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ABSTRACT

Boron trifluoride acts as a classical Lewis acid in forming molecular complexes with a variety of electron donors. Recent
computational results on a number of complexes with some oxygen and nitrogen bases have indicated relationships between the
properties of the adducts, such as the interaction energies and the wavenumber shifts of some of the modes of the boron trifluoride
sub-molecule, and some physical properties of the bases. Hydroxylamine represents an example of a base containing two potential
sites of electron donation, the nitrogen and the oxygen atoms. Predictions based on our earlier investigations of systems of this
type suggest that hydroxylamine would bind to boron trifluoride preferentially through its nitrogen atom. Whether such a
complex adopts an equilibrium structure in which the NO bond of hydroxylamine lies cis or trans to one of the BF bonds of boron
trifluoride is more difficult to predict. This paper investigates the relative binding properties of N-bound versus O-bound
complexes of boron trifluoride with hydroxylamine, and explores the conformational preferences and vibrational spectra of both
types of adduct.
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1. Introduction

Boron trifluoride is a classical Lewis acid and forms molecular
complexes with a variety of electron donors, including oxygen,
nitrogen, sulphur and halogen bases.! Examples of our earlier

Table 1 Interaction energies of the complexes formed between boron
trifluoride and some oxygen and nitrogen bases.

Oxygen bases Nitrogen bases

ab initio studies of complexes formed between BF, and oxygen Base Interaction energy ~ Base Interaction energy
and nitrogen bases indicate a wide range of interaction energies, /KJ mol* /kJ mol™!
as indicated in Table 1.

Despite the variety of levels of theory and basis sets used in €O —4.10 NO' -5.14
these calculations, and the differences in the structures of the N0 —3.45 CH,NH* -177.69
bases, a number of generalizations are apparent. Oxygen and Beo* ~o6.16 NH,® ~16035

ases, _ : H,0 -56.70 CH,NH, 5 -191.72
nitrogen atoms in the sp hybrid state (O-bound CO* and CH,OH —97.97 (CH,),NH & -209.72
N-bound N,0O°) tend to take partin very weak interactions. Bases  (CH,),0 © -116.63 (CH,),N ® -217.23

containing these atoms in the sp® hybrid state (as in H,CO and
CH,NH) undergo medium to strong interactions. When O and
N are found in the sp® hybrid state (e.g. H,0,* CH,OH, (CH,),0,°
NH,, CH,NH,, (CH,),NH and (CH,),N’) the interactions tend to
be quite strong, and the strength of interaction increases with
increasing degree of methyl substitution. Moreover, for bases
containing O and N atoms having the same number of methyl
groups, the N bases are invariably more strongly bound than the
O bases.

Nitrous oxide is the only case we have studied so far of a base
which has the capability of binding through either of two different
sites, the terminal nitrogen and oxygen atoms. Hydroxylamine
represents a further example of a base which can interact
through either its N or its O atom. In either case, two conforma-
tions are possible, with the NO bond either cis or trans to one of
the BF bonds. This presentation reports the results of an ab initio
study to ascertain the preferred structure of the boron trifluor-
ide-hydroxylamine complex, and to compare the interaction
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2 O-bound, RHF/6-31G(d), ref. 2.

> O-bound, MP2/6-31G(d), ref. 3.

€ MP2/6-311++G(d,p), unpublished work, this laboratory.
4 MP2/6-311++G(d,p), ref. 4.

© MP2/6-311++G(d,p), ref. 5.

fN-bound, MP2/6-31G(d), ref. 6.

& MP2/6-311++G(d,p), ref. 7.

energies and vibrational spectra of the N-bound and O-bound
isomers.

To the best of our knowledge, no experimental gas phase
microwave, infrared spectroscopic or ab initio theoretical studies
of the BF,.NH,OH complex have yet been reported, thus no
previous data are available for comparison with the results
reported here.

2. Computational Methodology

The calculations were carried out using the Gaussian 98
computer program,® at the second order level of Moller-Plesset
perturbation theory (MP2),” and employing the 6-311++G(d,p)
basis set.”" Geometry optimizations were performed at the
VERYTIGHT convergence level,* initially imposing C, symmetry
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Figure 1 The optimized C-constrained structures of the B...N bonded BF,.NH,OH complexes; (a) cis, (b) trans.

