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Abstract

An overview of recent quantum chemical studies on all-metal aromatic compounds is presented. Novel classes of inorganic molecule:
containing bonds that are characterized by a common ring-shaped electron density are reviewed. The mechanistic insight gained for th
aromatic character of all-metal aromatic molecules is discussed and the predictive nature of the electronic structure calculation method
particularly those based on density functional theory (DFT) is highlighted. The indicators of aromaticity (aromaticity criteria) — structural,
magnetic, energetic and reactivity-based measures — many of which are accessible through quantum chemical calculations are also outlin
herein.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction predicting the behavior of a broad range of chemical, phys-
ical, and biological phenomena and to our efforts to change

This review is based on the following premises: (i) that the scientific landscape in the 21st century, (ii) that chem-
computational chemistry is a key to the understanding andical structure encoding the physical, chemical, biological,

and technical properties of molecules provides means to rou-
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environmental fate; and (iii) that the aromaticity concept —  Timely exhaustive assessments of the aromaticity concept
the cornerstone for rationalizing and understanding the struc-have been covered in several of the articles in athematic issue
ture and thus the behavior of the so-called aromatic organic of Chemical Reviews[9—-18]and a very recent special issue
compounds —is also applicable within the realm of inorganic of Physical Chemistry Chemical Physics [19—34] Moreover,
chemistry for a number of all-metal molecules and other co- an excellent publication by Minkin et 485] in 1994 entitled
ordination and organometallic compounds. Aromaticity and Antiaromaticity: Electronic and Structural
Aspects, and a more recent work by Katritzky and co-workers
[36] offer an excellent discussion of the problems associated

2. Aromaticity: the most vexing and fascinating key with defining aromaticity.

chemical concept

Let us first pay tribute to the elusive character of the con- 3- “Types” of aromaticity
cept of aromaticity. Aromaticity has almost exclusively fallen ) o ) _
within the realm of organic chemistry, benzene being the The field of aromaticity continues to be controversial. The
quintessential example. From an inorganic perspective, theCentral theme of this controversy is the definition of aro-
concept of aromaticity has been the unique domain of bo- Maticity itself. Today, the proliferation of “types” of aro-
razine — the boron—nitrogen six-membered ring compound Maticity goes far peyond the conventional confines and has
often referred to as “inorganic benzene”. Aromaticity is one Peen extended to include heterosystgsas38] chelate met-
of the most general but at the same time one of the most @llacycles in which metalloaromaticity stabilizes coordinated
vaguely defined chemical concept. Even though this conceptchelate ligand$39], inorganic molecule40,41} and tran-
was introduced in 1865-1866 by Kekil—7]it has no pre- ~ Sition metal oxide$42]. A considerable number of prefixes
cise and generally well established definition yet. As a con- Joined to the term of arom?tlcnyz"(ui-, non-, homo-, quasi-
sequence of the lack of a universally acceptable/applicable: Pseudo-, €tc.) and other “types” of aromaticity suggested
definition of aromaticity, the term is understandably contro- SO far, such as classical aromaticity, magnetic aromaticity,
versial. We are not wishing to indulge ourselves in joining MObius aromaticity,c-aromaticity, local-aromaticity, 3D-
the ongoing passionate discussion on this subject, we merely2romaticity and spherical aromaticity pose additional prob-
note that despite the frequent use of the term “aromatic- lems. All these terms related to speuflc_p_ropernes of the
ity” in the past and present literature, aromaticity is not a molecular system illustrate that aromaticity should take
measurable quantity and must be defined by convention. Al- into consideration multiple structural, chemical and physical
though the term “aromaticity” remains somewhat nebulous, it manifestations —itmustbe a multi-dimensional phenomenon.
is generally agreed that aromatic compounds exhibit special!n the following we will briefly outline the various “types” of
characteristics that distinguish them from nonaromatic com- aromaticity for the reader to get insight into the complexity

pounds. At the very beginningromaticity was considered of the vexing and nebulous concept of aromaticity:

as the property of planar conjugated cyclic w-electron com-

pounds that exhibit cyclic w-electron delocalization (CED) 1. Antiaromaticity is the property of a closed-shell cyclic
in their ground state manifested by the following set of dis- planar conjugateér-electron system havingrdnstead
tinguishing molecular features: of (4n + 2y electrons. A representative example is the

cyclobutadiene molecule. The antiaromaticity may be re-
duced when the molecule may become nonplanar (such
as cyclooctatetraene). An excellent account of the anti-
aromaticity in monocyclic conjugated carbon rings by
Wiberg[26] is enthusiastically commended to the read-
ers of this present issue Gbordination Chemistry Re-
views.

2. Homoaromaticity is the property of compounds that
display aromaticity despite one or more saturated
linkages interrupting the formal cyclic conjugatipt8].

A representative example is the tris-homocyclopropenyl
cation,1.

e An extra stabilization with respect to their noncyclic
analogues. In this context aromaticity is defined as the dif-
ference betweem-electron resonance energies of a non-
cyclic m-conjugated compound and a cyciteconjugated
compound, giving rise to the venerablad¢kel’s (42 + 2)m-
electron-counting rule of aromaticif§].

e A bond length equalization: The bonds constituting the
aromatic ring acquire a partial double bond character.

o A specific response to externally applied uniform magnetic
field perpendicular to the molecular plane. This response is
associated with the ability of the ring to sustain an induced
diamagnetic (diatropic) ring current.

e A tendency to undergo electrophilic substitution rather
thanaddition reactions.

e A strong usually pleasant odor, an “aroma” from the an-
cient Greek wordvpwpa exhibited by the archetypal aro-
matic system, the benzene molecule. 1 2
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Homoaromaticity is well-established in cationic and
anionic systems where delocalization of charge provides
an additional driving force for homoaromaticity. Neutral
radicals do not participate in homoconjugation and are
not expected to exhibit homoaromaticity. A family of po-
tentially homoaromatic molecules can be derived from
cyclic and conjugated (# 2)w-electron hydrocarbon
species by inserting a GHunit into the molecular ring.
The best-known example of this kind of species is prob-
ably the homotropylium2. A recent scholarly and au-
thoritative survey of homoaromaticity by Willianig1]
is very informative.

. Quasi-aromaticity is the property of transition metal
cluster compounds with the general formulaz{Mz-
X)(w-Y)3]** containing a puckered [Mup-Y)3]
six-membered ring, which exhibits benzene-like struc-
tural characteristics and chemical behavior in a series
of ligand substitution, addition and redox reactions
[44—-46] The energy-localized molecular orbital (LMO)
analysis indicated that thguasi-aromaticity in these
puckered [MX3] six-membered ring clusters is related
to a set of three continuous and closed 3c—2e (dp-d)
bonds with strong interactions, which account for
their stability, reactivity and spectroscopy. The orbital
interactions describing the 3c—-2e (d-prdponds in
[M3X4] (Xc is a triply-bridged or capping atom and
Xp are edge-bridging atoms) cluster core are depicted
schematically ir8.

. Classical aromaticity is an aromaticity scale based on
the geometric and energetic criteria of aromaticity. It was
introduced in a series of papers entitleddmaticity as

a Quantitative Concept” by Katritzky et al.[47-50]as a
result of the principal component analysis (PCA) of 12
common quantitative criteria of aromaticity.

5. Magnetic aromaticity is an aromaticity scale based on

the magnetic criteria of aromaticity. Itis the second com-
ponent of the PCA analysis, which is orthogonal to the
classical one.

6. Mobius aromaticity is the property of compounds with

rigid frameworks that enforce a smoothly twisted conju-
gation. In Mbbius aromaticity a monocyclic array of or-
bitals in which there is a single or generally an odd num-
ber of out-of-plane overlaps reveals the opposite pattern
of aromatic character tolitkel systems; with#m elec-
trons it is stabilized (aromatic), whereas with: (42)m
electronsitis destabilized (antiaromatic). The concept of

7.

10.

Mobius aromaticity was first introduced by Heilbronner
[51], with its name derived from the topological analogy
of such an arrangement of orbitals to @blus strip. A
Mobius structure can be considered as a combination of a
“normal” aromatic structure and a belt-shaped aromatic
structure as depicted graphically$theme 1 [52]
o-Aromaticity is the aromaticity due to the cyclic
o-electron delocalization first developed by Dewar
[53-56]and later Exner and Schleyj&7] to account for
the stability and properties of cyclopropane derivatives.
A review by Cremer[58] provides an informative
summary of the key concept of-aromaticity. A more
recent example of-aromaticity concerns the bonding
in triangular metal carbonyl clusters reported by King
[59]. The o-aromatic model for M(CO)2 (M=Fe,
Ru, 0s),4, involves the 3c—2e core bond withiiekel
topology and the 3c—4e perimeter bond witlolbius
topology,Ss.

R
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3c-2e core bond
Hiickel topology

3c-de perimeter bond
Mubius topology
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. Local aromaticity is the aromaticity of an individual ben-

zene ring in polycyclic systems. Dewar explicitly men-
tioned extending the notion of aromaticity criteria to in-
dividual rings in polycyclic systemi§0]. Polansky and
Derflinger[61] derived a ring index as a measure of the
“benzene character” of individual benzene rings in poly-
cyclic benzenoid hydrocarbons. This ring index is deter-
mined from computed MO coefficients when the MO’s
of the system are expanded in sets of MO’s of each ring.
In other words, the “benzene charactet’the projection

of occupied w-MO’s in a given hexagon L of a polycyclic
benzenoid hydrocarbon onto the three occupied MO’s of

a benzene molecule located on that position” [62].

. 3D-aromaticity is the aromaticity of three-dimensional

delocalized systems with near spherical geometries, such
as deltahedral boranes and carboranes, hydrogen and
lithium clusters, Zintl ions and fullerenes. It was found
that the highest degree of aromaticity could only be
achieved in systems with fully occupied valence shells.
It should be noted that the 3D-aromaticity is guided
by the 2(v+ 1)? counterpart of the Hckel rule. A re-
view by King[42] on the three-dimensional aromaticity

in diverse deltahedral boron based clusters and related
molecules is very informative.

Spherical aromaticity is synonym with 3D-aromaticity.

