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Eleven solid state structures of eight compounds 1−8 of the
type [{κ-PAr2CH2CH(OH)CH2-κ-PAr�2}Rh-(η4-COD)]+PF6

−

are used as a basis for deriving a force field model for this
class of compound by Genetic Algorithms. By a complete se-
arch in the conformational space of [{κ-PMes2CH2-

CH(OH)CH2-κ-PPh2}Rh-(η4-COD)]+PF6
− (1) it is shown that

the model is not only capable of reproducing the structures
but as well capable to predict the stability of individual con-
formers and the conformational reaction pathways in full
agreement with experimental observations. The model pre-
dicts that the λ twist conformation is the most stable con-
formation of 1. The δ twist conformation is calculated 3.1
kJ·mol−1 above this minimum. The experimental value is 3.4

Introduction

Molecular mechanics has been established to be a highly
efficient tool in understanding the conformational manifold
of small organic molecules.[1,2] In coordination chemistry
these methods should work as well, once the force field
parameters describing the metal ligand interactions would
be known. The fact, however, that there are many different
metals along the periodic table and that all these metals
may engage with the ligands in different geometries makes
the molecular mechanics approach in general a cumber-
some one.[3�5] Nevertheless different types of general force
fields have been described which are in fact able to over-
come many of these difficulties and are able to predict con-
formations of inorganic and organometallic compounds.[6,7]

Such force fields are, however, limited in the accuracy with
which they predict the energy differences between indi-
vidual conformers. If, on the other hand, conformational
pathways are at the focus of a molecular mechanics analysis
and if the calculated energy differences are small and are to
be compared to experimentally determined reaction en-
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kJ·mol−1. The model predicts that there are two mechanistic
pathways for the λ �

� δ isomerization process. Both of them
are characterised by a strictly coupled rotation of the mesityl
groups of the PMes2 entity of 1. These two pathways differ
only in the sense of this rotation. The activation enthalpy for
the λ �

� δ isomerization process as a whole is calculated as
∆H# = 69.1 kJ·mol−1. The experimental value is ∆H# = 64.4
kJ·mol−1. It is concluded therefore that the novel type of ap-
proach as described leads to models of very high predictive
power.

( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

thalpies these generalised force fields do not reproduce en-
ergies to the desired and necessary accuracy.[8]

As an alternative to generalised force fields specific force
fields may be developed for a specific class of
compounds.[3�5] It may be hoped that such specific force
fields might be able to reproduce not only the geometry but
as well the relative energy of the conformational manifold
in agreement with experimental data.[9,10] Such force fields,
if developed in the traditional way, have been shown to cor-
rectly reproduce conformations while the energies of these
conformations are still generally not reliable enough to
compare small energy differences to experimental data. It is
common practice to adjust force field parameters of a spe-
cific class of compound by hand such that a known struc-
ture is correctly reproduced and to optimise the parameters
by trial-and-error on the basis of a few experimentally de-
termined structures of the specific class of compounds ana-
lysed. Parameters thus obtained may be taken as such or
may be used as a starting point for further optimisation.
The optimisation procedures used in this case are local
ones, i.e. they will lead to a locally optimised set of para-
meters which need not necessarily be the optimal solution
of the global problem.

With this in mind optimisation procedures have been de-
veloped which � starting from a randomly selected point in
parameter space � allow for a global search of the optimal
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set of parameters.[11�16] While optimisation procedures
which will solve this type of problem with certainty within an
finite amount of time are not available, optimisation by Gen-
etic Algorithms has been found to be an efficient way around
this problem in many situations.[17�19] It has in fact been
shown that force fields derived by this strategy are well suited
to predict structures as well as energy differences in agree-
ment with experimental observations.[11�16] This kind of ap-
proach has been applied to analyse and predict the conforma-
tional properties of tripod-Mo(CO)3 compounds [tripod �
RCH2C(CH2PR�2)(CH2PR��2)(CH2PR���2)]. By this

method it was possible to predict NOE-distances of com-
pounds such as CH3C[CH2P(R�)(CH2Ph)]3Mo(CO)3 (R� �
Ph, 3,5-Xylyl) to within an rms of less than 0.3 Å with respect
to the experimental values.[15] The same type of approach was
used to predict the activation barriers of the conformational
isomerisation of compounds [CH3C{CH2P(Ph)2}3�n-
{CH2P(o-Tol)2}n]Mo(CO)3 (n � 1�3) to within less than
5 kJ·mol�1.[16]

The quality of these results suggests that it might be
worthwhile to apply a similar strategy to more complicated
problems. ‘More complicated’ in this context means that
there is a larger number of torsional degrees of freedom
which cover a wide spread of torsion angles. In the tripod
metal compounds analysed by now the chelate scaffolding
of the bicyclo[2.2.0.]octane type is such that the individual
six-membered chelate cycles are forced to adopt boat or
twist conformations with any chair conformation excluded
by the rigidity of the framework. In this sense the con-
formations of compounds of the type [{κ-PAr2CH2-

CH(OH)CH2-κ-PAr�2}Rh-(η4-COD)]�PF6
� are more com-

plicated since the six-membered chelate cycles � which are
not a part of a chelate cage � can adopt boat, twist or
chair conformations.

Compounds of this type have been shown to be efficient
precatalysts in the enantioselective hydrogenation of ol-
efins.[20] The solid state structures of eleven members of this
family of compounds are known[20] which are well suited as
a basis to derive appropriate force field parameters by Gen-
etic Algorithms. In addition, the solution structures of four
of these compounds are known as well as the activation
barriers for different types of conformational rearrange-
ments.[8] With all these data given this class of compounds
presents an ideal object for evaluating the power of the
modelling approach as sketched above. In addition the
problem is of some chemical interest since the conforma-
tional properties of six-membered diphosphane chelate
cycles have not been analysed in detail, while, of course, it
is just these properties which will control the stereochemical
result of reactions mediated by chelate compounds con-
taining these cycles.

Results and Discussion

The paper deals with the following problems:
‘‘Definition of the Force Field’’
� How to describe the forces which imply contributions

by the metal?
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‘‘Optimisation of Force Field Parameters’’
� How to optimise this description by Genetic Algo-

rithms?
‘‘Grid Search Analysis of 1�3’’
� How to do a complete scan of the conformational hyp-

ersurface?
‘‘Energy � Reaction Pathway’’
� How to analyse conformational pathways and how to

derive activation energies for these pathways?
‘‘Force Field Model and Experimental Reality � Compar-

ison of Results and Conclusion’’
� How do the calculated results compare to the experi-

mental ones?
The compounds 1�8 on which the analysis of these ques-

tions is based are shown in Figure 1. For some compounds
δ and λ twist forms where found in one and the same crys-
tal. In these cases the two crystallographically independent
conformations have been dealt with as independent indi-
vidual molecules.

