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The anionotropic rearrangements of cis- (I)  and trans-5-methyl-2-cyclohexenyl acid phthalate (11) have been investigated in 
acetonitrile and in the fused state. In every case geometric isomerization and decomposition to 5-methyl-l,3-cyclohexadiene 
are associated with the rearrangement. In acetonitrile the rearrangement of optically active I or I1 results in the simul- 
taneous formation of d-I ,  dl-I1 and dZ-5-methyl-1,3-cyclohexadiene together with phthalic acid. The geometric isomeriza- 
tion is reversible and the decomposition to methylcyclohexadiene and phthalic acid is irreversible. The rates of formation 
of each of these products have been measured, The equilibrium constant for the cis-trans equilibrium (I $ 11) has been 
determined a t  80" and 100' in acetonitrile and the trans isomer (11) has been found to be the thermodynamically more stable 
one under these conditions. When I is rearranged in acetonitrile in the presence of 3-nitro acid phthalate ion exchange oc- 
curs. The exchange experiment and the geometric isomerization indicates that free ionic intermediates are involved in the 
rearrangement. The kinetic experiments show that the rate of loss of optical activity exceeds the rate of ionic dissociation 
and this is interpreted in terms of ion pair intermediates. 

Introduction 
Rearrangements and replacement reactions in 

allylic systems are of interest from both a theoreti- 
cal and synthetic viewpoint and have received con- 
siderable attention in the past.3 In general the 
main features of the anionotropic (allylic) rear- 
rangement indicate an ionization recombination 
(carbonium ion) mechanism as illustrated be- 
 lo^.^^^^,^,^ Certain details of the mechanism are 
RCH=CHCHzX 

a+ a+ 
RCHZCHZCH2 X -  J_ RCHXCH=CHe 

obscure, however, and there are cases where the 
carbonium ion mechanism evidently does not oper- 
ate or requires serious modification. For example, 
the above mechanism in its simplest form does not 
provide for (a) the intramolecular nature of the 
rearrangement of a, a-dimethylallyl chloride in ace- 
tic acidj and certain oxotropic rearrangements6 
and (b) retention of optical activity during the 
rearrangement of 1-phenyl-3-methylallyl acid 
phthalate.' 

The anionotropic rearrangement has been studied 
in a number of systems3; however, cyclic systems 
with the migrating group attached directly to the 
ring before and after rearrangement have not been 
investigated.s In  order to obtain information 
concerning the nature of the intermediates, and in 
particular the freedom of the migrating group, we 
have investigated the kinetics and stereochemistry 
of the rearrangement in such a cyclic system. 

(1) This work was supported in part by the Office of Ordnance Re- 
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This paper describes a stereochemical kinetic 
study of the anionotropic rearrangement of cis-(I) 
and trans-5-methyl-2-cyclohexenyl acid phthalate 
(11). The preparation of these compounds and 
the assignment of configurations are described in 
the preceding paper.g Four isomers (two racemic 
modifications) are possible in this system: cis (Ia 
and Ib) and trans (IIa and IIb). Because of the sym- 
metry of this system, if the migrating group re- 
mains on the same side of the ring, the only struc- 
tural change accompanying the anionotropic rear- 
rangement is the conversion of one enantiomorph 
(a) into the other (b). A rearrangement of this type 
would thus result in the racemization (without 
geometric isomerization) of optically active isomers. 
If the migrating group becomes free enough so that 
it can recombine with the opposite side of the ring 
geometric isomerization (I 11) will be associated 
with the anionotropic rearrangement. In  this sys- 
tem the rate of geometric isomerization (followed 
spectrophotometrically) and the total rate of re- 
arrangement (followed polarimetrically) can be 
compared and the tendency of the migrating group 
to remain on the original side during rearrangement 
can be determined. 

X 

The rearrangement of cis- and trans-5-methyl-2- 
cyclohexenyl acid phthalate has been studied in 
acetonitrile a t  80 and 100". In addition the rear- 
rangement of the cis isomer has been examined 
without solvent (fused state). The rearrangement 
in each case is accompanied by decomposition of the 
acid phthalate into phthalic acid and methylcyclo- 
hexadiene (111) and in each case geometric isomeri- 
zation is involved. The products resulting from the 
rearrangement are consistent with the carbonium 
ion mechanism shown in Chart I ;  however, as 

(9) H. L. Goering and J. P. Blanchard, THIS JOURNAL, 76, 5405 
(1954). 



5410 H. L. COERING, J. P. BLANCHARD AND E. F. SILVERSMITH Yol. 76 

will be shown later the kinetic experiments require 
modification of this scheme. 

CHART I 
6 +  

X 

I 6 f  I1 

I11 

Results 
Rearrangement of cis-5-Methyl-2-cyclohexenyl 

Acid Phthalate (I) in Acetonitrile.-The thermal re- 
arrangement of optically active I in acetonitrile 
results in the simultaneous formation of dl-I, dl-I1 
and phthalic acid together with inactive 5-methyl- 
1,3-cyclohexadiene (111). The geometric isomeriza- 
tion is reversible and the decomposition of acid 
phthalate by elimination of phthalic acid with 
formation of I11 is irreversible. These simultaneous 
reactions are the ones indicated by Chart I and 
are more simply summarized by Chart I1 which is 
independent of any assumed mechanism. These 
two formulations differ only in that the carbonium 
ion intermediate, which is assumed to be common 
for all the reactions in Chart I, is neglected in Chart 
11. The specific rate constants for the isomeriza- 
tion (k ,J and destruction (kd,) of the cis-acid phthal- 
ate have been determined in acetonitrile a t  80 and 
100". The first-order rate constant (k,') for the 
loss of activity during the rearrangement of (-)-I 
has also been determined under the same conditions. 

CHART I1 
k io 

&(I) trans-(11) 

ki t  

I11 + phthalic acid 

The equations connecting the various concentra- 
tions, rates and specific rate constants summarized in 
Chart I1 are shown below where equation 1 is the rate 
of disappearance of cis acid phthalate, 2 is the net 
rate of formation of the trans isomer and 3 is the 
rate of destruction of acid phthalate. In equation 3 
(P acid) is the phthalic acid concentration and (to- 
tal AP) is the concentration of remaining acid 
phthalate [cis + trans]. 

-d(cis)/dt = ( k d c  + k , t ) ( c i s )  - kit (trans) 
d(trans)/dt = ki, (cis) - ( k d t  + kit ) ( trans)  

(1) 
(2) 

k d t  ( t rans)  (3)  
-d(total AP)/dt = d(P acid)/dt = k d e  (cis) $- 

During the early stages of the rearrangement the 
concentration of trans-acid phthalate is very low 
and equation 1 can be approximated by 4 which 
upon integration gives 5 .  The variables in the latter 
equation can be experimentally determined and the 

-d(ci.r)/dt = ( . k < ~ ~  + k , , ) ( c i s )  
( k d e  1- k , o )  = ( 1 / 1 )  111 [ ( c i ~ ) u / ( ~ i . ~ ) r l  

(4) 
( . 5 )  

sum (klc + k d c )  can be evaluated. In the same w.ay 
equation 3 can be approxiinated by G during the 
first part of the reaction. The latter upon integra- 
tion gives equation 7 with variables that can be 
measured and thus by use of equations 7 and 5 k,, 
and kdc can be determined. 

