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The structures, energetics, and binding characteristics of complexes formed between anisole (CcHsOCH3)
and boron trifluoride (BF;) were investigated using MP2 and B3LYP methods with 6-314+G(d,p) and
6-311+G(d,p) basis sets. Among the complexes with a 1:1 ratio of C¢gHsOCHj to BF;, both B3ALYP and MP2
methods predict the same structures and relative stability of the isomers; however, the B3LYP binding energies
are smaller than the MP2 energies. Furthermore, the weaker the interaction, the greater the discrepancy in
binding energy. The charge decomposition analysis (CDA) showed that there are two types of complexes:
the Lewis acid—base adduct and the van der Waals complexes. The CDA results also illustrated that there is
a significant donation from the oxygen lone pair electrons to the boron vacant orbital in the adduct. The van
der Waals complexes were formed through the aromatic ring and BF; interaction or through the H and F
interactions. The MP2 results showed that the formation of adduct at room temperature is thermodynamically
favorable. Among the 1:2 C¢HsOCH;—BF; complexes, the most stable structure consists of both the Lewis
acid—base and van der Waals binding; i.e., one BF; binds with C¢HsOCHj; to form C¢HsOCHj3+BF; adduct,
while the other BF; binds with this adduct through van der Waals interactions. The calculated binding energy
of the 1:1 complex is close to the experimental heat of formation, which suggests that the 1:1 complexes are
the most likely species in the C¢HsOCH; and BF; mixture.

1. Introduction

Boron compounds have been used in many applications. For
instance, boron hydrides have recently been studied as potential
hydrogen storage materials.!~* Boron trifluoride (BF;), on the
other hand, has been used as catalysts in photochemical
reactions* and in the separation of boron isotopes.”™® In the
chemical exchange process of separating '°B from !'B, anisole
(methylphenyl ether, C¢HsOCHj) is so far the best complexation
agent because the use of anisole allows the exchange column,
where the chemical exchange process takes place, to be operated
at room temperature and ambient pressure.’”’ Complex forma-
tion between anisole and boron trifluoride is the first and also
an important step of the exchange reactions, but it has not been
investigated extensively.>!® The heat released from the
C¢HsOCH; and BF; complex formation was measured to be
12.1 kcal/mol.> There was also an infrared study on the
CsHsOCH; and BF; complex with a 1:1 ratio.'” To further
optimize operation conditions or to search for better complex-
ation agents for the chemical exchange process, it is crucial to
understand the binding nature of the C¢HsOCH; and BF;
complexes. Are the complexes formed as the Lewis acid—base
adducts or as van der Waals complexes? Furthermore, the
existence of complexes containing more than one BF; molecule
was reported in the other ether—BF; complexes.!! Therefore, it
is also important to study the ratio of anisole to boron trifluoride
in the complexes.

Providing answers to these questions is the main focus of
this research. As such, we performed the second-order
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Mgller—Plesset (MP2) and density functional theory (DFT)
calculations on the C¢HsOCH;—BF; complexes using both
6-31+G(d,p) and 6-311+G(d,p) basis sets. Specifically, we
calculated the structures and binding energies of
C¢HsOCH;—BF; 1:1 and 1:2 complexes. To understand the
binding characteristics of these complexes, we also did charge
decomposition analysis. Moreover, our choice of different
methods and basis sets is to further assess the accuracy of the
method/basis set in the description of weak interactions.
Although studies of C¢HsOCH; and BF; complexes are
largely lacking, there are many experimental and theoretical
studies devoted to the formation of BF; complexes with other
molecules.>'?7% These include studies of BF; complexes with
molecules involving nitrogen atoms (such as with NH;,2~%
HCN, 77323 and CsHsN*), oxygen atoms,>**35~3 sulfur atoms,?**
fluorine atoms,'”"'® or benzene rings.'® Because anisole consists
of two distinguished parts, a benzene ring and a methoxy group,
the studies of BF; complexes with molecules such as those
mentioned above can provide useful information to the current
work and also allow us to make comparisons. Saenz et al.
reported the structures, vibrational frequencies, and relative
energies on the complexes of BF; with diethyl ether, dimethyl
ether, and methanol.?* Their results show that the complexes
bind through the B and O interaction. For the (CH;CH,),0—BF;
complexes, the binding energy is —13.5 kcal/mol and the B—O
distance is 1.642 A, which were obtained using MP2/6-
3114++G(3df,2pd) with the basis set superposition error (BSSE)
and zero point energy (ZPE) corrections for energy. Similarly,
for the (CH3),0—BF; complexes, the calculated binding energy
is —13.1 kcal/mol and the B—O distance is 1.671 A. As for the
CH;OH—BF; complexes, the binding energy is —11.0 kcal/mol
and the B—O distance is 1.687 A. These three sets of data show
a strong correlation between the B—O distance and binding
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energy: a stronger binding corresponds to a shorter B—O
distance. Tarakeshwar et al. reported that the binding energy
of benzene and BF; is —3.29 kcal/mol, which was obtained
using MP2/6-311++G(3df, 2p) method including the BSSE and
ZPE corrections.'® It was found that the BF; molecule prefers
to lie directly above one of the benzene carbons; therefore it
interacts with the s electron cloud of the benzene ring.
Comparison in binding energies of the above BF; complexes
demonstrates clearly that there is a much stronger interaction
between the BF; and O atom than the BF; and benzene ring.

Studies of complex formation with a 1:1 ratio of anisole to
ammonia®* and to water’>?® were also carried out. For the
anisole—ammonia complexes, it was found that the most stable
structure is through the 7 ring+++H interaction,* while, for the
anisole—water complexes, the most significant contribution to
the binding is through the interaction between the O atom of
anisole and the 0 HO bond of water.?? It is worth mentioning
that, in these anisole containing complexes, either anisole—ammonia
or anisole—water, the OC bond of the methoxy group is still in
the same plane as the benzene ring. However, as our results
have shown, which will be described in section 3, it is not the
case when anisole forms a complex with BF;.

