
DELOCALIZATION ENERGY OFTHECYANOMETHYL 
RADICAL 

KINETICS OF THERMAI. DlASTEREOISOMERlZATlON OF 
US- AND TRANS-I,?-DICYANO- AND 

I.~-DICYANC)-I-METHYL<:YCI.OPROPANES 

W. UPN E. Do~it~s;ci.’ G. HOROWTZ and Ii. SACHIXV 

Department of Chcmt\tr!. ffarvard I;nivcr\it). C‘ambridRc. MA 021311. I; S.A 

(Rrcrircd L..S.4 26 Apnl IY76: RPWIW~ f.‘.K. /or puhlic~ron 16 AURUS~ IY76) 

logfk,, tk..t- fld.YI-006) M6Y~:O,IW~; 

log k,. CId!d-005) Id640*01ljiB. 

where 8 L 1.T: 1‘1 IO ’ and k is in WC ‘. 
Since ihis enl&ipy of a&a&n is lower than that of ihc peomcrricaf i\omcr&ton of I 2 - didtuterocyclopropanc by 

17.8 : 0.d kutl. II may IX concluded that rcplaccmenr of hydrogen hy the qano group leads to an energy lowering of 
Il.9 kcal!mol. 

KI~CIIC parameters habc been dctermmed m the gas.pha\c at IWO fcmpcralurcs. !I:.K: and 159.y: 
log k,. = 13.73 - dC 6418; lop k. , - I3 M - 44.4316. 

T)re ralec of cis-frans intcrconvcrrwn of I.! dictano . I mclhyl qcloproprrnefllt rcla!ivc IO tho\c of I have 
bccn ohtimcd by exammatron of mixlure\ of both ~uh\tance\ in t-butylbcntcnc wlulion a~ ZCY 5’: l.Z~clicyano, 
k,. - 1 3 and k, , ‘- 3 53; I,?. dicyano . I . merhyl. k,, - X.09 and k, I - !? 35 x 10 ' xc '. The raft acceleration by 
methyl amounts lo a factor of 6 1. corrcspondinp IO &Xi - I Y6 kralimol .4 prclimmq cxvmination of optically 
acrivc matcrnl Icad\ IO a minimum R, I.17 farortnp rotation of ICSMH) over f(‘N~Ctf,) 

In several recent studies of thermal reorganizations.’ ’ the 

cyano group has been employed advantageously owing to 

its small steric sire. ifs acceterating effect on rates of 

rearrangement and its linearity. which represses the 
intolerable cyclic interaction possible with an ester grouFf 
and offers noteworthy advantages in the application of the 

LIS method.‘ 
The present work attempts IO arrive at a r&able 

estimate of the stabilizing effect worked on a free carhm 
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 5.5 to 

I I .6 kcallmol. 
Kinetics offers a general approach IO 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 un~rtur~d model and that of the 
perturbed molecule is taken as the quantitative measure 
of the effect of the structural perturbation. 

In this approach, three major rcquircments riced to be 
fulfilled. First, the model reaction must in fact involve 
generation of a radical. Second, the reverse of the process 
leading to the generation of the radical shall have a known 
activation energy. (In the absence of an experimental 
determination of this elusive quantity, the activation 
energy is customarily assumed to be zero.) Third. the 
Dewar and .Schmcising terms” which describe the relative 
strength of n bonds in both the transition state and rhe 
starting molecule should be ncpligihle.* 

In the present work. the cis-trans isomerirafion or 

diastereomeri~ati(~n of cyclopropancs is the basic reaction 
on which the cffcc~ of a ~rtur~tion by the cyano group is 

elucidated. Whether the three requirements are fulfilled is 
an important question. Instead of a theoretical discussion 

of each, WC prefer to see empirically how well this basic 
reaction has cervcd rn two instances as a vehicle for the 

determination of radical-stabilizing effects. We hope 
thereby to instill some confidence in cyclopropane 
isl)meri~ation as a base for the estimation of stabilization 

by the CymO group. 

Stabiliration of an adjacent radical by the phenyl group 
is defined as a combination of an intrinsic benzylic 
dclocalitation energy (BDE) and the resultant of four 

Dewar-.Schmeising correction terms.” Comparison among 
these correction terms can he evaluated reliably. 

One approach has involved a comparison of the 
geometrical isomerization of tic-stitbene with fhat of 
ethylene itself. 

From a kinetic study of the reaction of cis- to 
Irons-stilbene in the gas-phase over the temperature 
range, 280-M , . 2” Kistiakowsky and Smith’ obtained a 
value of 42.X kcallmol (log A 2 i2.77) for the activation 
energy. Binary m.p. curves were used to determine the 
composition of the mixtures of rruns- and ris-cfilbene. 
The equilibrium mixture, determined starting from pure 
rruns- and pure c-is-stilkne. contained 64% and l7-IR% 
of the rrons-isomer, respectively. The discrepancy in the 
IWO values was attributed to the formation of a liquid 



by-product when starting with cis-srilbenc. In the analysis 

of the kinetic data. an arbitrary correction was made for 
the liquid by-product and the value of 84% of rruns- 
stilbcne at equilibrium was taken. 

From a kinetic study in the liquid-phase over Ihe 
temperature range 216223”. Taylor and Murray reported 
a value of 36.7 kcallmol (log A = 10.43)’ The cquilihrium 
composition was determined in the liquid state a1 200” 10 

bc %% Iruns and 4% cb-slilbcne. starting from either 

isomer. The reliability of the activation parameters. 
however. was reduced hy the narrow range of lem- 
pcrature over which rate constants were determined. 

From a similar study using differential thermal analysis 
methods. Santor. Bane11 and Hoycr’O obtained a value of 
46 I 2 kcallmol. Although WC 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 

ethylene is quite analogous to that put forward by Doering 
and Bcaslcy for the evaluation of allylic dclocaliration 

energy‘ and serves IO focus explicit attention on the 
nature of the Dcwar-Schmcising corrections. 

(I) CH+‘H:+ ?H:-I!H: AH’ 7 t63.5 kcallmol 
9) 

(2) +CH=CHe+ 2H:+ZoH &CH,CH, 
<ll 

+ ZE, A‘ + ZE,,,, 7 E. ?E,.,, - ZE,, 

(3) ~‘H,-I!H,-~~H-+~ -?H-~H-~+~H~ 
UT w so 

-;<-&. - 2E ,,,, + ZE, ,,, t ?E,,, . 

(4~ cF -;H-;H-q -&?H-t’H-e -2BDE 
SDOITSD Oe(lP 

$) q-CH =CH-cp -. $H;c?H;+ 
‘ .I 

AH’ = -41.6 kcallmol = ~63.5 - 2BDE - E. 

+ Z(E<.,- - E,-,c .) - ?(E,,,. - Em .) 

whence 

BDE= ll.Ot!E.-(E,*‘ -E[.c.*) 

- (L - E,, .) 

(5) eCH=CHe 4 H:+o-CH?CH,(p 
*u 

AH;(g) = ! 60.3 AH;(g) 7 t32.4 

AH,,, - 27.Y kcallmol L E. 2E c.J - E, ( - 4EH( 

+ZE,, - 2E,,- 

(6) CH:=CH, + H,+CH,CH, 

AH,,. L 32.8 kcallmol : ,F,-, - 6E,,(. b 4E,,( 

whence 

E. = (32.8 - 27.Y) - 2(E,.,,. - EC-, ) - 2(E,,< - EM. ) 

t(6)-(5): BDE 2 13.5 + 

(E, ,(‘ - Ec-. ) - (E,,, E,,, 0) 

Cyclopropane diastcreomcriration has also been used 
as the basis reaction. From the rate constants for the 
interconversion of cis- and rrdnr - I.2 - diphcnylcyclop- 
ropanc reported hy Crawford and I.ynch.” the kinetic 
expression can be derived: log&._ t k.,) - lO.9- 
348OIRT In IO and K = I I.8 at 205”. When the estimated 

value for AH’. 36.2 kcallmol, is combined with the value 

of 63.7 kcallmol from the geometrical isomcriralion of 
I’ .- - didcuteriocyclopropane.‘? a value for the 

bcnzylic stahiliraIion can be deduced. BDE = 

13.8 kcallmol * f(C;H/ClXp@). where f(C:H/CpCp@) is a 
convenient contraction of the Ikwar-Schmeising cor- 

reaction terms, 

(E, .U” - E, .LM) (Lo, E,,, *). 