Figure 1. Compounds 1�8; the sequence in which the compounds
are labelled is such that compounds 1�3 are the ones which are
extensively analysed in this paper. For compounds 1, 2, 4, 5 quant-
itative solution structures are available.[8] Qualitative NMR spectro-
scopic data for dynamic processes are available for 6, 7.[20] The
numbering scheme follows this hierarchy.

Definition of the Force Field

Parameters describing interactions within the organic
parts of the molecules were taken from the standard MM2*
force field.[1,21,22] Parameters describing C�P�C angles
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Figure 2. Illustration of the force field parameters which were re-
fined; the colours refer to the individual atom types (C2: sp2-car-
bon; C3: sp3-carbon). The label D designates a dummy atom placed
at the centre of a double bond of the COD ligand. Only the para-
meters which are listed in Figure 2 were allowed to refine.

(Figure 2) were defined as usual � they were however re-
fined (see below). All parameters involving the rhodium
atom were refined. Conventional descriptions were used to
describe distances, angles and torsion angles (see Exp.
Sect.).

Parameters involving parts of the COD coligand and the
metal atom where defined as follows: dummy atoms were
defined at the centre of each coordinated double bond (Fig-
ure 3). The distances between the dummy atoms and the
rhodium centre (rd, Figure 3) as well as the angles
D�Rh�D (β, Figure 3) and D�Rh�P (γ, Figure 3) were
described by conventional functionals (see Exp. Sect.). The
angles enclosed by the rhodium centre, the dummy atoms
and any of the two carbon atoms of the double bond adja-
cent to the dummy atom Rh�D�C2 (α, Figures 2 and 3)
were as well modelled by the standard functional for val-
ence angles (see Exp. Sect.). To define the rotational posi-
tion of the π-ligands with respect to the rest of the molecule
the rotation of the double bond around the axis Rh�D was
defined by the torsion angle around this axis. The reference
axis was defined as a Rh�P vector. Of the two Rh�P vec-
tors the one was chosen whichever had the smaller
D�Rh�P angle. The torsion angle (see Exp. Sect.) was de-
fined with respect to one of the vectors D�C2 (Figures 2
and 3). The energy function for this angle (τ, Figure 3) was

Figure 3. Definition of π bonds within the force field approach.
Dummy atoms at the centre of the coordinated double bonds were
used to define the parameters rd, α, β, γ, and τ. The forces acting
on the dummy atoms were distributed to the two carbon atoms of
the respective double bonds. Half of the force acting upon D was
assigned to each of these atoms.
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chosen as E(τ) � kt2·[1 � cos(2τ)]. τ values of �90° corre-
spond to an orientation of the double bond vertical to the
coordination plane of the rhodium atom. These positions
correspond to minima in the torsional potential function
E(τ) � kt2·[1 � cos(2τ)] where the force constant kt2 has
hence to be negative. τ values of �90° correspond to the
situation sketched in Figure 3 which is a minimum situation
with cos(2τ) being �1. The forces on the dummy atoms
have to be transferred to the carbon atoms of the double
bonds to which they refer. The force field thus defined was
incorporated in the body of the force field program
YAMMP[23] (see Exp. Sect.).

This type of approach is similar to the one be taken by
B. Bosnich and C. R. Landis et. al. for the force field de-
scription of coordinated Cp ligands.[24,25] Similar methods
have been developed by van Gunsteren[26] for the force field
description of proteins and by C. R. Landis et. al. for de-
scriptions of different types of π-ligands.[27]

Optimisation of Force Field Parameters

In order to describe conformational behaviour by force
field methods an algorithmic machinery is needed which
correctly models the experimentally determined behaviour.
Such a machinery has to be built up with appropriate func-
tions and parameters. Once the functions are defined it is
the parameters which have to be tuned. Tuning means to
adapt the parameters such that the observed conforma-
tional properties of the molecule are correctly reproduced
by the machinery. The conformational property chosen in
most cases is the ‘structure’ of the molecule. Structures,
however, are in general taken from crystallographic studies;
this means that the molecule is embedded in a crystal and
subject to external forces acting upon it from the neigh-
bouring molecules. If force field parameters are fitted to
reproduce such structures it is the solid state structures
which they reproduce. Only if it is evident that these struc-
tures, even though determined in the solid state, are almost
completely due to the inner molecular potential with van-
ishing contributions from the external forces, this approach
will lead to a force field which models the inner molecular
potential. If a large number of a family of crystal structures
is known the question of whether these structures are by
and large uninfluenced by crystal forces can be addressed
by statistical analysis. In the first report on the use of Gen-
etic Algorithms in the refinement of force field parameters
which dealt with modelling the behaviour of tripod-
Mo(CO3) compounds[14] statistical analysis by a variety of
methods including Neural Network analysis had shown
that these premises are met in this case.[11] Refinement of
the force field parameters on the basis of solid state struc-
tures has been highly successful in this case.[14] In the pre-
sent case there are too few individual structures available
for a meaningful statistical test. A practical approach in this
case is then to assume that the crystal structures are due
to the inner molecular potentials, to refine the force field
parameters on this basis and possibly to remove outliers if
there are any. It is assumed in this case that structures which
are less well reproduced than the average are influenced by
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crystal forces acting on the molecules in the crystal lattice.
This approach is taken in this paper.

