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Abstract: Trans-metalation process in the palladium-catalyzed borylation of iodobenzene with diboron was
theoretically investigated with the DFT method. Palladium(II) hydroxo phenyl complex, Pd(OH)(Ph)(PH3)2,
and the fluoro analogue easily undergo the trans-metalation with diboron, B2(eg)2 (eg ) -OCH2CH2O-),
to afford Pd(Ph)(Beg)(PH3)(HO-Beg) and Pd(Ph)(Beg)(PH3)(F-Beg), respectively, where B2(eg)2 is adopted
as a model of bis(pinacolato)diboron used experimentally. The electron re-distribution in the trans-metalation
clearly indicates that the B-B bond scission occurs in a heterolytic manner. In the chloro analogue, PdCl-
(Ph)(PH3)2, however, the trans-metalation occurs in a homolytic manner with much difficulty, which is
consistent with the experimental result. The significant differences between the chloro complex and the
other hydroxo and fluoro complexes are easily interpreted in terms that hydroxo and fluoro ligands can
form strongly bonding interaction with B2(eg)2 but the chloro ligand cannot.

Introduction

Transition-metal catalyzed cross-coupling reaction is very
important in organic syntheses and organometallic chemistry,1-9

because a variety of organic compounds can be synthesized
through this reaction. For instance, new C-C bond formation
is successfully achieved through Suzuki-Miyaura coupling
reaction,2,8 Mizorogi-Heck coupling reaction,3-5 and Stille-type
coupling reaction.9 All these reactions consist of oxidative
addition of aryl halide to a transition-metal complex, trans-
metalation between a metal-aryl complex and an organometallic
compound, and reductive elimination, as shown by the mech-
anism in Scheme 1. Recently, a similar palladium-catalyzed
cross-coupling reaction of aryl halide with diboron was reported
by Ishiyama, Miyaura, and their collaborators.10 This reaction
receives considerable attention because this is very useful to
synthesize a variety of organic boron compounds which are

important reagents for organic syntheses. The experimentally
proposed mechanism of this reaction consists of the oxidative
addition of aryl halide to a palladium(0) complex, the trans-
metalation between a palladium(II) aryl complex and diboron,
and the reductive elimination. This reaction mechanism is
essentially the same as that of Scheme 1. Actually, an interesting
common feature was observed in Suzuki-Miyaura coupling
reaction and the recently reported palladium-catalyzed cross-
coupling reaction of aryl halide with diboron; in both reactions,
acceleration by basic condition was reported.10,11This accelera-
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tion was experimentally interpreted in terms that substitution
of halide anion for Lewis base such as OAc- and OR- occurred
before the trans-metalation under the basic conditions to afford
palladium(0)-acetate and-alkoxo complexes, respectively, and
the trans-metalation easily proceeds in these complexes.2a

However, no direct evidence has been presented yet.
Of the elementary processes involved in the catalytic cycle

of cross-coupling reaction, the oxidative addition and the
reductive elimination have been well investigated theoreti-
cally,12-24 but the trans-metalation process has not been
theoretically investigated yet, to our knowledge. In this regard,
theoretical study should be performed to clarify the electronic
process of the trans-metalation and to understand well the cross-
coupling reaction.

In this work, we theoretically investigated the trans-metalation
process involved in the palladium-catalyzed borylation of aryl
halide with diboron, considering several reasons, as follows:
(1) There remain many issues to be elucidated in the trans-
metalation, as mentioned above. And, (2) the reaction of
transition-metal complexes with boryl compounds exhibits
interesting and characteristic features, which are different from
those of the reactions with hydride, alkyl, silyl groups, etc.,
because the boryl group has an empty pπ orbital perpendicular
to the molecular plane unlike hydride, alkyl, and silyl groups,
as has been experimentally and theoretically reported.25-30 Such
characteristic features of the boryl group are expected to play
a key role in the trans-metalation, which would be one of the
important reasons of the successful results of this cross-coupling
reaction and Suzuki-Miyaura coupling reaction. Our purposes
here are to clarify the electronic process of the trans-metalation,

to elucidate what is an important factor to accelerate the trans-
metalation, and to present useful prediction for further develop-
ment of this cross-coupling reaction.

Computations and Models

Geometries were optimized with the DFT method, where the B3LYP
functional was used for exchange-correlation term.31,32Transition states
were ascertained by performing frequency calculations and examining
geometry changes that are going to occur in each specific imaginary
frequency (see Figures S1-S4).

Two kinds of basis set systems were used. The smaller system (BS-
I) was employed in geometry optimization. In this BS-I, core electrons
(up to 4f) of the Pd atom were replaced with effective core potentials
(ECPs) and its valence electrons were represented with a (341/321/31)
set.33 For P, Cl, and I atoms, (21/21/1) sets were used to represent
their valence electrons,34,35 where their core electrons were replaced
with ECPs. For B, O, and C atoms, 6-31G(d) sets were employed,36

whereas the d polarization function was excluded from the basis set
for the C atoms of diboron and the boryl group. The better basis set
system (BS-II) was employed in evaluation of energy and population
changes. In BS-II, a larger (541/541/211) set33,37 was used for the Pd
atom with the same ECPs as those of BS-I. For the B, O, and C atoms,
6-311G(d) sets were employed,38 whereas the d polarization function
was excluded from the C atoms of diboron and the boryl group. The
same basis sets and ECPs as those of BS-I were used for the Cl, P,
and I atoms.

As will be shown below, the elementary process which involves
adduct formation between the palladium complex and diboron will be
compared with the process which involves dissociation of phosphine
from the palladium complex. In such comparison, entropy effects should
be taken into consideration. We evaluated entropy in two ways. In one
way, translation, rotation, and vibration movements were considered
to estimate entropy, where all substrates were treated as ideal gas. The
DFT/BS-I method was adopted to calculate vibration frequencies
without scaling factor. In the other way, vibration movements were
considered to estimate entropy but translation and rotation movements
were not considered, since this reaction was carried out in solution in
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Takagi, T.; Suzuki, A.Synth. Commun.1981, 11, 513. (c) Watanabe, T.;
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(35) Höllwarth, A.; Böhme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
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which the translation and rotation movements are highly suppressed.
The free energy change estimated in this way is named∆Gv

0 hereafter.
In the former method, entropy significantly decreases when two
molecules form an adduct, as expected. The latter method, on the other
hand, provides much smaller entropy change than does the former
method, as will be discussed below. The former method apparently
overestimates the entropy effects and the thermal energy of solution
reaction, because translation and rotation movements are highly
suppressed in solution. On the other hand, the latter one underestimates
the entropy effects and the thermal energy because translation and
rotation movements are not completely suppressed in solution.39 The
true value of free energy change would be intermediate between the
∆G° value by the former method and the∆Gv

0 value by the latter one,
and more or less close to the∆Gv

0 value estimated by the latter method
in the solution reaction. Because this ambiguity remains in estimation
of entropy and thermal energy, we will discuss each elementary step
with the usual potential energy changes and then discuss it with the
free energy changes evaluated in two ways.

Gaussian 98 program package was used for all calculations.40

Population analysis was carried out with the method proposed by
Weinhold et al.41 Solvent effects were incorporated in some of reactions
with the PCM method.42 Contour map of molecular orbital was drawn
with Molden program package.43

Bis(pinacolato)diboron, B2(pin)2 (pin ) -OCMe2CMe2O-), that was
experimentally used,10 was modeled here with bis(ethyleneglycolato)-
diboron, B2(eg)2 (eg ) -OCH2CH2O-), as shown in Scheme 2, like
our previous work.28c In Suzuki-Miyaura coupling reaction and the
palladium-catalyzed borylation of halobenzene with diboron, formation
of the palladium(II) hydroxo complex was experimentally proposed
under basic conditions (vide supra).2a,44,45 Actually, palladium(II)
hydroxo and similar palladium(II) alkoxo complexes have been reported,
so far.46-49 Moreover, a palladium(II) methoxo vinyl complex undergoes
the cross-coupling reaction with organic boron ester.44 Considering the
experimental proposal and the experimental results, we investigated
the trans-metalation of palladium(II) hydroxo phenyl complex, Pd(Ph)-
(OH)(PH3)2, with diboron, B2(eg)2. In the trans-metalation, we examined

two possible reaction courses, as shown in Scheme 3; one is associative
substitution of PH3 for B2(eg)2 followed by the trans-metalation.
Coordination of B2(eg)2 with the Pd center is not surprising because
B2(eg)2 has a lone pair orbital on the O atom.50 Actually, the
coordination of diboron with the metal center has been theoretically
reported.27,28cThe other one is dissociative substitution of PH3 for B2-
(eg)2 followed by the trans-metalation, in which there are two isomers
of Pd(OH)(Ph)(PH3), as shown in Scheme 3. The alternative explanation
of the base effects was proposed in the experimental field; it was based
on the idea that not diboron but [diboron-OH]- adduct reacted with
the palladium(II) phenyl complex.2c The formation of diboron adduct
with Lewis base provides experimental support to the formation of the
[diboron-OH]- adduct.51,52 Although this explanation is also worthy
of investigation, the trans-metalation process investigated here is
considered to be essentially the same as the reaction of [diboron-OH]-

with the palladium(II) phenyl complex, as will be described below.

