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ABSTRACT

The complexes formed between boron trifluoride and formaldehyde, acetaldehyde, formamide, formic acid and formyl fluoride
have been studied by means of ab initio calculations at the second order level of Moller-Plesset perturbation theory (MP2), using
Dunning’s aug-cc-pVTZ basis sets. The structures, the interaction energies, the perturbations of the vibrational spectra and the
charge transfers occurring on complexation, both of the BF, and of the base moieties, have been determined and the variations in
these properties have been rationalized in relation to the nature of the X fragments (X = H, CH,, NH,, OH, F). The calculations
have been extended to include the putative complexes between BF, and the presently unknown compounds HCOLi, HCOBeH
and HCOBH,, in order to complete the range of formyl compound bases with heteroatoms across the whole of the first row of the

periodic table.
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1. Introduction

The boron trihalides have long been regarded as prototypical
electron acceptors in Lewis acid-base complexes."” This type of
interaction is one of a number of non-covalent interactions*
that have received a great deal of attention in recent years,
named sz-hole bonding’ or triel bonding.® Since the elucidation
by Latimer and Rodebush in 1920 of the nature of the hydrogen
bond,” a series of named types of non-covalent interaction has
been recognized. These include the lithium,® the halogen,’ the
chalcogen,” the beryllium," the pnicogen'” and the tetrel
bonds."” These names reflect mainly the group of the periodic
table in which the major atom taking part in the interaction
is found, and most of these families of interactions can be
described by the generic title of o-hole bonds.” In the case of
boron trifluoride, the origin of the interaction is donation from a
lone pair orbital or a z-electron system of the base to the 7*(BF,)
orbital of the acid. This BF, orbital is the LUMO+1 orbital of
a,” symmetry, as indicated in Table 1 and illustrated in Fig. 1. The
region of space occupied by this orbital is a 7z-hole.®

We have reported the results of our ab initio calculations of the
properties of the complexes of BF, with the formyl compounds
H,CO, CH,CHO and HCOE as well as a number of related
oxygen, nitrogen and sulphur bases."” We now extend our list of
oxygen bases to include formamide and formic acid, with the
aim of determining any trends which may exist in the properties
of these adducts which might be related to the position of the
heteroatom in the periodic table. Although the molecules
HCOLij, HCOBeH and HCOBH, are not known, it would be

“This paper was presented at the 20th South African Chemical Institute Inorganic Chem-
istry Conference, Hermanus, South Africa, 25—29 June 2017.
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instructive to include their tentatively proposed complexes with
BF, in our study, in order to investigate the possible influence of
the less common atom and groups, Li, BeH and BH,. The whole
series of oxygen bases is represented in Table 2, which also illus-
trates the optimized structures of the monomers.

2. Computational Methodology

The computations were carried out using the Gaussian 09
program'® at the second order level of Moller-Plesset perturbation
theory (MP2)” and with the augmented correlation-consistent
polarized valence triple-zeta basis sets of Dunning.” The interac-
tion energies were corrected for basis set superposition error
(BSSE),” using the full counterpoise technique of Boys and
Bernardi,” and for zero-point vibrational energy differences.
The vibrational analyses were performed at the harmonic level,
and the reported wavenumbers and their shifts are unscaled.

Figure 1 Orbital 18 (2a,”) (z*(BF;)) (LUMO+1) of boron trifluoride.
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Table 1 Molecular orbitals of ground state BF, (MP2/aug-cc-pVTZ).

No. Symmetry Energy/H Occupancy/ Assignment
electrons

1,2 e —26.35348 1.99990 core (F 1s)
3 a, —26.35345 1.99990 core (F 1s)
4 a/ -7.80405 1.99993 core (B 1s)
5 a,’ -1.69345 1.99930 valence (F 2s)
6,7 e’ -1.65136 1.99930 valence (F 2s)
8 a/ -0.86429 1.98874 o(BF)(2s,2p,,.2p,)
9,10 ¢ ~0.81818 1.98874 o(BF)(25,2p,2p,)
11 a,” -0.76686 1.95916 7(BF)(2p,)
12,13 ¢ -0.70515 1.95916 n(F)(2p,.2p,)
14,15 (HOMO-1) e” -0.69156 1.91563 n(F)(2p,)
16 (HOMO) a, -0.66673 1.91563 n(F)(2p,.2p,)
17 (LUMO) a/ 0.05117 0.03774 o*(BF)(2s,2p,.2p,)
18 (LUMO+1) a,” 0.06829 0.24509 7*(BF)(2p,)
19,20 e’ 0.07996 0.03774 o*(BF)(2s,2p,.2p,)

Table 2 Formyl compounds HCOX (X = H, Li, BeH, BH,, CH,, NH,, OH and F), arranged according to the group number of the heteroatom.

Group 1 Group 2 Group 13 Group 14| Group 15 Group 16 Group 17 Group 18
d
H,CO
ry @ Q 2 9
fa re o 9
HCOLI HCOBeH HCOBH, CH;CHO HCONH, HCOOH HCOF

Natural atomic charges, and their changes on complexation,
were computed using the NBO program of Glendening et al.”,
which is part of Gaussian 09."

