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The adduct of borabenzene (C5H5B) and pyridine (C5H5N) was studied bymeans of quantum-chemical ab initio and time-
dependent density functional theory calculations at different levels of theory. In the fully optimized structure (MP2/

6-311þþG**) of the free donor–acceptor complex (C2), the C–B–C angle amounts to 120.68. The planes of the two
aromatic rings enclose a torsion angle of ,408 with a barrier to rotation about the B–N bond of less than 3 kcalmol�1

(1 kcalmol�1¼ 4.186 kJmol�1). The highest computational level applied in this study (complete basis set limit, coupled

cluster with single and double excitations (CCSD)) results in an energy associated with the reaction of borabenzene with
pyridine of �52.2 kcalmol�1. Natural bond orbital analyses were performed to study the bond between the borabenzene
and the pyridine unit of the adduct. The UV-vis spectrum of the adduct was calculated employing time-dependent density

functional theory methods and the symmetry-adapted cluster-configuration interaction method. Our calculated electronic
excitation spectrum of the pyridine adduct as well as its spectrum of the normal modes qualitatively reproduce the
characteristic features of the IR and the UV-vis spectra described by experimentalists and thus allows assignment of the
observed absorption bands, which in part agree with those by other authors.
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Introduction

Borabenzene (C5H5B) has been the subject of some experi-
mental[1–3] and an even higher number of theoretical[4–12]

studies; however, attempts to generate the free compound have
met with failure so far. At least in two experimental studies,

borabenzenze apparently occurred as a transient that was trap-
ped either by dinitrogen[1] or pyridine.[2] Although the adduct of
borabenzene with N2 was not isolated as a pure compound but

rather was characterized spectroscopically in a matrix of frozen
dinitrogen at 10K,[1] the adduct formed with pyridine was
obtained as a yellow crystalline solid when 1-methoxy-6-

(trimethylsilyl)-1-bora-2,4-cyclohexadiene was reacted with
C5H5N at 608C.[2] The crystalline compound turned out to be
sufficiently stable to be subjected to single-crystal X-ray
structure determination. Pyridine–borabenzene belongs to a

class of compounds that are commonly called donor–acceptor
complexes.[13,14] In these compounds, the electrons of the bond
connecting the two components of the complex (here pyridine

and borabenzene) are formally provided by one of themolecules
(pyridine), which is called the donor. On bonding, the atom that

donates the electron pair receives a positive formal charge while

the atom of the other compound (borabenzene), which is called
the acceptor and is directly bonded to the donating atom, gets a
negative formal charge (see Scheme 1, limiting structure B).
Compounds of this kind with different acceptors and donors

have been studied in much detail using theoretical methods by
Frenking and Jonas,[15,16] and our results obtained for pyridine–
borabenzene are compared with the accounts of their research.

Using THF as a solvent, the title compound caused absorp-
tions at lmax (e)¼ 236 (5175), 250 (5090), 279 (3470), and
472 nm (2825� 1000 cm2mol�1) in the UV-vis spectrum.[2]

Based on a semi-empirical Pariser–Parr–Pople (PPP) calcula-
tion, the band observed at 472 nm was assigned to a HOMO-
LUMO transition involving charge transfer from the C5H5B to
the C5H5N moiety.[2] The position of this band was found to

strongly depend on the molecule’s environment in that it was
shifted to 492 nm in benzene whereas it occurred at as long a
wavelength as 596 nm in an Ar matrix. A similarly strong

solvent dependence of this bandwas obtained by an electrostatic
solvent model in combination with the semi-empirical
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configuration interaction including single excitations employ-

ing the spectroscopic complete neglect of differential overlap
approximation (CIS CNDO/S) method.[11]

Moreover, in further characterizing the compound, Boese

et al.[2] reported intense absorptions in the infrared at,1500 and
,700 cm�1.

To get a deeper insight into the structural features and the
electronic properties of the title compound, we performed

quantum-chemical ab initio as well as time-dependent density
functional theory (DFT) calculations at different levels of theory.

Methods

Most of the calculations that form the basis for the results pre-
sented in this paper were performed with the Gaussian09[17]

suite of quantum-chemical routines using the facilities of the
Computing and Communication Centre of the RWTH Aachen
University. All structures under considerationwere optimized at
the MP2 and the CISD level employing the 6-311þþG** basis

set, where certain geometric constraints had to be applied in
some of the calculations (structures of C2v symmetry). The
nature of each optimized stationary point was determined by

checking the eigenvalues of the corresponding force constant
matrix for negative values. To obtain improved energies for the
reaction between borabenzene and pyridine, additional single-

point calculations were performed at the coupled cluster level
(CC) including single (S) and double (D) (CCSD) substitutions
as well as in some cases a non-iterative inclusion of triple

excitations (T) (CCSD(T)).[18] Correlation-consistent basis sets
(aug-cc-pTZV, aug-cc-pDZV[19]) were used in the coupled-
cluster calculations. Finally, we extrapolated to a complete basis
set employing themethod of Truhlar et al.[20] To study the nature

of theB–Nbond, additional natural bond orbital (NBO) analyses
were performed with the program NBO 3.0[21] as implemented
in Gaussian09. Using the MP2/6-311þþG**-optimized struc-

tures, UV-vis spectra were calculated within the framework of
time-dependent density functional theory (TDDFT[22]) including
30 singlet states in each of the calculations. In these calculations,

