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Ab initio MO calculations were carried out at the MP2/6-311++G(d,p) level to investigate the Gibbs energy of
conformational isomers of cyclohexanes cyclo-C6H11X 3 and cyclohexanones cyclo-C6H9OX 4. In 3, it has been found
that the conformer bearing an oxygen or halogen atom (X = OCH3, F, Cl, and Br) at the axial orientation is relatively
stable as compared to corresponding alkyl cyclohexanes; the result is consistent with documented experimental data. For
X = CCH and CN, the axial conformer has been suggested to be slightly more stable. In 4, the axial conformer has been
found to be more stable than the equatorial conformer, except for X = OH. Short non-bond distances have been disclosed
in every axial conformer of 3 and 4, between axial CHs of the cyclohexane ring and X. The reason for the relative stability
of the axial conformers has been sought in the context of the CH/n and CH/³ hydrogen bonds. We suggest that a
considerable part of the relative stability of the axial conformation is attributed to intramolecular CH/n and CH/³
hydrogen bonds. Natural bonding orbital charges of the relevant atoms are consistent with the above suggestion.

Understanding of the factors influencing the conformational
equilibrium of six-member cyclic compounds has long been a
subject of controversy in stereochemistry. For instance, the
difference in the Gibbs energies between axial and equatorial
conformers of alkyl cyclohexanes C6H11ÍR (ÕÅGeqÍax:
A-value) is 1.74Í4.9 kcalmolÕ1 (1 calmolÕ1 = 4.184 JmolÕ1),
depending on the size of the alkyl group R.1 The A-values for
halogenated cyclohexanes C6H11ÍX (0.53Í0.64 and 0.48Í
0.67 kcalmolÕ1 for X = Cl and Br, respectively) are smaller
than might be expected from the size of X. This has been
attributed to the longer length of the CÍX bond as compared to
that of the CÍC bond; the unfavorable 1,3-diaxial interaction
consequently decreases.2

Previously we reported that by high-level ab initio MO
calculations, the Gibbs free energy of the axial conformers in 2-
substituted oxanes 1 and 1,3-dioxanes 2 is smaller than that of
the corresponding equatorial conformers, when the 2-substitu-
ent X is electron-withdrawing.3,4 The interatomic distance
between X and the axial CÍH has been calculated to be shorter
than the van der Waals distance. In view of the above finding,
we suggested that the five-member CH/n hydrogen bond (n:
lone pair electrons) plays an important role in stabilizing the
axial conformation of 1 and 2 (Scheme 1).

To explore the generality of the above phenomenon, here we
extended the study to examine the conformational equilibrium

of a series of substituted cyclohexanes cyclo-C6H11X 3 and
cyclohexanones cyclo-C6H9OX 4 (Scheme 2, X = OH, OCH3,
F, Cl, Br, CÔCH, and CÔN).

Computational Methods

The Gaussian 03 program5 was used. Electron correlation
energies were calculated by applying the second-order MøllerÍ
Plesset (MP2) perturbation theory. The geometry of axial and
equatorial conformers of substituted cyclohexanes 3 and
cyclohexanones 4 was optimized at the MP2/6-311++G(d,p)
level of approximation. Vibrational frequencies were calculated
using the analytical second derivatives at the same level of the
geometry optimization for each conformer. Using these results,
the thermal energy corrections were added to the total Gibbs
energy at 298.15K and 1 atmosphere of pressure. Natural bond
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Scheme 1. The axial conformer of 2-substituted oxanes 1
and 1,3-dioxanes 2 is stabilized by the five-member CH/X
hydrogen bond.
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orbital (NBO) calculations were performed with the NBO
code6 included in Gaussian 03.

Results and Discussion

Conformational Gibbs Energy of Substituted Cyclohex-
anes. Table 1 lists the conformational Gibbs energy ÅGeqÍax

of substituted cyclohexanes cyclo-C6H11X 3 (X = OH, OCH3,
F, Cl, Br, CÔCH, and CÔN). The data for methylcyclohexane
(X = CH3) are included for comparison.

