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ABSTRACT

Electronic delocalization is invoked in many textbooks as the driving force of several fundamental phe-
nomena such as conjugation, hyperconjugation, and aromaticity. These phenomena are important to
explain structure, stability, and reactivity not only of classical organic compounds but also of many inor-
ganic, organometallic, and all-metal cluster species. There are a number of available theoretical methods to
quantify the electron localization/delocalization in molecules. In this review, we concentrate our efforts in
the description of those studies that analyze electron delocalization in transition metal complexes employ-
ing the two most widespread techniques to measure delocalization: the electron localization function
and the electron sharing indices obtained in the framework of the quantum theory of atoms in molecules.
While the former enables the localization of regions in the molecular space where electrons concentrate
leading to chemically significant regions such as bonds or lone pairs, the latter provides an atomic sub-
division of the molecular space where each atom localizes a certain number of electrons. The joint effort
of these techniques has already been proven as one of the most powerful methods to understand the
chemical bonding. We show that theoretical studies of electron delocalization improve significantly our
understanding of the bonding mechanism, structural properties, and reactivity of transition metal species.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Importance of TM complexes

Living organisms transport and store transition metals (TMs).
Although TM are present in small concentration ranges in bio-
logical systems, their importance is capital as they are bound to
proteins or found in cofactors such as porphyrins or cobalamins.
Iron, well-known for reversible binding of dioxygen (hemoglobin or
hemerythrin), copper which participates in activation of dioxygen,
cobalt found in vitamin B12 or molybdenum proteins catalyzing the
reduction of nitrogen and nitrate are just a few examples which
illustrate the importance of TM complexes in biological systems
[1]. TMs are also important in a wide range of fields such as cataly-
sis, material synthesis, photochemistry, bioinorganic chemistry and
even cancer treatment, as is the case for cis-platinum which was
shown, in 1965, to prevent cell division [2,3]. The synthesis of new
TM complexes is timely and some complexes find striking applica-
tions, especially in the field of catalysis. In addition, TM complexes
are appealing to the chemists due to the variety of colors exhibited
in comparison with complexes formed by the main metals, which
are usually white [4].

Due to the size and the number of electrons involved in TM
complexes, reliable purely ab initio methods are prohibitive and the
density functional theory (DFT) methods has had a prominent posi-
tion in the understanding of TM chemistry [5]. Therefore, the role
of the quantum chemistry in the field of TM chemistry has come
along with the development of new functionals in the framework
of DFT.

1.2. Chemical bonding in TM

TM complexes are species consisting of a TM covalently bonded
(coordinated) to one or more molecules or ions (ligands). The for-
mation of the complex can be understood as a Lewis acid, the TM
cation, reacting with a Lewis base, the ligand.

The most successful simple model to explain the chemical bond-
ing is perhaps the electron pairing model developed by Lewis, who
in addition to his cubic atom theory, gave rise to the well-known
octet rule [6]. The octet rule is a rule of thumb which states that
atoms tend to combine in such a way that they occupy their valence
shells with eight electrons. In TM chemistry there is an analogy to
the octet rule, the 18-electron rule, which is used for characterizing
and predicting the stability of metal complexes. The origin of this
rule comes from the fact that valence shells of a TM can accommo-

date 18 electrons: 2 in each of the five d orbitals, 2 in each of the
three p orbitals and 2 in the s orbital.

In as much as several quantum mechanical concepts such as the
electron sharing indices (ESI) [7] or bond orders [8-10] have over-
come the octet rule to analyze chemical bonding, several theories
have also been defined to improve the picture of the chemical bond-
ing in TM chemistry provided by the Lewis model. The ligand field
theory (LFT) is one of the most widely used models, still present in
most textbooks that analyze TM chemistry. LFT represents an appli-
cation of molecular orbital theory (MOT) to TM complexes, and is
an improvement over the well-known crystal field theory (CFT),
which uses an electrostatic model to explain all metal ion-ligand
interactions and was first proposed by Hans Bethe in 1929 [11].

Several quantum chemical tools have been designed to ana-
lyze chemical bonding, including the natural bond orbital (NBO)
methods [12], the charge decomposition (CDA) [13] or the energy-
decomposition analyses (EDA) [14]. For a recent review on the
nature of bonding covering some of these aspects in TM compounds
see Ref. [15]. The aim of this review is to pursue the study in TM
bonding by focusing on the electron delocalization in TM species.
Namely, we will analyze the role of two quantum chemical tools,
the quantum theory of atoms in molecules (QTAIM) and the elec-
tron localization function (ELF), to have a good grasp of the electron
delocalization in TM chemistry. We will show through a series of
examples how these two approaches can be successfully used to
analyze the most fascinating bonding situations encountered in TM
chemistry.

1.3. QTAIM and ELF, competing or complementing each other?

Since the appearance of the ELF in the literature in 1990, several
researchers [16-19] have deeply analyzed the differences between
QTAIM and ELF approaches. So far, the QTAIM has been the pre-
ferred quantum mechanical tool to analyze chemical bonding and
chemical interactions.

QTAIM, based on the topology of the electron density, enables
the partition of the molecular space into atomic regions, giving rise
to atomic properties including the atomic population and its statis-
tical interpretation accompanying, as well as a bunch of chemical
tools which were used to analyze the chemical bonds: the bond
critical point (BCP) and the ring critical point (RCP), the value of the
density, the energy density and the Laplacian of the electron den-
sity calculated in these points are just a few examples. QTAIM was
not exempt of controversy, and some of the issues of the theory,
such as the tenet [20] that a BCP and a bond path connecting two
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Table 1

B3LYP calculation for Cr(CO)s and CO (6-31G(d,p) basis set for C and O and Roos [185] augmented Double Zeta ANO for Cr). Density values (o(rpep)), Laplacian of the density
values (vzp(rbq,)), ratio values between the perpendicular and the parallel curvatures (JA1|/A3), and local energy density (H(ryp)) at the different critical points in the

molecule. All quantities are given in a.u.

Molecule bCp p(rhcp) vzp(rbcp) & A A2 A3 A1 |/)L3 H(rbcp)

Cr(CO)s Cr-C 0.1071 0.4849 0.0000 —0.0940 —0.0940 0.6730 0.1397 —0.0297
Cc-0 0.4615 0.9937 0.0000 —1.3908 —1.3908 3.7753 0.3684 —0.7747

co C-0 0.4712 1.3545 0.0000 —1.5510 —1.5510 4.4566 0.3480 —-0.7701

atomic basins is actually a sufficient condition for the existence
of a chemical bond, have been repeatedly debated [20-33]. The
quantities discussed in this review to analyze electronic localiza-
tion/delocalization do not suffer from the criticism exerted on the
interpretation of BCPs and bond paths in QTAIM theory, since the
QTAIM framework is only used as a way to partition the molecular
space to compute S;;(A) values (vide infra).

The ELF represents a quite different approach to the analysis
of the chemical bonding. In like manner to QTAIM, the ELF also
tackles the topology of a function in order to analyze the molec-
ular space, but it does not use the electron density itself but the
conditional probability for the same spin pairs (vide infra). It pro-
vides us with a division of the molecular space, but the different
pieces (basins) arising from this decomposition are not necessarily
attached to a given atom, and usually have some chemical signifi-
cance like bonding regions, lone pairs or core basins. The population
of these basins likewise gives rise to a statistical analysis which, as
we will shortly see, allows for the interpretation of the molecule in
terms of mesomeric structures.

To put it in a nutshell, ELF have some similar features to QTAIM
but generally allows for a completely different approach to the
chemical bonding. Usually the interpretation gathered coincides,
and one complements the other, as QTAIM provides with an atomic
partition which generates atomic domains, whereas ELF shows
localization domains and its partition allows for the calculation
of properties in particularly interesting chemical regions [34,35].
Moreover, the superposition of both topologies shows where a par-
ticular bonding region (or in general any basin obtained with the
ELF partition) is located with respect to the atom boundaries pro-
vided by the QTAIM. This technique has been used, among other
things, to decide about bond polarization. Notwithstanding, as we
have already shown [18], sometimes they provide different, if not
contradictory, pictures of the chemical bond. In this sense, one
should step carefully when interpreting the results arisen from
these methods.

This review is organized as follows. In the next two sections, we
will explain the theoretical basis for these two approaches. In order
to illustrate the procedure by which the different features arising
from this analysis explain the chemical bonding, we have chosen
a very simple molecule, Cr(CO)g, to serve as an example. Section 4
contains a series of examples carefully extracted from the literature
in order to cover a wide range of different chemical situations given
in TM chemistry where QTAIM and ELF have been analyzed at some
extent. Section 5 summarizes the conclusions.

2. The atoms in molecules approach to electron
delocalization

The quantum theory of atoms in molecules (QTAIM) analyzes
the topology of the molecular one-electron density and, from this
analysis, it provides a wide set of concepts useful to character-
ize electronic structure such as atomic populations and charges,
measures of electronic localization and delocalization (through
the so-called localization and delocalization indices, §(A,B), vide
infra), properties of critical points like BCPs or RCPs (electron

density, ellipticity, Laplacian and local energy density, among
others), and many others [36-39]. In the QTAIM, the Laplacian
of the one-electron density (vZp(r)), which is obtained as the
trace of the Hessian matrix, is one of the tools most extensively
used to analyze electron delocalization. The electronic charge is
locally concentrated within a molecular system in regions where
v2p(r)<0. Indeed, local maxima of the negative of this quantity
(=v2p(r)) denote spatial domains where local electron pairing
takes place providing a physical basis for the Lewis and VSEPR mod-
els [20,36-38,40-43]. Some authors have also used the ellipticity
profile along the bond path to discuss delocalization [44,45]. The
ellipticity (&) is a measure of the cylindricity of the charge distri-
bution and is calculated as e =A1 /Ay — 1 (with A <X, <0), A; being
the eigenvalues of the corresponding eigenvectors of the Hessian
matrix of p(r) perpendicular to the bond path. Values of ¢ greater
than zero may indicate, for instance, partial m-character in a bond
or the presence of agostic interactions [45]. On the other hand, local
energy density, which is calculated as the sum of the local kinetic
plus potential energy, H(r)=V(r) +K(r), is used to decide about the
covalency of the bond into question; H(r)<0 is usually given in
covalent interactions while H(r) > O for ionic ones.

Table 1 collects the aforementioned data for Cr(CO)s and CO
(see also Ref. [46] for a detailed discussion). Values of [A1|/A3<1,
O(Tpep) small, vz,o(rbcp)>0 and small §(A,B) are typical of closed-
shell interactions such as ionic, hydrogen bonds, or van der Waals
interactions, while |A1|/A3>1, p(rpep) large, vzp(rbcp) <0 and large
&(A,B) correspond to covalently shared interactions. On the other
hand, metal-metal bonds are characterized by similar values to
those found for ionic interactions, except for the fact that delocal-
ization indices are much larger in metallic than ionic interactions
[46]. The CO molecule has a very special electron density as a result
of the charge transfer from C to O and a large opposing polariza-
tion due to the positive charge on C [47]. As a result, the value of
the Laplacian at the BCPs in Table 1 is positive, indicating elec-
tron depletion, particularly large at the C-O bonding, but values
of p(rpcp) and §(C,0) (see Table 2) are quite large, so it must be
considered a shared interaction corresponding to a covalent polar
bond [46]. All the values are very similar for free CO and CO in
Cr(CO)g excepting for the Laplacian which is slightly greater in free
CO, indicating a higher depletion in carbon monoxide. The value
of the density is small in the Cr-C BCP and the ratio between the
eigenvalues |A1|/A3 for Cr-C is also typical of closed-shell dative

Table 2

B3LYP calculation for Cr(CO)s and CO (6-31G(d,p) basis set for C and O and Roos
[185] augmented Double Zeta ANO for Cr). QTAIM basin (N), electronic charge (q),
localization index (A), percentage of localization with respect to population basin
(%)) and electron sharing indices (§(A,B)) for Cr(CO)s. All quantities are given in a.u.

