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Abstract: Vibrational circular dichroism spectra of several steroidal compounds containing two carbonyl groups on six-membered
rings have been measured in the C==0 stretching region. The results have been compared with the predictions of the degenerate
coupled oscillator model. The sign and shape of the predicted spectra agree with the observed results in all but one case. The
magnitudes agree to within a factor of 2, with two exceptions. Attempts made to correct the theory for misalignment of dipoles
and nondegeneracy of the oscillators are discussed. In general, such corrections did not lead to an improved agreement. Other

sources of error are discussed.

Introduction

In recent years, the measurement of circular dichroism of chiral
molecules has been extended well into the infrared region.! The
availability of vibrational circular dichroism (VCD) data for a
wide variety of molecular vibrational transitions has rekindled
promise of new experimental data of use for studies of molecular
conformation or configuration.? Fulfillment of this potential is
dependent on development and testing of a reliable theoretical
model for correlation of structure and spectra. Many such models
of varying complexity have been proposed.>” In this paper we
shall address the effectiveness of the simplest of these, the coupled
oscillator model as formalized by Holzwarth and Chabay (HC).?

In their development, HC addressed the chirality and subse-
quent VCD of two identical, achiral dipolar oscillators u, and u,
that are mutually oriented in a chiral manner (noncoplanar). The
lowest energy transitions of this system are to a pair of coupled
excited states, y* and Y-, where y* = ¢,%¢,' £ ¢,'¢.0 and ¢°,¢!
represent the ground and first excited state of the single oscillator.
The rotational strengths that result in first order for these tran-
sitions are equal in magnitude but opposite in sign. If these coupled
states are not degenerate, a sigmoidal VCD line shape will result
whose sign and magnitude are directly dependent upon geometrical
parameters. Because of the chiral nature of their coupling, y*
and ¢~ will not be exactly degenerate and, at minimum, will be
perturbed by the electrostatic dipolar coupled interaction (or
exciton effect). Subsequent workers have noted that both local
chirality and nondegeneracy could be included in a coupled os-
cillator theory and have, somewhat incompletely, dubbed the
simpler version of HC to be the degenerate coupled oscillator
(DCO) model.®

Previously, we have applied the DCO model to the O—H and
C=0 stretching vibrations in dimethyl tartrate®!® and C=0
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vibrations in trans-substituted cyclopropanes'! in an attempt to
determine the relative geometry of those oscillators. In these cases,
if the assumed geometries were correct, the oscillators were indeed
degenerate, and the theoretical and experimental results were in
satisfactory agreement. The DCO model also has been extended
to polymeric systems?!? and has shown to agree with experimental
VCD for the amide I (C==0 stretch) vibration of those poly-
peptides having an a-helical secondary structure.!>'*

In this paper, we present the VCD in the C==0 stretching region
of several steroidal compounds which contain two six-member-ring
ketone carbonyls. These molecules were chosen to provide a
variety of angles and interdipolar separations on a rigid frame-
work!® for two near-degenerate, strong dipolar oscillators.
Evaluation of the ability of the DCO model to successfully predict
the observed VCD of these transitions should help us determine
the conditions in which the DCO model will be useful for
structure—spectra correlations. Similar application of the coupled
oscillator approach (there termed “exciton chirality”) to the
electronic CD of these systems has been quite successful.'* VCD
of an unsaturated steroidal ketone in this region has also been
reported!” and compared with predictions for a nondegenerate
coupled oscillator

