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CONSPECTUS

tomic clusters have intermediate properties between that of

individual atoms and bulk solids, which provide fertile
ground for the discovery of new molecules and novel chemical
bonding. In addition, the study of small clusters can help research-
ers design better nanosystems with specific physical and chemical
properties. From recent experimental and computational studies,
we know that small boron clusters possess planar structures stabilized by electron delocalization both in the o and s frameworks.
An interesting boron duster is B, which has a Dg, molecular wheel structure with a single boron atom in the center of a Bg ring.
This ring in the Dg;-By~ cluster is connected by eight classical two-center, two-electron bonds. In contrast, the duster's central
boron atom is bonded to the peripheral ring through three delocalized o and three delocalized sz bonds. This bonding structure
gives the molecular wheel double aromaticity and high electronic stability. The unprecedented structure and bonding pattern in
By~ and other planar boron dusters have inspired the designs of similar molecular wheel-type structures. But these mimics instead
substitute a heteroatom for the central boron.

Through recent experiments in cluster beams, chemists have demonstrated that transition metals can be doped into the center
of the planar boron dusters. These new metal-centered monocydic boron rings have variable ring sizes, M©OB, and MOB,, with
n=8-10. Using size-selected anion photoelectron spectroscopy and ab initio calculations, researchers have characterized these
novel borometallic molecules. Chemists have proposed a design principle based on ¢ and sz double aromaticity for electronically
stable borometallic cluster compounds, featuring a highly coordinated transition metal atom centered inside monocydic boron
rings. The central metal atom is coordinatively unsaturated in the direction perpendicular to the molecular plane. Thus, chemists
may design appropriate ligands to synthesize the molecular wheels in the bulk. In this Account, we discuss these recent
experimental and theoretical advances of this new class of aromatic borometallic compounds, which contain a highly coordinated
central transition metal atom inside a monocydlic boron ring. Through these examples, we show that atomic clusters can fadilitate
the discovery of new structures, new chemical bonding, and possibly new nanostructures with specific, advantageous properties.

VS
Dion-TaCB1o™

Don-Ru©By~

Dsn-CoCBg™

1. Introduction

The study of atomic clusters, with structures and properties
intermediate between individual atoms and bulk solids, has
a profound impact on our understanding of chemical bond-
ing and the rational design of nanosystems with tailored
physical and chemical properties.’ Joint experimental and
computational investigations over the past decade have
demonstrated that negatively charged boron clusters (B,,”)
possess planar (2D) structures at least up ton=23.2""" The
propensity for planar structures in pure boron clusters,
which can be traced to the electron-deficient character
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of the boron atoms, is in stark contrast with the three-
dimensional (3D) structural motifs found in bulk boron and
many solid boron derivatives. Even though the 2D—3D struc
tural transition has been found to occur at n = 16 for cationic
boron dlusters'? and n = 20 for neutral boron clusters,®'3
this transition has not been found for anionic clusters.
All planar boron clusters confirmed experimentally thus
far consist of an outer ring, featuring strong two-center,
two-electron (2c—2e) B—B bonds, and one or more inner
atoms interacting with the peripheral ring via delocalized
o and & bonding>°~"" To emphasize the role electron
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delocalization plays in the stability of planar boron clusters,
we note that the inner boron atoms in the anionic clusters
(n < 20) are bonded to the outer ring almost exclusively by
multicenter, two-electron bonds (nc—2e). One prototypical
example is the circular By~ cluster (B©Bs©B53),'* which
consists of two different delocalized 7 systems,® in addition
to o delocalized bonding. These delocalized bondings char-
acterize the interactions between the central B atom and
the middle Bs ring and between the Bs ring and the outer
B,3 ring. Interestingly, the inner B©Bs moiety has been
found to rotate almost freely inside the B,3 outer ring, akin
to an aromatic Wankel motor.'> Similar fluxional behavior
has also been found for the inner Bs ring in the planar B;3*
cluster, entirely owing to delocalized bonding between the
Bs unit and the outer By, ring.'®

