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Abstract-A preliminary study of tbe effect of salvation on conformational equilibria in molecules containing two 
or more polar groups has been carried out within the framework of tbe molecular mechanics method. The 
procedure consists of placing standard point charges at nuclei, and allowing for the induced charges by the 
modified Smith-Evrina metbod. The molecular dipole and quadrapole are then calculated, and their salvation 
energies ue to& u&g effective dielectric co&ants 
satisfactory. 

The molecular mechanics method has now been applied 
in considerable detail to hydrocarbons, with the predic- 
tion of a great many structural and thermodynamic pro- 
perties which are sufficiently accurate to be competitive 
with experimental values.’ While there is still room for 
improvement here, the speed and accuracy of the 
method with respect to hydrocarbons must be regarded 
as rather satisfactory. For functionally substituted 
molecules the studies have been much less intensive.“’ 
However, reasonably detailed studies exist covering tbe 
following classes of compounds: alcohols,’ ethers, 
sulfides’ (including thiols), sulfoxides: disulfides, 
halides’ and carboxylic acids’ and their derivatives? 
Generally the results with these functionally substituted 
compounds have been less accurate than for hydro- 
carbons, but nonetheless sutliciently good that they show 
great promise for the general method.3 

In contrast to the monofunctional compounds 
described above stand the polyfunctional organic mole- 
cules, wide-spread and interesting as a group, and hardly 
studied at all by the molecular mechanics method.” 
Hydrocarbons are the standard for nonpolarity, and they 
are also quite insensitive as far as their structural proper- 
ties and conformational energies to phase.” Molecules 
containing polar groups, are, on the contrary, sensitive to 
phase or so1vent.12 In particular, when there are polar 
groups in a molecule which are near to one another, the 
shifts in conformational equilibria w&h solvent may be 
very large indeed. Hence, before one can apply molecu- 
lar mechanics to molecules which contain two or more 
neighboring polar groups, there are electrostatic and 
solvation problems which must be considered which 
were of little importance in hydrocarbons and in mono- 
functionally substituted molecules. 

In an earlier paper we discussed some of the options 
available for the treatment of these complex polar mole- 
cules.” In principle there are two approximations which 
are commonly used. Either the charge distribution may 
be treated as point charges located as one wishes (com- 
monly at atomic nuclei) or it may be treated as point 
dipoles, which are commonly located in bonds. These 
approximations suffer from severe restrictions. They 
assume at the outset that the distance between bonds is 
going to be large compared to the spread of charge 

for-common solvents. The results are on the whole 

distribution witbin a bond. Tbis is a good approximation 
in practice if the bonds are 4A apart or more, but it 
becomes a rather crude approximation as they approach 
one another. The exact limits of usefulness have not 
been really explored. Another shortcoming of previous 
work is that the dipoles are considered to interact with 
one another, either in vacuum, or in a solvent where 
some “effective” microscopic dielectric constant is 
chosen to modify the interaction.” Again, if the dipoles 
are reasonably far apart, it should be possible to find 
approximately transferrable values for this effective 
dielectric constant for any given solvent, but some al- 
lowance must be made for that portion of the interaction 
whichoccurs through the molecule itself. This portion of 
the interaction would be expected to be a function of the 
molecule involved. As the dipoles become closer to one 
another, it seems unlikely that a mean value for an 
effective dielectric constant like this can suffice. The 
interactions are going to become much more specific, and 
a more detailed treatment of solvation may be required. 

It needs to be pointed out that, apart from the 
theoretical difficulties, there is considerable uncertainty 
in the experimental data. One would like data in solvents 
at inlfnite dilution. Most of the available data have been 
obtained from infrared or nuclear magnetic resonance 
spectra. These are ordinarily determined in fairly 
concentrated solutions for practical reasons, and in most 
papers the concentrations are not stated. 

In our 1973 MM program” provision is made for 
treating either dipoles or point charges, utilizing an 
effective dielectric constant in a standard way. This kind 
of treatment suffices in the limit where the dipoles are 
rather distant from one another as explained above. In a 
recent paper we explored the results of allowing for 
induced dipoles in molecules.” The Smith-Eyring 
methodt6 for such a calculation was mod&d, and shown 
to give good results for the prediction of total dipole 
moments of molecules over a reasonable representation 
of selected examples. It would seem this approach to the 
calculation of dipole moments is probably good enough 
for purposes of the sort for which molecular mechanics 
is commonly used. The energy differences which result 
from these charge iuteractions were not, however, well 
calculated by our mod&d Smith-Eyring (MSE) method. 
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The MSE method was developed for isolated molecules. 
As a minimum, solvation needs to be allowed for if 
conformational energies are to be accurately calculated 
in solution. In the present paper we will explore the use 
of procedures which will allow a more thorough treat- 
ment of solvation of polar molecules. When coupled with 
the MSE method for treating induced, dipoles, we should 
be able to obtain a better genera! procedure for calculat- 
ing the energies of polar molecules in solution than has 
been previously reported. 

