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Potential energy functions and important details of

computacional procedures currently used in

Molecular Mechanics are reviewed. The general

orientation followed during the development of

the PF1/PF2 force fields and a series of selected

results are also presented and analysed to illustrate

the efficiency and reliability of these force fields, as

applied to conformational and vibrational studies

on oxygen and sulphur compounds.

Neste artigo, são discutidas as funções de energia
potencial e os aspectos mais relevantes dos
procedimentos computacionais correntemente
utilizados em Mecânica-Molecular. Apresenta-se a
orientação geral seguida durante o desenvolvimento
do campo de forças PF1/PF2, e discute-se uma série
seleccionada de resultados com ele obtidos, tendo
em vista ilustrar a eficácia e poder predictivo quando
aplicado ao estudo conformacional e vibracional de
compostos de oxigénio ou enxofre.

Introduction

n contrast to the more sophisticated quantum

mechanical treatments, the conventional and intui-

tive description of a molecule with specific bonds

between atoms has attracted the growing preference of

many scientists for methods, like Molecular Mechanics

(MM), that implement a classical representation of

molecules and compete with Quantum Mechanics in

the quality of the results.

The general principles of MM were laid down fifty

years ago [1]. In some small and simple molecules, it

was assumed that the molecular geometry would adjust

itself to the "natural" values of bond lengths and bond

angles. In more complex systems, van der Waals inte-

ractions between non-bonded atoms and correlations

between bond angles could cause deviations from

those values. Comparison between the geometries of

the real and model systems was used to measure the

strain within the molecule and evaluate specific mole-

cular properties, like geometries, vibrational frequen-

cies and thermodynamic properties.

A complete molecular mechanical calculation

involves four fundamental steps:

i) the choice of potential energy functions that

correspond to different types of interactions;

ii) the force field parameterization;

iii) the calculation of molecular equilibrium

geometries through energy minimization;

iv) the calculation of other molecular properties

considering the previously determined equilibrium

geometries.

The possibility of calculating a large number of

properties is one of the most relevant features of MM.

However, its most fundamental characteristic is related

with the empirical consistency of the method, imparting

a high degree of confidence to the results [2]. In fact,

properties of a given molecule are calculated using a

set of potential energy parameters previously developed

to reproduce experimental values in simpler molecules

of the same family.

While the properties considered in a MM study

display a large variety and a diverse nature, a general

agreement between calculated and experimental values

is reached, provided a judicious choice of both potential

energy functions and model compounds is performed.
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Since MM offers an attractive means of undertaking

conformational and vibrational analysis, we have begun

to develop this technique in our laboratory with a view

to applying it to the most important families of oxygen

and sulphur containing molecules. As a starting point,

we have developed a MM force field for simple acyl

chlorides, carboxylic acids and esters which can also be

used to deal with alkanes, alcohols and ethers (PF1)
[3,4]. This force field was later applied to a-chloro subs-

tituted carbonyl compounds, mainly to assess conforma-

tional freedom involving rotation around the Cã C(=0)

bond [5-7] and, more recently, extended to deal with

both the aldehyde and ketone functional groups [8].

The general quality of the results obtained with the PF1
force field for these families of oxygen containing mole-

cules has been discussed in detail [9,10] and improves

on previously reported MM calculations despite its

simplicity.

The extension of PF1 force field to sulphur contai-

ning molecules, named PF2, has been successfully

carried out more recently and proved to be of great

value in studying this kind of molecules [10-12]. Being

the first MM force field that can be applied to thiocar-

bonyl compounds, PF2 can be used to deal with thiols,

thioethers, thioaldehydes, thiones, dithioacids and

dithioesters, thus covering a large series of different

functional groups.

In this paper, we discuss the general orientation

that has been followed during the development of the

PF1/PF2 force fields, with particular emphasis on the

selection of potential energy functions. A series of

results are also presented and analysed to illustrate the

efficiency and reliability of these force fields, as applied

to oxygen and sulphur compounds.

Potential functions

Molecular Mechanics assumes the potential energy

as a sum of terms depending on the molecular

geometry:

E =Et,+Es +ET +EDh +... (1)

E, sometimes named "steric energy" [1,2], repre-

sents the difference between the energies of the real

molecule and the hypothetical molecule where all the

structural parameters assume their "natural values". E,

and Es the bond stretching and angle bending energies,

respectively, result from stretching bonds and bending

angles from their "natural values". Et , the torsional

energy, is associated with internal rotations, and Enb is

the energy of interaction between non-bonded atoms.

Additional terms can be added to consider the occur-

rence of specific interactions like intramolecular hydro-

gen bonding or electrostatic interactions [13,15].

Experience has shown that the choice of functions

in the force field is critical. In addition, while a variety of

efficient and fast computational algorithms is widely

available, the final force field should be both reliable

and simple.

Bond stretching and angle deformation

The most extensively used potential energy func-

tion associated with bond stretching is

Vv (b) = K iv (b-b0) + 1/2 K2„(b-bD) 2 + 1/6 K3„(b-b.) 3 	(2)

where b is the instantaneous bond length, b 0 is the

corresponding "natural" value and K„,, K2„ and K3, are

related with the "resistance" of the bond to stretching.

In general, the same kind of function is chosen to

represent the potential energy change on angle defor-

mation, i.e.,

Vs(e) = Kis(6-90) + 1/2 K25(6-90) 2 + 1/6 K38(6-90) 3 	(3)

When both K ea and K3a (a= v (stretching) or 8

(bending)) are chosen to be zero, <2> and <3> reduce

to harmonic functions. This simplification is very useful

from a pratical point of view, as it considerably reduces

the number of parameters and the computational time

required. It has been followed thoroughly during the

development of the PF1/PF2 force fields.