The planar boron clusters that provided the inspira-
tion for metal doping are the eight- and nine-atom boron
clusters.>* These two clusters stand out as perfectly sym-
metric molecular wheels: B>~ (D) and Bo~ (Dgy,), each with
six o and six r electrons conforming to the (4N + 2) Huckel
rule for aromaticity.>* Chemical bonding analyses using the
adaptive natural density partitioning (AJNDP) method'”
confirmed that both clusters are doubly aromatic with un-
precedented multicenter electron delocalization. It should
be pointed out that the concept of double (¢ and ) aroma-
ticity was introduced for organic molecules previously.'®
However, attempts to substitute the central B atom with C
to form carbon-centered wheel structures'®~2' were not
successful and yielded only higher energy structures, be-
cause C avoids hypercoordination in B,C, clusters and pre-
fers to participate in localized 2c—2e ¢ bonding on the
periphery in the B—C mixed clusters.?>~2*

One interesting question was whether it would be possi-
ble to substitute the central B atom with a metal atom to
create clusters with a central metal atom coordinated by a
monocycdlic boron ring (M©B,)."* It was shown that simple
valence isoelectronic substitution by Al was not possible,
only resulting in “umbrella™type structures in AIB;~ (C;,) and
AlBg~ (Gg,),%® in which Al interacts with a concave B, or Bg
unit primarily through ionic bonding and does not participate
in delocalized bonding within the 2D boron frameworks.
Similar ionic interactions have also been observed in larger
AIB,~ (n=9—11) clusters.2® Gold was also considered in a prior
experiment, but it was found to form a covalent bond with a
corner boron atom on the periphery of a planar B in AuB¢~,
whereas the D;o,-AU©B; ¢ is a high-energy local minimum.?”

Recently, we have successfully produced a series of
transition-metal-centered boron rings in a supersonic cluster

beam by laser vaporization of mixed boron—metal targets:
Co©Bg~ and Ru©B,~,?® Rh©B,~ and Ir©By~,?° and
Nb©B;o~ and Ta®B;o .2° All these clusters have been
shown to be the global minima on their respective poten-
tial energy curves. A design principle has been proposed
for electronically stable M©B,*-type compounds. These
recent advances are discussed in this Account, and some
future perspectives are outlined.

2. Experimental and Computational Methods

2.1. Cluster Generation and Photoelectron Spectrosco-
py. The experiment was done using a magnetic-bottle
photoelectron spectroscopy (PES) apparatus equipped with
a laser vaporization cluster source that was described in
detail before.3' Briefly, the metal-doped boron clusters were
produced by laser vaporization of a disk target made of
isotopically enriched '°B or ''B powder and the respective
transition metals, balanced by Bi or Ag. The latter acted as
target binders and also provided atomic anions, Bi~ or Ag™,
as calibrants for the photoelectron spectra. Depending on
the mass and the isotope distributions of the metal dopant,
different isotopically enriched boron was used to avoid mass
overlaps between the metal-doped and pure boron clusters
that were usually formed in larger amounts. The clusters
were entrained in a He carrier gas seeded with 5% Ar and
underwent a supersonic expansion to form a collimated
cluster beam. Negatively charged clusters were extracted
and analyzed with a time-of-flight mass spectrometer.
An example of a mass spectrum for the Nb,,B,™ clusters
produced by laser vaporization of a B/Nb target is shown in
Figure S1, Supporting Information. The clusters of interest
were mass-selected and decelerated before photodetach-
ment by a laser beam at 193 nm (6.424 eV), 266 nm
(4.661 eV), or 355 nm (3.496 eV). Photoelectrons were
collected at nearly 100% efficiency by a magnetic bottle
and analyzed in a 3.5 m long electron flight tube. The
electron binding energy spectra were obtained by subtract-
ing the electron kinetic energy spectra from the detachment
photon energies. The resolution of the apparatus (AKE/KE)
was better than 2.5%, that is, ~25 meV for 1 eV electrons.

