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Abstract-It is concluded that the gauche-butane interaction which is one of the cornerstones of 
conformational analysis has been incorrectly interpreted as to origin, and that the gauche relationship 
between methyl (or methylene) groups is not the cause of the relative instability of gauche 
conformations. Rather, the gauche interactions between uicinnl-2,3-hydrogens are mainly responsible. 
By the same taken, a substituent on a cyclohexane ring should not be said to have a preference for the 
equatoriai position. Rather, the tertiary hydrogen has an energetic preference for an axial position, 
which leaves the substituent in the equatorial position by default. Several poorly understood phenomena 
are better interpreted on this basis: 

Ever since D. H. R. Barton pointed out over 20 
years ago’ that the differences between axial and 
equatorial substituents on cyclohexane rings were 
of considerable chemical importance, conforma- 
tional analysis has been a field of continued active 
interest. Two of the most useful general rules that 
have been developed in this field are: (1) axial sub- 
stituents on a cycfohexane ring are less stable than 
equatorial substituents, and (2) each additional 
gauche-butane type interaction gained in going 
from one conformation to another is worth about 
O-7 kcal/mol. 

In this paper we wish to show that the reasons 
generally given for the origin of these two effects 
are probably incorrect, and the effects are in fact 
consequences of the van der Waals interactions be- 
tween gauche vicinal hydrogens. The gauche HIH 
interaction, which occurs in virtually all organic 
compounds, is certainly the most widespread of 
all steric interactions. Despite the fact that organic 
chemists have long recognized the importance of 
steric interactions, the gauche HIH interaction has 
generally been ignored. The reasons for this include 
the ubiquitous nature of the interaction, coupled 
with the popular misconception’ that the van der 
Waals radius of hydrogen is I.2 A” and the corres- 
ponding misleading representation of the space- 
filling type of model.? Whatever the reasons for not 
recognizing the importance of the van der Waals in- 
teractions between gauche hydrogens, these in- 
teractions are in our view not only the primary 
cause of the instability of a gauche-butane type in- 

+A van der Waals radius fdr hydrogen of I 4-l -7 A now 
seems to be generally accepted.’ 

teraction, but are also at the root of several other 
poorly understood phenomena. 

Experimentatly’ butane is found to exist at room 
temperature in two conformations-the gauche 
form where the torsional angle between the Me 
groups is about 60”; and the anti form where the 
torsional angle between the methyl groups is 180°. 
The anti form is found to be of lower enthalpy by 
about O-7 kcalfmol. 

The standard explanation for the origin of the in- 
creased energy of gauche-butane relative to anti- 
butane is given in Conformational Analysis:’ 

“In the gauche form there are the following indi- 
vidual gauche interactions: MelMe, 2 MelH and 
3 H/H. The corresponding interactions in the anti 
form are 4 MelH and 2 HIH, the difference being an 
MelMe and an H/H interaction in the gauche form 
versus 2 MelH interactions in the anti form. Evi- 
dently the sum of the former two interactions ex- 
ceeds the sum of the latter two.. . In this particular 
case it appears that the MelH and HIH interactions 
are energetically negligible and the instability of the 
gauche form of butane may be ascribed entirely to 
the MelMe interaction taken to be 0.8 kcaVmo1.” 

We wish to show here that the H(H gauche in- 
teractions are not negligible, and in fact may be the 
most important contributors to the gauche butane 
effect. 

A major reason why the origin of the gauche 
butane effect has been incorrectly assigned to the 
Me/Me interaction is the historical belief that a 
perfectly staggered molecular model with tet- 
rahedral bond angles is a good approximation to a 
real molecule. The measurement of a perfectly 
staggered Fieser model of gauche butane indicates 
that the closest HIH distance by far (excluding gem- 
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inal distance) involves the closest two hydrogens 
on the methyl groups. However, it is known experi- 
mentally that the bond angles in molecules are not 
tetrahedral. The C-C-C angles in the n-alkanes are 
found to be about 113”y while the H-C-H angles 
are about 106-S” for methylene groups and about 
108-Y for Me groups. These angular changes move 
the hydrogens on the gauche Me groups farther 
apart than models show. The average gauche HIH 
interaction is more serious in gauche-butane than is 
the corresponding interaction in anti-butane, as a 
result of the 106-Y H-C-H angle in the methylene 
group. This means that not only does gauche- 
butane have three unfavorable gauche HIH interac- 
tions while anti butane has only two, but those in 
gauche butane are more severe. 

