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a b s t r a c t

The development and application of molecular mechanics methods which include an explicit treatment
of d-electron effects are reviewed. The origins of the authors’ ligand field molecular mechanics (LFMM)
method are traced from Hitchman’s simple expression for predicting the M–L bond length change accom-
vailable online 9 July 2008
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panying a d–d transition through to the general implementation of LFMM within the molecular operating
environment, including analytical energy gradients, explicit M–L �-bonding and d–s mixing effects, plus
a term for handling different spin states. The LFMM applications cover simple coordination complexes of
Cu(II) where a single parameter set treats multiple coordination numbers; the treatment of the complete
Jahn–Teller effect in six-coordinate d9 Cu(II) complexes including elongated and compressed structures
and the intervening barrier height; the parameterisation of Co(III) and Ni(II) species to enable both high-
and low-spin complexes to be treated with a single parameter set; the unusual and highly distorted Type 1
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centre in ‘blue copper’ enzymes; and dinuclear species containing the [Cu2O2]2+ moiety found in Type 3
copper enzymes and the important Cu–O �-bonding effects. The LFMM has also spawned two approaches,
the ligand field extension of the sum of interactions between fragments ab initio (SIBFA) model and an
extension to the general utility lattice program (GULP). The former has been applied to some simple
Cu(II) species while the latter has been applied to d4 Mn(III)-oxides. Both are limited to � effects only.
In addition, the related effective crystal field model of Tschougreeff is discussed and compared with the
LFMM approach. Providing one is prepared to develop the necessary parameters, the LFMM and related
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approaches are capable of

. Introduction

The structures and reactivity of classical Werner-type coordi-
ation complexes are profoundly influenced by the d electrons. A
lassic example is the ‘double-hump’ variation of thermodynamic
nd structural properties, particularly of first-row metal complexes.
or example, the experimental hydration enthalpies of the divalent
qua ions (black diamonds, Fig. 1) deviate substantially from any
onotonic variation on crossing the series from left to right [1].
Perhaps the simplest model for describing d orbital energies is

igand field theory (LFT) [2] which was itself derived from the ear-
ier electrostatic crystal field theory (CFT) [3] approach. In LFT, we
ocus on a limited number of states which can be derived from
he terms arising from the dn configuration. These comprise the
round state and those excited states which we associate with
–d electronic excitations and their relative energies are expressed
arametrically. The properties which can be computed by LFT are
hus limited. Nevertheless, with a careful formulation [3], LFT and
ts attendant parameters provide a useful, semi-quantitative pic-
ure of metal–ligand coordination in Werner complexes which has
een successfully exploited for over half a century [4–6]. LFT also
enerates a simple rationalisation of the double-hump behaviour
epicted in Fig. 1 in terms of the ligand field stabilisation energy
LFSE).

The LFSE is a function of the d configuration and the magnitude
f the ligand field splitting. The latter can be independently derived
rom spectroscopic data by fitting the d–d absorption bands of these

ominally octahedral species [7]. The LFSE is often considered to
e a simple function of �oct (Fig. 2) and if the experimental hydra-
ion enthalpies are ‘corrected’ using the spectroscopic �oct values,
remarkably smooth line is obtained (open circles in Fig. 1).

ig. 1. Variation of experimental hydration enthalpies (solid diamonds) from d0

a2+ through to d10 Zn2+. The open circles represent the values once d electron
tabilisation energy effects are removed (after Johnson and Nelson [1]).
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ering DFT-quality results but up to four orders of magnitude faster.
© 2008 Elsevier B.V. All rights reserved.

However, while this simple picture works well for divalent
etals, the LFSE itself is more complicated and may include con-

ributions in addition to the d electron term depicted in Fig. 2. For
xample, in trivalent aqua complexes, d–d interelectronic effects
ecome relatively more important [8]. Nevertheless, if we inter-
ret the LFSE in its broadest sense and include both one-electron
�oct or spectrochemical) and two-electron (interelectronic repul-
ion and thereby nephelauxetic) contributions, the conclusion is
hat the LFSE makes a substantial contribution to the properties
f coordination complexes. Therefore, computational methods for
odelling them must account for the LFSE. However, this can be

chieved implicitly or explicitly.

.1. Computational methods and implicit electronic effects

By construction, electronic effects are implicit in quantum
echanical (QM) methods. However, QM treatments of Werner-

ype transition metal (TM) systems present many challenges. In
ontrast to most organic and organometallic species, they are fre-
uently paramagnetic with complicated electronic ground states
nd many, low-lying excited states. Additionally, they often carry a
et charge and so environmental effects, notably solvation, can be
ignificant [9].

Very significant progress has been achieved especially over the
ast two decades where a revolution in quantum chemistry for
M species has occurred in the form of density functional the-
ry (DFT). Compared to wavefunction methods like Hartree–Fock
heory and its correlated extensions, DFT is relatively quick and
ccurate and has established an impressive reputation for TM
pecies [10]. Especially in its hybrid B3LYP form, DFT has become the
e facto standard for quantum chemical modelling of coordination
omplexes including those of biological relevance [11]. Of course,
o current functional is perfect, including B3LYP, and the quest for
etter functionals continues [12]. However, while we can argue the

erits of different pure and hybrid functionals, all quantum meth-

ds are relatively compute intensive which ultimately limits the
ize of system and/or the type of calculation which can be achieved
n a reasonable time.

ig. 2. Octahedral d-orbital splitting diagram from which the one-electron contri-
ution to the LFSE can be computed.
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An alternative to fully quantum approaches is semi-empirical
O theory which combines a minimal basis quantum treatment of

he valence orbitals with a simplified and parametric treatment of
ore effects. Such methods are very much faster than full QM but
heir application to TM systems has been restricted partly since only
elected metals are parameterised and partly since the accuracy
s patchy, especially with respect to open d shell systems. Nev-
rtheless, the improved computational efficiency is attractive and
any successful applications of semi-empirical methods have been

eported such as a study of the structural and electronic properties
f Fe(III) complexes with N/S donors relevant to nitrile hydratase
13] and the de novo prediction of structure and spin states for a
ange of Tc complexes using a modified version of PM3(tm) [14].
ew parameterisations such as PM6 [15] and AM1* [16] promise

mproved accuracy over previous semi-empirical schemes and a
uch wider coverage of d electron systems but the absolute errors

n heats of formation and geometrical data are, for most TMs, still
uite large. Of course, for many practical applications, only the rel-
tive error is significant and these are always likely to be much less
ue to error cancellations. However, these methods are too recent
or this aspect to have been fully explored. Meanwhile, another
ption is to dispense with quantum schemes and develop a classical
odel such as molecular mechanics (MM).
MM has the advantage of very rapid execution times, even

ompared to semi-empirical MO theory, but its application to TM
pecies is complicated [17]. In conventional MM, the all-important
lectronic effects are again incorporated implicitly. Hence, just as
he electronic consequences of sp3, sp2 and sp hybridisation at car-
on centres are implicitly accounted for geometrically by defining
eparate parameters sets for tetrahedral, trigonal and linear bond-
ng respectively, so too can the electronic effect of, say, a low-spin d8

onfiguration be accommodated by applying an out-of-plane func-
ion to the metal centre which then forces it to remain planar, or
he Jahn–Teller distortion in CuL6 species can be treated by defining
ifferent parameters for short equatorial and long axial bonds even
hough the ligands may be chemically identical [18].

These two examples serve to illustrate that the application of
onventional MM to TM systems may lead to loss of generality. For
xample, the vast majority of four-coordinate Ni(II)N4 complexes
re planar low-spin. However, if the steric requirements of the lig-
nd prevent planar coordination, the high-spin, tetrahedral state is
avoured (1, Fig. 3). However, in conventional MM, there are dif-
erent parameter sets for high-spin and low-spin systems [19] and
he user must decide a priori which one to use plus, given different
Fs have different reference states, the potential energies of high-
pin and low-spin forms cannot be directly compared and hence
onventional MM cannot be used to predict which spin state is the
owest. In contrast, since QM explicitly treats electrons, the high-
pin and low-spin forms correspond to simple rearrangements of
he electrons. Hence, the reference states are the same and, in prin-
iple at least, the total energies can be compared directly. Of course,
he accuracy of such a comparison is an open question. Reliable pre-
iction of relative spin-state energies is a well known problem for
M approaches in general and DFT in particular [20–23].

The second example of Jahn–Teller distortions in Cu(II)L6 sys-
ems also highlights the shortcomings of conventional MM. In
rinciple, for a simple complex like [Cu(NH3)6]2+, there are three
quivalent elongation axes. In this case, the choice is irrelevant but
his may not apply for mixed-ligand systems. Consider, for exam-
le, CuA4B2 systems where A and B represent different donors.

he temptation might be to assume that the elongation axis would
orrespond to the ‘minority’ ligand B which is in agreement with
xperimental X-ray crystal structure data for complex 2 in Fig. 4 but
ot for complex 3. Moreover, although tetragonal elongations are
sually observed, some ligands force a tetragonal compression (4).

a
M
h

t

ig. 3. Tetrahedral, high-spin d NiN4 complex bis(bis(N-(3-(3,5-dimeth-
lphenylimino)-2-formyl-1-propenyl)-3,5-dimethylanilinato-N,N′)-nickel(II). The
on-planar structure is enforced by the ligand. Non-polar hydrogens omitted for
larity.

n the latter example, the tertiary butyl substituents on the imine
itrogens are critical and smaller groups lead to an elongated struc-
ure where the long bonds are to the pyridyl donors [24,25]. Such
swap in elongation axis cannot be captured automatically by a

onventional MM treatment.
Despite these apparent shortcomings, conventional MM can be,

nd has been, applied to coordination complexes on numerous
ccasions for a variety of properties [18]. However, the subject of
his review is directed towards the extension of MM to include
xplicitly the important electronic effects which QM methods treat
mplicitly. Thus, we generate an empirical approach which com-
ines the flexibility and generality of QM with the speed of MM.

.2. Explicit electronic effects

Explicit treatment of electronic effects within MM, which is
he main subject of this review, requires some extension of the
asic MM formalism. In particular, new potential energy terms to
escribe the effects of the LFSE need to be included [17]. Since the
implest model for d electron effects is ligand field theory, we sug-
ested in 1995 a marriage between LFT and MM in order to capture
he essential physics of d electron stabilisation in a fast empiri-
al method [26,27]. Our inspiration for this and the subsequent
evelopment of LFMM arose from Hitchman’s simple model for
redicting the M–L bond length changes, ır, accompanying certain
–d excitations [28]. If the transition corresponds to depopulating
n M–L �-type orbital and placing the electron(s) in the �*-type

-L orbital, a significant change in M–L bond length results which

as a substantial LFSE component.
Hitchman’s equation (1) relates to M–L bond length change to

he number of electrons involved in the change, m, the energy sep-
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Fig. 4. Jahn–Teller distorted Cu(II) compl

ration of the orbital involved in the change, �, the initial bond
ength, r0, the force constant for the symmetric stretch vibration,
, and the number of ligands coordinated to the metal, N. The final
arameter, n, relates to the assumption than � depends inversely
n some power, n, of the bond distance. In simple crystal field the-
ry, for example, n = 5.

r � nm�

fr0N
(1)

Hence, the structural change is interpreted as a simple balance
etween electronic and vibrational contributions. This idea was

ater successfully extended by Hitchman and one of the present
uthors (RJD) to the more complicated situation of predicting the
agnitude of the Jahn–Teller distortions in systems with formally

oubly-orbitally-degenerate E ground states [29]. The electronic
nergies were estimated on the basis of the angular overlap model
AOM) [30] which describes the total ligand field potential as a sum
f individual, local M–L contributions rather than in terms of the
lobal symmetry as had been introduced originally in crystal field
heory and then carried over into LFT [2]. This ‘bond-centered’ AOM
s ideally suited to MM as described in the next section.

