are fully assigned. These chemical shifts are used to assign the
carbons of rosmarinic (2) and chlorogenic (5) acids. The foregoing compounds serve as models to interpret the 13C
NMR spectrum of lithospermic acid (1), C2ZrH 2012 Also discussed are the 13C NMR spectra of quinic acid (6)
and two morphinane derivatives, oxymorphone (10), and oxycodone (11), containing aromatic rings structurally

similar to 1.

In recent work on the constituents of the roots of Lithos-
permum ruderale (Dougl. ex Lehm.), we postulated struc-
ture 1 for lithospermic acid, the principal polyphenolic acid
in the plant.1 Rosmarinic acid (2) was also identified as a
minor plant constituent. Evidence for structure 1 and for
the presence of 2 in L. ruderale rested largely on 1H NMR
and mass spectral data from derivatives of 1 and 2. To ob-

tain further confirmation for structure 1 and to develop an
analytical method for the assay of fractionated aqueous ex-
tracts from the plant, we undertook a study of the 13C
NMR spectra of 1, 2, and a series of model compounds.
Compounds 1 and 2 are composed of phenylpropanoid
subunits. For convenience in comparing chemical shift
data, each subunit (the aromatic ring and the attached
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Table 1
Carbon-13 Chemical Shift Assignments of Catechol-Containing Acids0

Acid C-1 C-2 C-3 C-4

(1) Lithospermic acidc

Unit A 123.5 128.6 146.8 144.2

Unit B 130.3 116.9 144.0 1427

Unit C 133.3 113.4 144.2 142.4
(2) Rosmarinic acid

Unit A 126.5 113.6 143.7 146.7

Unit B 129.9 117.1 143.7 1424
(3a) Caffeic acid 127.8 1145 144.1 1459
(4a) 3-(3,4-Dihydroxyphe- 130.8 117.2 143.7 1424

nyl)lactic acid 129.3 117.2 143.7 142.8
(5) Chlorogenic acid

Unit A 126.6 114.1 144.2 147.0

Unit B 76.6 38.3 70.6 72.8
(6) Quinic acid 77.0 40.7 67.1 75.2

74.9 40.3 66.5 75.7

(7) Dopa [3-(3,4-Dihydroxy-

phenyl)alanine] 126.4 117.1 144.3 143.7
(8) 3,4-Dihydroxyphenyl-

acetic acid 129.7 117.2 143.9 1425

C-5 C-6 C-7 C-8 C-9 Cation pH M
K, etc. 55* 0.3
117.6 1214 1424 1156 168.3
116.3 121.6 37.2 76.6 176.9
116.3 118.1 88.9 59.0 178.8
Na 7.5* 0.6
115.9 122.4 1458 115.0 168.6
1159 121.8 36.8 76.2 177.2
116.1 121.4 1410 121.2 176.0 Li 7.4 1.0
116.1 1217 39.7 735 1805 Na 6.2 1.0
116.2 121.8 389 713 1771 (HC1) 0.3 1.0
Na 4.5 0.5
116.0 122.6 1459 1152 168.9
71.0 37.3 180.1
705 374 181.2 Li 4.6 1.2
70.1 36.9 1777 (HC1) 0.7 11
116.6 121.9 351 545 1717 (HC1) 1.0 0.8
116.4 121.6 43.4 181.0 Li 5.2 1.0

0 Spectra were obtained at 15.1 MHz (1 at 25.2 MHz) in HjO (1 and 2 in D20). * These values are pD'’s, i.e., glass elec-
trode measured pH + 0.4. c Most of the carbon resonances of 1 fall in groups where alternate assignments are possible. Many
of our reasons for assigning the carbons as they appear in this table are discussed in the last section of the paper.

three-carbon side chain) has been labeled with a letter, A,
B, or C. Within each subunit, the carbon atoms are num-
bered from C-I to C-9. The model compounds, caffeic acid
(3a) and 3-(3,4-dihydroxyphenyl)lactic acid (4a), are num-
bered by the same system.

,COH
3a,R=R'=H 4a,R = R'=H
bR= Me;R'= H b,R= Me;R' = H
c, R=H;R'= Me ¢ R=H;R'= Me
d R=R'= Me dR=R = Me
e,R-R'=-CH e, R-R'= -CH2

f,R-R' = -CMe,- f,R-R' = -CMe2

Table I contains assignments of the 13C NMR chemical
shifts observed for compounds 1 and 2, the assignments for
model compounds 3a, 4a, chlorogenic acid (5), quinic acid
(G), and 3,4-dihydroxyphenylacetic acid (8)—all in neutral
solution as alkali metal salts—and for comparison the
chemical shifts of 4a, 6, and Dopa (7) in acidic solution.

Chemical Shift Assignments for Monomeric Phenyl-
propanoids. Since both natural products 1 and 2 contain
units like model compounds 3a and 4a, we put a special ef-
fort into correctly assigning the individual carbon reso-
nances in these two models. Using chemical shift theory2
and residually coupled 13C NMR spectra obtained by the
off-resonance decoupling technique, we assigned carbons 1,
7, and 9 of 3a and 1 and 6-9 of 4a. Pairs of similar carbons

8, R= COH

2, 5 and 3, 4 in 3a and 4a and 6, 8 of 3a were not distin-
guishable.

Another way to establish carbon assignments is by analy-
sis of the fine structure of fully coupled 13C NMR spectra.
Coupled spectra can be obtained with NOE enhancement
by alternatively pulsing carbon and proton frequencies, a
technique called gated decoupling.283 The 1,3,4-trisubsti-
tuted benzene derivatives studied here are easily analyzed
by this technique because of the pattern of long-range cou-
pling constants generally observed in benzene rings.4 The
magnitude of the three-bond coupling constant (33) is so
much greater than either 2J or 43 that it will be the domi-
nant factor in determining the fine structure of the carbon
resonances. Spectral parameters for 3a and 4a obtained by
gated decoupling are presented in Table Il. By inspection,
C-2 will have two 3]J's in 3a and three 3J's in 4a, while C-5
will experience no 3J'’s in either compound. Thus in the un-
decoupled spectra of 3a and 4a, C-5 appears as a pair (}J =
160 Hz) of very sharp lines, while C-2 is a pair of triplets in
3a and a pair of quartets in 4a.

A similar analysis can be used to distinguish the pair of
carbons 3, 4 in both models. C-3 should have only a single
3J while C-4 should have two 3J’s. C-4 appears as a clean
triplet with no discernible 2J in both 3a and 4a. Unfortu-
nately the fine structure of C-3 in 3a is obscured by acci-
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Table 11
Fully Coupled 13C NMR Spectra of 3a and 4a

C-2 C-3 C-4

C-5 C-6 C-7 C-8 C-9
3a multiplicity, ‘“*cH, Hz S d, 157 S S d, 160 d, 160 a d, 155 S
Fine structure, VcCH, m t, a t, S dd, m S dd, 3,
3JCCCH, Hz 5.4 7.0 6,7 7
4a multiplicity, 'Jgh, Hz s d, 162 s s d, 164 d, 164 t, 132 d, 151 S
Fine structure, 2Jcch > tt, 2+ a, dd, 3 t, s q, t t, 4 b
~CCCH >Hz 7 6 7 7+ 6 4

" Not analyzable owing to accidental overlap of C-3 resonance with the low-field leg of C-7 resonance. b Not measured.

Table 111
Carbon-13 Chemical Shifts of Alkylated Catechol Acids"

Cat-
Acid C-1 C-2 C-3 C-4 C-5 C-6 Cc-7 C-8 C-9 c-o0c-C-O ion pH

(3b) Ferulic acido-" 127.7 1105 147.1 146.4 1153 121.9 141.3 121.1 175.8 55.6 Li 6.6
(3c) Isoferulic acid 128.0 113.5 144.7 1485 111.6 121.5 140.8 121.3 175.7 55.5 Li 7.0
(3d) 3,4-Dimethoxycinnamic

acid 127.8 109.2 147.5 148.8 110.7 121.6 1409 121.6 175.7 55.1 Na 11.0
(3e) 3,4-Methylenedioxy-

cinnamic acidd 129.6 106.3 147.4 148.1 108.3 123.6 140.7 122.1 175.7 101.4 Li 7.4
(3f) 3,4-1sopropylidene-

dioxycinnamic acid" 129.1 106.3 147.0 147.7 108.3 123.2 140.8 122.1 175.3 118.8 25.0 Li 7.3
(4b) Vanillactic acid 130.7 113.6 147.1 143.4 1154 122.1 40.0 73.5 180.6 56.0 Na 8.2
(4c) Isovanillactic acid"./ 131.4 116.5 1445 1459 112.6 121.4 39.7 73.4 180.4 56.1 Na 7.2
(4d) 3-(3,4-Dimethoxy-

phenyljlactic acid 131.3 113.0 147.6 146.5 111.6 121.9 40.1 73.5 180.6 55.7 Na 5.6
(4e) 3-(3,4-Methylene-

dioxy phenyl)lactic

acid 132.0 109.7 146.8 145.3 108.2 1225 40.1 73.4 180.5 100.8 Li 6.8
(4f) 3-(3,4-1sopropyli-

denedioxyphenyl)-

lactic acid" 131.8 109.7 146.4 145.1 108.2 122.2 40.2 73.5 180.5 118.3 24.8 Li 6.6

"Spectra obtained at 15.1 MHz on 0.8—1.0 M solutions in H20. &I'C NMR reported in acetone-d6—DjO (9:1) with shifts
of carbons 3, 4 reversed.8 "Assignments of carbons 3, 4 verified by pH change 7.5 >8.6; A§o4 = +2.0 ppm; A8c_3 =
+0.6 ppm with that 1.1-unit pH change; 5¢.3 = 5¢-4 = 147.4 ppm at pH 8.2. d 13C NMR of amide reported.6 "Assignments
of carbons 2, 5 confirmed by gated decoupling. / Change of pH from 7.2 to 8.6 results in a downfield shift of C-3 (0.3 ppm)

but no change in any other resonance.

dental overlap with the downfield leg of the C-7 resonance.
In 4a, however, the fine structure of C-3 is a doublet of
doublets. The doublet with J = 7 Hz is clearly the 3J cou-
pling with H-5, while the second doublet with J = 3 Hz
most likely arises from an unusually large 2J to H-2.

In compound 3a, C-8 is easily distinguished from C-6
since the resonance of the former is a pair (}J = 155 Hz) of
sharp peaks with no three- (or large two-) bond couplings,
while the latter is a pair (V = 160 Hz) of doubled doublets
due to slightly unequal 3J's to H-2 and H-7. The carboxyl-
ate carbon (C-9) in 3a appears as a doublet of doublets, 3]
> 2], in the 13C NMR spectrum as expected from the ob-
served 'H NMR spectrum of 13C-labeled trans-crotonic
acid.5

The distinguishing features of the 13C NMR spectra of
the 3,4-dihydroxybenzene rings of 3a and 4a then are the
reversals observed in the relative chemical shifts of carbons
2, 5 and 3, 4 on going from the unsaturated to the saturated
side chains. This effect may be produced by the shielding
of C-2 and a deshielding of C-4 by the unsaturated side
chain in 3a. Carbons 3, 5, and 6 remain relatively unaffect-
ed by the nature of the C-l side chain. The selective
shielding of C-2 but not C-6 in 3a apparently reflects a con-
formational preference in solution. For example, preferred
rotamers have been postulated to explain selective
shieldings in the 13C NMR spectrum of the alkaloid piper-
ine.6

Although assignments of carbon resonances by gated de-
coupling are sufficiently unambiguous, we sought to con-
firm these assignments in a series of compounds in which
the phenolic groups are alkylated. Compilations of these

data would be useful in assigning alkylation patterns for re-
lated series of compounds from their 13C NMR spectra.
Previous additivity schemes for these types of aromatic
rings have given admittedly ambiguous predictions for
vanil and isovanil rings.7

Table 11l contains the 13C NMR data for similar series of
cinnamate (3b-f) and phenyllactate (4b-f) derivatives.
The shifts observed in these series are in agreement with
chemical shift theory if one makes the reasonable assump-
tion that for the caffeate derivatives the shielding of C-2
and the deshielding of C-4 by the unsaturated side chain at
C -l in 3a are maintained throughout the series.

Independent assignments of carbons 3, 4 in 3b were ob-
tained by varying the pH of the solution. Since even partial
ionization of a phenolic hydroxyl group results in a strong
deshielding of the phenolic carbon resonance, titration over
only a small pH range serves to identify the individual car-
bons. Comparison of the AS values for 3b on titration to pH
8.6 (see Tablé Ill, footnote c) with the published 13C NMR
titration of a tyrosine dipeptide9 indicates that the pheno-
lic function of 3b, which has an unsaturated group para to
it, is somewhat more acidic than the phenolic group of tyro-
sine. The 13C NMR spectrum of 4b at pH 8.2 (Table I11) by
analogy to the tyrosine titration curve9 should not show
any effects of phenolic ionization.

Independent confirmation of the assignments of carbons
2, 5 in 3f, 4c, and 4f were obtained by gated decoupling.
The same technique confirmed the assignment of carbons
3, 4 in 4c, but the resolution of the fine structure of the res-
onances of these carbons in 3f and 4f was so poor, possibly
through four-bond coupling to the methyl protons, that
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Table 1V
13C NMR Chemical Shifts in Morphinane Aromatic Rings
C-(D C-© c-(D c-© C-© C-0©
Oxymorphone (10) 121.7 127.1 143.0 138.9 118.6 121.0
Oxycodone(11) 122.6 127.1 144.0 142.6 115.4 121.0
these assignments could not be confirmed by this method. _Chart I . .
Chemical Shift Assignments for Natural Products. AS Values (ppm) for Quinate Anion on Acylation at C-3
A. Caffeate Esters. To help in assigning the natural prod- OR
ucts 1 and 2, we desired a model ester of caffeic acid to
complement the data obtained for the caffeate salt 3a.
Such a model was found in chlorogenic acid (5), a caffeate
ester of quinic acid (6). The deshielding of carbons 1, 8, and OH OH

9 and the shielding of C-7 in the salt 3a as compared with
the ester 5 are completely consonant with the observation10
that the introduction of a charge into an a,/3-unsaturated
carboxylate system imposes strong shifts of alternating po-
larity along the unsaturated chain.

A detailed analysis of the IH NMR spectra of chlorogen-
ic and quinic acids left no doubt that in solution the cyclo-
hexane rings are in those chair conformations depicted in
structures 5 and 6.11 The 13C NMR spectra of chlorogenic
and quinic acids (Table I) are in full agreement with this
picture.

In quinic acid (6), the axial proton H-3 is 1,3-diaxially
disposed to two OH groups (at C-lI and C-5). This relation-
ship causes a strong deshielding12 of the resonance of C-3
and allows its unambiguous assignment in 6. The oxygenat-
ed carbon at 75.2 ppm in the quinate salt was identified as
C-4 since the intensity of this resonance was least affected
by the addition of 1 mol % of Mn(I1) acetate to the quinate
solution.13 The paramagnetic Mn(ll) ion, which would
coordinate with the carboxylate anion in 6, broadens the
resonances of carbons 1 and 7 so that they are not observ-
able, while the resonances of carbons 2, 3, 5, and 6 are trun-
cated with intensities about one-third that observed for the
75.2-ppm resonance. The remaining oxygenated methine,
C-5, must resonate at 70.5 ppm in the quinate salt. The two
methylene carbons (2, 6) in 6 differ only in that C-2 experi-
ences a 3 effect from an equatorial OH and C-6 experiences
a 3 effect of an axial OH. Chemical shift theory thus places
C-2 at lower field than C-6.14 Carbon 1 was identified by
off-resonance decoupling. These assignments of the reso-
nances of quinate anion are completely consistent with the
change in the chemical shifts (A5) observed on passing
from the anion to the fully protonated acid (cf. Chart I).
The chemical shift changes observed upon protonation of
quinate anion are analogous to those occurring with the
protonation of the «-hydroxy acid 4a [compare carbons 7-9
in4a at pH 6.2 and at pH 0.3 (Table I)].

Chart |
A5 Values (ppm) for Quinate Anion on Protonation
OH
-3
_0/
OH OH

The assignments of carbon resonances for chlorogenic
acid (5) are based on similar arguments, and are supported
by specific proton-carbon decoupling experiments employ-
ing known :H NMR chemical shifts for H-3, H-4, and H-5
of 5.10 Moreover, a comparison of the changes (A5) in the
carbon resonances of the quinate anion on replacing the
C-3 hydroxyl with a caffeyloxy group (see Chart Il) shows a
strong deshielding of the acylated carbon and symmetrical-
ly disposed shieldings for the /3 carbons. The dissymmetry

of the 7 effect may indicate a preferred orientation for the
caffeyl group in 5 with respect to the quinate ring.

Having assigned the carbons of the quinic acid ester of
caffeic acid, it then becomes a simple matter to assign the
caffeate (unit A) carbons of rosmarinic acid (2) by compari-
son. The phenyllactate portion of rosmarinic acid (unit B)
can be assigned by comparison to the chemical shifts of the
corresponding carbons of 4a. The significant differences
which exist between carbons C-1 and C-7-C-9 of 2 and of
4a correspond in magnitude to the differences observed in
the quinate anion on acylation as shown in Chart II.

B. Lignan and Morphinane Models. The distinctive

structural features of I, the 1,2,3 4-tetrasubstituted ring A
and the dihydrobenzofuran (coumaran) ring, are not dupli-
cated in any of the compounds heretofore mentioned. 13C
NMR spectra of several lignan model compounds contain-
ing a dihydrobenzo[6]furan ring system have been re-
ported, but these differ significantly from 1 in that the
point of attachment of the three-carbon side chain is not
ortho to the fused dihydrofuran ring.8 To aid in the discus-
sion of the assignments of the carbon resonances of 1, the
literature assignments for the two lignan models, 9a and
9b, are included in Chart I11. The rings are labeled A and C
to correspond with 1, but it should be noted that the num-
bering system within ring A does not correspond to that
employed in 1.

Chart 111
Selected 13C NMR Chemical Shifts for Dihydrobenzo [b]
furans in Acetone-d6-D 20 (9:1)8

158
HOCH,;
132.0%) f\ 1108 OMe
129.9MX 0 8sarf
1162°) (148.9"
117.70 (144.8-
HOCH.X OMe

9a,X = CH=CH
b,X=CH,CTT

“for 9a. 6for 9b. c+0.1 ppm. d+0.2 ppm. e+0.3 ppm.

Somewhat surprisingly, a more closely congruent model
for the A ring of 1 is present in an important alkaloidal
family, the morphinanes. The model compounds which we
have chosen, oxymorphone (10) and oxycodone (11), con-
tain both a 1,2,34-tetrasubstituted benzene ring with 1,2-
carbon substitution and 3,4-oxygen substitution; the 2,3
positions are the carbon and oxygen, respectively, of a
dihydrofuran ring.

13C NMR spectra of 10 and 11 in the form of their hydro-
chloride salts were recorded at 25.2 MHz in aqueous solu-
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tions, and a gated decoupled spectrum of 10 was obtained.
Assignments for the chemical shifts of the aromatic car-
bons are listed in Table IV, while the shifts of those ali-
phatic carbons assignable on the basis of multiplicity and
chemical shift theory appear in formula B.16 The number-

cr

2114 (10)
210.8 (11)

11,R = Me, oxycodone

ing system for the morphinane skeleton appears on formula
A, but in addition another set of circled numbers within
the aromatic ring is added to designate those carbon atoms
equivalent to the same-numbered aromatic carbon atoms
in ring A of 1. This latter set of numbers enclosed in circles
is used exclusively in Table 1V and in the following discus-
sion.

Three pairs of aromatic carbons, quaternary, C-(1,2), ox-
ygenated, C-(3,4), and protonated, C-(5,6), are easily dis-
tinguished from the spectra in Table IV and the gated
decoupled spectrum of 10. Individual carbons within the
pairs 1,2 and 5,6 are identified by recourse to empirical
shielding parameters7 which predict that on O-méthylation
of a phenol, ortho and para carbons experience changes in
chemical shift while carbons meta to the phenolic center
remain invariant. An analogy which allows one to distin-
guish C-(3) from C-(4) was derived from examination of
spectra in Tables | and 1. As is exemplified by many pairs
of compounds, e.g., 3a —3b, 3a —» 3c, 3b —» 3d, etc,, 0-
methylation of one oxygen function of a catechol ring
causes both oxygenated carbons to be deshielded. In going
from 10 to 11, then, deshielding of both oxygenated car-
bons would be expected. This happens only if C-(3) and
C-(4) in 11 are as assigned in Table 1V.16

C. Lithospermic Acid. 13C NMR spectra of lithosperm-
ic acid salts were obtained at 15.1 MHz in water and 25.2
MHz in D20. Resolution of 26 of the 27 carbons present
was obtained in the latter measurement. The only unre-
solved resonance (at 116.3 ppm) is clearly due to two car-
bons on the basis of its intensity. In discussing the assign-
ments of the resonances of 1, we have found it convenient
to break up the 27 carbons into six groups of resonances
based on chemical shift, and thus to a large extent func-
tional type. In some cases chemical shift theory and model
compounds are sufficient to provide unambiguous assign-
ment of individual carbons. In many cases, however, the
similarity of chemical environment of several carbons pre-
cluded their definitive assignment. The following six para-
graphs contain a discussion of the assignments of the reso-
nances within the various groups of resonances of lithos-
permic acid.

The three carboxylate carbons (two anions and an ester)
were assigned on the basis of the close correspondence of
two of these chemical shifts to those of the two carboxyl-
ates in 2.

Six oxygenated aromatic carbons and one protonated
vinyl carbon, C-7(A), resonate between 142 and 147 ppm.
The latter carbon was easily assigned by off-resonance de-
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coupling. The oxygenated aromatics include five phenolic
carbons and one alkylated ether. The most deshielded of
these resonances, 146.8 ppm, is assigned to the aromatic
ether carbon, C-3(A), in agreement with the assignments of
3b (Table I11), and the morphinanes, 10 and 11 (Table 1V).
Carbon 4(A) in 1, which might be expected to resonate at
lower field like C-4(A) in 2 and 5, is assigned in agreement
with the observed shieldings for carbons ortho to fused car-
bocyclic2® and fused heterocyclic five-membered rings
(compare carbons 2, 5 of model compounds 3e/3f and
4e/Af with 3d and 4d in Table I111).

The four quaternary aromatic carbons in 1 resonate be-
tween 123 and 134 ppm. The most deshielded of these is as-
signed as C-1(C) on the basis of the chemical shift of car-
bon C-I(C) in models 9a and 9b. The resonance of C-I1(B)
is little changed from the corresponding resonance in 2. In
fact, in the 15.1-MHz 13C NMR spectrum of mixtures of 1
and 2 from L. ruderale} the resonances of C-1(B) for both
compounds appear as a broadened singlet. The remaining
two quaternary carbons, C-1(A) and C-2(A), are assigned
by comparison with the corresponding carbons in the mor-
phinane aromatic rings of 10 and 11.19

Lithospermic acid (1) contains three carbons of the C-6
type. Two of these carbons resonate in the normal range,
i.e., between 121 and 122 ppm. The third C-6 carbon, which
resonates at 118.1 ppm, is shielded by a full 3 ppm. Two
possibilities exist for the assignment of this shielded car-
bon. On the basis of the chemical shifts observed for car-
bons C-6(C) in models 9a and 9b and also the shift of C-6
in epinephrine,2l carbon C-6(C) in 1 should be shielded by
1-2 ppm owing to the presence of the a oxygen atom on C-
7(C). This shielding is somewhat less than that required to
fully explain the 118.1-ppm resonance. Alternatively, the
shielding by about 3 ppm of C-2 in caffeic acids and their
esters, which we explained by a preferred orientation of the
unsaturated side chain, might in 1 be felt by C-6(A) be-
cause the bulky substituents at C-2(A) would cause a reori-
entation of the unsaturated group toward C-6(A). Such a
reorientation would also be felt by C-7(A) in 1which in fact
is found to be shielded by more than 3 ppm relative to C-
7(A) in 2 and 5. If this latter explanation were accepted,
however, the lack of any enhanced shielding for C-6(C)
would remain to be explained.

The remaining protonated, unsaturated carbons in 1,
which include five aromatic carbons with ortho oxygen sub-
stituents and the vinyl carbon C-8(A), resonate between
113.4 and 117.6 ppm. Gated decoupling experiments with 1
did not provide sufficient evidence to allow unambiguous
assignments within this group of resonances. These reso-
nances are tentatively assigned in Table I, however, by ref-
erence to model compounds. A purer sample of 1 and addi-
tional model compounds will be required to make defini-
tive assignments.

The assignments of the four aliphatic carbons, three
methine and one methylene groups, are in 1 unambiguous
with 2 and 9a,b as models.

In solving the structure of lithospermic acid, we synthe-
sized a variety of fully methylated esters of model com-
pounds.1 13C NMR spectra, measured in CHCI3 at 15.1
MHz, of a selected set of these compounds are reported in
Table V. Chemical shift assignments in Table V are inter-
nally consistent and are in complete agreement with the as-
signments made for the sets of phenolic model compounds
recorded in aqueous solution.

Experimental Section

13C NMR spectra were measured at 15.1 MHz in a Varian spec-
trometer operating in the pulsed Fourier mode. Samples of 2-ml
volume were measured in spinning 13-mm tubes at an operating
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Table V
C NMR Chemical Shifts for Fully Methylated DerivativesO

on «

D4d
si!

°8

41, No. 3,1976
?1
'O
|
@ W Cq
T (N rH %
10 VO vOVvO
o @B o« @
10 \Ww Ow \O
W wWW LOvo Lo
O <N M t> H rH
83 cb o tF tCE d
t> t>
H %ﬂ—i rH rH i—+
Q@ o> @ 6 0
VO rH rH co*
H H t> > t> t>
i— rH
o Bwv oo ®
VO t> d d d
tF QO tF tF co
T—l— rH
(BtF tF tF
@' <N rH rH H e
™M <N (N Cﬂ c& cq
H rH rH rH T H
o O co @ (5 @
T—l— rH rH rH rH rH
=3 H rH H rH H
= rHH rH rH rH
H  OTrH mcq o
rH @O t> 06 00
\e} VO hF hF tF E
rH rH H rH rH
rH <N t> 1> rH 1>
Oi (ee) (0] 00
tF rF tF tF hF
o rH rH rH rH rH
[ee)eo] @ O O
ci oq cg* co cq
0 O rH rH rH rH
tH rH rH rH rH rH
<N H QO 00 0 @
t> t> 00 g O 00
N c « C
H EH T rH rH rﬂ
>
. 0 >
2 B b
)? "oa
> >
a u o 0. 0
w'v>> 1 g %
¢
N
®&h< (-8
>,2 {2 Ho>>=>G ?
A4 fimgj? 2 &
At g S *Sa
2 a S S
o] 0
58 &
Cl (0] %
o) I

wld » 4T ' grose godeg ©
o= 2 O T ogimo O&.OC)é

8 S

°8

e

—thorkd oD
WO Ui

0
O

=93 > m
3520 X

80
o}

>

o CX O
ooul, 5 @

JT=Z

gFo<ad
, 282
A © .

=
o NN
wo gl &

Kelley, Harruff, and Carmack

probe temperature of 36 + 3°. Chemical shifts were recorded from
spectra with a digital resolution of 0.13 ppm. All chemical shifts in
aqueous solutions were measured with respect to an internal stan-
dard of 1% dioxane: S(dioxane) = 66.5 ppm in water with respect to
external Me4Si in CHC13 (1:4 by volume); r>(Me4Si) = 0.0 and 5
(CHCI3) = 77.2 ppm.

The experiments with gated decoupling were performed in a
Varian XL-100 spectrometer operating at 25.2 MHz. Carbon
frequencies were pulsed every 5 sec and the proton decoupler was
gated on for 3.73 sec prior to the 13C observation pulse. Samples of
2-ml volume were measured in spinning 12-mm tubes at 34 + 1°.
An average of 400 pulses was used to accumulate data for the
noise-decoupled spectra of the phenylpropanoid monomers and 10
and 11. From 1500 to 4000 pulses were used to obtain decoupled
spectra of 1. From 1000 to 1500 pulses were required for the gated
decoupling experiments.

The sample of 1 used in this study was obtained by fractionation
of water-soluble portion of the roots of L. ruderale and was desig-
nated F3 in our earlier publication.1 The organic material was at
least 85% pure, in the form of metallic salts (mostly potassium). In
our initial 13 NMR spectrum of this plant fraction, the reso-
nances of the carboxylate anions, C-9(B) and C-9(C), were very
broad, as were, to a lesser extent, those of the neighboring carbons
C-8(B) and C-8(C). Since traces of paramagnetic ions, e.g., Mn(ll),
Fe(l11), and Cu(Il), would cause this effect, we added 20 u\ of 0.25
M disodium EDTA to our 2-ml samples to chelate any interfering
ions. This treatment dramatically increased the peak heights of
the anionic carboxylate resonances. Subsequently, EDTA was
added to all solutions of natural plant materials before their 13C
NMR spectra were measured.

The synthetic carboxylic acids were measured as their sodium or
lithium salts. At the concentrations employed (0.8- 1.2 M) the so-
dium salts were not always soluble, e.g., 3a and 3c, so we used lithi-
um salts routinely in later work. No specific effects for either cat-
ion were noted in the 13C NMR spectra.

Registry No.—1, 28831-65-4; 2, 20283-92-5; 3a, 331-39-5; 3b,
1135-24-6; 3c, 537-73-5; 3d, 2316-26-9; 3e, 2373-80-0; 3f, 57362-
37-5; 4a, 23028-17-3; 4b, 2475-56-1; 4c, 52262-43-8; 4d, 32255-79-1,
4e, 949-14-4; 4f, 57362-38-6; 5, 327-97-9; 6, 36413-60-2; 7, 59-92-7;
8, 102-32-9; 10, 76-41-5; 11, 76-42-6.
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Proton ("H NMR) and carbon-13 (13 NMR) magnetic resonance have been applied to a series of I-hetera-4-
cyclohexanones in order to acquire information about ring conformations. The *H NMR results require evalua-
tion of long-range couplings through the carbonyl groups prior to R-value analysis. Comparison of the 13C NMR
data with that from a series of 1-heteracyclohexanes and from acyclic analogues indicates (a) that the effects a
and O to the heteroatom groups in the I-hetera-4-cyclohexanones are proportional to the effects in the same posi-
tions in the 1-heteracyclohexanes except for cyclohexane-1,4-dione, and, therefore, indicate chair conformations;
(b) that additivity relationships from the 1-heteracyclohexanes may be used as indications of chair or twist con-
formations in 1,4-diheteracyclohexanes and I-hetera-4-cyclohexanones; and (c) that upfield carbonyl shifts in 1-
hetera-4-cyclohexanones and related systems do not contain transannular electron-transfer components. Previous
suggestions that upfield carbonyl shifts of approximately 10 ppm or less may be used to indicate transannular
electron donation are refuted. An ordering of heteroatom group effects is presented based on 13C NMR a shifts in

these cyclic systems.

Cyclohexane and its derivatives have been subjected to
extensive conformational analyses.2 Numerous examples
have been reported of both chair2 and nonchair23 prefer-
ences. In view of the predominantly twist nature of cyclo-
hexane-1,4-dione45 (la) and its derivatives4'6 and the pre-
dominantly chair nature of 1,4-dimethylenecyclohexane47
and its analogues,78 the question may be raised as to the
extent to which sp2-like hybridizations and electronic in-
teractions cause this conformational dichotomy. A useful
type of compound to help answer this question is the 1-het-
era-4-cyclohexanone system (Ib-n).

Various representative I-hetera-4-cyclohexanones have
been readily available for some time. Allinger and Jindal9
investigated l-acetyl-4-piperidone (Ib) and I-methyl-4-
piperidone (Ic) using Z values with n —=ir* transitions, di-
pole moments, and infrared spectroscopy, and concluded
that both compounds were predominantly in chair confor-
mations. In particular, the AT-acetyl system |b was not be-
lieved9 to exhibit a transannular charge-transfer electro-
static interaction between the carbonyl groups in a boat
conformation. However, no Z-value correlation was ob-
served for this compound.

A series of papers by Katritzky and co-workers10 has re-
ported the cis-trans equilibrations of 3,5-dimethyl-l-het-
era-4-cyclohexanones. These workers assumed that only
chair conformations were significant; e.g., “... it is general-
ly accepted that these compounds exist in a chair form”.10
.Their base-catalyzed equilibrations were accomplished si-
multaneously with deuteration at the position a to the car-
bonyl group to simplify the proton magnetic resonance (4H
NMR) spectra, thereby eliminating the possibility of a con-
current R-value4 type of conformational analysis.
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Table |
Results of Dahn, Schlunke, and Temler"L3
,70 NMR Rate of

Compd signal0 hydration0
Cyclohexanone —564, -561 6
le (X = NC2H5) -561 19
If (X =0) -568 14
Ilg (X =5S) -569 20

a In parts per million relative to water. Measured on diox-
ane solutions at 28 + 2°. b Determined by 170 NMR on 8:1
dioxane—water solutions at 28 + 2° in pH 5 acetate buffer.

Reported 1H NMR analyses of 4-piperidonesll indicate
“the near-symmetrical pattern of an AA'BB'lsystem” for
the ring protons in I-methyl-4-piper:done (lc). This
suggests that an R-value approach4 might be useful in a re-
lated heterocyclic system, but raises the question of the
cause of the lack of symmetry in the spectrum. A conclu-
sion drawnll on the basis of first-order coupling constants
that I-feri-butyl-irans-3,5-dimethyl-4-piperidone is non-
chair must be viewed with some skepticism.3 A subsequent
reportl2 of the 4H NMR spectrum of I-carboethoxy-4-pi-
peridone (ld) provided little useful conformational infor-
mation.

Other spectrometric and kinetic techniques have been
applied to members of this series to probe interactions be-
tween the heteroatom and the carbonyl group. Dahn and
co-workers13 have examined the AT-ethyl (le), O (If), and S
(lg) systems using 170 -labeled ketones, and report that
neither 170 NMR spectra nor rates of hydration of the car-
bonyl groups provide any evidence for transannular inter-
actions (Table I). Nevertheless, their results do indicate the
presence of some type of heteroatom effect whose nature is
not discussed. Changing the heteroatom must introduce
some effectl4 related to the electronegativity of the het-
eroatom (and its substituents), and this electronegativity
effect, whether through bonds or through space,14 must be
evaluated before any additional transannular interaction
can be postulated or dismissed.

Some sulfur-containing members of this series (Ig—)
have been subjected to mass spectrometric investiga-
tion.1516 Changing the nature of the heteroatom or its sub-
stituents influences the fragmentation pattern primarily by
affecting the relative amounts of charge localization at the
various possible sites on ionization. No definitive function-
al group interactions as such17 were encountered. However,
in a more extensive studyl18 of the analogous I-hetera-3-
cyclohexanones, Djerassi and co-workers concluded that
few fragmentations occur in such difunctional compounds
which directly reflect the fragmentation patterns of the in-
dividual monofunctional systems (the heterocycle and the
cyclohexanone).

Another technique which might be a useful probe for
conformational analysis and/or transannular interactions is
carbon-13 nuclear magnetic resonance spectroscopy1920
(13C NMR). Jones and Hassan2l have reported 13C NMR
data for I-methyl-4-piperidone (lc), a series of ring-meth-
ylated analogues, and their hydrochloride and methiodide
salts (including hydrochloride Ij and methiodide Ik). The
observed 13C NMR chemical shifts were analyzed in terms
of the equatorial and axial positions of the methyl groups
and of the nitrogen substituents in chair conformations
(based on previousll 'H NMR studies). Additivity substit-
uent parameters were derived and compared to the corre-
sponding cyclohexane, cyclohexanone, and piperidine sub-
stituent parameters. The Al-methyl, N+, and C =0 centers
were considered as electronegative substituents in the cy-
clohexane system in order to rationalize smaller substitu-
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Table 11
;3C NMR of Carbonyl Carbons in 5-Heteracyclooctanones23
0° (1:9
Compd 5° (C6H12) A56 C6H12—<hcu A5b
2a 212.4 218.2
2b 210.9 -1.5 215.8 -2.4
2c 208.7 -3.7 214.3 -3.9
3 199.6 —12.8 129.7 —88.5

a In parts per million relative to Me4Si as reported by ref
24. b In parts per million relative to 2a.

ent parameters in the piperidone series. Since the observed
effects of protonation and methiodation were small, Jones
and Hassan2l concluded that, by analogy with the piperi-
dines22 and the cyclohexanones, the major effect of the ni-
trogen and carbonyl groups on the carbons to which they
are bonded is an inductivel9 (through-bond14) one, but that
the effects of the tertiary and quaternary nitrogens on C-4,
the carbonyl carbon in the piperidones, require postulation
of an electric field effect.1922

The sensitivity of 13C NMR to transannular electron
donation to carbonyl groups has been suggested by Nak-
ashima and Maciel23 using 5-heteracyclooctanones (2a-c,
3). Results in cyclohexane and 1:9 cyclohexane-chloroform
(Table 1124) are reported to provide evidence for transan-
nular electron donation from the heteroatom to the carbon-
yl group in the upfield shifts of the 13C NMR signals of the
carbonyl carbons, thereby extending conclusions based pri-
marily on the behavior of 3 in other investigations.1323
Nevertheless, Nakashima and Maciel23 point out that it is
possible that the observed effects for 2b and 2c may be
partly inductive, but suggest that such an inductive effect
through four a bonds would probably not have such a mag-
nitude. Only two possible interactions are considered— a
through-bond effect and an electron-transfer bonding
transannular effect. The possibility of a dipolar through-
space (“field”) effectl4 is not differentiated from the bond-
ing type of transannular effect, as it must be. It would be
useful to be able to compare the cyclooctanone series with
the corresponding heteracyclooctane compounds so as to
treat the datal9,20 as (cketone — ¢hydrocarbon) and better eval-
uate the inductive and field effects.

It is the intent of this work to investigate the 4H NMR
and 13C NMR characteristics of representative I-hetera-4-
cyclohexanones (1) in the hope of being able to draw defi-
nite conclusions with respect to ring conformation68 and
with respect to the types of interactions existing between
the heteroatom and the carbonyl group. The 13C NMR of
related 1-heteracyclohexanes (4), I-hetera-2-cyclohexa-
nones (5), and I-hetera-2,6-cyclohexanediones (6) were de-
termined for comparison purposes.

Experimental Section

All 13C NMR spectra were recorded on a JEOL PS-100 NMR
spectrometer equipped with a JEOL-JNM -PFT-100 pulse unit
and a JEOL-JEC-6 computer. Field-frequency stabilization was
established by the deuterium signal of the solvent utilized [CDCI3
or (CDs"SOJ. The chemical shifts are expressed in parts per mil-
lion relative to internal MeiSi at 26 + 2°C (unless otherwise indi-
cated) and are believed to be accurate to 0.2 ppm.25 The spectra
were obtained under conditions of proton-noise decoupling, with
off-resonance decoupling used to verify peak assignments where
needed. All 4H NMR spectra were recorded on the above JEOL
spectrometer or on a Varian A-60A spectrometer, and are ex-
pressed in parts per million relative to internal MeiSi.

All samples exhibited properties corresponding to literature
data and were donated, purchased, or prepared as indicated: cyclo-
hexane-1,4-dione26 (la), tetrahydropyran27 (4a), tetrahydropyran-
4-one28 (If), (-valerolactone2 (5a), pentamethylene sulfide27 (4b),
tetrahydrothiopyran-4-one2 (lg), pentamethylene sulfone30 (4c),
tetrahydrothiopyran-4-one 1,1-dioxide3l (li), I-methyl-2-piperi-
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Table 111
13C NMR Data0O for I-Hetera-4-Cyclohexanones (1)

a to

Compd X Solvent 0'to X cC=0
la c=0 CDC13 36.5 36.5
Ic nch3 Neat* 55.4 40.9
CDC1x 54.7 40.9

cdci3 55.3 41.0

(CD3)2s0 55.1 40.8

Id nco2c2h5 cdci3 43.0 40.9
(CD3)250 425 40.6

If 0 cdci3 67.7 42.8
Ig S cdci3 30.0 44.0
(CD3)250 28.8 43.4

li so?2 (CD3)2S0 48.2 37.7
lj +NHCH3Ccr  CDAJ* 52.0 38.4
1k +N(CH3)2,1- (CD3)2s0* 60.6 35.9
11 NCOC6Hs CDCIX 43.9 41.0
Im nso2c,h7 CDC13 45.7 40.4
(CD3)2s0O 45.1 39.8

In nch2c6h5 cdci3 52.8 41.0

o=0 Other
208.8
206.2 NCH3, 45.1
NCH3, 44.6
207.1 NCH3, 45.4
207.4 NCH3, 45.1
207.2 NCO, 155.3; OCHZ2,61.6; CH314.7
207.1 NCO, 155.0; OCHZ2,61.3; CH3, 14.7
206.2
208.0
207.7
203.1
203.1 NCH3, 42.2
201.7 NCH3, 51.8
206.0 NCO, 170.6; Ar, 135.5, 130.0, 128.5, 126.9
205.6 CH3, 21.4; Ar, 144.0, 133.2, 129.8, 127.5
205.3 CH3, 21.0; Ar, 144.7, 133.1, 130.0, 127.4
207.7 ArCHj, 61.8; Ar, 138.1, 128.6, 128.3, 127.2

0Chemical shifts in parts per million relative to internal Me,Si. b Reference 21. c Reference 45b. d At 60°C, ref 38.

done2 (5b), I-methyl-4-piperidone2 (Ic), N-methylglutarimideZ’
(6b), 1-benzoylpiperidine® (4d), I-benzoyl-4-piperidone3 (11), 1-
carboethoxypiperidine33 (4e), I-carboethoxy-4-piperidone2s (1d),
1-tosylpiperidine34 (4f), I-tosyl-4-piperidone3® (Im), 1-benzylpi-
peridine3 (4g), and I-benzyl-4-piperidone3 (In). A sample of te-
trahydrothiopyran-4-one 1-oxide (Ih) was prepared,37 but is not
included because of solubility difficulties and facile hydration and
decomposition reactions.

Results and Discussion

'H NMR Results. Spectra were obtained for compounds
Ic, Id, Ig, li, and Im, and were compared with available
spectra for Ic,11 1d,12 and 1.3 Only spectra exhibiting a
first-order appearance were obtained at 60 and 100 MHz
over a range of temperatures (—50 to 70°C) except for com-
pounds Ig and 11.38 The spectrum of tetrahydrothiopyran-
4-one (lg) appeared as an unsymmetrical AA'BB" system.
Analysis with the aid of the iterative computer program
LAME27 (LAOCOON with magnetic equivalence) using esti-
mated Jgem values4-39 suggested that the lack of symmetry
resulted from long-range couplings40 through the carbonyl
group and that a complete analysis4 was not reasonable be-
cause of insufficient spectral resolution. After completion
of these experiments, 4H NMR data for iV-alkyl-3,5-diphe-
nyl-4-piperidones were reported4l and analyzed in detail.
The results4l indicate chair conformations and both equa-
torial-equatorial and equatorial-axial long-range couplings
through the carbonyl group.

13C NMR Results. Spectra were obtained for cyclohex-
ane-1,4-dione (la) and I-hetera-4-cyclohexanones
Ic,d,f,g,i,,m,n (Table I1l), 1-heteracyclohexanes 4a-g
(Table 1V), I-hetera-2-cyclohexanones 5a and 5b (Table
V), and I-hetera-2,6-cyclohexandiones 6a-c (Table V) and
were compared with literature values for
thesel19-22'42-51 and analogous474952 systems. Spectra were
obtained in CDCI3 as a primary solvent. Since some com-
pounds were not sufficiently soluble in this solvent,
(CD3)2S0O was also used. Sufficient compounds were deter-
mined in both solvents to indicate the presence of small
but reasonable consistent solvent effects.19,202353 In order
to minimize such solvent effects, a given signal in a 1-het-
era-4-cyclohexanone (1) is considered only relative to the
analogous signal in the corresponding 1l-heteracyclohexane
(4) in the same solvent (except where literature values are
used and not redetermined). Data for the (V-benzoyl com-
pounds 11 and 4d are reported at temperatures sufficiently
high38 to ensure conditions of rapid exchange. An attempt
to consider the I-hetera-4-cyclohexanones (1) as analogues

of 1,2-disubstituted ethanes54 and to thereby compare the
cyclic and acyclic cases5b was prevented by lack of data on
common substituents in the two systems.

Before attempting to evaluate the 13C NMR resonances
in the I-hetera-4-cyclohexanones (1), some reference point
must be established for the electrostatic effects of the het-
eroatoms (and their substituents) in the absence of trans-
annular interactions and/or conformational distortions.
Since all of the carbon-unsubstituted 1-heteracyclohexanes
(4) analyzed to date are believed to prefer chair conforma-
tions, chemical shifts in the 1-heteracyclohexanes (relative
to cyclohexane as a standard56) should reflect primarily the
heteroatom group electrostatic effects. Plots (Figure 1) of
the chemical shifts (Table 1V) of the carbon resonances a
to X (BacHix — <&6Hi2) against the methyl chemical
shifts57 of the corresponding acyclic CH3XCH 3 and against
the methylene chemical shifts58 of the corresponding acy-
clic CH3CH2XCH2CH3 appear to be linear60 within the
limitation of the available data. The results in Figure 1,
therefore, support the assumption of consistent (chair)
conformations in these heterocyclic systems.

These data indicate an a substituent effect in the order
O > +N(CHJ32 » NCH3 > +NHCH3 > NCH2C6H5 >
NC6H5> S02> NH > NS02C7H7> NCOC6H5> C=0 »
S. It is not resonable to consider the effects of the charged
species on the same basis as the uncharged species because
of monopole-induced effects. In addition, the charged
species and the sulfone group contain both equatorial and
axial substituents on the heteroatom, requiring consider-
ation of conformationally dependent substituent ef-
fects, 1920 while the nitrogen species will also have different
steric components. Because of the observed correlation
with acyclic 13C NMR chemical shifts, it seems consistent
with current terminology19 to describe the order of the ob-
served substituent effects of the uncharged species as indi-
cating relative electron-withdrawing abilities.70 However,
the order within the uncharged nitrogen species is itself, at
first glance, somewhat surprising. The usual approach14-61
is to consider an alkyl group on nitrogen as electron donat-
ing and an amide or sulfonamide group as electron with-
drawing, suggesting a relative electron-withdrawing order
of NCO, NS02 > iV-alkyl. The opposite order observed
here may be discussed in several ways. The benzoyl, sulfo-
nyl, and ethoxycarbonyl groups delocalize the lone pair on
nitrogen, effecting a rehybridization with diminished elec-
tron density at the nitrogen. The nitrogen has less tenden-
cy to withdraw electrons from the adjacent carbon (and hy-
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Table 1V
I3C NMR Data“ for 1-Heteracyclohexanes (4)
Compd X Solvent ato X Rto X yto X Other Ref

4a 0 Neat 69.5 27.7 24.9 20, 42
Neat 69.7 27.9 25.1 19, 42
(CD32o 69.8 27.4 24.3 43
cdci3 68.7 26.9 23.8 Here

4b s Neat all 30 + 2.5 19, 20, 42
cdci3 29.1 27.9 26.6 Here

4c so0?2 (CD32s0 51.2 241 228 Here

4d NCOC6H5 cdci3 45.8 26.1 24.5 NCO, 170.0; Ar, 136.8, 129.2, 128.2, 126.8 Here
(CD3)2s0* 45.2 25.7 24.3 NCO, 168.9; Ar, 136.8, 129.2, 128.4, 126.7 Here

de nco2c2n5 CDC13 44.8 25.8 24.6 NCO, 155.4; OCH,, 60.9; CH3, 14.8 Here
(CD3)2s0 44.5 25.7 24.4 NCO, 154.8; OCHZ2, 60.7; CH3, 14.8 Here

4f nso27h7 cdci3 47.0 25.1 23.4 CH3 21.5; Ar, 143.3, 133.1, 129.6, 127.7 Here
(CD3)2s0O 46.6 24.8 229 CH3 21.0; Ar, 143.3, 133.2, 129.7, 127.4 Here

49 nch2c6h5 cdci3 54.6 26.0 24.5 ArCH2 64.0; Ar, 138.6, 129.1, 128.0, 126.8 Here

4h NH Dioxane 47.9 27.8 25.9 44
Neat 47.7 27.5 26.1 19, 22
Neat (?) 48.2 28.0 26.0 19, 45a
c 47.1 27.0 245 46
Neat™ 47.9 27.9 25.9 47a
Neat 50.2 28.6 26.8 48a
CDC13 47.9 27.9 26.2 48b
c6d 6 47.9 27.7 25.9 47b

4i nch3 Neat 57.4 26.6 26.6 NCH3, 47.9 19, 20, 42
Neat 56.7 26.2 24.3 NCH3, 46.9 19, 22
Neat 57.9 27.3 25.3 NCH3, 48.0 48a
Neatd 57.0 26.6 24.6 NCH3, 47.1 47a
c 56.7 26.0 24.1 NCH3, 46.6 46
CDC13 57.4 26.7 22.7 NCH3, 47.7 48b

4j +nhch3 Cl- e 55.2 23.7 21.8 NCH3, 44.3 19, 22
c 55.7 23.9 21.7 NCH3, 44.3 46

4k +N(CH3)2, I- e 63.3 20.6 21.0 NCH3, 52.7 19, 22
c 63.8 20.8 21.3 NCH3, 52.8 46

41 +N(CH3)0- cbh 6 66.1 21.1 21.7 NCH3, 59.6 19, 22

im +nh2 cf3o2 cf3o2n/ 47.4 23.8 229 48a

4n +nhch3 cf3co0o2 cf3cozh/ 57.8 245 22.0 NCH3, 45.3 48a

40 ncbh5 Neat 52.4 19, 45a

“ Chemical shifts in parts per million relative to internal Me4Si

or converted to this basis. * At 56°C.38c¢ 50% aqueous diox-

ane. d With 10% cyclohexane. e Water or dioxane; not clearly specified. /Results vary with mole fraction CF3C 02H; see ref

48a.
Table V
13C NMR Data“ for Other Relevant Systems
Compd X (Y) Solvent Cc-2 C-3 C-4 C-5 C-6 Other Ref

Cyclohexanone Neat 40.7 26.8 24.1 26.8 40.7 CO, 208.8 19, 20, 49

CDC13 41.9 27.1 25.1 27.1 41.9 CO, 211.3 44

cdci3 41.9 27.1 25.0 27.1 41.9 CO, 2115 50
5a (0] 167.5 19

175.2 20

cdci3 171.2 29.9 19.1 22.3 69.3 Here
5b NCH3 170 £ 3 21

cdci3 169.2 32.4 21.8 23.3 49.9 NCH3 34.3 Here
6a 0 168.2 20

cdci3 167.8 29.6 16.1 29.6 167.8 51

(CD3)2C0O 168.5 30.1 16.7 30.1 168.5 51
6b nch3 cdci3 172.8 32.6 17.2 32.6 172.8 NCH3, 26.0 Here
6¢ NH (CD3)2Cco 173.8 32.2 18.7 32.2 173.8 51
7a 0,0 cdci3 67.8 67.8 67.8 67.8 52
7b s, s cdci3 29.1 29.1 29.1 29.1 52
7c O, Sc cdci3 68.5 27.0 27.0 68.5 52
7d o, so* CDCIJ 59.0 46.2 46.2 59.0 52
7e O, S0 CDC13 66.0 52.8 52.8 66.0 52
7f NH, NH Neat* 47.9 47.9 47.9 47.9 47a
79 nch3 nch3 Neat* 55.7 55.7 55.7 55.7 47a

“ Chemical shifts in parts per million relative to internal Me4Si.

drogen) atoms than the NH or AT-alkyl groups. The validity
of this type of reasoning is supported by the position of
NCeH5 relative to N-alkyl in the sequence. In a sense, this
behavior of the various nitrogen groups483 is another mani-
festation of the Pople-Gordon suggestion14'62 that through-

* With 10% cyclohexane. “ Oxygen at position 1.

bond inductive effects exhibit an alternation in magnitude
of polarity in saturated systems.

An additional (or alternative) qualitative electron-densi-
ty argument may be developed from considerations of di-
pole-induced a polarizations. The different orientations
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15c5n10x- 5c6h 12)

Figure 1. Comparison of the chemical shifts of the carbons a to
the heteroatom in 4 (relative to cyclohexane) with (a) the chemical
shifts a to the heteroatom in (CH3CH22X (<), (b) in (CH3)2X (O),
and (c) in 1 (relative to the position 0 to the carbonyl in cyclohexa-
none) (x). Points involving comparisons in different solvents are
indicated by A. Heteroatomic group and number assigned: S, 1,
C=0 (neat), 2, C=0, 3; NCC"CaHjiMeaSO), 4, NCOZX2H5, 5;
NCOCeHg, 6; NSO 2C7H7(Me2S0), 7; NS02C7H7, 8; NCH3, 9; NH,
10; S02, 11; NCHaCgHs, 12; NHCH3, 13; NCH3, 14; +N(CH3)Z 15;
0O, 16.

and magnitudes of the group dipole moments in the N-
alkyl and benzamide-urethane-sulfonamide systems would
induce different charge densities at the a and 6 carbons in
these two types of structures. Combination of such a di-
pole-induced dipole interpretation with nitrogen hybridiza-
tion effects may best explain the order of both the a and 3
chemical shifts. The fact that the a shifts are downfield
and the 3 shifts are upfield illustrates the complexity of
these phenomena.

Having established the electrostatic nature of the het-
eroatom group effects on the a carbons in the 1-heteracy-
clohexanes (4), comparison of the heteroatom effects in the
I-hetera-4-cyclohexanones (1) to those in 4 is required. A
plot (Figure 1) of the chemical shifts (Table Ill) of the car-
bons a to the heteroatom in 1 relative to the chemical shift
of the corresponding position (3 to the carbonyl) in cyclo-
hexanone (Table V, from ref 44) (5'cth8o - ” cfHil)
against the chemical shifts of the a carbons in 4 relative to
cyclohexane (5“cBHioX ~ (c6Hi2) gives a good linear relation-
ship except for cyclohexane-1,4-dione (la). Since the latter
compound is believed4’5 to exist predominantly in a twist
conformation in solution, the linear relationship observed
in Figure 1 for all of the other I-hetera-4-cyclohexanones
suggests that they all possess similar chairlike conforma-
tions.68

A similar plot of (”cBHilk — 5c6Hi2) against the methyl
chemical shifts58 of the CH3CH2XCH 2CH3 series indicates
no obvious relationship. The order of these 3 shifts in the
1-heteracyclohexanes (4) is different from that of the a
shifts. Explanations based on conformational influences in
the acyclic compounds55 and conformational effects48® in
the heterocyclic compounds related to positions of mono-
poles, lone pairs, and dipoles on the heteroatomic groups
are reasonable.

Reasonably strong evidence for chair conformations of 1
is provided in Figure 2, where ("CsHsXO “ (“cfHilo) is
found to be proportional to (i“*CsHioX — 5c6Hi2) except for
cyclohexane-1,4-dione. Any conformational dependence of
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Figure 2. Comparison of the chemical shifts of the carbons Bto
the heteroatom in 4 (relative to cyclohexane) with the chemical
shifts of the carbons (3to the heteroatom in 1 (relative to the posi-
tion a to the carbonyl in cyclohexanone): X = S, 1, C=0, 2; O, 3;
NCH3, 4, NCOC6H5, 5 NCH2C6H5, 6; NC02C2Hs, 7; NC0O2C2
H2(Me2S0), 8; NS02C7H7, 9; NS02C7H7(Me2S0), 10; S02 11;
+NHCH3, 12; +N(CH3J)2, 13.

the <Jinductive effect48®in 1 is cancelled by the analogous
conformational effect in 4 if each series of compounds ex-
ists in similar (chair) conformations. The dramatically di-
vergent behavior of la suggests that such 3 shifts may be
the most useful 13C NMR probe of ring conformational
preference.70

It may be argued that the “abnormal” behavior of cyclo-
hexane-1,4-dione (la) in both Figure 1 and Figure 2 is not
the result of a conformational difference, but arises from
the symmetry of this compound, where all of the methylene
carbons are equivalent. If this were true, discrepancies
would be observed whenever symmetrical structures (e.g.,
7) were compared with similar unsymmetrical ones. As
shown in Figure 3, comparison of observed 13C NMR chem-
ical shifts (Tables Ill and V) and chemical shifts calculated
from monosubstituted systems (Table 1V) by assuming ad-
ditivity relationships illustrates the validity of the additiv-
ity relationships (within 2.5 ppm) for all of the com-
pounds listed other than cyclohexane-1,4-dione. An expla-
nation of these results on other than conformational
grounds does not seem reasonable.

Further support for the validity of the conclusion that
the 13C NMR results of Figures 1 and 2 require chair con-
formations for the I-hetera-4-cyclohexanones (1) (other
than la) may be found in a comparison (Figure 4) of the 1-
hetera-4-cyclohexanones with the I-hetera-2-cyclohexa-
nones (5) and the I-hetera-2,6-cyclohexanediones (6)
(Table V63), neither of which exists in a normal chair con-
formation.3951 Additivity relationships do not hold, which
should be expected since 5 and 6 might better be consid-
ered as containing single new functional groups. Any possi-
ble correlation similar to Figures' 1 and 2 would have signif-
icantly different slopes. Treatment of 5 and 6 as containing
a new functional group set and comparison with the corre-
sponding acyclic esters, amides, anhydrides, and imides
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678 (679)
685 (68.9) 66.0 (65.1)
270 (28.3) 52.8 (50.4)
H 0
N 404 (39.3)
~AT.9 (48.6) N ~N45.7 (46.4)
So2c7Hr
CH3
N 41.0 (40.9) 40.9 (40.0)
Ay 557 (564) 55.3 (56.8) 430 (44.2)

' i
ch3 ch3
Figure 3. Comparison of observed 13C NMR chemical shifts with

those calculated (in parentheses) assuming additivity of effects
from monosubstituted compounds.

(where available64) gives a more or less parallel correlation
to those in Figure 1 (although solvent corrections must be
introduced for meaningful correlation). Conformational
changes in going from 4 to 5 and to 6 are consistent in the
two heteroatom series, but correlation with 1 does not
occur.

The final question is the extent to which a field effect or
an electron transfer occurs in the 1-hetera-4-cyclohexa-
nones. As suggested by the calculations of Jones and Has-
san2l and Duch,1922 an electric field effect is probably the
major interaction between the heteroatom group and the 7
position in these systems. In all members of compound sets
1 and 4, the 7 carbon is shifted upfield (relative to cyclo-
hexane in 4 and relative to the cyclohexanone carbonyl in
1) (Tables Il and 1V). As shown in Figure 5, a plot of the 7
chemical shifts in 1 against those in 4 appears as clustering
about a possible linear relationship. The 7 upfield shifts in
1 are larger than «in 4 [except for cyclohexane-l,4-dione
(la)], an effect ascribable to the greater sensitivity of the
carbonyl group to electrostatic effects through polarization
of the # electrons. Since the largest shifts are for quater-
nary nitrogen heterocycles, which cannot donate electrons
to carbonyl groups, any transannular electron donation
must be minimal in the I-hetera-4-cyclohexanones (1).65

A recent publication by Eliel et al.66 provides greater in-
sight into heteroatom effects on both gauche and anti 7
carbons. Incremental 7 upfield shifts on anti positions are
greater than on gauche positions and are most pronounced
for second-row heteroatoms. These authors propose a hy-
perconjugative-type interaction of free-electron pairs cen-
tered on second-row heteroatoms with the Ca-C” bond ac-
companied by a subsequent alternation of the electron den-
sity at the 7 anti-periplanar carbon. Electrostatic through-
space field effects are discounted because of observed de-

Hirsch and Havinga

27 238
Joo71
410
55.3"\
454
218 1
CH3
23.3( ~'V'>32.4
1602
499 0
A3 ji.206.2
ch3 428
67.7
172
26
472 8
)
26.0 |
CH3

Figure 4. 13C NMR comparison of 1-oxa- and l-azamethylcyclo-
hexanes, -2-cyclohexanones, -4-cyclohexanones, and -2,6-cyclohex-
anediones.

15 ¢ 5H10X -5¢6h 12)
—7IO —6|0 —5.9 —4.{] —3.{) —Z.P —l.|0_ 0

-to

-10
-2.0

-3.0

66d3 -4.0 cn

-5.0
-6.0
-70
12 10 -8.0
-9.0

MO.O
Figure 5. Comparison of the chemical shifts of the carbons 7 to
the heteroatom in 4 (relative to cyclohexane) with the chemical
shifts of the carbonyl carbons in 1 (relative to the carbonyl carbon
in cyclohexanone): X = S, 1, C=0, 2, NC02C2H6, 3; NCH2C6H5, 4;
NCOCS6HSs, 5 NC02C2H5(Me2S0), 6; O, 7; NS02C7H7, 8; NS-
0 2C7H7(Me250), 9; S02, 10; NCH3, 11; NHCH3 12; +N(CH3)2, 13.

pendence on heteroatom row and not on heteroatom elec-
tronegativity. Enhanced 7 anti effects in positively charged
systems require an additional monopole-induced <r-induc-
tive effect or electrostatic field effect. Simple steric argu-
ments1920 may still be important in 7 gauche relationships
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and may not be discarded. While these new data66 are ex-
tremely significant, they do not appear to materially affect
the conclusions reached herein.

According to Nakashima and Maciel,23 an upfield shift in
the carbonyl carbon resonance provides evidence for trans-
annular electron donation. While the heteroatom is fewer a
bonds distant from the carbonyl group in 1 than in 2 and 3,
the upfield shifts of the carbonyl carbons in 1 and the y
carbons in 4 are larger than the upfield shifts reported for
2b and 2c, requiring the conclusion that Nakashima and
Maciel only observed transannular electron donation in 3.
The observed upfield shifts in 2b and 2c relative to 2a
must be ascribed to the normal effects of the heteroatoms
in these molecules.

The 13C NMR results reported herein indicate unambig-
uously that the hybridization at nitrogen does affect the
electron density at each ring carbon in a six-membered ni-
trogen heterocycle. Assumptions67 that hybridization at ni-
trogen is of little significance and that rotational barriers in
IV-aeetylpiperidines and N-nitrosopiperidines,provide an
indirect method to evaluate conformational equilibria
(such as AG® for 2-methyl substituents) in the correspond-
ing piperidines must be accepted with caution.
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The 13C NMR spectra of dodecachloropentacyclo[5.3.0.026.039.048]decane and four of its hydrogen-substituted
derivatives have been obtained. The assignment of the 13C resonances was based on chemical shifts, coupling con-
stants, and Overhauser enhancements of the signals. Good correlation was found between the observed chemical
shifts and those predicted from substituent parameters and between 1H chemical shifts and 13C chemical shifts.
Some unusual variations in the two- and three-bond coupling constants were observed.

Proton-coupled 13C NMR studies have generally been
limited to simple molecules because of the complexity of
the spectra and the low sensitivity associated with this
technique. The availability of dodecachloropentacy-
clo[5.3.0.02'6.039.04'8]decane (compound 1) and some of its
hydrogen derivatives provided an excellent opportunity to
investigate the 1H -13C coupling and the inductive effects in
a set of closely related and relatively large molecules. These
compounds have a rigid carbon skeleton, and on account of
its symmetry, 1 contains only three sets of magnetically
different carbons. Four hydrogen derivatives of 1 were
available from photochemical reactions2-4 and other syn-
thetic routes.5

Compound 1 was first synthesized in 1945 by Prins.6 Its
structure was deduced from infrared,7 x-ray,8 and mass

spectral9 data. This compound has been used commercially
as a pesticide (Mirex)® and a fire retardant (Dechlorane)®
and has been the subject of pyrolysis,10 chemical,58 and
photochemical2-4 investigations. The structures of com-
pounds 2, 3, and 5 were assigned from NMR, infrared, and
mass spectral data.2-4 The geometry of compound 4 was
deduced in this study.

Experimental Section

The 13C NMR spectra were obtained at 22.6 MHz with a Bruker
HX-90 spectrometer, operated in the single coil configuration with
a heteronuclear 19 lock and equipped for fast Fourier transforma-
tion with a Nicolet 1083 data system. IH NMR spectra were ob-
tained at 90 MHz in the continuous wave mode with a homonu-
clear lock.

Chemical shifts were measured while employing noise-modu-
lated 'H decouplingll at ambient probe temperature (approxi-
mately 25°C). Saturated solutions in carbon disulfide containing
5% (v/v) hexafluorobenzene and 10% (v/v) tetramethylsilane were
used for the lock and chemical shift reference, respectively. Ap-
proximately 1.3 ml of sample solution was contained in 10-mm o.d.
sample tubes fitted with vortex plugs. Chemical shift data encom-
passing a 5000-Hz spectral region were collected into 8K data
points, yielding a computer resolution of 1.2 Hz (0.04 ppm). Typi-
cally, 20 000 scans with a delay time of 2 sec between scans were
necessary to obtain a good spectrum.

Gated, noise-modulated X4 decoupling was applied in order to
observe long-range 13C - 1H coupling.1213The BSV-2 decoupler was
on for 1.8 sec and off 0.2 sec prior to the data acquisition, using cir-
cuitry similar to that of Dorn et al.24

Compound 1 (98%), obtained from Allied Chemical Corp., was
recrystallized from benzene. Two hydrogen-substituted derivatives
of compound 1 were prepared by the methods of Dilling.5 Two
other derivatives were prepared by the photolysis of compound 1
as described elsewhere.23

Discussion

The 13C spectrum for compound 1 (Table 1) consisted of
three singlets at 91.6, 82.4, and 76.5 ppm downfield from
MeiSi with relative areas of 1:3:2. The peak at the lowest
field and with the smallest intensity was assigned to the di-
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Table |

Decoupled spectra
Chemical shifts, Relative
Compd ppm from Me, Si area Multiplicity
1 91.6 1
82.4 1
76.5 1
2 92.0 1.0 1
83.1 2.9 1
78.2 9.3 2
77.1 2.3 2
75.4 3.7 1
67.4 30 2
3 92.7 1
83.2 1
77.0 3
75.1 3
45.9 3
4 93.5 1.0 1
76.8 3.0 1
71.8 11 2
61.0 9.6 2
5 92.6 2.2 1
82.8 1.8 1
78.6 1.0 2
76.2 4.5 1
76.2 1
69.6 1.6 2
60.9 9.4 2

chloromethylene bridge carbons (C-5 and C-10). The
bridgehead carbons (C-1, C-4, C-6, and C-9) are bonded to
one dichloro carbon and two monochloro carbon atoms.
Thus, they have one more (3-chlorine substituent than car-
bons C-2, C-3, C-7, and C-8 and would be expected to ap-
pear at approximately 6 ppm lower field strength.15 There-
fore, the resonance at 82.4 ppm was assigned to C-I, C-4,
C-6, and C-9, and the one at 76.5 ppm was assigned to C-2,
C-3, C-7, and C-8. The discrepancy in the relative intensity
of the resonance lines was attributed, in part, to the experi-
mental conditions employed.16

For the hydrogen derivatives, the resonances for carbon
atoms bonded to hydrogen were differentiated from those
for carbons not bonded to a hydrogen by the higher field
chemical shift values, the larger coupling constants and, in
the proton-decoupled spectra, the nuclear Overhauser ef-
fect. The chemical shifts of other resonances were com-
pared to predicted values15 for carbons in various positions.
In a study of perchlorinated compounds, it was observed
that replacement of a chlorine substituent by a hydrogen
produced a high-field shift of 25 and 6 ppm at the a and 3
carbons, respectively, and a low-field shift of 1 ppm at the
7 carbons.15 Except for the /3 parameters, these substituent
increments are in good agreement with those reported for
one group of aliphatic compoundsl7 but are somewhat
smaller than those reported for polychloromethanesl18, 1-
chloroalkanes,19 chlorocyclohexane, and chloroadaman-
tane.20

Compound 2 (1,2,3,4,5,5,6,7,8,9,10-undecachloropentacy-
clo[5.3.0.026.039.04'8]decane) has fewer symmetry planes
than compound 1 and thus has six magnetically different
carbon atoms. The spectrum of 2 (Table 1) consisted of six
resonances at 92.0 (s), 83.1 (s), 78.2 (d,J = 3.9 Hz), 77.1 (d,
J = 8.7 Hz), 75.4 (s), and 67.4 ppm (d, J = 164 Hz). The
large, one-bond 13C-1H coupling and the high-field shift
readily identified the 67.4-ppm absorption as that due to
the monochloromethylene bridge carbon, C-10. The reso-
nances at 83.1 and 92.0 ppm were assigned to carbons C-4
and C-6 and carbon C-5, respectively, using arguments
analogous to those made for the assignments of the reso-
nances in 1. The resonance at 75.4 ppm was assigned to car-

Coupled spectra

Coupling Relative
constant, Hz area Assignment
0 1.0 5and 10
0 3.0 1,4,6, and 9
0 2.0 2,3,7,and 8
0 1.0 5
0 2.6 4 and 6
39+1 5.1 2 and 3
8.7 +1 1.7 7 and 8
0 2.4 land 9
164 + 1 25 10
0 1.0 5
0 3.1 4 and 6
54 +1 10 2,3, 7,and 8
54 %1 24 land 9
141 =1 120 10
0 1.0 5 and 10
0 1.8 1,4, 6,and 9
17+1 1.0 3and 7
176 + 1 4.8 2 and 8
2.2 5and 10
1.8 1 and 6
122 +1 1.0 2or 3
0 3.8 3or 2
0 4 and 9
49 +1 1.6 7
176 + 1 5.2 8
Table 11
Carbon 5 pre-
Compd atom 5 observed dieted A
1 5, 10 91.6
1,4,6,9 82.4
2,3,7,8 76.5
2 5 92.0 91.6 +0.4
4.6 83.1 82.4 +0.7
2,3 78.2 77.5 +0.7
7,8 77.1 77.5 -0.4
1,9 75.4 76.4 -0.1
10 67.4 66.6 +0.8
3 5 92.7 91.6 +1.1
4,6 83.2 82.4 +0.8
2,3,7,8 77.0 78.0 - 1.0
1,9 75.1 71.4 +3.7
10 45.9 45.6 +0.3
4 5, 10 93.5 93.6 -0.1
1,4,6,9 76.8 77.4 - 0.6
3,7 71.8 71.5 +0.3
2,8 61.0 51.5 +9.5
5 5, 10 92.6 92.6 0.0
1,6 82.8 83.4 - 0.6
2 78.6 or 76.2 76.5 +2.1 or 0.3
3 76.2 or 78.6 77.5 —1.3 or +1.1
4,9 76.2 76.5 -0.3
7 69.6 70.5 -0.9
8 60.9 51.5 +9.4

bons C-I and C-9 which is in good agreement with the pre-
dieted valuel5 (Table Il) for these carbon atoms. The in-
ductive effect associated with the replacement of a chlorine
on C-10 with a hydrogen will be transmitted through bonds
equally to carbons C-2 and C-3 and to carbons C-7 and C-8.
However, the interaction exerted on carbons C-7 and C-8
by the chlorine atom on C-10 will be absent for carbons C-2
and C-3, which have a hydrogen situated syn to them. This
leads to the expectation that C-7 and C-8 will resonate at a
higher field (77.1 ppm) than carbons C-2 and C-3 (78.2
ppm).17,21-24 Similar 1,4-nonbonded interactions in ali-
phatic hydrocarbons produce approximately a 2.5-ppm
high-field shift,2l while the steric compression exerted on
C-6 of endo-2-chloro and endo-2-hydroxy derivatives of
bornane causes approximately a 9-ppm high-field shift.17
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The 13C NMR spectrum for 1,2,3,4,5,5,6,7,8,9-decachlo-
ropentacyclo[5.3.0.026.039.04'8]decane (compound 3, Table
1) consisted of five resonances at 92.7 (s), 83.2 (s), 77.0 (t, J
= 5.4 Hz), 75.1 (t, J = 5.4 Hz), and 45.9 ppm (t, J = 141
Hz). The high-field shift and the large coupling constant of
the resonance at 45.9 ppm dictated that it be assigned to
the methylene bridge, C-10. The assignment of the triplets
at 75.1 and 77.0 ppm was made to carbons C-l1 and C-9 and
to carbons C-2, C-3, C-7, and C-8, respectively. This assign-
ment minimized the deviations between the observed and
the predicted chemical shifts. The enhancement of the
75.1-ppm resonance supported its assignment to C-1 and
C-9. By analogy with the resonances of compound 1, the
peaks at 83.2 and 92.7 ppm were assigned to carbons C-4
and C-6 and carbon C-5, respectively.

The structure of a second dihydro derivative of com-
pound 1 is either 4 or 4a.2 Compound 4 has four magneti-
cally different carbons, and 4a has five because the mole-
cules have different symmetry properties. The observed
four-peak spectrum is consistent with structure 4
(1,3,4,5,5,6,7,9,10,10-decachloropentacyclo[5.3.0.026.039.-
04'8]decane). The observed resonances were at 93.5 (s), 76.8
(s), 71.8 (d,J = 17 Hz), and 61.0 ppm (d, J = 176 Hz). The
absence of a signal near 82 ppm excluded from consider-
ation structure 4a (the 3,8-dihydro isomer). The resonance
at 61.0 ppm can be assigned unequivocally to the carbons
bonded directly to the hydrogens (C-2 and C-8) by reason
of the large splitting of this peak (176 Hz). The peak at 93.5
ppm was assigned to the dichloromethylene bridges (C-5
and C-10), utilizing arguments analogous to those em-
ployed for compounds 1, 2, and 3. The methylene bridge-
heads (C-1, C-4, C-6, and C-9) are each bonded to a di-
chloro carbon atom and a monochloro carbon atom, where-
as carbons C-3 and C-7 have only two chlorines in the /Jpo-
sitions. The predicted valuesil5 for the methylene bridge-
heads (C-I, C-4, C-6, and C-9) and carbons C-3 and C-7 are
77.4 and 71.5 ppm, respectively. The predicted values de-
viated from the observed ones by an average of only 0.5
ppm if the 76.8-ppm resonance was assigned to carbons
C-I, C-4, C-6, and C-9, and the 71.8-ppm resonance was as-
signed to carbons C-3 and C-7. The normalized intensity
ratios revealed a slight Overhauser enhancement for the
76.8-ppm resonance, supporting its assignment to C-1, C-4,
C-6, and C-9.

The 13C NMR spectrum of 1,2,3,4,5,5,6,7,9,10,10-unde-
cachloropentacyclo[5.3.0.026.03'9.04'8]decane (compound 5,
Table 1) consisted of six resonances at 92.6 (s), 82.8 (s), 78.6
d, J = 12.2 Hz), 76.2 (s), 69.6 (d, J = 4.9 Hz), and 60.9
ppm (d, J - 176 Hz) from Me4Si. The line width and rela-
tive integrated intensity of the 76.2-ppm resonance indicat-
ed that it was a pair of overlapping resonances. The reso-
nances at 92.6 and 82.8 ppm were assigned to the dichloro-
methylene bridges (C-5 and C-10) and their bridgeheads
(C-1 and C-6), respectively. The large splitting of the reso-
nance at 60.9 ppm (176 Hz) dictated that it be assigned to
carbon C-8. The doublet at 69.6 ppm was assigned to car-
bon C-7, since it is bonded to the most shielded carbon
(C-8) and to only two monochloro carbon atoms (C-4 and
C-9). The chemical shift of this resonance compared favor-

Alley, Layton, Minyard, and Westerman

ably with a value of 70.5 ppm predicted from literature pa-
rameters.15 The resonance at 76.2 ppm was assigned to car-
bons C-4 and C-9 because the closely related carbons (C-I,
C-4, C-6, and C-9) in 4 resonate at 76.8 ppm. The two re-
maining resonances at 76.2 and 78.6 ppm could not be as-
signed unequivocally. The predicted chemical shiftl5s for
carbon C-3 is 77.5 ppm, and the 12-Hz coupling constant is
not unreasonable for a three-bond coupling. However, all
the carbon atoms which are three bonds from the hydrogen
atom were not coupled with it; and in compound 4, C-3 and
C-7 were coupled to only one hydrogen atom. In both the
coupled and decoupled spectra, the 78.6-ppm resonance
had the smallest signal intensity. Therefore, these cou-
plings and the nuclear Overhauser enhancement indicated
that the resonances at 76.2 and 78.6 ppm were from C-3
and C-2, respectively. This assignment requires that carbon
C-2 be coupled to the hydrogen through four bonds (12
Hz). Although the assignment of the 78.6-ppm resonance to
C-2 was not certain, the unusually large four-bond coupling
could find its basis in the overlapping back lobes2526 of
bonding orbitals of the two carbon atoms (C-2 and C-8).

Table Il contains the observed resonances, a set of pre-
dicted chemical shifts, and the deviations between the pre-
dicted and observed values. The predicted shifts were ob-
tained by adding the appropriate substituent parame-
ters1517 to the resonances of compound 1. The influence of
a substituent on a given carbon was counted once for each
equivalent path.27 The range of observed chemical shifts
was 48 ppm. Agreement of predicted and observed values
was good except for the hydrogen-substituted carbons of
compounds 4 and 5, for which the largest deviations were
20% of the range. The next largest deviation is 8% for C-1
and C-9 of compound 3. The range of the deviations for the
remaining nineteen shifts was only 0-4.4%.

A comparison of the chemical shift of each carbon atom
bonded to a hydrogen and the chemical shift of that hydro-
gen25 revealed that the two shifts were related linearly.
These data yielded the empirical equation

= 1255H + 138

The correlation coefficient for the regression analysis of
the data was 0.999. Spiesecke and Schneider28'29 also have
observed linear relationships between chemical shifts of
hydrogen and carbons for groups of similar compounds but
found that these relationships broke down where steric
hindrance was important.

There were some anomalies in the 1H -13C coupling of
these molecules. For compounds with a hydrogen on the 2
or 8 position (compounds 4 and 5), the hydrogen coupled
with only one of the three /? carbons. Variations in the two-
and three-bond coupling constants were assumed to be re-
lated to the hybridization of the carbons,30-33 the dihedral
angles,34-35 and the substituent effects.3033 The magnitude
of the two- and three-bond coupling constants for com-
pound 3 were identical, and for compound 2 the hydrogen
was coupled with the y carbons but not with the /3 carbons.
Although this seemed unusual, similar results have been
obtained for other compounds.31'32 In compound 2, the
three-bond, 1H -13C coupling constant for carbons C-7 and
C-8 was different than the one for carbons C-2 and C-3.
These differences could be the result of a sensitive depen-
dence on the dihedral angle34 or of coupling by a back lope
overlap mechanism.2426'36 These results indicate that cau-
tion should be employed when long-range 'H -13C coupling
constants are used as criteria for structure assignments.
Preparation of additional compounds related to those in
this study has been initiated. These compounds will be
used to investigate variations in the 1H -13C coupling con-
stants.
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Carbon-13 Chemical Shifts in Bicyclo[2.2.2]octanes
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The 13C chemical shifts for a number of bicyclo[2.2.2]octanes substituted in the 2 and 2,5 positions have been
obtained in natural abundance. Substitution parameters have been derived from the 2-substituted compounds
and these parameters can be used to determine the relative stereochemistry of groups at C-2 and C-5. A compari-
son of the presently derived parameters with the known parameters for the norbornyl system has been made.

The value of 13C NMR spectroscopy for the study of the
stereochemistry of relative rigid molecules, such as nor-
bornyl derivatives, has been demonstrated by Grutzner et
al.1and Schneider and Bremser.2 In the course of synthetic
studies we have had occasion to prepare a number of bicy-
clo[2.2.2]octane derivatives, largely with substituent at po-
sitions 2 and 5,3 and we have examined the 13C NMR spec-
tra of these compounds as an aid to the assignment of the
relative stereochemistry of these substituents. Following
the earlier studies, 1,24 we have classified the substituent
perturbations in terms of a, fi, 7, and 8 effects, the substitu-
ent being introduced at the a-carbon atom. The special 7
effect which is operative in the norbornyl seriesl is opera-
tive in the bicyclo[2.2.2]octanes. The parameters obtained
in the present work have been compared with those ob-
tained for the norbornyl system, and substantial agreement
both in the size and magnitude of the shifts is observed.
Differences can probably be accounted for in the greater
flexibility of the bicyclo[2.2.2]octane framework.

Assignments. Our initial studies were carried out on bi-
cyclo[2.2.2]octane (1), bicyclo[2.2.2]octan-2-0l (2), and the
three epimeric bicyclo[2.2.2]octan-2,5-diols (3a-c). The
structure and assignment are shown in Table I. The epim-
eric diols 3b and 3c were extremely valuable in establishing
these assignments, since each contain only four carbon

atoms with different chemical environments due to the
symmetry of the system. In 3b, C-2 and C-5, the carbons
substituted by the hydroxyl groups, were shown to be dou-
blets by an off-resonance experiment, and show the largest
downfield shift compared to the corresponding carbons in
bicyclo[2.2.2]oetane, and this is readily correlated with a
similar a shift in alcohols. The tertiary carbons C-l and
C-4 are also doublets in the off-resonance experiment, and
are shifted downfield, mainly due to the fi effect. The re-
maining carbons to be assigned are the equivalent pairs
C-3, C-6 and C-7, C-8. Based on the shielding and deshield-
ing effect of the 7 effect in norbornanes, we assign the car-
bons shifted downfield as C-3, C-6 and those upfield as C-7,
C-8. In 3¢, C-2 and C-5 were again doublets in the off-reso-
nance experiment, and are again shifted downfield, and the
tertiary atoms C-l1 and C-4 are also doublets and show a
downfield shift. With the remaining two pairs of carbon
atoms, C-3, C-6 and C-7, C-8, the assignments are again
based on the expected direction of shift from the norbor-
nanes. Further, the gross magnitude of the shifts are as ex-
pected, C-7, C-8 less affected in 3c than in 3b because of
the smaller interaction, and the C-3, C-6 shift in 3c smaller
than in 3b because of the opposed direction of the two ef-
fects. The assignments receive further strong support from
the spectrum of the unsymmetrical isomer, 3a. Here C-I,
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Table |
13C Chemical Shifts of Bicyclof2.2.2]octan-2-olsa

Registry
no. Compd C-I Cc-2
280-33-1 24.14 26.16
18684-63-4 31.64 69.41
OH
57346-04-0 32.50** 68.55*
57378-52-6 32.73 68.40
57378-53-7 32.52 69.08

Garratt and Riguera

C-3 C-4 C-5 C-6 C-7 C-8
37.47 24.87 24.59* 23.82 18.70 25.70*
30 51 32.43** 68.20* 35.64 17.29 23.45
34.60 32.73 68.40 34.60 18.35 18.35
3C.37 32.52 69.08 30.37 22.78 22.78

aThe chemical shifts are in parts per million downfield from internal Me4Si; the asterisks designate pairs of shifts which
have been assigned for consistency of parameter values but which could be reversed.

C-4, C-2, and C-5 can be identified as before. The remain-
ing four carbon atoms are now of four types, C-7 is very
similar to C-7 in 3b, C-8 similar to C-8 in 3c, C-3 is similar
to C-3 in 3c, and C-6 is similar to C-6 in 3b, and the four
carbon atoms do indeed show these expected shifts. In the
mono-ol 2, C-l1 and C-2 are doublets in the off-resonance
experiment and the remaining assignments are made by a
comparison of the gross chemical shifts with those in the
diols. The value for C-5 and C-8 may be interchanged, but
the assignments given provide the best fit with the data ob-
tained from the diols.

The carbon-13 shifts for a number of 2-substituted and
2,5-disubstituted bicyclo[2.2.2]octanes are collected in
Table Il. The symmetry of bicyclo[2.2.2]octane-2,5-dione
was again useful in assignment; atoms C-l and C-4 were
identified as doublets in an off-resonance experiment, the
other carbons being assigned on the basis of the expected
gross chemical shifts from bicyclo[2.2.2]octane. The assign-
ments to bicyclo[2.2.2]octan-2-one followed from off-reso-
nance experiments and a comparison with the dione. The
assignments to the remaining compounds in this table are
more tentative, double resonance experiments identifying
certain carbons but the remaining assignments being based
on the expected chemical shifts and the consistency of re-
lated data. In certain cases, as indicated in Table II, the as-
signment could be interchanged, but such an interchange
would not affect the general discussion.

In Table IIl, the carbon-13 spectra of four bicy-
clo[2.2.2]octanes which were geminally substituted at posi-
tion 2 by methyl and carboxyl are collected. Atom C-2 was

identified in all cases by its lower intensity, C-l in 4 and
C-5 in 5a,b by off-resonance experiments, and the other
atoms by the expected gross chemical shifts caused by the
substituents.

Discussion

The introduction of a substituent on the bicyclo[2.2.2]oc-
tane framework causes the now expected¥ change in the
a, d, and y carbons, together with the smaller effects at the
8 carbons.6 Because of the symmetry of bicyclo[2.2.2]oc-
tane, there is no endo, exo distinction of substituents, as
there is in the case of the norbornyl system, and conse-
quently there is only one parameter value for the a and (1
carbons in the bicyclo[2.2.2]octanes. The a and /3 effects do
depend on the degree of substitution of the a and (i carbon
atoms, and in the present work this largely involves the dif-
ference between the bridgehead C-1 and the C-3 parame-
ters. A marked difference is found in the y effects depend-
ing on whether the substituent is syn or anti to the carbon

in question. Thus in 6, the substituent at C-2 is syn to C-7
and anti to C-6. The effect on C-7 is clearly steric in origin,



Carbon-13 Chemical Shifts in Bicyclo[2.2.2]octanes J. Org. Chem., Voi. 41, No. 3,1976 467

Table 11
3C Chemical Shifts of 2-Substituted Bicyclo[2.2.2 Joctanesa

Registry

57346-05-1 45.10 211.41  40.30 45.10 211.41 40.30 22.19 22.19

29221-25-8 27.51 41.92 28.08 23.78 25.09* 25.31* 21.94 26.37 Co2H

CO.H

766-53-0 30.22 30.22 35.64

49826-60-0 41.92* 216.41 40.16*

H\/CO.H

41977-18-8 31.16 68.46 33.68

25.03

31.25

28.55

183.03
CO02CH3b
176.28
51.39
26.15 25.03 21.30

27.45 CH3

20.31

co2h
180.08
co2ch3*
174.98
51.88

40.94* 25.81 22.63** 25.28**

COo2H
180.04
CO02CH3*
177.84
52.00

41.47 21.28 22.80 25.01

a See footnote a, Table I. * The values for chemical shifts of the C-1—C-8 carbons of the methyl esters of the acids are

virtually identical with those of the acids.

and is similar, both in size and magnitude, to that observed

in the norbornyl series.1'6 The series of parameters ob-

tained by comparing the chemical shifts in the 2-monosub-

stituted bicyclo[2.2.2]octane with those in the parent hy-

drocarbon are shown in Table IV. These parameters can be

readily transferred to the other members of the series, as

may be illustrated for compound 7. C-3 in 7 experienced a ft
effect from the 2-OH and a y-syn effect from the CO2H,

which gives a predictive shift to 33.46 ppm, compared to

the observed 33.68 ppm. Similarly, C-6 experiences a Bef-

fect from the CO2H and a y-syn effect from the OH, result-

ing in a predictive shift to 20.96 ppm, compared to the ob-

served 21.28 ppm. A plot of the calculated against the ex-

perimental chemical shifts for atoms C-I, C-2, and C-7 of
seven substituted bicyclo[2.2.2]octan-2-0ls had a slope of
1.00 and a standard deviation of 0.46, showing that the cor-
relation is satisfactory. These atoms were chosen since the

assignments of C-1 and C-2 are secure, and the effect on

C-7 large.

With the geminal 2,2-disubstituted derivatives, the pa-
rameter values for each of the individual C-2 substituents
cannot be used to predict the shifts on the other carbons
compared with bicyclo[2.2.2]octane, a situation which was
also observed in the norbornyl system.1 However, when the
effect of introducing substituents at the C-5 position into
the 2,2-geminally substituted compound 4 is examined, it is
found that the shifts produced by the substituent com-

pared with the shifts in 4 can be accurately predicted using
the substituent parameters found for the mono-2-substi-
tuted bicyclo[2.2.2]octanes.

Comparison of the parameters derived in the present
study with those found in the norbornyl system showed
that both the magnitudes and signs of the a and O shifts are
very similar.7 Small trends are observed, the shifts for OH
and = 0 appearing slightly larger, and those for Me and
CO2H slightly smaller for the bicyclo[2.2.2]octanes. How-
ever, the norbornyl shifts are averages for the substituent
in the exo and endo positions, and the overall trends are
probably not significant. The y-syn effects are smaller in
the bicyclo[2.2.2]octanes, and this most probably reflects
the greater rigidity of the norbornyl system which can less
readily distort to remove steric strain. The 5 effects are
small, but it is of interest to note that the methyl group
causes a downfield shift, whereas the other substituents
cause upfield shifts, of the 5-carbon atom. This again paral-
lels the situation in the norbornyl system.

Using the parameters listed in Table IV it is now com-
paratively easy to assign the relative stereochemistry of the
two groups at positions 2 and 5 by inspection of the chemi-
cal shifts of C-3, C-6, C-7, and C-8. The major factor in-
volved in the difference in the spectra is the larger pertur-
bation caused by a y-syn as compared to a y-anti substitu-
ent, and the differences are readily illustrated in the spec-
tra of the alcohols 3a-c and the acids 5a,b. Thus C-3 in 5a
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Table 111
13C Chemical Shifts of 2-Geminally Substituted Bicyclof 2.2.2 Joctaneso

Registry
no. Compd C-I C-2 C-3
57346-06-2 .COR 32.07 44.01 36.55
HANOH
38347-91-0 33.43* 43.44 30.01
COR
57378-54-8 33.11* 42.76 34.31
COR
57346-07-3 35.84 43.23 33.60
COR
a'b See footnotes to Tables I and II.
Table IV
13C Substituent Effects for
2-Substituted Bicyclo[2.2.2 Joctanesa
Effect Substituent
-OH =0 -Me —€OjR
a 43.25 190.7 4.1 15.8
(43.35)0 (185.2) (5.6) (16.5)
a (gem) 1.5 13.8
R (C-3) 11.3 18.0 9.5 2.3
(10.9) (15.1) (10.35) (3.25)
G(C-1) 7.5 18.3 6.1 3.5
(7.0) (13.3) (6.0) (4.4)
7-syn —7.5 ( -4.9 -4.0
(-9.7Y -2.7 (-7.7 K (—4.8K
(—5.8)
7 -anti —2.3 | —1.1 —1.1
(-5.2)* (-11)d  (-1.0)*
6e -0.5 —1.3 0.8 -0.5
(-0.5) (-2.4) (0.35) (-0.45)

a Values obtained by comparison of shifts in the 2-sub-
stituted derivative with those in bicyclo[2.2.2]octane.
b Values in parentheses for the norbornyl derivatives and
were obtained from ref 1. For the a and 0 effect an average
value has been taken from the exo and endo shifts. ¢ Value
for the endo-norbornyl parameter. * Value for the exo-
norbornyl parameter. e Values for the S effect are much
less reliable than the other parameters owing to problems
of assignment.

shows a much larger upfield shift than C-3 in ab, whereas
C-8 shows a larger upfield shift in 5b than in 5a.

Experimental Section

The 13C NMR spectra were recorded on a Varian CFT-20 spec-
trometer at 20 MHz. Spectra were normally taken with broad-

C-4 C-5 C-6 c-7 Others

cozh
186.18
co2ch3*
179.04

51.57
Me

26.63
cozh
182.78
CO02CH3s6
178.03

52.19
Me

26.63

25.17* 24.31 24.31 21.57 25.31*

32.53* 68.29 35.80 20.07 22.76

CO2H

181.80

Me
26.28

32.78* 68.00 35.53 20.91 17.61

co2h
182.27
Me
26.13
CO02CH3s6
177.42
52.05

42.66* 214.33 42.94% 20.75 22.15

band proton decoupling as 10% w/v solutions in CDCI3 and chemi-
cal shifts were measured with reference to internal Me,jSi and are
reported in parts per million.

Most of the compounds were prepared by known literature
methods.8 Bicyclo[2.2.2]octan-2-01 was prepared in 90% yield by
treatment of bicyclo[2.2.2]octane with mercuric acetate,9 and was
identical with a sample prepared by a reported method.10 2-Meth-
ylbicyclo[2.2.2]octane was obtained from bicyclo[2.2.2]octan-2-one
by reaction with methyltriphenylphosphonium bromide, and sub-
sequent hydrogenation (PtC>2) of the product. The sample was
identical in all observed properties with those reported.1l Bicy-
clo[2.2.2]octane-2,5-dione was prepared by a modification of the
method of Guha and Krishnamurthy.12 The bicyclo[2.2.2]octane-
2,5-diols were prepared by reduction of the diketone5 Bicy-
clo[2.2.2]octane-2-carboxylic acid and 2-methylbicyclo[2.2.2]oc-
tane-2-carboxylic acid were prepared by catalytic reduction of the
Diels-Alder adduct formed by reaction of 1,3-cyclohexadiene with
acrylicl3 and methacrylic acid,]4 respectively. 5-Oxobicy-
clo[2.2.2]octane-2-endo-carboxylic acid and 2-exo-methyl-5-oxobi-
cyclo[2.2.2]octane-2-endo-carboxylic acid were prepared by the
method of Lee.15 The corresponding alcohols were prepared by re-
duction.5
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A method for quantitatively determining the solution equilibrium for conformers in a conformationally mobile
system by computer analysis of LIS spectra is developed. The relative population of the two major conformations
of Cis-8-oxabieyclo[4.3.0]non-3-ene and cis-2,5-dimethyl-a's-8-oxabicyclo[4.3.0]non-3-ene have been determined.
A second, independent conformational analysis of these molecules supports the use of this method. Some limita-
tions of shift reagents, as applied to conformational analysis, are examined.

There has been considerable interest in utilizing lan-
thanide shift reagents to deduce conformations of mole-
cules in solution. Until recently, however, very little quan-
titative work has been attempted owing to the uncertain
and tedious nature of the calculations involved. We became
interested in lanthanide induced shift (LIS) studies as a
tool to probe the subtle effects of a heteroatom on confor-
mation, and, as a result, have taken an active interest in the
development of LIS techniques. As part of this effort, we
report on the conformational equilibria of the cis-8-oxabi-
cyclo[4.3.0]non-3-ene series.

Results and Discussion

Dreiding models clearly demonstrate that there are two
major conformations for members of the cis-8-oxabicyclo-
[4.3.0]non-3-ene series, “open” and “folded” (Chart 1).

Chart |
Major Conformations of the 8-Oxabicyclo[4.3.0 Jnon-3-enes

b, R = Me

Based on NMR spectral analysis, we have previously sug-
gested that the preferred conformation of cis-8-oxabicyclo-
[4.3.0]non-3-ene (la) is “open”.1 At that time we had no
quantitative data on this preference, and we undertook a
systematic analysis of LIS data.

In all cases the necessary LIS data were obtained by add-
ing aliquots of a carbon tetrachloride solution of Eu(fod)3
to a precisely weighed amount of substrate, also in carbon
tetrachloride.2 For each proton the induced shift was plot-
ted against the ratio of Eu(fod)3 to substrate and the slope
determined (Table I). These slopes are the necessary input
data for PDIG M, a program designed by Davis and Wilcott.3

For a given set of molecular coordinates, PDIGM system-
atically varies the lanthanide position over a series of
spheres of increasing radius. The coordinates for the het-
eroatom are taken as the center of the sphere and a theo-
retical shift for each proton, as given by the McConnell-
Robertson equation, is calculated and compared with the
experimentally determined values. The position of best fit
for each radial increment, accompanied by an agreement
factor, is given by means of two defining angles, p and 4>
The agreement factor is expressed as a standard deviation

Y <oj(obsdj —ealcd/)2!!/2

R [ £ A>;(obsdy) J

where V\a' is the weight associated with ;th observation. For
a given conformation, the lanthanide position is taken to be
that at which the best agreement factor occurs.

PDIGM may be used for a qualitative analysis of confor-
mational equilibria by comparing the R values obtained for
the various stable conformations and choosing the lowest
value among them. That PDIGM may also be used for quan-
titative work can be inferred from magnetic resonance
theory. Specifically, a proton signal appearing in the NMR
spectrum will be a time average of the signal for this proton
in its various environments, providing that the interconver-
sion of the conformers is fast relative to the NMR time
scale.4 It follows that the signal appearing on the NMR
spectrum is representative of a molecule of “intermediate
conformation”. It is also known that the observed shift in
the presence of a lanthanide shift reagent is a linear combi-
nation of the induced shifts of the extremes5

Sosd = H& + (1 —n)52

where Si = shift for proton in conformation 1 and (2 = shift
for proton in conformation 2. From the McConnell-Rob-
ertson equation

5i = f(ri, 61)
S2- fir2,82)
and hence

sobed = nf(n, ff)) + @ - n)f(r2 d.



470 J. Org. Chem., Vol. 41, No. 3, 1976

Table |
Slopes for the Plots A5 vs. Eu(fod)3Sub

Slope A 0.514 0.820 0.198 3.695
B 0.988 0.900 0.454 3.002
C 1.371 2.200 0.745 5.273
D 3.425 4.08 Me: 0.694 12.663
E 4.00 4.48 12.663
Me: 0.739

The question, then, becomes whether (0isd can be ex-
pressed as eq 1. This can be restated in another form: does
the average value of the pseudocontact shifts for the stable
conformers equal the pseudocontact shift for the average
values of r and 91

Sotsd = f[n(rh 8i) + (L ~n) (r2 62)] = f(rabad, Ocsd) 0)

A rigorous proof of this relationship has been attempted,6
but difficulties in integrating the expressions

(cos26—1/r3)
and
cos2 (9) —1/(r3)

caused inconclusive, although favorable, results.

Lacking concrete mathematical proof, we attempted to
establish the relationship by direct comparison of the two
methods of averaging. If (cos2 4 — 1)/r3 (del) is calculated
for all protons in a molecule and then plotted against the
observed shift for these protons, a straight line results. Fur-
ther, if

(cos24>—1)/r3 = (cos2 (<>)~1/(r)3

the slope of the line obtained by averaging the del values
for the two conformers should be identical with the slope of
the line obtained by averaging the coordinates of the two
conformers and then calculating the del values. Compound
Ib was examined in this manner at a conformational
weighting of 1:1 using the program BODEL.7 The least-
squares slope for the average of the del values is found to
be 0.533, with a standard deviation of 0.048; while that for
the del values of the averaged coordinates is 0.519, with a
standard deviation of 0.052. Variances obtained are 0.963
and 0.960, respectively. Although this does not constitute a
rigorous proof of eq 1, the results are strongly supportive of
its use.

Despite the lack of solid theory, the relationships above
are exceedingly useful and have been utilized to good ad-
vantage.8 If then we can accept eq 1, it follows that the set
of theoretical calculations which will most closely approxi-
mate the experimentally obtained values will be found at
the weighted average of the coordinates for the stable con-
formations which represent the “intermediate conforma-
tion”. If the sum of the conformers present is unity, the
weights placed on the coordinates of the stable conforma-
tions at the point of best fit will be identical with the
amount of that conformer in solution.

Consequently, a program for averaging the coordinates
for the two stable conformers was developed and merged
into the existing PDIGM system. It should be noted at this
point that the atom positions for the various conformations
should overlap in every possible respect, and in the system
1 requires superimposing the furan rings before the averag-
ing process.9 Neglect of this factor would cause identical
atom positions to be averaged (Chart I1).

The data obtained are presented in Table Il and Figure
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Table 11
Agreement Factors for Weighted Averages of Conformation
% open
confor- R values, %, R values, %,
mation at 2.2 A (Ib) at 2.9 A (la)
100 10.1 (3.81 at 2.9 A) 1.98
95 1.91
94 1.90
93 1.91
92 1.92
90 3.93 (3.55 at 2.3 A) 1.96
85 2.17
80 2.50
Ib 2.37 2.93
70 2.16
65 2.03
63 2.01
62 2.00
61 1.99
60 1.99
55 2.05
50 5.66
35 3.36 (3.29 at 2.3 A) 7.19
20 3.59 8.16
0 5.94 (5.23 at 2.9 A) 5.75 (4.74 at 3.£
Chart 11

Relationships of Folded to Open Coordinates

= equivalent positions

o

nonequivalent positions

1. The result for la, a 94:6 preference for the open confor-
mation, substantiates our earlier views of its preferred con-
formation. It may be argued that the difference in agree-
ment factors is small in the immediate vicinity of the mini-
mum and that a range rather than an absolute number
should be specified. Although the method of reporting the
data is immaterial for our purposes, the symmetry of the
curve encourages our belief in its accuracy.10

The analysis of one other system, cis-2,5-dimethylbicy-
clo[4.3.0]non-3-ene (Ib), seemed potentially fruitful since,
a priori, it could be assumed to exist largely in the folded
form. This assumed preference for the folded form is at-
tributed to the 1,4-dimethyl interaction which exists in the
open conformer. However, allylic strain13 in the folded
form, plus increased gauche interactions,14 might tend to
counteract the dimethyl interaction so that the exact ex-
tent of folding is obscure (Chart I11).