The measurement of a staggered model ignores 
another important point-gauche-butane is not 
rigidly locked into the staggered conformation. The 
barrier to interconversion of anti- and gauche- 
butane, and the Me rational barrier, are only about 
34-34 kcallmol in height. Rotation about either the 
central C-C bond or the methylene-methyl C-C 
bond of gauche-butane rapidly increases the dis- 
tance between the Me hydrogens. A rotation about 
each of these bonds spreads out the MelMe hyd- 
rogens and brings together the gauche methylene 
hydrogens. 

If the MelMe interaction alone were responsible 
for the increased energy of gauche-butane, then in 
relieving this interaction one might expect the 
gauche-butane to rotate by about 7” about each 
C-C bond, thereby reducing the repulation to insig- 
nificance. A 7” rotation is, however, unreasonable 
in our view, because it would make the 2,3 guache- 
HIH interactions much worse than they already are, 
and certainly much worse than the MelMe interac- 
tion supposedly “causing” the rotation. As it is, 3” 
rotations are sufficient to cause the two gauche-H/H 
interactions to have between them twice the energy 
of the MelMe interaction. 

An examination of the methylene hydrogens, on 
the other hand, shows that there is no easy way to 
increase the distance between the 2,3-gauche- 
hydrogens. Any deviation from the staggered form 
makes the gauche-H]H interactions even worse. 
Another important point ignored by the usual an- 
alysis is that gauche-butane has one less anti-HIH 
interaction than anti-butane. The ants-hy~ogens, 
unlike the gauche-hydrogens, are far enough apart 

tL,et it be made clear at the outset that the general con- 
clusions to be drawn here are not dependent on the exact 
values used for the force constants in the molecular 
mechanics calculations described. The calculated num- 
bers quoted refer to our 1973 force field (see Table 1). We 
believe that the other pop&r force fields in current use will 
all show the gauche-hydrogen interaction to be at least 
important, if not dominating, in determining the gauche- 
anti energy difference. 

to be in the attractive region of the van der Waals 
curve. 

Our molecular mechanics calculations indicatet 
that the interactions between the methylene hyd- 
rogens are sufficient to account for at least 75% of 
the calculated energy difference between anti- and 
gauche-bu~ne, and consistent with this, the rota- 
tion about the central bond in gauche-butane only 
increases the C-C-C-C torsional angle to 64”. The 
range of experimental values (61 - 66’) is in agree- 
ment with this.’ 

Table 1. Force field (1973) 

van der Waals Constants 

E, = - 2-25t(r*lr)‘f 8+28(1@)r exp (- r/O.O734r*) 

Atom r*(A) d (kcallmol) 
C 1.75 0.041 
H 1.50 0*063 

For van der Waals calculations the electron cloud around 
H is centered O-925 of the distance out along the C-H 
bond. 

Bond Stretching 

E.=71-94~(l-1~~z(1+C;(1-~~)) C.=-2.00 

Bond 1 (A, k.(mdynlA) 
C-C I.514 4.4 
C-H I.095 4.6 

An& Bendtag 

Eb=0~021914ka(e-eo)~(l+Cr(e-e0)) G” -O*M 

Type 8, (degrees) 

Quaternary Carbon 109447 
Tertiary: C-C-C 1 to.5 

C-C-H 108.5 
Secondary: C-C-C 110.2 

C-C-H 108.5 
H-C-H 112*8 

Primary: C-C-H 107.9 
H-C-H 111.1 

kh C-C-C 0.38 mdyn &ad’ 
C-C-H 0.24 
H-C-H o-t9 

Stretch-Bend 

E, = 2.51124 k.,,(8 - &,,[U, - I,) + (I, - !,,)I 

&,* = o-12 C-C-C 
O-04 C-C-H 
o+m H-H-H 

To&on 

E, = (V/2)(1 + cos (3o))o” G w c 60” 