Results and Discussion

Model of Active Species.The first step of the palladium-
catalyzed borylation of aryl halide with diboron is believed to
be oxidative addition of aryl halide to a palladium(0) complex
(see Scheme 1). When the oxidative addition to Pd(PH3)2 1
proceeds via a concerted transition state, the product iscis-Pd-
(I)(Ph)(PH3)2 2 in which I and Ph ligands take positions cis to
each other. When the oxidative addition proceeds with dis-
sociation of halide anion,2 and/or the trans-isomer3 are
produced as a product. The trans-form is more stable than the
cis-form by about 5 kcal/mol (see Supporting Information Figure
S-5). The cis-trans isomerization is accelerated by the presence
of Lewis base, in general. Because OH- would play a role of
Lewis base, this isomerization easily occurs under basic
conditions. Also, it was reported experimentally that the
substitution of I- for OH- easily took place in the basic
solvent.2a,53Actually, trans-Pd(OH)(Ph)(PH3)2 4 is much more
stable than3 (Supporting Information Figure S-5). Thus, it is
likely to consider that4 is an active species.

Geometry Changes in Associative Substitution of PH3
Followed by Trans-metalation. We will first investigate the
associative substitution of PH3 for B2(eg)2 followed by the trans-
metalation (See Scheme 3). B2(eg)2 approachestrans-Pd(OH)-
(Ph)(PH3)2 4, to afford a reactant complex,trans-Pd(OH)(Ph)-
(PH3)2[B2(eg)2] 5, as shown in Figure 1. In5, B2(eg)2 does not
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R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Cliford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
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PA, 1998.

(41) Reed, A. E.; Curtis, L. A.; Weinhold, F.Chem. ReV. 1988, 88, 849, and
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Bull. Chem. Soc. Jpn.1987, 60, 3471.

(45) Mandai, T.; Suzuki, S. Ikawa, A.; Murakami, T.; Kawada, M. Tsuji, J.
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(46) Yoshida, T.; Okano, T.; Otsuka, S.J. Chem. Soc., Dalton Trans.1976,
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107, 2196. (b) Minami, I.; Yuhara, Y.; Watanabe, H.; Tsuji, J.J. Organomet.
Chem.1987, 234, 225. (c) Tsuji, J.; Sugiura, T.; Minami, I.Tetrahedron
Lett. 1986, 27, 731. (d) Tsuji, J.; Sugiura, T.; Yuhara, M.; Minami, I.J.
Chem. Soc., Dalton Trans.1986, 922. (e) Mandai, T.; Ogawa, M.; Yamaoki,
H.; Nakata, T.; Murayama, H.; Kawada, M.; Tsuji, J.Tetrahedron Lett.
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and the OH ligand than does B2(pin)2 because of the smaller steric repulsion.
Thus, the Pd-Beg and X-Beg interactions would be overestimated in the
present study, to some extent.

(51) Such base as pyridine forms an adduct with bis(catecholato)diboron, B2-
(cat)2, but does not form an adduct with B2(pin)2.52 In the palladium-
catalyzed borylation of halobenzene with diboron, however, we cannot
completely neglect the possibility that B2(pin)2 forms an adduct with OH-
and OR- because these bases are much stronger and much less bulky than
pyridine.

(52) (a) Nguyen, P.; Dai, C.; Taylor, N. J.; Power, W. P.; Marder, T. B.; Pickett,
N. L.; Norman, N. C.Inorg. Chem.1995, 34, 4290. (b) Clegg, W.; Dai,
C.; Lawlor, F. J.; Marder, T. B.; Nguyen, P.; Norman, N. C.; Pickett., N.
L. Power, W. P.; Scott, A.J. Chem. Soc., Dalton Trans.1997, 839. (c)
Clegg, W.; Scott, A. J.; Souza, F. E. S.; Marder, T. B.Acta Crystallogr.
1999, C55, 1885.
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interact with the Pd center but interacts with the OH ligand, in
which the B-O distance is 1.533 Å.55 This interaction arises
from the charge-transfer from the lone pair orbital of the OH
ligand to the empty p orbital of the Bega group, as will be
discussed in terms of population changes below (see Figure 1
for Bega and Begb). On the other hand, the Begb group is distant
from the Pd center; see the distance of 3.365 Å between the Pd
center and the Oboryl atom of B2(eg)2, where the Oboryl atom

represents the O atom of the Begb group, hereafter. Complex5
udnergoes the dissociation of PH3

a from the Pd center, to afford
a four-coordinate complex,trans-Pd(OH)(Ph)(PH3)[B2(eg)2] 6,
through the transition stateTS5-6. This transition stateTS5-6

takes a typical trigonal bipyramidal structure, in which the Oboryl

atom of the Begb group is approaching the Pd center to push
one PH3

a away from the Pd center. The distance between the
Pd center and the Oboryl atom becomes considerably shorter,

Scheme 3

Figure 1. Geometry and energy changes by associative substitution of PH3 for diboron, B2(eg)2, followed by trans-metalation in Pd(OH)(Ph)(PH3)2. Bond
lengths are in Å and bond angles in degrees. (a) Relative energies (kcal/mol) to the sums of reactants, in which the DFT/BS-II method was used, are in
parentheses. (b) Relative energies in diethyl ether, in which the DFT/BS-II method was used with the PCM method, are in brackets (kcal/mol).
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which indicates that the coordinate bond of the Begb group with
the Pd center has been almost formed in the transition state.
Consistent with the rather short Pd-Oboryl distance, the Pd-
PH3

a distance considerably lengthens to 3.112 Å. This long
distance indicates that the PH3

a ligand little interacts with the
Pd center inTS5-6. Complex6 takes a typical four-coordinate
planar structure, in which the Pd-OH distance (2.163Å) is
similar to the usual coordinate bond distance of the OH ligand.
This Pd-OH distance indicates that the OH group still
coordinates well with the Pd center after formation of the
bonding interaction between OH and Bega groups. Such
coordination of HO-Beg is not surprising because the OH group
has two lone pair orbitals on the O atom; one is used for the
interaction with the Pd center and the other is used for the
interaction with the Bega group. From6, the B-B bond scission
proceeds through the transition stateTS6-7, leading to Pd(Begb)-
(Ph)(PH3)(HO-Bega) 7. In TS6-7, the Begb group, which will
be bound with the Pd center in7, is changing its direction toward
the Pd center and the Pd-Oboryl distance becomes longer than
that of 6. The B-B and Pd-OH distances become somewhat
longer and the HO-Bega distance becomes shorter. All of these

geometry changes show that the B-B bond scission, the HO-
Bega bond strengthening, the Pd-OH bond weakening, and the
Pd-Oboryl bond scission are in progress inTS6-7. Complex7
takes a typical four-coordinate planar structure, in which the
Pd-Begb bond is formed. Also, the HO-Bega group still
coordinates well with the Pd center in7.

