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Abstract The unusual T-shaped X-H...7t hydrogen bonds
are found between the B=B double bond of the singlet state
HB=BH and the acid hydrogen of HF, HCI, HCN and H,C,
using MP2 and B3LYP methods at 6-311++G(2df,2p) and
aug-cc-pVTZ levels. The binding energies follow the order
of HB=BH...HF>HB=BH...HCI>HB=BH...
HCN>HB=BH...H,C,. The hydrogen-bonded interactions
in HB=BH...HX are found to be stronger than those in
H,C=CH,...HX and OCB=BCO...HX. The analyses of
natural bond orbital (NBO) and the electron density shifts
reveal that the nature of the T-shaped X-H...mt hydrogen-
bonded interaction is that much of the lost density from the
mt-orbital of B=B bond is shifted toward the hydrogen atom
of the proton donor, leading to the electron density
accumulation and the formation of the hydrogen bond.
The atoms in molecules (AIM) theory have also been
applied to characterize bond critical points and confirm that
the B=B double bond can be a potential proton acceptor.
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Introduction

Recently T-shaped X-H...7t hydrogen bonds have received
much attention in experimental studies and theoretical
calculations as a result of their extremely important role in
determining the structures and activities of organic, organ-
ometallic and biological molecules as well as the reaction
mechanism of the electrophilic addition to the triple or
double bonds [1-17]. It has been extensively shown from
many experimental and theoretical results that the T-shaped
X-H...7t hydrogen bonds can be established between triple
and double bonds, aromatic and cyclopropane rings as
proton acceptors, and X—H compounds (hydrogen halides,
O-H, N-H, C-H derivatives, etc.) [3—17]. In particular,
very recently this kind of T-shaped X-H...7t hydrogen
bonds have also been found between the B=B triple bond
composed of the electron-deficient atoms and the acid
hydrogen of HF, HCI, HCN and H,C, [18]. This theoretical
result has revealed that the B=B triple-bond undergoes
unusual contraction upon the T-shaped X—H...7t hydrogen-
bond formation. Furthermore, the analyses of the charge
density and electron density shifts have explained the origin
of the B=B bond contraction and confirmed that the B=B
triple-bond can be as potential proton acceptor [18].
However, for the novel B=B double bond as the proton
acceptor, to our knowledge, no investigation on the
T-shaped X—H...7t hydrogen bond has been presented.

For a long time, the B,H, molecule has been of great
chemical interest because of the nature of the B-B bond
that the electron-deficient nature of boron hinders the
formation of the double-bond [19-27]. Knight et al. [19]
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reported the first definitive experimental characterization of
this species by electron spin resonance in neon and argon
matrices at 4 K and carried out the CI calculations of the
hyperfine constants for the singlet state lAg of the D,y
point group, and Jouany et al. [22] investigated the low-
lying states ]Ag by means of CI calculations using a
double-zeta basis set. They found the valence molecular
orbitals of BoH, were (204)*(20,)°(30,)°(17,)" where the
first two o type orbitals involved bonding and antibonding
boron 2s electrons and the two paired electrons occupied
degenerate boron p bonding orbitals, indicating that it
contained one B-B 7 bonding orbital [19]. Furthermore,
Jouany et al. [22] found an equilibrium B-B bond length of
1.498 A, suggesting that the shortening of the B-B bond
length (0.186 A) with respect to the corresponding value in
B,H,; was attributed to the double-bond character of the
B-B bond in B,H,. Thus, the B=B double-bond character
in the singlet state B,H, was confirmed. It is generally
known that, due to the relative stronger fluidity of the 7t-
electrons, the 7t orbital might cause the H-bond acceptor
behavior to form the T-shaped X-H...7t hydrogen bond.
Then for the unusual electron deficient B=B double-bond,
can it provide 7t-electrons and be as the potential proton
acceptor to form the T-shaped X-H...7t hydrogen bond?

