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Preface

Over the past thirty years molecular-mechanical modeling of organic molecules
has developed to the point where comprehensive models are now available and
the structures and energetics of most simple molecules can be reliably calculated.
More recently there has been a rapid expansion in the application of molecular
mechanics and dynamics to biological macromolecules such as proteins and
DNA. Highly sophisticated commercial packages are available that combine mole-
cular mechanics with computer-graphical construction, manipulation and graphi-
cal output.

Proceeding in parallel with these developments has been the application of mo-
lecular mechanics to inorganic and coordination compounds. Initially, simple me-
tal complexes were modeled, but recently the field has been extended to include
organometallic compounds, catalysis and the interaction of metal ions with biolo-
gical macromolecules. The application of molecular mechanics to coordination
compounds is complicated by the number of different metals and the variety of
coordination numbers, coordination modes, geometries and electronic states they
can adopt. For this reason the existing models used for metal containing com-
pounds are more complex than those available for organic molecules, and only
few of the commercially available packages are able to reliably deal with even a
small subset of the possible metal-based systems. The difficulties encountered in
modeling inorganic and coordination compound systems have deterred many from
making use of the method.

The goals of this book are to provide an understanding of molecular mechanics,
to show that it can be applied successfully to a wide variety of inorganic and coor-
dination compound based systems and to show how to undertake such a study.
This book should give the reader the ability to judge the reliability of published
data, to evaluate reported interpretations and to judge the scope and limitation of
the various models for her or his own studies.

The book is aimed at students and scientists who have a basic understanding of
inorganic chemistry. No prior knowledge of theoretical chemistry, sophisticated
mathematics or computing is assumed. The basic concepts of molecular me-
chanics are developed and discussed in Part I. Examples of applications and the
difficulties encountered are reviewed in Part II. In Part III a practical guide to un-
dertaking a molecular modeling study of a new system is presented and the pro-
blems and pitfalls likely to be encountered are outlined. The three parts of the
book can be read and used separately.
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We are grateful for the help of Sigrid Rieth, Brigitte Saul, Volker Licht and Dr
Norbert Okon in the preparation of the manuscript, to Dr Thomas Kellersohn for
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Preface to the Second Edition

The field of inorganic molecular modeling has developed in the past five years to
an extent that it has led us to add some chapters and rewrite others. The division
of the book into three parts; I Theory, Il Applications and III Practice that can be
read and used separately is retained. Our empbhasis is still on empirical force field
calculations. Quantum-mechanical calculations have undergone an enormous de-
velopment in recent years, and techniques such as DFT and combined quantum
mechanics/molecular mechanics (QM/MM) are now routinely used by theoreti-
cians and experimentalists to predict and interpret structures, stabilities, electronic
properties and reactivities of metal-containing compounds. Where appropriate, we
have included results derived from such methods in this second edition of our
book, without going into detailed discussion of the theoretical background, since
this is given in many recent textbooks and review articles.

We have made only a few changes to Part [ and most examples from Part II
have remained unchanged, since our goal is to cover the types of application
rather than to provide a comprehensive review of inorganic molecular modeling.
New developments and some new examples have been added.

Part III has been rewritten completely. Important rules for molecular modeling
and for the interpretation of the results, possible pitfalls and guidelines for the
publication of molecular modeling studies are given in an introduction. This is
followed by a tutorial, based on software included in this book, where the reader
experiences in 20 lessons, how inorganic molecular modeling works in reality.
The appendices have been updated and lists of molecular modeling books and in-
organic molecular modeling reviews have been added (see Appendix 4). Regularly
updated lists and comments related to the field appear also on our homepages.

We are grateful for comments by colleagues on the first edition. We are also
grateful for the help of Marlies von Schoenebeck-Schilli, Karin Stelzer and Bri-
gitte Saul in preparing the manuscript, to Dr Norbert Okon for the setup of MO-
MECIlite and to Dr Roland Wengenmayr for an excellent collaboration with
Wiley-VCH. The continuing support of our families has allowed us to complete
this project and is greatly appreciated.

Peter Comba Trevor W. Hambley
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Part I: Theory

In Part I of this book we describe methods for molecular modeling with special
emphasis on empirical force field calculations. Molecular mechanics is an inter-
polative procedure, and its justification is that it works. However, there is a theo-
retical basis for force field calculations, and it will be given in this Part of the
book. The fact that molecular mechanics is a rather simplistic method implies
that there are a number of dangers and limitations, and these have to be discussed
in detail to give the reader the ability to judge where these methods are applicable
and what quality the predictions might be expected to have. Since the aim of
Part I is to show explicitly these problems we might create a rather pessimistic
view in terms of the accuracy, reliability, general applicability and scientific basis
of the methods presented. This certainly is not our aim. The applications dis-
cussed in Part II clearly reveal the potential of molecular modeling, enabling use-
ful predictions to be made in many areas of inorganic chemistry.
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1 Introduction

1.1 Molecular Modeling

Advances in computing, and particularly the ready availability of high resolution
graphics, have greatly increased the interest in computer-based molecular model-
ing. Molecular modeling is now widely used as an aid in the interpretation of ex-
perimental results and in the design of new materials with desirable properties.
Examples drawn from the area of inorganic chemistry include the study of the in-
teraction of metal ions with proteins and DNA, the design of new metal-based
drugs, metal-ion-selective ligands and stereospecific catalysts.

The basis of molecular modeling is that all important molecular properties —
such as stabilities, reactivities and electronic properties — are related to the mole-
cular structure (Fig. 1.1). Therefore, if it is possible to develop algorithms that are
able to calculate a structure with a given stoichiometry and connectivity, it must
be possible to develop algorithms for the computation of the molecular properties
based on the calculated structure and vice versa. There are many different ap-
proaches and related computer programs, including ab-initio calculations, various
semi-empirical molecular orbital (MO) methods, ligand-field calculations, mole-
cular mechanics, molecular dynamics, QSAR, neural networks and genetic algo-
rithms that can be used to calculate structures and one or more additional molecu-
lar properties.

Before any computational study on molecular properties can be carried out, a
molecular model needs to be established. It can be based on an appropriate crystal
structure or derived using any technique that can produce a valid model for a gi-
ven compound, whether or not it has been prepared. Molecular mechanics is one
such technique and, primarily for reasons of computational simplicity and effi-
ciency, it is one of the most widely used technique. Quantum-mechanical model-
ing is far more computationally intensive and until recently has been used only
rarely for metal complexes. However, the development of effective-core potentials
(ECP) and density-functional-theory methods (DFT) has made the use of quantum
mechanics a practical alternative. This is particularly so when the electronic struc-
tures of a small number of compounds or isomers are required or when transition
states or excited states, which are not usually available in molecular mechanics,
are to be investigated. However, molecular mechanics is still orders of magnitude
faster than ab-initio quantum mechanics and therefore, when large numbers of
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ligand structure

structure of the
coordination compound

I molecular properties |

e N

thermodynamics reactivity electronics
stability reaction pathways spectroscopy
product distribution reaction rates magnetism

Figure 1.1: The relationship between the ligand and metal ion preferences, the resulting
molecular structure, and the molecular properties.

compounds or isomers are to be investigated, molecular-mechanical methods are
still preferred. Also, because of the speed of molecular-mechanics calculations it
is possible to highly optimize the force field parameterization against a large set
of compounds. With slower quantum-mechanical calculations the optimization
and testing of basis sets, functionals and other variables against more than a few
compounds is less feasible and, perhaps as a consequence, the balance between
bonded and nonbonded forces is often better in molecular mechanics than in
quantum mechanics.

Molecular mechanics can be considered to arise from the Born-Oppenheimer
approximation, which assumes that the motions of the nuclei of a molecule are in-
dependent of the motions of the electrons. In molecular-mechanics calculations
the arrangement of the electrons is assumed to be fixed and the positions of the
nuclei are calculated. The basis of many quantum-mechanical calculations is, in
contrast, that the electronic states can be calculated if the nuclei are assumed to
be in fixed positions.

The basis of the molecular-mechanics method is that a good estimate of the
geometry of a molecule can be obtained by taking into account all the forces be-
tween the atoms, calculated using a mechanical approach. For example, bonded
atoms are treated as if they are held together by forces that behave as mechani-
cal springs, and nonbonded interactions are taken to be made up of attractive
and repulsive forces that together produce the typical van der Waals curve. The
parameters that define the strength of the springs or the steepness of the van der
Waals curves are derived, in the first instance, from experimental observables
such as infrared vibrational frequencies and gas compressibility data. However,
the parameters are usually modified empirically to enhance the reproduction of
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experimentally determined geometries. To optimize the geometry of a molecule,
the total energy that arises from these forces, or stresses, is minimized by com-
putational methods. The minimized total energy is taken to be an indication of
the strain present in the molecule. It is frequently referred to as the “strain
energy” or “steric energy” and is related to the molecule’s potential energy and
stability.

Some of the potential energy functions used to calculate the total strain energy
of a molecule are similar to the functions used in the analysis of vibrational spec-
tra. Because the parameters used to derive the strain energies from these functions
are fitted quantities that are based on experimental data (e.g., X-ray structures or
vibrational spectra), molecular mechanics may be referred to as “empirical force
field calculations” (more often the simplification “force field calculations” is
used). The quality of such calculations is strongly dependent on the reliability of
the potential energy functions and the corresponding parameters (the force field).
Thus, the selection of experimental data to fit the force field is one of the most
important steps in a molecular mechanics study. An empirical force field calcula-
tion is in essence a method where the structure and the strain energy of an un-
known molecule are interpolated from a series of similar molecules with known
structures and properties.

Molecular modeling of transition metal compounds is complicated by the par-
tially filled d-orbitals of the metal ions that are responsible for the multifarious
structures of coordination compounds with a large variety of possible coordination
numbers and geometries. The coordination geometry of a metal complex is always
a compromise between the size and electronic structure of the metal ion, and the
type, size, geometry and rigidity of the coordinated ligands (see Fig. 1.1). The
fact that ligand-metal-ligand angles vary over a much larger range than corre-
sponding parameters of organic molecules indicates that the competition between
the ligand and metal ion in terms of coordination geometry is generally dictated
by the ligand. Thus, the structure of a coordination compound, and therefore its
thermodynamics, reactivity and electronics, is strongly influenced by the ligand
structure. Since empirical force field calculations have been shown to be a power-
ful tool for estimating the structures of organic molecules, there is reason to ex-
pect that molecular mechanics can be a viable tool for modeling coordination
compounds.

For a molecular-modeling technique to be useful and to achieve widespread ap-
plication it must readily and reliably reproduce molecular properties that closely
resemble experimentally determined data. The molecular-mechanics method has
been successfully applied to a wide variety of problems in inorganic chemistry
and many of these are outlined in detail in Part II of this book. However, the var-
ied chemistry, particularly of the transition metal elements, greatly complicates
the molecular-mechanical analysis of such systems, and in some cases molecular
mechanics alone is unable to predict the geometry of a metal complex. For exam-
ple, the assumption that the nature of the bonding does not change with the struc-
ture may not be valid when there is n-bonding between the metal and the ligand
or when there is an equilibrium between two spin-states with similar energies.
Coupling of the molecular-mechanics method with quantum-mechanical or li-
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gand-field calculations has led to new models that can overcome some of these
restrictions. The limitations of the classical molecular mechanics method as ap-
plied to metal complexes are discussed further in all three parts of this book.

1.2 Historical Background

Chemists in the 19™ century were aware of the connectivity and the basic geome-
tries of their molecules and therefore of structural formulae, but they were not
able to quantify the structures of molecules on a metric basis. In addition to che-
mical bonds, they were aware of van der Waals interactions, electrostatic interac-
tions, steric hindrance, Kekulé conjugation and donor-acceptor interactions. How-
ever, detailed information on electronic and molecular structure was lacking.

The 20™ century brought two important advances. With the development of dif-
fraction techniques, the arrangement of atoms could be determined on a metric
basis. Depending on the size of the molecule, the quality of the crystal and the ac-
curacy of the experiment, well-defined bond lengths, valence and torsional angles,
as well as nonbonded contacts, can be determined.

The other development with far reaching consequences was the Schrédinger
equation (HY = EY). The problems encountered when solving the Schrodinger
equation for complex molecular systems have resulted in the development of var-
ious approximations. The most important one is the Born-Oppenheimer approxi-
mation, whereby the total energy of the molecular system is related to the coordi-
nates of the nuclei. A quantitative description of a Born-Oppenheimer potential
energy surface may solve many, if not most, chemical problems. However, there is
not an efficient theoretical way to compute such a surface. The alternative devel-
oped in recent years is to use empirical models, based on experimental data, to
calculate potential energy surfaces, and molecular mechanics is the least computa-
tionally intensive method that is able to compute energetic and structural informa-
tion (Fig. 1.2).

The application of molecular mechanics to metal complexes developed in paral-
lel with its application to organic molecules. Indeed, the earliest report that con-
sidered the importance of nonbonded interactions in determining the relative sta-
bilities of isomeric molecules was a 1944 study of the six isomers of the coordi-
nation compound [Co ((S)—pn)>(NO,),] (pn = propane-1,2-diamine)"!, A number
of similar, though more detailed, studies in the 1950s and 1960s'*~* led to the
full application of molecular mechanics to metal complexes. The common theme

bonding
model

potential energy
surface

MM _{experimental .
pe Figure 1.2: Computation

of the potential energy
surface.
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in these early studies was the measurement of nonbonded contacts, from physical
(Dreiding) models, or their determination by vector analysis. The van der Waals
energies of the shortest nonbonded interactions for a series of isomers were calcu-
lated and compared, the hypothesis being that the isomer with the fewest short,
high-energy contacts would be the most stable. It was realized in this early work
that this was a rather crude approach. No account was taken of how other internal
coordinates, such as bond angles, might adjust to accommodate and avoid close
contacts, nor of the energy cost associated with the deformation of these internal
coordinates.

In a series of more advanced studies this problem was partially addressed by
systematically adjusting a limited number of internal coordinates (bond lengths,
valence angles and torsion angles) to find the geometry of metal chelates with the
lowest energy "%, However, due to the computational limitations of the time, the
approach was limited in that only a small number of internal coordinates could be
adjusted simultaneously. It became clear that methods for calculating the energy
costs associated with deforming all of the possible internal coordinates (bond
lengths, valence angles, torsional angles, nonbonded contacts), and for finding the
geometry with the lowest deformation or strain energy were required.

At that time, the first applications of the currently emplo?/ed molecular me-
chanics techniques, to organic molecules, were being reported %!, In particular,
the first report of the use of the Newton-Raphson method for strain-energy mini-
mization appeared!'). Subsequently, new force fields for modeling cobalt(III)
complexes were developed and used with the Newton-Raphson method to deter-
mine the strain energies and minimum energy geometries of a number of com-
plexes!'*7!%1 Since then molecular mechanics has been used to model increas-
ingly diverse metal containing systems, and, numerous reviews of these studies
have been published (see Appendix 4).
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2  Molecular Modeling Methods in Brief

2.1 Molecular Mechanics

In the early molecular mechanics studies in both inorganic and organic chemistry
the strain energy U is defined as arising from four principle energy terms
(Eq. 2.1),

Utotal = Z (Eb +Eg+ Ed) + Enb) (21)

molecule

where XEy, is the total bond deformation energy, Ej the total valence angle de-
formation energy, XE, the total torsional (or dihedral) angle deformation energy
and XZE,; the total nonbonded (van der Waals) interaction energy. The individual
energy terms are calculated using simple functions. Bonds are modeled as springs
that obey Hooke’s law (Eq. 2.2),

1
Ey = ko (riy = ro)’ 2.2)

where k, is the force constant or spring ‘strength’ and ry is the ideal bond length
or the length the spring wants to be. Valence angles are modeled in a very similar
way (Eq. 2.3),

1
Ep = ko (O — 00" (2.3)

where kg is the strength of the ‘spring’ holding the angle at its ideal value of 0.
Torsion or dihedral angles cannot be modeled in the same manner since a periodic
function is required (Eq. 2.4),

1
Ey = 5k¢ (1 + cos (M (s + Dotrser))) (2.4)

where kg is the height of the barrier to rotation about the torsion angle ¢, m is
the periodicity and ¢t is the offset of the minimum energy from a staggered



10 2 Molecular Modeling Methods in Brief

arrangement. Nonbonded interactions are calculated using a function that includes
a repulsive and an attractive (London dispersion) component (Eq. 2.5),

En = Ae” %4 — Cd;;* (2.5)

where dj; is the distance between the two nuclei and 4, B and C are atom based
constants discussed later in this book.

More recently a number of additional components have been added to the cal-
culation of the strain energy. Out-of-plane deformation terms Es have been in-
cluded in models of aromatic or sp® hybridized systems (Eq. 2.6),

Es = %ké 62 (2.6)

where 0 is the angle between the plane defined by three atoms and the vector from
the center of these atoms to a fourth bonded atom, and k; is the corresponding force
constant. Modeling the interaction of metal complexes with biological systems has
necessitated the inclusion of electrostatic and hydrogen bonding interaction terms.
Electrostatic interactions are modeled based on the Coulomb law (Eq. 2.7),

:%‘ qj

E,
¢ Sdij

Q.7)

where g; and g; are the partial charges on atoms i and j, ¢ is the dielectric constant
and dj; is the interatomic separation. Hydrogen bonding interactions are generally
modeled using a function of the type given in (Eq. 2.8),

Ep, = Fd;'? — Gd;"° (2.8)

where F and G are empirically derived constants that reproduce the energy of a
hydrogen bond and dj; is the donor-acceptor distance. The addition of these terms
gives rise to the revised definition of Uy, given in Eq. 2.9.

Ul = Y. (Ep+ Eg+ Ey + Enp + Es + E; + Eip) 2.9)

molecule

The set of functions together with the collection of terms that parameterize
them (A, 7o, etc.) is referred to as the force field. In some cases force field para-
meters can be related to experimentally determinable values. For example, the
bond stretching force constant k;, is approximately equivalent to the vibrational
force constant derived from an infrared spectrum. However, in general the force
field terms are derived empirically with the target of reproducing experimental
structures and energy distributions.

Once a model and a force field have been chosen for a particular problem, the
goal of molecular mechanics is to find the geometry with the minimum strain en-
ergy. This can be achieved by a variety of mathematical techniques described else-



2.2 Quantum Mechanics 11

where in this book. The value of the strain energy is dependent on the force field
and therefore has little meaning in absolute terms. However, because isomers
have the same bond, bond angle and torsional angle types, strain energies of iso-
mers can be compared to each other and differences correlated with experimen-
tally determined isomer populations. This has formed the raison d’étre of many
molecular mechanics studies. In recent studies of more complex systems the pri-
mary goal has been to produce reasonable models that allow the investigator to vi-
sualize the interactions of metal ions with large molecules. Also, methods where
molecular mechanics is used in combination with experimental data to determine
molecular structures, for example in solution, are receiving increasing attention.

2.2 Quantum Mechanics

Empirical approaches such as molecular mechanics are able to deal with very large
systems. With current technologies, a few thousand atoms, extensive conforma-
tional searching and long molecular dynamics trajectories can be handled, and
these limits are steadily being extended due to the continuous improvement of hard-
ware and software. The limits of empirical methods are that, since they are based
on high degrees of parameterization, they are restricted to certain classes of mole-
cules and to specific properties (vibrational spectra, thermodynamic properties and
ground state geometries). These limits can be pushed back by the extension of ex-
isting force fields and the development of new ones (see Appendix 3); the refine-
ment of generic force fields (see Section 3.3); quantum-mechanically driven mole-
cular mechanics, e.g., for transition states (see Section 3.3); the development of
tools that refine parameter sets based on data banks, including genetic algorithms,
neural networks or more conventional techniques (see Sections 3.3 and 16.3).

The advantage of ab-initio quantum-mechanical methods is their ability to han-
dle any element of the periodic table and ground states as well as excited and
transition states. The cost is a heavy consumption of computing resources and this
limits the size of systems that can be treated. These limits can be overcome by
using combined QM/MM methods (see Section 3.3) or the thorough investigation
of simplified models of the molecular systems of interest, and approximations to
simplify ab-initio quantum mechanics, where certain quantities are neglected or
replaced by parameters fitted to experimental data.

HY =LY (2.10)

An important modification of the general Schrédinger equation (Eq. 2.10) is
that based on the Born—Oppenheimer approximation!'”), which assumes station-
ary nuclei. Further approximations include the neglect of relativistic effects, where
they are less important, and the reduction of the many-electron problem to an ef-

fective one-electron problem, i.e., the determination of the energy and movement
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of each electron in the potential field created by the nuclei and the sum of the
other electrons. The one-electron Hamiltonian in the Born-Oppenheimer approxi-
mation is restricted to the kinetic energy of the electrons (K.) and their potential
energy, with terms describing the electrostatic interactions between electrons and
the nuclei (¥,.), between the electrons themselves (V) and an electron-electron
exchange and correlation term (V). The latter is essentially responsible for the
quality of a particular ab-initio method.

2.2.1 Hartree—Fock Calculations

Many ab-initio quantum-chemical methods are based on the Hartree-Fock (HF)
approximation and describe electronic structures with sets of doubly occupied and
vacant molecular orbitals (MO). Open shell systems need special methods to treat
singly occupied orbitals with electrons in o or 3 spin (UHF or ROHF vs RHF).
The MO’s are defined as linear combinations of atomic orbitals (LCAO). The
number and mathematical description of AO’ is known as the basis set, and the
orbital energy (and structure) of a molecular system depends on the extent of the
basis set. The ground state electronic configuration is described mathematically
by a single Slater Determinant (antisymmetrical product of N one-electron wave
functions). Therefore, only averaged electron-electron correlation is included, and
this is not well suited to transition metal systems. While structural parameters of
organic and main group compounds are often reproduced satisfactorily, vibrational
frequencies and ionization energies may have systematic errors that can be cor-
rected with empirical scaling factors.

Most of the problems of single determinant HF calculations are due to the in-
adequate treatment of electron correlation. In post Hartree-Fock methods, this is
generally remedied by the explicit inclusion of configuration interaction (CI) or
by perturbation theory. Especially popular are perturbation theory expressions de-
veloped by Mgller and Plesset!'®! and the corresponding second-order treatment
(MP2) leads to significant improvements. In systems, where multiple configura-
tions are of importance, more sophisticated models are required. These include
various self consistent field (SCF) approaches, such as the multi configuration
SCF (MCSCF) and the complete active space SCF (CASSCF) methods. Due to
the computational expense of these approaches (approximate scaling factors (n
nuclei, N electrons): MM, n%; HE, N*; CL, N° —N8) large molecules are often geo-
metry-optimized at a single determinant HF level with subsequent higher-level
fixed-geometry computation of the molecular energy.

2.2.2 Semi-Empirical Approaches

Ab-initio quantum mechanics calculations are, because of the computational cost,
impractical for large transition metal compounds. In semi-empirical methods,
some of the quantities of ab-initio calculations are neglected or replaced by para-
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meterized terms, derived from experimentally observed data (structures, ionization
energies, heats of formation). A popular range of approaches is based on the ne-
glect of differential overlap (NDO), ranging from complete neglect of differential
overlap (CNDO)!"*1, intermediate neglect of differential overlap (INDO)*%, modi-
fied intermediate neglect of differential overlap (MINDO)"?" and neglect of dia-
tomic differential overlap (NDDO)!'?). A number of INDO-based methods have
been parameterized and used successfully for transition metal compounds!?>~2%1,
Extended Hiickel molecular orbital (EHMO) and Fenske-Hall (FH) approaches are
even more approximate but can still provide important insights in the area of tran-
sition metal compounds, when applied with care!?2-24-26:27],

2.2.3 Density Functional Theory

For transition metal systems, DFT methods generally lead to more accurate struc-
tures and vibrational energies than single determinant HF methods®**?®], and often
they are similar in quality to high-level post-HF methods. Since, in addition, DFT
calculations are less computationally expensive (approximate scaling factor: N*)
they have become the method of choice for routine applications in the area of
transition metal compounds!?2-28-3],

The basis of DFT is that the ground state energy of a molecular system is a
function of the electron density®'l, The Kohn-Sham equations provide a rigorous
theoretical model for the all-electron correlation effects within a one-electron or-
bital-based scheme®?. Therefore, DFT is similar to the one-electron HF approach
but the exchange-correlation term, ¥,,, is different: in DFT it is created by the
functional E,.({) and in real applications we need approximations for this func-
tional. The quality of DFT calculations depends heavily on the functional. The
simplest approximate DFT approach is the X, method which uses only the ex-
change part in a local density approximation gLDA, local value of the electron
density rather than integration over space)*~*. The currently available func-
tionals for approximate DFT calculations can, in most cases, provide excellent ac-
curacy for problems involving transition metal compounds. Therefore, DFT has
replaced semi-empirical MO calculations in most areas of inorganic chemistry.

2.3 Other Methods

2.3.1 Conformational Searching

The analysis of potential energy surfaces may be of importance for both molecu-
lar-mechanical and quantum-mechanical computations. However, due to the fact
that thousands of structures instead of only one need to be optimized, the methods

briefly described here are only routinely used with force field calculations®.
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Grid or deterministic searches that cover the entire conformational space are very
time consuming. Less computationally expensive are stochastic or Monte-Carlo
searches and molecular dynamics calculations. Other methods not discussed here
explicitly are simulated annealing, which mimics the process of cooling a mole-
cule from high temperature, where it adopts many different conformations, to low
temperature, where it adopts only one conformation, and genetic algorithms, where
the starting geometries evolve towards the global minimum energy structure.

Stochastic Methods

Random searching of the conformational space is usually done by randomly chan-
ging the most flexible internal coordinates, e.g., dihedral angles or the cartesian
coordinates. Using internal coordinates can be more efficient since this reduces
the number of degrees of freedom®®*). For combinations of ring systems, which
often occur in coordination compounds, they may also be more effective. Usually,
the Metropolis!®**! method is used in Monte Carlo searches, and this involves a
weighting based on potential energies. Therefore, Monte Carlo searches are in gen-
eral not completely random, and an ensemble of structures with a Boltzmann distri-
bution can be obtained. For efficient stochastic searches it is important that the
starting structure for the random perturbation is not always the same, and a number
of ways are used to select the starting structure for each Monte Carlo cycle.

Molecular Dynamics

Molecular dynamics involves the calculation of the time dependent movement of
each atom in a moleculeP®). Generally, the forces determined by empirical force
fields are used in combination with Newton’s laws of motion (Egs. 2.11, 2.12).

2
F=m~a=—‘i—f=m% @2.11)
d?r; F; SFE
T T, (.12)

In contrast to molecular mechanics, in molecular dynamics these forces are not
minimized but used to calculate changes in the inter- and intramolecular velocities
of the investigated system. The changes in velocities and coordinates with time are
recorded in trajectories. The time steps of molecular dynamics runs should be an
order of magnitude smaller than that of the largest vibrational frequency found in
the system. Since this is often that of the C—H stretching, which is about 10" sh
typical time steps are a few femtoseconds. Unfortunately, mainly due to limits in
computing power and storage, the length of molecular dynamics simulations is lim-
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ited, typically to hundreds of picoseconds or nanoseconds at most. It follows that
molecular dynamics is often only efficient at exploring local conformational space
and is not effective for crossing large energy barriers or for searching globally. To
achieve faster and more complete searching high temperatures can be used. How-
ever, sampling (and refining) structures during a high temperature molecular dy-
namics search might lead to relatively large fractions of high-energy and therefore
irrelevant structures.

2.3.2 Database Searching

Experimental structures are often the basis for computational studies; they are
used as input structures for structure optimizations and conformational searches,
for the parameterization and validation of force fields and for analyzing the ef-
fects of crystal lattices. More than 200,000 experimental structures have been re-
ported, and the majority are found in the Cambridge Structural Data Base (CSD,
small molecular structures which include carbon atoms); the Inorganic Crystals
Structure Database (ICSD); and the Protein Data Base (PDB; this database in-
cludes X-ray as well as optimized structures based on NMR data).

2.3.3 Cluster Analysis

Conformational searching and data mining produce large amounts of data which
need special techniques for their analysis. A commonly used method is cluster
analysis in which all elements that are similar to each other, in terms of a specific
property such as a set of torsion angles, are grouped in a cluster. The basis on
which the elements of a clusters are separated, how this property is measured
quantitatively and what the clustering level is, i.e., how many elements there are
in average per cluster, are all important factors. An obvious property for clustering
in coordination compounds are chelate ring conformationst’), but it could also be
a particular valence angle, a bond length ratio or a symmetry measuret*!*3. An
important step is the measure of this property and the grouping of the compounds
into different clusters. Methods to quantify the difference between all elements
and group them into separate clusters include various rms techniques (cartesian
coordinates, torsional angles, as described in Section 2.3.1). The distribution of
all elements between various clusters depends on the relative energy of the
clusters, and this can be used to compute the over-all isomer distribution.

2.3.4 Free Energy Perturbation

In cases where substrates bind selectively to enzymes or catalysts, and in the area
of selective host-guest interactions, changes in the free energy are of importance.
These are usually not available computationally, except by ab-initio quantum me-
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chanics for very small systems. Free-energy-perturbation techniques are an inter-
esting alternative for large systems, when one assumes that the two systems, for
which a free-energy difference is required, can be related by a perturbation describ-
ing the mutation of one system into the other. The two systems X and Y, described
by the Hamiltonians H, and H,, are related by the perturbation AH, which contri-
butes to the free energy difference between the two systems (Egs. 2.13, 2.14).

H,=H,+AH (2.13)

AAG) = AG, — AG, = —RT In{exp{—AH/RT}), (2.14)

The exponential in Eq. 2.14 represents the average over the system described
by the hamiltonian H,, and the corresponding series of conformers and configura-
tional isomers is usually created by molecular dynamics or Monte Carlo methods.
When the two systems X and Y are very similar, the exponential term vanishes,
leadmg to a very slow convergence of the average in Eq. 2.14. A number of tech-
niques have been described to overcome this problem[4 44] One of the few appli-
cations of this method to coordmatlon compounds is the investigation of O, and
CO affinities to iron porphyrms

2.3.5 QSAR

Quantitative structure-activity relationships are primarily used for drug design.
The underlying principle is that the shape and noncovalent interactions are the
main contributors to the selectivity of the binding of substrates to an active center.
Therefore, it must be possible to correlate structural properties of substrates with
their activity. The assumptions on which QSAR methods are generally based are
that all substrates bind to the same site, that structurally related compounds bind
with a similar orientation and that dynamic effects can be ignored.

For a QSAR analysis a training set of compounds with known descriptor prop-
erties (e. g. pK -values, surface areas, dipole moments etc.), including the property
of interest, is required. The Hansch Analys1s[ ¢l is a statistical method to analyze
and correlate these data in order to determine the magnitude of the target property
(Eq. 2.15).

log (1/C) = ky log (P) — k (log P)? + k36 + kg (2.15)

Recent developments include 3D QSAR methods which relate regions of the
binding site with complementary properties'*”). The conformation of each mole-
cule then needs be computed and the descnptor property determined. Another in-
terestmg development is the Electron Topological (ET) approach in QSAR meth-
0ds™®). Molecular compounds are described by quadratic matrices (n°, n: number
of atoms) where elements close to the diagonal represent electronic parameters
while the other elements are related to the structure.
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3 Parameterization, Approximations and
Limitations of Molecular Mechanics

3.1 Concepts

The fundamental assumption underlying the molecular mechanics (MM) method
is that the positions of the atoms of a molecule, ion, solvate or crystal lattice are
determined by forces between pairs of atoms (bonds, van der Waals interactions,
hydrogen bonding and electrostatic interactions), groups of three atoms (valence
angles) and groups of four atoms (torsional angles, planes; Fig. 3.1).

Figure 3.1: The molecular mechanics
model.

The energies E; resulting from these forces are related to the positions of the
nuclei in a molecule and therefore enforce the entire molecular structure. The en-
ergy lost by moving atoms away from their ideal positions is related to the strain
or steric energy, Uiqar (Eq. 3.1) as a function of the nuclear geometry.

Urotal = )_ U; 3.1
=/

Minimization of the strain energy Uina by rearrangement of the nuclei leads to
an optimized structure and a value for the minimized strain energy.
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attraction
-

Figure 3.2: The relationship between the ideal
and observed C—C distance in ethane.

It is important to realize that for any arrangement of more than two atoms the
strain energy minimized structure does not have ideal (zero strain) distances and
angles. This is demonstrated in the case of ethane (Fig. 3.2), where, due to the re-
pulsion of the protons, the experimentally determined C—C distance in ethane of
1.532 A, which is well reproduced by empirical force field calculations, is sl"i%htl?/
longer than the ideal C—C separation of 1.523 A used in the MM2 force field!*->!,
Further examples are presented in Table 3.1. With increasing substitution of the
carbon atoms the C—C separation increases up to 1.611 A in tris--butylmethane.

Table 3.1: Experimentally determined and calculated C—C bond distances of some simple alkanes®.

Compound C-C P[] C-C <= [A)
H;C—~CH;, 1.532 1.531
CH;CH,—CH,4 1.534 1.534
(CH,;),CH-CH;,3 1.535 1.537
(CH3);C-CH;, 1.539 1.541
(CH;);C—-C(CH3); 1.582 1.574
((CH3);C),—CH(C(CHs)3) 1.611 1.620

? The experimental data are from ), the calculated values were obtained with HyperCheml*!!

the MM+ force field (MM21*90); KC€ = 4.4 mdyn/A; 1$°= 1.523 A).

, using

Similar effects are observed in coordination compounds. In Table 3.2*, calcu-
lated and experimentally determined Co—N distances for various cobalt(III) hexa-
amines, including the calculated distance for the hypothetical [Co(N)]** cation,
are assembled. Analysis of these data shows that the repulsion of the amine sub-
stituents is lowered by an elongation of the cobalt(Ill)-amine bond. The energy
gained by decreasing the repulsive forces is balanced by a concomitant increase
in strain energy due to stretching of the cobalt-amine bond. Thus, the resulting
structure is a compromise between maximum bonding energy and minimum re-
pulsion. Ignoring inductive effects by alkyl substituents and realizing that even

* Momect! is a molecular mechanics program which was designed specially for coordination and in-

organic compounds. It has been adapted for use with HyperChem!®!,
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Table 3.2: Experimentally determined and calculated Co—N bond distances of some cobalt(lII)hexa-

amines®,

Compound Co—-NTP[A] Co-N2>[A] Mean E,
(kJ mol ")
[Co(N)e]*" © - 1.933 0.414
[Co(NH3)e** 1.961 1.955 1.320
[Co(NH,CH3)s** 2.013 1.983 3.229
[Co(en); P ¥ 1.956 1.963 1355
[Co(tmen);)** © 1.994 1.971 2338

) The references for the experimental data are as follows: [Co(NH;3))* 3 [Co(NH,CH;)g]* %4,
[Co(en);]** %), [Co(tmen);1** ). The calculated values were obtained with MOMEC 2! using a
published force field®”5%; k“°N = 1.75mdyn/A; r$°N = 1.905 A).

®) Averaged strain energy of the Co-N bonds.

) Hypothetical cobalt(IIl) complex with six bare N-donor atoms.

9 Most stable confomer; en = ethane-1,2-diamine.

) Most stable conformer; tmen = 2,3-dimethylbutane-2,3-diamine.

the hydrogen atoms in ammonia lead to some repulsion (this is nicely shown by
the Co-N distances in the calculated structure of the hypothetical [Co(N)¢]** ca-
tion), it is clear that ideal distances and angles are not experimentally observable
quantities. Generally, just like force constants, values for the ideal distances and
angles are derived empirically in order to reproduce experimental data. They de-
pend on the molecular mechanics model used, and each parameter is dependent
on all of the others used in the force field.
Two important messages emerge:

— Isolated force field parameters are generally of little value. A force field para-
meter set is only reliable as a whole and together with a specified set of poten-
tial energy functions.

— A molecular mechanics model is not directly related to physical reality. It is
best described as an “as if” model since we assume, for example, that the
bonds behave “as if” they were springs.

These points will be discussed further in Sections 3.3 and 3.5.

It is common practice to represent the total strain energy, Uio, of @ molecule
by a set of potential energy functions, including bonding (E}), valence (E4) and
torsional angle (E,) interactions as well as nonbonded (E;,) and electrostatic in-
teractions (E.) (see Eq. 3.2).

Uota = Y., (Ev+ Eg+ Eg + Eqp + E; + E5 + Ep) (3.2)

molecule

Additional terms, including out-of-plane interactions, hydrogen bonding, cross
terms etc., can also be included (see Section 3.2). The general approach of mole-
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cular mechanics, as shown in Figs. 3.1 and 3.3 and discussed above, need not be
restricted to “physically reasonable” models. Parameterization schemes range
from the representation of angle bending (£y) by repulsion (points on a sphere or
POS approach)®”**) and the representation of all interactions by a set of two
body central forces®” to the development of generic force fields based on “first
principles” '], In principle, any set of potential energy functions that are able to
represent a molecule in the way shown in Fig. 3.1 can be established and parame-
terized on the basis of experimental data (see Fig. 3.3). The resulting force field
(functions and parameters) can then be used to predict experimental observables
of the type that were used to establish the force field.

Calculated data

Experimental data -
structures potential ,| force structures
thermodynamics functions field thermodynamics

spectroscopy spectroscopy

Figure 3.3: Development of a force field.

With a well chosen set of functions, a sufficiently high degree of parameteriza-
tion, and parameter values that are based on high-quality experimental data of one
molecule, e.g., a crystal structure, one must, in principle, be able to reproduce ex-
actly this very data set. However, a fundamental goal of molecular modeling is to
be able to predict the structures and energetics of unknown molecules. Since any
prediction is only meaningful if the functions and force field used are applicable to
the type of data and molecules analyzed, the parameterization has to be obtained by
fitting a series of similar compounds. This is a typical requirement for a successful
interpolation, and molecular mechanics clearly is an interpolative method.

Parameterizing a force field can be approached in two different ways. In order
to get a generally applicable force field one can derive the parameters from as
large and as widely varied sets of experimental data as possible. This has the ob-
vious advantage that the force field used can be applied to a large variety of com-
pounds without generating new parameters, as long as one stays within the limits
of the interpolation. Alternatively, a force field can be derived to study a specific
problem. In this case the parameters are based on as large a data set as possible,
that can be found for a series of compounds that are similar to the desired com-
pound®>631 In this approach the results should be more accurate because the
force field is tuned for a very specific class of compounds. The disadvantage is
that a new parameter set has to be derived and tested for each new class of com-
pounds studied.

In view of the time and possible errors involved in fitting force field parameters
to a large amount of experimental data, the degree of parameterization must be
kept to a minimum. Contrary to this is the desire to optimize as large a range of



3.2 Potential Energy Functions 21

compounds as possible with the same and constant set of force field parameters
which requires a moderately high degree of parameterization.

From the discussion above it emerges that the total strain energies, which are
often equated with enthalpy terms, are dependent on the molecular mechanics
model used, and its associated parameter set. For this reason strain energies are
generally taken to have significance only relative to one another. Even with the
same model and force field, strain energies are generally of little value in absolute
terms, especially since the energies are not normalized in terms of the stoichio-
metric composition of the molecules *.

Even for isomer and conformer distributions, where stoichiometric factors are
not involved, it is questionable whether the calculated distributions based on force
fields fitted exclusively with structural data can be expected to be accurate. This
is because all parameters in a force field are interdependent and therefore all
parameters have to be adjusted if one is changed. It follows that various combina-
tions of parameters can lead to accurate (structural) results. For example, in the
structures presented in Table 3.2 an increase in the ligand repulsion might have to
be compensated by an accompanying increase in the metal-ligand bonding force
constant. Doing this, the potential energy surface becomes steeper and the energy
difference between various conformers might increase, leading to differences in
the calculated conformational equilibria.

A number of force fields used in organic chemistry have been fitted to thermo-
dynamic data, and most force fields used in inorganic chemistry are based on
these. Also, initial guesses for parameters are often based on spectroscopic force
constants and therefore related to physically meaningful parameters. Thus, in
many cases, reasonably accurate thermodynamic data can be obtained with force
fields where parts were fitted to structural data 165,661,

3.2 Potential Energy Functions

Conventionally, the model used in molecular mechanics involves the presentation
of the total strain energy as a sum of through-bond and through-space terms
(Eq. 3.3). The through-bond terms, E4 (Eq. 3.4), are also, though not entirely cor-
rectly, called “electronic” or “directional” terms (specific electronic terms will be
discussed in Section 3.4). Although all nonbonded interactions generally involve
repulsive as well as attractive terms, the through-space or non-directional terms,
E,q (Eq. 3.5), are also known as repulsive interactions.

Utotal = Z (Ed + End) (33)

molecule

* An exception is the calculation of formation enthalpies for organic compounds based on group in-
crements and strain energies®*.
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EdIEb+E9+E¢+E5 3.4)

Eng = Egy + E; + Enb (35)

The through-bond terms (E,) are comparable with the terms used in vibrational
spectroscopy, and they consist of two-body interactions (bonding energy £3), three-
body interactions (valence angle energy Ey) and four-body interactions (torsional
angle E, and out-of-plane energy E;) as well as additional terms discussed below.
The through-space terms (E,q) consist of van der Waals interactions (Ey), electro-
static terms (E;), hydrogen bonding (£4,;,) as well as other possible interactions.

A separation of the through-bond interactions (£4) into bond stretching (Ey),
angie bending (Ey), out-of-plane deformation (£5), torsional angle rotation (E4)
and other terms is only possible if these terms are not coupled, and this is most
likely if the force constants are very different. This is generally true and leads to
largely decoupled local oscillators. In cases where this requirement is violated cor-
rection terms have to be added. This can be done by the inclusion of cross-terms
which will be discussed later.

Computer programs for empirical force field calculations that use other con-
cepts have been tested, and some of these will be discussed in other parts of this
book. Among these approaches are one based on a pure central force field model,
used for simple organic compounds!®® an e%]uipotential surface force field
model, used for carbonyl cluster complexes'®”*®), and one that includes ligand
field terms in the CLF/MM model, developed for transition metal complexes'®”’
(CLF = cellular ligand field).

Typical functions for the various potential energy terms are given in Egs. 3.6—
3.12, with the

1

By =< ko (1 — ro)* (3.6)
1 2

Eg= Eke (@ir — 0o) (3.7)
1

E¢ = Ekd) (1 + cos (m (d)ijkl + d’otfset))) (38)

En = Ae” % — Cdz® (3.9)

A =2014(g; )
1250
T ovdw; + vdw;

_2.55(z; )% (vdw; + vdw))°

¢ 144
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Es = Eké §2 (3.10)
4q: qj
F G
Ew=—5 5 (3.12)
d,} dl}o

parameters and variables defined as shown in Fig. 3.4 (parameters and variables
not defined in Fig. 3.4 will be given in the appropriate sections below).

«—d
— 6
o Figure 3.4: Parameters used in a molecular

mechanics force field.

3.2.1 Bond Length Deformation

Bonding in a diatomic molecule can be described by the curve given in Fig. 3.5
which represents the potential energy (¥(r)) as a function of the bond length (7).
The bonding force constant, k, is given by the second derivative of the potential
energy with respect to the structural parameter r, and corresponds to the curvature
of the potential energy function. The anharmonicity can be described by higher
order derivatives.

The experimentally observed parameters r,, D, and k. are not directly related to
the corresponding parameters r,, D, and k,, describing the theoretical curve

v(r)

Figure 3.5: Bonding in a diatomic
molecule.
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(Fig. 3.5). For example, the ideal bond distance o (minimum of the curve) and rg'®
(center of the zeroth vibrational level) are not identical because of the anharmoni-
city of the potential energy curve. For diatomic molecules there are acknowledged
though complicated procedures for obtaining the theoretical values r,, D, and £k,
from experiment, but for larger molecules this is largely impossible.

In molecular mechanics bond stretching is sometimes modeled using a Morse
function (Eq. 3.13)7% where « describes the curvature and D the depth of the po-
tential function (Fig. 3.6).

V(r)= D[l —exp(—a(r —ro)))* — D (3.13)

This treats the bond as a mechanical spring whose force constant is strong for
smalil and weak for large interatomic distances. The disadvantage of using a
Morse function in empirical force field calculations is that an exponential in addi-
tion to the square function and three parameters are involved, increasing the time
requirement for the minimization process and the complexity of the force field
parameterization.

vin

I r Figure 3.6: The Morse function.

Computationally, a Morse function can be mimicked by a Taylor expansion,
where the first term (quadratic) describes a harmonic potential and successive
higher order terms are included as anharmonic corrections (Eq. 3.14).

V(ir)=D[l - & (r— ro)2 +d (r— ro)3 —at(r— ro)4 + -] (3.14)

A harmonic function is a good approximation of the bond stretching function
near the energy minimum (Fig. 3.7). Therefore, many programs use this approxi-
mation (see Eq. 3.6); however, the limits of the simplification have to be kept in
mind in those cases where the anharmonicity becomes important. Harmonic po-
tentials are usually satisfactory for normal coordinate analyses of vibrational spec-
tra because the motions are small!®>7". Parameters derived from vibrational spec-
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harmonic ~
potential / " Morse potential
e

e
/ﬁ\\\ cubic term

v(r)=1k(r~r,) +x(r-r,)’

—

h r

Figure 3.7: The bonding function ¥ () and its representation by a harmonic potential en-
ergy function and an additional cubic term.

tra are usually good starting points for an empirical force field. Apart from the
possibility of including cubic terms to model anharmonicity (see second term in
Eq. 3.14) which is done in MM2 and MM3#9°%-72=731 the selective inclusion of
1,3-nonbonded interactions can also be used to add anharmonicity to the total po-
tential energy function.

Bonding of ligands to alkali, alkaline earth and lanthanoid metal ions is mainly
electrostatic. Consequently, these bonds can be described as a combination of
electrostatic and van der Waals terms (see Chapter 15). Similar approaches have
also been used for metallocene compounds (see Chapter 14).

3.2.2 Valence Angle Deformation

For organic molecules, valence angle bending, like bond stretching, is usually de-
scribed by a harmonic potential (Eq. 3.7). Anharmonicity can again be introduced
by the addition of higher-order terms of the corresponding Taylor expansion. In
MM2 1 4 sixth power correction is used and in MM3 72773 411 terms up to the
sixth power are included. As with corrections to a harmonic bonding potential,
these additional terms not only lead to slower optimization processes — which,
with the increasingly fast and relatively cheap computers, is not too much of a
problem for small molecules — but also to increased numbers of parameters which
must be fitted to experimental data.

The fact that molecular mechanics is a well-developed tool for organic mole-
cules, whereas coordination compounds have in the past been modeled less fre-
quently, is partly related to the difficulty in reliably modeling the angles at transi-
tion metal centers. In organic compounds sp*, sp® and sp hybrids lead to relatively
stiff angles of 109.5°, 120° and 180°, respectively, which are conveniently mod-
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eled with functions of the type described above. In contrast, the open-shell elec-
tronic structures of transition metal centers lead to a variety of coordination geo-
metries that cannot be modeled generally by simple harmonic valence angle func-
tions.* For example, with d-metal ions four-coordinate (tetrahedral, 109.5 angles;
square planar, 90° and 180° angles), five-coordinate (trigonal bipyramidal, 90°,
120° and 180° angles) and six-coordinate (octahedral, 90° and 180° angles) spe-
cies are known, to mention just a few. Theoretically the lanthanoids and actinoids
with their partially filled f-orbitals are even more complex, but the electronic ef-
fects in such complexes are generally minor.

The d-orbitals of the e, subset in an octahedral environment (d,>_. and d,.) are
directed along the axes of a cartesian coordinate system and, therefore, are more
destabilized by o-bonding ligand orbitals than are the orbitals of the t,, subset
(dxy» dx, dy,), which lie in between the coordinate axes. Therefore, electronic fac-
tors dictate ligand-metal-ligand angles of 90° and 180° (i.e., square-planar and oc-
tahedral geometries) when strong ligand fields lead to preferential occupation of
the t,, d-orbitals. The problem of modeling the angles around the metal in inor-
ganic molecular mechanics is then reduced to two questions:

— How can simple functions with two or more minima (e.g., 90° and 180° for
octahedral geometries) be derived?

— How can force constants for these functions be obtained that correctly model
the balance between the metal ion preference (e.g. square planar) and the
steric preferences of the ligand (e.g., tetrahedral)?

There are rather trivial solutions to the former problem®). Fortunately, the
electronic influence exerted by the metal ion is most often a relatively small effect
which can be added as a minor perturbation to the ligand dictated geometry. As
discussed in the Introduction (Fig. 1.1) this emerges from experimental structural
and spectroscopic data 16> **

There are a number of ways to model the geometry of transition metal centers.
One promising treatment is based on the addition of a ligand field term to the
strain energy function (Eq. 3.15)1%%77),

Usotal = Z (Eligand + Ecrr + EmL + Enb) (315)

molecule

In this approach the metal-ligand interaction is modeled with a metal-ligand bond-
ing interaction term, Eyp , approximated by a Morse function, a cellular ligand
field stabilization energy term, Ecyp, (which is responsible for the coordination
geometry) and a van der Waals term, E,;, (ligand-ligand nonbonded interaction).
It is necessary to use the Morse function, despite the associated problems (i.e.,

* Modeling of specific electronic effects due to the partly filled d-orbitals is discussed in Chapter
12. .
** For simplicity, the discussion here is restricted to 6-bonding. Some aspects of n-bonding, including
modeling of organometallic compounds, where stereoelectronic effects are more complex, are dis-
cussed in Chapters 12 and 14.
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the number of parameters and exponentials required as discussed above), because
high-spin and low-spin states must be modeled using a single function. The CLF/
MM approach has been applied to a number of problems involving transition me-
tal coordination compounds, and the main highlights are that a single force field
can be used for the accurate computation of high-spin and low-spin nickel(II)
compounds, and no sPecific functions are necessary for Jahn-Teller distorted cop-
per(I) compounds!’”’.

A very g)romising approach to modeling angular geometries, the VALBOND
model"®7] is based on Paulings 1931 paper®” that established the fundamental
principles of directed covalent bonds formed by hybridization. The VALBOND
force field, which uses conventional terms for bond stretching, torsions, improper
torsions and nonbonded interactions requires only two parameters per atom-pair
for the angle bending potential. The hybridization of a compound is derived from
its Lewis structure and the two required parameters, a hybridization weighting fac-
tor accounting for the hybridization preference of different substituents to the cen-
tral atom and a scaling factor for the orbital overlap, are fitted to experimental
data. The advantage of the VALBOND approach is that only few parameters are
required since the two parameters used are atom based and therefore independent
of the functional group. The accuracy of calculated structures and vibrational fre-
quencies of organic and main group compounds (normal-valent molecules of the
p-block) produced with the VALBOND force field is comparable with that of con-
ventional force fields!’®). The VALBOND approach has also been applied suc-
cessfully to hypervalent molecules of the p-block 1) and to transition metal hy-
drides and alkyls®2]. The obvious advantage of the VALBOND model — treatment
of molecular shapes with a variable angle bending function defined by simple
rules based on electronic structures — holds promise for the future.

A number of functions with multiple minima have been proposed for modeling
the valence angles around metals. The molecular mechanics program DREIDING,
based on a generic force field, uses a harmonic cosine function (Eq. 3.16) (831,

1

5 ke (c0s Oy — cos 0o)* (3.16)

Ey

The force constant k5 of the harmonic cosine function is related to the force con-
stant k% of the harmonic oscillator (Eq. 3.7) via Eq. 3.17.

o __ K
o= m 3.17)
For linear geometries, DREIDING uses the angle bending function of Eq. 3.18.

Ep = ky (I + cos 0;x) (3.18)

The program and force field SHAPES, developed for transition metal com-
plexes and tested for square-planar geometries, uses a single Fourier term (Eq.
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3.19), which is similar to the torsional angle term in many m0416cular mechanics
programs (see Section 3.2.3; periodicity = m, phase shift = Y)Y,

Ey = kg (I + cos (mO; + V) (3.19)

The Fourier force constant &5 is related to that of the harmonic potential (k}, Eq.
3.7) by Egq. 3.20.

2Kk"
K = 729— (3.20)

8
where m = ———
T — m00

Another approach for describing the geometry around metal centers is to use a
harmonic sine function®>*8!. This function has minima at 0°, 90° and 180°, and
based on Eq. 3.21 and 3.7 k§ = k5.

Ey = %kﬁ, (sin (20;1))° (3.21)

There is no need for a phase shift parameter if the deviation from orthogonality is
modeled by a ligand-ligand repulsive term (see below). A similar approach is the
use of a multiple harmonic function®? and this has the advantage that it can ea-
sily be extended to other geometries such as trigonal bipyramids.

A quite different approach is to abandon all terms associated with deformation
of angles about the metal center and include, instead, repulsions between the li-
gand donor atoms. The ligand-ligand-repulsion approach is based on the observa-
tion that the ligand-metal-ligand angles are generally easily deformed and require
only small force constants if a harmonic potential is used. Thus, the coordination
geometry is primarily dependent on the metal-ligand bond lengths, the ligand geo-
metry and ligand-ligand repulsion. These ideas resulted in the conceptually simple
ligand-ligand-repulsion based model!®>~#8! (Fig. 3.8). In this approach, the ar-
rangement of ligands with fixed bite angles a or bite distances b on a sphere
around the metal ion with a fixed radius M-L is calculated by minimizing the
ligand-ligand repulsion potential U, (Eq. 3.22).

d

<

‘ ‘ Figure 3.8: The ligand—ligand repulsion model.
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U =f (di> , (0~ 6) (3.22)

In the pure repulsion model the metal-ligand distances and ligand geometries
are held constant, and the desire of the metal center in terms of bond directions,
i.e., electronic effects, is neglected. The problems associated with this model are
that the metal-ligand distances are fixed for mixed ligand complexes, where dif-
ferent bond lengths are obtained, and that rigid ligand geometries are an oversim-
plification for very strained molecules. However, the main limitation of this
model is that the geometry of the ligand must be defined beforehand (bite angle
o, M-L distance). The model can therefore not be used for ligand design. Despite
these problems, coordination geometries have been calculated rather accurately
with the repulsion approach, indicating that the neglect of electronic effects in
metal-ligand bond directionality is often an acceptable approach.

The success of the ligand-ligand-repulsion model prompted its adoption as an
element of molecular mechanics.* In the resulting approach the valence angles
around the metal ion are modeled solely by nonbonded interactions, using the
usual van der Waals potential (i.e., Eq. 3.9 and ky = 0 in Eq. 3.7)°). Again, the
fact that the electronic effects responsible for the directionality of bonds are not
explicitly modeled here may seem questionable but extensive tests have shown the
model to be reliable ®®!. An explanation for this apparent contradiction is that the
electronic preferences of the metal ion are indirectly included in the bonding po-
tential. A strong bond (strong ligand field) necessarily leads to relatively short
metal-ligand distances and hence to strong ligand-ligand repulsion. This repulsion,
together with the ligand constraints, defines the coordination geometry. For exam-
ple, for hexacoordinate complexes with strong ligand fields and short bonds, such
as for cobalt(IIl), the strong repulsion mimics the electronic preference of the me-
tal center for an octahedral geometry.

An advantage of modeling the coordination sphere of transition metal ions by
ligand-ligand nonbonded effects is that the parameterization of any new metal-li-
gand fragment is simplified because only the parameters for the bonding potential
energy function have to be developed. Furthermore, by adding repulsive forces
around the metal to the total energy, shortening of metal-ligand bonds is penalized
more strongly than is the equivalent lengthening, which adds some anharmonicity
to the potential.

Applications, where the accurate angular geometry of the chromophore is of
importance (angular overlap model (AOM) calculations of ligand-field spectra,
see Chapter 10? have uncovered the limits of a purely ligand-ligand repulsion
based approach!®”. The problem of neglecting the electronic contributions to the
metal-ligand bond directionality was solved by the addition of an angle bending
term (Eq. 3.21), and tuning the contributions of repulsion (Ec&. 3.9) and bond di-
rectionality (Eq. 3.21) by a ligand field dependent parameter > 81 #x

* Generally, geminal effects are only modeled via valence angle terms, i.e., nonbonded interactions
are only considered for 1,4- and higher interactions.
** More details and examples of this approach are discussed in Chapter 12.
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An additional problem probably arises from the use of standard nonbonded
terms alone to model the repulsion between ligand donor atoms because at longer
distances these terms become attractive. There is no doubt that these interactions
occur but there may be an additional contribution to the repulsion arising from re-
pulsion between electrons in the bonds (the electron pairs in the VSEPR model).
This has led to the development of a VSEPR/POS or Gillespie-Kepert MM ap-
proach P!,

As discussed before, the coordination geometry depends largely on the strain
induced by the coordinated ligands. Therefore, interligand angles are less well de-
fined than intraligand angles. Accurate coordination geometries of complexes
with monodentate ligands are therefore more difficult to obtain.

3.2.3 Torsion Angle Deformation

Torsional rotations about single bonds and multiple bonds are different processes.
In a multiple bond a torsional rotation results in the transformation of one config-
urational isomer into another. In contrast, the rotation about single bonds leads to
interconversion of conformational isomers (Fig. 3.9).

In both cases, repulsion of the substituents is modeled by van der Waals inter-
actions (see below) and the torsional potential describes the additional electronic
component, including distortion of the molecular orbitals and repulsion by the
electron clouds.

H\c C/Cl H\C__C/,H
. V. S =
a” Ny a” N¢i
Lo
C|\ Q H y H ~a H
S PR
H/f C\CI
H H H
Cl
E)
- Figure 3.9: Rotation around double

) and single bonds.
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It is common practice to describe torsional rotations about single bonds and
those about multiple bonds with the same type of potential function but with very
different force constants. The function must be able to describe multiple minima.
Generally, a Fourier expansion of the torsional angle ¢ with only cosine terms is
used (Eq. 3.23),

1
kg = ijn (1 + cos (mn (¢ — Poprier))) (3.23)

where m,, is the multiplicity and ¢,se; i the phase shift (offset angle), which
only has to be considered if, as often is the case, only one cosine term is in-
cluded. Some examples of simple functions with common rotors are given in
Table 3.3.

Table 3.3: Examples of potential energy functions for common rotors, using a single Fourier term
(Eq. 3.23).

Rotor Example Potential function

C3,—Csy CH;-CH; Ey = %k; (1 4+ cos3¢)

C3,—Cyy CH;-OH Ey = %k; (14 cos3¢)

C3,—Cypy CH;-NO, Ey = %k6 (14 cos (6 (¢ +30°)))
Cy—Cay CH,=CH, Ey = %kz (14 cos(2(¢+90°)))
Ciy—Cay M°“_LR;? E; = %klz (1 + cos 12¢)

3.2.4 Cross-terms

As mentioned earlier, the separation of bonding effects (£4 in Eq. 3.3) into bond
length, valence angle and torsion angle potentials is based on the assumption that
these terms are only weakly coupled. Cross-terms can take care of exceptions to
this approximation (see also Section 3.4). Generally, the distances 7, and r, in
Fig. 3.10 increase with a decreasing angle 0 in large part because of repulsions
between the atoms and, therefore, the bond lengths and angles are not indepen-
dent.

In MM2 and MM3 [#%-30- 72751 gtretch-bend cross terms are used (Eq. 3.24), but
in many other programs this is neglected.

Egpp = 2.51124 [kg, (0 — Op)((ry — ro1) + (r2 — ro2))] (3.24)
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r,r, = ®)
(coupled) )
Figure 3.10: Coupling of bond length and bond angle

potentials.

In MM3a cross term involving torsional angles is also used!”! but in other pro-
grams it is neg%lected (exceptions are anomeric effects, e.g., with sugars). In other
programs °>%®1 1 3-interactions can be selectively included, e.g., to model the
geometry of the chromophore of metal complexes. In these cases, an additional
correction via a stretch-bend cross term is probably redundant.

3.2.5 van der Waals Interactions

Various interactions, such as those of permanent electric dipoles, permanent mul-
tipoles and short lived multipoles, are assembled in the van der Waals term. The
latter are responsible for some attraction (London dispersion) which is opposed by
repulsion when the two nuclei approach one another. At distances below the van
der Waals radius (defined here as the distance corresponding to maximum stabili-
zation), the driving force emerging from the van der Waals potential (Fig. 3.11) is
such that the atoms repel each other, above it, they attract each other. The signifi-
cance of negative energy values resulting from a van der Waals term is that they
contribute to the stability of a molecule. Therefore, even at interatomic distances
smaller than the van der Waals radius, where repulsion becomes appreciable, the
net effect might be that the molecule is stabilized by the van der Waals interac-
tions.

The repulsion increases exponentially, and it is steeper than the bond length de-
formation potential. The attractive force is usually modeled by a 1/#° term while

i «——repulsion

London dispersion Figure 3.11: The van der Waals
(attractive) interaction.
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various possibilities exist for the repulsion. The functions used in modern pro-
grams include, aFart from the Morse potential (Eq. 3.13) the Lennard-Jones po-
tential (Eq. 3.25)°% (e.g., AMBERP>**l), the Buckingham potential (Eq. 3.26)1°)
(e.g., MOMECP>?}) ‘or a modification thereof, the Hill potential (Eq. 3.27)
(e.g., MM2, MM3 [#9-30.73])

A C

Eyw =-———— (n~12) (3.25)
C

Egw = Ae™ 8 — = (3.26)
ij

5 dij di\°
Evaw = kvaw | 29 10°exp ( —12.5 — ) — 225(* (3.27)
if ij

The Lennard-Jones potential is simpler than the Buckingham potential since it has
two rather than three parameters. Computations involving the Lennard-Jones po-
tential are also faster as they do not involve any exponential terms. However, with
the performance of the computers currently available the Buckingham potential,
which gives a better description of short-range interactions, may be preferred.