V = O-53 kcallmol for any combination 
of carbons and hydrogens 

Torsion-Bend 

IL = k&i + COS (%.d(& - f&d + (& - %)I 

kb = -O*OllO for C-C-C-C, zero 
otherwise. 
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If a molecule finds itself strained in a particular 
geometric arrangement, it will become deformed in 
such a way to minimize that strain by distributing it 
throughout the available degrees of freedom in the 
molecule. Up to this point our discussion has been 
rather general, because we have been emphasizing 
the concepts, not the numerical details of the 
gauche hydrogen effect. The numerical details will 
differ with differing force fields, but the qualitative 
results, and more importantly the ideas, will not. 

For sake of completeness, we will give here some 
numbers from the present butane calculations 
(Table 2). 

Table 2. Energy sums for anti and gauche butane” 

anti gauche 

Bond stretching 
Angle bending 
Torsion 
Stretch-bend 
l-4 van der Waalsb 
Other van der Waals 

Total steric energy 

0.45 048 
I.13 1.42 
0.01 0.09 
0.12 0.15 

366 4.01 
- 0.36 -044 

5.02 5.71 

D Numbers in parentheses in Fig are interaction energies 

in kcal/mol. 
b l&van der Waals are the van der Waals interactions 

between vicinal atoms. 

The gauche form of butane is calculated to have 
a total 0.69 kcal/mol more energy than the anti 
form. The three vicinal H(H interactions in the 
gauche form are calculated to contribute 
0.56 kcal/mol more energy than do the two corres- 
ponding interactions in the anti form (Fig). The in- 

teraction between the hydrogens on the Me grotps 
contributes only 0.26 kcal/mol. There are many 
other interactions contributing to the overall energy 
difference, with C(H interactions partly cancelling 
the above values, and being largely cancelled in 
turn by stretching, bending and torsional interac- 
tions. The best insight to the situation seems to be 
provided by the approximation of looking only at 
the HIH interactions mentioned. However, as the 
numbers in Table 2 show, this may be an oversimp- 
lification. 

2,3-Dimethylbutane is a good illustration of how 
little the gauche MelMe interaction itself contri- 
butes to the energy of gauche-butane interactions, 
and how important it is that it not be possible to 

relieve an interaction if it is to contribute signifi- 
cantly to the energy of a molecule. As in gauche- 
butane, the gauche conformation of 2,3- 
dimenthylbutane has one more gauche Me(Me in- 
teraction and one more gauche H(H interaction 
than the anti conformation. In contrast to n-butane, 
however, it is calculated’O.” and found experimen- 
tally” that the two conformations are about equal in 
energy. The reason for this apparent anomaly is 
that in gauche-2,3_dimethylbutane the gauche H(H 
interaction can be relieved by rotation about the 
central C-C bond. According to our molecular 
mechanics calculations the torsional angle between 
the gauche hydrogens is about 72” and the 
gauche conformation is slightly lower in energy 
than the anti conformation. 

H 

CH, 

@ 

C”3 

C”3 C”3 

H 

Antl-2.3- DimethylMan 

Ii 

CH3 H 

C”3 a Cf.5 

C”3 

Gaucha-2,3- OimethylMolr 

Cyclohexanes 
Ever since the recognition’ of the chemical con- 

sequences of the differences between axial and 
equatorial substituents, the fact that compounds 
with axial substituents are less stable than analog- 
ous compounds with equatorial substituents has 
been explained by saying that the axial position is 
more sterically hindered than the equatorial posi- 
tion. We wish to show that for a hydrogen, the 
equatorial position is much more sterically hin- 
dered than the axial position, and that the increased 
crowdedness of the axial position for other sub- 
stituents, to the extent it exists at all, is only a small 
part of the reason why substituents on a cyclohex- 
ane ring prefer to be in the equatorial positon. The 
determining factor in conformational stability is not 
that the substituent prefers to be equatorial, but 
that the tertiary hydrogen prefers to be axial. The 
substituent is then left with the equatorial position 
by default. 

