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Viable aromatic Be,H,, stars enclosing a planar
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Monocyclic B, rings can act as n-electron c-donors to stabilize a non-classical planar hypercoordinate
atom at ring center, forming wheel-like structures. Herein, we report that Be,H,, rings can also serve as
n-electron c-donors to construct star-like structures including BOBegHg* and TM©Be;H, (TM is a
group 10-12 metal with g = —1, 0, and 1, respectively) by complying with octet or 18-electron rules.
Electronic structure analyses show that these species are stabilized by the o-donation and
n-backdonation between the central atom and the peripheral Be,H, ring, the favorable Coulomb
attraction due to the negative—positive—negative charge population pattern on the central atom, the
middle Be, layer, and the outer H,, layer, as well as the o—n double aromaticity. Importantly, three of the
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Introduction

Boron prefers forming multicenter bonding due to its electron
deficiency, as represented by the well-known polyhedral boranes.”
In the past decades, such bonding preference has been further
utilized to stabilize/construct novel planar structures with non-
classical chemical bonding. Examples include those with planar
hypercoordinate carbon (phC),? planar/quasi-planar boron clusters
B, (n = 7-19),® X-centered boron wheels X©B, (n = 6-10, X = group
2,13, and 14 atoms or transition metals),* and multiple X-centered
boron rings X,,©B, (n = 7-12, X = Be and C, m = 2-6).> In these
structures, the boron atoms in B, rings commonly use two valence
electrons to form bonds with their neighbors in the ring and one
valence electron to form centripetal bonding with central atom(s),
thus B, rings act as n-electron c-donors.

Beryllium also exhibits electron deficiency. For examples,
Yanez et al. proposed that the electron deficient beryllium atom
in BeX, (X = H, F, Cl, and OH) is Lewis acidic (having c-hole),
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global minima, thereby providing promising targets for experimental preparations.

thus can accept lone pair electrons from a variety of Lewis bases.®
Recently, such a o donor-acceptor interaction in beryllium-
containing structures have been investigated and further extended
to interactions between electron-rich molecules and the m-hole
established in some beryllium compounds.” However, compared
to the rich boron-based structures, beryllium-based structures are
rather limited. This is probably due to the high toxicity of beryllium
and its compounds, which discourages conventional experimental
study.® As such, reliable theoretical computation is an ideal
approach to explore beryllium-based structures® by providing
promising targets for effective experimental exploration.

Similar to boron, beryllium has been used to stabilize phC*°
but not to form structures similar to X©B,, or X,,(©B,, because
beryllium is one electron less than boron, thus a bare beryllium
ring would have no electrons to form centripetal bonding with
central atom(s). Nevertheless, on the basis of our previous
studies,”'°?/"P we envisioned that Be,H,, rings may overcome
the problem, because a Be,H,, ring may use n three-center two-
electron (3c-2e) bonds to construct a ring equivalent to B, ring,
thus having n electrons left for forming centripetal bonding
with central atom. In the following, we demonstrate that Be,H,,
indeed can serve as n-electron c-donors, forming planar or
quasi-planar structures X©Be,H,,. Related to the present work,
we note some experimental studies on BeH, oligomers and
lithium beryllium hydrides.""

