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Abstract

The possible ways to induce strain in coordination compounds and the quantification of
steric effects and their influence on molecular properties are discussed. Based on various
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specific examples, including cobalt(III), cobalt(II), iron(III) and iron(II) hexaamines and
copper(II) and copper(I) tetraamines, observed and computed structural data are used to
analyze the effects of extremely short and long bonds and of severe angular distortions on
reactivities, complex stabilities, electronic and EPR spectra and reduction potentials. Meth-
ods that allow the prediction of these molecular properties, based on experimentally
determined or computed structures, are described in detail. © 1999 Elsevier Science S.A. All
rights reserved.

Keywords: Ligand field; Reduction potential; Preorganization; Entatic state; Hexaamine; Steric effects;
Steric strain; Catalysis; Molecular modeling

1. Introduction

The coordination of ligand molecules to a metal ion generally leads to stress and
strain. Stress refers to the interactions between atoms in a molecule that lead to
distortion and, consequently, to destabilization; strain is the deformation in a
molecule that results from stresses.

The structure of a coordination compound is the result of a compromise between
all stresses involving interactions within the ligand backbones and between the
ligand molecules and the metal center. Therefore, the structure of a coordination
compound is the result of a compromise between metal ion and ligand dictation. In
general, bond distances and valence angles involving carbon atoms are much stiffer
than those involving metal ions, i.e. coordination geometries are variable to a larger
extent than bond distances and valence angles within the ligand backbone. The
main degrees of freedom within a ligand backbone to accommodate metal ion
preferences are conformational rearrangements, that is, variations of torsional
angles. It follows that, in order to enforce a particular coordination geometry, the
conformational freedom needs to be restricted by multiple bonds, sterically de-
manding substituents or by ring systems. The plasticity of transition metal ion
coordination centers is, to a large extent, the result of the bonding that involves
partly filled d-orbitals of the metal center. Ligand enforced variation of the
coordination geometry leads to changes of the thermodynamic, kinetic and elec-
tronic properties, that is, to a variation of stabilities, reactivities and spectroscopic
properties. Thus, there are two important consequences of enforcing specific ligand
and coordination geometries1: activation and preorganization i.e. catalysis and
selectivity.

1.1. Preorganization

The structure of a preorganized metal-free ligand is identical to that of the
corresponding coordinated ligand [1,2], i.e. upon coordination there is no strain
induced to the ligand by the metal center and no strain to the metal center by the

1 Similar principles apply to other areas of chemistry; in this report, I concentrate on classical
coordination chemistry.
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ligand. It follows that preorganization refers to a particular ligand/metal ion pair
and that preorganized ligands are relatively rigid. Deviation from full preorgani-
zation leads to destabilization of the complex by the amount of strain induced
by the complexation reaction. Based on computed structures and strain energies,
the degree of preorganization of a ligand has been defined and quantified [3].
This concept may be used to predict the loss of steric energy during the com-
plexation reaction when a particular ligand does not fully fit the requirements of
the metal ion, and it emerges that stresses which are built into the ligand
backbone may reduce the strain accompanying the complexation reaction (i.e.
the strain is already present in the metal-free ligand). This is a concept that
resembles that of the entatic state principle discussed in relation with metal
complex based catalysis (see below). A number of approaches, primarily based
on molecular mechanics calculations, have been used to predict the preorganiza-
tion and metal ion selectivity of ligand systems, and these have been reviewed
extensively [3–14]. Note that steric effects are not the only components responsi-
ble for complex stabilities (and reactivities), and effects based on metal ion–
donor atom orbital overlap are not usually fully included in the strain of the
metal–donor bonds, the angular strain around the metal ion and that around
the donor atom (see Section 2.2).

Stereoselectivity involving coordination compounds is another prominent area
where ligand-based stresses are an important factor, and this may generally be
interpreted on the basis of the key–lock principle [15]. Examples include race-
mate separations based on outer-sphere interactions [16–20] and on ligand ex-
change reactions [21–24], and metal complex catalyzed stereoselective syntheses
[25–28]. The basis generally is that there is a difference in strain energy between
the two diastereomeric forms of the complex between the optically pure chiral
matrix (coordination compound or complex fragment) and the substrate. De-
pending on the type of structure responsible for the stereoselectivity (racemate
separation or enantioselective catalysis; thermodynamic or kinetic effect; inert or
labile product; ground state or transition state) there are relatively simple or
more elaborate methods to quantify the strain energy differences and interpret or
predict the stereoselectivity, i.e. the computation of transition states and of bond
breaking and bond making requires more elaborate techniques [8,29–32].

1.2. Catalysis

Catalysis is the selective activation of a reaction path by reduction of the
corresponding activation energy. The energy difference between the starting ma-
terials and the transition state may be decreased by either stabilization of the
transition state and/or by destabilization of the starting materials. The latter is
known as the rack- or entatic state approach [33,34]. Often, metalloproteins
operate in the entatic state mode or a variant, i.e. the induced fit mode [35,36],
and in a number of industrially important processes the catalysts are strained
metal complexes.
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The long term stability of a catalyst is an important requirement that may be
decisive in terms of industrial applications. Thus, the selective activation of a
reaction path by a destabilization of the catalyst/substrate complex with rigid
rings and sterically demanding substituents in the ligand backbone of the catalyst
may lead to serious problems. However, in the catalytic cycle, there usually is also
the necessity for a fast complexation/decomplexation reaction between the catalyst
and the substrate, i.e. the catalyst–substrate bond needs to be labile. The protein
backbone in metalloproteins is responsible for both, the deformation of the active
site chromophore and the overall stability of the active site. Substrate binding
may occur at particular coordination sites that are not protected by the protein
backbone and amino acid side chains; cooperative effects may help to channel the
substrate to the active site; particular side chains may help to stabilize the
enzyme–substrate complex e.g. by hydrogen bonding. The tools of preparative
chemists to deal with these factors in low molecular weight catalysts include the
stabilization of the coordination compound by chelating and macrocyclic ligands,
partial shielding of the metal center by the ligand backbone; the induction of
strain by sterically demanding groups and fused ring systems.