3. Results and Discussion (X = H, CH3, NH2, OH, F)

The range of oxygen bases is presented in Table 2, arranged
according to the group number of the heteroatom. This table also
illustrates the optimized structures of the base monomers. In
each case the HCO group of the base was found to be coplanar
with one of the BF bonds of BEF,, in structures of C, symmetry.
The only exception was the N-bound complex BF, HCONH,,
which optimized in C; symmetry. Two stable structures were
found for the adducts with HCONH, and HCOOH, with bind-
ing occurring between the B atom and the O or N atoms in the
first case, and between B and the carbonyl or hydroxyl O atoms
in the second. The O-bound structure of BF,, HCONH, and
the OC-bound structure of BF, HCOOH were found to be the
global minima on the respective potential energy surfaces. The
Cartesian coordinates of the optimized structures are given in
the Supplementary Information, in Tables S1 to S7.

3.1. Interaction Energies

The computed interaction energies are listed in Table 3. The
energies change in a non- monotonic manner with respect to the
position of the heteroatom in the periodic table, increasing from

the H,CO to the HCONH, species, then diminishing from the
HCONH, to the HCOF complexes.

3.2. Molecular Structures

The optimized structures of the seven complexes are presented
in Fig. 2. The relevant intermolecular geometrical parameters
(the B...O and H...F distances and the in-plane FB...O and
BF...H angles) are collected in Table 4. The B...O and H...F
distances and the BF...H angles decrease while the FB...O
angles increase with increasing interaction energy, correlating in
aregular manner, as shown in Fig. 3. The outlier in each relation-
ship is the BF,, HCOOH complex, in which the F...H interaction
occurs through the hydroxyl rather than the formyl hydrogen
atom of formic acid.

Table 3 Interaction energies of the complexes of BF, with H,CO,
CH,CHO, HCONH,, HCOOH and HCOE

Base Interaction energy/k] mol™
H,CO -73.01
CH,CHO -101.18
HCONH, (O-bound) -139.28
HCONH, (N-bound) -109.00
HCOOH (OC-bound) -133.21
HCOOH (OH-bound) -17.24
HCOF -19.45
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Figure 2 Optimized structures of the complexes of BF, with H,CO, CH,CHO, HCONH,, HCOOH and HCOE showing the major B...O bonding

interaction and the secondary H...F bonding linkage.

Table 4 Intermolecular bond lengths and bond angles of the complexes of BF, with H,CO, CH,CHO, HCONH,, HCOOH and HCOE

Base R(B...O)/pm R(H...F)/pm £LFB...O/deg £BF...H/deg
(in plane) (in plane)

H,CO 180.88 225.63 100.18 96.25
CH,CHO 173.69 221.57 101.63 94.52
HCONH, (O-bound) 166.61 219.34 103.32 94.30
HCONH, (N-bound) 175.00° - 102.29° -
HCOOH (OC-bound) 177.20 222.86 101.13 95.99
HCOOH (OH-bound) 244.29 286.45 87.39 83.25
HCOF 235.22 256.67 93.04 104.16

2B...N distance.
P FB...N angle.

The changes undergone by the in-plane BF bonds and the FBF
angles of the BF, molecules on complexation are shown in
Table 5. The BF bond lengths increase and the FBF angles
decrease with strength of interaction; the FBF angle decreases
arerelated to the degree of pyramidalization around the B atom.
The intramolecular geometrical changes vary regularly with the
interaction energies, as indicated in Fig. 4. Again, the outlier is
the BF,, HCOOH complex, as a result of the unique bonding
arrangement in this adduct. The corresponding intramolecular

Table 5 Changes of the intramolecular bond lengths (in-plane BF bonds)
and bond angles (angles containing the in-plane BF bond) of the BF,
molecules of the complexes of BF; with H,CO, CH,CHO, HCONH,,
HCOOH and HCOE

Base Ar(BF)(in-plane)/pm A(FBF)/deg
H,CO 4.06 -3.58
CH,CHO 481 —4.49
HCONH, (O-bound) 6.06 -5.67
HCONH, (N-bound) 4.68 —4.20,4.89°
HCOOH (OC-bound) 8.79 -6.77
HCOOH (OH-bound) 0.89 -0.46
HCOF 1.29 -0.69

2 FBF angles unequal due to lack of symmetry.

structural perturbations of the formyl bases (the CH and CO
bond lengths and the HCO angles) are presented in Table 6. The
H,CO base is a unique case, since the monomer possesses two
equivalent CH bonds and HCO angles; the changes listed in
Table 6 relate to the bond and angle involved in the interac-
tion. The CH bonds contract, while the CO bonds extend
and the HCO angles close up; as for the BF, molecules, the
intramolecular bond length and angle changes of the formyl
molecules correlate in a regular manner with the interaction
energies, as shown in Fig. 5. The BF, HCOOH complex proper-
ties again fail to follow the trend.