The link between electronic and geometrical structure inher-
nt in the AOM was also exploited to estimate the structures of
CuCl4]2− complexes doped to about 0.1 mol% into crystals of dia-

agnetic [ZnCl4]2− species [31]. Assuming a C2v geometry and
reasonable’ values for the AOM Cu–Cl � and � bonding parame-
ers (vide infra), the d–d transition energies and EPR g-values were
xpressed as a function of the angles ˛ and ˇ illustrated in Fig. 5.

By fitting the experimental data to the theoretical expressions,
stimates of ˛ and ˇ were obtained which were consistent with
he doped copper species adopting an intermediate geometry with

eatures of the host zinc structure superimposed on the intrinsic
flattened’ tetrahedral structure of [CuCl4]2− where ˛ = ˇ ∼ 128◦.

ost [ZnCl4]2− complexes such as that in Cs2ZnCl4 are essentially
etrahedral but (enH2)2ZnCl4.2Cl is exceptional with ˛ = 125◦ –

Fig. 5. Definition of ˛ and ˇ in C2v symmetric [CuCl4]2− complexes.
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Non-polar H atoms omitted for clarity.).

ignificantly larger than the tetrahedral value – and ˇ = 107◦, some-
hat smaller than the tetrahedral value. The spectroscopic data

or the doped copper species were similarly unusual, especially the
PR spectra which displayed very rhombic g-values (2.0077, 2.1203,
.4356 compared to the ‘normal’ [CuCl4]2− species in Cs2Zn[Cu]Cl4
ith g-values of 2.078, 2.080, 2.437) and an unusually small cop-
er hyperfine splitting along the z-axis, a feature mimicked in the
ighly distorted active site of ‘blue’ copper proteins (see 3.7). The
est-fit angles of the doped complex in (enH2)2ZnCl4.2Cl were pre-
icted to be 135.5 and 113.0◦ compared to those in Cs2ZnCl4 of 126.7
nd 123.2◦.

. Molecular mechanics and ligand field theory

As mentioned in Section 1.2, this review focuses on the inclu-
ion of an explicit treatment of d-electron effects within molecular
echanics. These effects can be conveniently handled via ligand

eld theory with the bond-centered AOM being especially suited.

.1. The angular overlap model

The AOM came to prominence in the mid-1960s largely through
he work of Schaeffer and Jorgensen [30]. It embodied the princi-
le of ligand superposition in that it was assumed that the total

igand field potential, VLF, could be constructed as a sum of con-
ributions from individual M–L bonds and that these contributions
ere essentially localised. Hence, the local ligand field perturbation

ould be described in terms of local bonding interactions. In partic-
lar, the complex could effectively be treated as a set of diatomic
olecules with the bonds divided into separate � and � contribu-

ions which were modelled by AOM parameters such as e� , e�x and
�y as illustrated in Fig. 6.

A critical feature of the AOM, and the source of its original pop-
larity, was that this construction could make contact with local
hemical bonding concepts, a feature singularly lacking from the
lobal crystal field theory approach prevalent at that time. The AOM
akes a clean separation between the angular contributions to VLF,
hich are inherent in the molecular structure and therefore ‘auto-
atically’ accounted for, and the radial contributions which relate

o the nature of the metal–ligand bonding and are embodied in the
parameters.

In principle, each d-orbital energy becomes a function of the
OM parameters of all the ligands. The contribution to a given d

unction from a particular ligand can be couched in terms of the
quare of the orbital overlap, S2, between the d function and a suit-

ble ligand-based orbital. For example, the construction on the left
f Fig. 6 shows that when the ligand is oriented directly at the large
obe of dz2 (S2 = 1) the full ‘e� worth’ of destabilisation is transferred.
owever, for a ligand in an equatorial position, the ratio of the over-

ap between the large lobe and the equatorial ‘belly band’ of the dz2
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Fig. 6. Definition of AOM e parameters in terms of local M–L bonding. The � interaction i
directions to the M–L vector (the local z-axis) is shown for a � donor (e� > 0).
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ig. 7. Definition of angular coordinates � and � for a ligand L relative to the global
artesian axis frame. The lower case z refers to the local M–L axis frame.

unction is 4:1, i.e. S2 = 0.25 and an equatorial ligand destabilises

z2 by (1/4) e� .
The precise relationship between a given AOM parameter for

given ligand and its effect on a given d orbital is given by the
o-called F factor which is a trigonometric function of the ligand’s
ngular coordinates, � and � (Fig. 7).
For the particular case of a � interaction with the dz2 orbital,
ince the orbital is cylindrically symmetry about the global Z axis,
ts energy, E(dz2 ), depends only of the � coordinate as given in Eq.

ig. 8. Effect of angular variation on proportion of e� affecting the energy of the dz2
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s always destabilising (e� > 0) while �-bonding in the two mutually perpendicular

2). The complete form of F2
� is displayed in Fig. 8.

(dz2 ) = F2
� (dz2 )e� = 1

16
(1 + 3 cos 2�)2e� (2)

As the ligand moves relative to the d orbitals, it may interact with
ther d functions. In the example above, as the ligand moves onto
he x-axis, it interacts directly with dx2−y2 and since the ratio of the
izes of the large dz2 lobe and a lobe of dx2−y2 is 4:3 (equivalently,
he ratio of the relevant F2 factors is 4:3) the ligand destabilises the
atter orbital by 3/4 e� . Thus, the full amount of M–L � bonding is,
n this simple case, distributed over two orbitals.

In a more general sense, the elements from which 5 × 5 VLF
atrix is constructed are expressed in terms of angular factors, F,
hich depend on the coordinates of the N ligands, and the AOM

adial ek parameters, where k = �, �x and �y (3). Since VLF is Hermi-
ian there is a maximum of 15 unique elements but since LFT only
omputes energy differences relative to the ground state, a theo-
etical maximum of 14 degrees of freedom can be employed to fit
xperimental data. Moreover, as the symmetry becomes lower, the
ff-diagonal elements of VLF will be non-zero so that the matrix
ill have to be diagonalised to extract the actual d orbital energies.

di|VLF|dj >=
N∑
l

symm∑
k

Fl
ikFl

kje
l
k (3)

Early applications of the AOM established correlations between
he magnitudes and signs of the AOM e parameters and the nature
f the metal–ligand bonds [7]. In principle, each ligand could be
ssigned its own unique set of parameters but this soon leads to
n intractable fitting procedure with more parameters than can be
upported by the experimental data. The classic example is octa-
edral Oh symmetry which, as group theory dictates, has only one
egree of freedom with respect to the d orbital splitting but which
enerates 18 AOM parameters from six ligands. However, a practi-
al and chemically sensible assumption of ‘chemical equivalence’
i.e. using the same parameter values for more than one ligand
drastically reduces the number of parameters. In the Oh exam-

le where group theory imposes a rigorous chemical equivalence,
single e� value suffices for all six ligands while the four-fold sym-
etry around each M–L bond ensures that the local x- and y-axes
the local z-axis is always assumed to lie along the M–L vector) are
quivalent and hence e�x = e�y and only two AOM parameters are
equired.

In AOM terms, the octahedral splitting �oct is given by (4) and
llustrated in Fig. 9 for the particular case of a �-donor ligand for
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Fig. 9. Comparison of CFT barycentre (left) versus AOM barycentre (right).

hich e� is positive.

oct = 3e� − 4e� (4)

The problem is still underdetermined. However, if it can be
ssumed that one parameter is zero – e.g. e� = 0 for amine ligands –
r if a parameter value for a given complex can be assigned a value
ased on the analysis of another for which a good fit is possible –

.e. if the parameters are transferable – then unique fits are possi-
le. Alternatively, and this is where the real strength of the AOM
merges, we can consider lower symmetry complexes where there
s inherently more information in the experimental data.

For example, consider the AOM treatment for tetragonal D4h sys-
ems of general formula MN4A2, where the N donors are chemically
quivalent �-only amine ligand and A are so-called cylindrically
ymmetric donor like a halide (hence e�x ≡ e�y = e�) (Fig. 10) [32].

ithin this point group, the d orbitals transform into four sets –
1g, b1g, b2g and eg corresponding to dz2 , dx2−y2 , dxy, and dxz/dyz

espectively. There are exactly three degrees of freedom inherent
n the splitting pattern but since exactly three AOM parameters are
equired, a unique fit is possible providing the precise order of the
functions is known.

The ‘global symmetry’ CFT scheme also has three parameters,
q, Ds and Dt, where Dq describes the cubic component of the
otential, Voct, upon which a tetragonal perturbation, Vtetrag, is

mposed [33]. This construction results in the tetragonal crystal
eld parameters Ds and Dt depending, respectively, on the Y0

2 and
0
4 spherical harmonics such that “the crystal field effect of the four
quatorial ligands in a tetragonally distorted molecule is regarded
s representative of an octahedral field, VOh

upon which Vtetrag is a
erturbation” [33].

While this is fine from a symmetry perspective, it does not

ccount for the possible interplay between axial and equatorial
onors. Thus, if the axial coordination affects the equatorial lig-
nds, the latter might no longer be ‘representative’ of the nominal
ctahedral MN6 system. The problem is seen when comparing the

Fig. 10. AOM d-orbital energy level diagram for tetragonal MN4A2 system.
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lobal approach with the AOM approach for tetragonal Ni(II) sys-
ems comprising a equatorial N4-donor macrocycle with two axial
alide or pseudo halide ligands [32].

Since both CFT and the AOM require three parameters, there is a
traightforward relationship between the two theories (5)–(7) [32].
t is trivial to ‘translate’ the reported values of Dq, Ds and Dt into
quivalent set of AOM parameters.

�(N) =
(

10
3

)
Dq (5)

�(A) =
(

10
3

)
Dq − 2Ds −

(
5
2

)
Dt (6)

�(A) = −
(

3
2

)
Ds +

(
10
4

)
Dt (7)

However, for several complexes, this exercise generated neg-
tive e� values for axial chlorides. That is, the CFT analysis was
hus actually suggesting Cl− acting as a � acceptor. The justification
f the CFT study was that the parameters appeared ‘reasonable’.
hey were based on an analysis of unassigned d–d spectra. We sug-
ested an equally valid but different assignment of the absorption
axima which removed the chemical inconsistency of chloride �

cceptors.
The conclusion from this and many other analyses is that

he AOM in its own right provides a viable basis for describing
he electronic structures and bonding in coordination complexes.

oreover, since it is bond-centered, merging the AOM into molec-
lar mechanics is conceptually simple. But before describing this,
brief résumé of MM is presented.