we used both the B3LYP and the long-range exchange-corrected
CAM-B3LYP hybrid functional. This functional was reported
by several authors[23a,23b,23e] to perform better for charge-
transfer transitions than B3LYP. It appears, however, that

the relative performance of B3LYP and CAM-B3LYP critically
depends on the system under consideration,[23c,23d] and
cases have been reported where the results obtained with the

long-range exchange-corrected version are inferior to those
from a B3LYP calculation.[23d] Both the 6-311þþG(3df,3pd)
and the aug-cc-pVDZ basis sets were used in the calculation of

the UV-vis spectra at the TDDFT level. In addition, we also
calculated electronic absorption spectra with the SAC-CI
(Symmetry-Adapted Cluster-Configuration Interaction) meth-

od[24] also employing the MP2/6-311þþG**-optimized
geometry. Owing to the size of the system, the basis set had to be
confined to 6-31G* quality in these calculations, where the
corresponding restricted Hartree–Fock (RHF) wave function

was used as a reference. Fifteen excited states of each of the two
relevant irreducible representations (A, B) were included in the
calculation for the molecules of point group C2, whereas seven

states of each of the four irreducible representations (A1, A2, B1,
B2) were used for species of point group C2v. The active space
comprised the occupied valencemolecular orbitals and all virtual

molecular orbitals of the correct symmetry. The spectral curves
were generated using a sum of Lorentzian curves, each of which

was centred at the corresponding transition wavelength and

multiplied with the associated oscillator strength. The half-
bandwidth G was calculated using the empirical formula G¼
kl1.5[25] with k¼ 0.00375 (R. W. Woody, pers. comm.).

In some TDDFT calculations, the influence of the solvent
was approximated using two electrostatic solvent models,
namely the polarizable continuum model (PCM)[26] and con-
ductor-like polarizable continuum model (CPCM).[27]

Optimized structural parameters of all compounds under
consideration are given in Table 1, whereas the corresponding
total energies obtained at different levels of theory are collected

in Table 2.

Results and Discussion

The Geometry of Pyridine–Borabenzene and the
Change of Energy Associated with the Reaction
Between its Molecular Fragments

The fully optimized structure of the title compound (1) in a
vacuum is shown in Fig. 1 and the resulting structural parameters

are listed in Table 1. For numbering of the atoms, see Fig. 2.
Optimization of themolecular structurewith the 6-311þþG**

basis set including correlation energy at the MP2 level resulted
in a structure of C2 symmetry with the two-fold axis along the

B–Nbond.Both aromatic rings are essentiallyplanar and enclose a
dihedral angle of 39.98, which is not only close to the value of 39.78
obtained at theCISD/6-311þþG** level but also not too different

from the experimental value of 43.38 in the solid state.[2]

The optimized torsion angle of pyridine–borabenzene is also
slightly smaller than the dihedral angle of 44.4(1.2)8 found for

biphenyl in the gas phase[28] and also below the value of 46.98
obtained by an TZ2P plus thermal correction/6-311þþG**
geometry optimization for this compound.y All these values are

Table 1. Structural parameters of the conformers of pyridine]
borabenzene studied in this paper

All structures have been optimized at theMP2 and theCISD level employing

the 6-311þþG** basis set. The CISD values are given in italics. Bond

lengths in Å, angles in 8

1 2 3

B–C1 1.492 1.483 1.488 1.480 1.497 1.488

C1–C2 1.406 1.390 1.407 1.391 1.405 1.389

C2–C3 1.405 1.393 1.405 1.393 1.403 1.391

N–C0
1 1.355 1.335 1.351 1.332 1.357 1.336

C0
1–C

0
2 1.391 1.377 1.393 1.379 1.390 1.377

C0
2–C

0
3 1.398 1.385 1.397 1.384 1.397 1.384

B–N 1.551 1.566 1.572 1.580 1.565 1.577

C1–B–C1 120.6 120.5 121.2 121.5 119.1 119.3

B–C1–C2 117.0 116.7 116.6 116.4 117.7 117.3

C1–C2–C3 121.7 122.4 121.8 122.3 121.9 122.6

C2–C3–C2 122.0 121.4 121.9 121.4 121.5 120.9

C0
1–N–C

0
1 119.6 119.6 120.2 120.0 118.4 118.7

N–C0
1–C

0
2 121.4 121.8 121.2 121.7 122.1 122.3

C0
1–C

0
2–C

0
3 119.6 118.9 119.3 118.7 119.8 119.0

C0
2–C

0
3–C

0
2 118.4 118.9 118.8 119.2 117.8 118.5

B–N–C0
1 120.2 120.2 119.9 120.0 120.8 120.6

N–B–C1 119.7 119.7 119.4 119.5 120.4 120.4

C1–B–N–C
0
1 39.9 39.7 90.0 90.0 0.0 0.0

n.i.f.A 0 1 2

Symmetry C2 C2v C2v

An.i.f. is the number of imaginary frequencies in the spectra of the normal

modes.

yEtot (MP2/6-311þþG**): �462.005596 Hartree.
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significantly larger than the dihedral angle of 30.78 obtained for
the pyridine–borabenzene complex by Semenow and Sigolaev at

the B3LYP/6-311þþG(3df,p) level of DFT.[11] The calculated
N–B distances of 1.551 (TZ2P plus thermal correction/6-
311þþG**) and 1.566 Å (CISD/6-311þþG**) are also close

to that of 1.558(3) Å obtained by single-crystal X-ray diffrac-
tion.[2] Moreover, at 120.68, the C–B–C angle is also quite similar
to the experimental value of 119.1(2)8 in the solid state. Like the
C–B–C angle calculated at the same level of theory for the most

stable C5H5B–N2 isomer (123.18[12]), this angle is much closer to
the value for an ideal hexagon than the one in free singlet
borabenzene (142.28,[12] TZ2P plus thermal correction/6-

