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Abstract The substituent effects on the intermolecular
T-shaped F-H...7t interactions are investigated between
HF and LBBL (L = —H, :CO, :NN, —Cl, —-CN and —
NC) using the (U)MP2(full) and (U)CCSD(T) methods
with the 6-311++G(2 d,p) basis set. The B = B triple-
bond contraction is found in the complexes with lone-
pair-electron donors while the B = B double-bond is
lengthened in the systems with the single-electron
substituents upon complexation. The T-shaped F-H...w
interaction energies follow the order of CIB = BCI...
HF>HB = BH...HF>NNB = BNN...HF>OCB = BCO...
HF>CNB = BNC...HF>NCB = BCN...HF. The
electron-donating substituents : CO and :NN increases
electron density of the B = B triple bond by the
delocalization interaction E(Z)W(CO/NN)_,LP(B) while the
electron-withdrawing substituents -CN and —NC decrease
electron density of the B = B double bond by means of the
m-1t conjugative effect. The analyses of the APT atomic
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charge, “truncated” model, natural bond orbital (NBO),
atoms in molecules (AIM) and electron density shifts
reveal the nature of the substituent effect and explain the
origin of the B = B bond contraction.
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Introduction

Recently substituent effects on T-shaped X-H...m
interactions have received much attention in experi-
mental and theoretical investigations as a result of their
extremely important role in determining the structures
and activities of organic, organometallic and biological
molecules [1]. Ehama et al. have found that the T-shaped
C—H...m interaction between chloroform and arene
becomes stronger when the arene becomes more
electron-rich [2]. The contribution of the charge-transfer
term to the T-shaped C—H...7r interaction has been
supported by ab initio calculations and experiments on
the substituent effect [3, 4]. In 2004, a theoretical study
of the intramolecular C-H...7t interaction showed that the
electron-donor or electron-withdrawing character had an
important influence on the population of the T-shaped C—
H...7t bond [5]. In 2006, Vaupel et al. investigated the
characterization of the T-shaped N—H...7t intermolecular
interactions of ammonia with various substituted 7-
systems. They found that the polarizabilities of the 7-
electron systems mainly by the substituents played an
important role in governing the nature and geometry of
the N-H...n interaction [6]. In 2008, a theoretical
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(B3LYP/6-31 G**) and experimental study on the
strength of the T-shaped N—H...7t hydrogen bonds based
on the tautomeric equilibria of 30 substituted NH-
pyrazoles was carried out. The result showed that the
strength of the N—H...7t hydrogen bond depended on the
electronic effect of the substituent [7]. Subsequently,
systematic trends in the pyrrole dimer N-H...7t interac-
tion as a function of methyl substitution were identified
[8]. Furthermore, the substituent effect on the T-shaped
O-H...7t interaction was also investigated using high-
resolution UV spectroscopy and ab initio calculations [9].
All the previous investigations paid close attention to
substituent effects on the T-shaped X—H...7t interactions
containing only the substituted electron-rich aromatic
ring or CC multiple-bond. However, to our knowledge,
no study on substituent effect on the T-shaped X-H...n
interactions involving the electron-deficient multiple
bond has been presented.

The BB bond is the typical electron-deficient
multiple-bond [10]. Recently we have found that the
investigation on the monomer and T-shaped X-H...m
hydrogen-bonded complex involving the BB multiple-
bond has always been of the interesting topic, accompa-
nied by the unusual “phenomenon” [11-13]. For example,
the electron-deficient BB bond in LBBL shows the
double-bond and triple-bond characteristic with the
single-electron donating/withdrawing (L = —H, —CN, —F,
etc.) and lone-pair-electron donating (L = : CO, :NN, etc.)
substituent, respectively [11, 12, 14], as is just opposite to
the electron-rich CC bond in LCCL [15-19]. Knight and
Jouany et al. have found the valence molecular orbitals of
HBBH were (2c7g)2(2c7u)2(3Ug)z(l7ru)2 where the two
paired electrons occupied degenerate boron 2p bonding
orbitals, indicating that HBBH contained one B-B 7
bonding orbital [10, 11]. Papakondylis et al. examined the
OCBBCO and NNBBNN molecules using the coupled-
cluster methodology and large correlation consistent basis
sets. They found that the bonding mechanism of BCO or
BN, was due to charge transfer from L to the empty 2p,
orbital of the B atom and the LBBL series resulted by
singlet coupling two B-Y*Y_ “moieties, leading to
acetylene-like LBBL systems of the 1z:;symmetry
[12]. In the investigation on the T-shaped X-H...m
hydrogen-bonded complexes involved with the B = B
bond, we have found that the B = B triple bond underwent
contraction [13], as is not consistent with the accepted
notion that the multiple bond should be elongated as a
result of H...7t interaction [20-24]. Furthermore, we have
drawn a conclusion that the lost densities from the C = O
group are shifted to the 7-bonding orbital of the B = B
bond upon the formation of the T-shaped X-H...m
interaction, leading to the electron density accumulation

@ Springer

in the B = B bond and the contraction of the B = B bond
[13]. Moreover, we have also confirmed that, although the
BB bond is electron-deficient, it can be the stronger T-
shaped X—H...7t hydrogen-bond proton acceptor than the
CC multiple-bond [23].