Chart 111
Steric Interactions of
cis-2,5-Dimethylbicyclo[4.3.0 Jnon-3-ene

H
&

folded open
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The results obtained from pbicgM for the various weight-
ed averages are displayed in Table Il and Figure 1 with the
best agreement of theory to experiment (R = 1.99) found at
60% open conformer and 40% folded.15

Several interesting artifacts of PDIGM may be noted. One
is the observation that the lanthanide-substrate bond dis-
tance changes for the two conformations, the minimum for
the open form being found at 2.9 A, while the partially
closed exists at 2.2 A. At present we have no reasonable ra-
tionalization for this; however, differences in lanthanide-
substrate distances for rigid exo/endo isomers has been
previously observed. 16

Another notable observation is the deviation, at extreme
conformations, of the lanthanide-substrate bond distance
at which the best agreement (minimum R) is found. These
“numeric” R minima are very erratic in their positioning of
the lanthanide and often place the lanthanide in physically
improbable environments. A numeric minimum is a mini-
mum only once. For example, if there is a numeric mini-
mum at 3.0 A in a 90:10 open/closed equilibrium calcula-
tion, a minimum will not exist at 3.0 A in the 80:20 calcula-
tion. Consequently, it may be asserted that these numeric
minima are fortuitous, the result of forcing a fit of theoreti-
cal and experimental data to a conformation that, for
NMR, does not exist.

Recently, Servis and co-workers examined the conforma-
tional equilibria of some 2-alkylcyclohexanones using lan-
thanide shift reagents.17 An extension of this work provides
a convenient check on our calculations. Basically, Servis
has assumed that the observed shift for any proton in the
presence of a shift reagent (50bsdHs) will be the sum of the
shift for the uncomplexed molecule (50H8) and the induced
shift for the complexed form (AHa) multiplied by the frac-
tion of molecules complexed (F).
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5obsdH* = (oH- + FAh-

If two conformations exist for the molecule (i.e., if the pro-
ton occupies two different regions of space) then the ob-
served shift can be expressed as the weighted averages of
the shifts for the two conformations (eq 2)

S0bedHa = niSoHla+ n2GaPa+ F(n'i AHla+ n'2AHA) (2)

where AHla is the bound shift of proton Ha in environment
1 and AHX is the bound shift of proton Ha in environment
2. Similarly, for any other proton in the molecule, Hb,

¢ObsdHb = ni50HIb + N2®HDb + F (n'iAHIb 4 n'2AHD) (3)

Simultaneous solution of these two equations (2 and 3) and
subsequent simplifications yields eq 4

Ah» AHib AHab
AHa+ AHb n 1AHIa+ AH2+ 7 2aHi*+ AHb N

where AH/AHs + AHb, the relative induced shift, may be
shown to equal the slope of the plot of 50bsdHa vs. 50bsdHa +
i5obsdHb-12

A characteristic relative induced shift is obtained from a
rigid model system and the conformational equilibria of its
nonrigid cousins ascertained by comparison of the relative
induced chemical shifts with the characteristic relative in-
duced shift of the model system. Owing to the unique rela-
tionship of axial and equatorial protons in cyclohexanes,
only one model is needed for complete analysis of the sys-
tem. However, for any system in which proton Ha in con-
formation 1 does not occupy the same space as proton Hb
in conformation 2, a two-model system is needed.

The mathematical relationships for the two-model sys-
tem may be derived in exactly the same manner as done by
Servis and Bowler with the end result displayed in eq 5.

relative induced shift =
no (characteristic relative induced shift 1) +
(1 —no) (characteristic relative induced shift 2)

or

obsd slope (50bsdHavs. DbsdHa + BbsdHb) =
no (standard slope 1) + (1 —no) (standard slope 2) (5)

We chose for our open model cis-7,7,9,9-tetramethylbi-
cyclo[4.3.0]non-3-ene (2)18 and for our folded model endo-
4-oxatricyclo[5.2.1.026]dec-8-ene (3).19 Examination of
Drieding models revealed that 2 should exist entirely in the
open form owing to the prohibitive bulk of the four methyl
groups. Nevertheless, 2 was examined using PpiIGM and
found to have an agreement (R) factor of 1.43% for the
open conformer while the corresponding factor for the
folded conformer was 6.32%. Since this difference is signifi-
cant to the 99.5% level, we feel justified in stating that 2 ex-
ists exclusively in the open form.20 For 3, rigid covalent
bonds, not assumptions, hold it in the folded form!

For convenience in the analysis, we needed two protons
whose signals in the NMR were free of interference, at least
one of which changed significantly with a conformation
change. The vinyl protons (Hv) and the ring juncture pro-
tons (Hj) satisfied these specifications. The shift data ob-
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Figure 2. Graphical determination of conformational equilibria of
cts-8-oxabicyclo[4.3.0]non-3-enes.

tained at various concentrations of Eu(fod)3 with the slopes
of the graphs (& vs. 5Hv + 6Hi) are displayed in Table III.
Figure 2 represents the graphical interpretation of the lin-
ear combination, eq 5, and gives a value of 78% open for la
and 60% open for Ib.

In view of the assumptions and simplifications involved
these figures are in good agreement with those obtained
from the computer analysis.

If one considers the McConnell-Robertson equation

‘i'-contact shift = K jA—w8w2

a direct comparison of the induced shifts for one molecule
with those for another may be made only if the distance
from the lanthanide to any specific proton, r, and O, the
angle generated by r, and the lanthanide-substrate bond
axis, are constant. This is rarely, if ever, the case. A method
is needed whereby differences in r and 0 “factor out”. The
procedure of Servis and Bowler is such a method.

Given r and r', the lanthanide-proton distances for two
conformers, a relationship may always be derived whereby

r=kr'
and it follows that
r3= k3'3
or, redefining the constant,
r3=wa3

It is this constant, K, which prevents direct comparison
of the shift data. However, when tobsdHa, which is a func-
tion of Kr'3, is plotted against another value also designed
to vary as Kr'3 (50bsdHa + ;obsdHb) the deviation is constant
along both the absicca and the ordinate. The slope of the
plot ®bsdHa vs. ((ObscH + %bsdHb) is, therefore, independent
of the constant. Unfortunately, this simple relationship
does not hold for the (cos2 0 —1) term, since it may not be
deduced from an equation of the form

a= kb
that
a- 1=k(b —1)

If the change in 0 is less than 20° the change in the
'i'-contact shift is not large and the errors introduced by as-
suming cos2 0 constant are acceptable. It must be noted,
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Table 111
Shift of Vinyl and Juncture Protons with Eu(fod)3

Eu(fod)¥
Compd gHv substrate gHyv + § Hij SHj Slope “
la 5.64 8.02 2.38
5.73 0.176 8.28 2.55
5.82 0.352 8.63 2.81
5.92 0.528 9.05 3.13
5.99 0.704 9.40 3.41 0.25
3 6.01 8.77 2.76
6.18 0.203 9.19 3.01
6.36 0.407 9.59 3.23
6.62 0.815 10.19 3.57
7.05 1.22 11.18 4.13 0.43
2 5.67 7.76 2.09
5.72 0.373 7.95 2.23
5.81 0.747 8.44 2.63
5.89 1.12 8.82 2.93
5.94 1.49 9.11 3.17 0.20
Ib 5.58 8.13 2.55
5.76 0.216 8.76 3.00
5.93 0.431 9.36 3.43
6.11 0.647 9.96 3.85
6.29 0.863 10.57 4.28 0.29

ar2for each of these values exceeds 0.99.

however, that preferential binding of the lanthanide to one
orbital over another, a consideration of much import in
heterocyclic chemistry,2l would be manifest in this term
and may result in larger errors than expected.

A further source of error in this method lies in the suit-
ability of the model compounds. It is essential' to choose
the model systems carefully and, for the case in hand, to
keep in mind that the protons of the models, particularly
the folded model, will not have the same chemical shifts as
the protons of the molecules of interest, and that consider-
able error may result from this.

In this paper we have demonstrated the utility of lan-
thanide shift reagents for conformational analysis, in solu-
tion, of mobile systems and have provided a convenient
method for quantifying the results. This method, although
used to examine the equilibrium between only two con-
formers, may be applied to any number of species in equi-
librium.

Experimental Section22

The NMR spectra were recorded on a Varian A-60 instrument
using tetramethylsilane as the internal standard. Chemical shifts
were measured from Me4Si.

Typical Procedure. A solution of la (0.140 g, 1.117 X 10-3 mol)
and reagent grade carbon tetrachloride with 1% MeiSi to bring the
total volume to 250 mlwas placed in an NMR tube and the spec-
trum was recorded. To this sample tube were then added 100-*d al-
iquots of a 0.198 M Eu(fod>8solution in carbon tetrachloride. The
spectrum was again recorded. This procedure was repeated from
five to ten times. The shift data were collected and analyzed.
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The crystal and molecular structure of a monoclinic form of 9pirodicatecholphenoxyphosphorane was deter-
mined by single-crystal x-ray diffraction techniques. The space group is P 2yc with four molecules in a unit cell of
dimensions a = 6.910 A,b = 15.305 A, ¢ = 14.779 A, 0 = 88.5°. The final R factor for 2840 independent reflections
is 8.7%. The molecular structure does not correspond to an ideal or a “slightly distorted” trigonal bipyramid or te-
tragonal (square) pyramid. It is suggested that the phosphorus and its five oxygen ligands have the skeletal geom-

etry of a 15°-turnstile rotation configuration.

Compounds with five oxygen ligands covalently bonded
to phosphorus, e.g., the trimethyl phosphite-phenanthre-
nequinone adduct 1, have been extensively studied from
structural2 and synthetic3 points of view. The geometry
around the phosphorus in the analogous pentaoxyphospho-
rane 2 is TBP 4 as established by x-ray crystallography,5
which revealed also the existence of severe crowding
around the central atom. It was suggested5 that the rela-
tively planar ring minimizes the crowding and contributes
to the stability of this type of compound.

1 CpC2,C3=CH3; é31P =* 44.7 ppm
2 C~C~C”b iSO-C3H7; d31P =+48.6 ppm

3 CgHg, O"P =+58.6 ppm

Spirobicyclic pentaoxyphosphoranes, e.g., 4 and 5, are
also known, and are relatively stable.6 The introduction of
an additional five-membered ring into the monocyclic pen-
taoxyphosphoranes is accompanied by a significant dis-
placement of the 31P NMR chemical shift toward lower
magnetic field, i.e., by a decrease in the shielding of the P
nucleus by electrons, cf. 4 vs. 1 and 5 vs. 3. This effect could
reflect significant differences in molecular structure be-
tween spirobicyclic and monocyclic pentaoxyphosphoranes,
but there are no x-ray data on the molecular structure of 4
and 5. Six-membered rings do not cause this effect.6'7

4 R=CH3:>31P =, 23.0 ppm

5 R =Cgf%; P'P =427.0 ppm
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There seems to be a tendency toward the TBP geometry
in five-coordinate phosphorus, as there is in five-coordinate
antimony.8 Although there are as yet no x-ray crystallo-
graphic data for the caged polycyclic pentaoxyphospho-
rane9'10 6, the molecular structures of the two analogous
compounds 7 and 8 are known.11'12 The skeletal geometry
about the P atom is close to TBP in 7 and 8, but there are
significant distortions in them from ideal D¥%h symmetry,
e.g., 0(2)-P-0(3) = 106° and 0(5)-P-X(4) = 84° in 7 and
8, while 0(1)-P-0(5) = 170° in 7 and 168° in 8. It was sug-
gested11'12 that the molecules of phosphoranes 7 and 8, in
their ground state in the crystal, have geometries which
begin to resemble those of TR configurations.413 If so,
when those molecules are placed in solution, they are able
to undergo relatively rapid intramolecular permutational
isomerization, since they require relatively little energy to
reach the barrier configuration of the TR mechanism.13

6 R =CF3; b3lP = + U2A ppm

7 X = NCgH"; =+56.8 ppm

8 XrC(CF3)2; 631P= +17.9ppm

The purpose of this investigation was to ascertain the ef-
fect exerted on the static stereochemistry of a pentaoxy-
phosphorane by the presence of two five-membered rings
in the spiro configuration. The molecule chosen was the
spirodicatecholphenoxyphosphorane,6b 9.

n a3lP=* 30.2 ppm

The results of x-ray crystallographic analysis of a num-
ber of spirobicyclic phosphoranes having combinations of
P-0 and P-C14 (10), P-0 and P-F14 (11), P-S and P-C15
(12), and P-O, P-S, and P-C 16bonds have been interpret-
ed in terms of more or less distorted TP4 skeletal geome-
tries.1™®

X ch3

10 x =ch3 ~
LI X =F

The TP geometry has also been suggested from Xx-ray
data for certain spirodioxatricarbophosphoranes with four-
and five-membered rings;18 in contrast, some monocyclic
dioxatricarbophosphoranes with a four-membered ring
have slightly distorted TBP configuration.19 Unfortunate-
ly, the effect of the spirobicyclic feature on the skeletal ge-
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ometry of phosphoranes is obscured in these exam-
ples14-16'18 by the circumstance that they have quite differ-
ent “ligand subset symmetry”,1320 i.e., the equatorial and
the apical subsets of ligands cannot be made up of the same
element, and electronic, as well as steric, factors may con-
tribute to the striking differences in molecular geometry in
these cases.

Several examples of phosphoranes with P-C bonds, and
with certain combinations of P-C and P -0 bonds, are
known to have slightly distorted TBP geometries according
to x-ray crystallography.21-28

Experimental Section

Preparation of Spirodicatecholphenoxyphosphorane (9).
This substance was prepared as describedss The crystals for x-ray
analysis were obtained from a mixture of benzene and hexane at
20° they had mp 108-110° and 53IP +30.0 ppm vs. H:PO.
(CH:ClI: solution).

Crystal Data. Compound 9: C.sH1sOsP; monoclinic; P2\/c; a =
6.910+ 0.01 A, b= 15305+ 0.01 A,c = 14779+ 001 A 0 = 88.5°%
Z = 4; d calcd = 1.445 g/lcm3 d meas = 1.437 g/lcm3.

Data Collection and Structure Determination. The crystals
were extremely sensitive to atmospheric moisture and dissolved
readily during exposure. This was prevented by sealing the crystal
in a capillary tube filled with a small amount of P.Os at one end of
the tube. The crystal used for data collection had dimensions 0.7 x
0.4 x 0.4 mm.

Intensity data were collected using a computer controlled CAD4
automatic diffractometer using Cu K<* (1.542 A) radiation. Nearly
3000 reflections were collected using 6-26 scan with a scan width of
1.2°. Four reflections were measured periodically to monitor any
crystal deterioration. No such effects were observed during the en-
tire data collection. Ninety-six separate measurements were made
for each scan; the first 16 and the last 16 measurements were
summed to provide the background measurements for each reflec-
tion. There were approximately 2840 reflections with |2 >
2n( Fop) with a estimated from counting statistics.

Since the crystal was sealed inside a capillary tube, an empirical
absorption correction was applied..s this correction was deter-
mined by performing an azimuth scan for a reflection occurring at
a x value of approximately 90°. The variation in intensity of such a
reflection for the different azimuth angles is dependent on the
thickness of the crystal traversed by the incident and the reflected
beams and this variation is used to calculate the transmission fac-
tor for the crystal for all the other reflections. The transmission
factor varied from a value of 1.00 to approximately 1.30 during the
azimuth scan.

Structure amplitudes derived in the usual way were used in cal-
culating a sharpened Patterson mapfiwhich was used in deducing
the position of the phosphorus atom.'Remaining atoms were locat-
ed from a series of structure factors followed by weighted Fourier
syntheses calculated using.wlHnlexp a as coefficients, where the
weighting factor w = tanh (j*n)|i"pY/2/q2):30 |Fm]is the observed
structure amplitude, || is the contribution from the known
atoms, and Qj corresponds to the unknown atoms. The structure
was refined by full matrix least squares, minimizing the function
Zw(Al")2 The weighting scheme used was of'the’formw = 1/(a +
|Fol + c|F) where a and ¢ were of the order oT: Fnjnand - /Frrel,
respectivelys: The atomic scattering factors for all the nonhydrog-
en atoms were taken from a standard source. The final least-
squares cycle was performed with anisotropic temperature param-
eters for all the nonhydrogen atoms. No attempt was made to lo-
cate the positions of the hydrogen atoms. Refinement was stopped
with an R value of 8.7% for 2840 reflections. A final difference Fou-
rier synthesis pobsd —pealed Was calculated. The maximum electron
density in this synthesis was 0.383 e/A3, indicating that no atoms
other than hydrogen remain to be located. The final positional and
thermal parameters are given in Table 1. The observed and calcu-
lated structure factors are given in Table II.

Discussion

Molecular Structure of 9. The interatomic distances32
and bond angles and their standard deviations are listed in
Table I1ll. Some intramolecular distances between non-
bonded atoms are collected in Table IV. Equations of least-
squares planes, and deviations of certain atoms from these
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Table |
A. Atomic Coordinates and Their Standard Deviations
(in Parentheses)

Atom \Y Y Z
P 0.0817 (2) 0.3153 (0) 0.4739 (0)
ol -0.1440 (7) 0.3530 (3) 0.4841 (2)
02 0.1522 (7) 0.4036 (3) 0.4159 (3)
03 0.0619 (7) 0.2426 (3) 0.3972 (3)
04 0.0236 (7) 0.2650 (3) 0.5708 (2)
05 0.3157 (7) 0.3046 (3) 0.4904 (2)
cl -0.1759 (11) 0.4233 (4) 0.4254 (4)
c2 -0.0010 (11) 0.4507 (4) 0.3878 (4)
C3 -0.1027 (12) 0.1896 (4) 0.3906 (4)
C4 0.1828 (11) 0.2262 (4) 0.6065 (4)
C5 0.3540 (11) 0.2470 (4) 0.5617 (4)
C6 0.0078 (13) 0.5217 (5) 0.3267 (5)
Cc7 -0.1708 (14) 0.5596 (5) 0.3071 (5)
Cc8 -0.3497 (14) 0.5309 (5) 0.3469 (5)
Cc9 -0.3548 (12) 0.4582 (5) 0.4092 (5)
ClO —0.0976 (16) 0.1061 (5) 0.4297 (6)
cl -0.2661 (18) 0.0542 (6) 0.4212 (7)
Ccl2 -0.4275 (17) 0.0804 (6) 0.3770 (6)
Cl3 —0.4252 (16) 0.1634 (6) 0.3384 (6)
Cl4 -0.2603 (14) 0.2183 (5) 0.3447 (6)
C15 0.5321 (12) 0.2183 (5) 0.5854 (5)
Clé6 0.5336 (13) 0.1609 (5) 0.6623 (5)
Ccl7 0.3594 (14) 0.1404 (5) 0.7095 (5)
c18 0.1783 (13) 0.1718 (5) 0.6846 (4)
B. Thermal Parameters
Atom Bl B22 B33 B23 B13 B12
P 0.0194 0.0038 0.0030 -0.0020 0.0041 0.0002
Ol 0.0213 0.0051 0.0035 -0.0002 0.0035 0.0018
02 0.0219 0.0041 0.0041 -0.0014 0.0040 0.0016
03 0.0259 0.0050 0.0035 -0.0023 0.0052 —0.0017
04 0.0233 0.0043 0.0033 -0.0008 0.0051 0.0009
05 0.0219 0.0050 0.0036 -0.0022 0.0024 0.0023
Cl 0.0258 0.0037 0.0031 —0.0006 0.0013 -0.0010
C2 0.0237 0.0037 0.0037 -0.0016 0.0030 —0.0003
C3 0.0285 0.0042 0.0032 -0.0005 0.0033 —0.0014
C4 0.0240 0.0035 0.0033 -0.0010 0.0026 -0.0003
C5 0.0250 0.0036 0.0033 —0.0021 0.0029 0.0003
C6 0.0298 0.0040 0.0047 -0.0002 0.0019 0.0005
C7 0.0329 0.0042 0.0053 0.0002 0.0002 —0.0008
C8 0.0329 0.0042 0.0054 0.0012 -0.0028 -0.0015
C9 0.0274 0.0045 0.0042 0.0015 0.0001 —0.0012
CIO 0.0422 0.0038 0.0063 0.0021 -0.0043 0.0002
Cll 0.0528 0.0038 0.0074 —0.0047 -0.0053 0.0003
C1l2 0.0446 0.0047 0.0069 -0.0045 -0.0034 -0.0016
Cl13 0.0394 0.0051 0.0071 —0.0029 -0.0069 -0.0021
Cl1l4 0.0341 0.0043 0.0058 -0.0019 -0.0079 -0.0006
Cl5 0.0240 0.0050 0.0043 —0.0012 0.0003 0.0002
Cl6 0.0305 0.0044 0.0044 -0.0020 -0.0004 —0.0002
Cl7 0.0344 0.0043 0.0041 0.0010 0.0006 0.0001
C18 0.0330 0.0046 0.0034 0.0008 0.0035 0.0008

planes, are given in Table V. The dihedral angles formed
by pairs of these planes are shown in Table VI.

The data in Tables I11-VI demonstrate that the skeletal
geometry about the phosphorus atom in the spiropentaoxy-
phosphorane 9 does not resemble a regular TBP, or even a
reasonably distorted TBP. This is brought out by Figure 1,
which is a drawing of the molecule of 9 generated by com-
puter from the experimental data, and by formula I, Figure
2, which is the hypothetical ideal TBP arrangement of the
PO5 group. In formula I, the five-membered rings formed
by the phosphorus atom and the two catechol bidentate li-
gands, A and C, are placed in apical-equatorial skeletal po-
sitions in accordance with previous observations5in the re-
lated system 2.

A superficial examination of the data suggests, at first,
the skeletal geometry of a regular TP for compound 9.
However, a more detailed analysis reveals significant devia-
tions from ideal TP symmetry. This is shown in Figure 3
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Table 111
Bond Distances and Angles in
Spirodicatecholphenoxyphosphorane (9)

A. In POs Group

Bond angles, deg Bond distances, A
0(1)—P—0(5) 160.02 (2.3) P-O(I) 1.666 (10)
0(2)—P—-0(4) 151.36 (2.1) P—0(2) 1.666 (10)
0(3)—P—0(4) 105.37 (1.0) P—0(4) 1.666 (10)
0(2)—P—0(3) 103.26 (1.0) P—0(5) 1.650 (10)
0(1)—P—0(3) 101.99 (1.0) P—0(3) 1.597 (10)
0(3)—P—0(5) 97.98 (0.9)
0(4)—P—0(5) 92.38 (0.8)
0(1)—P—-0(2) 91.47 (0.8)
0(2)—P—0(5) 83.25 (0.8)
0(1)—P—-0(4) 83.04 (0.8)

B. In the Phenoxy Ligand (Ring B)

Bond angles, deg Bond distances, A
P—0(3)—C(3) 122.51 (1.8) 0(3)—C(3) 1.403 (17)
0(3)—C(3)—C(14) 120.37 (2.6)
0(3)—C(3)—C(10) 117.95 (2.5)

<XYZ, D (X-Y), D(Y—Z),

X Y z deg A A
C(3) C(10) C(Il) 116.35 (3.0) 1.403 (23) 1.418 (28)
C(10) C(I1) C(12) 124.07 (3.8) 1.418 (28) 1.368 (28)

C(ll) C(12) C(13) 117.56(3.5) 1.368 (28) 1.392
C(12) C(13) C(14) 120.86 (3.4) 1.392 (27) 1.421 (26)
C(13) C(14) C(3) 119.48 (3.1) 1.421 (26) 1.371 (22)
C(14) C(3) C(10) 121.65 (3.1) 1.371 (22) 1.403 (23)

C. In Five-Membered Ring Fused to Ring A

Bond angles, deg Bond distances, A

0(1)—P—0(2) 91.47 (0.8)
P—0(2)—C(2) 111.66 (1.4) 0(2)—C(2) 1.355 (17)
0(2)—C(2)—C () 113.41 (2.1) 0(1)-C(1) 1.403 (16)
C(2)—C (H)—0(1) 109.34 (1.8) C(I)-C(2) 1.382 (19)
C(1)—0(1)—P 111.83 (1.4)
0(1)—C(1)—C(9) 124.24 (2.0)
0(2)—C(2)—C(6) 125.74 (1.8)

D. In Ring A

<XYZ, D (X-Y), D(Y-Z),
X Y z deg A A
C(l) C(2) C(6) 120.83 (2.7) 1.382 (19) 1.413 (21)
C(2) C(6) C(7) 115.31 (2.6) 1.413 (21) 1.401 (21)
C(6) C(7) C(8) 123.13 (3.1) 1.401 (21) 1.424 (23)
C(7) C(8) C(9) 120.47 (2.9) 1.424 (23) 1.444 (23)
C(8) C(9) C(I) 113.84 (2.5) 1.444 (23) 1.374 (21)
CO) C(l) C(2) 126.40 (2.9) 1.374 (21) 1.382 (19)

E. In Five-Membered Ring Fused to Ring C

Bond angles, deg Bond distances, A
0(4)—P—0(5) 92.38 (0.8) 0(4)—C(4) 1.368 (17)
P—0(4)—C(4]j 110.76 (1.4) 0(5)—C(5) 1.405 (17)
0(4)—C(4)—C(5) 113.78 (2.0) C(4)-C(5) 1.377 (19)
C(4)—C(5)—0(5) 109.21 (1.8)

C(5)—0(5)—P 112.23 (1.4)
0(4)—C(4)—C(18) 124.48 (2.1)
0(5)—C(5)—C(15) 125.81 (1.8)

F. In Ring C

<XYZ, D (X-Y), D(Y—2Z),

X Y z deg A A

C(4) C(5) C(15) 124.92 (2.9) 1.377 (19) 1.361 (21)
C(5) C(15) C(16) 115.25 (2.5) 1.361 (21) 1.437 (23)
C(15) C(16) C(17) 120.21 (2.9) 1.437 (23) 1.410 (23)
C(16) C(17) C(18) 123.44 (3.1) 1.410 (23) 1.399 (23)
C(17) C(18) C(4) 114.47 (2.5) 1.399 (23) 1.423 (21)
C(18) C(4) C(5) 121.67 (2.6) 1.423 (21) 1.377 (19)

and in the hypothetical ideal TP arrangement of the P05
group, namely, formula 11,3334 Figure 2. This question will
be discussed in the next sections.



476 J. Org. Chem., Vol. 41, No. 3, 1976

Table IV
Intramolecular Nonbonded Distances
<3.5 Ain Compound 9

0(2)—0(5) 2.203 (14)  0(1)—0(3) 2.536 (14)
0(1)—0(4) 2.208 (13)  0(2)—0(3) 2.559 (14)
0(1)—0(2) 2.386 (14)  0(3)—0(4) 2.595 (14)
0(4)—0(5) 2.392 (13)  0(2)—0(4) 3.228 (13)
0(3)—0(5) 2.450 (14)  0(1)—0(5) 3.265 (13)
C(3)—0(1) 2.868 (17)  0(1)—0(3) 3.238 (17)
0(3)—0(4) 3.051 (17)  0(4)—0(3) 3.236 (17)
C(5)—0(3) 3.202 (17)  0(2)—0(5) 3.502 (17)
C(2)—0(3) 3.218 (17)  0(4)—0(1) 3.515 (17)

C(14)—0(3)  2.406 (20)  0(14)—0(1)  3.038 (20)
C(10)—0(3)  2.404 (21)

P—C(4) 2.502 (14) P—C(3) 2.632 (14)
P—C(2) 2.506 (14) P—C(14) 3.417 (17)
P-0(5) 2.539 (14) P-C(l0) 3.501 (19)
P-C(l) 2.546 (14)

Figure 1. Computer-generated drawing of one molecule of spirodi-
catecholphenoxyphosphorane (9), emphasizing the deviations from
the ideal skeletal TBP geometry. Best least-squares plane is P,
0(2), 0(3), 0(4).

It is suggested that the skeletal geometry of the mole-
cules of 9 in the crystal resembles that of a 15°-TR configu-
ration.132038 The TR mechanism was advanced as a dy-
namic concept (see Figure 4), but it appears that in certain
phosphoranes, including a “homophosphorane” such as 9,
the TR configuration represents the best compromise be-
tween the tendency of the phosphorus to become TBP, the
strain present in both rings, and the various steric require-
ments associated with the bond angles, the interatomic dis-
tances, and the intramolecular nonbonded distances.

In TR, the five ligands of I = a move as a pair, which is
made up of the ligands of catechol C, 0(4), 0(5), and as a
trio, which consists of the exocyclic ligand 0(3) plus the li-
gands of catechol A, 0(1), 0(2).35 The diequatorial angle of
the trio, 0(2)-P-0(3), contracts from 120° to 90° to give b.
The pair tilts 9° in the plane P, 0(1), 0(4), 0(5), toward
the apical ligand of the trio, 0(1), to give ¢, which is conve-
niently represented by the Newman projection d. The pair
rotates (or twists) against the trio in opposite directions,
with the pair-equatorial 0(4) moving toward the trio-equa-
torial 0(3) that will remain equatorial in the newly formed
TBP.36 The ideal 15°-TR configuration is depicted in for-
mula e. Further rotation leads to the 30°-TR, f, and the
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Table V
Least-Squares Planes0

A. Deviations from the Planes of All Atoms Included in the
Plane Calculation
1. P,0(2), 0(3), 0(4)
0.9601X —0.2578V + 0.1080V =0.2382; P, —0.003;
0(2), 0.001; 0(3), 0.001; 0(4), 0.001
2. P, 0(1), 0(3), 0(5)
-0.1803X — 0.6852y + 0.7057V = 1.4922; P, 0.006;
0(1),-0.003; 0(3),-0.001; 0(5), -0.003
3. P, 0(1), 0(2), 0(5)
0.1164X + 0.5978V + 0.7931V =8.7139; P, —0.188;
0(1), 0.095;0(2),-0.006; 0(5), 0.096
4. P, 0(1), 0(4), 0(5)
0.1653X + 0.7838V + 0.5986V = 8.2901; P, —0.192;
0(1), 0.093;0(4), 0.002; 0(5), 0.094
5.0(1), 0(2), 0(4), 0(5)
0.1425X + 0.6996V + 0.7002V = 8.7355; 0(1),
-0.062; 0(2), 0.062; 0(4), 0.062; 0(5), -0.062
6. P, 0(1), 0(2), C(l), C(2)
0.1792X + 0.5700V + 0.8019V =8.5871; P, —0.087;
0(1), 0.084; 0(2), 0.079; C(l),-0.042; C(2), 0.035
7. C(l), C(2), C(6), C(7), C(8), C(9)
0.1287X +0.6352V + 0.7616V =8.7661; C(I),
0.001; C(2), -0.002; C(6), 0.005; C(7),-0.007;
C(8), 0.005; C(9),-0.002
8. P, 0(4), 0(5), C(4), C(5)
0.0879X + 0.8220V + 0.5627V = 8.0472; P, —0.075;
0(4), 0.066; 0(5), 0.071; C(4),-0.027; C(5),-0.036
9. C(4), C(5), C(15), C(16), C(17), C(18)
0.1255X + 0.7968V + 0.5911V = 8.2530; C(4),
-0.010; C(5), -0.001; C(15), 0.012; C(16),-0.012;
C(17), 0.002; C(18), 0.009
10. C(3), C(10), C (Il), C(12), C(13), C(14)
—0.3570X + 0.3822V + 0.8523V =6.2170; C(3),
0.009; C(10), -0.006; C(Il), 0.006; C(12), 0.002;
C(13), 0.001 ;C(14), 0.006
11. 0(3), C(3), C(10), C(14)
—0.3573X + 0.3822V + 0.8522V =6.2143; 0(3),
O. 011; C(3), 0.011; C(10),-0.004; C(14), —0.004
B. Deviations from the Planes of the Phosphorus Atom
That Is Not Included in the Plane Calculation
12. 0(2), 0(3), 0(4)
Same as plane 1
P,-0.004
13. 0(1), 0(3), 0(5)
Same as plane 2
P, 0.008
14. 0(1), 0(2), 0(5)
0.1283X + 0.6453V + 0.7531V =8.769; P, -0.286
15. 0(1), 0(4), 0(5)
0.1559X + 0.7497V + 0.6432V =8.5252; P, 0.287
16. 0(2), 0(4), 0(5)
0.2150X +0.6763V + 0.7046V =8.768; P, 0.410
17. 0(1), 0(2), 0(4)
0.0693X +0.7190V + 0.6915V =8.775; P, —0.411
18. 0(1), 0(2), 0(3)
0.5022X — 0.2224V +0.8357V =4.372;P, 0.784
19. 0(3), 0(4), 0(5)
—0.3699X +0.9168V—0.1508V = 2.303; P, 0.787
20. 0(1), 0(3), 0(4)
0.7617X + 0.6474V = 0.0284V = 2.783; P, 0.816
21. 0(2), 0(3), 0(5)
—0.6327X + 0.0757V + 0.7707V = 4.433; P, 0.852
5.0(1), 0(2), 0(4), 0(5)
0.1425X +0.6996V + 0.7002V = 8.7355: P, —0.350
C. Three-Atom Planes for Calculation of Dihedral Angles
22. P, 0(3), C(3)
0.4292X —0.6753V +0.5998V = 1.2637
23. P, 0(1), 0(2)
0.2516X + 0.4551V + 0.8541V = 8.3659
24. P, 0(1), 0(4)
0.3421X + 0.7887V + 0.5108V = 7.6400
25. P, 0(2), 0(5)
—0.0693X + 0.5511V + 0.8316V = 8.4295
26. P, 0(4), 0(5)
0.0170X + 0.8788V + 0.4769V = 7.5925

aX, V, and V are in orthogonal coordinates with devia-
tions of the individual atoms from the planes given in A.
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Table VI
Some Dihedral Angles Between Planes0O
Angle, Angle,

Plane a Plane b deg Plane a Plane b deg
1 2 85 19 1 53
1 88 18 5 60
1 4 89 21 5 60
2 3 83 19 5 61
2 4 82 20 5 57
3 4 16 18 17 63
2 5 88 18 20 78
1 5 89 17 20 60
6 8 21 21 16 63
8 24 15 21 19 79
6 25 14 16 19 64
11 22 84 18 21 72
1 22 49 18 19 59
2 22 36 18 20 78
6 7 5 20 19 72
8 9 3 17 16 9
7 17 7 21 19 79
9 17 8 21 20 63
7 8 3 19 20 72
9 4 2 14 15 9
7 1 88 23 26 36
9 1 89 24 25 33
18 1 51 23 5 18
17 1 87 23 5 17
20 1 56 26 5 18
21 1 57 24 5 17

16 1 84

aThe planes are defined in Table V. The dihedral angles,
6, are expressed as <90°. To visualize these angles in terms
of Figures 1—5, use 6 or 180° — 9.

60°-TR, g = h, configurations. From i a tilt of the pair,
0(5), 0(4), away from 0(2), and an expansion of angle
0(l1)-P-0(3) from 90° to 120° generates the new TBP iso-
mer (j). It is recognized that the configuration of the mole-
cules of 9 in solution need not be like that in the crystal,
but the absence of strongly polar groups suggests that the
differences may not be very significant. If so, compound 9
in solution can undergo facile permutational isomerization
from a 15°-TR to a 45°-TR simply by going over a barrier
that resembles the 30°-TR (f in Figure 4) and is not much
higher in energy than the ground state configuration.
Molecular Parameters of Compound 9 in Relation to
the TBP, TP, and TR Skeletal Geometries. A. Bond
Distances. The virtual identity of the four endocyclic P -0
bond lengths in 9 contrasts with the difference between the

30®-TR 60"-TR

60"-TR
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Figure 2. The five oxygen ligands of compound 9 with hypotheti-
cal ideal skeletal geometries: I = TBP; Il = TP.

Figure 3. Computer-generated drawing of the molecule of 9 em-
phasizing the deviations from the ideal skeletal TP geometry. Note
the twisted spirobicyclic system.

(e}

(i
av
1BC
= 0 @5 cr
60°-TR NEW TBP

Figure 4. Permutational isomerization of an oxyphosphorane with ideal TBP skeletal symmetry by the turnstile rotation (TR). Ligand

pair = 0(4), 0(5). Ligand trio = 0(1), 0(2), 0(3).
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Table VII
Deviations from ldeal Skeletal Symmetries in Compound 9

A. From Trigonal Bipyramid (TBP)

Sarma, Ramirez, and Marecek

Bond angle Deviation from TBP
0(2)-P-0(4) +31.4° (from 120°)
0(1)-P-0(3) +12.0° (from 90°)
0(3)-P-0(5) +8.0° (from 90°)
0(2)-P-0(5) -6.7° (from 90°)
o(l)-P-0(2) +1.5° (from 90°)

B. From Tetragonal Pyramid (TP)

Bond angle Deviation from TBP
0(2)—P—0(3) -16.7° (from 120°)
0(1)—P—0(5) -20.0° (from 180°)
0(4)—P—0(5) +2.4° (from 90°)
0(1)—P—0(4) -7.0° (from 90°)
0(3)—P—0(4) -14.6° (from 120°)

Bond angle Deviation from TP
0(1)—P—0(5) +10° (from 150°)
0(2)—P—0(4) +1.5° (from 150°)
0(3)—P—-0(5) —7.0° (from 105°)
0(1)—P—0(3) -3.0° (from 105°)
0(2)—P—0(3) -1.7° (from 105°)

Bond angle Deviation from TP
0(3)—P—0(4) +0.4° (from 105°)
0(1)—P—0(4) -3.0° (from 86°)
0(2)—P—0(5) -2.8° (from 86°)
0(1)—P—0(2) +5.5° (from 86°)
0(4)—P—0(5) +6.4° (from 86°)

apical and equatorial endocyclic P-0 bond lengths in 2.5
The exocyclic P-0(3) bond in 9 is relatively short; this
suggests that the catechol rings are competitors for the
electrons of the oxygen atoms which can contribute to p-d
7rbonding in the P -0 bonds. On the other hand, the corre-
sponding oxygen electrons of the phenoxv ligand are more
available for w bonding to phosphorus, which causes the
relative shortening of that P -0 bond.

B. Bond Angles. The O-P-O angles fail in three catego-
ries: two angles are relatively large, four are intermediate in
value, and four are relatively small. The data are consistent
with the TR or TP geometries, but not with the TBP con-
figuration; see Table VII. Angle 0(2)-P-0(3) is the “di-
equatorial angle of the trio” in the TR mechanism (Figure
4). In this interpretation angle 0(2)-P-0(4) has expanded
+31° from the TBP 120° as a result of the motion of 0(4)
toward 0(3). Among the deviations from TP note the ex-
pansion of O0((l)-P-0(5) and the contraction of 0(3)-P-
0(5).

The two endocyclic angles, 0(1)-P-0(2) and 0(4)-P-
0(5), are quite small and suggestive of the overall ring
strain associated with the spiropentaoxyphosphorane sys-
tem.

C. Intramolecular Nonbonded Distances. As shown in
Table 1V, the 0-0 distances are consistent with TR or TP
configurations, but not with TBP geometry.

The 0-0 and C-0 distances disclose considerable intra-
molecular crowding. The placement of the phenoxy ring
may be related to this feature. The estimated37 half-thick-
ness of the aromatic ring is 1.85 A, and the maximum sepa-
rations between 0(3) and other oxygens are 0(2)-0(3) =
256 A and 0(3)-0(4) = 2.59 A. Models show that, in fact,
ring B occupies the most favorable position to avoid inter-
ferences between ring B and the catechol rings A and C.
Note also the relatively short distances C(3)-0(l) and
C(14)-0(l) (the latter compared to C(10)-O(l) = 3.87 A).

D. Least-Squares Planes and Dihedral Angles Be-
tween Them. The planarity of the catechol ring systems, A
and C, is evident in planes 6-9 (Table V). Ring B is planar
(plane 10) and 0(3) is on that plane (plane 11). The dihe-
dral angles formed by planes 11 and 22, and by planes 1
and 22, reveal the position of ring B.

In the regular TBP the phosphorus should be in these
planes: 0(2), 0(3), 0(4); 0(1), 0(2), 0(5); 0(1), 0(3), 0(5);
0(1), 0(4), 0(5). In compound 9 this is true only for the
first two planes (1 and 2 in Table V). Both TR and TP
geometries can accommodate these observations. Planes 1
and 2 are nearly, but not exactly, orthogonal (Table VI).

Four oxygens define a fairly good plane (5 in Table V) as
would be expected of a TP (Il, Figure 2). However, note
that 0(1), 0(5) are on one side of the plane, while 0(2),

0(4), are on the opposite side; these pairs would be trans-
dibasal in the regular TP. The P is 0.350 A from plane 5
and on the same side as 0(1), 0(5). These deviations from
regular TP can, in fact, be seen in Figure 3. One can imag-
ine that 0(1) and 0(5) have been lifted from the basal
plane of the TP, toward the phosphorus. The net effect is a
twist of one catechol A against the other, C.

The dihedral angle between planes 8 and 24 (Table V) is
15° (Table VI). This angles is the basis for assigning the
15°-TR configuration to the skeletal geometry of com-
pound 9.

Other deviations from ideal TBP and TP geometry are
revealed by the positions of the phosphorus atom with re-
spect to several three-oxygen planes (Table V), and by a
number of dihedral angles given in Table VI.

It seems clear that spirobicyclic phosphoranes, not only
those which have different kinds of ligands bonded to the
phosphorus,14-18 such as 10, 11,12, and 13, but also those of
the pentaoxyphosphorane type, 9, depart drastically from
the skeletal geometry of the TBP. However, whether these
departures should be described in terms of “hybrids” be-
tween TP and TBP17 or in terms of TR configurations is
debatable. The fact is that a number of known phospho-
ranes are ideal or nearly ideal TBP, while none is an ideal
or nearly ideal TP. Hence, the simplest thing is to express
the deviations from ideal TBP in terms of the same type of
skeletal geometry, such as the TR configuration,38 which
can accommodate all the data. With this approach, the
x-ray data for a new structure can be easily sorted out.
First, the ligands are placed on an ideal TBP skeleton ac-
cording to the assumptions and rules of the oxyphospho-
rane concept, e.g., apicophilicities, placement of four-, five-
and six-membered rings in appropriate skeletal positions of
the ideal TBP, etc.71320 Then, the motions of the atoms on
the TR mechanism are applied to the ideal TBP molecule
as defined in Figure 4. Finally, the actual molecular param-
eters are compared with the expectations based on this
treatment and the soundness of the original choice of pair-
trio combination is assessed by the correspondence be-
tween the expected and the observed parameters.
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3,4-Dimethyl-3,4-diphenyldioxetane and 3-Methyl-3-phenyldioxetane
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The preparation of 3,4-dimethyl-3,4-diphenyldioxetane (Ic) is reported. Its activation energy for decomposi-
tion is 25 £ 1 kcal/mol, and its activation entropy is —3 + 3 eu. The efficiency of excited triplet ketone production
of Ic is equal to that of tetramethyldioxetane (la) as determined by direct comparison of dioxetane-induced di-
bromoanthracene emission. The efficiency of 3-methyl-3-phenyldioxetane (2c), determined by the same method,

is less than one-third that of la.

Excited triplet carbonyl products are efficiently generat-
ed in the thermal cleavage of 1,2-dioxetanes in apparent
violation of spin-conservation rules.12 Large differences
have been observed in the yields of triplet products (in ef-
fect, the percentage of carbonyl products formed in the
triplet state) from various dioxetanes,1,3 although no expla-
nations for this have been advanced. The efficiencies range
from 30-50% for tetramethyldioxetane (la) (100% corre-
sponds to one triplet carbonyl per dioxetane4)lb to 2-4% for
3,4-dimethyl-3,4-di-n-butyldioxetane (Ib)3as and 3,3-di-
benzyl- and 3,3-diphenyldioxetanes (2a3b and 2b).sc In an
effort to identify some of the basic structural factors af-
fecting the efficiency of triplet production, we wish to re-

©)-C) 0-0
SY— 1
1UIp R,
la, Rl=R,= Me 2a, Rj = R2= CH,Ph
R, = Me; R. = rc-Bu b, R, = R, = Ph

o

R, = Me; R, = Ph
, RL= H; R, = OEt

, Rl = Me; R>= Ph

o o o™

port the efficiences of excited state formation of the dioxe-
tanes Ic and 2c relative to la.

We have prepared the new dioxetane, 3,4-dimethyl-3,4-
diphenyldioxetane (Ic), via the bromohydroperoxide, by a
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Table |

Triplet Yields of Ic and 2c Relative to la°
Temp,6 104Kk, 393>
°C sec* C ft(la)yiffed ///(la)e (la)/
lei 71 1.76 + 2.6 0.34 * 0.98 +
0.10 0.2 0.02 0.10
55 0.30 * 2.6 £ 0.32 * 0.92 +
0.04 0.4 0.02 0.15
2ch 48.5 4.49 * 0.080 * 4.8 + 0.29 +
0.10 0.009 0.3 0.04
37 1.22 + 0.070 #* 51 + 0.27 +
0.05 0.013 0.3 0.06

a Solvent, xylenes. 6 Corrected internal temperature,
+0.5°. ¢ Calculated from the Arrhenius equation, using Ea =
25 + 1 kcal/mol for Ic and 22.6 + 0.3 kcal/mol for 2c.
Errors show range. d Using fe(la) calculated from the Ar-
rhenius equation, Ea= 25 + 1 kcal/mol. Errors propagated as
variance, treating ranges as standard deviations. e Errors es-
timated graphically. / Errors propagated as variance. 8 c(lc)
2.9 X 10-3M, c(la) 3.2 X I0O"3 M, ¢c(DBA) 2 X 10'3 to
2 X 10"2 M. hc(2¢) 54 £0.3 X 10'3 M, c(la) 4.1 x 10~3
Ai, ¢c(DBA) 1.5 X 10-3to 1.5 X 10'2 M.

modification of the procedure developed by Kopecky et al.6
Both geometric isomers of the dioxetane were observed in
solution by NMR, but only the major isomer was obtained
crystalline, and was the material studied.7 Thermolysis of
Ic produced only acetophenone by NMR and ir analysis.
Its decomposition in toluene or xylenes, followed by the
fluorescence decay of added dibromoanthracene (DBA),

was first order, with Ea= 25 + 1 kcal/mol and AS* = —3
3 eu. (For la we observed Ea= 25+ 1 kcal/mol and AS* =
—1 + 3 eu; lit.aEa = 25.8 + 0.5 kcal/mol, AS* = —2 + 2

eu.) Dioxetane 2C was prepared according to literature pro-
cedures,1®8 and was not isolated from solution. Its decom-
position in xylenes was first order, with Ea = 22.6 + 0.3
kcal/mol and AS1= -3.4 + 1eu (lit.8 E&= 22.9 kcal/mol,
Asl= —53 + 0.9 eu).

The efficiency of triplet production by Ic and 2c relative
to la was obtained by comparing the emission intensity
from solutions of the dioxetane and DBA.9 It has been
shown that the fluorescence of DBA in the presence of de-
composing dioxetanes is due essentially only to energy
transfer from triplet carbonyl species.9 The intensity is
thus described by eq 1

I = k[dioxetane] 344>t $f (2)

where k is the rate constant for dioxetane decomposition,
34> is the efficiency of triplet formation, 4%t is the efficien-
cy of triplet-singlet energy transfer from the excited car-
bonyl to DBA, and 4f is the fluorescence quantum yield of
DBA. At sufficiently high DBA concentrations, 4=t reach-
es a limiting value of 0.25, which is determined by the com-
petition between triplet-triplet and triplet-singlet energy
transfer to DBA, and is assumed to be general for carbonyl
compounds.9 The ratio of intensities from two dioxetane
solutions, when extrapolated to infinitely high DBA con-
centration, is expressed in eq 2.

A= 3iA KA [A]
Ib  34b kft [B]

The ratio of intensities from dilute xylene solutions of Ic
or 2c to la were obtained, under identical conditions, over
a tenfold range of DBA concentrations and extrapolated
graphically to infinite acceptor concentration (intercept of
the plot of the intensity ratio vs. the reciprocal of the DBA
concentration). Rate constants at the temperatures of the
intensity measurements were calculated from the Arrhen-
ius equation, using conveniently measured rate constants

Umbreit and White

and the average Ea determined for each dioxetane. Values
of £ a obtained by rapid temperature change experi-
mentslc’10 agreed with the Arrhenius values within our ex-
perimental error, indicating the absence of significant dark
decomposition pathways.11

The results, which are summarized in Table I, show that
Ic was as efficient in triplet formation as la [3t>(Ic)/34>(la)
= 0.98 = 0.1], while 2c was significantly less efficient
[34>(2c)/3A>(la) = 0.29 = 0.04].12 The reproducibility of the
ratios at different temperatures is consistent with the find-
ing that 34> (for la) is temperature independent.10

The cleavage products from these dioxetanes, acetone,
acetophenone, and formaldehyde, all have lowest energy
triplet n,?r* states.13 In aromatic ketones such as acetophe-
none, however, a small degree of mixing of this state with a
higher energy triplet state is believed to occur.14 The
equality of triplet yields from Ic and la shows that such
perturbations caused by a neighboring phenyl ring do not
affect the energy surface crossing in dioxetane decomposi-
tions. The greatly reduced efficiency of 2c, which produces
acetophenone and formaldehyde, suggests that the large
dissymmetry in the dioxetane structure significantly af-
fects excited state production.15 Consistent with this possi-
bility are the low triplet yields of the geminally disubsti-
tuted dioxetanes 2a and 2b.3iC The symmetrical disubsti-
tuted cis-diethoxydioxetane Id, in contrast, is almost as ef-
ficient as la in excited triplet production.16 Evidently,
other factors are also involved in determining the yield of
excited states. The symmetrical Ib, for example, is relative-
ly inefficient in triplet formation,3®while trimethyldioxe-
tane is as efficient as 1a,9 Clearly, more experimental stud-
ies are needed for a full understanding of this unique reac-
tion.

Experimental Section

Caution! Hydroperoxides and dioxetanes are potentially explo-
sive.6

Melting points are uncorrected. NMR spectra were recorded on
a Varian A-60 or on a JEOL MH-100 spectrometer, with Me4Si as
the internal standard. Reactions in tetrahydrofuran were conduct-
ed under nitrogen and the solvent was freshly distilled from sodi-
um benzophenone ketyl. All water which came into contact with
dioxetane solutions had stood for several hours over Na2EDTA.
Anhydrous H202 solutions were prepared by slowly pouring 84%
H202 (FMC Corp.) into ice-cold anhydrous ether or glyme and
stirring with MgS04 at 0° for 8-10 hr.17 Molarity was determined
by iodometric titration. Authentic samples of dl- and meso-2,3-
dibromo-2,3-diphenylbutanel8 and 3,3-diphenyl-2-butanonel9
were prepared by established routes for spectral comparison with
side products formed in the reactions leading to Ic.

Dimethyilstilbene (2,3-Diphenyl-2-butene). Dimethylstilbene
was prepared by reductive coupling of acetophenone using either a
reduced tungsten20 or a reduced titanium reagent.2L To 300 ml of
THF cooled to —70° was added 45.4 g (0.114 mol) of WClg (Pres-
sure Chemical Co.), followed by 116 ml (0.232 mol) of 1.97 M n-
BuLi (Alfa). The vigorously stirred mixture was allowed to reach
room temperature and 9 g (0.075 mol) of acetophenone (Amend,
distilled) was added. The reaction mixture was stirred at reflux for
4 days, then cooled and poured into an aqueous alkaline tartrate
solution and extracted with hexanes. The dried (MgS04) organic
phase was concentrated and the oily product chromatographed on
silica gel to give 6 g (78%) of a mixture of roughly equal amounts of
cis- and irons-dimethylstilbene. Fractional recrystallization from
methanol gave samples of, first, frans-dimethylstilbene, white nee-
dles or prisms, mp 947100° (lit.22 105°), NMR (CC14) 6 1.88 (s, 6
H), 7.22 (s, 10 H), and then of cis-dimethylstilbene, white granular
crystals, mp 53-63° (lit.2 66°), NMR (CC14) 52.16 (s, 6 H), 6.96
(m, 9.4 H). Alternatively, to 200 ml of THF at-70° was added 20 g
(0.13 mol) of TiCI3 (Alfa) and 2.6 g (0.068 mol) of LiAIH4 (Alfa).
The stirred mixture was allowed to warm to room temperature,
and 7.4 g (0.062 mol) of acetophenone was added. The reaction
mixture was stirred at reflux for 5.5 hr, and then at ambient tem-
perature for ~12 hr. Work-up as above gave 7 g of products, which
was found by NMR to consist of 45% dimethylstilbene diol (CC14h
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1.42, CHQJ), 20% trans-, and 35% cis-dimethylstilbene. The olefins
were separated from the diol by recrystallization from methanol.
3-Bromo-2,3-diphenyl-2-butyl Hydroperoxide. Modifica-
tions of solvent, reaction time at low temperature, and H202 con-
centration were introduced into the literature procedure for bro-
mohydroperoxidation.6b A mixture of dimethylstilbene isomers
(1.08 g, 5.2 mmol; cisrtrans ~ 3:1) was dissolved in 12 ml of THF
under nitrogen. The solution was cooled to —40° and 7 ml of a 7.8
M solution of H202 in anhydrous glyme (55 mmol) was added by
pipet. While the solution was stirred at —40°, 0.8 g (2.8 mmol) of
1,3-dibromo-5,5-dimethylhydantoin (Matheson Coleman and Bell)
was added in small portions over 1.5-2 hr. The solution, now pale
yellow, was allowed to reach —20°, and stirred at that temperature
for 5 hr. The reaction flask was stoppered and placed in a freezer
(—20°) for «12 hr. The mixture was poured into 50 ml of ice-cold
water and extracted with ether. The aqueous phase was extracted
again with ether, and the combined organic phases were washed
with two 50-ml portions of cold water, followed by cold saturated
brine, and dried over Na2S04. An NMR of the reaction mixture in
benzene showed the isomeric bromohydroperoxides23 (5 1.81, 2.11,
threo, 44%; 1.88, 2.05, erythro, 6%), the isomeric dibromides (6
2.45, dl, 22%; $2.29, meso, 2%), a product believed to be the allylic
bromide (6 1.79, 4.03, 13%), and trans-dimethyistilbene (b 1.92,
14%). The concentrated reaction mixture was applied to a 2.5 X 10
cm silica gel column prepared in hexanes (room temperature). Elu-
tion with hexanes removed the unreacted olefin. Ten percent ether
in hexanes eluted the bromohydroperoxides, NMR (benzene) b
1.82 (s), 2.12 (s), threo, 79%; 1.86 (s), 2.05 (s), erythro, 10%. Small
amounts of acetophenone (S2.1) and of 3,3-diphenyl-2-butanone (5
1.71, 1.82) were present. A similar product mixture resulted when
pure cis-dimethylstilbene was used, including the formation of
trans-dimethylstilbene. Pure irons-dimethylstilbene gave analo-
gous yields, but the erythro bromohydroperoxide predominated
over the threo 4:1.
3,4-Dimethyl-3,4-diphenyldioxetane (Ic). A solution of ap-
proximately 0.8 mmol of 3-bromo-2,3-diphenyl-2-butyl hydroper-
oxide (erythro:threo 4:1) in 6 ml of benzene was cooled to 7°. To
the stirred solution was added 35 mg (0.21 mmol) of silver acetate
(J. T. Baker, purified powder). After 6 min the suspension was fil-
tered. The orange filtrate was washed with ice-cold water, extract-
ed with ether, and dried (Na2SCx). The NMR spectrum (CCl4)
showed 3,3-diphenyl-2-butanone (6 1.79, 2.02, 7.25, 60%), Ic (6
1.98, 7.06, 16%), acetophenone (5 2.50, 7.4, 7.9,13%), and six signals
due to minor impurities (10%). The reaction mixture in a small
volume of benzene was applied to a silica gel column (12 g of Grace
silica gel mixed with 200 mg of Na2ZEDTA) made up in hexanes
and chilled to 5° with an ice-water jacket. Rapid elution with 10%
CHZ2CI2in hexanes recovered the dioxetane in the second 100 ml of
eluent, NMR (CCl4) b 1.99 (s, 6.0 H), 7.07 (broad s, 9.5 H), major
isomer, 84%; 1.45 (s, 6.0 H), 7.42 (broad s, 10.0 H), minor isomer,
16%. The estimated total yield of pure dioxetanes, based on the
NMR signal intensity, was 10%. Starting with a solution of 8:1
threo:erythro bromohydroperoxide resulted in analogous yields,
except that the dioxetane isomer ratio was 2:1, with the same iso-
mer predominating. Crystallization from 2-3 ml of cold pentane in
either case gave tiny off-white needles of the isomer, mp 85-91°
(oil bath preheated to 70c), NMR (CCl4) 6 1.99 (s, 6 H), 7.06 (s, 10
H). No other signals were present in the NMR spectrum. Reflux-
ing either this isomer or the isomer mixture in CCIl4 for several
hours produced only acetophenone by NMR and ir analysis.
I-Bromo-2-phenyl-2-propyl Hydroperoxide.l8 To 2.4 g (20
mmol) of «-methylstyrene (City Chemical Corp.) in 40 ml of anhy-
drous ether, chilled to —40°, was added 20 ml (130 mmol) of a solu-
tion of 6.5 M H202in anhydrous ether, followed by 3.0 g (10 mmol)
of 1,3-dibromo-5,5-dimethylhydantoin (added slowly over 1 hr).
The stirred solution was allowed to warm to room temperature
over 1 hr, and then was poured into 75 ml of cold saturated
NaHCC=8 solution. The ether phase was washed with three more
portions of cold water and dried over Na2SC4 in a freezer. The
NMR spectrum (CCl4) showed 65% of the desired product, and at
least 15% of unreacted olefin. The reaction mixture was chromato-
graphed, at room temperature, on a silica gel column prepared in
cyclohexane. Cyclohexane elution removed the olefin, and 1.1
ether-cyclohexane recovered the bromohydroperoxide, NMR
(CCU) b16 (s, 31 H), 3.7 (s, 1.9 H), 724 (m, 5.0 H), 7.6 (s, 1.0 H,
-OOH) [lit.18b 1.64 (s, 3 H), 3.76 (s, 2 H), 7.35 (m, 5 H)].
3-Methyl-3-phenyldioxetane (2c¢).la8 To 10 ml of a methanol
solution containing 1 g of NaOH and 20 mg of Na2EDTA and
cooled to —20° was added, dropwise, a methanol-ether suspension
of I-bromo-2-phenvl-2-propyl hydroperoxide («3 mmol). The mix-
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ture was stirred at —20 to —10° for 50 min, and then poured into
50 ml of cold water and extracted with 50 ml of CCl4 in several
portions. The combined organic phases were washed with several
portions of cold water and dried over NazSCh in a freezer. The
NMR (CC14) showed 65-70% of 2c, b 1.96 (s, 3 H), 5.1 (s, 2 H), 7.3
(m, 5 H) [lit.8b 1.83 (s, 3.0 H), 5.00 (s, 2.0 H), external Me4Si[. The
mixture also contained acetophenone (14%) and unreacted bro-
mohydroperoxide (20%). Efforts to purify the dioxetane by chro-
matography on silica gel at room temperature resulted in almost
complete decomposition. The impure solution of 2c was used in
the studies described, and its concentration was determined by
adding toluene as an internal standard and averaging the relative
NMR integrations.

Tetramethyldioxetane (la). Tetramethyldioxetane was pre-
pared closely following the literature procedure.68 The long yellow
needles used in these studies were recrystallized twice from pen-
tane and gave only a sharp singlet at b 1.43 in CCI4 (lit.68 1.51).

Relative Intensity and Kinetic Measurements. Stock solu-
tions of dioxetanes and of DBA were prepared in xylenes (Baker).
For each intensity measurement 0.20 ml of a dioxetane solution
and 0.20 ml of a DBA solution were pipetted into a cylindrical
glass vial (solutions were not degassed). This was placed in a brass
sleeve and attached to an IP-21 photomultiplier photometer. A
stirred oil bath (temperature constant within £0.5°) was raised to
a standard level around the brass sleeve. The recorded intensity
leveled in 7-10 min. At the higher temperatures the less stable
dioxetanes showed a measurable decay; in these cases the decay
curve was linearly extrapolated to initial time. Kinetic measure-
ments were made on identically prepared solutions. The externally
measured temperature was correlated with the internal tempera-
ture of the solution using a copper-constantan thermocouple
coiled in a standard vial containing xylenes and mounted on the
photometer apparatus. A plot of the internal vs. the oil bath tem-
perature was used to convert the measured temperatures to the ac-
tual temperatures of the dioxetane-DBA solutions.
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Ortho esters react with an excess of sulfur dioxide to produce the corresponding esters and dialkyl sulfites.
Thus, triethyl orthoacetate gave ethyl acetate and diethyl sulfite, triethyl orthopropionate, and triethyl orthoben-
zoate produced ethyl propionate, ethyl benzoate, and diethyl sulfite. On the other hand, triethyl orthoformate
was less reactive and in addition to ethyl formate and diethyl sulfite also afforded diethyl carbonate. The reaction
evidently involves formation of the corresponding dialkoxy carbonium ions and the alkyl sulfite anions, followed
by a nucleophilic attack of the latter at the alkyl group of the dialkoxy carbonium ion to give the ester and the di-

alkyl sulfite.

Recently we described the nitrosolysis reaction, a novel
single step carbon-carbon bond cleavage of various ke-
tonesl and ketone acetals2 effected through nitrosation. In
the discussion of the mechanism of the nitrosolysis of cy-
clohexanone diethyl acetal, it was suggested that the initial
cleavage affords the triethyl 6-oximinoorthohexanoate
which in the presence of acid underwent dehydration to the
ethyl 5-cyanopentanoate. The experimental evidence that
this kind of dehydration of aldoximes with ortho esters to
the corresponding nitrile is indeed a facile and general re-
action was presented earlier.3

We wish now to describe a different transformation of an
ortho ester intermediate in a particular nitrosolysis reac-
tion, which led to a recognition of a novel and general reac-
tion of ortho esters with sulfur dioxide.

Cyclohexanone enol ethers undergo facile reaction with
sulfur dioxide,4 and there is evidence that sulfur dioxide
readily cleaves an alcohol from various ketone acetals.6 It
was recently reported that a reaction of photoexcited sulfur
dioxide with trialkyl formates led to the formation of the
corresponding “carbénium” ions,6 but to our knowledge no
reaction of ortho esters with unexcited sulfur dioxide was
previously described.

Results and Discussion

A reaction of camphor diethyl acetal with ethyl nitrite in
sulfur dioxide solution containing excess ethanol and a cat-
alytic amount of an acid gave about a 50% yield of the ex-
pected I-carbethoxy-l,2,2-trimethyl-3-cyanocyclopentane.
A preliminary experiment indicated that the reaction was
unusually slow. Consequently, a Fisher pressure bottle,
equipped with a pressure gauge and magnetic stirring bar,
was charged with sulfur dioxide, camphor diethyl acetal, a
solution of ethyl nitrite in ethanol, and ethanol containing
a catalytic amount of dry hydrogen chloride. After the dry
ice-acetone bath was removed, the reaction mixture was

stirred at room temperature overnight. Unexpectedly, a
GLC analysis of an aliquot revealed that in addition to ap-
proximately 50% of the expected Il-carbethoxy-l,2,2-tri-
methyl-3-cyanocyclopentane about 50% of camphor and di-
ethyl sulfite were also present (eq 1).

OEt
H+
+ EtONO + EtOH (excess)
.0
COOEt ,
e oN 1 + (EtO”MO0 (1)

While camphor diethyl acetal is extremely easily hydro-
lyzed by water,7 it was demonstrated that the presence of
camphor in the reaction mixture was not a consequence of
the hydrolysis of unreacted camphor acetal during the
analysis. Neither camphor diethyl acetal-ethanol in sulfur
dioxide nor ethyl nitrite-ethanol solution in sulfur dioxide
produced any diethyl sulfite. Consequently, it follows that
both camphor and diethyl sulfite must be by-products in
the nitrosolysis reaction of the camphor acetal itself.
Hence, it was postulated that in the nitrosolysis of the ace-
tal, the initially produced ortho ester oxime underwent a
fast dehydration reaction with still unreacted camphor di-
ethyl acetal to give the corresponding ortho ester nitrile (eq
2), which in turn reacted with sulfur dioxide to give the
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k~"C(OEt)3
kJ>CN

kkcooE t

+ SO, + (EtO)E0 (3)

ester nitrile and diethyl sulfite (eq 3). Indeed, camphor di-
ethyl acetal is a very efficient dehydrating reagent for con-
version of aldoximes to nitriles3 as indicated by almost in-
stantaneous transformations of n-heptaldehyde oxime and
n-butyraldehyde oxime to the corresponding nitriles in sul-
fur dioxide-ethanol solutions.

We have now established that trialkyl ortho esters do
react with sulfur dioxide to give the esters and dialkyl sul-
fites (eq 4).

RC(OR")3 +

S02 — » RCOOR' + (R'OhSO ()

Thus, NMR analysis of a solution of triethyl orthoace-
tate in liquid sulfur dioxide (sealed in an NMR tube at
—70°), after 24 hr at room temperature, indicated practi-
cally complete conversion of the ortho ester to a mixture of
ethyl acetate and diethyl sulfite. The GLC analysis con-
firmed this finding and showed that these were the only
products in the reaction mixture.

The reaction appeared to be of a general nature as indi-
cated by the similar transformation of triethyl orthopro-
pionate, tri-n-propyl orthoacetate, triethyl orthobenzoate,
and triethyl orthoformate. However, while the alkyl and
aryl ortho esters reacted at room temperature, the triethyl
orthoformate, under the same reaction conditions, ap-
peared essentially unchanged. The relative reactivities of
these ortho esters after 24 hr at 0° follow: triethyl orthoace-
tate, 1; triethyl orthopropionate, 1.16; triethyl orthoben-
zoate, 0.35; and triethyl orthoformate, ~0 (Table I).

The reaction of triethyl orthoformate with sulfur dioxide
required more drastic conditions. After heating at 85-90°
for 2 weeks, a 60-MHz NMR analysis of a solution of
triethyl orthoformate in an excess of sulfur dioxide indicat-
ed that only 45-50% of the orthoformate reacted. However,
besides ethyl formate and diethyl sulfite, diethyl carbonate
was also formed.8

When an equimolar mixture of tri-n-propyl orthoacetate
and triethyl orthopropionate was treated with a catalytic
amount of sulfur dioxide, a 60-MHz spectrum taken imme-
diately after mixing suggested that a very fast alkoxy ex-
change had taken place. The GLC analysis indicated that
in addition to the two starting ortho esters, tri-n-propyl or-
thopropionate, triethyl orthoacetate, n-propyldiethyl or-
thopropionate, di-n-propylethyl orthopropionate, n-pro-
pyldiethyl orthoacetate, and di-n-propylethyl orthoacetate
were also present in the reaction mixture.9 A reaction of the
trans-4-tert-butylcyclohexyldiethyl orthoacetate with ex-
cess sulfur dioxide afforded a mixture of the trans-4-tert-
butylcyclohexylethyl sulfite and trans-4-tert-butylcyclo-
hexyl acetate with the configuration at the Ci of the cyclo-
hexane ring unchanged.

The following known facts are pertinent to the mecha-
nism of reaction of sulfur dioxide with ortho esters. It is
well established that sulfur dioxide readily enters in an
equilibrium with alcohols10 (eq 5), and causes racemization

ROH + SO, 3=s ROSOH (5)

of optically active a-phenylethyl alcoholll and 1-phenyl-
ethyl chloride.12 The latter reaction apparently does not in-
volve intermediate formation of styrene.13 On the other
hand, sulfur dioxide readily eliminates an alcohol from cer-
tain ketone acetals.5 From the racemization studies with
a-phenylethyl alcohol, Tokura and Akigama concluded
that the reaction with sulfur dioxide probably involved

J. Org. Chem., Vol. 41, No. 3,1976 483

Table 1
Reaction of Various Ortho Esters with Sulfur Dioxide3

Relative
reac-
Ortho ester Products* tivity3
CH3C(OEt)3 CHjCOOETt, (EtO)2S0O 1.0<*
CH3CH2C(OEt)3 CH3CH2COOEt, (EtO)2 1.3
SO
C,HsC(OEt)3 C6H5COOEt, (EtO0)2SO 0.36
HC(OEt)3 HCOOEt, OC(OEt)2, ~0e
(EtO)2S0O

a Reaction carried out in an NMR tube at an appropriate
temperature using approximately 20% (by volume) solu-
tions in sulfur dioxide; see Experimental Section for de-
tails. * The extent of the reaction was followed by NMR
and when starting ortho ester disappeared, the NMR tube
was cooled, opened, and analyzed by GLC. ¢ From incom-
plete conversions at 0° for 24 hr. d Approximately 35% con-
conversion. e The reaction was very slow and no attempt
was made to determine time required to achieve complete
conversion; see Experimental Section.

slow, rate-determining formation of an intermediate (prob-
ably as an ion pair) which then underwent fast dissociative
racemization.1l

The mechanism of the reaction of ortho esters with sul-
fur dioxide very likely involves the following transforma-
tion (Scheme ). Initially, sulfur dioxide forms an interme-

Scheme |1
OEt OEt
| SO,
R— C— OR' + SO, R— C— 0" (6)
! R’
OEt OEt
OEt OEt
SO, |+
R—C— O» R— C+ + ~0OSO,R' (@)
R |
OEt OEt
OEt
0
R— C+ t
k — - R— COOEt + CH3CH20SOR'

O— CH, ™'+ “OSO.R'
! ®

CH,
0
t
RCOOR' + EtOSOEt
0 9>
"ok
RCOOEt + R OSOEt
+"OEt
R—C + ~OSO,Et — -
OR’
olefin + RCOOEt + EtOSOzZH (10)
OEt OEt
1 S0. 1
C— OR' + EtOH R— C—
| |
OEt OEt
R'= Et or

fkr iR*= s
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diate via a fast and reversible coordination with a free elec-
tron pair at the oxygen (eq 6), which undergoes the oxygen-
acyl bond cleavage (eq 7) followed either by the recombina-
tion to provide the exchanged ortho ester, or by a nucleo-
philic substitution by the just generated sulfite anion on
the primary center of the dialkoxy carbonium ion,14 to pro-
duce the ester and the dialkyl sulfite (eq 8). Since a nucleo-
philic substitution with sulfinate ions RSO2- at the posi-
tive oxygen provides sulfinic esters rather than sulfones,15
it is perhaps not surprising that the sulfite anions generat-
ed in eq 7 also act as an oxygen rather than a sulfur nucleo-
phile in eq 8.

In the above discussed experiment with the trans-4-tert-
butylcyclohexyldiethyl orthoacetate, in addition to the
trans-4-fert-butylcyclohexyl acetate and the trans-4-tert-
butylcyclohexylethyl sulfite, a substantial quantity of 4-
tert-butylcyclohexene (about 20-30% of maximum possi-
ble) and trans-4-fert-butylcyclohexanol were also
formed.16 The formation of the trans-4-tert-butylcyclohex-
ylethyl sulfite can be viewed as a consequence of nucleo-
philic substitution with trans-4-ierf-butylcyclohexyl sul-
fite anion (R' = frans-4-feri-butylcyclohexyl) at the pri-
mary center (eq 8), while the formation of the trans-4-tert-
butylcyclohexyl acetate is probably a result of the nucleo-
philic substitution with the ethyl sulfite anion at the pri-
mary (eq 9a) rather than at the secondary center (eq 9b) of
the dialkoxy carbonium ion (R' = frans-4-fert-butylcyclo-
hexyl, R* = cts-4-teri-butylcyclohexyl). The absence of the
eis-4-tert-butylcyclohexylethyl sulfite, which might be ex-
pected from the nucleophilic attack by the ethyl sulfite
anion at the Ci carbon of the trans-4-£erf-butylcyclohexyl
group in the corresponding dialkoxy carbonium ion (eq 9b,
R* = cis-4-ieri-butylcyclohexyl), is not surprising in view
of the propensity of secondary systems to undergo the
elimination rather than substitution reactions.17'18 Indeed,
a substantial quantity of the olefin (4-tert-butylcyclohex-
ene) formed in this reaction (eq 10) further supports this
view. Since the half ester of sulfurous acid formed in eq 10
exists in an equilibrium with the alcohol10 (eq 5), it also fol-
lows that the ethanol should replace trans-4-tert-butylcy-
clohexanol from the “mixed” ortho ester to provide the
thermodynamically more stable triethyl orthoacetate (eq
11), as indeed has been observed.19

In the reaction of an all-secondary trialkyl orthoformate
with sulfur dioxide, nucleophilic substitution by the secon-
dary alkyl sulfite anion on the secondary carbon atom of
the corresponding dialkoxy carbonium ion should be very
ineffective. Instead, formation of the corresponding olefin,
secondary alkyl formate, and the alcohol in equimolar
quantities should be expected (eq 12). A reaction of the tri-

~OR'
R— C4 +
OR'

~OSOR —

olefin + HCOOR' + R'OSO.H (12)

trans-4-feri-butylcyclohexyl orthoformate (eq 12, R' =
irons-4-teri-butylcyclohexyl) with excess of sulfur dioxide
at room temperature was complete in less than 1 hr. The
fact that 4-tert-butylcyclohexene, trans-4-tert-butylcyclo-
hexanol, and trans-4-fert-butylcyclohexyl formate were
formed in equimolar amounts, and that di-4-tert-butylcyc-
lohexyl sulfite was not found among the reaction products,
further supports the above mechanism.

It is of interest to recall that the accepted mechanism for
acid-catalyzed hydrolysis of ortho esters calls for a fast and
reversible protonation of the ortho ester, followed by a
slow, rate-determining formation of the corresponding dial-
koxy carbonium ion. and the fast and irreversible reaction

Rogic, Klein, Balquist, and Oxenrider

of the latter with water to produce the ester and the alco-
hol.20 If, however, an ortho ester is subjected to a reaction
with an alcohol in the presence of an acid catalyst, it may
be expected that the alkoxy exchange would also proceed
through a slow, rate-determining formation of the dialkoxy
carbonium ion (eq 13), followed by reaction of the latter
with the alcohol to regenerate the original or the exchanged
ortho ester (eq 14). Contrary to the hydrolysis mechanism,

OEt
R—COEH3 + ROH T R—c¥ + EtOH (13)
OEt
OEt OEt
|+ |
R—C+ + ROH ~ R—C—OR + H .etc. (l4)
| |
OEt OEt
OEt
R— C+ H
K — - R— COOEt + EtOR' + H+

0— CH2*+ OR'
J (15)

CH,

in which the dialkoxy carbonium ion reacts irreversibly
with water as the nucleophile,20 the reaction of the dial-
koxy carbonium ion with the available alcohol nucleophile
is a reversible one. Hence, it is conceivable that under these
reaction conditions a competing, higher energy but irre-
versible reaction path, a nucleophilic attack of the alcohol
at the alkoxy carbon atom of the dialkoxy carbonium ion to
produce the corresponding ester and ether (eq 15), may be-
come operational. Alternatively, in the case of an ortho
ester containing a secondary alkoxy group, by analogy with
the reaction with sulfur dioxide, elimination rather than
substitution may be expected. Indeed, both of these reac-
tions were observed. Thus, when triethyl orthopropionate
was heated under reflux with an excess of ethanol, the
ortho ester gradually disappeared and the reaction solution
contained the ethyl propionate and diethyl ether. On the
other hand, heating the tU-trans-4-tert-butylcyclohexyl
orthoformate with a catalytic amount of methanesulfonic
acid led to the formation of the trans-4-tert-butylcyclohex-
yl formate, 4-fert-butylcyclohexene, and trans-4-tert-
butylcyclohexanol, as expected.

Experimental Section

Most of the ortho esters used in this work were commercial
products purified when necessary by distillation. The sulfur diox-
ide was MCB anhydrous grade and was passed through Linde AW-
300 molecular sieves prior to use. irans-4-iert-Butylcyclohexanol
was prepared by a reduction of the ketone with “mixed hydride”,
according to Eliel's procedure.2l Boiling and melting points re-
ported are uncorrected. GLC analyses were carried out generally
on Hewlett-Packard 5700A instrument 3- or 6-ft columns of either
10% SE-30 on Chromosorb W or the corresponding 10% Carbowax
20M columns. Proton NMR spectra were recorded on either Var-
fan A-60 MHz or HA-100 MHz instruments.

Camphor Diethyl Acetal. Camphor diethyl acetal was pre-
pared from camphor, triethyl orthoformate, and ethanol, according
to the published procedure.2l

Reaction of Camphor Diethyl Acetal with Ethyl Nitrite-
Ethanol in Sulfur Dioxide. A 100-ml Fisher pressure bottle,
equipped with a magnetic stirring bar and a pressure gauge, pro-
tected with a nitrogen bubbler, was placed in a dry ice-acetone
bath and charged with sulfur dioxide (25 ml), camphor diethyl ace-
tal (3.61 g, 16 mmol) in 5 ml of ethanol, a solution of ethyl nitrite
in ethanol (3.5 ml, 20 mmol), and 0.5 ml of IN solution of dry hy-
drogen chloride in absolute ethanol. The dry ice-acetone bath was
removed and the reaction solution stirred overnight at room tem-
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perature. The reaction vessel was cooled in a dry ice-acetone bath,
opened, and the contents poured into an excess of precooled chlo-
roform containing an internal standard. The excess of sulfur diox-
ide was allowed to evaporate and GLC analysis of the residue indi-
cated about 40-50% vyield of diethyl sulfite, 40-50% yield of cam-
phor, and 40-50% yield of I-carbethoxy-1,2,2-trimethyl-3-cyanocy-
clopentane. A distillation afforded 1.16 g of the cyano ester, bp
80-84° (0.4 mm). Anal. Calcd for CI2H19NO2 C, 68.87; H, 9.15; N,
6.69. Found: C, 68.78; H, 9.02; N, 7.0. Ir 2252, 1738 cm-1, NMR
(CDCI3) &4.15 (g, 2 H), 3.0-1.5 (m, 5 H), 1.3-1.05 (11+ 3 S, 12 H).

Dehydration of n-Heptaldehyde Oxime and n-Butylal-
dehyde Oxime with Camphor Diethyl Acetal. To a solution of
the oxime (10 mmol) in sulfur dioxide-ethanol (7 + 3 ml), a few
drops of a 1 TVsolution of dry hydrogen chloride in ethanol were
added. An exothermic reaction occurred and GLC analysis indicat-
ed that the oxime was essentially quantitatively converted to the
corresponding nitrile, while the camphor diethyl acetal was con-
verted into camphor.

trans-4-tert-Butylcyclohexyldiethyl Orthoacetate. A mix-
ture of trans-4-iert-butylcyclohexanol (15.6 g, 100 mmol) and
triethyl orthoacetate (32.5 g, 200 mmol) was placed in a distilling
flask attached to a short distilling column and a few drops of
methanesulfonic acid were added. The flask was slowly heated
until approximately 100 mmol of ethanol distilled off. The acid
was neutralized with a slight excess of sodium methoxide and the
residue distilled in vacuo. There was obtained 20.3 g of trans-4-
tert-butylcyclohexyldiethyl orthoacetate, bp 100-104° (0.5-0.6
mm). Anal. Calcd for C16H32C8: C, 71.28; H, 11.54. Found: C, 71.35;
H, 11.42. NMR (CDCI3) 53.6 (q + broad s, 5 H), 1.48 (s, 3 H), 1.19
(t, 6 H), 0.88 (s, 9 H), and remaining cyclohexyl hydrogens ap-
pearing as several broad signals between &2.2 and 0.8.

Tri-trans-a- tert-butylcyclohexyl Orthoformate. A mixture
of traras-4-tert-butylcyclohexanol (15.6 g, 100 mmol), triethyl or-
thoformate (3.3 ml, 20 mmol), and a drop of methanesulfonic acid
was placed in a distilling flask and heated at 50° under slight vacu-
um until approximately 60 mmol of alcohol distilled off. The reac-
tion mixture was made alkaline with sodium methoxide and the
residue distilled in vacuo to give tri-Erans-4-butylcyclohexyl ortho-
formate, bp 132-136° (0.1 mm), 5.3 g. Anal. Calcd for C31H5803: C,
77.77; H, 12, 21. Found: C, 78.01; H, 12.18. NMR (CDC13) 55.4 (s, 1
H), 3.6 (broad s, 3 H), 2.2-0.8 (broad multiplet, 27 H), 0.8 (s, 27 H).

Typical Procedure for a Reaction of Ortho Esters with Sul-
fur Dioxide. A heavy-wall glass NMR tube containing triethyl or-
thoacetate and a drop of tetramethylsilane was attached via conve-
nient adapter to a small dry ice condenser and flushed with dry ni-
trogen. The condenser was filled with dry ice-acetone and the
NMR tube placed in a small dry ice-acetone bath. Sulfur dioxide
was passed through a Linde AW-300 molecular sieve column and
condensed directly into the NMR tube to obtain a solution ap-
proximately 20% by volume. The sulfur dioxide line was closed, the
NMR tube sealed under slight vacuum at —70°, and brought to the
desired temperature, 24 and the reaction progress followed qp by
NMR analysis. After 24 hr at room temperature a 60-MHz NMR
spectrum revealed that about 80% of the ortho ester was converted
to a mixture of equal amounts of ethyl acetate and diethyl sulfite: 5
41 (29, 6 H), 20 (s, 3 H), 1.2 (t, 9 H). The gas chromatographic
analysis after complete reaction confirmed the above finding and,
in addition, showed that these were the only reaction products.
The results are summarized in Table I.

Reaction of Triethyl Orthoformate with Sulfur Dioxide. A
mixture of triethyl orthoformate with excess sulfur dioxide was
sealed in a NMR tube as above.4 After 24 hr at 0°, NMR analysis
indicated that no appreciable reaction took place. The NMR tube
was placed in a bath and heated at 85-90° and periodically ana-
lyzed by NMR. After heating for 2 weeks, only 45-50% of the or-
thoformate was consumed. In addition to ethyl formate and di-
ethyl sulfite, diethyl carbonate was also formed: 6 8.1 (s, HCOO-),
4.1-4.2 (3 q, CH3CH2). GLC analysis confirmed the above find-
ing and also showed that several other unidentified compounds
were present in small quantities. While the ratio of the ethyl for-
mate to diethyl sulfite was approximately the same, the ratio of
the ester to the diethyl carbonate was approximately 4:1.

Reaction of a Mixture of Tri-n-propyl Orthoacetate and
Triethyl Orthopropionate with Excess Sulfur Dioxide. A mix-
ture of equal parts of tri-n-propyl orthoacetate and triethyl ortho-
propionate with 4-5 parts of sulfur dioxide was sealed in a NMR
tube as above.4 After 3 days at room temperature the NMR tube
was cooled and opened, and the contents were poured into a pre-
cooled chloroform. A GLC analysis indicated the presence of ethyl
acetate, ethyl propionate, n-propyl acetate, n-propyl propionate,
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diethyl sulfite, di-n-propyl sulfite, and n-propylethyl sulfite. A
control experiment showed that neither dialkyl and di-n-propyl
sulfite nor the corresponding acetates and propionates exchanged
under the reaction conditions.

Reaction of a Mixture of Tri-n-propyl Orthoacetate and
Triethyl Orthopropionate with an Insufficient Amount of
Sulfur Dioxide. A mixture of equal parts of tri-n-propyl ortho-
acetate and triethyl orthopropionate was mixed with sulfur diox-
ide (about 5% by volume) in a NMR tube and sealed at —70° as
above.24The NMR tube was warmed up to room temperature and
immediately analyzed by NMR. A complex NMR spectrum sug-
gested that a fast alkoxy exchange had taken place. GLC analysis
(as above) showed eight peaks. No appreciable quantity of the
products observed in the preceding experiment were present in the
reaction mixture. Tri-n-propyl orthoacetate, tri-n-propyl ortho-
propionate, triethyl orthopropionate, and triethyl orthoacetate
were identified by peak enhancement with the authentic samples,
and the remaining four peaks were assumed to be n-propyldiethyl
orthopropionate, di-n-propylethyl orthopropionate, n-propyldi-
ethyl orthoacetate, and di-n-propylethyl orthoacetate.26

Reaction of trans-4-tert-Butylcyclohexyldiethyl Orthoace-
tate with Sulfur Dioxide. A solution of £rans-4-ter£-butylcyclo-
hexyldiethyl orthoacetate containing a drop of tetramethylsilane
in liquid sulfur dioxide (about 20% by volume) was sealed in a
NMR tube.24 After standing at room temperature for 3 days, NMR
analysis suggested the presence of 4-terf-butylcyclohexene, ethyl
acetate, diethyl sulfite, ethanol, etc. After removal of excess sulfur
dioxide, GLC analysis showed the presence of ethyl acetate (65—
70%), 4-iert-butylcyclohexene (~25-30%), diethyl sulfite (~50-
55%), £rans-4-£ert-butylcyclohexanol (~20%), trans-4-tert-butyl-
cyclohexyl acetate (30-35%), and £rans-4-£ert-butylcyclohexyleth-
yl sulfite (~20%). All compounds, except the mixed sulfite, were
identified by peak enhancement with the authentic samples. Upon
hydrolysis the mixed sulfite afforded trans-4-terf-butylcyclohexa-
nol, thus showing that the stereochemistry of the Ci cyclohexane
carbon was not changed in the course of the reaction.

Reaction of Tri-trans-4-tert-butylcyclohexyl Orthofor-
mate with Sulfur Dioxide. A solution of tri-trans-4-tert-butylcy-
clohexyl orthoformate containing a drop of tetramethylsilane in
liquid sulfur dioxide (about 20% by volume) was sealed in a NMR
tube.24 After standing at room temperature for 1 hr, NMR analysis
suggested complete reaction. GLC analysis of the solution showed
that 4-£erf-butylcyclohexene, £rans-4-£erf-butylcyclohexanol, and
trans-4-tert-butylcyclohexyl formate were formed in approxi-
mately the same quantities.

Acid-Catalyzed Reaction of Triethyl Orthopropionate and
Ethanol. A solution of triethyl orthopropionate (8.8 g, 50 mmol)
and ethanol (46 g, 1 mol) containing a few drops of methanesulfon-
ic acid was heated under reflux and periodically analyzed by GLC.
The ortho ester gradually disappeared and diethyl ether and ethyl
propionate were formed.

Acid-Catalyzed Reaction of Tri-trans-4-tert-Butylcyclo-
hexyl Orthoformate. The tri-trans-4-tert-butylcyclohexyl ortho-
formate (5 g), in the presence of a few drops of methanesulfonic
acid, was heated at 100° under vacuum and the decomposition
products collected in a trap cooled with liquid nitrogen. A GLC
analysis indicated the presence of tert-butylcyclohexene, trans-4-
tert-butylcyclohexyl formate, and trans-4-iert-butylcyclohexanol
in equal amounts.

Registry No.—Camphor diethyl acetal, 52162-25-1; ethyl ni-
trite, 109-95-5; ethanol, 64-17-5; l-carbethoxy-1,2,2-trimethyl-3-
cyanocyclopentane, 57346-54-0; n-heptaldehyde oxime, 5314-31-8;
n-butyraldehyde oxime, 110-69-0; trans-4-tert-butylcyclohexyldi-
ethyl orthoacetate, 57346-55-1; trans-4-iert-butylcyclohexanol,
21862-63-5; triethyl orthoacetate, 78-39-7; tri-Erans-4-tert-butyl-
cyclohexyl orthoformate, 57346-56-2; triethyl orthoformate, 122-
51-0; tri-n-propyl orthoacetate, 55844-54-7; triethyl orthopropion-
ate, 115-80-0; triethyl orthobenzoate, 1663-61-2; sulfur dioxide,
7446-09-5.
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The acetolysis products of 1-phenylcyclobutylcarbinyl (4-Ph), 1-p-nitrophenylcyclobutylcarbinyl (4-NPh), and
1-p-methoxyphenylcyclobutylcarbinyl (4-MPh) brosylates have been determined in the presence of urea. All of
the substrates give 1,2-phenyl rearranged products. The products of the reactions along with previously deter-
mined Kinetic datalsuggest that ionization occurs prior to rearrangement. In turn, the phenonium ion intermedi-
ate (I1) partitions itself among the various product pathways. The mechanistic details are discussed in terms of

the Winstein solvolysis scheme.

In a previousl solvolytic investigation, it was reported
that the transition state for the acetolysis of 4-Ar has little
phenonium ion character. Support for this postulate was
afforded by the Hammett behavior of 4-Ar (p = —1), which
reveals little direct conjugation between the para substitu-
ent and the developing cationic center. For example, the
Hammett behavior of a series2 of para-substituted neophyl
tosylates and related systems, solvolyzing with aryl partici-
pation, is characterized by p values of about —3; while other
related systems, solvolyzing without aryl participation, are
characterized2 by p values of about —1.

4-Ar 4-Ph

On the other hand, the fact that only 1,2-phenyl rear-
ranged products were isolated13 from the acetolysis of 4-Ph
provides strong evidence for phenyl bridging in the transi-
tion state leading to the intermediate which reacts with sol-
vent.

These findings were rationalized11l in terms of Scheme 1,

Scheme |
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Table |
Acetolysis Products of Selected Tertiary-Carbinyl Systems

%

Substrate Ester Alkene Ref
CH3CH2C(CH3)CH3 a 85 1lla
Cl
CH3C(C6Hs)CH2CH3 95 lib
Cl
CH3CH2C(CH3)C(CH3)CH2CH3& 100 11c
Ph oBBZ

aDid not report substitution product. tp-Bromoben-
zoate.

which has been expanded to include ion-pair partitioning
pathways.3 Based upon the substrate’s Hammett behavior,
generation of the intimate ion pair (I) is considered rate de-
termining, while aryl assistance controls ion-pair partition-
ing between the two bridging pathways: neighboring group
participation (or internal displacement) by the cyclobutyl
(k™) or aryl (~2) group. In turn, the phenonium ion inter-
mediate (Il) partitions itself among the product forming
pathways kpu (solvent attack on the bridged ion) and fcpnl
(rearrangment to open ion followed by solvent attack).

Basically, Scheme | rests on the mechanistic speculation
of Sneen,4 Shiner,5 and Brown3® that solvolysis proceeds
through a first-formed tight ion pair which partitions itself
among the various product pathways. Furthermore, such a
mechanistic scheme has been generally accepted6 for sol-
volysis of the related substrate, the cyclopropylcarbinyl
system.

The recent proposal of Traylor7 that strained a bonds,
such as those in cyclopropylcarbinyl substrates, can afford
stabilization of neighboring cationic centers via a-ir conju-
gation affords an interesting possibility for the structure of
I. Thus it is speculated that | is stabilized by a-ir conjuga-

6+ 5— 5+
[>-CH 2- OTs <*m [;:CH— CHj— OTs

tion between the cyclobutyl group and the neighboring cat-
ionic center where little movement of the cyclobutyl group
toward the developing cationic center occurs, i.e., vertical
stabilization takes place in which the u bond is delocalized
without changing its bond length or angle significantly.

Delineation of all the mechanistic possibilities for prod-
uct formation is assisted considerably by assessment of the
various product distributions resulting from solvent inter-
action with each intermediate listed in Scheme I. Thus sol-
vent attack on covalent substrate (kapathway) is eliminat-
ed from consideration by the absence of nonrearranged
ester in the product. Furthermore, the absence of ring-ex-
panded ester and/or alkene in the product mixture is evi-
dence against reorganization of | to 1V (fcplvpathway) or a
ring-expanded open ion.

The assessment that solvent interaction with Il leads to
exclusively aryl rearranged esters and that interaction with
111 leads to predominantly aryl rearranged alkenes is based
upon less compelling arguments than the above owing to
the paucity8 of product distribution data in acetolysis stud-
ies, but nevertheless, the data collected in Table I make
such an assessment attractive. Not only are high percent-
ages of alkene products obtained from the acetolysis of the
listed tertiary-carbinyl compounds, but also there is a
growing body of evidencell that in the solvolysis of terti-
ary-carbinyl substrates a more reactive leaving group pro-
duces a higher percentage of alkene. This evidence suggests

J. Org. Chem., Vol. 41, No. 3, 1976 487

Table 11
Acetolysis Products for 1-p-X-Phenylcyclobutylcarbinyl
Brosylates"
X p-XPhCH=~> p-XiPhCH— <G> p-XPH— P-XPhCH”"OAC
MeO 0 0 10* 90
H 92 8 0 0
no?2 100 0 0 0

aAll product studies carried out at 65°C in the presence
of urea. ° See ref 17.

that greater progress along the traditional Winstein solvol-
ysis scheme,12 as would be the casel3 for a brosylate ion
pair compared to a chloride ion pair, leads to an increasing
percentage of alkene in the product distribution.

Furthermore, examination of the structure of Il reveals
that it is stereoelectronically unfavorablel4 for an EI elimi-
nation, that is, the relevant a bonds are not in the colinear
relationship necessary for #-bond formation. This expecta-
tion was confirmed recently by the observedl5 solvolytic
behavior of the parent compound, cyclobutylcarbinyl bro-
sylate, which produced no cyclopentene while cyclopentyl
brosylate, under the same reaction conditions, yielded 20%
cyclopentene.

To further test Scheme I, the acetolysis products of 1-p-
nitrophenylcyelobutylcarbinyl brosylate (4-NPh) and 1-p-
methoxyphenylcyclobutylcarbinyl brosylate (4-MPh) have
been determined in the presence of urea. Also, as a control
experiment, the acetolysis products of 1-phenylcyclobutyl-
carbinyl brosylate (4-Ph) were redetermined in the pres-
ence of urea.

Based upon the knownl product partitioning behavior of
4-Ph in acetic acid (without buffer) and the normal para-
substituent effect behavior,16 it was anticipated that ace-
tolysis of 4-NPh would produce some ring-expanded ester
while acetolysis of 4-MPh would yield some phenyl-rear-
ranged ester.

As seen by the product data listed in Table 11, the latter
expectation was fulfilled but not the former. Thus the ace-
tolysis of 4-MPh yielded 1-p-methoxybenzylcyclobutyl ac-
etate (5) and a small amountl7 of 1-p-methoxyphenylcyclo-
pentene, while acetolysis of 4-NPh yielded a single product,
identified as 1-p-nitrobenzalcyclobutane (6).18 The pre-
viously reportedl products for the acetolysis of 4-Ph, in the
absence of buffer, were replicated in the presence of urea.

The structures of the alkene products were identified by
comparison of their GLC, ir, and NMR data with that of
authentic reference samples. The structure of 1-p-nitro-
benzalcyclobutane was established by oxidative cleavage of
the 1,2-diol derivative to p-nitrobenzoic acid, and con-
firmed by mass spectral evidence (see Experimental Sec-
tion for details); while the structure of 1-p-methoxybenzyl-
cyclobutyl acetate was confirmed by GLC, ir, and NMR
analysis (see Experimental Section for detail).

On the basis that cyclobutyl participation is more effec-
tive than methyl participation (cyclobutylcarbinyl brosy-
late solvolyzes some 200 times faster than isobutyl brosy-
late via a nearly exclusive KA pathway in formic acidi1519),
and the demonstrated20 ability of a neighboring methyl
group to compete with a neighboring p-nitrophenyl group
in anchimerically assisting the solvolysis of p-nitroneophyl
brosylate, it is intriguing that solvolysis of 4-NPh yields no
detectable amount of ring-expanded product. Despite the
p-nitro group’s deactivation of the benzene ring in 4-NPh,
aryl participation (k) dominates completely over cyclo-
butyl participation (24) in the partitioning of the first
formed intimate ion-pair species.

This finding suggests that the relief of ring strain that
normally1521 would accompany reorganization of | to IV is
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reduced by the presence of the 1-p-nitrophenyl group, or
more specifically the 1-p-nitrophenyl group introduces ste-
ric factors into the transition state leading to IV which re-
duce the magnitude of the expected steric strain relief asso-
ciated with bridging. The present level of understanding30
of steric factors in intimate ion pairs is insufficient to per-
mit productive speculation. Whatever the details as to the
steric factors, the presence of the 1-p-nitrophenyl group in
I unexpectedly inhibits ring expansion.

Experimental Section

Infrared spectra were obtained on a Bausch and Lomb IR-270
spectrophotometer, and the nuclear magnetic resonance spectra
were taken on a Hitachi Perkin-Elmer R-24 instrument with tetra-
methylsilane as internal standard. A Beckman GC-4 chromato-
graphic instrument equipped with a thermal conductivity detector,
a Disc automatic integrator-printer, and a 6 ft X 0.125 in. column
of 20% Carbowax 20M on Chromosorb W (80-100 mesh) was used
for analytical GC work. The mass spectral analysis was carried out
at Rockefeller University and the microanalysis was performed by
Galbraith Laboratories, Inc., Knoxville, Tenn.

1-p-Methoxyphenylcyclobutylcarbinyl (4-MPh), 1-p-nitro-
phenylcyclobutylcarbinyl (4-NPh), and 1-p-phenylcyclo-
butylcarbinyl (4-Ph) brosylate were the same materials as pre-
viously described.1

Preparation of Reference Olefins and Esters. 1-Phenylcyclo-
pentene was prepared via acid-catalyzed dehydration of 1-phenyl-
cyclopentanol and the structure assignment was confirmed by
NMR. 1-p-Anisylcyclopentene was prepared via acid-catalyzed de-
hydration of 1-p-anisylcyclopentanol, mp 86-86.5° (lit.2387-90°).
Analysis by GLC revealed the presence of a single compound and
the NMR spectrum confirmed the structure assignment. 1-Phenyl-
cyclobutylcarbinyl acetate, 1-p-methoxyphenylcyclobutylcarbinyl
acetate, 1-p-nitrophenylcyclobutylcarbinyl acetate, and 1-phenyl-
cyclopentyl acetate were prepared from their respective carbinolsl
with acetyl chloride in pyridine. Their purity and structure assign-
ments were confirmed by GLC and NMR data.

Solvent. Acetic acid solvent was prepared from 994.9 ml of gla-
cial acetic acid (Matheson Scientific, 99.8%) and 5.1 ml of acetic
anhydride.

Acetolysis Product Studies. A. 1-Phenylcyclobutylcarbinyl
Brosylate (4-Ph). A solution (50 ml, 0.25 M) of 1-phenylcyclo-
butylcarbinyl brosylate in acetic acid (0.3 M in urea) was sealed in
ampoules under N2 and immersed in a constant-temperature bath
at 65 + 0.1°. After 7 half-lives (ca. 22 hr) the solution was diluted
with 200 ml of water and continuously extracted with ether for 48
hr. The ether extract was neutralized with cold saturated NaHCOa
solution, washed four times with 60-ml portions of water, and
dried (MgSO-d, and the solvent was removed by controlled distilla-
tion with a Nester-Faust NFA-200 annular still. The residue was
further distilled to yield 1.75 g (97% yield) of distillate (boiling
range 42-45°, 0.1 mm). The distillate on analysis by gas chroma-
tography (175°, 35 ml/min He flow rate) gave rise to two peaks, A
(4.2 min retention time) and B (7.1 min retention time), with 11.5:
1 relative peak areas, in addition to the air peak. Under the same
conditions 1-phenylcyclopentene gave rise to a peak with a 1.9-min
retention time. Peak A was identified as 1-benzalcyclobutane and
peak B as 1-benzylcyclobutene from the following facts: catalytic
hydrogenation of the distillate over platinum oxide (Englehard In-
dustries, 82.3%) in methanol (40 psi) yielded a product whose
NMR spectrum agreed with that of benzylcyclobutane;24 and 1-
benzylcyclobutene was differentiated from 1-benzalcyclobutane by
presence of benzylic protons (a sharp singlet a &3.12) in the NMR
spectrum of peak B.