2.2. Theoretical Calculations. Detailed information on
the theoretical methods used for a given cluster is provided
in the literature.?8~3° Briefly, the first step in understanding
the photoelectron spectra and the structures of the doped
boron clusters was the search for the global minimum using
the coalescence-kick method'® with density functional the-
ory (DFT) calculations and small basis sets. The low-energy
structures identified were further optimized using larger
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basis sets. Vibrational frequency analyses were run to en-
sure that all the isomers were true minima on the respective
potential energy surfaces. Finally, single point energies for
the lowest isomers were calculated at CCSD(T), the “gold
standard” of computational chemistry. Vertical detachment
energies (VDEs) for the global minimum were calculated
at DFT and CCSD(T) and were used to compare with the
experimental data. When vibrational structures were re-
solved, the comparison of the experimental and theoretical
vibrational frequencies provided further support to the
identified global minimum. Chemical bonding was analyzed
using molecular orbitals (MOs) and the AANDP method,'”
which was particularly valuable for planar systems. The
calculations were usually done using Gaussian 09,32 except
for those of Ta©B,o~, which were done using the ADF
program.>3 The MO visualization for the AANDP analyses
was done using Molekel 5.4.0.8.3*

3. The Design Principle for Metal-Centered
Boron Wheel Clusters (M©B,,*")

Despite numerous theoretical reports on molecular wheel-
type clusters,'®2! only the pure boron clusters, Bg*~ and
By, with hepta- and octa-coordinated boron atoms were
proven to be the global minima on their respective potential
energy surfaces.>* The chemical bonding of these two
clusters involves classical 2c—2e bonds for the peripheral
boron rings (seven for Bg>~ and eight for By ) and six
delocalized ¢ electrons and six delocalized & electrons. Thus,
the bonding in these molecular wheels can be viewed as a
monocydlic boron ring interacting with a central B atom
entirely through delocalized bonds. Because the number of
o or xr electrons each satisfies the 4N + 2 Huckel rule for
aromaticity, these molecular wheels are considered to be
doubly aromatic. Thus, each peripheral B atom contributes
two valence electrons to the 2c—2e bonds of the outer ring
and one electron to the delocalized bonding between the
outer ring and the central atom, whereas the central B atom
contributes all three of its valence electrons to the deloca-
lized bonding. Replacing the central B in Bg*~ by C would
result in an isoelectronic D;,-CB;~, which was found to be a
local minimum.?? In fact, all group-14 elements were found
to give stable minima for D;,-MB; "~ clusters.?! However, C
has been confirmed experimentally to avoid the central
position, and the global minimum of CB;~ has G, symme-
try, in which the C atom is on the periphery.?* The reason
that C prefers the peripheral position is because C can form
strong 2c—2e bonds, which is only possible on the periphery,
whereas in the central position only delocalized multicenter

352 = ACCOUNTS OF CHEMICAL RESEARCH = 350-358 = 2013 = Vol. 46, No. 2

bonding is possible. A Do,-AlBg™ has been found to be alocal
minimum,3 but we have shown that Al also does not favor
the central planar position in AIB .25

Once the main-group elements came out of favor
as potential substituents for the central B atom to create
molecular wheels, the focus of theoretical studies shifted
to transition-metal-doped boron systems.3¢~4° Two previous
reports showed that Dg,-CoBg™, Dgy-FeBg~, and Dg-FeBg>~
were global minima, while a number of other transition metal
doped boron rings (MB;,) with n=7—10 were found to be only
local minima.3®3® Nucleus-independent chemical shift*' cal-
culations showed that all these clusters were highly aromatic.
The introduction of the AANDP method greatly simplified the
bonding analysis and revealed that all planar wheel-type
boron clusters featured double ¢ and 7 aromaticity.*°