2. Computational Details

In this work, we studied the complex formation between
anisole and boron trifluorides,

C,H,OCH, + nBF,— C,H,OCH, — n(BF,) (1)

where 7 is the number of BF; in the complex.

Ab initio and density functional theory (DFT) calculations
were performed for the above reaction using Gaussian03.*!
Specifically, the MP2 theory**** and the Becke’s three-parameter
exchange functional with the Lee—Yang—Parr correlation
functional (B3LYP)*™# were used. Both 6-31+G(d,p) and
6-311+G(d,p) basis sets were used in the calculations. Full
geometry relaxations were performed without any constraints.
In the case in which a symmetry constraint was enforced, the
results will be explicitly stated in the discussion below. The
SCF convergence was 1078 au. The gradient and energy
convergence was 107* and 107> au, respectively. Frequency
calculations were performed on all the structures reported here
to ensure that these structures are indeed the minima. All the
frequencies can be found in the Supporting Information.

In addition to the structural parameters, i.e., bond distance,
bond angle, and dihedral angle, we also calculated the binding
energy, formation enthalpy, and Gibbs free energy change for
reaction 1 as follows. The binding energy, AE, was calculated
by

AE = E(complex) — E(C;H;OCH,) — nE(BF;)  (2)

where E(complex), E(C¢HsOCH3;), and E(BF;) are the energies
of the complex, CcHsOCH3;, and BF;, respectively. The number
of BF; monomers in the complex is denoted by n, which is 1
or 2 in this study. The binding energies were also calculated
by correcting for the BSSE using the counterpoise method of
Boys and Bernardi.*® Since the present study dealt with weak
interactions, we employed a 50% BSSE correction strategy,
which was used by other researchers dealing with the systems
of similar weak interactions.?”*~3¢ The binding energies with
inclusion of both the 50% BSSE and ZPE corrections, AE),
were also calculated.

The formation enthalpy of reaction (1) at 298 K and ambient
pressure, AH, was given by
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AH = H(complex) — H(C;H;OCH,) — nH(BF;) (3)

where H(complex), H(C¢HsOCH3;), and H(BF;) are the enthal-
pies of the complex, C¢HsOCHj3, and BF; at 298 K and ambient
pressure, respectively. Similarly, the Gibbs free energy change
of reaction 1 at 298 K and ambient pressure, AG, was calculated
using

AG = G(complex) — G(C(H;OCH;) — nG(BF;)  (4)

where G(complex), G(C¢HsOCH3), and G(BF;) are the Gibbs
free energies of the complex, C¢HsOCH;, and BF; at 298 K
and ambient pressure, respectively. We note that the reported
values of AH and AG are not corrected for BSSE.

To understand the binding characteristics of the complexes,
we also carried out charge decomposition analysis (CDA).>"-8
The CDA decomposes the wave function (in the case of B3LYP,
it is the Kohn—Sham determinant) of the complex in terms of
fragment orbitals of the chosen donor A (=C¢HsOCHj3;) and
acceptor B (=BF3) in the C¢cHsOCH;—BF; 1:1 complexes. The
charge donation from A to B, ¢(d), was calculated using the
occupied orbitals of A and vacant orbitals of B. The back-
donation from B to A, g(b), was calculated using the occupied
orbitals of B and vacant orbitals of A. The repulsive polarization
term, ¢(r), was calculated using the occupied orbitals of both
fragments, and the residual term, g(s), was calculated using the
unoccupied orbitals. Since the basis sets including diffuse
functions generate great negative values for the residual term,
we used the 6-31G(d,p) basis set in the CDA calculations, a
method used by others.>*

3. Results and Discussion

The results obtained for C¢HsOCH3;, BF;, and their complexes
have been summarized in Tables 1—8 and Figures 1—4. In what
follows, we will first make comparisons on the structural
parameters and energy data obtained by different basis sets and
methods and then present and discuss the results for complex
formation.

3.1. Comparison of Results from Different Basis Sets and
Methods. In this subsection, we compare the effect of basis
sets and methods on the results of structural parameters, i.e.,
bond distance, bond angle, and dihedral angle, as well as binding
energies.

The most comprehensive data for such a comparison have
been provided in Tables 1—4 for C¢HsOCH;, BF;, and their
most stable 1:1 complex AB13. The structure of AB13 and the
numbering atoms to be discussed below can be found in Figure
1. For the bond distances shown in Table 1, the biggest
discrepancy between the 6-314+G(d,p) and 6-3114+G(d,p) basis
sets is 0.004 A from the B3LYP calculations and 0.010 A from
the MP2 calculations for monomers, CsHsOCH; or BF;.
However, the discrepancy increases when dealing with the
complex AB13. The discrepancy in the distance between
012—B18 increases to 0.016 A for the B3LYP method and to
0.019 A for the MP2 method. Furthermore, the O12—B18
distance obtained from MP2 is about 0.040 A shorter than that
from B3LYP. These indicate that a greater difference exists
between methods than that between basis sets of the same
method. The bond between O12 and B18 is critical in determin-
ing how strongly the two monomers bind. Because the MP2
012—B18 distance is shorter, we expect the MP2 binding energy
will be larger than the B3LYP energy. As for the bond angles,
the discrepancy in the data, shown in Table 2, is similar to those
with the bond distance. The biggest discrepancy occurs in the
complex. For instance, the MP2 O12—B18—F19 angle using
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TABLE 1: Bond Lengths of BF;, CcH;OCH;, and the Most Stable CcHsOCH;—BF; 1:1 Complex (AB13)
C5H5OCH3 C6H5OCH3'BF3
B3LYP MP2 B3LYP MP2

