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a  b  s  t  r  a  c  t

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  �,
�, � 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.

. Introduction

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

The development of molecular orbital theory by Hückel in the
930s [4] led to the formulation of the Hückel rule [5] as a general
ethod of defining aromaticity in conjugated organic rings such

s benzene as requiring 4n + 2 �-electrons (where n is an integer).
hese delocalized electrons are located in parallel atomic p orbitals
ound on the ring atoms of C and some other nonmetallic elements.
onjugated rings with 4n �-electrons are characterized as antiaro-
atic if planar as in cyclobutadiene, or nonaromatic if nonplanar

s in cyclooctatetraene [6,7].
Though introduced almost one and a half centuries ago, there is

t present no single generally accepted definition of the term aro-
atic [1a,8–11]. Efforts to develop more quantitative definitions

ave led to the characterization of several different types of aro-
aticity that are found in an even greater variety of organic and

norganic compounds. Indeed, one recent report describes ten dif-
erent types of aromaticity [9].  The identification of aromaticity
s based on a variety of criteria that use chemical (with aromatic
ompounds more likely than other unsaturated organic compounds
o undergo substitution rather than addition reactions), structural
equal ring bond lengths), electronic (molecular orbital pattern,
lectron delocalization, electronic excitation, electronic excitations
nd orbital eigenfunctions) and magnetic properties (magnetic sus-
eptibility anisotropies and 1H NMR  chemical shifts) [10,12–14].

 chronology of the criteria used to define aromaticity and of its
istorical development has recently appeared [15]. It is sometimes
ifficult to correlate the various criteria, and the use of different cri-
eria can produce contradictory conclusions about the aromaticity
f some molecules [12].

A second development within the last approximately 15 years
as been the rapid advancement and increased popularity of
omputational methods such as density functional theory (DFT)
alculations to determine global minimum structures and as an
id in defining aromatic criteria and characterizing the nature and
xtent of atomic orbital contributions to aromaticity [9].  As recently
oted, however, although progress in this area has led to predic-

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

As a result, to traditional �-aromaticity arising from electron
delocalization in parallel p orbitals have been added �-aromaticity
resulting from s, p, d and f orbital participation, �- and �-
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 1 Å 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 � component of the out-of-plane
zz shielding tensor, NICS(0)�zz, is superior for planar inorganic and
organic rings and cages since it eliminates contributions of non-�
contributions to aromaticity. The more readily obtained and easy to
use NICS(1)zz index was offered as a good alternative [10,25].  This
has in turn resulted in the use of NICSzz-scan curves produced by
plotting NICSzz-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 Re3Cl6 [30]
ions of new molecules that might contradict chemical intuition,
he proposed molecular structures may  not represent the global

inimum, and the experimental preparation of these species may
e difficult or impossible [16,17]. The computational analyses are
and Tc3X9 (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 ((�5-C5H5)2Fe) [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-Be3

2− dianion in the isolated state and in several metal salts calculated at the B3LYP/6-311+G(d)
level  [35,36].

Be3
2− (D3h) [MBe3]− (C3v) M2Be3 (D3h) [(�3-Be3)2M2]2− (D3h)

M = Li Na Cu M = Li Na Cu M = Be Zn
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NICS(0) −65.06 −38.88 −35.38 −43.48 

NICS(1) −31.82  −32.76 −35.32 −89.87 

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

Aromatic rings and metallocenes are no longer the exclusive
rerogative of organic chemistry. Borazine (Fig. 1), which was  syn-
hesized in 1926 [34], is the first example of what was  originally
resented as an inorganic aromatic compound. However, as the last
ecades of the 20th century ended and the 21st century has begun,

nterest in the preparation and characterization of inorganic rings
nd sandwich compounds in which inorganic rings interact with
etal-centers has grown rapidly.
This report describes the structures and aromaticity of mainly

ovalent transition element metallocenes of inorganic rings. That
lmost two thirds of the cited references have a publication
ate of 2000 or later, and approximately a third of these have
ppeared in the last 5 years illustrates the current interest in
hese compounds. While several are of experimentally generated
ompounds, a large number are also of hypothetical compounds
hat are studied theoretically using computational methods. Could
hese compounds serve as catalysts or nanomaterials or in other
ovel capacities? One can only speculate as to whether the devel-
pment of practical applications arising from the discovery of
rganic metallocenes at the middle of the last century will be
qually as fruitful for inorganic metallocenes as the present century
nfolds.

. Cyclo-X3 ligands

.1. Group 2 element rings

The cyclo-Be3
2− dianion is aromatic according to the Hückel rule

ith 2 �-electrons and maintains its aromaticity and planar struc-
ure in the bimetallic species [MBe3]− and M2Be3 (M = Li, Na, Cu).
alculated NICS values (Table 1) indicate that the aromaticity of the
yclo-Be3

2− dianion decreases on complex formation [35]. A struc-

ure with C3v symmetry is most stable for [MBe3]− (M = Li, Na, Cu)
Fig. 2a), while a structure with D3h symmetry is most stable for

2Be3 (M = Li, Na, Cu) (Fig. 2b). Calculations also show the stabil-
ty of the highly aromatic sandwich compounds [(�3-Be3)2M2]2−
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Fig. 1. Molecular structure of borazine.
−42.05 −45.01 −47.25 −38.112 −37.009
−25.28 −28.28 −90.82 −19.750 −19.536

(M = Be [36], Zn [35]) in which the cyclo-Be3
2− units are eclipsed to

give D3h symmetry structures.
The first report of aromaticity in a group 2 atom ring was in a

theoretical study of the Mg3
− anion and of the two clusters NaMg3

−

(Fig. 2a) and Na2Mg3 (Fig. 2b) that contain the cyclo-Mg3
2− dianion

[37]. The aromaticity of these clusters arises from �-electrons that
produce �-aromaticity without the formation of a �-framework. A
more recent theoretical study, however, concluded that the isolated
cyclo-Mg3

2− unit possesses only �-aromaticity [38]. In a theoret-
ical study of the series of complexes [XnM3]n−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-M3

2− units
is not only stabilized on interaction with alkali metals, but also
changes from �-aromaticity to �-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
Na2Mg3, Li2Mg3 and X2Be3, while X2Be3 and K2Mg3 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-C5H5

− anions in (�5-C5H5)2Ti were successively
replaced by cyclo-Be3

2− and cyclo-Mg3
2− units [40]. The resulting

products were [�5-C5H5TiX3]−, [(�3-X3)2 Ti]2− (X = Be, Mg)  and
[(�3-Be3)Ti(�3-Mg3)]2−.

2.2. Group 13 element rings

It has been suggested that the aromatic 2 �-electron cyclo-B3H6
+

cation, which is an isoelectronic analogue of the cyclo-C3H3
+ cation,

is capable of forming �-complexes (Fig. 2c) with different main
group and transition elements, and calculations have shown that
(�3-B3H6)Co(CO)3 is stable with the three terminal and three bridg-
ing H atoms bent out of the cyclo-B3 plane and away from the Co
atom [41].

The first “cycloaluminene”, Na2[Al3R3] (R = C6H3-2,6-(C6H2-
2,4,6-Me3)2) has been synthesized [42]. Although NICS data were
not determined, the presence of a delocalized molecular orbital
with 2 �-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 �- and �-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
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Fig. 2. Common ring structures of complexes with cyclo-X3 ligands or cores.
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Table  2
NICS(0) and NICS(1) values (ppm) for [Al3R3]2− (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]2− [(�3-Al3R3)2Al]− Na2[(�3-Al3F3)2Ti] Na2[(�3-Al3F3)2M2]

R = H F R = H F M = Mg Zn
Symmetry D3h D3h D3h D3h D3d D3h D3d
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NICS(0) −13.04 −45.14 −1.34 

NICS(1) −11.02  −27.61 −7.68 

tabilize cyclotrialane rings in [Al(�3-Al3R3)2]− (R = N(SiMe3)2)
45] and the radical [Al(�3-Al3R3)2]• (R = N(SiMe2Ph)2) [46], the
yclo-Al3R3

2− dianions do not maintain their aromaticity in these
omplexes. Other ring substituents, however, can dramatically
ncrease the aromaticity of cyclo-Al3R3

2− molecules relative to that
f cyclo-Al3H3

2− [43]. They can also make the D3h symmetry struc-
ure the most stable isomer [43], although it is not the most stable
somer for [Al3H3]2− [47,48].

