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The molecular structure of 2,2,4,4,6,6-hexamethyl-1,3,5-trimethylenecyclohexane has been deter-
mined in the gas phase at a nozzle tip temperature of 340 K. The electron diffraction data were
found to be consistent with a model where the cyclohexane ring adopts a distorted twist-boat
conformation. The averaged geometrical parameters (ry and [,) obtained from least squares analysis
are r(C=C) = 1.346(4) A, r(C—C)ying = 1.537(1) A, r(C—C)me = 1.543(1) A, OCéCIC? = 117.5(11)°,
0CC?C® = 113.1(12)°, and OMeCMe = 108.2(13)°. The experimental results are consistent with
the results from HF/6-311G(d) and MP2/6-311G(d) calculations where the distorted twist-boat form
is found to be lower in energy than the chair form by 9.85 and 10.7 kcal/mol, respectively.

Introduction

It is well-known that the global minimum of cyclohex-
ane is the chair conformation, with the twist-boat ~5.5
kcal/mol above it.! To alter the relative stability of the
chair and twist-boat conformations, structural con-
straints have to be introduced such as in multiple fused
cyclohexane rings. For unconstrained monocyclic hydro-
carbons, only a few compounds are known where the
twist-boat form is preferred over the chair form. The
twist-boat form is found in cis-1,4-tert-butylcyclohex-
ane,?® where the axial tert-butyl group destabilizes the
chair form. The twist-boat form is also observed in
4,4,8,8,12,12-hexamethyltrispiro[2,1,2,1,2,1]dode-
cane,*> where the alternating carbon atoms of the cyclo-
hexane ring are attached to two methyl groups or a
cyclopropyl group (Figure 1). When the cyclopropyl
groups are opened up into two methyl groups, as in
dodecamethylcyclohexane, the chair form was found to
be the preferred conformation.® The presence of six
methyl groups in the axial positions does not destabilize
the chair form enough to make the twist-boat the global
minimum. In fact, in the sterically crowded all-trans-
1,2,3,4,5,6-hexaisopropylcyclohexane, the isopropyl groups
are all located in the axial positions rather than in the
equatorial positions of the chair conformation.” The twist-
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boat conformer was observed in both the liquid and solid
phases for 1,4-cyclohexanedione.? The stability of the
twist-boat form of trispirododecane was attributed to the
geometrical distortion of the cyclohexane ring forced upon
by the cyclopropyl groups, since sterically this molecule
is rather similar to dodecamethylcyclohexane.

This suggestion can be further probed by studying the
structure and conformation of 2,2,4,4,6,6-hexamethyl-
1,3,5-trimethylenecyclohexane, where the three cyclo-
propyl groups are replaced by three C=C bonds. The
steric environment of the cyclohexane ring is altered in
a way similar to that affected by the cyclopropyl groups
in 4,4,8,8,12,12-hexamethyltrispiro[2,1,2,1,2,1]dodecane
(i.e., the hybridization of three of the carbon atoms in
the ring would be sp?-like). On the other hand, the plane
of the H,C=C moiety is rotated 90° with respect to the
CCC plane of the dimethyl and cyclopropyl moieties. We
therefore initiated a gas-phase electron diffraction study
on the structure and conformation of the title compound
and are reporting the findings here.

Experimental Section

A sample was prepared according to the reported procedure.®
Electron diffraction diagrams were recorded® at a nozzle
temperature of 340 K, using Electron Image plates, at nozzle-
to-plate distances of 497.87 and 248.01 mm, and at an electron
wavelength of 0.058 68 A. Benzene was used as the calibration
standard. Five plates from the long camera distances and six
from the short camera distances were selected for least squares
analysis. Intensity data were treated in the usual way'® and
were interpolated at interval units of g[(40/1) sin(6/2)], and
ranges for the long and short camera experiments were 5 < q
<48 and 9 = g = 92, respectively. Least squares procedures
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FIGURE 1. Atomic numbering for (A) 2,2,4,4,6,6-hexamethyl-1,3,5-trimethylenecyclohexane and (B) 4,4,8,8,12,12-hexamethyltrispiro-

[2,1,2,1,2,1]dodecane, excluding hydrogen atoms.