Table 1 shows that ÕÅGeqÍax for X = OCH3, F, Cl, Br, and
CH3 does not significantly differ from the experimental data.
Namely, the equatorial conformer is more stable than the axial
conformer. The calculated negative ÕÅGeqÍax value for cyclo-
hexanol (X = OH, Õ0.28 kcalmolÕ1) is exceptional, which is
at variance with the documented data (0.29Í0.37 kcalmolÕ1).
We do not know at present the reason for this discrepancy, but
the experimental values may reflect association by hydrogen
bonds, which might favor the equatorial conformation. The
calculated value, on the other hand, corresponds to the energy
of a single molecule.

Another noteworthy feature is that the sign of ÕÅGeqÍax is
negative for compounds bearing an sp ³-group (CÔCH and
CÔN); the axial conformer has been suggested to be more
stable, though slightly, than the equatorial one. This however,
does not agree with the documented experimental data
(ÕÅGeqÍax 0.187 or 0.418 kcalmolÕ1 for X = CCH and 0.15Í
0.25 kcalmolÕ1 for X = CN9). It should be reminded that
experimental values reflect the average conformation in
solvents, while the calculated values correspond to the gas-
phase data. Anyway, the discrepancy is insignificant but it is
remarkable that the stability of the axial conformer bearing the
³-groups is larger. We suggest that the above effect is a
consequence of the CH/³ hydrogen bond (Scheme 3).

Experimentally, the effect of the CH/³ hydrogen bond in

stabilizing the folded conformations is well documented,10Í13

and the experimental evidence has been supported by MO
calculations.14 To cite an example from the chemistry of
cyclohexane derivatives, it has long been known that the
isopropyl-axial conformer in isocarvomenthone (=5-isopropyl-
2-methylcyclohexanone) prevails in the equilibrium.15 The
experimental result has been reproduced by recent high-level
ab initio calculations and this was interpreted on the basis of
the CH/³(C=O) hydrogen bond (Scheme 4).16

In ¡-phellandrene, (R)-(Õ)-5-isopropyl-2-methyl-1,3-cyclo-
hexadiene, the conformer bearing a quasi-axial isopropyl group
has long been known to prevail in solution.17 The result was
reproduced by our MO study, and the result was interpreted on
the basis of the CH/³ hydrogen bond (Scheme 5).18

Conformational Gibbs Energy of Substituted Cyclohex-
anones. Table 2 summarizes the data for 2-substituted
cyclohexanones cyclo-C6H9OX 4. The values obtained for
2-substituted oxanes 1 and 1,3-dioxanes 2 are included for
comparison. It is noted that ÕÅGeqÍax are negative in every
case except for X = OH and CH3.

Allinger et al.,19,20 and Lehn and Ourisson21 reported on the
axial preference of halogen atoms in 2-halogenated cyclo-
hexanones and discussed the results on the basis of the
dipolar interactions. The present data are consistent with their
conclusion. An interesting point is that ËÕÅGeqÍaxË increases
from X = F to Cl, and then to Br in every case for 4, 1, and 2.

Table 1. Conformational Gibbs Energies ÕÅGeqÍax (in
kcalmolÕ1) of Substituted Cyclohexanes cyclo-C6H11X 3,
Calculated at the MP2/6-311++G(d,p) Level of Approx-
imation

X ÕÅGeqÍax A-value

OH Õ0.28 0.29Í0.37a)

OCH3 0.22 0.6b)

F 0.18 0.17c)

Cl 0.49 0.26, 0.34c)

Br 0.69 0.7c)

CÔCH Õ0.16 0.18, 0.41
CÔN Õ0.39 0.15Í0.25c)

CH3 1.95 1.87Í1.96c)

a) Ref. 2 (CH2Cl2, CHCl3, CCl4, C2H4Br2, CS2, acetone,
xylene, toluene, benzene, and n-hexane). b) Ref. 2 (CCl4).
c) Ref. 2 (gas phase).
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Scheme 3. The axial conformer of 3 (X = CCH and CN) is
stabilized by the CH/³ hydrogen bond.
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Scheme 4. Conformational equilibrium of isocarvomen-
thone.
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Scheme 5. Conformational equilibrium of ¡-phellandrene.
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Scheme 2. The conformational equilibrium of substituted cyclohexanes and cyclohexanones.
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In other words, the difference in the conformational free energy
is maximal in the Br-derivatives. The electronegativity of X
decreases in the above order. The above computational results
might suggest that an effective negative charge of the halogen
atom is built up around the axial proton. The above tendency
may therefore be a consequence of the size of the ion radius:
Br > Cl > F. In compounds with an sp-carbon (X: CÔCH and
CÔN22), the axial conformer is suggested to be more stabilized.