-d (total AP)/dt = k d o  (total AP) (6) 
k d o  = [ l / t )  In [(total AP)o/(total AP)t] 

In acetonitrile a t  100" the rate constants k d c  and 
k d t  are indistinguishable and consequen t1y the rate 
of phthalic acid formation or the disappearance of 
total acid phthalate is first order and independent of 
the composition of the acid phthalate. Becauseof the 
equality of kdc and kdt, equation 7 applies through- 
out the entire reaction instead of just for the earlier 
stages as is the case when kdc and k d t  differ. The 
reversible isomerization is also simplified by the 
equality of kdc and kdt.  Under these conditions 
(100' in acetonitrile) i t  can be shown that the re- 
lationship between time and composition of the 
remaining acid phthalate is independent of the 
decomposition which both isomers are undergoing. 
By neglecting the simultaneous decomposition, the 
isomerization becomes a typical first-order reversi- 
ble reaction as is indicated by equation 8 where ( f 1  
is the mole fraction of the cis isomer in the remain- 
ing acid phthalate. It should be pointed out that 
unlike ordinary reversible reactions equilibrium 
conditions cannot be established from a pure isomer 
as the acid phthalate is decomposed before eyui- 
librium is reached. During the early part of the re- 
arrangement the mole fraction of the trans isomer 

-dCf)ldl = kio  (f)  - k i t  (1 - f) 
(1 -f) is very low and the last term of equation 8 can 
be neglected (equation 9). Upon integration, equa- 
tion 10 is obtained which makes possible the de- 
termination of Ki, from periodic measurements of 
the remaining acid phthalate composition. 

( 7 )  

( 8 )  

-d(f)/dt = k , ,  (f) (9) 
k , ,  = ( l / t )  In (1/.f) (10) 

The complete loss of optical activity that ac- 
companies the rearrangement in acetonitrile is 
clearly first order. The specific first-order rate con- 
stant k,' was determined from 

kl' = [ l / t ]  I r i  ( 0 1 0 / 0 1 t )  

A t  first it was thought that the loss of activity 
would correspond to kl in Chart I ;  however, as 
will be shown later, the rate of loss of activity is 
evidently greater than the rate of ionic dissociation. 
Inasmuch as all of the products resulting from the 
rearrangement of optically active acid phthalate 
are racemic, k,' is the sum of the constants for isom- 
erization (kit), decomposition (kdc) and racemization 
(k,).lo The latter constant can be evaluated from 
the relationship 

(11) 

krc  = k,' - ( k r l c  + k m )  (12) 

The kinetic experiments were carried out in the 
following manner: Solutions of dl -  or (-)cis-3- 
methyl-2-cyclohexenyl acid phthalate in acetoni- 
trile were distributed into ampules which were 

(ID) This is the first-order constant for the conversion of (-)cis- 
acid phthalate into dl-cis-acid phthalate and is not to  be cr~nfi ined with 
the total first-order loss of activily (ki'). 
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sealed and placed in a thermostat. At  measured 
time intervals ampules were withdrawn and ali- 
quots analyzed. Inactive acid phthalate was used 
to determine the rates of decomposition (kdc) and 
isomerization (ki,). 

The decomposition of the acid phthalate involves 
the formation of a carboxyl group (acid phthalate is 
converted to phthalic acid) and consequently can be 
followed by titration.ll At  100" the formation of 
phthalic acid is first order in acid phthalate con- 
centration during the period that the reaction was 
followed (55y0 decomposition). In  view of the si- 
multaneous geometric isomerization this first-order 
behavior requires that kd, = kdt  and this has indeed 
been demonstrated by showing that the rate of 
decomposition is independent of the composition 
of the acid phthalate. A typical experiment show- 
ing the first-order decomposition associated with 
the rearrangement of I is summarized in Table I. 
The values of kdc shown in Table I were deter- 
mined from equation 7. Under conditions where 
kdc and kdt  are not equal (e.g., acetonitrile a t  so"), the 
first-order constants obtained from equation 7 
showed the expected drift and kdc was determined by 
extrapolation to zero time. 

In  order to identify the products of decomposi- 
tion, phthalic acid was isolated and identified by 
neutral equivalent and conversion to the anhy- 
dride. 5-Methyl-l,3-~yclohexadiene was identified 
by the characteristic absorption a t  258-260 mp12 
and by isolation of the maleic anhydride adduct 
which was identified by its chemical composition. 

Aliquots of the same samples used to determine 
the rate of decomposition were used to measure the 
rate of cis- (I) to trans- (11) isomerization (ki,). 
The unreacted acid phthalate was isolated in such 
a way as to avoid fractionation and the composition 
of the binary mixture was determined spectropho- 
tometrically, cis - 5 - Methyl - 2 - cyclohexenyl acid 
phthalate (I) has a band a t  10.63 p not present in 
the spectrum of I1 and the frans-acid phthalate (11) 
has a band a t  11.03 p not present in the spectrum 
of I. The compositions of the mixture were deter- 
mined from the transmission a t  these wave lengths. 

From the composition, together with the con- 
centration of remaining total acid phthalate (avail- 
able directly from titration for phthalic acid) the 
concentration of I and I1 can be determined for any 
time. With this data the sum (kd, f kic) can be de- 
termined by use of equation 5 and, since kdc can be 
obtained by separate measurement (equation 7), 
kiC can be obtained by difference. 

A typical kinetic experiment, in which kdc and 
(kd, f ki,) were determined by equations 7 and 5 ,  
respectively, is summarized in Table I. Under the 
conditions of this experiment kdc = kdt  and equa- 
tion 7 holds throughout the reaction. Equation 5,  
however, applies only during the early stages of the 
reaction and consequently (kdc f kit) was deter- 
mined by extrapolating the series of constants back 

( 1 1 )  Phthalic anhydride was isolated together with phthalic acid 
from the reaction mixture indicating that phthalic acid is partly de- 
hydrated in acetonitrile at 80 to looo.  This does not complicate the 
kinetic studies as the analytical method which was used does not dis- 
tinguish between the free acid and the anhydride. 

(12) H. Booker, L. K.  Evans and A. E. Gillam, J .  Chem. Soc., 1453 
(1940). 

to zero time. In  the present case equation 10 pro- 
vides an alternate method for the direct evaluation 
of ki,. When the data are treated in this way a 
value of 0.014 hr.-l is obtained for kit, which is 
identical with the value obtained from the data in 
Table I. 

TABLE I 

CONVERSION OF I TO I1 (ki,) DURING THE REARRANGEMENT 

(I) IN ACETONITRILE AT 100' 

THE RATE O F  DECOMPOSITION (kdc) AND THE RATE OF 

OF 0.2 i?f CiS-5-METHYL-2-CYCLOHEXESYL ACID PHTHALATE 

101 
Time, [Il$ ,;la 1O2kdc, [I] (kdo f k i n ) ,  

hr. hr.-l yo l b  102 .14 hr .  - 1  

0 . 0  19.98 100 19.98 3.3' 
2 . 5  19.16 1 .7  96 18.39 3 . 3  
5.0 18.18 1 .9  94 17.09 3 . 1  
7 . 5  17.28 1 . 9  90 15.55 3 . 3  

10 .0  16.44 2 .0  89 14.63 3.1 
12.5 15.77 1 . 9  86 13.56 3 . 1  
17.5 14.34 1 . 9  82 11.76 3 . 0  
25.0 12.60 1 . 9  79 9.95 2 . 8  
35.0 10.59 1 . 8  73 7.73 2 . 7  
45.0 9.22 1 . 7  66 6.09 2.6 - 

Average 1 . 9  f 0.07 
a Concentration of total acid phthalate. b Percentage of 

total acid phthalate that is cis. This value obtained by 
extrapolation. 

