
of TBF in the frozen portion of a two-phase system 
was less in the initial stages of freezing and less when 
the freezing was carried out slowly. It is unlikely that 
crystals of /?-xylene directly incorporate any significant 
amount of TBF. 

The equilibria of five groups of isomeric cyclomonoolefins 
having four-, five-, and six-membered rings and a one-
or two-carbon side chain were measured at 25° over a 
sodium-alumina catalyst and at 250° over acidic alu
mina. Under these conditions the double bond migrates 
to all possible positions. Equilibrium constants, en
thalpies, and free energies of isomerization were cal
culated. The equilibrium ratio methylenecycloalkane/1-
methylcycloalkene has a minimum value for the five-
membered ring compounds. The ethylidenecyloalkane/ 
1-ethylcycloalkene ratio at 25° is higher for the six- than 
for the five-membered ring series, but the relative order 
is reversed at 250°. The 1-alkylcycloalkenes are by far 
the most stable isomers in all series studied. Among the 
endocyclic isomers having a disubstituted double bond, 
the 3-alkyl isomer is more stable than the 4-alkyl isomer in 
the five-membered ring series, whereas the reverse is ob
served for the six-membered ring compounds. 3-
Methylcyclobutene is very unstable with respect to the 
1-alkylisomer (KM ~ 8500). 

The variation with ring size of the stability of meth-
ylenecyclanes and 1-methylcyclenes has attracted con
siderable attention in recent years. In particular, the 
predictions of Brown and co-workers4 as to the relative 
stability of exo- and 1-endocyclic olefins in the Uve
as compared with the six-membered ring series has led 
to some controversy. Turner and Garner5'6 determined 
the heats of hydrogenation of pairs of such isomers 
having five- and six-membered rings and hence de
rived the enthalpies of isomerization. Subsequently, 

(1) For preliminary communications see: (a) E. GiI-Av and J. 
Shabtai, Chem. Ind. (London), 1630 (1959); (b) J. Herling and E. GiI-Av, 
Bull. Res. Council Israel, 10A, 78 (1961); (c) E. GiI-Av and J. Herling, 
Tetrahedron Letters, No. 1, 27 (1961); (d) J. Shabtai and E. GiI-Av, 
ibid., No. 9, 467 (1964). 

(2) On leave from the Weizmann Institute of Science, Rehovoth, 
Israel. 

(3) To whom inquiries should be addressed. 
(4) H. C. Brown, J. H. Brewster, and H. Shechter, J. Am. Chem. Soc, 

76, 467 (1954). 
(5) R. B. Turner and R. H. Garner, ibid., 80, 1424(1958), and refer

ences therein. 
(6) R. B. Turner in "Theoretical Organic Chemistry," IUPAC 

Kekule Symposium, Butterworth and Co. (Publishers) Ltd., London, 
1959, p. 79. 

Acknowledgment. We gratefully acknowledge grants 
from the National Research Council of Canada, the 
Petroleum Research Fund of the American Chemical 
Society, and the Research Committee of the University 
of British Columbia. 

accurate measurements of the equilibria at 25° under 
acid-catalyzed conditions were carried out by Cope and 
co-workers.7 

As the latter authors used a relatively mild catalyst, 
i.e., /?-toluenesulfonic acid in acetic acid solution, mi
gration of the double bond was observed between the exo 
and the l-endo position only. In the present work, on 
the other hand, equilibration was carried out by em
ploying as catalyst sodium on alumina8 at room tem
perature and activated alumina at 250°. Under these 
conditions, migration of the double bond occurred to 
all available positions and a complete picture could 
thus be obtained of the relative stability of all olefinic 
isomers possible for a given ring size. Furthermore, 
measurements were extended to compounds having a 
four-membered ring, as well as to derivatives with a 
two-carbon side chain. 

The cyclic olefins studied are listed in Tables I and II. 
The sodium-alumina catalyst did not cause any de
tectable side reactions at 25°, and carbon skeleton 
rearrangement did not exceed 1-5% on activated 
alumina at 250°. The data given in Tables I and II 
represent the average of a number of experiments, 
with approach to equilibrium being effected in most 
cases from different sides. Analysis of the equilibrated 
mixtures was carried out by gas-liquid chromatography 
(see Experimental). 

