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Preface

Despite the fact that compounds that feature metal-metal bonds have been known
for many decades, interesting discoveries continue to be made at a rapid pace.
The purpose of this volume is to highlight some of these recent advances in both
main group and transition metal chemistry, and an overview of the topics covered is
provided here.

Berry describes transition metal compounds in which there are chains of metal
atoms. Such compounds are often considered as potential molecular wires for
molecular electronic applications and the conductance of these compounds at the
molecular level is discussed. In addition to compounds that feature homometallic
chains, those with heterometallic chains are also described.

Chisholm describes a different approach to linking together metal centers, namely
one in which quadruply bonded dimolybdenum and ditungsten moieties are elec-
tronically coupled via a conjugated m-system of an organic bridging ligand. The
types of structures obtained include loops, triangles and squares of the dinuclear
moieties.

Ni and Power describe the use of sterically demanding terphenyl ligands to
synthesize transition metal dinuclear compounds of type ArMMAr that have excep-
tionally short M—M bonds and high M—M bond orders. For example, ArCrCrAr is
described as possessing a quintuple Cr—Cr bond.

The evaluation of the metal-metal bond order is often an important component in
the description of compounds with metal-metal bonds, and Parkin evaluates the var-
ious electron-counting procedures that are used to predict metal-metal bond orders
in transition metal compounds that feature bridging hydride and alkyl ligands.

At the interface of main group and transition metal chemistry, Frenking, Fischer
et al. describe recent developments in which monovalent gallium species can serve
as ligands for transition metals, thereby affording a variety of compounds that fea-
ture M—Ga bonds. Furthermore, many of these compounds with M—Ga bonds can
be converted into compounds that feature M—Zn bonds. Also, with respect to main
group chemistry, Hill discusses catenated compounds of Group 13—15 elements,
which feature chains of M—M bonds.



X Preface

Finally, the concept of aromaticity and antiaromaticity in compounds that feature
rings of metal atoms is discussed by Tsipis, who focuses on rings of main group
metal atoms, and by Boldyrev et al., who focus on transition metal compounds.

New York Gerard Parkin
January 2010
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Metal-Metal Bonds in Chains of Three or More
Metal Atoms: From Homometallic
to Heterometallic Chains

J.F. Berry

Abstract Extended metal atom chains (EMACSs) have attracted attention for their
unique structural and bonding features. They allow for a systematic study of metal—
metal bonding in discrete, oligomeric, polymetallic one-dimensional molecules.
Because of their shape and bonding patterns, these complexes are often considered
potential molecular wires for molecular electronic applications. As such, the elec-
tronic structure of the simplest EMAC:S, i.e., those that consist of three metals linked
together, the ligand systems that have been used to support EMACsS, and preliminary
work on the conductance of EMACs at the molecular level are discussed. New het-
erometallic EMACSs have also been recently synthesized and are discussed here.
While these molecules may be of interest in molecular electronic applications, they
also serve as a testing ground for studying the nature of heterometallic electronic
effects.

Keywords Electronic structure - Extended metal atom chains - Heterometallic
compounds - Metal-metal bonds - Molecular wires - Single-molecule conductance
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1 Introduction

One-dimensional (1D) molecular entities have captured the imagination of chemists
and physicists for many years. The simplest 1D species, diatomic molecules, have
played an important part in the development of chemical bonding theories, including
the description of metal-metal bonds. Aligning three or more metal atoms into a
linear chain has been possible by using supporting bridging ligands such as the
family of oligopyridylamine ligands shown in Scheme 1.

The prototypical oligopyridylamine ligand is di-2,2’-pyridylamine (Hdpa), shown
in its anionic form as 3.1; extended metal atom chain (EMAC) complexes of this
ligand have structures that are shown schematically as in 3.2. Extended ligands such
as 3.3 have been synthesized, and their complexes, 3.4, are known with n = 0, 1,
2, and 3 corresponding to tri-, penta-, hepta-, and nona-nuclear chains, respectively.
The chemistry of these fascinating compounds was reviewed by me in 2005 [1] and
by Peng in 2006 [2]. The focus of this chapter is therefore on developments in the
field since then, which can be classified into four broad categories:

1. Computational and spectroscopic work to improve our understanding of the
electronic structure of EMACs

2. Expanding EMAC chemistry to new ligand systems

3. Measurement of charge transport through EMAC molecules

4. Synthesis and characterization of heterometallic chains

The four topics will be dealt with in the sections that follow.

— ~ bz NS NS
N™ N7 N° N N
N° 'N° 'N o oln

Ma(dpa)sX2
3.2

Scheme 1 Molecular structures of 3.1-3.4
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2 Electronic Structure

Because of their relative simplicity, trinuclear M3(dpa)4 X, species have been the
main focus of efforts to understand the electronic structure and bonding in EMACs.
For these systems, the d orbital manifold consists of bonding, nonbonding, and anti-
bonding combinations of orbitals with o, ¥, and 8§ symmetry. The o set is formed
by d.2-type metal orbitals, which are the most widely separated in energy; the d,,
and d,, orbitals form a set of v orbitals that are less spread out in energy. There
are two sets of orbitals with § symmetry: a low-energy set is formed by interactions
between the d,, orbitals, and a second set is formed by interactions between dx2_,2
orbitals. The second set is higher in energy than all of the other orbitals in the man-
ifold because these orbitals have significant antibonding overlap with the lone pairs
of the N atoms in the equatorial ligand. These o* interactions also limit the § overlap
between these orbitals. The general sequence of these molecular orbitals is shown
in Fig. 1 [3].

Simply filling in this orbital manifold with the appropriate number of metal-
based electrons yields the ground state electron configurations for M3(dpa)4Cl,
complexes shown in Table 1 [4]. Recent work has shown that various aspects of
this table require modification, as detailed later.

2.1 Trichromium Species

A major experimental effort was made in 2004 to elucidate the electronic structure
of Cr3(dpa)4 X, molecules [5]. One of the major structural problems associated with
these molecules is how to distinguish between a symmetrical Cr3 chain (3.5) and an
unsymmetrical species (3.6). This problem is compounded experimentally in the
crystal structures of species such as 3.6, which typically exhibit crystallographic
disorder in the metal atom positions such that a crystal contains roughly equal
amounts of Cr=Cr- - Cr and Cr - - - Cr = Cr molecular orientations. The geometric
average of these two orientations is equivalent to a symmetrical molecule, 3.5. Thus,
careful crystallographic work is necessary in order to properly determine the molec-
ular structures of these compounds. In fact, many of the early crystal structures
of Crz(dpa)4Cl, were found to be incorrect in this respect: symmetrical structures
were initially claimed [6], but were subsequently found to be unsymmetrical and
disordered upon re-refinement of the crystallographic data [5] (Scheme 2).

A fascinating structural result was obtained through the study of a series of
Cr3z(dpa)4 X, compounds with various X anions (see Table 2). The Cr—Cr bond dis-
tances were found to depend strongly on the nature of X. Ligand substitution at the
X position was even found to lead to symmetrical (3.5) structures in some cases.
Very weak X ligands such as tetrafluoroborate or nitrate lead to strongly unsym-
metrical molecules with Cr = Cr bonds as short as 1.93 A. Strong o donors such as
CN™, however, favor a symmetrical Cr—Cr—Cr chain with longer Cr—Cr distances
(>2.35 A). The reason for this switch in the molecular structure of the compounds
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Fig.1 Shapes, symmetries, and relative energies of molecular orbitals for a trinuclear M3 (dpa)4X,
species

Table 1 Ground state electron configurations and spin states for M3(dpa),Cl, species based on
the orbital manifold given in Fig. 1

Compound Electron configuration Ground spin state
Cr3(dpa)4C12 621//4828nb18*1¢nb2 S =2
Cos(dpa)4Cly, 02482802 8* 2 Y Y oy ! S=1h
Rh;(dpa)sCl,

Niz(dpa)4Cl, 624880282 Yy Y Aoy 20 *2 §=0
Cu;(dpa)4Cly 02828028 2 P Y oy 2028 8 | 8! S=1h

Ru;(dpa),Cly 024828628 2 Y o> §=0
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X=CroCroCroX  XoGroGr —-Crox
\/\) \/\/
3.5 3.6

Scheme 2 Molecular structures of 3.5 and 3.6

Table 2 Metal-metal bond lengths in Cr3(dpa)sX, compounds [5,7]

X Cr=Cr, A Cr---Cr, A
NO3 1.93 2.64
BF, 1.96 2.59
NCCH; 2.14 2.46
I~ 2.18 2.48
NCS™ 2.22 2.47
Br— 222 2.48
ClI™ 2.24 2.48
NCO™ 2.26 2.48
CN™ 2.37 Symmetrical
C =CPh™ 2.43 Symmetrical

is that, in the symmetrical case, the strong ¢ donors can donate to the o,, nonbond-
ing orbital, whereas in the unsymmetrical case, strong o donors would necessarily
destabilize the more localized Cr = Cr ¢ bond [5].

The unsymmetrical structure of Crs(dpa)4Cl, has thus far not been reproduced
by computation. Rohmer and Bénard have found that spin unrestricted density func-
tional theory (DFT) computations on Cr3(dpa)4Cl, reveal a rather shallow potential
energy surface, leading to several local minimum geometries with S = 2 that
are within ~40kJ mol™! of each other [8]. The most stable of these states adopts
a symmetrical structure with Cr—Cr lengths of 2.35 A; a slightly unsymmetrical
state (A(Cr—Cr) = 0.106 A) lies very close in energy, as does a strongly unsym-
metrical state (A(Cr—Cr) = 0.679 A). Regardless of their geometry, these states
all involve an electronic structure with ten unpaired electrons, nine of which are
localized in sets of three on each of the Cr atoms and are antiferromagnetically cou-
pled (111 --- L d -+ 111). The last unpaired electron takes part in a three-center
three-electron ¢ bond that spans all three Cr atoms [9]. The coexistence of spin-
coupling and delocalized bonding is a unique feature of the electronic structure of
these trichromium species.

2.2 Tricobalt Species

The tricobalt molecule Cos(dpa)4Cl, has been the subject of extensive experi-
mental and computational work because the molecule crystallizes in a number of
different solvates that have strikingly different structural and magnetic properties
[10]. In particular, crystallization of Cos(dpa)4Cl, from CH,Cl, solutions produces
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Cl—Co-Co-—Co-Cl  Cl—=Co=Co: --CoCl
<=7 <<=
s-Coz(dpa)4Cly u-Cos(dpa)sCl,
3.7 3.8

Scheme 3 Molecular structures of 3.7 and 3.8

crystals of two different morphologies: an orthorhombic form, space group Pnn2
with composition Cos(dpa)4Cl, - CH,Cl,, and a tetragonal form, space group 4
with composition Cos(dpa)4Cl, - 2CH,Cl,. The difference in the molecular struc-
tures found in these two crystals is remarkable. The former contains a symmetrical
tricobalt chain with Co—Co bond distances of 2.34 A (3.7), and the latter crystal
contains an unsymmetrical tricobalt chain with Co—Co distances of 2.30 and 2.47 A
(3.8) [10] (Scheme 3).

The observation of both s and u forms of Cos(dpa)4Cl, suggests that these
compounds may be bond stretch isomers, two molecules that are different only in
the length of one or more bonds [11-13]. Computational work was performed on
Co3(dpa)4Cl, using DFT in order to support the claim of bond-stretch isomerism as
well as to determine the electronic basis for the unusual structural behavior of this
molecule. The first computational work on this compound determined that the spin
doublet potential energy surface is shallow with respect to geometric distortions of
the type that can interchange 3.7 and 3.8 [14]. Only one potential energy minimum
was found on the doublet surface, of symmetry 2A, (D4 symmetry), corresponding
to a symmetric structure like that in 3.7. No unsymmetrical doublet state was found.
Instead, the structural variability of the compound was seen in two different excited
quartet states, the unsymmetrical *A state (C4 symmetry) and the symmetrical B
state. The observed structural variations in Coz(dpa)4Cl, were therefore attributed
to spin crossover into one of these two excited states. Compound 3.7 derived from
population of the 4B state, and 3.8 from population of the *A state. Thus, it was
suggested [14] that 3.7 and 3.8 were better described as spin-state isomers than as
bond-stretch isomers.

However, the spin-state isomerism description does not fully explain the unusual
structural changes seen in the unsymmetric molecule by variable-temperature X-ray
crystallography [10]. In order to explain these anomalous features, McGrady has
recently re-examined the electronic structure of the Cos(dpa)4Cl, potential energy
landscape and found several new features that do indeed account for the observed
structural features [15]. These features are a new, unsymmetrical 4B state that is
lower in energy than the unsymmetrical #A state found by Bénard and Rohmer, and
a new excited doublet state, 2B, which is capable of providing a smooth energetic
pathway between the symmetric ground A, and the unsymmetric excited *B [15].
The ground state, 2A, is adequately described by the electron configuration given in
Table 1; the 2B state may be roughly described as containing a high-spin Co(II) ion
attached to a high-spin Co—Co bonded unit. Antiferromagnetic coupling between
the former (S = 3/2) and the latter (S = 1) species yields the total S value of 1/2
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Fig. 2 Potential energy
diagram for Cos(dpa)4Cl,
showing the states discussed
in the work of McGrady [15]

Energy

A(Co-Co)

for the 2B state. A spin-flip within the Co—Co bonded unit transforms the 2B state
into the *B state, which has a high-spin Co(II) species attached to a low-spin Co—Co
bonded unit.

Though the ground state geometry of the 2B state is symmetrical, the potential
energy of this state is less dramatically affected by changes in A(Co—Co) than the 2A
state. Thus, as shown in Fig. 2, the 2B state allows for a smooth transition between
2A and *B. Since the main difference in the electronic structure of A vs 2B or B
is the presence of an unpaired electron in a Co dy2_,2 orbital in the latter cases,
the variable temperature structural data of 3.8 may be modeled by increasing the
population of this dy2_,2 orbital to represent the increase in temperature. These
data are shown in Fig. 3, where all of the trends in bond distances are remarkably
well reproduced by theory [15].

McGrady has also investigated the origin of the magnetic and structural features
of the [Cos(dpa)4Cl,]* cation [16], which are unusual in that the salt [Cos(dpa)y
Cl,][BF4] has been shown to undergo fwo stepwise spin transitions (S =0 — § =
1 — § = 2). Variable temperature X-ray crystallography has shown that the geom-
etry of the [Cos(dpa)4Cl,]* cation is symmetrical and insensitive to temperature
changes, despite the population of singlet, triplet, and quintet spin states at different
temperatures [17]. The original proposal for the electronic structure of this cation
was that the ground state could be described by removal of one electron from the
a; SOMO of Cos(dpa)4Cl,, yielding the symmetrical ! A; state shown on the left
in Fig. 4 [17]. This electron configuration corresponds to a Co*>*—Co?*—-Co?>*
formal oxidation state assignment for the cation, which is in agreement with the
symmetrical structure. The shortcoming of this proposed electronic structure is that
promotion to a triplet state will necessarily populate the a, orbital. Although this
situation would not strongly affect the Co—Co bond distances, population of the
a, orbital would be expected to lengthen the Co—Cl bonds due to the Co—Cl anti-
bonding character of this orbital. Since Co—Cl bond elongation is not observed
experimentally, it appears that the ' A ground state assignment does not adequately
explain all of the experimental details. Instead, another possible singlet state, !By,
was considered in which the b, orbital mainly localized on the central Co atom is
the site of oxidation. This formally leads to a Co*>T—Co3*t—Co?* ground state with
an open-shell singlet configuration and one unpaired electron in each of the a, and
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(a) Experiment (b) Theory
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Fig. 3 Experimental (a) structural changes in Cos(dpa)4Cl,, and a theoretical model (b) of these
changes discussed earlier

Fig. 4 Possible singlet states
for the [Cos(dpa),Cl,] T  em@acie A
cation

4 Ccl—Co Co—Cl

Uy B,

b, orbitals (Fig.4). These two electrons are weakly antiferromagnetically coupled,
yielding the singlet ground state and low-lying triplet excited state. Since there is
no change in the electron distribution between these two states, no change in the
geometry of the molecule is to be expected. Interestingly, the only quintet state of
low enough energy to be considered as viable was a °E state with an unsymmetrical
geometry (A(Co—Co) = 0.12 A). This state is best considered as consisting of a
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high-spin Co(II) ion ferromagnetically coupled to an S = 1/2 Co,>* group [16].
Since this configuration only accounts for ~18% of the bulk sample used in the X-
ray crystallographic determination at 300 K, there are currently no major structural
features that can confirm the geometry of this state.

2.3 Trinickel Species

The molecule Ni3(dpa)4Cl, has been described as having two high-spin terminal
Ni(II) ions that couple to each other antiferromagnetically yielding a singlet ground
state [18,19]. This description presumes a total lack of Ni-Ni bonding. The nature of
the spin coupling in this molecule has recently been refined by Bénard and Rohmer
through the use of broken symmetry DFT calculations [20]. In this work, two sin-
glet states were examined: the diamagnetic singlet having an electron configuration
similar to that in Table 1, and the open-shell singlet calculated through broken sym-
metry techniques. Only the open-shell singlet reproduces the geometric features of
Niz(dpa)4Cl,, suggesting that the diamagnetic singlet state, which lies ~80-100kJ
mol ™! higher in energy, is not observed [20].

In the open-shell singlet state, four magnetic orbitals are important to the descrip-
tion of bonding: the o(nb) a, orbital, the ¢* a; orbital, and the two b; £ b,
combinations of the lowest-lying 8 (dy2-,2) orbitals. Since each of these four
molecular orbitals is singly occupied, there is a significant contribution to Ni—Ni
bonding through the delocalization of the ¢ orbitals: the o* orbital is only half-
filled, and does not completely cancel the bonding effect of the filled o bonding a;
orbital, which is much lower in energy [20].

Thus, despite a major decrease in Ni-Ni distances of 0.15 A that occurs upon
oxidation of Niz(dpa)4Cl,, the one-electron oxidized species, [Niz(dpa)4](PF¢)3,
has the same formal bond order as the neutral species. The dramatic shortening of
the Ni—Ni bond distances is mainly an effect of the loss of the strongly donating
axial chloro ligands [20].

The electronic structure of Niz(dpa)4Cl, has also been compared to that of the
hypothetical heterometallic NiPdNi(dpa)4Cl, [21]. The magnetic orbitals and the
antiferromagnetic coupling in both cases are the same: coupling of the spins of
the a; and a, electrons occurs through direct exchange (i.e., through the central
metal atom), and coupling of the b; and b, electrons occurs via superexchange
(through the bridging ligand). The spin coupling was determined using broken sym-
metry techniques, and is reported as 2./, based on the Heisenberg Hamiltonian
H = -2JS i S B, where Sx and Sy are the spins of the two terminal high-spin
Ni(II) ions. For Ni3(dpa)4Cl,, 2J was calculated as —91 cm™ ", in reasonable agree-
ment with the experimental value of —216 cm™! [21]. For the NiPdNi species, 2.J
was calculated to be roughly three times larger than for the Nis case, suggesting that
either direct exchange via the central Pd atom or ligand-mediated superexchange
could be more efficient in the heterometallic case [21]. A further computational
comparison of Niz complexes to the as yet unknown Pd; complexes has been
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undertaken, and the Pds complexes are predicted to be diamagnetic regardless of
which equatorial or axial ligands are used [22].

2.4 Tricopper Species

The tricopper species Cusz(dpa)4Cl, and its one-electron oxidized cationic form,
[Cus(dpa)4Cl,]™, have both been synthesized and are well characterized [4]. The
neutral species has magnetic properties consistent with antiferromagnetic coupling
between three linearly aligned Cu(Il) ions. Broken symmetry DFT calculations
with approximate spin projections were recently used to determine the electronic
structure and mechanism of antiferromagnetic coupling in this compound [3]. The
electronic structure of Cus(dpa)4Cl, features an unpaired electron in each of the
high-energy d,2_,2 orbital combinations (b, by, and b,). There is no signifi-
cant overlap between these §-type orbitals due to the long Cu - -- Cu separations of
2.52 A, and since all of the bonding and antibonding combinations of 6- and y-type
orbitals are also filled, there is no net Cu—Cu bonding.

The mechanism of antiferromagnetic coupling in Cus(dpa)4Cl, was also inves-
tigated and was found to occur mainly via a superexchange pathway through the
bridging dpa ligands [3]. This pathway is similar to the well-known superexchange
pathway in dicopper carboxylates [23]. One-electron oxidation of Cus(dpa)4Cl,
removes an electron from the highest-energy orbital of b, symmetry, resulting
in a Cu®*...Cu*"...Cu?" electron distribution with a dy2_,2-based unpaired
electron on each of the terminal Cu?" ions. The mechanism of antiferromagnetic
coupling between these two electrons is similar to that in the neutral molecule,
but since there is no unpaired electron on the central Cu®" ion, the magnitude of
the coupling is smaller (Table 3) [3]. The hypothetical molecule Ag,(dpa)4Cl, and
its one-electron oxidized cation [Ags(dpa)4Cl]™ were also examined using these
computational methods. Though the Ag---Ag separations were computed to be
longer than those in the Cuz compounds (see Table 3), a similar electronic struc-
ture was found. Interestingly, the magnetic exchange interactions become stronger
by an order of magnitude when the heavier Ag atoms replace the lighter Cu
ones [3].

Table 3 Experimental and calculated metal-metal separations and isotropic exchange constants
for [M3(dpa),CL]"T(M = Cu, Ag;n = 0, 1) [3]

2J (calc), 2J (exp), cm™! M---M M---M

cm™! (calc), A (exp), A
Cus(dpa)4Cl, —437 —373 2.53 2.48
[Cusz(dpa)4Cl,] T —64 —34 2.57 2.51
Ags(dpa)4Cl, —1270 - 2.68 -

[Ag;(dpa),Cl,] T —265 - 2.70 -
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Table 4 Triruthenium compounds [24]

Compound Spin state Compound Spin state
Rll3 o+ RLI3 (dpa)4C12 0 Rll3 (dpa)4 (CN)Z 1
Rus’* [Ru3(dpa)4Cl,](BF4) 1A [Ruz(dpa)4(CN),](BF4) 3/2
Ru;® T [Rus (dpa)sCly] (BF4)2 0
e — — e — — e — —

a H e ) & —
b, +H- b, +H- b, —H-

Ru,(dpa),Cl, [Ruy(dpa),Cl,]* [Ruy(dpa),Cl,)?*

b L |TVh,
o 1+ e 1+

Rus(dpa)y(CN),  [Ruy(dpa),(CN),]*

Fig. 5 Electron configurations for the [Rus(dpa)4Cl,]%/ +/2+ electron transfer series (fop) and for
the [Rus(dpa)4(CN),]%* series (botton)

2.5 Triruthenium Species

Several new Rus; complexes have been synthesized that have enabled a clear picture
of their electronic structure to be elucidated [24]. The compounds and their spin
states are displayed in Table 4. Interestingly, replacement of the axial chloride ions
in Rus(dpa)4Cl, by cyanide ligands prompts the compounds to adopt high-spin
states [24]. Four key molecular orbitals can be used to rationalize this effect and all
of the available information about the spin states of the compounds. These orbitals
are the 3* combination (b5), the doubly degenerate ¥* set (e), and the nonbonding
onp combination (as).

The molecule Rusz(dpa)4Cl, has an electron configuration similar to that given
in Table 1, but the ordering of the orbitals is such that the frontier orbitals are those
shown in Fig.5: e (LUMO) > a, (HOMO) > b, (HOMO-1) [24]. This ordering
is different from the ordering seen for the first-row transition metal compounds due
to the larger Ru 4d orbitals that lead to stronger i and § interactions. As shown
in Fig. 5, one- and two-electron oxidation successively removes electrons from the
HOMO. Since this orbital has Ru—Ru nonbonding character and Ru—ClI antibonding
character, oxidations of Rus(dpa)4Cl, cause very little change in the Ru—Ru bond
distances, but do lead to a dramatic shortening of the Ru—Cl bond distances [24].

The ordering of the frontier orbitals in Rus(dpa)4(CN), is different from that
in the chloro analog (Fig.5). Specifically, the e orbitals are significantly lower in
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energy and the a, orbital is significantly higher in energy in the cyano complex than
in the chloro species. The reason for this adjustment is due to the special properties
of the cyanide ligand as a strong o donor and a v acid. Thus, the a, orbital is desta-
bilized due to increased o interactions with CN™, and the e set is stabilized due to
Y interactions with the unfilled C-N y* orbitals [24]. Interestingly, these changes
lead to high-spin ground states for both Rus(dpa)4(CN), and its one-electron oxi-
dized cation (Fig.5). The electron configuration for Rus(dpa)4(CN), leads to an
orbitally degenerate 3E ground state, which may be Jahn-Teller active. It is possible
that there is a Jahn-Teller distortion in the form of a “kink” in the Ru—Ru—Ru axis,
causing a 10° deviation from linearity. This deviation is, however, also found in the
Rus(dpa)4Cl; series.

2.6 Spectroscopic Developments

In addition to the computational work mentioned earlier, there have been several
specific spectroscopic studies that should be mentioned here. The first involves
chromatographic separation of the enantiomers of several EMACs and determina-
tion of their specific rotation by circular dichroism techniques [25, 26]. Another
spectroscopic study involves the full assignment of vibrational modes of Ni3 and
Cosz EMACs by combined IR and resonance Raman spectroscopy [27]. The com-
pounds Crsz(dpa)4Cl, and Crs(dpa)s(NCS), have been examined by combined
IR/Raman/surface-enhanced Raman spectroscopy, and bands at 570cm™! and
346 cm™! have been assigned to the Cr = Cr stretch of 3.6 and the asymmetric Cr—
Cr—Cr stretch of 3.5, respectively [28]. Interestingly, the 570 cm™! band increases
in intensity with increased temperature relative to a [Cr3(dpa)4Cl;|PFe standard,
suggesting that the Crs(dpa)4Cl, molecule undergoes a temperature-dependent
structural change. In this case, the symmetrical form of the molecule would be the
ground state and the unsymmetrical form is an excited state. Temperature-dependent
measurements of the symmetrical < unsymmetrical equilibrium constants yielded
the following thermodynamic parameters: AH = 46kJ mol™!, AS = 138]
mol ™! K~! [28]. This A H value nicely matches the energy difference between the
symmetrical ground state of Crs(dpa)4Cl, and one of its unsymmetrical excited
states as calculated by Bénard and Rohmer [8].

3 New Ligands for EMACs

There are two major ways to adjust the properties and functionality of EMACs
through chemical methods, which involve the alteration of either the axial or the
equatorial ligands. Thus far, compounds with new axial ligands have been devel-
oped in order to add new functionality to previously known systems. The design of
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new equatorial ligands has allowed for the preparation of new chain lengths with
different metals and new oxidation states for the resulting complexes.

3.1 Axial Ligands

As exemplified by the example of Rujz(dpa)4Cl, and Rus(dpa)4(CN), discussed
earlier [24], the identity of the axial ligands can have a major impact on the elec-
tronic structure of EMAC complexes. Since halide ligands are often included in
EMAC: as a result of their initial synthesis, substitution of these ligands with other
moieties is a primary method by which these complexes can be functionalized.
For example, carboxylates have been employed as axial ligands (3.9 in Scheme 4),
allowing the resulting trinickel complexes to engage in hydrogen bonding [29].

In 2004, a general method for the preparation of acetylide-ligated EMACs (3.10)
was reported [7]. This methodology has allowed compounds to be prepared that
bear redox-active ferrocenyl end-groups, as in the tricobalt [30] and triruthenium
[31] species shown in Scheme 5. Interestingly, 3.11 adopts an unsymmetrical struc-
ture with respect to the Co—Co separations, whereas the triruthenium species 3.12 is
symmetric. The electrochemical properties of the two compounds are slightly dif-
ferent. The difference in the redox potential for the two Fe sites (A Ey/,) has been
measured for both species; AEj/, is 75 mV for 3.11 (in THF solution) and 100 mV
for 3.12 (in CH,Cl,). These values are related to the stability of the mixed-valence
Fe?T ...Fe3T form of the compound.

An important comparison between trinickel complexes of type 3.9 and 3.10 has
been made in studying the luminescent properties of the compounds in which R =
anthracyl [32]. The ethynyl-linked complex shows strong green-blue luminescence

M

(0]
R™ O —M‘—M‘—M\— O)J\ R R-C EC—M‘\'—\\‘MI‘U—NM"ILC =C-R

3.9 3.10

Scheme 4 Moelcular structures of 3.9 and 3.10

@e—c:zc—c.o"—‘clo"' _co-c=c

W
< > >
3.11
Q—CEC—R@@L}{—CEC—@
F <<
< = =
3.12

Scheme 5 Molecular structures of 3.11 and 3.12
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upon irradiation at 370nm that is clearly due to excitation of the anthracene
groups. The carboxylate group, however, shows no significant luminescence, which
is attributed to the lack of sufficient ¥ conjugation between the metals and the
anthracene group in this complex [32].

Other axial ligands for EMACs that have been recently reported include thiolate
groups [33] and PFs™ [34]. The former may be of use in linking EMAC:s to electrode
surfaces to study their potential electron transport properties as discussed more fully
in Sect. 4.

3.2 Equatorial Ligands

The design and synthesis of new polydentate organic ligands for the purpose of syn-
thesizing novel EMACsS has recently been an active area of study. The new ligands
and their complexes will be presented here in comparison to their polypyridylamine
prototypes, and the ligands will be discussed in the order of increasing denticity.
Though they are obviously nontrivial and quite important, the synthetic organic
aspects of ligand design and synthesis will not be discussed here.

3.2.1 Tridentate Ligands

New ligands that have been specifically designed to support linear trimetallic species
are shown in Scheme 6, along with the prototypical dpa ligand. For the sake of
consistency, the ligand abbreviations shown are the same as those given in the orig-
inal literature. These new ligands fall into two general classes: those that will form
EMAC:S as anions, and those that will be dianions.

X
H3C\ //O /(j\ O\\ /CHS
\ / S\ ~ /S
| | O’/ N N N™
Pz X H H
N N N
H

H2Lm$

Hdpa AN
st’ St Qz;@

&NTNTNT,

I N\ /N | Holpts

N7 NN

X
" L O
Hdpza 07 N N NS0

H H

HoLAc

Scheme 6 Molecular structures of tridentate ligands
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The former class is represented by the ligand dpza, which is structurally very sim-
ilar to dpa, but has pyrazine rings instead of pyridine rings. The dpza ligand has been
used to synthesize one Cr3 compound and two Niz compounds: Crs(dpza)sCly,
Ni3(dpza)4Cl,, and Niz(dpza)4(NCS), [35]. In contrast to the analogous dpa com-
pound, Crz(dpza)4Cl, adopts a perfectly symmetrical structure with equal Cr—Cr
bond lengths of 2.39 A. The structures of the trinickel complexes are more closely
related to those of dpa.

The dpza ligand strongly affects the redox properties of these trimetallic com-
plexes. As compared to the dpa analogs, oxidation of the dpza complexes occurs at
higher potentials. However, new redox processes are observed at —0.4 to —1.1 V vs
ferrocene that are attributed to reductions of the molecules from the M3t to the
M3>7 oxidation states [35].

The three ligands shown in the right-hand side of Scheme 6 have been used
to synthesize the first mixed equatorial ligand systems in compounds of the type
Niz(dpa),(L),, where L denotes either Lms, Lpts, or Lac [36]. These three com-
plexes, which all exist in the trans geometry, have different numbers of axial ligands,
and, therefore, different magnetic properties. Niz(dpa), (Lpts), has no axial ligands
and is thus diamagnetic, containing three square-planar Ni(II) ions. This compound
can be oxidized by NOBF; to the Ni3’" form, which a significant shortening of the
Ni—Ni distances from 2.38 to 2.31 A, consistent with partial Ni-Ni bond formation.
With the Lms ligand, the mono-aquo species Nis(dpa),(Lms),(H,0) is formed,
which has two unpaired electrons from the single high-spin square pyramidal Ni(II)
ion. In Niz(dpa),(Lac),, the oxygen atoms from the acetyl groups of both ligands
bind axially, resulting in a complex that, like Ni3(dpa)4Cl,, has an open-shell sin-
glet ground state with antiferromagnetic coupling between the two high-spin outer
Ni atoms. The trinickel complexes of these N -sulfonyl-based ligands have been
examined computationally [37]. The sulfonyl N-donors have been found to be less
basic than nonsulfonated amines, and their Ni complexes are expected to prefer
high-spin states [37].

3.2.2 Tetradentate Ligands

The first ligand that was successfully used to support tetranuclear EMACs was the
phdpda ligand, shown in Scheme7 [38]. Now, two new ligands have been pre-
pared that also support tetranuclear nickel compounds: Tsdpda and DAniDANy
[39]. Though Ni4(phdpda)4 is diamagnetic and has no axial ligands, the tetranickel
complex of Tsdpda, Nig(Tsdpda)4(H20),, binds two axial water molecules. This
causes the two outer Ni ions to be high-spin, and thus the magnetic properties of
this complex are best described as involving antiferromagnetic coupling between
the two terminal high-spin Ni(II) ions. Chemical oxidation of Ni4(Tsdpda)4(H»0)»
with AgBF, yields the Nig®* complex [Nis(TSdpda)4]BF, that has no axial liga-
tion. The Ni-Ni distances are slightly shorter in the one-electron oxidized species,
consistent with both the removal of axial ligands and Ni-Ni bond formation.
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Scheme 8 Molecular structures of pentadentate ligands

J.F. Berry

Nig (DAniDANYy)4, like Nig(phdpda)s, has no axial ligands and is therefore dia-

magnetic.

3.2.3 Pentadentate Ligands

The tpda ligand (Scheme 8) has been used to form pentametallic complexes with the
metals Cr [40], Co [41], Ni [41], and Ru [42]. To date, two new analog ligands have
been shown to stabilize pentametallic chains. The dpzpda ligand contains pyrazine
rings on the periphery of the molecule instead of pyridine rings; the bna ligand
uses naphthyridine groups instead of pyridylamido groups. The dpzpda ligand has
been used to synthesize new pentacobalt complexes [43]. Analogous to the trinu-
clear dpza complexes described earlier, reversible reductions of Cos(dpzpda)4Cl,
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and Cos(dpzpda)s(NCS), are accessible [43]. One-electron reduction of these
complexes has been achieved through their reaction with hydrazine, yielding the
corresponding [Cos (dpzpda)s(X)2]~ anions.

Reduction of the Cos'%" core to Cos®™ causes several important geometrical
changes to occur in these molecules. The Co—X (X = axial ligand) bond distances
become longer by about 0.05 A upon reduction, as do the “inner” Co—Co bond
lengths, though the lengthening here is to a lesser extent, ~0.02 A. The outer Co—
Co distances are not perturbed by reduction of the complex. Computational work
was undertaken in order to rationalize these results. Because of the complexity of
the system, however, extended Hiickel methods were used, the results from which
were not particularly informative [43].

Pentanickel complexes [Nis(bna)4Cl;](PFg),, [Nis(bna)sCly](PFg)4, and
[Nis(bna)4(NCS),](NCS), have been synthesized using the bna ligand [44]. The
naphthyridine groups in this ligand allow these complexes to be isolated in unprece-
dented low oxidation states with a Nis®" group. The electronic structure of the
Nis8" units can be thought of as something between a localized Ni(II)-Ni(I)-
Ni(II)-Ni(I)-Ni(II) system and a delocalized (Niz )3+ —Ni(II)-(Ni,)3* species. This
formulation is consistent with the observation of a broad intervalence charge transfer
band at 1,186 nm for the complexes.

3.2.4 Hexadentate and Octadentate Ligands

One of the most important recent results in the field has been the synthesis of higher-
nuclearity even-numbered chains of six or eight metal atoms. The rational design of
ligands that can support chains of six or eight metal atoms necessitated a slightly
different approach from previously employed ligands. The key strategy involved uti-
lizing naphthyridine groups to ensure that even-numbered chains would result. Thus,
the ligands shown in Scheme 9 employ a mix of naphthyridine and pyridylamine
groups to achieve the desired result.

NN NTONTONTON
H H

Habpyany
Y L
N‘i\N SNTONT N/l§N
H H
Hobpmany
AN AN = AN = AN
NN N7 SN N ONTNTON
H H
H2tnda

Scheme 9 Molecular structures of hexadentate and octadentate ligands
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Hexacobalt and hexanickel complexes have been synthesized using the bpyany
ligand [45, 46]. In both cases, the Mg!2* and Mg!!* oxidation states have been
found to be stable. In contrast to the case of the pentacobalt complexes, reduc-
tion of the [Cog(bpyany)4]** core does not have a significant effect on either the
Co—Co or Co-ligand bond distances [45]. A different scenario takes place in the
[Nig(bpyany)4]**/3* complexes. Here, the one-electron reduction is localized on
the central Ni, (naphthyridine)4 unit, and this Ni-Ni bond distance shrinks by almost
0.1t0220 A upon one-electron reduction [46]. This view of the electronic struc-
ture is in agreement with the well-known mixed-valence Ni(I)-Ni(II) naphthyridine
complexes [47]. Similar effects are seen in the [Nig(bpmany)4]*t/3+ species [48].

With the tnda ligand, the EMAC-forming reaction yields [Nig(tnda)4Cl,]
(Cl04)3, a mixed-valent Nig!3+ species that formally contains three Ni(I) ions
[49]. The “extra” electrons in the complex are presumed to be evenly distributed
among the three Niy(naphthyridine)4 sites, such that the electronic structure can
be approximated as (Nip)3T-Ni(II)—(Niz)3>+-Ni(II)-(Nip)3*. This complex has
been shown to undergo two successive one-electron oxidations, first at the cen-
tral Nip(naphthyridine)4 site, then at one of the two terminal Ni,(naphthyridine)q
sites [49].

3.2.5 Heptadentate and Nonadentate Ligands

In addition to the prototypical teptra ligand (Scheme 10), two new heptadentate
ligands have been shown to stabilize heptametallic EMACs: pzpz and tpz. These
new ligands contain one and two terminal pyrazine groups, respectively. To date,
the only M7 (teptra)s X, species that are known are the heptanickel [38] and hep-
tachromium species [50]. By using the pyrazine derivatives, heptacobalt species
Co7(L)4X, with L = pzpz or tpz and X = CI and NCS have become accessi-
ble [51]. All four complexes have been crystallographically characterized and show
remarkably short Co—Co bond distances less than 2.0 A throughout the entire chain.
The complexes show rich electrochemistry, displaying two available oxidations and
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Scheme 10 Molecular structures of heptadentate ligands
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Scheme 11 Molecular structures of nonadentate ligands

a reversible reduction. The magnetic behavior of these complexes is not yet well
understood.

The prototypical nonadentate ligand, peptea (Scheme 11), has thus far led to
the isolation of one EMAC compound, Nig(peptea)sCl, [52]. The new deriva-
tives shown in Scheme 10 were designed to target new nonametallic EMACs. This
has only been possible for two of the new ligands so far: mpz and Ng_2pm. The
mpz ligand has been used to synthesize the first Crg complexes, Crg(mpz)4Cl, and
Cro(mpz)4(NCS), [53]. As one would expect, these complexes have an unsymmet-
rical X-Cr=Cr---Cr=Cr---Cr=Cr---Cr=Cr---Cr-X structure.

Two nickel EMACSs were synthesized with the No_2pm ligand, which are both
shown in Fig. 6 [54]. Interestingly, although this ligand is nonadentate, a nonanickel
and an octanickel complex were formed, both in the same reaction mixture. The
nonanickel species, [Nig(Ng-pm)4Cl;](PFg)2, is a mixed-valence compound with
seven Ni(II) and two Ni(I) ions. The Ni(I) ions are suggested to occupy the naph-
thyridine sites, similar to the hexanickel and octanickel species described earlier.
The proposed electronic structure can therefore be approximated by the following:
CI-Ni(II) - - - Ni(II) - (Nip)3* ---Ni(II) - - - (Ni)3T - - - Ni(II) - - - Ni(I[)-Cl. The two
outer Ni(II)-Cl ions will be paramagnetic because they are five-coordinate and
high-spin, whereas all of the other Ni(II) ions will be square planar and diamagnetic.
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Fig. 6 Molecular structures of (a) [Nig(No-2pm)sCl,]*T and (b) [Nis(No-2pm),Cl,]*+
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Scheme 12 Coordination mode of epeptea and mpeptea

Each of the (Niz)3* units will also contain one unpaired electron, so this com-
plex possesses six unpaired electrons unevenly distributed among four magnetic
centers [54].

The octanickel species, [Nig(Ng—2pm)4Cl,](PFs)2, contains what is described
as a “defective” structure where one of the central Ni atoms is missing (see Fig. 6b).
The Nig!®T core therefore consists entirely of Ni(I) ions, and only the outer two
are paramagnetic and couple antiferromagnetically with each other.

The ligands epeptea and mpeptea also adopt nontraditional coordination modes.
Instead of forming nonanuclear EMACs, both ligands support complexes of the for-
mula Nisz(L),, in which each of the two ligands wraps around a linear trinickel
chain binding equatorially and axially as shown in Scheme 12 [55]. These molecules
behave in all respects exactly like the trinuclear EMACs described earlier.
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4 Molecular Conductance Measurements

One of the most exciting developments in the field of EMACs has been the exe-
cution of experiments to test their electron transport capability at the molecular
level. The basic design elements for these experiments have been the synthesis
of devices in which a single EMAC molecule, or several EMAC molecules, is
trapped in direct contact between two electrodes. There are many different ways
to do these experiments that provide different types of information, and numerous
challenges that arise making interpretation of the results nontrivial. For exam-
ple, since it is virtually impossible to obtain detailed structural information about
hybrid {electrode-molecule—electrode} junctions, the exact molecular orientations
in two different junctions are, statistically speaking, very likely to be different from
one another. Considering that molecular charge transport properties may depend
strongly on molecular orientation, this effect could drastically influence the results
one obtains. It is therefore often necessary to perform a statistical analysis on
as many distinct measurements as possible if meaningful, reproducible data are
desired.

A systematic study of Ms(tpda)4(NCS), complexes was made in which the pen-
tametallic molecules were adhered to a gold surface through the thiocyanate sulfur
atom [56]. In order to isolate the molecules from one another and to provide a non-
conductive background for current measurements, an alkane—thiol monolayer was
also used. Electron transfer through the molecules was probed using a scanning tun-
neling microscopy (STM) measurement as shown in Scheme 13. The EMAC/alkane
thiol surface was scanned such that the height of the STM tip above each point on
the surface is adjusted to give a constant current response. This way, a point on the
surface that is more conducting than the background will have a larger topographical
height, Ah.
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High points on the EMAC-containing surfaces were attributed to the presence
of EMAC molecules, and by preparing the surfaces with different molecules, a
comparison of the observed A/ values in each case allows for a qualitative com-
parison of the conductance. The observed Ak values were found to increase from
Nis(tpda)4(NCS), to Cos(tpda)4(NCS), to Crs(tpda)4(NCS), surfaces, roughly
following the trend of increasing overall bond order in the molecules. Moreover,
surfaces were made containing one-electron oxidized forms of these pentanu-
clear complexes; for these surfaces, significant changes in the magnitude of Ah
were observed for the Nis and Crs compounds. In the former case, the observed
spots became more conductive in the oxidized form, and in the latter case, lesser
conductance was observed [56].

A similar experiment involving statistical analysis of thousands of individual
measurements of M3 and Ms compounds has been recently reported [57, 58]. In
this case, quantitative values of the single molecular resistance, R, were measured.
As anticipated from the previous results, the R values drop from 24 M2 to 10 M2 to
3 MS2 on going from Nis to Cos to Crs comecules. An analogous measurement for
Rus (tpda)4(NCS), has also been made, yielding an R value of ~5M€2, placing the
Rus species between Cos and Crs in terms of the efficiency of charge transport [42].
The R values for M3 species were also measured and were found to be much lower
than those for the M5 complexes. The compound Cr3 (dpa) 4 (NCS), has the lowest R
value of 0.9 M2, followed by Cos(dpa)4(NCS),, and then Niz(dpa)4(NCS), (R =
1.9MQ and 3.4 M, respectively) [57,58]. The trends in molecular conductance
in the trinuclear molecules have been examined theoretically, and nonequilib-
rium Green’s function methods have been shown to reproduce the experimentally
determined values rather well [59].

The method outlined earlier has also been used to measure R for the mixed-
valence [Nis(bna)4(NCS),]?>* species (see Sect. 3.3.2.3). The determined R value,
~18 M€, is distinctly lower than in the case of the homovalent Nis (tpda)4(NCS),,
signifying greater electron mobility in the mixed-valent species [44].

Reproducible current vs potential (I-V) data have been collected on the M3
and M5 compounds using another experimental architecture. In this case, EMACs
were bound on an alkane-thiol/gold substrate, and then gold nanoparticles were
added that are presumed to attach themselves to the available terminal NCS link-
age. Conductance is then measured by making an electrical connection between
an STM tip and the gold nanoparticle [57, 58]. In a statistical analysis of many
measurements, Crs(tpda)4(NCS), has been found to produce I-V data in two
characteristic regimes: sometimes the molecules show high conductance, reach-
ing currents of ~400nA at a potential of 1V, and sometimes a modest potential
of ~50nA is achieved [57, 58]. Moreover, for a given device, stochastic switch-
ing from the conductive to the nonconductive form and back is observed [57, 58].
The proposed cause for this unusual behavior is a suggested change from a SCN—
Cr=Cr---Cr=Cr---Cr-NCS (nonconducting) structure to a SCN-Cr=Cr=Cr=
Cr=Cr-NCS (conducting) form [57,58].

A single-molecule transistor design (Fig.7) was used to shed some light on
the mechanism of charge transport through single trimetal molecules [60]. This
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Fig. 7 Experimental design TTTITeieLs

of a single-trimetal molecule
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experiment involved trapping a single trimetal molecule (Nisz(dpa)sCl, and
Cus(dpa)4Cl, were both used) between a nanometer-sized gap between two gold
electrodes mounted on top of an aluminum gate electrode. In the devices measured,
distinct steps in the I-V curves were observed due to the Coulomb blockade effect,
whereby electrostatic effects prevent current from passing through a molecule until
the potential is modulated such that an oxidation state change takes place. In addi-
tion to these Coulomb blockade effects, major peaks in differential conductance
(dI/9dV) were observed having energies in the range of tens of meVs. These exci-
tations were attributed to symmetric and asymmetric metal-metal stretching modes
of the trimetal molecules. Thus, it was determined that the mechanism of conduc-
tance through these trimetal EMACs was one in which electron transport through
the molecule was coupled to metal-metal vibrational excitations [60].

5 Heterometallic EMACs

For EMAC:s, like any other polynuclear molecules, specific synthesis of heterometal-
lic species is generally more difficult than homometallic ones. Only recently have
synthetic breakthroughs been reported that allow the design and synthesis of specific
hetero-trimetallic compounds with the dpa ligand. So far, two types of heterometal-
lic species have been synthesized that have the metals in an Ma—Mpg—Mj, or an
Ma—-Ma-Mp arrangement. In order to distinguish between potentially isomeric
compounds, the formulas for these compounds will always be written in such a
way as to emphasize the metal connectivity (e.g., NiPdNi(dpa)4Cl, instead of
Ni,Pd(dpa)4Cl, and CrCrFe(dpa)4Cl, instead of CrpFe(dpa)4Cly). I recommend
the general adoption of this formulation.

The first type of molecules have been anticipated by computational work on
hypothetical NiPdNi(dpa)4Cl, [21,22]. The synthesis and DFT calculations on a
similar complex, CoPdCo(dpa)4Cl,, were subsequently reported [61]. The com-
pound was made by heating the Hdpa ligand with a 2:1 mixture of CoCl, and PdCl,.
Variable temperature magnetic susceptibility measurements are complicated by the
presence of first-order spin-orbit coupling within the two Co(II) ions as well as
exchange interactions between them. Computational analysis of several potential
ground state electron configurations shows that the antiferromagnetic singlet due
to coupling of two high-spin Co(Il) ions is the lowest in energy. An estimate of
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the (isotropic) exchange parameter was made from broken-symmetry calculations,
yielding a value of —113 cm™! for2J (H = —2JS;-S5), which is energetically very

similar to the spin—orbit coupling parameter for Co(Il), A = —172cm™!. A full
analysis of the magnetic properties taking into account both J and A has not yet
been possible [61].

The compounds CuPdCu(dpa)4Cl, and CuPtCu(dpa)4Cl, have also been repor-
ted and are best described as containing two terminal Cu(Il) ions having one
unpaired electron each joined by a central square planar diamagnetic d® ion [62].
The antiferromagnetic coupling of the two unpaired electrons in the molecule has
been investigated. Interestingly, the 2J values in the CuPdCu and CuPtCu com-
plexes, —7cm™! and <1 cm™!, respectively, are significantly smaller than that of the
isoelectronic [Cus(dpa)4Cl,]* cation. Computational analysis of this phenomenon
suggests that the magnitude of 2J is highly dependent on the spin population of the
central metal atom. Pd and Pt do not accept spin density as easily as does Cu, so the
2J values for those compounds are correspondingly lower.

My group has begun a project focused on synthesis and characterization of het-
erometallic species of the type MaMaMg(dpa)4 X, . As opposed to the work of other
groups, which is guided by the potential applications of EMACsSs in molecular cir-
cuitry, we are interested in gaining a fundamental understanding of how metal atoms
in close proximity to each other affect each other’s electronic structure. This work is
motivated by the observation of successful heterometallic species in many important
catalytic applications, from heterometallic enzyme active sites to alloys or mixed
metal oxides in heterogeneous catalysis. Our methods of study involve the synthesis
of MaMaM5 (dpa)4 X, compounds using a diamagnetic MaMa pair so that we can
determine the electronic structure of Mp and compare it with other known systems.

For example, the prototypical molecule from our lab, CrCrFe(dpa)4Cl, (3.13,
Scheme 14), was synthesized so that we could understand how the presence of
an axial heterometallic Cr---Fe interaction affects the electronic structure of the
Fe(Il) ion [63]. This molecule could be synthesized via a general two-step strat-
egy from Cr3(dpa)4Cl,. Cri(dpa)sCl, and excess sodium cyanide react to extract
one of the Cr atoms from the trinuclear chain to yield Cr,(dpa)4, which can then
react with another metal source, here FeCl, is used, to produce the heterometallic
complex [63].

%\ NaCN_ /\(_?\/\
g

Cl—Cr=Cr---Cr—Cl C
<= [Cr<CN>614—\</<>/

/pw FeCl, (_/\//\)\

CIzQ/r:K(Z\/\tJé—CI
\/\/

3.13

Scheme 14 Preparative route to 3.13
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Oxidation of the Fe center from Fe?™ to Fe*" was studied by cyclic voltam-
metry. Interestingly, the redox potential of the Fe?*/3+ wave in 3.13 was much
more accessible than in other pyridine-ligated Fe(Il) complexes, suggesting that the
Cr - - - Fe interaction helps to stabilize the higher oxidation state [63].

The analogous CrCrCo(dpa)4Cl, and MoMoCo(dpa)4Cl, molecules have also
been recently reported, which show unusual structural and magnetic features [64].
In both complexes, an unsymmetric M= M - - - Co structure is observed; since the
quadruply bonded M = M unit is considered to a first-order approximation to be dia-
magnetic, the Co(I) ion is the only paramagnetic center of the molecule and will be
responsible for its magnetic properties. Whereas the Co(II) ion in MoMoCo(dpa)4
Cl, is high-spin at all temperatures, CrCrCo(dpa)4Cl, displays spin-crossover
behavior and achieves a low-spin S = 1/2 ground state at low temperatures.
Thus, the heterometallic M - - - Co interaction clearly has an important effect on the
magnetism of the Co center [64].

The MoMoCo and CrCrCo compounds also have different structural features.
The crystal structure of CrCrCo(dpa)4Cl, was measured at 100 K and at room tem-
perature, providing structural information about both the low-spin and high-spin
states of the molecule, respectively. As one would expect, the Co—L bond distances
change dramatically because of the spin-state change. However, while the Co-N
bonds get shorter as the molecule becomes low-spin, the Co—Cl bond distances
increases by ~0.2 A and the Cr---Co distance shrinks from 2.62 to 2.49 A. This
change in the Cr---Co and Co—Cl bond distances has been attributed to an unusu-
ally large trans influence of the Cr---Co heterometallic interaction [64]. Another
notable feature of the two CrCrCo structures is that on going from high-spin to low-
spin, the Cr—N bond distances for the terminal Cr atom become shorter, though not
to the same extent that the Co—N bond lengths change. This observation suggests
that some of the spin density in the compound is delocalized onto the Cr = Cr unit
and not solely isolated on the Co(II) ion [64].

Peng has also recently reported heterometallic RuRuNi and RuRuCu complexes
that have been synthesized by reaction of Hdpa with a stoichiometric mixture
of Ru;(OAc)4Cl and MCl, under reducing conditions [65]. Combined spectro-
scopic/DFT studies have shown that the electronic structures of these compounds
are unusual. Instead of the anticipated Ru(Il)-Ru(II)-M(II) formulation, these com-
plexes adopt an Ru,®T-M™ electron configuration. Thus, RuRuCu(dpa)4Cl, has
magnetic properties similar to many other Ru,>t complexes: an S = 3/2 ground
state with large zero-field splitting of > 50 cm™!. No contribution from the diamag-
netic Cu™ ion is seen. One-electron oxidation of these complexes involves oxidation
of the M7 ions to M?* [65].

It should be mentioned that the work described earlier on MAMaMp systems
represents an extension of the conceptual design first described by Mashima for
complexes containing phosphine derivative ligands and mainly second- or third-row
transition metals [66—77]. By changing from P-donor ligands to N-donors, the new
EMAC complexes of first-row metals can exist in high-spin configurations and are
more relevant to the types of heterometallic active sites observed in metalloproteins.
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6 Conclusions and Outlook

In some respects, the chemistry of EMACs is entering maturity. For example, our
understanding of the electronic structure of homonuclear trimetallic compounds is
becoming quite good. There are new emerging areas, such as single-molecule con-
ductance and heterometallic electronic effects, where we still have a lot to learn. For
the future of this field, I think we can expect to see new synthetic procedures devel-
oped that will produce new types of EMACs, both homometallic and heterometallic,
that will challenge our understanding of the nature of metal-metal bonds. We may
also anticipate a combined experimental/theoretical approach to understanding the
basis for molecular conductance and how it relates to metal-metal bonding. Another
important synthetic goal that has yet to be realized is the fabrication of a functional
molecular device containing EMACs and the use of these devices in molecule-scale
computing. We are on the threshold of these discoveries.
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Abstract The synthesis, molecular and electronic structures of covalently linked
dinuclear units having MM quadruple bonds (M = Mo or W) are described together
with their attendant spectroscopies. Particular attention is paid to compounds where
M,8 to bridge ¥ bonding generates strongly coupled M, centers whose mixed
valence ions formed upon one electron oxidation traverse the Class II/III border.
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1 Introduction

The first example of the linking of two MM quadruple bonds was discovered by
McCarley who found that two Mo, units could be linked together by bridging
halides if there were attendant ligands that were labile as shown in (1) [1-3].

2Mo0,Cl, (PR3)2(MeOH), — [M0,Cl,(PR2)2( — Cl)2]o + 4MeOH (1)

The molecular structure of the tetramolecular molybdenum complex consisted of
a planar rectangular Mo4 unit with short and long distances indicative of only
weak MM bonding interactions between the two Mog+ centers. Indeed, with iodide
bridges the long Mo to Mo distances were clearly nonbonding. These types of com-
pounds along with those My clusters (squares, butterflies, diamonds, and bisphe-
noids) derived from the linking of MM triple bonds with bridging halide or alkoxide
ligands are not discussed in this study. They have been the topic of a recent view [4].
Rather here we are concerned with MM quadruple bonds that are linked together by
the agency of an organic bridging ligand. These are now referred to as “dimers of
dimers,” molecular loops, molecular triangles, and squares, and are schematically
represented by the drawings given in I, I, III, and IV, respectively.

2] IM2] v [%/lz]
M2 M2] [M2] M2]  [M2]v\AnnM2] [M2] vy [M2]
I 1 v

II

In these drawings the v\~ represents an organic bridging group which is
covalently bonded to each dinuclear center. The electronic coupling of the two M
units thus arises from their mutual coupling to the bridge. The dominant mechanism
of coupling involves the frontier orbitals of the M, center and the bridge, specifi-
cally the M58 orbitals and the bridge ¥ system. If the bridge lacks a conjugated
system and is saturated, the two M, centers are electronically isolated: the bridge
acts as an insulator. Since MM quadruple bonds of configuration 02y*82 are redox-
active and very often undergo reversible one-electron oxidations to give [M]°*
centers with configuration 62y*8! [5], the oxidation of the dimer of dimers, molec-
ular loops and triangles and squares leads to mixed valence complexes. Depending
upon the degree of electronic coupling through the bridge these may be classified on
the Robin and Day Scheme [6] as valence-trapped, class I, fully delocalized, class
IIT or somewhere in between, class II, a situation which often depends upon the
time scale of the measurement. Probing the nature of the electronic coupling in the
neutral and mixed-valence ions has been a focus of attention in the study of these
complexes.
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2 Syntheses

Two synthetic approaches have been prevalent in the preparation of these dinuclear
coupled complexes. The first involves the reaction between a dimetal tetracarboxy-
late and a bridging ligand that contains two active protons such as a dicarboxylic
acid. This has been extensively used by the Chisholm group in the synthesis of
dimers of dimers, compounds of type I [7, 8]. In reactions of this type the formation
of the dimer of dimers is achieved by its preferential precipitation from solution.
The most simple example of this type of reaction is seen in the reactions of oxalic
acid with the dimetal pivalates shown in (2) (M = Mo or W).

M;(0,C—1-Bu);+C,0,H; — [M2(02C—¢£-Bu);]2 (W—0,CCO,)+2t-BuCOOH

2)
In this reaction the formation of the oxalate bridged compound is indicated by a
striking color change. The starting M, (02C — ¢-Bu)4 compounds are yellow and
the oxalate bridged compounds are maroon and blue when M = Mo and W, respec-
tively. In general, strong electronic coupling between the M5 centers and the bridge
is signaled by intense absorptions in the visible region of the spectrum that arise
from metal-to-bridge charge transfer.

In reactions of the type shown in (2) which are equilibria reactions, several prob-
lems can arise in the isolation of the desired product including, if the dimer of
dimers is soluble, the formation of mixtures involving higher oligomers. This prob-
lem notwithstanding, the Chisholm group have prepared numerous compounds of
type I in this manner.

An alternative approach that has been used extensively and to good effect by the
Cotton group involves salt metathesis reactions. For example, the reaction between
the cationic molybdenum complex [Moy(formamidinate);(CH3CN),]*BF, and
the sodium or tetra-n-butylammonium salt of a bridge(2—) anion leads cleanly
to the formation of the bridged complex [Mo, (formamidinate)s], (bridge) [9, 10].
Typically the Cotton group have employed the formamidinate p-MeOCgHy4
NCHNCgH4- p-OMe. These attendant ligands provide access to soluble and crys-
tallizable products.

The dicationic complexes [Mo, (ArNCHNAr),(CH3CN)4]>*[BF; ], contain a
cis-templating Mo, (formamidinate), unit and when these are allowed to react with
the stoichiometry shown in (3), then molecular loops, Il (n = 2), triangles, III
(n = 3), or squares, IV (n = 4) can be formed. (Ar = p-MeOCgHy4;Q = Na or
n-BuyN) [11].

[Mo, (ArNCHNAT),(CH,CN), T [BF, ]2 + [Q ]2 (bridge)>™
— [Mo,(ArNCHNAr), (bridge)|n + 2QTBF; (3)

Rigid planar bridges such as oxalate and 1,4-terephthalate favor the formation of
molecular squares, while flexible bridges may more readily be accommodated in
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molecular loops. In some instances equilibria have been observed involving these
species and this matter is discussed later.

Another route to dimers of dimers employed by the Cotton group has involved
the use of the Mo§+—containing compound Mo, (ArNCHNAT)3Cl, in its reactions
with salt metathesis bridge reagents in the presence of zinc metal or NaHBEt; as a
reducing agent [10].

Salt metathesis reactions involving the pivalate cations [Moz(O,C—¢-Bu)s;
(CH3CN),]* and [Mo(0,C—-Bu),(CH3CN)4]?* have also been examined. The
monocations have been found to yield dimers of dimers, but the dications have not
led to the isolation of discrete molecular triangles or squares but rather to insoluble
materials that are most likely polymeric.

The approaches taken by the Chisholm and Cotton groups each have their advan-
tages and limitations. The use of the formamidinate supported Mog+ centers has
led to well-characterized crystalline compounds that are kinetically persistent even
in their oxidized forms. However, this synthetic approach is limited to molybde-
num compounds. The use of pivalate or related carboxylate ancillary ligands often
leads to kinetically labile compounds in solution due to ligand-scrambling reactions.
However, for the complexes that can be isolated in a pure form a direct comparison
of electronic coupling is possible for both molybdenum- and tungsten-containing
complexes. Since their ionic/covalent radii are of almost identical size, this has
allowed the examination of M to bridge coupling in the 4d and 5d analogues and
even complexes containing the MoW quadruple bond.

It is not the purpose of this chapter to provide a comprehensive review concerning
every compound synthesized in these manners but rather to focus on the various
interesting properties that have emerged from these syntheses.

3 Molecular Structures

[lustrative examples of dicaboxylate bridged compounds supported by the p-
anisoleformamidinate ligands are shown in Fig. 1 where the formamidinate ligand
is abbreviated to its NCN metal-bound component. For the dimer of dimers the
Mo, units are not required to be aligned in a parallel manner though, as will be
described later, this geometry maximizes the potential for Mo,8 — bridgey-Mo, 8
communication. For molecular loops, triangles, and squares the parallel arrange-
ment is required and only small deviations may arise due to crystal packing. In all
of these compounds the MoMo distance within each M0§+ unit is essentially that
of a typical MoMo quadruple bond, namely ~2.10 A.

Another interesting class of bridging ligands is seen in the structures of those
bearing dioxalene dianions [13] and tetraazatetracene [14]. These bridges are pla-
nar and enforce parallel Mo, units with Mo, to Mo, distances of ~7 A. They
affect strong coupling between the Mo, centers and the products of both one- and
two-electron oxidations have been structurally characterized. Each successive oxi-
dation brings about a lengthening of each Mo—Mo bond in the dinuclear units by
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Fig. 1 Examples of a dimer of dimers (a); a molecular loop (b) a molecular triangle (c) and a
molecular square (d). In (b) and (c) the p-anisole groups have been omitted. Adapted from [12]

~0.02 A which provides clear structural evidence for electron delocalization of the
type represented by (4).

[Mo,]~nan [Mos] =5 [Mos] sananMos]¥ 5 [Mo] s M) )

The structure of the neutral tetraazatetracene bridged compound is shown in
Fig.2.

The N, N’ diaryloxaamidinate bridge leads to two isomers both of which have
been structurally characterized [15]. One isomer has a planar bridged structure
involving six-membered MoMoOCCN rings, while the other has a twisted geom-
etry with five-membered MoMoOCN rings as shown schematically in V and IV,
respectively.
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Fig. 2 A bridging tetraazatetracene ligand uniting two Mo, (p-anisoleNCHN-p-anisole); units.
Adapted from [14]

Ar Ar
Mo—O N—Mo _ S
\C/ Mo—O §N Mo
| c—d\
C
MO_T/ \O—Mo Mo—l|\l O—Mo
Ar Ar
\% VI

These isomers show very different degrees of electronic communication as
evidenced by their electrochemical properties and this matter will be discussed later.

The bridging ligands derived from deprotonation of 2,7-dihyhydroxynaphthyri-
dine and 1,8-anthracenedicarboxylic acid, shown in VII and VIII, align the metal
atoms in a linear or chain-like manner.

(0]
SN

VII VIII

The two bridges shown in VII and VIII can be viewed as being stereochemi-
cally correspondent with respect to the central Mo to Mo distance though only the
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Fig. 3 A drawing of the [Mo,(0,C-£-Bu)3], (j1-CsHyN,0O,).2THF molecule. Adapted from [8]

compound [Mo;(0,C—¢-Bu)s]»(n — CgH4N,03) has been structurally character-
ized [16]. A view of this molecule is given in Fig. 3. The molecule adopts a slightly
twisted geometry in the solid state where the alignment of the two MoMo axes is
offset. This allows for minimization of O to O repulsions of the pivalate’s oxygens
and for weak internal Mo - - - O bonding interactions. Within the Moy chain there
are short 2.11-A and long 3.2-A distances corresponding to localized MM quadru-
ple bond distances and nonbonding distances. The Mo, units are, however, brought
much closer together in this arrangement than in those noted before.

There is little doubt that the 1,8-anthracenedicaboxylate bridged tetranuclear
compounds adopt a related structure in the solid state involving this type of C,
symmetry where the two MoMo units are offset from one another. Indeed, by low-
temperature 'H NMR spectroscopy one can freeze out three pivalate signals in the
ratio 1:1:1, but at room temperature these appear in the ratio 2:1 corresponding to
a time-averaged structure with respect to the bridge, namely cis and trans pivalates
and a linear M4 unit [8].

Another bridge of interest is the 3,6-dioxypyradizine shown in IX. Here the
central metal atoms are brought close together ~3.5 A and are united by just two
nitrogen atoms.

IX
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Fig. 4 Drawing of a section of the infinite chain structure found for [(t-BuCO,);Mos],
(1-0O,CCO,). The t-Bu groups are omitted for clarity. Adapted from [18]

The molecular structure of the tungsten-containing compound [(#-BuCO5)3W>]»
(n-C4H,N,05) was determined in its neutral and singly oxidized forms [17]. Each
W, unit was crystallographically independent in each redox state, but the average
lengthening of the WW distance upon oxidation was ~0.02 A consistent with a
delocalized mixed-valence ion with WW bond orders of 3.75.

Many other compounds have been made which are structurally related to the ones
noted earlier, and as mentioned the use of the p-anisole formamidinates has yielded
crystalline materials well suited for single-crystal X-ray studies. With attendant car-
boxylate ligands microcrystalline powders are often obtained, and in some cases
their structures have been examined by powder X-ray diffraction and direct space
methods. This involves employing a model structure within the unit cell to simulate
the observed powder pattern. Accurate bond distances and angles cannot be obtained
but the arrangements and ordering of the molecules in the solid state can be well
established. In this way the compounds [(z-BuCO2)3M3]» (-X) where M = Mo or
W and X = oxalate [18] and 1,4-terephthalate [19] have been determined. In the
solid state these form infinite chain structures due to weak intermolecular oxygen to
metal interactions along the MM axis. A representation of this is shown in Fig. 4 for
the Mogs—oxalate compound.

The formamidinates do not tend to associate in this manner because of both steric
and electronic factors, but the molecular squares often pack to form channels that
can trap solvent molecules.
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4 Electronic Coupling: Frontier Molecular Orbital
Interactions and Electronic Structure Calculations

The electronic coupling between the two dinuclear centers arises from the frontier
orbital interactions of the M, centers and the bridge. Simple symmetry arguments
aided by considerations of orbital energies and overlap provide an invaluable first
step in understanding the bonding in these complexes. These chemically intuitive
approaches can then be aided by electronic structure calculations employing density
functional theory, DFT, and time-dependent density functional theory, TDDFT, with
the aid of commercial program packages. The calculations most often are applied to
model compounds where ancillary ligands, but not the bridge, are reduced in size to
minimize computational time and resources. For example, an H atom may substitute
for an alkyl or aryl group.