The datum for X = OH is exceptional; in this case the
equatorial conformer has been calculated to be more stable.
This is consistent with the documented data23 and is compre-
hensible since the stabilization by intramolecular hydrogen
bonding is expected only for the equatorial conformation and
not for the axial conformer (Scheme 6).

CHÍX Interatomic Distance. In view of the above
findings, we considered that five-membered intramolecular
CH/n24 and CH/³25 hydrogen bonds play a role in bringing
about the relatively stable axial conformation of 3 and 4. To test
this hypothesis, we examined the interatomic distances of the
relevant CÍH and X (Scheme 7). Table 3 lists the results.

Notice that in every axial conformer the CH/X distance is
shorter than the sum of the van der Waals radii.26,27 We think
this suggests the effect of CH/n28 and CH/³ hydrogen bond.
The decrease in the interatomic distance is most remarkable
when X = CCH and CN (0.18Í0.19¡ for 3 and 0.22Í0.28¡
for 4).

Natural Bonding Orbital Charge. Next, we examined the
natural bonding orbital (NBO) charges of the relevant atoms, X
and H, in the axial and equatorial conformers (Scheme 7).
Table 4 lists the NBO data for 3. Table 5 summarizes the
difference in the NBO charges of hydrogens and X in the axial
and equatorial conformers of 3 and 4.
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Scheme 6. The intramolecular hydrogen bond can only be
formed in the equatorial conformer of 2-hydroxycyclohex-
anone.
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Scheme 7. CH/X hydrogen bonds stabilize the axial con-
formation.

Table 3. Interatomic Distances (in ¡) of Axial CÍHs and X

3 4
X

dX/H3 = dX/H5
a) dX/H3

a) dX/H5
b) dvdW

c)

OH 2.60d) (0.11) 2.54 (0.18) 2.62 (0.10) 2.72
OCH3 2.57 (0.11) 2.52 (0.20) 2.60 (0.12) 2.72
F 2.62 (0.05) 2.55 (0.12) 2.63 (0.04) 2.67
Cl 2.88 (0.07) 2.87 (0.08) 2.90 (0.05) 2.95
Br 2.97 (0.08) 3.01 (0.04) 2.98 (0.07) 3.05
CÔCH 2.73 (0.18) 2.72 (0.25) 2.75 (0.22) 2.97
CÔN 2.71 (0.19) 2.69 (0.28) 2.75 (0.22) 2.97

a) Distance between H3 and X. b) Distance between H5 and X.
c) van der Waals distance. d) In the parentheses are differences
(Åd) between dX/H and dvdW.

Table 4. Natural Bonding Orbital Charges of (a) Hydrogens
and (b) X, in the Axial and Equatorial Conformers of 3

X NBOax NBOeq ÅNBOaxÍeq
a)

(a) OH H3 0.193 0.184 0.009
OCH3 H3 0.192 0.182 0.010
F H3 0.195 0.183 0.012
Cl H3 0.197 0.184 0.013
Br H3 0.198 0.184 0.014
CÔCH H3 0.194 0.183 0.011
CÔN H3 0.195 0.184 0.011

(b) OH O Õ0.734 Õ0.717 Õ0.017
OCH3 O Õ0.603 Õ0.591 Õ0.012
F F Õ0.407 Õ0.396 Õ0.011
Cl Cl Õ0.068 Õ0.052 Õ0.016
Br Br Õ0.013 0.005 Õ0.018
CÔCH Cb) Õ0.003 0.007 Õ0.010
CÔN C 0.281 0.293 Õ0.012

a) NBOaxÍNBOeq. b) The carbon attached to the cyclohexane
ring is considered.