As a follow-up to our investigations on the H...7
hydrogen-bonded complexes involving the electron-
deficient BB multiple-bond above, in this paper, our
goal is mainly to discuss systematically the substituent
effect on the intermolecular T-shaped F-H...7r interac-
tion between HF and LBBL with the single-electron
substituents (L = —H, —F, —Cl, -CN and —-NC) or lone-
pair-electron groups (L = :CO and :NN). This
theoretical investigation will reveal the nature of the
substituent effect to further study on structure and
activity for the T-shaped X-H...nt hydrogen-bonded
complex involving LBBL with the electron-donating or
withdrawing substituent in theory and experiment.

Computational methods

It is well-established that, in most cases, the MP2(full)
and CCSD(T) methods are reliable and have been
applied successfully to investigate the intermolecular
interactions [25, 26]. Furthermore, we have found that the
6-311++G(2 d,p) basis set can be applied to reveal the
nature of the intermolecular T-shaped X-H...7t interac-
tions [13]. So we used the MP2(full) and CCSD(T)
methods with the 6-311++G(2 d,p) basis set for monomers
and F—H...LBBL in this paper. For the open-shell systems
(L = -H, -F, —Cl, -CN and —NC), the UMP2(full) and
UCCSD(T) methods were also employed.

All the calculations have been performed using
Gaussian 03 programs [27]. All the possible T-shaped
F-H...mt hydrogen-bonded complexes have been fully
optimized using the (U)B3LYP/6-311++G(2 d,p) and (U)
MP2(full)/6-311++G(2 d,p) methods. The structures
corresponding to the minimum energy points at the
molecular energy hypersurface have been obtained. Single
point energy calculations have been performed at (U)
B3LYP/6-311++G(2 d,p), (U)YMP2(full)/6-311++G(2 d,p)
and (U)CCSD(T)/6-311++G(2 d,p) levels, respectively.
The natural bonding analysis [28] has been carried out
with (U)MP2(full)/6-311++G(2 d,p) method. The shifts of
the electron densities [29] that accompany the formation
of the T-shaped F—H...7t interactions have been displayed
at (U)MP2(full)/6-311++G(2 d,p) level using GaussView
program and the topological electron charge density has
been analyzed by the AIM method [30] using AIMPAC
program [31] at the same level. The frequency shifts (Av),
defined as the difference between the frequency of the
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certain vibrational mode in the complex and in the isolated
monomer, can be expressed as follows:

Av = Veomplex — Vmonomer- (1)

Binding energy (D,) is calculated from the expression:

D, = E(FH—LBBL)com. - E(LBBL)monoA - E(FH)monoA, (2)

where Epn_LBBL)com. 1S the energy of the complex. £ ggr)
mono. aNd EFymono. are the energies of monomers. The D,
corrected for the basis set superposition error (BSSE) [32,
33] and zero-point energy (ZPE) correction has been
evaluated.

Results and discussion

Our preliminary calculations indicate that the isolated triplet
state monomer LBBL (* 2) (L =-H, -F, -Cl, -CN or —
NC) is lower in energy than the corresponding singlet state
LBBL (1Ag). However, the T-shaped F-H...7t interactions
between the triplet state LBBL and HF are weaker than
those of the singlet state LBBL with HF, as is in accordance
with our previous investigation [23]. Therefore, we present
here only the theoretical study on the T-shaped F-H...7t
hydrogen-bonded complexes of the singlet state LBBL with
HF. On the other hand, the T-shaped H...7t hydrogen-
bonded complex FBBF...HF (C,,) is not a minimum
energy point at the molecular energy hypersurface (“Con-
vergence failure” in geometry optimization is shown at (U)
B3LYP/6-311++G(2 d,p) or (UYMP2(full)/6-311++G(2 d,p)
level). The local minimum or global minimum energy point
of FBBF...HF (Cj,) is not found. Thus, only six complexes
are obtained. The atomic labels and bond critical points
(BCPs) of the complexes are shown in Fig. 1, and the
corresponding geometries parameters and the electron
densities at the BCPs are listed in Table 1. APT and natural
charges as well as the binding energies are given in Tables 2
and 3, respectively. The frequency shifts and natural bond
orbital (NBO) analysis are presented in Tables 4 and 5,
respectively. The “truncated” model and shifts of electron
densities are illustrated in Figs. 2 and 3, respectively.

Equilibrium geometry

The structures of the monomers LBBL are all D,
symmetry. The corresponding complexes form the C,, T-
shape with F-H lying perpendicular to the BB bond and
pointing toward to its midpoint (see Fig. 1).

From Table 1, for the T-shaped F—H...mt hydrogen-
bonded complexes with the single-electron substituents —
Cl, —CN and -NC, the distances of H...7t bond are 2.153,

2.352 and 2.278 A at (U)MP2(full)/6-311++G(2 d,p) level,
respectively. The distance of H...7t bond in CIB = BCI...
HF is shorter than that in HB = BH...HF (2.217) while the
distance of H...7t bond in NCB = BCN...HF or CNB =
BNC...HF is larger than that in HB = BH...HF. This result
shows that the substituent —Cl might increase T-shaped F—
H...7 interaction compared with HB = BH...HF, while the
H...7t interaction in NCB = BCN...HF or CNB = BNC...
HF might be weaker than that in HBBH...HF.