Experimental Section

3,6-Dioxo-Sa-cholestan («36), 3,6-dioxo-58-cholanic acid methyl ester
(B36), 3,7-dioxo-583-cholanic acid methyl ester (837), 3,12-dioxo-53-
cholanic acid (8312), 7.12-dioxo-58-cholanic acid (3712), 3a-hydroxy-
7,12-dioxo-583-cholanic acid (8712H), and 3-oxo0-53-cholanic acid were
obtained from Steraloids, Inc., dissolved, filtered through activated
charcoal, and recrystallized once from CHCl,. They were then studied
without further purification in CHCI, solution. Their structures are
indicated schematically in Figure 1. VCD and absorption spectra were
obtained on our previously detailed instrument.”* CHCly solutions of
acetone and, in some cases, methyl acetate were prepared to have the
same absorbance in the C=0 stretching region as found for the above
samples. VCD of these achiral solutions were run after each steroid VCD
experiment and were used as baselines. The instrument was constantly
flushed with nitrogen gas to reduce interfering atmospheric H,O ab-
sorption and thereby improve the VCD baseline. Four to eight scans of
VCD with a resolution of 11 ¢m™, time constant 10 s, sample concen-
tration of about 0.025 M, and path length of 0.035 cm were averaged
for each sample and plotted with the appropriate baseline subtracted.
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Figure 1. Structure of the various steroids used for the study. « and g8
refer to the 5 position and the numbers refer to the position of the
carbonyls on the steroid skeleton.

Calculational Procedure

From the wide variety of steroid structures known from X-ray
crystallography,'? it seems reasonable to assume that all of the
compounds studied will contain six-membered rings in the chair
conformation. Fusing of the rings then imposes a definite relative
geometry an the two carbonyls. Detailed coordinates of the atoms
involved were obtained using the Warshel-Lifson energy mini-
mization technique.'” Calculations were made for a decalin
framework containing two C=O0 groups in the correct relative
positions for each molecule. For 8312 and 8712, the energy of
the complete steroid framework (except the hydrocarbon side chain
and acid group) was also minimized. These two calculations gave
carbonyl coordinates that were virtually the same as those from
the corresponding decalin calculations.

The magnitudes of the dipole moments, |u|, were obtained by
numerically integrating the experimental absorption spectrum over
the carbonyl region. For the ester containing compounds, vi-
brations of the ~COOR group somewhat overlap the C=0
stretches of interest. In these cases, the dipolar strength was
assumed to be equal to the area under a Gaussian function chosen
to mimic the lower energy part of the experimental band shape.
The dipoles were assumed to lie along the C=0 bonds. Tests
of the dependence of the calculated VCD on orientation will be
discussed in a following section. The DCO formula for rotational
strength:

R* = ¥(7ry/2c)Tab * (lua X I‘Lb)

is also dependent on the interdipolar separation, T,y,, and the
transition frequency, ». T,, was determined from centers of mass
of the two carbonyls. In general, v, the single carbonyl frequency,
was determined by setting the first moment of the absorption about
vo to 0.2 Sometimes shifting this value slightly gave a better
representation of the observed spectrum since the line shape often
contained substantial unsymmetrical tails.

To compare calculated R* values to experimental VCD, the
sign and magnitude of the splitting of the symmetric (y*) and
antisymmetric (y~) excited states must be determined. We have
assumed that the carbonyls of interest are degenerate and that
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Figure 2. VCD and absorption spectra of a36 0.021 M in CHCl,.
Sample pathlength 0.05 ¢m, resolution 11 cm™, and time constant 10 s.
Acetone is used for baseline. Four baseline and four sample scans were
taken. The theoretically calculated VCD and absorption spectra were
plotted (---) using the DCO parameters of Table I. The deflection near
zero crossing is noise smoothed out by the lock-in, but the extra band at
1750 em™ is real.

splitting of the excited state is determined primarily by dipolar
coupling energy:?!
_ Haks 3k Top)(uy - Top)

|T'a.b|3 |Tab|5

ab

The resulting transition frequencies are then
Vi = g + Vab

Using Gaussian line shapes separated by 2V,;, and of the same
half-width as the experimental absorption spectrum, the calculated
VCD was plotted as the overlap of the two oppositely signed
transitions. Similarly, the calculated absorption spectrum was
also plotted using the same linewidths and splitting with individual
dipolar strengths of:

D* = |u, £ py?

To test orientation dependence of the calculated results, a
variation of the dipolar direction was introduced by vectorially
adding a component in the carbonyl plane. We used a normalized

Ba® = p, £ opg

where y, was along the C=0 bond, ¢ was typically 0.1, and g,
was oriented 120° away, coincident with a C~C bond. To in-
vestigate the importance of degeneracy we also treated V,, as a
perturbation of two close-lying, nondegenerate states. The re-
sulting energies were than used to plot Ae.

