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Computational Organometallic Chemistry
with Force Fields

Jing Huang, Michael Devereux, Franziska Hofmann, and Markus Meuwly

Abstract This chapter discusses molecular mechanics (MM)-based approaches to
investigate organometallic complexes. In particular, ligand field MM (LFMM),
“Sum of Interactions Between Fragments Ab Initio” (SIBFA), and VALBOND
with its extension to VALBOND-TRANS are presented in some detail. Two
particular applications of VALBOND-TRANS to an Ir(IIT) and a Pt(I[) complex
are presented. Possible future extensions, including the study of chemical reactions
and polarization effects, are briefly discussed at the end.

1 Introduction

Theoretical and computational methods can be very helpful for understanding and
predicting structure and reactivity in organometallic chemistry. Over the past
decade, quantum chemical methods—in particular density functional theory
(DFT)—have made steady progress in addressing questions of practical relevance
for increasingly complex systems. Especially hybrid functionals including B3LYP
[1, 2] have been found to provide good accuracy for a range of properties at
moderate computational cost. However, despite the continuing effort in devising
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more general and more accurate functionals, all quantum methods invariably reach
a point where they become computationally too demanding. In most cases, DFT
calculations are limited to geometry optimizations of gas-phase structures or to model
systems with smaller and sometimes unrealistic ligands. Dynamics simulations and
calculations over large libraries of compounds are often impractical, and including
the effect of solvent beyond implicit models is typically impossible. Therefore,
having faster, even if approximate methods is desirable. Molecular mechanics
(MM) force fields such as AMBER [3], CHARMM [4], or OPLS [5] have become
standard methods in biomolecular chemistry and are routinely used for molecular
dynamics simulations of systems with up to one million atoms. However, the
development of general force fields for transition metal complexes has been relatively
limited because of the unique difficulties presented by these types of compounds
[6-8]: metals can have a variety of coordination numbers, -binding ligands can bind
in various ways, and electronic effects such as Jahn-Teller distortion or the trans
influence need to be addressed.

The realization that the electronic Schrodinger equation can only be solved for
small systems led to the development of important alternative approaches to study
chemical reactivity. They date back to London’s work on the H+H, reaction for
which he used a 2 x 2 valence bond treatment [9]. Building on this, refined and
extended approaches led to the London-Eyring—Polanyi (LEP) [10] and the
London—Eyring—Polanyi—Sato (LEPS) surfaces [11, 12]. A development that
continued the efforts to use valence bond theory to describe multistate chemical
systems is the diatomics-in-molecules (DIM) theory [13]. Following a slightly
different perspective, Pauling profoundly influenced the theoretical description of
chemical reactivity through his work on molecular structure and the nature of the
chemical bond [14, 15]. Significant relations, such as the one between bond length
and bond order, later became foundations to empirical descriptions of reactivity
[16, 17].

Explicit exclusion of all electronic effects leads to empirical force fields (FF).
They were developed with the emphasis to carry out studies of the structure and
dynamics of macromolecules, including peptides and proteins [3, 5, 18-23]. Thus,
their primary application area was sampling and characterizing conformations of
extensive molecular structures. The mathematical form of a generic FF is Vi, =
Voond + Vvatence + Vdine + Veistat + Vvaw, Where each of the terms is separately
parametrized

Vbond = ZKb(r —re)’,
Vyalence = ZKO(Q - Qe)za
Viibe = ZKd’(l + cos(nqS — 5)),

1 Z qiq;
V = — —_—,
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The first three terms comprise “bonded” interactions, while the latter two
describe the “nonbonded” ones. In these expressions, K represents the force
constants associated with the particular type of interaction, . and 0, are equilibrium
values, n is the periodicity of the dihedral, and ¢ is the phase which determines the
location of the maximum. The sums for the bonded terms are carried out over all
atoms involved. Nonbonded interactions include electrostatic and van der Waals
terms where the sums include all nonbonded atom pairs. g; and g; are the partial
charges of the atoms i and j involved and ¢ is the vacuum dielectric constant. For
the van der Waals terms, the potential energy is expressed as a Lennard-Jones
potential with well depth ¢; = ,/&;&; and range Ryinj = (Rmini + Ruin)/2 at the
Lennard-Jones minimum. This interaction captures long-range dispersion (o< —r~°)
and exchange repulsion (x r~'%) where the power of the latter is chosen for
convenience. The set of expressions in (1) constitutes a minimal model for a
force field which might be extended by using explicit terms for hydrogen bonds
or for metal-containing systems [24].

Building on the success of FFs for “simple” chemical and biological systems,
attempts were made to not only retain their functional simplicity but also encode
additional functionality to treat metal-containing systems. In the following, we
describe several attempts to do this and discuss particular applications relevant to
our own work. The chapter ends with an outlook.

2 Conceptual Approaches

In the following section, different techniques to investigate the energetics and
dynamics of organometallic systems based on extensions of force field concepts
are discussed.

2.1 Ligand Field Molecular Mechanics

Ligand field theory (LFT) can be considered as a combination of crystal field theory
(CFT) and molecular orbital (MO) theory [25]. Unlike in CFT where interactions
between ligands and center metal atoms are described with electronic interactions,
LFT takes into account the overlap between atomic orbitals as ligands approach a
metal center. Thus in LFT, the metal-ligand bonding is by its very nature partially
covalent.

LFT is very successful in explaining magnetic and spectral properties of many
transition metal complexes. In its framework, the perturbation Hamiltonian for
separate ligands interacting with the metal center is assumed to be independent
and additive. Thus, LFT can in principle be introduced into a MM force field. The
first successful combination was made by Burton et al. [26]. Afterwards, Deeth and
coworkers [24, 27-32] developed the approach gradually into a force field called
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Ligand Field Molecular Mechanics (LFMM). Thus, LFMM is based on a combina-
tion of a conventional force field with terms explicitly capturing electronic effects,
which takes the following functional form:

Etol = Ebonds + Eangles + Edihedrals + Enonbonded + LFSE. (2)

The essential part in (2) is the ligand field stabilization energy (LFSE). In
LFMM, such an energy is obtained by diagonalizing a 5 x 5 ligand field potential
matrix, with elements

N 3
(di|Vield) = Y FiF) el (3)
1 k

The first summation (/) is over all N metal-ligand interactions, while the second
summation runs over three symmetry modes (k = o, m,, ©,). Whether certain
symmetry modes are included or not depends on the ligand type. For example,
only one term e, is required for saturated amines because they cannot interact with
the metal through m-bonding [26].