In the T-shaped F—H...7t hydrogen-bonded complexes
with the lone-pair-electron substituents : CO and :NN, the
distances of H...t bond are 2.236 and 2.209 A at (U)
B3LYP/6-311++G(2 d,p) level, respectively. The distance
of H...7t bond in NNB = BNN...HF or OCB = BCO...HF
is larger than that in HB = BH...HF (2.178 A at (U)B3LYP/
6-311++G(2 d,p) level). The reason might simply be that
the substituent groups : CO and :NN are much lager than
H. Thus, it is easy for HF to come closer to HBBH. At (U)
MP2(full)/6-311++G(2 d,p) level, the distance of H...7t
bond in OCB = BCO...HF (2.300 A) is also found to be
larger than that in HB = BH...HF. For the H...7t hydrogen-
bonded complex NNB = BNN...HF (C,,), “Convergence
failure” in geometry optimization is shown at (U)MP2(full)/
6-311++G(2 d,p) level, and the local minimum or global
minimum energy point is not found using this method.
These results suggest that the T-shaped F—H...7t interaction
in OCB = BCO...HF or NNB = BNN...HF might be
weaker than that in HB = BH...HF. In our previous
investigations, we have also found that the distance of
H...7t bond in OCB = BCO...HF is larger than that in
HB = BH ('A,)...HF [23].

From Table 1, at (U)MP2(full)/6-311++G(2 d,p) and (U)
B3LYP/6-311++G(2 d,p) levels, the F-H bond length in
CIB = BCI...HF is larger than that in HB = BH...HF while
the F—H bond length in the other complex is shorter than
that in HB = BH...HF. This result also indicates that the
H...7 interaction in CIBBCI...HF might be stronger than
that in HB = BH...HF while the H...7 interaction in
LBBL...HF (L = :CO, :NN, —CN or —NC) might be
weaker than that in HB = BH...HF.

In general, in the T-shaped X-H...7t interaction com-
plex, the multiple-bond will be weakened and elongated
due to electron transfer from the 7t-bonding orbital of the
multiple-bond toward H-X upon complexation. For exam-
ple, McDowell and Tavares et al. have found that, for the T-
shaped X-H...7t interaction complexes involving the CC
multiple-bond, both the C = C and C = C bonds are
elongated in comparison with those in monomers [21, 34].
In our recent investigation on the T-shaped X-H...7t
hydrogen-bonded complex HB = BH(lAg)...HX, the B =
B double bond was also elongated [22]. However, for the T-
shaped X-H...mm hydrogen-bonded complexes OCB =
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Fig. 1 Molecular structures and bond critical points of the complexes
BCO...HX, we have found that the B = B triple bond CIB = BCIl...HF>HB = BH...HF>OCB = BCO...

undergoes contraction from 1.510 to 1.500, 1.503, 1.504
and 1.507 A in OCB =BCO...H-X (X =—F, -Cl, -CN and —
C,H) at MP2/6-311++G(2 d,p) level, respectively [13].

In this work, we have found the increment of the BB
bond length in the complexes involving the B = B double-
bond whereas the contraction in the complexes involved
with the B = B triple-bond. From Table 1, for OCB =
BCO...HF, the B = B triple bond is contracted from
1.505 A to 1.496 A at (U)MP2(full)/6-311++G(2 d,p) level.
In NNB = BNN...HF, the B = B triple bond is contracted
from 1.436 A to 1.432 A at (U)B3LYP/6-311++G(2 d,p)
level. However, in the HF complexes with LB = BL (L are
the single-electron substituents —H, —Cl, —-CN and —NC),
the B = B double bonds are lengthened from 1.525, 1.505,
1.521 and 1.509 A to 1.527, 1.508, 1.523 and 1.511 A at
(U)MP2(full)/6-311++G(2 d,p) level, respectively. Thus,
we might conclude that the B = B triple bond will be
contracted in the complex with the lone-pair-electron donor
substituent while the B = B double bond might be
lengthened for the system with the single-electron
substituent upon complexation.

As can be seen from Table 1, the distance of H...7t is
the order of CIB = BCIl...HF<HB = BH...HF<OCB =
BCO...HF<CNB = BNC...HF<NCB = BCN...HF at (U)
MP2(full)/6-311++G(2 d,p) level, whereas the order of
the increment of the F-H bond length is CIB = BCI...
HF>HB = BH...HF>CNB = BNC...HF>OCB = BCO...
HF>NCB = BCN...HF. These results suggest that the T-
shaped F—H...7t interactions might follow the order of
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HF>NCB = BCN...HF.
APT atomic charge

In most cases, the APT atomic charges are reliable to be
applied to investigate the electron-donating/withdrawing
ability of a group [35]. The APT charge of the BB bond
(the sum of the APT atomic charges of two boron atoms)
can be used to roughly represent electron-donating/with-
drawing ability of the BB bond, thus, indicating indirectly
the electron-donating/withdrawing ability of substituent,
too.