2. Structure and strain

2.1. Ideal geometries

Before discussing strained, distorted structures it is appropriate to reflect the
problem of defining ideal, undeformed, unstrained geometries. In general, ideal
geometries (undeformed distances and angles) are not experimentally observable.
There are always stresses in molecules, and each observed structural parameter is
the result of a compromise that involves the minimization of all these stresses.
That is, basically each structural parameter in any real molecule is strained to
some extent. Ideal valence angles (for example sp, sp2 and sp3, i.e. 180, 120, 109°),
ideal torsional angles and the planarity of aromatic rings, for example, are, to a
large extent, indisputable (less evident is the energetic penalty upon distortion).
For other parameters, such as van der Waals radii and, specifically, for ideal bond
distances, there is no experimental or theoretical basis for the definition of unique,
accurate and unambiguous parameter values [8].

Consider, for example, hexaamine cobalt(III) compounds (Table 1). The aver-
age CoIII–N distance is ca. 1.97 Å and the mean N–Co–N valence angle is close
to the expected 90 and 180°. A recent CCDC (Cambridge Crystallographic Data
Center) search reveals that, even for low spin d6 systems, which, due to the strong
ligand field, are relatively rigid, the angular geometry is quite variable with
maximum angular distortions of up to 20°. As expected, the variation in bond
distances is less pronounced and, due to the anharmonicity of the bonding
potential, the maximum variation to longer bonds is larger than the maximum
variation to shorter bonds.
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The question of whether long and short bonds are elongated or compressed,
respectively, is dependent on the accurate definition of an ideal geometry and this
has been discussed controversially in the literature [4,6,8,40–42]. The sterically least
demanding ligands in series of similar ligand molecules have been assumed as
reference points and, consequently, metal–donor distances shorter than these have
been defined as compressed [4,6,41,42]. For example, NH3 is the sterically least
demanding amine, and cobalt(III)–amine distances B1.965 Å might then be
interpreted as compressed bonds. The CoIII–N bonds in [Co(trans-diammac)]3+

(trans - diammac = exo - 6,13 - diamino - 6,13 - dimethyl - 1,4,8,11 - tetraazacyclotetra-
decane; for the structure and data see Chart 2, Table 6 and Fig. 3) are shorter than
those in [Co(NH3)6]3+ (1.946, 1.937 vs. 1.965 Å, see Table 6) and, as a result,
[Co(trans-diammac)]3+ has an extremely high ligand field and a strongly negative
reduction potential (see Table 7) [43]. However, this does not necessarily indicate that
these CoIII–N bonds are compressed, they are just short [8,40]. The computed
CoIII–N distance in a complex with hypothetically bare amine nitrogen donors
indicates that, in absence of repulsion due to hydrogen ‘substituents’ but without any
stresses involving the ligand backbone (as might occur in macrocyclic ligand
compounds) the CoIII–N bond might be very short indeed (see Table 1). Note,
however, that this computed distance is very much dependent on the model and
parameterization used. Here, this point is discussed to stress the problem of defining
normal or ideal bond distances. As a matter of fact, the undeformed or ideal bond

Table 1
Hexaamine cobalt(III) coordination geometries

Co–N (Å) N–Co–N (°) Source

Average Min Max s Average Min Max

———0.021 [37]——1.965Co(NH3)6
3+

1.965 — — 0.021 — — — [37]Co(NH2R)6
3+ a

1.968 — — 0.030Co(NHR2)6
3+ a — — — [37]

1.961 [37]———Co(NR3)6
3+ b 0.027——

d10372, 15890, 176—Co(NR3)6
3+ c 2.0931.9061.974

Co–N (Å)

Exp. MOMEC [38]e

1.965 1.955 [8]Co(NH3)6
3+

2.013 1.983 [8]Co(NH2Me)6
3+ f

— 1.933 [8]Co(N)6
3+ g

a R=alkyl.
b R=any carbon substituent.
c R=H or alkyl.
d CCDC; sample: 175 structures.
e kb=1.75 mdyn Å−1; r0=1.905 Å.
f Experimental: [39].
g Hypothetical CoIII–N complex with six bare N donors (1,3-van der Waals interactions included).
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Table 2
Variation of published ideal CoIII–N distances (r0) and force constants (kb)

Refs.kb (mdyn Å−1)r0 (Å)

[44–46]1.751.905
2.251.927 [47]
2.001.915 [47]
1.75 [47]1.915

[48]1.925 1.70
[49]1.950 2.25

distances used in molecular mechanics force fields might be used as reference points.
Inspection of Table 2 indicates, however, that the variation of ideal CoIII–N bond
distances in molecular mechanics force fields that are used successfully in modeling
hexaamine cobalt(III) compounds is too large to use these parameters as reference
values for an undeformed cobalt(III)–amine nitrogen distance.

From Table 1, it emerges also that the cobalt(III)–amine bond distances are
approximately independent of the type of the amine donor. That is, distances to
ammonia, primary, secondary and tertiary amines are roughly identical. Due to
inductive effects the nucleophilicity of amine donors is expected to increase with the
number of alkyl substituents. Thus, the bond strength is expected to increase with
an increasing number of alkyl substituents. The observed independence of CoIII–N
bond lengths from the type of amine may be the result of two opposing effects, i.e.
of increasing bond strength due to an increasing nucleophilicity and of bond
elongation due to stresses induced by the substituents. A recent analysis based on
quantum mechanical calculations and experimental data, which supports this
interpretation, has been challenged on the basis of misinterpretations of the
experimental data [50,51]. Our analysis of ligand field spectroscopic properties of
transition metal compounds, based on a combination of molecular mechanics
calculations (MM) for the optimization of the structures with angular overlap
model calculations (AOM) for the computation of the d-electron energy levels
(MM-AOM) [52–55], allows a separation of steric and electronic effects [56]. A

Table 3
MM-AOM—the nucleophilicity of substituted amines

es (norm) (cm−1)a

NiII (2.13 Å)CrIII (2.08 Å) CoIII (1.98 Å)

7200NH3 7245 3582
74337400RNH2 3857

R2NH 41338000 7715
R3N 8700 8186 4592

a es values are normalized to the M–N distances given in brackets; es= f(1/rn), where r=M–N and
n=6.