Molecule Atom N q A %A Pair  §(A,B)

Cr(CO)s Cr 22.8027 1.1973 19.9106 8732 Cr,C 0.8172
C 4.9947 1.0053 35525 7113  CO 1.5436
(] 9.2042 -1.2042 83000 90.18

co C 4.7784 1.2216 39135 8190 CO 1.7262
0 9.2216  -1.2216 83585  90.64
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interactions. The eigenvalues of the Hessian are degenerate due to
the symmetry of the molecule, and thus the ellipticity is zero, for
both BCPs. The value of the energy density at the BCP is negative for
both compounds, indicating that the local potential energy (V(r))
partly predominates over the local kinetic energy (K(r)); as is the
case for shared interactions, the value is specially large for C-O.
Overall, Cr-C presents the typical signature of a closed-shell dative
(or semipolar) interaction, on the other hand, C-O presents similar
features to those found in free CO.

Both, the Laplacian and the ellipticity are properties based on the
one-electron density. However, since the electron pair formation
[48] depends on the probability of finding two electrons simul-
taneously at two positions close in space, most methods used to
determine electronic localization/delocalization are based on the
two-electron density or pair density [49-52], y°1°2(74, T5), which
is the simplest quantity that describes the electron pair behavior.
The pair density can be interpreted as the probability density of two
electrons being simultaneously at positions 7; and 7, with spins o
and o, respectively, regardless of the position of the other N—2
electrons. Thus, °192(7y, 7, ) is the natural function to examine very
relevant quantum chemical phenomena such as the electron cor-
relation effects or the formation of localized «, § pairs. After spin
integration of y°192(¥1, 72 ), one gets the spinless pair density, which
can be split into an uncorrelated pair density part and a part that
gathers all exchange and correlation effects

Y(F1, T2) = p(F1)p(F2) + Vxc(T1, T2). (1)

The uncorrelated part of the pair density, given by the product
o(71)p(F), provides the probability density of finding simultane-
ously two independent electrons at positions 7; and 75; it can
be considered as a fictitious pair probability which allows for
two particles to be located in the same position. The difference
between y(71, T,) and p(71)p(F7) is the exchange-correlation den-
sity, vxc(T1, I2), which is a measure of the degree to which density
is excluded at 7, because of the presence of an electron at 7. Given
the fact that the one-electron density and the pair density are nor-
malized to N electrons and N(N — 1) electron pairs, respectively, the
double integration of the exchange-correlation density, as defined
inEq.(1),yields —N electrons, corresponding to the number of auto-
pairs contained in this fictitious pair density, p(71)o(7>). By dividing
y(71,7,) by p(71) one gets the so-called conditional pair density,
P(71, T2), which gives the probability of observating an electron at
position , when one electron is known to be at reference position
ri:

)’(ﬁ: r2) )
p(r1)

Since y(1, 2) can be further partitioned in same spin and unlike

spin electron contributions:

P(t1,12) =

Y(F1, F2) = YT, T2) + P (P, ) + PR, B2) + PP(RLT), (B)

it is possible to write the P?®(7, T») and P°° (71, T») contributions
to the conditional pair density as

PoO(F, 1y) = pO(F2) + ped (1, 12), (4)
P9 (F1,T2) = p° (F2) + pC (F1, F2). (5)

InEgs. (4) and (5), the pg? (71, T2) and pZ9' (71, T2) (0 =, B) terms
are the so-called Fermi and Coulomb holes. The Fermi hole is a
non-positive quantity determining the decrease in the probability
of finding another electron with the same spin relative to a fixed
position of the electron of reference located at ;. Its integral over
75 equals —1, corresponding to the removal of a same-spin elec-
tron from the o-spin density, p?(7,). Bader and Stephens [53,54]

showed that the extent of localization or delocalization of an elec-
tron of reference is determined by the corresponding localization
of its Fermi hole [48]. Accordingly, Fermi hole density maps have
been employed to discuss electronic delocalization [55-59]. Other
related quantities are the localization and delocalization indices
(LIs and DIs) defined by Bader and coworkers [54,60,61] within the
framework of the QTAIM [36-38,62]. These indices are obtained
by the double integration of the exchange correlation density (the
sum of the Fermi and Coulomb holes weighted by the density of
the reference electron) [49,50] over the atomic domain.

A(A)=f//)/xc(71,?z)d?1 dry, (6)

AJA

S(A, B)=72/\/)/XC(;1,F2)C11_;] d;2 (7)
BJA

The DI [60], 6(A,B), more generally known as electron sharing index
(ESI) [7], gives a quantitative measure of the number of electron
pairs delocalized or shared between atomic basins A and B, while
the LI [60], A(A), is a measure of the average number of electrons
localized on atom A.

Let us briefly mention here that single instead of double inte-
gration of the exchange correlation density in a given domain gives
rise to the domain-averaged Fermi holes (DAFH) [65], which have
been used by Ponec and coworkers to locate electron pairs, visualize
chemical bonds, and analyze its nature [63-70].

Egs. (6) and (7) require integration over atomic domains. In
the QTAIM, these domains are the atomic basins [36-39] defined
as the regions in real space bound by zero-flux surfaces in p(7)
or by infinity.! Usually each basin contains an atomic nucleus,
which acts as a topological attractor for the basin. Thus, each
non-overlapping and non-spherical basin is assigned to one of the
atoms in a molecule. This partitioning scheme ensures that each
atomic subsystem behaves as a proper open system. Moreover, the
atomic contributions to any molecular property can be calculated
by integration of the proper operator through the atomic basins. For
instance, the electron population of an atom A is defined as follows:

N(A) = / p(r)dF, (8)
A

where the subscript A indicates that the integration has to be
carried out only through the space corresponding to the atomic
basin of atom A. From the electron population one may obtain the
atomic charge subtracting the atomic number: g(A)=Z(A)— N(A).
The atomic properties obtained in this way are additive, summing
to the corresponding values for the total system. Thus, summation
of all the atomic populations in a molecule yields the total number
of electrons, N. The following sum rule can be easily demonstrated:

N(A) = A(A) + %Z(S(A, B). (9)

B+A

Eq. (9) proves that the total number of electrons belonging to a
given atomic domain can be exactly partitioned into its localized,
A(A), and delocalized, 1/223 w\S(A, B), parts. It is also customary
to provide the percentage of electron localization in a given basin,
calculated as the ratio %A(A) =100 x A(A)/N(A).

Table 2 contains the integrated quantities for Cr(CO)g and CO.
The charge on C atom decreases by about 0.2 e when going from
free CO to the Cr(CO)g complex. Let us note in passing that atomic
charges are not absolute values and that different atomic charge

1 In calculations a threshold on the value of the density is used to find the practical
limits of the atomic basins.
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methods have different scales and yield different values for the
same compound [71]. Neither the values of the charge nor the
delocalization indices found for oxygen atoms vary when CO coor-
dinates to Cr. The value of 1.544 e for the DI between C and O is
slightly smaller to that found in free carbon monoxide (1.726 e at
the B3LYP/6-31g(d,p) level). The reduction in the number of delo-
calized electrons (0.178 e) between C-0O does not correspond to an
increase in the electrons localized in the C basin, which remain
practically constant. Instead, they delocalize towards Cr, as sug-
gested by the lower electron localization (11%) of carbon basin in
the complex and the significant electron sharing between Cr and C
(DI amounts 0.817 e). This reorganization is already expected tak-
ing into account the fact that the bonding between the CO and the
complex follows the well-known Dewar-Chatt-Duncanson (DCD)
scheme [72,73], with o-donation from the CO 1 orbital to an unoc-
cupied d orbital of the metal and backdonation from an occupied d
orbital of the metal to the 7* orbital of CO.

The calculation of LIs and DIs can also be done using other
partitions, like the Mulliken-like partitioning in the Hilbert space
spanned by the basis functions or the fuzzy-atom approach [74]
and, in many cases, one obtains similar values to those provided by
integration over QTAIM atomic domains [75,76].

Egs. (6)-(9) can be applied at any level of theory, provided that
the first and second-order density functions are known. For TM
species, the calculation of LIs and DIs is usually carried out with the
DFT approach using the approximate wave function derived from
Kohn-Sham orbitals [77]. In this case, as well as at the Hartree—Fock
(HF) level, the expressions for the LI and DI are written as

MA) =D (A, (10)
i.j

5(A, B) =2 "S;(A)S;(B), (11)
iJj

where §;;(A) stands for the atomic overlap matrix (AOM) of atom A
(overlap between molecular orbitals integrated within the basin
of atom A) and the summations run over all occupied molec-
ular spin-orbitals (MSOs) in the molecule. The quantity V(A) =
ZB#AS(A, B) = 2[N(A) — A(A)] is taken as a measure of number
of electrons on A that are delocalized over other atoms. At the HF
and DFT levels, Lis and DIs in Eqgs. (10) and (11) reduce to Wiberg
indices if integrations over atomic basins are replaced by a Hilbert
space partitioning of the corresponding integrals. The AOMs in Egs.
(10) and (11) that are needed to compute LIs and DIs and can be
obtained using different programs, among them the AIMPAC [78],
AIM2000 [79-81], MORPHY98 [82-84], XAIM [85], TOPOND [86],
and GAUSSIAN9S suites of programs [87].

The definition of DI can be generalized to study multicenter
bonding. It is possible to define a multicenter DI [88,89] between
the N centers A; to Ay. Let us consider a ring structure of N atoms
represented by the following string A = {Aq, Ay, ..., Ay}, Whose
elements are ordered according to the connectivity of the atoms in
the ring. The closed-shell form of this index at the HF or DFT level
is given by:

occ.MO
Ling(A) =2 >~ S, (A1)Siyi, (A2) . Siyi, (AN), (12)

i1,0niy

where the internal summation run over all occupied molecular
orbitals (MOs).

Bultinck and coworkers have proposed an alternative to the I;jng
index: summing up all the I;;,; values resulting from the permu-
tations of indices A1, Ay, ..., Ay to define the multicenter index,

whose formula reads:

MCI(A) = %Zlmg(/t), (13)
(A)

where P(A) represents all possible permutations between centers
Aq to Ay. The reader may easily prove that MCI[88,89] and I, pro-
vide the same values for three-membered rings, since permutation
of three elements keep the connectivity between them. These def-
initions are ring size-dependent, and recently we recommended a
normalization of Eqs. (12) and (13) which provides values closely
matching the topological resonance energies per m-electron [90].

Several other measures of aromaticity have been proposed
based on the DIs, among them we can cite PDI [91], FLU [92], MCI
[93], Ing or Ing [90]. For a critical assessment of this and other mea-
sures of aromaticity see Refs. [94] and [95]. The DIs and LlIs as well
as FLU, PDI, Iy, and MCI indices can be calculated from the AOMs
by means of the ESI-3D program [96].