Similarily. if the enlhalpy of activation for the 

conversion of liquid c-is - I.? - diphcnylcyclopropanc 
found by Rodcwald and DePuy” (AH’ = 32.6 kcallmol) is 

combined with the reported difference of 1.7 kcallmol in 
.!xHy of cis- ( t44.3) and rrans- ( *4!.7),” BDE = 

14.7 kcallmol - f(C;H/Cp<‘p.). 
Additional estimates can be derived from the cleavage 

of other ~ypcs of covalent bond as the hasis reactions.” 

Thus. the ohscrvcd enthalpy of activation for the 
dissociation of hibcnryl is reported to bc 47.1 kcallmol. 

although it must bc noted that the low prccxponcnlial 
factor (log A L 9.3) has caused serious doubt to be cast on 
its validity.‘” This datum combined with the cnthalpy of 

activation of dissociation of cthanc (AH’ = 85.1 kcallmol) 
leads IO BDE = IY.0 + f((‘;H/CC@). 

Several dctcrminations of the heat of dissociation of the 

bcnryl-hydrogen bond in toluene fall close IO X5.02 
I kcallmol.” Comparison of Ihis value with a rcprcscnta- 

tivc value for the primary C-H bond in cthane or propane. 

Y7.S kcallmol. leads IO a value for bcnzyl resonance. 
BDE = 12.5 - f(C;C/C(o). If methane is used as reference 

(104.1 z 0.5 kcallmol). BDE = 19. I - f(C;H/(‘C@). 
Bond fission of ethylbcnzcnc at 9f;O”K to henzyl and 

methyl radical reveals an enthalpy of activation of 

68.4 kcallmol (log A - 14.6).” whence BDE = 

16.7 * f(C:H/C(*). 
Similarly. from the bond dissociation energy of bcnzyl 

bromide (50.5 kcal/mol)‘* and AH;(g) = 
17.0 z 3.0 kcal/mol,g AH:(g) of the bcnzyl radical is 
41 .O kcallmol. Coupled with AH:(g) of hibcnzyl 

( * 32.4 kcallmol).” a value of BDE = 17.8 * f(C;H/CC@) 
can bc derived. 

Finally, from the cnthalpics of activation for dissocia- 
tion of bcnryl mcrcaptan and methyl mercaptan of 51.8 
and 65.4 kcallmol. recpcctivcly.” a value of BDE = 

13.6 - f(C1.H/C@) is obtained. 
A reliable value of BDE can hardly be cxtractcd from 

these various comparisons. 13.5 4 f(C:H/CC’.): 

14.3 I 0.5 + f(C:H/(‘pCp+ 17.2 z 2.3 - f(C:H/CC.): 

12.5 - f(C;C/CC~). 
Not only arc valid estimations of the Dcwar- 

Schmcismg corrections desirable. hut even if the a\- 
sumption is made that the three different types of radical 
(C’@ in the 00” twisted ethylene. Cpe in the hypothetical 
trimethylenc diradical and (0 in the common free radical) 
have comparable correction terms and that activation 
energies for the rcvcrsc reactions arc zero, the spread in 
values is uncomfortably large. 

The \ccond illustration from the literature concerns the 

allylic dclocaliration energy (ADE) or the perturbation by 
Ihc vinyl group. The investigation of Ihc ci.r-rrans 
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Iromeriralmn of trienes leads III a value of ADE = 
17.1 - f((“H/C’C’@)’ which may be compared with value\ 

derived from examination of the (is-rmns isomcrirations 

of cyclopropancs. From the difference between the 

enthalpy of activation of the cis-frons isomcriration of 
I.! . dideuterir~yclopropane (63.7 kcal!mol).” and Iwo 

value\ for the rruns-c-is isomerization of jrans - I.! - 
divinylcyclopropanc (AH’ - 31.2 kcallmol” and 
33.1 kcallmol”). a value is found for ADE - 

1.5.X - 0.5 - f(C’H/CpCp*). From the isomerizalion of 

tran.c - I.2 - divinyl - 3.3 - dimethylcyclopropane” 

(AH’ -- 31.5 kcallmol). the value. ADE - 

16. I - f(C”H/(‘pCp@). is obtained. A related comparison 

depends on the isomcriration of cis - I - deuterio - ! - 
vinyl cyclopropanc investigated by Willcott and Gargle-“ 
(AH’ - 47. I kcallmol). whence ADE .- 

I6.6- f(C’HICpCp@). The average value from the cyc- 
lopropanc\. ADE - 16. I * 0.6 - f((“H/CpCp*). lie\ close 
IO the value from the tricnes. ADE -- Ii.1 I f((“H/CC’@). 

Comparison\ may also bc made on the ha& of the 

replacement of a methyl group hy a vinyl group. The 
Dewar-Sihmeising term\ then become fur&ins of 
olchnic (C’) and tetrahedral (C) carbon. From truns- 

hutene and hexatricne the \alue. ADE - 
13. I - ff(“C!(‘C~).~ is ohtaincd while the comparison of 

Iruns - I - methyl - ? - vinylcyclopropanc““” with tran.~ - 
I,! - dimcthylcyclopropanc~ leads IO the value\. .ADE - 
13.3:” or IO 5” e ff(“C/(‘pC‘pe) Values of .ADE - I2 6-’ 
or IO.? + f(C(‘/C(‘~) ba\ed on iodine abstraction of 

hydrogen atoms in butene- I and prapylenc. respectively. 
and a single value of ADE -- I! 4 * f((“(‘/(‘(*) ha\ed on 
pyroly& of ally1 methyl \ulfonc~ have been obtained. 

Here. again. the three different correction f;tcfor\ do not 
seem IO differ Gpnihcantly among themselves [ADE = 
13.1 + f((“(‘/CC’.): I I Y I I 4 - f(C’C/CpCp.); 12.1 * 

I.7 - f(c”(‘/C‘C@)] hut do differ Ggnificantly from I~C first 
pair [ADE -’ IT.1 * f((“H!C(“*); 16.1 - f((“H/C‘pCp@)]. 

From the examination of both vinyl and phcnyl 

perturbation\ come\ the strong indication that the 
diffcrencc between correction terms of the f(aC/bd) type 
and the f(aH/bd) type are Ggnificant and range from 2 IO 
-4 kcallmol As a practical consequence. estimate\ of 

empirical lowering of activation energy depend on 

whether a hydrogen “<jrn or an alkyl group m the standard 
model is being replaced by the perturhinp group 

From thi\ detailed analysi\ of the phenyl and vmyl 
perturbations and given the inherent uncertaintie\ in 

differences between any pair of experimental activation 
energies. there i\ little justification for choosing one ha& 
reaction over another, a~ lcas~ not until rcliablc evaluation 

of the Dcwar-SchmeiGng correction term\ or expcri- 

mental determination of activation cncrgic\ of the 
reverse reactions indicates to the contrary. Cyclopropanc 

isomcriration seems as reliable a~ any of the other 
reactions as a vehicle for the estimation of perturhationv. 

‘The \uhstanccs used in the pre\ent work IO CvaluaIc the 
stahiliring effect of the cyano group are cis- and frans - 
I.2 - dlcyanoc~clopropane\ (I) and their l-methyl analogs 
(II). Synthesis of the first pair of dmitrilcs i\ effected by 
dehydration of the diamidev. which arc prepared from the 
corresponding dimcthyl caters. Dimethyl c-is- and fruns - 
cyclopropane - I.! - dicarbo\ylate. synthe&cd according 
lo the method of McCoy” hy the procedure described 
previously.‘arc converted to the diamidcs in go-#% yield 
by treatment with 3(fi aqueous SH,OH. The diamidcv in 
turn are conveniently dehydrated hy Sot‘l~ in DYF’: with 
benlenc as a co-solvenl. lo the dinitriles in 6&G% yield. 