349P. Comba / Coordination Chemistry Re6iews 182 (1999) 343–371

careful analysis of the data (see Tables 1 and 3) indicates that, indeed, the observed
independence of the CoIII–N distances from the number of amine alkyl substituents
is the consequence of a compromise between bond strengthening due to increasing
nucleophilicity and bond elongation due to steric strain [56]. Changes in nucle-
ophilicity due to amine substitution have also been discussed in relation with our
recently communicated results on the modeling of reduction potentials, based on
force field calculations (MM-redox, see below) [31,57].

2.2. Strain

Stabilities, selectivities, reactivities and electronics depend on structures and,
therefore, on strain and deformation. There are two problems in defining stresses
and strain: (i) the accurate definition of relaxed reference structures (see Section 2.1)
is a requirement for the quantification of strains and stresses. Also, the absolute
value of stress and strain must be independent from the size of the molecule and,
therefore, it requires some normalization. Generally, strain energies reported in the
literature are relative energies, and they may therefore only be used for the
interpretation of thermodynamics within a set of isomers [8]. (ii) what are the
relevant terms for a discussion of stress and strain? An optimized structure will
have stresses relaxed to the extent that the total free energy of the system (DG) is
minimal. Therefore, strain involves classical steric terms such as non-bonded
interaction energies (van der Waals attraction and repulsion, hydrogen bonding,
electrostatic interactions), angular and torsional strain, as well as electronic terms
(bond strengths and strains based on specific electronic effects, such as Jahn–Teller
distortions, trans-influences, etc.), environmental effects (crystal lattice effects, ion
pairing, solvation) and entropic effects i.e. there is strain based on non-bonded
intramolecular interactions, there is electronic strain, strain based on intermolecular
interactions and entropic strain. Depending on the type of study, some of these
terms may be neglected, and this may restrict the applicability of the results,
interpretations and conclusions.

Three interesting examples that may be related to electronic strain are shown in
Figs. 1 and 2 and Table 4: in the first two examples the structures of the
hexacoordinated copper(II) compounds are the result of a tetragonal distortion due
to a Jahn–Teller lability. The complex stabilities shown in Fig. 1 may be inter-
preted as follows: the elongation of a trigonal [Cu(en)3]2+(en=ethane-1,2-diamine,
see Chart 2 below) chromophore along one of the Cartesian coordinate axes leads
to a build up of strain within the ligand backbone that results in a destabilization
of the corresponding tris-bidentate complex. The result is a deviation from the
expected stability for M=Cu(II) (see Fig. 1) and, therefore, a deviation from the
Irving-Williams series of complex stabilities [58,59].

The structure of [Cu(hfacac)2(bpy)] (hfacac=hexafluoroacetylacetonate; bpy=
2,2%-bipyridine) is a compromise that involves the Jahn–Teller lability of the d9

electronic configuration of copper(II), the p-delocalization in the ligand backbones
and the geometric requirements of the ligands and the metal center (see Fig. 2) [62].
A possible interpretation of the observed structure is that electronic strain (Jahn–
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Fig. 1. Individual stability constants for the complexation of copper(II) with en [60,61].

Teller lability) leads to a build-up of steric strain in the hfacac ligand backbones
that is relaxed by a loss of delocalization in the hfacac skeleton.

Fig. 2. Structure of [Cu(hfacac)2(bpy)] (bond distances in Å) [62].
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Table 4
Observed structural parameters of oxalate and MIII oxalato complexesa,b,c

b (°) g (°) d (°)r1 (Å) r2 (Å) Planedr3 (Å) r4 (Å) a (°)

118.7 113.5 126.2Ti3+ 0.02 (0.13)2.1 1.26 1.53 1.22 74.3
125.8 0.0 (0.07)115.5 114.1V3+ 80.32.0 1.27 1.54 1.21

0.045 (0.0)Cr3+ 1.22 82.21.97 1.28 114.3 115.6 125.41.54
115.6 113.6 126.8Mn3+ 2.00 1.28 1.56 0.05 (0.1)1.22 80.9
115.6 0.03 (0.16)125.8114.4Fe3+ 2.00 1.28 1.54 1.22 80.4

124.2114.7112.386.37 0.14 (0.07)1.231.541.291.90Co3+

— 112.4 127H2ox — 1.29 —1.55 1.22 —
—126.3ox2− — 1.27 1.56 1.24 — — 115.6

a For the definition of structural parameters see Chart 1.
b The data given are averages of all relevant distances and angles.
c For references to the experimental data see [46].
d R.M.S. deviation from the best plane of C2O4

2− (Å) [distance of M from that plane (Å)].

Chart 1.

In the two examples the structures are the result of opposing trends to minimize
the energy. It emerges that, in cases where structures are the result of various
factors (i.e. quite generally), there is not necessarily an unambiguous interpretation
of the observed structure. A further example is the structural analysis of tris-ox-
alato complexes (see Table 4; the structural parameters are given in Chart 1) [46]:
the most significant structural variation along the 3d row is a decrease of the
M–O–C angle (b) from 119° (TiIII, close to sp2 hybridization) to 112° (CoIII, close
to sp3 hybridization). A possible interpretation is that the observed structural
change is due to a decreasing p-donation of the carboxylate oxygen along the 3d
series (increasing number of electrons in the t2g p set of the d-orbitals of the metal
center). Similar effects have been used to interpret structural, thermodynamic and
kinetic data of coordinated EDTA4− type ligands (EDTA4− =ethylenediaminete-
traacetate) [63]. An alternative interpretation of the data in Table 4 is that the
M–O–C angle (b) is strongly correlated to the variation of M–O distances (r1) and
a concomitant increase in the bite angle (a).
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3. Molecular modeling

Molecular modeling involves the optimization of molecular structures or of
structures of arrays of molecules (crystal lattices, solvated molecules), the computa-
tion of the corresponding stabilities (free energies) and of electronic and spectroscopic
properties (IR, EPR, NMR, UV–vis spectra, magnetic moments, etc.). Models used
for structure optimization may be grouped in two classes: quantum mechanical and
empirical force field calculations. Structural, thermodynamic and vibrational spectro-
scopic data may be directly obtained from both classes of models; electronic data
are only directly available from quantum mechanical calculations. The main
advantage of force field calculations (molecular mechanics) is that they are compu-
tationally less demanding. In the examples discussed below, molecular mechanics
alone or in combination with other models and tools (for example ligand field
calculations, spectra simulations, etc.) is used to compute structures and properties
of coordination compounds. A number of recent reviews have described the theory
and state of the art of molecular mechanics of coordination compounds
[4,8,29,30,40,56,64–71] and that of molecular modeling in general, involving the
combination of MM with various approaches for the computation of molecular
properties (MM-isomer, MM-redox, MM-EPR, MM-AOM) [8,40,56,64–72]. For
our own examples discussed below, the computer program and force fields for the
molecular mechanics calculations [38,44–46] the program and parameter sets for the
angular overlap model (AOM) calculations used in combination with MM (MM-
AOM) [52–55,73–75], the program and technique used for EPR simulation in
combination with MM (MM-EPR) [76–80] and the approach used for computing
redox potentials (MM-redox) [31,57,81] have been tested thoroughly and described
in detail elsewhere. The discussion here will be reduced to that of some basic
principles.