B. 1-p-Methoxyphenylcyclobutylcarbinyl
MPh). 1-p-Methoxyphenylcyclobutylcarbinyl brosylate was solvo-
lyzed and worked up as in section A with the exception that 25 ml
of a 0.10 M solution of 4-MPh (0.12 M in urea) was used and the
residue (0.7 g) was not distilled. The residue on analysis by gas
chromatography (150°, 35 ml/min He flow rate) gave rise to two
major peaks,25 A (4.3-min retention time) and B (8.5-min retention
time), with 1.0:11.2 relative peak areas.26 The retention time for
peak A is identical with that of authentic 1-p-methoxyphenylcyc-
lopentene, and analysis by NMR revealed the presence of a multi-
plet at b 6.0, typical of vinylic protons. Peak B was identified as 1-
p-methoxybenzylcyclobutyl acetate from the following facts. Anal-
ysis by ir revealed the presence of a strong carbonyl stretching ab-
sorption at 1740 cm-1 and analysis by NMR gave the following

Brosylate (4-

Roberts

spectrum: 57.0 (q, 4 H, aromatic), 3.7 (s, 3 H, typical p-MeO aryl
protons), 1.6-2.6 (broad, 6 H, typical cyclobutane ring pattern),
and 1.9(s, 3H, CH&OO?. )

C. 1-p-Nitrophenylcyclobutylcarbinyl Brosylate (4-NPh).
1-p-Nitrophenylcyclobutylcarbinyl brosylate was solvolyzed as in
section A with the exception that 50 ml of a 0.15 M solution of
4-NPh (0.18 M in urea) was used. After 7 half-lives (ca. 7 days),
the solution was diluted with 200 ml of water and extracted six
times with 50-ml portions of ether. The combined ether extracts
were neutralized with cold saturated NaHCO3, washed three times
with 50-ml portions of water, and dried (MgSOd and most of the
solvent was removed via rotovaporization to yield a dark orange
oil. The oil was dissolved in 95% ethanol, treated with Norite A,
and upon cooling to —10° the alcohol solution gave 1.37 g (7.25
mmol, 96.5% yield) of 1-p-nitrobenzalcyclobutane (6), light yellow
crystals, mp 95.5-95.6°. Anal. Calcd for CIIH1INO2 C, 69.90; H,
5.82; N, 7.40. Found: C, 69.79; H, 5.73; N, 7.21. NMR (CCl4) b 8.06
(d, 2 H, aromatic), 7.45 (d, 2 H, aromatic), 6.32 (s, 1 H, vinylic,Z7
2.9-2.3 (broad, 4 H, cyclobutyl), 2.3-2.1 (m, 2 H, cyclobutyl). The
mass spectrum of 6 showed m/e 91 (tropylum cation)28in addition
to the molecular ion peak at m/e 189 and many other peaks. Addi-
tional definitive evidence for the assigned product structure of 6
was provided by the isolation of p-nitrobenzoic acid (mp 240-241°,
1it.20 mp 240-2420)30 from the reaction of 6 with a mixture of po-
tassium permanganate and potassium periodate in aqueous solu-
tion atpH 7.7.3L

Registry No.—4-Ph, 50978-05-7; 4-MPh, 50978-03-5; 4-NPh,
50978-07-9; 5, 57573-61-2; 6, 57573-62-3.
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Repetition of a published procedure for the preparation of several N-substituted lI-amino-2-methylpropane-2-
thiols (2a-d) for use as bidentate ligands indicated that the products characterized therein were not thiols, but
the corresponding disulfides (3a-d). Preparation of the authentic thiols was.accomplished by reduction of the in-
termediate Schiffs bases (la-d) with LiAIIR in refluxing tetrahydrofuran. The novel tetradentate 5 was also syn-
thesized from 4 using the same procedure. The chelating ability of 5 was demonstrated by formation of a neutral
Ni(l1) complex. It was also shown that the 3-arylamino-5,5-dimethylthiazolidine-2-thiones (6) were obtained from
both the thiols and disulfides, indicating that formation of this derivative does not prove the presence of a thiol

function.

Nitrogen- and sulfur-donor ligand systemsl are of con-
tinuing interest in coordination chemistry, and at our labo-
ratory we are especially interested in complexes of molyb-
denum2 and iron.3 Recently, interesting properties have
been found for complexes with tertiary thiol groups such as
3-mercaptovaline (penicillamine).204 We sought to synthe-
size a variety of such tertiary thiols (2a-d), and a straight-
forward route for these compounds had recently appeared
in this journal .5 This involved Schiffs base formation using
a.a'-dithiodiisobutyraldehyde followed by reduction with
NaBH4 (Scheme 1), and no difficulty was anticipated. This
same route also appeared suitable for the novel tetraden-
tate 5, because the cyclic Schiffs base 4 was a known com-
pound.6 However, our attempts to repeat this synthetic se-
quence failed, and the preparation and characterization of
these compounds by a revised procedure is the subject of
this paper.

Attempts to make 2a gave the viscous, pale yellow, non-
distillable liquid previously described.5 However, only
1-2% thiol was found (12 titration), and ir and NMR
showed NH, but no SH. Molecular weight data were consis-
tent with a dimer, which we assign as the disulfide 3a. This
is a surprising result because the reaction and subsequent
work-up were conducted under argon. Neither diselenide-
catalyzed hypophosphorous acid reduction7 nor more vig-
orous NaBH4 treatment (2 hr in refluxing acetonitrile)
would cleave 3a. The literature reveals tertiary disulfides
to be fairly resistant to reduction; e.g., di-tert-butyl disul-
fide is resistant to LiAlIH4 in refluxing ether, but is reduced
in refluxing tetrahydrofuran (THF),8 and while penicillam-
ine disulfide is little affected by NaBH4 (50°),9 it can be
cleaved by Na-NH3.10 Treatment of either 3a or its precur-
sor la with LiAIH4 in THF gave the desired thiol as a dis-
tillable, mobile liquid (Table 1), which exhibited an SH
peak (NMR, ir) and the correct molecular weight, and con-
sumed'2 equiv of iodine, a characteristic of some tertiary
thiols (sulfenyl iodide formation).11

It was apparent that the previous report5 of 2a was in
error, and that the others (2b-d) of interest to us were

Scheme |

R
a Ph
b p-CIPh
¢ p-MejNPh
d CH;

probably disulfides (3b-d) also. In order to test this, we re-
peated the synthesis of “2b”, “2c”, and “2d”, reported to
be a viscous, nondistillable liquid, a crystalline solid (mp
82-83°), and a volatile liquid [bp 113-114° (0.75 Torr)], re-
spectively. Again the NaBH4 reduction gave products with
these same properties. These compounds were shown to be
the disulfides 3b-d by an analogous process. When these
Schiffs bases (Ib-d) were reduced with LiAIH4 in THF,
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Table |
Properties of the I-Amino-2-methylpropane-2-thiolsd
RNH SH
| I
CH2— C(Me),
0 MO wi
R Bp, °C (Torr) yield (theory) (Me), CH, NH/SHb ArH Other
Ph 90-92 (0.7)e 64 180d 1.38 3.08 3.88 (b) 6.4-7.3
(2a) (181) 1.71 (m)
p-CIPh 111-114 (0.1)c 63 216d 1.42 3.10 4.07 (b) 6.4-7.3
(2b) (216) 1.72 (m)
p-Me,NPh 135-137 (0.15) 67 224<* 1.40 3.09 3.60 (b) 6.7 (m) 2.80
(2¢) (mp 50-51.5)e (224) 1.79 (Me,N)
Me 47 (20/ 20 11ls 1.37 2.54 1.56 2.47
(2d) (119) 1.56 (MeN)
Ethylene 101-103 (0.07 ¥ 50 2305 1.37 2.62 1.76 2.78
(5) (236) 1.76 (CH2CH?2)

aSatisfactory C, H, N analyses were obtained for the new compounds 2a-c and 5. b Both protons exchangeable with D20.
cMobile liquid, solidifying in the freezer. d VPO in 1,2-dichloroethane. e Recrystallized from hexane. /Hydrochloride mp

229.5-230° dec (lit.12222-224° dec). 8 Cryoscopy in benzene.

the authentic thiols summarized in Table | were obtained.
The N-methyl compound (2d) has been isolated before as
the hydrochloride,12 but this is the first report of the free
base. In view of the low yield we obtained (20%), this com-
pound is probably better prepared (79%) by the route de-
scribed in ref 12.

The cyclic Schiffs base 4 was prepared and reduced
(LiAIH4) to give the new tetradentate 5 in reasonable yield.
Its properties are described in Table | and its chelating
ability demonstrated by formation of a neutral Ni(ll) com-
plex. Further studies of the coordination chemistry of 5
and 2a-d are currently in progress.

The mass spectral evidence given previously5 to support
the formulation of “2a” can be attributed to the presence
of a few percent of the authentic, more volatile thiol in the
disulfide. The NMR evidence given5 for thiol must be re-
jected. The SH was supposedly under the gem-dimethyl
resonance for “2a-c”, and our NMR data clearly show only
six protons in this peak before and after D20 exchange.
Only one NH or SH proton was even listed for “2d”, and
this was no doubt the NH, as we see a sharp two-proton
peak for these in 2d. The formation of a crystalline thiazo-
lidine-2-thione (6c) from 3c remains to be explained, as
this was used as further evidence of an SH. Upon examina-
tion, both the free thiol 2c and the disulfide 3c yielded this
derivative on treatment with CS2and NaOH in ethanol. 2a
and 3a behaved similarly, and thus, while providing crys-
talline derivatives (6a-c), their formation cannot be used
as evidence of a thiol function. The differing yields of these
derivatives (p-Me2N > p-H > p-Cl) appears to reflect the
varying basicity of the nitrogen atom.

The mechanism of formation of 6 from the disulfide is
not clear, but may arise from small, equilibrium amounts of
thiol formed by reaction with the xanthate or sulfide which
must be present (from the CS2, NaOH, and ethanol
present). The lability of the S-S bond in the presence of
RS~ types is well known.13

RSSR + R'S- ~ RSSR'+ RS~

Although it is beyond the scope of our interest to reex-
amine the remaining compounds reported as thiols in ref 5,
it is reasonable to assume that they are also disulfides (3).
Nevertheless, the general synthetic sequence reported
there is still of value as long as LiIAIH4THF is used in the
reduction step and re'ductant-compatible substituents are
present.

Experimental Section

NMR spectra were obtained with a Varian A-60 instrument
(35°) with tetramethylsilane as the internal standard. Either a
Hewlett-Packard 302B vapor pressure osmometer (37°) or an an-
aerobic cryoscopy celll4were used for molecular weight determina-
tions. The H-P Model 185 CHN Analyzer was used for the elemen-
tal microanalyses, and infrared spectra were obtained on a Beck-
man IR20-A as KBr disks or as smears between salt plates. All
evaporations were done at or near ambient temperature with a
Swissco rotary vacuum evaporator. Thiol titrations with 0.05 N
ethanolic 12K | (dead stop end point) were adapted from the liter-
ature.16 Melting points were determined with a hot stage micro-
scope and are corrected. a,a-Dithioisobutyraldehyde was pre-
pared according to the literature6 [70%, bp 92-93° (0.3 Torr)], as
was the cyclic Schiffs base 4,6 except that MeOH was used as a
solvent (93%, mp 163-166°).

Bis[I-(N-substituted)imino-2-methyl-2-propyl] Disulfides
(la-d). Instead of the more complex published procedure,5the im-
ines la-c were more expeditiously prepared by refluxing the amine
with a,a’-dithiodiisobutyraldehyde (30-60 min) in isopropyl alco-
hol (followed by H20 washing and recrystallization from ;-PrOH).
The NMe compound Id was obtained5in 84% yield with a reaction
period of 4 hr instead of the 4 days prescribed.

Bis[l-(N-substituted)amino-2-methyl-2-propyl] Disulfides
(3a-d). The NaBH4 reductions were performed as described,5 but
under argon, and the reactions worked up in the same way. Prod-
ucts with the reported physical appearance (3a,b), melting point
(3c), or boiling point (3d) were obtained, but no thiol beyond 1-2%
was found (titration). No SH could be found under the gem-di-
methyl peak by NMR, the integration showing only six protons be-
fore or after D20 exchange (see text). NH (ca. 3340-3420 cm-1)
was seen in the ir, but SH was absent. Molecular weight data
(VPO, 1,2-dichloroethane) were consistent with the disulfide 3: 3a,
346 (theory 360); 3b, 440 (theory 429); 3c, 439 (theory 446); 3d, 250
(theory 236).

1-Alkyl- (or aryl-) amino-2-methylpropane-2-thiols (2a-
d) and Ethane-1,2-bis(JV-l-amino-2-methylpropane-2-thiol)
(5).16 The appropriate Schiffs base, la-d or 4 (0.10 mol), or disul-
fide (3a) was dissolved in dry THF (100-300 ml) and added with
stirring (argon atmosphere) to LLAIH4 (0.12 mol; 0.16 mol for 4) in
dry THF (100 ml) over 30-40 min. The reaction mixture was re-
fluxed for 2 hr and hydrolyzed by the cautious addition of saturat-
ed NaK-tartrate solution (50-75 ml), and then ether (300 ml)
added. The sludge was separated by decanting or filtration (Celite)
and washed well with ether. The solvent was removed (a Vigreux
column was used for 2d because of its volatility), and the residual
liquid subjected to simple distillation (in vacuo) to give the thiols
described in Table I. The ir showed SH as a medium-weak to weak
band at 2530-2550 cm-1, and the NH as a medium to medium-
strong band at 3340-3420 cm-1. A separate SH was seen in the
NMR for 2a-c, but was pooled with the NH in 2d and 5. Titration
with 12gave 97-100% of 2 equiv/thiol for 2a,b and 1 equiv/thiol for
2d and 5.17 A colored complex was formed between 12 and 2c and
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the end point was not distinct. The products were stored (frozen)
in serum bottles under argon.

Preparation of 3-Aryl-5,5-dimethylthiazolidine-2-thiones
(6a-c). The general method5 was to reflux a mixture of the thiol
(3.0 mmol) or disulfide (1.5 mmol), 10 N NaOH (0.30 ml), CS2 (7
mmol), and ethanol (10 ml) for 24 hr (argon), add water (3-4 ml),
and chill. The crystalline derivative was filtered, washed (cold
MeOH, then H20), and recrystallized from the same ethanol-
water mixture prior tQ analysis. The yields listed are for the crude
products. Use of the disulfides 3a and 3c led to similar (or higher)
yields of the identical 6 (melting point and mixture melting point).

3-Phenyl-5,5-dimethylthiazolidine-2-thione (6a): colorless
plates (45%), mp 114-115°. Anal. Calcd for CnH13NS2 C, 59.15;
H, 5.86; N, 6.27. Found: C, 58.80; H, 5.87; N, 6.17.

3-(p-Chlorophenyl)-5,5-dimethylthiazolidine-2-thione (Gb):
colorless needles (34%), mp 111-111.5°. Anal. Calcd for
CUHIXCINS2 C, 51.25; H, 4.69; N, 5.43. Found: C, 51.34; H, 4.81;
N, 5.81.

3-(p-Dimethylaminophenyl)-5,5-dimethylthiazolidine-2-
thione (Gc): pale yellow needles (79%), mp 156-157° (lit.5 157-
158°).

Nickel(ll) Complex of 5. A solution of 5 (1 mmol) in MeOH (4
ml) was added to a warm solution of Ni(0Ac)24H20 (1 mmol) in
MeOH (8 ml). The solid, which separated immediately, was fil-
tered, washed (MeOH), and vacuum dried (1 hr at 50°) to give 188
mg (61.4%) of the tan-pink crystalline complex. Its ir spectrum ex-
hibited bands at 3220 and 3270 cm-1 (sh) (coordinated NH). Anal.
Calcd for CI0H2N2S2Ni.(f>H20: C, 39.75; H, 7.67; N, 9.27. Found:
C, 39.67; H, 7.85; N, 9.59.

Registry No.—la, 54410-19-4; Ib, 54410-20-7; Ic, 54410-23-0;
Id, 57443-08-0; 2a, 54410-26-3; 2b, 54410-28-5; 2¢, 54410-33-2; 2d,
54410-35-4; 3a, 57443-09-1; 3b, 57443-10-4; 3c, 57443-11-5; 3d,
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57443-12-6; 4, 57443-13-7; 5, 57443-14-8; 5 Ni(ll) complex, 57443-
07-9; Ga, 57443-15-9; Gb, 57443-16-0; 6¢, 54410-36-5; «.«'-dithiodi-
isobutyraldehyde, 15581-80-3; aniline, 62-53-3; p-chloroaniline,
106-47-8; Af,A-dimethyl-p-phenylenediamine, 99-98-5; methyl-
amine, 74-89-5; Ni(OAc)2, 373-02-4.
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Photolysis of ferrocene-1,I'-disulfonyl azide in various solvents and at different wavelengths gave I'-sulfamyl-
ferrocenesulfonyl azide and ferrocene-1,I'-disulfonamide. The thermolysis products depended on the solvent
used. In cyclohexane, I'-sulfamylferrocenesulfonyl azide, ferrocene-1,I-disulfonyl azide, 1V.AT'-dicyclohexylferro-
cene-1,I-disulfonamide, T-(.'V-cyclohexylsulfamyl)ferrocenesulfonyl azide, and I'-(JV-cyclohexylsulfamyl)ferro-
cenesulfonamide were obtained. In benzene, products both of kinetic (azepine) and thermodynamic control (ani-
lide) were formed but disubstitution did not occur. In mesitylene, the dimesitylamide was obtained. No intramo-
lecular cyclization products were ever detected. 2,4,6-Trimethylpyridinium ferrocenesulfonyl ylide did not under-
go photolysis but did thermolyze to ferrocenesulfonamide and sym -collidine. Again no ferrocenophane was

formed.

The thermal and photochemical decomposition of ferro-
cenylsulfonyl azide (1) has led to some very interesting re-
sults.12 Thermolysis in benzene led to a unusually high
yield (for such reactions3) of hydrogen-abstraction product,
ferrocenesulfonamide (2), and to a low yield of “substitu-
tion”4 into the aromatic nucleus (3).2 More solvent inser-
tion and less hydrogen abstraction were observed in cyclo-
hexane, but the yield of 2 was very high in cyclohexene.
Photolysis of 1 led to quite different results. Thus, the
main product formed in benzene was the novel bridged de-
rivative 4, [2]ferrocenophanethiazine 1,1-dioxide,1 together
with much smaller amounts of 2. The same products were
formed in cyclohexene, but now, for the first time, was ob-
served what is probably the addition of a singlet sulfonyl
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nitrene to an olefinic double bond, namely the aziridine de-
rivative 5.2

In a subsequent study, the decomposition of o- and p-
benzenedisulfonyl azides in various solvents was exam-
ined.5 A number of interesting reactions were observed,
particularly with the ortho derivative, decomposition of
which led, among others, to the generation of benzvne, as
well as to the loss of one of the sulfonyl azide moieties. It
was, therefore, decided to study the behavior of ferrocene-
1,I'-disulfonyl azide (6). Among the possibilities were that
a ferrocenophane derivative related to 4 would be formed
and that the second sulfonyl azide group would react with
solvent [formation of a dibridged species such as A was
considered unlikely since models showed (and x-ray analy-
sis has since confirmed6) that the two cyclopentadienyl
rings were certainly not parallel in 4], As well, the forma-
tion of a “ferrocyne” (B) was a possibility. Certainly, it was
felt that interaction between the two sulfonyl azides func-
tions was possible and that this would result in some inter-
esting behavior, and this is what has been observed. No evi-
dence for the formation of A or B has been found.

Ferrocene-1,I'-disulfonyl azide (6) was prepared from di-
ammonium ferrocene-1,I'-disulfonate (9)7 with phosphorus
oxychloride (no product was obtained with phosphorus tri-

7 6

chloride), followed by treatment of 9 with sodium azide in
aqueous acetone. It was found necessary to protect the
azide from light during the reaction and after isolation,
since the compound darkened noticeably on exposure to or-
dinary light. The structure of the diazide was confirmed by
its spectroscopic properties: cnex 2155 (N3), 1355 and 1150
cm-1 (S0O2), two triplets of equal intensity centered at 5
4.83 (d-H) and 5.00 (a-H) (A2B2), and M-+ m/e 396.

An authentic sample of AT.iV'-dicyclohexylferrocene-
I,I'-disulfonamide (8) (an expected product from one of
the reactions) was readily prepared from 7 and cyclohexyl-
amine, but ferrocene-1,I'-disulfonamide (9) could not be
obtained from 7 and ammonia under a large variety of con-
ditions and solvents, e.g., aqueous or dry ammonia in ben-
zene, ethyl acetate, or acetone. Since only small amounts of
7 were recovered we suspect that a bridged imide such as 10
may form which decomposes readily to give dark, intracta-
ble products. Amides 9 and 11 obtained as described below
appear to be stable. Similar results were obtained on at-
tempted preparation of 11 from 7 and aniline.
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Table |
Photolysis of Ferrocene-1,I'-disulfonyl Azide (6) at 35°
Wave- Re- %
length, Time, covered
Solvent A hr 6, % 9 12
cbh6 2537 1 62.3 17
cbh 6 3000 1 14.2 25
cbh 6 3500 1 50.0 11
cbh 6 3500 8 5.3 3.6 5.1
C6H 6« 3000 1 70.6 22
CeH 2 2537 1 54.7 9
c6bh 12 3000 1 78.4 17
CéH 12 3500 1 56.5 16
C6H,0 3000 1 76 21

aFerrocene added as sensitizer; 92% was recovered.

8,R=CH, 10 12
9R=H
1,R = Ph

Photolysis of 6 in benzene, cyclohexane, or cyclohexene
at various wavelengths and for varying periods of time gave
only two identifiable products and a lot of insoluble tarry
material. The results are summarized in Table I. The first
of these products was identified as I'-sulfamylferrocenesul-
fonyl azide (12) on the basis of its spectral properties: nex
3280, 3210 (NH2), 2120 (N3), 1375, 1320, and 1135 cm*“1
(two different S02); two A2B2systems, 54.95 (H2, H5), 4.81
(H3, H4), 4.95 (H2, H5, overlapping with H2 and H5), 4.68
(H3, H5). The base peak in the mass spectrum of 12 was at
m/e 344, which corresponds to M-+ — 26. This could either
be due to loss of N2 followed by hydrogen abstraction to
give the 9 ion (indeed, with the exception of a small peak
corresponding to M-+ — 28, the rest of the spectrum was
the same as that of 9), or to the loss of C2H2 as has been
found to be the case with some aryl azides.8 If 9 was indeed
formed it would probably have to be in the inlet of the
mass spectrometer by thermolysis and intramolecular hy-
drogen abstraction prior to volatilization. This remains to
be resolved by accurate mass measurements. Continued
photolysis of 12 did not lead to any ferrocenophane forma-
tion.

The second product formed in the photolyses on longer
irradiation was ferrocene-1,I'-disulfonamide (9). It exhib-
ited bands at 3330, 3255 (NH?2), 1345, and 1145 cm-1 (S02),
an A2B2 system [54.85 (4, a-H), 4.65 (4, d-H), 7.15 (4, ex-
changeable NH2)], and a parent ion (also the base peak) at
m/e 344. 1t is likely that 9 is formed from 12 on longer ex-
posures (Table I).

Thermolysis of 6 in cyclohexane at 135° for 16 hr gave 9
(7.8%), 8 (8.7%), I'-(cyclohexylsulfamyl)ferrocenesulfonyl
azide (13, 0.6%), and [I'-(Af-cyclohexylsulfamyl)ferro-
cenesulfonamide (14, 10.7%). When the thermolysis was
carried out for only 4 hr, only 13 (26.2%) and 12 (4.7%) were

13 14
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Thermolysis of 6 in Benzene

Table 11
Products, 1
Temp, Time, Recovered
°C hr Additives 6 9 12 15 17 Other
135 4 23 trace 8.2 12.5
135 16 5.4 Aniline
(trace)
135 3 Ferrocene 14 16.2 15.1 Ferrocene
5 (94.5)
Tetracyclone
135 3 Tetracyclone 16.1 14.4 12.3 8.5 (88.6)
135 4 TONE 8 3.1 6.4 2.4
100 63 54 1.4 8.2 6.3 9.4
100 116 18.5 2.4 5.2 2.8 2.5
100 188 13.9 6.8 4.6 3.9 0.5
100 53 TONE 71 2.8 5.0 3.0

obtained, and much azide (43%) was recovered. The struc-
tural assignments of 13 and 14 are based on the spectro-
scopic properties of the compounds (see Experimental Sec-
tion). It seems likely, therefore, that 9 arises from 12 in this
reaction on prolonged heating, while 14 arises from 13 by
hydrogen abstraction by the sulfonyl nitrene from the sol-
vent. When the thermolysis was carried out at 100° for 53
hr, 13 (9%), 12 (2.7%), and 9 (7.2%) were obtained, together
with much recovered azide (34.4%).

The results of the decomposition of 6 in benzene are
given in Table II. At 135° [I'-(IV-phenylsulfamyl)ferro-
cenesulfonyl azide (15) was obtained. Interestingly neither
the disulfonanilide (11) nor I'-(Al-phenylsulfamyl)ferro-
cenesulfonamide (16) could be detected, though a careful

SO.NH,
Fe Fe

Q N SO.NHPh QASO.NHPH

15 16
SO\N,
Fe
®) SO,N
17

search was made for them. This contrasts (as do most of
the above results) with the behavior of o-benzenedisulfonyl
azide, which, on thermolysis in benzene, gives both o-ben-
zenedisulfonylanilide and benzenesulfonylanilide-2-sulfon-
amide.5 The addition of ferrocene to the solution before
thermolysis had a slight beneficial effect upon the yields of
products but no change in their nature was observed. When
the temperature at which the thermolysis was carried out
was lowered a new product was obtained which proved to
be the iV-sulfonylazepine 17. Evidence of its structure is
based mainly on the infrared, NMR, and mass spectra of
17, since, unlike simpler 1V-acylazepines,910 no [4 + 2]wad-
duct was formed with tetracyanoethylene (TONE) nor
could the azepine be trapped with tetracyclone (which
gives [4 + 2]7& and [6 + 4}r adducts with Al-mesylaze-
piriell). It exhibited bands at 2130 (N 3), 1640, 1620 (C=C
in azepinel2), 1360, and 1145 cm-1 (SO2), the usual |, T-di-
substituted ferrocene A2B2-A 2 B2/ patterns in the NMR, as
well as a complex multiplet (6 H) at 55.96 and 5.67 (azep-
ine vinyl protonsl1?2). The base peak in the mass spectrum

was at m/e 92 corresponding to CfiH6N +, the azatropylium
ion, behavior characteristic of N-substituted azepines.12
TV-Mesylazepine has previously been isolated from the de-
composition of MeSC>2N 3 in benzene at 80-100° and is the
product of kinetic control.9 At higher temperatures, the
N-sulfonylanilide is formed (in the present case, 15) as the
product of thermodynamic control.

In the hope of achieving attack by both sulfonylnitrene
groups upon the solvent aromatic nucleus, the latter was
made more nucleophilic and the thermolysis of 6 in mesity-
lene was examined. At 135° for 3 hr the only products
formed were 12 (13.5%) and I,-(W-2,4,6-trimethylphenyl-
sulfamyl)ferroeenylsulfonyl azide (18, 26.2%). Starting
azide was recovered. When heating was prolonged for 16 hr,
however, JVIV,-di-(2,4,6-trimethylphenyl)ferrocene-l,I'-
disulfonamide (19, 11.6%) was obtained, together with T-
(Al-2,4,6-trimethylphenylsulfamyl)ferrocenesulfonamide
(20, 17.2%) and 9 (14.5 ). These products probably arise as
shown in Scheme I.

Scheme |
SOoN.,
CH3
6 = 12 Fe
+ +
hx v “ch; O_t}
(6] > oz h0 ch,
CHj
18
CH,
1*
SONH~A"~CH .,
BH, .. _ SO-NH,
Fe + 20
2
+
Q’\SO,NH’\rJ>\:R, H
CH, 'O > a NHO CH!
19 CH,
20

Decomposition of 6 in boiling cyclohexene give the di-
imine 21 (no NH absorption; strong band due to C=N at
1610 cm-1) which was very unstable and hydrolyzed very
readily in moist air to give cyclohexanone and 9 (65%). Re-
duction of the reaction product with NaBH4 without isola-
tion gave 8 (42.6%), together with some 9 (24.3%) undoubt-
edly due to hydrolysis of 21 before addition of borohydride.
The reaction of sulfonyl azides with unstrained olefins has
been reported1314 to give imines, probably by 1,3-dipolar
addition of the azide to the olefin followed by thermal elim-
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ination of N 2, and the in situ reduction of the jmines to sul-
fonamides with NaBH4 has been described. 14

Even when an “inert” solvent not containing hydrogen
was used, hydrogen abstraction products were the only
ones that could be isolated in low yield: no intramolecular
cyclization was achieved with the disulfonyl azide. Thus,
thermolysis of 6 in Freon 113 gave only 9 (3.5%) and 12
(2.8%), so that intermolecular hydrogen abstraction, or hy-
drolysis of more complex materials during work-up, must
be occurring.

It was of interest to see whether the ferrocenophane 4
could be obtained from a source other than the sulfonyl
azide. To that end, 2,4,6-trimethylpyridinium ferrocenesul-
fonyl ylide (22) was prepared by the sequence in Scheme II.

Scheme 11
Me

22

Ylide 22 appears to fragment in a number of ways upon
electron impact. The most important pathway seems to be
fragmentation to the collidinium radical cation m/e 121
(100) and ferrocenesulfonylnitrene, the latter undergoing a
Curtius-type rearrangement with loss of SO2 to give ferro-
cenylnitrene [m/e 199 (12)].15 Other important fragments
are Me3C5H2N+-N [m/e 135 (21%)]15 and FcSO2NH2+
[m/e 265 (36)]. Contrary to the behavior of iV-methanesul-
fonylimino-2,4,6-pyridinium ylide, which gives a diazepine
on photolysis,15 irradiation of 22 with 2500-, 3000-, or
3500-A light led only to the recovery of the ylide. Thermol-
ysis of 22 in benzene at 175° gave FcS02NH2 (54%) and
2,4,6-collidine (71%). No intramolecular cyclization to 4
was observed in accord with the fact that no singlet sul-
fonylnitrenes have been observed in the photolysis of N-
sulfonyliminopyridinium ylides15 and the suggestion that
thermal decomposition of ferrocenesulfonyl azide leads to a
nitrene metal complex which hydrogen abstracts rather
than cyclizes.2

It was noted that ferrocensulfonyl hydrazide (23) melted
with evolution of a gas and then resolidified. This sequence
was carried out on a preparative scale at 150-160°. A basic
gas was evolved and the yellow residue was shown to be fer-
rocenyl ferrocenethiolsulfonate (24). Small amounts of fer-
rocene were also formed in this reaction.

Experimental Section

Melting points are uncorrected. Ir spectra were determined on
Perkin-Elmer 257, 357, or Beckman Acculab 3 instruments, and
NMR spectra on a Varian Associates HA-100 or a Hitachi Perkin-
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Elmer R20B spectrometer using tetramethylsilane as internal
standard. The mass spectra were determined on a CEC 21-104 or
Hitachi Perkin-Elmer RMU-6M spectrometer and uv spectra on a
Cary 14 spectrophotometer.

Reagents and solvents were usually reagent grade and were frac-
tionally distilled or recrystallized before use. Drying of organic ex-
tracts was effected with calcium chloride, magnesium sulfate, or
molecular sieves (Davidson, type 4A, grade 514, 8-12 mesh). Light
petroleum refers to the fraction of bp 30-60° unless otherwise stat-
ed. Basic alumina for chromatography was Alcoa (F-20) and neu-
tral alumina was prepared from this basic alumina.

Ferrocene-1,1'-disulfonyl Azide (6). A stirred mixture of
phosphorus oxychloride (50 ml) and diammonium ferrocene-1,1"-
disulfonate (16.5 g) was heated under reflux on a steam bath for 6
hr. The yellow salt had turned to a white solid. The slurry was
cooled, ice water (50 ml) was added carefully, and the solution was
poured onto ice (400 g). A dark precipitate was collected, dried in
vacuo, dissolved in chloroform (400 ml), and filtered to remove a
rust-colored insoluble material. Light petroleum (400 ml) was
added, and the solution was treated with charcoal and cooled in a
dry ice-acetone bath. Yellow-orange crystals were collected,
washed with light petroleum (2 X 20 ml), and dried in vacuo to
give ferrocene-I,I'-disulfonyl chloride (10.6 g, 62%) which had no
clear melting point but darkened noticeably at 160° and was black
by 180°: ir (KBr) 1360 (s), 1205 cm '1(s); NMR (CDCL3) 6 4.80 (t,
2 H), 5.02 (t, 2 H); mass spectrum (70 eV) m/e (rel intensity) 386
(M-+ 37C12, 4), 384 (16), 382 (23).

The chloride (10.5 g) in acetone (300 ml) was treated dropwise
with sodium azide (4.1 g) in water (50 ml) with vigorous stirring at
room temperature for 24 hr in the absence of light, evaporated to
about 40 ml in vacuo, and poured into water. The yellow precipi-
tate was collected, washed with water (3 X 30 ml), and dried under
vacuum. It was recrystallized from absolute ethanol to give yellow
prisms of ferrocene-1,I'-disulfonyl azide (6.1 g, 58%): mp 128-
129° dec; Xmax (EtOH) 207, 247, and 307 nm (c 34 200, 10 810, and
2250).

Anal. Calcd for CioHgFeNgCLS”™ C, 30.32; H, 2.04. Found: C,
30.56; H, 2.16.

(V,IV'-Dicyclohexylferrocene-l,I'-disulfonamide (8). Ferro-
cene-1,I'-disulfonyl chloride (3.76 g) was dissolved in benzene (50
ml) and cyclohexylamine (6.2 g) was added dropwise. The solution
was boiled under reflux for 12 hr in the absence of light. It was
then evaporated under vacuum, the dark, oily material was poured
into 3 N HC1 (100 ml), and the dark precipitate was collected and
dried in vacuo (3.62 g). Recrystallization from light petroleum (bp
60-110°)-ethyl acetate gave N,JV'-dicyclohexylferrocene-1,1'-
disulfonamide (8, 1.88 g, 36%): mp 203-204° dec; ir (KBr) 3310
and 3270 (s, br), 1320 (s), 1190 (s), 1135 cm"1(s); NMR (CDC13) 5
4.81 (t, 4 H), 4.61 (t, 4 H), 4.49 (s, exchanges with D), 3.12 (s, br,
2 H), and 1.0-0.9 (br, 20 H); mass spectrum (70 eV) m/e (rel inten-
sity) 510 (14), 509 (30), 508 (M-+, 100).

Anal. Calcd for C2HFeN204S2 C, 51.97; H, 6.34. Found: C,
52.23; H, 6.54.

Attempted Preparation of Ferrocene-1,1'-disulfonamide.
Ferrocene-1,I'-disulfonyl chloride (2.15 g) was dissolved in acetone
(40 ml) and 15 M aqueous ammonia (30 ml) was added. The solu-
tion was boiled under reflux for 1 hr on a steam bath and cooled, a
second portion of agueous ammonia (20 ml) was added, and the so-
lution was boiled under reflux for another 1 hr. It was evaporated
under vacuum to ca. one-third of its volume and poured into water
(200 ml). A dark solid was collected, dried, and dissolved in ethyl
acetate, dried (CaCl2), and evaporated onto neutral alumina (ca.
20 g). Chromatography on a column of neutral alumina (2.3 X 35
cm) yielded only starting disulfonyl chloride (0.12 g, 6%) which
eluted with benzene-ethyl acetate (1:1 v/v).

Similar reactions using benzene as solvent and 15 M aqueous
ammonia gave only small quantities of starting disulfonyl chloride.

Ferrocene-1,I'-disulfonyl chloride (1.50 g) was dissolved in ben-
zene (80 ml, Na dried) and ammonia gas (KOH dried) was bubbled
through the solution for 2 hr at room temperature. A dark precipi-
tate formed continuously during the addition. This solution, in-
cluding the precipitate, was evaporated in vacuo onto neutral alu-
mina (ca. 20 g) and chromatographed as above. Only ferrocene-
1,I'-disulfonyl chloride (0.025 g, 17%) was obtained. Similar reac-
tions carried out in acetone, ethyl acetate, and chloroform gave
only small amounts of recovered disulfonyl chloride.

Attempted Preparation of ]V,JV'-Diphenylferrocene-l,I'-
disulfonamide. Ferrocene-1,I-disulfonyl chloride (1.82 g) was
dissolved in acetone (30 ml) and aniline (8.0 g) was added. The so-
lution was boiled under reflux for 12 hr in the absence of light. It
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was cooled and concentrated under vacuum, the dark, oily residue
was poured into 3 N HC1 (100 ml), and the acid solution was ex-
tracted with ether (3 X 50 ml).
(CaCy and evaporated under vacuum into neutral alumina (ca. 20
g). Chromatography on a column of neutral alumina (2.3 X 40 cm)
yielded only starting disulfonyl chloride (0.35 g, 19%).

The ether solution was dried

Reaction of I,T-ferrocenedisulfonyl chloride with aniline in ben-
zene in the presence of an excess of triethylamine at room temper-
ature for 14 days yielded only a small amount of starting disulfonyl
chloride.

Photolysis of Ferrocene-1,I'-disulfonyl Azide in Benzene
Using 2537-A Radiation for 1 Hr. The azide (0.74 g) was dis-
solved in benzene (100 ml. Na dried) and nitrogen (dry, Q free)
was bubbled through the solution for 30 min. It was then irradi-
ated in a Vicor vessel fitted with a Pyrex glass wool stirrer to clean
the sides of the vessel in a Rayonet reactor equipped with 2537-A
lamps for 1 hr at 35° under dry, oxygen-free nitrogen. After irra-
diation the solution was pale yellow with a brown solid material
adhering to the glass wool. The solution was removed, the appara-
tus washed with ethyl acetate (3 X 20 m1), the glass wool extracted
with ethyl acetate (3 X 40 m1) until colorless, and the combined so-
lutions evaporated in vacuo onto neutral alumina (10 g). Chroma-
tography on a column of neutral alumina (2.3 X 25¢cm) and elution
with benzene-ethanol (99.5:0.5 v/v) and benzene-ethanol (98:2
v/v) gave starting azide (0.46 g, 62.3%) (infrared spectrum identical
with that of authentic azide). Elution with benzene-ethanol (96:4
v/iv) gave |'-sulfamylferrocenesulfonyl azide (12, 0.045 g, 17%)
(from ethyl acetate-light petroleum), mp 154-156° dec.

Anal. Calcd for CioHioFeN404S2: C, 32.45; H, 2.72. Found: C,
32.73; H, 2.81. No other compounds were eluted.

The azide 6 was photolyzed under identical conditions but using
3000 A and 3500 A. The results are given in Table I.

Photolysis of 6 in Benzene for s Hr. The azide (1.47 g) in ben-
zene (100 ml, Na dried) in a Pyrex vessel was irradiated using
3500-A lamps for 8 hr at ca. 35°. The photolysis mixture was chro-
matographed as above. Elution with benzene-ethyl acetate (99:1
v/v) gave starting azide (0.079 g, 5.3%). Elution with ethyl acetate-
ethanol (99:1 v/v) gave I'-sulfamylferrocenesulfonyl azide (0.067 g,
5.1%) (ir spectrum with that of compound
above). Elution with ethyl acetate-ethanol (99:1 and 95:5 v/v) gave
yellow, granular crystals of ferrocene-1,1'-disulfonamide (9,
0.045 g, 3.6%), darkens at 180°, mp 198-202° dec (from ethyl ace-
tate-light petroleum).

Anal. Calcd for CioH~"Fe~CUSj: C, 34.90; H, 3.55. Found: C,
35.12; H, 3.40.

No other compounds were eluted.

Photolysis at 3000 A of 6in Benzene in the Presence of Fer-
rocene. The azide (0.84 g) and ferrocene (4.88 g) were dissolved in
benzene (100 ml, Na dried) and the solution was photolyzed using
3000-A lamps for 1 hr at 30°. The photolysis mixture was chroma-
tographed as above. Elution with benzene gave ferrocene (4.52 g,
92%). Further elution with benzene gave starting azide (0.59 g,
70.6%). Elution with benzene-ethanol (9:1 v/v) gave I'-sulfamyl-
ferrocenesulfonyl azide (0.049 g, 22%) (ir spectrum
thatof product obtained above).

Photolysis of 6in Cyclohexane Using 2537-A Radiation. The
azide (0.69 g) was added to cyclohexane (100 ml, Na dried) and the
solution flushed with nitrogen (dry, O2free) for 30 min. Not all of
the azide was dissolved at this time. The suspension was irradiated
for 1 hr at ca. 30° using 2537-A lamps. The product was isolated
and chromatographed as above. Elution with benzene-ethyl ace-
tate (99:1 v/v) gave starting azide (0.38 g, 54.7%). Elution with ben-
zene-ethanol (98:2 v/v) gave I'-sulfamylferrocenesulfonyl azide
(0.026 g, 9%).

The results of related reactions at other wavelengths and in cy-
clohexene are collected in Table I.

General Procedure for the Thermal Decompositions. The
azide was added to the solvent in a thick-walled glass vessel con-
taining a small glass rod. Nitrogen (dry, O2 free) was flushed
through the solution for 30 min and the vessel sealed with a solid
ground glass stopper secured by copper wire. The glass vessel was
placed in a metal bomb, solvent (ca. 20 ml) added to the bomb, and
the bomb sealed with a screw-on top. The bomb was placed in an
oven maintained at the desired temperature and rotated at a slight
angle for the desired length of time. After thermolysis, the bomb
was removed and cooled, and the glass vessel was carefully taken
out. The solution was removed, the vessel rinsed with ethyl acetate
(2 X 20 ml), and the solutions combined and evaporated in vacuo

identical obtained

identical with

onto neutral alumina (ca. 10 g).
Thermolysis of Ferrocene-1,I'-disulfonyl Azide in Cyclo-

J. Org. Chem., Vol. 41, No. 3,1976 495

hexane at 135°. A. For 4 Hr. The azide (0.84 g) in cyclohexane
(30 ml, Na dried) was heated for 4 hr at 135°. After the thermolysis
the solution was pale yellow and contained a moderate amount of
black solid. The decomposition products were chromatographed
on a column of neutral alumina (2.3 X 25 cm). Elution with ben-
zene-ethyl acetate (98:2 v/v) gave starting azide (0.37 g, 43%). Elu-
tion with benzene-ethyl acetate (3:1 v/v) gave a yellow solid which,
on recrystallization from light petroleum (bp 60-110°)-ethyl ace-
tate, gave I'-(!V-cyclohexylsulfamyl)ferrocenesulfonyl azide
(13, 0.14 g, 26.2%); mp 115-116°; ir (KBr) 3235 (s), 2125 (s), 1370
(s), 1325 (s), 1195 (s), 1140 cm* 1 (s); NMR (CDCI3) 65.00-4.80 (m,
6 H), 4.71 (t, 2 H), 4.38 (d, 1 H, exchanges with D20), 3.15 (s, br, 1
H), and 2.0-0.9 (m, 1 OH); mass spectrum (70 eV) m/e (rel intensi-
ty) 453 (11), 452 (M-+, 45) 426 (100).

Anal. Calcd for CieH20FeN40 4S2: C, 42.49; H, 4.46. Found: C,
42.55; H, 4.61.

Elution with ethyl acetate-ethanol (99:1 v/v) gave a yellow solid
identified by its infrared spectrum as I'-sulfamylferrocenesulfonyl
azide (12,4.7%).

No other compounds were eluted.

B. For 16 Hr. Elution with benzene-ethyl acetate (3:1 v/v) gave

I'-(cyclohexylsulfamyl)ferrocenesulfonyl azide (13, 0.066 g, 0.6%)
(ir identical with that above).

Elution with benzene-ethyl acetate (1:1 v/v) gave IV.jV'-dicyclo-
hexylferrocene-l,I'-disulfonamide (8, 0.094 g, 8.7%), mp 203-204°,
identical with an authentic sample prepared above. Further elu-
tion with this solvent gave [|'-(JV-cyclohexylsulfamyl)ferro-
cenesulfonamide (14, 0.098 g, 10.7%) [from light petroleum (bp
60-110°)-ethyl acetate]: mp 136-137°; ir (KBr) 3340 (w), 3260
(m), 3220 (w), 1320 (s), 1150 (s), 1140 cm=“1 (s); NMR (cDcCl13) d
5.58 (s, 2 H, exchanges with D20), 4.92 (t, 2 H), 4.81 (t, 2 H), 4.65-
4.60 (m, 4 H), 4.05 (s, 1 H, exchanges with D20), 3.10 (s, 1 H), and
2.0-0.8 (m, 1 OH); mass spectrum (70 eV) m/e (rel intensity) 428
(13), 427 (23), 426 (M -+, 100), 344 (40).

Anal. Calcd for CieH22FeN204S2! C, 45.08; H, 5.20. Found: C,
45.37; H, 5.38.

Elution with ethyl acetate-ethanol (99:1 and 95:5 v/v) gave fer-
rocene-1,I'-disulfonamide (0.058 g, 7.8%) (ir spectrum identical
with that of sample above). No other compounds were eluted.

Thermolysis of 6 in cyclohexane at 100° for 53 hr and work-up
as above gave 9 (7.2%), 12 (2.7%), and 13 (9%), together with recov-
ered 6 (34.4%).

Thermolysis of 6 in Benzene at 135°. A. FOor 4 Hr. The azide
(0.68 g) was dissolved in benzene (30 ml, Na dried) and the solu-
tion heated for 4 hr at 135°. After thermolysis the solution was
dark yellow and contained some black solid. The decomposition
products were chromatographed on a column of neutral alumina
(2.3 X 25 cm). Elution with benzene-ethyl acetate (98:2 v/v) gave
starting azide (0.16 g, 23%). Elution with benzene-ethyl acetate
(1:1 viv) gave I'-(7V-phenylsulfamyl)ferrocenesulfonyl azide
(15, 0.081 g, 8.2%): mp 135-137° dec (from benzene-light petrole-
um); ir (KBr) 3240 (s), 2130 (s), 1365 (s), 1200 (s, broad), 1140
cm«1 (s); NMR (CDC13) h7.29-7.16 (m, 5 H), 6.70 (s, 1 H, ex-
changes with D20), 4.92 (t, 2 H), 4.86-4.75 (m, 4 H), and 4.67 (t, 2
H); mass spectrum (70 eV) m/e (rel intensity) 446 (M-+, 9), 420
(30), 104 (44), 77 (100).

Anal. Calcd for CieHx4FeN40 4S2: C, 43.06; H, 3.16. Found: C,
43.34; H, 3.34.

Elution with ethyl acetate-ethanol (99:1 v/v) gave I'-sulfamyl-
ferrocenesulfonyl azide (12, 0.044 g, 8.2%) identical with the com -
pound obtained above. Elution with ethyl acetate-ethanol (9:1 v/v)
gave ferrocene-1,I'-disulfonamide (9, 0.002 g, trace) (ir).

No other compounds were eluted.

B. For 16 Hr. The azide (1.33 g) in benzene (30 ml, Na dried)
was heated at 135° for 16 hr. The solution after thermolysis was
very light yellow and contained a large amount of black solid in
suspension. A small quantity (ca. 1 ml) of solution was removed
and concentrated in a stream of nitrogen. Gas chromatographic
analysis [OV-17 (20%) on Gas-Chrom Q, 6 ft X in.,, He flow 80
ml/min; temperature program isothermal 400 sec at 70° then 6°/
min] showed only one very small peak (retention time 1010 sec).
Collection of this peak using capillary technique and mass spectro-
scopic analysis showed this to be aniline (m/e 93, fragmentation
pattern identical with that of authentic sample of aniline), and its
retention time was identical with thatof aniline under these analy-
sis conditions.
amount of aniline in the solution was very small. The remaining

No quantitative analysis was performed but the

solution was chromatographed on a column of neutral alumina (2.3
X 25 cm). Elution with ethyl acetate-ethanol (9:1 v/v) gave ferro-
cene-1,I'-disulfonamide (0.062 g, 5.4%) (ir).
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No other compounds were eluted.

C. In the Presence of Ferrocene for 3 Hr. The azide (0.88 g)
was dissolved in benzene (40 ml, Na dried) and ferrocene (7.05 g)
was added. The solution was heated at 135° for 3 hr and the prod-
ucts were chromatographed on a column of neutral alumina (2.3 X
45 c¢cm). Elution with light petroleum-benzene (3:1 v/v) gave ferro-
cene (6.66 g, 94.5%). Elution with benzene-ethanol (99:1 v/v) gave
starting azide (0.13 g, 14%). Elution with benzene-ethanol (98:2
viv) gave T-(N-phenylsulfamyl)ferrocenesulfonyl azide (15, 0.13 g,
15.1%), identical with the sample previously characterized. Elution
with benzene-ethanol (95:5 v/v) gave I'-sulfamylferrocenesulfonyl
azide (12,0.11 g, 16.2%) (ir).

No other compounds were eluted.

The results of other reactions carried out at 135° in the presence
of tetracyclone and tetracyanoethylene are given in Table II.

Thermolysis of Ferrocene-1,I'-disulfonyl Azide in Benzene
at 100°. The azide (1.51 g) in benzene (35 ml, Na dried) was
heated at 100° for 63 hr. After thermolysis the solution was dark
yellow orange and contained a large amount of black solid. The de-
composition products were chromatographed on a column of neu-
tral alumina (2.3 X 25 cm). Elution with benzene and benzene-
ethyl acetate (95:5 v/v) gave starting azide (0.81 g, 54%). Further
elution with benzene-ethyl acetate (95:5 v/v) gave a yellow solid
which, on recrystallization from light petroleum (bp 60-110°), gave
light yellow crystals of JV-(I'-sulfonylazidoferrocenesulfonyl)-
azepine (17, 0.074 g, 9.4%): mp 109-110° dec; mass spectrum (70
eV) m/e (rel intensity) 446 (M-+, 2), 92 (100), 65 (24).

Anal. Calcd for CmHuFe”OIiS;.: C, 43.06; H, 3.16. Found: C,
43.12; H, 3.31.

Elution with benzene'-ethyl acetate (85:15 v/v) gave a brown
gum (0.007 g) which could not be identified. Elution with benzene-
ethyl acetate (1:1 v/v) gave a yellow-brown gum (0.011 g) which
could not be identified. Elution with ethyl acetate gave
phenylsulfamyl)ferrocenesulfonyl azide (15, 0.049 g, 6.3%) (ir).
Elution with ethyl acetate-ethanol (98:2 v/v) gave I'-sulfamylfer-
rocenesulfonyl azide (0.054 g, 8.2%) (ir). Elution with ethyl ace-
tate-ethanol (9:1 v/v) gave ferrocene-1,I'-disulfonamide (0.008 g,
1.4%) (ir).

No other compounds were eluted.

The reaction was repeated but heating was prolonged to 116 and
188 hr. The results are summarized in Table Il, as are those of the
reaction carried out in the presence of tetracyanoethylene.

Thermolysis of Ferrocene-1,I'-disulfonyl Azide in Mesityl-
ene at 135°. A. For 3 Hr. The azide (0.74 g, 0.00188 mol) in mes-
itylene (30 ml, dried over molecular sieves) was heated at 135° for
3 hr. Chromatography on a column of neutral alumina (2.3 X 25
cm) and elution with benzene-ethyl acetate (95:5 v/v) gave start-
ing azide (0.15 g, 20.4%). Elution with benzene-ethyl acetate (1:1
viv) gave a light powder of I'-(IV-2,4,6-trimethylphenylsulfa-
myl)ferrocenesulfonyl azide (18, 0.191 g, 26.2%): mp 136-139°
dec [from light petroleum (bp 60-110°]; ir (KBr) 3250 (m, br),
2120 (s), 1365 (s), 1325 (m), 1195 (s), 1135 cm*“ 1(s); NMR (CDC13)
£6.79 (s, 2 H), 5.97 (s, 1 H, exchanges with D20), 4.90 (t, 2 H),
4.77-4.67 (m, 6 H), 2.22 (s, 3 H), and 2.05 (s, 6 H); m/e (rel intensi-
ty) 488 (M-+, 5).

Anal. Calcd for Ci9H20FeN40,(S2 C, 46.73; H, 4.13. Found: C,
46.87; H, 4.22.

Elution with benzene-ethanol (95:5 v/v) gave I'-sulfamylferro-
cenesulfonyl azide (0.075 g, 13.5%) (ir).

No other compounds were eluted.

B. For 16 Hr. The decomposition products were chromato-
graphed on a column of neutral alumina (2.3 X 25 cm) and eluted
with benzene-ethyl acetate (L:1 v/v) to give A/,Al'-di(2,4,6-tri-
methylphenyl)ferrocene-l,I'-disulfonamide (19, 0.15 g, 11.6%):
mp >280° (darkened rapidly above 200°) [from light petroleum
(bp 60-160°)-ethyl acetate]; ir (KBr) 3310 (m, sh), 3295 (m), 3265
(m, sh), 1325 (s), 1135 cm" 1(s); NMR (CDCI3) 66.84 (s, 4 H), 5.80
(s, 2 H, exchanges with D20), 4.66 (s, 8 H), 2.24 (s, 6 H), and 2.07
(s, 12 H); mass spectrum (70 eV) m/e (rel intensity) 582 (11), 581
(25), 580 (M-+, 65), 318 (32), 134 (100).

Anal. Calcd for C23H3FeN204S2 C, 57.93; H, 5.56. Found: C,
57.90; H, 5.62.

Elution with ethyl acetate-ethanol (98:2 v/v) gave 1'-(7V-2,4,6-
trimethyl phenylsulfamyl)ferrocenedisulfonamide (20, 0.18 g,
17.2%): mp 195-196° dec [from light petroleum (bp 60-110°)-ethyl
acetate]; ir (KBr) 3350 (m), 3270 (m), 1315 (s), 1195 (s), 1135 cm-1
(s); NMR (acetone-de) $7.9 (s, 1 H, exchanges with D20lI, 6.88 (s, 2
H), 6.46 (s, br, 2 H, exchanges with D20), 4.83 (t, 2 H), 4.67 (m, 6
H), 2.22 (s, 3 H), and 2.10 (s, 6 H); mass spectrum (70 eV) m/e (rel
intensity) 464 (3), 463 (5), 462 (M-+, 19), 134 (43), 58 (27), 43 (100).

Abramovitch and Holcomb

Anal. Calcd for Ci*"FeNsC~":
49.56; H, 4.88.

Elution with ethyl acetate-ethanol (9:1 v/v) gave a ferrocene-
1,I'-disulfonamide (0.101 g, 14.2%) (ir).

Thermolysis of 6 in Cyclohexene. The azide (0.85 g, 0.00215
mol) was added to cyclohexene (30 ml, freshly distilled, dried over
molecular sieves) and the solution boiled under reflux under nitro-
gen (dry, O2 free). After 11 hr a small quantity of orange needles
was seen at the surface. On cooling, the yellow solution, which con-
tained no dark solid, yielded a further small quantity of orange
needles. A few crystals were removed from the solution, washed
with light petroleum (2 X 10 ml), and dried in a stream of nitrogen
for 2 min: ir (KBr) 1610 (s), 1310 (s), 1125 cm-1 (s). Gas chroma-
tography of the solution [OV-17 (20%) on Gas-Chrom Q, 6 ft X %6
in., isothermal at 130°, He flow 80 ml/min] showed the presence of
a small peak with retention time 171 sec, identified as cyclohexa-
none (vide infra). Addition of moist alimina to the reaction solu-
tion caused a marked (tenfold) increase in the area of the peak
(relative to solvent peak area). Collection of this peak by capillary
technique gave a colorless liquid, identical with an authentic sam-
ple of cyclohexanone (ir, MS, retention time). The decomposition
products were chromatographed on a column of neutral alumina.
Elution with ethyl acetate-ethanol (99:1 v/v) gave I'-sulfamylfer-
rocenesulfonyl azide (0.16 g, 20.2%) (ir). Elution with ethyl ace-
tate-ethanol (9:1 v/v) gave ferrocene-1,I-disulfonamide (0.211 g,
29.4%).

Thermolysis of 6 in Cyclohexene and Sodium Borohydride
Reduction. The azide (1.49 g, 0.00377 mol) was dissolved in cyclo-
hexene (35 ml, freshly distilled, dried over molecular sieves), mo-
lecular sieves (1 g) was added, and the solution was heated at 135°
for 4 hr. The solution was orange and contained some orange nee-
dles mixed with a small amount of black solid. The thermolysis
vessel was opened under a cone of nitrogen, a small magnetic stir-
ring bar was introduced, and then sodium borohydride (0.45 g) in
acetonitrile (20 ml, dried over molecular sieves) was added and a
drying tube (CaCl2) was placed on the vessel. The solution was
stirred at room temperature for 3 hr in the absence of light and a
second portion of sodium borohydride (0.25 g) was added. The so-
lution was stirred overnight in the absence of light at room tem-
perature and then aqueous acetic acid (5% v/v, 10 ml) was added
dropwise. The aqueous layer was made basic to litmus with sodium
carbonate, ethyl acetate (300 ml) was added, and the solution was
dried (CaCl2). The products were chromatographed on a column of
neutral alumina (2.3 X 25 cm). Elution with benzene-ethyl acetate
(1:1 v/v) gave JV,N'-dicyclohexylferrocene-l,I'-disulfonamide (8,
0.82 g, 42.6%), identical with an authentic sample. Elution with
ethyl acetate-ethanol (98:2 v/v) gave ferrocene-1,I'-disulfonamide
(0.32 g, 24.3%) (ir).

Thermolysis of 6in Freon 113. The azide (0.88 g, 0.00222 mol)
was dissolved in Freon 113 and the solution was heated at 135° for
3 hr. The products were chromatographed on a column of neutral
alumina (2.3 X 25 cm). Elution with benzene-ethanol (98:2 v/v)
gave starting azide (0.11 g, 12.1%). Elution with benzene-ethanol
(95:5 v/v) gave I'-sulfamylferrocenesulfonyl azide (0.020 g, 2.8%)
(ir). Elution with benzene-ethanol (9:1 v/v) gave ferrocene-1,I'-
disulfonamide (0.023 g, 3.5%) (ir).

Ferrocenesulfonyl Hydrazide (23). To a stirred solution of
ferrocenesulfonyl chloride (2.83 g, 0.01 mol) in benzene (12 ml) was
added 50% hydrazine hydrate (1.60 g, 0.025 mol) dropwise over a
30-min period at 5-10°. The solution was kept at 50° for 6 hr,
cooled, and evaporated in vacuo to give a yellow residue. This was
recrystallized from absolute ethanol to give ferrocenesulfonyl
hydrazide (23, 1.71 g, 61%): mp 135-140° dec; ir (KBr) 3400 (m),
3275-3270 (m, br), 1325 (s), 1130 cm" 1(s); NMR (CDCI3) 55.65 (s,
br 1 H, exchanges with D20, NH), 4.75 (t, J2.3 = 1.7 Hz, 2 H, H2
and H5), 4.49 (t partially under 4.47, 1 H, H3and H4), 4.47 (s, 5 H,
Hi'-Hs'"), and 3.48 (s, br, 2 H, exchanges with D20, NH2); mass
spectrum (70 eV) m/e (rel intensity) 281 (4), 280 (M-+, 31), 250
(60), 202 (33), 186 (90), 185 (44), 138 (100), 129 (67), 121 (68), 56
(79).

Anal. Calcd for CioHi2FeN2 2S: C, 42.88; H, 4.32. Found: C,
43.14; H, 4.44.

Ferrocenyl Ferrocenethiolsulfonate (24). Ferrocenosulfonyl
hydrazide (20 mg) was heated in an open test tube in an oil bath at
150-160° for about 25 min (until no further evolution of gas was
noted). The gas evolved was basic. A small amount of yellow mate-
rial solidified on the sides of the test tube above the level of the oil
bath. This was shown to be ferrocene by comparison of its ir and
MS with that of an authentic sample.

The yellow residue which remained at the bottom of the test

C, 49.36; H, 4.80. Found: C,
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tube was recrystallized from benzene-light petroleum (bp 60-
110°) to give golden yellow plates of ferrocenyl ferrocenethiol-
sulfonate, begins to darken at 180° and melts at 194-195° (dec): ir
(KBr) 1320 (s), 1120 cm*“ 1(s); NMR (CDC13) 54.40 (m, 9 H), 4.32
(m, 2 H), 421 (s, 5 H), and 4.18 (m, 2 H); mass spectrum (70 eV)
m/e (rel intensity) 467 (2), 466 (M-+, 7), 402 (52), 306 (22), 304
(24), 272 (24), 233 (21), 218 (36), 217 (100), 186 (29), 153 (39), 121
(40), 56 (31).

Anal. Calcd for C20H18~e202S2: C, 51.53; H, 3.89. Found: C,
51.66; H, 3.95.

2,4,6-Trimethylpyridinium Ferrocenesulfonylimino Ylide
(22). Ferrocenesulfonyl hydrazide (7.00 g) and 2,4,6-trimethylpyr-
ylium perchloratel6 (5.68 g) in 95% ethanol (300 ml) were boiled
under reflux for 24 hr under nitrogen. The solution was cooled and
evaporated in vacuo to ca. 30 ml at 50°. A solution of potassium
hydroxide (1.41 g) in water (9 ml) was added dropwise at 0° to the
stirred solution. After 30 min at 0° the mixture was filtered cold
and the filtrate evaporated onto basic alumina (10 g). The ylide
was chromatographed on a column of basic alumina (2 X 45 cm)
prepared in benzene. It was eluted with ethyl acetate-ethanol (95:5
v/v) and recrystallized from methanol-ether at -78° to give yel-
low-orange plates of 2,4,6-trimethylpyridinium ferroeenesul-
fonylimino ylide (4.96 g, 52%): mp 180-182° dec; ir (KBr) 1290
(s), 1120 cm* 1 (s); Xmex (EtOH) 212 nm (e 37 000), 249 (13 360),
350 (730), and 426 nm (206); NMR (CDC13) S7.15 (s, 2 H, Haand
H5 of pyr), 4.44 (t, 323 = 3.3 Hz, 2 H, H2and HB, 4.35 (s, 5 H,
Hr'-Hs'"), 421 (t, 323 = 3.3 Hz, 2 H, Hs and H4), 2.59 (s, 6 H,
2-CHs3 and 6-CH3), and 2.39 (s, 3 H, 4-CH3); mass spectrum (70
eV) m/e (rel intensity) 385 (7), 384 (M-+, 33), 265 (36), 199 (12),
177 (29), 135 (21), 121 (100).

Anal. Calcd for C-8H2FeN20 2S: C, 56.26; H, 5.24. Found: C,
56.58; H, 5.39.

Decomposition of the Ylide 22. A. Thermolysis. The ylide
(0.34 g) in benzene (25 ml, Na dried) was heated at 175° for 10 hr.
After cooling, the yellow solution and dark precipitate were re-
moved, the liner was rinsed with benzene (3 X 10 ml), and the
product mixture was evaporated onto neutral alumina (3 g). The
mixture was chromatographed on a column of neutral alumina (1
X 20 cm). Elution with benzene-ethyl acetate (95:5 and 1:1 v/v)
gave 2,4,6-trimethylpyridine (0.068 g, 71%), identical (ir, NMR,
and MS) with an authentic sample. Further elution with benzene-
ethyl acetate (1:1 v/v) gave ferrocenesulfonamide (0.11 g, 54%),
identical (ir and NMR) with an authentic sample. Elution with
ethyl acetate-ethanol (95:5 v/v) gave unchanged 2,4,6-trimethyl-
pyridiniumferrocenesulfonylimino ylide (0.038 g, 11%).

B. Photolysis. The ylide (1.00 g) was dissolved in benzene (100
ml, Na dried) in a quartz photolysis vessel equipped with a nitro-
gen bubbler and drying tube (MgS04). The solution was purged
with nitrogen (dry, 02 free) for 30 min and then irradiated with
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2537-A lamps in a Rayonet reactor at a temperature of about 40°.
Nitrogen was bubbled slowly through the solution during the irra-
diation. The progress of the photolysis was followed by removing
an aliquot at regular intervals, evaporating to dryness under a cone
of nitrogen, and observing the ir. After 72 hr no detectable change
had occurred in the infrared spectrum. The solution was then re-
moved, the vessel rinsed with benzene (2 X 20 ml), and the com-
bined solutions chromatographed on a column of neutral alumina.
Elution with ethyl acetate-ethanol (95:5 v/v) gave only starting
ylide (0.72 g, 72%).
Experiments using 3000- and 3500-A lamps gave similar results.
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2,4-Diphenylquinazoline (1) is reduced by sodium in tetrahydrofuran to a dianion 2. Alkylation of this dianion
with methyl iodide, tert-butyl bromide, 1,3-dihalopropanes, and 1,4-dibromobutane is described as well as acyla-
tion with ethyl chloroformate. Generally the alkylation products are 3,4-dihydroquinazoline derivatives but 1,4-
dihydro derivatives are isolated in the case of methyl iodide and dimeric products formed by intermolecular alkyl-
ation are observed with 1,4-dibromobutane. The products formed by alkylation with tert-butyl bromide also con-
tain compounds containing the alkyl group in the benzo ring. These products were also formed by the reaction of
1with tert-butyllithium. In the case of acylation only 1,4-dihydroquinazoline derivatives were detected.

The reduction of conjugated bisimines by alkali metals
in aprotic solvents has been examined in earlier studies.12
In this report the combination of two imine groups conju-
gated through a carbon-nitrogen bond is studied by the re-
ductive metalation of 2,4-diphenylquinazoline (1). This

compound was selected since it both contained the desired
conjugative arrangement and is similar to a compound ex-
amined in an earlier report,2b 2,3-diphenylquinoxaline.
Only the reduction of 1 in tetrahydrofuran (THF) by so-
dium was examined in detail, since under these conditions
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Scheme |
Reactions of the Dianion from 2,4-Diphenylquinazoline

b, R=i-Bu; X = Br

the dianion 2 (Scheme 1) was produced smoothly. In di-
ethyl ether the reduction was very slow and with lithium in
THF excessive reduction was obtained.

Protonation of the dianion, 2, produced 3,4-dihydro-2,4-
diphenylquinazoline (3). The 3,4-dihydro structure was as-
signed since the same product was obtained from the lithi-
um aluminum hydride reduction3 of 2,4-diphenylquinazo-
line and from the addition of phenylmagnesium bromide to
2-phenylquinazoline.4

Alkylation of the dianion, 2, with methyl iodide pro-
duced an isomeric mixture of l|,4-dimethyl-l,4-dihydro-
and 3,4-dimethyl-3,4-dihydroquinazolines (4 and 5), re-
spectively, in the ratio of 2.2:1. Separation was effected by
chromatography on alumina and the compounds proved
identical with those prepared earlier5 by a different route
and characterized by spectroscopic correlations.

The stepwise nature of the alkylation was indicated by
the formation of the monoalkylation product 4-methyl-
3,4-dihydro-2,4-diphenylquinazoline (Ga) when only 1
equiv of the alkylating agent was employed.

An extension of the fused ring system was effected by al-
kylating 2 with dihaloalkanes. Attachment of a five-mem-
bered ring to the 3,4 position (i.e., 7) was successful with
1,3-dichloro- and 1,3-dibromopropane: the reaction was
less efficient with iodide as the leaving group since appre-
ciable amounts of 1 were regenerated. Attempts to fuse a
six-membered ring to the quinazoline framework to give 8
by using 1,4-dibromobutane were less satisfactory. While 8
was obtained, competitive intermolecular alkylation oc-
curred giving dimeric product 9 and apparently oligomeric
material.

Smith, Sheepy, and Levi

Alkylation of dianion 2 with fert-butyl bromide proceed-
ed smoothly to give a reaction mixture containing approxi-
mately 75% alkylation product, the remainder being 2,4-
diphenylquinazoline (1). The main product was 4-tert-
butyl-2,4-diphenyl-3,4-dihydroquinazoline (6b), and an au-
thentic sample was synthesized by treating | with fert-bu-
tyllithium. Like the known 4-tert-butyl-3,4-dihydroquina-
zoline,4 6b was oxidatively dealkylated by alkaline potassi-
um ferricyanide to 2,4-diphenylquinazoline.

Two additional products, 11 and 12, were isolated in
lower yields from both the alkylation reaction and from the
reaction of 1 with iert-butyllithium.

Structure 11 was deduced from spectral data. The pres-
ence of a pyrimidine ring was indicated by the characteris-
ticé downfield chemical shift of the ortho protons of the 2-
phenyl substituent and by the presence of a strong absorp-
tion band at 1550 cm-1 in the infrared spectrum character-
istic7 of the pyrimidine ring. A much more complex pattern
exists5 in the 1500-1650-cm_I1 region in the case of quina-
zolines or their 1,4- and 3,4-dihydro derivatives. Integra-
tion of the NMR spectrum of 11 showed that the benzo
ring of 1 had been alkylated, since, aside from the fert-
butyl protons, two vinyl, three aliphatic, and ten aromatic
protons were present. Substitution in the 4-phenyl (or 2-
phenyl) rings would produce quite different ratios. Decou-
pling of the signals showed that the methylene group was
coupled only to the tertiary proton while the latter was
coupled to both vinyl protons. This plus the substantial
difference in chemical shift of the two vinyl protons ruled
out a 5,8-dihydroquinazoline derivative and narrowed the
choice to a 5,6- or 7,8-dihydro compound. The 7,8-dihydro
structure was selected because of the pronounced down-
field position of the methylene resonance and because this
chemical shift remained essentially unchanged when the
solvent was changed from carbon tetrachloride to benzene-
(¢6- By analogy with alkyl-substituted pyridine derivatives,8
these observations indicated that the methylene group was
attached to the heterocyclic ring at a carbon a to the nitro-
gen. If it were attached 3 to the heteroatom, a marked
change in the chemical shift would accompany the change
of solvent.

Dehydrogenation of 11 produced 7-tert-butyl-2,4-di-
phenylquinazoline (12), thus relating the position of the
alkyl group in the two minor products.

Acylation of 2 with ethyl chloroformate produced the
single product Il,4-di(ethoxycarbonyl)-2,4-diphenyl-I1,4-
dihydroquinazoline (10). This structure was assigned on
the basis of the similarity of its spectroscopic properties5 to
those of 13. Confirmation of the 1,4-dihydro structure of 13
was obtained by the lithium aluminum hydride reduction9
of both 13 and 4 to the same product 14. In the case of the

Me
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reduction of 13, the yield of 14 was 30%; the major product
6a arose by loss of IV-ethoxycarbonyl group during reduc-
tion. Presumably this involved elimination of formalde-
hyde from the intermediate N -hydroxymethyl derivative.

Structure 14 is compatable with the reported3 direction
of cleavage of the quinazoline ring during metal hydride re-
duction and with the NMR spectra of model compounds.
Thus the N-Me resonance of 14 was observed at 5 2.68 in
closer agreement with that of TV-methylaniline (5 2.80) than
that of AT-benzyl-JV-methylaniline (5 3.00, cf. 15). The
methylene protons of the /V-benzyl group were observed as
an AB quartet centered at 8 3.53 which closely agreed with
the chemical shift of the methylene protons of dibenzylam-
ine (5 3.67) and benzylmethylamine (6 3.77) but differed
markedly from the shift of the corresponding protons of
(V-benzyl-iV-methylaniline (5 4.50, cf. 15). The nonequiv-
alency of the benzylic methylene protons also suggests a
proximity of the group to the chiral center as in 14. Fur-
thermore the mass spectrum of 14 showed the base peak at
m/e 194 corresponding to [PhO=NCH2Ph]+, essentially
the main side chain of 14.

The mass spectra of the various dihydroquinazolines
prepared here showed a simple pattern. Unlike the parent
2,4-diphenylquinazoline (1) (or its derivative 12), the par-
ent ion was relatively small. The major fragmentation re-
sulted from loss of one or the other of the two substituents
at the 4 position to give the base peak and a second major
fragment. Loss of the 4-phenyl substituent dominated
when the second substituent was hydrogen (i.e., 3) or when
the other substituent was part of a ring (i.e., 7 and 8).
When the second substituent was an alkyl group, the M+ —
R fragment formed the base peak and M+ — Ph a peak of
no more than half its intensity.

The presence of ethoxycarbonyl groups introduced addi-
tional major fragmentation pathways and differences were
observed between a 1- and a 4-ethoxycarbonyl group. The
4-ethoxycarbonyl group was lost in a single step while the
1l-ethoxycarbonyl group fragmented stepwise with loss of
Co 2and C2H4.

Discussion

The efficient alkylation of dianion 2 with tert-butyl bro-
mide is unexpected and indicates that the reaction cannot
be regarded simply as a nucleophilic substitution. The sim-
ilarity between this reaction and that of tert-butyllithium
with 2,4-diphenylquinazoline suggests that the alkylation
proceeds through a halogen-metal exchange with 2 acting
as a source of “dissolved” sodium. Thus,

2 + f-BuBr —»1+ t-BuNa + NaBr

1+ t-BuNa ”~ 6b + 11 + 12

Such exchange reactions with lithium dihydronaphthyl-
ide have been described10 by Screttas. The main product is
6b formed by nucleophilic addition to the reactive 3,4 bond
of 1 and the minor products arise by a “1,6 addition” facili-
tated by the steric bulk of the attacking nucleophile fol-
lowed either by protonation to give 11 or by loss of metal
hydride to give 12.

However, an alternative view is that the reaction of 1
with tert-butyllithium and 2 with tert-butyl bromide are
similar since both proceed by one-electron transfer to form
a tert-butyl radical-diphenylquinazoline radical anion
(Q.-) pair. Products then arise by coupling of the radical-

fBuLi + 1 —* tBu + Q~ *~ 2 +

A2 ’

products

t-BuBr
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radical anion pair with delocalization of the spin density in
the radical anion leading to significant amounts of alkyla-
tion in the benzo ring. Both reactions are organic redox re-
actions with the reducing agent being the alkyllithium
compound in one case and the dianion 2 in the other.

Insofar as the organolithium compound is concerned,
radical intermediates have been detected in the reaction of
these organometallic compounds with alkyl halides1l and
with polycyclic aromatic substrates12. One-electron trans-
fer mechanisms have been considered for many reactionsi13
including that between diaryl ketones and fert-butylmag-
nesium halides14 and metalation of aromatic compounds by
organolithium reagents.12b

In the case of the reaction between radical anions and
alkyl halides, one-electron reduction is well established15 as
is the facile transfer of electrons from dianions such as 2 to
a receptive substrate.15c

In any case, the stepwise nature of the alkylation of 2 is
evident and similar to that noted earlier.2o The marked dif-
ference in reactivity between the original dianion 2 and its
monoalkylated product is no doubt due to the effective de-
localization of the residual charge over the amidine portion
of the molecule (i.e., 16) which leads also to the two dialk-

16

ylation products observed in those cases where rapid dehy-
drohalogenation of the alkylating agent does not occur.

In the case of 1,3-dihalopropanes and 1,4-dihalobutanes,
the monomeric products are necessarily 3,4-dihydro deriva-
tives. The much higher yield of 7 compared to 8 can be the
result of several factors. One of these, as has been suggest-
ed in a related case,16 may be unfavorable nonbonded in-
teractions of the substituents attached to the forming six-
membered ring which slows its rate of formation sufficient-
ly that competitive intermolecular alkylation occurs lead-
ing to 9.

Experimental Section

Melting points were determined with a Mel-Temp apparatus
and are uncorrected. Analyses are by M-H-W Laboratories, Gar-
den City, Mich. Spectra were recorded on Beckman IR-10 (ir), Un-
icam SP-800 (uv), and Varian T-60 (NMR) instruments. The
NMR spectra were determined in CDCI3and are reported in parts
per million downfield from Me,(Si as the internal standard (6
scale). Mass spectra were obtained on an AEI-MS-30 double beam,
double focusing mass spectrometer at 70 eV. Samples were insert-
ed via the direct probe and perfluorokerosene was used in the ref-
erence beam. In column chromatography, silica gel (70-325 mesh)
or neutral aluminum oxide from E. Merck AG was used. Prepara-
tive thin layer chromatography was performed with PF-254 alu-
minium oxide also from E. Merck.

2,4-Diphenylquinazoline (1) was prepared by a published proce-
dure.17 It was purified by distillation [bp 227° (2 mm)j followed be
recrystallization from ethanol, white needles, mp 121- 122°.

The procedure used to reduce 1with alkali metals has been de-
scribed.18 Titration of aliquot samples showed that the reaction
between 1 and sodium in tetrahydrofuran (THF) was complete in
8 hr forming a deep blue solution of the dianion 2. Generally, com-
plete reaction was ensured by a 12-16-hr reaction time. When di-
ethyl ether (DEE) was used as a reaction solvent, the reduction
was inordinately slow. With lithium and THF, the reduction ap-
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peared to exceed the requirement of 2 g-atom of Li per mole of 1.
Consequently, only the sodium-THF system was employed in sub-
sequent reactions.

Preparation of 3,4-Dihydro-2,4-diphenylquinazoline (3).
The dianion 2 (4.3 mmol) in 100 ml of THF was treated at -78°
with 3 ml of water. Decolorization was rapid and after 15 min the
reaction product (1.2 g) was isolated by diluting the mixture with
water and extracting with ether. Chromatography on silica gel with
benzene as eluent gave 0.11 g (9%) of 1 and 1.08 g (88%) of 3, mp
149-152°. Recrystallization from benzene-petroleum ether gave
0.83 g (70%) of 3, mp 153-155°, identical with a sample previously
preparedeé by the reaction between phenylmagnesium bromide and
2-phenylquinazoline: mass spectrum m/e (rel intensity) 284 (M +,
19), 283 (11), 208 (18), 207 (100), 180 (15), 129 (19), 77 (38).

In an alternative reduction procedure, a mixture of 0.42 g (1.5
mmol) of 1,0.3 g (7.9 mmol) of lithium aluminum hydride, and 125
ml of ether was stirred for 3 days at 20°. Water was added to de-
stroy excess hydride, the mixture was filtered and evaporated, and
the residue was recrystallized from pentane giving 0.34 g (80%) of
3, mp 150-153°.

Alkylation of the Dianion 2 with Methyl lodide. Prepara-
tion of 4, 5, and Ga. A solution of the dianion 2 (0.015 mol) in 250
mlof THF was treated at —78° with 5.2 g (0.037 mol) of methyl io-
dide. After 1 hr at —78°, the solution was allowed to warm to 20°
and stand for 12 hr. Dilution with water and extraction with ether
provided the crude product, which was chromatographed on 120 g
of silica gel using 2:3 diethyl ether-30-60° petroleum ether. In
order of elution, there were obtained 0.6 g (14% recovery) of start-
ing material 1, 2.83 (60% yield) of crude |,4-dimethyl-l,4-dihydro-
2,4-diphenylquinazoline (4), and 1.28 g (27% yield) of crude 3,4-
dimethyl-3,4-dihydro-2,4-diphenylquinazoline (5)

The crude 4 was recrystallized from cyclohexane-pentane to
give 2.28 g (49%), mp 94-95°. A mixture melting point with an au-
thentic samples was undepressed and spectral properties were
identical: mass spectrum m/e (rel intensity) 312 (M +, 2), 298 (24),
297 (100), 236 (12), 235 (50), 194 (10), 42 (11).

The crude 5 was purified by several recrystallizations from cy-
clohexane-pentane, mp 114-115°, undepressed on admixture with
an authentic sample,s and having identical spectral properties:
mass spectrum m/e (rel intensity) 312 (M +, 8), 298 (24), 297 (100),
236 (10), 235 (48), 118 (15), 42 (13).

The dianion 2 (0.005 mol) when treated under the same reaction
conditions with 0.70 g (0.005 mol) of methyl iodide changed color
from dark blue to red. After 20 min, 8 ml of ethanol was added and
the solution became colorless. Addition of water, ether extraction,
and evaporation of the extract gave the crude product (1.5 g). Re-
crystallization from benzene-petroleum ether gave 1.1 g (74%) of
4-methyl-2,4-diphenyl-3,4-dihydroquinazoline (63), as a pale yel-
low solid, mp 168-170.5°, undepressed on admixture with an au-
thenticé sample and having identical spectral properties: mass
spectrum m/e (rel intensity) 298 (M +, 5), 284 (22), 283 (100), 222
(9), 221 (53), 77 (12).

With 1,3-Dihalopropane. Preparation of 7. The dianion (3.65
mmol) in 100 ml of THF was cooled to —78° and treated with 0.42
g (3.72 mmol) of 1,3-dichloropropane. The solution slowly became
dark green and, after 1 hr, the solution was allowed to warm to 20°.
W ater was added and the crude product (1.20 g) isolated by ex-
traction with chloroform. Recrystallization from 50 ml of ether-
30-60° petroleum ether gave 0.47 g of 7, mp 136-138°. The mother
liguors were concentrated and chromatographed on 30 g of alumi-
na (activity grade 111) using petroleum ether containing 20% ether
to give an additional 0.52 g of 7, mp 135-137° (combined yield
84%).

An analytical sample was obtained by recrystallization from di-
ethyl ether, mp 137.5-138°. Spectral properties have been re-
porteds except for the mass spectrum: m/e (rel intensity) 324 (M +,
4), 248 (20), 247 (100).

Anal. Calcd for C23H 20N 2: C, 85.15; H, 6.21; N. 8.63. Found: C,
85.08; H, 6.23; N, 8.39.

Using 1,3-dibromopropane in the above experiment gave an 83%
yield of 7 and a 3% recovery of 1 while alkylating the dianion 2 at
20° with 1,3-diodopropane gave a 60% yield of 7 with 40% of 1
being regenerated.

With 1,4-Dibromobutane. Preparation of 8 and 9. The pre-
ceding reaction was repeated with 5.1 mmol of 2 in 100 ml of THF
and 1.14 g (5.2 mmol) of 1,4-dibromobutane. The crude reaction
product, 1.85 g, was chromatographed on 100 g of alumina (activity
I11) using petroleum ether containing 25% DEE to give in order of
elution 0.09 g (6%) of 1, 0.665 g (39%) of 8, mp 176-177°, 0.485 g of
oligomeric material as a gum, and 0.357 g of an oil identified as 9.
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Recrystallization of 8 from methanol or from petroleum ether-
ether gave an allotropic modification with mp 162-163°; mixture
melting point with the higher melting form was 176-177°; ir (CCl4)
showed the 3,4-dihydroquinazoline patterné at 1560 (s), 1590 (w),
1615 (w) as well as bands at 1490, 1460, 1400 (C-N), 700 cm-1;
NMR 51.3-3.7 (methylene envelope, 8), 6.7-7.9 (m, 14, aromatic
H); uv (EtOH) Xmax (log e) 235 nm (4.31), 305-320 (3.84); mass
spectrum m/e (rel intensity) 338 (M +, 7), 282 (13), 262 (18), 261
(100).

Anal. Calcd for C24H22N2: C, 85.17; H, 6.55; N, 8.27. Found: C,
84.96; H, 6.63; N, 8.07.

The crude 9 was “recrystallized” from benzene to give 0.20 g of
an amorphous solid which melted to a viscous gum at 110-113°: ir
(CHCI13) 3440 (NH), 2930 (CH), 3,4-dihydroquinazoline patterns at
1560 (s), 1590 (w), 1615 (w) as well as 1490, 690 cm-1; NMR d1.3-
1.7 (broad s, 4) and 2.0-2.5 (broad s, 4) (methylene H), 6.9-8.1 (m,
28, aromatic H); uv (EtOH) Xmax (log e) 234 nm (4.64), 310-320
(4.05); mass spectrum m/e (rel intensity) 622 (M +, 0.3), 341 (12),
340 (38), 284 (41), 283 (100), 282 (9), 281 (11), 221 (8), 77 (41).

Anal. Calcd for C44H38N4: C, 84.85; H, 6.15; N, 9.00. Found: C,
84.61; H, 6.18; N, 8.89.

The crude oligomer was recrystallized from cyclohexane: mp
287-289° dec; ir (CHCI13) 2940, 1,4-dihydroquinazoline pattern
1620 (s), 1600 (w), 1580 (w), and 1480, 1460,1380, 700 cm*“ 1, NMR
61.1-2.4 (methylene envelope, 6), 3.4-3.9 (broad s, 2, CH2N), 6.3-
7.7 (m, 14, aromatic H); the sample was too nonvolatile for a mass
spectrum. 1

With tert-Butyl Bromide. Preparation of Gb, 11, and 12. The
dianion 2 (0.005 mol) in 125 ml of THF was treated at room tem-
perature with 1.5 g (0.011 mol) of fert-butyl bromide. An immedi-
ate color change to a dark reddish brown occurred. After 12 hr,
water was added and the reaction products (1.88 g) isolated by ex-
traction with ether. Chromatography on 225 g of neutral alumina
(activity grade Il1) using petroleum ether graded to 1:1 petroleum
ether-diethyl ether gave, in order of elution, 0.19 g (11%) of 11,
0.11 g of a mixture (see below), 0.21 g (15%) of regenerated 1, and
1.02 g (61%) of 4-ieri-butyl-3,4-dihydro-2,4-diphenylquinazoline
(Gb). Two recrystallizations of the crude Gb gave 0.61 g of an ana-
lytical sample: mp 136-137°; NMR 51.30 [s,9, C(CH3)3], 5.77 (s, 1,
NH), 6.9-8.1 (m, 14, aromatic H); ir (CHC13) 3440 (NH), 1620,
1590, 1560, 1510, 1490, 1460, 1400, 1370, 930, 840, 690 cm"“ 1, uv
(EtOH) X (log t) 236 (4.30), 265 (3.85), 320 (3.75); mass spectrum
m/e (rel intensity) 340 (M +, 0.1), 284 (22), 283 (100), 282 (12), 281
(15), 97 (16), 57 (17).

Anal. Calcd for C24H24N2: C, 84.67; H, 7.10; N, 8.23. Found: C,
84.49; H, 6.94; N, 8.08.

Treatment of Gb with hot alkaline potassium ferricyanide21 led
to the loss of the ferf-butyl group with formation of 2,4-diphenyl-
quinazoline (1) in 71% yield.

The crude 11 was purified by recrystallization from methanol to
give 0.08 g of an analytical sample: mp 114-115°; NMR1951.00 [s,
9, C(CH3)3], 2.52 [m, 1, CH (H7), Ji.g = 10,J7,9 = 9.5, 367 = 3.7,
t/5,7 = 2.2 Hz), 3.08 and 3.23 [AB portion of ABX, 2, CH2 (Hg and
Hg'), Jg,8 = 16.5 Hz], 6.09 [double d, 1, vinyl H (H6), J56 = 10 Hz],
6.69 [double d, 1, vinyl H (Hs5)], 7.3-7.9 (m, 8, aromatic H), 8.4-8.7
(m, 2, ortho H of 2-Ph) [Spectra were also recorded with solutions
of 11 in CCl4 and C~Dgto determine the solvent shift. The chemi-
cal shifts of the nonaromatic protons are reported in CCl4 (CeDg):
C(CH3)30.97 (0.78); CH (H7) 2.33 (2.10); CH2 (Hg, Hg') 2.93, 3.07
(2.90, 3.05); vinyl He 6.03 (5.80); vinyl H5 6.72 (6.65).]; ir (CHCI13)
2970, 1545, 1540, 1420, 1370, 690 ¢cm 'L uv (EtOH) X (log e) 239
(4.23), 253 (4.30), 301 (4.39); mass spectrum m/e (rel intensity) 340
(M +, 4), 284 (26), 283 (41), 181 (14), 180 (100), 77 (37), 57 (13).

Anal. Calcd for C24H24N 2. C, 84.67; H, 7.10; N, 8.23. Found: C,
84.66; H, 7.17; N, 8.25.

The mixture (0.11 g) obtained as the second fraction was chro-
matographed on a silica gel preparative thin layer plate using 1:1
benzene-petroleum ether. The center cut of the largest band was
isolated and rechromatographed on a second plate. The purified
material was triturated with pentane to give 30 mg of 12: mp 100-
101.5°; NMR 5 1.43 [s, 9, C(CH®3)3], 7.4-8.2 (m, 11, aromatic H),
8.67-8.87 (m, 2, ortho H of 2-Ph); ir (CHC13) 2960, 1620, 1560,
1535, 1490, 1400, 1345, 690 cm "1; uv (EtOH) X (log c) 267 (4.75),
306 (sh, 3.88), 329 (3.79); mass spectrum m/e (rel intensity) 339
(13), 338 (M+, 67), 337 (19), 323 (18), 282 (20), 281 (100), 220 (15),
58 (10).

Anal. Calcd for C24H22N 2. C, 85.17; H, 6.55; N, 8.28. Found: C,
85.00; H, 6.60; N, 8.25.

Dehydrogenation of 11 t0 12. A mixture of 80 mg of 11, 4 ml of
dry decalin, and 200 mg of 5% palladium on carbon was refluxed
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for 40 hr.20 The cooled mixture was diluted with chloroform, fil-
tered free of the catalyst, and steam distilled to remove the sol-
vents. Extraction of the aqueous residue with chloroform provided
the crude product which was purified by preparative TLC on silica
gel with trichloroethylene as the developing solvent. The third
band from the origin was isolated and gave 45 mg (57% yield) of 12,
identical in its spectral properties with the previously isolated ma-
terial. Recrystallization from pentane gave 23 mg of 12, mp 104-
106°, mmp 102-104°.

Attempts to oxidize 11 with alkaline ferricyanide2: were unsuc-
cessful.

Acylation of 2 with Ethyl Chloroformate. Preparation of 10.
A solution of the dianion (0.005 mol) in 100 ml of THF at -78°
was treated with 1.25 g (0.011 mol) of ethyl chloroformate. An im-
mediate color change from blue to purple was observed. The solu-
tion was allowed to warm to 20° during which time the color faded
to yellow. Addition of water, ether extraction, and evaporation of
the extracts gave 1.83 g (85%) of crude 10, mp 139-141°. Two rec-
rystallisations from ethanol gave an analytical sample, mp 141-
142°. Spectral properties have been reporteds except for the mass
spectrum: m/e (rel intensity) 356 (25), 355 (100), 312 (19), 311 (75),
284 (17), 283 (75), 281 (19), 205 (10), 180 (10), 77 (9).

Anal. Calcd for C26H24N904: C, 72.88; H, 5.64; N, 6.54. Found: C,
72.91; H, 5.56; N, 6.42.

Reaction of 2,4-Diphenylquinazoline with iert-Butyllithi-
um. A solution of 1.0 g (3.4 mmol) of 1in 200 ml of anhydrous di-
ethyl ether was cooled under nitrogen in a dry ice-2-propanol bath
and treated with 6 ml (6 mmol) of a solution of teri-butyllithium
in n-pentane. An immediate dark red-brown color developed.
After 1 hr the solution was warmed to 20°, water was added, and
the product (1.25 g) was isolated by ether extraction.

The reaction product was chromatographed on silica gel using
2:1 petroleum ether-benzene as eluent and the following products,
in order of elution, were isolated and identified by their NMR and
ir spectra- 0.27 g (24%) of 11, mp 113-116°, 57 mg of a 1:1 mixture
of 11 and 12, followed by 25 mg of a mixture of 12 and some un-
identified material. Further elution of the column with methylene
chloride gave 0.65 g (55%) of 6b as an oil. Recrystallization from
hexane gave 0.39 g of 6b, mp 134-136°.

The fractions containing 12 were rechromatographed on silica
gel (preparative TLC) using trichloroethylene as eluent to give 29
mg of 12.

The above reaction was repeated using 100 ml of THF as the sol-
vent for 1. Reaction products were separated by chromatography
on silica gel with benzene as eluent. All products except 6b elute
rapidly and 6b, was later removed from the column with meth-
ylene chloride. This separation gave an 80% crude yield of 6b while
the remaining products were not isolated but assessed by the inte-
gration of the appropriate tert-butyl peaks in the NMR spectrum
of the fast-moving products. This indicated a 2% yield of 11 and a
7% yield of 12.

Reduction of |,4-Dimethyl-l,4-dihydro-2,4-diphenylquina-
zoline (4). A solution of 0.16 g (0.5 mmol) of 4 in 50 ml of THF was
added to 0.3 g (8 mmol) of lithium aluminum hydride in 10 ml of
THF. After 8 hr of reflux, the mixture was cooled and the excess
hydride was destroyed with water, pentane was added, and the or-
ganic layer was decanted from the inorganic precipitate. Removal
of the solvent gave the crude product, which was purified by pre-
parative thin layer chromatography on silica gel using 1:1 benzene-
petroleum ether as developing solvent. In order of increasing /?/,
there were isolated 53 mg (33% recovery) of 4, 13 mg of unidenti-
fied material, and 87 mg (55% yield) of 14 as an oil. The material
was purified by recrystallization of the hydrochloride (decomposed
above 138°) from benzene. The purified 14, an oil, had NMR 6 1.75
(broad s, 1, NH, exchanges with D20), 1.90 (s, 3, CCH3), 2.67 (s, 3,
NCH3), 3.32 and 3.55 (AB q, J = 12 Hz, 2, CH2Ph), 6.67 (broad t,
2, aromatic H), 7.00 (s, 12, aromatic H); ir (CHCI3) 3300 (NH),
1600, 1580, 1520, 1500, 1460, 1320, 1300, 700 cm-1; mass spectrum
m/e (rel intensity) 316 (M+, 0.4), 301 (1), 239 (3), 211 (29), 210
(11), 209 (22), 208 (29), 194 (100), 165 (11), 106 (50), 91 (57), 77
(27).

Anal. Calcd for C22H24N2: C, 83.50; H, 7.65; N, 8.85. Found: C,
83.24; H, 7.82; N, 8.66.
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Reduction of I-Ethoxycarbonyl-4-methyl-2,4-diphenyl-
1,4-dihydroquinazoline (13). The 13 was prepared by a modifica-
tion of our earlier procedure.5 After the reaction of methyllithium
with 1, the lithium salt was directly treated with ethyl chlorofor-
mate. This increased the yield of 13 to 79%. Spectral properties
have been reported except for the mass spectrum: m/e (rel intensi-
ty) 370 (M +, 2), 356 (28), 355 (100), 312 (11), 311 (45), 293 (20), 284
(10) , 283 (46), 249 (19), 221 (22), 195 (10), 194 (65), 193 (10), 58
1y

A solution of 0.75 g (2 mmol) of 13in 25 ml of diethyl ether was
added dropwise to a suspension of 0.3 g of lithium aluminum hy-
dride in 100 ml of ether. After stirring at 20° for 18 hr and reflux-
ing for 6 hr, the mixture was hydrolyzed with water and the ether
layer decanted and evaporated. The residue (0.57 g) was treated
with 20 ml of diethyl ether to give 0.23 g of 6, mp 167-170°. The
soluble portion was separated by preparative TLC on silica gel
using 1:1 benzene-petroleum ether as developing solvent, giving as
a fast-moving band 0.17 g (26% yield) of 14 and an additional 0.17
gof 6 (total yield 67%).

Repetition of the reduction in THF at 20° produced only 6.
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The cross coupling of 1-bromopropene with a variety of primary, secondary, and tertiary alkylmagnesium bro-

mides can be effected with an iron(l) catalyst derived from tris(dibenzoylmethido)iron(l11). A detailed study with

ethylmagnesium bromide reveals the presence of ethane, ethylene, propylene, propenylmagnesium bromide, and

2,4-hexadiene as side products formed in addition to 2-pentene. The quantities of these products are shown to be

in agreement with those expected for a complete material balance and electron balance in the catalytic process.

2-Pentene is formed stereospecifically from either (7.) or 'F.) 1-bromopropene, as is the 2,4-hexadiene side prod-

uct. Isotopic labeling of the ethyl group shows that ethane, ethylene, and propylene are formed by disproportiona-

tion of ethylmagnesium bromide and 1-bromopropene. A mechanism which accommodates all the products as

well as the stereochemical and labeling results is proposed, in which the oxidative addition of 1-bromopropene to
iron(l) is rate limiting and stereospecific. The propenyliron(lll) intermediate subsequently undergoes metatheti-
cal exchange with the Grignard reagent and finally reductive elimination of the cross coupled product to regener-

ate the iron(l) species. Side reactions are considered to proceed from organoiron(lll) intermediates by multiple

exchanges and reductive disproportionations.

Grignard reagents are cross coupled stereospecifically
with alkenyl halides such as 1-bromopropene in the pres-
ence of catalytic amounts of iron complexes.1

X /"Br R v yR
RMgBr + ~NC=Cn" + MgBr2 (1)
Iron(111) complexes are employed, but they are rapidly
reduced by Grignard reagent in situ to generate a catalyti-
cally active reduced iron species, presumably iron(l).
Among various iron complexes examined, trisfdibenzoyl-
methido)iron(l11), Fe(DBM)3, was found to be the most ef-
fective, particularly with respect to deactivation of the cat-
alyst.2 The yields of olefins obtainable by this catalytic pro-
cess vary according to the structure of the alkyl moiety in
the Grignard reagent. Thus, high yields of cross coupled
products are obtainable with methylmagnesium bromide.
Under the same conditions, ethylmagnesium bromide af-
forded ethane and ethylene as side products in addition to
the expected cross coupled product. The difference can be
attributed to the availability of /Shydrogens in the latter, a
factor which is also important in a variety of other organo-
metallic reactions.3
In this study we have carried out a thorough analysis of
the products formed during the reaction of ethylmag-
nesium bromide with (Z)- and (E)-I-bromopropene in the
presence of tris(dibenzoylmethido)iron(l11). A complete ac-
counting of the material balance as well as the electron bal-
ance has been achieved. Together with stereochemical and
isotopic labeling studies, they provide substantial mecha-
nistic information about this interesting catalytic process.

Results

Cross Coupling of EtMgBr and 1-Bromopropene
with Fe(DBM)3 The iron-catalyzed reaction of ethylmag-
nesium bromide and 1-bromopropene was examined in de-
tail initially because the yields of cross coupled product
were the lowest and significant amounts of side products
were generated with this combination. Furthermore, the
gaseous hydrocarbon products could be examined directly
and quantitatively by gas chromatography without re-
course to prior hydrolysis of the reaction mixture.

A. Products and Stoichiometry. 1-Bromopropene was
added to a solution of the iron catalyst and ethylmag-
nesium bromide in tetrahydrofuran (TF1F). The catalyst
was prepared beforehand by adding an aliquot of the Gri-

gnard solution to a known amount of tris(dibenzoylmethi-
do)iron(l11) in the absence of oxygen. The small amount of
ethane and ethylene formed during the preparation of the
catalyst solution4 was determined by gas chromatography
using the internal standard method.

The cross coupled product, 2-pentene, is formed in ap-
proximately 40-50% yields according to the stoichiometry
in eq 2. The remainder of the material balance is made up
of ethane and ethylene (in excess of that formed during the
catalyst preparation), together with propylene and 2,4-hex-
adiene as shown in Table I. Only traces (<0.01 mmol) of
n-butane were observed. Control experiments showed that
no reaction occurred in the absence of Fe(DBM)3.

CH3CH2MgBr + BrCH=CHCH3-~ 1
CH3CH2CH=CHCH3+ MgBr2 (2)

Ethane and ethylene formally represent the oxidation of
ethylmagnesium bromide according to eq 3. The resultant
electron deficit can be balanced by the formation of an
equivalent amount of 2,4-hexadiene by the reduction given
in eq 4. A comparison of the yields of ethane and hexadiene
in Table I is in accord with this expectation.

2CH3CH2MgBr — CH3CH3+

CH2=CH 2+ 2MgBr+ (3)
+2e
2CH3CH=CHBr — *-

CH3CH=CHCH=CHCH3+ 2Br" (4)

Stoichiometrically, the formation of propylene can be
offset by an equivalent amount of ethylene according to the
iron-catalyzed disproportionation represented in eq 5.

(Fe)
CH3CH=CHBr + CH3CH2MgBr — »-
CH3CH=CH2+ CH2-CH2+ MgBr (5)

Indeed, the combined yield of propylene and ethane in
Table Iis close to that of ethylene as given by the sum of eq
3 and 5.

The side reactions represented in eq 3-5 were deduced
largely on the basis of material balance and electron bal-
ance. Mechanistic information for such processes was ob-
tained by isotopic labeling and stereochemical studies de-
scribed in the following sections.
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Table |
Products and Stoichiometry of the Iron-Catalyzed Reaction of Ethylmagnesium Bromide and 1-Bromopropenefl

C2H5MgBr, BrC3H5)*
mmol mmol c2h4 c2h6
1.02 2.96d 0.23 0.18
2.04 1.2 0.30 0.27
0.96 1.0 0.24 0.14
0.96 9.4 0.33 0.14
0.96 25.8 0.34 0.12

Products, mmol

Mat. bal,c
Propene 2-Pentene 2,4-Hexadiene %
0.10 0.41 0.18 92
0.10 0.35 nd 105«
0.14 0.32 nd 102/
0.15 0.45 nd 105
0.19 0.53 nd 108

aln reactions containing 3.6 X 10 3mmol of Fe(DBM)3in 9 ml of THF at 25° for 1 hr. * Mixture of 95% (zZ)- and 5%
(F)-I-bromopropene. c Based on EtMgBr as limiting reagent. d 24% E and 76% z isomers. Includes «0.28 and /0.31 mmol of

EtMgBr unreacted, nd = not determined.

Table 11
Stereochemistry of 2-Pentene and 2,4-Hexadiene Formation during the Reaction of
Ethylmagnesium Bromide and (z)- or (F)-I-Bromopropene”

I-BrC3H5, convn,*
mmol % C,H. C,Hf c3h6
1.16 z 84 0.33 0.28 0.12
1.16 E 22 0.16 0.15 0.03

Products, mmol Mat.
Bald

2-C5Hio 2,4-C6H 10 C3HsMgBrc
0.35 (2) 0.21le (Z,2) 0.08 103
0.06 (F) 0.07d (E,E) 0.09 97

a In reactions containing 2.04 mmol of EtMgBr and 3.6 X 10“3mmol of Fe(DBM)3in 9 ml of THF at 25° for 1 hr. b Rased
on C2H6formed on hydrolysis. c Based on extra C3H6 formed after hydrolysis. d Based on EtMgBr consumed, including 0.08
mmol in the catalyst preparation. e <0.01 mmol of other isomers.

B. Examination of the Effect of Various Iron(lll)
Compounds on the Cross Coupling Reaction. Ferric
chloride (FeClg), ferric pivalate [Fe(Pv)3], and tris(acetyl-
acetonato)iron(l1l) [Fe(acac)3] were also used to catalyze
the reactions of ethylmagnesium bromide and 1-bromopro-
pene in order to investigate the effect of different types of
ligands on the cross coupling reaction. The mixture con-
taining ethylmagnesium bromide and the iron(l1l) complex
was cooled to —46°C after formation of the reduced iron in-
termediate, in order to inhibit deactivation of this interme-
diate.2 Upon addition of 1-bromopropene, the reactions
were allowed to warm to room temperature for 1 hr. The re-
sults for all four iron(l1l) complexes showed no significant
differences among the products formed in the reaction.