Based on the double aromaticity requirement, (4N, + 2)
delocalized o electrons and (4N, + 2) delocalized x electrons
to fulfill the Hiickel aromaticity rule, a general electronic
design principle has been proposed that involves the formal
valence of the transition metal (x), the number of peripheral
boron atoms (n), and the cluster's charge (k). To form electro-
nically stable and doubly aromatic wheel-type clusters
(MMeB,*), the design principle requires that the total
number of bonding electrons present in the system, 3n +
X + k, participate in n 2c—2e B—B petripheral o bonds and two
sets of aromatic delocalized bonds (12 e for 6 ¢ and 6 =«
electrons), thatis, 3n + x + k=2n + 12.In other words, foran
electronically stable M¥©B,“~ cluster with double aromati-
city, n + x + k = 12. For singly charged M¥©B,,~ clusters
(k =1), n + x = 11. As shown below, in addition to the
electron counting to satisfy double aromaticity, the ability
of the central atom to form delocalized bonds and the
favorable interactions between M and the B, ring are also
essential for the formation of the wheel structures.

However, geometric or steric considerations should prob-
ably limit the ring size to be at least seven atoms. For
pure boron clusters, it was found that the B, cluster has
a hexa-pyramidal structure,® which suggests that even the
boron atom is too large to fit inside a Bg ring. The smallest
molecular wheel structure found experimentally is the
D;n-Bg®~ cluster,* while Bg~ has a slightly distorted planar
structure with a D,, symmetry due to the Jahn—Teller
effect.? When applied to a hypothetical D;,-M©B; ™~ clustet,
the design principle requires a valence IV element. The
formal satisfaction of the electron counting rules may not
be sufficient to make the wheel structure the global mini-
mum. For example, even though Au has the right valence
to make an electronically stable Au©B;o~ wheel, we have
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shown that the wheel structure is not the global minimum
for AuB;o~,*” because the Au 5d-AOs do not participate in
bonding with the boron B¢ ting.

4. Case Studies of M©B,,” Molecular Wheels:
From Theoretical Analyses to Experimental
Discoveries

Clusters with high symmetry often have lower densities
of energy levels as a result of degeneracy. Furthermore,
chemical and thermodynamic stabilities are related to the
electron affinity for open-shell neutral species or the energy
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) for
closed-shell neutral species. Therefore, there are a number
of signatures that can be readily recognized in PES spectra
for highly stable and symmetric clusters. In the initial experi-
mental effort, we screened a large number of transition-
metal-doped boron clusters using PES to find clues about
structural and electronic stabilities. To exemplify the ap-
proach, we show the PES data in Figure S2, Supporting
Information for a set of ruthenium-doped boron clusters,
RuB,,~ (n=3-10). It can be clearly seen that RuBy ™~ gives a
relatively simple PES spectrum with a few narrow spectral
features and an unusually high electron binding energies,
providing hints for a highly stable and symmetric system.
Similar screening experiments have been performed for
many transition-metal-doped boron clusters, and a series
of clusters have been discovered to form stable molecular
wheel-type structures.?8-3°

4.1. M©Bg~ Molecular Wheels. When applied to a
Dg,M©Bg™ cluster, the design principle requires that the
transition metal atom should contribute three valence elec-
trons to delocalized bonding. Given the small size of the
Bg ring, the best candidate for such a cluster should be a 3d
metal. Indeed, Dg;-CoBg~ and -FeBg>~ were calculated to be
global minima.3638 CoBg~ was the first Dg,-M©Bg~ molec-
ular wheel characterized experimentally.?® Figure 1 shows
the PES spectra of CoBg™ at two detachment photon ener-
gies. The global minimum Dg,-Co©Bg™ structure is shown
in Figure 2A, which is similar to that reported in an earlier
theoretical study.® To confirm that the Dg, structure is
indeed the global minimum of CoBg~, we compared the
computed VDEs with the experimental data and analyzed
the vibrational structures resolved in the 266 nm spectrum.
The calculated VDEs using both DFT and CCSD(T) methods
showed good agreement with the experimental data.?® To
better understand the PES transitions and the structural
changes that occur upon detachment of an electron from