Genetic Algorithms were applied to tune the force field
parameters such that twelve crystallographically deter-
mined structures of the eight compounds (Figure 1) were
reproduced to the best possible extent. A short explanation
of how Genetic Algorithms work, may help to appreciate
that the methodology is very simple indeed. The first thing
to do is to make a guess for the numerical range which
the individual parameters may possibly adopt. To give an
example: it is known that the valence force constants can
adopt values up to a maximum of 20 mdyn·Å�1 and, of
course, that such force constants have to be greater than
zero. In this case setting the range for this type of constant
to 0 � k � 20 covers all possible values. If it is known that
the specific force constant k refers to a weak bond this
range might be much smaller of course. Once the numerical
range is determined it is divided in 2(n�1) equally spaced
intervals. The position of each specific interval may then be
clearly defined by a binary number in the range 0 � 2n�1.
The binary number may thus be taken as a representation
of a numerical interval within the range allotted to the
parameter. It may be decoded into the numerical value of
this parameter with the resolution depending on the size of
the interval.[28]

To start the optimisation process binary representations
of the values of the individual parameters are generated
stochastically. The binary representations of the individual
parameters are combined in one binary string where the
positions on the string clearly indicate to which parameter
each part of the string belongs. A whole set of such para-
meter strings is generated; in the Genetic Algorithm idiom

Figure 4. Refinement of the force field parameters by Genetic Algorithms. The parameters which are to be refined are encoded as binary
strings. The sections within these strings refer to individual parameters. The values of these parameters are represented by the binary
numbers within these sections. The first generation of such strings is generated at random. Each of these parameter strings is evaluated
with respect to the quality with which it is capable of reproducing the structures of all compounds in the data basis by molecular mechanic
calculations. The parameters which have a high ‘fitness value’ are preferentially selected to produce offspring by crossover and mutation.
The next generation thus produced is subject to the same procedure of evaluation and offspring production. Iteration of this process
leads to optimised parameters.
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it is called a population (Figure 4). Each parameter string
is decoded to produce the numerical values of the individual
parameters. The parameters are fed into the force field pro-
gram and the experimentally determined structures are sub-
ject to refinement. The quality of a given set of parameters
is deduced by their capability to produce a set of refined
structures in close agreement with the experimentally deter-
mined conformations. By some formalism this quality is ex-
pressed as a number. In the example given (Figure 4) a
small number is meant to indicate a high quality and a large
one to correspond to a low quality parameter set. The nu-
merical values by which the sets are ranked are called the
fitness values in the Genetic Algorithm idiom. For each in-
dividual within a given population this fitness is evaluated
on the basis of all observations. With the problem at hand
this means that for a given set of force field parameters each
of the structures in the data base has to be optimised. This
has to be done for all individuals of a population within
each generation over and over again and thus is the really
time consuming part within optimisations based on Genetic
Algorithms. Optimisation itself is achieved by creating a
next generation of parameter sets from the forgoing one
such that the population of this next generation has a high
probability to contain bit strings or parts of bit strings
which had already been shown to produce high fitness
values in the foregoing generation. This is achieved by mak-
ing fit individuals produce offspring with higher probability
than the less fit ones. Offspring is generated by exchanging
parts of bit strings between the parents (Figure 4) that is by
crossover. The idea behind this is that pieces of information
(bit strings) which have already been found to be well ad-
apted to solve the problem will accumulate from generation
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to generation such that the populations as a whole and their
individual members will be more and more adapted to the
problem from generation to generation. In order to avoid
that the selection procedure leads to a suboptimal solution
mutations are induced once in a while by inverting ran-
domly selected bits (Figure 4).[29,30]

The optimisation by Genetic Algorithm (GA-optimis-
ation) is generally an efficient optimisation strategy conver-
ging to optimal solutions also in those cases where tradi-
tional optimisation procedures fail.[31�33] A specific advant-
age of the underlined algorithmic scheme is that the time
consuming step (evaluation of the fitness) may be per-
formed independently on different processors, i.e. the algo-
rithm is naturally parallel. With the problem at hand reas-
onable computing times can only be achieved if optimisa-
tions are performed on a parallel computer.

With the problem at hand GA-optimisation led to force
field parameters, which when fed into the molecular mech-
anics program, were able to reproduce the observed struc-
tures. It was found that the agreement between calculated
and observed structures was quite good for eleven members
of this set (1�8) while one structure {2b: [{κ-PPh2CH2CH-
(OH)CH2-κ-P(o-Tol)2}Rh-(η4-COD)]�PF6

�} was less well
reproduced. Analysis of the crystal structure indicated that
the observed conformation might be biased by crystal
forces and structure 2b was therefor excluded from the data
basis.[34] Refinement based on the optimisation of the el-
even remaining structures led to satisfactory agreement for
all the members of the set (Table 1 and Figure 5).

Table 1. RMS deviations of structures 1a�8a

Structure[a] RMSmm2�rms [Å] RMSmm2�int [Å]

1a 0.343 0.368
1b 0.212 0.256
2a 0.384 0.441
3a 0.238 0.267
4a 0.357 0.249
5a 0.253 0.242
5b 0.286 0.284
6a 0.191 0.190
6b 0.195 0.187
7a 0.136 0.165
8a 0.196 0.284
average 0.254 0.267

[a] The column with the suffix mm2�rms was obtained on the basis
of parameters calculated by using the RMS deviations between ob-
served and calculated atom positions as the criteria to evaluate the
fitness. The column labelled mm2�int refers to a parameter set
which was obtained by basing the evaluation of fitness on the
agreement between calculated and experimental values of a set of
selected internal coordinates (optimised distances, angles, and tor-
sion angles).

Expressed as the RMS deviation between observed and
calculated atom positions the agreement is between 0.14
and 0.38 Å. Table 1 refers to two different procedures used
for the evaluation of fitness during Genetic Algorithm re-
finement. The column with the suffix mm2�rms was ob-
tained on the basis of parameters calculated by using the
RMS deviations between observed and calculated atom po-
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Figure 5. Illustration of the quality of agreement between calcu-
lated and observed conformations. From the compounds shown 2a
is the one with the lowest quality of reproduction (Table 1). The
other compounds shown are of average quality.

sitions as the criteria to evaluate the fitness. The column
labelled mm2�int refers to a parameter set which was ob-
tained by basing the evaluation of fitness on the agreement
between calculated and experimental values of a set of se-
lected internal coordinates (optimised distances, angles, and
torsion angles). Independent of the criteria on which the
evaluation of fitness was based, the refined parameter sets
were able to reproduce the structures quite well. Figure 5
shows an overlay of observed and calculated conformations
for an unbiased (cf. Table 1) selection of compounds.

Numerical values of force constants optimised by this ap-
proach have their meaning only as a whole: due to the inter-
dependence of the internal coordinates which are used to
describe the mechanical model within a force field program
there is in general not just one optimal solution to the op-
timisation but there may be families of optimal solutions
with quite different numerical values for the individual force
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constants. When fed into a molecular modelling program
as a whole these numerically different solutions will equally
well reproduce the structures.

