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Abstract— Arrhenius parameters for the thermal first-order geometrical isomerization of 1.2 - dicyanocyclopropanest])
have been determined in naphthalence solution over the range 208.0-259 5 in both directions

log(k,, +k..)- (1491 -006) (469%-0.13)/6.

logk,, (1424+00%) (4640 0.11)i8;

logk, = (14802 0.06) (472020 13)4,

where 8= 458751 =10 *and & is in sec ',

Since this enthalpy of activation is lower than that of the geometrical isomerization of 1.2 - dideuterocyclopropane by
17.8 + 8.4 keal, it may be concluded that replacement of hydrogen by the cyano group leads to an energy lowering of
8.9 kcal/mol.

Kinetic parameters have been determined in the gas-phase at two temperatures, 217.8° and 259.5°:
logk,, =13.73- 4564/8; logk, .- 11.86 - 44.43/4.

The rates of cis-trans interconversion of 1,2 - dicyano - | - methyl - cyclopropane(ll) relative to those of | have
been obtained by examination of mixtures of both substances in t-butylbenzene solution at 2595 1. 2.dicyano,
k.- 128and k.. - 3.53; 1.2 - dicyano - | - methyl. k., —~8.09and k., - 22.35x 10 *sec . The rate acceleration by
methyl amounts to a factor of 6.4, corresponding to 33G* - 1.9 kealimol. A preliminary cxamination of optically

active material leads to a minimum R,

In several recent studies of thermal reorganizations,” “ the
cyano group has been employed advantageously owing to
its small steric size. its accelerating effect on rates of
rearrangement and its linearity, which represses the
intolerable cyclic interaction possible with an ester group’
and offers noteworthy advantages in the application of the
LIS method.’

The present work attempts to arrive at a reliable
estimate of the stabilizing effect worked on a free carbon
radical by an overlapping cyano group. As will appear in
the sequel, estimates of this effect have already appeared
in the literature and cover a range from S5 to
11.6 kcal/mol.

Kinetics offers a general approach to the estimation of
the effect of any structural perturbation on the stability of
an adjacent radical. The difference in activation energy
between that of an unperturbed model and that of the
perturbed molecule is taken as the quantitalive measure
of the effect of the structural perturbation.

In this approach, three major requirements need to be
fulfilled. First, the model rcaction must in fact involve
gencration of a radical. Sccond, the reverse of the process
leading to the generation of the radical shall have a known
activation encrgy. {In the absence of an experimental
determination of this elusive quantity, the activation
energy is customarily assumed to be zero.) Third, the
Dewar and Schmeising terms® which describe the relative
strength of o bonds in both the transition state and the
starting molecule should be negligible.”

M

1.37 favoring rotation of tCNKH) over (CNXCH,).

In the present work, the cis-trans isomerization or
diastereomerization of cyclopropanes is the basic reaction
on which the effect of a perturbation by the cyano group is
clucidated. Whether the three requirements are fulfilled is
an important question. Instead of a theoretical discussion
of each, we prefer to see empirically how well this basic
reaction has served in two instances as a vehicle for the
determination of radical-stabilizing effects. We hope
thereby to instil some confidence in cyclopropane
isomerization as a basc for the estimation of stabilization
by the cyano group.

Stabilization of an adjacent radical by the phenyl group
is defined as a combination of an intrinsic benzylic
delocalization energy (BDE) and the resultant of four
Dewar-Schmeising correction terms.* Comparison among
these correction terms can be evaluated reliably.

One approach has involved a comparison of the
geometrical isomerization of cis-stilbene with that of
ethylenc itself.

From a kinetic study of the reaction of cis- to
trans-stilbene in the gas-phase over the temperature
range, 280-342°, Kistiakowsky and Smith® obtained a
value of 42.8 kcal/mol (log A - 12.77) for the activation
encrgy. Binary m.p. curves were used to determine the
composition of the mixtures of trans- and cis-stilbene.
The equilibrium mixture, determined starting from pure
trans- and pure cis-stilbene, contained 6-8% and 17-18%
of the trans-isomer, respectively. The discrepancy in the
two values was attributed 1o the formation of a liquid
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by-product when starting with cis-stilbene. In the analysis
of the kinetic data, an arbitrary correction was made for
the liquid by-product and the value of 84% of trans-
stilbene at equilibrium was taken.

From a kinetic study in the liquid-phase over the
temperature range 214-223°, Taylor and Murray reported
a value of 36.7 kcal/mol (log A = 10.43).° The equilibrium
composition was determined in the liquid state at 200° to
be 96% trans and 4% cis-stilbene, starting from either
isomer. The reliability of the activation parameters,
however, was reduced by the narrow range of tem-
perature over which rate constants were determined.

From a similar study using differential thermal analysis
methods, Santor, Banett and Hoyer' obtained a value of
46 = 2 kcal/mol. Although we have used the value of
Kistiakowsky and Smith in the sequel, either one of the
other values could be used or an average of the three.

The scheme by which BDE may be adduced from a
comparison with the geometrical isomerization of
cthylene is quite analogous to that put forward by Doering
and Beasley for the evaluation of allylic delocalization
energy and serves to focus explicit attention on the
nature of the Dewar-Schmeising corrections.

[ ) [
(1) CH=CH;- CH;-CH, AH” = +63.5 kcal/mol
-
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Cyclopropane diastereomerization has also been used
as the basis reaction. From the rate constants for the
interconversion of cis- and trans - 1.2 - diphenylcyclop-
ropane reported by Crawford and Lynch," the kinetic
expression  can  be derived: log(k, t k) —109-
34.80/RT In 10 and K = 11.8 at 205°. When the estimated
value for AH”, 36.2 kcal/mol, is combined with the value
of 63.7 kcal/mol from the geometrical isomerization of
1.2 - dideuteriocyclopropane,” a value for the
benzylic stabilization can be deduced. BDE =
13.8 kcal/mol + {(C,H/CpCp®), where {(C_H/CpCp®) is a
convenient contraction of the Dewar-Schmeising cor-
reaction terms,

(Ecsp—Ec o) (Enco - Fucpe)-

Similarily, if the enthalpy of activation for the
conversion of liquid cis - 1.2 - diphenylcyclopropane
found by Rodewald and DePuy'' (AH* = 32.6 kcal/mol) is
combined with the reported difference of 1.7 kcal/mol in
AHS of cis- (+443) and trans- (-42.7),' BDE=
14.7 kcal/mol - {(C,H/CpCp®).

Additional estimates can be derived from the cleavage
of other types of covalent bond as the basis reactions.'
Thus, the observed enthalpy of activation for the
dissociation of bibenzyl is reported to be 47.1 kcal/mol,
although it must be noted that the low preexponential
factor (log A = 9.3) has caused serious doubt to be cast on
its validity." This datum combined with the enthalpy of
activation of dissociation of ethane (AH” = 85.1 kcal/mol)
leads to BDE = 19.0 + f(C,H/CC®).

Several determinations of the heat of dissociation of the
benzyl-hydrogen bond in toluene fall close to 85.0+
I kcal/mol."” Comparison of this value with a representa-
tive value for the primary C-H bond in ethane or propane,
97 5 kcal/mol. leads to a value for benzyl resonance,
BDE = 12.5 - {(C,CI/CC®). If methane is used as reference
(104.1 = 0.5 kcal/mol), BDE = 19.1 = f(C,H/CC®).