The equations can be simplified by reducing the number of parameters re-
quired. This is demonstrated for the example of the Buckingham function
(Eg. 3.28),

&

o~
Evaw = e\ g . expoz{(l —12.5 %)} — <d7) (3.28)
- (3)

x

where d’ is the minimum of the function (d, 4., see Fig. 3.11) which is assumed to
be the sum of the van der Waals radii of the two atoms concerned (vdw; + vdw;),
¢ is the work that is needed to separate the pair of atoms to infinity, with &; =
(& - sj)l/ 2 and o controls the steepness of the exponential repulsion term (see also
Eq. 3.9). This approach only needs two parameters per atom type i (vdw; and &;)
and the global parameter «, instead of three parameters (4,B,C) per atom pair
type. van der Waals interactions involving the metal center are often omitted,
usually with little obvious effect'>*”). However, in some cases such interactions
are clearly essential for the establishment of reasonable models'®%°). This is par-
ticularly true for square-planar complexes, where the metal center is sterically ac-
cessible.
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3.2.6 Electrostatic Interactions

In molecules with hetero atoms there is always some charge separation. In these
cases, and more importantly with compounds that include charged metal ions,
electrostatic effects may be critical. The problem is that, apart from some recent
and, at least in the area of coordination chemistry, not yet fully tested methods
there are no simple and accurate methods for calculating partial charges empiri-
call?'. The methods used for the computation of charge distributions include ab-in-
itio 19191 and semi-empirical methods!'%*'**), and the charge equilibration ap-
proach which calculates charges analytically from the geometry of the molecule
and a number of atomic parameters!'®!. As quantum-mechanical methods for me-
tal complexes become more readily available and more reliable, the determination
of charges will become more routine. However, molecular mechanics will always
be faster than quantum mechanics and, therefore, efficient semi-empirical meth-
ods for the determination of point charges are of particular interest''%), especially
if the structural dependence is to be taken into account by recalculation of the
charges in each cycle. Improvements in the way charges are extracted from quan-
tum-mechanical models are also taking place, with ESP charges now preferred to
Mulliken analysis 4.

One approach is to not include explicit electrostatic terms in the calculations.
This does not mean that electrostatic interactions are neglected, but that they are
absorbed into other functions. For example, the electrostatic attraction between
say a metal ion and a directly coordinated anion is simply modeled as part of the
bonding interaction between these two species. It is reasonable to not separate a
bond into two types of interactions, especially since the amount of ionic character
is unknown and is therefore difficult to parameterize.

Electrostatic interactions between nonbonded atoms are more of a problem, since
they have a far reaching effect, decreasing only with 1/r. Therefore, a parameteriza-
tion scheme that uses only van der Waals terms, which decrease more rapidly might
lead to inaccuracies. Since accurate charges are not readily available, electrostatic
terms have been neglected in many calculations. The resulting inaccuracies are
minimal, at least with relatively small molecules, where accurate parameterization
schemes are available through extensive fitting. However, when modeling the inter-
actions of metals with biomolecules such as proteins or DNA, the electrostatic ef-
fects can be dominant and they need to be included using reliable methods.

Most programs are able to include electrostatic effects through the function de-
fined in Eq. 3.29. Other programs (e. g., MM2 1y allow the computation of elec-
trostatic interactions through dipole-dipole interactions (Fig. 3.12; Eq. 3.30).

(3.29)

E, = 'uil;j (cosy — 3cosa; o) (3.30)
edy
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Figure 3.12: Dipole—dipole interactions.

3.2.7 Hydrogen Bonding Interactions

The function most commonly used for hydrogen bonding interactions is a two-
parameter function with a repulsive term that decreases with d~'* and an attrac-
tive term that increases with 4'® (Eq. 3.31).

F G

Ew=3m — 30
g Y

(3.31)

In some programs hydrogen bonding is not treated explicitly, but is included in
the van der Waals and electrostatic terms.

There is some debate over whether or not angular terms should be included in
the hydrogen bonding potential. The three deviations from linearity that have been
discussed involve the angle around the hydrogen atom (D-H--A; 0), the angle
around the hydrogen acceptor (H-A-R; y, see Fig. 3.13) and the out-of-plane de-
formation around the acceptor A (impro;[)er torsion ), involving A, H and two se-
lected atoms in the substituent R of A)!'%]. The corresponding potential energy
function is given in Eq. 3.32.

F G
Ey = (ﬁ - W) cos® (0) cos™ (x — ,) cos™ (w — w,) (3.32)

In an extensive study of published crystal structures the average values of 6
were, as expected, found to be 180°, while y and w depended on the hybridiza-
tion of the hydrogen bond acceptor!!*’). For example, y was found to be 135°
for carbonyl, carboxyl and sulfonamide acceptors, 109.5° for sp> and 120° for
sp? hydroxyl acceptors, 126° for imidazole and 120° for pyrimidine type accep-
tors. These angular effects might imply some lone pair directionality in hydrogen
bonds. However, the experimental observation that some bending occurs might
simply be the result of repulsion of the substituents of the donor and acceptor,
and does not necessarily imply that the hydrogen bond is other than isotropic
(Fig. 3.13).

An important observation is that experimental structures can be reproduced sa-
tisfactorily with and without the angular terms involved in the hydrogen bonding
interaction!'%!. Thus, irrespective of the fundamental reason for the deviation
from linearity the angular dependence can usually be modeled accurately either
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\y«- \ Figure 3.13: The angular dependence of

hydrogen bonding.

implicitly by van der Waals repulsion or explicitly by including terms that mimic
lone-pair directionality.

3.2.8 Out-of-Plane Deformation

The out-of-plane terms (Eq. 3.33) are used for sp® hybridized and aromatic Sys-
tems such as carboxylates and phenyl groups. In metal compounds, out-of-plane
terms are sometimes used for the modeling of square planar complexes (see
Fig. 3.15, Section 3.6 below).

1
Es=>ks 62 (3.33)

3.3 Force Field Parameters

In order to set up a molecular mechanics model it is necessary to find mathemati-
cal expressions that are able to define the molecular structures and give the corre-
sponding strain energies, and to find parameter values for these expressions so
that the model can reproduce or predict the molecular structures and properties.
These two parts of the molecular mechanics package have a direct influence on
the optimized structure. The potential energy functions and the force field para-
meters are interrelated. Therefore, the parameters should not, in general, be trans-
ferred from one force field to another.
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One of the primary applications of molecular mechanics is the prediction of
structures of new molecules. The strategy adopted, when using molecular me-
chanics, is to parameterize a set of potential energy functions based on experimen-
tally available data and to use this combination of functions and parameters (the
force field) to predict the structure of new molecules. Ideally, the new molecules to
be investigated should be similar to those used in the parameterization process.
This not only applies to stoichiometries and connectivities but also, especially for
metal complexes, to oxidation and electronic states. When parameterizing a force
field, examples of both unstrained and highly strained molecules should be consid-
ered. For instance, the cobalt(IlI)-amine bond in hexaammine complexes should be
parameterized with structures involving very short and very long Co-N bonds.
Furthermore, the fact that the parameters for an M-N bond might differ depending
on the other ligands cannot always be neglected. For instance an M-N(pyridine)[ bond
could be affected by the presence of a m-acid or a mt-base in the frans position 761,
In such cases the development of a general force field is difficult.

The parameterization of a force field can be based on any type of experimental
data that is directly related to the results available from molecular mechanics cal-
culations, i.e., structures, nuclear vibrations or strain energies. Most of the force
fields available, and this certainly is true for force fields used in coordination
chemistry, are, at least partially, based on structural data. The Consistent Force
Field (CFF) [97.106,107] is an example of a parameterization scheme where experi-
mentally derived thermodynamic data (e. g., heats of formation) have been used to
tune the force field. Such data is not readily available for large organic com-
pounds or for coordination complexes. Also, spectroscopic data have only rarely
been used for tuning of inorganic force field parameters !>74198],

In theory, a properly developed force field should be able to reproduce struc-
tures, strain energies, and vibrations with similar accuracies since the three prop-
erties are interrelated. However, structures are dependent on the nuclear coordi-
nates (position of the enmergy minima), relative strain energies depend on the
steepness of the overall potential (first derivative), and nuclear vibrations are re-
lated to the curvature of the potential energy surface (second derivative). Thus,
force fields used successfully for structural predictions might not be satisfactory
for conformational analyses or prediction of vibrational spectra and vice versa.
The only way to overcome this problem is to include the appropriate type of data
in the parameterization process! 7191,

Most force fields used in coordination chemistry, in respect of the organic part of
the molecules, are based on or are at least similar to the MM2 B30 MM3 727731 or
AMBER P94110.11] 55 rameterization schemes or mixtures thereof. However, it is
important to stress again that transferring parameters from one force field to an-
other without appropriate checks is not valid. This is not only a question of the dif-
ferent potential energy functions that can be used, but is also a consequence of the
interrelatedness of the entire set of parameters. Force field parameters imported
from any source, whether a well established force field or experimental data should
only be used as a starting point for further parameter refinement.

An important point that needs to be considered during the development of force
fields used for coordination compounds is that, upon coordination of an organic
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molecule to a metal center, the bonds from the ligating atoms to their substituents
are weakened through delocalization of electron density to the metal center.
Therefore, force fields for organic ligands obtained from tuning with coordination
comp[%%gds are not applicable to the metal-free ligands, i.e., to organic mole-
cules™>

The implementation of molecular mechanics of coordination compounds in ex-
isting modeling packages, particularly those designed for organic molecules, is
only possible if

there is the possibility of having more than four atoms attached to an atom,
the coordination geometry can be modeled via ligand-ligand repulsion and/or
a function with multiple minima or via substructures 1]

new atom types (metal centers and ligand atoms) can readily be added and
force field parameters can be changed and new ones added.

Programs that have been used for molecular mechanics modeling of coordination
compounds and for which a})propriate ?arameterization schemes exist include var-
ious versions of MM2**~47! and MM3!1!81'9 the Consistent Force Field program
(CFF)®"], various modifications of Boyd’s program [!>52-57-59:120.121] g1y A pEg [84]
HyperChem“zZ] and modified versions of MacroModel, BIOGRAPH, CHARMM,
AMBER and MMPPU?*]. The most extensive parameterization scheme is available
with MOMEC 2], which employs pure ligand-ligand repulsion ") or a combination
of ligand-ligand repulsion with an angle function representing electronic effects>®!.
The force field has been parameterized for coordination geometries for most of the
first row and several second and third row transition metal ions and the lantha-
noids 24, with a large number of common ligand systems 77!,

A different and relatively new approach toward molecular mechanics modeling
is the use of generic force fields. The driving force behind the development of
these force fields is the fact that in molecular mechanics similar atoms in differ-
ent environments need different force field parameters, resulting in large sets of
parameters which are difficult and time consuming to generate. Generic force
fields use simple algorithms that generate the parameters needed from atom-based
parameters and the molecule’s connectivity. Thus, once an atom type has been
parameterized it can be modeled in any environment. A similar approach was dis-
cussed above in Section 3.2.5 on van der Waals interactions, where it was shown
that general atom based parameters can be used successfully in the parameteriza-
tion of the Buckingham and other similar potential functions.

The DREIDING force field, which has been developed for a range of small or-
ganic molecules, including the most common hetero atoms, and for main group
inorganic compounds, uses a conventional set of potential energy functions with a
set of parameters that are based on very simple rules®¥. The hybridization and
the atomic number together fully define the atom type (to date the definition of
the oxidation state and electronic structure of transition metal ions are not in-
cluded). The parameters used are either derived from structural data of reference
molecules (bond radii and angles), taken from the literature (van der Waals para-
meters, charges) or based on data fitting. Only a single force constant is used for
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bond stretching and angle bending, and six values are defined for torsional bar-
riers. As might be expected, the accuracy of the model is inferior to those with
more specialized force fields. However, new and unknown types of molecules can
be considered with the same accuracy. Thus, similarly to model kits, DREIDING
is an excellent tool for building new molecules that can then be optimized using
more specialized force fields. Generic force fields are useful alternatives in situa-
tions where there are not enough experimental data to parameterize a force field
for a given type of molecule. An attractive alternative is the parameterization
based on structures and properties of molecules that have been modeled using
quantum-mechanical methods. Note, that whether an experimentally or computa-
tionally derived basis set is used for the force field derivation, it should be as
large and widely varied as possible.

The Universal Force Field (UFF) is a similar development®'. Again, a conven-
tional set of potential energy functions is used (angle bending is computed via a
cosine Fourier expansion of the angle §) with atom based parameters. The force
field has been extended over the entire Periodic Table, and has been derived from
published atomic parameters and relatively simple rules found in the literature.
The UFF has been tested for organic!'?*!, main group!?®! and transition metal
compounds'?”). Again, the accuracy obtained with the UFF is respectable but in-
ferior to that of conventional parameterization schemes, especially for main group
inorganic, organometallic and transition metal coordination compounds. The fu-
ture will show whether generic force fields will eventually lead to predictions of
similar quality to those obtained with conventional parameterization schemes.
However, at least at present, it seems that the original molecular mechanics philo-
sophy, i.e., the computation of the coordinates of a potential energy surface based
on experimental data of a series of similar molecules (interpolation) is less gen-
eral but more reliable. The VALBOND force field!®”®! discussed in Section
3.2.2 uses a conventional parameterization for all terms except for angle bending,
where general but fitted atom-pair-based parameters are used. Thus this model
combines some of the advantages of conventional force fields with those of gen-
eric parameterization schemes.

What else can be done if no experimental data is available? This question arises
for excited states, transition states and, to some extent, for fluxional molecules. This
is clearly an important question, e. g., in the area of asymmetric catalysis, where the
design of new catalysts leading to high enantiomeric excesses is a rewarding aim or
where certain mechanistic aspects might be investigated. Ab-initio MO or DFT cal-
culations can lead to accurate results but they are time consuming. Therefore, one
promising approach is to calculate a number of key structures by thorough quan-
tum-mechanical methods and then to use them to parameterize molecular me-
chanics force fields!'?®'?°). Alternatively, ab-initio quantum-mechanical techni-
ques, used to refine the geometry around the metal center, can be directly coupled
with the molecular mechanics refinement of the ligand structure. Substantial pro-
gress has already been made using this method 2] and it can be expected to be-
come the basis of many future developments in molecular mechanics.
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3.3.1 Bond Length Deformation

The function used to calculate the deformation energy associated with stretching
or contracting a bond is given in Eq. 3.6. A first approximation to the force con-
stant, ky,, can be calculated from the fundamental vibration frequency, v, of the
X-Y bond, taken from the infrared spectrum of a representative compound by
using Eq. 3.34, where c is the speed of light and u is the reduced mass of the two
atoms involved in the bond.

v={(ks/)"*}/2 e (3.34)

More accurate force constants for a number of transition metal complexes with
ammine li%ands have been derived by normal-coordinate analyses of infrared
spectra'3%131 The fundamental difference between spectroscopic and molecular
mechanics force constants (see Section 3.4) leads to the expectation that some
empirical adjustment of the force constants may be necessary even when these
force constants have been derived by full normal-coordinate analyses of the infra-
red data. This is even more important for force constants associated with valence
angle deformation (see below). It is unusual for bond-length deformation terms to
be altered substantially from the spectroscopically derived values.

Preliminary values for ideal (undeformed) bond lengths are usually taken from
crystal structures. However, the bonds in real compounds are necessarily de-
formed to some extent by the stresses present in all but diatomic molecules (see
Section 3.1). There is rarely a substantial difference between ideal and observed
bond lengths within ligands but metal-ligand bond distances can be substantially
altered by the effects of steric stress. For example the Co—N bond length in a ser-
ies of simple hexaaminecobalt(Il[) complexes varies from 1.94 to 2.05 A[132133
(see also Table 3.2). The ideal bond length used in molecular mechanics models
of hexaaminecobalt(Ill) complexes is most commonly in the range 1.905 to
1.925 A (see also Table 3.4), implying that all of these observed bonds are elon-
gated with respect to the strain-free value.

Values for the undeformed M-L bond are arrived at empirically: a value
slightly shorter than that observed in a relevant crystal structure is chosen. If,
after strain energy minimization the experimental bond length is not reproduced
then ry is altered and minimization repeated. Once the experimental bond length
has been reproduced, the force field parameters are tested on a series of related
compounds and small changes are made until a consensus value is obtained. If
this proves to be impossible then the possibility of the force constant being incor-
rect needs to be considered as does the possibility that factors other than steric
stresses are influencing the experimental bond lengths (see Chapter 12 and Sec-
tions 17.10—-17.12).

It is important when carrying out an empirical development of the force field
parameters in this way to model a large range of structures, i.e., those with bond
lengths at the short end of the range and those with bond lengths at the long end.
The value used for the strain-free bond length depends on the type of force field
employed. For instance, if nonbonded interactions between the donor atoms are in-
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cluded in the model, then the stress on the M-L bond increases and it is generally
necessary to use a lower value for ry.

Care also needs to be taken in choosing values for the undeformed bond
lengths in the ligand. Values of bond lengths and angles are often substantially al-
tered as the result of coordination to a metal ®®l, For example, a non-coordinated
amine will have C—N bond lengths in the range 1.45-1.46 A and C—C bond
lengths in the range 1.52—1.53 A. On coordination, C—N bond lengths, where the
N is directly coordinated to the metal, typically increase to 1.49 A and adjacent
C—C bond lengths contract to 1.50 A. For these reasons, it is often inappropriate
to adopt the values used for ideal bond lengths in force fields for organic com-
pounds for use in the modeling of metal complexes. Equally, force fields devel-
oped for transition metal compounds can not be used to accurately model purely
organic molecules. Fortunately, the structural properties of organic ligands do not
depend much on the metal center to which they are coordinated, i.¢., a single set
of force field parameters can be used, independent of the metal ion %1,

The modeling of bonds involving H atoms presents a particular problem which
arises from the movement, on bond formation, of the single electron on the H
atom away from the nucleus (proton) toward the bonded atom. This is readily ob-
served in crystal structure analyses. X-ray diffraction analyses, which locate the
center of the electron density, yield C—H bond lengths of 0.97 A but neutron dif-
fraction analyses, which locate the nucleus, give 1.08 A. Since the nonbonded in-
teractions arise in a large part from the interactions of the electron clouds it is ap-
propriate that the repulsive center of the H atom should be moved away from the
nucleus along the bond. In MM2 this is achieved by moving the center of repul-
sion by 20% of the bond length toward the heavy atom bonded to the H
atom 772134 Elsewhere, the more simplistic but less accurate approach of using
crystallographic bond lengths as ideal X-H bond distances has been adopted.

3.3.2 Valence Angle Deformation

The function used to calculate the energy associated with deformation of a va-
lence angle is given in Eq. 3.7. A first approximation to the force constant, kg,
can again be derived from the infrared spectrum, though in the case of bond
angles it is necessary to carry out a full normal-coordinate analysis in order to ob-
tain accurate values. However, there are relatively few normal-coordinate analyses
of metal complexes!'3!],

For the organic parts of the ligand unaffected by coordination, it is generally
adequate to take force constants and undeformed angle values from appropriate
organic force fields. For ligating and adjacent atoms the effects of coordination
need to be taken into account and the force constants and the ideal angles will
have to be developed empirically. In the absence of data from normal-coordinate
analyses it is generally useful to take values from organic force fields as a starting
point.

Force constants derived from normal-coordinate analyses might be over esti-
mated by as much as a factor of two [49.72,134] This occurs because, in most nor-
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mal-coordinate analyses, nonbonded interactions other than 1,3- and 1,4-interac-
tions are excluded. The forces arising from other nonbonded interactions are pri-
marily taken up in the normal-coordinate analysis by the valence angle terms and
hence they are over estimated. Also, normal-coordinate analyses relate to real,
strained, molecules. Thus, the vibrations are about a mean that does not corre-
spond to the ideal bond angle. In fact, the implementation of nonbonded interac-
tions in molecular mechanics force fields is necessary to obtain molecule-inde-
pendent force fields (see also Sections 1.2 and 3.4). The energy curve is steeper
away from the minimum and therefore the spectroscopic force constant will gen-
erally be larger than that which should be used for molecular mechanics model-
ing. The same is undoubtably true for bond stretching terms but in that case the
deformations are generally much smaller and hence the effect is not so signifi-
cant. In the MM2 force field valence angle terms with force constants reduced by
about 45% from the experimental values are used[**7>134 and some force fields
for metal complexes have similar reductions in these force constants [>7~3%26:132],

Valence angles that involve a metal atom need to be considered more closely.
These fall into two categories: angles in which the metal atom is not the central
atom (M-L-X angles) and angles where it is the central atom (L-M-L’ angles). In
choosing force constants for M-L-X angles it is often assumed that the force con-
stant is independent of the metal center®>*!3%] and then a value can be taken
from an existing parameter set in the same force field. Alternatively, the force
constants should be derived from an infrared spectrum and subsequently modified
empirically because they can have a substantial effect on the strain energy and
geometry that is obtained following minimization.

A number of fundamentally different approaches have been used in modeling the
forces associated with distorting L-M-L’ angles!'>¢>12%123] (gee Section 3.2.2).
An often used approach is to treat them as Hookes Law vibrators, as for other an-
gles. Force constants can be derived as outlined above, and the ideal angles can
generally be predicted on the basis of the expected geometry, e.g., 90° and 180°
for an octahedron and 90°, 120° and 180° for a trigonal bipyramid. A number of
force constants have been used in force fields for hexaaminecobalt(IlI) complexes
but their origin has not always been clear!'>12%123] The most frequently quoted
reference reports values of 0.68!'3!) and force constants used range from 0.05 to
0.687%12%1 "Some other methods developed recently involve more complex va-
lence angle functions with multiple minima around the metal center!>%61:83:84]
For alkali, alkaline earth and lanthanoid metal ion compounds the angular geome-
try is usually modeled with an electrostatic potential, an approach similar to that
involving 1,3-nonbonded interactions discussed below (see also Chapter 15).

An alternative approach to modeling the L-M-L’ angles is to set the force con-
stants to zero and include nonbonded 1,3-interactions between the ligand atoms.
In most force fields, 1,3-interactions are not explicitly included for any atoms, in-
stead they are taken up in the force constants for the valence angle terms. This is
an approximation because the 1,3-interactions are most often repulsive and thus
the function used to calculate the strain energy arising from valence angle defor-
mation should be asymmetric. It was shown that the nonbonded 1,3-interactions
around the metal atom are in many cases a major determinant of the coordination
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[85—88,136] . . . . .
geometry . The approach of including these interactions in molecular
mechanics force fields for metal complexes was found to substantially improve
the agreement between differences in minimized strain energies and experimental
isomer distributions 3289131,

The use of nonbonded 1,3-interactions in place of force constants also offers a
number of practical advantages. First, it is not necessary to determine the values
of L-M-L’ force constants. If the assumption that the M-L-X force constants are
independent of the metal center is also made, then replacement of the L-M-L’
force constants with 1,3-interactions results in a force field that is largely indepen-
dent of the metal ion. Second, the coordination geometry is not predetermined by
the choice of the undeformed bond angles. For instance, in the case of a five-coor-
dinate complex the choice of angles will, if force constants are applied, predeter-
mine whether a trigonal-bipyramidal or square-pyramidal geometry results. This
can limit the generality and value of the modeling exercise if there are not strong
electronic effects favoring one of the possible coordination geometries.

Whether the use of 1,3-interactions in place of L-M-L’ force constants is a valid
approach depends on the metal ion being considered. If it is a metal for which the
M-L bonding is primarily electrostatic, such as an alkali, alkaline earth or lantha-
noid metal, then 1,3-interactions are definitely preferable. In such cases it may be
important to include an electrostatic component in the 1,3-interactions in addition
to the usual van der Waals term. If, however, the metal ion is one that has a clear
preference for a particular coordination geometry then inclusion of at least a com-
ponent of L-M-L’ force constants may be indicated (see Section 12.1). Recently, a
model which includes both 1,3-interactions and force constants for the L-M-L’
angles has been described [*®). Other approaches are discussed in Section 3.2.2.

3.3.3 Torsion Angle Deformation

The function generally used to calculate the strain energy associated with rotation
about a torsion angle is given in Eq. 3.8. When rotation about a bond occurs there
are two sources of strain energy. The first arises from the nonbonded interactions
between the atoms attached to the two atoms of the bond (1,4-interactions), and
these interactions are automatically included in most molecular mechanics mod-
els. The second source arises from reorganization of the electron density about
the bonded atoms which alters the degree of orbital overlap. The values for the
force constants can be determined if a frequency for rotation about a bond in a
model compound can be measured. For instance, the bond rotation frequencies of
ethane and ethylamine have been determined by microwave spectroscopy. From
the temperature dependence of the frequencies the barriers to rotation have been
determined as 12.1 and 8.28 kJ mol™! respectively!'*”). The contribution to this
barrier that arises from the nonbonded 1,4-interactions is then calculated using
the potential energy functions employed in the force field.

The component that remains is assumed to arise from the rearrangement of the
electron density and it is this component that is calculated using Eq. 3.8. Care
needs to be taken when converting the ‘electronic’ energy barrier to a force con-
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stant because some programs calculate rotation about a bond with a single term
and others include all possible torsion angles. For example, in ethane there are
nine distinct H-C—C—H torsion angles. The barrier can be modeled with a single
term or with nine terms and in the latter case the force constant will be 1/9th of
that in the former case. Force constants have been determined in this way for rota-
tion about alkane C—C bonds and alkylamine C—N bonds!'*l. However, it is im-
portant to remember that the contribution taken to arise from the nonbonded po-
tential depends on the functions used to model the nonbonded interactions. Conse-
quently, these terms must be recalculated any time there is a change in the way
the nonbonded interactions are modeled. Force constants for rotation about other
types of bonds are less well established and have often been estimated or derived
empirically. In the development of most force fields for modeling metal com-
plexes it has been assumed that torsion angle force constants employed for model-
ing organic compounds are satisfactory for the ligand backbone. This is an ap-
proximation, because, as discussed above, coordination often results in substantial
changes in the intra ligand bonding. However, in the absence of an experimental
determination of these barriers in coordinated groups it is probably sufficient to
use the values that have been tested by application to organic molecules. Use of
such values has not revealed any obvious problems in the modeling of metal com-
plexes.

Force constants for rotation of torsion angles that have a metal involved need to
be considered more closely. If the metal is one of the peripheral atoms (e.g., M—
N—C-C) then it is generally assumed that the force constant is the same as for ro-
tation about any other N—C bond. This is again an approximation that needs to be
closely monitored but it has proven to be acceptable in the past. If the metal is
one of the central atoms in the bond (e.g.,, N-M—-N-C) then the practice has gen-
erally been to assign a force constant of zero for that torsion. That this approach
is appropriate in the case of hexaaminecobalt(III) complexes was justified!'>! on
the basis that in [Co(NH3)e]>" there is rapid rotation about the Co—N bonds, even
at 20 K"*#). Zero force constants for rotation about M—X bonds have been used
extensively and successfully, and in some cases it has been shown that use of a
non-zero force constant would lead to a substantially worse model!'**. However,
there are situations where a zero force constant would not be appropriate. For ex-
ample, where there is extensive n-bonding or backbonding between a ligand and
the metal ion, then this will often confer a strong directionality on the preferred li-
gand orientation. In such a case it is necessary to derive the force constants em-
pirically, unless experimental data on the barrier to rotation is available.

In some torsion angles, the energy minimum occurs when the attached groups
are eclipsed rather than staggered. The most common examples are aromatic and
delocalized systems, and in these cases the torsional barrier acts to keep the group
planar. For many such groups (e. g., phenyl rings) highly refined force fields have
been developed for organic molecules. There are, however, many common ligands
that have conjugated bond systems that have not previously been modeled using
molecular mechanics. The acetylacetonato family of ligands is a prominent exam-
ple that forms a large range of complexes. In these cases initial estimates of force
constants might be obtainable from the infrared spectrum of a model compound
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and then, as usually is the case, the parameters would need to be fitted to experi-
mental structures.

3.3.4 Out-of-plane Deformation

The function used to calculate the strain energy associated with deformation of an
atom out of the plane defined by three other atoms is given in Eq. 3.10. For com-
mon groups such as phenyl and ethene moieties a number of force fields have
been reported. More of a problem are sp>-hybridized groups and conjugated mole-
cules that are directly coordinated to the metal atom. For example, the carboxylate
group is a common ligand and it is necessary to employ an out-of-plane term to
prevent the group from becoming excessively nonplanar. In theory, it should be
possible to extract the spectroscopic force constants from infrared spectra, but in
reality it is often difficult to do so because the absorptions are weak and are not
easily assigned. In such cases the force constants should be taken from related
force fields for uncomplexed molecules and adjusted empirically as necessary.
Our experience is that the out-of-plane force constants are not critical elements of
the force field because there is generally little deviation from planarity and there-
fore any force constant that maintains planarity is adequate. Of course, in those
cases where large deviations from planarity are observed it is important to refine
the parameters more carefully.

Out-of-plane deviations are critical in square-planar metal complexes. An im-
portant example are the anti-cancer active Pt(II) complexes such as cis-
[PtCl,(NH3),]. In modeling the interaction of these compounds with DNA it has
been found that the substantial stresses present cause deviations from planarity
and, therefore, it is essential that a good estimate of the energy cost of this defor-
mation be available. One set of force constants has been developed empirically by
modeling simple bis-nucleotide complexes of the type cis-[Pt(NH;),(Nu),]. In a
number of these complexes significant deviations from planarity have been ob-
served experimentally. By empirical adjustment of the force constant it was possi-
ble to obtain a value that reproduces adequately the deviations in these com-

[135] . :
plexes . Other methods for modeling square-planar metal complexes are dis-
cussed in Section 3.6.

3.3.5 Nonbonded Interactions

In the past the parameterization and calculation of the nonbonded interaction en-
ergy terms varied substantially between force fields. However, the wide-ranging
success of the MM2 model and its variants has led to a broad acceptance of the
nonbonded parameters used in these programs. It is generally accepted that a
Buckingham function is the best of the simple functions for calculating the en-
ergy. However, for reasons of computational efficiency a 6,12-function is often
used, particularly in the modeling of macromolecules. Both functions have an at-
tractive and a repulsive component and are described in detail in Section 3.2.5.
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As a general rule, the best approach when developing a force field for a metal
complex is to use, without modification, the nonbonded interaction terms devel-
oped for organic compounds. The best known and most popular is the MM2 force
field and this has been extended and adapted for modeling metal complexes by a
number of groups! !> "¢l Force fields developed for organic molecules do not
have parameters for some of the elements present in metal complexes but reason-
able estimates are available for most of these[>7~5%:65:96:120.123.133]

An unresolved point of contention is how the nonbonded interactions of the me-
tal itself should be handled. In many force fields for metal complexes no non-
bonded interaction terms involving the metal are included. This may seem at first
to be rather surprising. However, it has not been shown to lead to significant pro-
blems. There are, perhaps, two reasons for the apparent success of this rather
crude approximation. Firstly, most molecular mechanics studies of metal com-
plexes have dealt with metals in positive oxidation states such as cobalt(Ill), nick-
el(Il) and copper(Il). The van der Waals radii of such metal centers are likely to
be small and their bond lengths are long so that even the closest metal-to-nonme-
tal contacts are probably in the range of weakly repulsive or weakly attractive
forces. Secondly, most simple metal complexes are approximately spherical with
the metal at the center and, therefore, the effect of a spherical field emanating
from the metal is minimal and is probably absorbed into other energy terms.
Clearly then, the approximation of omitting nonbonded interactions involving me-
tal ions may be inappropriate if the metal ion is not highly charged, as in many
organometallic complexes, or if the complex is not spherical. An example of the
latter is the binding of a metal ion with square-planar coordination geometry to a
large biomolecule. For example, it has been found that when platinum binds to
DNA via N7 of a guanine or adenine, it makes a number of close contacts with
parts of the DNA. Electrostatic terms have in the past been used to model these
interactions and this has [E)roven successful in reproducing the structures of small
Pt/nucleotide complexes'**!*!]. However, force fields including van der Waals
terms for Pt have now been reported °%°°),

One of the main reasons why nonbonded interactions involving metal ions have
not been included in most force fields is a lack of good estimates for the para-
meters. As discussed in Section 3.2.5, values for the van der Waals radius and the
polarizability (¢) are required. In the case of metal complexes it is difficult to ob-
tain estimates for the van der Waals radius because the metal ion is generally bur-
ied inside an organic sheath and does not make close contacts with atoms free to
move away from it. In a few cases close contacts to M(II) metal ions have been
observed and these are consistent with van der Waals radii in the range of 1.5—
1.7 A. Where nonbonded interactions to the metal ions have been included in a
force field the van der Waals radius used ranged from 1.7 to 2.44 A[98:99:142]
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3.3.6 Electrostatic Interactions

Electrostatic interactions are usually modeled by assigning point charges to the
atoms and the contributions to the strain energy are then calculated using Eq. 3.11.
In most molecular mechanics models for small molecules, organic and inorganic,
the electrostatic terms have not been included explicitly without obvious detri-
ment to the success of the model. However, the electrostatic terms are routinely
included in models for biological macromolecules such as proteins and DNA be-
cause they make a substantial contribution to the stabilization of such molecules
and to the interactions they make with other molecules °***143]. Estimates for the
point charges on the atoms have been obtained from quantum-mechanical calcula-
tions on fra§ments of the larger molecules, e. g., on the individual amino acids in
a protein®*. The accuracy of these point charges has been questioned by a num-
ber of workers!'**! but they have been used successfully. Other approaches to the
calculation of point charges have been discussed in Section 3.26.

When metal complexes are being modeled, the problem arises as to what point
charge to assign to the metal atom itself. There are few efficient empirical or
semi-empirical calculations on metal complexes that are sufficiently accurate to
yield reliable estimates of the charge. As Pauling’s electroneutrality principle
shows!'**), it is not appropriate to use the full formal charge and, therefore, partial
charges have been used. For example, in the case of Pt(II) complexes an empiri-
cally assigned charge of +0.5 e on the Pt atom yielded reasonable results %! Tt is
very difficult to judge whether such a value is appropriate because electrostatic
energy terms, being dependent on ', do not exert strong forces on even nearby
atoms. It is, therefore, not surprising that in many cases the charge attributed to
the metal center is not a critical parameter [®*],

Assigning charges to atoms in the ligands is also a problem since these will al-
most certainly be modified by coordination. One approach is to use charges simi-
lar to those on groups that form similar strength hydrogen bonds. Thus, amine
groups form hydrogen bonds similar to those seen between the bases of DNA
and, therefore, charges similar to those on the amine groups of the DNA bases
might be reasonable estimates 4%,

A contentious issue in modeling electrostatic interactions in molecules of all
types is what is the appropriate value for the dielectric constant. The value for a
vacuum is 1 but this is not appropriate because it does not take account of the in-
terference of the electron clouds of adjacent and intervening atoms. Since the
number of intervening atoms increases with distance it has been suggested by a
number of workers that the dielectric constant should be distance depen-
dent®>1461 A systematic molecular modeling study of the protein Crambin using
a number of different forms for the dielectric constant showed that the best fit to
experiment was obtained when a dielectric constant of 4d;; was used!'*®1. The
consequence of using such a term is that the equation for calculating the energy
of an electrostatic interaction becomes Eq. 3.35.

qi 4;
E, =—= 3.35
"7 ad (3.35)
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Calculation of the electrostatic terms in this way is only an option when such a
function has been coded into the molecular mechanics program. A perhaps unex-
pected consequence of using a distance dependent dielectric constant is that the
energy surface arising from electrostatic energy terms becomes steeper, i.e., the
force that these terms exert is stronger. The intention of using a dielectric force
constant greater than 1 is to mute the electrostatic energy terms and, therefore, a
distance dependent value may lead to unexpected or even incorrect results. The
alternative is to use fixed values greater than 1 and values ranging from 2 to
8 have been proposed 1471481,

3.3.7 Hydrogen Bonding Interactions

Hydrogen bonds are only rarely an issue in the modeling of small metal com-
plexes. There are, however, some cases where hydrogen bonds are particularly im-
portant. For example, when diamineplatinum(Il) complexes bind to DNA, hydro-
gen bonds form between the H(amine) atoms and oxygen atoms on the DNA, and
these interactions may be very important in determining the sequence specificity
of PUDNA interactions '4°). Also, interactions between cationic and anionic com-
plexes will inevitably involve hydrogen bonds and these terms will probably deter-
mine whether there is substantial stereoselectivity in the interactions.

In molecular mechanics force fields for biological molecules, hydrogen bonds
are generally modeled using an empirical 10—12 function (Eq. 3.12). There is no
theoretical justification for such a function but, as long as F and G are chosen to
reproduce both the ideal hydrogen bonding distance and the energy of the hydro-
gen bond then they seem to work well. A possible angular dependence of hydro-
gen bonds has been discussed in Section 3.2.7. In modeling the hydrogen bonding
of amine groups with oxygen atoms of DNA use of the same F and G values as
those used to model the interstrand hydrogen bonds has successfully produced dis-
tances that close}‘y resemble those in small molecule diamineplatinum(II)/nucleo-
tide complexes 4%,

3.4 Spectroscopic Force Fields

Force constants derived from normal coordinate analyses of infrared spectra have
formed the basis for the parameterization of many molecular mechanics force fields.
However, empirical adjustment of these molecular mechanics force fields has led to
appreciable differences between the spectroscopic and molecular mechanics force
constants. It is important to understand why this should be so and to appreciate the
difference between spectroscopic and molecular mechanics force fields.

Let us consider the description of a simple three-atom molecule by the three
most frequently used spectroscopic parameterization schemes, the general central
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r &)

H H Figure 3.14: Parameters used for spectroscopic
q force field calculations of H,O.

force field (GCF), the general valence force field (GVF) and the Urey-Bradley
force field (UBF; Fig. 3.14).

While the GCF (Eq. 3.36) uses only interatomic distances (Ar, Ag)*, in the
GVF the nonbonded interactions are replaced by valence angles (Eq. 3.37), and in
the UBF (Eq. 3.38) both the interatomic distances and the valence angles are used
(re and g, in Egs. 3.36-3.38, correspond to ideal distances)!”"!.

1 1
Voer = £} k, (Ar% + Arg) + > k, qu + kyy AriAry + kg (Ary + Ary)Ag
(3.36)
1 1
Vovr = Ekr (Ar% +Ar§) +5 H, rﬁAoc2 + F AriAry + Foyro (Arp + Ary) Ao
(3.37)
1 1
Vusr = 3 ky (Ar} + Ar3) +K're(Ar + Ary) +3 Hr*Ao* + H'r’ Ao
1
+5 FAG + F'g.Aq (3.38)

In each model the coupling of vibrations is taken into account by the addition of
cross terms. Two important facts arise from this and a general appreciation of Eq.
3.36-3.38:

— The force constants are molecule specific.
— The force constants may not be transferred from one spectroscopic force field
into another, i.¢., they are not transferable physical quantities.

A molecule-independent, generalized force field for predictive calculations can
be obtained by the inclusion of additional terms such as van der Waals and tor-
sional angle interactions. This adds an additional anharmonic part to the potential
(see below) but, more importantly, also leads to changes in the whole force field;
thus the force constants used in molecular mechanics force fields are not directly
related to parameters obtained and used in spectroscopy. It is easy to understand
this dissimilarity since in spectroscopy the bonding and angle bending potentials
describe relatively small vibrations around an equilibrium geometry that, at least

* An adaptation of the GCF to molecular mechanics!®” has been discussed in Section 3.1.
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for strained molecules is far away from the ideal structure, whereas in molecular
mechanics large deviations from the non-molecule-specific ideal geometry are in-
volved. While the molecule-specific force constant k. at the molecule-specific
equilibrium distance r, can be obtained by normal coordinate analysis of vibra-
tional spectra, the corresponding molecular mechanics parameters have to be
fitted empirically in order to reproduce experimental data.

3.5 Model and Reality

In this section we will discuss in some detail the relationship between molecular
mechanics force field parameters and real physical parameters. As mentioned be-
fore, one fundamental difference between spectroscopic and molecular mechanics
force fields is that the former are molecule specific while the latter are general.
Empirical force field parameters can be used for the calculation of unknown
structures and their strain energies, and for the prediction of vibrational frequen-
cies of new compounds. However, the parameters themselves generally have lim-
ited meaning.

For example, the o value for the Co—N bond in cobalt(IlI) amine complexes is
smaller in parameterization schemes where 1,3-nonbonded interactions between
the ligating atoms are included, than in force fields where only L-M-L’ angle bend-
ing functions are used. This is because the 1,3-nonbonded interactions in such com-
plexes are highly repulsive, promoting an extension of the Co—N bonds. Thus, a
smaller value for the ideal Co—N bond is required in order to reproduce the experi-
mentally observed bond lengths. Values of r, for force fields that do and do not in-
clude 1,3-nonbonded terms are listed in Table 3.4 (see also (1331 and Table 3.2).

Table 3.4: Strain-free bond distances #, for the metal-ligand bonding interaction®.

Bond type Strain-free value, ro [A]

Cr'™-Namine 2.045% [57] 2.050 [120]

Co™M-Npmine 1.905 * [57] 1.925 [15] 1.950 [149]
Co"“Namine 2.120* [151] 2.180[120]

Ni"“Namine 2.090* [57] 2.100{152] 2.010[153]
Cu"Namine 1.970* [57] 2.030[120] 2.000 [154]
Cu-S hicether 2.290* [57] 2.380 [150]

Cu™-Oparboxytate 1.900* [57] 1.950 [154]

Z0" N,mine 2.220* [57] 2.170 [120]

Rh"™-N, mine 2.050* [57] 2.040 [120]

) parameters with an asterisk relate to a force field with 1,3-nonbonded interactions included.
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As the bond lengths increase the difference between the ry values for the two
types of force fields decreases because the 1,3-nonbonded interactions become
less repulsive.

Another way to demonstrate this effect is shown in three sample calculations
using the MOMEC force field[°%57-38:96.99.124,140.155] 1) Tuple 3.5 the experimen-
tal M-N distances (r(obs)), the calculated bond lengths (r(calc)), the correspond-
ing force constants (k) and ideal bond lengths (ry) are shown for some sample cal-
culations of some hexaamminemetal complexes.

Table 3.5: The influence of 1,3-nonbonded interactions on the ideal metal-ligand bond distance of
chromium(III), cobalt(IIl) and nickel(II) hexaamines.

Parameter” [Cr(NH;)6]*" [Co(NH3)s]** [Ni(NH,))*"
r (obs) [A] 2.064 [156] 1.959 [53] 2.129{157]
¥ (cale) [A] 2.079 1.955 2.132

k [mdyn A1 1.100 1.750 0.600

ro [A] 2.045 1.905 2.090

7 (calc) [A] 2.063 1.942 2.118

ry TA] 2.063 1.930 2.115

3y values are the metal-amine distances; the force field parameters (k, ro) are from the MOMEC force

field with the harmonic sine function [52’57]; the pr imed values are for calculations without the UI'C}/-
Bradley term (see tCXt).

The calculated distances 7’ (calc) were obtained with the original values for k£ and
ro after setting the 1,3-nonbonded terms to zero and with constrained angular geo-
metries. Readjustment of the ideal M-N distances to ry led to calculated M—N bond
lengths in agreement with the experimental values. Thus, for these hexamine com-
plexes the inclusion of 1,3-nonbonded terms is responsible for a reduction of the
ideal bond length by 1-2% (#y vs 7)), depending on the force constant and the
actual bond distances.

Obviously, it would be of interest to know what the true ideal metal-ligand
bond length is. Some studies, particularly some of those aimed at predicting metal
ion selectivities based on hole size calculations, require accurate values for
ro %18 (see Section 9.2). The question is, whether the parameters determined
with or without ligand-ligand repulsion are closer to physical reality. On the basis
of chemical intuition, as well as the success of ligand-ligand repulsion based cal-
culations, one has to assume that 1,3-nonbonded interactions are present in coor-
dination compounds. Parameters derived without considering 1,3-nonbonded inter-
actions have these interactions intrinsically included in their ideal metal ligand
bond lengths. Therefore, the ry values obtained for the force fields that do not in-
clude nonbonded interactions are longer than those that include them and they are
longer than the “true” ideal metal-ligand distance.
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3.6 Electronic Effects

The arrangement of atoms in a molecule is based on attractive and repulsive
forces (see Fig. 3.2), as well as the directionality of the bonds, which is deter-
mined by the orientation of the bonding orbitals and their desire for maximum
overlap. At first glance, the simple mechanical model (see Fig. 3.1) does not ex-
plicitly included specific electronic interactions. However, in developing a model
that reproduces experimentally derived structural and thermodynamic data, it is
inevitable that electronic factors are included implicitly to account for electronic
effects responsible for some of the structural and thermodynamic variation present
in the data used in the parameterization. Depending on the model used, the elec-
tronic effects cannot be directly attributable to specific parameters.

In the conventional model, where the total strain energy is represented by bond-
ing, valence angle, torsional angle, nonbonded and other interactions, some elec-
tronic effects are included in obvious ways. For example, strong orbital overlap
may lead to short bonds and, concurrently, to relatively short ideal distances with
strong force constants. Similarly, the directionality of bonds can be defined by va-
lence angle functions (e.g. sp>, 109.5°; sp®, 120°; sp, 180°), where the strength of
the geometric preference is represented by the respective force constant. However,
since all force field parameters are interdependent, an accurate assignment of spe-
cific electronic effects is, even in these simple cases, not possible, i.e., as pointed
out before, isolated force field parameters have dubious meaning.

This point can be illustrated by the examination of hexacoordinated transition
metal ions with a common ligand system and variable electronic properties (d-
electron occupancies) *>#>'3°] When modeling a strong ligand field metal center
such as low-spin d° (e. g., cobalt(III)), which exhibits a strong preference for octa-
hedral geometry, and one, where octahedral geometry is not preferred in terms of
ligand field stabilization, such as high-spin d° (e.g., manganese(Il)), the differ-
ences in geometric preferences can be reproduced using valence angle force con-
stants. However, this need not be necessary since a strong ligand field leads to re-
latively short metal-ligand bonds and thus to an increase in ligand-ligand repul-
sion which induces a preference for octahedral geometry. Therefore, the electroni-
cally dictated directionality is, at least partly, included indirectly as a consequence
of the bond deformation and repulsive terms. Such an approach is not possible for
other stereoelectronic effects such as the frams influence in metal complexes,
Jahn-Teller distortions, bonding of n-donor and m-acceptor ligands and conjuga-
tion in extended m-systems. Basically, all these and other possible effects can be,
and most have been, included explicitly in an empirical force field calculation.
Some specific examples are given in Chapter 12.

Electrostatic interactions can be used to account for the extra electron density
transferred to the metal center from anionic m-donating ligands such as carboxy-
lates. Alternatively, the ensuing effects might be modeled by redefining the force
constants related to metal centers coordinated to donors such as carboxylates,
since, effectively, the electronic properties of the metal center have changed, al-
lowing it to be defined as an electronically different species®”%*). As in this ex-



3.7 The Environment 53

ample, there is often a variety of possibilities to account for specific electronic ef-
fects. However, great care needs to be taken to define these as generally, and with
as few parameters, as possible if they are to have wide ranging utility.

This is also demonstrated with square-planar nickel(Il) complexes (low spin),
where the planarity of the chromophore can be enforced in at least four different
ways (Fig. 3.15).

Figure 3.15: Three possible methods to enforcing a square planar geometry of low spin
nickel(1I).

Dummy atoms, defined on axial sites, can be used to impose a square planar ar-
rangement via ligand-ligand repulsion (Fig. 3.15(a))!"*3\. The problems associated
with this approach are (1) how to decide where exactly the dummy atoms are to
be positioned and what van der Waals parameters they should be assigned, and
(2) that the whole ligand including its carbohydrate backbone is repelled by the
dummy atoms, which may lead to the incorrect calculation of ligand distortions.
Alternatively, square-planar geometry can be enforced by an out-of-plane function
of the type generally used for m-bonded systems (e.g., aromatic compounds and
carboxylates) (Fig. 3.15(b)) or by using stiff ligand-metal-ligand angle functions
(90° and 180°) (Fig. 3.15(c)). Finally, the planarity can be enforced using a tetra-
hedral twist function. This approach has not been tested extensively but prelimin-
ary results are promising (see Section 17.14)11%%1,

3.7 The Environment

Usually, force field parameters are developed on the basis of solid state data, e.g.,
crystal structural coordinates. It is therefore not entirely appropriate to refer to
these molecular mechanics calculations as “gas phase calculations™, even if the
environment is not explicitly included in the structure optimization procedure. En-
vironmental effects such as ion-pairing and hydrogen bonds to counter ions, co-
crystallized solvent molecules and neighboring molecules are present in crystal
lattices. Therefore, an averaged influence of these is implicitly included in the
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force field and at least partially mimics a non-specific environment, similar to
that present in solution.

The fact that only “naked” molecules are modeled is based on the problem that
for crystal lattices at least 27 unit cells would have to be included (with at least
one unit per cell, including counter ions and solvents of crystallization), and in so-
lution at least 200 molecules of water must be refined in the solvent sheath inter-
acting with the compound to be modeled. Since CPU time ~/ (m?), where m is the
number of nuclei, the time required for a single optimization cycle increases dra-
matically under these conditions. Even more importantly, the initial configuration
of the molecule and its environment is not easy to predict since the intermolecular
contacts (crystal lattice, ion pairing and solvation) of a compound to be modeled
are not known beforehand. Thus, inclusion of environmental effects in modeling
studies, has necessitated the use of some severe approximations!'%°~16%],

There is no doubt that environmental effects are of importance in coordination
chemistry (194 ¢ g in labile complexes exhibiting geometries dependent on the
counter ion and solvent, in fractional crystallization processes, and where severe
geometric distortions due to crystal packing occur. If these effects are neglected,
as is the usual practice, the resulting inaccuracies must be recognized and re-
duced, where possible. This can be achieved by choosing appropriate experimental
data for comparison with the calculation. That is, data to be used for the valida-
tion of the model should be obtained with solvents and counter ions that do not
lead to strong and specific interactions with the complex ions.

Optimized structures of “naked” molecules do not generally differ extensively
from crystallographic data. For small organic molecules, bond lengths are repro-
duced to within 0.005 A and angles are usually accurate to approx. 1°[120:34]
Corressgonding values for small coordination compounds are approx. 0.01 A and
2—5°15763.961 "I part, this accuracy is because molecular mechanics is an interpo-
lative process that uses crystal structures of related molecules for the parameteri-
zation. The largest difference between experimental and force field optimized
structures is that the latter often have higher symmetry, and the approximate error
limits mentioned above are related to average bond lengths and to average valence
angles. If solution properties, where distortions by the crystal lattice are absent,
are of interest, which is very often the case, the computed structures might be
more relevant than experimentally obtained crystal structures, especially if the ap-
propriate model is chosen and if solvation and ion-pairing are not selective. Com-
binations of strain energy minimization with experimental data, (usually spectro-
scopic) have been successfully used to determine solution structures. Examples
of these techniques are given elsewhere in this book (see Chapters 5, 8 and
10)[90-164-T66]

Minimized strain energies are used extensively to model relative stabilities in
the design of stereoselective reactions and metal-ion-selective ligands (see Chap-
ters 8 and 9)[6>129) In these calculations it is not unusual to interpret energy dif-
ferences of a few kilojoules per mole* as significant. Thus ion-pairing and solva-

* Based on a Boltzman distribution an energy difference of 10 kJ/mole between two conformers al-
ready leads to an almost exclusive population of the less strained species.
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tion of charged complexes (hundreds of kJ mol™") have to be assumed to be non-
selective if they are not included in the modeling procedures. Obviously, devia-
tions from this assumption may lead to erroneous predictions, and therefore the
experimental data have to be chosen carefully with respect to the selective asso-
ciations formed by the solvent molecules and counter ions.

The solvation free energy is usually considered to consist of a solvent-solvent
cavity term (G.,y), a solute-solvent van der Waals term (G,q,,) and a solute-sol-
vent electrostatic polarization term (G.,) (Eq. 3.39).

Gsol = Geay + Gyaw + Ges (339)

In a recent approach that was successfully tested for small hydrocarbons the
solvation was treated semi-analytically as a statistical continuum!'¢”). The method
treats the sum of the solvent-solvent cavity (G.,,) and the solute-solvent van der
Waals (Gyqyw) terms by determining the solvent accessible surface!'®), and the so-
lute-solvent electrostatic polarisation term gGes) is calculated by a modified ver-
sion of the generalized Born equation 671681

The determination of the charge distribution in a molecule, needed here for the
latter term, (G.), has been a considerable problem in force field calculations,
especially for transition metal compounds (see Sections 3.2.6 and 3.3.6). Most
promising but not yet fully tested for transition metal complexes are semi-empiri-
cal quantum-mechanical methods!'%*'%*, Future studies might show whether a
combination of approximate methods for the computation of charge distributions
and solvation will lead to a reliable approximation of solvation parameters of co-
ordination compounds.

3.8 Entropy Effects

A further complication associated with the application of molecular mechanics
calculations to relative stabilities is that strain energy differences correspond to
A (AH) between conformers with similar chromophores (electronic effects) and an
“innocent” environment (counter ions and solvent molecules), whereas relative
stabilities are based on A(AG). The entropy term, TAS, can be calculated by parti-
tion functions, and the individual terms of AS include vibrational (S.;;,), transla-
tional (Sy.,s) and rotational (S,.;) components, and in addition to these classical
terms, a statistical contribution (Sg,.). These terms can be calculated using Eqgs.
3.40-3.43121,

3IN—6
h i kT h i
Sib=RY_ + —In (1 — exp (- 7:—)) (3.40)
i=1 exp(—lc—y'w - 1)
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5
Strans = R{%lnm+%lnT—lnp— 3.664+5} (3.41)
2 (@3 11 3
S.. — Rln 8n? (8n°ABC)? (kT)? n 3 (3.42)
oh’ 2
Sstat =R lnp (343)

Here, v; are the vibrational energy levels, T'is the temperature, m the molecular
weight, p the pressure, ABC the product of the moments of inertia, ¢ the rota-
tional symmetry number and p the number of ways in which a given conformer
can be formed.

The moments of inertia 4, B, C can be calculated from the optimized structures
and the vibrational energy levels v;, and these are available from the second-deri-
vative matrix if a full-matrix Newton-Raphson refinement is used!'>”*). However,
the approximations involved in the calculation of the entropies that have been
used for the computation of the conformational equilibria of coordination com-
pounds have led to considerable uncertainties !-121:16%:1701,

Entropic factors are a major problem for relatively large molecules. For organic
macromolecules, the simulation of the probability, W (S = k - In(W)), by molecular
dynamics calculations or Monte-Carlo simulations, has been used to calculate the
entropy from fluctuations of the internal coordinates!”' =741, For simple coordina-
tion compounds the corrections based on calculated entropy differences are often

S . . . [65,121,170]
negligible in comparison with the accuracy of the calculated enthalpies .
Therefore, the relatively easily available statistical term (Sgy,) is usually the only
one that is included in the computation of conformational equilibria (see Chapters
8 and 9).

3.9 Summary

Molecular mechanics is a simple technique for scanning the potential energy sur-
face of a molecule, molecular ion, crystal lattice or solvate. The model is based
on a set of functions which may or may not be based on chemical and physical
principles. These functions are parameterized based on experimental data. That is,
the potential energy surface is not computed by fundamental theoretical expres-
sions but by using functions whose parameters are derived empirically by reprodu-
cing experimentally observed data. Molecular mechanics then is, similar to a
neural network, completely dependent on the facts that it has been taught. The
quality of results to be obtained depends on the choice of the experimental data
used for the parameterization. Clearly, the choice of potential energy functions is
also of some importance. The most common model used is loosely derived from
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chemical principles but the simplifications that have been employed are rather ex-
tensive. Together with other approximations and omissions outlined in this chap-
ter, including electronic contributions, entropy and the environment, the limits of
molecular mechanics are, even for the novice, easy to comprehend. It is therefore
obvious that one should be cautious about over-interpreting data produced by em-
pirical force field calculations.

Molecular mechanics is an interpolative method. It thus follows that the strain
energy and the structure of a very strained species may not be reliably computed
based on a parameterization scheme fitted with a set of experimental data ob-
tained from unstrained molecules since this amounts to extrapolation. Therefore,
to get a generally reliable force field, extreme cases must be included in the fit-
ting procedure of the force field. The speed with which structure optimizations
are produced (seconds of CPU time on a simple personal computer for molecules
with a few hundred atoms) does not place any restriction on the size of a data
base for the parameterization of a class of compounds — the limit is usually the
amount of experimental data available. The major appeal of molecular mechanics
is the fact that unknown compounds can be modeled in much the same way as
model kits are used, with the important difference that quantitative information
becomes available, enabling the design of new materials.

In cases, where results obtained, be it computed structures or energies, are not
in agreement with experimental data, it is very bad practice to simply adjust the
force field. Rather, one should carefully consider possible reasons for the dis-
agreement. Very often, this leads to the uncovering of novel aspects related to the
chemical problem involved.
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4 Computation

So far we have discussed the functional form of the energy terms and the para-
meters used to define these potentials in a molecular mechanics program. Clearly,
these are primarily responsible for the accuracy of the computed structures, strain
energies and molecular vibrations. However, they are not the only factors that
have an influence on the calculation and the result. The type of input accepted by
the program, the output produced, and the algorithms used to achieve energy
minimization can impact on the accuracy of the results, limit the type of problems
that can be handled and the type of constraints that can be imposed. It is, there-
fore, important to understand the advantages and disadvantages of different meth-
ods for carrying out energy minimization.

4.1 Input and Output

The type of input and output data that are available and the way in which they are
handled not only has a strong impact on the aesthetics and ease of use of a molecu-
lar modeling package, but they also affect the accuracy of the interpretation of the
results and the insights obtained. Ideally, molecular mechanics routines should be
combined with molecular graphics packages that allow the importation of experi-
mental structural data, the building of new molecules and the representation of
these molecules. The manipulation of the calculated geometries in three-dimen-
sional space should occur in real time. There are many such programs available but
molecular graphics is beyond the scope of this book. The molecular mechanics pro-
grams listed on our homepage (see Appendix 3) are either available as packages
with a graphical interface or they are easily adapted to other graphics packages.
Potential energy surfaces usually have many different minima. The starting
structure, the algorithm used for strain energy minimization and the concurrent
geometry optimization have a strong influence on the particular minimum to
which the refinement converges and on the time required for the optimization.
The type of minimum, whether it is a global or local minimum, can be of impor-
tance depending on whether a thorough conformational analysis or just a local en-
ergy minimum is the aim of the study. The time needed for a single optimization
process becomes critical when a series of calculations must be performed. For in-
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stance, a full conformational analysis with, say, 100 conformers and 5—-60 sec per
energy minimization requires 1-2 hours to complete.

Coordinates of molecules can be represented in a global or in an internal coor-
dinate system. In a global coordinate system each atom is defined with a triplet
of numbers. These might be the three vectors x;, y;, z; in a crystal coordinate sys-
tem defined by the three vectors a, b, ¢ and the three angles «, f8, y or by a, b, c,
a, B, y with dimensions of 1,1,1,90°,90°,90° in a cartesian or orthonormalized co-
ordinate system. Other common global coordinate systems are cylindrical coordi-
nates (Fig. 4.1) with the coordinate triples r, 6, z and spherical coordinates
(Fig. 4.2) with the triples p, 0, ¢.

P X = rcosf r= X +y’
Yy

y = rsing 6 = arctan X

X 0 T

r y

Figure 4.1: Cylindrial coordinates #, 0, z.

x = pcosO sing
V4 y = pcosOsing
¢ P z =pcosl sing

6 = arccos ———2——
V3 +y?+ 22

3 \y ¢ = arctan %

Figure 4.2: Spherical coordinates p, 0, ¢.

X

Internal coordinate systems include normal coordinates which are symmetry
adapted and used in spectroscopy, and coordinate systems based on interatomic
distances (“bond lengths™), three-center angles (“valence angles”) and four-center
angles (“torsion angles™). In the latter case a Z-matrix of the form shown in Table
4.1 defines the structure of a molecule. The input and output files of nearly ali
molecular mechanics programs are either cartesian coordinates or Z-matrices.

The connectivity of molecules can be defined in the process of drawing the mo-
lecule (model build function in the graphics program) or it might be recognized
by a subroutine of the molecular graphics or molecular mechanics program. In
the latter case the connectivity is defined by comparison with bonding radii. These
are obtained from well-established tabulations but problems might occur in cases
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Atom- Atom d a ® Definition®
number

1 C; 0.00 0.0 0.0 0 0 0

2 0O, 1.40 0.0 0.0 1 0 0

3 H; 0.94 107.0 0.0 210

4 H, 1.10 110.0 -180.0 1 2 3

5 H; 1.10 110.0 -119.0 1 2 4

6 Hg 1.10 110.0 119.0 1 2 5

¥ For example atom 5: d(1-5) = 1.10 A, a(5-1-2) = 110°, (5-1-2-4) = —119°

d »H.
drHs

H(,\‘\ a H;
H, hd

with strong anisotropy such as those associated with Jahn-Teller distortions, where
some bonds are so long that they are not recognized as bonds (Fig. 4.3). These

problems can be solved by defining anisotropic bonding radii.

A
no bond (2.5A)
Hi <

N

L

=Cu

bond (2.8A)

Figure 4.3: Anisotropic bonding and connectivity.

The parameterization of an interaction is dependent not only on the atoms in-
volved but also on their environment. With the exception of generic force fields,
each chemically unique interaction type has to be parameterized independently.
For both, generic and conventional force fields, the atom types need to be speci-
fied in the input file. Most modern molecular modeling packages have the ability
to recognize the atom types through the connectivity and assign them automati-

cally.
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4.2 Energy Minimization

The search for an advantageous condition of a system is a common problem in
science and many algorithms are available to optimize objective functions. In this
chapter we will discuss the methods commonly used in molecular mechanics. For
a rr[1107r5e 1(%ailed discussion we refer to specialist texts on computational chemis-
tryt

Prior to minimization, little information is available about the high-dimensional
energy surface (3N-6 dimensions with NV atoms). Put simply, the program cannot
“see the landscape”. Ideally, the minimization process should adapt to the shape
of the surface and the distance from the minimum. Also, the type of energy mini-
mization procedure used should depend on whether a specific local minimum or
any minimum, is sought. Most programs offer a choice of different optimization
methods and the step size can often be chosen interactively.

Generally, an energy-minimizing routine will produce an optimized structure of
the conformer most closely related to the geometry defined by the input coordi-
nates. That is, the structure falls into the closest energy minimum. However, this
cannot be guaranteed, and if one wishes to optimize a particular conformation a
constrained optimization might be needed (see below). A significant problem in
molecular mechanics is that of establishing a general method for finding the glo-
bal minimum of a system. This will be discussed in some detail in Chapter 5.

The first derivatives of a potential energy function define the gradient of
the potential energy surface and the second derivatives describe its curvature
(Fig. 4.4). In most molecular mechanics programs the functions used are rela-
tively simple and the derivatives are usually determined analytically. The second
derivatives of harmonic oscillators correspond to the force constants. Thus, meth-
ods using the entire set of second derivatives result in some direct information on
vibrational frequencies.
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deriatives of a potential energy
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The energy minimizing routines discussed here include direct search methods
where only the potential energy function is used (e. g., Simplex), gradient methods
which involve the first derivatives (e.g., steepest-descent), including conjugate-
gradient methods where the history of the search can influence the search direc-
tion and step size (e.g., Fletcher-Reeves, Polak-Ribiére), second-derivative meth-
ods (Newton-Raphson and block-diagonal Newton-Raphson), as well as least-
squares methods (e. g., Marquardt).