In (3), the radial and angular parts of the M-L interactions are separated. The
general form of a radial contribution e is given by

-2 -3 -4 - -
e, =ag+ar+axy” " +azr " +asr " +asr 5+a6r 6, @

where r is the metal-ligand bond length. In practice, most coefficients a; zero and
only one or two terms in (4) take effect, which decreases the number of force field
parameters that need to be fitted.

All the angular dependence is encoded in the F factors as defined in the angular
overlap model (AOM) [33, 34]. These angular overlap factors characterize the
angular dependence of overlap integrals between atomic orbitals of the center
atom and the ligand atom. A detailed expression of F functions in the ligand’s
angular coordinates (6, @, ) has been worked out by Schaeffer [35] and can be
found in Table 1 in [34]. For instance, considering an octahedral complex with O,
symmetry, the six ligands have the following angular coordinates with respect to
the metal center:

1
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¢ 0
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and if the ligand is unidentate, \y may take an arbitrary value, e.g., 0. Then for the
first ligand,

F,z{, =(1+4+3co0s20)/4 =1,
F;”} =cos ¢ cosBcos\ —cospcos20siny =1, (5)

F_}M,\. = —sin¢ cos 0sin\ + cos p cos20cos | = 1,
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and all the other F values equal zero. Similarly, all the non-zero F values for the
fifth ligand are

1
Fi, = (1+3c0s20) /4 = — .,

V3 V3

5 _V> _ __NV°
Fi p,= 1 cos 2¢(1 — cos20) R ©)
1
F,iy,n" = cos2¢ sinf cos |y — 3 sin2¢ sin20siny = —1,
F;MA = cos ¢ cos O sin | + sin ¢ cos 20 cos |y = 1.

Two additional energy terms egs and ey, are then introduced to the LFSE for
completeness, and they also take the functional form (4). The d—s mixing term, egs,
characterizes the mixing between valence s orbital and d orbitals of the metal atom
with matching symmetry. For example, in a planar Dg;, [CuCl,]*~ system, such a
configuration interaction between Cu 4s orbital with 3d,. need to be included to
obtain the correct relative energies. The interelectronic repulsion term, ep,
captures the effect of the two-electron d—d electrostatic interactions and is impor-
tant for predicting the actual spin state.

The total LFMM energy is, therefore, calculated from an electronic term (LFSE)
and additional terms that can be obtained from a conventional force field, such as
AMBER ([3], CHARMM [4], or the more complex MMFF [36]. Caution is needed
when handling the energy terms involving metal atoms, such as the explicit
metal-ligand bond energy Ey;_p. The functional forms may need to be adjusted
and parameters refitted to lead to correct coordination geometries. For example,
Eyi_1 is better described by a Morse function

Em-L = D{1 — exp[B(r — ro)]}* — De (7)

with three parameters D, f3, and rq. Besides, the explicit L1-M-L2 angle bend term
should be replaced by a simple ligand-ligand repulsive term to avoid double
counting of energy.

The complete LFMM force field has been implemented in the molecular
operating environment (MOE) as an extension named DommiMOE (d orbital
molecular mechanics in MOE) [28]. LFMM has been applied extensively to copper
complexes, from simple Cu(Il) amines [29] to copper enzymes [32], and a variety
of force field parameters for copper complexes are available. The parametrization is
done by fitting the parameters in (4) to the crystallographic structure data provided
by the Cambridge Structural Database [29, 30], while DFT calculation results are
sometimes also involved in the fitting [32].

LFMM parameters for other transition metal complexes, such as manganese-,
nickel-, and zinc-containing complexes, are also provided by Deeth and coworkers
following a similar parametrization protocol [26, 30, 31]. The majority of
applications of LFMM force fields concerns “first-low” transition metal complexes,
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since the LFT is based on the assumption that the d shell of the metal center is
weakly affected by the ligand environment. Applications to organometallic
compounds are possible [27], but a valence bond approach based on hybridization
schemes might be more feasible.

2.2 SIBFA

An alternative approach to modeling organometallic complexes within a classical
molecular mechanics framework is the “Sum of Interactions Between Fragments
Ab Initio” (SIBFA) method. Development of this force field began in the 1980s,
with contributions from Claverie, Gresh, and Piquemal, among others [37-40].
SIBFA is a fragment-based approach employing a detailed force field that has been
widely applied to organometallic systems, from small complexes to metalloproteins
[41-44]. The force field explicitly accounts for anisotropic fragment polarization,
repulsion and charge transfer, and incorporates distributed multipole moments
centered at both nuclear positions and bond barycenters to describe electrostatics.
The additional detail afforded by these energetic terms makes SIBFA more com-
putationally expensive than less detailed force fields such as CHARMM [4] and
AMBER [3], but as a consequence, SIBFA can yield molecular structures and
energies that are in close agreement with ab initio data while maintaining a much
lower computational overhead than would be required for a full ab initio computa-
tion. While the standard, most widely applied version of SIBFA affords close
agreement in calculated interaction energies with ab initio reference data for a
wide range of organic compounds and closed-shell organometallic systems (metals
including Mg(Il), Ca(Il), Zn(Il), and Cd(II)), a recent extension “SIBFA-LF”
including ligand field effects via the AOM has extended the range of application
to metal ions such as Cu(Il) with partially filled d-shells. Both SIBFA and SIBFA-
LF will be described in more detail in the following sections with examples of
successful application of the method.