Table 5. Differences in the NBO Charges of X and Hydrogens in
the Axial and Equatorial Conformers of 3 and 4

3 4
X

ÅNBOH3
a) ÅNBOX

c) ÅNBOH3
a) ÅNBOH5

b) ÅNBOX
c)

OH 0.009 Õ0.017 0.016 0.008 0.002
OCH3 0.010 Õ0.012 0.017 0.013 Õ0.012
F 0.012 Õ0.011 0.013 0.015 Õ0.021
Cl 0.013 Õ0.016 0.013 0.015 Õ0.030
Br 0.014 Õ0.018 0.014 0.016 Õ0.028
CÔCHd) 0.011 Õ0.010 0.012 0.013 Õ0.012
CÔNd) 0.011 Õ0.012 0.013 0.014 Õ0.015

a) NBOaxÍNBOeq for H3. b) NBOaxÍNBOeq for H5. c) NBOaxÍ
NBOeq for X. d) The carbon attached to the cyclohexane ring is
considered.

Table 2. Conformational Gibbs Energies ÕÅGeqÍax (in
kcalmolÕ1) of Substituted Cyclohexanones cyclo-
C6H9OX 4, 2-Substituted Oxanes 1, and 1,3-Dioxanes 2,
Calculated at the MP2/6-311++G(d,p) Level of Approx-
imation

X 4 1 2

OH 3.26
OCH3 Õ1.02
F Õ0.58 Õ2.47a) Õ3.42a)

Cl Õ1.20 Õ2.57a) Õ4.31a)

Br Õ1.52 Õ3.08a) Õ5.45a)

CÔCH Õ1.56 Õ0.68 Õ0.97
CÔN Õ1.35 Õ1.22 Õ1.90
CH3 1.51 3.27 5.22

a) Ref. 3.
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Note that the NBO charge, in every case, is more positive for
H in the axial conformers than in the corresponding equatorial
conformers. The inverse is true for the NBO data of electro-
negative atom X.29 The result is consistent with our hypothesis
that the CH/n or CH/³ hydrogen bonds are contributing in
stabilizing the axial conformation.

Conclusion

High-level ab initio MO calculations were carried out to
investigate the Gibbs energy of conformational isomers of
cyclo-C6H11X 3 and cyclo-C6H9OX 4. In 3, the conformer
bearing an axial alkyl substituent has been found relatively
stable as compared to the parent cyclohexane compounds. In 4,
the axial conformation has been shown to be more stable than
the equatorial conformer except for X = OH. In every case,
short non-bond distances have been disclosed in the stable
axial conformers, between CHs of the cyclohexane ring and
substituent X. Inspection of the NBO charges of the relevant
atoms gave results consistent with this conclusion. We suggest
that the stability of the axial conformation is attributed to the
five-member intramolecular CH/n and CH/³ hydrogen bonds.
The other effects such as the unfavorable steric effect and in the
cases of 4, delocalization of the electrons of the C=O double
bond to the antibonding orbital of the CÍX bond may also
contribute.
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level of approximation are listed. This material is available free of
charge on the Web at: http://www.csj.jp/journals/bcsj/.

References

1 E. L. Eliel, S. H. Wilen, L. N. Mander, Stereochemistry
of Organic Compounds, Wiley-Interscience, New York, 1993,
Table 11.7.

2 E. L. Eliel, N. L. Allinger, S. J. Angyal, G. A. Morrison,
Conformational Analysis, John Wiley & Sons, New York, 1965,
Table 7.1.

3 O. Takahashi, K. Yamasaki, Y. Kohno, R. Ohtaki, K. Ueda,
H. Suezawa, Y. Umezawa, M. Nishio, Carbohydr. Res. 2007, 342,
1202.

4 Previously other workers argued this in terms of the
delocalization of the axial lone pair on the oxygen atom to the
antibonding orbital of the CÍX bond. We think however, that the
so-called anti-periplanar effect is not relevant in the cases of 1, 2,
and halogenated cyclohexanones 4.

5 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,

K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,
V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala,
K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G.
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman,
J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03,
Revision C.02, Gaussian, Inc., Wallingford CT, 2004.