C. Concentration of Reactants and Temperature.
Ethane, ethylene, and propylene are undesired side prod-
ucts in the cross coupling of ethylmagnesium bromide and
1-bromopropene to 2-pentene. Figure 1 shows that all of
these products are formed concurrently, albeit at different
rates. An accurate kinetic study of the reaction was not car-
ried out because of the multiplicity of products. However,
the rate of production of 2-pentene responded roughly in
proportion to the variation in the bromopropene concen-
tration, but it was relatively unaffected by changes in the
concentration of ethylmagnesium bromide. This result is in
agreement with an earlier more detailed kinetic study of
the ferric chloride promoted cross coupling of methylmag-
nesium bromide and 1-bromopropene, in which side reac-
tions are relatively minor.12

The amounts of side products are somewhat dependent
on the relative concentrations of ethylmagnesium bromide
and 1l-bromopropene as shown in Table I. Thus, the yield
of 2-pentene rises slightly with increasing concentrations of
1-bromopropene; ethylene and propylene .change more
slowly with variations in concentrations.

The production of propylene can be eliminated by reduc-
ing the temperature of the reaction to —40°C, but cross
coupling to 2-pentene proceeds much more slowly under
these conditions. The production of ethane and ethylene
parallels that of 2-pentene and could not be avoided by
temperature variations. Interestingly, the addition of cata-

IIME , min.

Figure 1 Catalyzed reaction of 0.11 M ethylmagnesium bromide
and 0.35 M 1-bromopropene with 4.2 X 10-4 M Fe(DBM>3 in tet-
rahydrofuran at 5°C (initial portion only).

lytic amounts of molecular oxygen into a reaction carried
out at —46°C appeared to increase the rates of formation of
products. It was also noted that the addition of oxygen
caused a change of the blue color2 to yellow, but no effect
on the yields of products was apparent.

D. Formation of 2-Pentene and 2,4-Hexadiene.
Stereochemistry. The stereochemistry of the coupling re-
action in the presence of Fe(DBM)3 was examined using
isomerically pure (Z)- and (E)-1 bromopropenes. The re-
sults in Table Il show that the cross coupled product, 2-
pentene, is formed stereospecifically. Furthermore, the
homo coupled side product, 2,4-hexadiene, is also formed
stereospecifically since only (Z,Z)-2,4-hexadiene was found
starting with (Z)-I-bromopropene. Likewise, only (E,E)-
2,4-hexadiene was formed from (E)-lI-bromopropene.
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Table 111
Iron-Catalyzed Coupling of 1-Propenylmagnesium Bromide and I-Bromopropenea

|-C 3H5MgBr,0 I-BrC3H5, Convn,c
mmol mmol %
0.94 z¢ 1.16 z 26
1.00 Ef 1.16 E 30

Products, mmol

2,4-Ce6H 1) C3Hse6 Mat. bai,d %

0.16 (z,2)

0.075 (Z,E) 0.02 107 (e)

<0.01 (E,E)

0.25 (E,E)

0.07 (E,Z) 0.02 108 (105)

<0.01 (Z,2)

a In THF solutions at 25° for 1.5 hr. b Isomer employed in Grignard preparation. c Based on extra propylene liberated on
aqueous quench after 1 hr (includes that consumed in catalyst preparation). d Material balance based on RMgX (BrC3Hs).
e Not determined, / Grignard reagent contains 20—25% of the other isomer.

(Fe)
EtMgBr -+ Br
/I~ I Et+ A NV (6a)'
EtMgBr + o + 1=\ (6b)
Br Et

The isomeric 2,4-hexadienes were analyzed by gas-liquid
chromatography using either 1,2,3-tris(cyanoethoxy)pro-
pene, Apiezon L, or /3,/3-oxydipropionitrile in the liquid
phase as previously established.6 A mixture of all three iso-
mers, (E,E)-, (E,z)-, and (Z,Z)-2,4-hexadienes, was pre-
pared by thermolysis of the mixture of propenylsilver com-
plexes derived from (z)- and (E)-propenylmagnesium bro-
mide and silver(l).7

The stereochemistry of hexadiene formation was also ex-
amined in the cross coupling reaction of 1-propenylmag-
nesium bromide and 1-bromopropene in the presence of
Fe(DBM)3. Propenylmagnesium bromice prepared from
either pure (Z)- or (£)-lI-bromopropene and magnesium
consisted of a mixture of Z and E isomers, as shown by car-
boxylation followed by GLC analysis of "he methyl esters.
Reaction of propenylmagnesium bromide [prepared from
(Z)-1-bromopropene] with (Z)-1-bromopropene afforded a
mixture of (Z,Z)- and (z,E)-2,4-hexadienes, but no E,E
isomer. Analogously, propenylmagnesium bromide [derived
from (£)-l-bromopropene] and (E)-1l-bromopropene pro-
duced only (E,E)- and (£,Z)-hexadienes as listed in Table

(Fe)
CH3CH=CHMgBr

,CH=CHCH3 + MgBr_, (7a)

+ CH3CH= CHMgBr
Br

/= \

CH— CHCH3 + MgBr (7b)
I1l. These results strongly suggest that homo coupling of
propenyl groups is stereospecific, similar to the cross cou-
pling of alkyl and propenyl groups described in eq 1. Un-
fortunately, the partial isomerization of the propenyl moi-
ety during the preparation of the Grignard reagents pre-
vented us from establishing this point unequivocally.
Moreover, the iron-catalyzed cross coupling of vinylmag-
nesium bromide and either (Z)- or (£)-l-bromopropene
(designed to eliminate stereochemistry at the vinylic center
in the Grignard reagent) was unsuccessful. The latter could
not be attributed to inhibition of the cross coupling reac-
tion by 1,3-pentadiene or its destruction under reaction
conditions; addition of 1,3-pentadiene had little effect on
the iron-catalyzed reaction of ethylmagnesium bromide

and 1-bromopropene from which it could be recovered.
Iron-Catalyzed Exchange and Disproportionation of

Ethylmagnesium Bromide and 1-Bromopropene. Ex-
change of halogens between ethylmagnesium bromide and
t-bromopropene would afford propenylmagnesium bro-
mide according to eq 8.

(Fe)
CH3CH2MgBr + CH3CH=CHBr — »-

CH3CH=CHMgBr + CH3CH2Br (8)

The propenyl moiety converted in this manner does not
generate propylene during the reaction, but only after sub-
sequent hydrolysis. Indeed, at the end of the reaction the
results in Table Il (column 8) show that about 7% of the
propenyl bromide is converted to an “anionic” form (which
affords propylene on hydrolysis). The exchange is most no-
ticeable when ethylmagnesium bromide is present in
amounts in excess of that of 1-bromopropene. In order to
verify this source of propylene, the iron-catalyzed reaction
of EtMgBr (in excess) and 1l-bromopropene was run to
completion and the volatile components (C2-C 3 hydrocar-
bons) removed in vacuo. The addition of D20 to the mix-
ture afforded propylene-di (>80% isotopic enrichment),
determined by comparison of the mass spectral cracking
pattern with authentic 1-deuteriopropylene (see Experi-
mental Section). Equivalent results were obtained when
the Grignard component was substituted with d,d,/3-trideu-
terioethylmagnesium bromide; and acidolysis with acetic
acid afforded propylene-do (<10% isotopic enrichment).

C2H5MgBr + CH3CH=CHBTr

d 20

C2H5Br + CH3CH=CHMgBr — »sCH3CH=CHD (9)

If the metathetical exchange in eq 8 were the sole source
of propenylmagnesium bromide, an equimolar amount of
ethyl bromide should also be produced. However, analysis
of the reaction mixtures indicated the presence of less than
0.01 mmol of ethyl bromide. Part of the deficiency arises
from its subsequent catalytic reaction with either ethylm-
agnesium bromide according to eq 104

(Fe)
CH3CH2Br + CH3CH2MgBr — »m

CH3CH3 + CH2=CH2+ MgBr2 (10)

or propenylmagnesium bromide as described in Table IV.
Alternatively, it is possible to obviate ethyl bromide as an
intermediate, i.e., halogen exchange as described in eq 8,
since its replacement with reaction 11

(Fe)
CH3CH=CHBr + 2CH3CH2MgBr — »

CH3CH=CHMgBr + C2H6 + C2H4 + MgBr2 (11)

is tantamount to summing eq 8 and eq 10.
Disproportionation of 1-bromopropene with ethylmag-
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Table IV
Iron-Catalyzed Reaction of Propenylmagnesium Bromide and Ethyl BromideO

C2H5Br, C3HsMgBr,* Time,c Convn,e
mmol mmol min %
1.34 1.66 90 17
1.34 2.07 500 38
3.00 0.82 90 60
3.00 0.97 500 71

Products, mmold

Mat. bal,c
c2h6 C3H6 2-CsH10e CjHjMgBr/ %
0.08 0.10 0.15 0.01 79
0.19 0.14 0.25 0 74
0.13 0.09 0.22 0 70
0.27 0.14 0.32 0.03 58

a In the presence of 3.6 x 10~3mmol of Fe(DBM)3in 9 ml of THF at 25°. b Mixture of z and E isomers. ¢ Based on C3H6
formed on hydrolysis after time indicated. d In addition to traces of ethylene, 2,4-hexadiene, and propyne. e Mixture of z
and E isomers./ Determined by extra ethane formed on hydrolysis.

nesium bromide according to eq 12 could account for the
propylene which is observed during the catalytic reaction.

(Fe)
CH3CH=CHBr + CH3CH2MgBr — >-

CH3CH=CH2+ CH2=CH24 MgBr2 (12)

This type of disproportionation would result in the
transfer of a {3 hydrogen of the ethyl group onto the prope-
nyl moiety. Thus, labeled Grignard reagent, D3CCH2MgBr,
was treated with 1-bromopropene and the resultant mix-
ture of C2-C3 hydrocarbons transferred directly from the
reaction mixture in vacuo without an aqueous quench.
Analysis of the hydrocarbon mixture with the aid of a tan-
dem gas chromatograph-mass spectrometer combination
(see Experimental Section) showed that the ethylene frac-
tion consisted exclusively of C2H2D2 and the propylene
fraction was roughly 90% C3Hs5D.

CH3CH=CHBr 4 D3CCH2MgBr

CH3CH=CHD 4 D2C=CH24 MgBr2 (13)

Moreover, the ethane fraction was enriched with C2H2D4
to an extent of 82%, suggesting that ethane is also produced
by a disproportionation process such as that ineq 10 or 11.

Structural Effects of the Grignard Reagent in the
Cross Coupling with 1-Bromopropene. The foregoing
studies of the iron-catalyzed reaction between ethylmag-
nesium bromide and t-bromopropene indicate that dispro-
portionation of the ethyl moiety occurs by transfer of a d
hydrogen, and it is a major side reaction. Various alkylmag-
nesium bromides, differing in the number and availability
of d hydrogens, were treated with 1-bromopropene under a
standard set of reaction conditions given in Table V.

Among the primary, secondary, and tertiary alkylmag-
nesium bromides examined, ethylmagnesium bromide af-
fords the lowest yields of cross coupled product with 1-bro-
mopropene. Otherwise, yields of the cross coupled products
in the range of 60-80% were obtainable by GLC analysis.
The formation of alkene [R(-H) in Table V] and propylene,
which are diagnostic of /3-elimination from the Grignard
component, is actually less important in secondary alkyl
groups such as isopropyl, sec-butyl, and 2-pentyl compared
to the primary alkyl analogues. We also deduce from the
relative yields of z and E alkenes formed from reactions
containing an excess of (z)- and (E)-bromopropenes that
primary alkylmagnesium halides react preferentially with
(Z)-1-bromopropene (Table V). If the same mixture of 1-
bromopropenes is used, secondary alkylmagnesium bro-
mides and ieri-butylmagnesium bromide produce substan-
tially increased yields of E alkenes. The same trend, al-
though on a decreased scale, appears to apply to the forma-
tion of 2,4-hexadienes.

Discussion

The iron-catalyzed reaction of various alkylmagnesium
bromides, RMgX, with 1-bromopropene affords cross cou-

pled products, RCH=CHCH3, in relatively good yields
with excellent stereospecificity.

(Fe)
RMgBr 4 BrCH=CHCH3 — »-

RCH=CHCH3 4 MgBr2 (14)

Five major types of side products are produced during
the catalytic process, in greater or lower yields depending
on the relative concentrations of the reactants, the temper-
ature of the reaction, and the structure of the alkylmag-
nesium bromide. Thus, alkene R(-H) and alkane RH from
the Grignard component as well as propylene, propenyl-
magnesium bromide, and 2,4-hexadiene from 1-bromopro-
pene are always formed. No simple relationship could be
found for the formation of these side products in relation-
ship to the predominant cross coupled product. The latter
suggests that the side products are intimately connected
with the principal reaction, and that both processes involve
common reactive intermediates. Alternatively, the side
products could arise via concurrent but largely indepen-
dent reactions from the cross coupling process.9 The rigor-
ous delineation between these basic mechanistic categories
is extremely difficult to make in a catalytic system in which
the isolation of intermediates is impractical.

Any mechanistic formulation of the catalytic process
must take into account the diversity of side products, as
well as the isotopic labeling and stereochemical results. In
the following discussion we wish to present a reaction
scheme which is consistent with the available data, while at
the same time keeping the number of intermediates to a
minimum.

The catalyst is best described as an iron(l) species
formed by the facile reduction of the iron(lll) precursor by
the Grignard reagent.1'2’4,10 It is a metastable species
subject to deactivation on standing, probably by aggrega-
tion. Formally, iron(l) species consist of a d7 electron con-
figuration, isoelectronic with manganese(O) and cobalt(ll).
Only a few complexes of iron(l) have been isolated, but a
particularly relevant one is the paramagnetic hydrido com-
plex, HFe(dppe)2, which is stabilized by the bisphosphine
ligand, dppe[Ph2PCH2CH2PPh2]. A toluene solution shows
a strong ESR signal centered at (g) = 2.085 with poorly re-
solved fine structure.11

An intense ESR spectrum is also obtained if Fe(DBM)3
is treated with excess ethylmagnesium bromide in THF so-
lutions at —40°C. The ESR spectrum centered at (g) =
2.08 is broad (AH 200G) and shows no hyperfine struc-
ture. A similar broad resonance is observed when FeCI3[(g)
= 2.07] or Fe(acac)3[(g> = 2.08] are employed. In addition
to the broad absorption, ethylmagnesium bromide and
Fe(DBM)3 afford an additional spectrum in Figure 2 show-
ing hyperfine splittings. This spectrum at (g) 2.00 re-
tains the same general features when rc-pentyl- or sec-
butylmagnesium bromide are employed as reducing agents.
It is destroyed immediately by molecular oxygen and has

n
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Table V
Cross Coupling of Primary, Secondary, and Tertiary Alkyl Grignard Reagents with 1-Bromopropene"

Registry
no. RMgBr, mmol R(-H)b

107-26-6 1.02 CH3CH?2 0.32
927-77-5 1.04 CH3CH2CH2 0.45
693-25-4 1.13 CH3(CH2)4 0.38
926-62-5 1.09 (CH3)2CHCH2 0.12
920-39-8 1.04 (CH3)2CH 0.07
922-66-7 1.01 CH3CH2(CH3)CH 0.04
57325-22-1 1.00 CH3CH2CH2(CH3)CH 0.13
931-50-0 1.01 c-C6H, , 0.04
2259-30-5 0.95 (CH3)3C 0.1

RH
0.12

0.03

nd

0.01
0.02

0.03

nd

nd

nd

Products, mmol

C36  C3HR (%)e C,HD R2 "%
0.19 36% §(49) nde Tr/ 96

A N
0.29  0.64 z (60) ?é?i) nd 96
011  0.79 z (79) nd Tr 97

0.79 (82)S 0.05h 0.05 98
002 J5Z Etjrf]v 0.05h  0.01 94i
0.02 o3 2(75)' nd nd 102
Tr "0-_5165 (76) nd nd 85
0.08 oigz (60) nd 0 86

aln reactions containing 2.96 mmol of 1-bromopropene (95% Z and 5% E) and 3.6 X 10"3mmol of Fe(DBM)3in 9 ml of
THF at 25° for 1 hr. b Alkene by loss of 3hydrogen. c Cross coupled product (z is cis and E is trans isomer); yields based on
RMgX consumed including 0.08 mmol in catalyst preparation. d Based on RMgX consumed (determined by hydrolysis).
«Not determined (nd)./ Tr, -0.01 mmol detected. “Mixture of E and z isomers. h0.04 (z,z) and 0.01 (Z,E). 'Value
approximate owing to unavailability of authentic product (see Experimental Section).

9=2.00

Figure 2. ESR spectrum at (g) = 2.00 obtained from the reaction
of Fe(DBM>3 and ethylmagnesium bromide in THF solution.

been assigned to the reduced ligand, dibenzoylmethide di-
anion radical.12

The mechanism of the cross coupling reaction can be ac-
commodated by an oxidative addition of 1-bromopropene
to iron(l) followed by exchange with ethylmagnesium bro-
mide and reductive elimination. Scheme 1 is intended to

Scheme |

form a basis for discussion and further study of the catalyt-
ic mechanism.13 In order to maintain the stereospecificity,
the oxidative addition of bromopropene in step a should
occur with retention. Similar stereochemistry has been ob-
served in oxidative additions of platinum(O) and nickel(0)
complexes.1415 The methathesis of the iron(l11) intermedi-
ate in step b is expected to be rapid in analogy with other

alkylations.16 The formation of a new carbon-carbon bond
by the reductive elimination of a pair of carbon-centered li-
gands in step ¢ has been demonstrated to occur with orga-
nogold(l1l), organonickel(ll), organoplatinum(1V), and or-
ganorhodium(I11) complexes.17

The iron(lll) intermediates in Scheme | serve as focal
points for the formation of the side products. For example,
metathetical exchange of propenyliron(l1l) with Grignard
reagent would afford propenylmagnesium bromide in eq
16.1318

FemCH=CHCH3+ RMgBr — FemR +

CH3CH=CHMgBr (16)

Further exchange in eq 17 would produce bis(l-propen-
ylhiron(111) species which reductively eliminate to produce
the 2,4-hexadienes stereospecifically.1920

Br
Fel' ~ + CHXH=CHMgBr —
CH=CHCH{
CH=CHCH;i
Fem + MgBr, (17a)
CH=CHCH,
CH=CHCH,
FeMx —*Fe' + CHICH=CHCH=CHCH!1 (17b)
CH=CHCH21

Disproportionation products are postulated to arise from
alkyliron(l11) and/or dialkyliron(lll) species formed by an
analogous metathesis between iron(lll) species and alkyl-
magnesium bromide. Thus, the disproportionation pro-
cesses previously represented in eq 10 and 12 may proceed
as follows.21'2

/ICTTCD,
Fe'"\ —* Fel+ CH..=CD, + DCH.CD, US)
CH-CD
/CH ZXD:
\ — "N Fel+ CH,=CD2+ CHICH=CHD
CH=CHCH,

(19)
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These disproportionations could proceed directly or by a
two-step mechanism involving prior transfer of a 0 hydro-
gen to iron followed by reductive elimination. Similar dis-
proportionation processes have been described with organ-
ocopper(l), organomanganese(ll), and organoplatinum(ll)
complexes.23

The mechanism in Scheme | accommodates much of the
extant data on the iron-catalyzed cross coupling reaction of
Grignard reagents and alkenyl halides. The side products
derive naturally from organoiron(lll) intermediates by rea-
sonably well-established pathways. However, there are a
number of interesting observations which merit further
scrutiny in the light of this mechanism. For example, it is
commonly held that organometallic compounds such as the
alkyl- and propenyliron(l11) species in Scheme | undergo
elimination of 0 hydrogens in the order tertiary R > secon-
dary R > primary R. However, the results presented in
Table V run counter to this expectation. Furthermore, if
the oxidative addition of 1-bromopropene to iron(l) is rate
limiting, the reactivities of the z and E isomers should be
relatively independent of the Grignard reagent. It is found,
however, that the (Z)-bromopropene is more reactive than
the E isomer with primary alkylmagnesium bromide, but
the converse is true of methyl,12secondary, and tertiary al-
kylmagnesium bromides.24 The degree of association and
complex formation25o0f the latter no doubt affect a quanti-
tative evaluation, but even a qualitative rationalization of
this result remains obscure. Changes in the concentration
of the reactants as well as the temperature of the reaction
could affect the rates and equilibria of the various reactions
outlined in Scheme | and eq 16-19, in a manner to change
the product distribution (cf. Table 1). Nonetheless, the ap-
parent anomalies presented above ultimately must be re-
solved before this mechanistic formulation can be accepted
with more confidence.

Finally, the mechanism in Scheme | bears a resemblance
to that previously presented for the nickel-catalyzed reac-
tion of méthylmagnésium bromide and aryl bromides.17c
However, there are outstanding differences between iron
and nickel in their abilities to effect cross coupling reac-
tions. Iron is a catalyst which is effective at lower concen-
trations and temperatures than used with nickel. Even
more importantly, cross coupling can be effected complete-
ly stereospecifically with an iron catalyst and no alkyl
isomerization of the Grignard component has been ob-
served, in contrast to the nickel-catalyzed reactions.160-26

Experimental Section

Materials. 1-Bromo-l-propene obtained from Aldrich Chemi-
cal Co. (technical grade) was purified by shaking with aqueous so-
dium carbonate solution, washing with water several times, and
drying over anhydrous calcium chloride. Distillation under nitro-
gen through a 60-cm Teflon-coated spinning band column afford-
ed material boiling at 60-64°C. GLC analysis on a 40-ft column of
oxydipropionitrile on Chromosorb P at 55°C indicated a mixture
consisting of 76% (Z)- and 24% (E)-l-bromopropene (retention
time relative to n-octane: rz 2.77, rE 2.96). Enriched samples of
(Z)-1-bromopropene (95%) and (E)-lI-bromopropene (92%) ob-
tained from Chemical Samples Co. were purified further by pre-
parative GLC on a 10 ft X 0.25 in. column of ODPN on Chromo-
sorb P to afford isomerically pure (>99%) samples of each isomer.
All samples were stored in Schlenk tubes under an argon atmo-
sphere in the dark.

Alkyl bromides were commercial samples repurified by wash-
ing and then redistilled through a spinning band column under ni-
trogen .27

2-Pentene was obtained as a mixture of Z and E isomers (Baker
Chemical Co.). 2-Hexene, 4-methyl-2-pentene, 5-methyl-2-hex-
ene, and 4,4-dimethylpentene-2 (Chemical Samples Co.) and 2-
octene (Phillips Petroleum Co.) were also obtained as mixtures of
Z and E isomers. Propenylcyclohexane was prepared previously.z
2,4-Hexadiene as a mixture of Z,Z, (7%), E,E (20%), and E,Z (73%)
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isomers (Aldrich Chemical Co.) was analyzed by GLC on a 3-m
15% TCEP column on Chromosorb W at 45° (retention time rela-
tive to the Z,Z isomer: rEE£ 0.76, rz,E 0.91). 2,5-Dimethylhexane,
2,3-dimethylbutane (Aldrich Chemical Co.), 3,4-dimethylhexane
(Chemical Samples Co.), and cyclohexene (Mallinckrodt) were
used without further purification.

Magnesium (triply sublimed) in the form of small boules was
kindly supplied by the Dow Chemical Co. and used in this form
without further preparation. Tetrahydrofuran (THF) generously
supplied by E. I. du Pont de Nemours and Co. was further purified
by vacuum transfer from a dark blue (purple) solution of potassi-
um benzophenone ketyl (with excess potassium) to a dry flask. It
was then partially retransferred to a Schlenk tube in vacuo to re-
move traces of benzophenone, and the flask filled with argon.

Ethyl-2,2,2-di bromide was prepared from ethyl-2,2,2-dz alco-
holzs the deuterium content of which was determined earlier to be
>98.5%.29 The deuterium content of ethyl-2 2 ,2-~s bromide (bp
38-40°) was checked by its mass spectrum showing important
peaks at m/e 113 (63%) and 111 (67%).

Iron(ll) tris complexes of dibenzoylmethido, acetylacetonato,
pivalato, and chloro described earlier were redried in a vacuum
oven and used without further purification .2

Grignard reagents were prepared under an argon atmosphere
by slowly adding a THF solution (-1 M) of the alkyl halide to ex-
cess magnesium with stirring. The colorless mixture was heated to
reflux for 30-60 min to assure complete reaction. An aliquot was
gquenched with acetic acid and the solution analyzed for any un-
reacted alkyl halide by GLC (40-ft column of ODPN/Chromosorb
P at 55°). The liberated alkane was also determined quantitatively
by GLC using the internal standard method. Finally, the solution
was analyzed by quenching in water and titrating with standard
acid (yields 80-95%). The more reactive bromides, sec-butyl (50%),
2-pentyl, and cyclohexyl derivatives (40-80%) yield) were treated
at o °, then stirred at room temperature for an additional period.
The low yield (30-40%) of tert-butylmagnesium bromide necessi
tated large corrections for isobutane and isobutylene and may have
contributed to some uncertainty in the yields.

General Considerations. All glassware was cleaned in chromic
acid-sulfuric acid solutions, rinsed thoroughly, and soaked in con-
centrated nitric acid for 30 min. It was thoroughly rewashed and
dried in an oven at 110°. The flask was then flame dried on a vacu-
um line, cooled, and filled with argon. Reagents were introduced
with a hypodermic syringe via a silicon rubber septum held by a
screw-on top. Reagents were stored in Schlenk tubes under an
argon atmosphere and dispensed by drawing them into hypoder-
mic syringes with argon pressure. A standard solution (3.6 X 10-3
M) of Fe(DBM)s in THF was stored under argon and used as
needed. Retention times reported hereafter as r are relative to the
internal standard.

Ethylmagnesium Bromide and 1-Bromopropene. Standard
Procedure. A solution of ethylmagnesium bromide was added to a
solution of Fe(DBM=>s at room temperature, whereupon the solu-
tion immediately turned dark blue. Methane was added as internal
standard, and the amount of ethane and ethylene measured by
GLC (2 ft Porapak Q, rczHs 12.8, rc2H: 8.5) immediately. Bromo-
propene was added after 15 min and the reaction allowed to go to
completion for 1 hr, the color of the reaction mixture changing to
green and finally yellow. Ethanes and ethylene (Porapak Q) and
propylene (n-butane internal standard, 15 ft Dowtherm on Chro-
mosorb P, rcsHs 0.35) were reanalyzed by GLC. The reaction was
quenched with acetic acid and the :-pentene (n-hexane internal
standard, 10 ft 15% Carbowax 20M-Chromosorb P at 25°,
'm(2)-2-CBHio 0.74, r(£).2-cBHio 0.59) and 2,4-hexadienes (either n-oc-
tane internal standard, 40 ft ODPN-Chromosorb P at 55°, tee
1.96, or tetramethylbutane internal standard, 15 ft 15% Apiezon
L-Chromosorb P at 75°, rz,z 0.64, rz,z 0.59, vee 0.56) analyzed, to-
gether with additional ethane (to determine conversion) and pro-
pylene formed in the acidolysis.

n-Propylmagnesium bromide and 1-bromopropene were ex-
amined in an analogous manner. Propene and propane were ana-
lyzed on a 20-ft column consisting of 3 N silver nitrate-benzyl cya-
nide on Chromosorb P with ethane as internal standard (rcsHs 5.6,
rcshs 3-0). 2-Hexene and hexane were analyzed on a 40-ft ODPN
column at 60° with n-pentane as internal standard (r(Z).ceHiz 4.3,
‘e(E)-Csh12 3.6, rc6H141-4).

Isopropylmagnesium bromide and l-bromopropene reacted
as above to produce propane and propylene, which were analyzed
in a similar manner. 4-Methyl-2-pentene and 2,3-dimethylbutane
were analyzed on the 40-ft ODPN column at 60° with n-pentane as
internal standard (r(z).ceHi2 3.30, r(£).ceHi2 3.13, rceH,4 2.15).
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sec-Butylmagnesium bromide and I-bromopropene pro-
duced n-butane, 1-butene, (Z)- and (E)-2-butene, and propylene,
which were analyzed on the 15-ft Dowtherm column at 25° with
isobutane as internal standard (ri.c4H8 2.00, rc4Hio 1-82, r(2).c4H8
3.18, r(£).c482.64, rc3H60.64). The 4-methyl-2-hexenes were ana-
lyzed on the 40-ft ODPN column at 60° by comparing the areas of
the peaks with (Z)-2-hexene as internal standard (r<z).c7Hu 1.33,
r(£)-c7Hi4 1-45), assuming the same calibration factor. The methyl-
hexenes were not otherwise identified. 3,4-Dimethylhexane was
analyzed on the 40-ft ODPN column at 60° with n-octane as inter-
nal standard (rcB-i80.94).

Isobutylmagnesium bromide and l-bromopropene afforded
propylene, isobutane, and isobutylene, which were analyzed on the
15-ft Downtherm column with (Z)-2-butene as internal standard
(rc4HM0.31, rCiHs 0.74, rc36 0.20). 5-Methyl-2-hexene was ana-
lyzed on the 10-ft 15% Carbowax column at 25° with ra-hexane as
internal standard (r(z).c7Hig 2.23, r(£).c™i61.82) and 2,5-dimethyl-
hexane analyzed on the 15-ft Apiezon L column at 75° with te-
tramethylbutane as internal standard (rc7H.60.94).

n-Pentylmagnesium Bromide and 1-Bromopropene. Before
the addition of bromopropene a small aliquot of the reaction mix-
ture was quenched with acetic acid. Accurate analysis of the C5 hy-
drocarbons was complicated by their relatively high boiling points.
n-Pentane, 1-pentene, and 2-pentene were analyzed on the 40-ft
ODPN column at 60° with n-heptane as internal standard (rc5Hi2
0.25, ri.cjHio 0-46, r(Z).c8Hio 0.60, r(E)-c5h10 0.52). 2-Octenes were
analyzed on the same column with n-octane was internal standard
(r(z)-c84162.03, r(£)_c8Hie 1-76)."

2-Pentylmagnesium bromide and bromopropene gave n-pen-
tane, 1-pentene, and z and E pentenes which were analyzed as de-
scribed above. 4-Methyl-2-heptene was analyzed on the 40-ft
ODPN column at 60° using (Z)-2-octene as internal standard
(r(Z)-csHis 0.550, r(£).c8Hi6 0.597).

teri-Butylmagnesium bromide and 1-bromopropene afford-
ed propene, isobutylene, and isobutane, which were analyzed in
the manner described above. Relatively large amounts of C4 hy-
drocarbons produced during the preparation of the Grignard re-
agent necessitated sizable corrections of the amounts of these
gases produced in the reaction and limit their reliability. 4,4-Di-
methyl-2-pentene and tetramethylbutane were analyzed on the
40-ft ODPN column at 60° with n-octane as an internal standard
(r<2).c7Hm 0.43, /=(£).c7Hi4 0.65, rcsHig 0.78). No 5-methyl-2-hexenes
were found.

Cyclohexylmagnesium bromide and I-bromopropene pro-
duced cyclohexene and cyclohexane, which were analyzed on the
40-ft ODPN column at 60° with n-octane as internal standard
(rceHi2 0.67, rceHo 1.64). Propenylcyclohexane was analyzed on the
15-ft Apiezon L column at 150° with styrene as an internal stan-
dard (r(2)_coHi61-10, r(£)-coHi6 1-18).

1-Propenyimagnesium Bromide and Bromoethane. 1-Pro-
penylmagnesium bromide was prepared from a mixture of 76%
(Z)- and 24% (E)-l1-bromopropenes. Approximately 2-3% of 2,4-
hexadienes are formed during the preparation of the Grignard re-
agent. The analyses were carried out in the same manner as de-
scribed above. In addition, propyne was analyzed on the 40-ft
ODPN column.

Propenylmagnesium bromide was also treated with 1-bromopro-
pene by the standard procedure, and the 2,4-hexadienes analyzed
by GLC as deccribed above.

Reactions Utilizing FeCls, Fe(Pv)3 and Fe(acac)s as Cata-
lysts. THF solutions of known molarity of the iron compounds
were prepared [FeCl3, 6.17 x 10-3 M; Fe(Pv)3, 3.6 X 10~3 M\ Fe-
(acac)s3, 3.6 x 10-3 M], One milliliter of iron solution was added to
ethylmagnesium bromide in approximately 7 ml of THF and a
—46°C cold bath (liquid nitrogen-acetonitrile) was placed under
the reaction flask. 1-Bromo-I-propene was added after 15 min
while the reaction mixture was at —46°C. In a like manner
Fe(DBM)3 and ethylmagnesium bromide solutions remained ac-
tive for at least 3 hr at —46°C (1-bromo-l-propene was added at
this point). The analytical procedures were the same as used for
the ethylmagnesium bromide reaction (vide supra).

Rate studies were carried out on reactions prepared using the
standard procedure by removing small samples of the head gas to
analyze the volatile components. A 0.1-ml aliquot of the reaction
mixture was also removed periodically with a hypodermic syringe
and quenched with acetic acid. Internal standard (methane, eth-
ane, and n-hexane) was added before the commencement of the re-
action.

ESR experiments were carried out with 3.1 ml of 3.6 X 10~3
Fe(DBM)3 solution and 1 mlof THF in an ESR tube flushed with
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argon and capped with a rubber septum. The Grignard reagent
(ethyl, sec-butyl, or n-pentyl) was added (0.1 ml of 1 M) at various
temperatures and the spectrum measured immediately on a Var-
ian E4 spectrometer, using a solution of sodium [l,2,5]thiadia-
zolo[3,4-¢][l,2,5]thiadizole anion radical in THF solution as an ex-
ternal standard [(g) = 2.00648],

Mass spectral analysis was carried out on a Varian CH7 spec-
trometer interfaced with a specially designed gas chromatograph
which was adapted with a H2/Pd splitter operated at 260° and a
3-m 0.04 in. column packed with graphitized carbon black. We are
indebted to Professor J. M. Hayes for the use of this facility. The
chromatography using hydrogen as carrier gas was capable of sepa-
rating ethane (4.20 min, -46°), ethylene (2.7 min, -46°), propyl-
ene (20 min, —40°; 5.9 min, 0°), and n-butane (45 min, 0°). The
details of the mass spectral analysis are described elsewhere.30
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Treatment of triphenylphosphineacetylmethylene (3) with 1.2 equiv of n-butyllithium in THF-hexane at —78°
resulted in abstraction of a methyl proton to form the ylide anion, lithiotriphenylphosphineacetylmethylene (4, M
= Li). Reactions of 4 with several alkyl halides, aldehydes, saturated and a,/3-unsaturated ketones, and benzoate
esters occurred at the terminal carbanion site to afford /5-ketophosphonium ylides 9, ;-hydroxy-J-keto ylides 14,
and the /3,5-diketo ylide 17, respectively. Sequential treatment of 4 with re-butyl iodide and benzaldehyde or with
allyl bromide and 3,4-dichlorobenzaldehyde gave I-phenyl-l-octen-3-one (13a) and I-(3,4-dichlorophenyl)-I,6-
heptadien-3-one (13b), respectively. Reaction of 4 with o-phthaldehyde afforded 4,5-benzotropone (16). Triphen-
ylphosphine(3-phenylpropanoyl)methylene (9a) was converted into ylide anion 10 by means of n-butyllithium as
shown by alkylation with benzyl chloride and allyl bromide to give triphenylphosphine(2-benzyl-3-phenylpropa-
noyl)methylene (11a) and triphenylphosphine(2-allyl-3-phenylpropanoyl)methylene (lib). Attempted formation
of 4 (M = K) by means of potassium amide in liquid ammonia lead to cleavage of 3 with formation of diphenyl-
acetonylphosphine oxide (5) and diphenylphosphinic amide (G).

The synthetic utility of 1,3-dicarbanions2of type 1where
A may be a ketone,3a c aldehyde,4a“c or ester5a_f group, and
A' is a ketone function, was discovered and exploited by
electrophiles
A— CH— A'— CH, A— CH,— A'— CH.R
1 2

Hauser and his co-workers.26 The major preparative value
of these intermediates lies in the fact that they undergo re-
giospecific reactions with electrophilic reagents at the more
nucleophilic carbanion site to form compounds of type 2,
where R corresponds to the moiety furnished by the elec-
trophile. When we began the present study, dianions of
type 1 had been used primarily to elaborate the structure
of their precursors, e.g., in the synthesis of new /3-diketones
from various /3-diketone dianions.3'0 It occurred to us that
the synthetic utility of intermediates of type 1 might be ex-
panded in an interesting new direction if activating group
A could be easily removed or altered in several ways after
introduction of appropriate R groups adjacent to A'. Thus,
A would act as a control element7 and its subsequent re-
placement could give rise to compounds differing signifi-
cantly from the original dianion precursor.8

The ability of the triphenylphosphonium function to sta-
bilize an adjacent carbanion center, its propensity toward
cleavage9 and participation in carbonyl olefination reac-
tions,910 and the fact that no compounds possessing a
phosphorus containing activating function had been con-
verted to 1,3-dianions, prompted us to test the above hy-
pothesis with triphenylphosphineacetylmethylenell (3) as
the precursor to ylide anion 4. The present paper repre-

(C,H-)]PCHCOCH. — - [(C,,H;.))PCHCOCH M+
3 4

sents an expanded account of our preliminary findingsi12
concerning the chemistry of lithiotriphenylphosphine-
acetylmethylene (4, M = Li). Following our communica-
tion, Cookel3reported on the alkylation of 4 and hydrolysis
of the resulting /3-keto phosphonium ylides to afford meth-
yl ketones in good yields. Cooke and Goswamil4 also used
an ylide dianion related to 4 in the synthesis of an eight-
membered-ring diketo ylide. Grieco and Pogonowski have
recently made elegant use of dianions containing an ex-
pendable activating-control unit in cases involving 1,3-di-
anions of /3-keto phosphonatesl5ab and /3-keto sulfoxi-
des.16a b Kuwajima and Iwasawal7 have also investigated
the chemistry of dianions derived from /3-keto sulfoxides.

Results and Discussion

Initially, formation of ylide anion 4 (M = K) from 3 was
attempted using potassium amide in liquid ammonia. How-
ever, we were unable to obtain evidence for the desired pro-
ton abstraction. Instead, reaction of 3 with 2 equiv of po-
tassium amide in liguid ammonia followed by benzyl chlo-
ride afforded a 57% yield of acetonyldiphenylphosphine
oxide (5) and none of the expected benzyl derivative 9a.

0 0

KHN. 1] i I
3 — (C,H,),PCH,COCHi + <C,H-bPNH,

5 6

This reaction was repeated several times using potassium
amide, but no benzyl chloride. In each case 5 was again pro-
duced, along with varying amounts of diphenylphosphinic
amide (6). Apparently amide ion preferentially attacks the
electrophilic phosphorus of 3 to form a pentavalent inter-
mediate such as 7, which then decomposes with loss of ben-
zene to form iminophosphorane anion 8. This series of
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Reactions of Lithiotriphe;\r)?lt:;ﬁolsphineacetylmethylene (4)
Registry %
Electrophile no. Product (no.) Mp, °C yield
c 6h sc h 2ci 100-44-7  (Cé6Hs)3PCHCOCH2CH2C6H5 (9a) 147.5-149.5°.* 47
C6HsCH2Br 100-39-0  (CeH5)3PCHCOCH2CH2C6H's (9a) 149-151°.* 44
CH2— CHCH2Br 106-96-7 (C6H5)3PCHCOCH2CH2CH=CH2 (9b) 94-96.5° 52
c6h sch 2ci, c6h sch 2ci (C6Hs)3PCHCOCH(CH2C6Hs)2 (11a) 177-177.5d 37
C6HsCH2Cl1, CH2=CH CH 2Br (C6H5)3PCHCOCH(CH2CH=CH2)(CH2Cs6Hs) (lib) 127.5-130° 50
Br(CH2)3Br 109-64-8  (C6H5)3PCHCO(CH2)5sCOCHP(C6Hs), (12) 200-207d 59
CH3CHO 75-07-0 (C6HS)3PCHCOCH2CH(OH)CH3 (14a) 160—161d 43
céhb5cho 100-52-7 (C6H5)3PCHCOCH2CH(OH)C6H5 (14b) 163d 50
(CeHs)2CO 119-61-9  (C6H5)3PCHCOCH2C(OH)(C6Hs)2 (14c) 180-182/ 81
cbhscoch3 98-86-2 (C6Hs)3PCHCOCH2C(OH)(CH3)CeH5 (14d) 187-187.5d 66
ch3coch3 67-64-1  (C6H5)3PCHCOCH2C(OH)(CH3)2 (14e) 185—187d 63
oH
R 120-92-3  (C6H5)3PCHCOCH2~ Q  (14f) 154—155d 59
a0 -
930-68-7 (C6Hs)3PCHCOCH2J (™) (149) 124—126d 52
o
cbh5ch—chcocébh; 94-41-7 (C6HS)3PCHCOCH2C(OH)(C6H5)CH=CHC6H5 (14h) 148—150d 63
C6H5COOC,Hs 93-99-2 (CeH!)3PCHCOCH2COCS6H5 (17) 158-160° 58
cbh5cooch3 93-58-3 (C6H5)3PCHCOCH2COC6HS5 (17) 158-160° 60

aRecrystallized from ethyl acetate-hexane. * Lit.9mp 148-150°. c Recrystallized from hexane. d Recrystallized from
ethyl acetate. e Recrystallized from benzene—petroleum ether./ Recrystallized from acetone.

steps is analogous to the mechanisms for decomposition of
phosphonium salts by organolithium reagentsi8 and hy-
drolysis of phosphonium salts and ylides.19 In the case of
basic hydrolysis of /3-keto phosphonium ylides, the leaving
group is normally the relatively stable enolate ion derived
from the carbonyl portion of the ylide.11'13 Under the
present conditions, loss of phenyl anion from 7 may be fa-
vored since expulsion of the acetonyl moiety would require
its departure as a dianion. Formation of 5 and/or Gcould
then arise from protonation and hydrolysis of 8 during
work-up.20 Thus, hydrolytic loss of ammonia from proton-
ated 8 would give phosphine oxide 5, while competitive loss
of acetone from the same intermediate could yield amide 6.
Attempts to isolate an intermediate corresponding to 8 by
omitting the final hydrolysis step were unsuccessful. How-
ever, benzene was shown to be formed in these experi-
ments, thereby lending support to the proposed mechanism
for formation of 5 and 6.

Formation of ylide anion 4 (M = Li) proceeded smoothly
and without appreciable nucleophilic attack at phosphorus
when 3 was treated with 1.2 equiv of n-butyllithium in
THF-hexane at —78°.21 Initial evidence for the formation
of 4 was obtained by quenching with deuterium oxide fol-
lowed by NMR analysis, which revealed incorporation
of 0.9 deuterium atom at the methyl group of recovered 3.

Alkylation of 4 with benzyl chloride, benzyl bromide, and
allyl bromide afforded /3-keto ylides 9a,b (Table 1). Sur-
prisingly, 4 failed to undergo C-alkylation with trimethyl-

chlorosilane, and methyl iodide functioned poorly as an al-
kylating agent. In our preliminary account of this work we
reported that alkylations of 4 were best carried out at
—68°. Subsequent examinations of these reactions by us
and others13 have revealed that alkylations occur satisfac-
torily at temperatures from —78 to 0° depending on the re-
activity of the halide. Since Cookel3 had thoroughly inves-
tigated the alkylations of 4 with primary and secondary ha-
lides, we did not attempt to extend this line of investiga-
tion or optimize our yields of 9a,b. However, we found that
9a could be converted into secondary ylide anion 10 by
means of n-butyllithium, and that 10 underwent alkylation
with benzyl chloride and allyl bromide to give disubsti-
tuted ylides 11a and lib in yields of 37 and 50%, respec-
tively. This procedure could presumably be carried through

[ (C6H5)3PCHCOCHCH2CeHs] L i+
10

(CeH5)3PCHCOCH(R)CH2C6HS
n

a hydrolysis step13 to yield various methyl secondary alkyl
ketones. Attempts to alkylate 1lla via its ylide anion were
unsuccessful.

Reaction of 4 (2 equiv) with 1 equiv of 1,3-dibromopro-
pane gave bis ylide 12 in 59% yield. Alkylations of 4 could
also be followed by Wittig-type reactions without exten-
sively purifying the initial alkylation products. Thus, treat-
ment of 4 with butyl iodide followed by benzaldehyde gave
13a (63%). Similarly, the combination of allyl bromide and

(CeH5)3PCHCO(CH26COCHP(CsH5)3 ArCH=CHCOCHOR
12 13a, Ar = CeH5 R = nC4H}

b, Ar =3,4-CIAH ;

R =CH,=CHCH,
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3.4- dichlorobenzaldehyde afforded 13b (59%). This reac-

tion sequence provides a convenient method for the syn-
thesis of a,/3-unsaturated ketones of type 13 within the lim-
itations associated with alkylations of 4.13

Next, we examined the reactions of 4 (M = Li) with a se-
ries of aldehydes and ketones. In all instances involving
both aliphatic and aromatic aldehydes and ketones, con-
densations occurred exclusively at the terminal carbanion
site of 4 to form 14a-h. No evidence for Wittig products

OH

|
(C6Hf)3PCHCOCH2CRIR,
14

4 + RRC=0 —-

was obtained in any of the cases examined. The results of
these experiments are presented in Table I. Strudtural as-
signments were verified by analytical and IH NMR data
(Table Il). In particular the methyl signal of 3, which ap-
peared at 2.06 ppm, was replaced by a resonance for the
methylene protons adjacent to the carbonyl group of 14a-
h. The diastereotopic methylene and the methinyl protons
of 14a and 14b appeared as ABX patterns while the meth-
ylene protons of 14d, 149, and 14h gave rise to AB patterns
(Table I1).

Reaction of ylide anion 4 with the a./S-unsaturated ke-
tones, 2-cyclohexenone and chalcone, gave predominantly
1,2-addition products, 14g and 14h. Several attempts were
made to increase the amount of conjugate addition with 2-
cyclohexenone by converting 4 into the cuprate derivative
1522 using cuprous iodide,23 cuprous ter(-butoxide,24ab and

[(C6H5)3PCHCOCHZ XulLi
15

cuprous cyanide.25 In each instance 1,2 addition still pre-
dominated. At this point we cannot be certain whether 15
was actually formed and added to the carbonyl of the un-
saturated ketone, or if the cuprous reagents employed
failed to satisfactorily convert 4 into 15.

Reaction of 4 with o-phthalaldehyde afforded directly
4.5- benzotropone (16) in 49% yield. This one-step proce-

16

dure compares favorably with more complex previous
methods26 for the preparation of 16, and could conceivably
be used for the synthesis of 2-alkyl-4,5-benzotropones from
ylide anions such as 10.

Acylation of 4 was accomplished with methyl benzoate
and phenyl benzoate to give diketo ylide 17 (Table 1). The
JH NMR spectrum of this compound, which was consistent
with the assigned structure, revealed that 17 existed as ca.
50% of one or more /3-dicarbonyl enol tautomers in CDCI3.

In summary, ylide anion 4 has been found to react satis-
factorily with a representative series of electrophilic com-
pounds including alkyl halides, aldehydes, ketones, and
benzoate esters. Among the electrophiles examined we
found that cyclohexene oxide and styrene oxide failed to
react with 4, even after 24 hr at 25°.

Experimental Section

Melting points were taken on a Thomas-Hoover capillary melt-
ing point apparatus and are uncorrected. Elemental analyses were
performed in this department, by T. E. Glass, using a Perkin-
Elmer 24 Elemental Analyzer. Infrared (ir) spectra were taken on a
Beckman IR 20A-X infrared spectrophotometer using 10% chloro-
form solutions or liquid films. Proton magnetic resonance ('H
NMR) spectra were recorded on a JEOL JHM-PS-100 spectrome-
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Table 11
‘H NMR Absorptions of Products Obtained from
Lithiotriphenylphosphineacetylmethylene (4)P

Types of hydrogen and chemical shifts, s

no. Aromatic -fcH - -ch2 Other
9a 7.44 (m) 3.64 (d, broad) 2.84 (m)
9b 7.52 (m) 3.80 (s, broad) 2.44 (m) 5.96 (m)a
5.04 (t)*
lta 7.16 (s)c 3.36 (s, broad) 2.86 (m) 2.86 (M)<i
7.44 (m)
lib 7.2 (s)c 3.52 (d, broad) 2.6 (m) 5.92 (m)a
7.48 (m) 5.02 (t)"
2.6 (m)d
12 7.52 (m) 3.6 (s, broad) 2.36 (t)e
1.68 (m)/
l4a 7.7 (m) 3.8 (broad) 2.59 (m)£ 4.2 (m)
2.32 (m)E 1.2 (d)fc
14b 7.56 (m) 3.68 (d, broad) 2.79 (m)" 5.1 (m)
2.65 (m)'
1l4c 7.52 (m) 3.72 (d, broad) 3.28 (s)
14d 7.44 (m) 3.6 (s, broad) 2.99/ 1.48 (s)"
2.71/
14e 7.52 (m) 3.78 (d, broad) 2.46 (s) 1.24 (s)fc
14f 7.56 (m) 3.8 (s, broad) 2.6 (s) 1.74 (m)k
149 7.64 (m) 3.82 (d, broad) 2.57' 1.92 (m)m
2.49' 5.78 (s)"
14h 7.46 (m) 3.74 (d) 3.060 6.72 (q)”
2.980
17 7.8 (m) 4.00 (d, broad) 4.14 (d) 6.11 (s)a
8.52 (q)

aCH=C. bCH2=C. cCH2C6Hs. d Methine proton.
e —COCHj—/ —CH, )3— sCalculated values for AB protons
of an ABX system with JAq = 15, JAX =9.43, and =
2.57 Hz. h—CH3.' Calculated values for AB protons of an
ABX system with JAS = 15, JAX ~ 11.57, and JBX = 3.43
Hz. i Calculated values for an AB system with JA3 = 14 Hz.
k Cyclopentyl group. 'Calculated chemical shift values for
an AB system with JAB= 14 Hz. m Methylene protons of
the cyclohexenyl group. " CH=CH. 0 Calculated chemical
shift values for an AB system with JAB= 14.5 Hz. P Satis-
factory analytical data (x0.4% for C, H) for all compounds
were submitted for review.

ter, using deuteriochloroform (CDCI3) or deuteriodimethyl sulfox-
ide (MegSO-de) as solvents. Tetramethylsilane (Me4Si) was used
as internal standard. Chemical shifts were measured to the center
of a singlet or multiplet and are given in $units, parts per million
(ppm). In all 'H NMR descriptions, s = singlet, d = doublet, t =
triplet, and m = multiplet. Mass spectra were taken by F. Battrel
using a Hitachi Perkin-Elmer RMU-7 spectrometer. Thin layer
chromatography (TLC) was carried out using Eastman Chromato-
gram sheets (silica gel) type 6060 with fluorescent indicator. Ace-
tone-benzene (1:1) was generally used as the developing solvent.
Spots were visualized with ultraviolet light. The yield of 4,5-benzo-
tropone (16) was determined on a Varian Aerograph Model 90-P
gas chromatograph, equipped with a 6-ft column, packed with 6.3%
Carbowax 20M on a Gas-Chrom Z 30/60, at a column temperature
of 200°. n-Butyllithium, as a 2.04 M solution in hexane, was pur-
chased from Ventron Co., Alfa Products, Beverly, Mass. Liquid
ammonia, obtained from the Matheson Co., E. Rutherford, N.J.,
was dried prior to use by distillation from potassium metal. Tetra-
hydrofuran (THF) was distilled from lithium aluminum hydride
immediately prior to use. Triphenylphosphineacetylmethylene (3)
was prepared as described previously.i1

Attempted Formation and Benzylation of Potassiotriphen-
ylphosphineacetylmethylene (4, M = K). In a 500-ml three-
necked round-bottomed flask equipped with a mechanical stirrer
and a dry ice condenser was prepared 0.032 mol of potassium
amide from 0.032 g-atom of potassium metal and a catalytic
amount of Fe(N0 3)y9H20 in 250 ml of anhydrous liquid ammonia.
To this amide suspension was added 5.0 g (0.016 mol) of solid tri-
phenylphosphineacetylmethylene (3) and the reaction mixture was
stirred for 1 hr to ensure complete dissolution of 3 and its conver-
sion into the anticipated ylide anion. Then 5.13 g (0.045 mol) of
benzyl chloride in 30 ml of anhydrous ether was added. The purple
color associated with stilbene formation27 was observed, indicating
the presence of excess potassium amide. The reaction mixture was
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stirred for 1 hr before neutralization with excess solid ammonium
chloride. The liquid ammonia was evaporated and replaced with
250 ml of anhydrous ether. The resulting suspension was poured
over aslurry of 15ml of 12 N HC1 and 150 g of ice and stirred until
dissolution was complete. The ethereal layer was separated and
the acidic aqueous solution was extracted twice with 150-ml ali-
quots of ether. The combined ethereal fractions were dried
(MgS04) and concentrated to leave 4.1 g of recovered benzyl chlo-
ride. The acidic aqueous solution was then adjusted to pH 11 with
10% aqueous potassium hydroxide and extracted three times with
150-ml portions of chloroform. The combined chloroform extracts
were dried (MgSo04) and concentrated to give 2.4 g (57%) of ace-
tonyldiphenylphosphine oxide (5). The analytical sample, recrys-
tallized from benzene-heptane, had mp 127.5-129° (lit.2s 127-
129°); 'H NMR (CDC13) S7.76 (m, 10, phenyl) 3.64 (d, 2, CH2),
and 2.32 (s, 3, CH3); ir (CHCI3) 5.84 (C=0) and 8.25n (P=0).

A reaction similar to that described above was repeated except
that benzyl chloride was omitted. The reaction mixture was pro-
cessed in the same manner to afford a 42% yield of 5.

Attempted Isolation of an Iminophosphorane Intermediate.
Treatment of 3 (0.008 mol) with 0.016 mol of potassium amide in
150 ml of liquid ammonia for 1 hr was followed by replacement of
the liquid ammonia with 150 ml of anhydrous ether. This ethereal
suspension was filtered, and the ether evaporated. The '"H NMR
spectrum of the resulting ether-soluble solid showed the presence
of acetonyldiphenylphosphine oxide (5) along with diphenylphos-
phinic amide (6). Recrystallization of this solid from benzene af-
forded 0.31 g of amide 6. The solid remaining after filtering the
ethereal suspension was digested in chloroform. The chloroform
solution was concentrated and the resulting crude solid was recrys-
tallized from benzene to give an additional 0.47 g of 6, bringing the
total yield of 6 to 0.78 g (44%): mp 163.5-164.5° (lit.2a e values
vary between 160 and 168°); Xd NMR (CDCI3) b 7.76 (m, 10, phe-
nyl) and 3.84 (s, 2, NH2).

Anal. Calcd for C12H12NOP: C, 66.36; H, 5.57; N, 6.45. Found: C,
66.41; H, 5.66; N, 6.56.

General Procedure for Formation of Ylide Anion 4 (M = Li)
and Reactions with Various Electrophiles. A 5.00-g (0.016 mol)
sample of 3 was dissolved in 300 ml of anhydrous THF under a ni-
trogen atmosphere. The solution was cooled by means of a dry ice-
acetone bath and then 9.23 ml (0.019 mol) of n-butyllithium in
hexane was added. The red-brown ylide anion solution was stirred
for 20 min before addition of 0.019 mol of the appropriate electro-
phile as a solution in anhydrous THF. The reaction mixture was
stirred for 1 hr at -78° and then allowed to warm to room temper-
ature. The dark ylide anion color was discharged either at —78° or
during the warm-up period. The resulting orange-yellow solution
was poured into 300 ml of water-ether (2:1) and stirred for 5 min.
The ethereal layer was separated and the basic aqueous solution
was extracted three times with 150-ml portions of chloroform. All
the ethereal and chloroform extracts were combined, washed with
10% aqueous sodium chloride, dried (MgS04), and concentrated to
give usually an oil, which solidified upon standing or when tritu-
rated with ether or ether-hexane. The crude products were recrys-
tallized from appropriate solvents (Table I).

Reaction of 4 (0.019 mol) with 0.02 mol of methyl iodide pro-
duced 6.71 g of light yellow solid, mp 165-209°. Several recrystalli-
zations afforded 6.0 g of solid consisting of starting ylide 3, the de-
sired C-methylated ylide, and O-methylated phosphonium iodide
as evidenced by JH NMR spectroscopy.

Treatment of 4 (0.019 mol) with 0.02-0.04 mol of trimethylchlo-
rosilane failed to discharge the ylide anion color after 2 hr at 25°.
When the reaction employing the lesser amount of silyl halide was
processed, ylide 3 was recovered in 64% yield. When 0.04 mol of
halide was used, there was isolated 48% of acetonyltriphenylphos-
phonium chloride, mp 234-237° (lit.11 237-238°). The IH NMR
spectrum of this material was identical with that of an authentic
sample.

Formation and alkylation of ylide anion 10 was carried out in a
manner essentially identical with that described for 4.

In the reactions of 4 with 2-cyclohexenone and chalcone, 1H
NMR analysis of the crude product mixtures indicated that only
minor amounts (<10%) of conjugate addition products may have
been present.

Attempts to convert 4 into cuprate derivative 15 were carried
out by first preparing 7 mmol of 4 in 150 ml of THF and then add-
ing 7 mmol of cuprous iodide, cuprous tert-butoxide,4fflb or cu-
prous cyanide at -78°. After 2-4 hr a 7-mmol sample of 2-cyclo-
hexone was added via syringe and the reaction allowed to warm to
25° and stir for 2 hr. The reaction mixtures were processed as
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above and the crude products analyzed by TLC and X4 NMR. In
each case the major product was the 1,2 adduct 14g.

Elemental analyses and 4H NMR spectra of all products (Table
1) were consistent with the assigned structures.

I-Phenyl-l-octen-3-one (13a) and I-(3,4-Dichlorophenyl)-
1. 6-heptadien-3-one (13b). Ylide anion 4 (0.016 mol) was alkyl-
ated as described above with 3.88 g (0.021 mol) of n-butyl iodide to
g.ve, after concentration of the organic extracts, 6.0 g (98%) of
crude triphenylphosphinehexanoylmethylene as an oil: I1H NMR
(CDCI3) 57.60 (m, 15, phenyl), 3.80 (d, 1, -P+CTH-) and 1.60 (m,
11, n-CsHu). A 3.8-g (0.010 mol) sample of this crude product and
1.06 g (0.010 mol) of benzaldehyde in 30 ml of Me2SO was stirred
at 50-55° (oil bath) for 19 hr under a nitrogen atmosphere. After
cooling, the reaction mixture was poured into 150 ml of cold water
and a white solid separated. To this suspension was added 100 ml
of hexane, the mixture was stirred for 10 min, and undissolved
solid was collected by suction filtration. Recrystallization of this
solid from acetone-heptane gave 1.42 g of triphenylphosphine
oxide. The hexane layer was separated and the aqueous solution
extracted once with 100 ml of hexane. The combined hexane ex-
tracts were dried (MgS04) and concentrated to give a red oil which
was vacuum distilled at 145-150° (0.55 mm) to give a yellow distil-
late which partially crystallized. This semisolid was recrystallized
from methanol-water to give 1.28 g (63% based on 4) of predomi-
nantly trans- 1-phenyl-l-octen-3-one (13a): mp 44.5-46.5° (lit.30
47°); H NMR (CDCI3) $7.45 (m, 6, =CHC6HY, 6.70 (d, 1,
=CHCO, Jtrars = 16 Hz), 2.64 (t, 2, COCHs), 1.45 [m, 6,-(CH2)3],
and 091 (t, 3, CH3); ir (CHC13) 5.93 (s-cis C=0), 6.05 (s-trans
C=0), and 6.19 11 (conjugated C—C).

Alkylation of 4 (0.032 mol) with 0.036 mol of allyl bromide pro-
duced, after concentration of the organic extracts, a quantitative
yield of crude triphenylphosphine(4-pentenoyl)methylene (9b) as
a light brown oil. A solution of 7.38 g (0.020 mol) of this crude
product and 3.50 g (0.020 mol) of 3,4-dichlorobenzaldehyde in 35
ml of Me2SO was stirred at 55° for 18 hr under a nitrogen atmo-
sphere. Following the same procedure as described above, 2.79 g of
triphenylphosphine oxide was isolated. The original hexane layer
was separated, and the aqueous solution was then extracted four
times with 100-ml aliquots of ether. The combined organic extracts
were dried (MgS04) and concentrated to give 5.34 g of yellow oil,
which was vacuum distilled at 145-150° (0.15 mm) to give 3.03 g
(59% based on 4) of predominantly iruns-1-(3,4-dichlorophenyl)-1,-
6-heptadien-3-one (13b). The [H NMR spectra of this material in-
dicated the presence of ca. 10% of triphenylphosphine oxide as a
contaminant: JH NMR (CDC13) b 7.50 (m, 6.55, =CHC6HS), 6.70
(d, 1, C=CHCO, <ftrars = 16 Hz), 590 (m, 1, =CH), 5.10 (m, 2,
C=CH2), and 2.6 (m, 4, -CH2CH"); ir (neat), 5.90 (s-cis C=0),
6.00 (s-trans C=0), and 6.19 m(conjugated C=C).

4,5-Benzotropone (16). A solution of 0.008 mol of 4 was pre-
pared as described above and a solution of 1.23 g (0.009 mol) of o-
phthalaldehyde in THF was added. The reaction mixture was
stirred for 1 hr at —78°, then allowed to warm to room tempera-
ture. The resulting dark orange solution was poured into 150 ml of
water-ether (2:1) and stirred. The organic phase was separated
and the aqueous solution was extracted twice with 75-ml portions
cf chloroform. The organic extracts were combined, washed with
10% aqueous sodium chloride, dried (MgS04), and concentrated to
give a dark yellow oil. TLC analysis [acetone-benzene (1:1)] of the
reaction mixture indicated the presence of four products. The
presence of triphenylphosphine oxide, o-phthalaldehyde, and
phthalic acid was detected by comparison of their R/ values with
those of authentic samples. The reaction mixture was chromato-
graphed on silica gel to afford 0.12 g of pure 4,5-benzotropone: mp
66-67° (lit.31 65-66°); H NMR (CDC13) b 7.66 (m, 4, phenyl), 7.44
(d, 2, H2 and H7), and 6.7 (d, 2, H3 and H6).

Anal. Calcd for CnHgO: C, 84.59; H, 5.16. Found: C, 84.63; H,
5.15.

The above reaction was repeated and the yield of 4,5-benzotro-
pone in the resulting crude product mixture was shown to be 49%
by VPC using chalcone as the internal standard.

Registry No.—3 charged form, 29942-64-1; 3 uncharged form,
1439-36-7; 4 (M = Li) charged form, 38938-34-0; 4 (M = Li) un-
charged form, 38938-46-4; 5, 1733-52-4; 6, 5994-87-6; 9a charged
form, 57362-41-1; 9a uncharged form, 16640-69-0; 9b charged
form, 38938-47-5; 9b uncharged form, 38938-35-1; 1la charged
form, 57362-42-2; 1la uncharged form, 57362-43-3; lib charged
form, 57362-44-4; lib uncharged form, 57362-45-5; 12 charged
form, 57362-46-6; 12 uncharged form, 57362-47-7; 13a, 29478-39-5;
13b, 57362-48-8; 14a charged form, 57362-49-9; 14a uncharged



Reactions of Enol Ethers with Oxygen (3P) Atoms

form, 57362-50-2;
form, 57362-52-4;
form, 38938-36-2;
form, 57362-54-6;
form, 57362-56-8;

14b charged form, 57362-51-3; 14b uncharged
14c charged form, 38938-48-6; 14c uncharged
14d charged form, 57362-53-5; 14d uncharged
14e charged form, 57362-55-7; 14e uncharged
14f charged form, 57362-57-9; 14f uncharged
form, 57362-58-0; 14gchargedform, 57362-59-1; 14g uncharged
form, 57362-60-4; 14hchargedform, 57362-61-5; 14h uncharged
form, 57362-62-6; 16, 4443-91-8; 17 charged form, 57362-63-7; 17
uncharged form, 57362-64-8; potassium amide, 17242-52-3; n-bu-
tyllithium, 109-72-8; methyl iodide, 74-88-4; trimethylchlorosilane,
75-77-4; n-butyl iodide, 542-69-8; trihhenylphosphinehexanoyl-
methylene charged form, 57362-65-9; triphenylphosphinehexa-
noylmethylene uncharged form, 33803-58-6; o-phthalaldehyde,
643-79-8.
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Atomic Oxygen.V.Reactions of Enol Ethers with Oxygen (3P) Atoms1
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The products of the gas-phase reactions of ground state (3P) oxygen atoms with methyl vinyl ether, ethyl vinyl
ether, 2-methoxypropene, I-methoxy-2-methylpropene, 2,3-dihydrofuran, and dihydropyran are reported. The
oxygen atoms were generated by the mercury photosensitized decomposition of nitrous oxide. The reactions pro-
duced alkoxyoxiranes, a-alkoxycarbonyl compounds, esters, and fragmentation products. Novel alkoxy radical re-
arrangements and a reinvestigation of the acid-catalyzed reaction between 3-hydroxy-3-methyl-2-butanone and

methanol are reported.

The reactions of atomic oxygen are of continuing interest
because of their application to mechanisms of photochemi-
cal air pollution,2 upper atmosphere chemistry,3 and com-
bustion. Oxygen atom reactions have also been applied to
the synthesis of new or labile organic compounds. For ex-
ample, 3-butenal is produced by reaction of 1,3-butadiene
with oxygen (3P) atoms.4

Ground state (3P) oxygen atoms react with olefins of for-
mula CnH2n to produce epoxides, aldehydes, and ketones
of formula C,H2n0O. Cvetanovic5 has proposed that 0 (3P)
atoms add to olefins to form short-lived carbon-oxygen
1,3-biradicals. These biradicals can either close to epoxides
or rearrange to aldehyde and ketones. The 1,2 migration of
a hydrogen atom is intramolecular, but alkyl groups be-
come at least partially detached during rearrangement.
The rearrangement of hydrogen atoms and alkyl radicals in

1,3-biradicals is significant, because these groups do not
commonly migrate in monoradical systems.

It was expected that reaction of atomic oxygen with enol
ethers would produce enol ether epoxides (or alkoxyox-
iranes). Four methods have been applied to the synthesis of
simple enol ether epoxides: (a) reaction of diazomethane
with esters,6 (b) epoxidation of enol ethers with peracids,7'8
(c) reaction of a-halocarbonyl compounds with sodium
methoxide,9 and (d) base-induced ring closure of alkoxy-
substituted chlorohydrins.10 Each of these alkoxyoxirane
syntheses has disadvantages.

Reaction Conditions. In this study, conditions for the
gas-phase production and reaction of atomic oxygen were
derived from the pioneering work of Cvetanovic and co-
workers.5 Ground state (3P) oxygen atoms were produced
by the mercury photosensitized decomposition of nitrous
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oxide.11 The reaction apparatus and conditions have been
described previously.12 The total pressure before photolysis
was 0.9 atm, and the reaction temperature was 25-30°.

Product yields reported below are based on the quantity
of nitrogen produced. Two experimental conditions were
used to limit the reactions to primary processes. First, a
high ratio of nitrous oxide to substrate (> 15) was main-
tained in order to minimize mercury photosensitized reac-
tions of substrate or products. Second, conversion of organ-
ic substrate was limited to <30% to minimize secondary ox-
idations and reactions of products.

Enol Ether Reactions. Methyl Vinyl Ether. Oxygen
atoms react with methyl vinyl ether to produce methoxyox-
irane (1, 45% yield), methoxyacetaldehyde (26%), methyl
acetate (2%), and carbon monoxide (13%). The total yield
of oxygenated product is 86%.

H, A JOR
Hf > H,
1, R=CB,

2, R= Ca5

Methoxyoxirane (1) has been prepared previously by re-
action of diazomethane with methyl formate, but no spec-
tra of this material were given.6 The NMR spectrum of 1
shows a well-resolved AM X system and a singlet at 5 3.45.

Positions and coupling constants of the AM X system fol-
low: Ha 52.56, Hm 52.74, and Hx 54.50; Jam = 3.9, Jax —
2.3, and Jmx = 1-2 Hz. These assignments are consistent
with epoxide spectral parameters reported by Lehn and
Riehl.13

Epoxide 1 is stable in CDClIs solution for several hours at
room temperature. However, an attempt to isolate 1 by
short-path distillation (atmospheric pressure) of the com-
bined product mixtures of several reactions led to decom-
position of the epoxide. A purified sample of 1 did not sur-
vive gas chromatography under mild conditions. The sam-
ple apparently polymerized in the instrument, since no
C3H602 products (other than the methyl acetate impurity
known to be present by NMR) eluted from the GC.

Ethyl Vinyl Ether. The reaction of atomic oxygen with
ethyl vinyl ether produced ethoxyoxirane (2, 50% yield);
ethoxyacetaldehyde (18%); ethyl acetate (3%); and carbon
monoxide (9%). The total product yield was 80%.

Epoxide 2 is also thermally labile. The NMR spectrum of
its AM X system is quite similar to that of compound 1.

2-Methoxypropene. The products of the reaction of 2-
methoxypropene with oxygen (3P) atoms were 2-methoxy-
propanal (3, 49% yield); 2-methoxy-2-methyloxirane (4,
21%); methyl propionate (5, 2.4%); methoxyacetone (6,
1.3%); and carbon monoxide (10%). The ‘Lotal yield of prod-
uct was 84%.

The reaction of 2-methoxypropene with atomic oxygen is
of mechanistic interest, because it provides information on
both orientation of atom addition and migratory aptitudes
in 1,3-biradical systems (Scheme I).

The addition of an oxygen atom to carbon 1 of the olefin
would yield 1,3-biradical 7, with a tertiary carbon radical
site, while addition to carbon 2 produces biradical 8, con-
taining a primary carbon radical. As would be expected
from conventional radical stabilities, formation of 7 is pre-
ferred over formation of 8. If one assumes that biradicals 7
and 8 produce epoxide 4 at equal rates, then the ratio of
addition to carbon 1vs. carbon 2 is 13 [as indicated by the
product ratio 3/(5 + 6)]. This ratio is similar to the addi-
tion ratio observed in the reaction of atomic oxygen with
2-methylpropene,5 where addition to carbon 1 vs. carbon 2
is 14.

Havel and Chan
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Products 5 and 6 are formed from the minor biradical in-
termediate 8 by 1,2 migration of a methyl radical and a me-
thoxy radical, respectively. The ratio of these products in-
dicates the relative migratory aptitudes of the two groups:
Me~/MeO~ = 5/6 = 1.8. There is no apparent literature
precedent for the 1,2 rearrangement of an alkoxy group in a
monoradical or biradical system.

I-Methoxy-2-methylpropene. Atomic oxygen reacts
with I-methoxy-2-methylpropene to produce 3,3-dimethyl-
2-methoxyoxirane (9, 46% vyield); 3-methoxy-2-butanone
(10, 15%); methyl isobutyrate (11, 10%); 2-methoxy-2-
methylpropanal (12, 5%); and carbon monoxide (1%). The
total product yield is 77%. A scheme for the formation of
these products is shown in Scheme II.

Scheme I
ch®v ch3 cHo O xE,
> = < 7X— 2
H CH3 n' ch,
+ 9
o3P
5
1 1
1
cb®d—Cc—C¢c—cb3 + ch®»—cCc-—C— cb3
1 1
H CE3 H CBt
13 / 14
H-~ | MeO~
ocb3 H ocb3
.
CB—- C—C--CB, CR®»—C— C--CH, Xc-75 7 8
1o oo E i
H o 0 CE3 ce3
10 1 12

If one assumes that biradicals 13 and 14 close to epoxide
9 at equal rates, then the ratio of the carbonyl products
[10/(11 + 12) = 1.0] indicates the orientation of addition.
This product ratio means that one methoxy substituent di-
rects the orientation of addition (to form biradical 13) as
well as two methyl groups (to form biradical 14).

Products 11 and 12 are formed from 1,3-biradical 14 by
competing 1,2 rearrangements of a hydrogen atom and a
methoxy radical, respectively. The ratio of these two prod-
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ucts indicates that hydrogen migrates twice as fast as me-
thoxy.

The low yield of carbon monoxide from this reaction
(1%) is consistent with previous results.5 Simple alkenes
show decreased fragmentation with increased substitution
of the olefin.

2,3-Dihydrofuran. The reaction of 2,3-dihydrofuran
with oxygen atoms produced carbon monoxide (45%); dihy-
dro-3(2H)-furanone (15, 20%); ethylene (17%); acrolein
(1.9%); and dihydro-2(3//)-furanone (16, 1.4%). The NMR
spectrum of the product mixture showed no peaks that
could be attributed to the epoxide, 2,6-dioxabicyclo-
[3.1.0]hexane. Other possible products, formaldehyde,
glyoxal, and hydrogen, would not have been detected under
the reaction and analysis conditions used.

The reaction of 2,3-dihydrofuran with 0(3P) should pro-
ceed in a manner similar to the reaction of cyclopentene,
which has been studied extensively by Cvetanovic and co-
workers.14 A mechanism for the formation of the observed
products is proposed in Scheme III.

Scheme 111

The ambiguous origin of the carbon monoxide formed in
this reaction makes an exact calculation of the orientation
of addition somewhat doubtful. However, it is apparent
from the high ratio of products attributable to biradical 17
(ketone 15 and ethylene) vs. products derived from biradi-
cal 18 (lactone 16 and acrolein) that formation of biradical
17 is preferred.

Precedence for the extensive ring opening of 1,3-biradi-
cals 17 and 18 to form 1,4-biradicals 19 and 20 is seen in the
reaction of cyclopentene with atomic oxygen.14 1,4-Biradi-
cals formed in other atomic oxygen systems consistently
show /3-cleavage as their major reaction.1'414 The large
yield of carbon monoxide from the dihydrofuran reaction
may arise by decomposition of excited glyoxal and formal-
dehyde.

Dihydropyran. The reaction of dihydropyran with
atomic oxygen differed markedly from the 2,3-dihydrofur-
an reaction in that the dihydropyran reaction produced no
detectable carbon monoxide (detection limit sO.5% yield).
The products of the dihydropyran reaction follow: 2,7-diox-
abicyclo[4.1.0]heptane (21, 48% yield); dihydro-2//-pyran-
3(4H)-one (22, 32%); tetrahydrofurfural (23, 0.4%); pen-
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tanedial (24, 0.4%); and tetrahydro-2//-pyran-2-one (25,
0.1%). In addition, three minor peaks with a total yield of
2% appeared in the GC of the product mixture. Two of
these minor peaks may have been 5-hydroxy-2-pentenal
and 3-oxa-5-hexenal. The formation of these two products
is predicted by analogy with the reaction between cyclo-
hexene and oxygen (3P) atoms.1

The initial biradical intermediates formed by addition of
0(3P) to dihydropyran are shown below.

26 27

The distribution of carbonyl products shows that there is
a large preference for formation of the oxygen-substituted
biradical 26 over the carbon-substituted biradical 27.

Reinvestigation of the Reaction of 3-Hydroxy-3-
methyl-2-butanone with Methanol. Thornel5 has re-
ported that the acid-catalyzed reaction of 3-hydroxy-3-
methyl-2-butanone (28) with anhydrous methanol pro-
duces 2-methoxy-2,3,3-trimethyloxirane (29). This result is
surprising in light of the observations of Stevens8 con-
cerning the facile ring opening of alkoxyoxiranes under
these conditions.

Upon reinvestigation of the reaction reported by Thorne,
it was found that the material boiling at the point reported
for epoxide 29 was really the hydroxy ketone reactant, 28.
In addition, the NMR spectrum of the crude reaction mix-
ture shows no absorptions other than those due to starting
materials. Thus, no acid-catalyzed reaction takes place be-
tween 28 and methanol under the conditions reported by
Thorne.

Conclusions

With the exception of 2,3-dihydrofuran, the gas-phase
reactions of enol ethers with atomic oxygen produce good
yields of alkoxyoxiranes, a-alkoxycarbonyl compounds, and
smaller amounts of esters and other products. The mild
and neutral reaction and work-up conditions allow for the
isolation of alkoxyoxiranes which either are not available or
are difficultly prepared by other methods.

In order that the reactions described herein and other re-
actions can be scaled up to make larger amounts of oxygen-
ated material, we are currently investigating convenient so-
lution phase precursors of atomic oxygen. Research is also
underway to elucidate the nature of the fragmentation pro-
cesses observed in atomic oxygen reactions.

Experimental Section

Reactants. Commercial reactants were distilled or trap-to-trap
distilled before reaction. 2-Methoxypropene was made by the
method of Newman and Vander Zwan.16 I-Methoxy-2-methylpro-
pene was prepared by the method of Wenkert et al.17

2,3-Dihydrofuran was prepared by the method of Hubert et al.18
A stirred mixture of 50 g of 2,5-dihydrofuran and 2 g of iron penta-
carbonyl was irradiated with a sun lamp for 3 days. The reaction
mixture was filtered and distilled to give 2,3-dihydrofuran (bp
55-57°) in 85% yield. The NMR spectrum of this material matched
a reported spectrum.19

Reaction Procedures. The apparatus and techniques for atom-
ic oxygen reactions have been described previously.12 A typical
product analysis is discussed below.

Methyl Vinyl Ether. The crude mixture of organic products
was isolated by trap-to-trap distillation into a —107° trap (isooc-
tane slush). Integration of the NMR spectrum of this fraction
(with benzene added as an internal integration standard) allowed
calculation of the yields of the methoxyoxirane and methoxyacet-
aldehyde products.

In another reaction, a sample of methoxyoxirane (1) which was
contaminated with 3% methyl acetate (as determined by NMR)
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was obtained by distillation through a —96° trap (acetone slush)
into a —106° trap. Gas chromatography of this sample (NMR re-
ported in the results section) showed elution of only the methyl ac-
etate impurity. This demonstrated lack of rearrangement of 1
under GC conditions allowed for determination of the methyl ace-
tate to methoxyacetaldehyde product ratio by GC of the crude
product mixture.

Other spectra of the purified methoxyoxirane (1) follow: high-
resolution MS of parent peak, obsd, 74.0355 (calcd for C3H602,
74.0367); low-resolution MS (70 eV) m/e (rel intensity) 74 (9), 73
(5), 59 (100), 57 (42), 43 (93), 41 (35), 31 (67); ir (vapor phase),
3020, 2960, 2860, 1470, 1382, 1297, 1288, 1280, 1217, 1130, 1160,
910, 828, and 745 cm*“ 1

Products. For comparison of GC retention times and spectra,
samples of products 5, 6, 11, 16, 24, 25, methyl acetate, ethyl ace-
tate, ethylene, and acrolein were obtained commercially. Tetrahy-
drofurfural (23) was prepared by the oxidation of tetrahydrofurfu-
ryl alcohol with chromium trioxide-pyridine.20 Spectra of GC-pu-
rified products 15 and 22 matched literature spectra of these com-
pounds.21“23 Spectra of other a-alkoxycarbonyl products, 3, 10, 12,
methoxyacetaldehyde, and ethoxyacetaldehyde, were simple and
unambiguous.

An authentic sample of 3,3-dimethyl-2-methoxyoxirane (9) was
prepared by the reaction of 2-chloro-2-methylpropanal with sodi-
um methoxide.9 It should be noted that freshly prepared sodium
methoxide was needed for this reaction. Three attempts to prepare
9 with commercial sodium methoxide, which had been vacuum
dried, were unsuccessful. The NMR spectrum of 9 showed absorp-
tions at 6 1.21 (s, 3H), 1.31 (s, 3H), 3.44 (s, 3H), and 4.22 (s, 1 H).

Epoxides of enol ethers, other than 1, were not separated from
other reaction products, but their yields were calculated by NMR
integration vs. other major reaction products and internal integra-
tion standards. Ethoxyoxirane (2) was determined by its AMX sys-
tem at 5 4.45-4.60 and 2.45-2.85; 2-methoxy-2-methyloxirane (4)
by singlets at 5 2.58 and 2.64; 3,3-dimethyl-2-methoxyoxirane (9)
by its singlet at 6 4.23; and 2,7-dioxabicyclo[4.1.0]heptane (21) by
its doublet at &4.61 and its multiplet at &2.98.10

Attempted Reaction of 3-Hydroxy-3-methyl-2-butanone
(28) with Methanol. Following the procedure of Thorne,15a mix-
ture of 14 g of distilled 28, 50 ml of anhydrous methanol, and 0.012
mol of anhydrous hydrogen chloride was stirred for 4 hr. The
NMR spectrum of the mixture showed only starting materials. The
reaction mixture was neutralized with Ag2Co 3, filtered, and vacu-
um distilled. The fraction boiling at 83-85° (100 mm) contained
only 28 by NMR, ir, and mass spectrometry (85% recovery).

This reaction was repeated several times using halved and dou-
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bled HC1 concentrations, K2C 03 neutralization, and reaction times
up to 48 hr. In each case, only starting materials were recovered.
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Stopped-flow Kinetic studies of the reaction of 9,10-diphenylanthracene (DPA) cation radical (DPA-+) with
chloride ion in acetonitrile gives rise to a rate law which is second order in DPA-+, first order in CI*, and indepen-
dent of DPA. The product of the reaction of electrogenerated DPA-+ with CI* was shown to be 9,10-dichloro-
9,10-diphenyl-9,10-dihydroanthracene (1), which undergoes both surface catalyzed and thermally induced rear-
rangement to 2-chloro-DPA (2) via loss of HC1. The mechanism proposed for the addition of CI* to DPA-+ to
form 1 involves an associative equilibrium and is of a form which accounts for the observed kinetics as well as
those previously reported for the hydroxylation and pyridination of DPA-+, which followed a different rate law.

Investigators in several laboratories have examined the
reactions of various nucleophiles with the cation radicals
derived from aromatic hydrocarbon and heterocyclic fused
ring systems such as 9,10-diphenylanthracene (DPA),1'8
thianthrene, 317 dibenzodioxin,9'18d9 and phenoxathiin.9-20
Each of these substrates exhibits EE electrochemistry in

that one observes two successive monoelectronic oxidation
steps, initially to the cation radical and subsequently to the
corresponding dication at increasingly anodic potentials.
While these aforementioned substrates exhibit strikingly
similar electrochemical behavior, the mechanisms postu-
lated for various nucleophilic additions to the cation radi-
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cals of these systems have invoked participation by both
cation radical and dication.2l In this report, we show mech-
anistic findings which are germane to a unifying overview
of these apparently divergent reaction pathways.

Results and Discussion

While conducting a series of experiments designed to es-
tablish the relative nucleophilicities of various reagents
toward the carbon-centered cation radical DPA-+,22 it was
noted that the rate of reaction of DPA-+ with chloride ion
showed unusual dependence on DPA and DPA-+ concen-
trations. These data are shown in Table I. It is evident that
a rate law appropriately describing these data assumes the
form

~ d[DJjA'Hl = WDPA-+HC1-] (1)

The stoichiometry observed for this reaction was consistent
with that reported previously:2

2DPA-+ + 2C1- — DPA(C1)2+ DPA )

The chlorinated product DPA(C1)2 was confirmed to be
9,10-dichloro-9,10-diphenyl-9,10-dihydroanthracene. In
combination, these observations are consistent with a
mechanism of the form

DPA-+ + CI" * DPA(CI)- 3)

DPA(CI)- + DPA-+ ~ DPA(C1)+ + DPA (4)
fast

DPA(C1)+ + Cl- — »= DPA(C1)2 (5)

where the electron transfer step (eq 4) is rate determining.
In addition, the process described by eq 3 must indeed be
an equilibrium condition to ensure an overall second-order
dependence of the rate of reaction on the concentration of
DPA-+.

The intermediate DPA(CI)- has been proposed as a par-
ticipant in the electrochemiluminescence observed in the
DPA(CI)2DPA-_2324 and trihalide-DPA-* 25 systems.
The analogous intermediate DPA(F)- has been suggested to
participate in the anodic fluorination of DPA.6 The results
presented here lend support to the participation of such
free radicals in the halide-DPA redox systems.

It should be noted that the mechanism proposed here is
not unlike that demonstrated for the anodic hydroxylation4
of DPA. The significant fact is that the present system, the
second step of the mechanism (eq 4), is rate determining
while in the case of the hydroxylation, the initial encounter
of DPA-+ with nucleophile (eq 6) is rate determining.4

DPA-+ + H20 DPA(OH2)-+ (6)

DPA(OH2-++ H2 * DPA(OH)- + H30+ @)

fast

DPA(OH). + DPA-+ — >DPA(OH)+ + DPA (8)

fast

DPA(OH)+ + 2H2 —~ DPA(OH)2+ H30 +  (9)

In the hydroxylation mechanism (eq 6-9), this difference
in kinetic control is tenable in view of the equilibrium de-
protonation of the product of the rate-determining step,
DPA(OH2*+. It is quite reasonable to expect the acid-base
equilibrium embodied in eq 7 to lie far to the right and pre-
clude any significant back reaction to DPA(OH2)-+. Conse-
quently, application of steady-state kinetics to DPA-
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Table 1
Stopped-Flow Kinetic Data for Reaction of DPA.+
with cr a
[DPA]O [DPA =+]0 [cn, Repli- k,K,b M~1
X 104 X 105 X 104 cates sec 1 X 10-9
4.64 2.73 47.3 5 4.75 (£ 0.13)c
4.69 2.46 4.73 9 4.56 (£ 0.13)
4.61 1.03 0.473 5 4.18 (+ 0.07)
0.233 2.59 4.73 6 5.00 (= 0.11)

aChloride as tetra-n-butylammonium salt; all concentra-
tions in moles/liter; T = 25.0 (+ 0.1)°. bk2K = feapp/2 (eq
1). Data fitted for 75% reaction (minimum) via method of
least squares, giving rise to a coefficient of correlation of at
least 0.995 for all cases. c Standard deviation.

(OH2)-+ and DPA(OH)- results in a rate expression identi-
cal with that reported previously,4namely26

_ d[DE A" = 2fc[DpA.+][H20] (10)
at

The anodic pyridination of DPA as studied by single po-
tential step spectroelectrochemical techniques in these
laboratories18 gave rise to data which were shown to fit a
mechanism similar to that proposed for the corresponding
hydroxylation reaction. The proposed mechanism yielded a
rate law reflecting first-order dependence on the concen-
tration of DPA-+ and first-order dependence on the con-
centration of pyridine (Py). This mechanism is restated
here for the sake of the ensuing argument.

DPA-+ + Py  DPA(Py)-+ (1)

fast

DPA(Py)-+ + DPA-+ DPA(Py)2+ + DPA  (12)

fast
DPA(Py)2+ + Py — > DPA(Py)22+ (13)

In this case, the initial encounter of nucleophile with cat-
ion radical was also proposed to be the rate-determining
step (eq 11) followed by fast electron transfer with DPA-+
(eq 12). The intermediate DPA(Py)-+ which is involved in
this fast electron transfer step is analogous to the
DPA(CI)- intermediate proposed to participate in the rate-
determining electron transfer step (eq 4) of the mecha-
nism for the reaction of DPA-+ with Cl- advanced in this
present work.

The reactivity of these radicals is essentially the same27
owing to the inability of the pyridinium and chloro substit-
uents to participate in resonance stabilization of the re-
spective radicals.28 One might then conclude the reactivity
of the DPA(Py)-+ and DPA(CI)- radicals toward DPA-+ to
be very similar.29 Consequently, the rate constants for the
two processes (eq 4 and 12) would be comparable.

The foregoing, then, presents an incongruity between the
results of the previous Kinetic study of the anodic pyridina-
tion18of DPA and the results presented here. Pyridine, the
stronger30 nucleophile, follows a mechanism wherein for-
mation of the radical species, DPA(Py)-+ (eq 11), is rate de-
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termining whereas chloride, the weaker30 nucleophile, fol-
lows a mechanism in which the electron-transfer step (eq 4)
is rate determining. Why should this be the case if the rate
constants for the corresponding electron transfer reactions
of the two systems (eq 4 and 12) are expected to be of com-
parable magnitudes?

In the previous study13 employing electrogeneration of
DPA-+, a pertinent consideration is that the concentrations
of cation radical, nucleophile, intermediates, and products
are inhomogeneously distributed in solution as a function
of distance from the electrode surface.3l Thus, for the Py/
DPA concentration ratios employed, there existed excesses
of cation radical in that portion of the reaction zone close
to the electrode surface, and this effect was augmented by
the regenerative nature of the reaction (eq 12). In view of
this it is tenable that although the rate constants for the
electron-transfer reactions of DPA(Py)-+ and DPA(CI)-
with DPA-+ are most likely of similar magnitudes, the rela-
tive rates of these two reactions (eq 4 and 12) compared to
the respective preceding steps (eq 3 and 11) may be quite
different. This is attributable to the different relative con-
centrations of DPA-+ and nucleophile arising as a conse-
quence of the different experimental conditions and tech-
niqgues employed in the previousl3 and present study. A
reexamination of the homogeneous reaction of DPA-+ with
Py under conditions similar to those reported here for the
chloride reaction is presently in progress.2

The pathway for the reaction of DPA-+ with water, pyri-
dine, and chloride is seen to be essentially the same with
definition of the rate-determining step depending upon (1)
the type of nucleophile (containing active hydrogen or not),
(2) the intrinsic nucleophilicity of the nucleophile in ques-
tion, and (3) the experimental conditions under which the
kinetic parameters are measured. Moreover, the mecha-
nism proposed here is compatible with that recently ad-
vanced for the anisylation of the cation radical of thian-
threne.17

It is clear that the reversible nature of all steps in such
mechanisms must be considered en route to a comprehen-
sive understanding of nucleophilic additions to EE sys-
tems.32

Experimental Section

Materials. DPA (Aldrich Gold Label) was doubly recrystallized
from ethanol, mp 251-252°. Authentic 9,10-dichloro-9,10-diphe-
nyl-9,10-dihydroanthracene [DPA(C1)2 was prepared after the
manner of Chandross and Sonntag,23 mp 187-189° dec. All tetraal-
kylammonium salts were obtained from Eastman Organic Chemi-
cals. Tetra-ra-butylammonium perchlorate (TBAP) was twice re-
crystallized from acetone-water (15:85) and vacuum dried at 60°
for 6 hr prior to use, mp 211.5-212.5°. Tetraethylammonium per-
chlorate (TEAP) was doubly recrystallized from water and vacuum
dried at 70° for 12 hr. After preliminary drying in a vacuum desic-
cator, tetra-n-butylammonium chloride (TBAC) was three times
precipitated from acetone with anhydrous ether and vacuum dried
at 56° for 18 hr, mp 76-77.5°. Acetonitrile (Burdick and Jackson
Laboratories, uv grade) was purified in the manner previously de-
scribed.33 Water content of this purified material was determined
by vapor phase chromatography to be ca. 1 mm. All other chemi-
cals were reagent grade or equivalent. All solutions were prepared
in an inert, anhydrous atmosphere.

Apparatus. The electrochemical cell used for large-scale reac-
tions has been previously described.1I' The potentiostat used was
similar to that reported by Pilla.34 Electrode potentials are quoted
relative to the aqueous saturated calomel electrode. Kinetic runs
were made using a Durrum Model D-110B stopped-flow spectro-
photometer interfaced to a dedicated minicomputer for acquisition
and reduction of data. The cation radical of DPA was generated by
partial electrolysis of acetonitrile solutions containing 0.10 M
TBAP and the appropriate concentration of DPA. This oxidation
was carried out at a platinum gauze working electrode potentio-
statted at +1.40 V. The solution so generated was then delivered
via a closed system to one drive syringe of the stopped-flow spec-
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trophotometer, the other drive syringe containing the desired con-
centration of TBAC in asolution 0of 0.10 M TBAP in acetonitrile.35
The analytical wavelength used was the Amex of DPA-+, 653.0 nm,
and the molar absorptivity of this species3 was taken as 8.70 X 103
I./(mol cm).

Stoichiometry experiments were carried out in the stopped-flow
spectrophotometer by monitoring the DPA regenerated3s upon re-
action of solutions of partially electrolyzed DPA with solution of
TBAC in anhydrous acetcnitrile37 The DPA regenerated was
found to be 53.1 (¥2.8)% of DPA-+ initially present for 17 experi-
ments conducted at 25.0 (£ 9.1)°.

Macroscale Reaction of DPA-+ with TBAC. DPA (75.6 mg,
0. 229 mmol) was added to 150 ml of 0.10 M TEAP in acetonitrile
in the anode chamber of a two-compartment electrolysis cell.lb
This vessel was fitted with a buret containing 0.050 M TBAC in
acetonitrile. The platinum gauze working electrode was potentio-
statted at +1.40 V and as the characteristic blue color of DPA-+
appeared, it was discharged nearly to completion by the addition
of the TBAC solution. At no time was excess TBAC added. The
use of numerous such “titration” steps ensured against the buildup
of cation radical concentration and thus minimized the likelihood
of appreciable side reactions of DPA-+ with residual water in the
solvent. After 5 hr the blue fluorescence of DPA was absent in the
anolyte and the oxidative current had diminished to essentially
zero. The acetonitrile was removed by rotary evaporation and the
resulting yellow residue was vacuum dried at room temperature. A
25-ml volume of nitromethane was then added with stirring, giving
rise to a yellow solution and a suspension of fine white crystals.
The latter were filtered, crushed, and washed with several portions
of cold nitromethane. After drying, the material was recrystallized
from methylene chloride-hexane to give colorless crystals of 9,10-
dichloro-9,10-diphenyl-9,IC-dihydroanthracene (1, 78.2 mg, 0.195
mmol), mp 189-190° dec (lit. 187-189° dec), mmp (with authen-
tic23) 187-189° dec.

Alternatively, removal of the acetonitrile from the reaction mix-
ture and introduction of the benzene-soluble portion of the result-
ing yellow solids onto a silica gel chromatographic column and sub-
sequent elution with benzene and methanol resulted in degrada-
tion of 1 (nonfluorescent) to a material exhibiting blue fluores-
cence. This fluorescence was manifest both on the column and in
the eluent. Removal of solvent from the major fraction of this ma-
terial gave rise to yellow needles, 2, from methylene chloride, mp
185-187°. Anal. Calcd for C26H17CIl: C, 85.59; H, 4.70; Cl, 9.72.
Found: C 85.77; H, 4.29; CI, 9.94. It is concluded that 2 is 2-chloro-
9,10-diphenylanthracene, mp 185°.38 Authentic 1 was prepared as
described earlier.23 Chromatography of this material in the man-
ner described above also gave rise to the surface-catalyzed loss of
HC1 and yielded a mixture of 2 (80%) and DPA (20%).

Mass spectral analysis of the electrolysis product39 and authen-
tic 1showed a parent ion of m/e 364 (DPA + ClI —H) rather than
the expected m/e 400 [DPAjCIL] under electron impact ioniza-
tion. Most probably, the heated glass sample probe induced de-
gradative rearrangementss of 1 to 2 prior to volatilization from the
probe, since a high relative abundance of HC1 was noted in the
mass spectra of both compounds as the probe temperature was in-
creased.

The decomposition of 1 to 2 was examined by thermogravimet-
ric analysis (TGA) of both the electrolysis product39 and authentic
1 In both cases, a well-defined weight loss was observed between
160 and 205°, followed by a plateau in the thermogram up to 230°.
For 1, caled weight loss to give 2 (1 — HC1): 9.08%. Observed
weight loss: authentic 1, 9.36%; electrolysis product, 9.20%.

Registry No.—1, 6486-01-7; 2, 43217-28-3; DPA, 1499-10-1;
TBAP, 1923-70-2; TBAC, 1112-67-0; TEAP, 2567-83-1.
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In an effort to determine whether the ion-pair mechanism for nucleophilic substitution at saturated carbon op-
erates in bimolecular reactions, the racemization and bromide-radiobromide exchange of 1-phenylbromoethane
were examined in anhydrous acetone containing lithium bromide. Within experimental error, the rate constants
and Arrhenius and thermodynamic activation parameters are identical for the racemizations and exchanges.
There is no evidence for inversion without exchange or exchange without inversion. Consequently, for the ion-pair
mechanism to be operating, all of the ion pairs formed by the substrate and leaving group must be intercepted (or
collapse to starting material) before the ions separate sufficiently to allow the alkyl group to turn over and give,
on the collapse of the ion pair, inversion without halide exchange. On the other hand, the results are completely
consistent with the classical Hughes-Ingold SN2 mechanism.

The observation that the rates of halide-radiohalide ex-
change and racemization of optically active 1l-phenylbro-
moethaneland those of 2-iodooctane2 were the same with-
in experimental error was the basis for the postulation of
the SN2 mechanism for the bimolecular nucleophilic dis-
placement at saturated carbon by Gleave, Hughes, and In-
gold.3 It was the carbonium ion route, the SNI or unimolec-
ular mechanism of the mechanistic pair, which was the
more difficult to establish;4'5 chemists, on the other hand,
readily accepted the concerted nucleophilic attack-leaving
group departure of the Sn2 mechanism. As Sneen and Lar-
sen point out, however, it is the traditional Sn2 reaction
pathway which is the less likely.6 They have proposed an
elaboration of the ion-pair scheme of Winstein and his col-
leagues7 as a single unified mechanism to replace the
Sn1-Sn2dichotomy. In their ion-pair mechanism, which is
summarized in Scheme 1, it is proposed that the initial step
is the formation of a contact or intimate ion pair by the
substrate with its leaving group. The reaction could show

* Address to which correspondence should be sent.

the characteristics of SN2, mixed, or SNI mechanisms de-
pending upon where in the series of solvation equilibria
from intimate ion pair to the free, independently solvated
ions nucleophilic attack occurs.

Scheme |
T anl Al Aj A,
=* RX~ ~ ITIX” » R+ 1IX~ ~ R+ + X7
intimate solvent- solvated free
ion pair separated ion pair (dissociated)
ion pair ions
f *.jz f *Jz
RZ RZ RZ Rz RZ
"Sn2” mainly mainly "Snl”
"Sn2” "Snl"

Should such a mechanistic scheme be proven correct, it
has wide ramifications not only for all nucleophilic substi-
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Second-Order Rate Constants for the Racemization ofﬁ
d Lithium

Various Temperatures an

Temp,

K 0.0100 ™M 0.00500 m
298.15 1.334 £+ 0.014 1.678 + 0.004
303.15 2.092 + 0.010* 2.630 i 0.007*
308.15 3.273 £ 0.009* 4.091 +0.011*
313.15 4.929 +0.010 6.274 £ 0.039*
318.15 7.328 + 0.056 9.395 + 0.032

12.705

Stein

I -Phenylbromoethane in Anhydrous Acetone at
mlde (%ncentratlons Y

Rate constants3 X 103 mol sec/1. at [LiBrl given

0.00200 M 0.00100 ™M 0.000500 m
2.349 +0.024 3.005 £ 0.029 3.712 + 0.024
3.645 £ 0.0126 4.601 + 0.057* 5.783 + 0.065*
5.597 + 0.019 7.117 & 0.050* 9.229 + 0.084*
8.449 + 0.024 11.116 + 0.099* 14.329 + 0.110

+ 0.035 16.360 + 0.070 18.305 + 0.084

aLeast-squares values. * Average of two runs. * Average of three runs.

tution reactions but also for other substitutions, and for
elimination and addition reactions among others.8 The im-
portance of ion pairs in nucleophilic substitutions at satu-
rated carbon is quite well established at or near the unimo-
lecular or dissociated ion extreme of the mechanistic range9
but not for bimolecular displacements. Hughes et al.1 re-
ported that both the halide exchange and the racemization
of 1-phenylbromoethane in anhydrous acetone with lithi-
um bromide were bimolecular. Since in that system the
leaving group and the nucleophile are identical, some of the
variables are eliminated. Also as a bulwark of the Sn2
mechanism, what system could be more appropriate for a
detailed examination to determine whether ion pairs play a
role in bimolecular nucleophilic substitutions at saturated
carbon?

Results

The racemization of optically active alkyl halide by ha-
lide ion can be represented by the equations

(+)RX + X - (9RX + X -
instantaneous
(+)RX + (()RX — >  (#)RX

or concurrent

Note that the inversion of one molecule of, say, the (+)
isomer to the (—) isomer not only removes the rotational
contribution of one (+) species but cancels that of another,
giving two molecules of racemic () mixture. The rate ex-
pression, eq 1, applies

In [RX]( = 2fe[X|t (1)

where [RX]o and [RX], are the concentrations of the opti-
cally active alkyl halide initially and at time t, k is the rate
constant, and [X] the concentration of the halide ion.10 In
practice, the alkyl halide concentration terms were re-
placed with the angle of rotation of plane polarized light or,
more precisely, the recorder output of the recording polar-
imeter. Good linearity was obtained for 3-6 half-lives, de-
pending upon when the instrument instability became a
significant fraction of the rotational value.

For the halide exchange studies, the electrodeposition
method developed by Beroniusll was used. In this method,
the solution of inorganic halide (e.g., LiBr) in the solvent
(e.g., acetone) containing radiohalide (e.g., 8Br_) is placed
in the thermostatted electrolysis cell and a very small por-
tion of the halide electrodeposited on a silver disk as AgX.
The activity of that disk is a measure of the t = 0 halide ac-
tivity. A known amount of RX is then added and, at vari-
ous time intervals, AgX is deposited on fresh silver disks at
the same current for the same time as was used for the t =
0 electrode. The decreasing activity of subsequent elec-
trodes is then a measure of the amount of radiohalide in-
corporated into the RX and no longer available for electro-
deposition.