Table 2 shows the quality of agreement with respect to
internal coordinates. The columns labelled average in
Table 2 show that the average of the values for individual
types of distances, angles and torsion angles taken over all
structures are well reproduced by the two parameter sets.
The force field mm2�int derived by minimising the discrep-
ancy between observed and calculated values of internal co-
ordinates is found to reproduce such internal coordinates
(distances, angles, and torsion angles) somewhat better than
the mm2�rms which minimises the discrepancy between
atom positions (Table 2). The columns labelled rmsd repres-
ent the RMS deviation between calculated and observed
values in each case. These deviations must be larger than
the deviations between corresponding average values
(Table 2) since in calculating the average positive and nega-
tive deviations may cancel each other while in calculating
the RMS deviation (rmsd) they are accumulating independ-
ent of sign. From the numbers given in Table 2 it is seen for
set mm2�rms that some valence angles are systematically
too large or too small in comparison with the observed
structures. Nevertheless valence angles are reproduced to an
accuracy between 2° and 5°. Torsion angles do not appear

Table 2. Agreement between calculated and experimental values of
characteristic internal coordinates (distances [Å]; angles [°]

[a] X-rayav mm2�rmsav rmsd mm2�intav rmsd

Rh�P 2.3 2.4 0.06 2.3 0.03
Rh�D 2.1 2.2 0.03 2.2 0.03
Rh�X 0.04 0.03

P�Rh�P 88.4 85.4 3.25 88.1 1.10
P�Rh�D 92.8 95.1 2.57 93.5 1.80
P�Rh�D 172.5 173.7 4.63 171.5 2.94
D�Rh�D 85.5 84.2 2.37 84.9 2.94
X�Rh�X 3.21 2.19

Rh�P�C3 114.0 116.2 2.90 114.2 1.86
Rh�P�C2 114.7 114.5 1.65 114.1 1.81
C2�P�C2 104.4 105.6 1.52 105.1 1.34
C2�P�C3 104.2 102.1 2.87 104.3 2.26
X�P�X 2.24 1.82

Rh�D�C2 85.5 84.2 2.37 84.9 2.94

P�Rh�D�C2 �93.6 �95.4 4.87 �94.1 2.57
Rh�P�C3�C3 �67.5 �67.6 4.00 �68.0 3.95
P�C3�C3�C3 �46.8 �44.7 7.95 �45.9 7.92
P�Rh�P�C3 �30.8 �31.5 4.02 �31.9 4.60

[a] The data in column X-rayav represent the average value of the
corresponding internal coordinate over all eleven structures con-
tained in the data basis. mm2�rmsav and mm2�intav refer to the
two sets of force field parameters reported in this paper. The num-
bers given under these column headers represent the mean of the
corresponding internal coordinates for the calculated structures.
The rms values given in each case represent the rms deviations
for each class of internal coordinates as obtained by comparing
calculated and experimentally observed values of each member of
the corresponding set.
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to be biased. The accuracy with which they are reproduced
is in the range of 3° and 8°. The accuracy of the force field
is thus well within the range reported to be achievable by
molecular modelling methods.[27,35,36]

Grid Search Analysis of 1�3

A detailed analysis of the conformational space of molec-
ules 1�3 is described in the following paragraphs. The ana-
lysis is based on the force field mm2�rms. To adequately
scan the conformational space grids are defined as shown
in Figure 6.

Figure 6. Conformational parameters of 1�3. For a complete con-
formational search the actively driven conformational coordinates
were chosen as shown. The four aryl rotations (ϕ1�ϕ4) were driven
by using the rubberband protocol.[37] In order to relate the origin
of the rotation to the coordination scaffolding the orientations
where an aryl ring is parallel to the bisector of the P�Rh�P angle
(vertical to the paper plane in the left hand side of the figure re-
spectively horizontal in the right hand side of the figure) were de-
fined as �90°. The sense of rotation was taken as shown in the left
hand diagram in Figure 6. By this definition an edge orientation
is characterised by an ϕ value of �90° while a face orientation
corresponds to ϕ values of �0°. The conformational coordinates
(τ1�τ3) were as well actively driven using the ring closure bond
protocol.[38] The rotational position of the OH group (ϕ5) com-
pletes the coordinates of the eight dimensional conformational
space.

The grid intervals for aryl rotations are set to the values
in Table 3 upon detailed inspection of the experimentally
determined structures of the relevant molecules. The resolu-
tions were chosen such that any feasible rotational positions
could be reached from the starting points. The conforma-
tions observed in the X-ray structures are selected as start-
ing points in each case. To generate the starting conforma-
tions the ‘rubberband’ protocol was used which had already
been found to be efficient with other compounds for which
steric crowding did not allow for a direct rotation of their
aryl groups.[37] The OH group was allowed to occupy the
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Table 3. Definition and results of the grid search for compounds 1�3

Com- ϕ1,2 ϕ3,4 τ1�3 ϕ5 No. of starting No. of total No. of minima
pound geometries minima in the range of

range step range step range step range step ∆E � 50 kJ·mol�1

1 0°-180° 3 0°-180° 2 0°-360° 6 0°-360° 3 23328 91 82
2 0°-180° 2 0°-360° 3 0°-360° 6 0°-360° 3 23328 177 177
3 0°-360° 3 0°-360° 1 0°-360° 12 0°-360° 3 46656 92 92

three classical staggered positions. To construct chelate
cycles with the appropriate torsion angles the ‘ring closure’
protocol was used.[38] Under this protocol the appropriate
C�C bond is removed and reinstalled after adjusting the
torsion angles to the selected values.

From the ten thousands of starting geometries (Table 3)
force field minimisations lead to the same number of local
minima, but many of them being the same. A comparison
of these minimised structures leads to 91 independent min-
ima for compound 1 and 92 of them in the case of 3. For
compound 2 there are 177 independent minima altogether
reflecting the lower symmetry and the less strained situation
in 2 as compared to the once in compounds 1 and 3. From
these local minima only a subset of 82, 177, and 92 is within
a range of 50 kJ·mol�1 at or above the corresponding
global minimum for compounds 1�3 in that sequence
(Table 3).

Figure 7. Classification of the conformations of the chelate cycle of 1. The 91 independent local minima were sorted into the classes
shown by Neural Network analysis. The energy scale refers to the lowest energy conformer in each class.
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To sort the conformations into classes with respect to the
conformations adopted by their chelate cycles a Neural
Network analysis of the Kohonen type was applied.[39] The
six torsion angles characterising the conformations of the
six-membered chelate cycles were used as the components
of the input vectors. Self organisation of the 5 � 5 Kohonen
network clearly revealed twelve individual classes in a two
dimensional map.