In this paper, our goal is to study the unusual T-shaped
X-H...t (X=F, Cl, CN, CCH) hydrogen-bonded interaction
between the B=B double bond and the acid hydrogen. For
this kind of novel T-shaped X-H...m hydrogen bond,
theoretic investigation will reveal the nature of the
interaction to further study on structures and activities for
organic, organometallic and biological molecules involving
the B=B double bonds, as well as the reaction mechanism
of the electrophilic addition to the B=B double bond. These
must be very useful for proposing the complexes of the
B=B double bond as the proton acceptor in theory and
experiment, akin to the C=C double-bond complexes.

Computational methods

It is well established that high-level quantum chemical
calculations with electron correlation and large basis set

HB=BH (0n0, + HX

(mono.)

AEyinding(De)

including both diffuse and polarization functions are crucial
to adequately describe molecular properties of weakly
bound hydrogen-bonded complexes [28-29]. Firstly, it is
necessary to reproduce various electric properties of the
monomers as accurately as possible. This will ensure a
correct description of the long-range interactions in the
complex. Secondly, the sensitivity of these electric proper-
ties to the approach of the partner’s orbitals should be
minimized in order to diminish the basis set extension
effects. Furthermore, the augmented correlation-consistent
polarized valence-triple-( (aug-cc-pVTZ) basis set has been
successfully applied in order to understand the nature of the
T-shaped X—H...7t hydrogen bonding as well as changes in
the structural, electronic and vibrational properties after
molecular complexation [12, 30-31]. So we decided to use
the MP2 and B3LYP methods with 6-311++G(2df,2p) and
aug-cc-pVTZ atomic basis sets in this investigation.

All the calculations have been performed using
Gaussian 03 programs in Shaanxi Normal University
[32]. All the possible T-shaped X—H...7t hydrogen-bonded
complexes have been fully optimized using MP2 and
B3LYP methods with the 6-311++G(2df,2p) and aug-cc-
pVTZ basis sets and the four complexes corresponding to
the minimum energy points, at which the harmonic
frequency analyses have been carried out and the
complexes have no imaginary frequency, at the molecular
energy hypersurface have been obtained. The natural
bonding analysis [33] has also been carried out at
B3LYP/aug-cc-pVTZ. The shifts of the electron densities
[34] that accompany formation of the T-shaped X-H...
H-bonds have been displayed at MP2/aug-cc-pVTZ level
using GaussView program and the topological electron
charge density has been analyzed by the atoms in
molecules (AIM) method [35] using AIMPAC program
[36] at the same level. The frequency shifts (Av), defined
as the difference between the frequency of the certain
vibrational mode in the complex and it in isolated
molecule, can be expressed as follows:

AVZVcomplex — Vmonomer

Binding energy (D.) is defined as:

ef. AEHB
—> HB=BH(ty) + HX(,,) = HB=BH-HX (complex)

Because the deformation energy (AEq.s), defined as the
energy difference between the isolated molecule and the
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molecular framework at the geometry of the complex, is
negligible for T-shaped hydrogen-bonded structure [9—13,
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17-18], the value of H-bond energy (AFEug) is almost
equal to that of the binding energy (D.). So for these
systems it can be expressed as follows:

De:E(HB:BH—HX)complex - E(HB:BH)mono. - E(HX)m0n0.7

The D, corrected for the basis set superposition error
(BSSE) [37, 38] and zero-point energy correction (ZPEC)
was evaluated.

Results and discussion

Four complexes are obtained and their fully optimized
geometries, the bond critical points (BCPs), and atomic
labels are shown in Fig. 1. The geometries parameters
and the electron densities at the BCPs are listed in
Table 1. The binding energies are presented in Table 2.
Frequency shifts of the monomers in complexes and the
results of the natural bond orbital (NBO) analysis are in
Tables 3 and 4, respectively, and the shifts of electron
densities are illustrated in Fig. 3. The unusual T-shaped
X—H...m hydrogen bonds are found between the B=B
double bond of the singlet state HB=BH and the acid
hydrogen of HF, HCI, HCN or H,C,. The binding
energies follow the order of HB=BH...HF>HB=BH...
HCI>HB=BH...HCN>HB=BH...H,C,. The analyses
of the charge density and electron density shifts confirm
that the B=B double bond can be a potential proton
acceptor.