( - )cis-5-Methyl-2-cyclohexenyl acid phthalate 
was used to  determine the rate of loss of optical ac- 
tivity during the rearrangement. In  these experi- 
ments the contents of the ampules were ana- 
lyzed polarimetrically and k,' was determined from 
equation 11. The experiment summarized by Table 
I1 illustrates that the constants do not show any 
trends during the first 70% of the reaction and i t  
seems doubtful that the indicated trend during the 
later stages of the reaction is significant in view of 
the small magnitude of the observed rotations. 

TABLE I1 
THE RATE OF LOSS OF OPTICAL ACTIVITY OF 0.2 M ( --)cis- 
5-METHYLCYCLOHEXEN-3-YL ACID PHTHALATE IN ACETO- 

NITRILE AT 100' 

Time, 
hr. 

0.00 
2.50 
5.00 
7.50 

10.00 
12.50 
17.50 
35.00" 

[Acid 
phthalatelb 

aa 102 M I O z k l ,  h r .  -1  

1.071 
0.832 

,622 
.494 
,384 
.311 
.205 
,044 

20.0 
15 .5  10 .1  
11.6 10.9 

7 . 1  10.3 
5 . 8  9 . 9  
3 . 8  9 . 4  
0 . 8  9 . 1  

9 . 2  10 .3  

10.0 f 0 5 
4 Observed rotation. This is the concentration of ( - )- 

cis-acid phthalate and is not to be confused with total acid 
phthalate concentration. Beyond this time solution be- 
came too colored (yellow) to measure the rotation. 

The least square plots in Fig. 1 illustrate how well 
the kinetic data for the loss of optical activity are 
fit by equation 11. The complete loss of activity, l3 

(13) A. Mousseron and F. Winternitz. Bull. SOC. chim., 14, 67 
(1945), report a high rotation for active 5-methyl-l,3-~yclohexadiene. 
Thus the complete loss of activity indicates that the diene formed by 
decomposition is racemic. 
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Fig. 1.-First-order rate of loss of optical activity during 
the rearrangement of ( - )cis-5-methyl-2-cyclohexenyl acid 
phthalate: A, in acetonitrile a t  80" (left hand scale;); B, in 
acetonitrile a t  100" (left hand scale); C, without solvent a t  
100" (right hand scale). 

together with the first-order behavior clearly shows 
that all of the products are racemic and evidently 
are formed by way of a symmetrical intermediate. 

The rearrangement of cis-5-methyl-2-cyclohex- 
enyl acid phthalate in acetonitrile a t  100" is sum- 
marized in Fig. 2 by concentration-time curves for 
all of the components involved. The necessary data 
for these curves were obtained by the analytical 
methods indicated above and each curve was re- 
producible. The method of computing concentra- 
tions requires that the sum of the concentrations of 
I, I1 and phthalic acid be constant and equal to the 
original concentration.l4 Comparison of curves 
B and D (or Tables I and 11) shows that the rate 
of loss of optical activity is about three times as 
great as the rate of disappearance of cis-acid phthal- 
ate. After ten hours, for example, about half of 
the remaining cis-acid phthalate is racemic and af- 
ter 50 hours all of the remaining cis-acid phthalate 
is inactive. 

0.18 
i 

.% 0.14 r. - 
i 0.10 

8 
2 0.06 

0.02 

5 15 2 <5 3 5 45 
Time, hr. 

Fig. 2.-Concentration-time curves for all of the com- 
ponents involved in the rearrangement of cis-5-rnethyl- 
2-cyclohexenyl acid phthalate in acetonitrile a t  100° : 
A, phthalic acid; E, dl-cis-acid phthalate; C, dl-trans-acid 
phthalate; D, (-)&-acid phthalate. 

The rearrangement of I in acetonitrile a t  80" is 
very similar to the rearrangement a t  100" and the 
simultaneous reactions have been studied in the 
same way. At 80" the rate of phthalic acid forma- 
tion is not first order and the constants obtained by 
(14) The concentration of acid phthalate (I + 11) is obtained by 

subtracting the concentration of phthalic acid from the orieinal con- 
centration of I. 

equation 7 drift downward because under these 
conditions k d c  > kdt .  The value of k d c  was deter- 
mined by extrapolating the values obtained from 
equation 7 back to zero time. With this exception 
all of the rate constants a t  80" were determined 
as illustrated above. The specific first-order con- 
stants for the rearrangement of I in acetonitrile a t  
80 and 100" are collected in Table 111. 

TABLE I11 
SPECIFK RATE CONSTANTS (HR. -1) FOR RACEMIZATION 
( k r c ) ,  ISOMERIZAlIOK ( k m ) ,  DECOMPOSITION (kdo) AND LOSS 
O F  OPTICAL ACTIVITY (k ' l )  DURIXG 1 H E  REARRAXGEMENT O F  

ClS-5-METHYL-2-CYCLOHEXENYL ACID PHTHALATE IN ACETO- 
NlTRILE 

100 00 i 0 050 8005 i 005' 

103kiI 11.3 100 
103kro 6 5  67 
103kIo 2 3  14 
103kd, 2 5  19 

Rearrangement of Irans-5-Methyl-2-cyclo- 
hexenyl Acid Phthalate I1 in Acetonitrile.-The re- 
arrangement of 11 in acetonitrile was studied in the 
same way and a t  the same temperatures as the cis 
isomer. The specific rate constant for the decom- 
position of 11 (kdt) and the constant for the trans to 
cis isomerization (kit) were determined by fitting 
the data to equations 5' and 7'. ,I typical experi- 
ment is shown in Table IV. 

( k ~ t  + k d t )  = ( l / t )  In [(tf'ans)O/(tf'a%s)tl (5') 
kdt = ( l / t )  In [(total AP)o/(total AP)t] 

TABLE 11. 

VERSION OF 11 TO I ( k , t )  DURING THE REARRANGEMENT OF 0 2 

IY ACETONITRUE AT 100" 

(7') 

THE RATE OF DECOMPOSITION ( k d t )  AND THE RATE OF C O N -  

31 ~~~%S-~-I'V~ETHYL-~-CYCLOHEXEXYL ACID PHTHALATE (11) 

Time, [ 
hr 

0 
2 5  
5 . 0  
7 5  

10.0 
12 5 
17.5 
25.0 

I + 1110 
20.00 
19.05 
18,23 
17.45 
16.58 
15.90 
14, .i7 
12.80 

102 M 
102kdt PI1 ( 
hr.-l % IIb 102 M 

100 20.00 
2 . 0  98 18.67 
1 . 9  96 17.50 
1.8 95 16.58 
1 . 9  93 15.42 
1.8 92 14.63 
1 .8  91 13.20 
1.8 57 11.12 

102 

hr. - 
'Kdt + i."d 

2 .  SC 
2 . 7  
2 . 7  
2 . 5  
3 . 6  
2 . 5  
2 . 4  
2 . 4  

1 9 + 0 1  
a Concentration of total acid phthalate. * Percentage 

This value obtained of total acid phthalate t h a t  is t r a m .  
by extrapolation. 

The loss of optical activity of ( -)trans-5-methyl- 
2-cyclohexenyl acid phthalate is first order as indi- 
cated by the least square plots in Fig. 3 which illus- 
trate how well the data are fit by equation 11. The 
rate constants for the loss of activity (k2') were 
determined from the slopes of the least square fits. 

X complete kinetic experiment is summarized 
in Fig. 4 by concentration-time curves for all of 
the components. The specific first-order constants 
for all of the simultaneous reactions occurring dur- 
ing the rearrangement of I1 in acetonitrile a t  SO and 
100" are shown in Table V. 
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- 0 8 1  . ,  
25 75 125 175 225 

Time, hours. 
Fig. 3 -First-order rate of loss of optical activity during 

the rearrangement of ( - )trans-5-methyl-2-cyclohexenyl acid 
phthalate in acetonitrile: A, a t  80"; B, a t  100'. 

