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HpOs, m.p. 59.5~60.5°. The tertiary hydroxyl was
eliminated by thionyl chloride-pyridine, to yield a
mixture of unsaturated compounds, separated by
chromatography on alumina. The major product,
anhydrotetrahydroalcohol-I ab acetate A (“an-
hydro-A”), CyHz04 contained a trisubstituted
double bond (813 cm.~!) which when hydroxylated
with osmium tetroxide (LAH workup of osmate es-
ter) yielded a viscous triol, Ci;sHyOs. This af-
forded isocapraldehyde on cleavage with sodium
periodate. The isomeric dehydration product,
“anhydro-B,” showed terminal methylene absorp-
tion (1640, 895 cm.~!) and yielded formaldehyde
(methone derivative) upon ozonization. This evi-
dence indicates that the side chain in tetrahydroal-
cohol-T ab is IT.
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The possibility of rearrangement during dehydra-
tion of tetrahydroalcohol-T ab acetate was ruled out
by treating anhydro-A and anhydro-B with mono-
perphthalic acid and reducing each epoxide with
LAH; both isomeric epoxides yielded crystalline
tetrahydroalcohol-I ab as the main product. The
compound obtained from the epoxidation of an-
hydro-B (terminally unsaturated) was identical
(based on rotation and infrared) with the acetate of
dihydroalcohol-Ia (side chain double bond reduced),
demonstrating the correctness of I for the side
chain of alcohol-I.

The n.m.r. spectra of alcohol-I and some deriva-
tives support these conclusions. Alcohol-I shows
a doublet centered at 7.65 7° assigned to the epox-
ide protomns, whereas tetrahydroalcohol-I ab lacks
this doublet and exhibits a new peak at 8.65 = due
to a methyl group attached to a carbon atom also
bearing an oxygen atom.

Anhydro-A shows a peak at 8.30 r characteristic
of an allylic methyl group. This peak is not present
in tetrahydroalcohol-I ab.

(9) G. Van Dyke Tiers, J. Phys, Chem., 62, 1151 (1958).
(10) To whom inquiries should be addressed.
(11) Ablott Laboratories Fellow, 1957~1958.
(12) Abbott Laboratories Fellow, 1958~1959.
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THE PROTON AFFINITY OF BENZENE
Sir:

The proton affinity of benzene long has been a
matter of interest due to the importance of the
Ce¢H; " ion and its homologs in electrophilic aromatic
substitution reactions. The C¢H;™ ion is prominent
in the mass spectrum of both 1,3-cyclohexadiene
and 5-methyl-1,3-cyclohexadiene; consequently
the appearance potentials of C¢H;* ion from these
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compounds have been determined and the proton
affinity of benzene calculated from these results.

Measurements with 1,3-cyclohexadiene were
made with a 180° direction focusing mass spectrom-
eter (Consolidated Electrodynamics Corporation,
Model 21-103C). The mass 84 krypton isotope
was employed as a standard, equalizing the partial
pressures of the gases so that the intensities of the
peaks of interest (79 and 84) agreed within 109, at
70 v. electron energy. Ionizing voltage was re-
duced in steps and the portion of the spectrum of
interest scanned after each step. Near onset the
size of the steps was reduced to 0.05 v. Several
vears ago a single determination of Ap(Ce¢H:T)
from a sample of 53-methyl-1,3-cyclohexadiene, of
unknown purity, was made employing a 90°
direction focusing instrument with a sector magnet
(Westinghouse Type LV), the same calibrating
gas and identical methods of measurement. The
1,3-cyclohexadiene was obtained from Farchan
Research Laboratory and had a purity of about
969,; this was entirely satisfactory, the maximum
possible contribution from any conceivable impurity
being only 0.29.

In three replicate determinations Ap(C¢Hr¥)
from 1,3-cyclohexadiene was found to be 11.32
= 0.05 e.v. Several measurements using such
diverse calibrating gases as propane and ethyl-
benzene confirmed these results within 0.2-0.3 e.v.
Previously we had found Ap(CsH:*) from 5-methyl
1,3-cyclohexadiene to be 10.6 e.v. The confirma-
tion of our recent measurements by the older one
is striking; assuming the neutral fragments to be
H and CH;, respectively, we obtain values for AH-
(CeH;*) of 235 and 233 kecal./mole. The heats
of formation of 1,3-cyclohexadiene and 5-methyl-
1,3-cyclohexadiene were obtained by assumption
of the equality of heats of hydrogenation of the
cyclodiolefins and combination of the heat of
hydrogenation of 1,3-cyclohexadiene! with heats
of formation of cyclohexane and methylcyclohex-
ane.?