Bond fission of ethylbenzene at 950°K to benzyl and
methyl radical reveals an enthalpy of activation of
68.4kcal/mol  (logA-~14.6)."  whence BDE-=
16.7 » (C H/CC®).

Similarly. from the bond dissociation energy of benzyl
bromide (50.5 kcal/mal)*® and AH(g) =
17.0= 3.0kcal/mol,™® AH{(g) of the benzyl radical is
41 0kcalimol. Coupled with AH(g) of bibenzyl
(- 324 kcal/mol).”" a value of BDE =178+ f(C.H/CC®)
can be denived.

Finally, from the enthalpies of activation for dissocia-
tion of benzyl mercaptan and methyl mercaptan of 51.8
and 6S.4kcal/mol, respectively, a value of BDE=
13.6 ~ f(C.H/CC®) is obtained.

A reliable value of BDE can hardly be extracted from
these  various  comparisons,  13.54 {(C_H/CC'®);
14.3=0.5 + f(C,H/CpCp®). 172223« {(CLHICC®),
12.5 - {(C,CICC®).

Not only are valid estimations of the Dewar-
Schmeising corrections desirable, but even if the as-
sumption is made that the three different types of radical
(C'® in the 90° twisted ethylene, Cp® in the hypothetical
trimethylene diradical and ('®in the common free radical)
have comparable correction terms and that activation
encrgies for the reverse reactions are zero, the spread in
values is uncomfortably farge.

The second illustration from the literature concerns the
allylic delocalization energy (ADE) or the perturbation by
the vinyl group. The investigation of the cis-trans
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isomerization of trienes leads to a value of ADE=
17.1 = f(C'H/CC'®) which may be compared with values
derived from examination of the cis-trans isomerizations
of cyclopropanes. From the difference between the
enthalpy of activation of the cis-trans isomerization of
1.2 - dideuteriocyclopropane (63.7 kcal/mol),” and two
values for the trans-cis isomerization of trans - 1.2 -
divinylcyclopropane (AH” - 31.2 kcal/mol™ and
33.1kcal/mol’’), a value is found for ADE-
158 0.5~ f(C'H/CpCp®). From the isomerization of
trans - 1.2 - divinyl - 3.3 - dimethylcyclopropane™
(AH" - 31.5kcal/mol). the value, ADE -
16.1 = f(C'HICpCp®). is obtained. A related comparison
depends on the isomerization of cis - | - deuterio - 2 -
vinyl cyclopropane investigated by Willcott and Cargle™
(AH” - 47.1 kcal/mol), whence ADE -
16.6 = f(C"H/CpCp®). The average value from the cyc-
lopropanes, ADE = 16.1 - 0.6 - f(C'H/CpCp®). lies close
to the value from the trienes, ADE =~ 17.1 + f(C'H/CC'®),

Comparisons may also be made on the basis of the
replacement of a methyl group by a vinyl group. The
Dewar-Schmeising terms then become functions of
olefinic (C') and tetrahedral (C) carbon. From trans-
butene  and  hexatricne  the  value, ADE -
13.1 - f(CCICC'®), is obtained while the comparison of
trans - 1 - methyl - 2 - vinylcyclopropane™ " with trans -
1.2 - dimethylcyclopropane™ leads to the values, ADFE -
13.3% or 1057+ {(C°CiCpCp®). Values of ADE - 12.6™
or 10.27" + f(C'C/CC®) based on iodine abstraction of
hydrogen atoms in butene-1 and propylene, respectively.
and a single value of ADE = 13,4+ f(("C/C(®) based on
pyrolysis of allyl methyl sulfone® have been obtained.
Here. again, the three different correction factors do not
seem to differ significantly among themselves [ADE =
BI+HCCICC®): 119214+ f(CC/ICpCp®); 121 =
1.7 - f(C'CICC®)) but do differ significantly from the first
pair [ADE = 17.1 « ((C'H/CC'®); 16.] - f(CHICpCp®)].

From the examination of both vinyl and phenyl
perturbations comes the strong indication that the
difference between correction terms of the f(aC/bd) type
and the f(aH/bd) type are significant and range from 2 to
—-dkcallmol. As a practical consequence, estimates of
empirical lowering of activation energy depend on
whether a hydrogen ~om or an alkyl group in the standard
model 1s being replaced by the perturbing group.

From this detailed analysis of the phenyl and vinyl
perturbations and given the inherent uncertainties in
differences between any pair of experimental activation
cnergies, there is little justification for choosing one basis
reaction over another, at least not until reliable evaluation
of the Dewar-Schmeising correction terms or experi-
mental determination of activation energics of the
reverse reactions indicates to the contrary. Cyclopropane
isomerization seems as reliable as any of the other
reactions as a vehicle for the estimation of perturbations.

The substances used in the present work to evaluate the
stabilizing effect of the ¢cyano group are ¢is- and trans -
1.2 - dicyanocyclopropanes (I) and their I-methyl analogs
(11). Synthesis of the first pair of dinitriles is effected by
dehydration of the diamides, which are prepared from the
corresponding dimethyl esters. Dimethyl cis- and trans -
cyclopropane - 1.2 - dicarboxylate, synthesized according
to the method of McCoy™ by the procedure described
previously.' are converted to the diamides in 80-85¢ yield
by treatment with 3077 aqucous NH.OH. The diamides in
turn are conveniently dehydrated by SOCI, in DMF* with
benzene as a co-solvent, to the dinitriles in 60-65% yicld.

Chromatographically pure samples of both the cis- and
the trans - dinitriles are characterized by analysis of the
lanthanide - induced NMR shifts.*

Dimethyl! trans - 1 - methylcyclopropane - 1.2 - dicar-
boxylate is also prepared by the method of McCoy,"
from a-chloropropionate and methyl acrylate according
to the procedure described previously’ for dimethyl trans
- cyclopropane - 1,2 - dicarboxylate. Condensation in the
presence of NaOCH, in DMSO yields a product mixture
containing 80% of the trans - dimethy! ester along with
10% each of the cis-isomer and an unidentified product.
To obtain the trans-dinitrile, the total product i
hydrolyzed with aqueous KOH to pure trans-diacid,
which is recovered by crystallization from CH.CN, and
transformed to trans-diamide by way of the diacid
chloride. Dehydration of the diamide affords the trans-
dinitrile.

Dimethyl ¢is - 1 - methyl - cyclopropane - 1.2 -
dicarboxylate is prepared according to the procedure of
McCoy" and identified by hydrolysis to a diacid. m.p.
140.8-141.4°. Conversion to the anhydnde. reaction with
methanol to a mixture of half esters, which is transformed
to diester by trreatment with ethercal diazomethane,
affords the cis-diester. Transformation to the dinitrile is
cffected by dehydration of the corresponding diamide.
cis-Dinitrile can be obtained more convenicntly by gic
separation from a 49.3:50.7 mixture of the cis and trans
isomers prepared by equilibration of the trans-isomer by
potassium t-butylate in DMSQ at 25°.
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The kinetics of the thermal diastercomerization of
trans- and cis-1 in 2% solutions in naphthalene are
measured at the boiling point of naphthalene (217.8°),
quinoline (237°), tetralin (208°) and phenyl ether (258.1°).
Analysis of the product is effected on an OV-225 capillary
column programmed from 120 to 155° owing to the large
difference in the retention time of the trans- and the
cis-dinitriles. The kinetic data are given in Table 1.
Specific rate constants are calculated from the usual
expression for reversible first-order reactions and are
listed in Table 2 along with activation parameters obtained
from these constants by the method of least squares.