0.02 

0.06 m t I 
0 5 10 15 20 25 

Time, hr. 
Fig. 4.-Concentration-time curves for all of the com- 

ponents involved in the rearrangement of trans-5-methyl- 
2-cyclohexenyl acid phthalate in acetonitrile a t  100": A, 
dl-trans-acid phthalate; B, phthalic acid; C, (- )trans-acid 
phthalate; D, dl-cis-acid phthalate. 

TABLE V 
SPECIFIC RATE CONSTANTS (HR.-') FOR RACEMIZATION ( k r t ) ,  

ISOMERIZATION (kit), DECOMPOSITION (kat) AND LOSS OF 
OPTICAL ACTIVITY kz' DURING THE REARRANGEMENT OF 

IN ACETONITRILE 
trUnS-5-METHYL-2-CYCLOFIEXENYL ACID PHTHALATE 

80.05 A o . 0 ~  ioo.on -c 0.050 

lo3 k2' 8 . 9  
lo3 krt 6 .0  
lo3 kit 0 . 7  
lo3 kdt 2 . 2  

78 
51 
8 

19 

The equilibrium constant (Ke)  for the cis-trans 
isomerization of the 5-methyl-2-cyclohexenyl acid 
phthalates can be determined from the specific rate 
constants for isomerization (Ki, and ki t ) .  

kiclkit = Ke = [ I I ] e / [ I ] e  

At 80", K ,  = 2.3/0.7 = 3.3 corresponding to a 
mixture consisting of 77% of the trans isomer; a t  
100" the equilibrium mixture consists of 64% of the 
trans isomer (K ,  1.8). At 100" where the rate con- 
stants for the decomposition are the same for each 
isomer ( k d ,  = k d t )  the equilibrium constant deter- 
mined by equation 13 readily can be checked inde- 
pendently by direct measurement of the equilibrium 
composition. In  order to reach equilibrium condi- 
tions i t  is necessary to start with a mixture of acid 
phthalates that is close to or preferably a t  equilib- 
rium because either I or I1 is decomposed to 

(13) 

methylcyclohexadiene (111) and phthalic acid before 
equilibrium is established. 

When a 0.2 M solution of the equilibrium mix- 
ture, determined by equation 13 (65% 11, 35%. I) 
was heated in acetonitrile a t  100" the composihon 
remained constant as the acid phthalate was de- 
composed to I11 and phthalic acid. As kdc = k d t  
under these conditions i t  is clear that the constant 
composition corresponds to the equilibrium com- 
position. During the 55 hours that the equilib- 
rium was observed] 66% of the acid phthalate was 
decomposed by a first-order process ( k  = 0.019 
hr.-I). The data for this experiment are shown in 
Fig. 5 (line B) where the cornposition is plotted 
against time. The least square fit of the experi- 
mental points has a slope of zero. The agreement 
between the measured and calculated equilibrium 
composition indeed indicates that the rearrange- 
ment is described accurately by Chart 11. 
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Fig. 5.-Comparison of calculated and experimental com- 
position during the rearrangement of cis- and trans-5-methyl- 
2-cyclohexenyl acid phthalate in acetonitrile a t  100" : 
A, starting with cis-acid phthalate; B, starting with the 
calculated equilibrium mixture (35% cis); C, starting with 
trans-acid phthalate. 

The values for kin and kit  are consistent with the 
rate of change in composition of the 5-methyl-2- 
cyclohexenyl acid phthalates throughout the rear- 
rangement starting with either I or 11. By substi- 
tuting the values of these constants from Tables 
I11 and V into equation 14, which is obtained by 
integrating equation 8, the composition can be cal- 
culated for any time during the rearrangement of I. 

In  Fig. 5 the calculated composition (curve A) 
is compared with the experimental values for the 
rearrangement of I in acetonitrile a t  100". In a 
similar way the time-composition curve can be 
calculated for the rearrangement of I1 from the 
values of ki, and K i t  by use of equation 14'. This 
curve also is shown in Fig. 5 (curve C) together 

with the experimental measurements. The satis- 
factory fit of the experimental data by equations 14 
and 14' illustrate the consistency of all of the kinetic 
data. This fit requires that (a) the decomposition 
is irreversible] (b) the geometric isomerization is 
reversible and (c) the rate constants are essentially 
correct. 

By using equation 14' it can be calculated that a t  

[l/(kin + kit ) I  In [kic/'(kio + Kit l f  - kit] = t (14) 

[l/(kic + kit)] In [kit/(kio + ki t )  (1 - f) - k i o l  = t (14') 



100" in acetonitrile about 160 hours are required to 
c,onvert pure I1 to a mixture having a composition 
within lY0 of the equilibrium value. From the value 
of kdt i t  can be shown that over 95yo of the acid 
phthalate would decompose during this time. A 
similar calculation (equation 14) shows that when 
starting with pure I over 0 i 7 c  of the acid phthalate 
will be decomposed before that which remains has 
a composition within 1 "$ of the equilibrium value. 

There is another way in which the consistency of 
the kinetic data can be checked. From the inte- 
grated expression for a reversible first-order reaction 
(equation 15)l6 i t  is apparent that when starting 

with the cis-acid phthalate (I) a plot of -log (f -fe) 
against time should result in a straight line with a 
slope of (klc + klt)/2.3 and when starting with the 
trans-acid phthalate (11), -log (fe - f) should be 
linear with time with the same slope (equation 
13 ' )  .I6 The mole fraction of I and I1 at  equilibrium, 

l n f e / ( f e  - f) = ( k J c  t k d t  
.fe and (1 - f e ) ,  respectively, can be calculated from 
the equilibrium constant (eq. 13). Xs illustrated by 
Fig. G the data are fit well by equation 13. The slope 
of the least square fit corresponds to a value of 
0.019 for (klc + kit) as compared to the value of 
0.022 determined from the values in Table I11 and 
V and which were in fact used to successfully de- 
termine fe. The lower line ( R )  corresponds to a 
value of 0.016 for ( k , L  + k , t ) .  

In [(l - fo)/(f - f. 11 = ( k S c  + k , t ) t  (15) 

(15') 
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Fig. f3-First-order behavior of reversible interconversion 
of cis- and trans-5-methpl-2-cyclohexenyl acid phthalate in 
acetonitrile a t  100': A, -log (fe - f); B, -log (f - f.). 

Rearrangement of cis-5-Methyl-2-cyclohexenyl 
Acid Phthalate in the Presence of a Foreign 
Anion.-The geometric isomerization associated 
with the rearrangement in acetonitrile indicates 
that ionic dissociation is involved. In order to 
obtain additional information concerning the free- 
doni of intermediate ions the rearrangement was 
carried out in acetonitrile containing diphenylguan- 
idinium 3-nitro acid phthalate (DPG salt). After 
25 hours17 a t  100" the product was isolated in such 

(1.5) Derived from equation 14 by lettingf, = kit / (k io  + kit).  See 
also A .  Frost and R. Pearson, "Kinetics and Mechanism," John Wiley 
and Sons, Inc., New York, N. Y., 1953, p. 173. 

(16) The linear relationship only holds where kdc = kat as is the 
case in acetonitrile at 100'. 

