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The coordinate covalent (dative) bonded moleculg$-HBH3, HsN—BF3, FsN—BH3, HsN—BMes;, and MeN—

BH3 have been studied using valence bond theory (VB). The classic three-structure VB picture changes slightly
to account for the increased importance of the VB configuration with both electrons on the donor fragment.
When the effects of geometric distortion upon molecule formation are removed, the expected trends in bond
energies emerge. Addition of electron-withdrawing (F) substitutents increases bond enesbly-Bf and
decreases bond energy iBN—BHjs. Likewise, addition of electron-donating methyl groups (Me) decreases
bond energy in BN—BMes and increases bond energy in Me-BHs. In addition, the effects of adding
fluorines stepwise in the serieg®—BH3, HsN—BH,F, HsN—BHF,, HsN—BF; has been determined. Bond
energies are due to the opposing factors of electron withdrawal due to the high fluorine electronegativity and
donation into the N-B bonding region § F p lone pairs. VB weights obtained by the method of Chirgwin

and Coulson were unstable for coordinate covalently bonded molecules whereas no such problems were found
for inverse overlap weights. VB weights in conjunction with bond energy partitioning show that the coordinate
covalent bonds studied herein are predominantly charge shift bonds which owe their stability to VB structure
mixing rather than any one structure alone.

Introduction SCHEME 1
On the basis of the familiar chemical picture of the two i) A8 i) ACOB
electron bond of Lewisand Langmui? the conceptual strengths + - ot 2

of valence bond theory (VB) are well known. In the classic VB

picture first developed by Heitler and Lond®a,bond is made i) ACDCOB i) ACDCOB
up by the sharing of two electrons among separate atoms or - 7

fragments as in Scheme 1a, (i). The stabilization of this structure i) A@CD B D A<§®B
is derived from the mixing of the two spin determinants T -

A(o)B(B) and A{3)B(a). This model can be refined by including
ionic structures such as Scheme 1a, (ii) and (iii), which allow
both electrons to be located on one fragment or the other.
The basic VB model has led to much insight into the nature
of chemical bondinty® and reactivity?1°1n addition to accurate
bond energies, VB allows for the determination of contributions
to the overall wave function from chemically relevant resonance
structures as well as mixing between structures. In particular
Shaik and co-workefg!have shown that the energy of a single
spin paired determinant of Hemains constant from bonding

(cjiistanc_es out :‘Ob im;ilnite sgpaLation thqslla[!owing fof:(,, tEe that time, there have been many experiméfta? and
etermination of bond energies by essentially "turning off” the o5 aticals-26 studies of molecules containing coordinate
bond and leaving the rest of the molecule intact. covalent bonds.

This model is based on the idea that each fragment contributes For example, Frenking and co-work&bave described the

a single electron to the two-electron bond. Howgver, there are bonding in this type of molecule in terms of electrostatic and
many examples, commonly referred to as “coordinate covalent” qvajent interactions using natural bond order (NBG)nd

or “dative” type bonding, where one fragment contributes both topological electron density analy@&in addition, Mo and
electrons to the bond. The VB picture for coordinate covalent 5539 have used the block localized wave function (BLW)
bonds changes slightly as shown in Scheme 1b with structureapproacpp to partition the bond energies of many doror

(ii) expected to contribute more to the overall wave function 4cceptor complexes into contributions from electrostatic, po-
and be devoid of electronic charge. Although structure (iii) in |arization, and charge-transfer terms. Both of these studies found
Scheme 1b is expected to be very high in energy and thusyyo main groups of B-A molecules: weakly bound van der
contributes little to the coordinate bond, it is included herein to \y455 complexes held together mainly by electrostatic forces

T Oranal submited for the “Fritz Schact R—— and strongly bound molecules with considerable covalent and
riginally submitted for the “Fritz Schaefer Festschrift”, published as charge-transfer interactions
the April 15, 2004, issue ai. Phys. Chem. AVol. 108, No. 15). . L N

* Address correspondence fo this author. E-mail: John.Galbraith@ AS Well as being theoretically significant as molecules that

Marist.edu. lie between strongntra- and weakintermolecular attractiond!

be consistent with the standard three-structure VB treatment of
normal covalent bonds.
The classic example of coordinate covalent bonding involves

the donation of an electron pair from an amine into the vacant

p orbital of a borane. The first such compoundNHBF3, was
"isolated as early as 1809 by Gay-Lus¥an addition, Pearsdf

has developed the theory of hard and soft acids and bases as a

model for bonding in doneracceptor (B-A) complexes. From
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A Valence Bond Description

TABLE 1: Transformation of Molecular Orbitals Into Wyg
for Donor —Acceptor Molecules

D2 AP e
1 HsN—BH3 2 2 6
2 HsN—BF3 2 3 8
3 FsN—BH3 3 2 8
4 MesN—BH3 4 2 10
5 HsN—BMes 2 3 8
6 HsN—BH.F 3 4 12
7 HsN—BHF, 2 4 10

2 Molecular orbitals assigned to the donor fragmémtlolecular
orbitals assigned to the acceptor fragmémMumber of electrons
included in the VB calculation.