From Table 2, the values of the APT charge of the BB
bond in the monomers OCB = BCO and NNB = BNN are
negative, indicating the electron-donating characteristic of
the substituents : CO and :NN. It is noteworthy that,
although the electronegativity of the C, O and N atoms is
higher than that of the B atom, and the electrons should
transfer from BB to : CO and : NN, the electrons shift
conversely, perhaps due to that these substituents have
lone-pair electrons and the boron atom is electron-deficient.
Thus, the substituents might offer the lone-pair electrons to
the electron-deficient boron atom, as is in accordance with
the investigation by Papakondylis et al. [12].

For the monomers LBBL (L = —Cl, —CN and —NC) as
well as their complexes, the values of the APT charges of
the BB bond are positive, indicating that —Cl, -CN and —
NC are the electron-withdrawing substituents in monomers
and complexes.
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NCBBCN...HF CNBBNC...HF

..HF

CIBBCI.

..HF?*

NNBBNN.

OCBBCO...HF

HBBH...HF

Table 3 Binding energies of complexes (—D, (kJ mol™))

Parameters
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14.52 7.93 5.46 —20.22

16.42 14.90 10.10 17.67 16.07 11.74 595  31.20 30.13 25.28 —15.32  8.64 7.174.58 —23.40

31.11 30.06 * 25.89 °

(U)B3LYP/6-311++G(2 d,p)

30.06 0.15 9.69 ¢
14.75 10.74 8.44 —17.13

31.48 0.37 7.71¢
10.52 6.75 5.15 —21.17

32.61 0.21 17.08 ¢
30.60 25.23 20.77 —12.59

20.36 26.31 ©
16.79 14.28 7.10 2.39

5.9527.01 33.00 ©
1541 11.27 9.22

28.97 24.94 20.41

(UMP2(full)/6-311++G(2 d,p)

28.17 1.63 9.41
13.52 9.80 —17.05 24.49

29.00 1.57 6.26

8.20 4.69

29.82 1.37 15.86
27.18 22.30 —11.97 26.13

9.49
6.62 26.13 32.75

24.69 20.96 18.98 15.22

(U)CCSD(T)/6-311++G(2 d,p)

1.80 5.64

1.59 12.57

? The binding energies in italic are BSSE correct energies

®The binding energy with BSSE and ZPE (—D,gssk-zpE)) correction

“The binding energies in bold are obtained by “truncated” model. They are —Ein .. ur... 1) —Einern...BB) a0d ~[Eineqw. 1r.. 1) T EncEn.. eyl Tespectively

d L P . « .
The binding energies in bold are obtained by “truncated” model. They are —Einwn.. ur.. 1), —Eintn.. mBH)y —Eint@z.. nrF.. m2) and —[Einean. nr. ) T EinceEn.. neen) —Einc@z.. oF.. m2)ls

respectively

As can be seen from Table 2, the order of the APT
charge of the BB bond is as follows: OCB = BCO < NNB =
BNN and NCB = BCN < CIB = BCI < CNB = BNC. This
result shows that the order of the electron-donating ability
of substituent might be OCB = BCO > NNB = BNN, and
that of the electron-withdrawing ability might be NCB =
BCN < CIB = BCI < CNB = BNC.

Binding energies and stabilities

Table 3 gives both uncorrected and corrected binding
energies after correction of the ZPE and BSSE by means
of the counterpoise method. From Table 3, the proportions
of corrected interaction energies to their total binding
energies, defined as [(—De)~(—Dessse/zrr)/(—De), are up
to 45.31%, 35.71% and 42.68% at (U)B3LYP/6-311++G
(2 d,p), (U)MP2(full)/6-311++G(2 d,p) and (U)CCSD(T)/6-
311++G(2 d,p) levels for BSSE corrections, respectively.
These results indicate that it is necessary for the T-shaped
F—H...7t interaction energies to check the BSSE corrections
using these three methods, as is in accordance with our
recent studies [26, 35]. In fact, there is a standard
computational protocol, which requires BSSE corrections
for intermolecular interaction energies. Only in the case of a
complete basis set, the correction for BSSE is not needed.
The ZPE corrections for the (U)B3LYP/6-311++G(2 d,p)
and (U)MP2(full)/6-311++G(2 d,p) methods, which amount
to 29.98 % and 37.69 %, respectively, might not be
negligible, too. Our previous investigations have shown
that the ZPE corrections for the T-shaped X-H...7m
interactions between HB=BH (]Ag) and HX are up to
74.40 % and 77.05 % at the B3LYP/6-311++G(2df,2p) and
MP2/6-311++G(2df,2p) levels [22], and those for the H...7t
interactions between OCB = BCO and HX are up to
47.53 % and 40.28 %, respectively [13].

