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Ternary B,X,;H, (X = O and S) rhombic clusters
and their potential use as inorganic ligands in
sandwich-type (B,X;H5),Ni complexes

CrossMark
& click for updates

Cite this: Phys. Chem. Chem. Phys.,
2015,17, 16798

Da-Zhi Li,** Li-Juan Zhang,® Ting Ou,” Hai-Xia Zhang,? Ling Pei,® Hua-Jin Zhai**°
and Si-Dian Li*°

Based upon global searches and electronic structure calculations at the B3LYP and CCSD(T) levels, we
present the global-minimum structures of two ternary B-O-H and B-S—-H rhombic clusters: Day
B,O5H, (1, 1Ag) and C,, B5S,H, (2, Aq). Both species feature a BoX, (X = O or S) four-membered ring as
the core, with two H atoms attached terminally. The former cluster is perfectly planar, whereas the latter
undergoes a slight butterfly distortion. Bonding analyses reveal a four-center four-electron (4c—4e)
o-bond in these clusters, which are 4n systems in a nonbonding/bonding combination, in contrast to an
antibonding/bonding combination in a classical 4n antiaromatic hydrocarbon such as cyclobutadiene
(C4H4). Clusters 1 and 2 are considered to be aromatic. The present results also help elucidate the bonding
nature in the relevant heteroatomic ring B,N>H4 system and suggest that it is not appropriate to consider
B.N;H4 as an inorganic cyclobutadiene, a conception that has been in existence in the literature for over
40 years. The electronic properties of the global-minimum clusters 1 and 2 are predicted. It is shown that
B,O,H, (1) and B,S;H, (2) may serve as effective inorganic ligands to form sandwich-type transition metal
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Introduction

As a prototypical electron-deficient element in the periodic table,
boron has rich chemistry. Elemental boron clusters’® and boron-
containing compound clusters”* show intriguing structural and
bonding properties. Notably, boron clusters possess unique planar
or quasi-planar structures in a wide range of sizes (up to at least
40 atoms),* which are aromatic or antiaromatic following the
Hiickel rules and show close analogy to the organic hydrocarbon
molecules. Oxidation of boron clusters results in boron oxide
clusters and boron boronyl (BO) clusters,® which are anticipated
to be even more electron-deficient. Nonetheless, the binary B-O
and isovalent B-S clusters can make use of the O 2p or S 3p lone-
pairs for exotic chemical bonds.

In the B-O and B-S clusters, the heteroatomic BX (X = O, S)
rings appear to be critical structural blocks, facilitating the
formation of ternary molecular species and beyond, via the
attachment of terminal ligands. Among these ternary B-X-H
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complexes, such as D,y [BoO,HINi (3) and Doy [BoS,HooNi (4).

molecules are the boroxine (B;O3;H;) and borazine (B;N;Hg),"*>!

which possess a hexagonal B;X; (X = O or N) ring as the core and are
considered as inorganic analogues of benzene. A boron oxide
analogue of boroxine, BsOg, was recently discovered computation-
ally.® Named as the boronyl boroxine, B¢Os can be alternatively
formulated as B;O5(BO);, in which three BO groups substitute the
three H terminals in B;O5;Hj;. Since both BO and H are monovalent o
radicals, BsOs and B;Oz;H; are isovalent with each other, rendering
BsOs as another inorganic analogue of benzene. Similar to benzene,
Dy, B305X; (X = BO, H) can be used as ligands to form transition
metal complexes, such as the sandwich-type Dsq (B;05X3),Cr,” Diq
(B;0;X5),V,'° and the perfectly planar (B;0;H;),M" (n =1, 2; M = Cu,
Ag, Au) complexes.'"

Boron-containing compound clusters can also possess the
rhombic B,X, structural core. However, our current under-
standing of the structural principles and the bonding nature
of such species remains inadequate. A few previously reported
examples include B,N,H,,**** which was proposed in the 1970s
to be a boron-nitrogen hydride analogue of cyclobutadiene
(C4H,). Consequently, B,N,H, has long been considered as an
antiaromatic species with 4n electrons, according to the 4n
Hiickel rule for antiaromaticity, similar to cyclobutadiene.
However, a recent report concluded that B,N,H, and its isovalent
N,P,F, species are aromatic,’® on the basis of the nucleus-
independent chemical shift (NICS) calculations. The bonding nature
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of B,N,H, has thus been a long-standing issue of debate, for
which we would like to offer an in-depth understanding
through the current study on the title clusters.

