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Ah&act-The rcarrangemcnts of two optically pure derivativea of F&t’s acid were studied: that of 
dimethyl twwncthy kwy&pro~f3-xylate (TRANSdiutcr) and fraw2Jdicyano- 

vestigation of tbc intcrconvcmions of SYN- and ANTIdim and dinitriks nvcal that raccmic product 
is not obtainal, as would be exp&ai from an orthogonal-allylic diradial intcrmedktc, but that the 
cnantiomer corresponding to antarafacial migration is slightly favored. All of the stersocbrmicll results 
arc cxplicabk by application of the Doering-Sacbdev diradical transition state hypothesis. 

Thermal unimolecular rearrangements have long 
been attractive subjects for physical organic research 
because the classical tools of stereochemistry and 
kinetics can be used to great advantage to obtain 
insight into the details of covalent bond-breaking and 
bond-forming processes. Tbe metbylenecyclopropane 
rearrangement in particular bas been studied quite 
extcnsively’J in the decades since its elucidation by 
Ettiinger.3 In addition to the inherent appeal of 
this fascinatingly simple reaction, tbe metby- 
lenccyclopropane rearrangement is also of interest 
because of its relationship to an even simpler reac- 
tion, the stereomutation of cyclopropane, and to tbe 
question of tbe involvement of 1,3diradical inter- 
mediates in cyclopropane ring cleavage and closure. 
Roth theoretical’ and experimental5 work have pro- 
vided evidence that singlet 1,3diradicals do not 
intervene in such processes as intermediates in the 
case of simple cyclopropanes. It is then of interest to 
answer tbe same question in tbe metbyl- 
enecyclopropane case in view of tbe allylic resonance 
stabilization potentially available to a tri- 
metbylenemetbane intermediate. Tbe existence of a 
triplet diradical intermediate is not in doubt because 
of tbe important observation of trimetbylenemetbane 
electron spin resonance by Dowd and !Iacbdev.6 Also, 
tbe elegant work by tbe Rerson group7 bas shown 
that singlet trimetbylenemetbanes are intermediates 
when tbe planarity of an ally1 moiety is enforced by 
an additional ring. Recent experimental work by 
Dowd and chow,’ however, bas shown that the 
barrier to ring closure of tbe parent triplet tri- 
metbylenemetbane is < 7 kcal/mol, leaving little 
room for a sizable barrier to the closure of singlet 
trimetbylenemetbane. 

Theoretical calculations have aIso been equivocal 
on tbe existence of singlet trimetbylenemetbane inter- 
mediates, although most theoreticians have been 
conccrncd with the relative energies of triplet and 
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singlet trimetbylenemetbanes of various geometries9 
and not with tbe details of tbe singlet surface in&d- 
ing metbylenecyclopropane. Of tbe two theoretical 
papers that have addressed tbe latter point, one’O” 
calculated a rather large barrier (8 kcal/mol) to clo- 
sure of a singlet trimetbylenemetbane, and tbe 
0tbeP a small or nonexistent barrier 
( < 3.3 kcal/mol). Tbe subject of this paper is some 
heretofore unpublished experimental evidence di- 
rectly relevant to tbe question of involvement of 
singlet diradical intermediates in the carbon-carbon 
bond-breaking and bond-forming process that con- 
stitutes the metbylenecyclopropane rearrangement. 

Two aspects of tbe stereochemistry of tbe metby- 
knecyclopropane rearrangement were investigated 
using two sets of metbylenecycIopropanes, tbe 
dicarbometboxy-substituted derivatives and tbe 
dicyano-substituted derivatives (see Scheme 1). Tbe 
tirst aspect of tbe stereochemistry studied was tbe 
relative amounts of migration with retention and 
inversion of contiguration at the migrating carbon.. 
Tbe second aspect concerned tbe relative amounts of 
suprafacial and antarafacial involvement of tbe ally1 
moiety across which the [ 1.31 sigmatropic shift oc- 
curs. Tbe terminology usbd to describe tbe stereo- 
chemical possibibties is tbat used by Woodward and 
HoEman” in their theoretical treatment of sig- 
matropic reactions. It should be noted, however, that 
tbe stereochemical possibilities are stated here witb- 
out assumption as to mecbaGsm-&e stereochemical 
possibilities are distinguishable independent of tbe 
theory of concerted sigmatropic reactions. 

Doering and Roth” established that, in tbe rear- 
rangement of dimetbyl rraru-metbylenecyclo- 
propane-2.3dicarboxylate fIRAN!Miester), pre- 
dominant inversion occur4 at tbe migrating carbon 
atom. Tbe extent to wbicb migration with retention 
at tbe migrating center occurmd was not known, 
however, nor bas it been unambiguously determined 
for any otber metbylenecyclopropane. Moreover, the 
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The stereochemistry of the methyknecyclopropanc rearrangement 

T&k I. Reservation of opticsl purity in the rearrangement of TRANS 

5099 

b 
Starting Time" IbL'546 (% Optical Purity) 

Isomer (bra) _ TRAWS SYN ANTr 6 Inversion' - % Retention 

TRANS-diemter 

TRAMS-dinitrile 

0 l 14a* (100) 

4 148 (100) 

6 148 (LOO) 

12 146 (LOO) 

16 149 (100) 

20 149 (100) 

25 149 (100) 

SO 148 (100) 

0 l 183* (100) 

2 174 (95)? 

3 174 (95) 

4 176 (96) 

6 172 (94) 

6f 170 (93) 

____ 
l 136* (47)' 

126 (44)d 

128 (44) 

129 (45) 

126 (44) 

115 (40) 

114 (39) 

---__ 
l 34. (5)d 

35 (6) 

26 (4) 

35 (6) 

35 (6) 

se__ 

-69O (92) 

70 (93) 

69 (92) 

70 (93) 

70 (93) 

69 (92) 

68 (90) 

_____ 
-16. (10) 

14 (9) 
12 (8) 

15 (10) 

14 (9) 

92 

54 46 

aAt 126-127. and 56-57. for TRANS-diemter and -dinitrile, respectively; bExcept a# 

noted, result8 are the average of two or more measurementa in Ccl4 (dierterm) or 

CNC13 (dinitriles); 'Bamed on the known relative configuration8 of the isomers 

and the kinetic ratio6 of G and =I dSingle raeasurements. aWaa increased to 99% by a 

vacuum tranafer. f In oxygen-maturated benzene under an atmosphere of oxygen. 

stereochemistry at the ally1 moiety has not been 
examined except for the present work. 

a singlet diradical. These implications are discussed in 
the next section. 

The stereochemical results are summarized in Ta- 
bles 1 and 2. The salient features are the extent to 
which migration with retention at the migrating 
carbon competes with migration with inversion and 
the small but real preference for antarafacial mi- 
gration across the ally1 moiety. Both results have 
important implications for consideration of reaction 
mechanism, including the que&ion of intermediacy of 

The derivation of the stereochemical results 
presented in Tables 1 and 2 required structure deter- 
minations (see Experimental Section), correlations of 
relative configurations and optical purities, deu- 
terium labelling studies, and measurements of reac- 
tion kinetics. 

The maximum optical rotations of the chiral di- 
esters and dinitriles were established by chemical 

Tabk 2. mation ofoptical purity in the interconversion ofSYN and ANTI 

Starting TiEBe’ [o(l,,, (8 Optical Purity)' 

Isomer (hrs) SYN ANTI - 6 Antarafacial' \ Suprafacial 

c15,d. 762 L38 

SYN-diester 0 l 180* - (62$ -- 

144 163 (561d l 11* 

E-dinitrile 0 ----- -16. 

24 -1.4. (0.2) 11 
(10) 

(7) 751 L49 

aAt 1.26427 and 79-80. for E-diester and s-dinitrils, respectively; bExcept as 

noted, results are the average of two or mre measuremanta in Ccl4 (diastcrs) or 

CNC13 (dinitrilu); %sed on tha known relative configurations of the isomers. 