311þþG**). The experimental bond lengths in both rings are
slightly but consistently shorter than their calculated counterparts,
and in general, the partly delocalized C¼C bonds are longer in the
C5H5B than in the C5H5N moiety of 1. Rotation about the B–N

bond is easy because the calculated energy difference between the
fully optimized structure 1 and those conformers where the two
rings are either orthogonal (2, C2v) or coplanar (3, C2v) (Fig. 1) is

small. Thus, 3, which has two imaginary frequencies in the
spectrum of its normal modes, is only 2.60 kcalmol�1 (1 kcal
mol�1¼ 4.186 kJmol�1) and 2 with one imaginary frequency

only 2.85 kcalmol�1 higher in energy than minimum structure 1.
At 1.572 and 1.565 Å (TZ2P plus thermal correction/6-
311þþG**), the B–N bonds in both 2 and 3 are longer than in

the minimum structure. The small elongation of this bond in 3

relative to the value in 1 ismost likely due to the repulsion between
the o-hydrogen atoms between the two ring systems (distances:
2.016 in 3, 3.617 in 2, and 2.462 Å in 1, TZ2P plus thermal

correction/6-311þþG**). Moreover, the C1–B–C1 angles are
121.28 in 2 and 119.18 in 3 and are, therefore, very similar to the
one in 1.

At the TZ2P plus thermal correction/6-311þþG** level of
theory, the change of energy associated with the reaction C5H5B
þC5H5N- 1 is �56.3 kcal mol�1 (Table 3). This value

changes to �52.3 kcal mol�1 when zero-point vibrational
energy (ZPE) is included, and a somewhat more positive
reaction energy of �50.4 kcalmol�1 is obtained at the
ZPEþCCSD(T)/aug-cc-pVDZ//TZ2P plus thermal correction/

6-311þþG** level of theory. Finally, extrapolation to a basis set
of infinite size at the CCSD level results in values of�52.2 kcal
mol�1 without and �48.1 kcalmol�1 including the ZPE taken

from the TZ2P plus thermal correction/6-311þþG** normal-
mode analysis. A somewhat less negative value of �46.4 kcal
mol�1 was obtained in the DFT study by Semenov and Sigolaev

Table 2. Total energies of the molecules considered in this study

The numbers in parentheses are the zero-point vibrational energies calculated at the MP2/6-311þþG** level. All energies in Hartrees

Molecule MP2/6-

311þþG**

CISD/6-

311þþG**

CCSD/aug-cc-pVDZ//

MP2/6-311þþG**

CCSD/aug-cc-pVTZ//

MP2/6-311þþG**

CCSD(T)/aug-cc-

pVDZ//MP2/6-

311þþG**

CCSD/complete basis

set limit; aug-cc-

pVDZ/aug-cc-pVTZ

1 �465.383758 �464.945414 �465.355077 �465.728895 �465.439686 �465.978061

(0.177459)

2 �465.379217A �464.942347

(0.173401)

3 �465.379609B �464.942240

(0.177001)

C5H5B �217.684732 �217.570575 �217.677914 �217.852816 �217.717416 �217.969463

(0.083911)

C5H5N �247.609267 �247.472130 �247.593488 �247.792641 �247.635574 �247.925488

(0.087157)

ACoplanar. Two imaginary frequencies.
BOrthogonal. One imaginary frequency.

1

2

3

Fig. 1. C5H5B–NC5H5. 1, fully optimized structure (C2); 2, rings orthogo-

nal (C2v), 3, rings coplanar (C2v).

B N

C1C2

C3

C1� C2�

C3�

Fig. 2. Numbering of the atoms in C5H5B–NC5H5.
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mentioned above.[11] All these energies of reaction are similar in
that the change of energy on formation of the borabenzene–

pyridine complex from borabenzene and pyridine slightly
exceeds three times the value of �14.9 kcalmol�1 calculated
for the formation of C5H5B–N2 fromborabenzene and dinitrogen

(CCSD(T)aug-cc-pVTZ//TZ2P plus thermal correction/-
311þþG**).[12] The calculated reaction energies for the forma-
tion of 1 from its constituents are, therefore, comparable with the

negative of the bond energy of Cl3Al–NMe3 (�49.3 kcal
mol�1),z the most strongly bonded donor–acceptor complex
studied by Jonas et al.[16] According to a natural population

analysis, formation of 1 from borabenzene and pyridine goes in
parallel with a charge transfer of 0.33 e from the C5H5N to the
C5H5B unit. This is essentially identical to the charge transfer
from NH3 to BH3 on formation of H3B–NH3, which, however, is

associated with a change of energy of only �26.1 kcalmol�1.
Thus our result is in full agreement with the conclusions drawn
by Jonas et al.[16] that the charge transfer associated with the

formation of the complex does not correlate with the strength of
the formed B–N bond.