It is noted here that5 is understood in terms of the palladium
complex with the [diboron-OH]- adduct. Thus, the trans-
metalation occurs in a similar manner if the [diboron-OH]-

adduct is formed under the basic condition.
Geometry Changes in Dissociative Substitution of PH3

Followed by Trans-metalation.A three-coordinate complex,
trans-Pd(OH)(Ph)(PH3) 9, is formed fromtrans-Pd(OH)(Ph)-
(PH3)2 4, through dissociation of PH3 from the Pd center. In9,
the OH ligand is at a position trans to the Ph ligand, as shown
in Figure 2. Complex9 is much less stable than4 by 21.4 kcal/
mol. However,9 easily isomerizes tocis-Pd(OH)(Ph)(PH3) 10
with a very small barrier of 1.2 kcal/mol.54aComplex10 is less
stable than4 by 14.7 kcal/mol. Since10 has one vacant site at
a position trans to the Ph ligand, B2(eg)2 easily approaches this
vacant site, to affordcis-Pd(OH)(Ph)(PH3)[B2(eg)2] 11. In 11,
B2(eg)2 coordinates with the Pd center through the O atom like
6.50 However,11 is not the most stable, but12 is slightly more
stable than11by 0.5 kcal/mol.54b In 12, the Bega group interacts
with the OH ligand. In this structure, the unoccupied p orbital
of the Bega group interacts with the lone pair orbital of the OH
ligand like that of5. The B-O distance between the Bega group
and the OH ligand is 1.590 Å which is moderately longer than
that of hydroxyborane, HO-Beg, by about 0.2 Å. Because of
this bonding interaction, the Pd-OH bond becomes longer by
ca. 0.1 Å, which then strengthens the Pd-PH3 bond; actually,
this Pd-PH3 bond becomes shorter by ca. 0.04 Å. Complex12
undergoes the B-B bond scission, to afford Pd(Ph)(Begb)(PH3)-

(54) (a) Since the dissociative substitution followed by the trans-metalation is
less favorable than the associative substitution followed by the trans-
metalation, as described in the text, the reaction course involving the
dissociative substitution is not investigated in detail here. Thus, we roughly
estimated the activation barrier by calculating the energy change as a
function of the X-Pd-P angle (X) HO, F, or Cl). (b) Because of the
above reason, we did not optimize the transition state of this process.

(55) (a) Because the bulky phosphine such ast-buthylphosphine more easily
dissociates from the Pd center than small phosphine, the dissociative
substitution would occurs easier in the real reaction system than in the
model system of PH3. However, the coordination of diboron would become
difficult in such Pd complex of bulky phosphine. This means that
compensation would occur upon going from PH3 complexes to real
phosphine complexes. (b) The solvent molecule stabilizes the coordinatively
unsaturated intermediate through the coordination. However, the dissociation
of phosphine must occur first in the dissociative substitution. Thus, it is
likely to consider that the rate-determining step is dissociation of phosphine.

Figure 2. Geometry and energy changes by dissociative substitution of PH3 for diboron, B2(eg)2, followed by trans-metalation in Pd(OH)(Ph)(PH3)2. Bond
lengths are in Å and bond angles are in degrees. (a) Relative energies (kcal/mol) to the sum of reactants, in which the DFT/BS-II method was used, are in
parentheses. (b) Relative energies in diethyl ether, in which the DFT/BS-II method was used with the PCM method, are in brackets (kcal/mol).
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(HO-Bega) 13 through transition stateTS12-13. In TS12-13, the
Begb group is changing its direction toward the Pd center and
the Bega group is changing its direction toward the OH ligand.
However, the B-B distance does not become very longer, and
the geometry of the other moiety also little changes. In the
product13, HO-Beg strongly coordinates with the Pd center
like that of 7, where the Pd-OH distance is 2.260 Å.

Energy Changes in the Substitution of PH3 for B2(eg)2
followed by the Trans-metalation. Potential energy changes
along the associative substitution followed by the trans-
metalation are shown in Figure 3 (see the values in parentheses).
Apparently, the interaction of B2(eg)2 with the OH ligand yields
a considerably large stabilization energy of 17.1 kcal/mol in
5.50 Complex5 undergoes the substitution of PH3 for the Begb

group with a moderate activation barrier of 15.5 kcal/mol, to
afford 6. The intermediate6 is slightly more stable thanTS5-6

by only 1.4 kcal/mol and the transition stateTS6-7 is less stable
than 6 by 10.1 kcal/mol. Thus, the energy difference of 24.0
kcal/mol betweenTS6-7 and5 should be taken as the activation
barrier (Ea) of the reaction from5 to 7, because the reverse
reaction from6 to 5 easily takes place with a much smallerEa

value of 1.4 kcal/mol than that (10.1 kcal/mol) of the forward
reaction from6 to 7. The other important result is that the exo-
thermicity of this trans-metalation is significantly large; 32.9
kcal/mol relative to4 and 15.8 kcal/mol relative to5. From
these results, it is concluded that the associative substitution
followed by the trans-metalation takes place with a moderate
Ea value of 24.0 kcal/mol.

The energy changes along the trans-metalation via the
dissociative substitution are also shown in Figure 3. Apparently,
the dissociation of PH3 gives rise to considerably large
destabilization energy (21.4 kcal/mol). This destabilization
energy is partially recovered by the isomerization of9 to 10.
Coordination of B2(eg)2 with 10 yields considerably large
stabilization energy of 17.1 kcal/mol.50 TheEa value of the B-B
bond scission is 9.1 kcal/mol and its exo-thermicity is consider-
ably large (32.9 kcal/mol). Thus, the rate-determining step of
this dissociative substitution followed by the trans-metalation
is the dissociation of PH3 from the Pd center.55 Although the
Ea value of the B-B bond scission is much smaller than that
of the associative substitution followed by the trans-metalation,

the dissociation of PH3 gives rise to significantly large
destabilization energy. In the trans-metalation via the associative
substitution, on the other hand, B2(eg)2 approaches the OH
ligand to afford the intermediate5 with considerably large
stabilization energy of 17.1 kcal/mol. Because B2(eg)2 exists
in excess under the catalytic reaction conditions, it should be
concluded that4 completely converts to5. Although the solvent
molecule coordinates with the Pd center of coordinatively
unsaturated intermediates9 and 10 to stabilize them, the
phosphine dissociation must occur in the dissociative substitution
to afford9. This means that9 corresponds to the transition state
in the dissociative substitution. Transition stateTS6-7 is at a
much lower energy than9, whereTS6-7 and9 are at the highest
energy in the reaction course via the associative substitution
and that via the dissociative one, respectively. These results
indicate that the trans-metalation more easily takes place via
the associative substitution than that via the dissociative one.

Here, we wish to compare these two reaction courses with
free energy changes (∆G°) at 298 K. As shown in Figure 3,
the∆G° value of the process from4 to 9 is much smaller than
the potential energy change (see values in braces of Figure 3),
where the translation, rotation, and vibration movements are
considered in the estimation of the∆G° value. This is because
the dissociation of PH3 occurs in the process from4 to 9. The
next step is the isomerization from9 to 10, in which the∆G°
value is similar to the potential energy change. Upon going to
11 from 10, the∆G° value moderately decreases to-0.5 kcal/
mol. This decrease in∆G° is much smaller than that of the
potential energy change because the adduct formation of B2-
(eg)2 with the Pd center occurs in this step. Then, the B-B
bond scission takes place in the process from12 to 13, which
induces the activation free energy change (∆G0q) of 7.9 kcal/
mol. This value is similar to theEa value (9.1 kcal/mol)
evaluated from the potential energy change. In the reaction
course via the associative substitution, on the other hand, the
reaction from4 to 5 induces significantly larger∆G° value than
the potential energy change, because this process involves the
adduct formation of B2(eg)2 with the Pd center. The activation
free energy change (∆G0q) of the reaction from5 to TS5-6 is
somewhat smaller than theEa value;∆G0q ) 12.7 kcal/mol and
Ea ) 15.3 kcal/mol. This is probably because PH3 is dissociating

Figure 3. Energy changes in associative substitution of PH3 for B2(eg)2 followed by trans-metalation and dissociative substitution followed by trans-
metalation of Pd(OH)(Ph)(PH3)2. The DFT/BS-II method; kcal/mol unit. (a) Potential energy changes. (b) Gibbs free energy changes (∆Gv

0) at 298 K, where
only vibration movements are taken into consideration in the estimation of free energy. (c) Gibbs free energy changes (∆G°) at 298 K in gas-phase reaction,
where translation, rotation, and vibration movements are taken into consideration in the estimation of free energy.
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from the Pd center inTS5-6. The significant difference between
potential energy change and free energy change is observed in
6. In the potential energy change,6 is only slightly more stable
thanTS5-6, whereas it is much more stable thanTS5-6 in the
free energy change because6 is formed through PH3 dissociation
from the Pd center. The∆G0q value for the B-B bond scission
(6 f TS6-7) is 10.3 kcal/mol. Because this∆G0q value (10.3
kcal/mol) for the forward reaction (6 f 7) is somewhat smaller
than that (12.2 kcal/mol) of the reverse reaction (6 f 5), the
∆G0q value of the process from5 to 7 corresponds to the free
energy difference between5 and TS5-6. Its value (12.7 kcal/
mol) is moderately larger than the∆G° value of 8.1 kcal/mol
for PH3 dissociation (4 f 9). Also, it is noted thatTS5-6 is at
somewhat higher energy than9, whereTS5-6 and9 are at the
highest energy in the reaction course via the associative
substitution and that via the dissociative one, respectively. Thus,
it is concluded that the reaction via the dissociative substitution
more easily proceeds than that via the associative one in gas
phase.