Values are minima and maxima because of poaaible competing proceases (see text); 
d -Single maaauremnts. 
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correlation. The hydrogenation 
SYN- and ANTIdiesters’~‘* was 

of optically active Rate meaa urements were made for a number of the 
repeated. The opti- s rearranaements. In the diester cases. samnles were 

Cal rotations of the chiral products were consistent 
with the assumption that the resolutions of SYN- and 
ANTIdiacids were complete. The open chain prod- 
uct of hydrogenolysis, dimethyl a-methylglutarate,” 
was obtained independently by esterification of the 
resolved” diacid. The rotation of this material was 
also consistent with the above assumption. Finally, 
the maximum optical rotations were also consistent 
with the optical rotation of a-methylglutaric acid 
derived from natural .~urces.*~ 

The inter-relationships were also applied to the 
optical purity of SYN- and ANTIdinitriles by con- 
version of optically active samples of each to methyl 
CD-2-carbomethoxycyclopropylacetate. This cor- 
relation also established the absolute configuration of 
SYN- and ANTIdinitriles, since it related them to 
SYN- and ANTIdiesters whose absolute con- 
figurations, and that of TRANSdiester, had been 
determined by Doering and Roth.” The conversion 
was done in three steps: (a) catalytic hydrogenation; 
(b) hydrolysis with aqueous acid; (c) ester&a- 
tion with diazomethane. A control experiment with 
methyl cis-2-carbomethoxycyclopropylacetate showed 
that the conditions of the conversion did not racemize 
this material. 

A final correlation was necessaq to determine 
whether the conditions of the synthesis of TRANS 
dinitrile from TRANSdiester caused any race- 
mization. A three-step sequence similar to the one 
outlined above for SYN- and ANTI-dir&riles was 
used to convert TRANSdinitrile to dimethyl 
3-methylcyclopropane-1,2dicarboxylate. This. com- 
pound was also obtained from fully resolved and 
presumably optically pure TRAN!+diester. Com- 
parison of the material from the two source showed 
that at most 2% mcemization occurred in the syn- 
thesis of TRAIWdinitrile. Since the experimental 
error in measuring rotations was l-20/ this material 
was assumed to be optically pure. 

SYNdiester labelled with deuterium in the exo- 
cyclic ester group was prepared from the half-ester 
and heated at 126-127’. Thus, d+YNdiester in 
which the raiio of upfield to downfield methoxy 
protons in the NMR spectrum was 95.2:4.8 gave d3- 
ANTIdiester with a corresponding ratio of,29.8:70.2. 
This sample of ANTIdiester was then isomerized 
with lightI back to SYNdiester in which the down- 
field methoxy resonance was larger than the upfield 
resonance. 

heated -in benzene solution in s&led =tubes at 
126127” and analyzed by vpc. First-order plots for 
the rates of disappearance of TRANS and CI!+ 
dies&s were based on the assumption that the rear- 
rangements behaved as irreversible reactions at the 
low (3-20”/,) conversions studied. The rate constants 
for disappearance were obtained by least squares.” 
The specific rate constants for the formation of the 
various products (Table 3) were obtained by par- 
titioning the rate constants for disappearance accord- 
ing to the product ratios. In the case of TRANS- 
diester, the ratio of the two products--ANTI- and 
SYNdiesters-fell off rather rapidly with time, so an 
extrapolation to zero time was used to obtain an 
estimate of 4.3 for this ratio. 

The rates of rearrangement of SYN- and ANTI- 
diesters were also studied. In these cases, however, 
irreversibility could not be assumed even at early 
points because these isomers were thermo- 
dynamically favored relative to CIS- and TRAIW- 
diesters. Moreover, as a$-unsaturated esters, these 
isomers were more reactive toward production of 
non-volatile products, as evidenced by the drop in 
recovery with time. Thus, accurate rate constants 
could not be obtained. It was possible, nevertheleas, 
to conclude that SYN- and ANTIdiesters inter- 
converted and rearranged to TRANS- and CTS- 
diesters with an overall rate constant of about 
lo-‘set-’ at 126” and that the interconversion was 
the fastest process. 

The rates of two other reactions of SYNdiester 
were also studied. The first of these was the rate of 
racemization of optically active SYNdiester at 
126127”. The data showed an increase in rate with 
time, but a least 

“t 
uares slope gave a rate constant of 

2.36 f 0.09 x IO- see-‘. T’he second process was the 
rate of deuterium scrambling in labelled SYNdiester. 
Using NMR analysis, a first-order plot with 
k = 2.8 f 0.1 x lo-‘set-’ was obtained. The poor 
agreement between the per cent deuteration from 
mass spaZral analysis (82”/,) and from NMR integra- 
tion (95%. based on the relative area of the methoxy 
peaks in unheated labelled SYNdiester) indicated 
that the rate constant should be considered approxi- 
mate. 

Rates of rearrangement were also measured for 
TRANS and CWdinitriles in benzene solution. 
These rearrangements were apparently nearly irre- 
versible, and thus the fact that the analysis by l.c. 

Table 3. Specific rate constants for rearrangements of TRANS and CIS 

Ismar PC) (lo6 s.c-11’ (106 ..c-1P (106 s.c-19 (106 ..c-l]b 

lRANRAN-dicer 126.2-127.0 2.46fo.02 m-w 0.46 2.00 

CIS-diestar 126.2 32.3M.b 1.7 lb.3 16.4 
- 

mS-dinitrile 56.6-56.7 12.sfo.2 --- 4.0 (1.5 

CIS-dinitrila 56.6-56.7 S.lSfo.16 ___ 3.w 4.27 
- 
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required rather high conversion probably did not 
introduce serious error. A singk run in acetonitrik 

&$ - lo-’ see-1 at 126“), is small enough that kss 

solution indicated that the 
than 1%oftbeANTIdksterfortnedatshortreaction 

rearrangement was not times could have 
au&rated by this solvent. specific rate constants 

rearranged to SYNdkster. Since 
SYTWiC3~iSOVerhalfd even at short rat0 

were obtained by partitioning the overall rate con- 
stants according to the product ratios (Table 3). 

tion times and is formed only a factor of 4.3 slower 
than ANTIdkster, it is clear that little of the SYN- 

Interconversion of TRANS- and CBdinitriks was diester can he a result, at short reaction times, from 
not observed under these conditions. the rearrangement of ANTrdkster. 

An experiment was also perfotmed to obtain an 
approximate equilibrium ratio for TRANS- and CIS 
diesters. These isomers wereequilibratedwithsodium 
methoxide in methanol at room temperature. At?er 
removal of the base, the mixture obtained from each 
pure isomer was analyxed by vpc and found to 
contain 99.19 f o.O40/, TRANSdiester .and 
0.81 f 0.03% Cl&die&r. 

As noted earlier, one can pose two questions about 
the stereochemistry of the methyknecyclopropane 
rearrangement. The first concerns the extent of in- 
version and retention at the migrating center. 
The second question concerns the stereochemktry at 
the ally1 moiety, two possibilities being discemibk- 
suprafacial migration and antarafacial migration. 

The stereochemistry at the migrating center is 
determined by the degree of optical purity of the SYN 
and ANTI products obtained on rearrangement of 
optically pure TRANSdiester or dinitrik. One en- 
antiomer of each of the two products corresponds to 
migration with inversion, while the other corresponds 
to migration with retention. Before the experimental 
results (Tables 1 and 2) can he used confidently to 
answer the stereochemical question, it is necessary to 
consider three processes, in addition to the direct 
rearrangement of TRANS to SYN a& ANTI, which 
could atfect the observed degree d optical purity. 
These are: (a) rearrangement by way of the achiral 
CIS isomer; (b) secondary rearrangement of ANTI to 
racemic SYN and uice versa; and (c) mcemizxtion of 
SYN and ANTI subsequent to their formation from 
TRANS. 