Chromatographically pure samples of both the cis- and 
the lmns - dinitriles are characterircd by analysis of the 

lanthanide - induced N.WK shifts.’ 
Dimethyl rmns - I - methylcyclopropane - I,? - dicar- 

boxylate is also prepared by the method of McCoy.” 

from a -chloropropionate and methyl acrylate according 
IO the procedure described previously’ for dimcthyl Irons 

cyclopropanc - I .2 - dicarhoxylate. Condensation in the 
presence of h’ao(‘H, m DX4SO yields a producf mixture 
containing Kerr, of the lmns - dimcthyl ester along with 

IO% each of the cis-isomer and an unidentified product. 
To obtain the fruns-dinitrilc. the total product i\ 
hydrolyzed with aqueous KOH IO pure Irons-d&id. 

which is recovered by crystallization from CHUG. and 
transformed IO rmns-diamide by way of the diacid 

chloride. Dehydration of ~hc diamide afford\ the fmns- 

dinitrilc. 
Dimcthyl c-is - I - methyl - cyclopropanc - I.2 - 

dicarhorylatc iv prepared according IO the procedure of 

McCoy” and identified hy hydrolysis IO a diacid. m.p. 
I4O.t?-I4I.4~ Conversion lo the anhydride. reaction with 

methanol IO a mixture of half ester\. which is transformed 
IO dic\ter hy trreatment with ethcrcal diazomethane. 
affords the c-is-diester. Transformation to the dinitrile is 

ctTectcd hy dehydration of the corresponding diamide. 

cis-Dinitrile can bc obtained more conveniently by glc 
separation from a 49.3 : 50.7 mixture of the cis and trans 
isomers prepared by equilibration of lhc Irons-isomer by 

potassium t-hutylate in DYSO at 25’. 

The kinetics of the thermal diastereomerization of 
rmns- and cis-I in 2% solutions in naphthalenc arc 

measured at the boiling point of naphthalene (217.8”). 

quinoline (237”). tetralin (20s”) and phenyl ether (2%. I”). 
Analysis of the product is effected on an (N-225 capillary 

column programmed from I20 IO 155” owing IO the large 
difference in the retention time of the rmns- and the 
cisdinitriles. The kinetic data are given in Table I. 

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 = [cir ]I[ tmns] = 0.547. is 
determined at 258” from the equilibrium composition 
consisting of 64.6: 35.4 parts of tmns-I and cir-I. 

respectively. As the rate constants are measured in both 

directions, it is not necessary (nor is it convenient due IO 
the slow reaction al lower temperatures) IO determine the 
value of the equilibrium constant experimentally at each 
temperature. ll emerges when the slope of the lines 
obtained by plotting -log (AK-B)/(&K-B,) vs I, starting 
with both cis- and rmnsdinitriles. arc matched by iterative 
refinement according IO the procedure described pre- 
viously.’ 

Rate constants are also determined in the gas-phase at 
two temperatures, 217.tPzO.~ and ?59.5”rO.2”. at a 
pressure calculated fo lie between IO&l IO mm. The runs 
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Table 1 Km& data for geometric iromcriration of fronr- and cir I.! . dicyanocyclopropanc in naphthalene 
solution 

208.0 72.0 3.23 5.09 

144.0 6.67 IO. 42 

216.0 v. PO 15.28 

2w.o 12.40 19.A7 

384.0 15.66 24.99 

217.9 

237.0 

258.1 

36.0 4.53 6. a3 

72.0 8.66 13.26 

108.0 12.85 19.00 

144.0 IS. 79 25. OS 

183.0 18.42 29.32 

Il.0 5.7s 9.04 

16.0 IO. 74 17.47 

24.0 15.90 25.32 

32.0 18.M) 31.25 

40.0 22,2g 34.29 

48.0 24.37 40.37 

2.0 8.30 

4.0 lb. 07 

6.0 21. IO 

a. 0 24. au 

10.0 27.56 
P-P_. -_ 

14.70 

26. 10 

35.72 

42.20 

47.43 

Tahk 1. F&t-order rate constan& and achation parameters for geometric isomcriralion of C~S- and trans I.? . 
dicyanwyclopropant 

Tcmp ( ‘C) 10’ + + k,,,l 10bk, c 

-i 
I06k, t &_ 

WC- ’ *cc WC -i 
k%t 

____--_.----- - 

trs8.t-l 
0.38 10 f 0. O04Sp 

a34sb 

0. 147 0.234 0.626 

0.38 10 * 0. 

217.V 
1.0010 t 0.0198* 

l.cQJ7 f 0.0193b 

0.386 0.614 0.629 

237.0 b.it9tO.111” 

6. 129 ?. 0. 05Rt) 

2.314 3.R15 0.607 

25R. I 38.740 t 0.330* 

3a. 737 f 0.55P 

14.27 24.47 0. 5R3d 

log (kt., + k, t) (14.9i t tr.06) - (46.95 t o.13uec 

‘* tt. E 
a. (14.24 f 0.05) - (46.40 * 0. 11,/e’ 

‘q k,,c 
1 (I4.nor 0.M) - (47.20 f o.13vec 

._-_._-_- _---.-- 

%lucH of the slnpc with tranfl- 1,2-dIcyanocyc10propwc LB tic orrrung mAtGrIll; 

errors at7 * 0 ohtnlncd from chc lcrsc squarea tre~rmcnt. 

%lucn of the slope Wldl‘S. i, 2-dxyanocyclupr~c ‘Ii tbc atnning nultrlrl. 

cg 4.575 x 10.3 T (‘K). 

d 
Leaa lywrva llncrr rqzw~atm d thcwc data affonl tic equation. log K = 0.062 * 

0.470/e’. 
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are effected in scakd Pyrex ampouks with benzonitrile as 

an internal standard. Under these conditions, cis- and 

rrunsdinitrilcs 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 (Tabk 2) within the limit of error for the 

measurement of activation energies. However. there are 
significant changes in the equilibrium constants at 217.K” 
(0.235 vs 0.583) and the rate constants at 258.1” for 
r-is-Irons interconversion (k,, = 10.13 and k,, = 43.12 vs 
k,, = 14.27 and k., = 24.47 x IO ‘KC ‘) between the reac- 

tions in the gas-phase and in naphthalene solution, 
respectively. 

In ampoules of Coming 0120 lead-potash glass, the 
dinitrilcs isomerire much faster with ineprcducihk 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. 

The activation parameters for cis-frans geometrical 

isomerization of I.2 - dicyanocyclopropane, E, = 

47.0 kcahmol and log A = 14.91, can be translated in the 

usual fashion: AH’ = 46.0 kcallmol and AS’ = 6.6 cu. (at 

242.76”). The corresponding parameters for I.2 - di- 
deuteriocyclopropane” are AH’ = 63.8 kcallmol and 
As’ = 13.0e.u. at 391.W. whence a value for cyan0 
delocahzation energy can be derived: CNfDE) = 

8.9 kcallmol + f(C;,H/CpCp@) I(FxrJ,, - F&<.*) - ff& 
- f&J]. In this Dcwar-Schrneising correction term, the 

cyan0 carbon is sp hybridizd and noted as C& while Cp 
refers to the carbon atom of a cyclopropanc ring. Although 

the value of CNfDF.) cannot be estimated, the AAH’ term 

of about 9 kcallmol can be compared directly with the 

MH’ terms for the vinyl (I6 kcallmol) and the phenyl 
group (14 kcallmol) when acting as substituents on a 
cyclopropane ring. Because the Dcwar-Schmeising terms 

vary with the nature of the reaction, application of the 
9 kcahmol lowering by cyano in other reactions should be 
made circumspectly. 