.2. Molecular mechanics and molecular dynamics

Molecular mechanics treats the system as a collection of atoms
onnected by (possibly anharmonic) ‘springs’. Electrons are not
onsidered explicitly (although electrostatic interactions can be
ncluded by assigning to each atom a partial atomic charge) and,
n its simplest form (8), the total potential energy, Etot, is expressed
s a simple sum of terms describing respectively bond stretching,
str, angle bending, Ebend, torsional twisting, Etor, and non-bonding
nteractions, Enb. The latter can include both van der Waals (vdW)
nd electrostatic terms.

tot =
∑

Estr +
∑

Ebend +
∑

Etor +
∑

Enb (8)

Each term in (8) is represented by a relatively simple mathemati-
al expression. For example, the harmonic oscillator approximation
s often used for Estr (9) where for each unique type of bond in
he system with an actual length of r we need to define the refer-
nce bond length, r0, and the associated force constant, kstr, which
escribes the energy penalty for deviations of the actual bond

ength from its ‘target’ reference value.

str = kstr(r − r0)2 (9)

Other simple expressions can be defined for the remaining terms
n (8) such as those given in (10) where the k are appropriate force
onstants, � are bond angles, � are torsion angles, n is the torsional
eriodicity parameter, � the torsion offset, � are partial atomic
harge, ε is the dielectric constant, A and B are Lennard–Jones vdW

arameters and the summations run over bonded atom pairs (ij),
ngle triples (ijk) and torsional quadruples (ijkl). The non-bonded
erms are summed over the distances, dij, between unique atom
airs excluding bonded pairs and the atoms at either end of an
ngle triple. For the atoms at the ends of a torsion quadruple, the
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on-bonded term may be omitted or scaled.

tot =
∑

i,j

kij(rij − r0,ij)
2 +
∑
i,j,k

kijk(�ijk − �0,ijk)2

+
∑
i,j,k,l

kijkl[1 + cos (nijkl� − �ijkl)]

+

⎡
⎣∑

i<j

�i�j

εdij
+
∑
i<j

(
Aij

d12
ij

− Bij

d6
ij

)⎤
⎦ (10)

These potential energy terms and their attendant empirical
arameters together define the force field (FF). More complicated
Fs which use different and/or more complex functional forms are
lso possible. For example, the simple harmonic oscillator expres-
ion for bond stretching can be replaced by a Morse function, EMorse
11) or additional FF terms may be added such as the stretch-
end cross-terms, Estb (12), used in the Merck molecular force field
MMFF) [34–37] which may be useful for better describing vibra-
ions and conformational energies.

Morse = D{1 − ea(r−r0)}2 − D (11)

stb =
∑
i,j,k

{kijk(rij − r0,ij) + kkji(rjk − r0,jk)}�0,ijk (12)

MM is a very successful model but it is clear from expressions
uch as (10) that the FF may comprise a very large number of
arameters and since the quality of the FF will depend crucially on
hese parameters, developing a truly ‘universal’ FF is an enormous
perhaps impossible) challenge [38]. Consequently, most FFs were
riginally designed for a specific class of molecular system such as
mall organic molecules (e.g. MMFF [34–37]), or large biomolecules
ike proteins and DNA (e.g. AMBER [39] or CHARMM [40]). Fortu-
ately, these specific classes encompass an enormous amount of
hemistry and biology plus the FFs are continually being devel-
ped to increase their applicability – both CHARMM and AMBER
eed to be able to handle the small organic molecules bound to
hem while MMFF was also designed with a view to modelling
iomolecules although given its extra complexity relative to AMBER
nd CHARMM, MMFF is seldom used for very large systems.

The computational efficiency of a FF approach also enables sim-
lations of dynamical behaviour—molecular dynamics (MD). In
D, the classical equations of motion for a system of N atoms

re solved to generate a search in phase space, or trajectory, under
pecified thermodynamic conditions (e.g. constant temperature or
onstant pressure). Such a trajectory is important for two reasons.
irstly, it provides configurational and momentum information for
ach atom from which thermodynamic properties of the system can
e calculated. Secondly, the trajectory represents an exploration
f the conformation space accessible to a particular system under

realistic’ conditions of temperature and pressure.
MD introduces a time dependence. In essence, at any given time,

, the forces, F, on the atoms of mass m moving with velocities v
ield accelerations, a, via the simple F = ma equation and thence at
future time t + ıt, a new set of coordinates can be generated where-
pon the whole process is repeated. To avoid numerical instability,
he time step ıt needs to be quite small (∼1 fs) which places strong
imitations on the total simulation time. However, the ability to

volve the system with time and to make contact with thermo-
ynamics are very important. Coupled with its relative efficiency,
t least compared to QM, MD is currently the only really viable
ethod for computing the dynamics behaviour of large systems

ike biomolecules.

a
w
[
b

Fig. 11. Valence angles at central atom for various regular geometries.

Consequently, MM and MD have become extremely powerful
nd useful computational tools for studying a wide variety of chem-
cal and biological problems. However, a significant proportion of
eal systems also rely on TM centres for their structure and/or func-
ion. The presence of TM coordination soon exposes fundamental
hortcomings in simple FF equations like (10).

.2.1. Shortcomings of MM for TM systems
Perhaps the first hurdle encountered in MM for TM complexes

s how to describe the angular geometry at the metal centre when
sing a FF expression like (10). The situation for carbon chemistry

s straightforward since the three common geometries – tetrahe-
ral, trigonal planar and linear – are each associated with a single
alence angle – 109.5◦, 120◦, and 180◦, respectively. Hence, the
eference value, �0, for the bond angle term is clear. In contrast,
or common coordination symmetries like octahedral and trigo-
al bipyramidal, there are multiple reference angles for the same
–M–A triad (Fig. 11).

Landis refers to this as the ‘unique labelling problem’ [41]
nd while the MM programs of the day could be persuaded
o circumvent the problem, this required the definition of
multiple equilibrium positions and redundant atom labelling
chemes” resulting in a “tedious over-definition of the molecular
opology”.

Many more elegant solutions to this problem have been sug-
ested. A conceptually simple one is based on the Gillespie–Nyholm
r valence shell electron pair repulsion (VSEPR) idea that the groups
round a central atom will arrange themselves so as to maximise
heir separation or, equivalently, to minimise their mutual repul-
ions. Kepert put this essentially ‘points on a sphere’ (POS) approach
nto a more quantitative footing by minimising the ligand–ligand
epulsion assuming an inverse dependence on the ligand–ligand
istance, with powers ranging from 4 to 8, and successfully ratio-
alised the structures of some 5000 main group compounds [42].
ithin MM, a POS or ligand–ligand repulsion scheme removes the

ngle bend term at the metal and thus �0 values are not required.
his approach has been adopted by Hambley and Comba in their
OMEC program [18]. However, a POS scheme generates the ‘Pla-

onic’ solids – i.e. regular coordination polyhedra – and cannot on its
wn generate square planar or square pyramidal geometries unless
hese are enforced by the ligand structure.

The alternative to circumventing the angle bending potential

t the metal centre is to replace the harmonic expression in (10)
ith something more sophisticated. For example, the SHAPES FF

41] uses a Fourier expression for the angular potential which can
e designed to produce multiple minima say 90◦ and 180◦ as illus-
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the same as the coordination region. Secondly, the ‘link’ atoms typ-
ical of many QM/MM implementations would correspond to the
ligand donor atoms. In a ‘real’ QM/MM calculation, the link atoms
02 R.J. Deeth et al. / Coordination Ch

rated in the original application to square planar low-spin d8 RhI

omplexes.
Carlsson and Zapata [43] went even further and derived, from

he AOM, analytical expressions for the angular potential around
etal centres. The functional forms are simple trigonometric func-

ions and depend on the � or � natures of the ligands which
acilitate a calculation of the LFSE. This method is thus a simpli-
cation of our ligand field molecular mechanics (LFMM) approach,
escribed in the next section, which calculates the LFSE from a full
OM treatment which requires construction and diagonalisation of
LF. However, despite its promise, the analytical approach outlined
y Carlsson and Zapata does not appear to have been developed
urther and has, to our knowledge, not been incorporated into any

olecular modelling software.

.3. Ligand field molecular mechanics

Ligand field molecular mechanics (LFMM) was first introduced
y Burton et al. [26] in 1995. Applications will be discussed in the
ext section after a brief overview of the methodology.

The central idea of LFMM is to merge conventional MM for the
organic’ parts of a TM complex with an AOM treatment of the LFSE
or the metal centre. The LFSE only accounts for the effects of the d
lectrons and is infinitely negative at zero M–L distances so the FF
ust include the ‘usual’ terms for M–L stretching (a Morse function

s used) and L–M–L angle bending (a ligand–ligand term is used).
he LFSE contribution is thus fully integrated into the MM calcula-
ions and the electronic effects feed directly into determining the
tructure and energy. The LFMM method is therefore distinct from
omba’s MM/AOM method [44] which uses a ‘pure’ MM approach
o generate the structure followed by a subsequent AOM calcula-
ion to compute various ligand field properties such as d–d spectra
nd EPR g-values. Both approaches initially ignored electrostatic
nteractions.

The first LFMM applications focused on �-only amine donors
nd assumed a linear dependence of e� with bond length, both for
he sake of simplicity [26,27]. Ligand–ligand repulsion parameters
ere based on standard van der Waals terms and energy gradi-

nts were computed by finite difference. No special attempt was
ade to ensure that the AOM parameter values were ‘spectroscop-

cally accurate’ – i.e. the AOM parameter values from the LFMM are
ifferent to those which would be obtained from MM/AOM.

A decade later, the LFMM model was significantly overhauled
45] and a number of new or upgraded features were implemented:

. a more general functional form was implemented for the dis-
tance dependence of the AOM parameters (13);

e
 = a0 + a1r + a2r−2 + a3r−3 + a4r−4 + a5r−5 + a6r−6 (13)

. the 6–9 van der Waals ligand–ligand repulsion term was replaced
by a purely repulsive term, ALL/rn where usually n = 6 for first-row
donors or n = 4 for second row donors;

. M–L � bonding was fully implemented including the contri-
butions from forces acting on the ‘subsidiary’ atoms – i.e. the
non-metal atoms connected to the donor atom;

. an explicit AOM d–s mixing term, eds, was included to treat the
configuration interaction between the valence metal s orbital and
the d functions (in D4h [CuCl4]2−, for example, the Cu 4s mixes
with 3dz2 depressing the latter by about 6000 cm−1);

. the LFSE contributions to the potential energy gradients were

computed analytically;

. electrostatic interactions were added; and

. the whole model was incorporated into a fully functional molec-
ular modelling package, the Molecular Operating Environment
(MOE).

a

a

ig. 12. Schematic representation of division into coordination and ligand regions
nd force field terms which span the two.

The final point is probably the most significant since it provides
much improved application and development platform.