The present results are in agreement with data of Cope 
and co-workers7 as far as the equilibrium constants at 
25° of the l-endo-exo pairs of isomers in the five-
and six-membered ring series are concerned. Further, 
the values of AF° calculated from the equilibrium con
stants are close to the corresponding A.H° values de
termined by Turner and co-workers6,6 from heats of 
hydrogenation. The significance of these findings has 
been amply discussed in the literature.4-7 

Since the present data were obtained by equilibrium 
isomerization of the olefins in the form of pure liquids 
(or in a saturated hydrocarbon as solvent), it is evident 
that the possible association of the olefins with acetic 

(J) A. C. Cope, D. Ambros, E. Ciganek, C. F. Howell, and Z. Jacura, 
/ . Am. Chem. Soc., 82, 1750(1960). 

(8) H. Pines and W. O. Haag, / . Org. Chem., 23, 328 (1958); W. O. 
Haag and H. Pines, / . Am. Chem. Soc, 82, 387 (1960). 
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Table I. Equilibria between Isomeric Cyclic Olefins at 25° 

No. 

I 
II 

III 

IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 

XII 
XIII 
XIV 
XV 

XVI 

XVII 
XVIII 

XIX 
XX 

XXI 

Compd. 

Methylenecyclobutane" 
1 -Methylcyclobutenec 

3-Mefhylcyclobutenec 

Methylenecyclopentane"* 
1 -Methylcyclopentene"* 
3-Methylcyclopentene<i 

4-Methylcyclopentene'i 

Methylenecyclohexane* 
l-Methylcyclohexenee 

3 -Methy Icyclohexene" 
4-Methylcyclohexene8 

Vinylcyclopentane/ 

Ethylidenecyclopentane' 
l-Ethylcyclopentene/ 

3 -Ethylcyclopentene/ 

4-Ethylcyclopentene' 

Vinylcyclohexane'1 

Ethylidenecyclohexane'1 

1 -Ethylcy clohexene* 
3-Ethylcyclohexene'1 

4-Ethylcyclohexene'' 

Mole %<• 

15.0 
85.0 

—0.02 

0.09 
97.6 
1.65 
0.66 

0.46 
90.9 

3.14 
5.45 

g 
4.65 

94.2 
0.91 
0.22 

S 
9.54 

82.4 
3.03 
5.02 

K 
(1-alkyl isomer6/ 

other isomer) 

5.66 ± 0 . 1 6 

~8500 

1084 ± 54 

118 ± 3.5 
148 ± 6 

198 ± 8 

57.8 ± 2.8 
33.4 ± 1.0 

20.3 ± 0 . 7 

207 ± 18 
428 ± 25 

8.63 ± 0 . 3 

54.4 ± 1.2 
32.8 ± 0 . 6 

AF0-
(other isomer -*• 
1-alkyl isomer), 

kcal./mole 

-1 .03 ± 0 . 0 2 

5.4 

-4 .13 ± 0.03 

-2 .84 ± 0.02 
-2 .98 ± 0.01 

-3 .15 ± 0 . 0 1 

-2 .41 ± 0.02 
-2 .09 ± 0 . 0 3 

-1 .78 ± 0 . 0 2 

-3 .16 ± 0.05 
-3 .59 ± 0 . 0 3 

-1 .28 ± 0.02 

-2 .37 ± 0.01 
-2 .07 ± 0 . 0 1 

" Mean values of concentrations obtained by approach to equilibrium from different sides, carrying out two equilibrations with each start
ing material. * The deviations were calculated from the maximal deviations from mean values of experimental equilibrium concentrations. 
° Equilibrium reached from the side of I, II, and III (III, in 2,4-dimethylpentane as solvent; see Experimental). d A mixture of 98 % V and 
2 % IV was equilibrated. * Equilibrium reached from the side of VIII, IX, and a mixture of 30 % X and 70 % XI. ' A mixture of 92 % XIV 
and 8 % XIII in cyclohexane was equilibrated. « The limits of detectabiUty by gas chromatography of XII and XVII under the experimental 
conditions employed is estimated at 0.1 %. * A mixture of 89 % XIX and 11 % XVIII in cyclohexane was equilibrated. 

Table n . Equilibria between Isomeric Cyclic Olefins at 250° 

No. 