It is the aromaticity exhibited by icosahedral fullerenes
which are spherical molecules containing a conju-
gatedm-electron system. Again icosahedral fullerenes
that contain 2 + 12w electrons show the maximum
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Scheme 1. Schematic construction of @tius structure. Reproduced with permission frfs8]. Copyright by Wiley-VCH Verlag GmbH&Co. KgaA,
Weinheim.

degree of spherical aromaticity. This is closely related based on the classical aromaticity criteria, which can roughly
to the stable noble-gas configuration of atoms or atomic be divided into four categories: energetic, structural or geo-
ions. The nature of fullerene aromaticity considering metrical, magnetic, and reactivity-based meas(28s36].
count rules involving the whole&-electron system and  One can also add a fifth category based on electronic mea-
the relationship between the buildup of electrons in sures derived by the powerful electronic structure calculation
atomic mr-electron shells and the spherical aromaticity tools (ab initio and DFT}9,18,33,68] The literature on aro-

of icosahedral fullerenes has been recently surveyed bymaticity and its measures is so vast that | must be content
Buhl and Hirsch[20]. Recently[63], the 2(V+ 1)?x- here with outlining briefly the aromaticity criteria and mak-
electron-counting rule was applied in a family of three- ing comprehensive reference only to a selection of the more
dimensional homoaromatic systems, such as cubane, do+ecent reviews and articles in the field.

decahedrane, and adamantine frameworks, thus intro-

ducing one more “type” of aromaticity that gpherical 4.1. Energetic criteria of aromaticity

homoaromaticity. Reiher and Hirscf64] studied spheri-

cal aromatiCityfrom the pOintOfVieWOfatomiC structure The energetic criteria of aromaticity make use of the
theory introducing the “pseudo-atom” model of spher- fact that conjugated-electron compounds are more stable
ical clusters and fullerenes. According to this model, than their chain analogs. When using the energetic criterion
the characteristic features of polyhedral molecules and of aromaticity, one compares the excess of stability of the
fullerenes that obey the ¢+ 1) rule of spherical aro-  structure due to cyclic electron delocalization relative to a
maticity can be related to energetically stable ground- \vell-chosen reference system, in most cases olefins or con-
state closed-shell configurations of (pseudo-)atoms. Thejygated polyenef84—36,69] The most commonly used mea-
“pseudo-atom” model of spherical aromaticity explains syre among energetic criteria of aromaticity is the aromatic
and justifies the pseudcelassification of molecular or-  stapilization energy (ASE), calculated as the energetic effect
bitals, which is the basis of the2¢- 1 rule, and pro-  of an imaginary homodesmotic reactigio—72] A represen-

vides a unified view on the stability of rare gas atoms and tative example of a homodesmotic reaction is that referred to
aromatic spherical polyhedra. The “pseudo-atom” model penzene molecule:

of spherical clusters and fullerenes has some similarities
with the so-called “jellium” model in physics for descrip- \ \/\ o
tion of the shape and stability of metal clustfg5-67] ) X T T
The “jellium” model offers a simple explanation for the
observed electron counts (the magic numbers 2,8, 20,32,  |n a homodesmotic reaction there must be equal numbers
40, 50, ...) of spherical metal clusters with particular sta- - of atoms in their various states of hybridization in both the
bility. However, since the “jellium-type” model studies  reactants and products and also there must be a matching of
have not established any relation between the stability of g|ement-hydrogen bonds in terms of the number of hydrogen
different hollow cluster structures and their aromaticity, atoms joined to the individual elements in the reactants and
a more detailed discussion of the “jellium-type” models products.
is out of the scope of this review. Energetic data can be gathered from experiment and from
guantum chemical calculations. The ASE depends dramati-
cally on the kind of reaction and the level of the theory ap-
4. “Diagnosis” of aromaticity plied. Therefore, itis important to use accurate energetic data
(from high quality quantum chemical computational meth-
Because of the importance of aromaticity in chemistry, ods) and to use a well-chosen “reference” structure. The
there have been many attempts to rationalize and quantifychoice of an appropriate reference system in the calculation
this property, and to derive a universal quantitative measure of the resonance energy can be avoided when applying the
of it. However, because of its multiple manifestations, there so-called spin-coupled theory, developed by Cooper et al.
is not yet any generally accepted single quantitative defini- [73—75] Moreover, perturbing influences, such as strain and
tion of aromaticity. The evaluation of aromaticity is usually the presence of heteroatoms, complicating the evaluation of
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aromatic stabilization energies are overcome easily by em-ner protons ofjf] annulenes, an upfield shift is noticed in the
ploying the “isomerization method” suggested by Schleyer 1H NMR spectrum. For antiaromatic compounds, these direc-
and Puhlhofef76]. This is based on the differences (ISE) be- tions are the opposite. Mitchell has recently proposed measur-
tween total energies computed for only two species: a methyling aromaticity by NMR spectroscog80]. Concerning the
derivative of the aromatic system and its nonaromatic exo- diamagnetic susceptibilities, two factors are important when

cyclic methylene isomer.

4.2. Structural or geometric criteria of aromaticity

The structural or geometric criteria of aromaticity are

based on the important manifestations of aromaticity those of A x™ =

the bond length equalization, planarity and symmetry. On the

measuring a compound’s aromaticity: the anisotroj®80]
and the exaltatiofi81]. Aromatic molecules were found to
possess high diamagnetic susceptibility anisotropig$’,
defined as:

1
xm - E{xf& + X

basis of geometrical considerations, molecules should showWherexz, xi, andx7; are the three principal components
a decrease in aromatic character when they possess a higRf the diamagnetic susceptibility.

degree of bond alternation and deviate significantly from pla-

The magnetic exaltation is defined as the difference be-

narity. Several quantitative measures of this bond alternationtween the true mean molar magnetic susceptibjttyand

have been proposg@8]. Among the most important geo-
metric indices of aromaticity, one of the most effective is
the harmonic oscillator model of aromaticity (HOMA) de-
fined by Kruszewski and Krygowski7,78]according to the
equation:

o 2
HOMA =1 — ;Z(Ropt— R;)

wheren is the number of bonds taken into the summation
anda is an empirical constant chosen to give HOMA =0 for
the hypothetical Kek@ structures of the aromatic systems
and 1 for the system with all bonds equal to the optimal
valueRgpt. The quantityRopt is defined as a length of the CC
bond for which the energy (estimated by use of the harmonic
potential) of the compression to the length of a double bond

and expansion to the length of a single bond in 1,3-butadiene

is minimal. The quantityr; stands for the individual bond
lengths. To apply the HOMA index to study the aromatic
character of a givenr-electron system the following data
are needed: (i) the precise geometry of the studied molecule
i.e., its bond lengthg;, (ii) the optimized value®q: for all
relevant bonds and (iii) the values for the relevant constants

4.3. Magnetic criteria of aromaticity

The magnetic criteria of aromaticity are based on the

specific response of the aromatic compounds to externally

applied uniform magnetic field perpendicular to the molec-
ular plane. Several magnetic criteria have been put for-
ward as measurements of the aromaticity of molecules
[11,14,17,27-29,33]Magnetic aromaticity can be defined
as the ability of a compound to sustain an induced ring cur-
rent; these compounds are then calledropic. Antiaromatic
compounds are callegaratropic. Several methods can be

the one calculated by a hypothetical, additive incremental
scheme by use of atom and bond incremefils, according

to the equation:

A" = 5™ — xic

The exaltations are negative (diamagnetic) for aromatic com-
pounds and positive (paramagnetic) for antiaromatic com-
pounds.

Ring-current intensities have also been used as a crite-
rion for aromaticity[27,82] In their outstanding article in
the recentChemical Reviews issue on aromaticity, Gomes
and Mallion[27] reported on aromaticity as viewed from the
model of ring currents. Modeling magnetic properties and
chemical shifts of benzenoid compounds on the ring-current
idea is a very natural “miniature” of the ideas of the classical
physics described by Kirchhoff’s laws. Haigh and Mallion
[83] established a theoretical basis for relating the incidence
of relatively “high” and “low” ring-current intensities to the
intuitive VB resonance theory and the “bond fixation” in con-

jugated compounds. An authoritative, definitive and highly

readable account by Lazzerdi®?] entitled Ring Currents
published in a recent issue Bfogress in Nuclear Magnetic
Resonance Spectroscopy is very informative and is highly
commended.

It has long been recognized that the conjugated system of
7 electrons in an aromatic compound supports a ring current,
which exerts a deshielding effect on atoms outside the ring
and a shleldlng effect on atoms inside the ring. The shleldmg
tensoi describes the relation between applied (exteBag)
and induced magnetic fleld%d)

Bina(R) =
The induced magnetic field at posmcmcan be computed

_U(R)Bext

used to measure if a compound can sustain a ring currentfrom the current density(7) applying Biot-Savart's law:

Historically, characteristic proton NMR chemical shifts and
the exaltation of magnetic susceptibilitd have been im-
portant magnetic criteria for quantification of aromaticity.
Protons attached to aromatic rings typically undergo a down-
field shift from the olefinic region. However, when the protons

are above or inthe aromatic ring, as, e.g., in the case of the in-

() x (F — R)
Bing(R) = 4n/|_R|3 d®r

The shielding tensor can be computed from the current den-
sity, which itself is induced by the external magnetic field
Bext.
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The current density is a 3D vector-field defined at any tion reactions. Not many indices have tried to quantify this
point in space. The topological analysis of the current fields effect in order to probe the aromaticity, and exceptions to the
has been used as a means of describing the calculated currule that aromatic compounds undergo electrophilic substitu-
rent fields, which are difficult to visualize in their full detail tion rather than addition reactions are kno#f0,101] The
and complexity. The current density at a given point in space problem with the reactivity criterion of aromaticity is that it
can be evaluated assuming that the same point lies at the oridepends on the difference of the free energy of the ground
gin of the coordinate system. To this end the CTOCD-DZ state of the molecule and the transition state of the reaction.
(continuous transformation of origin of the current density- In this sense it is not easy to quantify, because it does not de-
diamagnetic zero) formulation of magnetic response, the so-pend on the ground state alone and may vary with the choice
calledipsocentric method[84—89] provides current density  of the reagent.
maps of high quality. Moreover, for an N-electron system,
the total current density may be broken down into additive 4.5. Electronic criteria of aromaticity
orbital components. Steiner and Fowler in a series of papers
[90-92]showed that orbital decomposition lends itself to ra- The electronic criteria of aromaticity are based on the elec-
tionalization of the link between magnetic aromaticity and tron densityp(r) of the aromatic system. The topology of the
electron-count in conjugatessystems. The ipsocentric dis- ~ €lectron density has been used to quantify the aromaticity of
tribution of origin of vector potential is the only distribution molecules. The use of electronic criteria of aromaticity is less
that gives rise to a clear physical separability of orbital con- common. Among them, we will mention the HOMO-LUMO
tributions. The very recent outstanding article on the orbital €nergy gap, the absolute and relative hardness, the electro-
analysis of magnetic properties by Steiner and Follat static potential, the polarizability, the electron localization
is also very informative. Finally, the response of a molecule function (ELF) analysis of the electron density, and the de-
to an applied external magnetic field can be evaluated by alocalization index (DI) of aromaticity33,68,102] Natural
graphica| representation of the induced magnetic [@B’] bond orbital (NBO) anaIySiS of the first-order denSity has
It was shown that molecules that contaimr@lectron sys-  also been used to quantify aromaticfy03,104] In addi-
tem possess a |Ong_range magnetic response, while the inIion, an aromatiCity index that takes account of the tOpOIOgi'
duced magnetic field is short—range for molecules without cal properties of the electron density at ring-critical points of
w-electron system. six-membered rings using the Bader's Atoms in Molecules

More recently, a new and widely used index of aromat- (AIM)theory[105-107has been also proposgd8]. We di-
icy, the nucleus-independent chemical shift (NICS), has beenrect interested readers to the article by De Proft and Geerlings
proposed by Schleyer et #9,94] It is defined as the nega-  [33] and the references cited therein for more information on
tive value of the absolute shielding computed at a ring center SOme of the electronic criteria of aromaticity introduced by
or at some other interesting points of the system. Negative conceptual DFT.

