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The concept of aromaticity has dramatically evolved and expanded to where it is no longer reserved for
use in organic chemistry but is also useful in describing the bonding in many inorganic compounds. The
aromaticity of inorganic rings arises from participation of s, p, d and f atomic orbitals to form delocalized o,
1,0 and ¢ molecular orbitals. This report describes the stability, structures and bonding of mainly covalent
inorganic “sandwich” compounds or metallocenes in which aromatic, antiaromatic and nonaromatic
inorganic rings, as well as those with multiple or conflicting aromaticity, are bonded primarily to the
transition elements. Also included are some examples of ionic salt and covalent metallocenes of the
main group and f-block elements with rings that exhibit other than only p orbital aromaticity. While
many of the referenced compounds have been experimentally generated, computational methods play
an important role in predicting the stability and ground state structures of several other hypothetical
inorganic rings and the metallocenes produced from them. The theoretical studies also aid in defining

the criteria that are used in determining the nature of compound aromaticity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The convergence of several developments has fostered an
emerging interest in inorganic “sandwich” compounds or metal-
locenes. The first was the introduction of the concept of aromaticity
inorganic chemistry [1]. The most well known aromatic compound,
benzene, was isolated by Faraday in 1825 [2], with the concept of
aromaticity itself introduced by Kekulé in the 1860s [3].

The development of molecular orbital theory by Hiickel in the
1930s [4] led to the formulation of the Hiickel rule [5] as a general
method of defining aromaticity in conjugated organic rings such
as benzene as requiring 4n + 2 m-electrons (where n is an integer).
These delocalized electrons are located in parallel atomic p orbitals
found on the ring atoms of C and some other nonmetallic elements.
Conjugated rings with 4n m-electrons are characterized as antiaro-
matic if planar as in cyclobutadiene, or nonaromatic if nonplanar
as in cyclooctatetraene [6,7].

Though introduced almost one and a half centuries ago, there is
at present no single generally accepted definition of the term aro-
matic [1a,8-11]. Efforts to develop more quantitative definitions
have led to the characterization of several different types of aro-
maticity that are found in an even greater variety of organic and
inorganic compounds. Indeed, one recent report describes ten dif-
ferent types of aromaticity [9]. The identification of aromaticity
is based on a variety of criteria that use chemical (with aromatic
compounds more likely than other unsaturated organic compounds
to undergo substitution rather than addition reactions), structural
(equal ring bond lengths), electronic (molecular orbital pattern,
electron delocalization, electronic excitation, electronic excitations
and orbital eigenfunctions) and magnetic properties (magnetic sus-
ceptibility anisotropies and TH NMR chemical shifts) [10,12-14].
A chronology of the criteria used to define aromaticity and of its
historical development has recently appeared [15]. It is sometimes
difficult to correlate the various criteria, and the use of different cri-
teria can produce contradictory conclusions about the aromaticity
of some molecules [12].

A second development within the last approximately 15 years
has been the rapid advancement and increased popularity of
computational methods such as density functional theory (DFT)
calculations to determine global minimum structures and as an
aid in defining aromatic criteria and characterizing the nature and
extent of atomic orbital contributions to aromaticity [9]. As recently
noted, however, although progress in this area has led to predic-
tions of new molecules that might contradict chemical intuition,
the proposed molecular structures may not represent the global
minimum, and the experimental preparation of these species may
be difficult or impossible [16,17]. The computational analyses are

sometimes supported with experimental photoelectron spectral
data of compounds generated as gaseous species [11,18].

As a result, to traditional m-aromaticity arising from electron
delocalization in parallel p orbitals have been added o-aromaticity
resulting from s, p, d and f orbital participation, w- and 8-
aromaticity from d and f orbital participation and ¢-aromaticity
from f orbital participation. Multiple aromaticity, multiple antiaro-
maticity and conflicting aromaticity have also been characterized
[11,19-23]. The characterization of these bonding modes in metal-
lic systems has produced additional electron counting rules for
cyclic transition metal compounds [21-23].

In 1996 Schleyer and co-workers reported the development of
what has become one of the most commonly used of the mag-
netic criteria to evaluate the aromatic or antiaromatic character
of both organic and inorganic rings [13,24]. It allows for the deter-
mination of nucleus-independent chemical shift (NICS) values that
are the negative of the shielding calculated at the geometric ring
center (NICS(0) values) or some other part of a molecule; most
commonly 1A above the ring center (NICS(1) values) [9,12]. While
negative NICS values indicate aromatic character, positive NICS val-
ues indicate antiaromatic character. Characteristic of nonaromatic
compounds is the absence of delocalization and NICS values close
to zero.

Several NICS based aromatic indexes have been developed that
provide more accurate and complete measures of molecular aro-
maticity [10]. These NICS based approaches continue to evolve
in an attempt to produce quantitative methods that accurately
describe the aromatic character of compounds. One study has eval-
uated five NICS based aromatic indexes against a uniform set of
aromatic stabilization energies for 75 mono- and polyheterocyclic
five-membered rings with planar global minimum structures [25].
It concluded that the value of the 7 component of the out-of-plane
zz shielding tensor, NICS(0)xz, is superior for planar inorganic and
organic rings and cages since it eliminates contributions of non-1
contributions to aromaticity. The more readily obtained and easy to
use NICS(1),, index was offered as a good alternative [10,25]. This
has in turn resulted in the use of NICS;,-scan curves produced by
plotting NICS,;-scan values along the principle symmetry axis of
the ring plane to probe the aromatic and antiaromatic behavior of
several cyclic organic, inorganic and all-metal molecules [26-28].
The need for further refinements is illustrated by the use of the
recently developed Adaptive Natural Density Partitioning (AdNDP)
method [29] to show that the aromaticity proposed for Re3Clg [30]
and Tc3Xg (X=Cl, Br) [31] clusters through the use of standard NICS
methods was incorrect.

A third development, the report in 1951 of the first sand-
wich compound, ferrocene ((n>-CsHs),Fe) [32,33], has led to the
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Table 1
NICS(0) and NICS(1) values (ppm) for the most stable isomers of the cyclo-Be;2~ dianion in the isolated state and in several metal salts calculated at the B3LYP/6-311+G(d)
level [35,36].
Be3?~ (Dsp) [MBes]~ (Csv) M;Bes (Dsp) [(m*-Bes)2M2]?~ (D3p)
M=Li Na Cu M=Li Na Cu M=Be Zn
NICS(0) —65.06 —38.88 —35.38 —43.48 —42.05 —45.01 —47.25 -38.112 —37.009
NICS(1) -31.82 -32.76 —35.32 —89.87 —25.28 —28.28 -90.82 -19.750 -19.536

synthesis of countless ionic and covalent organometallic com-
pounds that have from three to nine atom organic rings. These rings
have a variety of different substituents and interact with metal
centers using several different bonding modes. They also some-
times achieve stability on complex formation that is not possible
in the isolated state. Since their discovery, metallocenes and other
organometallic compounds have come to play a very important
role in extending our understanding of chemical bonding. Practical
applications include their use as synthetic reagents, catalysts for
polymer production and building blocks for new materials.

Aromatic rings and metallocenes are no longer the exclusive
prerogative of organic chemistry. Borazine (Fig. 1), which was syn-
thesized in 1926 [34], is the first example of what was originally
presented as an inorganic aromatic compound. However, as the last
decades of the 20th century ended and the 21st century has begun,
interest in the preparation and characterization of inorganic rings
and sandwich compounds in which inorganic rings interact with
metal-centers has grown rapidly.

This report describes the structures and aromaticity of mainly
covalent transition element metallocenes of inorganic rings. That
almost two thirds of the cited references have a publication
date of 2000 or later, and approximately a third of these have
appeared in the last 5 years illustrates the current interest in
these compounds. While several are of experimentally generated
compounds, a large number are also of hypothetical compounds
that are studied theoretically using computational methods. Could
these compounds serve as catalysts or nanomaterials or in other
novel capacities? One can only speculate as to whether the devel-
opment of practical applications arising from the discovery of
organic metallocenes at the middle of the last century will be
equally as fruitful for inorganic metallocenes as the present century
unfolds.

2. Cyclo-X3 ligands
2.1. Group 2 element rings

The cyclo-Bes %~ dianion is aromatic according to the Hiickel rule
with 2 mr-electrons and maintains its aromaticity and planar struc-
ture in the bimetallic species [MBes]~ and M;Bes (M =Li, Na, Cu).
Calculated NICS values (Table 1) indicate that the aromaticity of the
cyclo-Be32~ dianion decreases on complex formation [35]. A struc-
ture with C3, symmetry is most stable for [MBe3]~ (M =Li, Na, Cu)
(Fig. 2a), while a structure with D3}, symmetry is most stable for
M,Bes (M =Li, Na, Cu) (Fig. 2b). Calculations also show the stabil-
ity of the highly aromatic sandwich compounds [(n3-Be3); M, ]2~

Fig. 1. Molecular structure of borazine.

(M=Be [36],Zn [35]) in which the cyclo-Be3~ units are eclipsed to
give D3}, symmetry structures.

The first report of aromaticity in a group 2 atom ring was in a
theoretical study of the Mgz~ anion and of the two clusters NaMgs3 ~
(Fig. 2a) and Na,Mgj (Fig. 2b) that contain the cyclo-Mg32~ dianion
[37]. The aromaticity of these clusters arises from m-electrons that
produce mr-aromaticity without the formation of a o-framework. A
more recent theoretical study, however, concluded that the isolated
cyclo-Mgs2~ unit possesses only o-aromaticity [38]. In a theoret-
ical study of the series of complexes [X,M3]"~2 (M=Be, Mg, Ca;
X=Li, Na, K; n=0-2), it was reported that the aromaticity found in
the three-center two-electron ring of the isolated cyclo-M32~ units
is not only stabilized on interaction with alkali metals, but also
changes from o-aromaticity to m-aromaticity [39]. The aromatic-
ity could be further tuned by changing the perpendicular distance
between X and the center of the M3 ring. This was especially true for
Na,Mgs, Li;Mgs and X;Bes, while X;Bes and K;Mgs are much less
likely to exhibit changes in aromaticity through small changes in
this distance. These observations were felt to be important since the
ability to change aromaticity might influence the reactivity of all-
metal aromatic clusters. A theoretical study has explored changes in
aromaticity, as well as in reactivity and bonding patterns, observed
in a reaction cycle involving eleven different reactions in which
one or both cyclo-CsHs~ anions in (°-CsHs ), Ti were successively
replaced by cyclo-Be32~ and cyclo-Mg32~ units [40]. The resulting
products were [n°-CsHsTiX3]™, [(n3-X3); Ti]*~ (X=Be, Mg) and
[(m3-Be3)Ti(m3>-Mg3)]?~.