However, the above∆G° values are considerably different
from the true∆G° value in solution, because the translation
and rotation movements are highly suppressed in solution. It is
likely to suppose that the∆Gv

0 value without contribution of
translation and rotation movements is more or less close to the
true value of the free energy change in solution (see the section
of Computations and Models). The∆Gv

0 value of the process
4 f 9 is 21.5 kcal/mol and that of the process4 f 5 is -18.0
kcal/mol (see the values in brackets of Figure 3). The difference
in free energy change between5 andTS5-6 should be taken as
an activation free energy change (∆Gv

0q) to reach7 from 5,
because the∆Gv

0q value of the forward reaction from6 to 7 is
much larger than that of the reverse reaction from6 to 5. This
∆Gv

0q value (24.4 kcal/mol) of the process from5 to 7 is
moderately larger than the∆Gv

0 value (21.5 kcal/mol) for the
PH3 dissociation (4 f 9) in the dissociative substitution.
However, the∆Gv

0 value ofTS6-7 is much smaller than that
of 9 by 15.1 kcal/mol, whereTS6-7 and9 are the most unstable
species in the reaction course via the associative substitution
and that via dissociative one, respectively. Also, it is noted that
4 completely converts not to9 but to5, since the∆Gv

0 values
indicate that5 is much more stable than4 but 9 is much less
stable than4. From these results, it should be concluded that
the associative substitution followed by the trans-metalation
takes place more favorably than the dissociative one in solution.

At the end of this section, we wish to mention the solvent
effects on these energy changes, where diethyl ether was adopted
as a model of dioxane used experimentally.10 The PCM
calculations clearly show that the solvent effects do not alter
energy changes very much, as shown in brackets of Figures 1
and 2. Solvent effects were not considered hereafter.

Electronic Processes in the B-B Bond Scission.In Pd-
(OH)(Ph)(PH3)2[B2(eg)2] 5, the electron population of OH
considerably decreases and that of Bega considerably increases,
as shown in Table 1 (see Figure 1 for Bega etc.). These are
because the charge-transfer occurs from OH to the empty p
orbital of Bega. In TS5-6, the electron population of PH3b

considerably increases and the Pd atomic population consider-
ably decreases, because PH3

b little interacts with the Pd center
and the charge-transfer from PH3

b to the Pd center becomes
very weak in this transition state. On the other hand, the electron

population of Begb somewhat decreases, because Begb starts to
form the charge-transfer interaction with the Pd center inTS5-6.

The B-B bond scission takes place in the process from6 to
7. In this process, the electron population of Bega substantially
decreases and that of Begb somewhat increases, where Bega and
Begb form bonding interactions with OH and the Pd center,
respectively (see Figure 1). Also, the electron populations of
Pd and PH3b substantially increase. These population changes
provide well understanding of the electronic process of the B-B
bond scission, as follows: Because Bega becomes bound with
the electronegative OH group in the trans-metalation, Bega

becomes positively charged, which induces polarization of B2-
(eg)2 to increase the electron population of Begb. Also, Begb

should become negatively charged because it coordinates with
the Pd center after the B-B bond scission. Thus, it is concluded
that the B-B bond scission occurs in a heterolytic manner.
However, Begb does not keep the whole electron population
that is transferred from Bega but donates some of the electron
population to the Pd center, to form the Pd-Begb coordinate
bond. The Pd-Begb coordinate bond then suppresses the
electron donation from PH3b and Ph ligands to the Pd center,
which leads to increases in electron population of these ligands.
The above-mentioned polarization of the B-B bond is similar
to that of the C-H bond of benzene in the heterolytic C-H
σ-bond activation by Pd(η2-O2CH)2.56

(56) Biswas, B.; Sugimoto, M.; Sakaki, S.Organometallics2000, 19, 3895.

Table 1. Population Changesa in the Trans-metalation Process

(A) trans-metalation of Pd(OH)(Ph)(PH3)2
via associative substitution of PH3 for B2(eg)2

4 5 TS5-6 6 TS6-7 7

Pd 0.0 -0.017 -0.228 -0.187 -0.166 -0.148
OH 0.0 -0.161 -0.228 -0.187 -0.166 -0.148
PH3

b 0.0 -0.031 -0.280 b

Bega 0.0 0.238 0.243 0.220 0.154 -0.417
Begb 0.0 0.071 0.018 -0.025 0.055 0.017

(B) trans-metalation of Pd(OH)(Ph)(PH3)2
via dissociative substitution of PH3 for B2(eg)2

4 9 10 11 12 TS12-13 13

Pd 0.0 -0.159 -0.086 -0.145 -0.182 -0.144 0.019
OH 0.0 -0.023 -0.095 -0.045 -0.195 -0.216 -0.260
Bega 0.0 0.0 0.0 -0.004 0.230 0.159 -0.432
Begb 0.0 0.0 0.0 -0.060 0.009 0.102 0.196

(C) trans-metalation of PdCl(Ph)(PH3)2
via associative substitution of PH3 for B2(eg)2

4Cl 5Cl TS5Cl-6Cl 6Cl TS6Cl-7Cl 7Cl

Pd 0.0 -0.011 -0.226 -0.192 -0.118 -0.063
Cl 0.0 0.023 0.031 0.029 -0.054 -0.323
PH3

b 0.0 0.005 0.293
Bega 0.0 0.001 -0.006 -0.006 -0.055 -0.162
Begb 0.0 0.003 -0.041 -0.076 -0.048 -0.081

(D) trans-metalation of PdCl(Ph)(PH3)2
via dissociative substitution of PH3 for B2(eg)2

4Cl 9Cl 10Cl 11Cl TS12Cl-13Cl 13Cl

Pd 0.0 -0.190 -0.066 -0.129 -0.110 -0.016
OH 0.0 0.010 -0.081 -0.027 -0.422 -0.483
Bega 0.0 0.0 0.0 -0.009 0.106 -0.234
Begb 0.0 0.0 0.0 -0.053 0.133 0.239

a Positive values represent that the population increases (vice versa).
b Because PH3b completely dissociates from the Pd center in6, TS6-7, and
7, we omitted its population change in these species.
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The similar population changes are observed in the trans-
metalation process that takes place after the dissociative
substitution of PH3 for B2(eg)2 (see Table 1B). The discussion
is omitted here not to repeat the similar discussion.

Reductive Elimination of Phenylborane, Ph-Beg.The final
step is the reductive elimination of phenylborane, Ph-Beg. Pd-
(Beg)(Ph)(PH3)(HO-Beg) 7 is a product of the associative
substitution followed by the trans-metalation. From7, the
reductive elimination proceeds through the transition state
TS7-R, to afford Ph-Beg and Pd(PH3)(HO-Beg), as shown in
Figure 4(A). InTS7-R, the B-C distance between Beg and Ph
ligands becomes somewhat shorter by 0.079 Å, whereas the
Beg and Ph ligands little change their directions toward each
others. The Pd-O distance slightly lengthens by 0.027 Å. These
geometrical features indicate that this transition state is reactant-
like. Consistent with the reactant-like transition state, theEa

value is nearly zero (-1.8 kcal/mol); note that the negativeEa

value results from artificial error due to insufficient threshold
of geometry optimization but it clearly shows that this reaction
proceeds with a very smallEa value.