D—A complexes are prevalent in transition-metal chemistry, are
useful in organic synthesf$3 and are thought to have
beneficial physiological effec.The present paper applies VB
concepts to the coordinate covalent-R bonds in the Lewis
acid/base adductssR—BR3 where R can represent an electron-
donating methyl group or an electron-withdrawing F. In doing
so, the insight provided by VB in describing normal covalent
bonds will be extended to coordinate dorarcceptor bonds
thus complementing the existing conceptual picture of bonding
in this important class of molecules.

Theoretical Methods

Computational Details. The ground-state geometries of all
structures reported herein were optimized by density functional
theory (DFT¥>36 using the B3LYP functiondl—3° along with
the 6-31G* basis séf~4> Holme and Truong have shown that
nonlocal exchange-correlation potentials such as B3LYP provide

excellent agreement with experimental geometric parameters for

these types of system%All DFT optimizations were performed
with the GAUSSIAN9S8 suite of progrants.

Valence bond self-consistent field (VBSCG#kalculations
using XIAMEN99* were then preformed on the optimized
B3LYP/6-31G* geometries using the three structures in Scheme
1b. Herein, VB structures of the type i in Scheme 1b will be
designatedpy, in reference to the HeitlerLondor? treatment
of H, where each fragment contains one bond elecipewill
be used to designate the coordinate covalent bonding structur
where one fragment contains both bonding electrons while
neither fragment carries a charge as in Scheme 1k, ill
be used for ionic configurations where one fragment contains
both bonding electrons and both fragments carry a charge as i
Scheme 1b, iii.

Construction of the VB wave functions involved preliminary
restricted HartreeFock calculations and analysis of the result-
ing molecular orbitals (MOs) to determine which MOs con-
tributed to the coordinate covalent bond. These MOs were then

assigned to the donor or acceptor fragment and transformed into

VB orbitals strictly localized on a particular fragment as
described in Table 1. MOs not included in the orbital transfor-
mation were frozen in the VB calculation. The total wave
function can then be written as in eq 1.

Wyg = Cic + Copp + Cat 1)

In the VBSCF procedure, the coefficients and VB orbitals are
optimized simultaneously to yield the lowest possible energy.
Thus, the bonding electrons are correlated while nonbonding
orbitals can adjust in size and shape to the bond pair.

The VBSCF procedure can be refined by allowing a separate
set of VB orbitals for each configuration. As a result, the orbitals
of one configuration can “breathe” in response to the other
configurations thus recovering some dynamic electron correla-

n
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tion. This breathing orbital VB (BOVE)Y® procedure yields
bond energies on par with coupled cluster including single and
double excitations with the perturbative addition of triple
excitations [CCSD(T)?. However, this procedure proved to be
prohibitively expensive for the molecules studied herein. In
addition, the qualitative bonding picture does not change in
going from VBSCF to BOVB»!! Therefore, BOVB calculations
were preformed only for lN—BH3 as a representative example.

Analysis of Wave Functions. The weight of each VB
structure in the overall wave function was determined by both
the method of Chirgwin and Coulsthrand the inverse overlap
method of Gallup and co-worke?353The Chirgwin—-Coulson
formulation is the VB analogue of the familiar Mulliken
population analysis (eq 2).

W, = Ci2 + ZCiCij )
]

In the inverse overlap method, the unique contribution of each
structure is equal to the diagonal of the reciprocal of the inverse
overlap matrix,5™1. The relative weights are then determined
as in eq 3 and then renormalized.

c|?
(S

®3)

In this manner, a structure that contributes little by itself but
a large amount through overlap will have a small weight even
though the coefficient may be large.

Results and Discussion

In the following discussion, a bond energy partitioning
scheme will be developed from results on the simplest coordi-
nate covalent bond HeH™. H3N—BH3 will then be considered
separately as a prototypical example of a derawmceptor (B-
A) bond. Comparisons will then be made between boroammine
complexes trisubstituted with F and methyl groups (Me). Last,
the effect of adding fluorine substitutents to the boron will be

£xamined in detail followed by a discussion of VB weights for

all species involved.