NICS values correspond to aromaticity (e-g11.5 ppm for The global hardness defined as the difference between
benzene), while positive values are associated with anti- the eigenvalues of the LUMO and HOMO:

aromaticity (e.g., +28.8 ppm for cyclobutadiene). The more
negative the NICS values, the more aromatic are the rings. o ) )
There is a whole family of NICS methods, which include 1S @ measure of the stability via the maximum hardness prin-
NICS computations at ring centd@], NICS(0) and above ciple formulated by Pearsdt09]. It is obvious then, that a
[95], NICS(1) and NICS(2), dissected NICS values, i.e., the well-defined “relative hardnes®n, that is the difference be-
total NICS at a particular point in space may be dissected tween the hardness of theelectron conjugated system and
into paratropic and diatropic components, which mainly arise that of a “reference” chosen according to the isomerization

1 = €LUMO — €HOMO

from the G-C ¢ andw multiple bonds, respective[®5,96], method should be a good measure of aromaticity.
and MO contributions to NICS, MO-NICS, NIGS14,97] The molecular electrostatic potential topography has also
NICS may be mapped in three-dimensional spi@8:99] proposed as a measure of aromaticity in a series of polycyclic

significantly negative NICS values along the direction normal Penzenoid hydrocarbons by Suresh and G4ii®]. The
to a ring system indicate the presence of induced diatropic €lectron localization function (ELF) defined as:

ring currents, a characteristic of cyclic electron delocaliza- _ 1

tion. - 1+(D/Dh)2

4.4. Chemical reactivity criteria of aromaticity where

1|Vp(r)|?

1 2
D= iij|vwi(r)| “ 8 o0

The chemical reactivity criteria of aromaticity are based
on the chemical behavior, i.e., the reactivity of the system.
Aromatic compounds will in most cases tend to react in such &

a fashion as to retain their-electron system and will thus Dy = 3 (3ﬂ2)2/3p(r)5/3
prefer to undergo electrophilic substitution instead of addi- 10
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was found to be a good measure of aromaticity in a series ofbond distances of 244.1 pm (among the shortest ones) and
substituted five-membered cyclopentadienyl systghg]. Ga-Ga-Ga bond angles of 60:0rhe aromatic character of
The topological analysis of the ELF provides a picture in 6 was assessed by calculating the absolute magnetic shield-
which the electron density is distributed and localized in dif- ings at selected points in space as a function of the electron
ferent volumes called basins, thus enabling one to discuss thedensity[122]. Upfield changes of the chemical shifts for the
reliability of simplified representations of electron densities alkali metal counterions over and under the ring plane by
in terms of superposition of promolecular densities or reso- 6, 57 and 108 ppm for Li, Na and K, respectively, are in-

nant Lewis structures. Finally, the delocalization indéX, dicative of induced ring currents in the &aetallic ring, a
B) derived from the AIM theory was proposed as another magnetic criterion for aromaticity. The aromatic character of
possible electronic index of aromatici§8,112—-117] the Ga metallic ring was further substantiated by the large

Finally, Sakai[118,119]presented a new electronic cri- negative NICS(0) values ranging frontl3.0 to—17.6 ppm.
terion of aromaticity for benzene-like molecules with six- The [cyclo-GagL3]?~, being a Z-electron aromatic system,
membered rings on the basis of a CiLC method in reference bears a striking electronic resemblance to the well-knoin 2
to ab initio molecular orbital (MO) calculations. The CiLC  electron triphenylcyclopropenium catioh{123]. Electronic
method is a combination of configuration interaction (Cl), lo- structure calculations at the HF and B3LYP levels of theory
calized molecular orbital (LMO), and complete active space on the Eyclo-Gag]?~ anionic core, in §yclo-GagHs]*™, 8,
self-consistent field (CASSCF) analysis. The new criterion Nag[cyclo-GagHs] and Ka[cyclo-GagHs] suggested a well-
of aromaticity for six-membered rings, such agHg, SigHs, definedw-molecular orbital. The cyclic®2-electron density
Bs, Alg, Ng, and R, was defined, taken as the degree of delocalization ir8 closely resembles that of a4 2 (n=0)
equality of electronic structures for each of the bonds in the Hlickel aromatic systerfl24]. Both experimental and the-
six-membered ring and by the narrowness of the gap betweerpretical results strongly supported tagclo-gallene dian-
the weights of the singlet coupling and polarization terms for ion [(MesCsHz)3Gag]?~, as a well-defined metalloaromatic
each bond. The new criterion was extended to cycliel,C  systen —a metallic ring system exhibiting aromaticity.

O A
) S AQ
6 7 8

In spite of the aromatiaclo-Gag]?~ anionic core found
(n=4, 6, 8, and 10) compounds, where another index of aro- in 6, the respective four-membered g consists the core
maticity for ring-unit compounds — the index of deviation structure of a recently synthesized and structurally character-
from aromaticity (IDA) —was also propos¢t0]. ized organogallium molecule formulated as[@&as(CeH3-
Summarizing the diagnostics of aromaticity it should be 2 6-Tripy), (Trip = CgH2-2,4,61Pr3), 9 [125].
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, un-
equivocal 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. However,
as far as the “all-metal” aromatic systems are concerned, the
use of both the magnetic and electronic criteria of aromaticity
is recommended.

5. cyclo-Gallenes and metallaromaticity

The first example of an aromatic metallic system, namely
cyclo-gallene dianion, formulated ascyklo-Gaglz]?~
(L=Mes,CgH3, 2,6-dimesitylphenyl)p, has been reported
in the middle of 90$121]. Thecyclo-gallene dianion exhibits
a perfectly planar geometry of high symmetry with-Ga 10: L =Ph

9 L= CSH3-2,6-Trip2 (Tl'lp = C5H2'2.4,6"Pr3).5
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The structure o9 is centrosymmetric with a planar, almost
square Gacore. The structure is completed with twd” K
ions on either side of the Geglane. DFT calculations at
the B3LYP/LANL2-DZ level of theory on the model system
K2[GasPhp], 10 illustrated that the all-planar structure is a
true minimum in the PES, while the nonplanar one containing
a square planar Gecore perpendicular to the two phenyl
groups is a second order saddle pdit26]. The bonding
in 9 and10 was interpreted on the grounds of the relevant
MOs which describe the four-centerbond and the three
o(Ga—Ga) bonds. BotBandl0 possessing two delocalized
electrons exhibit aromatic character conforming to the 2
(n=0) Huckel rule of aromaticity.

6. Aromatic metal clusters

A number of bare honometallic and bimetallic clusters as
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only valence s-AOs are expected to possessomaticity.
Thus,cyclo-[Li 3]* cluster has only one completely delocal-
ized bondingr-MO constructed from the sum of the 2s-AOs
of the three Li atoms of the three-membered metallic ring,
which closely resembles the respectin®10 of the aromatic
cyclopropenium cation [¢H3]*. In the framework of the VB
theory o-aromaticity can be expressed by the resonance of
three classical structureBi(y. 1) with one 2c—2e L-+Li bond.
Theo-resonance energy in theclo-[Li 3]* cation calcu-
lated as the energy difference between thgCliaromatic
molecule and the kiand LiCl reference molecules was pre-
dicted to be 35.7 kcal/mol at the highest level of theory. It was
suggested that the electron-counting rule dearomaticity
is 4n+2 if only the s-AOs participate in the bonding. Ob-
viously, for o-antiaromaticity the electron-counting rule is
4n. Based on the electron-counting ruled]7 having four
o electrons would be expected to berantiaromatic sys-
tem. It undergoes a Jahn-Teller distortion, thus enforcing

well as molecular metal cluster compounds either neutral or the system to adopt a linear configuratidr35]. The next

ionic were found recently to constitute novel classes of inor-

species exhibitingr-aromaticity is the bimetallic LiMg2

ganic and organometallic compounds exhibiting a particular cluster having sixr electrons. The cyclie-aromatic struc-

“type” of aromaticity, the so-calletherallaromaticity. They
can be divided roughly into two large classes: (i) the Zintl
type anions with the general formulg M ,,], which are neg-
atively charged polyatomic clusters [N'~ of main-group

tures of LhMg» were predicted to be more stable than the
linear Li-Mg—Mg-—Li structure, thus showing the importance
of aromaticity in metal clusters.

More recently, Kuznetsov and Boldyreid36] using

metallic and/or semimetallic elements that are surrounded byelectronic structure calculation methods at the B3LYP/6-

various countercations*A particularly alkali metal cations

311+G(d)and CCSD(T)/6-311+G(2-Df) levels predicted that

and (i) the ligand-stabilized cluster compounds of the general in the bimetallic [NaMg]~ and [NaMgz] clusters the basic

formula [M,L,,] which contain solely ligand-bearing metal
atoms with the ligands L being either terminal or bridging
adjacent metal atoms.