The basic premise of SIBFA is to build a force field that can account for each of
the terms of an energy decomposition of the ab initio intermolecular interaction
energy, as defined within the Restricted Variational Space Approximation (RVS) of
Stevens and Fink [45]. Within the RVS scheme, the total interaction energy is
broken down into first-order Coulomb (E.) and exchange-repulsion (E,) energies,
and second-order polarization (Ep,) and charge transfer (E ). Agreement with
correlated post-Hartree—Fock methodologies is achieved by inclusion of an addi-
tional dispersion energy term [46]. Faithful reproduction of these terms within the
force field, including ligand dependence, radial dependence, and anisotropy, allows
SIBFA to account for the total ab initio interaction energy for any conformation of
an arbitrary complex as long as general parameters for the metal center and the
fragments required to build up the ligands exist. In addition, short-range energetic
corrections allow SIBFA to describe the formation of ligand—metal complexes
without resorting to separate bonded and nonbonded parameters to describe the
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bound and unbound states. A single, consistent parameter set is used to explore the
binding, dissociation, and the relative energies of different tautomers and
conformers. One limitation of the SIBFA approach is that parameters are only fitted
for minimum energy conformers of each fragment used to build a molecule or
complex. Individual fragment geometries are therefore kept frozen. This allows
only torsional degrees of freedom within a molecule about fragment connection
points, a limitation that is currently being addressed along with implementation of
analytical gradients to allow the future application of SIBFA to molecular dynamics
simulations.

Electrostatic Interaction Energy: Multipole moments used in SIBFA are derived
from the ab initio charge density according to the procedure of Vigne-Maeder and
Claverie [47]. E, is truncated at quadrupole—quadrupole interactions. The sharing
of multipoles between both atom and bond centers ensures improved short-range
convergence of En,,. A recently extended formulation [42] also includes a penetra-
tion contribution to account for the overlap of molecular charge densities. Penetra-
tion becomes important at short range where significant overlap of the electron
density of separate atoms or molecules takes place, and a standard multipolar
expansion breaks down. Explicitly accounting for overlap is, therefore, necessary
to achieve good agreement in the Coulomb energy with RVS results, and thereby
with the total ab initio interaction energy. The multipolar interaction energy Ep,g
between all atoms in fragment A and those in B without penetration is expressed
using spherical tensor formalism as [48, 49]

Enp(AB) = ZZEWP (A,B), 8)

AeA BeB

mtp(A B Z Tl/\lBkA/\B rAB) QIA]{AQIB/(B (9)
Ialpkakp

The sum in (8) runs over all multipolar centers (nuclei and bond barycenters) of
fragments A and B. The interaction energy E,, between the multipoles on two
sites with position vectors A and B is calculated by summing the product of a
geometrical tensor 7 and each multipole moment Q. Multipole moments are
expressed using spherical harmonics with rank /, k, where / = 0, 1, 2. T is used to
relate the local axis systems of the multipolar sites A and B separated by vector r 4.

The modified electrostatic interaction energy, including penetration, includes an
additional energetic dependence of the monopole—monopole and monopole—dipole
terms on the number of valence electrons present in each overlapping site. Only the
monopole-monopole and monopole—dipole terms are currently corrected as they
dominate the total electrostatic energy in most situations. The monopole—-monopole
term for atoms A and B with monopoles ¢, and ¢z and number of valence electrons
Z, and Zg separated by distance r is then defined as
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Ermono—mono = [ZaZp — {Za(Zp — qp)(1 — exp(—aprap)) — Zp(Za — qa)
(I —exp(—aarap))} + (Za — qa)(Zs — q5) (10)
(1 —exp(—barap)) (1 — exp(—bprag))|(1/rap).

For monopoles centered on bonds, Z is equal to zero. In the limit of large
separation 14, this expression converges toward the familiar Coulomb charge—charge
interaction energy. The parameters a, and b, are obtained from a4 = y/Ry4 and by =
0/R 4, where y and ¢ are two unitless constants that have been calibrated as 4.42 and
4.12, respectively [40]. Ry,4 is the van der Waals radius of the atom, or where bond
multipoles are concerned, the averaged radius over the two atoms involved in the bond.
The modified charge—dipole term is then obtained from the scalar product

Emonofdip = —ug X é;; (B) (11)

u is the dipole moment of site B. In the uncorrected multipolar interaction
energy, &, (B) represents the electric field created by monopole A at point B with
position vector B, £4(B) = garas /rf,B, where r,p is the vector running from site
A to site B. The corrected monopole—dipole term including an overlap contribution is

Ea(B) ={Zs — (Za — qa)(1 — exp(—nrag)) rap/rip (12)
n:X/((RwA +RWB)/2)7 (13)

where y is a unitless constant equal to 2.4. While this penetration correction clearly
adds complexity to the evaluation of an electrostatic interaction, the complexity is
easily justifiable in the case of metal complexes where metal and ligand atoms
approach particularly close to one another, and charged metal ion centers produce a
strong short-range electrostatic interaction energy. The ability to evaluate short-
range interactions then avoids the need for separate “bonded” and “nonbonded”
terms between the metal ion and complexed ligands.

Short-Range Repulsion: Strong short-range Pauli repulsion between same-spin
electrons is modeled in SIBFA using a sum of bond-bond, bond-lone pair, and lone
pair—lone pair interactions. Bond sites are again located at the barycenters between
bonded atoms inside a fragment. Simpler, isotropic repulsion terms do not account
for orientational dependence of the repulsion energy. The relative orientation of
bound complexes is, therefore, determined not only by the anisotropic electrostatic
interaction, but at close range also by anisotropic electron pair repulsion. While
valence electron pairs are involved in bond formation and are hence found between
bonded atoms, additional nonbonded valence lone pairs must also be taken into
account for atom types such as oxygen and nitrogen. The positions of these electron
lone pairs must be defined, and one means of achieving this is the electron locali-
zation function (ELF) originally proposed by Becke and Edgecombe [50]. Once the
centroids of localized orbitals have been located using ELF in ab initio calculations,
then their coordinates can be stored in SIBFA in the fragment’s local axis system.
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The distance between two interacting centroids r; on separate fragments can then
be used to approximate the degree of overlap of the electron pairs S, and hence used
to estimate the repulsion energy in SIBFA according to [42]

1ep(i. ) = Noce (Woce () [157(0,1) /1 + €28%(0.7) /73] (14)

Nocc(i) is the occupation number of orbital i (equal to 2 for doubly occupied
bonds and lone pairs, 1 for n-type lone pairs), c¢; and ¢, are multiplicative constants
that are to be fitted for an atom type using the ab initio energies of a series of
reference complexes in different geometries. Note that the 1,3 correction has
recently been added in accord with the original proposal of Murrell and Teixeras-
Dias [51]. The total repulsion between atoms is evaluated between all lone pair and
bond combinations so that the repulsion between atom A involved in bonds b, with
lone pairs L, and atom B involved in bonds bg with lone pairs Lg is the sum of all
pair—pair interactions [52]

Erp = €1 <Z Z rep (ba,bp)+ Z Z rep (ba,Lp)

by bs by Lg (15)
+ Z Z rep (La, bg)+ Z Z rep (LA,LB)> .
Ly bp Ly Lp

The remaining orbital overlap term S is approximated using tabulated orbital
coefficients and effective atomic radii for the atom in the fragment of interest.
Further details are to be found in [52].