Table 6 Changes of the intramolecular bond lengths (CH and CO bonds)
and bond angles (HCO angles) of the formyl molecules of the complexes
of BF, with H,CO, CH,CHO, HCONH,, HCOOH and HCOE

Base Ar(CH)/pm Ar(CO)/pm A(HCO)/deg
H,CO -0.95 1.11 -1.01
CH,CHO -1.23 1.51 -1.45
HCONH, (O-bound) -1.22 2.55 -1.76
HCONH, (N-bound) -0.56 -1.86 2.81
HCOOH (OC-bound) -0.24 1.45 -3.04
HCOOH (OH-bound) 0.48 ~0.97 -0.19
HCOF -0.11 0.69 -0.93
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Figure 3 Plots of the (a) B...O distances, (b) H...F distances, (c) FB...O angles and (d) BF...H angles of the complexes of BF, with H,CO, CH,CHO,
HCONH, (O-bound), HCOOH (OC-bound) and HCOF versus the interaction energies.

3.3. Vibrational Spectra

Table 7 reports the wavenumber shifts of the BF, modes of the
complexes. Only those of the antisymmetric stretching vibra-
tions correlate sensibly with the interaction energies. Both the a’
and a” modes undergo red shifts which increase with increasing
strength of interaction. This relationship is illustrated in Fig. 6.

Associated with the wavenumber shifts of the BF, modes are
the perturbations of their infrared intensities. The complex/

10

Ar(BF)/pm
[ ]

0 T T T T T T T
0 20 40 60 80 100 120 140 160

-AE/kJ mol™

(a)

monomer intensity ratios are rather insensitive to the interaction
energies. The symmetric stretching mode, which is inactive in
the monomer, gains intensity on complexation, as seen in
Table 8, and the acquired intensity tracks with the strength of
interaction, as evidenced by Fig. 7.

The corresponding data for the formyl moieties of the com-
plexes, specifically the wavenumber shifts of the CH and CO
stretching, the in-plane HCO bending (rocking) and the

0
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(b)

Figure 4 Plots of the (a) BF bond length changes and (b) FBF bond angle changes of the BF, molecules of the complexes of BF, with H,CO, CH,CHO,
HCONH, (O-bound), HCOOH (OC-bound) and HCOF versus the interaction energies.
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Figure 5 Plots of the (a) CH bond length changes, (b) CO bond length changes and (c¢) HCO bond angle changes of the formyl molecules of the com-
plexes of BF; with H,CO, CH,CHO, HCONH, (O-bound), HCOOH (OC-bound) and HCOF versus the interaction energies.

Table 7 Wavenumber shifts of the BF, molecules of the complexes of BF, with H,CO, CH,CHO, HCONH,, HCOOH and HCOE

Base Wavenumber shift/cm™
v(BE)@)  »BF)@)  O(BE)@)  O,BE)@) »BE)@) 0,BF)@)

H,CO -157.4 —42.7 -98.4 18.7 -111.2 —43.2
CH,CHO -184.2 —43.6 -84.9 9.2 -141.4 13.8
HCONH, (O-bound) -232.2 —42.4 -74.2 19.4 -174.4 17.9
HCONH, (N-bound) * -168.9 -39.0 -69.4 13.7 -193.8 -25.6
HCOOH (OC-bound) -189.6 —47.1 -104.2 12.7 -121.3 1.0
HCOOH (OH-bound) -28.7 -10.8 -55.1 -2.5 -1.5 -2.3
HCOF —42.4 -15.7 -74.2 -14 -3.9 -2.0

2 All modes are of @ symmetry.

out-of-plane HCO bending (wagging) vibrations are collected
in Table 9. These modes of the formyl molecules are the most
characteristic vibrations of the bases and they would be expected
to be influenced in a regular manner due to complexation. The
CH modes are blue-shifted and the CO modes red-shifted, while
the signs of the in-plane and out-of-plane bending mode shifts
are inconsistent; there is no apparent dependence of the wave-
number shifts on the nature of the base. This is largely due to the
range of different structures exhibited by the base molecules.
The intensity ratios of the formyl compound bases are also
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Figure 6 Plots of the wavenumber shifts of the a” and a” antisymmetric
stretching modes of the BF; molecules of the complexes of BF; with
H,CO, CH,CHO, HCONH, (O-bound), HCOOH (OC-bound) and
HCOF versus the interaction energies.

rather insensitive to the interaction energies. The perturbations
of the vibrational spectra of the bases are therefore not reliable
indicators of the extent of the interaction.

Table 8 Infrared intensities of the symmetric BF; stretching modes of the
BF, molecules of the complexes of BF, with H,CO, CH,CHO, HCONH,,
HCOOH and HCOE

Base Intensity/km mol™
H,CO 89.94
CH,CHO 144.86
HCONH, (O-bound) 252.44
HCONH, (N-bound) 188.20
HCOOH (OC-bound) 111.96
HCOOH (OH-bound) 6.36
HCOF 8.31

Table 9 Wavenumber shifts of the formyl molecules of the complexes of
BF, with H,CO, CH,CHO, HCONH,, HCOOH and HCOE

Base Wavenumber shift/cm™
v(CH) »(CO) oHCO) yHCO)

H,CO 108.1°,153.9° -19.5 12.2°¢ 2344
CH,CHO 119.6 -16.3 8.1 61.1
HCONH, (O-bound) 160.9 -20.5 -6.3 46.7
HCONH, (N-bound) 81.4 28.6 -84 -8.0
HCOOH (OC-bound) 85.1 -58.5 46.9 35.6
HCOOH (OH-bound) —64.3 41.3 6.5 -27.6
HCOF 20.6 -23.5 3.2 16.8

@ Symmetric CH, stretching.

b Antisymmetric CH, stretching.
¢ CH, rocking.

