Planar hexacoordinated boron in organoboron compounds: an ab initio study
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Ab initio [MP2(fu)/6-31G**, MP2(fu)/6-311G**] and DFT [B3LYP/6-31G**, B3LYP/6-311G**] calculations predict stable planar
structures of the nonclassical compounds BB;(CH); and BBcX, (X = NH, O) containing a hexacoordinated central boron atom.

Nonclassical organoelement systems, particularly those contain-
ing hypercoordinated planar centres are of considerable theo-
retical and practical interest.l Recently, unusua stable planar
molecular systems 1 and 2 and their isomers containing planar
hexacoordinated carbon centres have been predicted by ab initio
calculations.23
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These structures with a hexacoordinated planar carbon atom are
stahilized through the multicentre interactions of the central atom
with the ligands. One may expect that the same bonding type
may also occur in similar structures of hypercoordinated central
atoms of other main-group elements, particularly, in boron-con-
taining compounds. A possibility of stabilization of such com-
pounds is supported by theoretical works on boron clusters
including planar or quasi-planar boron atoms.4-6

Here, we report on ab initio [MP2(fu)/6-31G**, MP2(fu)/
6-311G**]7 and density functional theory [B3LYP/6-31G**,
B3LYP/6-311G**]8 calculations on compounds 3 and 4 (X =
= NH, O), which contain a hexacoordinated planar boron centre.
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According to the calculations, compounds 3 and 4 (X = NH, O)
possess highly symmetrical planar structures and correspond to
minima (1 = 0; hereafter, 1 designates the number of hessian
negative eigenvalues at a given stationary point) on the corre-
sponding potential energy surfaces (PES). Their geometric and
energy characteristics are listed in Table 1 and depicted in
Figure 1.

The BB bond lengths formed by the central boron (B,) with
the vicinal borons in 3 are about ~1.7 A; this value is in the
range of available experimental data® on BB single bonds. These
bonds are 0.1 A longer than the peripheral BB bonds. The
multicentre type of bonding in the BBy coordination site is
illustrated by the shapes of the respective molecular orbitals of
3 shown in Figure 2. An additional contribution to the stability
of the planar polycyclic structure of 3 is provided by the interac-
tion of the vacant p,-orbital located at the B, centre with the
T-system of the ligand environment.

The molecule of 3 isa6re-electron aromatic system with three
occupied Trorbitals (Figure 3). Electron density corresponding to
the 1a,"-orbital (Figure 3) is delocalised on the entire system,
electron density defined by the 1€"-orbitals is localised inside
of the B,CH fragments. Thus, these three Te-orbital s are bonding.

According to Mulliken orbital population analysis, central boron
in 3 possesses a vacant p,-orbital and, thus, does not contribute
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Table 1 Abinitio and DFT datafor compounds 3 and 4.2

Compound Method Eiot A ZPE o

3 MP2(fu)/6-31G** —288.986615 0 0.074912  63.8
MP2(fu)/6-311G** —289.207299 0 0.073563  71.7
B3LYP/6-31G**  —289.947847 0 0.073959 119.3
B3LYP/6-311G** —290.005892 0 0.073558 115.2

4 (X =NH) MP2(fu)/6-31G** -283.772298 0 0.061120 87.4
MP2(fu)/6-311G** —284.019274 0 0.060076  93.4
B3LYP/6-31G**  —284.677995 0 0.060390 120.6
B3LYP/6-311G** -284.757773 0 0.059998 917

4(X=0) MP2(fu)/6-31G** -323.472887 0O 0.036851  35.0
MP2(fu)/6-311G** —323.753393 0 0.036185  46.0
B3LYP/6-31G**  -324.438428 0 0.036625  95.7

B3LYP/6-311G** 324529137 O 0.036344 343

ag, (in au.) is the total energy (1 a.u. = 627.5095 kcal mol-1); 4 is the
number of the negative hessian eigenvalues; ZPE (in a.u.) is the harmonic
vibration zero-point correction; w, (in cml) is the lowest harmonic
vibration frequency.

