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Abstract A density functional theory (DFT) investigation
into the structures and bonding characteristics of
[(B303H3),M]" (n=1, 2;M=Cu, Ag, Au) complexes was
performed. DFT calculations and natural bond orbital
(NBO) analyses indicate that the IB metal complexes of
boroxine exhibit intriguing bonding characteristics, different
from the typical cation—7t interactions between IB metal-
cations and benzene. The complexes of [B;OsH3;M]" and
[(B303H3),M]" (M=Cu, Ag, and Au) favor the conforma-
tion of perfectly planar structures with the C,, and Dy,
symmetry along one of the threefold molecular axes of
boroxine, respectively. Detailed natural resonance theory
(NRT) and canonical molecular orbitals (CMOs) analyses
show that interaction between the metal cation and the
boroxine in [B3;0;H;M]" (M=Cu, Ag, and Au) is mainly
ionic, while the IB metal-cations«—7t donation effect is
responsible for the binding site. In these complexes,
boroxine serves as terminals 1'-B;03H; with one O atom
of the B;05 ring. The infra-red (IR) spectra of [B30;H;M]"
were simulated to facilitate their future experimental char-
acterization. The complexes all give two IR active modes at
about 1,300 and 2,700 cm !, which are inactive in pure
boroxine. Simultaneously, the B-H stretching modes of the
complexes are red-shifted due to the interaction between the
metal-cation and boroxine. To explore the possibility of the
structural pattern developed in this work forming mesoporous
materials, complexes [(B30sHsM)s]°" (M=Cu, Ag, and Au)
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were also studied, which appear to be unique and particular
interesting: they are all true minima with D¢, symmetries and
pore sizes ranging from 12.04 A to 13.65 A.
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Introduction

As an inorganic analogue of benzene, boroxine B;O3;Hj
shares many similarities with benzene both in structures
and characteristics. Series of studies on its preparation,
geometrical structures, and electronic characteristics has
been performed [1-7]. In 2005, boroxines were thrust into
the spotlight when the Yaghi group [8] published a land-
mark paper describing the synthesis and characterization of
the first crystalline arylboroxine-based covalent organic
framework (COF-1) material. Since the disclosure of COF-
1, B50O; ring systems have been studied widely as organiz-
ing elements, molecules of fundamental interest, and link-
ages in solid-state materials [9—12]. Benzene is a good
prototype aromatic compound and serves as a model for 7t
systems. Recent studies have revealed that metal-ion—ben-
zene complexes are of particular interest for their relevance
to catalytic and biological processes [13, 14]. A series of
metal-ion—benzene complexes, including half-sandwich
complexes with the cations (Na, Cu", and Ag") above the
benzene centroid [15-21], full-sandwich complexes, M Bz,
(M=Sc—Cu) with the metal atom enclosed by two parallel
benzene rings with staggered Dgyq or eclipsed D, high-
symmetry [22], and multidecker sandwich molecular wires
with D3, B3sN3Hg or D, C¢Hg as ligands [23, 24], have
been studied widely. However, to the best of our knowledge,
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no metal-cation complexes with B3O3H3 as ligands have
been reported to date in the literature. In this work, we
present an investigation of a new class of metal-cation
boroxine complexes of ion—benzene (IB). Detailed natural
resonance theory (NRT), canonical molecular orbitals
(CMOs) and IR spectra analyses are used to explore the
interaction between the IB metal cation and the boroxine in
[B;05H;M]" and [(B;03H3), M]" (M=Cu, Ag, and Au).

Computational methods

Density functional theory (DFT) structural optimization was
performed on the planar, half-sandwich, and sandwich com-
plexes under investigation and imaginary frequencies using
the B3LYP [25, 26] and PBE1PBE [27] methods, respective-
ly. Relative energies for the different types of complexes were
further refined using the coupled cluster method with triple
excitations [CCSD(T)] [28-30] at B3LYP geometries. NRT
was used to calculate bond orders and bond polarities. The
Stuttgart relativistic small core basis set and effective core
potential (Stuttgart RSC 1997 ECP) [31] was employed for
Cu, Ag, and Au, and the 6—311+G(d,p) basis implemented in
Gaussian03 program [32] for B, H, and O. The NBO5.0 [33]
program was used to calculate bond orders and atomic
charges. Figure 1 shows the optimized planar structures of
[B;0;H;M]" at the B3LYP level. For comparison, the opti-
mized M Bz complexes at the same level are also listed in
Fig. 1. The optimized planar structures of [(B;O3H3),M]"
(M=Cu, Ag, and Au) at B3LYP are given in Fig. 2. Figure 3
shows some typical occupied MOs involving M 3d and the
delocalized 7t orbitals of C,, [B;0sH3;M]" (M=Cu, Ag, and
Au). Figure 4 depicts the simulated IR spectra of the planar
C,y [B505H5M]". The optimized structures of the
[(B;05H;M)s]®" (M=Cu, Ag, Au) at B3LYP level are shown
in Fig. 5. Table 1 tabulates the NRT bond orders, covalent
(CNRT) and ionic (INRT) of metal-O for planar [B;0;H;M]"
and [(B3;03H3),]M" (M=Cu, Ag, and Au) with C,, symmetry.