Thethirdracemizingproasstobeconsideredis 
subsequent mcemiration of the products. This possi- 
bility is inconsistent with the virtual constancy of 
optical rotations of !!NN- and ANlTdksters over the 
range 3-ZOO/, conversion of TRANSdkster. Al- 
though SYNdiester shows a slight &crease in optical 
rotation at higher conversiom, the rate constant for 
its racemixation (k_ = 2 x lo-’ see-’ at 127”) is 
much too small to account for the fact that the 
optical purity of SYNdkster is only 459/p at early 
points in the rearrangement of TRANSdlester. 

With these three mcemixmg processes elimitla@ 
thedcgreeofopticalpurityofSYN-andANTI- 
diesters (see Table 1) can be taken cottgdently as the 
basis for conchuling that the rearrangement of 
TRANSdiester occurs predominantly, but not exclu- 
sively, with inversion at the migrating center. SYN- 
diester is formed with 73% inversion and 270/, reten- 
tion while ANTLdiester is formed with 96% invemion 
and 4% retention. 

The first possibility, indirect rearrangcmcllt of 
TRANStoSYNandANTIbywayofCIS,canbe 
evaluated quantitatively in the case of the die-stem. 
The specific rate constant, b, is estimated using the 
known rate constant for conversion of CISdiester to 
TltANSdkster (k_ = 1.7 x 10-6sec-’ at 126”) and 
the equilibrium ratio of these two isomers (99.2:O.g 
at 25”) whence k, = 1.4 x lo-* MC’. Since k, and 
L, are experimentally determined, amounts of race- 
mic SYN- and ANTIdiesters formed by this process 
can be calculated’* as a fraction of the initial concen- 
tration of TRANSdiester at various reaction times. 
Comparison of the experimental fractions of racemic 
SYN- and ANTIdiesters to the calculated fractions 
revealed that production of racemic products by way 
of ClSdiester is negligible. Even when an equi- 
librium ratio of TRANS:cIs of 90: 10 is assumed, 
the production of racemic material by way of CIS- 
dkster is calculated to be much slower than the actual 
production of such material. 

Thesamethree raamixing processes must be oon- 
sidered in the rearrangement of TRANSdinitrik. A 
quantitative evaluation of the role of ClSdinitrik 
cannot be made because no CISdinitrik is observed 
in the rearrangement of TRAN&Gitrik nor is any 
TRANSdinitrile observed in the rearrangement of 
CB-dinitrile. ClSdinitrik. however, rearranges 
more slowly than TRANSdittitrik by a factor of 1.5. 
Thus, CBdinitrile cannot be formed from TRANS- 
dinitrik at a rate great enough to affect the optical 
purity of SYN- and ANTIdinitriks without acctmru- 
lating and being detected. The other two mcemking 
proowsesinterconversion and mcemixation of 
SYN- and ANTIdinitril~ be rejected since 
these processes are much slower and require higher 
temperature to be observed. 

Thus, from the degrees of optical purity of SYN- 
and ANTLdinitriles, it can also be con&&d that the 
rearrangement of TRANSdinitrile occurs predom- 
inantly with inversion (see Tabk 1). The preference 
for inversion, however, is markedly lower than in the 
diester system. SYNdinitrile is formed with S3y; 
inversion and 470/, retention, and ANTIdinitrik is 
formed with SS% inversion and 45% retention. 

The question of the stereochemistry at the ally1 
moiety can now be examined. The -ANTI inter- 
conversion provides evidence on this point since both 
ends of the ally1 moiety in this transformation are 
substituted (see Scheme 1). Thus, the sign of rotation 
and the degree of optical purity of ANTIdiester 
formed in the rearrangement of (+ )-SYNdkster 
may reveal the relative amounts of suprafacial and 
antarafacial migration, provided two other processes 
do not interfere. 

Akineticargumentcanakobeusedtoruleoutthe 
second possibk racemixing process, in which racemic 
SYNdiester is produced from ANTldiester. The rate 
constant for the second step of this process, 
rearrangement of ANTIdiester to SyNdiester 

The first of these processes would involve isomer- 
ix&ion of tbe double bond by a 180” rotation. 
Thwar19 calculated the harrier for rotation of the 
methylenecyclopropane doubk bond to be 
48.1 kcal/mol, which is considerably greater than 
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Chesick’s~ measured activation energy for the 
[ 1,3)+matropic marrangement (40.4 kcal/mol). Two 
lines of experimental evidence can also be cited 
against the 180” rotation. First, the rearrangement of 
SYNdiester laheikd with deuterium in the methyl 
group of the double bond ester shows that this ester 
becomes a cyclopropane ester in ANTIdiester. Sim- 
ple 180” rotation would have this ester group remain 
attached to the double bond in ANTIdiester. Second, 
rearrangement of SYNdiester gave ANTIdiester of 
opposite conIiguration. To establish the authenticity 
of this result, the product ANTIdiester was isomer- 
ixed with iodine and light’6 to a mixture of SYN- and 
ANTI-die&n, from which SYNdiester with sign of 
rotation opposite to that of the original SYNdiuter 
was obtained. 

A second potentially interfering process is a two- 
step reaction proceeding by way of TRANS- or CIS 
diester. This process is also inconsistent with the 
results of the deuterium-labelling experiment, as the 
two ester groups become equivalent in TRANS and 
CISdiesten. Moreover, based on the known inversion 
of configuration in such rearrangements and on the 
principle of microscopic reversibility, the excess en- 
antiomer of ANTIdiester formed from SYNdiester 
by way of TRANSdiester would have the same 
configuration as the starting material and not the 
opposite configuration as is observed. 

The unequivocal conclusion, then, is that there is 
a direct pathway for the SYN-ANTI interconversion 
involving sigmatropic migration of the methylene 
group from one end of the ally1 moiety to the other 
(see Scheme 1). Moreover, it is clear that the sig- 
matropic migration is predominantly antarafaciaI. 
Antarafacial migration (i.e. migration of the methy- 
lene group from the faa of the migration origin 
which ends up below the molecular plane in the 
product to the face of the migration terminus which 
starts out above the mokcular plane in the starting 
material) corresponds to production of the en- 
antiomer of ANTIdiester of opposite configuration 
to that of ( + )-SYN-diester. 

The extent of the preference for antarafacial mi- 
gration depends on how much of the minor en- 
antiomer produced is attributed to one or both of the 
other processes. If none of it is attributed to these 
processes (i.e. if 180”-rotation about the double bond 
and two-step rearrangement by way of TRANS- 
die&r are negligible), then a minimum value of 1.63 
(62”/, antarafacial and 38% suprafacial) for the ratio 
of antarafacial to suprafacial migration is obtained. 
The ratio 1.63 is also a minimum value with respect 
to the competitive racemimtion of starting material. 

Isomerization by rotation about the double bond 
and rearrangement by way of TRANS or CIS- 
dinitrik could also be competing paths in the 
SYN-ANTI interconversion in the case of the di- 
nitriles. As in the diester case, however, both of these 
processes would produce the wrong enantiomer in 
excess. Moreover, when ANTIdinitrik was heated at 
80”, no TRANS- or ClS-dinitrile could he observed, 
indicating that rearrangement by way of these isom- 
ers is probably negligible. It is also important to note 
that the SYNdinitrile obtained from heating ANTI- 
d&rile was pure by analytical l.c., whereas 120/, 
ANTIdinitrile would have had to have been present 
to account for the observed optical rotation. 

Thus, the sign of rotation and optical purity of 
SYNdinitrik from ANTIdinitrile (see Table 2) im- 
ply a minimum value of 1.04 (51% antarafacial and 
49”/, suprafacial) for the ratio of antarafacial and 
suprafacial migration. The difference in minimum 
values for the ratios in the diester and dinitrik 
systems suggests a reduction in stereo&em& prefer- 
ena in the dinitrile system, which is consistent with 
a similar reduction in the preference for inversion at 
the migrating center. 

