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Abstract: The usefulness of combined molecular mechanics and ab initio calculations is demonstrated for the conformational
analysis of medium-sized molecules. For frans-2-decalone, 10-methyl-trans-2-decalone, 1a-methyl-trans-2-decalone, 3a-
methyl-trans-2-decalone, and 1,1,10-trimethyl-trans-2-decalone, ab initio energies were calculated for several minimum ener-
gy conformations using standard single determinant molecular orbital theory with an STO-3G minimal basis set. The mini-
mum energy conformations were obtained by molecular mechanics. The calculations predict that a significant population of
flexible states can be expected for 3a-methyl-rrans-2-decalone and for 1,1,10-trimethyl-trans-2-decalone at moderate temper-

atures.

Determining the unperturbed conformational behavior
of medium-sized molecules is still a challenging task of
structural chemistry. The most powerful structural experi-
mental tools presently available operate in the solid state, in
which unperturbed molecular systems cannot, by definition,
be investigated. Essentially free molecular structures can be
observed only in the vapor phase, in which the determination
of structure is complicated by randomness and disorder.

The computational approach to the conformational prop-
erties of medium-sized systems is equally imperfect. The most
successful theoretical technique usually applied in the con-
formational analysis of molecules of the order of magnitude
of 30 atoms or so is presently based on molecular mechanics
and empirical force fields. The method has received much
praise! and has without any doubt been very valuable in
practice. Its empirical nature is a source of dissatisfaction
however and it can lead to deficienries when the conforma-
tional situation of a particular test case represents an extrap-
olation rather than an interpolation with respect to the model
systems which were used to define the empirical force field.
Unfortunately, it is often not clear which situation is ex-
trapolative rather than interpolative. Additional supporting
evidence is therefore desirable and often a necessity.

The present paper is a demonstration of the usefulness of
combining ab initio calculations with molecular mechanics
conformational analyses. Ab initio studies of medium-sized
molecules, e.g., of hydrocarbons with a total number of ap-
proximately 30 atoms or more, are by necessity approximate
themselves, and it is not presently possible to achieve a com-
plete quantum-mechanical energy optimization, relaxing all
geometrical parameters, for molecules of this size. However,
a single ab initio calculation at the optimum geometry of a

molecular mechanics study is possible for molecules this big.
It is hoped that energy differences based on such ab initio
calculations will be more reliable than the corresponding em-
pirical estimates. This hope has to be expressed with caution,
however, always keeping in mind the approximate nature of
present ab initio techniques.

To test the usefulness of this approach, we have calculated
ab initio energies for empirically optimized minimum energy
conformations of a number of trans-2-decalone systems. The
investigated systems were trans-2-decalone (I), 1a-methyl-
trans-2-decalone (II), 3a-methyl-trans-2-decalone (I1I),2
10-methyl-trans-2-decalone (IV), and 1,1,10-trimethyl-
trans-2-decalone (V). Several of these molecules were recently
studied at the University of Arkansas using molecular me-
chanics combined with gas electron diffraction and vibrational
analysis.3-3
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Computational Procedures

The molecular mechanics calculations which were used in
this study have been described before.3-5 They are based on
the force fields of Jacob, Thompson, and Bartell® (JTB) and
of Lifson and Warshel” (LW).

These molecular mechanics calculations are now several
years old. Their prime purpose was to generate plausible
geometries as a starting point for the least-squares refinement
of the electron diffraction data of the investigated systems. This
purpose could be achieved using the JTB and LW fields for
decalones, even though they were not originally defined for
carbonyl containing compounds. Special constants, however,
were added to the JTB and LW fields to make up, at least in
a crude manner, for the deficiency of this procedure. In all
studies involving the LW field, for example, a C=0 stretching
force constant of 1750 kcal/(mol A2) was added, using a ref-
erence value of 1.22 A for the C=0 bond distance. In addition,
the CC(=0)C group was kept as a planar unit, the oxygen was
treated like a carbon atom in evaluating its nonbonded inter-
actions, and the C=0 bond bisected the adjacent CCC angle.
Similar changes were made to the JTB field. But, in addition,
the CCO angles were allowed to vary. With a reference value
of 120°, the CCC bending force constant of the JTB field® was
used for this degree of freedom. In the following, the modified
JTB field will be called field one (F1); the modified LW field
will be F2,