(17) During this period 37% of the acid phthalate is decomposed 
to I11 and phthalic acid (Table I and Fig. 2). It also is significant 
that 25 hr. corresponds to 3.6 half-periods for the loss of optical activity 
(Table 11). 

a way as to avoid fractionation and the amount of 
exchange product, 5-methyl-2-cyclohexenyl 3-nitro 
acid phthalate (IV), determined spectrophotome- 
trically. In  these experiments the isomeric rear- 
rangement was diverted readily by the foreign an- 
ion in such a way as to indicate a carbonium ion 
intermediate. The amount of exchange was depend- 
ent upon the foreign anion concentration. IVith an 
acid phthalate concentration of 0.200 M and a 
DPG salt concentration of 0.0947 M the isolated 
product consisted of 287, of the exchange product 
I V  and 727,  of 5-methyl-2-cyclohexenyl acid 
phthalate. \Yhen the salt concentration was raised 
to 0.189 AI the product contained 48% of the ex- 
change product. 

The Rearrangement of cis-5-Methyl-2-cyclo- 
hexenyl Acid Phthalate without Solvent.-Fused I 
rearranges a t  a measurable rate at 100". The 
general picture under these conditions is similar 
to that in acetonitrile in that the loss of optical 
activity is first order and geometric isomerization 
and phthalic acid formation accompany the rear- 
rangement. 

The titrimetric method for following the decom- 
position is not applicable under these conditions 
because phthalic acid formation does not correspond 
to the formation of a carboxyl group. A 28% yield 
of phthalic acid was isolated from a reaction mix- 
ture which showed only an llyO increase in acidity 
(carboxyl groups). Evidently in addition to being 
formed by elimination, phthalic acid is formed by 

The latter process which is actually a solvolysis 
(acid phthalate is the solvent), does not involve an 
increase in the number of carboxyl groups. Because 
of this complication the rearrangement could not 
be studied in detail; however, the rates of isomeri- 
zation and loss of optical activity were measured. 
The data for the rearrangement in the fused state 
are presented in Fig. 7, which shows the rate as per- 
centage-time curves for the loss of optical activity 
and for isomerization a t  100'. 

A 

1 3 5 7 
Time, hours. 

Fig. 7.-The rearrangement of fused cis-5-methyl-2- 
cyclohexenyl acid phthalate at 100': A, rate of loss of 
optical activity; B, rate of isomerization expressed as per- 
centage trans isomer. 



Nov. 5, 1954 IIEARRANGEMENT OF ~-h~ETHYL-2-CYCLO€lEXENYL ACID PHTHALATE 5415 

The loss of optical activity is first order (curve C, 
Fig. 1) and the rate (k = 0.32 f. 0.02 hr.-l) is 
greater, as would be expected, than it is in acetoni- 
trile. 

Discussion 
The geometric isomerization associated with the 

rearrangement and the diversion of the isomeric re- 
arrangement by a foreign anion suggests that a 
carbonium ion mechanism is involved and that the 
migrating acid phthalate ion becomes free from the 
allylic cation a t  some stage of the rearrangement. 
From these observations i t  appears that SNi’  l8 

mechanisms of the type which have been pro- 
posed71ls for the intramolecular rearrangement of 1- 
phenyl-3-methylallyl acid phthalate are not impor- 
tant in the present case as such cyclic processes 
would lead to rearrangement (racemization) with- 
out geometric isomerization. 

A carbonium ion mechanism also is indicated by 
the fact that the rearrangements of optically active 
I and I1 result in the formation of the same three 
initial products: (1) dl-cis-acid phthalate (I) , ( 2 )  
dl-trans-acid phthalate (11), (3) dl-methylcyclohex- 
adiene (111) together with phthalic acid. The 
relative rates of formation of these three products 
during the rearrangement of optically active I cor- 
responds to the relative magnitudes of k,,, kic and 
kdc  (Table 111) and are shown in the first two col- 
umns of Table VI. The relative rates of formation 
of the same products from optically active 11-rela- 
tive magnitudes of kit, krt and k d t  (Table V)-also 
are included in Table VI. Both I and I1 show a 
somewhat greater tendency to racemize than to 
undergo geometric isomerization and consequently 
the relative rates of formation of the three products 
are considerably different for the two isomers. This 
difference is particularly informative from a mecha- 
nistic viewpoint. For the carbonium ion mecha- 
nism shown in Chart I the relative rates of product 
formation would represent the manner in which 
the carbonium ion is partitioned or in other words 
would correspond to the relative magnitudes of 
k-1, k-2 and ka. For this mechanism the relative 
rates of formation of the products would be the 
same for both isomers since the same intermediate 
is partitioned in each case. 

TABLE V I  
RELATIVE RATES OF FORMATIOX OF THE PRODUCTS DURING 

THE REARRANGEMENT OF OPTICALLY ACTIVE I AND I1 is 
ACETONITRILE 

Rel. rates of 
form. from 

active 11 at 
temperatures‘‘ temperatures b 

Rel. rates of form. 
from active I a t  

Product 80’ 1000 80’ 1000 

a/ - I  (cis) 2.6  3 . 5  0 . 3  0.4 
dl - I1  (trans) 0 9  0 . 7  2 . 7  2 . 7  
111 + phthalic acid 1 .O 1 .0  1.0 1.0 

a The values of the first 2 coluniiis are the relative magni- 
tudes of k,,, ki, and k d o  (Table 111). * These values are the 
relative magnitudes of kit ,  k,t and k d t  (Table V).  

There is another obvious discrepancy between 
the kinetic results and the carbonium ion mecha- 

(18) A. G. Catchpole, E. D. Hughes and C. K. Ingold, J .  Chrm. SOL., 
8 (1948). 

nism in its simplest form (Chart I). As pointed out 
earlier k d c  is fortuitously indistinguishable from kdt  
a t  100” in acetonitrile, or in other words both I and 
I1 are converted into methylcyclohexadiene and 
phthalic acid a t  the same rate. According to Chart 
I this would require that both isomers also form the 
single symmetrical intermediate a t  the same rate, 
which is clearly not the case as is shown by the dif- 
ferent rates of loss of optical activity (compare kl’ 
and kz’ in Tables I11 and V) 

The kinetic analysis shows that the instantaneous 
fate of optically active I is such as to favor forma- 
tion of racemic I, whereas active I1 is partitioned in 
such a way as to favor formation of racemic I1 (see 
Table VI). This could be due possibly to the fact 
that an SNi’ process VI,? in which the carbon-oxy- 
gen bonds are broken and formed simultaneously, is 
superimposed on the carbonium ion mechanism.19 
From the available information this explanation 
seems unlikely as it would require that the relative 
importance of the two independent simultaneous 
processes be essentially independent of tempera- 
ture. The fact that change in temperature has only 
a slight effect on the relative rates of formation of 
the three products suggests that the temperature is 
affecting the rate of formation of a common inter- 
mediate which is subsequently partitioned. 

I \&\< 
/1 

O\,P 
I 
R VI 

The formulation shown in Chart I can be ex- 
panded in such a way as to accommodate the kin- 
etic data. In this connection there are two possibil- 
ities that merit consideration. If the position or 
location of the departing anion with respect to the 
symmetrical allylic cation can influence the parti- 
tioning of the cation, then the carbonium ion 
formed from I could be partitioned differently than 
when formed from 11. According to this possibility 
a different intermediate would result from the geo- 
metric isomers, the difference being in the location 
of the dissociating anion. This interpretation is 
analogous to the “shielding effect”20 which has been 
proposed to account for the formation of different 
products from carbonium ion intermediates de- 
rived from enantiomers. 

Another interpretation of the carbonium ion 
mechanism which is consistent with the experi- 
mental results is shown in Chart I11 (X = -02- 
CCEH~CO~H).  This scheme differs from the sim- 
pler one in Chart I by ion pair intermediates which 
are involved in the ionic dissociation of I and I1 
This interpretation receives considerable support 
from the recent evidence21,22 that ion pair interme- 
diates precede dissociated carbonium ion interme- 

(19) An alternate SNi’ mechanism involving the free carboxyl group 
has been suggested for the intramolecular rearrangement of allylic acid 
phthalates by Catchpole, Hughes and Ingold (ref. 18). 