Charge Transfer: Charge transfer becomes important where metal-ligand bonds
exhibit some degree of covalent character. Electron density from the bound ligands
can be transferred to the central metal cation M, and back donation to or from the
d-orbitals of transition metals can provide an additional energetic contribution.
Charge transfer in SIBFA is based on the expression [53-55]

Eq = —2cMm Z Nocc,a((IH7M*)2/AEa‘M*). (1o

acly

The summation runs over all electron pairs L belonging to the electron donor-
atom A of fragment A. The constant c is characteristic of the metal cation M, the
occupation number of the electron pair N, is multiplied by an integral / describing
overlap of the donor lone pair and acceptor cation, and by AE, u., the difference
between the lone pair ionization potential and the acceptor atom electron affinity.
This integral has been approximated within a classical molecular mechanics frame-
work using the distance and angles between orbital centroids containing electron
lone pairs. The positions of these orbital centroids in the fragment’s local axis
system are identified in the same way as for the repulsion term E.,. The form of the
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expression and the derivation from the full overlap integral are given in detail in
[39, 53, 56, 57]. In addition, as the charge transfer energy in certain divalent cation
complexes represents a significant contribution to the total interaction energy, a
series of corrections have been made to increase its accuracy. In these corrections,
metal and ligand properties such as atomic radius and electron affinity are allowed
to alter as a function of the electric field that they encounter. Full details of these
modifications are found in [39].

Polarization: Electron polarization makes the final major contribution to the
total interaction energy in the standard SIBFA force field. A second-order correc-
tion to the electrostatic interaction energy, polarization affects primarily the outer
valence electrons of an atom. As such, polarizable sites in SIBFA are located at the
same bond barycenter and electron lone pair sites used to calculate the Pauli
repulsion energy E.p. The polarization energy takes the form of an interaction
between an induced dipole and the electric field generated by surrounding moieties,
and an induced quadrupole with the field gradient (induced quadrupoles are applied
to metal cations only). The magnitude of the induced dipole is [42]

u = o, &(P). (17)

o » Tepresents an element i, j of the 3 x 3 polarizability tensor of polarizable
site p acting on component i (x, y or z) of the induced dipole moment ,u}f}f' as a result
of component j of the electric field £ at p. The total electric field at p, the position
vector of site p belonging to fragment 4, is obtained using

&P =D &mlp) (18)

B#AmeB

The first sum is over each fragment /3 interacting with .4, and the second sum is
over all multipolar sites m of fragment B that give rise to an electric field. Note that
sites within the same fragment do not interact, and certain terms are removed from
the interaction between atoms at the connection points of two fragments that are
covalently bonded in a larger molecule. Central metal atoms and coordinated
ligands are, however, not treated as covalently bonded fragments and are allowed
to interact fully. Partial covalent character is then encapsulated by charge transfer
and short-range contributions such as penetration. A screening term intervenes in
the polarization energy at very close range to prevent close contact between charge-
carrying sites of one moiety and polarizable sites of another, giving rise to non-
physical polarization energies. A Gaussian function g screens the electric field §
arising from multipolar site m at polarizable site p according to

En(p) = (1= g(rpm)) & (), (19)

g(rpm) = QmKl CXP[_KZ (rim/(lep + lem))]7 (20)
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where 1, is the distance between polarizable site p and multipolar site m with
monopole moment g,,, R, is the effective radius of the atom containing site p, and
Riwm is the effective radius of the atom containing multipolar site m. For sites
located on a barycenter, the effective radius used is the average of the two atoms
that make up the bond. K; and K, are parameters fitted for the moiety of interest
[39]. The total polarization energy of p is then

Epol,p =—0.5 Z (Z?(p) Z %ij.p éJ(p) 21
i J

with é?(p) as component i of the electric field at p due to the permanent multipoles
of all interacting sites. ;(p) is component j of the electric field due to the sum of the
permanent and induced multipoles. As the electric field involves the induced
multipoles of surrounding moieties, an iterative, self-consistent procedure is used.
The quadrupolar polarizability is implemented in a similar fashion, describing the
second-order correction to the quadrupole moment of each site m arising from
interaction with the electric field gradient [42].

Ligand Field Effects: In order to extend the range of application of the SIBFA
force field to metals with partially filled d-shells such as Cu(Il) with clear biological
importance, a LFSE based on the same AOM introduced in the LFMM approach
was recently added [38]. The total interaction energy of a metal-ligand complex
(including a dispersion term Eg;g, for improved agreement with correlated ab initio
methods) [46] in SIBFA-LF is defined, therefore, as

Eint = Emtp + Erep + Epol + Ect + Edisp + ELFSE~ (22)

The first four terms are the Coulomb, repulsion, polarization, and charge transfer
energies, respectively. As previously described, the LFSE E| ggg arises from the
interaction of metal d-orbitals with surrounding ligands. The degree of overlap of a
d-orbital with a given ligand again depends on the distance and relative orientation,
as can be ascertained from an overlap integral. The AOM overlap integral for
SIBFA is also divided into angular and radial contributions. The radial component
of the overlap is approximated using an exponential decay [58] e, = a + b exp
(—crmL), where a, b, and ¢ are parameters specific to the metal-ligand pair and ryy.
is the metal-ligand separation. The angular component of the overlap is then
described using second-order (/ = 2) spherical harmonics to describe d-orbital
shapes. The spherical harmonics give rise to angular coefficients D that describe
the degree of overlap between a ligand c-orbital and a metal d-orbital i as a function
of the polar coordinates 0 and ¢ between them [38] (Table 1).