As a result, calculations show the expected stability of the
andwich complexes [Al(�3-Al3F3)2]−, Na2[Ti(�3-Al3F3)2] and
a2[M2(�3-Al3F3)2] (M = Mg,  Zn), and that the cyclo-Al3F3

2− units
Table 2) retain their aromaticity in these complexes [43]. While
he rings are staggered in the charge-compensated Ti (Fig. 3a) and
l complexes, they are eclipsed in the charge-compensated Zn

Fig. 3b) and Mg  complexes [43]. It was suggested that gas-phase
nvestigations may  be used to prepare these and other species in

hich different substituents are added to the rings or various lig-
nds are attached to the coordination sphere of the complexed
etal.
The first reported examples of compounds exhibiting met-

lloaromaticity are the ionic complexes M2[(Mes2C6H3)Ga]3
Mes = 2,4,6-Me3C6H2; M = Na [49], K [50]) prepared by Robinson
nd coworkers. Like the analogous Al compounds, they contain tri-
ubstituted, non-bridged cyclo-Ga3

2− cores that exhibit aromatic
haracter. Their ability to form sandwich compounds has yet to be
xplored.

.3. Group 14 element rings

Calculations show the stability of non-hydrogen-bridged ring
tructures in (�3-X3H3)M (X = C, Si, Ge; M = Co(CO)3, Rh(CO)3,
r(CO)3, Ni(CO)3, Co(PH3)3, Ni(PH3)3) (Fig. 2d), and of non-methyl-
ridged ring structures in [�3-X3(CH3)3]Co(CO)3 (X = Si, Ge) [51].
hile ligand-to-metal charge transfer produces cationic ligands

n complexes where X = Si and Ge, a small metal-to-ligand charge
ransfer produces an anionic ligand for X = C.
.4. Group 15 element rings

A theoretical analysis of [(�3-N3)2Ni]2−, [(�3-N3)2M(CO)2]q (M,
) = (Fe, 0), (Mn, 1-), [(�3-N3)M(CO)3]q ((M, q) = (Co, 0), (Fe, 1-)) and
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ig. 3. Optimized structures of (a) Na2[Ti(�3-Al3F3)2] and (b) Na2[Zn(�3-Al3F3)2]
43].
24.87 −35.51 −36.84 −36.49
14.40 −22.54 −18.29 −21.66

[(�3-N3)M(�5-C5H5)]q ((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 �-electrons but as the triplet dirad-
ical cyclo-N3

− anion with 4 �-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 [(�3-N3)M(�5-C5H5)]q

((M, q) = (Ni, 0), (Co, 1-)). Indeed, it is not unusual to find that the
�5-C5H5

− ligand stabilizes complexes containing inorganic rings.
Calculations show the stability of (�3-N3)Sc with C3v symmetry in
the singlet ground state [54].

Several covalent transition element complexes have been syn-
thesized with planar �3-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 �-electron �3-X3 rings [61], or, at the
ionic limit, aromatic 6 �-electron �3-X3

3− rings [63]. A complex of
Nb has recently been reported that is able to shuttle the P3 ligand
to change AsCl3 into AsP3 [64].

Transition metal complexes with heteroatom �3-P2X (X = As
[57,58], Sb) [56] and �3-As2P [57] rings have also been character-
ized.

Inverse homo- and hetero-metal sandwich complexes contain-
ing �-(�3:�3-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 �2- (X = P [68–70],  As [71]) or �1-bonding
(X = P [61,69],  As [71]).

2.5. Group 16 element rings

An energy mismatch between cyclo-X3 (X = O,  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 �-acceptor CO ligands with
the very strong �-acceptor NO+ ligand to produce stable [(�3-
O3)M(NO)3]3+ (M = Cr, Mo,  W,  Fe, Ru, Os), [(�3-S3)W(NO)3]3+ and
[(�3-S3)W(NO)2(CO)]2+ [63].

Slightly unequal Te–Te bond lengths are present in the antiaro-
matic 4 �-electron cyclo-Te3

2+ unit in [(�3-Te3)M(CO)4](SbF6)2
(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. 4. X-ray crystal structure of [(�3-Te3)M(CO)4](SbF6)2 (M = W [72], Mo  [73]).
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dianions (X = B, Al [81], Ga, In, Tl) [21,82] and several of their mono
and divalent metal cation salts [80,82–88] show that all but the
ig. 5. Equilibrium geometry of S6 symmetry calculated for [{� -Au3(CH3)3}2Ag]
74].

romatic cyclo-Au3 cluster in cyclo-Au3LnH3-n (L = CH3, NH2, OH,
l; n = 1–3) with electrophiles [74]. While a staggered orienta-
ion of the cyclo-Au3 clusters is found to be most stable in the
:1 complexes [{�3-Au3(CH3)3}2M]+ (M = Li, Tl, Ag (Fig. 5)) and
{�3-Au3(�2-NH2)3}2Li]+, the eclipsed conformation is most stable
n [{�3-Au3(�2-NH2)3}2Tl]+. The ring-interactions are predomi-
antly electrostatic with Li+ and Tl+ ions and covalent with Ag+.
ontributions from the Au atom 6s orbitals produce �-aromaticity,
hile contributions from the 5d orbitals produce �-, �- and �-

romaticity in the �3-Au3 rings.
A molecular orbital study based on photoelectron spectroscopy

nd DFT data shows both �- and �-aromaticity but no �-
romaticity from Ta atom 5d orbital participation in the cyclo-Ta3
ore of [Ta3(�2-O)3]− [75]. The possibility of �-aromaticity in other
yclic complexes of low oxidation state transition metals, as well
s �-aromaticity in cyclic multinuclear metal complexes with f-
lectrons was also suggested [75]. And, a recent DFT study shows
ultiple �-, �-, �- and �-aromaticity arising from U atom 5f orbital
articipation in the cyclo-U3 cores of cyclo-U3X3 (X = O, NH) and
yclo-U3(�2-X)3 (X = C, CH, NH) [10,76].

(a) (b)

Fig. 8. The atomic p-orbital orientation that produces delocalized (a) � aromati
Fig. 7. Proposed structure of the �4-B4H8 ring in (�4-B4H8)Fe(CO)3 [78] and (�4-
B4H8)Co(�5-C5H5) [79].

Another DFT study has shown the stability of the mainly ionic
complexes M[Ta3(�2-O)3] (M = Li, Na, K) (Fig. 2e) and M[Ta3(�2-
O)3]2 (M = Ca, Sr, Ba), with similar complexes of [M3(�2-O)3]−

(M = Nb, V) also proposed as possible [77]. The optimized structure
determined for [Ta3(�2-O)3]Fe(�5-C5H5) (Fig. 6) shows two  strong
Fe–Ta covalent bonds (2.26 Å) and one effective Fe–Ta interaction
(2.55 Å).

3. Cyclo-X4 ligands

3.1. Group 13 element rings

NMR  (1H and 11B) data support a structure for the �4-B4H8 rings
in (�4-B4H8)Fe(CO)3 [78] and (�4-B4H8)Co(�5-C5H5) 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 MAl4− (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-X4

2−
Be2+, Cu2+, Zn2+ and Au+ salts of the cyclo-Al42− dianion are ionic
with planar, aromatic cyclo-X4

2− clusters and pyramidal structures

(c)

city and two  types of � ((b) radial and (c) tangential) aromaticity in Al42− .
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Fig. 9. Most stable structure for the clusters (a) CuAl4− (C4v) [86], (b) MAl4 (M = Be,
Zn) (Cs) [86] and (c) AuAl4− (C2v) [85].
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f C4v symmetry. Since the ring-atom p orbitals produce one �-
nd two �-delocalized aromatic bonds [84,89,90] (Fig. 8), it was
oncluded that both �- and �-aromaticity should be included in
onding discussions for electron deficient all metal aromatic clus-
ers [89,91].

The MAl4 (M = Be, Zn) and [CuAl4]− complexes, however, have
argely covalent metal-ring bonds in which [CuAl4]− has C4v
ymmetry (Fig. 9a), while structures of Cs symmetry with two
quivalent M–Al bonds, and the third and fourth longer and shorter
han the two equivalent M–Al bonds is most stable for MAl4 (M = Be,
n) (Fig. 9b) [86]. A planar structure of C2v symmetry is most stable
or AuAl4− (Fig. 9c) [85].