The halide exchange reaction can be represented as

RX +x-4 " rx + x -
k-1
where k\ and are the rate constants for the forward and
reverse reactions. They are identical and equal to k. As-
suming that any isotope effects are negligible, the rate con-
stants for the incorporation of the radiohalide, X*, the pro-
cess actually studied, will be the same or

rx +x*-" % rx*+ x -

k

and

-d[X*
= &[RX][X*] —fc[RX*][X]

= fe([RX][X*]-[RX*][X])
Since the total amount of X* is constant,
[RX*] = [X*]0- [X*]

where [X*]0is the initial, or t = 0 concentration, of radio-
halide as measured by the activity of the first electrode.
Substituting and rearranging gives

d[X*]
—k df
S[XIIX*], + ([RX] + [XDIX*
Noting that
X ---------- dx = —In (nx + a) + ¢
nx + a n

allows integration of the expression to

n [([RX] + [XDIX*] - [X][X*]o[ = -kt + ¢

[RX] + [X] I

Rearranging and adding the constant In [1/([RX] + [X])] to
both sides gives

[x*]--

Again ignoring isotope effects, at infinite time the radio-
halide will be statistically distributed between inorganic
and organic halide so that the i = activity will be given

by

[X1[X*]0

RX] + [X] = -([RX] + [X]fcf + ¢

[X*Ip[X]
D= e ) @)

Thus the rate expression becomes
[X*1.j =

Equation 3 can be converted to the form used by other
workers12

In j[X*] - -([RX] + XDkt + ¢ ©)]

[E: --1 = ([RX] + [X]fet + C (4)

Slopes of the plot of the In term of eq 3 or 4 (with [X*
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Table 1l
Second-Order Rate Constants for the Bromide—Radiobromide Exchange of 1-Phenylbromoethane in Anhydrous Acetone
at Various Temperatures and Lithium Bromide Concentrations

Rate constant3 X 103imol sec/1l. at [LiBr] given

Temp,

K 0.0100 M 0.00500 M 0.00200 M 0.000500 M
298.15 1.313 2.370 £ 0.026* 3.613 + 0.003*
303.15 2.1500 * 0.0003* 2.679 + 0.020d 3.803 + 0.018* 6.321 + 0.026*
308.15 3.3113 + 0.0001 6.2085 + 0.0001* 9.46 + 0.23d
313.15 5.033 8.330 12.6 £+ 2.1*

aRate constants were determined graphically. Where least-squares determinations were also done, agreement was within
+0.2%. * Average of two runs. c Average of three runs. d Average of four runs. * Average of five runs.

Table 111
Activation Parameters at 303.15 K for the Reaction of 1-Phenylbromoethane and Bromide lon in Anhydrous Acetone3

Arrhenius parameters

In A Ea, kd/mol
Racemization 20.94 +0.14 67.0 £+ 0.2
Exchange 20.93 + 0.15 66.9 + 0.5

Thermodynamic parameters

AH *, kJ/mol —AS*, J/deg mol AG*, kd/mol
64.199 + 0.087 79.88 £ 0.67 88.41 + 0.29
64.083 + 0.516 80.38 *+ 1.06 88.45 + 0.84

3 Values given are averages of those obtained at each concentration of lithium bromide reported in Tables I and Il. At in-
dividual concentrations of lithium bromide, agreement between the parameters of racemization and exchange was normally

within the sum of the standard deviations of the two values.

calculated by eq 2) vs. t were used to evaluate the rate con-
stants for the exchange reaction. In some runs good lineari-
ty was obtained for over 7 half-lives. Nor was the calculated
rate constant dependent upon the concentration of the
alkyl bromide, since changing the concentration by as
much as a factor of 20 left the rate constant unchanged
within experimental error.

The rate constants for both the exchanges and the race-
mizations at the lower concentrations of lithium bromide
were quite sensitive to moisture. The maximum rate was
found for freshly prepared solutions; a rate that fell off as
the acetone-lithium bromide solutions picked up moisture
even in tightly stoppered flasks stored in a nitrogen-
flushed drybox. Consequently, the rate constants for the
lowest concentration of lithium bromide are the least se-
cure of those reported in Tables I and I1.

Discussion

From Tables | and Il it is apparent that the rate con-
stants for both the exchange and the racemization of 1-
phenylbromoethane in anhydrous acetone containing lithi-
um bromide decrease with increasing concentration of lith-
ium bromide. Hughes et al.1reported a similar observation.
This fall-off has been assigned to ion pairing or association
of the lithium bromide.10 Such association would reduce
the activity coefficient of the bromide ion. Because concen-
trations, not activities, were used in determining the rate
constants via eq 1 and 3 or 4, the apparent rate constant
decreases as the lithium bromide concentration increases.
Normally, to avoid such problems, high constant ionic
strengths and concentrations of the cation are used to keep
the activity coefficient of the nucleophile constant as its
concentration is varied.10'13 Concentration and activity are
then linearly related and the rate constants are indepen-
dent of the concentration of the ionic reactant. Unfortu-
nately, all of the lithium salts, nitrate, chlorate, perchlo-
rate, picrate, etc., which were tried as inert electrolytes
were either not sufficiently soluble in the acetone, were too
nucleophilic, or else interfered with the electrodeposition of
the silver bromide in the exchange studies.

Other halide salts for which association would be much
less, salts like the tetraalkylammonium bromides, do in-
deed give a much smaller drop-off of rate constant with in-
creasing bromide salt concentration. Thus with tetrabutyl-

ammonium bromide at 303.15 K the racemization rate con-
stants at 0.001 and 0.01 M were 9.70 and 8.42 X 10-13 1/
mol sec, respectively.14 While such salts could have been
used in the racemization studies, they would have added
the complication of ion exchange treatment to the ex-
change experiments because the radiobromide was most
conveniently made by neutron bombardment of inactive
lithium bromide.

Despite the decrease in the apparent rate constant with
increasing lithium bromide concentration,14 the reaction is
obviously second order, first order in each of alkyl halide
and halide ion. Thus increasing the lithium bromide con-
centration fivefold from 0.002 to 0.01 M increases the rate
of the racemization and the exchange reactions by an aver-
age factor of 2.86 while the rate constant decreases, on av-
erage, to 57% of its former value. A 20-fold concentration
change from 0.0005 to 0.01 M led to an average rate in-
crease by a factor of 7.28 with an average decrease in sec-
ond-order rate constant to 36.4% of its former value.

In Table 11l Arrhenius activation parameters and ther-
modynamic data are reported. Like the rate constants in
Tables I and Il, which are apparent values uncorrected for
the activity of the bromide ion, the parameters in Table 11l
include contributions due to changes in salt effects and ac-
tivity coefficients on the temperature dependence of the
rates. However, as with the rate constants, comparisons be-
tween racemization and exchange reactions which were
done under the same reaction conditions are valid.

Comparison of the rate data for racemization in Table I
with that for exchange in Table Il shows that, as Hughes et
al. reported, the rate constants for the two processes are
the same within experimental error. The one-to-one nature
of the two processes is confirmed by the activation and
thermodynamic parameters, the values of which were gen-
erally within one standard deviation for racemization and
exchange at the same concentration of lithium bromide
and, indeed, were independent of the concentration of inor-
ganic halide. These results are consistent with the classical
Hughes-Ingold mechanism for the bimolecular nucleophil-
ic displacement at saturated carbon. They are compatible
with the Sneen ion-pair mechanism of Scheme | only if nu-
cleophilic attack occurs early in the ionization sequence. It
must occur before the separation of the alkyl group and the
leaving group is sufficient for the alkyl group to turn over
and so give detectable racemization with internal return.
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If the ion-pair mechanism is operating, stabilizing the
carbonium ion species by the introduction of appropriate
substituents on the phenyl group should shift the average
point of nucleophilic attack toward the right of Scheme I,
perhaps sufficiently so that significant amounts of racemi-
zation with internal return can occur. Racemization then
should be faster than halide exchange. This possibility is
currently under investigation. Some preliminary results for
the bromide-radiobromide exchange have already been re-
ported.15 However, with 1-phenylbromoethane itself, no
evidence confirming that the Sneen ion-pair mechanism
applies to bimolecular nucleophilic displacements at satu-
rated carbon has been obtained to date.

Experimental Section

Solvent. Just before preparation of the solutions, reagent grade
acetone was dried and purified as previously described.10

Lithium Bromide. Reagent grade, “Certified” (Fisher) or “Su-
prapur” (Merck), 1.iBr-xH”O was oven dried at 250°C for at least
24 hr and cooled in a desiccator immediately before weighing and
preparation of the 0.05000 + 0.0002 M stock solution which, with
appropriate dilutions, was used to make the acetone solutions for
this study.

(£)-, (+)- and (—-I-Phenylbromoethane were made from the
corresponding 1-phenylethanol as previously described.10,16 The
alkyl bromides showed no detectable hydroxylic absorptions in in-
frared spectra neat or at high concentration in CCl4, nor were
anomalous signals present in the proton nuclear magnetic reso-
nance spectra or the vapor phase chromatograms of the halides so
examined. Spectra (NMR, ir, mass spectrum) and physical proper-
ties were consistent with the structure. The 1-phenylbromoethanes
were stored under nitrogen in glass ampules in a freezer until
needed but even under these conditions the optically active halides
very slowly racemized. Fresh material was made every few weeks.
Configurational purity was not established but since the racemiza-
tions were first order in alkyl bromide, it is of no consequence to
this study.

Racemization Studies. The procedure was analogous to that
described earlieri0 except that a Perkin-Elmer Model 141MC po-
larimeter equipped with a retransmitting potentiometer and a
Honeywell Electronik 194 potentiometric recorder was used. All
manipulations of solvent and solution were done in a dry nitrogen-
filled glove bag. Concentrations of (+)- or (—-l-phenylbromoe-
thane (i.e,, 0.07-0.14 M) that gave near full-scale initial recorder
pen deflections were used. Results are reported in Table I.

Reactions using R4N+Br_, especially tetrabutylammonium bro-
mide, were run analogously. (See paragraph at end of paper re-
garding supplementary material.)

Exchange Studies. The radiobromide (82Br_) was made by Ak-
tiebolaget Atomenergi, Isotopservice, 611 01 Nykoping 1, Sweden,
by irradiating at high neutron flux 0.87 mg of LiBr in a quartz vial.
With adequate lead shielding throughout, the vial was opened and
its contents extracted with several portions of hot distilled deion-
ized water. The solution was evaporated to dryness, the 15-ml Er-
lenmeyer flask was then heated to 300°C for several hours and
cooled, and the lithium radiobromide taken up in 5 ml of anhy-
drous acetone. An aliquot (0.1-0.4 ml) of this solution was added
to the 50-ml stirrer-equipped Teflon-lined jacketed aluminum
electrolysis cell containing the lithium bromide-acetone solution
already equilibrated to the desired temperature. After electrode-
position of AgBr (for the initial, or t = 0, activity) on two or three
electrodes, a weighed amount of (+)-I-phenvlbromoethane (to give
a solution of 0.35-7.5 x 10-2 M) was added and the reaction timer
started. Electrolysis was with silver electrode disks 0.4 cm in diam-
eter at a carefully controlled and reproduced constant current of
200-2000 fiA for 20-60 sec depending upon the LiBr concentration.
Six to ten electrodepositions spread over about 3 half-lives were
used.

Individual electrodes were counted for 3-20 min; the time inter-
val was chosen so that the t = 0 electrode would give 30000-
1000000 counts. The counts were corrected for background (invari-
ably less then 1% of the t = 0 values), for variations in electrodepo-
sition time (rarely more than +0.1 sec), and for radioactive decay
of the 8Br between the time of counting the first and the current
electrode of the run. The infinity values were calculated using cor-
rected counts in eq 2. In those runs in which the infinity values
were approached, the empirical and calculated values were in good

Stein

agreement. For example, in one run where the corrected t = 0
count (average of two electrodes) was 37229, the calculated infinity
value was 3597 while the last electrode (at t = 66615 sec) gave 3844
counts, a value only 107% of the calculated infinity value. The last
point deviates little from the best line of the In J[X*] — Vs, t
plot and represents over 7 half-lives of the exchange reaction. The
rate constants reported in Table Il were generally determined
graphically using eq 3 or 4. In those cases where standard least-
squares treatment of data was also done, the calculated rate con-
stants were normally within +0.2% and eq 3, not unexpectedly,
gave the smaller standard deviation.

Details of the procedure, electrode preparation, electrolysis cell
design, and current source are well presented by Beronius.1l Re-
sults are summarized in Table Il. (See paragraph at end of paper
regarding supplementary material.)

Control Experiments. To establish that the elimination of hy-
drogen bromide is much slower than the racemization-exchange
reaction, the disappearance of 1-phenylbromoethane (7 X 10-2 M)
in acetone 0.00, 0.0005, and 0.01 M in lithium bromide was fol-
lowed at 303.15 K by vapor phase chromatography (all-glass sys-
tem, 4-ft Ucon HB 1500 column, FID, 100°C). In 24 hr there was
no detectable change in the concentration nor did any peaks other
than acetone and the alkyl halide appear in the chromatograms.
The first order or pseudo-first-order rate constants for elimination
are considerably less than 1 x 10-9 sec-1 under these conditions.17
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Bimolecular Homolytic Substitution at Carbon.
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Photochlorination of 1,1-dichlorocyclopropane (1) at 0-5°C in carbon tetrachloride yields 1,1,1,3-tetrachloro-
propane (2) and 1,1,1,3,3-pentachloropropane (3) as major products, with lesser amounts of 1,1,1,2,3-pentachloro-
propane (4). Photobromination of 1 yields 1,3-dibromo-l,I-dichloropropane (5) as the only product. Both the
chlorination and bromination were shown to be radical processes, accelerated by benzoyl peroxide and azobisiso-
butyronitrile and inhibited by benzoquinone or darkness. The stereochemistry of the ring opening of 1was deter-
mined from a 1H NMR analysis of the |,1,1,3-tetrahalopropane-2,3-d2 isomers produced upon photochlorination
and photobromination of I,I-dichloro-2,3-irans-dideuteriocyclopropane (7) and its cis isomer 8. In each case, 7
yielded >96% erythro isomer, and 8 >96% threo isomer. The results clearly demonstrate that attack of both chlo-
rine and bromine atoms on the cyclopropane ring, occurs with essentially complete inversion of configuration.
The proposed mechanism involves ring opening via an SN2-like transition state; attack of the halogen atom is
postulated to occur at a minor lobe of the C1-C 2 hybrid orbital, with concomitant cleavage of the C1-C2 bond. Ev-
idence favoring the proposed mechanism over one proceeding via a bridged intermediate or transition state is pre-

sented.

Bimolecular homolytic substitution (Sh2) reactions rep-
resent one of the most common reaction pathways available
to free radicals.3 Examples of Sh2 displacements at multi-
valent atoms are well documented, and have been recently
reviewed.4 Unfortunately, few studies have examined the
particular case of an Sh 2 displacement at saturated carbon,
leaving the mechanism and stereochemistry the subject of
speculation.

Theoretical and experimental approaches to this prob-
lem5-15 have not predicted a favored stereochemical path.
A simple Huckel MO approach predicted that the reaction
might have a low degree of stereospecificity.6 Initial experi-
mental attempts to detect an Sh2 displacement on carbon
by iodine atoms, by observing racemization of optically ac-
tive sec-butyl iodide in either liquid or vapor phase, were
unsuccessful.78 Displacement occurred instead on io-
dine,910yielding the sec-butyl radical and molecular iodine
which on recombination gave racemic products. A similar
result has recently been reported for methyl iodide,11 as
well as for bromine exchange in bromotrichloromethane.12
Several attempts to detect an intramolecular Sh2 (SHi) re-
action have also been unsuccessful,1314 although Kaplani5
has proposed an SHi reaction to explain the formation of
cyclopropane and cyclopentane from decomposition of
1,3-diiodopropane and 1,5-diiodopentane.

It has become increasingly apparent that the only unam-
biguous examples of Sh2 displacements on carbon are radi-
cal induced cleavages of the strained carbon-carbon bonds
of cyclopropanes. Examples of cyclopropane ring openings
under free-radical chlorination,16 bromination,17 and iodin-
ation18 are well known. Ring opening of perfluorocyclobu-
tane by fluorine atoms has recently been reported.19

The stereochemistry of the radical induced cyclopropane
ring opening would be of interest since both nucleophilic20
and electrophilic2l ring openings have been studied in some
detail. Only a few studies, however, have examined the

stereochemistry of the radical induced ring opening, and all
have been subject to varying degrees of steric and electron-
ic bias. Applequist and Searle demonstrated that radical
attack with inversion is possible. Bromination of 9,10-
dehydrodianthracene occurs with inversion at both cen-
ters.2 Attack with retention, however, is sterically restrict-
ed. Chlorination of nortricyclene gives exo,exo-2,6-dichlo-
ronorborane,23 presumed to arise by initial attack with in-
version followed by exo chain transfer. Reaction of bromo-
trichloromethane with dibenzotricyclo[3.3.0.02,8]-3,6-octa-
diene occurs with inversion of configuration by the trichlo-
romethyl radical.24 More recently, Shea and Skell25 have
shown that photobromination of 2,4-dehydroadamantane
occurs with inversion at one center and randomly at the
other, yielding a mixture of (a,e)- and (e,e)-2,4-dibro-
moadamantane. In all of the above examples the cyclopro-
pane ring is part of a structurally more complex polycyclic
system, and thus may not be stereochemically indicative of
a monocyclic system.

We have previously reportedl the first example where
the stereochemistry of the ring opening of a monocyclic cy-
clopropane was determined; reaction of chlorine atoms
with 1,1-dichlorocyclopropane (1) proceeds with >96% in-
version of configuration. Our complete results on the pho-
tochlorination and photobromination of 1 are presented
herein. As our work in this area was being completed,
Maynes and Applequist26 described the ring opening of cis-
and trans-1,2,3-trimethylcyclopropane upon photobromi-
nation, the only other monocyclic systems examined to
date. Photobromination of the cis isomer gave equal
amounts of (S)-meso- and d/-3-methyl-2,4-dibromopen-
tane, while the trans isomer gave the (R)-meso, (S)-meso,
and dl products. The results demonstrate that attack at
one carbon occurs with inversion of configuration, while
bromination at the second carbon occurs nonstereospecifi-
cally.
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Somewhat more recently, several examples of Sh2 dis-
placements by inorganic radicals have been described.27
Results in these studies appear to indicate that in alicyclic
systems, attack with inversion may also be favored.

Results and Discussion

When a carbon tetrachloride solution, 3.14 M in 1 and
0.5 M in molecular chlorine, is irradiated at 0-5°, the chlo-
rine color fades within 0.5 hr. Analysis by GLC indicated
four products: 1,1,1,3-tetrachloropropane (2), 1,1,1,3,3-pen-
tachloropropane (3), and 1,1,1,2,3-pentachloropropane (4),
in addition to unreacted 1, and a trace of what was believed
to be 1,1,2-trichlorocvclopropane. The identities of 2-4 are
based upon a comparison of their physicall6028 and spec-
tral29 properties with those reported, as well as by compari-
son to authentic samples. Both 2 and 3 were previously re-
ported for the chlorination of 1 with sulfuryl chloride.160

Yields of 2 and 3 determined by analytical GLC and
NMR were 32-36 and 41-45%, respectively, based on chlo-
rine consumed. That 3 and 4 arise from subsequent chlo-
rination of initially formed 2 and not via ring opening of
1,1,2-trichlorocyclopropane is based on the reportl60 that
chlorination of the latter yields 1,1,2,2-tetrachlorocyclopro-
pane. Analogously chlorination of cyclopropyl chloridel66
gives mostly 1. In addition, photochlorination of 2 has been
reported30 to yield 3 and 4 in mole ratios of ca 7:1; and we
have confirmed this report.

Photobromination of 1 also occurs smoothly. Irradiation
of a 1.1 M solution of bromine in neat 1 at 35 + 2° results
in a total loss of bromine color within 1-2 hr. Analysis by
GLC indicated three unidentified minor products (<5%
total GLC peak areas) and one major product shown to be
I,3-dibromo-I,I-dichloropropane (5) by its physical and
spectral properties and elemental analysis. The yield of 5
was as high as 94% as determined by analytical GLC, with
no evidence (GLC or IH NMR) of more highly brominated
products.

A radical chain mechanism that accounts for the ob-
served products in each case is shown in Scheme I, and is
analogous to those proposed previously for other cyclopro-
pane halogénations.16-18

Scheme |

hv
X2 — »2X-

X-+ \Nci/ —»xchXZhzci2

Y 6a, X = Cl
I b. X = Br
cl
1

6 + X2 —*mXCHZTHXCI2X + X-
2, X =C1
5 X = Br
-HCL
2 + Cl2—

hv

CLCHCH,CCI, + Ci1CE.CHcCicCcl,
3 4

The known stability of 1to ionic conditions1603l strongly
implied that the reactions with chlorine and bromine were
radical in nature. This was conclusively proven by observ-
ing the relative amounts of products formed in the pres-
ence of known radical accelerators and inhibitors. Benzoyl
peroxide and azobisisobutyronitrile (AIBN) were effective
as accelerators, while benzoquinone, molecular oxygen, and
darkness were examined for their inhibitory effects. The
results of these studies are presented in Tables I and II.
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Chlorination of 1 is markedly accelerated by peroxide or
AIBN and is severely inhibited by quinone, oxygen, and
darkness. Additionally a sample of 1 in carbon tetrachlo-
ride saturated with hydrogen chloride gave no evidence of
reaction after 24 hr. Material balances are high indicating
the absence of any appreciable side reactions. Similarly
bromination of 1is accelerated by peroxide and to a lesser
degree by AIBN. The latter effect may be the result of in-
creased cage recombination of AIBN in the more polar 1.32
The acceleration of photobrominations by molecular oxy-
gen is well known,33 although the nature of the effect is not
well understood. Material balances are excellent, again in-
dicating no appreciable side reactions.

In order to elucidate the stereochemistry of attack of
both chlorine and bromine atoms on 1, 1,1-dichloro-frans-
2,3-dideuteriocyclopropane (7) and its cis isomer 8 as well
as monodeuterated 9 were synthesized, photochlorinated,
and photobrominated. The stereochemical possibilities are
presented in Scheme II.

Scheme Il
mirror X2 retention
image

CC12X

mirror
image
X
12, X = Cl
13, X = Br
14. X =d
15, X = Br

An effective synthetic approach to 7-9 would be addition
of dichlorocarbene to (£)- and (Z)-ethylene-d2 and ethyl-
ene-d], respectively. Although addition of dichlorocarbene
to ethylene proceeds poorly,3 two recent reports giving
good yields have appeared.36'36 The most promising route
appeared to be that of Fields, Haszeldine, and Peters,36
where pyrolysis of trichloromethyltrifluorosilane (16) at
140° in excess olefin gave excellent yields of the corre-
sponding 1,1-dichlorocyclopropanes. Nearly complete ste-

+ SiFjCl
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Table |
Effect of Added Modifiers on the Chlorination of 1,1-Dichlorocyclopropane (1) at 0—5
o Material
Modifier Light Time, % CI2 balance
added".* () min % 2¢ % 3" consumed c of 1
n2 + 5 15.1 10.8» 25.9 93.9
n2 + 10 31.0 44.3 75.3 93.5
n2 + 30 32.6 47.7 80.3 97.1
n2 — 1440 <1.5 <1.9 <1.5 98.1
02 + 10 2.2 <1.9 2.2 97.1
A + 5 25.0 28.0 51.0 92.2
B + 5 27.1 29.5 56.6 96.9
Q + 5 4.7 <1.9 4.7 99.9
HCI — 1440 <1.5 <1.9 <1.5

aA = AIBN; B = benzoyl peroxide; Q = benzoquinone. b Modifiers A, B, and Q added 2—3 mol % based on chlorine. c All
values are the average of at least two separate determinations. d A referee has pointed out that the change in 3/2 with the
extent of chlorination is further evidence for formation of 3 and 4 from 2 (vide supra).

Table 11
Effect of Added Modifiers on the Bromination
of 1 at 35 + 2°

Material
Modifier Light Time, balance
added“.6 () hr % of \d
n2 + 1 10.4 98.0
n?2 —C 22 2.8 93.4
02 + 1 82.7 96.0
02 — 22 1.6 95.4
N2 + 3 94.5 98.0

A + 1 15.3 99.8

B + 1 92.8 97.5

Q + 1 5.2 100.4

aA = AIBN, B = benzoyl peroxide, Q = benzoquinone.
* Modifiers A, B, and Q used at 2—3 mol % of bromine.
c Reaction at 45°. d All values are the average of two sepa-
rate determinations.
reospecific addition was observed for isomerizable olefins if
0.5-1.0 equiv of toluene was added to the reaction.37 Reac-
tion with ethylene gave 1in 86% yield.

The appropriately deuterated ethylenes were prepared
by previously described procedures38 (see Experimental
Section). The ir spectra of all acetylenes and ethylenes
were in excellent agreement with those reported.3940 Pyrol-
ysis of 16 in the presence of excess deuterated ethylene,
and where necessary toluene, gave 7-9 in good yields. Al-
though the reaction mixtures were frequently dark colored
and contained some polymeric material, the only volatile
products (GLC) were chloroform, 7-9, and, if added, tolu-
ene. Purification was accomplished by distillation and pre-
parative GLC, yielding 7-9 as clear, colorless liquids, with
GLC behavior identical with that of 1. The overall synthet-
ic route is summarized below.

H D

CrdP-H~ \N_ 16, PhCH,

/ \ 140°. 24 hr

D H
"V D D
AZn-Cul/H* \ / 16PhCH~

/ \ 140°, 24 hr

H H
H H
\_y \_/ B , 9
~ A 140-. 24 hr
MgBr H D

Stereospecificity of the carbene addition was assumed
from previous work,3637 and qualitative confirmation
achieved spectroscopically. Spectroscopic differences be-
tween 7 and 8 are more apparent in the Raman than in the

infrared. The Raman spectrum of 7 exhibits a medium-in-
tensity band at 835 cm-1, a peak present, but extremely
weak, in the spectrum of 8. Similarly 8 has a medium-in-
tensity band at 865 cm-1, present, but extremely weak, in
the spectrum of 7. The relative peak intensities indicate ca.
5% stereoisomeric impurity in each case.41

Distinction between erythro tetrahalopropanes 10-11
and threo isomers 12-13 obtained on halogenation of 7 or 8
should be provided by their *H NMR coupling constants.42
The JH NMR of 2 has been reportedX13as an AA'BB' spin
system with Jab = 10.9 and Jab = 4.8 Hz. Deuterium sub-
stitution for Ha- and Hb- should reduce the spectra of
10-13 to AB spin systems with similar couplings. The
erythro isomers 10-11 would be expected to exhibit the
larger coupling.

Chlorination of 7 and 8 was carried out in carbon tetra-
chloride similar to chlorination of 1 (see Experimental Sec-
tion). The 1,1,I,3-tetrachloropropane-2,3-d2 obtained from
chlorination of 7 gave the 60-MHz NMR spectrum
shown in Figure la. The AB pattern is clearly evident, J ab
at 11 Hz, and clearly is predominantly the erythro isomer,
10. Similarly chlorination of 8 gave threo isomer 12, Jab —
5 Hz. The JH NMR of 12 (Figure Ib) collapses to two broad
multiplets as a result of the smaller coupling. Also isolated
from both 7 and 8 was 1,1,1,3,3-pentachloropropane (17),
presumed to be a mixture of 2,3-d~ and 2-d\. Chlorination
of 9 gave 14 and pentachloropropane 18. The *H NMR of
14 indicated no appreciable isotope effect introduced by
the single CHD functionality.

CC1CHDCHC12 Ca,CH,CHCI2
) (HD) (D)
17 18

Bromination of 7-9 was carried out exactly as described
for 1. Both products 11, 13, and 15 as well as unreacted 7-9
were collected by preparative GLC. A Raman spectrum of
recovered 8 gave no evidence of any isomerization. The *H
NMR spectra of the 1,3-dibromo-I,I-dichloropropane-2,3-
(;2 products from 7 and 8 were strikingly similar to those of
10 and 12, clearly indicating predominant inversion of con-
figuration by the bromine atom.

Vicinal and geminal hydrogen-deuterium coupling in the
60-MHz 'H NMR spectra made accurate determination of
Jab impossible, and more importantly eliminated any
quantitative estimation of the amount of stereoisomeric
impurity (e.g., a retention pathway). Spectral clarification
of 10-13 was achieved using a 250-MHz spectrometer and
deuterium decoupling. The decoupling frequency was cho-
sen to optimize both the A and B portions simultaneously.
The decoupled spectra of both 10 and 12 are shown in Fig-
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Figure 1. 60-MHz '"H NMR spectra of (a) erythrO—l,l,l,S-tetrachIoropropane-2,3-d2 (10); (b) threo-1,1,1,3-tetrachloropropane-2,3-d2

(12).

Figure 2. Deuterium-decoupled 250-MHz
(a) 10 and (b) 12.

'H NMR spectra of

ure 2; isomer assignments, coupling constants (measured
directly from the spectra), decoupling frequencies, and
peak positions from internal Me4Si are summarized in
Table II1.

The decoupled spectra of 10-13 are sufficiently distinct
to observe traces of stereoisomeric impurity as well as
monodeuterated 14 or 15. Planimetry integration of each
spectrum allowed calculation of the stereoisomeric ratios:
10/12, and 12/10 for chlorination of 7-8 and 11/13 and
13/11 for bromination. These ratios were all found to be
0.96 + 0.04, while the amount of 14 and 15 was 9.5 + 2.0%
in all cases. The observation of identical stereoisomeric ra-
tios, within experimental error, for two radicals of consider-
ably different energies, as well as the Raman evidence that
7 and 8 were not stereoisomerically pure, suggests that
product stereoisomeric impurities arise by stereospecific
reactions of 7 and 8 and not via a retention pathway.

Observation of essentially complete inversion by both
chlorine and bromine atoms eliminates mechanisms result-
ing in retention of configuration. Thus formation of an
edge-attached or corner-attached species, 19 and 20, as in-
termediates or transition states does not occur to a detect-
able extent. Both would be expected to lead to ring-opened

D D X
19 20 21

radical 21 resulting in retention of configuration, contrary
to our experimental results.



Bimolecular Homolytic Substitution at Carbon

Table 111

J. Org. Chem., Vol. 41, No. 3, 1976

IH NMR Data (250 MHz) and Product Assignments for Chlorination and Bromination of 7—9

2 Hdecoupling

527

Reactant Halogen Product ~AB' Hz frequency, Hz Peak positions, Hz from internal Me4Si
7 cl 10 11.2 38, 376, 652 940.5, 951.8 778.5, 789.7
8 Cl. 12 4.7 38, 376, 650 942.2, 946.9 780.5, 785.3
9 ci, 14 38, 376, 650 938.6, 944.5 776.5, 783.9

946.7, 952.4 791.7
954.5
7 Br: 11 12.0 38, 376, 651 904.6, 892.6 820.4, 808.4
8 Br. 13 4.6 38, 376, 650 901.3, 896.8 818.2, 813.6
9 Br) 15 38, 376, 651 907.6, 905.7 806.7,814.7
904.4, 899.9 822.5
896.7,891.1

Nonclassical radicals 19 and 20 would not be expected to
lead to significantly increased radical stability.43 Further-
more, neither leads to any significant release of ring strain,
the obvious driving force of the reaction. Additionally 20
could suffer attack by halogen at C3 resulting in formation
of some 1,2,2,3-tetrahalopropane, none of which was de-
tected in any experiment.

Inversion could occur via two pathways. The most likely
in our opinion would be a one-step displacement process,
proceeding via a transition state geometrically similar to
that of an Sn2 displacement. Attack of X- occurs at a
minor lobe of the C1-C2 hybrid orbital, with concomitant
cleavage of the'Cx-C” bond. This would lead directly to
ring-opened radical 22, provides direct relief of ring strain,

=CCL,

would not be expected to yield any 1,2,2,3-tetrahalopro-
pane, and most importantly predicts the observed stereo-
chemistry. Attack of halogen on 22 would be expected to
occur nonstereospecifically.

A second mechanism also leading to inversion involves
initial formation of edge-attached 19 which is then inverted
at C2 by halogen.

This latter mechanism appears unlikely, particularly
based on the questionable existence of 19 (vide supra). If
initial formation of 19 does occur, it would most likely exist
as unsymmetrical 23;44 unpaired electron density in both

Cl

23

19 and 23 should be greatest at Ci. Reaction with halogen
should be favored there, and lead to retention.

Nonetheless, attack by symmetrical reagents, chlorine
and bromine, fails to distinguish between the partial or ex-
clusive operation of either mechanism. A distinction could
be effected, however, by reaction of 1 and, by analogy, 7-8,
with a generalized unsymmetrical addend AB. If B- serves
as the chain carrier, then reaction of 1 by an SN2-like path
(a) would give 24, while a mechanism involving 19 or 23 (b)
would yield 25.

ACC12CHXCHZ2B BCC12CH2CH2A
24 25

Reactions of 1 with bromotrichloromethane (A = Br, B =
CCI3) or trichloromethanesulfonyl chloride (A = CI, B =
CCI3) under a variety of conditions (see Experimental Sec-
tion) were unsuccessful. Formation of hexachloroethane in
each case implied formation of the trichloromethyl radical,
but no ring opening appears to occur.45

The use of bromine chloride to effect difficult bromina-
tions is well known,33'46 and the mechanism is established
to be initial hydrogen abstraction by chlorine atoms, fol-
lowed by reaction of the generated radical with BrCI.

-HCIn BrCIt

RH + Cl- RBr + Cl-

The analogous reaction of 1 should yield I-bromo-1,1,3-
trichloropropane (26) via path a, or 3-bromo-I,l,I-trichlo-
ropropane (27) via path b.

Photolysis of a solution of 1, bromine, and chlorine in
mole ratios of 23.5:1:3 leads to a rapid reaction and forma-
tion of at least ten products (Experimental Section). The
tetrahalopropanes isolated from the reaction were found to
be 2, 5, and only 26. An excess of chlorine served to divert
bromine to BrCl, eliminating the possibility of bromine
bridging (19 or 23, X = Br). Evidence supporting this con-
clusion is that 5, while formed, possibly from 23, more like-
ly from 6b, is formed as <1% of the total product peak
areas in the GLC. There was no evidence by GLC for the
presence of any 27 and 1% should have been detectable. We
conclude, therefore, that attack of chlorine and bromine
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atoms on 1 and 7-9 occurs with complete inversion of con-
figuration, and that the mechanism of inversion does not
involve a bridged radical species to any detectable degree.
Our results appear to be in close agreement with those of
Maynes and Applequist.26

Experimental Section

Melting points were taken on a Fisher-Johns apparatus and are
corrected. Boiling points are uncorrected. Infrared spectra were re-
corded on a Beckman IR-20 spectrophotometer using 10% (v/v) so-
lutions in carbon tetrachloride and carbon disulfide. Peak posi-
tions were calibrated with the 1601.8-cm* 1 band of polystyrene.
Vapor phase ir spectra were obtained with a standard 10-cm cell
with sodium chloride windows. Laser Raman spectra were record-
ed using neat samples, on a Cary Model 81 spectrophotometer
using a Spectra Physics Model Ar+ laser at 4880 A.

Proton magnetic resonance (1H NMR) spectra were recorded on
a Varian A-60 using 10% (v/v) solutions in carbon tetrachloride.
Chemical shifts are reported in parts per million (6) from internal
tetramethylsilane. Spectra at 250 MHz and deuterium decoupling
experiments were performed at the NMR Biomedical Facility,
Carnegie Mellon University Pittsburgh, Pa.

Analytical and preparative GLC were performed using a Varian
Aerograph A-90-P3 chromatograph. Columns all prepared on
60/80 mesh Chromosorb P as support were: A, 6 ft x 0.25 in. 20%
SE-30; B, 12 ft x 0.25 in. 20% SE-30; C, 15 ft x 0.25 in. 10% Ucon
50-1b 550X; and D, 5 ft X 0.25 in. stainless steel, 20% SE-30.

Elemental analyses were performed by Alfred Bernhardt Mi-
kroanalytisches Laboratorium, Elbach, West Germany.

Antimony trifluoride (Alpha), methyltrichlorosilane (Dow Cor-
ning), and cyclopropane (National Cylinder Gas) were all used as
received.

Carbon tetrachloride, THF, and bis(2-ethoxyethyl) ether (DEC)
were distilled from and stored over calcium hydride. Commercial
1.1.1.3- tetrachloropropane (2) (Peninsular Chemresearch) and
1.1.1.3.3- pentachloropropane (3) (K and K Laboratories) were pu-
rified by preparative GLC using column B at 165 and 180°, respec-
tively. Benzoyl peroxide47s and AIBN47b were purified by several
recrystallizations.

1,1-Dichlorocyclopropane (1) was prepared by vapor phase chlo-
rination of cyclopropane following the procedure described by
Stevens.160 Purification by distillation and then preparative GLC
on column A at 88° gave pure 1 with physicali630 and spectral4s
properties identical with those reported.

Acetylene-d2 and (£)- and (Z)-ethylene-d2 were prepared fol-
lowing the general procedure described by Nicholas and Carroll.38
The only modification: in the case of (Z)-ethylene-d2, the partially
reduced mixture was shaken for an additional 24 hr to effect com-
plete reduction, not isolated and treated with fresh catalyst as de-
scribed.38 Any traces of unreduced acetylene-d2 did not interfere
in subsequent reactions. Ethylene-di was prepared by addition of
deuterium oxide to freshly prepared vinylmagnesium bromide.49
Trichloromethyltrichlorosilane50 prepared by photochlorination
of methyltrichlorosilane, was purified by short-path distillation.

Trichloromethyltrifluorosilane (16) was prepared by a modifica-
tion of the procedure described by Meuller, Reichel, and
Dathe.31"53 Trichloromethyltrichlorosilane (0.25 mol) in xylene (50
ml) was added at —0° to an equimolar suspension of antimony
trifluoride in xylene (50 ml) under a dry nitrogen atmosphere over
a 2-hr period. After stirring at —20° for an additional 1 hr, a
stream of dry nitrogen was used to sweep 16 into two dry ice-2-
propanol traps as the mixture warmed over 2 hr to 25°. After 2 hr
at 25° the mixture was warmed to 50° and maintained at 50° for 2
hr. The contents of both traps were combined and distilled
through an 8-in. vacuum-jacketed Vigreux column into a dry ice
cooled receiver, giving 16 in 75% yield, bp 44-45° (lit.3661 43.5-
457). Purified 16 was stored in a tightly stoppered flask at —78°
and was stable for at least 1 month. The liquid reacts vigorously
with moist air and should be handled with considerable care.

Synthesis of Deuterated 1,1-Dichlorocyclopropanes 7-9. Re-
action of deuterated ethylenes with 16 was carried out in a 31
flask, the top of which was sealed and two high-vacuum stopcocks
fused into the neck. The ethylenes were dried by passage through a
calcium sulfate drying tower and introduced into the reaction flask
by vacuum transfer. Then 5.5-6.0 g (27-29 mmol) of 16 and tolu-
ene (1.0-1.2 g, 11-13 mmol), where necessary, were introduced by
chilled syringe. The ratio of ethylene:16 is thus ca. 4.8:1 assuming
ideality. The stopcocks were securely fastened and the flask heated
at 140° for 22-24 hr, removed, and cooled to —20°. The liquid that
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condensed was drawn off and the flask washed with two 15-ml por-
tions of DEC.

In the case of (£)- and (Z)-ethylene-d2, the above procedure was
repeated and the initially collected liquid and DEC washings were
combined with those of the first run. Both the washings and crude
liquid were then separately distilled, and material boiling to 100°
collected. Isolation of 7 and 8 was then accomplished by prepara-
tive GLC of each distillate using column C at 110°. With ethylene-
di only the DEC washings were distilled, the distillate and initially
isolated liquid then subjected to preparative GLC as described
above to give 9.

From two runs with (£)-ethylene-d2 using a total of 58 mmol of
16 and 26 mmol of toluene was obtained after preparative GLC
2.44 g (21.6 mmol, 37%) of 7: bp 75-76°; d254 L235; n25D 1.4362; ir
1280, 1208, 1082, 970, 950, 920, 818, 700, 682, and 490 cm '1; Raman
3060, 3020, 2285, 1208, 927, 872, 834,490, and 272cm 'L, 'H NMR &
1.43 ppm (s).

Similarly from (Z)-ethylene-d2, 57 mmol of 16, and 27 mmol of
toluene was obtained 2.33 g (20.6 mmol, 36%) of 8: bp 75-76°; d264
1.231; n2sD 1.4358; ir 1288, 1210, 1122, 1090, 1072, 960, 950, 920,
815, 708, 682, and 492 cm* 1; Raman 3060, 3020, 2285, 865, 492, and
272 cm* 1, 'H NMR 6 1.45 ppm (s).

Reaction of ethylene-di and 16 (30 mmol) gave 1.4 g (13 mmol,
41%) of 9: bp 75-76°; d254 1.241; n25D 1.4382; ir 1432, 1320, 1220,
1120, 1090, 1052, 960, 952, 820, 705, 656, and 490 cm“ 1 Raman
3062, 3020, 2285, 1222, 872, 496, and 272cm“ 1, ‘H NMR $1.44 (s).

Chlorination of 1. A solution of 1 (11.0 mmol) in carbon tetra-
chloride (1.5 ml) was added to 1.0 ml of chlorine-saturated carbon
tetrachloride, 1.72 mmol of chlorine.54 The solution was placed in a
small ampoule, sealed, cooled to 0-5°, and irradiated with a 150-W
GE “reflector spot” incandescent lamp placed 6 in. from the sam-
ple until colorless (10-35 min). Analysis of the reaction mixture by
GLC using column A at 150° or B at 170° indicated four compo-
nents in addition to unreacted 1. In order of increasing retention
time these were shown to be a minor product, 2-3% of total prod-
uct peak area, believed to be 1,1,2-trichlorocyclopropane, 2, 3, and
4. Yields of 2 and 3 varied from run to run, ranging between 32-
36% 2 and 41-45% 3. Preparative GLC using column A at 150°
gave pure 2 (18%), 3 (20%), and 4 (ca. 3%), identified by their phys-
ical2s and spectral29 properties and comparison to authentic sam-
ples.

Chlorination of 7-9. Owing to more limited quantities of 7-9,
the following general procedure was employed. The dichlorocyclo-
propane (0.4 ml, 4.4 mmol) in 0.6 ml of carbon tetrachloride was
treated with 0.6 ml of chlorine-carbon tetrachloride and chlorinat-
ed as described for 1. The reaction mixture was transferred to a
small flask, carbon tetrachloride and unreacted 7-9 were carefully
distilled off, and the mixture was then rechlorinated with 0.45 ml
of chlorine solution. Redistilling, chlorinating a third time with
0.30 ml of chlorine solution (total chlorine 2.3 mmol), and redistill-
ing left a high-boiling residue that was separated by preparative
GLC on column A at 150°. Only 1,1,1,3-tetrachloropropanes 10, 12,
and 14 and 1,1,1,3,3-pentachloropropanes 17 and 18 were collected.

Reaction of 7 as described yielded after preparative GLC 0.36
mmol (16%) of erytbro-1,1,1,3-tetrachloropropane-2,,3-d2 (10): ir
1288, 1260, 1211, 1123, 1078, 1040, 950, 888, 800, 728, and 700
cm*® 1 Raman 2960, 2225, 388, 242, and 227 cm“1 'H NMR 5
2.98-3.32 (m, CCI3-CHD) and 3.62-3.98 ppm (m, CHDC1). See
Figure la.

Also isolated was 0.46 mmol (38%) of 1,1,1,3,3-pentachloropro-
pane 17, its 'H NMR indicating it to be a mixture of 2,3-d2 and
2-d\ isomers: ir 1257, 1211, 1108, 1027, 947, 930, 911, 899, 828, 790,
699, 654, and 562 cm“ 1, Raman 2970, 2240, 705, 564, 388, 318, 277,
208, and 190 cm"1; NMR 53.50-3.65 (m, CCI3CH-) and 5.82-
6.00 ppm (m, CHC12).

Chlorination of 8 was repeated a fourth time with 0.30 ml of
chlorine solution (vide supra) to yield after preparative GLC 0.51
mmol (17%) of threo-l,l,1,3-tetrachloropropane-2 3-d2 (12): ir
1315, 1285, 1092, 1012, 992, 940, 885, 800, 712, and 522 cm"1
Raman 2995, 2960, 712, 558, 462, 388, 350, 242, and 224 cm“ 1, >H
NMR i 2.88-3.23 (m, CCI3CHD) and 3.53-3.88 ppm (m, CHDC1),
see Figure Ib.

In addition 0.53 mmol (35%) of 17 was also isolated, and was
identical in ir, Raman, and ]H NMR with that obtained from 7.

Chlorination of 9 as described for 7 gave after preparative GLC
0.30 mmol (13%) of I,1,1,3-tetrachloropropane-2- and -3-d1 (14): ir
1455, 1435, 1312, 1292, 1263, 1215, 1081, 1050, 1031, 1015, 945, 900,
830, 800, 741, 712, 680, 660, 570, and 540 cm“ 1, Raman 2980, 2945,
2225, 716, 572, 560, 390, 250, and 228 cm“ 1 'H NMR 6 3.00-3.30
(m, CCI3CHD) and 3.67-4.00 ppm (m, CHDC1).
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In addition 0.45 mmol (36%) of 1,1,1,3,3-pentachloropropane 18
was isolated, presumed to be a mixture of 2- and 3-di and do: ir
1418, 1218, 1090, 1022, 978, 935, 917, 900, 830, 792, 710, 660, and
565 cm*“ 1, Raman 2950, 2245, 830, 722, 708, 580, 566, 381, 318, 278,
208, and 190 cm"1 4H NMR 5 3.47-3.40 (m, CC13CH) and 5.85-
6.05 ppm (m, CHC12).

In all cases, the GLC behavior of 1,1,1,3-tetrachloropropanes 10,
12, and 14 and 1,1,1,3,3-pentachloropropanes 17 and 18 was identi-
cal with that of their undeuterated analogues 2 and 3 on all col-
umns tested.

Bromination of 1. When a solution of bromine (0.64 mmol) in 1
(6.0 mmol) was irradiated at 35°, the color faded within 1-2 hr.
Analysis of the reaction mixture by GLC, column D, 170° (copper
columns caused extensive decomposition) indicated three minor
products totaling ca. 5% of total product peak areas and a major
product shown to be 5. Two of the minor components are likely
due to thermal decomposition of 5 as purified samples of 6 also
show two minor peaks and 5 on reinjection. Yields of 5 (GLC) were
shown (Table I1) to be as high as 94%. Preparative GLC of the re-
action mixture gave 5 in 65% isolated yield, as a clear, colorless lig-
uid with an odor similar to that of 2: n2D 1.5422 (lit.556 n20D
1.5450); ir 1217, 1153, 800, 785, 679, and 647 cm-1; Raman 2985,
2940, 650, 579, 369, 339, 290, 228, and 169 cm-1, 'H NMR 6 3.00-
3.33 (m, CCIZBrCH2) and 3.40-3.73 (m, CH2Br).

Anal. Calcd for C3H4Br2Cl2: C, 13.29; H, 1.49; Br 59.03; Cl, 26.19.
Found; C, 13.25; H, 1.39; Br, 58.97; Cl, 26.19.

Bromination of 7-9 was accomplished similarly using 5.5 mmol
of cyclopropane and 0.58 mmol of bromine. Both unreacted 7-9
and products 11, 13, and 15 were isolated by preparative GLC on
column D at 170°.

Thus 7 gave 0.39 mmol (67%) of eryf/iro-1,3-dibromo-I,I-dichlor-
opropane-2,3-d2 (1,1) after preparative GLC: ir 1283, 1180, 1028,
945, 850, 781, 742, 712, 690, and 630 cm*“ 1, Raman 632, 364, 338,
289, 275, 225, and 169 cm’ 1, 4H NMR 6 2.97-3.35 (m, CCI2BrCHD)
and 3.40-3.73 ppm (m, CHDBF).

Bromination of 8 followed by preparative GLC yielded 0.32 mol
(55%) of threo-1,3-dibromo-I,I-dichloropropane-2,3-d2 (13): ir
1200, 1085, 1008, 988, 940, 850, 782, 740, 708, 688, and 631 cm"1;
Raman 634, 364, 338, 290, 276, 225, and 168 cm”; *H NMR 6 3.07-
3.38 (m, CCI2BrCHD) and 3.40-3.68 ppm (m, CHDBF).

Finally, bromination of 9 gave 0.35 mmol (59%) of 15 as a mix-
ture of 2- and 3-du isomers: ir 1284, 1230, 1180, 1072, 1005, 937,
863, 805, 785, 740, 725, 710, and 632 cm* 1, Raman 2985, 632, 368,
339, 292, 228, and 169 cm“ 1, 'H NMR 53.00-3.38 (m, CCI2BrCHD)
and 3.41-3.70 ppm (m, CHBY).

Reaction of 1 with Bromine-Chlorine Mixtures. Photolysis
of 1 (5.5 mmol) in a solution of bromine (0.23 mmol) in 0.40 ml of
chlorine-saturated carbon tetrachloride (0.70 mmol of Cl2at 20°
resulted in a complete loss of color within 20 min. Analysis of the
reaction mixture by GLC on column D at 145° indicated at least
ten components. In order of increasing retention time they were
two trace products not identified but likely 1,1,2-trichloro- and
I,I-dichloro-2-bromocyclopropane; 2, I-bromo-I,1,3-trichloropro-
pane (26), 3, 4, 5, and three higher boiling components. ldentifica-
tion of 2-5 was initially confirmed by coinjection with authentic
samples. After unreacted 1and carbon tetrachloride were carefully
distilled off, preparative GLC allowed spectroscopic (ir) verifica-
tion. The three highest boiling components were not specifically
identified but the ir and '"H NMR of two of them strongly indicat-
ed that they were 1,1,1,3,3-pentahalopropanes. The other had ir
very similar to that of 4 and is likely a 1,1,1,2,3-pentahalopropane.

The identity of 26, isolated in ca. 20% yield, is based upon its ir,
Raman, and IH NMR spectra and elemental analysis: n20D 1.5147;
ir 1446, 1425, 1240, 1254, 1173, 1070, 1025, 970, 822, 795, 720, 703,
560, and 530 cm"1, Raman 2979, 2943, 1434, 1068, 1025, 825, 799,
721, 677, 534, 376, 345, 303, 289, 232, and 211 cm“ 1 >H NMR &
2.92-3.27 (m, CCI2BrCH2) and 3.61-3.80 ppm (m, CH2C1). The re-
fractive index of 27 is reported5to be n 30D 1.5127.

Anal. Calcd for C3H4BrCI3 C, 15.90, H, 1.76; Br, 35.30; Cl, 47.02.
Found: C, 15.88; H, 1.67; Br, 35.16; Cl, 46.80.

Attempted Reactions of 1 with Trichloromethyl Radicals.
A. Bromotrichloromethaile. Heating a solution of 1 (5.5 mmol)
and bromotrichloromethane (42 mmol) with 50 mg of benzoyl per-
oxide at 105° for either 2 or 8 hr yielded no products. Only starting
materials and a trace of bromobenzene were observed (GLC, 'H
NMR).

In a second experiment, four solutions of 1 and bromotrichloro-
methane were prepared providing mole ratios of 1:bromotrichloro-
methane of 1:1, 1:1, 1:2, and 1:0.5. Benzoyl peroxide (50 mg) was
added to the latter three solutions and all were irradiated at 95°
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for 22 hr, cooled, and analyzed by GLC, column D at 145°. The
only observable products in samples with added peroxide were
bromobenzene and hexachloroethane and in one case (1:2) a trace
of 5.45 The sample without peroxide gave an extremely weak peak
with retention time identical with that of 5.45

B.  Trichloromethanesulfonyl Chloride. A solution of 1 (6.6
mmol) and trichloromethanesulfonyl chloride (5.6 mmol) and 50
mg of benzoyl peroxide were heated at reflux for 8 hr. Analysis by
GLC, column D, 145° indicated only starting materials, chloro-
benzene, and hexachloroethane. Extending the reaction time to 16
hr gave identical results.

Chlorination and Bromination of 1 in Presence of Added
Modifiers. A solution of 1 (11.0 mmol) in carbon tetrachloride (1.5
ml) was added to a small flask and deoxygenated with nitrogen,
bubbled into the solution via a small capillary. Then, in a dark-
ened room, 1.0 ml of chlorine-saturated carbon tetrachloride (1.72
mmol) was added. Aliquots of 0.70 ml were then added to each of
five nitrogen-flushed ampules. Three of the ampules contained
preweighed quantities, 2-3 mol % based on chlorine, of benzoyl
peroxide, AIBN, and benzoquinone. The other two ampules con-
tained no additional modifiers. All the ampules were sealed and
those with modifiers and one without were irradiated at 0-5° for 5
min. The remaining ampule was wrapped in aluminum foil and
stored in the dark at 5° for 24 hr.

The effect of oxygen was ascertained by saturating the solution
of 1with oxygen prior to addition of chlorine. The ampule and one
treated with nitrogen were then irradiated for 10 min, at which
time the nitrogen-treated sample was colorless.

Product Analysis. Samples were analyzed for 2 and 3 by ana-
lytical GLC using column B at 170°. Millimoles of product formed
in each sample was determined by comparison of peak areas (plan-
imetry integration) with standard solutions of 2 and 3. Control ex-
periments established that peak area was linear with respect to
concentration and injection size within 1.5%. The minimum extent
of reaction was determined by diluting the standards until a 40-/d
injection gave a small but repeatable peak at recorder attenuation
2. Avyield of 2 of 1.5%, based on chlorine, could have been detected
and 1.9% of 3.

When the irradiation of a series of samples was completed, they
were stored at 3° in a darkened room prior to analysis. Standard
solutions were injected, then each ampule was opened in a dark-
ened room and the contents washed into a 1.0-ml volumetric flask
and diluted to the mark with carbon tetrachloride. The solution
was mixed thoroughly and a 251 injection made. In cases of se-
vere inhibition a 40-/d injection was also made. Millimoles of 2 and
3 in each sample were calculated from the relative peak areas and
standard solution concentrations.

Unreacted 1 in each sample was determined by 'H NMR using
p-xylene as an internal standard. A carefully weighed amount of
p-xylene (ca. 0.10 g) and 0.50 ml of the sample solutions prepared
for GLC analysis were mixed thoroughly and the singlets of 1 and
methyl groups of p-xylene were scanned and integrated a mini-
mum of five times, and millimoles of 1 calculated. All of the above
operations were conducted in a darkened room and there was no
evidence of chlorination of the xylene.

B. Bromination. The overall procedure was virtually identical
with that described for the chlorination, except that irradiation
times were 1 hr at 35 + 2°. In each run a solution of 2.3 mmol of
bromine in 22 mmol of 1was used.

The amount of 5 in each sample was also determined by analyti-
cal GLC using column D at 170°. Peak areas were compared to
those of standard solutions of 5 in carbon tetrachloride. Control
experiments again verified the linearity, within +1.0%, of peak
areas with sample concentrations and injection size. It was also
shown that as little as 0.70% of 5 could have been detected.

Attempts to determine unreacted 1, however, were complicated
by rapid bromination of p-xylene by residual bromine, even in a
darkened room. The following general procedure was thus em-
ployed. At the completion of the GLC analysis the solution was
added to 1.0 ml of 1 M sodium bisulfite and shaken until colorless.
The organic layer was withdrawn and dried over potassium car-
bonate. Then 0.20-ml aliquots of the above were added to p-xylene
and the integrals recorded, and the amount of unreacted 1 calcu-
lated. This procedure was checked by preparing a solution of 1and
bromine as if no reaction had occurred. Work-up and analysis indi-
cated 98% of 1 present, indicating no loss due to reaction with bi-
sulfite and/or solubility.

For both chlorination and bromination studies, at least two sep-
arate and independent studies of added modifiers were made. The
averages of these runs are presented in Tables I and II.
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A total synthesis scheme for the preparation of 11/3-methyl-19-nor steroids was developed. A key step in the
synthesis involved the use of an allylic quaternary ammonium salt, 5, to alkylate 2-methylcyclopentane-I,3-dione
to produce the seco steroid, 6a. Cyclization under mild conditions led to 7a which after a series of stereospecific
reductions produced racemic 11/3-methylestradiol-3-methyl ether (10a). The method was also applied to the syn-
thesis of previously inaccessible 110,18-dimethyl-19-nor steroids.

The preparation of 11-methylated steroids from natural-
ly available materials involves the reaction of an organome-
tallic compound with a readily enolizable 11-ketone.2 At-
tempts at applying the same series of reactions to the 18-
homologues failed.3 The problems encountered in the in-
troduction of the lid-methyl group as well as interest in
obtaining the 13-ethyl analogues has prompted some ef-
forts toward total synthesis. Because of the efficiency of
the Smith-Torgov approach this method was tried but
found unsuccessful for the 11-methyl derivatives.34 The
tricyclic compound, 1, could be prepared with difficulty via
the isothiouronium salt technique.35 Various attempts at
cyclization of 1 produced only traces of 2 (as a mixture of
Cji isomers) together with 98-100% of cleavage products, 3
and 2-methylcyclopentane-1,3-dione.

We postulated that if the 9,11 double bond could be
forced into the 8,9 position the desired cyclization would
become favorable and at the same time the cleavage reac-
tion would become unlikely. Thus, we sought to prepare a
diene such as 6a.

Initially we approached this problem via the reaction of
3-dimethylaminopropen-2-yl magnesium bromide6 with 6-
methoxy-l-tetralone to produce 4 after acidic work-up.
Subsequently we found it more convenient to utilize a lithi-
um reagent prepared via halogen-metal interchange be-
tween 2-bromo-3-dimethylaminopropene and n-butyllithi-
um.7'8 In the course of our work we found that 2-chloro-3-
dimethylaminopropene will also undergo exchange with n-
butyllithium if the temperature is allowed to rise to 0°.
(The bromo compound exchanges rapidly at -40°.) The
use of the lithium reagent has the advantages of speed in
preparation, easier work-up with a cleaner product, and
more easily recovered 6-methoxy-I-tetralone. Owing to en-
olate formation there is always about 40% of the 6-me-
thoxy-I-tetralone left at the end of the reaction. Presum-
ably the high rate of enolate formation is due to the steric

inhibition of the addition reaction. The crude product, 4,
could be quaternized directly with methyl iodide to form 5.

Since the quaternary salt, 5, is allylic, it was very likely
that anionic attack would result in the displacement of tri-
methylamine. Most of the reported uses of quaternary am-
monium salts for C-alkylation reactions involve quaternary
salts of Mannich bases where an elimination-addition reac-
tion mechanism is probable. The use of several benzylic
quaternary ammonium salts to C-benzylate malonic ester
or acetoacetic ester in up to 80% yield was the example
closest to the reaction envisaged.9-10 We treated the salt, 5,
with the sodium salt of 2-methylcyclopentane-1,3-dione in
refluxing xylene with a trace of hexamethylphosphoric tri-
amide (HMPT) and were able to isolate 6a in 38% yield.
The work-up was complicated by the presence of small
amounts of complex amine by-products which were not
readily removed by acid extraction and which hindered the
crystallization of the product. We reasoned that these ma-
terials were formed by a dequaternization reaction induced
by the iodide ion. This speculation was supported by the
discovery of crystals of tetramethylammonium iodide high
in the reflux condenser. In order to remove the iodide we
converted 5 to a quaternary ammonium hydroxide, added
the dione, and heated as before, thereby increasing the
yield of 6a to 55%. The use of more than 2% HMPT re-
sulted in lowered yields as the amount of O-alkylation
product and other undetermined by-products increased.
The reaction of the amine, 4, with 2-methylcyclopentane-
1,3-dione with or without added base did not produce any
of the desired product. In a similar manner 2-ethylcyclo-
pentane-1,3-dione produced 6b.

The tricyclic compounds, 6, were indeed readily cyclized
below 10° with 1 equiv of anhydrous p-toluenesulfonic acid
in benzene or toluene. The tetracyclic hexaenes (7a, 7c)
were isolated with caution or more conveniently were re-
duced directly to the more stable hydroxy compounds (7b,
7d). In both of these intermediates the 13-ethyl derivatives
required somewhat greater caution in solution (low temper-
ature, N2 atmosphere, and avoidance of base) but all of
these materials could be stored for extended periods in the
crystalline state in a refrigerator.

Catalytic hydrogenation of 7b led to 9a as the major
product. If the hydrogenation was stopped after 1 equiv of
hydrogen the major product was 8 with the amount of ma-
terial corresponding to structures 2 estimated at about 10%
on the basis of NMR and uv analysis of the crude mixture.
We can therefore presume that the hydrogenation proceeds
by way of 8 with the entering hydrogen atoms going in by a
1,6 addition, followed by a 1,4 addition with both atoms on
the same side of the molecule. In the ethyl series the yield
of 9b was slightly lower. This fact along with the decreased
stability of 7c and 7d may be due to a slightly greater strain
on the triene system caused by the bulkier ethyl group.
This added strain could easily explain the decreased stabil-
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10a, R = CH3X =

b, R = CH3X =0

c,R=CH5X ="

dR=CH5X=0

ity and it might alter the route of hydrogenation leading to
additional isomers.

Reduction of 9a with sodium and aniline in ammoniall
produced 10a. The ir, uv, and NMR spectra of this material
were identical with those of a sample of 3-methoxy-I1/?-
methylestra-1,3,5(10)-trien-17/3-ol from natural sources.2
The 17-ketone, 10b, was also prepared and again the spec-
tra were identical with those of an authentic sample. The
ethyl compounds, 10c and 10d, were likewise prepared. The
similarity of the NMR bands corresponding to the 11-
methyl protons in the methyl and ethyl series is evidence
for the same relative stereochemistry.

The 3-methoxy-11/3-methyl-13-ethylgona-I1,3,5(10)-tri-
en-17/3-ol (10c) was converted by standard reactions to the
progestational type compounds 11.

Experimental Section

Microanalyses were performed by Mr. Emmanuel Zielinski and
associates and spectra were run by Mr. John Damascus and asso-
ciates of Searle Laboratories. All uv spectra were run in methanol
on a Beckman DK-2A spectrophotometer and are reported as
wavelength in nanometers (<). Ir spectra were run in CHCI3on a
Beckman IR-12 spectrophotometer and carbonyl region peaks are
reported as wavelength in microns. NMR spectra were run in
CDClI3except as noted on a Varian A-60A spectrometer and are re-
ported in parts per million (6) downfield from (CHaHSi as an in-
ternal standard. (Notation: s, d, t, etc. refer to singlet, doublet,
triplet, etc., and br refers to a broad peak.) Column chromatogra-
phy was done by “dry column” techniquel2 on Mallinckrodt Sili-
cAR CC-7, 100-200 mesh. Hydrogenations were carried out by Mr.
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Mike Scaros and associates of Searle Laboratories. Melting points
were determined on a Fisher-Johns block and are uncorrected.

[2-(3,4-Dihydro-6-methoxy-I-naphthyl)-2-propenyl]tri-
methylammonium lodide (5). To a solution of 326 g (2 mol) of 2-
bromo-3-dimethylamincpropene6 in 1200 ml of n-hexane at —40°
was added 2.0 mol of n-butyllithium in hexane over a 45-min peri-
od. After 30 min of additional stirring a solution of 300 g (1.7 mol)
of 6-methoxy-I-tetralor.e in 1500 ml of benzene was added at a
rate to keep the temperature at —40 to —30°. After 1 hr the tem-
perature was allowed to rise to 0° and ice water was added. The or-
ganic layer was separated and washed again with ice water, then
extracted with a total of 1200 ml of 10% HC1. Normal work-up of
the residual organic layer returned 107 g of 6-methoxy-I-tetralone,
mp 78-79° from cyclohexane. The acid solution was cooled to 0°
and made strongly basic with 50% NaOH solution. The liberated
amine was extracted with ether and the solution was washed well
with water. After drying over sodium sulfate the mixture was thor-
oughly stripped of solvent at 65° on the water pump to remove
low-boiling amines. [This product was adequately pure for quater-
nization. When the reaction was run similarly with a Grignard re-
agent6 prepared from 310 g of 2-bromo-3-dimethylaminopropene
and 260 g of 6-methoxy-I-tetralone the product contained dark
impurities and was distilled to yield 121 g of 4: bp 130-133° (0.2
mm); uv Xmex 273 nm (e 10800); NMR $2.25 (s, 6 H) superimposed
on 2.1-2.9 (4 H), 3.06 (br s, 2 H), 3.79 (s, 3 H), 5.15-5.35 (2 H), 5.88
(t, 3 = 4.4 Hz, 1 H), 6.5-7.2 (3 H).] The crude oil (160 g) was dis-
solved in 3 1 of benzene and 100 g of methyl iodide was added.
After standing at room temperature overnight, the solid was col-
lected and washed with benzene to give 242 g (37% conversion, 57%
yield from 6-methoxy-I-tetralone) of 5: mp 182-183°; uv Are* 218
nm (( 27560), 268 (10000); NMR (CD30D) 6 2.1-2.9 (4 H), 3.15 (s,
9 H), 381 (s, 3 H), 432 (brs,2H),584 (brs, 2H),6.25 (t, J = 4.6
Hz, 1H), 6.7-7.2 (3 H).
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Anal Calcd for CITH2NOI: C, 52.99; H, 6.28; N, 3.64; I, 32.94.
Pound: C, 52.75; H, 6.24; N, 3.66; I, 32.81.

When 2-chloro-3-dimethylaminopropene (bp 32°, 20 mm), pre-
pared from 2,3-dichloropropene in the same manner as the bromo
compound,6 was substituted and the reaction run on a 0.1-mol
scale with the same temperature as above, the yield of 5 was only
10% and the neutral layer contained a significant amount of 1-
butyl-6-methoxy-I-tetralol as indicated by NMR analysis. In an-
other 0.1-mol run, the solution of 2-chloro-3-dimethylaminopro-
pene and butyllithium was allowed to warm to 0° for 20 min before
the 6-methoxy-I-tetralone was added. The rest of the sequence
was unchanged and the yield of 5 was 53% based on consumed 6-
methoxy-1-tetralone.

13-Ethyl-3-methoxy-11-methylene-8,14-secogona-
1,3,5(10),8-tetraene-14,17-dione (6b). To a solution of 76 g (0.197
mol) of 5 in 800 ml of methanol and 40 ml of water at 15° was
added 24 g (0.103 mol) of silver oxide. The mixture was stirred at
15-20° for 2 hr, when a silver nitrate test was negative. The solid
was removed by filtration washing well with methanol. To the fil-
trate was added 30 g (0.238 mol) of 2-ethylcyclopentane-1,3-dione
and the resulting solution was concentrated to dryness on the
water pump. The residue was suspended in 1400 ml of xylene and
10 ml of triethylamine (to neutralize the excess dione). The result-
ing mixture was heated to distill out ca. 100 ml through a short Vi-
greux column to remove methanol, water, and excess triethyl-
amine. After the addition of 5 ml of HMPT ca. 100 ml more distil-
late was collected and the heat was adjusted to cause refluxing in
the column. After 18 hr slow distillation was resumed until little
more amine was detected in the distillate (in 6 hr ca. 400 ml was
collected). After cooling the solution was washed with water and
5% NaHCC=8solution. After drying over sodium sulfate, the solvent
was removed and the residue crystallized from methanol to yield
35.2 g (54%) of 6b: mp 100-100.5°; ir 5.66 (weak), 5.79 m; uv Xmex
273 nm (e 11000); NMR X0.73 (t,J = 7.5 Hz, 3H), 1.62 (9, J = 7.5
Hz, 2 H), 1.9-2.4 (2 H), [2.60 (s, ca. 4 H) and 2.72 (hr s, ca. 2 H) su-
perimposed on 2.5-2.9 (ca. 2 H)], 3.81 (s, 3 H), 4.9-5.1 (2 H), 5.79
(t,J = 4.6 Hz, 1H), 6.6-7.1 (3 H).

Anal. Calcd for C2iH2403 C, 77.75; H, 7.46. Found: C, 77.98; H,
7.64.

3-Methoxy-l 1-methylene-8,14-secoestra-1,3,5(10),8-tetra-
ene-14,17-dione (6a). In a manner similar to the above 13.3 g of 5,
4.1 g of silver oxide, and 4.0 g of 2-methylcyclopentane-I,3-dione
with 1 ml of triethylamine, 5 ml of HMPT, and 500 ml of xylene
yielded 5.9 g (55%) of 6a: mp 82.5-83° from aqueous methanol; ir
5.65 (weak), 5.78 it; uv Xjnax 274 nm (« 10400); NMR $1.08 (s, 3 H),
[2.67 (s, ca. 4 H) + 2.74 (br s, ca. 2 H) superimposed on 1.9-2.9 (ca.
4 H)], 3.81 (s, 3H), 4.9-5.1 (2 H), 5.70 (t, J = 4.5 Hz, 1H), 6.4-7.1
(3 H).

Anal. Calcd for C0OH2203: C, 77.39; H, 7.14. Found: C, 77.23; H,
7.27.

In a similar run with 2.8 g of 5, 0.85 g of silver oxide, 1.0 g of 2-
methylcyclopentane-1,3-dione, 1 ml of triethylamine, and 20 ml of
HMPT in 250 ml of xylene, the crude product contained several
impurities as evidenced by TLC. After chromatographic purifica-
tion developing with 5% ethyl acetate in benzene the product frac-
tion was crystallized from methanol to yield 256 mg of 6a identical
with the above. The major by-product fraction moving somewhat
slower amounted to 430 mg of a crude oil believed to be the iso-
meric O-alkylation product: ir 5.74 (weak), 5.88; 6.10 m; uv Xrex 253
nm (e 22650); NMR X1.66 (t, J = 1.4 Hz, 3 H), 2.0-2.9 (ca. 8 H),
3.82 (s,3H), 479 (t,J = 14Hz,2H),536 (doft,J =7+ 14 Hz 2
H), 591 (t, J = 4.5 Hz, 1H), 6.5-7.2 (3 H).

A solution of 2.25 g of 2-methylcyclopentane-1,3-dione and 1.08
g of sodium methylate in 10 ml of methanol was concentrated to
dryness and 3.85 g of 5, 250 ml of xylene, and 10 ml of HMPT were
added. The mixture was slowly distilled over a 6-hr period adding
xylene to maintain the volume at 200-250 ml. (From the stillhead
a small amount of solid, mp ca. 330° dec, was identified as tétra-
méthylammonium iodide, NMR in D20 single band X3.20.) After
cooling the mixture was washed with water, 5% HC1, and 5%
NaHCOa and dried over sodium sulfate. The solvent was removed
and the mixture was chromatographed to give first 210 mg of a
crude amine by-product with NMR bands at X3.10 and 2.22 in the
ratio of 4:3 suggesting bis[2-(3,4-dihydro-6-methoxy-I-naphthyl)-
2-propenyl]methylamine. This was followed by the crude product
which on crystallization from aqueous methanol gave 1.17 g (38%)
of 6a identical with the above.

Racemic 13-Ethyl-3-methoxy-ll-methylenegona-I,3,5(10),-
8,14-pentaen-17/j-ol (7d). A solution of 35.2 g (0.108 mol) of 6b in
750 ml of toluene was dried by distillation of ca. 50 ml and then
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chilled under nitrogen to —30°. A solution, previously dried by re-
flux under a Dean-Stark type trap, from 20.5 g (0.108 mol) of p-
toluenesulfonic acid monohydrate and 1.5 1 of benzene was added
over a short period with vigorous stirring while keeping the tem-
perature below 0°. The mixture was stirred at 0° for 15 min. The
precipitate of p-toluenesulfonic acid hydrate was removed by
rapid filtration through a Supercell cake in a nitrogen atmosphere
rinsing the solid with dry benzene. The filtrate was diluted with
500 ml of dry ether and chilled in an ice bath under nitrogen while
35 ml of 1 M LiAIH4 in ether was added quickly with stirring.
After 15 min the excess hydride was quenched and the mixture
was washed with cold 5% HC1 and then with ice water. After brief
drying over sodium sulfate the solution was concentrated on the
water pump to a small residue which was triturated with cold
methanol. The solid was collected and recrystallized from metha-
nol to yield 20.3 g of the hemimethanoloate of 7d, mp 86-88°.
(Other runs gave samples melting as low as 58-60° or as high as
102-104° with only slight variations in the amount of methanol as
judged by the NMR spectrum.) Concentration of the mother li-
quors followed by quick chromatographic purification developing
with 5% ethyl acetate in benzene and crystallization from metha-
nol gave 6.3 g more material: mp 85-87°; uv Xmex 248 nm (e 13700),
257 (11300), 312 (19600), 324 (22600), 338 (17900); NMR 6 0.97 (t,
J =7Hz 3H), 161 (g, J = 7 Hz, 2 H), 1.7-2.9 (ca. 9.5 H), 3.48 (s,
ca. 1.5H), 381 (s,3H),4.23 (t,J =85Hz,1H),523 (doft,J =6
+ 1.5 Hz, 2H), 564 (t, J = 3Hz, 1H), 6.6-7.7 (3 H).

Anal. Calcd for C2iIH2402-1"CH40: C, 79.59; H, 8.08. Found: C,
79.36; H, 7.99.

Racemic 13-Ethyl-3-methoxy-ll-methylenegona-1,3,5(10),-
8,14-pentaen-17-one (7c). Under similar conditions from 4.76 g of
6b and 2.78 g of p-toluenesulfonic acid monohydrate, the interme-
diate was isolated by taking the filtrate after removal of tosyl acid
hydrate, washing with ice water, and drying over sodium sulfate.
After removal of solvents on the water pump the residue was tritu-
rated with methanol and the solid was recrystallized from
CH2C12CH 30H to yield 3.68 g (82%) of 7¢: mp 117.5-118°; ir 5.73
Mi uv Xmex 248 nm (f 12900), 257 (11000), 312 (16900), 325 (19000),
339 (15400); NMR X0.86 (t,J = 7 Hz, 3H), 1.64 (q, J = 7 Hz, 2 H),
1.9-3.4 (ca. 8 H), 3.81 (s, 3H), 5.31 (brd, J = 7 Hz, 2 H), 5.92 (t, J
= 2.8 Hz, 1H), 6.6-7.6 (3 H).

Anal. Calcd for C2iH220 2: C, 82.32; H, 7.24. Found: C, 82.22; H,
7.30.

Racemic 3-Methoxy-l1-methyleneestra-1,3,5(10),8,14-pen-
taen-17-one (7a). In a manner similar to the preparation of 7¢
above, 4.71 g of 6a and 2.85 g of p-toluenesulfonic acid monohy-
drate yielded 3.80 g (86%) of 7a: mp 161-163° from CH2C12>
CH30H; ir 5.73 k; uv Xmex 246 nm (c 15200), 255 (12700), 325
(23700), Xshouider 313 (20400), 338 (19300); NMR X 1.14 (s, 3 H)
[2.43 (br s, ca. 2 H) superimposed on 2.1-2.9 (ca. 4 H)], 3.13 (d of d,
J =12+ 3 Hz, 2H), 3.80 (s, 3H), 533 (br d, J = 4 Hz, 2 H), 5.89
(t,J = 3.3 Hz, 1H), 6.6-7.6 (3 H).

Anal. Calcd for C20H202 C, 82.15; H, 6.89. Found: C, 82.00; H,
7.13.

Racemic 3-Methoxy-11-methyleneestra-1,3,5(10),8,14-pen-
taen-17/3-ol (7b). To a solution of 2.32 g of 7a in 20 ml of benzene
and 50 ml of ether under nitrogen was added 5 ml of 0.9 M LiAIH4
in ether. After 5 min the product was isolated in the normal man-
ner to give 2.32 g (89%) of a methanol solvate, mp 102-110°. A por-
tion was boiled in hexane and then recrystallized from ether to
give asample: mp 120-124°; uv Xmex 247 nm (t 13400), 257 (10900),
312 (20000), 324 (23300), 339 (18700); NMR X 1.00 (s, 3 H), 1.78
(OH, 1H), 2.0-2.8 (ca. 8H), 381 (s, 3H), 412 (brt,J = 85Hz, 1
H), 5.1-5.3 (2 H), 5.54 (t, J = 3.3 Hz, 1H), 6.6-7.7 (3 H).

Anal. Calcd for C20H2202 C, 81.60: H, 7.53. Found: C, 81.59; H,
7.59.

Racemic 13-Ethyl-3-methoxy-llj3-methylgona-l,3,5(10),8-
tetraen-17/S-ol (9b). A solution of 7.55 g (23 mmol) of the hemi-
methanoloate of 7d in 250 ml of ethanol was hydrogenated in the
presence of 3.7 g of a 5% Pd/AlI203 catalyst at 2 psi and room tem-
perature. After 3 hr 49.5 mmol of H2had been taken up. The cata-
lyst was removed by filtration and the filtrate was concentrated to
a small residue which was triturated with methanol. The crude
solid was recrystallized from GH2C12CH 30H to yield 4.0 g of a
solvate, mp 131-142°. Recrystallization from CH2CI2cyclohexane
gave 3.47 g (48%) of 9b: mp 147-148°; uv Xmex 278 nm (f 17600),
Xshouider 271 (17200); NMR X[1.21 (d, J = 7.5 Hz, ca. 3H) + 152
(OH, ca. 1 H) superimposed on 0.9-2.9 (ca. 17 H)], 3.80 (s, 3 H) su-
perimposed on 3.82 (br t, J = 6 Hz, 1H), 6.6-7.3 (3 H).

Anal. Calcd for C21H280 2: C, 80.73; H, 9.03. Found: C, 80.59; H,
8.83.
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Racemic  3-Methoxy-11/9-methylestra-1,3,5(10),8-tetraen-
17/S-ol (9a). A solution of 1.48 g (5 mmol) of 7b in 50 ml of benzene
was hydrogenated over 0.74 g of 5% Pd/AI2 3at 2 psi. After 4 hr 10
mmol of H2 had been consumed. The catalyst was removed by fil-
tration and the filtrate was concentrated to a small residue which
was crystallized from aqueous methanol to give 870 mg (58%), mp
159-161°. A sample recrystallized from aqueous methanol melted
at 162-163°; uv Xrex 278 nm (e 13900), Xshou,der 270 (13600); NMR
X0.93 (s, 3H), 1.21 (d, J = 7.5 Hz, 3 H), 1.57 (OH, ca. 1 H) super-
imposed on 1.4-2.9 (ca. 13 H), 3.80 (s, 3 H) superimposed on 3.6-
3.9 (ca. 1H), 6.6-7.3 (3 H).

Anal. Calcd for C20H2602: C, 80.49; H, 8.78. Found: C, 80.36; H,
8.74.

Concentration of the mother liquors led to 614 mg of an oil. A
study of the methyl bands in the NMR spectrum indicated about
46% of the above material, b 0.93 (s) and 1.21 (d, J = 7.5 Hz) to-
gether with 25% of an isomeric component with b 1.06 (si and 0.69
(d, J = 5 Hz) and 29% of a third component with b0.99 (s) and 0.83
(d, 3 = 6 Hz). In some other runs very little of the third compo-
nent was observed. On the basis of the ratios of the components
from various runs, the third component may have arisen from the
uptake of a third mole of hydrogen by the isomeric by-product.

Racemic 3-Methoxy-11-methylestra-1,3,5(10),8(14),9(11)-
pentaen-17/3-ol (8). A solution of 463 mg (1.5 mmol) of 7b in 40 ml
of benzene was hydrogenated over 50 mg of 5% Pd/CaC03 at atmo-
spheric pressure. After 1 hr 1.55 mmol of H2 had been consumed
and uptake stopped. The catalyst was removed and the solution
was concentrated to dryness. The residue was crystallized twice
from aqueous methanol to yield 392 mg (63%) of 8: mp 124-127°;
uv Xmex 244 nm (e 20800), 285 (7600), Xshouider 250 (20500); NMR b
0.89 (s, 3 H), 1.61 (OH, 1 H), [2.00 (br s, ca. 3H) + 2.24 (br s, ca. 2
H) superimposed on 1.7-2.8 (ca. 8 H)], 3.80 (s, 3 H), 3.8-4.1 (1 H),
6.7-7.4 (3 H).

Anal. Calcd for ChH240 2 C, 81.04; H, 8.16. Found: C, 81.06; H,
8.31.

Hydrogenation of this material over Pd/Al203 as described
above resulted in an 80% yield of 9a by an NMR analysis or 62%
yield of crystallized 9a.

Concentration of the mother liquors left 112 mg of a crude oil.
The uv spectrum of this material was similar to the above with an
additional maximum at 311 nm with shoulders at 300 and 324 nm.
The NMR spectrum showed, in addition to the above (ca. 60%),
bands at b 0.83, 0.92, 0.99, 1.11, 1.20, 1.32, and 5.1-5.3 and 5.4-5.6
which may be accounted for by structures 2.

Racemic 13-Ethyl-3-methoxy-Il/S-methylgona-1,3,5(10)-tri-
en-17/9-ol (10c). To a solution of 2.0 g of sodium metal in ca. 250
ml of refluxing ammonia was added a solution of 6.117 g of 9b in 15
ml of aniline and 100 ml of THF over a 5-min period. After 30 min
the flask was cooled well in a dry ice bath and 10 g of solid ammo-
nium chloride was added cautiously. The ammonia was allowed to
evaporate under a nitrogen stream at room temperature and 50 ml
of water was added. The mixture was concentrated on the water
pump to remove most of the THF. The mixture was made acidic
with 10% HC1 and stirred until the supernatant liquid was clear.
The solid was collected and washed well with water. After drying,
recrystallization from methanol yielded 5.93 g of the hemimetha-
noloate of 10c: mp 124-125°; uv Xmex 220 nm (e 8400), 278 (1970),
287 (1900); NMR b[0.90 (d, J = 7.5 Hz, ca. 3 H) + 1.50 (OH, ca. 1.5
H) superimposed on 0.8-2.9 (ca. 19 H)j, 3.47 (CH30H, 1.5 H), 3.78
(s, 3 H) superimposed on 3.6-3.9 (1 H), 6.6-7.2 (3 H).

Anal. Calcd for C2IH3002-K>CH40: C, 78.13; H, 9.76. Found: C,
78.35; H, 9.85.

Racemic 11/9-Methylestradiol-3-methyl Ether (10a). In a
manner similar to the above procedure, 253 mg of 9a and 500 mg of
sodium metal yielded 2.2 mg of 10a: mp 143-145° from aqueous
methanol; uv Xmex 279 nm (« 1920), 288 (1960); NMR b0.89 (d, J =
7.5 Hz, 3 H), 0.92 (s, 3 H), 1.58 (OH, 1 H) superimposed on 1.2-3.0
(ca. 14 H), 3.78 (s, 3 H) superimposed on 3.5-3.9 (1 H), 6.6-7.2 (3
H). These spectra and ir spectra are indistinguishable from those
of a sample derived from natural sources.2

Anal. Calcd for C20H2802: C, 79.95; H, 9.39. Found: C, 79.70; H,
9.40.

Racemic Il/3-Methylejtrone-3-methyl Ether (10b). Jones re-
agent oxidation13 of 132 mg of 10a produced 100 mg of 10b: mp
150-153° from aqueous methanol; ir 5.74 fi; uv Xmex 278 nm (e
2000), 287 (1940); NMR b0.89 (d, J = 1.5 Hz, 3 H), 1.00 (s, 3 H),
1.2-3.1 (ca. 14 H), 3.77 (s, 3 H), 6.6-7.3 (3 H). These spectra are in-
distinguishable from those of a sample derived from natural
sources.2

Garland, Palmer, and Pappo

Anal. Calcd for C20H2602 C, 80.49; H, 8.78. Found: C, 80.43; H,
8.78.

Racemic 13-Ethyl-3-methoxy-11/3-methylgona-1,3,5(10)-
trien-17-one (10d). Jones reagent oxidation13of 560 mg of the he-
mimethanoloate of 10¢ produced 453 mg of 10d: mp 144.5-145°
from aqueous methanol; ir 5.75 N\ uv Xmex 220 nm (« 8400), 278
(1970), 287 (1900); NMR b 0.85 (t, J = 5.5 Hz, ca. 3 H) superim-
posed on 0.90 (d, J = 7 Hz, ca. 3 H), 1.1-3.0 (ca. 16 H), 3.77 (s, 3
H), 6.6-7.2 (3 H).

Anal. Calcd for C2iH280 2 C, 80.73; H, 9.03. Found: C, 80.68; H,
9.22.

Racemic 13-Ethyl-17-hydroxy-Il|8-methyl-18,19-dinor-
17a-pregn-5-en-20-yn-3-one (1la). Under Birch reduction con-
ditions,146.2 g of 10c in 75 ml of THF and 75 ml of 2-propanol was
treated with a total of 9.5 g of sodium metal in 150 ml of ammonia.
The crude dry product (5.9 g, mp 155-158°) in 350 ml of dry tolu-
ene was oxidized by 60 ml of cyclohexanone in the presence of 6 g
of aluminum isopropoxide during 1 hr at reflux. After some cooling
45 ml of a saturated Rochelle salt solution was added and the mix-
ture was steam distilled under nitrogen until the distillate was
clear. After cooling the mixture was extracted with ether. The ex-
tract was washed with water and dried over sodium sulfate and the
solvent removed in vacuo. The residue was crystallized from ben-
zene-cyclohexane to give 5.35 g of material melting at 142-144°. A
solution of this material in 50 ml of dry THF was added to a solu-
tion previously prepared by addition of 25 ml of 3.1 M ethylmag-
nesium bromide in ether to ca. 20 g of acetylene in 100 ml of THF
at —78° and then allowed to warm to 10°. The resulting mixture
was stirred for 4 hr at room temperature. After cooling in an ice
bath, 100 ml of ice-cold saturated NH4Cl was added slowly with
stirring. The mixture was extracted twice with ether and the ex-
tracts were washed with water, dried over sodium sulfate, and con-
centrated in vacuo. Crystallization from benzene-cyclohexane gave
3.79 g, mp 161-164°. This material was suspended in 150 ml of
methanol and 10 ml of a 10% oxalic acid solution was added. After
30 min of stirring at room temperature the solution was complete
and the mixture was diluted with 100 ml of water and concentrat-
ed on the water pump to remove most of the methanol. Normal ex-
traction and crystallization from benzene-cyclohexane gave 3.38 g
of 11a: mp 135-136°; ir 5.81 n; uv Xmex 288 nm (e 111); NMR b 2.64
(s, 1 H), 2.77 (br s, 2 H), 0.8-2.6 (ca. 27 H including OH at 2.05 and
strong bands at 0.84, 0.96, 1.08, 1.18, 2.02, and 2.40).

Anal. Calcd for C2H3002 C, 80.93; H, 9.26. Found: C, 80.79; H,
9.35.

Racemic 13-Ethyl-17-hydroxy-I 1jS-methyl-18,19-dinor-
17a-preg-4-en-20-yn-3-one (lib). To a solution of 860 mg of 11a
in 30 ml of methanol was added 10 ml of 4 N HC1. After 6 hr at
room temperature crystals had formed, and 10 ml more of 4 N HC1
was added. After 2 hr more the mixture was chilled an the solid
collected and washed well with water. Recrystallization from aque-
ous methanol yielded 687 mg: mp 208-210°; ir 5.99, 6.17 N\ uv Xmex
240.5 nm (t 16700); NMR b 2.61 (s, 1 H), 5.87 (br s, 1 H), 0.8-2.9
(ca. 34 H including OH at 2.15 and strong bands at 1.03, 1.17, 1.22,
2.02, 2.30, 2.39).

Anal Calcd for C2H3002 C, 80.93; H, 9.26. Found: C, 81.03; H,
9.31.

Racemic 13-Ethyl-lid-methyl-18,19-dinor-17a-pregn-4-
en-20-yne-3/9,17-diol (11c). To a solution of 909 mg of lib in 40
ml of THF was added 2 g of lithium tri-ierf-butoxyaluminum hy-
dride and the mixture was stirred at room temperature for 18 hr
and worked up in the normal manner. After chromatographic puri-
fication developing with 5% ethyl acetate in benzene, the major
fraction (faster moving) was crystallized twice from cyclohexane to
yield 638 mg of 11c: mp 176-178°; NMR b2.60 (s, 1 H), 3.98-4.32
(1 H), 5.3-5.5 (1 H), 0.7-2.5 (ca. 29 H including strong bands at
0.99, 1.10, 1.17,1.46, 1.97, and 2.11).

Anal. Calcd for C2H320 2 C, 80.44; H, 9.82. Found: C, 80.25; H,
9.63.

Racemic 3d,17-Diacetoxy-13-ethyl-11d-methyl-18,19-dinor-
17a-pregn-4-en-20-yne (lid). A solution of 344 mg of 11c and 11
mg of 4-dimethylamin.opyridine in 5 ml of acetic anhydride and 5
ml of triethylamine was heated under nitrogen for 24 hr at 40° and
then for 16 hr more at 45°. After cooling 20 ml of 2-propanol was
added and after 30 min 100 ml of water was added and the mixture
was extracted with ether. The extract was washed with water and
dried over sodium sulfate and the solvent removed. The mixture
was chromatographed developing with 2% ethyl acetate in ben-
zene. The major fraction was crystallized from methanol to yield
230 mg of lid: mp 147-149°; NMR b 2.05 (s, ca. 6 H) superimposed
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on 0.9-2.4 (ca. 27 H), 2.63 (s, 1 H), 5.35-5.45 (ca. 1 H) superim-
posed on 5.0-5.6 (ca. 1 H).

Anal. Calcd for C26H3604: C, 75.69; H, 8.80. Found: C, 75.97; H,
8.80.

Registry No.—2 isomer A, 57346-08-4; 2 isomer B, 57346-09-5;
4, 57346-10-8; 5, 57346-11-9; 6a, 57346-12-0; 6b. 57346-13-1; 7a,
57346-14-2; 7b, 57346-15-3; 7c, 57346-16-4; 7d %MeOH, 57346-18-
6; 8, 57346-19-7; 9a, 57346-20-0; 9b, 57346-21-1; 10a, 57378-55-9;
10b, 57346-22-2; 10c, 57346-23-3; 10c EMeOH, 57427-66-4; 10d,
17253-49-5; 11a, 57362-17-1; lib, 57346-24-4; 11c, 23163-43-1; lid,
23163-53-3; 2-bromo-3-dimethylaminopropene, 14326-14-8; 6-
methoxytetralone, 1078-19-9; 2-ethylcyclopentane-I,3-dione, 823-
36-9; 2-methylcyclopentane-l,3-dione, 765-69-5; (+)-13-ethyl-3-
methoxy-lld-methylgona-2,5(10)-dien-17/3-0l, 57346-25-5; (%)-
13-ethyl-3-methoxy-lld-methylgona-2,5(10)-dien-17-one, 57346-
26-6; (+)-13-ethyl-3-methoxy-Il/j-methyl-17-hydroxy-18,19-di-
nor-17a-pregna-2,5(10)-dien-20-yne, 53762-18-2.
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The Claisen rearrangement has been applied to 2-, 3-, and 4-hydroxymethylpyridines, using triethyl orthoace-
tate to generate the intermediate ketene acetals. In all three cases, the major products resulted from normal rear-
rangement, with the 3-hydroxymethylpyridine being the most reactive. Similar results were obtained using amide
acetals in place of ortho esters. 3-Hydroxymethyl-I-methyl-2-pyridone took a different course in reaction with
orthoesters, giving only thermal rearrangement to the corresponding propionates. This reaction path became
minor with amide acetals and acid catalysis, normal Claisen rearrangement predominating. These rearrangements
proceed more readily than with benzyl alcohols and are synthetically useful.

In the course of work directed toward the total synthesis
of camptothecin, we were led to examine the Claisen rear-
rangement of substituted vinyl ethers prepared from 3-
hydroxymethyl-2-pyridone systems, 1. As the products of

X 0

R’ R
1

this reaction were found to be strongly dependent on the
nature of R and X as well as on the presence or absence of
acid catalysts, we decided to examine in some detail the
general question of Claisen rearrangement in systems
where the allylic double bond of the allyl vinyl ether is con-
tained in a heterocyclic aromatic ring. In the extension of
the Claisen rearrangement reported here, the allylic double
bond is contained in a pyridine or pyridone nucleus. The
method provides a convenient synthesis of alkyl-substitut-
ed pyridylacetates which are otherwise available by a rath-
er tedious route.1

The Claisen rearrangement has been the subject of con-
siderable research over six decades and has proved to be a

highly versatile method in synthesis.2 Most of this early
work was concerned with the rearrangement of allyl phenyl
ethers, and to date only a few, mostly unsuccessful, at-
tempts have been made to extend the Claisen rearrange-
ment to systems which have the allylic double bond incor-
porated in an aromatic ring. For example, benzyl vinyl
ether was found3 to rearrange to 3-phenylpropanal rather
than o-tolylacetaldehyde. Similarly, a-benzyloxystyrene
rearranges thermally to give /3-phenylpropiophenone.4
More recently, 5-benzyloxy-l,3-dimethyluracil was re-
ported5 not to undergo the Claisen rearrangement but to
partially rearrange to 6-benzyl-1,3-dimethyl-5-hydroxyura-
cil. It is clear from these results that the thermal rearrange-
ment of benzyl vinyl ethers does not proceed by a Claisen
pathway, but may follow a free-radical scission-recombina-
tion mechanism3similar to that established for the thermal
rearrangement of benzyl phenyl ether.6

Modification of the aromatic ring by substitution with
electron-donating groups promotes the Claisen rearrange-
ment. The thermal rearrangement of 3,5-dimethoxybenzyl
isopropenyl ether provides 2,4-dimethoxy-6-methylphe-
nylacetone and a minor amount of 3,5-dimethoxybenzyl-
acetone.7 Similarly, 3-methoxybenzyl isopropenyl ether
gave a 1:1 mixture of the two corresponding ketones.7

In addition to the aromatic substituent effect, variations
in the vinyl moiety also influence the course of the reaction.
Whereas benzyl vinyl ether failed to give any Claisen prod-
uct, the thermal rearrangement of benzyldiethyl orthoace-
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Table |
Claisen Rearrangement of 3-Hydroxymethylpyridine and Triethyl Orthoacetate

CH3C(OE)3, Reaction time,
1, mol mol Acid catalyst, mol % Solvent hr, temp, °C Yield 0 % Ratio 4:5
1 8 CH3CH2CO02H, 1 20, 190 42 61:39
1 8 ch3xhZ2o2h, 110 3, 195 48° 56:44
1 8 TsOH, 1 3, 190* 20 50:50
1 8 CH3CH2CO02H, 1 o-Dichlorobenzene 48, 180 32 57:43

a All yields were determined by GC using hexadecane as internal standard, unless noted otherwise, * Continued heating at

190° (15 hr) caused extensive tar formation. c Isolated yield.

tate gave a low yield of ethyl o-tolylacetate.8 Similarly,
treatment of dibenzyl bromoacetal with potassium tert-
butoxide proceeded via a ketene acetal intermediate to give
benzyl o-tolylacetate.8 A more dramatic effect has been
noted in the thermolysis of an a-aminovinyl benzyl ether.9
This reagent, prepared in situ by the use of the acetal of
TV.N-dimethylacetamide and benzyl alcohol, was rear-
ranged to give N,N-dimethyl-o-tolylacetamide.

Results

Examination of rearrangement in the pyridine series was
begun with treatment of 3-hydroxymethylpyridine (2) with
triethyl orthoacetate and a catalytic amount of propionic
acid under the conditions (140°, 15 hr) recently de-
scribed.10 These conditions failed to give Claisen rear-
rangement products but instead gave 3 resulting from 3-
hydroxymethylpyridine exchange with the orthoacetate.
Under similar conditions, benzyl alcohol reacts in the same
manner giving benzvldiethyl orthoacetate. However, it has
been reported8 that at 200° benzyldiethyl orthoacetate re-
arranges to give a low yield of ethyl o-tolylacetate. Similar
observations have been noted for the reaction of simple al-
lylic alcohols and triethyl orthoacetate.1l1 These reports
suggest that higher temperatures might be necessary to ef-
fect the Claisen rearrangement in the pyridine series, and
therefore a mixture of 2, triethyl orthoacetate, and propi-
onic acid was heated at 195°. A 48% vyield of 4 and 5 in a
ratio of 56:44 was obtained. Several additional reactions

were conducted in an effort to increase the yield of 4 and 5.
The results are shown in Table I.

In each reaction the desired products, 4 and 5, were ac-
companied by several minor products, whose identity has
not been established. It was determined, however, that
ethyl d-(3-pyridyl)propionate, an expected by-product re-
sulting from 1,4 rearrangement, was not formed.

As shown in Table I, varying the amount of propionic
acid (1 to 110 mol %) had no noticeable effect on the ratio
or yield of 4 and 5. However, when an excess of propionic
acid was employed an additional unidentified by-product
was formed. From these data we conclude that the pre-
ferred procedure for effecting the Claisen rearrangement in
the 3-pyridyl system is heating 2 in triethyl orthoacetate
containing 1 mol % of propionic acid at 195°.

Under these conditions 2- and 4-hydroxymethylpyridine

also gave rise to rearranged products, but the reactivity was
distinctly lower than in the 3-hydroxymethylpyridine case.
Thus treatment of 2-hydroxymethylpyridine (6) with 8 mol
of triethyl orthoacetate containing 1 mol % of propionic
acid at 190° for 18 hr yielded, as the major products, the
mixed ortho ester 7 (28%) and the pyridylacetate 8 (29%).
Similar treatment of 4-hydroxymethylpyridine (9) afforded
ortho ester 10 and pyridylacetate 11 in 62 and 22% yield,
respectively.

As previously noted,9 the amide acetal reagent has
proved superior to ortho esters for effecting Claisen rear-
rangement in benzylic systems. Applying this method to 3-
hydroxymethylpyridine, however, gave results comparable
to those observed when the ortho ester method was em-
ployed. Treatment of 3-hydroxymethylpyridine (2) with a
mixture of N.N-dimethylacetamide diethyl acetal (12) and
1-ethoxy-l-dimethylaminoethylene (13) in refluxing o-di-
chlorobenzene for 18 hr afforded a 44% yield of 14 and 15 in
a ratio of 65:35.

-N(CH32
0CH.
och5
12
.N(CH32

ch2= c/M
ochb

13

CH>Cf
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Table 11
Claisen Rearrangement of 3-Hydroxymethyl-I-methyl-2-pyridone (16) with A/,,V-Dimethylbutyramide Diethyl Acetal (19)

16, 19, Solvent,0
Expt mmol mmola ml Temp, °C Time, hr
1 3.0 4.5 DCB, 6 Reflux 42
-183
2 1.0 6.0 145-150 17.5
3 2.0 3.0 DCB, 6 130 19
160 24
4 1.0 6.0 RT/ 20
Reflux 3
5 0.5 3.0 DCB, 3 Reflux 20
-183
6 0.5 3.0 DCB, 3 140-150 24
7 0.5 3.0 RT 768

H+ catalystc Ratio 20:21 Remarks
36:64
6 mol % 62.5:37.5 Loss of peaks at 5 and
6.5 min first observed
38:62 Added 12, 13 in 2 ml
of DCB at 130°
6.7 mol % 75:25 Predicted”™ ratio 80:20
at beginning of reflux
41:59
2.5 pi 86:14rf Predicted”™ ratio 79:21
6.7 mol % at 18.5 hr
2.5 pi 88:12
6.7 mol %

a Reported as if all 19. b DCB = o-dichlorobenzene. ¢ Propionic acid was used in all reactions for which a catalyst is re-
ported. d Failed to go to completion (~90% complete). e Prediction based on GC ratio of 22 to 23. /Room temperature.

Not surprisingly, the reaction of 3-hydroxymethyl-I-
methyl-2-pyridone (16) with ortho esters and amide acetals
gave results quite different from those just described for
reactions of pyridinemethanols. Treatment of 16 with
triethyl orthoacetate under the conditions described in the
literaturel0 (propionic acid catalyst, 140°) failed to give any
product arising from Claisen rearrangement. Instead, the
only stable product was found to be ethyl I-methyl-2(1//)-
oxo-3-pyridinepropionate (17a). When the reaction was re-

peated using 16 and triethyl orthobutyrate the product
formed was ethyl «-ethyl-/3-[I-methyl-2(l//)oxo0-3-pyri-
dine] propionate (17b). In view of these results, we again
tried to capitalize on the reported9 reactivity of amide ace-
tals with benzyl alcohol to give Claisen rearranged prod-
ucts. Treatment of 16 with the acetamide diethyl acetal
mixture 12, 13 under the conditions described indeed did

provide the desired Claisen rearranged product 18 in 82%
yield. No amide product analogous to 17 was obtained.

The successful application of this method to 16 encour-
aged additional experiments in this area. In an analogous
reaction, 16 was treated with 7V,/V-dimethylbutyramide di-
ethyl acetal (19). In this case, however, a mixture of amides
20 and 21 was obtained in a ratio of 36:64, respectively

(Table II, expt 1). From these experiments it is apparent
that the products of such a reaction are strongly influenced
by substitution on the amide acetal.