6.1. All-metal aromatic molecules

Recently the applicability of the aromaticity concept

structural unit is an unusual [Mif— trigonal planar clus-
ter exhibiting an extraordinary “type” af-aromaticity with-
out initial formation of ther-framework. Ther-aromaticity

of [Mg3]?~ equilateral triangle was further substantiated by
the NICS criterion of aromaticity calculated at the B3LYP/6-
311+G(d) level of theory. The high NICS(0) values-€30.4
and—29.8 ppm for [Mg]%~ and [NaMgs] clusters, respec-

has been expanded to metallic clusters in a combinedtively indicate the high aromatic character of the species.

photoelectron spectroscopy and electronic structure com-

putational investigation of all-metal molecules contain-
ing [Al3] ™, [Gag] ™, [XAl3]™, [Als]*, [Gag)*", [Ing]?*,
[Hga]®~, [Als]~ and [Alg]2~ aromatic unit§126—133] All

Notice that the NICS(0) value for the aromatic cycloprope-
nium cation [GH3]" is —22.4 ppm at the B3LYP/6-31G(d,
p) level of theory. The binding energies of the two most exter-
nal electrons in the most stable/§lo-Mgz]2~ (Dan) cluster

these systems are electron deficient species compared teomputed at the gradient-corrected DFT incorporating a new
the corresponding aromatic hydrocarbons. The electron de-scheme for converting the Kohn—Sham eigenvalues into elec-

ficiency results in an interesting new feature in metallic aro-
matic systems, which should be considered as havingiboth
andg-aromaticity, and that should result in their additional
stability. Boldyrev and Wang in a feature article published in
J. Phys. Chem. A [134] surveyed their pioneering work on the

tron removal energies was found to be 0.140 eV/atb87].
The electronic structure and stability of [§&*~ clus-
ters have been studied very recenil38] at the B3LYP,
B3PW91, and MP2 levels of theory. The global minimum
for the [Be;] %+~ clusters corresponds to the trigonal bipyra-

design and characterization of a number of nonstoichiometric midal structure with g, symmetry. It should be noted that

molecular and cluster species.

the prolate structures of [BF"*~ clusters are also predicted

The simplest metal cluster exhibiting aromatic character is by the ellipsoidal jellium model (EJM) for electron counts of

cyclo-[Li3]* which adopts a triangular structure as its global
minimum [135]. DFT and CCSD(T) calculations using the

n=9, 10 and 1165]. In all clusters there is a strong electron
delocalization that enhances their stability, and the computed

6-311+G(d) basis set on a selected group of cationic, anionicNICS(0) values £22.3,—-46.5 and—54.6 ppm for the an-
and neutral triatomic and tetraatomic alkali metal and alkaline ionic, neutral and cationic Beclusters, respectively) indi-
earth metal clusters were used to explain the planarity and rel-cate a relatively strong aromatic character with the cationic

ative stability of the clusterd 33]. All these clusters having

species having the stronger aromaticity. The isomeric species
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Fig. 1. Resonance structures of 4], [Li4]2* and [Mg]2*. Reproduced with permission frofi33]. Copyright by the American Chemical Society.

having the planar pentagon structure were also located onthe Ab initio and DFT computational techniques were used to
PES as local minima. The neutral and cationic species weredetermine the equilibrium structures of a series of all-metal
predicted to be antiaromatic, while the anionic one is nonaro- anionic Mcyclo-M}]~ (M =Li, Na, or Cu, M = Al, Ga, or In)
matic. The [Bg]~ adopts the trigonal planar configuration and neutral M[cyclo-M}]~ (M=Li, Na, or Cu, M=Al, or
with D3, symmetry which is stabilized by the relaxation and Ga) aromatic moleculg427,128,130]1t was found that the
correlation energies at the CCSDT level of the¢tB9]. most stable structure (global minimum) for all threedyijlo-
The equilateral triangular structure is also adopted by the Al4]~ species is a square pyramid consisting of dndsition
cyclo-[B3]~, cyclo-[Al 3], andeyclo-[Gag] ~ anions and the  coordinated to a square planafclo-[Al 4]~ unit. On the
neutral gas phase Na§B Na[cyclo-Al 3], and Nafyclo-Gag] other hand, the singlet structures with one Nation coordi-

moleculeg132]. The triangulateyclo-[B3]~, cyclo-[Al 3], nated to the face and another to the edge of the square-planar
andcyclo-[Gag]~ anions possess two delocalizeélectrons cyclo-[M}]™ dianions in the neutral Mcyclo-M,] ™ clusters
and are aromatic. were found to be the global minima. Even thoughdhdo-

In their pioneering work Li et al[127] reported the most  [Al 4]2~ dianion was not expected to be thermodynamically
convincing experimental and theoretical evidence of aro- stable toward autodetachment of an electron it was antici-
maticity in an all-metal system theclo-[Al 4]~ ion in a se- pated that metastable local minima could be located on the
ries of bimetallic and ionic clusters, Mjclo-Al 4]~ (M = Li, PES. The equilibrium structure of thagclo-[Al 4]~ dianion
Na, or Cu). All these species as well as the Ga and In ana-is perfectly planar and seems to undergo very little structural
logues[126] have been created through a laser vaporization changes in forming the M[cyclo-)~ and M[cyclo-M}] ™
and have been studied with negative ion photoelectron specsmolecules. It is important to be noticed that the oblata (flat)
troscopy measurements and ab initio calculations. An Al/Cu structure of the:yclo-[Al 412~ dianion corresponding to the
(or Na and Li) alloy is hit with an intense pulsed laser that va- electron-count (magic number) ot 14 is predicted by the
porizes a smallamount of the targetinstantly. A helium carrier EJM model, thus accounting for its high stabilj§p].
gas then mixes with the metal vapor, and initiates nucleation  Thecyclo-[Al 4]2~ dianion, both as an isolated species and
or cluster formation. These molecules are normally preparedin the bimetallic clusters, was found to be square-planar and
as singly charged anions because doubly charged species ar® posses a doubly occupied delocalizggraMO, thus con-
expected to be rather unstable in the gas phase due to stronéprming to the (4 + 2)w-electron-counting rule for aromatic-
intramolecular Coulomb repulsion. Obviously, complexation ity. The cyclic delocalization of the2electrons was found to
with counterions is required to produce more stable speciesbe responsible for the planar structure and aromaticity of the
and is also convenient for mass analysis and photodetach-cyclo-[Al 4]~ unit. The relevant valence molecular orbitals
ment experiments. All the Mjclo-Al 4]~ species possess a are depicted schematically iig. 2
pyramidal structure containing aMation interacting with It can be seen that the highest occupied molecular or-
a square planaejclo-Al ]2~ unit. The excellent agreement  bital (HOMO) is a delocalizedr orbital of &, symmetry
between the calculated photoelectron spectra for the pyrami-corresponding tar-bonding; the rest of the MOs are either
dal structures and the experimental spectra lends considero-type bonding or lone pairs. Four MOs namely HOMO-3
able support to the idea that the pyramidal structures are the(1b,g), HOMO-4 (1) and HOMO-5(1ag) correspond to Al
global minimum for the Mfyclo-Al4]~ species. The high  lone pairs, while two MOs, the HOMO-1(2g and HOMO-
planarity and bond length equalization of the square planar 2(1kpg) correspond ta-bonding. All three bonding MOs are
[eyclo-Al4]%~ unit are indicative of aromaticity which sub- completely bonding-delocalized orbitals, and therefore they
sequently was verified by magnetic and electronic criteria, asall should add extra stability to the all-metal aromatic sys-
well. tem. Such double or triple aromaticity (if tw® bonds are
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HOMO-4 (1e)

HOMO-5 (1a,)

Fig. 2. Molecular orbital pictures of square plaratio-[Al 41>, showing the HOMO (1a) down to the fifth valence molecular orbital from the HOMO
(HOMO-5, 1a4). HOMO-4 consists of a degenerate pair{l&eproduced with permission frofh27]. Copyright [2001] AAAS.

considered separately) should result in much higher “reso-  Very recently Havenith and van Lentfi41] performed
nance” or stabilization energy iryclo-[Al ]2~ which has ab initio valence bond calculations in order to assessrthe
been recognized as a prototype of a new class of aromaticand aromatic character of theclo-[Al 42~ species. They
molecules. In fact, Boldyrev and kuznetg&0] performing found that ther electronic system is composed from two in-
B3LYP/6-311+ G(d) and CCSD(T)/6-311 + G(2-Df) calcu- dependent systems resulting from the interaction of the radial
lations on the Ng cyclo-Al4] and Na[cyclo-Ga] aromatic and tangential p-AOs, respectively. Both systems contain two
molecules obtained crude evaluations of their relatively high delocalised electrons and are responsible for the conduction.
resonance energies; 48 and 20 kcal/mol, respectively at theThe computed resonance energy of shelectronic system
B3LYP/6-311+G(d) level of theory compared to 20 kcal/mol found to be 123 kcal/mol is significantly higher than that of
in benzene. them electronic system (40 kcal/mol). The resonance energy

Zhan et al[140] using high-level ab initio calculations at  of the corresponding electronic system of the isoelectronic
the CCSD(T)/aug-cc-pVxZ (x=D, T and Q) level of theory aromatic cyclobutadiene dicationfB4]2*, was found to be
and extrapolating to the complete basis set limit calculated much higher (167 kcal/mol).

the first electron affinities of Al(n=0-4) clusters and esti- Although the first motivation for proposing aromaticity
mated their resonance energies which were found to be quiteof the cyclo-[Al 4]%~ species was based on the: ¢42)n-
large (~72.7 kcal/mol as the upper limit o¥52.5 kcal/mol electron-counting rule of aromaticity, direct visualization of
as the lower limit). They concluded that theclo-[Al 41>~ the induced current density using theocentric CTOCD-

species exhibits a “3-fold” aromaticity due to the presence DZ approach pinpoints the induced diatropic ring current
of three independent delocalized bonding systems, one puréhere as an essentially effect, with little or no contribu-
w-bonding system and two-bonding systems all satisfy-  tion from thew electrong142]. Both the induced diatropic
ing the 4 + 2 electron-counting rule of aromaticity. In the ring current and other indicators of aromaticity of the aro-
framework of the valence bond (VB) theory the electronic maticcyclo-[Al 4%~ species remain essentially unchanged in
structure of theryclo-[Al 4]%~ aromatic species can be rep- the pyramidal M§yclo-Al 4]~ species. More recently, Fowler
resented by 4 4 x 4=64 potential resonating Kelaiike and co-workerg16] using theipsocentric CTOCD-DZ ap-
structures with each structure having three localized chemicalproach computed the magnetic-field induced current density
bonds. On the other hand, thgclo-[Al 3]~ aromatic species  maps for a series of Licyclo-Al 4] (x = 0—4) clusters. Perusal
exhibits a “2-fold” aromaticity (oner and onear) which can of the total ¢+ ) andm current density mapd-(g. 3) and

be represented by:33 =9 potential resonating Kekedlike their breakdown into orbital contribution&ify. 4) for the
structures, each with two localized chemical bonds. Along cyclo-[Al 4]2~, Li[ cyclo-Al4]~ and Li[cyclo-Al 4] aromatic
this line Zhan et alf140] suggested that a molecular system molecules revealed that the ring current in these threé-“2
either organic or inorganic could have multi-fold aromatic- electron systemsis strongtydominated, and therefore these
ity depending on the particular delocalized bonding system systems should be qualified as four-elecisearomatics and
satisfying a certain electron-counting rule of aromaticity. not at all asw-aromatics. Moreover, the-electron counts
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Fig. 3. The total§ + ) andw-only current densities induced by a magnetic
field directed along the principal axisdmclo-[Al 4]~ (Dap), Li[ cyclo-Al 4]~

(Cay) and Li[cyclo-Al 4] (Dan) species. Circles mark the nuclear positions
projected on the plotting plane, arrows depict the in-plane projection of
current, and contours show the magnitude of the total current, all referred to
a height 1g above the Al plane (i.e., towards Li in Lifyclo-Al4] ") [16].
Reproduced by permission of the PCCP Owner Societies.

of 2 and 4 in the Lj[cyclo-Al4] clusters are associated with
2 magnetically inactivar-electrons, or 2 active and 2 inac-
tive w-electrons. Schleyer and co-work¢i<3] based on a

new refinement of NICS analysis characterizing the magnetic LiAl; (C,,)

character of each canonical MO (CMO) individually abbrevi-
ated as CMO-NICS analyses found that theg] &iclo-Al 4]~

species are aromatic rather than antiaromatic, due to the pre

dominant effects of-aromaticity overr-anti-aromaticity.