An investigation of the proton-proton coupling 
constants in Gdisubstituted ethanes by Abraham and 
Pachler’“” led to the development of a new cal- 
culational procedure for the treatment of medium 
effects. This procedure is based on the classical theory of 
dielectrics, but evaluates both molecular dipolar and 
quadrupolar electric fields to give the energy difference 
between the isomers in the liquid phase as a function of 
the dielectric constant of the medium. For a spherical 
polarizable molecule of radius a (n is obtained from the 
molar volume a3 = 3M/4rNp, where M, p and N are the 
molecular weight and density of the compound, and 
Avagadros number) and dipole moment h, and with our 
assumption that the dielectric constant (ez) of 2.0 is 
appropriate for use in the vapor phase,aO the energy of 
the dipolar field in a medium of dielectric constant l is 

where l 2 equals 2.0 (the effective vapor phase dielectric 
constant), X equals (e - l 2)/(2r t c2) and 1 equals 2(nD2 - 
l)/(nP’ t 2), where flD is the solute refractive index. The 
molecular electric field, in the general case, will consist 
of the dipole field plus higher-order terms (the quadru- 
pole, octupole, etc.). 

Following general principles?’ the energy of the 
quadrupole field was calculated to be 

where the components of the quadrupole moment are 
qi,j=Nlj and p x.Ys and x, y, z are the components and 
coordinates of the bond dipole moment CL. The total 
energy is thus the sum of these two terms. 

Finally, it is convenient to rearrange these equations to 
give the required energy difference between two con- 
formers A and B in any solvent as: 

I 

=AEV_~ 

where AF = E_,” - EB’, AE’ = E,,” - Ea”, k is the dipole- 
moment term equal (pa2- ~a’)/a’ and h is quadrupole 
term which may be written as 3(Qr, - Qs)/2aS. 

In order to compare energy differences obtained by 
variable temperature measurement (AE.,‘) and calculated 
values, i.e. the true energy difference (AE’) in any 
solvent, the correlation term has to be used:‘s*‘9 

dH 
AE’=A&‘-TE 

giving the final equation: 

dH 
AEo’=AE’-HtTE 

The geometries and steric energies of the molecules 
considered have been calculated by the 1973 molecular 
mechanics program (MMI).‘5 Since this program does 
not include charge interactions between atoms bound to 
a common atom or to each other, these were calculated 
with separate program, and then added to the steric 
energy calculated by molecular mechanics. 

The charge interaction energy calculations are based 
on the Smith-Eyring (SSE) method devoloped in the 
series of papers by Smith et ~1.‘~ In the equation: 

p=aE 

p is the dipole moment induced in a system by a field of 
strength E where a is the polarixability tensor. If a and b 
are atoms, and p.b is the dipole moment of bond a-b, 
we may write: 

pab = -ca% 
where Cab is the net charge on atom (I due to the 
polarization of the bond a-b, and IL is the internuclear 
distance. The value of Cab is given by the equation: 

CP = ,hb + Bb-cb - ,%“c. 

where c. and cb are the net charges on atoms a and b. 
The qUadieS y&, Bba and Sab are compound constants. 
The total net charge C~ on atom a is equal to the sum of 
Cab for all atoms b bound to o. 

c. = 2 cab. 

This reasoning leads to a system of n simultaneous 
equations, the solution of which gives the charge dis- 
tribution in the molecule. Although charge interactions 
between atoms bound to a common atom seem to be 
adequately accounted for, the SSE method does not 
account for interactions between non-adjacent bonds. It 
was, therefore, mod&d by inclusion of terms to account 
for these interactions.‘3 The non-adjacent bonds interact 
through the induced bond dipoles whose longitudinal 
component modiies atomic charges. The induced charge 
on atom a then is: 

AC. = e = ’ 2 Ci CO9 Oi/&’ 
b 

a 

Y 

i 
& 

Ri 

b 

where i is the perturbing atom, and bti is the longitudii 
polarizability of the bond a-b. 

Incorporation of this correlation of atomic charges to 
the set of simuB.aneous equations derived by the SSE 



Confonnatioaal analysis-132 3381 

method gives as the Moditied 
molecular charge distribution.13 

REWLTS 

Smith-Eyring (MSE) 

1,24Xchlomerhnne. The calculations were 6rst carried 
out on the simple molecule 1.2dichloroetbane. The 
molecular constants for 1,2dichloroethane and other 
simple compounds are listed in Table 1. They have been 
taken from Ref. unless stated otherwise. 

The physical constants of some compounds were 
estimated. It was noticed that every halogen in a series 
of halocyclohexanes and halocyclohexanones gave a 
characteristic additive contribution to the refractive in- 
dex (nD) and density (p). This contribution has been used 
to estimate values of nD and p for tbe compounds where 
experimental data do not exist. 

The dielectric constant of the vapor phase was ori- 
ginally taken to be 1.0, but under the assumption that 
parts of the molecules must intervene, it was later 
changed to 2.0.‘” The present calculations (both SSE and 
MSE) were carried out for both values of dielectric 
constant. While the specific values obtained changed 
with dielectric constant, the overall results were about 
the same either way. The SSE method is the standard 
way for doing charge energy calculations and gave good 
results for a number of compounds. On the other hand, 
the MSE method, which includes in the calculations 
terms for the interactions between nonadjacent bonds 
omitted in the SSE calculation, seems to give a more 
realistic picture of the charge distribution in the mole- 
cule. 