The classes which lie within a energy window of 20
kJ·mol�1 are shown for 1 in Figure 7. It is seen that these
classes conform to the standard classification of six-mem-
bered cycles. This means that the standard classification
scheme is ‘reinvented’ by the Neural Network. If the differ-
ent conformations are ranked according to the lowest en-
ergy calculated for the members of each specific class, the
diagram as shown in Figure 7 results. It is satisfying to find
that the λ and δ twist-boat conformations are at the lowest
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energy (Figure 7) since these are the conformations which
are observed in the crystal of molecule 1.

The same procedure when applied to the conformations
which result as local energy minima from the analysis of 3
(Table 3) results in the diagram shown in Figure 8.

Figure 8. Classification of the conformations of the chelate cycle of 3. The 92 independent local minima were sorted into the classes
shown by Neural Network analysis. The energy scale refers to the lowest energy conformer in each class.

Figure 9. Classification of the conformations of the chelate cycle of 2. The 177 independent local minima were sorted into the classes
shown by Neural Network analysis. The energy scale refers to the lowest energy conformer in each class.
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In this case the chair conformation � which almost ex-
actly corresponds to the conformation of compound 3 in
the solid state � has the lowest energy. It is however seen
that other conformations are energetically almost equal to
the one observed in the crystal such that the conformation
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which should be found in the crystal cannot really be pre-
dicted. One would expect, however, that it should be one of
the low energy molecular conformations which build up the
crystal and it is in fact the one with the lowest calculated
energy.

Figure 9 shows the same type of analysis for compound
2 where it is seen that the conformation observed in the
crystal (chair, Figure 1) is amongst the conformations of
the lowest energy of this compound but lies some
5 kJ·mol�1 above the global minimum.[40]

In comparing Figures 7�9 it is obvious that twist con-
formations are only preferred with 1 while 2 and 3 appear
to prefer non-twisted conformations (chair or boat). Site
differentiation by the two different PAr2 groups is obviously
largest for molecule 1 which prefers a twist conformation
while the difference in the repulsive forces acting on the
chelate cycle from the two different PAr2 groups in 2 and 3
do not overcome the intrinsic preference of the more sym-
metric chair and boat conformations.

Energy � Reaction Pathway

With the approach taken in deriving force constants de-
scribing the potentials with respect to internal coordinates
which involve the rhodium atom as a contributor there is
no explicit reference to an energy scale (see paragraph Op-
timisation of Force Field Parameters). The reference is only
implicit and the scale results by virtue of the scale intrinsic
to the MM2* part of the force field. This part of the force
field is thoroughly adapted to energy differences observed
for organic molecules which means that it is capable of re-
producing conformational pathways in organic chemistry
not only with respect to structures but also with respect
to relative energies. Since, with the molecules analysed, the
interactions between their organic parts dominate it is ex-
pected that the force constants derived for the ‘inorganic’
part of the molecules by GA-optimisation will adapt to the
major forces exerted by their organic part such that the
scale of relative energies as calculated by the force field as
a whole will be on scale with the observations. These ex-
pectations have been born out by similar analyses in related
cases.[14�16] If the energies are on scale with the observa-
tions it must be possible to calculate conformationally relev-
ant energies and to compare these with experimental values
wherever available. The only molecule within the set studied
for which experimental data relating to the relative stability
of different conformers and to activation energies of con-
formational rearrangements are available is molecule 1.[8] A
more detailed analysis of the implications to be drawn from
the force field calculations is therefore restricted to 1.

An indication for the appropriateness of the energy scale
is the finding (Figure 7) that the λ twist-boat conformation
of 1 is calculated to be 3.1 kJ·mol�1 more stable than the δ
twist-boat conformation. Experimentally it is observed that
the energy difference between these conformers is ∆H �
3.4 kJ·mol�1 with the λ twist conformer being the more

stable one.[8] The modelling approach hence predicts the
correct sequence of relative stabilities and, even more, the
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calculated energy difference is in agreement with experi-
ment.

NMR analysis shows that the conformational reaction
pathway of the λ �

� δ interconversion of 1 is a complicated
one.[8] It may or may not be accompanied by rotational re-
arrangements of the mesityl groups where on the other
hand such mesityl rotations can only occur during λ �

� δ
twist interchange.[8] If the force field approach is an appro-
priate one it should correctly predict this behaviour. To ad-
dress this point contour maps were constructed in order to
delineate the corresponding reaction path. To construct
these maps with sufficient resolution with respect to the in-
ternal coordinates, which should best describe the pathway,
grid points were calculated at a higher resolution (torsion
angles τ1�τ3, rotational angles ϕ1�ϕ4, see Figure 6).

The diagrams (Figures 10�13, and 15) showing projec-
tions onto the τi/τj-planes (i � 1�3; j � 2, 3; i � j) were
constructed in the following way: for any combination of
the three τ-values (resolution in τ-space � 12°) the re-
maining coordinates (ϕ1�ϕ5) were allowed to refine in the
same way as used in the global conformational search (see
above). The lowest energy conformation from the stack of
conformations thus obtained for each grid point was taken
to represent the grid point in energy as well as in structure.

Figure 10 shows the isoenergy contour plot in a projec-
tion onto the τ1/τ3-plane. The λ and δ conformations which
are the most stable conformations are shown on the left
hand side of the diagram. A least energy pathway for the
interconversion of these conformers along the τ1/τ3-plane is
shown as a black line in the diagram. Individual conforma-
tions at the grid points corresponding to points along or
close to this line are shown in sequence around the con-
tour plot.

From this sequence of structural models it may be in-
ferred that the rotation of the mesityl groups should occur
at around τ1 � 12°; τ3 � 24° (asterisk in the Figure 10)
along the λ �

� δ interconversion pathway. It has already
been stated that a whole stack of conformations has to be
calculated for every grid point such that the one with the
lowest energy can be chosen as a representative for each
grid point. The conformations shown in Figure 10 are the
ones having the lowest energy in each corresponding stack.
For any conformation shown there is a pendant with an
approximately opposite orientation of the mesityl groups,
i.e. it is an orientation for which the aryl rotations (ϕ1�ϕ4

in Figure 6) are approximately equal in their absolute value
but opposite in sign (compare a4 and b4 in Figure 10). The
area around the point marked with an asterisk in Figure 10
is the one where the energy difference between these rota-
mers is the lowest one along the pathway i.e. less than
1 kJ·mol�1 against 10�80 kJ·mol�1 for the other grid
points along the black line.