3.1. Molecular mechanics

The basis of MM is that the energetics of a molecule or a molecular array may
be described by the sum of all possible two atom interactions (bonds, van der Waals
interactions, electrostatic interactions, hydrogen bonds), three atom interactions
(angles), four and more atom interactions (proper and improper torsions), and that
each of these potentials is independent of all the others or that simple terms exist
that account for weak coupling between certain potentials. The ensemble of potential
energy functions and their parameterization (the force field) allow to compute the
energy (the strain energy) at each point of the potential energy surface, i.e. for each
set of molecular coordinates that corresponds to a possible conformation, relaxed
or distorted. Strain energy minimization algorithms search for the direction on the
potential energy surface in which a set of coordinates with lower energy may be found.

There are examples, where the optimization of a structure is done with some
internal coordinates (bonds, angles, torsions) fixed to specific values. This technique
allows to map the potential energy surface along a conformational interconversion
or to determine the strain induced by bond elongation or compression. The most
precise method to constrain internal coordinates is by Lagrange multipliers, and this
involves energy minimization by second derivative methods and the expansion of the
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Hesse matrix of the second derivatives [82–86]. Recently, a new approach has
been developed that allows one to constrain the sum of internal coordinates to
specific values, while each individual coordinate is flexible [87]. This approach
has been used to compute metal ion independent hole sizes of asymmetrical
macrocyclic ligands, where the conventional approaches have been shown to lead
to erroneous results [8]. The shape and the size of a metal-free ligand cavity may
be an important feature related to preorganization and, therefore, to complex
stability and metal ion selectivity [4,8]; various methods to compute hole sizes
have been developed and the results and interpretations have been discussed
controversially [6–8,14,40,88–91]. The intriguing problem here is that the com-
putation of metal ion independent hole sizes involves the computation of stresses
induced to the ligand by the metal center without any specific metal ion in the
cavity (this problem is related to the fact that preorganization is a property of a
specific metal ion/ligand pair, see above, i.e. it cannot be metal ion independent).
Problems related to this contradictory situation and the general question of how
significant and useful the concept of hole sizes is, have been discussed in detail
on the basis of hole size computations with a number of different approaches
[87].

One of the major difficulties of geometry optimization of transition metal
compounds by empirical force field calculations is the large variety of coordina-
tion centers, coordination numbers and coordination geometries and their plas-
ticity. Methods to account for specific electronic effects due to partly filled
d-orbitals of the metal centers include the combination of quantum mechanical
and molecular mechanical methods [92–94], force field based models that include
general ligand field [29] or general valence bond [30] terms, and classical molecu-
lar mechanics models with specific functions to account for Jahn–Teller distor-
tions, trans-effects, the d-orbital directionality and the redistribution of electron
density in the ligand backbone due to its coordination to a metal ion [45,46,95].

3.2. Neglected terms

Entropic contributions to the free energy, other than statistical terms, are
often neglected [8,40]. The neglect of entropic strain (see above) may lead to a
deformation of a computed structure. That is, the shape of the potential energy
surface may be inaccurate due to missing entropy terms. More importantly, the
computed free energy differences between two isomers may be inaccurate due to
the neglect of entropic terms. Experimental studies of the temperature depen-
dence of isomer ratios and corresponding computations indicate that, at least for
cobalt(III) hexaamines, the neglect of entropy does not lead to unacceptable
inaccuracies [8,24,96–98]. The effect of neglecting entropic strain has also been
discussed in recent publications on the computation of reduction potentials (and
electron transfer rates) based on molecular mechanics calculations [31,57]. In
general, for simple coordination compounds, the neglect of entropy does not
lead to intolerable inaccuracies. Therefore, in the area of classical coordination
compounds, there are only few reports where the classical partition functions for
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the computing of the entropy contributions to the free energy have been included
in force field calculations2 [8,96,99–101].

Interactions between isolated molecules and their environment (solvation, ion
pairing, intermolecular hydrogen bonding and electrostatic effects) are often ne-
glected in structural optimization procedures. There is no fundamental reason for this,
since the corresponding potentials (primarily van der Waals, electrostatic and
hydrogen bonding terms) and their parameterization are usually available; the only
major problem here is the computation of the charge distribution but there are
methods to deal with this potentially difficult task [8,102–106]. The simple reason
for optimizing isolated molecules is the computational expense for the computing of
crystal lattices and solvated and ion-paired molecules. Techniques to compute
relatively large arrays of molecules are available [56,102,107–109]. Force fields that
are based on experimental data (structural, vibronic spectroscopic or thermodynamic)
from solutions or solids have interactions to and from the environment included in
the parameter values, i.e. averaged interactions with the environment are included,
and this has been discussed in detail in recent review articles [56,64,66]. One of the
problems of neglecting long-range effects is that van der Waals, hydrogen bonding
and electrostatic interactions decrease with different slopes as a function of the
distance (ca. d−6, d−10 and d−1, respectively). Specific and anisotropic interactions
to and from the environment are especially important for macromolecules e.g. for
metalloproteins.

3.3. Modeling of properties

3.3.1. Strain energies
The classical application of empirical force field calculations is that of conforma-

tional analyses and the computation of isomer distributions [48,100,110–119]. The
early work involved nearly exclusively cobalt(III) hexaamine chemistry [48,96–
98,100,110–119]. The cobalt(III) amine force field has been extensively tested and
found to be very reliable3 [8]. Note, that a structural force field (minima on potential
energy surfaces) does not necessarily lead to accurate predictions of strain energy
differences (steepness of the potentials) [8,66]. The observation that, with some of
the force fields, the predicted thermodynamic properties are in good agreement with
experimental data is based on the fact that the corresponding parameter sets for the
organic backbones have been fitted to thermodynamic data [8,66]. Thus, it is not
unexpected that with these parameterizations isomer ratios and conformational
equilibria of titanium(IV), chromium(III), iron(II), iron(III), cobalt(II), nickel(II) and
copper(I) compounds are also generally in good agreement with experimental data
[23,24,75,81,120,121].