A problem common to all minimization programs is the choice of the step size.
If the step size is too large the starting structure might be completely deformed,
corresponding to a move to an area of the potential energy surface far away from
the minimum. Conversely, excessively long optimization times result from step
sizes that are too small. Generally, programs allow the starting step size to be cho-
sen, and recent algorithms include loops to modify the step size during the opti-
mization process. That is, the step size is increased when there is a decrease in
strain energy relative to the previous cycle or reduced when the energy increases.
The most effective method to find the energy minimum is to use an algorithm
that starts with a crude minimization procedure far from the minimum (e. g., stee-
pest descent) and changes energy-minimizing routines to more complex algo-
rithms (e. g., Polak-Ribiére and then Newton-Raphson) as a function of the energy
gradient or the root mean square (rms) shift.

4.2.1 The Simplex Method

The simplex search algorithm!'7>~'78 is a common pattern search method. A sim-
plex is a geometrical figure that has one more vertex than the dimension of the
space in which it operates, i.e., n + 1 for n-dimensional systems (3N + 1 for Carte-
sian coordinates with N atoms) or 3 vertices (i.e., a triangle) in the two-dimen-
sional case demonstrated in Fig. 4.5. The simplex (a triangle in this example) is
moved downhill with certain rules (reflection of the least favorable point through
the centroid of the other vertices; expansion or contraction of the new simplex de-
pending on the improvement in terms of strain energy). Once the simplex has
reached the valley it is allowed to shrink in order to reach the energy minimum.
The simplex algorithm is relatively easy to implement in molecular mechanics

n;

Figure 4.5: The two-dimensional simplex
minimization method.
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programs. It is efficient for preoptimization of structures far away from the energy
minimum, particularly for small molecules, but becomes impractical as the mole-
cular size increases.

4.2.2 Gradient Methods

The steepest-descent method!'” ~178] is a simple gradient method (Fig. 4.6). At
each point the first derivative vector 4 is used to find the direction of steepest
descent (Egs. 4.1 and 4.2),

_(9E SE OE E  OE @
- 5X1 ’ 5y1 ’ 521 ’ 5X2 ’ 5Zn ’
A4;
Xi+1 = Xi - /Ll—A-T (42)

where 4; is the step size. The main advantage of the steepest-descent method is
that each cycle requires relatively little computational time. For starting points far
away from the minimum, optimization is relatively rapid and reasonably good.
However, close to the minimum the convergence slows because the shifts go to
zero as the first derivative goes to zero. Therefore, the steepest-descent procedure
is only recommended for initial optimization of very distorted geometries.

Ener; Ey

nj

Figure 4.6: The steepest-descent minimization method.

4.2.3 Conjugate-Gradient Methods

In the steepest-descent method the gradient is calculated after each iteration.
Therefore, depending on the surface, the search direction can change at each step
if the molecule is moved through the minimum at each step. This can be avoided
if the history of gradients is stored and used to modify subsequent steps. In a



4.2  Energy Minimization 65

energy
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Figure 4.7: The conjugate-gradient minimization method.

sense, the history is a map of the curvature obtained without directly calculating
and storing the second derivatives. An important difference between conjugate-
gradient and steepest-descent algorithms is that each step in the former is one-di-
mensional, i.e., the minimization occurs along a line, and from each lower-energy
point found on the surface the search direction is changed (Fig. 4.7).

The computation involved in each cycle is more complex and time consuming
than for the steepest-descent method but convergence is generally more rapid.
Two commonly used examples are the Fletcher-Reeves and the Polak-Ribiére
methods[!7>~178],

4.2.4 The Newton-Raphson Method

Similar information to that obtained during a conjugate—%radient refinement is ob-
tainable from second derivatives (curvature)!'>**17>"178] For a harmonic function
the gradient (linear matrix of first derivatives, [A]) multiplied by the curvature
(Hessian matrix of second derivatives, [C]) should lead directly to the shifts (AX)
to be applied in order to move toward the minimum (Eq. 4.3).

[Cl4X = —[A] (4.3)

Because the potential energy surfaces are close to harmonic near the energy mini-
mum, the Newton-Raphson technique converges very efficiently for molecules
close to the optimum structure. However, for molecules far from the energy mini-
mum, Newton-Raphson minimization can be unstable. Another disadvantage
arises from the fact that the Hessian matrix has (3N-6)* elements*, which leads to
large amounts of computer memory being required for large molecules.

In the block-diagonal Newton-Raphson minimization the generally small size of
the off-diagonal terms is exploited and the matrix describing the curvature is re-

* If advantage is taken of its symmetry, the size is (3N?/2) + 3N/2.
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Figure 4.8: Arrangement of the blocks
in the block-diagonal Newton—Raphson
minimization produce.

duced to N 3 x 3 matrices, i.e., to 9N elements (Fig. 4.8). Due to the approxima-
tions involved, convergence is slower but each cycle can be computed more rapidly.
The choice of which of the two methods is more appropriate is mainly dependent
on the size of the molecule. The block-diagonal Newton-Raphson method cannot
readily yield vibrational frequencies and convergence cannot be confirmed.

4.2.5 Least-Squares Methods

Least-squares methods are usually used for fitting a model to experimental data.
They may be used for functions consisting of square sums of nonlinear functions.
The well known Gauss-Newton method often leads to instabilities in the minimi-
zation process since the steps are too large. The Marquardt algorithm!!"®) is better
in this respect but it is computationally expensive.

4.3 Constraints and Restraints

A systematic analysis of a potential energy surface often requires minimization of
the strain energy with one or more internal coordinates fixed. Successive variation
(stepping) of fixed internal coordinates can be used in the analysis of activation
barriers and energetic minima along a reaction coordinate. Applications include:

— the analysis of the mechanism and the determination of the energy barrier for
the conformational interconversions of ring systems [!8%-18!1;

— the analysis of conformational preferences of ligand systems as a function of the
metal centers to which they are coordinated and the prediction and analysis of
coordination geometries as a function of metal-ligand bond distances !6>-8%1821,

— the prediction and analysis of metal ion selectivities of ligand systems[®® 120]

— the calculation of activation barriers of outer-sphere electron transfer processes
(see Chapter 11).

Some of these applications are discussed in detail in various chapters of Part I1.
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Two methods are used in molecular mechanics to fix internal coordinates: re-
straints and constraints. Applying restraints involves stiffening the corresponding
potential energy function via excessively strong force constants in combination
with a variation of the values for equilibrium distances and angles!'**}. Constraints
are applied by mathematical fixation of internal coordinates by using Lagrangian

C [183-185] .
multipliers . Although constraints offer a number of advantages compared
with restraints (see also Chapter 9) they are not yet implemented in many pro-
[52] . . . .

grams'”~ and are only available when full-matrix second-derivative methods are
used. Convergence to a specified value is only accurately possible with a con-
straint. Also, the strain energy does not have to be adjusted for the additional
strain induced by an artificially steep potential function. However, in practice, si-
milar results can usually be obtained using constraints or restraints. Recently, a
new method, based on Langrangian multipliers has been developed that allows
the constraint of the sum of internal coordinates (see also Chapter 9){'*¢, and this
is not possible in a general way using restraints.
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S The Multiple Minima Problem

In many applications of molecular mechanics it is important that the lowest en-
ergy structure, i. ., the global energy minimum, be found. This is particularly true
when one would like to model the structures that are predominant in solution, or
establish the distribution of all the conformers [®,

The energy-minimization routines employed by molecular mechanics programs
usually refine the starting geometry to a local minimum which is not necessarily the
global minimum. The aim of a conformational search is to find as many low energy
minima as possible, which hopefully include the global minimum. In order to do this
a large number of high energy starting conformations are generated, which are then
minimized, compared with previously found conformers and stored if they have low
strain energy and are unique. The probability of finding a new conformation is pro-
portional to the number of undiscovered conformers, and thus the yield of new con-
formers decreases as the search progresses. This can be used as a qualitative indica-
tion of how far the search has progressed. Three methods can be used to generate the
starting geometries: deterministic or grid searches that cover all arcas of the poten-
tial energy surface systematically, stochastic or Monte Carlo methods, which use a
random element to generate starting geometries, and molecular dynamics.

An excellent comparison of the methods employed in conformational searching
of organic molecules has been published!'®”]. In the vast majority of published in-
organic molecular modeling studies no stochastic or molecular dynamics confor-
mational searches have been conducted. There are three reasons for this:

— Coordination of a ligand to a metal reduces the ligand flexibility and therefore
the number of conformations available to the metal-ligand system is reduced.

— In many cases a type of deterministic search is conducted, where all probable
structures are entered individually and minimized separately. The possible
structures are generated by drawing all possible combinations of the chair,
boat and skew boat conformers for six-membered rings, and A and & confor-
mers for five membered rings [67-8%-150-188.189]

— Methods using internal coordinate (torsion angle) frames, which are very com-
mon in organic chemistry, are not always applicable to inorganic systems.

There have, however, been a number of recent studies involving conformational
searching of metal complexes. The geometries of flexible side-chains have been



70 5 The Multiple Minima Problem

investigated using molecular dynamics!'®®), and conformational searching using

Monte Carlo and molecular-dynamics methods have been carried out on transition
metal complexes 7! and metalloproteins!),

5.1 Deterministic Methods

For a thorough search, the crude starting geometries need to be spread over the
entire potential energy surface. If only part of the surface is covered one cannot
be sure that the global minimum will be found. The most reliable method for
finding the global energy minimum is by systematically (deterministically) scan-
ning the entire potential energy surface. It is well known that the bond angles and
distances do not change much between different conformations of a molecule and
that the major variations are in the torsion angles!'®?]. For this reason determinis-
tic searches systematically vary all the torsional angles in a molecule. The step
size of the torsional variation is critical in a search of this type. If the steps are
too small, excessive computational time is required, but if they are too large,
some conformations might be missed. The advantage of a systematic search is
that it covers all areas of the conformational space; however, for large or flexible
molecules the CPU time required can be prohibitive. The dimensions of the pro-
blem can be demonstrated by reference to the linear alkanes (Fig. 5.1).

Figure 5.1: The conformation of
A C B alkanes.

With a chain length of n the number of conformers is 3(n-1), thus “hexane’ has
243 conformations and ‘decane’ 19,683 (these are only non-degenerate if each
carbon is uniquely substituted).

5.2 Stochastic Methods

Stochastic searches are not conducted, as suggested by the name, in a totally ran-
dom fashion, as the variation from one starting conformation to another is limited
in magnitude. Thus, one starting geometry will have some similarity to the next.
The most effective way of generating starting geometries is to perturb the starting
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geometry that has been perturbed least often among all the conformations that
meet the energetic requirements (e. g., 15 kJ mol ' from the energy minimum). In
this way all the energetically acceptable conformations are used as starting geo-
metries as often as each other. Always perturbing the conformation of the last op-
timized structure to generate a new starting geometry can lead to some areas of
the potential energy surface being sparsely sampled.

The most commonly used stochastic methods are the torsional Monte Carlo
method"**! and the cartesian stochastic (or random kick) method B7-1%1:194] The
two methods differ in the coordinate system in which they operate. The tor-
sional Monte Carlo method uses internal coordinates, while the random kick
method uses cartesian coordinates. The advantage of using internal coordinates
is that the molecular degrees of freedom are reduced. The reason for choosing
torsional angles as the variable internal coordinate is the same as that discussed
earlier in connection with deterministic methods, namely that bond lengths and
valence angles do not differ significantly between conformations, whereas dihe-
dral angles do.

In each Monte Carlo step a random number of torsional angles are varied by a
random amount, generating a new starting geometry that can be optimized. For
cyclic systems the rings need to be cleaved at one point so that all the other tor-
sional angles can be varied, and a ring closure constraint needs to be set to pre-
vent the two ends of the cleaved ring from being too close or far apart from each
other. When two or more rings adjoin each other, as is often the case for coordina-
tion complexes, the choice of the ring cleavage site becomes restricted and vary-
ing torsional angles is cumbersome. These types of systems are best handled with
external coordinates or molecular dynamics.

In a cartesian stochastic search a random kick is applied to each atom in the
molecule, generating a new starting geometry for energy minimization. In the
conformational search of cycloheptadecane it was shown that the maximum kick
size should be between 2.7 and 3.1 AU'87) Larger kicks distort the molecule so
badly that the average time for energy minimization was increased dramatically.
The probability of falling back to the starting geometry increased when kicks
smaller than 1.5 A were applied!!®”). The advantages of the kick method are that
it can easily be applied to inorganic systems, and that it is easily implemented in
force field programs.

5.3 Molecular Dynamics

Molecular dynamics involves the calculation of the time dependent movement of
each atom in a molecule®. This is achieved by solving Newton’s equations of
motion. For this process the energy surface and the derivative of the energy in
terms of the nuclear coordinates are required (Eqs 5.1, 5.2; mass m, acceleration
a, potential energy E, coordinates r, time f).
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dE d*r
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d?r; F; OFE
dt2 =a; = E’ Fi = Sri (52)

The maximum time step depends on the highest frequencies (usually R—H
bonds). One of the main problems in dynamics calculations is that the movements
leading to appreciable conformational changes usually have lower frequencies
(milliseconds, e. g., torsions). Depending on the size of the molecule the computa-
tion of such long time intervals is usually prohibitive due to the CPU time and
storage space involved.

Structures for starting geometries are normally sampled as a function of time
or geometry during a molecular dynamics run of at the most a few nanoseconds.
Therefore, molecular dynamics is efficient at exploring local conformational
space but it is not effective at crossing large energy barriers, and so it is not suited
for global searches. To achieve faster and more complete molecular dynamics,
searching at high temperatures can be used. However, sampling at temperatures
that are too high (>1000 K) is not constructive because a large proportion of re-
sulting minima are high-energy conformers. In order to prevent the molecular dy-
namics search from going to areas of the potential energy surface that have al-
ready been searched, a penalty can be assigned to sampled points!'®*!. In this way
the molecular dynamics search can be made more global.

5.4 Practical Considerations

A good conformational search requires a method for generating starting geome-
tries that cover all of the potential energy surface. Once generated, the starting
geometries need to be optimized. Since a very large number of structures are pro-
duced in a conformational search, highly efficient methods for refining the struc-
tures, determining duplicates and high-energy conformers, are needed. The refine-
ment process can be accelerated by using a pre-refinement cycle with rigid geo-
metry or with the pure central force field approach which was developed and suc-
cessfully tested for carbohydrates ),

The stochastic and deterministic search methods are not influenced by high-en-
ergy barriers and are efficient at scanning large areas of the potential energy sur-
face. On the other hand molecular dynamics, due to its difficulty in overcoming
energy barriers, is predominantly a technique used for searching local conforma-
tional space. A common procedure for screening the G?Otential energy surface
therefore involves a combination of the three methods!'*®) (Fig. 5.2).

One obvious limitation of all of these methods is that the energy surface is not
known and thus, there is no certainty of finding the global energy minimum. One
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Figure 5.2: Conformational searching procedures.

never knows whether the lowest-energy structure found is indeed the global mini-
mum of the system.

5.5 Making Use of Experimental Data

More direct and less time-consuming methods for searching conformational space
may be used if the structure of an existing compound is to be determined. Be-
cause electronic and other molecular properties are dependent on the molecular
structure (see Fig. 1.1 in Chapter 1), experimentally determined data can be used
in combination with the computation of molecular properties to find the solution
structure '**'7] Thermodynamic, kinetic and/or electronic properties may be
used but spectroscopic data is usually the most informative. Methods that have
been used to determine solution structures with this general approach include
combinations of molecular mechanics with ex erimentall]y determined isomer dis-
tributions '+ 1981991 with NMR spectroscopy 164.200-203] with EPR spectroscopy
and spectra simulations of dinuclear compounds [63-164165204-2061 "4 with EPR
and UV-vis-NIR spectroscolpsy in combination with Angular Overlap Model
(AOM) calculations [65,90,164,166,2011 " gyme of these methods will be discussed in
more detail in Part II.
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6 Conclusions

Molecular mechanics is an empirical method based on simple elements of theory
that every user can and should understand. With modern software the user is able
to control the calculations in terms of the energy minimization routine, the poten-
tial energy functions and the force field parameters used. A significant advantage
of molecular mechanics calculations is that they are relatively rapid and therefore
that large series of calculations can be performed.

If molecular mechanics is to be a valid modeling tool for the design of new
compounds and the interpretation of experimental results, the compounds under
consideration must belong to a class for which the molecular mechanics model is
verified. In other words, the accuracy of the results obtained depends critically on
the parameterization of the force field and how this has been obtained (Fig. 6.1).

Here, it is of importance to stress that, ideally, all calculations falling in a given
area should produce data of similar quality. There is no advantage in developing a
model that generally produces results of high accuracy if a small percentage of
the calculations fail to do so. This is clearly intolerable if the method is used for

Figure 6.1: Liminations of molecular mechanics.
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design and/or prediction of structures and properties. The philosophy is to accept
a generally lower degree of accuracy or a more specific parameterization scheme.

As with any empirical model, there always exists the possibility of improve-
ment. However, improvements should preferably not increase the complexity of
the model since the main appeal of molecular mechanics is its simplicity. Instead,
improvements should concentrate on the functional forms, the parameterization,
and on the choice of experimental data used in developing approximations of the
energy surfaces.
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PartII: Applications

In Part II applications of molecular mechanics and related methods in inorganic
chemistry are discussed. We have attempted to give a wide ranging coverage in
terms of all the areas of interest to inorganic chemists. However, in each chapter,
we have only selected the most instructive studies and these are discussed in de-
tail. The aim is to show the types of problems that can be addressed using mole-
cular modeling, and to indicate the directions being taken in an attempt to over-
come existing limitations. Comg)rehensive reviews of each of the areas are not the
aim of this book. In a review!'**! covering the literature up to 1992, a table report-
ing molecular mechanics studies of coordination compounds had 613 entries.
Many more have appeared since then, and there have been many reviews covering
various aspects of modeling of inorganic systems (see Appendix 4).
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7 Structural Aspects

Two fundamental types of information are obtained from any molecular-me-
chanics study, the minimum value of the strain energy and the structure associated
with that minimum. Agreement between the energy-minimized and experimental
(crystallographic) structures has often been used as the primary check on the va-
lidity of the force field and to refine the force field further, but often little predic-
tive use has been made of the structures obtained. As force fields have become
more reliable, the potential value of structure predictions increases. More impor-
tantly, when no unequivocal determination of a structure is available by experi-
mental methods then structure prediction may be the only means of obtaining a
three-dimensional model of the molecule. This is often the case, for instance, in
metal-macromolecule adducts, and structures obtained by molecular mechanics
can be a genuine aid in the visualization of these interactions. In this chapter we
consider the ways in which structure prediction by molecular mechanics calcula-
tions has been used, and point to future directions.

7.1 Accuracy of Structure Prediction

The accuracy of molecular mechanics models in terms of reproducing known
structures varies enormously, depending on the quality of the force field. The
best-established force fields for metal complexes are for hexaaminecobalt(IIl) ca-
tions. Many such complexes have been modeled and the agreement is generally
+0.01 A in terms of bond lengths, +2° in terms of valence angles and +5° in
terms of torsion angles®76%120123:1391 1t i yplikely that this level of agreement
can be improved on substantially because the disagreement is either close to the
level of precision of the crystallographic experiment or close to the level of varia-
tion observed in crystallographic structures as a result of crystal packing and hy-
drogen bonding. The same is true for some other transition metal complexes with
amine and a few other simple ligand systems, but in many other cases the reliabil-
ity of structural predictions is lower.

The ability to predict structures can be important in the design of ligands.
Chapter 8 deals with stereoselectivities predicted and interpreted by molecular
mechanics. The use of molecular mechanics to design metal-ion-selective ligands
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is discussed Chapter 9. Spectroscopic and electrochemical properties are inti-
mately related to the structure. For instance, the energy of the d-d transitions
varies according to the metal-ligand bond length raised to an inverse power of 5
or 6. Thus, the ability to accurately predict, say, a Co—N bond length means that
it should be possible to design a ligand with a given absorption spectrum (see
Chapter 10). There is also the potential to design ligands that promote a particu-
larly fast or slow electron transfer rate based on structural features, or reductants
and oxidants with a given redox potential (see Chapter 11).

7.2 Molecular Visualization

High quality computer graphics is now widely available and is used as an aid in
visualizing molecules, molecular processes, and intermolecular interactions. In
some cases molecular graphics has replaced the building of physical (e. g., Dreid-
ing) models but the potential applications are much greater. In order to visualize
molecules they need to be constructed in a reliable manner and molecular me-
chanics is an ideal tool for doing so.

Potential applications of molecular visualization include structures and processes
not accessible by experiment. For example, [Co(en);]>" (en = ethane-1,2-diamine)
can adopt four conformational isomers, lels, lel,0b, ob,lel and ob; (Fig. 7.1). Crys-

Figure 7.1: The four
nondegenerate confor-
mations of [Co(en);]*".
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tal structure analyses of the first three have been reported2°*~2'%! but the fourth is
sufficiently unstable not to have been observed. It has, however, been modeled by
molecular mechanics *°72'" and therefore can be readily visualized.

Conformational interconversion is a process that cannot be observed experi-
mentally. However, the energy profile associated with interconversion can be
mapped using molecular mechanics. Then, representative structures along the
minimum energy pathway can be predicted and visualized. For example, the me-
chanism of conversion from the 4 to the § conformer of [Co(en)(NH;),]*" has
been calculated in this way %%,

Shown in Fig. 7.2 are the relevant structural parameters, schematic representa-
tions of the extreme, intermediate and transition state conformations of the chelate
ring, and the calculated energy profile. Heavy equipotential lines are spaced by

Co, (b)

Figure 7.2: Conformational interconversion of the five-membered diamine chelate ring of
[Co(en)(NH3)4}*". (a) Nomenclature of the torsional angeles. (b) Representation of the ex-
treme, intermediate and transition state conformations. (¢) Graphical representation of the
potential energy surface (see text). Taken from ['%%. © John Wiley and Sons, Inc, 1987.
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10 kJ mol™!, light lines by 2 kJ mol™" (see the labeling of some of the equipoten-
tial lines). Also shown in Fig. 7.2 are the two symmetrically related lowest-energy
pathways for the é-4 interconversion.

A more common use of molecular visualization is the interaction of metals
with macromolecules. Examples of the use of this technique are given in Chap-
ter 13. Here, we note that metal-macromolecule interactions are inevitably com-
plex, and molecular modeling and visualization can be of enormous assistance in
understanding the nature of the interactions and the factors that mediate them.
However, the complexity of the interactions also leads to the expectation that any
model generated is but one possible representation of the interaction and corre-
sponds to one of the many possible energy minima on a complex potential energy
surface. Force fields for macromolecules are less highly tuned than those for
smaller molecules but, given the qualifications referred to above, this is probably
not a serious restriction. Rather, in this field, the use and interpretation of the cur-
rently available molecular mechanics models is generally restricted to molecular
visualization, and in most cases, little quantitative significance should be attached
to the strain energies calculated.

7.3 Isomer Analysis

The energetics of isomer prediction using molecular mechanics is discussed in de-
tail in Chapter 8. One of the results of such a study is the structure of each of the
isomers. The archetypal studies in this field relate to the complex [Co(dien),]**
(dien = 3-azapentane-1,5-diamine; see Chapter 8). Other important studies include
those on macrocyclic ligands (see also Chapter 9). Tetraaza macrocyclic ligands,
for example, can adopt a series of configurational isomers, and these have been
the subject of numerous molecular mechanics calculations. Consider an equato-
rially coordinated tetraaza macrocycle. Each of the amine groups can coordinate
with the amine proton or substituent disposed above or below the coordination
plane. How many isomers result depends on the symmetry of the macrocycle. For
example, in the classic case of cyclam (cyclam = 14-aneN, = 1,4,8,11-tetraazacy-
clotetradecane) there are five frans isomers!?!?! and these are shown schemati-
cally in Fig. 7.3. It is not always possible to prepare or separate all of these iso-
mers and, therefore, in many cases only a minority have been structurally charac-
terized. Thus, the energy minimized structures represent the best available three
dimensional representations of the other isomers. Cis-isomers are also possible
and using conformational searchmg ;)rocedures it is now possible to generate
these automatically (see Section 5. 2)B

The nickel(Il) complexes of the closely related macrocycle, tetra—N—methyl 14-
aneNy (tmc), can adopt the same set of isomers. It has been noted that the isomer
observed depends on whether nickel(Il) is four-, five- or six-coordinate?'*, Mo-
lecular mechanics modeling of this system and prediction of each of the structures
allowed an analysis of the specific interactions between axial ligands and the
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Figure 7.3: The flVC isomers of square planar [M(cyclam)™ complexes.

macrocycle to be carried out!'>3!. In this way a possible explanation for the ex-
perimental observations was arrived at. Specifically, it was concluded that the in-
teractions between the methyl substituents on the ring and any axial ligands con-
trol the stabilities of the different isomers!'>*),

7.4 Analysis of Structural Trends

Cage complexes of the type shown in Fig. 7.4 have presented an excellent oppor-
tumty to study how the coordination geometry varies as a function of the metal
ion when presented with a constant hgand geometry [89:90:159.214.215 ). 1t has been
noted that the trigonal twist angle ¢ varies from 28 to 55° through the first row
transition metal elements (Fig. 7.4)!">%). The question arises as to whether this is
a consequence of bond length variation or the electronically controlled prefer-
ences of the metal ion. Both, a ligand field!'*®) and a molecular mechanics analy-
sis 891 of the series reproduced the twist angles well. It was concluded that simple
steric factors predominate and that electronic factors exerted by the metal center
are accounted for in the molecular mechanics analysis by the metal-ligand stretch-
ing function'®® (see also Sections 3.2.2, 3.6 and 12.1).

Where steric factors alone cannot account for observed trends, then electronic
factors can be assumed to be playing a role. In this sense molecular mechanics is
the ideal tool for factoring out the steric aspects of structural variability so that
the electronic factors can be more readily analyzed. A good example is the analy-
sis of transition metal complexes with ammonia, and with primary, secondary and
tertiary amines. The increasing nucleophilicity of the amines (bond shortening) is
paralleled by increasing ligand-ligand repulsion (bond lengthening). The two
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Figure 7.4: Trigonal twist angles ¢ for transition metal
hexaamine cage complexes ]plotted as a function of the
d-electron occupancy d"*%%

structurally opposing effects can be anal¥zed by molecular-mechanics calculations
and ligand-field analysis, respectively *°! (see also Section 10.2).

7.5 Prediction of Complex Polymerization

1t is rare for a single complex to form as both dimers and monomers but just such
a situation has been reported for copper(Il) complexes of 1,8-diamino-3,6-dia-
zaoctane-4,5-dione (Fig. 7.5)[2'%).

A molecular mechanics analysis of this system revealed that the dimer is more
stable than the monomer and that the strain inherent in the ligand coordination in
the monomer is primarily responsible for the energy difference. Selective forma-
tion of oligomers is an important part of the synthesis of large helical metal com-
plexes and oligonuclear transition metal catalysts, and this result suggests that mo-
lecular mechanics could be used to design ligands that would increase the likeli-
hood of oligomerization.
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Figure 7.5: Dimerization of a copper(Il) compound with a diaminodiamide ligand, (a)
stoichiometry of the reaction; (b) reason for the dimerization process assumed on the basis
of molecular mechanics calculations; reproduced with permission from reference 216]

7.6 Unraveling Crystallographic Disorder

Conformational disorder is a common phenomenon in crystal structure analyses
of metal complexes of chelate ligands. For instance, en (ethane-1,2-diamine) rings
can adopt two conformations, A or & (see Fig. 7.1 and 7.2), and frequently both,
or a smeared average of the two, are observed. If there is more than one such ring
disordered, then it is often not possible to determine what overall conformations
are adopted. For instance, in the case of [Fe(srans-diammac)]** (Fig. 7.6), there
are two five-membered chelate rings, #rans to one another, and in the crystal
structures, both show evidence of conformational disorder!'3%297-2171 Thus, it is
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Figure 7.6: The three conformers of [Fe(trans-diammac)}**.

not possible to determine which of the conformations 83, A5 or 34 (Fig. 7.6), are
adopted, nor is it possible to determine the symmetry of the complex. A molecu-
lar mechanics analysis of this system revealed that the 4 conformation had sub-
stantially higher strain energy than the other two [182-207) and this result was cen-
tral to the interpretation of the solution EPR spectra®®”! (see also Section 10.3).

A second example relates to the complex bis(1,5-diazacyclooctane)nickel(II)
(Fig. 7.7). A crystal structure analysis of this complex revealed apparently planar
NCCCN moieties with unusual bond lengths and angles®'®. A molecular me-
chanics analysis of the same complex showed that these chelate rings are puck-
ered and concluded that the crystal structure result was a consequence of confor-
mational disorder, the refined geometry corresponding to an average of two puck-
ered conformations (see Fig. 7.7)1'},

N

disorder

Figure 7.7: Structural disorder in bis(1,5-diazacy-
clooctane) nickel(If).
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7.7 Comparison with Solution Properties

The use of molecular mechanics as an aid in the interpretation of spectroscopic
data is outlined in more detail in Chapter 10. One of the most rapidly developing
applications of molecular mechanics is the use of the structures to aid in the ana-
lysis of multi-dimensional NMR spectral!%*??%1 This is particularly pertinent to
the study of metal-macromolecule interactions where the spectroscopic data often
has too low an observation/variable ratio to allow an unequivocal determination of
the structure. Therefore, an additional source of structural information is needed.
The number of studies involving metal ions has increased rapidly in recent years
and examples are discussed in Chapters 10 and 13.
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8 Stereoselectivities

8.1 Conformational Analysis

The pioneering applications of molecular mechanics to coordination compounds
were isomeric and conformational analyses!'**!. Recent applications involving the
computation of conformer equilibria discussed in this chapter are studies of solu-
tion structure refinements!! 4’]98’199], racemate separations?2'72%%! and the eva-
luation of conformer interconversion pathways!'8%*2*225]_ The importance of con-
former equilibria in the areas of electron transfer rates and redox potentials is dis-
cussed in Chapter 11, and many examples discussed in the other chapters of
Part 11 indicate how important the prediction of conformational equilibria is in
various areas of coordination chemistry.

The main problem that occurs when strain energies are used for the evaluation
of relative stabilities have been discussed in Chapter 3, and they will be only
briefly mentioned here:

— Entropic terms, other than statistical contributions, are often neglected.
— Environmental effects, such as solvation and ion pairing, are usually neglected.

Approaches related to overcoming these limitations will be discussed in the
context of the examples presented ahead. Furthermore, the modeling of electronic
effects is not usually addressed specifically. This can lead to additional uncertain-
ties in terms of the computed structures and conformer distributions.

A carefully tuned force field is obviously critical, especially if energy differ-
ences as small as a few kilojoules per mole are the basis of an interpretation,
as is often the case. Another problem is the choice of an appropriate experi-
ment for comparison with the calculated data. This is especially true when in-
ert compounds (for instance cobalt(Ill)amines) are studied, where equilibrated
isomer mixtures have to be produced using special techniques!'7%?26], Mixed li-
gand systems are especially difficult to handle since equilibration with inert
metal centers might lead to preferential formation of mixtares of the homolep-
tic com};}olexes[19 2211 and for labile systems an excess of ligand needs to be
used 2],

One of the most extensively studied systems is that of [Co(dien),]** (Table 8.1).



90 8 Stereoselectivities

Table 8.1: Experimentally determined and calculated isomer distributions of [Co(dien),*" ,

Experiment mer [%o) sym — fac [%] unsym — fac [%] Ref.

(a) Experimentally determined distribution

H,0, X P 63 8 29 227
SO3 (2M) 37 25 38 227
P03 (0.08M) 20 55 25 227
H,0, CH;COO™ (RT) 66 7 27 227
(80°) 44 14 42 227
H,0 63 8 29 227
MeOH 53 18 29 227
DMSO® 80 6 14 227
Acetone 74 9 17 228
(b) Molecular mechanics calculation

20 40 40 229
34 34 31 230
93 2 5 151

66 (57)@ 2(3)@ 32 (40)@ -

56 (48)© 3 (4)© 41 (48)©@ -~

¥ Structures

n 3* H 3t H 3+
- .---"NHy HZN\\C ..--"NH,
o] (o]
HZNK/ | TN HNTT | SNH
N \\/ N\/ |
H HoN
mer sym-fac unsym-fac
) X = Cl0g, CI~, Br, NO3
9 DMSO = dimethy! suloxide
D force field *71; 298K (353K)
® force field ref P®2311; 298K (353K) 17382311

The mer-isomer is chiral (C,) because of the two possible orientations of the pro-
ton at the secondary nitrogen atoms?*?, the unsym-fac-isomer is also chiral (Cy)
while the sym-fac-isomer is achiral (C;). For the five-membered chelate rings all
possible combinations of § and A conformations (see Fig. 7.6 for the J/4 nomen-
clature) have to be considered, leading to a total number of 40 isomers and con-
formers (850me conformers are calculated to be unstable and can therefore be ne-
glected ®®1°11) The calculated distribution is based on partition functions (Egs.
8.1, 8.2);

100 exp (—E;/RT)
Qtot

N;[%] = ®.1)
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Oiot = Z exp (—E;/RT) (8.2)
i

Oior is the sum of the strain energies of all conformers considered, while E; and N,
are the total strain energy and abundance of each individual conformer. The statis-
tical factor, contributing to the energy term, is given by Eq. 8.3

AS = RT Inp (8.3)

(p is the number of ways in which a conformer can be formed). From Table 8.1a
(experimentally determined data) it emerges that the isomer distribution is
strongly dependent on the temperature, solvent, and counter ion.

The temperature dependence is described by the thermodynamic functions
given in Egs. 8.1-8.3. For two of the molecular mechanics calculations (last two
entries in Table 8.1(b)) the abundances are given at the two temperatures where
experimental values have been reported. While the expected and observed tenden-
cies are well reproduced, the magnitude of the thermal effect is slightly underesti-
mated. Similar results have been reported for other cobalt(Ill) hexaamines! 7%,
The small inaccuracy is presumably due to the neglect of entropic terms other
than the statistical components. It is important to remember that the entropic
terms are not only important in the prediction of the temperature dependence but
also in the calculated abundances at each specific temperature. The calculated iso-
mer ratios of [Co(dien),]*", especially the most recent ones (last two entries in
Table 8.1(b)), are of satisfactory accuracy. Nevertheless, a more thorough treat-
ment of the entropic terms might lead to an improvement. The problems and pos-
sible solutions associated with modeling entropy effects have been discussed in
Section 3.8.

The influence of solvation and ion association on the relative stability of con-
formers is evident and quantitatively shown for the example of [Co(dien),]*" in
Table 8.1. Why then are these effects neglected in force field calculations? Basi-
cally, because the inclusion of environmental effects is computationally intensive
and is of questionable accuracy. Solvation and ion association are neglected to
keep the modeling scheme as simple and as efficient as possible. In fact, if large
or highly flexible systems are investigated, a thorough conformational analysis,
including the computation of a large number of local minima, is only practical if
some simplifications such as the neglect of environmental effects are adopted.
A practical alternative is the use of molecular dynamics as it allows local minima
to be investigated and facilitates the inclusion of solvent and ion interactions and
entropy factors.

The question then is whether and in which cases meaningful results can be ex-
pected from the computation of “naked” molecules. It was pointed out that the re-
lative abundance of an isomer may be related to its elution rate from an ion ex-
change column>**). This is evidently so because both the abundance and elution
rate are related to the stability of the solvated and ion-paired species. Aqueous so-
lutions of chloride, nitrate and perchlorate do not lead to any chromatographic se-
paration of the three isomers of [Co(dien),]** ***). These anions may therefore be
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regarded as “innocent”, i.e., they do not become involved in any stereoselective
interactions with any of the three isomers (first entry in Table 8.1a). Oxyanions
such as sulfate and phosphate (the other two entries in Table 8.1a) are known to
lead to enhanced separation in ion-exchange chromatography, and the energy dif-
ferences obtained from the isomer distributions have been shown to be closely re-
lated to the elution rates of the three isomers from ion-exchange columns!'® 1.233)
Thus, it seems that the effect of ion pairing and solvation can be neglected as
long as “innocent” solvents and anions are used. Satisfactory results have been
obtained in many systems when water was the solvent and halide, perchlorate and
nitrate salts have been used to produce the experimental isomer ratios for compar-
ison with the molecular mechanics calculations.

Despite the relatively good agreement between the experimentally determined
(top line in Table 8.1 a) and the calculated abundances (at least for the most recent
studies which have involved a full conformational analysis and a well tested force
field) for [Co(dien),]**, one should not forget that approximations, such as the ne-
glect of entropic and environmental effects, lead to limitations in terms of the ap-
plications of molecular mechanics. It should be possible, with improved methods,
to account for these effects, so that the remaining uncertainties can be removed
without using prohibitive amounts of CPU time. An interesting development in
this context is the treatment of solvation as a statistical continuum'®”), in which
the energy term and its derivative may be calculated analytically, resulting in only
a moderate increase of computational time for the energy minimization.

Methods for conformational searching have been discussed in Chapter 5. Until
recently there have been few applications of Monte Carlo searching and molecular
dynamics to investigating the conformational isomers of metal complexes. The
random kick method has been used to investigate bis(tridentate) and macrocyclic
cobalt(III) complexes>” and torsion angle searching has been used to investigate
the geometry about the active site in urease!!°'l.

8.2 Enantioselectivities

The production of enantiomerically pure chemicals is one of the more demanding
and important challenges in chemical research, both at fundamental and at applied
levels. Enantioselective synthesis and racemate separation rely on specific interac-
tions between a chiral phase and a substrate. Thus, molecular modeling may be
applied to the design of new, highly efficient, chiral phases that are able to selec-
tively stabilize a specific adduct with the substrate, leading to the desired config-
uration of the product. Many enantioselective syntheses are induced by chiral tran-
sition metal compounds, and stereoselective ligand exchange on chiral metal com-
plexes has been used for enantiomer separation. Application of molecular me-
chanics to both approaches will be reviewed in this section.
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8.2.1 Racemate Separation

Racemate separation by stereoselective ligand exchange occurs when a chiral matrix
complex has additional coordination sites that are capable of readily exchanging a ra-
cemic substrate ligand. The chiral induction, i.e., the efficiency of the matrix com-
plex, is related to the product distribution which depends on the relative stabilities of
the complexes with the two enantiomers of the racemic substrate (Fig. 8.1). The pro-
blem to be solved in the design of effective chiral matrix complexes for specific race-
mic substrates is therefore related to isomeric analyses of the type discussed in Sec-
tion 8.1.

& | D

22 % %

plus other possible isomers and conformers

Figure 8.1: Racemate separation by stereoselective ligand exchange.

An important condition for chiral matrices is that they need to form labile inter-
actions with the substrate in order to facilitate both the recovery of the enantiose-
lectively coordinated substrate ligand and the recycling of the chiral matrix.
Usually copper(II) complexes have been used®**. Due to the problems involved
in the modeling of Jahn-Teller distorted copper(Il) complexes (see Chapter 12 for
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a detailed discussion on Jahn-Teller effects) nickel(Il) complexes have been used
in the molecular mechanics design. They too are relatively labile. Some of the
systems described in the literature are presented in Table 8.2.

Table 8.2: Racemate separation by stereoselective ligand exchange.

Chiral matrix® Racemic substrate® Calculated (%)  Observed (%) Reference
S R S R
Co'l((R)-trab) pn 56 44 54 46 221
Co"'((5),(5)-ppm) pn 55 45 51 49 222
Ni'($),(S)-ppm) pn 4 56 43 57 222
pam 53 47 56 44 222
ala 58 42 60 40 223
val 69 31 75 25 223
leu 67 33 68 32 223
Ni'((S),(S)-epm) pn 62 38 57 43 222
pam 27 73 30 70 773

) Structures

H
N
NH, NH NH, ¥
z (o
trab H H

ppm

ﬁﬁOHRQ

pn pam

The difference between calculated and experimentally determined distributions
is generally not larger than 5%. This accuracy is clearly reasonable in the light of
the approximations discussed above. More 1mportantly, the error limit of ca. 5%
seems to be general ??'72%1 j ¢ the method is reliable. Two additional factors
emerge from Table 8.2:

— As expected, the effectiveness of a chiral matrix is related to the substrate to
be resolved, i.e., a specific matrix complex might be effective in the resolu-
tion of one substrate but it might not efficiently resolve another.

— Predictions based on simple molecular models can not replace a molecular
mechanics study involving all possible conformers.
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Instructive examples for cases where simple intuition might fail are the reversal
of selectivity of {M™((S),(S)-ppm)} with respect to rac-pn for M = Co(IIl) and
Ni(Il) (see Table 8.2 for ligand abbreviations), the increased selectivity towards
rac-pam of {Ni'((S),(S)-epm)} compared to {Ni''((S),(S)-ppm)}, and a reversal of
selectivity with the same matrix complexes towards rac-pn (see Table 8.2). All of
these effects are accurately predicted with molecular mechanics.

The examples shown in Table 8.2 do not show a particularly high enantioselec-
tivity. However, with an enantiomeric excess of 50% (75/25), material of accepta-
ble optically purity can be obtained in five cycles, and for chromatographic reso-
lutions, segaration factors greater than one are sufficient for efficient resolution
processes #2*??*1. Nickel(II) complexes of the type shown in Table 8.2 have been
used to modify ion-exchange resins that were used for racemate separations 22
and derivatives of (S),(S)-[gg)m with functional groups that may be fixed to sup-
ports are readily available *>°],

Other methods for racemate separation include fractional crystallization of dia-
stereomers with optically pure counter ions**®!, conglomerate crystallization 7],
and various chromatographic techniques incorporating both mobile and stationary
chiral phases**®, All of these techniques involve intermolecular interactions of
some kind. While it is theoretically possible to model these, using molecular me-
chanics, the complexity of the problems involved has so far been prohibitive when
the time required for a thorough design is compared with experimental trial-and-
error studies.

8.2.2 Stereoselective Synthesis

The application of molecular mechanics to enantio- and diastereo-selective synth-
esis is less straight-forward, and publications in this area have only started to ap-
pear recently. In the case of the racemate separations described above, the isomer
abundances of equilibrated solutions are taken to be related to the energy of all lo-
cal minima. In contrast, in order to predict the enantiomeric excesses arising from
chiral syntheses, the reaction mechanisms and the structures of relevant intermedi-
ates or transition states have to be known since their relative energies need to be
calculated in order to predict the enantiomeric excesses. Thus, it is to be expected
that quantum-mechanical methods such as DFT, in conjunction with molecular
mechanics will provide the best insights into enantioselectivity [***! (see also Sec-
tion 2.2).

Also, metal ion directed stereoselective syntheses often involve organometallic
complexes. While, in terms of a molecular-mechanics description of the struc-
tures, there is no fundamental difference between metal-carbon and metal-heteroa-
tom bonds, modeling n-bonded ligands is not trivial.* Given a known reaction
mechanism (which is not possible for many catalytic reactions) the main problem
is the parameterization of the potential energy functions for the intermediates and
transition states. The problem is that force field parameters are generally carefully

* Various aspects of molecular mechanics of organometallic compounds are discussed in Chapter 14,
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fitted to experimental results, i.e., structures or other data related to the output of
force field calculations of the type of compound to be modeled have to be avail-
able. For short-lived transition states this is a considerable problem, but it can be
addressed using quantum-mechanical calculations %241,

Possible applications and limitations of mechanistic interpretations based on
molecular mechanics calculations are discussed later in this chapter. Here, some
studies involving molecular modeling of stereoselective syntheses are dis-
cussed "' 72**1, The two modeling studies of the asymmetric hydrogenation cata-
lyzed by chiral bisphospine rhodium complexes (Fig. 8.2) both use a crude model
based on rigid ligand geometries and the minimization of the van der Waals
energy as a function of the angular geometry (P-Rh-O angle in Fig. 8.2)124!242],
In this respect these studies are comparable to the early work in the area of coor-
dination compounds!'+?l. As in those early studies, a cautious interpretation of the
data allows some important conclusions to be drawn. From the eight possible re-
action trajectories only two are energetically allowed, and these lead to intermedi-
ates that have been detected experimentally >*!!. However, for quantitative inter-
pretations, eventually leading to a prediction of the enantioselectivity, a more thor-
ough method based on refinement of the entire structure with a well-established
force field has to be awaited, especially since some of the structural features of
the calculated molecules did not seem to be reasonable **!),

/\/ N COOEt
ZRh." Ph . : . :
- Figure 8.2: The chiral (phosphine)rhodium(I)
PhoP g phosp
_7\r PPh, catalyst used for asymmetric catalytic hydro-
genation of an amino acid precursor.

Molecular mechanics was also used to model enantioselective metal-carbene
transformations catalyzed by chiral dirhodium(II) compounds***!. Here, a consid-
erably more thorough approach was used, and the experimental structures of the
catalysts were accurately reproduced. A difficulty encountered in this study was
the parameterization of the metal-carbene intermediate. This might be part of the
reason whzy in some cases the predicted enantioselectivities were opposite to those
observed®*3,

Metal-rn-allyl complexes are important in a number of stercoselective catalytic
reactions and therefore represent an interesting challenge to computational che-
mists (see also Section 14.2). An empirical force field study, based on the MM2
parameterization scheme, aimed at predicting stereoselective nickel(0)-catalyzed

(o [244] . - [245]
cycloadditions, was recently conducted'”"". As in a similar study'“""’, where a
force field for the structure optimization of palladium allyl systems was devel-
oped, dummy atoms were needed to define the structural model. A significant im-
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provement on this model has been achieved using an initial analysis with quan-
tum-mechanical methods, followed by parameter refinement for a molecular-me-
chanics model'**°]. Using these methods, models of the transition states accurate
enough to produce useful estimates of selectivities were obtained.

8.3 Structure Evaluation

There is no other method that can determine molecular structures as accurately as
an X-ray or neutron diffraction analysis of a single crystal. However, single crystals
are not always available. This is especially true for large and highly flexible mole-
cules (e.g. metalloproteins). Also, because of the poor quality of the crystals and
the large size of the molecules the structures of biomolecules are often of low reso-
lution. Furthermore, crystal structures represent only the product crystallized from
a solution and this might not be the most abundant or important species but the
least soluble part of a mixture of compounds. Another important aspect related to
labile compounds, for instance complexes of labile metal ions, is that the structure
of the crystallized compound might not be identical to the structure in solution. In
view of the fact that the properties of compounds in solution are often the main
point of interest (e. g., in preparative chemistry, homogenous catalysis, and biologi-
cal systems) methods for the determination of solution structures are increasingly
important. However, the information obtainable from spectroscopic techniques is
by no means as complete as that from single-crystal diffraction studies.

A valuable approach leading towards the determination of solution structures is
the combination of molecular mechanics calculations with solution experimental
data that can be related to the output parameters of force field calculations!'¢*,
Examples of the combination of molecular mechanics calculations with spectro-
scopy will be discussed in Chapter 10. Here, we present two examples showing
how experimentally determined isomer distributions may be used in combination
with molecular mechanics calculations to determine structures of transition metal
complexes in solution. The basis of this approach is that the quality of isomer ra-
tios, computed as outlined above, is dependent on the force field and thus linked
to the quality of the computed structures. That is, it is assumed that both coordi-
nates on a computed potential energy surface, the energy and the nuclear coordi-
nates, are reproduced with the same accuracy with empirical force field calcula-
tions.*

[Co(trab),]** (trab = butane-1,2,4-triamine) has five isomers and a total of 16
conformers (all nondegenerate combinations of chair and skew-boat of the six-
membered chelate rings; Table 8.3; for the structures see Fig. 8.3). Two of the

* As discussed in Section 3.3, this assumption depends on the type of force field used, i.e., whether
there is any link between the parameterization and thermodynamic or spectroscopic, (i.e., physically
meaningful) parameters.
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Table 8.3: Calculated and experimentally determined isomer distribution of [Co(trab),]>* 111,

Isomer® Calculated [%] Observed? [%)]
A 21 21
B 16 15
C 16 15
D 4 4
E 43 45

# For the assignment of the isomers see Fig. 8.3
® HPLC and "*C-NMR

a\ja 1 }6 0_3 p
~p \ ¢
¥ A1 <Y
A\ B -(

0 — < —
) o Y4
( ¢ P ¢ j P!
&'?*"é .
A ﬁ& Y
2 }& .
L .
Figure 8.3: Calculated structures of
D E the five isomers of [Co(trab),)}>" [,

chromatographic bands of the three isomers A, B, C with optically pure trab were
overlapping, i.e., only two peaks were resolvable using high-performance liquid
chromatography (HPLC). The two additional species D, E, with one (R)- and one
(S)-trab coordinated, were separated from the isomers A, B, C but again eluted as
a single peak!'*®!. With '*C-NMR spectroscopy signals for all five isomers were
resolved but for symmetry reasons only the signals due to isomer E could be at-
tributed unambiguously. The calculated abundances of the five isomers agree
well with the relative NMR intensities and the integrals of the chromatograms
(sum of two peaks each for isomers A + (B or C), and D + E) and, therefore, al-
low an assignment of three of the five isomers. The chromatographic peaks and
3C-NMR shifts of the two isomers B and C (same abundances) are not unam-
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biguously attributable (see Table 8.3). The two sets of experimental data together
with the molecular mechanics calculations are self-consistent, indicating a high
accuracy of the calculated structures of the five isomers of [Co(trab),]>". These
are shown in Fig. 8.3.

Budotitane ([Ti(bzac),(OEt),]; bzac = 1-phenylbutane-1,3-dionate, OFt = ethox-
ide) is a promising anti-cancer drug but its experimental structure is unknown
since no crystals were isolated from the isomeric mixture present in the pure com-
plex!?*). There are five possible isomers (Table 8.4). "H-NMR spectra revealed
that only three isomers with abundances of 60%, 21% and 19% are stable in solu-
tion. Using symmetry based considerations they were deduced as all having cis
configurations. However, an unambiguous attribution of the signals to the three
cis isomers A, B and C was not possible [246] The calculated isomer ratio based
on minimized strain energies is in good agreement with the experimentally deter-
mined abundances and, therefore, allowed an assignment of the three sets of 'H-
NMR transitions to the three stable isomers (see Table 8.4)['%%]. The optimized

Table 8.4: Experimentally determined and calculated isomer distributions of bis(f-diketonato) com-

plexes of cobalt(IIT) and titanium(IV){!*%],
Compound® Isomer® Calculated [%] Observed [%]
[Ti(bzac),(OEt),] A 57 60
(Budotitane) B 17 19
C 26 21
D 0 0
E 0 0
[Ti(bbac),(OEt);] cis 100 100
trans 0 0
[Co(acac),(NH3).]" cis 69 73
trans 31 27
[Co(bzac),(en)]” A 51 52
B 22 o
C 26 } 43

) Structures

H H H
CH;, 3 CH, A H, A

¢ © [ O HC)
o (0] (o}
acac bzac bbac
NH NH
2 en 2

® For the assignment of the isomers see Fig. 8.4
) Not resolved
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Figure 8.4: Calculated structures of the five isomers of Budotitane'®).

structures of all five isomers are shown in Fig. 8.4. The trans influence observed
in a number of similar structures was modeled with different sets of bonding para-
meters (see also Section 12.2).

Simple molecular models of Budotitane suggested that the frans isomers are
sterically preferred, and that the stabilization of the cis configurations is due to
pr-d; bonding****”] However, the molecular mechanics analysis shows that the
assumption that the frans isomers are less strained than the cis configurations is
in error. Thus, Budotitane is an instructive example where the necessity of a full
conformational analysis for the elucidation of steric strain is highlighted. Clearly,
an additional stabilization of the cis isomers by m-bonding cannot be ruled out.
However, based on the simple scheme usually used, its possible quantification is
beyond the scope of empirical force field calculations. The fact that p,-d, bond-
ing is not relevant in Budotitane was further supported by the conformational ana-
lysis of a series of cobalt(Ill) complexes with similar ligand systems, using the
same parameterization scheme. In contrast to titanium(IV), cobalt(Il) has filled
d,; orbitals, and the experimentally determined preference for cis configurations is

. . [198]
again predicted rather accurately (see Table 8.4) .
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8.4 Mechanistic Information

The quantitative prediction of the stereochemistry of a chemical reaction by strain
energies requires the knowledge of the reaction mechanism, i.e., the selective inter-
mediates and/or transition states involved, and an accurate force field for the transi-
ent species. As discussed above, these are two demanding problems and, with a small
number of exceptions involving combined quantum-mechanical/molecular-mechan-
ical methods there are no reports of studies in this area that have used molecular me-
chanics for quantitative predictions at the same level of accuracy as for conforma-
tional analyses. Quantum-mechanical approaches are more appropriate in this area.

The application of empirical force field calculations to the design of asym-
metric transformations is a worthy task, and some examples of studies in this area
have been discussed above. On the basis of two examples we will now discuss
some general aspects highlighting the limitations of qualitative considerations
emerging from molecular mechanics calculations for the interpretation and sup-
port of assumed reaction pathways.

The hydroxide-promoted exchange of the a-proton of amino acids is catalyzed
by metal ions'***]. If the amino acid is coordinated to a chiral complex fragment,
the ratio of the two enantiomeric forms of the amino acid is controlled by a chiral
intermediate'. One of the chiral fragments presented above in the discussion of
the stereoselective ligand exchange reactions, {[Co((S),(S)-ppm)]} (see Table 8.2),
was used to promote the epimerization of optically pure a-alanine'“*”". The pro-
posed mechanism is shown in Fig. 8.5.

The experimentally determined (S)/(R)-ratio of 18/82 was compared with the re-
lative stabilities of the two diastereomeric products ([Co((S),(S)-ppm)((R)-ala)]**/
[Co((S),(S)-ppm)((S)-ala)]*"), calculated by strain-energy minimization. The re-
ported strain energies, based on a single conformer for each of the two diastereo-
meric products (identical to the crystal structure of the complex with coordinated
(R)-alanine*>%), are in good agreement with the experimentally determined data
(23/77 vs. 18/82). A full conformational analysis led to a ratio of 30/70 when only
conformational ﬂexibilitzy is allowed or 33/67 when other isomers were also in-
cluded in the analysis*?. The assumption in the original paper was that the enan-
tioselectivity is based on the relative energies of the diastereomeric forms of the co-
balt(I11) products®**). Fortunately, a qualitatively similar result is expected if the
stereoselectivity is controlled by the deprotonated intermediates. However, a quan-
titatively accurate prediction of the product ratio is not expected in this case.

The copper(ll)-mediated condensation of primary amines with formaldehyde
and nitroethane (Fig. 8.6) is highly stereoselective.

With [Cu((S),(R)-ala),] as starting material only one out of three possible iso-
meric products is formed (A in Fié‘ 8.62, and with [Cu(en),]*" one out of two iso-
mers (B in Fig. 8.6) is obtained**'*?]. One possible intermediate is shown in
Fig. 8.6!°>?. Molecular mechanics calculations indicated that the intermediates
leading to the observed species are less strained than any others. However, these
calculations are only of limited value since the exact nature of the intermediate re-
sponsible for the selectivity is not known with certainty.
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9 Metal Ion Selectivity

Ligands that selectively form complexes with certain metal ions are of importance
in areas such as recycling and refinement of metals, the purification of solutions
(or soluble solids), environmental remediation, treatment of metal poisoning as
well as qualitative and quantitative metal ion analysis. The metal ion selectivity of
a ligand is given by the difference in the stability constants of the complexes
formed with all metal ions likely to be present, and these are related to the corre-
sponding free energies of the complexation reactions. The factors influencing the
stability of a coordination compound include the ease of desolvation of the metal
ion and of the ligand, the strain imposed on the ligand by coordination to the me-
tal ion, the strain imposed on the metal ion by coordination of the ligand, the me-
tal-ligand bonding energy and solvation of the coordination compound. Note that
the situation may be complicated by the fact that more than one solvent is present
(e.g., in solvent-solvent extraction processes), that more than one ligand is in-
volved (including simple anions and solvent molecules) and that coordination
numbers and geometries may vary between the metal ions. The potential and lim-
itations of molecular mechanics modeling in the area of metal ion selectivities
have been reviewed recently [°1.

Important, though not generally appreciated, problems in the application of mo-
lecular mechanics to the prediction of metal ion selectivities are the neglect of
solvation and entropic effects (see Sections 3.7 and 3.8) and the variation of the
metal-ligand bonding energy as a function of the metal ion. The difficulty in cal-
culating relative stabilities on the basis of force field calculations, when different
metal ions are involved, emerges directly from the fact that the estimate of rela-
tive stabilities via the comparison of total strain energies is in general limited to a
series of conformers and isomers (see for instance Section 8.1 and relevant chap-
ters in Part I and IiI). The determination by molecular mechanics calculations of
the relative stabilities of a series of complexes with metal ions having differing
preferences in terms of donor atoms is therefore a questionable approach.

The well known Irving-Williams series *>*~2°®! and the HSAB principle *>"! are
established empirical concepts related to the stability of metal complexes, and the
question of whether these are accounted for in a general molecular mechanics ap-
proach have not always been appreciated when metal ion selectivities have been
modeled via empirical force field calculations. The assumption that the position
of the minima and the steepnesses of the potential energy functions for the metal-
ligand bonds for varying metal ions and constant donor sets accurately reflect var-
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iations in the bonding energies is an overinterpretation, at least in cases where
electronic factors in the corresponding bonds differ considerably. Therefore, even
with a well-tuned force field, which is based not only on structural but also on
thermodynamic or spectroscopic data, the thermodynamics of metal-ligand bond-
ing is rarely reproduced accurately enough. Exceptions are systems, where a series
of metal ions has similar electronic properties (e.g., alkali metal ions, lantha-
noids). With a given and constant coordination geometry, the strain enforced by
the ligand and imposed on the ligand are in these cases the most important terms
contributing to the complex stability.

There are examples, where molecular mechanics has been used with success in
the area of metal ion selectivity, and these will be discussed in the next sections.
Depending on the type of study, metal-dependent energy terms have to be sub-
tracted from the strain energy of the metal complex. Also, the change of coordina-
tion number and geometry accompanying the ligand substitution process may
have to be accounted for. The degree of preorganization of the ligand is dependent
on the geometry of the product metal complex, and this is an important aspect to
consider if stability differences between complexes with a given ligand and metal
ions with differing geometric preferences are involved. For all the reasons outlined
above, molecular-mechanics-based results in the area of metal ion selectivity have
to be interpreted with care.

9.1 Chelate Ring Size

With most metal ions the complex stability decreases as the size of the chelate
rings formed by open-chained polyamine ligands increases from five to six mem-
bered. Examples of this effect are presented in Table 9.1, where experimental data
are compared with predictions based on strain energy differences between metal-
free and coordinated ligands (Eq. 9.1).

AU = Upy, — Uy — nU, ©.1)

The good agreement between the experimentally observed and calculated data in-
dicates that the stability differences as a function of the chelate ring size are
dominated by steric strain. Note that the effect studied in the example presented
in Table 9.1 is the selection of a ligand type (five- or six-membered chelate) by a
single metal ion (nickei(Il)), rather than the selection of a metal ion by a ligand.
Generally, this is an easier but, in terms of applications, less interesting task for
molecular modeling!°®]. Note also that the electron distribution in a ligand can be
changed by coordination to a metal ion. It follows that the parameterization of the
metal-free and the coordinated ligand should be different. This clearly is of impor-
tance in the field of metal ion selectivity (see Eq. 9.1) but it has not generally
been appreciated. A recent analysis of this problem indicated that, for amine li-
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Table 9.1: Experimentally determined and calculated stability constants of high spin nickel(I) amines
with five- and six-membered chelates 2%,

Complex” MM Observed
Ukimol™]  -AUKImol™]”  AH[kimol'] ~A(AH) [kJmol™]
i) o7 2 gy
N ?:?‘f 07 AT o
E:Ef;))j ;:(1)3 178 :g:gg 1.60
Nidp) o 2
Eigg;;lz)z g:% 191 :g:gf 1.84
Nosae 1 o 33 gy

¥ Structures

‘/\l /—\ H I\{/\\N/\NH

H,N NH, H,N NH, H,N H, N
en tn dien dpt
/TN K\\/—\
H,N NH NH NH, N NH NH H,
2,2 240t 23,24t

®) Corrected for strain energy differences of the free ligands

gands and up to trivalent transition metal ions, the effects are rather small, and
this is one of the reasons for the accuracy observed in Table 9. 1®

An interesting observation is that the stab111ty difference between metal com-
plexes with ligands containing five- and six-membered rings is dependent on the
metal ion size!'2*!%8258] This effect has been studied for a relatively large num-
ber of ligands, mcludlng both macrocyclic and open-chain systems with various
donor atom combinations. The two examples shown in Figs. 9.1 and 9.2 show the
generally observed trend, indicating that an increase in chelate ring size from
five- to six-membered increases the selectivity toward small metal ions.

This effect was attributed to the directionality of the lone pairs of the donor
atoms (e.g., primary amines) of unstrained chelate ligands with a constant bite
(donor atom — donor atom distance), leading to longer preferred metal-ligand dis-
tances for five-membered chelate rings (e ]g 2.5 A for ethane-1,2-diamine (en)
vs. 1.6 A for propane-1,3-diamine (tn)) ['?!. However, the N-M-N valence angles
predicted by this model are 69° and 109.5° for en and tn, respectively, substan-
tially different from the values preferred by most metal ions. Indeed, experimen-
tally observed chelate angles of first row transition metal complexes involving
diamines are usually about 85° for five-membered and 95° for six-membered
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Figure 9.1: Stability differences for five- and six-membered chelate rings: 1,8-diamino-3,6-
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Figure 9.2: Stability differences for five- and six-membered chelate rings. EDTA* vs.
TMDTA*" (for ligand structures see Fig. 9.3). Data from 258,
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rings. Thus, the strain imposed by the ligand preference (long bonds) is opposed
to some extent by electronic preferences of the metal center (note, however, that
bond stretching potentials generally are much steeper than angle bending poten-
tials).

