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From experimental data recently obtained on the heats of combustion of the eight

CsHyg alkyleyelohexanes in the liquid state at 25° C, together with auxiliary data on the differ-

ences in the heats of vaporization at 25° C and on the difference in heat content of the gas

between 0° K and 25° C, values are calculated for the following properties: the heat of isom-

erization of ethyleyclohexane into the given dimethylevelohexane in the gas state at 25° C,

and also in the gas state at 0° K; the heat of formation, from the elements, of the given isomer

in both the liquid and gas states at 25° C and in the gas state at 0° K.

The relation of the

energy content to the structure of these molecules is discussed, including the labeling of the

lower and higher-boiling forms of 1,3-dimethyleyclohexane as cis and trans, respectively.

I. Introduction

Values were recently reported for the heats of
formation of the normal alkyleyclopentanes and
normal alkyleyclohexanes [1].2 This report pre-
sents values of the heats of formation, for the
gaseous and liquid states, and isomerization, for
the gaseous state, of the eight CiH,; alkyleyelo-
hexanes, based on the results ot measurements re-
cently reported [2] on the heats of combustion of
the eight CgH,; alkyleyclohexanes in the liquid
state at 25° C.

II. Results

The results of the present calculations are given
in table 1. The values in column 2 are the results
of the measurements of the heats of isomerization
at 25° C in the liquid state [2]. These measure-
ments were made in a manner similar to that
previously reported for the eight CoH,, alkylben-
zenes at 25° C in the liquid state [3]. The values
in column 3 are the differences in the heats of
vaporization at 25° C, with the gas in the ther-
modynamic standard state of unit fugacity [4.]

1 This investigation was performed at the National Bureau of Standards
jointly by the Thermochemical Laboratory and the American Petroleum
Institute Research Project 44.

2 Presented before the Division of Physical and Inorganic Chemistry of the
American Chemical Society at Atlantic City, N. J., April, 1947.

3 Figures in brackets indicate the literature references at the end of this
paper.
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The values in column 4 are the heats of isomeriza-
tion at 25° C in the gaseous state, obtained by
combining the values in columns 2 and 3. The
values in columns 5 and 6 give the heats of for-
mation, from the elements, solid carbon (graphite)
and gaseous hydrogen, for the CgH,; alkyleyelo-
hexanes in the liquid and gaseous standard states,
respectively. These values were obtained by
combining the values previously reported for the
heats of formation of gaseous and liquid ethyl-
cyclohexane [1] with the values of the heats of
isomerization given in columns 2 and 4.

Column 7 gives the differences of the values of
the heat content at 298.16° K less that at 0° K
for these compounds in the standard gaseous
state [5]. The values in column 8 give the heats
of isomerization at 0° K for the standard gaseous
state, obtained by combining the values in
columns 4 and 7. The values in column 9 give the
heats of formation, from elements, solid carbon
(graphite) and gaseous hydrogen, for the hydro-
carbon in the standard gaseous state at 0° K.
The value for the heat of formation of ethyleyclo-
hexane in the standard gaseous state at 0° K was
obtained from the corresponding value for 25° C,
in column 6, and the values for the heat content
at 298.16° K less that at 0° K for gascous ethyl-
cyclohexane [5], solid carbon (graphite) [6], and
gaseous hydrogen [6].
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TABLE 1.—Values of the heats of isomerization and formation of the CsHyg alkylcyclohexanes