Geometry of the complex

As can be seen from Fig. 1, the X—H...7t hydrogen bond is
found, and each forms a C,y T-shape with the X—H lying
perpendicular to the B=B double bond and pointing toward
to its midpoint. To improve the reliability of the results on
this kind of novel T-shaped hydrogen bond, the compar-
isons of the structures with the analogous H,C=CH,...HX

Fig. 1 Molecular structures for
the four complexes. Small red
spheres (unlabeled) represent
bond critical points

complexes containing double bond are carried out at MP2/
aug-cc-PVTZ level.

Form Table 1, for HB=BH...HF, the increment of the
F6-H5 bond length is increased by 0.019 A, whereas the
corresponding value in H,C=CH,...HF is only increased by
0.010 A, showing that the increment of the F6~HS5 bond
distance in HB=BH...HF is larger than that in H,C=CH,...
HF by 0.009 A at MP2/aug-cc-PVTZ level. Furthermore,
the distance of H5...7t hydrogen bond is 2.183 A whereas
the corresponding value in H,C=CH,...HF is 2.129A, only
greater than that in H,C=CH,...HF by 0.054 A at MP2/aug-
cc-PVTZ level. These results indicate the complex might
acquire a T-shaped F—H...7t hydrogen-bonded geometry.

Akin to the HB=BH...HF complex, the T-shaped CI-H...7t
hydrogen bond in HB=BH...HCl is also found according to
the increment of the CI6-H5 bond length in HB=BH...HCI
lower than that in H,C=CH,...HC]l at MP2/aug-cc-PVTZ
level. The increment of the Cl6—HS5 bond length is
increased by 0.023 A in HB=BH...HCI whereas the
corresponding value in HyC=CH,...HCI is only elongated
by 0.011 A, indicating that it is two times larger in
HB=BH...HCI than that in H,C=CH,...HCI. The distance
of H5...7t hydrogen bond, up to 2.343 A, is just greater than
that in H,C=CH,...HCI (2.297 A) by 0.046, suggesting the
possible Cl-H...nt hydrogen bond in the HB=BH...HCI
complex.

For the typical proton donors HCN and H,C,, the T-shaped
X—H...7t hydrogen bond can also not be neglected. Indeed, it
is also observed in both HB=BH...HCN and HB=BH...H,C,
from Table 1 and Fig. 1. The distance of C6-HS5 in proton
donor is lengthened from 1.064 to 1.072 A in HB=BH...
HCN and from 1.062 to 1.066 A in HB=BH...H,C, at MP2/
aug-cc-PVTZ level, respectively, analogously greatly to what
is verified in H,C=CH,...HCN and H,C=CH,...H,C, (from
1.064 to 1.070 A and from 1.062 to 1.066 A, respectively).
Moreover, the distance of HS5...m hydrogen bond in
HB=BH...HCN or HB=BH...H,C,, up to 2.742 or 2.883 A,
is slightly greater than that in H,C=CH,...HCN (2.540 A) or
HzC:CH2H2C2 (2645 A)

N7
ci6 €6
Hs
Hs
H3H4 B2 Bl H3H4 B2
—O
HB=BH...HF HB=BH...HCI HB=BH...HCN HB = BH...H,C,
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Table 1 Principal geometry parameters (distances are in A and angles are in degree) and selected bond critical point properties (in au) for
HB=BH and complexes

parameters HB = BH HB = BH..HF HB = BH...HCI HB = BH..HCN HB = BH...H,C,

R(H5...7) 2.180% 2.181° 2.363% 2.371° 2.838% 2.838° 3.070° 3.062°
2.209¢ 2.183¢ 2.365° 2.3434 2.775¢ 2.742¢ 2.946° 2.8834