CoBy" X CoBg
193 nm 266 nm

Binding Energy (eV) Binding Energy (eV)

FIGURE 1. Photoelectron spectra of Co©Bg™ at 193 nm (left) and
266 nm (right).28 The vertical lines in the 266 nm spectrum indicate
vibrational structures. Reproduced from ref 28. Copyright 2011 Wiley.

(a)

Co®By (D, 19) Co®B, (D,,, *B,,)
HOMO HOMO’ HOMO 1 HOMO-2 HOMO-3 HOMO-3’
2e,,
HOMO-4 HOMO-4’ HOMO 5 HOMO-6 HOMO 7 HOMO 7
le, le, 2a,
HOMO-8 HOMO-8 HOMO-9 HOMO-9° HOMO-10
e, e, 1e,, 1e,, 1a,

FIGURE 2. (A) Optimized structures for Co©Bg~ and Co©Bg along with
their point group symmetries and spectroscopic states (bond lengths
are given in A).28 (B) Molecular orbitals and symmetries of COOBg ™.
Reproduced from ref 28. Copyright 2011 Wiley.

Co©Bg™, it is instructive to analyze the MOs of Co©Bg™
(Figure 2B). The HOMO of Co©Bg™~ (2eq,) is a degenerate
o orbital. Removal of one electron from the HOMO lifts the
degeneracy, and the ensuing Jahn—Teller effect causes an
in-plane distortion, reducing the symmetry of the neutral
cluster to Dy, (°By,) (Figure 2A). This geometry change is
reflected in the resolved vibrational structures in the 266 nm
spectrum (Figure 1), corresponding to two symmetric in-
plane vibrational modes of the D,,-Co©Bg ground state.
Good agreement was found between the calculated and the
observed vibrational frequencies, lending further credence
to the structural analyses.?®
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FIGURE 3. AdNDP analysis for Co©Bg .

Further chemical bonding analyses using AANDP clearly
revealed 3d lone pairs, localized 2c—2e B—B bonds, and
delocalized 9c—2e o and & bonds in Co©Bg~, as shown in
Figure 3. Co (3d”4s?) has 9 valence electrons, resulting in a
total of 34 valence electrons for CoBg ™. It is in its +3 oxidation
state in this case, and the AANDP analyses revealed clearly
three 3d lone-pairs (d,, dyy, dxz_,2). The remaining 28 electrons
form eight 2c—2e peripheral B—B bonds, three completely
delocalized 9c—2e s-bonds, and three completely delocalized
9c—2e o-bonds. The latter bonding features give rise to double
aromaticity for CO©Bg~, very similar to that in By .2

In addition to Co©Bg~, we have also examined the
isoelectronic RhBg ™ and IrBg~ clusters (Figure S3, Supporting
Information). Our preliminary analysis showed that these
atoms are too large to fit inside a Bg-ring comfortably.
As a consequence of the geometrical constraint, the metal
atom is squeezed out of the plane slightly (~0.5 A), distort-
ing the RhBg™ and IrBg™ clusters to Cg, symmetry. Hence,
DgM©Bg™ type systems are probably the smallest boro-
metallic molecular wheels.