bond length (A) s Lo S L S L S L
r(C1—C2) 1.401 1.398 1.402 1.404 1.398 1.394 1.398 1.400
r(C2—C3) 1.401 1.397 1.400 1.402 1.392 1.388 1.392 1.394
r(C3—C4) 1.404 1.400 1.403 1.405 1.390 1.387 1.390 1.391
r(C4—C5) 1.392 1.388 1.393 1.394 1.397 1.394 1.398 1.400
r(C5—C6) 1.401 1.398 1.401 1.403 1.398 1.394 1.399 1.400
r(C1—C6) 1.394 1.390 1.395 1.396 1.398 1.394 1.399 1.401
r(C3—012) 1.368 1.366 1.374 1.366 1.420 1.417 1.422 1.414
r(012—C13) 1.422 1.420 1.426 1.419 1.458 1.456 1.461 1.453
r(C1—H7) 1.087 1.085 1.083 1.087 1.086 1.084 1.083 1.086
r(C2—HS) 1.084 1.082 1.083 1.084 1.084 1.083 1.082 1.085
r(C4—H9) 1.085 1.083 1.083 1.086 1.085 1.083 1.083 1.086
r(C5—H10) 1.086 1.084 1.083 1.087 1.086 1.084 1.083 1.086
r(C6—HI11) 1.086 1.084 1.082 1.086 1.086 1.084 1.083 1.086
r(C13—H14) 1.098 1.096 1.092 1.096 1.091 1.089 1.086 1.090
r(C13—H15) 1.098 1.096 1.092 1.096 1.092 1.091 1.087 1.091
r(C13—H16) 1.091 1.089 1.085 1.090 1.088 1.086 1.084 1.088

BF3 C6H50CH3 * BF';
B3LYP MP2 B3LYP MP2

bond length (A) S L S L S L S L

r(B18—F17) 1.321 1.317 1.328 1.318 1.363 1.360 1.372 1.360

r(B18—F19) 1.321 1.317 1.328 1.318 1.369 1.365 1.381 1.369

r(B18—F20) 1.321 1.317 1.328 1.318 1.356 1.352 1.366 1.354

r(012—B18) 1.735 1.751 1.694 1.713

“S and L refer to the 6-31+G(d,p) and 6-311+G(d,p) calculations, respectively. The numbered atoms, such as O12, are shown in Figure 1.

The structure of the most stable complex AB13 is also shown in Figure 1.

TABLE 2: Bond Angles of CsHsOCH; and the Most Stable CiHsOCH;—BF; 1:1 Complex (AB13)

C(,HjOCH3 C(,H5OCH3 * BF3
B3LYP MP2 B3LYP MP2
bond angle (deg) S¢ L S L S L S L
6(C1—C2—C3) 119.4 119.5 119.2 119.4 118.3 118.4 117.8 118.1
0(C2—C3—-C4) 119.9 119.8 120.2 119.9 122.5 122.3 123.1 122.8
6(C3—C4—-C5) 112.0 120.0 119.9 120.1 118.6 118.7 118.3 118.4
0(C4—C5—C6) 120.6 120.6 120.5 120.4 120.2 120.2 120.1 120.1
6(C5—C6—Cl) 119.2 119.2 119.3 119.2 120.1 120.1 120.2 120.2
0(C6—C1—-C2) 121.0 120.9 120.9 120.9 120.4 120.3 120.5 120.4
6(C2—C3-012) 124.4 124.5 124.5 124.6 120.1 120.1 120.2 120.2
0(C4—C3-012) 115.6 115.7 115.3 115.5 117.4 117.6 116.7 117.0
6(C3—012—Cl13) 118.6 118.6 116.9 116.6 114.8 115.0 1134 113.2
0(C3—C2—HS) 121.1 121.1 121.4 121.3 120.3 120.2 120.4 120.3
6(C1—C2—HS) 119.5 119.5 119.4 119.3 121.4 121.3 121.7 121.6
0(C2—C1—H7) 119.0 119.0 119.0 118.9 119.5 119.5 1194 119.4
6(C6—C1—H7) 120.1 120.0 120.1 120.1 120.2 120.2 120.1 120.1
0(C1-C6—H11) 120.4 120.4 120.3 120.3 119.9 119.9 119.9 119.9
6(C5—C6—H11) 120.4 120.4 120.4 120.4 119.9 119.9 119.9 119.9
0(C6—C5—H10) 120.1 120.0 120.1 120.2 120.2 120.2 120.2 120.2
6(C4—C5—H10) 119.3 119.4 119.4 119.4 119.6 119.6 119.6 119.6
0(C5—C4—H9) 121.5 121.4 121.6 121.5 121.7 121.6 122.1 122.1
6(C3—C4—H9) 118.6 118.5 118.5 118.4 119.7 119.7 119.6 119.5
0(012—C13—H14) 111.4 111.5 111.1 111.2 108.0 108.1 107.3 107.6
6(012—C13—H15) 111.4 111.5 111.1 111.2 109.8 109.9 109.5 109.7
0(012—C13—H16) 105.8 105.8 105.4 105.7 106.0 106.0 105.7 105.9
6(H14—C13—H15) 109.4 109.4 109.7 109.5 111.0 110.9 111.4 111.0
O(H14—C13—H16) 109.3 109.3 109.7 109.5 111.0 110.9 111.5 111.0
6(H15—C13—H16) 109.3 109.3 109.7 109.5 110.8 110.8 111.2 111.2
0(012—B18—F19) 103.2 103.2 103.6 103.0
6(012—B18—F20) 102.1 102.1 102.3 102.0
0(F19—B18—F20) 115.8 115.8 115.4 115.6

@S and L refer to the 6-31+G(d,p) and 6-3114+G(d,p) calculations, respectively. The numbered atoms, such as O12, are shown in Figure 1.

The structure of the most stable complex AB13 is also shown in Figure 1.

the 6-31+G(d,p) basis set is 0.6° bigger than that using
6-311+G(d,p). For the same angle, the difference between
different methods, i.e., B3LYP and MP2, is 0.4° with the
6-31G+(d,p) basis set and is 0.2° with the 6-3114+G(d,p) basis

set. Therefore, the discrepancy in predicting bond angles
between methods is smaller than that of basis sets. For the
dihedral angles, data in Table 3 show that a greater discrepancy
exists between methods than between basis sets, which is the
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AB13

Figure 1. Structures of the CdHsOCH—BF; 1:1 complexes obtained
at the MP2/6-31+G(d,p) level.

same in the prediction of bond distances. Despite the above
quantitative discrepancies, both methods (MP2 and B3LYP) and
basis sets [6-31G+(d,p) and 6-311+G(d,p)] predicted the same
structures. As such, any of the methods or basis sets can be
used to predict 1:1 complex structures.