R(B1=B2) 1.520° 1.530¢ 1.523° 1.532¢ 1.523° 1.532¢ 1.521° 1.531¢ 1.521° 1.530¢

R(X6-H5) 0.946° 0.941¢ 1.313° 1.298¢ 1.073° 1.072¢ 1.066° 1.066¢

R(X-H)® 0.924° 0.922¢ 1.284° 1.275¢ 1.066° 1.064¢ 1.062° 1.062¢

pacp(H...m0)f 0.0232 0.0203 0.0098 0.0075

v2ppcp(H...70) 0.0329 0.0289 0.0209 0.0175

prcp(B=B)" 0.1997 0.1982 0.1986 0.1991 0.1992

v2 ppcp(B=B)" -0.5863 -0.5568 -0.5783 -0.5821 -0.5823

 Calculated values at B3LYP/6-311++G(2df,2p) level
° At B3LYP/aug-cc-PVTZ level

¢ At MP2/6-311++G(2df,2p) level

¢ At MP2/aug-cc-PVTZ level

¢ Calculated values of X—H bond for isolated HX

T At MP2/ aug-cc-PVTZ level

Interestingly, different from the complexes OCB=BCO...
HX, in which the B=B triple bond undergoes contraction as
a result of T-shaped X—H...7t hydrogen-bonded interaction
[18], the B=B double bond was slightly elongated from
1.520 to 1.523, 1.523, 1.521 and 1.521 A for the four
complexes at B3LYP/aug-cc-PVTZ level, respectively.

As can be seen from Table 1, the distance of H...7t hydrogen
bond is the same order of HB=BH...H,C,>HB=BH...
HCN>HB=BH...HCI>HB=BH...HF at four levels, suggesting
that the strength of T-shaped X-H...t hydrogen bond in
HB=BH...HF is greatest while it is poorest in HB=BH...H,C,.
On the other hand, the increment of the X6-HS5 bond distance
in HB=BH...HX is larger than the corresponding value in
H,C=CH,...HX at MP2/aug-cc-PVTZ level, showing that the
intermolecular T-shaped X-H...7t hydrogen-bonded interac-
tions in HB=BH..HX might be stronger than those in
HzC:CHz...H)(.

Binding energies and stabilities
Table 2 gives both uncorrected and corrected binding
energies after correction of the ZPE and BSSE by means

of the counterpoise method. For the complex HB=BH...HF,
the interaction energy after correction of the BSSE amounts

Table 2 Binding energies of complexes (—D, (kJ/mol))

to 25.80 and 27.97 kJ/mol at MP2/6-311++G(2df,2p) and
MP2/aug-cc-pVTZ levels, respectively, while for HB=BH...
H,C,, the interaction energy is just equal to 7.02 and
7.73 kJ/mol after correction of the BSSE. There is no direct
measure of the interaction energy for the system, but there
is value reported in the literature of 3.36 kcal/mol (i.e.,
14.05 kJ/mol) employing MP2/6-311++G** method after
correction of the BSSE for the C,Hy..HF complex [4].
Furthermore, in our previous investigations on T-shaped X—
H...7t hydrogen-bonded interactions between the B=B triple
bond and the acid hydrogen, the interaction energy after
correction of the BSSE amounts to 13.76 and 12.21 kJ/mol
with MP2/6-311++G(2d,p) and MP2/aug-cc-pVTZ meth-
ods, respectively, whereas for OCB=BCO...H,C,, it is just
4.34 and 5.99 kJ/mol [18]. In particular, many investiga-
tions on T-shaped X-H...m hydrogen-bonded interactions
have revealed that, in general, this kind of interaction
energy is around 3.0 kcal/mol (i.e., 12.54 kJ/mol) [4].
Comparing the result mentioned above with the data listed
in Table 3, it can be seen that the calculated results are
reliable. Moreover, the interaction energy in the complex
between the B=B double bond of the singlet state HB=BH
and HX is much higher than that in the complex between
the B=B triple bond and HX.

parameters MP2/6-311++G(2df,2p) MP2/aug-cc-pVTZ B3LYP/6-311++G(2df,2p) B3LYP/aug-cc-pVTZ
HB=BH...HF 29.33 (25.80)* 16.67° 30.49 (27.97)?* 30.05 (28.73)* 20.60° 29.10 (28.81)* 21.09°
HB=BH...HCI 21.20 (17.61) 10.41 22.00 (19.73) 18.32 (16.73) 9.80 17.16 (16.92) 11.08
HB=BH...HCN 14.00 (12.31) 6.01 14.88 (13.13) 10.95 (10.45) 4.65 10.79 (10.51) 5.04
HB=BH...H,C, 8.41 (7.02) 1.50 9.20 (7.73) 5.00 (4.57) 0.85 4.82 (4.61) 0.50