Nevertheless, the experimentally observed trend (Figs. 9.1 and 9.2) seems to
contradict the expectations of hole size calculations (see below). Based on a sim-
ple geometric model, where the hole size is measured and the expected stability
related to the hole size vs. metal ion size ratio, the order of selectivity of 12- to
16-membered tetraaza macrocycles differs from that predicted on the basis of che-
late ring sizes and, more importantly, from the experimentally observed data (!,
Obviously, an approach involving molecular mechanics with a well tuned force
field, where the total strain energy of the metal complexes, corrected for strain re-
laxation due to coordination of the metal-free ligand, is related to the complex
stability, should take all important factors, including the orbital directionality of
the ligand atoms in the chelate rings (M-L-Y angles), the electronic preferences of
the metal ion (L-M-L’ angles), and the metal ion size (M—L bonds), into account.

An important aspect of the prediction of stabilities by molecular mechanics cal-
culations is that all possible isomers and conformers have to be considered. With
macrocyclic ligands the preferred geometry can change from metal ion to metal
ion, and this has to be accounted for when the relative stabilities are predicted.
An example is shown in Fig. 9.5 below, where large, medium and small metal
ions are predicted to enforce 44, 36 and 16 conformations, respectively, on trans-
diammac!®>'82] Still greater variation is observed with complexes of EDTA type
ligands, where four structural types are known (Fig. 9.3). In such a case, unless
the coordination number and geometry of the complex can be predicted, there is
no chance of predicting the metal ion selectivity. Based on this observation and
the fact that the coordination geometries are strongly dependent on the chelate
ring size (EDTA vs. TMDTA) and the electronic properties of the metal center,
correlations between M—L bond length and complex stability (Fig. 9.2) may not
always be the result of simple “size” effects.

9.2 Macrocycle Hole Size

By far the widest area of application of molecular mechanics and related methods
toward the design of metal ion selective ligands is the calculation of the hole size
of macrocyclic ligands. The simplest method for determining the hole size R4 is
to measure from crystal structural data the mean distance Ry of the donor atom
positions from their centroid and correct it with the covalent radius Rc for the
size of the donor atoms (Fig. 9.4). The metal ion selectivity is then a function of
the relative stability constant K’ = f(Rs/Rp), where Rp is the Pauling radius of the
metal ion?%*2%4 This method, however, is not valid for the design of new
ligands since at least one experimental structure of 2 metal complex of the ligand
to be studied has to be available for the calculations. Also, since the ligand geo-
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metry is not variable in this model, it cannot adjust to the demand of the metal
ion, and conformational flexibility is inhibited.

Neither of these problems occur with approaches based on molecular me-
chanics calculations. The best fit of a metal ion M to a macrocyclic ligand L is
related to the minimum in the sum of all M-L bonding interaction terms (Eq. 9.2).

|
Evi = EkML (rmr — r0)° 9.2)

This term vanishes by setting either kyy =0, or ry =rg. While the first ap-
proach corresponds to a single-point calculation?%>%®1 with the latter method
the total strain energy, mapped as a function of the metal-ligand distance, can be
obtained 8], Remember here that an accurate treatment of the metal ion selectiv-
ity should take into account not only the strain energy of the product complex but
also its geometry and the strain of the metal-free ligands, as well as solvation and
entropic terms. Although it is in principle possible to include all these terms in a
molecular mechanics approach, this has not yet been achieved.

Three methods have been used to calculate total strain energies as a function of
metal-ligand distances. In the first approach the strain energy is plotted as a func-
tion of rg with all other metal ion dependent force field Parameters kept constant
at “reasonable” values (for example those for nickel(I1))!'?!®). The size-match-
ing metal ion is then that with an equilibrium M-L distance () closest to the
minimum of the resulting curve. This approach was challenged for two reasons:
the interpretation of the resulting functions relies on an accurate knowledge of the
strain-free metal-ligand bond distances »y, which are unknown, and the curves cal-
culated with this method depend on kyy , which is not constant for varying metal
centers, and not accurately known for any metal ion (the molecular mechanics
force constants and the ideal metal-ligand distances are not physically meaningful
parameters, see Section 3.5)12%7). In particular, it was demonstrated that there is a
small but significant dependence of the position of the minima of the ideal strain
energy vs. metal-ligand distance curves on the force constant I 271 The pro-
posed alternative, involving restraints, (i.e., exceedingly large force constants) to
fix the metal-ligand bond lengths, was queried because the resulting strain ener-
gies are overestimated and might be misleading®®®!. A proposal that overcomes
the problems of both these approaches involves using mathematically constrained
metal-ligand bond distances and replacement of the valence angle terms around
the metal ion by 1,3-interactions [®*). “Unreasonably large” metal-ligand stretching
force constants are not necessary in this approach, and all metal-ligand stretching
terms vanish so that the resulting energies are independent of kv and the corre-
sponding rq values (see Section 17.16).

One problem that has only rarely been appreciated is the fact that with unsym-
metrical ligands the metal-ligand distances for each bond have to be varied within
specific and different limits. An illustrative example is the hole size calculation of
the hexaamine ligand frans-diammac which, with many first row transition metal
ions, exhibits significantly different metal-ligand distances for the primary and
secondary amines [®>!32], As shown in Fig. 9.5 there are significant differences in
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gand distances and (b) different metal ligand distances for equatorial and axial bonds (65.182]-
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the strain energy vs. metal-ligand distance curves when (a) all metal-ligand dis-
tances are varied simultaneously and (b) the constrained bond distances to axial
and equatorial amines are different, as is observed experimentally*. The minimum
for each isomer (hole size), the energy difference between the three minima (glo-
bal energy minimum, conformational equilibrium) and the crossing points of the
curves of different conformers (change of conformation) are different for the two
types of calculation.

Hole sizes produced by another highly unsymmetrical ligand, a tetradentate bis-

S 1 . . . {186] . . .

pidine derivative (see Fig. 9.6) have been investigated using the two methods
described above and using a new technique that allows the sum of all metal-donor
distances to be constrained, while each individual distance can vary freely ['*¢). The
three curves in Fig. 9.6 (a) are nearly identical, i.e., the assumption of linear varia-
tions appears to be valid. However, from Fig. 9.6 (b) it emerges that the variations
in bond lengths are not linear. Therefore, with highly unsymmetrical ligands the er-
rors in the hole-size calculations arising from the neglect of different variations of
individual bonds might lead to appreciable errors. Note, that hole sizes and ligand
hole plasicities cannot be validated experimentally since they are constructed to vi-
sualize and quantify the dependence of the shape and size of a ligand cavity on the
metal ion size but without a metal ion present. Real metal ions will change the rela-

* The two sets of curves were calculated by constraining the metal-ligand bond distances, using MO-
MECP? and a published force field”®. For the two sets, the metal-ligand bond energies are set to
zero and the curves are therefore independent of the metal center. In Fig. 9.5(b) the M—L distances
for axial and equatorial ligands are different (the values for the axial ligands are plotted). While the
distances for the axial bonds were varied between 1.90 A and 2.35 A as in Fig. 9.2(a), the values for
the equatorial bonds were varied between 1.93 A and 2.20 A, 1.95A and 2.265 A, 1.92 A and
2.19 A for the 83, 84, Ad conformers, respectively. The slopes for the bond distance variations for
the axial and equatorial ligands for each of the three conformers were obtained by a linear regres-
sion of the corresponding bond distances, calculated with the same force field, for the cobalt(IIl),
chromium(1il), low-spin iron(I1l), cobalt(Il) and nickel(Il) complexes.
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tive bond distances and therefore the shape of the curves in plots such as that of
Fig. 9.6 (b). The role of hole size calculations is to quantify the ability of the ligand
to impose a specific structure on the complex; in the area of metal ion selectivities,
the enforcement of a structure on metal ions is of importance for the destabilization
of complexes of some metal ions and the stabilization of others.

Apart from the different approaches to calculating hole sizes of macrocyclic li-
gands, there are also considerable differences in the force fields that have been
used [°7-38:116.120.231,265.267.269-273] ' ypfortunately, no comparative study that sys-
tematically analyzes the various methods and force fields is available. Therefore,
it is worth noting that the computation of the cavity size of 12- to 16-membered
tetraaza macrocycles with two very different models and force fields led to re-
markably similar results (Table 9.2).

Table 9.2: Cavity size for the trans-III conformers of tetraaza macrocyclic ligands, calculated by mole-
cular mechanics.

Cavity size [A]
Macrocycle® Ref. 74 Ref. 27
12-aneN, 1.83 1.81
13-aneN, 1.92 1.92
14-aneN, 2.07 2.05
15-aneN, 222 -
16-aneN, 2.38 -
2 Nomenclature:
Ho— Oy
N N 12-ane-Ng: a=b=c=d=2
/ \ 13-ane-N;: a=3;b=c=d=2
(CHa2)p (CHa)q 14-ane-Ny: a=c=3;b=d=2
15-ane-Ny: a=b=c=3;d=2

N = - =D = =,
HN\\ _MH 16-ane-Ny: a=b=c=d=3
(CHy);

9.3 Preorganization

Preorganization *"?7"] as applied to macrocyclic ligands is an important concept,

and the size of the cavity is only one aspect. The orientation of the ligating groups
with respect to each other and the metal ion are also of importance. For instance, a
macrocyclic ligand with four secondary amine donor groups might have two of the
amine lone pairs disposed toward one side of the macrocycle plane and two to the
other. Clearly, this ligand will need to reorganize conformationally in order to coor-
dinate the metal ion and therefore it cannot be considered to be fully preorganized. A
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similar effect is that of the structural differences between tetraaza and tetrathia
macrocyclic metal free ligands: the lone pairs in the latter are usually disposed to-
ward the outside of the cavity while the former are often disposed toward the center
and are, therefore, more preorganized *’®). This is one reason for the lower stability
of complexes with tetrathia macrocyclic ligands. Preorganization of a ligand means
the enforcement of a specific, often high energy conformation, and this is one impor-
tant aspect related to the energization or entatic state principle 272821,

Highly preorganized ligands are usually rigid molecules, and the rigidity is the
result of hindered rotations around single bonds in the organic backbone, resulting
from bulky substituents, bridging by small rings, multiple bonds and/or hydrogen
bonding 213821 All of these effects are accessible by molecular mechanics.

How important the lack of preorganization is depends on the energy cost and
barrier associated with the reorganization required on coordination. The energy
cost can be estimated by computing the strain energy of the metal-free and the co-
ordinated ligand, as described above in the discussion on cavity size. The energy
barrier can be estimated by using constraints to drive torsion angles and so to
move from the metal-free ligand conformation to that of the coordinated ligand.
However, with N-3 independent torsion angles in an N-membered macrocycle
there are usually too many possible pathways to be investigated by deterministic
molecular mechanics methods. Therefore, the techniques of molecular dynamics
were applied to establish the tendency of a macrocyclic ligand to adopt a confor-
mation suitable for binding a metal ion!?**2%4, The frequency of occurrence and
longevity of suitable conformations in molecular dynamics runs is a qualitative
estimate of the degree of preorganization. Using these methods, new, more highly
preorganized ligands were designed %],

Two methods for quantifying ligand preorganization have recently been deve-
loped. The structural reorganization of a ligand was described as a two step pro-
cess which involves the conformational ligand reorganization term (energy differ-
ence between the most stable conformation of the metal-free ligand and that of
the coordinated ligand) and the reorganization term which is due to the strain im-
posed by the metal ion (Eq. 9.3, Fig. 9.7). The first term (AU,,¢) can be related
to the rigidity of a ligand and the second term (AU_qy,,), the complementarity, can

be related to the cavity size and shape %2861,
AU, reorg — AU'conf =+ AUcomp (93)
AUconf A(]c:omp

Lowest energy “coordinating coordinated

conformer of conformer” structure of the

the metal-free ligand

ligand >
AU,

reorg

Figure 9.7: Definition of ligand complementarity.
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Strain energy and structural reorganization parameters were used to quantif?r
the preorganization of structurally reinforced tetraazamacrocyclic ligands'®”.
Both parameters are based on the most stable ligand structure of the metal-free
and the coordinated ligand. The strain energy ratio Ey /Ec (Ugpin of the metal-
free and the coordinated ligand, respectively) is a measure for the thermody-
namics of the ligand reorganization (similar to AUpeorg in Eq. 9.3), and the sum of
the absolute values of the differences of the intramolecular donor — donor dis-
tances Zgzl |Ady| (see Fig. 9.8) is the corresponding structural parameter. A fully
preorganized ligand would have an Ey /E value of 1 and Zf,:] |Ad,| =0.

d5 Figure 9.8: Definition of the structural reorganization parameter.

9.4 Quantitative Correlations Between Strain and Stability
Differences

Linear and non-linear correlations of structural parameters and strain energies
with various molecular properties have been used for the design of new com-
pounds with s[pecific properties and for the interpretation of structures, spectra
and stabilities!°®!. Quantitative structure-activity relationships (QSAR) have been
used in drug design for over 30 years*®¥ and extensions that include information
on electronic features as a third dimension (the electron topological approach,
ET) have been developed and tested*®! (see Section 2.3.5). Correlations that are
used in the areas of electron transfer, ligand field properties, IR, NMR and EPR
spectroscopy are discussed in various other Chapters. Here, we will concentrate on
quantitative structure-property relationships (QSPR) that involve complex stabili-
tiog [124:289-291]

The example discussed here involves the separation of lanthanoid(Ill) ions by
solvent-solvent extraction with the three bis-alkylhydrogenphosphate ligands pre-
sented in Fig. 9.9 (see also Section 15.3)"**), Similar Q[SPR’s with lanthanoid(I1I)
ions and/or these types of ligands have been reported **>?°?1. The strain energy
changes due to the complexation of lanthanoid(Ill) ions with the ligands HR of
Fig. 9.9 (Eq. 9.4) is given in Eq. 9.5, where Uy is the contribution of the Ln(III)
aqua ion, Upyg of the ligand (Fig. 9.9), Uncom is that of the Ln(IIl) complex with
six coordinated ligands (all coordinated as monodentates; three are deprotonated,
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rlmpo o (i
C2H5‘<E>’O/F\OH @‘@‘O/F\OH

D4ECHPA D4DCHPA
G2Hs
CH3CHyCHCH;CHCH,-
O\P/O Figure 9.9: Organophosphate
ligands used for metal-ion
CH3CH2CHCH2GHCH, O OH selective lanthanoid extraction;
CaHs reproduced with permission
D2EHPA from ref, [124],

leading to neutral complexes; three water molecules complete the coordination
sphere 66,1241/, is the contribution of the released protons and Uaq that of the
released water molecules.

M (OH,)3" + 6HR = [M{(HR) ®)}, (OH2)3] +3H"+6H,0  (9.4)

AUc = UMc0m+3UH+6an_ Uv — 6 Umr 9.5)

In order to get relative strain energies and to simplify the analysis La(IIl) is defined
as a reference point, and Eq. 9.6 is the corresponding strain energy equation. The
correlation of these computed strain energy data sets with corresponding, experi-
mentally available thermodynamic data leads to the QSPR defined in Eq. 9.7.

AUg[ - AUéa = (UMcom - ULacom) - (UM - ULa) (96)
M L. KM
AUS — AU = oclog(K—i’;) 9.7

This is shown in Fig. 9.10. There is a small deviation of the apparent QSPR con-
stant o from the theoretically expected value g1.26 vs. 1.08). Very similar values
for o have been observed in other examples!'?**%221 and the deviation is as-
sumed to be due to the neglect of entropy, ion-pairing and solvation®®!. QSPR’s
such as that shown in Fig. 9.10 are not necessarily of direct use for the design of
new potent and selective extracting ligands, and this has been discussed in de-
tail *®). However, the accuracy of the correlation involving three different ligands
indicates that the structures and the extraction mechanism are constant. High se-
lectivity is indicated by large strain-energy differences and, correspondingly, large
relative extractability differences. As expected, this is the result of increasing
bulk of the ligand substituents, and this information can be used, together with
molecular modeling, to design new extractants.
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Figure 9.10: QSPR piot for selective lanthanoid complex formation b2y the organopho-
sphate ligands shown in Fig. 9.9; reproduced with permission from ref. '],

9.5 Conclusions

There are some major limitations to the prediction of metal ion selectivities by
molecular mechanics calculations alone. This is due to a number of approxima-
tions inherent in the methods discussed above, and these restrict the reliability of
the calculated stabilities. The main points are as follows.

— In an approach based on selectivity by hole size, geometric preferences of the
metal ions (i.e., electronic effects) are largely excluded. However, different
metal ions have not only different metal-ligand bond distance preferences
(hole size) but also different preferences in terms of coordination number and
angular geometry. For example, a ligand preferring trigonal prismatic coordi-
nation geometry will induce more strain on complexation with cobalt(IIT) than
with cobalt(Il), irrespective of the hole size.

— The same force field is used throughout for the calculation of curves of the

type presented in Fig. 9.5. Therefore, there is an implicit but unstated assump-
tion that the force field parameters defining M-L-Y valence angles, M-L-Y-X
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torsion angles and metal-centered nonbonded interactions, where these are in-
cluded, do not vary with the metal ion. These are probably reasonable assump-
tions in general but there may well be cases where they lead to misleading re-
sults.

— Different conformations and configurations of the ligands have different cavity
sizes (see Fig. 9.5). Therefore, all possible configurations and conformations
need to be taken into account. That is, with relatively complex systems a full
conformational analysis is required. This is particularly difficult to do in an
exhaustive way when the metal ion can adopt different geometries?7!.

— In order to predict the stability of specific metal ligand combinations, account
needs to be taken of all of the thermodynamic contributions of which the
strain induced in the ligand is only one. The desolvation of the ligand and the
metal ion and the energy of the newly formed metal-ligand bonds are impor-
tant factors, and the latter two of these certainly vary substantially. When com-
paring the binding of a single metal ion to series of chemically similar ligands
there is little variation in the energy of the ligand or solvent bonds to the me-
tal and the analysis is valid, but, when the metal ion is varied a more complete
analysis might be required.

— The other important term is not the strain energy of the metal complex but the
difference between the strain in the coordinated ligand and in the metal-free li-
gand. This corresponds to the energy cost associated with reorganizing the
ligand to coordinate to the metal and depends on the preorganization of the
ligand. Within the limitations described above this is not dependent on the
metal but certainly varies substantially with the ligand and therefore needs to
be taken into account when attempting to design a metal-ion-specific ligand.

The technique of predicting metal ion selectivity by molecular mechanics cal-
culations for the computer assisted design of novel ligand systems seemed to hold
great promise. So far, this is largely unfulfilled. Some reasons for this failure
have been listed above. However, the problems are also associated with less pre-
dictable chemical variations, e.g., the formation of dinuclear species, when a
mononuclear complex would or might have been expected, noncoordination of
some donor groups and variable coordination numbers and/or geometries depend-
ing on the metal ion.
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10 Spectroscopy

There are two applications driving the development of the computational predic-
tion of spectra: the design of new materials with given spectra (i.e., design and
synthesis of spectroscopic model compounds or new materials) and the determi-
nation of solution structures by the correlation of computed with experimentally
determined spectroscopic properties. Both applications are of particular relevance
in the field of bioinorganic chemistry since crystal structural information is often
difficult to obtain for metalloproteins while solution spectra are generally more
accessible. The determination of structures based on solution spectra in combina-
tion with molecular mechanics may provide some important information on the
structure of the active species in solution not accessible by other methods. Also,
the study of the reactivity of low-molecular-weight model compounds having the
same spectroscopic characteristics as biomolecules may lead to information on
enzyme mechanisms.

There are two potential limitations to the application of empirical force field
calculations to predicting solution properties. First, environmental effects (crystal
lattice or solvent sheath) are usually neglected and second, the determination of
the global energy minimum is not unequivocal. While in theory there are methods
for dealing with the first problem, there is no totally reliable solution to the latter
(Section 3.7 and Chapter 5). Coupling the optimization of structures by empirical
force field calculations with the simulation of experimentally available spectro-
scopic data is an appealing method for solving both problems. If the spectroscopic
simulation, based on an energy-minimized structure, is similar to the experimental
data, then the calculated structure is likely to represent the global energy mini-
mum of the compound in the environment where the spectroscopic data was col-
lected [1641™

The fact that, in the case of solution spectra, the spectroscopic data are ob-
tained from the solvated species while the corresponding molecular mechanics
structure usually represents the “naked” species is somewhat unsatisfactory. This
is one reason for some observed, albeit small, differences between structural para-
meters in solution and in the solid state. Nevertheless, the accuracy obtained often
is surprisingly high, and this might be explained by the fact that the parameteriza-

* In cases with an equilibrium distribution of various conformations al! the relevant geometries should
to be modeled (structure and spectra simulation), and the spectra averaged on the basis of the Boltz-
mann distribution should be compared to the solution properties.
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tion of the force field is generally based on crystal structural data, and the calcu-
lated structures therefore represent the molecule in an averaged solid state envir-
onment (see also Section 3.7) 2%,

In this chapter, applications of the combination of empirical force field calcula-
tions with infrared, UV-Vis-NIR, EPR and NMR spectroscopy are discussed. Also,
some specific electronic effects of transition metal-ligand bonding, interpreted on
the basis of combined molecular mechanics-spectroscopic studies are presented.
Vibrational frequencies are directly available from molecular mechanics calcula-
tions if a second-derivative energy-minimizing routine is used (full-matrix New-
ton-Raphson, see Section 4.2.4). The calculation of energy levels via ligand field
or angular overlap model (AOM) calculations, based on computed structures (mo-
lecular mechanics), can be used to provide information on the d-d transitions and
on EPR spectra. All relevant NMR parameters, i.e., chemical shifts (including
paramagnetic shifts), coupling constants, and nuclear Overhauser (NOE) effects,
are dependent on the molecular geometry and can therefore be used for structural
correlations.

10.1 Vibrational Spectroscopy

Although vibrational frequencies have been calculated and compared with experi-
mental data since the early days of molecular mechanics refinements using full-
matrix second-derivative procedures!'>7?, there are few reports on the application
of this method in the field of transition metal chemistry. One of the examples is a
study on linear metallocenes!!?®!. Here, the molecular mechanics force constants
were obtained by adjusting starting values by fitting the calculated vibrations to
thoroughly analyzed experimental spectra. The average difference (rms) between
experimental and calculated vibrations was of the order of ca. 30cm™'.*
Table 10.1 shows the observed and calculated frequencies associated with the ske-
letal modes of ferrocene (see Fig. 10.1 for the representation of these modes).

Table 10.1: Observed and calculated vibrational frequencies of the skeletal modes of ferrocene ['%%1,

Observed [cm™'] Calculated [cm™]
Ar 44 42
Ei 179 177
Aig 309 282
Eig 389 363
Az 478 493
Epu 492 498

* A similar accuracy was obtained in calculated vibrations of organic molecules!”).
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Figure 10.1: Skeletal modes in linear metallocenes "%,

A comparison between experimental and calculated spectroscopic parameters
for various cyclopentadienyl (Cp) compounds indicated that the internal Cp
modes are transferable while the skeletal modes are dependent on the nature of
the metal-Cp bonds. The skeletal force constants for a number of metallocenes
are given in Table 10.2.

The force field derived from spectroscopic data was used to optimize structures
of a series of [M(Cp),] complexes (M=V(I), Cr(Il), Fe(Il), Fe(Il), Ru(Il),
Os(II), Co(Il), Co(Ill), Ni(IT)), including strapped ferrocenes, and gave good
agreement with experimental structures (accuracy in bond lengths of the order of
0.01 A and in angles (valence and torsional) of about 3—4°)1%8) The calculated
barriers to rotation of the cyclopentadienyl rings were also in reasonable agree-
ment with experimentally determined values.

10.2 [Electronic Spectroscopy

The d-orbital energy levels in a metal complex are dependent on the electron con-
figuration of the metal center, the number and type of ligand atoms involved, and
their geometric arrangement. For a given stoichiometry and structure (experimen-
tally determined or calculated, e.g., via empirical force field calculations), the en-
ergy levels and thus the ligand field spectra can be calculated. Before discussing
applications of this approach, for the design of coordination compounds with pre-
specified spectroscopic properties or for the determination of structures, the inter-
esting related question of the relationship between bond length and d-d transition
energy, that has been extensively debated in the literature will be discussed now.
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The ligand field strength of transition metal complexes with a given donor set
(e.g., [IM(NR;)]™) is, as expected, strongly dependent on the M-N bond length.
This effect was first noted in cobalt(IIll) complexes of the type trans-[Co(L)X,]"
(L =n-aneNy (n=12,13,14,15,16); X =CI-, CN", N3)™ (Table 10.3; the ideal
M-N bond distances of the five macrocyclic ligands, calculated by molecular me-
chanics, are also given in Table 10.3). The 13-membered ring is the smallest with
a trans configuration, and the corresponding cobalt(III) complex has the highest
ligand field. This was interpreted as being the result of compression enforced by
the macrocyclic ligand. In a number of subsequent publications ?7324=2%¢1 jt wag
shown that it is not always the macrocyclic tetraaza ligand with the smallest hole
size that leads to the largest ligand field of transition metal complexes (see Ta-
ble 10.3).

Table 10.3: In-plane ligand field splitting (Dg™”) or transition energies (cm ') for trans-octahedral tran-
sition metal complexes with tetraaza mocrocyclic ligands . Data as compiled in ['2%],

Ni(II)
Ideal M-N
Ligand length [A] Co(Ill)  Fe(ll) S=0) (S=1) Cudl) Cr(Ill)  Rh(1ID)
12-ane-N, 1.82 - - 2115 - 16.810 - -
13-ane-N, 1.92 2750 2208 2140 - 18310 - -~
14-ane-N, 2.07 2562 2029 2043 1460 19.900 2450 25.000
15-ane-Ny 2.22 2362 1842 1955 1240 17.610 2123 23.800
16-ane-N, 2.38 2295 1100 22.730
en, 2530 1961 1150 18.180 2200 24.630

4 Nomenclature
(CHy)
HN ~ a\NH 12-ane-Ng: a=b=c=d=2
/ 13-ane-Ny: a=3;b=c=d=2
CH (CHy) 14-ane-N;: a=c=3;b=d=2
( \z)b d 15-ane-Ng: a=b=c=3;d=2
16-ane-Ng: a=b=c=d=3
N N
H ~_ H _~H
(CHy), en = ethane-1,2-diamine

One of the conclusions that emerged directly from the data was that the highest
ligand field strength is not produced by the ligand leading to the shortest metal-li-
gand atom distance but by the one which best fits the metal ion demand. This in-
terpretation seemed to be at variance with the widely accepted fact that the ligand
field splitting is inversely proportional to approximately the fifth or sixth power
of the metal-ligand distance r['66-207-297-3001

A factor which was not considered in detail in the qualitative analysis of the
data presented in Table 10.3 is the dependence of the ligand field splitting on the
angular geometry. The ligand field strength decreases with increasing deviation of
the ligand atoms from the direction of the e, set (c-bonding) of the d orbitals



124 10  Spectroscopy

(90° angles). This was demonstrated with copper(II) complexes of a series of 13-
to 16-membered tetraaza-macrocyclic ligands similar to the ones shown in
Table 10.3. The highest ligand field was produced with the 14-membered ring,
while the 13-membered ring, with copper-nitrogen bond lengths similar to those
of the 14-membered ring complex, leads to a considerably lower ligand field split-
ting. This is a consequence of decreasing overlap, caused by the square pyramidal
geometry of the chromophore!'®"! (see also Table 10.7, below). In addition, a
further decrease of the ligand field splitting is expected and observed when the di-
rection of the ligand bonding orbitals do not coincide with the metal-ligand atom
direction, i.e., when misdirected valencies (bent bonds) are present (6],

Another important point is that the ligand field splitting increases (increasing
overlap) with increasing alkyl substitution on the amine ligands because of induc-
tive effects(!2%1%8:296301 However, increasing substitution of the ligand backbone
often leads to steric crowding that can be relaxed by an elongation of the metal-li-
gand bonds. Since the two mechanisms, inductive effect and elongation, are op-
posing in terms of the ligand field splitting, the net effect is unpredictable (at least
without thorough calculations), and the importance of inductive effects is difficult
to quantify.

In recent studies, involving the prediction of electronic and EPR spectra of hex-
aamine complexes of chromium(III), low spin iron(Il), cobalt(I), nickel(Il) and
copper(I1) °%166197:302) with a combination of molecular mechanics and AOM
(angular overlap model)* calculations, the two effects could be separated
(Table 10.4; see also text below) because the structural factors (steric crowding;
molecular mechanics) and the electronic factors (inductive effects; AOM) are
parameterized separately.

Note that the increasing donor strength in the series ammonia < primary amine
< secondary amine < tertiary amine should lead to increasing force constants and/
or decreasing equilibrium distances in the force field parameterization. A single
set of parameters for an M-N interaction generally leads to good agreement be-
tween calculated and experimental structures, probably because the differences
are small and the coordination geometry is dominated by the ligand structure.

* The angular overlap model is based on a simplified MO treatment of the metal-ligand interaction
and has been developed for the analysis of electronic spectra®3-3%1 Similarly to ligand field the-
ory, the AOM is based on the molecular symmetry of the complex, and the AOM parameters (es, €5,
e3) may be derived from the corresponding ligand field parameters (Dg, Ds, Dt). However, the AOM
parameters do, in contrast to the ligand field parameters, have chemical significance (o, n, 8 — donor
or acceptor strength). The basis of the AOM is that a perturbation of the metal d-orbital occurs by
weak covalent interactions with ligand orbitals of suitable symmetry. The destabilization of the d or-
bitals is proportional to the two atom overlap integral. The energy change of each d-orbital is given
by AE(d) = [F(d,0))’ e + [F(d, 1)} ex_+ ..., and the total change in energy of each d-orbital is the
sum of the effects of all the ligand atoms on that orbital. The e-parameters are dependent on the me-
tal ion, the ligand atom and the metal-ligand bond length, while F is dependent on the angular geo-
metry. For example, the d-orbital energies in an octahedral complex are E(d,2) = 3es (1 e5 each from
the ligands along the z-axis, 1/4e, each from the ligands in the xy plane), £(d,:_,2) =3es (3/des
cach from the four ligands in the xy plane), E(d,,) = E(d,,) = E(d,;) = 4e,.
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Table 10.4: Quantification of inductive effects via normalized e, parameters obtained by the MM-
AOM method %1661,

€, (norm) [cm™']¥

r(C'™)=2.08 A r(Co™=198A rNi)=2.134 r(Cu™)=2.03 A

NH; 7200 7245 3582 -
RNH, 7400 7433 3857 6400
R,NH 8000 7715 4133 6700
RN 8700 8186 4592 -

C
a) es= F

The data in Table 10.3 were taken as an indication that the ligand which best
fits the metal ion demand, in terms of the hole size, induces the highest ligand
field sglitting, and not the ligand leading to the smallest metal-ligand dis-
tance!°81* This interpretation involves, in a qualitative way, the angular distor-
tions discussed above. Based on this interpretation, the question was asked
whether metal-ligand bond compression exists at all. To achieve short metal-li-
gand bonds the conformational freedom and the flexibility of the ligand have to
be reduced to prevent either a tetrahedral twist or the metal ion from moving out
of the ligand plane. This was successfully done with a number of structurally rein-
forced ligand systems['2%158:3011

An interesting question related to this debate is whether any metal-ligand bond
has a “normal” length or whether it is elongated or compressed. To answer this
question one needs to know the strain-free bond distance, a parameter which is
not directly accessible!®>). An instructive example in this respect is shown in
Fig. 10.2: trans-diammac is a pendent arm macrocyclic hexaamine (two primary
and four secondary amines), which is known to enforce short metal-ligand bond
lengths for most of the first row transition metal ions. In many examples this
leads to the strongest ligand field splitting observed for hexaamine complexes,
stronger than for hexaamine cage ligands with six secondary amines (see also
Table 10.6 below)®®!. Shown in Fig. 10.2 is a plot of the strain energy as a func-
tion of the metal-ligand bond length for all three possible conformers of
[M(trans-diammac)]™". Also shown in Fig. 10.2 are the calculated bond distances
(which are in good agreement with experiment) for a number of metal complexes
of trans-diammac, indicating that for all metal ions studied, except for zinch),
the observed bond distances are smaller than the best fit to the ligand[*>!%2] Tt
emerges that, although the metal-ligand distances are very short, these are actually
elongated and not compressed by the ligand.

The MM-AOM approach — AOM calculations based on molecular mechanics
refined structures — was used to predict d-electron transitions of chromium(IIT),

* The underscored Dg™ values are those where the enforced M—N distance (hole size, first column in
Table 10.3) is closest to the ideal M—N distance (ro value) of the force field used in that study.
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Figure 10.2: Hole size of the three nondegenerate conformers of [M(trans-diammac]™
(calculated as in Chapter 9, Fig. 9.5 (b)).

low spin iron(III), low s;;)in irongll), cobaltﬁIII) and nickel(I) hexaamines and
copper(il) tetraamines (90.166,197,281,302.308-310] - AOM calculations allow one to
compute d-electron energy levels based on the geometry of the chromophore and
the bonding parameters (e, and e;) for all ligand atoms (3063071 Usually, the
AOM is used to inferpret electronic properties (UV-vis-NIR, EPR spectra, mag-
netic moments). For the prediction of spectrocopic data based on an established
structure (experimental or molecular mechanics), a known and transferable set of
electronic parameters must be used. This is not, a priori, a given property of the
AOM approach and therefore is problematic [90,166.207.3111 ‘The successful applica-
tion of the MM-AOM approach with constant parameter sets for chromium(III),
cobalt(III), low spin iron(IIf), low spin iron(I) and nickel(IT) hexaamines and cop-
per(Il) tetraamines (90.166.197,281,302.309.3101 doeg not imply that the electronic para-
meters are strictly transferable but that, for the systems studied so far, the errors
introduced by assuming transferability are acceptable.

The electronic parameters used for the MM-AOM calculations are given in
Table 10.5 (see footnote on p. 129). Observed and calculated d-d transitions for
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chromium(ill), cobalt(IIl) and nickel(II) hexaamines are listed in Table 10.6. The
error limits are of the order of 800 cm™' or less, while the observed transitions
cover a range of 2000—5000 cm™', dependent on the metal ion.

Table 10.5: Electronic parameters for MM-AOM calculations [62°1-166]

Parameter [cm™'] Cr(1ID) Is Fe(III) Co(1II) Ni(I) Cu(In @
F® 1211 786 1046 1243 -

F,® 101 57 85 79 -
eq(NH;3) > 7200 - 7245 3582 -

e (RNH,) 7400 7500 7433 3857 6400

es (R,NH) 8000 7500 7715 4133 6700

e (R35N) 8700 - 8186 4592 -
es(pyridine) - 7900 - - -

e, (pyridine) - —500 - - -

@ Condon-Shortley interelectronic repulsion parameters.
® for low spin iron(I1l) a single e, for the various amines was used.
© normalized for Cr-N = 2.080, Fe-N = 1.985, Fe-Np, = 1.968,
Co-N = 1.980, Ni-N =2.130, Cu-N = 2.027, Cu-O = 2.440 A;
for the caculations the values are adjusted with 1/r°.
D k=07, ¢&=-580, K =0.43, P=0.036, o> = 0.74.

Table 10.6: Observed and calculated spin allowed d-d transitions of chromium(III), cobalt(IIl) and
nickel(IT) hexaamines .

Compounda) Observed [cm™ ] Caculated® [em™]
[Cr(dtne)]** 20790; 27780 20250, 27680
mer-[Cr(dpt),]** 21100; 27700 20050, 27340
cis-[Cr(cyclam)(NH5),]**  21370; 28170 21610; 29000
[Cr(teatacn)]>* 21410, 27930 21990, 29440
[Cr(tn);]** 21570; 28190 21190; 28540
mer-[Cr(dien),]** 21700, 27850 21360, 28900
[Cr(NH3)e]** 21640; 28940 21420, 28790
[Cr(en);]** 21800, 28490 21780; 29170
[Cr(cis-diammac)}** 22120; 28570 21790; 29303
[Cr(sar)]** 21860; 22500 28820 22180; 22850 29860
s-fac-[Cr(dien),]*" 22170, 29070 22110; 29550
[Cr(tacn),}** 22780; 29400 23120, 30550
trans-[Cr(cyclam)(NH;),]>" 22470; 23810 29940 22060; 24030 30320
[Cr(trans-diammac)]** 23420, 30120 23525; 31430
mer-[Co(dpt), " 19530; 27700 19410, 27670
[Co(dtne)]** 20200; 28900 19790, 28590
[Co(tn)]** 20600; 28500 20420, 28740
[Co(teatacn)** 20830, 28820 21180; 29570

[Co(NH3)e]*" 21050; 29500 21180; 29540
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Table 10.6 (continued)
Compound® Observed [cm™'] Caculated® {cm ™
[Co(sar))** 21230; 29150 21170; 29530
[Co(en);]** 21370; 29410 21510; 29960
u-fac-[Co(dien),** 21370; 29500 21250; 29670
mer-[Co(dien),]** 21460; 29200 21270, 29680
[Co(cis-diammac)]** 21790; 29940 21960, 30390
[Co(tacn),]** 21830; 30030 21720, 30100
[Co(trans-diammac)]** 22370; 30490 22450, 30910
[Ni(NH;)¢?* 10750; 17500; 28200 10720; 17130; 27760
[Ni(tn)s]** 10900; 17800, 28200 10900, 17370; 28050
[Ni(dtne)]** 10910; 19380; 27550 10840; 18600; 27280
mer-[Ni(dpt),]** 10970; 17570, 28070  10550; 17110; 27480
mer-[Ni(dien),]** 11500, 18700; 29100 11350; 18350; 28910
[Ni(tach),]** 11550; 18850; 29600 11630; 18330; 29270
[Ni(en)s]** 11700; 18350, 29000 11600; 18300, 29220
[Ni(cis-diammac)}** 12380; 18700; 20410 30960 12180; 18110; 19630 30260
[Ni(sar)]** 12390; 12820 19760; 20410 30300 12480; 12630 19270; 19740 30900
[Ni(tacn),)** 12500; 19800; 30800 12490; 19480; 30740
[Ni(trans-diammac)** 12530; 13160 20500; 31970 11950; 19320; 30450
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Semi-empirical and ab-initio studies of similar systems have led to less accurate
predictions®'>3'* Observed and calculated d-electron transition energies to-
gether with spin Hamiltonian parameters for copper(I) tetraamines are listed in
Table 10.7*. The accuracy of these predictions is comparable with that obtained
for the hexaamines in Table 10.6, and the trends expected for bond length and an-
gular distortions are well reproduced (see above).

The studies discussed here*, have been used to establish the scope and accu-
racy of the MM-AOM method. The results obtained indicate that combined MM-
AOM calculations are potentially a powerful tool for the design of novel com-
pounds with particular spectroscopic properties and for the determination of solu-
tion structures. The study involving EPR spectroscopy and MM-AOM calcula-
tions, discussed in the next section, was the first example of this approach. Others
have been published since and confirm the general applicability of the method.
Another, particularly instructive example, which also involves the computation of
redox potentials is given in Chapter 11.

An important parameter of ligand field spectra that has not often been modeled
is the intensity of electronic transitions. Admixing of odd-parity functions to the d-
orbitals due to static distortions can lead to a relief of the parity selection rule.
Therefore, structural parameters which describe the amount of distortion of a
pseudo-centrosymmetric chromophore can be correlated to intensities. This is
shown in Fig. 10.3, where the tetrahedral twist angles ¢ and the extinction coeffi-
cents (as well as the transition energies) of the d-d transitions of a series of cop-
per(Il) compounds of macrocyclic ligands are plotted against the size of the macro-
cyclic ligand (see Table 10.7 for the structures of the ligands and the full set of ex-
perimentally determined and computed data; similar plots of other molecular prop-
erties, including EPR parameters and redox potentials have also been pub-
lished ['°72811) An interesting and more general way to describe the symmetr} ofa
coordination compound is the continuous symmetry measures approach [41.42.315]
Plots very similar to that shown in Fig. 10.3 can be produced when the symmetry
measure S is correlated with the intensities of the electronic spectra B'¢1,

The colour of a compound depends on the electronic transition energies, the re-
lative intensities of the transitions, if more then one is present and the band pro-
files. There have been attempts to compute real traces of d-d spectra (transition
energies, linewidths and intensities) ®'”*'®!, The approach is based on known or
assumed structures and, therefore, it would be well suited for a combination with
structural optimization based on molecular mechanics. The transition energies are
computed with the angular overlap model (AOM), just as described for the MM-
AOM approach, described above. The intensity distributions (relative intensities)
are computed, based on a parameterization of the electric dipole transition mo-
ments (static model)®'®! and an additional vibronic coupling model, based on par-
ity mixing due to normal bonding models, derived by normal coordinate analysis
of appropriate spectra>2%32!, The computation of band profiles is based on gaus-

* The data discussed here are those which were used for the validation of the MM-AOM methods and
published before 1995. More recent examples, published between 1995 and 2000 appear in the re-
ferences. These are all of similar accuracy.
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sian curves with relative widths, governed by the slo[g)es of their transition ener-
gies with respect to changes in all energy parameters®!”). A number of published
examples indicate that this combination of models leads to qualitatively well re-
produced ligand field spectra®!!:317:3207322]

10.3 EPR Spectroscopy

The high sensitivity of the g-values of low-spin iron(III) to structural variations and
their large anisotropy imply that the prediction of the EPR spectra must be based
on highly accurate structures (207] The MM-AOM method for low-spin iron(III)
complexes was tested on a number of examples involving bi-, tri- and hexadentate
ligands with amine and pyridyl donor sets (Table 10.8).

Table 10.8: Observed and calculated g-values for low spin iron(IIl) complexes 2°7).

Compound 21 2 23
obs. calc. obs. calc. obs. calc.
[Fe(trans-diammac)]**®  1.63  1.45(56) 2.46 2.54 2.84 2.95
0.95 (49) 1.96 3.29
1.89 (64) 2.05 2.46
[Fe(en);*"™ - 1.45 (lels) 1.45 3.34
- 1.35 (lel,ob) 2.05 2.97
- 1.60 (lelob,) 242 248
- 1.35 (ob3) 2.69 2.55 2.69 2.55
[Fe(phen); > 151 1.6l 2.69 2.62 2.69 2.62
[Fe(bpy)s >+ 163 1.74 2.64 2.53 2.64 2.53
[Fe(terpy),)>+™ 176 1.73 2.54 221 2.54 273
M g
L™ /‘ b ®
. ? J _? 9
f 13 AN M
ST % S ‘s “
O o L ©
[8 o @
e ®-
0”
¢ b, 8

(Fe(trans-diammac)]*"

) Nomenclature: phen = 1,10-phenanthroline; bpy = 2,2'-bipyridine; terpy = 2,2:6',2"-terpyridine.
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Generally, there is good agreement between the experimentally observed and
calculated EPR spectra. Areas, where considerable errors resulted from a large
variation of the g-values as a function of a specific distortion mode, were identi-
fied by model AOM calculations of the g-values as a function of the correspond-
ing distortion mode. Two structural problems were addressed with the MM-AOM
method applied to low spin iron(III):

(1) The three reported structures of [Fe(trans-diammac)]*" all have disordered
five-membered chelate rings, making an assignment of the structures (solid
state or solution) to one of the three possible conformers (see Chart in
Table 10.8) virtually impossible®!”). The main difference between the three
chromophores is the magnitude of the tilt angle 0 between the axis of the two
primary amines and the macrocyclic plane. The observed and calculated g-
parameters are strongly dependent on this distortion*°"*?*]. Based on the
quality of agreement between experimentally determined and calculated EPR
parameters of a series of low-spin iron(III) complexes and on the fact that the
04 conformer has an exceedingly large strain energy (112.2 vs. 91.5 and
90.7 kJ mol™") it was concluded that the four observed experimental spectra
(three solid samples with slightly different structures and one solution; Ta-
ble 10.8 gives the data for the solution spectrum only) are due to the ddé-con-
former, and that the structural disorder is between 66 and A4 conformations.
A minor contribution by the A5 conformer could not be excluded 7).

(2) The simulation of the EPR spectra of “[Fe(terpy),]>*”” was not possible with a
symmetrical distortion mode involving both tridentate ligands'?°”). Based on
the generally good agreement between experimentally observed and calcu-
lated spectra a coordination polyhedron with one of the two terpy ligands act-
ing as a bidentate was proposed. This interpretation is in agreement with all
published data of the complex. Also, there is precedent for terpy coordination
in this mode. However, other modes of distortion cannot be excluded, and
further results have to be awaited in this area to solve this structural and spec-
troscopic problem with certainity. The problem involving “[Fe(terpy),]**” is
therefore a good example for demonstrating the potential and also the limita-
tions of the MM-AOM approach.

EPR spectra of weakly coupled dinuclear systems with each nucleus having
S§'=1/2 (dipole-dipole interactions) can be simulated with the spin Hamiltonian
parameters (g- and A-values of each metal center) and the four geometric para-
meters r, 7, # and ¢ that define the orientation and distance of the two chromo-
phores (see Fig. 10.4)12*732] The number of parameters involved in the simula-
tion of the spectrum varies from 8 to 16, and this is often too large for an unam-
biguous structural assignment, even for well resolved spectra. Also, the structural
information only relates to the relative orientation of the two g-tensors and there-
fore at most gives some information concerning the orientation of the two chro-
mophores and no direct data related to the ligand conformation and overall shape
of the molecule. Molecular mechanics alone also does not necessarily lead to an
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Figure 10.4: Structural
parameters used for the
simulation of EPR spectra
involving weakly coupled
S=1/2/5=1/2 systems.

unambiguous definition of the structural properties. This is due to the often high
flexibility of dinucleating ligands and the associated number of possible confor-
mers.

A combination of the two techniques was shown to be a useful method for the
determination of solution structures of weakly coupled dicopper(Il) complexes
(Fig. 10.5)'%], The MM-EPR approach involves a conformational analysis of the
dimeric structure, the simulation of the EPR spectrum with the geometric para-
meters resulting from the calculated structures and spin Hamiltonian parameters

molecular graphics

\

>

starting structure

molecular
mechanics

\i

stochastic search
molecular dynamics

refined structure [—| EPR structural parameters

EPR simulation

experimental vs.
simulated
EPR spectrum

Figure 10.5: The MM-EPR approach for the determination of solution structures of
weakly coupled S=1/2/5=1/2 systems.
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derived from similar complexes, and the refinement of the structure by successive
molecular mechanics calculation and EPR simulation cycles. This method was
successfully tested with two dinuclear complexes with known X-ray structures and
applied to the determination of a copper(Il) dimer with unknown structure
(Table 10.9 and Fig. 10.6)['%5].

Table 10.9: Structural parameters for weakly coupled dinuclear copper(Il) complexes 11651,

Compound Method r[A] E°] T[] n[°]
Cu,LL1 MM-EPR 6.7 67 0 0
X-ray 6.9 70 0 0
Cu,L.2 MM-EPR 8.0 70 75 29
X-ray 8.0 58 80 33
(CuL3}, MM-EPR 6.7 73 5 6

(L1)
N N NH,
N NH,
\__/
H,C N
(L3)
HzN:

The calculated EPR spectrum (MM-AOM, sce above) of the mononuclear cop-
per(Il) complex shown in Fig. 10.6 is in good agreement with the experimental
data, and the MM-EPR structure of the dinuclear compound is supported by ther-
modynamic data: for all ligands of the type of L3 (see Table 10.9 and Fig. 10.6)
except the two with R; =R, =H and R; = H, R, = CHj; there is only a monomeric
copper(Il) complex observable. This observation is paralleled by the fact that the
computed strain energies of the dinuclear compounds, corrected by a stoichio-
metric factor of 2, are larger than those of the monomeric compounds with the
more highly substituted ligands, while the dimeric compound is more stable for
the two least substituted ligands['6%].
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o/ \o N H H .~ ™\
o o Q N 0
o R2 R 0

NO,

Figure 10.6: The equilibrium involving monomeric (X-ray structure) and dimeric (MM-
EPR) [CuL3], (R; = R, = H; n = 1,2)[1%]

The validity of the MM-EPR method is further demonstrated with the two
structurally related dicopper(Il) complexes A and B whose calculated structures
(MM-EPR) are presented in Fig. 10.7. For both bis-macrocyclic ligands two iden-
tical cyclam-type 14-membered tetraaza macrocyclic ligands (A, 1,3,6,10,13-pen-
taazacyclotetradecane; B, 13-nitro-1,4,8,11-tetraazacyclotetradecane) are coupled
by an ethane bridge. While there might be some repulsion of the nitro groups in
ligand B, the bridgehead atoms (nitrogen in the dinuclear compound A, and car-
bon in complex B) are not expected to have a pronounced influence on the struc-
ture of the dicopper(Il) complexes. Complex B has a frozen solution EPR spec-

SR | O\
1 12 a B o Gy
3 4-o0—0-b- - ( \{l '*;x
J{ - ¢ L & ' q :
T ) < : f‘ k{ tpf_?. '*}
-\ - = P
1) r o1

B-folded

Figure 10.7: Solution structures of two structurally related dinuclear copper(Il) com-
plexes (204]
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trum that is typical of a mononuclear copper(II) complex, indicating that there is
no coupling between the two copper(Il) sites, probably due to the large separation
of the two metal centers in a stretched conformer. In contrast, the less substituted
compound A exhibits an EPR spectrum that is typical of a weakly coupled dicop-
per(Il) system, and, therefore, indicating a folded geometry***2” This struc-
tural difference might have been expected due to the steric demand of the nitro
substituents (see Fig. 10.7).

However, the strain energies of the two conformers each of A and B that are
shown in Fig. 10.7 (34 kJ mol™', 44 kJ mol™’, 52kJ mol™', 58 kJ mol™’, for A-
folded, A-stretched, B-folded, B-stretched, respectively; other conformations have
higher energy) indicate that for both complexes the folded conformation is more
stable than the stretched geometry, although the energy increase to the less stable
conformer is larger in the case of the dicopper(I) complex A (10 kJ mol™' vs.
6 kJ mol "), for which the folded geometry was observed.

As is often the case (see Sections 3.2.6 and 3.7), the molecular mechanics analy-
sis above does not include any electrostatic interaction energies. To include these,
the charge distribution and the charge compensation by ion pairing to counter ions
(perchlorate) need to be known. Model calculations indicate that an effective
charge of around +1.6 per copper center, a value that is expected from thermody-
namic considerations, leads to electrostatic repulsion energies of ca. 17 kJ mol™’
and 10 kJ mol ™, respectively, for the folded and stretched conformers. In agree-
ment with the experiment (EPR spectra) this qualitative analysis indicates a prefer-
ence for the folded structure of A, and for the stretched structure of B 2%,

Because of the approximations involved in this analysis the thermodynamic re-
sults have to be considered with caution. This is not only due to a rather crude
analysis of the electrostatic effects but also, and this is a general problem, to the
neglect of solvation in the molecular mechanics refinement. However, the struc-
tures presented in Fig. 10.7 are valuable because they are based not only on the
structure optimization by molecular mechanics but also on spectroscopic data.
This example is therefore instructive for two reasons: first, it demonstrates that,
depending on the study, the often-neglected electrostatic effects may be of consid-
erable importance. Second, not only can experimental observables help to refine
solution structures, they can also prevent a wrong conclusion. As in this example,
the combination of experimental data with molecular mechanics calculations is
often the only way to get reliable structural information.

The MM-EPR approach has been used successfully in a number of recent stu-
dies 2022063283291 "The most novel is that of the solution structure refinement of a
dicopper(Il) compound of a cyclic octapeptide *°! which is only the second struc-
ture of a dicopper(Il) compound of this type of biologically important ligand and
the first of a metal compound of an artificial cyclic octapeptide. An important de-
velopment in this area is a new method for the simulation of EPR spectra
(SOPHE)3%5326] which allows the simulation of coupled EPR spectra of polynuc-
lear species with more than two metal centers with any electron spin # 0, based
on sets of parameters similar to those discussed above.
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10.4 NMR Spectroscopy

Molecular mechanics has been used in combination with NMR spectroscopy to
solve structural problems. MM-NMR techniques have been extensively used to
solve protein structures 222> The main NMR information used in the modeling
process is based on Karplus relations and NOE effects. A number of studies invol-
ving platinum anticancer drugs bound to DNA fragments have led to important in-
formation with respect to the mode of action of this drug (see Section 17.19). Re-
cent applications also involve the simulation of paramagnetic shifts in proteins
with metal centers such as cobalt(I)[**!], In such systems, the fact that protons
close to metal centers have short relaxation times (7 and T3) can be used to es-
tablish connectivity patterns®>233%1, A&E)lications in the area of simple coordina-
tion compounds are quite rare 18297231 g1though these can be of importance as
models for metalloproteins, especially for the determination of solution structures,
where the modeling of the metal center can be one of the more serious problems
(see also Chapter 13).

The structure determination of biopolymers using NMR spectroscopy usually
involves interactions of protons?'®**%). Typically, interactions of protons (nuclear
Overhauser effect, NOE) that are close in space but separated by several subunits
of the biopolymer are used to establish the folding of the backbone. Distance re-
straints are then used to compute a structure which is checked b;/ back-calculation
of the NOE spectra and comparison with experimental results **®1 For large and
highly flexible systems molecular dynamics is invaluable for scanning the confor-
mational space.

MM-NMR techniques were recently applied successfully to a relatively small
nickel(Il) compound, a derivative of the coenzyme F430, where no long range
coupling is observed ?®2. Other studies using a combination of NMR techniques
and molecular mechanics for the determination of solution structures of low mole-
cular weight transition metal compounds include combined MM-NOE studies of
palladium(IT) phosphine complexes! '#2% the conformational analysis of a series
of molybdenum complexes with tripodal phophine and carbonyl ligands, based on
NOE spectra and force field calculations, and involving a Boltzmann-weighted
average over all conformations, and structures of cobalt(Ill) complexes refined
with empirical force field calculations based on the Karplus relation and observed
dihedral angles®°!l. The molecular mechanics models used in some of these stu-
dies are rather crude. However, the structural data are generally in good agree-
ment with the experimental data, and the studies published so far indicate the
large potential in combining NMR data with empirical force field calculations for
the refinement of structures in solution.
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11 Electron Transfer

Both the thermodynamics and kinetics of electron transfer reactions (redox poten-
tials and electron transfer rates) have steric contributions, and molecular me-
chanics calculations have been used to identify them. A large amount of data has
been assembled on Co>'/Co®* couples, and the majority of the molecular me-
chanics calculations reported so far have dealt with hexaaminecobalt(III/II) com-
plexes.

The basis for the application of molecular mechanics calculations to the ther-
modynamics and kinetics of electron transfer reactions is shown in Fig. 11.1. The
redox potential is a function of the energy difference between the ground states of
the oxidized and reduced forms of a complex, and to some extent this is related
to the difference between the strain energies of the oxidized and reduced forms
(E° = f(AHY)). The rate for the self-exchange process can also be related to strain
energies. Various methods have been used to compute the transition state structure
and its energy 1211213373381 "and there is some debate on the scientific value and
the accuracy that can be expected from these approaches. The situation is compli-
cated by the fact that, due to the neglect of solvation, entropic terms and electro-
nic coupling, incomplete conformational analyses and inconsistencies in the force
fields, there are large discrepancies between computed and experimental
data?'1#311 and, therefore, the quality of the approaches cannot be fully analyzed.
Special care has to be taken in this area not to over-interpret computed data, even
if they are fortuitously in agreement with the experiment. The requirements in an
electron self-exchange reaction are that the total energy be conserved and there-
fore, the two reactants reorganize to the same nuclear configuration prior to elec-
tron transfer. There is an infinite set of such identical configurations, and the
structure identified as the transition state must be that with the smallest reorgani-
zation energy. The two primary approaches to computing this structure and energy
(see Fig. 11.1) are: (i) to determine the crossing points of the strain energy vs.
bond distance curves of the oxidized and reduced forms; (ii) to compute the in-
ner-sphere reorganization energy AG* as 4;,,/4, where A, is the vertical internal
reorganization energy which is computed by mutating the optimized structure of
the oxidized form to the reduced form and computing its energy without refine-
ment and vice versa.

The curves in Fig. 11.1b demonstrate that the situation is more complex when
more than one isomer or conformer is present in the system. With the three con-
formers of [Co(trans-diammac)]**'>* three distinct redox potentials are expected,
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Figure 11.1: Strain energy vs. metal-ligand distance plots. (a) Parameters used in the cal-
culations. (b) Calculated curves for the three conforms of [Co(trans-diammac)]**2* 1231,

and the effective electron transfer rate (lowest AG*) does not necessarily involve
the same conformer in the oxidized and reduced forms.

The determination of the structure of the encounter complex (relative orienta-
tion of the two reactants) and the ensuing information on the stereoselectivity of
the electron transfer is a further possible application of molecular mechanics in
this field, but this has not yet been evaluated.
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11.1 Redox Potentials

Reduction potentials of hexaaminecobalt(IIl) complexes span a range of more
than 1.4V, with the lowest potential (—0.63 V) exhibited by [Co(trans-diam-
mac)]*"?" and the highest potential (+0.28 V) found for [Co(tmen);]>/** (for li-
gand structures see Table 11.1; recently, a Co(III)/Co(Il) couple with a potential
of +0.84 V has been reported B10] see below). trans-diammac leads to relatively
short metal-ligand bonds and therefore stabilizes the cobalt(Ill) state. The hexa-
amine cage ligand discussed below (Fig. 11.3) leads in the lel; conformation to re-
latively long cobalt-amine bonds, destabilizing the cobalt(Ill) state. Thus, steric
effects can make a substantial contribution to the variation in reduction potentials.

The redox potentials and the strain energies at the cobalt(III) and cobalt(I) oxi-
dation states of the most stable conformers of a number of hexaaminecobalt(IIl/
IT) complexes are listed in Table 11.1 (selected data from'**')). The strain energy

Table 11.1: Observed and calculated redox potentials of cobalt(II/II) hexaamine couples (32311,

Compound ® Total strain energy AH? ESS ESe
[kJ mol™'1® [kJ mol '}® [vi® [v]

[Co(en); 45.12 448 40.64 -0.18 -0.10
[Co(tmen);]**3* 154.33 86.22 68.11 +028  +0.28
[Co(rrans-diammac))*+** 98.56 82.00 3.01 -0.63 —063
[Co(sar)]**3* 127.73 79.73 25.52 -045 -032
[Co(sep))**>* 115.58 60.95 33.63 -030 =020
[Co(tacn),**** 109.57 82.23 8.45 -041 -055
[Co(NHj)e]*+3* 29.38 -8.78 38.16 +0.06 -0.14

) Structures
Y
N

[ j j HZ'\><: :>< N N
N N'N NH </N\>
N0 A NIV
Y "
Y=N sep trans-diammac tacn
Y=C sar

en = ethane-1,2-diamine
tmen = 1,2-dimethylbutane-1,2-diamine

® Strain energy contribution to AG® in Fig. 11.1(a). Lowest strain energy difference between identical
conformers.

© Lowest energy conformers; force field of 1581,

¥ vs. SHE.
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strain energy difference [kJ mol“]

80 T
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b:
Ey, [V]

Figure 11.2: Experimentally determined redox potentials of the hexaaminecobalt(III/II)
complexes from Table 11.1 as a function of the strain energy difference between the oxi-
dized and reduced forms[?*!],

difference between the two oxidation states was found to correlate with the experi-
mentally determined reduction potentials!'**). Fig. 11.2 is a plot of the redox po-
tentials of hexaaminecobalt(III/II) complexes with primary amine donors as a
function of the strain energy differences between the oxidized and reduced forms
(data from[®*',

The experimentally determined redox potentials are given as solid points while
the line corresponds to the calculated potentials. Based on Eq. 11.1, where F is
the Faraday constant (F = 96.5 kJ mol ') and n = 1, the slope of the line should be
96.5 kJ mol ' V! if differences in AS are neglected and strain relaxation is the
only contribution to the variation in redox potential.

AG®° = —n FE° (1L.1)

The slope of 50 k] mol™' V™' indicates that the variation of redox potentials of
over 1.0V is due to a large extent to strain relaxation. Other possible contribu-
tions to redox potentials are electronic effects!'*?), specific hydrogen bonding**%,
ion-pairing?%1313391 solvation***! and hydrophobicity **Y). The fact that differ-
ent slopes are obtained for correlations with primary and secondary amines (50 vs.
65 kJ mol™' V)21 was thought to be due to a combination of variations in the
nucleophilicity and rigidity of the ligands'?*!]. Eq. 11.2 combines these separate

correlations (@ = number of alkyl groups at the nitrogen donors).

AH strain

E° =500 _ (354 g (AHS‘”““

1285.1

— —o. 11.2
40378 00525) (11.2)
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The mean accuracy of the computed potentials is +0.08 V, and the reasonable
linearity and the fact that the intercepts are identical within the error indicate that
the neglected terms (solvation, entropy) are approximately dependent of the strain
energies, as one might expect on simple qualitative considerations 23],

Results of similar accuracy have also been obtained for copper(Il/) cou-
ples®#!1. This was unexpected since these redox processes are usually accompa-
nied by changes in the coordination number. The justification for using the strain
energy approach to estimate redox potentials of copper(II/I) couples was that the
axial ligands in copper(II) compounds are at long distances and, therefore, do not
contribute much to the strain energies, and that the bond energy differences for the
axial ligands in five- and six-coordinate complexes might be similar due to the
generally observed differences in bond distances (approx. 2.3 A and 2.5 A for 4+1
and 4+2 chromophores, respectively) >*!1. A recent report indicates that the stabi-
lity constants of copper(I) compounds do not vary much (logKc,p =~ 1442),
while those of copper(Il) span a large range (1 < log Kcunr < 20)**4. Therefore,
the variation of the reduction potentials (-0.66 ¥ < E° < 0.89 V) is almost entirely
due to changes in the stability (and strain) of the copper(Il) form.

From Fig. 11.1b it emerges that the simple electrochemical model (Eq. 11.3)
cannot be correct, and the model of Eq. 11.4 has been proposed>*3-441,

EO
A" e = AB-DF (11.3)
EO
Al+e === AP
] K, K
AT e APD?
1 . u . (11.4)
2 2
1’} K i K
AM+e” 2 AP

Here, the i conformers each of the oxidized and the reduced forms are related by
the 2(i—1) equilibrium constants K; and Kj, respectively, and by the i redox poten-
tials E. A quantitative analysis of the redox potential in the square scheme of Eq.
11.4 requires a knowledge of all equilibrium constants. For labile systems this is
only possible when theoretical methods can be applied. Molecular mechanics has
been used in this context to calculate the conformational equilibria and then to
predict the electrochemical behavior of [Co(sep)]>**"!'>!] [Co(dien),]**/?* [151)
and [Co{(S)-pn};]*"?" ) (sep is defined in Table 11.1, dien in Table 8.1, pn in
Table 8.2).