Table 3 Kinetic data for gcomerrk isomcrization of ~ronr- and cis - I 2 - dicyanocyclopropanc in ~hc gas-phase 

‘Tcmp (‘C) Tlmc enlrll m-1 (%f Rec. (+ m-1 (Wb Rec. (5) 
c 

__---.-- 

25Q. 5 0.0 0.00 0. 00 
60. n 2.09 87.5 16.57 83.9 

120.0 6.04 92.5 31.55 83.2 

225.0 9. IO 89. I 47.23 a3.2 
300.0 

4320. od 
13.09 86.5 54.81 103. a 

19.w 81.3 79.97 102.4 

217.X 0. 0 

22v7.0 
4320.0 
h4WO. 0 
8640. 0 

:1CI30.0 

0. cm 
2. w 
5.24 
7. 9b 

iO.90 

98.7 

97.0 

0.00 

16.35 
26.61 
37. I5 
44.45 
5i.35 

46.6 
98.6 
96.6 

loo. 0 
A9. I 

------ 

%rrnl”g lrwn s-1. lhc pcrccnc cmvcrs1cxl IO z-1 h-all0 of 3-1 IO lhc 8”ul of Cls-I - 

and trans-I ornear 100). -- 

b 
szarung from e-1. 

CHccowy bawd on bcnronIrnIc .H standard. 

*Ihc runs from which IIIC cxpcrimcnml oqwllbnum consram Is deccrtied. 

Table 4. Ftrs!-order rare constants and acwalion parameters for gcomc~nc isomeri?auon of IMIIJ- and ri.s . I.? 
dicyamxyclopropanc in Ihe gas-phase 

---------.-_-_ 

Tcmp l ‘C) IO6 (k, c l k, t) 
-I . 

iObkt c I06kc , & 

YCE set : 1 WC :I 
4.1 

--.-- ---_-______ 

259.5 i 0. 2’ ~3.209 f 2. Ii IO. I3 43. I2 0.235 
13.247 f 5.05 

217.b f 0.2’ 
. . 4.30 

+ 0.05 0.26 1.22 0.215 

I. 480 i 0.02 

-_ - -.-- .-- 

Ioglk,r+kcrI - 14.05 - 44.05/e 
. . * 

10~ k, 13.73 - 45.6418 c 

1% kc.r . l3.M - 44.4319 
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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 ZS9.f in 1% solutions in 
t-butylbenzene of I : I mixtures of tmns - I.2 - dicyano - 
(rmns - 1) and rmns - I - methyl - I.2 - dicyanocyclop 
ropanes (rrons-II) and of similar mixtures of the two 
cb 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 (Tahk 

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 = 

cislfrans) are obtained for I (0.41) and II (0.347). Specific 

rate constants calculated from the data in Table 5 are 

given in Tabk 6. 

From the ratios of the rates given in Table 6, MC’ 

(259.5’) is 1.98 kcal/mol based on k,, and I.95 kcallmol 
based on k,. On the assumption of identical entropies of 

activation, AAH’ may be set equal to AAG’. The lowering 
of 2.0 kcallmol 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 kcallmol 

per methyl group). 
Two features about the cis-rmns equilibrium constants 

are noteworthy. One is the near identity in t-butylbenzenc 

solution of the equilibrium constants of I and II. Their 

ratio, (KJK,,),,, ,. = 0.410/0.347. corresponds to a free 
energy difference of - I77 kcallmol. 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 naphthakne to 
the gas-phase. At 217X. K, = 0.215 (gas-phase) and 0.623 

(naphthalcne; evaluated from the regression line of the 
data in Tahk 2). In the gas-phase, cis-I is thus disfavored 
over solution in naphthalene by I .@t kcallmol. 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 &r-I on the 
Carbowax column. In this connection, t-butylbenzene is 
intermediate in effectiveness: K, = 0.410 (0.242 in the 

gas-phase: 0.547 in naphthakne), 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-tmns isomer- 

ization of I cyan0 - 2 - vinylcyclopropanc. 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 equilibration is given by 

(k,,+ k,,)= lO““0’ exp(-41.000+600/RT)sec ‘. In a 

Table 5. Kinetic data for geometric isomeriratron of I . methyl I.? . dlqanocyclopropane (c-is . II and fmnJ . II) 
and I.!. dicyanocyclopropanc (ci.r I and trans I) in t~hutylhcnrerx a~ !W!‘r 0.” 

--. -__- _. _-- --_.--- ..- ----__. _..._ 

Run ‘Slmc ‘T’l-anS~II ‘I’rsns-I cls-I 

mm. -r. --?-- %.‘I ‘7 
Hcco”clya 

. . fc .* 5 
____-_- _. _-.-.-- __. - _ _-_ ._- 

I 0. 0 0.00 0.03 :oO.oO 100.00 

60.0 4R. 05 10. I4 51.35 u9.m 101.0 

W.0 58.97 14.62 41.03 u5.3n loo.6 

120.0 65.24 19.ca 34.76 81.00 101.0 

240.0 73.65 34.44 24.35 65.56 loo.3 

360.0 46.03 53.97 

480.0 55.32 44.68 

3720.0 74.22 70.90 25.70 29.10 101.5 

2 0.0 100.00 ioO.00 0.00 0.00 

60.0 H3.50 95.w iCa.50 4.04 loo.0 

90.0 iv.c.3 93.v7 20.47 6.03 100.0 

120.0 76.22 9l.U 23.76 8.32 loo.1 

240.0 73.78 85.93 26.22 14.07 99.7 

360.0 l13.25 16.75 

4A0.0 dO.51 IV.49 
- .--.--__- -- 

%e rucove~ln 7, Ib dcvrrmned Wldl rdercncc IO I-cyanoadarnanune a* scnndrrd. 

Tabk 6. Fnst-order rate constants for gcomctrrc isomeri?ation of I 2 . dicyarwyclopropane (vans I and C&-I) and 
1.2. dicyano . I methyl. cyclopropanc (rmnr .II and ri.r-II) in I-hurylbcnzene a~ 39.5 1 02” 

____-_- ____. ___‘_._ - -_--- _.--. -- .-.--.-- 
.scm-Nng i0' CL,,, 6 k,,t) 10'4 c 10'kc , 

MWXiJl _ 'i _'i AaL 

!wC 
-I set SEC 4t 

-_._---- - _ --.-.--. --- -_--- .-.--- 

Cm.nO~ I 4 iifl * 0. .17 -- 
1.25 3.53 0.353 

clu-t 4.774 fU.lll - 

tram-II 30.479+ 2.4‘Xl -- 
n.09 22.35 0.362 

Cln-II 30.403 * 0.21H ._.. 

-__-_..-_--- .--- .-_-- -- .-_-- .- --.- - 
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stirred-flow reactor over the temperature range 210-258”. 

this expression is &-I&,)= ]O““*’ 

exp (~-41.100 2 sOO/Rn KC I. The causes of the experi- 

mental differences leading to somewhat faster reaction as 

measured under stirred-slow conditions have not been 

identified. Willcott and Car& have studied the cis-tmns 
isomerization of 2 - deuterio - vinylcyclopropanc.” Under 
static co~it~ns in the temperature range 227-325’. the 

rate constant for cquiiihration is given by (k, + k,,) = 
IO “‘*” exp( 48.200~ lf&O/RT)sec ‘. A comparison 

reveals that ring substitution of a cyano group lowers the 
activation energy for cis-lrans isomerization of vinyi- 
cyclopropane by 7.2 2 I.7 kcallmoi”‘. Translation into 

S&H’ leaves this value essentially unchanged: CMDE) = 

7.0 kcallmol + f(CruH/CpCp*). 

A comparison can again be made with I.2 - di- 
deuteriocyclopropane (AH’ = 63.7 kcalfmoi), whence the 

combined effect of one cyano group and one vinyl group 
is 23.7 kcalfmol. If the lowering hy the vinyt group derived 

from the three studies of divinytcyciopropanes mentioned 
ahIve, AD6 = 16.1 t f(C’HICpCp*) is subtracted. there 

remains for the effect on JH’ of the cyano group in the 

cyciopropane isomerizition. CN(DE) = 
7.6 ,t f(C;+,H/(:pCp*). 