Calcul&d (by MSE, l = 2.0 for the remainder of this 
paper) and experimental values of dipole moments and 
energy differences for 1,2dichloroethane are listed in 
Table 2. The symbols in the following tables are: AE,‘, 
steric energy difference between two conformers 

@&,,~a,&,&; &r E--E,h in each case) in 
kcal/mole calculated in the vapor phase: AB’ is the 
charge energy dserence, and AEV is the total energy 
difference in the vapor (AE” = BE,’ + AE,“). For the total 
energy difference in the pure liquid and in solution, the 
symbols used are AE’ and AE”, respectively. The total 
solvation energy (H) is broken into dipoie 0 and 
quadrupole (QT) terms in some of the tables. Also listed 
when available are values for Ar calculated by Abra- 
ham and Bretschneider.” Our objective here is not to 
improve on the solvation calculations of these authors, 
but rather to utilize the solvation calculations after 
obtaining first optimum geometries (by molecular 
mechanics), followed by better charge distributions (by 
the MSE method). 

Halocyclohexunes. The predicted influence of the 
medium is very small in this equilibrium, due to the small 

X=F, Cl, Br 

difference between dipole and quadrupole moments of 
the axial and equatorial conformations. The equatorial 
form should be slightly stabilized by polar media (by up 
to 0.1 kcal/mole). The predictions are in agreement with 
the experimental results (Table 3). The steric energies 
(&P are systematically calculated to be too large.’ Since 
this error and its t-eatment are understood, and not really 
relevant here, we will simply apply “correction factors” 
to axial-equatorial equilibria to allow for this in the 
present paper.” 

The calculated values for the dipole moments are high 

Table 1, Molecular. coastantsd 

Compound 
Density 
(g”“-? nD 

Mol. 

weight 
Die1 

const. 

l&Dichloroethane 1.2351 1.4448 98.% 10.66 
Chlorocyclohexane 1.000 1.4626 118.61 
Bromocyclohexane 1.3359 1.4957 163.06 
Fluorocyclohexane 0.9279 1.4146 102.15 
15Dichlorocyclohexane 1.1839 I .4902 153.05 
1,2Gbromocyclohexane 1.7759 1.5445 241.97 
4-Chlorocyclohexanone 1.1549” 1.4867 
QBromocyclohexanoneb ’ 

132.59 
1.5013 1.5167 177.04 

2-Chlorocyclohexanone 1.161 1.4825 132.59 
ZBromocyclohexanone 1.4887” 1.5116’ 177.04 
2-Fluorocyclohexanone 1.097b 1.4420’ 116.13 
2,6Dichlorocyclohexanoneb 1.378 1.5171 167.03 
2,6-Diiomo&lohexanone 2.077b 1.57% 255.95 
2,6-DiiIuorocyclohexanoneb 1.241 1.4267 134.12 
2,6-Chlorobromocyclohexanoneb 1.725 1.5483 211.49 
1,2;Chlorobromocyclohexaneb 1.5198 1.5182 197.50 
1,2-&orobromocyclohexaneb 1.4853 1.4851 181.05 
rrans-2,6-Chlorofluorocyclohexanoneb 1.3123 1.4740 150.58 
tmns-2,6-Bromofluorocyclohexanoneb 1.6618 1.5055 195.03 
cis-2,6-Chlorobromocyclohexanoneb 1.725 1.5483 211.49 

Talc. from molar refraction. 
%StiUlStCd. 

‘Ref. 23 (25°C). 
dAU at 200 unless stated otherwise. 
‘Ref. 23 (25”). 
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Table 2. Dipole moments and energy diierences in l&dicbloroethane 

talc. 
(Ref. 12) 

Dipole g 
Moment t 
AE,” 
AE, 
AE” 

Solvent 

2.97 2.5Sb 
0.00 0.00 
0.37 
0.85 
1.22 1.2wb (0.89-1.27)’ 

Diel. dH 
Const. DT QT I-I -T;iT AE’ Al? AE’ 

ccl, 2.2 0.063 -0.030 0.033 0.09 1.09 0.51* 0.w - 
CSZ z 0.170 -0.082 0.089 0.10 1.03 0.360 0.536 0.87 
EtOEt 

418 
0460 
0:515 

-0.218 0.242 0.41 0.56 0.68 
CHCI, -0.244 0.271 0.33 0.61 0.20 - 
Benzene 7.5 0.707 -0.333 0.374 0.09 0.76 0.208 0.398’ 0.92 
Liquid 10.66 0.823 -0.386 0.437 0.35 0.43 0.d -0.01* 0.45k 0.43 
CH,CN 37.5 1.045 -0.487 0.558 0.25 0.41 -0.31* 0.12 

“Techniques used to measure AE’ are from left to right: var. temp. IR, const. temp. IR; var. temp. Raman; dielectric constant; 
dipole moment. bS. Mizushima, Struclure of Molecules and Infernal Rotation. Academic Press, New York (1954). ‘Ref. 37. *A. Wada, 
J. Chem. Phys. 22, 1% (1954) and references therein. ‘K. Kuratani, Rep. Inst. Sci. Technol. Univ. Tokyo, 221 (1952). ‘K. Tanabe, 
Spectrochim. Acta, Part A 28,407 (1972). ‘K. Chitoku and K. Higasi, Bull. Chem. Sac. Zap. 40,773 (1%7). ‘G. Kastha, S. B. Roy and 
M. M. Mazumder, Indian Z. Phys. 42,401(1968). ‘K. Kveseth, Acta. Chem. &and., Ser. A 28,482 (1974). 

compared to C-X (X = F, Cl, Br) bond dipoles (equal 
1.4D for X = F and 1.5 D for X = Cl and Br) because the 
SSE and MSE methods account for the induced charges 
in the molecules. 