The new program – d orbital molecular mechanics in MOE
DommiMOE)1 – was designed to take advantage of existing force
elds – e.g. MMFF, AMBER and CHARMM – to describe the lig-
nd. Most of these force fields do not have explicit metal–ligand
arameters and those that do are not compatible with LFMM since
hey do not separate the LFSE and bond stretch contributions (vide
nfra). Hence, the metal is explicitly decoupled from the rest of the

olecule.
Each molecule is divided into two overlapping regions as illus-

rated in Fig. 12 for a [M(ethylenediamine)2]n+ complex. The
oordination region contains the metal and its immediately bonded
onor atoms (e.g. the MN4 unit) and the ligand region comprises
verything except the metal atom (e.g. the ethylenediamine lig-
nds). The LFMM routines focus on the coordination region and
andle the LFSE, M–L bond stretching and L–M–L angle bending
lthough, for the latter, there is no explicit L–M–L angle bending
otential, rather the angular geometry is affected by a direct repul-
ive term between the ligand donor atoms. The MOE FF file treats
ll the interactions in the ligand region and, using Fig. 12 as an
xample, is augmented with M–N–C angle, N–M–N–C torsion and
–N–C–C torsion terms which span the coordination and ligand

egions. MOE also handles all non-bonding interactions – van der
aals and electrostatic – for the entire molecule.
The construction in Fig. 12 may at first sight seem like that used

n QM/MM approaches. However, there are significant differences.
irstly, to the extent that LFMM can be considered QM/MM method
t all, the metal is the only ‘QM’ atom. Hence, the ‘QM’ region is not
re different in the QM and MM regions, typically being H and C

1 A copy of DommiMOE can be obtained from the authors. Certain conditions
pply.
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distortion of the parent tetrahedral 2T2 system. In contrast, the
ground state for [CoCl4]2− is 4A2 and is therefore not Jahn–Teller
active. The LFMM predicts a perfectly tetrahedral structure. Tetra-
hedral [NiCl4]2− is also formally Jahn–Teller unstable with a 3T1

Table 1
Comparison of calculated and experimental Cu–N bond lengths and chelate bite
angles for complexes shown in Fig. 13

Complex Cu–N (Å) Calc./Exp. Bite angle (◦) Calc./Exp.

5 2.02/2.02 85.4/84.1
6 2.00/2.04 84.8/86.7
7 2.04/2.06 86.7/85.3
8 2.01/2.01 86.3/85.9
R.J. Deeth et al. / Coordination Ch

espectively. This construction is not required in the LFMM and
here is no ‘join’. The LFMM thus provides a uniform, seamless
heoretical treatment of the entire molecule.

However, at first sight, there appears to be a ‘price’ to be paid.
ompared to a conventional MM scheme, LFMM has more param-
ters. In particular, there are up to four AOM parameters – e� , e�x,
�y and eds – which have no ‘conventional’ counterparts. However,
he first three are normally fixed with respect to experimental or
omputed d-orbital energy data for homoleptic systems while eds
cts like a ‘switch’ and once it exceeds a threshold value, its pre-
ise magnitude is less important (see, for example, Section 3.5.3).
ence, in terms of the actual number of parameters which are free

o vary, LFMM and conventional MM are comparable especially
or FFs like MMFF which use quartic expansion for bond stretch-
ng and thus require three parameters just like the Morse function
mployed in LFMM. This being said, we have yet to automate the
arameter-fitting process. Consequently, deriving suitable param-
ter sets which reproduce, say, experimental and/or DFT structures
ith an rms deviation in M–L bond lengths of 0.02–0.04 Å and

–M–L bond angles of 2–4◦ can be a relatively time-consuming
usiness.

. Applications of LFMM

The magnitude of the LFSE can be significant. In octa-
edral complexes, values for �oct are typically of the order
f 10,000–20,000 cm−1 and so the stabilisation energy for,
ay, a low-spin d6 Co(III) complex (−12/5�oct) is substantial
120–240 kJ mol−1). Conversely, the LFSE for high-spin d5 Mn(II)
r Fe(III) is, by construction, zero.

Although the LFMM represents a completely general method for
oordination complexes, species at either end of the LFSE extreme
an often be well treated by conventional MM – i.e. where the elec-
ronic effects of the LFSE are treated implicitly. Indeed, conventional

M may be easier to implement since there are fewer parame-
ers. For example, the Comba group has applied MM to a range of
ow-spin d6 Co(III) complexes [46–49] and since the Co–L interac-
ions are modelled via a simple quadratic function, essentially only
wo parameters are required per Co–L combination. In contrast, in
FMM, the Morse function, ligand–ligand repulsion, and LFSE all
ontribute strongly to the Co–L bond length which may require up
o six parameters.

Thus, the bulk of the applications of LFMM, and related meth-
ds, has been directed at complexes with an intermediate LFSE and
specially to strongly Jahn–Teller active species like d9 Cu(II) and
4 Mn(III) centres for which conventional MM does not provide
general approach. While other groups have normally restricted

hemselves to simplified �-bonding only implementations of the
FMM (see Sections 4.1 and 4.2) work from this laboratory includes
bonding and d–s mixing contributions as appropriate. As for the

organic’ part of the FF, well-established parameter sets such as
MFF or MM3 are typically used although we do not consider this

spect in any detail here. The interested reader should consult the
rimary references for specific information.

.1. Simple coordination complexes: Cu(II) amines

The first application of the LFMM model was to simple
our- and six-coordinate copper(II) amine complexes [27]. These

pecies are invariably planar and tetragonally elongated, respec-
ively – suggestions based on single crystal X-ray diffraction
hat certain hexacoordinate complexes have regular, undistorted
tructures turn out to be artefacts of averaging as discussed in
ection 3.5.

9
1

D

Fig. 13. Structural diagrams for Cu(II) amine complexes.

The structures of the CuN4 systems result from a competition
etween ligand–ligand repulsion, which favours tetrahedral coor-
ination, and the LFSE, which favours planar coordination. Clearly,
he latter is more important for amine ligation since the exper-
mental and LFMM structures are exclusively planar (Fig. 13 and
able 1).

In addition to predicting a planar coordination for these [CuL2]2+

omplexes (L = bidentate amine), the LFMM also describes the steric
ffects such as the general elongation of the Cu–N bonds for the
etramethyl derivative (7) and the asymmetry between the unsub-
tituted and substituted nitrogens in the N,N-diethyl complex (10).

The magnitudes of the AOM parameters are estimated from pre-
ious ligand field analyses of d–d spectra [50–52]. Hence, for a Cu–N
istance of 2.0 Å, e�(N) is around 6000 cm−1.

.2. [MCl4]2− complexes

Compared to amines, chloride donors have both smaller e� val-
es and non-zero e� parameters resulting in an overall weaker

igand field. In addition, ligand–ligand repulsions are relatively
ore significant for chloride donors than nitrogens. For most com-

lexes containing the [CuCl4]2− ion, the geometry balances partway
etween the extremes of planar and tetrahedral. The LFMM auto-
atically generates this ‘flattened’ structure [45] (Fig. 14).
The flattening of [CuCl4]2− can also be viewed as a Jahn–Teller
2.04/2.06
2.03/2.02 86.2/85.0

0 2.02/2.01 85.2/87.6
2.10/2.08

ata from Ref. [27].
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Fig. 16. Generic structural diagrams for copper complexes of box (top left) and pybox
(top right) ligands plus the two-point asymmetric Diels–Alder reaction that they
catalyse (bottom).
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Fig. 14. LFMM structures for [MCl4]2− complexes.

round state but now the LFMM predicts a tetragonally elongated
tructure (Fig. 14, top right).

The sense of the Jahn–Teller distortions in [NiCl4]2− and
CuCl4]2− can be interpreted in terms of a simple d-orbital splitting
iagram (Fig. 15). A ‘tetragonal’ distortion – i.e. one that maintains
2d symmetry and hence an S4 axis – splits the t2 orbitals into a
egenerate e set and a non-degenerate b2 function. Compression
aises the b2 orbital which, in the limit of planar coordination, cor-
esponds to the dxy orbital since the global x and y-axes are rotated
5◦ relative to the conventional D4h assignment. Elongation low-
rs b2 relative to the e set. Thus, in order to avoid generating an
rbitally degenerate ground state upon distortion, the d9 config-
ration favours compression while the high-spin d8 configuration

avours elongation.
For illustrative purposes, and as a prelude to spin-state effects

iscussed further in Section 3.6, Fig. 14 also includes the opti-
ised structure for the (hypothetical) low-spin [NiCl4]2− complex.

he much increased LFSE for a low-spin d8 configuration now
vercomes the ligand–ligand repulsion which results in a planar
eometry. Thus we see the spectrum of four-coordinate geometries

rom regular tetrahedral through to square planar is related to the
isposition of the d electrons.

ig. 15. d-Orbital splitting diagram for tetragonal distortions of a tetrahedral com-
lex.
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ig. 17. Definition of twist angle (◦), � (top) and overlay of X-ray (yellow) and LFMM
tructure for [Cu{tb-box}(OH2)2]2+ (bottom).

.3. Cu(II) bis-oxazoline complexes

The subtle balance between planar and tetrahedral coordination
s also seen in Cu(II) bis-oxazoline (box) complexes (Fig. 16) [53].
or example, the diaqua and dichloro complexes of box with R = tBu
tb-box) are neither planar nor ‘tetrahedral’. For the former, the
wist angles, �, between the plane of the C2-symmetric oxazoline
igand and the CuL2 plane (Fig. 17) would be zero while for a ‘tetra-
edral’ arrangement, they would be 90◦. These complexes catalyse
he asymmetric Diels–Alder coupling reaction shown in Fig. 16 with
he asymmetric induction controlled by the R groups on the oxazo-
ine moieties. Clearly, the predicted asymmetry is reversed for � = 0
ersus � = 90◦.

An LFMM FF for box and pybox ligands was developed based on
set of X-ray crystal structures [53]. The calculated twist angles

or [Cu{tb-box}L2]n+ (L = Cl, n = 0; L = OH2, n = 2) agree well with

xperiment (Table 2).

LFMM was then applied to a series of spiro complexes, for
hich no experimental structural data were available, to try

o correlate the observed enantioselectivities with some calcu-
ated structural features of the ground state precursor molecules

able 2
alculated and experimental twist angles for Cu(II) oxazoline complexes

omplex � Calc./exp.

Cu{tb-box}Cl2] 53/52
Cu{tb-box}(OH2)2](O3SCF3)2 30/45
Cu{tb-box}(OH2)2](SF6)2 30/33
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Table 3
Calculated geometrical parameters (diaqua complexes) and experimental enantio-
and regio-selectivities

Ligand ˚ � Endo (R)/(S) Endo:exo

Cyclopropyl-in-box 97.7 19 53:1 44:1
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3.5. Jahn–Teller effects in six-coordinate Cu(II) complexes

Six-coordinate d9 copper(II) complexes invariably display large
tetragonal distortions from octahedral symmetry with the vast
yclobutyl-in-box 96.3 18 24:1 38:1
yclopentyl-in-box 95.7 20 18:1 37:1
yclohexyl-in-box 94.9 22 11:1 26:1

Table 3). While the correlation between the N–Cu–N bite angle, �,
nd the observed R/S ratio is good for this closely related series, it
id not extend very well to other systems which is probably not sur-
rising given that the relatively small selectivity changes mean that
he energy differences between the relevant diastereomeric tran-
ition states are tiny and that the modelling was based on ground
tate species.

