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The Lewis acidity of Bi, BF,CI, BFCL, and BC} in acid—base orbital interactions has been studied. We
have derived the unoccupied reactive orbitals that show the maximum localization on the haatonyc

orbital overlapping with the lone-pair orbital of an electron donor and have evaluated the electrophilicity of
the boron center in these compounds. The Lewis acidity of boron is shown to be controlled by two factors:
localizability of the unoccupied reactive orbital on the borangtomic orbital and the polarizability of the

boron center. The former has been shown to be similar in magnitude in these boron halide compounds. Contrary
to common belief, the conjugation between the boron atom and the attached halogen atoms is not necessarily
stronger in B relative to others. The trend observed in experiments and in theoretical calculationsfor BF
BF.Cl, BFChL, and BC} is interpreted in terms of these factors.

Introduction Boron trihalides are used in synthetic chemistry as typical
The acid and base are fundamental concepts in chemistry.Lewis acids®~*! The central boron has only six electrons in its
They are defined, in the Lewis theory, as an electron-pair outer shell, and therefore, it is electron-deficient. To satisfy its
acceptor and an electron-pair donor, respectivelize acid- octet, boron shows a strong affinity for lone-pair electrons of a
base interaction has been utilized very often to interpret the Lewis base. In this way, boron halides interact with amines to

mechanisms of chemical reactions, owing to its simplicity and give stable doneracceptor complexes having a8l bond.
wide applicability. Pearson has divided Lewis acids and basesThe complexes of boron halides have been investigated exten-
into two classes that he has termieard and soft23 He has sively both from experiment&1” and from theoretical points
also proposed the principle of hard and soft acids and basesof view.!®3! In general, the Lewis acidity of mixed boron
(HSAB): hard acids prefer to bind to hard bases and soft acids halides, BRClz—x (x = 0, 1, 2, 3), is known to increase with
prefer to bind to soft bases. This makes it possible to predict decreasing«.? It is suggested that Bglis a stronger Lewis
the stability of complexes formed between acids and bases. Inacid than BE, being opposite to the order expected on the basis
the complexes between hard acids and hard bases, the electreef the relative electronegativities and the steric effects of the
static interactions have been suggested to be the dominant sourcbalogens334
of stabilization? In contrast, electron delocalization plays an It has generally been accepted that the order of Lewis acidity
important role in the interaction between soft acids and soft described above arises because the borowrbital is conju-
bases. Delocalization of electrons has been demonstrated to gated more strongly with the attached halogens ig B&n in
result in the the formation of new bonds and the cleavage of BCls, bringing a larger distortion energy to BE~3° Bran-
old bonds in molecular interactions and therefore to give the chadell et al. analyzed the nature of the-® bonds in boron
principal driving force of organic reactiofisAccordingly, it is trihalide$ by applying the topology of the charge densify)*°
of profound importance to have clear knowledge of atidse and its Laplaciarv?o(r)** and the valence bond (VB) methé'
interactions. It was concluded that the strength of the-B &z bond should
Hardness or softness as well as Lewis atidse strength of  increase in the order BBr< BClz < BFs. They calculated
a molecule has often been discussed in terms of the energy levelpyramidalization energies for BYby comparing the energy of
of the highest occupied molecular orbital (HOMO) and the a pyramidal structure with an-XB—X angle of 113.5 and that
lowest unoccupied molecular orbital (LUM®)Theoretical of a planar one. The values were found to increase in the order
calculations on BE BCls;, and BBg have suggested that the BBrz < BClz < BFs. Thus, they conjectured that the relative
relative Lewis acidity can be interpreted in terms of the LUMO Lewis acidity of boron trihalides was due, to a certain extent,
energy? We have analyzed the electronic structures okBH  to the variation in the distortion energy that resulted from the
NH; and BH—CO complexes, showing the importance of difference in double-bond strength.
frontier orbital interactions in these small systefislthough On the other hand, there are some studies that suggest that
this approach has been useful in understanding the chemicathex conjugation is not necessarily stronger insBf46 Brinck
reactivity of molecules, we take two significant aspects of et al. have suggested that the calculated atomic charges and
chemical interactions into account to have a clearer insight into electrostatic potentials are consistent with the electronegativities
acid—base interactions: chemical interactions are local by of the halogen atoms but not with the back-bonding contept.
nature, reactivities being determined primarily by the local Assuming the same geometries for 8énd BC} as those in
power of an atom or a functional group in a molecule, and complexes, the distortion energy has been shown to be greater
therefore, orbitals other than the HOMO and the LUMO should in BClz than in BF; by ~2 kJ/mol at the HF/6-3tG(2d,p) level
also take part in an interaction to make it localized on an atom of theory. The difference in the pyramidalization energies does
or a functional group. not seem to determine the Lewis acidity. Thus, they have
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explained the observed trend in the Lewis acidity in terms of orbital that is localized to the maximum extent épin the
the charge capacity, which was defined k48 unoccupied MO subspace is given by