4.1 Oxalate Bridges

After forming C—-C, C-O, and O-M ¢ bonds, planar oxalate has just six 1 molec-
ular orbitals and only two of these have the appropriate energy and symmetry
match to interact with the MMS orbital. These orbital interactions are schematically
represented by X and XI.

Of these the in-phase combination of the two M8 orbitals with the oxalate y*
orbital, XI, is by far the most important. (The filled CO, ¥ bonding orbitals lie
several eV below the energy of the M58 orbitals). Effectively, the filled M8 orbitals
back-bond to the oxalate ¥* system and stabilize the planar O, CCO, unit by placing
electron density in an orbital which has C—C ¢ bonding character. The free oxalate
dianion has the twisted D,4 geometry which minimizes oxygen lone pair repulsions.

Calculations on the model compounds [(HCO;)3M;],(u-O.CCO,), where for-
mate substitutes for pivalate, employing DFT support this view and the frontier MOs
are shown in Fig. 5.

The splitting of the energies of the HOMO and HOMO-1 is a measure of the
degree of electronic coupling. As can be seen from an inspection of Fig.5 this
is greater for M = W than for M = Mo. The greater interaction arises because
the W58 orbital is higher in energy than the Mo,8 and the W5dyr-overlap with the
oxalate y¥* orbital is greater than that for Mo4d1.
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Fig. 5 Frontier orbital energy diagram and Gausview plots of the model compounds
[(HCO,)3M; ], (ju-oxalate), where M = Mo or W. Adapted from [18]

Itis, of course, possible to calculate the orbital energies and the absolute energies
of the molecules for various dihedral angles involving the two oxalate CO, planes.
When the dihedral angle 6 is 0°, i.e., the molecule contains a planar M, O, CCO,;M,
unit, the energy is a minimum, indicating a ground-state geometry and that with
0 = 90° is a maximum. In this way a barrier to rotation about the oxalate
C—C bond can be estimated for M = Mo to be ~5kcalmol™! and for M =
W, ~9kcal m01_1[18]. This leads to the prediction that rotation about the central
C—C bond should be possible with room temperature thermal energy and that a
Boltzmann distribution of rotamers with § = 0 — 90° will exist in solution. A sim-
ple Walsh diagram indicating the changes to the FMOs with dihedral angle 0 is
given in Fig. 6. This very clearly indicates that only the M, 3§ and oxalate y* orbitals
are really affected. The M, 0, and §* orbitals are essentially unchanged in energy,
and this reinforces the value of the simple considerations of orbital symmetry and
energy. When 6 = 90° the two M5>8 combinations are degenerate as are the two
oxalate Y* orbitals. Indeed, in terms of electronic coupling the limiting position of
6 = 0° (Dyy symmetry) and 6 = 90° (D4 symmetry) represents fully “on and off”
positions of a molecular rheostat. Also it can be seen from the Walsh diagram and
Fig.5 that the HOMO to LUMO electronic transition represents a metal-to-bridge
charge transfer. In Dy, symmetry this is g to u and is fully allowed. The Walsh
diagram also indicates that the energy of this transition increases as 6 increases



Electronically Coupled MM Quadruple Bonded Complexes 39

1 —

b1g \

O_
-1 —
2 a :‘;, e G0,
b e a «
> - 1 by Wad
> .
5 -3 by ——
[0]
C
L _
—4 —]
- b f ___________
Ze D —HH—e w,s
-5 —]
bSu i
1 béu e
g i ay W,n
-6 — Dz by °
l:)Su
7] a
g b
b1u 321 W4G

-7 —

Do, - Doy

Fig. 6 A Walsh diagram for the oxalate bridged complex [(HCO,)3; W], (jr-oxalate) for the planar
bridge, Dyy, and its twisted D,g form. Adapted from [18]

from 0°. TDDFT calculations on the model compounds provide further predictions
that can be compared with experimental data relating to electronic and vibrational
spectroscopy and these will be mentioned later.

4.2 0,C-X-CO, Bridges

The simple orbital considerations of oxalate can readily be extended to longer
extended chains O,C-X-CO, where X provides some group entering into conjuga-
tion, e.g., —-C¢Hy— or (CH=CH),,. With increasing distance between the M, centers
the magnitude of the electronic coupling decreases. This was nicely seen for a series
of [Mo3] units linked by O,C—(CH=CH),—CO, groups, where n = 1, 2, 3, and 4,
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by Cotton and coworkers [9,20]. When X = CgX4 as in 1,4-terephthalate the elec-
tronic coupling can be modulated by the substituents X which determine the energy
of the LUMO and the favored ground-state geometry [21]. For example, for X = H
or F the ground state is the planar M,O,CCsCO,; M, geometry. The electronic cou-
pling is greater for X = F than for X = H because the fluorine substituents lower
the energy of the LUMO. For X = Cl, steric factors disfavor that planar central core
and with a dihedral angle between the O,C and Cg¢ planes at ~54° the coupling is
significantly reduced.

It must be emphasized that while lowering the energy of the LUMO favors
electronic coupling, the magnitude of the electronic coupling always decreases
with increasing M, to M, distance. The energy gap between the HOMO and the
LUMO provides an indicator of the 'MLCT transition in the electronic absorp-
tion spectrum but not the energy splitting of the HOMO and HOMO-1. This is
nicely exemplified by the properties of a series a-,®’-linked thienyl dicarboxy-
lates [(z-BuCO3)3M;]2(u-O2C(Th),,CO,) where Th = C4H,S and n = 1, 2,
and 3. Increasing n decreases the energy of the !MLCT and also decreases M, to
M, coupling as indicated by the calculated energy difference between the HOMO
and HOMO-1 and experimental observations based on electrochemistry and EPR
spectroscopy [22].

While electronic structure calculations employing DFT are extremely useful they
do not allow one to make firm predictions of the properties of the mixed-valence ions
formed upon one-electron oxidation. For example, with a 2,6-azulenedicarboxylate
bridge the polarity of the bridge resulting from the resonance structure shown in
XII naturally leads to a splitting of the two M8 orbitals [23]. However, it rests with
experimental data to determine whether the singly

XII

oxidized radical cations should be classified as valence-trapped or as delocalized
over the two M, centers.

4.3 Other Related Bridges

Just as simple bonding considerations for the oxalate bridge based on the orbital
interactions shown in X and XI can be extended to O,C-X-CO, bridges, so can
the substitution of O by NR or O by S be anticipated. The NRpy and S3py orbital
energy are higher in energy than the O2py and consequently the filled bridge
and the filled M, orbital interaction becomes more important. The C—S bond is



Electronically Coupled MM Quadruple Bonded Complexes 41
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notably weaker than the C-Oy bond and as a consequence the C—Sv™* is lower
in energy. Thus thiocarboxylate linkers show greater M8 to bridge back-bonding
relative to their carboxylate analogues, and this in turn leads to enhanced M»3 to
M,38 coupling [24,25].

In many ways the electronic coupling in both the neutral and the mixed-valence
compounds can be reduced to the simple orbital diagram depicted in Fig. 7 [26]. In
the neutral complex only the 'MLCT transition is observed, but for the singly oxi-
dized radical cations three electronic transitions are possible: the LMCT, the IVCT
(in a fully delocalized compound this is better described as charge resonance tran-
sition), and an LMCT. For carboxylate linkers the LMCT is not observed because
the CO, ¥ orbitals are too low in energy, but substitution of O by S or NR raises the
energy of this filled v orbital.

Of course, MO energy level diagrams are only a starting point in predicting elec-
tronic spectra. In reality the electronic transitions occur between states and these
may mix many orbital interactions. However, this MO approach has proved remark-
ably useful in accounting for the lowest energy intense bands which for the neutral
complexes are metal-to-bridge charge transfer and involve the HOMO and LUMO.
In strongly coupled mixed valence cations the low energy IR band can also be corre-
lated with the single electron transition between the SOMO and HOMO, the charge
resonance band as expressed in Fig. 7.
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5 Electrochemical Studies

The MM quadruple bond of configuration 62y*82 is well known to undergo rever-
sible oxidation to generate the MM® -containing cation of configuration o2 y*§![5].
The structural change that accompanies this electron removal is small but readily
detectible by X-ray studies that reveal a lengthening of the MM distance by ~0.05 A
and a slight shortening of the metal-ligand distances as a result of the increase
in positive charge on the metal center, and, in the case of ligands with filled pyr
orbitals, the removal of an electron from the § orbital which provides an antibond-
ing filled—filled interaction. The chemical potential of this oxidation is dependent
on the metal and the attendant ligands [5]. For otherwise identical compounds the
substitution of Mo, by W, lowers the oxidation by 0.5 V. Nitrogen donor ligands
such as formamidinates are better electron donors than oxygen donor ligands such
as carboxylates. In general, the dimers of dimers show two oxidation potentials cor-
responding to the successive removal of electrons from the complex, and studies
of these complexes by both cyclic voltammetry and differential pulse voltammetry
allow the determination of the separation of the two redox processes. The separation
of these two oxidations in mV, AE} /,, can be related to the relative stability of the
mixed-valence ion, K, by the (5) [8,27].

[My] A [M] + {[My] e [M ] =2 {[M ] [M ] Ke 5)

K. = exp (AE /2/25.69)

The larger the value of AE,, in mV, the larger the value of K., and the greater
the stability of the mixed-valence ion in (5). Large values of K. indicate strongly
coupled M, centers.

There are some important points to recognize when using electrochemical meth-
ods to determine the magnitude of electronic coupling. (1) AE;;, and K. are
thermodynamic parameters and are greatly influenced by the solvent and the counter
anion. (2) They do not distinguish between electronic coupling and electrostatic
effects (3) Both oxidation processes should be fully reversible and both should be
metal centered (In some instances the bridge may be redox active).

With these caveats in mind, the redox properties of closely related compounds
employing the same solvent and counter ion have been very useful — though they
cannot alone distinguish between class II and class III behavior on the Robin and
Day Scheme [6].

Table 1 summarizes some electrochemical data for bridged tetranuclear com-
plexes supported by p-anisoleformamidinates. The AEy,, values and K, rapidly
drop off with increasing distance as was nicely shown for the series |L-O,C(CH =
CH),,CO; wheren =0, 1, 2, 3, and 4.

The N,N’-diaryloxamidate bridged complexes which exist in two isomers have
very different redox properties. The so-called a-isomers that have the twisted geom-
etry shown in VI have small AE;,>(~190mV) and K. values (~10%), while the
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Table 1 Summary of electrochemical data for selected bridged compounds of formula
[Mo, (p-MeOC¢H4;NCHNCgH,-p-OMe)s], (bridge)® /12

Bridgcz_ AE,/;(mV) K. d(A) References
(0] (0]
NS 3
c—¢cC 212 3.8 x 10 7.0 [28]
O/ \O

< 145 20x100 77 [29]
/

(0]

O H

AN /

O/C<7C\\\C ) io 105 60 11.6 [29]
H/ 2 [¢]

o H

AN /

O/C%C\C ) io 75 19 13.9 [29]
H/ 3 o

o] 0
\c C/ 100 49 11.2 [28]
/ \ '

o o

><—>< 416 1.1 x 107 7.2 [30]

planar geometry shown in V, the so-called f-isomers, are more strongly coupled
with AEj/, ~ 520-540mV and K. ~ 10°(Ar = CgHs or p-MeCgHy) [15].

The anionic bridges of dioxolene XIII [13], and deprotonation of dihydroxy
(1,5-or 1,4-)dimethylamino (2,4- or 2,5-) benzene, XIV and XV show extremely
strong coupling as evidenced by AE;/, ~ 800mV and K. ~1013 [30,31], while
the squarate bridge, XVI, yields very weak coupling, and in the doubly oxidized
ion the two single electrons are only weakly antiferromagnetically coupled with
J =—121cm™! [32].
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Me Me
XHII(X=H,Cl,NO,) X1V
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XV XVI

In all of these cases the magnitude of the electronic coupling can be correlated
with the bonding of the Mo, 8 orbitals to the bridge y/-system and is nicely quantified
by electronic structure calculations.

Electrochemical data for selected bridged tetranuclear complexes supported by
pivalate ligands are given in Table 2. These data nicely demonstrate the importance
of energies of the MMS orbitals. In the series of oxalate bridged complexes, where
the MM unit is Mo,, MoW, and W», the AE}/, and K. values increase with tung-
sten content. In the series of 1,4-CO; vs.1, 4-COS-CgHy4 bridges the replacement
of oxygen by sulfur brings about a significant enhancement in coupling as evidenced
by K. values.

Also in comparing the data for the bridges shown in VII and VIII that align the
two MM units with a very short distance ~3.1 A, the K. value for VIII is negligible
while that for VII is large providing a clear indication of the importance of the
bridge in coupling the MM centers. Indeed, the coupling in the oxalate bridged
tungsten complex is larger than that in the 3,6-dioxopyradizine bridged complex
despite their respective W to W distances being ~7 and 3.3 A [17].

Collectively the electrochemical data support the view that the nature of the
bridge dominates the magnitude of the AE;,, and K. and that by large measure
these correlate with the degree of electronic coupling based on MO calculations.
However, as mentioned earlier they cannot uniquely distinguish between class 11
and class III.
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Table 2 Electrochemical data for selected bridged compounds of the formula
[(Bu'CO,)3M>], (bridge)®” T/+2 (M = Mo or W)

Bridgcz_ M AE|/;(mV) K. d(A) References
(o] (0]
AN e Mo 280 5.4 x10% 7.0 [12]
C—¢C 12
w 717 1.3 %10 7.0 [12]
O/ \O
R F
(o} o]
\C Mo 65 13 11 [12]
O/ o W 285 6.6 x 10* 11 [12]
F F
S (6]
\ / Mo 184 1.3 x 103 11 [18]
/C C\ W 518 5.7 x 108 11 [18]
(e} S
o Q o Mo 280 5.4 x10% [23]
w 630 4.5 x 100 3.3 [23]
N—/—N
O/@I@\O Mo 389 3.8 x 10° 3.1 [12]
S YR N
Mo 0 4 3.1 [12]
W 156 4.3 x 107 3.1 [12]
1T
[ ™ M| [ ™ M|

6 EPR Spectroscopy

Oxidation of the MM quadruply bonded center leads to a metal-centered radical
that is easily detected by EPR spectroscopy. Both molybdenum and tungsten have
various nuclei, the majority of which are spin inactive. However, *>Mo and °’Mo
have I = 5/2 and very similar magnetic moments. Thus the isotropic EPR spec-
trum of the MogJr cations consists of a central resonance, g ~ 1.9, flanked by a
six-line hyperfine spectrum: A ~ 28 G. The isotope '83W has I = 1/2 and 15%
natural abundance and so the EPR spectrum of the Wg+ cation consists of a central
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EPR Spectroscopy

=y
\\o c
M m" H:;/,, CH
ofTo?| ° bk Mo,(0,C'BU),*
RTO0_ o0

i
Intensity (arb. units)

W,(O,CtBu),*

95,97, _ T T T ]
Mo A_=44G 2.0 1.9 1.8 1.7

g-Factor

A =31G
so

:

Spectral simulations indicate that the MoW
225 K bond is polarized, having 71% Mo 4d,, and
29% W 5d,, character.

Intensity (arb.units)

3500 3600 3700
Field / Gauss

Fig. 8 EPR spectra of MM radical cations with the electronic configuration o2v*8!. Adapted
from [33]

resonance g ~ 1.8 G flanked by satellites with 49 ~ 56 G. At higher magnification
the hyperfine spectrum due to two spin active nuclei in the MM>* unit can be
detected. These g values are notably reduced from the free electron value due to
spin—orbit coupling. The mixed metal cation MoW>" has a single electron in a
MoWS3 orbital that is polarized toward molybdenum, and the satellite spectrum
reveals this with coupling to °5/°7Mo, Ag = 44G and '83W, 49 = 31G. The
spectra of the MM(O,C — t—Bu);ir cations are shown in Fig. 8 [33].

Related spectra for the oxalate and terephthalate bridged Moy4-containing com-
pounds supported by pivalate ligands are shown in Fig. 9. Here it is clearly evident
that on the EPR time scale, ~10° s~!, the oxalate cation involves complete delo-
calization of the positive charge over all four Mo atoms. The single electron in
the HOMO sees equally all four Mo atoms. Here the presence of two spin active
nuclei in the MI center is more easily seen. In contrast, the EPR spectrum of the
terephthalate radical cation is localized on one Mo, center: the mixed-valence ion
is valence-trapped [34].

For tungsten terephthalate bridged compounds the radical cations show delocal-
ization over the four W centers, once again revealing the greater electronic coupling
with the 5d element.

A particularly interesting example of electron delocalization is seen for the 2,6-
azulenedicarboxylate bridge, previously shown in XII. The W4-containing cation,
[(2-BuCO5)3W> ], (pu-bridge)*, has a central resonance, g ~ 1.81, and is flanked by
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EPR Spectroscopy of Bridged Radial Cations
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Fig. 9 EPR spectra of the radical cations [(t-BuCO,)3;Mo,]»(bridge) ™, where bridge = oxalate
and 1,4-terepthalate

two sets of satellites due to '83W with Ay ~ 20 and 40 G indicative of a delocalized
but polarized SOMO consistent with polar nature of the azulene [23]. Here the W,
to W, distance is close to 14 A and still the single electron is delocalized over the
four tungsten centers via coupling through the bridge.

7 Optical Spectra

7.1 IVCT and Charge Resonance Bands

Strongly coupled M, centers upon oxidation yield mixed-valence ions that are clas-
sified as class III and show low energy absorptions in the NIR. These absorptions
are solvent independent and relatively narrow. The magnitude of the electronic cou-
pling is essentially one-half of the Ay in cm™!. An interesting and informative
example of this type of behavior is seen in the spectra shown in Fig. 10 for the
cations [(1-BuCO3)3MM], (n-0,CCO,)+ where MM = W,, MoW, and Mo;[29].
The magnitude of the coupling follows the order MM = W, > MoW > Mo,
which is the same trend seen from the electrochemical data discussed earlier. It is
also apparent that while the shape of the band is symmetrical for the complexes
where MM = W, and MoW, the shape of the absorption for MM = Mo, is
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Electronic Absorption Spectra of M;OXA+ Radical Cations
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Fig. 10 Electronic absorption spectra for the radical cations [(t-BuCO,);MM],(j1-0,CC,)T,
where MM = Mo,, MoW, and W,, showing the IVCT/charge resonance bands in THF solution at
298K

highly asymmetric having a relatively sharp rise at the low energy side and a long
tail to higher energy. This is, in fact, entirely in line with predictions based on
mixed-valence ions that are close to the class II/III boarder [35].

The spectra for the cations [(-BuCO3)3MM]»(2, 5-(OH),-CgH,-1,4(C0O)»)™
are shown in Fig. 11 [21]. Here the substituted terephthalate bridge separates the
two MM centers by ca 11 A in contrast to ~7 A for the oxalate. The spectra for
MM = Mo, and W, are now very different. For the molybdenum complex there is
a very broad electronic transition which is at a much higher energy when compared
to the sharp and narrow absorption at ~3,000 cm™! for the tungsten complex. Once
again these spectra are consistent with expectations based on current theories for
mixed-valence ions. The molybdenum complex ion is class II and shows spectral
features predicted by Hush [36], while the tungsten analogue is class III.

7.2 Metal-to-Bridge Charge Transfer Bands

As was noted earlier, the dominant mode of electronic coupling for dicarboxylate
bridged compounds involves the ¥* orbitals of the bridge and the MM3 orbitals.
Thus complexes of this type show intense 'MLCT bands that typically fall in the
visible region of the spectrum. Once again the oxalate bridged series of complexes
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Fig. 11 Electronic absorption spectra for the radical cations [(t-BuCO,);M;]x(-2,5-
(OH),-CgHy-1, 4-(CO,),) T showing the IVCT bands. Adapted from [21]

[(2-BuCO3)3MM], (-0, CCO,) are particularly informative and illustrative of this.
The spectra are shown in Fig. 12 for MM = Mo,, MoW, and W, [29]. The energy
of this electronic transition moves to lower energy with increasing W content which
is consistent with expectations based on the redox properties of the MM3 orbital and
the HOMO-LUMO gap.

It is also apparent that the tungsten complex has a strong vibronic progression.
When the spectra of the [(-BuCO;)3W>]2(-O2CCO2) complex are recorded in
2-methyltetrahydrofuran in the temperature range from 300 to 2K the vibronic
features become notably better resolved with decreasing temperature. Indeed, two
progressions are seen and both are sensitive to isotopic substitution of 0}*C!'3CO,
for natural abundance oxalate [18]. These progressions are undoubtedly associated
with the symmetric vibrations of the oxalate bridge in the photo excited state of the
molecule.

One other important feature is seen in the variable temperature spectra of the
tungsten oxalate bridged complex, namely that the onset of the absorption moves to
lower energy and sharpens [18]. This is shown in Fig. 13. This can be understood
in terms of the thermal population of molecules with varying O,C — CO, dihedral
angles. As noted earlier, the ground state has a planar oxalate bridge, but the barrier
to rotation is relatively small: 5-9kcal mol™!. Thus in lowering the temperature the
Boltzmann population of molecules with planar or near-planar oxalate geometries
increases and as noted in the Walsh diagram (Fig. 6), this lowers the HOMO-LUMO
gap and the corresponding !MLCT absorption.

Since the electronic coupling between the M, centers is dependent upon the
conjugation within the bridge this may be modulated by both steric and electronic
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Fig. 12 Electronic absorption spectra showing the !MLCT Bands in the series of compounds
[(t-BuCO;)3; MM]; (1-O,CCO,), where MM = Mo,, MoW, and W,

factors. This was nicely demonstrated for a series of 1,4-substituted terephthalate
bridge compounds where the substituents were H, F, Cl, and OH [21].

Upon oxidation to the mixed-valence ion, the 2MLCT involving the bridge sharp-
ens and loses much of its vibronic features [37]. This is a general phenomenon and is
particularly striking for ions such as [(-BuCO,)3 W] (1-O2CCO,)*. This change
can be understood in terms of enhanced electronic coupling of the two dinuclear
centers, with a planar geometry and the greater nesting of the ground and excited
state potential energy surfaces in the oxidized radical cations.

8 Steady-State Emission and Transient Absorption
Spectroscopy

A number of a-,o'-linked thienyl dicarboxylates and fused thienylcarboxylate-
containing compounds have been found to show interesting emissive properties as
have extended oligomers of the formula [Mo,(TiPB),(0,C(Th)3CO], [38, 39],
where TiPB = 2,4,6-triisopropylbenzoate. These molybdenum compounds show
dual emission: fluorescence is from the 'MLCT state and phosphorescence is from
the 3MMS5* state. Evidence for the latter comes from both the fact that unlike
the solvent-dependent 'MLCT emission the >MM388 state is solvent independent
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Fig. 13 Electronic absorption spectra of the compound [(t-BuCO,)3;W>],(jL-O,CCO,) recorded
in 2-methyltetrahydrofuran at various temperatures. Adapted from [18]

at 1,100 nm and at 77 K shows striking vibronic features associated with v(MM) ~
400cm™!. The tungsten compounds showed only emission from the S;, MLCT
state.

When examined by both fs and ns transient absorption spectroscopy with excita-
tion into either the !LCT or 'MLCT the molybdenum compounds showed similar
excited state dynamics corresponding to short-lived S; states (\MLCT) with T ~
10 ps and long-lived T; states (*MM&88*) ¢ ~ 50 ws. The related tungsten com-
pounds also have S; (MLCT) states with lifetimes on the order 5 ps, but the triplet
states were notably shorter lived than the 3MMS§6§* states for molybdenum. The
shorter-lived T states are believed to be due to >MLCT which lie at a lower energy
and are not, or only very weakly emissive. A Jablonski diagram for the compounds
[(2-BuCO3)3M3]2(u — O2C(Th),CO») is given in Fig. 14.

9 Resonance Raman Spectra

As noted earlier these bridged compounds show intense !MLCT(M,$§ to bridge ¥*)
absorptions that typically fall in the visible region of the spectrum. With excita-
tion into these bands the compounds show very significant resonance enhancement
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Fig. 14 A Jablonski diagram for the bithienyl carboxylate bridged compounds [(t-BuCO,);
M;]5(n-0,C(Th),CO;), where M = Mo and W

of the symmetric Raman active modes of the bridge and the metal-metal stretch
[17-19,22]. This has been seen for a number of compounds involving bridges with
thienyl and aromatic rings but is most pronounced for the simple oxalate bridges
as shown in Fig. 15. Here one can readily identify v(MM), and v, v,, and vz of
the oxalate together with an extensive series of overtones and combination modes.
The calculated values for the model compounds [(HCO3)3M3]2 (-0, CCO2) based
on time-dependent DFT agree well with those observed for the pivalate supported
compounds [18].

10 Molecular Loops, Triangles, and Squares

In general, much less is known about the chemistry and spectroscopy of molecular
loops, triangles, and squares.

As noted earlier, molecular loops are formed with flexible bridges and cis
ancillary ligands such as the p-anisoleformamidinates, DAniF, employed in the
reaction shown in (3). Cotton, Murillo, and their coworkers prepared a series
of loops with the flexible O,C—(CF,),—CO, bridges, where n = 2, 3, or 4:
[(DAniF);Mo;], (bridge), [40]. These were characterized by single-crystal X-ray
crystallography and by both 'H and 'F NMR spectroscopy. Interestingly while the
compounds where n = 2 and 4 were stable in solution the compound with n = 3
was shown to exist in an equilibrium with a molecular triangle: [(DAniF),Mo,
(O2C(CF3)3C0,)]3. From a concentration- and temperature-dependent study, Cot-
ton and coworkers were able to show that the triangle was enthalpically favored
AH® = —41.9kJI mol™! but entropically disfavored: AS°® = —82Jmol 'K~1[40].
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Fig. 15 Resonance Raman spectra of a solid sample of [(t-BuCO,);Mo;],(n-0,CCO,) with
excitation at 671.4 nm

In a somewhat related study Cotton, Murillo, and coworkers also prepared
and structurally characterized a molecular triangle and a square having a perfluo-
roterephthalate bridge: [(DAniF),Mo,(0,CCgF4CO5)],, where n =3 and 4 [41].
This work clearly showed that, even for a bridge that is well known as a linear
connector in the construction of metallo-organic frameworks and coordination poly-
mers and for a Mog+ unit that has a rigid paddlewheel motif, there is sufficient
flexibility within the bridge and the dinuclear unit to accommodate a geometry
that ideally requires 60° angles, III, rather than the 90° of the square, IV. For
the equilibrium involving the conversion of 3 moles of squares to 4 moles of tri-
angle the equilibrium constant K was 1.98(7) x 10™# at 24°C. This conversion
was enthalpically disfavored AH® = —23.5kJmol™! but entropically favored
(AH® = +8.2JK 'mol™") [41].

It is interesting to speculate upon how a molecular loop and triangle or a triangle
and square manage to equilibrate and apparently so readily. One can perhaps con-
sider a catalytic process involving some impurity, and Cotton suggested that water
may play a key role in these interconversions.

These species are known to be redox active and molecular squares have been
shown to exhibit two or three oxidation waves by cyclic voltammetry [42]. How-
ever, little is known concerning the nature of the oxidized species. No molecular
square or triangle has been prepared for W§+ units, and for Mo‘z‘+ units it is likely
that the oxidized species are valence-trapped. Nevertheless these mixed-valence
ions should have interesting properties. Indeed, charged species in the form of a
square have been predicted to be appropriate for quantum computing [43], and
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it is interesting to contemplate the interconversion of the mixed valence isomers
schematically represented in (4), where O represents an M, center.

@0 oV 8
2 8 == 3 3
oV 8 ® N0

Bursten et al. have considered the bonding in a series of molecular squares of
formula [(HCO2)M; (ju-O2CCO,)]4, where M = Mo, W, Tc, Ru, and Rh [28].
For the quadruply bonded units where M = Mo or W the M8 orbitals mix with
the oxalate ¥ system to form a metal based set of 8§ combinations of aj,, €., and by,
symmetry in the D4y, point group. The a;, is bonding, the e, nonbonding, and the by,
weakly antibonding. Given the interesting spectroscopic properties of the oxalate
bridged dimers of dimers in both their neutral and oxidized forms, the possibilities
for the oxalate bridge square are quite fascinating.

11 Concluding Remarks

As was noted in the introduction, it was not the purpose of this chapter to be com-
prehensive but rather to introduce the reader to the rich structural and spectroscopic
properties of these linked MM quadruply bonded species. Cotton, Murillo, and their
coworkers have prepared many related compounds, dimers of dimers, molecular
loops, triangles, and squares involving Rh;Jr and RugJr units, but their chemistries
have been less developed [12,44-48]. Also of note has been the elegant syntheses
and spectroscopies of Ren and his coworkers on Rug+-linked units [49-52]. These
too are fascinating because of electronic communication between redox active cen-
ters. They do not contain MM quadruple bonds and so have not been discussed
either.
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1 Introduction

A wide variety of monodentate, sterically encumbering ligands have been used to
stabilize low coordination numbers in both main group and transition element com-
pounds [1]. In recent years, the very crowded m-terphenyls have emerged as a
particularly effective class of bulky ligand for the stabilization of numerous main
group element compounds with unusual bonding and electron configurations [2, 3].
These include, for example, the first compounds with formal triple bonds between
group 13 [4, 5] and group 14 metals [6, 7], as well as a stable crystalline heav-
ier main group radical species [8]. In contrast, transition metal terphenyl derivatives
have received less attention and most of the work has been performed within the last
5 years. This account focuses on these recently discovered transition metal species.

2 Terphenyl Ligands

The terphenyl ligands most often employed in the recent studies are of the general
form -Cg¢H3—2, 6-Ar, (Scheme 1). The flanking aryl rings (Ar) usually carry sub-
stituents at their ortho and sometimes para positions so that they are constrained to
maintain an almost perpendicular orientation with respect to the central aryl ring.
This generates a protective steric pocket that is often sufficient to shield a reactive
metal center. The preparation of terphenyl ligands is best achieved through a one-pot
routine developed by Hart and coworkers and the author’s group [9-11].

Terphenyl ligands modified by substitution at the meta or para positions of the
central ring have been introduced [12] (Scheme 2). These substitutions can alter the
steric or crystallization characteristics of their derivatives. Furthermore, the more
hindered rotation of the flanking-induced substituents by meta substitution further
increases the steric protection of attached reactive metal centers. Examples of the
modified terphenyl ligands are illustrated in Scheme 2.

Ar# Ar' Ar*

Scheme 1 Commonly used terphenyl ligands
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\ O O O
(Y oY oO-x o)
0 % 0 0

3,5-Pry-Ar’ 3,5-Pry-Ar* 4-X-Ar’ 4-X-Ar*
X = 'Bu, SiMe;, F, Cl, CF;, OMe

ke

Scheme 2 Modified terphenyl ligands

3 Terphenyl Metal Halide Derivatives of Transition Metals

3.1 Group 3 Terphenyl Metal Halide Precursors

The exploration of the chemistry of terphenyl derivatives of the group 3 metals is
due mainly to Rabe and coworkers [13—18]. The ligands used were of the formula
CgH3-2, 6-Ar, (Ar = CgHs, C¢Hy-2, 4, 6-Mes, 1—naphthy1, or 3-MeO-CgHy).
The halide complexes 1-3 could readily be obtained by simple salt metathesis
from the reaction of the terphenyl lithium with anhydrous metal trichlorides MCl3
(M = Sc or Y) in THF at room temperature [13, 14]. The yttrium complexes 2 and
3 were isolated in moderate yield (ca. 50%); however, only a low yield of the scan-
dium complex 1 could be obtained, most likely because of C—H bond activation as
indicated by NMR spectroscopy. These metatheses reactions did not proceed in aro-
matic solvents or hexanes probably as a result of the low solubility of the reactants
in these media. Complex 1 decomposes slowly in THF solution, while 2 and 3 are
considerably more stable.

. THF
ArfLi + ScCly —————— Ar#*ScCl,(THF),+LiCl
1 ()
. THF
ArfLi + YCl; ———— Ar*YCly(THF);+LiCl
5 @)
. THF
DnpLi + YCl; ———— DnpYCly(THF),+LiCl
3 3)

Dnp = 2,6-bis(1-naphthyl)phenyl
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The structure of 1 shows that it is a monomer in which the metal has a distorted
trigonal bipyramidal coordination geometry. The axial positions are occupied by
two chlorides; two oxygen donor atoms and the ipso carbon of the terphenyl group
bind in the equatorial positions. The O—Sc—O plane and the plane of the terphenyl
aryl central ring are almost coplanar (deviation ca. 4.6°). The Sc—C(ipso) bond
length is 2.247(3) A. The two Sc—O distances of 2.162(2) and 2.168(2) A are almost
identical, and are similar to those in the five-coordinate complex ScPhs;(THF),
(2.183(2)A) [15]. The Sc—Cl distances of 2.422(1) and 2.404(1) A are also very
close.

Although complexes 1 and 2 feature the same terphenyl ligand, the metals
have different coordination geometries because of the different metal sizes (Fig. 1)
[13, 14]. In 2, the metal has distorted octahedral coordination geometry (cf. 5-
coordination in 1), and the molecular structure can be described as the mer isomer
because of the location of the three THF donors. In contrast, the yttrium in the
2,6-bis(1-naphthyl) phenyl derivative 3 has a distorted trigonal-bipyramidal coor-
dination which is very similar to that of scandium in 1. In this case the lower
coordination number can be attributed to the slightly larger size of the Dnp sub-
stituent. The Y-C(ipso) and Y—Cl distances in 2 and 3 are comparable; however in
2, the bond length for Y-O(1) (which is trans to the terphenyl ligand) is ca. 0.2 A
longer than the other two Y-O distances.

The cyclooctatetraenyl terphenyl derivative 4 [16] was obtained from the one-pot
reaction of equimolar amounts of K,COT, YCl3, and 2, 6-Ph,—C¢H3Li in THF at
room temperature.

A
2,6-Ph,-C¢H3Li + YCl; + K,COT ————— (W .\_/__;\
ci
4
COT = Cyclooctatetraene )

Complex 4 is monomeric and the yttrium is 1'-o bound to the terphenyl ligand,
n® bound to the cyclooctatetraenyl ligand, as well as to a chloride which bridges the
yttrium and lithium ions. The average Y-C, distance is 2.564 A with a Y-centroid
distance of 1.80(4) A.

Rabe and coworkers also used donor-functionalized terphenyl ligands which
feature the donor group (OMe) at the ortho positions of the flanking aryl sub-
stituents [17, 18]. In addition to acting as chelating Lewis base donors, the two
methoxy groups are useful NMR spectroscopic markers. The donor-functionalized
ligand, 2, 6-(C¢H4—2-OMe),—CgHj3 (Danip), enabled two yttrium derivatives to be
synthesized and structurally characterized.
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Fig. 1 Selected structures without H atoms (carbon atoms of THF in 5 and Pr substituents in 6
are not shown) [13-18]

o THF
DanipLi + YCl; — > {DanipY(u,-Cl),(u-Cl)Li(THF),},+LiCl (5)
5
+DanipLi ~ KOCgH,-2,6-Pr, . )
YCl > » DanipY(THF)(OC¢H,-2,6-P
Y Thal —SKCl anipY (THF)(OC¢H, 1) (6)

6

The chloride species {DanipY (jt2-Cl)2 (jL2-CI)Li(THF), }» (5) was synthesized
by metathesis of YCl; with the lithium salt [17]. Complex S features a dimeric
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centrosymmetric heterobimetallic cage-like framework, which consists of two yttri-
ums, each coordinated by a chelating Danip ligand, two Li atoms, and six chlorides.
Two p,-Cl atoms bridge the two yttriums directly (Y-CI2.9929(8) A ave.) and four
p2—Cl atoms bridge the yttrium (Y-CI 2.6456(5)A ave.) and Li™ ions, which are
also coordinated to two THF donor ligands. In addition, each yttrium is coordinated
to two oxygen (Y-O = 2.449(2) A) atoms of the MeO groups on the ortho position
of the flanking rings.

Complex 6 was prepared by reaction of K(OCgH,—2, 6-/Pr,) with in situ gen-
erated 5. It is monomeric and the yttrium is coordinated to the terphenyl ligands via
the ipso carbon and two oxygen atoms of the ortho MeO groups, the oxygen from
OC¢H,—2, 6-'Pr, and a THF donor.

3.2 Terphenyl Chromium Halides

In 2005, it was shown that the reduction of the aryl chromium(II) chloride species,
Ar'CrCl, with KCyg afforded the Cr(I)-Cr(I) dimer Ar'CrCrAr’ [19], in which the
chromium atoms are linked by a fivefold metal-metal interaction. The effects of
different terphenyl ligands on the quintuple Cr—Cr bonding in ArCrCrAr (Ar =
4-X-Ar, X = H, F, MeO or SiMes) dimers were also studied (see Sect.7.2),
and these dimers were similarly prepared by reduction of the corresponding aryl
chromium chlorides [20].

The aryl chromium chloride species were synthesized in good yield (ca. 70
— 80%) by simple addition of one equivalent of ArLi (Ar = 4-X-Ar, X =
H, E MeO, SiMes) to CrCl,(THF), in ether at 0°C [21]. The reaction pro-
ceeded smoothly with complete elimination of LiCl to yield either blue or green-
ish blue crystals of the dimers {4-X-Ar'Cr(u—Cl)}» (X = H (7), MeO (8),
SiMe3(9)), or {4-F-Ar'Cr(j1-Cl)(THF)}, (10). Donor molecules such as THF can
also be incorporated depending on the substituents on the para position of the
central ring.

Cl
. Et20 RN
2 4-X-Ar'Li + 2 CrClo(THF)2 ———— 4-X-Ar'Cr CrAr-4-X
—2LiCl ~_~
Cl (7

X = H (7), OMe (8), SiMe;(9)

Cl /THF
2 4F-ArLi + 2CrCL(THF), 220 _ ool NCoArar
OLiC /N (8)
THE ¢!
10

Complexes 7-10 are dimerized through bridging of the terphenyl bound chromi-
ums by the chlorides. For 9 and 10, the bridging chloride positions are contaminated
with iodide due to its inclusion as a Lil impurity in the ArLi salt. The structures
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Fig. 2 Selected structures of terphenyl chromium halides without H atoms [21,22]

of 7, 9, and 10 are characterized by inversion centers midway between the two
chromiums and they all display planar Cr,Cl, cores (Fig. 2). In contrast, the struc-
ture of 8 has a mirror plane passing through the two chlorides and the Cr,Cl,
moiety has a fold angle of 154.0° along the Cr—Cr axis. This is considerably
wider than that observed in the Cp* (Cp* = CsMes) stabilized Cr(II) complex
(Cp*Cr(pn-Cl)}2 (124.8°) [23]. The ClI-Cr—Cl and Cr—CI-Cr angles are 87.51(2)
and 89.56(2)°, respectively.

In 7-9, there is a further interaction of the metal with an ipso carbon of one
of the flanking C¢H3-2, 6-'Pr, rings of the terphenyl group. Thus, the chromium
atoms can be considered to have a quasi-four-coordinate, square-planar environ-
ment. In 10, no such Cr—C interaction was observed due to the coordination of a
THF molecule to the metal which also gives a distorted square-planar metal envi-
ronment. In each structure, the Cr—Cl distances are in the range of 2.32 to 2.46 A,
the average of which is similar to the 2.388 A observed in the square-planar Cr(II)
complex {HC(CMeNDipp),Cr(j-Cl)}»(Dipp = C¢Hz—2, 6-/Pry) [24]. Magnetic
studies of 7 indicated weak antiferromagnetic Cr(II)-Cr(II) exchange with coupling
constant of ] = —7.0(1) cm™!.

Binuclear difluoro-bridged chromium complexes are rare and the only well-cha-
racterized previous example is the multidentate Cr(IIl) derivative {[N, N'-(2-O-3,
5-'Buy—Cg¢Hy—CHj)5— 1, 2-NHCH,CH,NH]Cr(ju-F)}» [25]. The terphenyl stabi-
lized chromium fluoride {4-CF3—Ar'Cr(j.-F)},> (11) was obtained by decomposi-
tion during the reduction of {4-CF3—Ar'Cr(ju-Cl)}, with KCg in THF. Unlike the
generally blue color observed for the chlorides, 11 has a pale purple color.
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Cl R THF
77N KCg /
4-CF;-Ar'Cr CrAr'-4-CF -CF+-AY CrAr'-4-CF
3 \Cl/ rAr BW 4CF3Ar§r\F/ TAT 3 ©)
THF
11

The structure of 11 is very similar to that of 10. It has a crystallographically
required inversion center between the two metal atoms. Thus, the Cr,F, moiety
is planar. Like 10, the chromium center in 11 is coordinated to two bridging fluo-
rides, one terphenyl ligand, and one THF molecule, and has a distorted square planar
geometry. The Cr—F distances of 1.970(2) and 2.104(2) A are different, and may be
compared to that observed (1.975A) [25] in {[(N,N’-(2-0-3,5-' Bu,—C¢H,—CH;), —
1,2-NHCH,;CH,;NH]Cr(-F)},. Due to the THF coordination to the chromium
atom, no Cr-Dipp interaction was observed. Magnetic studies were consistent with
the expected antiferromagnetically exchange-coupled Cr(I)-Cr(Il) dimer with a
fitted coupling constant J of 2.5m™!.

, b I\ L
Ar'CrCrAr'—=— Ar'Cr CrAr —2» Crl,(THF), + 2 Ar'l
N7 (10)

12

Structurally characterized chromium complexes with bridging iodides are also
scarce and only a handful of examples are known [26-28]. The complex {Ar'Cr
(1-D}2 (12) was not synthesized by metathesis, but by the reaction of Ar'CrCrAr’
with one equivalent of iodine [22], which oxidizes the chromiums to Cr(II) and
cleaves the quintuple bond. Reaction with a further equivalent of I, afforded the
Crl,(THF), complex with Ar'l elimination. In 12 two chromiums are bridged by
two iodides and the Cr-I distances are in the range of 2.674 to 2.775 A, which is
comparable to that in {CpCr(p-I)}, (2.6678(5) and 2.6592(5) A) [28]. One of the
chromiums (Cr(1)) interacts with the C¢Hz—2, 6-' Pr» ring but for Cr(2) the central
ring of the Ar’ ligand is oriented perpendicularly to the metal coordination plane and
displays no secondary Cr—C interaction. This difference may be due to the reduced
crowding in 12 as a result of the longer Cr—I bonds.

In summary, it is clear that the aryl chromium halide derivatives generally pre-
fer distorted square-planar geometry by coordination of THF in complexes 10 and
11, or by an interaction with the ipso carbon of the flanking CcH3—2, 6-'Pr, rings
in 7-9 and 12. The square planar geometry is, no doubt, favored by the d* con-
figuration of the Cr*" ions. The Cr—Cr separation increases from 3.109(2)A in
the fluoride (11) [20], to 3.301(2)A in the chloride (3) [21], and to 3.774 A in
the iodide derivative (12) [22], due to the increasing sizes of the bridging atoms.
The Cr—C(ipso) distances range from 2.035(6) to 2.058(2)A in 7-9 and 12 and
are somewhat longer (2.125(3) and 2.117(2) A) in 10 and 11. The latter distances
are similar to the 2.124(6)A in the square planar Cr(II) complex Mes,Cr(PMes)»
[29]. This is a result of THF complexation and also, perhaps, the presence of
an electron-withdrawing group [30] at the para position of the central rings in
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10 and 11. The Cr—C interactions in 7-9 and 12 range from 2.413 to 2.489 A, which
are on average 0.4 A longer than the Cr—C(ipso) distances. The interaction of the
flanking C¢H3-2, 6-'Pr, rings with the metal centers is also evident in the distor-
tion of the bond angles at the ipso carbon. Thus, in 7-9 and 12, the Cr—C(1)-C(2)
angle is about 40° narrower than the Cr—C(1)-C(6) angle, while the difference of
such angles is only about 4° in complexes 10 and 11.

3.3 Terphenyl Manganese Halides

The reaction of anhydrous MnCl, with Ar'Li in THF was performed by follow-
ing the same routine used for the preparation of the chromium chlorides. However,
instead of the simple chloride-bridged species “{Ar'Mn(ju-Cl)}»”, colorless crystals
of the LiCl inclusion complex {(Ar'MnCl),Li,Cl, (THF)3} (13) [31] were isolated.

_ THF
2 Ar'Li + 2 MnC12 —_— Liz(THF)3A1"2Mn2C14 (1 1)

13

X-ray crystallography revealed that 13 has a cuboidal structure featuring three
types of bridging chloride (Fig.3). These are: CI(2), which p»-bridges the Mn
atoms; CI(1), which p3-bridges two Mn atoms and one Li; CI(3) and CI(4), which
bridge two Li and one of the Mn atoms. The two lithiums in the structure are four-
coordinate; one is coordinated to three |w3-chlorides and THF, whereas the other is
coordinated to two L3-chlorides and two THF molecules. Each manganese atom
is bonded to one terminal terphenyl ligand and three bridging chlorides to afford
distorted tetrahedral metal coordination. The differences in the Mn—Cl distances
can be rationalized on the basis of the coordination geometries of the Cl, Mn,
and Li centers and are in the range of 2.464(3) to 2.694(4) A, which is consider-
ably longer than the average Mn—Cl distance of 2.326 A in the Mn(II) complex
{HC(CMeNDipp)>Mn(j-Cl)}» [32].

Similarly, the reaction of Mnl, with one equivalent Ar'Li in diethyl ether did not
eliminate Lil; instead {Li(Et,O)Ar'Mnl,}, (14) [21] was obtained.

2AFLE + 2 Mol —229 o (iELO)AFMNLL,

12
14 (12)
. THF .
2 Ar'Li + Mnl(THF),—— {Li(THF)Ar'MnL,}, (13)
15
. THF ~IN
ArLi -+ MnlyTHF), ——— Ar'Mn __Li(THF),
o (14)

THF
16
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Fig. 3 Selected structures of terphenyl manganese halides without H atoms (carbon atoms of THF
or Et,O in 13-15 are also not shown) [21,31]

Unlike the cuboidal structure of its chloride analog 13, 14 has a cubane structure
in which all twelve edges are bonding interactions. All the iodides in 14 are 3-
coordinated to metal ions and each lithium ion is coordinated to one diethyl ether
molecule and three bridging iodides.

When the reaction of Ar'Li with one equivalent of Mnl, (THF), was carried out
in THF, two types of crystals, {Li(THF)Ar'Mnl,}, (15) and Ar'Mn(j1-1),Li(THF)3
(16), were isolated [31]. Like the structure of 14, 15 has a cubane structure with
one THF molecule coordinated to each of the lithium ions (Fig.3). Complex 16
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cocrystallizes with half an equivalent of {Lil(THF),}, which is separate from
the manganese complex. Unlike the dimanganese structures of 13-15, 16 fea-
tures just one manganese, which is bridged by two iodides to the lithium ion.
The manganese atom is also coordinated to a terminal terphenyl ligand and a
THF molecule (Mn-O 2.1731(13)A), and has distorted tetrahedral geometry, sim-
ilar to that observed in 13-15. The Mnl,Li moiety has a fold angle of 172.9°
along the I-I axis, which is somewhat wider than that of 164.4° observed in
{HC(CMeNDipp)>Mn(ju-1)2Li(Et;0)2} [33]. The Mn-I distances of 2.7716(3)
and 2.7896(3) A in 16, are comparable to those in {HC(CMeNDipp)>Mn(j1-T)},
(2.7688(7) and 2.7484(8)A) [34], and are slightly shorter than those of 2.793(5)
and 2.847(2) A in 15, which has 3 bridging iodides.

The bulkier ligands Ar* and 3, 5-'Prp—Ar* (cf. Schemes 1 and 2) were also used
to prepare the terphenyl manganese iodide derivatives. For Ar*, Lil was not elim-
inated and the monomeric complex Ar*Mn(w-1),Li(THF), (17) [31] obtained is
very similar to 16, except that the manganese in 17 is three-coordinate and has a
trigonal planar geometry as a result of the greater bulk of the Ar* ligand. However,
with the even bulkier ligand 3, 5-/ Pry—Ar*, the by-product Lil was completely elim-
inated and the three-coordinate dimeric Mn(II) complex {3, 5-/ Pr,—Ar*Mn(j.-1)}»
(18) was obtained [31].

I
o Et,0 N
Ar*Li(E,0) + Mnly(THF), —2— » Ar*Ma  Li(THF),

I 15)
17

. I
2 35PrArFLI(EGO) + MnL(THF), 220 3 5ipr Aoy : MnAr*-3,5-Pr,

AN
I (16)

18

In summary, with increasing size of the terphenyl ligands, the geometries of the
ArMnX (X = Cl or I) derivatives change from distorted tetrahedral geometry, in
the case of Ar’ ligand, to distorted trigonal planar geometry with the bulkier Ar*
and 3, 5-'Pro—Ar* ligands. The Mn—C(ipso carbon of the aryl ring) distances in
13-18 are in the narrow range of 2.068(4) to 2.134(7) A, and are similar to those
in the two-coordinate homoleptic derivatives Mn(Mes*), (2.108(2) A) [35,36] and
four-coordinate heteroleptic cationoic Mn(II) species [MesMn(Et,0)3]" [BPhy]™
(2.111(8)A) [37]. Notably, the Mn—C(ipso) bond distances in four-coordinate Mn
complexes (2.109(1)A in 14, 2.1327(18)A in 15 and 2.1327(18)A in 16) are
slightly longer than those of the three-coordinate manganese atoms (2.093(2) A)
in 17 (2.093(2)A) and 18 (2.084(2) A). Similarly, the Mn-I distances in three-
coordinate 17 and 18 are slightly shorter than those in the four-coordinated 14-16.
Unlike the chromium halide species, which show a secondary M—C interaction with
the flanking aryl ring, the three-coordinate manganese iodide species showed no
evidence of such interactions.
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3.4 Terphenyl Iron and Cobalt Halide Complexes

The iron(II) and cobalt(II) terphenyl metal halide complexes have very similar struc-
tures to those of their manganese analogs. The reaction of Ar’'Li with one equivalent
of Ml (M = Fe and Co) readily afforded {Li(EtO)ArMI,}, (M = Fe(19) or
Co(20)) [21], which are isostructural to 14. Each metal ion is coordinated to a
terminal terphenyl ligand and three w3 bridging iodides and thus has a distorted
tetrahedral geometry.

. Et,O
2 Ar'Li + 2 Ml—2—» (Li(Et,0)ArML,}, (17
M = Fe (19) and Co (20)

In 19, the Fe—C bond lengths (2.044(3) and 2.038(4) A) are similar to that in
Fe(Mes*), (2.058(6)A) [35]. The Fe—I bonds are in the range of 2.7341(7) to
2.7769(7) A and are similar to the Fe—I bond lengths in {Ph3PSFel(j1-I)}, (2.732
and 2.644 A) [38].

The preparation of the terphenyl iron and cobalt chloride complexes afforded
products that crystallized poorly. For iron, the simple products {Ar'Fe(ju-Cl)}, or
{Ar'Fe(u-1)}2 could not be completely characterized. The metathesis using the
bulkier ligand 3, 5-/Pry—Ar* afforded {3, 5-/ Pro—Ar*Fe(j1-X)}, [31] (X = partial
Cl and I), due to the incorporation of Lil in the Li(3, 5-' Pro—Ar*) starting material.
A similar problem was encountered in the reactions of CoCl,. When using the lig-
ands Ar’ and Ar* with CoCl,, the only isolated crystals were of {ArCo(u-1)}2 (Ar =
Ar’ (21) and Ar*(22)) [31] in which, the chloride is completely exchanged with the
iodide according to X-ray crystallography.

1
. THF 7N

2 ArLi + 2 CoCly ——> ArCo  CoAr

Lil N

! I (18)

Ar = Ar' 21), Ar*(22)

Like the structure of 18, complexes 21 and 22 are dimerized through bridging
iodides. However, unlike the planar geometry observed for the Mn,I, moiety in 18,
the Co, I, units in 21 and 22 have a slight fold angle of ca. 5.4°. The Co—C distances
in 21 (1.953(3) A) and 22 (1.964(3) A) are quite similar and are slightly longer than
those in 20 (1.998(5) and 2.004(5) A), in which the cobalts have higher coordination
numbers. The Co-I distances (range from 2.587(3) to 2.609(3) A) in 22 are similar
to those in {Ph3POCoI(jL-I)}, (2.6230(4) A) [39] and are significantly shorter than
the 2.6755(7)to 2.7141(8) A observed in 20 owing to the lower coordination number
of the cobalt in 22.

The unusual cobalt iodide derivative {Ar*Co(ju-I)(CH3-N=CH;)}, (23) was
obtained by the reaction of {Ar*Co(ji-I)}, with LiNMe, (see Sect.5.2) [40]. It
is dimerized through the two bridging iodides (2.6898(4) and 2.6825(4) A). Each
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2 23 24

Fig. 4 Selected structures of terphenyl iron and cobalt halides without H atoms (except those of
the HN=CH, ligand in 23) [31,40,41]

cobalt atom is also coordinated to a terphenyl ligand (Co—C 2.012(2) A) and a neu-
tral imine molecule CH3N=CH, via the nitrogen lone pair (Co—N 2.0472(19) A) to
give a distorted tetrahedral geometry.

Terphenyl iron and cobalt bromide derivatives were studied with a view to
improving yields and crystallinity. The iron species {Li(Et;O)Ar'FeBr,}, was
obtained as an amber powder from hexanes or benzene, but it did not crystallize
well. However, {3, 5-/Pry—Ar*Fe(in—Br)}, (24) was prepared by the reaction of
3, 5-'Pry—Ar*Li with FeBr, in diethyl ether and structurally characterized. This
complex could also be obtained by oxidizing the half sandwich Fe(I) complex
3,5 Prz—Ar*Fe(n6-C6H6) with BrN(SiMes), [41] (Fig.4). For further details see
Sect. 8.2.

The only known terphenyl cobalt bromide derivative is {Ar*Co(j.-Br)(THF)},
(25), which was the first well-characterized terphenyl derivative of a transition
metal. It was prepared by reaction of ArI with activated magnesium (a mixture of
magnesium metal and MgBr,) and then with CoCl, in THF [42]. Halogen exchange
occurred during the reaction and the bromide-bridged species was isolated instead of
the chloride. The structure of 25 bears some resemblance to that of 23. The cobalts
are bridged by two bromides with Co-Br distances of 2.480(2) and 2.495(2) A,
which are very similar to that observed in the four-coordinate Co(II) complex
[Co(ju-Br){C(SiMe3),(SiMe,NMey)} ], (2.478(2) A) [43]. In addition, each cobalt
is coordinated to the terphenyl ligand (2.053(8) A) and a THF molecule (Co-O
2.023(8) A) and has a distorted tetrahedral coordination geometry.

g
1) Mg, MgBr,, THF /
A1 ) Mg, MeBr, Ar* Co CoAr#

2) CoCl, NN (19)

Br THF
25
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4 Homoleptic, Two-Coordinate Terphenyl Transition
Metal Complexes

Since the first stable, open-shell, two coordinate crystalline dialkyl species Mn{C
(SiMes3)3}, was reported in 1985 [44], two-coordinate open shell transition metal
complexes have attracted considerable interest. The related bulky aryl ligands
have also played an important role in the stabilization of low coordination num-
bers at transition metals. Coordinatively unsaturated transition metal aryls tend
to form oligomers [45-47]; however, the use of the very bulky Mes* (Mes* =
CgHy-2,4, 6—But3) ligand afforded the two-coordinate transition metal derivatives
MMes; (M = Mn or Fe) [35, 36]. Recently, Kays’ group synthesized MArg
(M = Mn (26), Fe (27), or Co(28)) [48] Complexes 26—28 were obtained by reac-
tion of {LiAr"}, with one equivalent of the metal dihalide in a mixture of THF and
toluene. They were isolated as colorless (26), yellow—green (27), and dark purple
(28) crystals, respectively, from hexanes.

(ArLi}, + MX, 25X Mar,

Ar = Ar¥, M = Mn(26), Fe(27), and Co(28) (20)
Ar = Ar', M = Mn(29), Fe(30),

Complexes 26-28 are monomeric and the metal centers are coordinated to two
Ar* ligands. Their crystals are isomorphous and feature two crystallographically
independent molecules. The C-M-C angles of the two molecules differ by an
average of ca. 7° and are in the range of 162.8(1) to 173.0(1)°. Similarly, the two-
coordinate derivatives MAr’2 (M = Mn (29), Fe (30)) [31,49] were obtained by the
reaction of metal dihalides with LiAr’. Interestingly, the color of 30 is orange, which
differs from the yellow of FeMes} [35,36] or yellow—green of FeArZ't [48].

Complexes 29 and 30 are isostructural and their crystallographic metrical param-
eters are almost identical (Fig. 5). There is only half of a molecule in the asymmetric
unit due to the crystallographic mirror plane that passes through the metal centers.
The M—C distances are very similar to those in the Mes* and Ar* analogs. The
C-M-C angles in 29 and 30 are 160.19(9) and 159.34(6)°, respectively, which are
similar to those in MMesz (M = Mn, 159.66(10)°; M = Fe, 157.9(2)°) [35, 36],
but somewhat narrower than those in MArg (M = Mn, 166.4(2) and 173.0(2)°;
M = Fe, 164.4(2) and 171.1(2)°). It was proposed that the bending in the complexes
MMes; is due to weak interactions between the metal and the tert-butyl ortho-CH
groups of the ligands and the bending in MArj complexes is a result of the sec-
ondary interaction between the metal centers and the ipso carbon of the flanking
mesityl ring. However, no secondary interactions were observed in 29 or 30. Thus,
the bending in these complexes may be governed by packing effects. In addition,
there is a ca. 17.7° angle between the M—C bond and the plane of the central aryl
ring of the ligand a distortion that is not observed in the Ar* analogs. Magnetic
studies of 26-28 show that they have magnetic moments of 5.89, 4.90 and 3.81 g
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Fig. 5 Selected structures of homoleptic M(II) complexes without H atoms [48,49]

respectively [48]. These values are close to the spin only values and indicate the
presence of five, four, and three unpaired electrons.

5 Terphenyl Transition Metal Complexes
with Amido Coligands

5.1 Quasi-Two-Coordinate Amido Complexes Ar’ M-NHAr*

Numerous other heteroleptic transition metal terphenyl complexes, in which the
halide is replaced by a variety of groups, are also possible. For example, amido
ligands are of interest because of their ability to combine steric flexibility, good
metal-ligand bond strength, and relatively straightforward synthetic accessibility.
These attributes have led to their pioneering use in the synthesis of a wide variety
of homoleptic, low (2 or 3) coordinate open shell (d! — d°) complexes [50-57].
However, there are very few examples of heteroleptic two-coordinate complexes
containing amido ligands or indeed heteroleptic, open shell two-coordinate species
of any kind. A rare example is {(Me3Si),N}Fe(SAr") [58], which features a bulky
terphenyl thiolate and an amido ligand. A major obstacle to the synthesis of the het-
eroleptic complexes was the scarcity of suitable starting materials that would afford
two-coordinate complexes upon derivatization with amido or organo groups. The
isolation of well-characterized terphenyl transition metal halides discussed in Sect. 3
provides a very useful entry to heteroleptic complexes in general. The reaction of
the aryl metal halides with LIN(H)Ar" in hexanes at room temperature yielded the
aryl metal amido complexes ArMN(H)Ar* (M = Mn (31), Fe(32), Co(33)) with
the elimination of LiX. Complexes 31-33 were isolated in moderate yield as pale
yellow, bright red, and deep purple crystals, respectively [59].
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33at90 K 33at240 K

Fig. 6 Structures of complexes 31-33 without H atoms (except the N-H) [59]

The structures of 31 and 32 (Fig. 6) are very similar. In each complex, the metal
is coordinated to the terphenyl ligand and the amido ligand. The M—C(1) o-bonded
distances are essentially the same as those in the homoleptic two-coordinate com-
plexes 26 and 27, respectively. The Mn-N distance (1.9807(12)A) in 31 is similar
to those in Mn{N(SiMePh,)}»

Mes

ArMX + QNHU Hexanes

Mes

+ LiX
(21)

M = Mn(31), Fe(32), Co(33)
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(1.989(3) A) [59], but somewhat shorter than those in Mn{NMesBMes, }, (2.046(4)
A) [60]. The Fe-N distance (1.9324(12)A) in 32 is similar to those in Fe
{NMesBMes, !, (1.938(2)A) [61] and Fe{N(SiMePh,),}, (1.917(2)A) [62]. The
C(1)-M-N angles are 132.58(5) and 134.97(5)°, respectively, which deviate from
linearity due to the interaction between M(II) and the ipso carbon(C(37)) of the
flanking -C¢Hp—2, 4, 6-Me3 ring. The M—C(37) distance is ca. 0.5 A longer than
the M—C(1) bond length. Similar interactions were also observed in the amido
complexes M{NMesBMes;},(M = Mn [60] or Fe [61]). For each complex, the
magnetic properties are fully consistent with the presence of the expected high-spin
manganese(Il) and iron(Il) ions. The g for 32 is 5.36 W, which is significantly
more than the spin only value of 4.90 wg (S = 2) and suggests a considerable
orbital contribution to the effective magnetic moment.

The structure of 33 was determined by X-ray crystallography at both 90(2) K
and 240(2) K (Fig. 6). The structure obtained at 240(2) K is isostructural to those
of 31 and 32. The cobalt atom is coordinated to the terphenyl ligand and the amido
ligand and has secondary interaction with the ipso carbon of the Mes ring (Co—C
2.393(2) A). However, the structure at 90(2) K shows that there is a very strong
n® interaction with one of the flanking Mes rings instead of the M—C secondary
interaction seen at 240 K. The Co-centroid distance is 1.636(3)A, which is con-
siderably shorter than that in Ar'CoCoAr’ (see later) (1.7638(16) A) [63], but lies
within the expected range of 1.561 to 1.766 A!. The strong interaction causes the
C(1)-Co-N(1) bending angle of 101.75(11)° at 90(2) K to be much narrower than
the 133.90(6)° observed at 240(2) K. The strong Co — 1®-arene bonding is consis-
tent with calculations for first row transition metal—-arene interactions, which show
that they are often stronger for cobalt [64—66]. The Co—C(1) o-bonded distances at
both temperatures (1.977(1) and 1.992(2) A) are essentially the same and are similar
to that in 28. The Co-N distances (1.875(3) and 1.880(2) A) are somewhat shorter
than those in the quasi-two coordinate complexes Co{NMesBMes,}, (1.910(3) A)
[61] and Co[N(SiMePh,)5]» (1.901(3) A) [62].

Mes

(22)

33 (240K) 33 (90K)

The structural changes in 33 are consistent with its magnetic properties, which
indicate that the cobalt(Il) ion undergoes an electronic spin-state transition from
the low-spin, S = 1/2, state below 229K to the high-spin, S = 3/2, state above
this temperature (22). As is often the case for an electronic spin-state crossover,

! Co-centroid distance of 31 Co-arene (benzene or toluene) complexes from Cambridge database
(version 5.29, February 2008).
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Fig.7 The temperature dependence of the effective magnetic moment of 33 obtained upon warm-
ing. Upper inset: the inverse molar magnetic susceptibility of 33 obtained upon warming and its
corresponding Curie—Weiss law fit. Lower inset: The hysteresis in the effective magnetic moment
of 33 observed upon warming, red, and cooling, blue [59]

the transition exhibits hysteresis upon warming and cooling, which is shown in the
lower inset to Fig.7. Spin crossover in cobalt(Il) systems has been well studied.
However, the majority of the complexes concern multidentate ligand complexes
with six-coordination or less commonly five-coordination at cobalt [67].

In 31-33, all the o-bond lengths involving the transition metals (M—C(ipso car-
bon of the aryl) and M-N) decrease in the sequence Mn > Fe > Co, which is in
agreement with the decrease in the size of these metal ions [68]. The C(32)-C(37)
distances in 33 as well as in 31 and 33 are essentially the same and show no signifi-
cant change from that of C(36)-C(46), which is the corresponding C—C distance of
the non-interacting flanking -Cg¢Hy-2, 4, 6-Mej3 ring. Although the secondary M—C
interactions in the three structures induce considerable bending in their geometries,
there is little effect on other structural parameters. For instance, there is no appre-
ciable lengthening of the M—C or M-N o-bonds. Also, the M—C interaction with
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the flanking rings produces little structural change within the interacting rings. The
reaction of {Ar'CrCl}, with LIN(H)Ar" was also attempted and the blue solution of
{Ar'CrCl}, turned deep red at low temperature, but changed to dark brown in about
30 min when it was warmed above ca. —40°C. No pure product was isolated at room
temperature, however.

5.2 Terphenyl Transition-Metal Complexes of the Parent
Dialkylamide—NMe,

The reactions of LiNMe, with the corresponding aryl metal halides in hexanes or
benzene readily afforded the dimethyl amido complexes 34-36 [40].

. Ce¢H
{Ar'Cr(u-Cl}, + 2 LiNMe, — ¢ Cr{Ar'Cr(u-NMe,), }, (23)
34

hexanes
(LI(ELO)AIMX 5 + 2 LiNMe, — 20 _ Y ArMn(u-NMe,)}, 24)

M = Mn, X =1(35); M = Fe, X=Br (36)

The complex 34 exhibits an unusual trinuclear structure. Several attempts were
made to prepare the dimeric {Ar'Cr(jn-NMe,)}, analogous to 35 or 36 e,; how-
ever, 34 was the only isolated product. The molecule has a crystallographically
imposed inversion center at the central chromium(Il) ion which has a distorted
square planar coordination geometry and is bound to four bridging NMe, ligands
with N(1)-Cr(2)-N(2) and N(1)-Cr(2)-N(2A) angles of 97.38(7)° and 82.62(7)°,
respectively. The two outer chromium(II) ions are coordinated to two of the NMe,
groups that bridge to the central chromium as well as to a terminal aryl ligand.
These chromium(II) ions are three coordinate with distorted T-shaped coordina-
tion environment with a large C(1)-Cr(1)-N(1) angle of 163.55(8)°, and narrow
C(1)-Cr(1)-N(2) and N(1)-Cr(1)-N(2) angles of 110.11(7) and 86.21(8)°. The
coordination geometry at Cr(1) and Cr(1A) is thus highly unusual and may be con-
trasted with the quasi-square planar geometry in 7-9, in which the chromium(II)
ions interact with the ipso carbon from one of the flanking aryl rings. This quasi-
T-shaped geometry at chromium(II) appears to be precedented only by that in
the alkoxide [Cr{OC’'Bus},(Cl)Li(THF),] [69] and is generally not found for
chromium(II) amides, where the distorted trigonal planar geometry in complexes
such as {Cr(NRR')(n — NRR')}, (R = 3, 5-Me,—CgH3, R’ = adamantyl) [70] and
{Cr(N'Pr,)(l,-N'Pry)}, [71] is normal. The Cr-N distances are in the narrow range
of 2.005(2) to 2.113(2) A, with Cr(outer)-N distances slightly shorter than those to
the central chromium(II) ion, perhaps because of the lower coordination number of
Cr(1) and Cr(1A). The Cr,N; core in 34 is folded along the Cr—Cr axis with a fold
angle of 34.11(4)°, which is similar to, but larger than, the 24.0(3)° observed in
{Cr(NRR")(j.-NRR’)}; [70]. The Cr—Cr separation in 34 is 2.9515(3) A, which lies
between the 2.838(2) A in {Cr(NCy,)(11-NCy,)}2 [72] and the 3.150(1) A observed
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in {Cr(j.-NPhy)(NPh,)(THF)}, [72], but is significantly longer than the 2.67(1) A
in trans-{(n°>-CsHs)Cr(NO)(j.-NMe,)}> [73]. This might be due to the steric
effect of the bulky terphenyl ligand on the terminal metal centers. The effective
magnetic moment of 34 is 2.13 pp and because of the intramolecular exchange
interactions, it is significantly below the spin only peg of 4.90 wp expected for
isolated chromium(II) ions.