Results

The C==0 stretching VCD and absorption spectra for «36, 336,
837, 8312, 8712, and 712H are shown in Figures 2-7, respec-
tively. On each plot the calculated absorption and VCD, deter-
mined as described above, is indicated by a dotted line. For all
cases except 337 (Figure 4), qualitative agreement between theory
and experiment for sign and order of magnitude was obtained.

While the experimental VCD are totally reproducible in sign
and general shape, the Ae values varied by up to 25% for duplicated
experiments. It can be noted that the small deflections near the
zero crossing in a36 and 3712 are not reproducible but that the
extra positive band at 1750 cm™ in «36 is. Oscillations in the
line shape with a ~5-cm™ period are due to noise smoothed out
by the lock-in. The calculated Ae values differ from the exper-
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Figure 3. VCD and absorption spectra of 336, 0.0212 M in CHCl,.
Sample pathlength 0.035 c¢m, resolution 11 ¢m™, and time constant 10
s. Acetone and methyl acetate mixture were used as a baseline. Eight
baseline and eight sample scans are averaged. The theoretically calcu-
lated VCD and absorption spectra were plotted (---) using the DCO
parameters of Table I.
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Figure 4. VCD and absorption spectra of 837, 0.0222 M in CHCl,.
Sample pathlength 0.025 ¢m, resolution 11 cm™, and time constant 10
s. Acetone and methyl acetate were used as baseline. Eight baseline and
eight sample scans are averaged. Calculated VCD and absorption spectra
were plotted (---) using the DCO parameters of Table I.

imental ones typically by less than a factor of 2 but at least once
(8312) by as much as a factor of 4 (Figure 5). The calculated
absorption spectrum best fits experiment for «36, which has no
acid or ester groups, while the esters 336 and 837, due to the
correction assumed in the previous section, have the worst fit.

A summary of the calculated values for D*, R*, V,;, and Ae
is presented in Table I along with the experimentally determined
vo, |#|, and A (linewidth) values and the assumed geometrical
parameters. The similarity of the », |u|, and the A values serves
to reinforce the validity of assuming that the carbonyls are acting
as relatively independent, degenerate coupled oscillators. Owing
to this consistency, most of the variation in R* and V,;, values can
be related to geometrical differences. In general, because of
overlap of the two transitions, both of these parameters are im-
portant in determining the sign and magnitudes predicted for Ae
(proportional to V,,/A and R*). However, in the cases presented
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Figure 5, VCD and absorption spectra of 3312, 0.021 M in CHCl,.
Sample pathlength 0.035 ¢cm, resolution 11 cm™, and time constant 10
s. Acetone was used as baseline. Six baseline and six sample scans are
averaged. The theoretically calculated VCD and absorption spectra were
plotted (---) using the DCO parameters of Table I,
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Figure 6, VCD and absorption spectra of 8712, 0.026 M in CHCl,.
Sample pathlength 0.05 ¢cm, resolution 11 cm™, and time constant 10 s.
Acetone was used as a baseline. Four baseline and four sample scans are
averaged. The theoretically calculated VCD and absorption spectra were
plotted (---) using the DCO parameters of Table I and »; moved by 3
cm™! to 1707 em™'. The deflection near zero crossing is noise smoothed
out by the lock-in.

in Table 1, all the ¥, values are positive and vary by only a factor
of 3 in magnitude. Hence the calculated Ae curves primarily
reflect the R* values.

Additional calculations were made in an effort to evaluate the
sensitivity of the calculated VCD to the assumed molecular ge-
ometry and, simultaneously, to test the effects of locating the dipole
moments along the C=0 bond (i.e., assuming that the C=0
stretch is not significantly mixed with other internal coordinates).
It might be noted that while normal coordinate analysis results
for cyclohexanone indicate more than 10% mixing into the C=0
stretching mode, these additions all preserve the orientation of
the dipolar transition, due to symmetry.?? Mixing which preserves