9
P

(2)

(b)

Figure 2 The optimized C -constrained structures of the B...O bonded BF, NH,OH complexes; (a) cis, (b) trans.

on the structures of the complexes, and with both cis and trans
starting geometries in each case. Later calculations were done on
the totally relaxed N-bound and O-bound complex structures, of
C, symmetry. Vibrational analyses were executed using the
FREQ keyword,® using analytical derivatives. Interaction ener-
gies were calculated from the minimized energies of each com-
plex and of the relaxed structures of the monomers in the com-
plexes, and were corrected for basis set superposition error
(BSSE),"” employing the Boys-Bernardi full counterpoise correc-
tion procedure,” and for zero-point energy differences.

3. Results and Discussion
The four optimized C_ structures, cis and trans N-bonded and
cis and trans O-bonded, of the BF,. NH,OH complex are shown in

Figs 1 and 2. Table 2 reports the minimized energies of these four
structures, and their Hessian indices. This table indicates that
both N-bound isomers are more stable than the O-bound coun-
terparts, and that, while the cis N-bound structure has a lower
energy than the trans, the order of energies is reversed for the
O-bound species. Of more significance in Table 2, however, is
the fact that all four isomers are transition states; in the case of
the cis O-bound a second order transition state. These observa-
tions indicate that the true structures of both the N-bound and
the O-bound complexes are of lower symmetry, and the expec-
tation that the preferred structures contained a plane of symme-
try was unjustified.

The two basic structures were therefore subjected to a poten-
tial surface scan, the energies being computed with the ONBF or

Table 2 Minimized energies and Hessian indices of the isomers of the BF,.NH,OH complex.

N-bound O-bound
Structure Energy/H Hessian index Structure Energy/H Hessian index
cis, C, —455.4511 1 cis, C, —455.4284 2
trans, C, —455.4501 1 trans, C, —455.4305 1
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Figure 3 Plot of the energy of the N-bound BF, NH,OH complex as a function of the ONBF dihedral angle.

NOBF dihedral angles fixed at values varying from 0 to 360 °in
10 ° increments, while allowing all other geometrical parameters
to vary freely. The potential surface scans are illustrated in Figs 3
and 4.

Figure 3 indicates that the plot for the N-bound species is sym-
metric about 180 °, with six equivalent minima at about 30, 90,
150, 210, 270 and 330 °, three main maxima at 60, 180 and 300 °
(the trans structures) and three subsidiary maxima at the cis
positions (0, 120 and 240 °). In the case of O-bound BF,.NH,OH,
the plot is unsymmetrical, with two main minima near 40 and
200 °, two secondary minima at about 90 and 290 °, and with four
maxima at approximately 80, 150, 270 and 330 ° (Fig. 4).
Unrestricted geometry optimizations, with the C_ constraints

removed, yielded the converged structures shown in Fig. 5.
Figure 5a shows a tilt of about 30 ° of the BNO plane of the
N-bound structure (1) relative to the FBN plane (near the cis con-
formation), and in the case of the O-bound structure (2) shown
in Fig. 5b, the BON plane is displaced by ca. —160 ° with respect to
the FBO plane (close to the trans structure). The preference of the
N-bound isomer for the (approximately) cis conformation is
explained by a secondary electrostatic attraction of the hydroxyl
hydrogen atom for one of the fluorine atoms, in a cyclic
five-membered OH...F hydrogen-bonded arrangement. By
contrast, the preferred conformation of the O-bound isomer is
the (approximately) trans, since an intramolecular OH...F
hydrogen-bonded interaction in this case would require a
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Figure 4 Plot of the energy of the O-bound BF,.NH,OH complex as a function of the NOBF dihedral angle.
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Figure 5 The optimized structures of the (a) B...N bonded (1) and (b) B...O bonded (2) BF,.NH,OH complexes projected along the B...N and B...O

axes.

Table 3 Minimized energies and Hessian indices of the global minima of the BF,,NH,OH complex.