IV 
V 

VI 
VII 

VIII 
IX 
X 
XI 

XII 
XIII 
XIV 
XV 

XVI 

XVII 
XVIII 

XIX 
XX 

XXI 

Compd. 

Methylenecyclopentane" 
l-Methylcyclopentene° 
3-Methylcyclopentenec 

4-Methylcyclopentene° 

Methylenecyclohexane** 
1 -Methylcyclohexene'* 
3-Methylcyclohexene'i 

4-Methylcyclohexene'i 

Vinylcyclopentane' 
Ethylidenecyclopentane8 

1 -Ethylcyclopentene8 

3-Ethylcyclopentenee 

4-Ethylcyclopentenee 

Vinylcyclohexane1* 
Ethylidenecyclohexane'' 
1 -Ethylcyclohexened 

S-Ethylcyclohexene"* 
4-Ethylcyclohexene,i 

Mole %<• 

0.80 
80.0 
12.9 
6.3 

1.80 
62.9 
16.5 
18.8 

~0 .1 
10.9 
7.2 

11.8 
6.1 

~0 .1 
8.50 

59.8 
15.8 
15.9 

K 
(1-alkyl isomer6/ 

other isomer) 

100 ± 4 

12.4 ± 0.4 
12.7 ± 0 . 5 

34.9 ± 1.5 

7.62 ± 0.3 
6.68 ± 0.25 

~700 
6.53 ± 0.2 

12.1 ± 0 . 3 
11.6 ± 0.7 

~600 
7.03 ± 0.3 

7.56 ± 0 . 3 
7.52 ± 0 . 3 

A F isom 
(other isomer —*• 
1-alkyl isomer), 

kcal./mole 

-4 .78 ± 0.04 

-2 .61 ± 0 . 0 4 
-2 .64 ± 0 . 0 4 

-3 .69 ± 0.04 

-2 .11 ± 0 . 0 4 
-1 .97 ± 0.04 

6.8 
-1 .95 ± 0.03 

-2 .59 ± 0 . 0 4 
-2 .54 ± 0 . 0 7 

~ - 6 . 6 5 
-2 .03 ± 0.04 

-2 .10 ± 0 . 0 4 
-2 .09 ± 0.04 

* Mean value of concentrations obtained by approach to equilibrium from different sides. * The deviations were calculated from the 
maximal deviations from mean values of experimental concentrations. » Equilibrium reached from the side of IV, V, and a mixture of 60 % 
VI and 40% VII. "* Equilibrium reached from each pure component. • Equilibrium reached from XIII, XIV, XII containing 14% XIII, 
and a mixture of 58 % XV and 42 % XVI. 

acid5'7 does not essentially affect the AF° values.9 

Furthermore, the equilibrium in the gas phase can be 
estimated by taking into account the vapor pressures10 

(9) See A. C. Cope, P. J. Moore, and W. R. Moore, / . Am. Chem. 
Soc, 82, 1744 (1960), and M. Svoboda and J. Sicher, Chem. Ind. (Lon
don), 290 (1959), for analogous findings in the case of equilibrium isom-
erization of cis- and <ra«s-cyclododecene. 

of the components and assuming ideal behavior. 
Whereas IV and V have practically the same vapor 
pressure, methylenecyclohexane (VIII) is estimated to 

(10) D. F. Othmer, P. W. Maurer,C. J. Molinary, and R. C. Kowalski, 
Ind. Eng. Chem., 49, 425 (1957); R. R. Dreisbach, Advances in Chemis
try Series, No. 15, American Chemical Society, Washington, D. C, 
1955, pp. 416, 490. 
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Table m. Enthalpies and Free Energies of Isomerization of Alkyl Cycloalkenes 
Containing a Disubstituted Double Bond" 

No. 

VI 
VII 

X 
XI 

XV 
XVI 

XX 
XXI 

Compd. 