TABLE 1. Results from HF and MP2 (6-311G(d)) Calculations for the Twist-Boat and Chair Forms of

2,2,4,4,6,6-Hexamethyl-1,3,5-trimethylenecyclohexane

twist-boat chair twist-boat chair
bond HF MP2 HF MP2 angle HF MP2 HF MP2
Six-Ring Six-Ring

cs—-c* 1.5442 1.5322 1.5481 1.5373 ocacsct 118.2 117.4 119.4 119.5

C4-C® 1.5399 1.5286 1.5480 1.5384 acscecs 110.1 109.1 109.3 108.9

C5-C® 1.5374 1.5282 1.5481 1.5373 ac4csce 116.9 116.7 119.4 119.5

cs—Ct 1.5337 1.5265 1.5481 1.5384 ocscect 106.5 106.6 109.3 108.9

Ccil-c2 1.5484 1.5376 1.5480 1.5373 gcscic? 117.8 117.4 119.4 1195

c2—cs3 1.5423 1.5291 1.5481 1.5384 ocicacs 111.7 110.9 109.3 108.9

C=C Bonds Me—C—Me

Cc3—-Cc4 1.3228 1.3479 1.3248 1.3503 gceocacte 105.7 105.3 103.3 103.5

C5-C15 1.3224 1.3475 1.3248 1.3503 gcreacse 107.3 107.7 103.3 103.5

cil-cu 1.3222 1.3469 1.3248 1.3503 ociceci2 105.8 106.7 103.3 103.5

Methyl Groups C—C—Me

c4—C® 1.5484 1.5452 1.5420 1.5377 gceceAce 108.9 109.2 110.7 110.7

Cc4-Cclo 1.5493 1.5465 1.5530 1.5502 actocAcs 111.9 112.3 111.3 111.3

c2—cs 1.5402 1.5332 1.5520 1.5502 gcecacs 112.1 112.6 110.4 110.4

c2-C7 1.5501 1.5478 1.5430 1.5377 Ococ4cs 108.1 108.5 111.9 111.9

cs—cut 1.5346 1.5297 1.5420 1.5377 gcreace 111.0 111.2 110.4 110.4

Cc6—-C12 1.5501 1.5466 1.5530 1.5502 ocscace 108.9 109.2 111.9 111.9

ocicacr 109.7 110.8 110.7 110.7

Dihedral Angles, Six-Ring actcace 108.2 106.9 111.3 111.3

gcacscAcs 29.9 0.0 —45.65 —46.23 ocscect2 111.6 111.7 111.3 111.3

Jcsc4csce 25.6 28.9 45.61 46.26 ocscecut 111.9 111.8 110.7 110.7

gc4cscect —61.9 —-63.3 —45.62 —46.25 gcicsct? 112.1 112.3 111.9 111.9

gcscscic? 43.7 38.7 45.65 46.25 gcicscu 109.0 107.8 110.4 110.4
gescicacs 5.6 13.4 —45.69 —46.23
gcicacscH —45.8 -51.6 45.69 46.26

outlined by Gundersen and Hedberg!! were followed using
elastic scattering factors tabulated by Schaffer, Yates, and
Bonham.*?

Theoretical Calculations. Ab initio molecular orbital
calculations®® were carried out at both the HF and MP2 levels
of theory using the 6-311G(d) basis set. The optimized geom-
etries for both the chair and twist-boat forms were obtained,
and the former was found to be higher in energy (10.7 (MP2)
and 9.85 (HF) kcal/mol). Frequency calculations were also
carried out, and both were minima on the potential energy
surface. The geometrical parameters for these two conformers
obtained from these calculations are summarized in Table 1.

Electron Diffraction. Amplitudes of vibration were cal-
culated using a force field converted from the one used for
4,4,8,8,12,12-hexamethyltrispiro[2,1,2,1,2,1]dodecane.® The force
constants related to the cyclopropyl group are replaced by the
following values: stretch, C=C (9.5 mdyn/A), H—C(=) (5.5

(11) Gundersen, G.; Hedberg, K. 3. Chem. Phys. 1969, 51, 2500.
(12) Schaffer, L.; Yates, A. C.; Bonham, R. A. J. Chem. Phys. 1971,
55, 3055.

mdyn/A); bend, C=CC (1.0 mdyn A/rad?), HC=C (0.80 mdyn
Alrad?), CC(=)C (1.0 mdyn A/rad?), HC(=)H (0.32 mdyn
Alrad?); out-of-plane bends (0.20 mdyn A/rad?); and C=C
torsion (0.27 mdyn A/rad?).14

Theoretical calculations showed that the low energy form
does not have a perfect twist-boat form. It resembles a slightly
distorted boat, with the bottom of the boat twisted slightly from
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TABLE 2. Structural Results From Least Squares
Analyses of Electron Diffraction Data for
2,2,4,4,6,6-Hexamethyl-1,3,5-trimethylenecyclohexane?

parameter value parameter value
r(C—H)ay 1.106(4) ocactce 117.5(11)
r(C=C) 1.346(4) acreact 110.9(6)
r(C—C)ay 1.540(2) OHC'C? 114.5(20)
D; 0.006 (fixed) THC’C2C! 60.0 (fixed)
D, 0.007 (fixed) flap 1 161.6(25)
flap 2 130.3(24)

Dependent Values?