* The value in the parentheses is BSSE-corrected (—Dgssk))
° The binding energy is AE with BSSE and ZPE (=De(BssE, zpE)) correction
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Table 3 Selected frequency shifts relative to the monomers for the complexes and IR intensities in the complexes at MP2/6-311++G (2df,2p)

level®
HB=BH HB=BH..HF HB=BH...HCI HB=BH...HCN HB=BH...H,C, Assignment®
v I Av I Av I Av I Av I
v -404 1154(130)°  -328 1150(54)°  -114  379(79)°  -24 0(0)° stret. of X—H
v, 1233 0 3 0 -4 1 2 0 -1 0 sym. stret. of B=B
V3 2838 20 10 9 7 10 7 3 2 15 anti-sym. stret. of B=B

2 All frequencies (v or Av) are in cm™ and IR intensities (/) are in km/mol
° The values in the parentheses are IR intensities of H-X stretching in isolated HX monomers and their frequencies are 4161, 3022, 3474 and
3538 cm™, respectively, and the values out of the parentheses are those of H-X stretching in the complexes

¢ Stret. stands for stretching

For comparison, we have also studied the T-shaped X-H...7t
hydrogen-bonded energies of the C,H,...HX complexes. The
binding energy is evaluated to be 21.69, 16.40, 12.61 and
8.49 kJ/mol at MP2/aug-cc-PVTZ level for C,H,...HF,
C,H,.. HCI, C,H4..HCN and C,H4..H,C,, respectively.
Comparing these results with the data listed in Table 3, it
can be seen that the intermolecular T-shaped X-H...7t
hydrogen-bonded interaction in HB=BH..HX is stronger
than that in H,C=CH,...HX, as is in accordance with the
increment of the X—H bond distance.

As can be seen from Table 2, the binding energies
obtained from MP2 and B3LYP methods at 6-311++G
(2df,2p) and aug-cc-pVTZ levels are all in the same order
of HB=BH...HF> HB=BH...HCI>HB=BH...
HCN>HB=BH...H,C,, as is also in good agreement with
the analyses of the H...7t distance and the increment of the
X-H bond.

The proportion of correlated interaction energies for the
complexes to their total binding energies, defined as [(—=D.)—
(_De(BSSE/ZPE))]/(_De)a are up to 1693, 1598, 8.68 and
4.36% at MP2/6-311++G(2df,2p), MP2/aug-cc-pVTZ,
B3LYP/6-311++G(2df,2p) and B3LYP/aug-cc-pVTZ levels
for BSSE corrections, respectively. This indicates the
necessity of checking the BSSE corrections using MP2/6-
311++G(2df,2p) and MP2/aug-cc-pVTZ methods for the
interaction energies of the weak T-shaped X—H...7t hydro-

Table 4 Calculated parameters of complexes at their equilibrium
geometries: NBO occupation numbers for the B=B bands (Occ.(B=B)),
the (X—H)* antibonds (Occ.(X—H)*), their respective orbital energies ¢,

gen bond. In particular, the ZPE corrections for the binding
energies, which are up to 77.05, 74.40 and 85.27% at the
MP2/6-311++G(2df,2p), B3LYP/6-311++G(2df,2p) and
B3LYP/aug-cc-pVTZ levels, respectively, are larger than
those of BSSE. Our previous investigations have shown
that the ZPE corrections for the binding energies of the
T-shaped X-H...m hydrogen-bonded interaction between
CH;3;C=N or CH;3N=C and H,0, NH; or C,H, are up to
54.32, 78.7 and 40.94% [17], and those between
OCB=BCO and HX are up to 40.28, 47.53, 56.83% [18],
respectively. Furthermore, Ammal [14] has also claimed
that the interaction energy was computed to be 3.1 kcal/mol
at the MP2/6-311++G** level after correction of the BSSE
while it was reduced to 1.4 kcal/mol after correction of the
ZPEC and BSSE for C,H,...HF, suggesting that, for the
weak T-shaped X—H...7t hydrogen bond, the ZPE correction
is very necessary for MP2 and B3LYP methods.