The bonding between the C5H5B and C5H5N moieties

requires some further comments. The already mentioned calcu-
lated interatomic B–N distance amounts to 1.551 Å and that is
closer to the value obtained for the single bond in H3B–NH3

(1.656 Å) than to the length of the B–N bond in H2B¼NH2

(1.396 Å). According to an NBO analysis, the NB bond in
H2B¼NH2 can be considered a double bond with the p compo-
nent widely located (,89%) at the N atom. In the case of

H3B–NH3, an NBO analysis gives a strongly polar covalent
single bond between BH3 and NH3 (17.3% at B, sp5.13; 82.7%
at N, sp1.68), which qualitatively agrees with the properties of

this bond obtained by an analysis of the electron density by

Jonas et al.[16] In the case of 1, our NBO analyses of the wave
function gave two structures whose Lewis NBOs in both cases

describe,97% of the total density. Like limiting structureA in
Scheme 1, the first one has no covalent bond at all between the
C5H5B and C5H5N moieties, and similar structures were also

found for the orthogonal and planar structures 2 and 3. Within
the framework of the NBO method, bonding between the
two segments in this Lewis structure is accomplished by an

energetically strongly favourable second-order interaction
(�453.4 kcalmol�1) between a lone pair at nitrogen and a very
weakly occupied lone pair orbital at boron (Fig. 3, both directed

along the B–N axis) resulting in occupation numbers of 1.64 e at
nitrogen (sp4.12) and 0.38 e at boron (sp2.88), and in a total
negative charge of �0.33 e of the C5H5B unit. In the second
onez,y the boron and the nitrogen atom are connected by a single

C5H5B C5H5N

Fig. 4. The polarized N–B natural bond orbital (NBO) of the bonded

Lewis structure of 1.

C5H5B C5H5N

Fig. 3. The donor (above) and the acceptor (below) natural bond orbital

(NBO) of the non-bonded Lewis structure of 1.

zMP2/TZ2P plus thermal correction;[16] �49.8 kcalmol�1 at the ZPEþMP2/6-311þþG** level (present work). (Etot/ZPE) AlCl3: �1621.130147/0.004974;

NMe3: �173.969271/0.121970; Cl3Al–NMe3: �1795.182550/0.130751 Hartree.

Table 3. Energy changes (DER) associated with the reaction C5H5B1

C5H5N - C5H5B]NH5C5

Energies in kcalmol�1

Method DER

MP2/6-311þþG**// �56.3

MP2/6-311þþG**

ZPEþMP2/6-311þþG**// �52.3

MP2/6-311þþG**

CCSD/aug-cc-pVDZ// �48.5

MP2/6-311þþG**B

CCSD/aug-cc-pVTZ// �48.3

MP2/6-311þþG**B

ZPEþCCSD(T)/aug-cc-pVDZ// �50.4

MP2/6-311þþG**B

Complete basis set limit, CCSDA �52.2

aug-cc-pVDZ/aug-cc-pVTZ

Complete basis set limit, CCSDA,B �48.1

aug-cc-pVDZ/aug-cc-pVTZ

Counterpoise correctionC þ6.9

CCSD(T)/aug-cc-pVTZ//

MP2/6-311þþG**

ATruhlar’s method (see ref. [20]).
BIncluding zero-point energy calculated at the MP2/6-311þþG** level.
CCorrection only, method by Boys and Bernardi (see ref. [29]).

yDefined using the keyword $CHOOSE in the NBO program.
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bond that is strongly polarized towards nitrogen (18.5% at B,
sp3.20; 81.5% at N, sp1.60) and gives an ionicity parameter[21b] of

0.631 (Fig. 4). Thus within the margins of the NBOmethod, the
strongly bonded C5H5B–NC5H5 complex might either be
described by a non-bonded structure with a donor lone pair at
nitrogen and an acceptor orbital at boron and predominantly

stabilized by second-order interactions, or by a Lewis structure
with a strongly polarized B–N single bond. Different from
the perturbation theory-based approach provided by the NBO

method, formation and polarity of the donor–acceptor complex
can qualitatively be understood in terms of resonanceyy between
the two limiting structures A and B shown in Scheme 1.[13,14]

The no-bond wave function[14] corresponding to A yields the
sum of the total energies of borabenzene and pyridine plus the
energy resulting from the interaction between the twomolecules
excepting the contribution due to covalency. Limiting structure

B will add ionic and covalent components to the total energy of
interaction and stabilization of the complex due to resonance
will result from the interaction of the wave functions describing

A and B. However, owing to charge separation, ionic structures
likeBwill in many cases have significantly higher energies and,
therefore, their contributions to the resonance hybrid of the

ground state might be low. A quantitative treatment of the
problem is given by Mulliken and will not be repeated here.[14]

To estimate whether conjugative interaction between the two

segments in B contributes to the energy associated with the
formation of the complex, we used the isodesmic bond separation
reactionzz shown in Scheme 2. At the ZPEþTZ2P plus thermal
correction/6-311þþG** level, this reaction is endoenergetic by

147.5 kcalmol�1. Subtracting the corresponding bond separa-
tion energies of pyridine (76.0 kcalmol�1) and borabenzene
(45.2 kcalmol�1) (G. Raabe, unpubl. obs.), we obtained a value

of 26.3 kcalmol�1, the negative ofwhichmight be interpreted as
a stabilizing contribution to the bond energy of B due to

conjugative interaction between the C5H5N and the C5H5B
moieties. As a result of the presumably low weight of B, the

contribution of conjugation between the two rings to the total
bond energy will certainly be lower.