The three isomers of [Co(dien),]*"?" have, as predicted by molecular me-
chanics calculations (see also Table 8.1 in Section 8.1 for calculated and observed
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isomer ratios of [Co(dien),]*"), measurably different redox potentials (228]  How-
ever, the strain energy differences between various conformers of each isomer
were calculated to be too small for a measurable difference of the redox poten-
tials, and the order of stability in both oxidation states was the same!'>!!, A simi-
lar problem occurred with [Co(sep)]****!3!. For [Co{(S)-pn};]*"*" the four re-
dox potentials between isostructural pairs lie within the predicted range of 20 mV.
However, due to lack of resolution, a quantitative analysis was not possible.

Very different redox potentials were recently reported for the two stable confor-
mers of a hexaaminecobalt(II) complex with a cage ligand (see Fig. 11.3). Two
isomers with very different properties were isolated: one is yellow (first d-d tran-
sition at 480 nm) with a potential of E° =0.0¥, the other is blue (600 nm) with
E®°=0.84V The crystal structure of the yellow compound was solved (Fig.
11.3(2))**), for the blue compound no diffracting crystals were isolated. That
structure was solved by a combination of molecular mechanics, the simulation of
the ligand field spectra (MM-AOM) and the redox potential (MM-Redox), see
Fig. 11.3(b)B101,

H

QY e Re.v
X&QX 7 *{\"\r’ Pe /N

pi
L

(b)

Figure 11.3: Computed structures of two conformers (a, lel;; b, ob;) of a cobalt(Ill) com-

plex [\Saqiot]h the large ring hexaamine cage ligand (reproduced with permission from refer-
ence ).



11.2  Electron Transfer Rates 147

11.2 Electron Transfer Rates

The Marcus theory provides an appropriate formalism for calculating the rate con-
stant of an outer-sphere redox reaction from a set of non-kinetic parameters>*"~
3301 The simplest possible process is a self-exchange reaction, where AG=20. In
an outer-sphere electron self-exchange reaction the electron is transferred within
the precursor complex (Eq. 11.5).

[Co*P* +[Co** = [Co*]P*- - [Col** b [Co*]**- - -[Co]**
= [Co*]2++[co]3+ (] 15)

k = kAr? exp(—AG*/RT) (11.6)

The electron exchange rate k£ (Eq. 11.6) is a function of the transmission coeffi-
cient k (approximately 1 for for reactions with substantial electronic coupling
(>4 kJ), i.e., for adiabatic reactions), the effective collision frequency in solution
(Z~ 10" M 57! ~ 4/?) and the free energy term AG*.

In this simple form of the Marcus theory, two terms, the reorganization of the
inner coordination shell (AG*;;,) and that of the solvent sheath (AG*,,,), both de-
scribing the degenerate transition state geometry, contribute to AG*. While mole-
cular mechanics might also be used to model the encounter complex, force field
calculations have mainly been applied to the estimation of the inner coordination
shell reorganization term (AG*;,)!?!!-336-338351-353]

By leaving all other terms constant one cannot expect accurate predictions of
the self-exchange rates, and the magnitude of variations in the rates due to various
terms gelectronic coupling, encounter complex formation etc.) has been esti-
mated °>*. Therefore, the calculated rates presented in Table 11.2 are surprisingly

Table 11.2: Observed and calculated electron self-exchange rates of cobalt(III/IT) hexaamine com-
(2311
plexes .

Compound ¥ Calc® Obs
[Co(en)sP+*" 2.55-107* 34-107°
[Co(tmen);>*** 1.66-107® 8.5-107%
[Co(sar)]>*"** 0.72 2.1
[Co(sep)]*™** 0.052 5.1
[Co(trans-diammac)]*7>* 11 (900)
[Co(tacn), """ 0.013 0.19
[Co(NH3)eP " 43-107° 1-1077

) For structures, see Table 11.1.
®) Force field of [°®; strain energy contribution to AG* (see Fig. 11.1a):
AH* =2 H, — HEWUD _ o)
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accurate. These have been obtained by the computation of strain energy vs. M-L
curves for the oxidized and reduced forms of all conformers and computing the
lowest energy transition state. Since the force field used did not include any angu-
lar constraints, it is likely that the corresponding crossing point is the common nu-
clear configuration with lowest energy.
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12 Electronic Effects

The structure and stability of a metal complex are both intimately related to the
distribution of electrons within the complex. Thus, the two types of information
directly available from empirical force field calculations are subject to any varia-
bility in the electron distribution. The problem of how such “electronic effects”
can be accounted for in a general parameterization scheme is a many-faceted
theme. Central to the molecular mechanics concept is that, in contrast to quantum
mechanics, the electron distribution in a molecule is regarded as localized and in-
variant. While the influence of substituents can be accounted for by the assign-
ment of different atom types, modeling of highly and variably delocalized systems
is less trivial. Conjugated m-systems can be treated with n-electron MO-calcula-
tions coupled to molecular mechanics*>*). With compounds involving metal cen-
ters such calculations remain a considerable problem. However, the principal chal-
lenge in the molecular modeling of transition metal compounds is that of describ-
ing the influence exerted by the d-electrons.
Compounds with partly filled d-orbitals have two peculiarities:

— a number of electronic ground states may be accessible; and
— when there is an unsymmetrical occupation of the d-orbitals, not all bonds to
the metal ion are equivalent.

The electronic ground state that a particular metal center adopts is a function
of the chromophore. In many cases the ground state can be derived from chemical
knowledge (e.g. octahedral cobalt(IIl) (lAlg) or tetrahedral Ni(Il) (*T,) com-
plexes). However, based on the molecular mechanics formalism alone, this pro-
blem cannot be solved in a general way. Let us consider coordination compounds
that are close to the spin-crossover limit (for example hexacoordinate tron(ll)
(lAlg / 5T2g)). In these cases it is not possible to assign the atom type of the metal
center without further information (experimental or theoretical). Therefore, mole-
cular mechanics alone is not always able to predict the structural properties.

Even with an assumed or experimentally determined knowledge of the electro-
nic ground state (e.g., by ligand field spectroscopy) modeling of specific electro-
nic effects due to partly filled d-orbitals such as Jahn-Teller effects, frans influ-
ences and m-backbonding is not trivial. However, if molecular mechanics is used
as a technique for the approximate calculation of energy surfaces with a set of
functions and corresponding parameters that have been derived from experimental
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data (see Chapter 3) new functions and parameters that account for d-orbital ef-
fects can be added to the set of potential energy functions used in the classical
molecular mechanics method. Some examples are described in this Chapter.

Three approaches have been used to directly include electronic effects in mole-
cular mechanics-based modeling of transition metal compounds, and these have
been described in Sections 3.2, 3.2.2 and 3.6: Hybrid QM/MM methods, valence
bond concepts used as a basis for a new molecular mechanics model and a combi-
nation of molecular mechanics with angular overlap model terms. The most far
reaching method is that of embedding ab-initio quantum mechanics into molecu-
lar mechanics models, e.g., the IMOMM methods, where parts of a molecular
structure (typically the chromophore) are computed with quantum-mechanical
methods whereas the rest is optimized by molecular mechanics**®!. The VAL-
BOND model is an elegant rule-based force field, which computes gross hybridi-
zations from the topology of the starting structure and refines them by Bent’s
rule-type algorithms'”®). An elegant approach with respect to electronic effects
based on open d-shelis is the CLF/MM method, which uses a cellular ligand field
(CLEF, i.e., an an%ular overlap model (AOM)) — based term in the set of potential
energy functions!’’>>7), This approach has been used to accurately compute Jahn-
Teller distorted copper(II) compounds, high- and low-spin nickel(Il) species with
a single set of force field parameters and trans influences in planar d® com-
plexes "),

12.1 d-Orbital Directionality

In principle, the valence angles around metal ions can be described in much the
same way as valence angles in organic molecules, i.e., with a harmonic function.
Solutions to the problem of modeling complexes with higher coordination num-
bers that lead to regular polyhedra with two or more different types of angles (for
instance 90° and 180° for octahedral, and 90°, 120° and 180° for trigonal bipyra-
midal structures) have been described!’®!?*! (see also Sections 3.2.2 and 3.6).
A more serious problem is that, with a given coordination number, various geome-
tries may be accessible, e.g., square pyramidal or trigonal bipyramidal for penta-
coordination and pentagonal bipyramidal or monocapped trigonal prismatic for
heptacoordination. One possibility for dealing with this ambiguity is to decide
which is the appropriate type of coordination polyhedron before minimization and
then use a geometry specific parameter set. However, this leads to a loss of the
predictive power of molecular mechanics calculations. Three approaches to mod-
eling the d-electron directionality have been reported: The VALBOND module
that uses a hybrid orbital-based term for the molecular shape (see above), the
CLF/MM model that uses a cellular ligand field stabilization energy term for the
coordination geometry (see above), and an approach based on a combination of
nonbonded interactions and a harmonic sine function for the optimization of the
angular geometry, which will now be discussed in detail.
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The points-on-a-sphere (POS) approach represents a general way of modeling
coordination polyhedra and is based on the remarkably successful prediction of
the coordination geometry based on ligand-ligand repulsion alone®®. Non-
bonded interactions between donor atoms have been included in a force field
parameterization in which they replace the ligand-metal-ligand angle func-
tions'*”], This method has been used successfully to calculate structures and
strain energies of a wide range of coordination compounds with a variety of co-
ordination numbers and geometries>’*% #9 In essence, the inclusion of 1,3-non-
bonded interactions around the metal center does not explicitly define any d-or-
bital directionality (electronic effects). However, the ligand-ligand interactions,
which in this approach determine the coordination geometry, are strongly depen-
dent on the metal-ligand distances, which in turn are a function of the ligand
field strengths.

Nevertheless, from more recent studies it emerges, not unexpectedly, that the
model based on 1,3-interactions alone sometimes leads to structural predictions
where the angular geometry is not modeled satisfactorily®®). From this and the
fact that the approach of using exclusively ligand-ligand interactions to define the
geometry of transition metal chromophores was successful in many examples, it
follows that repulsion is an important, but not the sole, factor in determining the
ligand arrangement around a metal center. That is, the angular geometry about the
metal center is best modeled by including ligand-ligand interactions and an addi-
tional term describing the electronic metal preferences.

For octahedral and square planar geometries the ligands are located along the
cartesian axes. The simplest function with minima at 90° and 180° is a harmonic
sine function. Since the c-bonding e, set of d-orbitals is directed along the carte-
sian coordinate axes, it is possible that this type of function can be used in general
cases (at least when c-bonds are predominant), i.e., not only for square planar,
square pyramidal and octahedral geometries. This clearly would enhance the uti-
lity of the method since no assumptions in terms of the coordination geometry
would then need to be made prior to structure optimization. However, the enforce-
ment of planarity by the harmonic sine function could require large force con-
stants and therefore lead to some distortion within the plane. A plane twist func-
tion has therefore been developed with a harmonic potential to enforce planarity
without enforcing any direction of the metal-donor vectors within the plane (1091

The amount of the electronic contribution to the total strain (force constant
kLML'a EqS 121, 122,

1
ELML’ = gkLML’ Sil’l2 26 (121)
kimy = ¢ - F.Mz'ﬁ (12.2)

the parameters for the 1,3-interactions are the same as in the pure interligand re-
pulsion approach, and independent of the metal ion) is a function of the ligand
field strength®%?*!] and is determined as follows. The angle bending force con-
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stant kv is first fitted to a series of cobalt(IIl) hexaamines with widely varied
chelate and trigonal twist angles. The resulting constant c is then adjusted for ef-
fects due to the d-orbital occupancy of the metal center (F; see Table 12.1; spin-
pairing energies are neglected) and the ligand field properties (spectrochemical
series) which are assumed to be a function of the metal-ligand bonding force con-
stant of the two relevant ligand atoms, kyyp and k.

In principle, the resulting angle bending force constants are generic parameters
(Table 12.2). However, in the light of the discussions on the relationship between
force field parameters and physical reality presented in Section 3.5, the generic

Table 12.1: Crystal field effects in octahedral fields.

d" Configuration  Stabilization energy in Dq and P
high spin
d° 0
d! th -4D

2g q
d? 3, -8Dq
a t3g -12Dgq
d* tgg e; -6 Dq
& g €2 0
d° t3g €2 -4Dq+P
& e €5 -8Dq+2P
d® 15, €2 ~12Dq+3P
& 5 e -6Dq+4P
qrw €g 0Dq+5P
low spin
d* t3, -16 Dg+P
& e —20Dg+2P
d° S, 24Dq+3P
d’ S, el 18Dq+3P

a

) crystal field stabilization and spin pairing.

Table 12.2: Force constants for the harmonic sine function for hexacoordinate transition metal hex-
: [58]
amines ™.

Metal ion kv [mdyn A]
cr! 0.025
Co! 0.017
Co! 0.050
Nilt 0.025

Cul" 0.013
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angle bending force constants are, instead, good starting points, which can be im-
proved (where necessary) through fitting to experimental data.

Some examples (different electronic ground states) of experimentally deter-
mined structures and geometries obtained by strain energy minimization with the
two models, i.e., with and without the harmonic sine term for the metal-ligand-
metal interaction, are presented in Table 12.3.

Table 12.3: Some examples showing the improvements in structural predictions with the harmonic sine

function 5&231],
Complex ¥ Parameter®  X-ray Urey—Bradley”  Urey—Bradley

] and electronic term ¥
[Co(tmen)s]* 7} 4453581 41 44
[Ni(tn);]** N-Ni-N 174-1773%°1  165-167 170-174
[Cu((R)-ahaz)((S)-ahaz)]** O o360l 8 0

) Structures

3+
HZN\ /NH2 2*
N C ,l M /NH\
& / '\ (

NH
H 2

[Co(tmen)]3* [Nl(tn)3]2+ [Cu((R)-ahaz)(S)-ahaz)]?*
) 5 trigonal twist angle; octahedron: @5 = 60°; trigonal prism: ( = 0°;
6: tetrahedral twist angle; square plane: 6 = 0°, tetrahedron: 6 = 90°.
©) 1,3-interaction alone ",

9 1,3-interaction and harmonic since function [58:231]

While bond distances were generally well reproduced with the earlier, simpler
force field®”:**) the addition of the harmonic sine term has led to a considerable
improvement in terms of the reproduction of the angular distortions, which were
previously overestimated in highly strained complexes.

12.2 The trans Influence

The trans influence is defined as the extent to which a coordinated group length-
ens the bond trans to itself. The origin of the frans influence is thought to be elec-
tronic: ligands that are frans to each other can compete for a stabilizing interac-
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tion with an empty metal c-orbital and/or a filled metal d-orbital through n-back-
bonding. The ligand that is able to form stronger bonds with the metal causes the
bond to the ligand in the trans position to weaken and lengthen. It is well estab-
lished that the relative extent of the trans influence is dependent on both the do-
nor group and metal center '),

Thus far, trans influences have usually been modeled by using separate sets of
force field parameters for the bonds that are frans to each other!'*®!. In this way
molecular mechanics loses some of its predictive power. In a series of metal ions
and donor groups with known electronic properties it should be possible to estab-
lish an algorithm that generates corrections to the bonding parameters with regard
to the type and disposition of the ligand atom. An interesting development in this
respect is the concept of half-integer bond orders used to model n-backbonding in
transition metal complexes!?’). More exciting in this respect is the CLF/MM
model which has been used to model trans influences in square planar d® com-
plexes with a single set of parameters 71 Since d-orbitals are centrosymmetric in-
dividual perturbations from centrosymmetrically related donors cannot be sepa-
rated. This problem was overcome and good quality predictions were obtained by
the definition of artificial ligand-ligand stretching potentials[’”).

12.3 Jahn-Teller Distortions

In a non-linear molecule with an electronically degenerate state, a structural distor-
tion (static or dynamic) must occur that lowers the symmetry and, therefore, removes
the degeneracy and lowers the total electronic energy 223 ). This situation applies
to a number of metal complexes and coordination geometries, hexacoordinate d’
complexes being the best known example. Copper(Il) complexes are both structu-
rally and spectroscopically well characterized, and many biologically relevant com-
pounds have been identified and studied *4~3671. Therefore, it is not surprising that
a number of studies reporting molecular mechanics calculations of copper(Il) spe-
cies have appeared in the literature [37:6%-120,123.163.165.166,204.273.368-372] 'The non-tri-
vial problem of accounting for Jahn-Teller distortions in the molecular mechanics
formalism has been tackled with four different strategies:

— The axial ligands (often anions in the solid or solvent molecules in solution)
are fixed at a given distance!'2%2%8-3%%] Thjs method has been used to model
the geometry of the in-plane ligands which depends on nonbonded interactions
to the axial donors. Accurate results are only expected if the position of the
axial ligands is known, and that is only possible if an experimentally deter-
mined structure is available. Consequently, the range of applications of mole-
cular mechanics calculations is restricted and the predictive capability is lost.

— Two different parameter sets for axial and in-plane ligands are used!>76%16%
166:204.273] While the exact structure of the chromophore does not need to be
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known for this approach, the direction of the elongation (or compression) has
to be specified beforehand. Therefore, this method too is not generally applic-
able but it covers a wide range of axially distorted copper(II) compounds with
structurally predetermined Jahn-Teller influences. For example, copper(Il) com-
plexes with four amine donors, bis (amino acid) compounds and complexes
with tetraaza, tetrathia and mixed-donor macrocyclic ligands generally have
weakly bound axial donors®”>],

— The CLF/MM method (see Chapter 3 and above) uses a cellular ligand field
stabilization term and arrives at relatively accurate predictions of Jahn-Teller
distortions with a single set of parameters (see Table 12.4)"7),

— A general approach for predicting Jahn-Teller distortions of copper(Il) hexaa-
mines has been published, and it has the potential to be applied to donor
atoms other than nitrogen, metal centers other than copper(Il), and various
types of coordlnatlon polyhedra®”?. The method is based on a harmonic first-
order model "1 where the Jahn Teller stabilization energy is the result of the
Qs distortion mode (Eqgs. 12.3, 12.4, Fig. 12.1).

1

1\}
Qs = (12) -(0x1 + 0x3 + Oy3 + Oys — 20z5 — 2 6z¢) (12.3)

1
Q. = 5" (0x1 + 0x2 — Oy3 — Oya) (12.4)

This distortion leads to a gain of electronic energy, i.e., the Jahn-Teller stabili-
zation energy Ejras defined by Eqgs. 12.5, 12.6,

EZ = {(—0.01198)(6x)(A)} /ro  [kJ mol™'] (12.5)

Ejr = {(—0.02396)(62)(A)} /ro  [KJ mol '] (12.6)

Qo Q¢

Figure 12.1: The two compounds of the ¢, Jahn—Teller active mode.
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Table 12.4: Optimized structures of Jahn—Teller distorted CuNg chromophores o 1372,

Compound®” In-plane Axial
X-ray Calcd. X-ray Calcd.

[Cu(tach),]** [374] 2.07 2.07 2.35 234
[Cu(bpy)s}** [375] 2.03 2.04 234 234
[Cu(phen)s]** [376] 2.04 2.04 2.33 2.35
[Cuterpy)]*" [377] 2.04 2.04 229 234
[Cu(en)s]** [378] 2.08 2.06 234 2.37
[Cu(9ane3),])*" [379] 2.06 2.06 2.32 235
[Cu(pzpy).]** [380] 2.01 2.03 2.39 2.36
[Cu(tptz)(pca))** [381] 2.03 2.06 2.38 2.37
[Cu(im)s]** [382] 2.03 2.01 2.59 2.39

3 The direction of the elongation was correctly predicted in each case.
® References for the x-ray data; structures:

S ~'Iz+ —‘2+

NH,
HN—_ | NH, N
\ U/ /\Cu/,;‘
el | T NSNS
NH, N

[Cu(phen):’]2+

[Cu(terpy)zl2+
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Table 12.4 (continued)

ECU(pzpy)ZJH o
(Cu(tpz)(pce)f*
‘_\2+
[NH
HN\\\ ' ) / NH

N
@/ ‘N \“QH

HN
{7

74
N
. 2+
[Cu(im)g

where A is the ligand field stabilization energy. The decrease in energy due to the
electronic stabilization (there is a linear dependency on the total nuclear displace-
ment) is counterbalanced by an increase in strain in the molecule, associated with
bond elongation and compression. This situation is illustrated in Fig. 12.2, which
shows a cross-section through the two potentials (strain and electronic) along one
Qo direction. Strain energy minimization with the usual set of potential energy
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! Energy

Figure 12.2: Total energy as

a function of the strain energy
Egrand the Jahn-Teller stabi-
compression elongation lisation energy Eyr.

functions and including the electronic term (Ejr, see Eqs. 12.5, 12.6) along the
three possible axes for elongation leads to the prediction of the direction of the
elongation (relative total energy in the three directions), and to an accurate predic-
tion of the corresponding structures (see Table 12.4; included in the table are data
produced with the CLF/MM approach!”’)). The only case, with a large discre-
pancy between the calculated and observed structure is the hexakis(imidazole)
complex. One possible reason for the failure of the simple model in this case is
that the monodentate ligands are not restricted by intraligand strain from large
elongations. Therefore, a harmonic representation of the bonding function might
be a poor approximation in this case.

An interesting case of a Jahn—Teller distorted hexacoordinate copper(ll) com-
plex is shown in Fig. 12.3. The elongation along the O-Cu-O axis leads to a
loss of delocalization within the hfacac ligand skeleton. Clearly, the simple

Figure 12.3: Structure of [Cu(hfacac),(bpy)] ***]
H CF; (bond distances in A).
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“electronically doped” molecular mechanics model will not be able to predict
this additional distortion within the organic part of the molecule. The question
is whether any method can be found for solving a problem involving the inter-
play of two electronic factors while at the same time retaining the advantages
associated with the simplicity and general applicability of molecular mechanics
calculations.
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13 Bioinorganic Chemistry

During the last decade there has been a rapid growth in the application of molecu-
lar mechanics and dynamics to biological macromolecules and to the study of
their interactions with small molecule substrates. Structure-based drug design has
been a powerful driving force behind much of this expansion and most of the
more recent studies have made use of commercially available packages combining
software and graphics. That there has not been a comparable growth in the study
of bioinorganic systems is probably due in part to the fact that there are relatively
few metal based drugs or drugs that act by binding to metal centers. However, a
second deterrent has undoubtably been the difficulties associated with modeling
the metal-centered sites of interest. Significant advances have been made but
none of the commercially available packages is yet able to model routinely and
accurately the full range of such sites. The importance of metalloprotein systems
will drive further developments in coming years *%4,

In this chapter we survey the molecular mechanics and dynamics studies of
bioinorganic systems. We also address the problems involved in carrying out such
studies and point to possible strategies for dealing with them.

13.1 Complexes of Amino Acids and Peptides

The detailed structural study of metalloproteins was preceded by the study of
small molecule metal complexes of amino acids and peptides 13851 The develop-
ment of force fields for modeling metalloproteins might, logically, also begin
with molecular mechanics modeling of amino acid and peptide complexes that
have metal-ligand interactions of the type seen in the metalloprotein of interest.
In this way, force field parameters can be developed that accurately reproduce the
details of precisely determined structures. Surprisingly then, there have been very
few molecular mechanics studies of metal complexes of amino-acids or small
peptides and most of these have been of cobalt(Ill) systems. For example, the
three isomers of [Co(L-methionine),]*" (Fig. 13.1) have been modeled **¢1. This
is a system of no direct biological relevance but is one which was chosen to begin
the task of extending, in a step-wise fashion, an existing force field to enable the
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Figure 13.1: The three isomers of bis(L)-methioninecobalt(III).

study of metal-polypeptide interactions. Some mixed ligand complexes of cobalt
(II) with amino acids have also been investigated **°). There have been a number
of molecular mechanics investigations on copper(ll) complexes of amino
acids!"**! and amino acid derivatives!'%**713¥7] A force field for metalloporphyr-
ins has also been developed by modeling small-molecule complexes ™).

The paucity of molecular mechanics modeling of small molecule analogues of

active sites of metalloproteins is certainly due in some cases to the lack of suita-
ble analogues. Highly constrained and unusual metal environments are common
in metalloproteins. Examples are the geometrically unusual type I copper sites in
blue copper proteins [388] and the three-coordinate iron sites in nitrogenase (3891 1n
such cases development of force field parameters can only proceed by logical ex-
tension from those developed for well-characterized systems. As yet, there are
only few examples of small-molecule analogues that mimic the structures and
properties of these and other sites 2521,
Cyclic peptides can be viewed as a step on the way from the modeling of uncon-
strained peptides to folded proteins. The copper(Il) complex of a cyclic octapep-
tide has been investigated by molecular mechanics and EPR spectroscopy and the
structure was found to be in accord with those of closely related complexes 2%,
Similar combined approaches are also applicable to metalloproteins.

13.2 Maetalloproteins

One motivation behind the modeling of metalloproteins has been the need to vi-
sualize the structures of proteins that cannot be crystallized. In order to do this in
a reliable way it is necessary to know the structure of a closely related protein.
For example, a model of the type I copper-containing protein stellacyanin was de-
veloped using the crystal structure of cucumber basic protein (CBP) as a starting
point®%%). The geometry about the copper center in the CBP structure (Fig. 13.2)
was assumed to be the ideal geometry, and soft bond length and bond angle force
constants were used in order to allow for some variation in the geometry. Impro-
per torsion angles were used to constrain three of the donor atoms and the copper
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7/“““' Figure 13.2: Proposed geometry of the blue-copper

o site in stellacyanin.

ions to be close to coplanar since this accorded with the crystal structures of
many blue-copper proteins**®). Such techniques for modeling the metal center
have little or no predictive value but in this case the aim of the study was to de-
velop a model of the secondary structure of the protein stellacyanin rather than
one of its metal center.

The opposite approach of keeping the bulk of the protein geometry fixed to that
observed crystallographically while optimizing the geometry of the active site and
its immediate surrounds has also been investigated. In a study of plastocyanin and
amicyanin, the geometry about the copper(I) centers was well reproduced *°'1.

An alternative approach to representing the metal center has been developed
for zinc(Il) centers and applied to the modeling of the interaction of natural sub-
strates and inhibitors of the enzyme human carbonic anhydrase'%>2%%3%31 Struc-
turally characterized four-, five- and six-coordinate small-molecule complexes of
zinc(IT) were analyzed to determine the distribution of bond lengths and angles
about the zinc ion. A function was developed that was able to reproduce these
structural features and was added to the program YETIP**, developed for model-
ing small molecule-metalloprotein interactions.

A limitation of this approach is that it is necessary to assign the coordination
number, and, when modeling five-coordinate sites, it is necessary to assign the
geometry as either square pyramidal or trigonal bipyramidal prior to energy mini-
mization. This allows the relative energies of the two five-coordinate geometries
to be investigated but limits the predictive value of the method. Also, it does not
readily allow for the many intermediate coordination numbers and geometries to
be reproduced. However, the method did yield useful models of the interactions of
human carbonic anhydrase with either the natural substrate, bicarbonate, or a ser-
ies of sulfonamide inhibitors. A revised model which does allow for flexibility in
coordination number and geometry has been developed more recently and has
been used to study both native and cobalt(Il) substituted versions of carbonic an-
hydrase 113%%],

The solution structures of a number of metalloproteins with paramagnetic metal
centers were determined with molecular mechanics and dynamics in combination
with NMR spectroscopy (see also Chapter 10)13327335] Duye to the complexity of
the molecules, for metalloproteins a crystal structure of the compound or a deriva-
tive is often needed for the definition of the starting geometry. Molecular dy-
namics is then used to find low-energy conformers. The dynamics calculations
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also allow the visualization of areas of large flexibility, and this can lead to some
understanding of the enzyme mechanism.

Metalloenzymes pose a particular problem to both experimentalists and mode-
lers. Crystal structures of metalloenzymes typically reveal only one state of the
active site and the state obtained frequently depends on the crystallization condi-
tions. In some cases, states probably not relevant to any aspect of the mechanism
have been obtained, and in many cases it may not be possible to obtain states of
interest, simply because they are too reactive. This is where molecular modeling
can make a unique contribution and a recent study of urease provides a good ex-

: {191] .

ample of what can be achieved''”"!. A molecular mechanics study of urease as
crystallized revealed that a water molecule was probably missing from the refined
crystal structure. A conformational search of the active site geometry with the
natural substrate, urea, bound led to the determination of a consensus binding
model!'?!], Clearly, the urea complex cannot be crystallized because of the rate at
which the urea is broken down to ammonia and, therefore, modeling approaches
such as this represent a real contribution to the study of metalloenzymes.

An important precursor of such studies is the investigation of model compounds
that are fully characterized. For instance, the end-on mode of dioxyfir,en binding in
dicopper complexes has been investigated by molecular mechanics%!. The suc-
cessful reproduction of the structures of such model comFounds provides a sound
basis for the modeling of similar sites in metalloenzymes >%7).

13.3 Metalloporphyrins

There have been a number of studies of the important class of proteins that have
metalloporphyrin active sites. Models for the metalloporphyrin and corphinoid sites
have been derived by modeling small molecules and extending the AMBER ! and
MM2 force fields®~!9¢-3%81 A slightly modified version of the AMBER force field
has been used in a molecular dynamics simulation of hydrogen peroxide binding to
the heme iron in cytochrome ¢ peroxidase ®®!. The use of modeling in this case en-
abled the investigation of a putative ‘inner-sphere’ complex, proposed as a precur-
sor to the activated form of the enzyme. The CHARMM force field was used in a
study of the temperature dependence of both the structure and the internal dy-
namics of (carbonmonoxy)myoglobin®”). Force constants for the iron-heme and
iron-CO interactions were taken from vibrational data of model compounds and
from iron carbonyl complexes. The geometry about the iron was assumed to be rig-
orously octahedral**!. A detailed analysis was made of the movements of the iron
center with respect to the heme group and it was found that the largest-amplitude
motions were perpendicular to the heme plane [*°%.

The geometry of metalloporphyrins and other tetrapyrroles have been studied in
detail by molecular mechanics. The effect of (i) the size of the metal ion, (ii) axial li-
gation by planar ligands, such as imidazoles, (iii) the phenyl group orientation in tet-
raphenyl porphinato complexes, and (iv) the flexibility of the porphyrin macrocycle,



13.3  Metalloporphyrins 165

were analyzed using a modified version of MM2 (401 1t was found that as one goes
from small ions to large ions the ideal porphyrin conformations go from ruffled or
saddle-shaped conformers to planar forms and to domed structures for very large
ions such as lead(IT) (Fig. 13.3). The role of steric hindrance in discriminating be-
tween carbon monoxide and dioxy§en in some haem model compounds has been stu-
died with AMBER **! and MM2°®], and the analysis of structure-sensitive Raman
lines in nickel and copper porphyrins have been complemented by modified DREID-
ING force field calculations [*027404],

The last step of methanogenesis by archaebacteria is catalyzed by coenzyme
F430, which contains nickel coordinated to the most reduced tetrapyrrolic macro-
cycle found in nature to date. An empirical force field analysis has shown that the
macrocycle is so flexible that it can coordinate coenzyme F430 in both a planar
or a trigonal bipyramidal mode!'%®). This study involved a modified MM2 force
field in combination with an extensive conformational search using the random
kick method, molecular dynamics and a Monte Carlo dihedral search. The same
force field and search methods were used in a study following the crystal struc-
ture determination of a coenzyme F430 derivative, 12,13-diepi-F430M. The force
field reproduced the new structure well and led to further important insights into
the conformational changes accompanying the epimerizations of coenzyme F430
that occur upon its isolation*®>). The molecular mechanics analysis of the conse-
quences of porphinoid reduction on the core size and flexibility of the macrocycle

®)
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Figure 13.3: (a) Planar, (b) ruffled,

(¢) saddle, and (d) dome conformations
of metalloporphyrins.
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showed that the core size increases and the flexibility remains constant when the
reduction occurs at the B-pyrrole position (chlorin, isobaceriochlorin, pyrrocor-
phin). In contrast, the core size decreases and the flexibility increases when reduc-
tion occurs at the methine posxtlons[ 06

Metal complexes of corrin ligands have also attracted interest. The MM2 force
field has been extended to allow modeling of corrin systems including adenosyl-
cobalamin (coenzyme B;,)*"’). The conformational flexibility of the 5'-deoxy-
adenosyl ligand was 1nvest1gated and molecular dynamics calculations with NMR
distance derived restraints were used to investigate the motions of the atoms and
the corrin fold angles.

13.4 Metal-Nucleotide and Metal-DNA Interactions

Molecular mechanics and dynamics studies of metal-nucleotide and metal-DNA
interactions to date have been limited almost exclusively to modeling the interac-
tions involving platinum-based anticancer drugs, an area that has been reviewed
extensively. As with metal-amino-acid complexes, there have been surprisingly
few molecular mechanics studies of simple metal-nucleotide complexes that pro-
vide a means of deriving reliable force-field parameters. A study of bis(purine)-
diamine-platinum(II) complexes successfully reproduced the structures of such
complexes and demonstrated how steric factors influenced the barriers to rotation
about the platinum(IT)-nitrogen(purine) coordinate bonds associated with intercon-
version of the head-to-head (HTH) to head-to-tail (HTT) isomers (Fig. 13.4)[135 I,

In the process, force field parameters for the platinum(Il)-nucleotide interac-
tions were developed. In two more recent studies the force fields for purine-plati-
num(II) complexes have been reassessed and the influence of repulsions involving
the metal ion have been investigated °*°?). The van der Waals radii derived for
the platinum(IT) ion varied from 1.7 to 2.44 A. A promising approach involving
the use of ab-initio calculations to derive force constants has been applied to the
interaction between platinum(Il) and adenine %%

There have been numerous studies of the interaction of the highly effective an-
ticancer drug cisplatin, cis-[PtCl,(NHz),], with DNA. The majority of these stu-

8(pt ‘8 8{ ‘N
Figure 13.4: The head-to-head and

head-to-tail conformers of bis(purine)-
HTH HTT platinum(IT) units.
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dies have concentrated on the adduct formed between the platinum(II) ion and
two adjacent guanine bases (G) on one strand of DNA: this is the adduct formed
most frequently in the interaction between platinum and DNA. For instance, such
adducts in a number of DNA sequences have been modeled with the emphasis
being on analyzing the effect of adduct formation on the local and global confor-
mation of the DNAM®~*11 This analysis yielded values for the unwinding and
bending which have since been used in the interpretation of experimental determi-
nations of such structural parameters!'*®). A number of similar models have been
produced in which the details of the hydrogen bonding networks associated with
the adduct vary*'%*!%]_ All of these studies have revealed direct or indirect hydro-
gen bonds between the ammine ligands and the DNA molecule, which accords
with the observation that replacement of all amine protons with methyl or methy-
lene groups leads to a loss in anticancer activity.

The observation that cisplatin forms adducts with the GpG and ApG (G = gua-
nine, A = adenine, p = phosphate) sequences of DNA but not with the GpA se-
quence has also been probed by molecular mechanics!"*%*'*] In this case it was
found that the nature of the interactions of one of the ammine ligands depended
on the base on the 3’ side (the second in the sequence). When this base is guanine
the interaction is a strong hydrogen bond but when it is adenine the interaction is
a repulsive interaction between the same ammine ligand and the exocyclic -NH,
group of the adenine. This is consistent with formation of the adducts with GpG
and ApG and the nonformation of the adduct with GpA.

Models of adducts that link one strand of DNA to the other (interstrand) have
also been produced!'*'*'*1. These too, reveal hydrogen bonding interactions con-
sistent with established structure-activity relationships. The models have been
used to aid in the design of new platinum(Il) complexes that should form the in-
terstrand adducts in preference to intrastrand adducts ™',

Stereo- and enantio-selectivity arising from steric interactions between DNA
and bulky platinum(IT) complexes have been investigated by molecular mechanics.
Good correlations between the extent of binding and steric interactions were ob-
tained for the R and S enantiomers of [PtCl,(ahaz)] (ahaz = 3-aminohexahydro-
azepine) 7.

The interaction of the inactive frans analogue of cisplatin with DNA has also
been modeled using molecular dynamics™'®). In this case the modeling was car-
ried out as part of a broad study of the distortions of the DNA structure caused by
trans-[PtCl,(NH;),]. The distortions were measured experimentally and the mod-
eling was used as an adjunct to the interpretation of these experiments, an ap-
proach that is being used increasingly in studies of bioinorganic systems. The 1,3-
adduct formed by trans-[PtCl,(NH;),] has also been studied using a novel internal
coordinate molecular mechanics method ('),

There have been few modeling studies of analogues of cisplatin binding to
DNA. The effect of increasing steric bulk on one of the amine groups has been
investigated using molecular mechanics [412] 1t was concluded that the increasing
binding energy that followed from increasing steric bulk, correlates with decreas-
ing anticancer activity. Also, the differences in anticancer activity of the cis,
trans-(S,S), and trans-(R,R) isomers of cyclohexane-1,2-diamine have been inves-
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tigated **°!. Small differences in the hydrogen bonding interactions referred to
above were observed but it could not be determined whether these were sufficient
to account for the differences in activity.

The effects of steric bulk of both platinum complexes and the nucleobases have
been investigated using a novel “ligand repulsive energy” (LRE) methodol-
ogy**'=*%] The employed methodolgy differs from other molecular mechanics
studies but the analyses allow for the comparison of many ligands and provide an
understanding of the role of substituents in slowing binding and of the role of
shape features such as the “flatness”.

New classes of platinum(Il) anticancer drugs such as bisplatinum and trans
complexes interact with DNA in novel ways and, therefore, it is not surprising
that these too have been the subject of molecular mechanics studies. For instance,
the kinetics of binding of {[frans-PtCI(NH;),],(1n-NHo(CH,),NH,)}>* (1,1-t,t) to
the dinucleotide dGpG and the structure of the product have been investigated
using molecular mechanics guided by NMR results!?*]. The trinuclear complex,
BBR3464, is able to link widely separated bases on DNA, and molecular model-
ing has been used to determine the relative stabilities of 1,4-interstrand and 1,5-
intrastrand adducts***!. A modification of the AMBER force field has been used
to study the binding of trans complexes of the type [PtCl,(NH;)L] where L = qui-
noline or NHj, to nucleobases and to DNA. In the models of DNA binding a
stacking of the quinoline and the nucleobases was observed [!2%426],

The use of NMR to study platinum(II)/oligonucleotide adducts has developed
rapidly in recent years. All such studies require molecular mechanics or related
modeling methods to supplement the 2D NMR data and the combination has been
used very successfully. For example, isomeric forms of the [Pt(GpG)hpip] (hpip =
homopiperazine) complex have been identified using NOESY crosspeaks between
the hpip and GpG ligands'*?”). The structures of oligonucleotides with cisplatin
bound intrastrand to GpG and ApG sites have been determined**8~**!] a5 have
structures with interstrand and 1,3-GpTpG intrastrand complexes [*3%433],

Molecular modeling of the noncovalent interaction between trisphenanthroline
metal complexes and DNA has been used to aid in the interpretation of the NMR
spectra of these systems!***, The AMBER force field was used to model the
DNA, and the metal complex/DNA systems were energy-minimized. Distances ta-
ken from the energy minimized models were used to calculate relaxation rates
and compared with the experimentally determined data [*>*],

13.5 Other Systems

The naturally occurring ligand, enterobactin (Fig. 13.5) is one of the most effi-
cient binders of iron(Ill). It forms complexes which have strictly right-handed
chirality and the reasons for this have been analyzed using molecular mechanics
methods, as have the reasons for the superiority of enterobactin as an iron-binding
ligand (3%,
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OH Figure 13.5: Enterobactin.

The bleomycins (Fig. 13.6) are a family of glycopeptide-derived antibiotics
which are used in the treatment of various tumors. They bind iron in the blood
and form an “active” hypervalent oxo-iron species. The two-dimensional structure
is well known but no crystal structures of bleomycin or its metal complexes have
been reported. The MM2 force field was modified and extended by modeling of
the crystal structures of the cobalt complexes of two bleomycin analogues in order
to develop a force field for metal-bleomycin complexes'®?. The only way in
which the global minimum structure could be obtained was to conduct an exten-
sive conformational search using molecular dynamics and Monte Carlo searching,.
The conformers and isomers of the cobalt complex of bleomycin itself were stu-
died and it was concluded that both of the isomers proposed in the literature were
sterically feasible 1631 However, for one of the coordination modes no conforma-
tion, within 10 kJ mol™! of the lowest-energy conformer, was found that had the

HN._ O : 0
NH, NH

N

0~ "NH, Figure 13.6: Bleomycin.
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correct dimensions to fit into the minor groove of DNA. The low-energy confor-
mers of the other coordination mode were able to bind to the minor groove of
DNA, as predicted by experiment!®*], Molecular mechanics studies of bleomycin
model compounds have shown that hydrogen bonds between bleomycin and O, or
H,0, may be of importance in the active form of bleomycin [*6],

Transferrin model compounds and 44 related iron(IIl) crystal structures were
used to modify the AMBER force field for subsequent studies of ferric transfer-
rin. Energy minimization was conducted both in vacuo and, more interestingly,
with the generalized Born/surface area (GB/SA) continuum treatment described in
Section 3.71471,

13.6 Conclusions

The modeling of large biomolecules and their interactions with metal ions is
fraught with difficulties. A major problem arises from the flexibility of proteins
and DNA and the resulting manifold of conformational geometries they can
adopt. This leads to the caveat that any model is but one possible representation
of the system under study, and any interpretations and predictions based on the
model must be made in this light. A second difficulty is that the level of accuracy
of molecular mechanics models of biomolecules is still substantially lower than
that of small molecules. This is partly because of the inherent difficulty associated
with developing models with large numbers of independent parameters when there
are only a relatively small number of experimental structures and these are deter-
mined at a relatively low level of precision. The number of approximations that
need to be made with respect to electrostatic and solvent interactions further lim-
its the accuracy of the models.

Whilst these difficulties do not invalidate application of molecular mechanics
methods to such systems, they do mean that the interpretation of the results must
be different to what is appropriate for small-molecule systems. For these reasons,
the real value of molecular modeling of macromolecule systems emerges when
the models are used to make predictions that can be tested experimentally or
when the modeling is used as an adjunct to the interpretation of experiments. Al-
ternatively, the relatively crude molecular mechanics models, while not of quanti-
tative value, are an excellent aid to the visualization of problems not readily ac-
cessible in any other way. Molecular dynamics is needed, especially for large mo-
lecules, to scan the energy surface and find low-energy minima. The combination
of computational studies with experimental data can help in the assignment of the
structure.
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14 Organometallics

The last few years have seen an enormous growth in applications of molecular
mechanics to organometallic systems. There is no fundamental reason why mole-
cular mechanics should not be applied in this area. However, there are two signifi-
cant problems:

— defining the atom connectivity, and
— unambiguously defining the type of bonding between the atoms.

Examples are the assignment of the hapticity of m-bonded systems coordinated
to metal centers, the recognition of bonds such as metal-metal bonds, and the
modeling of n-bonding, trans- and other strong electronic effects. These aspects
are also of importance, but to a lesser extent, in the modeling of organic and clas-
sical coordination compounds. Therefore, it is not surprising that the application
of molecular mechanics to the field of organometallic chemistry has developed
slowly, and that quantum-mechanical modeling was and, in many cases, still is
the method of choice for computing structures and properties of this class of com-

[29.438]
pounds .

In order to model organometallic systems it is necessary to be able to define the
type of bonding, knowing only the metal center and the type of ligands. It is diffi-
cult to imagine how a method that is based exclusively on empirical force field cal-
culations can be used to predict the hapticity of n-ligands such as cyclopentadieny!
or allyl systems and the coordination mode of carbonyl groups (Fig. 14.1). The ad-
ditional information needed may be available through electron counting, and there-
fore be relatively easy to implement in modeling systems, but a more thorough un-
derstanding of the electronic properties may also be required. The fact that many
systems are fluctional indicates that the equilibrium between various bonding
modes is often a subtle balance between electronic and steric factors.

Thus, it is not surprising that, with few exceptions, force field calculations of
organometallic systems start with a predefined bonding scheme. This is not unrea-
sonable since the type of bonding can usually be determined from spectroscopic
results, and it is often more or less constant within a class of similar compounds.
Force field calculations can then be used to get a more detailed picture of the
structural and dynamic properties of a molecule with a given connectivity. In spite
of these restrictions to modeling of organometallics, the results obtainable are po-
tentially useful, especially for catalytic reactions (see also Sections 8.2 and 8.4).
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Figure 14.1: Bonding modes of metal-
ally, metal-cyclopentadienyl and metal-
carbonyl systems.

A number of molecular mechanics studies of metal cyclopentadienyl complexes
have been reported recently. The systems studied include linear metallocenes (in
particular ferrocene), ferrocene derivatives (such as complexes with substituted
cyclopentadienyl ligands, bis(fulvalene)diiron complexes, ferrocenophanes and
mixed ligand complexes with carbonyls and phos hinesg,4 and non-linear cyclopen-

tadienyl complexes with various metal centers

[108,127,155,439—452]
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A number of different approaches have been used to model metal-cyclopenta-
dienyl fragments. In some of the reported studies a rigid body approach was used
for the ligand [#40-443:446:4491 whjle this might be reasonable for most metal-cyclo-
pentadienyl complexes, small distortions, especially with substituted cyclopenta-
dienyl ligands and bridged systems, might not be modeled accurately. An out-of-
plane distortion of cyclopentadienyl substituents will inevitably have some in-
fluence on the barrier to rotation of the aromatic ligand. Thus, the rigid body ap-
proach might lead to the misinterpretation of dynamic effects. Also, the rigid geo-
metry approach is not applicable to many other organometallic systems involving
n-bonded ligands and thus lacks the appeal of generality.

The methods used to describe the interaction between the metal and the cyclo-
pentadienyl ligand include an approach based on electrostatic and van der Waals in-
teractions alone **144¢1  bonding to the centroid of the cyclopendadienyl li-
gand [108:127.155,440.443.446,449.450-452] "3 ponding to three 2 or all five (4474481
carbon atoms of the cyclopentadienyl ring. The description of the bonding situation
based solely on nonbonded interactions (electrostatic and van der Waals terms) is
reasonable for alkali, alkaline earth and rare earth complexes, but transition metal
metallocenes should probably be modeled with an approach involving some cova-
lent interactions. Based on the premise that any thoroughly parameterized set of
functions can be used in an empirical force field calculation (see Sections 3.1 and
3.2), this differentiation may not seem to be necessary. However, difficulties can
arise because approaches using a purely nonbonded model or -bonds to three out
of five carbon atoms are difficult to parameterize, especially if a wide range of me-
tallocenes are to be modeled with a single set of parameters.

Three topological models for covalent bonding in metallocenes have been de-
fined'* (Fig. 14.2(b,c); also shown in Figure 14.2(a) is the purely electrostatic
model):

— The metal is bound to each of the five carbon atoms of the cyclopentadienyl
ligand, leading to a coordination number of 10 for a linear metallocene
(Fig. 14.2(b)). This model reflects the bonding situation in a metallocene to
some extent but, if donor-metal-donor angle functions are involved, the rota-
tion of the cyclopentadienyl ligands around the Cs axis might be difficult to
parameterize and the vibrational modes are not easily defined since they in-
volve interdependent bond length and valence angle changes. These problems
vanish when donor-metal-donor angle bending is replaced by 1,3-nonbonded
interactions (points-on-a-sphere model, see Section 3.2.2)!!>%!. Note, that there
are also 1,3-nonbonded interactions involving the metal center and two carbon
atoms of one ring, and these have to be excluded!'**.. Computed structural,
thermodynamic and spectroscopic data are, as expected, of good quality and
this approach is easy to implement in molecular mechanics programs and easy
to parameterize.

— The metal is bound to a dummy atom at the centroid of the five-membered
rings (Fig. 14.2(c)). The rotation of the ligands around the ligand-metal-ligand
axis is easily achieved, and this topology is a reasonable model for the bond-
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ing situation. The problem with this approach is not so much the bonding be-
tween the dummy atom and the metal but the artificial bonds that are needed
to bind the dummy atom to the carbon atoms of the cyclopentadienyl ligand.
These need to be strong and, therefore, might lead to some distortion of the li-
gand. Thus, the parameters describing the bonding within the ligand skeleton
are artificially high. Also, nonexistent vibrational modes are introduced, and
this might be an unwanted artefact if force field calculations are used to calcu-
late vibrational spectra.

— The metal is bound to an interactionless dummy atom at the centroid of the
five-membered rings (Fig. 14.2(c)). This approach is similar to the one above,
viz., parameters for centroid-metal bonding have to be defined, but the forces
on the dummy atoms are distributed among the cyclopentadienyl carbon
atoms. Thus, the result in terms of the bonding situation is similar to the first
model and the artefacts of the second diminish, while it still is comparatively
easy to control ring rotation. The procedure for defining the centroid and re-
distributing the forces might be as time consuming as the evaluation of the
ring rotation in the n°-model but the parameterization is more straightfor-
ward.

The principle aim of the reported studies was to model structures, conforma-
tional equilibria and fluxionality. Parameters for the model involving interaction-
less dummy atoms were fitted to infrared spectra and allowed for the structures of
metallocenes (M = V(II), Cr(Il), Fe(Il), Fe(Ill), Ru(Il), Os(Il), Co(Il), Co(III),
Ni(Il)) and analogues with substituted cyclopentadienyl rings (Fig. 14.3) to be ac-
curately reproduced!'®®, The preferred conformation and the calculated barrier
for cyclopentadienyl ring rotation in ferrocene were also found to agree well with
the experimentally determined data (Table 14.1). This is not surprising since the
relevant experimental data were used in the parameterization procedure. However,
the parameters were shown to be self-consistent and transferable (except for the
torsional parameters which are dependent on the metal center). An important con-
clusion was that the preference for an eclipsed conformation of metallocenes is
the result of electronic effects. van der Waals and electrostatic terms were similar
for the eclipsed and staggered conformation, and the van der Waals interactions
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CH, CH,
CH3 H CH3 CH3
MCp, Cp= @ or or
CHs CHs CHs CHs
Fe PhoSi |

1 (2) (3)

Figure 14.3: Metallocenes investigated by force field calculations (see Table 14.1).

were attractive '), It is important to note, however, that these conclusions are to
some extent dependent on the parameterization scheme and particularly on the
parameters used for the nonbonded interactions.

14.2 Transition Metal-Allyl Systems

(n-allyl)metal systems are important intermediates in a number of regio- and en-
antio-selective synthetic reactions. Two earlier reports describe molecular me-
chanics calculations of (n’-allyl)palladium(0) and (n’-allyljnickel(0) systems
[244.245] Tn both studies a version of the MM2 program*®! which could not deal
with coordination numbers greater than four was used, and dummy atom tech-
niques were required to describe the coordination sphere. From the possible topolo-
gical models, shown in Fig. 14.4, the dummy '***! and the n? (244 model were em-
ployed. Although these approaches should be improved in terms of general applic-
ability (e. g., fluxional systems, application to other metal-n-systems) and in terms
of vibrational analyses (see metallocenes, above), the results obtained are impress-
ive. The calculated structures agree reasonably well with experimental data and the
predicted stereoselectivities reproduce the experimentally observed trends (see also
Section 8.2.2).

A combination of molecular mechanics, based on the dummy atom technique
described above, with a QSAR-type treatment and a linear free energy relationship
(LFER)-based model was used successfully to analyze the relative importance of
steric influences on regioselectivity and stereoselectivity in the palladium-cata-
lyzed allylation reaction >3],
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centroid n3 "m2e dummy

Figure 14.4: Topological models for (*-allyl) metal systems.

New MM3+-based force fields for (u3-allyl)palladium and palladium olefin
complexes with various co-ligands, which are based on the points-on-a-sphere ap-
proach and do not require dummy atoms to define the connectivity, have been de-
veloped and validated with experimentally observed and quantum-mechanically
computed data [*>4,

14.3 Transition Metal Phosphine Compounds

Metal-phosphine bonds can generally be modeled in much the same way as any
other metal-heteroatom bond. The fact that phosphines participate in m-backbond-
ing (filled d,; (metal) — empty d, or o* (phosphorous) interaction) is only of im-
portance for generic force field parameterization schemes, and half-integer bond
orders have been used to describe the effect of m-backdonation!'?”]. In the usually
adopted empirical force field formalism, n-bonding effects, like most of the other
structural/electronic effects, are accommodated by the general parameter-fitting
procedure. A possible complication due to the n-bonding between the metal center
and the ligands is the hindered rotation around these bonds because this is often
neglected in molecular mechanics studies of metal complexes.

More important is the question of how the trans influence can be included in a
general parameterization scheme. This is not a simple problem to solve, and at
present, in the few examples reported, the frans influence has not been parameter-
ized in a general way. That is, different parameter sets have been used for ligands
cis and trans to the group causing the #rans influence (see Section 12.2)!27-198],
Recent developments with electronically doped force fields (see also Section 12.2)
suggest that a computation with a single set of parameters can lead to very accu-
rate results'’”),

On this restricted basis, transition metal phosphines have been modeled with
accuracies similar to those of other metal-heteroatom systems!'?”), A number of
phosphine complexes are of interest in the area of asymmetric synthesis. Due to
the requirement that the geometry and the force field of the relevant intermediates
have to be known for a thorough study (see Section 8.4) most of the reports in
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this area are only of qualitative nature. Some of the investigations are based on
molecular graphics analyses, and the evaluation of the predicted selectivities have
been based on van der Waals terms alone [24!455:46],

There are detailed experimental studies on the conformational properties and
dynamics of [(1°-(CsH4R)Fe(CO)PPh;)(L)] (R = H, Bu'; L = COMe, I? and these
have been compared with molecular mechanics calculations (Fig. 14.5)#43:#43:44¢]
The energy profile associated with rotation along the substituted cyclopendadie-
nyl-Fe axis of [(n°-CsH,Bu")Fe(CO)(P(OMe);)(I)] has been calculated with a sim-
plified parameterization scheme involving a rigid cyclopentadienyl ligand. It leads
to the minimum energy conformer with an angle o (Bu'-Fe-CO, projection in the
cyclopentadienyl plane; see rotation (a) in Fig. 14.5) of ca. 25°, which is in good
agreement with the experimental (‘H- and ">C-NMR) data™**]. The rotation
around the COMe-Fe axis was investigated using infrared spectroscopy and, here
too, the molecular mechanics calculations are in good agreement with the experi-
mental data. That is, the two possible rotamers have an energy difference of 3.8
(calculated) or 5.5 kJ mol ' (experimental) with a calculated barrier of 31.8 kJ
mol ! *43] Rotations around the phosphine-Fe and the phoslphorous-phenyl axes
of three derivatives were studied with variable temperature *C{'H}-NMR spec-
troscopy, and the line shape analysis led to activation energies of the rotations
(ca. 50 and 20 kJ mol™" for the two rotations), in good agreement with the predic-
tions based on molecular mechanics calculations**¢).

\éFel"’ (‘(C) & Ph
IIII/,I P\\\

5o ?G Figure 14.5: Dynamics of [11°-(CsH,R)Fe(CO)
c") @ Ph (PPh;)(L)] (R = H, Bu'; L = OMe, I).

The conformational space of tripodal phosphine ligands coordinated to transi-
tion metal ions has been analyzed extensively, and fascinating new techniques, in-
volving neural networks and genetic algorithms have been used to optimize the
force fields and analyze the data203457-9611,

Phosphine complexes have been central to the development of many aspects of
organometallic chemistry. The steric requirements of the phosphine ligands have
often been varied to influence the chemistry that takes place at the metal center.
In order to quantify the steric demands of different phosphine ligands, the concept
of “cone angle” has been develoi)ed, and for such a simple concept has proven to
be remarkably successful “62=4%*] This concept has been expanded b}l a thorough
mathematical treatment, resulting in the seat-ligand-fitting model*®3~467). The
concept of the cone angle measure does have limitations and these become parti-
cularly significant when the three substituents on the phosphorus atom are not all
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the same. A molecular mechanics method has been developed for deriving a
more quantitative estimate of steric size!'*?*%8=47% This method involves the cal-
culation of a term referred to as the “ligand repulsion energy”, which is the en-
ergy arising when the phosphine under study binds to a “standard” [Cr(CO)s]
core.

14.4 Metal-Metal Bonding

Molecular mechanics calculations have been used to describe low-[471"4731 and

high-order metal-metal bonds™’*#*7* These will be discussed here although
many relevant examples are classical rather than organometallic coordination
compounds. The force constant for Rh-Rh single bonds has been determined from
the vibrational frequency of the metal-metal bond and the strain-free value was
fitted using a conventional force field for the ligand systems and a series of ex-
perimentally determined structures (Fig. 14.6). The Rh-Rh bond distances cover a
range of ca. 0.25 A, and the experimentally observed trends are reasonably well
reproduced by the calculations (Table 14.2).

P
0 ks
P
) S gl
oMt
R ] '
L : T
U N
>”;‘/L2 E
TN
R Figure 14.6: Metal-metal bonded dinuclear complex.

The experimental data and calculations indicate that the metal-metal distances
are the result of the steric demands of the bridging ligands rather than the electro-
nic demands of the metal centers. This is supported by the fact that the analogous
Cu-Cu, Pd-Pd and Cd-Cd systems, where no metal-metal bonding exists, lead to a
similar agreement between calculated and experimental data, consistent with the
geometry being the result of the ligand bridges rather than the Rh-Rh bond. Inter-
estingly, a reassignment of the Rh-Rh vibration (289 cm '*7547¢) ys 170 cm™
[477]), with a revised set of force field Parameters for the Rh-Rh bond (%, ry;
2.73 mdyn A™!, 2.43 A vs. 0.88 mdyn A", 2.53 A) and accompanying changes of
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Table 14.2: Experimentally determined and calculated metal—metal distances for dinuclear metal com-
plexes (see Figure 14.6) (471,472

Metal Bondorder L;, Y R M-M°b M-Me2e- M-Meele-
[A] [A] {471} [A] [472}
Rh 1 0,0 0 CH; 2.386 2.39 2.39
0,0 0 C(CH3); 2.371 237
0,0 S CH; 2.406 2.38 2.40
S,0 o] CH; 2.54
S,0 S CH; 2.550 2.53
S,S 0 CH; 2.65
S,S S CH;, 2.64
Pd 0 0,0 CH, 2.546 2.50
S.S CH; 2.754 2.85
Cu 0 0,0 o) CH; 2.614 2.60
cd 0 0,0 PPh;  CHs 3.452 3.39

the parameters for the bridging ligands’?! led to no dramatic changes in the
quality of the predictions. This is another example showing that the quality of
force field parameters depends on good fitting of carefully chosen experimental
data, and that they are not necessarily related to physically meaningful parameters
(see Sections 3.3 and 3.5, and Chapter 16). In this case the influence of the ligand
geometry is probably more important than the metal preference. This complicates
the determination of a unique set of force field parameters for metal-metal
bonded molecules.

Unique sets of force field parameters for M-M multiple bonds (homonuclear
pairs of Cr, Mo, W and Re; quadruple and triple bonds) were derived from the
intersection of curves of 7y as a function of k for bridged and unbridged dimetal-
lic compounds . This technique for obtaining a set of force field parameters,
when all other parameters are well defined, relies on the fact that all discrete
sets of k and r, describing a given type of compound lie on a smooth line. Lines
defined by similar compounds with different ligand systems (variation of the
ligand strain) cross at the point defining the unique set of %, ry for the metal-
metal bond in question (Fig. 14.7). The parameters deduced for the metal-metal
multiple bonds are given in Table 14.3. The parameters derived for Cr, Mo, W
and Re triple and quadruple bonds are consistent with observed M-M stretching
frequencies. The force constants were used to determine the contribution of
8-bonds and to determine the barrier to rotation about the quadruple bond*’*.
This is an interesting concept with possible applications in other areas of force
field calculations.

If the type of bonding and the electronic structure of metal-metal-bonded sys-
tems rather than exclusively structural aspects are the aim of a study, then mole-
cular mechanics alone is not appropriate. Recent studies with broken-symmetry
DFT approaches have yielded structural results that are in excellent agreement
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k
possible sets for
one particular structure
<—— unigue set
Figure 14.7: Fitting of unique
L sets of force field parameters

P, k, po (p = distance, angle etc.).

Table 14.3: Force constants for metal—metal multiple bonds 7%,

Metal-metal bond Bond order k[mdyn A" ro [A]
Cr-Cr 4 1.87 1.79
Mo-Mo 4 2.75 2.04
WwW-wW 4 3.65 2.20
W-W 3 1.00 2.23
Re—Re 4 4.15 2.11
Re—-Re 3 3.50 2.15

with experimental data, where these have been available, and provided an insight

into the bonding and electronic structure of metal-metal-bonded dinuclear sys-
tems [478-482]

14.5 Carbonyl Cluster Compounds

A number of examples, where two or more isomers of metal carbonyl clusters
with identical metal core geometries and different ligand dispositions have been
structurally characterized, reveal that ligand arrangements in carbonyl clusters
can be variable. A smooth continuum encompassing terminal, bent semibridging,
and symmetrically bridging carbonyl groups has been proposed"**}, and a reac-
tion trajectory for terminal — p, — terminal exchange has been described [*344%31,
A molecular mechanics model was developed where CO ligands are allowed to
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float on a equipotential surface, maintaining the C-O vector perpendicular to the
surface 78] In this approach, the CO ligands are assumed to be bonded to the
metal cluster as a whole and therefore are smoothly transformed from terminal
to p, and pj bridging positions. The dominant, and therefore structure determin-
ing, contribution to the strain energy described in this model arises from non-
bonded interactions. Specific electronic effects were not included. Therefore, the
model is only appropriate for small distortions from a given geometry or in the
absence of excessively crowded geometries ®®). Not least, the model has revealed
that steric interactions are only rarely structure-determining in carbonyl cluster
compounds.
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15 Compounds with s-, p- and f-Block Elements

15.1 Alkali and Alkaline Earth Metals

The s- and f-block elements present an unusual challenge in the molecular me-
chanics field because the metal-ligand interactions in both cases are principally
electrostatic. Thus, the most appropriate way to model the M-L bonds is with a
combination of electrostatic and van der Waals nonbonded interactions. Indeed,
most reported studies of modeling of alkali metal, alkaline earth metal and lantha-
noid complexes have used such an approach.