(21) Tinoco, 1. Radiat. Res. 1963, 20, 133.
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Table I. Summary of the DCO Calculation for Six Steroidal Ketones
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experimentally? DCO calculated values®

derived parameters D % D x R exptld

u X s 1b 1038 1038 1042 VCD,
vy, 10%° A, geometrical” parameters (esu (esu (esu Vabs A€caled X A€exptl X

steroid cm™  (esucm) cm’! g, deg Tap, & @, deg cm)? cm)? cm)? cm™! 102 102

a36 1710 2.31 11.87 89.3 4.57 63.8 5.39 5.28 3.66 2.27 4.24 2.39
(-1.89)

836 1710 2.69 17.17 80.3 4.69 16.5 8.45 6.02 1.52 4.76 1.76 1.28
(-0.92)

837 1711 2.14 10.00 96.1 5.48 322 4.10 5.06 -1.92 1.84 -2.56 -1.50
(0.27)

g312 1711 2.86 13.50 96.7 6.89 352 7.23 9.13 -0.66 1.51 -0.40 -1.07
(2.34)

8712 1710 2.44 13.13 -79.1 5.29 314 4.83 7.08 -2.39 2.45 -2.44 -2.67
(1.94)

g8712H 1710 2.66 16.25 -79.1 5.29 314 5.74 8.41 —2.85 2.90 -2.32 -3.44
(2.34)

@y, was obtained by setting the first moment of the absorption about v, to zero. u is the dipole moment. p=(D/2)"?, D=0.92 x 107**
fe/vdv. A is the halfwidth at 1/e of ey, ['Or esters see text. b g isarc cos(ug/Iua up/ingl). ¢ is the dihedral angle between uy, and

ta. € Aegaleq is calculated assuming Gaussian line shape for absorption.®®  Ae*cajoq = 7.48 X 10°° 0 R* V' 472,

parentheses is for the lower frequency component.

l.660 1620

ol 780

B712H

1740 1700

Ed

-4.0
h

)]

1900 _p

o

1780

500 900 1850 1620
FREQUENCY (CM-1)

Figure 7, VCD and absorption spectra of 8712H, 0.018 M in CHCl,.
Sample pathlength 0.035 c¢m, resolution 11 ¢cm™, and time constant 10
s. Acetone was used as a baseline. Four baseline and four sample scans
are averaged. The theoretically calculated VCD and absorption spectra
were plotted (---) using the DCO parameters of Table I and v moved
Jem™ to 1707 em™,

the orientation can change the center of mass which may then
slightly affect the T, values. This should have only a very small
effect on the resultant calculated VCD. The mixing we have
chosen serves only to distort that direction; hence, we have ov-
erestimated the range of orientation error due to such mixing.

R*, V.., and Ae, 4 Were evaluated for all possible combinations
of undeviated and deviated dipolar orientations described in the
previous section. The results of these calculations are summarized
in Table II. For all compounds except 8312, the sign and ap-
proximate magnitude of Ae,, were preserved. Most of the
variation between orientations occurred in R* because the V,;
values were relatively stable. For 336, the values did become
dramatically smaller in one instance.

In the 8312 case, the small Ae value calculated for the minimum
energy geometry (Table I) appears to be not small compared to
those for alternate geometries but, in fact, is the largest negative
value for 3312 that we have calculated (Table II). The various
B312 geometries in some cases yielded positive values. However,

(22) Fuhrer, H.; Kartha, V. B.; Krueger, P. J.; Mantsch, H. H.; Jones, R.
N. Chem. Rev. 1972, 72, 439.