Experience has demonstrated that the use of

harmonic functions generally leads to significantly accu-

rate results, though some studies have been presented

that include other terms. In particular, linear terms have

been considered [2,16], though their inclusion seems to
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repulsive forces

interatomic distance

atractive forces

be redundant as it amounts to a redefinition of b 0 or 00 .
On the other hand, cubic terms deal with anharmoni-
city, at least in an approximate way. However, they lead
to badly behaved functions for large displacements
from the equilibrium position (Fig. 1). While this diffi-
culty has been dealt with successfully [17,18], the practi-
cal advantages of including cubic terms are not much
relevant.

gases studies [23]. The general form of these potentials
exhibits a short distance repulsive interaction and a
long distance attraction. The resulting potential profile
can be characterised by the minimum energy distance,
r* (related with the van der Waals atomic radii), the
height of the potential well e (connected with atomic
polarizabilities), and the slope of the repulsive section
of the curve.

Figure 1 - Harmonic and anharmonic potential: —, harmonic poten-

tial; —; Morse type potential -,-., harmonic with cubic term added

Another way to account for anharmonicity is to use
Morse functions [19]. In particular, for bond stretching
[20]

V0 (b) = D exp[-2k (b-b0)] - 2D exp [-k (b-b0)],	 (4)

where D and k are related with the dissociation energy
and the stretching force constant, respectively. While
these functions present some theoretical advantages,
the additional computational effort they give rise to
discourages their use.

Angle bending terms are of fundamental impor-
tance to geminal interactions. The preference for a func-
tion like (3) results mainly from its simplicity. However,
the inclusion of additional terms related with interacti-
ons between adjacent stretching and bending coordina-
tes, have been proposed by several authors [21,22], the

Vw (b,b") = 1/2 IS,,.(b-bo)(b"-bo ")

Vvs (b,q) = 1/2 lSs (b-b0)(0-00)

main objective being a better agreement between calcu-
lated and experimental vibrational frequencies. Our
experience shows that the inclusion of such terms is
neither essential to a good force field nor worth the
effort.

Non-bonded interactions

The quantitative treatment of intramolecular non-
bonded interactions in MM relies very much on simple
van der Waals interatomic potentials obtained from rare

The attractive part of the potential is due to the
London dispersion interaction [24]. Perturbation theory
yields the following general function

Vdisp(r) =-C I r -C2r$-Ca r -t o-... (7)

where r is the interatomic distance and C t , C2 , C3 , ...
depend on atomic polarizabilities and ionization poten-
tials [25]. At short distances, repulsive interactions of
the orbital overlap and nuclear-nuclear types dominate,
and are generally represented by a negative exponential
function or by a positive inverse power function of the
interatomic distance,

V fep(r) = A exp(-Br),

Vrep(r) = Ar -°,

(8)

(9)

where A and B are adjustable parameters. The results
obtained with these functions are qualitatively similar.

The potential functions most extensively used in
MM for non-bonded interactions (1-4 and larger) are the
modified Buckingham [26] and the Lennard-Jones [27]
functions, which result from combining the first term of
(7) with expressions (8) or (9), respectively:

Vo(r) = A exp(-Br) - Cr -6

Va(r)=Ar°- Br -6

In the case of Lennard-Jones functions, it is
common practice to keep n as a constant (usually 12 or
9) [13-15], though its use as an adjustable parameter
improves the quality of the results. While a slightly modi-
fied Buckingham potential with two parameters has also
been used [28,29], experience shows that this reduction
in the number of parameters leads to poor results [ 13], as

(5)

(6)

<(10)
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in the case of Lennard-Jones functions. Thus, a potential
function with three adjustable parameters seems to be
necessary for a good description of the van der Waals
interactions. In both PF1 and PF2, modified Buckingham
potentials with three adjustable parameters are used.

The above mentioned non-bonded potentials
assume spherically symmetric electronic densities on
atoms and are insensitive to distinct atomic environ-
ments.

The first approximation does not work well for
atoms with small atomic numbers as these display consi-
derably asymmetric electronic distributions in a mole-
cule. This is especially critical for the hydrogen atom
whose single electron gets involved in a bond. In parti-
cular, when molecular geometries are correlated with X-
ray geometries in crystals, van der Waals potentials
centred off the hydrogen atom nuclei have been consi-
dered [29-32]. For isolated molecule studies, the choice
of less repulsive potentials like those used in both PF1
and PF2 strongly improves the results [9,10] without any
additional complication.

Atoms with electron lone pairs, like oxygen and
sulphur, also display asymmetric electronic densities.
Sometimes, the lone pairs have been successfully simu-
lated by specific van der Waals potential functions [33]
that picture them as pseudo-atoms. However, this appro-
ximation should be discouraged as the explicit conside-
ration of electron lone pairs strongly increases the
complexity of the potential energy function. In addition,
recent studies clearly indicate that van der Waals lone
pair potentials are not necessary, provided the force
field optimization is carefully carried out [3,9-12].

The second approximation — insensitivity of non-
bonded potentials to distinct atomic environments — is a
crude representation of reality, especially when the inte-
racting atoms have large polarizabilities like sulphur or
chlorine atoms. In particular, this approximation does not
distinguish between atoms on the same side of the mole-
cular skeleton or on opposite sides when the interaction
is significantly reduced by the shielding effect of the
skeletal atoms. While theoretically unrealistic, this appro-
ximation has been assumed so far in all MM studies, and
yields excelent agreement with experimental results.

Additional terms related with non-bonded interac-
tions have also been frequently used, in particular, for
the consideration of electrostatic interactions [13-15,34-
37] . Though the inclusion of these terms was considered
relevant by several authors, our experience shows that
they can be ignored in a majority of cases, provided van
der Waals potentials are correctly evaluated [9,10].

Torsions

Torsional terms are essential for the development
of a reliable MM force field, as they take into account
interactions not explicitely considered in van der Waals
terms, in particular, electronic exchange between adja-

cent bonds [ 13] (an alternative interpretation of their
importance considers that torsional energy is related
with van der Waals repulsion anisotropy, as this is
clearly more important for small than for large dihedral
angles [38]). In fact, while some effort has been dispen-
sed by several authors to obtain a suitable force field
without torsional terms [13-15], no success has yet been
reached.