The equilibrium constant, K = [cis)/[trans] = 0.547. is
determined at 258° from the equilibrium composition
consisting of 64.6:35.4 parts of trans-l1 and cis-I,
respectively. As the rate constants are measured in both
directions, it is not necessary (nor is it convenient due to
the slow reaction al lower temperatures) to determine the
value of the equilibrium constant experimentally at each
temperature. It emerges when the slope of the lines
obtained by plotting - log (AK-B)/(A.K-B,) vs t, starting
with both cis- and trans-dinitriles, are matched by iterative
refinement according to the procedure described pre-
viously.’

Rate constants are also determined in the gas-phase at
two temperatures, 217.8°+0.2° and 259.5°+0.2°, at a
pressure calculated to lic between 100-110 mm. The runs
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Table 1. Kinetic data for geometric isomerization of frans- and cis - 1.2 - dicyanocyclopropane in naphthalene

solution
. . s b

Temp (°C}) Time (i) Cia-1 (%) Trans-1 (%)
208.0 72.0 3.23 5.09
144.0 6.67 10,42
216.0 9.90 15,28
288.0 12,40 19.87
384.0 15.66 24.99
217.9 3.0 4.53 6.83
72.0 8.66 13.26
108.0 12.8% 19,00
144.0 15.79 25.06
183.0 18.42 29.32
237.0 8.0 5.78 9. 04
16.0 10. 74 17,47
24.0 15. 90 25,32
32.¢ 18,60 31.2%
40.0 22.28 36.29
48.0 24.37 40,37
258, 1 2.0 8.36 14.70
4.0 16.07 26. 10
6.0 21,10 35.72
8.0 24.80 42.20
10.0 27.56 47.43

“The percent conversion of trans-1 to ¢i8-1 (ratio of cis-1 to the sum of cis- and
trans-1 times i00) is detcrmined by glpc analysis, and is the mean of two or
more analyses, The reproducibility is better than 0.2% tn most cascs.

b&amng from cis-1.

Table 2. First-order rate constants and activation parameters for geometric isomerization of cis- and trans - 1.2
dicyanocyciopropane

(] 6 ]
3 *C k
Temp (°C) 107 o+ ) 0% . 0%k, ko
sec b ace™ ! sec™ ! ke, t

.

- 3
208.0 0.3810 2 0.0045 0. 147 0. 234 0.626

0.38102 0. (I)(Qb

a
217.9 1.0010 + 0.0198 0. 386 0.614 0.629

1. 0007 ¢ 0.0193b

a
237.0 6.129£ 0. 111 2,314 3.815 0.607

6. 129 £ 0.058°

38.740 £ 0.336" d

14,27 24.47 0.583
38,737 2 0. ‘5'57b

258. 1

log (kg ¢ + kg o) (14.9:£0.06) - (46954 0.13)/g°
log K, L (14.2420.08 - (46,402 0.11/8°
log k, ¢ (4.8040.06) - (47.20£0.13)/8°

*Values of the slope with trans- |, 2-dicyanocyclopropane as the starting material;

errors are ¢ ¢ obtained from the least squares wearment,

h\'ducs of the slope with cis- i, 2-dicyanocyclopropane as the starting material.

3

€9 . 4.575x 10 T (*K).

dbcnt squares linear regression of these data afford the equation, log K = 0,062 +

0.470/6°.
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are effected in sealed Pyrex ampoules with benzonitrile as
an internal standard. Under these conditions, cis- and
trans -dinitriles are the only detectable products. The data
are collected in Tables 3 and 4. The calculated activation
parameters (from the kinetic data at two temperatures
only) do not differ from those obtained in naphthalenc
solution (Table 2) within the limit of error for the
measurement of activation energies. However, there are
significant changes in the equilibrium constants at 217.8°
(0.235 vs 0.583) and the rate constants at 258.1° for
cis-trans interconversion (k.. = 10.13 and k_, =43.12 vs
k. =14.27 and k., = 24.47 x 10 *sec ') between the reac-
tions in the gas-phase and in naphthalene solution,
respectively.

In ampoules of Corning 0120 lead-potash glass, the
dinitriles isomerize much faster with irreproducible rates.
This phenomenon is probably the result of basic surface
catalysis. In the presence of diphenylamine, the reaction
is slightly faster, contraindicative of a radical chain
component.

m

The activation parameters for cis-trans geometrical
isomerization of 1,2 - dicyanocyclopropane, E,=
47.0kcal/mol and log A = 14.91, can be translated in the
usual fashion: AH” = 46.0 kcal/mol and AS” = 6.6 ¢.u. (at
242.76°). The corresponding parameters for 1.2 - di-
deuteriocyclopropane'? are AH” = 63.8 kcal/mol and
AS® =13.0c.u. at 391.38°, whence a value for cyano
delocalization energy can be derived: CN(DE) =
8.9kcal/mol + f(C('\H/CpCp.) [(E(Np - E(h(,.) - (Euc,
- Encpe)). In this Dewar-Schmeising correction term, the
cyano carbon is sp hybridized and noted as C¢x while Cp
refers to the carbon atom of a cyclopropane ring. Although
the value of CN(DE) cannot be estimated, the AAH” term
of about 9kcal/mol can be compared directly with the
AAH" terms for the vinyl (16 kcal/mol) and the phenyl
group (ld kcal/mol) when acting as substituents on a
cyclopropane ring. Because the Dewar-Schmeising terms
vary with the nature of the reaction, application of the
9 kcal/mol lowering by cyano in other reactions should be
made circumspectly.

Table 3. Kinetic data for geometric isomerization of frans- and cis - 1,2 - dicyanocyclopropane in the gas-phase

Temp (°C) Time (min) Cisg-1 (‘So)a Rec. (5° Trans-1 (‘Mb Rec.(%)c

259.5 0.0 0.00 0.00

60.0 2.99 87.5 16.57 83.9

120.0 6,04 92.5 31.55 83.2

225.0 9. 10 89.1 47.23 83.2

360. Od 13.09 86.5 54,81 103.8

4320.0 19.98 1.3 79.97 102.4
217.8 0.0 0.00 0. 00

2297.0 2.9 98.7 16. 35 96.6

4320.0 s. 24 26.64 98.6

6480, 0 7.98 97.0 37.15 9.6

8640.0 44.45 100.0

11000. 0 10. 90 5i.3% 89.1

Starting from trans-1, the percent conversion to ¢18-1 (ratjo of cis-1 to the sum of cis-1

and trans-1 ames 100).

bSurt.mg from cig-1.

cRccnvv:ry based on benzonitrile as standard.

d

The runs from which the experimental equilibrium constant is determined.