3-Methylcyclopentene 
4-Methylcyclopentene 

3-Methylcyclohexene 
4-Methylcyclohexene 

3-Ethylcyclopentene 
4-Ethylcyclopentene 

3-Ethylcyclohexene 
4-Ethylcyclohexene 

< 

K 
(i-endo/ 
4-endo) 

1.25 

0.58 

2.07 

0.61 

• 25° . 
AF0-
*-»* IBom (4-endo -*• 
"i-endd), 

kcal./mole 

-0 .13 

+0.32 

-0 .43 

+0.28 

<-

K 
(h-endol 
A-endd) 

1.02 

0.88 

0.97 

1.0 

-250° . 
A F iaom 

(A-endo -*• 
3-endo, 

kcal./mole 

-0 .02 

+0.13 

+0.03 

0.0 

*-".« isom* 

kcal./mole 

-0 .28 

+0.57 

- 1 . 0 

+0.65 

° Calculated from mean equilibrium concentrations; see Tables I and II. i Calculated using the equation AF0 = AH° — TAS. 

be more volatile than 1-methylcyclohexene (IX) by 
p26vni//>26ix = 48/39 = 1.23. This consideration 
shows that the higher relative stability of the exo 
isomer in the six-membered series, as compared with 
the five-membered ring series, should be larger in the 
gas phase than in the liquid phase (see Table I). 

Differences in solvation may, however, be sufficiently 
important to affect markedly the entropies. Cope and 
co-workers7 have calculated AS°25 values for the isom
erization IV -*> V and VIII -*• IX, using enthalpy 
values determined by Turner. The relatively high 
value of 2.8 cal./mole deg. thus found for VIII -*• IX 
(as compared with 0.9 cal./mole deg. for IV -*• V) 
appeared to contradict the conclusions drawn from the 
inspection of models of VIII and IX as to lesser con
formational restriction in methylenecyclohexane (VIII), 
and has therefore been ascribed partially to differences 
in degree of solvation. This explanation is supported 
by the present free-energy data. An estimation of AS0 

for the reactions IV -*• V and VIII -»• IX in the gas 
phase using the data for 250 and 25° (corrected for 
the difference in vapor pressures, as mentioned above) 
shows, indeed, much less difference for the two equilib
ria, namely, 2.9 and 3.1 cal./mole deg., respectively. 

When considering the various endocyclic isomers, it is 
seen that the 1-alkylcyclenes which have a trisub-
stituted double bond are by far the most stable isomers 
at 25° (#(1-en Jo/other endo isomer) = 33.4 to ~8500). 
At 250°, however, the \-endo isomer is less predominant 
and the equilibrium constants decrease by a factor of 
5-10 (compare Tables I and II). In Table III AF° 
and AH° values for the isomerization of endocyclic 
olefins containing a disubstituted double bond are 
listed. Where necessary (all compounds of this group 
except VII and XVI), the presence of an asymmetric 
center has been taken into account by calculating the 
equilibrium constants with respect to one of the enanti-
omers only. The disubstituted isomers differ very 
little from each other in structure, and, accordingly, 
the free energies of isomerization and the enthalpies 
are small. However, whereas in the five-membered 
ring series the 3-isomer is somewhat more stable than 
the 4-methyl isomer, the reverse is true for the six-
membered ring derivatives. It should also be noted 
that at 250° the AF0 values approach zero in all but 
one case (XI -*- X). Increase of the side chain from one 
to two carbon atoms increases the stability, at 25 °, of the 

3-isomer in the five-membered ring series but does not 
affect materially the relative equilibrium concentration 
of the corresponding cyclohexenes. Differences in 
nonbonded interaction which contribute to the relative 
stabilities are discussed in part II.11 

The enthalpy data of Turner6 for the isomerization 
at 25° of ethylidenecyclopentane (XIII -*• XIV) (-1.3 
kcal./mole) and of ethylidenecyclohexane (XVIII -»• 
XIX) (-1.2 kcal./mole) differ little. The relative 
value of the exojendo ratio for these two pairs of com
pounds should thus be sensitive to the magnitude of the 
TAS term.7 These conclusions, drawn from data ob
tained in acetic acid solution, are confirmed by the 
present results. In fact, as the temperature is increased 
from 25 to 250°, the exo compound in the five-mem
bered ring series becomes somewhat more stable 
(-Kxrv/xm = 6.5) than the corresponding isomer in 
the six-membered ring series (Aoax/xvm = 7.4). 
Thus the introduction of a methyl group at the double 
bond in IV and VIII not only increases considerably 
the equilibrium concentrations of the exo isomers but 
also reverses the relative order of the exojendo equi
librium ratio in the two series at 250°. 