N-bound O-bound
Structure Energy/H Hessian index Structure Energy/H Hessian index
1 —455.4516 0 2 —455.4339 0

four-membered ring, which would involve unfavourably bent
hydrogen bond angles. The stability of the O-bound isomer can
then be rationalized by a secondary interaction between the
amino hydrogen atoms and two of the fluorine atoms. The
appearance of six minima for the N-bound species, but only four
for the O-bound, is due to the fact that the secondary OH...F
interaction in the first case may be accommodated in any of six
ways (interaction with any of three equivalent fluorine atoms,
with equal positive and negative dihedral angles of the HON
plane relative to the three NBF planes in each case), leading to a
six-fold periodicity in the rotation of the BF, molecule about
the B...N axis. In the second case, the subsidiary interaction
between the two amino hydrogen atoms and two of the fluorine
atoms may be achieved in any of four ways, defined by the four
approximately equivalent combinations of the HOBF and the
two HNOB dihedral angles.

The minimized energies and Hessian indices of the converged
structures are listed in Table 3, which indicates substantial
energy recoveries compared with the constrained C species
(Table 2), and confirms that the fully optimized structures are
indeed genuine minima on the potential energy surface. The
N-bound complex 1 is about 17.7 mH (46.5 k] mol™) more stable
than the O-bound counterpart 2.

3.1. Interaction Energies

The interaction energies of the two isomers, corrected for
BSSE" and for zero-point energy differences, are presented in
Table 4. This table confirms the preference of the N-bound
complex relative to the O-bound.

3.2. Geometrical Parameters

The perturbations of the BF bond lengths and the FBF bond
angles resulting from formation of the complexes are shown in
Table 5.

The bond lengths all undergo a lengthening, indicating a
weakening of the intramolecular bonds accompanying the

Table 4 Interaction energies of the preferred N-bound and O-bound
complexes, corrected for basis set superposition error and zero-point en-
ergy differences.

Complex Interaction energy/k] mol™
N-bound (1) -158.79
O-bound (2) -83.03

Table 5 Changes in the BF bond lengths and FBF bond angles on
complexation.

N-bound complex (1) O-bound complex (2)
Bond lengths Bond angles Bond lengths Bond angles
/pm /deg /pm /deg
6.84 —4.93 4.92 -2.12
5.33 -5.33 3.67 —4.01
5.12 —6.24 345 -5.14

formation of the intermolecular bonds. The bond length
increases for structure 1 are uniformly larger than for 2, consis-
tent with the greater interaction energy. The deviations of the
bond angles from the value of 120 ° found in the unperturbed
monomer as the BF, structure tends towards pyramidal are also

Table 6 Intermolecular geometrical parameters.

N-bound complex (1) O-bound complex (2)

Parameter Value Parameter Value
R(B...N)/pm 167.45 R(B...O)/pm 172.01
£FB...N/deg 103.79 £FB...O/deg 101.33
£B...NO/deg 113.96 £B...ON/deg 117.27
£B...NH/deg 110.15 £B...OH/deg 112.05
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Table 7 Computed wavenumbers and descriptions of the normal modes of the N-bound and O-bound BF,.NH,OH complexes. (All modes are of a

symmetry.)
N-bound (1) O-bound (2)
Mode Wavenumber/cm™ Approximate description Mode Wavenumber/cm™ Approximate description
2 3754.6 v(OH) 2 3825.8 v(OH)
v, 3573.9 v,(NH,) v, 3609.9 v,(NH,)
Vs 3482.3 v(NH,) v, 3497.3 v(NH,)
v, 1658.6 O0(NH,) v, 1677.2 O0(NH,)
Vs 1526.2 O0(NOH) Vs 1424.5 O0(NOH)
Ve 1357.7 tw(NH,) Ve 1370.8 tw(NH,)
v, 1303.9 w(NH,) v, 1284.6 v,(BE,)
Vg 1234.6 v,(BE;) Vg 1244.0 v,(BE,)
Vo 1189.6 v,(BF;) Vo 1214.7 o(NH,)
V1o 1066.1 r(NO) V1o 979.3 v(NO)
Vi 886.2 v,(BF;) Vi 831.5 v(BF;)
Vi, 809.8 geared libration Vi, 679.5 7(NO)
Vis 691.0 0,(BF;) Vi3 622.1 0,(BF;)
Vi 570.0 geared libration Vi 511.3 geared libration
Vis 480.8 7(NO) Vis 465.9 0,(BF,)
Vie 441.9 0,(BF,) Vie 408.8 0,(BF,)
Vi 434.8 0,(BE,) Vi 327.8 geared libration
Vig 335.0 v(B...N) Vig 285.7 v(B...O0)
Vi 286.8 antigeared libration Vi 252.2 antigeared libration
Voo 219.9 antigeared libration 2 191.4 antigeared libration
Vy 68.8 7(B...N) Yy 70.0 7(B...0)