Recently, the four-membered B,0, rhombic ring is also
characterized in boron oxide clusters.>® A similar, isovalent
B,S, ring should be present in boron sulfide clusters. Herein,
we explore the ternary B-X-H (X = O or S) clusters, B,X,H, to be
more specific, on the basis of the B,X, core via the attachment of
terminal H ligands. The work involves global-minimum searches,
electronic structure calculations at the density-functional theory
(DFT) and coupled-cluster theory (CCSD(T)) levels, and chemical
bonding and aromaticity analyses. The global minima of D,
B,0,H, (1) and C,, B,S,H, (2) exhibit perfectly planar and slightly
distorted structures, respectively, with the four-membered B,X,
heteroatomic rings. Canonical molecular orbital (CMO) analysis
and adaptive natural density partitioning (AANDP)*® reveal that
B,O,H, (1) and B,S,H, (2) are 4m systems with a nonbonding/
bonding combination for the two 1 CMOs. Such a 4w system has
been proposed recently to be a rhombic four-center four-electron
(4c-4e) m bond, or an o-bond.>® This bonding pattern differs
markedly from that in cyclobutadiene; the latter features an
antibonding/bonding combination for the two CMOs, resulting
in antiaromaticity and a rectangular structural distortion. In
the four-membered ring systems, aromaticity follows the order
of B,S,H, (2) > B,N,H,; > B,O,H, (1) > C,H, (antiaromatic).
The larger the electronegativity difference between B and X
(X =N, O, and S), the weaker the aromaticity of the system. To
assess the viability of D,;, B,O,H, (1) and C,, B,S,H, (2) as
potential ligands for coordination compounds, we explore the
viability of their sandwich-type transition metal complexes: D,q
[B,O,H,],Ni (3) and D,q [B,S,H,],Ni (4), the latter being parti-
cularly promising with a substantial formation energy. In these
complexes, the B,O,H, (1) or B,S,H, (2) clusters are stabilized
by a Ni atom and their structural and chemical integrity is well
maintained.

Computational details

The global-minimum searches for B,X,H, (X = O and S) were
conducted using the Gradient Embedded Genetic Algorithm
(GEGA)*”*® and Coalescence Kick (CK)*>*° programs. Subsequent
full structural optimizations and frequency calculations were
carried out for the low-lying isomers using the hybrid B3LYP
method®'*? with the aug-cc-pVTZ basis set, as implemented in
the Gaussian 03 package.*® For the sandwich complexes, the
Stuttgart relativistic small core basis set and an effective core
potential (Stuttgart RSC 1997 ECP)** was employed for Ni. We
performed full optimization for these complexes by taking into
consideration the different spin-multiplicity states. Further-
more, the relative energies were refined for the low-lying
isomers of B,X,H, (X = O and S) using the single-point CCSD(T)
calculations®~” at the B3LYP geometries. AANDP,?® in combination
with the CMO analysis, was used to elucidate the chemical bonding.
The NBO 5.0 program®® was used to calculate the natural atomic
charges.
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Results and discussion
Perfectly planar D,;, B,O,H, with a rhombic B,0, ring

The global-minimum structure of B,O,H, is illustrated in Fig. 1,
along with that of B,S,H,. Alternative optimized low-lying structures
of B,O,H, are shown in Fig. 2. The global-minimum B,O,H, (1, 1Ag)
is perfectly planar with D,;, symmetry, which lies 0.46 and 0.67 eV
lower than the second low-lying isomer, Cs B,O,H,, at the B3LYP
and single-point CCSD(T) levels, respectively. The calculated B-O
distance for the rhombic B,O, ring (1.40 A) in 1 should be roughly
viewed as, or slightly stronger than single bonds, which is compar-
able to those in the B,O, cores of the C,, B;0; and C; B;0, clusters.”
The B,O,H, (1) cluster may be constructed by connecting two H
terminals to a B,O, core, analogous to the situation of boroxine, Dy,
B;0;H;.° ™" The latter species can be viewed as three H terminals
attaching to a B;O; ring. It is speculated that by combining terminal
H with the B,O, or B;O; rings in certain energetically favorable
ways, one may be able to establish a general structural pattern for
the B-O-H ternary system, which is worth pursuing in the future.
Dy, B,O,H, (1, 1Ag) is a simple cluster. Its bonding can be
understood via the ADNDP analysis. As an extension of natural
bond orbital (NBO) analysis, AANDP*® represents the electronic
structure of a molecular system in terms of n-center two-electron
(nc-2e) bonds, where the values of n range from one to the total
number of atoms in the system. AANDP thus recovers not only the
classical Lewis bonding elements (lone pair and 2c-2e bonds), but