2 The parameters used in these functions, i.e. the moments of inertia and vibrational frequencies,
together with more general parameters, are available from molecular mechanics calculations, specifically
when second derivative methods are used for the minimization procedure.

3 A recent study based on a hexaamine cobalt(III) cage compound with extremely long bonds (see
Table 6) lead to the conclusion that the harmonic potentials usually used need to be replaced with a
Morse function with an identical force constant and an identical ideal bond distance [81].
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Table 5
Electronic parameters used in MM-AOM calculations [52–55]

Co(III) Ni(II)Parameter (cm−1) Cu(II)dCr(III) 1s Fe(III) 1s Fe(II)

—1243F2
a 10461211 786 1112

85 79 —F4
a 101 57 90

—3582es(NH3)b,c 7200 7245— —
7433 3857es(RNH2)b,c 64007400 7500 7188

67004133es(R2NH)b,c 8000 77157500 7344
8186 4592es(R3N)b,c 8700 — 7100—

——es(pyridine)b,c — —7900 —
— —ep(pyridine)b,c — −500 ——
— —es(OH2)c — — 1090—

a Condon–Shortley interelectronic repulsion parameters.
b For low spin iron(III) a single es for the various amines was used.
c Normalized for CrIII–N=2.080, FeIII–N=1.985, FeIII–Npy=1.968, FeII–N=2.000, CoIII–N=

1.980, NiII–N=2.130, CuII–N=2.027, CuII–O=2.440 Å; these values are adjusted with 1/r6 (r=metal
donor distance).

d k=0.7, j=−580, K=0.43, P=0.0036 cm−1, a2=0.74.

Reduction potentials are related to the free energy of the corresponding electron
transfer process. For cobalt(III/II) hexaamines and copper(II/I) tetraamines there
are linear correlations between the strain energy differences DUstrain of the oxidized
and reduced forms and the reduction potentials (E°= (−a/nF)DUstrain+b) [31,57].
The deviation of the parameter values of a and b from the theoretically expected
values of 1.0 and 0.0, respectively, is due to the neglect of solvation and entropic
terms. The fact that a linear dependence of E° from DUstrain is observed indicates
that the neglected terms are correlated to the strain energy differences; the relatively
small deviations of the slopes and intercepts from the theoretically expected values
for the copper(II/I) and the cobalt(III/II) couples means that, as expected for these
couples, the steric factors are predominant [31,56,57].

Both, MM-isomer and MM-redox have been used successfully for the design of
new compounds with desirable properties [23,24,31,57] and for the determination of
structures in solution [56,72,75,81,120].

3.3.2. Ligand field properties
Term energies of transition metal ions depend on the metal center, the donor

atoms and the geometry of the coordination polyhedron. The AOM is a simplified
MO treatment of the metal d-orbitals and their interaction with the donor orbitals
[122–125]. The destabilization of the d-orbitals is proportional to a two-atom
overlap integral, and this is parameterized with es, ep and ed values. The computa-
tion of spectroscopic properties, based on a combination of force field and ligand
field calculations (MM-AOM) has been used successfully for the design of new
compounds and for solution structure determinations [52–56,72,75]. The fact that
a constant parameter set is used (see Table 5) indicates that errors due to the
non-transferability of ligand field parameters [52–55,126–128] do not lead to
unacceptable inaccuracies. The prediction of d–d spectra with similar concepts has
recently been reviewed [129].



356 P. Comba / Coordination Chemistry Re6iews 182 (1999) 343–371

3.3.3. Spectra simulations
Parameters from magnetic resonance experiments are directly dependent on the

relative orientation of electron and nuclear spins. Experimental spectroscopic
information has been used extensively for the constraints of internal coordinates in
structure optimizations. Powerful NMR techniques have been developed for the
structural analysis of proteins [130,131]. More recently, methods have been developed
for structural studies of macromolecules with paramagnetic metal centers [132,133].
EPR spectra of weakly dipole–dipole coupled dicopper(II) compounds have also been
used to derive structural information [77–80].

4. Cobalt hexaamines

Cobalt(III)–amine bonds are, due to the low spin d6 electronic configuration of
the metal center, relatively strong, short and rigid. That is, hexaamine cobalt(III)
compounds are stable and inert, the ligand fields are comparably strong, reduction
potentials are rather low and deviations from octahedral coordination geometries and
from averaged Co–N distances of ca. 1.97 Å are comparably small (see also Table
1 and the corresponding discussion; the reduced form has high spin d7 electronic
configuration, and these compounds are comparably labile, less rigid and have weaker
ligand fields). In spite of the rigidity of cobalt(III), there are examples where carefully
designed stresses in the organic backbones of the amine ligands induce deformations
of the coordination geometries that lead to a wide variety of properties: colors vary
from yellow to blue (difference of approximately 4000 cm−1 in energy of the first
dd transition), reduction potentials span the range of ca. 1.5 V and electron
self-exchange rates vary over ten orders of magnitude. Structural data of a range of
cobalt hexaamines, including compounds with extreme structural, spectroscopic and
electrochemical properties, are assembled in Table 6; the corresponding ligand
structures are given in Chart 2; structural parameters are defined in Chart 3; some
selected structures are presented in Fig. 3 (various review articles report more
comprehensive data sets [134–136]).

Spectroscopic and electrochemical properties of the cobalt hexaamines listed in
Table 6 are given in Table 7. The ligand field strength (cf. the first dd-transition energy
of the cobalt(III) hexaamines given in Table 7) is, with a constant chromophore
(CoIIIN6), dominated by the metal–donor distance (this also emerges from a
qualitative correlation of the first column each of Tables 6 and 7; the compounds
are tabulated in the order of increasing CoIII–N distances). Further structural
parameters of importance are the nucleophilicity of the donor atom (see also Table
3), angular distortions of the chromophore (columns 2–5 in Table 6) and the direction
of the donor orbitals with respect to the metal–donor vector (misdirected valences,
see last column in Table 6). All these factors are included in AOM calculations, and
ligand field spectroscopic properties, computed by the MM-AOM approach, have
been shown to be rather accurate. This is also demonstrated in Table 7.

