
JOSE J. C. TEIXEIRA DIAS
RUI FAUSTO
The University Chemical Department

3049 Coimbra,

Portugal

CONFORMATIONAL
STUDIES OF CARBONYL
AND THIOCARBONYL
COMPOUNDS

This work emphasizes the excellent quality of results obtained

with extensions of PFII PF2 force fields for oxygen and sulphur

containing molecules. The combined use of Molecular Mechanics

with other techniques, namely with vibrational spectroscopy, is

also stressed.

1. INTRODUCTION

Close correlations between chemical pro-
perties of substances and their molecular pre-
ferred conformations as well as the biological
importance of oxygen and sulphur containing
compounds justify the opportunity of the stu-
dies herein reported. This paper reviews the
results of combined Molecular Mechanics
(MM), Quantum Mechanics (QM) and Vibra-
tional Spectroscopy (VS) on some oxygen and
sulphur containing compounds [1-81. A spe-
cial attention is given to the studies perfor-
med on carbonyl and thiocarbonyl compounds
and to the MM method.

2. MOLECULAR MECHANICS
CALCULATONS

Molecular Mechanics is designed to provide
accurate a priori molecular structures and
energies. The method is a natural outgrowth
from old ideas of bonds between atoms in
molecules and Van der Walls forces between
non-bonded atoms. It is a non-quantum
mechanics method that works under the
separation between electronic and vibrational
degrees of freedom. As its fundamental for-
mulations are common to Vibrational Spec-
troscopy, the method is particularly suitable
to spectroscopists.

The MM method
—allows the description of structural details
which are difficult to determine by any of the
available experimental techniques;
—provides good estimates for the conforma-
tional dependence of molecular structures;
—uses a force field parameterized to repro-
duce a large amount of experimental infor-
mation (vibrational frequencies, thermodyna-
mic properties, molecular structures and con-
formational energies);
—provides results as accurate as quantum
mechanical methods, but is much less com-
puter time consuming. While a 3-21G calcula-
tion on methyl dithioacetate, using the
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MONSTERGAUSS program [9] and one
molecular geometry, is estimated to spend 24
hours of CPU time on a Data General
MV8000 computer and costs $15,000, a mole-
cular mechanics calculation with the CON-
SISTENT FORCE FIELD (CFF) program 1101
takes only 5 minutes of CPU time and costs
$60!
Among the disadvantages of the MM method,
one should mention
—the difficulty to deal with conjugated mole-
cular systems, as it does not consider expli-
citly the electrons, and
—the incapacity to begin the study of really
novel families of compounds, as it needs to
know the properties of some members of a
given family to parameterize the force field.

MM calculations use an empirically derived
set of equations for the Born-Oppenheimer
surface, whose mathematical form are fami-
liar from classical mechanics. These potential
functions depend on the nuclear coordinates
and on a set of adjustable parameters that is
called the Force Field. Let us consider

E = f (X, a)

where E represents the molecular energy, X

is a vector of nuclear coordinates and °-
represents the Force Field, which is opti-
mized to provide the best fit of calculated
and experimental properties of some simples
molecules of a given class. It is assumed that
corresponding parameters may be transferred
from one molecule to another.

Reliable MM force fields should be judged by
their combined simplicity, ie, a reduced num-
ber of parameters, and efficiency, ie, good
estimates for the calculated molecular proper-
ties. Simple MM force fields include bond
stretching, angle bending, torsion and van
der Walls interactions,

E =	 Vstretch	 Vbend +	 Vtorsion	 VvdW

where the sums extent over all bonds, bond
angles, torsion angles and non-bonded inte-
ractions (1-4 interactions and higher). The V
terms used in our force fields have the follo-
wing forms:

harmonic terms
Vst„tch = ( 112) Kb,(131 - bo,)2

Vbend = (1/2) Kei(Oi - 003)2

cosine type terms

Vtorsion = (1/2) Krk(1 + cos(nktk))

Buckingham exp-6 terms
Vvdw = A 1 exp	 - C1/r16

After the functional forms of the potential
energy terms are chosen, the model com-
pounds needed for the force field parameteri-
zation are selected. These compounds should
be simple, have well-known experimental
properties, and contain all the specific inte-
ractions occurring in the members of the
family of compounds to be studied. If the fit
of calculated and experimental properties for
the model compounds is good, then it is assu-
med that the calculated properties for other
molecules of the same class of compounds
should agree with experiment. Usually, a few
"model" compounds are kept out of the para-
meterization process, to provide additional
tests for the force field. Once this is deter-
mined, the potential energy function depends
only on the nuclear coordinates. Then, the
geometry of a given molecule is varied until
the energy reaches a minimum in the poten-
tial energy surface and a series of molecular
properties can be calculated for this confor-
mation, namely, vibrational frequencies, ther-
modynamic properties, rotational constants,
moments of inertia. In the CFF program, the
vibrational calculations are performed in the
cartesian coordinates space and the ther-
modynamical calculations use the formulary
of statistical mechanics.
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CONFORMATIONAL STUDIES