O
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Fig. 1 Global-minimum structures of D,y B,OoH> (1, 1Ag) and C,, B,S,H»
(2, 'A) at the B3LYP/aug-cc-pVTZ level. Selected bond distances are
labeled in angstroms. Both the top view and side view (dihedral angle
shown in degrees) are presented for 2. The B atom is in pink, O in red, S in
yellow, and H in gray.
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Fig. 2 Alternative optimized low-lying structures of B,O,H,. Relative
energies are indicated in eV at the B3LYP/aug-cc-pVTZ level with zero-
point energy (ZPE) corrections as well as at the CCSD(T)//B3LYP/aug-cc-
pVTZ level (in parentheses). The B, O, and H atoms are in pink, red, and
gray, respectively.
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Fig. 3 The AANDP bonding pattern of D, B,O,H, (1, 1Ag
numbers (ONs) are shown.

). Occupation

also the delocalized nc-2e bonds. As presented in Fig. 3,
B,0O,H, (1) possesses 20 valence electrons, among which 4 are
for the two 1c-2e O 2p lone-pairs, 8 are for four 2c-2e B-O
single bonds within the B,O, ring, and 4 are responsible for two
2c-2e B-H single bonds, which are the classical Lewis elements.
The remaining 4 electrons are responsible for the global bonding
in the B,0, ring, including a delocalized 4c-4e © bond, as well as
a 2c-2e © “bond”.

The global bonding elements are also obvious in the CMOs,
as shown in Fig. 4 (top panel). Here the highest occupied
molecular orbital (HOMO) is a 2c-2e n “bond” and the
HOMO-—1 is a completely delocalized 4c-4e n bond. The former
is a formally antibonding combination of the O 2p atomic
orbitals (AOs). However, due to the large distance between the
two O atoms (~ 2.1 A), the overlap of the O 2p AOs in the HOMO
is negligible and the ‘“antibonding” interaction is practically
zero, and it is thus more appropriate to classify this HOMO as a
nonbonding orbital, which contributes very little (if any) to the
stability of the species. In short, the HOMO—4 and the HOMO
form a unique bonding/nonbonding © combination, in contrast to
the bonding/antibonding combination for a typical four-membered
ring antiaromatic m system. A similar bonding pattern was

o rt}, *&’

1B,OH, HOMO HOMO-4
D, ('A) (b,) (b,)
N
e fJ
2 BZSZHZ HOMO HOMO-3
G, ('A) (a)
3CH, HOMO HOMO-2
D, ('A) (b,) (b,)

Fig. 4 Comparison of the t bonding systems of B,O,H, (Dyp, 1Ag), B,SoH>
(Cay, A1), and cyclobutadiene.
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described recently in the boron oxide clusters and a concept
of the rhombic 4c-4e bond, that is, the o-bond, was proposed.zs
The global-minimum D,, B,O,H, (1, 'A,) cluster is a new
example for the o-bond.

Comparison of the ternary B-O-H and B-S-H clusters: D,
B,O,H, versus C,, B,S,H,

Given the similarity between S and O in their electron configura-
tions, a closely similar structure of B,S,H, (2, Cay, 'A) (Fig. 1) is
obtained based upon structural searches and subsequent B3LYP/
aug-cc-pVTZ optimization. B,S,H, (2) can be constructed by attach-
ing two H terminals to a rhombic B,S, ring. Indeed, this turns out to
be the global-minimum structure of the B,S,H, system (Fig. 5). A D,y,
structure is very close in energy within less than 0.05 €V, but it is a
transition state with an imaginary frequency of 108.14i cm™* at the
B3LYP level. The B,SH, (2, C,, 'A;) global minimum is also
reasonably well-defined, being at least 0.40 and 0.54 eV lower than
the alternative structures at the B3LYP and single-point CCSD(T)
levels, respectively.