Torsional potentials are usually expressed as func-
tions of the torsional angle (dihedral angle) cp, using a
cosine type Fourier series,

VtÚ) =	 2 I n Kit [ 1 -cos(v(p)]

V.,(9) =

where Km, are related with rotational barriers and the
expansion is truncated in consonance with the rotor
symmetry. A frequent simplification, implemented in
PF1/PF2, uses a single cosine function, i.e., the first
term of Eq. (12) for non-symmetrical rotors, and the n=3
term for C3v rotors. This simplification reduces conside-
rably the number of potential parameters and does not
originate qualitative changes in the results, thus being
very useful from a practical point of view.

Essentially, there are two different ways for consi-
deration of torsions in a mm calculation: i) one torsional
angle per bond between chain atoms (group torsional
model [39]) or, ii) one torsional angle for each combi-
nation of outer pairs of atoms around a bond (bond
torsional model [40]). The second approximation is
more appropriate for a nonsymmetrical arrangement of
groups and is adopted in PF1/PF2.

Torsions around double or partially double bonds
are associated with large energy barriers mainly due to
electronic effects originated by the reduction of it over-
lap for non-planar conformations. As these torsional
potentials present a maximum value for a dihedral
angle near 90°, PF1/PF2 force fields include a two-fold
cosine function (n=2 in expression (12)), with a nega-
tive value of K2 to account for these specific electronic
effects. While an additional n=4 term has been already
previously proposed to soften the resulting potential
[41], its inclusion is not necessary and is not implemen-
ted in our force fields.

The harmonic function,

1 K^ (^^̂ ,

where cp. is the dihedral angle corresponding to the
minimum energy conformation, was also proposed to
represent the torsional potential around double bonds
[14]. However, this potential may only be used near the
energy minima, when good estimates of equilibrium
geometries are available.

The out-of-plane wagging deformations (S2) are
considered as particular cases of torsion and in both
PF1 and PF2, this kind of interaction is represented by a
cosine function of S2 with n=1.

(12)

(13)
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y(i+1) = y(i) +  n=l,nopt (ay/akn)dkn (15)
Force field parameterization

now simultaneous equations where n opt is the total

aye/ak n = O n= 	 ..., nopt 	(14)

number of potential parameters, k 11 refers to the n th para-
meter to optimize and y is the difference vector
between experimental and calculated values.

The basic difficulty of this optimization procedure
lays on establishing a reliable method of weighting the
various molecular properties [15], as parameterization
requires a large number of distinct molecular proper-
ties. Geometries, conformational energies and ther-
modynamic properties are generally used; less
frequently, vibrational frequencies, dipole moments,
magnetic properties or rotational constants are also
considered.

The classical least squares minimization method
assumes a linear Taylor expansion:

The inclusion of mixed terms involving torsional
coordinates has also been suggested by several authors
[21,42], to reach an improved agreement between
calculated and experimental vibrational frequencies.
However, these terms are not essential for the develop-
ment of a good force field in the large majority of cases
[9-15] and have not been considered in PF1 or PF2.

The choice of the potential terms is not the single
degree of freedom from which the final quality of the
force field depends. All potential functions contain
interdependent parameters (Fig. 2) which have to be
determined as a set, as individual values are not physi-
cally meaningful. The optimization process improves on
an initial parameter set, until calculated and experimen-
tal values agree within predetermined precision.

Stretnhno

Vv = 1 Kv (b - b, ) 2z

VS = ^ KS (9- 9 0 )2 	4J
z

Torsion 

	= 	 K1ll(1 +cos( no ))
2

01, 1 -n 1-plane waaainn 

	V 1 =	 K1 (1+cos( S2))
2

Non.hnnrtetl 

A é B r _ S^
r b

Figure 2 — Potential functions selected to build PF1/PF2 molecular

mechanics force fields. Force field parameters are printed in bold-

type

The optimization process can be carried out auto-
matically or by direct inspection of the results.
Automatic optimization methods are essentially based
on a least squares algorithm that solves the system of

This is a reasonable approximation providing the
initial estimates of the parameters are good. The deriva-
tives in expression (17) are calculated in part analyti-
cally, since the computing time for a pure numerical
evaluation becomes prohibitive [15].

It is important to recall that the convergence of the
optimization process is strongly dependent on the initial
parameter estimates, thus calling for an active human
participation. Therefore, the combined use of the auto-
matic and by-direct-inspection optimization procedures
is likely to yield a better parameterized force field [10],
thus being used thouroughly in the PF1 and PF2 para-
meterizations.

Whatever the optimization method is, a force field
parameterization is always an extremely complex
process as it requires a judicious choice of model
compounds and observables and involves a large
amount of varied experimental data.

It should be pointed out that different experimen-
tal techniques yield geometries with different physical
meanings, even when the samples are in the same
phase. As the development of a force field for isolated
molecules requires experimental data from the gase-
ous phase, the most widely used experimental techni-
ques are microwave spectroscopy and electron
diffraction. Since these two techniques are based in
different physical phenomena, it is not suprising that
they yield non-equivalent structures [43,44]. In parti-
cular, as the interaction times for these experiments
are different, vibrational motions affect the final struc-
ture in different ways. Therefore, the selection of a
particular type of molecular structure for force field
parameterization should be judiciously performed. As
the high resolution power of microwave spectroscopy
leads to molecular geometries most suitable for mm
calculations they have been used systematicaly in PF1
and PF2 .

•
Pentlinp 
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(16)n = 1, ..., ncordaE/ax„ =0

Energy minimization

Once the force field is parameterized, it can be
applied to a particular molecule to get the geometries of
its conformations that correspond to minima in the
potential energy surface.

The first MM studies could not calculate accurate
equilibrium geometries. The geometries of the various
conformations to be studied had to be supplied as data,
and approximated equilibrium conformations were
determined by varying systematicaly the relevant inter-
nal coordinates, one by one. These limitations were
overcomed after the development of a mathematical
algorithm based on an iterative procedure, to perform
automatic minimization of the "steric" energy [40].