Computational methods

The structures shown in Fig. 1 were optimized and characterized
to be true minima by frequency analysis calculations at the
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B3LYP/BSI level, where BSI denotes a mixed basis set, cc-pVTZ
for elements lighter than Ni and cc-pVTZ-PP for TMs heavier
than Cu. The B3LYP/BSI results were calibrated using double
hybrid functional at the B2PLYP-D/BSI level. The natural
bond orbital (NBO)'* analyses and the nucleus-independent
chemical shift (NICS)"® calculations were performed at the
B3LYP/BSI. In order to further understand the chemical bonding
pattern of these structures, adaptive natural density partitioning
(AANDP)'* analyses were carried out at the B3LYP level with
6-31G basis set for elements lighter than Zn and LANL2DZ for
other TMs. AANDP is an extension of NBO analysis and
describes the electronic structure of a molecular system in
terms of n-center two-electron bonds (n ranges from 1 to the
total number of atoms in a molecule). Thus, AANDP analysis
recovers not only the Lewis elements such as lone pairs and
2c-2e bond, but also the delocalized nc-2e bonds. The
searches for global minima were carried out by exploring
potential energy surfaces, using both the stochastic search'®
and particle swarming optimization (PSO)'® algorithms. The
initially generated structures were optimized at the B3LYP/
6-31G(d) level for BegH¢B' composition and B3LYP/LANL2DZ
level for Be,H,TM? composition. Then, the twenty lowest
energy minima were re-optimized at the B3LYP/BSI level.
Finally, the energies of the lowest ten isomers selected
from re-optimizations were improved at the CCSD(T)/BSI
level and corrected with the B3LYP/BSI zero-point energies.
Born-Oppenheimer molecular dynamic (BOMD)'” simulations
were conducted at the B3LYP/BSII level for 50 picoseconds,
where BSII denotes a basis set with 6-31G(d) for Be, B, and H
and SDD for Cu, Pd, and Au. The stochastic search were
realized using GXYZ program,'® the PSO studies were per-
formed using CALYPSO program,'® the CCSD(T) calculations
were carried out using the MolPro 2012.1 package,’® and all
other calculations were performed using the Gaussian 09
package.”!
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Results and discussion
X-centered (©) BesH; and BegHj stars

Similar to B, rings, Be,H, rings alone are not energy minima,
requiring a central atom to support a ring structure. In order to
achieve optimal geometric and electronic structure, we envi-
sioned that Be,H,, ring should match the center atom in size
and the central atom had better meet the octet or 18-electron
(18e) rule. Apparently, Be,H, is too small to accommodate any
of group 14 atom or group 15 cation. The octet rule allows
BesH; ring to adopt a group 13 atom or group 14 cation at the
center, but even the smallest B and C* were found to be too
large to suit the ring. According to our calculations at the
B3LYP/BSI level (see computational details in ESIt), the geo-
metry optimization gave quasi-planar Cs, rather than planar
Dsy, structures for BOBesHs and C©BesHs ' (Fig. S1 in ESIT). In
spite of the size-mismatch, the two structures feature large
HOMO-LUMO gaps (4.41 and 6.09 eV, respectively) and well-
maintained BesHs ring due to meeting the octet rule. Neutral
nitrogen atom is smaller than boron but the planar N©BesH;
(see Fig. S1, ESIt) is a fifth-order saddle point. Moreover, none
of the imaginary frequencies describes a motion that squeezes
the N atom out of BesH; plane. Because of the very small
HOMO-LUMO gap (1.14 eV) of the species, we attribute the
non-minimum nature of the species to that the species does not
meet octet role, although the geometric factor indicates that N
is too small to enable effective interaction between the central
atom and peripheral ring may contribute. The results of these
species indicate that the fulfillment of the octet rule is an
important requirement but not the sole one.

Next, we considered BesHs ring, a six-electron o-donor.
Although the ring is too small to accommodate a group 2 atom
(e.g- beryllium) to give a planar structure, it nicely fits a smaller
B'. Our calculations show that D, BOBegHs (1 in Fig. 1)
featuring a perfect planar hexacoordinate boron (phB) is an
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Fig. 1 B3LYP/BSI-optimized structures of 1-10.
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Table 1 Key B3LYP/BSI results of 1-10, including the lowest vibrational
frequencies (vmin, IN cM™Y), the HOMO-LUMO gaps (gap, in eV), the
interatomic distances (R, in A), the Wiberg bond indices (WBI), and the
NBO charges (Q, in |e|) of X, Be, and H atoms