In empirical force fields there is a strong interdependence
of the various force constants and nonbonded interactions, and
individual parameters in different sets of force constants cannot
be considered separately. Additions to fields such as those
described above are therefore not really permitted without
exhaustive tests or a rederivation of all the force field param-
eters. Since these particular calculations served their intended
purpose*> of producing reasonable geometries, no such tests
were performed. Also, it was hoped that the shortcomings
would not be too significant, since the investigated systems do
not contain more than one C=0 group. Because of them,
calculated energy differences must be expected, however, to
have larger error limits and to be in worse agreement with
experiment than the values which might now be obtained by
molecular mechanics calculations for such compounds using
improved fields. In any case, the differences in results obtained
by using F1 and F2 must not be blamed on the original JTB
and LW fields.

Because of more recently developed fields which were par-
ticularly defined for carbonyl containing systems,'c the mo-
lecular mechanics calculations on which this study is based
could now very likely be improved. However, we were inter-
ested in studying the results obtained with the particular force
fields presented in this paper, since they have been used in
connection with experimental studies and additional infor-
mation was desirable. Moreover, in spite of these uncertainties,
the models serve the purpose of this project: to test, in an ex-
ploratory sense, the usefulness of combining molecular me-
chanics and ab initio calculations in the study of medium-sized
systems.

For the ab initio calculations of this paper, standard single
determinant molecular orbital theory with the STO-3G min-
imal basis of Hehre et al.® was used. The program, maintained
by one of us (N.S.0.), is similar to the “Gaussian 70 pack-
age.? Each conformation of any of the larger molecules of this
series required about 10-14 h of uninterrupted and exclusive
computing time on the University of Arkansas IBM 370/155.
The investigated systems are among the largest ones currently
being studied by ab initio techniques, although larger calcu-
lations are known.!® Some di-tert-butylcyclohexanes were
recently treated in a similar manner!! as the decalones of this
paper. The combination of molecular mechanics and ab initio
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Table . Calculated Energies for Several Local Energy Minima of
trans-2-Decalone, 10-Methyl-trans-2-decalone, 1a-Methyl-trans-
2-decalone, and 3a-Methyl-trans-2-decalone?

STO-3G¢
MM¢# E(total) E(rel)
trans-2-Decalone
Chair-chair 0.0 —457.295 325 0.0
Boat-chair 8.3 —457.287 137 5.14
Chair-boat 8.5 —457.284 431 6.84
Boat-boat 17.0 —457.276 262 11.96
1a-Methyl-trans-2-decalone
Chair-chair 0.0 —495.864 853 0.0
Boat-chair 6.5 —495.860 207 2.92
3a-Methyl-trans-2-decalone
Chair-chair 0.0 —495.867 090 0.0
Boat-chair 7.3 —495.865 991 0.69
10-Methyl-ztrans-2-decalone
Chair-chair 0.0 —495.865 154 0.0
Boat-chair 7.9 —495.858 779 4.00
Chair-boat 8.2 —495.855 008 6.37
Boat-boat 16.7 —495.845 524 12.32

@ All calculated ab initio dipole moments 2.0-2.1 D. # MM give
the relative energies (kcal/mol) obtained by molecular mechanics
using the F2 field. < STO-3G give the corresponding results [total
energies (au), relative energies (kcal/mol)] which were obtained by
ab initio calculations (STO-3G) for the empirically optimized F2
conformations,

calculations has been tested successfully before, for smaller
systems,!2

It should be emphasized that the ab initio procedures used
in this study have well-known deficiencies.!® For more reliable
results, extended basis sets (including polarization functions)
and some treatment of correlation effects are necessary even
for hydrocarbon molecules. Such calculations are not presently
feasible for decalones.

All the ab initio calculations of this study used the empirical
minimum energy conformations®-3 of the investigated systems.
In the cases of the molecules I, IV, and V, an all-chair form
(chair-chair), an all-boat form (boat-boat), and a chair-boat
and a boat-chair (with the A ring a chair or a boat, respec-
tively) were investigated. For II and III, the ab initio energies
were calculated only for chair-chair and boat-chair, because
of the cost of the calculations. Either the F1 or the F2 results
were used, as indicated, depending on which of them were
available from previous studies. All boats had the twist-boat
form. Extensive geometry searches were performed for all
investigated conformations. The final energy minima were
obtained from different starting geometries, but the usual
uncertainties of a parameter search on a multidimensional
hypersphere have to be taken into account.