AH°(isomeri- | Difference in | AH°(isomeri- Difference in | AH® (isomeri-
Compound zation) for the heats of zation) for AHf°(liquid) AHf°{gas) (HPgs.16—1H°) | zation) for AHf® ggas)
the liquid vaporization | the gaseous at 25° C at 25° C e for the gaseous| the gaseous at O°Kze
state at 25° C o] at25°Cd |[stateat 25°C e state b state at Q°Ke
kecal/mole keal/mole keal/mole keal/mole keal/mole kecal/mole keal/mole keal/mole
Ethyleyclohexane  ______________ 0.00 0.00 0.00 | —50.7240.37 | —41.05=0.37 0.00 0.00 | —28.940.38
1,1-Dimethyleyclohexane________ —1. 580. 28 —0.63+0.04 | —2.21-40.28 | —52.30£0.46 | —43.26£0.46 | —0.22+0.01 | —1.994-0.28 —30.93+. 47
cis-1,2-Dimethyleyclohexane_ - —0. 08+0. 25 —.18+.01 —0.10%.25 | —50.64+.45 | —41.15+.45 —. 09+0.01 —0.01=%. 25 —28.95+. 46
trans-1,2-Dimethylcyclohexane...| —1.46+0. 27 —.51+.01 —1.97+.27 | —52.18+.46 | —43.02+.46 —. 00+0.01 —1.97+. 27 —30. 914, 47
cis-1,3-Dimethylecyclohexane s____| —2.5740. 22 —.544.01 —3.114+£.22 | —53.294-.43 | —44.16+.43 —. 03+0.01 —3.08+. 22 —32.02+.44
trans-1,3-Dimethylcyclohexane b_| —0.854-0. 21 —.30+.01 —1.154.21 —b51. 57+.43 —42.20-+. 43 —. 0340.01 —1.124.21 —30. 06+. 43
cis-1,4&-Dimethylcyclohexane_____ —0.83+.21 —.34+.01 —1.17+.21 —51. 55+. 43 —42,.224-.43 —. 0320.01 —1.144.21 —30.08=+.43
trans-1,4-Dimethylcyclohexane__.| —2.45+.22 —.62+.01 —3.07+.22 | —53.17+.43 | —44.12+.43 —.0240.01 —3.05+. 22 —31.99+. 44

& This isomer, formerly labeled ‘“¢rans”, has the following properties [7]:
boiling point at 1 atm, 120.09°C; refractive index, np at 25° C, 1.4206; density
at 25° C, 0.7620 g/ml.

b This isomer, formerly labeled ‘‘cis’’, has the following properties |7]:
boiling point at 1 atm, 124.45°C; refractive index, np at 25° C, 1.4284; density
at 25° C, 0.7806 g/ml.

o Heat of isomerization of ethyleyelohexane into each of the dimethyleyclo-
hexanes, H° (dimethycyclohexane, liquid) —H° (ethyleyclohexane, liquid)
at 25° C.

d The difference in the standard heats of vaporization, [H° (gas) —H°
(liquid)] (dimethyleyclohexane) —[H® (gas) —H° (liquid)] (ethyleyeclohex-
ane) at 25° C.

The remaining values were obtained by com-
bining this with the values in column 8. In table
1, the lower-boiling isomer, formerly labeled trans,
is labeled e¢is, and the higher-boiling isomer,
formerly labeled cis, is labeled trans [7], following
the reasoning originally presented by Pitzer and
Beckett [8] and confirmed here by the values of
the differences in energy content.

III. Discussion

Pitzer and Beckett [8] have summarized in
detail the possible configurations of the substituted
cyclohexanes, showing that at ordinary tempera-
tures substantially all of the molecules are in the
“chair” configuration of the cyclohexane nucleus.
In the cyclohexane ring in this configuration, each
carbon atom is staggered alternately above and
below a plane through the ring of carbon atoms,
with the results that six of the substituents to the
ring (hydrogen atoms or methyl groups) are in an
“equatorial” belt around the ring, while three
substituents are north ‘“polar’” above the ring,
and three are south “polar’” below the ring. If
the six carbon atoms in the ring are twisted simul-
taneously so that the staggering with respect to
the plane through the ring of carbon atoms is
reversed, the six substituents that were originally
equatorial become polar (three north and three
south), while those that were polar become equa-
torial. When one or more of the substituents on

174

¢ Heat of isomerization of ethyleyclohexane into each of the dimethylcyclo-
hexanes, H° (dimethylcyclohexane, gas) —H® (ethyleyclohexane, gas) at
the temperature stated.

t Heat of formation, for the reaction 8 C (solid, graphite) +8Hz(gas) =CsH1g
(liquid, alkyleyclohexane), with each reactant and product in its standard
state at 25° C.