One of the aims of this review is to illustrate with some
representative examples the utility of the electron localiza-
tion/delocalization analysis in the framework of the QTAIM for
the description of chemical structure, molecular bonding, and
reactivity. As said before, the QTAIM provides different tools for
the characterization of the chemical bonding; however we will
concentrate on those concerning the analysis of electron localiza-
tion/delocalization. Namely, in this work the usage of the atoms
in molecules (AIM) theory of Bader mainly concentrates in the
use of AIM atomic partition defined from the condition of zero-
flux gradient in the one-electron density to compute S;(A) values.
However, as said before [75,76], other partitions of the molec-
ular space can also be used. In the following, we restrict the
QTAIM papers in the review to those studies that use LIs and
DIs obtained from the second-order density to discuss electron
localization/delocalization in molecules containing TM. Comple-
mentary reviews on this topic and related issues can be found in
Refs. [46,97-99].

3. Electron localization function
3.1. Introduction

Nowadays one of the most widely used quantum-mechanical
tools to analyze electron localization is probably the electron
localization function (ELF). The ELF was introduced by Becke and
Edgecombe from the leading term in the Taylor series expansion
of the spherically averaged same-spin conditional pair probability
[98,100-103], Eq. (4). The conditional probability presents a clear
advantage over the pair density: it contains all relevant informa-
tion about the motion of pairs of electrons as the pair density does,
while it does not contain irrelevant information concerning the
position of the reference electron 1. Becke and Edgecombe [100]
took the spherical average of the conditional probability for same
spin electrons:

1 2w
TP T 3) = o ( / / eV d9d¢) POO(F. 7. +9)l5-0
T \J-1Jo

_sinh(sV) opn 2 -
= S7VP (r,7r+5)]
and expanded it by series of Taylor around the position of the ref-

erence electron [104]:

(14)

§=0°

(@ VPoO(F, 7 +3))

1 L
(1 + g Ve ) PO (7, 7, +5)_;

%szvfpfm(f,rﬁ)r " (15)
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The r.h.s. of Eq. (15) holds because the same spin pair density
at the coalescence point is zero, y°°(r,r)=0, as stated by Pauli
principle.

Becke and Edgecombe [100] used a function proportional to the
leading term of the Taylor expansion of the spherically averaged
same-spin conditional pair probability:

1
2

and calculated the relative ratio with respect to the same quan-
tity for the homogenous electron gas, DY, for a monodeterminantal
wave function (where the pair density can be calculated straight-
forwardly from the density) [105]:

(16)

Dy _ (VP77 +5)/(s*[3)
Do 35672 P[po (PP i

D(F) =

VIO (F, 4+ 5)l_g
= EATER (17)
cr[2p°(7)]
where the cf is the Fermi constant.

The probability of observation an electron with spin o when
there is already another electron with the same spin nearby is
lower when the former is localized. Therefore, the ratio in Eq. (17)
accounts for electron localization; the higher it is, the lower the
localization. The ELF was defined as a function of the aforemen-
tioned ratio in order to range the electron localization measure in
the interval [0,1] [100]:

1 1
=2 02’
1+D(F)" 1+ (Dy/D2)

ELF=1 corresponds to a completely localized situation, O to corre-
sponds to a delocalized system, and ELF = 0.5 is the value one should
obtain for the homogenous electron gas.

The original definition of the ELF was developed for a monode-
terminantal wave function, and thus Eq. (17) was further simplified
by expanding the pair density in terms of the first-order density
matrix. In the present development we have preferred not expand-
ing the pair density, so that the ELF definition is general for any
method which has the pair density available. Unfortunately the
exact expression of the pair density for the homogenous electron
gas remains unknown (to be the best of our knowledge) and thus
the ELF definition is not general in this respect. However, Silvi [106]
and Kohout [107] independently demonstrated that ELF expres-
sion might be derived without any need of using the homogenous
electron gas as a reference. Indeed, we already proved that their
expressions, and those developed by Dobson [108,109] are equiv-
alent [110]. For a recent review on the limits of the ELF see Ref.
[111].

The ELF has also been calculated separately for alpha and beta
orbitals with the aim to study different spin contributions on some
radical systems [112]. The ELF has been successfully used to gain
inside on aromaticity [98,113,114], to analyze the changes in elec-
tronic structure along a given reaction coordinate [115,116] and
to distinguish between similar mechanisms of reaction [117,118],
among other things.

3.2. Topology of the ELF

The most attractive feature of the ELF comes from its graphi-
cal representation. The ELF provides a nice picture of the electronic
structure in molecules [119], by showing the regions of the molec-
ular space where electrons localize. The local maxima of ELF define
localization domains. In contrast with QTAIM, the domains do not
correspond to atoms in the molecule, but to chemically interesting

Fig. 1. ELF=0.60 isosurface for Cr(CO)s (B3LYP calculation with 6-31G(d,p) basis set
for C and O and Roos [185] augmented Double Zeta ANO for Cr). The valence basins
for oxygen, carbon and chromium are indicated.

regions. Namely, three different domains are obtained from the ELF
partition of the molecular space: bonding and non-bonding valence
domains (usually corresponding to bonds and lone pairs respec-
tively) and core basins [ 103]. The spatial organization of localization
domains will provide with the classification of the chemical bonds.
Namely, the synaptic order, or the number of atoms to which a
given basin is bounded, determinates the nature of the basin in
question.

The ELF reproduces to some extent the shell structure of atoms
[120,121], and unlike other quantities which account for the elec-
tron localization such as the Laplacian of the electron density
[122,123,124], the ELF also provides a good estimation of the num-
ber of electrons per atomic shell (shell numbers). However, as we
have recently proven [110], even for correlated wavefunctions the
ELFis not able to recover the shell numbers for TM atoms. Especially
difficult to recover are outer shells such as M or N; for such atoms
their configuration is no longer exclusively ruled by the Aufbau
principle, and Hund’s rule plays a prominent role [110].

Fig. 1 displays the isosurface ELF=0.60 for Cr(CO)g. The higher
the ELF value, the easier to identify the basins. In the picture we may
see the valence basin associated with the oxygen atom lone pair,
V(0), the carbon and oxygen bonding basins, V(C,0) and chromium
valence basin V(C,Cr). Between V(C,0) basin and V(C,Cr) one can
see the carbon core C(C) basin, and in the center of the axis the core
basin associated with chromium pops up. Examining the picture
we may already extract a conclusion about the bonding in Cr(CO)g.
The disynaptic character of the bonding basin, V(C,Cr), seems to
suggest that there is a shared interaction between Cand Cr, however
according to the distance between V(C,Cr) and the core basins C(C)
and C(Cr) this is a rather closed-shell interaction. Further analysis
on the correlation between these basins might shed some more
light in this issue.

3.3. Bifurcation analysis

The topology of ELF provides localization domains. When such
domains are studied for a given reaction we may follow a reaction
mechanism as a series of topological changes occurring along the
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Fig. 2. ELF bifurcation diagram for Cr(CO)g.

reaction path. The changes in the topology, such as the breaking or
joining of basins, are restricted by the mathematical condition of
Poincaré-Hopf.

In order to define a hierarchy of localization basins, the con-
cept of localization domain was introduced [125]. A localization
domain is a volume limited by one or more isosurfaces and contain-
ing at least one attractor. If the domain contains only one attractor
it is called irreducible, otherwise reducible. Increasing the value of
the ELF isosurface reducible domains reduce to smaller reducible or
irreducible domains. Such reduction occurs at the turning points,
critical points located at the separatrix of the two basins involved
in the parent domain. This turning might be ordered by increasing
value of ELF providing a hierarchy diagram or bifurcation diagram.
This diagram gives a clear picture of how the domains localize from
groups of basins to individual basins.

Fig. 2 depicts the bifurcation diagram for Cr(CO)g. For values
greater than ELF = 0.23 the different Cr-CO fragments separate from
each other, as one would expect since each CO barely interacts with
the others. At ELF = 0.58 V(Cr,C) separates from the pattern domain,
pinpointing the closed-shell character of C-Cr interaction. On the
contrary, C-O covalent bond separates into V(O) and V(C,0) when
ELF reaches the high value of 0.80.

3.4. Statistical interpretation of the electron density in ELF
domains

The partition of the molecular space enables basin-related prop-
erties to be calculated by integrating the density of a certain
property over the volume of the basins. Thus, for a basin labeled
£2;, one can define the average population as:

N($2) = / p(F)dF, (19)
£2;
and its variance:

o2(82)) = (N(2)) — N(2))")
= / Y7y, ) diy diy — N(2)[N(£2) - 1]. (20)
£2;

The variance of the basin population is a measure of the quantum
mechanical uncertainty of the basin population, which can be inter-
preted as a consequence of the electron delocalization. One can also
define likewise the pair population:

N(Qi»Qj)E<N(~Qi)'N(Qj)>:/ / YA(Fy, 7p) dFy diy, (21)
2 Je

The variance, 62(£2;), can also be split in terms of contributions
from other basins,

o)== V(i 2, (22)
J#i

where V(£2;, £2;) is the population covariance, and is calculated as
follows:

V(82;, £2j) = (N(82;) - N(£2;)) — (N(£2:))(N(£2;))

= @71, Ty) = p(i1)p(T2)) dFy dF
/A?.-/ﬂ,-(y (F1,12) — p(F1)p(T2)) dry dr; (23)

=/ /(yxc(?laFZ))dFldFZ
2 /9

Inspection of Egs. (23) and (7) gives another interpretation for
the DI. It is actually proportional to the covariance of the popu-
lations of the two atoms involved. Both quantities, the covariance
of the populations between ELF domains and the DI between two
given atoms, account for the correlative interactions between two
givenregions of the molecular space, but due to the different nature
of the partitioning of the molecular space, the resulting quantities
are not same.

The relative fluctuation measures the ratio of electrons delocal-
ized in a given basin with respect to the population of that basin.
This quantity, which is non-negative defined, gives a percentage of
electron delocalization in a given basin:

2
=) oo o N2 —AME2) 460 (24)

N($2)) N(£2))
where A(£2;) has the same significance than in Eq. (6) but applied
to an ELF basin.

In order to estimate the importance of a given interaction
between a pair of basins with respect to the number of electrons
delocalized in that basin, one can calculate the contribution analysis
(CA) which reads as follows:

- _ V&85 100 = —V(&2, §2)
Z,<¢jv(9j7 Qk) Uz(Qj)

Finally, the integrated spin density may also be important for open-
shell systems:

Ar(82) N(82;) — A(82;)

CA($2;152) -100, (25)

SA82) = / [p%(F1) — pP(F1)] dFy. (26)
2;

Table 3 collects the values for some of the functions aforemen-
tioned. The core basins of Cand O only contain the 1s2 core electrons
which are highly localized and thus the contribution analysis is
irrelevant for these basins. The chromium core basin is however
more spread and correlated with valence basins V(Cr,C) as expected
for TM which locate electrons in more delocalized orbitals. V(O)
contains the lone pair of oxygen and is highly correlated with the
V(C,0) basin. On the other hand, V(C,0) holds an average of 3.12e,
suggesting a triple bond highly polarized towards oxygen as one
may deduce for its high relative fluctuation, whose main contri-
bution comes from V(0) basin. The bonding between Cr and C can
be studied for the parameters of V(Cr,C) basin. Despite the fact the
basin holds an average of 2.76 electrons, these electrons are highly

Table 3

B3LYP calculation for Cr(CO)g (6-31G(d,p) basis set for C and O and Roos [185] aug-
mented Double Zeta ANO for Cr). ELF values at attractors (»n), basin populations
(N(£2;)), standard deviations (62(£2;)), relative fluctuations (A¢(£2;)), and contribu-
tions of the other basins (%) to o2(£2;), obtained for the Cr(CO)s.