Q&“, c$i 
H il 

Equatorid Methylcyclohexane Axial Msthyicycloherana 

As shown by the Newman projections for 
methylcyclohexane there are two more gauche- 
alkane interactions in axial methylcyclohexane 
than there are in equatorial methylcyclohexane. 
The observed energy difference between the con- 
formations of methylcyclohexane is about 
1.8 kcal/mol’*-essentially as predicted by counting 
the number of gauche-butane type interactions. It 
is therefore not surprising that the origin of the ob- 
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served energy differences between axial and 
equatorial groups is closely related to the origin of 
the difference in the energy of gauche- and anti- 
butane. 

The “across-the-ring” interactions with the axial 
hydrogens shown below for axial methylcyclohex- 
ane are commonly accepted as the reason for the 
higher energy of the axial Me group. Measurement 
of models indicates that these distances are only 
1.8 A. However, these short distances cannot be 
expected to exist in the real molecule. The barrier 
to inversion of cyclohexane” is about 10 kcal/mol, 

so the molecule is not rigidly held in the geometry 
of the models but would flatten to release the 
“across-the-ring” interactions. How much ring flat- 
tening might be expected? One can reason as fol- 
lows. If there is I.8 kcal resulting from the “across- 
the-ring” interaction, perhaps half of it would be 
expected to be transferred into flattening the ring, 
or say 0*9 kcal. If one assumes that near the bottom 
of the potential well, the cyclohexane inversion 
mode can be approximated by a cosine function, 
than 1 kcal corresponds to an 110” flattening of 
the ring torsional angle to which the Me is attached. 
In fact, it has been found experimentally that the 
degree of flattening of the cyclohexane ring is prac- 
tically unaffected by the presence of axial sub- 
stituents including axial Me groups.” One must 
therefore seek an alternative explanation for the in- 
creased energy of the axial methyl group which, un- 
like the “across-the-ring” interactions, will not be 
relieved by flattening of the ring. 

Before discussing the origin of the increased 
energy of axially substituted cyclohexanes, it is 
worthwhile to look first at cyclohexane itself. 
Measurements on models indicate that the distance 
between the hydrogens gauche to each other is the 
same as the “across-the-ring” distance between the 
axial hydrogens (i.e. 2.50 A). As usual, the 
geometry of the model is inaccurate. It has been 
found experimentally’5 that the C-C-C angles of 

The reason we are not more precise in our discussion 
of what causes the energy diffeiences between the con- 
formations is that molecular mechanics tells one (hope- 
fully) what the difference in the energy between forma- 
tions is, but it does not tell what causes the difference in 
energy. One only knows from a molecular mechanics cal- 
culation what interatomic distances in the molecule end 
up being in the range of repulsive van der Waals interac- 
tions and what internal coordinates end up being dis- 
torted. The calculations do not tell one what caused these 
interactions. The cauxs are a matter of opinion which the 
chemist superimposes ex post facto on the results. 