Different from D,, B,O,H, (1, 1Ag], there exists a slight
nonplanar, butterfly distortion in B,S,H, (2, Cay, ‘A;), which
can be seen more clearly from the side view (Fig. 1). This
slightly puckered structure has a dihedral angle of 161.9°. The
nonplanarity is attributed to the more pronounced contraction of
the s orbitals as compared to the corresponding p orbitals in the
heavier element S, and therefore its hybridization with p orbitals
becomes more difficult. In other words, in the case of S, the three-
fold coordination does not show pronounced s contribution in its
hybridization, such as in sp® but instead it prefers a triangular
pyramidal configuration. Similar slightly distorted structures have
also been found previously in other four-membered heterocyclic
compounds.”**® In B,S,H, (2, Cy, "Ay), the B-S distance within the
B,S, ring is 1.83 A, which is close to that of a B-S single bond.

In terms of chemical bonding, the AANDP analysis (Fig. 6)
suggests that B,S,H, (2, Cs,, 'A,) shares the same overall bonding
pattern relative to B,O,H, (1, Dy, 1Ag). In particular, B,S,H, (2, Coy,
'A,) also features a rhombic 4c—4e © bond (that is, the o-bond),

,.Qh H(}f

G, A g,
0 00 +0 01 +O 41 +0.68
(0.00) (+0.03) (+0.57) (+0.85)
,,f_& J_\ .
- ‘A] A
+O.70 +0.8 + .9 +0.93
(+0.88) (+0.87) (+1.06) (+1.07)

Fig. 5 Alternative optimized low-lying structures of B,S,H,. Note that the
Don (1Ag) structure is a transition state. Relative energies are indicated in eV
at the B3LYP/aug-cc-pVTZ level with zero-point energy (ZPE) corrections
as well as at the CCSD(T)//B3LYP/aug-cc-pVTZ level (in parentheses). The
B, S, and H atoms are in pink, yellow, and gray, respectively.
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Fig. 6 The AdNDP bonding pattern of Co, B,S:H, (2, 1A;). Occupation
numbers (ONs) are shown.

whose bonding/nonbonding n combination (HOMO—3/HOMO) is
compared with that of B,O,H, (1, Dy, 'A) in Fig. 4. The natural
atomic charges from the NBO analysis in 2 are gz = 0.16 |e| and gs =
—0.11 |e| (Table 1), suggesting that the B-S interaction is remarkably
covalent. This is in contrast to the B-O bonding in 1, which is highly
polar: g = 0.95 |e|] and gs = —0.86 |e|.

Four-membered ring systems with 4x electrons: rhombic D,y
B,0,H, and C,, B,S;H, versus rectangular cyclobutadiene

Both the D,, B,O,H, (1, 'Ay) and C,, B,S,H, (2, 'A,;) global-
minimum clusters possess a heteroatomic four-membered B,X,
(X = O and S) ring as the core, with two terminal H groups
attached. The core is of rhombus-type, with a slight butterfly
distortion in 2. Notably, the four B-X distances in the B,X, ring
are equivalent (Fig. 1), in contrast to the rectangular distortion
in cyclobutadiene. Cyclobutadiene is a prototypical antiaro-
matic species with 4rn electrons, following the 4n Hiickel rule
for antiaromaticity.