Discussion of the implications of these results on 
possible mechanisms will be divided into three parts: 
(a) continuous bonding concerted mechanisms, (b) 
mechanisms involving diradical intermediates, and 
(c) the diradical transition state mechanism. 

Concerted mechanisms. Previous work” eliminated 
the Woodward-Hoffmann allowed concerted 
mechanism*’ as the sole mechanism of the methy- 
lenecyclopropane rearrangement. In order to explain 
the stereochemical results of this paper in terms of 
concert, i.e. simultaneous bond-breaking and bond- 
forming with continuous orbital overlap, one must 
assume that much if not most of the rearrangement 
occurs via Berson-Salem” pathways. There is no 
obvious feature, however, that would counteract the 
usual preference of concerted reactions for the Wood- 
ward-Hoffmann stereochemistry. In fact, Berson and 
Salem22 indicate that the methylenecyclopropane 
structure does not allow the continuous orbital overlap 
necessaiy for a concerted rearrangement. 

Diradical intermediates. Thco~ and experiment6 
agree that the ground state of trimethyknemethane 
intermediates is the planar and necessarily achirai 
triplet. The early work of Ullman,12 however, elimi- 
nated rearrangement via the planar intermediate as 
the sole mechanism. Moreover, both the parent 
trimethylenemethane6 and the cyclic derivative of 
Rerson er al.’ form dimers. In the present work, the 
presence of oxygen, a well-known triplet scavenger, 
had no effect on either the percent recovery or the 
stereochemistry of the rearrangement of TRANS- 
dinitrile; and no dimers were observed. Thus, the 
planar triplet probably does not participate in the 
rearrangement. 

The orthogonal-allylic diradical was suggested by 
Doering and Roth” as a likely candidate for an 
intermediate in the methyknecyclopropane rear- 
rangement. Formation of such an intermediate from 
TRANS (see Scheme 2) requires a 90” rotation at one 
of the ring carbons (e.g. s in Scheme 2) simultaneous 
with bond stretching. This rotation forms a planar 
ally1 group with the exe-methykme and leaves the 
other ring carbon orthogonal. Rotation in the op 
posite sense (a in Scheme 2) forms a diastereomeric 
intermediate. 

These intermediates can easily explain the Irons- 
cis isomerixation observed in Gajewski’s system” (X 
= CHJ). Rotation of the end of the ally1 group bearing 
the substituent and ring closure with the orthogonal 
group can either regenerate starting material or form 
CIS(c or c’). 

Rotation of the unsub&uted end of the ally1 
group (p) and ring closure with the orthogonal group 
leads to product SYN. Similarly, rotation and ring 
closure (p? leads to product ANTI. The net result in 
each case is inversion at the orthogonal group (the 
migrating carbon), which is consistent with the pro 
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dominant inversion observed in both the diester and 
dinitrile systems. 

Because both systems also show appreciable reten- 
tion at the migrating carbon, further elaboration of 
the mechanism is necessary. One must assume that a 
180” rotation at the orthogonal group is competitive 
with the rotation leading to product. 

Consideration of the results pertaining to the ste- 
reochemistry at the ally1 group reveals a serious 
difficulty with the orthogonal-allylic mechanism. The 
relevant intermediate in the !WN-ANTI inter- 
conversion would be formed by rotation a (see 
Scheme 3) and would be achiral. The two rotations, 
b and b’, corresponding to antarafacial and supra- 
facial migration, respectively, would therefore be 
enantiomeric, would cccur at identical rates and thus 
k2ldtOlllcemiCANTI. 

To the extent that some optical activity is pmserved 
in the SYN-ANTI interconversion, participation by 
some mechanism other than that involving the 
orthogonal-allylic intermediate, as conventionally 
formulated, is demanded. In the case of the diester, 
at least 24% of the rearrangement of SYN to ANTI 
proceeds by some other mechanism, whereas, in the 
case of the dinitrile, only 2”/. of the rearrangement 
must involve a different mechanism. Ad hoc assump 
tions, e.g. a conformatioaal memory effect at the ally1 
group, am accommodate these results. It is dit&ult, 
however, to propose an intermediate of sullicient 
lifetime to allow rotation around a single bond but 
too short-lived to establish planarity at an ally1 
group. Other ‘tnodifications to the orthogonal-allylic 
mechanism may be proposed, but it may be oppor- 
tune instead to consider a different conceptual model. 

Diradical rransition srales. An alternative mech- 
anism involvea rearrangement without passing 
through an intermediate. The rearrangement is visu- 
alized in terms of diradical transition states, as hy- 
pothesized by Doering and Sachdev to explain the 
enantiomerization and diaste~merization of cy- 
clopropanes.M Application of this hypothesis to the 
methyknecyclopropane rearrangement provides an 
attractive, unifying rationalization for all of the ste- 
reochemical results. 

Upon collisional activation, the C& bond in 
methyknecyclopropane will undergo considerable 
stretching. At the point of maximum separation of 
sufiicienUy high amplitudes of vibration, bonding 
between the two carbon atoms may fall to zero or 
qear zero. The bond is not broken by this process, 
however, because if nothing further happens, the next 
phase of the vibration brings the two carbon atoms 
back into bonding distance whereupon the vi- 
brational energy am be dissipated into other vi- 
brational modes and to other molecules by collisional 
deactivation. 

At the higher amplitudes of the bond-stretching, 
what is required to break the bond is a twist of one 
or both of the carbon centers. In the methy- 
lenecyclopropane case, the possible consequences of 
such twists will be considered each in turn. 

The 6rst of these is geometrical isomerization. If 
one of the two centers undergoes a twist at the 
zero-bonding extension of the stretching vibration, 
vibrational collapse and completion of the 180” rota- 
tion will then lead to the geometrical isomer of the 
starting material. 

This process can be viewed as fusion of the stretch- 
ing vibrational modes of the two isomers. It is 
equivalent to the diaste~~merizations observed in 
the cyclopropaae case. y In the work described in this 
paper, geometrical isomer&&ion is observed only in 
the case of CBdiester. Gajewski,lb however, found 
trans-cis isomerization to be about half as fast as 
sigmatropic rearrangement in Iran.+2,3dimethyl- 
methylenecyclopropane. 

Enantiomerization, the other important process in 
cyclopropanes, is not observed in the rearrangement 
of either TRAIWdiester or TRAN!Minitrile. It is 
possible that enantiomerization occurs in Gajewski’s 
system, however. Enantiomerization would result 
from 180” rotations of both ends of the stretched 
bond and would correspond to fusion of the stretch- 
ing modes of the two enantiomers. 

To effect sigmatropic rearrangement within the 
framework of the hypothesis of the diradical as 
transition state, the stretching mode of the C& 
bond must be transformed into the stretching mode 
of a new C-C bond in the rearranged molecule. On 
the basis of the dimensions of the molecule, this 
transformation is quite reasonabk. In unsubstituted 
methylenecyclopropane, the length of the G-C, bond 
is 1.54 A,2J and the distance separating each carbon 
atom of that bond from the exocarboa atom is 2.7 A 
(estimated using the molecular dimensions).B If the 
bond is stretched to 2.4 A, the distance of each 
carbon atom of the bond from the exe-carbon atom 
also becomes about 2.4 A.x Thus, a twist of the 
exo -carbon atom and further decrease of the distance 
separating it from one of the ring carbon atoms can 
lead to bonding, and only a 90” rotation of the other 
carbon atom of the original bond is necessary to form 
rearranged material. The geometry of methy- 
knecyclopropane is such that, at the extensional 
extreme of the stretching vibration, collapse to form 
rearranged material seems nearly as likely as collapse 
to regenerate starting material. 

It is interesting to note that, formally, the mi- 
gration with inversion can be viewed as a Irans-cis 
isomerization interrupted by “capture” of the non- 
twisting end of the stretching bond by the exe-carbon 
atom. Similarly, the migration with retention can be 
seen as an interrupted enantiomerization. 