As can be seen from Table 3, the T-shaped F-H...wt
interaction energies are in the order of CIB = BCI...
HF>HB = BH...HF>NNB = BNN...HF>OCB = BCO...
HF>CNB = BNC...HF>NCB = BCN...HF, which is in
good agreement with the analysis of the H...7t distance.
Obviously, the lone-pair-electron substituents : NN
and : CO decrease the T-shaped F—H...7t interaction (in
comparison with that of HB = BH(IAg)...HF). In our
previous investigation, we also found that the T-shaped
F-H...7 interaction in OCBBCO...HF was weaker than
that in HBBH (lAg)...HF [23]. In the recent investigation
on the cation-7t interaction, we have confirmed that,
although : CO is the electron-donating substituent, the
cation-7t interaction in OCBBCO...Na" is weaker than
that in HBBH (]Ag)...Na+, too [25]. It is worth mention-
ing that, our preliminary calculations indicate that the
H...7t interaction in OCBBCO...HF or NNBBNN...HF is
far stronger than that in HBBH (32;)...HF. For the
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Table 4 Selected frequency shifts relative to the monomers for the complexes at (U)MP2(full)/6-311++G(2 d,p) level®
HBBH...HF OCBBCO...HF NNBBNN...HF ¢ CIBBCI...HF NCBBCN...HF CNBBNC...HF
AV/V(‘oml(‘om([morm) AV/Vromlcom(lmmw) AV/Vcomlcom([mon0) AV/Vcnmlcom(]mono) AZ//Vcomlcom([mon0) AV/Z/c‘omlcom(Imano)
v 150, 0 125, 0 147, 1 225,17 131, 3 141, 2
,° —401, 1177 —165, 561 —342, 903 —472, 1235 —206, 697 —273, 854
V3 -2, 0 (0) 13,1 (0) =27, (0) —4,2 (0) 1,0 (0) 1,0 (0)
vy 18, 5 (0) 23,8 (0) 8,0 (0) 16, 0 (75)
Vs 15, 2536 (2623) 25,1801(2011) 6, 101 (47) 7, 573 (295)
Vs 9,9 (20) —4, 20 (6) 12,102 (92) 16, 329 (303) 5, 50 (35) 7, 120 (94)

2 All frequencies (v or Av) are in cm™' and IR intensities (/) are in km mol™ . vy, 15, 13, v4, vs and v stand for stretching of H' ..., stretching of
HF, stretching of B-B, symmetrical stretching of L5-X7, anti-symmetrical stretching of L5-X7 and anti-symmetrical stretching of B-LS5,

respectively

°The frequencies of the isolated HF monomers is 4133 cm ', and the corresponding IR intensity is 138 km mol™
¢ For NNBBNN...HF, frequency shifts are obtained at (U)B3LYP/6-311++G(2 d,p) level

complex with electron-withdrawing substituent —CN or
—NC, the interaction energy decreases compared with
that of HB = BH...HF. However, although —Cl is also
an electron-withdrawing substituent, the T-shaped F-—
H...7t interaction energy in CIB = BCI...HF is stronger
than that in HB = BH...HF. Again, it should be noted
that the distance of H...7t in CIB = BCI...HF is shorter
than that in HB = BH...HF while the F—H bond length

Table 5 Calculated parameters of complexes at their equilibrium
geometries: NBO occupation numbers for the BB and LX bonds or the
B and Cl atoms with lone pairs (Occ.(BB) and Occ.(LX) or Occ.(B)
and Occ.(Cl)), the (HF)*, (LX)* and (BB)* antibonds (Occ.(HF)*,

in CIB = BCI...HF is larger than that in HB = BH...HF
(see Table 1).

The calculated binding energy difference [D. (1 gsL...
ur—(De mmen.. nr)] between LBBL...HF and HBBH...
HF is as follows: —5.71 kJ mol™ (23.13%), 2.49 kJ mol™
(10.09%), —16.49 kJ mol™ (66.79%) and —11.17 kJ mol™
(45.24%) for the complexes with the substituents L = : CO,
—Cl, —=CN and -NC at (U)CCSD(T)/6-311++G(2 d,p) level,

Occ.(LX)* and Occ.(BB)*), their second-order perturbation energies
E® and the NBO charge transfers of the monomers LBBL in their
complexes (Q) at (UMP2(full)/6-311++G(2 d,p) level

Parameters HBBH...HF OCBBCO...HF NNBBNN...HF ! CIBBCI...HF NCBBCN...HF ~ CNBBNC...HF
Occ.(BB) @ 1.9467 p" %% 1.9717 sp®Ssp® 1.9677 sp™Hsp®>* 1.9417 p' %10 1.8420 p' %0 1.8461 p' %0
Occ.(HF)* 0.0498 sp>7® 0.0136 sp>%* 0.0291 sp3.24 0.0443 sp>7® 0.0182 sp>'¢ 0.0310 sp>%
EPmgpy oupx " 98.32 3.51° 6.77 ¢ 85.52 39.14 57.84
Oce.(LX) © 1.9907 p!'00p!-00 1.9729 p'00p!-00
Occ.(LX)* 0.0690 p'%%p!%° 00575 p'*%p!0
EPngpy Taxy 115.93 85.90
Occ.(BB)* 0.1123 p'00p!-00
Occ.(B) 0.7973 p"%° 0.7424 p'*°
EPn 50 10m 21.12 40.40

(LX)—Lp(B)
Occ.(Cl) 1.9376 p'%°
EPcn-T BBy 105.85
OwssL) 50.23 10.55 22.96 44.00 16.88 30.89

#Occ.: occupation number
°In kJ mol!

¢X means the O, N, N and C atoms at OCBBCO...HF, NNBBNN...HF, NCBBCN...HF and CNBBNC...