Complex 13 is a product of the dissociative substitution
followed by the trans-metalation. In13, HO-Bega must
dissociate from the Pd center prior to the reductive elimination
of Ph-Bega, because HO-Bega takes a position between Ph
and Beg ligands to inhibit the mutual approach of these two
ligands, as shown in Figure 4(B). This dissociation occurs with
considerably large destabilization energy of 15.5 kcal/mol. After
that, the reductive elimination occurs with nearly no barrier (1.3
kcal/mol).

From these results, it should be reasonably concluded that
the reductive elimination is not a rate-determining process. This
is because the palladium(0) complex has d orbitals at low energy
and is favorable for the reductive elimination, as well-
known.14,17b,c

Trans-metalation of the Palladium(II) Chloro Phenyl
Complex, PdCl(Ph)(PH3)2 4Cl, with Diboron, B2(eg)2. It was
experimentally reported that the basic condition accelerated the
palladium-catalyzed borylation of aryl halide with diboron.10

In similar cross-coupling reaction, it was also reported that PdCl-
(vinyl)(PR3)2 did not undergo the cross-coupling reaction with
the organic boron ester but the methoxo analogue easily
underwent it.44a To clarify the ligand effects in the trans-
metalation, we investigate here the trans-metalation of PdCl-
(Ph)(PH3)2 4Cl with B2(eg)2. From4Cl, the associative substi-
tution followed by the trans-metalation proceeds through
geometry changes shown in Figure 5. Although the transition
stateTS5Cl-6Cl of the PH3 dissociation is essentially the same
asTS5-6 of the OH analogue, the precursor complex5Cl, the
transition stateTS6Cl-7Cl, and the product7Cl considerably differ
from the corresponding species of the OH system, as follows:
In 5Cl, B2(eg)2 does not interact with the Cl ligand, while it
forms a considerably strong bonding interaction with the OH
ligand in 5. Consistent with the absence of the bonding
interaction between the Cl ligand and B2(eg)2, 5Cl is moderately
more stable than4Cl, while 5 is much more stable than4 in
the OH system, which will be discussed below. The transition
stateTS6Cl-7Cl of the Cl system is considerably different from
TS6-7 of the OH system, as follows: (1) InTS6Cl-7Cl, any Beg
group does not interact with the Cl ligand, while the Bega group
keeps a strongly bonding interaction with the OH ligand in
TS6-7. (2) In TS6Cl-7Cl, two boryl groups seem to interact with
the Pd center. This structure suggests that the Pd center takes
+4 oxidation state; in other words, the B-B bond scission
proceeds in a homolytic manner. In the product7Cl, the Bega

group interacts with both the Cl ligand and the Oboryl atom of
Begb, while the Bega group strongly interacts with only the OH
ligand in7. This is reasonably interpreted in terms that the Bega

group still needs a charge-transfer interaction with the lone pair

Figure 4. Geometry and energy changes by reductive eliminaiton of phenylborane. Bond lengths are in Å and bond angles are in degree. Relative energies
to the sums of reactants (the DFT/BS-II method; kcal/mol unit) are in parentheses.
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orbital of the O atom of the Begb group since the bonding
interaction between the Bega group and the Cl ligand is not
sufficiently strong, as discussed above. All of these features
arise from the fact that the Cl ligand is less donating than the
OH ligand.

The dissociative substitution followed by the trans-metalation
of PdCl(Ph)(PH3)2 8 takes place, as shown in Figure 6. Complex

8 undergoes dissociation of PH3 from the Pd center to afford
PdCl(Ph)(PH3) 9Cl in which Cl is at a position trans to Ph.
Complex10Cl, in which Cl is at a position cis to Ph, is more
stable than9Cl by 4.7 kcal/mol. This isomerization from9Cl
to 10Cl easily occurs with a very small activation barrier of
about 0.4 kcal/mol.54aB2(eg)2 approaches the Pd center of10Cl,
to afford an adduct PdCl(Ph)(PH3)[B2(eg)2] 11Cl. In 11Cl, B2-

Figure 5. Geometry and energy changes by associative substitution of PH3 for diboron, B2(eg)2, followed by trans-metalation in PdCl(Ph)(PH3)2. Bond
lengths are in Å and bond angles are in degree. Relative energies to the sums of reactants (the DFT/BS-II method; kcal/mol unit) are in parentheses.

Figure 6. Geometry and energy changes by dissociative substitution of PH3 for diboron, B2(eg)2, followed by trans-metalation in PdCl(Ph)(PH3)2. Bond
lengths are in Å and bond angles are in degree. Relative energies to the sums of reactants (the DFT/BS-II method; kcal/mol unit) are in parentheses.
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(eg)2 coordinates with the Pd center through the lone pair orbital
of the Oboryl atom.50 Although the intermediate12was optimized
in the OH system, the similar intermediate could not be
optimized in the Cl system. This is because the Cl ligand does
not have enough ability to form a bonding interaction with the
Beg group, of which reason will be discussed below. Thus, the
B-B bond scission takes place upon going from11Cl to Pd-
(Begb)(Ph)(PH3)(Cl-Bega) 13Cl through the transition state
TS11Cl-13Cl. In TS11Cl-13Cl, the Pd-Begb distance is 2.199 Å,
which suggests that the Pd-Begb bond has been almost formed.
The other Bega group, that is approaching the Cl ligand, changes
its direction from the Begb group toward the Pd center. The
Cl-Bega distance is still long (1.934 Å), which represents that
the covalent bond between the Bega group and the Cl ligand
has not been formed in this transition state. The rather short
Pd-Bega distance (2.395 Å) indicates that some bonding
interaction is formed between the Pd center and the Bega group.
On the other hand, the long B-B distance (2.136 Å) indicates
that the B-B bond is almost broken in this transition state. These
geometrical features suggest that four anion ligands coordinate
with the Pd center inTS11Cl-13Cl; in other words, the Pd center
takes +4 oxidation state in this transition state like that in
TS6Cl-7Cl of the trans-metalation via the associative substitution.
Consistent with this suggestion,TS11Cl-13Cl takes a distorted
square pyramidal structure in which the Cl and PH3 ligands are
at axial positions and the Ph and two Beg groups are on the
equatorial plane; actually, the dihedral angle (199°) between
the Ph-Pd-B plane and the Pd-B-B plane is close to 180°.
In 13Cl, Cl-Bega weakly coordinates with the Pd center, where
the Pd-Cl distance (2.605Å) is much longer than that of4Cl.
This structure is somewhat different from7Cl, as follows: The
B-Oboryl distance (2.761Å) between Cl-Bega and the Begb

group is very long in13Cl, whereas7Cl possesses a strongly
bonding interaction between Cl-Bega and Begb.

Significant difference in the population change is observed
between the Cl and OH systems. As shown in Table 1, parts C
and D, the electron populations of Bega and Begb are similar to
each other inTS6Cl-7Cl and TS12Cl-13Cl of the Cl system,
whereas the electron population of Bega decreases but that of
Begb increases inTS6-7 andTS12-13 of the OH system. These
similar electron populations of Bega and Begb in the Cl system
are consistent with the above-discussed feature that the B-B
bond scission occurs in a homolytic manner in the Cl system.
The discussion of the other population changes is omitted here
for brevity (see Supporting Information Figures S-6-S-8).