M M 1/2
KETTA @) 8) = d ¢ d 2 2
| A ¢unoc( r) j=;1 ],r¢] j=;1 J,r ( )

wherel andA denote the ionization potential and the electron

affinity, respectively. The value of was calculated by using

experimentally determineldandA, leading to a conclusion that

?C?dﬁcérge capacity was the key factor for determining the The occupied reactive orbjt&l,c hgvipg the maximum localiza-
The back-bonding seems to be a familiar concept in organic tion on & can be determined similarly by projectidg onto

chemistry. For instance, Brown and co-workers have comparedt€ occupied MO subspace of the molecule. .

the reactivity of allyl boron reagents bearing different types of Th? 'e"‘?' of the unoc_cqpled reactive orbital I(_)cahzed on the

chiral auxiliaries and have ascribed the observed reactivity trend reaction siter or the affinity .Of the orbital functlonﬁr. of the

to the difference in the strength of back-donation of the lone boron in the given boron h"?‘l'de moIepuIe t.o the orbital of lone-

pair of electrons from the nitrogen and oxygen atoms in the Pair electrons of an attacking base is estimated then by

auxiliaries to the @ AO of the boron centef? It is interesting M M

therefore to see if Fhe Lewis acidity is governed byerp B) _ Aanod0) = ; dj,rzf,- ; dj,rz ()

back-donation or if some other factors play crucial roles in = =L

differentiating the Lewis acidity among boron halides8k—.

To evaluate the affinity of the boron center in boron halides whereg; signifies the orbital energy of the constituent canonical

toward lone pairs of electrons, we will look at the unoccupied MO ¢;. In this manner, we can take all the unoccupied MOs

orbital that overlaps most efficiently with the orbital of a Lewis relevant for the interaction with a base into account. The level

base. The wave function of an aeidase interacting system  of the occupied reactive orbita. in the interaction is estimated

may be represented in terms of the occupied and unoccupiedsimilarly by taking the sum over the occupied canonical MOs.

MOs of the two fragment species when the basis set is fixed. By representing the denominator of the right-hand side of eq 2

Thus, we utilize the unoccupied MOs obtained in the calcula- by (1 — a?)¥2, we obtain

tions of the electronic structures of boron halide fragments for

a qualitative comparison of several factors that are supposed to 0, = ag,(0,) + (1 — a)"%p,.{5,) (4)

affect its Lewis acidity.

The denominator on the right-hand side is attached for the
normalization of this reactive orbital. It ensures a comparison
between the reactant molecules that differ in size and structure.

and

Computational Method

_ 2 2
The electronic structure of boron trihalides and the complexes A(07) = 8o(0) (1 = @)Aunod ) ®)

with amines have been calculated at the MP2(full)/6-Gt*

level of theory by applying the Gaussian 94 progfm.
Evaluations of the affinity of boron for lone pairs of electrons
of bases and acidic hardness of the boron center have bee
carried out by using the MOs obtained with the 6-31G** basis
set.