4 CH, wagging.
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Table 10 Natural atomic charges and charge transfers of selected atoms involved in the interactions of the complexes of BF, with H,CO, CH,CHO,

HCONH, (O-bound), HCOOH (OC-bound) and HCOFE.

Base Natural atomic charge/e *

Charge transfer/me

B F (@]

H B F (@) H

H,CO
CH,CHO
HCONH,
HCOOH
HCOF

1.492
1.470
1.447
1.455
1.586

-0.565
—-0.569
-0.578
-0.580
-0.548

-0.592
-0.613
-0.681
-0.674
-0.642

0.151
0.156
0.172 -123
0.140 -115
0.122 15

-78
-100

—42 -12 60
—46 -3 73
54 20 84
-57 0 43
25 —42 21

a1e =1.602176x107 C.
300

200

100

v¢(BF,) intensity/km mol!

T
0 20 40 60 80 100
-AE/kJ mol!

T T
120 140 160

Figure 7 Plot of the infrared intensities of the symmetric BF, stretching
modes of the BF; molecules of the complexes of BF,; with H,CO,
CH,CHO, HCONH, (O-bound), HCOOH (OC-bound) and HCOF
versus the interaction energies.

3.4. Natural Bond Orbital Analysis

The NBO analysis revealed that the primary orbital interac-
tionsin each case were donation from an oxygen lone pair orbital
to the 7* orbital of BF;, and from a lone pair orbital of the
in-plane fluorine atom to the 0* (CH) orbital of the base. See Fig. 2
for an illustration of the modes of interaction for the various
complexes. These primary interactions were accompanied by
redistributions of charge within the five-membered rings such
that the net changes are accumulation of charge for the B and F
atoms and depletion for the O and H atoms. The charges for the
B, E O and Hatoms directly engaged in the interactions are listed
in Table 10, along with the transfers of charge per atom resulting
from complex formation. The charge transfers for the B and F
atoms become more negative, and those for the O and H atoms
more positive, with increasing strength of interaction, as
indicated in Fig. 8, confirming the internal consistency among
the structures, vibrational spectroscopic changes, electronic
charge redistributions and interaction energies in this family of
complexes.

4. Results and Discussion (X = Li, BeH, BH2)

The optimized structures of the complexes of BF, with the
HCOLIi, HCOBeH and HCOBH, species are illustrated in Fig. 9.
Two possible models were found for each complex. In addition
to the primary interaction between the formyl oxygen and the
boron atom, a secondary interaction was apparent, involving
thein-plane fluorine atom and either the formyl hydrogen or the
Li, Be or B atom. In addition, it should be noted that in the
H-bound complexes with HCOLi and HCOBeH there is a weak
internal bond between the O atom and the Li or Be atom, which
is absent in the H-bound BF,.HCOBH, adduct. This structural
feature was also observed in the optimized structures of the
HCOLi and HCOBeH monomers, apparent in Table 2. The
Cartesian coordinates of the optimized structures are given in
the Supplementary Information, in Tables S8 to S13.

4.1. Interaction Energies

The interaction energies of the H...F-bound isomers are
collected in Table 11. These energies are of the same order of
magnitude as those of the complexes containing the H, CH,,
NH,, OH and F atoms or groups. The energies, however, do not
follow any trends related to the position of the heteroatom in the
periodic table. The complexes with HCOLi and HCOBeH
appear to belong to one group, characterized by the presence of
the weak internal Li...O and Be...O bonds, while the complex
with HCOBH,, in which this secondary interaction is absent, is
more similar in properties to the adducts with H,CO, CH,CHO,
HCONH,, HCOOH and HCOF (see Table 3). The interaction
energies of the heteroatom...F-bound complexes are extremely
large, and are virtually independent of the heteroatom.

Table 11 Interaction energies of the complexes of BF, with HCOL],
HCOBeH and HCOBH,,.

Base Interaction energy/kJ mol™
H...F-bound Heteroatom...F-bound
HCOLi -147.75 -332.43
HCOBeH -19.03 -347.50
HCOBH, -95.04 -322.44

Table 12 Intermolecular bond lengths and bond angles of the complexes of BF, with HCOLi, HCOBeH and HCOBH,,

Base H...F-bound Heteroatom...F-bound
RB...0)pm  RH...F)/pm  £LFB...O/deg  £BF...H/deg R(B...O)/pm R(X...F)/pm® £FB...O/deg <BF...X/deg"
(in plane) (in plane) (in plane) (in plane)
HCOLi 165.49 228.55 105.07 91.10 155.22 177.81 107.20 116.96
HCOBeH 230.01 257.08 90.89 104.39 155.88 158.33 102.12 116.87
HCOBH, 174.42 219.47 102.44 95.29 155.77 158.73 100.04 113.73