Fig. 1 Optimized structures of
the [B;0;H;M]" (M=Cu, Ag,
Au) at B3LYP level

Cey [CeHCul* (*A))

@ Springer

The lowest vibrational frequencies (V,,;,) and intermolecular
mode frequencies (v;) of the complexes at B3LYP and
PBEI1PBE level are tabulated in Table 2.

Results and discussion
C,, [B;O;H3; M] *

We start from [B;03;H;M]", the simplest complex studied in
this work. As clearly shown in Fig. 1 and Fig. S1, C,,
[B3;05H;Cu]” (*A}) 1 possesses a perfectly planar structure
with an O—Cu bond length of 1.94 A, which lies 1.21 and
1.11 eV lower than the half-sandwich structure at B3LYP
and B3LYP//CCSD(T), respectively. The Cs, [B3OsH;Cu]"
1 is different from that of Cu'Bz [22], which is believed to
possess a half-sandwich structure (Cg,) with the metal cat-
ion lying on top of the benzene ring. Differing from those of
Ag Bz and Au'Bz, the lowest-lying planar structures of C,,
[B;05H3Ag]" 2 and C,, [B;O3H3;Au]" 3 can also be
obtained by attaching a terminal Ag or Au atom to one O
atom of the B30; ring along one of the threefold molecular
axes (see Fig. 1), i.e., Cu’, Ag" and Au" cations favor the
Tlofr Structure when they interact with boroxine. We also note
that the D5}, B;O3Hj; is well maintained in C,, [B3;0sH;M]*
complexes. PBEIPBE computations with corresponding
basis sets confirmed that C,, [B3;0;H;Cu]” 1, C,,
[B;05H3Ag]" 2 and C», [B3;05H;Au]" 3 are all true minima
with no imaginary frequencies (see Table 2). It should be
noted that the half-sandwich form of [B;O;H;Cul",
[B;05H3Ag]", and [B;OsH3Au]" are all transition states,
each with two imaginary frequencies over 80 cm ' at
B3LYP level.

Dy [(B303Hs), M]"

The second series of complexes of IB metal-cations
interacting with boroxine in this work is [(BsOsH3), M]"

a\((
219,

J

2 Cy, [BOHyAg (PA)

.

C[CeHeAgl* (A™)

3 Cy [ByOH,AUT (A

C, [CeHgAu]" (PA")
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4 Dy, [(B;O5H,),CuJ* ("Ay)

5 Dy, [(ByO3Hy), A" (PAy)

6 D, [(B;O;H,),Aul* (PA))

Fig. 2 Optimized structures of the [(B;0sH3), M]" (M=Cu, Ag, Au) at B3LYP level

(M=Cu, Ag, and Au). As shown in Fig. 2 and Fig. S2, the
planar D,;, [(B305H;),Cu]" 4, with a bond length of ro_c,=
1.93 A lies 2.47 and 2.30 eV lower than the sandwich-type
structure at B3LYP and B3LYP//CCSD(T), respectively.
Similar to [B3;03H;Cu]” 1 with C,, symmetry, the Dy,
[(B;03H;5),Cu]" is different from that of sandwich com-
plexes Cu'Bz, [21, 22], with the metal atom being enclosed
by two parallel benzene rings with suggested high-
symmetry confirmations that are either staggered Dg4 or
eClipsed D6h' For [(B3O3H3)21Ag]Jr and [(B3O3H3)2Au]+,
the perfectly planar structure 5 and 6 with 1o_5,=2.20 A
and ro A,=2.21 A are low-lying structures, respectively
(Fig. 2). Just as the situation in C,, [B303;H3M]" series,
the D3h B303H3 is well maintained in D2h [(B303H3)M]+
complexes. PBE1PBE computations with corresponding basis
sets confirmed the B3LYP structures and vibrational frequen-
cy analyses. The sandwich forms of [(B;03H;),Cu]",
[(B;03H;3),Ag]", and [(B3;O3H;3),Au]" are all also transi-
tion states with five imaginary frequencies (among them
four are over 100 cm ' at B3LYP level), respectively. We
also note that, as conformational isomers, the D,q4
[(B30;H;)M]™ (M=Cu, Ag, and Au) listed in Fig. S2 lie
very close in energy at the B3LYP and CCSD(T)//B3LYP
level and may coexist in experiments. The Dy,— Dog
rotatory transition for [(B3;03;H3),Cu]”, [(B;OsH;),Ag]",
and [(B3;OsH;),Au]" has energy barriers of only —0.06,
0.02 and 0.18 kcal/mol at CCSD(T)//B3LYP levels,
respectively.