Bond Energy Partitioning. As shown by Shaik and co-
workers’11 VB allows for the determination of bond energies
as the difference between the three-structure VB energy and a
single spin determinant referred to as the “quasiclassical” (QC)
state. This technique works because of the near complete
cancellation of Coulombic energy terms resulting in a nearly
flat energy curve from equilibrium distances out to infinite
separation. The analogous treatment for coordinate covalent
ponds involves the difference between the three-structure VB
energy and the coordinate covalent structure alone. As shown
in Figure 1 for He-H*, the ¢c energy does indeed remain
relatively constant from equilibrium bond distances out to
infinite separation with a shallow minimum representing van
der Waals interactions. Figure 1 is very similar in structure to
the QC H-H curve of Shaik and co-workefs.

Separation of the BA complexes herein also involves
considerable geometric rearrangement among theadRd BR;
fragments making a direct comparison between @8Pvg
energy difference and the total bond energy meaningless. A
more relevant comparison would be to the difference between
Wyg and Wyis{D + A) which is defined as in eq 4 where
Wiis D) and WyisA) are the wave functions of the

Wdist(D+ A) = Wy(D) + Wyis(A) (4)
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TABLE 2: Components of VBSCF Bond Energies for DonorAcceptor Molecule$

Fiorillo and Galbraith

AEgist AEc AEct BE(dISt),/B BEvs theOl’Y‘ eXptf’;l
1 HsN—BHj3 14.6 —18.1 —24.6 —42.7 —28.1 —30.7 —31.r
2 HsN—BF; 26.4 —22.3 —30.4 —52.7 —26.3 -22.00
3 FsN—BH3 12.6 —5.5 —6.4 —11.9 0.7 —5.84
4 MesN—BH3 18.2 —36.8 —-11.9 —48.7 —30.5 —41.1 —38.F
5 HsN—BMes 16.3 —2.2 —30.1 —32.3 —-17.4 —14.9
6 HsN—BH2F 16.8 —11.1 —27.7 —38.8 —22.0
7 HsN—BHF, 20.7 —12.5 —28.8 —41.3 —20.6

aTheoretical and experimental values are reported in termsegéatie bond discociation energiesMP2/TZ2P theoretical values of Jonas,
Frenking, and Reetz (ref 22)Experimental values of Haaland (ref 14)}1F/6-31G(d) theoretical values of Sana, Leroy, and Wil&heaAll
energies in kcal/mol.
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Figure 1. Potential energy surfaces for Hel* stretching for the three-
configuration VBSCF wave functionVvg, and the coordinate config-

. X S
uration alonegc. Energy in keal/mol and(He—H") in A. Figure 2. Three-configuration VBSCF energy mixing diagram for

. . . HsN—BHs. Energy in atomic units relative t#is(D + A).
separated donor and acceptor with optimized geometric param- ° : 9y as )

eters of the doneracceptor complex. However, the difference J
betweengc and Wyi(D + A), AEc, can still be quite large
(Table 2). As described by Mo and G#AEc is due to
electrostatic and orbital polarization effects. These effects cancel
out for the He-H™ case but not for other BA adducts.

Thus, the total N-B bond energy can be broken down as in
eq 5. Where

— 0.0

BE,s = AE; + AE; + AE; 5)

AEgistis the change in energy upon distortion from the fragments
at their optimized geometries Wgis{D + A), AEc is the energy
of ¢c relative toWis{D + A), andAEcr is the energy difference Figure 3. VBSCF potential energy surfaces for the dissociation of
betweenWyg and ¢c because of inclusion of charge-transfer HsN—BHs. VBSCF-3 corresponds to the full three-configuration
VB structures.AEgs, AEc, AEct, and BEsg values for all VBSCF energy. C and HL refer to the energieslef andWy, (the ¢c

molecules studies herein are in Table 2. Additionally, it is and ¢ structures alone), respectively. Energies in kcal/mol relative
b ficial t ider the bond ’ ludi ’ tri to the NH; and BH; fragments at infinite separation with all other
enencial 1o consider the bond energy excluding geometric o ometric parameters constrained to thdlHBH; values. VBSCF-3,

effects as in eq 6. BE(disf values are also included in Table ¢, and HL VB energies determined at the B3LYP/6-31G* optimized

VBSCEF-3

2.