d Aeexptr — Value in

Table II, Geometry Variation and Effect on the DCO Results
para-
dipoles® meters® 36 836 837 p312 8712 @G712HC
e’y R 366 1.52 -1.92 -066 -2.39 -2.85
Vab 2.27 4.76 1.84 1.51 2.45 2.90
AeTealed 424 176 256 -0.40 -2.44 -3.82
Bas g * 2.82 1.07 -1.33 1.37 -1.67 -1.99
Vap 1.92 4.62 1.58 1.24 218 2.59
Aetoa1eq 276 120 -1.52 0.67 —-1.50 -2.37
By Mg M 378 1.66 -2.64 -0.19 -264 -3.14
Vap 2.16 3.95 1.98 1.48 223 2.65
Ae*oaleqa 418 160 -3.76 -0.11 -2.45 -3.82
eat up® M 229 1.29 -1.40 140 -1.26 -1.50
Vap 1.93 4.13 1.54 0.98 205 2.44
A€ oalea 226 130 -1.55 0.53 -1.08 -1.68
Ha s Hp M 3.73 1.08 -1.94 -0.51 -2.7 -3.20
Vap 1.77 3.54 1.69 1.52 1.88 2.23
AeTearea 3-38 094 -2.37 -030 -2.10 -3.29
Myt upT R 278 062 -0.99 1.05 -255 -2.09
Vap 1.52 4.18 .32 1.30 1.99 2,23
AeTeareq 216 0.64  -0.94 054 -2.12 -2.14
Ka s Mp” - 3.07 0.025 -2.80 0.17 -2.06 =245
Vab 2,12 1.02 1.87 1.14 213 2.54
AeTealed 332 0.006 -3.78 0.08 -1.83 -2.85
#30,#]0* R* 298 1.77 -2.00 089 -1.84 -2.19
/ab 2.25 4.28 .77 116  2.32 2.76
AeTealeq 343 1.85 -2.55 041 -1.78 -2.78
ua’ up” R* 362 095 -1.45 030 -248 -2.94
Vab 1.83 4.29 1.54 1.56 2.09 2.48
A€'catea 3039 LO0 -1.61 0.19 -215 -3.35
Begyptl 239 128 -1.50 -1.07 -2.67 -3.44

@ 1uy® and up° are the dipoles taken along the carbonyl axis,
ta* =09 1,° = 0.1 po. P Rotational strength (R) in 1072 (esu
cm)®. Vypinem™. Aeggeq in 1072 (1 mol™ em™). € Note the
values of p and A are different for 3712H and 8 712.

these still remained the smallest Ae calculated for any of the
molecules. On the other hand, the 837 calculated results did not
show a tendency to sharply decrease, as might have been hoped
in view of its observed monosignate VICD, but instead gave a large
range of values for Ae (-0.94 to -3 78 X 1072).

Discussion

In general, the agreement of the DCO calculations with ex-
periment for this set of dicarbonyl steroids is good. However, two
of them do give ambiguous results.

The monosignate VCD of the 837 compound obviously does
not fit DCO predictions. This is aggravated both by its calculated
sigmoidal VCD being both much larger than the experimental
noise level and by the stability of the calculated Ae values to
modulation of dipolar direction.
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Figure 8. VCD and absorption spectra of 3-oxo-58-cholanic acid, 0.026
M in CHCl;. Sample pathlength 0.025 cm, resolution 11 ¢cm™, and time
constant 10s. Acetone was used as baseline. Eight baseline and eight
sample scans are averaged. The apparent added noise in this spectrum
is due to the use of a different lock-in.

In the second case, the agreement of the 3312 experimental
and calculated VCD is not maintained over the range of angular
variations chosen. Although these were quite large, it might be
assumed that the small calculated DCO contribution to the VCD
is essentially undetermined and that the apparent agreement in
Table I and Figure 5 is fortuitous. Such a conclusion is consistent
with the asymmetrical line shape found for 3312. It appears that
the two C==0 stretches may have a largely monosignate VCD
while another band of opposite sign overlaps them to higher energy.

Several senarios can be postulated for these difficulties. We
will address some of them in this section. First, one might wonder
if the DCO model is even operative. One test of this would parallel
the distance effect used in the exciton chirality method.'® Since
Ae is proportional to both R* and V,, it should vary as [T,,|.
A plot of the experimental VCD peak-to-peak excursion vs. R*V,,
was roughly linear as would be expected for a DCO mechanism.
However, the intercept did not pass through zero but was negative,
implying that the VCD would be negative for R*.V,, equal to zero.
This would occur for a single dipole, for dipoles at infinite sep-
aration (V,, = 0) or for coplanar dipoles (R = 0). Such a result
was indeed obtained for the VCD of 3-oxo-58-cholanic acid
(Figure 8). We do not have access to a large number of these
monocarbonyl compounds to test the generality of this result, but
there is no reason to assume that it is general (vide infra). It can
further be noted that 337 and 3312 have the largest |T,y| values
of the six steroids we have considered.