As our interest lay in the formation of Claisen rearranged
product 20, further experiments were directed toward
changing the 20:21 ratio in favor of 20. When the reaction
was carried out in excess butyramide acetal with 6 mol % of
propionic acid a reversal of the product distribution was
observed giving 20 and 21 in a ratio of 63:37 (Table 11, expt
2). The cause of this sudden change in the product ratio
was not obvious as several factors had been changed from
the initial experiment. To further determine which vari-
ables affect the product ratio a series of reactions was per-
formed with systematic variation of the solvent, ratio of
reactants, temperature, and presence of acid catalyst. The
results are summarized in Table I, expt 3-7.

These results clearly show that the single factor most
strongly favoring the formation of 20 is the presence of the
acid catalyst (expt 2, 4, 6, 7). Variations in temperature in-
fluenced only the ratio of products but not the yield, while
the presence of a solvent and the reactant ratios appear to
have a minimal effect on the product ratio.

The explanation for this unexpected acid influence on
the course of the reaction is not known. However, it ap-
pears that the formation of 20 and 21 occurs via two dis-
tinct intermediates, 22 and 23, respectively, clearly distin-
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guishable by GC. The interchange between these interme-
diates appears slow, while their formation from starting
material seems rapid. By assuming that the larger peak at
6.5-min retention time is a precursor 22 of 20 and the
smaller peak at 5-min retention time is a precursor 23 of 21,
in the acid-catalyzed reactions one can predict with reason-
able accuracy the final ratio of 20:21 several hours before
the reaction is complete. Examples of these predictions are
given under “Remarks” in expt 4 and 6, Table Il. In expt 2,
6, and 7 the predicted fraction of 20 was low indicating that
extended reaction times favored this product. This may be
ascribed to a slow conversion of 23 to 22, a suggestion sup-
ported by the high ratio 20:21 found in expt 7.

Discussion

The mechanism of the Claisen rearrangement of benzyl
vinyl ethers has not been clearly established; however, it
appears that electron enrichment of the aromatic ring pro-
motes the rearrangement of benzyl isopropenyl ether.7 It is
interesting that the pyridyl systems undergo rearrange-
ment more readily than the corresponding benzylic com-
pounds, since the rr-electron density of pyridine is less than
that of benzene. Perhaps one explanation is that the more
electron-deficient pyridine ring promotes migration of the
electron-rich ketene acetal moiety, facilitating the rear-
rangement as shown in 24.

+0B

‘N- OEt
24 T-electron densities

In addition this hypothesis helps explain the fact that
the rearrangement is more facile in the 3-pyridyl system
than in the 2- and 4-pyridyl systems. Molecular orbital cal-
culations12 show that the ir-electron density at positions 2
and 4 of the pyridine ring is less than at position 3; there-
fore, migration of the electron-rich ketene acetal moiety to
the 2 and 4 positions would be comparatively more favor-
able.

Another observation difficult to explain is the apparent
1,4 rearrangement of the ketene acetals formed from 16
and ortho esters. This is no doubt an example of the well-
known thermal rearrangement of enol ethers to carbonyl
compounds.2® Unfortunately the mechanism of this reac-
tion is poorly understood and there is evidence for both
radical and nonradical routes. The purely thermal reac-
tions studied have been found second order in the enol
ether, but none of these studies have provided a truly ap-
propriate analogy for the present case.

Without some explanation for the formation of the 1,4-
rearranged products found in the ortho ester reactions of
16, it can certainly not be clearly determined why the
amide acetal reactions with 16 lead to formation of Claisen
products. One suggestion9 is that the resonance stabiliza-
tion of the carbonyl function by the dimethylamino group
helps to favor product formation. Another possibility is
that the enamine intermediate is providing a source of elec-
trons and thereby promoting the rearrangement. In this re-
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gard, the observed rearrangement may be considered as
Michael addition of an enamine to an a,/?-unsaturated
amide followed in a second step by cleavage of the weak-
ened ether bond. The first step would be facilitated by the
presence of an acid to protonate the pyridone. The inability
of a ketene acetal of 16 to undergo this Michael addition
step would preclude the formation of Claisen rearranged
products in these cases but does not explain why the 1,4 re-
arrangement occurs.

Either this mechanism or a true Claisen rearrangement
is consistent with the assumption that the two peaks ob-
served in the reaction of 16 with butyramide acetal may
correspond to intermediates 22 and 23 leading to products
20 and 21, respectively. The data suggest that the initially
detected concentrations of 22 and 23 constitute a kinetical-
ly controlled distribution of the two products. As the reac-
tion continues, the mixture of 22 and 23 slowly approaches
the equilibrium concentration in which 22 is the thermody-
namically stable product. Simultaneously with this inter-
change, 22 and 23 are being converted to 20 and 21 respec-
tively at approximately equal rates. If product formation is
more temperature dependent than the 22 <> 23 equilibri-
um, the proportion of 23 converted to the more stable 22,
and hence to 20, is increased at lower temperature, as is ob-
served.

21

20

If one assumes that 22 and 23 are the trans and cis iso-
mers of the ketene azacetal, their going to 20 and 21, re-
spectively, can be rationalized with molecular models

CH3 ch3
22 23

strictly on the basis of steric interactions in the transition
state postulated for the Claisen rearrangement or the Mi-
chael addition. The trans isomer as 22 can assume either
required conformation more readily than can 23 as the cis
isomer. On the other hand, the cis isomer can more readily
enter a bimolecular reaction in the alkenyl portion of the
side chain. This is an observation of possible significance as
in one case of thermal 1,4 rearrangement, product and Ki-
netic evidence has been presented for a bimolecular reac-
tion.2®13 The only data thus far presented for the relative
rates of reaction of cis and trans isomers in the Claisen re-
arrangement are for y-methylallyl phenyl ether, y-phe-
nylallyl phenyl ether, and substituted versions thereof. In
every case, the data showed the trans isomer to rearrange
1.5-2 times as fast as the cis. 14

Experimental Sectionss

Diethyl(3-pyridylmethyl) Orthoacetate (3). Procedure A. A
solution of 3-hydroxymethylpyridinel6 (2, 316.5 mg, 2.9 mmol),
triethyl orthoacetate (3.8 g, 23.5 mmol), and propionic acid (1.5
mg, 0.02 mmol) was heated at 140° in a N2atmosphere while etha-
nol was continuously removed by distillation. GC analysis [5%
Chromosorb W (CW) 20M, 145°, flow rate 160 ml/min] of aliquots
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taken at 3-, 6-, and 15-hr intervals were essentially identical, show-
ing one major and three minor peaks with retention times (min) of
3.52, 2.16, 4.44, and 5.20, respectively. Compound 3.52 was isolated
by preparative GC (5% CW 20M, 145°) and identified as diethyl(3-
pyridylmethyl) orthoacetate (3): NMR (CC14) &1.17 6 H, t,J = 7
Hz), 1.45 (3 H, s), 3.54 (4 H, g, J = 7 Hz), 459 (2 H, broad d), 7.14
(1 H, m), 7.59 (1 H, m), and 8.40 (2 H, m).

Compound 5.20 had an identical retention time with that of 3-
hydroxymethylpyridine. This product was not present in the reac-
tion mixture as determined by NMR, and was apparently formed
during GC analysis. The identity of the other minor components,
2.16 and 4.44, was not established.

Ethyl 3-Methyl-2-pyridylacetate (4) and Ethyl 3-Methyl-
4-pyridylacetate (5). A solution of 3.46 g (31.6 mmol) of 3-hy-
droxymethylpyridine, 41 g (252 mmol) of triethyl orthoacetate,
and 2.58 g (35.0 mmol) of propionic acid was heated at 195° for 5.5
hr under conditions for distillative removal of ethanol in a nitrogen
atmosphere. The reaction mixture was chromatographed on
Woelm neutral alumina (activity 111). Elution with petroleum
ether removed several non-pyridine-containing products. Further
elution with petroleum ether-ether (1:1) gave 3.03 g (54%) of a
mixture of products. GC analysis (5% CW 20M, 145°, flow rate 160
ml/min) showed the mixture to be primarily two components with
retention times (min) of 2.94 and 4.20 in a ratio of 56:44, respec-
tively. The products were isolated by preparative gc (10% QF-1,
150°).

Compound 2.94 was assigned the structure 4: ir (CCU) 1746,
1478, 1178, and 1025 cm 'L, NMR (CC14) 51.25 (3 H, t, J = 7 Hz),
229 (3H,s),374 (2 H,s), 412 (2H,q,J =7Hz), 7.00 1 H, m),
7.39 (1 H, m), and 8.29 (1 H, broad d); mass spectrum (70 eV) m/e
(rel intensity) 179 (58), 134 (43), 133 (51), 107 (70), 106 (100), 92
(21), 79 (30), 77 (22), 65 (27), 39 (39), 29 (55).

Anal. Calcd for CI0H 13NO2 C, 67.0; H, 7.3; N, 7.8. Found: C,
66.8; H, 7.2; N, 7.8.

Compound 4.20 was identified as 5: ir (CC14) 1746, 1587, 1198,
and 1039 cm“ L, NMR (CC14)d1.23 3 H, t,J = 7 Hz), 2.28 (3 H, s),
350 (2H,s),410 2 H,q,J =7Hz), 701 1 H,d,J =5Hz), and
8.29 (2 H, m); mass spectrum (70 eV) m/e (rel intensity) 179 (79),
134 (30), 133 (30), 107 (45), 106 (100), 105 (52), 79 (22), 77 (28).

Anal. Calcd for CioH13NO2: C, 67.0; H, 7.3; N, 7.8. Found: C,
66.8; H, 7.3; N, 7.9.

The identity of a minor component (ca. 6%) with a retention
time of 2.60 min was not established.

Variations of the Claisen Rearrangement of Diethyl(3-py-
ridylmethyl) Orthoacetate. The following experiments were con-
ducted using hexadecane as internal standard. The molar response
factor for hexadecane was determined to be 0.54.

A. Catalytic Amount of Propionic Acid. A solution of 309.5
mg (2.84 mmol) of 3-hydroxymethylpyridine (2), 3.7 g (23 mmol)
of triethyl orthoacetate, 2.3 mg (0.03 mmol) of propionic acid, and
70.7 mg (0.31 mmol) of hexadecane (internal standard) was heated
at 190° in a nitrogen atmosphere while ethanol was continuously
removed by distillation. Gc analysis (5% CW 20M, 145°, flow rate
160 ml/min) of the reaction mixture at 2-, 4-, and 20-hr intervals
showed a mixture of 4 and 5 in a combined yield of 20, 31, and 42%,
respectively.

B. Catalytic Amount of p-Toluenesulfonic Acid. A mixture
of 218 mg (2.0 mmol) of 3-hydroxymethylpyridine (2), 2.5 g (15.5
mmol) of triethyl orthoacetate, 5.5 mg of p-toluenesulfonic acid,
and 50.3 mg (0.22 mmol) of hexadecane (internal standard) was
treated as in A. After 3 hr, GC analysis indicated that the yield of 4
and 5 was 20%. Continued heating at 190° (ca. 15 hr) results in
considerable tar formation without any major improvement in
yield.

C. o-Dichlorobenzene as Solvent. A mixture of 219.6 mg (2.01
mmol) of 3-hydroxymethylpyridine (2), 2.6 g (16 mmol) of triethyl
orthoacetate, 1.5 mg (0.02 mmol) of propionic acid, and 49.2 mg
(0.22 mmol) of hexadecane (internal standard) in 3 ml of o-dichlo-
robenzene was heated at reflux (bath temperature 185°) in a nitro-
gen atmosphere for 48 hr. GC analysis showed a 32% yield of 4 and
5 in a 57:47 ratio.

Ethyl 2-Methyl-3-pyridylacetate (8). A solution of 1.60 g
(14.7 mmol) of 2-hydroxymethylpyridine (6),1718 19.0 g (117
mmol) of triethyl orthoacetate, and 10.9 mg (0.15 mmol) of propi-
onic acid was heated at 190° for 18 hr in a nitrogen atmosphere,
while ethanol was continuously removed by distillation. Chroma-
tography of the reaction mixture on Woelm neutral alumina (ac-
tivity I11), eluting with petroleum ether-ether (1:1), gave two
major fractions. The faster moving fraction (0.94 g, 28%) was as-
signed the structure of the ortho ester 7. NMR (CC14) b 1.19 (6 H,
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t,J =6 Hz), 153 (3H,s),35 (4H,q,J =6 Hz), 473 (2 H, d),
7.21 (1 H, m), 7.48 (2 H, m), and 8.43 (1 H, m).

GC analysis (5% CW 20M, 125°, flow rate 160 ml/min) of the
other fraction (0.76 g, 29%) showed only one peak with a retention
time (min) of 4.48. This product was isolated by preparative GC
(5% QF-1, 150°) and identified as the pyridylacetate 8: ir (CC14)
3071, 1746, 1436, 1359, 1323, 1140, and 1020 cm"1, NMR (CCL,) 5
121 3H,t,J = 6Hz), 251 (3H,s),353(2H,s),412 (2H,q,J =
6 Hz), 7.00 (1 H, m), 7.40 (1 H, m), and 8.31 (1 H, m); mass spec-
trum (70 eV) m/e (rel intensity) 179 (78), 134 (26), 133 (47), 107
(71), 106 (100), 105 (43), 79 (58), 78 (18), 77 (27), 65 (50), 63 (13),
39 (67).

Benzyldiethyl Orthoacetate. A solution of 0.539 g (5.0 mmol)
of benzyl alcohol, 6.50 g (40 mmol) of triethyl orthoacetate, and 15
ul (0.2 mmol) of propionic acid was refluxed in a nitrogen atmo-
sphere for 26.5 hr. GC analysis (5% SE-30, 130°) showed one major
peak with a retention time of 7.6 min. This product was isolated by
preparative GC and identified as benzyldiethyl orthoacetate: ir
(CHCI3) 3020, 1733, 1496, 1450, 1375, 1206, 1152, 1041, 1021, 952,
926, and 684 cm"1, NMR (CDCI3) b1.22 (6 H, t,J = 7 Hz), 1.53 (3
H, t, J = 4 Hz), 3.55 and 3.60 (4 H, two overlapping ¢, J = 7 Hz),
461 (2H,d,J = 4Hz), and 7.33 (6 H, broad s); mass spectrum (70
eV) m/e 179 (M - 45), 178 (M - 46), 150 (179 - 29), 149 (178 -
29), 132 (M - 92), 108 (C6H5CH20), 107, 105, 104, 91, 79, 77.

Ethyl d-(I-Methyl-2(IH)-ox0-3-pyridine)propionate (17a).
A solution of 139 mg (1.0 mmol) of I-methyl-3-hydroxymethyl-2-
pyridone (16)16 and 1.31 g (8.1 mmol) of triethyl orthoacetate con-
taining a drop of propionic acid was refluxed for 3 hr in a nitrogen
atmosphere. GC analysis (5% QF-1, 185°, flow rate 120 ml/min)
showed two major peaks with retention times of 8.5 and 17.0 min.
The products were isolated by preparative GC. Compound 8.5 was
unstable and was slowly converted to a new material which has not
been identified. Compound 17.0 was assigned the structure 17a: ir
(CHCI3) 2950, 1706, 1640, 1586, 1547, 1430, 1391, 1358, 1332, 1310,
1281, 1200, 1176, 1150, 1092, 1030, and 870 cm-1; NMR (CDCI3) 5
I. 203 H,t J=7Hz), 267 and 2.76 (2 H, two overlappingd, J = 7
Hz), 354 (3 H, s), 4.14 (25 H, q, J = 7 Hz), 4.35-5.26 (0.5 H, m),
6.05 (1H,t,J=6Hz),and7.00-7.33 (2 H, m).

Anal. Caled for CIH15NO3 C, 63.1; H, 7.2; N, 6.7. Found: C,
63.2; H, 7.1; N, 6.5.

Ethyl a-Ethyl-/S-(I-methyl-2(IH)-oxo0-3-pyridine)propio-
nate (17b). A mixture of 278 mg (2.0 mmol) of I-methyl-3-hy-
droxymethyl-2-pyridone (16)16 and 2.2 g (16 mmol) of triethyl or-
thobutyratel9 containing 0.992 mg (0.125 mmol) of propionic acid
was heated at 150° in a nitrogen atmosphere for 8 hr and then left
at 25° for 60 hr. GC analysis (5% SE-30) showed two peaks with re-
tention times of 8.0 and 16.0 min. The first product decomposed
slowly and its identity was not established. The second product (16
min) was isolated by preparative GC and assigned the structure of
17b: ir (CHCI3) 3000, 1722, 1650, 1588, 1562, 1460, 1405, 1371,
1320, 1166, 1100, 1030, and 823 cm 'L, NMR (CDCI3) 6 0.70-3.00
[11 H total, m, including 0.95 (t,J = 7 Hz), 1.17 (t, J = 7 Hz), and
2.72 (t,J = 2Hz)], 353 (3 H, s), 406 (2 H, q,J = 7Hz), 6.05 (1 H,
t,J - 7 Hz), and 7.17 (2 H, d, J = 7 Hz); mass spectrum (70 eV)
m/e 237 (M), 222 (M - 15), 208 (M - 29), 205, 192 (M - 45), 176
(M - 61), 164 (M - 73), 163 (M - 74), 162 (M - 75), 148, 134, 123,
122 (M - CH3CH2CHCO02C2Hs).

Anal. Calcd for CI3H19NO3: C, 65.8; H, 8.1; N, 5.9. Found: C,
65.7; H, 8.1; N, 5.9.

Reaction of 3-Hydroxymethylpyridine (2) with N,N-Di-
methylacetamide Diethyl Acetal (12, 13). A solution of 2.36 g
(21.6 mmol) of 3-hydroxymethylpyridine (2) and 5.51 g of a mix-
ture20of (V,V-dimethylacetamide diethyl acetal (12) and 1-ethoxy-
1-dimethylaminoethylene (13) in 30 ml of 0-dichlorobenzene was
refluxed for 18 hr in a nitrogen atmosphere. Fractional distillation
afforded 0.589 g at 70-105° (0.05 mm) and 1.25 g at 105-123° (0.05
mm); GC analysis (5% CW 20M, 175°, flow rate 160 ml/min) of the
lower boiling fraction showed one major component (75%) with a
retention time of 3.28 min. Similar analysis of the higher boiling
fraction showed that it contained the 3.28 peak and another peak
at 8.35 in a ratio of 53:47, respectively. The yield of 3.28 and 8.35
was 44% in a ratio of 65:35, and the products were isolated by pre-
parative GC (5% CW 20M, 175°).

Compound 3.28 was assigned the structure of amide 14: ir (CC14)
3009, 1657, 1645 (shoulder), 1437, 1378, and 1119 cm-1, NMR
(CC1,) b2.37 3H,s), 3.01 (6 H, d, J = 16 Hz), 3.80 (2 H, s), 6.98 (1
H, m), 7.38 (1 H, m), and 8.27 (1 H, m); mass spectrum (70 eV) m/e
(rel intensity) 178 (61), 134 (36), 107 (100), 106 (67), 72 (85).

Anal. Calcd for CioHi4dN20: C, 67.3; H, 7.9; N, 15.7. Found: C,
67.2; H, 7.9; N, 15.5.
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Compound 8.35 was identified as amide 15: ir (CCl4) 3007, 1666,
1381, and 1221 cm "1, NMR (CC14) 62.22 (3 H, s), 2.95 (6 H, s), 3.53
(2 H, s), 6.90 (1 H, m), and 8.27 (2 H, m); mass spectrum (70 eV)
m/e (rel intensity) 178 (15), 162 (47), 147 (60), 133 (22), 120 (33),
119 (91), 106 (20), 105 (100), 91 (36), 79 (24), 77 (20), 72 (36), 41
(20), 39 (16).

Anal. Calcd for C10H14N20: C, 67.3; H, 7.9; N, 15.7. Found: C,
67.2; H, 7.9; N, 15.5.

IV,IV-Dimethyl(l,3-dimethyl-2(lif)-oxo-4-pyridine)acetam-
ide (18). A solution of 419 mg (3.0 mmol) of 3-hydroxymethyl-I-
methyl-2-pyridone (16)16 and 742 mg (4.6 mmol) of a mixture20 of
12 and 13 in 6 ml of o -dichlorobenzene was refluxed under nitro-
gen for 24 hr. The mixture was chromatographed on silica gel. Elu-
tion with chloroform removed the o-dichlorobenzene. Further elu-
tion with 3% methanol in chloroform afforded 515 mg (82%) of
product. GC analysis (5% QF-1, 220° flow rate 150 ml/min)
showed one major peak with a retention time of 11.0 min. This
compound was identified as 18: ir (CHCI3) 2941, 1623, 1578, 1387,
1235, and 1127 cm -1, NMR (CDCI3) $2.10 (3 H, s), 2.97 and 3.02 (6
H together, two s), 3.50 and 3.57 (5 H together, two s), 6.03 (1 H, d,
J = 7Hz),and 7.17 (1 H, d, J = 7 Hz); mass spectrum (70 eV) m/e
208 (M+), 189,175,174,161,160,146,132,128,118.

Anal. Calcd for CiiH16N2 2 C, 63.4; H, 7.7; N, 13.4. Found: C,
63.6; H, 7.9; N, 13.0.

Dimethylbutyramide Diethyl Acetal (19). Triethyloxonium
tetrafluoroborate (ca. 0.2 mol) was covered with 20.71 g (0.180 mol)
of N,N-dimethylbutyramide while stirring mechanically. The salt
failed to react until the mixture was heated sufficiently to reflux
the liberated ether. Reflux was continued for 1hr and the reaction
mixture formed two layers; the upper was decanted, the lower was
dissolved in 50 ml of methylene chloride (distilled from P205), and
the solution was placed in a dropping funnel.

To 110 g of dry ethanol was added 5.478 g (0.238 daltons) of so-
dium. When the sodium had dissolved, the mixture was cooled in
ice and to it was added the solution in the dropping funnel over 2
hr. A precipitate formed as the addition proceeded. After standing
overnight, the solid was removed by centrifugation, the superna-
tant was distilled at reduced pressure, and the final oily fraction
[bop 60-80° (20 mm)] was redistilled at atmospheric pressure
through a 25-cm platinum spiral column. A fraction boiling at
145-153° was found to contain the product mixture and 5% of un-
reacted dimethylbutyramide: GC (5% QF-1 on CW 80/100, 10 ft X
0.25 in., flow rate 100 ml/min, 150°) retention time 1.1 min; etha-
nol, 0.9 min; dimethylbutyramide, 2.5 min.

Reaction of 3-Hydroxymethyl-I-methyl-2-pyridone (16)
with IV,:V-Dimethylbutyramide Diethyl Acetal-1-(iV,JV-Di-
methylamino)-lI-ethoxy-l-butene (19) (see Table Il). The se-
ries of reactions reported in Table Il was performed by the fol-
lowing general procedure. In a 25-ml three-neck round-bottom
flask fitted with condenser, serum cap, and nitrogen atmosphere
were placed the 3-hydroxymethyl-lI-methyl-2-pyridone,16 solvent,
amide acetal, and catalyst if any. The mixture was then heated at
the specified temperature and time. The reactions were analyzed
by GC (5% QF-1, 196°, flow rate 200 ml/min) and showed two
peaks with retention times of 8.0 and 13.75 min. The products
were isolated by preparative GC.

Compound 8.0 was identified as 21: ir (film) 3550, 2960, 1637,
1585, 1559, 1400, 1222, 1143, 1104, and 760 cm"1, NMR (CDC13) 5
0.87 3 H, t,J =7 Hz), 1.13-2.00 (2 H, m), 2.57-3.43 (9 H, m, in-
cluding singlets at 2.90 and 3.00), 3.54 (3 H,s),605 (1 H,tJ=7
Hz), and 7.17 (2 H, d, 3 = 7 Hz); mass spectrum (70 eV) m/e 236
(M+), 192, 191 (M - H - CH30CH3J), 164 [M - (CH3)2NCO], 163,
162, 148,122 [M - (CH3)2NC(0)C2He].

Anal. Calcd for Ci3H20N20 2 C, 66.1; H, 8.5; N, 11.8. Found: C,
66.0; H, 8.5; N, 11.8.

Compound 13.75 was assigned the structure 20: ir (film) 2963,
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1632, 1594, 1385, 1229, 1150, and 785 cm“ 1, NMR (CDCI3) 52.20 (3
H, s), 2.85 and 2.93 (6 H together, two singlets), 3.50 (3 H, s), 3.72
1H,tJ=7Hz),616 (1H,d J=7Hz),and 7.07 1 H,d,J =7
Hz); mass spectrum (70 eV) m/e 236 (M+), 191 (M — H —
CH30CH3), 176 (191 - CH3), 164 [M - CON(CH3)2], 163, 162,
148.

Anal. Calcd for Ci3H2N20 2 C, 66.1; H, 8.5; N, 11.8. Found: C,
65.9; H, 8.5; N, 12.0.
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The photochemical codimerization of benzofuran with 2-substituted benzofurans has been examined. Irradia-
tion of benzofuran with 2-(3-pyridyl)benzofuran or 2-phenylbenzofuran resulted in formation of the head-to-tail
syn and anti cyclobutane codimers as main products. On the other hand, benzofuran with methyl benzofuran-2-
carboxylate on irradiation gave the head-to-head syn codimer in addition to one homodimer of methyl benzofu-
ran-2-carboxylate and two carbonyl compounds. It is suggested that the former proceeds via the excited singlet of
benzofuran and the latter involves the excited singlet of methyl benzofuran-2-carboxylate.

The connection between orientation and multiplicity of
excited states in photoinduced dimerizations has attracted
a great deal of attention.1 With regard to the photochemis-
try of benzofurans, several examples including homodimer-
ization in the presence of triplet sensitizers and addition
reactions with carbonyl compounds and dimethylmaleic
anhydride have been reported in the literature.2-7 How-
ever, there has been no report on the photoreaction from
the excited singlet of benzofurans. In this paper we would
like to describe photoinduced codimerization of benzofuran
with 2-substituted benzofurans, in which singlet excited
states of benzofurans are involved.8

Results and Discussion

All photochemical reactions described herein were car-
ried out with a 350-W high-pressure mercury lamp in a ni-
trogen atmosphere. The products were isolated by chroma-
tography over silica gel, and the structures were deter-
mined by analytical and spectroscopic data.

Irradiation of an acetonitrile solution of benzofuran (la)
and 2-(3-pyridyl)benzofuran (Ib), derived from photoreac-
tion of la with 3-iodopyridine, gave two codimers 2a and
3a in good yields. The stereochemistry of these codimers is
assigned mainly on the basis of their NMR spectra. The
100-MHz NMR spectrum of 2a (CCU) showed three cyclo-
butane protons at $4.48 (J = 6.0 and 3.8 Hz, Ha or Ho),
459 (J = 6.5 and 3.8 Hz, Haor Hc), and 5.54 (J = 6.5 and
6.0 Hz, Hb). The large two coupling constants of Jab and
J be suggest that these three protons have a cis orientation.
Furthermore, the observed strong upfield shift of the aro-
matic protons of the two benzofuran moieties can be attrib-
uted to long-range shielding by the ttelectrons of the aro-
matic rings. Thus, 2a was identified as the head-to-tail syn
codimer. The large long-range coupling constant (Jac) ob-
served in 2a relative to that in the literature (0.5-2.0 Hz)
may be due to mutual repulsion of the two benzofuran
moieties which results in a conformation permitting effec-
tive coupling through the cyclobutane ring.9 The NMR
spectrum of 3a (CCl4) contained signals of three methine
protons at b 4.40 (J = 1.7 and <1.0 Hz, Ha), 457 (J = 6.5
and <1.0 Hz, Hc), and 5.06 (J = 6.5 and 1.7 Hz, Hb). In ad-
dition, the aromatic protons of the pyridine ring and one
phenyl ring were shifted upfield from their normal posi-
tions. Thus, 3a was assigned as the head-to-tail anti codi-
mer. Pyrolysis of 2a and 3a at 220-240° in a degassed
Pyrex tube leads in both cases to la and Ib.

Irradiation of a solution of la and 2-phenylbenzofuran
(Ic) in acetonitrile through Pyrex glass afforded two codi-
mers 2b and 3b and one homodimer 4a as main products.10
The stereochemistry of 2b and 3b, in analogy with 2a and
3a, is assigned mainly on the basis of their NMR spectra.
The NMR spectrum of 2b (CDClIs) showed three methine
protons at 54.43 (J = 6.2 and 4.0 Hz, Haor Hc), 4.46 (J =
7.6 and 4.0 Hz, Haor Hc), and 549 (J = 7.6 and 6.2 Hz,

4a, R = Ph
b, R= CO,CHI

e, R= COH; f, R= CONH,; g, R = CHs

Hb), eight aromatic protons of the two benzofuran moieties
at b 6.2-7.1, and five aromatic protons at €7.3-7.6. The
NMR spectrum of 3b (CDCI3) contained signals of three
cyclobutane protons at 54.40 (J = 2.0 and 1.0 Hz, Ha), 4.46
(J = 7.0and 1.0 Hz, Hc), and 5.10 (J = 7.0 and 2.0 Hz, Hb),
and aromatic protons of the phenyl group and one of the
two benzofuran moieties at higher field than the normal
positions. These NMR spectra suggest that 2b is the head-
to-tail syn codimer and 3b is the head-to-tail anti codimer.
Pyrolysis of 2b and 3b at 220-240° gave la and Ic in quan-
titative yield.

Irradiation of an acetonitrile solution of la and methyl
benzofuran-2-carboxylate (Id) through Pyrex glass mainly
gave a homodimer 4b,11 a codimer 5, a ketone 6,12 and an
aldehyde 7a.12 None of the other possible homodimers and
codimers was detectable. 5 was identified as the head-to-
head syn codimer on the basis of its NMR spectrum
(CDCI3): three methine protons at b 4.42 (J = 8.0 and 6.5
Hz, Hb), 449 (J = 8.0 and 3.8 Hz, Ha), and 5.63 (J = 6.5
and 3.8 Hz, Hc) as an ABX spectrum, one methyl group atb
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3.80, and eight aromatic protons with the strong upfield
shift at 5 6.6-7.0. Evidence for the structure 7a has been
obtained by the Wolff-Kishner reduction of 7a to 7b.

Solutions of la and other 2-substituted benzofurans
(le-g) were also irradiated, but no detectable amount of
cyclobutane dimers was obtained.

In order to try to clarify the excited state which is in-
volved in these photocodimerization reactions, sensitiza-
tion and quenching experiments were carried out. When an
acetonitrile solution of la (0.2 M) and Ic (0.05 M) was irra-
diated through an n-hexane solution of naphthalene which
cut out wavelengths shorter than 320 nm and assured ab-
sorption of Ic alone, only 4a was obtained as a main prod-
uct. Irradiation (366 nm) of a solution in the presence of ac-
etophenone (0.1 M) or benzophenone (0.1 M) as triplet
sensitizers gave no detectable amount of codimers 2b and
3b. Furthermore, the formation of 2b and 3b was not
quenched by 1,3-pentadiene (0.1 M), known as a triplet
quencher. Similar results were obtained in the case of codi-
merization of la with Ib. These results suggest that the co-
dimerization of la with Ib or Ic proceeds via the excited
singlet la. The photocodimerization of la and Id was also
examined. When an acetonitrile solution of la and Id was
irradiated with 313-nm radiation, absorbed only by Id, the
same products as obtained in the case of irradiation
through Pyrex glass were mainly formed. The formation of
these compounds was neither photosensitized by triplet
sensitizer (acetophenone or benzophenone) nor quenched
by 1,3-pentadiene. These results indicate that 5 is formed
via addition of the excited singlet Id to the ground state la,
which contrasts with the case of the codimerization of la
with Ib or Ic.

With regard to the photochemical codimerization of la
with 2-substituted benzofurans, our present results indi-
cate that the reactions obviously depend upon the benzofu-
rans used, and two kinds of codimerization exist. One case
is the codimerization of the excited singlet la with the
ground state of arvl-substituted benzofurans Ib and Ic,
which leads to the head-to-tail syn and anti codimers. The
other is the codimerization of the excited singlet Id with
the ground state la, which gives the head-to-head syn codi-
mer. At the present state, it is difficult to state clearly the
correlation between the orientation of addition and multi-
plicity of the excited states in the photodimerization of
benzofurans. However, in view of the high substrate and
orientational selectivity noted in these experimental re-
sults, it might be reasonable to consider that the reactions
involve initial formation of a ir complex between the excit-
ed singlet of one molecule and the ground state of anoth-
er.13

Experimental Section

Melting points are uncorrected. Nuclear magnetic resonance
spectra were determined on a JEOL JNM JS-100 spectrometer
using tetramethylsilane as a internal standard. Mass spectra were
performed on a Hitachi Perkin-Elmer RMF-60 mass spectrometer.
Infrared spectra were obtained on a Japan Spectroscopic DS-402G
infrared spectrophotometer with samples prepared as KBr pellets.

Photoreaction of 3-lodopyridine with Benzofuran (la). A
solution of 3-iodopyridine (4.1 g, 20 mmol) and la (9.5 g, 80 mmol)
in acetonitrile (180 ml) was prepared in a Pyrex doughnut-type
vessel. The solution was flushed with nitrogen for several minutes
before being irradiated. Irradiation was carried out using a 350-W
high-pressure mercury lamp in a quartz immersion well with
water-cooled jacket at room temperature for 48 hr. After removal
of solvent in vacuo, the residue was dissolved in diethyl ether and
washed with a diluted NH40H solution. Evaporation of diethyl
ether and recovery of unreacted la and 3-iodopyridine (2.24 g) in
vacuo afforded a crude product mixture (1.7 g). Chromatography
on a column of silica gel (Merck) with benzene-diethyl ether (10:1)
as eluent gave four fractions. The first fraction afforded 3a (910
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mg, 32% on the basis of consumed 3-iodopyridine) as colorless nee-

dles: mp 150° (from benzene); m/e 313 (M+), 195, 166, 139, and

118; ir (KBr) 1592, 1480, 1460, 1420, 1235, 1004, 905, 763, 752, and

712 cm-1;, NMR (CC14) b4.40 (1 H, dd, J = 1.7 and <1.0 Hz), 4.57

(1 H,dd,J = 6.5and <1.0 Hz), 5.06 (1 H, dd, J = 6.5 and 1.7 Hz),

6.40-6.68 (2 H, m), 6.12-6.72 (5 H, m), 7.20 (1 H, dd, J = 8.0 and

1.8 Hz), 7.27 (1 H, dd, J = 8.0 and 1.8 Hz), 7.35 (L H, dt, J = 7.0
and 1.7 Hz), 831 (1 H,dd, J = 45and 1.7 Hz), and 840 (1 H, d, J

= 1.7 Hz).

Anal. Calcd for C2iH15N02: C, 80.49; H, 4.83; N, 4.47. Found: C,
80.39; H, 4.59; N, 4.18.

The second fraction from the column gave Ib (90 mg, 5%) as col-
orless needles: mp 78° (from benzene); m/e 195 (M+), 166, and
139; ir (KBr) 1578, 1445, 1253, 1163, 1110, 915, 797, 746, and 700
cm“ L NMR (CCL,) b7.03 (1 H, s), 7.12-7.36 (2 H, m), 7.27 (1 H,
dd, J = 7.5and 42 Hz), 7.44 (1 H,d, J = 80Hz), 748 1 H,d, J =
8.0 Hz), 8.03 (1 H, dt, J = 7.5 and 1.8 Hz), 8.46 (1 H, dt, J = 4.2
and 1.8 Hz), and 9.00 (1 H, d, J = 1.8 Hz).

Anal. Calcd for CI3HINO: C, 79.98; H, 4.65, N, 7.17. Found: C,
79.92; H, 4.51; N, 7.20.

The third fraction gave a mixture of pyridylbenzofuran isomers
(90 mg, 5%): bp 120-130° (6 mmHg) (bath temperature); m/e 195
(M+), 166, and 139. The NMR spectrum (CCl4) of the mixture
showed one major component (~85%): b6.84 (1 H, dd, J = 2.2 and
1.0 Hz), 7.28 (1 H, dd, J = 7.8 and 4.5 Hz), 7.18-7.34 (3 H, m, AB
part of the ABX system), 7.39 (1 H, dt, J = 7.8 and 1.0 Hz, X part
of the ABX system), 761 (1 H, d, J = 22 Hz), 7.80 (1 H, dt, J =
7.5and 1.8 Hz), 851 (1 H, dd, J = 4.5 and 1.8 Hz), and 8.76 (1 H,
d, J = 1.8 Hz). These NMR signals are probably attributed to 4-
(3-pyridyl)benzofuran. Repeated recrystallizations of the HC1 salt
of the mixture from methanol-water afforded a white solid, mp
104°.

The fourth fraction gave 2a (600 mg, 21%): mp 113° (from ben-
zene); m/e 313 (M+), 195, 166, 139, and 118; ir (KBr) 1592, 1480,
1460, 1235, 1062, 880, 752, and 712 cm"1; NMR (CCl4) « 4.44 (1 H,
dd, J = 6.0 and 3.8 Hz), 459 (1 H, dd, J = 6.5 and 3.8 Hz), 5.54 (1
H, dd, J = 6.5 and 6.0 Hz), 6.31 (1 H, dd, J = 8.0 and 1.5 Hz), 6.35
(1 H, dd, J = 8.0 and 1.5 Hz), 6.64 (1 H, dd, J = 8.0 and 7.0 Hz),
6.82 (2 H,dd,J = 80and 7.0 Hz), 700 (1 H, dd, J = 7.0 and 15
Hz), 7.05 (1 H, dd, J = 7.0 and 1.5 Hz), 7.26 (1 H, dd, J = 7.5 and
45 Hz), 7.84 (1 H, dt, J = 7.5 and 1.8 Hz), 852 (1 H, dd, J = 45
and 1.8 Hz), and 8.81 (1 H, d, J = 1.8 Hz).

Anal. Calcd for C2iHisNO 2: C, 80.49; H, 4.83; N, 4.47. Found: C,
80.39; H, 4.57; N, 4.29.

Pyrolysis of 2a (310 mg, 1 mmol) at 220-240° in a degassed
Pyrex tube for 30 min, distillation of la, and sublimation at 90-
100° (6 mmHg) gave Ib (190 mg). Similarly, pyrolysis of 3a at
220-240° afforded Ib quantitatively.

Photoreaction of la and 2-(3-Pyridyl)benzofuran (Ib). A so-
lution of la (240 mg, 2 mmol) and Ib (100 mg, 0.5 mmol) in aceto-
nitrile (100 ml) was irradiated in a Pyrex vessel for 12 hr using a
350-W high-pressure mercury lamp. After removal of the solvent
and la in vacuo, sublimation of the residue at 150-160° (0.2
mmHg) gave 280 mg of a mixture of the codimer 2a, 3a. The ratio
of the codimers was determined by an NMR spectrum of the mix-
ture (2a: 3a = 2:3).

Photoreaction of la and 2-Phenylbenzofuran (Ic). A solu-
tion of la (2.43 g, 20 mmol) and Ic (1.0 g, 5.2 mmol) in acetonitrile
(180 ml) in a Pyrex vessel was irradiated for 70 hr. During this
time, colorless needles of 4a (270 mg, 14% based on consumed Ic)
separated from the solution: mp 287-288°; m/e 388 (M+), 194, and
165; NMR (Me250-D6) b5.04 (2 H, s), 6.64 (2 H, m), 7.00 (2 H, m),
7.10-7.55 (10 H, m).

Anal. Calcd for C8H2002 C, 86.57; H, 5.19. Found: C, 86.60; H,
5.10.

Evaporation of the filtrate to dryness and distillation of unreact-
ed la in vacuo gave a crude solid (1.26 g). Chromatography on a
column of silica gel with n-hexane-benzene (6:1) as eluent gave
three fractions. The first fraction gave Ic (40 mg, 2 mmol). The
second fraction afforded 3b (1.06 g, 68%): mp 153-154° (from ben-
zene); m/e 312 (M+), 194, and 165; ir (KBr) 1594, 1480, 1460, 1245
1002, 900, 745, and 700 cm"1, NMR (CDCI3) 64.40 (1 H, dd, ./ =
2.0and 1.0 Hz), 460 (L H, dd, J = 7.0and 1.0 Hz), 5.11 (1 H, dd, J
= 7-0 and 2.0 Hz), 6.56 (1 H, m), 6.74-7.06 (4 H, m), and 7.08-7.42
(7 H, m).

Anal. Calcd for C2H 180 2: C, 84.59; H, 5.16. Found: C, 84.90; H,
5.43.

The third fraction gave 2b (190 mg, 12%): mp 130° (from diethyl
ether); m/e 312 (M+), 194, and 165; ir (KBr) 1586, 1570, 1455,
1220, 1060, 870, 793, 745, and 695 cm -1 NMR (CDCI3) b4.43 (1 H
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dd, J = 6.2 and 4.0 Hz), 4.64 (1 H, dd, J = 7.6 and 4.0 Hz), 5.49 (1
H,dd,J = 7.6 and 6.2 Hz), 6.40 (2 H, d,J = 7.5 Hz), 6.68 (2 H,d, J
= 6.7 Hz), 7.11 (2 H, d, J = 6.7 Hz), and 7.24-7.68 (5 H, m).

Anal. Calcd for C22H,60 2 C, 84.59; H, 5.16. Found: C, 84.90; H,
5.43.

Photoreaction of la with Methyl Benzofuran-2-carboxyl-
ate (1d). A solution of la (4.37 g, 37 mmol) and Id (1.6 g, 91 mmol)
in acetonitrile (180 ml) was irradiated in a Pyrex vessel for 62 hr.
After removal of solvent and unreacted la in vacuo, chromatogra-
phy of the residue on a column of silica gel gave five fractions. The
first fraction (n-hexane-benzene, 10:1, as eluent) afforded Id (450
mg, 2.5 mmol). The second fraction (n-hexane-benzene, 10:1, as el-
uent) yielded 7a (240 mg, 14%): mp 202-203° (from n-hexane-ben-
zene); m/e 262 (M+), 234, 205, and 176; ir (KBr) 1662, 1615, 1385,
1340, 1166, 1113, 1077, 876, 815, and 755 cm"L NMR (CDC13) b
7.20-7.70 (7 H, m). 7.50 (1 H, s), 8.28 (1 H, m), and 10.88 (1 H, s).

Anal. Calcd for Ci7THi003: C, 77.85; H, 3.84. Found: C, 77.66; H,
3.59.

The third fraction (n-hexane-benzene, 10:1, as eluent) gave 6
(290 mg, 17%): mp 157-158° (from benzene); m/e 262 (M+), 245,
234, 205, 145, and 117; ir (KBr) 1662, 1620, 1387, 1340, 1164, 1110,
1075, 870, 810, and 750 cm*“ 1; NMR (CDC13) b 7.30-7.80 (7, H, m),
7.62 (1H,s),835(1 H, m), and 8.84 (1 H, s).

Anal. Calcd for Ci7Hi0O3 C, 77.85; H, 3.84. Found: C, 77.60; H,
3.59.

The fourth fraction (benzene as eluent) afforded 5 (540 mg,
28%): mp 99° (from benzene-diethyl ether); m/e 294 (M+), 176,
145, 118, and 89; ir (KBr) 1750, 1476, 1460, 1232, 1126, 835, 755,
and 742 cm-1; NMR (CDC13) b 3.80 (3 H, s), AB part of the ABX
spectrum at 4.42 (J = 8.0 and 6.6 Hz) and 4.49 (J = 8.0 and 3.8
Hz), X part of the ABX spectrum at 5.63 (1 H, dd, J = 6.6 and 3.8
Hz), and 6.4-7.0 (8 H, m).

Anal. Calcd for Ci8H140 4 C, 73.46; H, 4.80. Found: C, 73.18; H,
4.77.

The fifth fraction (diethyl ether as eluent) yielded 4b (160 mg,
7%): mp 166° (from benzene-diethyl ether); m/e 352 (M+), 176,
145, 118, and 89; ir (KBr) 1765, 1730, 1476, 1460, 1430, 1230, 1130,
1075, 1042, 1025, 982, 845, and 750 cm“ 1, NMR (CDC13) b 3.80 (6
H, s), 4.68 (3 H, s), and 6.5-7.0 (8 H, m).

Anal. Calcd for C20H1606: C, 68.18; H, 4.58. Found: C, 68.29; H,
4.38.

Wolff-Kishner Reduction of 7a. A mixture of 7a (20 mg, 0.077
mmol), potassium hydroxide (50 mg), 90% hydrazine hydrate (50
mg), and diethylene glycol (5 ml) was heated to reflux for 1 hr.
After refluxing, water was removed and refluxing was continued
for an additional 2 hr. The mixture was then cooled and extracted
with benzene. Evaporation of the dried solution and sublimation of
the residue at 100-110° (6 mmHg) gave 7b (17 mg, 88%): mp 126-
127° (from n-hexane); m/e 248 (M+); NMR (CC14) b 2.60 (3 H, s),
7.04 (1H,s),7.10-7.30 (4 H, m), and 7.30-7.60 (4 H, m).

Anal. Calcd for C1H1202: C, 82.24; H, 4.87. Found: C, 82.40, H,
4.90.

Registry No.—la, 271-89-6; Ib, 7035-06-5; Ic, 1839-72-1; Id,
1646-27-1; 2a, 52437-49-7; 2b, 57237-76-0; 3a, 52169-67-2; 3b,

J. Org. Chem., Vol. 41, No. 3, 1976 543

57287-76-0; 4a, 57237-77-1; 4b, 57237-78-2; 5, 57237-79-3; 6,
57237-80-6; 7a, 57237-81-7; 7b, 57237-82-8; 3-iodopyridine, 1120-
90-7; 4-(3-pyridyl)benzofuran, 57237-83-9.
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The thermal and photochemical expansion reactions of several unsaturated 2H-azirines have been examined.
The azirines undergo thermal rearrangement by rupture of the C-N single bond to give a butadienyl nitrene
which undergoes cyclization followed by a [l,5]-sigmatropic migration and subsequent tautomerization. The buta-
dienyl nitrene was also found to insert into a neighboring allylic methyl group and the nitrene could also be
trapped when the thermolysis was carried out in the presence of tris(dimethylamino)phosphine. The azirine de-
rivatives were found to undergo photochemical reorganization via transient nitrile ylide intermediates which can

be trapped with external dipolarophiles.

Previous papers from this laboratory have established
that arylazirines undergo irreversible ring opening on elec-

tronic excitation to give nitrile ylides as reactive intermedi-
ates.2‘6 These species can be intercepted with a variety of
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dipolarophiles to form five-membered rings.1-7 As a result
of these early studies, we became interested in determining
whether the cycloaddition reaction would occur when the
dipolarophile and the azirine ring were constrained to be
within the same molecule. In a recent paper we reported
that the intramolecular photochemical and thermal cy-
cloadditions of 2-vinyl substituted 2/i-azirines do indeed
take place, the reactions providing clean transformations
for the synthesis of five-membered nitrogen-containing
heterocycles.8 This study has now been extended to include
other polyunsaturated 2fi-azirines. The results of this in-
vestigation are reported in the present paper.

Results and Discussion

2-Formyl-3-phenyl-2//-azirine-7V-allylimine (2) was
readily prepared by treating 2-formyl-3-phenyl-2H-azirine
(1) with allyl amine in benzene which contained a trace of
p-toluenesulfonic acid. Photolysis of azirine 2 in benzene
afforded 2-phenyl-iV-allylimidazole (3) as the only identifi-
able product in 85% yield. The structure of 3 is based on
analytical and infrared, NMR, and mass spectral data as
well as by comparison with an authentic sample synthe-
sized by heating a mixture of 2-phenylimidazole with allyl
chloride in the presence of sodium hydroxide. Thermolysis
of azirine 2 was found to give 7V-allyl-3-phenylpyrazole (4)

+ CHZ=CHCHNH2

CHO

Ph

CH=NCHZXH=CH2

2
Al
Ph
chZh= ch2
4

as the exclusive thermal product. The structure of pyrazole
4 was readily established by comparison with an authentic
sample prepared from the reaction of 3-phenylpyrazole
with allyl bromide.

Attention was next turned to the thermal and photo-
chemical behavior of ethyl 3-phenyl-2//-azirine-2-(2-meth-
ylacrylate) (5). This material was formed in high yield from
the reaction of 1 with methylcarboethoxymethylenetri-
phenylphosphorane in benzene at 80°. Heating azirine 5 for
10 hr in xylene at 140° gave a mixture of two products.
Separation of the mixture by thick layer chromatography
afforded 2-methyl-3-carboethoxy-5-phenylpyrrole (6), mp
112-113° (60%), and 2-phenyl-5-carboethoxypyridine (7),
mp 50-51° (40%). The structure of pyrrole 6 was estab-
lished from its characteristic spectral data (see Experimen-
tal Section) and was further confirmed by its unequivocal
synthesis from 2-phenyl-4-carbomethoxy-5-methyl-Al-pyr-
roline (8) by oxidation with 2,3-dichloro-5,6-dicyanobenzo-
quinone (DDQ) followed by transesterification with etha-
nol. The spectroscopic properties of pyridine 7 were per-
fectly consistent with the assigned structure (see Experi-
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Ph
CH3

\
H CO2CHS5

1 NH20H
2. PCI,
a h3o\ czhboh
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% CaHSOH

mental Section). Further proof of structure 7 was obtained
by comparison with an authentic sample.9

The thermal transformations observed with these sys-
tems can best be rationalized in terms of an equilibration of
the 2H-azirine with a transient vinyl nitrene which subse-
quently rearranges to the final product. Several examples
are available in the literature which provide good analogy
for the cyclization of a butadienyl nitrene to a five-mem-
bered ring.1011

The rearrangement of azirine 5 to pyrrole 6 is envisaged
to occur by a related cyclization followed by a [1,5]-sigma-
tropic carboethoxy shift and subsequent tautomerization.
The presumed carboethoxy shift in this reaction resembles
the Van Alphen rearrangementl2 where 3,3,4,5-tetrasub-
stituted pyrazolenines rearrange into N-substituted pyra-
zoles, a reaction which was reported to be an uncatalyzed
thermal rearrangement.13 Recently, other examples of the
pyrazolenine rearrangement were reported by Durr and
Sergiol4 and by Franck-Newmann and Buchecker,15 who
observed migrations of ester, acyl, and cyano groups which
they also explained in terms of [I,5]-sigmatropic migra-
tions.

The formation of 2-phenyl-5-carboethoxypyridine (7)
can be postulated to arise by insertion of the butadienyl ni-
trene into the neighboring allylic methyl group followed by
oxidation of the transient dihydropyridine. Such a reaction
pathway is supported by the fact that when the thermolysis
of 5 was carried out in the presence of tris(dimethylami-
no)phosphine, the yield of both 6 and 7 was significantly
diminished. Under these conditions, a new compound was
obtained and identified as a 1:1 adduct of 5 and tris(di-
methylamino)phosphine (i.e., structure 9). Nishiwaki and

ch.ch= ch?2

4
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co-workers had previously demonstrated that vinyl ni-
trenes can be generated and trapped with phosphines dur-
ing the thermolysis of substituted 2/i-azirines.16 Their re-
sults provide excellent precedence for the formation of
structure 9.

The photoisomerization of azirine 2 to 2-phenyl-N-allyl-
imidazole (3) is explicable on the basis of a ring opening to

Ph PK N

nch,ch= ch2

CHXH=CH,

a nitrile ylide which subsequently undergoes intramolecu-
lar reorganization to the observed imidazole. Since the pho-
tolysis of 2/i-azirines generally produces nitrile ylides, we
anticipated the formation of 2-phenyl-3-methyl-4-carbo-
ethoxypyrrole (10) from the irradiation of azirine 5. This
pyrrole was expected to be formed by intramolecular reor-
ganization of the initially generated nitrile ylide followed
by a [l,5]-sigmatropic carboethoxy migration and subse-
quent tautomerization. However, all attempts to detect this
pyrrole in the crude photolysate failed. Instead, the irradia-
tion of 5 led to a complex mixture of products which re-
sisted all attempts at purification. The crude NMR spec-
trum of the photolysate showed the presence of imine 11,
which can be envisaged to be formed by an intramolecular
hydrogen transfer reaction. When the irradiation of 5 was
carried out in the presence of methyl acrylate, a mixture of
cis and trans cycloadducts 12 was formed in high yield.
Similar results were obtained when acrylonitrile was used
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12 (X = CO,CH3 or CN)

as the dipolarophile. The stereochemical assignments of
the cycloadducts were made on the basis of the NMR data
(see Experimental Section). The chemical shifts of the car-
bomethoxy groups are in the same direction as was pre-
viously observed for cis- and trans-2,5-diphenyl-4-carbo-
methoxy-Ax-pyrrolines.3 The formation of the cycloadducts
and the reduction in the yield of the other products formed
from the irradiation of 5 strongly argue for the involvement
of a nitrile ylide in the photolysis of azirine 5.

We next investigated the possibility of obtaining azirine
13 by treating 2-formyl-3-phenyl-2//-azirine (1) with phen-
ylcarbomethoxymethylenetriphenylphosphorane. Photoly-

Ph
Y + Phc=p(Ph)3

CHO CO)CH3
”Ph
=N
Ph
ch= c
CO,CH,
13

sis of this azirine would avoid the problem of an intramo-
lecular hydrogen transfer. Unfortunately, in order to
achieve the desired Wittig reaction between 1 and phenyl-
carbomethoxytriphenylphosphorane, it was necessary to
use elevated temperatures. Under these conditions, we
could only isolate 2,5-diphenyl-3-carbomethoxypyrrole
(14). The formation of this pyrrole presumably proceeds
through the intermediacy of azirine 13 followed by C-N
ring opening and cyclization of the resulting vinyl nitrene
in the same manner as had been previously observed with
azirine 5.

Further examples which would support the generality of
intramolecular azirine cycloaddition reactions were sought.
With this in mind, we decided to prepare an azirinyl diene
system with the expectation that this system might under-
go some interesting photochemical behavior. Reaction of
2-formyl-3-phenyl-2H-azirine 1 with 3-carbomethoxy-2-
propenylidene-I-triphenylphosphoranel7 in benzene af-
forded a mixture of 2-phenyl-7-carbomethoxy-17/-azepine
(15, 40%), mp 156-157°, as well as azirinyl diene 16 (60%).



546 J. Org. Chem., Vol. 41, No. 3, 1976

The azepine structure 15 was assigned on the basis of its
spectroscopic data. The ultraviolet spectrum of this com-
pound showed an absorption maximum at 388 nm (e
29 300) indicating an extensively conjugated chromophore.
The NMR spectrum showed signals at r 6.28 (3 H, s), 3.70
(1 H, d), 3.40 1 H, d), and 2.20-2.80 (7 H, m) and is com-
patible with the structure assignment. The mass spectrum
showed the molecular ion peak at m/e 227. The azirinyl
diene 16 was a mixture of the EZ and EE isomers which
could not be purified since the mixture was extremely heat
sensitive and rapidly undergoes isomerization to azepine 15
when allowed to stand at room temperature. The formation
of azepine 15 may be formulated as proceeding through a
vinyl nitrene intermediate. This species undergoes a subse-
quent intramolecular reorganization to generate 17, which

rearranges to the observed product by a series of 1,5-sigma-
tropic hydrogen shifts. Unlike the novel thermal chemistry
encountered with azirine 16, the photochemical behavior of
this system was somewhat disappointing. Irradiation of a
dilute solution of 16 through a Pyrex filter gave an ex-
tremely complex mixture from which no significant prod-
uct could be isolated.

We had previously reported8 an unusual aspect of the in-
tramolecular photocyclization reaction of unsaturated azir-
ines which was uncovered during our studies dealing with
the photochemistry of (Z)-3-phenyl-2-styryl-2/i-azirine
(18). This styryl-substituted azirine was found to rearrange
to I-phenyl-3//-2-benzazepine (19) in high yield.8 Our re-

18
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sults with azirine 18 prompted an investigation of the
chemical behavior of the isomeric 3-styryl-2-phenyl-2//-
azirine (20) system. This compound was synthesized from
1,4-diphenyl-1,3-butadiene by the route shown below.18

The structure of 20 was based on a parent peak at m/e 219
in the mass spectrum, an infrared band at 5.78 ¢, uv maxi-
mum at 293 nm (i 26 000), and NMR signals at r 6.92 (1 H,
s) and 2.40-3.05 (12 H, m).

Whereas azirine 18 was smoothly converted to benzaze-
pine 19 on irradiation, photolysis of the isomeric azirine 20
resulted in the formation of polymeric material. When the
irradiation was carried out in the presence of methyl acry-
late, cycloadducts 21 and 22 were isolated in good vyield.

The major isomer (60%) was a crystalline solid, mp 133-
134°, whose spectral properties were consistent with 2-
styryl-5-phenyl-c(s-4-carbomethoxy-Al-pyrroline (21). The
assignment of stereochemistry was made on the basis of
analogy to systems previously studied.3'19 Photoadducts 21
and 22 exhibited absorptions for the carbomethoxy group
at t 6.28 and 6.84, respectively. The marked upfield shift of
the carbomethoxy group in the cis adduct 21 can be attrib-
uted to shielding by the welectrons of the neighboring phe-
nyl ring.19 This effect is absent in the trans adduct 22 and
the carbomethoxy signal appears at a lower field relative to
the signal for cis adduct 21.

We also studied the thermal behavior of azirine 20 and
found that it was perfectly stable in refluxing toluene.
However, when azirine 20 was heated in toluene in the
presence of 2,3,4,5-tetraphenylcyclopentadienone, a crys-
talline compound 23 was isolated in 38% yield. The mass
spectrum and elemental analysis of this material were con-
sistent with the formula C44H33N. The infrared spectrum
was devoid of carbonyl and NH absorptions. The ultravio-
let spectrum in methylene chloride showed absorption
maxima at 283, 315, and 375 nm while the NMR spectrum
showed signals at r 3.80 (2 H, AB quartet, J = 17.0 H2),
3.72 (1 H, s), and 2.20-3.20 (30 H, m). The above data
suggest that the structure of this compound is 6-styryl-
2,3,4,5,7-pentaphenyl-3//-azepine (23). A reasonable mech-
anism for the formation of this azepine assumes that a nor-
mal Diels-Alder reaction initially occurs to produce a
strained cycloadduct which then undergoes a chelotropic
fragmentation with concomitant aziridine ring opening to
give an azacycloheptatriene intermediate (i.e., 24). This
transient intermediate is converted to the thermodynami-
cally more stable 3//-azepine by a 1,5-sigmatropic hydro-
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Ph 0

gen shift. Such a sequence is closely related to reports by
Hassner20 and Nair,2l who found that 2/f-azirines react
with substituted cyclopentadieriones to give 3if-azepines in
good yield.

Experimental Sectionz:

Preparation of 2-Formyl-3-phenyl-2H-azirine-iV-allylim-
ine. A solution containing 1.45 g of 2-formyl-3-phenyl-2fi-azirine8
(1) and 0.57 g of allylamine in 125 ml of benzene which contained a
trace of p-toluenesulfonic acid was stirred in the presence of 15 g
of anhydrous sodium sulfate for 1.5 hr. Addition of 1.0 g of sodium
bicarbonate followed by filtration and removal of the solvent
under reduced pressure left a dark oil. This material was taken up
in pentane and separated from the insoluble portion. Removal of
the solvent left 1.56 g (85%) of 2-formyl-3-phenyl-2if-azirine-]V-al-
lylimine (2) as a light yellow oil: ir (neat) 5.70 and 6.05 n; NMR
(CDC13) r 7.04 (1 H, d, J = 7.0 Hz), 5.98 (2 H, m), 4.90 (2 H, m),
410 (1 H,m),298(1H,d, J=70Hz), 2.04-2.60 (5 H, m); MS m/e
184 (M+), 183,105,90, 89, and 77.

Irradiation of 2-Formyl-3-phenyl-2H-azirine-IV-allylimine.
A solution containing 500 mg of Al-allylimine 2 in benzene was ir-
radiated for 90 min through a Corex filter sleeve. Removal of the
solvent under reduced pressure left a dark oil which was distilled
at 70° (0.005 mm) to give 425 mg (85%) of a colorless oil whose
structure was assigned as 2-phenyl-IV-allylimidazole (3) on the
basis of its spectral properties and by an independent synthesis: ir
(neat) 6.10 NMR (CDCI3) r 5.56 (2 H, m), 5.00 (2 H, m), 4.22 (1
H, m), 3.10 (1 H, s), 3.03 (1 H, s), 2.46-2.88 (5 H, m); MS m/e 184
(M+, base), 143, 89, and 75. A picrate derivative was prepared and
recrystallized from ethanol, mp 152-153°. An authentic sample of
3 was prepared by heating a mixture which contained 375 mg of 2-
phenylimidazole,23 206 mg of allyl chloride, and 116 mg of sodium
hydroxide in 5 ml of acetonitrile for 3 hr. The mixture was filtered
and the solvent was removed under reduced pressure to give a dark
oil which was distilled at 90° (0.005 mm) to give 325 mg (65%) of a
colorless oil whose spectral properties were identical with those of
the major product obtained from the photolysis of azirine 2.

Thermolysis of 2-Formyl-3-phenyl-2ff-azirine-1V-allylim-
ine. A solution containing 200 mg of azirine 2 in 50 ml of xylene
was heated at reflux for 30 hr. Removal of the solvent under re-
duced pressure left a dark oil which was purified by thick layer
chromatography using a 1:1 ether-pentane mixture as the eluent.
The major band contained 168 mg (84%) of a yellow oil whose
structure was assigned as N-allyl-3-phenylpyrazole (4) on the basis
of its spectral properties and by comparison with an authentic
sample: ir (neat) 5.96, 6.24 \NMR (CDCI3) r 5.35 (2 H, m), 4.89 (2
H, m), 3.87-4.31 (1 H, m), 355 (1 H, d, J = 2.0 Hz), 2.6-3.0 (4 H,
m), 2.36 (1 H, m), 2.28 (1 H, d, J = 2.0 Hz). An authentic sample of
pyrazole 4 was prepared by treating 5-phenylpyrazole24 with allyl
bromide. To a solution containing 750 mg of 5-phenylpyrazole in 3
ml of absolute ethanol was added 0.28 g of potassium hydroxide in
2 ml of ethanol. The solution was allowed to stir for 30 min at room
temperature and was then cooled to 0°. To this mixture was added
a solution of 940 mg of allyl bromide in 4 ml of ethanol. After the
addition was complete the mixture was heated at reflux for 1 hr.
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Filtration and removal of the solvent under reduced pressure left a
dark oil. This material was purified by thick layer chromatography
using a 1.1 ether-pentane mixture as the eluent. The major band
corresponded to 626 mg (68%) of a yellow oil whose spectral prop-
erties were identical with those of iV-allyl-3-phenylpyrazole (4) ob-
tained from the thermolysis of azirine 2.

Preparation of Ethyl 3-Phenyl-2if-azirine-2-(2-methyl (ac-
rylate. A solution containing 1.45 g of 2-formylI-3-phenyl-2H-azir-
ine (1) and 3.6 g of methylcarboethoxymethylenetriphenylphos-
phorane in 125 ml of benzene was heated at reflux for 12 hr. Re-
moval of the solvent left an oily solid which was triturated with
ether and filtered to remove triphenylphosphine oxide. The fil-
trate was concentrated under reduced pressure to leave an oil
which was filtered through a short Florisil column with a 10% ethyl
acetate-benzene mixture. Removal of the solvent left a light yellow
011 which solidified on standing. This material was sublimed at 45°
(0.005 mm) and recrystallized from pentane to give 2.0 g (89%) of
ethyl 2-phenyl-2if-azirine-2-(2-methyl)acrylate (5) as a crystalline
solid: mp 43-44°; ir (KBr) 5.73, 5.90, and 6.12  uv (cyclohexane)
243 nm (c 27 400); NMR (CDCI3) 78.84 (3 H, t, J = 6.0 Hz), 7.95 (3
H,s), 7.06 (1 H,d,J = 9.0 Hz), 590 (2 H, g, J = 6.0 Hz), 3.94 (1 H,
dqg, J = 9.0 and 1.0 Hz), 2.07-2.66 (5 H, m); MS m/e 229, 200, 184,
156, and 129.

Anal. Calcd for C14H15NO2 C, 73.34; H, 6.64; N, 6.06. Found: C,
73.29; H, 6.59; N, 6.11.

Thermolysis of Ethyl 3-Phenyl-2FT-azirine-2-(2-methyl)ac-
rylate. A solution containing 0.5 g of ethyl 3-phenyl-2H-azirine-
2-(2-methyl)acrylate (5) in 500 ml of xylene was heated at reflux
for 10 hr. Removal of the solvent under reduced pressure left a yel-
low oil which was chromatographed on silica gel using a 50% ether-
pentane mixture as the eluent. The first material eluted from the
column was a crystalline solid, mp 50-51° (40%), whose structure
was assigned as 2-phenyl-5-carboethoxypyridine (7) on the basis of
the following data: ir (KBr) 5.86 and 6.30 n; uv (95% ethanol) 290
nm (f 29 000); NMR (CDC13) r 859 (3 H, t,J = 7.0 Hz), 559 (2 H,
g, J = 7.0 Hz), 1.55-2.45 (7 H, m), 0.7 (1 H, d, J = 2.0 Hz); MS m/e
227 (M+), 197, 180 (base), 153, 127, and 58. The structure of 7 was
unambiguously verified by comparison with an authentic sample
synthesized from the corresponding carboxylic acid according to
the procedure of Benary and Psille.9

The second component isolated from the column was a crystal-
line solid, mp 112-113° (60%), whose structure was assigned as 2-
methyl-3-carboethoxy-5-phenylpyrrole (6) on the basis of its spec-
tral properties and by an independent synthesis: ir (KBr) 3.03,
6.02, and 6.29 fi\uv (95% ethanol) 268 nm (r 20 000); NMR (CDCI3)
879 3H,t,J =70Hz), 751 (3H,s), 580 (2H,q, I =70 Hz),
326 (1 H,d J=23.0Hz), 2.50-2.94 (5 H, m), and 1.26-1.56 (1 H,
broad singlet); MS m/e 229 (M+), 199 (base), 183, and 156. The
structure of 6 was verified by comparison with an authentic sample
synthesized in the manner described below. To a solution contain-
ing 1 g of 2-phenyl-4-carbomethoxy-5-methyl-Al-pyrroline3 (8) in
50 ml of benzene was added 1 g of DDQ. The mixture was refluxed
for 3 hr, filtered, and evaporated under reduced pressure. The
dark oil obtained was purified by passing it through a short Florisil
column with benzene. The crude solid obtained was identified as
2-methyl-3-carbomethoxy-5-phenylpyrrole: NMR (CDCI3) t 7.44
(s, 3H), 6.20 (s, 3 H), 3.20 (d, 1 H, J = 3.0 Hz), 2.4-2.8 (m, 5 H),
I. 20 (NH, exchanged with D20). A solution containing 700 mg of
the above carbomethoxypyrrole and a trace of sodium metal was
heated at reflux in absolute ethanol for 4 hr. The mixture was di-
luted with water and extracted with ether. The ethereal layer was
washed with water, dried over magnesium sulfate, and concentrat-
ed under reduced pressure to give 0.71 g (65%) of a white solid, mp
112-113°, which was identical with the sample of 2-methyl-3-car-
boethoxy-5-phenylpyrrole (6) obtained from the thermolysis of
ethyl 3-phenyl-2H-azirine-2-(2-methyl)acrylate (5). A mixture
melting point was undepressed at 112-113°.

The thermolysis of ethyl 3-pheny12/f-azirine-2-(2-methyl)acry-
late (5) was also carried out in the presence of tris(dimethylami-
nojphosphine. A solution containing 250 mg of 5 and 1 g of tris(di-
methylamino)phosphine in 50 ml of xylene was heated at reflux for
12 hr. Removal of the solvent left an oily solid which was recrystal-
lized from chloroform-ether to give 268 mg (62%) of a yellow solid
(9): mp 230-235°; NMR (CDCI3) r 8.06 (3 H, s), 7.20-7.40 (18 H, 4
lines), 6.34 (3 H, 2 lines), 3.42 (1 H, dt, J = 11.0 and 2.0 Hz), 2.12-
2.86 (6 H, m). Azirine 5 was also heated in the presence of triphen-
ylphosphine. A solution containing 0.5 g of 5and 1.72 g of triphen-
ylphosphine in 500 ml of xylene was heated at reflux for 15 hr. Re-
moval of the solvent under reduced pressure gave a yellow oil. All
attempts to purify this material resulted in the formation of tri-
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phenylphosphine oxide. Under these conditions the normal ther-
mal products (6 and 7) were formed in much lower yields.

Irradiation of Ethyl 3-Phenyl-2H-azirine-2-(2-methyl)ac-
rylate. A solution containing 500 mg of ethyl 3-phenyl-2H-azirine-
2- (2-methyl)acrylate (5) in 450 ml of benzene was irradiated for 1
hr using a Pyrex filter sleeve. The solvent was removed under re-
duced pressure to give a light yellow oil which was extremely sensi-
tive to moisture and readily decomposed on standing at room tem-
perature. The NMR spectrum of the crude photolysate was quite
complex and showed a complex pattern of overlapping triplets for
the carboethoxy methyl group at r 8.90, a singlet at r 8.12, a dou-
blet at r 6.71 (3 = 16.0 Hz), a complex pattern of overlapping
quartets for the carboethoxy methylene group at r 6.12, a triplet at
r 472 (J = 10.0 Hz), a doublet at r 4.26 (3 = 8.0 Hz), a doubletat r
3.90 (3 = 10 Hz), a doublet at r 3.48 (3 = 8.0 Hz), aromatic protons
at t 2.39-3.24 (multiplet), and a singlet at r 2.39. All attempts to
separate the mixture into its component parts failed as a result of
the ready hydrolysis of the mixture to benzaldehyde and addition-
al components which could not be characterized.

The irradiation of ethyl 3-phenyl-2.fi-azirine-2 -(methyl)acrylate
(5) was also carried out in the presence of a dipolarophile so as to
trap the nitrile ylide. A solution containing 0.5 g of 5 and 10 ml of
methyl acrylate in 450 ml of benzene was irradiated for 1 hr
through a Pyrex filter sleeve. Removal of the solvent left a yellow
oil which was chromatographed on a thick layer plate with a 1:1
mixture of ether-pentane as the eluent. The minor component iso-
lated from the thick layer plate was a crystalline solid, mp 56-58°
(38%), whose structure was assigned as trans-2-phenyl-4-carbome-
thoxy-A:-pyrroline-5-(2-methyl)acrylic acid ethyl ester (12a) on
the basis of the following data: ir (KBr) 5.76, 5.82, 6.02, and 6.16 n;
uv (95% ethanol) 248 nm (« 20 300); NMR (CDCl3) r 8.79 3H, t, 3
= 9.0 Hz), 8.08 (3 H, s), 6.86-7.18 (1 H, m), 6.56-6.78 (2 H, m), 6.33
(3H,s), 585 2H,qJ) =90Hz), 479 (1 H, m),340 (1 H,d 3 =
10.0 Hz), 2.07-2.80 (5 H, m). The major product isolated from the
thick layer plate was a white, crystalline solid, mp 111-112 ° (62%),
whose structure was assigned as cis-2-phenyl-4-carbomethoxy-Al-
pyrroline-5-(2-methyl)acrylic acid ethyl ester (12b) on the basis of
the following data: ir (KBr) 5.79, 5.87, 6.05, and 6.14  uv (95%
ethanol) 248 nm (« 23 000); NMR (CDCIs) r 878 (3H, t, 3 = 7.0
Hz), 8.01 (3 H,s), 6.26-7.08 (s H, m), 5.87 (2 H, gq,J = 7.0 Hz), 4.02
(1 H, m), 354 (1 H,d, 3 = 11.0 Hz), 2.06-2.78 (5 H, m).

The nitrile ylide was also trapped with acrylonitrile. A solution
containing 300 mg of 5 and 10 ml of acrylonitrile in 450 ml of ben-
zene was irradiated for 1 hr through a Corex filter sleeve. Removal
of the solvent under reduced pressure gave a yellow oil which was
chromatographed on a thick layer plate using a 1:: ether-pentane
mixture as the eluent. The minor component obtained (21%) from
the thick layer plate was identified as trans-2-phenyl-4-cyano-Al-
pyrroline-5-(2-methyl)acrylic acid ethyl ester: mp 72-73°; ir (KBr)
4.45, 5.83, 5.95, and 6.17 /r; uv (95% ethanol) 247 nm (« 14 700);
NMR (CDCIs) r 870 3H, t,3 = 7.0Hz), 7.87 (3 H, s), 6.19-7.20 (3
H, m),5.78 2H, q,3 = 7.0 Hz), 467 (1 H,m),3.38 (1 H,d, 3 = 9.0
Hz), and 2.0-2.3 (5 H, m). The major isomer obtained was identi-
fied as cis-2 -phenyl-4 -cyano-Ai-pyrroline-s -(2-methyl(acrylic acid
ethyl ester: mp 109-110°; ir (KBr) 4.44, 5.72, 6.01, and 6.20 n; uv
(95% ethanol) 247 nm (e 14 900); NMR (CDCl3) r 869 3H, t, 3 =
7.0 Hz), 7.89 (3 H, s), 6.26-7.18 (3H, m), 5.80 (2 H, g, J = 7.0 H2),
4,68 (1 H, m), 3.38 (1 H, d, 3 = 80 Hz), and 2.0-2.7 (5 H, m).

Reaction of 2-Formyl-3-phenyl-2ii-azirme with Phenyl-
carbomethoxymethylenetriphenylphosphorane. A mixture
containing 145 mg of 2-formyl-3-phenyl-2ff-azirine (1) and 480 mg
of phenylcarbomethoxymethylenetriphenylphosphorane2s  was
heated in the solid state at 170° for 3 hr. Then 10 ml of ether was
added to the mixture and the triphenylphosphine oxide which had
precipitated was collected. The filtrate was concentrated under re-
duced pressure and the residue was filtered through a short Florisil
column using a 10 % ethyl acetate-benzene mixture as the eluent.
The major component isolated from the column was a white solid,
mp 169-170° (80%), whose structure was identified as 2,5-diphe-
nyl-3-carbomethoxypyrrole (14): ir (KBr) 3.10, 6.05, and 6.27 n;
NMR (CDCIs) r 6.40 (3 H, s), 2.50-3.0 (10 H, m), and 1.3-1.6 (1 H,
m). The structure of this material was verified by comparison with
an independently synthesized sample. A solution containing 0.35 g
of 2,5-diphenyl-4-carbomethoxy-A: -pyrrolines and 0.8 g of DDQ in
50 ml of benzene was heated at reflux for 2.5 hr. The solvent was
removed under reduced pressure and the residue was filtered
through a short Florisil column with benzene. The major product
(0.3 g) was identical in all respects with a sample of 2,5-diphenyl-
3- carbomethoxypyrrole obtained from the reaction of 1 with phen-
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vlicarbomethoxymethylenetriphenylphosphorane. A mixture melt-
ing point was undepressed at 169-170°.

Preparation of 3-Phenyl-2-(4-carbomethoxy-l,3-butadi-
enyl)-2H-azirine. A solution containing 0.84 g of 2-formyl-3-phe-
nyl-2ff-azirine (1) and 2.16 g of 3 -carbomethoxy-2-propenylidene-
I-triphenylphosphorane:7 in 100 ml of benzene was heated at 50°
under a nitrogen atmosphere for 3 hr. The solvent was removed
under reduced pressure and the residual oil was passed" through a
Florisil column using a 10% ethyl acetate-benzene mixture to give
an oily solid. Addition of hexane gave 0.42 g (40%) of 2-phenyl-7-
earbomethoxy-Iff-azepine (15): mp 156-157°; ir (KBr) 3.00, 5.92,
and 6.12 n; uv (95% ethanol) 388 nm (e 29 300); NMR (CDCI3) r
6.28 (3 H,s),3.70 (1 H, d), 3.40 (1 H, d), and 2.20-2.80 (6 H, m);
mze 227 (M+).

Anal. Calcd for CisaH13N 02 C, 73.99; H, 5.77; N, 6.16. Found: C,
73.98; H, 5.70; N, 6.13.

The filtrate consisted of 3-phenyl-2-(4-carbomethoxy-I,3-buta-
dienyl)-2H-azirine (16, 60%) as a dark oil which exhibited the fol-
lowing spectral characteristics: ir (neat) 5.75, 5.85, and 6.15 m;
NMR (CDCI3) r 6.84 (1 H,d, 3 = 10.0 Hz),6.68 (1 H,d, 3 = 12.0
Hz), 6.38 (3 H, s), 6.34 (3 H, s), a complex multiplet at r 5.0-7.0,
and aromatic absorptions centered at t 2.60. The NMR spectrum
indicated the presence of two geometric isomers in the ratio of 1.5:
1. All attempts to separate and purify the isomeric azirines were
unsuccessful as this material is extremely heat sensitive and un-
derwent extensive decomposition on attempted purification. A so-
lution containing 0.4 g of the impure azirines in 75 ml of benzene
was heated at reflux for 1 hr. Removal of the solvent left 0.35 g
(88%) of crystalline 2-phenyl-7-carbomethoxy-Iff-azepine (15).

Preparation of 3-Styryl-2-phenyl-2Ff-azirine. To a stirred
ice-cold solution of iodine azide (0.: mol) in 200 ml of acetonitrile
was added 20.6 g of trans,trans-1,4-diphenyl-1,3-butadiene. The
mixture was allowed to warm to room temperature overnight prior
to work-up. The resulting red-brown mixture was poured onto 500
ml of water and was extracted with ether. The combined organic
extracts were washed successively with 700 ml of 5% aqueous sodi-
um thiosulfate and 500 ml of water. The solvent was dried over
magnesium sulfate and removed under reduced pressure to give a
yellow oil which was passed through a neutral alumina column
with a 1:1 ether-hexane mixture to give 13.6 g (37%) of a colorless
oil. A solution containing 13 g of the iodine azide adduct in 300 ml
of ether at 0° was treated with 23 g of potassium tert-butoxide.
The reaction mixture was allowed to stir at 0° for 24 hr and was
then diluted with 200 ml of water. The ethereal layer was dried
over magnesium sulfate and concentrated under reduced pressure
to give a yellow oil. This material was filtered through a column of
neutral alumina and the resulting vinyl azide was heated in chloro-
form at 60° for & hr. Removal of the solvent left 4.6 g (21%) of a
crude solid which was sublimed at 50° (0.05 mm) and recrystal-
lized from hexane to give 3-styryl-2-phenyl-2f/-azirine (20):18 mp
66-67°; ir (KBr) 5.78 m; uv (95% ethanol) 293 nm (e 26 000); NMR
(CDCl3, 100 MHz) r 6.96 (1 H, s) and 2.40-3.00 (12 H, m); MS m/e
219, 218 (base), 217, 204,191,115,108, 90, 89, and 77.

Anal. Calcd for CisHi13N: C, 87.64; H, 5.98; N, 6.39. Found: C,
87.34; H, 5.96; N, 6.26.

Irradiation of 3-Styryl-2-phenyl-2H-azirine. A solution con-
taining 0.5 g of 3-styryl-2-phenyl-2//-azirine (20) in 500 ml of ben-
zene was irradiated through a Pyrex filter sleeve for 1 hr. Removal
of the solvent under reduced pressure left a viscous oil which re-
sisted all attempts at purification. No characterizable material
could be obtained on extensive chromatography. The photolysis of
20 was also carried out in the presence of methyl acrylate. A solu-
tion containing 0.65 g of 2-styryl-3-phenyl-2f/-azirine and 20 ml of
methyl acrylate in 500 ml of benzene was irradiated through a
Pyrex filter sleeve for 2.5 hr. Removal of the solvent and excess
methyl acrylate under reduced pressure afforded a yellow oil. Lig-
uid-liquid partition chromatographyzs of the oil indicated the
presence of two adducts. The minor adduct (40%) was a pale yel-
low oil whose structure was assigned as 2-styryl-5-phenyl-trari.s-4-
carbomethoxy-A'-pyrroline (22): ir (neat) 5.70, 6.05, and 6.18
NMR (CDCI3) r 6.80 (2 H, m), 6.28 (3 H, s), 456 (1 H, d), and
2.40-3.05 (12 H, m). A picrate derivative was prepared and recrys-
tallized from ethanol, mp 171-172°.

Anal. Calcd for C26H22N4Og: C, 58.42; H, 4.15; N, 10.48. Found:
C, 58.23; H, 4.18; N, 10.39.

The major adduct (60%) was assigned the structure of 2-styryl-
5-phenyl-cis-4-carbomethoxy-Al-pyrroline (21) on the basis of the
following data: mp 134-135°; ir (KBr) 5.70, 6.08, and 6.20 n; uv
(95% ethanol) 287 nm (f 22 000); NMR (CDC13) r 6.84 (3 H, s), 6.40
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(2 H, m), 432 (1 H, d), and 2.20-3.10 (12 H, m); MS m/e 305, 246,
218, 201 (base), 170, 169,141, 115,114, and 77.

Anal. Calcd for C20H19NO2 C, 78.66; H, 6.27; N, 4.59. Found: C,
78.63; H, 6.23; N, 4.59.

The combined yield of cis- and trans- A”pyrrolines (21 and 22)
was 68%.

Thermolysis of 3-Styryl-2-phenylazirine in the Presence of
Tetraphenylcyclopentadienone. A solution containing 0.324 g of
3-styryl-2-phenylazirine and 0.538 g of tetraphenylcyclopentadi-
enone in 50 ml of toluene was heated at reflux for 4 days. The tolu-
ene solution was concentrated under reduced pressure and the re-
sidual oil was chromatographed on a silica gel column with a 1:1
pentane-benzene mixture as the eluent to afford 0.31 g (38%) of a
bright yellow, crystalline compound whose structure was assigned
as 6-styryl-2,3,4,5,7-pentaphenyl-3f/-azepine (23) on the basis of
the following data: mp 229-231°; ir (KBr) 6.25 p\ uv (methylene
chloride) 283, 315, ar.d 375 nm (« 32 400, 18 200, and 14 500); NMR
(CDCI3 r 3.80 (2 H, AB quartet, J = 17.0 Hz), 3.72 (1 H, s), and
2.20-3.20 (30 H, m); m/e 369 (base).

Anal. Calcd for C4H33N: C, 91.18; H, 5.84; N, 2.44. Found: C,
91.08; H, 5.89; N, 2.37.
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Recently we described a procedure in which the Refor-
matsky reaction is carried out by passing a mixture of an
a-bromo ester and an aldehyde or ketone through a heated
column of granular zinc.1 This continuous-flow adaptation
of the conventional synthesis of /3-hydroxy esters2 was
shown to give substantially improved yields. We have now
found that a similar procedure is applicable to the synthe-
sis of alcohols from an allylic bromide and an aldehyde or
ketone (eq 1).

Optimized conditions require the slow addition of a 1:1.5
molar mixture of the carbonyl component (1) and allylic
bromide (2) in tetrahydrofuran to a column of granular
zinc, heated to just above the reflux temperature of the sol-
vent. The apparatus is identical with that described pre-
viously.1 After addition is complete, the column is flushed
with tetrahydrofuran and the collected zinc alkoxide (3) is
hydrolyzed with dilute sulfuric acid to yield homoallylic al-
cohol 4.

The results are summarized in Table 1. Yields of alcohols
(5-15) are consistently higher than those obtained from al-
lylzinc bromides and aldehydes or ketones under conven-
tional reaction conditions,3 and are also superior to those
obtained in the Barbier-Grignard reaction using allylmag-

Table |
Reaction of Allylzinc Bromides with Carbonyl Compounds
Registry Registry Registry Yield
Carbonyl compd no. Bromide no. Product no. Bp, °C (mm)a %b
O6HCHCH,CH=CH.
Benzaldehyde 100-52-7 Allyl 18925-10-5 oH (5) 936-58-3 50-54 (0.05) 93
Cyclohexanone 108-94-1 Allyl (6) 1123-34-8 32-34 (0.05) 97
OH
OH
Acetophenone 98-86-2 Allyl (7) 4743-74-2 54-56 (0.05) 97
2-Methylcyclohexanone 583-60-8 Allyl (8) 24580-51-6 40-42 (0.05) 93
2- Methyl-5-isopropyl- 54043-82-2 Allyl (9) 57256-47-0 65-67 (0.05) 90
cyclopent-l-enecar-
boxaldehyde
OH
Ethyl pelargonate 123-29-5 Allyl . 10) 57256-48-1 75-79 (0.03) 94
CHilCH).&(cHTH=CH )2 ) (0.03)
OH
3- Pentanone (11) 25201-42-7 70-73 (16) 96
x,
CH,
Benzaldehyde Crotyl (12) 25201-44-9 65-67 (0.05) 95
OH
a-Tetralone 529-34-0 Crotyl (13) 57256-49-2 79-83 (0.05) 93
Acetone 67-64-1 Geranyl 57256-46-9 (14) 57256-50-5 63-67 (0.05) 80
Isobutyraldéhyde 78-84-2 Geranyl (15) 57256-51-6 71-75 (0.03) 74
OH

a Purity as determined by GLC was >95% except for 5 (92%), 9 (90%),

distillation.

11 (93%), and 15 (93%). b Isolated yield following
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nesium halides.4 A noteworthy feature of the zinc column
method is the absence of Wurtz coupling product derived
from the allylic halide. Successive addition to the column
of different mixtures of carbonyl components with allylic
bromides gave, in each case, a product with no detectable
contamination from preceding alcohols. Thus, the zinc in
the column can simply be replenished as it is consumed.
The method is especially well suited to the large-scale
preparation of homoallylic alcohols and, as judged from 10,
is applicable to esters as well as aldehydes and ketones.
However, the method is ineffective with allylic chlorides
and with saturated bromides.

Product alcohols were purified by short-path distillation
and were identified by means of infrared, NMR, and mass
spectral data (Table I1). (See paragraph at end of paper re-
garding supplementary material.) In the case of the alcohol
derived from crotyl bromide and tetralone, dehydration oc-
curred upon distillation, leading to diene 13. The structures
of products 11-15 from crotyl and geranyl halides reveal
that attack on the allylic moiety takes place solely at the fl
carbon in this reaction, in agreement with similar observa-
tions made with allylmagnesium5 and allylzinc halides.6
This feature (“allylic transposition”) lends itself to an effi-
cient, one-step synthesis of (x)-artemisia alcohol (16)7.
Thus, passage through a heated zinc column of a mixture of
3-methyl-2-butenal8 and I-bromo-3-methyl-2-butene9
gave, after hydrolysis, a 91% yield of 16. The structure of
artemisia alcohol was confirmed by oxidation with chromi-
um trioxide in pyridine to the corresponding ketone.10

OH

A/™ 0+A " fcjiA

16

The continuous-flow, zinc column procedure appears to
be a generally useful method for allylation at carbonyl
functions where mild reaction conditions are necessary.
The operational simplicity and high efficiency of the meth-
od afford significant advantages over the Grignard reaction
in certain cases.

Experimental Section

Materials. Geranyl bromide was prepared by the method of Es-
chenmoser.11 I-Bromo-3-methyl-2-butene was prepared by addi-
tion of hydrogen bromide to isoprene.9 3-Methyl-2-butenal was
prepared by oxidation of 3-methyl-2-buten-l-ol with manganese
dioxide in petroleum ether. 2-Methyl-5-isopropylcyclopent-l-ene-
carboxaldehyde was prepared by the method of van Tamelen.12All
other materials were obtained from commercial sources. Granular
zinc (10 mesh) was activated prior to use by the method described
previously.1 GLC analysis was carried out using (1) a 10 ft X 0.375
in. column of 30% Carbowax 20M on Chromosorb W, or (2) a5 ft X
0.25 in. column of 20% SE-30 on Chromosorb W with an Aerograph
Autoprep 700 instrument. Infrared spectra were measured on neat
liquids using a Perkin-Elmer Model 137 spectrophotometer. NMR
spectra were measured on CDCI3solutions using a Varian EM-360
spectrometer.

Reactions Using Zinc Column. The following procedure for
the reaction of 3-pentanone with crotyl bromide to yield 11 is rep-
resentative. To a heated column charged with activated zinc (10
mesh)1 was added dropwise 25 ml of anhydrous tetrahydrofuran
followed by a mixture of 3.05 g (35.4 mmol) of 3-pentanone and
7.16 g (53.0 mmol) of I-bromo-2-butene in 50 ml of tetrahydrofu-
ran. A low reflux was maintained at the head of the column during
addition, which took 1 hr. The column was then flushed with 25 ml
of tetrahydrofuran and the combined eluate, after dilution with 50
ml of ether, was treated with ice-cold 5% sulfuric acid, followed by
sodium bicarbonate solution and saturated brine. The organic
layer was dried (MgSCti), the solvent was removed in vacuo, and
the residue was purified by short-path distillation to give 4.81 g
(95.6%) of 11, bp 70-73° (16 mm).

Artemisia Alcohol (16). A mixture of 1.15 g (13.6 mmol) of 3-
methylbut-2-enal and 3.05 g (20.4 mmol) of I-bromo-3-methylbut-
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2-ene in 20 ml of tetrahydrofuran was passed through the heated
column of granular zinc. After flushing the column, the eluate was
diluted with 50 ml of ether and washed with 30 ml of cold 5% sul-
furic acid, sodium bicarbonate solution, and brine. After drying
and removal of the solvent in vacuo, distillation afforded 1.68 g
(91.3%) of artemisia alcohol (16).
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The natural antileukemic esters of caphalotaxine (1) in-
clude homoharringtonine (2), which is undergoing preclini-
cal testing.1 As these esters are unfortunately noncrystal-
line, x-ray studies to reveal the conformational preferences
of the cephalotaxine portion are limited to other deriva-
tives, e.g., cephalotaxine p-bromobenzoate (3).2 Prior to
our study of the latter derivative (3), we had initiated an

2 COH i;0 4 mi

3 p-BrC| H -
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Table 1
Fractional Coordinates and Estimated Standard Deviations in Molecules la and Ib

x/a y/b z/c

Atom la Ib la Ib la Ib

01 0.0676 (3) 0.2427 (2) -0.7615 (7) 0.7842 (6) 0.8860 (3) 0.5325 (2)
02 0.1050 (3) 0.1730 (2) -0.5379 (7) 0.5584 (6) 0.9689 (3) 0.5008 (2)
03 -0.1110 (2) 0.2329 (2) 0.0883 (6) 0.4723 (7) 0.6009 (2) 0.9492 (2)
04 -0.0946 (2) 0.1988 (2) -0.1699 (6) 0.6433 (6) 0.7088 (2) 0.8074 (2)
N 0.0802 (2) 0.3768 (2) -0.2399 (7) 0.4027 (6) 0.6729 (2) 0.8377 (2)
Cl 0.0219 (3) 0.2948 (3) -0.5985 19) 0.7432 (8) 0.7651 (4) 0.6742 (3)
C2 0.0526 (4) 0.2538 (3) -0.6162 i'9) 0.7009 (8) 0.8426 (4) 0.5997 (3)
c3 0.0758 (3) 0.2135 (3) -0.4850 i'9) 0.5654 (8) 0.8927 (3) 0.5807 (3)
ca 0.0686 (3) 0.2127 (3) -0.3273 (9) 0.4637 (8) 0.8656 (3) 0.6353 (3)
cs5 0.0282 (3) 0.2493 (3) -0.1268 (7) 0.3975 (7) 0.7564 (3) 0.7739 (3)
c6 -0.0440 (2) 0.2116 (3) -0.0581 (8) 0.4708 (8) 0.7193 (3) 0.8166 (3)
c7 -0.0522 (3) 0.2573 (3) 0.0116 (7) 0.4318 (8) 0.6444 (3) 0.9000 (3)
cs -0.0007 (3) 0.3125 (3) -0.0041 (8) 0.3599 (8) 0.6322 (3) 0.9124 (3)
c9 0.0557 (3) 0.3177 (3) -0.0917 (7) 0.3319 (8) 0.6977 (3) 0.8387 (3)
clo 0.0302 (3) 0.3936 (3) -0.3560 (9) 0.5740 (8) 0.6213 (3) 0.8613 (3)
cll -0.0190 (3) 0.3352 (3) -0.4088 (8) 0.6904 (8) 0.6498 (3) 0.8162 (3)
c12 0.0139 (3) 0.2940 (3) -0.4374 (8) 0.6443 (8) 0.7360 (3) 0.7322 (3)
cI3 0.0367 (3) 0.2532 (3) -0.3038 (7) 0.5039 (7) 0.7863 (3) 0.7134 (3)
c14 0.1191 (3) 0.3279 (3) 0.0087 (9) 0.1469 (9) 0.7331 (3) 0.8259 (3)
Cl5 0.1520 (4) 0.4027 (3) -0.0181 (11) 0.1200 (9) 0.6814 (5) 0.8676 (4)
C16 0.1196 (3) 0.4318 (3) -0.1755 (10) 0.2929 (9) 0.6362 (4) 0.8888 (4)
C17 0.0948 (6) 0.1983 (4) -0.7137 (13) 0.6846 (12) 0.9640 (6) 0.4711 (4)
c18 -0.1182 (4) 0.2746 (4) 0.1529 (11) 0.4315 (11) 0.5280 (4) 1.0292 (4)
HO4 -0.111 (2) 0.160 (2) 0.875 (7) 0.644 (7) 0.730 (2) 0.781 (3)

HC1 0.007 (2) 0.327 (2) 0.315 (7) 0.818 (7) 0.728 (2) 0.681 (2)

HC4 0.085 (2) 0.182 (2) 0.773 (6) 0.382 (6) 0.896 (2) 0.619 (2)

HC5 0.058 (2) 0.224 (2) 0.938 (6) 0.300 (6) 0.802 (2) 0.749 (2)

HC6 -0.048 (2) 0.160 (2) 0.029 (6) 0.405 (6) 0.750 (2) 0.802 (3)

HC8 0.001 (2) 0.349 (2) 0.022 (6) 0.325 (7) 0.583 (2) 0.962 (3)

H1C10 0.059 (2) 0.441 (2) 0.562 (7) 0.613 (7) 0.615 (2) 0.857 (3)

H2C10 0.004 (2) 0.410 (2) 0.689 (7) 0.586 (7) 0.565 (3) 0.912 (3)

H1C11 -0.061 (2) 0.299 (2) 0.665 (7) 0.680 (7) 0.632 (3) 0.841 (3)

H2C11 -0.049 (2) 0.361 (2) 0.505 (7) 0.800 (7) 0.618 (3) 0.812 (3)

Hic14 0.150 (2) 0.308 (2) 0.978 (7) 0.063 (7) 0.788 (3) 0.856 (3)

H2C14 0.110 (2) 0.311 (21 0.127 (7) 0.119 (7) 0.741 (3) 0.776 (3)

H1C15 0.203 (2) 0.425 (2) 0.977 (8) 0.056 (8) 0.717 (3) 0.828 (3)

H2C15 0.153 (2) 0.412 (2) 0.083 (8) 0.054 (8) 0.646 (3) 0.924 (3)

HICI®6 0.157 (2) 0.451 (2) 0.754 (7) 0.316 (7) 0.629 (3) 0.946 (3)

H2C16 0.089 (2) 0.475 (2) 0.839 (7) 0.323 (7) 0.580 (3) 0.886 (3)

H1C17 0.147 (3) 0.230 (3) 0.247 (10) 0.603 (8) 0.982 (4) 0.449 (3)

H2C17 0.055 (3) 0.169 (3) 0.277 (10) 0.709 (8) 0.983 (4) 0.420 (3)

HiCc18 -0.078 (3) 0.327 (2) 0.222 (8) 0.487 (8) 0.532 (3) 1.053 (3)

H2C18 -0.142 (3) 0.279 (2) 0.202 (8) 0.327 (8) 0.520 (3) 1.039 (3)

H3C18 -0.129 (3) 0.250 (2) 0.063 (8) 0.472 (8) 0.493 (3) 1.062 (3)

Figure 1. Stereoscopic view of cephalotaxine molecules la (above) and Ib (below). Hydrogen atoms are shown as spheres, and other atoms
as 50% probability ellipsoids.

X-ray study on cephalotaxine (1) itself; after an uneventful revealed the structure, and we now wish to report the con-
data collection, we were unable to solve the phase problem formations of the two independent cephalotaxine mole-
by direct methods. Recently, vector search methods have cules (la and Ib) in these crystals.
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Atoms

01-C2
01-C17
02-C3
02-C17
03-C7
03-C18
04-C6
N-C9
N—CIO
N-C16
C1l-C2
Cc1l-C12
C2-C3
C3-Cc4
C4-C13
C5-Cé6
C5-C9
C5-C13
Ce6-C7
c7-Cs8
Cc8-C9
C9-C14
c1lo0-C11
Cli-C 12

Atoms

01-C2-C1
01-C2-C3
Cc2-01-C17
01-C17-02
02-C3-C2
02-C3-C4
C3-02-C17
03-C7-C6
03-C7-Cs8
C7-03-C18
04-C6-C5
04-C6-C7
N-C9-C5
N-C9-C8
N-C9-C14
C9-N-C10
N-C10-C11
C9-N-C16
CIO—N—CCI6
N-C16-C15
Cc1l-Cc2-C3
c2-C1-Cc12
Ccl-Ci12-C11
Cl-C12-C13
C2-C3-C4
C3-C4-C13
C4-C13-C5
C4-C13-C12
C5-C6-C7
C6-C5-C9
C5-C9-C8
C5-C9-C14
C6-C5-C13
C9-C5-C13
C5-C13-C12
C6-C7-C8
C7-C8-C9
C8-C9-C14
C9-C14-C15
Clo—<Cil—C12
Cl1-C12-C13
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Table 11
Bond Lengths in Molecules la and Ib
Distance, A Distance, A
la b Atoms la b
1.402 (9) 1.393 (8) Ccl2—C13 1.396 (8) 1.411 (8)
1.409 (10) 1.414 (8) C14-C15 1.529 (11) 1.529 (9)
1.387 (7) 1.397 (5) C15-C16 1.539 (10) 1.533 (9)
1.447 (11) 1.428 (10) 04—H 0.82 (6) 0.80 (5)
1.362 (6) 1.362 (9) CIl-H 0.95 (5) 0.92 (5)
1.457 (9) 1.442 (7) C4-H 0.98 (5) 0.90 (5)
1.410 (7) 1.432 (8) C5-H 0.98 (4) 0.97 (4)
1.502 (8) 1.478 (8) C6-H 0.97 (5) 1.19 (6)
1.463 (7) 1.466 (8) C8-H 0.99 (6) 0.98 (4)
1.484 (10) 1.487 (7) CIO—HI 0.99 (6) 1.15 (6)
1.350 (9) 1.359 (7) C10-H2 1.05 (5) 0.89 (5)
1.410 (9) 1.397 (9) Cll-HI 1.05 (5) 1.14 (6)
1.381 (9) 1.373 (9) C1l1-H2 0.97 (5) 1.09 (6)
1.371 (9) 1.360 (9) C1l4-H1 1.01 (5) 1.12 (6)
1.386 (8) 1.406 (6) Cl4-H2 1.02 (6) 0.89 (5)
1.564 (7) 1.570 (9) Cl5—HI 1.05 (5) 1.18 (7)
1.569 (9) 1.577 (6) C15-H2 1.08 (7) 1.15 (6)
1.536 (8) 1.502 (9) Cl6—HlI 1.09 (6) 1.01 (5)
1.499 (8) 1.501 (7) C16-H2 0.99 (5) 1.05 (6)
1.311 (9) 1.306 (9) C17-H1 1.11 (8) 1.18 (7)
1.509 (6) 1.514 (9) C17-H2 1.18 (8) 0.93 (5)
1.520 (8) 1.565 (9) C18-H1 1.06 (7) 1.15 (6)
1.531 (10) 1.536 (8) C18-H2 0.74 (6) 0.86 (6)
1.508 (8) 1.514 (7) C18-H3 0.95 (6) 1.08 (7)
Table 111
Bond Angles in Molecules la and Ib with Estimated Standard Deviations2
Angle, deg Angle, deg
la Ib Atoms la Ib
128.5 128.2 C14-C15-C16 104.2 104.5
108.8 109.4 01-CI17-H1 97.6 104.8
106.2 105.3 01-C17-H2 104.9 121.5
108.9 109.6 02-C17-H1 98.9 104.4
110.7 110.4 02-C17-H2 99.5 111.8
128.2 127.5 03—CI18—HI 115.5 113.3
104.8 104.0 03-C18-H2 99.6 114.6
115.0 114.1 03-C18-H3 107.5 108.4
129.7 130.7 04-C6-H 104.5 106.8
114.0 115.5 C6-04-H 101.3 100.8
116.9 116.0 N—CIO—HI 109.1 111.1
112.4 110.1 N-C10-H2 112.6 111.7
115.0 115.2 N-C16-H1 124.1 115.4
114.0 115.4 N-C16-H2 107.8 110.3
99.5 99.8 C2-C1-H 125.9 115.5
117.1 118.4 C12-C1-H 116.9 125.3
113.7 112.2 C3-C4-H 126.8 117.1
105.6 104.4 C13-C4-H 115.2 124.7
110.5 110.3 C5-C6-H 111.6 115.3
104.8 104.3 C6-C5-H 116.8 103.4
122.7 122.4 C9-C5-H 106.5 104.5
117.1 117.3 C13-C5-H 95.5 108.7
119.8 119.9 C7-C6-H 109.1 105.7
120.5 120.8 C7-C8-H 125.8 127.3
121.1 122.0 C9-C8-H 121.4 120.2
117.9 117.8 C9-C14-H1 113.4 112.2
117.6 117.9 C9-C14-H2 111.2 113.7
120.6 119.6 CIO—<C II—HI 115.6 108.8
102.4 102.5 C10-C11-H2 113.2 101.0
106.9 106.5 C I I—CIO—HI 107.7 112.2
103.4 103.2 C II—CI10—H2 108.7 112.3
112.6 111.3 C12-C11-H1 111.2 103.3
115.6 116.5 Cl12-C11-H2 114.6 102.7
115.2 115.5 C14-C15-H1 108.3 114.8
121.8 122.4 C1l4-C15-H2 118.5 104.5
115.2 115.1 C15-C14-H1 110.9 104.7
112.2 112.5 C15-C14-H2 116.2 109.7
112.8 112.4 C15-C16-H1 108.4 112.8
106.1 105.4 C15-C16-H2 115.8 120.1
112.3 113.9 C16-C15-H1 114.4 108.0
119.7 119.2 C16-C15-H2 95.7 107.6

2 The average estimated standard deviations in angles are 0.3° for angles involving nonhydrogen atoms and 2.0° for angles

involving hydrogens.
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Notes

Figure 2. A stereoview comparing la, Ib (smallest atoms and bonds), and 3 (largest atoms and bonds) after least-squares fitting of the B

rings.5

Figure 3. Stereoscopic view of a unit cell, b axis projection, with the a axis horizontal, the ¢ axis approximately vertical, and dashed lines

representing hydrogen bonds.