We now examine another important issue of the theoretical
predictions, i.e., the relative stability of isomers. Table 4 provides
the binding energies of three 1:1 complexes that were obtained
using different methods and basis sets. Two observations can
be made from the comparison of these data. One is that the
basis set does not affect the energies much within the same
method. However, the binding energies from B3LYP, such as
AE values in Table 4, are smaller than those from MP2. The
second observation is the discrepancy between the methods is
not consistent among different complexes. For the complex
ABI13, the binding energy from MP2 is about three times as
big as that from B3LYP. For AB11, the MP2 binding energy is
about four times as big, and for AB12, it is about six times.
This indicates that the weaker the interaction is in a complex,
the greater the discrepancy that exists between the methods.
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Figure 2. Structures of the C¢dHsOCH—BF; 1:2 complexes obtained
at the MP2/6-314+G(d,p) level.

A comparison was also made between MP2 and B3LYP
results using the 6-314+G(d,p) basis set for the 1:2 complexes.
The structural data for the most stable 1:2 complex, AB23, are
shown in Table 5 with the structure shown in Figure 2. The
data in Table 5 show that the biggest discrepancy can be found
in the last two distances (B18—B22 and F17—B22), the last
two bond angles (O12—B18—F17 and O12—B18—B22), and
the last two dihedral angles (F19—B18—C13—H14 and
012—B18—F17—B22). These data describe the moieties of the
complex where the three monomers (one CcHsOCHj3 and two
BF5;) interact. This illustrates that the greatest discrepancy occurs
in predicting weak interactions. Amid the differences in values,
both MP2 and B3LYP predict the same structure. The binding
energies shown in Table 6 illustrate that different basis sets give
similar results for both MP2 and B3LYP calculations. However,
the MP2 binding energies are about three times as large as the
B3LYP ones for all three isomers. In addition, there are
structures that are stable from B3LYP calculations but are not
stable from MP2 calculations. Two of the examples are shown
in Figure 3. The structure of complex AB24 was obtained only
at the B3LYP/6-31+G(d,p) level; it failed to converge using
the 6-311+G(d,p) basis set or the MP2 method. The symmetric
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TABLE 3: Dihedral Angles of CiHs;OCH; and the Most Stable CicHsOCH;—BF; 1:1 Complex (AB13)
C(,H5OCH3 C(,H5OCH3 ¢ BF3
B3LYP MP2 B3LYP MP2
dihedral angle (deg) S L S L S L S L
P$(C1—C2—C3—-C4) 0.0 0.0 0.0 1.7 0.4 0.5 0.3 0.4
P$(C2—C3—C4-C5) 0.0 0.0 0.0 —-1.6 —0.4 -0.5 —-0.4 —-0.4
P(C3—C4—C5—-C6) 0.0 0.0 0.0 1.6 0.1 0.1 0.1 0.1
$(C4—C5—C6—C1) 0.0 0.0 0.0 —-1.5 0.3 0.3 0.2 0.3
$(C1—-C2—C3-012) 180.0 180.0 180.0 —179.4 179.8 179.8 179.7 180.0
¢(C5—C4—C3-012) —180.0 —180.0 —180.0 179.4 —179.9 —179.9 —179.7 —180.0
$(C2—C3—C4—H9) 180.0 180.0 180.0 179.7 178.7 178.6 178.6 178.8
$(C3—C4—C5—H10) —180.0 —180.0 —180.0 —179.8 179.7 179.7 179.6 179.7
$(C4—C5—C6—HI11) —180.0 —180.0 —180.0 179.9 179.8 179.8 179.7 179.8
$(C5—C6—C1—H7) —180.0 180.0 180.0 —179.9 179.2 179.2 179.1 179.1
$(C6—C1—C2—HB) 180.0 —180.0 180.0 179.9 178.5 178.4 178.2 178.1
$(C2—C3—-012—-C13) 0.0 0.0 0.0 0.4 76.4 76.7 74.5 70.7
$(C4—C3—-012—-C13) —180.0 —180.0 —180.0 179.4 —104.1 —103.9 —106.1 —109.7
$(C3—012—C13—H14) 61.3 61.3 61.2 61.3 54.0 55.8 54.8 56.0
$(C3—012—C13—H15) —61.3 —61.3 —61.2 —61.2 —67.2 —65.4 —66.3 —65.1
$(C3—012—C13—H16) 180.0 —180.0 180.0 —179.9 173.1 —174.8 173.9 175.1
¢(F17—B18—F19—F20) —140.2 141.2 139.4 140.4
$(C3—012—C13—BI18) —144.5 —145.9 —137.8 —137.7
¢(F19—B18—C13—H14) 7.1 7.6 8.2 9.4
$(B18—012—C13—H14) 71.3 80.5 71.5 72.7
$(B18—012—C13—HI15) —161.5 —158.4 —167.4 —166.2
$(B18—012—C13—H16) —42.5 —39.4 —48.3 —47.2

@S and L refer to the 6-31+G(d,p) and 6-3114+G(d,p) calculations, respectively. The numbered atoms, such as O12, are shown in Figure 1.
The structure of the most stable complex AB13 is also shown in Figure 1.