Complexes 35 and 36 were prepared following the same synthetic route as 34. In
these cases the straightforward dimeric complexes with bridging NMe, groups were
obtained in good yield. Crystals of 35 and 36 are isomorphous and the structures
of the two complexes are very similar and are characterized by a crystallographi-
cally imposed inversion center between the metal ions. Dimerization occurs through
almost symmetric bridging of the metal ions by the -NMe, groups. The Ar’ group
is terminally bound to each metal to yield a distorted, almost planar, trigonal coordi-
nation geometry (Fig. 8). For 35, The Mn-N distances (2.0938(8) and 2.1247(9)A)
are somewhat shorter than those found in the three coordinate manganese(Il) amido
bridging complexes, such as {Mn(NPr,)(u-NiPry)}, (2.139(5)A) [74] and
[Mn{N(SiMe3), }{j.-N(SiMe3)»}]> (2.174(3)A) [75] possibly for steric reasons.
Although the Mn,;N, core is symmetric and almost perfectly square, the exter-
nal N-Mn-C angles differed by over 21°. This difference is also probably steric
in origin as a result of transannular terphenyl-terphenyl interactions. The Mn—Mn
separation is 2.9479(3) A, indicating very weak metal interactions. For 36, The Fe—
N distances of 2.0206(18) and 2.0354(19) A are longer than those in {(‘""PDEA)
Fe(i-NMey)M} (‘PPDEA=(2, 6-'Pr,~C¢H3N=CMe,),CsH3N, M = Li, K)
(1.9773(16) A) [76] and the NH,-bridged complex {Fe(CO)3(j.-NH,)}, (1.98(2) A)
[77]. The distortion in the C—Fe—N angles (C(1)-Fe(1)-N(1) 138.53(8)° and C(1)—
Fe(1)-N(1A) 124.99(8)°) is not as large as it is in 35, but the Fe-Fe separation
of 2.7241(6) A is similar to the 2.715(1) A and 2.663(1) A observed in {Fe(NR)
(-NR2)}2 (R = Phor SiMes) [78].

Fig. 8 Structures of 34 and 36 without hydrogens [40]
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The magnetic properties of compounds 35 and 36 are similar. A fit of the tem-
perature dependence of 35 with ¢ = 2 and S = 5/2 yields / = —38(1)cm™!
and indicates a corresponding manganese(Il) spin-only e of 5.92 pp. A fit of the
temperature dependence of 36 with g = 2 and S = 2 yields J/ = —75(3)cm™!
and No = 0.00110(8) emu/mol Fe and a corresponding spin-only iron(I) peg of

The reaction of {Ar'Co(ju-Cl)}, with two equivalents of LiNMe, was also
attempted, but no amido product was obtained in this case, perhaps due to decom-
position of the desired product. As a consequence, the less bulky aryl metal halide
{Ar*Co(p-T)}, was employed; only 23 (JAr*Co(ju-I)(CH3NCH,)}»), (see Fig.4)
could be isolated from the reaction mixture. In contrast to 35 and 36, the reaction
proceeded without eliminationof lithium halide and the iodide-bridged species 23
was isolated in low yield.

H
AH
=
2LiNMe, o 0] (25)
{Ar#Co(u-I)}, —— JAr Co—/‘l\{ — 1 {Ar*Co(u-H)}, + H,C=NMe
Me”’2

The mechanism by which 23 is produced during the course of the reaction is
unknown. However, it is possible that an amide intermediate Ar*CoNMe, is pro-
duced initially. Then the smaller size of the Ar” ligand relative to Ar’ may per-
mit decomposition. The released H,C=NMe may then be trapped by unreacted
{Ar*Co(ju-I)}, to form 23, while the presumably unstable cobalt hydride decom-
poses to unidentified products. The structure of 23 bears a resemblance to that of
{Ar*Co(j.-Br)(THF)}, (25), and is dimerized through the two bridging iodides and
is characterized by an inversion center midway between the cobalt(Il) ions as in 35
and 36. Thus, the Co,I, unit is planar. Each cobalt is also bound to a terminal Ar
group and a CH,=NCHj3; ligand, which is coordinated through the nitrogen lone pair
to afford distorted tetrahedral coordination geometry at cobalt. The Co-I distances
of 2.6898(4) and 2.6825(4) A are comparable to those in [{Ph3POCoI(j-I)},] (2.647
and 2.652 A) [39]. The CoCo separation is 3.628(3) A, which is consistent with the
absence of bonding interaction between the two cobalts and the magnetic properties
of the complex. The Co-N distance of 2.0472(19) A is within the range of bond
distances for numerous cobalt(Il) imino complexes. The N(1)-C(25) bond length of
1.262(3) A is considerably shorter than the N(1)-C(26) distance of 1.451(3) A, and
is consistent with N—C double bonding. The dehydrogenation of NMe, was also
observed in (PMe,Ph)Cl, W(u—NMe,)-(jv-0, n2-CHCH,) (-1, 0-CH,NMe)WCl
(NMe,)(PMe,Ph) [79, 80], but unlike the -0 and n2 coordination mode in that
complex, the ligand adopts a o only coordination through the lone pair on nitrogen.
This may be due to the tendency of cobalt(Il) complexes to prefer tetrahedral coor-
dination. Currently, the chemistry of these NMe, complexes is under investigation.
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6 Terphenyl Metal Halide Reactions with Acetylides

The acetylide group (-C=CR) ligand is an extremely versatile one, which can bond
to transition metals in a variety of coordination modes, and donate up to 5 elec-
trons [81-84]. The reaction of {(THF)Li},Mn,Arj14 (15) with two equivalents of
LiCCR (R = 'Bu or Ph) in a mixture of hexanes and THF or diethyl ether afforded
Ar’Mn(CC’Bu)3Li3 (THF)3 (|,L3—CCtBll) (37) or AI‘/MH(CCPh):;Li:; (THF) (Et20)2
(w3-I) (38) [31]. The reaction of 15 with LiCC'Bu was attempted with different
stoichiometric ratios of 15 to LiCC'Bu; however, 37 was the only isolated prod-
uct irrespective the ratio of the reactants. In contrast, 15 reacts with six equivalents
of LiCCPh and 38 could be obtained, regardless the stoichiometric ratio of 15 to
LiCCPh.

hexanes
—_—

o , . .
15 + 8LiCC'Bu THF 2 Ar Mn(CC;%u)3L13(THF)3(CC’Bu) + 4 Lil (26)
15 + 6 LICCPh 2&X40S 5 A Mn(CCPh);Lis(THF)(Et,0)(I) + 2 Lil

EL,0 5 27)

In 37, the manganese is coordinated to three —CC'Bu groups through the
B-carbons of the acetylide groups and one terphenyl ligand, and thus has a dis-
torted tetrahedral geometry. In addition, three lithium ions coordinated by THF
bridge the three acetylide groups by y-complexation and one 1 3-bridging acetylide
group through o-donation. Thus, the oxidation state of the manganese in 37 remains
+2, which was further conformed by magnetic studies (Fig.9). Examples of alkali
metal ions capped by the electron rich acetylide groups in manganese complexes
were quite rare and the known examples are the Mn(I) complexes {Mn(dmpe),
(CCSiMe3)2}[M] (M = Li or Na, dmpe = 1,2-bis-(dimethylphosphino)ethane)
[86]. The Mn—C(B-carbon of the —CC'Bu group) bond lengths are essentially
identical, with an average distance of 2.192(3) A. Due to the coordination of the
triple bond in the acetylide groups to the Li ions, the Mn—C distances in 37
are considerably longer than the average Mn—C distances of 2.075A in the hete-
rocubane structure of the phosphoraneiminato complex {Mn(CCSiMe3)(NPEt3)}4
[87]. Magnetic studies indicated that the Mn(II) center has a high-spin configuration
with five unpaired electrons.

The structure of 38 is very similar to that of 37 with the manganese center coordi-
nated to three -CCPh groups and one terphenyl ligand and lithium ions complexed
between the acetylide groups. However, instead of a 3 coordination through the
a-carbon of an acetylide group, there is a |L3-iodide bridged to three lithium ions
in 38. Only mixed base donors (diethyl ether and THF coordinating to Li) afforded
crystalline products. Magnetic studies showed that 38 had five unpaired electrons
with S = 5/2, which is normal for high-spin Mn(II) complexes.
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Fig. 9 Structures of 37-40 without H atoms (carbons of THFs in 37 and 38, Pr' groups in 39 and
THF molecule in 40 are not shown) [49, 85]

The reactions of {Li(Et;O)Ar'FeBr,}, with the lithium acetylide reagents affor-
ded very different results (Scheme 3) from those obtained for manganese [85]. It
is possible that the initial step involves elimination of LiBr to give the intermediate
“Ar'Fe-C = CPh,” which may associate through the y-donation of the electron rich
acetylide group to the iron center. In concert with n6-complexation of the iron by a
flanking aryl ring, the Ar’ group then migrates from the iron with reduction of the
metal to +1 with generation of radical character at the a-carbon of the acetylide
group. Radical coupling then leads to dimerization and formation of a C—C bond
to afford complex 39. Radical coupling of aryl-substituted acetylides is known for
alkali metal derivatives related to 39 [88].
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. L — 2LiBr
{Li(THF)Ar'FeBr}, + 2 LiC:CPh ————

39

Scheme 3 Proposed mechanism for the formation of 39. ! Pr groups are not shown [85]

X-ray crystallography revealed that complex 39 is a 1,3-butadiene ligand stabi-
lized binuclear transition metal complex with a metal-metal interaction. The Fe—Fe
distance is 2.5559(3) A, which is slightly longer than the sum, 2.48 A, of the sin-
gle bond covalent radii for iron [89]. The chemical environments of the two irons
are very similar, so the following discussion focuses on Fe(1). The Fe(1) atom is
n'-o-bonded to C(1), n2-y-bonded to C(3) and C(4)) of the 1,3-butadiene moiety.
In addition, it is n6-b0nded to one of the flanking —-C¢H3—2, 6-Pri2 rings of the Ar’
unit attached to C(4). The Fe—C(1) o-bonded distance is 1.965(2) A. The Fe—n2
interactions with the double bonded carbon atoms C(3) and C(4) are slightly differ-
ent (2.128(2) and 2.058(2) A). It is noteworthy that the single bond (C(2)~C(3)) and
the double bonds (C(1)-C(2) and C(3)-C(4)) within the 1,3-butadiene ligand are
elongated by ca. 0.07 A, in comparison to uncomplexed 1,3-butadiene [90-92]. The
Fe—centroid distances are 1.589(3) and 1.595(3) A, which are considerably shorter
than those in the Fe(I) complexes, Ar’FeFeAr’ (1.733(2) and 1.763(2) A) (see later)
[63], (n®~CsHe)FeAr*-3, 5-Pri, (Ar*-3, 5-Pry, = C¢H-2, 6-(C¢Hp—2, 4, 6-Pr}),—3,
5-Pry) (1.643(2)A) [93], and [{(CsH3-2,6-Pr)NC(Me)},CH]Fe(n°%-CsHs)
(1.6245(8) A) [94]. The Fe—C(aryl ring) distances are in the range of 2.050(2) to
2.192(2) A and the C—C distances involving C(53) (1.445(2) and 1.436(2) A) are on
average ca. 0.03 A longer than the other C—C distances within the same aryl ring.
The strengths of the metal-carbon interactions to C(53) and C(56) are reflected
in their deviation from the C54-C55-C57—C58 plane by ca. 0.146 and 0.076 A,
respectively, with the result that the C¢H3—2, 6- Pr; ring has a distorted boat geom-
etry. Similar distortions are also observed in the central aryl ring of the terphenyl
ligands.
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I3
/Bu
C///C
) . —2LiBr L )
{Li(THF)Ar'FeBr},+4 LiIC=C'Bu —> 2Ar Fe\ /LI(THF)z (28)
C
\\\C
AN
Bu
40

The ion pair complex 40 was prepared similarly; however, no insertion or
coupling was observed for the acetylide groups. This may be due to the bulky sub-
stituent (“Bu) on the a-carbon of the acetylide group, which hinders Ar’ migration
and radical formation on the a-carbon and disfavors coupling of the acetylide group.
Instead, two acetylides become coordinated to the iron and a lithium ion is com-
plexed by THF and two alkyne moieties. Thus, the oxidation state of Fe in 40 is +2.
The iron is coordinated to the terphenyl group Ar’ and two acetylide groups through
the B-carbon atoms, and has a distorted trigonal planar coordination geometry. The
Fe—C(1) bond length of 2.039(2)A is very similar to the terminal Fe-C distance
in the three-coordinate Fe(II) complex {MesFe(-Mes)}, (2.023(5)A) (Mes =
CeHy-2, 4, 6-Mes) [95]. The Fe—C(acetylide) distances (2.029(3) and 2.033(2) A)
are very close, and are slightly longer than those in other three-coordinate Fe(II)
complexes, such as HC[C!BuN(2, 6-' Pr,—CH3)],FeCCR (R = SiMe; 1.961(6) A
[96] and R = Ph, 2.000(2) A [97]). Due to the coordination of the acetylide group
to the lithium ion, the Fe(1)-C(31)-C(32) angle of 172.5(3)° deviates slightly
from linearity. Magnetic studies showed that it had a high-spin d® configuration
with § = 2.

Similar reactions for the chromium species were also attempted. The blue solu-
tion of {Ar'Cr(ju-Cl) }2(7) becomes deep red when treated with the acetylide reagents
and the color of the solutions changed to dark brown upon warming. Unfortunately,
no crystals could be isolated.

7 Reduction of Terphenyl Metal Halides

7.1 Terphenyl Stabilized Metal(I) Dimers ArMMAr
(M = Cr, Fe, and Co)

Since the landmark [Re,Clg]?~ dianion was structurally characterized in 1964 [98],
the topic of multiple bonding between metal-metal centers has been a very active
research area in inorganic chemistry [99]. In particular, the “paddle-wheel” com-
plexes of the type [M,L4L;,_,] (L = bridging bidentate ligand; L = axial ligand),
which have quadruple bonds formed by the overlap of o, 21, and § orbitals, have
been intensely investigated. Beginning in the mid-1970s, however, theoretical and
spectroscopic investigations of diatomic transition-metal species M, (M = Cr
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or Mo) trapped in inert matrices at low temperatures showed that sextuple bonds
consisting 20, 2, and 28 overlaps could exist between these metals [100-111].
However, such species are unstable at room temperature and cannot be isolated for
further study. The use of large terphenyl ligands provided an opportunity to provide
sufficient steric protection to stabilize complexes of formula ArMMAr, which in
certain cases can contain five fold bonding between metals.

{Ar'CrCl},

. (29)

THF

41

The reduction of the earlier mentioned blue Cr(II) complex {Ar'CrCl), (7) with a
slight excess of KCg (29) afforded deep red, pyrophoric crystals of the chromium(I)
dimer Ar'CrCrAr’ (41) [19]. X-ray crystallography (Fig. 10) revealed that a very
short Cr—Cr bond distance of 1.8351(4) A and a trans-bent planar Cip,—Cr—Cr—Cip0
core (C—Cr—Cr 108.78(3)°) were present. In addition, a C—Cr interaction of 2.2943
(9) A was found between the chromium and the ipso carbon of the C¢Hy-2, 6-'Pry
ring from the ligand attached to the other chromium. The very short Cr—Cr bond
length in 41 is very close to the Cr—Cr distance of 1.828(2) A in Cotton’s quadru-
ply bonded chromium(II) dimer Cr, {CgH3—2-OMe-5-Me}4 [112], which indicates
the presence of considerable multiple bonding character between the two chromi-
ums. The structure, combined with the presence of temperature-independent weak
paramagnetism, led to the proposal that a five fold bonding interaction was present

Fig. 10 Structures of 41 and 42 [19, 63]
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between two d> chromium(l) centers. A simplified molecular orbital(MO) dia-
gram could be used to explain the nature of the fivefold Cr—Cr interaction, namely,
one ¢ (d2 overlap; A, symmetry), two ¥ (d,, and dy.; B, symmetry), and two §
(dx?—y? and dy,; B, symmetry) with 10 valence electrons. The actual bonding sit-
uation is more complex because mixing between orbitals of the same symmetry can
occur. Theoretical studies on the simplified species PhCrCrPh and HCrCrH have
confirmed the very short Cr—Cr bond length and the overall trans-bent geometry
observed in 41 [113, 114]. The publication of 41 has sparked considerable fur-
ther interest in quintuple bonded species [113—117]. Several dichromium complexes
including ArCrCrAr (Ar = modified terphenyl) [20], Cr,(Ar' N=CHCHN=Ar!),
(Ar! = CsH3-2, 6-Prb) [118], Cra{2-(NMes)-5-Trip-pyridine}» (Mes = CHa—2,
4,6-Me3, Trip = Ce¢Hp-2,4,6-Pry) [119], and [K(crypt[2,2,2])][Cr,
({N(XyD)}2CH)3] (Xyl = CgH3-2,6-Me,) [120] have been reported. All these
complexes contain five orbital interactions and featured very short Cr—Cr bond
lengths that range from 1.7397(9) to 1.8351(4) A [20, 118-120].

In order to explore M—M bonding in first row transition metals further, the reduc-
tion of iron halide {Li(OEt,),Ar'Fel,}, (19) or {Li(THF)Ar'FeBr,}, and the cobalt
halide {Li(OEt;),Ar'Col;}2(20) or {Ar'Co(-Cl)},) with KCg in tetrahydrofuran
was performed. The reductions afforded Ar'FeFeAr (42) and Ar'CoCoAr (43)) in
low yield [63].

{ArMX},
(30)

M = Fe (42) and Co (43)

Both 42 and 43 also display trans-bent Ci,sc—M—-M—Cjps, core configurations,
which appear to resemble that observed in 41. In a manner which also appears
to be similar to 41, the iron and cobalt atoms are n!-bonded to an ipso-carbon
from the central aryl ring of the terphenyl ligand and also interact with a flanking
ring of a terphenyl ligand attached to the other metal within the dimer. How-
ever, in 42 and 43 these flanking ring interactions are very much stronger than
those in 41 as indicated by a 0.5 A shortening of the metal—centroid distances. Thus,
in 42 the Fe-flanking ring centroid distances are 1.733(2) and 1.763(2) A and in
43 the Co-centroid distance is similar at 1.764(2) A. These lengths, which may
be compared to 2.203(6) A observed in 41, are similar to the Fe- and Co-centroid
distances in the n°-aryl complexes [HC{C(Me)N(C¢H3—2, 6-'Pry)},Fe(n°-CsHg)]
[94], [3, 5-Prh,Ar*Fe(n®-CgHe)] [93], [HC{C(Me)N(CsHs—2, 6-Me,)}Co(n°-C;
Hs)] [121].

The most prominent structural parameters in 42 and 43 are the Fe—Fe and Co—
Co distances which present an even greater contrast to the chromium structure.
The Fe—Fe (2.515(9)A) and Co—Co (2.8033(5)A) separations greatly exceed the
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1.8351(4) A observed in 41. The Fe—Fe distance, is very similar to the Fe-Fe sepa-
ration in 39 and is very close to the sum, 2.48 A, of the single bond covalent radii
for iron [89], whereas the Co—Co separation is over 0.3 A longer than the 246 A
distance predicted for a cobalt—cobalt single bond [89]. On the basis of these dis-
tances, an iron—iron single bond might be expected for 42 whereas the cobalts in
43 are expected to be weakly bonded or non-bonded. However, magnetic studies
of 42 show that it is paramagnetic and has two high-spin, S = 3/2, Fe(l) ions and
that there is little antiferromagnetic coupling between them. In contrast, magnetic
data for solid and solution samples of 43 show that it is essentially diamagnetic.
The magnetic data for 43 suggest that the two Co(I), d® centers are either very
strongly antiferromagnetically coupled or that they each have a diamagnetic, non-
bonded low-spin d® configuration. DFT calculations suggest that there is little or no
bonding between the cobalt or the iron centers in 42 and 43 in agreement with the
experimental data.

Attempts to synthesize ArMnMnAr’ were also made by reduction of the corre-
sponding manganese halide {Li(OEty)>Ar'Mnl,}, (14) with KCg in tetrahydrofu-
ran; however, no crystals were isolated from the resulting red brown solution.

7.2 Terphenyl Ligand Substituent Effects in Chromium
Complexes

Following the initial report of 41, the first compound with a quintuple bond between
two Cr centers, it was decided to explore how changes in the steric and electronic
properties of the terphenyl ligand might affect the metal-metal bonding. Thus, we
developed a series of ligands related to Ar’ with different electronic and steric prop-
erties (Scheme 4) and prepared a series of chromium(II) halide precursors for further
study (cf Sect. 3.2).

Reduction of the chromium(Il) halide precursors {4-X-Ar'Cr(n-Cl)}, (X =
MeO (8), SiMe3(9)) or {4-F-Ar'Cr(j.-Cl)(THF)}, (10) (31) in THF readily afforded

4-X-Ar’
X = H, OMe, SiMes, F, CF; 3,5-Pry-Ar*

Scheme 4 Modified terphenyl ligands related to Ar’ and Ar* for the stabilization of M(I)
complexes (M = Cr, Mn, Fe, or Co)
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Fig. 11 Structures of 46 and 47 without H atoms [20, 122]

THF
[(4-X-Ar)CrCl], + 2 KCg ————  (4-X-Ar')CrCr(Ar'-4-X) 1)

X = H(41), OMe(44), SiMe;(45), F(46)

4-X—Ar'CrCrAr—4-X (X = MeO (44), SiMes (45), or F (46)) [20]. Complexes
44-46 are all deep red and pyrophoric like 41. The low-temperature X-ray crystal
structures revealed similar, trans-bent dimeric structures with short Cr—Cr distances
ranging from 1.8077(7) to 1.8351(4) A. While 41, 44 and 45 reside on a crystallo-
graphic inversion center, and hence display strictly anti-periplanar conformations,
this is not the case for 46, which shows a slightly twisted arrangement of its
Cipso—Cr—Cr—Cjpso core [C(1) —Cr(1) — Cr(2) — C(31) = 172.8°] with little change
in the overall geometry of the molecule (Fig. 11). The Cipso—Cr—Cr angles in 41 and
44-46 are almost invariant and in the range of 101.65(6) — 102.78(1)°. A notable
feature of the structures is the close approach of one of the C¢Hs-2, 6-'Pr, sub-
stituents of each terphenyl ligand to one of the chromium(I) ions. The Cr-C(ipso)
distances of the affected flanking aryl rings range from 2.294(1) to 2.322(2)A,
which is approximately ca. 0.18 A or 8% longer than the Cr—C(ipso) bonds of the
central aryl rings. The remaining Cr-C distances exceed 2.41 A. Because of the sim-
ilar structure of these complexes, 41 and 44-46 all show temperature-independent
paramagnetism with yy values of 0.00112(5), 0.00150(10), 0.00088(3), and
0.00062(3) emu/mol Cr respectively (Table 1).

The 'H NMR spectrum of (4-MeO-Ar")CrCr(Ar'—4-OMe) (44) is representative
of the four complexes. The spectrum features four diastereotopic methyl resonances
in the usual range, one signal for the MeO group, as well as two signals for the
protons in the meta positions of the flanking aryl ligand. Two multiplets at 3.21 and
4.62 ppm correspond to tertiary CH resonances of the 'Pr groups. The spectrum is
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Table 1 Selected bond lengths (A) and angles (°) of 41 and 44-46 [20]

41 44 45 46

Cr(1)-Cr(l1a) 1.8351(4) 1.8160(5) 1.8077(7) Cr(1)-Cr(2) 1.831(2)
cr()-C(1) 2.131(1)  2.131Q2)  2.136(2)  Cr(1)-C(1) 2.132(6)
Cr(2)-C(31) 2.138(6)

Cr(1)-C(7a) 2204(1)  2311(2) 2.322(2)  Cr(1)-C(49) 2.307(6)
Cr(2)-C(19) 2.294(6)

C(1)-Cr(1)-Cr(1a) 102.78(1)  102.25(4) 101.65(6) Cr(1)-Cr(2)-Cr(31) 102.7(2)
Cr(1)-Cr(2)-Cr(1) 102.3(2)

C(7)-Cr(1a)-Cr(1) 94.193)  95.37(4)  95.73(5)  C(19)-Cr(2)-Cr(1) 94.6(2)
C(49)-Cr(1)-Cr(2) 94.3(2)

C(1)-Cr(1)-Cr(1a)-C(1a) 180.0 180.0 180.0 C(1)-Cr(1)-Cr(2)-C(31) 172.8

*“Toluol
7 CHI(CH,),
g = CH(CH,),
L/
|
OMe
m-CH, m-C.H,
| im-C.H m-C.k CHICH CHICH) |
-—m....d/.’ Y AN e el W iy _#Uflw\' umm
ppm 6.8 6,0 5,2 44 36 28 2,0 1,2 04

Fig. 12 'H NMR spectrum of (4-MeO-Ar')CrCr(Ar’-4-OMe) (44) in C;Dg at —50°C
(*denotes signals of solvent toluene) [20]

consistent with Cp, symmetry, indicating the presence of two inequivalent flanking
CegH3-2, 6-'Pr, substituents due to restricted rotation about the Cr—C(ipso) Bond
(Fig. 12). An unusual feature of the spectrum is the dramatically shielded signal of
the para hydrogen atom of one of the flanking aryl rings. The signal for the cor-
responding meta hydrogens is also shifted to lower frequency. This observation is
explained by the proximity of the respective hydrogens to a flanking aryl ring of the
opposite terphenyl ligand, inducing a diamagnetic shift of these resonances. These
signals may be assigned to the flanking ring closest to chromium. DFT calcula-
tions predict that on the model compounds (4-X-C¢H4)CrCr(CeHs—4-X) (X = H,
SiMes, OMe, or F) have almost identical geometries in the gas phase and this is in
agreement with the experimental results.

The related Ar'—4-CF3 ligand, which has a strong electron-withdrawing
group CF3 on the para position of the central aryl ring, was also developed
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and the reduction of {(4-F3C-Ar')CrCl}, was carried out analogously to the
synthesis of 41 with the aim of preparing the metal-metal bonded dimer
(4-F3C—-Ar)CrCr(Ar'—4-CF3). Initially, the reaction mixture assumed a deep-red
color typical for the other ArCrCrAr complexes; however, the color of the THF solu-
tion changed to purple in about half an hour, even with the exclusion of light, indi-
cating decomposition. After workup, purple crystals {(4-F;C-Ar')Cr(j.-F)(THF)},
(11) were isolated. The structure of 11 was discussed in Sect. 3.2.

To assess the effects of increased steric congestion, initial attention was focused
on the Ar* ligand. This differs from Ar’ in that it has / Pr groups instead of hydrogens
at the para positions of the flanking rings. Unfortunately, the attempted synthesis of
Ar*CrCrAr* has not led to characterizable products to date. Instead, the related
ligand 3, 5-/Pro—Ar*, which has two additional Pr groups at the meta positions
of the central aryl ring, was investigated. This substitution improves the crys-
tallization characteristics of its derivatives. In addition, hindered rotation of the
flanking C¢Hy-2, 4, 6-'Pr5 substituents further increases the steric protection of
attached, reactive metal centers. Surprisingly, reduction of {3, 5. Pry—Ar*CrCl},
with KCg in THF did not generate the deep red solution initially; instead, the blue
solution became dark orange. After workup, orange crystals were obtained and
were shown by X-ray crystallography to be the monomeric chromium(I) complex
3, 5-Pr,—Ar*Cr(THF) (47) (Fig. 11) [20,122]. The chromium is coordinated to the
terphenyl ligand and a THF molecule. The coordination geometry is nearly linear
with a wide C—Cr—O angle of 173.7(2)°. The Cr—C bond length of 2.087(3) A is
comparable to those observed in the quintuple bonded species. All other Cr—C con-
tacts exceed 3.0 A and indicate no other Cr—C interactions. The effective magnetic
moment of 5.95 g indicates high-spin Cr(I) with a 3d° electronic configuration
as predicted by theoretical calculations. 47 represents the first example of a two
coordinate chromium(I) complex.

, THF .
{(3.5-Pry-Ar9)CrCl}, + 2 KCy —————» 2 (3,5-Pry-Ar*)Cr(THF)
_2KCl pu (32)

Disproportionation of 47 into a Cr(II)/Cr(0) complex was obtained when 47 was
stored in toluene and its structure will be discussed in Sect. 7.4.

In short, by modifying the Ar’ ligand on the para position with substituents
of different electronic properties, further examples of the quintuple bond species
(4-X-Ar)CrCr(Ar—4-X) (X = H, MeO, SiMes, F) could be isolated. They all
show similar and very short Cr—Cr distances and it is suggested that the changes
induced in the Cr—Cr bond length by the different substituents X in the para posi-
tion of the central aryl ring of the terphenyl ligand are probably a result of packing
rather than electronic effects. In the case of 4-CF3—Ar/, the desired product is unsta-
ble. Although the steric bulk of the Ar’ ligand is necessary for the stabilization of
Cr—Cr bond, the extremely bulky ligand 3, 5-/Pr,—Ar* creates sufficient steric pres-
sure to prevent Cr—Cr bond formation and coordination to donor molecule such as
THF or PMes (see Sect. 7.3) is preferred to dimerization.
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7.3 Reduction of the Terphenyl Metal Halides
in the Presence of PMe;

The reduction of {3, 5.1 Pro—Ar*CrCl}, with KCg in THF in the presence of excess
PMe; afforded the complex 3,5-'Pr,—Ar*Cr(PMes) (48) [20, 122], which was
obtained as orange red crystals from hexanes. Like its THF-substituted analog 47,
the chromium is almost linearly coordinated to the terphenyl ligand and a PMe3
molecule with a C—Cr-P angle of 167.39(4)°, which is similar to that observed in
47 (Fig. 13).

THF/PMe,
_—

{(3.5-Pr,-Ar*)CrCl}, + 2 KCq 2 (3,5-Pry-Ar*)Cr(PMes) (33)

48

Following this report, the isolation of analogous Lewis base complexes of
univalent later metals was attempted in order to obtain other two-coordinate M(I)
species of the type Ar—-M-L (L = donor molecule). No crystalline products were
obtained with use of the Ar*-3, 5-'Pr, group. Instead, use of the less bulky ligand
3,5-'Pry—Ar’ led to a series of halides, {3,5-"Pr,—~ArMX}, (M = Mn, Fe, or
Co), which upon reduction with KCg in THF in the presence of excess PMes
afforded the iron and cobalt phosphine complexes 3, 5-' Pr,—Ar'Fe(PMes) (49)
and CO(Y]3-{1-(HzC)zC—C6H3—2-(C6H2—2, 4-PI‘§—5-(C6H3—2, 6-iPr2))—3-i PI‘})
(PMe3)3 (50) as orange-red and orange crystals as shown in (34) and (35) [123].

Fig. 13 Structures of 48-50 without H atoms (except C1-H in 50) [122, 123]
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(35)

In 49, the iron is coordinated to the ipso carbon of the aryl ligand and one PMe3
molecule. Unlike the almost linear two-coordinate Cr(I) complex 48, the iron in 49
has a strongly bent coordination geometry with a strong n® interaction with one of
the flanking CeH3-2, 6—Pr§ rings of the terphenyl ligand (Fig. 13). The Fe—centroid
distance of 1.574(2) A is similar to those in {Fe(n®-C1oHg)(1, 2-bis(dicyclohexylp—
hosphino)ethane)} (1.597(6)A) [124] and in {(C¢H;;-N = CH),(n®-C;Hg)Fe}
(1.542 A) [125]. Because of the strong n° interaction with the flanking aryl ring,
the terphenyl ligand exhibits a very distorted geometry, for example, at the ipso-
carbon, the Fe(1)-C(1)-C(6) and Fe(1)-C(1)-C(2) angles differ by over 42° and
the angles involving the flanking rings (C(1)-C(6)-C(13) 103.10(11)°, C(1)-C(2)—
C(7) 121.56(12)° are also very dissimilar. The Fe—P distance of 2.2509(5) A lies in
the range of 2.157 A to 2.471 A2, observed in numerous iron phosphine complexes.
The strong n%—arene interaction exhibited by 49 and other putatively low-coordinate
late transition metal complexes is supported by calculations [66].

In sharp contrast to 49, the reduction of {3, 5-'Pr,—Ar CoCl}, under similar con-
ditions did not afford a product analogous to either 49 or the linear structure of 48;
instead, the highly unusual conversion of the terphenyl group into an n3-allyl ligand
was observed and the unexpected product 50 (Fig. 13) was isolated in low yield after
the separation of 3, 5-/ Pry—Ar'—H. It is proposed that the formation of 50 involves
two intermediates. The proposed mechanism is shown in Scheme 5.

The similarities of the reduction of {ArMX}, (M = Fe or Co) in THF [63]
and the reduction of {3, 5-Pr,—Ar*MX}, in aromatic solvents [93, 126] suggest
the initial formation of the PMes adduct, which is similar to 49 and has an 18-
electron configuration. However, it has a geometry more strained than that of 49
owing to the smaller size of cobalt. The strain may lead to cleavage of the Co—
C o-bond of the PMe3; complex with formation of an alkene/hydride intermediate
via replacement of the n!-PMes ligand by the n2-alkene group and concomitant
abstraction of two hydrogen atoms from an ‘ Pr group. Under the influence of excess
PMes, this intermediate could rearrange to give 50 with elimination of Hy. This
dehydrogenation of inert alkyl groups via remote C—H activation has been observed
in Pd(OAc),-mediated systems [127]. A possible alternative mechanism involves
the formation of the PMes adduct initially. Under the influence of excess PMes, the

2 The Fe—P distance of iron center to PMes molecule of 118 compounds from Cambridge database
(version 5.29, February 2008).
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Scheme 5 Proposed mechanism of formation of 50 [123]

cobalt center could move to the central carbon atom of the isopropyl group first.
Upon complexation of a PMes molecule and elimination of H, gas, 50 could be
formed.

Similarly, reduction of the less crowded cobalt species {Ar'CoCl}, with KCg in
the presence of excess PMej afforded the related compound Co(n3-{1-(H,C),C—Cs
H3-2-(CeHs-3-(CgH3-2, 6—Pr§))—3—Pr" H(PMes)3 (51); however, when the reduc-
tion was attempted with the significantly smaller Ar* ligand, which has methyl
instead of isopropyl groups on the flanking rings, a brown solution was obtained
and no crystalline product was isolated. Complexes 50 and 51 were isolated in low
but reproducible yields.

The structures of 50 and 51 are very similar. The cobalt is no longer bound to
the ipso carbon of the central ring of the aryl ligand. Instead it has become coordi-
nated to three-carbon atoms that were originally part of an isopropyl group from a
flanking aryl ring. The coordination geometry at the central carbon of the allyl group
becomes planar and the C—C distances lie in the range of 1.420(5)-1.437(2) A, con-
sistent with a C—C bond order near 1.5. These distances are slightly longer than
those bonds in other Co-allyl complexes, such as {[(CH30)3;P](CO),Co[(CH>),
CCH,]},(CO) (1.408 A) [128]. The Co—C distances in 50 and 51 are in the range of
1.974(4) to 2.034(4) A , which is also similar to that observed in the allyl complexes
mentioned earlier and are within the range of Co—C distance of 1.911 to 2.11 A in
allyl cobalt complexes in general®. The three Co—P distances are very similar with

3 The Co-C distance of Co-allyl compounds from Cambridge database (version 5.29, February
2008).
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an average Co—P value of 2.156(4) A, which is close to those in the related complex
[Co(PhCCCsHy1)(PMes)3] ™ [B(Ph)4]~(2.161(2) A average) [129].

In short, reduction of {ArMX}, (M = Cer, Fe, or Co) with KCg in THF in the
presence of excess PMes, afforded M(I) complexes with very different geometries
from the original chromium species 48, which has linear coordination. In contrast,
the iron species 49 has a very bent geometry with a very strong Fe-1° interaction
to a flanking aryl ring. In sharp contrast, the n3-allyl complexes 50 and 51 were
formed by dehydrogenation of an isopropyl group of the flanking ring.

7.4 Arene Complexed Terphenyl Metal Species

When toluene was added to the crude product obtained from the reduction of
{(3, 5-"Pra—Ar*)CrCl}, with KCg at room temperature, an immediate color change
was observed and the mixed-valent dinuclear complex [(3, 5- Prp—Ar*)Cr(n>:n°-
CH,Ph)Cr(Ar*-1-H-3,5-Pry)] (52) was isolated [20]. Although the structural
arrangement of 52 is superficially similar to that of {Cr[HC(CMeNDipp)2]}2
(n%:m8-PhCH3)] [130], a striking difference is that in 52, a C-H bond of
toluene has been activated and the proton has been transferred to an Ar*-1-
H-3,5-Pry ligand. Thus, the structure contains an anionic (CH,Ph)~ group
whose bridging coordination mode resembles that in the Cr(I)/Cr(Ill) complex
[Cp*Cr(n!-CH,Ph)(n3:1°-CH,Ph)CrCp*] (Cp* = CsMes) which was formed by
thermal rearrangement of [Cp*Cr(n!-CH,Ph)(n3:n%-CH,Ph)CrCp*] [131]. How-
ever, in 52 one chromium, Cr(1), is bonded to two anionic ligands [(3, 5. Pry—Ar*)~
and (CH,Ph)~] and is assigned the 42 oxidation state. In contrast, Cr(2), which
closely resembles the sandwich structure of (bis)benzene chromium and related
compounds [132], is assigned the zero oxidation state. The reaction may thus
be regarded as a valence disproportionation of the Cr(I) complex (3, 5- Pry—Ar*)
Cr(THF) (47). The observation of a deprotonated CH, group in the benzyl anion
is supported by the relatively short C-C distance of 1.459(4) A, and by the obser-
vation of two hydrogen atoms bound to C(7) in the X-ray structure. The strong
interaction between Cr(1) and the benzylic carbon atom, C(7), is reflected in the
bending of C(7) away from the plane of the phenyl ring [(C(7)-C(1)—centroid) =
169.3°]. The benzyl ligand is bound in an allylic fashion with bonding parameters
similar to [Cp*Cr(n!'-CH,Ph)(n3 : n®-CH,Ph)CrCp*] [131], and {Cp*Cr(CsFs)
(n3-CH,Ph)} [133], which appear to be the only other structurally characterized
complexes of chromium with an n3-coordinated benzyl ligand. The protonation of
the second terphenyl ligand was confirmed by the observation of a hydrogen atom
bound to the ipso carbon of its central aryl ring. The magnetic properties of 52 are
consistent with the presence of both Cr(0) and Cr(II) as is indicated by the struc-
tural and spectroscopic results. It was suggested that the first step in the formation
of 52 very likely involves the interaction of 47, present in the reaction mixture,
with toluene. Coordinative unsaturation at a chromium center may then induce the
migration of a methyl proton from toluene to one of the (3, 5-/Pr,—Ar*)~ ligands.
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Fig. 14 Structures of 52-54 without H atoms [20,93]

However, other possible mechanisms cannot be excluded definitively at present due
to the difficulty in isolating the labile intermediates in this reaction (Fig. 14).

{3,5-Pr2-Ar*CrCl}, + 2 KCs %» [(3,5-Pry-Ar*)Cr(1*:n%-CH,Ph)Cr(Ar*-3,5-Pr,-1-H)]

748 52
(36)

Although the attempted preparation of the 3,5-'Pr,—Ar*M(L) (L = THF or
PMe3;, M = Mn, Fe, or Co) failed to produce characterizable products, the arene
stabilized complexes {3, 5-'Pry—Ar*Mn},(n°-C;Hg) (53) [93], 3,5- Pro—Ar*Fe
(n6-C6H6) (54) [93], and 3, S-iPrz—Ar*Co(n6-C7Hg) (55) [126] were easily
obtained upon the addition of C¢Hg or toluene.

. THF/C¢H.R .

{3.5-Pry-Ar*MX}, +2 KCy ————— (3 51Pr,-Ar*), M(11°-C4H;R)
M=Mn,X=1n=2R=Me (53); (37)
M=Fe,X=Br,n=1,R=H (54)
M=Co,X=Cln=1,R = Me (55)

Complex 53 is a rare example of an inverted-sandwich complex. The two
3, 5-'Pry—Ar*Mn moieties are bridged by a toluene molecule with Mn—centroid
distances of 1.7815(12) and 1.7798(12) A and a Mn—centroid—Mn angle of 178°.
The Mn—centroid distances are longer than the usual range found in complexes
having n®-coordination to arene rings*, due probably to the bridging nature of the
interacting toluene in 53. In agreement with the long Mn—centroid distances, the
average C—C bond length within the bridging toluenes is essentially the same as it is

4 The Mn-centroid (benzene or toluene) of 79 manganese complexes in the Cambridge Crystal
Structure Database (Version 5.28, August 2006) range from 1.546 to 1.765 A.
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in the uncomplexed molecule [134]. In 53, each manganese is present in a highly dis-
torted coordination environment as Mn(I) with a nominal 3d° t; e? electronic ground
state, and S = 2. Magnetic studies showed that the effective magnetic moment is
5.17 wp per manganese(I) ion, which is in agreement with 5.2 ug expected for two
d® Mn(I) centers with no Mn—Mn bonding or any magnetic exchange.

In contrast to 53, reduction of {3, 5-/Pr,—Ar*FeCl}, in the presence of benzene
afforded the orange half-sandwich complex 54. The iron is coordinated to the ipso
carbon of the terphenyl ligand and a benzene in an 1° fashion. The C(1)-Fe—centroid
is strictly linear and the Fe(1)—centroid distance of 1.6427(13)A is similar to the
Fe—centroid distance of 1.6245(8)A in the related B-diketiminate Fe(I) complex
[{(C¢H3-2, 6—Pr"2)NC(Me)}ZCH]Fe(nG—C6H6) [94], but is shorter than the 1.733(2)
and 1.763(2) A in Ar'FeFeAr (42). Magnetic studies showed that the Fe(I) center
adopts a high-spin configuration with three unpaired electrons.

Similar to 54, reduction of {3, 5-1 Pr,—Ar*CoCl}, in toluene afforded the green
half-sandwich complex 55, which is related to that of (HC{C(Me)NCgH3-2, 6-
Me;,},)Co(n®-C7Hg) [135]. The C(1)-Co—centroid angle is 167.6° and the Co—
centroid distance is 1.659(1) A, which is comparable to the corresponding distance
of 1.602 A in the Co(I) complex Co(PMes),(BPhy) [136], where cobalt interacts
with a phenyl ring in an n® fashion. The 'H NMR spectrum of 55 exhibits para-
magnetically shifted resonances between 20 and —70 ppm, suggesting a high-spin
d® (S = 1) electronic configuration for the cobalt(I) center, which was further
confirmed by the study of its magnetic properties.

8 Reactivity Studies of Terphenyl Metal(I) Species

8.1 Reactivity of Ar'CrCrAr’

Although Ar'CrCrAr’ (41) is extremely sensitive to air and moisture, it shows no
reactivity toward H,, elemental Sg and PMes. This may be due to the steric effects
of the bulky terphenyl ligands. However, it reacts with ‘BuNC and CyNC (Cy =
CeH11) to afford red brown solutions; however, no crystals have been isolated so far.

Reactions of 41 with the cumulenes N,O (excess) and N3(1-Ad) (Ad =
adamantyl) led to cleavage of the Cr—Cr bond and the formation of the products of
Ar'Cr(-0)2Cr(0)Ar (56) and Ar'Cr(pa:n', n3-N3(1-Ad))CrAr’ (57)(Scheme 6)
[137].

Exposure of 41 to excess N,O afforded 56, which was obtained as dark green
crystals from hexanes. The two CrAr’ units are bridged by two oxygens and
Cr(2) is also bound to a terminal oxygen, whereas Cr(1) interacts with the ipso
carbon of a flanking —-C¢H3 — 2, 6-'Pry ring (Cr(1)-C(13) 2.358(4) A) of its ter-
phenyl ligand. Thus, the molecule contains chromium in the +3 (Cr(1)) and +5
(Cr(2)) oxidation states. The Cr(1) atom has distorted trigonal pyramidal coordina-
tion, whereas Cr(2) has a distorted tetrahedral geometry. The difference in metal
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Scheme 6 Preparation of 56 and 57 [137]

oxidation state is discernible in the bridging Cr—O distances, which are on aver-
age more than 0.03A longer for Cr(1) than for Cr(2). Unlike the planar Cr,O,
cores observed in the Cr(IIT) complex {Cr(NRR),(1-0)}» (R = 3,5-Me,—CgH3,
R’ = adamantyl) [138] or the symmetric Cr(V) complex {(n°-CsHs)Cr(O)(n-0)}2
[139], the Cr,O, moiety in 56 (Cr—Cr = 2.5252(8) A) has a fold angle of 163.7(4)°,
which is similar to the 159.9° in the dianionic Cr(V) complex {OCr(PFP)(u-0)}5™~
(PFP = perfluoropinacolate) [140]. The Cr(2)—O(terminal) distance of 1.575(3) Ais
considerably shorter than the Cr—O (bridging) distances and indicates strong mul-
tiple bonding. It is also somewhat shorter than those in Cr(V) complexes, such
as {(n3-CsHs)Cr(0)(11-0)}2 (1.594(3)A) [139] and HC[C(Me)N(Dipp)]>Cr(0),
(1.600(4) A) [141]. The magnetic properties indicate that both the distorted tetra-
hedral trivalent Cr(2) and the pentavalent Cr(1) have the expected one unpaired
electron with S = 1/2 for each ion; there is little if any intramolecular exchange
and the observed effective magnetic moment is 1.97 pg per chromium.

The reaction of 41 with one equivalent of N3(1-Ad) afforded 57 (Fig. 15). Unusu-
ally, no N, was eliminated [130, 142]. Instead, there was insertion of the azido group
between the two chromiums with cleavage of the Cr—Cr quintuple bond to yield 57.
The Cr(1) atom is coordinated to two nitrogens from the azido group and to a termi-
nal aryl ligand through the central ipso carbon. There is also an interaction with the
ipso carbon of the flanking -C¢H3 — 2, 6-'Pr, ring. The C(61)-Cr(1)-C(1)-N(1)—
N(2)-N(3)-Cr(2)-C(31) atoms are coplanar so that the metal has a very distorted
square planar geometry. The Cr(2) atom has an unusual heteroleptic, quasi-two-
coordinate geometry. The angle in the N(3)-Cr(2)-C(31) unit is 101.49(8)°, which
is narrower than the 112.3(3)° and 110.8(1)° angles in the homoleptic quasi-two-
coordinate Cr(II) amido complexes Cr{NMesBMes, },» [143] and Cr{NPhBMes;}»
[61]. The greater distortion is probably caused by the weak interaction of Cr(2)
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Fig. 15 Structures of 56 and 57 without H atoms [138]

with a flanking —-CcH3-2, 6-Pr§ ring from the Ar’ group attached to Cr(1). The
interaction primarily involves C(15) at 2.477(2) A, C(16) at 2.358(2) A, and C(17)
at 2.453(2) A. Within the bridging azide unit, the N-N distances of 1.329(3) and
1.305(3) A, and the N(1)-N(2)-N(3) angle of 109.8(2)° are similar to those in
other triazene complexes’. Thus, the 1-Ad-N3;—Cr(2)—-Ar’ moiety may be viewed
as a bidentate triazene anionic ligand for Cr(1). As a result, the oxidation state of
each chromium ion is 42. The magnetic properties indicate that each of the 3d*
chromium(II) ions has an S = 1 ground state. This unexpected ground state presum-
ably results from the highly distorted coordination environment of each ion. A fit of
the results indicates the presence of weak intramolecular ferromagnetic coupling
between the two chromium(II) ions with J = 7.8(7) cm™! and an average g-value
of 2.40(2). The reaction of 41 with one equivalent of iodine in hexanes could read-
ily afford the iodide-bridged complex {Ar'Cr(jn-I)}> (12) (see Sect.3.2) in which
the chromium ions in Ar'CrCrAr’ are oxidized to Cr(Il) and the quintuple bond is
cleaved.

8.2 Reactivity of 3,5-Pr,—Ar*Fe(C¢sHg)

A variety of reagents were used to investigate the reactivity of 3,5- Pr,—Ar*Fe
(C¢Hsg) (54) (Scheme 7).

5 The N-N distances are typically 1.26 to 1.35 A and the N-N-N angles are typically 99.1 to 111.9°
in the 54 triazene complexes reported in the Cambridge Crystallographic Database (version 5.29,
February 2008) in which one metal is coordinated to two nitrogen atoms of the triazene ligand.
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Scheme 7 Preparation of 58 and 59 [144]

With the intention to synthesize a two-coordinate Fe(IIl) imide of formula
3,5-PriAr*—Fe=N(C6H3—2,6-Me52), the reaction of 54 with Ar*N; was per-
formed, but complex 58 [144] was the only product isolated (46% yield) from the
reaction mixture. Complex 58 is dimerized through an intermolecular C—C bond
involving ortho methyl groups from the flanking mesityl rings. Such behavior is
similar to that of the reported B-diketiminate [HC{C(Me)N(CgH3-2, 6-'Pr;)},FeN
(1-Ad)] which, in the presence of a pyridine donor, undergoes intramolecular hydro-
gen abstraction from the ortho isopropyl group to afford an iron amide [145]. The
formation of 58 also resembles the behavior of the unstable Co(III) terminal imido
complexes {HB(pyrazolyl-3-R—5-Me)3 }CoN(SiMes3) (R = ‘Pr or ‘Bu) which rear-
ranges by hydrogen atom abstraction from a ’Pr or Bu group to form, in the case
of the 'Pr — substituted species, a product dimerized through a C—C bond [146].
In a similar way, the first step in the formation of 58 may be hydrogen abstrac-
tion from an ortho-methyl group of a flanking mesityl ring of the imido group
—CeH3-2, 6-Mes, by the nitrogen center. The radical thus generated may dimer-
ize intermolecularly rather than interact with the metal which may be sterically less
favorable. The iron(Il) centers in 58 have a bent (N(1)-Fe(1)-C(1) = 138.91(8)°)
two-coordinate geometry, the bending is accompanied with a moderately close inter-
action (Fe—-C(49) = 2.8666(2)A) with the ipso-carbon of one of the flanking
mesityl rings. The magnetic properties indicated the pLeg of 5.29 wp per Fe atom,
which is consistent with a high-spin d® electron configuration.

Reaction of the orange solution of 54 with N3(1-Ad) in hexanes afforded dark
red crystals of 3, S-iPrz—Ar*Fe(N—Ad)z (59) [144] (Fig. 16). It is noteworthy that
59 was the only isolated product when variable molar ratios of N3(1-Ad) to 54
were attempted. It is notable not only because it is the first stable Fe(V) imide, but
it is also a very rare example of a well-characterized Fe(V) molecular species of
any kind [147]. The iron has a planar three-coordinate geometry with interligand
angles that have a maximum deviation of only ca. 1.4° from the idealized 120°
trigonal planar value. The coordination planes at the imido nitrogens are almost
coincident (maximum deviation: 7.2°) with the central C(1)Fe(1)N(1)N(2) plane.
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Fig. 16 Structures of 58 and 59 without H atoms (except N-H) [144]

However, the plane of the central aryl ring of the terphenyl ligand subtends an angle
of ca.55° with respect to the metal plane. The Fe—C distance is marginally shorter
than that in 59, whereas the iron nitrogen bond lengths, Fe(1)-N(1) = 1.642(2)
or Fe(1)-N(2) = 1.618(2) A, are considerably shorter than the single Fe-N bond
(1.909(2)A) in 58. The shorter Fe-N bond length is associated with the wider
Fe-N-C bending angle. The shortest Fe-N bond length in 59 is 1.618(2) A and
this distance approaches the ca. 1.61 A recently reported for the Fe(V) nitride
[trans—(cyclam—OAc)FeN] T [148], although it is ca. 0.05 A longer than the Fe—
N bond length of 1.57 A measured by Wieghardt and coworkers EXAFS in the
unique Fe(VI) nitride species [(Mes—cyclam-OAc)FeN]?>* [149, 150] and consider-
ably longer than the ca. 1.51-1.55 A Fe-N distance determined for in Fe(IV) nitrides
by Meyer, Peters, and their coworkers [151, 152]. Magnetic studies of 59 afford a
Wegr value, which decreases linearly from 2.74 pug at 8 K to 2.43 g at 320 K. A plot
of 1/xm versus temperature is not strictly linear but the data indicate a low-spin d>
configuration. The S = 1/2 ground state is consistent with a previous finding for
[trans-(cyclam-OAcFeN] ™ which is also low spin [148].

The reaction of 54 with (Me3Si),NBr afforded the bromide-bridged complex
{3, 5-'PryAr*Fe(j1-Br)}, (21) [41]. This is in sharp contrast to reaction of the
M(I) amido complexes M{N(SiMe3),}, (M = Mn, Fe) with (Me;Si),NBr,
which led to the isolation of the M(III) complexes M{N(SiMes3)»}5 [153]. The
structure of 24 (See Sect.3.2) resembles the structure of its manganese analog
{3, 5-"PryAr*Mn(ju-I)}, (18). The Fe,Br, core is planar and has torsion angles of
ca. 48.6 and 44.6° to the two central aryl rings of the terphenyl ligands. The Fe-Fe
separation of ca. 3.289 A is similar to the Fe(III) complex {Fe(j.-Br)[(CsH — 2, 4,
6-Me3)NSiMe; ], 0}, (3.232(3)A) [154]. The Fe-Br distances are in the range
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of 2.403(5) to 2.477(4)A, which is comparable to those in the Fe(Il) complex
{1,3,4-'BusCsHyFe(ju-Br)}, (2.4746(12) to 2.5110(13) A) [155].

Complex 54 does not react with PhSSPh at room temperature; however, heating
the toluene solution to 80°C overnight led to cleavage of the S-S single bond and
formation of the heteroleptic, dimeric, aryl arylthiolato complex {3, 5-/ PryAr*Fe
(n-SPh)}, (60) [41], which is dimerized through two bridging phenylthiolato
groups. Each iron displays a distorted trigonal planar geometry and the Fe, S, core
is planar. The phenyl substituents on the thiolate sulfur atoms are oriented above and
below from the Fe, S, plane. The C(85)-S(1) and C(92)-S(2) bonds subtend angles
of ca. 50.2 and 27.3° with respect to the Fe, S, core. The different orientations of the
phenyl substituents on the thiolate sulfur ligand may be due to the steric effect of the
bulky terphenyl ligand. The Fe—Fe separation is 3.481(3) A and the Fe-S distances
are very similar with an average of 2.3844(8) A, which is comparable to the Fe—S
bridging distances in other Fe(Il) complexes [156—159].

The reaction of 54 with N,O in hexanes led to a dramatic color change from
orange to deep red even at —78°C (Fig. 17). Deep red plates of {3, 5-'PrpAr*OFe
(1-O)}, (61) [41] were obtained in low yield from hexanes. X-ray crystallography
revealed that there is a planar Fe; O, core in which two oxygen atoms bridge two
3, 5-'Pro Ar*OFe moieties. The latter shows that an oxygen has also been inserted
into the Fe—C(ipso) bond. In addition, each iron interacts with one of the flanking
CeHp —2,4,6-'Prsy rings (Fe(1)-C(14) 2.458(3) A). The coordination environment
at iron can thus be viewed as distorted tetrahedral. Structurally characterized com-
plexes bearing an Fe,(u-O), core, such as [Fez(-0)2(6-Mes—TPA)2](ClOy4)2,
[160, 161] [Fez(ju-0)2(6-Et3—TPA)>](ClO4)3 [162], and [Fes(j-0)2(6-(NH2)3—
TPA);,](ClO4), [163], are stabilized by multidentate neutral ligands tris(2-pyridyl-
methyl)amine (abbreviated as TPA) and are usually in the ionic form, which is
different from 61. The Fe—Fe distance, 2.4818(7)A, in 61 is significantly shorter
than those observed in Fe(IIl) complexes [Me3—TPA),](Cl04)2(2.714(2) A) [160]
and [Fe, (j1-0)2(6-(NH,)3-TPA),](Cl04), (2.706(3) A) [163], or even the Fe(III)/

Fig. 17 Structures of 60 and 61 without H atoms [41]
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Fe(IV) complex [Fe, (ju-0)2 (6-Et3-TPA),](Cl04)3(2.683(1) A) [162]. We attribute
this to the lower coordination number of the Fe centers in 61. The Fe——O distances
are quite similar and are in the range of 1.818(2) to 1.829(2) A, which is compara-
ble to the normally observed values for Fe(III)-u—O distances (range 1.73 - 1.83 A)
[164]. The Fe—O(terminal) distance of 1.869(2) Ais longer than the Fe—O terminal
distance of 1.822(5)A in {Fe(OMes*)(u—OMes*)}, [165], and the lengthening is
probably due to the steric effect and the interaction of the irons with the flanking
rings in 61.

8.3 Reactivity Studies of 3, 5-' Pry—Ar*Co(n°®-C;Hjy)

The cobalt species 3, 5—iPr2—Ar*Co(n6—C7Hg) (585) also yielded interesting prod-
ucts when reacted with small molecules such as CO and NO [126]. The reaction
of 55 with excess CO proceeded smoothly and within minutes produced the new
acyl/carbonyl complex 3, 5-/ Pr,—Ar*C(0)Co(CO) (62) as red crystals. The X-ray
structure (Fig. 18) showed that the cobalt was coordinated to an acyl group, which
was formed by insertion of a CO molecule into the Co—C(ipso) bond, as well to
a terminal carbonyl group. In addition, the cobalt has a strong n%-interaction with
one of the flanking aryl rings with a Co—centroid distance of 1.599(2) A. The Co—
C(1) and C(1)-O(1) distances are 1.739(5) and 1.162(5) A, respectively. These are
similar to those in {PhB(CH,PPh;)3}Co(CO), (Co—C =1.729(5) and 1.744(5) A;
C-0=1.170(5) and 1.140(5) A) [166]. The relatively short Co—C and C(1)-O(1)
distances indicate strong back-bonding between the cobalt and the terminal carbonyl
[167], which is consistent with the CO stretching band observed at 1965 cm™ L.
Complex 62 has an 18-valence electron configuration and it is further confirmed
by 'H NMR spectroscopy, which shows no broadening or shifting of the signals.
The possible mechanism of the formation of 62 may involve carbonyl coordination
with elimination of toluene, followed by migratory insertion of a carbonyl into the
Co—C(aryl) bond.

62

Fig. 18 Structures of 62 and 63 without H atoms [126]
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The reaction of 55 with excess NO in hexanes afforded reddish-brown crys-
tal of 3, 5- Pro—Ar*N (NO)OCo(NO), (63) in low yield. In 63, the metal center
displays a distorted tetrahedral geometry with coordination to two terminal NO
ligands through the nitrogen atoms and to a bidentate [3, 5-/ Pr,—Ar*N(NO)O]~
ligand, which was formed by insertion of NO into the Co—C o-bond with con-
comitant NO coupling and N-N bond formation which resembles that of Cupferron
[PhN(NO)O]NH4 [168-170]. Such double NO insertion is rare for late transition
metals [171], but is more common in early transition metal alkyl or aryl complexes,
such as (n°-CsHs),Zr(CH,Ph), [172] and WMeg [173]. The large Co-N-O (ter-
minal NO) angles of 164.37(11) and 159.8(11)° indicate the terminal NO ligands
are three-electron donors, which is consistent with the N—O bands at 1660 and
1720cm™! in IR. Thus, 63 has an 18-electron configuration and is diamagnetic,
which was further confirmed by 'H NMR study. In summary, 55 readily under-
goes addition/migratory insertion reactions with CO or double insertion and N-N
coupling reaction with NO.

9 Terphenyl Derivatives of Group 11 Elements

Organocopper reagents are of major importance for C—C bond formation in organic
synthesis [174-177]. Thus, bulky terphenyl derivatives of Cu(I) are of significant
interest. Many of the Cu(I) derivatives of terphenyls have come from of the group
of Niemeyer.

The reaction of the terphenyl lithium salts with CuO’Bu in a 1:1 ratio led to the
complexes {Cu(CeH3-2, 6-Phy)}; (64) and {CuAr#}2 (65) [178].

Li(CeHy2.6-Ary) + CuOBu — AU 0y(C Hy2,6-Ary)],

(33)
Ar = C¢Hs, n =3, (64); Ar=Mes, n =2, (65)

Complex 64 is a trimer (Fig. 19), in which two terphenyl ligands bridge two cop-
pers via their ipso carbons of the central rings and the third terphenyl ligand bridges
two coppers via its ipso carbon of the central ring and one of the flanking aryl
rings by an 02— interaction. The Cu-C(bridging) distances range from 1.989(3)
to 2.085(3) A, which is significantly longer than the Cu—C(terminal) distance of
1.924(3) A. The Cu—C distances within the Cu—n2— interaction are 2.158(3) and
2.232(4)A. The angles involving two-coordinate coppers are almost linear (170.8
and 171.3°). In contrast, with the bulkier terphenyl ligand Ar”, which has mesityl
groups in the flanking positions, a dimeric complex 65 was obtained. In 65, each
copper atom is coordinated to the ipso carbon of the terphenyl ligand and has n?—r
interaction with flanking aryl ring of the terphenyl ligand attached to the other metal
center. The Cu—C distances in 65 are very similar to those involving Cu(3) in 64.

The tetranuclear copper derivative {(Ar*Cu),(Cul)(CuO’Bu)}, (66) [179] was
obtained as a by-product of the synthesis of 65. The core structure of 66 is an
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Fig. 19 Structures of 64, 65, and 68 without H atoms [178]

LiAr* ]
LiCuAr#,
67
PPh,
Ar#CuPPh,
{CuAr#},— ; 68
65 CINCPr)CMe}, Ar#Cu=- C{N(Pr)CMe},
69
Sn{1,2-(‘BuCH,N),CH,}

{(ELO)(LiOBu)(SnO)(CuAr¥)},
70

Scheme 8 Reactions of 65

eight-membered C,Cu4Ol ring, in which the four Cu atoms are bridged by two
terphenyl ligands, an O’Bu ligand, and an iodide. The Cu—Cu distances bridged
by terphenyls are 2.3761(7) and 2.3766(7) A, which are ca. 0.4 A shorter than the
bridging distances of 2.7227(8) and 2.8578(8) A observed for iodide and oxygen.
Reactions of 65 with LiAr" and various donor molecules were also carried out
(Scheme 8). Complex 65 reacted with a further equivalent of LiAr" to afford the
lithium cuprate complex LiCuArg (67) [178], which was the first example of a neu-
tral monomeric cuprate with the simple LiCuR, formula. In 67, the Cu atom is
coordinated to the two terphenyl ligands via ipso carbons and has a C—-Cu—-C angle
of 171.1(2)°. The lithium ion is stabilized by n' coordination of the ipso carbon of
one terphenyl ligand and n® interaction with a flanking ring of the other terphenyl
ligand. The reaction of LiAr* with CuO’Bu in a 2:1 ratio, also afforded 67.
Reaction of 65 with PPh; and C{N(‘Pr)CMe}, afforded the complexes Ar*
CuPPhs (68) [180] and Ar*CuC{N(’ Pr)CMe}, (69) [180]. Complexes 68 and 69
have two-coordinate coppers with wide C—Cu-E (E =P or C) angles of 168.82(8)
and 178.23(11)°, respectively. The Cu—C(ipso) distances in 68 and 69 are very sim-
ilar (Scheme9). The Cu—P distance is 2.1891(11)A in 68. In 69, the Cu—C(32)
distance is 1.902(3) A, which is similar to the Cu—C(ipso) distance of 1.910(2) A.



104 C. Ni and P.P. Power

(Me3Si),NBr_ {3,5-PrAr*Fe(u—Br)},
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Scheme 9 Preparation of 24, 60, and 61

In contrast, the reaction of 65 with the stannanediyl Sn{1,2-(‘BuCH,;N)CgHy,},
followed by hydrolysis and treatment with LiO’Bu, afforded the unstable copper
derivative {(Et,0)(LiO’Bu)(SnO)(CuAr®)}, (70) [181]. The core structure of 70
involves a SnyO4Li, array. The two Ar*Cu units are coordinated to the oxygen
atoms, which share a face with the Sn atoms. The Cu-O distance is 1.848(2) A and
the C1-Cu-O angle of 178.23(14)° is almost linear.

Organocopper(I) terphenyls were also prepared by reaction of an organolithium
reagent with copper halide. Reaction of Cul with LiAr* with a ratio of 2:1 in
THF/Et,0 afforded the ionic species [Li(THF)4][Ar*CusI,] (71) (39) [182]. Com-
plex 71 crystallizes as separate ion pairs. Within the anion [Ar*Cu,I,]~, the ter-
phenyl ligand bridges two copper iodide units through an ipso-carbon with a Cu-C
distance of 1.968(13) A. The Cu—Cu separation is 2.391(3) A, which is very similar
to those observed in complex 66 [179]. The C—Cu—I angles (164.1(4) and 166.8(4)°)
deviate somewhat from linearity.

Et,O/THF
—_—

LiAr* + 2Cul Li(THF),Cu,l,Ar# (39)

71

Similarly, reaction of the Ar*Li(OEty) with one equivalent of Cul afforded
the contact ion-pair species Li(Et,0),(ICuAr*) (72) (40) [182]. In 72, the cop-
per atom is coordinated to the terphenyl ligand and an iodide, which bridges one
lithium ion. However, when the reaction Ar*Li(OEt,) with CuBr was performed
in Et,O, followed by addition of Me,S, the neutral species Ar*CuSMe; (73) was
obtained [183]. In 73, the Cu—C distance is 1.894(6) A and the Cu—S bond length is
2.177(2) A, and there is a C-Cu-S angle of 176.3(2)°.

LiAr*(Et,0) + Cul ﬂ» Li(Et,0),(ICuAr*) (40)
72
A Et,0 .
LiAr*(Et,0) + CuBr 2 Ar*CuSMe,+LiBr (41)
MCQS 73

Reaction of LiAr with CuCN afforded the cyanoorganocuprate complexes Ar*CuC=
NLi(THF)3 (74) [184] and {Ar*CuC=NLIi(THF),}, (75) (42, 43) [185]. Complex
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Fig. 20 Structures of copper complexes 73 and 75 without H atoms [183,185]

74 is monomeric, in which the C=N group bridges the copper atom and lithium
atom in a n2 fashion. In contrast, 75 is Dimeric (Fig.20). The Ar*Cu unit is termi-
nally bound to the C=N ligand via the carbon atoms. In addition, the nitrogen atoms
of the C=N ligands bridge two Li(THF), units. In both complexes, the copper
atoms are two-coordinate with almost linear interligand angles.