The analytical solution of the minimization
problem is too complex as it requires the solution of a
system of ncord non-linear equations

where x represents the coordinates in the configuratio-
nal space of the molecule. Therefore, the minimiza-
tion is carried out using numerical methods. Among
these, the gradient search methods are the most
widely used.

The first minimization method used in MM [40]
was based in the steepest descent algorithm [45]. This
algorithm is quite efficient during the initial minimiza-
tion steps, far from the minimum, but it leads to a rather
slow convergence near the bottom of the potential well.
Therefore, the method is now generally used in the
initial stages of the minimization process, and is follo-
wed, closer to the equilibrium positions, by methods
based in more efficient algorithms, like the Newton-
Raphson [46] or the Davidon-Powell-Fletcher [47,48]
algorithms.

All methods minimize a given input geometry to a
local minimum in the potential energy surface. For
molecules with more than a single minimum, the final
structure depends on the input geometry. Thus, the
conformational analysis of a molecule often requires
multiple optimizations, starting with input geometries in
different regions of the potential energy surface. In addi-
tion, the final geometry depends also on the termination
criterium used to stop the iterative process. The most
widely used criteria are based on the proximity, to a
small predetermined value, of an energy or a geometry
variation in subsequent steps. However, when the
potential energy well near the minimum is very broad,
both of these criteria may stop the minimization process
before an acceptable energy minimum has been
reached. To avoid this problem, the precision of the
termination criterium could be increased, though to the
expenses of computational time. A more efficient termi-
nation criterium, used in our calculations, is based on
the fact that the energy gradient should vanish for equili-
brium conformations, and the minimization procedure

is stopped when the quadratic norm of the energy gradi-
ent reaches a value sufficiently close to zero.

Sometimes, in a MM calculation, the energy mini-
mization process can lead to a false minimum or to a
saddle point. False minima result either from an inade-
quate minimization technique or from a less realistic
parameterization of the force field. Saddle points satisfy
the criteria imposed by minimization algorithms,
namely the annulement of the energy gradient.
However, both of these problems can be avoided if a
systematic study of the conformational behaviour of the
molecule near each point resulting from minimization is
carried out, and adequate algorithms and termination
criteria are used [9-14].

Molecular properties calculation

The fundamental ideas of MM are centred on two
expressions, namely, [1], which builds the potential
energy of the molecule from various contributions, and
the following Taylor expansion which allows to

E(x)= E(x0 + (aE/ax i). dx i + E (azE/ax axl)o dx,dxl ,	 (17)

extrapolate to a neighbouring point the mathematical
information on a particular point of the energy surface.

The first term represents the equilibrium "steric"
energy of the molecule. Its physical meaning depends
on the potential functions used to build the force field.
The second term corresponds to the energy gradient
and is zero for equilibrium conformations. The third
term represents the harmonic vibrational energy, the
partial derivatives being the harmonic force constants
that define the vibrational force field for a particular
equilibrium molecular conformation.

It is important to note the essential difference
between potential parameters like K2v or K2 (see equati-
ons (2) or (3)) and the vibrational force constants. In
MM, the vibrational force field for each stable molecular
conformation is defined and numerically evaluated
from equation (17). On the other hand, all conformati-
ons of a given molecule are calculated using the same
potential energy function, where several potential para-
meters are included.

Once the force field is determined, it is easy to
evaluate normal modes and their frequencies using one
of the current methods of normal coordinate analysis.
Wilson's method [49] solves the vibrational problem in
internal coordinates; Gwinn's formulation [50] performs
the calculations in cartesian coordinates. While
Wilson's method is generally preferred by vibrational
spectroscopists, mm vibrational calculations are usually
performed following Gwinn's method as this requires
only one matrix diagonalization and allows a checking
of the energy minimization to be made. In fact, if the
molecular geometry corresponds to a true minimum in
the potential energy surface, six frequencies (five for
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linear molecules) are equal to zero as they refer to rota-
tional and translational motions. Once an equilibrium
geometry is determined, other molecular properties like
inertia moments and rotational constants can be calcu-
lated, and thermodynamic properties evaluated from
vibrational frequencies and statistical considerations
[51]. Infrared intensities can also be estimated provided
electrostatic terms are included in the potential energy
function.

Alcohols and ethers

(Fig.3). This increase in the energy difference between
gauche and anti conformations going from the C-C-C-O
axis to the C-C-O-C axis relates with the stronger hydro-
gen-hydrogen interactions involving the hydrogen atoms
directly bonded to the terminal carbon atoms in this
latter case. The energy difference between the two
stable conformations of the C-C-O-H axis (anti and
gauche) is very small (=0.5 kJ moll; see Fig.3).

The similarity observed in the calculated Eg _a
values for ethers and alcohols indicates that internal
rotation around the C-C central bond of this axis is not
significantly affected by the group which is bonded to
the oxygen atom.

The force field for these families of molecules was
parameterized using 19 model compounds (9 alkane
and 10 alcohol and ether molecules) [3]. The inclusion
of alkanes in the parameterization was necessary to deal
with hydrocarbon fragments more accurately, and the
results on this class of molecules can be found in refs. 3
and 10. In this case, as well as for alcohols and ethers,
the results obtained with the PF1 force field are in
excellent agreement with the available experimental
values and generally improve on existing calculated lite-
rature values.

The structure of the methanol molecule shows a
small methyl tilt (angle a of the C-O bond axis with the
axis of rotation of the methyl group) towards the lone
electron pairs of the oxygen atom [52,53].

Ethanol   

1-Propanol

(a,a) - -

Ethylmethyl ether

(9) 0.50      

(9.a) 2.38 (a,g) 0.46 (9.9) 2.68 (997 2.64

YN)'' °-25Ç)N

(a) - - -	 (9) 5.94

Methylpropyl etherH I
H

Similar tilt angles have also been experimentally
observed in other molecules, like dimethyl ether [54] or
ethylmethyl ether [55] which also have a methyl group
directly bonded to an oxygen atom. This general trend
is correctly predicted by our calculations as all the
calculated structures for the above considered molecu-
les present small methyl tilt angles towards the oxygen
lone electron pairs in good quantitative agreement with
those observed experimentally [3,10].