Table 4. First-order rate constants and activation parameters for geometric isomerization of frans- and cis - 1.2 -
dicyanocyclopropanc in the gas-phase

. . 6 6
Temp (*C) 10 ¢ < ke o 0%k 10%k K o
sec sec” ! sec™ ! ke,t
$3.269 £ 2.17
259.5 4 0.2¢ 3.269 £ 2,17 10. 13 43.12 0.235
43.247 £ 5.0
217,85 0.2° 480 +0.05 0.26 .22 0.215
1.480 ¢ 0.02
log tk, 4k ) 14.05 - 44.65/8
tog k, 13.73 - 45.064/8
log k . 13.86 - 44.43/¢

c.t
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In order to ascertain the effect of a methyl group on the
activation parameters of the rearrangement, a kinetic
determination is carried out at 259.5° in 1% solutions in
t-butylbenzene of 1:1 mixtures of trans - 1.2 - dicyano -
(trans - 1) and trans - 1 - methyl - 1.2 - dicyanocyclop-
ropanes (trans-1I) and of similar mixtures of the two
cis-dinitriles (adamantyl nitrile as an internal standard). A
direct comparison of the extent of isomerization of the
two dinitriles is determined by glpc analyses of the
four-component mixtures at various time intervals (Table
5). The total recovery based on adamantyl nitrile is
consistently above 99%. On heating over much longer
time intervals (62 hr) at 259.5° equilibrium ratios (K =
cis/trans) are obtained for I (0.41) and 11 (0.347). Specific
rate constants calculated from the data in Table S are
given in Table 6.

From the ratios of the rates given in Table 6, AAG”
(259.5°) is 1.98 kcal/mol based on k.. and 1.95 kcal/mol
based on k.,. On the assumption of identical entropies of
activation, AAH” may be set equal to AAG*. The lowering
of 2.0kcal/mol in enthalpy of activation can then be
compared with the effect of a methyl group on the case of
breaking an sp*-sp’ carbon—carbon bond (~ 2.7 kcal/mol
per methyl group).

Two features about the cis-trans cquilibrium constants
are noteworthy. One is the near identity in t-butylbenzene
solution of the equilibrium constants of 1 and II. Their
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ratio, (K/Ky);ws = 0.410/0.347, corresponds to a free
energy difference of —177 kcal/mol. The equality in steric
size of the hydrogen atom and the cyano group (in the
direction perpendicular to its long axis) finds further
confirmation in this observation. The other feature is the
change in K, occasioned by transfer from naphthalene to
the gas-phase. At 217.8°, K, = 0.215 (gas-phase) and 0.623
(naphthalene; evaluated from the regression line of the
data in Table 2). In the gas-phase, cis-1 is thus disfavored
over solution in naphthalene by 1.04 kcal/mol. It is reason-
able to ascribe this disfavoring to the complete lack of
attenuation by solvent of the energy-raising dipole-dipole
interaction. The existence of this dipolar effect is further
indicated by the much longer retention time of cis-I on the
Carbowax column. In this connection, t-butylbenzene is
intermediate in eflectiveness: K,=0410 (0.242 in the
gas-phase; 0.547 in naphthalene), all at 259.5°.
Returning to the radical-stabilizing effect of nitrile, we
are pleased to quote the directly relatable datum provided
by the investigations of Willcott, Rathburn and Cooke.”
“These workers have examined the cis-trans isomer-
ization of 1 -cyano - 2 - vinylcyclopropane. Their analysis
neglects both the much slower formation of 4-
cyanocyclopentene and uncharacterized side reactions.
Under static conditions in the temperature range 220-
243°, the rate constant for cquilibration is given by
(Ko + ke )= 10" exp (41,000 = 600/RT)sec '. In a

Table S. Kinetic data for geometric isomerization of 1 - methyl - 1,2 - dicyanocyclopropane (cis - Il and trans - 11)
and 1.2 - dicyanocyclopropane (cis - 1 and trans - 1) in t-butylbenzene a1 299.8° = 0.7°

Run Time Trans-11 Trans-1 Cis-1l CGis-1 Rccovv:!‘ya
min e % % KA )
1 0.0 0.00 0.00 100, 00 100. 00
60.0 48.6% 10. 14 51.35% 89.86 101.0
90.0 58,97 14,62 41.03 85.38 100.6
120.0 65. 24 19. 00 34.76 81.00 101.0
240.0 73.65 34,44 26. 35 65.56 100. 3
360.0 46.03 53.97
480.0 56.32 44,68
3720.0 74.22 70.90 25.78 29.10 101.5
2 0.0 100. 00 100. 00 0.00 0.00
60.0 83.50 95. 9% i6,50 4.04 100.0
90.0 79.%3 93.97 20. 47 6.03 100.0
120.0 76.22 91.68 23.78 8.32 100, 1
240.0 73.78 85.93 26.22 14.07 9.7
360.0 83.25 16.75
480.0 80.51 19.49

“The recovery in % is determined with reference to 1-cyanoadamantane as standard.

Table 6. First-order rate constants for geometric isomerization of 1.2 - dicyanocyclopropane (trans I and cis-1) and
1,2 - dicyano - | - methyl - cyclopropane (trans -1l and cis-11) in t-butylbenzene at 259.5 £ 0.2°

Starting 107 ke, ¢ * X, o)
Muemel e

trans-1 4.778 £ 0. 47
cig-1 4.774 20,111
trans-1l 30479 + 2. 490
ctn-1l 30.403 £ 0.218

LY a
107k ¢ 107 kg o ke c
e _we'  wect | ker
1.2% 3.53 0.353
8.09 22.35 0. 362
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stirred-flow reactor over the temperature range 210-258°,
this expression is (k) = 104707
exp(--41,100 + 500/RT) sec *. The causes of the experi-
mental differences leading to somewhat faster reaction as
measured under stirred-slow conditions have not been
identified. Willcott and Cargle have studied the cis-trans
isomerization of 2 - deuterio - vinylcyclopropane.® Under
static conditions in the temperature range 227-325°, the
rate constant for equilibration is given by (k. + k) =
10"**°" exp( 48,200 = 1600/RT)sec '. A comparison
reveals that ring substitution of a cyano group lowers the
activation energy for cis-frans isomerization of vinyl-
cyclopropane by 7.2+ 17kcal/mol”. Translation into
AAH" leaves this value essentially unchanged: UN(DE) =
7.0 kcal/mol + f(CZ H/CpCp®).

A comparison can again be made with 1.2 - di-
deuteriocyclopropane {(AH” = 63.7 kcalfmol), whence the
combined effect of one cyano group and one viny! group
is 23.7 kcal/mol. If the lowering by the vinyl group derived
from the three studies of divinylcyclopropanes mentioned
above, ADE = 16.1 + i’ H/CpCp®) is subtracted, there
remains for the effect on AH” of the cyano group in the
cyclopropane isomerization, CN(DE) =
7.6+ f(CIH/CpCp®).