The coefficients are combined with the radial term e, to construct a simplified
Hamiltonian describing the d-orbital energies. Note that e, represents a radial
correction due to LFSE only, and that the primary contribution to the radial
dependence of the ligand—metal interaction energy comes from the standard
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Table 1 Angular coefficients ; D0, ¢)
between metal d-orbitals and 2 o 2
. . . 1/2(3 cos“ 0 - 1)
ligand c bonding orbitals . .
yz 1/2(+/3 sin20 sin ¢)
Xz 1/2(+/3sin20sin ¢)
xy 1/4(v/3(1 — cos 20) sin 2¢)
-y 1/4(+v/3(1 — cos 20) cos 2¢)

energetic terms listed in (22). Each element of the Hamiltonian matrix represents a
sum of the overlap with every ligand /

Haa =Y €5 (dD{I|d). (23)
/

The final relative energy ¢ of each of the i d-orbitals is then obtained from the
Hamiltonian matrix by diagonalization. Note that only bonds to ligand orbitals with
o symmetry are presently included in SIBFA-LF; an extension to m symmetry
analogous to that of the LFMM force field described earlier remains to be
implemented. E;psg of a d" system is calculated from the orbital energies &
according to

Eypsg = -2 Z & +
i=1 i=1

5 n

pi€i + Evan, (24)
where p; is the occupation number of orbital i. The repulsive term E,, .y is necessary
to allow geometry optimization of a complex as the LESE can become nonphysically

large at very short range, leading to collapse. Ey,,; takes the form of an exponential
with parameters c,,, and y to be fitted for a given metal-ligand pair

Ewa = Crut Xp (—7rw)- (25)
1

While some of the terms included in the components of the SIBFA interaction
energy are observable or can be obtained directly from ab initio calculations, others
are parameters that must be fitted to ab initio reference data. Parametrization of
metal-ligand complexes typically takes place in a mono-ligated complex involving
the metal center and different types of ligand. Varying the M-L distance and
performing RVS energy decomposition at each point allow the parametrization of
the corresponding SIBFA energy terms as a function of distance. Validation can
then take place by comparison with larger complexes and complexes involving
different types of ligand. The large number of parameters to be fitted to account
accurately for each term of the RVS decomposition means that parametrization of
new metals or fragments can require a significant initial investment of time. Once
parameters are available, however, they are generally more transferable than those
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of simpler force fields and so are less likely to require refitting. For example, the
polarization term of each fragment ensures that a single set of multipole moments in
a methylene fragment is equally valid when used to build methanol and ethane.

2.3 VALBOND and VALBOND-TRANS

VALBOND, developed by Landis and coworkers [59—63], is based on valence
bond theory, where hybrid orbital strength functions are used for the molecular
mechanics. Following foundations laid by Pauling [64, 65] who examined chemical
bonding from the perspective of valence bond theory, VALBOND aimed at
correctly capturing bending potentials over a wide range of angular distortions
which primarily determine the shape of molecules. VALBOND can describe both
non-hypervalent and hypervalent molecules (not following the octet rule) [60] and
transition metal complexes [62, 63] because the functional form for valence-angle
distortions L1-M-L2 is suitable to also describe very large angular distortions.
The formulation is based on generalized hybrid orbital strength functions. Given
two equivalent sp’ hybrid orbitals ¢, =1(|ls) + V3 |p.)) and ¢, = L[|1s)+
V/3(cos o |p.) + sinalp,))], where the maximum value of ¢, is along the z-axis
and that of ¢, is in the xz-plane and forms an angle o with (,, their strength S is
given by the angular part which is § = 2 in both cases. The overlap between these
two orbitals is A = % (1 + /3 cos cx). Pauling established that the decrease in S
between two orbitals can be related to the overlap. Consequently, S represents a
concentration of electron density in the bond-forming region, and S of hybrid
orbitals has been interpreted as the bond-forming power of the orbitals. However,
it was found that the correlation of S with bond dissociation energies is poor [14].

Nevertheless, the geometry-based hybrid orbital strength functions turned out to
be useful to capture the angular parts of force fields. Therefore, VALBOND is used
in conjunction with a conventional force field such as CHARMM, where the typical
harmonic bending terms are replaced with a new parametrization. In fact,
VALBOND was developed together with CHARMM [59]. The additional energy
term is of the form

E; = ki(S™ — Si(o)), (26)

which arises for every ligand i. Here, k; is an empirical scaling factor, S is the

maximum strength for a particular hybrid orbital (S™ = 2 for a sp” hybrid), and

S(a;;) is the reduction in maximal strength due to the particular angular arrangement

of the two hybrid orbitals involved (see above) on two different ligands i and j.
For two sp”d” hybrid orbitals at an angle o, the expression for S™** is

max __ 1
S —\/m(l—km—k\/%) @7
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and S(2) is in general given by

/ 2
(o) = Smax\/ 1 — #. (28)

The overlap 4 for two sp”d” hybrid orbitals is

1
C14+m+n

<|ls> + mcosalp,) + g (3cos’o — 1) |d_,z>). (29)

Combining (26)—(29) constitutes the core of VALBOND.

For hypervalent molecules, one has to take into account that there are several
resonance structures, each described by a weighting factor ¢;, which depends on the
geometry. For a 3-center/4-electron bond (such as in CIF3), the total energy of the
structure is the sum of three (formally equivalent) resonance structures, each of
which are mixed ionic-covalent Lewis structures. Assigning a bond order of 1 to
one particular CF bond with the two other CF bonds having bond order 1/2
(and cyclic permutation), the total energy of CF; is given by E = 23:1 ¢iEj,
where ¢; are mixing coefficients which depend on the molecular geometry. One
choice for these mixing coefficients is [60]

lv
127 cos’s,

config yrhype - 2’
2ot 112 cos?a;

(30)

Cj:

where the products run over all hypervalent angles i, and config stands for the
number of resonance configurations. In general, the total energy is then given by

Ew =) ¢, 3D

J

where the sum is over all resonance configurations j. For the energy expression E; of
a particular resonance configuration, the following form was suggested

E(2) = BOF x k, (1 A+ n)z). (32)

Here, BOF is the bond order factor, k, is the VALBOND parameter (k for non-
hypervalent bonds), 4 is given in (29) (for sp™d” hybrid orbitals), and « is the bond
angle. The BOF is the product of the formal bond orders of the two bonds described
by the hybrid orbitals and standing at an angle o.