The results of PF1 MM calculations are also very
useful for understanding and systematizing the general
conformational preferences exhibited by both the C-C-C-
O and C-C-O-X (X= H or C) axes in alcohols and ethers.
In these molecules, the calculations indicate that both
the C-C-C-O and C-C-O-X axes adopt preferentially the
anti conformation (corresponding to a dihedral angle of
180°) [3,10]. A gauche C-C-O-C axis (dihedral angle
equals ±60°) is destabilized by kJ molt relatively to
the most stable conformation, while a gauche C-C-C-O
axis is destabilized only by kJ moll relatively to the
anti C-C-C-O axis in both alcohol and ether molecules

(g,a) 2.22	 (a,9) 5.97
	

(9.9) 7.64 	(9.9') 8.03

Figure 3 — Conformers and PF1 relative energies (kJ moll) of 1-propa-

nol, ethylmethyl ether and methypropyl ether. g. gauche; a, anti.

During the PF1 force field parameterization, we
emphasized the importance of a general agreement
between calculated and observed vibrational frequen-
cies. In fact, MM cannot compete with traditional vibrati-
onal analysis without requiring an extraordinary increase
in both the complexity of the force field and the number
of potential parameters [10,14]. Nevertheless, the results
obtained for this property with the PF1 force field show
a very good general agreement with the experimental
values (Fig.4), the largest errors appearing, as expected,
for methyl vibrations, considering the higher symmetry
of this group (see ref.10 for detailed discussion).
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Figure 4 - Calculated (PF1) versus experimental vibrational frequen-

cies (cm') for alcohol and ether molecules. Data was taken from refs,

3, 10 and references therein.

operating between carbonyl oxygen lone electron pairs
and the f3-methyl groups.

The MM results obtained for 2-pentanone and 3-
pentanone molecules are particularly useful to deter-
mine relative stabilities of conformations differing by
internal rotation around Cã C(=O) and C R Ca single
bonds in saturated ketones. 2-pentanone can exist in
five distinct conformers (see Fig. 5, also for naming), the
most stable one being the planar (anti,anti) form, with
both C-C-Cspl C and C-C-C-Csp2 dihedral angles equal to
180°. A similar form — planar (anti, anti) — was also
found to be the most stable conformers of 3-pentanone
(see Fig.6). In fact, from our results for aliphatic ketones,
it is possible to conclude that the molecular conformati-
ons having a gauche C-C-Cspz C axis are destabilized by
approximately 4 kJ moll relatively to those conformati-
ons having an anti C-C-Cspz C axis (Fig.5,6). In addition,
the energy difference between a gauche and an anti C-C-

Carbonyl compounds
o

(a, a) - - -
o

(a,g) 1 .34

The quality of the PF1 results (structures and ener-
gies) for carbonyl compounds [4-6,10] is quite similar to
that of the results obtained for alkanes, alcohols and
ethers. In addition, experimental vibrational frequencies
are generally better reproduced by the calculations in
the case of carbonyl compounds, as discussed else-
where [10].

We have used 17 molecules for the carbonyl force
field parameterization, 3 of which are a-chloro substitu-
ted compounds. While the results for these compounds
are particularly interesting: they have been reviewed
elsewhere [9], and thus will not be considered in this 	 Figure 5 - Conformers and PF1 relative energies (kj moll) of 2-penta-

article.	 none. g. gauche: a, anti

In general, the calculated structures for aldehydes
and ketones [ 10] agree very well with experiment, and
improve existing calculated literature values [56]. In
consonance with quantum-mechanical ab initio molecu-
lar orbital calculations [57], the PF1 MM calculations
indicate that aldehyde fragment behaves like a relatively
rigid structural unit with respect to conformational
changes. In fact, it was shown that both the aldehyde C-
H and C=0 bond lengths and the 0=C-H bond angle do
not change appreciably with the conformation [10]. On
the other hand, the C C a- C(=O) bond angle in these
compounds, as well as in ketones, are significantly
dependent on the conformation adopted by the mole-
cule. For instance, in propanal and 2-buthanone, this
angle decreases by 1 and –2 degrees, respectively,
when the conformation changes from the most stable 	 (g,g) 7.66	 (g,g') 18.6

syn forms (with a C-C-C=O dihedral angle of 0°) to the
skew forms (with C-C-C=O dihedral angles in the ±120°	 Figure 6 - Conformers and PF1 relative energies (kJ moll) of 3-penta-

region). The larger C-C-C angle observed for syn forms	 none. g. gauche; a, anti

can be ascribed, at least partially, to steric repulsions

(a,a) - - -	 (a,g) 3.81

0
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C-Csp2 axis is =1 kJ moll, the anti form being the most

stable one (see Fig.5). We should point out that the Eg.a

in saturated ketones is significantly smaller than the g-a

energy difference observed in the case of butane (=4 kJ

moll [58]). This is certainly due to the fact that the H...H

repulsive interactions that occur in the gauche forms of

ketones are reduced by substitution of one of the methyl

terminal groups of butane by the carbonyl linkage.

The internal rotation around the central C ,2-0

bond in carboxylic acids and esters originates two diffe-

rent planar conformations the s-cis form, with a 0=C-O-R

dihedral angle equals to 0°, being more stable than the

s-trans form (0=C-O-R dihedral angle equals to 180°).

s-cis	 s-trans

Considering only intramolecular electronic effects,

the energy maximum of the s-cis-->s-trans interconver-

sion reaction should occur for a 0=C-0-R dihedral angle

near 90°, when mesomeric delocalization reaches a

minimum. While electronic effects are usually very diffi-

cult to account for by MM calculations, PF1 force field

proved to be very reliable to describe such kind of

effects in carboxylic molecules [6,10,51]. Two illustra-

tive examples of capital importance in conformational

analysis of these compounds can be pointed out:

i) It is known that the mesomeric delocalization

0=CR-0R" H 0-CR=OR" is less important in the s-trans

forms of carboxylic acids and esters than in their most

stable s-cis forms [9-11,59]. This different stability

reflects itself in the values of structural parameters, like

C-0 bond lengths. In particular, PF1 calculations predict

that the central C-O bond length increases by a few pico-

meters and the C=0 bond length reduces slightly when

going from s-cis to s-trans conformers [3-6,10], in agree-

ment with experiment,.