There has been quite a long history of computational studies on
the relevant heteroatomic inorganic systems, dated back as early as
the 1970s. Among these is Dy, B,N,H,,?*** in which each of Band N
atoms is terminated by one H. The early proposal suggested that Dy,
B,N,H, is an inorganic analogue of cyclobutadiene,” which are
indeed isovalent species. However, a recent computational study
concluded that D,;, B,N,H, is aromatic rather than antiaromatic,
with a negative NICS of —2.921 ppm. For comparison, cyclo-
butadiene has a highly positive NICS value of 35.763 ppm.** We
revisited the B,N,H, cluster here. However, different from the results
reported by Baird,*® D,,, B,N,H, turns out to be a transition state
with an imaginary frequency of 201.79i cm ™" at the B3LYP/aug-cc-
pVTZ level. The global minimum of B,N,H, is a slightly distorted C,,
structure, similar to that of B,S,H, (2, 'A;). This structure is
consistent with that reported by Pati and coworkers.*

The Dy, B,O,H, (1, 'A,) and C,, B,S,H, (2, 'A) clusters
provide an opportunity to resolve the above paradox in the
chemical bonding of heteroatomic four-membered systems. We
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believe the key lies in the nature of the upper 1 CMO, that is,
the HOMO (Fig. 4): It is essentially nonbonding in 1 or 2,
whereas it is strongly antibonding in cyclobutadiene. The latter
results in significant electronic destabilization in cyclobutadiene
and underlies its square-to-rectangular structural distortion,
which are characteristics of a 4n antiaromatic system. In the
Dy, B,O,H, (1) and C,, B,S;H, (2) clusters, the nonbonding
HOMO (b;5) and HOMO (b,), respectively, contribute very little in
terms of electronic stabilization/destabilization of the systems.
Thus, although each of them possesses 4n electrons, clusters 1
and 2 feature a rhombic 4c-4e o-bond and can be practically
considered as 2m systems. Only the completely bonding 2n
electrons, that is, HOMO—4 (bs,) and HOMO—-1 (a,), respec-
tively, govern the structures and electronic stability of the
clusters; and only these 2r electrons count in the Hiickel rule.
Indeed, our calculated NICS,,(0) for 1, 2, and cyclobutadiene are
—1.21, —6.11, and 17.76 ppm, respectively. The corresponding
NICS,,(1) are 3.85, —0.76, and 55.96 ppm, respectively. These
NICS values indicate that 1 and 2 are remarkably different from
cyclobutadiene in terms of aromaticity/antiaromaticity. It is
suitable to classify species 1 and 2 as aromatic.

When one considers a NH group to be equivalent to O (that
is, a N-H bond to be equal to an O lone-pair), the Dy}, or C,,
B,N,H, species**** becomes isovalent to 1 and 2. The D,;, and
Cav B,N,H, species also possess 4m electrons,>** in a non-
bonding/bonding combination, and thus B,N,H, is also an
aromatic system. It appears not to be appropriate to view
B,N,H, as an inorganic analogue of cyclobutadiene, despite
the 40-year-long history of the conception.”” Our calculations
show that C,, B,N,H, has the NICS,,(0) and NICS,,(1) values of
—2.98 and 0.21 ppm, respectively, which are also very different
from those of cyclobutadiene. In the four-membered ring
systems, the aromaticity roughly follows the order of B,S,H,
(2) > Cyy B,N,H, > B,0,H, (1) > C,H, (antiaromatic). In the
former three species with o-bonds, the larger the electronegativity
difference between B and X (X = N, O, and S), the weaker the
aromaticity for the heteroatomic system. This is understandable
because in a system with a smaller electronegativity difference
between B and X, the B-X bond is less polar and the © electrons
can be more delocalized in the ring; and vice versa.

It is important to note that the 4c-4e o-bond in 1, 2, and
B,N,H, manages to make use of two O/N 2p lone pairs to form a
delocalized, completely bonding 4c-2e n bond along with a
“residual” nonbonding orbital. This delocalization potency of
the O/N 2p AOs in the boron related systems helps compensate
for boron”s intrinsic electron deficiency.