Bonding characteristics

Natural bond orbital (NBO) analyses were carried out to
gain a deeper understanding of the bonding characteristics

in these systems. The atomic charges were calculated using
B3LYP calculations based on NBO population analysis. As
expected and confirmed, the positive charges of the C,,
[B3OsH3;M]" cations are concentrated mainly on the metal
atoms, which carry the high net atomic charge of gc,=+
0.92, ga,=10.94, and g,,=+0.86, respectively, i.e., the
charge transfer from Cu®, Ag" or Au" to boroxine is insig-
nificant. This may be associated with the d'° electron con-
figuration of Cu’, Ag" and Au".

The detailed NRT-calculated results further confirm the
weak charge transfer. As shown in Table 1, the O-metal
interactions in Cs, [B303;H3M]" are mainly ionic. For Cu—
0, Ag—O, and Au-O, the calculated NRT bonds and INRT
bonds are 0.043 and 0.040, 0.033 and 0.031, and 0.075 and
0.086, respectively. Clearly, the electrovalent bonds are
primary although the interactions are weak. So, like that of
metal cation benzene complexes [21, 22], the bonding in
metal-cation boroxine complexes is primarily electrostatic.
The electrostatic interaction contribution to the benzene
complexes with an alkali metal-cation decreases as the dis-
tance between the metal cation and the benzene centroid
increases [34-36]. However, such a trend is not observed for
the boroxine complexes with Cu’, Ag" and Au" due to the
strong relativistic effects of Au.

Detailed canonical molecular orbitals (CMOs) analyses
can help to understand the bonding patterns between the
metal cation and boroxine. Here, we discuss the case of
planar Cs, [B303H3sM]". As clearly shown in Fig. 3, the
typical occupied MOs can be unambiguously assigned to
the interactions of delocalized 7t orbitals of D3, B3OsHj3
ligand and the 3d orbitals of Cu’, Ag", and Au’ center.
For sz [B3O3H3Cu]+, HOMO-8(b1) and HOMO-12(b1)
reflect the interactions between the delocalized T MOs of

HOMO-8 (b,) HOMO-12(b,)
Cyy [B3OH Cu* (PA))

HOMO-10(b;) HOMO-12(b,)
C,y [B,OH,Ag]* (A,)

HOMO-9(b,) HOMO-12(b,)
Cyy [ByOH AUl (PA)

Fig. 3 Some typical occupied molecular orbitals (MOs) involving M 3d and the delocalized 7t orbitals of C,, [B;0;H;M]" (M=Cu, Ag, Au)

structures at B3LYP level
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Fig. 4 Simulated infra red (IR) spectra of optimized C,, M"B;0;H;
(M=Cu, Ag, Au)

the B3;OsH;3 with the 3dy, and 3dy,.y, orbitals of the Cu’
center. We also note that the typical MOs of C,, [B;0sH3Ag]"
and [B;O;H;Au]" are similar to that of Cy, [B3;O3;H;Cu]".
Clearly, in contrast to the electrovalent bonds in alkali metal-
cation complexes [34-36], the O-Metal interactions in C,,
[B;05;H;M]" are mainly ionic, while the IB metal-
cations«— 7t donation effect exists and may be responsible
for the binding site.

The binding of Cu’, Ag" or Au" with boroxine brings
about IR spectral changes of the boroxine moiety. Figure 4
shows the simulated IR spectra of C,, M "B;03H; (M=Cu,
Ag, Au) as compared to pure boroxine at B3LYP level. The
complexes all give two IR active modes at about 1,300 and
2,700 cm" corresponding to B-H in plane bending mode
and the B-H asymmetry stretching vibration, respectively,
which are inactive in the pure boroxine. Simultaneously, the

ring distortion and B—H stretching modes are red-shifted,
due partly to the polarization of the B-H bond reduced by
the interaction between Cu’, Ag” or Au" and boroxine.