There is considerable evidence= for the existence of a 
small dipole moment of a C-H bond in an alkane due to 
the shift of electron density along C-H bond to the 
carbon, which leaves the hydrogen positively charged. In 
the SSE and MSE parameter sets, the C-H dipole mo- 
ment is taken to be zero and hydrogen is treated as 
neutral. 

trans-1,2-Dihalocyclohexunes. The theory predicts a 
large solvent effect on the conformational equilibrium in 
trots- 1,2dihalocyclohexanes due to the large difference 
between the dipole moments of the conformers, and the 
fact that their quadrupole moments are similar. 

X4, Br 

The diequatorial conformer is expected to be 
considerably stabilized in polar media. This was indeed 
observed, and the calculatedU and experimental values 
for the dipole moments and energies are compared in 
Tables 4 and 5, respectively. The dielectric constants 
used were the bulk dielectric constants of the pure 
solvents at 20’. The only exception is benzene, whose 
effective dielectric constant was taken to be 7.5 because 
of the anomalous behavior of benzene in equilibria in- 
volving polar molecules.26 

For the dichloro compounds the experimental values 
are not very consistent. They depend on the experimen- 
tal method used. In comparing calculated and experi- 
mental values of AF, the best agreement is found with 
the infrared work. That is also true for the 6AE values, 
i.e. the dilferences between two solvents as measured by 

the same technique. It should be noted that the experi- 
mental solutions are often at concentrations of lO-20?&, 
so the dielectric constant’of the medium is not the same 
as that of the solvent. Because of lack of information, 
however, the medium is considered as the same as the 
solvent here. 

In case of dibromo compounds, experimental results 
are more consistent. Values for the single temperature 
IB, NMB and dipole moment measurements agree to 
within the experimental error. Agreement with the cal- 
culated values is only fair. The fluorobromo and chloro- 
bromo analogs were also examined. As before, the trends 
are well reproduced, but the absolute values are only 
fair. 

4Halocyclohexanones. Dipole moment” and NMB= 
studies of the equilibrium: 

X=CI ,Br 

have been reported. The results are qualitatively 
contradictory. The predominant conformation in 4- 
chlorocyclohexanone in benzene was thought to be 
equatorial from dipole moment measurements, but NMB 
data showed a predominance of the axial conformation. 
A similar contradiction exists for 4_bromocyclo- 
hexanone. Further studies by Stolow and Giar@ on the 
same and related compounds confirmed the NMB 
results. It is now considered that the dilference in dipole 
moments between the conformers is too small to make 
this approach useful. 

Calculated and experimental values of dipole moments 
and energy difIerences for 4-chloro- and Qbromocyclo- 
hexanone are listed in Tables 4 and 5. Note that in 
contrast to the lZdihalides, the quadrupole term has a 
larger effect on the solvation energy than does the dipole 
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term, buf due to the small differences in dipole and 
quadrupole moments, the solvent effects on these equil- 
ibria are small. Values of AE’ as well as SAE’ (i.e. 
difference in AF between the two solvents) are in very 
good agreement with NMR data given in Ref. 29. 

2-Halocyclohexanones. The conformational equilibria 
of Zhalocyclohexaqones have been repeatedly studied 
over the years. 

In 1953 Corey” concluded that the halogen of these 
compounds (X = Br) was mainly in the axial position. 
This was later questioned on the basis of dipole mo- 
ment3’ and IR3’ measurements. Preparation of 2 - halo - 
4 - t - butylcyclohexanonesZ*3W allowed more precise 
interpretations of the conformational equilibria by 
variety of experimental techniques.33” Experimental 
and calculated values of dipole moments and energy 
differences for 2-tluoro-, Zchloro- and Zbromocyclo- 
hexanones are listed in Tables 4 and 5. The steric energy 
corrections for axial halogen are used as previously 
discussed. 

The calculated dipole moments as shown in Table 4 
are consistently slightly lower than those experimentally 
determined. This may be due to the fact that the 
measurements have been made on the corresponding 
t-butyl-compounds and in very dilute solution, while the 
calculated values refer to the vapor phase. Change of the 
dielectric constant affects induced charges and 
consequently ‘the dipole moment of the molecule. 

The values of the 0 = C-C-X (X = F, Cl, Br) torsional 
constants have a strong effect on the steric energy of 
2:halocyclohexanones. Since these values are unknown, 
they have been chosen to fit the experimentally deter- 
mined conformational energks. The torsional constants 
used were -2.80, -2.39 and -2.00 for X = F, Cl and Br, 
respectively. 

Values of AE’ and 8AE’ calculated for 2-chloro-, and 
Zfluorocyclohexanone are in good agreement with 
values observed in the NMR and dipole moment studies, 
but the results for Zbromocyclohexanone are only fair. 
trans-2,~~~alocyclohexanones. In this equilibrium 

Cantacuz.&ne et aL4l found a predominance of the form 
with axial .bromine. Siily, the preferentially axial 
halogen can be predicted from the monohakcycIohex- 
anones: Br > Cl > F. Additional data are given in Tabks 
4and5.NotethatQTandIYTmaybeoftheaameor 
opposite sign, and in either order of importance, depend- 
ing on the particular halogen. The agreement with the 
littk available experimental data is fair. 

cis-2&-LWufocyc&/texanonc?s. The calculations of 
energy differences AE’ for the equilibria shown produced 



3390 

Compound 

bUNA lk&N-MIbv~t and Now L. ALLINGER 

Table 4. Dipole moments 

UC. Obs.” Ref. 