Results and Discussion

The results (total energies and relative energies) of our
calculations are given in Table I (for molecules I-1V) and in
Table II (for molecule V). In considering these results it is
worthwhile to emphasize the following well-known facts. The
quantum-mechanical energies are for hypothetical vibra-
tionless states at 0 K. To compare to experimental values ob-
tained at room temperature, both zero-point vibrational
energies and temperature effects have to be taken into account.
We estimate differences in these effects for different confor-
mations of the molecules considered here to be less than 1
kcal/mol. An additional note of caution must be exercised
because the STO-3G calculations of this study were performed
at the molecular mechanics optimized geometries and not at
the true STO-3G minima. This introduces an uncertainty
which is difficult to estimate.
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Table II. Calculated Energies for Several Local Energy Minima of
1,1,10-Trimethyl-trans-2-decalone?

MM?é STO-3G¢
F2 Fl E(total) E(rel)
Chair-chair 0.0 0.0 —573.006 350 0.0
Boat-chair 4.9 0.6 —-573.003 717 1.65
Chair-boat 8.1 8.7 —572.994 957 7.15
Boat-boat 13.6 9.4 —572.995 180 7.01

@ All calculated ab initio dipole moments 2.1 D. # MM give the
optimized energies (kcal/mol) obtained by molecular mechanics using
the F1 or F2 force fields. ¢ STO-3G give the corresponding ab initio
results (total energies in au, relative energies in kcal/mol) which were
calculated for the F1 optimized conformations.

For trans-2-decalone and 10-methyl-trans-2-decalone
(Table I), the STO-3G results were found to be in very good
agreement with both experiment and the molecular mechanics
results. A chair-chair ground state was found for both com-
pounds by the gas electron diffraction studies.*> The same
result was obtained by the ab initio calculations (Table I},
which reproduce in a qualitative way the molecular mechanics
energy pattern for all conformations, but with smaller energy
differences between the various conformers. No flexible forms
should be of importance for these compounds, under normal
conditions.

The cases of 1a-methyl-trans-2-decalone and 3a-methyl-
trans-2-decalone are particularly remarkable. In attempts to
define the relation between the structure of saturated ketones
and their n-7* magnetic circular dichroism spectra (MCD),!*
the chair-chair form of compound II was found to conform to
the symmetry rules proposed for the structural effects, whereas
I11 (assuming only a chair-chair conformation) did not.!3 In
an attempt to explain this irregularity, molecular mechanics
calculations were performed on the chair-chair form of these
compounds and on the boat-chair form, as the most stable
flexible form. The results based on our crude field F2 were of
no help, since energy differences of 6.5 and 7.3 kcal/mol were
found (Table I) for compounds II and III, respectively. In the
present ab initio calculations, however, the boat-chair form
of compound II, which obeyed the symmetry rules, is still much
less stable (2.9 kcal/mol) than chair-chair, whereas the
boat-chair form of compound III, which did not conform to
the symmetry rules, was found to be only slightly less stable
(0.7 kcal/mol) than chair-chair of III.

This result is a strong indication, but not an absolute proof
(in view of the approximate nature of our procedure), of the
significant population of flexible states in samples of III at
room temperature. However, this conclusion does not exclude
the possibility that the unusual MCD characteristics of Il are
caused by other than conformational factors.

The case of 1,1,10-trimethyl-trans-2-decalone (Table II)
is equally interesting. The molecular mechanics calculations
based on F1 and F2 are contradictory as far as the energy
difference between chair-chair and boat-chair of V is con-
cerned. This difference was found to be 4.9 kcal/mol for F2
(Table II) but only 0.6 kcal/mol for F1. The same value was
found to be 1.65 kcal/mol in the STO-3G calculation. Keeping
the uncertainty of this number in mind, this is low enough to
allow for small amounts of flexible forms in samples of V at
room temperature or slightly above. This conclusion is pres-
ently being tested by an investigation of the electron diffraction
data of V.16 Additional energy calculations would also be

useful to further test the ab initio result. Ab initio studies of
minimum energy conformations produced by other than the
F1 and F2 force fields, for example, would be meaningful. Such
additional studies are not currently being considered because
of the length of the calculations.