Dgn /(M B;03H3) o] ™

Now that we know that boroxine serve as terminals 1'-
B3O3;H; with one O atom of the B3Oz ring when
boroxine interacts with IB metal-cations, can boroxine
be used as a unit, like a B;O5 ring, to form mesoporous
materials? Figure 5 shows the optimized structures of
[(B;03H;M)s]®" (M=Cu, Ag, Au) at B3LYP level.
Table 2 lists the lowest vibrational frequencies (Vi)
and intermolecular mode frequencies (v; ) in cm ' of
the complexes at B3LYP and BPEIBPE level, respectively.
Clearly, they appear to be unique and are particular interesting
in that they are all true minima with Dg;,, symmetries and pore
sizes ranging from 12.04 A to 13.65 A at B3LYP level.
Interestingly, the structures of [(B;03H;M)s]®" (M=Cu, Ag,
Au) (presented in Fig. 5) can be derived from that of COF-1
[8] by replacing each benzene ring with a Cu’, Ag", or Au*
cation and each B-C bond with a O-Cu”’, O-Ag", or O-Au"
unit. COF-1[8] has been designed and synthesized success-
fully by a condensation reaction of diboronic acid.
Mesoporous materials including Dgy, (B3O3H3Cu)6]6+,
(B;05H3Ag)6]®", or (B3;05H;Au)s]®" may be synthesized in
the near future.

Conclusions

The typical half-sandwich structure (Cg,) with the metal
cation lying on top of the benzene ring and full-sandwich
structure either staggered Dgq or eclipsed Dg), with the metal
atom being enclosed by two parallel benzene rings has been
studied extensively [18-22, 34-36]. Here, we predicted a

Dgy [(B3O;H,Cu)gls™ (A, p)

Dg, [(ByO;H,Ag)s 5" ("A,p)

Dgy [(B,OsH;Au) 5 (TA, )

Fig. 5 Optimized structures of [(B;03H3M)s]°" (M=Cu, Ag, Au) at B3LYP level
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Table 1 Calculated natural resonance theory (NRT) bond orders,
covalent (CNRT) and ionic (INRT) of metal-O in C,,
Cu"B;0;H;3('A)), Cpy Ag"B305H;("A}) and C,, Au"B;03H;('A)) at
B3LYP level

NRT CNRT INRT
Cu-O 0.043 0.003 0.04
Ag-O 0.033 0.002 0.031
Au-O 0.075 0.007 0.068

new class of metal-cation-boroxine complexes with perfect-
ly planar structures using B3LYP and PBE1PBE methods.
Detailed NRT, NBO, and CMOs analyses show that the
interaction between the metal cation and the boroxine in
the lowest-lying structures of [B;03;H3M]" (M=Cu, Ag, and
Au) are weak electronic interactions, in which boroxine
serves only as terminals 1'-B;05H; with one O atom of
the B30O5 ring, and the metal-cations<—7t donation effect
being responsible for the binding site. The planar C,,
[B;05H;M]" (M=Cu, Ag, and Au) complexes show two
IR active frequencies at about 1,300 and 2,700 cm !, corre-
sponding to the B-H in plane-bending mode and the asym-
metry stretching vibration, respectively, which are inactive
in pure boroxine. Recently, series studies on D3, B3N3Hg
and Dg, C¢Hg being used as ligands to form multidecker
sandwiches on molecular wires has been reported [18,
37-40] due to the intriguing electronic and magnetic prop-
erties of multidecker linear organometallic sandwich clus-
ters and their infinite 1D molecular wires. The planar
structural pattern developed in this work may be extended
to form mesoporous materials. Through their molecular
building blocks mesoporous materials may provide ionic
frameworks that could be functionalized for gas storage
and catalytic applications.

Table 2 Lowest vibrational frequencies (v,,;,) and intermolecular
mode frequencies (v; ) in em ! of the complexes at B3LYP and
BPEIBPE level

Isomers Vinin Vi
B3LYP BPEIBPE B3LYP BPEIBPE

C», [B305H;Cu]* 89.13 87.51 232.12 229091
Cs, [B;03H3Ag]" 87.28 80.72 169.94  169.73
Csy [B303H3AU]" 81.45 78.51 165.87  167.28
D,y [(B3O05H;),Cul" 14.64 12.51 155.47  154.09
Day, [(B303H;3),Ag]" 11.47 9.99 125.4 124.71
D,y [(B3;O5H;),Au]" 18.06 15.94 151.37  155.02
Den [(B303H;Cu)]®"  11.72 11.42 138.67 134.29
Dgn [(B303H3Ag)6]%" 7.04 10.80 83.82 76.05
Dgn [(B303H3Au)6]%" 3.14 442 125.15  128.99
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