More recent theoretical investigatiofizi4] revealed that
thecyclo-[Al 4]~ unit in the neutral Ng{cyclo-Al 4] and an-
ionic Nag[cyclo-Al 4]~ clusters exhibits a rectangular struc-
ture with alternater bonds. These species haverelectrons
and therefore are metallo-antiaromatic compounds.

Very recently, Datta and Pafti45] investigated the lin-
ear and nonlinear electric polarizabilities of smallyly
(M=Li, Na, and K) clusters. It was found that these
[Al 4]~ clusters functionalized with various metal cations pos-

sess an exceptionally high magnitude of linear and nonlinear

coefficients, which are orders of magnitude higher than the
conventionahr-conjugated systems of similar sizes. The al-
kali atoms surrounding the ring introduce a noncentrosym-

C.A. Tsipis / Coordination Chemistry Reviews 249 (2005) 2740-2762

metricity in the systems that leads to charge transfer with
small optical gap and low bond length alternation. The low

bond length alternation is indicative of aromaticity in these

clusters and along with the large NLO coefficients they appear
to be better candidates for next generation NLO fabrication
devices.

Sandwich-like complexes based opclo-[Al4]%~ aro-
matic compounds with structures similar to that of metal-
locenes have recently been reported by Mercero and Ugalde
[146] using DFT computational techniques. They found that
the [Al4TiAl 4%~ sandwich-like complex adopts a staggered
configuration with Qg symmetry. The computed electron
detachment energies (EDE) indicated that the monoanion
is more stable than the dianion. Moreover, the large bind-
ing energy around 610 kcal/mol indicates that fragmenta-
tion of the molecule is not possible and the sandwich-like
molecule exhibits relatively strong aromatic character re-
flected on the high negative NICS(0) value-e89 ppm, as
compared to the NICS(0) value of the “freejiclo-[Al 4]>~
species {28 ppm).

The structure and chemical bonding of a series of MJAI
(M =Li, Na, K, Cu, and Au) bimetallic clusters have been in-
vestigated by a combination of photoelectron spectroscopy

AlZ (D

m)

Li,Al, (D,)

29

Fig. 4. The main orbital contributions to tbering current ofcyclo-[Al 4]2~
(Dan), Li[cyclo-Al 4]~ (Cay) and Lip[cyclo-Al 4] (D n) species. Plotting con-
ventions asFig. 3 [16] Reproduced by permission of the PCCP Owner
Societies.
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and electronic structure calculation methdqd81]. It was
found that all M[Ak]~ clusters possess azcground-state
structure derived from the {Ostructure adopted by the
[Alg]?~ cluster. A detailed MO analysis revealed that the
[Al ]%~ dianion can be viewed as the fusion of two aromatic
[eyclo-Al 3]~ anions. Interestingly, every face of the 4~
octahedron still possesses baethand w-aromaticity anal-
ogous to that of thecfclo-Al3]~ monomeric species and

therefore it can be viewed to render three-dimensional aro- SiAl; (C,, 'A)) GeAl; (C,, 'A)
maticity with a large stabilization energy. (b) (d
The aromaticity concept was further extended to hetero- 239 245

cyclic [cyclo-XAl 3]~ (X =Si, Ge, Sn, Pb) clusters which are
isoelectronic todyclo-Al 4]~ aromatic molecul§l29]. The
[cyclo-MAI 3]~ species were produced by laser vaporization
of the respective alloy targets and analyzed by using time- SiAl, (C,, 'A,) GeAl, (C,, 'A)
of-flight mass spectrometer. Electronic structure calculations

at the B3LYP and CCSD(T) levels of theory illustrated that (e)
all [cyclo-XAl 3]~ species have two lowest singlet isomers:
a four-membered heterocyclic structure of,Gymmetry
and a pyramidal structure ofssymmetry Fig. 5). It was
found that the most stable structure of all foesdlo-XAl 3]~
species is the g cyclic structure. The stability of the £
cyclic structure relative to the pyramidal one is related to the
HOMO-1 (1hy) for [cyclo-SiAl3]~ and kyclo-GeAlz]~, and
HOMO (1by) for [cyclo-SnAls] ~ and [eyclo-PbAl3] ~, which SnAl, (C,, 'A) PbAL- (C, 'A)
correspond to a delocalizedorbital. The heterocyclic struc- it =3 3 Re Y
ture was found to possess aromaticity with two delocalized (5

290 A 0T

(h) )

m-electrons, analogous to that of thedlo-Al 4]%~ aromatic N
species. The nature of heteroatom X affects the cyglic

electron delocalization and consequently the stability of the

heterocyclic §yclo-XAl 3]~ ring. <t

The electronic structure and chemical bonding of anionic
tetrapnictogen [P4}~ and pentapnictogen [BJT (Pn=P, SnAl; (C,, 'A,) PbAL, (C,, 'A,)
As, Sb and Bi) clusters were investigated using both pho-
toelectron spectroscopy and electronic structure calcula-Fig. 5. Optimized structures ofjclo-XAl 3]~ at the CCSD(T)/6-311+G(d)
tion methodg147,148] The tetrapnictogen N§ny]2~ an- and CCSD4s4p1d level of theory. Bond lengths are giveh.ita) Cyclic
ions contain an aromatiefclo-Pry]>~ dianion, while the  planar Eyclo-SiAls]~ (Cav, *Aq), (b) pyramidal [SiAb]~ (Cay, *A1), (c)
Na'[Pry]~ neutral species contain an antiaromatigcfo- cyclic planar fyclo-GeAl]~ (Cav. *Aq), (d) pyramidal [GeAl] (Cs,

- . 8 . 1A1), (e) cyclic planar §yclo-SnAls]~ (Cav, A1), (f) pyramidal [SnAk]~
Pry]~ anion. Two types of antiaromatic structures were (c.''ta;)"(g) cyclic planar fyclo-PbAl] - (Cavs YA1). and (h) pyramidal

characterized; the conventional rectangular structure and apbAls]~ (Cay, *A1). Reproduced with permission frofti29]. Copyright

new peculiar rhombus orf@47]. All pentapnictogen [Ps]~ by the Wiley-VCH Verlag GmbH&Co. KgaA, Weinheim.

species exhibit the aromatic cyclic singlet structure gf D

symmetry as their ground state with a low-lying isomer corrected DFT at the BP86/TZ2P level of theory. Frenking’s
of Cyy symmetry. The latter gains stability along the se- group extended the investigations to the group-15 analogues
ries [eyclo-Ps]~ <[cyclo-Ass] ~ <[cyclo-Shs]~. The valence  of metallocenes [Fef-Es)s], [FeCp®°-Es)] and [Ti(n°-

shell molecular orbital pattern of the aromatigdlo-Pns]~ Es)2] (E=P, As, Sb, Bi)[149-152] It was predicted that
molecules resemble that of the aromatic cylopentadiene anionall w-heterocyclic complexes are stable compounds, while
except that the MO ordering is slightly different. lewglo- the metal-ligand bonding, analyzed with an energy decom-

Prs]~ molecules the most stabieMO (1a&) lies below the position method, was shown to come from 53 to 58% elec-
o-MOs, whereas in [gHs] ~ all threew-MOs lie above the trostatic attraction and 42 to 47% from covalent interactions.

o-MOs. The [Fegyclo-Sks)]* and [Feéyclo-Bis)]* species were pre-
The aromatic ¢yclo-Shs]~ and [eyclo-Bis] ~ anionic lig- dicted to have planar equilibrium geometries gf;Bymme-

ands, the heavier counterparts of the cyclopentadienide (Cp)try with the Fe ion at the center of the pentagonat]o-

anion, and their metal-centered planar cationic {F&6- Shs]~ and kyclo-Bis]~ anionic ligands Fig. 6). Analy-

Shs)]* and [Fe¢yclo-Bis)]* species have recently been in- sis of the molecular orbitals of the [Fe¢lo-Shs)]* and
vestigated by Frenking and co-work¢tg9] using gradient- [Fe(cyclo-Bis)]* species revealed that these novel aromatic
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Fig. 6. Calculated of [Fefclo-Es)z], [Fe(cyclo-Es)]* and kyclo-Es]™
(E=Sb, Bi) at BP86/TZ2P along with the symmetry groups and elec-
tronic configurations. All structures are minima on the PES. Reproduced
in part with permission fronf149]. Copyright by the Wiley-VCH Verlag
GmbH&Co. KgaA, Weinheim.

transition-metal-centered molecules involve strenbonds
between the aromatic ring and the metal atom)dOs. En-
ergy decomposition analysis of the iron-ligand bonding illus-
trated that the Fe4Z bonding in both molecules is slightly
more covalent than electrostatic. It is theorbitals that
make a very large contribution to the covalent term. Inter-
estingly, the BP86/GIAO calculations predicted thatfee
NMR chemical shifts of the aromatic [Fe¢lo-Shs)]* and
[Fe(cyclo-Bis)]* molecules are dramatically shifted towards
much larges values indicating that the Fe nucleus is highly

deshielded as a result of the induced diatropic ring current of

the aromatic ¢yclo-Shs]~ and [yclo-Bis] ~ ligands.
Five-membered aromatic rings, analogous to the cy-

gene analysis, antibody, or gene mapgittg]. An extensive
DFT study of the electronic structure and bonding in anionic
coinage metal clusters, focusing on [€u, [Ag7]~, and
[Au7]~ indicated that [Aw] ~ clusters favor planar structures
(with N as large as 13) as aresult of strong hybridization of the
atomic 5d and 6s orbitals due to relativistic effddts5,156]
Interestingly, according to recent studies bikKinen and
Landman[157] as well as by Bravo-&ez et al[158] Aug
prefers a trigonal planardg structure Fig. 7), which is lower

in energy than the other possible arrangements including the
octahedral one. The preferred planarity of small gold clus-
ters is attributed to relativistic effecf$55]. However, it is
worthwhile to think that aromaticity should also be respon-
sible for the planarity of the [Au]~ clusters. The structural
and electronic properties of bimetallic silver—gold clusters
have been thoroughly investigated by BoitaKouteck et

al. [159] using DFT computational techniques. It was found
that the bimetallic tetramer and hexamer silver—gold clusters
are planar, while the heteronuclear bonding is usually pre-
ferred to homonuclear one in clusters with equal numbers of
heteroatoms. Again it is worthwhile to use some of the aro-
maticity criteria to prove whether the planar structures exhibit
aromatic character or not.