X = Li, Be, B.
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Figure 8 Plots of the atom charge transfers of the (a) B, (b) E (c) O and (d) H atoms of the complexes of BF, with H,CO, CH,CHO, HCONH, (O-bound),
HCOOH (OC-bound) and HCOF versus the interaction energies.
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Figure 9 Optimized structures of the complexes of BF, with HCOLi, HCOBeH and HCOBH,, showing the primary B...O interaction and a secondary
H...E Li...E Be...F or B...F interaction.
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4.2. Molecular Structures

The intermolecular structural properties of this set of com-
plexes are collected in Table 12. Consistent with the low value of
the interaction energy of H...F-bound BF, HCOBeH, the B...O
distance is considerably longer than those of the Li and B
analogues, coupled with the reversal of the magnitudes of the
FB...O and BF...H angles, compared with BF,.HCOLi and
BF, HCOBH,. These properties have the effect of distorting
the cyclic FBOCH arrangement, leading to a weakening of the
interaction. The intermolecular parameters of the hetero-
atom...F-bound adducts are remarkably constant, and reinforce
the observation that the heteroatom...F interactions are signifi-
cantly stronger than their H...F counterparts. The perturbations
of the intramolecular bond lengths and bond angles relative to
their monomer values are presented in Table 13. Confirming the
contrast between the properties of the HCOBeH complex and
those of the HCOLi and HCOBH, analogues, the in-plane BF
bond length and FBF angle are very similar to those in the mono-
mer, while the extension of the bonds and the reduction of the
angles for the other two bases are quite significant. The perturba-
tions of the intramolecular geometrical properties of the second
series of adducts are in line with the markedly larger interaction
energies of this family. A similar pattern is found for the changes
of the bond lengths and bond angles of the formyl molecules,
with the H...F-bound bond length perturbations in the order
HCOLi > HCOBH, > HCOBeH (Table 14). As we found for the
complexes with H,CO, CH,CHO, HCONH,, HCOOH and

Table 13 Changes of the intramolecular bond lengths (in-plane BF
bonds) and bond angles (angles containing the in-plane BF bond) of the
BF; molecules of the complexes of BF; with HCOLi, HCOBeH and
HCOBH,,.

Base H...F-bound Heteroatom...F-bound
Ar(BF)/jpm  A(FBF)/deg Ar(BF)/jpm  A(FBF)/deg
HCOLi 4.74 -4.99 13.46 -10.43
HCOBeH 1.09 -0.56 19.00 -11.20
HCOBH, 4.69 -4.30 19.63 -10.90

HCOF (Table 6), the CH bonds shorten and the CO bonds are
extended, while the HCO angles contract. There is a much closer
correspondence between the formyl molecule property changes
of the H...F-bound and the heteroatom...F-bound groups than
was the case for the BF, molecules.

4.3. Vibrational Spectra

Table 15 presents the wavenumber shifts of the BF, moieties of
the HCOLi, HCOBeH and HCOBH, complexes. For the
H...F-bound series the three BF, stretching modes are all
red-shifted, with shifts in the sequence HCOLi > HCOBH, >
HCOBeH. This observation is in line with the order of the
interaction energies. The bending modes behave inconsistently
with respect to sign. The stretching vibrations of the hetero-
atom...F-bound set are also red-shifted, as expected, but apart
from the a” antisymmetric mode, where the shifts are remark-
ably similar, the order of magnitudes of the other two stretching
modes is inconsistent. The same is true of the perturbations of
the three bending mode wavenumbers. The induced infrared
intensities of the symmetric BF, stretching vibrations are listed in
Table 16. Similar to the case of the complexes with H,CO,
CH,CHO, HCONH,, HCOOH and HCOF (Table 8 and Fig. 7),
the extent to which this mode is activated on complexation
correlates with the interaction energy.

Table 17 shows the wavenumber shifts of the CH and CO
stretching vibrations and of the in-plane and out-of-plane HCO
bending modes. Among the H...F-bound complexes the CH
stretching modes are blue-shifted, as was the case for the
adducts with H,CO, CH,CHO, HCONH,, HCOOH and HCOF
(Table 9), in the order HCOLi > HCOBH, > HCOBeH, which
correlates with the order of the interaction energies. The signs of
the shifts of the CO stretching vibrations are variable. The two
HCO bending modes, on the other hand, are uniformly
blue-shifted, and the magnitudes of the shifts track with the
interaction energies. The signs of the shifts of the hetero-
atom...F-bound complexes are similar to those of the
H...F-bound series, but their magnitudes do not correlate with
the interaction energies. Consistent with the complexes with
H,CO, CH,CHO, HCONH,, HCOOH and HCOE the vibrational

Table 14 Changes of the intramolecular bond lengths and bond angles of the formyl molecules of the complexes of BF; with HCOLi, HCOBeH and

HCOBH,,.
Base H...F-bound Heteroatom...F-bound
Ar(CH)/pm Ar(CO)/pm A(HCO)/deg Ar(CH)/pm Ar(CO)/pm AHCO)/deg
HCOLi -1.31 1.40 -1.43 -1.01 0.32 —-4.66
HCOBeH -0.13 0.22 -0.37 -0.13 -1.39 -4.87
HCOBH, -0.63 0.58 -2.31 -1.43 2.45 -5.55

Table 15 Wavenumber shifts of the BF, molecules of the complexes of BF, with HCOLi, HCOBeH and HCOBH,.