The remarkable increase in the proportion of rear- 
rangement occuning with retention caused by trans- 
forming TRANSdiester to TRANSdiuitrile can be 
explained by the diradical transition state hypothesis. 
Included in the hypothesiP is the concept that 
substituent groups differ in their ability to undergo 
the rotations necessary to form product. If size is 
assumed to be the important factor in determining 
this “rotational propensity”,” then the small cyan0 
group would have a greater rotational propensity 
than the large ester group. Thus, the increased rota- 
tional propensity of the cyan0 group over that of the 
ester group is manifested as an increase in the propor- 
tion of product resulting from “capture” of a 
stretched bond with both ends rotated (migration 
with retention) and a decrease in that resulting from 
“capture” of a stretched bond with only one end 
rotated (migration with inversion). 

The stereochemistry at the ally1 group can also be 
analyzed in terms of the hypothesis of the diradical 
as transition state. Starting with SYN (see Scheme 4). 
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rotation a must proceed in the direction shown in 
order to form ANTI, but either rotation b or b’ can 
occur. The former causes antarafacial migration, 
leading to ANTI of con6guration opposite to that of 
starting material, and the latter causes suprafacial 
migration, leading to ANTI of the same configuration 
as starting material. 

Examination of the transition states of the an- 
tarafacial and suprafacial processes with molecular 
models show-s that they are diastereomeric. At the 
transition state of the antarafacial migration (ab in 
Scheme 4), the hydrogen atom on the substituted ring 
carbon atom and the substituent on the exe-carbon 
atom are above and below the plane of the carbon 
atoms. At the transition state of the suprafacial 

migration (ab’), however, both are above the plane; 
and the distance separating them is not great. It is 
reasonable to expect that the greater steric interaction 
in ab’ would be sulIlcient to make the antarafacial 
transition state slightly favored, consistent with the 
observed preference for antarafackl migration. The 
reduced preference for antarafacial migration in the 
dinitrile case is then seen to be the result of the 
expe43ed reduction in this steric interaction in ab 
when the much smaller nitrile group is substituted for 
the ester group. 

In addition to rationalking the stereochemistry of 
the rearrangement, the diradical transition state hy- 
pothesis provides an alternative, and perhaps more 
satisfactory, explanation for the kinetic preferences 
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that are observed in mokcuks with two non- 
identically substituted ring carbon atoms. Tbe origi- 
nal explanation” stemmed from the observation that 
in each case the kinetically preferred products were 
those that resulted from migration of the carbon 
bearing radicaI-stabilixing groups. It was assumed 
that the effect of the radical-stabilizing group was 
greater on the migrating carbon than on the other 
ring carbon. 

Alternatively, it may be noted that in every case 
cit& the radical-stabilixing substituents are also 
much larger than the other substituents. In terms of 
the diradical transition state hypothesis, the carbon 
bearing the larger substituent would have a lower 
rotational propensity. This difference in rotational 
propensity would favor the rearranged methy- 
knecyclopropanes resulting from migration without 
rotation of the carbon atom bearing the larger sub- 
stituents. 

Examination of the results of Doering and 
Birladeanu” yields evidence to support this expla- 
nation. In their system one ring carbon bears a cyan0 
group while the other has the moderately large 
methyl substituent. Since the cyan0 substituent is a 
powerful radical-stabilizing group and the methyl is 
a poor one, the original explanation would predict 
that the products resulting from migration of the 
cyano-bearing carbon would be highly favored kinet- 
ically over that resulting from migration of the 
methyl-hearing carbon. Since the methyl group is 
larger than the cyano group, the new explanation 
would predict the opposite result. The actual results 
are in accord with the new explanation based on the 
diradical transition state hypothesis, taking the prod- 
uct ratios at the lowest conversion reported” and 
correcting for the composition of the starting 
material. 

The diradical transition state hypothesis offers an 
attractive rationalixation for the mcthykne- 
cyclopropane rearrangement. The attractiveness of 
the hypothesis lies in its ability to account for all of 
the stereochemical results in a unitkd manner. Con- 
tinuous bonding is assumed to be absent; and there- 
fore the cis-truns isomerixation, in which continuous 
bonding is impossible, poses no problem. Without 
continuous bonding, the preference for the 
Woodward-Hoffmann allowed stereochemistry 
would disappear; and the sterecchemistry might be 
expected to be sensitive to effects usualIy of secondary 
importance, such as steric interactions. Thus, the 
experimental observations of competitive, 
substituentdependent &-trmrs isomerixation, sig- 
matropic migration with retention and inversion, and 
sigmatropic antarafacial and suprafacial migration 
are economically rationalized by the diradical transi- 
tion state hypothesis. 

The success of this hypothesis suggests that, as in 
the parent cyclopropane case, diradicek are not 
involved in bond-breaking and bond-forming pro- 
ceases as intermediates in the methyknecyckpropane 
rearrangement. If the methyknecyclopropane/tri- 
methyknemethane singkt energy surface does con- 
tain secondary energy minima corresponding to non- 
KekulP structures, they are shallow enough to be 
indistinguishabk from transition states. It is probable 
that such structures intervene as intermediates on the 
singkt surface only under special circumstances, such 

as pertain in Berson’s systems’ in which the methy- 
lenecyclopropanes are highly strained and planarity 
of an ally1 moiety is enforccd by an additional ring. 
These added factors may deepen the minima 
sufficiently that, at low temperatures, non-Kekuk 
structures are detectable whereas in the kss con- 
trained parent energy surface, such structures do not 
intervene as intermediates. 

General. M.ps from a Her&berg apparatus were un- 
corrected except as noted. Roiling points were uncorrected. 
Infrared spectra (IR) were recorded on a Perkin-Ehner 137 
spectrometer. Nuckar magnetic resonance spectra (NMR) 
were recorded on Varian T-60 and A-60 instruments. 
Optical rotations (or) were measmed on a Rrhin-Elmer 
141 pokrimeter in a ldm quartz cell tkumostated at co 
25”. Coocentrations for specifk rotations were g/lOOml of 
soln. In most cases, duplicate ~tsditTeredbyksa 
than 2%. In the few cases when the polarimeter reading was 
small enough ( < Somdeg). the or was recorded with 
expected error from this source, e.g. lOk2”. For liquid 
chromatography (k). the Waters Associates ALC-201 in- 
strument with M-6000 pump was used. Reagent CHCI, 
containing EtOH and cyclohexar~ were mdktihed prior to 
use in preparative k. Varian Aerograph A700 and A9OP3 
insuuments were used for preparative vapor phase chro- 
matography (vpc). Analytical vpc was done using the 
Perhin-Ehmr 990 with flame ionization detector. The vpc 
columns are listed in Tabk 4. .Sampka to be heated for 
thermal rearrangement were diaso&d at lOwto/, in ben- 
zene, except as noted, and seakd under vacuum in Pyrex 
tubes of either of two sizes: 6 mm o.d. X 15 cm or 1 I mm 
o.d. x 2Ocm. Prior to use. the tubes wwre soahed in concd 
NH,OH at kast overnight, rinsed I5 times with dkt water, 
dricdinanovcnandthenagainwithatlame.Foreach 
experiment, one tube was kept aside as a control whik the 
others were suspended in a well-insulated vapor bath. A 
liquid, chosen for its b.p.. was retluxd in the bath, whik 
the uninsulated top loan of the bath was cookd on all 
sides with a rapid stream of air. 

Dtmethyl ( + )-tram-me thyienecycloppane-2, 3-dt- 
curboxylote. The litcrahue preparationS of Feist’s acid 
(TRANSdiacid) was used, and the reaolutionl* using the 
quinine salt was repeated. On hydrolysis with HsSO, and 
ether extraction, the salt gave ( + )-TRANSdiacid: 3.50 g 
(93% yield based on weight of salt); m.p. 203-204.5” (corr); 
[ah,+ 151.7”, [a]us+179.9“ (c 0.80, RtOH) @it.u m.p. 
203-205”; [a]= + 176” (c 0.7, EtOH)]. The or was raked 
digbtly by three &xxydhtio~ from EtOAc: 
[alo + 155.3”. [a]* + 184.0 (c 0.50, EtOH). DiaxomahaDc 
was used to estetify 20.5 g (0.14 mol) 2;; g ;+& 
TRANSdiacid to obtain ( + )-TpANsdr*rter 
yield); b.p. 69-70” (0.5 mm); [ab + 125.5”, [a];* +‘148.4” (G 
0.97, ccl,) @it.” b.p. 6667” (022mm); [a]%+ 145” (c 0.7. 
CCLU. 