Other estimates in the literature of the effect of a cyano
group have been derived from the kinetics of cis-trans
isomerization of 2 - cyano - 2 - butene™ and 8 -
cyanostyrene,” the decomposition of ethyl and t-butyl
nitriles.” the gas-phase unimolecular isomerization of
cyclopropylcyanide” and the gas-phase thermolysis of
cyano - substituted cyclobutanes. ™™

The observed activation energy, E,, for the cis-trans
interconversion of crotonitrile is reported to be 5§13
3.7 keal/mol (log A = 11.0 2 1.0).* but Benson questions
the low A-factor and has recalculated F, using logA =
12.7 to obtain the value 56.7 kcal/mol.* Comparison of the
calculated enthalpy of activation, AH* = 49.9 kcal/mol,
with that for propylene (AH” = 60.8 kcal/mol)*' gives
109 £3.7keal/mol for the lowering of enthalpy of
activation.t

cis - B - Cyanostyrene isomerizes o the trans-isomer
at 610°K: E, = 46kcal/mol (log A=11.6). The corres-
ponding SH” is 18.7 kcal/mol lower than that for ethylenc
{63.4 kcal/mol).¥ While corrections for the conjugative
interaction of the nitrile group (3.59kcal)t and of the
pheny! group might be made, what is needed is the heat of
hydrogenation (or a similar measurement) on B-
cyanostyrene and an acceptable value for BDE, if an
estimate of the stabilizing effect of CN is to be made.

The activation parameters of the decomposition (rates
based on methane formation) of ethyl- and t-butylcyanide
and cumy! cyanide have bcen determined: E, =727
(fog A=141), 702 (logA =152 and $4.1kcal/mol
tlog A = 12.3), respectively.™ Heats of formation of the

L 4 [ 4
radicals, CH.CN and (CH,),CCN, are 51.1%3 and
33.8 + 3kcal™® (36.7kcal).”” respectively, Values for the

tFrom thermodynamic parameters of cis- and trans-crolonitnie,
AH=0.1720.12kecal and AS+ -039=0.19kcalimol S, the cis
isomer is more stable than the trans due to Pigher entropy.

$AHYRICH,CHA~CN is +8.12kcal,”™ and AHHRICH.-CH, is
-20.24 keal. The difference ~28.36 kcal when compared 1o the
difference (« 31.95) between the heat of formation of CH=CH-CN,
AHYR) = +44.1*" and of ethylene. AHUg) = 1215 kcal, results in
a value of <3.59 kcal (- 31.95 ~ [+28.36]) for CN vs H conjugative
interaction.

stabilization due to CN are estimated to be 12.67 and
10.52 kcal/mol."” These higher estimates for the effect of
CN may be ascribed to the complications of surface
effects, fall-off and free-radical chain reactions.” The
measured activation energy for the decomposition of

» *
cumyl cyanide to CH, and ¢-C(CH,)CN radicals is

$4.1kcalimol (log A= 12.3),"" whence a stabilization
energy due to the combined effect of ¢ and CN of
31.2 kcal/mol can be estimated (taking the bond dissocia-
tion encrgy of propane to be 85.3 kcal/mol).

A recent experimental evaluation of the delocalization
energy of the cyanomethyl radical is obtained by Sarner,
Gale, Hall and Richmond™ from the gas-phase ther-
molysis of cyclobutanecarbonitrile (758°K). 1.2 - cye-
{obutanedicarbonitrile (638°K), and 3 - methylenecyc-
lobutanecarbonitrile (748°K). Experimental energies of
activation of 56.7 (log A = 15.5), 41.2 (log A = 12.3), and
49.1 kcal/mol (log A — 12.7). respectively, may be com-
pared with that for pyrolysis at 730°K of cyclobutane
(E, = 62 5kcall/mol, log A =156/ and that for the
pyrolysis of methylenecyclobutane {(E, = 61.3 kcallmol,
log A = 15.09)." From the resultant lowerings of AAH” of
S8, 213 and 12.2kcal/mol, respectively, values for
CN(DE) =58, 10.7 and 12.2kcal/mol + f{CEH/C,Co®
are obtained.

Quite recently, King and Godard® have restudied the
pyrolysis of cyanocyclobutane at very low pressure and
confirmed the results of Sarner ef al.* They suggest that a
consistent value of the higher pressure limit can also be
based on the higher value for the activation energy of
cyclobutane cleavage indicated by the low pressure
kinetics of Beadle et al** In that case, a stabilization
energy of 6.4 kcal/mol emerges.

Kinctic studies on the gas-phase unimolecular isomer-
ization of cyclopropylcyanide to cyanopropenes at
660-760° and 2-89torr. by l.uckraft and Robinson"
provide a value of 7.7 kcal/imol for the stabilization of the
radical center by ON vis-d-vis H. the difference between
the enthalpy of activation, 56.4 kcal/mol, and that for the
isomerization of cyclopropane to propene {(AH” =
64.1 kcal/mol, E, = 65.6 at 760°K).*

The several values in the literature for the stabilizing
effect of the cyano group are summarized in Table 7. The
values derived from reactions of cyanocyclopropanes are
in good agreement with each other. At the moment, an
average value of 8 = | kcal/mol seems to be acceptable for
the stabilizing effect of the cyano group vis-d-vis
hydrogen.

Incidental to the evaluation of the effect of a methyl
group on the kinetics of cis-trans isomerization, trans -
1.2 - dicyano - | - methylcyclopropane has been prepared
in optically active form in order to determine whether the
presence of the fully substituted carbon atom significantly
alters the relative rotational propensity. The exceptional
preference of the benzylic carbon atom in ethyl 1,2 -
diphenylcyclopropance - 1 - carboxylate to rotate (R, =
13.3) gives heightened interest to this question.”

Resolution is effected on the trans -dicarboxylic acid by
means of quinine. Conversion to {(~)-trans-1l is achieved
in the manner previously described: a sample heated in
benzene solution at 230+2 for 38,700sec affords
recovered (~)-trans-11 with 0.696 of the original optical
activity.

Recovered cis-11 is 0.15 of optical purity and has the
positive sign of rotation corresponding to an excess of the
C; enantiomorph. The product has thus resulted 58% by
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Table 7. Summary of stabilizing effects of the cyano group in various reactions

Reacton Type Subilizauon Dewar-Schmeising Term References
(kcal/mole)
Olefin 1som. 10.9 ¢ 3.7 uc'c\,u/c’c’n 34,35, 40
C—C cleavage 11.6 2 1.6 I(C('.,\,Hi(t(‘..) 36,37
Cyclobutane . :
9.6 3.4 X . C
decomp. 6 "CCNHICBCQ) 38
Cyclontane “
decomp. 6.4 39,45
Cyclopropane 7.7 1(C . H/CpCpe) 37
rearr. : CN »Cp
Cyclopropane 7.24:.7 " 13
isom.
Cyclopropane ’
1som. 8.9+ 1.0 this work

rotation of the cyano-hydrogen carbon and 42% by
rotation of the cyanomethyl carbon atom. Their ratio
represents a minimum value for the rotational propensity
of the less highly substituted carbon atom: R, = 1.37.
Even though this value obtained from a single experiment
would be increased by extrapolation to zero time, it may
be concluded that the resistance to rotation of the
disubstituted carbon atom is much smaller than it is in the
case of Chmurny and Cram.*

EXPERIMENTAL

General. NMR spectra are recorded on Varian A-60 and T-60
spectrometers. IR spectra are determined on a Perkin-Elmer
Model 337 grating spectrophotometer. Glpc analyses are per-
formed on a Perkin-Elmer Model 990 Gas Chromatograph using a
Perkin-Elmer OV-225 capillary column, 600 by 0.02in. (Column
A). The areas of peaks are obtained with a Digital Autolab Model
6300-01 Integrator. Punification of samples is accomplished by
preparative glpc on Autoprep Model A-700 using Column B
(60x0.25in.; 20% SE-30 on Anakrom AB) and Column C
(162x0.25in.; 10% Carbowax 20M on Anakrom ABS). Mass
spectral analyses are made with an AEl Model MS9 double-
focussing mass spectrometer.