TABLE 4: Binding Energies, Formation Enthalpies, and Gibbs Free Energy Changes for the CsHsOCH;—BF; 1:1 Complexes”

B3LYP MP2
6-31+G(d.p) 6-311+G(d,p) 6-31+G(d.p) 6-311+G(d,p)
ABI11 AB12 AB13 ABI11 AB12 AB13 ABI11 AB12 AB13 ABI11 AB12 AB13
AE —-13 —03 =57 —1.6 —0.3 —5.8 —6.2 —1.8 —14.8 —6.2 —-19 —13.2
AEgsse —1.1 —0.2 —4.8 —1.2 —0.2 —4.6 —4.7 —14 —11.1 —4.6 —1.4 —-9.5
AE, —0.8 —0.05 -39 —1.0 —0.08 —3.7 —3.6 —-1.3 —9.3 —3.8 —0.8 —7.8
AHyos —0.1 —1.0 —4.6 —0.4 —0.9 —4.7 —4.7 —0.7 —13.2 —4.8 —0.5 —11.7
AGags 5.5 29 5.7 5.1 2.9 54 43 3.1 —-1.7 3.8 3.8 —0.2

“All energies are in kilocalories per mole. AE and AEgssg represent the binding energy without and with 50% BSSE correction,
respectively. AE, is the ZPE and 50% BSSE corrected binding energy. The AHys and AGyeg represent the formation enthalpies and the Gibbs
free energy changes at 298.15 K and ambient pressure. Isomers AB11, AB12, and AB13 differ in the way the BF; interacts with anisole in the

complex, and their structures are shown in Figure 1.

structure obtained using the B3LYP method, shown as AB25
in Figure 3, cannot be obtained using the MP2 method. Imposing
the symmetry of AB25 in the MP2 calculation, we obtained a
transition-state structure as it has one imaginary frequency. This
illustrates that the B3ALYP and MP2 methods may provide very
different results including structures when a system includes
many monomers and they bind through weak interactions. This
is not surprising as the difference in the complex formed by
two monomers will magnify further in the complexes formed
by more monomers.

As it is well-known that DFT does not describe the weak
interactions properly, in the following discussion on the results
of complex formation, we will use the data obtained from MP2/
6-31+G(d,p) calculations except as otherwise specifically stated.

3.2. CgHsOCH;—BF; 1:1 Complexes. Since anisole has two
prominent proton accepting sites, the lone pair electrons of the
oxygen atom and the electron cloud of the aromatic ring, the
vacant orbital of boron atom can accept electrons from both
sites. As such, we investigated every possible orientation of BF;
with respect to C¢HsOCHj; in the 1:1 CcHsOCH3;—BF; com-
plexes and obtained three isomers. The corresponding structures
of these isomers are shown in Figure 1. In AB11, the B atom

F17
F20 a8

>-Gd-

264 el

-9

Figure 3. Two structures of the C¢gHsOCH—BF; 1:2 complexes
obtained at the B3LYP/6-31+G(d,p) level.

lies over the aromatic ring, precisely above a C—C bond. This
is slightly different from what was predicted in the complex of
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HOMO-2 HOMO-2

HOMO-6 HOMO-4

Figure 4. Selected molecular orbitals of the AB13 complex, which is
shown in Figure 1. Left pictures were obtained by the MP2/6-314+G(d,p)
calculations and the right pictures by the B3LYP/6-314+G(d,p)
calculations.

benzene—BF;. Tarakeshwar et al. studied the interactions
between benzene and BF;, and their results showed that the
boron atom lies directly over one of the benzene carbons.!®
Furthermore, our calculated distance between the boron atom
and the aromatic ring is 3.015 A, while it is 2.616 A in the
benzene—BF; complex.'® We attribute this difference to the
charge transfer from the aromatic ring to the methoxy group in
the anisole—BF; complex. In AB12, the BF; molecule is almost
in the same plane with the aromatic ring and forms the weak H
and F bonds, as shown in Figure 1. There are three pairs of
interactions: F20 interacts with both H8 (of the aromatic ring)
and H14 (of the methyl group) at a distance of 2.571 and 3.207
A, respectively. F19 interacts with H7 of the aromatic ring, and
its distance is 2.840 A. Since all three distances are significantly
longer than the typical hydrogen bond distance of ~2.0 A, these
interactions are the van der Waals interactions.

As shown in the right pictures of Figure 1, the most striking
difference between AB13 and AB11 or ABI2 is that the
methoxy group is out of the plane of benzene ring with a
dihedral angle of 74.5°. The planar conformation of the methoxy
group and the benzene ring is the most stable for the anisole
monomer and also in AB11 and AB12. The study of
anisole—ammonia complexes by Piani et al. showed that the
planar conformation of anisole remains in the complexes.” In
the work of Reimann et al.?? and Becucci et al.,>> both results
showed that the planar conformation of anisole still remains in
the anisole—water 1:1 complexes, where the water molecule
forms the hydrogen bond with the oxygen atom of anisole with
its center of mass lying above the aromatic ring. We note that
the rotation barrier of the methoxy group in anisole was found
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to be about 3 kcal/mol by different groups.'®?*6!763 Additionally,
our calculated B—O distance in AB13 is 1.713 A at the MP2/
6-3114+G(d,p) level this is longer than that in the 1:1 complexes
of BF; interacting with dimethyl ether, diethyl ether, ethylene
oxide, and methanol, in which the B—O distances are 1.671,
1.642, 1.705, and 1.687 A (obtained at the MP2/6-
3114++G(3df,2pd) level), respectively.?* For AB13, there are
also three pairs of additional H—F interactions; i.e., F17 interacts
with H16 with the shortest distance of 2.439 A on one side of
the C3—012—C13 plane and F19 interacts with both H8 and
H14 on the opposite side with the distance of 2.507 and 2.717
A, respectively. Due to these interactions, a huge pyramidal-
ization occurs in BF; molecule with a F17—B18—F19—F20
dihedral angle of 139.4°. Thus both the B—O and F—H
interactions are responsible for the structural differences of
AB13 with respect to those of isomers AB11 and AB12. We
mention that both B—O and F—H interactions were also found
in the complexes of BF; with CH;0H, CH;COOH, (CHj;),0,
(CH5CH,),0, and (CH,),0.%

The existence of a strong donor—acceptor interaction between
B and O in AB13, in comparison with the other two isomers,
indicates that AB13 may be the most stable isomer of all. The
calculated binding energies for these 1:1 complexes are shown
in Table 4. Isomer AB13 has a binding energy of —9.3 kcal/
mol and is indeed the most stable isomer.