Et,0O/THF
e

LiAr#* + CuCN Ar*CuCNLi(THF), 42)

74

LLOMHF_ ArecucN=! N=CCuAr*

LiAr*(Et,0) + CuCN % (43)

Structurally characterized silver and gold terphenyl derivatives are rare. The sil-
ver derivative [Li(THF)4][AgAr}] (76) [186] was prepared (44) by reaction of LiAr*
with AgOCN in THF/Et, O with exclusion of light and obtained as colorless crystals
in relatively low yield (38%). The structure of 76 consists of well-separated cation
and anions. The [AgArg]_ anion has silver bound to two aryl ligands through their
ipso-carbon atoms with almost linear C—Ag—C angles of 176.7(4) and 176.8(8)°.
The Ag—C distances are in the range of 2.048(15) to 2.112(19) A, which is compa-
rable to the average Ag—C distances observed in the anions [LipAgsPhe]™ (2.13 A)
[187].

ELOTHF
LiAr# + AQOCN ———» [Li(THF),J[AgAr*,] (44)

76
THF
LiAr# + Ph;AuCl —————— Ar*AuPPhy

~LiCl - 45)



106 C. Ni and P.P. Power

The reaction of LiAr* with Ph3PAuCl in a 1:1 ratio in THF at room temperature
afforded the gold derivative Ar’ AuPPh; (77), which is the first and, this far, the only
structurally authenticated terphenyl gold complex [188]. The monomeric structure
features a two-coordinate gold atom with a wide angle of 174.21(8)°. The Au-C
distance is 2.046(3) A and the Au—P distance is 2.296(2) A. These can be composed
with the corresponding distances in Ph3PAu{C¢H3-2, 6-(CH,NMe,),} (Au-C =
2.045(9) A; Au-P = 2.282(2) A, P-Au-C = 178.6(3)°) [189].

10 Conclusion

The application of the sterically hindered terphenyl ligands(Ar) to transition metal
elements has led to the synthesis and characterization of a series of monoaryl
transition metal halides. With the availability of these halide precursors, a vari-
ety of transition metal complexes with unusual bonding, particularly the quintuple
bonded complex ArCrCrAr or the nonbonded analogs ArtMMAr (M = Fe and
Co), along with the two-coordinate complexes Ar’ MN(H)Ar# (M = Mn, Fe, and
Co) and 3, 5-'Pry—Ar*Cr(L) (L = PMe; or THF) and arene-stabilized complexes
(3, 5-'Pry—Ar*Mn), (n°-C7Hg), 3, 5- Pr,—Ar*Fe(n°-C¢Hg), 3, 5-'Pro—Ar*Co(n°-
C7Hg), could be prepared. Reactivity studies of some of these complexes have been
carried out and further studies will help to understand the bonding within these
species in greater detail. With the exception of yttrium, silver, and gold, all published
work with transition metal terphenyls has concerned first-row elements. Even in the
first row, however, there is the notable absence of titanium, vanadium, and metal
derivatives. The synthesis of these and a range of second- and third-row derivatives
can be anticipated.
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Abstract A theoretical analysis of the bonding in a series of dinuclear compounds
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Graphical Abstract

1 Introduction

By comparison to organic compounds, the assignment of bond orders in inorganic
compounds is often nontrivial and is sometimes contentious. Although a theoreti-
cal analysis of a molecule naturally provides the best description of the nature of a
bonding interaction between a pair of elements, the first-order assessment of such
interactions is often obtained by simple electron-counting formalisms. For exam-
ple, on the basis that the carbon atoms in [CH3], [CHz], and [CH] moieties possess
electronic configurations with 7, 6, and 5 electrons in the valence shell, application
of the octet rule predicts the existence of C—C single, double, and triple bonds in
H3;C-CH3, H,C = CH,, and HC = CH, respectively. Likewise, for dinuclear tran-
sition metal compounds, the nature of the metal-metal (M—M) bonding interaction
is typically obtained by (1) evaluating the electronic nature of the uncoupled metal
centers in the absence of any M --- M interaction and (2) determining which bond
order would then be consistent with a reasonable electronic configuration for the
molecule. For example, the 18-electron rule [1, 2] is often invoked as a guide in
assigning the M—M bond orders in dinuclear organometallic compounds. Thus,
(OC)sMnMn(CO)s is predicted to have an Mn—Mn bond order of one on the basis
that each [Mn(CO)s] moiety possesses a 17-electron configuration, such that the
formation of a single Mn—Mn bond enables each manganese center to achieve an
18-electron configuration.

However, while an 18-electron configuration is often viewed as a target, it
must be emphasized that the number of M—M bonds cannot exceed the num-
ber of available valence electrons on the metal fragment [3]. As an illustration,
R3M =MR3; (M =Mo, W) [4,5] possesses a triple bond with each metal having a
12-electron configuration because the metal center of the [R3M] fragment has only
three valence electrons available for bonding.

Although there is little controversy concerning the M—M bond orders for mole-
cules such as (OC)sMnMn(CO)s and R3MMR3, problems may arise if the metal
centers are bridged by ligands. For example, Os3(CO)10(u2-H)> has been repre-
sented in the literature with at least six bonding descriptions in which the Os - - - Os
bond order for the bridged pair varies from zero to two (Fig. 1) [6]. Furthermore,
with the use of “dotted lines” to represent certain bonds, it is evident that some
of the bonding descriptions for Os3(CO)19(jL2-H), are ill defined and ambigu-
ous. It is, therefore, apparent that there are problems with the application of simple
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Fig. 1 Structural representations for Os3(CO);o(n2-H) (see [6])

electron-counting procedures for compounds with certain types of bridging ligands
(such as H and R), and the purpose of this article is to review the various meth-
ods and evaluate which predicts M—M bond orders that are more in accord with the
results of theoretical calculations.

2 Electron-Counting Procedures and the Origin of M-M Bond
Order Ambiguities in the Presence of Bridging Hydride
and Alkyl Ligands

Adopting a “neutral ligand” formalism, the electron count at a metal center is sim-
ply the sum of (1) the number of valence electrons of the metal atom and (2) the
number of electrons donated by all of the ligands in their neutral form, with the sum
being modified appropriately to take account of the charge on the molecule [1]. A
selection of ligands and the number of electrons that they contribute when binding
to a single metal center are provided in Table 1, which also includes the [L;XyZ,]
designation according to Green’s Covalent Bond Classification method, where L,
X, and Z, respectively, correspond to 2-electron, 1-electron, and 0-electron neutral
ligand functions (Fig. 2) [1, 7]. For situations in which the ligand bridges two metal
centers, however, further consideration of the bonding is required to evaluate the
electron donor number of the ligand.

For example, due to the availability of a lone pair on trivalent phosphorus, a
compound that features a bridging PR, ligand can be represented in terms of simple
resonance structures that feature two 2-center-2-electron bonds (Fig. 3). Thus, the
bridging PR, ligand serves as a one-electron (M—X) donor to one metal and as a
two-electron (M<—L) donor to the other metal, such that it is overall a three-electron
p-LX donor ligand. For such situations, the derived electron count at each metal
center enables one to predict an M—M bond order that is in accord with theoretical
calculations and the result is noncontroversial.
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Table 1 Number of electrons provided by various neutral ligands and their CBC descriptions

Ligand Metal-Ligand No. of electrons donated CBC Description
interaction (neutral ligand formalism)
H M H 1 X
R M——R 1 X
R
CR; (Schrock _
alkylidene) M=—C 2 X
R
CR(X) (Fischer
carbene) M=-—C 2 L
R
CR M=—C—R 3 X;
1*-C,H, 2 Lz*
M
n°-C3Hs ‘ 3 LX
M
n3-C,4Hg 4 L,Z'®
M
3 @
n°-CsH; ‘ 3 Xs
M
‘ D) l
n*-C4H, ‘ 4 LX,
M
S/
1°-CsHs 5 L,X
M
n6_C6H6 ‘ 6 L3Z/ a
M
7 o
n'-C7H;7 7 L, X5
M

(continued)
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Table 1 (continued)

Ligand Metal-Ligand No. of electrons donated CBC Description
interaction (neutral ligand formalism)
P
1°-CgHg ~— 8 L;X,
M
CO M-—CO 2 Lz?
PR; M-—PRy 2 L

3The Z’ backbonding component is undetermined

M-=—L M—X M—=Z
_\\ /;_.\'-. '—
/ N /S X \‘\\
¥ / \ N
—3 —— Ko —z
"\ \ 4 "\ /=% ./ / ligand
\ ST L / ligand T\ /
N / ligand L M \ /
- . L
i 4 -
L ligand X ligand Z ligand
both electrons one electron provided both electrons
provided by ligand by ligand and by metal provided by metal
e.g. PR, eg.H e.g. BF;
(neutral molecules) (radicals) (Lewis acids)

Fig. 2 Molecular orbital representations of the three fundamental types of 2-center-2-electron
interactions

e.g. Y =NR,, PRy, OR, SR, F, Cl

Fig. 3 Two 2-center-2-electron bonds in situations where the bridging atom has a lone pair

On the other hand, since a hydrogen atom in an M—H moiety does not possess a
lone pair, a compound that features a bridging hydride ligand cannot be represented
in terms of two 2-center-2-electron M—H bonds. Rather, the [M(j-H)M] interaction
must be described as a 3-center-2-electron bond. However, while simple M—X “line”
and M<«L “arrow” representations of normal covalent and dative covalent bonds
provide a convenient means to evaluate the electron count of a metal center, there are
many varied representations for 3-center-2-electron [M(p-H)M] interactions in the
literature (Fig.4). As a consequence, the derived electron count and resulting M—-M
bond order depends upon one’s interpretation of the 3-center-2-electron [M(ju-H)M]
interaction. In such cases, the derived M-M bond order may be controversial.
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Fig. 4 Representations of 3-center-2-electron M—H-M interactions presented in the literature

Similar problems are also encountered for symmetrically bridging alkyl groups for
which the [M(p-R)M] interactions are also of the 3-center-2-electron type.

3 Overview of 3-Center-2-Electron [M(.-H)M] Interactions

A simplified molecular orbital representation of a 3-center-2-electron [M(u-H)M]
interaction is illustrated in Fig.5, in which the three atomic orbitals combine to
give three molecular orbitals that have M—H bonding, nonbonding, and antibond-
ing character [8,9]. While this figure emphasizes the interaction between the metal
centers and the hydrogen atom, it is important to note that there is also a degree
of interaction between the two metals. The amount of this interaction depends on
the geometry of the system and the extremes are often referred to as “open” and
“closed” (Fig. 6) [10, 11].

Despite the fact that the molecular orbital representation of the 3-center-2-
electron [M(w-H)M] interaction is straightforward, a large variety of graphical rep-
resentations have been used to depict the bonding situation (Fig. 4). Unfortunately,
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Fig. 5 Simplified MO diagram for a 3-center-2-electron interaction (taken from reference 6)

X
MQ QM MY M

"open" "closed"
little direct significant direct
M-M interaction M-M interaction

Fig. 6 “Open” and “closed” 3-center-2-electron interactions with varying degrees of M---M
interaction (taken from reference 6)

many of these representations are not useful for electron-counting purposes. For
example, Dahl originally formulated [M(j.-H)M] interactions with two solid lines
between M and H (A) [12-14], but this representation can give the mistaken impres-
sion that the two “bonds” attached to hydrogen are independent 2-center-2-electron
bonds. A simple modification of this representation is to join the two bonds by a
curved line around the hydrogen atom (B), thereby indicating that the two bonds are
not independent, a notation which was first introduced by Parry for B-H-B inter-
actions [15, 16]. A “dashed-bond” depiction of the 3-center-2-electron bond was
employed by Churchill, who also emphasized the possible “open” (C-open) and
“closed” (C-closed) nature of the interactions [17-20]. Other variants for “open”
and “closed” 3-center-2-electron [M(w-H)M] interactions bonds are the “bent”
(D-open) and “Y” (D-closed) representations used by Bau, Koetzle, and Kirtley
[10,11]. While the “dashed-bond” depiction (C-closed) is a good representation for
a 3-center-2-electron [M(jv-H)M] interaction, Dahl has noted that a problem which
has arisen is that others have redrawn the dashed lines as solid lines (E), thereby
resulting in the incorrect notion that there is a separate M—M 2-center-2-electron
bond in addition to the 3-center-2-electron M—H-M interaction [13]. The 3-center-
2-electron M—H—M interaction has also been described as a protonated metal-metal
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Fig. 7 Representations of the 3-center-2-electron B-H-B interaction in diborane which empha-

sizes the octet configuration of boron
N1/\

H H
s \

M M M M

Fig. 8 The “half-arrow” representation of a 3-center-2-electron M—H-M interaction, which may
be viewed as donation of a pair of electrons associated of the M—H sigma bond into a vacant orbital
on the other M

bond of the anionic [M-M]~™ moiety [19]. While this is a perfectly good description
of the interaction, it must be emphasized that the “metal-metal bond” is no longer
the same as that in the hypothetical anionic [M-M]~ fragment.

In addition to the ambiguous interpretation of M—M bond orders, it is evident that
representations (A) to (E) shown in Fig. 4 are not particularly useful for electron-
counting purposes. It is, therefore, significant that Green introduced an approach
for counting electrons in systems that possess 3-center-2-electron interactions (F).
Consider, for example, diborane, the archetype of 3-center-2-electron bonding. The
bonding in this molecule is often simply described as involving donation of the o-
bond electron density of the B-H bond of one BH3 fragment into an empty orbital
on boron of the other fragment (Fig. 7). Green’s simple modification of this repre-
sentation is to draw a “half-arrow” from the bridging hydrogen atom rather than a
“full arrow” from the midpoint of the M—H bond (Fig. 8) [21,22]. The “half-arrow”
notation can also be applied to other examples of 3-center-2-electron interactions as
present in, for example, bridging alkyl and agostic alkyl complexes [23].

Despite the different appearance of the two representations, the “half-arrow” con-
veys exactly the same information as that involving an arrow from the center of the
bond, with M—H — M’ depicting that the pair of electrons associated with the M—
H o-bond is donated into a vacant orbital on M’, such that the hydride ligand may
be viewed as a w-LX ligand. The principal advantage of the “half-arrow” notation
is that it is less cumbersome for drawing molecules with multiple bridging groups
because the arrow is drawn between atoms, rather than between the center of a
bond and an atom. A second advantage is that the notation is similar to that using
a “full arrow” from an atom to represent interactions involving bridging ligands
that possess a lone pair, such as PR, or ClI (vide supra). The essential distinction
between the “half-arrow” and “full arrow” representations, however, is that the for-
mer implies donation of a bond pair, while the latter implies donation of a lone
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Fig. 9 Different descriptions of the metal-metal bond orders in some dinuclear complexes with
bridging hydride ligands according to the electron-counting method. The “half-electron” method
does not explicitly take into account the 3-center-2-electron nature of the M—H-M interaction and
thus results in a greater M—M bond order than would be predicted theoretically. In contrast, the
“half-arrow” method treats the 3-center-2-electron nature of the M—H-M interactions explicitly
and thereby predicts an M—M bond order which is in accord with theory

pair. It is also important to emphasize that the absence of a “line” between the two
metal atoms in the “half-arrow” notation does not imply that there is no interaction
between these atoms. Rather, the “half-arrow” notation merely indicates that any
M- .- M interaction that does exist is one that is mediated by the bridging atom, i.e.,
a 3-center-2-electron interaction.

In addition to the “half-arrow” -LX description of the bonding for evaluating
M-M bond orders, an alternative method merely apportions the electron associ-
ated with each hydride ligand equally to both metals (the “half-electron” method)
[24-27]. Specifically, the M—M bond order is obtained by application of the for-
mulam = (18n — N)/2, where m is the number of 2-center-2-electron M—M bonds,
n is the number of M atoms, and N is the total electron count assuming that each
bridging hydride ligand contributes one electron. For example, the “half-electron”
method predicts an Re = Re double bond for [(CO)4Re], (1-H)» [25].

An important consequence of the different ways in which the two methods treat
the bridging hydride ligands is that the “half-electron” and ‘“‘half-arrow” electron-
counting procedures predict different M—M bond orders. For example, a selection
of compounds and their assigned M—M bond orders is provided in Fig.9, from
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which it is evident that the “half-electron” method consistently predicts greater
M-M bond orders than does the “half-arrow” method. Obviously, the actual M-M
bond order must be independent of the electron-counting procedure employed, and
the following sections correlate the results of theoretical calculations on a variety
of systems with the bond orders predicted by the two electron-counting proce-
dures. These comparisons indicate that the “half-arrow” method predicts M—M bond
orders that are more in accord with theoretical analyses than those predicted by the
“half-electron” method.

4 Analysis of the Bonding in Dinuclear Molybdenum
Compounds with Bridging Methyl and Hydride Ligands
as a Representative Study

[Cp*Mo(j-O.CMe)], (JL-PMe, ) (jL-Me) is an example of a dinuclear molybdenum
compound which has been shown by X-ray diffraction to possess a methyl group
that bridges the two molybdenum centers in a symmetric manner [28]. In the
absence of an Mo - - - Mo interaction, application of the “half-arrow” formalism pre-
dicts an electron count of 17 electrons for each metal center, such that an Mo—Mo
single bond is required for each metal center to achieve an 18-electron configuration
in the diamagnetic molecule (Fig. 10). On the other hand, application of the formula
m = (18n — N)/2 for the “half-electron” method predicts an Mo = Mo double bond
(Fig. 10).

u=LX "Half-Arrow" Method "Half-Electron" Method
1 3c-2e Mo—C-Mo bond 2 2c-2e Mo—Mo bonds
1 2¢c-2e Mo-Mo bond

Fig. 10 Predicted Mo-Mo bond orders for [Cp*Mo(j1-O,CMe)], (n-PMe,)(ju-Me) using two
different electron-counting procedures
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Table 2 Typical M—M bond lengths (A) in unbridged dinuclear molybdenum and tungsten
compounds

Molybdenum Tungsten References
M-M 2.88-3.32 2.65-3.33 [29-32]
M=M - 2.44-2.49 [31,32,34,35]
M=M 2.17-2.26 2.25-2.34 [35]
M=M 2.06-2.17 2.16-2.38 [35,36]

4.1 Bond Length and Bond Order

In principle, one would expect that experimental evidence for the bond order within
[Cp*Mo(-O,CMe)]2 (j1-PMe,) (ju-Me) could be obtained from the observed
Mo-Mo bond length. For example, Mo—Mo bond lengths span a substantial range
of at least 2.06 A to 3.32 A, and the ranges for Mo—Mo single and multiple
bonds in unbridged dinuclear compounds are reasonably distinct, as illustrated in
Table 2 [29-37]. However, a serious problem is encountered in situations where
the two metal centers are also linked by a bridging ligand. Specifically, it is well
known that the steric and electronic requirements of bridging groups cause a metal—
metal distance to be either shorter or longer than that in the absence of the bridge
[38—41]. For example, while protonation of an M—M bond often leads to an increase
in M---M separation [42], there are several examples where the M-M distance
decreases slightly upon protonation [43—46]. Furthermore, in some cases, the metal—
metal separation in dinuclear complexes with bridging ligands and no metal-metal
bond may be shorter than that in unbridged complexes with a metal-metal bond
[47]. Assigning an Mo—Mo bond order on the basis of the bond length is, therefore,
fraught with difficulty.

Nevertheless, despite this caveat, comparison of the Mo—Mo bond length of
2.8447(5) A for [Cp*Mo(j1-0,CMe)], (ju-PMe,) (ju-Me) with the data for other
structurally related dinuclear cyclopentadienyl molybdenum compounds (Table 3)
indicates that the value is much more in accord with that of an Mo—Mo single
bond than that of an Mo=Mo double bond. For example, of the compounds listed
in Table 3, molecules with Mo—Mo single bonds have bond lengths in the range
2.62-3.24 A, while those with Mo=Mo double bonds have bond lengths in the
range 2.58-2.62 A.

4.2 Theoretical Calculations

While the Mo—Mo bond length of [Cp*Mo(j1-O2CMe)], (ju-PMe,) (u-Me) is con-
sistent with a single bond, thereby supporting the w-LX “half-arrow” electron-
counting method for evaluating M—M bond orders, the serious limitations associated
with bond length/bond order correlations in systems with bridging ligands mean
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Table 3 Mo—-Mo bond lengths and formal bond orders in dinuclear cyclopentadienyl molybdenum
complexes and related derivatives (compiled data taken from reference 6)

dyio-Mo/A Mo—-Mo bond order: Mo—Mo bond order:

[LW-LX] “half- “half-electron”
arrow” method method
[CpMo(CO),]» (1-PMes) (n-H) 3.267(2) 0 1
[CPMo(CO),]» (u-PBub ) (j1-H) 3.247(1) 0 1
[CpMo(CO), ]2 (1-PPhy ) (j1-H) 3.244(1) 0 1
[CpPMo(CO),], (u-PPhEL) (ju-H) 3.278(1) 0 1
[CPMo(CO), ], (n-P{CcH,Bus - 3.250(1) 0 1
CMe,;CH,})(1-H)
[CpMo(CO)s]» 3.235(1) 1 1
{[CPMo(CO)2]> (1-PMe2)} 3.157(2) | 1
{[CPMo(CO)2 ]2 (1-PPhy)} 3.185(1) 1 1
[Cp*Mo(ju-0,CMe)], (jL-PMe,)- 2.8447(5) 1 2
(n-Me)
[CpP"Mo(-Cl),]» 2.607(1) 1 1
[Cp*Mo(M Br),), 2.643(2) 1 1
[Cp*Mo(ju-1),], 2.708(3) 1 1
[(CsMe4Et)Mo, (1-Cl)3 (ju-PPhy) 2.6388(8) 1 1
[CpMo(-SMe)s ], 2.603(2) 1 1
[(CPMEYMo(j1-SMe), ], 2.616(1) 1 1
[(CPM*)Mo(ju-S) (j1-SMe)] 2.582(1) 2 2
[Cp*Mo(ju-S) (u-SH)]» 2.573(1) 2 2
[Cp*Mo(ju-S) (- SMc)]z 2.573(1) 2 2
[CpMo(j1-S)] (L-SPr') (u-PPhy) 2.623(2) 2 2
[CpMo(CO),]» 2.448(1) 3 3
[IndMo(CO)5]» 2.500(1) 3 3

that it is essential to analyze the Mo—Mo bond order by using theoretical methods.
Therefore, calculations were performed on [Cp*Mo(j1-O2CMe)], (ju.-PMes ) (u-Me)
and the computationally simpler [CpMo(p-O,CH)], (u-PH2)(p-H) compound in
which all methyl groups were replaced by hydrogen atoms [6]. For comparison
purposes, the chloride derivative [CpMo(jL-O>CH)]2 (n-PH2) (ju-Cl) was also inves-
tigated because it represents a compound with an unambiguous (in the sense that
both electron-counting methods predict the same bond order) Mo—Mo single bond.

4.2.1 Bond Order Calculations

A variety of protocols exist for evaluating bond orders in molecules [48] and
the bonding in [Cp*Mo(ju-O2CMe)], (L-PMe3 ) (j1-Me) and [CpMo(u-O>CH)]»-
(w-PH2)(p-X) was assessed using the Mayer bond order [49], that has also been
used in other inorganic systems [50, 51]. The Mayer bond orders for a series
of dimolybdenum compounds are summarized in Table 4, which provide sev-
eral important comparisons. Firstly, the Mayer bond order of 0.72 for [Cp*Mo-
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Table 4 Comparison of calculated bond orders for a series of dinuclear molybdenum compounds
with those predicted by two alternative electron-counting methods. In each case, the bond order
predicted by the [jv-LX] “half-arrow” method corresponds exactly to that derived by consideration
of the orbital occupations, whereas the “half-electron” method fails for compounds with bridging
hydride and methyl ligands. Data taken from reference 6

dmo--Mo Mayer Mo—Mo configuration electron count  electron count

/A bond and calculated bond order: bond order:
index  bond order [W-LX] “half-  “half-electron”
M arrow” method method

{[CpMo(-0,CH)1, 3.07 0.45  02828*2y*2, 0 1
(W-PHy) (1-H)}* BO=0

[Cp*Mo(ju-02CMe)], 2.88 0.72  o%8%8*2, 1 2
(n-PMey ) (n-Me) BO=1

[CpMo(p-0,CH)1» 2.77 097 o%8%8*2, 1 2
(u-PH2) (p-H) BO=1

[CpMo(p-02CH)1, 291 0.78  ¢28%8*2, 1 1
(-PH2) (u-CD) BO =1

{[CpMo(jn-0,CH)1» 2.64 1.53  0282y28*2, 2 2
(L-PH2)}” BO =2

{[Cp*Mo(1-0,CMe)l,  2.81 1.17 0282, 2 3
(-PMe2) (11-Me)y** BO =2

{{CpMo(j-0,CH)1, 2.67 1.52 282, 2 3
(W-PH) (-H)}** BO =2

{[CpMo(jn-0,CH)1» 2.83 123 0282, 2 2
(W-PHz) (u-CD}** BO =2

{[CpMo(jn-0,CH)1» 2.35 238 o%8%y?, 3 3
(W-PH2)}* BO =3

(L-02CMe)]2 (v -PMes) (ju-Me) is comparable to the value of 0.97 for the bridg-
ing hydride derivative [CpMo(j.-O,CH)]»(i-PH3)(ju-H), both of which are too
low to be considered as double bonds. Secondly, the Mayer bond order for [CpMo-
(1-O2CH)]2 (u-PH2) (u-Cl) is 0.78, which serves as a reference point for an undis-
puted formal Mo—Mo single bond. On this basis, the Mayer bond orders support
the assignment of a single Mo—Mo bond to each of these complexes and thus indi-
cate that the Mo—Mo bond order is best predicted by using the w-LX “half-arrow”
electron-counting protocol.

Additional evidence for the assignment of formal Mo-Mo single bonds
to [Cp*Mo(j1-02CMe)]> (1.-PMe2 ) (1-Me), [CpMo(j1-O2CH) > (1-PH2) (u-H) and
[CpMo(j1-O2CH)]2 (-PH2) (ju-Cl) is provided by comparison with {{CpMo(j.-O2-
CH)]2(u-PH2)}~, a convenient reference point for an Mo=Mo double bond since
both electron-counting methods assign the same bond order. Thus, the Mayer bond
order for {[CpMo(jL-O2,CH)]»(-PH2)}~ (1.53) is notably greater than the values
for [Cp*Mo(j1-O2CMe)]2 (jL-PMe) (j1-Me)(0.72), [CpMo(ju-O2CH)]z (p1-PHa)-
(n-H) (0.97), and [CpMo(-O2CH)]2 (u-PHz) (-Cl) (0.78). Correspondingly, the
cation {[CpMo(jL-O2CH)]»(u-PH,)} ™, provides a reference point for an undis-
puted formal Mo = Mo triple bond and, as expected, the Mayer bond order for
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{{CpPMo(j.-0,CH)]» (u-PH2)} T (2.38) is substantially greater than that for {{CpMo
(L-O2CH)2(1-PH2)} ™ (1.53).

In addition to a progressive increase in Mayer bond order across the series of
compounds with well-defined Mo—Mo single, double, and triple bonds, the Mo—Mo
bond lengths decrease in the same sequence: [CpMo(-O,CH)], (-PH2)(n-Cl)
(291 A), {[CpMo(11-02CH)]x(11-PH,)} ™ (2.64 A), and {[CpMo(j1-O,CH)]>-
(u-PH)}* (2.35 A). The same inverse relationship between Mayer bond order
and bond length is also observed upon comparing dianionic, neutral, and dicationic
forms of {[CpMo(j1-0>CH)]2 (11-PH2) (11-H)} ¥, namely {[CpMo(j1-O2CH)]2 (1
PH,)(j1-H)}2~ (0.45, 3.07 A), [CpMo(ju-02CH)]» (u-PHz) (-H) (0.97, 2.77 A),
and {[CpMo(j.-O,CH)]> (n-PH,) (u-H) 12t (1.52, 2.67 A), which have formal Mo—
Mo bond orders of 0, 1, and 2, respectively.

4.2.2 Molecular Orbital Analyses

Molecular orbital (MO) analyses also provide a useful means to establish M—M
bond orders. Prior to discussing the hydride-bridged compound, [CpMo(-O,CH)|»
(w-PH2)(-H), however, it is first instructive to evaluate the deprotonated species
{[CpMo(.-O2CH)], (u-PHz)}~ for which an Mo=Mo double bond is predicted by
both electron-counting methods. In this regard, it is significant that the Mo - - - Mo
interaction in {[CpMo(j-O>CH)],(j1-PH,)}~ corresponds to a 62(8)2(y)2(8%)?
configuration (Figs. 11 and 12), i.e., a formal Mo=Mo double bond consisting of
one o and one ¥ bond.

The molecular orbital diagram for the bridging hydride complex may be formally
constructed by protonating {[CpMo(p-O2CH)]2(-PH2)} ™. In this analysis, only
the ¥ bonding molecular orbital [MO <59>] of {{[CpMo(uw-O,CH)]2(u-PH2)}™
has the appropriate symmetry and sufficient overlap with the empty 1s orbital of
the proton fragment to give a significant electronic interaction, thereby giving rise
to a 3-center Mo—H-Mo bonding orbital [MO <46>] and an antibonding orbital
[MO <69>] (Fig. 13).

Since the v bonding molecular orbital [MO <59>] of {[CpMo(p-O,CH)],-
(w-PH2)}~ becomes involved in the 3-center Mo—H—Mo interaction, only three
metal-dominated MOs remain occupied in [CpMo(-O2,CH)]»(u-PH) (ju-H), as
shown in Fig. 11, resulting in a 02(8)2(8%)? configuration that is most consis-
tent with an Mo-Mo single bond, in accord with that predicted by using p-LX
“half-arrow” electron-counting method.

Consideration of Fig. 11 indicates how the 1-bond component of the double
bond in {[CpMo(-O,CH)], (i-PH2)}~ is destroyed as a consequence of removal
of the ¥-bond electron density upon protonation. In this regard, 3-center-2-electron
M-H-M interactions are often referred to as protonated metal-metal bonds. How-
ever, with respect to the last description, it must be emphasized that the “metal—
metal bond” component is no longer the same as that in the deprotonated fragment,
i.e., it is not a 2-center-2-electron bond. A simplified MO diagram which illustrates
the concept that protonation reduces the M—M bond order for a general situation is
provided in Fig. 14.
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Fig. 12 Molecular orbitals corresponding to the direct Mo-Mo interaction in
{[CpMo(j1-0,CH)]> (u-PH,)}~. The o2(8)2(¥)?(8*)? configuration corresponds to a formal
Mo=Mo double bond. Taken from reference 6

5 Application of the p-LX “Half-Arrow” Electron-Counting
Method to Other Compounds

Consideration of both the Mayer bond order analysis and the molecular orbital anal-
ysis indicates that the Mo—Mo bond order predicted by the p-LX “half-arrow”
method for [CpMo(w-O2CH)], (u-PHz)(-H) is much more in accord with the
theoretical calculations than is the bond order of two predicted by the “half-electron”
method. A variety of other studies support the use of the w-LX “half-arrow’
electron-counting method for predicting M—M bond orders in dinuclear compounds
[52-59]. In particular, Hoffmann and Albright have used MO theory to analyze the

’
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Fig. 13 Mo-H Bonding and antibonding orbitals derived by interaction of the HT 1s orbital with
the Mo—Mo y~bonding orbital of {{CpMo(j-O,CH)],(jv-PH,)} . Taken from reference 6

bonding in dinuclear compounds that contain two, three, and four bridging hydride
ligands [52,53]. [llustrative MO diagrams are presented in Figs. 15-17, from which
it is evident that the direct M—M bond orders are in accord with those predicted by
the w-LX “half-arrow” electron-counting method. For example, the MO diagram of
{[(CO)4W(j-H)]2}2~, with two 3-center-2-electron W—H-W bridges, indicates that
the direct W-W interaction possesses a 2 (8)%(8*)?(¥*)? configuration (Fig. 15),
which corresponds to a formal bond order of zero and not the bond order of two
that is predicted by the “half-electron” method. Subsequent calculations on a series
of isoelectronic [(CO)4M(u-H)]gi_ compounds agree with the assigned bond order
of zero: “there is practically no direct M-M bond in the chromium, molybdenum,
manganium [sic], rhenium and tungsten carbonyl dimers with double hydrogen
bridges. The metal atoms are bonded exclusively through the hydrogen bridge” [55].
The following sections describe the analysis of the M—M bond order in a variety of
dinuclear compounds that are classified according to the number of bridging hydride
ligands.

5.1 Dinuclear Compounds with Single Hydrogen Bridges

{[(CO)sM]; (n-H)}~ (M = Cr, Mo, W) [11] represents a classic series of complexes
with single 3-center-2-electron M—H—M interactions for which the “half-electron”
method predicts an M—M single bond, whereas the w-LX ‘“half-arrow” method
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Fig. 14 Molecular orbital description of a [MHM] species derived by interaction of [M,]~ and
H7 fragments in which each atom uses a single orbital. Protonation of the [M,] ™~ fragment results
in the interaction of the H 1s orbital with the M—M bonding orbital, thereby forming the 3-center-
2-electron M—H-M bonding and antibonding orbitals. The M—M antibonding orbital does not have
the appropriate symmetry to interact with the H 1s orbital and thus remains M—H nonbonding. If
the [M,]~ fragment possesses two electrons only the M—M bonding orbital is occupied and there
is an M-M bond order of one; upon protonation these electrons occupy the 3-center-2-electron
M-H-M bonding orbital and the direct M—M bond is eradicated. Modified from reference 6

indicates that there is no 2-center-2-electron M—M interaction (Fig. 18). Indeed,
early molecular orbital calculations on these complexes are in accord with the notion
that there is no direct M—M bond and that the interactions are mediated by the
hydride bridge [52]. Furthermore, recent experimental and theoretical studies also
indicate that there is no direct metal-metal bond path in the chromium complex
{[(CO)sCrl2(n-H)}™ [60,61].

In 1965 Dahl reported the first structure of a transition metal complex with
a bridging hydride ligand, namely [CpMo(CO)3]2(-PMe,)(w-H) [12, 13]. Dis-
cussing the bonding in this complex, Dahl stated that “the bent, three-center
Mo-H-Mo bond involving one electron from the two molybdenum atoms and one
from the hydrogen accounts for the compound’s diamagnetism without the invok-
ing of a separate Mo—Mo bond” [12]. Despite this early description of the bonding
interaction, closely related [CpMo(CO),]»(j1-PRR’)(u-H) derivatives have been
represented with direct Mo—Mo bonds [62-64]. Application of the w-LX “half-
arrow” electron-counting method, however, predicts an Mo—Mo bond (Fig. 17), in
accord with Dahl’s description.
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Fig. 15 Molecular orbital diagram for [L4M],(j1-H),, adapted from reference 52. The electron
count shown corresponds to species such as {[(CO),W],(un-H),}>~

[CpMo(CO)],(-PCy,)(p-H) is a counterpart to [CpMo(CO)2 ]2 (u-PRR”) (u-H)
which features only a single carbonyl ligand on each molybdenum center and was
described as possessing an Mo = Mo triple bond [65-70]. Application of the w-LX
“half-arrow” electron-counting method, however, predicts an Mo=Mo double bond,
a result that is in accord with density functional theory calculations which indicate
that the bonding consists of one 3-center-2-electron Mo—H—Mo interaction and two
2-center-2-electron Mo—Mo bonds [65].

Other compounds that feature a single M—H-M bridge and which have also been
described as possessing M =M triple bonds include [CpMo(CO)(SnPh3)](ju-H)-
[CPMo(CO)(PHCy,)] [71] and {[CpW(CO)a(ju-H)(1-RoPCH2PR2)} * [72, 73].
Each of these compounds, however, is predicted to possess an M=M double bond
according to the p-LX “half-arrow” procedure. Likewise, [M(CO)]a (ju-PBub)-
(-dppm), (u-H)(M = Fe, Ru) are examples of compounds that were assigned
M=M double bonds [45], but subsequent calculations indicate that there is a single
M-M bond [74] in accord with that predicted by the w-LX “half-arrow” procedure.
The w-LX “half-arrow” notation was also applied to [Cp*Ru], (-H)(u-PHPh)-
(-CO), which thereby predicts a direct Ru—Ru single bond [75].
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5.2 Dinuclear Compounds with Double Hydrogen Bridges

Consideration of compounds with two hydrogen bridges also provides support for
the use of the “half-arrow” method in predicting M—M bond orders. For example,
photoelectron spectroscopic studies on Os3(CO)1o(ju-H)2, and related bridging
hydride complexes, have been interpreted with the M(u-H)M bonding orbital
as being localized principally on the hydrogen atom, rather than on the metal
atoms [76-78]. As such, it is not appropriate to view the interaction as com-
prising an Os=Os double bond in which the electron density resides primarily
between the osmium atoms. Indeed, calculations on Os3(CO);¢(ju-H), are consis-
tent with the major interaction between the two osmium centers being via the two
3-center-2-electron Os—H-Os bonds [79]. The n-LX “half-arrow” method predicts
that there is no 2-center-2-electron Os—Os interaction in Os3(CO);9(-H)2 (Fig. 1,
E & F), a result that is much more in accord with the aforementioned experimental
and theoretical studies than is the Os=Os double bond (Fig. 1, A) that is predicted
by the “half-electron” method.
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Fig. 17 Molecular orbital diagram for [L4M],(j.-H)4, adapted from reference 15. The electron
count shown corresponds to species such as [(R3P);Re]>(-H)4
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Fig. 18 Examples of dinuclear complexes with a single hydrogen bridge (M = Cr, Mo, W)
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The cyclopentadienyl compound [Cp*(CO)Os],(u-H), contains a similar
[OsyHz] unit that has also been reported to have a Os=0Os double bond [80]; by
analogy to Os3(CO)10(j.-H)2, however, the direct 2-center-2-electron Os—Os bond
order is reduced to zero upon consideration of the 3-center-2-electron nature of the
two Os—H-Os interactions. Likewise, the ruthenium counterpart [Cp*(CO)Os],-
(-H)2 is best represented as possessing two 3-center-2-electron Ru-H-Ru inter-
actions with no direct Ru—Ru bond, rather than having an Ru=Ru double bond [81].
Isoelectronic cyclopentadienyl tungsten dicarbonyl compounds, namely [CpW-
(CO)2]2(-H)2 and [Cp*W(CO)2]2 (u-H), have also been reported and were des-
cribed as the first doubly hydrido-bridged neutral complexes which formally possess
a W=W double bond [82]. A better description, however, is that the bonding
interaction simply consists of two 3-center-2-electron W-—H-W interactions with
no direct W—W bond. Correspondingly, rather than possessing an Mn=Mn double
bond [83], the manganese complex [(CO)3;Mn], (-dppm)(-H), is best described
as possessing no direct Mn—Mn bond.

[(Me,PhP)3HOs(j1-H)]» provides another example of an osmium compound that
was assigned an Os=Os double bond [84, 85], but is better represented as pos-
sessing two 3-center-2-electron Os—H-Os interactions. The ruthenium counterpart
[(MesP)3HRu]»(n-H)2 has also been reported [86], and although an Ru-Ru bond
order was not assigned, a direct bond order of zero would be predicted by the u-LX
“half-arrow” method. Moreover, calculations indicate that [(CO)4Re],(w-H), is
predicted to have effectively no direct Re—Re interaction [55], rather than the double
bond that was initially reported in order to satisfy the 18-electron rule [25].

Compounds with two bridging hydrogen atoms have also been reported to have
M=M triple bonds, e.g. [Cp*Ru], (1-CO)(ju-H), [81, 89]. However, this complex
is predicted to have an Ru-Ru single bond according to the w-LX “half-arrow”
electron-counting method. Likewise, although an Re=Re triple bond was invoked
for [CpReH,],(j1-H),, calculations indicate that the electronic configuration is

(0/8)2(1//*2)(8*2), i.e., a direct Re—Re bond order of one [87].

An illustrative example of the confusion that may ensue when evaluating M—M
bond orders in the presence of bridging hydride ligands is provided by the descrip-
tions that have been provided for the bonding in [(n®-CsHg)Re]2 (ju-H)2 (u-CHR)
[88]. This complex was originally assigned an Re—Re single bond [88], a bond order
assignment that takes fully into account the 3-center-2-electron nature of the interac-
tion and was also supported by an MO analysis. Nevertheless, despite the theoretical
basis for an Re—Re single bond in this complex, a subsequent report refuted the
assigned bond order and claimed that the correct bond order is actually three [89].
However, since the latter claim was not supported by theoretical calculations, there
is no reason to accept the proposed modification and the original assignment of an
Re-Re single bond should be retained.

The Mo-Mo distance (2.19 A) in [(Me3P)3HMol,(ju-H), was described as
being “well in the region of values found for quadruply bonded Mo'-Mo'! species”
[90,91]. Several descriptions of the bonding were evaluated for this molecule, but
consideration of the 3-center-2-electron nature of the two Mo—H-Mo interactions
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Fig. 19 [Cp™Re(CO);]»(j11-H),, a compound that features an M--X--M antibonding interaction

[91] suggests that the compound is best described as possessing a direct Mo=Mo
double bond rather than a quadruple bond.

A particularly interesting situation arises when the “half-electron” method pre-
dicts an M-M single bond for a compound with two bridging hydride ligands, as
illustrated by [Cp*Re(CO)3], (n-H)2 (Fig. 19). In this case, application of the -LX
“half-arrow” method does not predict an 18-electron configuration for both met-
als. Specifically, neglecting the Re—Re interaction, each rhenium center possesses a
19-electron configuration. Since the compound is diamagnetic, it is evident that the
two 19-electron rhenium centers must interact, thereby resulting in a 20-electron
configuration at each metal. Although transition metals with 20-electron configura-
tions are known, they are not common and, on this basis, it could appear that the
“half-electron” method provides a more reasonable answer. However, it must be
emphasized that application of the formula m = (18n — N)/2 to predict the number
of M—M bonds forces each metal to have an 18-electron configuration, regardless of
the true electron configuration. Thus, rather than being a failure of the method, the
prediction of a 20-electron configuration is actually a strength of the pw-LX “half-
arrow” electron counting since it indicates that a metal-metal antibonding orbital is
occupied and, as a result, the M—M bond order is reduced, a notion that has been
discussed by Hoffmann [53], Dahl [13], Bursten [87] and Morokuma [92].

As a simple illustration, consider the hypothetical protonation of a dinuclear
system in which there is no formal 2-center-2-electron M—M bond because both
bonding and antibonding components are occupied (Fig.20). The hydrogen 1s
orbital interacts specifically with the bonding component to form a 3-center-2-
electron bond, thereby leaving a pair of electrons in an M—M antibonding orbital.
Casey has termed the resulting interaction an “antibond” [93]. The interaction may
be depicted by using a crossed-dashed M--x--M representation, in which the cross
emphasizes that the direct interaction is antibonding. Despite the presence of an
“antibond,” the overall interaction may be favorable because of the stabilization
resulting from the formation of the 3-center-2-electron bond [92].

The bonding situation within [Cp*Re(CO),],(j.-H), has, therefore, been des-
cribed by Casey as involving two 3-center-2-electron Re—-H-Re bonds and an
Re--x--Re antibond, such that there is a net bond order of one [93]. While the
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notion of an M--x--M antibond may not be familiar, other compounds that feature
M--x--M antibonds are known, as illustrated by {[(Ph3P),HIr]» (u-H)3} T, {[{MeC-
(CH»AsPhy)3}Colz (n-H)3} . [(EtaPhP);Re(H)2]2 (-H)4 and [Cp*Rulz(ju-H)a,
as discussed in more detail below.

Another example of a compound with two bridging hydride ligands that serves
to point out the inadequacies of electron counting using the “half-electron” method
is provided by [Cp,Zr(H)]2(j1-H)2, for which a Zr=Zr double bond is predicted.
In contrast, the -LX “half-arrow” method indicates that each Zr center can attain
an 18-electron configuration without forming two 2-center-2-electron Zr—Zr bonds
(Fig.21). The latter description is clearly preferable because the Zr center of
mononuclear Cp,ZrH, is d° and, as such, is incapable of forming a 2-center-2-
electron Zr—Zr bond with the Zr center of another molecule.

5.3 Dinuclear Compounds with Triple Hydrogen Bridges

Compounds that feature three bridging hydride ligands are well precedented
(Fig.22) [53,94] as illustrated by {[(Ph3P),HIr],(j.-H)3} T, a compound that was
originally described as possessing a direct Ir=1Ir triple bond to satisfy the
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Fig. 21 Examples of dinuclear complexes with double hydrogen bridges

18-electron rule [95]. However, upon recognizing the 3-center-2-electron nature of
the interaction, the compound was reformulated as having no direct Ir-Ir interac-
tion and the shortness of the Ir-.-Ir separation is merely a consequence of there
being three bridging hydrogen atoms [96]. In this regard, Bau provided a sim-
ple geometrical explanation for why M ---M distances in [M,(ju-H)3] systems are
invariably shorter than those in corresponding [M (i.-H)»] systems. Specifically, if
[M3(j.-H)3] and [M»(-H)»] correspond to two octahedra sharing a face and an
edge, respectively, the centers of the two octahedra will be closer in the former case,
assuming that the M—H distances are constant [94].

Compounds that are structurally related to bioctahedral {[(Ph3P),HIr], (-H)3} ™
include isoelectronic {[(CO)sRel>(u-H)3}~ [97], {[{MeC(CH,PPh,)s3}Fe],-
(u-H)3}™ [98], and {[(Me,PhP)30s],(jn-H)3}+ [85]. With three bridging hydride
ligands, these compounds face the same bonding ambiguity noted for {[(Ph3P),-
HIr],(u-H)3}t. For example, the iron complex {[{MeC(CH,PPh;);}Fel,-
(u-H)3}t was reported to have an Fe = Fe triple bond [98], whereas the bond-
ing in isoelectronic rhenium complex {[(CO)s;Rel]>(ju-H)3}~ (which was actually
the first dinuclear transition metal compound having three bridging hydride ligands)
was described only in terms of 3-center-2-electron Re-H-Re bonds [97] in accord
with the results of the 1-LX “half-arrow” electron-counting method.
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Fig. 22 Examples of dinuclear complexes with triple hydrogen bridges

Interestingly, {[(Me3P)3Ru],(u-H)3}F, which is isoelectronic with {[(Me,-
PhP)30s], (u-H)3} [84, 85], was originally suggested to have a possible Ru=Ru
double bond to achieve an 18-electron configuration [86], but it is not clear what
electron-counting procedure would give this result. As a result, the Ru—Ru interac-
tion in this compound was subsequently reassigned to a triple bond [99], but it is
actually best viewed as possessing only three 3-center-2-electron Ru-H—Ru bonds.

The bonding in the arene complex {[(n°-C¢Hg)Ru]»(ju-H)3}™ has also been
considered in terms of (1) an Ru=Ru triple bond and (2) a situation involving
3-center-2-electron interactions [100, 101]. Of these, the latter was concluded to
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be the more appropriate description on the basis of a comprehensive series of the-
oretical calculations which indicate that there is no direct bond between the two
ruthenium atoms [100,101]. Likewise, the isoelectronic cyclopentadienyl compound
{[Cp*Ir]o(u-H)3} T does not possess a direct Ir—Ir bond, even though an Ir = Ir triple
bond was originally postulated [102].

For a similar reason to that described above for [Cp*Re(CO),]»(-H)2, an
interesting situation arises when the “half-electron” method predicts an M=M
double bond for a compound with three bridging hydride ligands. For example,
the cobalt complex {[{MeC(CH,AsPh;)3}Col,(ju-H)3} ™ was originally proposed
to have a Co=Co double bond [98], but application of the w-LX “half-arrow”
electron-counting method indicates that the cobalt centers of diamagnetic species
would have 20-electron configurations, thereby indicating the occupation of a
Co—Co antibonding orbital, a result that is in accord with theoretical calculations
[52]. Thus, the bonding in {[{MeC(CH,AsPh;)3}Col,(n-H)3}T is best described
as comprising three 3-center-2-electron Co—H—Co interactions and a Co--x--Co
antibonding interaction.

While many compounds that feature three bridging hydride ligands are sym-
metric with respect to the nature of the metal center, asymmetric variants are also
known, e.g., H(R3P)3Re(nw-H)3Re(PR3)>H, (PR3 = PMe,Ph) [84, 103] (PhsP),-
(Nz)RU([,L—H):;Rll(PPh:;)zH [99], and (R3P)3OS(|,L-H)3OS(PR3)2H(PR3 =PMe,Ph
and PMePh,) [84]. These compounds were proposed to have M =M triple bonds,
but application of the w-LX “half-arrow” electron-counting method predicts that
18-electron configurations for these complexes can be obtained without any direct
2-center-2-electron bond in these complexes (Fig.22). Furthermore, [Cp*ReH,]-
(-H)3[RuCp*] and [MeC(CH,PPh;)3ReH](ju-H)3[RuCp™*] were described as pos-
sessing M =M triple bonds to attain an 18-electron configuration [104], but
18-electron configurations can also be obtained by application of the pw-LX “half-
arrow” electron-counting method, without the need for a direct metal-metal bond.

5.4 Dinuclear Compounds with Quadruple Hydrogen Bridges

The above discussion concerned with [Cp*Re(CO),]»(v-H), and {[{MeC(CH,-
AsPh;)3}Co]»(u-H)3} T indicated that M--x--M antibonding interactions result
whenever the L-LX “half-arrow” electron-counting method predicts both metal cen-
ters to have a 20-electron configuration. It is also evident that this situation will arise
whenever there are more bridging hydride ligands than M-M bonds predicted by
the “half-electron” method, a circumstance that is likely to occur whenever there
are four bridging hydride ligands.

An excellent illustration is provided by the tetrahydride-bridged ruthenium com-
plex [Cp*Ru]»(jv-H)4 which, on the basis of electron counting according to the
“half-electron” method, was proposed to have an Ru=Ru triple bond (Fig.23)
[105]. This description of the bonding, however, was called into question by Moro-
kuma who noted that “the Ru atoms do not have enough atomic orbitals to form so
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Fig. 23 Examples of dinuclear complexes with quadruple hydrogen bridges

many bonds as suggested by the 18-electron rule” [92]. Furthermore, Morokuma’s
calculations indicated that the direct Ru—Ru interaction is repulsive and that “[t]he
four hydrides work as glue to connect the repulsive fragments” [92]. It is, therefore,
evident that the bonding within [Cp*Ru], (u-H) 4 comprises four 3-center-2-electron
Ru—H-Ru bonds and an Ru--x--Ru antibond, a description that is predicted by the
p-LX “half-arrow” electron-counting procedure (Fig. 23). Importantly, this revised
description of the bonding in [Cp*Ru], (u-H)4 was subsequently accepted by the
authors who first proposed the existence of an Ru = Ru triple bond [106].

The bonding in the iron and osmium counterparts, [Cp*Fe],(ju-H)4 [107] and
[Cp*Os]2(j1L-H)4 [108], has also been discussed and the possibility of the existence
of M = M triple bonds was discounted on the basis of the aforementioned theoreti-
cal study on the ruthenium analog. On the other hand, the heterobimetallic complex
[Cp*Ru](ju-H)4[OsCp*] was described as having an Ru=Os triple bond [109],
which is a curious description considering that one of the authors acknowledged
that the symmetric complex [Cp*Ru],(jv-H)4 does not possess an Ru = Ru triple
bond [106].

[(R,PhP),ReH; ], (u-H)4 (R = Me, Ph) belong to a category of complexes that
were described as possessing a formal Re=Re triple bond [84, 110], but the w-LX
“half-arrow” notation would indicate an Re--x--Re antibonding interaction (Fig. 23).
Indeed, the occurrence of an antibonding interaction is also in accord with the
02(8*)%(0*)? electronic configuration that was calculated for [(H3P),Re(H)a]s-
(u-H)s [52].

Furthermore, an Re=Re triple bond was also invoked for [CpReH], (ju-H)4, but
theoretical calculations indicate that the rhenium-rhenium interaction is described
by a (0/8)%(8*)2(8*)? configuration [87] which corresponds to a direct Re--x--Re
antibond (Fig.24). Thus, whenever there are more bridging hydride ligands than
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M-M bonds predicted by the “half-electron” method, the compound will actually
possess an M--x--M antibonding interaction.

6 Conclusions

An analysis of the bonding in compounds with bridging hydrogen ligands demon-
strates that, for every 3-center-2-electron M—H-M interaction, the “half-electron”
method over counts the M—M bond order by one from the value predicted by
the w-LX “half-arrow” method. At one level, this is not really an issue once it
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is recognized that the M—M bond orders derived by the two different electron-
counting methods are merely formalisms and, as such, do not necessarily reflect
reality. Problems of this type are commonplace in chemistry. For example, the for-
mal charge [3] on an atom does not necessarily bear any relationship to the actual
charge: the formal charge on nitrogen in NHiis + 1, whereas the actual charge is
negative [111-113]. Likewise, it is well known that the charge on an atom gener-
ally bears no relationship to oxidation state [114]. At another level, however, the
derivation of different M—M bond orders for the same compound is an issue from
a pedagogical point of view because it causes confusion (as aptly demonstrated
by the various descriptions of Os3(CO)1o(jt-Hz) shown in Fig. 1). Recognizing
that both methods are formalisms, it is more appropriate to adopt the formalism
that approximates more closely to the bond orders that are derived theoretically.
For all of the examples discussed, the -LX “half-arrow” electron-counting method
provides the best description of the bonding by clearly distinguishing between the
number of 3-center-2-electron M—H—M interactions and direct 2-center-2-electron
M-M interactions.

A good illustration of the inadequacy is provided by the fact that the M—-M
bond order predicted by the “half-electron” method is independent of whether or
not the hydrogen atoms bridge the two metals. For example, the three isomers of
[CpReH;]> with (1) no bridging hydrogens, [CpReH;]», (2) two bridging hydro-
gens, [CpReH,]>(.-H)» and (3) four bridging hydrogens, [CpReH]» (.-H)4 are
each predicted by the “half-electron” method to have Re = Re triple bonds (Fig. 24)
[82]. The notion that the Re—Re bond order would not be influenced by whether
or not the hydrogen atoms bridge is far from intuitive. In contrast, the n-LX
“half-arrow” method for counting electrons predicts that the Re—Re bond order
decreases from a triple bond in [CpReH;]5 to a single bond in [CpReH, ]2 (ju-H)2,
and to an “antibond” in [CpReH, ]2 (ju-H)» (Fig. 24), a result that is in accord with
calculations [87].

As noted by Hoffmann for complexes with 3-center-2-electron bonds, “it is best
not to argue over whether there is or is not metal-metal bonding in these molecules.
The orbitals in question are delocalized and are used to bond a metal atom both to its
metal partner and to the bridging group” [53]. Nevertheless, it must be emphasized
that the “direct” M---M component for a 3-center-2-electron interaction cannot
be viewed as equivalent to that of a normal 2-center-2-electron M—M bond. Further-
more, there may be additional direct M—M interactions that do not have a significant
component from the bridging ligands. The “half-electron” method for counting elec-
trons does not address these issues and merely applies a formula to predict the M—-M
bond order. Furthermore, application of the formula to predict the M—M bond order
does not even require knowledge of whether or not the hydrogen atoms bridge,
which is a rather unusual situation.

In contrast, the p-LX “half-arrow” method requires one to consider the structure
of the molecule prior to determining the M—M bond order. The w-LX “half-arrow”
method thus provides a more complete picture of the bonding by clearly distinguish-
ing between (1) the number of 3-center-2-electron M—H-M interactions and (2)
the number of direct 2-center-2-electron M—M interactions. A significant advantage
of the w-LX “half-arrow” method is that, by not forcing an 18-electron count on
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a metal center (which is explicitly forced by the formula employed by the “half-
electron” method), it provides a means of determining whether or not an M--x--M
antibonding interaction could be present in a molecule. Thus, the w-LX “half-arrow”
method is recommended as the procedure of choice for counting electrons for com-
plexes that possess 3-center-2-electron M—X-M interactions. In all cases evaluated,
the w-LX “half-arrow” method predicts M ---M bond orders that are much more
in accord with theoretical calculations than those obtained by the “half-electron”
method.
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1 Introduction

Synthetic strategies for a systematic construction of metal-metal bonded molecules
and clusters have been a target for inorganic research over at least the last five
decades, the development of which was particularly influenced by Cotton’s pioneer-
ing work in the field of metal-metal multiple bonding and metal cluster chemistry
[1,2]. Over this period, the size of the molecular ligand stabilized clusters in terms of
aggregated metal atoms became larger and even giant metalloid clusters have been
characterized [3-10], and simultaneously metal-metal bonds with non-classical
electron structures became available and probed the limits of metal-metal bonding
in molecules. Quite recent and spectacular reports such as the chromium—chromium
quintuple bond [11], the zinc—zinc [12-25] and magnesium—magnesium [26] single
bond show that there is still plenty of room for new discoveries. Within this context
we wish to highlight most recent aspects of a particularly fruitful area of research
which deals with metal-metal bonded systems of the general formula [L, M (ER),]
involving carbenoid group 13 metal moieties ER (E=AIl, Ga, In; R=bulky sub-
stituents) as typically very potent o-donor ligands. The development of synthetic
routes to sterically shielded and thus thermodynamically stable low valent group
13 metal compounds ER such as ECp* (E = Al Ga; R = Cp*) [27,28,28-31],
Ga(DDP) (DDP = {[N(Cg¢H3iPr;-2,6)C(Me»)]2CH}) [32] or the diazabutadi-
enido compounds [Ga{N(R")C(H)},]"(R" = ¢Bu, C¢H3iPrz-2,6) [33, 34] and
other related systems has been a big step towards the tailored synthesis of mixed
metal coordination compounds. The other extreme in steric situations, i.e. the mini-
mum limit in size of low valent group 13 ligands, is the substituent-free naked ions
E*(E = Ga [35,36], In [37-39], T1 [40-46]) which show a coordination behaviour
very different to all other low valent group 13 ligands. They behave as strong o-
as well as y-acceptors but have no donor properties at all. Originally, the work on
the coordination chemistry of ER ligands focused on transition metal carbonyl frag-
ments yielding very stable and kinetically inert complexes [(CO),M;(ER),] [47].
Much research has been expended within the past two decades for the exploration
of related carbonyl-free complexes [L,Mj(ER).] (L other than CO) prepared by
coordination of these low valent ER ligands to d-block, and more recently also s-,
p- and f-block metal fragments, and quite a number of review articles are available
[3-10,48-50]. The coordination to very electrophilic metal centres such as Ca, Mg
[51] or lanthanide centres [52, 53] has been accomplished by the use of anionic
diazabutadienides [Ga{N(R)C(H)},]~. The related, neutral Ga(DDP) [54-63] and
Ga(Giso) [64] (Giso = {(2,6 — iPr,CsH3)NC(NCy,)N(CsH3iPr,-2,6)}) have
been shown to be suitable ligands for electronically strongly unsaturated complexes
(14 or 16 VE species) by steric shielding of the complex periphery. However, most
of the published (and reviewed) work still deals with synthesis, structural and bond-
ing characterization. In general, not much is known about the chemistry of the new
compounds containing the ER ligands. Only recently it has been shown that GaCp*
and Ga(DDP) complexes of late transition metals show interesting reactivity pat-
terns in comparison to classic organometallic reactions such as C—H [65-68], C-C
[69,70] or Si—H [65,71] activation.
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This review does not intend to give a detailed discussion on structure and bonding
of all these types of complexes mentioned earlier. Most of the relevant aspects have
been extensively reviewed before [3-12, 12-25,48]. Rather, we will focus on very
recent and novel developments with an emphasis on some unique features of the
involved chemistry of gallium(I) and the related zinc(I) ligands, i.e. GaR and ZnR,
which lead to novel structures and bonding situations. The first part will discuss
typical examples for metal complexes of the bulky NHC analogue gallium ligands
Ga(DDP), Ga(Giso) and the anionic [Ga{N(R)C(H)},]™ and compare them to those
of naked Ga™ in particular. The second part will cover a newly discovered class of
complexes which became available by using the special ligand properties of GaCp*
complexes towards zinc alkyls. Gallium and Zinc are neighbours in the periodic
table and it was found that zinc can substitute gallium in the coordination sphere
of d-block metal fragments under certain conditions. The treatment of homoleptic
compounds [M(GaCp*),] (n = 4-6) with dimethyl zinc leads to the unusual zinc-
rich transition metal compounds [M(ZnR),] (a = 8-12) with ZnR groups as one-
electron ligands (R = Me, Cp*) [49,50].

2 Coordination Chemistry of Ga(I) Compounds

The variety of (organo) Ga(I) compounds known to date is rather large; however,
only few of these compounds have been used as ligands for transition metals. The
nature of the group R in compounds GaR determines the electronic properties of the
coordination of the metal fragment to transition metal centres and is also responsi-
ble for its steric property. Thus, the steric encumbrance for Ga(I) ligands spans from
virtually zero for ‘naked” Ga™ to a cone angle far beyond 180° for NHC analogous
systems like Ga(DDP) (vide infra). As for the electronic properties, with the excep-
tion of Ga™ (vide infra) all compounds represent strong o-donors, with an ability to
act as a weak y-acid, whose extent is dependent on the group R.

2.1 NHC analogue Ga(l) ligands

The chemistry of sterically demanding N -heterocyclic carbene (NHC) analogues
of Ga(I) ligands with versatile electronic and steric properties has led to a vari-
ety of applications in synthesis and bond activation. Especially the neutral six-
membered Ga(DDP) [32], the anionic five-membered diazabutadienido compounds
[Ga{N(R)C(H)},]~ [33,34] and, very recently, the neutral four-membered guanid-
inate complexes Ga(Giso) [72] have been in the focus of recent research (Fig. 1).
However, their electronic features are distinctly different not only from each other
(vide infra) but also from their well-studied Cp* congener. The metal centre in these
Ga(I) heterocycles is isolobal to NHCs, the vacant p orbital not being stabilized by
additional ¥ electrons (as in the case of GaCp™*, which is stabilized by the strong
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heterocyclic derivatives and (d) NHC

y-donor Cp*) [73] leading to an increase in the electrophilicity of the metal centre
on coordination to transition metals.

The presence of a directional lone pair (HOMO) and an empty p orbital (LUMO)
at the Ga(I) centre of the heterocycles could principally lead to o donor as well as
Y acceptor properties of the ligands in the respective transition-metal complexes.
However, the NHC analogues of Ga(I) would be expected to have different mag-
nitudes of o donor and v acceptor nature as it is reflected by the large difference
of HOMO-LUMO gaps of Ga(DDP) (ca. 100 kcal/mol) compared to the Ga(I)
diazabutadienide and Ga(Giso) (ca. 60 kcal/mol). In addition, these species substan-
tially differ from NHCs in terms of electron delocalization on the N -heterocyclic
backbone and steric bulk (Chart 1) [48]. A fine-tuning in the steric and electronic
properties of these ligands offers a significant variation in the N-X-N angle, which
eventually results in a substantial change in their ¢ donor and  acceptor nature.
Among the Ga(I) NHC derivatives, the neutral molecules Ga(DDP) and Ga(Giso)
are very similar in their coordination properties; however, they are considerably
different in their N-Ga—N angle and thus their steric encumbrance.

In general, the diazabutadienideo compound [Ga{N(R)C(H)},]™ undergoes sub-
stitution or salt elimination reactions with metal derivatives, while the main syn-
thetic routes to Ga(Giso) and Ga(DDP) complexes are substitution or oxidative
addition reactions [48].
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2.1.1 s- and f-Block Metal Complexes

s- or f-block elements of Ga(I) derivatives can be well stabilized by use of the
charged diazabutadienideo ligand. For example, the in situ reduction of paramag-
netic gallium(III) heterocycles by mercury in the presence of either magnesium or
calcium metal resulted in the first structurally characterized gallium complexes of s-
elements, i.e. [Mg{Ga[(ArNCH),]},(THF);] (1) and [Ca{Ga[(ArNCR),]},(THF)4]
(2) (R = Hor Me, Ar = C¢H3iPr;-2, 6) (Scheme 1) [51].

In 1, the Mg centre is coordinated by two gallium heterocyclic ligands in equato-
rial sites and three THF molecules in a distorted trigonal-bipyramidal geometry.
In contrast, the calcium centre in 2 shows an octahedral coordination environ-
ment with the gallium heterocyclic ligands trans to each other. This difference is
explained by the greater covalent radius of the heavier metal. The Ga-Mg (2.7174
and 2.7269A) or Ga—Ca (3.1587A for R = H, 3.1988A for R = Me) bonds in these
complexes are found to be slightly longer than the sums of the covalent radii for
these element pairs (Ga—Mg 2.61A; Ga—Ca 2.91A). DFT calculations on the model
complexes [Mg(OMe,)3{Ga(MeNCH),},] (Ga-Mg mean distance: 2.715A) and
[Ca(OMe;)4{Ga(MeNCH),},] (Ga—Ca mean distance: 3.232A) lead to geometries
similar to the crystal structures. Moreover, a significant ionic character for the group
2 metal—gallium interactions was confirmed from experimental as well as theoretical
data.

More recently, the first examples of diazabutadienideo [Ga{N(R)C(H)},]~ ligand
supported f-element complexes with more polar Ga—M bonds were successfully re-
alized. Salt elimination reactions of [K(tmeda)][Ga{(ArNCH),}] with Lnl,(THF),,
(Ln = Sm, Eu or Yb) in THF/tmeda (tmeda = tetramethylethylenediamine) give the
iso-structural bis(gallyl) lanthanide(IT) complexes, [Ln'{Ga[(ArNCH),]}, (tmeda), ]
(Ln = Sm (3), Eu (4) or Yb (5); Ar = CgH3iPrz-2, 6) (Scheme 2, Fig.2) [74]. In
these complexes, the Ln centres are coordinated in a distorted octahedral geome-
try with the gallyl ligands trans to each other. The Ln—Ga distances in 3-5 follow
the expected trend (Sm—Ga (3.3124A) ~ Eu-Ga (3.3124A) > Yb-Ga (3.2050
and 3.2473A) based on the effective ionic radii for six-coordinate Ln?>* cations
(Sm?* 1.19A, Eu®T 1.17A, Yb** 1.02A). Notably, the Ln—Ga distances in 3-5
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are substantially longer than the sums of the covalent radii for the atom pairs
(Sm—Ga 3.20A, Eu—Ga 3.20A or Yb-Ga 3.09A). However the Eu—Ga distance
is not shorter with respect to the Ga—Eu distances found in the GaCp* adduct
[Cp5Eu(GaCp*)2] (6) (3.2499 and 3.3907A), whereas the Yb—Ga distance is shorter
than in [Cp53Yb(GaCp*)(THF)] (7) (3.2872(4)A) [75]. Although the Ln-Ga bonds
in 3-5 are very polar, the presence of some covalent character is proposed from
theoretical studies based on 1 and 2 [51].

The reaction of [K(tmeda)][Ga{(ArNCH),}] with Tml,(THF)5 in THF/tmeda
yields [Tm™{Ga[(ArNCH),]}{(ArNCH), }(tmeda)] (8) where the Tm centre is
found in heavily distorted trigonal-bipyramidal coordination geometry (Scheme 2,
Fig.2) [74]. The Tm—Ga distance (2.9742A) in 8 is considerably shorter than in the
Ln—Ga distances in 3-5 and well within the sum of the covalent radii for Tm/Ga
(3.12A).

The reaction of [K(tmeda)][Ga{(ArNCH),}] and [Nd(L")(N")(u-1)]2[L" = ¢
BuNCH,CH,{C(NCSiMe3;CHN¢Bu)}, N’ = N(SiMe3),] in THF results in the
complex [Nd(L)(N')(Ga{(ArNCH), })(THF)] (9) (Scheme 2, Fig.2) [76]. The Nd
centre in 9 adopts a distorted trigonal-bipyramidal geometry. The Nd—Ga bond
length (3.2199A) is slightly longer than the sum of the covalent radii (Nd-Ga =
2.89A). NBO calculations on the model complex [Nd(L")(NMe, )(Ga{(MeNCH),})
(OMe»)][L” = HNCH,CH,{C(NCHCHNMe)}](Nd—Ga distance: 3.227A) shows
that the bond is strongly polarized with 87% Ga and 13% Nd contribution to the MO.