The presently available tools of conformational analysis are
still very inefficient in dealing with medium-sized molecules.
Very often one must be satisfied by a plausible description of
the conformational behavior of complicated systems rather
than looking for absolute proof. As documented in more detail
in a recent review of this area,!” the cooperative application
of several techniques seems to be the best approach to com-
plicated conformational problems, for which a single method
might provide somewhat uncertain results or even inconclusive
ones. The material presented in the tables is indicative of the
usefulness of combining molecular mechanics and ab initio
techniques. The particular advantage of this combination lies
in the potentially more reliable energy differences between
conformations which one might expect from the ab initio
procedures. Quantum-mechanical techniques can therefore
support and complement empirical methods, which will remain
valuable in those cases for which a more rigorous treatment
is prohibited by the limitations of the computer hardware. The
sometimes serious difficulties of present ab initio procedures,
particularly those involving minimal basis sets, must, of course,
not be disregarded.

It is a particularly pleasing aspect of this study to note the
successful treatment of relatively large conformational prob-
lems. Systems of up to the size of small steroids can probably
already be analyzed in this way.

Acknowledgment. The authors wish to thank Drs. A. E.
Harvey and W. W. Wilkes and Mr. D. Merrifield for their
special efforts which made this study possible. Execution of
all calculations by the University of Arkansas computing
center is gratefully acknowledged.

References and Notes

(1) {(a) J. E. Williams, P. J. Stang, and P. v. R. Schieyer, Annu. Rev. Phys. Chem.,
18, 531 (1968); (b) C. Altona and D. H. Faber, Top. Curr. Chem., 48§, 1
(1974); () N. L. Aliinger, Adv. Phys. Org. Chem., 13, 1(1978).

(2) The stereochemical notation « indicates a trans relationshlip to the C-9
hydrogen.

(3) W. Schubert, L. Schafer, and G. H. Pauli, Chem. Commun., 949 (1973).

(4) W. Schubert, L. Schafer, and G. H. Pauli, J. Mol. Struct., 21, 53 (1974).

(5) G. H. Pauli, M. Askari, W. Schubert, and L. Schéfer, J. Mol. Struct., 32, 145
(1976).

(6) E. J. Jacob, H. B. Thompson, and L. S. Bartell, J. Chem. Phys., 47, 3736
(1967).

(7) S. Lifson and A. Warshel, J. Chem. Phys., 49, 5116 (1968).

(8) W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem. Phys., §1, 2657
(19689).

(9) W. J. Hehre, W. A. Lathan, R. Ditchfieid, M. D. Newton, and J. A. Pople,
Program No. 236, Quantum Chemistry Program Exchange, indiana Uni-
versity, Bioomington, ind.

(10) Ses, for example, H. F. Schaefer, Annu. Rev. Phys. Chem., 27, 261
(1976).

(11) M. Askari, D. L. Merrifield, and L. Schafer, Tetrahedron Lett, 3497
(1976).

(12) See, for example,: N. L. Allinger and M. J. Hickey, Tetrahedron, 28, 2157
(1972); J. Mol. Struct., 17, 233 (1973).

(13) See, for example: J. B. Collins, P. v. R. Schleyer, J. S. Binkiey, J. A. Popie,
and L. Radom, J. Am. Chem. Soc., 98, 3436 (1976); L. Radom, P. C. Harl-
haran, J. A. Pople, and P. v. R. Schieyer, J. Am. Chem. Soc., 95, 6531
(1973); J. B. Coliins, P. v. R. Schieyer, J. S. Binkiey, and J. A. Pople, J.
Chem. Phys., 64, 5142 (1976).

(14) L. Seamans, A. Moscowitz, G. Barth, E. Bunnenberg, and C. Djerassi, J.
Am. Chem. Soc., 94, 6464 (1972).

(15) C. Djerassi, personal communication; R. E. Linder, K. Morrill, J. 8. Dixon,
G. Barth, E. Bunnenberg, C. Djerassi, L. Seamans, and A. Moscowitz, J.
Am. Chem. Soc., 988, 727 (1977).

(16) M. Askari, W. Schubert, G. H. Pauli, and L. Schéfer, to be published.

(17) L. Schéfer, Appl. Spectrosc., 30, 123 (1976).

Journal of the American Chemical Society [/ 99:16 | August 3, 1977



