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Stereoelectronic Interaction and Their Effects on Conformational Preference for
2-Substituted Methylenecyclohexane: An Experimental and Theoretical Investigation

Pedro R. Anizelli, Janaina D. Vilcachagua, Alvaro Cunha Neto, and Cldudio F. Tormena*

Department of Organic Chemistry, Chemistry Institute, University of Campinas-UNICAMP-CEP,

P. O. Box 6154, 13084-971 Campinas, SP, Brazil

Received: June 2, 2008; Revised Manuscript Received: July 1, 2008

Conformational preferences for 2-substituted methylenecyclohexanes were determined using *Jy,u, spin—spin
coupling constants, while stereoelectronic interactions were obtained by means of theoretical calculations
and NBO analysis. The conformational equilibrium of compounds studied can be represented by their axial
and equatorial conformers, the axial conformers being the most stable form in polar and nonpolar solvents.
These conformational preferences were attributed to the hyperconjugative interactions between the
- 0% c—xax. and Oc-H—0* c—xax. Orbitals, and the repulsive steric interaction observed between Oc—y—Nxeq..

Introduction

The investigation of conformational properties of six-mem-
bered rings has provided the foundation for modern stereo-
chemistry.! Investigation of the factor that determines confor-
mational preference has enriched our understanding of how
atoms or functional groups interact to stabilize any conformation.

Several studies can be found in literature about the confor-
mational preference of a six-membered ring system, such as
1,2-disubstituted cyclohexanes®>™® and 2-substituted cyclo-
hexanones; %15 however, the same attention was not dedicated
to 2-substituted methylenecyclohexanes.!6-17

This scarcity can be ascribed to the interconversion barrier
observed for compounds containing a C(sp?)—C(sp?) fragment,
such as those observed in cyclohexanone!® and methylenecyclo-
hexane,!®? when compared to the barrier observed for cyclo-
hexane! C(sp?)—C(sp?).

The process that interconverts the axial and equatorial
positions in equilibrium is faster for cyclohexanone and meth-
ylenecyclohexane than for cyclohexane. As a result, it is more
difficult to obtain a slow-exchange NMR spectra for cyclohex-
anones and methylenecyclohexane, which provide distinct
resonances for axial and equatorial groups. To overcome this
difficulty, in the case of 2-substituted cyclohexanones, similar
derivatives containing fert-butyl at C4 were used as a model
compounds in conformational analyses.! In this class of
compounds, however, the same was not observed for 2-substi-
tuted methylenecyclohexanes.

In the case of 2-halocyclohexanone (Figure 1), the substituents
tend to adopt the axial orientation when considering the isolated
molecule (gas phase). The oc-x—m*c—o hyperconjugative
interaction is responsible for the axial preference, due to the
orbital overlap, which is more effective in the axial orientation
of halogens (Figure 1) than for the conformer with the halogen
in the equatorial position (Figure 1). The oc—x—m*c—0 interac-
tion increases in the following order F < Cl < Br < I, and the
same trend is observed in the energy difference between
conformers (Eequatorial — Faxia). Repulsive steric interactions
between the lone pair from oxygen and the o-substituent; and
repulsive dipole—dipole interactions, present in equatorial form,
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Figure 1. Conformational equilibrium for 2-X-cyclohexanone.

also contribute to the largest population of axial conformer. ' ~13:21,22
In polar solvents (CD3CN and dimethyl sulfoxide (DMSO)),
except for the iodine derivative, the equatorial conformer is
predominant (Figure 1).11713

Previous studies?>?>* demonstrated that alkylidenecyclohexane
adopts an axial conformation when the alkyl group (CHs) is
bonded at carbon-2 (Figure 2). The preference for axial
conformations is caused by the strong repulsive interaction
between alkyl groups in equatorial form; therefore, this interac-
tion is known as the allylic strain. Molecular mechanics
calculations indicated that the axial conformer with R = CHj3
(Figure 2) is 2.6 kcal mol~! more stable than the equatorial
conformation (Figure 2) with exocyclic isopropylidene group
(R" = R" = CH;).*

The conformational preference for 2-methoxymethylenecy-
clohexane was determined by experimental!®!7 and theoretical
analyses.?>2¢ On the basis of the experimental data, the axial
conformer (Figure 2) was found to be the most stable form,
and this result was supported by theoretical calculations. The
axial conformer stability was assigned due to wc=c—0%c-o
orbital interaction (hyperconjugative interaction). This interac-
tion only occurs when the 0% antibonding orbital of the OMe
group at carbon 2 is in the axial position because of the
symmetry with the wc=c orbital.