Vibration frequencies

The larger the frequency shifts, the more stable the complex
is, so in this paper we showed some important frequency
shifts in order to investigate the relative stabilities of the
complexes. The most important vibrational frequency of
proton donor, v, can be approximately described as the
stretching of X—H. From Table 3 it can be seen that the v;

the second-order perturbation energies £% and the sums of all atomic
NBO charges of HX in their complexes (Q) at B3LYP/aug-cc-pVTZ
level

HB=BH...HF HB=BH...HCI HB=BH... HCN HB=BH...H,C,
Occ.(B=B)* 19258  sp 51.02 Spsl,oz 1.9144 spse.45 Sp66.45 1.9765 pLOO pl.OO 1.9898 pl,oo pl.OO
e{(B=B)}" -0.2394 -0.2301 -0.2320 -0.2174
Oce.(X—H)** 0.0700  sp>** 0.0821 sp*77 0.0313 sp®*! 0.0134 sp"%7
e{(X-H)*}° 0.0700 0.0821 0.0313 0.0134
E®gpy ey 20.84 17.14 4.69 2.04
Q(H-X) -0.0668 -0.0771 -0.0218 -0.0088

# Occ.: occupation number
® Inau
¢ In kecal/mol
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decreased (red shifts) and the IR intensity increases greatly in
complexes in comparison with those of the monomers,
showing the formation of the X-H...m hydrogen-bonded
interaction. The complex HB=BH...HF is the most stable one
since there is the largest frequency shift in it (404 cm™),
while HB=BH...H,C, is the most unstable one with the least
frequency shift (only -24 cm™), as is consistent with the
analyses of geometries and binding energies.

The v, and v; can be approximately described as the
symmetrical stretching and anti-symmetrical stretching
frequencies of the B=B bond, respectively. From Table 3,
although the v, decreased (red shifts) while the v; increased
(blue shifts), both of the frequencies changed more greatly
in HB=BH...HF and HB=BH...HCI than those in HB=BH...
HCN and HB=BH...H,C,, showing that the B=B...HF and
B=B...HCI hydrogen bonds are strong while the B=B...H-C
hydrogen bonds are weak, as is in accordance with the
above analyses.

NBO analysis

To clarify the nature of the complexation, the NBO analysis
was carried out. From Table 4 we can see that, for the boron
atoms, the NBO approach mainly yields only one kind of
hybridization which involves the formation of the T-shaped
X—H...7t hydrogen bond. It is almost of purely p (or mainly p)
character and it is perpendicular to the molecular plane
including the B-B bond to form the m-orbitals.

According to the NBO analysis, all the complexes have
two units, as is in agreement with the character of most
intermolecular interaction systems. In this study, delocaliza-
tion effects between these two units can be identified from
the presence of off-diagonal elements of the Fock matrix in
the NBO basis, and the strengths of these delocalization
interactions, E® [33], can be estimated by second-order
perturbation theory. The results of E® indicate that in
complex HB=BH...HF, the major interaction is that the B=B
double bond offers the sp>"**-hybridization 7t-electrons of
the boron atoms to the contacting o_y+ antibonding orbital
of the HF and this T-shaped X-H...t hydrogen-bonded
interaction has stabilized the system by 20.84 kcal/mol. Akin
to HB=BH...HF, for complex HB=BH..HCI, the major
interaction is mg—g—0 1)+, and it has stabilized the system
by 17.14 kcal/mol. While in complexes HB=BH...HCN and
HB=BH...H,C,, the B=B double bond offers the pure p
electrons of 7t orbital to the o)+ antibonding orbital of the
HCN or H,C,, and the T-shaped X—H...7t hydrogen-bonded
interaction is found where E(Z)(B: By i 4.69 and
2.04 kcal/mol, respectively.