(20) E. D. Hughes and C. K. Ingold, J .  Chcm. Soc., 244 (1935). 
(21) D. J. Cram and F. A. Abd Elhafez, THIS JOURNAL, 7S, 3189 

(22) S. Winstein and R. Heck. ibid., 74, 5584 (195?), and preceding 
(1953), and preceding papers in this series. 

papers in this series. 
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diates in similar ionizations.23 It also is significant amounts of the two isomers.24 These results show 
that an ion pair intermediate involving an allylic that there is a considerable difference between the 
cation has been s ~ g g e s t e d ~ , ~ ~  for the intramolecular relative stabilities of geometric isomers in 3,5-di- 
rearrangement of a,  a-dimethylallyl chloride in substituted cyclohexenes and in 1,3-disubstituted 
acetic acid.j cyclohexanes. For 1.3-disubstituted cvclohexanes 

CHART I11 
x 
I 

I11 + H X  

f kl' 

According to this picture the "cis" ion pair VI1 
is involved as an intermediate in the ionic dissocia- 
tion of I and the "tram" ion pair VI11 is involved 
similarly in the ionization of 11. The conversion of 
optically active I and I1 into the corresponding ion 
pair intermediates results in the loss of activity 
since these intermediates are symmetrical. Thus 
the rates of loss of optical activity, k,' and k2', 
correspond to the rates of formation of the 
intermediates. As shown in the scheme, the ion 
pairs either can dissociate to the common carbo- 
nium ion intermediate or they can reform the react- 
ants by a process which has been designated "in- 
ternal return. ' ' $ 8  22  The data in Table VI show that 
for each geometric isomer the ion pair has a some- 
what greater tendency to return to reactant than 
to dissociate. This mechanism also is consistent 
with the observed geometric isomerization and in- 
tervention of a foreign anion. The geometric isom- 
erization involves "external return"22 and the in- 
tervention of a foreign anion results from success- 
ful competition for the dissociated free carbonium 
ion. 

It seems likely that this modification of the ori- 
ginal ionization recombination mechanism applies 
to the anionotropic rearrangement in general. I t  
has been pointed out previouslyz2 that internal re- 
turn of an ion pair is indicated by the intramolecular 
conversion of a ,  0-dimethylallyl chloride to y,y-di- 
rnethylallyl chloride. 

One other point of interest in connection with 
the present work concerns the fact that trans-5- 
methyl-2-cyclohexenyl acid phthalate is thermo- 
dynamically more stable in acetonitrile than the 
cis isomer. The equilibrium mixture in acetonitrile 
a t  100" consists of 64O& of the trans isomer. At 
SO" the equilibrium composition (determined from 
k , ,  and k i t )  is Xy0 trans, 23C;;: cis. We also have ob- 
served that the acid-catalyzed equilibrations of the 
5-methyl-2-cyclohexenols in aqueous acetone give 
equilibrium mixtures consisting of about equal 

( 2 3 )  This  i r i terpretat iun ui  carbonium iou r u c t i u i i s  (SN 1 reartion.) 
was discussed by S. Winstein a t  thr l ' l i i r leeuth 
Chetni-try S y i n p ~ , i ! i r i i ,  .Ariii . \ r h r  RI ICIL  , . I C , ~ P ,  

~ p p i i i ~ : v r ,  .4 I . , i ~ i ~ l x i  i' ,1i1,1 <: I < ~ ~ l ~ i w ~ , ~  

the cis isomer is the more stable The 
conformation of the cyclohexene ring recently 
has been consideredz6 and it has been sug- 
gestedZ6" that the cis isomer is probably the 
more stable one for 3,S-disubstituted cyclo- 
hexenes. In the present case it is clear that 
the trans isomer is more stable than the cis 
isomer. 

Experimental 
Materials.-cis- (m.p. 78.4-79.3') and trens-3- 

methyl-2-cyclohexenyl acid phthalate, in .p. 90- 
90.2', were prepared, purified and resolved as de- 
scribed in the Drevious ~ a ~ e r . 8  

Optically pbre ( - )~is:j-methyl-2-cyclohcscnyl 
acid phthalate crystallizes with considerable difi- 
cultys and for this reason partially resolved material 
mas used in this work. This material melted a t  

75.2-76.4'and hadarotationof [ a ] 2 7 ~  -29.4" (c 1.0, chloro- 
form), which corresponds to about 507" optical purity. 

The ( -))trans-5-methpl-2-cyclohexe~yl~ acid phthalate, 
m.p. 90-90.2", was presumably optically pure@ and had B 

rotation of [ a ] " D  -130.4" (c 1.0, chloroform). 
cis-5-Methyl-2-cyclohexenyl 3-nitro acid phthalate W B ~  

prepared from the alcohol and 3-nitrophthalic anhydride 
by the same procedures used for preparing the acid phthal- 
ates. After recrystallization from ether-petroleum ether 
mixture this material melted at 133-134". 

Anal. Calcd. for C15Hi506S: C, 59.01; H ,  4.95; nqut. 
equiv., 305.3. Found: C, 59.20; H, 1.89; neut. equiv., 
309.5. 

A11 solutiolis 
were standardized a t  25" and all reported concentrations :trc 
for this temperature. 

Polarimetric Measurements.-Optical rotations were 
determined with an 0. C. Rudolph and Sons high precision 
model 80 polarimeter. The series of readings taken for each 
determination usually were well within 0.008" of each other. 

Infrared Analysis.-The compositions of mistures of 
cis ( I )  and trans-5-methyl-2-cyclohexenyl acid phthalate (11) 
were determined with a Baird Associates recording spec- 
trophotometer. The samples to be analyzed were dissolved 
in chloroform saturated with sodium chloride (approximateljr 
0.4 M solutions were prepared) and the spectra of the 
resulting solutions were taken in 0.1-mm. sodium chlo- 
ride cells. The cis-acid phthalate I has a band a t  10.63 
p not present in the spectrum of the trens isoiner and the 
trens isomer has a band at 11.03 p not present in the spec- 
trum of the cis isomer. The composition of L mixture of 
the two isomers can be determined from the relative trails- 
missions a t  these wave lengths. Although Beer's law \ vr i i  
found to apply fairly well over the entire range from imrc 
I to pure I1 it was found necessary to correct for the slight 
deviations. These deviations, which a t  the most ainountetl 
to  3 or 4% in the composition of a mixture, were deterinitlet1 
by measuring the relative transmissions at 10.63 a d  11.03 
p for synthetic mixtures. The complete infriired spectrutii 
of the binary mixtures of I and I1 isolated in the kinetic es- 
periments showed that the mixtures did not contain an in- 
terfering third component. 

Rearrangement of cis- and tr~ns-5-Methyl-2-cyclohexenyl 
Acid Phthalate in Acetonitrile.-The rates of (a )  loss of opti- 
cal activity, (b )  geometric isomerization and (c) dccoinpo- 
sition into methylcyclohexadiene and phthalic acitl w r e  
determined as follows: Standard solutions (0.2000 =k 
0.0004 91) of optically active and inactive phthalates werc 
prepared and distributed into ampules (2-ml. portions 
of active solution and 16-1111. portions of inactive solutions), 

Acetonitrile was purified by fractionation, 
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which were sealed and placed in a thermostat. Zero time 
was recorded a t  the time that the solutions were placed in 
the thermostat. Whenever i t  was necessary to  correct for 
the reaction occurring during the temperature equilibration, 
a sample was analyzed as soon as constant temperature was 
reached and zero time was recorded. 