To evaluate the quality of the employed basis set and to

estimate the basis set superposition error (BSSE), we performed
a counterpoise calculation employing the method of Boys and
Bernardi[29] and obtained a correction to the reaction energy of
6.9 kcalmol�1 (Table 3).

The UV-vis Spectrum of Pyridine–Borabenzene

The results of two semi-empirical studies of the electronic states

of the title compound have been published so far. Those cal-
culations were performed with the PPP and the CIS CNDO/S
method respectively,[2,11] and the outcome of these calculations

B N �10CH4 � 2NH3 � 2BH3
4H3C-CH3 � 4H2C�CH2 � HN�CH2 � HB�CH2 �

H3B-NH3 � H2B-CH3 � H2N-CH3

Scheme 2.

yyCalled ‘complexresonance’ by Brackman in his study of the visible absorptions that occur on mixing compounds with donor and acceptor properties.[30]

zzEtot(ZPEþMP2/6-311þþG**) C5H5B–NC5H5: �465.383758/0.177459; CH4: �40.379638/0.045395; NH3: �56.415523/0.034830; BH3: �26.494887/

0.026701; H2C¼CH2: �78.346528/0.050804; H3C–CH3: �79.571671/0.075762; H2C¼NH: �94.381042/0.040265; H3C–NH2: �95.593921/0.065122;

H2C¼BH: �64.465957/0.033466; H3C–BH2: �65.708939/0.056480; H3B–NH3: �82.961339/0.070887 Hartree.

Table 4. Experimental and calculated UV-vis spectra of pyridine]
borabenzene from the cited literature

Wavelengths (lmax) in nm. Oscillator strengths for the calculated transitions

and extinction coefficients for the experimental data are given in paren-

theses; PPP, Pariser-Parr-Pople; CIS CNDO/S, configuration interaction

including single excitations employing the spectroscopic complete neglect

of differential overlap approximation

Experimental[2]A PPP[2] CIS CNDO/S[11]

472 (2825)B 466.5 (0.1748) 577,C 468,D 572E

279 (3470) 304.6 (0.1541)

250 (5090) 256.5 (0.3830)

236 (5175) 197.2 (0.3660)

AMeasured in THF.
B492 nm in benzene occurs at 596 nm in anArmatrix. Dielectric constants of

Ar,C THF,D and benzeneE used in an electrostatic solvent model.

20000(a)

(b)

15000

CAM-B3LYP

B3LYP

[λ]

6-311��G(3df,3pd)
vacuum

5000

0
200 400 600 800

200 400 600 800

10000

20000

15000

5000

0

10000

[ε]

CAM-B3LYP

B3LYP

[λ]

aug-cc-pVDZ
vacuum

[ε]

Fig. 5. Vacuum UV-vis spectra of 1 calculated with the B3LYP (dashed)

and CAM-B3LYP (solid) functional employing: (a) the B3LYP/6-311þþG

(3df,3pd); and (b) the aug-cc-pVDZ basis set. All calculations were

performed using the MP2/6-311þþG**-optimized structures (l in nm,

e in 1000 cm2mol�1).
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together with the experimental data[2] are listed in Table 4. The

gas-phase (vacuum) spectra resulting from our TDDFT calcu-
lations employing the B3LYP and the CAM-B3LYP functional,
TZ2P plus thermal correction/6-31þþG**-optimized coordi-
nates, and the 6-311þþG(3df,3pd) basis set are shown in

Fig. 5a. The corresponding spectra obtained with the aug-
cc-pVDZ basis set under otherwise identical conditions are
given in Fig. 5b.

The calculated gas-phase spectrum (CAM-B3LYP/6-
311þþG(3df,3pd) shows a strong band at 499 nm caused by a
single excitation (A, f¼ 0.1705, where A is the symmetry and f

is the oscillator strength), which, in agreement with the results
of the other authors, is governed by the z-polarized HOMO
(C41,b)- LUMO (C42,b) transition. In further agreement with

the results of other authors,[2,11] this transition involves signifi-
cant charge transfer from the C5H5B to the C5H5Nmoiety in that
the HOMO is predominantly located at the C5H5B part of
the complex while the LUMO has its largest amplitudes at the

pyridine moiety. The Kohn–Sham orbitals involved in this
transition are shown in Fig. 6 and the 30 energetically lowest
states from this calculation are listed in Table 5.

The spectral region below 300 nm is governed by two peaks
at 231 and 195 and a shoulder at 257 nm. The shoulder gets most
of its intensity from a state at 261 nm (B, f¼ 0.0833) involving

mostly excitations from the HOMO to orbitals C48 and higher.
The band at 230 nm derives its intensity predominantly from
three states at 236 (A, f¼ 0.1093), 230 (B, f¼ 0.0681), and
226 nm (A, f¼ 0.0601). The strongest absorption in the short-

wavelength region with approximately twice the extinction
coefficient of that at 499 nm has its maximum at 195 nm. Its
intensity comes from three states, themost intense one at 195 nm

(A, f¼ 0.3766), followed by two more states of A symmetry at
194 ( f¼ 0.1447) and 192 nm ( f¼ 0.0856). Neglecting minor

differences in the calculated state energies and oscillatory

strengths, essentially the same result is obtained with the
correlation-consistent basis set (Fig. 5b). Surprising is the strong
red shift (0.41 eV) of the energetically lowest transition to

,600 nm at the TDDFT level when using the B3LYP functional
instead of CAM-B3LYP. A much smaller red shift is obtained
for the absorptions below 300 nm. A similar result to the one
obtained at the CAM-B3LYP level for the lmax of the long-

wavelength band gave a calculation with the SAC-CI method
employing the 6-31G* basis set (Fig. 7), whereas comparedwith
the TDDFT B3LYP and CAM-B3LYP results, some of the

short-wavelength transitions are shifted significantly to the blue.
Thus employing the fully optimized structure, the energetically
lowest transition of 1 occurs at 506 nm (A, f¼ 0.1241), and the

spectral region below 300 nm is governed by a strong band at
168 nm, which gets its intensity predominantly from a state of A
symmetry at the same wavelength (f¼ 1.1574).