The reaction of [(tren—-TMS)UCI(thf)](tren—-TMS = [N(CH,CH,;NSiMej3)s])
and [K(tmeda)]-[Ga{(ArNCH),}] affords [(trenTMS)U{Ga(NArCH),}(thf)] (10)
(Scheme 2, Fig.2) [77]. The uranium centres are found in a distorted octahedral
geometry. However, the U-Ga bond lengths (3.2115 and 3.2983A) in the two
crystallographic non-equivalent molecules in the asymmetric unit are distinctly dif-
ferent. The U-Ga bond distances are comparable to the sum of the covalent radii
(U-Ga = 3.18A). It was stated that the existence of these two different U-Ga
bond distances in the asymmetric unit could raise from crystal packing forces as
well as known deviations of post-second-row elements from classic bond length—
strength relationships. DFT calculations on 10 reproduced the structural features of
the experimental results. Notably, 10 is the first example of a group 13/f element
donation in addition to o donation where the U-Ga bond is of polar, covalent nature.
Noteworthy this i acceptor or ¥ donor nature is absent in U-Al [78] and Nd-Ga
[76] bonds.

2.1.2 d-Block Metal Complexes

The first Ga(DDP) complex [(CO),FeGa(DDP)] (11) was synthesized via a CO
displacement reaction by treating Ga'(DDP) with Fe(CO)s. The Ga—Fe distance
(2.2851A) in this complex is slightly longer than that of the related complexes
[Ar*GaFe(CO),] (12) (2.248A)(Ar* = CgH3-2, 6-{C¢H,-2, 4, 6-iPr3},) [79] and
[Cp*GaFe(CO),] (2.2731A) (13) [28] and also the IR spectrum suggests negligible
Y-back-bonding between the Fe and Ga centres.
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While the reaction of Ga(DDP) with excess [Ni(ethylene),] yields the trimeric
C-H activated complex [{12-Ga(DDP)Ni(ethylene)},Ni(u?-CH=CH,)(H)] (14)
as the thermodynamic product [80], the corresponding homoleptic palladium olefin
complex [Pd;(dvds);] (dvds = 1,1,3,3-tetramethyl-1,3-divinyldisiloxane) yields the
simple substitution product [(dvds)Pd{Ga(DDP)}] (15) (Scheme 3, Fig. 3). Partial
substitution of COD from [Pt(COD),] by Ga(DDP) results in the monomeric com-
plex [Pt(COD){Ga(DDP),}] (16) (Scheme 3). The Pt centre in 16 (Fig. 3) exhibits a
trigonal planar 16 VE Pt° centre with two Ga(DDP) moieties and one 5-coordinated
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1,3-cod ligand. The Pt—Ga distances (2.342, and 2.346A) are quite similar than the
Pt-Ga distances in the homoleptic complex [Pt(GaCp*)4] (40) (2.335A) or the ter-
minal Pt—Ga distances in the dimeric cluster [Pt (GaCp*)s] (41) (2.326 and 2.33 1A)
[81, 82]. Notably the higher degree of y-back-bonding to the olefins was observed
in 15 and 16 than in its phosphane analogues which leads to the conclusion that the
o-donor properties of Ga(DDP) are more similar to those of NHCs than those of
electron-rich phosphanes.

The reaction of (Ga'Giso) with [Ni(COD),] (COD = 1,5-cyclooctadiene) or
[Pt(dppe)(C2Hy)] leads to complexes [(L-L)M(Ga'Giso),] (L-L = dppe, M =Pt
(17) or L-L = COD, M = Ni (18)) where the metal centres are found in distorted
tetrahedral geometries (Scheme4) [64]. The Ni—Ga (2.2384 and 2.2401A) dis-
tances in 18 are slightly shorter than that of [(cdt)Ni{Ga(DDP)}] (19) (cdt=1,5,9-
cyclododecatriene) (2.35 A) [80], whereas the Pt—Ga distances (2.3549 and 2.3596A)
in 17 are comparable to those in 16 (2.342 and 2.346A).

The reaction of (Ga'Giso) and [Pt(norbornene);] gave the first homoleptic Pt
complex [Pt(Ga'Giso)s] (20) supported by NHC-Ga' analogues (Scheme 4) [64].
The trigonal-planar Pt centre in 20 (Fig.4) is sterically overcrowded by three
bulky Ga(Giso) ligands. The Pt-Ga (3-coordinate) bond lengths (2.3058, 2.3108
and 2.3118A) are in fact the shortest yet reported and slightly shorter than those
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in [Pt(dcpe){GaC(SiMes)3},] (21) (Pt-Ga (2-ccordinate): 2.315 and 2.318A) [dcpe
= bis(dicyclohexylphosphino)ethane] [83]. Notably, a charge decomposition analy-
sis (CDA) on [Pt{Ga[N(CsH3sMe,—-2, 6)],CNMe, }4] indicated a significant (39.8%
mean) Y contribution of the covalent part of the Pt-Ga bonds.

Both 15 and 16 react readily with excess of strong y-acceptor ligands such as CO
or tBuNC to give the dimeric cluster compounds [{M[Ga(DDP)]L},] M =Pd,L =
CO (22); L =tBuNC (23); M = Pt; L = CO (24); L = tBuNC (25)) (Scheme 3) with
considerable elongation of the Ga—M bond (Ga-Pt(CO), 2.4871 and 2.5207A; Ga—
Pt(tBuNC), 2.4464 and 2.4741A; Ga—Pd(CO), 2.4875 and 2.5091A; Ga—Pt(tBuNC),
2.469 and 2.484A) [71].

In contrast to 15, which proved to be completely inert towards H, and HSiEts
under various conditions, 16 was found to react readily with both reagents under
ambient conditions to give trans-[Pt{Ga(DDP)}, (H),] (26) and cis-[Pt{Ga(DDP)},
(H)(SiEt3)] (27) (Scheme 3), the latter of which interestingly shows H/D exchange
with the solvent C¢Dg [71]. The Pt—Ga distances in 27 are very similar (2.3694 and
2.3713A) and longer than in 26. This experimental evidence strongly supports the
potential of Ga(DDP) ligands to act as ancillary directing ligands similar to NHCs
and phosphanes in classical organometallic chemistry.

2.1.3 p-Block Metal Complexes and Clusters

Among the NHC analogues of Ga(lI), so far only Ga(DDP) has proved its poten-
tial to serve as a reducing agent for metal salts to produce metalloid clusters with
strong metal-metal interactions. Earlier investigations on the reactions of Ga(DDP)
with the main group metal halides GaX3 (X = Me, Cl), Me,SnCl, and SiCly did
not lead to reduction reactions but rather yielded insertion products [84]. However,
more recently it has been shown that the reduction of SnCl, by Ga(DDP) gives the
metalloid tin clusters [{(DDP)CIGa},Sn7] (29) and [{(DDP)ClGa},Sn;7] (30) in

A
s S

Ga~c| a’ L

— & A

snCl, —————— > S ~\_

L
THF/Hexane Sn s _—5n q /\
\\|// @( /nc\\sn Sn\\S{/ G/CI

29 30

Scheme 5 Synthesis of Zintl-type anionic tin clusters [{(DDP)ClGa},Sn;] and
[{(DDP)CIGa}4Sn7] [85]
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Fig. 5 Solid-state structures of {(DDP)CIGa},Sn;] (29) and [{(DDP)CIGa},Sn;7] (30)

unusually high yields (Scheme 5, Fig.5) [85, 86]. The larger cluster 30, consisting
of an ellipsoid Sn;7 core which is wrapped in a shell of four bulky GaCl(DDP) moi-
eties, represents the largest metalloid tin cluster known till now. The Sn;7 core is
composed of two identical Sng units sharing one common vertex. The Sn—Sn bond
distances found in the Sny7 core are in the range of 2.863-2.950A, but the bond
distances around the common vertex in a pseudo-cubic environment are distinctly
longer (3.073-3.124A). These bond lengths are quite close to the average value of
3.10A in grey tin (a-Sn, diamond lattice), and similar to those found in the cluster
[Sni5Zg] (average 3.15A;Z = N(2, 6-i Pr,CH3)(SiMe, X); X = Me, Ph) [87, 88].
The aspect of interest from a synthetic point of view is the unique combination of
the smooth reducing power of the particular monovalent Ga(DDP) reagent together
with its carbenoid ligand properties and steric bulk. This concept is quite differ-
ent to the established synthesis protocols of ligand stabilized main group metalloid
clusters [E;Rp].

In a similar manner, the reduction of Bi(OSO,CF3)3 and [Bi(OCgFs5)3-toluene],
by Ga(DDP) gives the dibismuthenes [(RfO)(DDP)Ga-Bi= Bi-Ga(DDP) (ORf)]
(Rf = SO,CF3 (31), C¢Fs (32)) with a short Bi =Bi bond (Scheme 6, Fig.6)
[89, 90]. This synthetic strategy falls under the same unique approach as for
the Snj7 cluster and represents a ‘next generation’ of heavier main group
multiple bonded systems with neutral (NHC, GaDDP) rather than anionic lig-
ands, similar to the recent Si(0) dimer with NHC stabilization by Robinson
[91]. The Bi =Bi bond lengths in 31 (2.8111A) and 32 (2.8182A) are slightly
shorter in comparison to the known series of aryl dibismuthenes ArBi= BiAr
(AI‘ = C6H2—2, 4, 6—CH(SiMC3)2 [92], C6H2—2, 6—CH(SiMe3)2—4—C(SiMe3)3
[93]; C¢H3-2, 6-(CsHp—2, 4, 6—Me3),) [94] (2.8206(8)—2.8699(6)A). The Bi = Bi
bond lengths in 31 and 32 are nearly 0.17A shorter than the Bi(I[)-Bi(II) sin-
gle bond in Ph,Bi-BiPh,(2.990A) [95]. The Ga-Bi bond distances in 31 and 32
(2.655A for SO,CF;5 and 2.693A for CeFs) are considerably shorter than the sum
of the covalent radii for Ga/Bi (2.76A) and the covalently linked Ga/Bi molecule
[Me,GaBi(SiMes3),]3(2.744-2.783A) [96]. DFT studies on the model dibismuthene
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Fig. 6 Solid-state structures of [(SO3;CF3)(DDP)Ga-Bi = Bi-Ga(DDP)(SO;CF;)](31)

[(C3H5N3,)Ga(F)Bi = BiGa(F)(C3H5N3)] show a typical covalent bonding situa-
tion between Ga and Bi and are not in favour of a description as contact ion
pair [Bi=Bi]?[Ga(OR")DDP]** corresponding to a Bi(-I) vs. Ga(+III) formulation.
Moreover the bismuth—bismuth bond is composed of ~78% o and ~22% 1 bonding
nature. Apart from the so far shortest and electron-rich dibismuthene bond, these
new dibismuthenes demonstrate the unique synthetic potential of NHC analogous
low coordinate group 13 compounds in main group chemistry.

2.2 From GaCp* to the ‘Naked’ Ga™ as Ligand

The coordination chemistry of GaCp* has been studied rather extensively for the
last decades and has been reviewed several times and will thus be summarized only
shortly here. Since the first isolation of GaCp* the investigation of its properties
as ligand to transition metals mostly emphasized to metal carbonyl fragments. In
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particular, the reaction of GaCp* with homoleptic transition metal carbonyls was
studied in detail. Hence, the complexes [Co,(CO)e(n2-GaCp*),] (33) [28,31] or
[Nig(112-GaCp*)4(CO)¢)] (34) [28,31] were obtained by reaction of the homolep-
tic metal carbonyl clusters with GaCp*. The compounds [Cr(CO);(GaCp*)] (35)
[28,31], [(GaCp™*)2Mo(CO),] (36) [97] and [Fe(CO),(GaCp*)] (37) [28,31] were
obtained by substitution of chelating olefin ligands such as cyclooctene, norbornadi-
ene, cyclooctatetraene and cycloheptatriene, respectively. However, the coordination
of the strong o-donor ligand GaCp* leads to a substantial strengthening of the
M-CO bonds of the remaining carbonyl ligands, which means a strong limitation
for the synthesis of gallium-rich coordination compounds.

Homoleptic GaCp™* transition metal complex [M(GaCp*)4] M = Ni (38), Pd
(39), Pt (40), Fig.7) are accessible by ligand exchange reactions from transition
metal olefins, e.g. [M(COD),] (M = Ni [97], Pt [81]) or via a reductive route
from [Pd(tmeda)(CH3),] [98-101]. By slight change of the reaction conditions,
also multinuclear homoleptic clusters are available, namely [Pty(GaCp*)s] (41)
[81,82], ‘[Pd2(GaCp*)s] (42) or [Pd3(GaCp™)s] (43) (Fig.7) [98-101]. While the
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Fig. 7 Solid-state structures of [M(GaCp*)s] (38-40), [M,(GaCp*)s] (41, 42) and
[Pd3(GaCp™)s] (43)
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monomeric complexes are inert to ligand substitution reactions, the ligand sphere
in the di- and trinuclear complexes is fluxional and the terminally bound GaCp*
ligands are exchanged when the complexes are treated with strong ligands (CO,
isonitriles or phosphines) [98-101]. All complexes [M,(GaCp*),] are sensitive
to ZnMe, leading to homoleptic complexes [M(ZnR),] by a redox mechanism
(vide infra).

2.2.1 Substituent-Free Gallium in d-Block Metal Carbonyl Complexes

While RE(I) (E = Al, Ga, In) units act as strong o-donors, their y-acceptor prop-
erties depend largely on the nature of the R group. Thus, the ability of the ECp*
ligand to act as a y-acceptor in the M-E bond would be diminished by the presence
of the strong v-donating ligand Cp* [102], [103,104]. Following this reasoning, the
absence of ligands bound to the E* centre would allow the ‘naked’ cation to display
Y-acceptor properties in compounds featuring M-E bonds. Complexes of the type
[(L,M),E], exhibiting ‘naked’ main group 13 metals, are well known for a = 2-4.
But this series is restricted to carbonylmetallate fragments [L,M], E being in the
oxidation state +III rather than +I, and displaying M—E-M bridging positions only
[49,50,103-105]

A recent example of a transition metal carbonyl complex containing a ‘naked’
bridging Group 13 atom [Cp*Fe(dppe)(u-Ga)Fe(CO),] (44) was reported in 2003
[106], followed by the related, symmetric cationic iron complexes [{Cp*Fe(CO),},
(u-E)][BAr] (E = Ga (45), In(46)) (Fig. 8) [107,108]. However, the gallium atoms
in these compounds, and in all other compounds featuring M(CO), fragments, may
be regarded as being in the oxidation state 4 III. Nevertheless, these complexes
serve as key models for the importance of the y-donation contribution to the M-Ga
bonds.

The symmetric complexes 45 and 46 feature quasi-linear Fe-E-Fe units
(178.99(2)° and 175.32(6)°, respectively), in which the central group 13 atom
does not engage in any other interaction. The Fe-E bond lengths for 45 (2.266(1),
2.272(1)A) and 46 (2.460(2), 2.469(2)A) are comparable to those found for the cor-
responding bridging halogallane- and haloindanediyl precursors [{Cp*Fe(CO),},
EX] (2.352(1), 2.513(3)A and 2.509(3)A) [108]. The Fe-Ga bond in 45 is distinctly
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Fig. 8 Solid-state structures of [{Cp*Fe(CO),},(1-E)] [BArf] (E = Ga (45), In(46)) and
[Cp*Fe(dppe)(-Ga)Fe(CO); PMes] (49)
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shorter than the typical Fe-Ga single bonds (2.36-2.46A) [105]. This shortening
is consistent not only with the reduced steric demands around the gallium atom,
but also with an increase of Fe—Ga iy-donation. Most importantly, the Cp*
centroid-Fe(1)-Fe(2)-Cp* centroid torsion angles observed for 45 (84.6(1)°) and
46(86.8(3)°) reflect a relative alignment of the two [Cp*Fe(CO),] fragments, which
allows for optimal Fe—Ga y-donation [109]. A bond population analysis derived
from the DFT calculations carried out on compound 45 (BLYP/TZP level) reveals
an important Y contribution to the covalent Fe-Ga interaction (o:¢ = 61:38),
which is higher than that for the Fe-Ga single bond in the model compound
CpFe(CO),GaCl, (o:¢ = 86:14) [110]. An analogous analysis of 46 reflected a
smaller ¥ contribution in the case of the Fe-In bond (o:¢ = 74:26), as expected for a
heavier main-group element, due to its diminished v orbital overlap. In order to eval-
uate Y-back-donation contribution to the Fe-Ga bond as a function of the y-basicity
of the Fe fragments, Ueno and co-workers synthesized a series of asymmetric
compounds (44, 47-52), shown in Scheme 7 [106, 111, 112].

The effect of the systematic variation of the substituents on the Fe atoms is
reflected on the Fe-Ga bond lengths of the structurally characterized compounds
44, 47, 48 and 49. The four compounds feature linear trimetallic Fe-Ga—Fe units, as
expected for a sp-hybridized gallium atom and all Fe-Ga bonds are markedly shorter
than the usual corresponding single bonds, which indicates their multiple bonding
character. As a more Y-basic metal fragment is introduced, the corresponding Fe-
Ga bond is shortened, while the other Ga-Fe bond length increases. This suggests a
competition between both iron fragments for the y-back-bonding towards the gal-
lium centre [111,112]. Thus, the substitution of the dppe ligand on 44 with the more
electron-donating ligand dmpe in 47 leads to the shortening of the corresponding
Cp* (P2)Fe-Ga bond, while the Ga-Fe(CO)4 bond is elongated. Similarly, the sub-
stitution of one of the CO ligands with a phosphorus-based donor leads to shorter
Ga-Fe(CO)3P bonds and longer Cp* (dppe)Fe-Ga bonds, as shown in Table 1.

44:R=Ph,L=L'=CO
oC CcoO 47, R=Me,L=L'=CO
\ 4 48; R = Ph, L = CO,L' = P(OPh);
FefGaiF|e—L'

R 49; R =Ph,L=CO,L' = PMeg
2 L 50; R=Ph, L = CO,L' = P(OMe),
\—PR, 51;R=Ph, L =L'=PMeg
52; R = Ph, L=L'=P(OMe),

Scheme 7 Series of asymmetric Fe-Ga—Fe compounds 44, 47-52 [106, 111, 112]

Table 1 Comparison of bond lengths for Ga bridged diiron complexes 44, 47, 48 and 49

Complex Cp* (P2)Fe-Ga (A) Ga-Fe(CO),LL’ (A)
[Cp* Fe(dmpe)(jn-Ga)Fe(CO),] (47) 2.2409(5) 2.3205(5)
[Cp*Fe(dppe) (L-Ga)Fe(CO)4] (44) 2.2479(10) 2.2931(10)
[Cp* Fe(dppe) (j.-Ga)Fe(CO)3{P(OPh);}] (48) 2.2690(8) 2.2844(8)

[

Cp*Fe(dppe) (j1-Ga)Fe(CO)3 (PMe3)] (49) 2.2769(5) 2.2686(5)
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Furthermore, the first gallium-bridged heterobimetallic complexes Cp* (dppe)
FeGaM(CO); (M = Cr (53), W (54)) have been reported very recently [113].
The crystal structure analysis of complex 54 revealed a quasi-linear Fe—~Ga—W unit
(173.78(4)°) and Fe-Ga and Ga-W bond lengths (2.2687(12)A and 2.5861(8)A)
that are shorter than the corresponding single bonds (Fe-Ga: 2.36 — 2.46A; Ga-W:
2.71—2.76A) [105,113,114]. The Fe-Ga bond length is comparable to that in com-
plex 48, which suggests that the W(CO); fragment has a y-basicity similar to that
of the [Cp*Fe(dppe)(jL-Ga)Fe(CO)3{P(OPh)3}] fragment [112].

2.2.2 Substituent-Free Gallium in All Gallium-Ligand Coordinated
d-Block Metal Complexes

Until 2006, the only reported terminal complexes of the heavier Group 13 mono-
cations were those of TIT, whose bonds to d® or d'° centres are explained by
dispersion interactions and long-range polarization effects without covalent con-
tributions [41, 115, 116]. The recent availability of sources of ET ‘naked’ Group
13 cations, such as [{Ga,Cp*} " {BAr}} 7] [117, 118], [{In,Cp*}*{BAr5} ] and
[In*{BAr%} ], [38] (Fig.9) has led to the preparation of the first examples of
transition metal complexes featuring Ga™ and In™ cations as terminal ligands
[38, 119]. The reaction of the suitable precursor with closed shell 18 VE com-
plexes [Pt(GaCp™)4] (40), [Pt(PPh3)4] and [Ru(PCy;)2(GaCp*)2(H),] (55) yielded
the ionic compounds [{GaPt(GaCp*),,} T {BAr%} ] (56), [{InPt(PPh3)3} " {BAr%} ]
(57) [38] and [{Ru(PCy3)2(Gan*)2(Ga)}+{BAri}_] (58), respectively (Fig. 10)
[119].

Complex 56 exhibits a slightly distorted trigonal-bipyramidal structure with the
Ga™ ligand occupying an axial position. The GaCp*~Pt-Ga™ axis is almost lin-
ear (176.83(3)°), while the GaCp* equatorial ligands are bent towards the Ga™
centre, with Cp*Ga-Pt—-Ga™ angles closer to 80° than to 90°. As expected for
this geometry, the equatorial Pt-Ga bonds are shorter (av. 2.352 A) than the Pt-
Ga axial bonds (Cp*Ga-Pt, 2.444(1)A and Pt-Ga™ 2.459(1)A), and comparable to
those observed in the parent complex [Pt(GaCp*)4] (av. 2.335A). The formation

Ga (In) W

Fig. 9 Solid-state structures of the cation [{E;Cp*}T and [InT {BArS}~]
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Fig. 10 Solid-state structures of the cations of [{GaPt(GaCp*),}t{BArF,}~](56),
[{InPt(PPh3);} * {BAI{} ] (57) and [{Ru(PCy;)2(GaCp™)2(Ga)} T {BAr{} ] (58)

of complex 57 involves the loss of one phosphine ligand upon coordination of the
low-valent cation, so that it features a trigonal-pyramidal geometry, in which the
apical position is occupied by the In* ligand (Pt-In = 2.580(1)A). [38] Ru com-
plex 58 exhibits a heavily distorted trigonal-bipyramidal coordination environment,
where the equatorial positions are occupied by the Ga™ ligand and, quite unex-
pectedly, by the bulky PCy; groups, while the two GaCp* ligands are found at
axial positions. As in the case of 56, the GaCp™* ligands in 58 are significantly bent
towards the terminal Ga™ ligand, with Cp*Ga—Ru—Ga™ angles that are closer to
80° than to 90°, but no significant Ga-Ga interactions were observed. The average
Ru-GaCp* bond length (2.4236A) is comparable to the corresponding bonds in the
starting material [Ru(PCys)2(GaCp*),(H),] (2.4017A). Interestingly, the Ru-Ga™
bond length (2.300(2)A) is more than 5% shorter than that of the Ru-GaCp* bonds
and is the shortest Ru-Ga contact known to date [119].

In all cases, it is clear that the ‘naked’ Et ligand acts as a Lewis acidic centre,
in contrast to the Lewis basic GaCp™* ligand. It has been shown by detailed bonding
analysis that there is a substantial covalent contribution to the E*-M interaction and
that the contributions of ¢ and v orbitals are equally important. Thus, ET ligands
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act as strong o and v acceptors only, while the metal fragments [PtL,] and [RuL;,]
are pure donors. The formation of [{(Cp*Ga)4Pt(jn-Ga)Pt(H) (Gan*)3}2+] 59
by selective protolysis of coordinated GaCp* in [Pt(GaCp*),] helps to substantiate
this analysis [38]. Moreover, the exceptionally short Ru-Ga bond length in 58 can
then be explained by the higher basicity of the [Ru(PCy;),(GaCp*),] fragment,
compared to that of [Pt(GaCp*);]* [119].

There is only one example of a true low-valent bridging Ga™ complex, namely
[(GaCp™*)4Ru(H)(j.-Ga)Ru(H), (GaCp*)3] (60) (Fig.11) [120]. This compound
was obtained by means of the hydrogenolysis of coordinated GaCp* ligands.
The structural parameters of the Ru and Ga atoms in the solid state suggest a
hexacoordinate coordination environment for each Ru centre, which results in two
different octahedral Ru fragments: {(GaCp*)4(H)Ru(j1-Ga)} (Rul) and {(GaCp™*)3
(H),Ru(p-Ga)} (Ru2). These two fragments are bound by a substituent free Ga
atom in a linear arrangement (Rul-Ga—Ru2 178.0(1)°). The Ru-Ga™ bonds are
2.322(1)A (to Ru2) and 2.387(1)A (to Rul), while the Ru-GaCp* bond lengths
average to 2.365A and are thus comparable to those observed in related Ru-GaCp*
complexes and clusters [121-123]. Like in the previous cases, the strong o- and
Y-accepting abilities of the substituent-free Ga™ account for the observed linear
arrangement in 60 [120]. It has been shown so far that the coordination chem-
istry of the ‘naked’” E™ ligands (E = Ga, In) is determined by the s character of
its lone-electron pair, since it does not participate in coordinative bonding, but has
strong o/y-acceptor properties. Therefore, it can be said that in RE(I) species the
substituents R~ ‘switch on’ the free electron pair on the electrophilic E* ligand,
converting it into a strong o-donor RE(I) ligand [38].

Fig. 11 Solid-state structures of [(GaCp™)4Ru(H)(j1-Ga)Ru(H),(GaCp*)s] (60)
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2.3 Quantum Chemical Calculations on the M-Ga Bonding
in Complexes with Ga(I) Ligands

The nature of the bonding between a transition metal and a Ga(I) ligand in com-
plexes [M]-GaR has been the topic of numerous theoretical studies [83, 102, 124—
129]. Three reviews appeared which summarize the present knowledge in the field
[130-132]. A particular focus of the work concerns the influence of the substituent
R on the nature of the metal-GaR bonding. Early experimental work suggests
[133-137] that y-donor groups R stabilize complexes [M]-GaR through charge
donation into the formally empty p(y) valence orbitals of Ga and that the M —Ga
¥-back-donation is weak. The isolation of the complex (CO),Fe-GaAr* with the
bulky aryl ligand Ar* = 2,6-(2,4,6-triisopropylphenyl)-phenyl [138] and the syn-
thesis of the homoleptic diyl complex Ni(Ga-C(SiMes)3)s [102] were the first
examples of stable complexes [M]-GaR where R is a weak -donor. The rather short
Fe—Ga bond in the former complex by Robinson et al. [138] let the authors suggest
that there is strong Fe—Ga -back-donation. A charge and energy decomposition
analysis of the model complex (CO)4Fe—GaPh (Ph = phenyl) showed that the -
back-donation is not much stronger than in (CO)4Fe—GaCp and that the shorter and
stronger Fe—Ga bond in the former species comes mainly from the stronger o bond
and from the increase in the electrostatic attraction [128].

Table 2 shows the results of an energy decomposition analysis (EDA) of the
(CO)4Fe—GaR bonds for R = Cp, N(SiH3),, Ph, CH3 in comparison with the data
for the Fe(CO)4—CO bond [128, 139]. It becomes obvious that the relative strength
of the -contribution to the (CO)4 Fe—GaR bond for the strong 1-donor substituents
R = Cp, N(SiH3), has comparable percentage values as for the weak 1/-donors Ph
and CH3. For all systems (CO)4Fe—GaR shown in Table 2 holds that the -orbital
contribution to A Eqy, is much less than for the carbonyl bond in Fe(CO)4—CO.

Table 2 Energy decomposition analysis of the axial isomers of Fe(CO)4—GaR(R = Cp),
N(SiH3),, Ph, CH; and Fe(CO)s at BP86/TZP [kcal/mol]. The data are taken from references
[128]

Fe(CO)4— Fe(CO)4— Fe(CO), — Fe(CO)4— Fe(CO); —
GaCp GaN(SiH3), GaPh GaCH; CcO
AFEy —31.7 —42.9 —61.0 —62.0 —54.6
A Epayi 69.8 95.2 129.5 133.4 134.8
AE aga® —47.1 (46.6%) —67.7 (49.1%) —102.3 (53.7%) —106.1 (54.3%) —98.0 (51.7%)
AE —54.4 (53.4%) —70.4 (50.9%) —88.2(46.3%) —89.3(45.7%) —91.4 (48.3%)
AE® —47.2 (86.8%) —57.6 (81.8%) —73.0 (82.8%) —75.0(84.0%) —47.6 (52.1%)
AE —72(132%) —12.8(182%) —152(17.2%) —14.3(16.0%) —43.8 (47.9%)
AEpep 8.7 8.4 8.7 8.2 8.1
AE(=—D.) —23.0 —34.5 —52.3 —53.8 —46.5

4 Values in parentheses give the percentage contribution to the total attractive interactions A Ejgec+
AEorb
® Values in parentheses give the percentage contribution to the total orbital interactions A Ey,
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Table 3 Energy decomposition analysis of the homoleptic complexes Fe(GaCHj3)s and
M(GaCHj3)4(M = Ni, Pd, Pt) at BP86/TZP [kcal/mol]. The data are taken from references [128]

Fe(GaCH4)4— Ni(GaCH3)37 Pd(GaCH3)37 Pt(GaCH3)3f
GaCH3* GaCHj; GaCHj; GaCH3
AEy, —67.0 —57.0 —46.7 —57.7
A Epyii 120.8 130.9 154.3 204.0
AEiga® —115.2 (61.3%) —123.7 —145.0 —187.1
N —72.6 (38.7%) —64.2 (34.2%) —56.0 (27.9%) —74.6 (28.5%)
AE,® —45.5 (62.7%) —389 —34.0 —482
AEL° —27.1 (37.3%) —25.3 (39.4%) —22.0 (39.2%) —26.4 (35.3%)
AEpep 2.9 3.6 47 74
AE(=-D.) —64.1 —53.4 —42.0 —50.3

4 Axial ligand

" Values in parentheses give the percentage contribution to the total attractive interactions
AEelstat + AEurb

¢ Values in parentheses give the percentage contribution to the total orbital interactions A Ey,

The EDA results in Table 2 give the relative strength of the -orbital contribu-
tion of the Ga(I) ligands with respect to the strong y-acceptor CO. What about
the strength of the y-orbital interactions in systems where there is no competi-
tion with other ligands such as in homoleptic complexes M(GaR),? The latter
question has been addressed in theoretical studies of Fe(GaCH3)s [128, 139] and
M(GaCH3)4 [128, 139]. Table 3 shows the most important results. It becomes
obvious that the y-orbital contribution to A E, in the homoleptical complexes is
significantly stronger than in the complexes where the ligand GaCH3 competes with
CO for y-back-donation from the metal. It is interesting to note that the percentage
contributions of the latter interactions are nearly the same for the metals Fe, Ni,
Pd, Pt.

3 From Homoleptic GaCp* Complexes to Highly Coordinated
Transition Metal Zinc Compounds [12-25, 48, 140]

Zinc and Gallium are neighbours in the periodic table and have comparable atomic
volumes and electronegativities (1.7 and 1.8 for Zn and Ga, respectively, on the
Allred—Rochow scale). Some transition metal zinc complexes featuring covalent M—
Zn bonds are known [12-25], but homoleptic zinc-rich compounds of the general
type [M4(ZnR);] similar to the earlier-mentioned gallium compounds [M, (GaR)p]
do not exist. However, the recent discovery of Zn(I) compounds of the type [RZn—
ZnR] (R = Cp*, DDP, etc.) suggested a rich chemistry of organometallic Zn(I)
species [12-25]. From the viewpoint of the earlier-discussed chemistry of GaR
groups as strong 2-electron donor ligands in coordination chemistry the question
arises if a similar chemistry can be developed based on the analogous ZnR moieties
which may act as one-electron ligands at transition metals. Taking into account the
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Fig. 12 Molecular structures of the homoleptic compounds [M(ZnCH3),(ZnCp*),](M = Mo,
a=9h=361);M=Rua=6b=4(65,M=Rh,a=6b=23(67); M= Ni(69), Pd
(70), Pt (71), a = 4, b = 4)

soft and flexible binding properties of the Cp* substituents and as well the inherent
reducing power of the carbenoid gallium(I) compound we got curious to know of
what would happen, if we treated [L,, M(GaCp*),] with ZnR, (L = CO and/or all-
hydrocarbon y-ligands; R = Me, Et). In the course of these studies we discovered
the unusual very zinc-rich molybdenum compound [Mo(ZnCp*)3(ZnMe)o] (61)
[141]. The crystal structure of 61 exhibits an icosahedral closed packed MoZni,
core with a central Mo atom and a C3 symmetric arrangement of the hydrocarbon
substituents (Me, Cp*) at the periphery (Fig.12) [141]. The expansion to tran-
sition metal centres other than molybdenum obviously seems feasible, given the
accessibility of (homoleptic) complexes such as [M(GaCp*),] for many transition
metals M (see earlier). In the following section we will summarize the essentials
of the synthesis and structural properties of the homoleptic compounds [M(ZnR),]
(n>8;R = Me, Et, Cp*) for a selection of transition metals M = Mo, Ru, Rh, Ni,
Pd and Pt (Table 4). Then, we will discuss the bonding situation of key examples of
the series.
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Table 4 Composition and numbering scheme of the compounds 61-72

Number Composition® Core c.n. Symmetry®
61 [Mo(ZnCp*)3(ZnMe)s] MoZn, 12 C;
62 [Mo(ZnCp*),(ZnEt) 4] MoZn, 12 C,
63 [Mo(GaMe)4(ZnCp*)4] MoGayZny 8 Ty
64 [Mo(GaMe),(ZnCp*)4(ZnMe),] MoGa,Zng 10 C,
65 [Ru(ZnCp*)4(ZnMe)s] RuZn 10 C3
66 [Ru (ZnCp*)4(ZnMe)4(H)2] RuZngH, 10 T4
67 [Rh(ZnCp*);3(ZnMe)s] RhZny 9 C;
68 [Rh(GaMe)(ZnCp*)4(ZnMe);] RhGaZn; 8 C3
69 [Ni(ZnCp™)4(ZnMe),] NiZng 8 Ty
70 [Pd(ZnCp*)4(ZnMe),] PdZng 8 Ty
71 [Pt(ZnCp™)4(ZnMe)4] PtZng 8 Ty
72 [Pt(ZnCp*)4 (ZnEt)4] PtZng 8 T4

2 Note that all compounds 61-72 fulfil the eighteen-electron rule by counting the ZnR
as one-electron and GaR as two-electron ligands at the metal centre M in oxidation state
Zero

® The symbols refer to the idealized (local) point group symmetry of the compounds

3.1 Synthesis and Molecular Structures of the Compounds
[M(ZnR),]

The compounds 61-72 (Table 4) of the general formula [M(ZnR),] (n = 8-12;M =
Mo, Ru, Rh, Ni, Pd, Pt; R = CHj3,Cp*) are formed by the treatment of the
all-gallium coordinated transition metal precursors [Mo(GaCp*)s] (73), [Ruz(Ga)
(GaCp*)7(H)3] (60) [120] or [Ru(GaCpg(Cl),] (74) [121] [(Cp*Ga)sRhGa
(n' — Cp*)Me] (75) [142] and [M(GaCp™*)4] (38-40; M = Ni, Pd, Pt) [81] with
a suitably chosen excess of ZnMe, or ZnEt; in toluene solution at elevated tem-
peratures of 80-110°C within a few hours of reaction time (Scheme 8). The iso-
lated yields are usually quite good and the selectivity of the reactions is very
high. The molecular structures (Fig. 12, 13) of all known compounds of this type
(61-72) correspond to typical deltahedral coordination polyhedra, namely icosa-
hedron, bicapped square antiprism, capped square antiprism and dodecahedron, in
accordance with a straightforward deduction from the VSEPR concept. Note that
exchange of the substituents R takes place which effectively leads to transfer of
Cp* from the gallium to the zinc to some extent. A detailed discussion of the NMR
spectroscopic and structural properties is given in the original publication [140].
All compounds 61-72 fulfil the formal 18-electron rule in coordination chem-
istry [143]. This result is based on the treatment of the ZnR groups as 1-electron
ligands and the GaR groups as 2-electron ligands. The synthesis of 61-72 involve
reduction of Zn(II) to Zn(I) and a concomitant oxidation of Ga(I) to Ga(IIl). The
corresponding by-products were Me,GaCp* (major) and GaMes. The driving force
of the reaction is certainly connected with the facile oxidation of Ga(I) to Ga(IIl)
combined with the very similar electronic and steric properties of the monovalent
GaR and ZnR ligands at a given transition metal centre. However, the assignment
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a) +14 ZnR,
[Mo(GaCp*)g [Mo(ZnCp*),(ZnR);5 ]
R=Me, n=3 (61)
R=Et,n=2(62)
+ 4 ZnMe,
+ 4 ZnMe,
+4 ZnMe,

[Mo(GaMe),(ZnMe),] (63) [Mo(GaMe),(ZnCp*),(ZnMe),] (64)

+22 ZnMe,

b) [Ruy(Ga)(GaCp*);(H)s] 2 [Ru(ZnCp*)4(ZnMe)q] (65)

+ 16 ZnMe, + 2 ZnMe,

2 [Ru(ZnCp*),(ZnMe)(H),] (66)

+11 ZnMe,

c) [(Cp*Ga),Rh(n'-Cp*GaCHy)] [Rh(ZnCp*);(ZnMe)g] (67)

+7 ZnMe, +2 ZnMe,

[Rh(GaMe)(ZnCp*)4,(ZnMe);] (68)

+10 Zl’le

d) [M(GaCp*),] [M(ZnCp*),(ZnR),]

M =Ni, R = Me (69)
M =Pd, R =Me (70)
M=Pt, R =Me (71)
M=Pt, R=Et (72)

Scheme 8 Synthesis of the compounds 61-72

MoZn,, RuZn,, RhZn, PdZn,

Fig. 13 Molecular structures of 61, 65, 67 and 70 as representative examples of the series of
compounds listed in Table 4 showing the coordination polyhedron around the central metal M and
the corresponding parent molecules
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of oxidation states in the new compounds of Table 4 is not straightforward (see the
bonding discussion later).

In the course of the overall redox and substituent exchange reactions, the result-
ing monovalent zinc fragments, ZnMe, ZnEt, and ZnCp™* are efficiently trapped
by binding to the transition metal centre resulting in rather strong covalent M—Zn
bonds. Hence, the formal substitution of one GaR ligand always gives two ZnR lig-
ands attached to the transition metal centre. As a reason for this the electron count of
the product complexes does not change with the present amount of zinc in the ligand
sphere and must sum up to 18 electrons in all cases. The total number of Zn ligands
in the complexes is only dependent on the number of gallium ligands in the pre-
cursor as well as the amount of ZnMe, used in the reaction. Thus, treatment of the
precursors [M(GaCp™),] with an excess ZnR, > 2n leads to the pseudo-homoleptic
compounds [M(ZnCp*)4(ZnR)p] (a + b = 2n). Since the Cp* and the alkyl sub-
stituents R at gallium and zinc centres are known to be fluxional and/or transferable
[38,142], a further rise of the excess of ZnR; is likely to allow the formation of truly
homoleptic compounds of the type [M(ZnR),] in case of a quantitative exchange of
Cp* against R (see the compositions of compounds 1 and 2). At this point, we like to
note that a further extension of the synthesis concept to compounds [L,Mp(GaR).]
featuring substituents R other than Cp*, i.e. DDP, etc. (see the earlier section), cer-
tainly warrants to be explored as it is suggested for suitable MgR, compounds. In
the following section we will focus on the bonding analysis using quantum chemical
calculations on the representative examples 61, and 65-72 of Table 4.

3.2 Quantum Chemical Calculations of Highly Coordinated
Transition Metal Zn(I) Complexes

The bonding situation in the presented Zn(I) compounds 61 and 65-72 can be
discussed by analysing the parent compounds 61H, 65H, 67H and 69H-71H
where all the organic moieties are replaced by hydrogen. This is justified as the
M-Zn-distances in these parent compounds only slightly differ from those in the
synthesized molecules. The parent compounds have all minimum structures with
high symmetries I}, (61H), D44 (65H and 69H-71H) and D3y, (67H) (See Table 5
for calculated geometry parameters and Fig. 14 for a graphical presentation of
the minimum structures). A detailed discussion of the bonding situation in 61H,
using atoms-in-molecules-(AIM), molecular orbital-(MO) and energy decomposi-
tion analysis (EDA) is presented in the next paragraph. The bonding in 65H, 67H
and 69H-71H will be discussed in comparison with 61H.

3.2.1 Bonding Situation in [Mo(ZnH),] (61H)

The highest occupied MOs (HOMO) in 61H are the triply degenerated 127, orbitals
followed by quintuply degenerated 12/, (HOMO-1) and the 9a, (HOMO-2). The
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Table 5 Calculated RI-BP86/def2-TZVPP metal-metal bond length of the model compounds
61H, 65H, 67H and 69H-71H where the organic moieties are replaced by hydrogen atoms.
Distances in A

Compound Point group M-Zn Zn—Zn
Mo(ZnH),» 61H Iy 2.684 2.822
Ru(ZnH) 65H Dyq 2.541;2.584 2.740; 2.798
Rh(ZnH)y 67H D3y, 2.497;2.516 2.853; 3.044
Ni(ZnH)s 69H Dyy 2.374 2.821;2.993
Pd(ZnH)g 70H Dyq 2.482 2.936; 3.149
Pt(ZnH); 71H Dygy 2.496 2.951;3.172
“ “
* rs ( P K P .« 5 ' ™ OJ.
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Mo(ZnH),, Ru(ZnH),,  Rh(ZnH),  Pd(ZnH),

61H (/,) 65H (D,,) 67H (D,)  70H(D,)

Fig. 14 Molecular structures of 1, 5, 7 and 10 showing the coordination polyhedron around the
central metal M and the corresponding parent molecules [M(ZnH),] (1H, 5H, 7H and 10H used
for the quantum chemical calculations)

12hg MOs have large contributions from the 4d atomic orbitals (AO) and the 9a,
of the 5s AO of the molybdenum. The 127, has only small contributions from
the molybdenum’s 5p AOs. Therefore, the 124, and 9a, mainly describe bonding
interactions of the Zn-atoms with the 4d AOs and 5s AOs of molybdenum while
the Mo—Zn bonding contribution in the 12¢;, is negligible and these MOs describe
Zn—Zn interactions.

Orbitals belonging to other irreducible representations of the I, point group than
ag, t1y and h, cannot have contributions from s, p and d AOs of molybdenum and
can only describe occupied ligand orbitals of the (ZnH);, cage-like icosahedral
structure. Lower lying valence orbitals of ag, f1, and #, symmetry give altogether
three a,, five sets of /1, and four sets of ¢#;, MOs (Fig. 15). Figure 15 shows all MOs
representing adequate Mo—Zn interactions.

A topological analysis of the electron density of 61H according to AIM theory
gives twelve bond critical points and linear bond paths going from molybdenum
to the zinc atoms indicating twelve Mo—Zn bonding interactions. While there are
twelve additional bond paths describing zinc—hydrogen bonds there are no Zn-Zn
bond paths (see Fig. 16).

To estimate the overall contributions of s, p and d orbitals of molybdenum to
the Mo—(ZnH) interactions, the results of an EDA are given in Table 6. The cho-
sen fragments are the molybdenum atom in the configuration [Kr]4d>5s! and the
(ZnH);, cage in a corresponding septet state. The total orbital interactions con-
tribute 42.8% to the attractive interactions. While the strongest orbital interactions
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Fig. 15 Kohn—Sham molecular orbitals of [Mo(ZnH);,] (61H) with significant coefficients at the
molybdenum atom

come from orbitals in a, and hg irreducible representations (23.9% for a, and
71.5% for hy which gives 14.3% for every 5d AO of molybdenum) the contributions
from #1, MOs is only negligible (4.5%).

The EDA results suggest that only twelve of the 18 valence electrons are in the
valence shell of the molybdenum atom [143], namely those in the 12A, and 9a,
MOs. In terms of a valence bond model these twelve occupy six sd> hybrid orbitals,
each of them building a three-centre two-electron bond stretching across the diag-
onals of the icosahedron. A schematic representation of six sd> hybrid orbitals is
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Fig. 16 AIM calculations for (a) 1H, (b) 5H, (c) 10H and 7H showing bond paths

given in Fig. 17. Every sd® hybrid orbital consists of two orbital lobes of equal size.
Thus it is obvious that the sd® hybrid orbitals are ideally suited for o-type orbital
interactions in an icosahedral coordination sphere and do not prefer an octahedral
environment.

The six remaining electrons, namely those in the 12¢, orbitals, represent Zn—Zn
interactions. With 30 equal Zn—Zn contacts in 61H there is only 1/10 electron pair
per Zn—Zn contact resulting only in weak Zn—Zn interactions. It is noteworthy that
the (ZnH), cage without a central molybdenum is not a minimum on the potential
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Table 6 EDA results of [Mo(ZnH),,] at BP86/TZ2P+. The interacting fragments are Mo(5s'4d>)
and (ZnH);, with an electron configuration ayh;. Energy values in kcal/mol

AEiy —348.8

A Epauii 594.5

A E s’ —540.1 (57.2%)
AEow* —403.2 (42.8%)
AE(ap)° —96.4 (23.9%)
AE(hy)P —288.0 (71.5%)
AE(ty,)° —18.3 (4.5%)

4The percentage values in parentheses
give the contribution to the total attractive
interactions A E¢jsar + A E o

®The percentage values in parentheses
give the contribution to the total orbital
interactions A E

Fig. 17 Schematic representation of six sd®> hybrid orbitals pointing to the twelve corners of an
icosahedron

energy surface and that geometry optimization of this system in singlet or septet
state results in decomposition. The weak Zn—Zn interactions are not sufficient to
keep the Zn;, cage together, and the molybdenum atom plays an important role for
the stability of the total system.
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3.2.2 Bonding Situation in [Ru (ZnH),] (65H)

As the minimum geometry of [Ru (ZnH);0] (65H) has D44 symmetry (Fig. 14), the
degeneracy of MOs involving valence d and p AOs of the ruthenium atom is lifted:
The p-AO contributions from the central ruthenium atom are in b, (p;) and e; (px,
py) irreducible representations. Thus, MOs in b, and e; can describe interactions
of the (ZnH) ¢ fragment with p-AOs of the ruthenium atom. The d-AOs of Ru have
ez (dxy,dx2—y2), €3 (dx;,dy;) and a; (d;2) symmetry. As the s-AO is in the a;
irreducible representation as well it is not possible to distinguish between bonding
contributions of the d,» and the s AO with the EDA. The important valence molec-
ular orbitals of 65H containing contributions from the central ruthenium atom are
presented in Fig. 18.

A visual inspection of the occupied MOs suggests a bonding pattern similar
to that in the icosahedral 61H: The 20¢; (HOMO) and 205, (HOMO-1) of 65H
have only small contributions from the p AOs of the ruthenium atom and thus
mainly describe zinc—zinc and zinc-hydrogen bonding in the (ZnH);¢ fragment.
These MOs are similar to the 12¢;, MOs in 61H. The subsequent set of orbitals
in 65H, 19¢3 (HOMO-2), 18¢, (HOMO-3) and 21a; (HOMO-4), have significant
d(Ru) contributions and therefore describe bonding orbital interactions between the
(ZnH) 1 unit and d-AOs of Ru. These orbitals are analogue to the 12, MOs in 61H.
The next set of MOs of 65H are 20a;, 18e3, 17¢, and 19a; with d(Ru) contributions
where the a; orbitals have also large coefficients from the s(Ru) AO. The following
set, 19¢; and 18b,, containing small contributions from p(Ru) AOs are mainly cage
orbitals. The 18ay, 10e,, 12e3, 15a; and 14a; have significant contributions from
s- and d-AOs of the ruthenium atom while all other occupied MOs have only small
coefficients at Ru.

Performing the EDA of the Ru-(ZnH)1 interaction, the correct choice of elec-
tronic states of the fragments is not as clear as in 61H. Numerical results of EDA
calculations using different electronic states and charges of the fragments are pre-
sented in Table 7. The EDA results for the interaction of Ru?>* in s'd” with the
(ZnH);, fragment in the corresponding septet state give similar results as the pre-
sented EDA of 61H and are best compared with that calculation as the Mo-fragment
is isoelectronic to the Ru?>* fragment in 65H. Thus, the following issue will be
discussed in detail: Important bonding contributions, 88.6% in sum, come from
those irreducible representations containing d(Ru) and s(Ru) orbitals, namely a,
e, and e3 while orbital energies from b, and e; irreducible representations (repre-
senting orbital interactions with p(Ru) AOs sum up to only 11.4% of the total orbital
energy.

Table 7 shows that the numerical results of the EDA are strongly influenced by
the choice of fragments. Using neutral Ru and (ZnH);o fragments in EDA decreases
the total interaction energy as well as the total orbital interactions. Thus the relative
contributions of the orbital energy and the electrostatic energy to the total attrac-
tive interactions change from A E¢gy @ AEop37 @ 63 in the case of the charged
fragments to roughly 60:40 for neutral species. The lowest total orbital contribution
of the discussed fragmentations is yielded from the neutral triplet fragments. This
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Fig. 18 Occupied Kohn—Sham molecular orbitals of [Ru(ZnH);o] (65H) with coefficients at the
central ruthenium atom
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Table 7 Results of the EDA analyses of [Ru(ZnH)o] (65H) at BP86/TZ2P+ with different
electronic states of the fragments. Energies in kcal/mol

Ru?t(s!d%) Ru(s’d®)? Ru(s'd®)®
+(ZnH)3; (septet) ~+(ZnH) o (triplet) +(ZnH) o (singlet)
AEjy —956.2 —342.3 —392.6
A Epaii 448.1 511.3 4774
A E gt —518.0 (36.9%) —542.0 (63.5%) —531.1 (61.1%)
AE,° —886.3 (63.1%) —311.5 (36.5%) —338.9 (39.0%)
AE(ay) (s.dp)* —212.2 (24.0%) —78.6 (25.2%) —94.1 (27.8%)
AE(a) —0.3 (;0.1%) —0.0 (0.0%) —0.0 (0.0%)
AE(b))¢ —0.5(0.1%) —0.0 (0.0%) —0.0 (0.0%)
AE(by) (p,)° —35.2 (4.0%) —4.2 (1.4%) —5.2(1.5%)
AE(er) (ps. py)° —65.4 (7.4%) —7.0 2.2%) —7.7 (2.3%)
AE(e3) (dya—ya, dyy)° —291.7 (32.9%) —126.0 (40.5%) —115.4 (34.1%)

AE(e3) (dy,, dy,)* —280.9 (31.7%) —95.6 (30.7%)

aIn Ru(s’d®) (triplet) the valence d,, and dy,(e3) AOs are singly occupied
®In Ru(s°d®) (singlet) the valence d,, AO is vacant

¢ The percentage values in parentheses give the contribution to the total attractive interactions
AEelstat + AEurb

4 The percentage values in parentheses give the contribution to the total orbital interactions A Ey,

—116.5 (34.4%)

indicates that the best choice for the description of the Ru—(ZnH);¢ interaction are
neutral fragments in triplet states. The breakdown of the orbital interactions into
relative contributions from the different irreducible representations gives similar
results as discussed for the charged fragments: Most important orbital interactions
arise from irreducible representations containing d and s AOs from the central Ru
atom. Major outcome of the EDA investigations is thus that Ru—(ZnH);o bonding
involves electron-sharing interactions of four unpaired electrons as well as donor
acceptor interactions. Most important contributions come from bonding interactions
of s(Ru) and d(Ru) atomic orbitals with the (ZnH);( fragment.

An AIM analysis of the electron density of 65H also gives results comparable
to those in 61H. Figure 16 gives the contour map of V2p and the molecular graph
of 65H. As in 61H, only Ru—Zn and Zn—H bond paths exist while according to
AIM there are no Zn—Zn bonds, although the Zn—Zn distances in 65H (2.740 and
2.798A) are even shorter than in 61H (2.822A). Thus, comparable to the situation
in 61H, the bonding analysis suggests a description of the Ru—Zn bonds including
multi-centre Ru—Zn electron-sharing bonds as well as donor—acceptor interactions.
Zn—Z7n interactions seem to be only weak.

3.2.3 Bonding Situation in [Rh (ZnH)¢] (67H)

The minimum structure of the nine-coordinated compound [Rh(ZnH)e] (67H) has
D3y symmetry (Fig. 14). The Zn—Zn distances of the closest neighbouring zinc
atoms (2.853A and 3.044A) are longer than those in 61H and 65H. The resulting
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molecular graph of an AIM analysis is presented in Fig. 16. There are no Zn—Zn but
Rh—Zn and Zn—H bond paths.

In the D3y, point group, p and d AOs of the central rhodium atom mix in the e;’
irreducible representation that contains the px, py,dxy,dx2_y2 AOs of the central
atom. As in 65H both the s and the d,» AOs of Rh have a;’ symmetry. The d,, and
the d,; AOs of Rh are in the e;” irreducible representation and p, has a,” symmetry.
The important occupied valence orbitals in these irreducible representations, i.e.
those having significant coefficients on the central Rh atom, are shown in Fig. 19.

The 29¢’ (HOMO) and 16a,” (HOMO-1) build a set of three nearly degenerate
orbitals having coefficients from p(Rh) AOs. The 29¢’ also have small d(Rh) con-
tributions. These orbitals are comparable to the 12¢;, MOs in 61H. The next lower
lying 22a;’ (HOMO-2) orbital has significant contributions from the s(Rh) AO and
little mixing of d,,. The subsequent 28¢’ (HOMO-3), 21a;’ (HOMO-4) and 20¢”
(HOMO-5) build a set of five orbitals with large contributions from valence d(Rh)
AOs. The set of orbitals from HOMO-2 to HOMO-5 in sum are comparable with
the 12h, and 9a, MOs of 61H but have reversed ordering. Lower lying molecular
orbitals can be grouped into two additional sets of five MOs with significant coeffi-
cients of d(Rh) AOs (i.e., 20a4’, 27¢’, 19¢” and 15a,’, 18¢’, 12¢"), two additional
sets of three nearly degenerate MOs with small p(Rh) contributions (i.e. 1645, 27¢’
and lla’z/, 19¢’) and two additional MOs with significant contributions from the
valence s(Rh) (i.e. 194} and 14a).

EDA results of the Rh—(ZnH)y interaction in 7H with charged species Rh™
(s°d'%) and (ZnH);' in the singlet states as well as neutral species Rh (s°d®) and
(ZnH)y in the doublet state as fragments are given in Table 8. In both fragmen-
tations the electrostatic contributions to the total attractive interactions are larger
than the orbital contributions. The smaller absolute value of the total orbital interac-
tions in the calculation of the charged species —172.8 kcal/mol vs. —241.0 kcal/mol
for neutral fragments) suggests that the bonding should be discussed in terms of
these charged fragments Rh™ and (ZnH);' . Largest contributions to A Eqyy come
from AE(e1”) (dyz. dyo), AE(er') (px.Py. dyy. dya—y2) and AE(ar’)(s,dza). As
the AE(ay”) (p;) interactions are negligible it may be assumed that the AE(e;’)
interaction comes mainly from contributions of the dy,, d),; AOs. Assuming that
all d AOs contribute about equally to the total orbital interactions, the AE(a;’)
orbital interaction comes mainly from the d,, orbital interaction with the (ZnH)q
fragment.

3.2.4 Bonding Situation in [Ni(ZnH)s] (69H), [Pd(ZnH)s] (70H)
and [Pt(ZnH)s] (71H)

As well as 65H, the molecules [Ni(ZnH)g] (69H), [Pd(ZnH)g] (70H) and [Pt(ZnH)g]
(71H) all have minimum structures in Dg4q symmetry (Fig.14). The distances
between closest neighbouring Zn atoms in 69H-71H range from 2.821A (short-
est Zn—Zn distance in 69H) to 3.172A (longest Zn—Zn distance in 71H). In all cases
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Fig. 19 Most important occupied valence MOs of 67H which have coefficients at Rh
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Table 8 Results of the EDA analyses of [Rh(ZnH)¢| in D3, at BP86/TZ2P+with different
electronic states of the fragments. Energies in kcal/mol

Rh™(s°d'%) 4(ZnH);"
(singlet)

Rh(s°d®) + (ZnH)o
(doublet)

AEim

A Epyuii

AEelslala

AEorba

AE(ay) (s,d2)’
AE (ay)®

AE(C]/) (p)m Py, dxyv d,2 —yz)b

AE(ay)°
AE(ay) (p.)’
AE(er) (di., dvvz)b

—457.4
598.4
—883.0 (83.6%)
—172.8 (16.4%)
—28.8 (16.7%)
—0.2 (0.1%)
—65.9 (38.2%)
—0.1 (0.0%)
1.0 (—0.6%)
—78.8 (45.6%)

—294.5

465.1
—518.5 (68.3%)
—241.0 (31.7%)
—62.0 (25.7%)
—0.3 (0.1%)
—85.5 (35.5%)
—0.0 (0.0%)
—5.2(2.2%)
—88.1 (36.6%)

2 Percentage values in parentheses give the contributions to the total attractive energies
AEelslal + AEorb
b Percentage values in parentheses give the contributions to the total orbital energy A E,

and similar to the already discussed compounds 61H, 65H and 67H, AIM gives
bond path only connecting zinc atoms with the central atoms and with hydrogen but
no zinc—zinc bonds (see Fig. 16).

The possible contributions of AOs of the central atom in MOs of different irre-
ducible representations have been discussed in Sect. 3.2.2. Figure 20 shows the MOs
of 70H of with contributions from AOs at the Pd atom. These orbitals are discussed
as representative examples for the homologue parent compounds 69H-71H. As in
all parent compounds discussed before, the three occupied orbitals of highest energy
(12b,, HOMO, and 17¢;, HOMO-1) have small p(Pd) contributions and resemble
the 12¢;, set of 61H. The next ten MOs lower lying in energy have large coefficients
from s(Pd) and mainly d(Pd) AOs. Next lower lying 12, and 16e; are mainly cage
orbitals with only small contributions from p(Pd) AOs. The 12a; has large coeffi-
cients of the valence s(Pd) AO. It is followed by the five energetically close lying
MOs 10aj, 10e; and 10e3 which have large d(Pd) contributions. The 9a; is the
lowest valence orbital of 70H with contributions from the s(Pd) AO.

EDA calculations were done with M—(ZnH)g fragments (M = Ni, Pd, Pt) in
electronic singlet states (s°d!? at the central atom). The numerical results are given
in Table 9. The main part of the total attractive interactions comes from the electro-
static interactions for all three compounds. The largest contributions to the orbital
interactions come from donation of the doubly occupied dy), and dy2—,> AOs, as
indicated by AE(e>) and d,; and dy; AOs, as indicated by A E(e3) to (ZnH)g frag-
ment orbitals. AE(a;), describing donations from d,, to empty cage orbitals and
from occupied cage orbitals to the empty s(Pd) AOs, contribute only 16% to the
total orbital interactions which particularly suggests that the donation to the empty
s(Pd) AO should give only small stabilization.
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Fig. 20 Valence molecular orbitals of [Pd(ZnH)g] (70H) with significant contributions at the
central palladium atom

3.2.5 Comparison of the Systems [M(ZnR),]

From the earlier discussion it is evident that the bonding situation of the new com-
pounds 61-72 is very different from typical clusters with strong tangential bonds.
In particular, the compounds are different from endohedral Zintl-clusters of the
general formula ME]". The analogy Au/ZnR or AuL/ZnR (L = phosphine, i.e.
PPh3, PEt3) suggests a comparison with naked or ligand stabilized endohedral gold
clusters (neutral or charged species) of the general formula MAu, or M(AuL),
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Table 9 EDA results at BP86/TZ2P for [M(ZnH)g](M = Ni, Pd, Pt) with the fragments M(s"d!?)
and (ZnH) o in the singlet state. Energy values in kcal/mol

Ni Pd Pt
AEiy —246.3 —201.2 —279.0

A Epauii 208.1 402.4 486.0
AEgga —310.8 (68.4%) —467.7 (11.5%) —583.4 (76.3%)
AEq* —143.6 (31.6%) —135.8 (22.5%) —181.6 (23.7%)
AE(ay) (s.dp)° —23.4 (16.3%) —21.7 (16.0%) —43.8 (24.1%)
AE(a)° 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
AE(by)° 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
AE(b) (p,)® —5.9 (4.1%) —5.4 (4.0%) —8.2 (4.5%)
AE(er) (px. py)° —12.0 (8.3%) —11.0 (8.1%) —16.7 (9.2%)
AE(e) (dyy, dy2—y2)° —46.5 (32.4%) —43.6 (32.1%) —51.2 (28.2%)
AE(e3) (dyy, dy)° —55.8 (38.9%) —54.1 (39.8%) —61.7 (34.0%)

2 Percentage values in parentheses give the contributions to the total attractive energy
AEelslal + AEorb
b Percentage values in parentheses give the contributions to the total orbital energy A Eqy,

(L = alkyl/aryl phosphane). For example, 61 or 61H is related to the gas-phase
species MAuj, (M= Mo, W) [144]. Autschbach et al. [145] discussed a closed-
shell 18-electron bonding situation for the central tungsten atom with a significant
population of the valence p orbitals. In addition, the relativistic aurophilic Au—Au
interaction contributes substantially to the overall stability of the molecule MAu;,.
These latter details, however, are clearly absent for 61H. Zeng et al. performed
a global search of highly stable endohedral gold clusters of the general formula
M@Au, (n = 8-17) by DFT methods and found the central metal M prefers
to be entirely covered by gold for n > 9, and the clusters M@ Au,, exhibit large
HOMO-LUMO gaps suggesting chemical stability [146]. Note that the structures
of the calculated species Ru@Aui¢ (Cp;) and Rh@Aug (Cs) are very similar to
[Ru(ZnH);0] (65H, Dg4q) and [Rh(ZnH)o] (67H, D3p) except for some differ-
ences in symmetry and corresponding details in the electronic properties [146].
But there are no structurally characterized and comparably close analogues for the
series [M(ZnH)g] (M = Ni, Pd, Pt; 69H-71H) and their experimental counterparts
69-72 in endohedral gold cluster chemistry, so far. The well-known electronically
unsaturated 16-electron clusters [M(AuL)g]?>T (M = Pd, Pt) exhibit quite different,
ellipsoidal structures [147]. Addition of 2-electron Lewis base ligand result in nona-
coordinated 18-electron spherical clusters, e.g. [(CO)Pd(AuPPhs)g]?>* [148]. The
octa-coordinated neutral 18-electron cluster [Pt (AuPPh3)g] is likely to have a sim-
ilar structure as 61-72 and seems to be accessible by electrochemical reduction of
[Pt(AuPPh3)g]?™, but analytical details have not yet been published [149]. From
these comparisons with homoleptic transition metal gold clusters also follows that
even higher coordinated congeners of 61 might be a valid target for organometal-
lic synthesis. The cited calculations of Zeng et al. revealed particular high binding
energy per atom of Zr@Au;4, Sc@Au;s and Y@Au;5 [146]. In fact, prelimi-
nary calculations show that [Zr(ZnH);4] is a minimum on the potential energy
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surface and adopts Frank—Kasper polyhedral structure of Dgg; symmetry. Analy-
sis of the bonding in [Zr(ZnH);4] reveals an informative difference with regard to
[Mo(ZnH)1,] (61H). There are 14 bond paths for the Zr-Zn interactions but now
there are also Zn—Zn bond paths between the Zinc atoms of the planar Zne moi-
eties in [Zr(ZnH);4] which means that there is stronger Zn—Zn bonding in the latter
compound than in [Mo(ZnH),]. This is quite reasonable because in the latter com-
pound there are six electron pairs for Mo—Zn bonding and only three electron pairs
for Zn—Zn bonding, while in [Zr(ZnH)4] there are only four electron pairs for Zr—
Zn bonding and five electron pairs for Zn—Zn bonding. We thus speculate that a
stable compound of the type [Zr(ZnR);4] might be accessible if a suitable Zr pre-
cursor such as [Zr(GaCp*);] or other related compounds similar to the transition
metal precursors of Scheme 1 will be available, once.

4 Perspectives

The current progress on low valent group 13 metal coordination chemistry dis-
cussed earlier focused on gallium as the representative example. It was largely
motivated by the investigation of the chemical properties group 13 and group 14
metal analogues of carbens or carbynes as metal analogues of nitrogen heterocyclic
carbens (NHCs). A continuous issue of discussion has always been the question
of o-donor vs. y-acceptor properties of gallium centres in dependence of the sub-
stituents R on the one side and the coordinated metal fragment L,M on the other
hand. With our study herein, however, we emphasize other important and emerg-
ing aspects of this chemistry. In the first place, the GaR compounds provide a
particular combination of classic ligand properties with reactive properties. The
strong donor capability together with the steric bulk and the reducing power of
Ga(DDP) in particular open new synthetic pathways to low coordinated homolep-
tic electron-rich metal centres and also to main group clusters and multiple bonded
systems. Second, the unique properties of the Cp* ligand as removable protecting
group offers the option of novel chemistry at the group-13 centre. The transfor-
mation of coordinated GaCp* ligands into substituents-free Ga™ in terminal or
bridging positions is possible. Likewise, the combination of reducing power with
ligand and substituents exchange processes allows the synthesis of the homoleptic
ZnR analoga [M(ZnR),,] of the known GaR compounds [M(GaR),] and as well
Ga/Zn mixed systems. It will be interesting to probe similar metal exchange reac-
tions with other substituents than Cp* at the Ga centre. The related chemistry of
aluminium and indium compounds and also the use of Mg or Cd reagents instead
of Zn need to be investigated. This molecular chemistry appears to be related in
some way to the chemistry of classic intermetallic Hume Rothery phases which
are formed between (late) d-block metals and group-12 to group 14 metals [150—
153]. Zinc, similar to aluminium and gallium, is an important metallurgical element
and a component of classical alloy materials such as common brass. With transi-
tion metals it forms a rich variety of binary and ternary intermetallic solid-state
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compounds of complex compositions and structures. For example, the metal atoms
of the zinc-rich Hume Rothery y-phase, CusZng, are distributed over four distinct
crystallographic sites, two exhibit an icosahedral local environment while the other
two sites are surrounded by eleven and thirteen vertex polyhedra of lower symme-
try [40—46]. Obviously the zinc-rich compounds 61-72 exhibit structural features
similar to the coordination polyhedra found in related intermetallic phases. In this
context we would like to mention that already some time ago, certain compounds
featuring transition metal to group-13 metal bonds were studied as precursors for
the soft chemical synthesis of the respective Hume—Rothery phases deposited as thin
films on substrates (e.g. CoGa, Niln) [154-161,161,162]. More recently, the earlier-
discussed chemistry was the basis for the development of the synthesis intermetallic
nanoparticles dispersed in non-aqueous colloidal solution (e.g. ‘nano-brass’ CuZn;
‘nano-bronze’ CuAl; NiAl) [163, 164]. In general, the mixed-metal compounds of
the general formula [M, (ER),] may be quite interesting within the scope of precur-
sor chemistry for soft chemical synthesis of nanomaterials. So far, the Cp* group
was preferred over other possible substituents R because of its medium-scale steric
bulk and soft binding properties which allows cleavage from the group 13 metal
in a smooth and controlled way by hydrogenolysis, for example [35-37, 37-39].
However, the metal complexes of other GaR ligands such as the p-diketiminato,
diazabutadienido and guanidinate Ga' N -heterocycles (Chart 1) discussed in Sect. 2
may also be promising precursors for intermetallics since all these substituents R
have been used in precursor chemistry of other materials (single metals and metal
oxides and nitrides in particular) [165]. We thus suggest the family of compounds
discussed in the earlier sections as precursors for novel nanoalloys and extending
the scope of established concepts of nanometallurgy [154—167]. A door is opened
into a new field of metal-rich molecules beyond the Zintl-boarder [168] filling the
room between coordination compounds and clusters and linking the chemistry and
physics of molecular compounds with intermetallic phases in a new way.
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Homocatenation of Metal and Metalloid Main
Group Elements

Michael S. Hill

Abstract Interest in poly(diorgano)silanes, catenated silicon compounds and
heavier element analogues of alkanes has derived largely from their 1-dimensional
delocalisation across the Si—Si o framework, which affords similar properties
observed for polyene and unsaturated “all organic” polymers. Although not so
widely recognised or studied, similar “o-delocalised” activity may also be observed
for homocatenated species of other p-block elements. In this study, a foundation
for an understanding of the phenomenon of o-delocalisation is provided through
consideration of the structures, methods of synthesis and electronic behaviour of
the well-established poly(diorgano)silanes. Synthetic and theoretical developments
relating to analogous derivatives based upon silicon’s heavier group 14 congeners
are then reviewed along with the more limited examples of catenated compounds
among the heavier elements of groups 15 and 13. This coverage does not dwell upon
detailed aspects of structure or electronic behaviour for the individual compounds
and classes of compound included. Rather, the intention is to promote something of
a phenomenological awareness of a series of superficially disparate chemical sys-
tems and to encourage a more widespread appreciation of the implication that, in
not displaying o-delocalisation, it is the elements of the first full period that display
the more unusual or anomalous behaviour.