M-~thylmccycroppoprmC-2,~~~y~~ anhy&&.“Ja 
l-k litmatule pl-ocedurc~ was follow starting from 
TRANSdiacid (10.0 & 0.07mol). Caution was rapthud to 
prevent the ignition of the tarry maidue at&r dktilhstion. 
Colorkas CTSanhydride was obmiued 5.1 g (56% yield); 
b.p. 7545” (0.08 mm) @it” b.p. 95-98” (3.5 mm)]. 

cis-hfethyienecyclquqrnme-2,Wboxylic odd. To 
5Oml of &cold 6N HCI WIW addal 2g (0.016mol) of 
CIsanhydride.Tbemixturewaastirredatroomtanp 
ovcmight. Ether work-up gave a crystnllinc rcsiduc 0.55 g 
(31%yidd).nismata+alwa8lecqdkdfourtimeafrom 
cthcradlwhfromCHC13toyieM60mgofpweQS 
discid: m.p. 119.5-119.9” (corr) (lits’ m.p. 129.5-l2l.~~). 

Dtmerhyl ciwnethylmecyclojJropme-~3-diclar&oxy- 
hate. Anke-colde&erealaohttiostofthaputi5edsampkof 
cIsdiadd(6omg)wpsgterifiadwithw1~ofAIc1,~ 
diazomethane. Ether work-up gave a quantitative yield of 
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Tabk 4. Vapor phase chromatography columns 

Column Liquid Phaee SUPpofi Dirneione 

A 158 Nitrile Silicon0 m-60, 0.56 DEGS 50160 Anakrom US 2.511 0.125 x in 

B 206 DEGS 50/60 Anakrom M 1.5 x 0.25 

C 188 DKGS SO/60 Anakroa AB 1.7 x 0.375 

D 201 Dow-Corning 710 60/80 kieselguhr 3 x 0.25 

1 18.51 DWS SO/SO Amkra AS 0.65 x 0.25 

G 156 OV-101, 0.26 DES 50/60 Anakrom ABS 4 x 0.125 

il 156 Witrile Silicone X8-60, 0.26 DtGS 50/60 Anakra MS 2.5 x 0.25 

I Sam. ae E 2 x 0.25 

J 10% DIGS 50/60 Anakrom ASS 3 x 0.25 

I( Same ae E 1.7 x 0.25 

ov-101 Perkin-Elmer capillary column 300 it x 0.01 in 

OV-225 Perkin-Slwr capillary column 50 ft x 0.02 Ln 

the colorless liquid clsdiester which wan not puriflal 
further ( > 99% pure by vpc). 

Methyl (z)- and (E)-carbomethoxycyclopropyii- 
deneacerafes. The procedure for preparative rearrangement 
of TRANSdir given by Doering and Roth” was fol- 
lowed. The starting material and producta A and B were 
separated by pnp vpc (column C, 125”, lu,ml/minHe). 
According to retention times on a column similar to that of 
Doering and Roth (column D, 135”. 86ml/min He), and 
comparison of NMR and IR, A and B are the isomers 
asignal by them the structures SYN- and ANl’Idieste~~, 
nspectively. These structural assignments mre confirmed 
by measurement of the dissociation constants of the cork 
sponding diacidszc 

(zt2-C~&xy~clopropyf~~et& acti. SYNdiuter 
(2.0 g, 11.8 mmol) was added dropwise to 100 ml of ice-cold 
So/, aq KOH (89 meq) with stirring. Aher the addition, the 
ice bath was moved. The mixture quickly turned pale 
yellow-green. After nearly an hour, the ester had all dis- 
solved. The mixture was again chilled in ice before 5.1 g 
coned H$O. (104 meq, diluted with 25 ml H,O and chilled) 
was added. Ether w&k-up gave SYNdia&i: I.38 (780/, 
vieldk m.o. 161-164“ Id): NMR (&-acetoneI d 2.0 (m. ZH). 
i.6 (;d, II+. 6.25 (m, itij, 8.1 (s, iI+; v_(KBr) 33&2ti; 
1760, 1680, 1420, 1320. 1290. 1240. 1215. 1070, 1010,930. 
863. 836cm-‘. A sample wan recrystallii twice from 
EtOAc: m.p. 164.2-164.5” (corr). 

(E)-2-Cf&oxycyclopropyii&acetic acid The same pro- 
cedure aonlied to ANTIdiater (2.2 it. 12.9 mmotl vielded 
ANTI-d&d: 1.7 g (92% yield); m.p.-~139-142” (d);NMR 
(&aatone) 6 2.l<ti, %ij, 2.$(m, iH). 6.25 (m,‘iiI), 10.5 
(.s. 2H): v,.(KBr~3300-2500.1760. 1680. 1410.1330. 1297. ..-.. 
ii80.1252.1220; 1095,1035,1020;990,972,9i5, ticm-‘: 
A sample was recrystallized twia from EtOAc-pet ether: 
m.o. 142.%144.5” (d) (corr). 

( + > a?d ( 1 >i~2-corboxycvcropropyrLlncanrlc 
acid. SYNdiacid (1.91 P. 13.5 mm011 in 7Oml of aba EtOH 
was treated with a soE of 4.36 g ‘quinine (J. T. Baker, 
13.5mmol) in 2Oml of EtOH. The soln wan concentrated 
under vacuum in a 35” water bath to about 75ml during 
which time crystallization began, yielding the next day crop 
A, (2.16 g). Concentration to cu 40 ml gave crop A, (1.56 g). 

To crop A, (2.15 meq) in 10 ml icccold water was added 
0.49 g coned H#O, (10 meq) in 15 ml of water. Ether 
work-up resulted in colorless crystals, crop ( + )-B: 630 mg 
(96% y&Id based on A,); m.p. I%-157” (di [hG+ 137.1” (c 
0.27. acetone). This was recrystallizd from EtOAc to nive 
crop (+ )-C: &O mg; [al, + is4.50 (c 0.21. acetone). Cool- 
ing the concd soln of ( + )-C very slowly gave a hetero- 
geneous crop of crystals, consisting of a small amount of 
white powdery material mixed in with laiger transparmt 

crystals. These wzre sorted by hand to give the former, crop 
( + tD,: co 25 mg; [ajo + 83.3” (c 0.20, acetone); and the 
latter, crop 4: 250 mg; [a],, + 168.2’ (c 0.23, acetone). Crop 
Dz was crystallimd four more times to give crops 
( +)-E-( + )H: (+ )E (134 mg) [a]D + 187.4” (c 0.21, ace- 
tone); (+)-H (44mg) mp M-162” (d) [ah,+ 186.3” 
[a]% + 225.2” (c 0.27. acetone). 

Hydrolysis of crop A2 and repeated crystallizations as 
described for crop A, gave crop ( - tH: IO mg [ab - 187.3” 
[a]~ - 226.2’ (c 0.21, acetone). A repeat of the resolution 
gave, atIer seven recrystallizations, material of the same or: 
[a],, + 187.1”, [a]%+ 225.5” (c 0.18. acetone). 