In the T-shaped OCB=BCO...HX complexes,
E® (=)o _ny is 4.52, 3.56, 1.71 and 0.65 kJ/mol for
OCB=BCO...HF, OCB=BCO...HCl, OCB=BCO...HCN
and OCB=BCO...H,C, at HF/aug-cc-PVTZ level, respec-
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tively [18]. Compared the result with the data listed in
Table 4, it can be seen that the T-shaped X—H...7t hydrogen-
bonded interaction between the B=B double bond and HX
is much higher than that between the B=B triple bond and
HX, as is agreement with the binding energies.

On the other hand, since the E® value from the
TB=By—0(x-H)* interaction is the order of HB=BH...
HF>HB=BH...HCI>HB=BH... HCN>HB=BH...H,C, and
the net charge transfer is evaluated to be from HB=BH to
proton donors by 66.8, 77.1, 21.8 and 8.3 me, respectively,
the orders of the binding energy and stability are HB=BH...
HF>HB=BH...HCI>HB=BH...HCN>HB=BH...H,C,, as is
in accordance with the binding energies and geometries as
well as frequencies analyses.

AIM analysis

It is well known that the electronic characteristics are
very essential to reveal the nature of the hydrogen-
bonded interactions. As an advanced method which can
offer a simple, rigorous, and elegant way of partitioning
any system into its atomic fragments, considering the
gradient vector field of its electron density, the atoms in
molecules theory (AIM) of Bader has been applied
widely to study the hydrogen-bonded interactions for
the complexes [35].

Our calculated AIM results show that, for each X-H...7t
contact, there is a bond path linking the hydrogen atom
with the midpoint of the B=B bond accompanied by a bond
critical point (see Fig. 1). Also, the values of the electron
densities ppcpa...m obtained are within a range of 0.0075—
0.0232 au (see Table 1), which fall into the common
accepted values for H-bonds (0.002—0.04 au) [35], and the
values of their Laplacians v2pgcp are all positive, indicating
the typical closed-shell kind of interactions in the com-
plexes. In other words, for all the X—H...7t contacts, the
small pgcp and positive VZpBCp values are basically similar
to the topological properties of normal weak X-H..7
hydrogen bonds [35], thus suggesting the formation of
T-shaped X—H...7t hydrogen bond and confirming that the
B=B double bond can be a potential proton acceptor.
Additionally, the largest values of ppcp and VzpBCP are
predicted for the F—H...7t interaction, reflecting the strongest
F-H...7t bond as noted above. On the other hand, the stronger
X—H...t hydrogen bond in the complex HB=BH...HX than
that in OCB=BCO...HX is also observed from the larger
electron densities pgcpgi. in the former than those in the
latter, where the values of the electron densities pgcp..m
obtained are within a range of 0.0065-0.0149 au [18].

Bond intensity can be measured by ppcp, Where the fewer
the ppcp value, the less intensive the bond with the longer
bond [35]. Here, to gain a deep insight into the origin of the
B=B bond elongation, pgcp@-p) calculations have also been
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Fig. 2 The plot of binding energies versus pgcpar...m

undertaken. Form Table 1, the pgcpi-g) values in com-
plexes, within a range of 0.1982—0.1992 au, are thinner than
that in isolated HB=BH (0.1997 au), showing that the
intensity of the B=B bond in complexes is weaker than that
in monomer, i.e., B=B bond in complexes turn poorer, thus
resulting in an elongation of the B=B bond. However, in the
complexes OCB=BCO...HX, the intensity of B=B bond in
complex is stronger than that in monomer, resulting in a
contraction of the B=B bond [18].

Interestingly, a good linear relationship is observed
between the binding energies of the T-shaped hydrogen
bond and the electron densities pgcpar...m, and the correlation
coefficient R” is up to 0.9318 and 0.9266 for the binding
energies at MP2/6-311++G(2df,2p) and MP2/aug-cc-PVTZ
levels, respectively (Fig. 2). As can be seen from Tables 1
and 2, HB=BH..HF has the least electron density ppcp@i-p)
(0.1982) with the highest binding energies; in contrast,
HB:BHH2C2 has the most PBCP[B=B) (01992) with the
poorest binding energy. It is known that changes in the
electron density distribution in both the donor and acceptor
molecules are the important consequence of hydrogen-bond
formation [39]. So the change of electron density in both the
donor and acceptor changes the strength of the T-shaped
X—H...7t hydrogen bond.