electrons into the total Tesystem. Each of the B,CH fragments
contributes two T-electrons to the total T-system of 3. Therefore,
it is Trisoelectronic to the aromatic cyclopropenyl cation and
possesses ‘local’ aromaticity. Rather strong T-interaction inside
the B,CH fragments is evidenced by the short (1.46-1.47 A)
lengths of the BC bonds, which are considerably shorter than
single BC bonds (1.6-1.7 A)10.11 and are close to the lengths of
typical BC double bonds (~1.4-1.45 A).12 Compound 3 a'so has
short peripheral BB bonds (1.64 A) whose lengths are comparable
with those of BB double bonds (~1.63 A).12

The stability of anions 4 with centra hypercoordinated boron
is also due to the formation of multicentre bonds of the central
atom with surrounding ligands. The calculated bond lengths BB,
and BB; are in the range characteristic of standard single BB
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Figure 1 Geometry parameters of the structures of 3 and 4 calculated by
ab initio and DFT methods. The bond lengths and angles are indicated in
angstrém units and degrees, respectively.



Figure 2 Shapes of multicentre o-molecular orbitals in the structure of 3
[MP2(full)/6-31G** calculations].

bonds (~1.7 A). A peculiar feature of systems 4 is very short
B,—Bg bonds (1.55-1.57 A), which are appreciably shorter than
experimentally determined BB double bonds (~1.63 A).12

The trelectronic system of anions 4 contains eight T-elec-
trons, two of which coming from the B, centre. Thus, the valent
state of the B, atoms in 4 does not correspond to the ‘classical’
sp2-hybridization with a vacant p,-orbital. The electron occu-
pation of the B, p,-orbitas is corroborated by the data of
Mulliken population analysis indicating a large (about —0.3 €)
negative charge on each of the B, atoms.

Asdigtinct from B, the valent state of other four boron atoms,
Bg, may be described in terms of ‘classical’ sp>-hybridization
with avacant p,-orbital. Such adistinction facilitates the B,—B;
charge transfer, leads to strong interligand Teinteraction and con-
tributes to stabilization of the planar system with hypercoor-
dinated central boron. Another stabilising factor is the aromaticity
of anions 4: all bonding Trorbitals are occupied by electrons,
whereas al antibonding Tr-orbitals remain vacant.

Note that al of the BN bonds in the polycyclic system of 4
(X = NH) are weaker than usual T-dative BN bonds: the calcu-
lated lengths of the BN bondsin 4 are equal to 1.44 A, and they
are notably longer than the experimental lengths of T-dative BN
bonds (1.38-1.41 A) 13 Similar effect of weakening Teinteraction
between B and N in the case of inclusion of boron atoms into
BB double bonds is well known.13

E, ev

"

-10 — %:
12 — T

Figure 3 Occupation of rr-orbitalsin 3 [MP2(full)/6-31G** calculations].
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The replacement of NH groups by a more electronegative
oxygen atom leads to strengthening the BB bondsin 4 (X = O)
and to weakening the B,—B;; and B-B, bonds The latter effect
leads to destabilization of the system. Nonetheless the structure
of 4 (X = O) corresponds to a minimum (4 = 0) on the PES. At
the same time, low values of the first harmonic vibration frequen-
cies point to the shallowness of this minimum and, consequently,
to low kinetic stability of the structure of 4 (X = O).

In conclusion, the results of the calculations of hypothetical
compounds 3 and 4 testify that there are three important factors
leading to the stabilization of planar hexacoordinated central boron
atom: (1) the Trinteraction of hypercoordinated central boron with
the ligands in its environment; (2) the strong interligand bonding
and (3) the aromaticity of polycyclic systems (the occupation of
all bonding and the vacancy of al anti-bonding Tr-orbitals).

Thiswork was supported by the Russian Foundation for Basic
Research (grant nos. 01-03-32546 and 00-15-97320).
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