The rate of loss of optical activity was determined as 
follows: At appropriate time intervals ampules containing 
the active samples were opened and exactly 1.994-m1. ali- 
quots were diluted with acetonitrile to 13.00 ml. and the 
rotations measured. The first-order rate constants for the 
loss of activity (k l ’  and kz’) were determined by use of equa- 
tion l l. 

The rates of decomposition of the acid phthalates into 5- 
methyl-l,3-cyclohexadiene were determined as follows: 
Aliquots (4.99 ml.) of the inactive samples were dissolved 
in 10 ml. of acetone and diluted with 25 ml. of water. After 
standing for 5 minutes a t  room temperature the solutions 
were titrated to the phenolphthalein end-point with standard 
0.1 N sodium hydroxide solution. This method of analysis 
was shown by analysis of known samples to determine 
phthalic anhydride together with free phthalic acid and acid 
phthalate. The rates of decomposition (kd, and kdt) were 
determined from the increase in acidity (carboxyl groups) 
by use of equations 7 or 7’. 

The rates of geometric isomerization were determined 
from the unused portion of the contents of the ampules used 
to determine the rate of decomposition. 

The solvent was evaporated from 10.00-ml. aliquots 
(larger aliquots were required when the decomposition ex- 
ceeded 30%) at  room temperature under a stream of filtered 
air. The residue was dried a t  reduced pressure overnight. 
The residue was dissolved in chloroform and the insoluble 
phthalic acid separated by filtration. The insoluble mate- 
rial was shown to be phthalic acid by melting point and neu- 
tral equivalent. The acid phthalate was separated from 
phthalic anhydride by quantitatively extracting it from the 
organic layer with three 10-ml. portions of ice-cold 5% 
sodium hydroxide. The combined aqueous layers were 
filtered through a cotton plug to remove all of the droplets of 
chloroform and the clear aqueous extracts were acidified with 
an equal volume of cold 5010 hydrochloric acid. The oily 
acid phthalate that separated was taken up in 15 ml. of 
freshly distilled chloroform. The organic layer was washed 
with water, dried, filtered and evaporated under a stream of 
filtered air. After drying overnight a t  reduced pressure over 
calcium chloride the composition of the residual mixture of 
I and I1 was determined by infrared analysis. In every 
case the infrared spectrum showed the residue obtained by 
this procedure to be a binary mixture of I and 11. The rates 
of isomerization, ki, and kit, were determined from the com- 
position of the binary mixture by use of equations 5 and 5’. 
The concentrations of cis- and trans-acid phthalates can be 
determined a t  any time during the rearrangement from the 
composition of the remaining acid phthalate together with 
the amount of acid phthalate that has decomposed. Data 
for typical experiments are shown in Tables I and I V .  

Synthetic mixtures of I and I1 consisting of 54, 78 and 
93% of I1 were isolated from simulated reaction mixtures by 
this method to show that this procedure does not result in 
fractionation. In each case the infrared spectrum of the 
isolated sample was indistinguishable from that of the 
freshly prepared binary mixture. This demonstrates that 
the composition of the mixture of I and I1 produced in the 
reaction is not altered by over 1% by the method of isola- 
tion. 

Isolation of the Decomposition Products from cis-5- 
Methyl-2-cyclohexenyl Acid Phthalate.-A solution of 13 g. 
of dl-I in 156 g. of acetonitrile (0.200 M solution) was sealed 
in ampules and placed in a 100” thermostat for 400 hours 
(more than ten half-periods for the decomposition: kdo = 
0.019 hr.-l). The solution was diluted with about one liter 
of water, made strongly alkaline with 5% sodium hydroxide 
and extracted with three 50-ml. portions of ether. After 
washing with water the combined ether extracts were dried 
over calcium chloride. The ether solution was distilled 
under purified nitrogen. The fractions obtained after re- 
moval of ether are given in Table VII. 

The maleic anhydride adduct of 5-methyl-l,3-cyclohexa- 
diene was prepared from the second fraction (b.p.  41-78’) 
a? follows. To 4.0 ml.  of the second fraction was added 
0.30 g. (17’% excess) of maleic .mhydride. After standing 
overnight the solvent \ w q  evaporated at rooin temperature 

Typical data are shown in Table I1 and Fig. l. 

TABLE V I 1  
THE D~STILLATION OF THE A*ON-ACIDIC VOLATILE PROD- 

CYCLOHEXENYL ACID PHTHALATE (I) IN ACETONITRILE AT 
looo 

O C .  MCHD,) 
B.p., 740 mm. Wt., g. kmax, A.5 mg./ml. 

34-41 ca. 30 ml. 2630 2 . 7  
41-78 ca. 5 ml. 2590 61.2 
78-80.5 2.06’ 2580 27.2 
80.5-80.5 0.66 2590 5 . 4  
80 .5  0.42 2600 36.4 

a Ultraviolet spectra of samples dissolved in 95% ethanol 
were determined with a Cary recording ultraviolet spectro- 
photometer and a 1-cm. cell. * Concentrations of 5-methyl- 
1,3-~yclohexadiene (MCHD) were calculated from the ob- 
served optical densities a t  the wave lengths of the maxima 
according to the formula mg./ml. = opt. dens [m.w./e 
X I ] ,  using e = 4910.12 The concentration calculated in 
this way is in excellent agreement with the amount of ma- 
leic anhydride adduct obtained from a sample of the dis- 
tillate. c Almost completely soluble in water, nZ6D 1.3462 
(acetonitrile, ?21B.5D 1.3460). 

and 0.51 g. (102% yield based on analysis in Table VII) 
of solid adduct was obtained. After recrystallization from 
petroleum ether this compound melted at  77.2-79.0”. 

Anal. Calcd. for CllH1203: C, 68.73; H,  6.30. Found: 
C, 68.90; H, 6.43. 

The isolation and separation of phthalic acid from the 
remaining acid phthalate is described above. 

The Rearrangement of cis-5-Methyl-2-cyclohexenyl Acid 
Phthalate in the Presence of 3-Nitro Acid Phthalate Ion.- 
To a solution of 1.301 g. (5.0 mmoles) of I in 25 ml. of aceto- 
nitrile was added 1.000 g. (4.74 mmoles) of 3-nitrophthalic 
acid and 1.001 g. (4.74 mmoles) of diphenylg~anidine.~’ 
The solution was sealed in an ampule and heated at  100” 
for 25.2 hours.28 The solution was evaporated to dryness 
at room temperature and the dried solid residue was treated 
with two 25-7211. portions of water to remove most of the 
diphenylguanidinium salts. After drying the water-in- 
soluble material the acid phthalates were separated from 
the phthalic acids by the method described above for the 
isomerization studies (the acid phthalates are soluble in 
chloroform whereas 3-nitrophthalic acid and phthalic acid 
are insoluble in this solvent). This method was shown to 
remove all of the acids without fractionating the mixture of 
acid phthalateszB and 3-nitro acid  phthalate^.^^ 

The content of 5-methyl-2-cyclohexenyl3-nitro acid phth- 
alate29 in the mixture of acid phthalates was determined 
bp infrared analysis. The 3-nitro acid phthalates have 
an absorption band at  6.50 p (due to the nitro g ro~p)~O 
where neither I nor I1 absorbs. Because of deviations from 
Beer’s law the composition of the mixture was determined 
by comparing the transmission at  6.50 p with that of syn- 
thetic mixtures. The comparison of these spectra indicated 
the complete absence of interfering impurities. 

The experiment using one-half as much foreign anion was 
carried out in the same way. 