Our calculated binding energy, AE,, for the isomer ABI1 is
—3.6 kcal/mol. This is slightly bigger than that of the
benzene—BF; complex, which has a binding energy of —2.44
kcal/mol.'® Thus, it implies the attached methoxy group can
enhance the nucleophilicity of the benzene ring. In the case of
isomer AB12, BF; interacts with the hydrogen atom of anisole
through weak F—H interaction. The binding energy of AB12
is —1.3 kcal/mol, which is much smaller than those of AB11
and AB13. This again indicates that the oxygen atom dominates
the proton affinity of anisole and the benzene ring generally
compensates the nucleophilicity of oxygen. Thus, the relative
proton affinities in anisole are in the order of oxygen atom >
aromatic ring > methyl group. This is consistent with the study
on the protonation and proton affinity of anisole, which showed
that the methoxy group has a strong influence on the protonation
of anisole with respect to the aromatic ring.?!

The isomer structures shown in Figure 1 illustrate clearly that
anisole molecule interacts with BF; in three styles: O—B, 7—B,
and H—F. To gain insight into the nature of the interactions in
the C¢HsOCH;—BF; complexes, we performed charge decom-
position analysis (CDA).% Table 7 summarizes the total
amounts of donation, ¢(d)(CsHsOCH;—BF3), back-donation,
q(b)(C¢HsOCH;3—BF3), repulsion, ¢(r)(C¢HsOCH3;<>BF;), and
residual term, ¢(s), for the three C¢HsOCH;—BF; 1:1 complexes.
As the data in Table 7 shows, the B3LYP and MP2 results agree
generally well.

As the data shows in Table 7, there is a significant increase
in the amount of C¢HsOCH;—BF; donation from ABI11 to
ABI13, both of which are electrophilic processes as g(d)/g(b) =
1.27 for AB11 and g(d)/g(b) = 4.80 for AB13 (obtained using
the MP2 method). The ¢(d) values confirm that the donation
from the oxygen lone pair electrons to the vacant orbital of boron
atom is significantly larger than the 7—BF; donation. There is
also a large back-donation in AB13, which occurs by the
electron transfer from the lone pair electrons of fluorine atom
to the vacant orbitals of hydrogen atoms of anisole. There are
no significant donation and back-donation in AB12, which
means that the F—H interaction is the weakest interaction among
the three types of interactions. However, in AB12 the back-
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TABLE 5: Bond Lengths (r, A), Bond Angles (0, deg), and Dihedral angles (¢, deg) of the Most Stable CiH;OCH;—BF; 1:2

Complex (AB23) Obtained Using the 6-31+G(d, p) Basis Set*

B3LYP MP2 B3LYP MP2
Bond Lengths
r(C2—C3) 1.391 1.391 r(C13—H15) 1.088 1.087
r(C3—C4) 1.389 1.389 r(C13—H16) 1.090 1.084
r(C3—012) 1.424 1.425 r(B18—F17) 1.384 1.396
r(012—C13) 1.463 1.465 r(B18—F19) 1.368 1.376
r(C2—HS) 1.085 1.082 r(O12—B18) 1.685 1.653
r(C4—H9) 1.085 1.082 r(B18—B22) 3.539 3.288
r(C13—H14) 1.091 1.086 r(F17—B22) 2.441 2.319
Bond Angles
6(C1—-C2—-C3) 118.2 117.7 6(012—C13—H14) 109.5 109.2
6(C2—C3—-C4) 122.8 123.5 6(012—C13—H16) 106.2 105.9
6(C3—C4-C5) 118.4 117.9 6(H14—C13—H16) 111.2 111.5
6(C2—C3-012) 119.9 119.8 6(012—B18—F19) 104.5 104.9
6(C4—C3-012) 117.3 116.8 6(012—B18—F17) 101.6 101.4
6(C3—-012—-C13) 114.8 113.5 6(012—B18—B22) 82.9 75.2
6(C3—C2—HS8) 120.4 120.5 6(B18—F17—B22) 133.5 122.6
Dihedral Angles

P(C1—-C2—C3—-C4) —0.5 —0.3 ¢$(C3—012—C13—H14) 67.3 63.9
P(C2—C3—C4-C)) 0.5 0.4 $(C3—012—C13—H16) —172.6 —176.0
P(C3—C4—C5—-C6) —0.2 0.0 ¢(F17—B18—F19—F20) —136.1 —1354
¢(C1—-C2—C3—-012) —180.0 —180.0 ¢(B18—012—C13—H14) —77.8 —75.6
P(C5—C4—C3—-012) —180.0 —180.0 ¢(B18—012—C13—H16) 423 44.5
¢(C6—C1—C2—HS) —178.5 —178.3 ¢(F21—B22—F23—F24) —171.7 —169.6
¢(C2—C3—-012—-C13) —76.8 —=74.9 ¢(F19—B18—C13—H14) —13.5 —20.4
P(C4—C3—-012—-C13) 103.7 105.4 ¢(012—B18—F17—B22) —52.6 —44.7

“The numbering atoms, such as O12, are shown in Figure 2. The structure of the most stable complex AB23 is also shown in Figure 2.

donation slightly dominates the charge transfer as g(d)/q(b) <
1. The relative values shown in Table 7 showed that the charge
transfer is the order of AB13 > AB11 > ABI12, which agrees
well with the binding energy analysis, in which the order of
stability is AB13 > AB11 > ABI2. Finally, we note that the
depleted charge from the overlapping area of the occupied
orbitals is expressed by the negative values of the repulsion
term g(r).