Subsequently, we attempted to model these systems more com-
letely [54] by replacing the simple equatorial ligands with the
ctual dieneophile shown in Fig. 16 as well as trying to model the
ndividual diastereomeric transition states for C–C bond formation.
his was a ‘pure’ MOE treatment – i.e. not LFMM – where the twist
ngle was modelled using a torsional term involving rotation about
dummy bond connecting the Cu with the carbon atom bridging

he two oxazoline rings while an approximate transition state struc-
ure was obtained by using special C–C bond stretch terms based
n the optimised distances from DFT TS calculations on a model
ystem with the oxazoline R groups replaced by H. Although the
odel was able to rationalise the endo–exo selectivity quite well,

t still struggled to predict enantioselectivities [54]. A comparable
FMM study has not yet been reported.

.4. Siderophore complexes: systems with zero LFSE

At the other LFSE extreme are those systems for which it is
igorously zero. Under these circumstances, the LFMM becomes
conventional’ but it is still advantageous by virtue of the imple-

entation in MOE. A wide selection of popular force fields are
istributed with MOE and are all expressed in a common format. For
xample, the bond-stretch and angle bend terms in MOE are coded
or a quartic expansion. The bond stretching term is shown in (14)
nd it can mimic both the simple harmonic form used in AMBER
nd CHARMM plus the more complicated quartic expansion used
n MMFF94 (15), where kbij is the force constant (md/Å), �rij is
he difference between the actual and reference bond lengths and
s = −2 Å−1 [34]. The advantage for the LFMM is that M–L parame-
ers developed within a particular FF are transferable to any of the
thers and the process usually only entails renaming the relevant
tom types.

str = kij(rij − r0,ij)
2 + k′

ij(rij − r0,ij)
3 + k′′

ij(rij − r0,ij)
4 (14)

str(MMFF94) = 143.9325
kbij

�r2 ×
(

1 + cs�rij + 7
)

(15)

2 ij 12cs2�r2

ij

Many bacteria secrete compounds called siderophores specif-
cally to sequester iron either from the environment or other
rganisms. Siderophores show extremely high affinities for Fe3+

F
w
f

ry Reviews 253 (2009) 795–816 805

ith binding constants for bacterial species of the order of log ˇ > 30
55].

Streptomyces coelicolor produces a tris-hydroxamato tetrapep-
ide coelichelin with four stereocentres in the peptide chain. The
utative peptides were identified via genome mining [56] although
heir stereochemistries were ambiguous. Since only tiny quantities
f coelichelin could be isolated, single crystals were not available
nd so the structure could not be confirmed by X-ray diffraction.
onsequently, a series of NMR experiments were undertaken. Com-
lexing the molecule facilitates the structure elucidation but the
atural choice of Fe3+ is strongly paramagnetic, hence the Ga3+

omplex is used instead since the structures of Fe3+ and Ga3+ com-
lexes are very similar and Ga3+ is diamagnetic.

While not technically a transition metal, for the purposes of
FMM modelling, Ga3+ and high-spin Fe3+ are essentially compa-
able since both have formally zero LFSEs. LFMM parameters were
eveloped on the basis of limited X-ray structural data augmented
y density functional theory calculations. Thirteen constraints were
erived from the NMR experiments – five H–H distances and eight
–C–C–H torsions – and compared to those predicted by comput-

ng all possible isomers of [Ga(coelichelin)]. Note that the NMR
onstraints were not enforced on the calculations. This contrasts
ith the typical use of NMR constraints which are usually explic-

tly included to restrain the geometry. Only one combination of
hiral centres gave uniform, simultaneous agreement with all the
xperimental constraints (Fig. 18).
ig. 18. Structural diagram of [Ga(coelichelin)] (top) and the calculated structure
hich best reproduced the NMR constraints (bottom). Non-polar hydrogens omitted

or clarity. The peptide chiral centres are labelled R or S as appropriate.
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ig. 19. Schematic representation of the d-orbital energy changes accompanying a
etragonal Jahn–Teller elongation of an octahedral Cu(II) complex.

ajority being tetragonally elongated. This observation can be
ationalised on the basis of the d electron stabilisation energy
Fig. 19). The geometric distortion raises the original 2Eg degeneracy
f the parent octahedral system such that there are two stabilising
lectrons in dz2 versus a single destabilising electron in dx2−y2 . The
et lowering of the electronic energy by �EJT drives the distortion
ut is resisted by the vibrational potential which is a minimum at
he octahedral geometry. When these two forces are in balance, a
table structure results.

Fig. 19 shows an elongation along the z-axis but this is clearly
nly part of the complete picture.

.5.1. The Mexican hat potential energy surface
In the absence of external perturbations, an octahedral CuL6

pecies could equally well elongate along the x- or the y-axes.
hese possibilities are accommodated in the more complex dia-
ram shown in Fig. 20 [29].
In Oh symmetry, the Jahn–Teller-active vibration, Q, is dou-
ly degenerate with modes Q� and Qε (Fig. 20, bottom). In order
o display the energy as a function of two vibrational modes, a
hree-dimensional figure is necessary. The so-called ‘Mexican hat

Fig. 20. First-order Jahn–Teller potential energy surface—the Mexican hat.
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otential surface’ is commonly used (Fig. 20, top) with the propor-
ions of the two modes determined by the mixing parameter, �.
he Q� mode generates the ‘normal’ elongation along z but suitable
ombinations of both modes generate the other elongated struc-
ures, plus compressed geometries plus all the intervening rhombic
tructures.

To first order – i.e. a harmonic vibrational potential and a linear
elationship between the Jahn–Teller energy and the vibrational
isplacement (linear vibronic coupling) – all these structures are
quienergetic. However, this feature is lost to second-order since
he vibrational mode is anharmonic, the vibronic coupling is non-
inear and as soon as the symmetry becomes less than Oh there is
he possibility of d–s mixing which preferentially stabilises one of
he d orbitals.

The effect of d–s mixing can be illustrated in tetragonal D4h
ymmetry where the metal dz2 and valence s orbital both trans-
orm as a1g and may therefore mix. In planar [CuCl4]2−, detailed
ow temperature single crystal electronic absorption experiments
ave established that the dz2 orbital is about 6000 cm−1 lower than
redicted based on simple AOM calculations which include just the
hloride e� and e� parameters [57].

.5.2. The warped Mexican hat
In the context of the Jahn–Teller effect, the second-order terms

ifferentiate between elongated and compressed structures. They
ave about the same magnitudes with both anharmonicity and d–s
ixing favouring elongation while second-order electronic effects

avour compression [29]. On balance, therefore, tetragonal elonga-
ion is lower in energy which leads to a ‘warping’ of the Mexican
at surface.

The warping is quite a subtle effect. Fig. 21 displays repre-
entations of the path along the bottom of the PE surface as
function of the Q�/Qε mixing parameter, �, for three possible

cenarios. In an isotropic environment (Fig. 21, top), all three elon-
ation axes are equally likely and hence each local minimum is
qually occupied. Significantly, although each individual molecule
s elongated, any time-averaged structural technique, in particular
ingle-crystal X-ray diffraction, would appear to report a regular
ctahedron. In contrast, spectroscopy – e.g. EXAFS or d–d electronic

bsorption – would detect the underlying distorted structure. Thus,
hile the room temperature X-ray structure of [Cu(tach)2](NO3)2

tach = 1,3,5-triaminocyclohexane) shows essentially six equal
u–N distances, the perchlorate salt has a ‘normal’ elongated struc-
ure [58]. The d–d spectra of both complexes are the same and show

Fig. 21. Warping of Mexican hat PE surface.
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ig. 22. Diagram of the arrangement of the CuF6 polyhedra in the (0 0 1) plane of

2CuF4 (after Fig. 4 of Ref. [60]).

wo absorption maxima consistent with the underlying tetragonal
tructure.

The second scenario is when two wells are occupied while the
hird is essentially unoccupied (Fig. 21, middle). Here, the aver-
ged structure would appear to be tetragonally compressed as was
riginally reported for K2CuF4 [59] with four longer Cu–F bonds of
.08 Å and two shorter contacts at 1.95 Å. However, these data were
ased on an incorrect space group, presumably due to the relatively
rude instrumentation available in 1959. Subsequent investiga-
ion by Reinen and Krause [60] established the true structure as
omprising interchanging elongated structures oriented at 90◦ as
hown in Fig. 22.

The final, and most common, scenario (Fig. 21, bottom) is where
he environment and/or the ligand result in one well being signif-
cantly more stable than the other two (or possibly, there being
nly one minimum). This results in the ‘conventional’ elongated
tructure.

Where more than one elongation is possible, there is an inter-
ening transition state with a compressed geometry. The barrier,
ˇ, between successive wells (Fig. 21) determines the dynamics of
he system. If the barrier is significantly lower than kT then the
omplex is free to ‘hop’ from one well to the next – the dynamic
ahn–Teller effect. If the barrier is significantly larger than kT, then
he complexes are ‘frozen’ in their respective wells – the static
ahn–Teller effect. The dynamic behaviour is thus temperature
ependent. Indeed, the earlier example of apparently octahedral
Cu(tach)2](NO3)2 oscillates between two minima just above the
hase transition temperature of 120 K and below this, reverts to a
lassic ‘static’ elongated system.

.5.3. Theoretical treatment of the Jahn–Teller effect in Cu(II)
pecies

Capturing all this complexity is a challenge for theory. On the one

and, there is the thorny issue about whether it is theoretically jus-
ifiable to use ‘normal’ computational approaches at all. The models
end to assume the Born–Oppenheimer approximation which does
ot apply where there is significant vibronic coupling [61]. How-
ver, in practice, it appears that providing we move away from the

s
c
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ry Reviews 253 (2009) 795–816 807

ctahedral singularity, ‘normal’ QM and MM methods appear to
ork quite well.

On the other hand, the energetics are significant but sub-
le. To first order (i.e. the harmonic approximation), the first
–d transition corresponds to 4�EJT which, for Cu(II) com-
lexes with typical band energies of 6000–9000 cm−1, corresponds
o �EJT ∼ 17 to 27 kJ mol−1. Thus, the distorted structure is
ignificantly more stable than the octahedral precursor. A second-
rder treatment further distinguishes elongated from compressed
eometries but the energy differences are only a fraction of
EJT. For example, variable temperature EPR experiments place

he barrier height, 2ˇ, in [Cu(tach)2]2+ at around 300 cm−1

∼4 kJ mol−1).
The very first application of the LFMM included the Jahn–Teller

istortions of some simple hexacoordinate Cu(II) complexes [27].
his study has recently been significantly extended and enhanced
62].