Methyl ( - ~z)-2-ccrrbamc~~xy~ciop~opy~~~t - 
ute. To ( - )-SYNdiacid (390 mg, 2.75 mmol, [a]o - 144.3”. 
[ah - 174.1” (c 0.28. acetone)] in 4Oml of ether at O”, was 
added with stirring AICI, (1 mg) and ethereal diaxomethane 
(50% exccssb One min after the addition. 15 ml of 3N HCl 
ioli~“was added. Then the ether phase waswashed with 20 ml 
of 3N N&O,, dried and evaporated. The ester residue was 
purified by prep vpc (column E. 125”, 60 ml/min He). Yield 
was 310mg (66%) of (-)-!WNdiester: [alo - 177.8“. 
[a]%- 214.0” (c 0.79, CCI,). The or was unchanged on 
re-passing through column E. Optically active sampla of 
SYNdiester were indistinguishable in vpc and IR from 
racunic SYN-diuter. 

Optically pure ( + )-SYNdiacid [21 ma 0.15 mmol, 
[a],,+ 186.3”, [ah + 225.3” (c 0.27. acetone)] was also 
sterified, omitting AICI,. Yield wan 7mg (21%) of 
( + )-SYNdiester: [alo + 240.9,238.2”, [aly6 + 290.1.287.8” 
(c 0.61, 0.73, Ccl,). 

Methyl ( - ~E)_2-carbome~~xycyclopropyi~ ace- 
rule. ANTIdiacid (810 mg, 5.70 m&l) in 1 rhi of warm abs 
EtOH was added to 944 mn (5.71 mmol) of eohedrine (from 
ephedrine sulfate, Fisher)-& 0.5 ml EiOH.-The sok was 
diluted to twice its volume with EtOAc. giving, at& chilling 
overnight, crop A: 758mg; m.u. 130.4-132.5” (d). Re 
crystal&ion bf crop A from & EtOH gave crop h with 
some apparent decomposition: 39Omg, m.p. 135.5-137.5 
(d). Repeating gave crops C: 163 mg, m.p. 139.5-141.5”; and 
D: 50 rn& m.p. 142.5-144.5” (d). The resolution was stopped 
becau!Je of losses. 

Crop D in 0.5 ml water, with 0.3 ml of 2N HCI, ether 
work-up, and ester&&ion with diaxomethane using AK& 
gave the diiter which was putied by prep vpc (column E, 
125”, 60 ml/min He). Yield was 5 mg (18% based on weight 
of D) of ( -)AN’lldiiter: [aID - 63.7. [alyb - 75.3” (c 
0.24, CC&). 

(Z)-2-Carbomethoxycyclopropyli&neacetic odd (SYN- 
haljester). SYNdiacid (I .O2 & 7.20 mmol) wBs dissolved in 
200 ml of ether. The stirred, -Id soln was treated slowly 
with 45ml of standard&da etherad diaxomethane 
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above, of (+)sYNdkster (pure by vpc, [ah,+ 169.1. 
167.8”. [a]%+ 204.3.282.8” (c 0.72,0.72 CCI,)) gave or for 
A: [elk + 21.7, 20.1”. [u]~ + 25.9,26.0” (c 038,036. Ccl,); 
and for B: [a&, + 65.1,65.9“, [a]w + 78.0.78.3” (c 0.57.0.40, 
CCQAandBwere >W~purebyvpc,andtbeirIRwere 
identical to those obtained above. 

( + )-a-hfethylgiufaric acid. The resolution of Retner and 
Leonardsen” was followed closelv: m.n. 82.2-83.2” (corr): 
[a], + 21.2”. [aL + 25.1” (c 1.03, abs gOH) [lit.” m.& 81”: 
[a]‘,+ 21.7” (c 5.27, abs EtOH); lit.‘% m.p. 78.583”; 
[ah - 17” (in EtOH) and m.p. 82-84” [a]0 - 21” (in EtOH); 
lit.‘“m.p. 78.5-81”; [a]n + 18” (in EtOH)and m.p. 78.5-81”; 
[a]n - 20” (in EtOH)]. 

Ditnethyl ( + )a-methylglutarate. Optically pure ( + )- 
a-methylglutark acid was Wed with diazomethane and 
purified by prep vpc (column H, 135”. 65 ml/mm He, two 
passes): [a]n+ 31.8”. [a]%+ 37.9” (c 0.36, CC&) (lit.” 
[a]n + 24.5” (neat)]. 

( + ) - tram - Methyknecyclopropne - 53 - &&ox- 

= 125.:0,+~~~~(~0,97,‘~~)] -B:s:: 
25ml of coned NH,OH, whereupon the white diamide 
began precipitating out. A&r 2 hr. the mixture was chilled 
in ice for 3Omin. and the product was tiltered off. After 
thorough drying, the solid TBANSdiamide weighed 3.1 g. 
Evaporation of the filtrate gave 0.92 g (total yield 95%). A 
sample was mcrysudlized tluee times from M&H-water 
and redriedz m.p. 251-251.5” (d) (corr); v_(ICBr) 3370, 
3190, 1625, 1390, 1221, 1125. 1099, 949, 902, 770~~‘; 
[ak + 200.6” [a]= + 241.3” (c 0.23, I : 1 aq EtOH). (Anal: 
Found:C,51.5;H,5.9;N,2O.1.CalcforC.&N,O,:C,51.4; 
H, 5.8; N, 2O.VA.) 

trans-2.3-Dicyanomerhylenecyclopropaw. An adaptation 
of the procedure of SacbdeP was used. The thoroughly 
dried TRANSdiamide (3.11 g, 22.1 mmol) dispersed in 
9Oml dry benzene under N, was chilled to 5-10” before 
3.48 ml SOCI, (3.56 g, 47.3 mmol) was added with a syringe 
through a septum cap. Dry DMF (3.9Oml. 3.68 g, 
50.2 mmol) was then syringed in dropwise. The temperature 
was 510” during addition and for 2br following. The 
reaction mixture turned red, as nearly all the solid dissolved. 
The reaction was quenched with 20 ml of water, and the aq 
phase was extracted with CHsClr. The extract was combined 
with the benxene layer, dried (MgSD,), and evaporated, 
leaving a red solid which was sublimed (45”, 0.1 mm) and 
recrystahimd from CC& to give TBAN!&Gtrile (white 
needles): 1.09g (49% yield), m.p. 61-64”. A sampk was 
recrystallized four times from a small amount of CHrClr by 
diluting to 2-3 times its vohrme with CCf,: m.p. 64.1-64.8” 
(corr); v_(CH,ClJ 3020,2255,1860,1135.1104,1039,960, 
928, 865, 817 cm-‘; NMR (CDQ d 2.35 (1, W), 6.01 (t, 
2H). (Anal: Found C, 68.9; H, 4.0; N, 26.3. Cak for 
&H4Nr: C, 69.2, H, 3.9; N, 26.95.) 

( + ) - tram - 2,3 - Dicyanomethylenecydopropane. The 
above prccedum was used except for a mod&d work-up. 
After being dried, the extract and benzene solns were 
combined -and passed through a column (1.8 cm 
o.d. x 50 cm) of Rorisil (Fisher. 1 O&200 mesh. 12 R) with 
benzene as the eluent. The dir&k was eluted &th-& ml 
of benxene, leaving the red component at the top. A total 
of 11.85 g of ( + )-TRANSdiamide in I-g portions was 
reactedandpuritkdinthismanner.Thesolnswerecom- 
bined and evaporated at room temp under vacuum. The 
slightly colored residue was recrystalliud twice from 
CH,Cl,-CCl, without heating to yield crop 1: 2.82 g. Mate- 
rial from tire mother liquors was cbromatographed and 
recrystallixed to raise the yield to 3.67 g (45%); m.p. 67-68” 
(corr); [ah+ 152.0, 153.1”. [a]%+ 182.2, 184.1” (c 0.98, 
1.83, CHCls). Later it was found that the yield was 620/, if 
DMF and 8OCl, wue added in reverse order. 