2 n N($2;) 0%(£2;) Ap($2;))  Contribution analysis (>10%)

C(C) 1.00 208 024 11.54%  38% V(Cr,C), 38% V(C, 0), 13% V(0)
Cc(0) 1.00 214 034 15.89%  32%V(C,0),61%V(0)

C(Cr) 1.00 2130 247 11.60%  13% V(Cr,C)

V(0) 0.92 434 142 32.72%  15% V(Cr,C), 63% V(C, 0), 14% C(0)
V(C,0) 0.86 312 145 46.47%  21%V(Cr,C), 61% V(0)

V(Cr,C) 0.93 276 130 47.10%  23%V(C,0), 25% C(Cr), 16% V(0)
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delocalized towards oxygen (23% V(C,0) and 16% V(0)) as well as
towards the chromium (C(Cr) weight amounts 25%) and the other
V(Cr,C’) basins (20% total, 5% from each closer basin). The large dis-
tance between C(Cr) and V(Cr,C) (see Fig. 1 for the empty space
between basins) suggests a closed-shell interaction with some cor-
relation between Cr and C according to contribution analysis value
for C(Cr) vs. V(Cr,C) and vice versa. There is a small disagreement
between the number of electrons localized in Cr comparing ELF
and QTAIM: while localization index of Cr was ca. 20e, here we
see the localized core basin locates 21.30e. Taking into account,
however, that these electrons are partially delocalized over V(Cr,C)
basins, this disagreement can be considered minor and overall we
may conclude QTAIM and ELF give a similar electron delocalization
picture.

3.5. Mesomeric structures

The data provided by the topological analysis can be used to con-
struct models which help the elucidation of the chemical bonding,
namely, the phenomenological description of the chemical bonding
in terms of superposition of mesomeric structures. Silvi proposes
to make the following assessments [126]:

1. Electrons of the valence shell of an atom are distributed among
the valence basins of such atom.

2. Monosynaptic basins carry nonbonding electrons (e.g. lone pairs,
core electrons).

3. Polysynaptic basins contain bonding electrons between the
basins connected.

4. Several electron pairs may be assigned to one given basin.

In order to illustrate this approach, we will follow Silvi and
coworkers [127], and use the N, molecule as an example. N,
molecule has a very simply topological structure with two core
basins which contain the inner core electrons 1s2, C(N) and C(N'),
two valence monosynaptic basins, V(N) and V(N’), correspond-
ing to the lone pairs, and one bonding disynaptic basin, V(N,N’).
We consider the following four mesomeric structures for N
molecule:

(N=N| [N=N) (N-N)
1 2 3

IN=N]
27
4 (27)
where “(” represents a couple of lone pairs. One may write a matrix
which contains the expected number of electrons of the valence
basins for each mesomeric structure:

1234 /w /
/ N(V(N, N')) = 3.44
VIN,N) 4426 1wy | _ [Ny = 3.28 . (28)
VIN) 4 2 4 2 | ws N(V(N')) = 3.28
VIN) 2 4 4 2 \ws -

And then calculate which would be the corresponding weight, w;,
for each structure so that the current population of each basin is
fulfilled. This procedure yields w; =w; =0.31, w3 =0.33 and
wy = 0.05 at the B3LYP/6-311+G(2d) level. Although the value of
the last mesomeric structure may seem surprising, in the ELF frame-
work the contribution of p orbitals to the bonding basins and the
V(N) is equally shared [127].

Let us now try to rationalize Cr(CO)g bonding from mesomeric
structures. We propose three electron distributions:

Cr-C=0> (Cr=C=0] Cr-C=0Q|

1 2 3 (29)

which generate the following set of equations to solve:

Vv(0) }1 3 3 w1 N(V(0)) = 4.34
V(C,O) 4 4 6 | V2|~ N(V(C,0))=3.12 |, (30)
V(cf,C) 2 42 \™ N(V(Cr, ) =2.76

with solution wy = 1.15, wy = 0.36 and w3 = —0.48. Among the
configurations proposed the one that better fits the actual values of
the basin population is 1, which attributes some interaction to Cr-C
pair and a highly polarized situation. This analysis, however, does
not take into account the actual location of the basins involved. In
the present case, one should mention that V(Cr,C) attractor is sep-
arated from C(Cr) attractor by 2.5 A, while the distance between
V(Cr,C) attractor and C(C) amounts only 1.1 A; one can easily check it
by examining Fig. 1. In addition, one may here compare this distance
with the QTAIM atomic basin limits. The Cr-C BCP, which separates
Cr and C atomic basins, lies 1.79 A far from Cr attractor. Thus, most
V(Cr,C) basin lies inside the carbon atomic basin further supporting
a closed-shell dative type interaction. Since V(Cr,C) lies much closer
to carbon than to chromium this mesomeric analysis in Eq. (30) is
rather unrealistic. V(Cr,C) is actually much likely to be defined as
V(C), and thus configurations in Eq. (29) do not represent the real
distribution in the molecule according to ELF topology. Therefore,
we have not pushed further the analysis of the mesomeric struc-
tures for this system. However, in general, to better reproduce the
features of electron localization in the latter analysis one should
include information regarding the second order density matrix.

In this sense, Silvi suggested a much more complete method of
determining the weights of the molecular structures by also includ-
ing information regarding the covariance of the electron population
basins. In this case, apart from the Eq. (28) or Eq. (30) we would also
include the covariance, leading to a set of equations for which the
best values, in a least square sense, should be determined. See Ref.
[126] for further details.

In order to carry out an ELF study of a given molecular system
we recommend the ToOPMoD package, which provides a suite of pro-
grams to perform all the analyses mentioned in this section [128].
Such a program can also perform a QTAIM analysis, and is thus
worth considering for joint ELF-QTAIM studies.

4. Selected examples

We will start this section by analyzing the metal-ligand bonding
in a series of complexes, leaving the special TM-carbonyl bond-
ing for the next subsection. Section 4.3 is devoted to the TM-TM
bonding, and Section 4.4 is left for the multicenter bonding in TM
chemistry.

4.1. Metal-ligand bonding

The study of the molecular structure and bonding of TM com-
plexes by means of DIs has been the subject of several studies. Let us
start the discussion from the simplest species having just a metal
and a ligand. So, the first work that we comment here refers to
the study [129] of the ground and low-lying states of the simple
doublet Cu(H,0)%* species, an open-shell TM complex. The authors
found that at the CCSD(T) level Cu2*-H,0 presents Cy, symmetry
and the ground electronic state is a 2A; state. At this level of theory
the relative order of the electronic states is 2A; <2B; <2B; <2A,.
On the other hand, DFT results show that the relative stability
of these states vary depending on the degree of mixing of exact
HF and DFT exchange functional. For pure and hybrid function-
als with low percentages of HF mixing (up to 20-25%), the 2B;
state becomes more stable than the 2A; one. These changes are
related to the electronic delocalization in the different electronic
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Fig. 3. Schematic representation of the cytosine-guanine base pair interacting with
the metal cation. Taylor & Francis Ltd. http://www.informaworld.com, reprinted by
permission of the publisher, Ref. [132].

states that was measured using DIs. For 2B+, pure functionals pro-
vide a delocalized picture of the electron hole, whereas in the 2A;
state the hole is more localized at the metal atom. Since delocal-
ized situations are overstabilized by DFT functionals, the 2B; state
is wrongly predicted to be lower in energy than the 2A; by pure
functionals. The admixture of exact exchange in the B3LYP-like
functionals reduces the error by reducing the degree of delocal-
ization [130]. It was found that 40-50% mixing provides results
in very good agreement with CCSD(T). More recently, the side-on
(Cyy) and end-on (Cs) ground and lowest lying excited states of the
doublet CuO, molecule have been examined with a similar proce-
dure [131]. CCSD(T) results at the complete basis set limit showed
that the relative stabilities of the different electronic states are
2Ay(Cay) <2A"(Cs) <2By(Cy) < 2A/(Cs) < 2A1(C2y) < 2B1(Cay). At vari-
ance with CCSD(T), all DFT methods analyzed in this work
(including B3LYP-like methods incorporating different degrees of
exact exchange) erroneously predict the end-on 2A” state as the
ground state for CuO, irrespective of the type of functional used.
However, unlike Cu(H,0)?*, the overestimated stability of the end-
on 2A” state at the DFT level cannot be ascribed to differences in
electronic delocalization between the end-on 2A” and side-on 2A,
states, since in both states the unpaired electron is almost totally
localized on the Cu atom. Thus, the reason for the DFT computed
higher stability of the 2A” relative to 2A, state was ascribed to the
larger covalent character of the former state.

In a subsequent work [132], the DIs were use to analyze how
metal cations (M=Cu*, Ca%*, and Cu?*) coordinated to the N; of
guanine (see Fig. 3) and ionization affect the nature of the hydrogen
bonds (H-bonds) and the aromaticity of the different rings for the
Watson-Crick guanine-cytosine base pair (GC) [132]. Table 4 con-
tains the B3LYP aromaticity results (for the indices used, we have
that the more negative the NICS [133], the lower the FLU index [92],
and the higher the HOMA [134] and PDI values [91], the more aro-
matic are the rings) for the 6- and 5-MRs studied (see Fig. 3). The

Table 4

H-bond formation in GC implies a certain loss of m-charge in Ny
and a gain in Og, respectively, thus increasing the relevance of the
resonance structure 2 (see Fig. 4), which favors the intensification
of the aromatic character of the guanine 6-MR. The increase of the
aromaticity of the guanine and cytosine 6-MRs due to the interac-
tions with Cu* and Ca?* is also attributed to the strengthening of
H-bonding in the GC pair, which stabilizes the charge separation
resonance structure 2 [135,136]. This effect is stronger for the diva-
lent Ca%* metal cation than for the monovalent Cu*. Meanwhile,
the observed reduction of aromaticity in the 5- and 6-MRs of gua-
nine due to ionization or the interaction with Cu?* is caused by
the oxidation process that removes one m-electron, disrupting the
m-electron distribution. In a recent related work, the influence of
metal cations (Na*, K*, Mg2*, and Ca?*) on the aromaticity of the
six-membered rings of phenylalanine and tyrosine has been dis-
cussed in terms of multicenter bond indices [137]. The results show
that interaction of the metal cations with the aromatic ring of the
amino acids reduces the aromaticity of the complexed species as
compared to the isolated states. The effect is larger for the divalent
cations.

Let us now consider the TM complexes with multiple ligands.
The bonding to titanium has been studied in two studies by means
of DIs. For the hypovalent titanium alkoxide model complexes,
Dobado et al. [138] found that the values of §(Ti,0) ranging from
0.96 to 1.08 e were consistent with a Ti-O polarized triple bond
with significant covalent character. The ELF analysis revealed a
spherical monosynaptic basin, V(O), with a population of roughly
six electrons pointing towards the C(Ti) basin, corresponding to
Ti-0 bonding and indicative of triple bonding highly polarized (the
bonding basin is exclusively attributed to Ti). This is corroborated
by the observation that C(Ti) and V(O) are highly correlated. On
the other hand, Bader and Matta [139] analyzed the nature of Ti-C
contacts in a Ti bonded to cyclopentadienyl and a substituted dienyl
complex to determine whether these interactions should be con-
sidered as short nonbonded contacts or agostic interactions. The
low DIs found by these authors and the lack of Ti—C bond paths
were consistent with the former hypothesis.