4.2. MO©By~ Molecular Wheels. For MO©Bgy~ systems, our
design principle requires the central atom to be in its 42
oxidation state. The Fe-group elements are ideal to form
closed-shell MO©Bg ™~ clusters. Indeed, Fe©Bgy ™~ was computed
to be a stable minimum.3¢-384% Qur experimental PES
spectra for Fe©Bg~ display broader features, indicating the
possible presence of other low-lying isomers.** As shown in
Figure S2, Supporting Information, RuBg ~ is the most promis-
ing example for a perfect Do,"M©Bg ~ cluster. The photo-
electron spectra of RuBy ™~ at 193 and 266 nm are displayed
in Figure 4. The relatively simple PES pattern and unusually
high electron binding energies suggested that RuBg~ must
be highly stable electronically and possess high symmetry.
Our global optimization found indeed that the ground state
of RuBg~ possesses Dg, symmetry (Figure 5A). The MOs
of the Dg,-RU©Bg ™ are shown in Figure 5B and can be used
to understand the PES data.?®

The HOMO of Ru©Bgy ™ is the nonbonding 4d,. orbital of
Ru. Removal of one electron from this orbital, corresponding
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RuBgy* I RuBy A |
193 nm | \ 266 nm

Binding Energy (eV) Binding Energy (eV)

FIGURE 4. Photoelectron spectra of RuBy ™~ at 193 nm (left) and 266 nm
(right). The numbers in the 266 nm spectrum indicate vibrational
structures. Reproduced from ref 28. Copyright 2011 Wiley.

. & S @ 8 ke

HOMO  HOMO-1  HOMO-1” HOMO-2  HOMO-3 HOMO-3’
3a, 2e, 2e, 1a, 2e, 2e,

HOMO-4 HOMO-4° HOMO-5 HOMO-6 HOMO-6° HOMO-7
1e, 1e, 2a, 1e, 1e, 1e,

HOMO-77 HOMO-8 HOMO-8 HOMO-9 HOMO-9° HOMO-10
1e, 1e, 1e, 1e;’ 1e; 1a’

FIGURE 5. (A) Optimized structures for Ru©By~ and Ru©Bg along with
their point group symmetries and spectroscopic states (bond lengths
are given in A).28 (B) Molecular orbitals and symmetries of RUOBg .
Reproduced from ref 28. Copyright 2011 Wiley.

to the X band in the PES spectra (Figure 4), should not affect
the peripheral By ring. However, a very slight out-of-plane
distortion of the Ru atom was observed from our geomet-
rical optimization of the doublet ground state of the neutral,
resulting in a Co,-RU©By (Figure 5A).%8 The unresolved vibra-
tional structure in the X band is consistent with the structural
distortion: the vibrational frequency for the out-of-plane
mode by Ru is computed to be only 36 cm~', which was
too low to be resolved in our experiment. The HOMO — 1 of
Ru©By~ is a doubly degenerate o orbital, similar to the
HOMO of Co©Bg~ (Figure 2B). Detachment of an electron
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FIGURE 6. AANDP analysis for Ru©Bg .

from this orbital corresponds to band A in the PES spectra
(Figure 4). Indeed, we observed vibrational structures for this
detachment band due to the expected Jahn—Teller effect,
similar to the X band of Co©Bg™ (Figure 1). The calculated
VDEs for the first four detachment channels of Ru©Bg ™~ are
all in good agreement with the observed PES bands.
The agreement between the theoretical and experimental
results confirmed unequivocally that the global minimum of
RuBg~ is the Do, molecular wheel .22

The AdANDP analysis shown in Figure 6 reveals that
RUu®©Bgy™ is doubly aromatic with three o and three = 10c—2e
delocalized bonds consistent with the electronic requirement
of our design principle, in addition to the nine 2c—2e B—B
bonds for the Bg ring and three 4d lone pairs.

4.3. Neutral M©Boy Molecular Wheels. Our electronic
design principle says n + x = 12 for doubly aromatic neutral
clusters (k = 0). However, experimentally we can only study
negatively charged species using PES of size-selected anions.
For stable and closed-shell neutral M©B,, species, a large
HOMO-LUMO gap is expected, which can be probed di-
rectly in the PES spectra of the corresponding anions. Based
on the high stability of Ru©By~ discussed above, we ex-
pected that the isoelectronic neutral Rh©By should be a
good candidate as a stable neutral MO©Bg species. Indeed, we
found that both Rh©Bg and Ir©Bgy are highly stable and
symmetric Do,, doubly aromatic species, as revealed in the
PES spectra of their anions in Figure 7. The HOMO—-LUMO
gap defined by the X and A bands was measured to be 1.21
and 1.59 eV for Rn©By and Ir©By, respectively.