Calculations show that the double �- and �-aromaticity of the
quare cyclo-Al42− cluster is maintained on complex formation in
(�4-Al4)2M]q (M = Ti, Zr, Hf, q = 2-; M = V, Nb, Ta, q = 1-; M = Cr, Mo,

,  q = 0) and that the global minimum structures have D4d symme-
ry with staggered cyclo-Al42− units (Fig. 10)  [92]. In addition the
alculated NICS(0) and NICS(1) values (Table 3) show an increase
n the �-aromaticity and a decrease in the �-aromaticity of the
yclo-Al42− cluster on complexation with the first-row transition
lements, but a decrease in both �- and �-aromaticity on com-
lexation with the second- and third-row transition elements.

The [Li3Al4]− anion was first stabilized experimentally by
oldyrev, Wang and co-workers [90]. Their calculations show that
he ground state structure of the Al44− anion has a distorted rect-
ngular shape (Fig. 11)  with Al–Al bond lengths of 2.76, 2.58, 2.76
nd 2.49 Å. Distortion from the perfect rectangular structure was
ttributed to the capping of the shortest Al–Al bond (2.49 Å) by one

f the Li atoms.

Although there has been some disagreement, cyclo-Al44− is
enerally considered to be antiaromatic [11,93]. Theoretical data
how that cyclo-Al44−, like cyclo-Al42−, has one delocalized �- and

able 3
ICS(0) and NICS(1) values (ppm) for the cyclo-Al42− cluster as the free dianion and in th

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

Compounds

Al42− [(�4-Al4)2M]2−

Metal atom (M): Ti Zr Hf 

Symmetry: D4h D4d D4d D4d

NICS(0) −34.45 −36.86 −31.12 −25.49 

NICS(1)  −27.38 −16.80 −18.54 −15.99 

a A slight distortion from D4d symmetry was  required to remove some small imaginary
Fig. 12. Equilibrium minimum energy geometries for (a) [(�4-Al4Li4)]Fe(CO)3 and
(b)  [(�4-Al4Li4)]2Ni [94].

two  delocalized �-molecular orbitals. However, the greater
antiaromaticity arising from the 4 �-electrons compared to the
aromaticity arising from the two filled �-aromatic orbitals gives
cyclo-Al44− net antiaromatic character. This is consistent with the
rectangular shape of cyclo-Al44−, compared to the square shape of
aromatic cyclo-Al42− [21].

Calculations show that cyclo-Al44−, like antiaromatic 4 �-
electron cyclo-C4H4, is stabilized in [(�4-Al4M4)]Fe(CO)3 (M = Li
(Fig. 12a), Na, K) as an aromatic 6 �-electron ring [94]. And, while
[(�4-Al4Li4)]Ni is unstable, [(�4-Al4M4)]2Ni (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)2M (M = transition
metal) complexes discussed above makes them susceptible to
decomposition reactions and, as was  also true for the cyclo-Al3
cluster compounds discussed previously, the formation of energet-
ically more stable fusion products [93]. DFT calculations show that
the [Al4Li3]− cluster retains its antiaromaticity in [DM(Al4Li3)]q

(M = Li, Na, K, q = 1-; Be, Mg,  Ca, q = 0; D = [Al4Li3]−, �5-C5H5
−) due

to electrostatic interactions [93], with the �5-C5H5
− 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 [(�5-C5H5)M(SiAl3)]q (M = Li, Na, K, q = 1-; M =
Be, Mg,  Ca, q = 0) prefer �1-bonding with the Si atom or �2-bonding

e complexes [(�4-Al4)2M]q (M = Ti, Zr, Hf, q = 2-; M = V, Nb, Ta, q = 1-; M = Cr, Mo,  W,

[(�4-Al4)2M]− (�4-Al4)2M

V Nb Ta Cr Mo  W
D4d C1

a C1
a C1

a C1
a C1

a

−49.82 −27.41 −21.06 −37.08 −17.58 −13.26
−17.03 −17.52 −14.56 −8.59 −14.92 −12.16

 vibration modes.
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ig. 13. The theoretical molecular structure of (a) [�4-(H2B2N2H2)]2Ni [96] and (b)
�4- (H2B2N2H2)]M(CO)n (M = Cr, n = 4; M = Fe, n = 3) [97].

ith a side Al–Al bond rather than �4-bonding to the center of the
lanar cyclo-SiAl3− units [95]. The possible formation of extended
ligomeric 1-D, 2-D or 3-D molecular structures or nanoscale forms
as also suggested. Structurally they would contain alternating �5-

5H5
−, Mq+ and cyclo-SiAl3− units, or cyclo-XAl3− (X = Ge, Sn, Pb)

nions in place of the cyclo-SiAl3− anions [95].
A theoretical study shows a structure of D2d symmetry with

clipsed �4-B2N2 rings (in which the B atoms in each ring face
he N atoms in the other ring), rather than a structure of D2 sym-

etry with staggered rings, or an eclipsed-ring structure of D2h
ymmetry in which each B atom faces a B atom in the other ring,
s most stable for [�4-(H2B2N2H2)]2Ni (Fig. 13a) [96]. Some puck-
ring of the �4-B2N2 core, with the two B atoms of the cyclo-B2N2
ore pointing away from the M atoms, has been proposed for [�4-
H2B2N2H2)]M(CO)n (M = Cr, n = 4; M = Fe, n = 3) (Fig. 13b) [97]. An
-ray crystal study has confirmed ring-puckering in complexes
ith alkyl-substituted �4-B2N2 rings [97].

Complexes have been prepared with transition metal carbonyl
ragments bonded to the cyclo-B2P2 cores of R2B2P2R′

2 (R and
′ = alkyl, (alkyl)2N) and (aryl)2N groups) ligands in a �4 [5],  �3 (to
he B2P fragment) [98] and �1 (to one or both B atoms) [99] man-
er. An X-ray crystal study shows that the cyclo-B2P2 core retains
he planar, kite-shaped structure found in the free ligand on �1-
omplexation in [(Et2N)2B2P2(CMe3)2][Cr(CO)5]2, while it becomes
lightly folded in [(iPr2N)2B2P2Et2]Cr(CO)5 [99]. A complex with
he Cr atom of the Cr(CO)5 group �1-bonded to the P atom of a
yclo-B2NP core with mutually trans B atoms has also been reported
99].

Both experimental and theoretical molecular orbital and NICS
ata show that the molecules cyclo-Al3X (X = As, Sb, Bi [100]) [101]
ave planar structures that, analogous to cyclo-Al42−, have one
elocalized �- and two delocalized �-molecular orbitals. The sim-

larity of the aromatic characteristics of these compounds to those
f benzene has led to the proposal that they might possibly form
etal sandwich complexes [100,101].  The credibility of this pro-

osal is supported by the stability of the sandwich complexes of
yclo-Al42− discussed above.

Calculations show that although complexation with d6 transi-
ion metal atoms can stabilize the 6 �-electron cyclo-B2S2 ligand
n (B2S2)2M (M = Cr, Mo,  W),  replacement of one of the two  rings

ould produce the more stable complexes (B2S2)M(CO)3 (M = Cr,
o,  W)  and (B2S2)Mn(�5-C5H5) [102].
A theoretical analysis has been reported of the structures, sta-

ility and aromaticity of the [Al2P2]2− dianion, as well as of the
alts [M(Al2P2)]− (M = Li, Na, K, Cu) and [M(Al2P2)] (M = Be, Mg,
a, Zn) [103]. The aromaticity of the [Al2P2]2− dianion is generally
aintained in these salts.

.3. Group 14 element rings
Similar to the Al42− dianion, ab initio calculations show that the
sovalence electronic Si42+ dication has a perfectly square-planar
lobal minimum structure with both �- and doubly �-aromatic
Fig. 14. X-ray crystal structure of [K(THF)2]+[{�4(tBu2MeSi)4Si4}Co(�5C5Me5)]−

(R = tBu2MeSi) [109].

character [104]. Adding two  electrons to Si42+ produces the neu-
tral �-antiaromatic Si4 cluster that has a rhombic distortion as the
global minimum structure. The addition of four electrons to Si42+

produces the Si42− dianion that was able to be studied experimen-
tally using photoelectron spectroscopy once it was  stabilized as
NaSi4− in the gas phase.