cyclohexane are opened up to about 111”. and the 
ring is flattened with a corresponding decrease in 
the C-C-C< torsional angle to about 56”. This flat- 
tening of the ring increases the “across-the-ring” 
distance between the axial protons while bringing 
the gauche-hydrogens protons closer together. As 
is true with the n-alkanes, the H-C-H angle is 
noticeably smaller than the 109*5” of models, and 
this also pulls the axial hydrogens apart at the ex- 
pense of the gauche-HIH distance. Our molecular 
mechanics calculations indicate that the H-C-H 
angle is slightly larger in cyclohexane than it is in 
the n-alkanes, mainly because the axial protons are 
pushed back towards the ring slightly by their vic- 
inal equatorial neighbors. Still, the “across-the- 
ring” distance between syn-axial hydrogens is 
0.1 A greater than the distance between a vicinal 
axial-equatorial hydrogen pair. It thus turns out that 
the axial hydrogens are less sterically hindered than 
the equatorial ones, because with the relief of the 
“across-the-ring” interactions, only the gauche- 
interactions are significant. The axial hydrogen is 
gauche to only one hydrogen on the adjacent car- 
bon, while the equatorial hydrogen is gauche to 
two. Also, the axial hydrogen benefits from an at- 
tractive anti HIH interaction. Thus taking an axial 
hydrogen and placing it in the equatoriai position 
involves losing an attractive anti-HJH interaction 
and replacing it with an additional repulsive 
gauche-interaction with each of the methylene 
groups adjacent to it. This means that, for a hyd- 
rogen, the equatorial positon is more sterically hin - 
dered than the axial position. An interesting conse- 
quence of this fact is the systematic difference cal- 
culated for the bond lengths of axial and equatorial 
hydrogens (or other monoatomic substituents). Al- 
though the differences are small and have not been 
determined experimentally, the calculated trend is 
very clear; the equatorial atom in all cases has the 
longer bond, as it tries harder to retreat from its 
congested environment. 

If one looks at the Newman projection of methyl- 
cyclohexane (above) one can see that in going from 
equatorial to axial methylcyclohexane, the axial 
“iso-hydrogen” of equatorial methylcyclohexane 
becomes the equatorial “iso-hydrogen” of axial 
methylcyclohexane. Our molecular mechanics cal- 
culations say that approximately l/2 (O-9 kcal) of the 
energy difference between axial and equatorial 
methylcyclohexane comes from the intrinsic in- 
crease in the steric energy of an equatorial hydrogen 
relative to an axial hydrogen on a cyclohexane ring. 
We refer to this energy difference as the equatorial 
hydrogen efiect. 

Without further consideration one would be temp- 
ted to say that the other half of the energy difference 
between axial and equatorial methylcyclohexane 
comes from the “across-the-ring’* interactions of the 
methyl group with the axial hydrogens. However, 
our molecular mechanics calculations indicate* that 
only about 25-30% of the energy comes from this 
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source. The remaining energy difference also comes explanation was essentially that, when the hydride 
from the “&-hydrogen”. The “iso-hydrogen” is attacks from the equatorial side it comes in essen- 
gauche to two of the hydrogens on the Me group. In tially eclipsed with the axial a-hydrogens. This 
equatorial methylcyclohexane this hydrogen minim- explanation is not in serious conflict with ours, 
izes these interactions by moving away from the Me since one of the most important contributors to tor- 
group back into the ring where the only interactions sional barriers is van der Waals interactions be- 
are the relatively distant “across-the-ring” axial tween hydrogens. (Most of the force fields in cur- 
protons. In axial methylcyclohexane the “iso rent use attribute 3&50% of the ethane barrier to 
hydrogen” is unable to avoid the Me hydrogens by this source). We do not wish to imply that the axial 
bending away, because of the axial hydrogens position is in all possible cases less hindered than 
gauche to it. The result is what one would expect; the equatorial position. If two 3-axial substituents 
the “&-hydrogen” finds the best compromise it can, are placed on a cyclohexanone, the equatorial posi- 
and the increased steric interactions of the “iso- tion does become less hindered than the axial posi- 
hydrogen** in axial methylcyclohexane with both the tion (and the axial alcohol is the major reduction 
Me group and the gauche axial hydrogens are product2”*). It is interesting to note, however, that 
together responsible for the remaining 20-25% of in this case the rate of the reduction drops off dras- 
the energy difference between axial and equatorial tically, an experimental finding consistent with the 
methylcyclohexane. high energy of the equatorial hydrogen. 

The recognition of the fact that, for a hydrogen, 
the equatorial position is more crowded than the 
axial position, and that the equatorial hydrogen 
effect is the major reason that most substituents 
prefer to be equatorial rather than axial is of great 
help in explaining several well established but 
poorly understood phenomena. An example which 
has received much attention because of the failure 
to recognise the equatorial hydrogen effect is the 
apparent failure of the hydride reductions of cyc- 
lohexanones to follow Cram’s rule.16 Cram’s rule 
states that in kinetically controlled addition reac- 
tions (except catalytic hydrogenations) the reagent 
will approach from the side of least hindrance. As 
long as one believes that the axial position of cyc- 
lohexane is the more hindered, then the hydride re- 
ductions of cyclohexanones which give the 
equatorial alcohol (axial attack of the hydride) are 
in conflict -with this rule. Since, however, for a 
hydrogen the equatorial position is in fact the more 
hindered, these results are not an exception to 
Cram’s rule. 