Cct—c2 1.548 CyclohexaneP

c2-c? 1.540 ocscic? 117.5(11)

cs—c4 1.540 ocicecs 113.1(12)

c4—Cs 1.532 oc2c3ce 117.3(11)

C5-C8 1.532 ncscacs 110.7(14)

cé—ct 1.532 cAcscs 116.8(11)
Methyl Group® facscsct 105.5(14)

c2-c7 1.548 Me—C—Me

c2—cs8 1.540 ocrcacs 107.6(31)

c4—C?® 1.548 ococ4cto 108.4(34)

C4—C10 1.540 octicseci2 108.8(34)

cé—cu 1.532

Ccé—C12 1.548 ocrczct/ocscacte 110.9/107.9(6)
Dihedral Angles ocecAcs/ococ4cs d 110.9/107.9(6)

~C1C2C3C*  43.4(31)
~C2C3CACs  27.4(12)
~C3C4CSCs 27.3(12)
~CACSCSC! —62.7(24)
~C5CSCIC?  —44.3(24)
-C5CIC2C?  4.2(31)

a Distances in angstroms and angles in degrees; the C—C single
bonds belong to three groups [F(C—C)ay, (C—C)ay + D1, and r(C—
C)av — D2)]; flap 1 is the angle between planes formed by atoms 6,
1, and 2 and 1, 4, and 2, and flap 2 is the angle between planes
formed by atoms 2, 3, and 4 and 6, 2, and 4 which is equal to that
between atoms 4, 5, and 6 and 6, 2, and 4. ® Uncertainties in bond
distances and valence angles are 0.002 A and 2°, respectively.
¢ JC7C?C! = JC7C2C?¥/0CBC?Ct = [JCBCACS. 4 ICOC*C® = ctocAc?
0CoC*C® = [COCACs. e OCMICsCcs = [JC2Céct = [pctecscy
acticect.

Ocicscs/Ociicscte 110.9/107.9(6)

the four-atom plane. As a result, the symmetry of this form is
very low (Ci). Instead of introducing twelve different C—C
single bond lengths, they were grouped into three using an
averaged value and two differences, D, and D,, which were
later fixed at the calculated values. All the C—H bond lengths
are assumed to be identical. The valence angle OCSC!C? is
assumed to be larger than OC2?C3C* and OC“CSC® by the
calculated amount. The structural parameters chosen to define
the twist-boat form are as follows: r(C—H)ay, r(C=C), r(C—
C)av, D1, Do, OCECIC?, JCTC?C! = JC'C?C3, OHC'C?, flap 1
(angle between planes formed by carbon atoms C®, C!, and C?
and C%, C% and C?), flap 2 (angle between planes formed by
atoms C?, C8, and C* and C8, C?, and C* which is equal to that
between atoms C* C® and C® and CS C? and C %), and
THC7C2C! = 60°. JC8C2C! was tied to OC’C2C! by the
calculated difference from the MP2 calculation.

The least squares refinements were performed on the
molecular intensity data, on the basis of a r, molecular model.
Initially the three C—C groups were assigned as follows: the
cyclohexane will have two different C—C bonds with a differ-
ence, and all the methyl C—C bonds are identical with another
value which is at a fixed value from one of the C—C bond
groups of the ring. However, closer inspection of the HF and
MP2 results (Table 1) showed that a better grouping of the
C—C single bonds would be to have three groups [r(C—C)ay,
r(C—C)a + D1, and r(C—C)a — D,)] and assign the twelve C—C
bonds to one of these three groups and refine r(C—C),. The

(14) Wilson, E. B., Jr.; Decius, J. C.; Cross, P. C. Molecular
Vibrations; McGraw-Hill: New York, 1955.
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FIGURE 2. Experimental radial distribution curve and radial

distribution curves for the twist-boat and chair models and
their corresponding difference curves.

AA/\A/\ AWANAN.

AN VY

. /\AA NN\, e
"V\/ VTV %

Diff.