Nondegeneracy of the oscillators may be a problem in obtaining
successful match of theory and experiment. We have calculated
the degree of nondegeneracy needed both for the 337 to yield
negligible DCO VCD and for the 8312 to yield significantly higher
VCD. The C=0 stretches in these two molecules must be
nondegenerate via some other mechanism so that they are split
by ~-1.5 cm™ (opposing V) and ~6.5 cm™!, respectively, in
the absence of dipolar interactions, for the DCO calculations to
approximately fit the experimental results. It has been found that
while unstrained ketone rings give C=0 stretches at 1710 cm™!,
the various positions on the steroidal framework can lead to shifts
in this value (~4 cm™).2> Hence, the 3312 result appears to be
inconsistent with an error in the DCO model due to nondegen-
eracy, but this could, in principle, explain the 837 result. However,
the good agreement for 336, a36, and 8712 (which sample the
same C=0 positions as 337 and 8312) implies that these non-

(23) Bellamy, L. J. “The Infrared Spectra of Complex Molecules”, 3rd ed.;
Wiley: New York, 1975; Vol. 2.
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degeneracy effects are smaller than needed to explain our results.
It can be noted that a nondegeneracy of only 1 cm™ would bring
the @36 and 336 experimental and theoretical spectra into optimal
agreement.

Since all but one of the compounds are acids and esters, it is
reasonable to ask if they or other groups cause distortion of the
VCD away from the DCO expected result. From our data we
can offer two examples. ($36 and «36 differ in the first cyclo-
hexanone ring conformation and also in that the 336 is an ester.
The VCD of both are satisfactorily fit by the DCO model which,
in addition, nicely predicts the large difference in magnitude due
to ring conformation. 336 gives the smallest VCD of any of the
compounds; a36 one of the largest (note the scale change in Figure
3 from the others). Significantly, the ester function does not seem
to affect the fit.

8712 and 8712H both contain acid groups and are identical
except for an OH group on the 3 position. They have very similar
experimental VCD spectra which are necessarily predicted to be
identical by the DCO model. Apparently the C=0 groups act
relatively independently as assumed in the DCO theory. Hence,
while the acid group could perhaps affect carbonyls on the 7 or
12 position and thus distort the 337 and 8312 spectra, the 8712
results argue against that being a serious problem. The acid form
of 837 gave a VCD identical with that of the ester (Figure 4)
which further argues against that functional group having a
significant effect on the C=0 VCD.

It appears that, because of the large number of conformations
available to its 4-carbon linkage to the steroid framework, the acid
or ester group does not contribute significant VCD in this region.
Thus the VCD spectra observed are dominated by that of the local
oscillators sought at the outset.

Finally, we must consider the achirality of the oscillators.
Clearly, each C=0 will give rise to some monosignate VCD, of
one sign or the other, as witnessed by our preliminary results
(Figure 8). The VCD that is to be compared with the DCO model
should be corrected for this effect. Such a correction could hy-
pothetically be made by summing all the component contributions
which might be either reinforcing or cancelling. The latter case
then would be most adaptable to DCO modelling. A test of this
is now not possible but could, in principle, be used to more firmly
evaluate the DCO effect. That such monosubstituted VCD’s
would be additive has not been established, but precedent for such
assumption exists in the literature.?* While in a simple cyclo-
hexanone?* the C==0 VCD is extremely small, it appears that
the extensive steroidal framework is a more severe perturbation
to the local achirality of the C==0 group and can affect VCD
dominated by coupling interactions.