X-ray data show a slight deviation from square-planar geom-
etry of the cyclo-Si4 core in [�4-(tBu2MeSi)4Si4]M(CO)3 (M = Fe
[105], Ru [106]) due to the staggered conformation of the CO
ligands and the cyclo-Si4 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 Si4 ring distor-
tion, is found in a theoretical study that replaced the tBu2MeSi
substituents with smaller Me3Si groups [105,106].  X-ray data
also show a slight deviation from square-planar geometry of the
cyclo-Si4 core in [�4-(tBu2MeSi)4Si4]Co(�5-C5H5) [107]. A slightly
rectangular and nearly planar �4-Si4 ring with almost equal
opposite Si–Si bond lengths is found in the K+ ion salt of the [{�4-
(tBu2MeSi)4Si4}Co(CO)2]− 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 �4 manner in the anionic complex [{�4-
(tBu2MeSi)4Si4}Co(�5-C5Me5)]−, as well with two THF molecules
to produce a two-and-a-half layer sandwich structure (Fig. 14)
[109]. Although the Si4 ring in this complex is nearly square-planar,
calculations of the optimized geometries for the complexes [{�4-
(RSi)4Si4}Co(�5-C5Me5)]− (R = H3Si, Me3Si) show the Si4 rings to be
significantly folded and �2-bonded to the Ru atom. The folding was
attributed to the negative charge within these rings. The presence
of a nearly planar Si4 ring geometry in [{�4-(tBu2MeSi)4Si4}Co(�5-
C5Me5)]− was attributed to the neutralization of this electronic
effect by a steric effect arising from a repulsive interaction between
the large tBu2MeSi groups on the Si4 ring and the Me  groups on the
�5-C5Me5 ring.

The presence of a cyclo-Si3Ge core has been proposed in the syn-
thesis of a complex formulated as (tBu2MeSi)4Si3Ge]Co(�5-C5H5)
[107].

3.4. Group 15 element rings

With 4 of 6 delocalized electrons in the highest occupied
nonbonding �-orbital and the other 2 electrons contributing to
aromatic stabilization, the cyclo-N4

2− dianion is considered to be
aromatic. In addition, NICS values show the presence of conflicting
�-aromatic and �-antiaromatic character (Table 4) [110]. Calcula-
tions show that the most stable structures for [(�4-N4)2M]q (M = Ti,

Fe, q = 2-; M = V, Co, q = 1-; M = Cr, Ni [111], q = 0) [110] have D4h
symmetry (with eclipsed rings) (Fig. 15a) for M = Ti, C2v (or bent
D4h) symmetry for M = V and Cr, and D4d 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-X4

2− 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 = Pa. They were calculated at the B3LYP/6-311+G(d,p) level for the cyclo-
Sb4

2− dianion [26] and the B3LYP/LANL2DZ ECP level for the complexes of the cyclo-
Sb4

2− dianion with transition metals [123].

Compound Symmetry NICS(0) NICS(1)

N4
2− D4h 9.2 −4.19

[(�4-N4)2Ti]2− D4h 39.0 10.9
[(�4-N4)2V]− C2v

b 64.9 17.3
[(�4-N4)2Cr] C2v

b 73.6 19.3
[(�4-N4)2Fe]2− D4d −5.78 −16.80
[(�4-N4)2Co]− D4d −5.45 −11.14
[(�4-N4)2Ni] D4d 4.00 −3.00

P4
2− D4h 8.63/5.96 1.97/2.41

[(�4-P4)2Ti]2− D4h 18.0/17.6 9.49/10.4
[(�4-P4)2V]− D4h 32.9/34.0 12.9/14.3
[(�4-P4)2Cr]2− D4h 44.4/52.0 18.5/21.8
[(�4-P4)2Mn]− D4h 94.5/105.3 33.1/37.1
[(�4-P4)2Fe]2− D4d −4.78/−12.2 −0.07/−3.00
[(�4-P4)2Co]− D4d −3.05/−9.30 0.20/−2.37
[(�4-P4)2Ni] D4d 1.07/−5.15 0.80/−1.74

Sb4
2− D4h 3.3 1.3

[(�4-Sb4)2Fe]2− D4d −23.6 −10.8
[(�4-Sb4)2Ru]2− D4d −9.13 −4.69
[(�4-Sb4)2Os]2− D4d −8.43 −4.35
[(�4-Sb4)2Co]− D4d −20.4 −10.1
[(�4-Sb4)2Rh]− D4d −9.04 −4.28
[(�4-Sb4)2Ir]− D4d −8.92 −3.99

a The first value is from a calculation at the B3LYP/6-311G* level and the second
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alue 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 D4d sym-
etry.

etween the D4h and D4d conformers calculated at the B3LYP/6-
11+G* and BHLYP/6-311+G(3df,3pd) levels, however, led to the
onclusion that there is probably no barrier to internal rotation of
he two cyclo-N4

2− ligands about the C4 axis for (�4-N4)2Ni [111].
lthough this complex can be considered as consisting of either two
eutral 4 �-electron cyclo-N4 ligands and a neutral Ni atom or, at
he ionic limit, of two 6 �-electron cyclo-N4

2− dianions and a Ni4+

ation, the latter structure was reported as more likely due to the
alculated equivalence of the N–N bond lengths and bond indices
f 1.2 that indicate the presence of delocalized rings [112].

The same study [112] compared the kinetic and structural
tabilities of the possible reaction products of single nickel atoms
ith (N2)n (n = 1–4). It was concluded that the end-on �1-bound
i(N2)n (n = 1–4) complexes are preferred to the side-on �2-bound
nd the N4 bound complexes (that can be formulated as containing
wo side-on bound N2 ligands), although the Ni(N2)4 complex with
ne cyclo-N4 ligand and C2v symmetry, and the Ni(N2)4 complex
ith two cyclo-N4 ligands and D2d symmetry may  be kinetically

table.

NICS values (Table 4) show that on complex formation ring

-antiaromaticity is enhanced and �-aromaticity destroyed in
he Ti, V and Cr complexes, while ring �- and �-aromaticity
re both enhanced in the Fe and Co complexes, and the ring
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ig. 15. The (a) eclipsed and (b) staggered conformations found for the cyclo-X4
2−

X = N, P, Sb) ligands in transition metal complexes.
y Reviews 255 (2011) 2746– 2763 2753

aromaticity does not change in the Ni complex. The cyclo-N4
2−

cluster in all complexes, even those characterized as antiaromatic,
maintains a square geometry with equal N–N bond lengths. The
feasibility of using cyclo-N4

2− 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]q are
more thermodynamically stable than [(�4-N4)2M]q, with the [(�3-
N3)M(�1-N5)]q and [(�3-N3)M(�2-N5)]q 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 [(�3-N3)M(�1-
N5)]q and [(�3-N3)M(�2-N5)]q 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 X4

2− dian-
ions present in Na+X4

2− (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 [CoP8]− [115]. This study also con-
cluded that the most stable structure contains two  planar �4-P4
clusters that are bonded to the Co atom in a parallel and staggered
D4d conformation (Fig. 15b). In a more recent theoretical study it
was  concluded that while the staggered ring conformation is most
stable for [(�4-P4)2M]q ((M, q) = (Cr, 2-); (Mn, 1-), (Fe, 2-), (Co, 1-),
(Ni, 0)), the D4h structure with parallel and eclipsed rings (Fig. 15a)
is most stable for [(�4-P4)2M]q ((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 �- and �-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 �- and �-aromatic
[116]. The conclusion that the cyclo-P4

2− 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-N4

2− ligand complexes
discussed previously [110].

Since, with the possible exception of [CoP8]−, cyclo-P4
2−

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-P4

2−

complexes of the second- and third-row transition elements have
been reported and characterized using X-ray crystallography. Data
for (�5-C5Me5)Nb(CO)2(�4-P4) (Fig. 16)  have been interpreted as
showing either an allyl-like cyclo-P4

2− unit (with a 4d2 Nb electron
configuration) or a neutral antiaromatic 4 �-electron cyclo-P4 unit
(with a 4d4 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) Å) and two adjacent shorter
(2.136(2) and 2.141(2) Å) P–P bond lengths [117].

