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ABSTRACT: Mobius aromaticity was developed for twisted annulenes with electron counting rules opposite to those of Hiickel
aromaticity. The introduction of transition metals makes it possible for planar cyclic systems to exhibit Mobius aromaticity. Here we
report the first planar monocyclic metallaboron systems with Mobius aromaticity. The structures and bonding of two rhenium-
boride clusters are studied by high-resolution photoelectron imaging and ab initio calculations. The ReB;™ cluster is shown to have a
near-pyramidal structure, while ReB,™ is found to be a planar pentagonal ring. Chemical bonding analyses show that both ReB,™ and
ReB, possess four delocalized 7-electrons, including two 7-electrons in an orbital of Mobius topology. NICS calculations reveal
strong aromatic characters in ReB,” and ReB,, consistent with the 4n electron counting rule for Mobius aromaticity.

Mobius strip can be realized by taking a paper strip,
twisting it by 180°, and then joining its two ends to form
a loop. Heilbronner first considered the Hiickel molecular
orbitals (MOs) of Mobius-type annulenes and showed that
they are aromatic with 4n 7-electrons or antiaromatic with 4n +
2m-electrons.” The electron counting rule for Mdbius
aromaticity is opposite to that for Hiickel aromaticity because
of the phase change of the overlapping p,-orbitals caused by the
180° twist in the Mobius topology. Because of the ring strain
induced by the twist,” the first Mdbius aromatic molecule
synthesized, [16]annulene, was stabilized by a “belt-like”
aromatic motif.” Craig and Paddock proposed “a novel type
of aromaticity” earlier by considering p,—d,—p,-interactions in
cyclic molecules containing a S- or P-atom.” Interestingly, d-
orbitals can induce a phase change in the overlapping p,-
orbitals in planar cyclic systems if the tangential d-orbital (dyz)
conjugates with the p_-orbitals on the neighboring atoms, such
as in metallabenzenes.” Although the bonding in metal-
labenezenes is complicated,”’ Mobius aromaticity was
demonstrated computationally in planar metallacycles with
4n m-electrons.” Planar bicyclic osmapentalynes were synthe-
sized and were shown to exhibit Mobius aromaticity.”
Recently, Mobius aromaticity in planar metallacycles has
drawn significant interest.'*~"”

The structures and bonding of size-selected boron clusters
(B,”) have been extensively investigated using photoelectron
spectroscopy (PES) and computational chemistry."*™>° Small
boron clusters have been found to be planar and aromatic
following the Hiickel rules.”'~*® Recently, we reported an
aromatic metallaboron analogue of metallabenzenes, ReB4~,
which was found to possess a planar hexagonal structure with a
central B-atom and six delocalized 7-electrons.” An interesting
question arises: can MObius aromatic metallaboron clusters
exist? Transition-metal-doped boron clusters have been
investigated by PES and computational chemistry.’’~>* Larger
MB,~ clusters form aromatic metal-centered molecular wheels,
such as Re©B,~ and Re©B,~ or half-sandwich structures.”***
Hence, we focus our efforts on smaller transition-metal-doped
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boron clusters to search for Mobius aromaticity. Here we
report the first observation of a M6bius aromatic metallaboron
in ReB,~, which has a planar pentagonal structure with four 7-
electrons. Its Mobius aromaticity is confirmed by calculations
using the nuclear-independent chemical shift (NICS).*®

The experiments were conducted using a high-resolution
PE-imaging apparatus, which has been described previously
(see SI for more details).”” The PE images and spectra of
ReB;™ at four photon energies are shown in Figure 1. The full
data set at 10 photon energies is given in Figure S1. The first
peak (X) denotes the 0—0 transition and the electron affinity
(EA) of ReB;. The spacing between peaks X, a, d, h, and n are
similar, indicating that they belong to the same vibrational
progression. Similarly, peaks b, g, and q correspond to the
same vibrational progression. The strong Franck—Condon
activities in the PE spectra indicate that ReB;~ undergoes a
large geometric change upon photodetachment. The measured
binding energies of each peak and their vibrational assignments
are given in Table S1. The vibrational assignments of the most
active modes are shown in Figure S2.

The PE images and spectra of ReB,” (Figure 2) display a
sharp and intense 0—0 peak (X) followed by weak vibrational
peaks. This observation suggests that there is a small structure
change between the ground states of ReB,” and ReB,. The
binding energies of the observed peaks, their energy shifts
relative to peak X, and assignments are summarized in Table
S2.