Experimental Section

Collection and Reduction of the Data. Oscillation and
Weissenberg photographs of a 0.3 X 0.3 X 0.5 mm needle of 1
grown from ether indicated space group C2. The cell parameters
were found by least-squares fitting of the settings for four angles of
eight reflections on a Picker-FACS-I diffractometer (Cu Ka, A =
1.54178 A, graphite monochromator) to be a = 22.834 (5), b =
8.158 (3), ¢ = 19.534 (4) A, 0 = 117.7 (1)°, pc = 1.298 g/ml (po =
1.291 g/ml), and Z = 8. Intensity data were collected using a scin-
tillation counter with pulse-height analyzer, 6-26 scan technique,
2°/min scan rate, 10-sec background counts, attenuators when the
count rate exceeded 104 counts/sec, and 2° scan range with a dis-
persion factor allowing for «1-02 splitting at large 28 values. Of
2910 independent reflections measured, 2690 > 3a(l) were consid-
ered observed. Three standard reflections were monitored every 50
measurements to check crystal alignment and the stability; no de-
crease in the intensity of standards was observed. Lorentz and po-
larization corrections were applied to the data, but no correction
was made for absorption.

Solution and Refinement. The structure was solved by the
vector search method using the coordinates of the cephalotaxine
part of cephalotaxine p-bromobenzoate;2 two minima were ob-
tained, Corresponding to the two molecules in the asymmetric unit.
The initial calculations of structure factors gave an R value of
0.252. Two cycles of isotropic least-squares refinement of nonhy-
drogen atoms reduced R to 0.122 and two more cycles of anisotrop-
ic least-squares refinement of nonhydrogen atoms brought R to
0.077. A difference map at this stage revealed all the hydrogen
atoms. One more cycle of least-squares refinement using aniso-
tropic temperature factors for nonhydrogen atoms and isotropic
temperature factors (of nonhydrogen atoms to which they were at-
tached) for hydrogen atoms reduced R to 0.052. The refinement
was terminated at this stage with the ratios of shifts in parameters
to estimated standard deviations all less than 0.3. Refinement was
based on Fq, the quantity minimized being Xw(Fo — Fc)2 Unit
weights were used throughout the refinement. The scattering fac-
tors used were those of Hanson et al.3 No correction was applied
for extinction.

Results and Discussion

Table 1 gives the observed fractional coordinates in la
and Ib, and Figure 1 shows ORTEP4drawings of both mole-
cules. Table Il gives bond lengths and Table Ill bond an-
gles. In Figure 2, the conformations of cephalotaxine mole-
cules la and Ib and cephalotaxine p-bromobenzoate (3)2
are compared after least-squares fitting of the aromatic
ring carbons.5 The extreme similarity of the conformations
of the cephalotaxine portion of these three molecules pro-
vides strong support for the view that the antileukemic es-
ters of cephalotaxine, e.g., 2, share this conformation.2 It
should be noted that Dreiding models permit considerable
flexibility for the seven-membered ring, and from these

models, it is not obvious that the observed conformation
should be preferred.

Figure 3 shows the molecular packing, governed by hy-
drogen bonds between the alcohol proton in la and the ni-
trogen in Ib (2.92 A between 04 and N) and the alcohol
proton in Ib and the nitrogen in la (2.94 A between 04 and
N); these bonds form chains of molecules parallel to the di-
agonals of the ab face. Other short intermolecular distances
between nonhydrogen atoms are 03-02 (3.12 A), 03-C3
(3.25 A), 04-C16 (3.29 A), and 03-C2 (3.21 A).
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I,I-Dichloro-2-(o-chlorophenyl)-2-(p-chlorophenyl)eth-
ane (I, o,p'-DDD), strikingly close in structure to the insec-
ticides o,p’- (I1) and p,p'-DDT (I11), is used in the treat-
ment of tumors of the adrenal cortex.1 However, the mech-
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Cl 4

Figure i. Bond distances (A) and angles (°) in 0,p-DDD (I, above) and 0,p'-DDT (l1, below).2

»Hm .

y * -V >

Figure 2. Stereoscopic view of an o,p-DDD (I) molecule. Hydrogen atoms are depicted as spheres, and other atoms as 50% probability el-

lipsoids.

anism of its action and the reason why it acts so differently
from the structurally related insecticides remain unknown.
In the hope that a knowledge of the preferred conformation
of o,p’-DDD (I) will aid in answering the above questions,
an x-ray study was undertaken on the drug itself; similar
studies had been carried out earlier on the insecticides 11
and I111.2

Ar Ar' Y

Arn Cl 1 0-CIQH, p-CICH4 H
ACH—CYA" n 0-CICfH, p-CICeH4 Cl
Ar ElI m p-CICH4 p-CICeH4 ClI

Experimental Section

Colorless crystals of o,p'-DDD (I, C14H10CI4) were grown from
ethanol-water. A needle 0.2 X 0.2 X 0.3 mm was mounted with the
a axis parallel to the goniostat 0 axis. The space group was deter-
mined by film methods to be P2jc. The cell parameters were de-
termined by least-squares fitting of the settings for the four angles
of seven reflections on a Picker FACS-I diffractometer (Cu Ka, X
= 1.54178 A, graphite monochromator) to be a = 6.136 (3), b =
9.712 (5), ¢ = 23.603 (9) A, 0 = 93.35 (3)°, and Z = 4. The crystal
density was measured by flotation as 1.49 g/ml, agreeing well with
a calculated density of 1.50 g/ml. Intensity data were collected
using a scintillation counter with pulse-height analyzer, 0-28 scan,
2°/min scan rate, 10-sec background counts, attenuators when the
scan rate exceeded 104 counts/sec, and 2° scan range with a disper-
sion factor allowing for splitting at large 28 values. Of 2474
independen! reflections measured, 1881 > 3<r(lI) were considered
observed. Three standard reflections were monitored every 50
measurements; no decrease in the intensity of standards was ob-
served. Lorentz and polarization corrections were applied, but no
correction was made for absorption (m= 70.9 cm-1).

Phases for reflections with normalized structure factor E > 15
were generated using the direct method program MULTAN.3 All
nonhydrogen atoms were located on an E map using calculated
phases as coefficients. Full matrix least-squares refinement in

which positional and isotropic thermal parameters were varied re-
duced R to 0.166. Two more cycles of least-squares refinement
using anisotropic thermal parameters reduced R to 0.105. A differ-
ence map at this stage revealed all the hydrogen atoms. Two more
cycles of least-squares refinement using anisotropic temperature
factors for nonhydrogen atoms and isotropic temperature factors
(of nonhydrogen atoms to which they were attached) for hydrogen
atoms brought R to 0.069. A difference map failed to show any un-
accounted electron density, and refinement was terminated at this
stage with the ratios of shifts in parameters to estimated standard
deviations all less than 0.5. Refinements were based on Fq the
quantity minimized being Xw(FO — Fc)2 The weighting scheme
used was based on counter statistics as defined by Corfield et al.,4
the value of p being 0.04. The scattering factors used were those of
Hanson et al.6 (anomalous scattering factors for Cl). No correction
was applied for extinction.

Results and Discussion

Table | shows the observed atomic coordinates. Figure 1
gives the bonds lengths and angles in | and 11;2 average
standard deviations in | are 0.004, 0.006, and 0.04 A for
C-ClI, C-C, and C-H bonds, respectively, and 0.2, 0.3, and
1.2° for CI-C-C, C-C-C, and H-C-C angles, respectively.

Figure 2 gives the conformation and thermal ellipsoids6
of I, and Figure 3 compares the conformations of the anti-
tumor agent | and the insecticide Il. These conformations
can be largely described in terms of the torsion angles
about the C13-C14, C13-C1, and C13-C7 bonds. About
C13-C14,1 possesses almost perfect staggering with the hy-
drogens anti; in Il and Ill, the deviation from perfect
staggering in somewhat greater.2 In all three structures, one
aromatic ring is within a few degrees (2, 4, and 4° for I, II,
and 111, respectively) of the “butterfly” angle;2 in the first
two of these substances, it is the o-chlorophenyl ring, and
the chlorine on this ring takes the position away from the
other chlorines. The largest conformational difference
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Figure 4. Stereoscopic view of a unit cell, a axis projection, b axis
horizontal, ¢ axis vertical.

Table 1
Fractional Coordinates and Estimated Standard Deviations

Atom x/a y/b z/c
cll 0.5464 (3) 0.1565 (2) 0.4397 (1)
Cl2 -0.0152 (3) 0.6226 (2) 0.2480 (1)
03 —0.0429 (2) 0.6983 (2) 0.4756 (1)
04 —0.0342 (3) 0.9429 (2) 0.4061 (1)
Cl 0.2296 (8) 0.5599 (5) 0.3880 (2)
Cc2 0.4400 (8) 0.5569 (5) 0.4133 (2)
Cc3 0.5343 (9) 0.4340 (6) 0.4288 (2)
c4 0.4250 (9) 0.3116 (5) 0.4196 (2)
C5 0.2212 (9) 0.3101 (5) 0.3929 (2)
Ccé6 0.1268 (8) 0.4348 i5) 0.3781 (2)
Cc7 0.2399 (8) 0.7666 (5) 0.3244 (2)
Cc8 0.4080 (10) 0.8569 (6) 0.3373 (2)
C9 0.5222 (12) 0.9122 (7) 0.2940 (3)
ClO 0.4678 (12) 0.8810 (7) 0.2378 (3)
Ccll 0.3038 (11) 0.7910 (6) 0.2248 (2)
C12 0.1911 (9) 0.7367 (5) 0.2678 (2)
C13 0.1217 (8) 0.6952 (5) 0.3713 (2)
Cl4 0.1007 (8) 0.7865 (5) 0.4240 (2)
HC2 0.511 (6) 0.645 (4) 0.412 (2)
HC3 0.665 (6) 0.434 (4) 0.452 (2)
HC5 0.145 (6) 0.235 (4) 0.388 (2)
HC6 -0.047 (6) 0.442 (4) 0.366 (2)
HC8 0.438 (6) 0.899 (4) 0.383 (2)
HC9 0.604 (6) 1.005 (4) 0.304 (2)
HC10 0.548 (6) 0.927 (4) 0.205(2)
HC11 0.286 (6) 0.769 (4) 0.183 (2)
HC13 -0.041 (6) 0.679 (4) 0.358 (2)
HC14 0.229 (6) 0.811 (4) 0.439 (2)

comes in the rotation of the remaining p-chlorophenyl ring
of each compound: the deviations from the “butterfly”
angle are 24, 47, and 33° for I, 11, and I11, respectively. In I,
the 24° rotation decreases repulsion between (a) the C14
hydrogen and the nearby ortho hydrogen on the p-chloro-
phenyl ring, and (b) the chlorine on the o-chlorophenyl
ring and the other ortho hydrogen on the p-chlorophenyl
ring. In Il and 111, a chlorine replaces the hydrogen on C14,
and further rotation is required to minimize the energy.
Thus, the conformation of the antitumor agent | in this
crystal differs somewhat from those of the crystalline insec-
ticides Il and 111.2 The slight differences observed may be

Notes

responsible for the difference in activity, but unfortunately
neither activity is as yet well understood.2’8

Figure 4 shows the packing diagram for I. The only inter-
molecular distances less than 3.5 A are 3.353 (C13-C15) and
3.434 A (C11-C14).
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The phosphorus ylide, dichloromethylenetriphenylphos-
phorane (11), has been shown to be of good synthetic utility
in the Wittig method of converting aldehydes,1-3 ke-
tones,12 keto esters,3 and acyl cyanides4’5 to the corre-
sponding 1,1-dichloroethylene derivatives.

Methods previously reported for the preparation of Il in-
clude (a) the reaction of potassium iert-butoxide with chlo-
roform in the presence of triphenylphosphine,1 (b) the re-
action of triphenylphosphine with PhHgCCUX, where X =
Cl or Br,6 and (c) the reaction of triphenylphosphine with
carbon tetrachloride.2 The last procedure offers several ad-
vantages, among which are simplicity and cost of the start-
ing materials. It does have the disadvantage of being rather
slow, i.e., several days at 0°. This time may be shortened by
heating the reaction mixture to reflux; however, by-prod-
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Table |
Conversion of Acyl Cyanides to 2-Substituted
3,3-Dichloroacrylonitriles

Cl2C= CRCN, % yield

CCl4«

RCOCN, R method CCI3Br*
la, CH3 61 90
Ib, CH3CH2 45c¢ 82
Ic, (CH3)2CH 40c 87
Id, (CH3)3C 48 91
le,p-tIC6H4 20 43
If, p-CH30C6H4 60 85

a The CC14, triphenylphosphine procedure is reported in
ref 4 and 5. b Yield based on pure distilled or recrystallized
product. c Yield based on VPC analysis of crude distillate.

ucts and lower yields result whenever more sensitive car-
bonyl components are added.4’5

We now wish to report on an improved method for the
preparation of Il and some reactions of Il with acyl and
aroyl cyanides. It has been found that the substitution of
bromotrichloromethane for carbon tetrachloride allows the
Wittig reagent Il to be formed much faster and the concur-
rent reaction with the carbonyl component is significantly
improved with higher yields and virtually no by-product
formation. Gas chromatographic analysis of the crude reac-
tion mixture does not show any of the bromochloroethylene
derivative.

Although this procedure should be applicable toward the
conversion of other carbonyl containing compounds to the
dichlorovinyl group (=C C12) we have studied the carbonyl
of acyl cyanides so that yields may be directly compared
with our previous work.

2Ph3P + ClgCBr — Ph3P=CCIl2+ Ph3PBrClI
RCOCN + Ph3P=CCIl2— Ph3PO + CI2C=CRCN

In a typical reaction, excess dry bromotrichloromethane
was added to 1.0 equiv of triphenylphosphine in sufficient
dry benzene to produce a convenient volume. The mixture
was stirred under a dry nitrogen atmosphere at 0° for
15-30 min, then 0.5 equiv of the acyl cyanide, la-f, was
added and the mixture stirred at 0° for 2-4 hr. An immedi-
ate shift of the nitrile band as well as appearance of a
strong =CC12 band in the 920-940-cm-1 region was ob-
served?. After approximately 30 min, large quantities of tri-
phenylphosphine oxide began to precipitate from the reac-
tion mixture. After 1-2 hr, the carbonyl stretching band
was almost totally gone. Stirring the mixture for a longer
period of time had little effect on the yield. In cases using
aliphatic acyl cyanides, the reaction mixture was rapidly
warmed and benzene, excess bromotrichloromethane, and
liquid products were removed under vacuum. Unlike our
previous report,4 the 2-alkyl-3,3-dichloroacrylonitriles were
virtually free of impurities and easily purified by simple
distillation to give yields of 82-91% (Table I). With aroyl
cyanides, the benzene and excess bromotrichloromethane
was stripped from the reaction mixture and crude products
extracted with boiling ligroin and the crude products re-
crystallized from anhydrous methanol to give yields of 43-
85%.

Experimental Section

All reactions were carried out under a dry nitrogen atmosphere.
Boiling points and melting points are uncorrected. Infrared spec-
tra were performed on a Beckman IR-8 and calibrated at 1601.0
cm-1 with polystyrene film. Commercial triphenylphosphine was
used without purification. The bromotrichloromethane and ben-
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zene were purified by atmospheric distillation, using only the cen-
ter cuts.

Acyl Cyanides. The acyl cyanides used in this study were pre-
pared according to procedures reported previously.45

Reaction of Il with Aliphatic Acyl Cyanides. General Pro-
cedure. A mixture of triphenylphosphine (0.15 mol) and 80 ml of
dry benzene was cooled in an ice bath and then 40 g of bromotri-
chloromethane was added. The mixture was stirred at 0° for 30
min and then 0.075 mol of the aliphatic acyl cyanide (la-d) was
added rapidly. After maintaining the reaction at 0° for approxi-
mately 3 hr it was heated under vacuum (25-30 mm) to yield ben-
zene, the excess bromotrichloromethane, and crude product. A sec-
ond distillation of the crude product gave pure 2-alkyl-3,3-dichlo-
roacrylonitriles with physical properties and ir spectra identical
with those reported previously.5

Reaction of Il with Aryl Acyl Cyanides. General Proce-
dure. In a manner similar to that described above, the aryl acyl cy-
anide (le,f) was added rapidly to a mixture of benzene, triphenyl-
phosphine, and bromotrichloromethane at 0°. After 3 hr, the mix-
ture was vacuum stripped to remove the benzene and excess bro-
motrichloromethane. The solid residue was extracted three times
with 100-ml portions of boiling ligroin. The combined extracts
were cooled to remove most of the triphenylphosphine oxide. Con-
centration and cooling the extracts gave a crude product which was
recrystallized twice from anhydrous methanol. The pure 2-aryl-
3.3- dichloroacrylonitriles displayed physical properties and ir
spectra identical with those reported previously.4

Acknowledgment. The support of this research by the
Robert A. Welch Foundation is gratefully acknowledged.

Registry No.—la, 631-57-2; Ib, 4390-78-7; Ic, 42867-39-0; Id,
42867-40-3; le, 13014-48-7; If, 14271-83-1; 11, 6779-08-4; triphenyl-
phosphine, 603-35-0; bromotrichloromethane, 75-62-7; 2-methyl-
3.3- dichloroacrylonitrile, 31413-58-8; 2-ethyl-3,3-dichloroacryloni-
trile, 42791-06-0; 2-isopropyl-3,3-dichloroacrylonitrile, 42867-43-6;
2-teri-butyl-3,3-dichloroacrylonitrile, 42867-44-7; 2-(p-chlorophe-
nyl)-3,3-dichloroacrylonitrile, 37447-52-2; 2-(p-methoxyphenyl)-
3.3- dichloroacrylonitrile, 37447-53-3.

References and Notes

(€]
(2
(3
4
(

. J. Speziale and K. W. Rafts, J. Am. Chem. Soc., 84, 854 (1962).

. Rabinowitz and R. Marcus, J. Am. Chem. Soc., 84, 1312 (1962).

. Raulet and E. Levas, C. R. Acad. Sci.. Ser. C, 270, 1467 (1970).

. A. Clement and R. L. Soulen, J. Org. Chem., 39, 97 (1974).

. L. Soulen, S. D. Carlson, and F. Lang, J. Org. Chem., 38, 479 (1973).

. Seyferth, H. D. Simmons, Jr., and G. Singh, J. Organomet. Chem., 3,
337(1965).

(7) R. L. Soulen, D. B. Clifford, F. F. Crim, and J. A. Johnston, J. Org. Chem.,
36, 3386(1971).

OxwWO o>

Synthesis of Some New Hindered Biaryls

Harry W. Gibson* and F. C. Bailey

Webster Research Center, Xerox Corporation,
Webster, New York 14580

Received June 11, 1975

Our studies of the effects of chemical structure on molec-
ular orbital energy levels and electron distributionsl-5 and
associated electrical properties6 have concerned themselves
primarily with planar aromatic systems. Some such sys-
tems are subject to steric effects or nonbonded interactions
which can lead to deviations from coplanarity and hence
deviations from anticipated behavior. The biphenyl system
is one whose susceptibility to these effects is well known.7
The target structures 1-5 were designed with a view toward
providing (1) a high rotational barrier about the biphenyl
bond and (2) systems with an electron-rich ring and an
electron-poor ring as well as ones with both rings electron
poor or rich.
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CH, CH, CH, CH3
hzh-~ H ~ 3 ™ -or
Cl CH, Cl CH,
1 2
H,C CH, CH,
R°® —
CH, H,C CH,
Discussion

A.
of system 1 was 2,3,5-trimethylphenol (isopseudocumenol,
6), which was converted to the known8 7 in 99% yield. For-
mation of the previously unreported benzyl ether 8 (85%
yield) was accomplished by treatment of 7 with benzyl
chloride in alkaline solution. Attempts to benzylate 7 with-
out isolation from the reaction mixture were less efficient.
Similarly the new n-octyl ether 9 was prepared in 97% yield
using n-octyl iodide and 7. A Sandmeyer reaction of diazo-
tized 10 afforded a 71% yield of the desired 2-chloro-4-ni-
troiodobenzene (11).9

NO,
10, X = NH2
& r = chXxth5 n x =1
9, R= n-C8HT
Cl
12

An Ullmann reaction of equimolar amounts of 8 and 11
led to the isolation of the desired 4-benzyloxy-2,-chloro-4/-
nitro-2,3,6-trimethylbiphenyl (1, R = CH2C6H5) in 36%
yield (17% conversion) by means of column chromatogra-
phy. Accompanying 1, R = CH2C6H5, was 2,2'-dichloro-
4,4'-dinitrobiphenyl (12).9 The desired 1, R = H, was ob-
tained in 88% yield by refluxing 1, R = CH2C6H5, with a
30% solution of HBr in acetic acid. Formation of octyl ether
1, R = n-CsHi7, was accomplished (89%) by treatment of 1,
R = H, with octyl iodide in alkaline medium. 1, R = n-
CsHn, can be obtained in a more direct manner via an Ull-
mann reaction of 9 and 11. This transformation proceeded
in 53% yield (17% conversion).

B. Series 2. The nitro group of 1, R = u-CgHn, was
duced chemically with stannous chloride, affording a 97%
yield of amine 2, R = rc-CsHn. Since 2, R = n-CsHi7, is an

Series 1. The prime starting material in the synthesis

Notes

oil which could not be purified so as to afford satisfactory
carbon analysis, it was derivatized. Condensation of 2, R =
n-CgHi7, with p-cyanobenzaldehyde afforded anil 13 in
99% vyield.

COOR

C. System 3. The approach to series 3 involves utiliza-
tion of one of the starting materials used for series 1, name-
ly the benzyl ether 8. The other starting material is of
structure 14, a 3 nitro-4-iodobenzoate ester. Nitration of
ethyl p-iodobenzoate gives 14, R = C2H5.109 and 14, R =
C2H5, were subjected to the conditions of the Ullmann re-
action; by column chromatography 3, R = C2H5 R' = n-
C8Hi7, was isolated in 8% yield. The ester was hydrolyzed
to the desired acid 3, R = H, R' = n-CsHn, in 90% yield.

D. Series 4. Treatment of 12 with bromine in the pres-
ence of silver sulfate and sulfuric acid1l led to the isolation
of only dibromo derivative 4 in quantitative yield. At-
tempted brominations using organothallium intermediates
were fruitless; apparently the aromatic rings of 12 are too
deactivated for reaction with these species.

E. Series 5. Subjection of 8 to conditions of the Ullmann
reaction for normal reaction times led primarily to recovery
of starting material. Extended reaction times (60 hr)
caused charring— no identifiable products were isolated.
The procedure was that of previous workers who had suc-
ceeded in coupling 2,6-dimethyliodobenzene to form
2,2',6,6'-tetramethylbiphenyl.12 The present result is some-
what surprising, but can be explained by the presence of
the deactivating benzyloxy group and increased steric hin-
drance at the I-(iodo) position owing to the buttressing ef-
fect of the 3-methyl substituent.

As an alternative to the Ullmann synthesis of 5, R =
CH2C6H 5, a method previously employed for the synthesis
of bimesityl13 was utilized. The Grignard reagent derived
from 8 was treated with cupric chloride in anhydrous ether.
The hydrolysis product, 3-benzyloxy-1,2,5-trimethylbenz-
ene, which was also synthesized from isopseudocumenol
(6), was isolated in 80% yield. This result in light of the
synthesis of bimesityl is surprising; it can be rationalized
only in terms of the buttressing effect of the 3 and 4 sub-
stituents of the Grignard reagent prepared from 4-benzyl-
oxy-2,3,6-trimethyliodobenzene. This apparently makes
the 1 position very sterically hindered, even to a greater ex-
tent than in that derived from iodomesitylene (2,4,6-tri-
methyliodobenzene), so that the Grignard reagent does not
couple. Thus, attempted syntheses of 5, R = CH2C6H5,
were unsuccessful.

Experimental Section

General. Melting points were taken in capillaries on a Thomas-
Hoover apparatus and are corrected. Infrared (ir) spectra were re-
corded on a Perkin-Elmer Model 137; nuclear magnetic resonance
(NMR) spectra were recorded on a Joelco C-60H unit and all shifts
are relative to internal tetramethylsilane. Elemental analyses were
performed by Spang Microanalytical Laboratories, Ann Arbor,
Mich.

4-lodo-2,3,5-trimethylphenol (7). This compound, mp 110.0-
110.5°, was prepared from 2,3,5-trimethylphenol (6) by the meth-
od of Cressman and Thirtle8 using hydrogen peroxide-iodine in
98% yield: reported8mp 112-113°; yield 88%; NMR (CD3COQOD) s,
b 2.20 (3 H, 2-CH3J); s, 2.34 (3 H, 3-CH3); s, 2.42 (3 H, 5-CH3); s,
6.70 (1 H, 6-H);s, 11.1 (1 H, OH); ir (KBr) 3300 cm" 1(OH).

4-Benzyloxy-2,3,6-trimethyliodobenzene (8). A solution of
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63.4 g (0.243 mol) of phenol 7, 19.5 g (0.348 mol) of 87% potassium
hydroxide, 670 ml of ethanol, and 31.4 g (0.248 mol) of benzyl chlo-
ride was refluxed overnight, concentrated by distillation of 400 ml
of ethanol, and then poured into 1200 g of ice. After filtration the
solid was washed with 5 M sodium hydroxide and water, then
dried and recrystallized from ethanol to give 62.8 g (73%) of mate-
rial, mp 69-74°. Two more recrystallizations gave colorless crys-
tals, mp 74.0-76.0°. Anal. Calcd for Ci6Hi71O: C, 54.56; H, 4.87.
Found: C, 54.67; H, 4.89. NMR (CDC13) s, S2.26 (3 H, 3-CH3); s,
244 (3 H, 2-CH3); s, 2.46 (3 H, 6-CH3); s, 4.95 (2 H, OCH2); s, 6.69
(1 H, 5-H); s, 7.30 (5 H, aromatic); ir (KBr) 1110, 1230, 1260 cm-1
(ArOCHa-), no OH.

4-Octyloxy-2,3,6-trimethyliodobenzene (9). A solution of 21.0
g (0.0800 mol) of phenol 7, 19.2 g (0.0800 mol) of n-octyl iodide,
5.87 g (0.0900 mol) of 87% potassium hydroxide, 225 ml of ethanol,
and 100 ml of dioxane was refluxed for 18 hr. Then most of the
ethanol was removed and the resultant mixture was poured into
ice-water. The hexane extract was dried and reduced in volume,
whereupon 10.9 g (36%) of solid, mp 29-30°, precipitated. The fil-
trate was eluted through a column of neutral alumina and yielded
112 g (37%) more of the same material. Two recrystallizations
from methanol-hexane yielded colorless crystals, mp 30.0-31.0°.
Anal. Calcd for CIMH2Z710: C, 54.55; H, 7.27; I, 33.91. Found: C,
54.72; H, 7.18; I, 34.03. NMR (CDC13) m, 6 0.7-2.18 (15 H, OC-
C7H15; s, 221 (3 H, 3-CH3); s, 2.45 (6 H, 2-CH3 6-CH3); t (J = 6
Hz), 3.88 (2 H, OCHXC); s, 6.63 (1 H, 5-H); ir (KBr) 1050, 1230,
1270 cm' 1(ArOCH?2), no OH.

Activated Copper Powder. Copper powder was prepared by
reduction of copper sulfate with zincl4 and stored under water. To
“activate” it, 114 g of wet copper powder was stirred in a solution
of 30 g of iodine in 200 ml of acetone. After washing with acetone it
was dried in a vacuum oven to give 67.7 g of catalyst. This “activa-
tion” process was carried out just prior to each Ullmann reaction.

4-Benzyloxy-2'-chloro-4'-nitro-2,3,6-trimethylbiphenyl (1,
R = CH2C6H5). An intimately ground mixture of 40.5 g (0.115
mol) of 4-benzyloxy-2,3,6-trimethyliodiobenzene (8) and 32.5
(0.115 mol) of 2-chloro-4-nitroiodobenzene (11)9 was charged to a
400-ml stainless steel beaker containing 1 g of activated copper
powder and 2 ml of pyridine and heated with stirring in an oil bath
to 220° and atotal of 66.7 g of activated copper was added at a rate
of approximately 5 g/min. After heating for 1.5 hr, the mixture was
cooled and exhaustively extracted with benzene. Concentration of
the extract gave 37.8 g of a dark brown oil. This was chromato-
graphed on neutral alumina with 1:1 benzene-hexane to yield 12.4
g of recovered 8 and 7.3 g of desired biphenyl 1, R = CH2C6H5, mp
155-160°. Elution with 3:1 benzene-methanol gave 7.54 g of 12
(see below). Based on unrecovered starting material 11, the yield
and conversion for 1, R = CH2C6H5, are 36 and 54% and for 12, 17
and 54%. After three recrystallizations from ethanol-acetone the
pale yellow crystals of 1, R = CH2CeH5, had mp 165.0-166.0°.
Anal. Calcd for C2H20CINO 3 C, 69.20; H, 5.28; N, 3.67; Cl, 9.29.
Found: C, 69.74; H, 5.36; N, 3.72; Cl, 9.36. NMR (CDCI3) s, i 1.97
(3 H, 3-CH3); s, 2.01 (3 H, 2-CH3); 2.31 (3 H, 6-CH3); s, 5.13 (2 H,
OCH2); s, 6.86 (1 H, 5-H); m, 7.5 (6 H, 6'-H, CH2C6H®6); m, 8.4 (2
H, 3'5'-H); ir (KBr) 1520, 875 (NO02); 1130, 1230, 1260 cm"1
(ArOCH2).

2,2'-Dichloro-4,4'-dinitrobiphenyl (12). The crude product
(above) after recrystallizations from benzene had mp 107.0-108.5°
(reported9 mp 107°), yield 44% from 11. Using the same procedure
as for the preparation of 1, R = CH2C6H5, 25.0 g (0.0877 mol) of 11
and 18 g of activated copper and column chromatography on neu-
tral alumina in benzene, 2.0 g (15%) of authentic 12 was isolated.

2'-Chloro-4-hydroxy-4'-nitro-2,3,6-trimethylbiphenyl (1, R
= H). A solution of 4.04 g (0.0103 mol) of benzyl ether 1, R =
CH2C6H 5, and 40 ml of 30-32% HBr in acetic acid was refluxed for
2.5 hr and then poured over 125 g of ice. The methylene chloride
extract yielded 4.37 g of brown oil. Chromatography of a benzene
solution by elution with hexane yielded 0.22 g (100%) of benzyl
bromide; elution with 1:1 benzene-methanol gave 2.65 g (88%) of
crude product. Recrystallization from ethyl acetate-hexane three
times gave tan crystals, mp 140.5-142.0°. Anal. Calcd for
CI5H1ACINO3: C, 61.75; H, 4.84; N, 4.80. Found: C, 61.62; H, 4.91;
N, 456. NMR (CDCI3) s, i 1.90 (6 H, 2,3-CH3); s, 2.22 (3 H, 6-
CH3); s,5.15 (1 H, OH); s, 6.63 (1 H, 5-H); d (J = 10 Hz), 7.29 (1 H,
6'-H); g (J = 2, 10 Hz), 8.17 (1 H, 5-H); d (J = 2 Hz), 8.37 (1 H,
3'-H); ir (KBr) 3550 (OH); 1350,1520 cm' 1(N02).

2'-Cbloro-4'-nitro-4-octyloxy-2,3,6-trimethylbiphenyl (1, R
= n-CsHi7). Method A. lodo compound 9 (4.47 g, 0.0119 mol),
3.38 g (0.0119 mol) of 2-chloro-4-nitroiodobenzene (11),9and 11.9 g
of “activated” copper were allowed to react by the procedure given
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above for the preparation of 1, R = CH2C6H5. Elution of the crude
product from neutral alumina with 1:1 benzene-hexane gave 2.22 g
of recovered 9 and 0.83 g of 1, R = n-C8Hi7. Elution with 2% meth-
anol-benzene gave 0.96 g of symmetrical biphenyl 12. Based on un-
recovered starting material the yield of 1, R = n-CgHn, was 53%
and that of 12 67%. The conversion of 9 and 11 to 1, R = n-CgHn,
was 17%. Upon standing 1, R = n-CsHi7, crystallized. Several re-
crystallizations from chloroform-methanol by use of seed crystals
led to off-white crystals, mp 59.5-60.5°. Anal. Calcd for
C23H3CINO3 C, 68.39; H, 7.49; Cl, 8.78; N, 3.47. Found: C, 67.93;
H, 7.26; ClI, 9.07; N, 3.57. NMR (CDC13) m, 6 0.6-2.24 [24 H,
OC(CH26 CH3 and CH3s including s, 1.77 (3-CH3), s, 1.83 (2-
CH3J), s, 2.05 (6-CHJ)]; t(J = 6 Hz), 3.73 (2 H, OCH2); s, 6.24 (1 H,
5-H); d (J = 8 Hz), 6.84 (1 H, 6-H); q (J = 2, 8 Hz), 7.67 (1 H, 5™
H); d (J = 2 Hz), 7.85 (1 H, 3'-H); ir (neat) 1070, 1240, 1260, 1290
(ArOCH2); 1360, 1560 cm' 1(N 02).

Method B. A solution of 5.00 g (0.0171 mol) of phenol 1, R = H,
4.12 g (0.0171 mol) of n-octyl iodide, 1.26 g (0.0193 mol) of 87% po-
tassium hydroxide, 30 ml of ethanol, and 20 ml of dioxane was re-
fluxed for 22 hr, concentrated to ~one-half volume, and diluted
with water. The ether extract was washed with 10% sodium hy-
droxide, water, saturated salt solution, and water and dried over
sodium sulfate. Evaporation gave 6.18 g (89%) of crude 1, R = n-
C8H 17.

4'-Amino-2'-chloro-4-octyloxy-2,3,6-trimethylbiphenyl (2,
R = n-CgHn). A mixture of 4.80 g (0.0119 mol) of nitro compound
I, R = n-CgHn, 10.7 g (0.0475 mol) of stannous chloride dihydrate,
30 ml of concentrated hydrochloric acid, and 90 ml of ethanol was
refluxed for 18.5 hr, cooled, and poured into excess cold sodium
hydroxide solution. The methylene chloride extract was washed
with water, dried (sodium sulfate), and evaporated to afford 4.33 g
(97%) of yellow oil. The oil was chromatographed on neutral alumi-
na by elution with hexane and benzene-hexane mixtures. None of
the fractions could be induced to crystallize. Anal. Calcd for
C23H3C1NO: C, 73.87; H, 8.63; Cl, 9.48; N, 3.74. Found: C, 72.82;
H, 8.30; Cl, 8.72; N, 3.57. NMR (CDC13) m, 6 0.4-2.14 [(24 H,
OC(CH26CH3 and s, 1.80 (3-CH3), s, 1.84 (2-CH3), s, 2.02 (6-
CH3)]; broad s, 3.37 (2 H, NH2); t (J = 6 Hz), 3.70 (2 H, OCH2
CH2); m, 6.05-6.87 (4 H, aromatic H); ir (neat) 1070, 1240, 1270,
1290 (ArOCH?2); 3390, 3480 cm*“ 1(NH2).

4'-(p-Cyanobenzylideneamino)-2'-chloro-4-octyloxy-2,3,6-
trimethylbiphenyl (13). The amine 2, R = n-C3Hi7, and an equi-
molar amount of p-cyanobenzaldehyde were heated in absolute
ethanol in the presence of a drop of acetic acid for 4 hr while the
ethanol was allowed to boil off. The residue was purified by recrys-
tallization from hexane as pale yellow crystals, mp 96.5-98.5°.
Anal. Calcd for C3iIH3CIN20 : C, 76.44; H, 7.24; N, 5.75. Found: C,
76.13; H, 7.18; N, 5.63. Ir (KBr) 2250 cm" 1 (CN); 1010, 1030, 1040,
1060, 1240,1270 cm“ 1(ArOCH2); no C =0 or NH.

Ethyl 4-lodo-3-nitrobenzoate (14, R = C2H5). Nitration of
ethyl p-iodobenzoatelOwith nitric acid-sulfuric acidl0afforded the
desired compound, mp 78-81° (methanol), as orange crystals in
29% yield (reported10 mp 88-89.5°, yield 85%): NMR (CDC13) t (J

.= 7Hz), 6144 (3H, CH3); q, 4.45 (2 H, CH2); q (J = 2, 8 Hz), 7.86

(1 H, 6-H); d (J = 8 Hz), 8.17 (1 H, 5-H); d (J = 2 Hz), 8.41 (1 H,
2-H).

4'-Carbethoxy-2'-nitro-4-octyloxy-2,3,6-trimethylbiphenyl
(3, R = C2Hs5; R" = n-CsHi7). An Ullmann reaction of 10.9 g
(0.0291 mol) of 9, 3.2 g (0.0100 mol) of 14, R = C2Hs, and 5.52 g of
activated copper by the method described above for the prepara-
tion of 1, R = CH2CeH5, and column chromatography on acidic
alumina gave 0.33 g (7.5%) of crude 3, R = C2H5, R' = n-C3Hi7(1:1
benzene-hexane elution). This oil could not be crystallized: NMR
(CDC13) m, d0.5-2.14 [24 H, OC(CH26CH3and s, 1.75 (3-CH3), s,
I. 80 (2-CHJ), s, 2.00 (6-CH3J; t (J = 5Hz), 3.67 (2H, OCHXH2),
s, 6.19 (1 H, 5-H); d (J = 8 Hz), 6.91 (1 H, 5-H); q (3 = 2, 8 Hz),
7.87 (1 H, 6-H); d (J = 2 Hz), 8.14 (1 H, 3'-H); broad s, 9.59
(-COOH); ir (neat) 1370, 1530 (NO02); 1030, 1250, 1290, 1310
(ArOCH2); 1750 cm*“ 1(C=0).

4'-Carboxy-2'-nitro-4-octyloxy-2,3,6-trimethylbiphenyl (3,
R = H; R" = H-CgH17). A solution of 0.33 g (0.749 mmol) of the
ester 3, R = C2Hs; R' = n-CsHi7, 0.15 g of sodium hydroxide, 5 ml
of dioxane, and 2 ml of water was refluxed for 2 hr and poured into
cold dilute hydrochloric acid. The ether extract was washed with
water, dried (sodium sulfate), and evaporated, leaving 0.28 g (90%)
of crude product. Three recrystallizations from ethyl acetate-hex-
ane gave yellow crystals, mp 175.6-176.1°. Anal. Calcd for
C2H3INO05: C, 69.71; H, 7.56; N, 3.39. Found: C, 69.95; H, 7.48; N,
3.38. Ir (KBr) 1030, 1090, 1260, 1295 (ArOCH2); 1360, 1520 (N02);
1700 (C=0); 3000-2500 cm" 1(OH).
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2,2'-Dibromo-6,6'-dichloro-4,4'-dinitrobiphenyl (4). Bromi-
nation of 12 by the method used by Harris and Mitchellll led to a
quantitative yield of 4 as light orange plates, mp 157.8-160.0°
(ethanol). Anal. Calcd for Ci2Hi4Br2CI2N204: C, 30.61; H, 0.86; Br,
33.94. Found: C, 30.30; H. 0.91; Br, 34.70. Ir (KBr) 1360, 1530 cm"1
N02).
( Att)empted Self-Coupling of 4-Benzyloxy-2,3,6-trimethylio-
dobenzene (8) via the Grignard Reagent. The reported proce-
dure for preparation of bimesityl13was applied to 8; the only prod-
uct, formed in about 80% yield, was 3-benzyloxy-1,2,5-trimethyl-
benzene (see below).

3-Benzyloxy-l,2,5-trimethylbenzene. Benzylation of the phe-
nol 6 by the procedure described above for the preparation of 8 led
to a 75% yield of the ether as an oil. Elution through neutral alumi-
na and distillation gave a colorless oil, bp 165° (2.7 mm), which
crystallized (mp 34.5-37.5°). Anal. Calcd for Ci6Hi80: C, 84.91; H,

8.02. Found: C, 85.44; H. 7.97. NMR (CDCI3) s, 6 2.13 (6 H, 1,2-

CH3); s, 2.20 (3 H, 5-CHa); s, 5.14 (2 H, OCH2); broad s, 6.50 (2 H,
4,6-H); m, 7.2 (5 H, C6H5); ir (neat) 1120, 1225, 1250, 1290 cm" 1
(ArOCH2); no OH.

Registry No.—1 (R = CHXC6H5), 57362-66-0; 1 (R = H),
57362-67-1; 1 (R = n-C8H17), 57362-68-2; 2 (R = n-C8H17), 57362-
69-3; 3 (R = C2H5 R' = n-C8Hi7), 57362-70-6; 3 (R = H; R' = n-
C8H17), 57362-71-7; 4, 57362-72-8; 6, 697-82-5; 7, 7282-02-2; 8,
57362-73-9; 9, 57362-74-0; 11, 41252-96-4; 12, 57362-75-1; 13,
57362-76-2; 14 (R = C2H5), 57362-77-3; benzyl chloride, 100-44-7;
n-octyl chloride, 629-27-6; p-cyanobenzaldehyde, 105-07-7; ethyl
p-iodobenzoate, 51934-41-9; 3-benzyloxy-l,2,5-trimethylbenzene,
57362-78-4.
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7-Keto aldehydes are an important class of compounds
especially as intermediates for the preparation of cyclopen-
tenones.1 1,4-Diketones have found wide application in the
Paal-Knorr synthesis of pyrroles, furans, and thiophenes,2
as well as in pyridazine synthesis,3 which suggests that y-
keto aldehydes may be useful in the synthesis of these het-
erocycles as well. The available routes to 7-keto aldehydes
include ring opening of substituted furans4 radical addi-
tion of an aldehyde to acrolein diethyl acetal,5 oxidative
cleavage of olefins,6 alkylation of 2,4,4,6-tetramethyldihy-
drooxazine with 2-iodomethyl-1,3-dioxolane,7 and alkyla-
tion of 2-ethoxyallyl vinyl sulfide followed by thio-Claisen
rearrangement.8 Recently a route using condensation of the
dianion of 7-oxosulfone acetals with esters followed by re-
moval of activating and protecting groups,9 and another
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based on ring opening of cyclopropyl ketones followed by
oxidation, were reported.10 Most of these routes are either
lengthy, require multistep preparation of a special reagent,
or give low overall yields.

We have found a short route which begins with readily
available materials, and gives high yields of 7-keto alde-
hyde, as outlined in Scheme |. Grignard reagents have

Scheme |

<\ Il
)— CHZXHMgBr + CIC(CH25CH3

Co/

O CHZTHZL(CH,)CH3

HjOjoxalic acid

0 0
ll

HCCHXHX(CH25CH3

found occasional use for preparation of ketones from acid
chlorides but the yields are usually low owing to reaction
with the ketone, leading to tertiary alcohols.11-13 Even at
dry ice temperature and using inverse addition, the yields
are not improved.l4 We have found that the Grignard re-
agent derived from 2-(2-bromoethyl)-1,3-dioxane is excep-
tional; it affords ketone in high yield with no more than a
trace of tertiary alcohol at dry ice temperature.

Grignard reagents derived from /3-halo ketals and acetals
are known to be unstablel5 owing to their tendency to un-
dergo intramolecular attack leading initially to cyclopropyl
ethers. Bluchil6 and othersl7 have used the reagent derived
from 2-(2-bromoethyl)-1,3-dioxolane by preparing it at
30-35°. This reagent is destroyed if the solvent tetrahydro-
furan (THF) is allowed to reflux. We chose to use the six-
membered ring acetal and found that its greater stability
allowed quick, high-yield preparation of the Grignard re-
agent at reflux in THF. This then gave 2-(3-oxononyl)-1,3-
dioxane in 92% yield based on the bromo compound or the
acid chloride.

The six-membered-ring acetal apparently has greater
equilibrium stability than the five-membered ring, since
boiling the intermediate in aqueous acid gives only partial
hydrolysis to the keto aldehyde. However, the equilibrium
is easily displaced toward hydrolysis with removal of the
product by continuous steam distillation as it is formed.
This gave 7 -ketodecanal in 89% yield. This particular prod-
uct is an intermediate in a synthesis of dihydrojasmone.8
The Grignard reagent derived from 2-(2-bromoethyl)-
4,4.6-trimethyl-1,3-dioxane also gives ketones in better
than 90% yields but the acetal is more stable and therefore
less readily removed with aqueous acid.

The usual technique for preventing overreaction is to
first convert the Grignard to the zinc or cadmium reagent,
which then affords ketones in better yields.1318 In our ear-
lier efforts, we prepared the zinc reagent directly from 2-
(2-iodoethyl)dioxolane at 51° in dimethylformamide
(DMF);19 however, we were unable to isolate any ketone
products from reaction with acid chlorides. The formation
of the organozinc iodide compounds could be followed in
the NMR,20 e.g., that from the iodoacetal gave a high-field
triplet at ¢ 0.13 ppm, comparable with a quartet at ; 0.01
obtained from ethyl iodide and Zn in DMF. The Grignard
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reagents may also be observed by NMR; that derived from
2-(2-bromoethyl )-1,3-dioxane in THF exhibits a high-field
triplet at 5-0.7 ppm.

Experimental Section

2-(2-Bromoethyl)-1,3-dioxane was prepared from 1,3-pro-
panediol, acrolein, and hydrogen bromide:2L bp 67-70° (2.8 mm);
60-MHz NMR (CC14) 6 1.3 (m, 1 H), 2.1 (m, 3 H), 3.36 (t, 2 H), 3.9
(m, 4 H), 457 ppm (t, 1 H).

2-(3-Oxononyl)-1,3-dioxane. A 50-ml flask was equipped with
a reflux condenser, nitrogen atmosphere, and magnetic stirring. In
it was placed 0.97 g (0.040 mol) of magnesium turnings, 25 ml of
dry THF, and 5.85 g (0.0300 mol) of 2-(2-bromoethyl)-1,3-dioxane.
This was heated to reflux and the heat immediately removed. The
exothermal reaction was moderated at reflux by occasional appli-
cation of an ice bath. After 10 min, heat was applied to maintain
refluxing for an additional 10 min. After cooling to room tempera-
ture the solution was drawn up into a 50-ml syringe, leaving the
excess magnesium behind.

A 100-ml flask was equipped with a nitrogen atmosphere and
magnetic stirring. In it was placed 4.46 g (0.0300 mol) of heptanoyl
chloride and 25 ml of dry THF. This was cooled in a dry ice-2-pro-
panol bath, and the Grignard reagent solution was added dropwise
from the syringe with stirring over a 20-min period. It was warmed
to room temperature over 45 min and then rotary evaporated to re-
move the THF. The residual oil was poured into 75 ml of water,
and 20 ml of cyclohexane was added to extract the product. The
organic layer was separated and washed with two 60-ml portions of
aqueous sodium carbonate, dried with potassium carbonate, and
rotary evaporated. The residual oil was passed through a short col-
umn of silica gel eluting with 10% ethyl acetate in cyclohexane. All
volatile materials were then removed by evaporation at 0.3 mm in
awarm water bath. This gave 6.29 g (92%) of pale yellow oil: homo-
geneous by TLC and GC; ir (CCLj) 1720 cm-1, no absorption for
OH; 60-MHz NMR (CCl4) 50.7-2.0 (overlapping m’s, 15 H), 2.3
(m, 4 H), 3.8 (m, 4 H), 4.43 ppm (t, 1 H).

The semicarbazone was recrystallized from cyclohexane to mp
110-110.5°.

Anal. Calcd for C14H2/N 303 C, 58.92; H, 9.54; N, 14.72. Found:
C, 59.14; H, 9.55; N. 14.68.

4-Oxodecanal. A Dean-Stark trap was modified to return the
bottom layer and retain the upper layer, and fitted on a 50-ml
flask. In the flask was placed 2.28 g (0.0100 mol) of the keto acetal,
1.00 g of oxalic acid, and 20 ml of water. The Dean-Stark trap was
also filled with water. The mixture was heated at reflux with vigor-
ous magnetic stirring for 3 hr, during which time the product con-
tinuously steam distilled into the trap. After cooling, the organic
layer was taken up in ether, washed with aqueous sodium bicar-
bonate, dried (MgS04), and rotary evaporated, giving 1.52 g (89%).
Vacuum distillation gave 1.28 g of colorless liquid: bp 70° (0.25
mm); ir (CC14) 2730, 1735 (shoulder), 1712 cm- 1,81060-MHz NMR
(CC14) 50.70-2.0 (overlapping m’s, 11 H), 2.40 (m, 2 H), 2.60 (s, 4
H), 9.58 ppm (s, 1 H).

Treatment with semicarbazide gave the bissemicarbazone, white
crystals (ethanol), mp 180-181°.

Anal. Calcd for C12H2AN602: C, 50.68; H, 8.51; N, 29.55. Found:
C, 50.73; H, 8.66; N, 29.33.

Registry No.—2-(2-Bromoethyl)-1,3-dioxane, 33884-43-4; 2-
(3-oxononyl)-1,3-dioxane, 57345-99-0; 2-(3-oxononyl)-1,3-dioxane
semicarbazone, 57346-00-6; heptanoyl chloride, 2528-61-2; 4-oxo-
decanal, 43160-78-7; 4-oxodecanal bissemicarbazone, 57346-01-7.
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In connection with a projected synthesis of certain ses-
quiterpenes, several a-carbalkoxy-y-alkylidene-Aa43-buten-
olidesl were required, e.g., 1 and 10. Although y-arylidene
analogues of 1 have been reported,2 the methods employed
did not seem compatible with an efficient synthesis of the
desired butenolides.

la, R CH3
b, R = C&H5

2a, R = CH3
b, R = Ce&H5

In principle, condensation of ketone 3 with diethyl keto-
malonate (4) would give an a-hydroxy-y-keto diester 5,
which might serve as a precursor to 1 via enol lactoniza-
tion-dehydration. Direct condensation of diethyl keto-
malonate (4) with tetrahydro-y-pyrone in unspecified yield
has been reported,3 but we were unable to effectively react
3 with 4 under a variety of standard acid- or base-catalyzed
conditions. Hence, we sought alternate methodology and
now record a potentially general synthesis of a-carbalkoxy-
y-alkylidene-A*“’E-butenolides from diethyl ketomalonate
(4) and describe simple reaction modifications which allow
preparation of 3-dialkylamino-2-cyclopenten-l-ones 2 as
well.

R R
Lo CO2Et ~Q
J <K ) 3 rcom
R COZEt I ' CO.Et
3a, R : ch3 4 OH
b, R= cth5 5a, R = CH,
b, R = CEH5

Reaction of the morpholine enamine s as of 3-pentanone
with 1 equiv of diethyl ketomalonate (4) in benzene solu-
tion at 25°, followed by treatment with sodium acetate-
aqueous acetic acid solution, gave a-hydroxy-y-keto diester
5a in excellent yield (80% isolated; analytically pure). In-
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terestingly, when the pyrrolidine enamine 6b was substi-
tuted for 6a, the presence of keto diester 5a could not be
detected; rather, cyclopentenone 2a was isolated in 68%
yield. Presumably the greater reactivity of the pyrrolidine
enamine intermediate 7a toward internal acylation is re-
sponsible for this dramatic change in reaction. A high reac-
tivity of pyrrolidine enamines toward acylation previously
has been noted.4

(B} *)
R
R
R
R EtO,C* 'CO,Et
H

6a, R = CH3 R' = CHXH,OCH,CH, 7
b, R = CH3 R' = CHXHZXH,CH,
¢, R= CéH,; R" = CHXH2OCHZXH2
d, R = CH5 R' = CHXHZXH,CH,

In contrast to the conversion 3a —* 5a, condensation of
the morpholine enamine 6c (as well as the pyrrolidine ena-
mine) of 1,3-diphenylacetone with diethyl ketomalonate (4)
did not give 5b; cyclopentenone 2b was isolated in high
yield. Apparently the enamine /3-carbon atom in intermedi-
ate 7c, with a planar aryl substituent, is not sufficiently
hindered to retard internal acylation. As was expected,
with enamines derived from cycloalkanones, both the pyr-
rolidine enamine of cyclopentanone and cyclohexanone
gave the respective a-hydroxy-7 -keto diester 8 and 9 in ex-
cellent yields.

CO,\Et

OH
CO2Et

CO,Et

A variety of methods were explored for converting the
a-hydroxy-7-keto diesters to the required butenolides;
however, all proved radically inferior to a new technique
for a one experimental step enol lactonization-dehydration
effected with phosphorus pentoxide in methanesulfonic
acid.5 Thus, heating a solution of 5a in a 1:10 solution by
weight of phosphorus pentoxide in methanesulfonic acid at
50° for 5 hr followed by destruction of excess reagent by
pouring into ice water gave o-carbethoxy-d-methyl-7 -ethy-
lidene-Aa'0-butenolide (la) in 74% yield. Similarly, 9 was
converted to butenolide 10 in 84% isolated yield. On the
other hand, the butenolide desired from cyclopentanone 8
apparently is too unstable for preparation by methods out-
lined here (see Experimental Section).

Dehydration of a-hydroxy diesters with phosphorus
pentoxide-methanesulfonic acid reagent must be an ex-
ceedingly mild procedure, because butenolides la and 10
are unusually reactive. For example, substantial decompo-
sition of pure crystalline material to an uncharacterized
polymeric substance occurs within hours at room tempera-
ture. Storage of crystalline material at —15° results in slow
decomposition (—10% per week); methylene chloride solu-
tions of la or 10 have been stored at —15° for weeks with
little decomposition. Rapid polymerization of ether solu-
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tions of la occurs on treatment with aqueous bicarbonate
or amines. On the other hand, a trace of triethylamine
added to a methanolic solution of la and 1 equiv of ben-
zenethiol results in nearly instantaneous 1,6 addition to
give substituted A'3"1butenolide 11 in 81% isolated yield.6

SPh

We also have investigated the direct condensation of ke-
tones with diethyl ketomalonate in phosphorus pentoxide-
methanesulfonic acid reagent. Reaction of an equimolar
mixture of 3-pentanone and diethyl ketomalonate in excess
reagent gave la in modest yield (19-23% isolated). Of even
greater interest, 1,3-diphenylacetone and diethyl keto-
malonate gave a-carbethoxy-/3-phenyl-y-benzylidene-Aa’0-
butenolide (Ib) in 31% yield. Although the direct conden-
sation suffers from low yield, it currently represents the
only synthesis for certain butenolides (e.g., Ib).

Experimental Section

General. Proton NMR spectra were obtained on a Varian
A-60A NMR spectrometer (tetramethylsilane internal standard,
deuteriochloroform solvent). Proton spin decoupling experiments
were performed on a Bruker HX-90 high-resolution NMR spec-
trometer. Chemical ionization and electron impact mass spectra
were obtained on a Finnigan 3300 gas chromatograph-mass spec-
trometer and infrared spectra were recorded on a Perkin-Elmer
Model 137B infrared spectrometer. Melting points were measured
on a calibrated Thomas-Hoover capillary melting point apparatus,
and all reactions were performed under a dry nitrogen atmosphere.
Microanalyses were performed by Spang Mieroanalytical Labora-
tory, Ann Arbor, Mich.

Ethyl 2-Hydroxy-2-carbethoxy-3-methyl-4-oxohexanoate
(5a). To an ice-cooled stirred solution of the morpholine enamine
of 3-pentanone4 (5.44 g, 35.0 mmol) in benzene (8 ml) was added
diethyl ketomalonate (4,75.35 ml, 35.0 mmol). Stirring was contin-
ued at low temperature for 5 min and at 25° for 2.5 hr, after which
a solution (14 ml) of sodium acetate (20%) in acetic acid-water (1:
1)4 was added and the resulting two-phase system was vigorously
shaken for 15 min. Extraction with chloroform (2 X 25 ml) fol-
lowed by water wash (2 X 25 ml) of the chloroform layer, drying
over anhydrous magnesium sulfate, rotoevaporation of solvent,
and distillation gave 5a as a colorless liquid [7.19 g, 79%, bp 92-93°
(0.07 mm)]: ir (neat) 3.10 (m) and 5.80 p (s); 4 NMR &1.07 (3 H,
triplet, J = 7.0 Hz), 1.25 (3 H, doublet, J = 7.0 Hz), 1.26 (3 H, trip-
let, 3 = 7.0 Hz), 1.30 (3 H, triplet, J = 7.0 Hz), 2.61 (2 H, quartet,
J = 7.0 Hz), 3.58 (1 H, quartet, J = 7.0 Hz), 4.25 (2 H, quartet, J =
7.0 Hz), 4.32 (2 H, quartet, J = 7.0 Hz), and 4.48 (1 H, singlet, re-
placeable on addition of deuterium oxide); chemical ionization
mass spectrum m/e 261.

Anal. Calcd for CizZH206: C, 55.37; H, 7.74; 0, 36.88. Found: C,
55.33; H, 7.82.

2.4- Dimethyl-3-pyrrolidinyl-5-hydroxy-5-carbethoxy-2-
cyclopenten-l-one (2a). Substitution of the pyrrolidine enamine
of 3-pentanone 6b4 for 6a in the preceding procedure gave after
crystallization from ether 2a (68%, mp 142.5-143.5°): ir (Nujol)
3.10 (m), 5.80 (s), and 6.00 p (s); 4H NMR 6 1.17 (3 H, doublet, J =
7.0 Hz), 1.26 (3 H, triplet, J = 7.0 Hz), 1.94 (3 H, singlet), 1.75-2.20
(4 H, multiplet), 3.28 (1 H, quartet, J = 7.0 Hz), 3.50-3.95 (4 H,
multiplet), and 4.18 (2 H, quartet, J = 7.0 Hz); chemical ionization
mass spectrum m/e 268.

Anal. Calcd for C14H2INO4: C, 62.90; H, 7.92; N, 5.24; O, 23.94.
Found: C, 62.98; H, 7.88.

2.4- Diphenyl-3-pyrrolidinyl-5-hydroxy-5-carbethoxy-2-
cyclopenten-l-one (2b). Reaction of the pyrrolidine enamine of
1,3-diphenylacetone 6d8 and diethyl ketomalonate by the proce-
dure described for preparation of 5a gave after crystallization from
methylene chloride-ether 2b (80%, mp 146-148°); ir (Nujol) 2.62
(m), 5.79 (s), 6.00 (s), 6.24 (m), and 6.41 p (m); '"H NMR 6 1.32 (3
H, triplet, J = 7.0 Hz), 1.50-1.95 (4 H, multiplet), 2.73-3.37 (4 H,
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broad singlet), 3.63 (1 H, singlet, replaceable on addition of deute-
rium oxide), 4.31 (2 H, quartet, J = 7.0 Hz), 4.64 (1 H, singlet),
7.35 (10 H, singlet).
2-[Bis(carbethoxy)hydroxymethyl]cyclopentanone (8). Re-
action of the pyrrolidine enamine of cyclopentanone4 and diethyl
ketomalonate by the procedure described for preparation of 5a
gave after distillation 8 as a colorless oil [79%, bp 98-100° (0.07
mm)]: ir (neat) 2.80 (m) and 5.75 g (s); 'H NMR b 1.30 (3 H, trip-
let, J = 7.0 Hz), 1.33 (3 H, triplet, J = 7.0 Hz), 1.57-2.55 (6 H,
multiplet), 3.24 (1 H, broad triplet, J = 8.0 Hz), 4.12 (1 H, broad
singlet, replaceable on addition of deuterium oxide), 4.29 (2 H,
quartet, J = 7.0 Hz), 4.38 (2 H, quartet, J = 7.0 Hz).
2-[Bis(carbethoxy)hydroxymethyl]cyclohexanone (9). Re-
action of the pyrrolidine enamine of cyclohexanone4 and diethyl
ketomalonate by the procedure described for preparation of 5a
gave after distillation 9 as a colorless oil [77%, bp 125-127° (0.07
mm)]; ir (neat) 2.85 (m) and 5.75 g (s); 'H NMR b 1.26 (3 H, trip-
let, J = 7.0 Hz), 1.30 (3 H, triplet, J = 7.0 Hz), 1.54-2.60 (8 H,
multiplet), 3.34-3.82 (1 H, multiplet), 3.85-4.03 (1 H, broad sin-
glet, replaceable on addition of deuterium oxide), 4.28 (4 H, quar-
tet, J = 7.0 Hz).
a-Carbethoxy-d-methyl-y-ethylidene-A“*-butenolide (la).
To a-hydroxy-y-keto diester 5a (3.911 g, 15.0 mmol) was added a
suspension of phosphorus pentoxide-methanesulfonic acid5 (30
ml) and the mixture was heated to 50° for 5.2 hr, after which the
mixture was cooled to 25° and added slowly to a mixture of water-
ice (50:70 g). After stirring for 15 min, the yellow precipitate was
filtered and dissolved in chloroform (60 ml). The aqueous filtrate
was extracted with chloroform (15 ml). The chloroform solutions
were combined and dried over anhydrous magnesium sulfate. Ro-
toevaporation of solvent and recrystallization from ether at —78°
gave la as a colorless solid (2.18 g, 74%, mp 83-84.5°): ir (CHC13)
5.65 (s), 5.86 (s), 6.01 (m), and 6.23 g (s); 44 NMR b 1.37 (3 H, trip-
let, J = 7.0 Hz), 2.02 (3 H, doublet, J = 7.0 Hz), 2.42 (3 H, singlet),
437 (2 H, quartet, J = 7.0 Hz), 5.76 (1 H, quartet, J - 7.0 Hz);
chemical ionization mass spectrum m/e 197.
a-Carbethoxy-jS-methyl-y-ethylidene-A”-butenolide (la)
from Diethyl Ketomalonate and 3-Pentanone. To astirred mix-
ture of diethyl ketomalonate (1.44 ml, 9.42 mmol) and a suspen-
sion of phosphorus pentoxide-methanesulfonic acid (25 ml) was
added 3-pentanone (0.5 ml, 4.72 mmol). After stirring for 1.5 hr at
25° another addition of 3-pentanone (0.5 ml, 4.72 mmol) was
made. The mixture was stirred for another 1.5 hr and then heated
to 50° for 9 hr, after which the mixture was cooled to 25° and
added slowly to a mixture of water-ice (40:60 g) and stirred for 15
min. Extraction with chloroform (2 X 30 ml) followed by water
wash (3 X 25 ml) of the chloroform layer, drying over anhydrous
magnesium sulfate, rotoevaporation of solvent, and recrystalliza-
tion from ether at —78° gave la (19-23%).
y-Lactone of (2-Hydroxy-2-cyclohexeneylidene)carbeth-
oxyacetic Acid (10). Reaction of a-hydroxy-y-keto diester 9 and
phosphorus pentoxide-methanesulfonic acid by the procedure de-
scribed for preparation of la gave after crystallization from ether
at -78° 10 (84%; mp 108-110°): ir (CHCIJ) 5.65 (s), 5.87 (s), 6.04
(m), and 6.20 g (s); *H NMR b 1.38 (3 H, triplet, J = 7.0 Hz), 1.90
(2 H, quintet, J = 6.0 Hz), 2.49 (2 H, quartet, J = 6.0 Hz), 3.09 (2
H, triplet, J = 6.0 Hz), 4.36 (2 H, quartet, J = 7.0 Hz), 6.18 (1 H,
triplet, J = 6.0 Hz); electron impact mass spectrum m/e 208.0761.
Attempted Synthesis of y-Lactone of (2-Hydroxy-2-cyclo-
penteneylidene)carbethoxyacetic Acid. Reaction of a-hydroxy-
y-keto diester 8 and phosphorus pentoxide-methanesulfonic acid
by the procedure described for preparation of la gave an unchar-
acterized polymeric substance.
a-Carbethoxy-0-methyl-y-(I-phenylmercaptoethyi)-AsY-
butenolide (11). To a stirred suspension of A”-butenolide la,
(0.34 g, 1.74 mmol), phenyl mercaptan (177 g\, 1.72 mmol), ether
(0.2 ml), and methanol (70 ¢d) was added triethylamine (2 gl, 0.014
mmol). After 0.5 hr, rotoevaporation of solvent and crystallization
from methylene chloride-ether at —10° gave 11 (0.429 g, 81%, mp
90.5-93.0°): ir (CHCI3) 5.61 (s), 5.81 (m), and 6.02 g (m); 44 NMR
b 1.37 (3 H, triplet, J = 7.0 Hz), 1.47 (3 H, doublet, J = 7.0 Hz),
2.17 (3 H, singlet), 3.70 (1 H, doublet of quartets, J = 7.0, Jab = 2.0
Hz), 4.38 (2 H, quartet, J = 7.0 Hz), 4.94 (1 H, doublet, Jah= 2.0
Hz) [decoupling experiment—irradiation of doublet at b 4.94 (Ha)
results in collapse of doublet of quartets at b 3.70 (Hb) to a quartet
(J = 7.0 Hz) and irradiation of doublet of quartets at b 3.70 (Hb)
results in collapse of doublet at b 4.94 (Ha) to a singlet]; electron
impact mass spectrum m/e 306.
Anal. Calcd for Ci6H18H4S: C, 62.74; H, 5.92; 0, 20.89; S, 10.45.
Found: C, 62.66; H, 5.99.
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a-Carbethoxy-|8-phenyl-y-benzylidene-A",s-butenolide
(Ib). Reaction of 1,3-diphenylacetone, diethyl ketomalonate, and
phosphorus pentoxide-methanesulfonic acid by the procedure de-
scribed for preparation of la gave after silica gel column chroma-
tography with benzene-petroleum ether (1:1 by volume), followed
by crystallization from ether at —78°, Ib (31%, mp 104-106°): ir
(CHCI3) 5.65 (s), 5.84 (s), 6.10 (m), 6.21 (m), 6.31 (m), and 6.38 g
(m); 44 NMR b 1.17 (3 H, triplet, J = 7.0 Hz), 4.22 (2 H, quartet, J
= 7.0 Hz), 6.11 (1 H, singlet), 7.38 (8 H, multiplet), 7.78 (2 H, mul-
tiplet); electron impact mass spectrum m/e 320.

Anal. Calcd for C0Hi60 4 C, 74.99; H, 5.03; O, 19.98. Found: C,
75.15; H, 4.99.
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Strigol, a potent seed germination stimulant for the root
parasite witchweed (Striga lutea Lour), has been an inter-
esting synthetic problem since the structure of this materi-
al was reported in 1972.2 Three syntheses which differ only
in the construction of the hydrindan portion of strigol have
been reported.34 The ideal hydrindan precursor is the fi-

CO2CH3

1 strigol
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keto ester 1, which was the key intermediate in the first
synthesis of strigol.3

Our synthesis of the /3-keto ester 1 is outlined below.
Two known compounds, dimethylpyruvie acid5 and 5-o0xo-
6-heptenoic acid,6 are condensed in aqueous base to give
70-80% vyields of the dibasic acid 2, which is converted to
the methyl ester in quantitative yield by diazomethane.
Diester 3 is cyclized to the nicely crystalline d-keto ester 1
in 98% yield by the action of sodium methoxide in metha-
nol.

This route to the hydrindan portion of strigol is much
shorter than those previously reported and the yields are
quite good. Moreover, the starting materials, dimethylpy-
ruvic acid and 5-oxo0-6-heptenoic acid, are easily obtained.
Dimethylpyruvie acid may be conveniently prepared by an
azlactone synthesis as described many years ago.5 We pre-
pared 5-oxo0-6-heptenoic acid in modest yield by acylating
ethylene with glutaric anhydride and aluminum chloride,
although it and its esters have been prepared by other
routes.6-9 The crude material from the Friedel-Crafts acyl-
ation is quite satisfactory for the condensation with di-
methylpyruvic acid.

Experimental Section10

5-Ox0-6-heptenoic Acid. A mixture of aluminum chloride (66.7
g, 0.5 mol), glutaric anhydride (28.5 g, 0.25 mol), and methylene
chloride (11.) was placed in a 2-1 three-necked flask equipped with
a gas inlet tube, a drying tube, and a mechanical stirrer. Ethylene
(44 g, 1.57 mol) was bubbled in during 4.5 hr with vigorous stirring,
after which the reaction mixture was poured over a mixture of 5%
hydrochloric acid (900 ml) and ice. The organic layer was sepa-
rated and the aqueous portion was extracted once with ether (300
ml). The organic extracts were separately washed with water and
evaporated under reduced pressure. The combined residues were
warmed on the steam bath for 10 min with 100 ml of 10% potassi-
um carbonate solution which resulted in a bright yellow suspen-
sion. This mixture was washed with ether until a colorless ether
extract was obtained. The aqueous portion was acidified with hy-
drochloric acid and extracted with ether. The dried (Na2SO,i)
ether solution was evaporated to leave an orange oil (5.2 g, 14%)
which crystallized on storage. A similar run gave a 34% yield of ma-
terial with satisfactory spectroscopic properties. The material was
triturated with carbon tetrachloride and collected. A sample of the
crystalline material was purified by short-path distillation to pro-
duce a clear oil which gave crystalline material, mp 44—46°, after
exposure to air (lit.6 mp of the hydrate 45—46.5°): ir emal (CHCI3)
1710, 1685, 1618 cm-1; 'H NMR 1.97 (p, 2 H, J = 7 Hz), 2.44 (t, 2
H,J =7Hz), 270 (t,2H,J = 7Hz), 5.8-6.6 ppm (m, 3 H).

4,4-Dimethyl-2-(2-carboxyethyl)cyclohex-2-en-l-one-3-
carboxylic Acid (2). A solution of dimethylpyruvie acid (1.23 g,
0.0106 mol) and 5-ox0-6-heptenoic acid (1.509 g, 0.0106 mol) in
315 ml of 1.5 N aqueous potassium hydroxide was heated on the
steam bath for 2 hr. The cooled solution was acidified with concen-
trated hydrochloric acid and the crystalline material (1.68 g) was
collected by filtration. The 'H NMR spectrum of this material was
identical with that of the purified substance. The filtrate was ex-
tracted with ether to afford an additional 0.411 g of crude diacid 2
which was contaminated with ca. 50% by weight of dimethylpurivic
acid as judged by its 'H NMR spectrum. The total yield of crude
diacid 2 (2.0 g) was 79%. The crude material was recrystallized
from water to yield needles, mp 205-206.5°, with slight previous
softening. Impure diacid is more conveniently recrystallized from
ethyl acetate. The purified material showed JH NMR (Me2SO-
de-CDCI3) 1.26 (s, 6 H), 1.95 (g, 2 H, J = 6 Hz), 2.2-2.7 ppm (m, 6

Notes

H); ir imex (KBr) 1710, 1635 cm k mass spectrum m/e ealed for
Ci2H,60 6, 240.100; found, 240.100.

4.4-  Dimethyl-2-(2-carbomethyoxyethyl)-3-carbomethoxy-

cyclohex-2-enone (3) A sample of dibasic acid 2 in tetrahydrofu-
ran was treated with excess ethereal diazomethane. The solvent
was evaporated and the residue was sublimed to give a quantita-
tive yield of 3: mp 47-49°; [H NMR 1.23 (s, 6 H), 1.90 (t, 2 H,J =
7 Hz), 2.40-2.7 (m, 6 H), 3.65 ppm (s, 3 H); ir i/max (CHC13) 1730,
1675, 1619 cm-1; uv Xmax (EtOH) 237 nm (r 12360); mass spectrum
m/e ealed for C14H 2005, 268.131; found, 268.129.

5.5- Dimethyl-8-carbomethoxybicyclo[4.3.0]non-1(6)-ene-

2,7-dione (1). The diester 3 (0.20 g) was heated under reflux for 2
hr in a nitrogen atmosphere with 2 ml of 0.78 N sodium methoxide
in methanol. The cooled solution was treated with 0.1 g of acetic
acid and diluted with 1% hydrochloric acid. The crystalline materi-
al was collected by filtration and the aqueous portion was extract-
ed with ether. The combined product was dried to give 0.173 g
(98%) of 1. A sample was crystallized from methanol and sublimed
to give an analytical sample, mp 136.8-141°. The material is clear-
ly a mixture of tautomers (ca. 1:1) in chloroform solution as pre-
viously indicated: *H NMR (CDCI3) 1.32, 1.38 (s, 6 H), 1.96 m, 4
H), 2.67 (q, 2 H,J = 7 Hz), 292 (m, 1 H), 3.28 (s, 1 H), 3.49 (m, 1
H), 3.78, 3.83 ppm (s, 3 H); ir (CHCI3) 1740, 1715, 1680 sh,
1615, 1548 cm-1; uv Xmax (EtOH) 222 nm (* 9170), 256 (7590), 325
(6478); mass spectrum m/e ealed for C13H 1604, 236.105; found,
236.103.

Registry No.—1, 51799-98-5; 2, 57304-91-3; 3, 57304-92-4; di-
methylpyruvic acid, 759-05-7; 5-ox0-6-heptenoic acid, 6934-67-4;
glutaric anhydride, 108-55-4; ethylene, 74-85-1; diazomethane,
334-88-3; sodium methoxide, 124-41-4.

References and Notes

(1) NSF Undergraduate Research Participant.

(2) C. E Cook, L. P. Whichard, M. E. Wall, G. H. Egley, P. Coggon, P. A.
Luhan, and A. T. McPhail, 3. Am. Chem. Soc., 94, 6198 (1972).

(3) J. B. Heather, R. S. D. Miltol, and C. J. Shih, J. Am. Chem. Soc., 96,
1976(1974).

(4) G. A. MacAlpine, R. A. Raphael, A. Shaw, A. W. Taylor, and H. Wild, J.
Chem. Soc., Chem Commun., 834 (1974).

(5) G. R. Ramage and J. L. Simonsen, J. Chem. Soc., 532 (1935).

(6) S. Umezawa, Japanese Patent 1713 (1962); Chem Abstr., 58, 7833a
(1963).

(7) G. P. Vig, A. S. Dhindsa, A. K. Vig, and O. P. Chugh, J. Indian Chem.
Soc., 49, 163(1972).

(8) L. B. Barkley, W. S. Knowles, H. Raffelson, and Q. E. Thompson, J. Am.
Chem. Soc., 78, 4111 (1956).

(9) N. Nazarov and S. I. Savyalov, J. Gen. Chem. USSR {Engl. Transl.), 23,
1703(1953).

(10) Infrared spectra were measured with either Beckman IR-5A or IR-7 in-
frared spectrophotomers. Proton magnetic resonance spectra were de-
termined at 100 MHz with a Varlan Model XL-100 spectrometer. The
chemical shift values are expressed In 6 values (parts per million) rela-
tive to tetramethylsllane internal standard. In the presentation of the 'H
NMR spectra the following notations are used: s = singlet, d = doublet,
t = triplet, g = quartet, p = pentuplet, and m = multlplet.

Synthesis of a Useful Spin Labeled Probe,
I-Oxyl-4-carboxyl-2,2,6,6-tetramethylpiperidine
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In our continuing study of the cholinergic receptor we
found it necessary to prepare a variety of spin labeled an-
alogues of acetylcholine, one of which required the prepara-
tion of l-oxyl-4-carboxyl-2,2,6,6-tetramethylpiperidine (1).
Unfortunately, the preparation of 1 proved to be of great
difficulty because the nitroxyl group is sensitive to many
synthetically useful techniques.

* Fellow of the Neurological Disease and Stroke Institute of the National In-
stitutes of Health No. NS2697.
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Recently Hsia et al.l1 reported the preparation of 1 as
outlined in Scheme I. Using this reported procedure, we
were unable to reduce Il-oxyl-4-carboxyl-2,2,6,6-tetra-
methyl-1,2,5,6-tetrahydropyridine (5) to the desired prod-
uct (1). Palladium on charcoal, which we have found useful
for other similar reductions, also failed to give a satisfacto-
ry yield of 1.

Toward this goal, we have devised an unequivocal syn-
thesis of 5 using tosylmethyl isocyanide as originally re-
ported by Van Leusen.2 Treatment of l-oxyl-2,2,6,6-tetra-
methyl-4-piperidone (2) with tosylmethyl isocyanide in the
presence of base resulted in a high yield of lI-oxyl-4-cyano-
2,2,6,6-tetramethylpiperidine (6). Hydrolysis of 6 to the

iivied

acid gave a product melting 20°C lower than that reported
by Hsia et al.1 It may be noted that the unsaturated acid, 5,
has a reported melting point of 190-192°C, whereas the re-
duced (1) was reported to melt at 195-196°C. Furthermore,
elemental analysis is unable to distinguish between the two
compounds (1 and 5), given the generally accepted error of
+0.3%. To substantiate our findings, we performed a high-
resolution mass spectral study of l-oxyl-4-cyano-2,2,6,6-
tetramethylpiperidine (6) and l-oxyl-4-carboxyl-2,2,6,6-
tetramethylpiperidine (I).

Field ionization mass spectra confirmed the molecular
ions to be m/e 181 for 6 and m/e 200 for 1.

Experimental Section

Melting points were obtained on a Thomas-Hoover melting
point apparatus and are corrected. The microanalysis was per-
formed by M-H-W Laboratories, Garden City, Mich. Infrared
spectra were recorded on a Perkin-Elmer Model 727 spectropho-
tometer. High-resolution mass spectra were recorded on a Varian
CH-5 mass spectrometer.

I-Oxyl-4-cyano-2,2,6,6-tetramethylpiperidine (6). To a
stirred solution of l-oxyl-2,2,6,6-tetramethyl-4-piperidone (2, 1.0
g, 5.9 mmol) and tosylmethyl isocyanide (1.17 g, 6.0 mmol, Aldrich
Chemical Co.) in 40 ml of dimethoxyethane at 0°C was added 2
equiv (1.34 g) of potassium tert-butoxide dissolved in 20 ml of a
1:1 mixture of dimethoxyethane and tert-butyl alcohol. The mix-
ture was stirred at 0°C for 45 min, the temperature was then raised
to 20°C, and the mixture was stirred for an additional 1 hr. At that
time, 100 ml of water was added and the mixture was extracted
three times with 25-ml portions of ether. The ether extracts were
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combined and dried over anhydrous magnesium sulfate. The ether
was then removed in vacuo to give approximately 0.9 g of a red
powder. A portion of this product was twice recrystallized from
ether, giving red needles: mp 146.5-147°C; ir 2250 cm-1 (-C=N);
m/e 181.1338.

Anal. Calcd for CI0H1/N20: C, 66.26; H, 9.45; N, 15.46. Found:
C, 66.03; H, 9.63; N, 15.32.

I-Oxyl-4-carboxyl-2,2,6,6-tetramethylpiperidine (1). To a
solution of 2 g of l-oxyl-4-cyano-2,2,6,6-tetramethylpiperidine (6)
in 25 ml of methanol was added a solution of 6 g of barium hydrox-
ide and 0.5 g of sodium hydroxide in 100 ml of water. The mixture
was refluxed for 24 hr, cooled, and extracted with chloroform. The
remaining aqueous solution was cooled, acidified with 10% hydro-
chloric acid, and extracted exhaustively with chloroform. The
chloroform solution was dried over anhydrous magnesium sulfate
and evaporated in vacuo, giving 1.9 g of a red powder: mp 171—
172°C from hexane-benzene (1:2); ir 1680 (-C=0), 3300-3100
cm-1 broad (-OH); m/e 200.1271.

Anal. Calcd for CiOH 18NO3 C, 59.98; H, 9.06; N, 6.99. Found: C,
60.04; H, 9.19; N, 6.80.
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ert Harless for the mass spectral data.
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A Convenient Preparation of S-Adenosylhomocysteine
and Related Compounds
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Since the discovery of S-adenosylmethionine,2 a great
variety of S-adenosylmethionine-dependent biological
transmethylation reactions have been demonstrated.3 A
general feature of most S-adenosylmethionine-dependent
methyltransferases is the inhibition produced by the de-
methylated product S-adenosyl-L-homocysteine. Because
of its possible significance as a biological regulatory mecha-
nism,3%this product inhibition has stimulated considerable
research interest. Numerous compounds structurally relat-
ed to S-adenosyl-L-homocysteine have been synthesized as
potential inhibitors of this class of enzymes.4

Because of the high substrate specificity of the enzyme
capable of synthesizing S-adenosylhomocysteine,5 analo-
gues of this compound have been prepared by chemical
synthesis. The general route for the synthesis of S-adeno-
sylhomocysteine analogues was modeled after the proce-
dure first described by Baddiley and Jamieson.6 This route
involves (1) the synthesis of the parent nucleoside, if not
commercially available; (2) protection of the 2',3'-hydroxyl
groups of the nucleoside using an isopropylidene protecting
group; (3) activation of the nucleoside 5' position by forma-
tion of the corresponding o'-tosylate; (4) condensation of
the intermediate 5'-tosylate with S-benzyl-L-homocysteine
(or related compounds); and (5) removal of the isopropyli-
dene protecting group using dilute acid. This standard pro-
cedure has proven quite successful for the synthesis of a
broad spectrum of S-adenosylhomocysteine analogues.4 A
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variation of this procedure using a phenylboronate ester as
a protecting group was recently reported.4i The general
procedures outlined above suffer from several disadvan-
tages which include (1) the necessity to protect the 2',3'-
hydroxyl groups of the nucleoside; and (2) a stability prob-
lem with the intermediate 5'-tosylate.

We have recently developed a shorter, more convenient
procedure for the preparation of S-adenosyl-L-homocys-
teine and related compounds, which we feel has several ad-
vantages over the procedures outlined above. This new pro-
cedure involves the initial formation of the 5'-chloro-5'-
deoxynucleoside from the corresponding nucleoside, fol-
lowed by condensation with L-homocystine (Scheme I).

Scheme |

C1CH adenine
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OH OH OH  OH
Na-liquid NH3

L-hotmocyistine

HO02C— CHCHjCHis— CH2 adenine

NH2
OH OH
We have used the procedure outlined in Scheme | to syn-
thesize S-adenosyl-L-homocysteine, S-adenosyl-D-homo-

cysteine, and numerous base- or sugar-modified deriva-
tives, some of which are listed in Table I. The appropriate

Notes

zyl-L-homocysteine, was found to afford cleaner reaction
products and higher yields (30-60%). In addition, since L-
homocystine, D-homocystine, or DL-homocystine are com-
mercially available, this makes the D isomer, L isomer, or
DL mixture of S-adenosylhomocysteine or related com-
pounds readily accessible.

We believe that this method has several advantages over
previously described procedures. The route outlined in
Scheme | is shorter, requiring only two steps to the desired
product from the appropriate nucleoside. In addition, the
overall yields from the appropriate nucleosides to the de-
sired products are generally 30-60%, as compared to yields
of 5-25% for the four-step conversion using the isopropyli-
dene protecting group. We have also found that the 57
chloro-5'-deoxynucleosides are relatively stable com-
pounds, unlike the corresponding 5'-tosylates, which are
unstable and unless properly stored (0°C) decompose.
Most important, however, is the fact that by using this pro-
cedure we have been able to prepare in good yield several
compounds, including the Ne6-methyl-3-deazaadenine de-
rivative 3, which was prepared in very poor yield using the
earlier procedures.

Experimental Section

Melting points were obtained on a calibrated Thomas-Hoover
Uni-Melt and were corrected. Microanalyses were conducted on an
F & M Model 185 C, H, N analyzer, The University of Kansas,
Lawrence, Kans. The ir, NMR, and uv data were consistent with
the assigned structures. Ir data were recorded on a Beckman IR-33
spectrophotometer, NMR data on a Varian Associates Model T-60
spectrophotometer (Me4Si), and uv data on a Cary Model 14 spec-
trophotometer.

The following compounds were commercially available from the
indicated sources: adenosine, IV6-methyladenosine (Aldrich); 2'-
deoxyadenosine, D-homocystine, L-homocystine, and tubercidin

Table |
s- Adenosyl-L-homocysteine and Related Compounds Prepared by the Condensation
of L-Homocystine and 5'-Chloro-5'-deoxynucleosidesO b

ho2— chch2xh2— S— ch?2 Base
|
NH,
Ri
% yield
from 5'-
chloro-5'- %
deoxynu- yield from
Compd Base R, R, Mp, °C Lit. mp, °C cleoside/ nucleoside
1 Adenineo OH OH 212 2046 75 59
2 N 6-Methyladenine OH OH 208-210 d 45 39
3 N*‘-Methyl-3- OH OH 222-224 214-215 67 56
deazaadenine
4 7-Deazaadenine OH OH 178-180 e 45 33
5 Adenine OH H 190-191 1914C 45 31
6 Adenine H OH 213 2114C 54 39

a The 5'-chloro-5'-deoxynucleosides were prepared from the corresponding nucleosides by the general procedure outlined
in the Experimental Section. b The S-adenosylhomocysteine analogues were characterized by their NMR and uv spectra and
their chromatographic properties against standard compounds. ¢ S-Adenosyl-D -homocysteine was prepared in comparable
yield by condensation of 5'-chloro-5'-deoxyadenosine and D-homocystine. d Previously prepared by Hildesheim et al.,4k but
no melting point was reported. e Previously prepared by Coward et al.,4g but no melting point was reported. /Registry no
are, respectively, 892-48-8, 19254-36-5, 57274-13-2, 53458-85-8, 57274-14-3, 57274-15-4.

5'-chloro-5'-deoxynucleosides were prepared in 75-100%
yields from the corresponding nucleosides using thionyl
chloride and hexamethylphosphoramide according to a
general procedure described by Kikugawa and Ichino.7 The
5'-chloro-5'-deoxynucleosides were condensed with L-ho-
mocystine (or D-homocystine) in sodium and liquid ammo-
nia to yield directly the desired S-adenosylhomocysteine
derivatives. Use of L-homocystine, rather than the S-ben-

(7-deazaadenosine) (Sigma). Ai6-Methyl-3-deazaadenosine was
prepared by a modification41 of the procedure of Mizuno et al.8
General Reaction Procedure for the Preparation of the 5'-
Chloro-5'-deoxynucleosides. The conversion of the appropriate
nucleoside (e.g., adenosine) to the corresponding 5'-chloro-5'-deox-
ynucleoside (e.g., 5'-chloro-5'-deoxyadenosine) was modeled after
a procedure previously described by Kikugawa and Ichino.7 A solu-
tion of 0.75 ml of thionyl chloride and 5.0 ml of hexamethylphos-
phoramide was stirred under nitrogen while 0.50 g of the nucleo-
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side was added. The mixture was allowed to stir for 15-20 hr at
ambient temperature, then quenched with ca. 20 ml of water and
concentrated in vacuo to 10 ml. For those less soluble 5'-chloronu-
cleoside products, the aqueous solution was neutralized to pH 7-8
with 2N aqueous ammonia. The resulting solution was cooled and
crystals collected by filtration and washed thoroughly with ice
water. The combined filtrates were applied to ca. 10 ml of ion ex-
change resin (Dowex 50W-X4, 50-100 mesh, H+ form). The resin
was washed well with water, then with 1 or 2N NH40H to remove
the product. The ammonia solutions were concentrated to produce
a second crop of crystals. For those samples which did not crystal-
lize on neutralization, the entire original acidic solution was passed
through a large column (100-150 ml) of Dowex 50W-X4. The prod-
uct was again removed by elution with NH«OH, after first washing
the column thoroughly with water. Yields averaged in the 75-100%
range. The products were identified by their ir and NMR spectra
and their chromatographic properties.

General Reaction Procedure for the Preparation of S-Ade-
nosylhomocysteine Analogues from the 5'-Chloro-5'-deoxynu-
cleoside and L-Homocystine. A 0.75-mmol sample (1.4 equiv) of
L-homocystine was dissolved in 25 ml of liquid ammonia and
treated with sodium until the solution remained blue for at least
15 min. A stirring bar was introduced and enough NH4Cl was
added to discharge the color. Then 1.05 mmol (1.0 equiv) of the ap-
propriate 5'-chloro-5'-deoxynucleoside was added and stirring was
continued for approximately 12 hr. After the ammonia had evapo-
rated and the last traces were removed in vacuo, 5 ml of H20 was
added and the solution neutralized to pH 6 with 5% HCl. The
crude mixture was then applied to an ion exchange column (30 ml
of Dowex 50W-X4, 50-100 mesh, NH4+ form) and eluted slowly
with water. The first fractions contained the inorganic ions and
homocystine. The desired product along with some starting 5'-
chloro-5'-deoxynucleoside was removed either by further elution
with water or by elution of the column with 1 N and/or 2 N
NH40H. The fractions containing product were concentrated in
vacuo and lyophilized. Where appropriate, impure samples were
further purified by using preparative TLC [Avicel, 3:2 EtOH-H20,
or silica gel, 9 (20EtOH:2H20:2HOACc) + 1 (0.5 M phosphate buff-
er pH 7.0)]. Yields averaged from 40 to 75% for this condensation
step, giving overall yields of 30-60% of the products from the cor-
responding nucleoside. The S-adenosylhomocysteine analogues
were characterized by their ir, NMR, and uv spectra, their chroma-
tographic properties against standard samples, and chemical anal-
yses.
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Cadet and Teoulel have shown that radiolysis of thymine
(Thy)2 and thymidine (dThd) in pH 1.7-7 aerated aqueous
solutions results in the formation of Thy"OOH. Swinehart
et al.3 studied the y-ray-induced production of [3H]H20
from [3H]Thy in single- and double-stranded DNA and
suggested the formation of Thy-“, a probable intermediate
for the formation of Thy*OOH and other analogous prod-
ucts, to explain the observed [3H] release. Earlier, the same
suggestion was made by Wang and Alcantara4 about the
photooxidation of Thy in agueous solutions. These findings
indicate the possible importance of Thy*OOH in radiobiol-
ogy and photobiology, and thus the study of the effects of
Thy“OOH on biological compounds and systems seems to
be warranted, especially in view of the effects of cis-5,6-
dihydro-6-hydroperoxy-5-hydroxythymine (hosho26hThy,
6-TOOH)5 on neighboring bases, cells, chromosomes, etc.6

Because access to sufficient quantities of Thy*OOH s
necessary for similar studies, improved methods have been
developed with analogous starting materials, two of which
are novel for the preparation of Thy*OOH. These synthe-
ses give Thy“OOH in yields of ~90%, which is considerably
greater than in the previous method.7 In addition,
Thy“OOH exhibits some interesting photochemical and
chemical behavior. Furthermore, purified Thy*OOH s in
fact rather stable, contrary to the early belief,1 and that is
convenient for our intended studies.

Results and Discussion

These syntheses are straightforward and give excellent
yields of Thy*OOH. Considering the ease of reaction and
the requirement of concentrated HC1, acid-catalyzed for-
mation of an electrophilic center is probably involved as
shown in the following scheme.

Y = OH for Thy'OH
OCH3 for Thy' OCH;
Cl for Thy'Cl

Because Cl is a much better leaving group than OH and
OCH;! under the present reaction condition, acid catalysis
is necessary for the reactions of Thy*OH and Thy“OCH3
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but not for Thy"Cl. Also, the synthesis goes more readily
and provides somewhat better yields when Thy"Cl is used
as the reactant. However, whether these reactions proceed
in a stepwise manner as shown has not yet been studied.

Our structural assignment of Thy"OOH is corroborated
by the spectral data. The ir spectrum shows bands of vO-O
(875 cm-1*and fCH20 (973, 1033, and 1071 cm-1). The
last two bands also appear in the ir spectrum of CH20H-
containing analogue, Thy"OH, but are in greatly reduced
intensities. This reduction is to be expecteds9 for C-OOH
as compared to analogous C-OH compounds. In the NMR
spectrum, the assignments are rather straightforward; how-
ever, the signal for OOH is absent. Similarly, the signal for
OH in Thy"OH is also absent. On the other hand, we ob-
served9 the OOH signal as a sharp singlet in a similar com-
pound, 6-TOOH. When Thy"OOH was allowed to stand in
(CD3)2S0, it was reduced to the corresponding alcohol,
Thy“OH [NMR in (CD3)2S0: 54.17 (s, 2, CH2), 7.32 (d, 1,3
= 6 Hz, C6H)]. However, in spite of its allylic hydroperox-
ide function, Thy"OOH is surprisingly stable in Me2SO
with an apparent half-life of approximately 14 days, where-
as, 6-TOOH has an apparent half-life of 27 min at 35°C.
No appreciable change can be detected when Thy"OOH is
stored for 1 week at room temperature; however, in solu-
tion it is gradually converted to 5-formyluracil (5CHO-
Ura). Because Thv“OOH and 5CHO-Ura are reactive
species, they may interact with biomolecules and thus af-
fect biological systems when they are formed directly or in-
directly by radiation.

Furthermore, when Thy"OOH (0.1 mM) was irradiated
with 254-nm light, it was quantitatively converted to
5CHO-Ura within 220 sec at a light intensity of 198 ergs/
mm?2 sec-1 (without filter) with 9= 0.47 (when Corning fil-
ter No. 954 is used, = 0.27). This efficacious photoconver-
sion may have relevance in the study of radiobiology. In ad-
dition, 5CHO-Ura has been identified as a photoproduct of
Thy.4

Thy“OOH can be easily reduced to Thy in H20 by hy-
drogenation in the presence of 10% Pd/C at room tempera-
ture.

In short, the characteristics of Thy*OOH make it an in-
teresting compound to be considered in the study of radia-
tion effects of biological systems.

Experimental Section

Preparation of 5-Hydroperoxymethyluracil (Thy“OOH).
From 5-Methoxymethyluracil (Thy"OCH3). The starting mate-
rial was prepared according to the method of Santi and Pogolot-
ti.10 First, Thy"OCH3 (62 mg, 40 mmol) was dissolved in 10 ml of
15% H202, then, dropwise, 50 pi of concentrated HC1 in 5 ml of
H202 was added. After standing at room temperature for 24 hr
with stirring, the reaction solution was lyophilized. The residue
was washed three times with cold water and the purified product
(56 mg, 89%) was obtained by recrystallization from 10% methanol
solution.

From 5-Hydroxymethyluracil (Thy“OH). The procedure is
analogous to that described above. In this case, 57 mg (40 mmol) of
Thy“OH was used and 57 mg (90%) of the purified Thy"OOH was
obtained.

From 5-Chloromethyluracil (Thy"Cl). The starting material
was synthesized according to the method of Giner-Sorolla and Me-
drek.1t Thy“Cl (50 mg, 32 mmol) was added portionwise to 1 ml of
50% H20 2 solution with stirring. The product began to appear as
fine crystals at the completion of the addition; however, the stir-
ring was continued for an additional 30 min at room temperature.
The product was collected by filtration and washed with 50%
methanol until the washings gave a negative AgNOa test for Cl- .
Again, recrystallization was carried out in 10% MeOH solution and
45 mg (92%) of the purified product was obtained: mp >230° dec;
Xmex (H20) 261 nm (e 7500); ir (KBr film) 11.43 p for -O-O-, 10.28,
9.68, and 9.34 p for C-OOH, respectively; NMR [(CDa)2SO] 5 4.52
(s, 2, CH2), 7.52 (d, 1, 3 = 6 Hz, CsH), 9.47 (d, 1, 3 = 6 Hz, N,H),

Notes

and 9.67 (b, 1, N3H); mass spectrum m/e 142 (M - 16). Anal.
Calcd for C5H6N204: C, 38.00; H, 3.80; N, 17.71. Found: C, 37.88;
H, 3.76; N, 17.79.

Reduction of Thy"OOH to Thy. Thy"OOH (31.7 mg, 20 mmol)
and 10 mg of 10% Pd/C were suspended in 10 ml of water. The so-
lution was shaken with H2 at room temperature. A theoretical
amount (9.6 ml, 2 molar equiv) of H2 was taken up at the end of 4
hr. The catalyst was removed by filtration and the filtrate was
evaporated until dry. The residue, after recrystallization from 20%
methanol, gave 23.4 mg of thymine (~93% yield).

Formation of 5CHO-Ura from Thy"OOH by Irradiation
(254 nm). Thy"OOH (5 mg, 36 amol) was dissolved in 40 ml of
water. The solution in a quartz tube was irradiated (254 nm) for
220 sec and evaporated until dry. The residue, after recrystalliza-
tion from absolute methanol, gave 4.0 mg of 5CHO-Ura (88%
yield), mp >300° dec, \nmex (H20) 278 nm (e 11850).12
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It was recently reported2'3 from this laboratory that the
displacement reaction of 2-amino-6-chloropurine (1) with
the sodium salts of allylic alcohols proceeds through an O6
ether to yield an 8-substituted guanine. The O6to C-8 rear-
rangement occurs intramolecularly and is judged to pro-
ceed by two anionic [3,3] sigmatropic shifts via C-5
(Scheme 1). By blocking the 8 position of the purine ring
with a methyl group, we sought to trap the C-5 intermedi-
ate or to redirect the migrating group. Thereby, another al-
lylic rearrangement has been revealed in which the overall
migration, with allylic retention, is from O6 to the N-3 and
N-7 positions of the guanine ring (Scheme I1), with corre-
sponding mechanistic implications.



Notes

Scheme |

Scheme I

When 2-amino-6-chloro-8-methylpurine (2), prepared by
reaction of 2-amino-6-mercapto-8-methylpurine (3)4 with
chlorine gas,5 was allowed to react with sodium 3-methyl-
2-butene 1-oxide (4) in refluxing dioxane (101°), a mixture
of two iV-isopentenyl-8-methylguanine products (2:1) was
obtained in a total yield of 88%. After a separation by high-
pressure liquid chromatography, the minor isomer was
identified as 8-methyl-7-(3-methyl-2-butenyl)guanine (5)
by comparison with an authentic sample prepared by inde-
pendent synthesis. During consideration of possible syn-
thetic routes to 5 we noted that 7-alkylguanine derivatives
have, in general, been formed by alkylation of guanosine
followed by hydrolytic removal of the ribose.6 Since 8-
methylguanosine is not readily available, a protecting
group was sought that could be placed on N-9 of 8-methyl-
guanine (6) and removed after alkylation at N-7. The pi-
valoyloxymethyl (POM) protecting group, employed for a
similar purpose in the adenine series in the synthesis of
cordycepin, for example,7 was found satisfactory for the
synthesis of 5. Treatment of the disodium dianion of 6 with
chloromethyl pivalate in dimethyl sulfoxide gave 8-methyl-
9-pivaloyloxymethylguanine (7) in 92% yield. This com-
pound was converted to isomer 5 by treatment with 3-
methyl-2-butenyl bromide in dimethylformamide followed,
without isolation, by basic hydrolysis of the POM pro-
tecting group in an overall yield of 55% (Scheme I111). The

Scheme 111

NMR, ultraviolet, and mass spectra of 5 prepared in this
manner are identical with those of the minor isomer in the
rearrangement mixture.

Although the ultraviolet spectrum strongly suggested
that the major isomer was 8-methyl-3-(3-methyl-2-bute-
nyl)guanine (8),8 additional proof was obtained by synthe-
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sis of the remaining possible isomers, 8-methyl-I-(3-
methyl-2-butenyl)guanine (9) and 8-methyl-9-(3-methyl-
2-butenyl)guanine (10). Treatment of 7 with potassium
ierf-butoxide and 3-methyl-2-butenyl bromide followed by
hydrolysis of the POM protecting group gave 9 in 13%
yield. Derivative 10 was prepared in 36% yield by alkyla-
tion of the disodium dianion of 6 in dimethyl sulfoxide.
The NMR and ultraviolet spectra for 9 and 10 do not corre-
spond to those of the major rearrangement isomer, thus
eliminating all but the N-3 isomer from consideration.

A mechanistic sequence for the formation of 8 and 5 can
be formulated in terms of a C-5 bridgehead intermediate.
Initial displacement on 2 followed by one [3,3] sigmatroplc
shift would yield the anionic bridgehead intermediate 11.
The major isomer 8 would then arise from a [3,3] sigmatro-
pic rearrangement to N-3 (Scheme 1V). The minor isomer 5

Scheme IV

n[3. 2
21 HO®

8 S

could then arise by two possible routes. First, it might be
formed directly by a [3,2] sigmatropic shift in the anion. Al-
though it seems likely from steric considerations that the
allylic migration to C-8 could occur to give a C-8 disubsti-
tuted derivative, the lack of a hydrogen for removal from
C-8 as in Scheme | would favor reversal of the C-5 to C-8
rearrangement in the 8-methyl case. That the N-9 isomer
(10) was not formed in the rearrangement is explicable on
the basis of scale molecular models which show that the re-
active end of the allylic moiety in the intermediate 11 is
15-20% further from N-9 than from either N-3 or N-7.