A ligand that enforces small metal–donor distances will stabilize the oxidized form
(comparably low, negative reduction potential, e.g. [Co(trans-diammac)]3+/2+ in
Table 7); a ligand with a relatively large cavity will stabilize the reduced metal ion
(comparably high, positive reduction potential, e.g. lel3-[Co(src)]3+/2+ in Table
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Table 6
Structural parameters of some cobalt hexaaminesa

Refs.Co–N (Å) ab g u ¥ Co–N–C (°)

106Co(trans-diammac)c 1.946, 1.937 — — 9 [43]—
[38,44–46,99–101]1042.125, 2.088 —— — 8

60 —Co(NH3)6 [137]1.960 90 180 0
[134]—2.170 6090 180 0

108Co(en)3
d 1.964 86 175 — 55 [138,139]

1081.990 86 174 — 52 [38,44–46,99–101]
112Co(sar)e [140,141]1.974 5787 — —

33 1122.151 82 [38,44–46]— —
[142]119Co(tn)3 1.983 5588 177 —

1152.166 85 172 — 51 [38,44–46]
116, 120ob3-Co(src) 1.990 90 — — 60 [143]
112,116 [81]2.124 6192 — —

44 116Co(tmen)3
f 1.997 80 [136,144]167 —

[136,144]1132.193 2675 159 —
[81]lel3-Co(src) 2.046 89 — — 59 115
[143]2.235 88 — — 43 111,118

a For ligand abbreviations see Chart 2; for structural parameters see Chart 3; first line: cobalt(III),
second line cobalt(II).

b Bite angle of the smallest chelate ring.
c Co(III): ld-conformer; Co(II): dd-conformer; bond distances: axial, equatorial.
d Co(III): lel3; Co(II): lel3.
e Co(III): D3lel3; Co(II): D3lel3.
f ob3 conformations.

Chart 2.
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Chart 3.

7). It follows that the ligand field properties and reduction potentials may be
correlated. There has been a lively discussion on this subject [134,135,145–149]. The
important points here are:
1. There are steric contributions to both the reduction potentials and the ligand

Table 7
Molecular properties of some cobalt hexaaminesa

E° c (V) kself
d (M−1 s−1)n1

b (cm−1)

6.8×102Co(trans-diammac) 22170 −0.63
1.7×10123090 −0.79
1×10−6Co(NH3)6 −0.0221050

−0.10 3.5×10−521180
2.9×10−5Co(en)3 21370 −0.17
2.3×10−4−0.1521190

Co(sar) 21230 −0.40 2.1×10−0

7.7×10−121240 −0.41
—Co(tn)3 +0.1320600

+0.16 —20590
—ob3-Co(src) 20833 0.0
—−0.1020790

+0.28Co(tmen)3 8.5×10−819841
8.5×10−8— +0.32
—lel3-Co(src) +0.8416667

+0.89 —16340

a First line: experimentally determined, second line: calculated (italics).
b Low energy d–d transition of cobalt(III) [1Alg�

1Tlg (Oh)] [31,52–54,81,143,144].
c Reduction potential versus SHE [31,81,143,144].
d Electron self-exchange rate [31,144].
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Fig. 3. Computed structures of the three isomers of [Co(trans-diammac)]3+(a: dd, b: ld, c: dl) and of
the two isomers of [Co(src)]3+(d: ob3, e: lel3); hydrogen atoms are omitted for clarity; for the structure
of the ligands, see Chart 2.

field strengths, and the expectation is that, therefore, these parameters are
correlated

2. The reduction potential is related to the energy difference between the ground
states of the oxidized and the reduced form; the ligand field strength depends on
the energies of the ground state and the excited state of a given oxidation state;
thus, there is not necessarily a simple correlation between the two properties

3. For reduction potentials (and ligand field spectroscopic properties) steric effects
are just one of the important factors. Others include electronic effects (i.e. the
type, symmetry and relative orientation of the donor and acceptor orbitals),
interactions with the environment and entropic factors.
Simple correlations such as those leading to the computed reduction potentials in

Table 7 (see also Section 3.3) are based on data sets with a constant metal center
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and a common type of donor; differentiation between ammonia, primary, sec-
ondary and tertiary amines increases, as expected, the accuracy (see Table 3)
[31,57]. The rationale for MM-redox, i.e. the computation of reduction potentials
based on steric strain, is simple thermodynamics (Eqs. (1) and (2))

DG°= −nFE° (1)

DG°=I+D(DG°c)+D(DG°aq) (2)

where F is the Faraday constant, I is the ionization potential, DG°c is the complex-
ation free energy of the oxidized and reduced forms in the gas phase and DG°aq is
the corresponding solvation free energy. Some other concepts for the computation
of reduction potentials have been reviewed [150]. A rather successful approach uses
general electrochemical parameters [151–155]. In contrast to MM-redox this is
based on metal–donor bonding and neglects steric effects. It is obvious that the two
approaches have limited and different areas of applicability [31].

Force field calculations [31,156] and similar approaches [157] have been used also
to compute electron self exchange rates. Some of the results emerging from
molecular mechanics are also shown in Table 7. It appears that the predicted order
of magnitude is correct but the overall accuracy is inferior to that of the predicted
reduction potentials and electronic spectroscopic properties. The computed self-ex-
change rates are based on a first-order harmonic model (see Fig. 4): the difference
in energy between the crossing point of two potential energy curves and that of the
corresponding minima is correlated with the electron self-exchange rate [kself=
f(DG"); DG"�DU"strain; DU"strain=2DUstrain (cross)−DUstrain (CoIII)−DUstrain

(CoII)]. Apart from the approximations discussed above (neglecting intermolecular
interactions, specific electronic terms and entropic strain), there is the additional
problem of finding the structure where both reactants (cobalt(III) and cobalt(II)
forms) have the same nuclear configuration and where the sum of the distortion
energies is at a minimum [31]. The problem is that this does not necessarily mean

Fig. 4. Visualization of the activation free energy for an electron self-exchange process.
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that the strain energies of the activated reduced and oxidized forms are identical, i.e.
the situation shown in Fig. 4 corresponds to a simplification. This and the expected
and observed inaccuracies have been discussed in detail [31].