2.2. Group 13 element rings

It has been suggested that the aromatic 2 m-electron cyclo-BsHg*
cation, which is an isoelectronic analogue of the cyclo-C3H3* cation,
is capable of forming m-complexes (Fig. 2c) with different main
group and transition elements, and calculations have shown that
(n3-B3Hg)Co(CO); is stable with the three terminal and three bridg-
ing H atoms bent out of the cyclo-B; plane and away from the Co
atom [41].

The first “cycloaluminene”, Naj[AlsR3] (R=CgH3-2,6-(CgH>-
2,4,6-Me3),) has been synthesized [42]. Although NICS data were
not determined, the presence of a delocalized molecular orbital
with 2 m-electrons suggests that the cyclo-Al32~ unit is aromatic.

Reported canonical molecular orbital NICS values (Table 2) show
that the [Al3H3 ]2~ dianion exhibits both 7- and o-aromaticity [43].
However, this study also noted a previous observation [44] that the
tendency of small Al ring clusters to collapse to form larger clusters
is a problem to be considered in determining the ability of cyclotri-
alane rings to form sandwich compounds. Although bulky R groups

M M M
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Fig. 2. Common ring structures of complexes with cyclo-Xs ligands or cores.
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Table 2
NICS(0) and NICS(1) values (ppm) for [AlsR3]>~ (R=H, F) dianions in the isolated state and the most stable isomers of several metal salts computed at the B3LYP/6-311+G(2df)
level [43].
[Al3R3]? [(m3-Al3R3),Al] Na,[(n3-Al5F3 ), Ti] Nay[(m?-Al3F3), M3 ]
R=H F R=H F M=Mg Zn
Symmetry Dsp Dsp D3y Dsp D3q D3y Dsq
NICS(0) -13.04 -45.14 -1.34 —24.87 -35.51 -36.84 -36.49
NICS(1) -11.02 -27.61 —7.68 —-14.40 —22.54 —18.29 —21.66

stabilize cyclotrialane rings in [Al(m3-Al3R3);]~ (R=N(SiMe3),)
[45] and the radical [Al(n3-Al3R3),]* (R=N(SiMe,Ph),) [46], the
cyclo-Al3R32- dianions do not maintain their aromaticity in these
complexes. Other ring substituents, however, can dramatically
increase the aromaticity of cyclo-Al3R32~ molecules relative to that
of cyclo-AlsH32~ [43]. They can also make the D3}, symmetry struc-
ture the most stable isomer [43], although it is not the most stable
isomer for [AlsH3 ]2~ [47,48].

As a result, calculations show the expected stability of the
sandwich complexes [Al(m3-Al3F3),]~, Nay[Ti(n3-Al3F3);] and
Nay[My(n3-Al3F3),] (M=Mg, Zn), and that the cyclo-Al3F32~ units
(Table 2) retain their aromaticity in these complexes [43]. While
the rings are staggered in the charge-compensated Ti (Fig. 3a) and
Al complexes, they are eclipsed in the charge-compensated Zn
(Fig. 3b) and Mg complexes [43]. It was suggested that gas-phase
investigations may be used to prepare these and other species in
which different substituents are added to the rings or various lig-
ands are attached to the coordination sphere of the complexed
metal.

The first reported examples of compounds exhibiting met-
alloaromaticity are the ionic complexes M;[(Mes,;CsH3)Gals
(Mes=2,4,6-Me3CgH,; M=Na [49], K [50]) prepared by Robinson
and coworkers. Like the analogous Al compounds, they contain tri-
substituted, non-bridged cyclo-Gaz2~ cores that exhibit aromatic
character. Their ability to form sandwich compounds has yet to be
explored.

2.3. Group 14 element rings

Calculations show the stability of non-hydrogen-bridged ring
structures in (n3-X3H3)M (X=C, Si, Ge; M=Co(CO)s, Rh(CO)3,
Ir(CO)s3, Ni(CO)3, Co(PH3)3, Ni(PH3)3) (Fig. 2d), and of non-methyl-
bridged ring structures in [n3-X3(CH3)3]Co(CO); (X=Si, Ge) [51].
While ligand-to-metal charge transfer produces cationic ligands
in complexes where X =Si and Ge, a small metal-to-ligand charge
transfer produces an anionic ligand for X =C.

2.4. Group 15 element rings

A theoretical analysis of [(n3-N3);Ni]2—, [(13-N3),M(C0),19 (M,
q)=(Fe, 0),(Mn, 1-), [(n3-N3)M(CO)3]7 (M, q)=(Co, 0), (Fe, 1-)) and

a
/, II\\ /, :‘\
/, II \\ // : \\
/// :| \\\ F /,/ i \‘\ F
F\ Al F / AN
Al=—"54F SAI==AL)-F
\ o N i
N i/ i/
NI N4/
T 2
1
’//I \\\ . i ':\\ F
! \ / -\
FASA—A_p A=
\\“\ / \\\ i //
N4 N4
Na Na
(a) (b)
Fig. 3. Optimized structures of (a) Nay[Ti(n3-Al3F3);] and (b) Naz[Zn(m3-Al3F;3);]

[43].

[(Mm3-N3)M(M?-CsHs)[? ((M, q)=(Ni, 0), (Co, 1-)) has determined
that the polynitrogen cluster is present not as the aromatic and
singlet cyclo-N3* cation with 2 1r-electrons but as the triplet dirad-
ical cyclo-N3~ anion with 4 m-electrons [52]. The NICS(1) values
show that the triplet cyclo-N3~ anion is aromatic and maintains its
aromaticity in the transition metal complexes. Indeed, it has previ-
ously been noted [11,53] that the electron count for aromaticity
in triplet state species is not 4n+2 but 4n. On complex forma-
tion, the two unpaired electrons on the free triplet cyclo-N3~ anion
are evenly distributed over the entire ring to become part of the
bonding interaction with the transition metal atoms of the seven
complexes. As a result, all complexes have the singlet ground state.
After speculating about possible experimental routes for prepar-
ing these complexes, it was concluded that successful synthesis
would be especially likely for the complexes [(13-N3)M(m>-CsHs )9
((M, g)=(Ni, 0), (Co, 1-)). Indeed, it is not unusual to find that the
m°-CsHs~ ligand stabilizes complexes containing inorganic rings.
Calculations show the stability of (n3-N3)Sc with C3, symmetry in
the singlet ground state [54].

Several covalent transition element complexes have been syn-
thesized with planar m3-X3 (X=P [55-59], As [57,59-61], Sb [62])
rings (Fig. 2a). These complexes have been described as containing
either neutral nonaromatic 3 m-electron n3-X; rings [61], or, at the
ionic limit, aromatic 6 w-electron n*-X33~ rings [63]. A complex of
Nb has recently been reported that is able to shuttle the P; ligand
to change AsCls into AsP3 [64].

Transition metal complexes with heteroatom m3-P,X (X=As
[57,58], Sb) [56] and m3-As;P [57] rings have also been character-
ized.

Inverse homo- and hetero-metal sandwich complexes contain-
ing w-(m3:m3-X3)ligands (X=P[55,59,61,65], As [60]) (Fig. 2b) have
been prepared. Molecular orbital data show that stable complexes
require from 30 to 34 valence electrons [66,67] and that those with
31 to 33 valence electrons are expected to exhibit a Jahn-Teller
distortion due to a doubly degenerate ground electronic state [65].
Complexes are also found with cyclo-X3 ligands that bridge transi-
tion metal atoms using m2- (X=P [68-70], As [71]) or m'-bonding
(X=P[61,69], As [71]).

2.5. Group 16 element rings

An energy mismatch between cyclo-X3 (X=0, S) ligand donor
and transition metal carbonyl fragment acceptor orbitals produces
unstable complexes. Calculations show a reduction in this mis-
match on replacing one or more weak m-acceptor CO ligands with
the very strong m-acceptor NO* ligand to produce stable [(n3-
03)M(NO)33* (M=Cr, Mo, W, Fe, Ru, 0s), [(n>-S3)W(NO)3]3* and
[(m3-S3)W(NO),(CO)J** [63].

Slightly unequal Te-Te bond lengths are present in the antiaro-
matic 4 m-electron cyclo-Te3?* unit in [(m3-Te3)M(CO)4](SbFg),
(M=W [72], Mo [73]) (Fig. 4).

2.6. d- and f-block element rings

Calculations show the expected stability of the 1:1 and 2:1
sandwich-type complexes formed through the interaction of the
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Fig. 5. Equilibrium geometry of S symmetry calculated for [{m3-Aus(CH3)3 }2Ag]*
[74].

aromatic cyclo-Aus cluster in cyclo-AusL;Hs_, (L=CHs3, NHy, OH,
Cl; n=1-3) with electrophiles [74]. While a staggered orienta-
tion of the cyclo-Aus clusters is found to be most stable in the
2:1 complexes [{m3-Auz(CH3)3},M]* (M=Li, TI, Ag (Fig. 5)) and
[{m3-Aus(p2-NH;)3 1, Lil*, the eclipsed conformation is most stable
in [{n3-Aus(p2-NH; )3}, TI]*. The ring-interactions are predomi-
nantly electrostatic with Li* and TI* ions and covalent with Ag*.
Contributions from the Au atom 6s orbitals produce o-aromaticity,
while contributions from the 5d orbitals produce o-, 7- and 8-
aromaticity in the m3-Aus rings.

A molecular orbital study based on photoelectron spectroscopy
and DFT data shows both m- and &-aromaticity but no o-
aromaticity from Ta atom 5d orbital participation in the cyclo-Tas
core of [Tag(w2-0)3]~ [75]. The possibility of 6-aromaticity in other
cyclic complexes of low oxidation state transition metals, as well
as ¢-aromaticity in cyclic multinuclear metal complexes with f-
electrons was also suggested [75]. And, a recent DFT study shows
multiple o-, -, 8- and ¢-aromaticity arising from U atom 5f orbital
participation in the cyclo-Us cores of cyclo-U3X3; (X=0, NH) and
cyclo-Us(p,-X)3 (X=C, CH, NH) [10,76].

E. Maslowsky Jr. / Coordination Chemistry Reviews 255 (2011) 2746-2763

2.26

Fig. 6. Optimized structure of C; symmetry calculated for [Tas(p2-0)s |Fe(n>-CsHs)
with the Fe-Ta bond distances in A [77].
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i {__==H
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Fig. 7. Proposed structure of the n*-B4Hg ring in (n*-B4Hg)Fe(CO)3 [78] and (m*-
B4Hg)Co(m>-CsHs) [79].