wherel(dy) is the energy expectation value for the orbialn
the reactant molecule. Now/ indicates the electronegativity
of the reaction site, determined primarily by the kind of atom
'dr group of the reaction site and the orbital taken as the
reference.
We have to define next the orbital functiopthat is suitable
for representing the bond formation between the boron center
and a base. For this purpose, we have calculated the interaction
Let us describe briefly the method of analysis that we utilize frontier orbitals at the 6-31G** level of theory for BFNH3
in this study?! In the interaction between a Bhinolecule and and BC—NH3 complexe$? Figure 1 illustrates the orbitals of
an electron donor, such as an Nirolecule, electron delocal- the BF; and BCk parts in these complexes, which play the
ization takes place predominantly from the HOMO of the latter dominant role in electron delocalization from the Nb&rt. The
to the LUMO of the former. The LUMO is localized well on  orbital of BF;, for example, has been derived by representing
the boron atom. As the hydrogens in Bldre replaced by  first the wave function of BE—NHs in terms of the electron
halogens, as in Bfthe LUMO tends to be delocalized over configurations of the BfFand NH fragment$ and then by
the halogen atoms. Even in such a case, lzond is formed applying a pair of unitary transformations of the canonical MOs
between the boron atom and the electron-donating center of thewithin the unoccupied MO subspace of thezsBfart and within
base. This suggests that the reactive orbital should also bethe occupied MOs of the Nipart>2 The orbital of the Bk
localized well on the boron atom in boron trihalides. Then we fragment is given by a linear combination of the unoccupied
should take other unoccupied MOs, as well as the LUMO, into canonical MOs, including not only the lowest unoccupied MO
account to describe properly the interaction of boron halides but also other unoccupied MOs relevant for the interaction. One
with a base. sees that the orbitals of BRnd BC} look very similar to each
The orbital of the boron atom utilized to form a bond with  other, being localized well on the boron center.
the electron-donating center of the base is an AO function ora The major components of the boron center in the interaction
linear combination of several AO functions, depending on the frontier orbitals have been shown to be the inner functions of
structure and the basis set used. We denote this orbitd}.by the 2s AO and the 2pAO having an extension toward the
Then the orbital functior®d, is written in the form of a linear nitrogen of NH. The contribution of the p-type outer functions
combination of the occupied MQg (i = 1, 2, ...,m) and the to the orbitals is very small, being less than 2% in weight. The
unoccupied MOg; (j =m-+1,m+ 2, ...,,M) in a boron halide difference in electrophilicity of boron trihalides may be dis-
molecule with the coefficientsl, and d;,, respectively. The cussed in a planar monomeric form, and we assume here that

Results and Discussion
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Figure 2. Unoccupied reactive orbitals of BEupper) and BGl(lower)

in the planar forms obtained by projecting the, 230 of the central
boron onto the RHF/6-31G** unoccupied MO subspace of these
molecules. The structures were optimized without any symmetry
constraints at the MP2(full)/6-31G** level of theory.

Figure 1. Unoccupied interaction frontier orbitals of BRupper) and
BCl; (lower) taking part in electron delocalization from the Niine- TABLE 1: Comparison of the Elements Determining the
pair orbital in the structures of the BXNH3; complexes. They were Electrophilicity of BF 3, BF,CI, BFCI,, and BCl; in Planar
obtained by carrying out simultaneous transformations of the MOs of Forms

the BX; fragment and of the NEfragment in BX%—NH3; complexes

to represent the orbital interactions described in the wave function of

BFs BF.ClI BFCl, BCl;

the complex in terms of pairs of fragment orbitals. localizability of 0.740 0.752 0.762 0.769
reactive orbital (1- a2  (0.688) (0.685)
hardness; (au} 0.533 0.493 0.448 0.399
the pr-type AO function having an extension perpendicular to (0.507) (0.371)
the molecular plane plays the major role. Thus, we have takenenergy of B pr AO, 4 (au)®  0.040 0.042 0.046 0.051
the inner 2pfunction of the boron as the reference orbital. The ) . (-0.052) (0.057)
unoccupied reactive orbitals obtained in this manner by using “ngfgi‘tj;;'fgvflid'v?au)a (002'253 0286  0.258 © %27‘;’5
the MOs calculated at the 6-31G** level are presented in Figure (1 — g2),/3, a0 533 263 295 3927
2 for BF; and BCb. (2.59) (3.86)
It has widely been accepted that n (F or €)2p (B) back- Mulliken charge on B +1.492 +0.959 +0.500 +0.075
donation of electrons should be stronger inzBifan in BC, distortion energy (kJ/mafj 101.6 ~ 102.1  100.8  99.3