consistently larger for the N-bound isomer. The intermolecular
geometrical parameters also confirm the stronger interaction in
1relative to 2 (see Table 6). The shorter B...N distance, indicating
tighter binding, and the larger FB...N angle, resulting from a
greater deviation from planarity of the BF, fragment, are quite
consistent.

3.3. Vibrational Spectra

The vibrational analyses of the two complex isomers yield the
computed wavenumbers shown in Table 7. There are some
substantial differences between the wavenumbers of corre-
sponding modes in the two isomers. In particular, the torsion
about the NO bond lies 198.7 cm™ higher in the O-bound species,
2. This is associated with the hydrogen-bonded interaction of
the amino hydrogen atoms with two of the fluorine atoms (see
above). Also, the NOH bending mode is 101.7 cm™ higher in the
N-bound complex, 1, due to the interaction between the
hydroxyl hydrogen atom and the closest of the three fluorine
atoms (see above).

The complex-monomer wavenumber shifts of the BF,
sub-molecules are presented in Table 8. The BF, wavenumber
shifts are all to the red, with the sole exception of that of the
symmetric stretching mode of 1. The shifts to lower wave-
number are consistent with a weakening of the intramolecular

Table 8 Wavenumber shifts of the BF, fragments of the N-bound (1) and
O-bound (2) complexes.

BF; monomer mode Wavenumber shift/cm™

N-bound (1) O-bound (2)
v,(BF,) 12.3 —-42.4
0,(BE,) 43 -73.2
v,(BF,) -199.4, 244 .4 -149.4,-190.0
0,(BE,) -32.9,-40.0 -8.9,-66.0

bonds, paralleling the lengthening of those bonds as indicated in
Table 5. The mean antisymmetric stretching shift of complex 1 is
larger than that for complex 2, as expected, based on our experi-
ence of this mode being the most reliable probe of the strength of
interaction among the BF, complexes we have studied.' The
symmetric bending shift, however, is significantly higher in 2
thanin1. Thisis surprising, and taken together with the observa-
tion that the symmetric stretching shift of complex 1is actually to
the blue, it warrants further examination. The explanation for
this anomaly is to be found in the natures of these modes in the
complexes. Table 9 reports the approximate potential energy
distributions of those modes nominally described in Table 7 as
intramolecular BF, modes, derived from the sums of the squares

Table 9 Approximate potential energy distributions of the intramolecular modes of the BF, fragments of the preferred N-bound and O-bound

complexes.
N-bound (1) O-bound (2)
Complex mode Monomer mode Percentage PED Complex mode Monomer mode Percentage PED
Vg v,(BF;) 43 v, v,(BF;) 21
Vo v,(BE;) 63 Vg v,(BF,) 87
Y1 v,(BE;) 85 Y1 v,(BF;) 76
Vis 0,(BF;) 54 Vis 0,(BF;) 95
vig 8,(BE,) 36 vis 8,(BE,) 33
Viz 0,(BEy) 14 Vie 0,(BF,) 21
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of the atomic displacement coordinates for each mode for the BF,
and the NH,OH fragments. Table 9 shows that the symmetric
stretching vibration of adduct 1 is 85 % localized in the BF,
fragment, while the symmetric bending has only a 54 % contri-
bution from the BF, sub-molecule. Both of these modes, in both
the N-bound and the O-bound cases, are strongly coupled with
the B...Nor B...O stretching vibration, so the assignments of the
modes in Table 7 as predominantly intramolecular modes is an
oversimplification, and their shifts are not directly comparable.
The contributions of the BF, fragments to the antisymmetric
bending modes are even lower, and less characteristic.