Another DFT study has shown the stability of the mainly ionic
complexes M[Tasz(p2-0)3] (M=Li, Na, K) (Fig. 2e) and M[Tas(pz-
O)3]> (M=Ca, Sr, Ba), with similar complexes of [M3(p2-0)3]~
(M=Nb, V) also proposed as possible [77]. The optimized structure
determined for [Taz(j,-0)3]Fe(n-CsHs) (Fig. 6) shows two strong
Fe—Taccovalent bonds (2.26 A) and one effective Fe-Ta interaction
(2.55A).

3. Cyclo-X4 ligands
3.1. Group 13 element rings

NMR ('H and 'B) data support a structure for the n*-B4Hg rings
in (m*-B4Hg)Fe(CO)3 [78] and (n*-B4Hg)Co(n?-CsHs ) with four ter-
minal and four bridging H atoms (Fig. 7) [79].

The report of the first experimental and theoretical evidence for
aromaticity in the all-metal cyclo-Al42~ dianion found in the clus-
ters MAl,~ (M =Li, Na, Cu) initiated research interest in aromaticity
in other inorganic clusters and molecular systems [80]. Theoretical
and gas phase photoelectron spectroscopic data for the cyclo-X42~
dianions (X=B, Al [81], Ga, In, T1) [21,82] and several of their mono
and divalent metal cation salts [80,82-88] show that all but the
Be2*, Cu?*, Zn%* and Au* salts of the cyclo-Al4%~ dianion are ionic
with planar, aromatic cyclo-X42~ clusters and pyramidal structures

(a)

(b)

(c)

Fig. 8. The atomic p-orbital orientation that produces delocalized (a) 7 aromaticity and two types of o ((b) radial and (c) tangential) aromaticity in Al4?.
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Fig. 9. Most stable structure for the clusters (a) CuAly~ (Csy) [86], (b) MAl4 (M =Be,
Zn) (G;) [86] and (c) AuAly~ (Cay) [85].

Fig. 10. Proposed structures for [(n*-Als),M]? (M =Ti, Zr, Hf, g=2-; M=V, Nb, Ta,
q=1-; M=Cr, Mo, W, g=0) [92].

of C4, symmetry. Since the ring-atom p orbitals produce one -
and two o-delocalized aromatic bonds [84,89,90] (Fig. 8), it was
concluded that both o- and m-aromaticity should be included in
bonding discussions for electron deficient all metal aromatic clus-
ters [89,91].

The MAIl4 (M =Be, Zn) and [CuAl4]~ complexes, however, have
largely covalent metal-ring bonds in which [CuAls]~ has Cgy
symmetry (Fig. 9a), while structures of C; symmetry with two
equivalent M-Al bonds, and the third and fourth longer and shorter
than the two equivalent M-Al bonds is most stable for MAl4 (M = Be,
Zn) (Fig. 9b) [86]. A planar structure of C,, symmetry is most stable
for AuAl,~ (Fig. 9c) [85].

Calculations show that the double - and o-aromaticity of the
square cyclo-Al42~ cluster is maintained on complex formation in
[(m*-Aly);M]? (M=Ti, Zr, Hf, g=2-; M=V, Nb, Ta, g=1-; M=Cr, Mo,
W, g=0) and that the global minimum structures have Dsq symme-
try with staggered cyclo-Al42~ units (Fig. 10) [92]. In addition the
calculated NICS(0) and NICS(1) values (Table 3) show an increase
in the o-aromaticity and a decrease in the m-aromaticity of the
cyclo-Al42~ cluster on complexation with the first-row transition
elements, but a decrease in both m- and o-aromaticity on com-
plexation with the second- and third-row transition elements.

The [Li3Aly]~ anion was first stabilized experimentally by
Boldyrev, Wang and co-workers [90]. Their calculations show that
the ground state structure of the Al4#~ anion has a distorted rect-
angular shape (Fig. 11) with Al-Al bond lengths of 2.76, 2.58, 2.76
and 2.49 A. Distortion from the perfect rectangular structure was
attributed to the capping of the shortest Al-Al bond (2.49 A) by one
of the Li atoms.

Although there has been some disagreement, cyclo-Aly*~ is
generally considered to be antiaromatic [11,93]. Theoretical data
show that cyclo-Als*-, like cyclo-Al42~, has one delocalized - and
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Fig. 11. Calculated ground state structure for the [Li3Al4]~ anion at the CCSD(T)/6
311+G(2df) level [90].
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Fig. 12. Equilibrium minimum energy geometries for (a) [(n*-Al4Li4)]Fe(CO); and
(b) [(M*-Al4Lis)]2Ni [94].

two delocalized o-molecular orbitals. However, the greater
antiaromaticity arising from the 4 m-electrons compared to the
aromaticity arising from the two filled o-aromatic orbitals gives
cyclo-Al4*~ net antiaromatic character. This is consistent with the
rectangular shape of cyclo-Al4*~, compared to the square shape of
aromatic cyclo-Al42~ [21].

Calculations show that cyclo-Als4-, like antiaromatic 4 -
electron cyclo-C4Hy, is stabilized in [(M*-Al4My)]Fe(CO)3 (M=Li
(Fig. 12a), Na, K) as an aromatic 6 w-electron ring [94]. And, while
[(m*-Al4Lig)INi is unstable, [(n*-Al4M4)];Ni (M =Li (Fig. 12b), Na,
K) are stable with the nonplanar cyclo-Al4 atoms bent toward the
Ni atom [94].

The thermodynamic instability of the (Al4Li4 )M (M = transition
metal) complexes discussed above makes them susceptible to
decomposition reactions and, as was also true for the cyclo-Als
cluster compounds discussed previously, the formation of energet-
ically more stable fusion products [93]. DFT calculations show that
the [Al4Liz]~ cluster retains its antiaromaticity in [DM(Al4Li3)]4
(M=Li, Na, K, g=1-; Be, Mg, Ca, ¢=0; D=[AlyLi3]~, 7°>-CsHs~) due
to electrostatic interactions [93], with the n®>-CsHs~ ligand able to
stabilize those complexes in which it is found.

3.2. Groups 13 and 14, 13 and 15 and 13 and 16 element rings

The M atoms in [(1°-CsHs)M(SiAl3)]9 (M=Li, Na, K, g=1-; M=
Be, Mg, Ca, q =0) prefer !-bonding with the Si atom or m2-bonding

NICS(0) and NICS(1) values (ppm) for the cyclo-Als?>~ cluster as the free dianion and in the complexes [(1*-Al4)2M]? (M =Ti, Zr, Hf, ¢=2-; M=V, Nb, Ta, g=1-; M=Cr, Mo, W,

q=0) computed at the B3LYP/6-311+G"* level [92].

Compounds

Aly? [(m*-Als ) MJ? [(M*-Aly)2M] (n*-Als):M
Metal atom (M): Ti Zr Hf v Nb Ta Cr Mo w
Symmetry: Dap D4 Dyq Dyq Dyq G G? G? G? G2
NICS(0) —34.45 —36.86 -31.12 —-25.49 —49.82 -27.41 -21.06 —-37.08 —17.58 —-13.26
NICS(1) —-27.38 -16.80 -18.54 —-15.99 -17.03 —-17.52 -14.56 -8.59 —-14.92 -12.16

2 Aslight distortion from D4q Ssymmetry was required to remove some small imaginary vibration modes.
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Fig. 13. The theoretical molecular structure of (a) [n*-(H2B2N2H,)]>Ni [96] and (b)
[n#- (H2B2NzH,)]IM(CO), (M=Cr, n=4; M=Fe, n=3) [97].

with a side Al-Al bond rather than n*-bonding to the center of the
planar cyclo-SiAl;3~ units [95]. The possible formation of extended
oligomeric 1-D, 2-D or 3-D molecular structures or nanoscale forms
was also suggested. Structurally they would contain alternating n°-
CsHs—, M and cyclo-SiAl3~ units, or cyclo-XAl;~ (X=Ge, Sn, Pb)
anions in place of the cyclo-SiAl3~ anions [95].

A theoretical study shows a structure of D,4 symmetry with
eclipsed m*-B,N; rings (in which the B atoms in each ring face
the N atoms in the other ring), rather than a structure of D, sym-
metry with staggered rings, or an eclipsed-ring structure of D,
symmetry in which each B atom faces a B atom in the other ring,
as most stable for [n*-(H,B,N,H,)],Ni (Fig. 13a) [96]. Some puck-
ering of the n*-B,N, core, with the two B atoms of the cyclo-B,N;
core pointing away from the M atoms, has been proposed for [n?*-
(HB3N,H3)[M(CO), (M=Cr, n=4; M=Fe, n=3) (Fig. 13b) [97]. An
X-ray crystal study has confirmed ring-puckering in complexes
with alkyl-substituted n4-B,N, rings [97].

Complexes have been prepared with transition metal carbonyl
fragments bonded to the cyclo-B,P, cores of RyB,P,R’; (R and
R’ =alkyl, (alkyl);N) and (aryl);N groups) ligands in a n* [5], 03 (to
the B,P fragment) [98] and m! (to one or both B atoms) [99] man-
ner. An X-ray crystal study shows that the cyclo-B,P, core retains
the planar, kite-shaped structure found in the free ligand on m!-
complexationin [(EtyN),B;P2(CMes ), ][Cr(CO)s |5, while it becomes
slightly folded in [({PryN),B;P,Et;]Cr(CO)s [99]. A complex with
the Cr atom of the Cr(CO)s group m'-bonded to the P atom of a
cyclo-B;NP core with mutually trans B atoms has also been reported
[99].

Both experimental and theoretical molecular orbital and NICS
data show that the molecules cyclo-Al3X (X =As, Sb, Bi [100]) [101]
have planar structures that, analogous to cyclo-Al42~, have one
delocalized - and two delocalized o-molecular orbitals. The sim-
ilarity of the aromatic characteristics of these compounds to those
of benzene has led to the proposal that they might possibly form
metal sandwich complexes [100,101]. The credibility of this pro-
posal is supported by the stability of the sandwich complexes of
cyclo-Al42~ discussed above.

Calculations show that although complexation with d® transi-
tion metal atoms can stabilize the 6 m-electron cyclo-B,S, ligand
in (B2S2)2M (M =Cr, Mo, W), replacement of one of the two rings
would produce the more stable complexes (B;S;)M(CO); (M=Cr,
Mo, W) and (stz )MI’I(T]S-C5H5) [102].

A theoretical analysis has been reported of the structures, sta-
bility and aromaticity of the [Al,P,]2~ dianion, as well as of the
salts [M(Al,Py)]~ (M=Li, Na, K, Cu) and [M(Al,P;)] (M=Be, Mg,
Ca, Zn) [103]. The aromaticity of the [Al,P,]?~ dianion is generally
maintained in these salts.