The cyclo-P4 unit has a similar structure in the com-
plex [�5-(1,3-tBu2C5H3)][Ta(CO)2(�4-P4)] (adjacent longer P–P

distances = 2.172(3) and 2.173(3) Å; adjacent shorter P–P dis-
tances = 2.150(3) and 2.155(2) Å) [118]. One  X-ray crystal study
shows a similar structure for the cyclo-P4 unit in the W complex
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f the [(�4-P4)M(CO)4][(M(CO)5]4 (M = Cr, W)  series [119], while
nother study of the W complex that included X-ray and 31P NMR
ata concluded that the planar, kite-shaped cyclo-P4 ligand might
ormally be represented as cyclo-P4

2− and described as consisting
f an allylic-like P3

− anion coordinated to a P− anion [120]. Break-
ng one of the four P-W(CO)5 bonds in [(�4-P4)W(CO)4][(W(CO)5]4
roduced a butterfly-shaped cyclo-P4 ligand that is �3-bonded to
he W atom of a (CH3CN)2(CO)2WCl  unit [121].

Only one complex containing a cyclo-As4 ligand has been syn-
hesized. It consists of a nearly square and neutral cyclo-As4 unit
hat is bridged by two Co containing fragments (Fig. 17)  in the
riple-decker sandwich compound [{�5-(C5H4

tBu)Co}2{�-(�4:�4-
s4)}][Co3Cl8(THF)2] [122].

Theoretical data, including calculated equilibrium geometries
nd NICS values, have been reported for [(�4-Sb4)2M]q (M = Fe, Ru,
s, q = 2-; M = Co, Rh, Ir, q = 1-) [123]. The square structure of the
yclo-Sb4

2− ligand remains unchanged on complex formation to
ive complexes with D4d symmetry in which the parallel rings take
n the staggered conformation (Fig. 15b). The NICS data for these
omplexes (Table 4) show that the cyclo-Sb4

2− ligands exhibit �-
nd �-aromaticity. The addition of Na+ can stabilize the complexes
s [Na(�4-Sb4)2M]− (M = Fe, Ru, Os) and prevent them from under-
oing electron detachment.

.5. Group 16 element rings

The ability of cyclo-X4
2+ (X = S, Se) dications to form 6 �-

lectron complexes with transition metal carbonyls has been
nvestigated theoretically [124]. The syntheses and structures have
een reported for the Br6

6− [125] and I66− [126] salts of the bin-
clear Mo(III) complex formulated as [Mo2(�2-Te2)2(�4-Te4)2]6+
Fig. 17).  The pair of Mo(III) atoms is bridged by the two �2-Te2
2+

ications. Each Mo(III) atom is also bonded to a terminal �4-Te4
2+

ing that has a butterfly conformation rather than the planar struc-
ure of D4h symmetry found for the free Te4

2+ dication [126].

CH3
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CH3
CH3
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ig. 17. X-ray crystal structure reported for the [{�5-(C5H4
tBu)Co}2{�-(�4:�4-

s4)}]2+ dication in [{�5-(C5H4
tBu)Co}2{�-(�4:�4-As4)}][Co3Cl8(THF)2] [122].
Fig. 18. X-ray crystal structure of the [Mo2(�2-Te2)2(�4-Te4)2]6+ cation [126].

The wings of the �4-Te4
2+ rings point toward the Mo(III) atoms.

Although the short distance found between the two Mo(III) 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�B per Mo(III) 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 �-, �-, �- and �-
aromaticity arising from U atom 5f orbital participation in the
cyclo-U4 cores of cyclo-U4X4 (X = O, NH) and cyclo-U4(�2-X)4 (X = C,
CH, NH) [10,76]. The cyclo-U4 core of cyclo-U4(�2-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 Å
above the ring centroid (Fig. 19b).

4. Cyclo-X5 ligands

4.1. Group 13 element rings

A single crystal X-ray study of [(�5-C5Me5)ReH]2[�-(�5:�5-
B5Cl5)] (Fig. 20)  shows the cyclo-B5Cl5 ligand to be planar, but
did not allow for the location of the H atoms in the Re–H bonds
[127]. The 11B 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 �5-rings in [�5-{(BR)2(N3R’)2}]2Fe (R = CH3, R′ = C6H5)
[128]. The complex was also described as containing 20 valence
electrons. A more recent study concludes that the staggered

Si
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U U

U

C

C

C

C

Ge
U U

UU

C

C

C

C

(a) (b)

Fig. 19. Calculated equilibrium structures of the (a) planar Si@[cyclo-U4(�2-C)4]
molecule with D4h symmetry and of the (b) pyramidal Ge@[cyclo-U4(�2-C)4]
molecule with C4v symmetry [76].
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P5)2M (M = Ti [137], Fe [136,140],  Ru [140], Os [140]), cyclo-As5
−

ligands in (�5-As5)2M (M = Ti [137], Fe [136]), cyclo-Sb5
− ligands in

(�5-Sb5)2M (M = Ti [137], Fe [133,136])  and the cyclo-Bi5− ligand
in (�5-Bi5)2Fe [133]. While the complexed rings maintain 56–68%
Fig. 21. Theoretical structure proposed for [{�5-(B2H2)(N3H2)}]2Fe [97].

5-ring conformation is most stable in the related complex [�5-
(B2H2)(N3H2)}]2Fe (Fig. 21)  and that this complex has 18 rather
han 20 valence electrons [97].

.3. Group 14 element rings

Although the S5H5
− anion has a nonplanar puckered global

inimum structure due to the pseudo-Jahn–Teller effect, a theo-
etical study has shown that this effect can be suppressed through
oordination with two Mg2+ cations to form the inverse sand-
ich complex Mg2+Si5H5

−Mg2+ (Fig. 22)  [129]. The S5H5
− anion

n this complex is aromatic and planar, although calculated NICSzz

alues show it to be less aromatic than the C5H5
− anion. The pres-

nce of two Li+, Na+ or Be2+ cations, however, rather than the two
g2+ cations, does not completely suppress the pseudo-Jahn–Teller

ffect.
A theoretical study has shown that both (�5-Si5H5)2Fe and (�5-

5H5)2Fe are stable as the staggered D5d conformer, and that the
e atom is more cationic and interacts more strongly with the ring
n (�5-C5H5)2Fe than in (�5-Si5H5)2Fe [130].

A planar cyclo-Pb5
4− anion covalently bridges the two  Mo(CO)3

nits in [{Mo(CO)3}2{�-(�5:�5-Pb5)}]4− (Fig. 23)  [131] with a rela-
ively large donation of charge from the cyclo-Pb5

4− to the Mo(CO)3
4−
nits. Donation of only one electron from cyclo-Pb5 to each

o(CO)3 unit would change it from an antiaromatic 4 �-electron
o an aromatic 2 �-electron ligand.

Si
Si
Si Si

Si

HH

H
H

H

Mg
2+

Mg
2+

-

ig. 22. Optimized 1A′
1 ground state structure with D5h symmetry determined for

g2+Si5H5
−Mg2+ [129].
O

Fig. 23. X-ray crystal structure of [{Mo(CO)3}2{�-(�5:�5-Pb5)}]4− [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 D5h symmetry [132]. Calculations show
that although a pyramidal half-sandwich structure of C5v symmetry
is most stable for the aromatic compounds [X5Fe]+ (X = N, P, As), a
planar structure of D5h symmetry is most stable for [X5Fe]+ (X = Sb,
Bi) [133]. While these calculations show that [X5Fe]+ (X = Sb, Bi) are
in the singlet (1A′

1) electronic ground state, preliminary calculations
have shown that for the triplet (3A′′) electronic state, a slightly pyra-
midal structure of Cs symmetry is most stable for [X5Fe]+ (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-X5

+ (X = Sb, Bi) units with 6 �-
electrons rather than Fe2+ 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 (�5-C5H5)2Fe as the C–H fragments of one of the
two  cyclopentadienyl rings are replaced by N atoms to produce
(�5-C5H5)FeN5, and by P atoms to produce (�5-C5H5)FeP5 [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 �5-bonding mode
is preferred in complexes containing the P-substituted ring, it was
concluded [102] that the recently proposed [135] synthesis of a
�5-N5 complex without the protection of the N lone pairs will be
difficult due to the preference of these rings for �1-bonding.