12-Dichlorocyclohexane 

l,Z-Dibromocyclohexanene 

1,2-Difluorocyclohexane 

1.2~Chlorobromocyclohexane 

QChlorocyclohexanone 

QBromocyclohexanone 

2-Fluorocyclohexanone 

2Chlorocyclohexanone 

2-Bromocyclohexanone 

trons-2,6_Chlorobromocyclohexanonti 

tratw2,6_Bromofluorocyclohexanon& 

trans-2$-Chlorofluorocyclohexanonek 

cis-2,6_Dilluorocyclohexanone 

cis_2,6_Dichlorocyclohexanone 

cis-2,6Dibromocyclohextione 

cis-2$-Chlorobromocyclohexanone 

aa 1.01 
ee 3.66 
aa 1.00 
ee 3.36 
aa 0.89 
ee 3.20 
88 1.02 
ee 3.51 
a 1.97 
e 1.93 
a 1.93 
e 1.92 
a 2.66 
e 4.05 
a 2.91 
e 4.32 
a 2.90 
e 4.15 
a 3.98 
e 3.81 
a 3.14 
e 3.77 
a 3.12 
e 3.86 
aa 3.33 
ee 4.71 
aa 4.10 
ee 5.01 
aa 3.99 
ee 4.n 
aa 4.04 
ee 4.89 

1.20 28 
3.w 28 
1.20 28 
3.30 28 

1.21 
3.44’ 

2.35; 2.38; 2.30“ 

28 
39 

29 

2.31; 2.34’ 29 

2.95 34 
4.35 34 
3.17 34 
4.29 34 
3.20 34 
4.21 34 

4.71’ 45 
4.84 45 
4.M 45 
4.16 45 

“Dipole moments of the corresponding Qt-butyl compound except where noted. ‘Dipole moment of 
the corresponding dibromo4t-butyl compound. ‘Dipole moment of the corresponding k-bromo, 
3fi-chloro-Su-cholestane. dDipole moment of the compound itself in &I&, Ccl, and C& respec- 
tively. ‘Dipole moment of the compound itself in CJI12, CJ& respectively. ‘Dipole moment of the 
compound itself in C&S. ‘The a refers to axial bromine. ‘The a refers to axial chlorine. 

results that are in poor agreement with values experi- 
mentally determined by Cantacuzbne et al.‘] 

coNcwsloNs 

X H 

X=F,Cl,Br 

Experimental results and calculated values of dipole 
.moments and energies for cis-2,6dihalocyclohexanones 
are listed in Tables 4 and 5. Unfortunately, experimental 
values of AE’ are reported only in one solvent. 

The calculated AF value for cis-2,6-h 
fluorocyclohexanone is 1.14 kcal/mole, favoring the 
diequatorial conformer but not overwhelmingly. It was 
found experimentally” that no dii confurmer could 
be detected. A similar disagreement with experiment 
exists in the case of cis-2,6dichlorocyclohexanone. The 
results are listed in Table 5. The calculated and experi- 
mental values of AE’ are 0.84 kcaljmole and 
1.60 kcal/mole, favoring the dieqmtorial form in each 
case. For the dibromo compound, the agreement is good, 
and for the bromochloro compound, fair. 

The procedure described herein constitutes a first ap- 
proximation to the 0 priofi treatment of the confor- 
mational equilibria of polyfunctional molecules in solu- 
tion. The structures of the molecules are first calculated 
by molecular mechanics. The charge distributions in 
these structures are then calculated by the MSE method, 
and the electrostatic components of the molecular ener- 
gies are calculated. The calculation to this point gives the 
gas phase energies of the molecules. The solvation ener- 
gies of the molecular charge distributions are then cal- 
culated for desired solvents, which together with the gas 
phase calculations gives the equilibrium constants in 
those solvents. From the relatively small list of 
compounds examined, it is clear that both the dipole and 
quadrupole solvation energies can be sign&ant. These 
may be. in the same dr in opposite directions, and this 
does not seem to be predictable a priori. As is well 
known, the dipole terms can be quite sign&a& up to 
1 kcal/mole or so in present examples. The quadrupole 
terms here are as large as 0.5 kcal/mole. The agreement 
between the calculated and experimental values is, on 
the whole, satisfactory, but sign&ant discrepancies are 
noted. Unfortunately, high quality experimental data are 
in short supply, so that thorough tests of the method are 
not really possible without more experimental work. The 
calculational method is suggested as a reasonable first 
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Table 5. Cooformatioml energie: (AB Kcd/mol) 

1,2-mklhaond 
Vapor 2.0 
WI2 2.0 
ccl, 2.2 
Cs, 2.6 
CHCl, 4.8 
Bcnzcne 7.5 

-0.62 -0.61 -0.72 
-0.62 -0.72 -0.41 
-057 -058 -0.37 
-0.47 -0.17 -0.20 -0.24 
-0.18 
-0.01 0.43 

I.24 -1.20 
0.00 

-0.06 
-0.15 
-0.45 
-0.62 

-0. IS 
0.2 0.0 -0.27b 0.08 

0.11 
-0.40 

0.65 a69 0.19 0.60 

0.00 

0.00 
0.00 
0.01 
0.01 

0.00 
0.00 
0.01 
0.03 
0.04 
0.06 

0.00 
0.00 
0.00 
0.00 

0.00 
-0.05 
-0.15 
-0.44 
-0.61 

1s~mm5cyc&ht?xanc 
Vapor 2.0 
CdrIZ 2.0 
CCb 22 
Cs, 26 
CHCI, 4.8 
BrslzeDc 1.5 
CH,CN 37.s 