Another experimental finding readily understood 
in terms of the equatorial hydrogen effect is the 
small size of the 3-axial ketone efect.23 This effect 
comes about because in the axial conformation of 
3-methylcyclohexanone, relative to the correspond- 
ing hydrocarbon, one of the two “across-the-ring” 
interactions of the Me group with the axial protons 
is missing. The belief that the axial protons were re- 
sponsible for the instability of axial methylcyc- 
lohexane lead to the prediction that the difference 
between the axial and equatorial conformations of 
a 3-methylcyclohexanone would be reduced by l/2 
of that of methylcyclohexane, or 0.90 kcal. The ex- 
perimentally determined numbef of about 
0445 kcal was unexpectedly low. The smallness 
of this number is now readily explained because the 
most important part of the conformational energy 
of axial methylcyclohexane is unchanged-namely 
the hindered equatorial “iso-hydrogen” is still 
there. 

This problem has recieved considerable attention 
in the literature’7-X and it was suggested’9.20 that the 
steric interaction of the incoming hydride with the 
axial hydrogens on the carbon u to the carbonyl 
were responsible for the decreased rate of equatorial 
attack of hydride. This is essentially the same as 
our contention that the gauche H(H interactions are 
responsible. Eliel,” on the basis of some relative 
rate studies, rejected this idea and came to the con- 
clusion that the rate difference could best be exp- 
lained by Felkin’s postulate of torsional strain.” His 

Another phenomenon which we believe is better 
accounted for by the equatorial hydrogen effect 
than by the accepted explanation is the more rapid 
rate of oxidation of axial alcohols compared with 
equatorial isomers. The chromic acid oxidation of 
secondary alcohols proceeds by the formation of a 
chromate ester, followed by the removal of the car- 
binol H atom by base and elimination of the 
chromium containing fragment to give the ketone.*’ 
It has been found by deuterium isotope effect 
studies” that the rate-determining step is not the 
formation of this ester but rather the breaking of 
the bond to the carbinol H atom. 

open 
It has also been found that for a pair of dias- 

tereomerically related cyclohexanols the ratio of 
the rates (k.,/~,) is a good measure of the free 
energy difference between the epimers being com- 
pared? 

H cl&? 0 

\ 
\ H 

Hindered 

- AG:., = RT In (t&J 

It has been suggested that this was because the 
geometry of the transition state for the reaction was 
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similar to that of the ketone, and the energy differ- 
ences between the alcohols is diminished or nul- 
lified in the transition state. Since the axial alcohol 
has the higher ground state energy, the amount of 
additional energy it requires to get to the transition 
state would be less than that required by the more 
stable equatorial alcohol. Since, however, there ap- 
pears to be very little sp* character at the carbinol 
carbon in the transition state,27 we find it hard to 
rationalize why the ratio of the rates should be such 
a good measure of the free energy differences be- 
tween the two alcohols. Even more difficult to un- 
derstand is the fact that the rate for cyclopentanol 
is only l-4 times faster than that for cyclohexanol.2’ 
The energy (AH”) required to go from cyclohexanol 
to cyclohexanone29 is 15.2 kcal, while the energy re- 
quired to go from cyclopentanol to cyclopentanone 
is only 12.3 kcal,‘9 or 2.9 kcal less. If the explana- 
tion given above for the faster rate of oxidation 
were correct, one would expect the ratio of the 
rates of oxidation of cyclopentanol to cyclohexanol 
to be about 125, instead of the observed 1.4.” We 
believe a better explanation for the observed rate 
ratio k.&, is suggested by the fact that it is the 
carbinol C-H bond, which is broken in the rate- 
determining step, and that the carbinol hydrogen is 
the main source of the energy difference between 
the axial and equatorial alcohols. Since the gauche- 
HIH repulsive interactions fall off rapidly with in- 
creased C-H bond length (the repulsive part of the 
van der Waals function is generally taken to be 
either an inverse 12th power or exponential), the 
van der Waals repulsion for the axial and the 
equatorial hydrogens will be the same in the transi- 
tion state-namely negligible. If the above explana- 
tion is correct, one would expect the ratio of the 
rates to accurately reflect the energy differences be- 
tween the epimeric alcohols. We estimate from our 
molecular mechanics calculations that the carbinol 
hydrogen in cyclopentanol would have about 
0.2 kcal more gauche H(H repulsion energy than 
would the axial carbinol hydrogen of cyclohexanol. 
This does in fact give an estimated relative rate 
ratio for cyclopentanol to cyclohexanol close to 
1.4. 