3. CONFORMATIONAL RESULTS

Alkanes, Alcohols and Ethers

The calculated values were obtained with the
force field hereafter referred to as PF1 [1].
This force field has been parameterized using
9 alkanes and 10 alcohol and ether mole-
cules.
Structures, barriers of internal rotation and
conformer energy differences of the model
compounds have been calculated in good
agreement with the experimental values W.
In particular, we should mention the excel-
lent agreement between calculated and expe-
rimental C-C-H angles for isobutane (111.0'
and 108.2°, calculated; and 111.00 and 108.1°,
experimental [11], in C-H and CH, groups,
respectively), C-C-C angle for propane
(112.5°, calculated; 112.4", experimental [12]),
and dihedral angles in general W.
Relative conformational energies are also in
good general agreement with experiment and
improve on existing calculated literature
values [1]. The exception is the gauche-
gauche barrier in the n-butane molecule,
which is somewhat smaller than the experi-
mental value.
We should also note the anti preference
around the C-0 bonds found for alcohols
and ethers, as their sulphur containing
homologues show a gauche preference around
the C-S bonds.

During parameterization, we emphasised
chiefly a general agreement between calcula-
ted and observed vibrational frequencies.
Generally, vibrational fi tting in the molecular
mechanics approach becomes poorer with
increasing molecular symmetry, as symmetry
is accompanied by reduction of force field
parameters. The general quality of the results
is only reasonable at In alkanes, C-H stret-
ching frequencies are quite acceptable (max.
error 115 cm—', mean error 39 cm—'; for refe-
rences on experimental values see [10] or
references therein).
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Carbonyl compounds

The quality of the PF1 results for carbonyl
compounds 111 is quite similar to the results
obtained for alkanes, alcohols and ethers. We
have used 11 molecules for the parameteriza-
tion, 3 of them are a-chloro substituted com-
pounds. The results for these latter com-
pounds are particularly interesting.
For the a-chloro substituted carbonyl com-
pounds, a combined MM/VS study has been
performed. MM results provide structures,
conformational energies, vibrational frequen-
cies and thermodynamic properties. As these
results refer to the isolated molecule, they
should be correlated with the properties of
the gas. On the other hand, VS results pro-
vide band assignments, differences in confor-
mational energies in the liquid and conforma-
tional preferences in the solid. Comparison of
MM and VS results elucidates on the princi-
pal interactions operating in the condensed
phases.
The a-chloro substituted carbonyl compounds
studied in this work are the following:

The internal rotations around R-C, C-X and
X-Y, for Y = methyl, were considered. In
particular, rotation around R-C yields the
minima, maxima and conformational energy
differences shown in Figure 1.

The following general trends can be con-
cluded:
1) when R = CH3, CC13, there is one stable
conformation corresponding to the R-C bond
eclipsing the carbonyl bond;
2) the staggered conformations correspond to
maxima, in the potential energy surface;
3) the staggered conformations also corres-
pond to maxima when R = CH2C1, CHC12.
However, in these two cases two different
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eclipsed conformations occur. Both are
minima and the one with a Cl atom eclipsing
the C = 0 bond is always the global mini-
mum;

Steric interactions in the anti form could jus-
tify, at least in part, this conformational pre-
ference as, for example, the anti form of
CH2F—(C=0)F is a minimum [151.

minima

CI

H

H
syn , more polar
(global min.)

maxima
H

CI	 o
//

H

Figure 2 presents the vibrational spectra of
CC1H2COOCH3, in the pure liquid and in the
solid. It is worthwhile to consider the v(C=0)
frequency (cm-1) in these molecules:    

H

gauche , more polar
(global min.)	 (global max.)

H	 O

CI

CI
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X = OCH3 --> AE s_g = 0.5 (MM); 1.0 (liquid, VS) kJ mold

Figure 1

Relevant conformations resulting from rotation around the
C.-C bond in a-chloro substituted carbonyl compounds

4) the most polar forms are stabilized in the
liquid;
5) VS shows that, in the solid phase at low
temperatures, only the most polar form
occurs. This observation suggests the impor-
tance of dipolar molecular interactions opera-
ting in the condensed phases.
As a general conclusion, we can say that
conformations with an H or Cl atoms eclipsed
with the C=0 bond are stabilized relatively to
the staggered conformations, which were
found to be maxima. This conclusion can be
also extended to propionaldehyde and some
derivatives of propionic acid, which also show
energy minima in the eclipsed conformations
and maxima in the staggered ones [1, 13, 141.