The calculations at the TDDFT and SAC-CI level discussed

so far were performed in the gas phase whereas the experimental
data were obtained in THF and an Ar matrix. For the spectrum
obtained in THF, the most intense absorptions were reported by

Boese et al.,[2] while only the lmax for the long-wavelength band
was given for the matrix spectrum. We used the data for the
solution spectrum to generate the approximate experimental

spectrum shown in Fig. 8. We then employed two different
solvent models (PCM[26] and CPCM[27]) and two different basis
sets (6-311þþG(3df,3pd), aug-cc-pVDZ) to model spectra in

THF as a solvent and in Ar. The resulting spectra are shown in
Fig. 9a and 9b. In addition, the transition wavelengths of the
energetically lowest states together with the already mentioned
values for the gas phase are listed in Table 6. Like in the case of

the gas-phase calculations, a strong red shift of the long-
wavelength band was obtained when using the B3LYP instead
of the CAM-B3LYP hybrid functional (cf. Fig. 5a, b and

Table 6). In a vacuum, this red shift is essentially the same
with the 6-311þþG(3df,3pd) (,99 nm, 0.41 eV) and the
aug-cc-pVDZ basis sets (,97 nm, 0.41 eV). Somewhat higher

average values for this shift were obtained with the PCM and the
CPCM solvent models (,110 nm, 0.60 eV). Using the B3LYP
functional together with the PCM and the CPCM method and
THF as a solvent (e¼ 7.43, eN¼ 1.97), the energetically lowest

states occur between 499 and 506 nm for both basis sets. They
lie, therefore, much closer to the experimental value of 472 nm
measured in THF than those obtained with the CAM-B3LYP

functional, which results in values between 392 and 397 nm for
the same dielectric constants. However, although the energy of
the long-wavelength transition is reproduced in better agree-

ment with the experimental data at the B3LYP level, more
reliable relative intensities of the long-wavelength band and the
most intense absorption at,200 nmare obtainedwith theCAM-

B3LYP functional.
As already mentioned, Boese et al.[2] reported a strong

experimental bathochromic shift of the long-wavelength band
of more than 120 nm (0.55 eV) on going from THF solution

toan argon matrix. This shift was qualitatively reproduced by
Semenov et al.[11] using single-excitation CI based on a CNDO/S
wave function. As the barrier to rotation about the B–N bonds is

lower than 3 kcalmol�1, deformation of the torsion angle under
the influenceof thematrix atomsmight contribute to theobserved
strong red shift.We, therefore, performed additional calculations

on the UV-vis spectra for 2 and 3 in a vacuum employing the
6-311þþG(3df,3pd) basis set together with the B3LYP func-
tional. Like for 1, the long-wavelength band is essentially due to

HOMO

LUMO

C5H5B C5H5N

Fig. 6. The highest occupied and the lowest unoccupied Kohn–Sham

orbitals of 1 (CAM-B3LYP/6-311þþ(3df,3pd)//MP2/6-311þþG**).

Pyridine–Borabenzene 271



theHOMO-LUMO transition in both 2 (b1- b2) and 3 (b1-
b1). In the planar form 3, this state (z-polarized, A1) is slightly
shifted to the blue and occurs with somewhat higher intensity

than for 1 at 582 nm ( f¼ 0.2286). The corresponding state of 2
would transform like A2 and will, therefore, have no non-vanish-
ing component of the electric transition dipole moment. These

results for 1, 2, and 3 are qualitatively reproduced by our SAC-CI
calculations. At this level, the long-wavelength transition of the
planar form 3 occurs at 509nm although with a slightly higher

oscillator strength ( f¼ 0.1742) than in 1, and again no significant
bathochromic shift is obtained relative to the corresponding

transition of 1. The transitionwavelength of the long-wavelength
transition and the corresponding oscillator strength as a function
of the torsion angle between the two rings is shown inFig. 10. The

two curves show that for angles where the red shift of the first
absorption is significant, the oscillator strength is very weak.
Thus, if deformation of the torsion angle plays a role for the red

shift, this contribution will be low.

