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The concept of aromaticity was introduced into organic
chemistry to describe delocalized t bonding in planar, cyclic,
and conjugate molecules possessing (4n+2) m electrons.!! In
recent years, this concept has been advanced into main-group
molecules including organometallic compounds with cyclic
cores of metal atoms? and, in particular, all-metal clusters.P!
It has been shown that main-group clusters may exhibit
multiple aromaticity (o and ), multiple antiaromaticity (o
and ), and conflicting aromaticity (o aromaticity and s anti-
aromaticity or o antiaromaticity and m aromaticity).*®! Here,
we report experimental and theoretical evidence of 6 aroma-
ticity, which is only possible in transition-metal systems. It is
discovered in the [Ta;O;]~ cluster through combined photo-
electron spectroscopy and ab initio studies. Well-resolved
low-lying electronic transitions are observed in the photo-
electron spectra of [Ta;O;]” and are compared with ab initio
calculations, which show that the [Ta;Os] " cluster has a planar
D, triangular structure. Chemical-bonding analyses reveal
that among the five valence molecular orbitals involved in the
multicenter metal-metal bonding, there is a completely
bonding 6 and & orbital formed from the 5d atomic orbitals
of Ta. The totally delocalized multicenter & bond renders
0 aromaticity for [Ta;O;]” and represents a new mode of
chemical bonding. [Ta;O;]™ is the first 8-aromatic molecule
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confirmed experimentally and theoretically, which suggests
that 0 aromaticity may exist in many multinuclear, low-
oxidation-state transition-metal compounds.

In 1964, Cotton and co-workers published a milestone
work on K,[Re,Cl]2H,0," in which they showed the
presence of a new type of chemical bond—a 6 bond between
the two Re atoms. Since then, a branch of inorganic chemistry
has been developed that involves multiple metal-metal
bonding® with bond orders higher than three, the maximum
allowed for main-group systems. Power and co-workers
recently reported the synthesis of a Cr, compound with a
quintuple bond (c?m*d*) between the two Cr atoms.”! This
work, along with recent quantum chemical studies of multiple
bonds in U, and [Re,Cl]*~,l'" has generated renewed interest
in multiple metal-metal bonding.!'®! The presence of
0 bonds between two transition-metal atoms suggests that
multicenter transition-metal species with a completely delo-
calized cyclic 8 bond may exist, thus raising the possibility of
0 aromaticity analogous to 7 or ¢ aromaticity in main-group
systems. We have been interested in understanding the
electronic structure and chemical bonding of early transi-
tion-metal oxide clusters as a function of size and composi-
tion, and in using them as potential molecular models for
oxide catalysts.'*'*! During our investigation of tantalum
oxide clusters, we found the presence of d aromaticity in the
[Ta;0;] cluster, in which each Ta atom is in a low oxidation
state of Ta™ and still possesses three electrons for Ta-Ta
bonding.

The experiment was conducted by using a magnetic-
bottle-type photoelectron spectroscopy apparatus equipped
with a laser vaporization cluster source.'” [Ta,,0,]” clusters
with various compositions were produced by laser vapor-
ization of a pure tantalum disk target in the presence of a
helium carrier gas seeded with O,, and were size-separated by
time-of-flight mass spectrometry. The [Ta;Os;]” species was
mass-selected and decelerated before photodetachment by a
pulsed laser beam. Photoelectron spectra were obtained at
two relatively high photon energies, 193 nm (6.424 eV) and
157 nm (7.866 €V), to guarantee access to all valence elec-
tronic transitions (Figure 1). Three well-resolved bands (X, A,
and B) were observed at the lower-binding-energy side. The
X band is much more intense and shows a discernible splitting
at 193 nm (Figure 1a). Surprisingly, no well-defined elec-
tronic transitions were observed beyond 3.7 eV, where con-
tinuous signals were present, probably as a result of multi-
electron transitions. The vertical detachment energies
(VDEs) of the observed transitions at the low-binding-
energy side are given in Table 1, where they are compared
with theoretical calculations by two different methods.
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Figure 1. Photoelectron spectra of [Ta;O;]". a) 193 nm (6.424 eV);
b) 157 nm (7.866 eV).

Table 1: Experimental VDEs [eV] for [Ta;O;]” compared with those
calculated for the D;, global minimum.