HF, respectively

9In me

¢ Another notable stabilization energy E® LpB)—oqry* 18 found to be 11.54 kJ mol™!

fAt (U)B3YP/6-311++G(2 d,p) level

£ Another notable stabilization energy £ | ) oar) is found to be 13.42 kJ mol™
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Fig. 2 The “truncated” model

respectively. It is up to —13.44 kJ mol™ (43.20%) for NNB =
BNN...HF at B3LYP/6-311++G(2 d,p) level. For the
complexes LBBL...HF (L = : CO, : NN, —-CN and —NC),
high percentage indicates the strong substituent effect on the
T-shaped F-H...7t interactions.

Analysis of the substituent effect using “truncated” model

To unravel the origin of the substituent effects in LBBL
with single-electron substituent, a “truncated” model was
constructed by replacing two boron atoms of the substituted
LBBL (at the equilibrium separation of the corresponding
complex) with the hydrogen atoms. The hydrogen was
placed along the B-L bond, and the H-L distance was
optimized with all other internal coordinates fixed. This
similar model has been used to study substituent effects in
the benzene dimer and the complex of substituted benzene
C¢HsX...Na" by Wheeler and Houk [36, 37]. Frontera et al.
have reported through-space substituent effects in com-
plexes of paracyclophanes with Na" and Li* [38]. We have

Fig. 3 Shifts of electron density
as a result of formation of

the complex between

HF and LBBL

HB=BH-:-HF

CIB=BCl-*

@ Springer

mesa-c 3'5%'%

OCB=BCO--

also used the “truncated” model to investigate the substit-
uent effect on the cation-7t interactions between Na™ and
LCCL [35].

In this work, the interaction energy of H, with H-F at a
distance equal to R(H...7r) for the corresponding LBBL...
H-F complex is subtracted from the sum of Ein¢qn.. pn...
nry and Eiye p-n.. mseh) to yield an additive approximation
to the F-H...7t binding energy [Eintwn..rn.. HL) T Eint.
(F-H...HBBH) — Einu2.. F-m..12)] (see Fig. 2). For the
complexes with lone-pair-electron donating substituents,
according to our method [35], interaction energies of F—H
with substituted LBBL are captured by adding the L...F—
H...L interaction to the F-H...BB interaction at a distance
equal to R(F-H...7). Obviously, in two additive models,
the effect of the substituent involves direct through-space
interaction with the substituent.

From Table 3, for the single-electron substituents, the
H...7 interaction energy deviation —Ejy (LgsL...H-Fy[~(Eint.
H..H-F..HL) T Eine@-F.. uBBHFinv@H.. H-F...HH)] be-
tween the result for the intact substituted complex and the
additive model is as follows: 14.74 kJ mol” (48.17%),
4.26 kJ mol™" (40.49%) and 5.34 kJ mol™ (36.20%) for the
complexes with the substituents —Cl, -CN and —NC at (U)
MP2(full)/6-311++G(2 d,p) level, respectively. High per-
centage indicates that the single-electron substituent effect
plays an important role in the T-shaped F—H...7t interaction.
This is perhaps the reason why, although —Cl is the
electron-withdrawing substituent, the T-shaped F-H...m
interaction in CIBBCI...HF is stronger than that in HB =
BH...HF. For the single-electron substituents, the additive
model underestimates Ej,.

For the lone-pair-electron substituents, the T-shaped X—
H...7t interaction energy deviations —Ei¢(LBBL...H-F)—
[(Binca. v 1) + Encgir. sm)] are —16.58 kI mol™
(100.97%) and —8.64 kJ mol™ (48.90%) for the complexes

NNB=BNN:-

bésm@amaes

NCB=BCN-+-HF CNB=BNC-+-HF
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with : CO and : NN at (U)B3LYP/6-311++G(2 d,p) level,
respectively. For these two complexes, the additive model
overestimates Ej,.. In our previous investigation, for OCC =
CCO...Na", the additive model underestimates greatly Ej,
[35]. For OCB = BCO...HF and NNB = BNN...HF, the
high percentages also indicate that the substituents : CO
and : NN have a great influence on the T-shaped F-H...7t
interactions. This is perhaps the reason why, although
both : CO and : NN are electron-donating substituents,
the H...7t interaction in OCBBCO...HF or NNBBNN...
HF is weaker than that in HB = BH...HF.

Vibration frequencies

In order to obtain the information of the substituent
effect on vibration frequencies, the frequency shifts are
investigated. As can be seen from Table 4, for the
complexes with LBBL (L = —H, : CO, —Cl, -CN and —
NC), the frequencies of the stretching of the H...7t bonds
(1) are predicted to be 150, 125, 225, 131 and 141 cm™!
at (U)MP2(full)/6-311++G(2 d,p) level. The values of the
frequencies follow the order of CIBBCI...HF>HBBH...
HF>CNBBNC...HF>NCBBCN...HF>OCBBCO...HF. In
our recent investigation of substituent effect on the
cation-7t interaction between Na' and LCCL, the larger
frequencies of the stretching of cation...7t bonds are
found in the complexes with the electron-donating
substituents (in comparison with that in HCCH...Na")
[35]. However, from Table 4, although —Cl is the electron-
withdrawing substituent, the frequency of the stretching
of the H...7t bond in CIBBCI...HF is the largest. Except
for OCBBCO...HF, the order of the frequency of the
stretching of the H...7t bond is well in agreement with
that of the binding energy. In fact, a certain vibrational
mode obtained from the calculation using Gaussian 03
programs is not one single vibrational frequency but a
combination of several vibrational patterns. This is the
reason why the order from the frequency of the H...m
bond is not in accordance with that of the binding energy.
The larger the frequency shifts, the more stable the
complex, so we also showed the 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 F—H. From Table 4, it can be seen that the 1,
decreases (red shifts) and the IR intensity increases
greatly in complexes in comparison with those in the
monomer HF, showing the formation of the F-H...w
interaction. The values of the frequency shifts follow
the order of CIBBCI...HF >HBBH...HF>CNBBNC...
HF >NCBBCN...HF >OCBBCO...HF at (U)MP2(full)/
6-311++G(2 d,p) level. Except for OCBBCO...HF, it is
consistent with the order of the binding energy.