3.3. Group 14 element rings
Similar to the Al42~ dianion, ab initio calculations show that the

isovalence electronic Siz2* dication has a perfectly square-planar
global minimum structure with both - and doubly o-aromatic
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Fig. 14. X-ray crystal structure of [K(THF),]*[{m*(‘BuzMeSi)4Sis}Co(n>CsMes )]~
(R="Bu;MeSi) [109].

character [104]. Adding two electrons to Si42* produces the neu-
tral o-antiaromatic Si4 cluster that has a rhombic distortion as the
global minimum structure. The addition of four electrons to Siz2*
produces the Si42~ dianion that was able to be studied experimen-
tally using photoelectron spectroscopy once it was stabilized as
NaSi,~ in the gas phase.

X-ray data show a slight deviation from square-planar geom-
etry of the cyclo-Sig core in [n*-(*Bu;MeSi)4Sis]M(CO)3 (M=Fe
[105], Ru [106]) due to the staggered conformation of the CO
ligands and the cyclo-Siq core produced by the steric effect of
the ring substituents. Indeed, a more eclipsed configuration of
the CO ligands and the Si4 ring atoms, with less Siq ring distor-
tion, is found in a theoretical study that replaced the ‘Bu,MeSi
substituents with smaller Me3Si groups [105,106]. X-ray data
also show a slight deviation from square-planar geometry of the
cyclo-Siy core in [n?#-(‘Bu;MeSi);Si4]|Co(n>-CsHs) [107]. A slightly
rectangular and nearly planar m*-Siy ring with almost equal
opposite Si-Si bond lengths is found in the K* ion salt of the [{n?*-
(‘BuyMeSi)4Sig}Co(CO), ]~ anion due to partial delocalization of
negative charge onto the ring [105,108]. The K* ion in this complex
is bonded to an oxygen atom of one of the carbonyl groups. The
K* ion also interacts in a n* manner in the anionic complex [{n?*-
(‘Bu;MeSi),Sig }Co(n?>-CsMes )], as well with two THF molecules
to produce a two-and-a-half layer sandwich structure (Fig. 14)
[109]. Although the Si,4 ring in this complex is nearly square-planar,
calculations of the optimized geometries for the complexes [{n*-
(RSi)4Sis }Co(m-CsMes)]~ (R=Hs3Si, Me3Si) show the Si4 rings to be
significantly folded and m2-bonded to the Ru atom. The folding was
attributed to the negative charge within these rings. The presence
of a nearly planar Siy ring geometry in [{n*-(‘Bu;MeSi)4Sis }Co(’-
CsMes)]~ was attributed to the neutralization of this electronic
effect by a steric effect arising from a repulsive interaction between
the large ‘Bu;MeSi groups on the Siy4 ring and the Me groups on the
n°-CsMes ring.

The presence of a cyclo-Si3Ge core has been proposed in the syn-
thesis of a complex formulated as (‘Bu;MeSi)4Si3Ge]Co(n°-CsHs)
[107].

3.4. Group 15 element rings

With 4 of 6 delocalized electrons in the highest occupied
nonbonding m-orbital and the other 2 electrons contributing to
aromatic stabilization, the cyclo-N42~ dianion is considered to be
aromatic. In addition, NICS values show the presence of conflicting
mr-aromatic and o-antiaromatic character (Table 4) [110]. Calcula-
tions show that the most stable structures for [(n*-N4),M]? (M =Ti,
Fe, g=2-; M=V, Co, g=1-; M=Cr, Ni [111], g=0) [110] have Dy,
symmetry (with eclipsed rings) (Fig. 15a) for M=Ti, G,y (or bent
Dg4p) symmetry for M=V and Cr, and D4q symmetry (with stag-
gered rings) (Fig. 15b) for M =Fe, Co and Ni. The low energy barrier
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Table 4

NICS(0) and NICS(1) values (ppm) for cyclo-X42~ clusters (X=N[110], P[116]) as the
free dianions and in the complexes with transition elements were computed at the
B3LYP/6-311G level for X=N, and the B3LYP/6-311G* and B3LYP/6-311+G(2df,2dp)
levels for X =P2. They were calculated at the B3LYP/6-311+G(d,p) level for the cyclo-
Sb42~ dianion [26] and the B3LYP/LANL2DZ ECP level for the complexes of the cyclo-
Sb42~ dianion with transition metals [123].

Compound Symmetry NICS(0) NICS(1)
N2~ Dyn 9.2 -4.19
[(n4-N4)2Ti]2* Dyn 39.0 109
[(M*-N4)2V]~ G P 64.9 17.3
[(M*-Ng)2Cr] Co® 73.6 19.3
[(m*-Ng),Fe]>~ Dyq -5.78 -16.80
[(m*-N4)2Co]~ Daqg -5.45 -11.14
[(M*-Ng)2Ni] Daq 4.00 -3.00

P42 Dyn 8.63/5.96 1.97/2.41
[(n4-P4)zTi]2* Dap 18.0/17.6 9.49/10.4
[(m*-P4)2V]~ Dap 32.9/34.0 12.9/14.3
[(m*-P4 )2 Cr]?- Dyn 44.4/52.0 18.5/21.8
[(n*-P4)2Mn]~ Dyn 94.5/105.3 33.1/37.1
[(m*-P4)2Fe]?>~ Daq —4.78/-12.2 —-0.07/-3.00
[(n*-P4)2Co]~ Dyq —3.05/-9.30 0.20/-2.37
[(m*-P4)2Ni] Dyq 1.07/-5.15 0.80/-1.74
Sbs?~ Dap 33 1.3
[(m*-Sbg),Fe]?~ Dyq -23.6 -10.8
[(n*-Sba),Ru]*~ Dyq -9.13 —4.69
[(m*-Sb4),0s]?~ Daqg -8.43 —4.35
[(m*-Sb4)>Co]~ Dyq -204 -10.1
[(m*-Sbs),Rh]~ Dyq -9.04 —4.28
[(T]4-Sb4)zll']7 Dayg -8.92 -3.99

3 The first value is from a calculation at the B3LYP/6-311G* level and the second
value is from a calculation at the B3LYP/6-311+G(2df,2dp) level.

b These compounds can also be viewed as having bent structures with Dyq sym-
metry.

between the Dy, and D4q conformers calculated at the B3LYP/6-
311+G* and BHLYP/6-311+G(3df,3pd) levels, however, led to the
conclusion that there is probably no barrier to internal rotation of
the two cyclo-N42~ ligands about the Cy4 axis for (n*-N4),Ni [111].
Although this complex can be considered as consisting of either two
neutral 4 m-electron cyclo-N4 ligands and a neutral Ni atom or, at
the ionic limit, of two 6 m-electron cyclo-N42~ dianions and a Ni%*
cation, the latter structure was reported as more likely due to the
calculated equivalence of the N-N bond lengths and bond indices
of 1.2 that indicate the presence of delocalized rings [112].

The same study [112] compared the kinetic and structural
stabilities of the possible reaction products of single nickel atoms
with (N3), (n=1-4). It was concluded that the end-on m!-bound
Ni(N3)n (n=1-4) complexes are preferred to the side-on n2-bound
and the N4 bound complexes (that can be formulated as containing
two side-on bound N, ligands), although the Ni(N5 )4 complex with
one cyclo-N4 ligand and C,, symmetry, and the Ni(N;)4 complex
with two cyclo-N4 ligands and D,q symmetry may be kinetically
stable.

NICS values (Table 4) show that on complex formation ring
o-antiaromaticity is enhanced and -aromaticity destroyed in
the Ti, V and Cr complexes, while ring o- and m-aromaticity
are both enhanced in the Fe and Co complexes, and the ring
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Fig. 15. The (a) eclipsed and (b) staggered conformations found for the cyclo-X42~
(X=N, P, Sb) ligands in transition metal complexes.

aromaticity does not change in the Ni complex. The cyclo-N42~
cluster in all complexes, even those characterized as antiaromatic,
maintains a square geometry with equal N-N bond lengths. The
feasibility of using cyclo-N42~ clusters to produce multi-decker
structures was suggested, as was further condensation to form 1-D
conducting polymers for possible use as semiconductors in nano-
structure devices [110]. A more recent theoretical study concludes
that several hetero-decker sandwich-like isomers [N3MN5]9 are
more thermodynamically stable than [(m*-N4),M]4, with the [(n3-
N3)M(m!-N5)]9 and [(m3-N3)M(n?-Ns)]? isomers ((M, q)=(Ni, 0),
(Co, 1-), (Fe, 2-)) showing a high degree of kinetic stability that
implies that they might exist at low temperatures [113].In addition,
based on the Natural Bond Orbital analysis of the [(13-N3)M(n!-
N5)19 and [(n3-N3)M(n2-Ns)]? isomers ((M, q) = (Ni, 0), (Co, 1-), (Fe,
2-)), it was concluded that the N3 unit is best represented as the
triplet anion 3N3~, similar to that found in previously discussed
cyclo-N3 complexes [52].

Using a combination of photoelectron spectroscopic data and
theoretical calculations, it has been concluded that the X42~ dian-
ions present in Na*X42~ (X=P, As, Sb) have perfectly square-planar
global minimum structures [114].

One of the 152 species produced in the laser ablation of solid
CoP has been characterized as [CoPg]~ [115]. This study also con-
cluded that the most stable structure contains two planar n*-Py
clusters that are bonded to the Co atom in a parallel and staggered
D4q conformation (Fig. 15b). In a more recent theoretical study it
was concluded that while the staggered ring conformation is most
stable for [(m*-P4),M]4 (M, q)=(Cr, 2-); (Mn, 1-), (Fe, 2-), (Co, 1-),
(Ni, 0)), the Dy, structure with parallel and eclipsed rings (Fig. 15a)
is most stable for [(n?-P4),M]? (M, q)=(Ti, 2-); (V, 1-)) [116]. In
addition, calculated NICS values (Table 4) show that the rings in
the Ti, V, Cr and Mn complexes are o- and m-antiaromatic. With
the exception of the small positive NICS(0) value for the Ni com-
plex calculated at the B3LYP/6-311G"* level, the other NICS(0) values
are negative for the Fe, Co and Ni complexes calculated at both
the B3LYP/6-311G* and B3LYP/6-311+G(2df,2dp) levels. In addi-
tion, the NICS(1) values are very slightly negative for the Fe complex
and slightly positive for the Co and Ni complexes when calculated
at the B3LYP/6-311G* level, but marginally negative for all three
complexes at the B3LYP/6-311+G(2df,2dp) level. Since the values
calculated at the B3LYP/6-311+G(2df,2dp) level were considered to
be more reasonable in that they included a larger basis set, it was
concluded that the Fe, Co and Ni complexes are o- and m-aromatic
[116]. The conclusion that the cyclo-P42~ complexes of the early
first-row transition metals Ti, V and Cr are antiaromatic, while those
of the later first-row transition elements Fe, Co and Ni are aromatic,
is similar to findings for the analogous cyclo-N42~ ligand complexes
discussed previously [110].