Conclusion

This work shows that the DCO model definitely has application
to VCD, but the molecules appropriate for study with DCO-VCD
must be carefully chosen. Following our earlier work, it is clear
that the dipole strengths involved must be very large (for vibra-
tions) and that the oscillators must be highly symmetrical. Small
dipolar transitions will not give rise to a significant interaction
(R ~ u?), and nonsymmetrical oscillators will have a significant,
not easily predicted VCD due to local chirality. If the oscillators
are not degenerate, they should be distinctly separated in energy
and be unambiguously assignable for a modified coupled oscillator
calculation to be of use in interpreting the spectrum.
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Abstract: We have measured the infrared, Raman, and neutron vibrational spectra of norbornane. The lowest frequency at
172 cm™ has not previously been observed. A normal coordinate analysis based on the Snyder and Schachtschneider valence
force field has been carried out. The optical frequencies and neutron intensities calculated with our final force field are in

good agreement with the experimental data.

Introduction

The norbornane molecule (1) and some of its derivatives such
as the 2-methylnorbornanes (2, 3) and the 2,3-dimethylnor-
bornanes (4, 5, 6) constitute an interesting series for studying strain
energy effects. The skeletal framework of these molecules is itself
a highly strained system, and the additional methyl group in-
teractions present in the substituted compounds vary with their
positions (endo or exo). The additive or specific effects of these
interactions can be clarified by a comparative study of these

compounds.
2 3

Chemical equilibration performed on the methyl norbornanes!
and on the dimethyl norbornanes? is a first approach toward the
correlation of the relative stabilities with molecular structure. The
calculation® of the free enthalpy differences AG1° between isomers
(2,3) and (4, 5, 6) is in good agreement with the experimental
values'? and it satisfactorily explains the relative stabilities of these
isomers.

The low-frequency vibrations give a large contribution to the
enthalpy and entropy terms. They are particularly sensitive to
steric interactions which are most important for isomer (6).}

In a related series of molecules, such as endo—endo and exo—exo
tetracyclo[6,2,1,1,0]dodecanes, Ermer* reports the X-ray crystal
structure and compares the results with force field calculations.
He gives an interpretation of the symmetry of these molecules:
the endo~endo compound has the C, symmetry, without greatly
deviating from C,,, while the exo—exo has to a good approximation,
C,. symmetry. Ermer gives also the calculated lowest frequency
value of endo—endo and exo—exo cyclododecanes (69 and 63 cm™,
respectively) which can be compared with the lowest frequency
of norbornane (166 cm™) and notes that the corresponding normal
coordinates involve atomic motions which minimize the hydrogen
interactions in space.

*LEDSS VI.

*Institut Laué Langevin.

+ Present adress: Institut de Recherche sur la Catalyse, 2 Av. Albert
Einstein, 69626 Villeurbanne Cedex.

In.order to obtain more information on the steric interactions
which occur in the norbornane derivatives, we need a complete
vibrational analysis of the whole series. The first step is to de-
termine a valence force field for norbornane which may then be
transferred to the methyl derivatives.

We have measured the infrared, Raman, and neutron spectra
of norbornane and we report in this paper a normal coordinate
analysis based on the well-known valence force field of Snyder
and Schachtschneider.* We have used neutron inelastic spec-
troscopy (NIS) because, contrary to optical methods, NIS is not
bound by selection rules, and because the intensities of the vi-
brational transitions can be computed through the proton dis-
placements.

Previous Results

The norbornane geometry has been established by electron
diffraction® (see Figure 1). The strain of the ring system affects
the internal coordinates and results in an increase of the CC bond
lengths (C,C; = C,C, = 1.57 A %2 1,56 A %) and in a decrease
of the CCC bridge angle (C,C,C, = 94°,% 96°6%) Molecular
mechanics calculations’ do not account for the differences between
these values and the more usual ones. However, Ermer’s calcu-
lations® have shown a relationship between cross terms such as
bond angle force constants and CC bond lengths obtained after
minimization of energy.

Two different force fields have been proposed for this molecule;
Levin and Harris have published the IR and Raman spectra of
norbornane along with a normal coordinate analysis® and almost
at the same time Meic et al. reported preliminary work using the
Snyder and Schachtschneider force constants.!® However, it
appears that the low-frequency vibrations, which have a low in-
tensity in the optical spectra, may not be correctly assigned. For
example, the lowest A, frequency, which is calculated at 348 cm™
by Levin and Harris,” is found at 93 cm™ by Meic et al.!® (com-
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