The following trends can be easily recogni-
zed: i) the carbonyl stretching frequencies of
the acyl chloride molecules are larger than
those of the corresponding ester compounds;

co
co 
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Figure 2

Vibrational spectra of CCl.H,COOCH.,; a) infrared, pure
liquid; b) Raman, pure liquid; c) Raman, pure solid

50	 Rev. Port. Quim., 29, 47 (1987)



CONFORMATIONAL STUDIES

ii) the carbonyl stretching frequencies of the
gauche forms of the a-disubstituted molecules
are larger than those of the syn forms. Note
that the gauche form is defined herein with
respect to the dichloromethyl hydrogen atom,
and so correlates with the syn form of the
monosubstituted analogue defined with res-
pect to the chloromethyl chlorine atom.
These spectral features are easily interpreted
in terms of the degree of polarization of the
C=0 bond: a more polarized bond has a
smaller double bond character and, therefore,
a smaller C=0 stretching frequency.
The chlorine atom is a net electron attractor
whereas the methoxy group is a net electron
donor. Thus, the polarization of the C=0
group is greater in the ester molecules than
in the acylchlorides, resulting in low carbonyl
stretching frequencies for the methoxy deri-
vatives.
When one of the chlorine atoms of the
a-substituent group is eclipsed with the car-
bonyl oxygen atom, the C-Cl and C=0 dipoles
are aligned in the same direction. Then, elec-
trostatic repulsion between these dipoles
increases the C=0 double bond character
and, consequently, the C=0 stretching fre-
quency.
Comparison of carbonyl stretching fre-
quencies shows also that the a-monochloro
acylchlorides [11 have larger values than the
corresponding conformers of the dichloro ana-
logues, whereas the reverse situation is
observed in the case of the esters. In order to
explain these facts, one should take intra-
molecular group interactions into account.
A second hydrogen-by-chlorine substitution
makes the a-carbon more electronegative,
reducing the carbonyl polarization, and
increasing its stretching frequency. While
this effect dominates in the ester molecules,
it no longer prevails in acylchlorides because
the additional repulsive through-space inte-
raction between the carbonyl chlorine atom
and the additional gauche chlorine atom of
the dichloro molecules makes the carbonyl
chlorine atom less electronegative. Therefore,
the carbonyl bond becomes more polarized,

thus justifying the observed order of stret-
ching frequencies. This polarization effect is
not so important in the case of the ester
molecules, due to the smaller charge on the
methoxy oxygen atom.

Figures 3 and 4 correspond to the internal
rotations around C-0 and 0-C respectively.

minima	 maxima

o

s-afs

Figure 3

Relevant conformations resulting from internal rotation
around the C-0 bond in carboxylic acids and esters

maximum

	O 	 • • H
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O
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Figure 4

Relevant conformations resulting from internal rotation
around the 0-C bond in esters

The following general trends can be with-
drawn from MM results:
—for all R groups, the internal rotation
around the central bond in the acids and
esters originates two stable conformations. In
all the cases, the s-cis or the (s-cis, anti)
forms are the most stable ones; the maxima
always occurs for C-C-0-Y near 90°, when
mesomeric delocalization cannot occur;
—finally, the methyl ester group always
addopts an anti conformation. In fact, in the
syn conformation, there is a strong steric
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interaction between the carbonyl oxygen
atom and the methoxy hydrogen atom (in the
plane). W

( 2.23 )
gg C

(0.0)

Thiols and Thioethers

In order to consider, in our MM studies, thiol
and thioether molecules, we have extended
the PF1 force field to deal with the sulphur
atom 171. The final set of force field parame-
ters (PF2) have been obtained by fitting
structures, conformational relative energies
and vibrational frequencies of 4 thiol and 3
thioether molecules.
The calculated values and the experimental
data for the model compounds are in good
general agreement. We have also calculated
new data for other thiol and thioether mole-
cules.
The most interesting result we found for
these classes of compounds relates with the
preferred conformation around the C-S
bonds.
It was believed at one time that the anti
arrangement around the sulphur atom origi-
nated the most stable form. However, for
ethyl-methyl-sulphide, our MM force field
yields the most stable form for the conforma-
tion with a C-C-S-C gauche arrangement.
Figure 5 shows a schematic representation of
several stable conformations of methyl-
propyl-sulphide and diethyl-sulphyde and
their energies relative to the most stable
forms, as calculated by our MM force field.
As a general and interesting conclusion, one
should mention that the sulphur atom "pre-
fers" a gauche arrangement in its immediate
neighbourhood.

gg

(3.59)

	co 	 ag

	

(0.67)	 (0.0)

gg o	 gg.