ii) The PF1 calculated energy differences between

s-trans and s-cis conformers in acetic acid and its methyl

ester increase by approximately 8 kJ moll in the latter

molecule [4]. In addition, in methyl acetate, this barrier

is predicted to be greater than in acetic acid by =20 kJ

moll [4]. Also, the maximum of the barrier does not

seem to occur at 90° in methyl acetate, as it should be

predicted if only mesomeric effects were operating in

the O=C-0 group, but at ca. 100°. These increments in

the energy differences and in the angle of maximum

potential energy may be ascribed both to steric repul-

sion between the acetyl and methoxyl groups and to the

larger indutive or hyperconjugative effect of the methyl

ester group. It is remarkable that PF1 can account for

such kind of conformational features, even when both

steric and electronic effects are operating simultane-

ously.

From the MM results it can be concluded that the

(s-trans)-(s-cis) energy differences in simple saturated

aliphatic carboxylic acids and esters are =25 and =35 Id

moll, respectively (exceptions to this general rule are

HCOOH and HCOOCH. ;). In addition, the energy barri-

ers for s-cis— s-trans isomerization are =45 kJ moll in

carboxylic acids and =65 Id moll in esters.

The relative stabilities of conformations differing

by internal rotation around Cã C and C o-Ca bonds in

carboxylic acids and esters were also examined and

proved to be qualitatively similar to those observed for

aldehydes and ketones. Thus, in these molecules, the C-

C-C=O and the C-Cf3 -C -C  axes adopt preferentially syn

and anti forms, respectively. The less stable skew C-C-

C=O conformations are higher in energy by °6 kJ moll

than the syn forms; the gauche C-Cp Ca C conformers

are =4 kJ moll less stable than the anti form. It is inte-

resting to note that, in both cases, the energy differen-

ces between the less stable (skew or gauche) forms and

the most stable form are higher than those found in

ketones.

The results obtained for acyl chloride molecules

show that a syn C-C-C=0 axis in these compounds

corresponds also to the most stable form, skew forms

yet being =6 kJ moll higher in energy than the syn

conformer [10].

Conformational preferences of the ester group can

be summarized as follows:

i) In methyl esters, the lowest energy conformation

is the anti form, with a H-C-O-C dihedral angle of 180°. In

the syn conformation (energy maximum) there is a

strong steric interaction between the carbonyl atom and

the methoxy hydrogen atom (in the plane) that reflects

on the large calculated O-C-Hin-plane angles found for this

conformation [4].

p	 Fr H

C	 ,, N /
c^HO

ii) The internal O-C barrier of rotation of the methyl

ester group is =5 kJ mole for all compounds studied in

the 0=C-0-C s-cis conformation. This energy barrier

strongly increases for s-trans 0=C-0-C forms due to the

proximity of the methyl ester and the acyl groups.

iii) The C-0-C-C internal rotation in ethyl ester

molecules originates two different stable conformers,

the anti form (dihedral angle of 180°) being most stable

than the gauche form (C-O-C-C dihedral angle =80°) by

=1 kJ moll.

PF1 vibrational results on carbonyl compounds

are summarized graphically in Fig.7. As it was pointed

O

C — O\
^

Ri 	R2
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(a,9) -

(g,g) 1.73 (g,g') 2.45

(a,a) 1.34

(9,a) 3.27

y = - 22.651 + 1.005x R = 1.00

1000
	

2000	 3000

out before, the MM vibrational results for these molecu-
les are in better agreement with the experimental values
than in the case of alkanes, alcohols and ethers. This is
because the reduced symmetry of the carbonyl moiety
makes each calculated frequency essencially depen-
dent on the value of a single potential parameter. In
more symmetrical groups, one single parameter may be
important to determine the calculated values for several
vibrations.

Figure 7 makes clear that the worse agreement
obtained between calculated and experimental frequen-
cies occurs for C-C stretching modes. This can be easily
understood considering the high degree of vibrational
coupling usually found for these vibrations, as well as
their sensitivity to structural changes.

3000

2000

1000

Exp.

Figure 7 - Calculated (PF1) versus experimental vibrational frequen-

cies (cm 1 ) for carbonyl molecules. Data was taken from refs. 3, 10 and

references therein.

Thiols and thioethers

The force field for thiols and thioethers (PF2) was
developed using 9 representative molecules (5 thiols
and 4 thioethers) [ 11 ] . PF1 force field parameters were
used to deal with hydrocarbon molecular fragments.

The calculated values and the available experi-
mental data for these classes of compounds are in good
general agreement. In opposition to what was observed
in the case of alcohols and ethers, the MM calculations
show that a methyl group directly bonded to the sulphur
(thiol or thioether) atom does not show any important
tilt towards the sulphur lone electron pairs. The absence
of such structural feature in these molecules can be
partially ascribed to the longer C-S bond length.

The results obtained for 1-propanethiol are particu-
larly relevant to the understanding of conformational
preferences of both the C-C-C-S and C-C-S-H axes in
thiols. We have calculated the structures and relative
energies of the five expected conformers, ag, aa, gg, gg
and ga of this molecule (Fig.8). In this notation, the first
letter refers to the conformations around the C-C bond,

and the second to the conformations around the C-S
bond. The C-C anti forms have been determined to be
more stable by X1.7 kJ moll than the forms which have
a C-C gauche conformation. The calculated bond
lengths and angles in the various conformers are similar.
However, the C-S and C-C central bonds as well as the C-
C-S angle are slightly increased in the gauche C-C forms
[ 11], thus indicating some intramolecular strain in these
conformers.

Figure 8 - Conformers and PF2 relative energies (kJ mo1 -1 ) of 1-propa-

nethiol. g. gauche; a, anti.