Seventeen six-coordinate Cu(II) complexes of nitrogen donor
igands were selected as a training set (Fig. 23) based on the
riterion that the species with the largest possible Jahn–Teller
istortion will suffer the smallest crystallographic ‘averaging’
rrors.

The comparison between the crystallographic and LFMM struc-
ures is shown in Fig. 24 which displays the average Cu–N distance
t the top and the difference between the averaged Cu–N(axial) and
veraged Cu–N(equatorial) distances. The agreement is generally
xcellent.

A significant feature of LFMM for these complexes is d–s
ixing. Since the vibrations are anharmonic and the elec-

ronic term non-linear, d–s mixing plays the deciding role in
tabilising elongated over compressed geometries. The eds param-
ters acts like a switch in that it needs to exceed a certain
hreshold before the elongated structure becomes lower in
nergy.

.5.4. Barriers between successive elongations
As mentioned in the previous section, the barrier, 2ˇ, between

uccessive elongated geometries can be of the order of kT and can
herefore be measured experimentally via, for example, variable
emperature EPR. However, since the intrinsic barrier is relatively
mall, the behaviour of a given complex can dramatically depend
n the crystal environment. For example, the perchlorate salt of
Cu(tach)2]2+ has a ‘normal’ elongated structure at room tem-
erature while the nitrate salt displays six almost equal Cu–N
ond lengths at 300 K. However, variable temperature EPR mea-
urements on the latter down to 4 K show dynamic Jahn–Teller
ehaviour at room temperature with a phase transition to static
ehaviour at 120 K [58]. The EPR measurements establish 2ˇ at
round 300 cm−1.

Standard MM codes are designed to locate local minima effi-
iently. The compressed tetragonal structures for (most) Cu(II)
omplexes are first-order saddle points, or transition states (TSs),
nd will not be automatically located unless special modifica-
ions are made such as in Warshel’s empirical valence bond (EVB),
ruhlar’s multiconfiguration MM (MCMM), or Goddard’s ReaxFF
ethods [63−65]. However, for simple homoleptic complexes like

Cu(tach)2]2+ it is relatively straightforward to locate the TS manu-
lly.

A series of constrained LFMM calculations where the axial bond
s fixed at progressively shorter distances eventually leads to a

tructure with two short and four long Cu–N contacts. Signifi-
antly, the energy difference between the compressed TS and the
longated structure is ∼270 cm−1, in excellent agreement with
xperiment, plus the application of a uniaxial strain does not
orce the structure through an ‘octahedral’ geometry but instead
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Fig. 23. Training set of Cu(II) complexes for LFMM treatment of Jahn

series of rhombic structures. The LFMM thus correctly fol-
ows the ‘valley floor’ of the warped Mexican hat PE surface
Fig. 25).

Further suitable experimental data are sparse since most of the
emperature dependent studies have been carried out on doped
ystems where the structures of the Cu(II) centres are heavily
nfluenced by the host lattice and are unknown in detail anyway.

owever, by way of illustration, 2ˇ barriers were also computed

or [Cu(NH3)6]2+ and [Cu(terpy)2]2+ (terpy = terpyridyl). These com-
lexes were chosen since the former has no ligand constraints
o Jahn–Teller elongation while the latter comprises meridonally
oordinated tridentate donors which are more constrained than

p
b
p
f
s

r distortions. Cambridge Structural Database refcodes are included.

ach. This is consistent with the computed barriers of 1100 and
15 cm−1 respectively.

.5.5. Truly compressed complexes
Compressed six-coordinate Cu(II) species doped into dia-

agnetic host lattices, typically of Zn(II), have been observed
pectroscopically. However, pure Cu(II) complexes with com-

ressed geometries are much rarer. Nevertheless, the relatively low
arriers between successive elongated geometries in ‘normal’ com-
lexes of only a few kJ mol−1 prompted Halcrow et al. [24] to look
or ligand systems which might be able to stabilise a compressed
tructure preferentially.
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Fig. 25. Schematic representation of effect of applying uniaxial strain to
[Cu(tach)2]2+. The initial effect is a rhombic distortion (middle) leading to the com-
pressed geometry (right).
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ig. 24. Comparison of LFMM (white bars) and experimental (black bars) structural
ata (Å) for complexes sketched in Fig. 23.

The tridentate, meridonally coordinating ligands shown in
ig. 26 and Table 4 can generate elongated and compressed struc-
ures, depending on the steric demands of the R substituents.

A combination of crystallography and spectroscopy was used
o assign the structure as either compressed or elongated and the
FMM-optimised structures (Table 4) are in excellent qualitative
greement. Significantly, the LFMM parameterisation was based
xclusively on elongated structures.
.5.6. Cu(II) Jahn–Teller effects: summary
The previous sections establish that the LFMM describes the

eatures of the entire Mexican hat potential energy surface for
single d9 Cu(II) complex to remarkably good accuracy. This is
significant achievement given that the AOM parameters were

b
t
(
c
h

able 4
xperimentally assigned ground state and LFMM-optimised bond lengths (Å) for complex

omplex Exp ground state

Cu(L2H)2][BF4]2 {dy2−z2 }
Cu(L2Ph)2][BF4]2 dz2

Cu(L2Mes)2][ClO4]2 dz2

Cu(L2iPr)2]2+ –
Cu(L2tBu)2]2+ –
Cu(L2CF3)2]2+ –
-[Cu(L3)][ClO4]2 {dy2−z2 }

Cu(L1Cy)2][BF4]2 {dy2−z2 }
Cu(L1tBu)2][BF4]2 dz2

Cu(L1NH2)2][ClO4]2 dz2 (RT) {dy2−z2 } (5 K)
Cu(L1OH)2][ClO4]2 dz2 (RT) {dy2−z2 } (low temp)
Cu(L4)2][ClO4]2 dz2

he non-standard d orbital designation dy2−z2 is adopted to retain a single axis frame defi
o the central donor atoms of the tridentate ligands.
ig. 26. Tridentate ligands designed by Halcrow to explore preferential stabilisation
f truly compressed Cu(II) complexes.

ased largely on previous studies of the d–d spectra [50] while

he other LFMM parameters were determined by reproducing the
solid state) structural data. Furthermore, no special information
oncerning compressed species was included and yet the model
andles both their structures and relative energies. The final ques-

es based on the ligands shown in Fig. 26

LFMM M–L(av) rx , ry , rz LFMM Geometry

2.29, 2.11, 1.90 Elongated
2.24, 2.19, 1.90 Rhombic (compressed)
2.22, 2.21, 1.88 Compressed
2.25, 2.19, 1.90 Rhombic (compressed)
2.38, 2.38, 1.90 Compressed
2.25, 2.19, 1.90 Rhombic (compressed)
2.28, 2.14, 1.90 Rhombic (elongated)
2.38, 2.06, 1.91 Elongated
2.34, 2.34, 1.92 Compressed
2.30, 2.03, 1.93 Elongated
2.29, 2.02, 1.93 Elongated
2.37, 2.15, 1.82 Rhombic (compressed)

nition for both ground states where the z direction coincides with the Cu–N vector



810 R.J. Deeth et al. / Coordination Chemistry Reviews 253 (2009) 795–816

ed usi

t
e
h

3

e
w
u
t
s
[

s
w
s
i
i
p
t
H
c
s

T
C
F

C

I

I

I

I

V

V

V

D

a
t
I
‘
e
s
h
fi
a

f
w
p
m
r
s
p
a
t

Fig. 27. Selection of six- and four-coordinate Ni(II) amine complexes modell

ion would be whether the LFMM treatment could treat the packing
ffects present in the actual crystal structure but these calculations
ave not yet been attempted.

.6. Spin-state effects

A minor modification of Fig. 19 where dx2−y2 is completely
mpty generates a (hypothetical) octahedral low-spin d8 system
here the stabilisation energy is doubled relative to a d9 config-
ration with a concomitant increase in the tetragonal distortion
o the extent that the axial ligands are lost completely. Thus, the
quare planar geometry of low-spin d8 systems has an LFSE origin
29].

The original LFMM paper [26] considered both octahedral, high-
pin and planar, low-spin d8 Ni(II) amine complexes, a selection of
hich is shown in Fig. 27. The average Ni–N distances for the two

pin states are significantly different (∼0.2 Å, see Table 5). However,
n contrast to previous applications of conventional MM where two
ndependent sets of parameters were required [19], the ability to
opulate the d-orbitals in either a high-spin or low-spin configura-

ion results in a single set of LFMM parameters for both spin states.
owever, while a successful model for structures, this early appli-
ation of LFMM did not address the relative energies of different
pin states.

able 5
omparison of LFMM and experimental metric data for Ni(II) complexes shown in
ig. 27

omplexb Ni–Na (Å) N–Ni–Na (◦)

Calc. Obs. Calc. Obs.

2.12 2.13 90 90
180 180

I 2.12 2.13 81.8 81.9
173.1 171.8

II 2.14 2.15 83.8 86.9
173.1 175.8

V 2.05 2.06 81.7 81.6
2.15 2.16 168.0 167.3
1.94 1.92 87.6 86.4

179.7 180.0
I 1.99 1.98 90.3 90.6

167.4 168.6
II 1.98 1.96 90.0 90.0

180.0 180.0

ata from Table 2 of Ref. [26].
a Averaged bond lengths and angles.
b Structural diagrams in Fig. 27.
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ng an early version of LFMM (Ref. [26]). Selected structural data are shown.

The LFSE is, by construction, always negative and thus favours
low-spin configuration. Countering this is the d–d interelec-

ronic repulsion energy which always favours the high spin state.
nterelectronic repulsion can be considered either in terms of the
spin-pairing’ energy or, probably more correctly, as an electronic
xchange effect. Spin-pairing ‘costs’ energy thus favouring high spin
tates; exchange occurs between electrons of the same spin hence
igh-spin states have more exchange stabilisation. Either way, the
nal spin state is a balance between the one-electron stabilisation
nd the two-electron interelectronic repulsion terms.

A full, many-electron ligand field treatment often, and especially
or first-row TMs, assumes the Russell–Saunders coupling scheme
here the d-electron spin and orbital angular momenta are inde-
endent [66]. The spin–orbit coupling necessary for calculating
agnetic properties is added subsequently. The d–d interelectronic

epulsion is parameterised within either the Condon–Shortley
cheme (with parameters F2 and F4) or the Racah scheme (with
arameters B and C). The latter is more popular [2] since for spin-
llowed d–d transitions, only B is required. However, in a ‘full-basis’
reatment using all the many-electron terms derived from the given
n configuration, the schemes are equivalent and there is a simple
elationship between the parameters (16).

= F2 − 5F4; C = 35F4 (16)

In principle, the LFSE could be expressed using many-electron
erms which, given suitable values for the interelectronic repul-
ion parameters, would allow the method to predict the spin state
utomatically. This is the philosophy behind the effective Hamilto-
ian approach developed by Tchougreeff (see Section 4.3). However,
iven the significantly more complex mathematical problem of
xpressing the LFSE and its derivatives with respect to many-
lectron terms, plus the added computational burden of inverting
arger matrices – the d2/8, d3/7, d4/6 and d5 configurations are,
espectively, 45, 120, 210 and 252-fold degenerate – we adopted
simpler, more pragmatic approach of treating the effective inter-
lectronic repulsion energy via a simple, bond-length-dependent
enalty function.