1.15 -0.86 
0.00 

-0.04 
-0.12 
-0.x 
-0.49 
-0.74 

-0.89 
-a89 -1.55 -0.85 
-0.8S -132 -0.77 
-0.78 -0.98 -0s 
-0.56 -0.26 
-0.44 -0.20 
-0.22 0.24 

- 
-0.83 

-0.65 -0.50 -0.906 -0.77 
-0.65 -0.66 

-0.35 
-0.10 -0.13 -0.39 -0.16 

0.00 
-0.04 
-0.11 
-0.33 
-0.45 
-0.67 030 0.16 

42-RuombmmWone 

ZCT z 1.33 -1.00 -0.04 
Cs, 2.6 -0.12 
CHCI, 4.8 -037 
Bcllztnc 7.5 -OS0 

12-Chiombmmocydohaane 

-0.49 
-0.4s 
-0.37 
-0.13 

0.01 

-0.04 
-0.12 
-0.36 
-030 

20 
2.2 

%I 
2.6 

BenzA 
4.8 
1.5 

1.25 -1.01 
-0.0s 
-0.14 
-0.41 
-057 

-0.68 
-0.63 
-0.55 -0.12e 
-0.29 
-0.15 

-o.sP 

0.0 

;:: 
0.02 

0.03 

-0.05 
-0.13 
-0.39 
-053 

0.78 -0.64 
0.00 

El 
0.01 

-0.19 
-0.19 
-0.18 
-0.03 

O.OS 

- o.jod 
-0.35 
-0.15 
-0.15 

WI2 20 
CC& 2.2 
Benzene 
CH,CN 33:: 

0.00 0.00 
-0.02 -0.01 
-0.17 -0.16 
-0.25 -0.24 

CBmaocyctiuononr 
Vapor 20 
w2 

ccl, z 

BeluellC 

CH,CN 3;: 

0.97 -0.51 
0.w 
0.00 
0.00 

-0.10 

-0.0 
-0.13. 
-0.14 

0.03 
0.17 

0.00 0.00 
-0.01 -0.01 
-0.16 -0.16 
-0.23 -0.33 

0.00 
0.01 
0.03 
0.04 
O.OS 

O.W. 
0.01 
0.07 
0.16 
0.13 

0.01 
0.04 
0.06 
0.09 

-0.03 
-0.09 
-0.245 
-03S 
-0-52 

0.01 
0.03 
0.08 
0.11 
0.16 

0.00 
0.01 
0.06 
a09 
0.12 

aw 
aw 
0.00 
0.w 

-0.09 
-0.25 
-0.74 
-lit2 
-1.49 

-0.W 
-0.25 
-0.10 
-0.07 

tfOtU-26-Chl~~~~Cl-eyclobuanoae’ 
Vspor 20 -0.36 0.40 

CCl, 2.2 0.01 

:kl ii 
0.02 

Bcdnc 7:s 
LOS 
0.07 

CH,CN 37.5 0.11 

-0.u 
-0.56 
-0.58 
-0.63 
-0.66 
-0.71 

-0.42k 

tmns2,~Bromotluomcycl~ 
Vapor 20 -0.99 0.95 
w&2 24 0.00 

CCL 2.2 aw 
CHC13 4.8 -0.01 

75 -0.01 
CH3CN 37.5 -0.02 

tmlt.tsCbl~ 
Vspor ‘20 -0.63 033 
cct 22 -0.01 

CHC!, 4.8 -0.04 
BeDzcae -0.06 
CH3CN 3z -0.09 

%%ZV 4.l0 -350 
CQ 2.2 -0.06 
Cs, 26 -0.16 
CHCI, 4.8 -0.e 

3z 
-0.67 
-0.98 

-0.40 
-0.40 
-0.41 
-0.46 
-0.49 
-0.52 

-1.w 

-0.40 
-0.40 
-0.40 
-0.40 
-0.40 

-0.7@ 

1.0s 
1.14 
130 

::: 
254 

krp+k 
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i Ttible 5. (Contd) 

l3k. as* 
AB 

Mveat 6 A& A& m QT H Al3 AE 

cis-2,aichlorocyclobexmloae 
Vspor 2.0 4.10 -3.00 0.77 
cc14 2.2 -0.04 -0.03 -0.07 0.84 l&P 
Cs, 2.6 -0.11 -0.08 -0.18 0.95 
CHCI, 4.8 -0.32 -0.23 -0.56 1.33 
Benzene 1.5 -0.45 -0.32 -0.76 1.53 
CH,CN 31.5 -0.66 -0.46 -1.13 1.90 

vapor - 2.0 
ccl, 2.2 
cs2 2.6 
CHCI, 4.8 
Benzene 7.5 
CH,CN 37.5 

2-Fluorocyclohcxaaone 
Vapor 2.0 
C6H12 2.0 
ccl, 2.2 
CHCl, 4.8 
Benzene 1.5 
CH,CN 37.5 

3.71 -2.31 0.75 
-O.OY -0.03 -0.06 0.81 1.03’ 
-0.09 -0.08 -0.16 0.91 
-0.26 -0.22 -0.49 1.24 
-0.37 -0.31 -0.67 1.42 
-0.55 -0.45 -0.99 1.74 