Table 5. The UV-vis spectrum of pyridine]borabenzene at the CAM-B3LYP/6-31111G(3df,3pd)//MP2/6-

31111G** level of density functional theory (DFT) in a vacuum

Wavelengths (l in nm), symmetries (C2), oscillator strengths ( f ), and characters of the 30 lowest electronically excited

states of the title compound. Ry, Rydberg; dif, diffuse

l Symmetry f Character

499.0 A 0.1705 p(C5H5B) - p*(C5H5N) (HOMO - LUMO)

385.6 B 0.0004 p(C5H5B) - p*(C5H5N)

342.4 B 0.0022 p(C5H5B) - p*(C5H5N)

282.1 B 0.0068 p(C5H5B) - Ry(C5H5N)

267.0 A 0.0006 p(C5H5B) - p*(C5H5N)

260.5 B 0.0833 p(C5H5B) - p*(C5H5N)

256.3 A 0.0001 p(C5H5B) - Ry(C5H5N)

252.9 B 0.0017 p(C5H5B) - Ry(C5H5N) þ p(C5H5B) þ Ry(C5H5B)

239.6 A 0.0008 s(C5H5B) - p*(C5H5N) þ p(C5H5B) þ Ry(C5H5B)

236.3 A 0.1093 s(C5H5B) - p*(C5H5N) þ p(C5H5B) - Ry(C5H5N)

234.4 B 0.0075 p(C5H5B) - Ry(C5H5N) þ p(C5H5B) - Ry(C5H5B)

229.5 B 0.0681 s(C5H5B) þ p(C5H5N) - p*(C5H5N)

225.6 A 0.0601 p(C5H5B) - Ry(C5H5N)

221.8 B 0.0133 p(C5H5B) - sdif(C5H5B þ C5H5N) þ p(C5H5B) - sdif(C5H5N)

221.2 A 0.0003 p(C5H5B) - Ry(C5H5N)

217.1 B 0.0007 p(C5H5N) - sdif(C5H5B þ C5H5N) þ p(C5H5B) - p*(C5H5B)

217.0 A 0.0001 p(C5H5B) - p*(C5H5B)

210.8 A 0.0021 p(C5H5B) - Ry(C5H5B)

209.3 B 0.0108 p(C5H5B) - Ry(C5H5B) þ p(C5H5B) - p*(C5H5B)

206.1 B 0.0117 p(C5H5B) - Ry(C5H5N) þ p(C5H5B) - Ry(C5H5B)

205.6 A 0.0006 p(C5H5B) - Ry(C5H5N) þ p(C5H5B) - Ry(C5H5B)

201.3 B 0.0012 s(C5H5B) þ p(C5H5N) - p*(C5H5B)

196.0 A 0.0348 s(C5H5B) - p*(C5H5B)

195.5 A 0.3766 p(C5H5B) - Ry(C5H5N) þ p(C5H5B) - p*(C5H5B)

194.3 B 0.0090 p(C5H5B) - Ry(C5H5B)

194.0 A 0.1447 p(C5H5N) þ s(C5H5B) - p*(C5H5N)

192.0 A 0.0856 p(C5H5B) - Ry(C5H5N)

191.4 B 0.0063 p(C5H5B) - Ry(C5H5N þ C5H5B)

191.3 A 0.0258 p(C5H5B) - Ry(C5H5N)

186.7 B 0.0063 p(C5H5B) - Ry(C5H5N) þ p(C5H5B) - Ry(C5H5N þ C5H5B)

Experimental
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Fig. 8. Approximate experimental spectrum of title compound 1 in THF

as solvent reconstructed from the data given in Boese et al.[2] (l in nm, e in
1000 cm2 mol�1).
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Fig. 7. Vacuum UV-vis spectra of 1 calculated at the SAC-CI/6-31G*//

MP2/6-311þþG** level (l in nm, e in 1000 cm2mol�1).
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Based on our TDDFT and SAC-CI calculations, we can,
therefore, exclude deformation of the molecular structure in the
environment of the matrix as the main origin of the strong red

shift of the long-wavelength band going fromTHF solution to an
Ar matrix.

Compared with the transition wavelengths values of the
energetically lowest state obtained with the PCMand the CPCM
method using the dielectric constant of THF, the corresponding

data for this shift obtained with the dielectric constant of the rare
gas Ar (e¼ 1.507yy) cover the range between 70 nm (0.32 eV)
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Fig. 9. UV-vis spectra of 1 calculated with the PCM and CPCM solvent models (a) using the 6-311þþG(3df,3pd) basis set; and (b) the aug-cc-pVDZ basis

set. The solid curves were obtained with the CAM-B3LYP functional and the dashed curves with the B3LYP functional. All calculations were performed

using the MP2/6-311þþG**-optimized structures (l in nm, e in 1000 cm2mol�1).

yyThis is the average value for the dielectric constant of liquid argon formed from the values at the melting (1.510) and the boiling point (1.504).[31]
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and 78 nm (0.52 eV). This is clearly less than the experimentally

observed red shift of ,120 nm but covers the corresponding
value obtained by Semenov and Sigolaev[11] (0.51 eV). There-
fore, both the PCM and the CPCMmethod nevertheless qualita-

tively reproduce the measured shift observed going from THF
solution to an Ar matrix.

Spectrum of the Normal Modes of Borabenzene–Pyridine

Using our calculated normal modes (TZ2P plus thermal cor-
rection/6-311þþG**, Fig. 11) of 1, the strong absorption in the
IR observed[2] with a maximum at 3005 cm�1 can easily be

assigned to the symmetric and antisymmetric stretching vibra-
tions of the C–H bonds in the heterocyclic systems, where our
calculations predict those of the C5H5B moiety at lower fre-

quencies than the corresponding vibrations of the C5H5N group.
A normal mode with high intensity calculated at 1657 cm�1

(A, 39 kmmol�1) is due to symmetric stretching of the C0
1–C

0
2

bonds mixed with deformation of the C0
1–N–C

0
1 and C0

2–C
0
3–C

0
2

angles in the C5H5N part of the complex. It can be correlated with
the absorption of medium intensity observed at 1618 cm�1. Its

antisymmetric counterpart occurs with somewhat lower inten-
sity (B, 24 kmmol�1) at 1499 cm�1 in the calculated spectrum
and is assigned to the band observed at 1455 cm�1. The corre-
sponding normal modes of the C5H5B unit are calculated at