In the four-membered ring series, 3-methylcyclo-
butene (III) is unexpectedly very unstable with respect 
to 1-methylcyclobutene (I) (Ky11 ~ 8500; AF0 

~ —5.4 kcal./mole). An interpretation of the rela
tive stabilities of the 1-methyl and 3-methyl isomers will 
be given in part II of this series.11 

The vinylcycloalkanes XII and XVII could not be 
detected in the equilibrium mixtures at 25° under the 
gas chromatographic conditions used (Table I), and 
were present to an extent of only <~0.1% at 250°. 
The relative instability of these olefins can be under
stood by the difference in the number of alkyl groups 
attached to the double bond, the vinyl compounds 
being the only isomers which carry not more than one 
alkyl substituent at the double bond. A similar effect 
of substitution is found in corresponding alkenes, 
such as 3-methyl-l-butene and 3-methyl-l-pentene.12 

According to calculations of Rossini and co-workers,12 

the mole fraction of these vinylic derivatives at equilib
rium (2980K.) amount to 0.002 and 0.0004, respec-

(11) P. Coppens, E. GU-Av, J. Herling, and J. Shabtai, J. Am. Chem. 
Soc, 87, 4111 (1965). 

(12) J. E. Kilpatrick, E. J. Rosen, K. Pitzer, and F. D. Rossini, / . 
Res. Natl. Bur. Std., 36, 559 (1946). 
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tively, as against 0.867 for 2-methyl-2-butene and 0.273 
for the sum of cis- and 0-a«.s-3-niethyl-2-pentene. 

Experimental 

Materials. Experiments at 25°. Methylenecyclo-
butane (I) was prepared by the reaction of penta-
erythrityl tetrabromide with zinc powder.13 Fractional 
distillation of the product with a Piros-Glover spinning-
band column yielded I of 99 % purity. The impurity 
(1%) was spiropentane, which is not affected by the 
isomerization procedure. 1-Methylcyclobutene (II) of 
99 % purity was obtained by fractional distillation of the 
equilibrium mixture of I and II.14 The impurity (1 %) 
consisted of I. 3-Methylcyclobutene (III) of 97% 
purity was synthesized by thermal decomposition of 
N,N-dimethyl-3-methylcyclobutylamine oxide.16 

The 1-alkylcycloalkenes (V, IX, XIV, and XIX) were 
prepared by acid-catalyzed dehydration of the cor
responding alcohols. The products contained the 
following amounts of exo isomers: 1-methylcyclopen-
tene (V), 2% of IV; 1-ethylcyclopentene (XIV), 8% 
of XIII; and 1-ethylcyclohexene (XIX), 11% of XVIII. 
These mixtures were used as such for isomerization. 
1-Methylcyclohexene (IX, 99%) was obtained by 
fractional distillation of the dehydration product.163 

Methylenecyclohexane (VIII, 99%) was prepared by 
thermal decomposition of hexahydrobenzyl acetate at 
5 0 0o_16a,17 

The mixture of 3- and 4-methylcyclohexene (70% X 
and 30% XI) was a commercial product (Phillips 
Petroleum Co.). 

Experiments at 250°. All compounds were frac
tionally distilled before use and were of 98-99 % purity, 
except where otherwise stated. The 1-alkylcyclo
alkenes were prepared as above and V and IX were 
purified to 99.5%. Ethylidenecyclopentane (XIII,18b 

97%) was also obtained from the dehydration product 
of the corresponding tertiary alcohols. The follow
ing compounds were prepared by pyrolysis of acetates: 
methylenecyclopentane (IV, 91%18b); methylenecyclo
hexane (VIII), see above; vinylcyclohexane 
(XVII)16c'18a; ethylidenecyclohexane (XVIII, 95 %16<=.18a); 
vinylcyclopentane (XII, containing 14% XIII18a); 
4-methyl- (VII)16b and 4-ethylcyclopentene (XVI),18b 

containing each about 60% of the corresponding 3-
alkyl isomer (from 3-alkylcyclopentyl acetates); and 
the 4-methyl- (XI)16a and 4-ethylcyclohexene (XXI).18c 

3-Methyl- (VI) and 3-ethylcyclopentene (XV),18b and 

(13) J. D. Roberts and C. W. Sauer, J. Am. Chem. Soc, 71, 3925 
(1949). 