M.ps and b.ps are uncorrected.

trans - Cyclopropane - 1.2 - dicarboxamide. Dimethyl trans -
cyclopropane - 1.2 - dicarboxylate (1.1 g), prepared according to
the procedure described earlier.® was stirred with 20 ml of 30%
aqueous ammonium hydroxide in a tightly stoppered bottle at 27°.
The diester dissolved within ) hr and was replaced by a crystalline
solid. After the contents had been stirred for an additional 3 hr. the
crystals were collected, washed with anhyd McOH and dried
in racuo: 0.75 g (84%). m.p. 275-280°; NMR (D;0) 5 1.05-1.3 2H.
m), 1.83-2.1 (2H, m), 4.6 (s, HDO).

cis - Cyclopropane - 1.2 - dicarboxamide: cis - Dimethyl ester
(1.1g)." treated according to the procedure descnibed {or the trans
isomer, afforded cis -diamide in 805 yield as a colorless sold; m.p.
230°; NMR (D,0) 8 1.23-1.68 (2H. m), 2.11-2.40 2H. m), 4.86 (s,
HDO).

trans - 1.2 - Dicyanocyclopropane (trans - 1). To a suspension of
trans - diamide (1.28 g, 10 mmol) in 15 ml of dry benzenc ina 25 ml
flask with a side-arm closed with a serum cap and swept with a
slow stream of dry N., 1.Sml (21 mmol) of thiony! chlonde was
introduced with a syringe through the serum cap followed by
dropwise addition of 2 ml (21 mmol) of DMF at 25°. Within 15 min
the solid dissolved and two layers were formed. The mixture was

stirred for 4 hr at 25-30°, poured over crushed ice and extracted
with three 25 ml portions benzene. The combined extracts were
washed with dil NaHCO, aq and then with water, and dricd
(MgS0.,). Removal of benzene on a rotary evaporator gave 0.6g
(659%) colorless crystals, m.p. 70-72° after one crystallization
from petroleum ether—CH,Cl,. m.p. 72.5-73°, NMR (CDCl,) 8
1.47-1.75 (complex m, 2H), 2.0-2.3 (complex m, 2H). IR (CHCl,):
3110 (w), 3050, 3010 (m), 2250 (s), 1445 (w), 1215 (s). 1070, 105S.
988, 910. 865, 720, 680 (m) cm .

cis - 1,2 - Dicyanocyclopropane (cis - ). Following the
procedure described above for the frans dinitrile, cis-diamide
(2.56 g, 20 mmol) in 30 ml benzene was treated with 3 ml (42 mmol)
thiony! chloride and 4 ml DMF at 25° and stirred for 9 hr. Dilution
with 30 m| ice-water, separation of the benzene layer. extraction
of the aqueous portion with three 20 ml portions of CH,(l, yiclded
a combined benzene and CH,CI; extract which was washed with
two 20 ml portions water, dil NaHC(), aq. and with sat Na('l aq.
The dried extracts were concentrated on a rotary evaporator lo
afford 096g, m.p. S4-58°. One crystallization {rom pet-cther-
CH,(l, gave colorless crystals, m.p. 59-60°; NMR (CDCl,) §
1.47-1.73 (complex m, 2H), 1.95-2.23 (complex m, 2H). IR
(CHCI,): 3070 (w), 3020, 2980 (m), 2240 (s). 1455, 1375 (m), 1220
(s), 1130, 1070, 955, 80, 725, 680 (m)cm .

Dimethy! trans - | - methylcyclopropane - 1.2 - dicarboxylate.
This compound was prepared according to the procedure
described previously® for dimethyl trans - cyclopropane - 1.2 -
dicarboxylate. To a well-stirred soln of methyl 2 - chloropropion-
ale (25.5g, 0.21 mol) and methyl acrylate (45 g, excess), NaOMe
(Fisher, 11.8g. 0.21 mol) was added in smal! portions at 40-60°
under N,. After the addition was complete. the mixture was stirred
for an additional 3 hr. Addition of 100 ml water and extraction
with three 50 mi portions ether, washing with two 10 ml portions
water. drying over MgSQ, and distillation gave a fraction (22 g) of
b.p. $0-60°(8 mm) and a sccond fraction (26.8¢g) of b.p. 77-82°
(5.2mm) and a third fraction (4.5g) of b.p. 83-95° (Smm).
Combined higher boiling fractions (31.3g) correspond to 85%
yield of the product based on methyl 2 - chloropropionate. The
second fraction was redistilled and gave a major fraction, b.p.
94-95° (6 mm) which showed three peaks on Column C at 165¢, in
the ratio 80:10:10 with retention times of 33, 40 and 46 min,
respectively. These were collected by prep. rative glpc using the
same column. From the NMR spectra of the purified fractions and
from the cxperiments described below. the major peak (rt.,
33 min) was assigned to dimethyl irans - | - methylcyclopropane -
1,2 - dicarboxylate: NMR (CDCl,) § 1.23-1.7 (complex m with an
overlapping singlet due to ~-CH, at 1.4, SH); 2.23-2.48 (pair of d.
1H); 3.7 (s. 6H). The minor peak (r.1., 40 min) was assigned to the
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cis-dimethyl ester and the third peak (r.1., 46 min) was unidentified
{no cyclopropyl protons in the NMR).

Dimethyl cis - | - methylcyclopropane - 1.2 - dicarboxylate. This
substance was prepared from methyl acrylate (6.9g. 0.08 mol).
methyl 2 - chloropropionate (4.9g. 0.04 mol) and NaOMe (2.3 g,
0.042 mol) at 15-35° according to the procedure of McCoy."' After
removal of a lower boiling fraction, distillation afforded a fraction
of b.p. 82-95° (S mm) which, on glpc analysis on Column C at 165°,
gave the same three peaks as observed in the preparation of the
trans isomer but in this case the 40 min peak assigned to the cis
isomer was the major component of the product mixture. A sample
of pure cis-dimethyl ester was obtain by preparative glpc on the
same column. NMR (CDCl)) 8 091-1.3 (m. 1 H), 1.4 (s, 3H).
1.68-1.87 (m. 2H) and 3.67 (s, 6 H).

To confirm the identity of this material, the product mixture
(3.5g) was hydrolyzed with 25 ml of 15% KOH aq at 70-80° for
S hr. A work-up procedure similar to that used for the preparation
of the trans 1somer gave 2.4 g of a crystalline sold, which yielded
pure cis-diacid. m.p. 140.8-141.4° after recrystallization from
MecCN. The remainder of the product was heated with 2.5 mi Ac,0
at 80-100° for 30 min. Removal of excess Ac;0 and AcOH under
reduced pressure gave a residue, sublimation of which at 80°
(6 mm) yielded 1.07 g of the anhydride, m.p. 46-47°. NMR (CDCl,)
5 1.41-2.17 (complex m with overlapping singlet at 1.87 due to
—CH,, SH), 2.48-2.68 (pair of d. 1H).