In another study, the bonding in a series of 25 Fischer carbene
complexes of the type (CO)sCr=C(X)R (X=H, OH, OCHs, NHj,
NHCH3 and R=H, CH3, CH=CH,, Ph, C=CH) was analyzed using
DIs [140]. The electron delocalization between the Cr and C atoms
(that ranges from 0.623 to 1.124 e) and between the C atom and the
X group (from 0.931 to 1.332e), both typical of single bonds, are
related to the m-donor strength of the X group and the degree of
backdonation between the chromium pentacarbonyl and the car-
bene fragments. Thus, for a given R, §(Cr,C) decreases in the order
H>OH > 0CHj3 > NH, > NHCH3, while the increase of the m-donor
character follows the opposite order. The increase in the m-donor
character of the X substituent partially switches off the backdona-
tion mechanism and this is reflected in the reduction of the §(Cr,C)
values. Small negative values of the 3-center DIs [141-145] (Eq.
(12)) between Cr, C, and X and the significant §(Cr,X) values were

NICS (ppm), PDI (electron pairs), HOMA, and FLU aromaticity measures of the five- and six-membered rings of guanine (G) and six-membered ring of cytosine (C) computed

with the B3LYP method.?.

System NICS PDI HOMA FLU

G-5 G-6 C-6 G-6 C-6 G-5 G-6 C-6 G-5 G-6 C-6
GC -11.94 —4.10 -1.86 0.036 0.040 0.848 0.795 0.703 0.025 0.033 0.035
[GC]** -5.41 —0.31 -2.49 0.023 0.042 0.829 0.550 0.773 0.028 0.048 0.031
Ca**-GC —10.67 —4.76 -2.53 0.044 0.045 0.843 0.886 0.797 0.023 0.024 0.029
Cu*-GC —10.64 —4.59 -2.25 0.040 0.043 0.869 0.898 0.761 0.021 0.027 0.032
Cu?*-GC —7.37 —2.00 -3.07 0.022 0.040 0.915 0.760 0.822 0.033 0.058 0.039

@ Taylor & Francis Ltd. http://www.informaworld.com, reprinted by permission of the publisher, Ref. [132].
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Fig. 4. Schematic representation of the charge transfer in GC base pair. G refers to guanine, whereas C to cytosine. Taylor & Francis Ltd. http://www.informaworld.com,

reprinted by permission of the publisher, Ref. [132].

consistent with the hypothesis of a weak three-center four-electron
(3c-4e) bonding interaction in the Cr=C-X group of atoms.

4.2. Bonding in M-CO species

The bonding between TM atoms and CO is of vital importance to
understand molecular chemistry and surface chemistry. A typical
description of M-CO bonding uses the model of Dewar, Chatt and
Duncanson (DCD)[72,73], namely, o donation from CO to the empty
orbital of the TM and m-backdonation from the TM to the CO 7*
orbital (see Fig. 5). This m-backdonation correlates with the C-O
bond distance.

We will first concentrate on the bonding between first-row TM
and carbonyl ligands in monocarbonyl M-CO species, as analyzed
by Pilme et al. [ 146]. QTAIM charges show significant electron trans-
fer from the TM to the carbonyl, the Laplacian of the electron
density at the BCP of M-C bond is large and positive, indicative of
charge depletion in the M-C bond. The values of the DI for M-C are
also quite large, an indication of significant electron delocalization
between the TM and the carbon atom. The values range 0.84-1.76 e,
and represent a closed-shell interaction involving a charge transfer,
as indicated by the positive charges of the TM. Thus according to
QTAIM the M-C bonding can be classified as dative. Taking a look
at the spin population (see Eq. (26)), QTAIM enables the classifi-
cation of compounds in high spin, low-spin, and conserved spin
multiplicity complexes. High spin complexes are characterized by
large electron transfer and their DI show an intermediate value (ca.
1.2 e), low spin complexes exhibit small charge transfer but have

o

—od 3

Fig. 5. Schematic representation of the synergistic OC— TM o-donation and
OC < TM m-backdonation. An example of the Dewar-Chatt-Duncanson model.
(Reproduced with permission from Ref. [15]. Copyright 2000 American Chemical
Society.)

large 6(M,C) (ca. 1.6 e), while conserved spin multiplicity complexes
display both small charge transfer and §(M,C).

ELF analysis exhibits different results for linear and bent mono-
carbonyl systems. The first noticeable difference is the bifurcation
point at which V(M) and C(M) separate from the main localization
domain. For linear molecules the basin associated with the lone
pair, V(M) separates first in the bifurcation diagram, leaving C(M)
in the same localization domain than V(M,C). According to Silvi and
coworkers [146] this is an indication that here the 3d subshell has
an ambivalent character, sharing both core and valence basin of
the TM. On the other hand, bent molecules show a bifurcation dia-
gram where C(M) separates first than V(M), indicative of the lesser
valence character of subshell 3d for these molecules as compared
to the linear ones.

The ELF also allows for the proposal of an occupation scheme
based on the weighting assigned to a set of configurations, using
a technique analogous to that explained to obtain the weights of
different mesomeric forms. In this way, Pilme et al. [146] investi-
gated the occupancy of C(M), ¢, V(M), v, and the charge transferred,
I, by using a set of configurations consistent with the spin multi-
plicity. Interestingly, for complexes whose TM bears atomic number
Z=20+n the spin multiplicity is given by Hund’s rule for the config-
uration [Ar]c™?2, excepting for Cr, Mn, and Cu complexes. [Ar]c™2,
[Ar]c™t 1yl [Ar]c™ 111, [Ar]c™I2, and [Ar]c"™1v![2 are the configu-
rations possible for high-spin complexes. The authors observed
how the weight of [Ar]c™2 increases with Z, whereas [Ar]c*1v1]2
decreases for the series TM =Sc, Ti, and V, thus leading to higher
charge transfer. Low-spin complexes in the series TM =Fe, Co, Ni,
have three configurations, [Ar]c™2, [Ar]c"v2, and [Ar]c"~2][* and also
show how [Ar]c™*?2 increases with Z, but at the expense of [Ar]c™v2,
leaving [Ar]c"~2I* constant and thus the charge transfer.

A common feature of both linear and bent systems is the nature
of the C-0 entity, which appears to be a well-defined chemical sub-
unit. For all systems the last separation in the bifurcation diagram
occurs for C-0, as the localization domain of V(O) absorbs the basin
corresponding to the bonding region V(C,0). This an indication of
the strong polarization of C-O bond, due to the difference of elec-
tronegativities. One can calculate the charge transfer from the TM to
the CO unit, by summing the populations of the valence and the core
basins of the metal and extracting it from the atomic number. For
high-spin complexes there is a decrease of the net charge transfer
with increase of TM atomic number, consistent with the chemical
intuition of smaller charge transfer with higher electronegativity
of the TM.

Interestingly, for high-spin complexes, the population of V(C,0)
basin correlates very well with the C-O bond length. In this sense,
since C-0O bond length also correlates with m-backdonation, it is
reasonable to believe that this effect should be reflected in V(C,0)
population. However, Pilme et al. [146] estimated the topological
donation and backdonation by other means. For the QTAIM, they
calculated the contribution of the o orbitals from the carbon and
the oxygen basins, and subtracted the total occupation of these
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Table 5

B3LYP/(6-311+G(2d) for C, O and TZV for the TM) QTAIM and ELF donation and back-
donation for linear MCO complexes (M =Sc, Ti, V, Fe, Co, Ni). From Ref. [146]. All
quantities are given in a.u.

o donation 1 backdonation

QTAIM ELF QTAIM ELF
ScCO 0.14 -0.03 0.78 1.05
TiCO 0.17 0.02 0.69 0.87
vCo 0.21 0.08 0.64 0.82
FeCO 0.42 —0.02 0.68 1.08
CoCO 0.41 0.0 0.67 1.09
NiCO 0.41 0.06 0.68 1.06

orbitals to provide an estimate of o-donation. The sum of the con-
tribution of 7 valence orbitals to the metal basin with respect to
the total occupation of these orbitals gave likewise an estimate
of m-backdonation. The same reasoning can be followed for the
ELF partition, with the exception that the occurrence of V(C,M) is
attributed entirely to the ligand in agreement with the previous
observation that there is a reducible localization domain which
contains only V(C,M) and the C-O fragment. Table 5 summarizes
the results for the linear complexes taken into study.

One can immediately see that ELF yields negligible o-donation
and m-backdonation close to 1 electron, while QTAIM donation is
noticeable larger (especially for high-spin complexes which carry
ca. 0.4 electrons donation) and backdonation of ca. 0.7 electrons.
In a sense, ELF approach support a scheme very close to M*(CO)-,
whereas QTAIM yields an scheme which also resembles M*(CO)~
for low-spin complexes but differs slightly for high-spin complexes.
Both approaches, QTAIM and ELF attribute more importance to the
backdonation rather than to the donation in carbonyl complexes,
as do most other studies to date [15].

The bonding in TM carbonyl complexes has also been examined
using DIs in other studies. Macchi et al. [46,147,148] analyzed the
series of TM carbonyl complexes given in Table 6. They found the
expected decrease of the §(C,0) values in TM carbonyl complexes
as compared to free CO due to a weakening of the C-O bonding
when the carbonyl is coordinated to the TM following DCD scheme.
They considered that the most reasonable sign of the backdona-
tion mechanism comes from the 6(M,0) values which are relatively
large (from 0.09 to 0.22 e) compared to the H3BCO species (0.04 e)
in which a classical donor-acceptor bond is found and the back-
donation mechanism is inoperative. The reason is that o-donation
involves mainly metal and carbon orbitals, while in r-backdonation
the contribution coming from oxygen orbitals is significant. Cortés-
Guzman and Bader [99] analyzed the same series of TMs, except
for the [(CO)3Co-CO]~, [(CO)3Ni-CO], and [(CO)3Cu-COJ* species,
reaching similar conclusions. These authors emphasized the sig-
nificant degree of delocalization between the metal and the carbon
atoms, with 8(M,C) values close to unity, which points to an equal
sharing of an electron pair between the metal and each of the C

Table 6
B3LYP delocalization indices 8(A,B) (in electrons) for some transition metal carbonyl
complexes?.

Molecule 8(C,0) 8(M,C) 8(M,0)
co 1.80

HsBCO 1.65 0.50 0.04
(CO)sCr-COo 1.62 0.83 0.14
(CO)4Fe-CO¢q 1.61 1.05 0.18
(CO)4Fe-CO.x 1.61 0.98 0.17
[(CO)sCo-COJ~ 1.53 1.23 0.22
(CO)3Ni-CO 1.66 0.98 0.16
[(CO)Cu-COJ* 1.82 0.74 0.09

3 From Ref. [46].

atoms. The amount of electronic charge from the metal that is delo-
calized onto the remaining atoms, §(M), is 2.9, 3.0, and 2.3 e for
Cr(CO)g, Fe(CO)s, and Ni(CO)y4, respectively. The electron localiza-
tion in the carbon atom changes from 81% in free CO to about 70%
in the complexes, in line with the bonding mechanism just men-
tioned. In the same work, Cortés-Guzman and Bader analyzed the
bonding in ferrocene, Fe(Cp),. The §(Fe,C) value is 0.45e, i.e., about
2.25 e shared between the cyclopentadienly ring and the Fe atom.
The number of electrons of the metal that are delocalized onto the
remaining atoms is 2.4 compared to 3.0 for Fe(CO)s, which is con-
sistent with two electron pairs interacting between the metal and
the ring.