(14) J. Shabtai and E. GiI-Av, J. Org. Chem., 28, 2893 (1963). 
(15) E. GiI-Av and J. Shabtai, ibid., 29, 257 (1964). 
(16) (a) E. GiI-Av, J. Herling, and J. Shabtai, J. Chromatog., 1, 508 

(1958); (b) J. Shabtai, J. Herling, and E. GiI-Av, ibid., 2, 406 (1959); 
(c) J. Herling, J. Shabtai, and E. GiI-Av, ibid., 8, 349 (1962); (d) J. 
Shabtai, J. Herling, and E. GiI-Av, ibid., 8, 349 (1962); (d) J. Shabtai, 
J. Herling, and E. GiI-Av, ibid., 11, 32 (1963). 

(17) R. T. Arnold and J. F. Downdall, / . Am. Chem. Soc, 70, 2950 
(1948). 

(18) (a) J. R. Van der Bij and E. C. Kooyman, Rec. tray, chim., 71, 
837 (1952); (b) S. Pinchas, J. Shabtai, J. Herling, and E. GU-Av, J. 
Inst. Petrol, 45, 311 (1959); (c) J. Shabtai, S. Pinchas, J. Herling, C. 
Greener, and E. GiI-Av, ibid., 48, 13 (1962). 

3-methyl- (X)16a and 3-ethylcyclohexene (XX)18c were 
synthesized by condensation of the appropriate alkyl 
magnesium bromides and 3-bromocyclenes.19 

Isomerization Procedure. Experiments at 25°. 
The catalyst preparation,814 as well as the isomerization 
procedure,1'8 is described elsewhere. The equilibra
tions were carried out using as starting materials the 
pure or enriched compounds. No solvent was em
ployed except where specifically mentioned (see Table 
I, footnotes). A check of the equilibrium of the four-
membered ring derivatives by approach from III was 
carried out at 5 ° to reduce losses by evaporation of the 
compound, which was available in small amounts only. 
The difference of 20° as compared with the standard 
temperature does not practically affect the equilibrium 
concentrations. 

Constant composition of the equilibrated mixture 
was reached in 5 hr. or less for the four-membered ring 
isomer and in 24 hr. for compounds IV-XI. How
ever, in the case of the ethylcyclopentenes and ethyl-
cyclohexenes the equilibration time was 72 hr. 

Experiments at 250°. Alumina, grade Alcoa F-10, 
mesh size 8-10, was used as catalyst. The equilibra
tion experiments were carried out in a vertically mounted 
furnace of 60-cm. length, having an isothermal zone 
of about 40 cm. The reactor consisted of a coiled 
Pyrex tube, 120-cm. long and 10-mm. wide, packed 
with the above catalyst. Prior to each experiment the 
reactor was flushed with dry nitrogen and the tem
perature was adjusted and stabilized for a period of 
2 hr. The nitrogen flow was then reduced to a min
imum and the starting material was introduced drop-
wise (8-10 drops/min.) with the aid of a constant-rate 
dropping funnel. Starting material (10-20 ml.) was 
employed in most of the experiments. The product 
was collected in a receiver cooled with Dry Ice-acetone 
and, after withdrawal of a small sample for gas chro
matographic analysis, it was recycled through the 
reactor until constant composition was reached. 
Equilibration required from 15 to 20 runs. A fresh 
batch of catalyst was used for each series of runs. The 
total recovery (after flushing the reactor with nitrogen) 
was 85-90%. 

Analytical. Quantitative analysis of the equilibrium 
mixtures was carried out by gas chromatography, using 
silver nitrate-ethylene glycol as the stationary phase.16 

For concentrations lower than 3 % the peak areas were 
corrected by applying factors determined with a series 
of synthetic blends containing 0.1-3.0% of the ex
amined components. 

Separation of XX from XXI, though possible by the 
above procedure, is better carried out with a capillary 
column of 150 ft. in length and 0.01 in. i.d., coated 
with squalane and using a flame ionization detector. 
The data for XVII to XXI in Table I were obtained by 
the latter technique, operating at room temperature. 
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