Other estimates in the literature of the effect of a cyano 
group have been derived from the kinetics of cis-rrons 

~someri~ation of 2 - cyano - 2 . butcne” and #3 - 
cyanostyrcne.” the decomposition of cthyt and t-butyl 
nitriles.* the gas-phase unimolccular isomerization of 
cyciopropytc~n~de’. and the gas-phase thermolysis of 
cyano - substituted cyciobutancs.“.‘* 

The observed activation energy, E., for the ris-fruns 
interc~~nversil~n of crot~~nitrile is reported to be 51.3 f 

3.7 kcalfmol (log A = 11 .O 1: 1 .O).” but Benson questions 
the low A-factor and has recalculated E. using tog A = 
12.7 to obtain the value 56.7 kcat~mol.~~omp~son of the 

calculated enthalpy of activation, 6H’ = 49.9 kcallmoi. 
with that for propylene (AH’ = 60.8 kcallmoi)” gives 

IO.92 3.7 kcallmol for the lowering of tnthalpy of 
activati0n.t 

cis - 8 - Cya~ostyre~e isomerites to the fru~~.isomer 

at 6lO”K: E. ; 46 kcallmoi (log A = 11.6). The corres- 
ponding AH’ is IX.7 kcallmol lower than that for ethylene 
(63.4 kcallmoi).” While corrections for the conjugative 

interaction of the nitrile group (3.59 kcal)S and of the 

phenyl group might be made, what is needed is the heat of 
hydrogenation (or a similar m~surcmcnt) on @- 
cyanostyrcne and an acceptable value for BDE, if an 
estimate of the stab&ring effect of CS is to be made. 

The activation parameters of the decomposition (rates 

based on methane formation) of ethyl. and t-butylcyanide 
and cumyi cyanide have been determined: E. = 72.7 
(logA= 14,l). 70.2 (logA= IS.!) and 54.1 kcallmol 
(log A i- 12.3). respectivciy.” Heats of formation of the 

radicals. FH:CS and (CH&&‘N, are 5l.i %3 and 

33.8 l 3 kca]” (36.7 kca]).” rcspectivcly. Values for the 

‘From thermodynamic parameters of &-and ~mns-cro~oni~&. 
JH = 0. I? z 0. I? kcal and JS r - 0.39 r 0.19 kcallmol S. the ris 
isomer is more stable rhan the fauns due to bigher enaopy. 

tJH&QCTt,CHr(‘N is +8.1? kc&“” and JH,@CH,-CH, is 
. ZO.?d kc& rtte difference -?A.36 kcal when compared fo the 
diffcrenctf-11.95)Mwccn the hcatof formarionofCH,=CHXK. 
AH%@ -i td(.l”*and of cthykne. AHXp) - l 12.15 kcal. resulls in 
a value al -2.59 kcal ( * 31.95 - 1 t 2&M]) for CE; vs H conjugative 
intetac%ion. 

stabilization due to Ch’ are estimated to be 12.67 and 

10.52 kcallmoi.“ 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 dec[)m~sition of 

cumyi cyanide to FH, and (F&H,)CN radicals is 

24.1 kcallmol (log A e 1X3),” whence a stabilization 
energy due to the combined effect of e and CN of 

31.2 kcailmol can be estimated (taking the bond dissocia- 

tion energy of propane to be X5.3 kcat~mol). 
A recent experimental evaluation of the dclocalization 

energy of the cyanomethyt radical is obtained by Sarner, 
Gale, Hall and Richmond” from the gas-phase ther- 

molysis of cyclobutanecarbonitriic (758°K). I.? - cyc- 
tobuta~dic~~nit~le (638°K). and 3 - mtthytentcyc- 

lobutanecarbonitriie (7@K). Experimental energies of 
activation of 56.7 (log A = 15.5). 41.2 (log A = 12.3). and 

49. I kcallmoi (fog A - 12.7). respectively, may be com- 
pared with that for pyrolysis at 730°K of cyclobutane 

(F., i- 62.5 kcallmol, log A - lS.6fU and that for the 
pyrolysis of mcthylenecyctobutane (E, = 6t .3 kcailmol, 

log A L IS.O9).’ From the resultant lowerings of AAH” of 

5.8. 21.3 and I!.? kcailmol. respectively, values for 
CN(DE) = 5.8, 10.7 and 12.2 kcallmol + f(C&,H/C,C,~) 
are obtained. 

Quite recently, King and Godard” have restudied the 
pyrolysis of cyanocyclobutane at very low pressure and 

confirmed the results of Samer 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 
cyclohutanc cleavage indicated by the low pressure 

kinetics of Beadle er 41.” In that case, a stabiti~tion 
energy of 6.4 kcaifmol emerges. 

Kinetic studies on the grtr-phase unimoiecul~ isomer- 
ization of cyclopropylcyanide to cyanopropenes at 

660-760” and 2-89torr. by I.uckraft and Robinson” 
provide a value of 7.7 kcallmol for the stabilization of the 

radical center by CN cis-d-&s H. the difference between 
the enthalpy of activation, 56.4 kcallmoi, and that for the 

isomeri?ation of cyclopropane to propene (AH’ = 
64.1 kcallmoi, E. = 65.6 at 760”K).” 

The several values in the literature for the stabilizing 

effect of the cyano group are summ~i7ed 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 2 1 kcallmo] seems to be acceptable for 
the stabilbing effect of the cyan0 group r&-d& 

hydrogen. 

Incidental to the evaluation of the effect of a methyl 
group on the kinetics of cir-rrans isomeri7ation. frans - 
I.? - dicyano - I - ~thylcyctopropane 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 

prcfcrence of the benzylic carbon atom in ethyl I,? - 
diphenylcyclopropane - I - carboxylate to rotate (R, = 
13.3) gives hei8htened interest to this question.“ 

Resolution is effected on the rransdicarboxylic acid by 
means of quinine. Conversion to (-)-rruns-II is achieved 
in the manner previoudy described: a sample heated in 
benzene solution at 2301t2” for 38,700sec affords 
recovered f-f-rrans.11 with 0.6% of the original optical 
activity. 

Recovered cis-II 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 589$ by 



Table 7. Summary of stabilizing effects of the cyano group in various reactions 
-- _... -.. --- .__---- _. ~_. -----______ __ 

Rcacom Type Stillll~UCn tIcwar-SchrnelHlng ‘I’crm RC-ftT~IlCl~S 

(kCd/~OlCl 
_____ -- --._----_- - .-_-- _-- _____ 

(>ClOhMW 
6.4 .I 

dtcomp. 
39,45 

L~clopropane 
A. Y f I.0 . . 

laom. thin 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, s 1.37. 
Even though this value obtained from a single experiment 
would be increased by extrapolation to r.cro time. it may 

be concluded that tk resistance to rotation of the 
disubstituted carbon atom is much smaller than it is in the 
case of Chmurny and Cram.“ 

EXPERIME!b-TAL 

Gnrraf. NMR spectra arc recorded on Vanan AJXl and T&l 
spectrometers. IR npcc~rr arc dcrcrmmcd on a Perkin-Elmer 
Model 337 grating spcctrophotomcrcr. Glpc analyses are per- 
formed on a Perkm-Elmer Model 990 Gas Chromatograph using a 
Perkin-Elmer OV-225 capillary column. 600 by 0.02 in. (Column 

A). The areas of peak\ are obtained with a Digital Autolab Model 
63o(MI Integrator. Puntication of samples IS accomplished by 
prcparalive glpc on Auroprep Model A-700 using Column H 

(60~ 0.25 in.; 20% SE-30 on Anakrom AR) and Column C 
(162 x0 !51n.; 10% Carbowax 20M on Anakrom ABS). Mass 
spectral analyses are made with an AEI Mcdcl MS9 doubk- 

focussing mass spccuomelcr. 