In general, for the H...7t hydrogen-bonded complex, due
to the electrons transfer from 7t-bond toward the hydrogen
atom, the stretching of the 7t-bond will decrease (red shifts),
and the multiple-bond will be weakened and elongated.
Indeed, the symmetrical stretching frequencies of the BB
bonds (v3) in LBBL...HF (L = —H, —NN and —Cl) decrease.
However, the 15 increases in OCB = BCO...HF (1537 cm ')
in comparison with that in the monomer OCB = BCO
(1524 ecm™") at (UYMP2(full)/6-311++G(2 d,p) level. This
suggests that the B = B bond in OCB = BCO...HF might be
contracted upon complexation, as is in accordance with the
analysis of the structure above.

NBO analysis

The analyses of the structures, binding energies and
“truncated” model have indicated that the substituents have
great effect on the H...7t interactions. To clarify further the
nature of the substituent effects, the NBO analysis has been
carried out.

According to the NBO analysis, all the T-shaped F-—
H...7t hydrogen-bonded complexes have two units. The
delocalization effects between them 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® [28], can be estimated by second-order
perturbation theory. From the results of E®, we can see that
the major T-shaped F—H...7r interaction is that the BB
bond offers the approximate sp®>° or p'**-hybridization
mi-electrons of the boron atoms to the contacting o(p_py«
antibonding orbital.

From Table 5, the delocalization interaction E®xn
@B)—0@mr)* in OCBBCO...HF is far weaker than that in
HBBH...HF, and the value of the net charge transfer
from LBBL to HF in OCBBCO...HF is also smaller
than that in HBBH...HF. Therefore, the T-shaped F—
H...7 interaction in OCBBCO...HF is weaker than that
in HBBH...HF. On the other hand, the stabilization
energy E(Z)Tr(Lx)_,Lp(B) is found in OCBBCO...HF
(21.12 kJ mol™") and NNBBNN...HF (40.40 kJ mol™).
This delocalization interaction shows that the : CO
or : NN substituent does not offer the p'°’-hybridization
m-electrons to the contacting Lp(B)* antibonding orbital
but to the Lp(B) bonding orbital. Thus, although the
electron density in the BB bond is increased, the value of
the net charge transfer from LBBL to HF in OCBBCO...
HF or NNBBNN...HF does not increase. This result could
be used to explain why, although both : CO and : NN are
electron-donating substituents, the T-shaped F-H...w
interactions in them are weaker than that in HB = BH...
HF. The electron density accumulation of the B = B bond
(from : CO or : NN) leads to the contraction of the B =B
bond in OCBBCO...HF or NNBBNN...HF.
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The notable p-7t conjugation effect in CIBBCI...HF is
confirmed. It originates mainly from the orbital interaction
between the lone pair electrons of the Cl atom and 7gp*
antibonding orbitals. E(Z)Lp(C])_,ﬁ(BB)* has been predicted to
be 105.85 kJ mol™ at MP2(full)/6-311++G(2 d,p) level.
High delocalization interaction leads to the high p-7
conjugation effect, and consequently the electron density
accumulation in the BB bond. The increased density tends
to strengthen the T-shaped F—H...7t interaction between
CIBBCI and HF, as is in accordance with the result from
binding energy.

For NCBBCN...HF and CNBBNC...HF, the 7t-7t con-
jugation effects are obvious. The delocalization interactions
E(z)’/T(BB)_,’lT(LX)* are up to 115.93 and 85.90 kJ mol™,
respectively. These delocalization interactions indicate that
the BB bond offers the p'**-hybridization r-electrons of
the boron atoms to the contacting mx)« antibonding
orbital. The 7-7t conjugation effect decreases the charges
on the boron atoms of the B = B double bond. Thus, the
value of the net charge transfer from LBBL (L = —CN or —
NC) to HF becomes smaller than that in HBBH...HF, and
the delocalization interaction E(Z)W(BB)_,O'(HF)* in the
former is also weaker than that in the latter. Therefore,
the T-shaped F-H...7t interaction in LBBL (L = —CN or —
NC) is weaker than that in HBBH...HF.