A ‘proof of concept’ study was undertaken for Co(III) fluoride
nd cyanide complexes [67]. To our knowledge, [CoF6]3− is the only
omoleptic high-spin complex of d6 Co(III) while [Co(CN)6]3− is
ertainly low-spin. LFMM parameters for both high- and low-spin

orms of each complex were developed with the aid of DFT cal-
ulations. For example, DFT-optimised Co–L bond lengths for the
round state complexes plus the hypothetical low-spin [CoF6]3−

nd high-spin [Co(CN)6]3− species were part of the target data for
he FF parameters. In addition for these complexes, a comparison



R.J. Deeth et al. / Coordination Chemistry Reviews 253 (2009) 795–816 811

F
c

o
s
s
f
o
c
m
e
f

s
s
n
c
g
t
[
s
t
t
s
s
p
a
s
s

3

o
c
p

(
s

•

F
s

•
•
•

a
n
t
s
f
g
t
p

i
[
i
c
w
c
p
C

C
[
m
n
t
i
e
b
t
f
m

h
(
t
the DFT-optimised Cu–L distances and L–Cu–L angles. The parame-
ters are then applied unaltered to the same active-site model used
by Ryde et al. [73] in their DFT study.

The good agreement between LFMM and DFT once again
confirms that the LFMM behaves just like DFT in its ability to

Table 6
Cu–L bond lengths (Å) for species shown in Fig. 30

Compound Cu–N Cu–S (thioether) Cu–S (thiolate)

2+
ig. 28. Comparison of calculated spin-state energy differences for [CoFn(CN)6−n]3−
omplexes.

f LFT predictions with DFT indicated the latter gives a reasonable
pin-state energy difference (see Ref. [67] for details) and was sub-
equently used to map out the spin-state energy difference, �Espin
or each complex as a function of the Co–L distance. The structures
f all the mixed-ligand systems [CoFn(CN)6−n]3−, n = 1–5, were then
omputed by both LFMM and DFT and the energies of the for-
er empirically corrected for spin state effects using the spin-state

nergy differences, �Espin, expressed on a per-ligand basis derived
rom the homoleptic complexes.

As shown in Fig. 28, the agreement between DFT and LFMM is
atisfactory. However, a shortcoming of this study is that the spin-
tate effects are not incorporated into the optimisation and so do
ot directly influence the structure. The Co(III) systems are suffi-
iently simple that this approximation is satisfactory but a more
eneral scheme would include interelectronic repulsion contribu-
ions to the energy gradients. This has been reported for octahedral
Ni(NH3)6]2+ and the hypothetical low-spin planar [Ni(NH3)4]2+

ystem where, given the existing parameters for the high-spin sys-
ems, a simple penalty function of the same form as (13) has been
uned to reproduce the (DFT-optimised) Ni–N distance for the low-
pin complex [68]. In principle, therefore, LFMM can model both
pin states with a single parameter set and therefore be used to
redict which spin state is lowest in energy. No conventional MM
pproach can emulate this since separate FFs are required for each
pin. However, we await a more exhaustive appraisal of LFMM spin-
tate effects.

.7. Type 1 copper enzymes

The Type 1 (T1) ‘blue’ copper enzymes are responsible for a range
f redox processes in biological systems [69]. For example, plasto-
yanin (Pc) is involved in plant photosynthesis while azurin (Az)
articipates in bacterial photosynthesis.

Compared to ‘normal’ copper complexes, the T1 active site
Fig. 29) possesses a number of unusual structural and spectro-
copic features [70]:
a distorted tetrahedral (or trigonal bipyramidal) structure with
a strong Cu-thiolate bond even in the oxidised form plus a long
thioether or carbonyl oxygen contact;

[
[
[
[

F

ig. 29. Schematic representations of T1 active site structures of plastocyanin (Pc),
tellacyanin (STC) and azurin (Az).

a very intense charge transfer transition around 600 nm;
relatively high redox potentials;
in the EPR spectra of the oxidised Cu(II) form, there is an unusually
low copper hyperfine coupling in the g‖ region.

The T1 active site appears to have features of both ‘normal’ Cu(II)
nd Cu(I) complexes. For example, oxidised copper is often pla-
ar four-coordinate with an N4 donor set while d10 Cu(I) is often
etrahedral and, as a softer metal, prefers second row donors like
ulphur. Given its role in electron transfer (ET) and the expectation
rom Marcus theory that efficient ET is associated with a small reor-
anisation energy, 
, the idea that the protein somehow enforces
he structure around the metal centre to minimise 
 became very
opular.

This ‘entatic state’ [71] (or rack [72]) model is certainly appeal-
ng and prompted Ryde to try and calculate its magnitude using DFT
73]. However, B3LYP optimisation of a model for the T1 active site
n Pc gave basically the same coordination geometry at the metal
entre as that reported in the full protein structure. Ryde et al. [73]
ere forced to the unexpected and somewhat controversial con-

lusion that the geometry in oxidised T1 centres is not under any
rotein strain. Instead, the structure is dominated by the strong
u-thiolate bond.

The combined electronic effects of the d9 configuration and
u-thiolate binding present some significant challenges for LFMM
74,75]. We begin with the presumption that although protein

olecules may be large and complex, they form simple M–L coordi-
ate bonds – i.e. a Cu–N(imidazole) bond can be handled in exactly
he same way irrespective of whether it corresponds to an isolated
midazole or to a histidine. However, in order to parameterise the
nzyme system, we require information on the specific types of
onds involved which is straightforward for imidazole coordina-
ion, where significant experimental data are available, but difficult
or thiolate and thioether bonds where experimental data on small-

olecule systems are sparse or absent.
We resort, therefore, to using DFT calculations on model

omoleptic species as a basis for developing LFMM parameters
Table 6). Hence, as shown in the box in Fig. 30, LFMM parame-
ers are developed for the homoleptic complexes which reproduce
Cu(imidazole)4] 1.99/2.00
Cu(DMS)4]2+ 2.37/2.35
Cu(SMe)4]2− 2.32/2.33
Cu(SMe) (imidazole)2(DMS)]+ 2.02/2.04 2.90/2.70 2.14/2.16

irst entry is LFMM, second is DFT.
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Table 7
Comparison of PDB and LFMM Cu–L bond lengths (Å) for complete proteins shown
in Fig. 31

1AAC PDB LFMM 1JER PDB LFMM 1DYZ PDB LFMM

HIS53 1.954 2.029 HIS46 1.960 2.045 GLY45 2.720 2.666
CYS92 2.108 2.148 CYS89 2.178 2.176 HIS46 2.040 2.014
HIS95 2.033 2.023 HIS94 2.043 2.028 CYS112 2.135 2.184
MET98 2.904 2.859 GLN99 2.209 2.253 HIS117 1.988 2.062

MET121 3.260 2.924

F
s
i

The quality of the LFMM results can also be assessed with respect

F
A

Fig. 30. Species used to develop LFMM parameters for T1 centres.

apture M–L bonding electronic effects. Furthermore, just as in six-
oordinate complexes (Section 3.5.3), d–s mixing plays a pivotal
ole. There are two stable forms of the T1 active site model – the
ower energy trigonal one shown in Fig. 30 and a higher energy,
ssentially planar form. DFT calculations [76] suggest a delicate
nergy balance with the trigonal model being more stable. Inter-
stingly, a comparable LFMM result is only obtained once the eds
alue for the Cu-S(thiolate) bond exceeds a threshold value. Once
gain, d–s mixing acts like an electronic ‘switch’.

The LFMM was applied to 24 crystallographically characterised
roteins [75] and an rmsd in the Cu–L bond lengths of 0.11 Å and
◦ in L–Cu–L bond angles achieved – i.e. the LFMM and PDB results

re basically the same within experimental uncertainty.

A comparison of structures representative of the three active site
ypes shown in Fig. 29 is given in Fig. 31, Tables 7 and 8.

t
e
f

ig. 31. Rmsd overlays of experimental (blue) and computed (yellow or CPK) backbone ca
zurin (right) (PDB codes 1AAC, 1JER, 1DYZ). The solvent layer is omitted for clarity.
ig. 32. Comparison of LFMM (lighter bars) and QM/MM (darker bars) metrics for
elected T1 sites. PLC = plastocyanin; CBP = cucumber basic protein; AZU = azurin. �
s the angle between the CuN2 and CuS2 planes.
o comparable QM/MM calculations [77] (Fig. 32). In both instances,
xplicit solvent is included and again, the agreement is good. The
act that the LFMM data were obtained several orders of magnitude

rbons (top) and active sites (bottom) for Amicyanin (left), Stellacyanin (middle) and
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Table 8
Comparison of PDB and LFMM bond angles (◦) at the metal centre for the proteins shown in Fig. 31

1AAC PDB LFMM 1JER PDB LFMM 1DYZ PDB LFMM

HIS53–CYS92 136 141 HIS46–CYS89 133 139 GLY45–HIS46 78 82
HIS53–HIS95 104 97 HIS46–HIS94 101 98 GLY45–CYS112 104 98
HIS53–MET98 84 86 HIS46–GLN99 94 87 GLY45–HIS117 86 83
CYS92–HIS95 112 108 CYS89–HIS94 117 113 GLY45–MET121 148 156
CYS92–MET98 110 112 CYS89–GLN99 101 112 HIS46–CYS112 132 140
HIS95–MET98 100 104 HIS94–GLN99 101 95 HIS46–HIS117 106 103

HIS46–MET121 73 75
CYS112–HIS117 121 116
CYS112–MET121 105 105
HIS117–MET121 88 92
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Fig. 34. Dinuclear Cu complexes as structural models for the T3 active site.
aster than the QM/MM results bodes well for using the LFMM for
olecular dynamics simulations.

.8. Dinuclear copper centres

Another common copper enzyme active site is the dinuclear
ype 3 centre (Fig. 33) which is implicated in O2 transport and acti-
ation [69]. The fully oxidised T3 site is an attractive target for LFMM
ince it combines the electronic activity of d9 centres with the first
ttempt at modelling both multi-nuclear species and complexes
ith bridging ligands [78].

In contrast to the T1 centre, several crystallographically charac-
erised structural models for the T3 site are available (Fig. 34) from
hich an LFMM treatment was developed.

The AOM calculation underpinning the LFSE presumes indepen-
ent metal centres. Thus, the extension of the LFMM to multi-metal
entres could be problematic if the metals were strongly coupled.
owever, for the model test system [{Cu(NH3)3}2-�-O2]2+, and the
inuclear species shown in Fig. 34, the particular combination of
lectronic configuration and geometry ensures that the gradient
f the LFSE is dominated by the highest energy combination of d
unctions which mirrors the situation in the mono-nuclear model
pecies [Cu(NH3)3(O2)] and thus the ‘isolated metal’ approach
emains satisfactory in the dinuclear systems [78].