Figure 11 shows the isomerisation pathway in a projec-
tion onto the τ1/τ2- and τ2/τ3-planes. The values of the co-
ordinates at which the concerted flip of the mesityl groups
will occur are again (Figure 10) marked by an asterisk in
each case.
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Figure 10. Projection of the energy hypersurface of 1 onto coordinates τ1/τ3, which characterise the conformation of the chelate cycle.
To derive the contour plot the energy of the lowest energy conformation from each stack of conformations referring to each grid point
was chosen as a representative. The reaction pathway (black line) was constructed such that it is a lowest energy route from the λ to the
δ isomer. The conformations which characterise individual grid points are shown as molecular models around the contour plot. The
conformations labelled a have an orientation of the aryl groups which corresponds in its sense to the one observed in the λ isomer. The
conformations referenced by the label b have a different orientation which is similar to the one observed for the δ isomer. The region
around the point marked with an asterisk is the one where the flip of the aryl rotation occurs.

Figure 11. Projection of the energy hypersurface onto the τ1/τ2- and τ2/τ3-planes. The contour plots were constructed as described in the
text and in the legend of Figure 10. The symbols a, b, λ, and δ refer to the conformations shown in Figure 10. The black lines indicate
the projection of the reaction pathway for the λ �

� δ isomerization. The asterisks pinpoint the region where the flip of the aryl rings occurs.

Eur. J. Inorg. Chem. 2002, 3111�31283120
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The reaction pathway, indicated by a black line in each

case, corresponds to a smooth transition from one isomer
into the other with all τ and ϕ values changing gradually
along these curves. Only at the transition point marked by
an asterisk there is a concerted flip of both mesityl groups
by around 70° within a very short interval along the τ scale.

The kind of coupled rotation of the mesityl groups is
evident from Figure 12 which shows the dependence of the
energy on the rotational positions of the two mesityl
groups. The diagram refers to the corresponding relative en-
ergies as calculated with τ1, τ2, and τ3 fixed at 12°, 0°, and
24° respectively, i.e. at that point in τ-space (asterisk in Fig-
ures 10 and 11) which was found to induce the flip of the
two mesityl groups.

It is found that the diagram shows pronounced minima
at discrete positions which are labelled by A and B. The
molecular models shown in Figure 12 illustrate the mutual
arrangement of the mesityl groups. The conformation of
the chelate cycle is the same in each case and corresponds
to the specific triple of τ coordinates which was found to
characterise the flip situation in τ space (asterisk in Fig-
ures 10 and 11). The energy minima labelled A correspond
to a rotational position of the mesityl groups which is char-
acteristic for the λ conformer. The labels B correspondingly
refer to the rotational position of the mesityl groups as
characteristic for the δ conformer. This means that all con-

Figure 12. Energy diagram illustrating the pathways of rotational rearrangements of the PMes2 entity of 1 during λ �
� δ isomerization.

The translation symmetry of the graph is 180° in ϕ3 and ϕ4. The minima labelled A are characteristic for the λ isomer. The minima B
likewise refer to the δ isomer. The molecular models A1�4 and B1�4 illustrate the rotational position of the mesityl groups for each of
the eight minima shown. It is seen that the rotation of the mesityl groups at the PMes2 entity is strictly coupled such that the groups
have to rotate in mutually opposite sense.
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formations labelled A will relax to the conformation of the
λ isomer as soon as the τ values are allowed to refine. The
conformations labelled B will correspondingly refine to the
δ isomer upon relaxation of the constraints in τ space. Since
the analysis of the τ-space diagrams (Figures 10 and 11)
makes clear that any δ/λ transition and its reverse is neces-
sarily accompanied by a concerted flip of the two mesityl
groups the interpretation of Figure 12 is straightforward: A
λ conformer (A) has two possibilities to change into a δ
one. Starting from A1 as an example (Figure 12) there are
two low energy pathways either to B1 or to B3. The rota-
tional position of the mesityl groups corresponding to min-
ima of type B is the one which corresponds to a δ isomer.
This means that starting from the λ isomer (A1) a δ con-
formation can be reached on two ways: Either there will be
a saddlepoint between A1 and B1 or a saddlepoint between
A1 and B3. The barrier heights for these two types of trans-
ition are slightly different (Figure 12) while the energy of all
the λ isomers (A) is necessarily the same but different from
the energy of the δ isomers (B) which are again of equal
energy for all members of the group. The only difference
between energetically equal conformations such as B1 and
B3 is then that the mesityl groups � even though they oc-
cupy fully equivalent positions in B1 and B3 as a whole �
find themselves rotated by 180° on going from B1 to B3

(see colour coding of the conformations in Figure 12). The
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conformations B1 and B3 are energetically fully equivalent;
the ways however on which they are formed starting from
A1 are different.

Figure 13. Illustration of the two energetically different pathways on which the λ �
� δ isomerization of 1 may occur. The two pathways

of λ �
� δ isomerization are characterised by strictly coupled and countersense rotations of the mesityl groups at the PMes2 entity.

Depending on the sense of this coupled rotation different activation barriers have to be overcome. The two pathways labelled right/left
(D) and left/right (L) are illustrated by molecular models.

Figure 14. The one ring flip processes characterising the reorientation of the mesityl groups at the PMes2 entity of 1 during λ �
� δ

isomerization. For the meaning of A and B see Figures 12 and 13. S1 and S2 correspond to the rotational positions of the mesityl groups
at the saddlepoints (Figures 12 and 13).
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The energy diagram shown in Figure 12 has of course a
translation period of 180°. The graph itself consists of four
symmetrically independent unit cells. The fact that the mesi-
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tyl groups can only change their rotational positions as a
strictly coupled pair is evident from Figure 12 as well. Only
if the mesityl groups rotate in opposite sense the coupled
rotation is allowed by low energy pathways. With the label-
ling scheme chosen A(odd) can only interchange with B(odd)

and correspondingly A(even) and B(even) can interchange with
each other. The corresponding reaction channels B1 � A1

� B3 � A3 are evident from Figure 12 where the minimum
A3 is shown in a symmetrically equivalent position at the
corner of the diagram (a phase shift in ϕ3 by plus 180° will
place A3 adjacent to B3). The channel A4 � B4 � A2 � B2

is likewise apparent in Figure 12 (a phase shift of �180°
will place B2 adjacent to A2). A transition from a position
on the pathway labelled by an uneven number subscript to
any position on the pathway labelled by an even number
subscript would correspond to either the rotation of just
one mesityl group or to the coupled rotation of the two
mesityl groups in the same rotational direction. Both pos-
sibilities are excluded by high potential barriers (grey bar-
riers running vertical in Figure 12).