The types of alkali and alkaline earth metal complexes subjected to molecular
mechanics modeling fall into four categories; crown ethers[!!®#8¢=4911 " cryp
tands **24%%1 spherands ******], and other biologically important ligands, such as
ionophores and cyclic antibiotics 142649,

The aims of studies on the first three groups have been broadly similar — princi-
pally elucidation of the origins of metal ion selectivity and investigation of the
conformational variability. All of the studies were reasonably successful in repro-
ducing observed structures.

15.1.1 Crown Ethers

The first molecular mechanics studies of alkali metals were of the Na*, K', Rb*
and Cs* complexes of 18-crown-6 (Fig. 15.1)1*®¢]. The AMBER software system
was used and the M"...O interactions were modeled using a combination of van

der Waals and electrostatic terms. The solvation energies were found to make a
larger contribution than did the intrinsic, molecular-mechanics-calculated, com-

T

=
?\/O\j Figure 15.1: Metal complex of 18—crown—6.
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plexation energies. Consequently, in a later study, molecular mechanics and dy-
namics studies were carried out with the complexes and cations surrounded by
clusters of solvent molecules ¥7).

Tonophores such as crown ethers are of interest as membrane transport agents
for use in electrochemical sensors such as ion-selective electrodes. In order to be
useful in this role the ionophore must transport one cation and not others and,
thus, the issue is one of metal ion selectivity (see also Chapter 9). Molecular me-
chanics has been used to investigate the selectivity of 18-crown-64¥8* and its
potential as a membrane transport agent. Again, a combination of van der Waals
and electrostatic terms were used to model the interaction between the metal ion
and the ligand. Ab-initio methods were used to establish the energetics of the
metal—lgand interactions and to parameterize the pairwise molecular mechanics
terms %1,

There has also been a study of alkaline earth metal complexes of 18-crown-6
(491 In agreement with experiment, it was found that the selectivity in the presence
of phosphate and water followed the order Ba>* > Sr?* > Ca®" > Ra®* » Mg>* ('],

Ligand reorganization necessary for coordination represents an energy cost.
This cost depends on the degree and type of ligand substitution, and it was shown
that the cost can be predicted by molecular mechanics calculations?*®), The reor-
ganization energy also depends on the size of the metal ion bound and, thus, var-
iation of ligand substitution on crown ethers can be used to tune the selec-
tivity 5001,

15.1.2 Cryptands

Cryptands such as [222] (Fig. 15.2) have been subjected to molecular mechanics
analysis using two different approaches. In the first of these the conformational
preferences of [222] alone and in the presence of the alkali metal cations were in-
vestigated using the AMBER force field and van der Waals and electrostatic
terms to model metal-ligand interactions **?], In the second study, on the K* com-
plexes of a lariat ether (an open-chain analogue of the cryptands), metal-ligand in-
teractions were modeled using a more classical Hookes law type function!**3!.
This necessitates the derivation of ideal M-O and M-N bond lengths and asso-
ciated force constants. It was found that this method more reliably reproduced the
M-O and M-N bond lengths*°*! but this conclusion was based on only two struc-
tures, and only one was studied by the two methods. The use of a Hookes law

Figure 15.2: Metal complex of a cryptand.
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function has the disadvantage of being less general; but in order to establish
which of the two approaches is more reliable, a wide range of complexes would
need to be studied using each of them.

15.1.3 Spherands

The AMBER-based approach used to model cyclic polyethers and cryptands has
also been applied to the study of the Li", Na* and K* complexes of three spher-
ands (Fig. 15.3)°4. Experimentally determined metal ion selectivities were suc-
cessfully reproduced. A similar AMBER-based model, used for molecular me-
chanics and dynamics of a cyclic urea-based spherand was also successful in re-
producing its metal ion selectivity (4951 A number of new conformations of the
spherand, including the global energy minimum, were located using molecular dy-
namics [**°),

Figure 15.3: Metal complex of a spherand.

15.1.4 Biologically Relevant Ligands

Polylactones (for an example, see Fig. 15.4) are synthetic analogues of naturally
occurring ionophores such as enniatin (species that transport ions across biologi-
cal membranes). Molecular mechanics calculations have been used to predict the
stability and selectivity with respect to Li*, Na* and K", of a series of new poly-
Jactones %), Metal-ligand interactions were again modeled using a combination
of van der Waals and electrostatic terms.

Similar studies were carried out on other enniatin analogues'” ', enniatin it-
self 81 and valinomycin**®). The Ca®" complexes of a series of C; symmetric
trispeptides were also modeled, and it was shown that some of these have the abil-

ity to form chiral Ca®" complexes°'].

[497]
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P

£t
R Figure 15.4: A polylactone ligand.

15.2 Main Group Elements

In comparison with organic chemistry, main group and transition metal com-
pounds have similarities because of the large variety of structures, arising from
the comparably large number of different elements and oxidation states. This
variability leads to difficulties in establishing a general force field and is prob-
ably a contributing reason for the relatively small number of published molecu-
lar mechanics studies in the area of main group chemistry. Although the princi-
pal problems arising in the area of transition metal compounds — stereoelectro-
nic effects due to partly filled d-orbitals — are absent, sterically active lone
pairs often cause complications that are not easily accounted for in a molecular
mechanics model. The VALBOND approach, based on valence bond theory has
proven particularly successful at tackling both normal valent and hypervalent p-
block compounds!®®!!. The published results indicate that the accuracy in
terms of structural data is generally equivalent or superior to that of MM2 or
MM3 studies, and the VALBOND approach, in contrast to conventional mole-
cular mechanics, does not require extensive parameterization for each new class
of compounds.

The classical molecular mechanics studies involving main group elements have
so far concentrated mainly on establishing force fields and reproducing structures
and, to a lesser extent, conformational equilibria, infrared frequencies, and heats of
formation. In this respect the results obtained thus far have (not unexpectedly) been
satisfactory. The outcome is that, with specialized force fields, small main group
molecules can be modeled with a similarly high accuracy to that obtainable for
small organic compounds. The systems treated include organo-silicon [>0%-503-504]
and organo ghosphorous compounds 15051 (see also Section 14.3), as well as organo-
selenium %), -tellurium %%, -germanium %), -tin*°7) and -lead *°”! compounds.
The force flelds have usually been derivatives of MM2 or MM3 [49:50:4461 "3 the
additional parameters have been fitted to structural, sgectrosc 51310 and thermody-
namic data, The reported structural parameters** 50.502,503,505-507] , heats of forma-
tion *°>%3] moments of inertia and infrared frequencies>°°!, and dipole mo-
ments ®°"! are in good agreement with experimental data (average deviation in
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bond distance of ca. 0.01 A, in valence angle of ca. 2° and in infrared frequency of
ca. 10cm™).

A combination of molecular mechanics calculations and electric birefringence
(electrooptical Kerr effect) measurements of group IVB %%/l compounds has been
used to study conformational effects in these molecules >,

Structure optimization of main group molecules with generic force fields has
the same advantages and problems as similar calculations of organic and organo-
metallic compounds: on one hand there is no need to fit a specialist force field,
on the other is the expectation of lower accuracy ¥*'2¢]. The structural results are
especially poor for molecules where electronic effects are important, e.g., those
with hypervalent or dative bonds. An exception to this is the VALBOND force
field which generally leads to excellent results (see above) 38!},

An area of increasing interest is the selective complexation of Sn** and more
particularly Pb*" for the treatment of heavy metal poisoning. Molecular me-
chanics has been extensively applied to the problem of metal ion selectivity (see
Chapter 9) but there have been few studies of lead or tin complexes. The fit of
Sn** to 18-crown-6 has been considered *°®! as has the size selectivity of tetraaza-
macrocycles with respect to Pb** binding!"?”). The binding of Pb** to porphyrin-
1 has been modeled, though in this case the point of interest was the deformations
caused by the metal cation 3],

There have been a number of molecular mechanics and dynamics studies of si-
licates and zeolites'®*>''1. These present a number of unusual problems arising
from the polymeric nature of the materials and the variability of the bond lengths
and angles about the oxygen atoms. The early studies avoided these problems by
keeping the zeolite lattice invariant and mappiné the energy as included molecules
were moved to various locations in the cavities °*'%1 An interesting approach to
dealing with the variability of the oxygen geometry, based on a shell model, has
been described®'!). In this study the lattice was allowed to vary and the fit be-
tween calculated and experimental cell constants was used as a measure of the
correctness of the model '),

Gallium(IIT) and indium(IIT) radionuclides are used widely for radiodiagnosis.
As with all complexes used for such purposes, rapid and stable binding of the
toxic radionuclide is essential. Molecular mechanics modeling has been used to
predict the stability of gallium(IIT) and indium(III) complexes of bis(aminoetha-
nethiol) ligands and to attempted a prediction of the coordination numbers of the
complexes .

15.3 Lanthanoids and Actinoids

There are a number of significant motivations driving the development of molecu-
lar mechanics models of lanthanoid and actinoid complexes which, being rela-
tively unstable, are notoriously difficult to crystallize and structurally characterize.
At the same time there is strong interest in these structures. For example, lantha-
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noid shift reagents have been used for many years as aids to interpreting NMR
spectra. In order to predict reliably the effects of shift reagents it is necessary to
be able to predict the distance between the lanthanoid ion and the spectroscopi-
cally probed atom. More recently, lanthanoid complexes have been used as con-
trast agents, aiding in the medical applications of magnetic resonance imaging
(MRI). The stabilities of such complexes is critical because, if the lanthanoid is
lost from the carrier ligand, it can lead to serious toxic side-effects. Related to
this application is the use of ligands to deliver radioactive metal ions to tumors to
act as imaging agents or radiotherapeutic agents. Finally, the separation of the ac-
tinoids from the lanthanoids is a difficult task but one that is essential for the
treatment of nuclear waste. Thus, both the structures and stabilities of lanthanoid
and actinoid complexes are of interest and molecular mechanics has the potential
to make a substantial contribution in both these areas.

Complexes of the lanthanoid elements are different in a number of ways to
those of the transition metals. They have incomplete f subshells but the f orbitals
are not significantly involved in the metal-ligand bonding. Instead the metal-li-
gand bonding is principally electrostatic and, because there is little interaction
with the orbitals of the metal, there is little metal-imposed directionality. That is,
the geometries of complexes formed by the lanthanoid elements are almost totally
determined by the ligand requirements and interactions between the ligands.
Thus, the use of L-M-L’ angle bending terms is inappropriate in the case of the
lanthanoid complexes. Instead, 1,3-nonbonded interactions are the dominant terms
and need to be included. Two methods for doing this and modeling lanthanoid
complexes have been described in recent years.

1,3-nonbonded interactions!>'>~5!3! were included in the same way as has been
used firstly for the modeling of cobalt(IIT) complexes 131 and more recently for a
wide range of transition metal compounds'®’ 1. That is, standard models with
M-L harmonic bond stretching terms were used, but the L-M-L' harmonic terms
were deleted and L...L’ nonbonded interactions were used in their place. In the
first of these studies, on lanthanoid shift reagents, two seven-coordinate euro-
pium(Ill) and ytterbium(IIT) complexes, [Eu(dlplvaloylmethanato)3(qu1nuchdme)]
and [Yb(acetylacetonato);(H,0)] (Fig. 15.5), were modeled>'*]. The structures of
these complexes were well reproduced. In a subsequent study these complexes

Kgif@

Figure 15.5: [Eu(dipivaloylmethanato);(quinuclidine)] and [Yb(acetylacetonato);(H,O)].
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and [Eu(dipivaloylmethanato);(DMSO)] were studied with the same force field,
and the random incremental pulse search method was used to locate all potential
coordination geometries !4,

Recently, a similar approach has been used to study eight- to twelve-coordinate
aqua and nitrato complexes of the complete series of the lanthanoids>'*). Again,
good agreement between observed and calculated geometries was obtained. In all
three of these studies, modified versions of MM2 were used and electrostatic in-
teractions were not explicitly included.

An alternative approach, based on the assumption that metal-ligand bonds in
lanthanoid complexes are purely electrostatic in nature, has been developed and
applied to MRI contrast agents"'3"]. The harmonic metal-ligand interaction is
replaced by a combination of the electrostatic interaction between the positively
charged metal center and the negatively charged donor atom and the van der
Waals interaction between these atoms '], While this approach might be more
“realistic” it relies on accurate values being available for the charges and the van
der Waals parameters of the metal. However, the electrostatically based method
has been used successfully to study the stability of a series of polyaminepolycar-
boxylato complexes of gadolinium(IIT)1°'¢!. Molecular d?rnamics calculations
were also used to study the mechanisms of complexation °'6].

The same method was used to study a similar series of polyaminepolycarboxy-
lato complexes of curopium(I1l)*'", This study included a series of dimeric com-
plexes and the Eu...Eu distances were compared with those determined from lu-
minescence spectra. A number of different conformations and the energy differ-
ences between them were also investigated.

Of particular importance in the field of lanthanoid chemistry is the separation
of the different lanthanoid(Il) cations. Molecular mechanics calculations have
been used to rationalize the selectivity observed for the aqua ligand and for a
range of organophosphate ligands!'**!. The successful rationialization of the ex-
perimental observations suggests that it should be possible to design ligands to
further improve the separation of the lanthanoid ions.

15.4 Conclusions

Exploration of the potential applications of molecular mechanics to compounds of
s-, p- and f-block elements is starting to develop rapidly. The difficulties arising
from the electrostatic bonding in the s- and f-block elements have been tackled in
a number of different ways, in most cases with reasonable success, as has the pro-
blem of stereochemically active lone pairs in p-block elements.
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Part I11: Practice of Molecular Mechanics

In this part of the book we give practical advice on how to apply molecular me-
chanics to problems involving metal complexes. Chapter 16 is a short introduction
that gives advice on which model and force field should be chosen, how to inter-
pret, use and describe the results and how to avoid possible pitfalls. Chapter 17 is
a tutorial. Using the software included in this book and a computer with Microsoft
Windows® the reader can learn most of the methods and techniques presented in
this book.
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16 The Model, the Rules and the Pitfalls

16.1 Introduction

The basis of molecular mechanics is a classical parameterization of non-classical
effects that allows the computation of molecular structures. In its original form
molecular mechanics is based on harmonic potentials for bond stretching, angle
bending and torsional barriers. Secondary effects, such as electrostatic, hydrogen
bonding and van der Waals interactions are modeled with the usual potentials, and
additional terms are sometimes added for specific electronic effects. The optimum
arrangement of two atoms (bond distance), three atoms (valence angle) etc., is a
function of the electron density distribution between the atoms. This is quantified
in terms of the atom types which are assigned on the basis of the connectivity in a
molecule and define the bond order, the hybridization and, to some extent, the
charge distribution. That is, a different atom type is assigned to a given element in
different environments (e.g., carbon in an alkane, in benzene, in the cyclopenta-
dienyl anion coordinated to iron, in a carboxylate etc.), and this defines the elec-
tronic properties of each atom in a molecule. The assumption is that a molecular
structure is a compromise between all preferences in a molecular assembly (all in-
dividual distances, angles, torsions and nonbonded contacts), i.e., the sum of all
potential energy terms is at a minimum. It emerges from this, that molecular me-
chanics is equally applicable to simple organic compounds and metal complexes,
to classical coordination compounds and organometallics, to small molecules, bio-
molecules, polymers and crystal lattices. The only requirement for a structure op-
timization by molecular mechanics is an accurate force field, and that includes an
appropriate set of potential energy functions and their parameterization.

16.2 The Starting Model

The starting model is the set of coordinates that is input to the minimization pro-
gram and defines the approximate geometry of the conformation and configura-
tion of the molecule of interest. Most energy minimization routines require a
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starting model that is moderately close to an energy minimum. If the starting
model is a poor approximation then the minimization procedure may diverge or
oscillate wildly and perhaps refine to a minimum other than that desired. For ex-
ample, if one is trying to determine the strain energies of a number of conforma-
tional isomers then the starting model will generally have to be close to the final
result in order to avoid conversion of the geometry to that of one of the other con-
formers.

In the past, starting models were mostly derived from crystal structures of re-
lated molecules. Alternatively, a few programs were available that could be used
to construct molecules. There are now many programs that enable molecules to
be constructed graphically (see Appendix 3). We are unaware of programs that
are specifically designed for the construction of metal complexes but most of the
listed programs can, with a little effort, be used to produce reasonable starting
models. Some care does need to be taken, however, because often, the bond
lengths and angles imposed by such programs will be far from the ideal values
for metal complexes.

When producing starting models for metal complex/bio-macromolecule adducts
it is generally good practice to start with an energy-minimized macromolecule so
that the reorganizations taking place on introduction of the metal complex are not
too dramatic for the program to handle.

16.3 The Force Field

A force field is the collection of numbers that parameterize the functions used to
calculate the strain energy, e.g., the force constant (k) and ideal bond length (r()
in the function generally used to calculate the deformation energy (E}) of a bond
(see Chapter 3). There is no one set of “correct” parameters. For example, if a
bond is subject to a force that lengthens it, then the energy minimized bond length
can be decreased by either increasing the force constant (k) or reducing the ideal
bond length (). Because of the correlation between the parameters it is impor-
tant that they are firmly based on as widely varied experimental data as possible,
i.e., on spectroscopic, thermodynamic and/or structural data of an as large as pos-
sible set of compounds with the corresponding functional group. First estimates of
many of the parameters can be derived directly from experiment, but some others
must be developed empirically. However, the force constants derived from spec-
troscopy need to be fitted to experimental structures, spectra or thermodynamic
data because of the fundamental difference between spectroscopic and molecular
mechanics force fields (see Sections 3.3, 3.4 and 16.6).

There is a strong correlation between the parameters of different potential en-
ergy functions so that they should not be developed or refined in isolation. For ex-
ample, the barrier to rotation about a bond can be modified by changing the ex-
plicit torsion angle term or by changing the nonbonded interactions. Thus, the ef-
fect of any change on a force field parameter needs to be tested extensively, i.e.,
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some other parameters might need to be reajusted. For this reason, developing a
new force field is an onerous task and one that needs to be undertaken with great
care.

There are a number of molecular mechanics force fields available for organic
compounds and there are now few classes of organic compounds that cannot be
modeled at least reasonably well 11961231351 'The same is not true for inorganic
systems; while there are many force fields, they cover a limited range of metal
centers and ligands. The situation is greatly complicated in the case of transition
metal ions by the large number of possible oxidation states, spin states and coordi-
nation numbers that the metal center can adopt and by the way the ligand can be
altered by its interaction with the metal ion. For these reasons, and because of the
work involved in developing or extending a force field, it is possible that no force
field will exist for the particular class of compound that you are interested in. If
this is the case then in the following paragraph and in Sections 17.10—14 you will
find advice on how to go about developing a new force field or extending an ex-
isting one.

Some of the commercially available molecular modeling packages include
parameters for modeling inorganic systems. However, these are generally re-
stricted to only a small number of systems. Calculations carried out using force
field parameters to model molecules that differ from the type used in the develop-
ment of the parameters cannot be relied upon to be accurate. Therefore, limited
parameterizations are of little general use. Unfortunately, given the potential for
variation in metal complex systems, a collection of parameters able to deal with a
significant proportion of the complexes likely to be of interest is difficult to de-
velop. The alternative approach of using a model that is able to deal with all com-
plexes by predicting the force constants, as in the UFF, ESFF and DREIDING
models#>?%) while useful for visualization, is unlikely to yield results accurate
enough to compete with a customized force field for the particular class of com-
plexes under study. The VALBOND modell’®79#1] (see Section 3.2.2 and Chap-
ter 12) is an exception and leads to very accurate structural predictions in certain
areas of inorganic chemistry. Also, with the CLF/MM method7"**"! a reduced
parameter set can be used, since the same parameters apply for different spin
states and coordination geometries. Force field parameters are generally still ob-
tained by manual fitting to observed experimental data (often structures but also
thermodynamic or vibrational spectroscopic data). However, parameters have also
been fitted with optimization routines 128318511 anq with genetic algorithns >,

16.4 The Energy Minimization Procedure

Given a force field and a set of starting coordinates, the primary role of a molecu-
lar mechanics program is to calculate the geometry with the lowest strain energy.
This can be achieved by a variety of mathematical methods, and these are outlined
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in detail in Section 4.2. The most common classes are modified first-derivative
methods such as conjugate-gradient techniques, full-matrix second-derivative
methods such as the Newton-Raphson procedure and block-diagonal variations of
the Newton-Raphson method. Discussion hereafter will be limited to the first two
of these classes. The behavior and limitations of block-diagonal Newton-Raphson
refinement closely resemble those of the first-derivative methods.

Second-derivative methods are inherently better in that a mathematically verifi-
able minimum is usually achieved in a small number of cycles. Setting up and in-
verting the 3N x 3N square matrix can require a large amount of computer time
and memory but for small molecules (up to a few hundred atoms) this is now pos-
sible, even on a modestly configured personal computer. Given the extra reliabil-
ity and certainty that second-derivative methods offer they are the method of
choice whenever computational resources allow. Indeed, it has been suggested
that the results obtained using other minimization procedures cannot be relied
on®?°! An additional advantage of second-derivative methods is that they alone
allow the imposition of mathematically strict constraints (see Section 4.3).

The disadvantage of second-derivative methods is the large amount of computer
time and memory they require when dealing with large molecules. The square
matrix uses more than 4.5 x N* words of storage for N atoms so that modeling
even a small protein or oligonucleotide uses more than a million words of storage.
Also, the time required for inversion of the matrix increases in proportion to the
third power of the number of atoms. For these reasons in nearly all molecular me-
chanics studies of macromolecules modified first-derivative methods have been
used. As the availability of computer time and memory increases it will become
more feasible to use second-derivative methods for energy minimization of
macromolecules. For example, full-matrix Newton-Raphson methods have been
used to calculate the minimum-energy geometries of oligonucleotides up to nine
base-pairs long!"*!). One approach to extend Newton-Raphson refinement to very
large molecules is to use rigid groups, i.e., to refine parts of the molecule while
other parts are kept constant (see Section 17.20).

Second-derivative methods generally require a better starting model than do
first-derivative methods. If the starting model is poor then the refinement can be-
come unstable and rapid divergence can occur. First-derivative methods are gener-
ally far more tolerant of a poor starting model, having a much wider circle of con-
vergence. Therefore, it is often advisable to subject a starting model to a number
of cycles of energy minimization using a first-derivative method and then to fol-
low this up with a second-derivative refinement. This is also the most computa-
tionally efficient approach when dealing with moderately large molecules, and an
ideal molecular modeling program might begin with first-derivative methods and
then, on the basis of the status of the convergence, switch automatically to sec-
ond-derivative methods to complete the refinement process.

An additional advantage of second-derivative methods is that frequencies of in-
frared vibrations can be calculated from the final Hessian matrix. This is only
likely to be of relevance to small molecule systems where good quality spectra
can be obtained. However, in such cases there is the potential to predict spectra
and so characterize an unknown compound (see Section 10.1). The ability to re-
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produce infrared frequencies should also provide a good test of the force field
. . [13,74,108]
parameters but little use has been made so far of this approach .

Unstable energy minimization processes can be controlled to some extent by
“damping” the refinement. When a minimization becomes unstable the atomic
shifts to be applied are generally over-estimated and the geometry calculated at
the next iteration is even further from the minimum than the starting model. Ap-
plication of a fraction of the calculated shift can be used to damp the process, and
in some cases this will allow convergence to occur. The fraction of the shift to be
applied is generally calculated using a function which is inversely related to the
shift. That is, for a large calculated shift, only a small fraction of the shift is ap-
plied. Damping can increase the number of cycles needed to achieve convergence,
so it should not be applied unless necessary. If the energy minimization is un-
stable, even with damping, then it is necessary to go back to the starting model
and to check whether there are any errors or whether some aspect of the model
can be improved. Alternatively, constraints, restraints or temporary modification
of the force field can be used to stabilize a previously unstable refinement (see
Section 4.3). For instance, if a cobalt(IIl) complex was being used as a starting
model for the analogous cobalt(IT) complex then the large change in bond lengths
might make the minimization process unstable. This could be overcome by con-
straining the Co-L bond lengths to values intermediate between those of cobalt
(II1) and cobalt(Il) and “stepping” from one to the other. Alternatively, the ideal
Co-L bond length could be temporarily modified in the force field to a value in-
termediate between those of cobalt(IIl) and cobalt(1I).

Convergence of the energy minimization process can be defined in two ways:
the change in energy between two iterations (energy gradient) being less than a
specified value or the largest shift in a coordinate being less than a specified va-
lue. The first is the criterion usually applied in first-derivative methods and the
second is that usually used for second-derivative methods. The problem with de-
fining convergence as being when the energy change is less than a certain amount
is that if the potential energy “surface” is flat then convergence can occur far
from the actual minimum. It can be argued that if the potential energy surface is
flat then there are many geometries with similar energies and it is unimportant
which is arrived at. However, it is possible to have convergence at some distance
from a deep potential energy minimum if there is a relatively flat surface adjacent
to the minimum. Thus, it is generally better to use a second-derivative method
when it is important to have the true value and geometry of minimum energy.
This tends to be less important for macromolecules because they certainly can
adopt many closely related conformations. That is, they tend to have flat poten-
tial-energy surfaces. However, it is important to remember that minima produced
by first-derivative methods are not mathematically verifiable and may not corre-
spond to true minima at all.
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16.5 Local and Global Energy Minima

Usually, the optimized structure is a local minimum close to the starting structure.
In many molecular modeling studies it is important that the global energy minimi-
num be located and in others that all local minima be located. To do this unequi-
vocally, all internal coordinates (bond angles, torsion angles, etc.) would need to
be systematically varied. This is a problem of 3N-6 dimensionality for an N atom
molecule and is impractical for any but very small molecules. However, there are
a number of methods available for scanning the potential-energy surface. Which
is the most appropriate depends on the size of the molecule under consideration
and on its flexibility. For relatively small molecules, systematic variation of tor-
sion angles, the primary determinants of conformation, is feasible and is generally
successful. For proteins, most of the degrees of freedom are not relevant because
the secondary structure is usually not expected to alter. In such cases molecular
dynamics can be used to produce ensembles of structures, and samples can be
fully energy minimized. This is a non-systematic method of scanning the potential
energy surface, but, given the number of degrees of freedom in a protein, only
such methods are feasible. If larger structural variations are of interest then Monte
Carlo methods are appropriate. For molecules of intermediate size a combination
of systematic scanning and random variation is most likely to give a thorough
scan of the potential-energy surface (see also Chapter 5). Various methods for
conformational searching have been tested for organic molecules ") and for tran-
sition metal coordination compounds *7->2!,

There are also several reasons for mapping the potential energy surface defined
by the molecular mechanics model. The most common reason is to determine the
energy barrier associated with moving from one potential-energy minimum (con-
formation) to another. For example, the potential energy surface associated with
changing from one conformation of a five-membered chelate ring to another in
simple [Co(bidentate)(monodentate),]>* complexes has been calculated (8%, Alter-
natively, mapping can be used to locate potential energy minima on the surface.

In order to carry out a mapping study it is first necessary to decide what the
mapping coordinates are to be. Generally, these will be internal coordinates, such
as torsion angles. For example, in the case of a five-membered ring, two torsion
angles are sufficient to define the conformation. It is a relatively simple exercise
to calculate the potential-energy surface for such a ring by constraining the two
torsion angles at values in the ranges that encompass all reasonable conforma-
tions. Energy is plotted as the third dimension to give a plot that clearly shows the
energy minima and energy variation as a function of the torsion angles.

In order to map against an internal coordinate it is necessary to be able to set
that coordinate to a particular value. This can be done by constraints or restraints
(see Section 4.3). Constraints are only available when using second-derivative
methods and are imposed by adding extra columns and rows to the matrices. Con-
sequently, they are mathematically precise and at convergence the internal coordi-
nate will be exactly equal to the value selected. Restraints are artificially large
force constants that are used to drive the coordinate close to the selected value.
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Given that the internal coordinate is also subject to other forces, a restraint will
never force it to exactly the selected value. However, whether that is an important
consideration depends on the level of accuracy required.

16.6 Pitfalls, Interpretation and Communication

There are two outcomes of a single molecular mechanics calculation: the struc-
tural geometry of a local or the global energy minimum and the energy value of
that minimum.

The use of the energy minimized structures falls into two classes; those where
the structure has been determined by crystallographic or spectroscopic means and
those where the structure is unknown. Where the structure has been determined
crystallographically, comparison between the energy minimized and crystal struc-
tures is generally used solely as a test of the molecular mechanics force field.
However, as molecular mechanics models become more reliable other compari-
sons will become more valid. For example, conformational disorder is a common
occurrence in crystal structures of chelate complexes. In such cases the crystal
structure represents an average of two or more conformational isomers and the en-
ergy minimized structures ma regjresent the only way of accessing the structures
of the individual isomers!'®%2°7219] When more than one chelate ring is disor-
dered it is often impossible to establish what combinations of ring conformations
are stable. The application of a combination of molecular mechanics with spectro-
scopy to such problems has become an important application of molecular model-
ing (see Chapters 7 and 10).

The limitations of molecular mechanics, when electronic effects are important,
have been outlined in detail elsewhere in this book (Section 3.6 and Chapter 12).
However, this problem can be turned around and molecular mechanics can be used
to help in the unravelling of steric and electronic effects. This can be done by care-
ful analysis of the differences between energy minimized and crystal structures and
attributing these differences to electronic effects. For instance, two ligands may be
suspected of having different m-bonding abilities but may also have substantially
different steric demands. Both factors will influence the metal-ligand bond length,
and unravelling the relative importance of the two factors is difficult. Molecular
mechanics, since it relates solely to steric effects, can be used to factor out the
steric contribution and so allow the estimation of the electronic contribution. This
has been done for the determination of inductive effects by alkyl substitution of
amines, where the increase in bond strength (increased basicity) is o&?osed by a in-
creasing repulsion because of the increasing bulk of the ligands °%!°5).

Structures determined by spectroscopic means are generally underdetermined
in that the number of variables is similar to or greater than the number of obser-
vations. In such a case, the energy minimized structures can be used to aid in the
refinement of the structure or as a check of the structure !'*¥. Applications of mo-
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lecular mechanics modeling to the determination of solution structures is de-
scribed in detail in Chapters 7, 8 and 10. Such approaches are fundamental to the
determination of macromolecular structures by NMR spectroscopy.

Where the structure has not been determined or cannot be determined experi-
mentally, by diffraction techniques or spectroscopy, then molecular mechanics can
be used as a predictive tool. This is of particular value when the structure of a
compound is the main target, such as in modeling associated with rational drug
design (see Chapter 13).

When the goal is visualization rather than quantitative analysis, somewhat less
well refined molecular mechanics models have a valid role to play. For example,
the force fields for proteins and nucleic acids, and for their metal complexes are
in general less rigorous than those for small molecules. Despite this, much useful
information has been obtained from structures produced using these force fields.
However, it is important not to over-interpret the results in such cases. In particu-
lar, the minimized strain energies obtained from such models should be consid-
ered to be qualitative estimates at best.

There is some thermodynamic information in strain energies. However, strictly
this is only true if entropic terms are included, and this is not usually the case. It
is necessary to evaluate in each case whether or not the neglect of entropic terms
is justifiable. The point has been made a number of times earlier in this book that
values of minimized strain energies obtained from molecular mechanics models
of metal complexes should be taken as having no absolute meaning. In the case of
simple alkanes the force fields have been refined sufficiently for the strain energy
to be an accurate indication of the potential energy in a molecule, arising from
the stresses associated with bringing atoms close together!*®®*1%]1 However, in
the case of most metal complexes, the force fields are still some way from this
point. This is due to the fact that most of the transition metal complex force fields
are entirely based on structural data and may therefore only be used successfully
for the accurate predictions of structures. However, in force fields where parts of
the parameterization schemes have been fitted to thermodynamic data, it is rea-
sonable to expect good agreement of relative strain energies with experimentally
determined stabilities (see Section 3.3). This is obvious for the much-modeled
hexaaminecobalt(IIl) complexes where clear correlations are evident between the
total strain energy and the stresses involved in the formation of the com-
plex 631351511 'However, even in these examples it would be risky and unwise to
assume that the strain energies did have absolute meaning.

Instead, the comparison of strain energies should be limited to sets of isomers.
When the atom connectivities are the same, electronic factors and other omissions
and errors in the force field can be assumed to be constant and therefore will can-
cel when differences between strain energies are considered. The values of the
strain energies reveal which isomer is the most stable (has the lowest strain en-
ergy) and what percentage of each isomer should be observed in an equilibrated

[65] . . .
system >”’. The methods for calculating these percentages are described in Chap-
ter 8.

Binding energies or docking energies are often calculated from minimized

strain energies in order to estimate binding strength in macromolecule/substrate
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interactions. Where such interactions directly involve a metal ion, the approxima-
tions likely to have been made in the development of the force field mean that
such estimations have questionable validity.

Molecular mechanics is a purely interpolative approach. Therefore, full details
of the force field have to be presented together with the results and their interpre-
tation, in order to allow the reader to fully reproduce them. These include the
functional forms of the potentials, the parameter sets that have been used for the
computations, the data for which they were derived and the data for which they
were validated ®?2). Guidelines for the publication of research results from force
field calculations have been published >**!.
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17 Tutorial

The twenty tutorial lessons will help you to appreciate the scope and limits of mo-
lecular mechanics, the importance of the set of potential energy functions and
their parameterization, and the ease with which basic principles can be visualized
and accurate structural and thermodynamic data obtained. Apart from structure
optimization, the computation of isomer distributions, and parameter optimiza-
tion, some specific examples are used to help you to appreciate the scope of inor-
ganic molecular mechanics and further the understanding of some of the exam-
ples discussed in Part II. These include the mapping of a potential energy surface,
the computation of ligand cavity sizes and of reduction potentials, and a structural
study based on spectroscopic data. Each lesson begins with a short discussion of
relevant theoretical aspects, followed by a carefully guided computational tutorial
and some additional exercises. The first seven lessons provide experience with the
software and the basic tasks of molecular mechanics modeling, i.e., building of
structural models, visualization, stucture optimization and conformational analy-
sis. The next seven lessons concentrate on the force field, i.e., on the potential en-
ergy functions and their parameterization. Exercises involving strain energy mini-
mization with constraints and rigid groups are the basis of the last six lessons,
and these lead to applications which involve reduction potentials, the size and
plasticity of hgand cavities and spectroscopic data.

The tutorial is based on the combination of HyperChem® for the bulldlng and
viewing of structures and MOMEC for the computational work. MOMEC is a mo-
lecular mechanics program and force field that has been specifically designed and
extensively used for problems related to transition metal coordination compounds.
It has a number of functions and modules that are essential for inorganic molecu-
lar modeling and one of the most extensive force fields. It is our advice that a
force field should only be used for types of compounds for which it has been
carefully parameterized and validated (see Section 16.6). Therefore, MOMEC
does not add guess-values for missing parameters but a message is given for each
missing parameter. Also, a simple force field editor allows the parameter set to be
quickly changed and optimized, and parameters for new atom types can be added
easily. Publications related to the MOMEC force field are available from our
homepage, where they are updated routinely.

The tutorial has been wntten for the full, commercially available programs
MOMEC and HyperChem but most tutonals can be completed with the
MOMEClite/Hinview® set of programs provided on the CD. Readers who have li-
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cences for the two programs should use the full versions. MOMEClIite has most
of the functionality of MOMEC but the atom types are restricted to those which
are used in the tutorial and, unlike the full version, it is not possible to add new
atom types. Also, the number of atoms in a molecule is restricted but is sufficient
for the tutorial. Limitations imposed by MOMEClIite/Hinview and the procedure
for installation of the programs are outlined in the file “Readme.doc” on the en-
closed CD.

In this tutorial we use MOMEC97 and HyperChem® 6.001°2] but most of the
exercises can also be completed with earlier versions and the programs provided
on the CD. The results shown in tables, figures and screen photographs in this tu-
torial have been produced using MOMEC97 and, where nothing else is specified,
the original MOMECY7 force field. We note that the results of force field calcula-
tions can also depend on the starting structure and the optimization control para-
meters such as damping factors, cut-off limits and the termination conditions. The
reason is that, for highly flexible molecules, the final structure might be one of
several local minima. Hence, you might obtain results that are slightly different to
those given in this tutorial. In those cases, we suggest that you change some of
the parameters that control the minimization process. It is always a good idea to
check whether the results of a structure optimization correspond to a stable low
energy structure. For clarity, the optimization parameters that we have used have
not been specified in each of the examples. In most of the cases, however, we
have used the parameters shown in Section 17.2, Fig. 17.2.1, and we have checked
that the results presented are valid.

17.1 Building a Simple Metal Complex

Theory

Molecular mechanics force fields usually employ modified atomic symbols to
specify the chemical env1ronment of a particular atom and these are referred to as
atom types. For example, sp’ hybndlzed n1trogen atoms might be given the atom
type NT, and a nitrogen atom in an aromatic ring such as pyridine might be as-
signed the atom type NP. MOMEC uses an atom type nomenclature that is 51m11ar
but not identical to that of the AMBER force field available in HyperChem®. To
avoid problems in MOMEC97 “calculations you should first open MOMEC for
each of the tutorial sessions. Under the Execute menu bar you can then open
HyperChem (i.e. do not open HyperChem without or before MOMEC). This en-
sures that the MOMEC atom types are active. Make sure that the AMBER force
field has been selected under Molecular Mechanics in the Setup window of Hy-
perChem. If, for some reason, you wish to change to HyperChem atom types at
any stage of a MOMEC-HyperChem session, you can do that with the option
Switch Atom Types under the Tools menu bar of MOMEC97.
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Many atoms have valences that are higher than those allowed for by the stan-

dard HyperChem atom types. It therefore is necessary to enable the Allow lons
options under the Build menu.

Practice

In this lesson we will build [Co(NH;)¢]>".

1.

e

Turn on the draw tool (D in HyperChem and set the default atom to nitrogen
by either double clicking on the draw tool or by selecting Default Element un-
der the Build menu and then choosing nitrogen from the periodic table that
appears.
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Fig. 17.1.1

. Draw six bonds starting at a common point — there is no need to worry about

the geometry at this point. Note: if the Explicit Hydrogens option in the Build
menu is on, this creates six hydrogen atoms and it is therefore easier if this is
turned off. If not, clicking on each atom in turn will convert it to a nitrogen
atom.

Set the default atom to cobalt.

Change the central atom to cobalt by clicking on it.

Set the default atom to hydrogen.

Add three hydrogen atoms to each nitrogen atom.

Turn on the select tool (©.

Select the cobalt atom by clicking on it with the left hand mouse button, then
go to the Build menu, choose Constrain Geometry and select Octahedral.
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. Deselect the cobalt atom by clicking on it with the right hand mouse button.
. In the Build menu check that Explicit Hydrogens has been selected and then

select the Model Build option.
You should now have the desired molecule. However, in HyperChem version 2
an error results in one of the six NH; groups being planar rather than tetrahe-
dral. This can be repaired as follows:
e Select the offending nitrogen atom with the select tool (©.
e In the Build menu choose Constrain Geometry and select Tetrahedral.
e Seclect the cobalt atom and the three hydrogen atoms attached to the planar
nitrogen atom.
o In the Build menu choose the Model Build option.
For the refinement of the structure (Section 17.2) it is necessary that the
appropriate atom types be assigned. Therefore, in the HyperChem menu Dis-
play choose the Labels ... option and check the Atoms/Type button. If the
MOMEC types have been chosen as described above then the atom types will
have been set correctly (CO3, NT, H). If not, then select MOMEC types in
the Zools box of MOMEC and the AMBER force field method in the Molecu-
lar Mechanics window under the Setup menu of HyperChem. Then choose
Calculate Types in the Build menu (you have to recompile the atom types if
you have previously used another force field in HyperChem (Compile Type
Rules in the Build menu)). Depending on the metal atom used it might also
be necessary to assign a particular type (e.g. CO3 instead of CO2). This can
be done in HyperChem by selecting the atom and then going to the Set Atom
Type option under the Build menu. If you can’t find the desired atom type,
see the HyperChem manual for details on how to modify the CHEM.RUL
file. Alternatively the atom type can be modified in MOMEC by selecting
the Set Metal Type options in the Tools menu. However, if your programs are
installed correctly, it will not be necessary to worry about these things for the
present exercise, and we will cover these manipulations in detail in later les-
sons.
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Save the structure by selecting the Save option under the File menu of
HyperChem. When saving the file choose the path that you want to use in your
MOMEC calculations.

17.2 Optimizing the Structure

Theory

What will MOMEC do when you tell it to optimize your [Co(NH;)s]** structure?
It will first calculate the total strain energy Ui, from the starting structure that
you have created in Section 17.1, and this is based on the equation below.

Eoa= Y (Bo+Es+Ey+Ewp+E+Ew+Es+..) (17.2.1)

molecule

Bond stretch deformation:

Ey = 1/2ky (rj — ro)* (17.2.2)

r; = bond distance, k, = force constant, r, = ideal bond distance.
Valence angle deformation:

Eg = 1/2ko (0 — 60)’ (17.2.3)

0, = valence angle, k, = force constant, 0, = undeformed valence angle.
Alternative for coordination angles (option: multiple harmonics):

Ey = 1/2 k9 (eijk - 900)2 if 0° < eijk < 135°

(17.2.4)
Ep = 1/2kp (0 — 180°) if 135° < 0, < 180°
Twist angle deformation :
E, =1/2k,(y; —70)° (17.2.5)

7;; = angle between two planes, k, = force constant, y, = ideal twist angle.

Torsion angle deformation:

Eg = 1/2ks (1 + c0s (m ($ + boger))) (17.2.6)

¢y = torsion angle, k, = force constant, m = muliplicity of the torsion,
Pofrser = Offset of optimum torsional angle.
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Out-of-plane deformation:

Es = 1/2ks 8}y, (17.2.7)

ks = force constant, d;; = the angle between vector jk and the plane
through #j and 1

Nonbonded interaction (also used for 1,3-interaction):

Eyp = ae’;bd —cC- dlj_G (17.2.8)

d;; = distance between two interacting atoms,
a =2014(g; - &), b = 12.50/(vndr; + vndr;),
¢ =(2.25( - &)"* (vndr; + vndr)®)/144

H-bond interaction:

d;; = distance between the hydrogen donor and the hydrogen acceptor,
f, g = atom based parameters.

Electrostatic interaction:

E; = qiqj/¢d; (17.2.10)

g; and g; = partial atomic charges in electrons, ¢ = dielectric constant (de-
fault: ¢ = 4dj).

MOMEC also allows single point calculations, i.e., there will be no structural
optimization after the calculation of the strain energy. The result of this calcula-
tion depends (i) on the structure that you have generated, (ii) on the functional
forms of the terms in the above equations and (iii) on the parameters used in these
functions. The latter two together define the force field, and this is easily modi-
fied in MOMEC. For the moment, we do not address this aspect and carry out our
calculations with the default set of functions and parameters provided.

Following the initial calculation of strain energy, MOMEC will adjust the coor-
dinates of your structure and recalculate the total strain energy. The idea is to re-
peat this procedure, a cycle, until a minimum in the strain energy is reached. The
results are a minimized total strain energy and the corresponding optimal struc-
ture. MOMEC offers three minimization procedures, the Fletcher-Reeves algo-
rithm, which is a conjugate-gradient method that is particularly useful for the opti-
mization of starting structures that are far from the energy minimum, the full-
matrix Newton-Raphson procedure which reaches the optimum structure in few
cycles if the starting structure is reasonably close to the energy minimum, and a
combination of both methods, starting with the conjugate-gradient method
(Fig. 17.2.1). Other parameters that can be varied and are important for the opti-
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mization are the termination criteria and the damping factor. You can force MO-
MEC to stop after a certain number of cycles or when the mean rms difference in
cartesian coordinates is smaller than a given value. The damping factors reduce
the computed coordinate shifts for each cycle, and this may help to prevent a
rather unstable geometry from changing to a different conformation or a poor
starting structure from “exploding”.

Other parameters included in the Optimization Controls menu of the Serup bar
are, the Interactions, i.e., the type of potentials that are activated for the compu-
tation, the Result refresh period which determines when intermediate results are
displayed (Summary file with strain-energy terms and the structure in the
HyperChem window) and parameters that are related to the cutoff for the van
der Waals interactions. For your first minimization use the default parameters
displayed in Fig. 17.2.1. Note that the optimization parameters might influence
your results. Also, the number of cycles for the result refresh period might influ-
ence the final result due to small rounding errors. Note also that in the Interac-
tions box of the window shown below, all relevant interactions need to be acti-
vated.

| x|

Fig. 17.2.1

Activating interaction types that are not relevant (e.g. out-of-plane in the pre-
sent case) will only marginally increase the time taken for minimization but it
will lead to Force Field Messages (see Fig. 17.2.5; in that example, we have acti-
vated the out-of-plane interactions).
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In conclusion, the results that emerge from a force field calculation depend on
a number of factors, (i) on the input structure (molecular mechanics usually does
not switch between different conformations), (ii) on the force field, i.e., the type,
specific form and parameterization of the potential energy functions, and (iii) on
the energy minimization procedure employed.

Practice

We will now refine the structure that you built and saved in Section 17.1. Before
starting refinement we have to setup all the files.

(i) The Files window in the Sefup menu (Fig. 17.2.2) allows you to specify the co-
ordinates that are used as structural input and where and how the results of the
calculation will be saved.

Setup Files

structure File

s Interaction and Patameter File

eraction and Parameter File

- —— Fig. 17.2.2

(ii) In the Force field menu under Setup (Fig. 17.2.3) you can choose the para-
meter set that you want to use for the strain energy minimization.
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.Y Setup Force Field 7

Force Field Directory

-
| imecd M pam

Ok Cancel

Fig. 17.2.3

(iii) In the menu item Listing under Setup (Fig. 17.2.4) you can choose the type of
data tables that you want to save as result files as shown below.

Listing Files with H-A&toms
® Yes

X Atom List [X Torsion Angles T
(" No

X Bond Distances X Qut of Plane

X Valence Angles X Non-bonded Interactions 0K

~ Twist Angles [ Electrostatic Interactions Cancel

Fig. 17.2.4

When all parameters are set you can start the refinement by choosing the Geome-
try Optimization option in the Execute bar. At the end of the refinement the Sum-
mary File will be as shown in Fig 17.2.5. Check that convergence has been
reached; if it has not, copy the output file to the input file and repeat the refine-
ment procedure. If necessary, increase the number of cycles.
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The total strain energy computed with the force field provided is 32.62 kJ mol ™",
and the average Co-N distance is 1.955 A. You can measure the computed Co-N
distance in HyperChem, or you can have a look in the data tables (Edit/View/Listing
Files/Bond Distances). Note that, due to the free rotation around the six Co-N
bonds there are many possible conformers; you might obtain one that is slightly dif-
ferent from the one described here. Various conformers and corresponding mini-
mized strain energies and optimized structural parameters can be obtained by modi-
fying the structures in HyperChem (Edit/Set Bond Torsion) after selecting the cor-
responding torsion angle with the select tool (©.

]

= Fig. 17.2.5
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17.3 Building a Set of Conformers

Theory

One of the strengths of molecular mechanics is the ability to readily and reliably
calculate the strain energies of a set of isomers. Since the atom types and bond
types are the same for each isomer many of the factors that make the comparison
of strain energies of different compounds invalid do not apply, and reasonably ac-
curate and meaningful energy differences can be obtained. These strain energy
differences can be used to calculate theoretical isomer distributions that can then
be compared with experimentally determined data. Studies of this kind formed
the basis of much of the early application and development of molecular me-
chanics as applied to metal complexes. More recently, there has been a focus on
enantioselective interactions between chiral molecules and chiral complexes, and
these too represent systems of isomers. Thus, molecular mechanics can be used to
predict enantioselectivities and to aid in the design of enantioselective complexes
or targets (see Chapter 8).

The example presented here, [Co(en);]>" was one of the seminal compounds in
the development of molecular mechanics for metal complexes. Each of the three
chelate rings can adopt two enantiomerically related conformations that are desig-
nated A and . Also, the complex itself is chiral with the chirality defined as A or
A by the direction of the screw looking down the three fold axis of the complex.
This gives rise to eight isomers; A(883), A(004), A(GA4), A(LA4), A(dH9),
A(604), A(0AL), A(AAA). Since these form two enantiomerically related and ener-
getically indistinguishable sets we will only consider the A isomers hereafter.
These can also be designated as lels, lel,ob, ob.lel and ob; by virtue of the orien-
tation of the C-C vector of the chelate ring parallel to (lel) or at an angle to (ob)

the three-fold rotation axis of the complex.

[\_ (\ N(\?/N J/\\'i‘ /N
2 > |C°|| > I.C:O.I :’ lIIC:oIII
‘ ' N ‘ N ‘ "N

. L/N . L

lels leloob obolel lel3

Fig. 17.3.1
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Practice

Building [Co(en);]”*

1.

™

SNk w

% =

10.
1.

12.

13.
14.
15.

16.

17.

Turn on the draw tool €5 and set the default atom to nitrogen by either double
clicking on the draw tool or by selecting Default Atom under the Build menu
and then choosing nitrogen from the periodic table that appears.

Draw six bonds starting at a common point — there is no need to worry about
the geometry at this point.

Set the default atom to cobalt.

Change the central atom to cobalt by clicking on it.

Turn on the select tool ©).

Select the cobalt atom by clicking on it with the left-hand mouse button, then
go to the Build menu and choose Constrain Geometry and select Octahedral.
Deselect the cobalt atom by clicking on it with the right-hand mouse button.
In the Build menu check that Explicit Hydrogens has been selected and then
select the Model Build option.

It is good practice to save your file at each stage by selecting the Save option
under the File menu. Note that, if you need to go back to a previous version,
then you will need to reimpose any constraints you have been using as these
are not saved. Thus, in this case you would need to select the cobalt atom and
Constrain Geometry to Octahedral under the Build menu.

Set the default atom to carbon.

Add two carbon atoms between each of three cis pairs of nitrogen atoms com-
pleting the chelate rings. Be careful not to link a pair of frans related nitrogen
atoms.

In the Build menu turn off Explicit Hydrogens and then select the Add H &
Model Build option. This should generate sensible chelate rings but each ni-
trogen atom will only have one hydrogen atom attached.

Set the default atom to hydrogen.

Add one more hydrogen atom to each nitrogen atom.

In the Build menu turn on Explicit Hydrogens and then choose the Model
Build option.

You should now have the target molecule. HyperChem will occasionally fail
to produce a sensible geometry. If this happens try again, following carefully
the sequence of steps outlined, as we have found this is the most reliable pro-
cedure.

Save the structure by selecting the Save option under the File menu. Before
deciding on a file name you should check which conformer has been gener-
ated by orienting the molecule so you are looking down the three fold axis
and counting how many C-C bonds are parallel to this axis and how many are
at an angle (see diagrams above). HyperChem generally produces the lel,ob
conformation but this can vary. When saving the file choose the path that you
want to use in your MOMEC calculations. Note, it is also possible to generate
an “envelope” conformation in which the N-C-C-N torsion angle is approx.
0°. If this occurs, repeat the procedure.
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Changing Conformations

Changing the conformation of a ring involves a chiral inversion and this can be
achieved by reflecting all atoms of the ring through the plane defined by the co-
balt atom and the two nitrogen atoms of the ring.

1.

Select the cobalt atom and the two nitrogen atoms of the ring to be inverted,
then under the Select menu choose the Name Selection option. This will give
you a number of choices for a name or the option of inserting your own choice
of name. Naming the selection as Plane is adequate unless you wish to have
more than one plane defined at any one time.

POINT
LINE
® PLANI

Othes

OK || Cancel |
Fig. 17.3.2

. Deselect these atoms by clicking on the right mouse key with the select tool ©

highlighted and the cursor positioned away from the molecule.

. Select all carbon and hydrogen atoms of the ring to be inverted. You can select

the nitrogen atoms as well but this has no effect.

. To invert the ring choose the Reflect option from the Edit menu. This should

invert the ring producing the alternative chirality. All bond lengths and angles
should be maintained — if they are not then you have made a mistake and
should repeat the process. It is informative to orient the molecule so you are
looking down the three-fold axis before you do the inversion. Then, as the in-
version takes place you will see the change in conformation from lel to ob or
vice versa. It may also help to use a 3D Rendering style such as Balls and Cy-
linders.

. Other rings can now be inverted. When defining a new plane you will be asked

whether you wish to overwrite the existing plane. It is best to do so as potential
confusion is then avoided.

. Before saving the new structure any named selections should be removed or

they may interfere with the MOMEC refinement process. To do this go to the
Select option under the Select menu, choose any named selections by clicking
on them and then clicking on the Remove button.

. Save the modified structure with a new file name by choosing the Save As op-

tion in the File menu. Use the file names colllen.hin, colloen.hin, colooen.hin
and cooooen.hin for the lel;, lel,ob, ob,lel and ob; conformers, respectively.
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Exercise

Use the methods described in Sections 17.1 and 17.3 to build the two conforma-
tional isomers of [Co(NH3)4(1,2-propanediamine)]*”.

H2N NH N2 Ny
2 \CH CH 2 \C C/
— w2 27 ™1
/
H3C C3
1,2-propanediamine Fig. 17.3.3

The exocyclic methyl group should lie equatorially in one conformer and axially
in the other as shown below. Note, just inverting the ring will not work in this
case. Instead the positions of the methyl group and the hydrogen atom attached
to C, must also be swapped. This can be achieved by defining a plane through
N,, C; and C; and reflecting the methyl group and hydrogen atom through this
plane.

NH5 NH3
H3 NI..h. l I..lNHa H3 N..C HJ .“I.lNH3
"Co 'Co.
| I ™~
H2N/ S, HANEN NH,
H3C NH3 NH3

equatorial axial Fig. 17.3.4
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17.4 Calculating the Strain Energies and Isomer Distribution of
a Set of Conformers

Theory

In the previous lesson we have shown how to generate the structures of the four
conformational isomers of [Co(en);]*". We will now subject each of these struc-
tures to energy minimization using MOMEC and use the strain energies we obtain
to calculate the isomer distribution.

The principle behind calculating the isomer distribution from the strain energies
is the classical thermodynamic relationship between the difference in free energy
(G) and equilibrium constant K,

K = e A0/RT (17.4.1)
where R is the gas constant and T is the temperature. The assumptions are made
that the difference between strain energies (Eqy.in) is solely responsible for the dif-

ference in enthalpy (H) and that the only difference in entropy is the statistical
contribution (see Chapter 8).

Practice

Using MOMEC you can minimize the energy of each conformer separately as de-
scribed in Section 17.2. However, you could also use the batch facility to initiate a
process to energy minimize all four conformers, and this procedure is now described.

“

Fig. 17.4.1
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1. Start MOMEC and under the Edit/View menu select Batch-Job. Select the four
file names corresponding to the four conformers of [Co(en);]*" and add them
to the batch file.

2. To start the batch job, select Batch-Job under the Execute menu. Once this is
completed, check that convergence was reached for each conformer. You can
do this with the menu item Batch-Job Results under Edit/View.

3. Collect the total strain energy for each conformer by looking at the Summary
under the Edit/View menu for each file,

Once you have the total strain energies of the four conformers, energy differ-
ences can be calculated. These differences can be calculated by subtracting the
strain energy of the lowest energy conformer from each of the others. This results
in the strain energy of the lowest energy conformer being defined as zero. Before
these differences can be used to calculate conformer proportions it is necessary to
correct for statistical factors. The lel,ob conformer can be formed in three ways
because any one of the three chelate rings could adopt the ob orientation. The
same is true of the ob,lel conformer but the lel; and ob; conformers can only be
formed in one way. Thus, even if the four conformers had identical strain ener-
gies, they would be observed in a 1:3:3:1 ratio. The easiest way of correcting for
this effect is to subtract the energy contribution associated with a 3:1 preference
from the strain energies of the lel,ob and ob,lel conformers. This contribution can
be calculated using the expression,

AG = —RT In(K) (17.4.2)

the inverse of Eq. 17.4.1. Here K is the ratio expected on the basis of statistical
effects. If the temperature is 298 K (25 °C) then the equation becomes:

AG=-83143 JK ' mol™! - 298 K - In(3)
=-2722 J mol™
=272 kJ mol™

Once the corrected strain energy differences have been calculated they can be
used to determine the isomer proportions using Eq. 17.4.1. For example, the dif-
ference between the statistically corrected energies of the lel; and lel,ob confor-
mers is —1.65 kJ mol . Thus, Eq. 17.4.1 becomes:

K = exp((-[-1650] J mol')/(8.314 J K™! mol™" - 2908 K))
= exp (0.6660)
=1.95

Thus, the ratio of lel,ob to lels is 1.95 (with the former dominating because it has
a lower energy). You should now calculate the ratios for the other conformers and
use these to determine the proportions of each conformer. Check your results
against those given in Table 17.4.1.
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Table 17.4.1

Conformer lels lel,ob ob,lel obs
Total strain energy [kJ mol™] 45.12 46.19 46.97 46.94
Strain-energy difference 0.0 1.07 1.85 1.82
Statistical correction 0.0 -2.72 -2.72 0.0
Corrected energy difference 0.0 -1.65 —0.87 1.82
Conformer ratio 1 1.95 1.42 0.48
Conformer percentage 21% 40% 29% 10%
Exercise

Use the methods described in Sections 17.2 and 17.4 to energy minimize the two
conformational isomers of [Co(NH;)4(1,2-propanediamine)]** built in Section 17.3
and shown in Fig. 17.3.4.

Compare the strain energies of the two conformational isomers and calculate the
proportion of each expected in solution at room temperature. Using HyperChem
measure the contacts between the methyl group and the remainder of the complex.
Consider how this contributes to the difference in strain energies.

17.5 Constructing and Optimizing a Set of Isomers
Automatically

Theory

Conformational isomers represent minima on an energy surface, and all structures
and the corresponding strain energies can be obtained by a careful analysis. This
can be performed manually (such as in Sections 17.3 and 17.4) or automatically.
An automatic procedure may involve a systematic search (grid search methods), a
stochastic search (e. g., torsional Monte Carlo or cartesian stochastic, i.e., the ran-
dom kick method) or molecular dynamics (see Chapter 5 and Section 16.5). Im-
plemented in MOMEC is a random kick stochastic search module, and this has
been shown to lead to excellent results, not only for conformational equilibria, but
also for distributions of configurational isomers®”).

Practice

In this section we will use the random kick module to search for conformers of
the complex [Co(en);]*".

1. Open the lel; conformer of [Co(en);]*" in HyperChem (colllen.hin) and, using
the select tool (©, select both carbon atoms and all eight hydrogen atoms of
one of the three ligands. Save the file.
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2. Open the same file in MOMEC97 and check that it is fully energy minimized

by executing geometry optimization.

3. Under Execute select Random Kick. Select Kick atoms selected in HyperChem
and set the other parameters to the values shown in Fig. 17.5.1.
_" Random Kick x|
Range for Random Kick
" Kick all atoms = Kick atoms selected in HyperChem
Maximum displacement [A] ] 20 1 Conformers found so far
Kicks to be done | 1
Accuacy [k)/mol] 0.1
Stop if no new | 50
conformet for n cycles:
Enetgy limit [kJ/mol] I 1000
Enors
Mirimization No.: 0
| Calculate I Close I
Fig. 17.5.1
4. Select Calculate. A series of new geometries will be generated, some of which
will not be realistic. The conformers will be listed in order of increasing en-
ergy, and the energy contributions for each geometry will be listed as shown in
Fig. 17.5.2. Differences in energy and/or in the relative contributions are indi-
cative of different conformations.
Resull of Raﬂdﬂn Ku:!. 4 _
k1cks Cycles Bond Angle Torsion
| 1 14 9.21 157 11 7.41
16 16 .62 177.16 18 87
20 8 36 4,59 8.17
10 37.72 460 9 17.17
14 8 68 4.15 8. 95
24 9 63 157 28 8 39
13 8.6 154 .52 9 06
16 17 .04 170.53 14 .57
16 9.16 305 49 9.24
20 8. 68 1534 105
11 6 8 54 4.32 8 66

Fig. 17.5.2
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5. Each geometry can be viewed in HyperChem by opening the file colllen.n
where n is the geometry number. One of these should correspond to the lel,ob
conformer. In the example shown, conformer 3 is the original lels;, conformer
11 is the lel,ob and conformer 5 is the obs.

Fig. 17.5.3

Exercise

Repeat the procedure selecting the carbon and hydrogen atoms of two or three of
the rings and search for the lelob, and ob; conformers.

17.6 Building More Difficult Metal Complexes

Theory

When building simple chelate rings coordinated to metal ions problems can arise
and these become more severe with tridentate or macrocyclic ligands. These pro-
blems are not unique to HyperChem and arise because of the mathematical com-
plexity associated with building complicated ligands. Therefore, it is necessary to
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adopt a variety of strategies in order to produce starting models of some com-
plexes. These include using crystallographically determined structures as starting
points, building parts of molecules separately and docking ligands to a metal fra-
mework.

Practice

Importing Structures from other Sources

MOMEC97 has an interface to the freeware program Babel for importing and ex-
porting structural data in a variety of formats. Once a structure has been imported
it can be modified in a variety of ways. For instance, other conformers or isomers
can be generated by procedures similar to those outlined in Section 17.3 for gen-
erating the conformers of [Co(en);]**. Starting models derived from crystallo-
graphic data can be improved by the addition of hydrogen atoms or by correcting
unreasonable bond lengths and angles that might be present due to disorder in the
crystal structure.

Importing Data

:‘ -

Fig. 17.6.1
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—

. Select the Conversion option from the Execute menu of MOMEC.

2. Insert the file name of the foreign file in the input section. Select the file type
from the Babel input list in Babel Types. For example the SHELX or CSD type
would commonly be used for importing crystallographic data.

3. A default output filename will be inserted in the output section. This should be
altered to have a .hin extension and the output file type should be set as hin.

4. Select OK and the file will be converted.

Building Fragments

The example we will consider in this section is the construction of the enantio-
mers of the anti-cancer active complex [PtCl,(trans-chxn)] and its geometric iso-
mer [PtCl,(cis-chxn)] (chxn = cyclohexane-1,2-diamine).

H Cl H, cl
NS
Pt Pt
v/ N\ RN
NH, C! NH, Cl
trans cis Fig. 17.6.2

Starting by simply drawing a six-membered ring with nitrogen atoms on adjacent
carbon atoms, followed by Model Build in HyperChem, may or may not produce
the desired isomer, and if the Pt atom is added then boat rather than chair confor-
mations are often produced. Thus, it is best to proceed in a stepwise fashion by
building the cyclohexane ring first, adding the amine groups in the desired orien-
tations and then docking this with a square planar platinum framework.