Since, with the possible exception of [CoPg]~, cyclo-P42~
complexes of the first-row transition elements have not been
synthesized, experimental structural data are unavailable for com-
parison with the theoretical predictions. However, some cyclo-P42~
complexes of the second- and third-row transition elements have
been reported and characterized using X-ray crystallography. Data
for (1°-CsMes)Nb(CO),(m*-P4) (Fig. 16) have been interpreted as
showing either an allyl-like cyclo-P42~ unit (with a 4d2 Nb electron
configuration) or a neutral antiaromatic 4 m-electron cyclo-P4 unit
(with a 4d* Nb electron configuration) in which the coplanar ring
P atoms form a kite-shaped or slightly distorted square with two
adjacent longer (2.181(2) and 2.178(2) A) and two adjacent shorter
(2.136(2) and 2.141(2) A) P-P bond lengths [117].

The cyclo-P4 unit has a similar structure in the com-
plex [1°-(1,3-'BuyCsH3)][Ta(CO)(n*-P4)] (adjacent longer P-P
distances=2.172(3) and 2.173(3)A; adjacent shorter P-P dis-
tances=2.150(3) and 2.155(2)A) [118]. One X-ray crystal study
shows a similar structure for the cyclo-P4 unit in the W complex
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Fig. 16. X-ray crystal structure of (n)°-CsMes )Nb(CO)>(M*-P4) [117]. The P-P bond
distances in units of A are: P1-P2=2.136(2), P2-P3=2.141(2), P3-P4=2.181(2)
and P4-P1=2.178(2). The P-P-P bond angles in deg are: P1-P2-P3=92.6(1),
P2-P3-P4=88.4(1), P3-P4-P1=90.4(1), P4-P1-P2=88.6(1).

of the [(M*-P4)M(CO)4][(M(CO)s]4 (M=Cr, W) series [119], while
another study of the W complex that included X-ray and 3'P NMR
data concluded that the planar, kite-shaped cyclo-P4 ligand might
formally be represented as cyclo-P42~ and described as consisting
of an allylic-like P3~ anion coordinated to a P~ anion [120]. Break-
ing one of the four P-W(CO)s bonds in [(n?-P4)W(CO)4][(W(CO)s14
produced a butterfly-shaped cyclo-P4 ligand that is m3-bonded to
the W atom of a (CH3CN),(CO), WCl unit [121].

Only one complex containing a cyclo-As4 ligand has been syn-
thesized. It consists of a nearly square and neutral cyclo-As4 unit
that is bridged by two Co containing fragments (Fig. 17) in the
triple-decker sandwich compound [{n°-(C5H4'Bu)Co}{p-(m*:m?*-
As4)}][CosClg(THF), ] [122].

Theoretical data, including calculated equilibrium geometries
and NICS values, have been reported for [(n*-Sbs),M]9 (M =Fe, Ru,
Os, q=2-; M=Co, Rh, Ir, g=1-) [123]. The square structure of the
cyclo-Sb42~ ligand remains unchanged on complex formation to
give complexes with D4q symmetry in which the parallel rings take
on the staggered conformation (Fig. 15b). The NICS data for these
complexes (Table 4) show that the cyclo-Sb42~ ligands exhibit o-
and m-aromaticity. The addition of Na* can stabilize the complexes
as [Na(n*-Sb4),M]~ (M =Fe, Ru, Os) and prevent them from under-
going electron detachment.

3.5. Group 16 element rings

The ability of cyclo-X42* (X=S, Se) dications to form 6 -
electron complexes with transition metal carbonyls has been
investigated theoretically [124]. The syntheses and structures have
been reported for the Brg®~ [125] and I~ [126] salts of the bin-
uclear Mo(Ill) complex formulated as [Moz(m2-Te;)(M*-Tey),16*
(Fig. 17). The pair of Mo(lll) atoms is bridged by the two n2-Te,2*
dications. Each Mo(III) atom is also bonded to a terminal n*-Te42*
ring that has a butterfly conformation rather than the planar struc-
ture of Dy, symmetry found for the free Te42* dication [126].
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Fig. 17. X-ray crystal structure reported for the [{n°-(CsH4'Bu)Co}s{p~(m*:m?*-
Asg)}]?* dication in [{m>-(CsH4'Bu)Co}2 {p-(Mm*:m*-Ass)}][CosClg(THF), | [122].
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Fig. 18. X-ray crystal structure of the [Mox(m?-Tez)2(n*-Teq)2]* cation [126].

The wings of the m*-Te42* rings point toward the Mo(IIl) atoms.
Although the short distance found between the two Mo(IIl) atoms
(297.16(5) pm) seems to indicate the presence of a chemical bond,
coupling of the magnetic moments is not observed, and a para-
magnetic moment of 3.53 g per Mo(Ill) atom corresponds to the
presence of a diradical with 17 valence electrons for each Mo(III)
atom [126] (Fig. 18).

3.6. f-block element rings

A recent DFT study has shown multiple o-, -, 8- and ¢-
aromaticity arising from U atom 5f orbital participation in the
cyclo-Uy cores of cyclo-UgX4 (X=0,NH) and cyclo-Ug(p2-X)4 (X=C,
CH, NH) [10,76]. The cyclo-U4 core of cyclo-Us(p2-C)4 is able to
accommodate a Si atom to form a thermodynamically stable and
coplanar complex (Fig. 19a) and retain to some extent its aromatic-
ity. However, it is too small to accommodate the larger Ge atom that
interacts more weakly and caps a ring face at a distance of 1.125 A
above the ring centroid (Fig. 19b).

4. Cyclo-X; ligands
4.1. Group 13 element rings

A single crystal X-ray study of [(n°-CsMes)ReH];[p-(m:m°-
BsCls)] (Fig. 20) shows the cyclo-BsCls ligand to be planar, but
did not allow for the location of the H atoms in the Re-H bonds
[127]. The 1B NMR spectrum of this compound shows three sig-
nals with an intensity ratio of 2:2:1 and no large coupling with the
protons.

4.2, Groups 13 and 15 element rings

Calculations in one study show a preferred structure with
eclipsed mP’-rings in [1?-{(BR);(N3R’);}],Fe (R=CH3, R’ =CgHs)
[128]. The complex was also described as containing 20 valence
electrons. A more recent study concludes that the staggered
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Fig. 19. Calculated equilibrium structures of the (a) planar Si@[cyclo-U4(p2-C)s]
molecule with Dy, symmetry and of the (b) pyramidal Ge@|[cyclo-Us(p2-C)s]
molecule with C4, symmetry [76].
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H3C

Fig. 21. Theoretical structure proposed for [{n>~(B2Hz)(N3H)}]2Fe [97].

m?°-ring conformation is most stable in the related complex [°-
{(BaH3)(N3Hy)}],Fe (Fig. 21) and that this complex has 18 rather
than 20 valence electrons [97].

4.3. Group 14 element rings

Although the SsHs~ anion has a nonplanar puckered global
minimum structure due to the pseudo-Jahn-Teller effect, a theo-
retical study has shown that this effect can be suppressed through
coordination with two Mg?* cations to form the inverse sand-
wich complex MgZ*SisHs~Mg2* (Fig. 22) [129]. The SsHs~ anion
in this complex is aromatic and planar, although calculated NICS,,
values show it to be less aromatic than the CsHs~ anion. The pres-
ence of two Li*, Na* or Be2* cations, however, rather than the two
Mg?2* cations, does not completely suppress the pseudo-Jahn-Teller
effect.

A theoretical study has shown that both (n°-SisHs ), Fe and (m°-
CsHs ), Fe are stable as the staggered Dsq conformer, and that the
Fe atom is more cationic and interacts more strongly with the ring
in (’T]S—C5H5 ), Fe than in ('T]S-SisH5 ),Fe [130].

A planar cyclo-Pbs4~ anion covalently bridges the two Mo(CO)3
units in [{Mo(CO)3 }2{p-(n>:n°-Pbs)}]*~ (Fig.23)[131] with arela-
tively large donation of charge from the cyclo-Pbs4- to the Mo(CO)3
units. Donation of only one electron from cyclo-Pbs*~ to each
Mo(CO); unit would change it from an antiaromatic 4 -electron
to an aromatic 2 m-electron ligand.

Mg2+

H
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H—si— . —si—H
Ssi——sf
|
H/ ” \H
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Fig. 22. Optimized 'A] ground state structure with Ds;, symmetry determined for
Mg?*SisHs~Mg2* [129].
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Fig. 23. X-ray crystal structure of [{Mo(CO)s3 }>{p~(n’:m>-Pbs)}]*~ [131].

4.4. Group 15 element rings

Both photoelectron spectroscopic data and ab initio calculations
show that the X5~ (X =P, As, Sb, Bi) anions have a cyclic aromatic
ground state structure with D5, symmetry [132]. Calculations show
that although a pyramidal half-sandwich structure of Cs, symmetry
is most stable for the aromatic compounds [XsFe]* (X=N, P, As), a
planar structure of Ds;, symmetry is most stable for [XsFe]* (X =Sb,
Bi)[133]. While these calculations show that [XsFe]* (X =Sb, Bi) are
in the singlet (1A} ) electronic ground state, preliminary calculations
have shown that for the triplet (3A”) electronic state, a slightly pyra-
midal structure of C; symmetry is most stable for [XsFe]|* (X =Sb, Bi)
[133]. The Fe-ring bonding is slightly more covalent than electro-
static. The calculations were performed by choosing an interaction
between neutral Fe atoms and cyclo-Xs5* (X =Sb, Bi) units with 6 -
electrons rather than FeZ* ions and X5~ (X =Sb, Bi) units since the
latter species pair has a much higher charge separation [133].

Calculations have been used to analyze and compare changes
in the bonding in (n>-CsHs),Fe as the C-H fragments of one of the
two cyclopentadienyl rings are replaced by N atoms to produce
(m>-CsHs)FeNs, and by P atoms to produce (n>-CsHs)FePs [134].
For the azaferrocenes, the process results in the Fe atom becoming
more positive and the substituted ring becoming more negative,
while for the phosphaferrocenes, both the Fe and the substituted
ring became more negative. In addition, since the n)°>-bonding mode
is preferred in complexes containing the P-substituted ring, it was
concluded [102] that the recently proposed [135] synthesis of a
1°-Ns complex without the protection of the N lone pairs will be
difficult due to the preference of these rings for n! -bonding.