10 20 30 40 50 60 70 80 90 q

FIGURE 3. Experimental and theoretical (twist-boat form)
intensity curves for 2,2,4,4,6,6-hexamethyl-1,3,5-trimethyl-
enecyclohexane and the corresponding difference curve.

values for D, and D, are obtained from the differences between
the averages of these three values from HF and MP2 calcula-
tions. HF and MP2 calculations gave slightly different D; and
D, values and a difference distribution of the C—C bonds
among these three groups. As a result, two models, one with
the C—C bond distribution consistent with HF and the other
with MP2 calculations, were tested. The agreement between
the experimental data and these two models was virtually
identical. However, the torsional angles of the cyclohexane
obtained from both models were closer to the HF results, and
in our final refinement, the HF constraints were imposed on
the theoretical model. An R factor of 5.7% was obtained for
the twist-boat form. The geometrical parameters are sum-
marized in Table 2, and the corresponding radial distribution
and intensity curves are shown in Figures 2 and 3, respec-
tively.
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TABLE 3. Structural Results for 2,2,4,4,6,6-Hexamethyl-
1,3,5-trimethylenecyclohexane (HMTMCS6) and
4,4,8,8,12,12-Hexamethyltrispiro[2,1,2,1,2,1]dodecane
(HMTSC12)2
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TABLE 4. Results from MM2 Energy Calculations for
Cyclohexane, Trimethylenecyclohexane (TMC6), and
Trispirocyclohexane (TSC12) and the Monomethylated
Compounds (in kcal/mol)2

parameter HMTMC6¢ HMTSC12d cyclohexane  TMC6  TSC12
r(C—C)ring” 1.537(1) 1.567(3) parent chair 6.56 4.54 39.89
r(C—C)me° 1.543(1) 1.549(5) twist-boat 11.93 6.96 47.93
O(CCC)ring” 117.3(11) 117(2) 2-methyl  chair (a) 8.67 6.99 41.81

109.9(14) 109.0(22) chair (e) 6.81 7.69 45.64

0O(Me—C—Me)P 108.2(13) 104.7(20) twist-boat (a) 14.07 8.75 50.11
TCéCic2ce 4.2(31) 27.9(10) twist-boat (e) 12.31 9.89 52.48
7ClCc2c3ct —44.3(24) —61.3(22) 4-methyl  twist-boat 12.78 8.89 51.18
7C2C3CACS 27.4(12) 31.3(14) ai o
7C3C4C5C6 27.3(12) 31.3(14) axial = (a), equatorial = (e).
TCAC5C8Ct —62.7(24) —61.3(22)
TC5C8C1C?2 43.4(31) 27.9(10)

a Distances in angstroms and angles in degrees. P The bond
distances and the valence angles presented are averaged values.
¢ This work. 9 Reference 5.

A model representing the chair conformation was also
tested. HF calculations suggested a single ring C—C bond, a
single methyl C—C bond, and a ring dihedral angle of 45.6°,
while MP2 showed two ring C—C bonds with a difference of
0.005 A and a ring dihedral angle of 46.3°. We decided to use
the HF constraint on the chair form to test the experimental
data. The best chair form gave an R factor of 13%, and the
radial distribution is shown in Figure 2. The principal geo-
metrical parameter values obtained from the least squares
analysis for the chair form are as follows: r(C=C) = 1.334-
(11) A, r(C—C)ring = 1.538(3) A, r(C—Me) = 1.548(3) A, C8CC?
= 115.9(16)°, C'C?C? = 110.9(17)°, and rC'C?C3C* = 48.6-
(24)°.

Discussion

A distorted twist-boat form was observed in both the
gas-phase experiment and the theoretical calculations for
2,2,4,4,6,6-hexamethyl-1,3,5-trimethylenecyclohexane
(HMTMCS6). The bond distances, valence angles, and
dihedral angles are in agreement between the experiment
and the calculations. The dihedral angles clearly showed
that the molecule adopted a distorted twist-boat form.
The C—C single bond lengths are in the range 1.532—
1.548 A. The observed C=C bond length has a value of
1.346(4) A.