Recent work on cobalt(III) hexaamine cage complexes indicates that well designed
but relatively small structural changes on hexaamine cage ligands may lead to stresses
that have profound effects in terms of the spectroscopic and electrochemical
properties (see Tables 6 and 7) [81,143]. Trans-diammac is a ligand that, due to a
very tight fit, based on five-membered chelate rings involving the primary amine donor
groups, leads generally to extremely strong ligand fields [52]. The corresponding
cis-derivative is much less spectacular in this respect [158]. However, a cage ligand
based on cis-diammac, where the two primary amine donors are linked with an ethyl
group, might produce a very rigid and high ligand field hexaamine cage ligand
molecule. This hexaamine is a derivative of ‘sar’ with two methylene groups abstracted
(‘diabsar’); the corresponding ‘absar’ ligand with only one of the two methylene
groups abstracted has been reported [159]. The calculated structures of the cobalt(III)
compound of the two isomers of diabsar (see Chart 4) are shown in Fig. 5 (note that
s-diabsar is the derivative of cis-diammac; note also that the methyl substituents of

Chart 4.

Fig. 5. Strain energy minimized structures of (a) [Co(s-diabsar)]3+and (b) [Co(u-diabsar)]3+; methyl
groups at the two apical carbon atoms and hydrogen atoms omitted.
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cis-diammac, leading to quaternary carbon atoms, are omitted in Chart 4 and Fig.
5).

Based on the structure shown in Fig. 5 and with the methods and parameter sets
used for the computation of the ligand field electronic spectra (MM-AOM) and
reduction potentials (MM-redox) for the hexaamine cobalt(III/II) couples in Tables
6 and 7, the corresponding properties of [Co(diabsar)]3+/2+ have been computed.
Only the most stable conformer (lel3) of one of the isomers (s-diabsar in Chart 4
and Fig. 5, i.e. that based on [Co(cis-diammac)]3+) has been considered in this
preliminary study. Note, that the shortest CoIII–N distances computed for this
compound (Co–N=1.936 Å) are at the shorter end of CoIII–N distances used for
the parameterization of our force field. Since molecular modeling is based on
interpolations [8], the predictions for [Co(s-diabsar)]3+ must be treated with some
caution. The computed reduction potential of [Co(s-diabsar)]3+ (E°= −0.61 V) is,
as expected, similar to that of [Co(trans-diammac)]3+ and the computed first ligand
field transition (1A1 � 1T1) at 24 800 cm−1 (405 nm) indicates that the ligand field
may indeed be extremely strong.

5. Iron hexaamines

The nitrogen donor coordination chemistry of iron(II) and (III) is dominated by
p-donor and -acceptor ligands, i.e. by porphyrines and pyridine derivatives such as
bipy (2,2%-bipyridine), phen (1,10-phenanthroline) and terpy (2,2%:6%,2%%-terpyridine),
respectively. Iron(II) compounds with mixed aliphatic/aromatic amine coordination
spheres often have interesting electronic properties, since they are close to the spin
crossover point, and there is an extensive literature on spin equilibria in iron(II)
compounds [160–162]. Light-induced spin state conversion has been observed in
some systems, and this opens the possibility for the construction of advanced
optical materials, including materials for optical data storage. The interesting ligand
field spectroscopic properties of spin-equilibrium (and low spin) iron(II) compounds
are usually obscured by intense charge transfer transitions at relatively low energy.
Only a limited number of hexaamine iron(II) systems with aliphatic ligands are
known that are stable enough to be studied spectroscopically and structurally in
solution and in the solid state.

Low spin iron(III) compounds have been of interest to probe the Jahn–Teller
instability of the 2T2g ground state (in Oh symmetry) and, due to the large variation
of g-values as a function of the splitting of the ground state, EPR spectroscopy is
a very useful technique to probe the coordination geometry. However, the ground
state splitting is very sensitive to p-bonding and, therefore, amine ligand systems
are required to probe the influence of geometric distortions due to Jahn–Teller
effects alone. Also, until recently, the interpretation of the EPR spectra of low spin
iron(III) hexaamines, based on ligand field theory, was less than satisfactory [74].
Due to the importance of low spin iron(III) (and iron in general) in biological
systems, a thorough understanding of the corresponding electronic and spectro-
scopic properties is needed.
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Table 8
Experimental data for FeII/III(tacn)2, FeII/III(trans-diammac) and FeII/III(diamsar)

Fe(diamsar)Fe(tacn)2 Fe(trans-diammac)

[166,167] [53,74,75,168][163–165]Refs.
1A1 (5T2) (1A1) 5T2

1A1Ground state FeII

2T2
2T2

2T2Ground state FeIII

0.65E° (FeIII/II) (V) 0.13 0.45
2.21FeII–N (Å) 2.03 2.007, 2.030
2.007 1.968, 1.9841.99FeIII–N (Å)

28.6¥, ua (FeII) (°) 11.559
10.55358¥, ua (FeIII) (°)

16949, 25381n1, n2 (FeII) (cm−1) 16639, 25840 17123, 24691
—g1, g2, g3 (FeIII) — 1.63, 2.46, 2.84

a See Chart 2 for definition of the structural parameters.

There are only very few hexaamine systems, where full experimental details on
the iron(II) and (III) forms have been reported. These include trans-diammac,
diamsar (see Chart 1; diamsar is the bis NH2-derivative of sar, i.e. the apical
tertiary carbon atoms (caps) are amine-substituted) and tacn (see Chart 5). Ex-
perimental data for the iron(II) and (III) compounds of these ligands are given
in Table 8.

Chart 5.

From Table 8, it emerges that for both iron(II) and (III), trans-diammac leads
to the shortest Fe–N distances in the series and, therefore, to the highest ligand
field. For iron(II), there is no indication for any contribution of the high spin
electronic configuration, even at elevated temperatures (up to 325 K, solid state
and aqueous solution) [75].