As is well known, substituents on substituted 
cyclohexane rings other than alkyl groups also pre- 
fer to be in the conformation where the substituent 
is equatorial. Table 3 gives a list of representative 

Table 3 

Group AC&,, 

CH, 1.80 
SH 0.70 
OH 0.52 
Cl 0.42 
C-N 0.20 
F 0.15 

groups and their conformational free energies. 
We have already discussed the Me group, and as 

can be seen from the Table, the preferences of 
conformations where the substituents are equator- 
ial are much less for the non-alkyl groups than for 
Me. Since the three hydrogens on the Me group are 
responsible for about 50% (or O-9 kcal) of the 
energy difference between an axial and an equator- 
ial Me group, it is to be expected that the energy 
differences between the axial and equatorial con- 
formations of non-alkyl groups would not be as 
great as that for a Me group. In most cases one 
might expect only the equatorial hydrogen effect to 
be important in determining the relative stabilities 
of the conformations of non-alkyl groups. 

Since the equatorial hydrogen effect is 0.9 kcal, 
and the energy differences for all of the non-alkyl 
groups in Table 3 are less than 0.9 kcal it would ap- 
pear that something additional needs to be consi- 
dered. Let us take chlorine as an example. Propyl 
chloride is known to prefer the conformation where 
the chlorine is gauche to the Me group. The energy 
by which propyl chloride prefers the gauche- 
conformation is not accurately known. The values 
reported are 0.05 ~0.15,” 0.3 _‘O-2,” and 0.0 ‘_ 0.5: 
but for the purposes of this paper we will use the 
average value of 0.12 kcal. In contrast to propyl 
chloride, chlorocyclohexane prefers the equatorial 
conformation over the axial by about 0.4 kcal,” de- 
spite the presence of two gauche-chlorine- 
methylene interactions in the axial conforma- 
tion that are lacking in the equatorial. This apparent 
anomaly between propyl chloride and chlorocyc- 
lohexane can be explained on the basis of gauche 
HlH interactions. 

To understand this matter, let us look at n-butane 
again. One of the most important reasons why n- 
butane prefers the anti-conformation is that the 
H-C-H angle of the methylene group is consider- 
ably reduced from the 109.5” angle of tetrahedral 
geometry. According to our calculations, the reason 
for the reduction of the H-C-H angle is that this 
distortion minimises the gauche-HIH interactions 
the methylene protons have with both the adjacent 
methylene group and with the adjacent Me group. 
In propyl chloride, the two hydrogens on the carbon 
attached to chlorine lack one set of these interac- 
tions, namely the Me group is removed. This allows 
the hydrogens not only to open up the H-C-H 
angle, but also to minimize the gauche HIH repul- 
sion with the methylene hydrogens by moving away 
from the latter and toward the Cl atom. Our 
molecular mechanics calculations indicate that 
these changes, along with the loss of the approxi- 
mately 0.2 kcal from the MelMe interaction, allows 
the gauche conformation to be only 0.1 kcal less 
stable than the anti-, instead of 0.8 kcal as in n- 
butane. This means that our calculations miss the 
actual difference of the gauche conformation by 
O-22 kcal. While the origin of this remaining 
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0.22 kcal is not completely understood, there is 
good reason to believe that it is the result of dipolar 
effects which we are not yet able to take into ac- 
count. In any case we will refer to this 0.22 kcal as 
the “gauche-chloride effect”. 