A second possible sequence is represented in Scheme V,
in which a [3,3] sigmatropic shift from C-5 to C-8 would

Scheme V

produce a C-8 disubstituted intermediate that could then
undergo a 1,2 migration to give 5. The closest parallel is the
thermal rearrangement of 1,3,8,8-tetrasubstituted pseu-
doxanthines (12) to 1,3,7,8-tetrasubstituted xanthines (13)
exclusively.9 The absence of any N-9 can be attributed to
the energy barrier provided by the development of 3-8 peri-
dialkyl interaction. In our system no such interaction
would develop, and accordingly some N-9 isomer (10)
would be expected. Since we were unable to detect the
presence of any isomer 10 in the product resulting from the
reaction of 2 and 4, the [3,2] sigmatropic shift (Scheme 1V)
is favored for the conversion of the postulated intermediate
11 to 8-methyl-7-(3-methyl-2-butenyl)guanine (5).

Scheme VI

12
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Experimental Section

All melting points are uncorrected. The NMR spectra were re-
corded on Varian Associates A-60 or HA-100 spectrometers using
tetramethylsilane as an internal standard. The ultraviolet spectra
were obtained on a Beckman Acta Model MVI spectrometer. Mi-
croanalyses were performed by Mr. Josef Nemeth and associates,
who also weighed samples for quantitative electronic absorption
spectra. Low-resolution mass spectra were obtained on a Varian
MAT CH-5 spectrometer and high resolution on a Varian-MAT
731 spectrometer, both coupled with a 620i computer and STA-
TOS recorder.

2-Amino-6-chloro-8-methylpurine (2). Chlorine gas was in-
troduced at a slow rate into a stirred suspension of 2-amino-G-mer-
capto-8-methylpurine4 (6 g, 33 mmol) and acetonitrile (100 ml) for
1.5 hr at room temperature.6 After purging the system with nitro-
gen for 1 hr, the bright yellow hydrochloride salt was filtered and
washed with cold acetonitrile (150 ml).

The free base was obtained by suspending the hydrochloride salt
in 100 ml of water and adjusting the pH to 6.5. The water was then
removed in vacuo and the residue was extracted with chloroform
for 6 hr in a Soxhlet extractor. The chloroform was removed in
vacuo, and the residue was recrystallized from methanol: yield 4.25
g (70%); mp 205-215° dec; Xmex (H20) 308 nm (t 8070), 241.5
(6540), 217 (30200); (H20, 0.1 N HC1) 314 (8340), 237 (7960);
(H20, 0.1 N NaOH) 302.5 (7740), 268 (3680); NMR (TFA) 6 3.00
(s, PU-CH3); mass spectrum (10 eV) m/e 183 (M+), 148 (M —ClI)+.

Anal. Calcd for CeH6C1NS5: C, 39.25; H, 3.29; N, 38.15. Found: C,
39.14; H, 3.24; N, 38.12.

8-Methyl-3-(3-methyl-2-butenyl)guanine (8) and 8-Methyl-
7-(3-methyl-2-butenyl)guanine (5). To a suspension of sodium
hydride (0.5 g of a 51% oil dispersion, 12 mmol) in dry dioxane (40
ml), 3-methyl-2-buten-i-ol (1.00 g, 12 mmol) in dry dioxane (40
ml) was added under a nitrogen atmosphere. After evolution of hy-
drogen had ceased, 2-amino-6-chloro-8-methylpurine (2, 1.00g, 5.9
mmol) was added and the mixture was heated at reflux for 20 hr.
After cooling, the solvent was removed in vacuo, and the residue
was dissolved in water (20 ml) and extracted five times with ether
(50 ml). The aqueous layer was then acidified to pH 6 with 20%
aqueous acetic acid. After cooling, the solid was removed by filtra-
tion, washed with acetone, and dried to yield 1.13 g (88%) of a mix-
ture of 8 and 5. NMR [(CD3)2SQO] of the mixture showed reso-
nances at 6 1.65 (s, CH3), 1.75 (s, CH3), 2.30 (s, PU-CH3), 2.31 (s,
pu-CHa), 4.62 (d, pu-CH2C), 4.82 (d, pu-CH2C), 5.18 (m,
C-CH=C), 6.42 (broad, pu-NH?2).

High-performance liquid chromatographic separation of a 50-mg
sample of the mixture was done on Bio-Rad Aminex A-5 cation ex-
change resin, packed in a 15 X 0.5 in. glass column maintained at a
temperature of 50°. The column was eluted at a flow rate of 700
itl/min (ca. 275 psi) with 0.50 M ammonium formate-formic acid
buffer containing 25% dimethylformamide, pH 4.10 (calculated).
The retention volume of the minor isomer was 172 ml. See below
for characterization.

The major isomer was eluted with a retention volume of 235 ml
to give 30 mg of colorless needles of 8: mp >300°; Xmex (H20) 271
nm U 13400), 236 (7900); (H20, 0.1 N HC1) 267 (12900), 245 sh
(8200); (H20, 0.1 N NaOH) 277 (14800); NMR [(CD3)2S0] 5 1.65
(s, 3, CH3), 1.75 (s, 3, CH3), 2.31 (s, 3, pu-CHJ), 4.62 (d, 2, pu-
CH2C), 5.18 (m, 1, C-CH=C), 6.72 (broad, 2, pu-NH?2); mass spec-
trum (10 eV) m/e 233 (M+) and 265 (M —CsHg)+; high-resolution
mass spectrum m/e 233.1278 (calcd, C10H15N50).

Anal. Calcd for CiiH15N50: C, 56.64; H, 6.48; N, 30.02. Found:
C, 56.94; H, 6.42; N, 29.96.

8-Methyl-9-pivaloyloxymethylguanine (7). Sodium hydride
(3.00 g of a 51% oil dispersion, 60 mmol) was washed with two por-
tions of dry hexane (30 ml). A solution of 8-methylguanine (6, 5.00
g, 30 mmol) in dry dimethyl sulfoxide (100 ml) was then added to
the sodium hydride, and the mixture was stirred at 30° for 6 hr.
Chloromethyl pivalate (5.00 g, 33 mmol) was added, and the reac-
tion mixture was stirred at 30° for an additional 2 hr. The solution
was treated with charcoal and filtered, and the (CH3)2SO was re-
moved in vacuo. To the residue was added 30 ml of 20% acetic acid,
and the resulting suspension was stirred for 30 min with cooling.
The product was removed by filtration, washed with water and
then acetone, and dried to give 7.06 g (92%) of colorless solid. An
analytical sample was obtained by an additional recrystallization
from methanol: mp >350°, Xmex (H20) 276 nm (« 8900), 251
(13700); NMR [(CD3)2SO] 5 1.11 [s, 9, C(CH3)3J], 2.35 (s, 3, pu-
CH3), 5.85 (s, 2, pu-CH20), 6.45 (broad, 2, pu-NH2); mass spec-
trum (10 eV) m/e 255 (M+), 170 (M — CsHgO)+, and 140 (M —
C6H1002) +.

Notes

Anal. Calcd for C12H17N50 3: C, 51.61; H, 6.14; N, 25.07. Found:
C, 51.61; H, 6.43; N, 25.18.

8-Methyl-7-(3-methyl-2-butenyl)guanine (5). To a suspen-
sion of 8-methyl-9-pivaloyloxymethylguanine (7, 150 mg, 0.59
mmol) in dry dimethylformamide (40 ml) was added isopentenyl
bromide (175 mg, 12 mmol) and pyridine (0.5 ml). The mixture
was stirred at room temperature for 200 hr. The DMF was re-
moved in vacuo, and to the oily residue was added 20 ml of 2.0 N
sodium hydroxide. This mixture was then heated on a steam bath
for 1 hr. The basic solution was neutralized to pH 6, and the pre-
cipitate was collected and washed successively with ethanol and
acetone. The light yellow solid was recrystallized from 80% etha-
nol-water to give 137 mg (55%) of yellow solid: mp >300°; Xmax
(H20) 283 nm (c 8590), 248 sh (6690); (H20, 0.1 N HC1) 276 (8470),
247 (12600); (H20, 0.1 N NaOH) 278 (8570); NMR [(CD3)2SO] X
1.65 (s, 3, CH3), 1.75 (s, 3, CH3), 2.30 (s, 3, pu-CH3), 4.82 (d, 2, pu-
CH2C), 5.18 (m, 1, C-CH=C), 6.32 (broad, 2, pu-NH?2); mass spec-
trum (10 eV) m/e 233 (M+) and 265 (M —CsHg)4.

Anal. Calcd for CiiH15N50-%H20: C, 54.55, H, 6.65; N, 28.93.
Found: C, 54.55; H, 6.47; N, 28.82.

8-Methyl-9-(3-methyl-2-butenyl)guanine (10). Sodium hy-
dride (0.60 g of a 51% oil dispersion, 12 mmol) was added to a vig-
orously stirred suspension of 8-methylguanine (6, 1.00 g, 6 mmol)
in dry DMF (50 ml). This mixture was stirred for 3 hr. A solution
of isopentenyl bromide (1.2 g, 8 mmol) in dry DMF (40 ml) was
then added dropwise over a period of 5 hr, and the mixture was
stirred for an additional 30 min. The solvent was removed in
vacuo, and to the residue was added 10 ml of 2 N sodium hydrox-
ide. The solution was then washed with two portions of ether (10
ml). The aqueous layer was neutralized to pH 6 with 20% acetic
acid and cooled. The precipitate was collected by filtration and
washed successively with ethanol and ether to yield 481 mg (36%)
of yellow solid: mp >300°; Xmex (H20) 273 nm sh (e 9670), 252
(13400); (H20, 0.1 N HC1) 277 (8770), 252 (1280); (H20, 0.1 N
NaOH) 269 (11800), 255 sh (11300); NMR [(CD3)2S0O] 6 1.65 (s, 3,
CH3), 1.75 (s, 3, CH3), 2.27 (s, 3, pu-CH3), 5.47 (d, 2, pu-CH2C),
512 (m, 1, C-CH=C), 6.34 (broad, 2, pu-NH2); mass spectrum (10
eV) 233 (M+), and 165 (M - C6H8)+.

Anal. Calcd for CnHIsN50: C, 56.64; H, 6.48; N, 30.02. Found:
C, 56.83; H, 6.22; N, 30.17.

8-Methyl-I-(3,methyl-2-butenyl)guanine (9). A solution of
8-methyl-9-pivaloyloxymethylguanine (7, 500 mg, 1.79 mmol) in
dry dimethylformamide (200 ml) was treated with potassium tert-
butoxide (250 mg, 2.23 mmol) under a nitrogen atmosphere. Iso-
pentenyl bromide (425 mg, 2.85 mmol) was then added and the
mixture stirred for 1 hr. Additional aliquots of potassium iert-bu-
toxide (100 mg, 0.89 mmol) and isopentenyl bromide (100 mg, 0.67
mmol) were added, and the mixture was stirred for 1 hr. The di-
methylformamide was then removed in vacuo, and the residue was
dissolved in chloroform (100 ml) and filtered through a Celite pad.
The chloroform solution was reduced in volume, applied to a 17-g
silica gel column, and eluted with chloroform. The initial yellow
fractions were discarded and the remaining fractions were concen-
trated to give 140 mg (23%) of crude 8-methyl-I-(3-methyl-2-bute-
nyl)-9-pivaloyloxymethylguanine. This material was heated at re-
flux in 0.5 N sodium hydroxide-30% ethanol for 6 hr without fur-
ther purification. After the solution was concentrated to 25 ml and
made strongly acidic with 1 N HC1, it was extracted with three
portions of CHC13 (30 ml). The aqueous layer was then neutralized
with 1N NaHCO03 and the volume reduced to 5 ml. The resulting
suspension was heated until the solid material dissolved and was
treated with charcoal, filtered, and allowed to crystallize. The
white crystals were filtered and dried to give 50 mg (53%) of 9. An
analytical sample was obtained by recrystallization from water: mp
>300°; Xmex (H20) 275, 251 nm; (H20, 0.1 N HC1) 273 sh, 252;
(H20, 0.1 N NaOH) 277, 262 sh; NMR [(CD3)2SO] 5 1.65 (s, 3,
CH3), 1.75 (s, 3, CH3), 2.28 (s, 3, pu-CH3), 4.56 (d, 2, pu-CH2C),
5.10 (m, 1, C-CH=C), 6.50 (broad, 2, pu-NH2); mass spectrum (10
eV) m/e 233 (M+) and 265 (M - C5H8)+.

Anal. Calcd for C11H15N50J3/4H20: C, 55.51; H, 6.72; N, 29.44.
Found: C, 55.55; H, 6.72; N, 29.18.
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Complexes and anion radical salts of 7,7,8,8-tetracyano-
quinodimethane (TCNQ) exhibit unusual electrical con-
ductivity properties.1 TCNQ forms ir complexest-2 with
Lewis bases, simple anion radical salts (M+TCNQ-~) with
metal iodides [except for Cs2(TCNQ-~)2(TCNQ)], and
complex salts with organic iodides. Tropylium iodide reacts
with Li+TCNQ-~ to yield a,o/-ditropyl-a,a:,al/,a/-tetracy-
ano-p-xylene. TCNQ undergoes 1,6 addition with sulfurous
acid and with chlorine. When TCNQ reacts with primary
and secondary amines, one or two cyano groups are re-
placed by amine.3

Although acetone has been used as a solvent in some of
these reactions, no reaction of TCNQ with acetone has
been reported. This work describes a unique reaction which

produces an acetone-substituted dimer of TCNQ, I. It ap-
CN CN CN CN
cejcocHj— c— /Q )— c—co— — C— CHCOCR,
CN CN CN CN

pears that carboxylate anion is oxidized by TCNQ because
sodium benzoate, sodium salicylate, and sodium acetate re-
duced TCNQ to Na+TCNQ-- in acetone and generated ac-
etonyl radical. However, little or no CO2 was evolved in
these reactions.

In a typical experiment TCNQ (20.0 mmol) and sodium
benzoate (20.0 mmol) in 500 ml of dry acetone were stirred
vigorously at room temperature in the dark for 48 hr. Re-
sults were the same in air and under nitrogen. Na+TCNQ-~
(6.7 mmol) and benzoic acid (10.0 mmol) were obtained, as
well as 0.319 g of compound | (dimer) and 1.736 g of com-
pound Il. The latter was soluble in ethyl acetate, ethanol,
and acetonitrile with a light green color. Il had strong ab-
sorption at 320 nm and very weak, broad absorption at
500-600 nm. Il had strong infrared absorption (KBr disk)
at 2130 and 2170 cm-1 (substituted malononitrile anion as
in sodium pentacyanoethane and potassium phenylmalo-
nonitrile),4 weak absorption at 2250 cm-1 (unconjugated
nitrile with electronegative groups on carbon), strong ab-
sorption at 1720 cm' ! (ketone), and peaks at 1610, 1520,
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825 (para-substituted phenyl with strong it overlap), 1420,
1360 cm-1 (methyl and methylene). The NMR spectrum in
acetone-d6 showed two coupled doublets, 7.3 (2 H) and 7.0
ppm (2 H), and two singlets, 3.8 (2 H) and 2.3 ppm (3 H).
When TCNQ was added to Il, Na+TCNQ-~ was formed.
We assign to Il the structure i on the basis of evidence de-
scribed above, the conversion to dimer described below,
and the fact that ii is formed from tetracyanoethylene and

CN CN
CHXOCH2>— C— < ~ )— c— Na+t

CN CN

CN CN
I 1
H— C— C— CH.COCH,
| !
CN CN
ii

acetone by a free-radical mechanism.5-6 Il is also formed
when sodium acetate and sodium salicylate were used in-
stead of sodium benzoate.

An equimolar mixture of Il and TCNQ in ethyl acetate
yielded Na+TCNQ-~ and I. | was purified by washing with
ethanol and recrystallization from acetone, white needles,
mp 279.9-280.1°C. | had a maximum at 320 nm in ethanol.
The infrared spectrum (KBr disk) showed strong absorp-
tion at 1730 cm-1 (ketone) and very weak absorption at
2250 and 2350 (unconjugated nitrile with electronegative
groups on a carbon as in p-phenylenemalononitrile, which
has a band at 2270 cm-1), 1510 and 805 (para-substituted
phenyl), and 1425 and 1355 cm-1 (methyl and methylene).
The NMR spectrum in acetone-dé showed two coupled
doublets, 7.9 (2 H) and 7.6 ppm (2 H), and singlets at 4.0 (2
H) and 2.3 ppm (3 H). Anal. Calcd for CaoHigC”Ng: C, 69.0;
H, 3.5; N, 21.5. Found: C, 68.8; H, 3.4; N, 21.4. Mol wt:
calcd, 522; found, 483. The mass spectrum at high gain
shows a peak at m/e 522.

When acetonitrile was used as solvent in this reaction,
Na+TCNQ*~ was produced along with a material with
broad absorption at 365 and 390 nm which resisted purifi-
cation. With sodium carbonate and acetone or acetonitrile,
TCNQ was converted to the sodium salt of a,a-dicyano-p-
toluoyl cyanide.3

We assign to | the structure of the dimer rather than mo-
nomer primarily because of the molecular weight determi-
nation. We propose that the reaction proceeds in the fol-
lowing way.

C6HECOO Na+ + TCNQ —» C,H,COO + Na+TCNQ-~
C6HCOO- + CH3COCH3 —* C,H,COOH + CH.COCH/
CR.COCR/ + Na+TCNQ" —<

CN CN

CH.COCH— C— (0 )~ C~ Na+

CN CN
0
211 + 2TCNQ — -
CN CN
CH.COCH.-C-HO-C- + 2Na+tTCNQ"
CN CN
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While there are many examples of one-electron transfers
from various donors to TCNQ, electron transfer from car-
boxylate ion is less common. In fact only the Kolbe synthe-
sis unequivocally involves such a process. TCNQ appears to
be a strong enough oxidant for carboxylate anion. Little or
no decarboxylation is observed in agreement with the ob-
servation of others7's on the fate of benzoyloxy radicals in
solution. The isolation of dimer | suggests hydrogen ab-
straction from solvent, acetone.
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The photochromie behavior of vicinally substituted ar-
yloxiranes has been investigated in rigid glasses2 and the
intervention of ionic and free-radical intermediates has
been proposed for the fragmentation of these oxiranes to
arylcarbenes and carbonyl compounds.3 During these in-
vestigations the development of a blue-colored species
(Xmax 610 nm) was observed upon irradiating tetraphe-
nyloxirane (2b) at 254 nm in hydrocarbon glasses (77K).
That carbon-carbon bond cleavage is associated with this
phenomenon was confirmed by low-temperature rigid ma-
trix studies on 2,2,4,4-tetraphenyloxetan-3-one (Ib).4 The
colored intermediate that forms from the oxetanone on de-
carbonylation at 350 nm, under conditions in which the ox-
irane is photostable, was shown to be spectroscopically
identical with that obtained from 2b at 254 nm. We now
wish to report additional photochemical results obtained
on Ib in solution.

Hammond and co-workers5ab studied the solution pho-
tolysis of a related compound, 2,2,4,4-tetramethyloxetan-
3-one (la). In polar solvents, the principal reaction path in-
volved cycloelimination to give dimethylketene and ace-

Notes

Scheme |
N = 0=0 + rx= o
R R
R w R + CO
la,R =CH, Y g
bR = CaHs 2a R= CH3
b, R = CfiH,

tone, rather than decarbonylation to tetramethyloxirane.
In nonpolar solvents, both reactions were found to occur
(Scheme 1). An acyl-alkyl biradical intermediate which de-
composes by two different solvent-dependent paths was
proposed for these processes, although complete product
identification was not achieved.

The results with la suggested that the tetraphenyl ana-
logue Ib would photolyze in a similar manner upon irradia-
tion above 300 nm to give tetraphenyloxirane (2b). Under
these conditions the oxirane is known to be photostable
and, if formed, should be isolable.

Irradiation of Ib in benzene (350 nm, Pyrex, ¢ 20 mmol/
1) for 17 hr resulted in the conversion of the starting mate-
rial (76%) to a mixture of the expected oxirane 2b (36%),
carbon monoxide (detected by gas-phase infrared spectros-
copy), benzophenone (55%), and diphenylketene (Scheme
1), as well as tetraphenylethylene (10%). Diphenylketene
was shown to be present among the primary photoproducts
by infrared spectroscopy (vc=c=0 2080 cm-1) and was
trapped as methyl diphenylacetate (13%) by quenching the
benzene solution with methanol after irradiation. The ben-
zophenone and methyl diphenylacetate were separated
from unreacted Ib and other photoproducts by elution
chromatography on silica gel. The relative amounts of the
two components were established by NMR.

The formation of tetraphenylethylene (4) was noted with
great interest. 2,2,4,4-Tetraphenylcyclobutane-I,3-dione
(3), the head-to-tail dimer of diphenylketene which is
known to decarbonylate to 4,6 appeared to be a reasonable
precursor7® (Scheme 1I1). While benzene solutions of di-

Scheme I

(CH9C=C=0
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(CeHs)2C = C (C 6H5)2

4

phenylketene are stable to irradiation at 350 nm for pro-
longed periods (90 hr) in the absence of benzophenone
(92% recovery), tetraphenylethylene (66%) and traces of bi-
phenyl are formed when benzophenone is added to the so-
lution. Since both benzophenone and diphenylketene are
primary cycloelimination products obtained from Ib, the
proposed mechanism for the formation of 4 is clearly con-
sistent with the experimental results. Benzophenone pre-
sumably behaves as a sensitizer for the dimerization of di-
phenylketene and experiments designed to test this pro-
posal are in progress. An alternative route to 4 involving di-
merization of diphenylcarbene, formed from diphenyl-
ketene in a sensitized process, is unlikely, at least in solu-
tion, at the wavelength employed.7b'c

In an attempt to trap diphenylcarbene, a potential pri-
mary photoproduct of Ib, irradiation of a solution of Ib in
methanol (¢ 3.3 mmol/1.) was undertaken.s After 18 hr ex-
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posure and 99% conversion of Ib, the only photoproducts
found were carbon monoxide, tetraphenyloxirane (2b,
30%), methyl diphenylacetate (51%), and benzophenone
(35%). Benzhydryl methyl ether, the product formed by the
reaction of the carbene with methanol, could not be detect-
ed by GLC analysis, demonstrating, within the capabilities
of our analytical technique (~1%), that no diphenylcarbene
was formed either directly from Ib or in secondary photo-
reactions involving diphenylketene or tetraphenyloxirane,
both of which are possible precursors.709 Similar results
were obtained even when Ib was irradiated in methanol
with a more intense source, provided that a Pyrex filter (X
> 320 nm) was employed; i.e., no benzhydryl methyl ether
was formed, although, as observed earlier, Ib fragments to
give diphenylketene (as evidenced by isolation of methyl
diphenylacetate, 52.3%) and benzophenone (16.2%), and
also undergoes decarbonylation to afford the oxirane 2b
(39.5%). Irradiation of Ib in methanol using a Corex filter
(c 25 mmol/1.) resulted in the formation of substantial
amounts of benzhydryl methyl ether (31%) and a concomi-
tant decrease in the amount of oxirane (5.5%) produced.
While direct fragmentation of a decarbonylation interme-
diate cannot be excluded as a source of diphenylcarbene,
the oxirane 2b is photolabile under the cited conditions
and most, if not all, of the diphenylcarbene probably arises
from a secondary photoreaction of the oxirane. We there-
fore conclude that oxirane 2b, carbon monoxide, benzophe-
none, and diphenylketene are the primary photoproducts
arising from fragmentation of Ib at wavelengths above 320
nm.

Upon photolysis of Ib in benzene-2-propanol solution
(19:1), three reaction pathways were observed: decarbony-
lation to give tetraphenyloxirane (2b), cycloelimination to
form benzophenone and diphenylketene [isolated as iso-
propyl diphenylacetate (5)], and reduction to 2,2,4,4-tetra-
phenyloxetan-3-ol (6). Although the photochemical ring ex-
pansion of cyclic ketones to cyclic acetals in hydroxylic sol-
vents has been reported by several authorsl0®” and is con-
sidered a general reaction for cyclobutanones,10c the pho-
tolysis of Ib produced no detectable ring expanded prod-
ucts. Possible mechanisms consistent with these results are
shown in Scheme II1.

It is evident that the nonbonding orbital on oxygen in
the n,7r* excited state of ketones is a highly localized site of
photochemical activity with radical characteristicsll and,
as a consequence, photoreduction of 2a to give 6 (path a)
may proceed by simple hydrogen abstraction from 2-propa-
nol. Alternatively, however, some, if not all, of ketone Ib
may be reduced in a dark reaction by benzophenone ketyl
generated, in turn, from triplet benzophenone and 2-propa-
nol.12 Path b involves a Norrish type | cleavage to give an
acyl-alkyl diradical 713 which, upon decarbonylation, pro-
duces 2b via a diradical or zwitterion 8. The fragmentation
of 7 yields diphenylketene and benzophenone. In the pres-
ence of alcohol, the diphenylketene is converted to an ester
of diphenylacetic acid. It is noteworthy that no diphenyl-
carbene is formed by collapse of 8. Recently, Huisgen and
co-workers reported that related oxo ylides produced by
thermal cleavage of the oxirane carbon-carbon bond un-
dergo typical dipolar additions without the elimination of
carbenes.14 These observations provide additional evidence
that the mechanism for oxirane cycloelimination reactions
leading to carbenes either requires initial carbon-oxygen
bond cleavage or proceeds in a concerted fashion. All at-
tempts to date to trap the oxo ylide 8 derived from Ib or 2b
with electron-deficient dipolarophiles such as dimethyl fu-
marate, fumaronitrile, or their cis counterparts, which are
effective in intercepting the corresponding ylides derived
from stilbene oxides,15 have proved unrewarding. We at-
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tribute this lack of reactivity to adverse steric factors in the
addition complex.

Experimental Section

Infrared spectra were recorded on a Perkin-Elmer 521 double-
beam spectrophotometer. NMR spectra were obtained on a Varian
A-60A spectrometer. Chemical shifts are expressed in 5 (parts per
million) downfield from Me4Si. The purity of liquid samples was
verified by gas chromatography. If purification was required, the
samples were distilled with a Nester-Faust NF-190 spinning band
column (6 X 450 nm, 23 theoretical plates). Solid samples were pu-
rified by repeated recrystallizations from appropriate solvents
until a constant melting point was obtained. Elemental analyses
were carried out by Dr. A. Bernhardt Mikronalytische Laborato-
rium, West Germany, and Galbraith Laboratories, Knoxville,
Tenn. Gas chromatographic analyses were conducted isothermally
(180°) on a coated open-tubular capillary column available from
Perkin-Elmer Corp., Norwalk, Conn., using a 900 Series Perkin-
Elmer gas chromatograph. Yields are reported in terms of the
weight of materials isolated assuming that only 1 mol of reactant is
required for each mol of product formed regardless of the actual
mechanism. Preparative VPC was achieved on a 20 ft X 0.25 in.
column of 10% silicone rubber on 45-60 Chromosorb W at 100-
110° (injection port, 180°) with a helium flow rate of 120 ml/min;
retention times are reported relative to air coinjected as reference.
The interpretation of VPC results was accomplished by standard
calibration techniques.

2,2,4,4-Tetraphenyloxetan-3-one (Ib) was prepared either by
the method of Harper and Lester55 or Hoey, Dean, and Lester:16
yield 50%; mp 198-199.5° (lit.16 mp 199-201°); i/m, (CHC13) 1813
cm*1 (C=0); NMR (CDClg) 57.26 (m).

All irradiations were conducted in serum-capped quartz or
Pyrex test tubes. In each case, fluid solutions were degassed by
sparging with nitrogen or argon prior to irradiation. A Rayonet
Chamber Reactor (The Southern New England Ultraviolet Co.,
Middletown, Conn.) equipped with 16 G8T5 8-W low-pressure
mercury lamps (254 nm) was used in some cases. The irradiation of
Ib in benzene in a Pyrex vessel for 17 hr was carried out with a
source similar to that described above but fitted with F8T5 8-W
lamps (350 nm) at 35°. The same source was used for the irradia-
tion of Ib in methanol. A quartz Hanovia probe, employing a
450-W high-pressure mercury lamp (Type 79A36), at 10° was also
employed to irradiate Ib in methanol. When a Pyrex filter (X >320
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nm) was employed, the results were the same as in the previous ir-
radiation of Ib in methanol; however, with a Corex filter (A <300
nm), substantial amounts of benzhydryl methyl ether and less oxi-
rane were produced.

The irradiation of b in benzene-2-propanol was carried out as
follows. A solution of Ib (0.74 g, 0.002 mol) in 190 ml of dry ben-
zene and 10 ml of 2-propanol was irradiated for 45 min with a
450-W Hanovia (Type L, Model 679A-36) high-pressure quartz
mercury-vapor lamp. After the removal of solvent, crystals of te-
traphenylethylene oxide formed, mp 194-195.5°,

Anal. Calcd for C26H200: C, 89.62; H, 5.79. Found: C, 89.37; H,
5.70.

The physical properties of this product were identical in every
respect with those of an authentic sample prepared by the method
of Mosher, Steffgen, and Lansbury.17 Benzophenone (3), isopropyl
diphenylacetate (5), and 2,2,4,4-tetraphenyloxetan-3-ol (6) were
identified by comparing their NMR and ir spectra and their VPC
retention times with those of authentic samples.
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The reduction of tosylhydrazones with boron hydrides
offers a mild and convenient alternative to the Wolff-Kish-
ner and Clemmensen reductions.2-4 In the initial reports, it
was observed that a,/3-unsaturated systems were reduced
with migration of the double bond.25

This migration offers exciting synthetic possibilities such
as the formation of less stable positional isomers (exocyclic
double bonds vs. endocyclic double bonds) and deconjuga-
tion of conjugated double bonds. Indeed these synthetic
manipulations have been recently reported to occur (except
in cyclohexenone derivatives) using sodium cyanoborohy-
dride as the reducing agent.6 This reporté has prompted us
to report our studies utilizing catecholborane (l) for the re-
ductions of a,,fl-unsaturated tosylhydrazones.

We find that catecholborane (1) cleanly reduces the tos-
ylhydrazones of «,/3-unsaturated carbonyl compounds, in-
cluding the cyclohexenone derivatives, in high yields. The
catecholborane procedure offers a number of advantages
over the current procedures in that (1) the reaction re-
quires only 1 equiv of hydride (as opposed to 12 equiv in
the NaBHSCN procedure); (2) it is carried out under mild
conditions (temperature below 62°, pH near neutral); (3)
common organic solvents are employed such as chloroform
(as opposed to the DMF-sulfolane system utilized in the
NaBHsSCN procedure); and (4) clean isomerizations are ob-
tained with no alkane formation. The reductions are practi-
cal for sensitive systems since the necessary tosylhydra-
zones are prepared at neutral pH in ethanol.

Our results are summarized in Table I.

The reaction most likely proceeds via the formation of an
unstable diazene intermediate.7 A reasonable mechanism is
outlined in Scheme | which is based on analogy to known

Scheme |
Ts
e |
----- N—N
NaOAc-3HD
H
H,0
— N=N—H
warm
H
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Table |
Conversion of Carbonyl Reagents to the Corresponding Methylene Derivativeso

Carbonyl reagento Registry no.

122-57-6

104-55-2

141-79-7

932-66-1

78-59-1

Productb

Registry no. Yield,
1560-06-1 72°
300-57-2 53e
4461-48-7 65°
1003-64-1 1le (61)/
933-12-0 667" (48/
57325-57-2 66<

°The carbonyl reagents were first converted to the corresponding tosylhydrazone derivatives. * Products exhibited phys-
ical and spectral parameters in agreement with those of authentic samples and literature reports. c GLC analysis. d NMR
analysis. °NaOAc- 3D20 utilized rather than NaOAc-3H20. /Isolated yield.

borane reactions such as the elimination of a borane deriv-
ative when the boron is /3 to an electronegative substitu-
ent.s

The reduction of the tosylhydrazone of isophorone fol-
lowed by decomposition with Nao Ac*3D20 led to the for-
mation of 3,5,5-trimethylclohexene-3-d. This result, and

the observation that the least stable alkene is formed ex-
clusively in a number of instances, strongly support a con-
certed decomposition of the diazene intermediate.9 The
available data do not differentiate between an intermolecu-
lar and an intramolecular decomposition however. Control
experiments clearly demonstrate that deuterium-hydrogen
exchange occurs rapidly in both the tosylhydrazones and
the reduced intermediate.10 Consequently it is likely that
deuterium is incorporated prior to diazene decomposition.

Experimental Section

Materials. The reagents, including catecholborane, were ob-
tained from Aldrich Chemical Co. The tosylhydrazones were pre-
pared according to the method of Hutchins3 e and exhibited melt-
ing points and spectral characteristics in accord with published
values.3-11

General Procedure for Reductions. The reduction of isophor-
one is representative. The tosylhydrazone of isophorone, 2.5 mmol

(0.768 g), was dissolved in 6 ml of chloroform at 0°C. Catecholbor-
ane (2.75 mmol, 0.31 ml) was added and the reduction allowed to
proceed for 2 hr. Sodium acetate trihydrate (7.5 mmol, 1.02 g) was
added and the reaction mixture was brought to a gentle reflux for 1
hr. NMR analysis indicated a 66% yield of 3,5,5-trimethylcyclohex-
ene with no evidence of the corresponding alkane. The products
were isolated via silica gel chromatography and preparative GLC.
All exhibited physical and spectral characteristics in accord with
published values.3

Preparation of 3,5,5-Trimethylcyclohexene-3-d. The reduc-
tion was carried out as described above except that Nao Ac-3D20
was employed:12 NMR (CDC13) b 5.47 (m, 2), 1.73 (m, 2), 1.47 (m,
1), 1.35 (m, 1), 0.92 (m, 9); mass spectrum (70 eV) m/e (rel intensi-
ty) 125 (48, M+), 110 (100), 69 (74), 56 (33).
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sor R. O. Hutchins for helpful discussions.
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The trichothecenes (Chart I) are a family of at least 29
sesquiterpenes produced by several genera of fungi of
which at least one is a notorious plant pathogen.1 Most of
these compounds are also very toxic to mammals and have
been implicated in a number of epidemic disease states re-
sulting from the ingestion of moldy foods and feeds.2

Chart 1

Owing to the relative complexity of the structure, particu-
larly with regard to the variation in number and position-
ing of oxygen atoms, these compounds are not always read-
ily distinguished from one another. Consequently carbon-
13 magnetic resonance (13C NMR) was expected to be espe-
cially valuable in assigning structures. Recently 13C NMR

Notes

It is anticipated that functional group variation on such
a relatively condensed and interconnected skeleton could
make assignments based on analogy or calculation some-
what tenuous. Indeed, examination of the recorded spectra
showed that the lower field oxygenated methines in partic-
ular were difficult to differentiate. To avoid this problem
we relied on a series of molecules (1-6) which permitted
systematic and progressive alteration of functionality so as
to restrict undesired chemical shift changes. Further, we
employed the Birdsall technique43'u to correlate the 13C
NMR spectrum of T-2 toxin (2) with that of the estab-
lished proton spectrum5’s in order to provide a secure base
from which to assign the series. This approach has resulted
in reassignment of several lines proposed in one of the ear-
lier studies.38

Complete assignments for compounds 1-8 are listed in
Table I. Because of its availability in quantity, T-2 toxin
(2) was selected for Birdsall treatment. It is a member of a
five-compound series which is characterized by successive
deesterification. Results of the Birdsall plot for 2 are shown
in Table Il. The proton resonances were obtained from in-
tersects with an error of £0.25 ppm using nine off-reso-
nance proton decoupling frequencies ranging from —4900
to —6100 Hz. The accuracy of the technique could be

1, R, = OAc; R2=0OAc; R3= OAc; R, =a-OCOCH2CH(CH3)2 gauged by comparing the values obtained for easily as-
2,R, =OH;R2=0Ac; R3= OAc; R, =a-OCOCH2CH(CH3)2 signed carbon atoms such as C-10, C-4', and C-5'. Positions
3, R, =0OH;R2=0H; R3= OAc; R, =a-OCOCH.CH(CH3)2 . . .
4R =OH:R2=OH:R, =OH:R, =a-0COCH2CH (CH3)2 fo_r the isovaleryl ester of 1-4 were VerIfI.Ed by comparison
5, R, =0OH:R2=0OH;R, = OH: R4 =a-OH with calculated values7 and were absent in T-2 tetraol (5).
6, R, =0OH; R2=0Ac; R3= OAc; R, = H2 With the chemical shifts of 2 now relatively secure, it re-
7R, =H;R2=0COCH=CHCH3;R3=H;R, =0 mained to examine the other compounds. This was accom-
8,R, =H; R2=0COCH=CHCH3;R3=H; R. =a-H,(3-7,8-epoxy

plished by placing the resonances in groups according to
their multiplicity.

Methyl Quartets. The chemical shift for C-16 in 2 was
corroborated by comparison with calculated values7? which
agreed remarkably well (calcd, 19.03 ppm; found, 19.40
ppm). This value remained constant in the series 1-5. On
the other hand, the complex influence of the skeleton on
chemical shift was evidenced by the lack of agreement be-

tween similar calculated values for C-14 and those which
were found (13.27 and 6.38 ppm, respectively). While this

assignments have been proposed for two somewhat differ-
ent group of trichothecenes.3ab

Table |
13C NMR Spectra of the Trichothecenes (5 in ppm from Me4Si)

Carbon atom

2 3* 4> 5 6 7 8 9
Acyl T-2 toxin3 (1) 76.2 (d) 78.7 (d) 78.2 (d) 47.7 (s) 42.0 (s) 26.7 (1) 67.2 (d) 135.0 (s)
T-2 toxin* (2) 78.7 (d)  76.0 (d) 82.4 (d) 48.2 (s) 42.2 (s) 26.7 (t) 67.4 (d)  134.6 (s)
HT-2 toxin« (3) 78.7 (d)  79.1 (d) 79.8 (d) 47.7 (s) 41.8 (s) 26.7 (t) 68.9 (d)  134.2 (g)
T-2 triold (4) 78.7 (d) 79.3 (d) 79.3 (d) 47.5 (s) 43.1 (s) 27.4 (t) 68.1 (d) 133.7 (s)
T-2 tetraol (5) 785 (d)  79.1 (d) 80.0 (d) 48.0 (s) 45.1 (s) 28.5 (t) 64.8 (d) 138.1 (s)
Diacetoxyscirpenol« (6) 79.3 (d) 76.7 (d) 83.1 (d) 49.1 (s) 44.0 (s) 20.6 (t) 27.4 (t) 140.6 (s)
Trichothecin/ (7) 73.4 (d) 35.8 (t) 78.7 (d)  48.2 (s) 42.6 (s) 41.3 (t) 175.3 (s)  138.8 (g)
Crotocin# (8) 74.3 (d) 36.2 (1) 78.5 (d) 47.7 (s) 41.3 (s) 58.1 (d) 50.4 (d) 137.2 (g)
10 11 12 13 14 15 16
Acyl T-2 toxin“ (1) 124.0 (d) 66.3 (d) 63.6 (s) 41.4 (t) 6.1 (q) 63.6 (t) 19.4 (q)
T-2 toxin* (2) 124.2 (d) 66.3 (d)  64.1 (s) 46.2 (t) 6.4 (q) 63.9 (t) 19.4 (q)
HT-2 toxin« (3) 124.6 (d) 67.4 (d)  64.3 (s) 45.3 (t) 6.6 (q) 63.9 (t) 19.4 (q)
T-2 triold (4) 125.1 (d) 66.3 (d) 64.5 (s) 45.3 (t) 6.4 (q) 61.7 (t) 19.4 (q)
T-2 tetraol (5) 121.6 (d) 67.6 (d) 64.3 (s) 45.1 (t) 6.3 () 61.0 (t) 19.9 (q)
Diacetoxyacirpenol« (6) 119.8 (d) 67.4 (d) 64.5 (s) 46.4 (t) 6.4 () 63.4 (t) 22.5 (q)
Trichothecin/ (7) 137.2 (d) 69.2 (d)  65.4 (s) 46.4 (t) 4.9 (q) 14.4 (q) 17.7 (q)
Crotocin? (8) 122.9 (d) 69.4 (d) 65.9 (s) 46.8 (t) 6.2 (q) 15.9 (q) 21.0 (q)

aC-l', 172.2 (s); C-2', 42.4 (t); C-3', 25.2 (d); C-4' and C-5', 21.7 (q); three acetate methyls, 20.3 (q); three acetate car-
bonyls, 170.6 (s) and 170.1 (2 s). *C-1',172.0 (s); C-2', 42.6 (t); C-3',25.0 (d);C-4' and C-5', 21.9 (q); two acetate methyls,
20.3 (q) and 20.8 (qg); two acetate carbonyls, 170.4 (s) and 169.7 (s). «<C-I', C-2', C-3', C-4', and C-5' same as in b \acetate
methyl, 20.8 (q); acetate carbonyl, 170.0 (s). d C-I', C-2', C-3', C-4', and C-5'same as in b. «Two acetate methyls, 20.6 (q);
and two acetate carbonyls, 171.9 (s) and 172.4 (s)./ C-1', 166.6 (s); C-2', 120.7 (m); C-3', 146.8 (d); and C-4', 14.8 (q).
gC-I', 166.4 (s); C-2', 120.2 (m); C-3', 146.5 (d) and C-4', 14.8 (q). * C-3 and C-4 assignments in 1, 3, and 5 could be
reversed.
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Table 11
Birdsall Plot Determined 1H Frequencies Compared to Known 1H Frequencies in T-2 Toxino0

'H frequency, 8b

Carbon

atom Known Determinedo
C-2 3.41 3.41

C-3 3.85-4.20 4.14

C-4 5.54 5.28

C-7 2.16

C-8 5.21 4.75
C-10 5.72 5.82
C-l1l 3.85-4.20 3.91
C-13 2.88, 2.84 2.58

‘H frequency, 8

Carbon atom Known Determined
C-14 0.58 0.79
C-15 3.85-4.20 3.70
C-16 1.65 1.74
Cc-2' 2.47 2.58
C-3' 1.62
C-4" and C-5' 0.87 0.83
Acetate

methyls 1.94, 2.01 1.74

aConcentration 600 mg/ml Me2SO-d6. *6 in parts per million from Me4Si. c Error estimated to be +0.25 ppm.

might be explained by steric compression,s it is difficult to
assign an a priori value to this effect in these molecules. As
expected, the chemical shift of C-14 also varies very little
throughout the series. C-15 appears as a quartet in both 7
and 8 and resonates close to the crotonyl methyl in these
compounds. The assignments for each were made on the
assumption that the latter would not respond to the change
in functionality in ring A although they are clearly revers-
ible.

Methylene Triplets. All of the triplets in 2 were well
separated. This reflected their different environments and
each was identified by the Birdsall plot. The chemical shift
of C-7 varied only slightly in 1-5 but suffered an upfield
shift upon loss of the C-8 oxygen in 6.9 A shift downfield on
going from 6 to 7 is expected for the oxidation at C-810 and
this triplet is lost in crotocin (8). This permits assignment
of the 36.24-ppm resonance in 8 to C-3. The resonance for
C-13 varies very little across the series 2-8 with the excep-
tion of the conversion 1 to 2, which was unexpected. The
chemical shift for C-15 is corroborated by the shielding of
2.2 ppm upon deacylation of 39 as well as conversion to an
upfield quartet in 7 and 8.

Methine Doublets. The difficulty in clearly assigning
chemical shifts to the doublets of C-3 and C-Il with the
Birdsall plot derives from the overlap of the corresponding
proton resonances (Table I1). While this may have been re-
solved by proton double resonance, assignments were
reached by examining the effects of structural change.
Thus, the doublet at 66.30 ppm in 2 is relatively constant
during alteration to the bicyclooctane moiety and is there-
fore assigned to C-Il. Of particular importance is the re-
tention of this doublet upon loss of the C-3 hydroxyl in 7
and 8.

Among the more difficult assignments are those of C-2,
C-3, and C-4, which occur as a group of lower field dou-
blets. While chemical shifts could be assigned in 2 with
some confidence, assignment in the remaining molecules
required careful attention to progressive changes in the se-
ries 1-6. Given that acylation results in deshielding of the
oxygenated carbon and shielding of the penultimate car-
bon,9 the doublets at 79.78 and 79.12 ppm in 3 were as-
signed to C-4 and C-3, respectively. These coalesced to a
single resonance at 79.34 ppm in 4. This confirms the dou-
blet at 78.68 ppm in 2 as being that of C-2 since it would
not be expected to be responsive to changes at C-15. The
expected shielding of C-2 in the 2 to 1 transition is also evi-
dent. The assignments in 5, where all three doublets again
become visible, was more difficult but C-4 was placed at
lowest field under the assumption that this atom would be
more likely than C-3 to respond to altered functionality at
C-8. Similar shifts to those seen in 3 but in the opposite di-
rection allow the lines in 1 at 78.68 and 78.24 ppm to be at-
tributed to C-3 and C-4. Owing to the closeness of the reso-

nances for C-3 and C-4 in 1, 3, and 5, however, it is clear
that our assignments for these could easily be reversed.
The relative position of C-2 and C-4 is maintained in both
7 and 8 where the loss of hydroxyl at C-3 was expected to
have a similar influence on both carbons.

Assignment of C-8 by using only the Birdsall plot is am-
biguous owing to the discrepancy between deduced and ac-
tual proton chemical shifts at C-8. Although the carbon
chemical shifts of C-8 and C -1l in 2 are relatively close, the
latter had previously been assigned. Consequently, the
lower doublet must be C-8. Further, the shielding (3.32
ppm) of C-8 upon deacylation of 4 is reasonable. In croto-
cin (8), the C-8 doublet moved upfield to become part of
the ring A epoxide. The new doublet at 58.12 ppm was as-
signed to C-7. While no distinction between C-7 and C-8
could be made on the basis of model calculations, the high-
er field resonance was assigned to C-8 on the basis of com-
parison with epoxycyclohexene.il The assignment of C-8 in
5 is also corroborated by the 3.5-ppm upfield shift in the
line attributed to C-10 upon deacylation of 4 which reflects
operation of the allyl acetate rule.12 Close examination of
the spectrum reveals small (0.7 ppm) changes in the chemi-
cal shifts of C-2, C-3, and C-4 on esterification of 5. These
serve to again call attention to the subtle effects of struc-
tural modification on the chemical shifts of distant centers.

The chemical shift of the upfield olefinic carbon in 8 is
readily distinguished from that of C-10 by the dramatic de-
shielding of the latter which occurs on conversion to 7. The
lowest field doublet in 7 and 8 would clearly be expected to
be the /i-olefinic carbon of the ester.

Quaternary Singlets. The assignments of C-9 are
straightforward. Of the remainder, the low-field singlet was
attributed to C-12 owing to its relative invariance with
functional group alteration. The distinction between C-5
and C-6 was made on the basis of the 1.3-ppm deshielding
of the high-field singlet which accompanied deacylation of
3. The alternate line (C-5) also shifts but to a much lesser
extent and in fact is shielded which is not consistent with
being d to a hydroxyl function.9

Partial relaxed Fourier transform (PRFT) spectra of 2
toxin were obtained by the inversion recovery method
using a (-180°-t-90°-71) sequence. The relative spin-lat-
tice relaxation times (TVs) of the various assigned carbons
were determined by altering t (0.005 —»9.99 sec). At t —
0.005 sec all carbons except C-15 [no signal; therefore, t\
(C-15) In 2 ~ 0.005 sec] gave inverted signals, while at t =
1.00 sec all the carbons gave positive signals. However, at
an intermediate t (0.200 sec) only the unprotonated car-
bons (C-5, C-6, C-9, C-12, and the ester carbonyls) and the
gem-dimethyl carbons of the isovaleroxy side chain gave
negative signals. The longer relaxation times observed for
the unprotonated carbonsi3 and the gem-dimethyl car-
bonsi4 were to be expected if our assignments were correct.
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These observations, in addition to the general trend in the
relaxation times of the other carbons, corroborated our car-
bon assignments in T-2 toxin.

Experimental Section

All spectra were obtained with a Bruker HX-90E spectropho-
tometer operating at 22.624 MHz in the pulse Fourier transform
mode. Field-frequency stabilization was obtained from the deute-
rium resonance of the solvent (Me-SO-dA- Proton decoupling was
accomplished with a broad band modulator of Bruker design. Free
induction decay (FID) data were averaged with a Nicolet 1080
computer.

In the case of spectra for the Birdsall plots, 25000 transients of
T-2 toxin (600 mg/ml) were averaged before multiplication (TC =
—1) of the accumulated FID.

Partially relaxed Fourier transform (PRFT) spectra of T-2 toxin
(600 mg/ml) were obtained by the inversion recovery method using
a (-180°-i-90°-7'-)x sequence where T (= 15 sec) was greater
than 5Ti with the FID being accumulated after the 90° pulse. Dif-
ferent t values were employed (0.005-9.99 sec) with X = 1000
(sweeps) before multiplication (TC = —I1) of the accumulated FID.
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We have reported that stirring solutions of secondary cy-
clic p-toluenesulfonate esters over neutral, activity 1,

Notes

Woelm, chromatographic alumina at 25° produces olefins
in high yields.1 The simplicity and mildness of this proce-
dure compare favorably with other methods for overall de-
hydration of alcohols,2 and this method has been used re-
cently in other laboratories to prepare some cycloalkenes.3
Secondary acyclic tosylates, however, are converted by ac-
tivity | alumina to 2:1 mixtures of olefins and alcohols. We
reasoned that high temperature, vacuum dehydration of
the alumina might form an activated alumina having some
useful properties. We report here that Woelm W-200
(Brockmann activity super 1),4 neutral alumina dehydrated
at 400° and 0.06 Torr for 24 hr is indeed a mild, effective,
new reagent (1) for conversion of acyclic secondary tosyl-
ates and sulfamates to roughly 10:1 mixtures of olefins and
alcohols, (2) for elimination of cyclic secondary tosylates to
olefins even in presence of normally base and acid labile
functionalities, and (3) for elimination of some rearrange-
ment-prone tosylates and sulfamates to olefins without any
rearrangement. The predominant mechanism of these alu-
mina promoted reactions appears to be an anti elimination,
with a syn elimination pathway occurring to some extent.

When 2-octyl tosylate or 2-octyl ]V,iV-dimethylsulfamate
was stirred in ether at 25° for 24 hr over neutral, dehy-
drated Woelm W-200 alumina, octenes and 2-octanol were
formed in approximately 10:1 ratio and in 70-95% yields;
the cis-2-octene predominated over the trans-2-octene and
over the 1 -octene.5

In contrast to activity | Woelm alumina, which trans-
forms cyclohexyl tosylates to cyclohexenes (~90%) and cy-
clohexanols (~5%),1 dehydrated W-200 alumina converts
cyclohexyl tosylates to cyclohexenes without any detect-
able trace of cyclohexanols. Thus, 3/3-cholestanyl tosylate
was converted to 2-cholestene in 83% isolated yield with no
cholestanol(s) being formed. This result should be com-
pared with previous alumina-promoted reactions of 3/3-tos-
yloxy sterols, which gave olefin and alcohol mixtures.6 p-
Toluenesulfonic acid elimination from trans-4-benzoyloxy-
cyclohexyl tosylate illustrates the functional group selectiv-
ity of dehydrated W-200 alumina (eq 1).7 Control experi-

EPlam A N\ Q79 w208t mio—

----- 25°, 0.5 hr

0% (2)
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ments establish that the following compounds can be re-
covered in 70-90% yields after being stirred over dehy-
drated W-200 alumina for 24 hr at 25°: 1-iodooctane, 2-io-
dooctane, 5-nonanone, and diethyl dodecanedioate. Thus
selective elimination of p-toluenesulfonic acid from bifunc-
tional tosylates containing halo, keto, and carboxylic ester
groups is practical with dehydrated alumina.

Neopentyl tosylates are known to undergo facile solvoly-
tic rearrangements, and several 3-tosyloxy-4,4-dimethyl
sterols suffer 4 —3 methyl migration when exposed to alu-
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mina.9 We have found that stirring 3/3-tosyloxy-4,4-di-
methyl sterol 1 over dehydrated W-200 alumina produced
A2 olefin 2 cleanly in 90% isolated yield with no detectable
amount of alcohol or of rearranged material (eq 2). Like-
wise, cyclohexylmethyl /V./V-dimethylsulfamate in acetoni-
trile reacted with dehydrated W-200 alumina to form
methylenecyclohexane and 1-methylcyclohexene in 14:1
ratio; in a separate control experiment, methylenecyclohex-
ane was found to be stable to the alumina reaction condi-
tions.

Menthyl (3) and neomenthyl (6) tosylates reacted with
dehydrated alumina to produce 2- and 3-menthenes as
shown in Scheme 1.10 Formation of 3-menthenes from men-

Scheme |

X>X> K>

10% 70% 11%

8 9

thyl tosylate involves either a syn /3-eliminationit or an Ei
(carbonium ion) process. We have ruled out the Ei process
by using optically active (—)-menthyl tosylate and showing
that only (+)-3-menthene (5) is formed; had carbonium ion
8 been an intermediate, both enantiomers 5 and 7 of 3-
menthene should have been formed in equal amounts (i.e.,
racemic 3-menthene l. Formation of 2-menthene from men-
thyl tosylate could be either an anti 1,2 elimination from
conformer 4 or a syn 1,2 elimination from conformers 3 or
4. Thus menthyl tosylate reacts at least to the extent of
about 37% via a syn 1,2 elimination.10 Formation of mainly
(+)-3-menthene (5) from (+)-neomenthyl tosylate (6) in-
volvss predominantly an anti 1,2 elimination, and produc-
tion in small amount of (—)-3-menthene (7) involves either
a syn 1,3 elimination or an Ei process; although the Ei
mechanism cannot be ruled out by our data in this case, it
seems unlikely because no tetrasubstituted olefin 9 was de-
tected.10,12 Thus neomenthyl tosylate reacts over dehy-
drated alumina predominantly but not exclusively via an
anti 1,2 elimination. Control experiments showed that no
menthene isomerization occurred under the alumina reac-
tion conditions.

Experimental Section

Analytical gas-liquid phase chromatography was performed on.a
Varian Aerograph Model 1200 chromatograph, and preparative
gas-liquid phase chromatography was done on a Varian Aerograph
Model 90-P3 chromatograph. Spectral data were obtained with a
Perkin-Elmer 457-A infrared spectrometer and a Varian A-60
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NMR spectrometer. Optical rotations were measured on chloro-
form solutions with a Perkin-Elmer Model 141 polarimeter.

All solvents were commercial reagent grade and were purified
before use. The esters were prepared from the corresponding alco-
hols and acid chlorides in pyridine or from the alcoholates and acid
chlorides in glyme and gave appropriate spectral and physical
data. irans-4-Benzoyloxycyclohexyl tosylate was prepared by the
method of Owen and Robins.13

General Procedure for Alumina Dehydration. Woelm W-200
(neutral, activity grade Super 1) is activated by heating in a quartz
tube at 400°C and 0.06 Torr for 24 hr, water condensing in a dry
ice-acetone cooled trap (3-4% by weight water is removed). The
quartz tube is then opened to nitrogen, removed from the vacuum
line, and quickly stoppered while hot. The freshly prepared, dehy-
drated alumina is then transferred to the reaction flasks in the dry
nitrogen atmosphere of a glove bag.

General Procedure for Elimination Reactions. To an
amount (about 7 g of alumina per millimole of substrate) of dehy-
drated alumina plus magnetic stir bar in a stoppered round-bot-
tom flask was added quickly via pipet the appropriate amount of
substrate in solvent. The resultant thin slurry was rapidly stirred
for the duration of the reaction period. At the end of the reaction,
the alumina was then stripped of reaction materials by washing in
a filter funnel with ether-methylene chloride (1:1); rotary evapora-
tion yields products. (Note that the eliminated sulfonic acid is re-
tained on the catalyst.)

Octenes from 2-Octyl JV./V-Dimethylsulfamate. A solution of
124.4 mg (0.53 mmol) of 2-octyl /V.N-dimethylsulfamate in 4 ml of
dry ether was stirred over 2.98 g of dehydrated alumina at 25° for 1
day. Gas-liquid phase chromatography (7 ft x 0.125 in., 5% SE-30
on Chromosorb G 100/120 using n-nonane as calibrated, added in-
ternal standard) showed 82% octenes (l-octene:cis-2-octene:trans-
2-octene, 1.5:3:1) and 9% 2-octanol.

5a-Cholest-2-ene from 5a-Cholestan-3]8-yl Tosylate. A solu-
tion of 63.3 mg (0.12 mmol) of 5a-cholestan-3/J-yl tosylate in 3 ml
of carbon tetrachloride was stirred over 1.99 g of dehydrated alu-
mina at 25° for 1 day. Rotary evaporation of the ether-methylene
chloride filtrate gave 36 mg (83%) of 5a-cholest-2-ene: NMR
(CC14) 50.60-2.4 (m, 44 H), 555 (m, 2 H, olefinicl4); mp 72-74°
(lit.14 74-75°) after passage through a silica gel column (29.1 mg,
68%).

4-Benzoyloxycyclohexene from trans-4-Benzoyloxycyclo-
hexyl Tosylate. A solution of 66.0 mg (0.18 mmol) of trans-4-hen-
zovloxycyclohexyl tosylate in 3 ml of dry methylene chloride was
stirred over 2.67 g of dehydrated alumina at 25° for 20 min. Filter-
ing and rinsing the alumina with 30 ml of ether-methylene chlo-
ride (1:1) in a Hirsch funnel, followed by removal of solvent by ro-
tary evaporation and Kugelrohr distillation, afforded 28.4 mg
(80%) of 4-benzoyloxycyclohexene: ir (neat) 1712 (s, C=0), 1650
(w, C=C), 1275 cm*“1 (s, C-O); NMR (CC14) 5 1.7-2.5 (m, 6 H,
methylenes), 5.21 (m, 1 H, carbinol), 5.66 (d, 3 = 1.5 Hz, 2 H, ole-
finic), 7.25-8.10 ppm (m, 5 H, aromatic); n22Dp 1.5221 (lit.7 n26D
1.5336).

Lanosta-2,8-diene (2) from Lanost-8-en-3/3-yl Tosylate (1).
A solution of 254.0 mg (0.43 mmol) of lanost-8-en-3/3-yl tosylate in
4 ml of dry ether was stirred over 2.83 g of dehydrated alumina at
25° for 1day. Rotary evaporation of the ether-methylene chloride
filter gave 159 mg (90%) of a white solid, lanosta-2,8-diene: NMR
(CDCI3) 50.65-2.5 (m, 48 H), 5.45 ppm (m, 2 H, olefinic); 150 mg
(85%), mp 77-81° (lit.15 mp 79-81°), after passage through a silica
gel column.

Methylenecyclohexane from Cyclohexylmethyl N,N-Di-
methylsulfamate. A solution of 202.3 mg (0.91 mmol) of cyclohex-
ylmethyl N,Af-dimethylsulfamate and 44.8 mg of trans-2-octene
(as internal, calibrated GLC standard) in 6.5 ml of dry acetonitrile
was stirred over 7.43 g of dehydrated alumina at 50° for 1 day.
Vapor phase chromatography (9 ft x 0.125 in., 5% SE-30 on Chro-
mosorb G 100/140) showed 44% methylenecyclohexane and 3% 1-
methylcyclohexene; these products were identified by preparative
GLC isolation and comparison with known samples. Cyclohexyl
iV,A/-dimethylsulfamate (43%) was also recovered.

Menthenes from (—)-Menthyl Tosylate (3). A solution of
223.7 mg (0.72 mmol) of (—-menthyl tosylate (3) in 5 ml of dry
ether was stirred over 5.26 g of dehydrated alumina at 25° for 1
day. Gas-liquid phase chromatography (10 ft x 0.25 in., 10% FFAP
on Chromosorb W 60/80, using p-cymeme as added, calibrated, in-
ternal standard) showed 89% menthenes (A2 and A3 combined).
Careful distillation removed most of the solvent and preparative
GLC (20 ft x 0.375 in., 20% QF-1 on Chromosorb W 45/60) afford-
ed 60 mg of pure menthenes (A2, A3 combined). Analysis of this
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material by NMR and optical rotation showed 43% (+)-menth-3-
ene ([a]23589 + 106°, giving 97% optical purity) and 57% (+)-
menth-2-ene.

Menthenes from (+)-Neomenthyl Tosylate (S). A solution of
99.0 mg (0.32 mmol) of (+)-neomenthyl tosylate (6) in 3 ml of dry
ether was stirred over 2.72 g of dehydrated alumina at 0° for 1.5
days. Gas-liquid chromatography (10 ft X 0.25 in., 10% FFAP on
Chromosorb W 60/80; using p-cymene as added, calibrated, inter-
nal standard) showed 91% menthenes (A2and A3combined). Care-
ful distillation removed most of the solvent and preparative GLC
(20 ft X 0.375 in., 20% QF-1 on Chromosorb W 45/60) afforded a
pure sample of the A2- and A3-menthene mixture. Analysis of this
material by NMR and optical rotation showed 89% (+)-menth-3-
ene ([0]23589 + 86.1°, giving 74% optical purity) and 11% (+)-
menth-2-ene.
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Grignard reagents, when complexed and dissolved by the
common ethers, are often unreactive toward C-0 single

Notes

bonds.2 A typical case is the reaction of 1,3-benzodioxoles
with méthylmagnésium iodide, which had to be carried out
under heterogeneous conditions, between the substrate dis-
solved in an aromatic hydrocarbon and the insoluble orga-
nomagnesium compound.3

Reinvestigating such reaction, it has now been found
that it proceeds as follows.

+ CH3vgl
|
a, Z= CH3
b,Z=H
c,Z=Cl

A partial report has been given.4

Results

Stoichiometry. By cleavage of one or the other of the
two O-CH2 bonds, different products, i.e., Il and IIl, are
obtained when Z is not hydrogen.

According to a previous report3 la and Ic give only Ha
and lie, respectively. This claim was based on GLC analy-
sis of the corresponding phenols in the hydrolyzed product.
Both couples of possible phenolic products lla-1lla and
Ilc-11lc have been now prepared and it has been shown
that in the conditions of the GLC analysis (see Experimen-
tal Section) the isomers cannot be resolved. Therefore the
reaction products, after hydrolysis and extraction of the
phenolic fraction, were analyzed by NMR spectroscopy.
Methylethoxyphenols exhibit slightly different CH2 quar-
tets and CH3 triplets (at higher fields by 0.02 ppm for Ha);
both isomers could be identified and determined in the
product mixture from la. For the chloroethoxyphenols lie
and lllc, besides an analogous pattern of the CH2 and CH3
signals, an additional difference was found in the peaks of
the aromatic protons; an apparent singlet centered at 56.70
ppm for lie and a multiplet with resonance bands centered
at 6.77 and 6.59 ppm for Illc. Both isomers were identified
in the product from Ic; their determination was made using
the aromatic region of the spectrum.

Ratios xp = II/(Il + 1l1l) and xm= 1 —xpwere evaluated.
Results at different conversions and temperatures (from 50
to 68°C) were identical within experimental error. For the
reaction of la, xp 0.58 and xm at 0.42, while for the case
of Ic, xp at 0.25 and xm at 0.75 were found.

Ethers | and the Grignard reagent were consumed in a
1:1 molar ratio. However, a twofold excess of CH3Mgl was
required in order to complete the reaction with good yields
of phenols. The formation of a stoichiometric compound
between | and the Grignard reagent was not detected. In
fact, the solution, separated from the solid phase after a
short reaction time, contained the theoretical amount of |
and did not evolve gas by water treatment. On the con-
trary, when phenetole was added to the solution, in the
presence of excess CH3Mgl, some of the latter was carried
over into the solution. Product lib bound CH3Mgl in an
approximate 1:1 ratio.

Usually, the reactions were carried out on 6 mmol of | in
20 ml of toluene and 18 mmol of CH3Mgl. The latter was
partially coordinated to diethyl ether (about 0.1 mol of
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Et20/mol CHsMgl) since it was obtained from an ethereal
solution by applying heat, reduced pressure, and repeated
toluene additions in order to strip out the ether.

The reaction was also carried out on Ib in the presence of
FeCl3. For Ib, CHsMgl, and FeCl3, initially present as 6, 24
and 6 mmol, respectively, the reaction proceeded at about
the same rate as the standard reaction (without FeCls) at
the same temperature. In blank experiments, FeCI3 slowly
decomposed CH jMgl with formation of methane and eth-
ane.

Discussion

The structure of solid Grignard reagents has been inves-
tigated by x rays in the case of C2H5MgBr and CeHsMgBr,
both crystalline when solvated by two diethyl ether mole-
cules.s5 The same authors reported, in the case of
CgHsMgBr,53 that at high temperature and low pressure
the ether content can be lowered, obtaining amorphous
polymer forms. The present results on the partial desolva-
tion of CHsMgl are in agreement with that report.

The presence in the solid reactant, viewed as a polymer,
of unsolvated CHaMgl units justifies its reactivity toward
1,3-benzodioxoles.

Product distribution ratios independent of conversion
agree with a scheme of two parallel reactions, involving the
oxygen atom para or meta to the substituent. A chloro sub-
stituent favors meta attack relative to para. The latter is
slightly favored by a methyl substituent. Moreover, an ap-
proximate evaluation of reaction rates has shown that Ic is
about half as reactive as la and Ib, which have nearly the
same reactivity. Therefore, the prevailing character of this
process can be identified as mildly electrophilic. The attack
of magnesium (as a surface atom of the solid Grignard re-
agent) on one of the oxygen atoms of the substrate (from
the solution) is probably involved.

The possibility that the reaction had radical character
has been considered. To this purpose, the action of FeCla
has been tested, since this and similar halides are able to
cleave Grignard reagents at low temperature to produce
free radicals.23 The production of methyl radicals did not
enhance the reaction rate enough to suggest a free-radical
mechanism.

Experimental Section

Materials. Méthylmagnésium iodide was prepared from com-
mercial methyl iodide and magnesium turnings in diethyl ether.
The reagent was titrated by acidimétrie and gas-volumetric meth-
0ds.6 The two methods gave coincident results provided that 1 mol
of CH3Mgl was taken to correspond to two acid equivalents (com-
plete oxidation of HI to 12).

Toluene was reagent grade and was kept over sodium. Sublimed
anhydrous ferric chloride was employed.

5-Substituted 1,3-benzodioxoles (la-c) were prepared as de-
scribed.78 4-Substituted 2-ethoxyphenols (lla-c) were obtained as
reported;3 the melting point of 4-chloro-2-ethoxyphenol was found
to be 57°C.9 5-Methyl-2-ethoxyphenol (llia) was prepared as de-
scribed.3

5-Chloro-2-ethoxyphenol (I1lc). Concentrated HC1 (100 ml)
was carefully dropped, during ca. 30 min, into a stirred suspension
of granular tin (45 g) in an ethanolic solution (80 ml) of 2-ethoxy-
5-nitrophenol (40.3 g).10 Several hours later, the tin was precipitat-
ed as sulfide; from the filtered solution, 5-amino-2-ethoxyphenol
hydrochloride was obtained by evaporation. The last step was car-
ried by diazotization and Sandmeyer reaction in the presence of
CU2CI2, followed by steam distillation, extraction by diethyl ether,
drying of the ether layer, and removal of the solvent. The product
was purified by column chromatography on silica gel (170-230
mesh), eluting with petroleum ether (bp 40-60°C). A liquid was
obtained, pure by GLC, bp 282-284°C (760 mm), n27D 1.5480
(yield 5%). Anal. Calcd for C8H9CI0O2: C, 55.66; H, 5.26; H, 5.26; Cl,
20.54. Found: C, 55.5; H, 5.3; Cl, 20.6. NMR spectrum: CH3, 6 1.30
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(t, 3 H); CH2,3.92 (q, 2 H); OH, 5.65 (s, 1 H); H aromatic 6.5-6.8
(m, 3 H).

In an attempt to isolate the undescribed 5-amino-2-ethoxyphen-
=0l only tar was obtained.

Reaction Conditions. A Pyrex glass cylindrical vessel (40 cm3)
was equipped with a thermostatted jacket, an outlet on the bot-
tom, reflux condenser, thermometer, nitrogen inlet tube, and con-
nection to rotary pump, besides a helicoidal stirrer, which was usu-
ally operated at 850 rpm.

Partial desolvation of the Grignard reagent was obtained by
heating the ethereal solution (12-15 cm3) up to about 90°C under
stirring in the reaction vessel, applying a reduced pressure (5-10
Torr) and adding toluene (15-20 cm3) under nitrogen. This strip-
ping operation was repeated at least four times under continued
stirring. A thick paste was finally obtained; the residual diethyl
ether was determined by total decomposition of the organomag-
nesium compound, suspended in toluene, by a slight excess of
FeClI3 at 20°C, followed by GLC analysis. One mole of CH3Mgl
was found to correspond to 0.67, 0.31, 0.25, 0.10, and 0.10 mol of
Et20 after successive stripping operations (from one to five, re-
spectively).

For reaction, the 1,3-benzodioxolic derivative and toluene were
added, usually thermostatting at a temperature in the range 50-
70°C. After a time ranging from 2 min to 6 hr (conversion from 5 to
80%) the whole content of the vessel was discharged into ice-water,
the mixture was made acidic by 10% aqueous H2SO4, the organic
layer separated, and the aqueous layer extracted three times by di-
ethyl ether. The combined organic layers were either analyzed by
GLC in order to evaluate the conversion, or treated by alkaline ex-
traction in order to isolate the phenolic product for NMR analysis.

Reaction Products. GLC analysis of hydrolyzed reaction prod-
ucts showed the following average yields: lla + Ilia, 91%; lib, 88%;
lie + Illc, 68% of the theoretical.

The unhydrolyzed product from a reaction of Ib at 68°C in stan-
dard conditions was separated from the unreacted Grignard re-
agent, since the former was in the form of light flakes suspended in
toluene and the latter in the form of thick paste. Such reaction
product was examined by water decomposition and parallel gas-
volumetric and GLC analyses; methane and 2-ethoxyphenol (lib)
were found in the molar ratio 1.08:1.

GLC Analysis. Quantitative analyses were performed on a pre-
parative Perkin-Elmer F-21 flame-ionization chromatograph, fit
for analytical GLC. The column (2 m i.d. 2 mm) contained 10%
SE-301 and 5% neopentyl glycol adipate on Chromosorb P (30-60
mesh). Nitrogen (16 cm3 min-1) was used as carrier. Temperature
was programmed from 50 to 150-170°C (heating rate 9°C min-1).
Cumene was used as internal standard and correction factors were
determined for all substances.

NMR Measurements. The '"H NMR spectra were recorded on a
Varian HA-100 spectrometer operating at room temperature. Res-
onance shift values are reported in parts per million relative to
hexamethyldisiloxane as internal reference. All samples were 0.1-
0.2 M CCl4 solutions.

Acknowledgment. Financial support from Consiglio
Nazionale delle Ricerche (Rome) is acknowledged.

Registry No.—la, 7145-99-5; Ib, 274-09-9; le, 7228-38-8; lllc,
57428-47-4; methylmagnesium iodide, 917-64-6; 2-ethoxy-5-nit.ro-
phenol, 7260-32-4.

References and Notes

(1) Istituto di Chimica Fisica, Universita, 20133 Milano, lItaly.

(2) (a) M. S. Kharasch and O. Reinmuth, "Grignard Reactions of Non-metal-
lic Substances”, Prentice-Hall, Englewood Cliffs, N.J., 1954, Chapter
15; (b) S. Patai, Ed,, "The Chemistry of the Ether Linkage”, Inter-
science, New York, N.Y., 1967.

(3) S. Cabiddu, A. Macaoni, and M. Secci, Gazz. Chim. Hal., 98, 800

(1968), and references cited therein.

P. Beltrame, G. Gelli, A. Lai, and A. Loi, International Symposium on

Nucleophilic Substitution, Pocono Manor, Pa., April 1975, Communica-

tion No. 16.

(5) (@) G. D. Stucky and R. E. Rundle, J. Am. Chem. Soc.. 85, 1002 (1963);
(b) L. J. Guggenberger and R. E. Rundle, ibid., 86, 5344 (1964).

(6) H. Gilman, P. D. Wilkinson, W. P. Fishel, and C. H. Meyers, J. Am.
Chem. Soc., 45, 150(1923).

(7) W. Bonthrone and J. W. Cornforth, J. Chem. Soc. C, 1202 (1969).

(8) E. Mameli, Gazz. Chim. Hai, 36, 382 (1906).

(9) A comparison with a sample of the product previously described3 has
confirmed this value of the melting point; the previously reported melt-
ing point of 164-166°C was a misprint.

(10) G. M. Robinson and R. Robinson, J. Chem. Soc., 933 (1917).

~
S
=



Communications

Organic Structure Characterization

by Natural-Abundance Nitrogen-15 Nuclear
Magnetic Resonance Spectroscopy. Penicillin and
Cephalosporin Derivativesl

Summary: The 15N resonances of a series of penicillin and
cephalosporin derivatives have been detected at the natu-
ral-abundance level; crude structure-chemical shift corre-
lations can be ascertained.

Sir: We report here (Table I) preliminary results of an ex-
amination of structurally complex organic molecules by
15N NMR spectroscopy at the natural-abundance level
(0.36%) of this isotope. Our results demonstrate the practi-
cability of the technique as a complement to other types of
N MR studies and illustrate some operational requirements
for its success. Previous natural-abundance spectra of the
insensitive (0.1% that of for an equal number of nuclei)
15N nucleus have been of small molecules as neat liquids or
as highly concentrated solutions, or have required very long
total accumulation times.2 Very recently, the natural-abun-
dance spectrum of an amino sugar has been reported.3

To optimize signal strength, soluble ester derivatives of
the title compounds were chosen; concentrations were in
the range of 1-2.5 M .4 The large molecular sizes and the
high solution viscosity were expected to increase molecular
correlation times and shorten T\ values.5 No paramagnetic
complexes were used to further shorten Ti.6 Noteworthy is
the fact that, under the conditions used,7” no signals were
obtained from small molecules which did not have proton-
bearing nitrogen atoms (e.g., nitrobenzenes, pyridines),
even as pure liquids, in the absence of a paramagnetic addi-
tive. Additionally, the phases of the nitrogen resonances in
most of the compounds studied here had the same polarity.
Since the nuclear Overhauser effect (NOE) inverts a 15N
resonance because of the negative magnetic moment of
15N ,8 this observation suggests that even the nonprotonat-
ed lactam nitrogen experiences a NOE, although we do not
know whether this leads to an intensity enhancement. In
the most favorable cases, adequate signal-to-noise ratios
were obtained in 2 hr (Figure 1), while at worst overnight
runs were employed. Peak assignments were based on

Figure 1. Natural-abundance I5N spectrum of A2cephalosporin V
methyl ester, obtained after 2597 transients with a 30° pulse width
and 2.9-sec repetition rate. The highest field signal is that of the
ammonium chloride reference.
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Table |
'5N Chemical Shifts of Antibiotic Derivatives»

Compd ™M tb hr S/N» Lactam Amide Other
la 1.0 10.9 15 134.77 80.52
Ib 2.5<* 1.8» 10 » 134.30 85.13
2 1.4 2.1 11 106.10 78.03
3 1.4 12.5 19 121.56 74.04
4 2.0/ 10.2 12 130.78 85.89 185.95’
5 1.7 10.9 22 117.29 78.91
6 1.3/ 14.3 25 129.87 83.84 9.68

° In parts per million downfield from external 2.9 M
isNH4Cl in 1 M HC1 contained in a 2-mm capillary. Experi-
mental error was 0.1 ppm. Solvent was dioxane except as
noted. * Total accumulation time. ¢ Signal-to-noise ratio of
strongest peak. d In benzene. » For t 16.9, S/N 38./ In D20.

known 14N shifts9 and were confirmed for Ib by increasing
the pulse angle and repetition rate (Figure 2). As expected,
the signal of the secondary amide nitrogen increased in in-
tensity while that of the lactam disappeared, owing to its
anticipated longer Ti value.

Structure-induced changes in the chemical shifts are

®

Figure 2. Natural-abundance 15N spectra of penicillin G methyl
ester (Ib), obtained after 2000 transients with (a) a 30° pulse
width and 3.2-sec repetition rate and (b) a 45° pulse width and
1.2-sec repetition rate. The highest field signal in each case is that
of the ammonium chloride reference.
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consistent with observations on small molecules.23 Thus,
introduction of an oxygen y to a nitrogen causes an upfield
shift (la vs. Ib) comparable with that observed in analo-
gous 13C spectra.i0 When la is converted to its sulfoxide (5)
both nitrogens experience upfield shifts but to different ex-

RCH2CONH QHS50CH2CONH
cooch3
la, R = QHsO
Ib, R = QH5
CTLOCHCONH
5 6

tents, probably reflecting both geometrical (cis vs. trans)
and structural (sulfonyl vs. oxygen) contributions. Insofar
as 3 and 6 are appropriate models, ionization of the 4-car-
boxyl group appears to have a larger effect on the chemical
shift of the lactam nitrogen than would be observed for a
carbon at the analogous position.i!

Of special interest are the lactam nitrogen resonance po-
sitions in 1-3. The 30-ppm change in conversion from the
five- to the six-membered ring (1 vs. 2) is not readily expli-
cable. Because the lactam nitrogen in 2 is essentially pla-
nar,12 increased amide conjugation would be expected to
have induced a downfield shift. The corresponding nitro-
gen in 3 is less planar than in 2, with concomitant de-
creased amide conjugation. Here, however, enamine-type
conjugation is possible, and indeed the difference in reso-
nance positions between 2 and 3 is comparable with that
between cyclohexylamine and aniline.2®1t may be that the
nitrogen resonance position is insensitive to minor changes
in the degree of amide delocalization.

Work is in progress to determine if the nitrogen chemical
shifts of this class of compounds, including commercially
available ones such as 4 and 6, may be correlated with bio-
logical and pharmacological properties.
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Silver(l)-Promoted Reactions of Strained
Hydrocarbons. Oxidation vs. Rearrangement

Summary: The reaction between silver trifluoroacetate and
quadricyclene in methanol has been studied with the aid of
an interfaced GC-M S data acquisition system. In addition
to a Bronsted acid and silver metal, the products include
norbornadiene (2), 3-methoxy-5-norbornene (3), 3-methox-
ynortricyclene (4), 3-trifluoroacetoxy-5-norbornene (5), 3-
trifluoroacetoxynortricyclene (6), three isomeric 3,5-di-
methoxynortricyclenes (7, 8, and 9), 3-methoxy-5-trifluo-
roacetoxynortricyclene (10), 3-methoxy-5-hydroxynortricy-
clene (11), and methyl trifluoroacetate. The formation of
the various products as a function of time was monitored
by gas chromatography. Finally, the formation of 7, 8, 9, 10
and 11 along with acid and Ag° is interpreted as a two-elec-
tron redox reaction.

Sir: We wish to present evidence that oxidation occurs
when certain strained hydrocarbons are treated with Ag(l)
salts. Such a process was first proposed in 1971 by Kaiser,
Childs, and Maitlis, who studied the action of various
Lewis acids on tri-ierf-butylprismane,1 but their sugges-
tion has since received little attention. We have been inves-
tigating some Ag(l)-promoted reactions of various quadri-
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cyclenes and have been impressed by the ability of those
compounds to reduce Ag(l) to the metallic state. For exam-
ple, we recently reported that treatment of quadricyclene
(1) with silver trifluoroacetate in methanol leads to 89% re-
duction of Ag(l) to Ag° and to Bronsted acid production.2
Three organic products were tentatively identified (2, 3,
and 4), but they provided no clue to the origin of silver
metal. It is intriguing that while other strained hydrocar-
bons such as the bicyclo[l.1.0] butanes, cubanes, homocu-
banes, and tricyclo[4.1.0.02¥]heptanes undergo rearrange-
ment in the presence of silver ion, they have not been re-
ported to reduce Ag(l) to Ago.3

The reaction between silver trifluoroacetate (0.19 M)
and 1 (0.24 M) in methanol at room temperature leads to a
complex mixture of organic products. However, by utiliza-
tion of an interfaced GC-MS data acquisition system, we
have finally completed a detailed product study and have
identified a group of materials which are intimately linked
to Ag(l) reduction and to acid production. The products in-
clude norbornadiene (2), 3-methoxy-5-norbornene (3), 3-
methoxynortricyclene (4), 3-trifluoroacetoxy-5-norbornene-
(5), 3-trifluoroacetoxynortricyclene (6), the isomeric 3,5-
dimethoxynortricyclenes (7, 8, and 9), 3-methoxy-5-trifluo-
roacetoxynortricyclene (10), 3-methoxy-5-hydroxynortricy-
clene (11), and methyl trifluoroacetate.

| .m m
TJCfb CF.CO OCH, HO OCH,
9 10 1

CH,0

All products were initially identified by GC-M S analysis
of crude product mixtures. Molecular ions were observed
for all compounds except 5 and 6, which yielded low quality
spectra under the experimental conditions. The isomeric
relationship between 7, 8, and 9 is clearly revealed in the
similarity of their mass spectra, each of which exhibits a
base peak at m/e 75 (CH.30CHO0 CH3)-+. The structures of
2,3,4,5, 6,8, and 9 were subsequently confirmed by com-
parison of their GC retention times and mass spectra (ex-
cept for 5 and 6) with those of authentic materials. Further,
a small quantity of 9 was isolated and subjected to NMR
analysis (microcell), and the molecular formulas of 8 and 9
were rigorously established by mass measurement of their
molecular ions: 8 (154.0990), 9 (154.0982). The structure as-
signed to 7 was inferred from its molecular formula (mol wt
154.0997), its obvious relationship to 8 and 9, and a GC
demonstration that it is not the dimethyl ketal of nortricy-
clanone.4 The structure of 11 was confirmed by mass mea-
surement of its molecular ion (140.0820), and by ir and
NMR analysis of a small collected sample. Finally, the
structure assigned to 10, based initially on its mass spec-
trum, was verified by GC observation of its ultimate con-
version, under the reaction conditions, to the alcohol 11.
That this is possibly a transesterification reaction was indi-
cated by GC-MS detection of methyl trifluoroacetate in
the reaction mixture.

The progress of the reaction was followed by GC analysis
of injected aliquots, peak areas being determined by elec-
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Figure 1. Product composition with time for the reaction of 1 with
silver trifluoroacetate in methanol.

tronic integration and taken from digital output. It was
necessary to utilize two separate columns to resolve the
product groups 1-6 (SE-30) and 7-11 (Carbowax). The re-
sults are summarized in Figure 1. It can be seen that 1 was
largely reacted after 2 h and that 11 is clearly a secondary
product. Further, some norbornadiene is consumed in sec-
ondary reactions, possibly through conversion to 5 and 6 by
reaction with trifluoroacetic acid, also a reaction product.
The formation of 2, 3, 4, 5, and 6 is consistent with the
conventional argentation-deargentation pathway below. It

is significant, however, that this mechanism does not ac-
count for Ag(l) reduction or for acid production, but that
Ag(l) is ultimately returned to the reaction medium. More-
over, the formation of 7, 8, 9, 10, and 11 cannot be so ra-
tionalized. Instead, a two-electron oxidation accounts for
the precipitation of Ag®, the production of protic acid, and
for the observed organic products. A very recent study by

+ 2Ag+ + 2CR.OH — »

Brettle and his co-workers5 of the anodic oxidation of 1 in
methanolic sodium methoxide corroborates this view.
Diethers 8 and 9 were identified as the major products.
Finally, inspection of adiabatic ionization potentials al-
lows a prediction as to when oxidation of strained hydro-
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carbons by Ag(l) should be important. For example, re-
cently reported ionization potentials for 1,6 cubane,7 and
tricyclo[4.1.0.02'7]heptaneé are 7.40, 8.74, and 8.15 eV, re-
spectively. Hence, the reduction of silver ion to Ag° (IP
7.57 eV) should be energetically favorable with 1 but not
with the latter two hydrocarbons. We note, however, that
oxidation potentials in methanol, when they are measured,
may not follow the same trend as gas-phase ionization po-
tentials, and the above data must be regarded as merely in-
dicative.
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Fragmentation-Recombination of Methoxymethyl
Ester Enolates. A Novel Method for Preparation
of Hydracrylic and Glycidic Esters

Summary: Methoxymethyl ester enolates undergo frag-
mentation to ketenes, formaldehyde, and methoxide ion
which recombine to give hydracrylic and glycidic esters in
good yield.

Sir: A variety of ester enolates have been prepared by reac-
tion of lithium rV-dialkylamides with esters at low temper-
ature.l Although solutions of these ester enolates were con-
sidered to be stable even at room temperature, an inter-
esting opportunity for reaction exists with enolates gener-
ated from methoxymethyl esters, (eq 1). Thus, heterolytic

(0]

R1 I

ch2— och3 — »
R2 H

“R1
AN>=C=0 + CH2=O0
R2

+ CHjO

fragmentation2 might be expected to occur as shown; in
principle, recombination of the fragments should give the
more stable hydracrylate ion. Herein, we report the realiza-
tion of such a fragmentation-recombination and briefly
discuss the mechanism and synthetic potential of the pro-
cess.

Methoxymethyl esters were conveniently prepared in ex-
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cellent yield by reaction of sodium carboxylates (sodium
hydride + carboxylic acid) with chloromethyl methyl ether
in refluxing tetrahydrofuran (THF)-hexamethylphosphor-
ic triamide (HMPA, 1equiv).

Addition of a THF solution of the methoxymethyl ester
derived from isobutyric acid (1, Rt = R2 = CH3) to 1.1
equiv of lithium diisopropylamide (LDA) in THF at -78°
followed by quenching with D20 at —78° cleanly gave re-
covered 1 (50% D incorporation).3 On the other hand,
warming the solution of ester enolate to room temperature
resulted in isolation of hydracrylate 2 (R1 = R2= CH3, 69%
yield). Two minor reaction components were isolated and
identified as dimethylketene dimer 34 (—10%) and diester 4
(15%).5 In similar fashion, except that HMPA was added to

/) 0 CH» CH,
CH;i

-CH, -COo0CH,- -CO,CH,

HOCH2
0 , CHs3 CH,
4

LDA before generation of the ester enolate,6 the methoxy-
methyl ester derived from tiglic acid 5 gave the a-vinyl hy-
dracrylate 6 in 61% isolated yield.

CH3

ch3 C02CH20CH3
5 6

That a free alkoxide ion is involved in the process 1 — 2
was convincingly demonstrated by fragmentation-recombi-
nation of the ester enolate of 5 in the presence of ethoxy-
methyl ester enolate v (OCH3 replaced by OCH2CH3,R1 =
R2 = CH3); VPC comparison of the reaction components
with previously isolated materials showed that four hydra-
crylic esters were present in about equal proportions and
that these corresponded to the methyl and ethyl esters of 2
(R1 = R2=CHDJ3) and 6. Thus, intermediates derived from 1
and 5 must react indiscriminately with either methoxide or
ethoxide generated in a fragmentation of the ester enolates
(eq 1).7

At least two possible recombination paths to 2 have been
considered (eq 2): a thermally allowed cycloaddition of ke-

R1

C=0 + CH2=0 + CHO-

* \'b
R1
y 1- co”™ h,
R2 ) )
nschd-x/ chl= o\ Hjo+ @)

R1
\ ~-C 02CH;
w H
7

tene with formaldehyde and subsequent methoxide open-
ing of the /3-lactone (path a),8 or ketene attack by methox-
ide to generate an ester enolate followed by trapping with
formaldehyde (path b).

We do not favor path a for two important reasons. First,
in all cases of fragmentation-recombination of 1, trace to
significant amounts of untrapped methyl ester 7 were de-
tected; most dramatically, with 1 (Rt = CH3; R2 =
OCOC6H5), only methyl ester 7 (Rt = CHS3;, R2 =
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Table 1
Preparation of 10 from 1 and 7 (R2 = Br)

% isolated yield

Methyl
ester 7
0 Fragmen- (R2=Br)
tation—re- enolate
R combina- trapping
tion of 1 with form-
No. R1 (R2=Br) aldehyde
10 a ch3 61 58
10b ch2ch3 60 51
10c CH(CH3) 64 61

OCOCeHs) was isolated in 73% yield. Second, with meth-
ylene isobutyrate 8, mainly isobutyric acid (9a) was isolat-
ed on quenching the LDA reaction with water and similarly
methyl isobutyrate (9b) with methanol. These data indi-

o C02CH20 2C o L LDA o CO.R
- o LROH
8 9a, R = H
b, R = CH,

cate that nucleophilic attack of the ketene by methoxide
precedes addition of formaldehyde (path b) and that, when
the nucleophile generated in the fragmentation step is un-
reactive (isobutyrate), dimethyl ketene remains in solution
to react with added water or methanol.

The viability of the second step in eq 2 (path b) was
demonstrated by treatment of methyl ester lithium eno-
lates (generated in the usual manner) with formaldehyde
vapors and isolation of the corresponding hydracrylates 2
in yields comparable with those in the fragmentation-re-
combination process [2, R1 = R2 = CH:, 60%; 6, 60% (see
Table 1)]. Although the condensation of formaldehyde with
regiospecifically generated ketone9 and lactonel0 enolates
has recently been reported, the analogous reaction de-
scribed here with ester enolates seems not to have been
previously cited. In any event, trapping ester enolates with
formaldehyde and fragmentation-recombination of alkoxy-
methyl ester enolates should prove useful for preparation
of many «,«-disubstituted hydracrylates.11'12

We also have shown that these two methods are especial-
ly attractive for preparation of glycidic esters 10 derived
from formaldehyde and a-bromo esters (Table 1). Because
the standard Darsens reaction of «-halo esters with formal-
dehyde gives glycidic esters in low yield,13 we feel that the
methodology described here clearly represents a valuable
alternative for preparation of these important synthetic in-
termediates.14
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(9) G. Stork and J. d’Angelo, J. Am. Chem. Soc., 96, 7114 (1974).

) P. A. Grieco and K. Hiroi, J. Chem. Soc., Chem. Commun., 1317

(1972).
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(12) Recent methods for synthesis of «-substituted hydracrylates are out-
lined in the following: P. E. Pfeffer, E. Kinsel, and L. S. Silbert, J. Org.
Chem., 37, 1256 (1972), and J. L. Herrmann and R. H. Schlessinger,
Tetrahedron Lett., 2429 (1973).

(13) M. S. Newman, Org. React., 5, 413 (1949). Darsens reaction to give the
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Huppes, Brennst. Chem., 48, 46 (1967); 10a, R. W. White and W. D.
Emmons, Tetrahedron, 17, 31 (1962); 10b, H. Loato and J. Ruohonen,
Suom. Kemistilehti (B), 42, 466 (1969).
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Cleavage of Esters by Superoxidel

Summary: The reaction of carboxylic esters with potassi-
um superoxide in benzene in the presence of 18-crown-6
ether produces, upon aqueous work-up, the corresponding
carboxylic acid and alcohol in good to excellent yields by a
process which appears to involve an initial nucleophilic at-
tack of O2- at the carbonyl carbon and by the subsequent
formation of intermediate peroxo species.

sir: The beneficial and deleterious effects of superoxide in
biological systems have become increasingly evident in re-
cent years.2 However, until recently,3'45 virtually nothing
was known of the reactivity of superoxide with common bi-
ological substrates.6 Ester and peptide bonds are ubiqui-
tous functionalities in biological systems. Here we wish to
report that esters, but not amides or nitriles, undergo a re-
action with superoxide which results in the cleavage of the
ester functionality. Aqueous work-up affords the corre-
sponding carboxylic acid in generally high yield. A summa-
ry of the results obtained on treatment of various represen-
tative substrates is given in Table 1.

RCC~™R'- KO~ 18crown-6'ceH6> RC0 h + R'OH (1)
2. h3o+

In a typical experiment, a mixture of methyl octanoate
(0.529 g, 3.34 mmol) and 18-crown-6 ether7 (0.264 g, 1.00
mmol) dissolved in dry benzene (20 ml) was added to 0.710
g (10.0 mmol) of powdered potassium superoxide.8 The re-
sulting mixture was vigorously stirred for 24 h, then cau-
tiously poured into 25 ml of water. The mixture was acidi-
fied with 6 M HC1 and the organic layer separated. The re-
mairiing aqueous phase was extracted with an additional 25
ml of ether and the combined extracts dried (MgSOi). GLC
analysis indicated a 98% yield of n-octanoic acid.

The cleavage of carboxylate esters by superoxide seems
applicable to a spectrum of esters including those of pri-
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Table |
Reaction of Potassium Superoxide w'ith Various Esterso

Substrateo

1-C7H ,5C 02CH3
(CH3)3CCO02CH 3
1-C7H ,sC 02CH2C6H5

c6hb5co2ch2ch3
1-C7H1sC 02CH(CH3)2
CH3C02CH(CH3)CéH,3
i-c9h 19co2c6hb5

02C(CH3)3’

1-C7H15C (0)S C 4H9

C6HsCH2CH(NHCOCH3)C02CH2CH3
(C6HsO)3P (0)
(1-C8H170)3P (0)

Product(s) (%)c
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Reaction time, h

1-Octanoic acid (98) (68)d 24
Pivalic acid (81) 72
1-Octanoic acid (100) 24
Benzoic acid (55)/

Benzoic acid (88) 24
1-Octanoic acid (98) 72
2-Octanol (89) 72
1-Decanoic acid (84) 8
Phenol (70)?

1-Octanoic acid (96) 140
\ Ay *y COH (85)/ 28
1-Octanoic acid (93) 8
1-Butyl disulfide (33)*

N-Acetylphenylalanine (56)m 24
Phenol (30)? 24
1-Octanol (<1)” 72

aUnless otherwise indicated, all reactions were carried out at ambient temperature by adding a solution of ester (3.33
mmol) and 18-crown-6 ether (1.0 mmol) in dry benzene (20 ml) to powdered potassium superoxide. Vigorous stirring was
maintained during addition and throughout the course of the reaction. b All esters, unless otherwise indicated, were pre-
pared by adding the corresponding acid chloride to a solution of the appropriate alcohol or thiol in dry pyridine. c Yields
were determined by GLC using a 6 ft x 0.25 in. column of 20% ethylene glycol adipate polyester—4% H3P 04 on Gas-Chrom
Z [L. Metcalfe, 3. Gas Chromatogr., 1, 7 (1963)]. Yields are based on ester and were determined by the internal standard
technique with response factors obtained from authentic samples. d Carried out in dry Me2SO. e Purchased from Aldrich
Chemical Co. / Control experiments established that under the reaction conditions, benzyl alcohol is oxidized to benzoic
acid by superoxide in 62% yield. ? Control experiments suggest that the low yield of phenol in this experiment results from
the fact that this substance undergoes a subsequent reaction with an as yet undetermined reaction intermediate. h Prepared
according to a procedure outlined by C. R. Hauser, B. E. Hudson, and B. Abramovitch, “Organic Syntheses”, Collect. Vol.
HI, Wiley, New York, N.Y., 1955, p 142. 'M. S. Newman and C. A. VanderWerf, 3. Am. Chem. Soc., 67, 233 (1945). /lso-
lated yield after recrystallization from ethyl acetate—hexane, mp 105.0—105.5°C (lit."! 105.8—106.6°C). * Control experi-
ments establish that superoxide reacts rapidly with alkyl thiols under these conditions. The resulting product, obtained in
yields ranging from 60 to 75%, is the corresponding disulfide, RSSR. 1Purchased from Sigma Chemical Co. m Isolated yield,
after recrystallization from ethyl acetate, mp 151—153°C (lit.18 150—151°C). nUnreacted ester was recovered in 96% yield.

mary, secondary, and tertiary alcohols, as well as phenol
and thiols. The use of dimethyl sulfoxide (MevSO) as a sol-
vent resulted in shorter reaction times but reduced yields
(cf. Table 1). Reactions carried out in Me2SO in the ab-
sence of 18-crown-6 ether were slower than those per-
formed in its presence. In all instances, ester cleavage is ac-
companied by the evolution of oxygen.

Although our understanding of the detailed course of
this reaction is still incomplete, several observations allow
a description of its general features. First, in view of the
substantial nucleophilic character of the superoxide radical
anion,4 the possibility of oxygen-alkyl cleavage resulting in
the nucleophilic displacement of a carboxylate anion was
considered as a plausible pathway.9 This mechanism is pre-
cluded, however, at least for esters of secondary and pre-
sumably other alcohols, by the fact that the reaction of su-
peroxide with the acetate ester of (—)-(R)-2-octanol (o-ilUs —
7.79°) yields (-)-(R)-2-octanol (oi-gg — 7.61°), correspond-
ing to 99% net retention of configuration at the chiral car-
bon.

Second, an alternative mechanism involving the Sn2 ad-
dition of O2- to the carbonyl carbon remains reasonable
and, moreover, is consistent with the apparent influence
which the structure of the departing group exerts on the
rate of reaction,10 i.e., R' = Ph > primary > secondary >
tertiary, as indicated by a comparison of the half-life for re-
action of phenyl, methyl, isopropyl, and ferf-butyl n-octa-
noate under comparable conditions: 11/2 ~ 1, 8, 15, and 26
h, respectively. Under similar conditions, the half-life of
the reaction of potassium superoxide with the n-butane-
thiol ester of octanoic acid was 3 h. Understandably, the
rate of these reactions can be enhanced by increasing the
ratio of macrocyclic polyether to potassium superoxide. For

example, the half-life for the reaction of fert-butyl n-octa-
noate decreased from 26 to 5 h when the ratio of 18-crown-
6 ether to potassium superoxide was increased from 1:10 to
1:1.

Third, in addition to carboxylic esters, certain phosphate
esters are also cleaved by superoxide. Thus, the reaction of
triphenyl phosphate with potassium superoxide in benzene,
in the presence of 18-crown-6 ether, proceeds to completion
in less than 24 h. In contrast, tri-n-octyl phosphate showed
no appreciable reactivity (96% recovery) after 72 h. Pre-
sumably this result is, at least in part, a reflection of the
different leaving-group ability of phenoxide and n-alkox-
ide.

Finally, simple amides and nitriles seem largely unaffect-
ed by superoxide under conditions equivalent to those em-
ployed for ester cleavage.il As an example, benzamide and
N-(a-phenylethyl)acetamide were recovered, respectively,
in 84 and 99% vyield after 8 days of treatment. Similar treat-
ment of benzonitrile led to its recovery in 93% yield after 2
days. This yield was diminished to 73% when the reaction
time was extended to 8 days.

Synthetically, the cleavage of carboxylate esters by su-
peroxide is unexceptional since both we and othersi2 have
observed that under similar conditions, potassium hydrox-
ide shows comparable reactivity. The significance of these
observations, however, lies in their potential relevancy to
the mechanism of certain biological oxidations. Thus, the
observed cleavage of esters in these instances appears to in-
volve nucleophilic substitution at the carbonyl carbon by
02- and, although the precise nature of the subsequent in-
termediates involved in this reaction sequence remains un-
certain, peroxo compounds are strongly implicated.13 In-
deed, similar species have been proposed as the oxygen-fix-



588 J. Org. Chem., Vol. 41, No. 3, 1976

ing intermediates involved in several dioxygenase oxida-
tionsi4 and our own studiesi5 show that the reactions of su-
peroxide with such cosubstrates as, for example, a-ketoglu-
tarate bear a resemblance to the action which certain diox-
ygenases have on these same substrates.14
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Phase-Transfer

Catalysts

Phase-transfer catalysis has been applied to a great variety of
organic reactions.12 By this technique reactions are conducted
in aqueous-organic two-phase systems in the presence of a
phase-transfer catalyst, thus eliminating the necessity for
anhydrous solvents. The most widely used phase-transfer
catalysts are quaternary ammonium and phosphonium salts.
The acceleration effects of these quaternary salts are so
dramatic that they have become very important in preparative
organic chemistry. Some successful applications of phase-
transfer catalysts are:

(Alkylation12 (by phase-transfer or ion-pair extraction) of
nitriles, ketones, malonates, /3-diketones, /3-cyanoacetates, /?-
ketoesters, /3-ketosulfones, etc.
(0]
Il
R(IZHCN, FfCHC—
R’ R

I
RCH2CN, RCH2C- + R'X

Alkylating reactivity: R'Cl > R'Br > R’

Generation of Dichlorocarbenel2 (in homogeneous or two-
phase systems)

cHcl: + A

. olefin Cl
clzC: ol
CHCls + NaOH
Synthesis of Nitriles and Isonitriles2
RCONH2, RCSNH2, RCH=NOH R-C=N
R R"NCONH2 --------- » R'R N-C=N
CHX,
RNH2 -----meev R-N=C

Oxidation by KIMnO.,12

PhCH2CN, PhCH20H, PhCH=CHPh--——-- » PhCO2H (86-95%)

OH
(50%)
OH

Nucleophilic Displacements2'5

CH2CI2 - Nal - > CH22(80%) + CH2CI)I (20%)

PhCH2CI +  KFomees » PhCH2F (95%)

CH3CH2)9Br + NaSCN - » CH3(CH29SCN (100%)

PhCOCI + NaCN — » PhCOCN (60%)

Other Reactions:12 Hydrolysis of Esters and Sulfonyl
Chlorides; Benzoin Condensation; Deuterium Exchange;
NaBH4 Reduction; Wittig Reaction.
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