Results of MM-AOM calculations of the three low spin iron(II) compounds
and of the low spin iron(III) form of the trans-diammac compound are given in
Table 9. The good agreement between observed and computed spectroscopic
properties for these compounds (and for others reported in the literature
[53,74,75]) allows an accurate structural assignment of the trans-diammac com-
plexes. For iron(II) and (III) the compounds observed in solution and in the
solid state have, according to the MM-AOM analysis, dd conformation. While,
for iron(II), this was obvious already from the X-ray crystal structural analysis
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Fig. 6. Plot of the molecular cation of [Fe(trans-diammac)](PF6)2, obtained by X-ray diffraction.

(see Fig. 6) [75], that of the iron(III) complex was disordered [74,168]. Here, the
MM-AOM analysis was used to determine the conformation of this compound in
the solid and in solution [53].

Table 9
Calculated (MM-AOM) and observed electronic transitions of low-spin iron(II) hexaamine complexes

Refs.n (cm−1) (g1, g2, g3)Strain energy (kJ mol−1)

[Fe(trans-diammac)]2+

2590082.2 [75]17400dd (MM-AOM)
96.5 23100dl (MM-AOM) 15500

2760018900ld (MM-AOM) 87.4
24700 [75]17100Observed (dd)

[Fe(trans-diammac)]3+

[53]1.45, 2.54, 2.95dd (MM-AOM) 91
1.89, 2.05, 2.46112dl (MM-AOM)

ld (MM-AOM) 0.95, 1.96, 3.2992
[53,74,168]1.5, 2.6, 2.8Observed

[Fe(tacn)2]2+

[75]2490016600(MM-AOM)
[163–165]Observed 16600 25800

[Fe((NH2)2sar)]2+

24700 [75](MM-AOM) 16400
16900 25400 [166,167]Observed
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6. Copper tetraamines

The correlation of structural, spectroscopic and redox properties has a long
tradition in the area of copper(II) chemistry. This is partly due to the bio-
logical importance of copper compounds and interesting properties of copper
proteins, but also to the broad range of coordination geometries which are available
in classical copper coordination compounds. Correlations of interest that have
been reported include those of g� � and A� � values (Blumberg-Peisach plots)
[169], the inverse correlation between equatorial and axial bonds in tetragonal
copper(II) complexes [170,171] and various correlations that include resonance
Raman, electronic spectroscopic and structural parameters of copper proteins
[172–175].

Copper(II) tetraamines usually have 4+1 or 4+2 chromophores with the four
amine donors in a distorted planar arrangement and one or two more distant axial
donors (solvent molecules, side chains of a multidentate ligand or anions) complet-
ing the coordination sphere. With tetraazamacrocyclic ligands the distortion of the
in-plane field is controlled by the size (and geometry) of the macrocyclic ring, and
14-membered macrocycles of the type of cyclam (1,4,8,11-tetraazacyclotetradecane;
a=c= (CH2)2, b= (CH2)3 in Chart 6) are most suitable for copper(II). Smaller
macrocycles usually lead to five-coordinate square pyramidal geometries, with the
copper(II) center above the plane of the macrocyclic ligand donors, and larger
macrocycles accommodate the ca. 2.0 Å Cu–N distances through a tetrahedral
twist. An example with four tetraazamacrocyclic ligands (13- to 16-membered, see
Chart 6) is presented in Figs. 7 and 8 and Table 10: Fig. 7 visualizes the distortion
of the chromophore as a function of the macrocycle ring size. The plots in Fig. 8
indicate that the spectroscopic and electrochemical properties all follow the same
pattern.

Chart 6.

From the data presented in Table 10, it emerges that, as expected from other
studies, there is excellent agreement between computed and observed structural,
spectroscopic (MM-AOM) and electrochemical (MM-redox) data. Also of interest
is the observation, emerging from Fig. 8, that the relevant molecular properties of
the four CuN4 compounds (reduction potentials, electronic and EPR spectra) are
strongly correlated to the coordination geometry, represented by the twist angle u

that describes the geometry of the central CuN4 chromophore (see Chart 3). Thus,



366 P. Comba / Coordination Chemistry Re6iews 182 (1999) 343–371

Fig. 7. Calculated structures of the chromophores of [Cu([13]N4)](OH2), [Cu([14]N4)](OH2)2,
[Cu([15]N4)](O)(OH2) and [Cu([16]N4)](O)(OH2); the first oxygen donor in the two latter structures is
from the pendent nitro group of the macrocyclic ligand [54].

the computation of spectroscopic and electrochemical properties of copper
(II) tetraamines may be based on correlation functions obtained from the
compounds discussed here, i.e. on pattern search and interpolation, and this is a
general basis for molecular modeling [56]. It may appear that interpreta-
tions based on simple correlations, such as those emerging from Fig. 8, are less
rigorous than discussions based on well established computations as, for exam-
ple, those leading to the data presented in Table 10 (see, however, discussions on
‘model and reality’ in recent articles [56,66]; note also, that from Fig. 8
it appears that the reduction potentials E° are correlated to the ligand field
strengths n1; the lack of a theoretical basis for such a correlation has been
discussed above in Section 4 [134,135,145–149]). However, recent observations
in the area of blue copper proteins that involve structural, spectroscopic and
electron transfer properties of wild-type and mutated species, indicate that
the correlation of structural deformations with electronic properties may help
to predict the behavior of new mutants and determine structures in solution,
and to further the understanding of fundamental principles in this area [172–
175].
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Fig. 8. Correlation of the CuN4 plane twist angle u (see Chart 3), the reduction potential E°, the EPR
hyperfine parameter A� �, the d–d transition n1 and its extinction coefficient o1 with the macrocycle ring
size [54,57,176].

Table 10
Experimentally determined and calculated (italics) structural and spectroscopic parameters (MM-AOM
in brackets) of a series of copper(II) tetraamines [54,57,176]

Compounda uav (°)b Exy (cm−1) E° (mV)Cu–Nav (Å) Cu–Xav (Å)

12.014[Cu([13]N4)]2+ −0.3418020 (19530)28.0(2.507)c

1.999 2.195 21.6 18640 −0.41
20830 (21200) −0.54[Cu([14]N4)]2+ 2.006 2 2.558 0.3

−0.51204001.12.5492.019
[Cu([15]N4)]2+ 2.037 2 2.512 11.5 18180 (18840) −0.42

2.038 2.493 17.2 18340 −0.40
17240 (18080)[Cu([16]N4)]2+ 2.029 2 −0.222.643 35.3

−0.18178502.008 2.682 42.5
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