Indeed, other theoretical data show a variety of stable ring
bonding modes for aromatic cyclo-N5

− ligands (Fig. 24)  in (�n-
N5)2M (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 �5-bonding mode is stable for cyclo-P5

− ligands in (�5-
N
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Fig. 24. The (a) �5, (b) �3, (c) �2 and (d) �1 structures found for cyclo-N5
− ligands

in  (N5)2M complexes of the first-row transition elements.
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sidered the possible fusion of two  [CB6] 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
[CB6]2− dianion can be stabilized with the �5-C5H5

− ligand in the

U

U

U

UU

C

CC
U

C

ig. 25. X-ray crystal structure found for [(�5-P5)2Ti]2− as the tetraphenylphospho-
ium and bis(triphenylphosphonium)iminium salts [141].

f their aromatic character in (�5-C5H5)2Fe relative to the free
ings, only 26–51% is maintained for the rings in (�5-P5)2Fe [140].

Approximately 50 years after the reported synthesis of fer-
ocene [32,33],  Schleyer and co-workers reported the synthesis
nd structural characterization of the first carbon-free inorganic
etallocene sandwich complex [(�5-P5)2Ti]2− [141]. The solid-

tate D5h symmetry structure of [(�5-P5)2Ti]2− (Fig. 25)  shows two
arallel and eclipsed aromatic �5-P5

− rings with an average P–P
ond length of 2.154(9) Å,  which is between the values expected
or P–P single and P P double bonds [141]. A theoretical study of
yclo-P5

−, [(�5-P5)Ti]− and [(�5-P5)2Ti]2− [142] also shows equal
–P distances for the five coplanar P atoms of each cyclo-P5

− unit,
ith a distance of 2.175 Å calculated for ring P–P bonds of the

solated [(�5-P5)2Ti]2− dianion with D5h symmetry. The gas phase
ecomposition of [NbAs8]3− was reported to produce the K+ salt of
NbAs10]3−, which is a possible analogue of [(�5-P5)2Ti]2− [143].

Other transition metal complexes have been synthesized with
oth �5-X5

− (X = P, As) [60] and [�-(�5:�5-X5)]− (X = P [59], As
59,60,144], Sb [145]) rings. Calculations show that the eclipsed
tructure of D5h symmetry is the minimum on the potential energy
urface for [(�5-C5H5)Fe]2[�-(�5:�5-X5)] (X = CH, P, As) [146]. They
lso show that the �-(�5:�5-X5) (X = P, As) rings expand signifi-
antly due to a loss of �-electron density that is directed to bonding
ith the two Fe centers and that gives the Fe atoms a negative

harge. Molecular orbital calculations have been used to explain
he presence of an undistorted planar �-(�5:�5-P5) ring in [(�5-
5Me5)Cr]2[�-(�5:�5-P5)] but a distorted planar �-(�4:�4-As5)
ing in [(�5-C5H5)Mo]2[�-(�4:�4-As5)] that was  further charac-
erized as consisting of As2 and allylic As3 subunits [147]. These
alculations show that the greater energy range of the cyclo-P5
rbitals (60 eV) relative to the cyclo-As5 orbitals (15 eV) produces

 non-degenerate ground state for [(�5-C5Me5)Cr]2[�-(�5:�5-P5)]
nd a degenerate ground state for [(�5-C5H5)Mo]2[�-(�4:�4-As5)].
s a result, a Jahn–Teller distortion was predicted in the As5 ring,
nd, by implication, an even greater distortion was expected in
b5 ring complexes [147]. However, since these reported molec-
lar orbital studies, little ring distortion has been observed in
omplexes with �-(�5:�5-X5) rings (X = As [148], Sb [145]). And,
ased on the presence of a small distortion in the �-(�5:�5-Sb5)
ing in [{�5-(1,2,4-tBu3C5H2)}Mo][�-(�5:�5-Sb5)][{�5-(1,4-tBu2-
-MeC5H2)}Mo], it was concluded that the distortion of the
-(�4:�4-As5) ring in [(�5-C5H5)Mo]2[�-(�4:�4-As5)] is due to

trong intermolecular interactions and not to the Jahn–Teller effect
145].

The X-ray structure of the inverse sandwich complex [{(�5-
5H5)Cr(CO)2}2(�-PH] [{(�5-C5H5)Cr}2{�-(�1:�1:�5:�5-P5)}]
hows a pseudo-cyclo-P5 ring that appears to consist of P2 and
llylic P3 subunits (Fig. 26a) [149]. Two adjacent P atoms of the ring
re �1-bonded to two additional Cr atoms of a fragment in which

he Cr atoms are also linked by the P atom of a PH group. Another
nverse sandwich compound, [{(�5-C5H5)Cr(CO)}(�3-P3)][{(�5-
5H5)Cr}2{�-(�1:�5:�5-P5)}] (Fig. 26b) has two Cr atoms that are
5-bonded to either side of a distorted bridging cyclo-P5

− unit that
PH] [{(�5-C5H5)Cr}2{�-(�1:�1:�5:�5-P5)}] in which the numbers represent P–P
bond lengths given in Å units [149] and (b) [{(�5-C5H5)Cr(CO)}(�3-P3)][{(�5-
C5H5)Cr}2{�-(�1:�5:�5-P5)}] [150].

is also �1-bonded to a third Cr atom of a [(�5-C5H5)Cr(CO)](�3-P3)
fragment [150].

Although no signals were observed in the EPR (130 K) and 31P
(300 K) 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 [(�5-
C5H5)Cr]2[�-(�5:�5-PnAs5-n)] (n = 1–5) [56].

4.5. f-block element rings

A DFT study has shown multiple �-, �-, �- and �-aromaticity
arising from U atom 5f orbital participation in the cyclo-U5 core
of cyclo-U5(�2-C)5 [10,76]. The cyclo-U5 core of cyclo-U5(�2-C)5 is
large enough to accommodate a sixth U atom in the thermodynam-
ically stable and coplanar complex U@[cyclo-U5(�2-C)5] (Fig. 27)
that retains to some extent its aromaticity.

5. Cyclo-X6 ligands

5.1. Group 13 element rings

Calculations show the stability of the C6v symmetry sand-
wich complexes [(�6-CB6)M]q ((M, q) = (Mn, 1-), (Fe, 0), (Co,
1+)), D6d symmetry sandwich complexes [(�6-XB6)2M]q (X = C,
M = Fe, Co, Ni, q = 2-, 1-, 0, respectively; X = N, M = Fe, Mn, q = 0,
1-, respectively) (Fig. 28)  [151], triple-decker complexes [(�n-
CnHn)M]2[{�-(�6:�6-XB6)}] (X = B, C, N; M = Mn,  Fe, Ru, Re; n = 5,
6) [152] and tetra-decker complexes (�5-C5H5)Fe[{�-(�6:�6-
XB6)}]Fe[{�-(�6:�6-XB6)}]Fe(�5-C5H5) (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 [(�5-C5H5)Fe]+ cations might allow
expansion of the tetra-decker complexes to contain more than two
(�6-XB6)Fe (X = B, C) units [153]. Since studies of transition metal
complexes of the hypercarbon [CB6]2− dianion [151] have not con-

2−
C

Fig. 27. Computed equilibrium geometry of the planar U@[cyclo-U5(�2-C)5]
molecule with D5h symmetry [76].
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etero-decker complexes (�5-C5H5)M(CB6)q (M = Li, Na, K, q = 2-;
e, Mg,  Ca, q = 1-) and that other complexes with metals including
u+, Ag+ and Au+, or planar and capped hypercoordinate aromatic
olecules including [NB6]− and B7