1574 cm�1 (symmetric) and 1449 cm�1 (antisymmetric) with
much lower intensities between 1 and 2 kmmol�1 and will,
therefore, probably not be observed under the conditions of the

experiment. The normal vibration with the highest intensity
in the range around 1500 cm�1 is calculated at 1505 cm�1

(A, 49 kmmol�1) and is caused by a symmetric in-plane defor-

mation mixed with symmetric stretching of the C0
1–N and

C0
1–C

0
2 bonds in the pyridine part of the compound. It is assigned

to the absorption observed at 1481 cm�1 in the experimental
spectrum. The most intense normal mode is calculated at

700 cm�1 (B, 119 kmmol�1). It is caused by an out-of-plane
deformation of the C–H bonds with larger amplitudes in the
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Fig. 10. Transition wavelength (l, left) and oscillator strength (f, right) of the energetically lowest state of pyridine–

borabenzene as a function of the dihedral angle y between the two rings (in degrees) at the CAM-B3LYP/6-311þþG

(3df,3pd) level.

Table 6. Calculated energetically lowest states of pyridine]
borabenzene, present study

All calculations were performed for MP2/6-311þþG**-optimized geom-

etries. Wavelengths (l) in nm. The values are essentially identical with the

lmax of the long-wavelength bands. Oscillator strengths in parentheses. The

numbers in italics are the excitation energies in eV

Method B3LYP CAM-B3LYP Solvent

6-311þþ(3df,3pd)

Vaccum 597.7 (0.1781) 2.07 499.0 (0.1705) 2.48

PCM 505.5 (0.1829) 2.45 396.7 (0.1913) 3.12 THF

582.4 (0.1934) 2.13 470.2 (0.1878) 2.64 Ar

CPCM 501.6 (0.1853) 2.47 393.2 (0.1952) 3.15 THF

578.6 (0.1944) 2.14 464.9 (0.1895) 2.67 Ar

aug-cc-pVDZ

Vacuum 593.6 (0.1793) 2.09 496.2 (0.1719) 2.50

PCM 502.7 (0.1849) 2.47 395.5 (0.1933) 3.13 THF

578.4 (0.1949) 2.14 467.9 (0.1895) 2.65 Ar

CPCM 498.9 (0.1874) 2.48 392.0 (0.1973) 3.16 THF

574.7 (0.1959) 2.16 462.6 (0.1912) 2.68 Ar
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Fig. 11. The spectrum of the normal modes of 1 calculated at the

MP2/6-311þþG**//MP2/6-31þþG** level.
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C5H5B ring. The corresponding vibration with the larger ampli-

tudes in the C5H5N moiety is calculated with approximately half
of the intensity at 744 cm�1 (B, 53 kmmol�1). Those vibrations
have their experimental counterparts among the three bands of

very high intensity at 679, 700, and 710 cm�1. Stretching of the
B–N bond mixed with symmetric in-plane deformation of the
aromatic systems was calculated at 1148 cm�1 (A, 11 kmmol�1).
However, no experimental absorption was reported by the

authors of ref. [2] in this region of the vibrational spectrum.

Conclusion

Our quantum-chemical ab initio calculations on the adduct of

borabenzene (C5H5B) with pyridine (C5H5N) in the gas phase
resulted in a structure (C2) that is quite similar to the one found
by X-ray diffraction in the solid state, indicating that perturba-

tion of the molecular structure in the crystal lattice is weak. The
addition of pyridine to borabenzene results in a significant
decrease of the C–B–C angle from 142.28 for the free C5H5B to

120.68 in the complex and in a transfer of 0.33 e from the C5H5N
segment to the C5H5B unit. The reaction energy amounts to
�52.2 kcalmol�1 and is, therefore, more than three times higher
than the energy associated with the formation of C5H5B–N2

from borabenzene and dinitrogen.[12] According to NBO anal-
yses, the complexmight either be described by a Lewis structure
with a strongly polar B–N bond or by a non-bonded structure

with a donor lone pair at N and an acceptor orbital at B. The
results of our gas-phase calculations on the UV-vis spectra are
best comparedwith the data obtained by other authors[2] in anAr

matrix. Compared with these results, our SAC-CI calculation
gives an energy for the energetically lowest transition that is
0.38 eV too high. Thismight be due to the small dimension of the
basis set that had to be used in this calculation. Larger basis sets

could be used in our TDDFT calculations using the B3LYP and
the long-range-corrected CAM-B3LYP functional. The calcu-
lations with the B3LYP functional correctly predict the ener-

getically lowest transition at ,600 nm although the relative
intensities of this band and those in the short-wavelength region
are significantly in error. The relative intensities of the band due

to the first transition and those at ,200 nm are much better
reproduced using the CAM-B3LYP functional. However, here
the long-wavelength transitions are predicted at energies that are

0.41 eV too high. Additional calculations at the TDDFT level
employing the PCMand the CPCM solventmodels qualitatively
reproduced the red shift of 0.55 eV of the energetically lowest
band observed experimentally when the spectrum was recorded

in an Ar matrix instead of THF solution.[2] A possible defor-
mation of themolecule in thematrix canmost likely be excluded
as the major origin of this remarkable shift although it might

contribute to it.
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