Indeed, other theoretical data show a variety of stable ring
bonding modes for aromatic cyclo-N5~ ligands (Fig. 24) in (m"-
N5);M (n=5, M=Ti [136], V, Cr, Fe [135,137], Co) [138]; n=3,
M=Ni [138]; n=2, M=Mn [138]; n=1, M=Zn [139]). However,
only the n>-bonding mode is stable for cyclo-Ps~ ligands in (n°-
P5),M (M=Ti [137], Fe [136,140], Ru [140], Os [140]), cyclo-Ass~
ligands in (°-Ass),M (M =Ti[137], Fe [136]), cyclo-Sbs~ ligands in
(M°-Sbs),M (M =Ti [137], Fe [133,136]) and the cyclo-Bis~ ligand
in (m-Bis ), Fe [133]. While the complexed rings maintain 56-68%

NN NN e T
N\\Nf*lN NN \N\,\j ANRZ
\\l,’l \\ H /' ‘\\ ] N.
//:I/ I"\“\ \\ // | \\ // \ N
N7 NN NN~ N/NN NN
N—N N—N N |
N~ NN
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Fig. 24. The (a) v, (b) 1, (c) m? and (d) n' structures found for cyclo-Ns~ ligands
in (N5),M complexes of the first-row transition elements.
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Fig. 25. X-ray crystal structure found for [(m>-Ps ), Ti]?>~ as the tetraphenylphospho-
nium and bis(triphenylphosphonium)iminium salts [141].

of their aromatic character in (n>-CsHs),Fe relative to the free
rings, only 26-51% is maintained for the rings in (n>-Ps),Fe [140].

Approximately 50 years after the reported synthesis of fer-
rocene [32,33], Schleyer and co-workers reported the synthesis
and structural characterization of the first carbon-free inorganic
metallocene sandwich complex [(n>-P5),Ti]?~ [141]. The solid-
state D5y, symmetry structure of [(m>-P5 ), Ti]?>~ (Fig. 25) shows two
parallel and eclipsed aromatic m>-Ps~ rings with an average P-P
bond length of 2.154(9) A, which is between the values expected
for P-P single and P=P double bonds [141]. A theoretical study of
cyclo-Ps—, [(m>-P5)Ti]~ and [(n>-P5),Ti]>~ [142] also shows equal
P-P distances for the five coplanar P atoms of each cyclo-Ps~ unit,
with a distance of 2.175A calculated for ring P-P bonds of the
isolated [(M>-P5),Ti]>~ dianion with Ds;, symmetry. The gas phase
decomposition of [NbAsg]>~ was reported to produce the K* salt of
[NbAs1o]3~, which is a possible analogue of [(°-Ps),Ti]>~ [143].

Other transition metal complexes have been synthesized with
both m>-X5~ (X=P, As) [60] and [p-(n’:1°-Xs5)]~ (X=P [59], As
[59,60,144], Sb [145]) rings. Calculations show that the eclipsed
structure of Ds;, symmetry is the minimum on the potential energy
surface for [(m°-CsHs )Fe]o[u-(M>:n°-Xs)] (X=CH, P, As) [146]. They
also show that the pu-(n’:m>-Xs) (X=P, As) rings expand signifi-
cantly due to a loss of -electron density that is directed to bonding
with the two Fe centers and that gives the Fe atoms a negative
charge. Molecular orbital calculations have been used to explain
the presence of an undistorted planar p-(m°:m>-Ps) ring in [(n°-
CsMes)Crla[-(m°:m°-Ps)] but a distorted planar p-(m*:n*-Ass)
ring in [(M°-CsHs)Mol,[-(m*:m?-Ass)] that was further charac-
terized as consisting of As; and allylic As3 subunits [147]. These
calculations show that the greater energy range of the cyclo-Ps
orbitals (60 eV) relative to the cyclo-Ass orbitals (15eV) produces
a non-degenerate ground state for [(n>-CsMes )Cr],[p-(m°:m>-Ps)]
and a degenerate ground state for [(1>-CsHs )Moz [ -(n?:m*-Ass)].
As a result, a Jahn-Teller distortion was predicted in the Ass ring,
and, by implication, an even greater distortion was expected in
Sbs ring complexes [147]. However, since these reported molec-
ular orbital studies, little ring distortion has been observed in
complexes with p-(m°:m>-Xs) rings (X=As [148], Sb [145]). And,
based on the presence of a small distortion in the p~(n>:n>-Sbs)
ring in [{n°-(1,2,4-'Bu3CsHy)}Mo][p~(n>:13-Sbs)][{n°-(1,4-'Bu,-
2-MeCsH;,)}Mo], it was concluded that the distortion of the
p-(*m?-Ass) ring in [(m3-CsHs)Mola[p-(n*m?-Ass)] is due to
strong intermolecular interactions and not to the Jahn-Teller effect
[145].

The X-ray structure of the inverse sandwich complex [{(n°-
CsHs)Cr(CO)z}a(p-PH]  [{(1°-CsHs)Crha{p-(':m'im3:m3-Ps)}]
shows a pseudo-cyclo-P5 ring that appears to consist of P, and
allylic P3 subunits (Fig. 26a) [149]. Two adjacent P atoms of the ring
are m!-bonded to two additional Cr atoms of a fragment in which
the Cr atoms are also linked by the P atom of a PH group. Another
inverse sandwich compound, [{(n’-C5H5)Cr(CO)}(m3-P3)][{(n’-
CsHs)Crla{p-(m':m?:m>-Ps)}] (Fig. 26b) has two Cr atoms that are
m°-bonded to either side of a distorted bridging cyclo-Ps~ unit that
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Fig. 26. X-ray crystal structure determined for (a) [{(m>-CsHs)Cr(CO);}2(p-
PH] [{(n®-CsHs)Cr}2{p~(m':m':n°:m>-P5)}] in which the numbers represent P-P
bond lengths given in A units [149] and (b) [{(m>-CsHs)Cr(CO)}(m3-P3)][{(n°-
CsHs)Cr}a{p-(n':m3:m>-Ps)}] [150].

is also m!-bonded to a third Cr atom of a [(n)>-C5H5)Cr(CO)](m3-P3)
fragment [150].

Although no signals were observed in the EPR (130K) and 3'P
(300K)spectra, the fragmentation pattern in the mass spectrum of a
brown solid isolated from toluene has been interpreted as showing
the presence of a mixture of the inverse sandwich compounds [(n)-
CsHs)Crla[pu~(m>:m3-PrAss )] (n=1-5) [56].

4.5. f-block element rings

A DFT study has shown multiple o-, -, 8- and @-aromaticity
arising from U atom 5f orbital participation in the cyclo-Us core
of cyclo-Us(2-C)s [10,76]. The cyclo-Us core of cyclo-Us(j,-C)s is
large enough to accommodate a sixth U atom in the thermodynam-
ically stable and coplanar complex U@|[cyclo-Us(,-C)s] (Fig. 27)
that retains to some extent its aromaticity.

5. Cyclo-Xg ligands
5.1. Group 13 element rings

Calculations show the stability of the Cg, symmetry sand-
wich complexes [(M8-CBg)M]? (M, gq)=(Mn, 1-), (Fe, 0), (Co,
1+)), Dgg symmetry sandwich complexes [(16-XBg),M]9 (X=C,
M=Fe, Co, Ni, g=2-, 1-, 0, respectively; X=N, M=Fe, Mn, q=0,
1-, respectively) (Fig. 28) [151], triple-decker complexes [(m"-
CnHn )Mo [{n~(m®:M5-XBg)}] (X=B, C, N; M=Mn, Fe, Ru, Re; n=5,
6) [152] and tetra-decker complexes (m>-CsHs)Fe[{w-(18:m®-
XBs )} |Fe[{pu-(1®:m5-XBg)} [Fe(m>-CsHs) (X=B, C) [153].

It was suggested that the Fe centers in the tetra-decker com-
plexes can be replaced with Ru, Os or other transition metals and
that the stabilizing ability of [(n°-CsHs)Fe]* cations might allow
expansion of the tetra-decker complexes to contain more than two
(n®-XBg)Fe (X=B, C) units [153]. Since studies of transition metal
complexes of the hypercarbon [CBg]?~ dianion [151] have not con-
sidered the possible fusion of two [CBg]?~ clusters, the difficulty
[154] and therefore feasibility [155] of the synthetic procedure pro-
posed has been questioned. It has also been proposed [155] that the
[CBg]?~ dianion can be stabilized with the n>-CsHs~ ligand in the

Fig. 27. Computed equilibrium geometry of the planar U@[cyclo-Us(p,-C)s]
molecule with Ds, symmetry [76].
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Fig. 28. Structures of Dgg symmetry proposed for [(n%-XBg),M]? (X=C, M =Fe, Co,
Ni, g=2-, 1-, 0, respectively; X=N, M=Fe, Mn, ¢=0, 1-, respectively) [151].

hetero-decker complexes (1°-CsHs)M(CBg)? (M=Li, Na, K, g=2-;
Be, Mg, Ca, g=1-) and that other complexes with metals including
Cu*, Ag* and Au*, or planar and capped hypercoordinate aromatic
molecules including [NBg]~ and B;~, might be synthesized.

However, since these theoretical studies of transition metal
complexes of the [CBg]2~ cluster have appeared, analyses that use
both photoelectron spectroscopic data and ab initio calculations
have shown that the global minimum structure of the [CBg]*~
dianion, and its isoelectronic analogues [C,B5]2~ and [CBg]~, is
not planar and does not possess a hexacoordinate C atom [16,17].
Rather, with C being more electronegative than B, it prefers periph-
eral positions where it is better able to form o-type two-center
two-electron bonds [17]. It was further concluded that since the
planar carbon-centered planar isomers have such high energies, it
is not possible to produce these compounds experimentally.

A DFT study has suggested the presence of the cyclo-BgHg lig-
andin [(n®-CgHg)Mo],[p-(®:m8-BgHg)] [156]. Another theoretical
study compares the transformation of [(n°-CsHs)Re]y[-(18:n®-
BsHs)] into [(m3-CsHs)Re](BsH7) and [(m3-CsHs )W]>(BsHg) [157].
BothNMR ("B and 'H) and X-ray data show a planar cyclo-Bg unitin
the 24 valence electron complex [(1°-CsMes)Re]>[-{M®:m°®-(1,2-
BgH,4Cl,)}] (Fig. 29). This contrasts with the puckered cyclo-Pg unit
found in 24 valence electron complexes noted below [127,158].

An inverse sandwich complex with a unique aromatic, inor-
ganic benzene analogue B4Co, ring of a B4Co,H,4 unit sandwiched
between two (n>-CsMes)Re groups (Fig. 30) has been synthesized
and characterized using X-ray crystallography [159].

5.2. Groups 13 and 15 element rings

Various conclusions have been reached concerning the extent
to which “inorganic benzenes” such as borazine, cyclo-B3N3Hg

HyC CH,
HyC CH,
HsC™ |
/IB\
ci—p 2B g n
CI/B\\\"I/B///B\H
\\F:{//,
e
HyC CH,
HsC CHs
HaC

Fig. 29. X-ray crystal structure for [(n>-CsMes)Re][w-{M®:M®-(1,2-BgH4Cl»)}]
[127,158].