Despite these extensions, additional ingredients are necessary to capture elec-
tronic effects, such as the trans influence. One such generalization is VALBOND-
TRANS [66]. The purpose of this additional development is to capture electronic
effects related to the structural trans effect. Quadratic planar complexes, especially
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Pt(II) metal complexes, are known to exhibit a structural trans effect. In octahedral
complexes, trans effects can also occur, even if these effects are less pronounced
[67]. The trans effect is attributed to electronic effects and is defined as “the effect
of a coordinated group on rate of substitution reactions of ligands trans to itself”
[68]. One can distinguish between an energetic (or kinetic) trans effect and a
structural trans effect in an arrangement L1-M-L2. Here, L1 is trans to L2. The
energetic trans effect (not considered in VT) refers to a bond weakening of
the M-L2 bond depending on the chemical identity of ligand L1. Contrary to
this, the structural trans effect (or influence) reports on bond length changes in
M-L2 depending on L1 [69].

The key equation in VALBOND for hypervalent compounds is (32). For a
3-center/4-electron bond, it describes the bending energy as the overlap between
one orbital and another orbital shifted by 180°. This term favors linear geometries
in hypervalent bonds because it is at a minimum for oo = 180°. Because the trans
influence also acts along hypervalent bonds and is expected to be maximal at linear
geometries, a natural place to include additional electronic effects is the term A(x +
m) = 1. This is done by reweighting the energy depending on the chemical identity
of ligands L1 and L2 trans to each other in the motif L1-M-L2

Evans = 3 pan (4(2+ 7)) (33)

trans

Here, A and B stand for the chemical identity of the atoms of L1 and L2,
respectively, bonding to the metal M; pp is a parameter for the structural trans
effect, which depends on the atom types involved and the metal; and « is the
L1-M-L2 angle [66]. For a perfect octahedron, this expression is simplified to

Eyrans = ZPAB- (34)

trans

To consider the structural trans influence, one has to determine the bond lengths
ra®) = ra(1+ sa x ig/100), (35)

where (g, is the equilibrium bond length A-M which has atom B trans to it. 7 is
the unperturbed bond length A—M, ij is the bond lengthening intensity of atom type
B, and S, is the bond lengthening sensitivity of atom type A. The trans influence
and, therefore, the relative change in the bond length rap, are captured in
VALBOND-TRANS as [66]

TA(B) = rg(l +sa X A(a + n)2 . iB/loo). (36)
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2.4 Combination of VALBOND-TRANS with MMPT

One advantage of force field methods is their extensibility. To model a chemically
complicated compound, different and separately developed force field methods can
be combined. A more familiar example might be the combined quantum mechan-
ics/molecular mechanics (QM/MM) approach [70], which treats a localized region
(usually where the chemical reactions occur) by QM methods and the rest of the
system by MM force fields. Similarly, we can combine VALBOND with another
force field developed in our group, molecular mechanics with proton transfer
(MMPT) [71, 72], to study the transition metal complexes whose ligands interact
via strong hydrogen bonds. The system can be partitioned into regions treated by
VALBOND or MMPT or conventional CHARMM force field, as we will discuss in
detail in the application section. Dealing with the interactions across the boundary
of different MM regions is relatively simple since force field is additive, while in
QM/MM methods the correct description of the boundary region still remains a
technical challenge [73].

A detailed account of MMPT has been given in [72]. Briefly, MMPT uses
parametrized three-dimensional potential energy surfaces (PES) V(R, p, 0) fitted
to high-level ab initio calculations (MP2/6-311++G(d,p)) of prototype proton
transfer systems (H;N-H*---NH3;, H,O-H"---OH, and H;N-H"*---OH,) to describe
the interactions within a general DH—A motif, where D is the donor, H is the
hydrogen, and A is the acceptor atom. R is the distance between the donor and the
acceptor, p is the r;cl)ative &ition of H for a particular value of R, and 6 is the angle
between vectors DA and DH. The relationship between p and the D—H distance r is
given by

p = (r—rmin)/(R — 2rmin), (37)

where 7y, = 0.8 Aisin principle arbitrary but should be sufficiently small to cover
the shortest D—A separations. Depending on the position of the transferring H-atom
(DH-A or D-HA), bonded interactions on the donor and acceptor side are switched
on and off. And by PES morphing [74] through coordinate transformations, MMPT
is capable of describing topologically similar but energetically different hydrogen-
bonding motifs in an accurate and concise way. VALBOND and MMPT have both
been implemented into CHARMM [75]. The implementation has been made in
such a way that VALBOND is by default applied to all the atoms and MMPT is
applied only to predefined atoms.
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3 Applications

3.1 Refining Force Field Parameters in VALBOND TRANS:
Application to an Octahedral Iridium-PHOX Catalyst

DFT has, over the past decade, emerged as a convenient and versatile computa-
tional method. It has been used successfully to obtain a wide range of data such as
thermochemistry, molecular structures, force field parameters, vibrational frequencies,
nuclear magnetic resonance and electron spin resonance characteristics, UV spectra,
dipole moments, transition-state structures, and activation barriers [76]. DFT is also
used to provide reference values for the VALBOND-TRANS force field. In this work,
DFT calculations were carried out using the B3LYP functional [1, 2] with the all-
electron 6-31G(d,p) basis set for C, H, N, O, and P atoms, and a LANL2DZ ECP [77]
for Ir, Pt, and CI atoms. All electronic structure calculations were carried out using the
Gaussian03 suite of programs [78] with the grid=ultrafine option.

In the following, the VALBOND-TRANS force field is parametrized for model
octahedral complexes of Ir, with the aim to best capture relative energies calculated
from DFT for different diastereomers. The (re-)parametrization of VALBOND-
TRANS is important for successful use in further atomistic simulations. The fitting
procedure can be conveniently carried out by using a recent combination of
CHARMM and the I-NoLLS fitting environment [79, 80]. This parameter optimi-
zation environment can carry out interactive nonlinear least-square fittings to
determine model parameters for a wide variety of applications.