Base

Wavenumber shift/cm™

v,(BF;)(@) v(BE;)(@) 0,(BF)(@) 9,(BF;)(@) v(BF;)(@") 9,(BF;)(@")

H...F-bound complexes

HCOLi -201.2 -30.3 —-66.9 32 -207.1 189
HCOBeH -40.7 -19.3 -71.2 -4.5 -14.6 -2.9
HCOBH, -181.7 —45.7 -85.8 34.5 -137.5 6.4
Heteroatom...F-bound complexes

HCOLi -354.2 -19.8 18.9 -39.7 -170.4 13.2
HCOBeH -343.9 2.3 -141.1 -137.1 -92.3 7.5
HCOBH, —343.2 -217.5 -137.8 —55.8 —92.7 4.4
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Table 16 Infrared intensities of the symmetric BF; stretching modes of
the BF, molecules of the complexes of BF, with HCOLi, HCOBeH and
HCOBH,,.

Base Intensity/km mol™
H...F-bound Heteroatom...F-bound
HCOLi 231.93 394.82
HCOBeH 20.89 392.36
HCOBH, 130.36 51.40

properties of the formyl moieties are not useful parameters for
measuring the strength of interaction of these complexes.

4.4. Natural Bond Orbital Analysis

The natural atomic charges and their transfers are presented in
Table 18. In the case of the H...F-bound species, the charge of the
B atom in BF,.HCOBeH is more positive and that of the in-plane
F atom less negative than those of BF,, HCOLi or BF, HCOBH.,.
These features lead to a small positive charge transfer for the B
atom and a very large negative change for the O atom. These
results indicate a substantial charge equalization between the Be
atom and the C and O atoms, which is sufficient to lower the
interaction energy of BF, HCOBeH considerably relative to
the Li analogue. The extremely low interaction energy of
BF,. HCOBeH, relative to BF,.HCOLi, may now be explained by
the differences in the natural atomic charges of the Li and Be
atoms, and their perturbations on complexation. The charges of
the heteroatom...F-bound species are more regular than those
of the H...F-bound analogues; it is in the values of the charge
transfers that the contrast between the HCOLi, and HCOBeH
complexes and that of the HCOBH, adduct become apparent.
While the charge transfers of the B atoms of BF, are almost
constant, thereis a sign reversal for the E O and X atoms between
the HCOLi and HCOBeH species and the HCOBH, complex.
This contrast is due largely to the strong electrostatic interaction
between the electropositive Li and Be atoms and the in-plane F
atom, resulting from the partially ionic LiC and BeC bonds,
while the B...F interaction is weaker, since the BC bond is pre-
dominantly covalent.

5. Conclusions
The properties (interaction energies, intermolecular geome-
tries, intramolecular geometry changes and atomic charge trans-

Table 17 Wavenumber shifts of the formyl molecules of the complexes of
BF; with HCOLi, HCOBeH and HCOBH,,.

Base Wavenumber shift/cm™

v(CH) »(CO) O0(HCO)  y(HCO)
H...F-bound complexes
HCOLi 189.6 -7.1 34.0 152.6
HCOBeH 26.7 0.3 2.1 22.5
HCOBH, 100.1 37.1 82 50.2
Heteroatom...F-bound complexes
HCOLi 137.0 57.2 89.2 130.5
HCOBeH 28.1 113.2 91.1 77.2
HCOBH, 197.5 -31.3 4.6 60.9

fers) of both the BF, and the HCOX components (X = H, CH,,
NH,, OH and F) of the complexes correlate fairly well with one
another. The exception is the BF, HCOOH complex, whose
structure features a secondary F...H interaction with the
hydroxyl hydrogen atom, in contrast to the F...H interaction
present in the other adducts, which is through the formyl
hydrogen.

The wavenumber shifts of the antisymmetric stretching and
the induced intensities of the symmetric stretching modes of the
BF, fragments track reasonably well with the complex interac-
tion energies. The vibrational spectroscopic properties of the
formyl moieties are not as well-behaved, and do not exhibit any
dependence on the interaction energies.

The three complexes containing heteroatoms from groups 1, 2
and 13 show two families of structures, one with a secondary
H...F interaction and the other with a heteroatom...F linkage.
The H...F-bound series have interaction energies comparable in
magnitude with those of the complexes containing heteroatoms
from groups 14 to 17. Those containing a heteroatom...F interac-
tion, on the other hand, have much more substantial interaction
energies, due to the partially ionic nature of the bonds involving
the Li or Be atoms, and these energies are virtually independent
of the nature of the heteroatoms.