Taking 235 kcal./mole as the most reliable value
Of AHf(CGH7+), 20 kcal./mole fOI’ AHf(CGHs+),2
and 365 kcal./mole for AH;(H*g),® we obtain a
value for the proton affinity of benzene of 150
kcal./mole.

Barker, Williams, and Hamill* have reported the
formation of C¢H:* by the ion molecule reaction
CHe¢t + CHg — C¢H;t + Co,Hs.  Such reactions
are not endothermic. Assuming zero heat of re-
action and assuming C¢H;* to be cyclic, we calcu-
late the lower limit of the proton affinity of benzene
to be 145 kcal./mole. In this same connection
their observation of the formation of the ion C;Ha™,
viz., CiHgt + CHy — CHe+t + CH,;, permits
calculation of a lower limit for the proton affinity
of toluene of 143 kcal./mole. Equivalently this

(1) G. B. Kistiakowsky, J. R. Ruhoff, H. A, Smith and W. E.
Vaughan, THIS JOURNAL, 58, 146 (1936).

(2} F. D. Rossini, K. S. Pitzer, R. L. Arnett, R. M. Braun and
G. C. Pimentel, 'Selected Values of Physical and Thermodynamic
Properties of Hydrocarbons,”’ Carnegie Press, Pittsburgh, Pa., 1953.

(3) F. H. Field and J. L. Franklin, ''Electron Impact Phenomena,’’
Arademic Press, New York, N. Y., 1957.

(4) R. Baiker, R. R. Williams, Jr., and W. H. Hamill, paper pre-
sented at meeting of A.S.T.M. Committee E-14 on Mass Spectrom-
etry, New Orleans, Louisiana, June 2- 6, 1938,
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observation leads to a lower limit to the methyl
ion affinity of benzene of 48 kcal./mole.
RESEARCH AND DEVELOPMENT DivisioN J. L. FRANKLIN

HuwMmsLE O1L & REFINING COMPANY F. W. LaMpeE
BavrowN, TEXAS H. E. LvMprIN

RECEIVED APRIL 29, 1059

RELATIVE STABILITIES OF cis- AND {rans-CYCLO-
NONENE, CYCLODECENE, CYCLOUNDECENE AND
S; CYCLODODECENE

.

Several qualitative investigations! have indicated
the greater stabilities of the cis isomers of cyclonon-
ene and cyclodecene compared to the irans iso-
mers. Recently, it has been reported that the sul-
furic acid catalyzed equilibration of the cyclodo-
decenes at room temperature gives a cis/trans ratio
of 40/60.2

We have determined the position of cis—trans
equilibrium for the nine-, ten-, eleven- and twelve-
membered cycloalkenes in acetic acid solution em-
ploying p-toluenesulfonic acid as catalyst. The
cis/trans ratios at equilibrium were determined by
gas-liquid chromatography. In each case equilib-
rium was approached from both the c¢is and frans
isomers at three temperatures. Plots of the log-
arithm of the equilibrium constants versus the re-
ciprocal of the absolute temperatures were linear.
The equilibrium constants and derived thermody-
namic quantities are summarized in Table I.

TaBLE I
EQUILIBRATION OF CYCLOALKENES IN ACETIC ACID
Ring Equilibrium constant (¢is)/(frans)
size 79.9° 100.4° 130.0°
9 298 232 178
10 16.2 12.2 8.60
11 0.402 0.406 0.411
12 0.534 0.517 0.497
Free energies, enthalpies and entropies of isomeriza-
tion at 100.4° (373.6°K.)

Ring AF0 (keal./ AHO (keal,/ AS0 (cal./
size mole) mole) mole °K.)
9 —4.04 —2.9(—-2.9)= 3.0
10 —1.86 —3.6(—3.3)° —4.7
11 0.67 0.12 —-1.5
12 0.49 —0.41 —2.4

@ From heats of hydrogenation (ref. 3).