In all studied molecules the sulphydryl group
adopts preferentially a gauche position (see Fig.8); the
anti form is higher in energy than the gauche form by
=1.3 kJ moll. It should be pointed out that this confor-
mational trend contrasts with that observed in the case
of the oxygen analogue molecules which have anti C-C-
O-H axes more stable than gauche C-C-O-H axes, as it
was already mentioned in this article. This distinct
conformational behaviour seems to suggest that longer
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 this conformati-
onal preference around the C-C-S-H axis.

The gauche arrangement preference in the immedi-
ate neighbourhood of a sulphur atom seems to be a
general trend, as the MM calculations also predict that
the most stable C-C-S-C axis conformation in thioether
compounds is also gauche [11]. The results of the calcu-
lations on ethylmethyl, methylpropyl and diethyl
sulphide molecules are particularly interesting on this
instance. The relative stability of the gauche and anti
conformers of ethylmethyl sulphide have been the
subject of a variety of experimental and theorethical
studies. Experimental work on this molecule has inclu-
ded vibrational spectroscopy [60-65], electron diffraction
[66] and microwave spectroscopy [67,68]. It was belie-
ved at one time that the anti form was more stable than
the gauche form, and an older MM force field [69]
predicted the anti form to be 1.21 kJ moll lower in
energy than the gauche conformer. However, an ab initio
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SCF MO calculation with a 3-21G+á (C,S) basis set and a
second order Moller-Plesset pertubation correction to
include electron correlation led recently to the conclu-
sion that the gauche form is the most stable [70]. This
conformational preference is well reproduced by our
MM force field, with the gauche conformer calculated to
be 0.7 kJ mol -I more stable than the anti form (Fig.9). In
addition, PF2 indicates that the most stable conformers
of diethyl sulphide and methylpropyl sulphide molecu-
les are the gg and ag forms, respectively (in the case of
methylpropyl sulphide, the notation assigns the first letter
to the conformation of the C-C-C-S axis and the second to
the conformation of the C-C-S-C axis).

gauche

AE a .g = 0.69

1	 i	 1	 1	 1

30 ° 	60°	 9 0 °	 120^	 150°

C- 5 -C-C

Figure 9 - PF2 potential energy profile for internal rotation about the C-

S bond in ethylmethyl sulphide, showing the greater stability of the

gauche conformer as compared with the anti form.

around a C-C-X-C axis depends on the length of the
central C-X bond. We should recall that the data presen-
ted in Fig.10 also include recent results on relative ener-
gies of gauche and anti forms of the C-C-N-C axis in ethyl-
methyl amine [71], and that the linear dependence
observed for the above considered molecules is also
obeyed by this molecule.

PF2 vibrational results on thiols and thioethers are
summarized in Fig.11. This Figure presents only the
results for skeletal vibrations and for those modes invol-
ving the functional groups. The calculated values for
other modes show the same general trends found for
alkane, alcohol and ether molecules. Generally spea-
king, the agreement between calculated and experimen-
tal values is satisfactory, while the calculated C-C stret-
ching frequencies are too small, a trend which had alre-
ady been noticed for alkanes [3].

y. 11.136+ 0.984x R =0.99

- a-

4-

1$o°

1000 2000	 3000

Exp.

It is interesting to note that the relative stability of
an anti and gauche C-C-X-C axis (X= C, O, S) favours
more the anti form for X=O than for X=C, and is reversed
for X=S, the gauche form being the most stable in this
case. A plot of Eg-0 vs. C-X bond length gives a straight
line (Fig.10) thus showing that the g-a relative stability

Figure 10 - AEg°x` (X = O, CH„ NH, S) versus the lenght (b c_,) of the C-X

central bond. The straight line obeys to the equation AE g"= 29.61.b„  x -

0.17, the correlation coefficient being 1.00.

Figure 11 - Calculated (PF2) versus experimental vibrational frequen-

cies (cm - ) for thiol and thioether molecules. Data was taken from refs.

10, 11 and references therein.

Thiocarbonyl compounds

The most recent extension of PF2 to thiocarbonyl
compounds was intended to deal with thioaldehyde,
thione, dithioacid and dithioester groups. Ten model
compounds were used to determine specific thiocar-
bonyl potential parameters. The resulting force field is
the first MM force field parameterized for these families
of molecules. In fact, the necessary information for such
force field development only recently became availa-
ble, as a result of our investigations on the structures
and properties of thiocarbonyl compounds by means of
a series of sistematic ab initio quantum mechanical SCF-
MO calculations [10,59,72-74].

The MM results obtained for the molecules used in
the parameterization agree very well with the reference
ab initio values [10-12]. In addition, changes in molecular
geometries associated with internal rotations are also
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(a.a) 1.43	 (g,a) ---

(9.9') 4.29

(a,a) 1.20
(g.a) 0.70 S-C=B C-C=S

122.

/N
160

S =C- S-C

1211111
160

S.C -S -C

Ieo

t- c-N- c

correctly predicted. For instance, the PF2 calculated C-
C=S and C-Cspz H angles for ethanethial in the anti confor-
mation (H-C-C=S dihedral angle equals to 180°) are 125.3°
and 116.2°, respectively; the ab initio values for these
angles are 125.0° and 116.2°. In addition, in the lowest
energy conformation (syn), these angles (ab initio ; PF2)
are (125.6° ; 126.7°) and (115.5° ; 115.4°), respectively,
while the H-C=S angles were predicted to be very similar
in both conformations, by mm as well as by ab initio
methods. Molecular mechanical calculations predict also
correctly the relative values of C-H bond lengths and C spZ

C-H angles involving the hydrogen atoms located in and
out of the molecular plane. Molecular orbital calculations
[74] have shown that the a-carbon 2s orbital has a larger
contribution to the C-H in-plane bond than to the out-of-
plane bonds. The larger s character of the in-plane bond
leads to a relatively small bond length for this bond and
to a larger Csp2 C-H angle.