235 -1.96 0.16 
0.00 0.00 0.00 0.16 0.17e 0.05f -1.13 

-0.05 -0.02 -0.07 0.23 0.35 -1.02 
-0.39 -0.14 -0.53 0.69 0.85 -0.54 
-0.57 -0.19 -0.75 0.91 0.56 0.59 - 
-0.84 -0.27 -1.11 I.27 1.17 -0.17 

2-Chlorocyclohexanone 
vapor 2.0 
w-42 2.0 
CCl, 2.2 
Cs, 2.6 
CHCI, 4.8 
BenZfJle 7.5 
CH,CN 37.5 

1.65 ,-1x2 -0.50 
ooo 

-0.05 
ooo 

-0a1 
0.00 -0.50 -0.5r -0.748 -0.w -0.68* -0.31* -0.13 

-0.06 -0.44 -0.58 -0.19 -0.17 
-0.14 -0.03 -0.17 -0.33 
-0.42 -0.09 -0.51 0.01 -0.12 -0.74 
-0.58 -0.12 -0.70 0.20 0.00 0.38 -0.14 
-0.86 -0.18 -1.03 0.53 0.38 -0.49 

2-Bromocyclohexanone 
Vapor 2.0 1.37 -1.47 -0.69 
c6H12 2.0 0.00 0.00 0.00 -0.69 -1.m= -0s -1.03h -1.10 
CC& 2.2 -0.04 -0.01 -0.05 -0.64 -0.62” -1.11 -0.82 -1.04 
Cs, 2.6 -0.16 -0.02 -0.13 -0.56 - 
CHCI, 4.8 -0.35 -0.06 -0.41 -0.28 -0.71 -0.78 
BelIZelIe 7.5 -0.48 -O.OE -0.56 -0.13 -0.24 -lx? -0.29 -0.68 - 
CH,CN 37.5 -0.72 -0.10 -0.83 +0.14 0.00 -0.58 

cis-2,6chlorobromocyclohexanone 
Vapor 2.0 3.89 -2.69 0.74 
ccl, 2.2 -0.03 -0.03 -0.05 0.79 1.31’ 
Cs, 2.6 -0.10 -0.08 -0.17 0.91 
CHCI, 4.8 -0.30 -0.23 -0.52 1.26 
Benzene 1.5 -0.41 -43.31 -0.72 1.46 
CH,CN 37.5 -0.71 -43.45 -1.12 186 

“Techniques used were from left to right: var. temp. JR (2 columns); sit@ temp. IR, NMR (2 columns); dipole moment (2 cohmms); 
UV; and the data is taken from Ref. 26 except where otherwise noted. AR is used here to represent both AR” and AE’, as wig be clear from 
the context. bRef. 43. ‘Ref.44 dRef.29.Ref. 36.‘Ref. 23.‘Ref.40. hRef.34sndRef.23.‘Axialreverstob~~.~Axialrcfers tochlorine 
‘Rd. 41. 

approximation until more thorough studies can be carried 
out, and the accuracy of the approximation can be 
further elucidated. 

‘For paper 131, see N. L. ARinger and H. von Voithenberg, 
Tetmhedtvn 34,627 (1978). 

2Supported in part by Grant MPS7408071 from the National 
Sciince Foundation and in part by the Yugoslav-Ame&an 
Commission for Educational Rxchange and Institute of fnter- 
national Education. Abstracted from the thesis of L. D.-M. 
Submitted to the. University of Georgia in partial fuf6Rment of 
the requirements for the Master of Science degree (August 
1973). 

Springer-Verlag, New York (1976); ‘C. L Altona and D. H. 
Faber, Topics in Cwrent Chanisrry 46,1(1974); ‘E. hf. Engkr, 
J. D. Andose and P. von R. Schkyer, J. Am. Chem. Sot. 95, 
8005 (1973); ‘J. E. Williams, P. J. Stang and P. von R. Schleyer, 
Ann. Rcu. Phys. Ckm. 19, 531 (1968). For mom recent work 
see L. S. Bartell, J. Am.’ Chun. Sot. 99, 3279 (1977); N. L. 
Allinger, L Am. Chem. Sot. 99.8127 (1977); D. N. J. White and 
M. J. BoviU, I: Gem. Sot. Perk. Trans. 11,161O (1977,. 

‘N. L. AGnger and D. Y. Chug, 3. Am. Chem. Sot. 98,6798 
(1976). 

‘N. L. AUingcr and Id. J. Hickcy, Ibid. !W,5167 (1975). 
‘N. L. Allhger and J. Kao. Tetmhednm 32,52b (1976). 
“N. L Atlinger, hf. J. Hickey and J. Kao, J.. Am. Chem. Sot. 98, 
2741(1976); “N. L Allinger. J. Kao, H. Clwtg and D. B. Boyd, 
Tcrmhcdran 32,2867 (1976). 

‘For reviews, see: “N. L. Ahinger, Ado. Phys. 09. C&n. 13,l 
(1976); bO. Rrmer, S’bucture and Bomfiug, Vol. 27, p. 161. 

‘A. Y. Meyer end N. L. Alhger, l6id. 31.1971(1975). 
%. L. AUinger and iI. Chang, Ibid. 33,1561(1977). 



Conformational analysis-132 3393 

“An exception is the polyamide or protein class of compounds. 
While these have been studied in some detail, the objectives 
sought have been very limited. 