Macchi and Sironi [148] have recently analyzed the previ-
ous series of TM complexes by substituting one or two CO
groups by ethene to give the (CO)5Cr(CoHy), (CO),Ni(CoHy), and
(CO)4Fe(CyH,4) complexes. The §(C,C) values in these complexes are
1.52, 1.42, and 1.33 e. The lower the §(C,C) values, the higher the
degree of C-C bond activation in the different complexes. Similar
results are reported by the same authors for the (CO)sCr(H;) and
(PH3)5Cr(H,) species. In these systems, the 6(H,H) values are 0.70
and 0.61, respectively, thus indicating a higher activation in the case
of the (PH3)5Cr(H,) complex.

Studies into the bonding of first-row TM with other ligands such
as the m-acceptors N5, C;H,, CN—, and the o-donors NH3, H,O and
F~ have been reported [127]. The neutral acceptor ligands behave
in a manner very similar to CO, already described at the beginning
of this section. On the other hand, CN~ behaves in a quite different
way, similarly to o-donor ligands. In these complexes the metal
is polarized by the electron transfer observed between the core,
C(M), and the valence, V(M) basins. This fact is further supported
by the observation that [Ar]c" core configuration determines the
spin multiplicity.

4.3. Metal-metal bonding

First-row TMs were extensively covered in the last section
because of their ability to form TM-carbonyl compounds, and some
first-row TMs also contribute to polynuclear TM-carbonyl com-
pounds. However, heavier TMs are more prone to form strong
TM-TM bonds. Namely, TM-TM bonding is usually given between
elements of the second and the third transition series [149]. TM
carbonyl compounds contain TM in low oxidation states, and it is
thus not surprising to find among them several species containing
TM-TM bonds. Most of these species exhibit a simple bond pattern,
with a pair of electrons holding the TM-TM bond, and both TM
attaining an 18-electron configuration (vida supra for 18-electron
rule).

The bonding between TMs becomes trickier as polarity comes
into play. The different nature of the ligands attached to the TMs
or the linking of different TM (giving rise to heterobimetallic com-
plexes) leads to a certain degree of TM-TM bond polarity. A way to
generate highly polar TM-TM bonds is by combination of complex
fragments from extremes of the d-block periodic table [150]. The
idea behind is to bond d-electron rich metal centers with d-poor
metal ones, in what are known as “early-late” heterobimetallic
complexes, in reference to early TM and late TM constituting the
TM-TM bond.

Usually bond polarity is recognized by different partial atomic
charges. This practice is somewhat controversial since different
atomic charges may give quite different values for the same com-
pound [71], as commented in Section 1. In this respect, although
QTAIM atomic charges have been taken as measures bond polar-
ity, results have to be analyzed with caution. For this reason, it is
desirable to use other descriptors less dependent on the particular
approach studied. Bond orders (or more generally ESI) have been
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repeatedly proven in the literature to be less basis-set and method
dependent than partial charges. The QTAIM-ESI (or simply DI) can
be calculated in the TM-TM bonds, as well as in the bonds involved
in the ligand to assess the effect of the polarization.

The (H3N)3Ti-Co(CO)4 and (H,N);Ti-Co(CO)3(PH3) bimetallic
complexes were analyzed by means of QTAIM atomic charges
and DIs at the B3LYP/TZP level in TM complexes by Jasen et al.
[151]. (H3N)3Ti-Co(CO), reported a charge of 1.99e over tita-
nium, and 0.30e over the cobalt atom. The Ti-Co DI was shown
to be 0.42e, quite below the values expected in a regular cova-
lent bond, giving support to a strongly polarized bond. Similarly
for (H,N)3Ti—-Co(CO)3(PH3) one finds a TM-TM polarized situation
where Ti and Co QTAIM atomic charges are 1.99 and 0.18 e, respec-
tively, while Ti—CO DI is 0.42 e. One may also observe the effect on
the neighboring bonds. For instance, in both complexes C-0 DI val-
ues drop about 0.3 units with respect to the value given in the free
molecule, while C-Co ESI was slightly greater than 1 e, reflecting
the polarization given by the TM-TM pair. However, the value of the
TM-TM DI (quite below 0.5 e) for both complexes may suggest that
the interaction between TMs is ionic rather than covalent. In order
to assess this point, one might take a look at the value of the density
at the BCP between TMs, the Laplacian of the density in the vicinity
of the BCP and the energy density. However, these results give some
ambiguity on the character of the bond: on one hand the density
at the BCP is ca. 0.05 a.u., typical of closed-shell interaction (sup-
porting thus ionic TM-TM bond) and the Laplacian is ca. 0.04a.u.,
a positive value which indicates small electron depletion, on the
other hand, the value of the energy density is ca. —0.012 a.u. which
is a typical value for covalent interactions. With this scenario the
authors [151] decided to study the ELF for these systems providing
room for the interpretation of bond polarity by other means.

The ELF locates a bonding basin between TMs (see Fig. 6), with a
maximum value of 0.46, a quite low value compared to the typical
values of covalent molecules. This explains why the ESI value was
so small: there is indeed some electron charge delocalized between
both TMs, but it is quite small to fully consider a covalent bond. The
authors argue that this low ELF value is due to the low participation
of d-orbitals in the bonding. However, as already demonstrated by
Kohout et al. [152] the lowering of the ELF values is achieved only
when d-orbitals are uniformly occupied. Following the reasoning of
this latter work one is tempted to believe the situation is similar to
that given in Re,(CO)1g, where the bonding basin between rhenium
atoms was originated from the interaction between the core and
valence electrons.

Fig. 6. ELF=0.42 and ELF=0.83 isosurfaces superimposed for (H,N);Ti-
Co(CO)3(PH3). The molecule is depicted with {(PH3)(CO);Co} unit in the Lh.s.
and with {Ti(H2N)3} unit on the r.h.s. (Reproduced with permission from Ref. [151]
Copyright 1998 American Chemical Society.)

position of the
atomic surface

nuclear positions

Fig. 7. Density (dashed line) and ELF (solid line) profiles for (H,N);Ti-Co(CO)4. The
QTAIM atomic boundaries are indicated as vertical dotted lines. (Reproduced with
permission from Ref. [151]. Copyright 1998 American Chemical Society.)

Further inspection of the ELF picture reveals strong polarization
of Ti-N bond toward the N atom. A nice way to combine QTAIM and
ELF approaches consists of the simultaneous plotting of both func-
tions, so that one may see in which atomic basin lies each bonding
basin. In this case, one may observe how all ELF isosurfaces around
the ligands do not cross the QTAIM atomic separating surfaces. In
addition, the TM-TM bonding basin is essentially concentrated in
the Co atomic basin. This gives further support to the TM-TM bond
polarization, and explains why both the density and the Laplacian
of the density at the BCP (lying in the separating surfaces) showed
low values (see Fig. 7).

The nature of metal-metal bonding in organometallic species
and clusters has been analyzed using DIs in several studies. In one of
the first, Yu and Dolg [153] reported that the DIs for the dimers Zn,,
Cd;, and Hg; are 0.14, 0.19, and 0.19 e, respectively, at the CASSCF
level. In comparison to those found for Cu,, Ag;, and Au, of about
0.62 e, the authors concluded that the DIs in Zn;, Cd,, and Hg,
are between those of typical van der Waals complexes and cova-
lent single bonds. So, the bonding in the group 12 dimers can be
viewed as mixture of (3/4) van der Waals and (1/4) covalent inter-
action. The metal-metal bond in Mo, and V, molecules was studied
by Ponec, Yuzhakov, and Carbé-Dorca at the B3LYP level using the
DAFH associated with a single atom in the diatomic molecule [68].
The analysis of the DAFH is carried out through the diagonaliza-
tion of the matrix that represents the hole in the basis of atomic
orbitals (AOs). Then, the number of obtained eigenvalues close to
one in the diagonalization processis anindication of the bond order.
From their results, the authors concluded that the bond order in the
Mo, and V;, molecules is four and five, respectively.

The most studied metal-metal bonds are, however, those
present in homoleptic M;;(CO), dimers or trimers (m=2 and 3).
The D34 Co,(CO)sg and [FeCo(CO)g]~ complexes (species 1 and 2 in
Fig. 8) were analyzed by Macchi et al. [147,148] to discuss the possi-
ble existence and nature of metal-metal bonding. For the Co,(CO)g
species [148], the §(Co,Co) is 0.46 e, which is significantly smaller
than the value of 1.0 expected for an electron pair sharing corre-
sponding to a two-center two-electron bonding (2c-2e). According
to the authors, this is due to the weak 1,3-interactions that take
place between the metal and all the vicinal carbonyls. Indeed, the
8(Co,C) is as large as 0.07 e. Thus, if one sums the §(Co,Co) and
all §(Co,C) contributions, the electron pair sharing formally asso-
ciated with a single Co-Co bond of about 1.0 e is recovered. This
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Fig. 8. An schematic representation of the D34 Co,(CO)s and [FeCo(CO)s]~ complexes.

is an important result that shows that the bonding metal-metal
electron pair is quite delocalized and a fully localized 2c-2e bond
does not exist. As can be seen in Fig. 8, there is a semi-bridging
carbonyl group in [FeCo(CO)g]~. The same authors analyzed the
hypothetical transformation of a carbonyl from terminal to sym-
metrically bridging in [FeCo(CO)g]~ by means of DIs [147]. During
this terminal to bridge conversion, there is a change from a for-
mally 2c-2e Co-CO bond to a 3c-4e bond in Co-CO-Fe. This change
is followed by a smooth decay of the §(Fe,Co), which has an almost
constant value of 0.4 e, and an increase of the §(Fe,C) and a decrease
of the §(Co,C) values for the bridging carbonyl group, the rest of the
DIs being approximately constant. Thus the DIs of the Fe-Co and
M-Cinteractions remain almost constant along the interconversion
path. This is in line with the observed carbonyl fluxionality in this
kind of TM complex. Thus, for all systems along the reaction path the
Fe-CO-Co bonding is characterized by the presence of direct Fe-Co
and indirect M-C interactions that result in substantial and con-
stant delocalization through the hypothetical transformation. The
results show that even in the absence of M-M bond paths, there is a
considerable metal-metal delocalization indicative of M-M bond-
ing. In addition, the significant §(Fe,0) and §(Co,0) values are in
line with substantial r-backdonation. More recently, Farrugia [ 154]
studied the Co-Co bonding in Co,(CO)g(-CO)(-C4H20,) reach-
ing the conclusion that the §(Co,Co) value in this complex is similar
to that of Co,(CO)g in its bridged form, but somewhat smaller than
for the unbridged form 1. This was interpreted considering that
the sharing of electrons between Co centers can occur via bridging
interactions. Very recently, Ponec et al. have discussed the bond in
Fe,(CO)g and Co,(CO)g by means of domain averaged Fermi holes
[70]. Their analysis shows that there is no direct metal-metal bond
in these species. The authors also found the existence of delocal-
ized multicenter bonding electron pairs, which is not surprising
because there are not enough electron pairs in these complexes to
form localized 2c-2e bonds. Finally, Chevreau et al. [155] analyzed
the nature of the chemical bonding in the D3}, and Cy, isomers of
Fe3(CO)q3. They found that the DIs are rather small for Fe-Fe inter-
actions (~0.4 e, closed shell interaction), of the order of 1 e for the
Fe-C dative bond, and of 1.6 e for C-0. In line with the results dis-
cussed in the last section, these authors found that mr-backdonation
decreases the §(C,0) values in TM carbonyl complexes by about
0.2 e with respect to free CO. In the same work the analysis of the
ELF showed V(C,0) basin populations 0.12-0.46 e smaller than that
found in free CO. Global ELF populations were also shown to agree
with a [Ar]d® configuration.