Determination of Equilibrium Composition of cis- and 
trens-5-Methyl-2-cyclohexenyl Acid Phthalates in Aceto- 
nitrile at 100°.-An equilibrium composition consisting of 
65% trans and 35% cis is indicated by the values of ki, and 
kit (Tables I11 and V). In order to test this computation 
a solution of 1.822 g. (7.00 mmoles) of I and 3.354 g. (13.00 
mmoles) of I1 in 100 ml. of acetonitrile was distributed in 

UCTS O F  THE REARRANGEMENT OF dL-Cis-5-METHYL-% 

(27) Diphenylguanidinium 3-nitro acid phthalate, prepared by the 
method of S. Winstein, el al., THIS JOURNAL, 70, 812 (19481, was 
found to be extremely hygroscopic and for this reason the salt was 
prepared in the reaction mixture. 

(28) From the value of k d t  (0.019 hr.?) it can be shown that about 
27% of the acid phthalate is decomposed during this period. Ac- 
tually this value for the decomposition is a lower limit because of the 
probable positive salt effect of the diphenylguanidinium salt. 

(29) A mixture of cis and lvans isomers is undoubtedly formed. 
The isomeric composition was not determined. 

(30) H. 11. Randell, R. G. Fowler, N. Fuson and J.  R. Dangl, “In- 
frared Determination of Organic Structures,” D. Van Nostrand Co. ,  
Inc., N e w  Yurk,  N. S , ,  I N $ ) ,  pp. 33-31. 
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ampules and placed in the 100” thermostat. Samples were 
withdrawn periodically and the amount of decomposition 
and the composition of the remaining acid phthalate were 
determined as described above. The data for this experi- 
ment (Fig. 5 ,  curve B)  show that the composition of the 
acid phthalate mixture (65% trans, 35% cis) remained con- 
stant for the 55 hours that the reaction was observed. 

Rearrangement of Fused cis-5-Methyl-2-cyclohexenyl 
Acid Phthalate.-Carefully weighed samples (ca.  0.23 g.)  
of solid (-)I were sealed in ampules and immersed in the 
100’ bath. At measured time intervals samples were 
quantitatively transferred to 25.00-ml. volumetric flasks 
and diluted with chloroform to exactly 25 ml. a t  25”.  The 
rate of loss of optical activity was determined from the rota- 
tions of the chloroform solutions. 

Samples of solid dl-I were used to study the decomposi- 
tion and the isomerization. The acidity (decomposition) 
of the heated samples (ca. 0.3 9.) was determined by ti- 

tration of aqueous acetone solutions to the phenolphthalein 
end-point. The increase in acidity (carboxyl groups) did 
not correspond to the formation of phthalic acid. For ex- 
ample, in 8 hours the number of carboxyl groups increased 
only 11.5%; however, a 2870 yield of phthalic acid was iso- 
lated as follows. The contents of an ampule were extracted 
with chloroform and the insoluble phthalic acid collected on 
a filter and air-dried. This material was water insoluble 
and had a neutral equivalent of 78 (calcd. for phthalic acid 

Large samples (ca. 1 9.) of dl-I were used to study the ratc 
of cis-trans isomerization. The remaining acid phthalate 
was separated from the phthalic acid and the composition 
of the binary mixture determined spectrophotometrically 
by the procedure described above for the rearrangement it1 
acetonitrile. Typical data showing the change in compo- 
sition with time are presented in Fig. 7. 
~IADISON,   ISC CONS IN 
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Polymers. I. Synthesis of an All-cis Diene Polymer’ 
BY M-ILLIAM J. BAILEY? AXD HAROLD I<, GOLDEN? 

RECEIVED APRIL 29, 1954 

The cyclic diene, 1,2-dimethylenecyclohexane, was polymerized to a high molecular weight, a11-1,4-, all-cis diene polynier. 
This polymer was a white crystalline solid, melting a t  165” and possessing no rubber-like properties, even though it is very 
similar in structure to natural rubber. 

Although much work has been published on the 
correlation of the structure and properties of con- 
densation polymers, no such comprehensive study 
has been reported for hydrocarbon polymers. Hy- 
drocarbon polymers appeared to be an attractive 
field to study the effect of structure on properties 
since two complicating factors, hydrogen bonding 
and strong dipole interactions, are absent. Also, 
addition polymers of high molecular weight could 
be studied to eliminate further the additional com- 
plicating effect of molecular weight on the proper- 
ties. With the number of variables thus reduced, 
it would appear much easier to develop a systema- 
tic correlation with hydrocarbon polymers than was 
possible with condensation polymers. 

Natural rubber I appeared to be a logical starting 
point for this investigation, since its structure has 
been determined and found to be fairly simple. I t  
is of further interest because natural rubber I is 
probably still the best available all-purpose rubber, 
even though many excellent special purpose elas- 
tomers have been developed. If other special pur- 
pose elastomers are to be discovered, knowledge of 
which structural features of natural rubber I are 
responsible for its excellent rubbery properties 
would be indeed helpful. 

Natural rubber has been assigned a very regular 
structure composed of repeating isoprenoid units 
in which all the units are connected in a 1,4-, head- 

( 1 )  Presented before the Division of Polymer Chemistry a t  the 117th 
Kational Meeting of the American Chemical Society, Detroit, Michi- 
gan, March, 1950; and the Elastomer Conference, Washington, D. C.. 
May, 1949. 

(2) Department of Chemistry, University of Maryland, College 
Park, Md. 

(3) Atomic Energy Commission Fellow, 1949-1950. 
(4) (a) “High Polymers, Vol. I, Collected Papers of W. H. Carothers 

on High Polymeric Substances,” Interscience Publishers, Inc., New 
Yurk, N. Y., 1938; (b) R. H i l l  and E. k2. W:iIker, .1. ?’oiyrile~ S c i . ,  3, 
009 ( i ! )48);  (c) IC, I;. Izarrl, ib id . ,  9, 35 (1952). 

to-tail manner with the methyl groups always 011 
the same side of the double bond.5 All the double 
bonds have the cis structure; that is, the polymer 
chain enters and leaves from the same side of the 
double bond. Since there are relatively few struc- 
tural features in this polymer, i t  should be possible 
to determine the relative importance of each in 
producing rubbery characteristics. The first clue 
to which feature was most important was available 
from a comparison of the structure of balata I1 (or 
gutta percha) with that of rubber. Balata I1 has 
been assigned a structure very similar to natural 
rubber, with the exception that the double bonds 
have the trans structures; that is, the polymer chain 
enters and leaves from opposite sides of the double 
bond. Balata I1 is not a rubber a t  room tempera- 
ture but is a hard, horny substance with a softening 
point a t  while natural rubber maintains its 
rubbery properties to extremely low temperatures 
but will retain crystallites up to 23°.5 This strik- 
ing difference in the properties of these two poly- 
mers led to the widespread belief than any a l l 4  
diene polymer would be a good rubber. I t  was 
considered of extreme importance, therefore, to 
synthesize an all-cis diene polymer in order to test 
this hypothesis. 

Much energy has been spent in an effort to find 
experimental conditions that would permit simple 
dienes, such as 1,3-butadiene, to polymerize to an 
all-cis polymer or to a polymer with a t  least a high 
content of 1,4-cis units. However, the problem is 
extremely complex since butadiene can produce a 
polymer 111 consisting theoretically of a mixture of 
six structural units, as indicated in the diagram. 
Although experimental conditions will change the 

(,>J S. 11. G h m a n ,  Chein. Rcus.. Z6, 203 ( l % I O ) .  
(fl) K.  11. Mryer ,  “High Polymers. I V .  ICatunil uud S y u t l ~ r t i c  

IIigh l’olyuirrs,” Interscience Publishers, Inc., New York, N.  Y., 1950. 