A comparison of the intermolecular wavenumbers of the two
complexesis givenin Table 10. The B...N stretchingis higher that
the B...O, although the B...N and B...O torsional wavenumbers
are virtually identical. Correcting for the differences in the
structures of the hydroxylamine sub-molecule in the complexes,
by calculating the stretching and torsional force constants (see
Table 11), emphasizes the relatively stronger binding in complex
1 than in complex 2; both force constants are significantly higher
for the N-bound than the O-bound complex. The librational
modes, too, particularly the geared librations, have systemati-
cally higher wavenumbers in species 1.

3.4. Molecular Orbital Properties

The surprising observation that the preferred structures of
both isomers lack a plane of symmetry may be rationalized on
the basis of the symmetry properties of the molecular orbitals of
the interacting monomers. Table 12 presents the energies and
symmetries of the monomer orbitals, with approximate descrip-
tions of the natures of the orbitals, and the HOMO-1, HOMO,
LUMO and LUMO +1 are pictured in Figs. 6 and 7. The primary
interaction is a donation of charge from the N or O lone pair
orbitals of NH,OH to the n* orbital of BF,. In the case of com-

Table 10 Wavenumbers of the intermolecular modes of the BF;, NH,OH
complexes.

N-bound (1) O-bound (2)

B...N stretching 335.0 B...O stretching 285.7
B...N torsion 68.8 B...O torsion 70.0
geared libration 809.8 geared libration 511.3
geared libration 570.0 geared libration 327.8
antigeared libration 286.8 antigeared libration ~ 252.2
antigeared libration 219.9 antigeared libration =~ 191.4

Table11 B...Nand B...O stretchingand ON...BF and NO...BF torsional
force constants of the N-bound and O-bound complexes.

Force constant Force constant/N m™

N-bound complex (1) O-bound complex (2)

208.6 125.9
21.0 8.0

stretching
torsional

plex 1, this involves an interaction between HOMO (n(N), 7a") of
NH,OH and LUMO+1 (n*(BF), 2a,”) of BF,, and for complex 2,
between HOMO-1 (n(O), 2a”) of NH,OH and LUMO+1 (2a,”) of
BF.. These structures are stabilized by a secondary charge dona-
tion from HOMO (n(F), 1a,’) of BF, to LUMO+1 (0% (OH), 9a") of
NH,OH (complex 1), and from HOMO-1 (n(F), 1e”) of BF, to
LUMO (o*(NH), 8a") of NH,OH (complex 2). Alignment of the
appropriate phases of the lobes of these interacting orbitals for
maximum overlap requires the symmetry plane of the NH,OH
sub-molecule, in either complex, to be tilted relative to one of the
symmetry planes of the BF, fragment, thus lowering the overall
symmetry of the complex to C,.

(a)

(c)

(b)

(d)
Figure 6 Frontier orbitals of BF;: (a) HOMO-1; (b) HOMO; (c) LUMO; (d) LUMO+1. Orientations are arranged for optimal viewing.
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Table 12 Properties of the molecular orbitals of the BF, and NH,OH monomers.
BF, NH,OH
No. Symmetry Energy/H Approximate No. Symmetry Energy/H Approximate
description description
1,2 le’ -26.35348 core(F) 1 la’ -20.58916 core(O)
3 la,/ -26.35345 core(F) 2 2a’ -15.60887 core(N)
4 2a, -7.80405 core(B) 3 3a’ -1.40088 a(NO)
5 3a/ -1.69345 n(F)(2s) 4 4a’ -1.08461 o(NH)
6,7 2¢’ -1.65136 n(F)(2s) 5 1a” -0.69306 o(NH)
8 4a/ -0.86429 o(BF) 6 5a’ -0.67923 o(OH)
9,10 3¢’ -0.81818 o(BF) 7 6a’ -0.62130 n(O)(2p,)
11 la)” -0.76686 7(BF) 8 2a” -0.48557 n(O)(2p,)
12,13 4e’ -0.70515 n(F)(2p,.2p,) 9 7a’ -0.43152 n(N)(2p,)
14,15 le” -0.69156 n(F)2p,) 10 8a’ 0.04635 o*(NH)
16 la,’ -0.66673 n(F)(2p,.2p,) 11 9a’ 0.06383 o*(OH)
17 5a, 0.05117 o*(BF) 12 3a” 0.07383 o*(NH)
18 2a,” 0.06829 7*(BF) 13 10a’ 0.15310 o*(NO)
19,20 5e’ 0.07996 o*(BF)

(c)
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