The H...F-bound adducts constitute a coherent set whose
members possess interaction energies which vary as the
heteroatom traverses the periodic table in an unpredictable way.
These interaction energies are plotted against the Pauling
electronegativities of the heteroatoms, exemplifying the group
of the periodic table, in Fig. 10. The adducts fall into two groups,

Table 18 Natural atomic charges and charge transfers of selected atoms involved in the interactions of the complexes of BF, with HCOLi, HCOBeH

and HCOBH.,

H...F-bound complexes

Base Natural atomic charge/e * Charge transfer/me

B F O H B F (@) H
HCOLi 1.448 -0.566 —0.842 0.105 -122 —43 -5 55
HCOBeH 1.583 -0.545 -0.871 0.138 13 21 -165 18
HCOBH, 1.472 -0.568 -0.617 0.165 -98 —45 3 61

Heteroatom...F-bound complexes

Base Natural atomic charge/e * Charge transfer/me

B F O XP® B F (@) XP®
HCOLi 1.425 -0.643 -0.709 0.923 -145 -120 127 128
HCOBeH 1.438 -0.646 -0.661 1.413 -132 -122 45 560
HCOBH, 1.439 -0.449 -0.644 0.227 -131 74 25 266

a1e = 1.602176x107 C.P X = Li, Be, B.
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Figure 10 Plot of the interaction energies of the H...F-bound complexes
of BF, with HCOLi, HCOBeH, HCOBH,, CH,CHO, HCONH,, HCOOH
and HCOF versus the electronegativity of the X heteroatom (X = Li, Be, B,
C,N, O and F).

one containing heteroatoms from groups 1 and 2, and the other
from groups 13 to 17. In the first series the interaction energy
drops sharply from HCOLi to HCOBeH, for reasons related to
the atomic charges, as discussed above. For the second series,
the interaction energy rises from HCOBH, to HCONH,, then
falls off from HCONH, to HCOF. These observations confirm
that the physical properties of related series of molecules or
complexes are usually governed by a complicated interplay of
properties of the members of the series, such as the gas phase
basicities, the mean polarizabilities and the group electro-
negativities of the X moieties, for example, and these features
can balance one another in an unexpected fashion, with the
HCOBH,, CH,CHO and HCONH, set determined mainly by
one particular property and the HCONH,, HCOOH and HCOF
family by another. The natures of these interacting properties
are a matter for speculation.

Supplementary Material
Supplementary information is provided in the online supple-
ment.
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Table S1. Optimized Cartesian coordinates of the complex of BF; with H,CO.

Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 5 0 0.012347 0.615738 0.000000
2 8 0 0.566484 -1.106096 0.000000
3 9 0 -1.336383 0.460956 0.000000
4 9 0 0.566484 1.029933 1.151361
5 9 0 0.566484 1.029933 -1.151361
6 6 0 -0.255723 -2.012885 0.000000
7 1 0 -1.324516 -1.795314 0.000000
8 1 0 0.095991 -3.044697 0.000000

Table S2. Optimized Cartesian coordinates of the complex of BF; with CH;CHO.
Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 5 0 0.012118 -1.089876 0.000000
2 8 0 -0.530978 0.559929 0.000000
3 9 0 1.371600 -0.965951 0.000000
4 9 0 -0.530978 -1.538417 1.151878
5 9 0 -0.530978 -1.538417 -1.151878
6 6 0 0.277803 1.487100 0.000000
7 1 0 1.344836 1.249599 0.000000
8 6 0 -0.153108 2.901329 0.000000
9 1 0 -1.234846 2.983313 0.000000
10 1 0 0.271144 3.395763 -0.875278
11 1 0 0.271144 3.395763 0.875278



Table S3. Optimized Cartesian coordinates of the complex of BF; with HCONH, (O-bound).

Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 0.089630 -1.013187 0.000000
2 8 0 -0.601719 0.502749 0.000000
3 9 0 1.444627 -0.764572 0.000000
4 9 0 -0.378516 -1.560394 1.150766
5 9 0 -0.378516 -1.560394 -1.150766
6 6 0 0.127833 1.509366 0.000000
7 1 0 1.211501 1.416358 0.000000
8 7 0 -0.378516 2.734477 0.000000
9 1 0 -1.377733 2.862597 0.000000
10 1 0 0.226097 3.535696 0.000000
Table S4. Optimized Cartesian coordinates of the complex of BF; with HCONH, (N-bound).
Standard orientation:
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 -0.932273 0.079990 -0.085161
2 7 0 0.513649 -0.389535 0.781731
3 9 0 -1.871676 0.092499 0.902711
4 9 0 -0.612955 1.291502 -0.613686
5 9 0 -1.058236 -0.936916 -0.994077
6 6 0 1.662972 -0.416665 -0.093392
7 8 0 2.551687 0.382657 0.002521
8 1 0 1.592922 -1.202473 -0.851591
9 1 0 0.290698 -1.315069 1.142020
10 1 0 0.677577 0.259306 1.548905



Table S5. Optimized Cartesian coordinates of the complex of BF; with HCOOH (OC-bound).

Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 0.062909 0.868086 0.000000
2 8 0 0.921892 -0.567684 0.000000
3 9 0 -1.282852 0.464881 0.000000
4 9 0 0.442347 1.452058 1.152318
5 9 0 0.442347 1.452058 -1.152318
6 6 0 0.442347 -1.708381 0.000000
7 8 0 -0.817564 -2.017003 0.000000
8 1 0 -1.327316 -1.166896 0.000000
9 1 0 1.107488 -2.566727 0.000000
Table S6. Optimized Cartesian coordinates of the complex of BF; with HCOOH (OH-bound).
Standard orientation:
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 -0.700421 1.110127 0.000000
2 8 0 -0.101079 -1.258118 0.000000
3 9 0 -1.969662 0.726557 0.000000
4 9 0 -0.101079 1.373008 1.143895
5 9 0 -0.101079 1.373008 -1.143895
6 1 0 -0.824328 -1.898968 0.000000
7 6 0 1.099492 -1.901574 0.000000
8 8 0 2.135260 -1.304485 0.000000
9 1 0 1.002404 -2.994563 0.000000



Table S7. Optimized Cartesian coordinates of the complex of BF; with HCOF.

Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 5 0 0.204170 -1.362578 0.000000
2 8 0 -0.715456 0.802376 0.000000
3 9 0 1.445324 -0.884833 0.000000
4 9 0 -0.360728 -1.691950 1.145188
5 9 0 -0.360728 -1.691950 1.145188
6 6 0 0.049543 1.716192 0.000000
7 1 0 1.137287 1.663291 0.000000
8 9 0 -0.360728 2.983561 0.000000

Table S8. Optimized Cartesian coordinates of the complex of BF; with HCOLi (H-bound).
Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 5 0 -0.115008 -0.627999 0.000000
2 8 0 -0.116221 1.026930 0.000000
3 9 0 1.202773 -0.981751 0.000000
4 9 0 -0.790808 -0.919277 1.149884
5 9 0 -0.790808 -0.919277 1.149884
6 6 0 0.908211 1.802282 0.000000
7 1 0 1.837550 1.213829 0.000000
8 3 0 -0.790808 2.759926 0.000000



Table S9. Optimized Cartesian coordinates of the complex of BF; with HCOLI (Li-bound).

Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 0.061193 0.529815 0.000000
2 8 0 0.899894 -0.776325 0.000000
3 9 0 -1.337581 0.141633 0.000000
4 9 0 0.351810 1.184669 1.154276
5 9 0 0.351810 1.184669 -1.154276
6 6 0 0.351810 -1.926376 0.000000
7 3 0 -1.690513 -1.601070 0.000000
8 1 0 1.161222 -2.675737 0.000000
Table S10. Optimized Cartesian coordinates of the complex of BF; with HCOBeH (H-bound).
Standard orientation:
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 -0.030342 -1.108735 0.000000
2 8 0 -0.201814 1.184953 0.000000
3 9 0 1.295292 -1.030380 0.000000
4 9 0 -0.671949 -1.257459 1.144906
5 9 0 -0.671949 -1.257459 -1.144906
6 6 0 0.805374 1.975529 0.000000
7 1 0 1.786256 1.493052 0.000000
8 4 0 -0.671949 2.764037 0.000000
9 1 0 -1.727025 3.569349 0.000000



Table S11. Optimized Cartesian coordinates of the complex of BF; with HCOBeH (Be-bound).

Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 0.169045 0.625924 0.000000
2 8 0 1.021751 -0.678924 0.000000
3 9 0 -1.237476 0.084789 0.000000
4 9 0 0.383391 1.272320 1.155090
5 9 0 0.383391 1.272320 -1.155090
6 6 0 0.383391 -1.770237 0.000000
7 4 0 -1.398261 -1.490305 0.000000
8 1 0 -2.554095 -2.154725 0.000000
9 1 0 1.063796 -2.625711 0.000000
Table S12. Optimized Cartesian coordinates of the complex of BF; with HCOBH, (H-bound).
Standard orientation:
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 5 0 0.021961 -0.997504 0.000000
2 8 0 -0.521455 0.659832 0.000000
3 9 0 1.379048 -0.861712 0.000000
4 9 0 -0.521455 -1.443021 1.151810
5 9 0 -0.521455 -1.443021 -1.151810
6 6 0 0.295958 1.591896 0.000000
7 1 0 1.362760 1.332887 0.000000
8 5 0 -0.245350 3.069137 0.000000
9 1 0 -0.437588 3.604357 -1.038356
10 1 0 -0.437588 3.604357 1.038356



Table S13. Optimized Cartesian coordinates of the complex of BF; with HCOBH, (B-bound).

Standard orientation:

(Angstroms)

.000000
.000000
.000000
.152761
.152761
.000000
.000000
.018104
.018104

Center Atomic Atomic Coordinates

Number Number Type X Y
1 5 0 -0.158338 0.706174
2 8 0 1.225723 -0.008632
3 9 0 -1.076486 -0.496823
4 9 0 -0.308844 1.372514
5 9 0 -0.308844 1.372514
6 6 0 1.139001 -1.264080
7 5 0 -0.308844 -1.886182
8 1 0 -0.577386 -2.449622
9 1 0 -0.577386 -2.449622
10 1 0 2.098450 -1.781019

.000000