AIM analysis

It is well known that the electronic characteristics are
very essential to reveal the nature of the hydrogen bond.
AIM method has been applied widely to study the
hydrogen bonds of the complexes [22]. Our AIM results
show that, for each F—H...7t contact, there is a bond path
linking the hydrogen atom with the midpoint of the BB
bond, accompanied by a bond critical point (BCP) (see
Fig. 1). The values of the electron densities ppcpg.. .
obtained are within a range of 0.0152 — 0.0250 au (see
Table 1), and the corresponding Laplacians VzpBCp(H,m)
are all positive, indicating the typical closed-shell kind of
interactions and suggesting the formation of the T-shaped
F-H...m interaction.

From Table 1, the value of the pgcp... in the complex
with the lone-pair-electron donating substituent : CO is
smaller than that in HB = BH...HF, indicating that the T-
shaped F—H...7t interaction in OCB = BCO...HF is weaker
than that in HB = BH...HF. The value of the ppcpgr... ) in
the complex CIB = BCI...HF is larger than that in HB =
BH...HF, showing a strong T-shaped F—H...7t interaction
between HF and CIB = BCI, as is consistent with the
analysis of the binding energy. For the H...7w hydrogen-
bonded complex with the single-electron withdrawing
substituent -CN or —NC, the value of the pgcpu...m 1S
smaller than that in HB = BH...HF. This result shows that
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the T-shaped F-H...7t interaction in LB =BL...HF (L=—-CN
or —-NC) is weaker than that in HB = BH...HF, as is in
accordance with the result from the binding energy, too.

The change of the pgcp@r) value upon complexation
indirectly gives information of how the H...7t interaction is
affected by the substituent. As can be seen from Table 1, for
the complexes with the single-electron substituents —Cl, —
CN and —NC, the pgcp(BB) values are smaller than those in
the isolated monomers. However, for the complex with the
lone-pair-electron substituent : CO, the pgcp(BB) value is
larger than that in the isolated monomer OCBBCO. This
result shows that, for the complex OCB = BCO...HF, the
more lost density from the electron-donating substituent
: CO in the complex than in the isolated monomer has
been shifted to the m-bonding orbital of the BB bond upon
complexation. This leads to the contraction of the B = B
bond upon complexation.

Analysis of the electron density shifts

In order to obtain deeper insight into the substituent effects
on the T-shaped X—H...7 interactions in detail, the analysis
of the electron density shifts has also been carried out. The
shifts of electron densities are illustrated in Fig. 3. These
maps are generated by comparing the density in the
complexes, point by point in space, to the same quantity
in the isolated monomers. Purple regions represent the
accumulation of additional electron density; yellow regions
indicate loss of density.

The effects of the T-shaped H-bond formation are
shown by the yellow region which is around the
hydrogen atom of F-H bond, consistent with the
accepted notion that the hydrogen loses density. The
loss of the hydrogen atom density weakens the F—H
bond, leading to this bond elongation and the decrease
of strength. For the proton-accepting molecule, it is
apparent by the notable yellow region around the BB
bond axis that there is charge loss of the BB bond.
Much of the charge loss is shifted toward the hydrogen
atom of HF, indicated by the large purple upbow-region
above the xz-plane including the BB bond, and little is
shifted below the xz-plane (little purple area).

As can also be seen from Fig. 3, in the complexes
LBBL...HF (: CO, : NN and —Cl), it is apparent by the
purple region extending near to the BB bond axis that there
is large charge buildup along the BB bond while the
substituent moiety is surrounded by the notable yellow
region, indicating that the substituent loses density. Many
of these lost densities from the substituent moiety are
shifted to the 7r-orbital of the BB bond upon complexation,
leading to the electron density accumulation of the BB
bond, as is consistent with the analyses of NBO and AIM.
This is the origin of the effect p-7t conjugation effect in
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CIBBCI...HF and the contraction of the B = B triple-bond
in OCBBCO...HF and NNBBNN...HF.

For LBBL...HF (L = —CN and —NC), the notable purple
region locates around the C = N bond while the large
yellow region is just below the BB bond, indicating that
lost densities from the BB bond are partly shifted to the C =
N bond (partly toward HF). This indicates the single-
electron withdrawing substituents effects for -CN and —NC
(7t-1t conjugation).

Conclusions

The substituent effects on the intermolecular T-shaped
F-H 7 interactions are investigated between HF and
LBBL (L = —H, : CO, :NN, —Cl, -CN and —NC) using
the (U)MP2(full) and (U)CCSD(T) methods with the 6-
311++G(2 d,p) basis set. The B = B triple bond
contraction is found in the complexes with lone-pair-
electron donors while the B = B double bond is
lengthened in the systems with single-electron substitu-
ents upon complexation. The T-shaped F-H...7t inter-
action energies follow the order of CIB = BCI...
HF>HB = BH...HF>NNB = BNN...HF>OCB =
BCO...HF>CNB = BNC...HF>NCB = BCN...HF. The
electron-donating substituents : CO and :NN increase
electron density of the B = B triple bond by the
delocalization interaction E(z)w(CO/NN)HLp(B) while the
electron-withdrawing substituents —CN and —NC decrease
electron density of the B = B double bond by means of the
m-7t conjugative effect. The analyses of the APT atomic
charge, “truncated” model, NBO, AIM and electron density
shifts reveal the nature of the substituent effect and explain
the origin of the B = B bond contraction.
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