The rotational pathways taken by the mesityl groups
upon λ �

� δ isomerization are illustrated in Figure 13 in a
different way. As an example the λ conformer A1 is taken
as starting point. The mesityl groups labelled by ϕ3 and ϕ4

together with the phosphorus atom to which they are bon-

Figure 15. Energy diagram illustrating the ease of phenyl rotation at the PPh2 group of 1. The minima C are isoenergetic as are the flat
minima D. The translation period of the graph is 180° in both axes. The energy scale is magnified with respect to the scale used in Figures
12 and 13. This larger magnification allows the illustration of the inherent asymmetry due to the chirality of 1. The diagram is not
symmetric with repect to the main diagonals (vertical in Figure 15).
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ded are shown in a projection which keeps the
Cipso�P�Cipso fragment in the same orientation in each
case (in the molecules themselves the pseudo-axial and
pseudo-equatorial positions of the mesityl groups with re-
spect to the coordination plane will exchange during the λ
�
� δ isomerization).

Following the pathway A1 to B3 (pathway D in Figure 12)
the λ conformer transforms into the δ conformer such that
ϕ3 makes a clockwise rotation while ϕ4 rotates in coun-
terclock sense. This process needs a somewhat higher energy
than the λ �

� δ transformation from A1 to B1 (pathway L
in Figure 13) which is accompanied by a counterclockwise
rotation of ϕ3 and a clockwise rotation of ϕ4. These two
pathways are labelled right/left for pathway D and left/right
for pathway L respectively in Figure 13.

The two pathways L and D are illustrated in Figure 14
in yet another way. On the way from A1 to B1 (pathway L)
the rotational arrangement corresponding to the
saddlepoint (Figures 12 and 13) is the one shown (S1). The
view taken in this Figure 14 is along the bisector of the
P�Rh�P entity (Figure 6). The orientation is chosen such
that one of the P�Cipso axes is vertical in each case in Fig-
ure 14.

The saddlepoint on the way from A1 to B3 (pathway D,
Figures 12 and 13) is shown as well and labelled S2. It is
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seen that on both pathways the transition state corresponds
to a situation where one of the aryl rings is almost vertical.
The transitions thus correspond to a one ring flip pro-
cess.[41]

The rotation of the phenyl groups at the PPh2 entity is
far less energy demanding than the rotation of the mesityl
groups at the PMes2 entity. The projection of the energy
hypersurface onto the axes describing the rotation of the
phenyl groups (ϕ1, ϕ2) is shown in Figure 15. This diagram
is in principle analogous to the one shown in Figures 12
and 13. The energy scale and the energy profile are however
quite different: In Figures 12 and 13 the barriers between
the reaction channels (vertical reefs) are higher than
120 kJ·mol�1 (relative to the energy of the global minimum;
Figures 12 and 13) and transition between different rota-
tional positions is only energetically feasible along the two
reaction channels.

The rotation of the phenyl groups on the other hand is
far less restricted. The energy scale shown in Figure 15 is
limited to 63 kJ·mol�1 with the highest barriers (orange)
being covered within this range.

While a continuous reef separates the left hand and the
right hand part of the Figures 12 and 13, in Figure 15 there
are only isolated mountains and valleys between them. The
positions of the minima C and D (Figure 15) are similar to
the ones of B and A in Figures 12 and 13. This means that
the low energy rotational positions of the aryl groups at the
PMes2 group and at the PPh2 group are rather similar.
There are however many energetically accessible pathways
for concerted as well as for unconcerted phenyl rotations
(Figure 15) while the mesityl groups can only rotate in a

Figure 16. Comparison of experimental and calculated results for the λ �
� δ isomerization of 1.
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strictly concerted way (Figures 12 and 13). The barrier
heights for the pathways reflecting the phenyl rotation are
in the range of 12�15 kJ·mol�1 (Figure 15) while the bar-
rier heights along the pathway of the strictly concerted rota-
tion of the mesityl groups (pathways L and D, Figures 12
and 13) are in the range of 70�80 kJ·mol�1.

Force Field Model and Experimental Reality � Comparison
of Results and Conclusion

The conformational behaviour of compounds 1�7 has
been thoroughly analysed by NMR methods.[8] For com-
pound 1 the quantitative details relating to the relative
stability of its isomeric forms and to the pathways of iso-
merization and the activation enthalpy of this process are
all available. It is found that the λ form of 1 is by
3.4 kJ·mol�1 more stable than its δ form.[8] Force field ana-
lysis calculates this energy difference as 3.1 kJ·mol�1 in al-
most exact numerical agreement (Figure 16). NMR ex-
change spectroscopy reveals that there are two different
pathways for the isomerization of 1.[8] Both pathways are
characterised by a coupled rotation of the mesityl groups at
the PMes2 entity of 1. The only difference between these
two pathways is the opposite sense of this strictly coupled
rotation.[8] The activation enthalpy for the enantiomeris-
ation process as a whole is found to be ∆H# �
64.4 kJ·mol�1.[8] Force field calculations of 1 show that
there are two pathways for λ �

� δ isomerization which com-
prise the strictly coupled countersense rotation of the mesi-
tyl groups at the PMes2 entity and which differ only in the
sense of rotation. The calculated activation enthalpy of the
lower energy pathway is 69.1 kJ·mol�1, again in close nu-
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merical agreement with the experimental value (Figure 16).
This type of quantitative and qualitative agreement between
calculation and experiment lends quite some credit to the
calculation procedures as reported. The force field calcula-
tions identify the conformation of the chelate ring at the
saddlepoint as an unsymmetrical twist conformation. Start-
ing from the λ isomer this transition state geometry is re-
ached via a halfboat conformation (a4 in Figure 16). Start-
ing from the δ isomer a twist conformation (b2 in Figure 16)
is the intermediate.

It appears that the approach taken in deriving a force
field model is a very promising one. The optimisation of
the force field parameters on the basis of as many solid
state structures as available for a class of compound had
already been shown to lead to models of high predictive
power.[14�16] The case studied here is the most complicated
one of the ones analysed by this method so far and at the
same time the one for which pathways and energies have
been experimentally determined to the maximum possible
extent.[8] It is highly satisfying to observe that the model is
capable of predicting the types of conformational re-
arrangement processes as well as the energy differences as-
sociated with them.