VDE (exp.)  Final state and configuration VDE VDE
(B3LYP)El (B3PW9T)E!

X 2.254+0.03" ’E’ (3a,%2a,"%4a,4e”) 2.27 2.25

A 2.8940.02 2A/ (3a,%2a,"%4a,"4e") 2.93 2.96

B 3.44+0.03 ?A) (3a,%2a,"'4a,%4e™) 3.27 3.36

[a] Using the Ta/Stuttgart+2f1g/O/aug-cc-pvTZ basis set. [b] The
adiabatic electron-detachment energy was measured to be (2.22+
0.03) eV.

We initially performed an extensive search for the
[Ta;0;]™ global minimum for the singlet, triplet, and quintet
states at the B3ALYP/LANL2DZ level of theory, and then
recalculated the global minimum structure and the three
lowest isomers at three other levels of theory (see the
Supporting Information for references, details of theoretical
calculations, and more theoretical results). We found that the
[Ta;05]" global minimum has a perfect Dy, (‘A;) planar
triangular structure I (Figure 2). The closest isomer II is 6.6
(B3LYP/Ta/Stuttgart + 2f1g/O/aug-cc-pvTZ) and 1.7 kcal
mol~" (B3PW91/Ta/Stuttgart +2f1g/O/aug-cc-pvIZ) higher
in energy than the D5, ground state. The theoretical VDEs of
the global minimum at the two highest levels of theory are
compared with the experimental data in Table 1. One can see
that the calculated VDEs for the global minimum structure I
agree well with the experimental results, whereas those for
the three low-lying isomers (see the Supporting Information)
are completely off, thus lending considerable credence to the
theoretical methods and the Dj, structure for [Ta;Os]”. The
highest occupied molecular orbital (HOMO, 4e¢") of the Dy,
[Ta;0;5]” is doubly degenerate, consistent with the intense
X band observed experimentally. The splitting of the X band
could be a consequence of either a Jahn-Teller effect or spin—
orbit coupling.
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I’ D3fl (IAI’)
AE= 0.0 kcal mol™
[AE = 0.0 kcal mol™']

1L, C, CA”)
AE= 6.6 kcal mol™
[AE= 1.7 kcal mol™]

v, C, ('A)
AE=15.0 kcal mol™!
[AE=12.7 kcal mol™']

III, C, CA)
AE=12.0 kcal mol!
[AE= 7.5 kcal mol ]

Figure 2. Optimized structures for the global minimum of [Ta;0;]~
(D3, 'AY) and selected low-lying isomers. The relative energies AE,y,
[kcalmol™"] and interatomic distances [A] were calculated at the
B3LYP/Ta/Stuttgart + 2f1g/O/aug-cc-pvTZ level of theory (AE,,, at the
B3PW91/Ta/Stuttgart+ 2f1g/O/aug-cc-pvTZ level is shown in brack-
ets).

To help understand the structure and bonding in [Ta;O5]~
we performed a detailed molecular orbital (MO) analysis.
Out of the 34 valence electrons in [Ta;Os]~, 24 belong to
either pure oxygen lone pairs or those polarized towards Ta
(responsible for the covalent contributions to Ta—O bonding).
The remaining ten valence electrons are primarily Ta-based
and are involved in direct metal-metal bonding (Figure 3).
Among the five MOs, three are responsible for ¢ bonding of
the triangular Ta; framework. They include the partially
bonding/antibonding doubly degenerate 4¢" HOMO and the
completely bonding 3a," HOMO-3. The antibonding nature of
the HOMO significantly reduces the o-bonding contribution
to the Ta; framework.""® In the [Ta;O;]™ anion, the HOMO-2
(2a,") is a completely bonding 7 orbital composed primarily
of the 5d orbitals of Ta, thus giving rise to m-aromatic
character according to the (4n+2) Hiickel rule for st aroma-
ticity."")