1. Set the default atom to carbon and draw a six-membered ring.

2. Under the Build menu select the Add H & Model Build option (note: turn off
the Explicit Hydrogens option first). This will generate a cyclohexane ring
with a chair conformation. This can be saved as say chxn.hin and used in the
future for building similar molecules. Over time a library of commonly used
ligand fragments can be generated and this greatly facilitates the building of
new molecules.

3. Set the default atom to nitrogen and turn the Explicit Hydrogens option on.
Locate two equatorial hydrogen atoms on adjacent carbon atoms and trans-
form them into nitrogen atoms by clicking on them with the draw tool 3. Se-
lect Model Build under the Build menu. This will generate trans-1,2-cyclo-
hexanediamine with no hydrogen atoms on the amines.

4. Set the default atom to platinum and add a platinum atom between the two ni-
trogen atoms and connected to both. Select Model Build under the Build
menu.
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5.

10.
11.

12.

13.

Set the default atom to hydrogen and add two hydrogen atoms to each nitro-
gen atom. Select the hydrogen atoms and choose Model Build under the Build
menu. This demonstrates a useful technique for building difficult systems —
that of building only part of the molecule. Selecting the hydrogen atoms and
choosing Model Build generates the correct geometry for the amine groups.
This procedure should generate a 1,2-cyclohexanediamine ligand bound at
the appropriate distances to a platinum atom. If the procedure fails at this
step with a message “Unable to build only part of a ring or high-coordination
system” then set the default atom to carbon and change the nitrogen atoms to
carbon atoms and repeat the Model Build command with the amine hydrogen
atoms still selected. Then set the default atom to nitrogen and change the
amine donor groups back to nitrogen atoms.

Under the Build menu choose the Calculate Types option.

The file should be saved as, say, pttrchxn.hin. Cis-1,2-cyclohexanediamine
can be generated similarly by transforming one axial and one equatorial hy-
drogen atom on adjacent carbon atoms and repeating steps 4 to 6.

Having generated the ligands we can now generate the metal center. Open a new
workspace. Set the default atom to chlorine and draw four bonds from a common
point. Change the default atom to platinum and transform the central atom.

Turn on the select tool (© and select the platinum. Under the Build menu
choose Constrain Geometry and select Square Planar.

Deselect the platinum atom by clicking on it with the right-hand mouse button.

In the Build menu check that Explicit Hydrogens has been selected and then
select the Model Build option. This will generate a square planar [PtCLy]*"
complex ion.

Set the default atom to nitrogen and transform two cis related chlorine atoms
to nitrogen atoms. Repeating the Model Build procedure will generate
[PtC1,N,] with a cis geometry. Starting with two nitrogen and two chlorine li-
gands at step 8 will sometimes generate the desired cis geometry but will
equally often produce the frans geometry. With more complex systems, the
stepwise procedure is essential.

Save this file as ptel2n2.hin.

Docking Molecules

There are two ways to dock molecules; manually using translation and rotation
functions that act on one and then both molecules or automatically using the
Overlay option under the Display menu. Here we will use the automatic and less
cumbersome method.

1.

First, the two files must be merged. This is achieved by opening one file, say
ptcl2n2.hin and saving it as say pttrcxcl.hin so that the starting file is not acciden-
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tally overwritten. Next choose the Merge option under the File menu. This will
give you the chance to select a second file for merging. Selecting pteschxn.hin
will result in both the metal center and the ligand appearing on the screen.

. Turn on the select tool (©) and on each molecule in turn select the platinum
atom and the two nitrogen atoms in that order. This defines two planar groups
that can be matched up. Under the Display menu choose Overlay. If Overilay is
not highlighted then you have not selected the groups correctly — repeat the
procedure, remembering to do one molecule then the other and following the
same sequence of atoms in each case.

. Step 2 will have generated a complex with the ligand in the correct position
but with duplicate platinum and nitrogen atoms. These can be deleted by se-
lecting them with the select tool (© on, then hitting the Del key on the key-
board. Since the excess atoms might be very close together zooming in on
them or rotating the molecule may help. The alternative of selecting the draw
tool €5 and clicking on the excess atoms with the right-hand button of the
mouse may result in other atoms being deleted and, therefore, is not recom-
mended in this case. Deleting the excess atoms will result in the disappearance
of some bonds. These can be reinserted by selecting the draw tool O and draw-
ing new bonds between the appropriate atoms with the left-hand mouse button
depressed.

. The target molecule has now been constructed and can be saved as say
pttrcxcl.hin.

. The other enantiomer of this complex can be generated using the methods de-
scribed in Section 17.3. First, the Pt atom and the two N atoms are selected
and used to define a plane using Name Selection. Next, this plane is dese-
lected, all ligand atoms are selected and the ligand is inverted using the Reflect
option in the Edit window. The configuration of chiral centers can be displayed
in HyperChem by selecting Labels under the Display menu and selecting Chir-

ality.
. Repeat steps 1 to 4, using the cis isomer of the 1,2-cyclohexanediamine ligand
and save the file as say ptcscxcl.hin.

Exercise

Use the methods described in this lesson to generate a model of [Pt(1,3-cyclohex-

anediamine)Cl,].
NH-» Cl
N
Pt

/

NH> Cl  Fig 17.63
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17.7 Analyzing Structures

Theory

The Structure module of MOMEC enables you to analyze structures that have
been saved as *.hin files. These can be structural data files from experimental
work, from a data base (e.g. the CSD) or computed structures such as those opti-
mized with MOMEC. The geometric parameters accessible include the calculation
of a least-squares plane (defined by three or more points), the distance of atoms
from this plane, the angle between a vector such as a metal-ligand bond and a
plane, that between two planes, e. g., for the measure of a trigonal twist angle or a
tetrahedral twist angle. In this lesson, we will analyze the structures of the four
conformers of [Co(en)s]** considered in Sections 17.3, 17.4 and 17.5.

Practice

To prepare for this lesson you should have a MOMEC session started with lels-
[Co(en)s]** as the input file in Serup/Files (note that the relevant file for Structure
is the Input file; thus, you should choose the *.out file as Input for the following
manipulations). Double click on the Structure option in the Execute window of
MOMEC to open the Structure module. The window displayed in Fig. 17.7.1 will
appear. Click on the Define button. The HyperChem window with the selected in-
put file will open. Structure will ask you to select at least 3 atoms to define a
plane. Choose the Select tool (© of HyperChem, and select the Co and 4 N atoms
that lie in one of the three perpendicular coordination planes. Confirm your
choice by clicking the OK button that appears on the Structure window. Your ma-
nipulations and results are stored in the log screen of the Structure window, and
the plane function, rms shift and distances of the atoms of the plane are dis-
played.

There are a number of ways to check the distortion of a hexacoordinate com-
plex from octahedral geometry. You may, for example, measure the angle between
the reference plane that you have chosen and another of the three tetragonal
planes: click on the Angle between two planes button and Select Co and 4 N’s of
a second plane when the program asks you to define the second plane. After con-
firming your choice, the equation of the new best plane with the corresponding
rms shift and the angle between the two planes (89.8°) are displayed.
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| I

Angle between 3 points, ransformed to reference plane

Fig. 17.7.1

Another measure of the distortion of lel3-[Co(en);]*" from octahedral geometry
is the deviation of the angle between a Co-N bonding vector and the plane that
you have defined above: Click on the Angle between a line and the reference
plane button and follow the instruction to Select the line, i.e., a Co-N bond, on
the HyperChem window. After confirmation of your choice, the value of 87.5°

will be displayed.




228 17 Tutorial

Possibly the most important geometric parameter for tris-chelate complexes is the
trigonal twist angle ¢ (Fig. 17.7.2). You can measure ¢ by defining the average of
two opposite trigonal planes of your octahedral complex: Define a new reference
plane (one N of each of the three ligands, all disposed cis to each other), then choose
the Average with a second plane option, followed by selecting the other three
N atoms. This new plane, appearing in the log screen is defined as the new reference
plane. Obviously, in this D; symmetrical molecule, the Co lies in this plane, and all
N atoms are at the same distance from the plane, i.e., 1.14 A. You can measure this
value with the Distance of a point to the reference plane item. To measure the angle
¢, you click on the Angle between three points, transformed to the reference plane
button, you then select Co and two N’s within one chelate ligand (located on oppo-
site sides of the reference plane), and you get the trigonal twist angle ¢ = 53.8°.

Fig. 17.7.3

An important geometric parameter for four-coordinate systems is the tetrahedral
twist angle 0 (Fig. 17.7.3). We can use this parameter to inspect the geometry
around one of the coordinated amine donors. Define a new reference plane with
one of the N donors and two of the atoms bound to it (e. g., the Co center and one
of the Hs). Then, click on the Angle between two planes button and follow the in-
struction to define the other plane (the same N donor again and the other two sub-
stituents, i.e., the second H and the C atom bound to the N). The value of the tet-
rahedral distortion (6 = 88.5°) will then be displayed (the value of 8 obviously de-
pends on the choice of planes).

An important feature of five-membered chelate rings is the amount of pucker-
ing. You can check this by computing the angle between the plane defined by the
Co center and two N donors of one of the chelate rings, and the line defined by
the two C atoms of this ring. For Jel;-[Co(en);]*" this angle is 27.3°.

Exercise
In Sections 17.3 and 17.4 you have optimized the structures of all four conformers

of lel;-[Co(en)s}**. Using the three other conformers, measure the modes of dis-
tortion described in this lesson.
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17.8 Potential Energy Functions I: Bond Length,Valence Angle,
Torsion Angle, Twist Angle and Out-of-Plane Deformation
Functions

Theory

Distorting a bond length or valence angle from its “ideal” value costs energy and
the function that gives the energy cost associated with a given degree of distortion
is called a potential energy function. The true relationships are complex and are
unsymmetrical in that contraction by a given amount will cost a different amount
of energy to expansion by the same amount. The basis of molecular mechanics is
that mathematically simple functions are used to mimic the true relationship be-
tween distortion and energy. In the case of bond length, valence angle, twist angle
and out-of-plane deformations, quadratic potential energy functions are typically
used, and these have the following form:

1
E,,:Ek(p—po)z (17.8.1)
Here £ is the force constant that relates the energy that arises from a given degree
of distortion, p, is the ideal value for the parameter and p is the actual value of
the parameter. Eq. 17.8.1 is a Hookes Law function and can also be used to de-
scribe the energy required to deform a spring. In that case k corresponds to the
strength of the spring and p, corresponds to the ideal length of the spring.

A quadratic function defines a symmetric parabola and therefore cannot exactly
reproduce the true relationship between the distortion of a bond length or valence an-
gle and the energy needed to effect that distortion. However, a central assumption in
the application of simple molecular mechanics models is that distortions from ideal
values are small and in such cases it is only necessary that the potential energy func-
tion be realistic in the region of the ideal value. This is shown in Fig. 17.8.1, where a
quadratic curve is compared to a Morse potential that is believed to more accurately
reflect the relationship between bond length distortion and energy cost.

900
800
700 +
600 T
500 + —e&— quadratic

—#— morse

energy

p Fig. 17.8.1
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Practice

We will now examine the effect of varying the parameters in Eq. 17.8.1%. In the
comparison shown in Fig. 17.8.2, k= 1.0 and p, = 2.0. If k£ is decreased to 0.5 the
curve becomes flatter and if k is increased to 2.0 the curve becomes steeper. You
can see from these curves that with a larger value of £, a given degree of distor-
tion requires a greater amount of energy.

227

S T SR
p - Fig. 17.8.2

Changing the value of p, to say 1.5 or 2.5 does not change the shape but shifts
the minimum down or up, respectively, as shown in Fig. 17.8.3.

energy

p Fig. 17.8.3

Bond Length Deformation

The form of the equation used to calculate bond deformation energies is,

1
Ey =k (ry = ro)? (17.8.2)

where K, is the force constant or bond strength and 7, is the ideal bond length.

* Note that plotting of potential energy functions can be done with a conventional mathematics or table
calculation program such as Mathematica®, Maple®, Excel®, etc.
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To show how we use Eq. 17.8.2 to calculate strain energies we will insert some ty-
pical values. For 1nstance the MOMEC97 force constant for a Pt(I)-N(amine)
bond is 2.54 mdyn A and the ideal bond length is 2.03 A. The units for the en-
ergy term (mdyn A™') are not SI units but they can be converted to kJ mol™' by
multiplying by 602.5 (see Appendix 2). The units of mdyn A~ for a stretching
force constant are employed as input for MOMEC and the conversion of the out-
put energies takes place within the program. Thus, the equation used to calculate
the energy required to deform a Pt-N bond of this type is:

Fy, = L 602.5.2.54. (r—2.03?  or
2 (17.8.3)
Ey, =301.25.2.54. (r — 2.03)

For example, if the Pt-N bond is stretched to 2.06 A the energy required is:

Ep = 301.25 - 2.54 - (2.06 — 2.03)? kJ mol "
= 301.25 - 2.54 - 0.0009 kJ mol !
= 0.689 kJ mol ™!

Valence Angle Deformation

The energy associated with distortion of valence angles is calculated in a similar
way but it is important to note that ideal valence angles are entered into MOMEC
in radians. For example, for an aliphatic C-C-C group the ideal angle is 109.4°
which is inserted as 1.911 and the force constant is 0.45 mdyn A rad™% Thus, the
energy associated with distortion of such an angle to 115° is calculated as:

Ey = 301.25-0.45- (0 — 1.911)> kJ mol™!
=301.25-0.45 - (2.007 — 1.911)* kJ mol~!
=301.25-0.45 - 0.00924 kJ mol ™!
= 2.8 kJ mol™! (17.8.4)

MOMEC offers a number of possibilitics for modeling valence angles, and
these are of particular interest for the computation of angles around metal centers.
However, all of these approaches can be used for any of the angles in a molecule.
The choice includes:

e harmonic potential energy functions of the type discussed above

e multiple harmonic potentials, e.g., for octahedral and square planar com-
pounds, where minima of 90° and 180° are found

e 1,3-nonbonded interactions, i.e., the angular geometry is established by li-
gand-ligand repulsion

e plane twist functions, e.g., to enforce square planar geometry for four-coordi-
nate compounds
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Note that a combination of various types of potentials can be activated. For ex-
ample, the coordination geometry for octahedral transition metal compounds can
be modeled by 1,3-nonbonded interactions in combination with a multiple harmo-
nic function. This is the approach used in the MOMEC97 force field for a number
of metal complexes. Also, for four-coordinate compounds one or both of these po-
tentials can be combined with a plane twist potential that enforces square-planar

geometry.

Fig. 17.8.4

The type of potential is chosen in the Edit/View,; Force Field; Atom Type Para-
meters window of MOMEC. Note that the corresponding functions also need to
be activated in the Setup/Optimization controls menu.

Out-of-plane Deviations

Out-of-plane deviation functions are used when a group of four atoms is most
stable when they are coplanar. This is the case for groups involving multiple
bonds such as alkenes or conjugated systems such as carboxylate groups. The de-
viation is usually defined as the angle between the vector from the central atom
to the fourth atom and the plane defined by the other three atoms.

%“mw///:JS

2 - Fig. 17.8.5

A quadratic term is used to calculate the energy for this deformation but the func-
tion differs from those above because the ideal value is zero (corresponding to
planarity) and therefore does not appear in the equation.

&:%hwf (17.8.5)

Here too, k5 is a force constant that determines the amount of energy that must be
expended to achieve a certain distortion.

Torsion Angle or Dihedral Angle Functions

Torsion or dihedral angles are angles involving a sequence of four atoms and can
be defined as the angle between the plane defined by the first three atoms in the
sequence and that defined by the last three atoms in the sequence. Alternatively,
it can be viewed as the “twisting” angle about the central bond — the angle
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through which one bond must be rotated in order to overlay the other bond. This
is shown schematically in Fig. 17.8.6 in lateral (a) and Newman (b) projections.

v

¢
(@) (b) Fig. 17.8.6

If the four atoms (and three bonds) are coplanar and the two terminal atoms are
cis to each other then the torsion angle is defined as zero. Torsion angles have a
sign that is determined from the direction of rotation needed to bring the front
bond into superposition with the rear bond. If the direction of rotation is clock-
wise, as shown in part (b) of Fig. 17.8.6, then the torsion angle is said to be posi-
tive and if it is anti-clockwise then the angle is negative.

Rotation about the central bond costs energy and there are two components to this;
one arises from the repulsion between the first and fourth atoms in the sequence and
the other is intrinsic to the bond. The former component is included in the nonbonded
interactions of the molecular mechanics model but the other component must be ex-
plicitly included by means of a torsion angle potential energy function.

The simplest example is ethane; the torsional strain energy of ethane is at a
minimum when the torsion angles are 60°, 180° and 300° and at a maximum
when they are 0°, 120° and 240°, and these are the staggered and eclipsed confor-
mations, respectively.

staggered conformation eclipsed conformation Fig. 17.8.7

The three fold symmetry of ethane along the central bond gives rise to a periodicity
in the energy as a function of the torsion angle. Thus, a sinusoidal curve describes this
relationship, and the energy can be calculated using a function of the type:

1
Ey = 5 kg (14 cos 3 ¢yu)) (17.8.6)

As before, this is a harmonic function, where ky is the force constant that relates
the energy that arises from a given degree of distortion to the torsion angle. The
factor of three gives the appropriate multiplicity and the result is the curve shown
in Fig. 17.8.8.
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angle
As you can see in Fig. 17.8.8, this function gives energy minima at 60°, 180° and
300° and maxima at 0°, 120° and 240°. Increasing the value of k, increases the height
of the curve. This equation is suitable when the atoms forming the central bond are

both tetrahedral, giving rise to the three-fold symmetry seen in ethane but, where this
is not the case, a more complex function is required as shown in Eq. 17.8.7.

1
Ed’ = Ekqg (1 + cos (m (¢ijk1 + ¢0ffset))) (1787)

In this equation, m is the multiplicity, the number of times the curve is repeated
in one complete rotation about the central bond (3 in the example of ethane), and
Dosrser 18 used to shift the energy minimum. For example, in the case of a torsion
angle about a bond between an sp* hybridized atom and an sp® hybridized atom
the periodicity is 6 (arising from the atoms having three-fold and two-fold sym-
metry, respectively), and a function of the type:

Ey = %kd, (1 + cos (6 1) (17.8.8)
produces a curve with minima at 30°, 90°, 150° etc., as shown in Fig. 17.8.9.
2.5
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However, the true minima are at 60°, 120°, 180° etc. Thus, it is necessary to apply
an offset of 30° or 0.524 radians, giving equation 17.8.9 and the curve shown in
Fig. 17.8.10.

Ey = %kd, (1 + cos (6 (¢, + 0.524))) (17.8.9)

2.5

1.5

energy
-

angle

Fig. 17.8.10

Note that the twist angle potential will be discussed and used separately in Sec-
tion 17.14.

Exercise

Calculate the strain energy that results from distorting one of the oxygen atoms in
a carboxylate 7.5° out of the plane defined by the other three atoms, using Eq.
17.8.5, and given that ks = 0.5 mdyn A rad >

Determine the appropriate multiplicity that would be used to calculate the
torsion deformation energy arising from rotation about a Co-N bond in
[Co(NH;)¢]**. (Note: it is generally assumed that the energy barrier to such a ro-
tation is so low that it need not be included in the force field).

Use Eq. 17.8.9 to calculate the strain energy arising from a torsion angle of
40°, given that k, = 2. Compare the value that you obtain with the value estimated
from the plot shown in Fig. 17.8.10.
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17.9 Potential Energy Functions II: Nonbonded Interactions

Theory

Pairwise interactions between atoms not connected by a formal bond can have a
number of components. There is always what is usually referred to as the van der
Waals interaction which has attractive and repulsive components. If both atoms are
charged or carry a significant partial charge then there will be an electrostatic com-
ponent. Lastly, if one atom has a lone pair of electrons capable of accepting a hy-
drogen atom and the other atom is a hydrogen atom which is part of an acidic group
then a hydrogen bond can form. The molecular mechanics treatment of these three
components is very different and thus we will consider each one separately.

van der Waals Interactions

The van der Waals interactions are repulsive at short and attractive at long dis-
tances. The energy minimum is at the sum of the van der Waals radii. The repul-
sive component arises from overlap of electron clouds and mutual repulsion of the
nuclei, the attractive component arises from interactions between dipoles and mul-
tipoles. A number of functions have been used to mimic these components but the
most popular fall into two groups, the Lennard-Jones potential (shown in Eq.
17.9.1 in the 6—12 form) and the Buckingham potential (Eq. 17.9.2).

A4 C

Evdw = T _ _6 (17.91)
d? df

Eygw = Ae™ 8 — Cd™¢ (17.9.2)

In both equations, d is the separation between the atoms. The Lennard-Jones po-
tential is simpler and computationally less demanding and is therefore favored for
models of macromolecules such as proteins and DNA. The Buckingham function
more closely resembles the energy relationship and is preferred when higher accu-
racy is required. The latter function is available in MOMEC and we will concen-
trate on this.

A and C in both Eqs 17.9.1 and 17.9.2 define the steepness of the repulsive and
attractive components, respectively. B in Eq. 17.9.2 defines the minimum of the
curve or the van der Waals radius and is calculated using:

B = 12.50/(vdWr; + vdWr;) (17.9.3)

Here, vdWr; and vdWr; are the van der Waals radii of atoms i and j, respectively.
It is generally assumed that 4 and C are related and can be calculated from a sin-
gle value. This is the basis of the Hill equation and the common factor is referred
to as the polarizability, €. 4 and C are calculated from ¢ using:
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A =2014(; - )" (17.9.4)

C = (2.25(e - &) *(vdWr; + vdWr;)%) /144 (17.9.5)

Practice

For a H---H interaction in the MOMEC force field the van der Waals radius is
1.44 A and the ¢ value is 0.044 for each hydrogen atom. These give rise to 4, B
and C values of 48.34, 4.34 and 0.214, respectively, and Eq. 17.9.2 becomes:

Egy =48.34e7*% —0.21447° (17.9.6)

If the separation is 2.4 A the energy is calculated to be 0.197 kJ mol™". Shown in
Fig. 17.9.1 is the energy versus separation curve for this H---H interaction.

1
0.8
0.6

0.4

energy

Fig. 17.9.1

Note, that the minimum of this curve lies at the van der Waals radius sum of
2.88 A. Below this value the energy increases rapidly as the atoms come into
close contact. Above the van der Waals radius the energy asymptotes to zero at an
infinite separation. Above about 2.6 A the energy is negative which means the at-
tractive component dominates and the net van der Waals interaction is stabilizing,
below 2.6 A the interaction is destabilizing.

Theory

Hydrogen Bonds

Hydrogen bonds occur when an atom with a lone pair of electrons, capable of ac-
cepting a hydrogen atom, is in the vicinity of a hydrogen atom that is part of an
acidic group. Modeling hydrogen bonds is difficult because there is a continuum
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of bond strengths ranging from interactions that are primarily electrostatic to those
where the hydrogen atom is shared equally between the donor and acceptor atom.
Thus, hydrogen bonds are usually modeled using an empirical function that repro-
duces the hydrogen bonding distance and returns the correct amount of energy at
this distance. However, it cannot always be expected to reliably reproduce the re-
lationship between energy and distance nor can it always predict the hydrogen
bonding separation. The equation usually used is similar to the Lennard-Jones po-
tential in that it has attractive and repulsive components but the exponents give a
steeper curve.

Epw = Cd™'? — Dd™"° (17.9.7)

Practice

The variables C and D are chosen to give the desired separation and energy. For
example, if C=234.0 and D = 66.8, the minimum in energy occurs at 2.05 A, and
the energy released at this minimum is 5.11 kJ mol™'. The energy versus separa-
tion curve for this example is shown in Fig. 17.9.2.

energy

Fig. 17.9.2

Theory

Electrostatic Interactions

Nearly all atoms in complex molecules carry a residual charge; those that have a
charge with the same sign will repel one another and those that have oppositely
signed charges will attract one another. The equation that relates the separation of
the atoms (d) and the charges (g;, ¢;) they carry to the energy of the attraction or
repulsion is well known:

E,=(qi-q)/(-d) (17.9.8)
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In this equation, ¢ is the dielectric constant, which is 1 in a vacuum but is
substantially larger in solution or the solid state, and one of the difficulties in
molecular mechanics studies is deciding on an appropriate value for the dielec-
tric constant. Values between 2 and 8 are typically used but more recently, dis-
tant dependent values, such as 4d, have been shown to best reproduce protein
crystal structures'*®! and have become increasingly popular. The other difficulty
in applying electrostatic interactions lies in deriving the residual charges on the
atoms. For small organic molecules this is done by quantum mechanics calcula-
tions and for proteins and DNA it is assumed that calculations on the component
parts can be transferred to the macromolecule. However, reliable quantum me-
chanics calculations on even moderately large metal complexes are still rather
expensive. Thus, the inclusion of electrostatic interactions in models of metal
complexes remains problematic. Additionally, in most metal complexes the elec-
trostatic interactions are not believed to be significant because the major residual
charge lies on the metal atom and this produces a symmetrical field about the
metal. Consequently, the tendency is to omit electrostatic interactions, unless
there is a clear need to include them. This may, for example, be necessary in
oligonuclear complexes where more than one metal center is present. Electro-
static interactions are also important in macromolecules such a proteins and
DNA and therefore, when modeling such molecules, whith metals present, these
interactions should be included.

Practice

Consider the repulsion between two atoms, each with a residual charge of 0.2
electrons and separated by 3.0 A. Eq. 17.9.8 becomes:

E,=(0.2¢-0.2¢e)/(c-3.0A) (17.9.9)

However, the value returned will not have units of kJ mol ! and a multiplier of
1390.0 must be applied (see Appendix 2). If ¢ is taken to be 4 then we calculate an
energy of 4.63 kJ mol™', and if ¢ is taken to be 4d then this becomes 1.54 kJ mol .
The greater the value of ¢ the smaller the electrostatic energy that is calculated —
because the higher the dielectric constant, the more the electrostatic interaction is
damped. Shown in Fig. 17.9.3 are curves for electrostatic interactions between
these atoms for ¢ = 4 and for e = 4d.
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Note that the energy varies much more slowly as a function of the interatomic
separation than is the case for van der Waals or hydrogen bonding interactions.
For example, if the interatomic separation is increased to 4.0 A the electrostatic
interaction energies referred to above become 3.48 and 0.869 kJ mol ™, respec-
tively. Note also, that the energy varies more rapidly if ¢ = 4d because the rela-
tionship is inverse squared with respect to separation, rather than a simple in-
verse.

Exercise

Consider the three-atom system shown in Fig. 17.9.4 with the data listed below.

H\‘~~
o -0  Fig. 17.94

The partial charge on each O atom is —0.2 e and the partial charge on the H atom
is 0.1 e. The O-H separation is 1.9 A and the OO separation is 2.8 A. The ¢
values for H and O are 0.046 and 0.052, respectively and the van der Waals radii
are both 1.44 A. The C and D values for an O H hydrogen bond are 234.0 and
66.8, respectively.

Use this information to calculate the van der Waals, hydrogen bonding and
electrostatic contributions to the energies of the O---O and O---H interactions.
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17.10 Force Field Parameters I: Developing a Force Field for
Cobalt(IIT) Hexaamines — Normal Bond Distances

Theory

It is important to note that a force field is a highly correlated entity, and all parts
of it, that is, the potential energy functions and the set of parameters, are interde-
pendent: if one function or one parameter is changed, others may have to be rede-
termined. It is clear then that force field parameters do not necessarily have a real
physical significance. The important message is: do not add force field para-
meters from a different force field, even if that force field is well established and
produces high quality results, without carefully checking and refining them in
your force field. In cases, where different types of functions are used, e.g., the
Lennard-Jones instead of the Buckingham potential for van der Waals interac-
tions, or if stretch-bend cross terms are added, it is obvious that quite different
parameter sets have to be used. However, even for parameterization schemes
based on identical potential energy functions, these may differ considerably.
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Fig. 17.10.1

It is relatively easy to develop a force field that models the structure of a sim-
ple molecule, such as ethane (Figure 17.10.1). The computed C-C bond distance
is influenced by the van der Waals repulsion of the protons (H--H), the stretch-
ing force constant k&, of the C-C bond and the corresponding strain free distance
ro. Thus, increasing the H--H repulsion, leading to an elongation of the C-C
bond, requires that the ry value of the C-C bond be reduced, or the force con-
stant k, be increased, or both, to reproduce the correct C-C bond length of
1.532 A. Obviously, with a general and constant parameterization of the van der
Waals term, fitting of the C-C based parameters (k, and rg) to one structure,
i.e., that of ethane, will not lead to a unique combination of parameters. For a
general parameter set &, and rg, which can be used to model a whole series of
alkanes, the development of the force field has to be based on a broader body
of experimental data. Since molecular mechanics modeling is an interpolative
method, the choice of data for the development of the force field determines the
applicability of the parameter set.

It also emerges that parameter schemes based on thermodynamic (heats of for-
mation, isomer distributions), spectroscopic (vibrational force constants) or struc-
tural experimental data are different and primarily useful for modeling the corre-
sponding properties. The MOMEC force field is largely based on structural data.
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However, some of the parameters have also been refined against thermodynamic
and/or spectroscopic data. Thus, the hexaaminecobalt(IIT) force field leads to ac-
curate structural and thermodynamic predictions. Since all parameters are highly
correlated, i.e., the parameterization of the ligands and that of the chromophore,
the prediction of thermodynamic properties of complexes with other metal centers
is also expected to be reasonably accurate. However, this may have to be tested se-
parately for each set of compounds.

An important point, related to force fields based on X-ray structural data is that
the optimized structures are related to molecular structures in a crystal lattice.
Thus, the suggestion that the computations lead to “gas phase structures” is
wrong, even if the environment is not explicitly considered. Obviously, the aniso-
tropy of a “real” environment will be lost, and the modeled structures are gener-
ally more highly symmetrical than the geometries of related experimentally deter-
mined crystal structures. Thus, for judging the quality of a computed structure,
you should always compare averages of symmetrically related structural para-
meters of the experimental structure with the corresponding computed para-
meters.

You might have observed another fact related to the symmetry of computed
structures: [Co(NH;)g]’" that you have refined in Section 17.2 is not as highly
symmetrical as you might have anticipated, in that the N-Co-N valence angles dif-
fer from the theoretically expected 90° and 180°. This is not unexpected, if you
think about it: the molecular cation does not have O, symmetry, this is violated
by the trigonal structure of the NH; ligands, and the resulting overall symmetry is
D54 at most, depending on the conformer considered (frozen orientation of the six
ammonia ligands). Again: use average structural parameters to compare the com-
puted geometry with experimental data.

One of the major problems facing a molecular modeler is the development of a
parameter set for a new type of compound. As a simple exercise for this lesson
we consider the cobalt(IlI)-amine bond within the framework of the MOMEC po-
tential energy functions and the known parameterization scheme for the organic
backbone of the ligands. With the approach of modeling angular geometries with
1,3-nonbonded interactions the only metal-donor dependent and therefore un-
known parameters are k, (Co™-amine) and ro(Co™-amine) (the metal-donor-back-
bone valence angle potential, i.e., Co™-N-C, is assumed to be metal ion indepen-
dent). With the combined model, involving 1,3-nonbonded interactions and the
multiple harmonic angle function for the angular geometry involving the metal
center, the parameters for the latter function are generic, i.e., they must not be
fitted to experimental structural data. Once we get k;(Co™-amine) and ro(Co™-
amine) we can model any hexaaminecobalt(Il) compound within the interpolation
range given by the range of test structures.

The first task is to get reasonable starting values for these parameters. The un-
deformed (ideal) bond distance 7, can be estimated from the average of known ex-
perimental bond distances of relatively undistorted, compounds. Experimental
bond lengths are usually elongated by 1—10% due to steric strain (e. g., mutual re-
pulsion of the substituents — remember the picture of ethane above). A first ap-
proximation to the force constant &, can be calculated from the fundamental vi-
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bration frequency v, taken from the vibrational spectrum of a representative com-
pound, e.g., [Co(NH;)¢}*" (Eq. 17.10.1).

ky = p(2vre)? (17.10.1)

Here, v is the frequency of the stretching mode (v = 494 cm™ for Co™-N), ¢ is
the speed of light (2.998-10° ms™"), and y is the reduced mass (u = m, - my/
(my + my)).

The starting values of the parameters ry and 4, can be added to the force field
parameter files, then test structures (e.g., [Co(NH3)¢]*", [Co(en)3]3+ etc.) can be
computed and the relevant structural parameters (i.e., Co™ -N distances) are com-
pared with experimental data. The structural differences (experimental vs. calcu-
lated) are then used to optimize the force field parameters, i.e., the parameters ry
and k;, are varied to minimize the structural differences. It is clear that this will be
more difficult with a large set of very different structural types (extremely short
and long Co™-N bonds) but the fitted parameter set will be more generally ap-
plicable, i.e., the interpolation range will be larger. Thus, it is preferable to use as
large a set of experimental structures as possible to develop a new force field.
The best approach is to load all relevant structures from the Cambridge Structural
Data Base (CSD) and to refine the whole set as a batch job in each cycle of force
field parameter adjustment. To demonstrate the dangers of using limited structural
data sets for force field fitting, we restrict ourselves in this lesson to the structures
of [Co(NH;)¢]>* and lel;-[Cofen)s]*". Get these structures from the CSD if it is
available to you, and convert them to *.hin files using the Conversion module of
MOMEC, available in the Execute window (see Section 17.6).

There are various ways to compare structures and, more specifically, to list the
relevant differences between computed and experimental structural data: (i) you
can use the Overlay module in the ChemPlus extension of HyperChem (Overlay
in the basic version of HyperChem does not provide rms differences and thus is
not useful for parameter fitting); (ii) we suggest that you make a table of the rele-
vant parameters; (iii) the developers kit in HyperChem 5.0 allows for coupling
HyperChem with external programs, such as Excel®, and this may facilitate the
production and analysis of such tables.

Practice

In Sections 17.10-17.13 we will manipulate the force field. Make sure that you
do not lose the parameters supplied with MOMEC. Therefore, copy all force field
files (momec*.txt) with the usual Windows98® tools (e.g., Explorer) from the di-
rectory that you use for MOMEC (e.g., ¢:\momec or c:\momec97\parm) to a sub-
directory (e.g., c:\momec\user\lesson10) and choose this subdirectory as the pre-
sent path for the force field: click on the MOMEC menu item Sefup and then on
Force Field. With the F2 key you can choose the path (c:\momec\user\lesson10).
Confirm with OK.
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Open the menu item Edit/View, there Force Field and there Bond Stretch Para-
meters. Move the cursor to the row CO3-NT, click on this line, click on the button
Delete, confirm and leave the Force field edltor with OK. Now, your MOMEC
force field does not have any parameters for Co™’-amine bonds: you are ready to
develop your own parametenzatlon' Actually, see what happens 1f you try to re-
fine a molecule with a missing parameter: Open the [Co(NH;)]*>* — hin file from
Section 17.1 (Setup/Files) or from the CSD and refine it (set the maximum num-
ber of cycles (Setup/Optimization Controls) to 2; Execute/Geometry Optimiza-
tion). At the bottom of the Summary window the Force Field Messages will tell
you that there is no bond stretch function for atom types: CO3 NT.

.

Fig. 17.10.2
The range of force constants k;, for Co™'-amine that have been used in the literature
vary from 1.7 to 2.25 mdyn A~ (MOMEC97 uses 1.750 mdyn A™"), and the reported
values for rq vary from 1.905 to 1.950 A (MOMEC97 uses 1.905 A). In thls lesson,
we will fit the two m1ss1ng parameters to the two structures of [Co(NH;)6]>" (Section
17.2) and lel;-[Co(en);]*" (Section 17.4) with reported Co-N distances of 1.961 and
1.964 A, respectively. Since these distances are very similar to each other, select a va-
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lue close to this distance as the starting value for the ideal bond distance, i.¢., 1.950 A
and a relatively stiff force constant, i.e.,2.25 mdyn A",

Return to the menu item Bond Stretch Parameters under Edit/View and Force
Field. Go back to the row that you have deleted, click on the Insert button and
type in the top row CO3, NT, 2.25, 1.950 and Section 17.10. Confirm these en-
tries with 4ssign and Save the changes to the force field. You are now ready to re-
fine the two molecules as you have learnt in Sections 17.2 and 17.4 (do not forget
to set the number of cycles (Setup; Optimization Controls) back to 20; refine the
molecules as a Batch-Job and see the results with Batch-Job Results under Edit/
View (see Section 17.4).

Table 17.10.1

Source [Co(NH3)6)** [A] lels-[Co(en);]*" [A]
Experimental 1.961 13 1.964 158
MOMECY7 1.955 1.963

2.25/1.950 1.980 1.980

2.25/1.927 1.964 1.964

[Co(NH;)¢]** and lel;-[Co(en);]*" refine with over long bonds (1.98 A instead of
1.96 A each, see Table 17.10.1). The obvious thing to do now is to decrease r,. You
can do that as before, in the Force Field Editor. However, a more efficient method is
to directly edit the Parameter Array. To do that, you have to be sure that the correct In-
teraction Array has been stored. This array can be built in the menu item Build Inter-
actions under Tools. You can then edit the force field parameters in the Parameter Ar-
ray field of Edit/View. Click the corresponding parameter (STR CO3 NT, i.e., the
stretching interaction between cobalt(Ill) and aliphatic amine donors) and enter the
new values in the Change Values line; Assign the parameter set and Save them.

.~ Parameter Array

£03 58.93 0 1 1 ) .
N 15.01 1 ] 0 0
12.01 1 1] a 1]
Vi H 1.01 1 8 8 0
(STH co3 NT 1.758 1.965
NT Cl 6.000 1.490
NI H S5.640 0.910
CY Cl 5.000 1.500
T H 5.000 ©0.970
Ml LU N1 B.088 1.571 v

Fig. 17.10.3
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In the Setup Files menu you must then activate the Use Interaction Parameter
Files option.

Fig. 17.10.4

With &, =2.25 mdyn A~ and r, = 1.927 A the computed bond distances are more
accurate (1.964 A each). Actually, these values are even better than those with the
original MOMEC97 force field (see Table 17.10.1).

Exercise
You may now want to further modify your Co'™-N force field. One instructive
possibility is to replace the modified “point-on-a-sphere” model (1,3-interactions
around the metal center, perturbed with a multiple harmonic potential, see Section
17.8 and Section 3.2.2) by a more conventional angle function. To do this, you
have to go back to the force field editor and modify the Angle Functions setup in
the Atom Type Parameters menu. You can simply choose the Mult.Harm. option,
i.e., model the angular geometry without 1,3-nonbonded interactions. A reason-
able initial value for the kg parameter of the NT-CO3-NT valence angle (edited in
the Valence Angle Parameters item of the Edtt/Vew/Force erld menu) is
0.68 mdyn A rad? (this is a typical parameter for amine-Co'"-amine bending,
used in force fields not involving the 1,3-nonbonded interactions). This parameter
can obviously be refined to get better results. The resulting Co-N distances are
slightly smaller since the ligand-ligand repulsion is now removed. Obviously, this
effect is larger when you use the original MOMEC parameter set
(k, = 1.75 mdyn A™!, ro=1.905 A). This is the reason why the ideal metal-donor
distances ry are shorter in MOMEC than in force fields that do not use 1,3-inter-
actions to model the geometry of the chromophore. Test this!

As an additional exercise you should calculate the estimated force constant
from Eq. 17.10.1.
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17.11 Force Field Parameters II: Refining the New Force Field —
Very Short Bond Distances

Theory

The two cobalt(T1) hexaamines with relatively short metal-donor distances consid-
ered here are [Co(trans-diammac)]** (trans-diammac is trans-1,4,8,11-tetraazacy-
clotetradecane-6,13-diamine, see Fig. 17.11.1) and [Co(trap),]** (trap is 1,2,3-tri-
aminopropane, see Fig. 17.11.2). There are three conformers of [Co(trans-di-
ammac)]>* (88, 64, AS; where 6 and A refer to the conformation of the five-mem-
bered chelate rings in the complex — see also Section 17.3). The Ad-conformer is
the most stable form and has been characterized by an X-ray diffraction study. A5-
[Co(trans-diammac)]®* has very short Co-N bonds (1.937A (four equatorial
bonds), 1.946 A (two axial bonds)), and the experimentally determined high li-
gand field and the strongly negative redox potential confirm that these structural
features are conserved in solution®%**"-281],

There are two isomeric forms of [Co(trap),]*". Experimental studies and mole-
cular mechanics calculations indicate that they have similar stabilities. The meso
isomer has been analyzed by X-ray diffraction, and the computed structure is in
good agreement with the experiment!!7%]. It is of interest that the structure of
meso-[Co(trap),]’" is similar to that of [Co(trans-diammac)]**, and the experi-
mentally determined Co-N distances to the amine substituent in 2-position
(shorter arm, two symmetrically related trans bonds) are similar to the corre-
sponding distances in [Co(trans-diammac)]®" (1.942 A vs 1.946 A), while the
other four bonds are longer (1.961, 1.964 A vs 1.937 A).

Fig. 17.11.1
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meso rac Fig. 17.11.2

You can input the two structures from the CSD. However, it is a good exercise to
build the structures using HyperChem and then refine them with MOMEC. Do not
forget to set the force field back to the original MOMEC parameter set (Setup/
Force Field/c:\momec97\parm). For [Co(trans-diammac)]** it is sufficient to build
one of the three conformers, refine it and then create the others by inversion of one
or two of the five-membered chelate rings in HyperChem (see Section 17.3).

Practice

Once you have created the five structures and saved the *.hin files (we use the
file names codmld.hin, codmdd.hin, codmdl.hin, cotrap1.hin and cotrap2.hin) you
can refine them with the force field that you have developed in Section 17.10:
Setup Files/Force Field/c:\momec\user\lesson10. Check the parameters again
(4, (CO3-NT) =2.25; ro(CO3-NT)=1.927). Refine all files in the Batch Job
mode. Relevant experimental data and those that you have calculated are as-
sembled in Table 17.11.1.

Table 17.11.1

Compound Experimental MOMEC97 2.25/1.927
coab 1.961 [A]P3) 1.955 [A] 1.964 [A]
colllen 1.964 81 1.956 1.964
codmld 1.946> 1281 1.943° 1.935% 1.954>
1.9374 1.946%¢
codmdd - 1.946™ 1.950% 1.956*
1.959%4
codmdl - 1.953% 1.973% 1.962
1.978%
cotrapl 1942211701 1.938 1.952° 1.950*
1.961 (1.964)% 1.961°
cotrap2 - 1.941% 1.952%

1.950 (1.953)4

1.959 (1.962)°
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With the two new structures (codmld.hin and cotrapl.hin) it becomes obvious
that our new parameter set has two deficiencies: The short bonds are generally
overestimated and, therefore, the difference between long and short bonds be-
comes too small. Thus, the force constant of 2.25 mdyn A™! is, not unexpectedly,
too high and the ideal bond distance of 1.927 A is possibly too long. Let us first
consider the force constant and try the new parameter set 2.0 mdyn A~'/1.927 A:

Table 17.11.2

Compound Experimental 2.25/1.927 2.00/1.927
coab 1.961 [A1P* 1.964 [A] 1.968 [A]
colllen 1.964 58 1.964 1.968
codmld 1.946x 1281 1.954% 1.956%* 1.948°4
1.937%9 1.946%
codmdd - 1.956™ 1.959%* 1.961%%
1.959%4
codmdl - 1.962%* 1.966* 1.983°
1.978%
cotrapl 1.942%170] 1.950° 1.952%% 1.964°
1.961 (1.964)% 1.961%4
cotrap2 - 1.952% 1.955

1.959 (1.962)% 1.962 (1.965)%

The difference between short and longer bonds is now close to the experimental
values, and it emerges that a decrease of the ideal bond distance by about 1/10 of
an Angstrom should lead to satisfactory results. The parameter set 2.0 mdyn Al
1.915 A leads to the results shown in Table 17.11.3.

Table 17.11.3

Compound Experimental MOMEC97 2.00/1.915

coab 1.961 [A]1* 1.955 [A] 1.958 [A]

colllen 1.964 581 1.956 1.958

codmld 1.946% 12811 1.943% 1.935% 1.947% 1.939%4
1.937¢

codmdd - 1.946™ 1.950% 1.950> 1.953%

codmdl - 1.953%% 1.973%4 1.956™ 1.974%

cotrapl 1.9423x170) 1.938* 1.952°1 1.943%% 1.956%¢
1.961 (1.964)

cotrap2 - 1.941% 1.946*

1.950 (1.953)*4

1.953 (1.956)%4

These results are as a whole very accurate, i.e., all the differences between ex-
perimentally determined and computed Co-N distances are well below 0.01 A.
This is especially remarkable for the very short Co-N bonds, and it is an error
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limit which is not generally obtained for larger data sets. Remember: our force
field is still based on just four structures, and this usually is too small a basis set
for anything other than a very limited set of molecules.

Exercise

Check the strain energies for the seven calculated structures with all the four force
fields used thus far and interpret the changes. Which terms are contributing the
most to the total strain energies?

Have a close look at the structures of [Co(trans-diammac)]**. The main distor-
tion in this case is the angle § between the best plane through the four equatorial
macrocyclic N-donors and the cobalt center, and the bonds to the axial N-donors
(see Fig. 17.11.1). Use the Structure module to measure this distortion, and com-
pare it (i) between the three conformers and (ii) for each conformer through the
four force fields.

17.12 Force Field Parameters II1: Refining the New Force Field —
Very Long Bond Distances

Theory

We now extend the structural basis set for cobalt(IIl) hexaamines with one addi-
tional structure with relatively long Co™-N bonds. The [Co(tmen);]*" cation
(tmen = 2,3-dimethylpropane-2,3-diamine) is a highly strained species with long
Co™-N bonds because of the four methyl substituents (see Fig. 17.12.1). The
structure of the cation has been determined by an X-ray diffraction study, and
the conformation in the crystal has been defined as ob; (see Section 17.3 for
the nomenclature of the conformers). Due to the elongation of the Co'™-N bonds
to 1.997 A, there is a remarkable shift in the ligand field spectra (the first d-d
transition ('A;—'T,) is at 515 nm vs 470 nm for [Co(en);]*") and the redox po-
tential (—0.18 V vs +0.28 V)P6231],

Practice
Use the structure of 0b3-[Co(en)3]3+ from Section 17.4 as a starting structure to

build ob3-[Co(tmen)3]3+, and refine it with the original MOMEC force field
(Setup Files/Force Field/c:\momec97\parm).
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Fig. 17.12.1

Once you have created the structure and saved the *.hin file (we use the file
name cooootmn.hin), you can refine it with the force field that you have developed
in Sections 17.10 and 17.11: Setup Files/Force Field/c:\momec\user\lessonl0.
Check the parameters again (k,(CO3-NT)=2.00 mdyn A7'; ro(CO3-NT) =
1.915 A). Refine the structure and check the results against those in Table 17.12.1.

Table 17.12.1

Compound Experimental MOMEC97 2.00/1.915
coab 1.961 [A]BY 1.955 [A] 1.958 [A]
colllen 1.964 58! 1.956 1.958
codmld 1.946%<[281] 1.943* 1.947*
1.937%4 1.935% 1.939%
codmdd - 1.946% 1.950*
1.950% 1.953%
codmdl - 1.953% 1.956*
1.973% 1.974%4
cotrapl 1.9423x[170] 1.938* 1.943%
1.961 (1.964)% 1.952¢ 1.956%
cotrap2 - 1.941% 1.946™
1.950 (1.953)% 1.953 (1.956)
cooootmn 1.997156] 1.971 1.973

It is not unexpected that the computed Co-N bond distances for [Co(tmen)3]3+
are too short. We try to correct this by reducing the steepness of the corresponding
bonding potential. As a new parameter set we try k, (CO3-NT) = 1.75 mdyn A,
ro(CO3-NT) = 1.915 A. We now refine the whole set of structures as a Batch Job.
The results are shown in Table 17.12.2.



252 17 Tutorial
Table 17.12.2
Compound Experimental MOMEC97 1.75/1.915
coab 1.961 [A]B3 1.955[A] 1.962 [A]
colllen 1.96418 1.956 1.963
codmld 1.946™ [281) 1.943* 1.950*
1.937% 1.935% 1.942%9
codmdd - 1.946™ 1.954%
1.950% 1.957°%
codmdl - 1.953% 1.960%*
1.973% 1.978 (1.982)%4
cotrapl 1.94271170] 1.938™ 1.945™
1.961 (1.964)* 1.952¢4 1.959°
cotrap2 - 1.941% 1.949%
1.950 (1.953)% 1.957 (1.960)°¢
cooootmn 1.9975¢ 1.971 1.979

In terms of obs-[Co(tmen);]** there is some improvement. However, the result-
ing Co-N distances are still too short, and the overall agreement for all five struc-
tures considered is worse. It emerges that the original MOMEC force field leads
to the best overall agreement, but it has some deficiencies for compounds with
very long Co-N bonds. The simple reason for that is that a harmonic potential
does not reproduce well the energy arising from very distorted bonds (see Sec-
tion 17.8). We have addressed this in some recent work and are currently improv-
ing MOMEC with a new stretching function *'%!,

Exercise

Construct and refine the other three conformers of [Co(tmen);]*" and refine them
with the original MOMEC force field (c:\momec97\parm). Check the results, in
particular the Co-N distances and the strain energies. Compute the conformer dis-
tribution and compare it with that of [Co(en);]*" (see Section 17.4).

Measure the trigonal twist angle ¢ of the four conformers of [Co(tmen);]>”
(see Section 17.7 for the definition of ¢ and the method used to measure it with
MOMEC). Check the accuracy of the MOMEC force field and those that you
have developed in the last lessons by comparing the comsputed trigonal twist angle
¢ with that obtained experimentally for 0bs;-[Co(tmen);]>* (43.9°) %1,

Next, examine the four structures of the corresponding cobalt(IT) compounds
and compare the Co-N bond distances and trigonal twist angles with those of the
cobalt(IIl) species and with the experimentally observed data (obs-conformer:
Co"-N=2.193 A; ¢ =29.5°). The best way to quickly create the *.hin files for
the cobalt(Il) compounds is to use the Set Atom Type item in the Tools box of
MOMEC.
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17.13 Force Field Parameters IV: Comparison of Isomer
Distributions Using Various Cobalt(III) Amine Force Fields

Theory

The three previous lessons dealing with the development of a force field have all
focused on reproducing structural details. One of the other important outcomes of
molecular mechanics is the strain energies and, in particular, correlations between
differences in strain energies and the amount of a given isomer or conformer that
is observed experimentally (see Section 17.4). While the structures are defined by
the positions of minima on potential energy surfaces, the isomer distributions are
dependent on the steepness of the potentials (i.e., the first derivatives), and the vi-
brational frequencies (i.e., the spectroscopic force constances) are dependent on
the curvature (i.e., the second derivatives). That is, a force field that has been
fitted to structural data (as the one that we have developed in the preceding les-
sons) may lead to high quality predictions with respect to structural parameters
but thermodynamic and spectroscopic parameters might be in poor agreement
with experimental results (see Section 3.3).

Imagine two cobalt(Ill) hexaamine force fields that lead to structural predic-
tions of similar quality, one with a relatively strong, the other with a relatively
weak Co'-N,i,e force constant. Consider two isomeric cobalt(IIl) hexamines,
one with long, the other with short Co"™-N, i bonds. It is evident that the
weaker force constant will generate a smaller difference in isomer abundances
than will the stronger. At this point, it helps to remember that force field para-
meters are interrelated, i.e., if one of the parameters is changed (e.g., the force
constant for the CoHI-Namine bond) others need to be readjusted to obtain good
quality structural data (see Section 17.10). Since some of the parameters of the
MOMEC force field have been fitted to thermodynamic and to spectroscopic data
(this is the case for parameters of the organic part of the molecules), there is a
good chance that the isomer ratios computed with a parameter set for a new type
of interaction (e.g., Co™-N mine) With a constant parameterization for the rest of
the molecule are reasonable. In other words: if the force of the organic part of the
molecule is constant and fitted to thermodynamic data, the counter-force of the
metal-donor bonds should also be reliable. In any case, when developing a new
force field it is highly desirable to test these points, and that is what we will do in
the present lesson.

Practice

One of the classic applications of molecular mechanics modeling to a system of
isomers is the application to the three geometric isomers of [Co(dien),]*". In this
lesson we will examine the effect of varying the force field on the calculated en-
ergy differences between these isomers and on how well they correlate with the
experimentally determined differences (see Table 8.1, Section 8.1).
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The three isomers of [Co(dien),]*" are referred to as meridional (mer), unsym-
metrical-facial (u-fac) and symmetrical-facial (s-fac) and are shown in schematic
form in Fig. 17.13.1.

H H
(\N (\N/> (\
HoN ,Clo./']'@ HoN ., I,.--'NHZ I -NH,
/

~— o l||C |I
HN" | N2 WNQ(\)NH HzN/
; k/ \)
H
mer u-fac s-fac Fig. 17.13.1

Build each isomer using HyperChem or import them from the CSD. Each of the
chelate rings can adopt two enantiomerically related conformations referred to as 6
and 4, as discussed in Sections 17.3 and 17.11. When undertaking a study of a system
of isomers such as this with the aim of predicting the proportions of each isomer it is
important to firstly establish which conformers are the most stable. In Table 17.13.1,
strain energies of the conformers are given. Some of the conformers could not be op-
timized. This is not an uncommon experience and is probably a consequence of the
potential energy surface being too flat in the vicinity of the local minimum corre-
sponding to those isomers. However, in order to avoid discarding conformers unne-
cessarily, care must be taken to attempt refinement from a starting point as close as
possible to the expected geometry and heavily damped shifts should be used to avoid
jumping away from the minimum before the refinement has stabilized.

Table 17.13.1

Isomer Conformer Strain energy [kJ mol™']
mer A0, AL 78.20
Ad, AL 86.20
04, O 64.65
29, 89 78.20
86, 66 86.94
0, AL 78.77
u-fac A0, 66 71.76
69, 00 71.41
A8, 46 67.88
AD, A4 70.19
Ady 22, 71.58
80, 24 75.84
s-fac 28, 20 68.74
Ady AA 75.81
04, 04 86.09
04, /A 74.78
89, AA 83.31

20, 04 96.04
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In the case of the mer and s-fac isomers, one conformer is substantially more
stable than any other but for u-fac, the difference is smaller. Hereafter, we will fo-
cus on only the most stable conformer but you should be aware that this is risky.
Changing the force field might reverse the stability order of the conformers or at
least change the relative abundances. We leave it as an exercise for you to check
the effect of the changes on the most stable conformers and to see whether there
is a change in the order.

In the previous three lessons, variations in the parameters for the Co-N bond
length were considered. Here we will examine the effects of changing the force
constant and the ideal bond-length for the Co-N potential on the isomer distribu-
tion. Shown in Table 17.13.2 are the parameters used and the corresponding strain
energies calculated for the three isomers.

Table 17.13.2

Ideal bond length rq Force constant Ay, Strain energies [kJ mol ']
(mer—s-fac, mer—u-fac, s-fac—u-fac)
[A] [mdyn A" mer s-fac u-fac
1.905 1.75 64.65 68.74 67.88
(4.09) (3.23)
(0.86)
1.915 1.75 61.38 65.71 64.74
(4.33) (3.36)
(0.97)
1.915 2.00 62.44 66.61 65.70
4.17) (3.26)
(0.91)
1.927 2.25 59.39 63.73 62.72
4.34) (3.33)
(1.01)
1.927 1.75 57.68 62.28 61.18
(4.60) (3.50)
(1.10)

Two points emerge from these results. Firstly, despite the small changes in the
force constants, there are large changes in the magnitudes of the strain energies.
For instance, the strain energy of the mer isomer calculated using the MOMEC
parameters (1.905 A, 1.75 mdyn A7) is 64.65 kJ mol™' and that calculated with
the ideal bond length changed to 1.927 A is 57.68 kJ mol™". This very clearly de-
monstrates that the value of the strain energy has no absolute meaning. The reason
the strain energy decreases is that expansion of the Co-N bond length reduces re-
pulsion between the ligand atoms, reducing the size of the nonbonded contribu-
tion. Also, the ligands may relax to some extent.

The other point to emerge is that energy differences also change to some extent
despite the small changes made in the force field. For example the strain energy
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difference between mer and u-fac changes from 4.09 kJ mol ! when the MOMEC
force field is used to 4.60 kJ mol™! when the ideal bond length is increased to
1.927 A. These strain energy differences translate to differences in the proportions
of isomers that are expected. In Table 17.13.3 are listed the isomer proportions
calculated from these strain energy differences. Note, when calculating these ex-
pected isomer ratios it is necessary to take into account statistical factors. Both
the mer and u-fac isomers are chiral and therefore can be formed in two ways.
Thus, they have 2:1 statistical advantage over the s-fac isomer, and if all three
had identical strain energies we would expect the isomers to be formed in a 2:2:1
ratio. The methods for calculating isomer proportions from strain energy differ-
ences have been described in Section 17.4. Also, shown in Table 17.13.3 is the ex-
perimentally observed isomer distribution (see also Table 8.1 in Section 8.1 and
the corresponding references).

Note that the isomer ratio computed using the MOMEC force field is different
from that reported in Section 8.1. This difference is due to the fact that here we
only consider the most stable conformer of each of the three isomers. The ne-
glected conformers also contribute to the isomer abundance and, due to some re-
latively low energy conformers in the case of the u-fac isomer, this leads to the
observed differences (see discussion above). Thus, for a more accurate computa-
tion of isomer distributions, all conformations need to be considered.

Table 17.13.3

Ideal bond length rg Force constant &, Isomer proportions [%]

[A] [mdyn A mer u-fac s-fac
1.905 1.75 73.1 19.9 7.0
1.927 1.75 75.7 18.4 5.9
experimental data:

water 63 29 8
methanol 53 29 18
dimethyl sulfoxide 80 14 6
acetone 74 17 9

The variation in the strain energy differences as a function of the force field
translates into modest differences in calculated percentages. Comparison with the
experimental data reveals two salient points. Firstly, the experimental data is sig-
nificantly dependent on the environment. The second important point to note is
that variation in the experimentally determined isomer distributions is substan-
tially greater than the variation that results from the small changes to the force
field. Consequently, it is inappropriate to fine-tune a force field on the basis of
achieving agreement between observed and calculated isomer distribution. How-
ever, whenever a new force field is developed the ability of that force field to re-
produce observed isomer distributions should be checked and major changes of
force fields have at times been justified on the basis of substantial improvement
in this ability. For example, prior to the adoption of 1,3-nonbonded interactions
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about the metal atom (an approach that is central to the MOMEC force field),
molecular mechanics models did not reproduce the observed isomer distributions
of [Co(dien),)*" even moderately well (see Section 8.1).

Exercise

Compute the strain energies of all conformers of the [Co(dien),]*" system with
the various sets of CoHI-Namine parameters and check whether the isomer distribu-
tions change with respect to the data where only the most stable conformers have
been considered.

Examine the effect of varying force field parameters on the strain energies of
other systems of isomers or conformers discussed in earlier in lessons. For in-
stance the conformers of [Co(en)s]** or the isomers of [Co(trap),]**. Try changing
valence angle, torsion angle and non-bonding parameters and also examine the ef-
fect of removing 1,3-nonbonded interactions and replacing them with valence an-
gle terms about the metal.

17.14 Force Field Parameters V: Parameterizing a New Potential —
The Tetrahedral Twist of Four-Coordinate Compounds

Theory

As one of the special features, MOMEC has a plane twist function. This has been
included to limit the tetrahedral twist in four-coordinate compounds, where 1,3-
nonbonded interactions lead to a preference for a tetrahedral arrangement (see
Section 3.6). That is, the plane twist potential can be used to induce a square-pla-
nar arrangement or, using constraints, any intermediate structure can be enforced.
The same potential can in principle be used for other structural features (see Fig.
17.14.1), such as the Bailar twist of six-coordinate complexes or for computing
the rotational barrier of metallocenes. However, at present it has only been imple-
mented in MOMEC for the tetrahedral twist and no parameters have been in-
cluded as yet.

| Fig. 17.14.1
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There are a number of possible models and parameterization schemes for enfor-
cing planarity in four-coordinate compounds:

1. Using a large force constant for the multiple harmonic potential with minima
at 90° and 180°. However, this may distort the chromophore in cases where the
observed minimum structure is planar but with bite angles involving chelate
rings that are smaller (or larger) than 90°.

2. Using dummy axial ligands to force the equatorial ligands into a planar geome-
try. This technique has been used widely. However, it is somewhat clumsy and
might distort the backbone of the equatorial ligands.

3. Using out-of-plane potentials. This is probably the most reasonable technique
from those available in older programs but it is not very intuitive and it does
not allow for the constraint of specific tetrahedral twist angles.

4. The plane twist potential that we will use in this lesson.

There are many four-coordinate transition metal compounds. Apart from prefer-
ences due to the ligand geometry, ligand-ligand repulsion will tend to twist them
towards tetrahedral. Depending on the electronic structure (ground state of the
metal center and strength of the donors) this preference will be modulated. Thus,
four-coordinate zinc(II) compounds (electronically innocent d'° center) will gen-
erally be tetrahedral while four-coordinate palladium(II) compounds (strong field
d® center) will usually be square planar. Nickel(IT) has a lower ligand-field-stabili-
zation energy and therefore less ability to enforce square planarity but usually
four-coordinate nickel(IT) tetraamine compounds are also planar. Thus, the force
constant for the plane twist function is dependent on the metal center and on the
type of donor atoms.

In a tetrahedral coordination polyhedron there are three possible tetrahedral
twist angles y. MOMEC automatically chooses one of them (you may want to
have two twist angles included; this can be done by changing the default value
for twist in the momec.ini file from 1 to 2).

Shell=@8
Print= 0 6 0. 8.8 @
DefaultTuist=1

[FILES] Fig. 17.14.2

From the first donor in the atom list, MOMEC calculates the three valence an-
gles involving the metal center and discards the largest one, i.e., the trans angle
in a square planar geometry. For the other two sets of three atoms (metal center
and two donors) it determines the two planes defining the tetrahedral twist and se-
lects the combination that has the smaller twist angle. The refinement proceeds in
the direction with the smallest movement, i.e., from large to small twist angles .
Both, the selection of planes and the direction of the refinement can be changed
in Edit/View/Interaction Array as shown in Fig. 17.14.3.
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Interaction Armray
|_]
|

Fig. 17.14.3

The first digit in the boxes in Fig. 17.14.3 is the center of rotation (the metal cen-
ter); the next four numbers define the two planes together with the metal center;
the last number defines the direction of rotation. All these values can be changed.