Energy changes by the associative substitution followed by
the trans-metalation are shown in Figure 7. The activation barrier
of the PH3 substitution is calculated to be 15.2 kcal/mol. This
activation barrier is similar to that of the PH3 substitution in
Pd(OH)(Ph)(PH3)2. In the next step, the B-B bond scission
occurs throughTS6Cl-7Cl with a considerably large activation
barrier of 17.8 kcal/mol, which is 2 times as large as that of the
OH system. Because6Cl is only slightly more stable in energy
thanTS5Cl-6Cl, the real activation barrier to reach7Cl from 5Cl
corresponds to the energy difference betweenTS6Cl-7Cl and5.
This value (32.4 kcal/mol) is substantially large. Thus, the
associative substitution followed by the trans-metalation is much
more difficult in PdCl(Ph)(PH3)2 than that of the OH analogue.
The reasons are easily understood by comparing the geometry
of TS6Cl-7Cl with that of TS6-7, as follows: The HO-Bega

bonding interaction is formed in6 andTS6-7 of the OH system.
This means that the B-B bond of6 is weakened by the HO-
Bega bonding interaction. Moreover, the HO-Bega bonding
interaction becomes stronger upon going from6 to 7, to
compensate the destabilization induced by the B-B bond
breaking. Actually, the HO-Bega distance becomes shorter upon
going to7 from 6, as discussed above (see also Figure 1). Also,
this bonding interaction induces the polarization of B2(eg)2,
which facilitates the heterolytic B-B bond scission. In6Cl and
TS6Cl-7Cl, on the other hand, the Bega group cannot form a
bonding interaction with the Cl ligand. Thus, the energy
destabilization by the B-B bond breaking cannot be compen-
sated by the strengthening of the Cl-Beg bonding interaction.
Also, the heterolytic B-B bond scission becomes difficult
because of the absence of the interaction between B2(eg)2 and
the Cl ligand. As a result, the B-B bond scission must proceed
in a homolytic manner. In the transition state of this homolytic
B-B bond scission, the Pd center must take+4 oxidation state.
This is very difficult because the Pd atom has d-orbitals at low
energy.14,17b,cThus, the trans-metalation in the Cl system requires
much larger activation barrier than that of the OH system. This
conclusion does not change, even if we discuss the results with
the free energy change, as follows: The activation free energy
change (∆Gv

0q) upon going toTS6Cl-7Cl from 5Cl is 34.0 kcal/
mol. This is much larger than that (24.4 kcal/mol) of the OH
system. If we adopt the∆G° value in gas-phase reaction, the
activation free energy change (∆G0q) of the trans-metalation
corresponds to the free energy difference betweenTS6Cl-7Cl and
6Cl. This value is 20.3 kcal/mol in the Cl system, which is
much larger than the∆G0q value (11.3 kcal/mol) in the OH
system. In both free energy estimations, the Cl system requires
much larger∆G0q value than does the OH system.

Energy changes by the dissociative substitution followed by
the trans-metalation of PdCl(Ph)(PH3)2 are shown in Figure 7,
too. The PH3 dissociation gives rise to considerably large

Figure 7. Energy changes in associative substitution of PH3 for B2(eg)2
followed by trans-metalation and dissociative substitution followed by trans-
metalation of PdCl(Ph)(PH3)2. The DFT/BS-II method; kcal/mol unit. (a)
Potential energy changes. (b) Gibbs free energy changes (∆Gv

0) at 298 K,
where only vibration movements are taken into consideration in the
estimation of free energy. (c) Gibbs free energy changes (∆G°) at 298 K in
gas-phase reaction, where translation, rotation, and vibration movements
are taken into consideration in the estimation of free energy.
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destabilization energy of 25.4 kcal/mol, which is similar to the
destabilization energy of the OH system. The isomerization from
9Cl to 10Cl takes place with nearly no barrier (0.02 kcal/mol),54a

like that of the OH system. B2(eg)2 interacts with10Cl, to afford
11Cl. One significant difference between11 and11Cl is that
the energy stabilization by coordination of B2(eg)2 is smaller
in 11Cl than that in11. The next step is the B-B bond scission
which needs a considerably largeEa value of 29.4 kcal/mol.
The ∆G0q value of this step is also very large;∆G0q in gas
phase is 30.3 kcal/mol and∆Gv

0q is 30.3 kcal/mol. These values
are much larger than those of the OH complex (7.9 and 8.0
kcal/mol, respectively). The reason is again attributed to the
weak Cl-Beg bonding interaction, as discussed above.

From these results, it should be clearly concluded that the
trans-metalation of PdCl(Ph)(PH3)2 occurs with much difficulty
in both reaction course via the associative substitution and that
via the dissociative one. This conclusion agrees well with the
experimental result that the basic condition accelerates the
palladium-catalyzed cross-coupling reaction of aryl halide with
diboron10 but PdCl(vinyl)(PPh3)2 is inert to the cross-coupling
reaction with organic boron compound.44a

Trans-metalation of the Palladium(II) Fluoro Phenyl
Complex, PdF(Ph)(PH3)2 4F, with Diboron, B2(eg)2. Also,
we investigate the trans-metalation of PdF(Ph)(PH3)2 4F with
B2(eg)2, to elucidate the ligand effects in the trans-metalation.
In the associative substitution of PH3 for B2(eg)2, B2(eg)2
approaches4F to afford an adduct, PdF(Ph)(PH3)2[B2(eg)2] 5F,
as shown in Figure 8. This adduct5F is essentially the same as
5Cl, since the Bega group is considerably distant from the F
ligand. However, the transition state,TS5F-6F, through which
PH3 is substituted for B2(eg)2, is much different fromTS5Cl-6Cl

of the Cl system but essentially the same asTS5-6 of the OH
system. For instance, the F-Bega distance (1.639 Å) is rather

short inTS5F-6F like that of the OH system. The transition state
TS5F-6F takes a trigonal bipyramidal structure, which is a typical
transition state of the associative substitution in the d8 metal
system. In the intermediate PdF(Ph)(PH3)[B2(eg)2] 6F, the
F-Bega distance is short (1.651 Å) and the Begb group
coordinates to the Pd center with the lone pair orbital on the
Oboryl atom of Begb like that of6.50 The B-B bond scission of
6F takes place through the transition stateTS6F-7F, to afford
Pd(Ph-Begb)(PH3)(F-Bega) 7F. Complex7F is a final product
after the reductive elimination of Ph-Beg. This means that the
reductive elimination very easily occurs in the fluoro system,
probably because the Ph and Beg groups take positions cis to
each other and F-Bega does not coordinate well with the Pd
center not to stabilizecis-Pd(Ph)(Begb)(PH3)(F-Bega).

Geometry changes in the dissociative substitution followed
by the trans-metalation are shown in Figure 9. Complex4F
undergoes the PH3 dissociation from the Pd center, to afford
Pd(F)(Ph)(PH3) 9F of which geometry is similar to those of9
and9Cl. Complex10F, in which the F ligand is at a position
cis to the Ph ligand, is somewhat more stable than9F. B2(eg)2
coordinates with the Pd center of11F through the lone pair
orbital on the Oboryl atom of Begb. In 12F, B2(eg)2 interacts with
both the Pd center and the F ligand, like that of12, whereas
12F is less stable than11F.54b In 12F, the B-B bond scission
occurs through the transition stateTS12F-13F to afford an
intermediate Pd(II) complex, Pd(Ph)(Begb)(PH3)(F-Bega) 13F.
The geometry ofTS12F-13F well resembles that ofTS6F-7F. In
this reaction course, the intermediate13F is formed unlike the
reaction course via the associative substitution. This is because
F-Bega takes a position between Ph and Begb ligands to
suppress the reductive elimination of Ph-Begb. In other words,
the reductive elimination cannot proceed without the dissociation
of F-Bega from the Pd center in13F. The dissociation of

Figure 8. Geometry and energy changes by associative substitution of PH3 for diboron, B2(eg)2, followed by trans-metalation in PdF(Ph)(PH3)2. Bond
lengths are in Å and bond angles are in degree. Relative energies to the sums of reactants (the DFT/BS-II method; kcal/mol unit) are in parentheses.
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F-Bega occurs with moderate destabilization energy of 8.2 kcal/
mol. After the dissociation, the reductive elimination easily takes
place like that of the OH system, as discussed above.

Energy changes by these two reaction courses are shown in
Figure 10. In the associative substitution followed by the trans-
metalation, B2(eg)2 interacts with4F to yield the stabilization
energy of 10.7 kcal/mol. TheEa value for the PH3 substitution
is 12.6 kcal/mol. Although the trans-metalation (6F f 7F)
occurs with the moderateEa value of 11.6 kcal/mol, the total
Ea value of the process from 5F to 7F corresponds to the energy
difference between5F andTS6F-7F, because6F is only slightly
more stable thanTS5F-6F like that of the OH system. ThisEa

value is 24.2 kcal/mol, which is similar to that (24.0 kcal/mol)
of the OH system but much smaller than that (32.4 kcal/mol)
of the Cl system.