Table 3 summarizes the averaged values for the major
structural parameters of the twist-boat forms of 2,2,4,4,6,6-
hexamethyl-1,3,5-trimethylenecyclohexane (HMTMCG6)
and 2,2,4,4,6,6-hexamethyltrispiro[2,1,2,1,2,1]dodecane
(HMTSC12). The C—Cy bond lengths in both molecules
are ~1.545 A. The average C—C bond length of the six-
membered ring in HMTMC6 (1.537(1) A) is 0.030 A
shorter than the ones observed in HMTSC12 (1.567(3)
A). The C—Cc, (Cp = cyclopropyl) bond length in meth-
ylcyclopropane®® is 1.517(2) A, and the =C—CHs; bond
length in isobutene?® is 1.508(2) A. The Csp—Csp2/Copr—
Ccp bonds in HMTMC6 and HMTSC12 are therefore
longer than those in isobutene and methylcyclopropane,
and the lengthening is larger in HMTSC12 (0.050 A) than
in HMTMCS6 (0.029 A).

The average valence CCC angles are 117(1)° and
110(1)° in HMTMCS6 and 117(2)° and 109(2)° in HMTS-
C12. There is accordingly no significant difference in the

(15) Klein, A. W.; Schrumpf, G. Acta Chem. Scand. 1981, A35, 425.
(16) Tokue, J.; Fukuyama, T.; Kuchitsu, K. J. Mol. Struct. 1974,
23, 33.

CCC valence angles of the six-membered ring between
the presence of the cyclopropyl or methylene groups.
However, the dihedral angles clearly show that HMTSC12
exists in a twist-boat form, while HMTMCG6 adopts a
distorted twist-boat form. These dihedral angles are
reproduced in both HF and MP2 calculations.

Preliminary molecular mechanics calculations on cy-
clohexane, 1,3,5-trispirododecane (TSC12), 1,3,5-tri-
methylenecyclohexane (TMC6), and their monomethyl-
substituted compounds were carried out to explore the
chair/twist-boat energy gap (see Table 4). The calcula-
tions show that the difference between the twist-boat and
the chair forms is smaller in TMC6 (2.4 kcal/mol) than
in cyclohexane (5.4 kcal/mol) and in TSC12 (8.0 kcal/mol).
The chair/twist-boat energy gaps for the monomethyl-
substituted compounds were calculated to be 1.76 (TMC6),
5.4 (cyclohexane), and 8.3 kcal/mol (TSC12) when the
methyl group is at the axial position. When the methyl
group is at the equatorial position, the corresponding
gaps are 2.2, 6.8, and 5.5 kcal/mol. Within the chair forms
of TMC6 and TSC12, the axial methyl group is favored
over the equatorial one by 0.7 and 3.8 kcal/mol, respec-
tively, while for cyclohexane the equatorial form is
favored by 1.9 kcal/mol.

The calculated energies for the parents and mono-
methylated compounds suggest the following:

(a) Compared to the case of the conformers of cyclo-
hexane, the presence of the methylene groups in TMC6
destabilizes the chair form relative to the twist-boat form,
while the cyclopropyl groups in TSC12 make the chair
form relatively more stable.

(b) The presence of a methyl group in the axial position
decreases the chair/twist-boat energy gap for TMCS6,
while the energy gap for TSC12 increases. The cyclohex-
ane energy gap is hardly affected. With the methyl group
at the equatorial position, the chair/twist-boat gaps for
both TMC6 and TSC6 are lowered with no change for
cyclohexane.

(c) A methyl group introduced in the TSC12 chair form
has a drastic effect on the stability of the axial position
relative to the equatorial one (3.8 kcal/mol in favor of the
axial form). The difference between the methyl-substi-
tuted twist-boat forms is 2.4 kcal/mol in favor of the axial
form.

(d) TMC6 has a very small energy gap between chair
and twist-boat forms and would require less methyl
groups to reverse the energy gap, since one methyl group
changes the gap from 2.4 to 1.76 kcal/mol.
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Molecular mechanics calculations showed that the
presence of three methyl groups was necessary to reverse
the gap in TMCS6, while five methyl groups were needed
for TSC12. For HMTMCSG, the calculations showed that
the distorted twist-boat form was 58 kcal/mol lower in
energy than the near planar chair form. The calculated
torsional angles were within 12° of the experimental
values. To further understand the conformational stabil-
ity of these systems, detailed analysis of results from
more molecular mechanics calculations and theoretical
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calculations at the HF and/or MP2 level are needed, and
we are in the process of pursuing them.

Supporting Information Available: Starting and opti-
mized atomic coordinates and energies for the twist-boat (HF/
6-311G(d), MP2/6-311G(d)) and chair (HF/6-311G(d) and MP2/
6-311G(d)) forms and the frequencies for the twist-boat form
(HF/6-311G(d) of 2,2,4,4,6,6-hexamethyl-1,3,5-trimethylenecy-
clohexane. This material is available free of charge via the
Internet at http://pubs.acs.org.
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