−, might be synthesized.
However, since these theoretical studies of transition metal

omplexes of the [CB6]2− cluster have appeared, analyses that use
oth photoelectron spectroscopic data and ab initio calculations
ave shown that the global minimum structure of the [CB6]2−

ianion, and its isoelectronic analogues [C2B5]2− and [CB6]−, is
ot planar and does not possess a hexacoordinate C atom [16,17].
ather, with C being more electronegative than B, it prefers periph-
ral positions where it is better able to form �-type two-center
wo-electron bonds [17]. It was further concluded that since the
lanar carbon-centered planar isomers have such high energies, it

s not possible to produce these compounds experimentally.
A DFT study has suggested the presence of the cyclo-B6H6 lig-

nd in [(�6-C6H6)Mo]2[�-(�6:�6-B6H6)] [156]. Another theoretical
tudy compares the transformation of [(�5-C5H5)Re]2[�-(�6:�6-
6H6)] into [(�5-C5H5)Re]2(B5H7) and [(�5-C5H5)W]2(B5H9) [157].
oth NMR  (11B and 1H) and X-ray data show a planar cyclo-B6 unit in
he 24 valence electron complex [(�5-C5Me5)Re]2[�-{�6:�6-(1,2-
6H4Cl2)}] (Fig. 29). This contrasts with the puckered cyclo-P6 unit

ound in 24 valence electron complexes noted below [127,158].
An inverse sandwich complex with a unique aromatic, inor-

anic benzene analogue B4Co2 ring of a B4Co2H4 unit sandwiched
etween two (�5-C5Me5)Re groups (Fig. 30)  has been synthesized
nd characterized using X-ray crystallography [159].
.2. Groups 13 and 15 element rings

Various conclusions have been reached concerning the extent
o which “inorganic benzenes” such as borazine, cyclo-B3N3H6

CH3

CH3
CH3

CH3

CH3

CH3

CH3

CH3
CH3

CH3

Re

B B
BBB

B

Cl
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ig. 29. X-ray crystal structure for [(�5-C5Me5)Re]2[�-{�6:�6-(1,2-B6H4Cl2)}]
127,158].
Fig. 30. X-ray crystal structure of [(�5-C5Me5)Re]2[�-{�6:�6-B4H4Co2(CO)5}] that
contains an inorganic benzene analogue B4Co2 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-B3P3H6 are equally aromatic, mag-
netic susceptibility and NICS data show that cyclo-B3N3H6 is not
while cyclo-B3P3H6 is aromatic [162,166].  Likewise, the nature of
the metal-ring interaction in Cr(CO)3 complexes of these rings
can either be described as �3 and triamine with the Cr atom
interacting with the three nitrogen atom lone electron pairs of a
puckered ring (Fig. 31a), or as �6 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 (B3N3H6)Cr(CO)3 than in (B3P3H6)Cr(CO)3 indicates less
ring �-delocalization and greater �-bonding between the Cr and
N atoms than between the Cr and P atoms [162]. Although another
theoretical study of (B3N3H6)Cr(CO)3 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 [(C2H5)3B3N3(C2H5)3]Cr(CO)3 [174], and a similar puckered but
almost planar cyclo-B3P3 core in [(mesityl)3B3P3(C6H5)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 Vn(B3N3H6)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(B3N3H6)]∞ exhibited strong half-metallic character relative to
its benzene analogue [176]. Both systems are also ferromagnetically
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Fig. 31. Possible (a) �3 triamine and (b) �6 delocalized bonding modes for the rings
in  the complexes (B3N3H6)Cr(CO)3 (X = N, P).
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acing N atoms in other rings and (c) the rings are staggered [177].

table. Another study considers the structural, electronic and mag-
etic properties of the infinite sandwich molecular wires formed
y borazine and the early first-row transition elements Sc, Ti, V,
r and Mn  [177]. It concluded that the M(B3N3H6)2 clusters are
nergetically stable, especially for M = Sc, Ti and V, and that the
nfinite molecular wires constructed from them have electronic
nd magnetic properties similar to their benzene analogues. More
pecifically, the ground-state electronic structures of the metal-
orazine molecular wires formed from both V and Mn  are strong
alf-metallic ferromagnets, those formed by Sc and Cr are non-
agnetic metals (semiconductors) and that formed by Ti is an

ntiferromagnetic metal. In considering the lowest energy of three
ossible configurations (Fig. 32), it was concluded that the struc-
ure in which the B atoms in one ring face the N atoms in the
ther adjacent rings (Fig. 32b) was most stable for all of the metals
xcept for Mn,  for which the structure in which the B atoms in a
ing face the B atoms in the other rings (Fig. 32a) was  energetically
avored.

.3. Group 15 element rings

6
Calculations show the stability of (� -N6)M (M = Ti, Zr, Hf, Th)
ue to an interaction of the aromatic 6 �-electron �6-N6 ring and
he metal d and f orbitals, with the aromatic 10 �-electron cyclo-
6

4− anion present at the ionic limit [54].
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Fig. 33. Structures found for the bridging P6
y Reviews 255 (2011) 2746– 2763

In a theoretical study it has been proposed that the half-
sandwich complex (�6-P6)V with C6v symmetry, and the sandwich
complex (�6-P6)2V with D6h symmetry and eclipsed �6-P6 rings
are both stable [178]. The presence of a planar, aromatic cyclo-
P6 ligand has been proposed to be present in a theoretical study
of (�6-C6H6)Cr(�6-P6) [179], while a bridging �-(�6:�6-P6) 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 �-(�6:�6-P6) rings
that prefer the eclipsed conformation has been proposed for the
multi-decker clusters (�6-P6)n+1Vn (n = 2–4) [178].

The shape of bridging P6 ligands depends on the number of
complex valence electrons. An undistorted planar ring with approx-
imately D6h 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 (�5-C5Me5Ti)2[�-(�3:�3-P6)] (Fig. 33b)
[180]. The distances and angles found for the puckered cyclo-P6
unit with the chair-configuration in (�5-C5Me5Ti)2[�-(�3:�3-P6)]
are similar to those expected for a cyclo-P6

6− unit [180]. An
X-ray crystal study of Th2P11 shows similar nonaromatic and for-
mally cyclo-P6

− units with the chair-conformation [184] situated
between puckered poly-anionic layers of phosphorus atoms. Each
cyclo-P6

− unit acts as a doubly tridentate ligand by forming a
triple-decker complex with two Th4+ cations that are each located
on opposite sides of the ring and bonded to different P atoms.
Each Th4+ cation has a coordination number of nine produced
through interactions with not only the three P atoms of an iso-
lated cyclo-P6

− unit but also with additional P atoms found in the
poly-anionic layers. In contrast, a bicyclic, hexaphosphabenzvalene
P6 unit is bridged by two  Th4+ cations (Fig. 33c) in the triple-
decker complex (Cp′′Th)2[�-(�3:�3-P6)] (Cp′′ = �5-(1,3-tBu2C5H3))
[185]. A similar structure has been found in the related bicyclic
As6 complex (Cp′′

2Th)2[�-(�3:�3-As6)] (Cp′′ = �5-(1,3-tBu2C5H3))
[186].

Similar shapes to those found for the bridging P6 ligand have
been proposed for complexes with bridging As6 ligands [182].
And, indeed, an undistorted �-(�6:�6-As6) ligand is found in the
28 valence electron complex [(�5-C5Me4Et)Mo]2[�-(�6:�6-As6)]
[187]. However, in a study of [(�5-C5Me4R)Co]2(As6) (R = Me,  Et),
X-ray crystal data for the R = Me  complex shows a nonplanar,

butterfly-shaped cyclo-As6 ligand with the Co atom of one (� -
C5Me5)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].

ThCp"2Cp"2Th

P P

P

P

P

P

(c)

ligand in different metal complexes.
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ig. 34. Single crystal X-ray structure of [Cp′Co]2(As6) (Cp′ = �5-C5Me5) [188].

. Cyclo-X7 ligands

.1. Group 11 element rings

Calculations show D7h global minimum structures for cyclo-
7

3− (X = Cu [189], Ag, Au) [190]. The NICS(1)zz and NICS(2)zz data
eported in these studies show that the clusters possess �-aromatic
haracter due to the presence of 10 valence s-electrons. The addi-
ion of a Sc or Y atom to the middle of the planar cyclo-Cu7

3−

luster in Cu7M (M = Sc [189], Y) [190] produces compounds that
ave enhanced aromaticity and that maintain a global minimum
tructure D7h symmetry (Fig. 35).

Although Sc, Ti+ and Zr+ are too small to be inserted into a
yclo-Ag7

3− cluster, a Y atom can be incorporated to produce the
g7Y species with a D7h symmetry global minimum structure, and
gain greater aromaticity than found for the cyclo-Ag7

3− cluster
190]. The aromatic Au7Y cluster has a Cs global minimum struc-
ure, but the D7h symmetry structure has an energy that is only
.02 eV higher than the Cs structure [190].