Experimental Section

Force Field Calculations

The force field program used is based on the program set
YAMMP[23] written by R. K. Z. Tan et al. in ‘‘C’’ which is available
as a public domain source code.[42] The force field potentials were
adapted to the units used in MacroModel MM2*.[21] Data transfer
between MacroModel and YAMMP was accomplished by appro-
priate converters and YAMMP was embedded in a number of shells
which make it available at different types of single processor ma-
chines (Pentium, SGI) and parallel computing systems (Parsytec
GC, CRAY T3E).

The rms deviation between two structural models was calculated
as the square root of the sum of the squares of the deviations be-
tween all n corresponding pairs of atoms divided by the square root
of n (Hydrogen atoms were included in these calculations during
GA optimisation). An overlay of the two structures was computed
by a least-squares fitting procedure based on a program of D. Hei-
senberg[43] and implemented into YAMMP by K. Allinger.[14]

The following expressions were used for the potential energy:

Bond Length Deformation:

(1)

where r0 represents the ideal bond length (minimum of the curve)
and r represents the actual distance. This potential curve has a
artificial maximum at large (r�r0) values. For such large values
only the quadratic term is used.

Valence Angle Deformation:

(2)

α0 and α have a similar meaning as r0 and r above. The force con-
stants k ank k� refer to the contributions of the harmonic and the
unharmonic parts of the potential function to the energy.
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Torsion Angle Deformation:

(3)

The variable τ describes the torsion angle. kt1, kt2, and kt3 are the
force constants describing potential terms with twofold, fourfold
and sixfold symmetry in this series.

π-Bonds: π-bonding was incorporated by defining a dummy atom
D at the centre of the coordinated double bond (Figure 3). The
position of the olefinic carbon atoms was then expressed as a func-
tion of rd, α, β, γ, and τ (Figure 3). The terms needed in a molecular
mechanics calculation are however of the type δE/δx (x being any
coordinate of any atom in real space) and not of the type δE/δp (p
being any internal coordinate). The potentials on the other hand
are defined as E � f(p) and it is necessary therefor to transform
δE/δp into δE/δx. This problem is solved for the standard set of
conformational coordinates (distance, angle, torsion angle ...) in
any standard molecular mechanics program. It is not incorporated,
however, for parameters such as rd, α, β, γ, and τ which were used
to define a π bond (Figure 3). In principle the solution is given by
differential calculus by δE/δx � (δE/δp)·(δp/δx). With the para-
meters rd, α, β, γ, and τ the application of this rule is rather tedious.
For this reason and since the corresponding expressions cannot be
found in the literature the results are given here for the derivatives
with respect to the x-coordinate in each case. The derivatives for
the other coordinates are easily obtained from these expressions by
cyclic permutation.

If ax represents the x coordinate of the real atom (rhodium in
Figure 3) and dx the x coordinate of the dummy atom (D in Fig-
ure 3) the expression relating to rd is:

(4)

The term ∆rd means (|r�0| � |r�| where |r�| is the distance rd and |r�0|
is the distance at the minimum of the potential function.

In order to derive the expressions relating to α, β, and γ (Figure 3)
the following definition is used (Figure 17).

Figure 17. Definitions used in calculating derivatives with respect
to angles.

If the potential function E(α) � 1/2k·[(α � α0)2 � kunh·(α � α0)6]
is defined as above the derivatives with respect to the x coordinates
of the points A, B, and C are:
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(5)

The term ∆α means (α � α0) in each case (see above).

For analysing δE/δτ (Figure 3) the definitions shown in Figure 18
are used.

Figure 18. Definitions used in calculating derivatives with respect
to torsion angles.

Two additional vectors are defined as:

(6)

With ax, bx, cx, and dx being the x coordinates of the points A, B,
C, and D in that sequence the following expressions result:

Table 4. Optimised force constants

(a) Bond Stretching[a]

parameter set mm2�rms parameter set mm2�int
r0 [Å] kb [mdyn·Å�1] r0 [Å] kb [mdyn·Å�1]

Rh�P 2.310 0.625 2.310 1.357*
Rh�D 2.140 1.000 2.140 1.267*

(b) Angle Bending
parameter set mm2�rms parameter set mm2�int
α0 [°] ka [mdyn·rad�2] α0 [°] ka [mdyn·rad�2]

P�Rh�P 88.6 0.600 93.0* 0.800*
P�Rh�D 93.5/175.8 0.500 93.5/175.8 0.047*
D�Rh�D 90.0 0.100 91.667* 0.500*
Rh�P�C3 118.133* 0.467* 117.067* 0.677*
Rh�P�C2 112.800* 0.967* 113.200* 0.633*
C2�P�C2 103.600* 1.200* 103.571* 0.700*
C2�P�C3 99.194* 0.867* 103.143* 0.533*
Rh�D�C2 90.000 0.250 90.000 1.000*

(c) Torsion
parameter set mm2�rms parameter set mm2�int
kt2 [kcal·mol�1] kt3 [kcal·mol�1] kt2 [kcal·mol�1] kt3 [kcal·mol�1]

P�Rh�D�C2 0.000* 0.000 �1.000* 0.000

[a] Parameter set mm2�rms was obtained by calculating the fitness on the basis of the distance between pairs of atoms, one atom belonging
to the experimentally observed structure and the constitutionally equivalent atom belonging to the calculated structure. Parameter set
mm2�int was obtained by evaluating the fitness on the basis of the internal coordinates as shown. Only parameters marked with an
asterisk were refined. Harmonic potentials were used for the bond length deformation. The unharmonic term kunh of the valence angle
deformation (see text) was set at kunh � 0.754 rad�4 throughout.
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(7)

Optimisation by GA

The procedures already explicitly described elsewhere[14] based on
the use of the program GAPAO which itself uses functions of the
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PGA-Genetic Algorithm Package[44] were applied. These functions
are fully parallelised and are based on the Message Passing Inter-
face Library[45] and thus GAPAO runs in single processor as well
as in parallel processor environments.

The force constants as derived by optimisation on the basis of el-
even structures are shown in Table 4.

Conformation Analysis

The procedure used was similar to the one described in detail else-
where.[15] Two dimensional and pseudo-three dimensional contour
plots were produced by using the program SigmaPlot.[46] Neural
Network analyses were calculated and visualised by the program
kmap.[47] The calculations were performed by using the modified
program YAMMP as a minimizer and a shell around it which al-
lowed to run the program on parallel processor environments. The
standard program YAMMP was augmented by a part, written in
‘‘C’’, implementing a grid search algorithm. All calculations were
performed on a Cray T3E.
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