Practice

As an example we compute the structure of the platinum(II) complex of tetra-
methylcyclam, [Pt(tmtactd)]*”, see structures below. There are various isomers
(configurations of the chiral amines) but the geometry with all four methyl substi-
tuents oriented on the same side of the macrocyclic plane is known to be the most
stable form (R,S,R,S; also called trans I). This isomer has the two six-membered
chelate rings in chair conformations, and these two chelate rings are oriented on
the same side of the macrocyclic ligand plane. We will concentrate on this isomer.
There are two conformers with respect to the geometry of the five-membered
rings, see structures below. Generate both of them with HyperChem and save
them as pttmcyc1.hin and pttmcyc2.hin.

Fig. 17.14.4
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You will need to add a value for the twist angle function. As usual, you do that
with Edit/View/Force Field/Twist Angle Parameter. This parameter will be modi-
fied during the lesson, and this is done as in earlier lessons, by changing the para-
meter in the parameter array file. The first minimization will be with a parameter
value of 0.0.

Type Tupe Type Type Type k tetal Comment
{PT2  INT  NT INT  INT  [oo000 ENEEN | Assign

INT INT  |o000 |0.000 |

Save

Irsent

Delete

U

Fig. 17.14.5
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Remember to activate the twist angle potential and the twist angle listing files
in the Setup windows of MOMEC. Refinement of the two structures with these
parameters leads to the results given in Table 17.4.1 (these are available in the
listing files or by measuring in HyperChem and/or the Structure module of
MOMEC):

Table 17.14.1

Twist angle force constant k, = 0.0

Parameter AN oA

Pt-N1 2.053 [A] 2.058 [A)
Pt-N2 2.053 2.058

Pt-N3 2.045 2.049
Pt-N4 2.045 2.049

Y 20.5° 5.78°

Estrain 55.6 kJ mol™! 67.9 kJ mol ™

Now activate the twist angle potential with a force constant of k, = 0.1. This
gives the results shown in Table 17.14.2.

Table 17.14.2

Twist angle force constant k, = 0.1

Parameter AL OA

Pt-N1 2.053 [A] 2.057 [A]
Pt-N2 2.053 2.057

Pt-N3 2.045 2.048

Pt-N4 2.045 2.048

v 17.3° 3.7°

Extrain 59.5 kJ mol™! 68.1 kJ mol™!

There is little change in most values, particularly for the d4 isomer which has
little tetrahedral twist. The increase in strain energy in the A4 isomer is mainly
due to a build up of torsional strain, van der Waals repulsion and twist angle
strain. Minimization does not proceed as smoothly with larger values of the force
constant. Thus, it may be advisable to increase the damping and/or to decrease
the termination rms shift (Setup/Optimization Controls).

Exercise

Model the other Pt complexes described in Section 17.6 using a tetrahedral twist
function rather than the previously used out-of-plane functions. Establish what values
of the force constant £, are necessary to enforce planarity in the different complexes.
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17.15 Using Constraints to Compute Energy Barriers

Theory

Dynamic processes such as conformational interconversion or bond length defor-
mation associated with changes in electronic or oxidation states have energy bar-
riers associated with them. It is sometimes possible to obtain measures of these
barriers, either directly or indirectly, but there are no experimental methods for
determining the mechanisms by which these changes occur. Also, if the barriers
are low it can be almost impossible to obtain experimental measures of them. Mo-
lecular mechanics calculations can be used to obtain theoretically based estimates
of the barriers, irrespective of their height, and can also give mechanistic informa-
tion.

Chelate rings, such as that formed when ethane-1,2-diamine binds to a metal,
commonly adopt one of two enantiomerically related conformations, designated J
and 4, as described in Section 17.3.

Fig. 17.15.1

Interconversion of one conformation to the other occurs on a very rapid time-
scale and, therefore, it is difficult to determine the barrier using experimental
methods, making it a sensible target for molecular mechanics estimation of the
energy barrier. The conformations of cyclic groups such as this chelate ring can
be defined by torsion angles around the ring and interconversion of the confor-
mations involves inversion of all torsion angles; for example, the N-C-C-N tor-
sion angle changes from about —55° to +55°. However, using constraints to
“drive” this torsion angle from one extreme to the other will not produce a reli-
able estimate of the energy barrier. Instead, it is necessary to map the potential
energy surface associated with the interconversion. In the case of a five-mem-
bered chelate ring two torsion angles are required to fully define the conforma-
tion and, therefore, assuming the interconversion does not involve substantial
changes in bond lengths or bond angles, the potential energy surface is three-di-
mensional (see Section 7.2).

Practice

To map the energy profile associated with the conformational interconversion it is
sensible to choose the N-C-C-N torsion, since the change in this angle is greatest
and most readily visualized, and one M-N-C-C angle. These latter angles change
from about 40° to —40° during the interconversion. In order to set up the calcula-
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tion of the energy profile it is necessary to set up a grid of values, at least cover-
ing the ranges in these two torsion angles, and to calculate the strain energy at
each point on the grid. The step size in the grid will depend on the precision re-
quired and the computational facilities available. Even a step size as coarse as 5°
will require the calculation of 600 points!

So, how do we “drive” these torsion angles to the values we want and keep
them there? There are two methods, constraints and restraints. Constraints are ap-
plied by additions to the matrices used in the energy minimization and are there-
fore mathematically precise — if a value of 35.0° is selected then on minimization
the torsion angle will have exactly this value, irrespective of the strain that is in-
duced as a result. Restraints on the other hand are just normal potential energy
terms but with the minimum set at the desired value and with very large force
constants to force the adoption of this desired value. Restraints are not mathemati-
cally precise; how close the minimization gets to the required value depends on
the size of the artificial force constant but this is not usually a significant pro-
blem. Both constraints and restraints are available in MOMEC but it is recom-
mended that for the purposes of mapping potential energy surfaces or computing
energy barriers that constraints be used.

1. Using HyperChem build [Co(NH;)4(en)]®" by following the methods de-
scribed in Sections 17.1 and 17.3.

2. Use the Build Selections option from the Tools menu to select the torsion
angle. In order to do this it is necessary to open HyperChem with the Dis-
play/Labels/Numbers option on.

Fig. 17.15.2

There is an alternative method for selecting the torsion angles to be con-
strained and this is carried out in HyperChem (continue with step 9 if you
have already added the selections):
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3. Turn on the select tool (© and select the N-C-C-N torsion angle of the en ring
by clicking on the four atoms, being careful to follow the sequence as shown.

4. Select Name Selection ... under the Select menu. The Other option should be
on, if not select it. In the text box name the selection as say TorNCCN and
click on the OK button.

5. Deselect the torsion angle by clicking the right mouse button away from the
molecule and then select a Co-N-C-C torsion as described above.

6. Repeat instruction 4. but this time name the selection as say TorCoNCC.

Restraint Forces

Selections Restraints Restrained Value

(@ Computed
4ToNCCN  ( Other

|
|
(m]) :

< Hemnge” C
Force Constant :
(® Default
Other
0K | Cancel
Fig. 17.15.3
7. Select Restraints ... under the Setup menu. The window shown in Fig.

17.15.3 will appear. The two named torsion angles should appear under the
Selections list. Click on each of these names in turn and click on the Add
— button, moving the two names to the Restraints list. Ignore the fact that
this refers to restraints — that applies to minimization within HyperChem. Be
warned that if other named selections appear under either of the Selections or
the Restraints lists they will interfere with the refinement process and must
be removed. This is done using the Select ... option under the Select menu by
clicking on each extra name and the Remove button in turn.

8. Save the file, move to MOMEC and open the file.

9. Under the Execute menu select the Energy option. The two torsion angles se-
lected should appear in the selection list (see Fig. 17.15.4).
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Select the N-C-C-N torsion angle by clicking on it and then select the Start
value by clicking on the box and typing the desired starting value of 60°.
Next select the Step value typing a desired step size of —5° and set the Num-
ber of Data Points to 13. The statement “End value = 0.000” should appear. If
the end value is written in red it is outside the range that is allowed in
MOMEC and the parameters have to be modified. For torsion angles the
range is 0° to 179.99°. Assign the chosen values to the torsion angle by click-
ing on the Assign button.

Repeat step 10 for the other torsion angle setting a starting value of 45° and a
step size of 0°. The Setup Energy Parameters window should appear as shown
in Fig. 17.15.4.

Setup Energy Parameters
Name of Selection  Atoms Start Value Step Value

toraion7986 7986 60.0000

-5.0000

End value = 45000 Assign

Tolal Shan Eneicy
Numbet of Data Poirts 1 Total Strain Energy

i (« With Energy of Selected Terms
nd Data I

" Without Energy of Selected Terms

Fig. 17.15.4

Click on Calculate. Energy minimization with the N-C-C-N torsion con-
strained initially at 60°, then at 55° and so on will begin. The results will ap-
pear in tabular and graphical forms in windows as shown in Fig. 17.15.5 and
17.15.6. If there are asterisks in the Minimum not reached column increase
the number of cycles in the optimization controls and repeat the calculations.
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Fig. 17.15.6

As mentioned above (point 10) MOMEC does not allow you to compute ne-
gative torsion angles. Since, in the present case, it is necessary to drive the
N-C-C-N torsion to —60° we have to adopt a somewhat clumsy procedure: we
have to setup the structures for both endpoints (N-C-C-N torsion of +60° and
~60°) by reflecting the chelate ring in HyperChem (see e.g., Section 17.3),
and then drive the N-C-C-N torsion from each side to 0°, while constraining
the Co-N-C-C torsion at the specified value. The results indicate that you get
an identical table and plot to that above, i.e., the two traces are, as expected,
symmetrically related (note that this is not true for unsymmetrical structures).
A combination of the two files leads to the plot shown in Fig. 17.15.7.
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This represents a slice through the two-dimensional potential energy surface
defined by the two constrained torsion angles. The energy values and the as-
sociated torsion angles are recorded in the “*.dat” file. This file should be
copied to a new file and kept.

13. Now change the Start value for the Co-N-C-C torsion angle to 40° and repeat
the calculations. This generates the next slice of the potential energy surface
and the results from the “*.dat” file should be added to the file containing
the previous slice.

14. The Start value for the Co-N-C-C torsion angle should now be decreased a
further 5° and the procedure repeated until the torsion angle has reached —45°
(see note on negative torsion angles above) generating the entire potential en-
ergy surface. This can be plotted using a scientific plotting program (see Fig.
7.2 in Section 7.2).

Exercise

Repeat the procedure outlined above to calculate the energy profile and energy
barrier associated with the conformational interconversion in [Co(NHj3)4(1,2-pro-
panediamine)]*”, built and optimized in Sections 17.3 and 17.4, respectively.
Compare the results you obtain with those for [Co(NH;)4(en))*".
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17.16 Using Constraints to Compute Macrocyclic Ligand Hole
Sizes

Theory

For macrocyclic and cage ligands the size of the ligand cavity (often referred to
as the hole size) and its shape are important features that have been used to ratio-
nalize stabilities, redox potentials, electron transfer rates and ligand field spectra.
Some of these applications will be studied in the following lessons (see Chap-
ters 9, 10, 11).

Most applications using hole sizes are based on the idea that a metal ion that
fits well into the cavity of a macrocyclic ligand will lead to a stable complex.
That is, a given ligand has the potential to selectively stabilize certain metal ions
in certain oxidation states. In the terminology of preorganization this means that a
ligand that is highly preorganized for coordination to a given metal ion will lead
to a stable product (note that cavity size is just one aspect of preorganization and
that complex stability depends on many other factors in addition to preorganiza-
tion (see Chapter 9)).

Let us consider specifically the metal-ligand bonding potential (Eq. 17.16.1):

1
Evi = >k (. = ro) (17.16.1)

The strain induced in the metal-ligand bond will be zero, if either kv =0 or
FmL = ¥o. There are a number of reasons, discussed in the literature, for computing
the strain induced in the ligand as a function of r\y with kyy =0, in order to ac-
curately determine the ligand hole size. Elongation or compression of the metal-
ligand distance from that corresponding to the cavity size will induce stress in the
entire ligand. That is, the entire ligand and not only the M-L bonds will be de-
formed. Thus, the total strain energy U, (see Section 17.2) is plotted as a func-
tion of the metal-ligand distance ryg with kyy =0 (i.e., the stresses induced in
the metal-ligand bond do not contribute to the total strain energy Uiorai), and this
is the approach generally used in MOMEC, using the module Energy.

An example of such a curve is shown in Fig. 17.16.1 (the curve plotted is that
of sar in the D;0b; conformation, i.e., one of the examples that will be studied in
this lesson; the structure of D;obs-[Co(sar)]*" is shown in Fig. 17.16.2). Curves
like this enable visualization of the size of the ligand hole and the shape of the
potential energy profile.
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Fig. 17.16.1

Fig. 17.16.2

The plot above has been produced with six identical distances from the centroid
of the ligand (the metal center) to the amines. A non-spherical metal ion (e.g., a
Jahn-Teller labile copper(Il) ion) will induce different stresses to a symmetrical li-
gand. Alternatively, the ligand might be asymmetrical, i.e., the ligand itself might
induce an asymmetry in the coordination sphere. Effects like these will be studied
in Section 17.17.

Let us analyze the curve in Fig. 17.16.1: Spherical metal ions prefering metal-
amine distances similar to those at the minimum of the curve (2.07 A) will fit
best to the ligand and consequently lead to especially stable complexes. Metal
ions preferring smaller bonds (<2.07 A, as is the case, e.g., for cobalt(IIl),) or lar-
ger bonds (>2.07 A, as, e.g., for copper(I) or zinc(II)) will have elongated or com-
pressed bonds, respectively, and relatively lower stabilities (i. e., higher strain ener-

gies).
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These points are visualized in the plot shown in Fig. 17.16.3. The curve at the
bottom is the same as that in Fig. 17.16.1, i.e., a metal ion independent hole size
versus strain energy plot (remember that the metal-donor stretching potential is
set to zero, ky = 0). The other curve is a strain energy versus Co-N distance plot
of D30b3-[Co(sar)]**. This curve is metal ion dependent and the Co-N strain con-
tributes to the total strain energy Uioa. This potential is steeper and the minimum
is at a shorter M-L distance (1.96 A vs 2.07 A).

150.007 /

125.007

1.900 1.950 2.000 2.050 2100 2150 pig. 17.16.3

Thus, the two curves demonstrate that the cobalt(IIl) ion induces some strain in
the ligand and that the resulting structure of D;0b5-[Co(sar)]*" is a compromise
between the ligand and metal ion preferences. It emerges that a metal ion with
longer M-L distance preferences (a “larger” metal center) might lead to more
stable complexes with the sar ligand. However, be careful with your interpretation:
The stability of the complex not only depends on the strain energy that is induced
in the ligand but also on the bonding energy related to the six M-L bonds. Also,
different conformers of the sar ligand may have different hole sizes, and this is an
aspect that will also be analyzed in this lesson.

The fact that the computed Co-N distance for D;0bs-[Co(sar)]*" is smaller than
that preferred by the metal-free ligand indicates that the Co-N bonds are elon-
gated in this compound (the fact that the computed and observed values for Co-N
are larger than the strain-free distance o, used in our force field (1.905 A) is irre-
levant since force field parameters are not necessarily physically meaningful, see
Sections 3.5, 9.2 and 10.2).
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Practice

We will now compute the ligand hole sizes of all possible conformers of the sar-
type cage ligands. We must first build the complexes with HyperChem and refine
them with MOMEC. The complexes are derivatives of [Co(en);]®" (a HC(CH,);
“cap” is added to the two trigonal faces at the bottom and the top, see the struc-
ture of Dsobs-[Co(sar)]** in Fig. 17.16.2). Open the file colllen.out, refined in
Section 17.4, and modify it using the methods described in Section 17.3 and Sec-
tion 17.6. Refine the molecule with the MOMEC97 force field. We suggest you
use a combination of Fletcher-Reeves and Newton-Raphson minimization Sefup/
Optimization Controls since the initial structure that you have built might be
rather distorted.

Dslels

Dslels’

Cslels

Fig. 17.16.4
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There are six possible conformations of [Co(sar)]’", and these are shown in
Fig. 17.16.411 The plots on the left are a view perpendicular to the (pseudo) C;
molecular axis through the metal center and the two carbon atoms of the “caps”
on each side; the plots on the right are a view parallel to that axis. The molecule
that you have drawn is either that with a Dslel; or that with a Cslel; conformation.
To obtain the structures with ob conformations you can reflect the “en” type che-
late rings as described in Section 17.3. Note that, due to the connectivities at the
secondary amines, you should only reflect the ethylene carbon and hydrogen
atoms and leave the amine protons and the o carbon atoms of the “caps” un-
touched. This will lead to some distortion. Therefore, it is again suggested that
you minimize with a combination of Fletcher-Reeves and Newton-Raphson mini-
mization. We also suggest you reflect one ring after another, and use the refined
structure of the C,lel,ob conformer as a starting point for the construction of the
Cyob,lel geometry and that for Dzob;. You can also try to create and refine all
conformers automatically with the Random Kick module (see Section 17.5).
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The two structures with Djlel; and Cslely conformations have different orienta-
tions of the caps. The remaining conformer (Dslels) is only a stable energy mini-
mum for relatively large metal ions (metal-amine distances larger than ca. 2 A,
see below). Thus, this structure can be obtained from the initial conformer
(Dslel3) by constraining the six CO3-NT bonds to =2.2 A (see Section 17.15 for
the technique used to constrain internal coordinates).

How do we create the Dslel; conformer from Cslel; or vice versa? There are
differences in torsion angles, as shown in Table 17.16.1 and Fig. 17.16.5.

Table 17.16.1

Conformer Torsion t1 [°] Torsion t2 [°]
Dslels 172;172 118;118
Dslel; (169; 169) (153;153)
Cslels 176; 162 107; 144
Cylel,ob 163; 174; 88 141; 156; 133
Cyobslel 166, 95; 87 141; 160; 159
Djo0b; 94; 94 159; 159
torsion t2
torsion t1

Fig. 17.16.5

With this information you can constrain specific torsion angles to switch be-
tween any of the six conformations. Use the Tools/Build Selections menu to do
this, but do not forget to delete the selections with Tools/Delete Selections before
fully refining the structure and before setting up a new conformer.

Refine the structures (except that of the Dslel; conformation) with the
MOMEC9T7 force field. Check your results against those given in Tables 17.16.1

and 17.16.2 with respect to the torsion angles and the strain energies.

Table 17.16.2

Conformer Eb Eg E¢ Enb Etot

[kJ mol™" [kJ mol™"] [kJ mol '] [kJ mol™] [kJ mol ™
Dslels 14.6 25.0 37.3 51.8 128.7
Cslels 15.4 227 36.2 53.8 128.0
Cylelob 15.4 21.8 36.8 54.7 128.7
Cyoblel 143 17.6 39.2 56.7 127.8

Dsobs 12.0 16.7 43.6 56.7 129.0
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It emerges that all five structures have roughly the same total strain energies
Utora1 but the individual terms differ to some degree. The torsional terms can be
understood from Table 17.16.1, and it might be instructive to analyze the bonding
energy terms and the valence energy terms based on Table 17.16.3 (use Hy-
perChem and the Structure module of MOMEC to get these data; remember to
use the *.out files as Input files in the MOMEC Setup/Files menu since the Struc-
ture module refers to the Input file; note also that these structural data refer to
the chromophore while the strain energies refer to the entire molecule).

Table 17.16.3
Conformer Co-N,, N-Co-N bite,, twist
(A] | [’]

Dslels 1.969 87.3 55.5
Cslels 1.970 85.8 51.6
Cylel,ob 1.970 85.6 51.2
Cyob,lel 1.965 85.8 54.1
Ds0b; 1.958 86.6 58.2

We now determine the hole sizes of the various conformers of sar. Prepare the
files of the six conformers of [Co(sar)]’" by selecting the six Co-N bonds (Tols/
Build Selections) in each file to set up the constraints for the Energy calculations.
Use the *.out files but rename them as *.hin. As outlined above, the strain energy
vs. metal-donor-distance plots for the computation of the hole sizes need to be
metal ion independent. Thus, you need to activate the option Without Energy of
Selected Terms in the Energy setup window. Also, the donor-metal-donor valence
angle term needs to be switched off, since this is also metal ion dependent. You
can do that in the Edit/View/Force Field/Atom Type Parameters menu or in the
Edit/View/Parameter Array window. Both options have been used before in this tu-
torial.
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1.9000 0.0200

Fig. 17.16.6

The Start value and the Step value of each bond must be set and Assigned se-
parately. We chose a starting value of 1.900 A, a step size of 0.02 A and 26 data
points for each of the bonds. That is, we calculate the strain energy versus metal-
amine distance curve in the interval from 1.900 A to 2.400 A. Save Intermediate
Structures so that you can analyze them after the Energy calculation (these files
can be deleted after the lesson since there are many of them). The option Append
Data is used to compute additional points in the same curve, i.e., when the curve
needs to be extended or when more points are needed in the region of a mini-
mum of the curve. Start the computation with OK. A table with the computed
data will now appear on the screen and, after the second point on the curve has
been calculated, the graphic will begin to be built up. Stars in the last column of
the table indicate that convergence has not been reached with the parameters cho-
sen in the minimization options (you then need to start again with an increased
maximum number of cycles). The results for the Cslel; conformer are shown in
Fig. 17.16.7.
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Notice that at an M-N distance of 2.14/2.16 A there is a break in the curve.
Analyze the two structures by double clicking with the mouse on the correspond-
ing lines in the Energy table. With the two torsion angles described above (torsion
tl and torsion t2, see Fig. 17.16.5) it emerges that the structural change is to
Dsleli conformation. A similar conformational interconversion occurs with the
Dslel; conformer.

Compute the Energy plot for the Dslel; conformer starting at an M-N distance
of 2.400 A with a step size of —0.02 A. When all calculations have been finished
you can display all six curves in one plot with Execute/Intersection. Compare
your results with those in Fig. 17.16.8.
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It emerges that each ob conformation reduces the cavity size, i.e., the D;ob3
conformation is most stable with small metal ions and the Dslels conformer has
the largest cavity size. This is in agreement with the computed Co-N distances of
the five stable conformers (see Table 17.16.3).

Exercise

Determine the trigonal twist angles as a function of the M-N distance for the six
conformers of sar.

Use the other two techniques for determining hole sizes for one of the struc-
tures that you have analyzed so far. These methods are:

e Using restraints (large force constants for the Co-N bonds; edit these with the
Edit/View/Parameter Array tool) to fix the Co-N bonds.

e Changing rq in each step (using the Edit/View/Parameter Array tool) and re-
cord a strain energy vs rg curve.
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17.17 Cavity Sizes of Unsymmetrical Ligands

Theory

You may have become aware of a fundamental problem with the computation of the
ligand hole sizes of complexes in which all bond lengths are not equivalent, as is
the case for the two conformers Cylel,ob-[M(sar)]*" and C,ob,lel-[M(sar)]™" (see
Section 9.2). Let us have a closer look at the refined structures of the cobalt(III)
complexes (open the corresponding Listing Files/Bond Distances): The CO3-NT
distances are 1.975 A, 1.975 A, 1.973 A, 1.973 A, 1.965 A, 1.965 A for the former,
and 1.972 A, 1.972 A, 1.957 A, 1.957 A, 1.968 A, 1.968 A for the latter. This bond
length variation is not unexpected because the structures have only C, symmetry.

Cobalt(IIT)-amine bonds are relatively short. If we refine the corresponding co-
balt(IT) complexes we observe longer metal-amine distances and greater variation
in these distances. (You can do that using the Set Metal Type tool in the Tools
module of MOMEC, followed by saving the files under a new name and execut-
ing a structure optimization). The corresponding CO2-NT distances are: 2.139 A,
2.139 A, 2.126 A, 2.126 A, 2.121 A, 2.121 A, and 2.124 A, 2.124 A, 2.105 A,
2.105 A, 2.117 A, 2.117 A, for the C,lel,0b and the C,0b,lel conformers, respec-
tively. The corresponding differences between the bond distances for the smaller
cobalt(TIT) and the larger cobalt(IT) complex for the Cylel,0b conformer are 0.151
A, 0.148 A and 0.174 A, those for the Crob,lel-conformer are 0.152 A, 0.147 A
and 0.149 A, respectively. Thus, for asymmetrical structures it is not appropriate
to vary all six bonds with the same starting values and step sizes. For highly
asymmetrical ligands, neglecting this effect might lead to erroneous predictions.
In this lesson we will deal with such a ligand, a disubstituted bispidine derivative.
Shown in Fig. 17.17.1 is a metal complex of this ligand that enforces a distorted
tetrahedral coordination geometry (see Section 9.2 1'¥6),

Fig. 17.17.1
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Practice

Build the bispidine complex using HyperChem and refine the corresponding co-
balt(Ill) and cobalt(Il) complexes with MOMEC (note that the force fields are not
optimized for tetrahedral chromophores but our aim here is just to compute rela-
tive metal-ligand distances). Note, that all these structural optimizations need to
be performed with 1,3-nonbonded interactions alone for the angular geometry
around the metal ions (i.e., deactivate the Mult. Harm. functions for both metal
atom types, either with the force field editor, in the interaction array or in the
parameter array, where you can simply set the force constant to zero). Compare
your results with those in Table 17.17.1.

Table 17.17.1

Metal center M-N,; M-N, M-N, M-Ny4
[A] [A] [A] (Al

Co™ 1.891 1.891 1.863 1.863

Col 2.074 2.079 2.071 2.071

There are at least two conventional ways of determining the appropriate start
and end points for the strain energy versus metal-donor distance plots:

o The variations can be determined from the slopes of plots of the M-N dis-
tances versus the ionic radii of the metal ions.

o The variations can be determined from the slopes of the plots of M-N, , versus
M-N; and M-N, ; versus M-N,.

The resulting values for the start and end points are used for the computation of
the hole size of the bispidine derivative.



280 17  Tutorial

bondl2 1 2 1.7530 0.0140

Fig. 17.17.2

The bispidine type ligands are very rigid. Therefore, for elongated and com-
pressed cavity sizes achieving energy minimization is a problem and you may
find that it is difficult to reach convergence. Use a large number of cycles, a high
damping factor and small step values. Also, prerefine the structure at M-L values
close to the starting point of the Energy calculation. The results are shown in
Fig. 17.17.3.

More recent versions of MOMEC also offer a more elegant and accurate mod-
ule for computing and analyzing cavity sizes and plasticities of asymmetrical li-
gands, and we suggest you use this method for all calculations of hole sizes. The
Decoupled Energy function in the Execute mode is similar to that of the Energy
module but it mathematically fixes the sum of bond distances in a molecule (e.g.,
the four M—N distances in metal bispidine compounds) with Lagrangian multi-
pliers to specific values. It is possible to compute decoupled energy curves with
or without the strain energies imposed by the metal-donor bonds; at this stage this
has to be done by setting the metal-donor force constants to the required values or
to zero, respectively.
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Bond lengths to be constrained can be selected using HyperChem, as described
previously, or in MOMEC using 1ools/Build Selections. Then, go to Execute/De-
coupled Energy, set the Start Value, Step Value and Number of Data Points to the

desired values as shown in Fig. 17.17.4.

Select Calculate and the procedure will commence. The results obtained for the
cobalt(Il) complex are also shown in Fig. 17.17.4. Repeat the procedure for

Co(Il).
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Exercise

Compute the hole sizes of the two unsymmetrical conformers of the cage ligand
sar (Cylel,ob and Coob,lel; see Section 17.16) and compare the results with those
obtained in Section 17.16.

The asymmetry of the three conformers of the hexacoordinated frans-diammac
ligand is even larger. Plot hole size curves for the three conformers of trans-dia-
mmac (see Section 17.11 for the corresponding structures).
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17.18 Using Strain Energies to Compute Reduction Potentials
of Coordination Compounds

Theory

The reduction potential is related to the Gibbs energy (the free energy) of the
electron transfer reaction.

AG® = —n.F - E° (17.18.1)

For transition metal coordination compounds AG® involves terms related to the io-
nization potential / of the free metal ion, the difference in complexation free en-
ergy A(AGy), involving the oxidized and the reduced free metal ion, and the dif-
ference in solvation free energy A(AGj,), involving the complexes in the two oxi-
dation states:

AG® = I + A(AGY) + A(AGS,) (17.18.2)

The approach of using strain energies to predict reduction potentials is based
on the idea that a set of ligands that enforce large metal-donor bond distances sta-
bilize the reduced form of the corresponding complex (more positive reduction
potentials) and a ligand sphere that leads to short metal-donor distances stabilizes
the smaller, oxidized form (more negative reduction potentials). However, the
strain energy difference, AU, between the oxidized and the reduced form of
the couple will only be correlated with the redox potential E° if the other terms of
Eq. 17.18.2 are approximately constant or linearly dependent on AUgy,,. Thus,
the molecular mechanics approach for the computation of reduction potentials is
based on the following assumptions?>!1:

e The ionization potential / is only dependent on the metal center — that is, it is
a constant for a series of redox couples with an identical metal center.

e The electronic contribution to A(AGY) (metal-donor bonding) for a set of simi-
lar compounds (identical metal center, same type of donor, similar coordina-
tion polyhedra, e.g., hexaaminecobalt(III/II) couples with variable amines) is
only dependent on the metal-donor distance, i.e., A(AG;) is correlated with
the strain energy difference between the oxidized and the reduced forms of the
couples.

e For a series of similar redox couples (e.g., hexaaminecobalt(IIl/II) couples)
the solvation term A(AGj,) depends only on the relative size of the molecular
cations (Born equation). That is, this term is also correlated with the strain en-
ergy difference between the oxidized and the reduced forms.

e The entropy contribution depends on the size of the molecular cations.
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If these assumptions are valid, then the major contribution to AG® for redox
couples with identical metal centers and similar ligands is the strain energy differ-
ence between the oxidized and the reduced forms of the complex (AUgyain), and
the neglected terms vary roughly linearly with AUsin.

AGO =f . (AUstrain) +c (17183)

where f is a factor that depends on steric effects, and c is a constant that includes,
among others, corrections related to the ionization potential 7 and electrode speci-
fic parameters. Therefore, if our assumptions are valid, the reduction potential is
linearly dependent on the strain energy difference between the oxidized and the
reduced form of the complex:

E° =f" - AUgain + ¢ (17.18.4)

where ' = f/(n+ F). That is, for f= 1 (see Eq. 17.18.3) the slope f* of a AUgpain
vs E° correlation curve is (n- F) ', i.e., (96.5kJ mol™' V™)' and the intercept
is zero volts.

A number of studies have shown that the assumptions discussed above are valid
for certain classes of redox couples, and reasonably accurate predictions for reduc-
tion potentials have been obtained for redox couples with large structural differ-
ences between the oxidized and reduced forms of the complex (see Section 11.1).
This is the case for hexaaminecobalt(II/IT)?*!! and tetraaminecopper(II/T) 41
couples, where the metal-donor bond length differences are approximately 0.2 A
each. Note that additional assumptions are required for copper(II/I) couples, where
the stoichiometries for the oxidized and reduced forms (five- or six-coordinate cop-
per(Il) versus four-coordinate copper(l)) are different. These are also discussed in
Section 11.1, and it appears that they do not lead to undue inaccuracies.

Theoretically, each pair of conformers of a redox couple will lead to a specific
and different reduction potential (see Fig. 17.18.1). However, if the variation in
strain energy difference AUy, is small the difference in reduction potentials will
generally not be resolved experimentally. On the other hand, large strain energy
differences AUgin Will usually lead to situations where the less stable conformer
is not abundant enough to be observed. Thus, there has only been one report so
far, where more than one reduction potential has been resolved experimentally
(see Section 11.1)B1%,
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The development of a correlation function for a class of compounds should in-
volve as many and as variable data sets (£° vs AUgy,i,) as possible. In this lesson
we will use known correlation functions to predict a limited number of reduction
potentials and compare them with the known, experimentally observed values.
The following correlation function has been found for hexaaminecobalt(III/II)
couples:

AUstrain AUstrain
0 __ _ —
E° = 10378 1.354 a( 1285 1 0.0525) (17.18.5)

where « is the number of alkyl groups at the nitrogen donors, i.e., a = 0 for six

. . . g p - - g . -
ammonia ligands, a = 1 for five ammonia ligands and one primary amine, a = 8
for two secondary and four primary amines etc. 3!,

Practice

You have built and refined a number of hexaaminecobalt(IIT) compounds in ear-
lier lessons. These include [Co(NH;)¢]** (Section 17.2), the four conformers of
[Co(en);]*" (Section 17.4), the three conformers of [Co(trans-diammac)]** (Sec-
tion 17.11), the two isomers of [Co(trap),]*" (Section 17.11), the four conformers
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of [Co(tmen);]** (Section 17.12), and five conformers of [Co(san)]*" (Sec-
tion 17.16). Here, we will calculate the reduction potentials of these six com-
pounds; we will consider all possible isomers but only the most favorable confor-
mer of each. Make sure that all have been fully refined with the original MO-
MEC97 force field. If you are not sure about that, refine the seven structures
(nineteen, if you include all conformers) again as a batch-job (choose the original
force field and refine the *.out files). Record all of the strain energies in a table.
Check and record also the average Co-N bond distances for each compound. Try
to list the compounds in the order of increasing reduction potential (remember
that ligand sets that enforce short bond distances stabilize the oxidized form).

We now need to set up and refine the corresponding files for the reduced
forms. Save the refined coordinates (*.out files) of each of the structures with a
new name (e.g. co2a6.hin). This can be done in Edit/View/HyperChem File with
the usual Save as command. Open Tools/Set Metal Type for each of the new files
and change the Oxidation state from III to II. Refine the structures, calculate the
strain energy differences between the oxidized and the reduced forms for the most
stable conformers, calculate the reduction potentials using Eq. 17.18.5 and com-
pare the results with those in Table 17.18.1.

Fig. 17.18.2
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Table 17.18.1

Comp Ound A Ustrain i)bs C::alc
[kJ mol™] [V] Vi
[Co(trans-diammac)]**/** 42 —-0.63 -0.75
meso-[Co(trap),]**** 29.9 -0.34 -0.43
rac-[Co(trap),} /** 273 - -0.49
[Co(san* =" 243 040 ~035
+/2+
o 2 ST
[Co(tmen);]**** 67.8 +0.28 +0.33

A recent MM-Redox study of two isomers of a hexaamine-cobalt(III/IT) cage
compound has shown how powerful this technique is*'%: the structure of the two
conformations has been solved with MOMEC-HyperChem in conjunction with
the experimentally determined redox potentials (see Section 11.1). -

lel, ob, Fig. 17.18.3

This hexaamine cage ligand is derived from sar (see Section 17.16) but the
three annular chelate rings are not five-membered but six-membered chelate rings
and the central carbon has two methyl substituents. These chelate rings have
skew-boat conformations, and their orientation is /e/; for one and ob; for the other
of the two conformers. Build these two structures in HyperChem and refine them
as cobalt(Ill) and cobalt(Il) compounds. Compute the reduction potentials and
compare them with the data in Table 17.18.2.

Table 17.18.2

Compound A Ustrain :obs Ccalc
[kJ mol™!] [V] [V]
obs-[Co(sixrcage)]>'*" 41 0.0 —-0.1

lels-[Co(sixrcage)]* > 105 +0.84 +0.89
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From the results so far it emerges that the ligand set with the largest hole size
(sixrcage, lel; conformation) leads to the largest (positive) reduction potential and
that with the smallest hole size (trans-diammac) leads to the smallest (negative) po-
tential. We will now try to design a ligand that enforces even smaller reduction po-
tentials, and that does not yet exist. We start from cis-diammac and connect the two
primary amine donors. This leads to a sar-type ligand with two of the six-mem-
bered chelate rings of the “caps” contracted to five-membered chelate rings. There
are two isomeric forms of this cage ligand: the two contracted rings of the caps
may be linked by an annular five-membered ring or not. Note also, that there are a
number of conformers of each of these compounds, and we restrict ourselves to
those with all annular chelate rings in lel conformation. Build the two cobalt(I1I)
compounds in HyperChem, starting with [Co(sar)]**, and refine the structures and
those of the corresponding cobalt(I) complexes.

Sym unsym Fig. 17.18.4

Compare the results with those in Table 17.18.3 which now lists all the calcula-
tions that we have done in this lesson.

Table 17.18.3

Compound A Ustrain %bs i:alc
[kJ mol '] vl [vi

[Co(trans-diammac)]*"** 42 -0.63 -0.75
sym-[Co(diabsar)]**** 7.7 - -0.61
unsym-[Co(diabsar)]**'** 11.4 - -0.55
meso-[Co(trap),]**** 29.9 -0.34 -0.43
rac-[Co(trap),]> " 273 - -0.49
[Co(sar)]**%* 24.3 ~0.40 -0.35
[Co(NH3)e>** 39.8 -0.02 -0.33
[Co(en);P** 37.3 -0.17 -0.25
obs-[Co(sixrcage)]* > 41 0.0 -0.1

[Co(tmen)s]**#* 67.8 +0.28 +0.33

lel;-[Co(sixrcage)]"* 105 +0.84 +0.89
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Exercise

In Sections 17.10-17.12 you developed and used some cobalt(IIl)-amine force
field parameters that are different from those of MOMEC. Refine the cobalt(III)
structures of Table 17.18.3 with some of these parameter sets, recompute the re-
duction potentials and see what the difference is. This gives you a feeling of how
accurate the data need to be to make reasonable predictions in terms of the reduc-
tion potentials.

17.19 Using Force Field Calculations with NMR Data

Theory

Molecular mechanics modeling and multidimensional NMR methods are comple-
mentary and together can be a powerful tool for the study of large and flexible
molecules in solution. Large molecules with many degrees of conformational
freedom represent a difficult problem for molecular mechanics methods because
there can be enormous numbers of local energy minima, all with similar strain en-
ergies. It is possible to calculate the strain energies of these conformations but it
is virtually impossible to ensure that all conformations have been found, i.e¢., that
the global energy minimum has been located. It is also difficult to predict which
of the energy minima predominate in solution since solvation, ion pairing and
electrostatic effects are often neglected or computed with simple models. Multidi-
mensional NMR methods, on the other hand, provide information on which atoms
are close to one another and this can be used to deduce which conformations pre-
dominate. However, the amount of such information available from NMR spectra
is usually insufficient to fully define the geometry of the molecule. Thus, the two
techniques are complementary and together can be used to generate models of
molecules as they exist in solution.

The combination of molecular mechanics like methods and multidimensional
NMR has formed the basis for numerous studies of peptides, proteins and DNA
fragments. Paramagnetic shifts in metalloproteins have also been used to obtain
structural information that is used as constraints in molecular mechanics and mo-
lecular dynamics calculations. For a number of reasons there are relatively few re-
ported applications of combined NMR-molecular modeling studies involving me-
tal complexes (see Section 10.4).

Practice

Intensities of through space correlations between atoms in multidimensional
NMR are related to the separation (<) between those atoms by a ¢~ term. The in-
tensities are usually standardized with respect to a correlation with a known
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atom-atom separation such as a geminal H--H contact and then the correlation in-
tensities can be converted to distances. These distances can then be included as
constraints in the energy minimization process, leading to a geometry with the re-
quired atom-atom separations. However, it is important to realize that factors
other than atom-atom separation can influence the intensity of the correlation
and, therefore, it is preferable to include the distance information based on these
correlations as soft restraints rather than constraints.

At the simplest level, when there are relatively few conformations to be consid-
ered, each of them can be generated and the correlation intensities can be used as
a guide to choosing between these possibilities. The relevant distances are readily
available from MOMEC and/or HyperChem.

Using HyperChem build the molecule cis-[Pt(quinoline)(3-methylquinoline)Cl;]
shown here:

Fig. 17.19.1

Note that there are two conformers, one with the two Hg atoms on the same side
of the coordination plane (syn isomer) and the other with one Hg atom on each side
of the coordination plane (anti isomer). Refine and save both using the MOMEC97
force field. Section 17.14 describes how to enforce planarity of a coordination
compound. Two dimensional NMR methods can be used to determine which iso-
mer dominates — as long as interconversion of the isomers is not rapid on the NMR
time scale. The data used here are hypothetical and we have assumed that one iso-
mer dominates to the exclusion of the other and that there is no interconversion,
i.e., the observed NMR spectrum is that of an isomerically pure compound.

Shown in the table below are the most intense NOESY correlations for this hy-
pothetical molecule.
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Table 17.19.1

Atom pair Relative intensity
H, - Hg 4400

Hy - Hs 7400

H, - H; 130

Using the d™° relationship between separation (d) and relative intensity (I) we
can deduce:

L/L = (d/d)™ (17.19.1)
or
(I/DL)° = di/d (17.19.2)

Using a model of the quinoline ligand we can measure the Hy - Hs separation
as being 2.49 A. Check this in the two structures of cis-[Pt(quinoline)(3-methyl-
quinoline)Cl,] that you have refined. Given this distance and Eq. 17.19.2 we can
calculate the H,--Hg and H, - H; separations:

H2"'H8'

(7400/4400)° = 2.49 A/d,

d> = 2.49 A X(1.68)"¢
=249 A X 1.091
=2724

and

H,-Hj

(7400/130)° = 2.49 A/d,

d, = 2.49 A X(56.9)"
=249 A X196
=488 A

Check the corresponding distances in the refined molecules and decide which
of the two conformers is present in solution.

Exercise

Consider the related complex with the quinoline ligand replaced by 2-methylqui-
noline. Calculate the strain energies of the two isomers of the complex with this
ligand and predict which isomer would be preferred. Use the energy minimized
models of the two isomers and measure the closest H--H contacts. Calculate the
intensities of the expected NOESY crosspeaks arising from these contacts.
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17.20 Optimizing Structures with Rigid Groups

Theory

There are a number of reasons for carrying out refinements with parts of the mo-
lecule remaining invariant. For example, you may wish to examine the effect of
increasing the rigidity of a portion of a structure or to model the interaction of a
molecule with a solid surface. Unstable refinements might be stablized by mini-
mizing part of the structure first and then refining the entire structure. For very
large structures (macromolecules) it might be necessary to constrain most of the
molecule because of computational limitations.

In earlier lessons we have described the use of constraints to fix an internal co-
ordinate such as a bond length or a torsion angle to a set value or to a series of
values. However, if the part of the structure to be constrained is not conveniently
described by one or more internal coordinates then we need an alternative ap-
proach. Two alternatives are available in MOMEC; fixing of atomic coordinates
and definition of regions of the molecule to be refined. Fixing coordinates can be
useful in some cases. For instance, a bond can be forced to lie along the x axis by
fixing the y and z coordinates of the two atoms to zero. Equally, fixing all coordi-
nates for a number of atoms could be used to generate a rigid group within the
molecule. However, fixing coordinates does not lead to a decrease in the computa-
tional demands of the energy minimization. The alternative approach of defining
a fixed shell does increase the efficiency and will therefore be preferred in many
cases, particularly when dealing with larger molecules. In the present lesson we
demonstrate how the approach of fixing coordinates can be used as a convenient
technique for building a relatively large metal complex.

Practice

The compounds that we will study are tris-bidentate complexes with trans-cyclo-
hexane-1,2-diamine (see Section 17.6). We start from [Co(NH;)s]*" (see Section
17.1). Using the usual tools in HyperChem, edit that complex so that it has six
identical Co-N distances of 1.955 A and valence angles involving Co of 90° or
180°. Select the cobalt and the six nitrogen atoms with the select tool (© and save
this structure; make sure that the same name also appears as the MOMEC input
structure (Setup/Files/Inpuf). Open the module that allows you to compute the
structure with the metal center and the six donor atoms fixed: Execute/Rigid Geo-
metry/Fixed Coordinates. Read File will mark the coordinates to be fixed, i.e.,
the x,y,z coordinates of the atoms that you have selected in HyperChem. The win-
dow shown in Fig. 17.20.1 will appear.
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Fig. 17.20.1

Click on Optimize to start the refinement with the parameters specified in
Setup/Optimization Controls.

Replace two H-atoms of cis-disposed amines by C-atoms, connect them and add
the missing H-atoms (4dd Hydrogens in HyperChem) to get [Co(en)(NH;)4]>".
Keep all atoms except the two carbons and all hydrogens of the ethane-1,2-dia-
mine chelate ring fixed and refine again in the rigid geometry mode.

Complete the chelate ligand to get one coordinated cyclohexane-1,2-diamine
(Section 17.6) and refine the new complex, leaving only the four new carbon
atoms and their hydrogen atoms not fixed.

As a last step, you can now dock the refined cyclohexane-1,2-diamine ligand
with methods that we have seen in Section 17.6 to the other two chelating posi-
tions and refine the compound with the Co, the six nitrogen and the six carbon
atoms of the [Co(en);]*" fragment fixed. You will get the following result:
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Fig. 17.20.2

Due to the restriction in terms of degrees of freedom convergence is usually
reached very quickly.
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Refine the same molecule without fixing any coordinates:

=]

Fig. 17.20.3

The strain energy decreases substantially, as anticipated, but the refinement,
using the same starting structure is much slower (11 instead of 6 cycles).
There are two possible applications of the techniques that we have seen here:

1. The rigid geometry module provides an elegant way for building complex
structures.

2. Refinement with rigid groups allows the measurement of the stresses imposed
by certain groups on the remainder of the molecule.

Exercise
Increase the complexity of the ligands using the same techniques. For example,

you can now “cap” the chelate ligands to produce cage ligands with annular dia-
minocyclohexane rings (see for example Section 17.16).
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Appendices

1 Glossary

ab-initio

Based on first principles. Used for rigorous quantum chemistry, that is for MO
calculations based on Slater determinants. Generally, the Schrédinger equation
(HY =EY) is solved in the BO approximation (see Born-Oppenheimer approxi-
mation) with a large but finite basis set of atomic orbitals.

Born-Oppenheimer approximation

Separation of the movement of the nuclei and electrons. This is possible because
the electrons move much more rapidly (smaller mass) than the nuclei. The position
of the nuclei is fixed for the calculation of the electronic Schrodinger equation (in
MO calculations the nuclear positions are then parameters, not quantum chemical
variables). Born-Oppenheimer surfaces are energy vs. nuclear structure plots which
are (n+1)-dimensional, where n is 3N-6 with N atoms (see potential energy sur-

face).

Computer Assisted Molecular Design (CAMD)

Methods based on molecular graphics, molecular mechanics, molecular dynamics
and MO calculations, used for the design of new compounds. CAMD is not
equivalent but rather a subdiscipline of molecular modeling (see molecular model-
ing, molecular mechanics, molecular dynamics).

Conformational analysis

Experimental or theoretical delineation of the number of conformers of a system
and of the population of each conformer. Also used to describe a molecular me-
chanics analysis of the conformers (see molecular mechanics).

Conformational search

Scanning of a potential energy surface. Only deterministic methods (that is point by
point searches) are fully reliable. However, these are in practice, due to the enormous
computational effort, hardly ever possible. The methods currently used include ran-
dom search methods (stochastic search, for example Monte Carlo methods) and mo-
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lecular dynamics (see potential energy surface, deterministic search, Monte Carlo
search, stochastic search, molecular dynamics, scanning an energy surface).

Constraint
Mathematically precise fixing of internal coordinates. This is only possible with
energy minimization by second derivative methods (see restraint).

Deterministic search

Systematic scanning of the potential energy surface, that is, generation of starting
geometries by systematic variation of internal coordinates, followed by structure
optimization (see potential energy surface, conformational search).

Dummy atoms

Non-existent atoms used for the definition of a structure if the program does not
allow a specific connectivity (for example, coordination numbers greater than
four) or if certain interactions and geometries (for example, Jahn-Teller distor-
tions, planarity of a system, such as a square planar nickel(IT) complex) cannot be
modeled in another way.

Electronic structure
Arrangement and population of molecular orbitals.

Empirical force field calculations
Molecular mechanics or dynamics calculations (see molecular mechanics, mole-
cular dynamics).

Energy minimum

A minimum, local or global, on a potential energy surface. In other words: any
small change of the nuclear coordinates on the 3N-6 dimensional surface will
lead to a loss of energy, that is, there always is a force driving the molecule back

to this minimum (see energy surface, Born-Oppenheimer approximation, saddle
point).

Energy surface
A multidimensional plot of energy as a function of internal or cartesian coordi-
nates (see potential energy surface).

Equilibrium parameter value
See ideal parameter value

Force constant

Steepness of a potential energy function, for instance, spring strength in Hookes’
law. Empirical force constants are different from spectroscopic force constants
(see molecular mechanics, force field).
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Force field

Collection of numbers that parameterize the potential energy functions. These in-
clude the force constants, the ideal distances and angles, and parameters for van
der Waals, electrostatic and other terms. Since the force field parameters are de-
pendent on the potential energy functions, the entire set of functions and para-
meters are sometimes referred to as “the force field”.

Free energy perturbation calculations

Free energy perturbation calculations use Monte Carlo or molecular-dynamics ap-
proaches to calculate relative free energies (e.g., of solvation or host-guest bind-
ing) on the basis of thermodynamic cycles involving the binding processes of two
related systems and the artificial mutation of one system into the other.

Global energy minimum
The energy minimum with the lowest energy value on an energy surface (see en-
ergy minimum, local energy minimum).

Ideal parameter value
Ideal (or equilibrium) bond lengths, valence angles etc. are the distances and angles
that each atom in a molecule wants to be from each other atom (see force field).

Improper torsion
Torsional function applied to four atoms not connected by consecutive bonds. Of-
ten used to enforce planarity in conjugated systems.

Internal coordinates

Distances and angles. Structures can be presented in an internal coordinate system
(symmetry adapted coordinates used in spectroscopy or Z-matrices, that is intera-
tomic distances, three center angles and four center angles) instead of a global co-
ordinate system (coordinate triples, for example cartesian, crystal, cylindrical or
spherical coordinates).

Local energy minimum
A minimum on an energy surface that has an energy value greater than that of the
global minimum (see energy minimum, global energy minimum).

Mapping an energy surface

Calculation of the shape of an energy surface. Location of minima, maxima and
saddle points for the evaluation of reaction pathways (see potential energy sur-
Jface, energy minimum, saddle points, scanning of an energy surface).

Minimizer
Algorithm used for the minimization of mathematical functions (steepest descent,
gradient, second derivative and other methods). In molecular mechanics these are
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used to minimize the strain energy and thereby optimize the molecular structure
(see molecular mechanics).

Molecular dynamics

Calculation of the molecular structure at successive small time intervals using a
molecular mechanics force field, with the shifts determined using Newton’s laws
of motion.

Molecular mechanics

Calculation of the molecular structure and the corresponding strain energy by
minimization of a total energy, calculated using functions which relate internal co-
ordinates to energy values (see conformational analysis).

Molecular modeling

Visualization and analysis of structures, molecular properties (thermodynamics,
reactivity, spectroscopy) and molecular interactions, based on a theoretical means
for predicting the structures and properties of molecules and complexes (see com-
puter assisted molecular design).

Molecular structure
Three dimensional arrangement of atoms in a molecule.

Monte Carlo search

Random search of configurational space followed by calculation of probabilities
based on a Boltzmann distribution (see energy surface, conformational search,
stochastic search).

PES
see potential energy surface

Potential energy function
A function which relates the deformation of an internal coordinate to the energy
cost of the deformation (see force field).

Potential energy surface

A multidimensional plot of potential energy as a function of internal or cartesian
coordinates With N nuclei the surface is F = 3N-6 (3N-5for linear molecules)
dimensional, and it is represented in the F+1 dimensional space. Usually, one-
dimensional projections are used for visualization (see Born-Oppenheimer ap-
proximation, energy minimum, saddle point).

QOSAR

Quantitative-structure-activity relationship. A quantitative relationship between a
specified activity and the structure of a compound. Usually used in pharmacology,
where the activity refers to biological activity but also of use in coordination
chemistry.
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QSPR

Quantitative-structure-property relationship. A quantitative relationship between a
specified property and the structure of a compound. Very similar to OSAR but of
more relevance in coordination chemistry, where properties rather than activities
are usually referred to.

Restraints
Fixation of a structural parameter by artificially large force constants to drive an
internal coordinate close to a selected value (see constraints).

Saddle point

A point on an energy surface which is a local minimum with respect to some di-
rections but a local maximum with respect to at least one other direction, that is,
representing a transition state that will decay in the direction where there is no
back driving force (see energy minimum).

Scanning an energy surface

Searching for all possible minima on an energy surface for the evaluation of con-
formers and their population (see potential energy surface, conformational analy-
sis, mapping an energy surface).

Stochastic search
Random search of an energy surface (see comformational search, deterministic
search, Monte Carlo search, molecular dynamics).

Strain energy
The energy penalty associated with deforming an internal coordinate.

Strain
The deformation in a molecule that results from stresses (see stress).

Stress
The interactions between atoms in a molecule that lead to distortion and strain
(see strain).

Unstrained parameter value
See ideal parameter value

Urey-Bradley force field
A force field in which 1,3-nonbonded interactions are included.
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2 Fundamental Constants, Units and Conversion Factors

Constants

Avogadro constant Ny = 6.022 10* mol™

Gas constant R =8314Jmol ' K™

Planck constant h =6.6261072*7s
Boltzmann constant k =1381102JK ! (=R/NN)
Faraday constant F 9.649 10* C mol™’

Charge of an electron ¢ 1.602 107"° C

Speed of light c =2997108ms!

Basic SI units

length m
angle rad
mass kg
time s
temperature K
energy eV
amount mol

Derived units and conversion factors
length 1A =10"m
1pm =102 m
lnm =107 m
angle 1 deg = n/180 rad
force IN =1lmkgs? Tkp =98I N

1dyn=10>N
energy 1J =1m’kgs™? lerg =101
1 cal =4.184]

leV =1.6022107'°]

Energy units in molecular mechanics calculations

The units for the force constants are usually given in mdyn/A (bond length, out-of-
plane), mdyn/rad (valence and torsional angle bending and rotation), and dimen-
sions of other parameters used are as follows: van der Waals interactions:
A (dimensionless), B (A™"), C (A®); out-of-plane interactions: & (A); electrostatic
interactions: g (e), ¢ (mdyn A? ¢?); hydrogen bonding interaction: F (mdyn A'?),
G (mdyn A'). In order to get energies in kJ/mol for each of the potential energy
terms (see Eqns. 3.6—3.12) the corresponding results need to be converted. The con-
version factors f are as follows: { (Ep) = 6.022 x 10%; f(Eg) = 6.022 x 10?; f(Ey) =
6.022 x 102;[(Enb) =6.022 x 10%; f(Es) = 6.022 x 10?; f(E;=1.390 x 10°; f(Ewp)
=6.022 x 10~
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3 Software and Force Fields

There is an increasing number of commercially available Molecular Graphics
packages for Apple Macintosh, IBM compatible PCs and workstations (Silicon
Graphics and others). Ideally, they are directly linked to Molecular Mechanics
programs. Alternatively, the Molecular Graphics or the Molecular Mechanics pro-
grams must include file conversion tools that are able to import graphics files
into the strain energy minimization programs for structure optimization, and the
calculated structures into the graphics program for display and printing (if not
available, these conversion tools are simple programs that can be written by the
user, that is, it is relatively easy to adapt any existing force field program to an
available graphics software). The Molecular Graphics program must be able to

import experimental structural data

construct new molecules (model build option)

freely move the molecule in space

overlay various structures and calculate rms values

produce three dimensional models for visualization and printing.

A compilation of available programs and force fields is given in the series
“Reviews in Computational Chemistry”***=>?7] and updated information is avail-
able on our molecular modeling homepage.

Basically, any molecular mechanics program can be used for inorganic mole-
cules, if it allows for

— definition of coordination numbers larger than four

— definition of new atom types

— modeling of specific interactions in inorganic molecules (that is, it must in-
clude the necessary potential energy functions)

— the addition of new force field parameters and modification of existing ones.

In principle, the force field does not have to be an integral part of the program,
though most of the packages used include a basic force field.

4 Books on Molecular Modeling and Reviews on Inorganic
Molecular Modeling

List of books on molecular modeling

Niketic, S. R.; Rasmussen, K.
The Consistent Force Field; Springer: Berlin, Heidelberg, New York, ISBN
3540083448 1977.
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Burkert, U.; Allinger, N. L.
Molecular Mechanics; American Chemical Society: New York, ISBN
0841205841 1982.

Clark, T.
A Handbook of Computational Chemistry; John Wiley & Sons: New York, Chi-
chester, ISBN 0471882119 1985.

Warshel, A.
Computer Modeling of Chemical Reactions in Enzymes and Solutions; John Wiley
& Sons Inc.: New York, ISBN 0471533955 1991.

Haile, J. M.
Molecular Dynamics Simulation Elementary Methods; John Wiley & Sons Inc.:
New York, ISBN 0471819662 1992.

Cartwright, H. M.
Applications of Articial Intelligence in Chemistry, Oxford University Press: Ox-
ford, ISBN 019855736 1993.

Zupan, J.; Gasteiger, J.
Neural Networks for Chemists: an Introduction; Wiley-VCH: New York, Wein-
heim, ISBN 3527286039 1993.

Grant, G. H.; Richards, W. G.
Computational Chemistry; Oxford University Press: Oxford, ISBN 019855740X
1995.

Gans, W.; Amann, A.; Boeyens, J. A. C.
Fundamental Principles of Molecular Modeling; Plenum Press: New York, Lon-
don, ISBN 0306453 053 1996.

Leach, A. R.
Molecular Modelling; Longman: Edinburgh, ISBN 0582239338 1996.

Doucet, J.-P.; Weber, J.

Computer-Aided Molecular Design; Academic Press: London, ISBN 0122212851
1996.

Banci, L.; Comba, P.
Molecular Modeling and Dynamics of Bioinorganic Systems, Kluwer Academic
Publishers: Dordrecht, ISBN 0792348294 1997.

Héltje, H.-D.; Folkers, G.
Molecular Modeling; VCH: Weinheim, ISBN 3527293841 1997.
Rappe, A. K.; Casewit, C. J.

Molecular Mechanics across Chemistry; University Science Books: Sausalito,
ISBN 0935702776 1997.

Gavezzotti, A.
Theoretical Aspects and Computer Modeling of the Molecular Solid State. John
Wiley & Sons: Chichester, ISBN 0471961876 1997.
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Goodman, J. M.
Chemical Applications of Molecular Modelling; The Royal Society of Chemistry:
Cambridge, ISBN 0854045791 1998.

Jensen, F.
Introduction to Computational Chemistry; Wiley & Sons Ltd.: Chichester, ISBN
0471984256 1999.

Lipkowitz, K.B.; Boyd, D.B.
Reviews in Computional Chemistry; Wiley-VCH: New York, Weinheim, Vol. 1-14
1990-2000.

List of reviews in the field of inorganic molecular modeling

Brubaker, G.R.; Johnson, D.W.
Coord. Chem. Rev. 1984, 53, 1.
‘Molecular mechanics calculations in coordination chemistry’.

Boeyens, J.C.A.
Struct. Bonding (Berlin) 1985, 63, 85.
‘Molecular mechanics and the structure hypothesis’.

Hancock, R.D.
Prog. Inorg. Chem. 1989, 37, 187.
‘Molecular mechanics calculations as a tool in coordination chemistry’.

Hambley, T.W.

Comm. Inorg. Chem. 1992, 14, 1.

“What can be learnt from computer-generated models of interactions between
DNA and Pt(II) based anti-cancer drugs?’.

Comba, P.

Coord. Chem. Rev. 1993, 123, 1.

“The relation between ligand structure, coordination stereochemistry and electro-
nic and thermodynamic properties’.

Hay, B.P.
Coord. Chem. Rev. 1993, 126, 177.
‘Methods for molecular mechanics modeling of coordination compounds’.

Comba, P.
Comm. Inorg. Chem. 1994, 16, 133.
‘Solution structures of coordination compounds’.

Deeth, R.J.
Struct. Bonding (Berlin) 1995, &2, 1.
‘Computational modelling of transition metal centres’
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Landis, C.R.; Root, D.M.; Cleveland, T., In: ‘Reviews in Computational Chemis-
try’, Lipkowitz, K.B.; Boyd, D.B., Eds., VCH, New York, 1995, 6, 73.

‘Molecular mechanics force fields for modeling inorganic and organometallic
compounds’.

Zimmer, M.
Chem. Rev. 1995, 95, 2629.
‘Bioinorganic molecular mechanics’.

Comba, P.

In: ‘Fundamental Priciples of Molecular Modeling’, Gans, W.; Amann, A;
Boeyens, J.C.A., Eds., Plenum Press, New York, 1996, 167.

‘Modeling of structural and spectroscopic properties of transition metal com-
pounds’.

Comba, P.; Zimmer, M.
J. Chem. Educ. 1996, 73, 108.
‘Inorganic molecular mechanics’.

Comba, P.

In: ‘Molecular modeling and dynamics of bioinorganic systems’, Banci, L.;
Comba, P, Eds., Kluwer Academic Publishers, Dordrecht, 1997, 21.

‘Modeling of structures and molecular properties of transition metal compounds —
toward metalloprotein modeling’.

Landis, C.R., Firman, TK., Cleveland, T., Root, D.M.;

In: ‘Molecular modeling and dynamics of bioinorganic systems’, Banci, L.;
Comba, P, Eds., Kluwer Academic Publishers, Dordrecht, 1997, 49.

‘Extending molecular mechanics methods to the discription of transition metal
complexes and bond-making and — breaking processes’.

Deeth, R.J., Munslow, L.J.; Paget,V.J.;
In: ‘Molecular modeling and dynamics of bioinorganic systems’, Banci, L.;
Comba, P, Eds., Kluwer Academic Publishers, Dordrecht, 1997, 77.

‘A novel molecular mechanics strategy for transition metals bound to biological
molecules’.

Comba, P.

In: ‘Intermolecular Interactions’, Gans, W.; Boeyens, J.C.A., Eds., Plenum Press,
New York, 1998, 97.

‘The importance of intra- and intermolecular weak bonds in transition metal coor-
dination compounds’.

Cundari, T.R.
J. Chem. Soc., Dalton Trans. 1998, 2771.
‘Molecular Modeling of d- and f-block Metal Complexes’.

Comba, P.
Coord. Chem. Rev. 1999, 182, 343.
‘Strains and stresses in coordination compounds’.
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Howard, JAK.; Allen, F,, Eds., Kluwer Academic Publishers, Dordrecht, Boston,
London 1999, 71.

‘Molecular mechanics modeling of transition metal compounds’.
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