The most interesting MO is HOMO-1 (4a,’), which is a
completely bonding orbital that comes mainly from the
overlap of the d_: orbital on each Ta atom. This orbital has the
“appearance” of a m orbital with major overlaps above and
below the molecular plane, but it is not a ni-type MO because
it is symmetric with respect to the molecular plane. However,
perpendicular to the molecular C; axis this MO has two nodal
surfaces, and thus it is a & orbital.?™ In fact, a similar o-
bonding MO exists in the recently synthesized quintuple-
bond Cr, complex,”” in which it is a two-center bond formed
from a d, orbital on each Cratom.™ Analogous to the
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Figure 3. The five valence MOs responsible for the metal-metal bond-
ing in [Ta;05]™ (Dsp, 'AY).

circularly delocalized t MO over three carbon atoms, which
renders [CsH;]" m-aromatic,” the circular delocalization and
the bonding nature of the 4a," MO give rise to d aromaticity in
[Ta;O5]~, which is also consistent with the (4n+2) Hiickel
rule. In the [Ta;0;]" cluster, the 8 MO is a three-center
bond, but similar types of MOs are possible in planar
tetraatomic, pentaatomic, or larger transition-metal systems.

Therefore, the [Ta;O;]~ cluster exhibits an unprecedented
multiple (0 and ) aromaticity, which is responsible for the
metal-metal bonding and the perfect triangular Ta; frame-
work. The stability of the Ta; triangular kernel can be seen in
all the low-lying isomers of [Ta;O;]” (Figure2 and the
Supporting Information), which differ only in the coordina-
tion of the oxygen atoms to the aromatic Ta; framework.
Notably, the energy ordering of 6 (HOMO-3) <t (HOMO-
2) < d (HOMO-1) (Table 1 and Figure 3) indicates that the
strength of the metal-metal bonding increases from d to 7 to
o, in agreement with the intuitive expectation that o-type
overlap is greater than ni-type overlap, and that d-type overlap
is the weakest, as is also the case in the multiple bonding of
diatomic transition-metal compounds including the classical
[Re,Clg)*."51 Despite the expected weaker overlap in the
0 MO, it makes important contributions to the overall metal—
metal bonding, as shown in the quintuple bonds in the new Cr,
complex®" ! or in the U, dimer." The three-center
delocalization in the aromatic d MO in [Ta;05]" is expected
to provide even more bonding contributions than in the cases
of the metal dimers, even though it is difficult to quantify
them. The three-center delocalization in the aromatic
[W;04]*" ion that results from a d-d o bond was estimated
previously to provide about 1 eV additional resonance energy,
similar to that estimated for benzene.!!
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Aromaticity in transition-metal systems has been dis-
cussed in the literature,[*>2'=" particularly since the discovery
of aromaticity in all-metal clusters.”! King®®? and Li®*"! have
considered aromaticity in transition-metal oxides as a result
of metal-metal interactions through M-O-M bridges. The
[Hg,]° cluster, which is a building block of the [Na;Hg,]
amalgam, has been shown by Kuznetsov etal.? to be
aromatic and similar to the all-metal [Al,]*~ unit.®! Tsipis
et al.®*! explained the planar structure of cyclic coinage-
metal hydrides on the basis of their aromatic character.
Aromaticity in square-planar coinage-metal clusters was
discussed by Wannere et al.””) and Lin et al.,” and Alexan-
drova et al.”! suggested the presence of aromaticity in the
[CusC,]~ cluster. Datta et al.*” used d-orbital aromaticity to
explain the metal-ring structure in tiara nickel thiolates.
Recently, Huang et al.’}l demonstrated the presence of d-
orbital aromaticity in the 4d and 5d transition-metal-oxide
clusters [Mo;Oy]*" and [W;0¢)*". The claim of d-orbital
aromaticity in the square-planar coinage-metal clusters?” was
questioned by Lin et al.,” who showed that the completely
filled d orbitals do not play any significant role in the bonding
in these clusters. Instead, aromaticity in these systems comes
primarily from o-bonding interactions of the valence s elec-
trons. Thus, today the [Mo;0,]*>~ and [W;0,]*~ clusters are the
only examples in which aromaticity comes from d-bonding
interactions, albeit with o character.”!]

In the [Ta;0;] cluster, we have found two new types of d-
bonding interactions that lead to m and d aromaticity. The
0 aromaticity in this cluster is a new mode of chemical
bonding that can only occur in multinuclear transition-metal
systems. The current finding suggests that 6 aromaticity may
exist in many cyclic transition-metal systems containing metal
atoms in low oxidation states. The next challenge is to find
¢ aromaticity, which may occur in multinuclear and cyclic f-
metal systems.
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