We performed theoretical calculations to search for the
global minima of ReB;~ and ReB,” (see SI for details).”>*”
ReB,~ was found to have a near-pyramidal structure (Figure
3a). A planar structure was found to be 0.45 eV higher in
energy (Figure S3a). The global minimum of neutral ReB; was
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Figure 1. Photoelectron images and spectra of ReB;™ at four photon
energies. The double arrows denote the laser polarization.
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Figure 2. Photoelectron images and spectra of ReB,” at four photon
energies. The double arrows denote the laser polarization.

also found to be near-pyramidal (Figure 3b), with a triplet
pyramidal structure being 0.12 eV higher in energy and a
triplet planar structure being 0.27 eV higher in energy (Figure
S3b). We found that the global minimum of ReB,~ (Figure 3c)
has a planar pentagonal ring structure; a triplet state is 0.33 eV
higher in energy (Figure S3c). The ground state of ReB, is a
spin doublet with almost the same structure as that of the
anion (Figure 3d).

There are large differences in the calculated bond lengths
between the boron atoms in the ground state of ReB;~ (Figure
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Figure 3. Global minima of (a) ReB;”, (b) ReB;, (c) ReB,”, and (d)
ReB, calculated at the B3LYP/aug-cc-pVTZ/Re/aug-cc-pVIZ-pp
level of theory. The bond lengths are in A.

3a) and that of ReB; (Figure 3b), consistent with the rich
vibrational structures observed experimentally

The SOMO of ReB;~ (Figure S4a) involves weak bonding
interactions between the two terminal B-atoms and antibond-
ing interactions between the terminal B-atoms and the central
B-atom. The structure changes are consistent with the bonding
characters of the SOMO. The calculated ADE for ReB;™ is
2.15 eV, in good agreement with the experimental value of
2.1600 eV (Table S1). The vibrational assignments in Table S1
and Figure S2 are assisted by the computed vibrational
frequencies (Figure SSa). The vibrational displacement vectors
of the two most Franck—Condon-active modes (v and v,)
agree with the geometry changes.

The theoretical results show that the structures of ReB, and
ReB,” (Figure 3) are almost identical, consistent with the
nonbonding nature of the HOMO of ReB,~ (Figure S4b) and
the simple PE spectra (Figure 2). The calculated EA for ReB,
is 2.54 eV, agreeing well with the experimental value of 2.5842
eV (Table S2). The weak vibrational features observed in the
PE spectra can all be assigned using the computed vibrational
frequencies (Table S2). Fundamental excitations in all the
symmetric modes (Figure SSb) are observed, and the
computed vibrational frequencies agree well with the
experimental values. Overall, the excellent agreement between
the experimental and theoretical data provides unequivocal
evidence for the global minima identified for these metal-
laboron clusters.

Several metal triboride clusters (MB;~) were investigated
previously, and they were found to have different struc-
tures.”>**™* The role of the M—B-bonding strength
determines the structures of metallaboron clusters. For
example, TaB;~ was found to have a planar fan structure,
whereas in AuB;~, the Au-atom forms a strong o-bond with
one B-atom on a Bj-triangle,*” akin to a H—B-bond.*’ IrB;~
was shown to consist of two nearly degenerate structures, both
involving an Ir-atom coordinated by an aromatic B; unit, one
in n*fashion (C,,) and another in #’-fashion (C,,).*" The
structures and bonding of ReB;™® are in between those of
TaB;™/° and IrB,°. We also analyzed the bonding in the
neutral ReB; using adaptive natural density partitioning
(AANDP) (Figure 4a).*" We found three 2c—2e Re—B-
bonds, three 3c—2e o-bonds, one 4c—2e o-bond, and one 4c—
2e m-bond. Although the structure of ReB;~ displays some
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Figure 4. AANDP analyses of (a) ReB; and (b) ReB,™.

similarity to the pyramidal structure of IrBs, their chemical
bonding patterns are different. Unlike in IrBj, all the Sd-
electrons of Re involve in bonding with the B-atoms.

Two metal-tetraboride clusters (MB,”) were reported
previously.”>*" PrB,” was shown to be planar, in which the
Pr-atom coordinates to two B-atoms of a rhombus B, unit.*'
The structure of TaB,” was found to be similar to that of
ReB,”.** In ReB,™°, the distances between Re- and the B-
atoms at the opposite side (2.23 to 2.26 A) are significantly
larger than the Re—B single bond length (2.16 A) according to
Pyykko’s atomic radii,”> suggesting that the structures of
ReB4_/0 can be better viewed as pentagonal rings or
metallaborocycles.

The AINDP bonding patterns for ReB,~ (Figure 4b) are
consistent with the pentagonal ring structure, revealing two
2c—2e Re—B o-bonds and three 2c—2e B—B o-bonds around
the periphery. In addition, there are two 3c—2e o-bonds
between two B-atoms and Re and two Sc—2e delocalized 7-
bonds. Finally, there is one 1c—2e Re lone pair, mainly of Re
5d,, character. It should be pointed out that the previous
AdNDP analyses for TaB,™ localized the two 7-MOs into two
3c—2e bonds.”” For complex systems, solutions of AINDP
analyses are not unique; " the solution that best represents the
underlying structure is usually chosen. Similar 3c—2e local-
ization can also be done for ReB,~, but the Se—2e solution is a
more suitable representation of the bonding situation. Natural
population analyses (Figure S6) show that all five atoms in
ReB,™ are involved in bonding.