The structures of small gold cluster cations (AU
n<14)[160] and anion$161] were determined by a combi-
nation of ion mobility measurements and DFT calculations.
From the comparison of the experimental cross sections with
the DFT results, structural assignments have been made indi-
cating that room temperature gold cluster cations are planar
up ton=7, while starting fromn =8 3D structures that in
most cases can be thought of as slightly distorted fragments
of the bulk lattice structure are formg#60]. On the other

(A)

S——J

clopentadienyl anion, have also been observed for the heavy

metals of Sn and Pb. Thus, Todorov and S€i®3] prepared
and characterized the isostructural Zintl phasesBd#&hy,
NagBaSn;, and NgEuSnr;, which contain isolated planar
aromatic five-membered rings of [cyclo-$f~ and [cyclo-
Phs]®—, which are the first aromatic species of such heavy
metals.

Recent years have witnessed increased interest in gold-_
containing nanostructures, as they have found far-reaching,,

(B)

> 2—)—)

Fig. 7. Low energy minimum structures of &UA) trigonal planar (global
inimum), (B) distorted pentagonal pyramid. Reproduced with permission

applications in areas such as catalysis, sensors, moleculafom[154]. Copyright by the Wiley-VCH Verlag GmbH&Co. KgaA, Wein-
electronics, or as bioconjugate probes for application tags inheim.
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hand, by comparisons of the DFT results with the measuredmetry, while the Ago and Cug clusters adopt a compaciC
collision cross sections, as well as the vertical detachmentstructure in partial agreement with the calculations by Wang
energies (VDES), the structures of the small [Ru(n < 13) et al.[164], who find a Ty structure also for the Ag cluster.
anions were assigned and the transition from 2D to 3D struc- The latter authors predicted large HOMO-LUMO gap for
tures was found to occur at an unusually large cluster size Auzg and Agg clusters with  structures, but much smaller
of twelve gold atom$161]. Aromaticity seems to provide a  for Cupg with similar structure.
plausible explanation for this anomalous behavior of gold. = The recent observation of the Adcluste{165]generated
The geometrical and electronic structures of neutral gold and by the laser vaporization of a pure gold target with a helium
silver clusters (Aw, Agx, k=1-13), and neutral and anionic  carrier gas, prompted King et dlL66] to study the struc-
gold—silver binary clusters (AyAg,, 2<k=m+n <7) have ture and bonding using electronic structure calculation meth-
extensively been investigated using DFT and high level ab ods at the B3LYP level of theory. The Agicluster adopts
initio calculations including coupled cluster theory with rel- an omnicapped truncated tetrahedral structure, which can
ativistic ab initio pseudopotentia[462]. The Ay, and Ag be generated from a regular dodecahedron by forming two
clusters show the odd-even oscillation for their stability and transannular AuAu bonds across each face preservingthe T
electronic properties as a function of the atoms. In the neutral symmetry. The spherical harmonic MO pattern of4({T q)
state, even numberddends to be more stable, while in the cluster is similar to that in other deltahedral clusters exhibit-
anionic state, odd numberédends to be more stable. This ing spherical aromaticity. The chemical bonding analysis and
is in line with the predictions of the EJM model. Overall, in computations indicated that Ag(Tq) is a stable aromatic
the neutral clusters gold favors 2D structures, while silver gold cluster, which may be possible to isolate as a discrete
favors 3D structures fromh=7 up tok=13. In the anionic molecular species. In effect, the aromatico§(Tq) cluster
clusters, the lower dimensional preference is strengthened,coordinated with eight PRHigands has very recently been
and so the 2D preference is much more pronounced in bothsynthesized and its composition and molecular weight were
gold and silver. In the binary clusters (alloys) the structures confirmed by the isotopic pattern and accurate measurements
are strongly correlated to the pure gold and silver structures, of its doubly charged catiofi67]. Collision-induced disso-
depending on the ratio of the number of gold to silver atoms ciation (CID) experiments revealed that four BRigands
in the cluster. It was also found that in the binary clusters are easily removed from the [As(PPh)g]?* dication yield-
there is a charge transfer from gold to silver which provides ing a highly stable [Apg(PPh)4]%* dication. High resolu-
significant electrostatic stabilization, thus making the alloy tion UV-photoelectron spectra of cold mass selectedJCu
formation more favorable than pure gold and silver clusters. [Ag,]~, and [Au,]~ clusters withn =53-58 were measured
More recently, Ferandez et al[163] reported on a sys-  very recently by Hkkinen et al[168]. It was found that the
tematic study of the structure and electronic properties of observed electron density of states (DOS) is not compatible
noble metal clusters [§" (X=Cu, Ag, Au;v=-1, 0, +1; with the simple electron structure, but is strongly influenced
n <13 andn=20) using DFT computational techniques. by electron-lattice interactions. [Gs] ~ and [Agss] ~ clusters
The anionic, neutral and cationic gold clusters adopt planar exhibit highly degenerate states as a consequence of their
ground-state structures with up to 12, 11, and 7 gold atoms,icosahedral symmetry, while [Ag]~ cluster shows drasti-
respectively. On the other hand, silver clusters adopt planarcally different spectra with almost no degeneracy. This pro-
structures for maximum number of atoms 5, 6, and 5 for an- vides strong evidence that the [&g)~ cluster does not adopt
ionic, neutral and cationic clusters, respectively, while cop- icosahedral or cuboctahedral symmetry, but prefers a low-
per clusters form planar structures for maximum number of symmetry structure as a result of relativistic effects. Struc-
atoms 5, 6, and 4 for anionic, neutral and cationic clusters, re-tural patterns of unsupported gold clusters have been identi-
spectively. The predicted planarity of the gold clusters was in fied using DFT computational techniqyé&$9]. It was found
line with the expectations from ion mobility measurements that even “magic” cluster sizes exhibiting very compact and
and calculations for cationifl60] and anionic[161] gold symmetric structures have also lower-energy distorted struc-
clusters and with photoelectron spedtt&6]. The tendency  tures, the so-called “amorphous” structures. The origin of
to planarity of gold clusters, which is much larger than in these structures was shown to lie in the non-pairwise metal-
silver and copper, was attributed to relativistic effects, which lic interactions. Wilson and Johnst¢h70] modeling gold
decrease the s-d promotion energy and lead to hybridizationclusters with an empirical many-body potential using molec-
ofthe half-filled 6s AO with the fully occupied 58 A0. Inthe ular dynamics simulated annealing (MDSA) identified four
framework of the “simple” s-electron alkali metals, electronic distinct structural motifs for the structures of the predicted
shell model stabilization and magic numbers were found to be global minima, based on octahedral, decahedra, icosahedra
adequate concepts for Ag and Cu clusters, but not for Au clus-and hexagonal prisms. It seems to be interesting to study
tersin the range of the sizes studied. The electronic propertiesspherical aromaticity in these highly symmetric structures
of the clusters, such as cohesive energy, ionization potentials,using magnetic and electronic criteria.
electron affinities and HOMO-LUMO gap were rationalized Bimetallic Cu—Au nanoalloy clusters with up to 56 atoms
in terms of 2D and 3D electronic shell models. ForthefAu have been studied by Johnston et [@l71] using a ge-
cluster the predicted ground state structure exhihkjtsym- netic algorithm. The global minima of the bimetallic clusters
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the twom electrons in the Lg MO, but also tar-aromaticity
due to the occupation of the two four-centebonding MOs,
1bpg and 2ag.
Lievens and co-workerd 75] reported the first example

of aromatic bimetallic cluster involving only orbitals, thus
exhibiting o-aromaticity. Using photofragmentation experi-
ments they found that [AX]* (X=V, Cr, Mn, Fe, Co) clus-
ters show an anomalously high stability in mass abundance
spectra[176]. In particular, quantum chemical calculations
on the bimetallic [AgZn]" cluster revealed that the clus-
ter adopts a planar configuration with sixvalence elec-
trons, thus satisfying the £4+ 2) electron-counting rule of
o aromaticity. The NICS values obtained at various posi-
tions inside, above or outside the molecular frame proved the

_ _ _ existence of diatropic ring-current effect, characteristic for
Fig. 8. Crystal structure of N&lg,, showing the Hg square units (yellow)

surrounded by Na (red). Reproduced with permission fiti?8]. Copyright aromaticity. In a SUbS“eque.n,t, paper Lle.vens and co-workers
by the Wiley-VCH Verlag GmbH&Co. KgaA, Weinheim. (For interpretation [177] reported on 2D “magic” numbers in mass abundances
of the references to color in this figure legend, the reader is referred to the Of the photofragmented bimetallic [AX]* (X=V, Cr, Mn,

web version of the article.) Fe, Co) clusters. They interpreted the enhanced stability of

these particular doped gold clusters within a shell model ap-

correspond to structures based on icosahedral packing. Theroach for 2D systems. The six delocalized electrons in the
[CuAu]m and [CuAw]m clusters tend to have layered ar- 2D clusters corresponds to a “magic” number for electrons in
rangements of Cu and Au atoms, whereas the Cu and Aua 2D box, which is also present in other 2D quantum systems
atoms are noticeably more mixed in the ]y clusters. such as semiconductor quantum dots. However, this “magic”
More recently{172], a new family of “magic” cluster struc-  number of electrons is compatible with thétkel electron-
tures of bimetallic Ag—Ni and Ag—Cu nanoparticles were counting rule of aromaticity. Interestingly, the main features
found by genetic global optimization and DFT calculations. of the molecular orbitals of the doped clusters were repro-
These bimetallic clusters involve an inner Ni or Cu core and duced using a simple electron-in-a-box model.
an Ag external shell, as experimentally observed for Ag—Ni, = The recent discovery of the extremely stable closed-shell
and exhibit a polyicosahedral character with high-symmetry, bimetallicicosahedral gold clusters W@#£&@nd Mo@AY 2
large HOMO-LUMO energy gaps and remarkable structural, by Wang and co-workef4 78], first predicted by Pyyk#and
energetic and electronic stability, which could probably be at- Runeberd179] opened up the field to new nano-sized gold
tributed to spherical aromaticity of the clusters. materials, in which the central atom “impurity” plays a vi-