The conformational study of 2-pentanethione and
3-pentanethione is particularly relevant to the understan-
ding of conformational preferences exibited by C-C-Cspz

C and C-C-C-Csp2 axes in the vicinity of a thiocarbonyl
group. In consonance with the relative stability of the

2 -Pentanethione

(9.9) 2.82

3 -Pentanethione

various conformers of these molecules (Fig.12), a
gauche C-C-C9p2- C axis (±60°) is more stable than an anti
C-C-Cspz C axis (180°) by approximately 1kJ moll. This
contrasts with the trends exibited by carbonyl
compounds where the anti conformation is the most
stable one. On the other hand, the C-C-C-C sp2 axis adopts
preferentially the anti conformation, either in thiocar-
bonyl or in carbonyl compounds. However, the C-C-C-
Csp2 gauche-anti energy difference is appreciably larger
in thiocarbonyl than in carbonyl molecules (Egauche.anti

and 1 kJ molt, respectively). This destabilization of
gauche forms upon O—>S substitution results mainly
from strong interactions between the sulphur atom and
the gauche 3-methyl substituents due to the larger van
der Waals radius of the sulphur atom.

Geometry changes accompanying the s-cis—s-trans
conversion in dithioacids and dithioesters (see refs. 72
and 73 for a detailed discussion) are correctly predicted

NCSlN

S - C=S H-C-S H -C.S

II11 I1/ 122 	 ^`-

124 1111 1111

180

s = C-S-H

180

5-C - S -I1

160

S=C -S -1i

NSC!!N

S-C=S C-C-S C-C=S

122- 115 12!

11! 111 212
180 180 180

S=C -S-H S-C - S - H S=C - S- H

NC!lCNS
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eo
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C-C-S

(9,9) - - (9.9') 0.49

Figure 12 – Conformem and PF2 relative energies (kJ moll) of 2-penta-

nethione and 3-pntanethione. g, gauche; a, anti.

Figure 13 – Geometry changes accompanying the s-cis-s-trans conver-

sion in RC(=S)SR (R = H or CI-1 3) molecules, –, PF2 –,ab initio 3-21G.
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by the MM calculations. Figure 13 shows an excellent
agreement between MM and ab initio results for S=C-S, X-
C=S and X-C-S angles (X=H or C) of dithioformic and
dithioacetic acids and their methyl esters, along the s-

cis-s-trans isomerization.
The results obtained for the set of molecules having

one a-methyl group (CH 3CH2C(=S)X, X= H, CH 3 , SH or
SCH3) enable us to correlate conformational preferences
of this group with the X substituent. In all the molecules
studied gauche forms are more stable than syn forms, the
C-C-C=S dihedral angles of the gauche forms increasing
along the series X= H ] SCH 3 (s-cis) =SH (s-cis) ] SH (s-

trans) =SCH,1 (s-trans). Considering that larger C-C-C=S
angles correlate with smaller CH 3(a) ...X distances and
stronger CH 3(a) ...X repulsive interactions, the calculated
values of these angles in the above series of molecules
show that CH 3(a)...X interactions are more important
when the X substituent is bulky and positively charged.
These interactions destabilize gauche forms with respect
to the syn conformer, reflecting on the largest gauche-syn
energy differences for molecules where X is a methyl
group, or for molecules that exhibit a s-trans conforma-
tion around the C—S central bond.

The results obtained for molecules having two a-
methyl groups (C(CH 3),HC(=S)X, X= H, CH 3 , SH and
SCH3 ) reveal that a similar correlation between confor-
mational preferences and the nature of the X group can
also be established for these molecules. In this case,
bulkier and more positive X groups correlate with less
stable syn forms, because in this conformation both a-
methyl groups are placed near the X group. Thus, the
syn form is the most stable form when X = H, SH(s-cis)
and SCH 3(s-cis), while the gauche form becomes the
most stable one either for the s-trans forms of the
dithioacid and dithioester molecules or for X = CH. ; .

As it was shown for single methyl substituted mole-
cules, the calculated relative values for the H-C-C=S
dihedral angle of the gauche forms can also be used to
analyse the relative strength of the CH 3(a) ...X interacti-
ons along the series of molecules now considered,
though, in this case, larger H-C-C=S dihedral angles
correspond to larger CH 3(n) ...X distances.

The results obtained for ethyl dithioesters allow to
understand the conformational preferences of the ethyl
fragment in these molecules. In both ethyl dithioformate
and ethyl dithioacetate the internal rotation around the
C-S bond gives rise to two distinct stable conformations:
the anti (C-C-S-C dihedral angle equals 180°) and the
gauche forms (C-C-S-C dihedral angle near 60°). The
lowest energy forms, for both s-cis and s-trans S=C-S-C
axes, correspond to the gauche form, in contrast to the
dioxygen compounds. These conformational preferen-
ces can be explained considering:

i) the larger C-S bond lengths that result in weaker
CH 3 (gauche)...S= steric interactions in dithioesters
compared to CH 3 (gauche)...O= interactions in oxygen
esters;

ii) the reduced mesomeric aptitude of the sulphur

atom, leading to a less effective electronic stabilization
of the anti conformer in dithioesters than in esters;

iii) the stronger through-space repulsive interacti-
ons between thiolic lone electron pairs and the terminal
methyl group (more important in the anti conformer
than in the gauche form), as compared with CH3...Oione

pairs interactions in oxygen esters.
In consonance with the above reasoning, the Csp2

S-CH2CH.; axis should also preferencially adopt the
gauche conformation in ethyl thiolesters, while the
lowest energy conformation of the C sp2 O-CH 2-CH 3 axis
in ethyl thionoesters should be anti.

PF2 vibrational results on thiocarbonyl
compounds are resumed in Fig.14, where they are
compared with experimental data. It can be concluded,
from this figure that the general agreement between
calculated and experimental values is qualitatively simi-
lar to that obtained for carbonyl compounds.

y= - 22.843 +1.o14x R =1.00

LL
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2000 -
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Figure 14 — Calculated (PF2) versus experimental vibrational frequen-

cies (cm -1 ) for thiocarbonyl molecules. Data was taken from refs. 10, 12

and references therein.
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