To further analyze and compare the donor—acceptor relation-
ship, we plotted three molecular orbitals of AB13 in Figure 4.
The CDA results showed that three molecular orbitals (MOs),
HOMO, HOMO-2, and HOMO-6, dominate the donation, in
which the electron donation amount is 0.008, 0.027, and 0.054,
respectively. The left pictures of Figure 4 are these three MOs
from MP2 calculations and it is clear that, in each case, there
is a strong donation from the lone pair electrons of the oxygen
atom to the vacant p orbital of the boron atom. Further analysis
showed that these orbitals, i.e., HOMO, HOMO-2, and HOMO-
6, of AB13 are the overlap between LUMO+4 of BF; and
HOMO, HOMO-3, and HOMO-4 of anisole, respectively. The
MOs from B3LYP calculations are not entirely the same as those
of the MP2 method. The comparison of MOs in Figure 4 shows
that, among the three B3LYP MOs, the HOMO (its contribution
to g(d) is 0.017) and HOMO-2 (0.042) of AB13 are similar to
the corresponding MP2 MOs, but the third significant overlap
B3LYP orbital is HOMO-4 (0.033) and there is no overlap in
HOMO-6.

3.3. C¢HsOCH;—BF; 1:2 Complexes. Reimann et al. in-
vestigated the interaction of anisole with two water molecules
and found that the addition of a single water molecule to the
1:1 complexes can result in the emergence of a strong and
competitive o-H interaction.?? Furthermore, Dehaan et al.’s work
showed a fluorine bridge between boron atoms in the
benzene—BF; 1:2 complexes.®* These studies suggest that it may
be possible that anisole will bind with more than one BF;
molecules. As such, we studied how strongly the anisole—BF;

1:2 complexes bind. Since there are three main binding sites in
anisole, i.e., oxygen atom, aromatic ring, and methyl group, we
calculated several complexes in which the BF; molecules were
initially located at various places with respect to the anisole.
The calculations, however, mainly converged into three isomers,
AB21, AB22, and AB23, which are shown in Figure 2. As
shown in Figure 2, in AB21, one BF; interacts with the oxygen
atom with a BO distance of 1.695 A and the other BF; interacts
with the aromatic ring. Further, the BF; that interacts with the
oxygen atom has a pyramidal structure. The rotation of anisole
is 77.2°. In AB22, both BF; molecules interact with the oxygen
atom of anisole, and the B—O distances are 1.753 and 2.788
A, respectively, which are significantly longer than that in AB21
(1.695 A). The rotation of anisole in AB22 is 42.1°. Also, the
BF; that is closer to the oxygen atom has an obvious pyramidal
structure.

In AB23, the B—O distance is 1.653 A, which is the shortest,
compared to those in AB21 and AB22. The additional BF;
interacts with the fluorine atom (F17) of the first BF3, as shown
in Figure 2. Specifically, the boron atom of the additional BF;
interacts with the lone pair electrons of F17, receiving electrons
from the fluorine atom and forming a fluorine bridge between
the boron atoms. The same fluorine bridge was also observed
in the benzene—(BF;), complexes.** Thus, there is an additional
FB ¢ bond with a distance of 2.319 A in AB23, compared to
that in AB13. The visible pyramidal structure can be found in
the BF; molecule that interacts with the oxygen atom. Finally
note that the rotation of anisole in AB23 is 105.4°.

In summary, in all CcdHsOCH;—BF; 1:2 complexes, one BF;
molecule interacts with the oxygen atom through a Lewis
acid—base donor—acceptor interaction, which forms the struc-
ture very similar to AB13, and the other BF; interacts with the
aromatic ring (AB21), the oxygen atom (AB22), or the fluorine
atom (AB23) through three different interactions: s7-BF;, O—B,
and F—B.
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TABLE 6: Binding Energies, Formation Enthalpies, and
Gibbs Free Energy Changes for the 1:2 CcH;OCH;—BF;
Complexes Obtained Using the 6-31+G(d, p) Basis Set*
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TABLE 8: Charge Decomposition Analysis (CDA) Obtained
at the B3LYP and MP2 Levels for CicH;OCH-BF; 1:2
Complexes*

B3LYP MP2 g(d) 4(b) 4(0) q(s)
AB21 AB22  AB23 AB21 AB22 AB23 B3LYP
AE 6.8 6.4 95 —20.1 —198 9230 AB21 0.029 0.014 —0.006 —0.000
_ _ _ _ _ _ AB22 0.063 0.044 —0.028 —0.002
AEgssg 6.6 5.9 9.1 18.7 18.2 21.4 AB23 0.100 0.030 0,020 0.004
AE, —5.4 —4.5 —=7.7 —-164  —15.7 —18.9 : ) ) :
AHjog —4.5 —3.8 —-7.3 —-17.3 —-17.0  —20.3 MP2
AGoog 11.2 13.0 11.1 2.0 3.0 0.7 AB21 0.038 0.026 —0.020 —0.001
. . . . AB22 0.020 0.050 —0.023 —0.002
“All energies are in kilocalories per mole. AE and AFEgsse AB23 0.080 0.040 —0.027 —0.002

represent the binding energy without and with 50% BSSE
correction, respectively. AE, is the ZPE and 50% BSSE corrected
binding energy. The AHygs and AGys represent the formation
enthalpies and the Gibbs free energy changes at 298.15 K and
ambient pressure. The structures of AB21, AB22, and AB23 are
shown in Figure 2.

TABLE 7: Charge Decomposition Analysis (CDA) of
CsH;0OCH;—BF; Complexes Obtained Using the B3LYP and
MP2 with the 6-31G(d,p) Basis Set”

q(d) q(b) q(r) q(s)
B3LYP
ABI11 0.031 0.011 —0.006 0.000
ABI2 0.002 0.017 —0.001 0.000
ABI13 0.283 0.058 —0.267 0.001
MP2
AB11 0.033 0.026 —0.024 —0.001
AB12 0.001 0.028 —0.005 —0.000
AB13 0.235 0.049 —0.232 —0.004

“In CDA the anisole—BF; donation, ¢g(d), was calculated by
examining the occupied orbitals of anisole and vacant orbitals of
BF;. The BF;—anisole back-donation, ¢(b), was calculated by
examining the occupied orbitals of BF; and vacant orbitals of
anisole. The repulsive polarization term, ¢(r), was obtained through
analysis of the occupied orbitals of both fragments, and the residual
term, ¢(s), by the unoccupied orbitals.