R Q WBI

Vmin Gap Be-X Be-Be Be-H X Be H Be-X Be-Be Be-H

78 4.04 1.887 1.887 1.447 —1.47 +0.59 —0.18 0.64 0.29 0.47
82 2.56 2.190 1.901 1.464 —0.96 +0.35 —0.21 0.51 0.41 0.46
69 2.60 2.273 1.956 1.473 —0.77 +0.34 —0.23 0.50 0.42 0.46
49  2.93 2.253 1.955 1.477 —0.96 +0.36 —0.22 0.57 0.39 0.46
44 2.68 2.167 1.877 1.485 —1.17 +0.24 —0.21 0.53 0.46 0.47
94 2.63 2.255 1.913 1.480 —0.96 +0.22 —0.22 0.51 0.47 0.46
93 2.90 2.239 1.916 1.487 —1.12 +0.24 —0.22 0.59 0.49 0.46
80 2.60 2.248 1.950 1.446 —0.78 +0.47 —0.21 0.53 0.36 0.46
41  2.62 2.330 2.009 1.458 —0.55 +0.46 —0.23 0.53 0.37 0.45
070 2.92 2.307 2.002 1.459 —0.74 +0.48 —0.23 0.57 0.34 0.46

= O 00N U R W

energy minimum with the smallest vibrational frequency (Viin)
of 78 and 57 em™* at the B3LYP/BSI and B2PLYP-D/BSI levels,
respectively. The large HOMO-LUMO gap (4.04 eV) of 1 is
indicative of its optimal electronic structure. Due to the Dgp
symmetry, 1 has identical Be-Be and Be-B bond distances of
1.887 A at B3LYP/BSI level. The Be-H distance in 1 is 1.447 A
(see Table 1). Again, COBegHg and N©BegH, ' that do not meet
the octet rule have small HOMO-LUMO gaps and imaginary
frequencies tending to destroy the BegHs ring. Previously, we
found that C©BesH;" prefers a non-planar Cs, structure, while
C©OBesFs" favor a planar Dsy, structure.'® In contrast, though
B©BegH," has a planar Dy, structure, BOBeF,' adopts the
non-planar C,, structure (see Fig. S1, ESIf). We attribute the
difference between the two scenarios to the ring expansion due
to the replacement of H atoms with F atoms, which makes the
oversized carbon in D5, C©BesH;' fit to the expanded BesFs
ring. As a comparison, boron fits the BesH ring, but it is too
small to fit the expanded BegFs ring. The butterfly-shape
distortion of BegF, ring in BOBegF,  enables the more efficient
bonding to carbon, suggesting that the 6-electron o-donor
nature of BesFs holds true. Note that its large HOMO-LUMO
gap of 4.61 eV also indicates its good electronic structure.

To understand the electronic structure of 1, we performed
AdNDP analyses. As shown in Fig. 2, among ten pairs of valence
electrons of 1, six pairs form six Be-H-Be 3c-2e ¢ bonds with
occupation number (ON) of 1.99 |e| (see A). The remaining four
pairs form bonding orbitals with central boron atom, including
three thirteen-center two electron (13c-2e) ¢ bonds with ON =
2.00 |e| (see B-D) and one seven-center two-electron (7c-2e) n
bond with ON =2.00 |e| (see E). The three ¢ bonds describe the
o-donation of Be,H,, ring to boron and the n bond describes the
n-back-donation of boron to Be,H, ring. Because boron is
involved in these four bonds (B-E), the valence shell of boron
have eight electrons, fulfilling the octet rule. Moreover, 1
involves six delocalized o electrons and two delocalized w
electrons, meeting the Huckel rule, thus the species features
o-n double aromaticity. To corroborate this, the NICS values
were calculated for the ghost atoms located at the center of
Be-B-Be triangle and up to 2 A above this point as well as above
the center B atom. As shown in Fig. 3, the notable negative
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Fig. 2 AdNDP view of chemical bonding in B©BegHs" (1) and Cu©BesH; (2).

NICS value (—16.7 ppm) at the center of Be-B-Be triangle
indicates the c-aromaticity and the large negative NICS values
of —13.2 and —23.5 ppm (at the points 1 A above this point and
above the center B atom, respectively) indicate the © aromaticity
of the species.