Johansson et aJ173] using scalar relativistic DFT cal-  tal role in fine-tuning electronic properties. More recently
culations showed that the Agicluster has a local minimum  [180], spectroscopic data (IR, Raman, UV-vispssbauer
corresponding to an icosahedral fullerenic form composed and NMR) of W@Auy» have been computed using DFT
of triangles in icosahedral symmetry, making a near per- computational techniques. Population analysis revealed that
fect rhombic triacontahedron. The diameter of the fullerenic the charge distribution is strongly delocalized but bond-
Ausz» cluster being about 0.9 nm, matches the most com- ing regions are clearly seen. An isosurface of the electron-
mon diameter of the stable nanotubes reported previouslylocalization function (ELF) on a cut plane shownFRig. 9
by Kondo and Takayanagll74]. Interestingly, the 24-carat indicates the covalent part of the-W¥u bond characterized
golden fullerene has a record value of magnetic shielding by a local density maximum which seems to be pushed to the
at its center (NICS(0) =100 ppm), and therefore exhibits outer part of the cluster, leading to the peculiar shape of the
a strong aromatic character. The &Aucluster having 32 6s  Au atoms.
electrons of gold conforms to the/2¢ 1) (N = 3) electron- Most recently, Zhai et a[181] reported the observation
counting rule for spherical aromaticity. and characterization of a series of stable bimetallic clus-

Last but not least is the recent repf28] on a class of  ters containing a highly symmetric 12-atom icosahedral Au
amalgams that contaimyjclo-Hgs]®~ square units as their ~ cage with an encapsulated central heteroatom formulated as
building blocks, typified by that found in solid Neg, [M@Au12]~ (M=V, Nb, and Ta). These species adopting
(Fig. 8). structures of high symmetry (icosahedral), exhibit remark-

The [eyclo-Hga]®~ unit is isoelectronic with thecclo- ably high binding energies and stability indicative of spheri-
Al 4]~ cluster, suggesting that the former is aromatic as well, cal aromaticity.
thus explaining its unique stability and structure. An analy-  The free-standing icosahedral cluster [Pt@#b, that
sis of the MOs of the perfectly square planaydlo-Hga]®~ contains a Pt atom centered inciso-[Pby2]?~ icosahe-
species reveal thatits structural and electronic stability should dral Zintl ion was prepared and has been characterized by
be attributed not only te-aromaticity due to the presence of energy dispersive X-ray (EDX) analysi€®’Pb and195pt
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% 6.2. Ligand-stabilized all-metal [M,L,,] aromatic
m‘ﬁ...__ GO molecules

Experimental evidences for certain discrete trinu-
A* * clear metal cluster compounds with §ifuz-X)(j-Y)3]**
- (M=Mo, W; X, Y=0, S, Se, Te) cores containing puck-
ered {M3(p-Y)3} six-membered rings revealed benzene-
’ _ * like structural, magnetic and spectroscopic characteristics
6’ a as well as chemical reactivities in a series of ligand substi-
tution, addition, and oxidation reactiof¥5]. Based on an

. energy-localized analysis (LMO) the B{s-X)(pr-Y)3]*
\ compounds were found to exhibit, like benzene, aromatic

character due to a closed, completely continuous conju-
gatedw-electron system, formed from the three cooperat-
ing 3c—2em bonds, which are of the d-p-d type. The size

and electronegativity of the bridging Y ligand affects sig-
nificantly the degree ofuasi-aromaticity of the puckered
{M3(p-Y)3} ring. Some criteria for the formation of a closed,
smoothly continuous conjugateglelectron system in the
NMR spectroscopy and single crystal XR[@82]. The {M3(-Y)3} rings have also been suggested. On the basis of
[Pt@Ph,]?~ cluster is defined by an icosahedron of twelve the localized molecular orbital theory Chgt6] pointed out

Pb atoms with a centered Pt atom and has near-peffect | the multicentered bonding angrasi-aromaticity in metal-
symmetry. It is a 12-vertex 26-electron polyhedron with chalcogenide clusters. The bonding and electronic struc-
a highly-regularcloso icosahedral structure which follow tures of 12 homo- and hetero-metallic trinuclear incomplete
Wade's 2 +2 skeletal electron rule. The high stability of cubane-type aquaions of transition metal clusters formulated
the [Pt@Phy]?>~ cluster could be attributed to spherical as [Maz_,W,X4(H20)]** (X=0, S, Se, Ter=0-3) have
aromaticity characteristic of the closely related icosahe- been investigated at the canonical molecular orbital (CMO)
dral aromatic [AlI@Plx]* and [AI@Ph]" clusters[183]. and LMO levels of theory44]. It was found that the CMO
The magic electronic character for the experimentally ob- distributions Fig. 10 and the energy levels in these puckered
served extremely stable metal-encapsulated [Al@Pland {M3X3} six-membered rings resemble those of benzene. Ac-
[AI@Pby2]* clusters was confirmed by the NICS(0) val- cording tothe LMO analysis{g. 11) these molecules exhibit
ues, revealing their aromatic character26 and—20 ppm quasi-aromaticity, which is related to a set of three continuous
for the [AI@Phg]* and [AI@Ph2]* clusters, respectively).  and closed 3c—2e (d-p-a) bonds with strong interactions.
Moreover, the observed stability of the [Al@fP and A combined matrix isolation Fourier transform in-
[AI@Phbi2]* clusters reflected on the prominent abundances frared (FTIR) spectroscopic and theoretical study (B3LYP/6-
in the mass spectra and the large HOMO-LUMO gaps were 311+G, CCSD(T)/6-31+G and single point G3, G3S,
attributed to the combined effect of highly symmetric close- G3SCB, and CCSD(T)/6-31+G(2-Df)) on the ACO)
packed structures, closed crystal-field split electron shell con- molecule has been reported recerfl36]. The Ab(CO)
figurations, and a 3D aromatic character. Abundant binary molecule was predicted to be aromatic based on struc-
alloy cluster anions were produced by laser ablation of mix- tural, energetic, and magnetic criteria. The HOMO 33b
tures of cobalt plus group-14 elements (E34]. The het- of Al2(CO), in its singlet ground state is a completely de-
eroclustering ability between Co and E elements increaseslocalized p; orbital of the AbC, unit, and having twor
from Ge to Pb, and the chemical bonds in the anionic binary electrons satisfies thei4 2 electron-counting rule for aro-
alloy clusters might indicate a transition from covalent to matic compounds. The digallium dicarbonyl,8a0), pro-
metallic bonds. The cluster anion [Co@lglb appearing in duced and identified in thermal gallium atom reactions with
very high abundance (magic number) adopts an endohedralCO in solid argori187] exhibits the same bonding properties
structure, while the anionic [Co@PB~ cluster also repre-  with the dialuminum dicarbonyl. Both species have about the
senting a magic number adopts probably anicosahedral strucsame NICS(0) values 0f16.70 and—20.14 ppm, respec-
ture. Metal-encapsulated icosahedral superatoms of germatively and constitute the first neutral heterocyclic all-metal
nium and tin formulated as [Zn@ @& and [Cd@ Shy] were aromatic molecules.

predicted using ab initio pseudopotential plane wave and  The structures of IO (N = 1-8) clusters, produced using
generalized gradient DFT computational technigie5]. a laser vaporization cluster source, laser ionized and mass
These clusters exhibit perfecticosahedral symmetry and largeselectively recorded by a time-of-flying mass spectrometer,
HOMO-LUMO gap lying in the optical region (about 2 eV), were computed employing DFT at the B3LYP level of theory
thus making these species attractive for self-assembled opto{188]. The bonding in these clusters was analyzed by means
electronic materials. of Bader's atoms in molecules (AIM) method. Exceptionally

Fig. 9. Cut plane through the ELF of WA#[180]. Reproduced by permis-
sion of the PCCP Owner Societies.
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Fig. 10. (a) (p-p)m bonding CMOs (gy + €19) in CsHs, (b) (d-p)w bonding CMOs (a+ e) in Mo(p-Sp)3. Reproduced with permission frop#d]. Copyright
by Springer Science and Business Media.

low ionization potentials were obtained forsf@ and IO for the [In;O]* cluster indicated that not only the shielding of
clusters. lonization of these clusters yields the highly sym- the O atom is exceptionally positive, but also the In shieldings
metric cationic [IRO]" and [In;O]* clusters. The magnetic  are the largest among all the clusters studied. Based on the
properties of the [IpO]" cluster suggest its “magic number” magnetic shielding criteria of aromaticity the {@]* cluster
character, with 18 delocalized electrons. Notice that valence possesses aromatic character. On the other hand, §@]fIn
electrons behave as if they were nearly free in clusters whencluster does not indicate a “magic number” character.

the number of such itinerant electrons corresponds to aspher-  Very recently novel ligand stabilized clusters of elements
ical shell closure. The computed GIAO NMR chemical shifts of group 14 exhibiting trishomoaromaticity have been syn-

Fig. 11. (a) (p-p-p¥ 3c—2e LMOs in GHe, (b) (d-p-d)w 3c—2e LMOs in Mg(p.-Sp)3. Reproduced with permission froi#4]. Copyright by Springer Science
and Business Media.
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Fig. 12. HOMO (below) and two degenerate LUMOs (upper) forgbie]*
at MP2/6-31G(d)//B3LYP/6-31G(d). Reproduced with permission from
[189]. Copyright by the Wiley-VCH Verlag GmbH&Co. KgaA, Weinheim.

thesized and studied both experimentally and theoretically
[189,190] Sekiguchi et al[191-193]synthesized and char-
acterized the long-sought free cyclotrigermenylium cation
[(‘BusSi)sGes]*, 11 with a Ge equilateral triangle which

is an aromatic 2-electron system analogous to cycloprope-
nium cation [GRs]*. More recentl\j189]they have also syn-
thesized the cationic cluster compound {&&BusSi)s!] *, 12
containing three naked germanium atoms.