The [(Cra(p2-H)(CO)10]~ complex was also the subject of an
interesting study using DIs to discuss the nature of the Cr-H-Cr
bond [148,156]. Three conformers of similar energy can be located
in the potential energy surface of this complex. In the conformer
with Dysq symmetry, the Cr-H-Cr bond is linear, while in the C,
and Cs conformers it is bent. In the most stable C; (and also in

the D4q) conformer the carbonyl groups in one Cr(CO)s moiety are
staggered with respect to carbonyls in the other. As can be seen in
Table 7, the Cr-H delocalization in the [(Cry(p2-H)(CO)9]~ com-
plex is slightly larger than one half of the value for [(Cr(CO)sH] .
This result together with the significant §(Cr,Cr) value is consistent
with the presence of a 3c-2e bond similar to that found in borane
(see Table 7). In the bent Cs conformer, the metal-metal delocal-
ization is only slightly larger than that found for the Dy, isomer
(the Dy, conformer is the same as the D4y but with the carbonyls
eclipsed), suggesting that a possible direct metal-metal bond is not
present in the G species. Also remarkable is the significant delocal-
ization of 0.08 and 0.05 e for the Cs and Dy;, isomers, respectively,
found between the H bridge and the C atom of the equatorial car-
bonyls. This result was confirmed from the picture of the Fermi
hole density distribution. Strong similarities were found in the
comparison between the results of the [(CO);Cr-H-Cr(CO)s]~ and
[(CO)sCr-H-BH3]~, which is not totally unexpected given the fact
BH3 and Cr(CO)s are considered isolobal fragments. Although the
differences increase when comparing the [(CO)sCr-H-Cr(CO)s]~
and [(CO)sCr-H-CH3] species, the bonding parameters are still
quite similar. In the latter, there is a more asymmetric agostic
interaction between methane and the Cr(CO)s5 group. The authors
conclude that, although the agostic M...C-H and the symmet-
ric hydride bridge M-H-M interactions lead to quite different
geometries, they share the same bonding nature. In fact, one could
speak of a symmetry-stabilized agostic interaction in the [(Cry(p2-
H)(CO)19]~ complex.

The metal-metal bonding of M,(CH3)s (M =Mo, W), W,Clg4-,
and Re,Clg?~ has been studied by Ponec et al., in two papers, by
means of DAFHs [68,157]. For the My(CH3)g (M =Mo, W) species,
the analysis confirmed the existence of a metal-metal triple bond
involving one o and two 7 components formed by combination of
metal d orbitals of appropriate symmetry. For the W,Clg*~ com-
plex, the diagonalization of the matrix that represents the hole in
the basis of AOs yields four eigenvalues close to unity, i.e., a quadru-
ple metal-metal bond. Analysis of the corresponding eigenvectors
show one ¢, two 1, and one § contributions to the total bonding.
In the case of Re,Clg?~ the results showed that although the Re-Re

Table 7
BP86 bond distances (in A) and delocalization indices 8(A,B) (in electrons) for the
[Cra(p2-H)(CO)10]~ complex and related species.?.

Y-H-X d(Y-H) S(X-H) £10.4%)
[(CO)sCr-H]- 1.650 0.59 -

Dan [(CO)sCr-H-Cr(CO)s |~ 1.767 0.38 0.07
Cs [(CO)sCr-H-Cr(CO)s |- 1.769 0.38 0.09
[(CO)sCr-H-BH;]- 1.752 0.38 0.07
[(CO)sCr-H-CH; ] 2.009 0.13 0.11
B,Hs, [HoB-Hp-BH, |~ 1.321 0.37 0.12

3 From Ref. [156].
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bond involves four electron pairs, the bonding contribution of one
of them is partially cancelled due to fractional occupation of the
corresponding antibonding orbital [157].

4.4. Multicenter bonding

In this section, we will review some examples in the literature
where TMs are involved in multicenter bonding. In order to iden-
tify and characterize this kind of bonds the ELF is a usual candidate
of choice, however, multicenter indices (see Eqs. (12) and (13))
within the QTAIM or some other interesting partition, have also
been used to characterize multicenter bonding. We will split the
section into two parts, in the first we will review multicenter bond-
ing in which TMs are not the only kind of atoms involved, whereas
the second part will be devoted to multicenter bonding between
TMs.

4.4.1. Involving TM and other atoms

The most paradigmatic example of multicenter bonding is
perhaps the diborane molecule [158]. Due to the particular
structure of boron, it is not surprising that metallaboranes are
also prone to display multicenter bonding [159]. Particularly
interesting is the structure recently synthesized by Braun-
schweig et al. [160], a metalloborylene where boron atom lies
in the coordination sphere of three TMs, [n5-(CsMes)(OC)Fe( -
CO)Pd(PCy3 )(-Br)Pt(PCy3)Br(p3-B)] (see Fig. 9). These authors
performed an ELF calculation of two simplified molecules, [1°-
(CsHs5)(0C),Fe-B =PtBr,—(PMe3)] and the resulting molecule after
the addition of the {Pd(PMe3)} moiety: [n’-(CsHs)(OC)Fe(-
CO)Pd(PMej3 )(ju-Br)Pt(PMes )Br(>-B)]. The first molecule showed
the presence of a ring attractor, which gives rise to a bonding basin,
in a typical ring shape occurring for m-bonding between Pt and B
atoms, as the authors suggested, pointing out triple bond character.
Interestingly, the addition of the {Pd(PMes3)} changes the picture:
the ring attractor becomes a point attractor and the bonding basin
becomes asymmetrical. The bonding basin of B-Fe now affects the
palladium center, in a picture which could be described as a 3c-2e
bonding (see Fig. 10). The authors do not provide more data to fur-
ther characterize this bond. The synaptic order of the basins, as well
as the covariance between the basins involved in the three-center
bonding could have shed some light in the bonding situation, to
completely assess the 3c-2e character of the bonding.

N
N

Fig. 9. Molecular structure of 1°-(CsMes )(OC)Fe(ju-CO)PA(PCy3 (-
Br)Pt(PCys3)Br(p3-B). (Reproduced with permission from Ref. [160]. Copyright
2006 Wiley-VCH Verlag Gmbh & Co. KGaA, Wienheim.)

Fig. 10. ELF=0.7 picture for the model complex m°-(CsHs)(OC)Fe(u-
CO)Pd(PMes )(ju-Br)Pt(PMe;)Br(pu>-B).  (Reproduced with permission from
Ref. [160]. Copyright 2006 Wiley-VCH Verlag Gmbh & Co. KGaA, Wienheim.)

Another striking example of TM multicenter bonding is the case
recently presented by Fowe et al. [161] where the authors pose two
alternative representations for [(n®-Arene ), Ru,(,-H)3]* complex,
one with three-center bonds through bridging hydrogen atoms, and
the other with a triple bond (see Fig. 11). The analysis of the topol-
ogy of the density shows a bond path connecting Ru-Ru bonds
through a BCP where the density attains a value of 0.016 a.u. and the
Laplacian is negative, —0.078. In spite of the existence of a BCP, the
value of the density and the Laplacian are quite low to represent a
covalent interaction, and, as the authors suggest, the values are def-
initely too low to represent a multiple bond. Again, the study of the
ELF sheds more light into the problem. Fig. 12 displays the ELF iso-
surfaces for two different values of the function. We can recognize
three trisynaptic basins V(Ru, H, Ru) which immediately suggest a
three-center bonding, further supported by the fact that there is
no disynaptic bonding basin lying in Ru-Ru line which could be
assigned to a Ru-Ru bonding. In addition, the population of the
trisynaptic basin (1.8 e) is consistent with 3c-2e bonding. In the
contour plot displayed in Fig. 12 one may also see at the Ru-Ru

< <
Ru Ru

HY N\ R[N

HI\RU ’ HXRU/ ’

Fig. 11. Alternative representations of the electron-deficient complexes [(n®-
Arene);Ru,(p2-H)s]*. (Reproduced with permission from Ref. [161]. Copyright 2008
American Chemistry Society.)
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Fig. 12. ELF=0.75 and ELF = 0.6 isosurface pictures, and ELF calculated in the Ru-H-Ru plane for [(ns-Arene),Ru,(p2-H)s]* complex. (Reproduced with permission from Ref.

[161]. Copyright 2008 American Chemistry Society.)
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Fig. 13. Molecular structure for the model complex of [Cp,V(p-n?:m*-butadiyne)-
Zr(CsH4-SiMes ), ). (Reproduced with permission from Ref. [162]. Copyright 2008
American Chemistry Society.)

BCP, where the density is minimum (it coincides with the midpoint
between Ru atoms) the ELF also locates a minimum, an indication
that there is no electron density localized in this region.
Choukroun et al. [162] have used the ELF to elucidate the
chemical bonding in a species susceptible of presenting a pla-
nar tetracoordinate carbon (ptC): [CpyV(p-mZ:m*-butadiyne)-
Zr(CsH4—-SiMes ), ] (see Fig. 13). In Fig. 14, the ELF=0.8 isosurface is
displayed for a simplified model of the latter complex, were one can
appreciate bonding basins between C2 and C3 with V and C1 and
C4 with Zr. The authors proved that C1-C2-C3-C4 closely resembles
cis-butadiene showing similar basin populations and bond lengths
[162]. This case serves as an example of how tricky it may be to
characterize the synaptic order from the ELF pictures. According
to Fig. 14 basins lying between C1 and C2, between C3 and (4,
and between C2 and C3 are apparently disynaptic. However, in
Fig. 15, where basin limits are explicitly displayed, one can see how

Fig. 14. Localization domains for ELF=0.8 for model complex of [Cp,V(j-
n?:m*-butadiyne)-Zr(CsHs-SiMes ), ]. (Reproduced with permission from Ref. [162].
Copyright 2008 American Chemistry Society.)

these disynaptic basins are actually trisynaptic, involving also V and
Zr. Thus, the system contains three multicenter bonds: Zr-C2-C3
which is a 3c¢-2.2e bond, and Zr-C1-C2 and Zr-C3-C4 which are
3c-3.2e bonds. The estimation on the number of electrons has been
done using the population of the basins involved. Although the
molecule does not possess a ptC it contains two atoms taking part
in two different three-center bonding, involving a TM.