BE(dist),5 = AE. + AEq;

(6)

H3sN—BH3. When consideringpc alone, HN—BH3 is sta-
bilized by 18.1 kcal/mol from the complex at infinite-NB

Upon inclusion of thepy. and¢y structures, the VBSCF energy
drops by 24.6 kcal/mol (29.2 kcal/mol for BOVB).These
values, along with the 14.6 kcal/mol energy of distortion from Figure 3 shows that in the absence of other VB structi¥es;
the optimized fragments to their respective geometries in the (¢rL alone) yields an energy 5.0 kcal/mabhove Wis( D + A).
H3N—BH3; complex3® AEgs;, result in a total VBSCF bond
energy of 28.1 kcal/mol (32.7 kcal/mol for BOVB). This is
in reasonable agreement with the experimental estimate ofaccount for the total bond energy.

The configuration weights for #\—BH3; can be found in
chlicher and Ricc# (31.1 kcal/mol) and Jonas, Frenking, and entry 1 of Table 3. Although the ChirgwinCoulsot! and
inverse overlap® weights differ in the most important config-

Haaland* (31.1 kcal/mol) and the theoretical values of Baus-

ReetZ? (30.7 kcal/mol).

geometry.

Excluding the geometric effects iMEgs, the VBSCF
BE(dist)g is —42.7 kcal/mol (47.3 kcal/mol for BOVB).¢¢
alone only accounts for 42% of the total VBSCF BE(dist)
indicating that electron transfer plays an important role. Indeed,
separation (all other geometric parameters remaining constant)when all three structures are combined as in egl,is the

lowest energy configuration (most negative self-element of the
Hamiltonian matrix,Hy_n ) as seen in Figure 2. However,

Although the importance ofpc decreases in the BOVB
calculation (38%), it is clear that neither structure alone can
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TABLE 3: VBSCF Weights

¢c PHL 1
c—-Cca |OP c-C 10 c-C 10

1 HiN—BHj3 0.461 0.568 0.512 0.426 0.027 0.006
2 Hi:N—BF; 0.571 0.658 0.412 0.338 0.017 0.004
3 FsN—BH3 0.319 0.335 0.551 0.558 0.130 0.107
4 MesN—BH; 0.477 0.594 0.512 0.406 0.011 0.001
5 Hs3N—-BMe; 0.577 0.723 0.429 0.277—-0.006 0.000

6 H3N—BHF 2.222 0.849 —1.323 0.145 0.101 0.006
7 HsN—-BHF, 2.140 0.882 —1.184 0.117 0.043 0.001

a Chirgwin—Coulson weights (ref 51). Inverse overlap weights (ref
53).

uration at the VBSCF levég it is clear that the overall wave
function of kN—BHj3 is composed of nearly equal pais
andg¢n with ¢ making little contribution. Although previously
successfdl'! for elucidating bonding interactions, the perturba-
tion theory formalism for mixing VB structur&s® cannot be
used for HN—BH3.59%0However, it is apparent that the-NB
bond is a result of neithesc nor ¢ alone but primarily due
to the mixing of VB structures resulting in a charge shift (CS)
bondingd situation.

Trisubstituted Molecules. Because of the greater electron-
withdrawing capabilities of F, Bfshould be a better Lewis
acid (electron pair acceptor) than BHlthough the bond energy
of H3N—BHj3 is actuallygreaterthan HsSN—BF3, comparison
of entriesl and2 in Table 2 shows that this is due to the greater
energetic cost of distorting thesN and BF; fragments to the
HsN—BF; molecular geometry. Closer examination reveals that
the greateAEgyis: of HsN—BF; is due to the stabilization of F
lone pairs by the empty B p-orbital in the planarg8Fagment.
Neglecting geometric effects showgN-BF; to have a more
negative BE(dist)g than HN—BH3 as expected. While both
AEp andAEct are greater for tN—BF3z than HEN—BH3, AEp
makes up 42% of BE(distp in both cases.

When F replaces H on the electron dongNRragment, both
AEc andAEct are smaller (entr Table 2). The F atoms pull
electron density from the N donor orbital thus weakening the
electrostatic and polarizatiom\Ec) stabilization upon adduct
formation. In addition, the fluorines hold the fragment electrons
more tightly preventing transfer to the NHragment AEcr).
However, the overall energetic contribution remains nearly the
same as in BN—BF; with AEc accounting for 46% of
BE(dist)s.

Substituting methyl groups for hydrogens (entrieand 5
Table 2) results in a bond that is mostly dueABc (MesN—
BH3 75% of BE(distyg) and a bond that is mostly due &xEct
(HsN—BMe3 93% of BE(DIST);g). In addition to including the
effects of charge transfer, titg;. and¢, also serve to delocalize
the bond pair and thus recover the nondynamic correlation
associated with the bonding evérih MesN—BH3, the methyl

J. Phys. Chem. A, Vol. 108, No. 23, 2008129

TABLE 4: Mulliken Population Analysis of Fluorine
Substituted Acceptor Fragments

fragment p-orbital pop? total B charge.
—BH3 0.013 0.092
—BHF 0.111 0.541
—BHF, 0.202 0.824
—BF; 0.264 1.202

2 Single-point calculation with fragment geometric parameters of the
donor-acceptor adduct. Sum of p-type basis functions in the-N8
bond direction.