; ; ; B—N bond length (n 0.1659 0.1645 0.1634 0.1626
and hence, the form_er is weaker as a L_eW|s aqd than _the?étter. B—N bond engrgy((lg/)mdv} 111.9 1145 1170 11941
The present analysis shows that this is not likely. It is seen in
Table 1 that (I- a?) of BFs is similar in magnitude to those of 2Values in parentheses indicate the case in which the reference
BF.CI, BFCL, and BC4, being 0.74-0.77. Equation 4 indicates fl;”gt'zona'&g ta_kﬁ”rfo be aﬁ?qmb'“at_'onfoggf '“”‘ir a”‘?: OC“tIe”;U”CCtj'O“S
that he -ype funcion ofthe boron atom i found mainlyin % & 2020 Wl e cosficentato of 62 © 1 ot
the unoccupied MO space but to a similar extent in these boron (yent); — E[BF,Cls_ (planar)], in which the bent structure was taken
halides. Accordingly, the reactive orbital is populated by as the same as in a complé&Defined byE(NH3) + E(BF.Cls_y) —
electrons to a similar extent. To examine the importance of the E(HsN—BF,Cls-y).
reluctance of BECl;—x toward pyramidalization, we have
computed the distortion energy for these compounds by back-donation is not the reason for a weaker acidity of.BF
comparing the energies of the planar and the bent structures.The B pr orbital is partially occupied through conjugation with
The latter has been taken to be the same as the structure in théhe F and/or Cl atoms, but it has sufficient room for accepting
complexes. The calculated distortion energies are similar in more than one electron in the planar form.
magnitude to each other as given in Table 1. The distortion The projected reactive orbitéln.cis shown to be localized
energy does not seem to interpret the relative acidic strength inup to ~75% on the boron s orbital, since we havéd|¢unod?
the present case. Contrary to common belief, the 2p (B) = (1 — ad. The values in parentheses in Table 1 correspond to



5810 J. Phys. Chem. A, Vol. 103, No. 29, 1999 Hirao et al.

the case in which the reference functiénhas been chosento  TABLE 2: Comparison of the Elements Determining the
be a linear combination of the inner and outer functions of the Electrophilicity 01; BF 5 and BCl; with the Bent Form as in
boron pr orbital with the coefficient ratio of 8:2. The localiza- BXs—NHs Complexes

tion of the projected reactive orbital in the unoccupied MO space BF; BCls

and/or on the boron center is seen to be less efficient. This means |ocalizability of reactive orbital (- a2) 0.843 0.796
that the outer function has been utilized for the conjugation with  hardnesg (au) 0.564 0.436
the adjacent halogens, more heavily in B@k the present level energy ofdr, 4 (au) 0.121 0.036

of calculations. However, we find again that the extent of unoccupied r%actlve orbital levelno: (au) 0.298 0.215
localization of the reactive orbital in the unoccupied MO space (1= @)y/Aunoc 2.82 871
is very similar in B and in BCh. aThe components of the boron in the unoccupied interaction frontier

An important factor to be considered here is the gap between 0rbital were taken as the reference functign®y = 1 au.
the levels of the occupied and unoccupied reactive orbitgls,
andAunoo Perturbation theory tells us that polarizability of the
reaction siter is inversely proportional to this ga&.The
unoccupied and occupied reactive orbitals are delocalized over
the neighboring halogen atoms, and they mix with each other,
induced by electron delocalization from an approaching base.
This orbital mixing removes the electronic charge from the
boron center and places it on the halogen atoms to facilitate
electron delocalization from the base. In addition, the mixing
of the occupied and unoccupied reactive orbitals weakens the
conjugation between therrbital of the boron and the halogen
atoms, making the boron orbital engage in bond formation with
the base.

The present treatment includes explicitly the polarization
effect. We have determined above the reactive orlitalc to
show the maximum localization on the boram prbital in the
unoccupied MO subspace. Delocalization of the reactive orbital

localization in the unoccupied MO space and the maximum
localization on the reaction center. To make this more explicit,
we may take her@|punoddy/Aunoc @S a reactivity scale, where

y is a constant having an energy utitlt is seen in Table 1
that this scale gives the smallest value to;BRd increases in
the order B < BF,CI < BFCI, < BCls. This agrees with the
experimentally observed and/or theoretically calculated strengths
of the B—N bond in the boron halideamine complexes.