To assess the bonding strength, we also performed NBO
analyses on 1. As shown in Table 1, the Wiberg bond index of
Be-B (WBIg. g = 0.64) indicate the relatively strong Be-B
covalent bonding. The Wiberg bond index of Be-H bond
(WBIge_u = 0.47) agrees with the assignment of 3c-2e bond to
Be-H-Be triangles. The natural charges on B, Be, and H atoms
are —1.47, +0.59, and —0.18 |e|, respectively, thus 1 features the
charge distribution pattern of negative-positive-negative
(abbreviated as “—+—"), which favors the stabilization of the
species via Coulomb attractions. In addition, the negative
charge on boron characterizes the electron donor of BegHjg ring.

TM©Be;H, and TM(OBegHg stars

Next to BegHg ring, we explored the bonding capacity of Be;Hy,
a seven-electron c-donor. Our attempts to suit an alkali metal
atom or an alkali earth metal cation in Be;H; ring did not give
planar structures (Fig. S1, ESIt), which we attributed to the
weak covalent bonding capacity of these metals and the geo-
metric mismatch between the ring and the central atoms. Since
no other main group atom can meet the octet rule when fitting

4.1 e-6.3
I !
0-76 @-126

Fig. 3 NICS values of BO©BegHs" (1) and Cu©Be;H; (2). The H, Be, B, and
Cu are shown in white, light blue, pink, and orange, respectively. Along the
vertical line, the NICS points (red balls) are 0.5 A apart from their neighbors.
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into Be,;H; ring, we considered transition metals by complying
with the 18e rule, where such ring may adopt a group 11 metal
atom (Cu, Ag, or Au). Indeed, geometric optimization at both
B3LYP/BSI and B2PLYP-D/BSI levels show that Cu©Be,H; (2)
and Au©Be,H; (4) have perfect planar D, structures (Fig. 1)
and Ag(©Be;H- (3) has a quasi-planar C,, structure. In addition,
we also examined group 10 and 12 metals, which led to the
anionic species TM©Be,;H; (TM = Ni, Pd, and Pt, 5-7 in Fig. 1)
and cationic TM©Be,H," (TM = Zn, Cd, and Hg, 8-10 in Fig. 1)
meeting the 18e rule. At both B3LYP/BSI and B2PLYP-D/BSI
levels, Ni©Be,H,  (5), Zn©Be,H," (8), and Hg©Be,H," (10)
have planar D, structures, while others adopt quasi-planar C,
symmetry. At the B3LYP/BSI level, the Be-TM distances range
from 2.167 to 2.330 A and Be-Be distances lies between 1.877
and 2.009 A (Table 1). In general, the Be-TM and Be-Be
distances in the C, structures are longer than those in Dy,
structures, reflecting that the TMs in Dy}, structures are more
suitable for a Be;H; ring.

We also performed AANDP analyses on 2-10. The results of 2
are included in Fig. 2 and the similar results for 3-10 are given
in Fig. S2 (ESIT). Among the sixteen valence electron pairs of 2,
five pairs can be regarded as the 3d lone pairs of copper with
ONs ranging from 1.95 to 2.00 |e| (see F-J in Fig. 2), seven pairs
form seven Be-H-Be 3c-2e ¢ bonds with ON = 1.99 |e| (see K),
three pairs form three fifteen-center two-electron (15¢-2e) o bonds
with ON = 2.00 |e| (see L-N,) which describe the o-donation of
Be,H; ring to copper, and the remaining one pair forms an eight-
center two-electron (8c-2e) T bond with ON = 2.00 |e| (see O), which
corresponds to the n back-donation from copper to Be;H; ring.
Together, the five 3d lone pairs and the four delocalized orbitals
fill 18 electrons into the valence shell of copper atom, meeting the
18e rule.

Similar to 1, 2 also feature c-n double aromaticity due to the
three delocalized o orbitals and one delocalized © orbital, as
evidenced by the NICS values (Fig. 3). The center of Be-Cu-Be
triangle has a negative NICS value of —20.3 ppm, suggesting the
o aromaticity, and the large negative NICS values of —16.0 and
—32.6 ppm at points 1.0 A above the molecular plane suggest
the © aromaticity. The NICS results of 3-10 are similar to that of
2 and are given in Fig. S3 (ESIf).