Keywords Catenation - P-block - Synthesis - Molecular Structure - Electronic
Structure
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1 Introduction

Carbon has an unsurpassed ability to form o bonds to itself and its resultant capac-
ity to form homologous families of compounds based upon extended homocatenated
chains is the defining feature of organic chemistry. This is most clearly demonstrated
by the structures of the linear n-alkanes whereby homologues, C,H; 4>, may be
constructed by addition of tetrahedral (sp>) carbon centres with no detriment to the
stability of the structure with increasing chain length. Although carbon’s congeners
in group 14, silicon, germanium, tin and lead also provide sufficient valence orbitals
and electrons for the formation of analogous extended linear structures (Fig. 1),
well-defined catenated compounds become increasingly uncommon with greater
atomic weight.

A similar trend is observed across the entire p-block of elements where more dif-
fuse valence orbitals and rising inner shell repulsion result, in general, in decreasing
homonuclear sigma bond enthalpies, Dy, as the groups are descended. The values
illustrated in Table 1 describe a trend of decreasing values of Dy both down and to
either side of group 14.

Although the synthesis of defined oligomeric or polymeric systems is thus ther-
modynamically disfavoured, a wide variety of species containing chains of E-E

R R R R
¥\
E E R = H or organic residue
\E/ \E E =C, Si, Ge, Sn or Pb
g /: n
RR RR

Fig.1 Catenation in group 14 compounds

Table 1 Comparison of thermochemical single E-E bond dissociation energies, Do (kI mol™"),
for the group 13—group 17 elements

Group 13 B, 293 Al, 188 Ga, 113 In, 100
Group 14 C, 345 Si, 222 Ge, 188 Sn, 190
Group 15 N, 158 P, 198 As, 178 Sb, 141
Group 16 0, 142 S, 226 Se, 172 Te, 126

Group 17 F, 155 Cl, 239 Br, 190 I, 149




Homocatenation of Metal and Metalloid Main Group Elements 191

single bonds have been synthesised and characterised from across the entire p-block
of elements. As well as having fundamental academic value, compounds of this
type, particularly those of the heavier group 14 elements, display interesting and
potentially technologically useful electro-optical properties that are not available to
their saturated carbon-based counterparts. In this review, therefore, we shall attempt
to provide a perspective upon the progress that has been made towards the elabo-
ration of units containing more than one single E-E bond. To provide some level
of coherence, this treatment will pay only scant regard to the formation of neu-
tral molecular or charged clusters, typified by the Zintl ions [1, 2], the potential for
the construction of element—element multiple bonds or questions arising from the
ability of cyclic species to engage in pseudoaromatic behaviour. Although atten-
tion will, therefore, concentrate upon the formation of linear catenated species
related to those illustrated schematically in Fig. 1 [3,4], in the absence of authenti-
cated examples of linear derivatives reference will also be made to cyclocatenated
derivatives of specific elements. Although coverage of this type will be necessarily
incomplete with regard to the most heavily represented compounds of this type, par-
ticularly the polysilanes for which the reader is directed to more specialised reviews
[5-10], by providing breadth of coverage we shall attempt to illustrate parallels
and contrasts between the behaviour of catenated species formed from the heav-
ier group 14 elements as well as those elements of the neighbouring groups 15
and 13.

2 Group 14

2.1 Oligo and Polysilanes, a Historical Background

The multiplicity of structures available to the organic chemist is largely a result
of the favourable thermodynamics involved in the formation of robust C—C link-
ages (Table 1). It is not surprising, therefore, that the potential to synthesise similar
homologous compounds of the heavier elements of group 14 was apparent to
chemists almost as soon as the electronic theories of valence and bonding were
formulated. Although the silicon analogue of methane, monosilane SiHy4, had been
prepared by the action of HCI on Al/Si by Wohler in the mid nineteenth century,
it was not until 1902 that the first homologue, disilane Si,Hg, 1, was identified by
Moissan and Smiles [11]. The pyrophoric nature and thermal sensitivity of these
compounds greatly hindered further progress until the pioneering studies of Stock
who showed, in research simultaneous with his development of the boron hydrides,
that higher homologues corresponding to silicon versions of n- and iso-butanes, 2,
3, and even hexanes, 4, may be isolated by careful fractionation [12]. The thermal
stability of these extended chain species was, however, seen to decrease rapidly with
increasing chain length, such that the decomposition of even the tetrasilicon species
was observed to be very rapid at room temperature.
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o 3Si i . I I M3
HaSi—SiHg s Nsing SH. s s N7
H2 H38| S|H3 H2 H2
[ > Decreasing stability
1 2 3 4
I|3h
Ph,SiCl, + 2Na —————> +?l+ + 2 NaCl (1)
4
Ph

The birth of organosilicon chemistry in the 1920s provided the first evidence that
silicon could provide a much wider array of oligomeric and higher molecular weight
catenated species. The initial reports of “silicohydrocarbons” were provided by
Kipping through Wurtz-type coupling of diphenyldichlorosilane with sodium metal
(1) [13, 14]. Via dark blue reaction intermediates, several colourless compounds
of low molecular weight and containing no chlorine, most likely SizPhg, were
obtained. The intractable and insoluble nature of these materials did not arouse any
further interest until Burkhard’s description of polydimethylsilane, (Me;Si),, pre-
pared by a similar route in 1949 [15]. Again, however, this material was intractable
and the area lay effectively dormant until Gilman reported UV spectral data for
several oligosilanes, R(SiR5),R (R = Me or Ph; n = 2-7), and for some cyclosi-
lane derivatives some 15 years later [16—19]. In contrast to alkanes, which show no
electronic absorption beyond 160 nm, these compounds were observed to provide
strong absorptions at wavelengths up to 250 nm. Within a given homologous series
the spectra were seen to increase in complexity with extension of the chain length
and to provide significant red shifts with phenyl substitution. These observations
were the first indications that the electronic structures of these compounds were
manifestly different from those of similarly homologated hydrocarbons and may be
regarded as the origin of the continuing interest in catenated silicon species and,
by extension, their heavier group 14 analogues. During the same period, the group
of Kumada reported similar UV absorption behaviour and the syntheses of sev-
eral well-defined permethylated linear polysilanes of the formula Me(SiMe;),Me,
where n was equal to 3—12 [20-22]. Kumada also provided the first reviews relat-
ing to the topic of catenated organosilicon compounds [23, 24]. Although several
other reports of oligomeric and cyclosilanes were forthcoming in the intermedi-
ate time [25], the modern appreciation of the potential of polysilane research was
initiated by almost simultaneous reports of the preparation of significantly soluble
high molecular weight materials by the groups of West [26,27], and of Wesson and
Williams who showed that it is possible to modify the polymer structure through
the introduction of less symmetrical dialkyl or alkylaryl monomer units [28-30].
Wurtz coupling of a 1:1 ratio of dimethyldichlorosilane and diphenyldichlorosilane,
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for example, resulted in a completely amorphous polymer which was highly solu-
ble in many organic solvents [12]. These initial reports also highlighted the sigma
delocalised character of the polymer chains and their conversion to semiconducting
behaviour upon oxidation with quantities of SbFs.

2.2 Synthesis of Oligo- and Polysilanes

The most common method of synthesis of catenated silicon species involves the
Waurtz coupling of dihalodiorganosilanes with sodium, potassium or Na/K alloy in
an inert solvent such as toluene and at elevated temperatures. Under these con-
ditions, the coupling reaction may be viewed as a condensation polymerisation
occurring at the surface of the finely divided alkali metal [31-34]. This method,
however, tends to be poorly reproducible and results in polymodal molecular weight
distributions. The products of the reductive coupling with alkali metals typically
consist of three fractions, a high molecular weight polymer (M,, > 10°), a low
molecular weight polymer (M,, < 10*) and cyclic oligomers (Sis, Sis, and Sig).
A number of strategies have thus been devised which partly circumvent these dif-
ficulties. The addition of a catalytic amount of a crown ether, either 12-crown-4,
15-crown-5 or 18-crown-6, to the reaction mixture has been noted to increase the
rate of disappearance of the monomer with increasing crown ether concentration
suggesting that anionic species are involved in the polymerisation mechanism [35].
In this manner, higher yields of monomodal polymer relative to cyclic material
and better reproducibility of yields and molecular weight of the polymers may be
achieved. The presence of cryptand was found to have similar effects. Monomodal
polysilanes with relatively narrow molecular weight distributions (My,/ M, < 1.5)
have also been prepared by the reductive coupling of methylphenyldichlorosilane
and di-n-hexyldichlorosilane with alkali metals in toluene in the presence of ultra-
sound. Although sonochemical synthesis is accompanied by selective degradation,
decreasing the molecular weight to an approximate limiting value of M,, of 50,000,
polydispersities (My,/M,) are improved and are reduced to values less than 1.2
[36,37].

The relatively ill-defined nature of the Wurtz coupling procedure has given rise
to variety of alternate stoichiometric and catalytic methods for silicon—silicon bond
formation. Although limited in scope, the anionic ring opening polymerisation of a
cyclic tetrasilane oligomer (PhMeSi)4 with n-BuLi or PhMe,SiK as initiator pro-
duced a product with a molecular weight above 100,000. In this case, however, the
small ring cyclic polymer precursors were still prepared by a Wurtz-type procedure
[38,39]. Although alternative reagents for the reductive coupling of halosilanes have
been assessed, for example Sm/Sml, [40], the method which seems to hold the
greatest potential for future elaboration is the catalytic dehydrogenative coupling of
primary and secondary organosilanes. Although an initial report of the condensa-
tion and disproportionation of various secondary and primary silanes promoted by
Wilkinson’s catalyst, [(Ph3P)3RhCl], appeared as early as 1973 [41], it was over
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a decade later before any concerted interest was provoked by the researches of
Harrod and co-workers who demonstrated the polymerisation of primary silanes,
including PhSiH3 and HexSiH3 by the titanocene complexes Cp,TiR, (R = CH3,
CH,CesHs5) (2) [42]. Since this time, a variety of early d® transition metal catalysts
from groups 3 and 4 as well as later metal derivatives have given rise to a fascinating
and mechanistically diverse research endeavour.

h

P
cat Cp,TiR, |
nRSiH  —— > —eslﬁ— )
n
H

The initial work of Harrod utilising Cp,TiMe, was characterised by an initia-
tion period in which the reaction solution turned blue due to reduction to Ti(III).
This inference was confirmed by the isolation of several intermediates, including a
structurally characterised dimer of Cp,TiSiHPh, 5§ (Fig. 2a), in which dimerisation
occurs through a pair of Ti-H-Si bridges, and which spontaneously decomposes
into [Cp, Ti(-H) (n-HSiHPh) TiCp,], 6 (Fig. 2b), with production of poly(pheny1)-
silane. From these observations a mechanism (Scheme 1) involving polymer prop-
agation by the repetitive insertion of a silylene moiety into a Ti—Si bond was
proposed [43].

These discoveries stimulated a variety of researchers including Tilley who pro-
posed an alternative mechanism for the polymerisation of primary organosilanes
by group 4 metallocenes, including complexes of zirconium and hafnium, induced
by o-bond metathesis [44—47]. These systems produce relatively high molecular
weight polymers with degrees of polymerisation as high as 7-100 monomer units
and the catalytic cycle is believed to be initiated via the formation of a metallocene
hydride which undergoes a o-bond metathesis reaction with a Si—H bond to elim-
inate H, and form a metal silyl (Scheme?2) [46]. This latter species undergoes a
second o-bond metathesis, which results in the Si—Si coupling, which is particularly

Fig. 2 Ti(lll) intermediates isolated by Harrod and co-workers during titanocene-mediated
dehydrocoupling of PhSiH;
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favoured for the coupling of primary silanes due to the crowding of the four-centred
o-bond metathesis transition states. The success of these procedures is dependent
upon pushing the reactions to extremely high monosilane conversion, since it is
only under such conditions that the requisite coupling of intermediate-length chains
to give long chains will occur. Kinetic and structural studies provided evidence for
this mechanism and it was demonstrated that reactions of Zr and Hf silyl complexes
with hydrosilanes produce a variety of metal hydrido and silyl species such as com-
pound 7 (Fig. 3) [48]. In closely related work Corey demonstrated that metallocene
dichlorides may act as precatalysts when activated towards dehydropolymerisation
of PhSiH3 upon addition of two equivalents of n—BuLi. The mechanism was again
believed to occur via a similar o-bond metathesis mechanism [49-58]. Compara-
ble findings for the dehydrogenative coupling of PhSiH3 have been described for
similarly d° organolanthanide metallocenes of the type [Cp,LnR] [Cp = substituted
cyclopentadienyl; Ln = La, Nd, Sm, Y, Lu; R = H, CH(SiMe3)»] [59].
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Fig. 3 Hafnium silyl species isolated by Tilley and co-workers during catalytic dehydrocoupling
of PhSiH3

A limited number of catalysts for dehydrogenative coupling of silanes based
upon the later transition metals have also been described. A reinvestigation of the
activity of Wilkinson’s catalyst [(PPh3)3RhCI] applied to the coupling of both sec-
ondary and primary organosilanes has been reported by Rosenberg. This work has
established that secondary dialkyl- or alkylarylsilanes may be coupled to produce a
mixture of di- and trisilanes, contingent upon the efficient removal of H, from the
reaction mixture [60]. Furthermore coupling occurs without any redistribution of the
organic residues about the silicon centres and more reactive primary alkyl silanes,
RSiH3 (R = n-C2Hjs or n-CgHj7), provide chains of up to 5-6 silicon atoms in
length [61]. Although apparently limited in terms of polymer formation, these latter
studies, along with further reports that electron-rich complexes of Pt, Pd, Rh and Ir
also catalyse the formation of Si—Si bonds from Si—H bonds in organosilanes, hint
that a rich dehydrocoupling chemistry based upon these elements is waiting to be
uncovered [62].

2.3 Electronic Structure of Oligo- and Polysilanes

Many of the proposed applications of organo(polysilanes) stem from their marked
optoelectronic behaviour, which is proposed to result from delocalisation of the
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Si—Si o-electrons This is manifested in several ways, which parallel the behaviour
delocalised cyclic, aromatic or linear polyenes. Although, as outlined earlier [17,
18,20], these properties were first recognised through the observation of electronic
transitions in the UV region, cyclic silane-based oligomers, such as (Me;Si)¢ or
(Me,Si)5 are also observed to form radical anions or cations upon reduction or oxi-
dation. For linear permethylsilane oligomers, the lowest energy absorption shifts to
longer wavelength with increasing chain length up to about 40 silicon atoms, beyond
which A,,x becomes effectively constant at a value of the order of 310 nm [63].
This highly distinctive o-delocalised behaviour may be satisfactorily described
by a straightforward LCBO (linear combination of bonding orbitals) approach. The
degree of o-orbital delocalisation for alkanes and polysilanes has been determined
on the basis of the Sandorfy C quantum chemical model and assessed by photo-
electron spectroscopy [64-66]. A catenated polysilane chain may be propagated by
overlap of approximately sp* hybridised valence orbitals (Fig.4a). The resonance
integral B,i. between adjacent silicons thus accounts for Si-Si o bond formation
with the resultant splitting of each pair of sp> atomic orbitals into a strongly bonding
osisi and strongly antibonding o, (Fig. 4b). The Sandorfy C model is an extension
of the Hiickel HMO-treatment of polyenes that includes geminal Si—Si—Si interac-
tions, Bgem, as an additional resonance integral. This is a less strongly correlated
integral between two sp> hybrids located on the same silicon atom. The manifold of
mutually interacting localised orbitals that results from the both B, and Bgem inter-
actions gives rise to a set of molecular orbitals that are delocalised over the entire
silicon backbone and the degree of delocalisation is a function of the ratio Bgem/ Buic;
the closer the value is to unity, the closer to perfection is the electronic delocalisation
[66]. The nodal patterns that result are completely analogous to those in carbon-
based polyenes (Fig. 4b). The HOMO contains a node at each silicon centre, while
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Fig. 5 A conformationally locked all-anti (tetramethylene)-tethered octasilane

the LUMO contains nodes only between the silicon centres. From this simple anal-
ysis it is also clear that secondary effects such as the identity of the organic silicon
substituents and the conformation of the Si—Si bonded chain will have a profound
effect upon the value of Bgem/Buic and, as a result, the delocalisation and absorption
characteristics of a particular oligo- or polysilane. In an all anti (or trans) configu-
ration the value of By is maximised and has the effect of destabilising the HOMO
and stabilising the LUMO of the chain with a concurrent red shift in the observed
UV Apmax with the decreasing 0—o* energy gap [67].

This latter effect is most clearly observed in the case of organosilane polymers
which have been conformationally constrained to a transoid form by crystallisa-
tion. Poly(di-n-hexyl)silane has been reported to exhibit a typical absorption at
317 nm in solution but to display an anomalously long-wavelength absorption of
371 nm when spun from solution to the solid state [68, 69]. Similar solvatochromic
transitions may be induced in polysilane polymers with oxygen atoms in the side
chain upon addition of hexafluoro-2-propanol due to conformational ordering as
a result of hydrogen bonding effects [70]. Similar effects also give rise to abrupt
thermochromic behaviour with a shift of the position of the A« value for, in partic-
ular, long chain alkyl-substituted polysilanes to longer wavelength with decreasing
temperature [71-73]. Polysilanes with all anti conformations of the main chain (i.e.
SiSiSiSi dihedral angles of 180°) have been observed to provide the highest degree
of o-conjugation. A major step towards the realisation of an all-anti-polysilane was
made with the synthesis of the (tetramethylene)-tethered octasilane, 8 (Fig. 5). This
is the longest silicon chain where the silicon atoms are conformationally controlled
to be in the all anti state. Remarkably, octasilane 8 exhibits a molar extinction coef-
ficient three times larger than the unrestricted n-SigMejg at 0°C, consistent with
increased o-delocalisation [74,75].

2.4 Applications of Polysilanes

Although a primary motivation towards the exploitation of polysilane compounds
has been driven by their optoelectronic properties, much of the initial and continuing
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interest has also centred upon their potential to act as lithographic precursors for
semiconductor fabrication. Organosilane polymers are photoactive toward UV irra-
diation and photoscission and are commonly observed to photodegrade by either
homolytic chain cleavage to silyl radicals or with the elimination of a diorganosi-
lylene. Generally, photon energies are insufficient for the generation of two silyl
radicals and a silylene by the cleavage of two adjacent SiSi bonds. Silylene elimina-
tion is not observed to occur for lower energy photons, however, and both processes
may be viewed as being in competition [76,77]. Although this instability is an issue
for longer-term applications of polysilanes, the photodegradation behaviour has
attracted attention in its own right as effective photoresist materials for microlithog-
raphy when imaged by UV radiation [78]. The high mobility of the electrons within
the o framework results in large polarisabilities and, as a result, large nonlinear opti-
cal (NLO) effects have been measured for a variety of polysilanes with different side
groups, and for composites of polysilanes and silver. The values of the third-order
nonlinear susceptibilities, % 3, have been reported to vary substantially with changes
in the side groups, backbone conformation, film thickness and orientation [79-81].

The discovery by West that insulating polysilanes may be rendered semiconduct-
ing upon exposure to oxidants such as AsFs and SbFs indicated that polysilanes
resemble other polymers which can be made conducting in the presence of dopants,
such as polyacetylene and poly(pyrrole) [82]. As is the case for such y-delocalised
polymers, the dominant process of charge carrier transport in polysilanes involves
the hopping of holes between localised states originating from domain-like sub-
units along the chain [83]. This behaviour has been recognised as holding potential
for a variety of applications that have become the realm of y-conjugated poly-
mers, but which exploit the o-delocalised properties of the silicon-based polymer.
Charge transfer from both linear and network polysilanes to Cgp has been demon-
strated to occur upon irradiation, and the resultant photoconducting materials may
be employed in many applications, including photovoltaic cells [84—89]. In a com-
plementary manner, polysilane-based structures also exhibit electroluminescence
and have even been observed to display behaviour that is beyond the known capabil-
ity of y-conjugated polymers [90]. For example, while most organic light-emitting
diodes (OLEDs) are designed to emit in the visible region, a series of diode devices
based upon poly(n-alkyl)silanes have been developed which are simultaneous UV
emitters at room temperature [91, 92].

3 Oligo- and Polygermanes, Stannanes and Plumbanes

3.1 Oligo- and Polygermanes

Although germanium lies below silicon in the periodic table and thus provides
the most logical extension of the catenated behaviour outlined earlier, reports of
truly catenated linear species beyond simple digermanes are relatively scarce. The
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first extensive study of higher germanium hydrides appears to have been car-
ried out in 1924 by Dennis and co-workers who prepared di- and trigermane,
H3GeGeH3 and H3Ge(GeH,)GeHs via acid hydrolysis of magnesium germanide
[93]. Although evidence for the existence of still higher hydrides was obtained
in this study, it was not until 1959 that the presence of the higher homologues,
Ge4H;¢ and GesHj,, from this reaction was confirmed [94]. As was the case
for the corresponding silicon-based chemistry, more varied and versatile reaction
products may be obtained in the presence of organic functional groups. The first
compound of this type to be prepared was Ph3GeGePhs, which in contrast to the
pyrophoric nature of the parent digermane is relatively tolerant of air and mois-
ture [95]. Reflecting the syntheses of the majority of poly- and oligosilanes, the
preparation of this latter compound involved the Wurtz coupling of Ph3;GeBr with
sodium metal. Although a variety of oligomeric species corresponding to tri- [96—
101], tetra- [97,99, 102] and pentagermanes [103] have been synthesised, either by
related germyl anion/halogermane metathesis, germylene insertion or ring opening
of cyclic oligogermanes, routes to these compounds are generally unsatisfactory
and low yielding. More recent research has been directed towards the develop-
ment of milder and more selective methods of synthesis. Samarium diiodide has
been employed as a single electron reductant in the coupling of halogermanium
compounds resulting in the formation of di- and trigermanes [104, 105] and, most
recently, an elegant method for the preparation of discrete oligogermanes has been
introduced by Weinert and co-workers in which the Ge—Ge bonds are constructed
sequentially through a hydrogermolysis reaction. In this latter case, reaction of a
germanium amide, R3GeNMe, with acetonitrile solvent provided an a-germylated
nitrile R3GeCH,CN, which underwent subsequent reaction with a germanium
hydride to form the Ge—Ge bond (Scheme 3).[106, 107] The preparation of higher
oligomers was also achieved by stepwise oligogermane chain construction. The
ethoxyethyl-substituted compounds R, Ge(NMe,)CH,CH,OEt (R = Et, Bu, Ph)
were found to react with Ph3GeH in CH3CN to afford the corresponding diger-
manes. In the case of R = Et and Bu these digermanes could also be reacted
with di-iso-butylaluminium hydride to generate a digermane hydride which was
subsequently coupled with the appropriate synthon to produce the correspond-
ing trigermanes. Although this satisfyingly well-defined route may in principle
be employed to construct longer homocatenated chains, the majority of higher
molecular weight polygermane syntheses have, as is the case for polysilanes, been
based around Wurtz coupling reactions of dichlorogermanes and sodium metal or
by a metathesis method by reaction of dihalogermylenes and Grignard reagents
(or organolithiums) [108-110]. Most of the polygermanes prepared in this man-
ner showed a narrow molecular distribution containing molecular weights 103-10*
and provided characteristic electronic absorption bands at 300-350nm and were
strongly thermochromic for alkyl-substituted derivatives.

In contrast to the success of analogous procedures for the synthesis of high
molecular weight polysilanes, attempted dehydrogenative coupling of organoger-
manes has only provided very limited success. In an extension of his polysi-
lane work, Harrod reported that catalytic dehydrocoupling of Ph,GeH, yielded
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a tetrameric species as the only oligomerised product [111]. In contrast, Trogler has
successfully applied either H, PtClg, RhCI(PPh3)3 or Pd(PPhs3)4 to the polyconden-
sation of dihydro(tetraphenyl)germole, perhaps indicating that this route is worthy
of more intensive and focussed study (Scheme4) [112]. In related but uniquely
distinct work, Berry has shown that polygermanes with molecular weights of ca.
10*-10° may be accessed via the demethanative coupling of methyl germanes such
as Me3GeH or Me,PhGeH [113-115]. The resultant polymers were found to be
highly branched and to vary in molecular weight dependent upon the identity of
the ruthenium catalyst employed. Coupling of Me3;GeH with [Ru(PMes)4Mes]
was prefaced by a short induction period prior to methane evolution and it was
suggested that the mechanism involves both a-methyl germyl to ruthenium migra-
tion and germyl to ruthenium-germylene migration within the coordination sphere
of the metal (Scheme 5). Although this chemistry does not appear to have been fur-
ther exploited, it, again, holds much promise particularly if further generalised and
extended to other members of group 14.

3.2 Properties of Oligo- and Polygermanes

Like polysilanes, much of the impetus towards the synthesis of catenated germa-
nium compounds has centred on their analogous o-conjugated electronic structures.
In solution, the polygermanes display characteristic electronic absorption bands at
300-350nm and are strongly thermochromic for alkyl-substituted derivatives. The
replacement of the silicon centres of an oligo- or polysilane with their heavier con-
gener, thus, tends to result in a red shift to longer wavelength in the A, of the
UV/vis spectrum. As early as 1969, Drenth and co-workers demonstrated that the
UV absorption spectra of polymetal compounds, Me(SiMe,),Me, Et(GeEt,),Et
and Et(SnEt,),Et, (n = 2-6) not only exhibit a bathochromic shift for increasing
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chain length, but also for increasing constituent element weight for a given chain
length [116]. At around the same time, the electron impact ionisation potentials
of the catenates of the group 14 elements, R(R,M),R, where R = alkyl and
M = Si, Ge, Sn, were determined and compared with those of the analogous alka-
nes H(CH,),H. A systematic decrease in the ionisation potential was observed as
the chain length (n) was increased and as group 14 was descended [117]. From
these observations it was deduced that increasing delocalisation of the o electrons
is a consequence of increasing chain length due to a destabilisation of the highest
occupied molecular orbital. Additionally, the increasing electropositivity across the
series C, Si, Ge, Sn and Pb also results in a higher energy o-bonded framework and
a consequential red shift.

Given the relatively immature state of applied polysilane research, it is not sur-
prising that polygermane compounds are all but completely unexplored in this
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regard. In common with the polysilanes discussed earlier, photolysis of polyger-
manes proceeds by both contraction of the chain with loss of diorganogermylenes
and homolytic scission of the germanium—germanium ¢ bond [109]. Although this
instability may again provide a severe impediment to the application of polygermane
compounds in device technologies, Berry and co-workers have shown that some of
these problems may be circumvented by encapsulation of the Ge—Ge chains within
a silica matrix formed by crosslinking of pendant ethoxy silanes prior to demetha-
native Ge—Ge coupling [115]. Under these conditions, both the thermal and the
photochemical stability of the polygermane chains is enhanced due to an anchor-
ing effect and subsequent recombination of the germyl radicals formed under the
higher energy conditions.

3.3 Oligo- and Polystannanes

Although the earliest examples of di-tin compounds containing an unsupported
Sn—Sn bond can again be traced to the very earliest years of main group organometal-
lic chemistry [118-121], the recognition that this catenated behaviour could be
extended to cyclic or linear species of higher nuclearity was not reported until
the work of Neumann in the early 1960s. These studies described the syntheses
of a variety of di- and oligostannes such as “diethyl tin”, which was reported to
exist as a nine-membered cyclic species [122-128]. These compounds were gen-
erally prepared by either a simple pyridine-initiated dehydrocondensation reaction
of diorganotindihydrides or an intermolecular amine elimination reaction between
a diorganotindihydride and a diorganotindiamide. Prefacing the later interest in
their absorption characteristics [116], the products resulting from these reactions
were reported to exist as yellow, orange or even red waxy solids or oils. Although
much of this early work was reviewed from the standpoint of diorganostanny-
lene stability and formation, interestingly, these particular and simple methods of
Sn—Sn bond formation do not seem to have been re-examined in more recent times
(vide infra) [129]. Driger’s demonstration that treatment of cyclotetrastannanes
such as (‘Bu,Sn)4 [130] with iodine provided functionalised open chain species,
I(*‘BuzSn)4I, which could be further reacted with stannyl anions, for example
Ph3SnLi, provided the first example of a rational and directed tin-based homologa-
tion reaction [131, 132]. Apparently, solutions of I(*BuSn)4I react as equilibrium
mixtures of different diiodopolystannanes. Careful variation of the molar ratio
of the starting materials as well as the solvents (toluene/THF) and concentration
made it possible to isolate the tri- (9), tetra- (10), penta- (11) and hexastan-
nanes (12). All four species were characterised by !'°Sn NMR and the X-ray
analyses illustrated in Fig. 6. The UV spectra exhibited strong absorption maxima
with a pronounced red-shift with increasing chain length and were correlated with
a decreasing HOMO-LUMO energy difference based upon the linear o-bonded
chains.
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Fig. 6 Driger’s tri-, tetra-, penta- and hexastannes and their absorption maxima
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Although such well-defined oligomeric species remain something of a rarity, Sita
has provided an elegant stepwise synthesis of linear polystannane oligomers based
upon a hydrostannolysis strategy reminiscent of that applied some two decades ear-
lier by Neumann [133, 134]. In this case, utilisation of a $-alkoxy substituent was
applied as a protecting group for the programmable stepwise synthesis of linear
polystannanes. The key reagent Bu; Sn(NMe,)CH,CH,OEt (12) was employed in
reactions with appropriate tin hydrides before removal of the protecting group with
DIBAL-H. The resulting Sn—H function was then employed in an iterative chain
growth by repetition of the two-step sequence (Scheme6) [133]. The electronic
spectra of the resultant oligomers were, again, demonstrated to be dependent upon
the Sn—Sn chain length as well as the specific placement of the organic residues.
This work was continued in a subsequent report in which the synthesis and full
characterisation of a series of oligostannanes X (" Bu,Sn)[" Bu, Sn],, (‘Bu,Sn)[*Bu,
Sn], (Sn"BuyCH,CH,OEt) (where m or n = 0-3), was described. This well-
defined homologous series not only displayed the expected variations in their
electronic spectra with varying chain length but also revealed quite dramatic pertur-
bations in the ! J(11°Sn—!17Sn) coupling constants for the Sn—Sn bonds containing
the more sterically demanding 'Bu, Sn unit [135].

Higher molecular weight and truly polymeric catenated tin species have also
been prepared by transition metal catalysed dehydrocoupling of diorganotin dihy-
drides. Although dehydrogenative dimerisation or oligomerisation of stannanes has
been achieved with a variety of transition metal complexes [136], the majority of
catalytic polymerisation reactions have employed group 4-based reagents [137].
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As an extension of his studies of polysilane synthesis [46,47], Tilley reported that
the addition of neat "Bu,SnH, to [Zr(CsHs)(CsMes){Si(SiMe3)3 }Me] resulted in
instantaneous and vigorous evolution of hydrogen gas and the formation of a dark
red poly(di-n-butyl)stannane, which, by gel permeation chromatography (GPC),
was shown to contain a high molecular weight material (My,/ M, = 17,500/7, 800)
along with small ring cyclic structures [138, 139]. This work was extended to a
range of secondary stannanes and to several zirconocene catalyst structures [139].
The resultant alkyl polystannanes H(SnR»),H (R = n-butyl, n-hexyl, n-octyl)
were observed to display Amax values at ca. 380-400nm, attributed to o—c* tran-
sitions. Although thermally stable, the polystannanes were photosensitive and it
was demonstrated that H(Sn" Bu,), H was photochemically depolymerised to a 2:1
mixture of cyclo-(Sn"Buy)s and cyclo-(Sn"Buj)e. Thin films of H(Sn"”Bu,),H
could also be doped by exposure to SbFs to produce material with vapour con-
ductivities as high as 0.3Scm™!. Although initial mechanistic analysis of these
reactions suggested that the dehydropolymerisation occurred by a o-bond metathe-
sis mechanism involving four-centre transition states analogous to that outlined for
the dehydropolymerisation of primary silanes, later work deduced that reactions
of hydrostannyl complexes such as CpCp*Hf(SnHMes),ClI (13), with Ph,SnH, or
"Bu,SnH; to afford poly- and oligostannanes may involve R,Sn insertions into
M-Sn bonds [140,141]. This process is reported to occur via a mechanism involving
initial o-bond metathesis between the metal catalyst and the stannane substrate with
elimination of a small stable molecule (e.g. H,, CH4, HSi(SiMe3)3, etc). This pro-
duces a hydrostannyl intermediate, which is unstable towards a-H-elimination and
the formation of a transient stannylene (Scheme 7), which is then available to insert
into M=Sn or Sn—H bonds as the primary Sn—Sn bond forming reaction. Subsequent
and similar observations of stibinidene formation during group 4-catalysed stibine

Mesp,HSnSnHMes; Cl

Mes;SnH» Cp*CpHf \

- —_——— H

Mes,SnH; || - Mes;SnH, % HMes,Sn—H
HMes, 1 #

Sn

N Cl

f <~——= | Cp'CpCIHf{_ H

H'\-
% SnHMes, - H, H

Scheme 7
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dehydrocoupling lend weight to the view that a-H-abstraction and subsequent elim-
ination and insertion of a low valent intermediate may be a common feature among
the dehydrocoupling chemistries of the heavier p-block elements [142].

Later transition metals have also been employed for the catalytic dehydrocou-
pling of secondary diorganostannanes. Reactions of (PhMe,P),PtMe, or [(k2-P, N)-
Ph,PC,H4NMe,|PtMe, with an excess of "Bu,SnH, or Ph,SnH, have been
observed to result in the catalytic formation of cyclo-, oligo- and polystannanes.
Only polystannanes were observed in the reaction of [(«2-P, N)-Ph,PC,H4NMe;]
PtMe, with H;SnBu,. A series of reports describing the preparation of relatively
high molecular weight poly(diorgano)stannane (M,, = 20 x 103gmol™') through
dehydropolymerisation of R,SnH; with (PPh3)3 RhCl have also recently appeared
[143-146]. The mechanism in this case has again been proposed to occur via a
sequence of a-hydrogen abstraction and stannylene elimination steps, combined
with oxidative addition and reductive elimination from the catalytically active
rhodium centre. An analogous catalyst system has also been employed in the
polymerisation of a series of enantiomerically pure bis(myrtanyl)tin compds., cis-
Myr,SnH, and trans-Myr, SnH, derived from (-)-1S-f-pinene to give a mixture of
polystannanes, poly(cis-Myr,Sn), poly(trans-Myr,Sn), and oligomers that could
not be separated. The CD spectra of these polystannanes revealed a positive Cotton
effect at A 422 and 425 nm, consistent with the idea that the chiral information is
transferred from the UV-inactive myrtanyl groups to the polymer backbone, which
most likely adopts a helical conformation with the right-handed screw sense being
in excess [147].

This latter study also reported the reductive coupling of the correspond-
ing bis(myrtanyl)tindichlorides with magnesium metal. In these cases, reduction
selectively produced pentastannane rings, cyclo-(cis-Myr,Sn)s and cyclo-(trans-
Myr,Sn)s. These failures to provide materials of high molecular weight notwith-
standing, related Wurtz coupling procedures have been shown to yield high
molecular weight polystannane materials under carefully controlled conditions.

Although Zou and Yang first reported higher molecular weight linear polymers,
("Bu,Sn)..g0 by Wurtz coupling of "Bu, SnC1, using sodium dispersions in toluene
catalysed by the addition of 15-crown-5 in 1992 [148], initial attempts to repeat
this work were unsuccessful [139]. Subsequently it was discovered that the precise
reaction conditions were critical to achieve maximum chain lengths [149]. During
the first 2h of the reaction very little polymer is formed, and most of the prod-
uct is low molecular weight cyclic oligomers. The maximum yield of polymer was
observed to occur after ca. 4h when remarkably high molecular weight materials
were formed (M, = ca.l x 10°). These materials were also found to be extremely
light sensitive, photobleaching within 1 to 2 min from brown polymer to pale yel-
low oligomer. Absorption maxima were also found to plateau at 380 nm even for
the highest molecular weight polymer. These values are also consistent with UV/vis
data obtained either from materials produced by Sml, reduction and electrochem-
ically prepared polystannanes of lower molecular weights (10%) [105, 150, 151],
and indicate a similar o-delocalised behaviour as that inferred for the electronic
structures of polysilanes, albeit with diminished HOMO-LUMO band gaps.
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The electronic properties of polystannanes have, as for their lighter congeners,
been the focus of much attention. Poly(diaryl)stannanes, prepared by a dehy-
dropolymerisation route with a dimethylzirconocene catalyst, exhibited A,.x values
in the range 430-506nm. These o—o* transitions were seen to vary accord-
ing to the polymer molecular weights and a sample of poly{bis(o-ethyl-p-n-
butoxylphenyl)}stannane exhibited a strong absorption at 506 nm (tailing to ca.
550nm). This latter value appears to be the smallest band gap yet observed for
a group 14 o-conjugated polymer and was attributed to the imposition of an
all trans planar Sn backbone configuration by the steric demands of the ortho-
ethyl substituents [152, 153]. Similar order—disorder phase transitions have also
been attributed to changes in the absorption characteristics of oriented films of
poly(dibutylstannane) under either variable temperature conditions or when placed
under mechanical stress [146, 154]. Although further attempts to induce conforma-
tional ordering by adjustment of the organic residues directly attached to tin have
been unsuccessful [155], these observations are consistent with the rather more well-
developed studies of conformationally constrained polysilanes as well as density
functional theoretical predictions of band gap variations in the parent polystannane
(SnHy),.[156].

3.4 Oligoplumbanes

Although reports of longer catenated species based upon the heaviest member of
group 14 are yet to be authenticated, plausible syntheses of tetraorganodiplumbanes
date from the early 1940s and a number of tetra-alkyl and tetra-aryl species
have been structurally characterised [157-169]. The number of organometallic
compounds containing more than a single Pb—Pb bond, however, is very small.
Weidenbruch and co-workers reported an, as yet unique, example of a hexaaryl-
cyclotriplumbane, 14, in 2003 [170]. However, this compound is best described as
being formed via weak interactions of plumbylene lone pairs with empty p orbitals
of neighbouring lead atoms [171]. Of more relevance to the current discussion,
therefore, are the two tris(triarylplumbyl)plumbate anions, including 15, described
by Weidenbruch and Robinson, respectively, and prepared by the disproportionation
of lead dihalides during reactions with aryl Grignard reagents [172,173]. Although
the four lead atoms within the structures of both anions comprise a trigonal pyramid
with the free electron pair at the apex, neither has been discussed from the context
of possible delocalisation across the extended Pb—Pb o-framework (Fig. 7).

4 Catenation of Group 15 elements

That phosphorus exhibits extensive catenation within its allotropes has long been
rationalised as a consequence of its periodic diagonal relationship to carbon [174,
175]. Although, as typical non-metal and semi-metals, respectively, both phosphorus
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Fig. 7 Weidenbruch’s hexaarylcyclotriplumbane and tris(triarylplumbyl)plumbate complexes

and arsenic lie outside the scope of this current review it is notable that a wide vari-
ety of open chain and cyclic molecular species based upon these elements have been
reported [176-179]. Cyclic organoarsines hold a historically important position
in organometallic chemistry as Ehrlich’s “magic bullet” chemotherapeutic agents
(Salvarsan, 16) for the treatment of syphilis [180] and, in the current context, it is
interesting to note that poly(methyarsine), 17, has been known and recognised as
an intrinsic semiconductor for over 35 years [181-184]. In this latter case it was
suggested that excitation of valence electrons from HOMO levels to LUMO levels
was responsible for the electronic behaviour of this burgundy-coloured compound,
primarily in the form of an n to d transition. Intriguingly, this observation does not
appear to have been reinvestigated and, although this proposal may well be correct,
it would be of interest to re-evaluate this work in the context of the potential for
polysilane-analogous o-delocalised behaviour.

R
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Among the heaviest elements of group 15, a surprising number of organoanti-
mony, (RSb),, and organobismuth, (RBi),, homocycles have been described [185-
188]. Although the structures of a variety of both mono- and polycyclic species
such as 18 have been reported [189], the chemistry of open chain catena-stibanes,
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Ry +2Sby,, and catena-bismuthanes, R, +,Sb,, beyond distibane and dibismuthane
derivatives is much less developed and the majority of examples are ill-defined poly-
mers or components of ring-chain equilibria where n = 3 or 4. The syntheses of the
tri- and tetrastibanes, (‘Bu,Sb)(SbMe),(Sb'Bus) [ =1 or 2], (Mes,Sb)(SbPh),
(SbMes,), for example, have been achieved by reductive coupling of the appropri-
ate organoantimony chlorides with magnesium [190]. Although such compounds
were found to be unstable with respect to disproportionation to complex degrada-
tion products, the synthesis of a stable tristibane [DmpSb(SbMe3 )] (Dmp=2,6 —
Mes;CgH3) has been achieved through the use of the more sterically protective
Dmp substituent.

Despite such synthetic progress it is clear that this area is still ripe for develop-
ment and requires the identification of suitable and flexible synthetic protocols. In
research reminiscent of his work with stannane dehydrocoupling [140, 141], Tilley
has reported that antimony—antimony bond formation may be catalysed by stib-
inidene elimination from zirconocene and hafnocene complexes (Scheme 8) [142].
Although, thus far, restricted to a very limited range of examples of stibane dehydro-
coupling and to the formation of a single new Sb—Sb bond, this work demonstrates
that, with imagination, a greater variety of catenated species based around this
relatively understudied region of the periodic table may yet be forthcoming.

5 Catenation of Group 13 Elements

The identification of well-defined catenated species based upon the more elec-
tropositive elements of group 13 has a relatively recent history. For bonds between
identical elements of group 13, the Dy values are in general some 50 to 60 kJ mol ™!
lower than those determined for their group 14 neighbours (Table 1). Possession
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of only three valence electrons also commonly results in the adoption of aggregated
structures and the formation of delocalised cluster molecular orbitals. Although both
these factors mitigate against the routine formation of group 13 catenates, the pos-
sibility of more extended species was suggested for many years by the existence of
molecular dihalides, X,E-EX, (where E is a group 13 element and X is a halide)
[191,192]. More recent work has demonstrated that the maintenance of an unsup-
ported two-electron E-E interaction in these compounds is far from unique, and
a variety of larger cyclic and halide-bridged structures, such as the dialkyl dimet-
allanes [{(Me3Si)2CH},M»] (M = Al [193], Ga [194], In [195]], have also been
reported for all the group 13 elements over the past 15 years [196, 197]. The obser-
vation of more than a single unsupported E-E interaction in a discrete molecule is,
however, far from routine and for over a decade the only extended open chain com-
plexes were the trigallium subhalide [I,(PEts;)GaGal(PEt;)Ga(PEt3)I], 19 [198],
and the crystallographically characterised trigonal complex [In{In(2,4,6-'Pr3
CsHz)2}3], 20 [199].

|\ :PMes Tl’lp\ ::I'rlp
I > . In
‘y /Ga\ N |
I,Ga Ga _In
| Tri ain In==Trip
PMe; PMesg np g
Trip Trip
19 ) i
Tl’lp = 2,4,6-P|’306H2
20

The largest well-defined oligomer of this type is currently the linear hexa-indium
complex, 21 (Fig. 8), supported by a single ortho-xylyl substituted B-diketiminate
ligand at each four-coordinate In centre and terminated by two iodide substituents
to maintain charge balance [200]. Compound 21 displayed an absorption maximum
in hexane at ca. 349 nm, which was interpreted as evidence for the existence of
electronic delocalisation across the indium o framework analogous to that observed
in isoelectronic catenated group 14 systems.

\
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Fig. 8 Homocatenated indium complexes
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Compound 21 was synthesised fortuitously as a product of disproportionation
during a metathesis reaction between the monovalent indium halide, Inl, and a
potassium derivative of the supporting f-diketiminate. In subsequent work a similar
reaction has provided the related amidinate-supported pentaindium derivative 22
[201]. Although a related disproportionation product of InI dissolution in the chelat-
ing amine TMEDA, 23, has also been discussed from the context of o-delocalisation
[202], the phenomenon has not yet been widely recognised or indeed proven in
group 13-based systems. In order for further progress it is apparent that more reli-
able and rational routes to oligomeric and truly polymeric species must be developed
through, for example, examination of catalysed dehydrocoupling techniques related
to those that have provided success in group 14 chemistry.

6 Outlook

The broad coverage provided by this chapter has tried to summarise the structures
of and potential for homocatenated bonding within the metallic elements of the p-
block of the periodic table. Although the chemistry of polysilanes has advanced
to a somewhat sophisticated level, it is clear that there is still enormous poten-
tial for the elaboration of isoelectronic and related structures down both group
14 and to either side in groups 13 and 15. Indeed, complexes of the elements of
these latter groups have only been seldom mentioned in the context of their poten-
tially o-delocalised electronic structures and it is, as yet, uncertain whether the
noted behaviour of group 14 species may be so naively mapped onto their near-
est neighbours in the periodic table. The rather empirical progress reported thus
far has provided, however, a variety of intriguing observations that will encourage
future synthetic and more applied investigations. Very few examples of either block
or randomly copolymerised group 14 polymetallanes have appeared and, although
the chemistry and the identification of suitable co-ligands appears to become more
synthetically challenging with increasing element atomic weight and electropositiv-
ity, the prospect of materials with precisely tailored 1-dimensional band structures
through judicious selection of catenated element identity is extremely appealing.
The imaginative synthetic chemist has an effectively unexploited palette of build-
ing blocks available for the construction of novel oligo- and polymeric structures.
This does not necessarily have to be limited to the subject of this chapter, the
elements of the p-block of the periodic table. The first examples of molecular
compounds containing unsupported E-E single bonds between two s-block ele-
ments, including the magnesium species 24 [203,204], have very recently appeared
and it is thus tempting to suggest that the isoelectronic relationships illustrated in
Scheme9 for catenated species of the second full period of the table may even-
tually be extended to the elements of group 2. Whatever the future holds, it is
clear that surprises will continue to occur and that the discoveries are there to be
made.
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R = H or organic residue

L - 2 electron donor H

Scheme 9
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Aromaticity/Antiaromaticity in “Bare”
and “Ligand-Stabilized”’ Rings of Metal Atoms

Constantinos A. Tsipis

Abstract During the last decade, the aromaticity/antiaromaticity of “bare” and
“ligand-stabilized” rings of metal atoms has flourished reaching a high level of
sophistication. Compared to the aromaticity/antiaromaticity encountered in organic
rings, primarily being of the traditional y-type, “bare” and “ligand-stabilized” rings
of metal atoms can exhibit a multifold aromaticity/antiaromaticity and conflict-
ing aromaticity, arising from the electron delocalization of s, p, d, and even f
orbitals of the ring atoms. In this context we can speak for o-, ¥-, 8-, and ¢-
aromaticity/antiaromaticity as well as for double (o + 1) and even triple (o + ¥+ 8)
aromaticity (possible in rings of transition metal atoms) and any possible combi-
nation of the o-, Y-, 8-, and @-types of aromaticity/antiaromaticity. The f-orbital
and possibly ¢-aromaticity can exist only in rings of lanthanide and actinide metal
atoms. In view of these facts, in this review we have provided an overview and
updated information about aromaticity/antiaromaticity of rings of metal atoms
covering the most significant developments in this new emerging field.

Keywords All-metal aromatic rings - Aromaticity/antiaromaticity - DFT - Rings of
metal atoms
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1 Introduction

To begin with, we comment on the concepts of aromaticity/antiaromaticity, which
are so frequently used in the current chemical literature [1-9]. Aromaticity/
antiaromaticity is one of the most general but at the same time one of the most
vaguely defined chemical concepts. Even though this concept was introduced in
1865—-1866 by Kekulé [10, 11] it has no precise and generally well-established
definition yet. Despite the frequent use of the term “aromaticity” in the past and
present literature, aromaticity is not a measurable quantity and must be defined by
convention. However, because of its complexity and multiple manifestations, there
is not yet any generally accepted single quantitative definition, and aromaticity
still remains a vexing and nebulous chemical concept. With the advent of mod-
ern methods, algorithms, computer software, and hardware helping the theory of
bonding, the concepts of aromaticity/antiaromaticity changed their status from the
initial a priori explanatory virtues, expressing the active causal agents, to the rather
passive role as subject of the eventual a posteriori recovery from the bare out-
put of the electronic structure methods. The aromaticity/antiaromaticity is a dear
keyword of the chemical language that has almost exclusively fallen within the
domain of organic chemistry. But this organic boundary has become flexible in
the past few years as several research groups have shown that inorganic clusters,
homo- and bimetallic clusters either “bare” or “ligand-stabilized,” mononuclear
and polynuclear coordination, and organometallic compounds can be aromatic.
Timely exhaustive assessments of the aromaticity concept in the domain of the
aforementioned classes of compounds have been covered in recent review articles
[12-17].

As the collection of recent reviews in the topic shows [12-20], a rather large
consensus appears in the computation or experimental tests for the diagnosis of
the aromaticity/antiaromaticity (energetic, structural, magnetic, chemical reactivity,
and electronic diagnostic tools), whereas the mechanisms themselves still remain
open to the debate. The primary controversy in the area involves the questions of
whether aromaticity/antiaromaticity can be quantified and, if so, which of the meth-
ods commonly used to evaluate aromaticity/antiaromaticity is most appropriate. The
literature on aromaticity and its measure is so vast that [ must be content here with
outlining briefly only the aromaticity indicators which have been extensively used
to diagnose aromaticity/antiaromaticity in the domain of “all-metal” aromatics.
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2 Magnetic and Electronic Aspects
of Aromaticity/Antiaromaticity

Various criteria have been used to judge aromaticity/antiaromaticity, but none is sat-
isfactory, since no single property exists whose measurement could be taken as a
direct, unequivocal measure of aromaticity; instead, it is better to use two or more
criteria that are “orthogonal” to each other [21]. In “all-metal” aromatic molecules
including “bare” or “ligand-stabilized” rings of metal atoms, mononuclear and
polynuclear coordination and organometallic compounds and metallabenzenes the
diagnosis of the aromatic/antiaromatic character was primarily based on the mag-
netic and electronic (molecular orbital pattern, electron delocalization, electronic
excitations and orbital eigenvalues) criteria of aromaticity.

2.1 Magnetic Indicators of Aromaticity/Antiaromaticity

Magnetic criteria constitute the most frequently used aromaticity indices [3]. It is
well known that aromatic molecules exhibit relatively strong diamagnetism when
placed in a magnetic field, and this is due to induced ring currents that generate a
magnetic field opposing the applied one. This “London diamagnetism” is detected
readily in NMR chemical shifts and in diamagnetic susceptibility and diamagnetic
anisotropy measurements. The magnetic criteria of aromaticity are based on the
specific response of the aromatic compounds to externally applied uniform magnetic
field perpendicular to the molecular plane. Several magnetic criteria have been put
forward as measurements of the aromaticity of molecules [5,22-27].

Magnetic aromaticity can be defined as the ability of a compound to sustain an
induced ring current; these compounds are then called diatropic. Antiaromatic com-
pounds are called paratropic. The ring current model (RCM) [24,28] was proposed
60 years ago and is still widely used to rationalize the magnetic properties of aro-
matic molecules and as a criterion for determining the aromaticity of a wide range
of cyclic molecules. Historically, characteristic proton NMR chemical shifts and the
exaltation of magnetic susceptibility (A) have been important magnetic criteria for
quantification of aromaticity. Mitchell has recently proposed measuring aromatic-
ity by NMR spectroscopy [9,29]. Concerning the diamagnetic susceptibilities, two
factors are important when measuring a compound’s aromaticity: the anisotropy
[30, 31] and the exaltation [32]. Aromatic molecules were found to possess high
diamagnetic susceptibility anisotropies Ay™, defined as:

m m 1 m m
Ax™ =1, — 3 {xxx + xyy}

where y7;, Xy and xy, are the three principal components of the diamagnetic
susceptibility.
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The magnetic exaltation is defined as the difference between the true mean
molar magnetic susceptibility y™ and the one calculated by a hypothetical, addi-
tive incremental scheme by use of atom and bond increments x7;, , according to the
equation:

A" =17 = Xeate

The exaltations are negative (diamagnetic) for aromatic compounds and positive
(paramagnetic) for antiaromatic compounds.

An important aspect of magnetic susceptibility and nuclear magnetic shielding
is that they can theoretically be expressed as sums of diamagnetic (diatropic) and
paramagnetic (paratropic) current distributions. For a closed-shell molecule with N
electrons, the total first-order induced current density at point r is [33-35]:

jeh
iV = iehN |:[ (\IJOV\IJ((,I) —\IJ(()l)V\IJ0>df:| (1)

[

where Wy is the unperturbed wave function, and the first-order magnetically per-
turbed wave function \IJ(()I) in an external magnetic field B can be expressed as

e (W] L(0) | Wo) (0| P o)
\IJ(()l) _ |:Z “pl¥:| o B + [; qj]ﬁ] e B

2me =0 El — E()
— 0 4w @

e
2me

where ﬁ(O) is the angular momentum operator for rotation around a global origin
of coordinates, and P is the translational angular momentum operator. Since L and
P operators are sums of one-electron operators, the first-order wave function \IJ(()U
becomes a sum over states (SOS) in which W, are the singly excited configura-
tions \IJ,(,p ) obtained from Wy by excitation of one electron from an occupied orbital
Yn(n < N/2) to a virtual (unoccupied) orbital ¥, (p > N/2). In this formulation,
j® can be written as a sum of occupied molecular orbital contributions:

N/2

iPm=2) i) 3)

n=1

where jl(ll)(r) is the first-order induced current density for molecular orbital y,,

which is the sum of diamagnetic (diatropic) jﬁd) and paramagnetic (paratropic) jl(lp)
induced current densities

iV =9+ (4)

In the framework of the SOS approximation (2) may be expanded in terms of the
occupied, ¥, and unoccupied, ¥,, molecular orbitals and their orbital eigenval-
ues, &;.
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P == | ¥ ol |,

2me p>n/2
(v }p |¥n)
+2—e dp>zn:/21//p( ) 3 &n 8 (5)

where the first-order wave function 1//,51)(r; d) is a function of electron position r
and depends parametrically on the displacement d.

For a symmetric molecule, it has been shown that consideration of the perturbed
wave function in (5) allows us to simplify our understanding of which excitations
will contribute to the total ring current; the paramagnetic current arises from lp(p ),
its size depending on accessibility of states via the rotational operator (R;) and

the diamagnetic current from w},d), depending on accessibility of states via the
translational (T, ) operator. Thus, an occupied-to-unoccupied transition ¥, — ¥,
gives a paramagnetic contribution if the product of symmetries contains a match to
R;, and a diamagnetic ring current contribution if it contains a match to a translation
Tx,y [34,36,37].

The current density is a 3-D vector-field defined at any point in space. The topo-
logical analysis of the current fields has been used as a means of describing the
calculated current fields, which are difficult to visualize in their full detail and com-
plexity. The current density at a given point in space can be evaluated assuming that
the same point lies at the origin of the coordinate system. To this end the CTOCD-
DZ (continuous transformation of origin of the current density-diamagnetic zero)
formulation of magnetic response, the so-called ipsocentric method, provides cur-
rent density maps of high quality [38—-42]. The ipsocentric distribution of origin of
vector potential is the only distribution that gives rise to a clear physical separability
of orbital contributions. Using the ipsocentric distributed gauge-origin formulation
[38,39], induced current density vector plots can be generated and the ring current
circulations can be directly visualized [40]. The response of a molecule to an applied
external magnetic field can also be evaluated by a graphical representation of the
induced magnetic field [43]. It was shown that molecules that contain a i electron
system possess a long-range magnetic response, while the induced ¢ magnetic field
is short-range for molecules without i electron system.

More recently, a new and widely used index of aromaticity, the nucleus-
independent chemical shift (NICS), has originally been proposed by Schleyer and
coworkers [44,45]. It is defined as the negative value of the absolute shielding com-
puted at a ring center or at some other interesting points of the system. Negative
NICS values correspond to aromaticity, while positive values are associated with
antiaromaticity. There is a whole family of NICS methods, which include NICS
computations at ring centers [43], NICS(0) and above [46], NICS(1) and NICS(2),
dissected NICS values, i.e., the total NICS at a particular point in space may be
dissected into paratropic and diatropic components, which mainly arise from the
C-C o and ¥ multiple bonds, respectively [46,47] and MO contributions to NICS,
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MO-NICS, NICS [22,48]. NICS may be mapped in three-dimensional space
[49-51].

The analytical capabilities of the NICS criterion continue to be enhanced and
refined, with the out-of-plane zz-components of the shielding tensor elements
NICS,,(0) and NICS,,(1) proposed to be a superior aromaticity measure index
[1,52]. Furthermore, the CMO-NICS criterion [52, 53] of aromaticity dissects the
total shieldings calculated at ring or cage centers, into individual contributions from
each canonical molecular orbital (CMO). The CMO-NICS analysis, however, does
not provide a physical explanation for the magnitude of the individual molecular
orbital contributions to the total NICS. More recently, it was established that the
shapes of the NICS-scan profiles provide a clear picture of the type of the ring
current in aromatic and antiaromatic systems [54, 55] and can be used to charac-
terize unequivocally whether an inorganic system is aromatic, nonaromatic, and
antiaromatic [56,57]. Using the NICS criterion of aromaticity Hofmann and Berndt
[58] investigated the type of aromaticity in a series of boron-containing molecules
with two electrons delocalized cyclically over three centers and found that dis-
tinctly different patterns of NICS values characterize the -, o-, ({ + o)-double
and v, o-mixed aromatic character. More recently Boldyrev and coworkers [17]
introduced the aromatic and antiaromatic concepts as useful tools for decipher-
ing the chemical bonding in transition metal systems. However, no explanation is
given whether aromaticity/antiaromaticity (cyclic delocalization/localization) tunes
the chemical bonding in the transition metal systems or the particular chemical
bonding (the occurrence of highly delocalized MOs introducing a ring current) tunes
aromaticity/antiaromaticity.

As far as the most appropriate computational methodology to compute nuclear
chemical shielding and NICS values is concerned, despite the considerable debate
in the literature, the gauge including atomic orbital (GIAO) scheme was widely
regarded as the most accurate when a large basis set is used [59].

Another magnetic indicator of aromaticity proposed by Herges et al. [60] is based

on the anisotropy of the induced current density (ACID), ATY , which can also be
computed from the current density tensor at each point as [35]:

L. . . . L

- 5 [(.]xx _.]yy)2 + (Jyy _.]zz)2 + (J'z _.]xx)z]
Lo, . . . . .

+§ [(.]xy +.]yx)2 + (xz + .]zx)2 + (y: + .]zy)z] (6)
The ACID is a scalar dimensionless quantity which is independent of the direction
and magnitude of the magnetic field.

Finally, Sundholm and coworkers [61, 62] proposed two more magnetic indi-
cators of aromaticity, the ring-current shielding (ARCS) and the gauge-including
magnetically induced current. In the ARCS method, the strength of the induced ring
current and the size of the current ring are obtained from nuclear magnetic shield-

ing calculated in discrete points along a line perpendicular to the molecular plane
starting at the ring center. Assuming that the induced ring current in an aromatic
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molecule is cyclic, the induced magnetic field strength perpendicular to the loop is
given by the expression [61]:

Mo Iring R2

B@ina = — E LR

—0 (Z) Bext (N

where R is the radius of the current loop, z is the perpendicular distance from the
loop center, o(z) is the z-dependence of the isotropic nuclear magnetic shielding
function, and By is the applied magnetic field. By differentiating (7) with respect
to the external magnetic field one obtains the relation between the isotropic nuclear
magnetic shielding and the derivative of the induced current with respect to the
applied magnetic field:

Ho aIring R2
=2 8
o 2 0Bew (22 + R2)3/2 ®

The strength of the induced ring current for a given magnetic field is given as

0l
o B €))

I rin,
e~ 0B ext

By calculating o(z) for a number of z-values in the range z = [0, zmax] and fitting (8)

to the calculated o (z) values, the induced current derivative 32‘"*‘ and the loops radii
R can be deduced from the long-range part of the shielding function (typical values
for zmax are 30-60ag depending on the loop size). The loop radius R is determined
by fitting log[o(z)] as a function of log[R?/(z?> + R?)]. This was done by adjusting
the loop radius R until the angular coefficient became 3/2. The current derivative is
deduced from the intercept at 3/2{log[R?/(z*> + R?)]} = 0.

2.2 Electronic Indicators of Aromaticity/Antiaromaticity

The electronic criteria of aromaticity/antiaromaticity are based on the electronic
structure of the molecules. Molecular orbitals (MOs) that are highly delocalized
over the entire cyclic nuclear framework support cyclic electron delocalization
which characterizes aromaticity. Based on the symmetry of the highly delocalized
MOs we can distinguish between the orbital-types of aromaticity, e.g., o-, Y-, 8-, and
¢-aromaticity. Many planar cyclic clusters formulated as c-E,, and ¢-E,L, (E =
element, L = H, C, O, NH, n = 3-6) exhibit the so-called multifold aromaticity,
which arises from various combinations of the aforementioned orbital types. Molec-
ular orbitals are multicenter monoelectronic wave functions constructed from the
overlap of atomic orbitals (AOs) belonging to the nuclear centers. The o-aromaticity
is supported by delocalized 0-MOs, which can result from the linear combination
of s-, p-, d-, or f-AOs. Similarly x-aromaticity is supported by delocalized -MOs
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Fig. 1 Three-dimensional orbital plots of the delocalized o-, -, 8- and ¢-MOs in selected c-E,
and c-E, L, clusters

constructed from the overlap of p-, d-, or f-AOs, while §- and ¢-aromaticity are
supported by delocalized 8- and ¢-MOs, respectively, constructed from the linear
combination of d- or f-AOs and f-AOs, respectively. The 3-D orbital plots of the
delocalized o-, Y-, 8-, and ¢-MOs in selected “bare” and “ligand-stabilized” clus-
ters are shown in Fig. 1. It is important to notice that the simple assignment of the
delocalized MOs of an aromatic system does not provide a sufficient probe for the
orbital type of aromaticity. One has also to check whether the delocalized MOs of
any type are magnetically active participating in the translationally (T, ,) allowed
transitions leading to diatropic (diamagnetic) ring current which is associated with
the aromaticity.

The topology of the electron density p(r) of the aromatic systems has also
been used to quantify aromaticity. An aromaticity index that takes account of the
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topological properties of the electron density at ring-critical points of six-membered
rings using Bader’s Atoms in Molecules (AIM) theory [63-65] has also been pro-
posed [66]. An alternative approach, based on properties of the electron density
probed by the electron localization function (ELF) [67] of Becke and Edgecombe
[68], has been introduced to understand aromaticity [69—71]. A separation of the
ELF in its - and - components was shown to provide a useful scheme to discuss
0- and Y- character in a molecular system [72].

The ELF is defined in terms of the excess of local kinetic energy density due
to the Pauli exclusion principle 7 (p(r)) and Thomas-Fermi kinetic energy density

Th(p(r)) .
.
ar- o ()

For a monodeterminantal wave function these quantities are evaluated from the HF
or the Kohn—Sham orbitals,

1|V
Tl = 5 Lol — g Vet

and
3 2\2/3, (n5/3
Ty (p(r) = E(37T )7 p(r)

p(r) = Vi)

The topological analysis of the ELF provides a picture in which the electron density
is distributed and localized in different volumes called basins, thus enabling one to
discuss the reliability of simplified representations of electron densities in terms of
superposition of promolecular densities or resonant Lewis structures.

Furthermore, natural bond orbital (NBO) analysis of the first-order density
has also been used to quantify aromaticity [73, 74]. More recently Boldyrev and
Zubarev [75] developed the adaptive natural density partitioning (AANDP) algo-
rithm attempting to combine the ideas of Lewis theory and aromaticity. The results
obtained by the application of the AANDP algorithm to the systems with non-
classical bonding can be readily interpreted from the point of view of aromatic-
ity/antiaromaticity concepts.

Summarizing the probes of aromaticity it should be stressed that the concept of
aromaticity must be analyzed in terms of a multiplicity of measures, since no single
property exists whose measurement could be taken as a direct, unequivocal measure
of aromaticity. This is especially true for the indicators, which are calculated from
the differences of the properties of the parent and a reference system. In particular
for the “all-metal” aromatic systems the use of both the magnetic and the electronic
criteria of aromaticity is recommended.
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3 Aromatic/Antiaromatic Three-Membered Rings
of Group 1 Metal Atoms

The simplest three-membered metallic ring exhibiting aromatic character is the
cationic [c-Li3] ™ cluster. The [c-Li3]* cluster adopts an equilateral triangular struc-
ture having D3, symmetry as its global minimum [76]. The [c-Li3]™ cluster can
be considered as a 2e-o-aromatic prototype, since the delocalized MOs are con-
structed from the overlap of valence s-AOs. The o-aromaticity/antiaromaticity of
small alkali/alkaline earth clusters has recently been investigated by Alexandrova
and Boldyrev [77]. The authors, based on orbital topology, simple electron count,
and energetics, evaluated from a series of homodesmotic reactions at a high level
of theory (B3LYP/6-311+G* and CCSD(T)/6-311+G*), concluded that [c-Li3]*
should be considered o-aromatic. However, more recently Havenith et al. [78], based
on computations of the ring current maps in the ab initio ipsocentric approach, raised
a different opinion on the aromaticity of [c-Li3]™ cluster. In contrast to the marked
o-diatropic ring current showed by the [c-H3]™ cluster, the [c-Liz]™ cluster showed
no global ring current and thus is nonaromatic on this magnetic criterion, despite
its electron count and negative NICS values. We calculated the NICS,,-scan curve
for the [c-Lis]™ cluster [79], which showed all features of the NICS,,-scan curves
of pure o-aromatic molecules, thus assuring its pure o-aromaticity. Chi et al. [80]
investigated the structures and aromaticities of the cationic [c—X3]+(X = H, Li, Na,
K, and Cu) clusters using various computational techniques and aromaticity crite-
ria. They found that all [c-X3]™ clusters adopt the regular trigonal structure (D3y)
as the global minimum on the potential energy surface (PES) and are characterized
by high degree of aromaticity originating only from s orbitals (c-aromaticity).