Table 1 Natural atomic charges of the B,X, rings (g; in |e]), lowest vibrational frequencies (min, in cm™2), Wiberg bond indices (WBIs) of Dy, BoO2H> (1), Cay
B,S,H> (2), and their relevant sandwich-type complexes (3—5). The vertical ionization potentials (VIPs, in eV) and the formation energies (FEs, in kcal mol ™Y

are also listed. Free energy corrections are included in the FEs

s gx Vinin WBI WBIx WBIy VIP FE
Dy, B,O,H, (1) 0.95 —0.86 226.4 2.81 1.84 — 12.25 —
Cyy B,S,H, (2) 0.16 —0.11 163.6 3.50 2.53 — 9.55 —
Dsq (B,0,H,),Ni (3) 0.77 —0.79 85.8 3.05 1.90 1.59 8.26 6.21
Dsq (B,S,H,),Ni (4) 0.08 0.05 68.1 3.67 2.64 1.98 8.46 —51.28
Dan (C4H,),Ni (5) — — 48.9 — — 2.17 7.28 —~102.8
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Predicted electronic properties for D,;, B,O,H, and C,, B,S,H,

To aid future experimental characterizations of D,; B,O,H,
(1, 'Ay) and C,, B,S,H, (2, 'A;), we report their calculated
electronic properties. The vertical ionization potentials (VIPs)
are predicted at the B3LYP/aug-cc-pVTZ level to be 12.25 and
9.55 eV for 1 and 2, respectively (Table 1), whereas the calculated
HOMO-LUMO energy gaps are 4.02 and 5.29 eV, respectively.
Thus, 1 and 2 are relatively stable species.

The infrared (IR) spectra of D,, B,O,H, (1, 1Ag) and C,,
B,S;H, (2, 'A;) have been simulated at the B3LYP/aug-cc-pVTZ
level, as shown in Fig. 7. The IR spectra are rather similar to
each other for the two species, except for a spectral shift. Note
that there is an intense peak for 1 at 2724 cm™ ', which
corresponds to the B-H symmetric stretching mode. Another
intense peak at 1344 cm ™' corresponds to the B-O symmetric
stretching. For 2, the B-H stretching mode is at 2683 cm ™,
whereas the B-S stretching is located at 774 cm ™ '. Comparison
of the B-H symmetric stretchings in 1 and 2 reveals a red shift
in 2, hinting for the stronger B-H interaction in 1.

D;;, B,0O,H, and C,, B,S,H, as potential ligands in the
sandwich-type complexes

Boroxine (B;O;H3) and boronyl boroxine (D3}, BsOs) have been
explored for thermally stable, magnetic compounds.”™ Similarly,
the B,N,H, clusters have been studied as ligands for the forma-
tion of full-sandwich transition metal complexes.*” A sandwich
(C,P,R,),Ni complex with staggered D,y symmetry has been synthe-
sized by Wettling and coworkers, in which C,P,R, with a C,P, ring is
used as a ligand.*' Here, an attempt is made to pursue the sandwich-
type transition metal complexes by using the D}, B,O,H, (1) and Cs,
B,S,H, (2) clusters as ligands, which feature the 4c-4e o-bond. Fig. 8
shows the optimized structures of D,q (B,O,H,),Ni (3) and Dyq
(B,S,H,),Ni (4) sandwich complexes at the B3LYP level, which are
compared with that based on the cyclobutadiene, D;, (C4H,),Ni (5).
In complexes 3 and 4, one Ni atom is sandwiched by two ligands 1
and 2, respectively, from the opposite ends along the twofold axis,
forming the staggered D,4 complexes with Ni-B distances of ryip =
2.10 and 2.11 A, respectively. These complexes follow the 18-electron
rule for the sandwich complexes. Note that, either in 3 or 4, the B

C2v BZSZHZ
D2h B202H2
A

0 500 1000 1500 2000 2500 3000
-1
Frequency (cm )

Fig. 7 Simulated infrared (IR) spectra of B,O,H, (Dyp, 1Ag) and B,S,H»
(Cav, Ay
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3 D,, (B,O,H,)Ni('A)

4D,, (B,S,H,)Ni(‘A)

5D, (CH)Ni(A)

Fig. 8 Sandwich-type complexes D,q4 (B2O2H>)2Ni (3) and Doy (BoS,H2)oNi
(4) at the B3LYP level as compared with their cyclobutadiene counterpart,
Dy (C4H4)2Ni (5). Selected bond distances are labeled in angstroms. The
B atom is in pink, O in red, S in yellow, and C and H in gray.