An important feature of the dinuclear complexes is that the
Cu2O2]2+ subunit prefers to be planar, i.e. the folding angle shown
n Fig. 35 is 180◦. This is implicitly accounted for in the LFMM
y defining the Cu–O �-bonding directions relative to the sec-
nd copper centre rather than the other oxygen atom. One of the
riginally perceived advantages of the LFMM was the explicit treat-
ent of separate � and � bonding effects via the AOM e� and e�

arameters [26] and here we see a powerful demonstration of this

eature.

The LFMM is in generally good agreement both with experi-
ental and DFT data (Fig. 36) [78]. The agreement extends to the

nergies (relative to DFT) of the structures within about 12 kJ mol−1

f the overall lowest. The exception is 14 where the LFMM and

ig. 33. Schematic representation of fully oxidised T3 active site with bound perox-
do ligand. Fig. 35. Definition of folding angle, ˛, about the O–O vector in dinuclear complexes.
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ig. 36. Observed X-ray structure (left), LFMM-computed structure (centre) and D
ata for the X-ray and LFMM versions of 12 are virtually the same. H atoms omitted

FT energies disagree substantially but this is traced to a generic
hortcoming in the ‘organic’ force field treatment of the macrocyclic
igand.

In common with previous LFMM applications to five-coordinate
u(II) species [26], we see strong apical elongations. Significantly,
he demands of a particular ligand can make the two copper centres
ifferent, a feature which also figures in enzymes like tyrosinase.
owever, the application of LFMM to the protein system has not
et been reported.

. Other approaches

While steady, if somewhat laborious, development of LFMM has
ccurred, the level of activity in force field approaches for TM sys-
ems has, since the mid 1990s, tapered off significantly. We suppose
t least two possible reasons for this. Firstly, attempts to develop a
eneral approach based purely on conventional MM struggled. For
xample, Gajewski et al. [79] reported a ‘general’ scheme based on
M2 parameters but were only able to achieve ‘moderately good

eproducibility of structures’ plus they acknowledged the need for
he kind of LFSE term included in LFMM viz: ‘If deviations in dis-
ances, angles, or torsions are in evidence, then specific electronic
nteractions should perhaps be pursued’.

A second possible reason for the ‘slow-down’ in FF development
or TM systems is the advent of QM/MM. QM/MM circumvents
he problem of how to treat the metal centre parametrically. It
s probably also significant that QM/MM provides a ready route
nto modelling reaction mechanism [80]. Of course, suitably for-

ulated and parameterised MM can also treat reaction pathways
e.g. EVB [81], ReaxFF [65], MCFF [64]) including modelling transi-
ion states for processes involving TMs (Q2FF [82]). However, these

ethods, just like LFMM, are not yet ‘mainstream’. In contrast,
he availability of QM/MM in the most popular quantum chemi-
al codes (e.g. Gaussian, ADF, Jaguar) plus software packages like
hemShell, which allow the user to combine their favourite MM
nd QM codes, ensures an increasingly widespread application of
M/MM [80]. No doubt, the ever increasing speed and power of
ardware contributes substantially.

Nevertheless, there are a few schemes which are either directly
escended from LFMM or adopt a similar philosophy – i.e. the
irect incorporation of d-electron effects into the energy and gra-
ients of the MM optimisation. These are discussed briefly in the
ollowing sections. Note that the preceding criterion excludes the

M/AOM method [44] which, although undoubtedly useful, gen-
rally relies on ‘conventional’ MM for structure and treats the

igand field part subsequently as an ‘add-on’. However, there are
wo notable extensions of MM/AOM. The first is the treatment of
ahn–Teller distortions in six-coordinate Cu(II) complexes where
he effect of an energy term based on the expressions developed
y Deeth and Hitchman [29] is included in the calculation as a con-

a
w
H
o
c

imised geometry (right) for 11 showing Cu-N distances. All comparable structural
arity.

traint imposed via Lagrangian multipliers [83]. Elongation along
ach of the three possible axes can be explored individually. How-
ver, the energy expression is for amine systems only and assumes
etragonal symmetry.

The second is the inclusion of electronic effects in MM/AOM by
odifying the AOM parameters to reflect ‘bent bonding’ [84]. Thus,

he angle � between the Cu-L vector and the predicted direction
f the sp3 hybrid of an amine donor is used to moderate the value
f e� assuming a cos [6] � dependence. While this change does not
gure in the geometry optimisation, it does generate improved esti-
ates of the subsequent ligand field properties like d–d transition

nergies.

.1. SIBFA-LF

The extension of the sum of interactions between fragments ab
nitio (SIBFA) method to include an LFSE contribution is a direct
escendant of LFMM and was joint venture between the LFMM
roup of the present author and the SIBFA group of Gresh and
iessner–Prettre. SIBFA-LF [85] incorporates elements of the same
FSE code as in DommiMOE although, to date, only the �-bonding
apability has been implemented.

SIBFA [86] implements a polarisable FF with metal–ligand
nergetics designed to mimic interaction energies obtained from
uantum chemical calculations typically at the MP2 level. The
xtended version, SIBFA-LF [85], has been applied to Cu(II) com-
lexes of water, imidazole and a few other simple ligands and
hown to give improved structures over ‘normal’ SIBFA although
iven the way that SIBFA is parameterised, the M–L bonding
nergetics can be designed to be ‘correct’ even when the struc-
ure is not. Hence, the Cu-imidazole interaction energies for
Cu(imidazole)4]2+, which in ‘normal’ SIBFA is tetrahedral, agree
ith the MP2 estimates and while the SIBFA-LF structure is more
lanar, the interaction energies are unchanged. However, despite
his promising start, there do not appear to have been any further
pplications of SIBFA-LF.

.2. GULP

A similar extension to that for SIBFA has also been implemented
nto the general utility lattice program (GULP) for modelling
xtended solids [87]. Again, a �-only implementation of the
OM LFSE was incorporated and applied to systems contain-

ng the strongly Jahn–Teller active high-spin d4 Mn(III) centre in
n2O3 and LaMnO3 systems. Crystallographically, these systems
re reported to contain both regular and distorted MnO6 sites
hich the enhanced theoretical approach was able to reproduce.
owever, just as for SIBFA-LF, the ligand-field-extended version
f GULP seems to have been applied only to this single series of
ompounds.
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.3. Effective crystal field and deductive molecular mechanics

The final method we discuss is the effective crystal field (ECF)
pproach of Tchougreeff and coworkers [88–90]. The philosophy of
he ECF method is similar to the LFMM in that, at its heart, the ECF
ses a crystal/ligand field calculation to compute the energies of
he d states. However, there are significant differences:

in the ECF model, the external potential, VLF, is generated from a
semi-empirical MO calculation of the ligand functions; in LFMM,
VLF is a function of the AOM parameters and is therefore entirely
parametric;
in the ECF model, the many-electron energy levels derived
from the full set of functions arising from the dn configuration
are calculated, albeit with a parametric treatment of inter-
electronic repulsion. The ECF approach thus accounts for the
spin state automatically. In LFMM, only the one-electron (i.e.
d orbital) energies are computed. Interelectronic repulsion is
treated approximately via a distance-dependent penalty function
based on high-spin/low-spin energy or structural differences (see
Section 3.6).

The ECF approach thus represents the generalisation of the
FMM to a full dn basis. The authors apply their method to some
elatively simple complexes and achieve impressive accuracy both
n terms of the optimised structures and the prediction of the
round spin states for Fe(II) and Co(II) complexes of N donor
igands.

Tchougreeff has also recently published a theoretical analysis
hich relates the quantum mechanical description of quite sub-

le bonding features like cis and trans influences to a comparable
lassical MM formulation [91]. By using the elements of the one-
lectron density matrix as an economical set of electronic structure
ariables for the closest ligand shell, a way of obtaining suitable
lassical expressions and parameters is described—the so-called
eductive molecular mechanics (DMM) model. We await actual

mplementation and application of the method to TM complexes.

. Conclusions

The structural, spectroscopic and magnetic properties of
erner-type coordination complexes are profoundly affected by

he d electrons. They also result in complicated electronic states,
hich from a theoretical perspective, appear to demand a full quan-

um mechanical treatment. Yet, despite the ever-increasing speed
nd power of modern digital computers, QM treatments of TM sys-
ems are relatively compute-intensive. Long simulation periods or
creening of large numbers of small molecules are, and will remain,
ntractable.

In contrast, ligand field theory, which is specifically designed for
states, is computationally efficient. Over the last half-century or so

t has also been shown to provide a reasonable, if semi-quantitative,
escription of the nature of metal ligand bonding. The addition of
n explicit LF-based d-electron-energy term to the conventional
M potential energy expression captures most of the essential

hysics around the metal centre. Coupling this with a term to treat
–d interelectron repulsion, either phenomenologically as in LFMM
r within the full dn basis treatment of ECF, further improves the
ethod such that MM is able to provide a treatment comparable to
ull QM but at a much reduced computational cost.
The all-important LFSE can be based on the angular overlap

odel which, being bond centered, is ideally suited for incorpo-
ation into MM. Aside from providing a general framework within
hich to treat TM centres, LFMM accurately describes a number

[
[
[
[

[

ry Reviews 253 (2009) 795–816 815

f significant electronic effects which are omitted in conventional
M:

the full Mexican hat potential energy surface describing the
Jahn–Teller effect in six-coordinate d9 Cu(II) complexes;
the ability to treat multiple spin states of Co(III) and Ni(II) com-
plexes with a single set of parameters and thus be able to use
LFMM to predict the lowest energy spin state;
the effects of explicit d–s mixing in tetragonal Cu(II) complexes
plus the trigonal geometry of the Type I active site in blue copper
proteins;
the explicit M–L � effects necessary to keep the [Cu2O2]2+ core
of Type 3 copper model complexes planar.

All of these examples have been tested against comparable DFT
reatments and shown to produce at least as good a result and
ometimes an even better one. An empirical approach offers some
istinct advantages over QM in that experimental data can also be
sed to inform the parameterisation.

This review has focused almost exclusively on the LFMM stud-
es arising from our group. Since the introduction of the LFMM in
995, only a few others have implemented this type of approach.
he absence of new development is probably due to two factors.
he first is that the LFMM requires a certain amount of new code
evelopment. The second is that DFT in general, and QM/MM in
articular, promise to solve many problems without requiring any
edious parameter development. This lack of parameters plus no
eadily available software has further hampered the cause.

However, the outlook for the future is encouraging. As the num-
er of applications to new and diverse problems in coordination,
ioinorganic and catalytic chemistry grows, we hope to inspire oth-
rs to use methods like LFMM. Of course, not all problems will
e well suited to the method—the exploration of reaction mech-
nisms springs readily to mind. Nevertheless, there are many other
roblems for which an LFMM approach is well suited (molecu-

ar dynamics, conformational searching, virtual high-throughput
creening) and thus we hope that the LFMM can be viewed as a com-
lementary computational technique. So far, the LFMM method has
orked well in a reasonably diverse range of applications. The issue

hus comes down to whether the benefits of appreciably faster cal-
ulations outweigh the initial time investment to develop suitable
arameters. To this end, a more efficient, automated parameter
ptimisation would be of enormous use.
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