Mps and b.ps are uncorrected. 
trans . C’yclopmpanr . I.2 - dicorhoxclmidr Drmethyl I~MI . 

cyclopropanc . I.! dlcarboxylate (I.1 g), prepared according 10 
rbe procedure described earher. was stirred with 20ml of 30% 

aqueous ammonium hydroxide in a tightly stoppered bottk al 27. 
The diesrcr dissolved within I hr and was replaced by a cryslallmc 
sold. After the contents had been stirred for an addilt-onal3 hr. the 
crystals were colkcred. washed with anhyd McOH and dried 
in cocuo: 0.75 g (84%). m.p. 275-2w: NMR (D,O) 6 1.05-1.3 (2H. 

m). 1.83-2.1 (2H. m). 4.6 (s. HDO). 
cis . Cycloproponr . I.2 . dirorhoromidc: cr.r Dtmelhyl esler 

(I.1 g).’ treated according IO the procedure described for lhc front 
Isomer. afforded ci~diamidc m 80% yield as a colorless solid; m.p. 

230”; NMR (I)#) d I.!)_I.68 (2H. m). 2.11-2.40 (2H. m). J.R6 (s. 
HDD). 

trans. 1.2 . I)l’cyanoc~c/oproponr (rrans - I) To a suspension of 
lronr diamidc (I 28 g. IO mmol) in I5 ml of dry benrrnc m a 25 ml 
flask with a side-arm cloud with a serum cap and swepl with a 
slow stream of dry N:. 1.5 ml (?I mmol) of thionyl chloride was 
introduced with a syringe lhrough the serum cap followed by 
dropwise addition of 2 ml (!I mmol) of DMF a~ 25’ Withm I! mm 
rhc sold dissolved and IWO layers were formed. The mlxrure was 

shrrcd for 4 hr al 25-m. poured over crushed ice and extracted 
with three 25 ml portions bcnrtnc The combmcd exlracls were 

washed wllh dil NaHCO, aq and then with water. and drkd 
(MgS.0.) Removal of bcnrrnc on a rotary evaporator gave 0.68 
(65%) cdorkss cryslills. m.p. XL?!‘; after one crystallirarion 
from pctrokum erhcr-CH,CI,. m p 72.5-73’; NMR ((‘DCI,) 6 

I 47-l 75 (complex m. !H). 2 k2.3 (complex m. 2H): IR ((‘HCI,): 
3110 (wj. 3050, 3010 tm). 2250 (5). 1445 (w). 1215 (5). 1070. 1055. 
988.910. 865. 720. 680 (ml cm ‘. 

cir . I.! fkpmocycbpmponr (cis . I). Following lhc 

procedure described above for the rronrdmitrik. rcldiamide 
(2.56 g. 20 mmol) in 30 ml benzene was treated with 3 ml (42 mmol) 
thtonyl chloride and 4 ml DMF al 25” and stirred for 9 hr. Dilution 
with 30 ml ice-water. vparation of IIK bcntenc layer. extraction 
of the aqueous portion with three 20 ml portions of CH,CI, yielded 

a combined benzrnc and CHKI, CXI~JCI which was washed with 
IWO 20 ml pclrtions water. dtl NaHCO, aq. and with s.al NaCl aq. 
The dried extracts were concentrated on a rotary evaporator IO 

afford O.%g, m.p. 54-!R’. One crytrallizaltin from pcttthcr- 
CHJ’I, gave colorless cryslals. m.p. 5w; NMR (CDCI,) 6 
l.4i-I 73 (complex m. 2H). 1.95-2.23 (compkx m. 2H). IR 

(CHCI,). 3070 (WI. 34X0. ?9Ro (m) , 240 (5). 1455. 1375 (ml. I220 

(5). 1130. 1070. 955. 850. 725. fBl (ml cm I 
Dimtthyl trans I - mrrhylcyc-bpropanr I .! . dicorboxylatr. 

711s compound was prepared according IO the procedure 

descnhed previously’ for dimelhyl rrclnr . cyclopropane . I.! . 
dicarboxylak. To a well-stirred soln of methyl 2 - chloropropion- 

ale (25.5 8. 0.21 mol) and methyl acrylalc (45 g. excess). NaOMc 
(Fisher. II Bg. 0.21 mol) was added in small portions a! uM(p 
under Sr. AfIer the addilron was complete. lhc mixture was slirrcd 
for an additional 3 hr. Addition of 100 ml water and extraction 
wrth three 50 ml portion\ ether. washing with IWO IO ml porlmns 
water. drying over M&O. and di\tillatron gave a frac!Lm (22 g) of 
b.p !tUOYR mm) and a second fraction (26 R g) of b p. 77-s?’ 
(5.2 mm) and a third fraction (4 5~) of b.p. U-95 (5 mm). 
Combined hrp.her boiling fraclions (II 38) correspond IO 85% 
yteld of the product ba\cd on methyl 2 chloropropionate The 
second fracrton was rcdisrillcd and gave a major fraction. b.p. 
%95’ (6 mm) which showed three peaks on Column C at 165’. in 
0~ ratio RO IO: IO with retention trmes of 33. 40 and 46 min. 
respectively. These were colkcIed by prep. ralive glpc usmg the 
same column. From rhc NMR spectra of the purified rnctlons and 
from the experiments de&bed below. Ihe major peak (r I , 
33 min) was assigned IO dimethyl WMI . I methylcyclopropane . 
I.! - drcarboxylare. NMR KDCI,) 6 1.23-1.7 (compkx m with an 
overlapping %ingkl due lo -CH. al 1 4. !H). 2.23-2.48 (pair of d. 
IH). 3.7 (s. 6H). The minor peak (r.1 ,40 mini was atsigned to the 
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c-i> dimethyl csIer and the thud peak (r.1.. 46 min) was unidentifkd 

(no cyclopropyl prolons in the NMRl. 

LAmethyl cis - I . mcthylcycloproponr . I.? . dic~ohorylatr. This 

suhsIance was prepared from methyl acrylate (6 9 g. 0.08 mall. 
merhyl 2 . chloropropionak (4.9 g. 0.04 mol) and NaOMe (2.3 g. 

0.042 mol) a~ IS35’according IO the procedure of McCoy.” After 
removal of a lower boiling fracrion. d~stillstion afforded a frsctIon 
of hp. It!-9s’ I.C mm) which, on glpc analysis on Column C at 165’. 
gave the same three peaks as observed in lhe preparation of lhe 
Irons isomer bur in Ihis case rbc 40 min peak assIgned IO ~hc cir 
Isomer wa_s rhc major component of the producr mixrurc. A sampk 

of pure rldimcthyl ester was obIain by prepanlive glpc on lhe 

same column. NMR UXX) 6 0.91-I 3 cm. I HI. 1.4 (s. 3 Hl. 
1.6%1.8? (m. 2H) and 3.67 (s. 6Hl 

To confirm rhe idcntIIy of thIs material. the producl mixIure 
(3.5 g) was hydrolyrcd wiIh 25 ml of IS% KOH aq aI 70-W for 
5 hr. A work-up procedure similar lo rhar used for Ihc preparalion 
of the rrunr Isomer gave 2.4 g of a crysIallme tohd. which yielded 

pure cisdlacid. m p. 140&141.4’ afler recryslallizalion from 
Md’S. The rcmamdcr of rhc producI was heaIcd with 2.5 ml Ac,O 
31 WI00 for 30 mm. Removal of excess Ac,O and AcOH under 
reduced pressure gave a residue. sublimalion of which at W 

(6 mm) yielded I 07 g of Ihe anhydride. m.p. 46JP. NMR (CDCI,) 
d 1.41-2 I7 Icomplcx m wlIh ovcrlappmp single1 at I.57 due IO 

-CH,. CH). 2 4b2.68 (parr of d. IH) 
RcacIion of ~hc anhydride (I 05 g) with I? ml McOH ar 70’ for 

I hr gave a mlxlurc of halftrIers. Irealmenl of which with 
dialomethanc m ether al W afforded I I g of dimethyl cu I . 
mcIhylcyclopropanc . I.! . dic~boxylarc. KMR spccu-um of this 
sample of ~hc ru&cs~cr wti mdi\Iinguishahk from IhaI of a 

sample ob~uned h) preparative glpc of a sample ohrained by 
preparative glpc of Ihe original producI mlxIurc (see above) 

Irans I Alcfhylryclopmpanr . I.2 . dicarborylic acid. A 

mixture (I8.2g) cunlammp IW% of dimeIhyl ImnJ . I . 
merhylcyclopropanc I.! - dicarhoxylav and I@% each of lhe cu 
isomer and an unidcnIi6cd product. was Ireared uiIh IOOml of 
17% KOH aq for 6 hr al %L9(p and concenIraled on rhc rotary 
evaporator IO a rerrduc which was cooled in ICE and acidified with 
con< HCI ExIractron of Ihc producl wirb five 60 ml portions of 

ether gave I6 I g of colorless sold: recrystallizaIion from MeCti 
afforded l4.7g of crysralhnc solid. m.p. I71 &17?” 