atom faces an O or S atom from the adjacent ligand. Such staggered
D,y complexes (3 and 4) are the most stable, which can probably
better manage the intramolecular Coulomb repulsion in
the systems. The calculated Wiberg bond indices for the Ni
center in 3 and 4 are 1.59 and 1.98, respectively, suggesting
substantial bonding interactions between the Ni center and the
ligands (Table 1). The D,q configuration in 3 and 4 is different
from that of Dy, (C4H,),Ni (5), but similar to those of (B¢Og),Cr and
(B6Og),V. 7"

It is worth noting that the structural integrity of both B,O,H,
(1) and B,S,H, (2) are well preserved in the sandwich D,q
complexes 3 and 4. For instance, the B-O and B-S distances
in 3 and 4 are 1.43 and 1.86 A, respectively, which are well
comparable to 1.40 A in 1 and 1.83 A in 2. Similarly, the natural
atomic charges and Wiberg bond indices remained largely
unchanged in complexes 3 and 4 with respect to those in
ligands 1 and 2, respectively (Table 1). It is interesting to note
that the slightly distorted B,S,H, (2) becomes completely
planar in the sandwich D,q (B,S;H,),Ni (4) complex. The
calculated VIPs for the sandwich complexes D,q (B,O,H,),Ni
(3) and D,q4 (B,S;H,),Ni (4) are 8.26 and 8.46 eV at the B3LYP
level, respectively, which are markedly higher than that of D,y
(C4H,),Ni (5) (7.28 eV). Thus, Dyq (B,O,H,),Ni (3) and D,q
(B2S,H,),Ni (4) are electronically quite stable.

To further evaluate the thermodynamic stabilities of the
sandwich complexes 3 and 4, their formation energies (FEs) are
calculated according to the following equations:

Ni(°D) + 2B,0,H,(1, Dop, ‘Ag) = (B,0,H,),Ni(3, Dsq, 'A4)

Ni(*D) + 2B,S,H,(2, Cay,y "A;) = (BoS;H,)oNi(4, Dyg, Aq)

The FEs are evaluated by taking into consideration the free
energy corrections. As shown in Table 1, the FEs are 6.21 and
— 51.28 keal mol ™", respectively, for D,g (B,O,H,),Ni (3) and D,g
(B,S,H,),Ni (4), suggesting that the former complex is not stable
thermodynamically and additional strategies should be sought in
order to stabilize such B,O, complexes. However, the FE for 4 is
substantial, which indicates that its formation is highly exothermic
and energetically favorable. Similar to the #*-heterocyclic (C,P,R,),Ni
sandwich complex,*>*" the (B,S,H,),Ni (4) complex may be a viable
target for forthcoming synthetic efforts.
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Conclusions

In conclusion, we report on the theoretical prediction of two
ternary B-O-H and B-S-H rhombic clusters, D,;, B,O,H, (1) and
Cyy B,S,H, (2), which are the global-minimum structures based
on global searches and electronic structure calculations at the
B3LYP and CCSD(T) levels. These clusters feature the heteroa-
tomic B,X, (X = O and S) four-membered rings as the core, with
two H attached terminally. Chemical bonding analyses show
that clusters 1 and 2 are 4n systems with a rhombic 4c-4e o-
bond, in which the two = orbitals are in a nonbonding/bonding
combination, effectively making the species as 2n systems with
weak aromaticity. The current result also helps shed light on
the bonding nature of the relevant B,N,H, species and suggests
that it is not an inorganic analogue of antiaromatic cyclobutadiene.
In the four-membered 4n systems, aromaticity follows the order:
B,S,H, (2) > B,N,H, > B,O,H, (1) > C,H, (antiaromatic); that is,
the larger the electronegativity difference between B and X (X=N, O,
and S), the weaker the aromaticity for the system. To aid their future
experimental characterizations, the electronic properties of D,y
B,0,H, (1) and C,, B,S,H, (2) are predicted. Lastly, the sandwich-
type Dayq (BO,H,),Ni (3) and D,y (B,S,H,),Ni (4) complexes are
designed computationally to explore the potential use of D,;, B,O,H,
(1) and C,, B,S,H, (2) as ligands. A natural question is whether such
sandwich-type complexes can be extended to form one-dimensional
transition metal sandwich polymers [Ni(B,X,H,)]., (X = O and S),
which are worth pursuing in the forthcoming studies.
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