®
. BusSi SiBus _SiBus
SiBug Ge\—\—/Ge
o
/Ge\ Ge---\-——-Ge
® NGeZ \
/Ge—Ge\ G{a/ ed “Ge
Bu,SI SiBug Bussi N UX sifBug
Gle SifBus
[
11 12

DFT calculations at the B3LYP/6-31G(d) level on the
model compound [GgH~]*, 13 with Ca, symmetry revealed
the same cluster skeleton as a global minimum. The HOMO
of 13 (Fig. 12 indicates the presence of bonding interactions
between the Ge atoms in the three-membered ring form-
ing a 3c—2e bond by charge density delocalization inside
the conjugative central core being characteristic of aromatic-
ity. The aromatic character d3 was further substantiated
by evaluation of the aromatic stabilization energy (ASE)
(—19.2 kcal/mol) and the strongly diatropic NICS(0) value
of —24.6 ppm.

Aromaticity has been also identified in binary and ternary
semiconductor systems with three- or four-membered pla-
nar rings using electronic structure calculation methods at
the MP2 and DFT levels of theorj194,195] The highly
strained ring systems FERs]", [A2BR3]*, [GeSiCg]",
[A3RsHal, and [A4R4]%* (A, B=C, Si, Ge; R-H, Sil3;
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Ha=F, Cl, Br) are confirmed to be featured with delocal-
ized 7 orbitals perpendicular to the molecular planes and
have high negative NICS(0) values in the range of —-15
to —22 ppm. All semiconductor species exhibit characteris-
tics of delocalized 2-electrom orbitals and therefore are
aromatic systems. The same holds true for the carbon-rich
binary and ternary semiconductor microclustersSgeC,

(7 <s=1+m+n <10 withn=5-8) studied by Li et al. using
DFT and MP2 computational techniques. It was predicted
that the singly or doubly charged &, C,H, species con-
forming to the (4 + 2)w-electron-counting rule possess aro-
matic character depending on the delocalizebdonds sus-
tained by the closed cyclic molecular skeletons.

The presence of aromaticity was also recognized in
organometallic compounds involving all-metal ring cores.
Very recently King59] introduced thes-aromaticity concept
to describe the bonding in triangular metal carbonyl clusters,
M3(CO)2 (M =Fe, Ru, Os). According to this model the six
orbitals and six electrons available for bonding within the
M3 triangle of Mg(CO);2 clusters are partitioned into a core
3c—2e bond of ldckel topology formed by radial hybrid or-
bitals and a surface 3c—4e bond obMus topology formed
by tangential p-orbitals. The-aromaticity concept has also
been applied to the description of the bonding in planar tri-
angular P$(CO)3(w-CO)s building blocks of platinum car-
bonyl structures including the [Pt(C&)2~ stacks. Notice
that the presence of the bridging CO ligands is(€0)s(j.-
CO)3 cluster precludes the 3c—4edidius topology. Ther-
aromaticity model for the bonding in metal carbonyl triangles
contains many of the features of the graph-theory model for
the 3D aromaticity in deltahedral structures.

King has also studied the chemical bonding topology
of ternary transition metal-centered bismuth cluster halides
[196]. Examples of neutral or ionic transition metal-centered
bismuth clusters are octahedral [MBi-X)12]°~ (X=Br, I;
M=Rh, Ir, z=3; M=Ru, z=4) with exclusive 2c—2e bonds
and pentagonal bipyramidal Rhiirg with a 5d—4e bond
in the equatorial plane suggestive ofoblus aromaticity
(Fig. 13.

The chemical bonding in many of the ternary transition
metal-centered bismuth cluster halides is related to that of the

_ _ 3= B
X\BI’_'——-—‘X BFT I\Br
xX/ | /x \/Bi‘\y
X|—=l=Bi—/= — P
Bi=—|=Rh=——Bi Bi=———Rh
2L gl I~ \\BiL \>Bi
E"X \ ,Br |
e Bl Br—\—Bi
X X X / I\Br
- - Br
[RhBig(p-X)o]* RhBi;Brg

Fig. 13. Structures of [RhB{u-X)12]* (X=Br, ) ions and the RhBiBrg
molecule. Reproduced with permission frft®6]. Copyright by the Amer-
ican Chemical Society.
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- The bonding of alkyclo-M,,(.-H),, species is character-
é \ b ‘ ized by a common ring-shaped electron density, more com-
v ‘ ® monly seen in organic molecules, which is constructed by

D HOMO-8 HOMO-13 HOM0-14 MEP highly delocalizedr-, w- andd-type MOs Fig. 14.

m‘o

The aromaticity of the hydrocopper(l), hydrosilver(l) and
hydrogold(l) analogues of aromatic hydrocarbons was esti-
mated by making use of several criteria for aromaticity, such
HOM0-19 as the NICS(0) parameter, the relative hardnesgsand the

electrophilicity indexv. It was further verified on the grounds
‘. of a chemical reactivity criterion of aromaticity that of the in-
L A teraction of the aromatics with electrophiles, presenting only
HOMO-6  HOMO-17 HOM0-22
i hexagonal pyramidal structure ofsymmetry with the sil-
ver(l) ion displaced along thegCaxis over the hexagonal

one example concerning the reaction c@tlo-Aug(-H)g
HOMO-7 HOMO-20 HOMO-24  MEP basal plane by 91.8 pfd98].

molecule with Ag ions. Actually, this interaction affords
the [Ag{cyclo-Aug(n-H)s}]* species]4, which adopts an

Fig. 14. Selected highly delocalized molecular orbitals along with the
molecular electrostatic potential (MEP) of the planar cyclic,l@u
molecules contributing to aromaticity. Reproduced with permission from
[197]. Copyright by the American Chemical Society.

deltahedral boranes exhibiting 3D aromaticity by replacing
the multicenter core bond in the boranes with 2c—2e bonds
from the central transition metal to the bismuth atom. The
electron counts of the RuBiRuBig and RyBi4 polyhedral
structural units follow the Wade-Mingos rules.

The bonding of the central Ag(l) ion with the six-
membered gold(l) ring involves covaleat ™ andd com-
6.3. Hydrometal analogues of aromatic hydrocarbons ponents as it is exemplified by the highly delocalizedn-
andd-type MOs, which support a charge transfer from the six
The possibility for hydrometal analogues of the aromatic Au(l) atoms towards the Ag(l) central atom, the latter acquir-

hydrocarbons has been explored very recefit§7,198] ing a positive natural charge of 0.56 charge units. This charge
Quantum chemical calculations suggested that a seriestransferisalso mirrored onthe deshielding ofthe Au(l) atoms,
of molecules with the general formulayclo-M,(.-H), which showed a downfield shift of thé€’Au shielding ten-

(M=Cu, Ag, Au;n = 3-6) are stable. Allyclo-M ,H,, species, sorelementby 15.7 ppm. Moreover, the computed interaction
exceptcyclo-AuzHs, have the same symmetry with the re- energy between the Ag(l) ion and the aromatic six-membered
spective aromatic hydrocarbons, but differ in that the hy- gold(l) ring was found to be 52.1 kcal/mol and corresponds
drogen atoms are in bridging positions between the metalto 8.7 kcal/mol per AgAu bond, a value lying in the range
atoms and not in terminal positions. These novel classes ofof the so-called aurophilic interaction enejg98].

inorganic compounds can be considered as the archetypes The proposal of aromatic hydrocoppersEl4 and CyHs

for the development of whole classes of new inorganic aro- stimulated Li et al[199,200]to explore by means of DFT
matic species (substituted derivatives) resulting upon substi-computational techniques planar tetracoordinated and penta-
tution of the H atoms by other groups, such as alkyls (R) and coordinated nonmetals hosted on perfect square planar and
aryls (Ar), halides (X), amido (NE), hydroxide (OH) and pentagonal hydrocopper complexess8uX and CuHsX
alkoxides (OR), etc. Novel low-energy 3D structures of the (X=B, C, N, O), respectively. The bonding in these com-
Cu,H,, Ag,H, and AyH, (n=3-6) molecules were also plexes has been analyzed using molecular orbital and nat-
identified as local minima in the potential energy surfaces, ural bond orbital analysis techniques. It was found that the
but at 27-59 kcal/mol higher in energy than the 2D planar X atoms serve as the negatively charged nonmetal centers,
ones. The planar hydrocoppers(l), hydrosilvers(l) and hydro- and the Cu atoms at the periphery form a positively charged
golds(l) are predicted to be strongly bound molecules with ring. The optimized structures ofsk) CusHsX complexes
respect to their dissociation either to the MH monomers or and their HOMOs are shown Fig. 15

to free M and H atoms in their ground states. The computed It was also found that the introduction of X at the center
total binding energies of the MH monomers to forméhelo- of the aromatic hydrocopper(l) rings vanishes the aromatic
M, H, species are found in the range of 7.5-217.5 kcal/mol. character and therefore the doped rings are nonaromatic.
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However, this finding seems to be questionable, since as-

sessment of the aromaticity was based only on the up-field
chemical shifts of the H atoms outside the metallic ring. Prob-
ably the chemical shift of the central atom X might be more

informative for aromaticity of the Gud,, X molecules.

7. Conclusions and perspectives

In this review | have tried to summarize the current state
of research related to all-metal aromatic molecules. | have
deliberately devoted considerable attention on the discussio
of the DFT methods, since they have contributed much in
the study of all-metal aromatic systems by predicting their

n

ficient catalysts, drugs, and other novel materials with as-yet
unimagined properties.

The traditional indicators of aromaticity — structural, mag-
netic, energetic, electronic and reactivity-based criteria—used
to study the aromaticity in all-metal aromatic molecules,
many of which are accessible through quantum chemical
calculations were also outlined herein. All-metal aromatic
molecules represent one of the “new frontiers” that promise
to keep aromatic chemistry vibrant well into the 21st century.
Itis expected that understanding the origin of aromaticity in
all-metal systems would further widen the view at aromatic-
ity illustrating its multidimensional character and helping us
deeper understand what other factors govern structural pat-
terns and stability of solids.

structural, energetic, electronic and spectroscopic properties

and demonstrating the extensive cyclic delocalization of elec-

tron density in these systems. The recent advances in thégaferences

field of quantum inorganic chemistry bold great promise for
the future discovery of new series of novel aromatic metal
clusters and transition metal coordination compounds and
organometallics with particular properties and functionality,
guiding experimentalists to synthesize them. A daunting chal-
lenge for the future is to explore the physical, chemical, bi-
ological, and technical properties of such molecules, and to
look for their technical applications as specific and very ef-
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