Interesting species with multicenter bonding are the (m°-
arene)Cr(CO); complexes. One controversial issue in this case is
how the coordination of the chromium tricarbonyl complex affects
the aromaticity of the arene rings. This aspect has been the subject
of a detailed investigation in the (16-CgHg)Cr(CO)3 complex at the
B3LYP/6-31G(d,p) level by Feixas et al. [163]. It is widely accepted
that the structure, reactivity, and aromaticity of the benzene ring
are altered significantly upon complexation with the chromium
tricarbonyl complex. Thus, after coordination the ring expands,
loses its planarity (the hydrogen atoms of the benzene ring slightly
bent towards the Cr(CO); fragment [164]), and shows an increased
difference between alternated short and long C-C bonds [165].
The nature of the bond between the arene and the metal in (n°-
arene)tricarbonylchromium complexes was discussed by Albright,
Hoffmann, and coworkers some years ago [166]. These authors

Fig. 15. Localization domains for ELF for model complex of [Cp,V(m-m?:m?*-
butadiyne)-Zr(CsHs-SiMes );| given in the plane. It clearly shows the basin
separations and enables an easy calculation of the synaptic order of each basin.
(Reproduced with permission from Ref. [162]. Copyright 2008 American Chemistry
Society.)
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found that the interaction of the degenerate 2e LUMO and 2a;
LUMO + 1 orbitals of the Cr(CO)3; moiety with the highest occupied
mr-orbitals of the arene with the appropriate symmetry is the dom-
inant bonding mechanism [167]. Charge transfer from the highest
occupied m-orbitals of the arene to the lowest unoccupied 2e and
2a, orbitals of Cr(CO); partially breaks the C-C bonds, thus explain-
ing the observed expansion of the aromatic ring and the increase in
bond length alternation for (n®-CgHg)Cr(CO)s. Because of the loss
of m-electron density in the ring, one expects a partial disruption of
aromaticity in the 6-MR of (n®-CgHg)Cr(CO)3 in comparison to free
benzene, as discussed by Hubig et al. [165]. Indeed, all aromaticity
indices used in the work [163], except NICS(0) and NICS(1), show
that there is a clear reduction of the aromaticity of benzene upon
coordination to the Cr(CO); complex. This is especially clear for the
indices based on the calculation of electronic delocalization. PDI,
FLU, and MCI change from 0.103, 0.000, and 0.075 e in free benzene
to 0.036, 0.009, and 0.019 e in complexed benzene. The failure of
the NICS index to indicate loss of aromaticity due to complexation
in the (m%-CgHg)Cr(CO)3 complex was due to the ring currents gen-
erated by the electron pairs that take part in the benzene-Cr(CO)3
bonding. Since the claims of Mitchell et al. [168-171] about the fact
that the benzene ring in tricarbonylchromium-complexed benzene
is ca. 30-40% more aromatic than benzene itself were based on NICS
results, these claims were considered unfounded [163].

Metallabenzenes or metallacyclohexatrienes are derived from
benzene where one C-H moiety has been replaced by a fragment
containing a TM [172,173]. The first stable, isolated synthesized
metallabenzene was osmabenzene (osmium as TM in cyclohexa-
triene ring) reported by Elliot et al. in 1982 [174]. So far a plethora of
metallabenzenes has been synthesized, including metallabenzenes
with up to two substitutions of a C-H fragment by a TM moi-
ety. Interestingly, TM compounds exhibit aromatic properties as
already considered in the pioneering work of Thorn and Hoffmann
[175]. However, it is expected that metallabenzenes will exhibit
lower aromatic character than benzene due to the polarization of
TM-C bonds. The ELF gives support to this view, showing a picture
very close to that of benzene for C-C bonds in metallabenzenes and
strong polarization in the C-TM bond [176].

4.4.2. Involving only TM

Similarly to their organic analogues such as benzene or
cyclopentadienyl, metallabenzenes also stabilize upon complexa-
tion with TM, giving rise to metal sandwich complexes. Particularly
interesting are these sandwich complexes in metallabenzenes,
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as they afford TM-TM interaction between the TM sandwiched
and the TM constituting the metallabenzene. Effert et al. [176]
have recently reported the synthesis of [{m®-pdNi(Cp)}RuCp]* and
[{m8-pdRu(CO)3},-Ru] (pd = penta-dienylylidene) [91] and an ELF
analysis of its electronic structure. In the former case, the ELF sup-
ports the bonding between the TM sandwiched and the TM in the
pd unit by showing a disynaptic basin associated with these TMs.
For the second molecule, the authors have found a trisynaptic basin
involving the three ruthenium atoms in the molecule. Such a trisy-
naptic basin is not found in the anti conformer, which displays Ru
atoms in pd farther from each other.

Metallic clusters are very appealing species from the point of
view of the analysis of metal-metal bonding. Feliz et al. discussed
the nature of bonding interactions in the [Mo3S4Cl3(PH3)g]* clus-
ter using DIs [177]. The authors concluded that the 6(Mo,Mo)
and §(Mo,S) values of 0.58 and about 1 e, respectively, within the
[Mo3S4] cluster core are consistent with the predominant cova-
lent character of the Mo-Mo and Mo-S bonds. On the contrary, the
8(Mo,Cl)=0.66 e confirms the partly ionic character of the Mo-Cl
interaction. On the other hand, the ELF analysis reveals V(Mo,Cl)
basin with 0.56 e of population, 88% of which is contained in CI
QTAIM atomic basin, suggesting a highly polarized bond. The bifur-
cation diagram shows how the [Mos(3-S)(2-S)3] species forms
an exclusive localization domain. This domain further splits into
the [Mos] unit which consists of three disynaptic V(Mo,Mo) and
one trisynaptic basin V(Mo,Mo,Mo). The [Mos] unit holds 1.25e.
The variance of the core part of Mo atoms, C(Mo), is quite large,
the main contribution coming from the basins of the sulfur atom,
which suggests an Mo-p,-S-Mo bonding. The Mo core population
(39.22 e) corresponds to the Mo3* oxidation state.

Some authors from the latter work conducted another combined
experimental and theoretical work [178] studying the cubane-
type clusters [Mo3CuSs(dmpe);Cly]* and [Mo3NiS4(dmpe);Cly].
The authors analyze simplified models of these molecules by means
of the ELF. The (simplified) topology of the ELF (see Fig. 16) for the
[Mo3CuS4] reveals a quite interesting chemical feature: a tetrasy-
naptic basin, V(Cu,Mo,Mo,Mo), involving the four TM in the cubane
structure. Showing a tetrahedral disposition, these four TM behave
as an independent unit. The bonding structure for this cluster is
given by this four-center interaction between the TMs and the three
disynaptic basins found between Mo atoms, V(Mo,Mo). Similarly,
[Mo3NiS4], shows an analogous bond pattern given by a tetrasy-
naptic basin V(Ni,Mo,Mo,Mo) and three disynaptic basins V(Mo,Ni).
The authors also provide the covariance and the variance for the

C (Ni) ~

V (Mo, Ni)

~&

C (S5

[Mo,NiS,]
n=10.30

Fig. 16. Simplified valence and core attractor representation of the Mo3sMS4 (M= Cu, Ni) units at each ELF value. (Reproduced with permission from Ref. [178]. Copyright

2008 American Chemistry Society.)
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basins appearing in both systems. However, the high delocaliza-
tion given in this system makes it difficult to assess which formal
oxidation state is held by the TMs.

Let us analyze now the recent work of Mandado etal.[179] which
discusses at the B3LYP/6-311+G(d) level the nature of the bonding
in a series of all-metal clusters containing the Al unit attached to
an alkaline, alkaline earth, or TM using MClIs obtained from dif-
ferent atomic partition methods (Mulliken, QTAIM, and iterative
Hirshfeld partitioning). With the QTAIM partitioning and for the
C4y Al4Cu~ species, the §(Al,Cu) and §(AlAl) values of 0.627 and
0.738 e are quite close to that of a single covalent bond such as, for
instance, that found in the H, molecule. The three-center DI (3-DI)
of the CuAl; unitis as large as 0.208 e, even larger than that of an Al
unit (0.174 e). The 4- and 5-DIs for the CuAl; and CuAl, fragments
are 0.084 and 0.060 e to be compared with the values obtained for
highly delocalized mr-systems such as C4H4%* and CsHs~, which are
0.180 and 0.042 e, respectively. The 4-DI of the CuAlz fragment is
smaller than that found in C4H42", yet relatively large, while the
5-DI of the CuAly system is even larger than that of CsHs™. Inter-
estingly, the 4-DIin D4y, Al42~ species can be exactly separated into
the o and 7 components. The 4-DI™ in Al42~ of 0.180 e is the same
as that found for C4H42*. On the other hand, the o component of
the 4-DI is somewhat smaller (0.161 e). For the C4, Al4Cu~ species,
the separation between the ¢ and 7 contributions of the 4-DI can
be performed only in an approximate way by taking advantage of
the fact that there is only an orbital of approximate mw-symmetry.
If this separation is done, it can be seen that the o and 7 4-DIs
decrease significantly when going from Al42~ to AlyCu~. The reduc-
tion of the 4-DI is more important in the 7 than in the o system.
This is an indication of an important reduction of aromaticity when
going from Al42~ to Al4Cu~. In the case of the Cs Al4Zn species, the
Zn approaches one of the Al atoms, to which it is strongly cova-
lently bonded. As aresult, the corresponding 8(Al,Zn) is significantly
larger than the rest. Also, the 3- and 4-DlIs of fragments containing
these two atoms are the largest ones.

In a recent paper, Ponec [180] has discussed the chemical
bonding in solids by means of DIs. The author has proposed a gener-
alization of the DI to infinite periodical structures by changing the
summations over all the pairs of MSOs in Eq. (11) to integrations
for the quasi-continuum of k-states in the solid state. In that way,
there is a non-negligible electron delocalization coming from the
interactions with distant atoms that has been attributed to “mobile”
electrons in the solid. The amount of “mobile” electrons sums up
to about 20% of the total delocalized electrons in idealized linear
chains, and increases to 60% in an ideal square planar lattice and to
80% in a model of a simple cubic cell. Thus, the transition from sim-
ple linear chain to 3D solid is connected with the gradual built-up
of the metallic character.

There are many more papers dealing with TM complexes using
ELF or QTAIM approaches; itis, however, unrealistic to try to address
them all here. Itis not either our intention to review all the theoret-
ical work done in the area of electron localization/delocalization of
TM-complexes for which a bulky literature exists. So, we have pre-
ferred to select a series of studies that show the interest in the use
of electron delocalization measures to discuss chemical bonding.
However, let us finish by mentioning some topics in TM chemistry
also covered by ELF and QTAIM approaches not included in this
review. Dobado and coworkers have addressed the interaction of
TM cations with benzene [181], and even the a-agostic bonds [182]
by means of ELF and AIM. Tafipolsky and coworkers have analyzed
the electron delocalization in N-heterocyclic carbenes containing
chromium from the QTAIM viewpoint [183]. It is also worth men-
tioning the work of Gillespie et al. which analyzes the ELF of some
complexes with non-VSPER geometries, namely MX,, (X=F, H, CH3
and O, M =Ca-Mn; n=2-6) which are formally d° species [184].

5. Summary

The electronic delocalization is central to explain structure, sta-
bility, and reactivity and to analyze the nature of bonding not
only of classical organic compounds but also of many inorganic,
organometallic, and all-metal cluster species. In this review, we
have described a series of studies that analyze electron delocaliza-
tion in transition metal complexes. Coverage has been extensive,
but not exhaustive. In fact, we have confined our review effort in
the studies carried out by employing two of the most widespread
methods to measure delocalization: the electron localization func-
tion and the electron sharing indices obtained in the framework of
the quantum theory of atoms-in-molecules. One should note that,
among the several statements included in the QTAIM, in this paper
we have primordially used those concerning the electron local-
ization/delocalization and the atomic partition gathered within
QTAIM framework. We have shown that the joint and complemen-
tary effort of ELF and QTAIM techniques has already been proven
as one of the most powerful tools currently available in the realm
of quantum chemistry to understand chemical bonding. Without
doubt, these techniques are likely to be among the most exten-
sively used quantum chemical tools to analyze chemical bonding
in the future, in the field of transition metal chemistry.
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