¢ Heat of formation, for the reaction 8 C (solid, graphite) +8H; (gas) =CsHip
(gas, alkyleyclohexane), with each reactant and produect in its standard state
at the temperature stated.

b [H°s.16— H%) (gas, dimethylcyclohexane)—[HC2s.16—H%)] (gas ethyl-
cyclohexane).

different carbon atoms are different, the inversion
produces tautomers, and Pitzer and Beckett [8]
give in detail the number and description of such
tautomers for the several dimethyleyclohexanes.
For example, in the case of trans-1,4-dimethyl-
cyclohexane, one tautomer has both methyl groups
polar and the other has both methyl groups
equatorial. The tautomer with the methyl groups
polar will possess a considerable amount of steric
or strain energy (estimated by Pitzer and Beckett
[8] to be near 4 kcal/mole) over that of the tauto-
mer with both methyl groups equatorial, and the
population of the higher energy state will be very
small at ordinary temperatures.

For consideration of the relation between energy
content and molecular structure, the values of
energy content for the gaseous state at 0° K are
preferably used, because all of the molecules of a
given isomer will then be in the tautomeric state
of lower energy, as well as being in the ground
states, for translational, rotational, and ordinary
vibrational energy. In the case of the example
cited above, trans-1,4-dimethyleyclohexane, all of
the molecules will be in the more stable tautomeric
state with both methyl groups equatorial.

The conclusions reached by Pitzer and Beckett
[8] together with the results of the present calcu-
lations, are summarized in table 2. The extraor-
dinary accord of the values in the last two columns
is to be noted. The difference in energy due to a
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change of methyl group from an equatorial to a
polar position, which is 2a according to Pitzer’s
[9] theoretical calculations, is evaluated from the
experimental data to be 1.94 + 0.10 keal/mole.

TasLE 2.— Dimethylcyclohexanes in their more stable tauto-
meric forms, in the gaseous state at 0°K

igs Theoretical | Experimental
ngsg,lgr:‘ﬁf)_ strain energy | difference in
SHrenian (referred to | energy con-
the Tore fmlfo equator- " Lerg,ct (rto—
ial groups on | ferred to two
Isomer qgggf&%‘;}g nonadjacent | equatorial
(e, equatorial; carbonatoms | groups on
& )lolar) 8 '\as zero) (from| nonadjacent
D7 ‘| Pitzer and | carbon atoms
Beckett, []]). as Zero)
keal/mole
c¢is-1,2-Dimethyleyclohexane. - - - e,p 3a 3. 04+0. 21
trans-1,2-Dimethylcyclohexane._ (3 a 1.08+ .23
cis-1,3-Dimethylcyclohexane & ene 0| —0.03% .17
trans-1,3-Dimethyleyclohaxaneb. exn 2a 1.93+ .15
cis-1,4-Dimethylcyclohexane. - - _ e,p 2a 1.91+ .15
trans-1,4-Dimethylcyclohexane. . ene 0 0. 00

& Formerly labeled ““trans,” see footnote a of table 1.
b Formerly labeled ‘‘cis,” see footnote b of table 1.
¢ Includes the calculated correction (column 7 of table 1) from 25° C to 0° K.

The above considerations on energy content
follow the conclusions originally reached by Pitzer
and Beckett [8] and require that, among the 1,3—
dimethyleyclohexanes, the isomer having the
lower energy content be the “cis” isomer and that
having the higher energy content be the “trans”
isomer. These designations require a reversal of
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the previous labeling of these two isomers, so that
the lower boiling isomer formerly labeled trans, is
now labeled e¢is, and the higher-boiling isomer,
formerly labeled cis, is now labeled trans [10].
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