Reaction of the anhydride (1.05g) with 1S ml McOH at 70° for
L hr gave a mixture of half-esters, treatment of which with
diazomethanc in ether at 0° afforded 1.1g of dimethyl cis - | -
methylcyclopropane - 1.2 - dicarboxylate. NMR spectrum of this
sample of the cis-dicster was indistinguishable from that of a
sample obtained by preparative glpc of a sample obtained by
preparative gipc of the original product mixture (sec above).

trans - 1 - Methylcyclopropane - 1.2 - dicarboxylic acid. A
mixture (18.2g) containing 80% of dimethyl trans - |
methvicyclopropane - 1.2 - dicarboxvlate and 10% each of the cis
1isomer and an unidentified product, was treated with 100ml of
179 KOH aq for 6 hr at 80-90° and concentrated on the rotary
evaporator to a restduc which was cooled in ice and acidified with
conc HCI. Extraction of the product with five 60 ml portions of
cther gave 16.1 g of colorless solid; recrystallization from MeCN
afforded 14.7 g of crystalline solid, m.p. 171.4-172.

trans - 1 - Methylcyclopropane - 1.2 - dicarboxamide. The
corresponding cyclopropane dicarboxylic acid (2.1 g) was heated
with thionyl chloride (20 ml) at 70-80° for 2 hr. Removal of excess
thionyl chloride under reduced pressure afforded the diacid
chloride which was dissolved in CH,C, (20 ml) and treated with
NH, soln in CH.Cl; at 0°. The precipitated solids were isolated by
filtration, dissolved in a minimum volume of McOH and diluted
with cthanol-diethyl ether (1:4) to precipitate NH.CI. The filtrate
was concentrated on a rolary evaporator to a residue which was
crystallized from 30ml of EtOH : 1.5g; mp. 182-183°; NMR
(D;(3) 8 0.93-1.4 (complex m with overlapping singlet at 1.16, SH).
1.97-2.25 (m. 1H). 4.53 (HDO).

trans - | - Methyl - 1.2 - dicvanocyclopropane. To the
suspension of the above diamide (0.98 g, 6.9 mmol) in benzenc
(8 ml) was added thiony| chlorine (1.0 ml) and DMF (1.4 ml) at 28°
under N, After stirning for 4 hr, the mixture was diluted with
10ml water and extracted with 20m! benzene and three 20 mi
portions CH,Cl;. The combined extracts were washed with water,
dil NaHCO, aq, water, dried over MgSO, and concentrated under
reduced pressure to furnish 0.61g (83%) crude product. Glpc
analysis on Column A at 120° showed one major peak. Purification
on Column B at 145° gave a colorless liquid: NMR (CDCL) 8
1.23-1.90 (complex m with overlapping s at 1.63 due to -CH,. SH),
2.1-2.37 (pair of d. 1H): IR (CHCl,): 3050. 2980, 2940 (w), 2240 (s},
1460, 1440, 1375 (m), 1083, 970, 915 (m)cm .

cis - 1 - Methyl - 1.2 - dicyanocyclopropane. A sample of the
unpurified. crude trans-dinitrile (0.55g) was equilibrated in
DMSO (3 ml) containing potassium t-butylate (50 mg) for § min at
25¢. Dilution with 10 ml water and extraction with four 20 ml
portions cther afforded an ether extract which was washed with
water, dried over MgS(O, and concentrated under reduced
pressure to afford 0.34 g of a colorless liquid. Glpc analysis on
Column A at 120° revealed two peaks of ret. imes of 8 and 44 min

in the ratio 50.7:49.3 corresponding o trans - and cis - | - methyl -
1.2 - dicyanocyclopropane, respectively. Separation and purifica-
tion was cffected on Column B at 140° (helium flow 60 ml/min)
yiclding samples of the trans- and the cis -dinitrile. After a second
chromatograph on the same column, gipc analysis on Column A
revealed trans -dinitrile of 100% punty and cis dinitrile contami-
nated by 0.1% of the trans-isomer. The NMR spectrum of the
trans dinitrile was identical to that of starting material while the
NMR spectrum of the cis-dinitrile in CDCl, showed a complex
multiplet at & 1.38-1.83 with an overlapping singlet at § 1.5 due to
-CH, and IR (CHC,): 3100 (w), 3010 (m), 3475, 3430 (w), 2240 (s).
1450, 1430. 1375 (m), 1090, 1065 (w), 980 (m). 900 (w).

The cis-dinitrile could also be prepared in low yield by the
dehydration of the corresponding diamide with SOC|,-DMF
according to the procedure described for the trans-isomer. The
cis-diamide, prepared from dimethyl cis - 1 - methyl - 1.2 -
cyclopropane dicarboxylate by treatment with 30% NH,OH for
14 hr in W% yicl could be crystallized from EtOH-MeOH (2:1)
at 0°: m.p. 200-202°.

Resolution of trans - | - methylcyclopropane - 1.2 - dicarboxylic
acid. A soln of the trans-diacid (0.72g, Smmol) and quinine
(3.24g. 10mmol) in 1:2 EtOH-FtOAc (25 ml) yicided 148 of
crystalline salt after being stored at 27° for 3 days. Diacid was
recovered from 0.15g of this salt by suspension in water,
acidification with cold 20% HCI, extraction with ether and
concentration: [a)id +91.5° (¢, 0.699. FIOH). Two recrystalliza-
tions of 1.2 g of this salt from the same solvent furnished 0.5 g of
salt, m.p. 203-204°; diacid: [a ]y + 163.5° (c. 0.8312, E1OH). The
mother liquors yickded a second crop (0.95 g). The fitrate when
concentrated yickded a residue (1.1g) which. on hydrolysis,
furnished 0.15g of the diacid: [a iy - 65.7° (¢, 1.238. E1OH).

(-) - trans - | - Methylcyclopropane - 1) - dicarboxamide.
Partially resolved (-) - diacd, 0.14g ([a]}) - 65.7°) was treated
with thionyl chloride (1 ml) for 2hr at S0-60°. A work-up
procedure similar to that used for racemic material gave 0.18 g of
crystalline solid, m.p. 182-183°.

( )-trans - | - Methyl - 1.2 - dicvanocyclopropane. The product
of dehydration of the above diamide (0.18g) with SOCI,-DMF
according to the procedure described for the preparation of
racemic dinitrile was purified by preparative glpc on Column B at
120° to aflord 720 mg of a sample of ( ) - trans - 11, [a )i, - 245.7°
(c. 0.2373, abs FtOH).

Kinetics of geometric isomerization of cis- and trans - 1.2 -
dicyanocyclopropanes

(a) In naphthalene solution. Rates were determined in 2% soln
in naphthalene. degassed and scaled under vacuum in Pyrex
ampoules. Details of the procedure employed and descnption of
the kinetic bath have been given previously.' An estimate of the
total recovery of these isomenzations was obtained in a separate
run with mixtures of 1.2 - dicyano- and | - methyl - 1.2 -
dicyanocyclopropane in t-butylbenzene soln using adamanty!
nitrile as an internal standard (see Table ). Before use, cis- and
trans - 1.2 - dicyanocyclopropane were purified by crystallization
and 1 - methyl - 1.2 . dicyanocyclopropanes were purified by
preparative glpc on Column B at 145°. Naphthalene was sublimed
prior to use, while t-butylbenzene (99.9% pure) was used as
received from Chemical Samples, Co., since a minor impurity dd
not interfere with the glpc analyses of the mixtures of product.