.2. Group 13 element rings

Calculations show that while the singlet structure with D7h sym-
etry is a possible minimum structure for the [CoB7]2+ dication, the

ther d-block atoms are too large to be encapsulated by the B7 ring
191].

The B8
2− dianion, in which a planar cyclo-B7 heptagon is cen-

ered by a heptacoordinate B atom in the middle of the ring, has
 planar D7h symmetry (1A′

1) ground state and exhibits double �-
nd �-aromaticity [192,193].  Photoelectron spectroscopic data and
heoretical calculations have been interpreted as showing that the
tructure of the B8

2− dianion in [LiB8]− is nearly identical to that
f the bare B8

2− dianion except for a slight out-of-plane distortion
ue to asymmetric capping by the Li+ cation to produce for [LiB8]− a
lobal minimum structure that has C7v symmetry [194]. The stabil-
ty of the B8

2− unit in [LiB8]− was said to indicate that it can serve
s a ligand in forming other complexes [194]. Calculations show
he stability of the D7h symmetry complexes (�7-BB7)2M (M = Fe,
o, Ni) in which each 6 �-electron cyclo-B7 heptagon unit is capped
y a B atom [151]. It has been suggested [155] that the B8

2− dian-
on might be stabilized in metal complexes that also contain the
5-C5H5
− ligand.

Cu

Cu

Cu

Cu

Cu

Cu

Cu
M

ig. 35. The stable minimum structure with D7h symmetry calculated for MCu7

M = Sc, Y) [190].
Fig. 38. X-ray crystal structure for Re2(�-I)2(CO)6(Se7) [197].

6.3. Group 15 element rings

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

Preliminary but less complete studies indicate that (�7-N7)La,
[(�7-N7)Th]+ and (�7-N7)2Sc are stable, while (�7-N7)Y, (�7-N7)Ac
and (�7-N7)2U are not [195]. Calculations suggest the stability of
the mixed ring compounds [(�5-N5)M(�7-N7)]q (q = 0, M = Ti, Zr,
Hf, Th; q = 1-, M = Sc) (Fig. 37)  with the Th complex the most stable
[196]. The study also shows that that [(�5-N5)V(�7-N7)]+ is unsta-
ble and likely to dissociate into two  N2 molecules, a V atom and one
each of N3 and N5 [196].

6.4. Group 16 element rings
7
coordinated to the two Re atoms in Re2(�-I)2(CO)6(Se7) (Fig. 38)
[197].

B
B

B B

B

B

B
BCo

-

Fig. 39. The global minimum structure of D8h symmetry calculated for [CoB8]−

[191,198].
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. Cyclo-X8 ligands

.1. Group 13 element rings

A theoretical study of many neutral and charged MB8 clusters of
he first-row transition elements shows that only the smaller atoms
Mn, Fe and Co) can be accommodated within the ring [191], with
he singlet state global minimum structure of D8h symmetry found
nly for [FeB8]2− and [CoB8]− (Fig. 39)  [191,198].  Both compounds
re doubly aromatic with 6 � and 10 � radial electrons [191,198].

As with the previously discussed B8
2− dianion, it has been sug-

ested [155] that the B9
− anion, in which a planar cyclo-B8 octagon

nit is centered by an octacoordinate B atom located in the middle
f the B8 ring [192], might be stabilized in metal complexes that
lso contain the �5-C5H5

− ligand.

.2. Groups 15 element rings

Preliminary DFT data suggest some bending of the cyclo-N8 units
n (�8-N8)2Th [195]. The cyclo-X8

2− units are centered by the metal
ons with crown-like or puckered rather than planar structures
n [X8M]q (M = Cr, X = As, q = 3- [199]; M = Mo,  X = As, q = 2- [199];

 = Mo,  X = Sb, q = 3- [199]; M = Nb, X = As, Sb, q = 3- [143]).

.3. Group 16 element rings

Single crystal X-ray studies show the presence of loosely
,3-coordinated �2-S8 rings and two loosely coordinated mon-
dentate X− anions in [(S8)2Ag]X (X = AsF6 [200], SbF6 (Fig. 40a)
201]). Although, to the first order of approximation, X-ray crys-
al data show the presence of �4-S8 rings in [Ag(S8)2][Al(pftb)4]
pftb = OC(CF3)3) and [Ag(S8)2][Sb(OTeF5)6] (Fig. 40b), closer exam-
nation of the crystal data for [Ag(S8)2][Al(pftb)4] measured at
50 K and 200 K show the presence of two different geometries
or each of the two �4-S8 rings. The compound [AgS8][Al(hfip)4]
hfip = OCH(CF3)2) also has a structure (Fig. 40c) with an almost
4-S8 ring and a [AgS8]+ group with approximately C4v symmetry

201].
The structure found for the cyclo-S8 unit in [(S8)2Ag]AsF6 [200]

as also been suggested as a possibility for [(S8)2Cu]+ [202]. How-
ver, recent calculations have shown that the complexes [S8M]+

refer the connectivity [(S4)2M]+ (M = Ca, V [202], Cu) [203]. In addi-
ion, for M = V, the isomers [V(S2)(S6)]+ and [V[(S3)(S5)]+ appear to
e even more stable [203], similar to what was previously noted
or [(�4-N4)2M]q ((M, q) = (Ni, 0), (Co, 1-), (Fe, 2-)) [52].
A 1,2-coordinated cyclo-S8 unit that bridges two  Re atoms
s found in Re2(�-X)2(CO)6(S8) (X = Br, I) [197], while nonplanar
,3-coordinated and 1,3,5-coordinated S8 rings are found in two
ifferent Rh complexes [204].
Fig. 41. Global minimum structure of D9h symmetry calculated for [FeB9]−

[191,198].

8. Cyclo-X9 ligands of Group 13 element rings

A theoretical study shows that the B9 rings in many neutral and
charged MB9 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 Cr and Mn
the best geometric matches for the rings [191]. A stable global min-
imum structure with D9h symmetry has been calculated for [FeB9]−

(Fig. 41)  [191,198].  This compound shows double aromaticity with
6 � and 10 � radial electrons and its stability is due the presence of
both �- and �-electrons [17]. Analogous structures are not found
for CoB9 and [NiB9]+. Rather, a nonplanar triplet state structure of
C1 symmetry is preferred by CoB9 and a nonplanar singlet structure
of Cs symmetry is preferred by [NiB9]+ [198].

9. Cyclo-X10 ligands of Group 13 element rings

A theoretical study of many neutral and charged MB10 clusters
of the first-row transition elements shows that the B10 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 Bn (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 �- and �-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 �- and �-aromaticity [23]. These developments have been

pursued using theoretical calculations, experimental procedures or
a combination of both approaches.

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

A goal at the theoretical level has been to find the relative sta-
ility of the isomers of particular molecules, with special interest

n establishing the global minimum structures. Other goals have
een to study the extent to which these compounds exhibit aro-
atic, antiaromatic and conflicting aromatic behavior, as well as

o determine the nature and extent of orbital participation in these
ypes of bonding. This has in turn led to assessments of the accuracy
f the different quantitative methods that have been developed to
ssess aromatic behavior and highlighted the need to both refine
nd develop even more complete and accurate methods. As this
ork continues, there may  be a need to reevaluate some past com-
utational studies to assess their accuracy.

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

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

Other examples show that complex stability [92,110,116,
17,190,191], ring hapticity [134,136–139] or ring conformation in
is-ring complexes [43,110,111,116,176,177] is influenced by the
ature of the transition metal used to form a metallocene complex
ith a given inorganic ring.

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

Several of the cited theoretical and experimental studies show
hat greater stability can be introduced into inorganic metal-
ocene complexes when cyclopentadienyl rings, alkyl substituted
yclopentadienyl rings or carbonyl ligands are also part of the coor-
ination sphere of a particular transition metal. One study has
hown that the stability of some complexes can be achieved by
eplacing the CO ligand with the even better � acceptor NO+ ligand
63].

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

Although the predictions offered in the theoretical studies and
he successful synthesis of new complexes are both of value in
xtending our knowledge and understanding of structure and
onding, the resulting complexes also have several potential prac-

ical applications. It is hoped that the continued theoretical and
xperimental study of these compounds will stimulate further
nterest in applying this knowledge to the discovery and develop-

ent of such applications.
y Reviews 255 (2011) 2746– 2763 2761

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 an important 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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