“For example, see R. A. Ford and N. L. AUinger, J. Org. Chem. 
3s,3178 (1970). 

‘*R J. Abraham and E. Bretschneider. Medium Efects on Rota- 
tional and Confonnational Equilibria (Edited by W. J. GrviUe- 
Thomas) Internal Rotation in Molecules, Wiley, London (1974). 
For a review summa&ii much early work, &e S. Mizushiia, 
Structure of Molecules and Internal Rotation. Academic Press, 
New York (1954). 

‘k. L. Allinger and M. T. Wuesthoff, Tetmhedmn X3,3 (1977). 
“J Allinger and N. L. Alliier, Ibid. 2,64 (1958). 
“dopies of this program are available from the Quantum Chem- 

istry Program Exchange, University of Indiana, Bloomington, 
IN 47401, U.S.A. Ask for program QCPE 318. 

“R P. Smith and H. Eyring, 1. Am. Chem. Sot. 74, 229 (1952) 
and subsequent papers: _ 

“R. J. Abraham and K. G. R. Pachler, Mol. Phys. 7, 165 (1963). 
‘“R. J. Abraham, L. Cavalli and K. G. R. Pachler, Ibid. 11,471 

(1966). 
‘Q. J. Abraham and hf. A. Cooper, J. Chem. Sot. (B), 202 (1%7). 
?‘he value 2.0 is found empirically to be more satisfactory than 

1.0 (vacuum), and the rational is that the molecule itself oc- 
cupies much of the space between the dipoles. (The dielectric 
co&ants of non-polar molecules are about 2, for example, R. 
B. Hermann. 1. Ora Chcm. 27.441(1%2). 

21C. J. F. Bottcher; ZReory of Electric Polarization. ElSeVier, 

Amsterdam (1952) 
pHandbook of Chemistry and Physics, 52 Edn. Chemical Rub- 

ber, Cleveland, Ohio (1972). 
23N. L. Allinger and H. M. Blattor, J. Org. Chem. 27, 1523 

(1%2). 
urhe correction for a diaxial diialide is twice the correction for 

halocyclobexanes, and so on. The corrections used were -0.23, 
-0.33 and -0.59 kcal/mole for the conformational energy of 
axial fluorine, chlorine and bromine, respectively. 

sFor example, R. F. Stewart, E. R Davidson and W. T. 
Simpson, J. Chem. Phys. 42,3175 (1%5); K. B. wiberg and J. J. 

Wendoloski. 1 Am. Chem. Sot. 100,723 (1978); and references 
cited therein. 

26Benzene is known to be effectively a much more polar solvent 
than is indicated by its bulk dielectric constant. The. value 7.5 
has been used as a reasonable “effective dielectric constant”. 
See for example R J. Abraham and T. M. Siverns, J. Chem. 
Sot. Perkin II, 1587 (1972); and refs therein; N. Oi and J. 
F. Coetzee, 1. Am. Chem. Sot. 91,2478 (1969); and refs therein. 

nJ. L. Mateos, 0. Cbao and H. Flores R, Reu. Sot. Qubn. 
Mexico 13, I15 (1969). 

“H. J. Hageman and E. Havinga, Tetrahedron 22,2271(1966). 
9. Lou&lot, M. Lo&et. S. Gromb, F. Metras and J. Petrissans, 

Tetrahedron Letters 4195 (1970). 
9. D. Stolow and T. W. Giants, Chem. Comm. 528 (1971). 
“E. J. Corey, J. Am. Cha. Sot. ‘IS,2301 (1953); 3297 (1953). 
‘?V. D. Kumier and A. C. Huitric, Ibid. 71,3369 (1956). 
‘-‘C. Castinel, G. Cbiurdoglu, M. L. Jo&n, J. Lascombe and E. 

Vanlanduyt, Bidi. Sot. Chbn. Fr. 807 (1958). 
~.L.AUinger,J.ABingerandN.A.LcBel,.I.Am.Chem.Soc.R2, 

2926 (1960); N. L. Allinger, J. Allinger, L A. Freiberg, R Czaja 
and N. A. J_eBel, 5876 (1960). 

“E. L. Eliel, N. L AUinger, S. J. Angyal and G. A. Morrison, 
Confonnational Analysis. Interscience, New York (1965). 

My. H. Pan and J. B. Stothers, Can. 1. Chem. IS.2943 (1%7). 
“M. Sheppard, Adu. Spectroscopy 1,288 (1959). 
%J. A. Hirsch, in Topics in Stereochemistry (Edited by N. L. 

Allinger and E. L. Eliel), Vol. 1. Interscience, New York (1967). 
q. J. Geise, A. Tjeleman and E. Havinga, Tetruhedron 22, 183 

(1966). 
4oC. Y. Chen and R J. W. LeFevre, J. Chem. Sot. 3700 (1965). 
“J. Cantacuzene, R. Jantzen and D. Ricard, Tetrahedron 28,717 

(1972). 
‘w. Kwestroo, F. A. Meijer and E. Havinga, Rec. Trap. Chim. 

73,7!7 (1954). 
“H. J. Hagernan uld E. Havinga, Ibid WI, 97 (1969). 
uE. Fujimoto, K. Kozima and Y. Takeoka, Bull. Chem. Sot. 

Japan 44,211o (1971). 
OJ. Petrissans, S. Gromb and J. Deschamps, BtdL Sot. Chim. Fr. 

4381 (1967). 