If one looks at Table 3. one will note that along 
any one row of the periodic table, the observed pre- 
ferences of a group X for the axial position in 
general decrease with increasing polarity of the 
C-X bond. This is consistent with an increased 
gauche-polar group effect with increased group po- 
larity. However, changes in size of X, and the 
number of attached hydrogens also varies, so it is 
not certain that the polarity trend is significant. 

If we now turn our attention to chlorocyclohex- 
ane, we can see that none of the changes which al- 
lowed the gauche-HIH interactions in gauche- 
propyl chloride to be reduced have occurred in the 
axial conformation of chlorocyclohexane. The 
“iso-hydrogen” is still flanked by two methylene 
groups. This means that the equatorial hydrogen 
effect of about 0.9 kcal should still be operative. 
The estimate of 0.46 kcal for the difference in 
energy between axial and equatorial chlorocyc- 
lohexane that is obtained if twice the “gauche- 
chloride effect” (0.44 kcal) is subtracted from the 
equatorial hydrogen effect (0.9 kcal) is in good 
agreement with the observed value (0.4 kcal). 

It is worth explaining why in our discussion we 
have assumed that gauche-MelH and gauche-CliH 
interactions are much less important than gauche- 
HIH interactions. After all, are not chlorine and Me 
groups larger than hydrogens? They are, but they 
have longer bond lengths. The C-H bond len h is 
about I.1 A, the C-C bond length is about I.5 BT and 
the C-Cl bond length is about 1.8A. These in- 
creased bond lengths move these groups further 
away from hydrogens they are gauche to by more 
than their increased van der Waals redius makes up 
for. This means that despite their greater size, their 
interactions with gauche-hydrogens are smaller 
than the gauche-HIH interaction. 

We would especially like to emphasize a point 
made implicitly several times in this paper. What 
causes the gauche HJH interaction to be so impor- 
tant is not so much its size, but rather the fact that 
unlike most of the other steric interactions one sees 
when one looks at a model of a compound, the 
gauche HIH interaction can generally not be signifi- 
cantly reduced by any kind of molecular distortion. 
When a hydrogen is gauche to two hydrogens, tor- 
sional rotations away from being staggered only in- 
crease the total gauche H)H interaction energy. 
Furthermore, the hydrogens on a methylene or 
methine carbon are generally gauche to two (or 
three) different sets of hydrogens, and any attempt 
by such hydrogens to move away from one set of 
hydrogens only increases their steric interactions 
with the other sets of hydrogens. As we have dis- 
cussed in the cases of 2,3-dimethylbutane and 
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propyl chloride, when this butressing is not present 
the size of the gauche hJH interaction is greatly 
reduced. 

In contrast to the situation with respect to the 
usual gauche HIH interaction, the typical gauche 
interaction between methyl and/or methylene 
groups is not similarly butressed, and the molecule 
can easily reduce these interactions by changing 
torsional and bond angles. This means that even if 
models indicate a large interaction, in the actual 
molecule this interaction will undoubtedly be con- 
siderably reduced. We have attempted with several 
different force fields to duplicate experimental con- 
formational energy differences without the use of 
the overriding gauche HIH interaction, but these at- 
tempts have all failed. They always resulted in se- 
verely distorted calculated molecular geometries, 
and/or calculated conformational energy differ- 
ences that were too small. 

In conclusion, we would like to reiterate that in 
our view the generally ignored gauche HIH interac- 
tion plays an important role in conformational 
analysis, and in organic chemistry in general. It is in 
fact responsible for many of the steric effects that 
have previously been assigned to other sources. We 
believe that the recognition of the importance of 
gauche HIH interactions enables one to understand 
better the basic underlying feature of conforma- 
tional analysis, and such recognition affords a bet- 
ter interpretation of several phenomena that were 
previously not well understood. 
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