The presence of the two delocalized 7z-MOs with four z-
electrons in ReB,” suggests an antiaromatic system according

to the 4n + 2 Hiickel rule. However, its pentagonal structure
with almost equal B—B-bonds is consistent with aromatic
character. We computed the NICS values for ReB,™° to
examine the magnetic shielding effects of the delocalized
electrons (Table 1). There are different NICS indexes; the
NICS,, values are used here, because NICS(0),,, has been
deemed to be “the method of choice for NICS evaluation of 7-
aromaticity of planar rings”.** It is known that the presence of
a heavy atom, such as Re, in a planar ring can introduce a
strong local magnetic response, including core contributions
that are not related to aromaticity.”” The heavy atom effects
can be seen in the large magnitudes of the NICS(0),, and
NICS(1),, values for ReB,"°. The NICS(0),,, index that best
represents m-aromaticity in ReB, indicates that it is as
aromatic as benzene (Table 1). Because the NICS(0) values
contain contributions from c-aromaticity, we also computed
NICS(1),,, (Table S3).** We found that the NICS(1),,
(—25.48 ppm) of ReB,” is similar to that of benzene
(—26.57 ppm). Closer examination of the two #-MOs in
ReB, /" reveals that one of the 7-MOs has a Hiickel topology,
while the other one has a Mobius topology (Figure S6). Thus,
the ReB, " clusters must be Mobius aromatic, according to
the 4n rule. We further computed the orbital contributions to
the zm-aromaticity for the closed-shell ReB,” (Table 1). The
Hiickel-type MO (HOMO-5) contributes —9.33 ppm to the
NICS(0),,, value, while the Mobius-type MO (HOMO-2)
contributes —22.90 ppm. The NICS(1),,, values also show
that the Mobius MO contributes more to the z-aromaticity
(Table S3).

Both TaB,™ and TaB;~ were found previously to be planar
cyclic systems with two 7-MOs including one with Mobius
topology (Figure §7).>* The MOs of TaB," are similar to those
of ReB,™, except that the latter contains a nonbonding MO of
Re 5d,2 character (Figure S4b). We also computed the NICS,,
values for TaB,” and TaB;~ (Tables 1 and S3). Their negative
NICS values imply that both TaB,™ and TaB;™ are also Mdbius
aromatic with 4 z-electrons. A compound [(OC),Fe(BN-
(SiMe,),)(BDur)], (1) reported previously was shown to
contain a central FeB, unit with similar atomic connectivity as
that in ReB,~ and TaB,™.*” However, the bonding situation in
1 is different from that in the latter. In 1, each B-atom
undergoes sp> hybridization forming a single B—B or B—Fe o-
bond with the neighboring B- or Fe-atom. Each B-atom also
forms a o-bond with a ligand (B—C-bond for the Dur ligand or
B—N-bond for the N(SiMe,), ligand), whereas the Fe-atom is
coordinated by two CO ligands. The B—B-bond lengths in 1
are quite long (1.729—1.818 A), where the two B—B-bonds
near the Fe-atom also engage in o-donation to Fe and back-
donation from the Fe 3d.2 orbital.*’

In conclusion, we report an experimental and computational
study of two redoped boron clusters, ReB;~ and ReB,”. While

Table 1. Comparisons of the NICS Values (in ppm) of ReB,~/°, TaB,~, and TaB, with Those of Benzene at the B3LYP/SDD

Level of Theory

NICS(0),, NICS(1),,
CeHg -3.16 —24.95
ReB,” —144.11 —52.10
ReB, —132.87 —54.12
TaB,” —12625 —58.18
TaB; —29.67 —28.34

NICS(0) r, NICS(0) hickelze NICS(0) uistiusze
-31.71
-3223 -933 -22.90
a a a
-3223 ~10.63 ~21.60
-28.38 -10.37 -18.01

“Natural chemical shielding analysis for open-shell systems is not available.

3358

https://dx.doi.org/10.1021/jacs.9b13417
J. Am. Chem. Soc. 2020, 142, 3356—3360


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13417/suppl_file/ja9b13417_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13417/suppl_file/ja9b13417_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13417/suppl_file/ja9b13417_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13417/suppl_file/ja9b13417_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13417/suppl_file/ja9b13417_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13417/suppl_file/ja9b13417_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13417/suppl_file/ja9b13417_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13417?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13417?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13417?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13417?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b13417?ref=pdf

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

ReB;~ is found to have a near-pyramidal structure, ReB,” is
observed to be a planar pentagonal ring. ReB,” is found to
possess two delocalized 7-MOs, one of which has a Mobius
topology. Computed NICS values and comparison with those
of benzene reveal that ReB,/° is aromatic and the first Mobius
aromatic metallaborocycle. We expect that there may exist a
new class of Mobius aromatic metallaborons.
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