Vibrational structures were resolved in the X band in each
species (Figure 7B,D), suggesting that slight structural
changes take place between the ground state of the anion
and that of the neutral. Our structural optimizations showed
that the global minima of Rh©By~ and Ir©Bg~ have G,
symmetry due to the Jahn—Teller effects, whereas neutral
Rh©Bg and Ir©Bg are perfect closed-shell molecular wheels
with Do, symmetry.?°

4.4. MG©B,o~ Molecular Wheels. The application of our
design principle to a Bo-ring suggests that a transition metal

A ? B Il i ‘ A |
RhBy A"J»‘ c RhBg™ l‘ l ‘
193 nm ‘f‘ W E 266 nm IRl H “f)
| \ i 355nm | ‘ ¢
N |
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N } \\ Y, ‘,a. |
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FIGURE 7. Photoelectron spectra of RhBy~ and IrBg~ at 355, 266, and
192 nm. The vertical lines in the 355 spectrum of RhBy ™ indicate
vibrational structures. Reproduced from ref 29. Copyright 2012
American Chemical Society.
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FIGURE 8. Photoelectron spectra of (A) TaB;o~ and (B) NbB;,~ at 193
and 266 nm. The vertical lines in the 266 nm spectra indicate
vibrational structures. Reproduced from ref 30. Copyright 2012 Wiley.

with a valence of one is required to form stable M©B;¢™
wheel structures (x + n =11 for k = 1). However, previous
experimental and computational results showed that the
most promising candidate, Au©B; o, is more than 50 kcal/mol
higher in energy relative to the global minimum structure,
in which the Au atom is covalently bonded to a planar
Bio~ dluster,?” akin to a hydrogen atom.*? The question was
whether it would be possible to form metal-doped molecular
wheels with B¢ or larger boron rings.

Our extensive expetimental screening of transition-
metal-doped MB,,~ clusters led to a set of relatively simple
PES spectra for TaB;,, as shown in Figure 8A.3° The main
PES features of the isoelectronic NbB,~ cluster (Figure 8B)
were observed to be similar to those of TaB, o, with additional
low binding energy features (X', A’, B') probably due to
a low-lying isomer. These observations prompted us to
closely investigate the geometric structures and the bonding
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Ta®©B,, (D
0.0 kcal'mol!

1A‘Q) TaBm' (sz, ‘A1)
8.6 kcal'mol!

10n’

Nb©B,; (D,
0.0 kcal'mol

'A‘g) NbBio‘ (sz’ 1A|)
5.4 kcal'mol”

FIGURE 9. Optimized structures of the two lowest energy isomers
of TaB;o~ and NbB; o, their point group symmetries, spectroscopic
states, and relative energies (bond lengths are given in A).
Reproduced from ref 30. Copyright 2012 Wiley.

of these clusters. Global minimum searches for TaB;q~
revealed that its most stable structure possesses an un-
precedented Dqon, symmetry with a 3D “boat’-like isomer
almost 9 kcal/mol higher in energy (Figure 9). The NbB;o~
cluster displays a similar set of structures, but its boat-like
isomer is closer in energy to the global minimum D1 ¢,-Nb@B10™
structure. Most importantly, the calculated VDEs of the D;qp
global minimum are in good agreement with the observed
PES features, whereas for NbB,,~ the calculated VDEs for
the boat-like isomer were in good agreement with the low
binding energy features. Clearly, under our experimental
conditions, the boat isomer was weakly populated in the
cluster beam of NbB;o~ because its energy was not too high
relative to the global minimum molecular wheel.