Comparing the structural parameters of the anisole monomer
with the most stable 1:1 and 1:2 complexes (AB13 and AB23),
we found that the C3—012 distance of anisole increases from
1.374 to 1.422 to 1.425 A from the anisole monomer to the 1:1
and to the 1:2 complex, respectively. Similarly, the O12—C13
distance increases from 1.426 to 1.453 to 1.465 A, respectively.
These can be explained by the increasing charge transfer from
the oxygen lone pair electrons to the vacant orbital of B18 from
the monomer to the 1:1 to the 1:2 complex. There are slight
decreases for C2—HS8, C13—H14, and C13—H16 distances due
to the electron donation from the fluorine atoms to the hydrogen
atoms (F19 to both H8 and H14, and F17 to H16). Additionally,
there is a large rotation of the methoxy group (from 0.0 in
anisole monomer to 74.5° in AB13 and to 105.4° in AB23).
The BF; molecule in AB13 has a pyramidal structure with a
F17—B18—F19—F20 dihedral angle of 139.4°. In AB23, the
second BF; molecule tends to flatten this F17—B18—F19—F20
pyramidalization angle from 139.4 to 135.4° because of the
F17—B22 interaction. Furthermore, the second BFj itself has a
small F21—B22—F23—F24 dihedral angle of —169.6°.

The energetics of three 1:2 complexes are summarized in
Table 6. The calculated binding energy (AEy) of AB23 complex
is —18.9 kcal/mol, which is the largest compared to those of
AB21 (—16.4 kcal/mol) and AB22 (—15.7 kcal/mol). The
structural difference between AB23 and the other two isomers
(AB21 and AB22) is that the two BF; molecules in AB23
interact with each other through the F and B atom, while, in

“In CDA the CcHsOCH;—BF;—BF; donation, g(d), is given by
evaluating the occupied orbitals of CeHsOCH;+BF; and vacant
orbitals of BF;. The BF;—~C¢HsOCH;+BF; back-donation, ¢g(b), is
given by evaluating the occupied orbitals of BF; and vacant orbitals
of C¢HsOCHj;+BF;. The analysis of the occupied orbitals of both
fragments gives the repulsive polarization term ¢(r), and the
analysis of the unoccupied orbitals gives the residual term ¢(s).

AB21, the second BF; molecule acts as a Lewis acid to the
aromatic ring, and in AB22, both BF; molecules interact with
oxygen atom. This indicates that the BF;—BFj; interaction is
stronger than the other interactions.

As in all 1:2 complexes, one of the BF; molecules interacts
with the oxygen atom while the other interacts with the aromatic
ring, the oxygen atom, or the first BF;; we defined the moiety
between anisole and the first BF; molecule that interacts with
the oxygen atom as the electron donor and the second BF;
molecule as the acceptor in the CDA. The CDA results are
shown in Table 8. In the case of AB21, the donation from the
aromatic ring to the additional BF; molecule is 0.038, which is
very close to the donation in AB11 (0.033). The largest donation
among 1:2 complexes occurs in AB23, in which the electrons
are donated from the lone pair of the fluorine atom (F17) to the
vacant orbital of the boron atom (B22). Note that the donation
discussed here is much smaller than those in AB13, which
means the F—B interaction is much weaker than the O—B
interaction. In AB22, the back-donation is 0.050 and the
donation is 0.020. It illustrates that the back-donation dominates
the electron transfer in the F—H interactions. Although the
second BF; also interacts with the oxygen atom, the donation
is the smallest among all three complexes in Table 8. This is
due to the long distance between the oxygen and boron atoms
(2.788 A) in comparison with the O12—B18 distance of
1.753 A.

Finally, to predict the ratio of anisole to boron trifluoride in
the complexes, it is necessary to compare the binding energies
of the 1:1 and 1:2 complexes with the experimental measure-
ment. The calculated binding energy of AB13 is in the range
of —9.3 to —13.0 kcal/mol (note that —13.0 kcal/mol was
obtained including only the ZPE correction but without the 50%
BSSE correction). This value is close to the experimental heat
of formation measured for the anisole—BF; complex (—12.1 £
0.1 kcal/mol).> On the other hand, the calculated binding energy
for the 1:2 complexes is —18.9 kcal/mol. Thus, we conclude
that the 1:1 complexes with AB13 structure exist most likely
in the anisole and BF; mixture. The Gibbs free energy changes
shown in Table 4 and Table 6 also showed that the formation
of AB13 is the only spontaneous reaction at room temperature,
which further supports the above conclusion. Although at room
temperature the complexes formed as the Lewis acid—base
adduct, AB13, most likely exist, we expect that the van der
Waals complexes, such as AB11 and AB12, will exist at lower
temperatures as well.
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4. Conclusions

The complex formation between C¢HsOCH; and BF; was
studied using MP2 and B3LYP methods with 6—31+G(d,p)
and 6—311+G(d,p) basis sets. The results show that both
B3LYP and MP2 methods predict the same structures and
relative stability of CsHsOCH;—BF; 1:1 isomers; however, the
B3LYP binding energies are smaller than the MP2 energies.
The discrepancy increases when the interaction becomes weaker.
Among the 1:1 complexes, the CDA results indicate that the
complexes can be classified as the Lewis acid—base adduct or
the van der Waals complexes. There is a significant donation
from the oxygen lone pair electrons to the boron vacant orbital
in the Lewis acid—base adduct. The interactions among the van
der Waals complexes are between the aromatic ring and BF; or
between the H and F atoms. The MP2 results predict that the
adduct formation at room temperature is thermodynamically
favorable. Among the 1:2 complexes, the most stable structure
consists of both the Lewis acid—base and van der Waals
binding; i.e., one BF; binds with anisole to form CcHsOCHj;*BF;
adduct, while the other BF; binds with this adduct through the
van der Waals interactions. From the comparison between the
calculated binding energies and the experimental measurement
of the heat of formation, we conclude that the 1:1 complexes
are the most likely species in the C¢gHsOCH3; and BF; mixture.
At room temperature, the Lewis acid—base adduct is the
structure of the complexes.
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