Fig. 30. X-ray crystal structure of [(n>-CsMes)Re][-{1®:1¢-B4H4C0,(CO)s}] that
contains an inorganic benzene analogue B4Co, ring [159].

(Fig. 1), are aromatic [30,160-172]. This illustrates how the use of
different criteria can sometimes lead to different conclusions con-
cerning the presence of molecular aromaticity. One recent study,
however, has concluded that the present general view is that
borazine is either nonaromatic or possibly only slightly aromatic
[172]. As another example of this discrepancy, while theoretical
aromatic stabilization energy calculations show that borazine and
its phosphorus analogue cyclo-B;P3Hg are equally aromatic, mag-
netic susceptibility and NICS data show that cyclo-B3N3Hg is not
while cyclo-B3P3Hg is aromatic [162,166]. Likewise, the nature of
the metal-ring interaction in Cr(CO); complexes of these rings
can either be described as m> and triamine with the Cr atom
interacting with the three nitrogen atom lone electron pairs of a
puckered ring (Fig. 31a), or as m® with the Cr atom interacting
with a planar delocalized ring (Fig. 31b). One theoretical study
has concluded that greater predicted puckering of the cyclo-B3X3
core in (B3N3Hg)Cr(CO)3 than in (B3P3Hg)Cr(CO); indicates less
ring m-delocalization and greater o-bonding between the Cr and
N atoms than between the Cr and P atoms [162]. Although another
theoretical study of (B3N3Hg)Cr(CO); again predicts a puckered
cyclo-B3N3 core with shorter Cr-N than Cr-B bonds, it was fur-
ther concluded that the ring should still be considered delocalized
rather than acting as a triamine ligand [173]. For comparison, X-
ray crystal data show a delocalized but puckered cyclo-B3N3 core
in [(C2Hs)3B3N3(CyHs)3]Cr(CO)3 [174], and a similar puckered but
almost planar cyclo-B3P3 core in [(mesityl)3B3P3(CgHs)3]Cr(CO)3
[175].

DFT studies have been reported for 1-D crystals or nanowires
formed by multidecker sandwich complexes of the early first-
row transition elements and borazine due to the expectation
that these materials will exhibit interesting electronic struc-
tures. The relatively small V;(B3N3Hg)n+1 (n=1-4) clusters were
structurally more stable than analogues in which the benzene
molecule replaces the borazine ring, while the infinite 1-D wire
[V(B3N3Hg)]w exhibited strong half-metallic character relative to
itsbenzene analogue [176]. Both systems are also ferromagnetically

XH
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Fig. 31. Possible (a)n? triamine and (b) m°® delocalized bonding modes for the rings
in the complexes (B3N3Hg)Cr(CO); (X=N, P).
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Fig. 32. Structures of three conformations of 1-D [M(B3N3Hg)]. (M =transition
metal) wires in which (a) the rings are eclipsed with B atoms in all of the rings
facing each other, (b) the rings are eclipsed with B atoms in one ring alternately
facing N atoms in other rings and (c) the rings are staggered [177].

stable. Another study considers the structural, electronic and mag-
netic properties of the infinite sandwich molecular wires formed
by borazine and the early first-row transition elements Sc, Ti, V,
Cr and Mn [177]. It concluded that the M(B3N3Hg), clusters are
energetically stable, especially for M=Sc, Ti and V, and that the
infinite molecular wires constructed from them have electronic
and magnetic properties similar to their benzene analogues. More
specifically, the ground-state electronic structures of the metal-
borazine molecular wires formed from both V and Mn are strong
half-metallic ferromagnets, those formed by Sc and Cr are non-
magnetic metals (semiconductors) and that formed by Ti is an
antiferromagnetic metal. In considering the lowest energy of three
possible configurations (Fig. 32), it was concluded that the struc-
ture in which the B atoms in one ring face the N atoms in the
other adjacent rings (Fig. 32b) was most stable for all of the metals
except for Mn, for which the structure in which the B atoms in a
ring face the B atoms in the other rings (Fig. 32a) was energetically
favored.

5.3. Group 15 element rings

Calculations show the stability of (n®-Ng)M (M=Ti, Zr, Hf, Th)
due to an interaction of the aromatic 6 w-electron n®-Ng ring and
the metal d and f orbitals, with the aromatic 10 m-electron cyclo-
Ng?~ anion present at the ionic limit [54].
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In a theoretical study it has been proposed that the half-
sandwich complex (18-Pg)V with Cs, symmetry, and the sandwich
complex (n®-Pg),V with Dg, symmetry and eclipsed m®-Pg rings
are both stable [178]. The presence of a planar, aromatic cyclo-
Pg ligand has been proposed to be present in a theoretical study
of (n®-CgHg )Cr(m®-Pg) [179], while a bridging p-(M°:m°6-Pg) ligand
(Fig.33a)is found in X-ray crystal studies of inverse sandwich com-
plexes of Ti [180], V [181], W [181], Nb [124,182] and Mo [183].
Using theoretical data, a structure with bridging p-(n%:n%-Pg) rings
that prefer the eclipsed conformation has been proposed for the
multi-decker clusters (n%-Pg)p+1Vy (n=2-4) [178].

The shape of bridging Pg ligands depends on the number of
complex valence electrons. An undistorted planar ring with approx-
imately Dg, symmetry is found in W [181] and Mo [183] complexes
with 28 valence electrons. A ring with an in-plane distortion con-
sisting of two short and four long P-P bonds is found in a 26
valence electron V complex [181], while the opposite situation
with four short and two long P-P bonds that was characterized
as a bis-allylic ring-distortion is found in a 26 valence electron
Nb complex [124,182]. Lastly, a puckered ring is present in the 24
valence electron complex (n°-CsMesTi)y[w-(n3:13-Pg)] (Fig. 33b)
[180]. The distances and angles found for the puckered cyclo-Pg
unit with the chair-configuration in (1°-CsMesTi )2 [ -(m3:m3-Pg)]
are similar to those expected for a cyclo-P¢5~ unit [180]. An
X-ray crystal study of Th;P;; shows similar nonaromatic and for-
mally cyclo-Pg~ units with the chair-conformation [184] situated
between puckered poly-anionic layers of phosphorus atoms. Each
cyclo-Pg~ unit acts as a doubly tridentate ligand by forming a
triple-decker complex with two Th** cations that are each located
on opposite sides of the ring and bonded to different P atoms.
Each Th*" cation has a coordination number of nine produced
through interactions with not only the three P atoms of an iso-
lated cyclo-Pg~ unit but also with additional P atoms found in the
poly-anionic layers. In contrast, a bicyclic, hexaphosphabenzvalene
Ps unit is bridged by two Th*" cations (Fig. 33c) in the triple-
decker complex (Cp"Th),[p-(n3:13-Ps)] (Cp” =n°-(1,3-BuyCsH3))
[185]. A similar structure has been found in the related bicyclic
Asg complex (Cp”,Th)[p~(m?:m>3-Ase)] (Cp”=m3-(1,3-'BuyCsHs))
[186].

Similar shapes to those found for the bridging Pg ligand have
been proposed for complexes with bridging Asg ligands [182].
And, indeed, an undistorted p-(n®:m%-Asg) ligand is found in the
28 valence electron complex [(M°-CsMegEt)Mo][p-(n®:m8-Asg)]
[187]. However, in a study of [(m>-CsMe4R)Co],(Asg) (R=Me, Et),
X-ray crystal data for the R=Me complex shows a nonplanar,
butterfly-shaped cyclo-Asg ligand with the Co atom of one (-
CsMes)Co unit bonded to four of the As atoms on the outside of
one of the wings, and that of the other unit bonded to the four As
atoms in the open ends of the wings (Fig. 34) [188].
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Fig. 33. Structures found for the bridging Pg ligand in different metal complexes.
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Fig. 34. Single crystal X-ray structure of [Cp'Co>(Ass) (Cp’ =m°-CsMes) [188].

6. Cyclo-X; ligands
6.1. Group 11 element rings

Calculations show D,y global minimum structures for cyclo-
X73~ (X=Cu [189], Ag, Au) [190]. The NICS(1),, and NICS(2),, data
reported in these studies show that the clusters possess o-aromatic
character due to the presence of 10 valence s-electrons. The addi-
tion of a Sc or Y atom to the middle of the planar cyclo-Cu;3~
cluster in Cu;M (M =Sc [189], Y) [190] produces compounds that
have enhanced aromaticity and that maintain a global minimum
structure D7, symmetry (Fig. 35).

Although Sc, Ti* and Zr* are too small to be inserted into a
cyclo-Ag73~ cluster, a Y atom can be incorporated to produce the
Ag7Y species with a D, symmetry global minimum structure, and
again greater aromaticity than found for the cyclo-Ag;3~ cluster
[190]. The aromatic Au;Y cluster has a Cs global minimum struc-
ture, but the D7, symmetry structure has an energy that is only
0.02 eV higher than the G structure [190].

6.2. Group 13 element rings

Calculations show that while the singlet structure with D7, sym-
metry is a possible minimum structure for the [CoB;]2* dication, the
other d-block atoms are too large to be encapsulated by the B; ring
[191].

The Bg2~ dianion, in which a planar cyclo-B; heptagon is cen-
tered by a heptacoordinate B atom in the middle of the ring, has
a planar Dy, symmetry ('A}) ground state and exhibits double o-
and mr-aromaticity [192,193]. Photoelectron spectroscopic data and
theoretical calculations have been interpreted as showing that the
structure of the Bg2~ dianion in [LiBg]~ is nearly identical to that
of the bare Bg2~ dianion except for a slight out-of-plane distortion
due to asymmetric capping by the Li* cation to produce for [LiBg]~ a
global minimum structure that has C;, symmetry [194]. The stabil-
ity of the Bg2~ unit in [LiBg]~ was said to indicate that it can serve
as a ligand in forming other complexes [194]. Calculations show
the stability of the Dy, symmetry complexes (17-BB7),M (M=Fe,
Co, Ni) in which each 6 m-electron cyclo-B; heptagon unit is capped
by a B atom [151]. It has been suggested [155] that the BgZ~ dian-
ion might be stabilized in metal complexes that also contain the
M°-CsHs~ ligand.

Fig. 35. The stable minimum structure with D;;, symmetry calculated for MCuy
(M=Sc, Y)[190].

Fig. 37. Local minimum structures calculated for [NsMN7]? (g=0, M=Ti, Zr, Hf, Th;
q=1-,M=Sc)[196].

Fig. 38. X-ray crystal structure for Re,(j-1),(CO)s(Se7) [197].