The present results confirm the surprising finding
of Turner and Meador? that in acetic acid the en-
thalpy decrease in the isomerization (frans —
cts) 1s greater for the cyclodecenes than for the cy-
clononenes. However, the corresponding free en-
ergy decrease is much greater in the smaller ring
(AF%cy — AF’Cy == —2.2 keal./mole at 100°) as a
result of the large difference in the entropy change
(AS°cy — AS’%y; = 7.7 cal./mole °K., equivalent
to 29 kecal./mole at 100°). Part of this change
may result from solvent effects.

The order of relative thermodynamic stability
(as measured by AF?) reverses with the eleven- and
twelve-membered cycloalkenes, the frans isomers
being the more stable. However, in both cases the

(1) A. C. Cope, D. C. McLean and N. A. Nelson, Tuis JOURNAL,
7T, 1628 (1953); A. T. Blomquist, R, E. Burge, Jr., and A. C. Sucsy,
thid., T4, 3636 (1952); N. L. Allinger, ¢bid., 79, 3443 (1957).

(2) M. Svoboda and J. Sicher, Chemistry and Industry, 200 (1959).

(3) R. B. Turper and W. R. Meador, Turs JoUurnaL, 79, 4133
(1957).
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observed stabilities reflect mainly entropy differ-
ences. Indeed, frans-cyclododecene actually has a
higher enthalpy than its ¢és isomer.*

(4) Svoboda and Sicher (ref. 2) state that '’, .. the trans isomer has
a lower energy content than the c¢is form.” Extrapolation of our
results to 25° gives K = 0.59 in acetic acid compared to c¢a. 0.67
(ref. 2) with no solvent, suggesting that the solvent effects in this
case are small and would not result in a reversal of the enthalpy
change,
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ACID-CATALYZED EQUILIBRATIONS OF
ENDOCYCLIC AND EXOCYCLIC OLEFINS
Sir:

The question of the relative stabilities of endocy-
clic and exocyclic olefins recently has attracted
some interest.!”® We have determined the posi-
tions of the equilibria between methylenecycloal-
kanes and 1-methylcycloalkenes having five- to
eight-membered rings in acetic acid solution at 25°,
employing p-toluenesulfonic acid as catalyst. Gas
chromatography was used to determine the posi-
tions of the equilibria, which were approached from
both the exocyclic and the endocyclic isomers. The
results, summarized in Table I, show that in the
five- to seven-membered rings the amount of meth-
vlenecycloalkane present at equilibrium increases
with increasing ring size. This order of stability is
in qualitative agreement with the results obtained
by Turner from heats of hydrogenation.? The en-
thalpies of isomerization (AH®, exo — endo) for the
six- and seven-membered ring systems are very
similar, and the considerable difference between A
endo/exo for the two ring sizes is due to the much
larger value of AS? for the isomerization in the six-
membered ring.

TaBLE I
EQUILIBRIA BETWEEN METHYLENECYCLOALKANES AND
1-METHYLCYCLOALKENES IN ACETIC ACID AT 25°
AFo AH? AS
Ring (keal./ (keal./ (cal./
size Kendo/ezo mole) mole) ® mole °K,)b
5 1144 —4.17 —3.9 +0.9
6 240 —3.24 —2.4 +2.8
7 74.4 —2.55 —2.3 +0.8
8 598 —3.79
e Ref, 2. ? Calculated using the values of AH? obtained

by the hydrogenation method (ref. 2).

Methylenecyclononane and methylenecyclodec-
ane were isomerized to their endocyclic isomers un-
der the conditions employed for the lower homologs.
The amount of exocyclic isomer present at equilib-
rium in both cases was found to be less than (.19
(Kondo-cisjevo > 1000). The amount of trams-1-
methylcyclononene in equilibrium with the cis
isomer was found to be less than 0.29,. The in-
crease in equilibrium (endo/exo) ratios in eight-,
nine- and ten-membered rings may be due to the

(1) H. C. Brown, J. Org. Chem., 22, 439 (1957); H. C. Brown,
J. H. Brewster and H. Shechter, THis JoUurNAL, T6, 467 (1954).

(2) R. B. Turner and R. H. Garner, ibid., 80, 1424 (1958).

(3) R. A. Benkeser and J. J. Hazdra, ibid., 81, 228 (1959).

(4) W. J. Bailey and W. F. Hale, ibid., 81, 651 (1950).

(5) B.R. Fleck, J. Org. Chem., 22, 439 (1957).