4 Aromatic/Antiaromatic Three-Membered Rings
of Group 2 Metal Atoms

The next three-membered metallic rings exhibiting aromatic/antiaromatic charac-
ter are the neutral, cationic, and anionic alkaline earth metal [c-X3]? (X = Be,
Mg; g = 0, —, 2— clusters [77,81]. The anionic [Be,]|™ (n = 2, 3) clusters have
been observed experimentally [82], and their stability was explored theoretically
[83]. Recently, the stability, reactivity, and aromaticity of the [c-Be3]?>~ dianion
and its bimetallic species M[Be3]~ and M, [Bes] (M = Li, Na, Cu) were investi-
gated by Roy and Chattaraj [84]. The aromaticity of these systems was analyzed
in the light of the DFT-based reactivity descriptors, such as hardness (), polariz-
ability (), electrophilicity (@), molecular orbital analysis, and the NICS index. All
of these molecules were found to be highly y-aromatic. Furthermore, the potency
of the [c-Be3]?>~ aromatic unit in stabilization of a direct Zn—Zn bond was inves-
tigated through the substitution reaction of cyclopentadienyl (Cp) ligands in the
[CpZn-ZnCp] compound by the [c-Be3]>~ unit affording the new sandwich-like
[(c-Be3)ZnZn(c-Bes)]>~ compound (Fig. 2).
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Fig. 2 Substitution reaction in [CpZnZnCp] by [c-Bes]*>~ to produce [(c-Bes)ZnZn(c-Bes)]>~.
Reprinted with permission from [84]. Copyright: ACS Journal Archives
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Fig. 3 Molecular orbitals plots of [c-Bes](*A;’) and [c-Bes] ™ ((Az”). (a) [c-Be3] LUMO, 3a,’;
(b) [c-Be3] LUMO +1, 1a,”; (¢) [c-Be3]” SOMO, la,”. Reprinted with permission from [83].
Copyright: American Institute of Physics

Kaplan and coworkers [83] computed the electron affinities (EA) of beryllium
clusters, [Be2]™ and [Bes]™, up to the CCSD(T) level using reasonable basis sets
with many diffuse functions. The high values of EAs along with molecular orbital
diagrams revealed that the clusters are valence bound. In the most stable [c-Bes]™
(D3p) cluster the dominant contributions to the electron attachment energy are
provided by the correlation and relaxation energies. Plots of the highest occu-
pied molecular orbitals of the [c-Bes]™ (D3n) anion shown in Fig. 3 disclose the
dominant valence character of the change in electronic structure between neutral
molecule and corresponding anion.

The lowest, virtual, canonical HF orbitals of the neutrals consist chiefly of
valence s and p basis functions. Singly occupied spin orbitals that occur only in UHF
calculations on the anion are composed of the same AOs. Both types of these one-
electron wave functions may be considered approximations to the Dyson orbitals
[85, 86] corresponding to the EAs of the beryllium clusters. In the framework of
the electron propagator theory [85], the Dyson orbitals are overlaps between an
N-electron reference state and final states with N £ 1 electrons. They form an
overcomplete set and are not necessarily normalized to unity.
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Fig. 4 NICS,,-scan profiles (NICS,, in ppm, R in A) of the [c-Bes] (D3p) cluster along with the
molecular orbital energy level diagram, symmetries, 3-D molecular orbital pictures, and the signif-
icant translationally (T, ,) allowed transition leading to the o-diamagnetic ring current computed
at the B3LYP/6-311+G(d,p)level

To the best of our knowledge the aromaticity/antiaromaticity of the 'A;’ state
of the [c-Bes] cluster has not been investigated so far. Therefore we calculated the
NICS,,-scan profile of the [c-Bes] cluster at the B3LYP/6-3114+G(d) level (Fig. 4),
which exhibits all features of the NICS,,-scan curves typical of pure o-aromatic
molecules [79] and matches that of the [c-Li3]™ aromatic prototype.

The ground-state ' A’ occupation in D3, symmetry of six-valence electrons for
the [c-Bes] cluster was found to be HOMO-3 (@), HOMO-1,2 (e). The most sig-
nificant translationally (T, ) allowed transition HOMO-1,2 (¢) — LUMO+1(a})
with excitation energy of 2.617 eV introduces a o-diatropic ring current.

The [c-Mg;](D3n) cluster was shown to be a weakly bound van der Waals
complex with atomization energy 5.2kcal/mol at the CCSD(T)/6-311+G(2df)
/ICCSD(T)/6-3114+-G(d) level [77,81]. In [c-Mg;](D3n) cluster all bonding, non-
bonding, and antibonding MOs constructed from the valence 3s AOs of Mg
atoms are occupied, and therefore the net bonding effect should be close to zero.
We calculated the interaction energy between the Mg, and Mg fragments and
found to be only —2.98 kcal/mol at the B3LYP/6-311+G(d) level assuring the
van der Waals nature of the bonding in [c-Mg;]. Kuznetsov and Boldyrev [81]
tested aromaticity in [c-Mg;] cluster using NICS calculations and found that
it is a nonaromatic species. The calculated NICS,,-scan profile of the [c-Mgs]
cluster at the B3LYP/6-3114+G(d) level (Fig.4), assures that [c-Mg;] is a very
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weak (NICS,,(0) = —6.9ppm; NICS,,"™™ = —7.5 at 1.0A) aromatic (almost a
nonaromatic) molecule.

The [c-Be3]*>™ and [c-Mg;]?>~ clusters adopt also an equilateral triangular geom-
etry having D3, symmetry and ' A’ ground state. The occupation of eight-valence
electrons was found to be HOMO-3 (a/), HOMO-1,2 (¢’), HOMO (a%). Boldyrev
et al. [77,81] showed that the unusual [c-Mg;]?~ trigonal planar cluster exhibits
an extraordinary type of aromaticity, where y-aromaticity occurs without initial
formation of the o-framework. In the [c-Be3]?>~ and [c-Mg;]*>~ clusters the most
significant translationally (Ty,,) allowed transitions are the HOMO-1,2 (¢/) —
LUMO (a}) and HOMO (a3) — LUMO + 5,6 (e”). In the first transition a o-
type (a}) MO is involved in the excitation inducing a o-diatropic ring current, while
in the second transition a y-type (a45) MO is involved inducing a y-diatropic ring
current. In the [c-Bes]?~ cluster the o-diatropic ring current overwhelms the -
diatropic ring current because of the lower excitation energy (1.594 eV) of the first
transition relative to the second one (1.668 V). On the other hand, in the [c-Mg;]*~
cluster the y-diatropic ring current is much stronger than the o-diatropic ring cur-
rent, because of the much lower excitation energy (0.936 eV) of the -type transition
relative to the o-type one (2.193eV). It is important to notice that the estimated
interaction energy between the Mg, and the Mg?~ fragments (—29.51 kcal/mol) is
much smaller than the interaction energy between the Be, and the Be?~ fragments
(—84.86 kcal/mol). Moreover, the Wiberg bond orders (WBO) between the frag-
ments are 2.293 and 0.886, while the three-center bond orders are 2.293 and 0.373
for the [c-Bes]?~ and the [c-Mg,]?~ clusters, respectively, in line with the bonding
scheme proposed by Boldyrev et al. [77,81] for the [c-Mg;]>~ cluster.

Very recently Chattaraj and Giri [87] using various conceptual DFT based
global reactivity indicators investigated the changes in the bonding, aromaticity, and
reactivity behavior associated with the reaction cycle,

2 [Mg] +2 [Bey]*
CpTiCp —— [(13-Mgy)Ti(1-Mg3)|> —— 3= [(3-Bes)Ti(i-Bes)|>
-2Cp" -2 [Mgs >
+2Cp”
-2 [Bes]*

including all intermediate steps.

5 Aromatic/Antiaromatic Three-Membered Rings
of Group 13 Metal Atoms

Another family of aromatic/antiaromatic three-membered rings of metal atoms con-
cerns the 13 group elements (Al, Ga, In, and T1). Kuznetsov and Boldyrev [88]
reported theoretical evidence of double (o + ) aromaticity in [c-X3]” (X = B,
Al, Ga) species. The [c-X3]™ clusters should be considered as earlier electron-
deficient double aromatic systems, because their ~-MOs are occupied earlier than in
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the corresponding aromatic hydrocarbons. It was also found that the structural and
electronic integrity of the [c-Al3]™ anion is maintained inside a Nat[c-X3]™ salt-
like molecule. The multiple aromaticity of the [c-Al3]~ cluster was recently verified
by Boldyrev et al. [88, 89] through a molecular orbital analysis and by Dixon et al.
[90] by estimating the resonance energy (RE) using high-level ab initio quantum
chemical calculations.

The NICS,,-scan curves of the [c-Als] ™, [c-Gas] ™, [c-In3]™ and [¢-Tl3] ™ clusters
look like the mirror image of a typical scan of double (¢ + ¥)-aromatic molecules.
The ground-state (' A}) occupation in D3, symmetry of ten valence electrons for the
[c-Al3]™, [c-Ga3]™ and [c-Ins] ™ clusters was found to be HOMO-4 (a), HOMO-
2,3 (¢'), HOMO-1 (a3), HOMO (a}). In the [c-Tl3]~ cluster there is an inversion
of the HOMO and HOMO-1. The most significant translationally (Tx,,) allowed
transitions are the aj — e’ (o-type) and a)j — e” (Y-type). The coexistence of
both the o- and the y-type transitions accounts well for the double (o + 1)-aromatic
character of the clusters. The extent of contribution of the two types of transitions to
the induced diatropic ring current is determined by the excitation energies of the o-
and (y-type) transitions, estimated to be 1.581 (3.153), 1.500 (2.462), 1.113 (2.620),
and 1.119 (2.446¢eV) for the [c-Als]™, [c-Ga3]™, [c-In3]™ and [c-TI3]~ clusters,
respectively [79].

6 Aromatic/Antiaromatic Three-Membered Rings
of Group 14 Metalloid and Metal Atoms

The structural characteristics, thermodynamic properties, and bonding features of
a number of binary Ge,Si,(n + m = 5) clusters including among others the
GeSi,, Ge,Si, and Ges trimers have been investigated using the MP2//CCSD(T)
and CCSD(T) computational techniques [91]. It was found that “mixed” clusters
possesses the same structure as corresponding “pure” moieties, with only little
deformation due to the loss of symmetry and are stabilized by multicenter i bond-
ing. The bonding properties of these species are discussed using their molecular
orbital characteristics and analysis of NBO population data, but their magnetic
properties related with the aromaticity/antiaromaticity are not discussed. Analogous
results were reported almost simultaneously by Kuo et al. [92] on the ground-state
structures, vibrational frequencies, HOMO-LUMO energy gap, electron affinities,
and cluster mixing energy of binary semiconductor clusters Ge,Si;, in the range
s = m+n < 7 using the B3LYP-DFT and CCSD(T) methods with the 6-311+G(d)
basis set. For the Ge, Si,, (m + n = 3) binary clusters, the theoretically optimized
ground states are the singlets with triangular shapes. When adding one electron to
the neutral cluster, the bond angle becomes smaller and the bond length becomes
longer. Both the HOMO-LUMO gaps and the calculated mixing energy show that
binary clusters SiGe,, SioGe,, SioGes, SipGe4, and Si»Ges are species with high
stability and more likely to be produced experimentally. It would be very interesting
to understand the stability of the clusters in terms of the aromaticity/antiaromaticity
concept.
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The equilibrium geometries of the ground state of Ges and its anion have been
calculated at various levels of theory [93]. For the Ges cluster the TA; state with
C», symmetry and the A, state with D3, symmetry are almost degenerate. On the
other hand, the [Ge3]™ cluster adopt the 2A; state with D3, symmetry as the ground
state.

The electronic structure of mono-, di-, and trilithiated triatomic germanium
(GesLi, ) and their cations (n = 0-3) were investigated by Nguyen et al. [94] using
a multiconfigurational quasidegenerate perturbation approach (MCQDPT?2) based
on complete active space CASSCF wave functions, MRMP2 and DFT. The com-
putations revealed that GesLi has a 2A’ ground state with a doublet-quartet gap of
24 kcal/mol, GesLi, has a singlet ground state with a singlet—triplet CA”-1A1) gap
of 30 kcal/mol, and GesLis a doublet ground state with a doublet—quartet (*A”-2A")
separation of 16kcal/mol. The 'A’ ground state of the [GesLi]™ cation was found
at 18 kcal/mol below the 3A’ state. The ELF and NBO analyses showed that the
Ge-Li bond is predominantly ionic. The ELF isosurfaces and their cut planes of
Ges, [Ges] ™, and GesLi are visualized in Fig. 5.

Boldyrev and coworkers [95] created the anionic mixed triatomic clusters,
[c-AlCGe]™, [c-AlSiz]™, and [c-AlGez]™, and studied their electronic structure
and chemical bonding using photoelectron spectroscopy and ab initio calculations.
Chemical bonding analysis revealed that the [c-AlSiz]™ and [c-AlGe,] ™ clusters can
be described as species with conflicting (0-antiaromatic and -aromatic) aromatic-
ity. On the other hand, the [c-AlCGe|™ anion represents an interesting example of
a chemical species which is between classical and aromatic. The authors have also
calculated an isoelectronic [c-Si3]>* cluster with D3, symmetry and a 'A; ground
state and assured its double aromaticity. Adding two electrons one obtains the neu-
tral [c-Si3] cluster where a Jahn-Teller distortion occurs because only one of the
doubly degenerate LUMO:s is occupied. In [c-Si3] cluster four o-electrons render its
o-antiaromaticity, which is resulting in the D3,-to-Cy, structural distortion from the
[c-Si3]*T cluster.

More recently [79], we calculated the structures and magnetic response proper-
ties of the [c-Si3]?~ and [c-Ge3]?~ clusters and found that these 14 valence electron
species exhibit double (o + ) aromaticity, since both o-type (a; — e’) and ¥-type
(a5 — e”) translationally (Tx,,) allowed transitions to contribute to the induced
diatropic ring current. The estimated excitation energies for the o-type (Y-type)
transitions of the [c-Si3]?>~ and [c-Ge3]?™ clusters are 3.407 (3.608¢eV) and 2.576
(3.029eV), respectively.

7 Aromatic/Antiaromatic Three-Membered Rings
of group 15 Metalloid and Metal Atoms

The molecular structures, electron affinities, and dissociation energies of the
[Asy]/[Asy]™ (n = 1-5) species have been examined using carefully selected DFT
methods in conjunction with the DZP + + basis set [96]. Three different types of
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Fig. 5 Cut planes and ELF isosurfaces of Ges, [Ge3]™ and Ges;Li (n = 0.6). Reprinted with
permission from [94]. Copyright: ACS Journal Archives
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the neutral-anion energy separations were reported: the adiabatic electron affinity
(EA,q), the vertical electron affinity (EAyey), and the vertical detachment energy.
For the neutral Ass cluster the 2A, state with Cyy symmetry is the global minimum.
It is an isosceles (nearly equilateral) triangle. Its theoretical apex bond angle ranges
from 64.9 to 65.4°, and the bond length for the two equal sides is in the range from
2.30 to 2.36 A. The isosceles triangular geometry of Cy, symmetry with apex angle
o = 65.18° and side length r = 2.359 A was found to be the ground-state structure
of As3 [97]. The energy of the isosceles triangle (C»y) is lower than the equilateral
triangle (D3p) by 0.09eV.

The negative ion photoelectron spectra of As™, [Asz]™, [As3]™, [As4]” and
[Ass]™ have been also measured and calculations predicted that the ground state
of Ass has a D3y, equilateral triangle structure [98]. Density functional theory was
used to study the electronic, geometric, and bonding properties of small Ga,, As,,
and Ga, Asy, clusters of up to eight atoms [99]. The Asz and GaAs, trimers are
predicted to have an isosceles triangular geometry.

Photoelectron spectroscopy has been performed on [Sb,]~ and [Bi,]™ cluster
anions with photon energies of 4.03eV and in some cases 5.0eV [100]. For the
small clusters, density functional theory calculations of the detachment energies are
presented. The geometric structures of the small anionic antimony and bismuth clus-
ters are similar, and similar to those of other group 15 elements. For the neutral and
anionic trimers nonlinear geometries, in particular Jahn—Teller-distorted triangles
were obtained.

More recently, the structural and electronic properties of Bi,(n = 2-14) clus-
ters have been systematically studied using gradient-corrected density-functional
theory [101]. The lowest-energy structure found for the Bis trimer is an isosceles
triangle (Cy,) symmetry, with apex angle of 64.051° and side length of 2.915 A.
The isosceles triangle is energetically lower than the equilateral triangle structure
(D3n) symmetry, side length 2.966 A, by 0.06eV due to the Jahn-Teller effect. In
the case of the [Bi3]~ trimer an equilateral triangle (D3, symmetry) was found as
the lowest-energy structure [101].

However, as far as we know, the bonding mechanism in relation with the aro-
maticity/antiaromaticity of the three-membered rings of group 15 metalloid and
metal atoms has not been investigated up to now. Very recently [79] we reported
on the electronic structure and aromaticity/antiaromaticity of the cationic Pnicto-
gen [c-Pn3]"™ (Pn = N, P, As, Sb, and Bi) clusters. The [c-Pn3]™ clusters are 14
valence electron species, which adopt a triangular structure with D3p, symmetry. The
ground-state (' A}) occupation in D3, symmetry for the [c-As3]*, [c-Sbs]*, and
[e-Bis]* clusters is HOMO-6 (a)), HOMO-4,5 (¢/), HOMO-3 (a)), HOMO-2 (a}),
HOMO,-1 (¢’). For the cationic [c-As3] T, [c-Sbs] T, and [c-Bi3]* clusters the most
significant translationally allowed (T, ) transitions are the @] — ¢’ (c—type) with
excitation energies of 8.288, 6.557, and 6.272 eV, respectively, and the a/z’ — e’ (Y-
type) with excitation energies of 4.627, 3.748, and 3.225 eV, respectively. According
to the estimated excitation energies it was concluded that the [c-As3] ™, [c-Sbs]™T,
and [c-Bi3]* clusters are doubly (o + )-aromatic molecules with higher - than
o-aromatic character.
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Fig. 6 Linear relationship between NICS,,(0) (in ppm) and R,, (in A) for triangular (D3p,) main
group double (o + v)-aromatic clusters [79]

It is interesting to notice that for all three-membered rings of main group
metalloid and metal atoms exhibiting double (o 4 V) aromaticity there is an excel-
lent linear correlation of the NICS,,(0) values with the R,, values of the rings
(Fig.6) [79].

8 Aromatic/Antiaromatic Three-Membered Rings
of Transition Metal Atoms

The most comprehensive theoretical insight into the problem of aromaticity of cyclic
transition metal systems was discussed in detail in a very recent review article pub-
lished in Phys Chem Chem Phys by Boldyrev and coworkers [17]. In this article the
multifold nature of aromaticity, antiaromaticity, and even conflicting aromaticity
(0-, Y- and §-aromaticity) has been analyzed in terms of the chemical bonding and
electron counting rules. Therefore, we will discuss and comment herein on the lat-
est developments in the field of stable aromatic three-membered rings of transition
metal atoms.

In a three-membered ring of transition metal atoms, besides the ns AOs of the
transition metal atoms, the (n —1)d AOs can also participate in the chemical bonding
of the rings forming delocalized o-, ¥-, and 8-MOs. The 3-D plots of such MOs
formed, for example, in the [c-Pt3] cluster are shown in Fig. 7.

Generally in transition metal trimers, the presence of open d shells and near
degeneracies in d"~2s? and d"~'s! atomic states makes it likely that many molec-
ular electronic states may also be close in energy and s—d orbital mixing may be
important. Thus early transition metal trimers exhibit extensive d—d bonding inter-
actions, while such interactions will be less dominant in late transition metal trimers,
since the d orbitals in late transition metals are considerably smaller than in early
transition metals.

Very recently Chi and Liu [102] calculated the equilibrium geometries for singlet,
triplet, and quintet states of three all-metal [c-X3]~ (X = Sc, Y, and La) anions
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Fig. 7 Three-dimensional plots of the o-, Y-, and 8-MOs constructed from the overlap of 5d AOs
of Pt atoms in the three-membered [c-Pt;] ring (D3p)

and nine relevant neutral singlet M[c-X3] (M = Li, Na, K; X = Sc, Y, and La)
clusters using DFT (B3LYP, B3PWO91) and ab initio methods (MP2, CCSD(T)).
From a detailed molecular orbital analysis and the estimated REs and NICS values
the authors provided an explicit theoretical evidence for the double (o 4 v/)-aromatic
character of the singlet [c-X3]~ (X = Sc, Y, and La) clusters in D3, symmetry
originated primarily from the d—AO bonding interactions.

Moving across the transition metal series Averkiev and Boldyrev [103] predicted
that the 12 valence electron [c-Hf3] (D3p) cluster is triply (o-, Y-, and 8-) aromatic in
the lowest 1A’1 state. A similar aromaticity pattern (o ++8) was predicted by Wang
et al. [104] for the 16 valence electron [c-Taz]~ (Ds3y) cluster in the quintet 5A’1
ground state through a detailed molecular orbital analysis of its highly symmetric
structure. However, it is dangerous to infer aromaticity of a molecular species based
solely on the molecular orbital pattern and high symmetry of a species in particular
for open-shell systems with high multiplicity. Moreover, the induced ring current
(either diatropic or paratropic) by any occupied MO (bonding, nonbonding, or anti-
bonding) cannot be related with its occupation, and the induced ring current by an
antibonding MO by no means outweighs that induced by its bonding counterpart.
It should be stressed that although the occupation of any bonding—antibonding MO
pair leads to an almost zero bond order, the magnetic response of the occupied anti-
bonding and bonding counterparts is not equal in magnitude and of opposite sign.

Recently Zhai et al. [105] using photoelectron spectroscopy and DFT calcu-
lations showed that [c-Tas(u2-O)3]~ cluster adopts a perfect planar triangular
structure (D3y symmetry) in its ' A} ground state. From a detailed analysis of the
MOs of [c-Taz(u2-0)3]~ cluster and electron counting rules the authors concluded
that [c-Taz(u2-0)3]™ possesses two new types of d-bonding interactions that lead to
Y- and §-aromaticity. The doubly (i + §)-aromatic molecule was found to serve as
robust inorganic ligand yielding half-sandwich-type Csy[c-Taz(u2-O)3]A (A = Li,
Na, K) and full-sandwich-type Dsp[c-Taz(2-0)3]B[c-Taz(u2-0)3](B = Ca, Sr,
Ba) complexes [106]. These novel complexes shown in Fig. 8 are maintained by
ionic interactions between the [c-Taz(i2-0)3]™ anion and the AT or B2T cations.

Earlier Huang et al. [107] using photoelectron spectroscopy and DFT calcula-
tions observed d-orbital aromaticity in 4d and 5d transition metal-oxide clusters,
[M309]™ and [M309]*>~ (M = Mo, W). Molecular orbital analysis of the highly
symmetric (D3,)[M309]” and [M309]?~ clusters along with the estimated nega-
tive NICS values showed that these clusters are unique in that they involve a single,
fully delocalized meta—metal bond (Fig. 9) associated with o-aromaticity due to the
radial (inward) overlap of 4d and 5d AOs of the metal centers.
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[W305]~ and (d) [Mo309]*~
clusters. Reprinted with
permission from [107].
Copyright: Wiley-VCH
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A number of transition metal trimers, including c¢-Sc3 [108-110], ¢-Y3 [108—
110], ¢-Crs [111,112], c-Mn3 [113], c-Fes [114], ¢-Ni3 [114-117], ¢-Pd3 [117,
118], and c-Pt3 [117, 119-121], have been examined using several experimental
techniques and theoretical methods. ¢-Scs3 and c¢-Y3 have been isolated in rare
gas matrices at temperatures near 4 K. ESR spectra established that the structure
of ¢-Scs is an equilateral triangle with a 2A’1 ground state. The unpaired electron
has little s character and is delocalized in 3d orbitals of the three equivalent Sc
atoms. On the other hand, Y3 is not equilateral and is most probably a bent molecule
with the spin again distributed over the 4d orbitals of Y atoms, but in 2B, ground
state. Laz was not observed and is therefore judged to be a linear orbitally degen-
erate molecule [108]. CASSCF/CI calculations on the low-lying states of c-Sc3 and
[c-Sc3] T showed that the good 3d bonding orbitals are of a symmetry derived from
3d,; AOs and of a/1 symmetry derived from 3d; AOs. Moreover, the 3d AOs form
also the ¢/ MOs which are bonding between pairs of Sc atoms, while the 3dg AOs
remain nonbonding [110].

c-Crz immobilized in Ar and Xe matrices at different metal concentrations and
thermal conditions can occur in a range of molecular geometries ranging from
equilateral triangular to that of almost linear, thus having a rather shallow poten-
tial energy surface [112]. The resonance Raman and visible absorbance spectra
of matrix isolated Mnj indicated that its structure belongs to a zero-order D3y
geometry subject to Jahn-Teller distortions [113]. Gutsev and Bauschlicher Jr [122]
investigated the electronic and geometrical structures of the ground and excited
states of Fe,, [Fe,]™ and [Fe,] clusters using several different functionals in DFT
calculations. It appeared that LSDA and B3LYP methods do not work well for
iron clusters and should be avoided. The use of the Becke or the Perdew-Burke-
Ernzerhof exchange functionals yielded essentially the same results as comparison
of the BPBE or PBEPBE results showed. The BPW91, BPBE, and PBEPBE
approaches provide nearly the same values for the bond lengths, the vibrational fre-
quencies, and the electron affinities. Figure 10 shows the geometries and Mulliken
open-shell occupation of the Fes, [Fe3]~, and [Fes] ™ clusters obtained at the BPW91
level. The atomic charges in neutral clusters are nearly zero and not shown in Fig. 10.

SCF/CCI calculations on four states of near equilateral triangle geometries of
c-Ni3 have been performed by Walch [115]. These states arise from three nickel
atoms in the 4s'3d° state. The four states arise from two sets of 3d occupations.
The first has all three 3d holes in 8", while the second has two of the 3d holes in
§” and the third in v”, where the sigma direction is taken along a line connect-
ing a given atom with the center of the molecule (for D3, symmetry). The first 3d
shell occupation has 4A’2’ symmetry for equilateral triangle geometries. The trimer
anions [c-Ni3]~, [c-Pd3]™, and [c-Pt3]™ were prepared in a flowing afterglow ion
source with a cold cathode dc discharge [117]. The bonding scheme in the anionic
trimers is very similar to that of the neutrals, e.g., (da)?(dg)®(dc)® (sa})?(se’)? for
the equilateral triangle geometries.

To the best of our knowledge, the aromaticity/antiaromaticity of the aforemen-
tioned “bare” three-member rings of transition metal atoms has not been studied so
far. However, the aromaticity/antiaromaticity of ligand-stabilized three-membered
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Fig. 10 Bond lengths and Mulliken atomic charges and open-shell occupation per atom obtained
for Fes, [Fes]™ and [Fes] clusters obtained at the BPW91 level. Reprinted with permission from
[122]. Copyright: ACS Journal Archives

rings of transition metal atoms, namely the metal carbonyl triangles, such as
M3(CO)12(M =Fe, Ru, Os) and Pt3(CO)3(u-CO)3 clusters, has been investigated
on the basis of structural, electronic, and magnetic criteria [123, 124]. Besides the
simple edge-localized two-center two-electron (2c—2e) bonding model describing
the bonding in M3 triangles of the M3(CO);, (M = Fe, Ru, Os) clusters, King [123]
developed an alternative model based on the concept of o-aromaticity. Applying
this to the triangular metal carbonyl partition the six orbitals and six electrons avail-
able for bonding within the M3 triangle into a core 3c—2e bond of Hiickel topology
formed by radial hybrid orbitals and a surface 3c—4e bond of Mobius topology
formed by tangential p-orbitals (Fig. 11).

More recently Corminboeuf et al. [124] based on structural and NICS analysis
provided striking insights into the magnetic criteria for aromaticity in the group 8
metal carbonyl [M3(CO);2](M = Fe, Ru, Os) clusters. Typically [Fe3(CO)12] (Cay)
exhibits the same type of diatropic behavior as D3y, cyclopropane arising from one
3c—2e radial Hiickel orbital and the 3c—4e peripheral Mobius orbitals. The radial
orbitals remain also diatropic in both [Ruz(CO)12] (D3h) and [Os3(CO)12] (D3p),



Aromaticity/Antiaromaticity in “Bare” and “Ligand-Stabilized” Rings 239
Ty,

1L
8./
/ols\

Edge-localized model
(three 2c-2e ¢ bonds)

L

— | ~
Os
- | ~
One 3c-2e core bond One 3c-4e perimeter bond
(Huckel topology) (Mo6bius topology)

- /
Y

o-Aromatic model

Fig. 11 The edge-localized bonding model for Os;(CO);, showing the three 2c—2e bonds along
with the o-aromatic model showing the 3c—2e core bond with Hiickel topology and the 3c—4e
perimeter bond with Mobius topology. Reprinted with permission from [123]. Copyright: Elsevier

while the degenerate set of peripheral MOs contribute positively to the NICS of
[0s3(CO)12] cluster (Fig. 12).

Very recently [125] we investigated the molecular and electronic structures,
stabilities, bonding features, and spectroscopic properties of prototypical ligand
stabilized [cyclo-Rusz(u2-X)3]%3 T (X =H, BH, CH,, NH,, OH, Cl, NH, CO, O,
PH,, CF,, CCl,, CNH, N3) clusters using electronic structure calculation meth-
ods at the DFT level of theory. It was found that all [cyclo-Rus(puz-X)3]%3+
species, except [cyclo-Rusz(ju2-H)3]3 T, exhibit aromatic character verified by the
NICS(0), NICS(1), NICS(—1), NICS,,(0), NICS,,(1), NICS,,(—1) negative values
and the NICS scan profiles of the clusters. In contrast, the [cyclo-Rus(j2-H)3]3™
cluster exhibits high antiaromatic character (NICS(0) =1032.8 ppm, NICS(1) =
299.8 ppm), which would be responsible for the well-established peculiar reaction
field of the hydrido-bridged triruthenium core structure. The equilibrium geometries
of the [cyclo-Ruz(uz-X)3]%3" clusters computed at the B3P86/lan12dz(Ru)U6-
31+4+G**(E)(E = nonmetal element) are shown in Fig. 13.

The [cyclo-Rus(p2-X)3]%3T clusters are predicted to be triply (o + ¥ + 8)
aromatic, since all types (o-, Y-, §-) MOs participate in the most significant transla-
tionally allowed transitions inducing a diatropic ring current shown in Fig. 14.
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Fig. 12 Isotropic NICS (NICS,, given in parentheses) contributions at the ring center for the 3c—
2e radial orbitals with Hiickel topology and the 3c—4e peripheral orbitals with Mo6bius topology
in a) cyclopropane and b) Cy,/ D3y [Fe3(CO) 2], D3y [Ru3(CO)j2], and D3y [Os3(CO) 2] Values
are in ppm and the NICS contributions are summed for the set of degenerate MOs. Reprinted with
permission from [124]. Copyright: Wiley-VCH

The NICS scan pictures shown in Fig. 15 indicated a dramatic change of aro-
maticity/antiaromaticity on the two sides of the Rus ring, which can be explained
on the grounds of the different coordination environment above and below the ring.
In all [cyclo-Rus(112-X)3]%3" clusters the bridging X ligands form an X3 triangle
parallel to the Ruj triangle at distances ranging from 0.748 up to 1.655 A.

The versatile chemical reactivity of the antiaromatic [cyclo-Rus (u2-H)3]** clus-
ter related with the activation of small molecules that leads to the breaking of
various strong single and double bonds and the formation of face-capping moieties
coordinated to the Ruj ring in p3-fashion formulated as [cyclo-Rus(uuz-H)3 (13-
Nuc);]% 2% (Nuc = BH, BCN, BOMe, C*~,CH>~,CMe*~,N;,NCO~,OCN",
NCS™,0%7,8%7,0H,P3>~,POH?>",CI", 03~, NCH, AlMe, GaMe, Cg¢Hs, and
cyclo-C3H,Me) has been explored by electronic structure computational methods.
Generally, in the [cyclo-Rus(2-H)3(w3-Nuc)s]? clusters, the nucleophile Nuc is
coordinated to the Rus ring in a u3-Nuc coordination mode, capping the face of
the ring from the most antiaromatic side, which is the side opposite to that of the
bridging hydride ligands.

Noble metal clusters, with valence electron configuration (n—1)d'%ns!, differ
from the simple s-orbital alkali metals [126, 127], but also present striking differ-
ences among Cu, Ag, and Au [128, 129]. Structural differences among [Au,,]%*!
and [Ag,]%*! or [Cu,]%*! have been well established. Thus using nonrelativistic
pseudopotentials, both the GGA and the LDA predict the onset of 3-D cluster
structures already at n = 6 for Cu, and Ag, and at n = 7 for Au, [130]. This
result changes by considering scalar-relativistic pseudopotentials within the GGA,
resulting in planar Au, structuresupton = 11.

The recent computational studies of the dipole polarizabilities and optical absorp-
tion spectra of Ag, (n = 1-8) and Au, (n = 1-3) using the static and time-
dependent versions of DFT were overviewed by Jellinek and coworkers [131]. The
noble metal clusters are of special interest because the electronic properties are
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Fig. 13 Equilibrium geometries (bond lengths in A, angles in degrees) of [cyclo-Rus (115-X)3]3 T
(X = H, BH, CH,,NH;, OH, CI, NH, CO, O, PH,, CF,, CCl,, CNH, N3) clusters computed at
the B3P86/lanl2dz(Ru)U6-314+4G™*(E) (E=nonmetal element). Reprinted with permission from
[125]. Copyright: ACS Journal Archives

influenced by the nearby d shell. Very recently [Ags]™ clusters were efficiently
trapped in argon matrix, and their absorption spectrum was recorded for the first
time [132]. The spectroscopic pattern calculated for the D3y, structure of the cationic
trimer [133] is characterized by three dominant transitions to 1'E’, 2! A}, and 6'E’
states located at ~4,~6, and ~7eV, respectively. The analysis of the leading
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excitations responsible for the intense transition to the 1'E’ state at 4.1 eV indicates
a dominant contribution from the HOMO (a}) to LUMO (¢’) as well as a consider-
ably smaller but not negligible contribution from HOMO-1 (a5) to LUMO. In the
HOMO, s-character prevails, while p-contributions act as polarization functions, but
the HOMO-1 assumes d-character. Direct involvement of d-electrons in the leading
excitations giving rise to the lowest energy intense transition of [Ag;]™ close to
~4 eV indicates that in this case the role of d-electrons seems to be important for
all intense transitions.

Yong et al. [80] using electronic structure calculation methods (B3LYP, B3PWO91,
MP2, and CCSD(T)) investigated among others the structure and aromaticity of
the [c-Cus]™ cluster. They found that only the regular trigonal structure of Dsp,
symmetry is stable and according to the general criteria for aromaticity, including
RE and NICS, [c-Cu3]t(D3y) possesses high o-aromatic character.

The aromaticity/antiaromaticity of an interesting class of three-membered rings
of coinage metal atoms formulated as cyclo-M3(u-H)3 (M = Cu, Ag, Au) has been
investigated by making use of several criteria for aromaticity, such as structural,
energetic, magnetic, and chemical criteria [134—136]. In particular, the NICS param-
eter, the relative hardness An and the electrophilicity index w, and the chemical
reactivity toward electrophiles are indicative for the aromaticity of the coinage
metal clusters. These novel classes of inorganic compounds can be considered as
the archetypes for the development of whole classes of new inorganic aromatic
molecules (substituted derivatives) resulting upon substitution of the H atoms by
other groups, such as alkyls (R) and aryls (Ar), halides (X), amido (NR;), hydrox-
ide (OH), and alkoxides (OR), etc. Our choice of the cyclic coinage metal hydrides
(hydrocopper(I), hydrosilver(I), and hydrogold(I) analogs of aromatic hydrocar-
bons) was based on the well-known strong tendency of coinage metals to cluster
together in a variety of organocopper(l) [see references given in [134]], organosil-
ver(l) [see references given in [135, 136]] and organogold(]) [see references given
in [136] compounds with the general formula ML, (M = Cu, Ag, or Au; L=a
variety of bridging ligands).

All metallacycle three-membered rings of coinage metal atoms adopting a per-
fect planar geometry, with all M—M bonds equivalent (Fig. 16), exhibit a composite
bonding mode involving o, v, and 8§ components. Noteworthy is the presence of
highly delocalized o-, -, and 8-MOs, for example, HOMO-8 (3-MO), HOMO-
13 (y-MO), and HOMO-15 (6-MO) in cyclo-Cusz(pn-H); and HOMO-2 (§-MO),
HOMO-13 (¥-MO), and HOMO-14 (6-MO) in cyclo-Ags(u-H)3 and cyclo-AusHs
(Fig. 17).

The delocalized o-, Y-, and §-MOs in the rings of the coinage metal atoms
account well for the observed equivalence of the M—M bonds. The most significant
translationally allowed transitions contributing to the induced diatropic ring current
in cyclo-Cus(u-H)s (Dan), cyclo-Ags(-H)3(D3n), and cyclo-AusH3(Csy) are the
e’ — a'| (excitation energy: 5.578 eV), a| — e’ (excitation energy: 6.377 eV) and
e’ — a’ (excitation energy: 4.496 eV), respectively. In all these transitions a §-type
MO is involved, thus giving rise to §-aromaticity in the cyclo-M3H3; (M = Cu, Ag,
Au) clusters.
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Fig. 16 Selected geometric parameters for the cyclo-M;(u-H); M = Cu, Ag, Au) clusters com-
puted at the B3LYP level using 6-311+4G(d,p) basis set for Cu and H, the LANL2DZ basis set for
Ag, the LANL2DZ basis set plus one f polarization function (¢ = 0.75) for Au atoms, and the
cc-pVQZ basis set for H atoms [134, 135]
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Fig. 17 The most relevant valence molecular orbitals of the cyc/o-M;H; (M= Cu, Ag, Au)
(eigenvalues in eV) [134, 135]

Electronic structure calculations (DFT) indicated that ligand-stabilized three-
membered gold(I) rings constituting the core structure in a series of
cyclo-AusL,Hs_, (L=CHs3,NH;, OH and Cl; n =1, 2, 3) molecules (Fig. 18)
exhibit remarkable aromaticity, which is primarily due to 6s and 5d cyclic elec-
tron delocalization over the triangular Aus framework (s- and d-orbital aromaticity)
[136].

The aromaticity of the novel triangular gold(I) isocycles was verified by a num-
ber of established criteria of aromaticity, such as the NICS(0) parameter, the upfield
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Fig. 18 Equilibrium geometries (bond lengths in pm, angles in degrees) of the cyclo-AusL,H;_,
(L =CH3,NH,, OH, and Cl; n = 1, 2, 3) molecules corresponding to global minima in the PES
computed at the BALYP/LANL2DZ+f(Au)U6-31G**(L). Reprinted with permission from [136].
Copyright: ACS Journal Archives
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33 (Ss)

Fig. 19 Equilibrium geometries (bond lengths in pm, angles in degrees) of the [{cyclo-
AuzMe; M| and [{cyclo-Aus(NH,)33,M]T (M=Li, Tl, Ag) computed at the B3LYP/
LANL2DZ+-f(Au) U6-31G**(L). Reprinted with permission from [136]. Copyright: ACS Journal
Archives

changes in the chemical shifts for Li*, Ag™, and TI" cations over the Aus ring
plane, and their interaction with electrophiles (e.g., HT, Lit, Ag+, and T1+) afford-
ing 1:1 and 1:2 sandwich-like complexes (Fig. 19) through cation-y interactions that
are very common in aromatic organic molecules.
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Regarding the bonding mechanism describing the cation-i interactions in the
1:1 and 1:2 complexes, it was found that covalent interactions play a prominent role
in the y¥-complexes of H' and Ag™, while electrostatic interactions are dominant in
the y-complexes of Li* and TIT. The bonding in the three-membered gold(I) rings
is characterized by a common ring-shaped electron density, more commonly seen
in aromatic organic molecules and in “all-metal” aromatics, such as the [c-Hg;]*~
cluster [136].

More recently we addressed a number of points related to the ligand effects
on the stability, conformational preference, and diatropic response of the aromatic
cyclo-Cus(u-H)sL, (L =N,, CO,CN™, H,O, NH3, and PH3; n = 1-3) [137]. The
novel [cyclo-Cuz(u-H)sL,] molecules are predicted [137] to adopt planar struc-
tures, which are characterized by perfect equalization of all metal-metal bonds in
the aromatic metallic rings for the fully substituted derivatives (Fig. 20).

The interaction energies between the parent [cyclo-Cus(u-H)3] fragments and
the ligand L computed by means of CDA were found in the range of —7.2 to
—56.2 kcal/mol. The bonding of the [cyclo-Cus(u-H)3L,] molecules is described
by highly delocalized o-, - and 8-MOs, which support a remarkable ring-shaped
electron delocalization responsible for the aromaticity of the Cus rings (s and d
orbital aromaticity).

The existence of the sandwich compound with an Au monolayer sheet
[AusTr,Cl3])?>* has been predicted at the ab initio level of theory and the scalar
relativistic DFT [138]. The fully optimized geometry of [AuzTr,Cl3]>* shown in
Fig. 21 is a triangular gold(I) monolayer sheet capped by chlorines and bounded to
two cycloheptatrienyl (Tr) ligands.

The bonding between the Tr ligands and the gold monolayer sheet is mainly
governed by an electron back-donation interaction coming from the central gold
sheet to the Tr™ ligands with slight contributions originating from electron dona-
tion [138]. The Au—Au bond lengths inside the central gold sheet indicate that an
intramolecular aurophilic interaction among the Au(I) atoms plays an important role
in the bonding of the central Aus ring. Interestingly such bonding is ruled by d—d
interactions where the 5d shell is no longer inert and the closed-shell structure of the
Au(l) cations is broken, triggering the partial filling of the 6sp shell, contributing
to the rise of the aurophilic bonding. NICS calculations showed a strong aromatic
character in the gold monolayer sheet and Tr™ ligands.

Even in the “free” [c-Aus]3™ fragment the breaking of the d'° structure in the
gold atoms leads to d—d interactions that describe the bonding of the [c-Aus]>*
fragment. The latter is also inferred from the spatial representation of the frontier
MOs shown pictorially in Fig. 22.

The HOMO is mainly made of the combination of the s and d_> orbitals of gold
[138]. The LUMO is composed of antibonding d_> orbitals located at the Au2 and
Au3 atoms, with a smaller contribution of a d,, orbital on the Aul.

The concept of Au/H analogy is a general phenomenon in Au-alloy clusters
adding new dimension to the expanding chemistry of Au [139]. Based on this
concept we investigated bimetallic Cuz Aus clusters using electronic structure cal-
culation techniques (DFT) to understand their electronic, magnetic, and optical
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at the B3LYP/6-3114G** level. Reprinted with permission from [137]. Copyright: Nova Science
Publishers

properties as well as the geometrical structures [140]. The most stable homotop
is the planar cyclo-[Cus(i-Au)s] form consisting of a triangular positively charged
Cus structural core with negatively charged Au atoms located at the peripheral posi-
tions. It is clear that cyclo-[Cus(u-Au)s] is analogous to the cyclo-[Cus(uu-H)s]
cluster, thus demonstrating the concept of Au/H analogy. The bonding pattern along
with the Density of States (DOS) plots of the cyclo-[Cus(u-Au)s] homotop are
thoroughly analyzed and compared to those of the pure cyclo-[Cus(u-Cu)s] and
cyclo-[Auz(p-Au)s] clusters (Fig. 23). The bonding mode involves o-, Y-, and 8-
type components, but having also significant ionic contribution due to the charge
transfer from Cu to Au. The presence of y-type MOs resulting from the bonding
interaction of the nd AOs of the Cu and Au atoms, delocalized over the entire
bimetallic framework support a ring current, thus rendering the clusters aromatic.
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(Au2- Aul)yge= 0.0622
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«12.76{-6.49)ppm

Fig. 21 (a) Ground-state geometry of [Au3Tr2Cl3]2+ complex; (b) Top view of [AU3Tr2C13]2Jr
and Wiberg bond orders computed with the MP2/B1 computational method; (c) Lateral view of
[AusTr,Cl3]?F and NICS values calculated with the MP2/B1 method; the values in parentheses
were obtained at VWN/TZP level. Reprinted with permission from [138]. Copyright: Springer
Science Publishers

Au33+
J - "“b
HOMO N o LUMO

Fig. 22 Spatial representation of the frontier MOs for the [AusTr,Cl3]>T complex; Top view
of the [c-Aus]*T fragment. Reprinted with permission from [138]. Copyright: Springer Science
Publishers
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from [140]. Copyright: Wiley Periodicals Inc
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The aromaticity of the bimetallic clusters was verified by structural, magnetic (NICS
scan profiles), and out-of-plane ring deformability criteria. The 3-membered central
metal cores in the cyclo-[Cus(u-Au)s] homotop and the pure cyclo-[Cus(u-Cu)s]
and cyclo-[Aus(u-Au)s] clusters exhibit negative NICS(0) values in the range of
—19.4 to —28.0 ppm and therefore have significant aromatic character. Applying
the magnetic criterion of aromaticity, namely, NICS, for the peripheral “all-metal”
rings we have also diagnosed remarkable aromatic character.

Very recently DFT has been used by Cundari et al. [141] to assess the y-acidity
and y~-basicity of metallorganic trimetallic macromolecular complexes formulated
as cyclo-[M(pu-L)3] (M = Cu, Ag, Au; L = carbeniate, Cb, imidazolate, Im, pyri-
diniate, Py, pyrazolate, Pz, triazolate, Tz). The v-basicity of the [M(u-L)3] clusters
depends on the nature of the bridging ligand following the trend: [M(u-Py)s] >
[M(n-Cb)s] > [M(u-Pz)3] > [M(u-Tz)s]. It was also predicted that the order of
basicity is Au > Cu > Ag. Moreover electron-donating substituents (such as CH3)
on the bridging ligands produce strong y-basic trimers, while electron-withdrawing
substituents (such as CF3) produce strong y-acidic trimers. Molecular electrostatic
potential (MEP) surfaces (Fig.24) and positive charge attraction energy curves
(Fig.25) indicated that the metal-organic macromolecules show superior y-acidity
and basicity compared to their organic counterparts.

We think that it would be advisable to explore the aromaticity/antiaromaticity of
the aforementioned trimers and see how these properties are related with the opto-
electronic properties, thus helping in designing metallorganic field-effect transistors
and exciton blockers for organic light-emitting diode devices.

[Au(p-Im)l [Au(p-Py)ls [Au(u-Cb)],
-,o‘ ‘a‘, -‘Ja‘ e e 4
“.a F] o‘.‘ ", > J.‘:. ‘.o 4 .‘.
4 4 4 2 v
s 9 J -
J.“J, :“:' J.J.'
[Au(p-P2)], [Au(p-T2)],
Fig. 24 MEP surfaces ‘e ;. 9 .:’ :‘ v o .:' El
showing the relative & ., ,. b e %
Y-basicity of > e J. 4 o
cyclo-[M(je-L)3] trimers as a S i3y

function of the bridging
ligand (isosurface

value = 0.02). Reprinted with
permission from [141].
Copyright: ACS Journal
Archives
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Fig. 25 Positive charge attraction energy illustrates examples of relative 1/-basicity of the organic
compounds vs the metal-organic trimer complexes. Reprinted with permission from [141].
Copyright: ACS Journal Archives

Finally, Yong and Chi [142] performing comprehensive calculations (B3LYP,
B3PW91, and CCSD(T)) on a series of dianionic [C-M3]2_ (M =Zn, Cd, Hg),
anionic Na[M3]~, and neutral Na, [M3] clusters, all having the [c-M3]?>~ (D3y,) core,
showed that the [c-M3]?~ in the 1A/1 ground state is Y-aromatic. The detailed molec-
ular orbital analysis reveals that one highly delocalized y-type MO of a) symmetry
plays an important role in rendering the [c-M3]?~ clusters in pure y-aromaticity.
Moreover, the estimated large negative NICS values and the computed RE for the
[c-M3]?~ species further justified their y-aromatic character.

9 Aromatic/Antiaromatic Four-, Five-, and Six-Membered
Rings of Metal Atoms

Chattaraj and coworkers [143] have very recently shown using DFT calculations
that the Mg (M = Na, K) rings in the chain present in 3-D [Na,MoO3;L(H20)2].
and 2-D [K;Mo003L(H,0)3], are aromatic in character according to the nucleus
independent chemical shift (NICS) and multicenter bond indices values. The NICS
values at the center of the Nag rings and at the cage center of the K¢ rings are
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(b) (¢)

Fig. 26 (a) Core structure of the hexagonal Nag oxo cluster viewed along the crystallographic
a-axis. (b). Structure of the hexagonal K¢ unit formed from metalloligands and bridging water
molecules. (¢) Another view of the K¢ unit which looks like the chair conformation of cyclohexane.
Reprinted with permission from [143]. Copyright: the Owner Societies

LUMO HOMD HOLD 1 HOMO-2

Fig. 27 Some frontier molecular orbitals of Nag and K¢ molecules. Reprinted with permission
from [143]. Copyright: the Owner Societies

comparable to the corresponding values of their polyacene analogs in most cases.
The stability and reactivity patterns of the Mg rings also follow a similar trend as
their organic analogs (Fig. 26).

Some pertinent frontier molecular orbitals of the Nag and K¢ clusters related
with the aromaticity of the six-membered rings are shown in Fig. 27. Notice that the
electron delocalization is observed in the HOMO-2 of both molecules.

The next species exhibiting pure o-aromaticity are the [c-Mg,]?* and [c-Li;Mg,]
clusters having six o-electrons [144]. For the [c-Mg,]*" and [c-Li,Mg,] clusters
where the occupation of six-valence electrons was found to be HOMO-1,2 (e,)
and HOMO (ay,) for [c-Mg,]** (Day) and HOMO (by,), HOMO-1 (by,), and
HOMO-2 (a,) for [c-Li2Mg,] (D7) the estimated excitation energies of the most
significant translationally (T, ,) allowed transitions found to be 1.121eV for the
o-type HOMO,-1 (ey) — LUMO +3(ay,) in [c-Mg,]** (Dan) and 2.062 €V for the
o-type HOMO (b2,) — LUMO + 1(ai,) and 4.915eV for the y-type HOMO-
3 (ag) — LUMO(b3,) in [c-LizMg,] (D2n) accounts well for the shape of the
NICS,,-scan curves (Fig. 28), which are typical for c-aromatics [79].
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Fig. 28 The NICS,,-scan profiles in the form of NICS_,/NICS}** vs R curves for selected four-
and five-membered rings of main group atoms exhibiting double (¢ + ) aromaticity [79].

The double (o + 1) aromaticity of the [c-Als]?>~ cluster was first introduced by
Boldyrev et al. [145] and subsequently justified by the use of different criteria of
aromaticity, such as the induced magnetic field analysis [146], the aromatic ring
current shielding (ARCS) [147, 148], the ring current maps [149-152], NICS [153],
RE estimations [154, 155], valence bond calculations [156], bifurcation analysis of
electron localization function (ELF) [72], conceptual DFT descriptors [157], and
quantum theory of atoms in molecules calculations [158]. It should also be noticed
that Sundholm et al. [148] based on ARCS calculations on the [c-Al4]>~, [c-Gag)?>~,
[c-Ing]?>~ and [c-Tl4]?>~ indicated that all these species are aromatic, the calculated
ring-current susceptibilities and the (ring radius) found to be 16.2nA/T (194 pm),
17.2nA/T (190pm) 19.3nA/T (210pm), and 18.4nA/T (241 pm), respectively, at
the 3-VE+-sp2df HF level.

The ground-state (*Aj,) occupation in D4, symmetry of 14 valence electrons
for the [c-Al4]?~, [c-Gag)?>~, [c-Ing]?>~, and [c-Tl4]?>~ clusters was found to be
HOMO-6 (a1g), HOMO-4,5 (ey), HOMO-3 (b15), HOMO-2 (b2s), HOMO-1 (a1y),
HOMO (az,). In [c-In4]2_ cluster there is an inversion of the HOMO and HOMO-1.
The computed excitation energies of the a;, — ey (0-type) and azy — €4 (Y-type)
translationally allowed (Ty,y) transitions of [c-Als]*~, [c-Gas)*~, [c-Ins]*~ and
[c—Tl4]2_ clusters found to be 2.001;2.302, 0.562;1.165, 1.919;2.074, and 1.962;
2.033 ¢V, respectively, are in support of the double (o + ¥) aromaticity of the
clusters with the o-aromatic component overwhelming the y-aromatic one. The
NICS,,-scan curve along with the molecular orbital energy level diagram, sym-
metries, 3-D molecular orbital pictures, and the significant translationally (Ty,,)
allowed transitions leading to the diamagnetic ring current of the prototype “all-
metal” [c-Al4]?>~ cluster computed at the B3LYP/6-3114+G(d,p) level shown in
Fig.29 is typical for double (o + ) aromatics exhibiting slightly higher o-than
Y-aromatic character [79].

In contrast, the NICS,,-scan curve of the [c-Al4]*~ (D2p) cluster exhibits two
maxima at a distance of 0.9A above and below the molecular plane (Fig.29),
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Fig.29 The NICS,,-scan curves of the [c-Al;]>~ and [c-Al4]*~ clusters, along with the molecular
orbital energy level diagram, symmetries, 3-D molecular orbital pictures, and significant trans-
lationally (T ), allowed transitions leading to the diamagnetic ring current computed at the
B3LYP/6-311+G(d,p) level

which is typical for double (¢ + ) aromatics where the y-type diatropic ring
current exceeds slightly the o-type one. In effect, this is compatible with the esti-
mated excitation energies of the most significant translationally (T, ,) allowed
transitions for the o-type HOMO-2 (a,) — LUMO (b2,) (1.272eV) and the
Y-type HOMO-3 (b3,) — LUMO++1 (ay) (1.582¢V) and HOMO-2 (a,) —
LUMO+5 (b3,)(2.051eV). Notice the contribution of two translationally (Tx_y)
allowed /-type transitions to the y-diatropic ring current in [c-Al4]*™ cluster.

Pati et al. [159, 160] calculated the structures of dimmers of all-metal aro-
matic and antiaromatic molecules such as [c-Al4]?>~ and [c-Al4]*~. They found
that, unlike their organic benzene and cyclobutadiene counterparts which form
y-stacked complexes, the [c-Al4]?>~ and [c-Al4]*~ clusters form new extremely
stable superclusters with no reminiscence of the original units. To this regard, the
authors conjectured that the Alg clusters are aromatic and should be ideal candidates
for experimental isolation through mass-spectrometric measurements or crystal-
lization. In a more recent review article [160] the same authors presented com-
putational strategies to unambiguously determine the aromaticity/antiaromaticity
characteristics of “all-metal” Al4M4 (M = alkali metal ion) clusters. The presented
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methodology is based on the partition of the distortion energies belonging to ¢ and
Y electrons applicable for a large class of systems with closely spaced o and ¥
electronic levels. The Al4My clusters show a very large off-resonance third har-
monic generation that is 10,000 times larger than their organic analogs. The authors
have also proposed new strategies to stabilize all-metal antiaromatic Al4M4 species
through complexation to low-valent transition metals, such as Fe(0) and Ni(0),
yielding the half-sandwich [(Al4M4)Fe(CO)3] and full-sandwich [(Al4M4)2Ni]
complexes and discussed mechanisms for substitution reactions within the conven-
tional organometallic systems by Al4My, clusters.

The relative stabilities of the [MAl4]~ (M = Li*, Na™, K*, Rb™, Cs™, Cu™,
Ag*t, Au™) isomers have been investigated on the grounds of the minimum polar-
izability principle [161]. According to the minimum polarizability and maximum
hardness principles, the stability of the pyramidal isomer decreases with the aug-
mentation of the atomic number. It is no wonder that for the [AuAl4]™ the planar iso-
mer is finally more stable than the pyramidal structure. The minimum polarizability
and the maximum hardness principles have also been examined to describe the rel-
ative stability of various isomers of the [{c-Cus}Na]™, [{c-Cuq}Li]~, [{c-Als}Cu]~,
[{c-AggJLi]™, [{c-AugjLi]™, [{c-AgsiNa]™, [{c-AusjNa]”, [{c-AlsjAg]™, and
[{c-Als}Au]™ using MP2 calculations [162]. The results showed that the pyramidal
structures are more stable than the planar ones.

Satpati and Sebastian [163] demonstrated that all metal species such as AlgLig
can be stabilized by capping with BH or C. The stabilization is due to suitable ring
cap compatibility between the px and py orbitals of the capped atom and the HOMO
and LUMO of Al4Li4 (Fig. 30).

Donation of two electrons to the ring by the cap atoms introduces aromatic char-
acter. It was also shown that Al4Lis with a BH or C cap has very high binding
energy, which suggests that these compounds should be considered as very good
candidates for synthesis. Moreover, the very high rate of fluxional rearrangement
at room temperature suggests that Lis[{Als}(14-BH)] and Lis[{Als} (14-C)] will
show fluxionality.

The structure, dynamics, and electron delocalization of [c-Al4]?>~ and [c-Als]*™
based clusters were investigated by Merino et al. [164]. Gradient-corrected Density-
Functional Born-Oppenheimer molecular dynamics simulations showed that the
cations are relatively fixed for Li[c-Als]™ and Lis[c-Al4] but become more floppy
for Lis[c-Al4]” and Lig[c-Al]. For these molecules, any static structural repre-
sentation is not realistic. The induced magnetic field analysis of the [c-Al4]?>~ and
[c-Al4]*~ species indicates that both systems have diatropic o-systems, while the
Y-system is diatropic for [c-Al4]?>~ and paratropic for [c-Als]*~. The total mag-
netic response is diatropic for [c-Al4]?~ while [c-Al4]*~ is “bitropic”: it has typical
antiaromatic long-range cones, while the magnetic field in the [c-Al4]*~ ring plane
is similar to that of aromatic annulenes. Magnetically, the induced magnetic field
representation agrees with former investigations based on NICS and ring current
calculations concerning the character of the - and y-systems. For the [c-Al4]*~ sys-
tems, the complete map of the induced magnetic field (Fig. 31) shows the “bitropic”
character of the molecule, the diatropic contribution raised by the o-electrons which
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HOMO-3
(C)

Fig. 30 (a) HOMO and LUMO of free Al4Li4. (b) Resultant MOs formed by the interaction of
the HOMO-LUMO of free Al4Li4 and px and py AOs of the BH cap. (¢) Resultant MOs formed
by the interaction of the HOMO-LUMO of free Al4Li4 and px and py AOs of the C cap LUMO of
(a), HOMO-1 of (b), and HOMO-2 of (c) are rotated by 90° for clarity. Reprinted with permission
from [163]. Copyright: ACS Journal Archives

dominates in the ring plane, and the paratropic part, induced by the y-system around
the z-axis.

Wang et al. [165] using MP2 and HF nuclear magnetic resonance calculations
compared the magnetic properties between spin singlet and triplet [Liz(c-Alg)]™
clusters and confirmed the paramagnetism of the singlet and diamagnetism of the
triplet [Liz(c-Als)]~ cluster. It was found that the paramagnetism of spin singlet
[Liz(c-Aly)]™ cluster originates from the paramagnetic ring current within the pla-
nar ring, which, in the central region of the ring, is at least partially produced with
the localized diamagnetic current induced by external magnetic field perpendicular
to the molecular plane. The origin is the orbital mixing of excited-state wave
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Fig. 31 Contour lines of the z-component of the induced magnetic field, B, in the molecular
plane and perpendicular to the molecular plane through the origin. The scale is given in ppm or
nT for an external field of 1T. Reprinted with permission from [164]. Copyright: ACS Journal
Archives

function into ground-state one in external magnetic field and correlates with the
localized electronic structure, low symmetry of geometric conformation, and nar-
row HOMO-LUMO gap. In the triplet [Liz(c-Als)]™ cluster the perturbation lifts
the near degeneracy with a HOMO-LUMO gap that could modulate the magnitude
of paramagnetic ring current to a small value, and therefore it may be easy for the
unpaired electrons to contribute to the diamagnetic ring current. Consequently the
diamagnetism surpasses the paramagnetism in the triplet [Liz(c-Aly)]™ cluster.

The “all-metal” aromatic [c-Al4]?>~ species has been proved to be a good ligand
to form sandwich-type compounds analogous to the well-known metallocenes [166,
167]. Sandwich complexes based on the [c-Al4]>~ ligand were recently reported
by Mercero et al. [166]. The authors using B3LYP calculations characterized the
structures and properties of a series of [AlsMAl4]7~ (¢ = 2,1,0; M = T4, V, Cr,
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Fig. 32 Staggered
[Al;MAL]Y~ ground-state
structure (Dg4q symmetry) for
M =Ti, V, Cr, Zr, Nb, Ta,
Mo, Hf, W) with charges

q = 2, for Ti, Zr, and Hf,

q = 1 for V, Nb, and Ta, and
q = 0 for Cr, Mo, and W,
respectively. Reprinted with
permission from [166].
Copyright: Wiley-VCH

Zr, Nb, Ta, Mo, Hf, W) complexes. All the sandwich structures characterized adopt
the staggered ground-state structure of D4q symmetry (Fig. 32).

In all [Al4MAl4]9~ sandwich structures the [c-Al4]?>~ ligand keeps its geomet-
ric and aromaticity features essentially unchanged. Inspired by the aforementioned
theoretical design of sandwich-type transition metal complexes, [Al4MAl4]?™, Ding
and coworkers [167] using DFT calculations (B3LYP/6-3114+G*) designed a series
of novel nontransition metal sandwich complexes based on the [c-Al4]?>~ ligand and
main-group metals M (M = Li, Na, K, Be, Mg, Ca). They found that the [c-Al4]*>~
ligand seems unlikely to sandwich the main-group metal atoms in the homo-decked
sandwich form. The authors proposed a new type of sandwich complexes, the
hetero-decked [CpMAl,]?~ ones, where the presence of the rigid Cp partner, which
cooperatively sandwiches alkali metal and alkaline-earth metal atoms, stabilizes the
[c-Al4]?~ ligand which can act as a “superatom.”

Very recently Zeng et al. [168] reported the first evidence of a hexatomic
species CAls having a global-minimum structure with a planar pentacoordinate
carbon. High-level ab initio computations and quantum molecular dynamics sim-
ulations at 300 and 400K reveal that the most stable [CAls]™ isomer has pentaco-
ordinate Ds, symmetry and is ~3.80kcal/mol lower in energy than the second
most stable alternative. The latter has a nonplanar structure based on a tetrahe-
dral CAl4 moiety. The [CAl5]™ cluster has 18 valence electrons with the electronic
configuration (1a})?(1e})*(2a})?(1a5)*(1e))*(2¢4)*. The CMOs of the [CAls]™
shown in Fig. 33 include a radial degenerate highest occupied MO of e} symmetry
(HOMO,-1), an occupied y-orbital of a3 symmetry (HOMO-2), a peripheral radial
five-center MO of a’l symmetry (HOMO-3), and other ¢-orbitals.

A significant contribution of the perpendicular 2p, orbital of the central C
atom to the y-orbital (HOMO-2) was found. In addition, the highly delocalized
radial bonding HOMO-3 also favors the planar structure. Furthermore, the large
HOMO-LUMO gap (1.65eV at the PBEPBE/aug-cc-pVTZ level or 2.82eV at
the B3LYP/augcc-pVTZ level) also suggests high stability of the [CAls]™ clus-
ter. The CMO dissection of the out-of-plane tensor component of the NICS(1),,
indicates that [CAls]* exhibits weak v-aromaticity (Fig.33). The dissected NICS
grid analysis further supports the CMO-NICS(1),, conclusions: the contribution to
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Archives

the diatropic NICS tensor from the ¥ MO is rather small relative to that of the radial
MOs. Hence, the radial MOs are more important than the ¥ MO in favoring the
planar geometry of [CAl5]* (Dsp).

Todorov and Senov [169] recently reported the syntheses of six new compounds
of four different structural types, Lig—yCaSng+x, Lig—xEuSngy, LisCa;Sn;q,
LicEusSng, LiMgEu,Sn3, and LiMgSr,Sns3, which together with three previously
reported [170] isostructural compounds, NagBaSne, NagBaPbg, and NagEuSng,
form a new class of compounds with heavy metal aromatic or conjugated systems.
Most extraordinary in these compounds is the existence of one and the same struc-
tural feature for most of them, columns of stacked aromatic pentagonal rings of
[c-Sns5]%~ (or [c-Pbs]®™) (Fig. 34a) that are analogous to the Cp ligand. The molec-
ular orbital pattern of the [c-Sns]®~ (or [c-Pbs]®) aromatics (Fig.34b) clearly
resembles the y-manifold in the aromatic cyclopentadienyl anion, Cp.

Xu and Jin [171] investigated with DFT methods the geometrical and elec-
tronic structures and the vibrational frequencies of the low-lying states of alkali
metal M[c-As4]” (M = Li, Na, K, Rb, and Cs) clusters and alkaline earth metal
M'[c-Ass] M’ = Be, Ca, Sr, and Ba) clusters. The computational results showed
that the square planar [c-As4]?>™ dianion can coordinate with metal atoms forming
pyramidal M[c-As4]|~ and M'[c-As4] complexes. On the basis of structural and elec-
tronic criteria of aromaticity, along with the presence of six delocalized y-electrons
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Fig. 34 (a) Column of eclipsed aromatic pentagons [c-Sns]®~ separated by Ae or Re cations
found in Lig—EuSne 4, Lig—CaSne4, LisCa;Sn;;, LigEusSng. (b) Three y~bonding and two -
antibonding MOs in the aromatic [c-Sns]®~ derived from single-point DFT calculations. Reprinted
with permission from [169]. Copyright: ACS Journal Archives

(satisfying the 4n + 2 electron counting rule) the square planar [c-As4]?~ dian-
ion, keeping its integrity in the M[c-As,]™ and M’[c-As,] complexes, was found to
exhibit characteristics of y-aromaticity.

Korber et al. [172] investigated the nature of the chemical bond in polypnictides.
They synthesized novel compounds of the cyclotetrapnictide anion in a tripledecker-
like coordination between two crown ether-coordinated alkali metal cations. The
structure of one of the complexes studied is shown in Fig. 35.

With ab initio calculations at the HF level and by employing the concept of
the electron localization function ELF, the authors established that the cyclote-
traarsenide anion, [c-As4]?~, shows electron delocalization primarily through the
lone pairs, and may consequently also be described as lone pair aromatic.