In the present work, 2-fluoromethylenecyclohexane (1),
2-chloromethylenecyclohexane (2), 2-bromomethylenecyclo-
hexane (3), 2-(N,N-dimethylamino)methylenecyclohexane (4),
and 2-methoxymethylenecyclohexane (5) (Figure 3) were chosen
as probes to perform the conformational analysis and to describe
the interaction involved in the most stable forms of these
compounds. To do this, the experimental and theoretical >Jyy,
spin—spin nuclear coupling constant were used in the analysis
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Figure 2. Conformational equilibrium in the alkylidenecyclohexane.
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Figure 3. Conformational equilibrium in the 2-X-methylenecyclohex-
ane (X = F, Cl, Br, N(CH3),, and OMe).

of their conformational equilibrium. The experimental data was
supported by density functional theory (DFT) calculations,
together with the natural bond orbital (NBO)?’ analysis.

Computational Details

All structures were fully optimized at the B3LYP functional?$ 30
and aug-cc-pVDZ basis set’! level using the Gaussian033
program. The aug-cc-pVDZ basis set was chosen for the correct
description of fluorine, chlorine, bromine, oxygen, and nitrogen
atoms. This basis set includes additional diffuse functions (prefix
aug-), which were used to take into account the relatively diffuse
nature of the lone pairs. Electronic structures from compounds
1-5 were studied using NBO analysis?’ at the B3LYP/cc-pVDZ
level using the geometries optimized.

The 3Juy couplings in compounds 1—5 were also calculated
using the CP-DFT methodology®® as implemented in the
Gaussian03 package3? of programs. All four terms of 3Jyy
spin—spin coupling constant (Fermi contact, FC; spin dipolar,
SD; paramagnetic spin orbit, PSO, and diamagnetic spin orbit,
DSO) were carried out using the EPR-III basis set,* which is
a triple-C type and includes diffuse and polarization functions.
The s part of this basis set is enhanced to better reproduce the
electronic density in the nuclear regions, since this point is
particularly important when calculating the FC term.?> The EPR-
III basis set was used for the carbon and hydrogen atoms and
the cc-pVDZ basis set for other atoms present in the molecules
studied.

Experimental Section

NMR Experiments. The solvents were commercially avail-
able and used without further purification. '"H NMR spectra were
recorded on spectrometers operating at 250 and 300 MHz for
'H. Measurements were carried out at a probe temperature of
25 °C, using solutions of ca. 10 mg cm? in different solvents.
The 'H spectra were based on the tetramethylsilane (TMS)
refrence. Typical conditions for 'H spectra were as follows: 16
transients; spectral width, 24 kHz; with 64k data points, giving
an acquisition time of 10.02 s and zero filled to 128k to give a
digital resolution of 0.01 Hz/point.

Anizelli et al.

TABLE 1: Experimental 3/gg Coupling Constant (Hz) in
Different Solvents for Compounds 1—5

3oms
solvent € 1 2 3 4 5
CDCl; 4.8 7.33 4.42 3.04 3.84 4.50
CD,Cl, 9.1 7.39 4.43 3.04 3.76 5.34
acetona-ds 20.7 7.61 4.36 3.05 3.50 4.93
CD;CN 37.5 7.38 4.41 3.31 3.68 5.56

DMSO-ds 46.7 7.45 4.35 3.40 3.68 5.48

Syntheses. (a) 2-Fluoromethylenecyclohexane..’*~3% Reac-
tion of cyclohexene oxide (10.0 mL; 198 mmol) with KHF,
(20.0 g; 260.0 mmol) resulted in trans-2-fluorocyclohexan-1-ol
which was distilled at 55 °C/(0.1 mmHg) (8.45 g; 46%). The
compound trans-2-fluorocyclohexan-1-ol, which suffered oxida-
tion by Jones reagent, provided the 2-fluorocyclohexanone, and
which was distilled at 44 °C/(2.0 mmHg) (5.25 g; 67%).
Olefination of 2-fluorocyclohexanone (1.2 g; 10.3 mmol), using
the Wittig reaction, provided the 2-fluoromethylenecyclohexane
at 13% yield, after purification by chromatography column
(pentane).