In the complexes with amines, the boron center has a
pyramidal bond arrangement. To see the effect of the s-type
AO function on the electrophilicity, we have calculated the
theoretical quantities defined above for the orbitals o Bid
BCl; presented in Figure 1. One sees in Table 2 that our
discussion made above holds also in this case. The electron-
accepting level is located higher in Bfhan in BCh. The
vacancy of the reactive orbital is slightly larger in Bfobably
because of less effective conjugation with halogens in this bent

over the adjacent halogen atoms elevates the electron-acceptin%
orbital level lynoc from A by 2a%y tructure. ) . . .
unoc ’ In the interaction of boron halides with a base, electrostatic
2 interaction may be another source of stabilization. As presented
Aunod @) = A(0,) + 28%3(9,) (6) Y P

in Table 1, the boron center has the largest positive charge in
BF3; among the species examined in this stBtd@n the other
hand, the B-N bond has been calculated to be the longest in
BFs. This seems to indicate that the electrostatic attraction does

— _ not interpret the relative reactivity of the boron halides toward
700r) = (unod @) = 2od0r))/2 (7) NHs. In contrast, in the case of the complexes between boron
halides with CHF, the B-F bond length has been shown to
increase in the order of BF< BF,Cl < BFCl, < BCl3%¢ to
reduce primarily overlap repulsion between the lone pairs of
electrons.

in which 7 is a measure of the chemical hardness of the boron
prr orbital, defined b§b

It is of crucial importance that the hardneg®of the reaction

site is small to make the electron-accepting level stay low in
energy. Efficient localization of the unoccupied reactive orbital
on the reaction site leads to a smaklérvalue and therefore a P d K d th f absol
lower electron-accepting level. One sees in Table 1 that the arr and co-workers proposed the concept of absolute

- . chemical hardness of a molecule that was given by half the
ir;macrr(lr;es?]ir?rtfe”:)er df:dé(f@lagggia? g{:t;éel EOESSWT%;bt'tiasl difference between the ionization potentigdnd the electron

the boron center is more polarizable, and accordingly, softer asafflnlty A or by half the energy gap between the LUMO and

e : the HOMO, applying a finite difference approximatiehBy
an acid in BC4 than in B introducing the reactive orbitals, we are allowed to discuss the
BF, BCl, hardness of a reaction site in a molecule. The electronegativity

of a molecule is located in the middle of the HOMO and the

LUMO.%8 In contrast, the-1 can move between the electron-
0318 = Aunoc 0.235 ———— donating level and the electron-accepting level in our approach,
2a°n =0.278 ' 0184 reflectin_g the efficiency of a reaction site to serve as an acid or
0,040 mm—tmm 0,051 em— a base in a molecule. It represents the power of an atom or a
’ group to attract electrons in a molecule, having a significance

in line with the chemist's view of electronegativity. The
2(1- &)1 =0.789 0.614 present argument may be applied to investigate the electronic
mechanisms by which an atom or a group is activated specif-
0749 — 1 — e —0.563 ——— ically as an electron-accepting site or as an electron-donating
site in a reactant molecule.

We have started our discussion from an assumption that boron
compounds should provide an unoccupied orbital that has the
maximum amplitude on the boron atom to form effectively a  We have studied the Lewis acidity of BFBF.,CI, BFCL,
new bond with a base. As mentioned above, the constructionand BC} from the orbital interaction viewpoint. By deriving
of the reactive orbital has dual meanings, i.e., the maximum the unoccupied reactive orbital that shows the maximum

Conclusion
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localization on the boronsporbital function, the Lewis acidity
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of these compounds has been demonstrated to be controlled by-18 8741. (b) Jonas, V.; Frenking, G.Chem. Soc., Chem. Comm(i894

two major factors, localizability of the unoccupied MOs on the

(22) (a) Umeyama, H.; Morokuma, K. Am. Chem. So&976 98, 7208.

boron orbital relevant for bond formation with a base and the (b) Morokuma, K.Acc. Chem. Red.977, 10, 294.

polarizability of the boron center. The present analysis has
revealed that the localizability is very similar to each other, and

therefore, the A~ 2p (B) back-donation of electrons is not the
major factor for differentiating the Lewis acidity of these boron
halides. The unoccupied reactive orbital of BGés lower in
energy compared with that of BFowing to its smaller value

of acidic hardness. The trend in reactivity observed in experi-

ments and in theoretical calculations for BBF,CI, BFCb,

and BC} has been found to be understood in terms of these
theoretically defined quantities. The present analysis will also
be useful in comparing or predicting the electrophilicity of boron
reagents having auxiliaries that are different in size and structure,,

for organic syntheses.
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