In the dissociative substitution followed by the trans-
metalation, the first step is the dissociation of PH3 from the Pd
center, which gives rise to a very large destabilization energy
of 25.2 kcal/mol like that of the other systems. The isomerization
from 9F to 10F easily occurs with nearly no barrier (1.7 kcal/
mol with the DFT/BS-I method and-0.4 kcal/mol with the
DFT/BS-II method).54a The coordination of B2(eg)2 with 10F
leads to11F with a considerably large stabilization energy of
18.9 kcal/mol. The trans-metalation requires theEa value of 12.8
kcal/mol. ThisEa value is moderately larger than that (9.1 kcal/
mol) of the OH system but much smaller than that (29.4 kcal/
mol) of the Cl system, too. Thus, it should be clearly concluded
that the trans-metalation of the F system can take place with a
similarEa value to that of the OH system. The discussion based
on the ∆Gv

0 value provides the same conclusion, which is

Figure 9. Geometry and energy changes by dissociative substitution of PH3 for diboron, B2(eg)2, followed by trans-metalation in PdF(Ph)(PH3)2. Bond
lengths are in Å and bond angles are in degree. Relative energies to the sums of reactants (the DFT/BS-II method; kcal/mol unit) are in parentheses.

Figure 10. Energy changes in associative substitution of PH3 for B2(eg)2 followed by trans-metalation and dissociative substitution followed by trans-
metalation of PdF(Ph)(PH3)2. The DFT/BS-II method; kcal/mol unit. (a) Potential energy changes. (b) Gibbs free energy changes (∆Gv

0) at 298 K, where
only vibration movements are taken into consideration in the estimation of free energy. (c) Gibbs free energy changes (∆G°) at 298 K in gas-phase reaction,
where translation, rotation, and vibration movements are taken into consideration in the estimation of free energy.
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omitted here. Because the trans-metalation of the F system
induces similar population changes to those of the OH system,
the discussion of population changes is omitted here, too (see
Supporting Information Figure S-8).

Summary of Energy Changes.The first step is the oxidative
addition of aryl halide to the palladium(0) complex. The
products arecis- and/or trans-Pd(I)(Ph)(PH3)2. As discussed
above, it is likely to consider experimentally that both the
isomerization from the cis form to the trans form and the
substitution of halide for OH- easily take place.2a,53Actually,
trans-Pd(OH)(Ph)(PH3)2 is much more stable thantrans-Pd(I)-
(Ph)(PH3)2 by 35.1 kcal/mol in diethyl ether. The next step is
either the associative substitution of PH3 for B2(eg)2 or the
dissociative substitution of PH3 for B2(eg)2. B2(eg)2 can form a
stable adduct with Pd(OH)(Ph)(PH3)2 and PdF(Ph)(PH3)2,
because B2(eg)2 exists in excess under the catalytic reaction
conditions. On the other hand, the dissociation of PH3 from the
Pd center gives rise to significantly large destabilization energy.
Thus, the associative substitution takes place more easily than
does the dissociative substitution. The discussion based on the
∆Gv

0 value leads to the same conclusion, as discussed above,
whereas the∆G° value leads to the different conclusion that
the reaction via the dissociative substitution more easily occurs
than that via the associative one in gas phase. After the
dissociative substitution, the trans-metalation of Pd(OH)(Ph)-
(PH3)[B2(eg)2] takes place to afford Pd(Beg)(Ph)(PH3)(HO-
Beg). The final step is the reductive elimination of Ph-Beg which
easily proceeds with nearly no barrier in the reaction course
via the associative substitution. In the reaction course via the
dissociative substitution, the X-Beg moiety must dissociate from
the Pd center with considerable destabilization energy of about
8 kcal/mol, and then the reductive elimination proceeds with
nearly no barrier.

The free energy changes by the reaction via the associative
substitution are summarized here, while the free energy changes
by the reaction via the dissociative substitution are omitted
because this reaction course is less favorable than that via the
associative substitution in solution. The∆Gv

0 value provides
almost the same energy changes as those of potential energy
changes. The∆Gv

0q value of the trans-metalation increases in
the order OH (24.4)< F (25.3), Cl (34.0) and the∆Gv

0 value
also increases in the order F (-60.0)< OH (-54.5), Cl (10.2),
where parentheses are∆Gv

0q and ∆Gv
0 values (in kcal/mol),

respectively. These results agree with the experimental results
that the basic condition accelerates this cross-coupling reaction10

and that Pd(OMe)(vinyl)(PPh3)2 undergoes the cross-coupling
reaction with organic boron compound but the Cl analogue does
not.44 These results lead to theoretical prediction that not only
the basic condition but also addition of fluoride anion accelerates
this catalytic reaction.

Here, we wish to mention the second catalytic cycle. Since
the product of the reductive elimination is Pd(PH3)(L) (L )
HO-Beg or Ph-Beg), there are several possibilities in the
second cycle. If phosphine coordinates with the Pd center, then
the second cycle is the same as the first cycle. If the oxidative
addition of iodobenzene to Pd(PH3)(L) occurs, the second cycle
becomes different from the first one. Also, coordination of either
B2(eg)2 or Lewis base such as OAc- and OH- with the Pd(0)
center changes the catalytic cycle. Actually, coordination of

Lewis base with the Pd(0) center was experimentally reported.57

Thus, the second cycle depends on the coordination abilities of
phosphine, B2(eg)2, and OH-, the reactivity of iodobenzene,
and the reaction conditions. The investigation of the second
cycle needs a long CPU time, and it will be investigated in a
near future. However, Pd(OH)(Ph)(PH3)[B2(eg)2] is formed in
all these cases and the trans-metalation process occurs in the
similar way to that of the first cycle.

Reasons of Differences between the Cl Ligand and Such
Lignads as OH and F. It is of considerable importance to
clarify the reason that the palladium chloro complex does not
undergo the trans-metalation with diboron but the fluoro and
hydroxo complexes easily undergo it. In the trans-metalation,
the Pd-X and B-B bonds are broken, while the X-Beg and
Pd-Beg bonds are formed. Also, X-Beg still coordinates with
the Pd center in the product. Thus, we must consider the Pd-
X, X-Beg, and Pd-(X-Beg) bond energies in the discussion.
The X-Beg bond energy was evaluated with eq 1, where
geometries of‚Beg and‚X were optimized with the DFT/BS-I
method.

As shown in Table 2, the F-Beg and HO-Beg bond energies
are significantly large, while the Cl-Beg bond energy is small.
The I-Beg bond energy is further smaller than the Cl-Beg
bond energy. The Pd-X bond energy was defined as energy
difference between Pd(X)(Ph)(PH3)2 and the sum of‚Pd(Ph)-
(PH3)2 and ‚X (see eq 2), where

‚Pd(Ph)(PH3)2 and ‚X were calculated with the DFT/BS-II//
DFT/BS-I method. This bond energy becomes stronger in the
order Pd-I < Pd-OH < Pd-Cl < Pd-F. The Pd-(X-Beg)
bond energy was defined as the energy difference between the
left-hand side and the right-hand side of eq 3, where the DFT/
BS-II//DFT/BS-I method was used. This bond becomes

(57) Amatore, C.; Jutand, A.; Thuilliez, A.Organometallics2001, 20, 3241.

Table 2. Bond Energies of the X-Beg, Pd-X, and Pd-(X-Beg)
Bonds

(A) X-Beg bond energya

HO F Cl I

DFT 147.3 166.4 118.5 86.2
MP2 152.9 169.0 123.4 90.5
MP3 146.3 161.3 120.5 87.5
MP4(DQ) 145.9 161.5 119.0 86.3
MP4(SDQ) 151.7 162.3 119.2 91.7
CCSD 145.4 161.4 118.6
CCSD(T) 147.0 162.9 120.3

(B) Pd-X and Pd-(X-Beg) bond energiesb

Pd−X Pd−(X−Beg)

HO 66.0 15.5
Cl 81.0 10.1
F 93.6 8.2

a In kcal/mol. BS-II was used, where the geometries were optimized with
the DFT/BS-I method.b In kcal/mol. The DFT/BS-II//DFT/BS-I method
was used.