The NBO results of 2-10 are similar to that of 1. First, these
species also feature “— + —” charge population pattern with TM
atoms, beryllium atoms, and hydrogen atoms bearing negative,
positive, and negative charges, respectively. The negative
charges on TM atoms (—0.55 to —1.17 |e|) in 2-10 reveals the
electron donation nature of Be;H; ring. Second, the WBI values
for Be-H bonding range from 0.45 to 0.47, suggesting the
formation of Be-H-Be 3c-2e bonds and those for Be-TM bonding
ranging from 0.50 to 0.57 indicate the formation of multicenter
covalent bonds between Be,, and TM center.

Further enlarging the Be,H, ring, we considered BegHg. The
18e rule requires the ring to adopt a group 9-11 TM atom,
giving anionic, neutral, and cationic TMOBegHg? (¢ = —1, 0,
and +1), respectively. However, our calculations showed that
none of them adopts Dgj, structure, because a BegHg ring is too
large to effectively interact with a central TM atom, as implied
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by the optimized butterfly-like structures that allow the more
effective Be-TM bonding (Fig. S4, ESIY).

Stability consideration

Although 1-10 are energy minima with optimal electron structure,
to be accessible experimentally, they should be stable both
thermodynamically and kinetically. The thermodynamic stabilities
of 1-10 are studied by extensive explorations on their potential
energy surfaces using both stochastic search and PSO algorithms.
According to our results, 1, 4, and 6 are global energy minima,
which are 19.8, 17.9, and 1.4 kcal mol™* lower than their second
lowest isomers, respectively; 2 is the second lowest energy isomer
and the global minimum can be seen as a Be©BegHs structure
with an out-of-plane bonded Cu-H moiety (see 2a in Fig. S5 of
ESIf). However, 2 is only 0.7 kecal mol™* higher than 2a, thus it
should be competitive in the experiments. In contrast, 3, 5, and
7-10 are local minima, which are 8.0, 20.4, 4.4, 3.6, 21.5,
and 12.7 kecal mol™', respectively, higher than their global
minima, so they are less likely to be observed in the experi-
ments. The structures and relative energies of isomers are given
in Fig. S5-S7 (ESIt).

We further examined the kinetic stability of the global
minima (1, 4, and 6), as well as the second lowest isomer 2
by performing 50 ps BOMD simulations at the B3LYP/BSII level
and 298 K. The kinetic stability is evaluated by examining the
structural evolution during the simulation, which is measured
by the root-mean-square deviation (RMSD, relative to the B3LYP/
BSII-optimized structures). As shown in Fig. 4, the RMSDs of 1, 2,
and 4 (A-C) only fluctuate slightly around 0.5 A, indicating their
good kinetic stability. However, the RMSD values of 6 (D)
gradually increase to large values (>2.5 A), thus 6 is poor in
terms of kinetic stability. Taken together, the stability studies

2.0
(A) 1 (BoBe,H,")
1.0+
0.0 I o oy -
1 (B) 2 (Cu©Be,H,)
B
S
g7
(=2
c
L2
@)
2 -
s {1 6 (PdoBe H,")
@ 3.0
2.0
1.0
0.0 T T T T T T T T T
0 10 20 30 40 50
Time (ps)

Fig. 4 RMSD versus simulation time for BOMD simulations of global
energy minima 1, 2, 4, and 6 at 298 K.
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reveal that 1, 2, and 4 are kinetically stable global minima and
could be promising targets for experimental preparations.

Conclusions

We have shown that Be,H,, rings can act as n-electron c-donors
to accommodate an atom at center by complying with the octet
or 18e rules, forming star-like X©Be,H, species. Systematic
screening on the combinations of Be,H,, and X resulted in ten
energy minima, among which BOBesH,', Cu©Be,H,, and
Au©Be;H; were confirmed to be kinetically stable global
minima, thereby providing the promising targets for experimental
preparations. Analyses on their electronic structures indicate that
these species are stabilized by the c-donation and n-backdonation
between Be,H,, ring and central atom, the - double aromacticity,
and the favorable Coulomb attraction among the negatively
charged X center, positively charged Be, middle layer, and
negatively charged H,, outer layer. We expect this computational
study can spur experimental interest to enrich the much less
developed beryllium structural chemistry.
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