(b) 2-Chloromethylenecyclohexane. ’® Olefination of 2-chlo-
rocyclohexanone (1.7 g, 13.4 mmol), using the Wittig reaction,
provided a 2-chloromethylenecyclohexane at 15% yield after
purification by chromatography column (85:15 hexane/acetate).

(c) 2-Bromomethylenecyclohexane:.’8° Reaction of cyclo-
hexanone (10.0 mL; 95.2 mmol) with bromine provided the
2-bromocyclohexanone which was distilled at 62 °C/(3.0
mmHg) (8.15 g; 49.0%). Olefination of 2-bromocyclohexanone
(2.37 g; 13.4 mmol), using Wittig reaction, provided the
2-bromomethylenecyclohexane at 13% yield after purification
by chromatography column (85:15 hexane/acetate).

(d) 2-(N,N-Dimethylamino)methylenecyclohexane:.>**° Re-
action of cyclohexanone (10.0 mL; 95.2 mmol) with bromine
provided the 2-bromocyclohexanone, which was distilled at 62
°C/(3.0 mmHg) (8.15 g; 49.0%). After distillation, the pure
2-bromocyclohexanone was placed in a reactor with N,N-
dimethylamine solution (40%), providing the 2-(N,N-dimethy-
lamino)cycloexanone, which was distilled at 56 °C/(4.0 mmHg).
Olefination of 2-(V,N-dimethylamino)cycloexanone (1.60 g; 11.4
mmol), using Wittig reaction, provided the 2-(N,N-dimethy-
lamino)methylenecyclohexane at 16% yield afer purification by
chromatography column (85:15 hexane/acetate).

(e) 2-Methoxymethylenecyclohexane:.* Olefination of 2-meth-
oxycyclohexanone (0.686 g; 5.36 mmol), using the Wittig
reaction, provided 2-methoxymethylenecyclohexane at 16%
yield after purification by chromatography column (85:15
hexane/acetate).

Results and Discussion

Table 1 shows that there are no changes in 3Jyop3 coupling
constants for 1—4 in solvents with different polarities, indicating
that there is no change in the conformer populations. This is
supported by a slight variation on the dipole moments (Table
2) obtained from theoretical calculations between axial and
equatorial conformers.

The conformer population in equilibrium shown in Figure 3
can be estimate approximately by eq 1:#!

Jops =T oy, T Jeq D

ax. tax. eq.'teq.
where nax. + neq. = 1, Jobs is the experimental 3Jyon3 coupling

constant (Table 1), Juis the calculated 3JH2eq.H3qu coupling
constant for the axial conformer; Jeq, is the calculated 3 T iax H3ax.
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TABLE 2: Theoretical Data for 3/gy Coupling Constant
(Hz), Dipole Moment (D), and Relative Energy (kcal mol ')
at the B3LYP/aug-cc-pVDZ Level

1 2 3 4 5

eq. ax. eq. ax. eq. ax. eq. ax. eq.

parameters ax.

3un 378 11.88 3.16 12.82 3.41 133 3.29 1237 3.28 11.82
u 20 24 23 27 25 28 05 10 06 14
Erl. 00 03 00 12 00 19 00 15 00 1.0

TABLE 3: Population of Axial Conformer in Different
Solvents for Compounds 1-5

naxA
solvent € 1 2 3 4 5
CDCl; 4.8 0.56 0.87 1.0 1.0 0.85
CD,Cl, 9.1 0.55 0.87 1.0 1.0 0.76
acetona-ds 20.7 0.53 0.88 1.0 1.0 0.81
CD;CN 37.5 0.55 0.87 1.0 0.95 0.73

DMSO-ds 46.7 0.54 0.88 1.0 0.95 0.74

coupling constant for the equatorial conformer, 7, is the molar
fraction for the axial conformer and neq. is the molar fraction
for the equatorial conformer.

Table 2 lists the theoretical calculations of 3Juou3 coupling
constant for both conformers. Tables 1 and 2 data allow us to
estimate approximately the population (Table 3) for each
conformer in solution.