6 E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Weinhold,
NBO (version 3.1).

7 R. J. Oullette, J. Am. Chem. Soc. 1964, 86, 3089.
8 F. R. Jensen, C. H. Bushweller, B. H. Beck, J. Am. Chem.

Soc. 1969, 91, 344.
9 N. L. Allinger, W. Szkrybalo, J. Org. Chem. 1962, 27,

4601.
10 X-ray data: Y. Iitaka, Y. Kodama, K. Nishihata, M. Nishio,

J. Chem. Soc., Chem. Commun. 1974, 389; Y. Kodama, K.
Nishihata, M. Nishio, Y. Iitaka, J. Chem. Soc., Perkin Trans. 2
1976, 1490; H. Shimizu, T. Yonezawa, T. Watanabe, K.
Kobayashi, Chem. Commun. 1996, 1659.
11 NMR analyses: S. Zushi, Y. Kodama, K. Nishihata, K.

Umemura, M. Nishio, J. Uzawa, M. Hirota, Bull. Chem. Soc. Jpn.
1980, 53, 3631; Y. Kodama, S. Zushi, K. Nishihata, M. Nishio, J.
Uzawa, J. Chem. Soc., Perkin Trans. 2 1980, 1306; S. Zushi, Y.
Kodama, Y. Fukuda, K. Nishihata, M. Nishio, M. Hirota, J. Uzawa,
Bull. Chem. Soc. Jpn. 1981, 54, 2113.
12 Database studies: Y. Umezawa, S. Tsuboyama, H.

Takahashi, J. Uzawa, M. Nishio, Tetrahedron 1999, 55, 10047;
Y. Umezawa, S. Tsuboyama, H. Takahashi, J. Uzawa, M. Nishio,
Bioorg. Med. Chem. 1999, 7, 2021.
13 Reviews: M. Nishio, M. Hirota, Tetrahedron 1989, 45,

7201; M. Nishio, Y. Umezawa, Top. Stereochem. 2006, 25, 255.
14 O. Takahashi, K. Yasunaga, Y. Gondoh, Y. Kohno, K. Saito,

M. Nishio, Bull. Chem. Soc. Jpn. 2002, 75, 1777; O. Takahashi, Y.
Kohno, K. Saito, M. Nishio, Chem.ÐEur. J. 2003, 9, 756; O.
Takahashi, K. Saito, Y. Kohno, H. Suezawa, S. Ishihara, M.
Nishio, Bull. Chem. Soc. Jpn. 2003, 76, 2167; O. Takahashi, K.
Saito, Y. Kohno, H. Suezawa, S. Ishihara, M. Nishio, New J.
Chem. 2004, 28, 355.
15 C. Djerassi, Optically Rotatory Dispersion, McGraw-Hill,

New York, 1960, pp. 105Í106; W. D. Cotterill, M. J. T. Robinson,
Tetrahedron 1964, 20, 765.
16 O. Takahashi, K. Yamasaki, Y. Kohno, Y. Kurihara, K.

Ueda, Y. Umezawa, H. Suezawa, M. Nishio, Tetrahedron 2008, 64,
2433.
17 H. Ziffer, E. Charney, U. Weiss, J. Am. Chem. Soc. 1962,

84, 2961; G. Horsman, C. A. Emeis, Tetrahedron 1966, 22, 167; G.
Snatzke, E. sz. Kovats, G. Ohloff, Tetrahedron Lett. 1966, 37,
4551.
18 O. Takahashi, K. Yamasaki, Y. Kohno, K. Ueda, H.

Suezawa, M. Nishio, Tetrahedron 2008, 64, 5773.
19 N. L. Allinger, J. Allinger, J. Am. Chem. Soc. 1958, 80,