Here, a first optimization of the van der Waals parameters of an octahedral
iridium(IIT)-PHOX catalyst with a triphenylposphate coordinated group (see Fig. 1)
is described in some more detail. Starting from standard vdW parameters R,;, ; and
¢ and nuclear charges ¢;, several optimization cycles are carried out to better
reproduce the relative energetics of 20 diastereomers of the test compound. The
relative energies from B3LYP/6-31G(d,p) calculations span a range of 21 kcal/mol.
Using these energies as the target data, the vdW parameters are iteratively
improved. Figure 2 compares the initial RMSD between the reference data (DFT)
and VALBOND-TRANS without (green squares) and with optimized vdW
parameters (blue circles). It decreases from 7.37 to 3.74 kcal/mol, which is an
improvement of 50%. A linear regression gives a correlation coefficient of 0.87 and
0.92, respectively. The most significant change concerns ¢; for the phosphorus
atom, which decreases from —0.585 to —1.378 kcal/mol Noticeable changes also
occur for the vdW radu of N (from 1.85 to 1.06 A) Ir (from 1.91 to 2.75 A) and P
(from 2.15 to 1.53 A).
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Fig. 1 One diastereomer of
the octahedral Ir(IIT)-metal
complex. Color codes are as
follows: light green: Ir, light
blue: C, dark green: P, red: N,
dark blue: O, white: H

Fig. 2 Energies of all
diastereomers of the
Ir(IlTI)-metal complex, using
unoptimized Lennard-Jones
parameters (green squares)
and fitted Lennard-Jones
parameters (blue cycles), both
with unoptimized Mulliken
charges. All energies
(kcal/mol) are relative to
that of complex 3
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3.2 Energetics and Dynamics of a Hydrogen-Bonded
Bidentate Catalyst

Bidentate ligands are important for controlling selectivity in homogeneous cataly-
sis, but their synthesis is difficult and rational design is usually impossible. In 2003,
Breit et al. proposed a new approach for generating bidentate ligands by self-
assembly of monodentate ligands via complementary hydrogen-bonding interactions
[81]. For example, the self-assembly of 6-diphenylhposphanyl-pyridone (6-DPPon)
in the presence of a transition metal such as platinum(II) or rhodium(I) can provide
high activity and regioselectivity in the hydroformylation of terminal alkenes
[81-83]. In this subsection, we study the energetics and dynamics of cis-Pt[Cl,(6-
DPPon),] [81], a hydrogen-bonded catalyst, with an MM force field.

The Force Field: As illustrated in Fig. 3, the force field for Pt[Cl,(6-DPPon),] is
decomposed into three parts: the metal center Pt and the ligand atoms P and CI that
are treated with VALBOND; the double proton transfer (DPT) motifs N-H-N and
O-H-O which are described by MMPT potentials; and the remainder of the
molecule for which the conventional CHARMM force field is used.

The parameters for VALBOND are directly taken from the literature [59, 62]
and the corresponding supplementary materials. Force field parameters for MMPT
are based on our previous study of 2-pyridone-2-hydroxypyridine (2PY2HP) dimer
[72]. Since the DPT motif in the two systems is topologically similar, the MMPT
PESs of 2PY2HP are regarded as the zeroth-order potentials, and the following PES
morphing [74] is applied

Fig. 3 Pt[Cl,(6-DPPon),],
and the force field
decomposition
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VNEN(R' o' 0') = 0.75 x ViHN(R — 0.08, p + 0.235,0.850)

VOHO(R' o', 0') = 0.75 x VYHO(R +0.03, p — 0.210,0.700) 38)
to generate the PES—and thus the corresponding MMPT parameters—for the Pt
complex in this study. The CHARMM22 parameter set [4] is used for all other force
field terms required. When CHARMM parameters were missing, those from analo-
gous CHARMM atom types are used, as was done in the previous work [66]. The
Lennard-Jones parameters for Pt and Cl atoms are taken from [84], and all the
atomic partial charges are determined from natural population analysis (NPA) [85].
The efficiency of force field approaches allows also to perform calculations in
explicit solvent. To demonstrate this, we have solvated the Pt[Cl,(6-DPPon),]
complex in deuterochloroform and carried out MD simulations. The force field
parameters for CDCl; are determined by combining ab initio calculation results at
the MP2/6-311++G"" level and suggested values from the literature [86, 87].
Validation of the Force Field: As a validation of the MM force field, equilibrium
structures of cis-Pt[Cl,(6-DPPon),] are determined by different methods and com-
pared in Fig. 4. Starting from the experimental X-ray structure [81], conjugate
gradient minimization with CHARMM is used to further relax it, and the DFT
structure is generated by full optimization at the B3LYP/6-31G""/LANL2DZ level.
The three structures overlap with each other very well (see bond lengths and angles
in Table 2). The distances between the platinum center and ligand atoms (P and Cl)
are well reproduced by the MM force field, while the P-Pt—P angle in the MM
structure differs by 10° and 18° with the X-ray and DFT structures, respectively.
This is related to the predefined hybridization of the Pt atom in VALBOND force
field, and can be optimized by manually assigning a different sp”d” hybridization.

Fig. 4 Superposition of the X-ray structure (silver), DFT equilibrium structure (blue), and MM
structure (orange) of cis-Pt[Cl,(6-DPPon),]
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Table 2 Comparison of selected bond lengths and angles from structures determined by X-ray
crystallography [81], MM force field optimization, and DFT optimization

Geometry X-ray DFT MM
N-N 3.070 2.966 2.967
N-H 0.84 1.033 1.033
#/N-H-N 136.9 156.3 155.5
0-0 2.684 2.631 2.632
O-H 0.86 1.003 1.004
+20-H-0O 164.3 173.3 177.7
Pt—P?* 2.247 2.310 2.312
/P-Pt-P 97.6 105.5 87.6
Pt-CI* 2.338 2.462 2.438
P-C?* 1.825 1.841 1.872

#Average values
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Besides the equilibrium structure, energies at different hydrogen-bonding
situations are also compared. DFT energy calculations are performed by fixing
the N-N distance Rny;, the O-O distance Rpg, the N—H bond length ryy, and the
O-H bond length roy while fully relaxing other degrees of freedom. Such
computations have been carried out on a regular grid, giving 63 single-point DFT
energies in total. The same constrained minimizations were done with the MM
force field. These two sets of energies are compared in Fig. 5. The correlation
coefficient between the MM and DFT energies is 0.90, and the mean absolute error
(MAE) equals 0.68 kcal/mol. Considering the error of DFT energy calculations
which is 0.5 kcal/mol, the performance of MM force field is acceptable.