6.3. Group 15 element rings

DFT calculations show the likely existence of (n7-N7)Sc (Fig. 36)
with the cyclo-N; group bonded to Sc through o, 7, and 8 interac-
tions [195].

Preliminary but less complete studies indicate that (n7-N7)La,
[(m7-N7)Th]* and (m7-N7),Sc are stable, while (m7-N7)Y, (17-N7)Ac
and (n7-N7),U are not [195]. Calculations suggest the stability of
the mixed ring compounds [(1°-N5)M(n7-N7)]9 (¢=0, M=Ti, Zr,
Hf, Th; g=1-, M=Sc) (Fig. 37) with the Th complex the most stable
[196]. The study also shows that that [(n°-N5)V(m7-N7)]* is unsta-
ble and likely to dissociate into two N, molecules, a V atom and one
each of N3 and N5 [196].

6.4. Group 16 element rings

A bridging cyclo-Se; group with the chair conformation is 1,2-
coordinated to the two Re atoms in Re,(j-1)2(CO)g(Se7) (Fig. 38)
[197].

Fig. 39. The global minimum structure of Dg, symmetry calculated for [CoBg]~
[191,198].
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Fig. 40. Solid state X-ray structures of (a) the [(Sg)2Ag|* cation in [(Sg),Ag][SbFs] that includes the two F atom contacts with the [SbFg]~ anion, (b) the [(Sg),Ag]* cation in
[Ag(Ss)21[Sb(OTeFs )] and (c) the [AgSs]* cation in [AgSg][Al(hfip)4] (hfip = OCH(CF3); ) including the F and O atom contacts [201].

7. Cyclo-Xg ligands
7.1. Group 13 element rings

A theoretical study of many neutral and charged MBg clusters of
the first-row transition elements shows that only the smaller atoms
(Mn, Fe and Co) can be accommodated within the ring [191], with
the singlet state global minimum structure of Dg;, symmetry found
only for [FeBg]2~ and [CoBg]~ (Fig. 39) [191,198]. Both compounds
are doubly aromatic with 6 7 and 10 o radial electrons [191,198].

As with the previously discussed Bg2~ dianion, it has been sug-
gested [155] that the By~ anion, in which a planar cyclo-Bg octagon
unit is centered by an octacoordinate B atom located in the middle
of the Bg ring [192], might be stabilized in metal complexes that
also contain the m°-CsHs~ ligand.

7.2. Groups 15 element rings

Preliminary DFT data suggest some bending of the cyclo-Ng units
in (n8-Ng),Th [195]. The cyclo-Xg2~ units are centered by the metal
ions with crown-like or puckered rather than planar structures
in [XgM]? (M=Cr, X=As, g=3- [199]; M=Mo, X=As, q=2- [199];
M =Mo, X=Sb, g=3-[199]; M=Nb, X=As, Sb, g=3-[143]).

7.3. Group 16 element rings

Single crystal X-ray studies show the presence of loosely
1,3-coordinated m?2-Sg rings and two loosely coordinated mon-
odentate X~ anions in [(Sg);Ag]X (X=AsFg [200], SbFg (Fig. 40a)
[201]). Although, to the first order of approximation, X-ray crys-
tal data show the presence of n*-Sg rings in [Ag(Sg); |[Al(pftb)4]
(pftb=0C(CF3)3) and [Ag(Sg)2 |[Sb(OTeFs )g] (Fig. 40b), closer exam-
ination of the crystal data for [Ag(Sg).][Al(pftb)4] measured at
150K and 200K show the presence of two different geometries
for each of the two m*-Sg rings. The compound [AgSg][Al(hfip)4]
(hfip=0OCH(CF3);) also has a structure (Fig. 40c) with an almost
n*-Sg ring and a [AgSg]* group with approximately C4, symmetry
[201].

The structure found for the cyclo-Sg unit in [(Sg ), Ag]AsFg [200]
has also been suggested as a possibility for [(Sg),Cu]* [202]. How-
ever, recent calculations have shown that the complexes [SgM]*
prefer the connectivity [(S4); M]* (M =Ca, V[202],Cu)[203].In addi-
tion, for M=V, the isomers [V(S,)(Sg)]* and [V[(S3)(S5)]* appear to
be even more stable [203], similar to what was previously noted
for [(n?*-N4)2M] (M, q)=(Ni, 0), (Co, 1-), (Fe, 2-)) [52].

A 1,2-coordinated cyclo-Sg unit that bridges two Re atoms
is found in Rey(w-X)2(CO)s(Sg) (X=Br, I) [197], while nonplanar
1,3-coordinated and 1,3,5-coordinated Sg rings are found in two
different Rh complexes [204].

Fig. 41. Global minimum structure of Do, symmetry calculated for [FeBg]~
[191,198].

8. Cyclo-Xg ligands of Group 13 element rings

A theoretical study shows that the Bg rings in many neutral and
charged MBg clusters are versatile in their ability to accommodate
first-row transition elements, with the early d-block elements Ti
and V slightly too small, and the middle d-block elements Crand Mn
the best geometric matches for the rings [191]. A stable global min-
imum structure with Doy, symmetry has been calculated for [FeBg ]~
(Fig.41)[191,198]. This compound shows double aromaticity with
6 1 and 10 o radial electrons and its stability is due the presence of
both - and o-electrons [17]. Analogous structures are not found
for CoBg and [NiBg]*. Rather, a nonplanar triplet state structure of
C; symmetry is preferred by CoBg and a nonplanar singlet structure
of Cs symmetry is preferred by [NiBg]* [198].

9. Cyclo-Xj¢ ligands of Group 13 element rings

A theoretical study of many neutral and charged MBq clusters
of the first-row transition elements shows that the Big rings are
only able to interact with larger radii metal atoms such as Sc and
Ti. Although the M-B interactions tend to be weak relative to those
found in analogous B, (n=7-9) ring complexes, the larger number
of M-B interactions tend to compensate for this weakness [191].

10. Conclusions

During the last decades of the previous century interest began to
develop in cyclic inorganic species of the main group elements that
exhibit o- and m-aromaticity, as well as in metallocene compounds
formed from these rings. More recently, with the beginning of the
present century, this interest has not only continued to grow but
has been extended to the study of analogous species containing
rings formed from atoms of the d- and f-block elements. This has
led to the discovery of new structures and types of bonding that
include 8- and ¢-aromaticity [23]. These developments have been
pursued using theoretical calculations, experimental procedures or
a combination of both approaches.

Inorganicrings, especially of the d- and f-block elements, exhibit
some unique differences from their organic counterparts due to an
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ability to form new types of aromaticity. It is also evident that the
study of inorganic rings, as well as their metallocene complexes,
can have a unifying influence. Progress is often made by breaking
artificial barriers that have been created within and between disci-
plines, areas of knowledge, or methods of approach. It has therefore
been noted that the study of these compounds can provide insights
that are necessary for the development of a complete theory of
chemical bonding that in turn is applicable to all of chemical
science [22].

A goal at the theoretical level has been to find the relative sta-
bility of the isomers of particular molecules, with special interest
in establishing the global minimum structures. Other goals have
been to study the extent to which these compounds exhibit aro-
matic, antiaromatic and conflicting aromatic behavior, as well as
to determine the nature and extent of orbital participation in these
types of bonding. This has in turn led to assessments of the accuracy
of the different quantitative methods that have been developed to
assess aromatic behavior and highlighted the need to both refine
and develop even more complete and accurate methods. As this
work continues, there may be a need to reevaluate some past com-
putational studies to assess their accuracy.

The aromaticity and stability of inorganic rings can be changed
in a variety of ways. As previously shown for organometallic
compounds, metal atoms are able to stabilize otherwise unstable
organic molecules. Unstable inorganic rings can likewise achieve
stability through ionic and covalent interactions with metals.

Several examples have been cited in which the aromaticity of a
cyclic inorganic molecules [39,80,90,104,114] or metallocene com-
plexes formed by these rings [43,94,109,123] can be both stabilized
and changed through an interaction with alkali metals or, in some
examples with alkaline earth metals [77,129]. The reactivity of
these compounds can also be altered through this type of inter-
action [39].

Other examples show that complex stability [92,110,116,
117,190,191}, ring hapticity [134,136-139] or ring conformation in
bis-ring complexes [43,110,111,116,176,177] is influenced by the
nature of the transition metal used to form a metallocene complex
with a given inorganic ring.

Theoretical studies show that another potential synthetic tool
that can change the stability of the inorganic rings or the metal-
locenes formed from them involves varying the substituents that
are placed on the rings [43]. Different ring substituents can also
produce changes in the ring conformation in bis-ring complexes
[4,105,106].

Several of the cited theoretical and experimental studies show
that greater stability can be introduced into inorganic metal-
locene complexes when cyclopentadienyl rings, alkyl substituted
cyclopentadienyl rings or carbonyl ligands are also part of the coor-
dination sphere of a particular transition metal. One study has
shown that the stability of some complexes can be achieved by
replacing the CO ligand with the even better 7 acceptor NO* ligand
[63].

The ability to translate theoretical predictions into synthetic
success is only at the initial stages of development. Additional work
is needed to prepare predicted theoretical compounds and to test
suggested synthetic approaches for these compounds. More study
is also needed to determine the reaction mechanisms involved in
the formation of desired reaction products [38].

Although the predictions offered in the theoretical studies and
the successful synthesis of new complexes are both of value in
extending our knowledge and understanding of structure and
bonding, the resulting complexes also have several potential prac-
tical applications. It is hoped that the continued theoretical and
experimental study of these compounds will stimulate further
interest in applying this knowledge to the discovery and develop-
ment of such applications.

As an example, there has already been a great deal of inter-
est in the electronic and magnetic properties of organometallic
metallocene compounds that are able to form infinite 1-D, 2-
D and 3-D molecular nanowires, crystals and other nanoscale
materials that have potential electronic applications [205-207].
Although this work cites some similar studies using inorganic met-
allocenes [43,95,110,176-178], further work is required to explore
their potential use in similar applications. Similarities have also
been noted between some of the molecular clusters discussed and
potentially useful solid-state materials [208]. Organometallic met-
allocenes now play animportant role as catalysts. Yet to be explored
is the ability of inorganic metallocenes to serve a similar role.
Equally lacking are studies exploring the use of inorganic metal-
locenes as reagents in synthetic reactions to create new molecular
products or known materials more quickly, more efficiently or in
greater yields [40].

Lastly, an understanding of the aromaticity and antiaromaticity
of transition metal rings and their metallocene complexes might
have relevance in biochemistry for the study of the active cites
of enzymes and other biomolecules that contain transition metal
atoms and clusters [21].

This active and exciting field of research, due in part to its ability
to bridge boundaries found between organic and inorganic chem-
istry, computational and experimental research, and the theoretical
and practical, indeed does seem to provide several avenues by
which it can contribute to the continued development of science
and technology.
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