A stock soln in naphthalene was prepared by dissolving at 90°
40 mg of the dinitnile in 2.00g of freshly sublimed naphthalenc.
The solid mass obtained on cooling the soln to room temp. was
thoroughly ground in a mortar. About 150-200 mg of this solid was
then introduced into Pyrex ampoules (20 x 0.7 cm) which were
evacuated and sealed. After being heated for specified times, the
samples were dissolved in 1 ml of toluene and analyzed by glpc. No
correction for detector response factors was made. The experi-
mental data are given in Table |.

The rate constants for the reaction and ils reverse were
obtained by the usual equation for reversible first-order reactions.

- log x = — 1og [(AK-B)/(A.K-B,)] - t(k,. + k. )/in 10,

in which B, and B were the concentrations of the cis-isomer at
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times zero and t (sec), respectively. The experimental value of the
cquilibrium constant (k. /k,,). determined in both directions by
heating for 45 hr at 258°, was 0.547 (35.37:64.63). Optimized. final
values for k.. and k., were obtained using a least squares
computer program for iterative adjustment of the value of K
within narrow limits of its experimental value at 258° until values
of the slope for the forward and reverse directions became
identical within 1 part in 10,000. The individual rate constants k.,
and k., were computed using optimized values of the slope and
cquilibrium constant (Table 2). The computer derived value at
258.1° of K (0.583) was identical within the expected limits of
uncertainty to the experimental value of K (0.547). The Arrhenius
activation parameters were oblained from the individual rate
constants and the sums of the rate constants at 208°, 217.9°, 237°
and 258.1° by the method of least squares. The results are given in
Table 2.

(b) In the gas-phase. These runs were carried out in the
apparatus and in the manner described previously.* Samples of the
trans-I (11.2mg) and the cis-1 (11.6mg) were dissolved in
chromatographically pure benzonitrile (25 1) and the clear liquid
decanted in order to separate any undissolved material. Analysis
of a soln of the mixture of benzonitrile-dinitrile in benzene (2 ulin
0.2 ml) showed a ratio (70:30 and 71:29 for trans-I and cis-I,
respectively). These ratios were taken as references for calculat-
ing the recovery of the product mixture after heating for specified
time periods.

For kinetic runs at 217.8° and 259.5°, 2 1 of the stock soln was
introduced into 6 mi Pyrex ampoules (calculated to provide a total
pressure of 110mm/Hg at 259°). The samples were degassed,
sealed at 10 *mm and heated for specified time intervals. The
product was dissolved in benzene and analyzed as described for
soln runs. The experimental data are collected in Table 3. On
heating over much longer time intervals (3 days) at 259.5°, product
composition corresponding to the equilibrium ratio was obtained:
18.98:81.02 and 20.03:79.97 (k. ./k.,=0234 and 0.250) with
trans-1 and the cis-l, respectively, as starting material. In
comparison, the value of the equilibrium constant in naphthalene
soln at 259.5° was 0.547, corresponding to 35.37:64.63 for the
cis-trans ratio. With benzonitrile as an internal standard,
quantitative estimates of recovery were unsatisfactory because
the retention time of benzonitrile was too close to that of the
solvent. The experimental data are reported in Tabke 3. First-order
rale constants and activation parameters calculated from these
data arc summarized in Table 4.

Kinetics of geometric isomenization of mixtures of cis - 1.2 -
dicyano and cis - | - methyl - 1,2 - dicyanocyclopropanes, and of
the two trans - dinitriles. A mixture of cis - 1,2 - dicyanocyclop-
ropane (6.5mg), cis - 1 - methyl - 1.2 - dicyanocyclopropane
(6.3 mg) and | - adamantyl nitrile (AJCN) (6.7 mg) was dissolved
in t-butylbenzene (0.6 ml) by heating (60°). The soln was cooled to
room temp. and transferred to a separate container to remove any
undissolved material and analyzed for the initial ratio of the three
components, 31.13:27.73:41.14 for cis-I, cis-1I and 1-adamanty!
nitrile, respectively. These values differed from the ratios based
on weights (33.34:32.31:34.35), since the dinitnikes were not as
readily soluble in t-butylbenzene as the internal standard, AdCN.

A stock soln of the trans-dinitriles was prepared in a similar
manner from 6.9mg of trans-1, S8 mg of trans-Il and 6.4 mg
AdCN in 0.6 ml of t-butylbenzene. This mixture corresponded to
the ratio 362:304:334 while glpc analysis gave
32.38:29.31:3841, respectively.

For kinetic determination, 0.1 ml of stock solution was heated in
2 ml sealed Pyrex ampoules (calculated to develop a pressure of
16 atm at 259°) for specified time periods. The results of product
analyscs are collected in Table $. The percent recovery was based
on the glpc analysis of the original solns and not on the weights of
the samples. A direct comparison of the rate constants (calculated
by the methods described for previous runs) for the two dinitriles
under identical conditions is provided in Table 6. Position of
cquilibrium was determined in both directions and after 62hr
corresponded 1o a ratio of 29.1:70.9 (K = 0.410) and 25.78:74.22
(K = 0.347) for 1,2dicyano and | - methy! - 1,2 - dicyanocyclop-
ropane, respectively.

In a repeat determination of equilibnium, 1% soln of cis-1l in

t-butylbenzene was heated for 14 hr at 259° in a sealed Pyrex
ampoule. From the results of two consccutive analyses of the
product, a ratio of 25.2520.2:74 8 = 0.2 was obtained.

Thermal isomenzation of (-) - trans - 11 in benzene solution. A
6% benzene soln of ( -) - trans - [I ([a )i, — 245.7°) was heated in a
tube furnace at 228-232° in a sealed Pyrex ampoule for 10.75 hr.
Glpc analysis of the recovered product on Column A at 120°
showed two peaks corresponding to a major and a minor
component identified by retention time as starting matenal and the
product of its geometric isomerization, cis-Il, respectively.
Separated by preparative glpc using Column B, recovered trans-11
has (@), - 171.11° (. 1.0905, abs EtOH) corresponding to 69.6%
retention of optical purity, while cis-II, purified by repeated
chromatography. had the very low specific rotation of (a5, + 7.9°
(c, 0.3415, CH,Cl,). This rotation corresponded to 15% retention
of optical purity (see below).

In order to determine the rotation of cis-1l relative to trans-II,
20mg of the above sample of trans-II ((a), - 171.1°) was
subjected to equilibrating conditions (DMSO-KOtBu). Separation
by preparative glpc gave two pure fractions: (~) - trans - II,
@)L, - 156.8° (c,0.2622, abs EtOH) and (+) - cis - 11, [a )T, + 36.8°
(¢, 0.2498, abs EtOH). The specific rotation of optically pure (~) -
cis - 1l was then estimated to be +52.9°.
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