According to data from Table 3, the axial conformer is the
unique stable form found in all solvents used for compounds 3
and 4. The equatorial form is present in equilibrium with an
appreciable amount for the other compounds 1, 2, and 5.

These trends can be supported by analyzing the experimental
3Juons couplings (Table 1). While the 3Jyops for 1 showed
intermediate values (around 7.5 Hz) between -calculated
3Jt2eq H3eq. = 3.78 Hz for the axial conformer and 3Jpax n3ax. =
11.88 Hz for the equatorial form (Table 2). The 311.121.13
experimental values for compounds 3 and 4 are almost equal
(Table 1) to that calculated for the axial conformer (Table 2).

It can be observed that the axial form is present in equilibrium
with 85% in CDClj3 (Table 3), decreasing to 74% in DMSO-ds,
for the compound 5. With the increase of solvent polarity, there
is an increment in the population of the equatorial conformer
caused by the higher dipole moment for the equatorial form
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(Table 2), which should be stabilized in polar media. The
calculated dipole moment for 5 is 4 = 1.4 D for equatorial and
u = 0.6 D for axial conformers, supporting the tendency that
compound 5 is more sensitive to change in solvent polarity,
leading to the stabilization of equatorial form.

In polar solvents (CD3CN and DMSO), except for the iodine
derivative, the equatorial conformer is predominant, for the
2-halocyclohexanones (Figure 1).!>13 In the case of 2-X-
methylenecyclohexane derivatives (1—5), the axial form is
majority, in the same solvents. Therefore, the change of carbonyl
group (C=O0) by the methylene group (C=C) leads to inversion
in conformational behavior for the studied methylenecyclohex-
anes, in comparison to cyclohexanones in polar solventes
(CD3CN and DMSO).

Conformational Preferences and Orbital Interactions. The
stereoelectronic interactions can be used to explain the confor-
mational stability for axial in equatorial conformers. The NBO
analyses provided some important stereoelectronic interactions,
which support the stabilization of the axial conformer.

The interactions between 7ic|—c7—0* c2—xax, OC2—Xax T C1-C7»
and 0c3—Hax— 0 2—xax, for compounds 1—3, present higher
energy for the axial than for the equatorial conformer. The
delocalization energy for these interactions increases in the
following order F < Cl < Br (Table 4). The interaction
LPX,x—m*c1—c7 which is observed only for the axial form for
compounds 1—3 also contributes to stabilize this conformer.
The axial conformer stabilization for compounds 4 and 5 is also
due to hyperconjugative interactions. For these compounds the
delocalization interactions are also more effective for the axial
than for the equatorial conformer. In these compounds there
are two extra interactions involving Ocz-meq~0*ci-ce and
OC2-Heq~0*c3—c4 orbitals in comparison to compounds 1—3
(Table 4).

Data from Table 4 leads to better understanding of the
conformational equilibrium for compound 1 (Table 3). The sum
of delocalization interaction energy is almost equal (AY = 4.2
kcal mol™!) for axial and equatorial conformers (Table 4) when
compared to compounds 2—5. This is probably the reason why,
for 1, the axial and equatorial conformers are present in the
equilibrium with the same amount.

The oc—x—m*c—o delocalization interaction observed for
2-X-cyclohexanones is more effective than oc—x—m*c—c in-

TABLE 4: Energies (kcal mol™!) for Hyperconjugatives Interactions in 1—5, Calculated at the B3LYP/cc-pVDZ Level

axial equatorial
interaction 1 2 3 4 5 interaction 1 2 3 4 5

TTC1-cT 0% C—Xax 8.1 8.9 9.8 4.7 6.2 TTC1-c7 0% Co—Hax 3.1 2.9 2.9 2.4 2.7
OCr—Xax T C1-c7 1.9 3.7 4.8 1.5 1.6 OCo—Hax— TT¥c1—c7 4.7 4.2 4.1 3.6 4.1
OC3—Hax 0 Ca—Xax 5.5 6.6 7.1 4.9 4.7 OC3—Hax 0¥ C2—Hax 33 34 34 3.0 33
0C2-Xax 0% C3—Hax 1.6 2.5 2.8 1.2 1.5 OC2—Hax 0¥ C3—Hax 33 32 32 34 33
LPX\—*c1-c7 1.5 1.4 1.2 - 1,3 LPX\—m*c1-c7