Iran\ I Mrfhylcyc-lopropane . I.! - dicarhoxomidt. The 
correrpondmg cyclopropanc dicarboxylic acid (!.I g) was heated 
with Ihionyl chloride (20 ml) aI 7W for 2 hr. Removal of excess 

thmnyl chloride under reduced pressure afforded Ihc d&J 
chloride *hIch wa\ dis\olted m CHJ’I, (20 ml) and IreaIed with 
SH, soln in CH2CI, 31 I? The precipitated solds were isolated by 

IilrraIion. dissolved in a minimum volume of MCOH and ddured 
with ethanol-dlcIhyl ether (I :4) IO precipiIaIc SH.CI. The filrrarc 

~a\ concentrated on a rotary evaporaIor IO a rcsiduc which was 
cryslallved from 30ml of EIOH 1.5s; m p. IRZ-183’: h’MR 
(D,(j) 6 0.93-1.4 (compkr m utlh overlapping smgkI 31 1.16. ?H). 
197-Z !5 (m. IH). 4 53 (HIM)). 

bans . I - .Wfhy/ . I.! dlcyanocyclopropanr. ‘I’o rhe 
suspensrun of lhe abobc diamidc (0.98g. 6.9mmol) in bcnrcnc 

(II ml) was added Ihmnyl chlonnc (I.0 ml) and DVF (I.4 ml) aI !I? 
under S: AfIer tlirnng for 4 hr. rhc mlxlure was diluted with 
IOml waler and extracted with 2Oml benzene and Ihrce 2Oml 
porrLns CH,(‘I,. The combined cxlracls wcrc washed with waler. 
dil NaHCO, aq. water. dncd over YgSO. and conccnrrakd under 

reduced pressure IO furnish 0.61 g Ig3%) crude producr. Glpc 
analysis on Column A aI 1-W showed one major peak. PunkaIion 
on Column 1% at 145’ gave a colorless hquid: NMR (CDCI,) 6 
1.23-l 90 (compkx m with overlappmg sat 1.63 due IO -CH,. 5H). 
2.1-2 37 (pair of d. IHl: IR (CHCI,): 3OSO. ?pru). _W Iw). 2240 (I). 
1460. MO. 1375 (m). lCB3. 970. 915 (m)cm ’ 

cis I Mcfhyl 1.2 . diryanoc~clopmponr. A sampk of the 
unpurified. crude rmnrdmirnk (0.5Sgl was equilibraIed tn 
DMSO (3 ml) conlaining poIassium I-huIylaIe (50 mg) for 5 mm al 
2S [hlulion wirh IOml water and exlraclron wirh four 20 ml 
poruonr c&r afforded an ether cxrracr which was washed with 
w-arer. dried over MgSO. and concentrated under reduced 
pressure lo afford 0 34 g of a colorless hquid. Glpc analysis on 
Column A aI 120” revealed IWO peaks of rtr limes of g and 44 mm 

m rhc rarw 50.7: 49.3 corresponding IO front_ and cb I . mcrhyl - 
I .2 . dicyanocyclopropane. respectively. ScparaIion and purifica. 
Iion was effecIcd on Column R aI 140 (hehum flow 60 mllmin) 

yielding samples of ~hc irons- and ~hc ciJ dinitrik. AfIer a second 

chromalograph on rhe same column. glpc analysis on Column A 
revealed Imnr dinitrik of llW% punry and cir dinirrik conlami- 
nated by 0.1% of IIW rranr .isomer The S.WR spectrum of Ihe 
rrunr dinirrik was tdcnIical IO char of srarting makrial while IIK 
NMR spccIrum of rhc cirdinitrik in CDCI, showed a complex 

mulliplcl a1 6 I 38-I 83 with an overlapping singlet aI 6 I.! due IO 
-CH, and IR (CHCI,): 3100 (w). 3010 (ml. 3475. UM (ul. 2240 (s). 
1450. 1430. 137? (m). 1090. 1065 (wl. 980 (ml. 900 cu.). 

The rir-dinMe coukl also be prepared in low yield by the 

dehydralion of ~hc corresponding diamidc with SoCI,-DMF 
according IO the proccdurc descrtbcd for the Irons-isomer The 
ri$diamidc. prepared from dImethyl ric I . methyl . I.! . 
cyclopropane dicarhoxylale by IreatmenI wiIh 30% NH.OH for 
I4 hr in .30% yield could bc crysrallized from EIOH-MeOH (2. I) 
al V. m.p. !M_W 

Resolution o/ rrans . I . mrlhylcyrlopropanr . I .! - dicarhoxylic 

acid A soln of the fronsdracid (0 72 g. s mmol) and quinine 
(3.24 g, IO mmoll rn I :! EIOH-ElOAc (25 ml) yielded I.4 g of 
crysrallinc salr afrer being srorcd ar !P for 3 days. D&id was 
recovered from O.ISg of thus salr hy suspension in waler. 
acrdificarwn with cold !O% HCI. rxrracrion with ether and 
concenrntion: [u 1: t 91.5’ (c. 0.699. PIOH). TWO recrystalliraa- 
Irons of I.! g of rhrs salr from lhc same solvcnI furnished 0.5 g of 
AI. m.p. 2o.L!04”: diacid: In]: t I63 5’ (I-. 0.X312. EIOH). The 

morher liquors yielded a second crop (0.95g). The filtra~c when 
concentrared yielded a resdue (I I g) which. on hydrolysis. 
furnished O.lCg of ~hc diacid: la]::- 65 7; (c. 1.23% EIOH). 

(. ) rrans . I . Mtrhylcycloproponr I.! dirorboramidc. 

Partially resolved t-1 diacd. 0.148 ([all: ‘- 65.P) was treated 
wirh rhionyl chloride (I ml) for ! hr a~ c(Mo’ A work-up 

procedure simdar IO IhaI used for raccmic material gave 0 111 g of 
crysrallinc solid, m.p. IQ-183’. 

( ). Vans . I . Hethy/ I.! dicyanncyc-loproponr The producr 
of dchydrarion of the above diamide (O.IRg) wrrh SWI..-D.WF 
according IO rhc procedure described for the preparation of 
racemic dinrrrilc was purified by prepararivc glpc on Column R al 
120” IO atlord 70 mg of a sample of ( ) . Irons . II. [o]z, !I?.? 

(c. 02373. ahs PIOH). 