Analysis of the electron density shifts

Atomic charges are arbitrary by nature, and different
schemes of partitioning electron density to one atom or
another typically lead to discrepant charges [34]. Consid-
eration of single molecular orbitals, whether delocalized or
localized, can be misleading since they ignore all of the rest
of the electrons. Maps of total electron density in space are
not subject to such arbitrariness and therefore can be trusted
to reveal density shifts with some fidelity [34].

To clarify the nature of the T-shaped X—H...7t hydrogen-
bonded interaction between HB=BH and HX in detail, the

304 -
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analysis of the electron density shifts that accompany
formation of the X—H...7t hydrogen-bonded interaction has
been carried out. The shifts of electron densities are
illustrated in Fig. 3. This map is generated by comparing
the density in the complexes, point by point in space, to the
same quantity in the isolated monomers. Purple regions of
Fig. 3 hence represent the accumulation of additional
electron density as a result of the mutual approach of the
two molecules; yellow regions indicate loss of density.
The most obvious effects of the T-shaped H-bond
formation are shown by the yellow region which is below
the hydrogen atom of X-H bond, consistent with the
accepted notion that the hydrogen loses density. The loss of

2

HB = BH...HCI

3
A

HB = BH...H,C,

HB = BH...HCN

Fig. 3 Shifts of electron density as a result of formation of the
complex between HX and HB=BH. Purple regions denote gain, and
yellow regions represent loss
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the hydrogen atom density weakens the X—H bond, leading
to this bond elongation and the decrease of strength, as is in
common with the feature of the conventional T-shaped
H-bond.

Most important for our present consideration is the
region along the B=B bond of the proton-accepting
molecule. For each of the HB=B...HX complexes, it is
apparent by the notable yellow region around the B=B
bond axis that there is much charge loss of the B=B bond,
accordance with the accepted notion that, due to the relative
stronger fluidity of the 7-electrons, the 7-orbital of B=B
bond tends to lose density. Much of this lost density is
shifted toward the hydrogen atom of the proton donor,
indicated by the large purple upbow-region above the yz-
plane including the B=B bond, and little of density loss is
shifted below the yz-plane (little purple area). Akin to the
X-H bond, the loss of the density weakens B=B bond,
leading to this bond elongation and the decrease of strength,
as is in agreement with the analysis from the geometry.

Thus we can conclude that the nature of the T-shaped X—
H...7t hydrogen-bonded interaction is that much of the lost
density from the 7r-orbital of B=B bond is shifted toward
the hydrogen atom of the proton donor, leading to the
electron density accumulation into the region above the yz-
plane including the B=B bond and the formation of T-
shaped X-H...7t hydrogen-bond. Different from the B=B
bond contraction due to the increased density in B=B bond
tending to strengthen the bond [18], the B=B bond is
elongated because of the electron density transferring from
B=B bond to the hydrogen atom after complexation.

Conclusions

We performed calculations using MP2 and B3LYP methods
at 6-311++G(2df,2p) and aug-cc-pVTZ levels for the
singlet state HB=BH with HF, HCl, HCN and H,C,
systems. The unusual T-shaped X-H...7t hydrogen bonds
are found between the B=B double bond and the acid
hydrogen. The binding energies follow the order of
HB=BH...HF>HB=BH...HCI>HB=BH... HCN>HB=BH...
H,C,. The hydrogen-bonded interactions in HB=BH...HX
are found to be stronger than those in H,C=CH,...HX and
OCB=BCO...HX. The analyses of natural bond orbital
(NBO) and the electron density shifts reveal that the nature
of the T-shaped X-H...t hydrogen-bonded interaction is
that much of the lost density from the 7-orbital of B=B
bond is shifted toward the hydrogen atom of the proton
donor, leading to the electron density accumulation and the
formation of the hydrogen bond. The atoms in molecules
(AIM) theory have also been applied to characterize bond
critical points and confirm that the B=B double bond can be
a potential proton acceptor.

@ Springer
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