(1.07)
	

(4.47)

Figure 5

Schematic representation of diethyl sulphide and methyl

propyl sulphide conformers and their relative energies

(kJ mol—i)

formation), for sulphur thioethers the gauche
C-C-S-C form is the most stable one. The dis-
tinct conformational behaviour of oxygen and
sulphur atoms seems to suggest that the lon-
ger C-S bond lengths, leading to longer non-
bonded H. ..H distances and to reduced steric
hindrance in gauche conformations, might be
the origin of the conformational preference of
sulphur atoms.

This conformational preference of sulphur
atoms contrasts with that of oxygen. In fact,
while for oxygen ethers the anti C-C-O-C
arrangement is the most preferred (for
instance, the most stable form in
CH3CH2OCH2CH3 is the (anti, anti) con-

Thiocarbonyl compounds

The absence of the necessary experimental
data to parameterize the force field lead us to
perform a series of extensive QM calculations
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on these classes of compounds to obtain the
necessary information.

A good choice of the basis sets for the QM
calculations would, on one hand, provide
reliable results and, on the other, be as sim-
pler as possible to reduce the computa-
tional time. Our previous calculations on
FH2C-C(=0)F and HC(=X)XCH2 [5,15], X=0
or S, showed us that a STO-3G basis set is
not appropriate as the results are too poor; a
4-31G basis set is much time consuming for
sulphur compounds. On the other hand, a
3-21G basis set provides results much similar
to those obtained with a 4-31G basis set but
is a much less time consuming calculation.
Thus, we have chosen to perform the QM
calculations with 3-21G basis sets. The best
results were achieved with a 3-21G+d (S)
basis set. The use of d orbitals (polarization
orbitals) on sulphur atoms was found to be
very important to obtain good values for C-S
bond lengths. However, we decided to use the
3-21G basis and correct the C-S bond lengths
with an empirical value obtained from the
comparison between the 3-21G results and
available experimental data for some sulphur
containing molecules.

The 3-21G basis set gives very good structu-
ral results for thio and dithiocarbonyl com-
pounds. As it is expected, the calculated C-H
bond lengths are shorter than the microwave
(MW) or electron diffraction (ED) values.
In order to correct the C=S, C(sp2)-S and
C(sp3)-S bond lengths one must subtract 3, 5
and 6 pm to the ab initio values. The angles
and the remaining structural values are very
close to experimental results.

Some interesting conclusions concerning the
conformational dependence of the angles
around the C=S bond can be taken from our
ab initio calculations (see Figure 6). In parti-
cular, the C-C=S angle is approximately cons-
tant despite the conformational changes. By

contrast, the C-C-S is very sensitive to the
conformational state and appears to be
always smaller than the C-C=S angle. This
structural feature should be correlated with
stronger interactions between the a-groups
and the S(thiol) atom.

<R-C= .125

<R-C-S.110
o

s-els

R — C 
//
	

<R-C=S.125 
o

<R-C-S.1150

S-gra'175

Figure 6

Relevant conformations resulting from internal rotation
around the C-S bond in dithiocarboxylic acids and esters

It is also interesting to compare the results
for conformational relative energies of thio-
propionaldehyde with those of the propional-
dehyde molecule [8]. Despite both molecules
have energy minima in the same regions
(X=C-C-C dihedral angles equal to O and --
120°, X=0,S), the global minimum is the syn
form (S=C-C-C = 0°) in the case of the oxygen
containing compound, while in thiopropional-
dehyde it is the gauche (S=C-C-C = 125.5°)
conformation. This gauche conformational
preference is particularly remarkable as this
kind of conformation have been also found to
be the most stable one for thiol and thioether
molecules [7].

The MM force field which is being developed
for C=S containing molecules yields structu-
ral values in very good agreement with
the 3-21G results. Table 1 summarizes the
conformational energies obtained for several
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Conformational
energy differences

(s-trans)-(s-cis)

(s-trans)-(s-cis)

syn - gauche

gauche - syn

3-21G PF2

10.71 10.71

12.68 12.55

0.75 0.75

1.00
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RESUMO

Estudo conformacional de compostos carbonílicos e

tiocarbonílicos.

Este trabalho salienta a excelente qualidade dos resulta-

dos obtidos a partir das extensões dos campos de forças

PF1. I PF2 a várias famílias de moléculas contendo átomos

de oxigénio ou de enxofre e evidencia a utilização da Mecâ-

nica Molecular em simultâneo com outras técnicas, nomea-

damente a Espectroscopia Vibracional.
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