A series of alkali metal and alkaline earth metal—arsenic clusters formulated as
M[c-Ass] (M = Li, Na, K, Rb, Cs) and M'[c-Ass] T (M’ = Be, Mg, Ca, Sr, Ba) were
investigated by Xu and Jin [173] using DFT methods. All M[c-Ass] and M'[c-Ass]
clusters adopt a pentagonal pyramidal structure with Cs, symmetry, its basal plane
involving the planar pentagonal [c-Ass]™ anion. From molecular orbital and NICS
analysis, it was established that each of these species had three delocalized ¥ MOs
that satisfied the 4n + 2 electron counting rule and therefore exhibit y-aromatic
character.

The equilibrium geometries, electronic structures, harmonic vibrational frequen-
cies, and NICS values of [c-Sbs]™ and [c¢-Sbs]M (M = Li, Na, and K) clusters were
calculated at the B3LYP level [174]. The [c-Sbs]™ species adopt the aromatic planar
cyclic Dsy, structure, while the [c-Sbs]M species the pyramidal Cs, structures with
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Fig. 35 Projection of the (K@ 18-crown-6), As, molecule. Reprinted with permission from [172].
Copyright: ACS Journal Archives

the [c-Sbs]™ unit preserving its structural and electronic integrity in the [c-Sbs]M
complexes. Molecular orbital analysis and NICS estimations indicated that the pla-
nar [c-Sbs]™ anion is aromatic exhibiting double (0 + )-aromaticity. The same
authors [175] extended their calculations on the M[c-Bis] (M = Li, Na, K) and
M’ [c-Bis]t (M’ = Be, Mg, Ca) clusters. The basal plane of the M[c-Bis] and
M’[c-Bis]™ clusters having pyramidal structures of Cs, symmetry forms a perfect
five-membered ring of bismuth atoms, [c-Bis]™, with Ds, symmetry. Molecular
orbital analysis and estimated NICS values indicate that the planar [c-Bis]™ (Dsp)
moiety exhibits double (o + /) aromaticity.

The double (o +) aromaticity with the y-aromatic character surpassing, at a dif-
ferent extent, the o-aromatic character is mirrored on the shape of the NICS,,-scan
curves and the excitation energies of the most significant translationally allowed o-
and Y-type transitions of the five-membered pnictogen [c-Pns]™ (Pn = N, P, As,
Sb, Bi) clusters in D5, symmetry [79].

Planar four-, five-, and six-membered rings of transition metal atoms are very
rare. Planar transition metal carbonyls containing M(CO)4 groups are among pla-
nar transition metal clusters studied both experimentally and theoretically. Some
representative examples are given in Fig.36. It is interesting to explore the aro-
maticity/antiaromaticity of such planar transition metal clusters.

A quantitative evidence for the o-antiaromatic nature of saturated tetranuclear
metal—carbonyl clusters [M4(CO)12] (M =Fe, Ru, Os), which are similar
metal—carbonyl analogs of cyclobutane was recently provided by Corminboeuf et
al. [124]. The isotropic NICS of the C,, [M4(CO)12] M = Fe, Ru, Os) clusters
are about one-third less negative than those of their trinuclear congeners. Some
differences in the magnetic response between cyclobutane and transition metal four-
membered rings were identified and analyzed in detail using CMO-NICS (Fig. 37).
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The highest set of o-type degenerate occupied MOs is dramatically paratropic
in Dy cyclobutane (HOMO-NICS,, = + 130.0 ppm) and appreciably paratropic
in the corresponding carbonyl [M4(CO)12] (M = Fe, Ru, Os) complexes (HOMO-
NICS,, = + 31.8, +44.5 and + 59.0 ppm for M = Fe, Ru, and Os, respectively).

An interesting ternary lanthanum bromide LagBr;Niy cluster was recently syn-
thesized and structurally characterized [176]. The structure showed condensed Lag
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Fig. 38 A double trigonal prism chain with a Ni hexagon ribbon inside in the LagBr;Niy4 crystal
structure. Reprinted with permission from [176]. Copyright: ACS Journal Archives

trigonal prisms with the Ni atoms bonded to each other forming ribbons of Ni
hexagons (Fig. 38).

Considering that the hexagons of the Ni atoms propagate in the b direction
similar to a polyacene ribbon it would be worthwhile to investigate the aromatic-
ity/antiaromaticity of the six-membered rings of Ni atoms.

Two coinage and alkali metal mixed clusters, namely Na[c-Cuy]™ and
Na[c-Auy]~, produced with laser vaporization have been characterized experi-
mentally using photoelectron spectroscopy and computationally at correlated ab
initio levels [177]. The observed Na[c-Cuys]~ and Na[c-Aug]™ clusters adopt the
Cy4y pyramidal and Cy, planar geometries, respectively. The related Li[c-Cuy]™,
Li[c-Ag,]™, Na[c-Ag,]| ™, and Li[c-Auy] ™ clusters as well as the neutral Lis [c-Cuy]
and Naj[c-Cuy] clusters have also been studied computationally. Calculations of the
magnetically induced current density in the pyramidal Li[c-Cu4]™ and bipyramidal
Lis[c-Cuy] clusters indicated that the strong ring current is sustained mainly by the
HOMO dominated by Cu 4s character, and therefore the [c-Cuy]?>~ ring exhibits
pure o-aromatic character. More recently Mang et al. [178] systematically assessed
the minimum polarizability and maximum hardness principles in describing the rela-
tive stability of various isomers of all-metall M[c-MX4]~ (Na[c-Cuy4] ™, Li[c-Cuq4] ™,
Culc-Aly]~, Li[c-Ag,]™, Li[c-Aus]™, Nalc-Ag,]™, Nalc-Aug]™, Aglc-Al]™,
Aufc-Als]™) clusters on the basis of MP2 calculations. According to the minimum
polarizability principle the square-pyramidal structure (Cyy) is always more stable
than the planar (C5,) isomer at various computational levels.

Nguyen et al. [179] using DFT calculations demonstrated that the global mini-
mum of the Cu7Sc potential energy surface corresponds to a perfect planar geometry
involving a seven-membered ring of copper atoms with scandium in its center.
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Fig. 39 Map of the full
electron localizability
indicator for Cu;Sc;

ELI-D = 1.30. Reprinted
with permission from [179].
Copyright: Wiley-VCH

Nucleus-independent chemical shifts [NICS(1),, and NICS(2),,] showed that the
Cu;Sc cluster exhibits aromatic character, which is consistent with the number of 4s
electrons of Cu and Sc plus the 3d electrons of Sc satisfying Hiickel’s rule. Accord-
ing to a CMO-NICS(R),, decomposition, the MOs consisting of the 4s AOs are
mainly responsible for the aromatic behavior of the cluster. The electron localiz-
ability indicator (ELI-D) and its CMO decomposition (partial ELI-D) suggest that
a localized basin is formed in CuySc by the Cu atoms, whereas the two circular
localized domains are situated below and above the ring (Fig. 39). The planar Cu;Sc
cluster can thus be considered as an s-aromatic species. These findings agree with
the phenomenological shell model.

A comprehensive DFT study of the structural, energetic, spectroscopic (IR,
NMR, UV-Vis and photoelectron), electronic, and bonding properties of a new
series of hydrocopper(I), hydrosilver(I), and hydrogold(I) analogs of aromatic
hydrocarbons formulated as cyclo-M,H,, (M = Cu, Ag, Au; n = 3-6) has been
reported recently by Tsipis et al. [134,135]. All cyclo-M, H, molecules adopt struc-
tures analogous to the corresponding aromatic hydrocarbons (Fig.40), which are
characterized by perfect planarity, and equalization of all metal-metal bonds in the
aromatic metallic rings.

The bonding of all cyclo-M,H,, molecules is characterized by a common ring-
shaped electron density, which is constructed by highly delocalized o-, Y-, and
8- type MOs and associated with their aromatic character. The aromaticity of all
cyclo-MuH,, (M = Cu, Ag, Au; n = 3-6) molecules was estimated by making use
of several criteria for aromaticity, such as the NICS(0) parameter, the relative hard-
ness, An, and electrophilicity index, w. It was further verified on the grounds of a
chemical reactivity criterion of aromaticity, that of the interaction of the aromatics
with electrophiles, such as Lit, T1T, or Ag+.

Tsipis and Stalikas [180] using electronic structure calculation methods
(DFT) investigated the structural, energetic, spectroscopic (IR, NMR, UV-Vis)
and electronic properties of a novel series of hydrido-bridged binary coinage
metal clusters with general formulae cyclo-Cu,Ags_, (2-H)p(n =1-3),
cyclo-Cu,Agy_,(2-H), (n=1-4), and cyclo-Cu,Ags_,(u2-H), (n=1-5).
The aromaticity of these bimetallic systems was explored by employing a number
of established criteria such as the nucleus-independent chemical shift, the hardness,
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n, and the electrophilicity index, w. It was found that all clusters exhibit aromatic
character, the aromaticity decreasing upon increasing the number of Cu atoms in
the metallic ring core structure or increasing its size. The hydrido-bridged binary
coinage metal clusters show a composite bonding mode involving o-, /-, and 8-type
components. The y-type MOs resulting from the bonding interaction of nd AOs of
the metal atoms, delocalized over the entire metallic framework, are analogous to
the -type MOs of the aromatic hydrocarbons.

Lietal. [181,182] using DFT computational methods predicted that the aromatic
Cu4Hy and CusHs hydrometals can host planar tetracoordinated and
pentacoordinated nonmetals at the center of the rings forming perfect square planar
and pentagonal complexes CusH4X and CusHsX (X = B, C, N, O).

Successive nucleophilic attack of the parent aromatic [cyclo-Cug(u-H)4]
molecules by a series of nucleophiles Nuc (Nuc = N,, CO, H,O, NH3, and PH3)
affords novel [cyclo-Cus(u-H)4Nuc,] clusters, which, depending on the nature of
Nuc and the degree of substitution, adopt planar, bent, or 3-D tetrahedral geome-
tries (Fig.41) [183]. The 3-D structures are obtained for the higher degrees of
substitution, that is in the [cyclo-Cus(u-H)4Nucs] and [cyclo-Cug(u-H)4Nucy]
clusters.
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The [cyclo-Cus(11-H)4Nuc, ] molecules exhibit aromatic character, which is pri-
marily due to 4s and 3d cyclic electron delocalization over the Cuy framework
(s and d orbital aromaticity). The aromaticity of the novel ligand-stabilized tetranu-
clear Cuy clusters was verified by the NICS(0), NICS(1), and their out-of-plane
components NICS,,(0), NICS,,(1) along with the NICS scan pictures. Regard-
ing the aromaticity of the [cyc/o-Cus(u-H)4Nuc,] it was found that increasing
the number of the attacking nucleophiles increases the diatropic response of the
aromatic tetranuclear Cuy clusters.

10 Aromaticity/Antiaromaticity in Lanthanide and Actinide
Chemistry (f-Orbital Aromaticity)

Luo and Hou [184] performing ab initio MP2 calculations on binary lanthanide
hydride clusters Ln3Hg and LngH;, (Ln = La, Gd, and Lu) predicted their
stability and their possible existence, since their formation was found to be ther-
modynamically favorable. Among the binary clusters the cyclic pentacoordinated
Ln3Hy one adopting an equilibrium geometry of D3, symmetry in its ' A;’ ground
state (Fig.41) was found to exhibit significant aromaticity. The estimated NICS(0)
value of —8.0 ppm for the Ln3Hg (D3y) cluster is comparable to that of benzene
(—9.3 ppm). The aromaticity of LnsHo(D3y) cluster, arising primarily from highly
delocalized MOs contributed from the overlap of Ln 5d and H 1s orbitals, suggests
that the bridging hydride ligands play an important role in the electron delocalization
of these systems.

Very recently we have communicated on the role of the 5f orbitals in bond-
ing, aromaticity, and reactivity of planar isocyclic and heterocyclic uranium clusters
[185]. Using electronic structure calculation methods (DFT) we demonstrated that
the model planar isocyclic cyclo-U,X, (n = 3,4; X = O,NH) and heterocyclic
cyclo-Uy(uz-X), (n = 3, 4; X = C, CH, NH) clusters are thermodynamically
stable molecules with respect to their dissociation either to “free” U and X moieties
or to their monomeric UX species. The equilibrium geometries of the cyclo-U, X,
and cyclo-Uy (u2-X), clusters are shown in Fig. 42.

The bonding in the cyclo-U, X, (n = 3,4; X = OH, NH) and cycl/o-Uy(u2-X),
(n = 3, 4; X=C, CH, NH) clusters is characterized by a ring-shaped electron den-
sity. The Uz and Uy rings exhibit a composite bonding pattern involving highly
delocalized o-, Y-, 8-, and @-type MOs resulting from a completely bonding inter-
action of the 5f AOs of each U atom of the ring. The 3-D contour surfaces of
the valence MOs describing the cyclic delocalization of the electron density in the
cyclo-UyX, (n = 3,4; X =0H, NH) clusters are visualized in Fig. 43.

It is evident that the 5f orbitals of the uranium metal centers play a key role in
the bonding of the aforementioned f-block metal systems significantly contributing
to the cyclic electron delocalization and the associated magnetic diatropic response.
The aromaticity of the cyclo-U, X, (n =3,4; X =0H, NH) and cyclo-U, (u2-X),
(n=3, 4, X=C, CH, NH) clusters was verified by the magnetic criterion of
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aromaticity/antiaromaticity of a molecule, that of the nucleus-independent chem-
ical shift, NICS(0), NICS(1), NICS,,(0), and the most refined NICS,,(1) index,
along with the NICS scan profiles. According to the magnetic criterion all clus-
ters exhibited high negative NICS,,(0) and NICS,,(1) values ranging from —135.2
to —359.9ppm and from —40.1 to —170.6 ppm, respectively, and therefore are
strongly aromatic. This type of aromaticity based on the electron delocalization of 5f
orbitals of the U metal centers can be considered as the first example of the f-orbital
aromaticity reported so far.

The size of the Uy ring in the cyclo-Ug(u2-C)4 cluster can accommodate inside
the ring center a planar tetracoordinate element E (E=H, C, Si) comfortably
affording thermodynamically stable E@[c-U4(112-C)4] molecules. The larger size
of the ten-membered cyclo-Us(u2-C)s ring can capture at the center the bigger
U atom in a pentacoordinate environment affording the thermodynamically sta-
ble U@[c-Us(u2-C)s5] cluster. The E@[c-Uy(u2-C)4] and the U@[c-Us(u2-C)s]
clusters keep to some extent the aromatic character of the respective rings of the
U atoms. Moreover, NBO analyses reveal significant electron transfer from the
surrounding uranium atoms to the central E atoms, which acquire negative natu-
ral atomic charges and significantly increase the np, orbital occupancies of the E
atoms.

11 Epilog

In this study I reviewed the recent advances in the newly emerged interdisciplinary
field of “bare” and “ligand-stabilized” rings of metal atoms with particular empha-
sis on the structural, energetic, electronic, and bonding properties of a variety of
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Fig. 43 Three-dimensional contour surfaces of the valence MOs responsible for the cyclic delo-
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[185]. Copyright: ACS Journal Archives

novel “all-metal” rings studied so far. Attempts have been made to through light on
the origin of aromaticity/antiaromaticity in these novel rings of metal atoms illus-
trating its multifold character. “Bare” and “ligand-stabilized” aromatic/antiaromatic
“all-metal” systems represent one of the ‘“new frontiers” that promise to keep
aromatic/antiaromatic chemistry vibrant well into the twenty-first century. Apart
from the aromaticity/antiaromaticity properties of the metallic rings, other physical,
chemical, optical, biological, and technical properties are worth to be investigated
in the future for finding applications as catalysts, drugs, and other materials of
technological interest.
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All-Transition Metal Aromaticity
and Antiaromaticity

Alina P. Sergeeva, Boris B. Averkiev, and Alexander 1. Boldyrev

Abstract Though aromaticity in compounds containing a transition-metal atom has
already been discussed for quite a long time, aromaticity in all-transition metal
systems have been recognized only recently. There are examples of o-, Y-, and
3-aromaticity based on s-, p-, and d-AOs. We derived the counting rules for o—,
Y-, 8-, and ¢-aromaticity/antiaromaticity for both singlet/triplet coupled model
triatomic and tetratomic systems so that one could use those to rationalize aromatic-
ity and antiaromaticity in all-transition metal systems. These rules can be easily
extended for any cyclic systems composed out of odd or even number of atoms. We
elucidated the application of these rules to the all-transition metal cyclic systems:
Auj/Auz, NaxZns, Hg§™, Mo3;032™, Scy, Hfs, and Taj clusters. We believe that
the use of concepts of aromaticity, antiaromaticity and conflicting aromaticity can
be an important theoretical tool for deciphering chemical bonding in various known
and novel chemical compounds containing transition metal atoms.

Keywords Adaptive natural density partitioning - All transition metal aromaticity -
Chemical bonding - Cluster - Multifold aromaticity
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1 Introduction

Chemical bonding in transition metal compounds is more diverse and compli-
cated compared to main group compounds due to participation of d- and f-atomic
orbitals. In particular, in 1964, Cotton and coworkers published a milestone work
on the K;[Re,Clg] - 2H,0 compound [1], in which they showed the presence of
a new type of a chemical bond — 8-bond between two Re atoms. This finding was
the first example of the bond order of four. This paper and follow-up works led
to the establishment of a new branch of inorganic chemistry involving multiple
metal-metal bonding [2] with bond orders higher than 3, the maximum allowed
for main group molecules. Recently, Power and coworkers reported the synthe-
sis of A'CrCrAr’ (where Ar’ is the bulky aryl group C¢Hz-2, 6(CHz-2, 6-Pr),)
with a quintuple bond (o21/*8*) between two Cr atoms [3]. 8-bonds between two
transition metal atoms suggests that there may exist multicenter transition metal
species with completely delocalized cyclic §-bond, thus raising the possibility of
8-aromaticity analogous to ¥- or o-aromaticity in main group systems. Indeed, the
first 8-delocalized bond and §-aromaticity was recently discovered in the Taz O3
cluster by Zhai et al. [4]. Averkiev and Boldyrev [5] theoretically predicted the first
example of triple (0-, Y-, and 8-) aromaticity in Hf3 cluster in the lowest singlet
state. Tsipis, Kefalidis, and Tsipis showed that the delocalized ¢ electron density
in the rings of planar isocyclic and heterocyclic uranium clusters could be asso-
ciated with cyclic electron delocalization [6], which is a characteristic feature of
aromaticity.
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Thus, transition metal compounds have the striking feature of chemical bonding —
the possibility of the multifold nature of aromaticity, antiaromaticity, and conflicting
aromaticity [7]. When only s-atomic orbitals (AOs) are involved in chemical bond-
ing, one may expect only o-aromaticity or o-antiaromaticity. If p-AOs are involved,
o-tangential (o;-), o-radial (o,-), and Y¥-aromaticity/antiaromaticity could occur. In
this case, there can be multiple (0- and 1-) aromaticity, multiple (o- and v-)
antiaromaticity, and conflicting aromaticity (simultaneous o-aromaticity and -
antiaromaticity or o-antiaromaticity and y-aromaticity). If d-AOs are involved in
chemical bonding, o-tangential (o-), o-radial (o;-), Y-tangential (y-), Y-radial
(¥-), and §-aromaticity/antiaromaticity could occur. In this case, there can be mul-
tiple (o-, Y-, and 8-) aromaticity, multiple (o-, Y-, and 8-) antiaromaticity, and
conflicting aromaticity (simultaneous aromaticity and antiaromaticity among the
three o-, Y-, and 8-types).

In the follow-up sections we discuss in detail these new types of bonding in
model systems and also show examples of chemical species manifesting these types
of aromaticity.

Summary: Though multiple bonding in transition metal compounds had been
discussed in the literature for more than four decades, the discovery of aromatic-
ity in all transition metal systems (cyclic systems composed out of transition metal
atoms) was made only few years ago. In the compounds composed out of main
group elements one may expect sigma-(o-) and pi-(y-) aromaticity only. In all tran-
sition metal systems one may expect two new types of aromaticity: delta-(8-) and
fi-(¢-) in addition to o- and Y-aromaticity.

2 Model Consideration of 6-, -, 8-,
and ¢-Aromaticity/Antiaromaticity

In order to develop a comprehensive understanding of chemical bonding in all-
transition metal clusters we would like to present a concise picture of delocalized
bonding including s-, p-, d-, f-AO based o-, Y-, 8-, and ¢p-aromaticity/antiaromaticity
in model triatomic and tetratomic systems. The o-, ¥, 8-, and ¢-aromatic systems
retain high symmetry structures whereas o-, Y-, 8-, and ¢-antiaromatic systems
should undergo Jahn-Teller distortion. When all bonding, partially bonding, and
antibonding MOs composed out of a particular type of AOs (s-, p-, d-, or f-) are
completely occupied, those MOs do not contribute to bonding anymore, because all
bonding effects will be cancelled by corresponding antibonding effects.

In Table 1 we present schematic molecular orbital diagrams, possible electronic
configurations and Huckel’s rules for s-, p-, d-, and f~-AO based o-aromaticity/anti-
aromaticity, p-, d-, and f~-AO based y-aromaticity/antiaromaticity, d-, and f-AO
based §-aromaticity/antiaromaticity, and f-AO based ¢-aromaticity/antiaromaticity
of a singlet/triplet model triatomic system as a general example of odd-number
cyclic systems. The same information for a tetratomic system as a general exam-
ple of even-number cyclic systems is listed in Table 2. In Figs. 1-20 we give a



A.P. Sergeeva et al.

278

Ti\\mmgtm_@ 1} S
{0PTeul @:w:, {0121 @:3: {02Tm21 @:3: {21 @:c:, = T Konewore-4 paseq OV-p
T::m:: o1} Ts:ﬁ@ oy ,M@:m:s 1} :ovtm:ﬁ n1} ..om_ —
7+ uy uyp up <+ up « Bl—
| 1. R
{0 2Tm21 QWEV di
{02221 71} {@2Tw)21 ¢, P1} {02Tm21 71} {021 1} A= — ONEIO-0 POSEq QY-
{210 {0211 {0211 {021 "1} A
T+up up up T+up ¢ Bl—
{1 5:35 T?\ﬁ@:sv ,M@:m_@\\c:v {01 S\\Sw o el— Ayonewore- peseq Ov-d
+up uyp uyp +up GA— —
| 1. R
{n2Tm.21 ch: «*l
0220”1 {oflollg’l {0l {0211 S fonewore-o paseq Oy-d
{02171 {01,713 {02121 {021 71} e o
7+uyp up up 7+ up e —
T:\m::w@:v T?m:@wsv ”@\m_@wsv Torﬁ@w@:v S —
THup up up T+up A— — Ayonewon-o paseq OV-S
Surdnoo jo1dn Suridnoo jo13urs Surdnoo jo1din Surdnoo 3o13urs

Aoneworenue 10y 9Nl S, [oNH

Aymonewore 10y d[nI s [oYONH

wreserp [ejqio
Ie[nos[owW JNBWAYDS

SWIA)ISAS J1104d Joquinu-ppo Jo o[dwexa [e1oua3 © se W)SAS OIUOIeL)
[opow 1o1d1n9[3urs Jo AJoneworenue/AJIoNeWOoIR J0J SI[NI S [OONH pue ‘Suonein3yuod Juond9[d dqissod ‘swreidep [831qI0 JB[NOS[OW JNEWAYOS | [qRL



279

All-Transition Metal Aromaticity and Antiaromaticity

T:twf: Qﬁw
t+up

A:xmmaxmﬂancﬁw
Gt
+uwp

.H: 12C(e)°l ANV\\QE,
T:tm:: 4y
+up

T:\»N@\mﬂ@wsw
,T:\mfc\sv
7+ up

{02171
t+up

?Nvtﬁ (0 oy}
up

”axmm@xmﬁaﬁeﬁw
{o 2@ o1}
uyp

?@:wm@:ﬁ Amr\sw
ﬂ @u°1 Qu B:
up

T@\»N@imﬂ@ws }
{2121}
up

{021 1}
up

?Nvtﬁ (0 oy}
up

”axmmgxmﬁaraﬁw
{021 ,"13
up

TNV\wNQrﬁ @tSw
TNV\\: Qu B:
up

T@%N@imﬁ_@wa:
AMANV\: ANv\:w
uyp

TNV\: ANV :
up

?e:ﬁ @Qu o1}
T+up

{221 21}
{1 5\5
{021P1

+up

Titwm@:ﬁ@ 33
m@ :N;Nv\\:w
Te\\:@ 0

+up

”Qrmmgrmmanuﬁw
o2l 1)
ﬁsv\m: Amv\:w

t+up

A 021 ANV :
+up

Kyonewore-¢ paseq OV-J

Ayonewore-9 paseq OV-J

Kyonewore-A paseq OV-J

Kyonewore-o paseq OV-J

Ayonewore-g paseq OV-p



A.P. Sergeeva et al.

280

5,5 5 ?vvuww:uﬁ @" ) "I} e — fonewore
{0 2Tw 21" N "I} {n 21" 41 " v} Mq1— -
F F ny ng 8 F ny ng © M:l :MNV :ANNV @ :MNV :MNV o — _
{0’7%9"210" 10"} {0 2wl " e Pl 10" lo" 10" 1} lo" 10 ™01} ) Paseq OV -P
{10 "1 v} {010 1o 1} to"qrw"™r} to" 0" 1} S
up 9 + up ¢+ up p+up T ep—
) ; .rssmis_%vus:wa5: -
{0"2tw 1090 01 {n"10 91" 01} Fqr— Aonewor
{00 10™ 10"} {0"7tn"2 10" 10"} {010 1o 01} {010 1} P— — -0
{11 1} {0"10 1) 71} {0101} {01 v} um._f — paseq OV-p
up 9 + up ¢+ up p+up T T
{0 210" 21}
n n n n Anewore
{2100} {02101} {02101} {02101} » - h
+up up up +up ~— paseq Ov-d
{72210 41 ¢ "1}
{0"2Tw" 101" 71} {10 11} Konewore
{02201 "} {0"Tw" 1010 P} {0"210" 9o 1} {0™ 11} -0
{w"210)™ 41" 1} {0"210™ 10" 1} {o™ 11} {0 10" w1} paseq Ov-d
up 9 + up ¢+ up p+up T
{210 S1p I} e — Konewore
ORI S {o"10"'v1} {o"210"'71} {01071} E.ﬂ - pseq o<..hmV
T+ up up up T+ up i
Surpdnoo jo1din Surpdnoo 19[3urs Surpdnoo jo1din Surgdnoo 3o13urs

KonewoIenue 10y 90 s [oyony

weIgeIp [eyqio

Konewore 10y o0 s [oYonH JR[NOJ[OW JTJRWAYDS

SWISAS JI[OAD JoqUINU-UIAD JO J[dWeXd [eIOUAS B SB WIISAS OIWOIBI)d)

[opour Jo[d1n39[3UIS JO AJIOTBWOIRIIUR/AIIOTBWOIR 0] SI[NI S,[ONH pue ‘SuoneIn3yuod d1uondfe 9qissod ‘sweiderp [e31qIo Je[nd9[ow dNeWAYdS ¢ [qeL



281

All-Transition Metal Aromaticity and Antiaromaticity

. E . rswm lo"vI}
{101} {o"210"I} {01 "1} {0’11}
T+ up up up T+ up

{022 "1 0 1 "1}

{ {0"2Tw "1 1 "0} {010 %1 01}
{0)"9T 10 1 "I} ©"2Twm "1 1 71} {0"10 10 71} {01 1}
{21 a1 01} {0"10 1) 01} {wa14)"vr} {0 1" w1}
up 9 + up T+ up p+up‘C

{n’2Tm 210" a1 "1}

{0"2twm 210" 1 "1} {n 210" 1)1}
{22010 "o} {0 2T 210 91 "1} {0’10 "1} {0"9 "I}
{21091 "1} {01041 "1} {o"a1q 1} {0" 91 "1}
uyp 9+ up T+ up b+ up‘c

{022 "1 0 1 "1}

{0"2C) "1 01 "0} {010 1 01}
{0)"T 101 "1} @ "2Twm "1 1 o1} {0"10 10" 71} {01 1}
{w" 1w a1 01} {0"10 1) 01} {w™a14)"v1} {01 w1}
up 9 + up T+ up p+up‘C
{1 71}
{w"10 o1} {0"1 1} {"21 71} {01 71}
t+uw uyp uyp t+uw

e —

-]

~
q—

Kyonewore-¢
poseq OV-4

Kyonewore-9
poseq OV-4

Kyonewore-n
Paseq OV

Kyonewore-o
poseq OV-4

Kyoneuore-9
paseq OV-p



282 A.P. Sergeeva et al.

' .. ;,_’ 1e’
? - fa,

Fig. 1 s-AO based 0-MOs for model triatomic system plotted by Orbital Viewer 1.04
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Fig. 2 s-AO based 6-MOs for model tetratomic system plotted by Orbital Viewer 1.04
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Fig. 3 p-AO based 0-MOs for model triatomic system plotted by Orbital Viewer 1.04. Here
and elsewhere molecular orbitals which are composed of both radial and tangential AOs are
symbolically shown as a sum of two hypothetical MOs built out of either radial or tangential AOs
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Fig. 5 d-AO based 0-MOs for model triatomic system plotted by Orbital Viewer 1.04

molecular orbital representation performed via Orbital Viewer 1.04 [8] that can be
found in the centre of the corresponding figure and the schematic representation of
those orbitals in terms of atomic orbitals (to the left and to the right from molecular
orbital representation).
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1ieu

Fig. 6 d-AO based 0-MOs for model tetratomic system plotted by Orbital Viewer 1.04

Fig. 7 {-AO based 0-MOs for model triatomic system plotted by Orbital Viewer 1.04
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Fig. 8 f-AO based 0-MOs for model tetratomic system plotted by Orbital Viewer 1.04

ok J

Fig. 9 p-AO based y-MOs for model triatomic system plotted by Orbital Viewer 1.04
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Fig. 10 p-AO based y¥-MOs for model tetratomic system plotted by Orbital Viewer 1.04
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Fig. 11 d-AO based ¥-MOs for model triatomic system plotted by Orbital Viewer 1.04
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Fig. 12 d-AO based y-MOs for model tetratomic system plotted by Orbital Viewer 1.04
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Fig. 13 f-AO based ¥-MOs for model triatomic system plotted by Orbital Viewer 1.04
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Fig. 14 f-AO based -MOs for model tetratomic system plotted by Orbital Viewer 1.04
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1e’
% . 1 ’ ‘ I
Fig. 15 d-AO based 8-MOs for model triatomic system plotted by Orbital Viewer 1.04
Y S
72 @

Fig. 16 d-AO based 8-MOs for model tetratomic system plotted by Orbital Viewer 1.04

Fig. 17 f-AO based §-MOs for model triatomic system plotted by Orbital Viewer 1.04
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1b

19

2e,

Fig. 18 f-AO based §-MOs for model tetratomic system plotted by Orbital Viewer 1.04

1a
Fig. 19 f-AO based $-MOs for model triatomic system plotted by Orbital Viewer 1.04

2.1 s-,p-,d-, f-AO Based o-Aromaticity/Antiaromaticity

The simplest case is the s-AO based o-aromaticity/antiaromaticity in a triatomic
system. Out of three s-AOs (Fig. 1) one can compose a completely bonding 1a}-MO
and two partially bonding/antibonding 1e¢’-MOs.

According to the 4n+2 Huckel’s rule for aromaticity and the 4n Huckel’s rule for

antiaromaticity, triatomic systems with the electronic configuration la/l(z) 1e/© are

o-aromatic and with the electronic configuration la/l(z) 1/ (singlet coupling) are
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Fig. 20 f-AO based $-MOs for model tetratomic system plotted by Orbital Viewer 1.04

o-antiaromatic. On the other hand, triatomic systems with electronic configuration
la/l(z) 1e/?@ (triplet coupling) are o-aromatic and with electronic configuration la/l(l)
1’ are considered o-antiaromatic, thus satisfying the 4n Huckel’s rule for triplet
cases (Table 1).

In a tetratomic system out of four s-AOs (Fig.2) one can compose a completely
bonding 1a;,-MO, two partially bonding/antibonding 1e,-MOs, and one completely
antibonding 1b,-MO.

Similar to the triatomic systems (see earlier), tetratomic systems with the
electronic configurations 1a§2g) lel(lo) lbg?, 1a§2g) 1e£2) lbg? (triplet coupling), and

lagé)lel(f‘)lbg? are o-aromatic, with the electronic configuration lagzg)lel(lz)lbg?

(singlet coupling) are o-antiaromatic, according to the counting rule 4n 42/
4n//4n/4n + 2 (Table 2). Triplet coupling 1a§{;1e5” electronic configuration
should be considered as being o-antiaromatic.

In the case of p-AO based o-aromaticity/antiaromaticity in a cyclic triatomic
system there are two types of p-AOs: p-sigma-radial (ps-r)- and p-sigma-tangential
(Po-t)- AOs participating in delocalized bonding (Table 1 and Fig. 3).

The lowest-lying 6-MO (la)) is completely bonding formed out of ps--AOs
only, whereas the highest-lying one (1a}) is completely antibonding composed out
of ps--AOs. The doubly degenerate 1e’- and 2e’-MOs are composed out of both
Po-+- and pg—-AOs. This is the reason why py—- and ps--MOs are presented as
one set in Fig. 3. The counting rules for aromaticity/antiaromaticity for o-electrons
in cyclic systems with the singlet/triplet coupling of electrons and odd number of
vertices are 4n + 2/4n//4n/4n + 2, respectively (Table 1).

For the cyclic tetratomic systems p-AO based o-aromaticity/antiaromaticity is
more complicated (Fig. 4, Table 2).

Now, the two lowest-lying 6-MOs (la;, and 1by,) are completely bonding and
they are composed out of either py--AOs (lajg) or ps--AOs (1bsg). The highest-
lying ones are completely antibonding and they are also composed out of either
Po-r~AOs (1b1,) or ps--AOs (lazg). The four MOs (le, and 2e,) in the o-set that
are located in between the completely bonding and antibonding MOs are doubly
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degenerate with bonding/antibonding characters. The le,- and the 2e,-MOs are
composed of both ps—- and ps--AOs. On the basis of this mixing of the ps-- and
Po-t-AOs the counting rule for o-electrons for singlet//triplet coupling cyclic sys-
tems with even number of vertices should be 4n +4/4n +2//4n + 6/4n (Table 2)
for aromaticity/antiaromaticity (in the simplest case of the occupation of just one
Po-r- OF one ps—-MO the system is also aromatic).

d-AO based o-aromaticity/antiaromaticity in a cyclic triatomic system is based
on two types of d-AOs: dy-- and dg--AOs participating in delocalized bonding
(Fig.5).

ds—-AOs participate in the formation of the completely bonding lowest-lying
0-MO (la)), whereas ds--AOs participate in the formation of the completely
antibonding highest-lying 6-MO (1a}). Two doubly degenerate le’- and 2¢’-MOs
are composed out of both dy-- and dy—;-AOs. The counting rules are 4n + 2/
4n//4n/4n + 2 for aromaticity/antiaromaticity for o-electrons in cyclic systems
with the singlet//triplet coupling of electrons and odd number of vertices (see
Table 1).

There are also two types of d-AOs: dg-- and dg--AOs participating in delo-
calized bonding which are responsible for d-AO based o-aromatic/antiaromatic
character in a cyclic tetratomic system (Table 2 and Fig. 6).

There are two lowest-lying completely bonding 0-MOs (lajg and 1bss) com-
posed out of either dy--AOs (lajg) or dg--AOs (1byg). Similarly, there are two
highest-lying completely antibonding 6-MOs (1by, and lazs) composed out of
either dg-r-AOs (1byg) or de—-AOs (lag,). The four MOs (le, and 2e,) in the
o-set that are located in between the completely bonding and antibonding MOs
are doubly degenerate with bonding/antibonding characters. The le,- and the 2e,-
MOs are composed of both dy—- and dy--AOs. The counting rules for o-electrons
for cyclic singlet//triplet coupling systems with even number of vertices should be
4n+4/4n+2//4n + 6/4n for aromaticity/antiaromaticity (in the simplest case of
the singlet coupling occupation of just one dg-- or one dgs--MO the system is also
aromatic).

Cyclic triatomic system exhibiting f-AO based o-aromaticity/antiaromaticity
involves f;-- and f5--AOs in delocalized bonding (Fig. 7).

The lowest-lying completely bonding (1a}) and the highest-lying completely
antibonding (la’z) 0-MOs are formed out of either f;-AOs or f;-AOs, respec-
tively. 1¢’- and 2¢’-MOs are composed out of both f;-.- and f5--AOs. The counting
rules for aromaticity/antiaromaticity for o-electrons in singlet//triplet coupled cyclic
systems with odd number of vertices are 4n + 2/4n//4n/4n + 2, respectively (see
Table 1 for details).

f-AO based o-aromaticity/antiaromaticity in a cyclic tetratomic system involves
f5-+- and f;--AOs in delocalized bonding (Table 2 and Fig. 8).

The two lowest-lying completely bonding (1a;, and 1ba,) and the two highest-
lying completely antibonding (1bj, and lag) 6-MOs are composed out of either
f5-- AOs (lagg, 1by,) or f5--AOs (1ba,, 1asg). The four MOs (le, and 2e,) in the
o-set have bonding/antibonding characters and are composed of both f;_- and f5-¢-
AOs. The counting rules are 4n+4/4n+2//4n+6/4n (Table 2) for -electrons for
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cyclic singlet//triplet coupling systems with even number of vertices for aromatic-
ity/antiaromaticity (the singlet coupled system is also aromatic in the simplest case
of occupation of just one f5_;- or one f;-MO).

2.2 p-,d-, -AO Based -Aromaticity/Antiaromaticity

In a triatomic system with the p-AO based y-aromaticity/antiaromaticity (Fig.9)
there is one completely bonding la3-MO and two partially bonding/antibonding
le”-MOs.

Singlet-coupled triatomic systems with the electronic configuration la/z/(z) 1e"©
are Y-aromatic and systems with the electronic configuration la/z/(z) 1e”® are
Y-antiaromatic (see Table 1). Triplet-coupled triatomic system with electronic con-
figurations la/z/(z) 1e”® and la/z/(l) 1e”(M are y-aromatic and y-antiaromatic, respec-
tively (see Table 1).

The set of MOs composed out of four p-AOs in a tetratomic system is the follow-
ing: a completely bonding 1a,,-MO, two partially bonding/antibonding le,-MOs,
and one completely antibonding 1b,,-MO (Fig. 10).

Similar to the triatomic systems (see earlier) tetratomic systems with the elec-
tronic configurations lagl) leg))lbgl)l) , lagi)leg)lbé?l) (triplet coupling), and lagl)
leg‘) lb;?l) are Y-aromatic, with the electronic configurations lagi) leg) lbg?])
coupling) and lagl) leg) lbgl)l) (singlet coupling) are y-antiaromatic (Table 2).

In a cyclic triatomic system two types of d-AOs: d - andd --AOs are respon-
sible for d-AO based yr-aromaticity/antiaromaticity (Fig. 11).

The lowest-lying ¥-MO (1a}) is completely bonding formed out of only d -
AOs, the doubly degenerate 1e”- and 2¢”-MOs are composed out of both d _- and
d --AOs, and the highest-lying one (1af) is completely antibonding composed out
of d --AOs. See Table 1 for the counting rules and possible electronic configu-
rations for aromaticity/antiaromaticity for y-electrons in cyclic systems with the
singlet//triplet coupling of electrons and odd number of vertices.

Now, let us consider d-AO based y-aromaticity/antiaromaticity in cyclic
tetratomic systems (Fig. 12).

Cyclic tetratomic systems have eight MOs corresponding to the d-AO based
Y-aromaticity/antiaromaticity: two completely bonding ¥-MOs (laz, and 1by,)
composed out of either d _-AOs (lay,) or d --AOs (1byy), set of two partially
bonding/antibonding doubly degenerate MOs (leg and 2e,) composed of both
d - and d _-AOs, and two completely antibonding MOs composed out of either
d _-AOs (1byy) ord -AOs (lajy). The counting rules and possible electronic con-
figurations for d-AO based y-aromaticity/antiaromaticity can be found in Table 2.

In Table 1 and Fig. 13 we summarized the case of f-AO based y-aromaticity/
antiaromaticity in a cyclic triatomic system.

There are six ¥-MO formed out of f _- and f _-AOs which are the following:
completely bonding f --AO based 1aj, doubly degenerate bonding/antibonding

(singlet
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f .- and f _-AO based le”- and 2¢”, and finally completely antibonding f --AO
based la] (see Table 1 for the counting rules and possible electronic configurations
for aromaticity/antiaromaticity).

Similar to cyclic triatomic systems there are two types of f-AOs: f _- and f _-
AOs participating in delocalized bonding in the case of f-AO based y-aromaticity/
antiaromaticity in a cyclic tetratomic system (Fig. 14).

This case is similar to d-AO based y/-aromaticity/antiaromaticity (see Table 2 for
the counting rules and possible electronic configurations for f-AO based
W-aromaticity/antiaromaticity in a cyclic tetratomic system).

2.3 d-, f-AO Based §-Aromaticity/Antiaromaticity

In the d-AO based §-aromaticity/antiaromaticity in a triatomic system out of three
d-AOs (Fig. 15) one can compose a completely bonding 1a}-MO and two partially
bonding/antibonding 1e¢’-MOs.

The counting rules, symmetry of molecular orbitals and electronic configurations
are like those in the case of s-AO based o-aromaticity in a triatomic system (see
Table 1, as well as Figs. 1 and 15).

Out of four d-AOs in a tetratomic system (Fig. 16) one can compose a completely
bonding la;,-MO, two partially bonding/antibonding 1e,-MOs, and one completely
antibonding 1b;,-MO which participate in §-aromaticity/antiaromaticity.

Tetratomic systems with the electronic configurations lagzg)leﬁo)lbgz), and

la(lzg)lel(f)lbg? , as well as with electronic configuration la(lzg)lel(lz)lbg(? (triplet

coupling) are 8-aromatic. Tetratomic systems with the electronic configura-
tions lagzg) lel(lz)lbg? (singlet coupling), and lailg)lel(ll) (triplet coupling) are
3-antiaromatic (See Table 2 and Fig. 16 for details).

f-AO based §-aromaticity/antiaromaticity in a cyclic triatomic system is based on
fs_,- and fs_,-AOs (Table 1 and Fig. 17).

Similar to the cyclic triatomic systems exhibiting p-AO based o-aromaticity/
antiaromaticity, in case of f-AO based §-aromaticity/antiaromaticity there are six
8-MOs: 1a}, le’ and 2¢/, and 1a), which are completely bonding, partially bond-
ing/antibonding, and completely antibonding, respectively (see Table 1 and Figs. 3
and 17 for possible electronic configurations and the counting rules for aromatic-
ity/antiaromaticity).

The fs-,- and f5--AOs are involved in f-AO based 8-aromaticity/antiaromaticity
in cyclic tetratomic systems (Table 2 and Fig. 18).

There are eight §-MOs, out of which laj, and 1b,, are completely bonding,
ley and 2e, are partially bonding/antibonding, and 1b;, and lays are completely
antibonding. The counting rule for 8-electrons for singlet//triplet coupling cyclic
systems with even number of vertices should be 4n + 4/4n + 2//4n + 6/4n
for aromaticity/antiaromaticity (in the simplest case of the occupation of just one
fs-,- or one f5--MO the system is also aromatic).
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2.4 f-AO Based ¢-Aromaticity/Antiaromaticity

Finally, the f-AO based ¢-aromaticity/antiaromaticity in a triatomic system is based
on completely ¢-bonding 1a5-MO and two partially bonding/antibonding 1¢”-MOs
(Fig. 19).

Applying Huckel’s rules for aromaticity/antiaromaticity in cyclic triatomic sys-

tems, one can say that the systems with the electronic configurations lag(z) 1e"©

/2/(2)16//(2) (triplet coupling) are ¢-aromatic, and with the electronic con-

/2/(2) le

and la
figurations la "®@) (singlet coupling) and lag(l)le”(l) (triplet coupling) are
¢-antiaromatic (Table 1).

As for f-AO based ¢p-aromaticity/antiaromaticity in tetratomic systems, there are
four ¢-MOs (Fig.20): completely bonding lay,, two degenerate partially bond-
ing/antibonding le,, and one completely antibonding 1b,,-MO.

Having taken into account Huckel’s rules for aromaticity/antiaromaticity
in cyclic tetratomic systems, the systems with the electronic configurations
lag]) leg)) lbg?]) , lag]) leéz)lbg?]) (triplet coupling), and lag]) leg) lbgl)l) can be said
to be ¢-aromatic, and the systems with the electronic configuration laﬁ) leg) lbg?l)
(singlet coupling) — $-antiaromatic (Table 2).

The above chemical bonding analysis on model triatomic and tetratomic systems
can be used for assessing aromaticity/antiaromaticity in real molecules and clusters.
However, hybridization may complicate this analysis. We will now present a few
examples where aromaticity/antiaromaticity in transition metal systems allows us to
rationalize chemical bonding.

Summary: Complicated nature of aromaticity in all transition metal cyclic sys-
tems can be understood more easily on simplified model cyclic triatomic and
tetratomic systems as examples of cyclic systems composed out of odd or even
number of atoms, respectively. Counting rules for o-, Y-, 8-, and ¢-aromaticity/
antiaromaticity for both singlet/triplet coupled triatomic and tetratomic systems
depend on the nature of atomic orbitals involved in the formation of corresponding
bonding/antibonding molecular orbitals.

3 Examples of Aromatic/Antiaromatic
Transition Metal Systems

We performed chemical bonding analysis in a few representative transition metal
clusters using recently developed Adaptive Natural Density Partitioning (AdNDP)
method [9]. The AANDP method is based on the concept of the electron pair as
the main element of chemical bonding models. Thus, it represents the electronic
structure in terms of nc—2e bonds. With n spanning the interval from one to the
total amount of atoms in the particular atomic assembly, AANDP recovers both
Lewis bonding elements (1c—2e and 2c—2e objects, corresponding to the core elec-
trons and lone pairs, and two-center two-electron bonds) and delocalized bonding
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elements, which are associated with the concepts of aromaticity and antiaromaticity.
From this point of view, AANDP achieves seamless description of systems featuring
both localized and delocalized bonding without invoking the concept of resonance.
Essentially, ADNDP is a very efficient and visual approach to the interpretation of
the molecular orbital-based wave functions.

3.1 s5-AO Based o-Aromaticity and o -Antiaromaticity

There are a few works on the prototypical odd-number cyclic systems with s-AO
based o-aromaticity, namely the Li3+ [10-12] and the Cu;r clusters [12]. In this chap-
ter we would like to consider s-AO based o-aromaticity/antiaromaticity in triatomic
gold clusters Au;' and Auj, respectively.

Auf, similar to Lii and Cu clusters, has a D3y, ' A global minimum structure.
Bonding in Au3+ is based on 6s-AOs of Au, because all the bonding and antibonding
MOs composed out of 5d-AOs of Au are occupied; hence, the contribution to bond-
ing from 5d-AOs of Au is negligible (according to NBO analysis natural electronic
configuration of Auj cluster is: 6571549 at B3ALYP/LANL2DZ). The AUNDP
analysis reveals one 3c—2e o-bond with occupation number (ON) of 2.00 electrons
(2.00 |e|) composed out of 6s-AOs of three Au atoms (Fig.21a). It is completely
bonding and it is responsible for o-aromaticity in Au3+, according to the 4n 4 2 rule
with n = 0 (for singlet coupling). The obtained 3c—2e o-bond can be compared
with the corresponding model molecular orbital 1a) (see Fig. 1 and Table 1).

For o-antiaromatic species (with ns-AOs participating in bonding) the counting
rule is 4n (singlet coupling). The Auj; anion is a good example of c-antiaromatic
system with four 6s-electrons. The electronic configuration for the singlet state of

Aujy at the D3, symmetry is la/l(z) 1e/® (with the only contribution of 6s AOs to the
bonding MOs, compared to Fig. 1 and Table 1), and the triangular structure with the
singlet electronic state must undergo the Jahn—Teller distortion toward linear Doopy
structure with a 10;2) 1052) valence electronic configuration and that is exactly what
we found in our calculations.

Two o-delocalized MOs can be approximately localized into two 2c—2e bonds
with ON = 2.00|e| and the linear structure of Auj can be formally considered as a
classical structure (Fig. 21b).

s-AO based o-aromaticity in even-number cyclic systems namely Mi_ M =Cuy,
Ag, Au) dianions as parts of M4Li, (M = Cu, Ag, Au) neutral species was studied

@ Au,’ ® Au,
D, A’ b 5 I
3h 2 71 3c-2e h Eg two 2c-2e
s-AO based o-bond s-AO based o-bonds
ON = 2.00 |e| ON = 2.00 |e|

Fig. 21 (a) Geometric structure and 3c-2e s-AO based o-bond of o-aromatic Au3Jr cluster; (b)
Geometric structure and two 2c-2e s-AO based o-bonds of o-antiaromatic Auj‘ cluster
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by Wannere et al. [13] and M4X™ and M4X, (M =Cu, Ag, Au; X =Li, Na) was
studied by Lin et al. [14]. s-AO based o-aromaticity in the cyclo-M,H, (M =Cau,
Ag, Au; n=3-6), cyclo-AusL,H;_, (L=CHjs, NH,, OH, and Cl; n=1-3),
cyclo-Cu,Agy_,Hy (n =1 —k, k =3-5) clusters was studied by Tsipis and Tsipis
[15], Tsipis et al. [16], Tsipis and Tsipis [17], Tsipis and Stalikas [18]. We will not
discuss these cases because their chemical bonding is similar to the earlier Au;r case,
and for those readers who would like to look into details we recommend consulting
the original papers and the discussion in the recent review [7].

3.2 p-AO-Based Aromaticity and Antiaromaticity

p-AOs participation in delocalized chemical bonding may lead to the phenomenon
of double (0- and -) aromaticity. Chandrasekhar et al. [19] introduced simul-
taneous presence of o- and y-aromaticity to explain the properties of the 3,5-
dehydrophenyl cation. Simultaneous presence of aromaticity and antiaromaticity
was first used by Martin-Santamaria and Rzepa [20] to explain chemical bond-
ing in small carbon rings. Later the simultaneous presence of aromaticity and
antiaromaticity was named as conflicting aromaticity [21]. Alexandrova et al. [22]
have also shown an example of a doubly o- and y-antiaromatic species — the
Bé_ dianion. p-AO based o-aromaticity/antiaromaticity and p-AOs based dou-
ble o- and y-aromaticity and antiaromaticity was also found in transition metal
systems.

Yong and Chi [23] have recently shown that a series of M2-, NaM5, Na,M3
(M =7Zn, Cd, Hg) clusters have the M3~ D3, 'A} core, which is p-AO-based
Y-aromatic. Thus, in all the M2, NaMj, NaoM3 (M = Zn, Cd, Hg) systems bond-
ing in the M%‘ core is due to Y-aromaticity only, without o-bonding. Similar bond-
ing pattern was previously reported for M%‘, NaM3, Na,M3 (M = Be, Mg) systems
by Kuznetsov and Boldyrev [24], Chattaraj and Giri [25], and Roy and Chattaraj
[26]. We performed the AANDP analysis of the NaZn3 cluster which revealed one
5c—2e y-bond composed out of 4p-AOs of three Zn atoms and 3s-AOs of two Na
atoms with ON = 2.00|e| (Fig.22). The 5c—2e y-bond is similar to 3c—2e model
molecular orbital 1aJ if we exclude contribution from sodium atoms (Fig.9 and
Table 1).

4s-AOs of Zn atoms are not responsible for bonding and they form three lone
pairs (one per each Zn atom) with ON =1.90 |e|. Thus, the Na,Znj3 species as
well as an_ (with 1aJ occupied HOMO) and NaZnj are all y-aromatic with no
contribution from o-bonding.

The first example of a solid compound (NazHg, amalgam) containing doubly
o- and -aromatic transition metal cluster Hgﬁ_ was discovered by Kuznetsov
et al. [27]. Formation of the Hgg_ cluster was puzzling since mercury has a closed
shell electron configuration (6s'?), and therefore a neutral Hg, cluster is expected
to be a van der Waals complex. The stability of the Hgg_ building block can be
explained due to the fact that it is isoelectronic to the first all-metal aromatic cluster,
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three 1c-2e 5c-2e
lone pairs p-AQ based m-bond
ON = 1.90 |e| ON =2.00 |e|

Fig. 22 Geometric structure, three 1c-2e lone pairs, and 5c-2e p-AO based /-bond of -aromatic
Na,Znj cluster

Ali_ [28]. Bonding in Hgg_ is due to Hg 6p-AO based MOs and the completely
occupied d-AOs of mercury do not contribute to the bonding. Figure 23 displays the
bonding pattern obtained via the AANDP analysis of the square-planar Hgg_.

The AANDP analysis revealed four lone pairs on Hg atoms with ON = 1.94 |e|,
as well as delocalized p-AO based 4c—2e o-radial bond with ON =2.00 |e|, p-AO
based 4c—2e o-tangential bond with ON = 2.00 |e|, and p-AO based 4c—2e -bond
with ON =2.00 |e|. Thus Hg,~ should be considered as both p-radial-AO and p-
tangential based o-aromatic species. Therefore the Hgg_ cluster satisfies the 4n + 4
counting rule for o-aromaticity in cyclic systems with even numbers of atoms (see
Table 2). In addition, Hg,~ should be considered as y/-aromatic on the basis of the
4n 42 Huckel rule applied to its y-subsystem (see Table 2). Thus, Hgg_ is a doubly
0- and Y-aromatic system.

The p-AO based 4c—2e o-radial and 4c—2e o-tangential bonds can be com-
pared to model molecular orbitals 1a;, and 1by,, respectively (see Fig.4). One can
compare the p-AO based 4c—2e y-bond to the model molecular orbital 1ay, (see
Fig. 10).

The finding of the double aromaticity in Hgg_ establishes a solid bridge between
our gas-phase studies of multiply aromatic clusters and bulk materials containing
such species.
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Fig. 23 Geometric structure, four 1c-2e lone pairs, 4c-2e p-AO based o,-bond, 4c-2e p-AO based
oi-bond, and 4c-2e p-AO based y-bond of doubly o- and y-aromatic Hgﬁf cluster

3.3 d-AO Based Aromaticity and Antiaromaticity

Due to the more complicated nodal structure of d-AOs that can form 8-bond in addi-
tion to o- and Y-bonds, transition-metal systems can provide a more diverse array
of aromaticity—antiaromaticity combinations. However, so far only few transition
metal systems with d-AO based aromaticity have been reported.

The first cases of d-AO based o-aromaticity were reported by Huang et al. [29]
in 4d and 5d transition metal oxide clusters, Mo3Oy and W3Oy, by combining
photoelectron spectroscopy and theoretical calculations. They found that the M50y,
M;0g, and M3O§_ (M = Mo, W) clusters all have D3}, structures, and each metal
atom is bonded to two bridged O atoms and two terminal O atoms. We performed
the AANDP analysis for M03O§_ cluster and the results are presented in Fig. 24.

The following bonding pattern is revealed for the M03O§_ cluster: six 2c—2e
Mo-Oerminat 0-bonds with ON = 2.00 [e], six 2c—2¢ Mo0-Opyigged -bonds with
ON = 1.99 |e|, six 2c—2e Mo-O o-bonds with ON = 1.92 |e|, and one com-
pletely delocalized 3c—2e d-AO based o;-bond. Thus, each terminal oxygen atom is
bound to the closest molybdenum atom by both o- and y-bonds, each bridged oxy-
gen atom is bound to the neighboring molybdenum atoms by two o-bonds, and the
molybdenum atoms are bound to each other by completely bonding 3c—2e o-bond.
According to the performed AANDP analysis, Mo3O3 ™~ species is o-aromatic. The
3¢c—2e d-AO based o,-bond in the Mos kernel is similar to the 3c—2e model d-AO
based 1aj0-MO in Fig. 5.

The first systems with d-AO based double (c-and -) aromaticity have been
reported recently by Chi and Liu [30]. They demonstrated that the D3y (IA’I)
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Fig. 24 Geometric structure, six 2c-2e Mo-O o-bonds, six 2c-2e Mo-O ¥-bonds, six 2¢c-2e Mo-O
o-bonds, and 3c-2e d-AO based o,-bond of c-aromatic M03O§7 cluster

structures are the global minimum structures for X5 (X = Sc, Y, La). All

three species have the same valence electronic configuration 1a; '@ e/ 1a//(2)2a/(2)
though the order of the MOs varies. The AANDP analys1s of the Sc3 cluster
reveals the following bonding pattern: there are three 2c—2e Sc—Sc o-bonds with
ON = 1.99 |e| composed out of hybrid 4s,3d-AOs of Sc, one completely bond-
ing 3c—2e d-radial based o-bond with ON = 2.00 |e|, and one completely bonding
3c—2e d-radial based -bond with ON = 2.00 |e| (Fig. 25).

Therefore the X5 (X = Sc, Y, La) clusters satisfy the 4n + 2 counting rule for
o-aromaticity and the 4n + 2 Huckel rule for y-aromaticity in cyclic systems with
odd numbers of atoms (see Table 1). Thus, all three anions are d-orbital based dou-
bly (0- and y-) aromatic systems. The obtained via the AANDP method 3c—2e d-AO
based o,-bond and 3c—2e d-AO based ,-bond are similar to the 3c—2e 1.':1’1 and 1a’2’
model molecular orbitals presented in Figs. 5 and 11, respectively.
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Fig. 25 Geometric structure, three 2c-2e Sc-Sc o-bonds, 3c-2e d-AO based o,-bond, 3c-2e d-AO
based y,-bond of doubly o- and y-aromatic Sc3~ cluster

Hf

3
1A ?
D3h * AJ’
- o
i
three 2c-2e 3c-2e 3c-2e 3c-2e

Hf-Hf o-bonds d-AO based o-bond d-AO based 1 -bond d-AO based &-bond
ON = 1.99 |e| ON = 2.00 |e| ON=2.00 |e| ON =2.00 [e|

Fig. 26 Geometric structure, three 2c-2e Hf-Hf o-bonds, 3c-2e d-AO based o,-bond, 3c-2e d-AO
based ;-bond, and 3c-2e d-AO based 8-bond of triply o-, - and §-aromatic Hf; cluster

The first example of §-aromaticity was found by Zhai et al. [4] in joint photo-
electron spectroscopy and theoretical study. They showed that the TazO3 cluster
possesses a global minimum with a perfect D3y (1A))) planar triangular structure
and that it’s doubly - and §-aromatic species.

Averkiev and Boldyrev [5] theoretically predicted the first example of triple
(0-, Y-, and §-) aromaticity (Hf; in the D3y, 1A’l 1a/1(2)2a/1(2) 1e/@® lag(z)3a/1(2) state).

The results of the AANDP analysis for this system are presented in Fig. 26.
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The following bonding pattern is revealed for the Hf3 species: three 2c—2e Hf-Hf
o-bonds with ON = 1.99 |e| formed out of hybrid 6s,5d-AOs of Hf atoms, and
three completely delocalized bonds. They are: one completely bonding 3c—2e d-
radial based o-bond with ON = 2.00|e|, one completely bonding 3c—2e d-radial
based {-bond ON = 2.00 |e|, and one completely bonding 3c—2e d-AO based §-
bond ON = 2.00 |e|. Assignment of the triple (0-, Y-, and 8-) aromaticity can be
made on the basis of the 4n + 2 Huckel rule (odd number of atoms, see Table 1). One
can find the correspondence between 3c—2e d-AO based o,-bond, 3c—2e d-AO based
Yr-bond, 3c—2e d-AO based 8-bond and 3c-2e 1a), 1a5, and la} model molecular
orbitals shown in Figs. 5, 11 and 15, respectively.

Wang et al. [31] presented joint photoelectron spectroscopy and theoretical study
of another example of transition metal Ta; cluster with triple (o-, ¥-, and §-)
aromaticity. They have shown that the lowest energy quintet state (Dzp, °A))
has the following electronic configuration: la/l(z) 2a/1(2) la/z/(z) le'®1e” (2)3a/1(2)2e’ @,
Out of these MOs, la} and le’ are the set of completely bonding and partially
bonding/antibonding MOs formed out of primarily 6s-AOs of tantalum atoms and
should not contribute to bonding significantly. 2a} is a completely bonding MO
formed out of d-sigma-radial (dy-;)-AOs of tantalum atoms. The corresponding
partially bonding/antibonding 2e’-MOs composed out of d-sigma-radial (d,-,)- and
d-sigma-tangential (ds-¢)-AOs of tantalum atoms. These doubly degenerate MOs are
occupied by two electrons with triplet coupling, and together with two electrons on
2a} MO they satisfy the 4n rule for o-aromaticity (triplet coupling) in odd number
cyclic systems (see section2.1 and Table 1). Similarly, 1aJ is a completely bond-
ing MO formed out of d-pi-radial (d -)-AOs of tantalum atoms. The corresponding
partially bonding/antibonding 1e”-MOs composed out of d-pi-radial (d -)- and d-
pi-tangential (d -)-AOs of tantalum atoms. These doubly degenerate MOs are occu-
pied by two electrons with triplet coupling, and together with two electrons on 1aJ
MO they satisfy the 4n rule for y-aromaticity (triplet coupling) in odd number cyclic
systems (see Sect.2.2 and Table 1). Finally, 3a) is a completely bonding 8-MO
which is responsible for §-aromaticity in this system (see Sect. 2.3 and Table 1).

Alvarado-Soto et al. [32], [33] have discussed the concept of aromaticity in
Re;Clg, Re3Brg, Re;CI27, and Re3Br§_ clusters.

Summary: There have been very few examples on the aromaticity/antiaromaticity
in all-transition metal cyclic systems reported in the literature to this day. In the
current section we give detailed discussion on antiaromaticity/antiaromaticity in
Aug/Aug, NayZnj3, Hgg_, Mos 02, Scy, Hf3, and Taj clusters.

4 Overview

Aromaticity in compounds containing a transition-metal atom has already had a
long history. Initially, Thorn and Hoffmann [34] proposed six-membered ring met-
allocyclic compounds, derivatives of benzene with one C—H moiety replaced by an
isolobal transition-metal fragment. Three years later the first example of a stable,
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isolable metallobenzene — osmabenzene — was reported by Elliott et al. [35]. Since
then a large family of metallobenzenes have been synthesized and characterized
[36], [37], [38]. Profilet et al. [39] reported first synthesis of dimetallobenzenes with
two metal atoms incorporated into the benzene ring. A thorough chemical bonding
analysis of metallobenzene has been recently performed by Fernandez and Frenking
[40]. However, in this review we demonstrated that aromaticity could be a power-
ful tool in explaining structure, stability, and other molecular properties in cyclic
systems composed of transition-metal atoms only.

It is clear that aromaticity and antiaromaticity could be very useful concepts
in explaining structure, stability, and other molecular properties of isolated and
embedded clusters of transition metals and transition metal oxide clusters. The
chemical bonding in transition metal clusters can come from s-AOs, p-AOs, and
d-AOs, and can be expressed as a variety of multiple aromaticities and antiaromatic-
ities as well as of conflicting aromaticities.

In Sect. 2 we considered models of ¢-, Y-, 8-, and ¢-aromaticity/antiaromaticity
based on a particular type (s-, p-, d-, or f-) of AOs in both even and odd number
cyclic systems on an example of triatomic and tetratomic systems, respectively. One
can compose 0-MOs out of s-AOs, as well as p-sigma-radial (py—)- and p-sigma-
tangential (py—)-AOs, d-sigma-radial (ds-;)- and d-sigma-tangential (dg-¢)-AOs,
f-sigma-radial (f5_;)- and f-sigma-tangential (f5_)-AOs participating in delocalized
bonding. ¥-MOs can be composed out of p-AOs, as well as d-pi-radial (d —)- and
d-pi-tangential (d -)-AOs, f-pi-radial (f -;)- and f-pi-tangential (f -)-AOs partic-
ipating in delocalized bonding. One can compose §-MOs out of d-AOs, as well
as f-delta-radial (fs-;)- and f-delta-tangential (fs-;)-AOs participating in delocalized
bonding. Finally, $-MOs can be composed out of f-AOs.

The counting rules for s-AO based o-aromaticity, p-AO based -aromaticity,
d-AO based §-aromaticity, and f-AO based ¢p-aromaticity are 4n+2/4n//4n/4n+2
rules for aromaticity/antiaromaticity (singlet//triplet coupling, respectively) for all
cyclic structures. The counting rules for p-AO based o-aromaticity, d-AO based o-
aromaticity, d-AO based -aromaticity, f-AO based o-aromaticity, and f-AO based
Y-aromaticity are 4n +2/4n//4n/4n+2 rules for aromaticity/antiaromaticity (sin-
glet//triplet coupling, respectively) for cyclic structures with odd number of atoms.
The counting rules for p-AO based o-aromaticity, d-AO based o-aromaticity, d-AO
based y-aromaticity, f~-AO based o-aromaticity, and f-AO based y-aromaticity are
2,4n+4/4n+2//4n + 6/4n rules for aromaticity/antiaromaticity (singlet//triplet
coupling, respectively) for cyclic structures with even number of atoms.

This model chemical bonding analysis for odd/even-number cyclic systems
can be used for assessing aromaticity/antiaromaticity in real molecules and clus-
ters. However, hybridization may complicate this analysis. For instance, in planar
cyclic boron clusters the peripheral boron atoms participate in localized 2c—2e B—
B o-bonding, and those bonds are formed out of hybridized 2p-sigma-tangential
(2pg-t)- and 2s-AOs. Therefore, 2ps--AOs should be excluded from the delocalized
o-bonding. Thus, only 2p-sigma-radial (2ps-;)-AOs participate in the delocalized o-
bonding and the counting rule for o-aromaticity becomes 4n + 2 /4n for all cyclic
boron systems [9,41,42].
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In Sect. 3 of current work we presented a few examples of aromatic/antiaromatic
transition metal systems. We have shown that triatomic gold clusters Au;' and Auy
are s-AO based o-aromatic and o-antiaromatic, respectively. Na,Zn3 cluster was
shown to have one 5c—2e y-bond composed out of 4p-AOs of three Zn atoms
and 3s-AOs of two Na atoms; thus, it is a -aromatic system with no contribu-
tion from o-bonding in the Znj3 kernel. The Hgg_ cluster is a doubly p-AO based
both o - and y-aromatic system. The M03O§_ species renders its d-radial-AO based
o-aromaticity. The Sc3 cluster is an example of a system with d-AO based double
(0-and y-) aromaticity with one completely bonding 3c—2e d-radial based o-bond
and one completely bonding 3c—2e d-radial ¥-bond.

The first cluster with §-aromaticity was found via joint collaborative theoretical
and photoelectron spectroscopic studies to be Ta3O5 . The Hf3 cluster was theoret-
ically predicted to be the first example of triple (0-, ¥-, and 8-) aromaticity in the
lowest singlet state. The first experimentally observed triply aromatic system is Taz
in the lowest quintet state.

Atomic f-AOs in lanthanide and actinide clusters offer additional possibility
to form ¢-bonds and thus could lead to systems with even richer variety of ¢-
aromaticity/antiaromaticity. Tsipis et al. [6] have recently presented the first evi-
dence of f-AO participation in delocalized bonding.

We hope that the aromaticity, antiaromaticity, and conflicting aromaticity con-
cepts would stimulate theoretical analysis of chemical bonding in other known and
novel chemical compounds containing transition metal atoms in clusters, nanoparti-
cles, solid compounds, and metallobiomolecules.
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