Prepartiice reawaugenaml of TlUNS-diniMe. TRANS- 
din&rile (500 mg, 4.81 mmol) in 10 ml benxene was retluxed 
for 45min in a 25ml pear-shaped flash. The three- 

component mixture WRS separated by prep lc (Corasil II, 
0.375 in x 4tI. 2.83.4mllmin of 30-32Y CHCl. in cv- 
cfohexane, ‘&NSdini&ik 23min. p&ducts a34 add 
59 mitt). The two products were isolated by evaporating the 
solvent under vacuum at room temp. The product of shorter 
retention time. assigned the structure (see below) 
(E~2cyanocyclopropylideneacetonitrik (ANTIdinitrile), 
could be recrystaUimd from CH&-CCl,: 78mg; m.p. 
50.5-51.5” (corr); v,(CHrClJ 3070,3010,2250,2230,1750, 
1610, 1410, 1240, 1099, 1075, 1021, 934, 920, 825cm-‘; 
NMR (CDCI,) d 2.20 (m, 3H), 6.16 (m, 1H); m/e 104.0374; 
Cak for CJL4N2, 104.0374. 

The product of longer retention time, assigned the struo 
ture (see below) (Z~2-cyanocyclopropytid&acetonitrile 
(SYNdinitrile). crvsta&ed unon chiliinn but oikd out of 
every solvent s&m tried: &me; m.p.-35.5-37.5” (corr); 
~~.(CHrCl~)3070.3010,2250,2230.1750,1610,1401,1320, 
1210, 1081. 1020,915,810a.n-‘; NMR (CDCI,) 6 2.28 (m, 
3H). 6.05 (m. 1H); m/e 104.0375; Calc for C&f,Ns, 
104.0374. 

Lunthanide shifted NMR spectra of SYN- and ANTI- 
cfririldes. SYN- and ANTXdinitriks (IO-15mg of each) 
were dissolved in CDCl, to which a small amount of TMS 
and CHCl, had been added. Eight NMR spectra were 
recorded for each soln-one prior to and seven aRer the 
addition of 6-8mg portions of Eu(fod), (Willow Brook 
Lab.). The distance from TMS for each distinmrisbabk 
proton was measured in an on each of the 16 spe&a. using 
a distinctive feature of each multi&t. The CHCl,-TMS 
distance was also measumd on Cach’specUum. The ‘&ive 
rates of shift for the various protons (Tabk 5) were deter- 
mined by a method devised by Doering and Dixon” and 
used to assign the structures of SYN- and ANTI-dmitriks. 

cis-2,EDicyanomethylenecyclopropane. Attempted mea- 
surement of the optical rotation of ( + ~TRANSdinitrile in 
MeOH revealed a rapid racemimtion reaction, later shown 
to be a result of epimerimtion to CfSdinitrik.L This 
reaction was used -to prepare CISdinitrik. Racemk 
TRANSdinitrile (300 mg, 2.88 mmol) dissolved in cc 10 
ml MeOH was left at rcom temp for 3 hr. then froxen 
overnight. The somewhat yellowed soht was tben evaporated 
and the residue was diilvaJ in CHG. The two comnonents 
were easily separated by prep Ic (Co&l II. 0.375 in- X 4 ft. 
32% CHCI, in cyclohexane. 3.5 ml/min). The component of 
longer retention time was isolated by evaporating the solvent 
at room temp. The crystalline residue was recrystaflimd 
without heating from CHrCl+XL: 162 mg; m.p. 64-65” 
(con); NMR (CDCls) 6 2.71 (t, 2H), 6.08 (t.2H); r,(CHxClx) 
3040, 3010, 2235, 1420. 1255. 1099, 979, 918. 872, 839 
cm-‘. (Anal: Found: C, 68.8: H. 4.1; N, 26.7. Cak for 
C+.H4N>: C. 69.2, H. 3.9: N, 26.%.) 

Rearrangement of (+)-TRANS-dinifrile. 8olns of 
(+)TRANS-dinitrile aa]o+ 152.0, 153.1”. [a]%+ 182.2, 
184.1” (c 0.98, 1.82. CHCI,)) were se&d in large tubes with 
one freex&haw degassing. The tubes were then heated at 
56.3-56.7” (refluxing MeOAc). The sobrs were then conan- 
trated with a stream of N, and a small amount of CHCls 
was added to keep the solids in soln. The mixtures were 
separated by prep k (same conditions as above). The 
fractions containing SYN- and ANTIdimtriks were evapo- 
ratui at room temp under vacuum, and the white crystals 
were redissolved in a small amount of CHCI, and re-passed 
through the k. SYN- and ANTIdinitriles were nearly pure 
after one pass. All three fractions, TUNSdinitrik and 
rqxLW!d SYN- and ANlUinitrik% were then evaporated, 
andthercsidutswerrdribdinavaLyumdessicatorfor2hr. 
Recovery by wt was 50-7596; low probably because of the 
fake negative peak overlapping with TRANSdinitrile (see 
below). 

fnitially, tbe dried sampks were vacuum transferred prior 
to or mtasuremcnts. This was very slow, eape&lly for SYN- 
and ANTIdinitriks, and maeased the or of TRANS and 
SYNdinitriks by only 34%. ANlWinitrik, moreover, 
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33.3” (c 0.33, 0.62, CC&)] as obtainal from 
( + ~TRANSdinitrile was treated by the above procedure. 
A more complex mixture was obtained, with several un- 
known minor products, but the component corresponding 
in retention time to methyl cis-2-carbometb 
oxycyclopropylacetate was the largest. This material was 
+assed, as above, to give pure material: [a]D + 5.5 f 0.4”. 
4.6 f l.O”, [a]% + 6.1 f 0.2”, 6.2 f 1” (c 0.49, 0.19, Ccl,). 
Purity by vpc was 99.7”/,, and the IR again was identical to 
that of authentic material. 

Hydrolysis of methyl cis-2-carbomethoxycyclopropyl- 
acetate in 12N H$IG,. As a control for the above cor- 
relations of optical purity, a pure sample [[alw + 52.7” 
(c 0.45, CCW] of methyl cir-2-carbomethoxycyclo- 
propylacetate w& subjected to hydrolysis, estetificatibn and 
recovery as above: lal- + 51.5 f 4.4” (c 0.04. CCl3. 

Ih&tgeWftt Of ~-did&. sOinS Of it~~$m 
ANTIdinitrile and phtbalonitrile were sealed in small tubes 
under vacuum alter being deeasJed twice. One tube was 
heated at 79.9 f 0.1” (retluxing benxene) for 48 hr. Analysis 
by lc (Corasil 11.0.125 in X 2 R 2% EtOH in cyclohcxane. 
I.0 ml/min) showed the tube to contain ca 24% SYN- 
dinitrile and 76% ANTIdinitrik. No CIS or TRANS 
dinitrile could be detected. Recovery was 1m. 

(-)-ANTIdinitrile (60 mg, [a]~ - 10.7’ (c 1.02. CHClr)) 
was heated as above for 60 hr. The contents were separated 
by prep lc (Co&l II. 0.375 in x 4 ft, 32% CHCl, in cy- 
clohexane. 3.4ml/min). The collected SYNdinitrile was 
re-passed, then dried under vacuum: [ah - 1.1 f 0.2, 
l.O*O.z” (c 1.50, 1.43, CHCl,). Recovered ANTIdinitrilc 
was dried under vacuum: [a]%- 6.2, 6.1” (c 1.08, 1.32, 
CHCl,). These samples were pure by lc (Corasil II, 
0.125 in x 2 ft. 2”/. EtOH in cyclohcxanc, 1 .O ml/mitt). 

A larger sample of (- )-ANTldinitrile (23Omg, 
(a]%- 16.1, 16.3” (c 1.33, 1.06. CHCl,), recrystallixed from 
CH+Zl,-CCl,) was heated for 24 hr at 79.3-79.8”. Prep k 
(two passes) gave 26 mg SYNdinitrilc: [a]% - 1.4 f 0.1”. 
1.4 f 0.1” (c 2.08, 2.02, CHCl,); and co 150 mg recovered 
ANTIdinitrile: [a]% - 11.2, 10.6” (c 2.36, 1.87, CHCl,). 
Both isomers were pure by lc. 
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