SCHEME 2
F B F B
§ o
! )
' e
a b
with the vacant p orbital on boron, the net effect is to put
electron density into the bonding region (Scheme 2a) whereas
the B—F o bond serves to draw electron density away from
boron because of the greater electronegativity of F (Scheme
2b). As can be seen in Table 4, there is a steady increase in the
electron population of the p-orbital directed along the bond axis
as the number of F subsitutents is increased. At the same time,
the total charge of the B atom becomes more positive with
increasing fluorines.
The increased positive charge on the B stabilizes the charge-
transfer structures as can be seen byABRer values in Table
2. However, AEc initially drops in HsN—BHyF and then
increases up throughsN—BFs. As described by Mo and G&8,
the stabilization of this state is due to polarization and
electrostatic effects. Electrostatic stabilization is increased as
the positive charge on B increases; however, stabilization due
to polarization decreases as electron density increases in the
boron bonding region. The interplay between these two opposing
factors leads to thAEc pattern seen in Table 2.
VB Weights. Determination of VB weights by the method
of Chrigwin and Coulsott (C—C) results in negative values
and values greater than 1 for entrigs6, and 7 in Table 3.
Indeed, there is no theoretical assurance thaCQveights will
add to 1 or be positive and they are expected to give meaningful
results only in simple casé3 Although their significance has
been discussed by Galbrditand co-workers, negative VB
weights usually only appear in the least significant VB structure

unlike the present case. On the other hand, weights determined
by the inverse overlap (I0) meth&dare expected to perform

substitutients donate electrons to the donor orbital on N thus better in situations where there is large configuration ovétlap

increasingAEc. However, the bond orbital is already delocalized
over the methyl groups and therefagfig and¢, are unnecessary
to relieve electrorrelectron repulsion. On the contragy. and

¢ are needed in fN—BMe;z to gain the benefits of delocal-
ization over the methyl groups. Although the VBSCF bond

energies are low in comparison to the theoretical and experi-

mental values in Table 2, inclusion of dynamic correlation

as in the present case.
10 weights in Table 3 show thatdN—BH3 (entry 1), HsN—
BF; (entry 2), FsN—BHj3; (entry 3), and MeN—BH; (entry 4)
are made up of nearly equal pagisand¢y. whereaspc is the
major contributor in HN—BMejs (entry 5), HsN—BHF (entry
6), and HN—BHF; (entry 7). In these three moleculeg¢ is
the lowest energy structure in their respective versions of Figure

effects via the BOVB method is expected to predict values more 3.5 These results in conjunction with the bond energy break-

in line with experiment.

The Effect of Fluorine Substitution. In Table 2, each H
attached to boron is replaced sequentially going in the dkder
6, 7, 2. F substitutients have two major effects on the- Bl

down in Table 2 indicate CS bondifdAs discussed by Shaik
and co-workerg;>811 CS bonding occurs when the major
stabilizing force of the bond comes from the mixing of VB
structures rather than any one structure alone as is the case in

bond as depicted in Scheme 2. When lone pairs on F interactall molecules studied herein with the exception of;Me BHs.
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Conclusions

The classic three-structure valence bond picture of chemical
bonding changes slightly in coordinate covalent bonding with
¢c contributiong more anghy contributing less to the overall
wave function. While it is possible to determine bond energies
within the molecular environment for normal covalent bonds

by utilizing the quasi-classical state, the analogous procedure

for coordinate covalent bonds is not possible because of
stabilization from electroststics and orbital polarization.

When the total bond energy is broken down into effects from
geometric distortionAEgs, the coordinate VB structuré\Ec,
and charge-transfer VB structur@scr, the effects of electron-
withdrawing fluorine and electron-donating methyl substitutents
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on the interplay between electron donation from F lone pairs
into the bonding region of the boron and overall electron
withdrawal from B because of the high electronegativity of F.

In addition, VB wave functions were analyzed in terms of
weights of individual configurations. While weights obtained
by the method of Chirgwin and Coulsdrproduced unreason-
able results, inverse overlap weightsshow most of the
molecules herein to be made up of nearly equal pagtand
¢uL. In conjunction with bond energy decomposition results,
VB weights show the doneracceptor bonds studied herein to
be charge shift bonds where mixing of configurations rather
than any one configuration alone is responsible for the bonding
event.
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