OC2-Heq 0¥ C1-C6 - - - 4.3 4.4 Oc2—xXeq 0% C1-C6 2.0 1.8
OC2-Heq 0¥ C3—c4 - - - 3.6 3.5 O C2-Xeq 0¥ C3-C4 1.3 1.7
> 18.6 23.1 25.7 21.5 21.9 > 14.4 13.7 13.6 15.7 16.9

TABLE 5: Energies (kcal mol™!) for the Most Important Repulsive Steric Interactions for Compounds 1—5 Calculated at the

B3LYP/cc-pVDZ Level

axial equatorial
interaction 1 2 3 4 5 interaction 1 2 3 4 5
OC2—-Heq ~OC1-C6 3.8 4.4 4.5 4.0 3.7 Oc2-Xeq - OCI1-Co 4.1 5.2 5.8 3.8 3.8
0C3—C4770C2— Heq 4.2 4.7 4.7 4.3 4.3 0C3-C4770C2— Xeq 4.3 5.6 6.3 3.9 4.4
OC7-Ha~0C2—Heq 1.7 1.9 1.8 1.8 1.8 OC7-Ha~0C2—Xeq 0.7 1.0 1.2 0.6 0.5
OC2—Xax ~TTC1-CT 5.2 7.3 8.3 4.4 4.6 OC2—Hax —7TC1-C7 6.2 6.0 6.0 43 5.3

Oc7-ua—LPXeq 1.4 2.8 3.0 23 1.4
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Figure 4. Repulsive steric interactions between X and 0c7-u, orbital
for the equatorial conformation for 2-X-methylenecyclohexane [X =
F, Cl, Br, N(CHj3),, and OMe].

teraction for 2-X-methylenecyclohexanes in axial form. It was
expected then that the equatorial form should be more stabilized
for 2-X-methylenecyclohexanes in comparison to 2-X-cyclo-
hexanones. However, the back-donation wc—c—0*c—x 1S more
effective for 2-X-methylenecyclohexane than for 2-X-cyclo-
hexanones (tc—o—0*c—x), stabilizing the axial form.

Besides the delocalization interaction (Table 4), the repulsive
steric interaction (Table 5) can be used to elucidate the
conformational preference for studied compounds. The energy
of these repulsive interactions are almost similar for both
conformers in all compounds, excluding the interaction involv-
ing Oc7-Ha—NXeq, Which is observed only for the equatorial form
(Table 5). This repulsive interaction (Oc7-HaNxeq) 1S caused
by the proximity of the lone pair from F, CI, Br, N, and O with
the C7—Ha bond (Figure 4). The repulsive interaction
oc7-ua—~LPXq increases in the following order 1 <5 < 4 <
2 <3.

It can be seen that the great attractive delocalization interac-
tion observed in the axial conformer and the higher repulsive
steric interaction present in the equatorial conformer help to
stabilize the axial conformation.

Conclusions

The conformational analysis for the 2-X-methylenecyclohex-
ane (X = F, Cl, Br, N(CH3),;, and OMe), revealed that
conformational equilibrium for 2-fluoromethylenecyclohexane
(1) occurs in almost equal populations for axial and equatorial
conformers. For the 2-chloromethylenecyclohexane (2), 2-bro-
momethylenecyclohexane (3), and 2-(N,N-dimethylamino)m-
ethylenecyclohexane (4), the axial form predominates over
equatorial with 90, 100, and 95—100%, respectively.

For the 2-methoxymethylenecyclohexane (5), it was observed
that increasing solvent polarities increases the population of the
equatorial conformer. These results corroborate with the theo-
retical evidence (Table 2) that the equatorial form is more polar
than the axial and should be stabilized in polar solvents.
However due to the higher delocalization interactions present
in the axial conformer, there is no inversion in the conforma-
tional equilibrium; thus, only a slight amount (25%) of the
equatorial form is observed in polar solvents.

The conformational stability acquired for the axial conformers
for all compounds studied can be justified to the great attractive
delocalization interaction observed in the axial and also because

Anizelli et al.

of the higher repulsive steric interaction present in the equatorial
conformer, leading to stabilization of the axial conformation.
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