We found that the relative stability of the D;o,-M©Bo~
wheel structure decreases going up the periodic table from
M = Ta to V, as a result of the geometrical effects. For the
valence isoelectronic VB~ cluster, we found that the wheel-
type structure is only a high-lying isomer on the potential
energy surface and is not present in the PES spectra.**

The chemical bonding analyses of the MOB, o~ molecular
wheels are interesting. The MOs of Ta©B;,~ (Figure 10A)
indicate that there are six electrons in three completely
delocalized = orbitals (HOMO-2, HOMO-2/, and HOMO-3)
similar to the s electron system of the other metal-doped
boron clusters. However, there are no localized 5d orbitals
on the Ta center, that is, Ta is in its +5 oxidation state in
Ta®©B,o". The AANDP analysis gives a more complete pic-
ture of the bonding situation in Ta©B,¢~, as shown in
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FIGURE 10. (A) Molecular orbitals and symmetries of Ta©B¢ .
(B) AANDP analysis for Ta©Bq¢ .

Figure 10B. There are 10 localized 2c—2e bonds responsible
for the Bqo ring and three totally delocalized x bonds.
Interestingly, we observed five completely delocalized ¢ bonds
with 10 electrons, in contrast to the usual three delocalized
o bonds observed in aromatic molecular-wheel-type planar
boron or doped-boron clusters up to now. The 10 delocal-
ized o electrons also fulfill the 4N, + 2 Hiickel rule for
aromaticity.*® Thus, Ta©B,, "~ is doubly aromatic but with a
total of 16 delocalized electrons. Therefore, the electronic
design principle should be x + 3n + k=2n+ 16 0orx +n +
k=16.ForTa®©B,o,x=5,n=10,and k= 1. In other words,
the 5d orbitals of Ta participate in the delocalized bonding
with the peripheral B,o-ring. This bonding is critical for stabi-
lizing the M©B;o~ molecular wheels. Since Au has a filled 5d
shell that cannot effectively participate in bonding with the
B1o1ing, the corresponding Au©B,o~ molecular wheel is not
stable.?” In fact, even though the bonding in Nb©B, o~ is similar
tothatin Ta©B;o~, Nb©B, ¢ is less stable because the degree
of the 4d bonding with the B;qting is weaker. The 3d-B;q
bonding is even weaker, making V©B,,~ much less stable.**

5. Conclusions and Perspective

We have discussed recent experimental and theoretical
discoveries of a new class of aromatic borometallic
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compounds, containing a highly coordinated central transi-
tion metal atom inside a monocyclic boron ring. Electronic
design principles have been advanced that allow both
rationalization of the stability of the DpirM©B,*~ type mo-
lecular wheels and the prediction of new stable clusters.
Research so far has focused on n=8-10, which are the most
promising size range. As concluded in a recent Perspective
article by Heine and Merino,*® “Are Ta©B;,~ and Nb©B;o~
the planar systems with the highest coordination number?
We don't know.” Indeed, we have not considered experi-
mentally all the metal elements in the periodic table.
The augmented design principle®” for 6 delocalized = and
10 delocalized o electrons predicts electronically stable
M®©B,;~ systems for valence IV metals. A more important
and pertinent question is: can these molecular wheels be
synthesized in bulk quantities and crystallized? Interestingly,
planar monocyclic Bg rings have been discovered recently as
key structural building blocks in a multimetallic com-
pound, Ti;Rh4lr,Bg.*” A relevant question would be: what
about transition metal doped boron rings in the bulk? On
the other hand, because of the central position of the
transition-metal atom in the M©B,*~ molecular wheels,
appropriate ligands may be conceived for coordination
above and below the molecular plane, rendering chemical
protection and allowing syntheses of this new class of
novel borometallic complexes. The examples discussed
in this Account demonstrate that atomic clusters remain
a fertile field to discover new structures, new chemical
bonding, and maybe new nanostructures with tailored
properties.
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