5476.
20 N. L. Allinger, J. Allinger, L. A. Freiberg, R. F. Czaja,

O. Takahashi et al. Bull. Chem. Soc. Jpn. Vol. 82, No. 2 (2009) 275

http://dx.doi.org/10.1016/j.carres.2007.02.032
http://dx.doi.org/10.1016/j.carres.2007.02.032
http://dx.doi.org/10.1021/ja01069a023
http://dx.doi.org/10.1021/ja01030a023
http://dx.doi.org/10.1021/ja01030a023
http://dx.doi.org/10.1021/jo01059a111
http://dx.doi.org/10.1021/jo01059a111
http://dx.doi.org/10.1039/c39740000389
http://dx.doi.org/10.1039/p29760001490
http://dx.doi.org/10.1039/p29760001490
http://dx.doi.org/10.1039/cc9960001659
http://dx.doi.org/10.1246/bcsj.53.3631
http://dx.doi.org/10.1246/bcsj.53.3631
http://dx.doi.org/10.1039/p29800001306
http://dx.doi.org/10.1246/bcsj.54.2113
http://dx.doi.org/10.1016/S0040-4020(99)00539-6
http://dx.doi.org/10.1016/S0968-0896(99)00123-6
http://dx.doi.org/10.1016/S0040-4020(01)89185-7
http://dx.doi.org/10.1016/S0040-4020(01)89185-7
http://dx.doi.org/10.1002/0471785156.ch8
http://dx.doi.org/10.1246/bcsj.75.1777
http://dx.doi.org/10.1002/chem.200390084
http://dx.doi.org/10.1246/bcsj.76.2167
http://dx.doi.org/10.1039/b310173h
http://dx.doi.org/10.1039/b310173h
http://dx.doi.org/10.1016/S0040-4020(01)98410-8
http://dx.doi.org/10.1016/j.tet.2007.12.052
http://dx.doi.org/10.1016/j.tet.2007.12.052
http://dx.doi.org/10.1021/ja00874a024
http://dx.doi.org/10.1021/ja00874a024
http://dx.doi.org/10.1016/0040-4020(66)80114-X
http://dx.doi.org/10.1016/S0040-4039(00)70076-1
http://dx.doi.org/10.1016/S0040-4039(00)70076-1
http://dx.doi.org/10.1016/j.tet.2008.04.007
http://dx.doi.org/10.1021/ja01553a041
http://dx.doi.org/10.1021/ja01553a041


N. A. LeBel, J. Am. Chem. Soc. 1960, 82, 5876.
21 J.-M. Lehn, G. Ourisson, Bull. Soc. Chim. Fr. 1963, 1113.
22 H.-J. Liu, T. W. Ly, C.-L. Tai, J.-D. Wu, J.-K. Liang, J.-C.

Guo, N.-W. Tsemg, K.-S. Shia, Tetrahedron 2003, 59, 1209. The
¡-proton of the cyano group in 4 (X = CN) is obsereved as a
double doublet with 13 and 7Hz. The proportion of the equatorial
and axial conformers was calculated to be ca. 2:1, by assuming
3JHH for the anti H/H relationship (180°) = 18Hz and 3JHH for the
gauche (60°) H/H = 3Hz.
23 G. Carraro, L. Cavalli, Ann. Chim. 1966, 56, 1093.
24 M. Nishio, Weak Hydrogen Bonds in Encyclopedia of

Supramolecular Chemistry, ed. by J. L. Atwood, J. W. Steed,
Marcel Dekker, New York 2004, p. 1576.
25 M. Nishio, M. Hirota, Y. Umezawa, The CH/³ Interaction.

Evidence, Nature, and Consequences, Wiley-VCH, New York,
1998.
26 A. Bondi, J. Phys. Chem. 1964, 68, 441.
27 R. S. Rowland, R. Taylor, J. Phys. Chem. 1996, 100, 7384.
28 O. Takahashi, K. Yamasaki, Y. Kohno, K. Ueda, H.

Suezawa, M. Nishio, Chem. Phys. Lett. 2007, 440, 64.
29 Except for X = OH (ÅNBOX = 0.002), where the equato-

rial conformation has been suggested to predominate.

Stability of Axial ConformersBull. Chem. Soc. Jpn. Vol. 82, No. 2 (2009)276

http://dx.doi.org/10.1021/ja01507a026
http://dx.doi.org/10.1016/S0040-4020(03)00034-6
http://dx.doi.org/10.1021/j100785a001
http://dx.doi.org/10.1021/jp953141+
http://dx.doi.org/10.1016/j.cplett.2007.04.013