(a) In nophfholrnr rolurion. Rares were derermincd m 2% soln 
m naphrhakne. degaswed and scaled under vacuum in Pyrex 
ampoulcs. IMalls of rhc procedure employed and deccnprion of 
rhc kineric barb have been given previously.’ An eslimalc of lhe 
rotal recovery of ~hesc lsomcrizations was obramed m a rcpara~e 
run wirh mrxrurcs of I.! dicyano- and I mcrhyl I.! 

dicyanocyclopropanc in r-burylhenzenc soln using adamantyl 
nirrrlc as an mttrnal standard (see Tahlc 5). Wore use. cu. and 
rmnr I.2 drcyanocyclopropanc were purrfred hy crysralliration 
and I - methyl I.! . drcyanocyclopropanes were puribcd by 
prcparalrve glpc on Column R al 145’ Naphrhalcne was sublimed 
prior IO UK. while r-buryltwnrene (99.9% pure) was used as 
recerved from Chcmrcal Sampks. Co.. since a minor rmpuriry did 
nor mrerfcre wirh rhe glpc analysts of ~hc mrxrurcs of producr 

A stuck soln in naphrhalenc was prepared by drssolving al 90” 
40 mg of rhc dmurilc m !.OOg of freshly sublimed naphrhakne. 
‘The solid mass ohramed on cooling rhe soln IO rwm remp was 
rhoroughly ground in a mortar Aho I XL200 mg of this solid was 
then inrroduccd inlo Pyrex ampoules (20 x 0.7 cm) whrch were 
evacualcd and sealed After being heated for specified umer. rhe 
samples were dissolved m I ml of rolucnc and analyzed by glpc %u 
cone&n for dcrccror response factors was made The expcri. 
menral dara arc given In Tahk I. 

The ralc consIanIs for lhe reaclron and iIs reverse were 
ohrained by ~hc usual equalion for reversible hnl-ordcr reactions. 

- log x 7 - log [(AK-B)/(%K-B,JJ - I& ~ + k Jln IO. 

in which H, and R were rhe coocenrrarions of rhe ris-isomer ar 
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times zero and I (KC). respectively. The experimental value of ~hc 
equilibrium constant (k,,/k_,). determined in bolb directions by 

heating for 45 hr at 2Sf. was 0 S47 (35.37:64.63). Oottmrr~. tinal 
values- for k, I and k, were obtuned using a kast square 
computer program for iterative adjustment of the value of K 
within narrow hmits of its expertmental value at 2SIp until vahms 

of the slope for the forward and reverse directions became 
identtcal within I part in lO.ooO. The individuaal rate constants k,, 

and k., were computed using optimired values of the slope and 
equilibrium constant (Table 2). The computer derived value at 
2SR.I’ of K tOS83) was identical wtthin the expected limits of 
unccrtamty to the experimental value of K (OS47) The Anhcnius 
aclivatron parameters were obtained from the individual rate 

constants and the sums of the rate constants at 20%. 217.9”. 237 
and 2.S8.1’ by the method of least squares. The results are given in 
Table 2. 

th) In fhr gor.phase. These runs were camcd out in the 

apparatus and in the manner described previously ’ Samples of the 
rmnx-I (Il.2 mg) and the rir.1 tll.hmg) were dissolved in 
chromatogaphically pure bcnconitrik (2s p I) and the clear liquid 
decanted in order to separate any undissolved matcrtal. Analysis 

of a soln of the mixture of bcnronitriltdinitrik in btnzrnc (2 ~1 in 
0 2 ml) showed a ratio (70.30 and 71:29 for rrunr-I and &-I. 
respectively). These ratios wcrc taken as references for cakulat- 

mg the recovery of the product mixture after heating for spccitied 
time pcrtcds 

For kinetic runs at 217.R’ and 259.5’. 2 ~1 of the stock soln was 

introduced into 6 ml Pyrex ampoulcs (calculated to provide a total 
pressure of IlOmmlHg at 2SP). The sampks were degassed. 

sealed at IO ‘mm and heated for specified ttme intervals. The 
product was dissolved in benzene and analyrd as described for 

wln runs. The experimental data arc collected in Tabk 3. On 
hcatrng over much longer time tntervals (3 days) at 2S9.S’. product 
composition corresponding to the cquilihnum ratio was obtained: 

IS.98 81.02 and 20.03:79.97 rk,./k, = 0 234 and 02SO) with 
fmns~l and the cir.1. respectively. as starting material. In 
comparison. the value of the equilihrtum constant in naphthaknc 
soln at 2S9.S’ was 0 (47. correspondmg IO 35.37:64.63 for the 

crs-fmns ratio. With bcnronitrik as an internal standard. 
quanlitattvc estimates of recovery were unsatisfactory because 
the retcntmn time of bcnwnitrik was too close to that of the 
solvent The experimental data are reported in Tabk 3 Fist-order 

rate constants and activation parameters calculated from these 
data arc summarized in Table 4 

Kin&s o/ gcomnrir isomtti:orion o/ mixrarer o/ cis . I.! . 
dicyano and CIS - I - merhyl I .! . dicyanocyclopmponer. and of 

fhe IWO tnns . dinitriles A mixture of cir I.2 . dicyanocyclop 

ropane t6.S mg). cis . 1 - methyl . I.! - dicyanocyclopropanc 
16.3 mg) and I - adamantyl nitrile (AdCh’) (6.7 mg) was dissolved 
in t-butylbcnrcne (0.6 ml) by heating (60”). The soln was cookd to 

room temp. and transferred to a separate container to remove any 
undissolved material and analyzed for the uutial ratio of the three 

components. 31.13:27 73:41.14 for cir-I. cir-II and I-adamanfyl 

nitrile. rcspccttvely. These values differed from the ratios based 
on weights (33.34:32.31:34.35). since the dinitriks were not as 

readily soluble in t-hutylb-anrcne as the internal standard. AdCN. 
A stock soln of the rronsdinitriks was prepared in a similar 

manner from 6.9 mg of rrunr-I. S.8 mg of rronr-II and 6 4 mg 
AdCN m 0.6 ml of t-hutylbcnzenc ‘Ihb mrxture corresponded to 
the ratio X2:304:33.4 whik Ulpc analysis gave 
32.38.29.31 : 38 41. rcspecttvely. 

For kincttc detcrmination.0.l rnJ of stock solution was heated in 
! ml xakd Pyrex ampouks (calculated to develop a pressure of 
I6 atm at 2S9”) for specified tune perrods The results of product 

analysts arc collected m Tahk S. The percent recovery was based 
on the glpc analysis of ~JK original solns and not on the weights of 
the samples. A direct comparison of the rate constants tcalculatd 
by the methods described for previous runs) for the two dinitriks 
under dentical conditrons is provided in Table 6. Posttion of 
cquilihrium was determtncd in both directions and after 62 hr 
corresponded IO a ratto of 29.1 :70.9 tK = 0.410) and 25.78:74.2! 
tK = 0.347) for l.!drcyano and I methyl - I.! . dicyanocyclop- 

ropane. respectively. 
In a repeat determination of cquilihnum. I% soln of cir-II in 

I-butylbcnrene was heated for llhr at 2S9” in a seakd Pyrex 
ampoule. From the results of two consecutive analyses of the 
product, a ratio of ZS.2S 2 0.2:74.8 z 0.2 was obtained. 

7Irmrol isomttiofion o/ t-) - trans . II in benzene solurion. A 
6% benzene soln of ( -) - rmns - II ([a]<, - 245.7”) was heated in a 

tube furnace at 22&2X” in a scaled Pyrex ampoule for lO.7S hr. 
Glpc analysis of the recovered product on Column A at 120’ 
showed two peaks corresponding to a mabr and a minor 
component identihrd by retention time as starting matenal and the 
product of its geometric isomcrization. cti-II. respectively. 
Separated by preparative glpc using Column B. recovered rmns-II 

has [a ]C, l71.ll’(c. l.O%S. abs EtOH) corresponding to 69.6% 
retention of optical purity. while &-II. purified hy repeated 

chromatography. had the very low specific rotation of [aIf, + 7.4 
(c. 0.341X CH,CI,J. This rotation corresponded to IS% retention 

of optical purity (see below). 
In order to determine the rotation of &-II relative to rmnr-II. 

IOmg of the above sample of rmnr-II t[o]f, - 171.1”) was 
sub&ted to equihbratintt conditions tDMSG-KOtBuJ. Separation 

by prcparativ; glpc pie two pure fractions: t-J - fr& - II. 
[u]C, - lS6.8’ (c. 0.2622. abs EtOH) and (+J. cir - II. [u]C~ 7 36.F 
(c. 0.2498. abs EtOH). The specific rotation of optically pure t-1 - 
cir . II was then estimated to be tS2.90. 
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