It is worth pointing out that no fitting procedure is performed in this work. The
MMPT force field parameters are generated by mapping those of a previously
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studied system 2PY2HP to new ones. The PES morphing presented here is heuris-
tic, and a more sophisticated morphing strategy is currently under investigation.
Fitting with a CHARMM/I-Nolls interface [80] is also a possible if sufficient
experimental data or high-level ab initio calculation results are available.

Molecular Dynamics Simulations: With rapid evaluation of energies and
gradients, molecular dynamics (MD) simulations can be carried out. For MD
simulations in the gas phase, the complex was first heated to 300 K by 6,000
steps and equilibrated at that temperature for 100 ps. Then, a 5-ns NVE trajectory
was generated by free dynamics. The time step was 0.1 fs to follow the fast proton
motions. For simulations in explicit solvent, a 46.0 A x 46.0 A x 40.9 A box of
CDCl; was first generated with a density of 1.50 g/cm . The Pt[Cl,(6-DPPon),]
complex was then solvated and periodic boundary conditions were applied. A
cutoff of 12 A was applied to the shifted electrostatic and switched van der Waals
interactions. Before 1-ns free dynamics simulations, the system was heated to
300 K and then equilibrated for 10° time steps.

One of the essential issues in using nonstandard force fields is whether MD
simulations carried out with them conserve total energy. The energy fluctuations
AE(t) = E(f) — (E) along the 5-ns MD trajectory are shown in Fig. 6. The
probability histogram of AFE is near-Gaussian, with a full width at half maximum
(FWHM) of 0.005 kcal/mol. For the 1-ns MD simulation in CDCl; solvation, the
fluctuation of total energies is also small and the FWHM equals 0.02 kcal/mol.
Thus, the total energies in NVE simulations are conserved on the nanosecond
timescale, which ensures that forces are calculated correctly and that further
analysis of the MD trajectories yields meaningful results.

It will be interesting to use this parametrization to further investigate infrared
and NMR spectra. These applications will require conformational sampling of the
metal complex at finite temperature, which will provide useful starting points for
more detailed investigations at the DFT level. For example, an accurate assessment
of the temperature-dependent '"H-NMR spectrum of Pt[Cl,(6-DPPon),] can only be
achieved by combining our MM force field and DFT calculations. Such a study is
currently in progress.
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4 Outlook

This outlook summarizes some new and expected future developments in
investigating organometallic chemistry using force field-based techniques.

For the particular case of VALBOND-TRANS, a more comprehensive fitting of
an integrated force field is an obvious next step. Until now it was demonstrated that
inclusion of electronic effects such as the trans-influence is possible and leads to
quantitatively meaningful results when compared with reference DFT calculations.
However, for a dedicated force field, all terms (including the bonded ones) need to
be fitted. An important question will be how transferable the resulting FF parameters
are for the standard chemical atom types (H, C, N, O) between complexes with
different transition metals, or whether independent parametrizations are required for
different metals and different oxidation states.

The combination of largely independent but mutually beneficial techniques such
as VALBOND-TRANS and MMPT as shown in Sect. 3.2 will open up new
possibilities in organometallic chemistry. Such extensions can also be envisaged
between VALBOND-TRANS and adiabatic reactive MD (ARMD) [88], which will
allow reactions involving TMs to be followed explicitly. A prerequisite for such
applications is to more routinely adjust force field parameters for particular
chemistries.

Approaches discussed in this chapter address the problem of describing TM
complexes from two largely different perspectives. Either one starts from a force
field and seeks to suitably extend its range of applicability by adding
(or integrating) new terms which can describe electronic degrees of freedom
(LFMM, VALBOND). Alternatively, one can start from an energy expression
and decompose it into terms that can be parametrized. Ultimately, one will be
interested not only in carrying out energy evaluations but also in sampling configu-
rational space using such an energy expression. Thus, either Monte Carlo or MD
simulations should be possible with such a force field. For VALBOND-TRANS
dynamics, the possibility to carry out MD simulations has been demonstrated here,
and LFMM has recently been applied to study the dynamics of tyrosinase (a copper-
containing protein) [89]. As analytical derivatives for the different terms of the
SIBFA interaction energy are not yet fully implemented, the application of SIBFA
over recent years has primarily been to the energetic analysis of interactions in
biomolecules that are too large to be examined with full ab initio calculations [43,
44, 90, 91]. The envisaged extension of SIBFA to molecular dynamics simulations
would allow exploration of an accurate and detailed free energy surface, and
remains an important goal. The ability to model metal ion centers accurately in
enzyme active sites in energy minimizations and single-point calculations, how-
ever, makes SIBFA a useful tool where meaningful analysis of protein-ligand-
binding interactions using a classical, nonpolarizable force field is challenging, and
where the number of atoms is too large to successfully employ ab initio techniques.
The polarization energy in systems with charged metal ions in particular contributes
strongly to the total interaction energy [44]. Some recent applications include
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modeling of binding energies of different low-energy ligand conformations in
protein-active sites in docking studies [90, 91], examining the role of polarizable
water molecules in ligand binding [43], and modeling of the formation of
complexes that comprise ligand field effects [38].

A major issue remains to incorporate polarization effects in conventional force
fields. Polarization can be divided into two important contributions. Intramolecular
polarization, the response of a molecule’s electron density to changes in molecular
conformation, can be important in calculating certain sensitive dynamic properties.
Modeling of bond vibrational responses to local electric fields in MD simulations
provides one such example [92-94]. This form of polarization is currently missing
in many force fields and is only partially present even in detailed potentials such as
SIBFA, which have focused on an accurate representation of the second, intermo-
lecular polarization. Intermolecular polarization describes the response of the
electron density of one molecule to the electric field generated by its nonbonded
neighbors. As the intermolecular polarization energy is a function of the external
electric field, which originates from multipole moments of surrounding moieties
which are themselves polarizable, a self-consistent procedure is necessary to
achieve very accurate results. Successful incorporation of both inter- and intramo-
lecular polarization within a single force field would allow fully polarizable molec-
ular dynamics simulations, which may offer an important increase in accuracy for
detailed applications in charged or polar environments.
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