X-Begf ‚ X + ‚Beg (1)

trans-PdX(Ph)(PH3)2 f trans-‚Pd(Ph)(PH3)2 + ‚X (2)

cis-Pd(Ph)(Beg)(PH3)(X-Beg) f

cis-Pd(Ph)(Beg)(PH3) + X-Beg (3)
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weaker in the order HO-Beg> Cl-Beg> F-Beg, as shown
in Table 2. When X is OH, the weak Pd-OH bond is broken
but the very strong HO-Beg bond is formed. Also, Pd-(HO-
Beg) bond is strongest in these species. Although the Pd-F
bond is somewhat stronger than the Pd-Cl bond by 12.6 kcal/
mol and the Pd-(F-Beg) bond is slightly weaker than the Pd-
(Cl-Beg) bond by 1.9 kcal/mol, the F-Beg bond is much
stronger than the Cl-Beg bond. Thus, the product of the trans-
metalation is the most stable when X is either OH or F.

The next issue is to explain these results of bond energy.
Because the reactivity of trans-metalation mainly depends on
the X-Beg bond energy, we wish to concentrate on the X-Beg
bond here. On the basis of Hu¨ckel theory, the stabilization
energy (∆Ecov) of

the covalent bond formation is given by eq 4, when two orbitals,
øA andøB, are well separated in energy.27b,58In eq 4,εA andεB

are orbital energies oføA andøB, respectively (see Scheme 4),
and â is a usual resonance integral. This simple eq indicates
that the ∆Ecov value increases with an increase in energy
difference betweenεA andεB. The valence orbital of the Beg
group is at a higher energy than those of the F, Cl, and I atoms
and that of the OH group, as shown in Table 3. This means
that the X-Beg bond energy becomes larger as the valence
orbital of X becomes lower in energy. The orbital energy
becomes higher in the order F< OH ≈ Cl < I, which indicates
that theσ-covalent bond becomes stronger in the order I< Cl
≈ OH < F. Besides theσ-covalent bond, theπ bonding
interaction is formed between the occupied pπ orbital of X and
the unoccupied pπ orbital of Beg.28 Actually, the occupied pπ
orbital of OH and F can form strongerπ-bonding interaction
with the unoccupied pπ orbital of Beg than does the occupied
pπ orbital of Cl, as shown in Figure 11.59 The π bond is not
formed well between I and Beg. Thus, the F and OH groups
are more favorable than the Cl ligand. The I atom is the worst

for the bonding interaction because its valenceσ-orbital is at a
high energy and theπ bonding interaction with the Beg group
is very weak.

In the transition state, the X-Begσ-bond is not completely
formed but the charge-transfer interaction between the X ligand
and the Beg group is formed. Here, we investigate the bonding
interaction between the X- group and the empty pπ orbital of
Beg. As shown in Table 3, the pπ orbital energy of X in PdX-
(Ph)(PH3)2 decreases in the order X) Cl > OH > F. Thus,
these orbital energies suggest that the charge-transfer interaction
becomes stronger in the order F< OH < Cl, which is not
consistent with the strength of the bonding interaction between
the X ligand and B2(eg)2. However, the ionization potential of
X- calculated with the∆SCF method decreases in the order I-

> Cl- > F- > OH-, which differs from the increasing order
of orbital energy. This result suggests that the charge-transfer
induces considerably large relaxation energy and that the OH
ligand can form strong charge-transfer interaction with the Beg
group, while itsπ orbital is at a lower energy than that of the
Cl ligand. The next is the F ligand, and the Cl and I ligands are
unfavorable for the charge-transfer interaction.

Also, the electrostatic interaction between the X ligand and
the B atom of Beg contributes to the interaction between the X
ligand and the Beg group. The negative charge of the X ligand
increases in the order Cl< F < OH (see Table 3). Because the
B atom of Beg is positively charged, the electrostatic interaction
becomes stronger in the order Cl< F < OH. From all these
factors, the interaction between the X ligand and the Beg group
increases in the order Cl< F < OH.60

Conclusions

Trans-metalation process involved in the palladium-catalyzed
borylation of iodobenzene with diboron was theoretically
investigated with the DFT method. We investigated two reaction
courses of trans-metalation; one is the associative substitution
of the PH3 ligand for B2(eg)2 followed by the trans-metalation
and the other is the dissociative substitution followed by the
trans-metalation. Because B2(eg)2 can form a considerably stable
adduct with PdX(Ph)(PH3)2 when X is either OH or F, the
associative substitution followed by the trans-metalation more
easily occurs than does the dissociative substitution followed

(58) Biswas, B.; Sugimoto, M.; Sakaki, S.Organometallics1999, 18, 4015.

(59) The B-O distance of the Beg moiety in X-Beg slightly depends on the
pπ-pπ bonding interaction between the X and Beg groups; the B-O
distance is 1.378Å in HO-Beg, 1.368Å in F-Beg, 1.364Å in Cl-Beg,
and 1.360Å in I-Beg. These results clearly indicate that theπ-bonding
interaction between I and Beg groups is very weak.

(60) AcO-Beg bond energy is calculated to be 130.0 kcal/mol with the DFT/
BS-II/DFT/BS-I method. This value is smaller than the HO-Beg and
F-Beg bond energies but much larger than the Cl-Beg bond energy.
Although the Pd-OAc and Pd-(AcO-Beg) bond energies should be
considered in the discussion, the large AcO-Beg bond energy suggests
that the palladium acetate complex is one of candidates of good catalysts.
Actually, the AcO salt was experimentally used in the first report of
Ishiyama et al.10

Table 3. Orbital Energies of HO, F, Cl, I, and Beg, and Ionization Potential of X- a

HO F Cl I Beg

orbital energy of neutral radicalb -11.13 -15.0 -11.13 -9.11 -6.08
orbital energy in PdX(Ph)(PH3)2

c -10.25 -11.4 -9.93
NBO charge of X in PdX(Ph)(PH3)2

d -0.713 -0.786 -0.699
ionization potential of X- e -0.16 1.39 2.18 2.46

(0.26) (1.85) (2.75) (2.95)

a Hartree-Fock orbital calculated with the BS-II set. b Energies (eV) of singly occupied orbital of F, Cl, and I atoms and OH radical.c The lone pair
orbital energy in PdX(Ph)(PH3)2. d The DFT/BS-II method.e The∆SCF calculation with the CCSD(T) method. In parentheses are the DFT-calculated values.

Scheme 4

∆Ecov ) εB - εB + â2/(εB - εA) (4)
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by the trans-metalation. This trans-metalation easily takes place
through a four-center transition state with a moderate activation
barrier, when either the OH ligand or the F ligand coordinates
with the Pd center. In the transition state, the B-B bond
breaking, the Pd-X (X ) OH or F) bond weakening, and the
Pd-Beg bond formation are in progress, and the X-Beg
bonding interaction is becoming stronger. From these features,
it should be concluded that the strengthening of the X-Beg
bonding interaction compensates the weakening of the Pd-X
and B-B bonds, to accelerate the trans-metalation. Also, this
X-Beg interaction induces the polarization of B2(eg)2 to
facilitate the heterolytic B-B bond scission. These results
present the clear understanding of the experimental result that
the basic condition accelerates the palladium-catalyzed bor-
ylation of aryl halide with diboron and lead to the prediction
that the fluoro ligand induces the similar acceleration. The
electron re-distribution in the trans-metalation also shows that
the B-B bond scission occurs in a heterolytic manner. It is the
other important feature of this trans-metalation. When the chloro
ligand coordinates with the Pd center, on the other hand, the
trans-metalation takes place with difficulty. This is because the
chloro ligand cannot form the strongly bonding interaction with
the Beg group. Actually, the Cl-Beg bond energy is much
smaller than the HO-Beg and F-Beg bond energies. Because
of the absence of the Cl-Beg interaction, the B-B bond scission
occurs in a homolytic manner in the Cl system, which is very
difficult in the Pd(II) complex. The final step is the reductive
elimination of phenylborane. Since the reductive elimination
occurs very easily, acceleration of this trans-metalation leads
to more efficient palladium-catalyzed borylation of aryl halides
with diboron.

In conclusion, the fundamental features of the trans-metalation
process are clearly shown here. Our intention here is to present
the first theoretical report of the trans-metalation of transition-
metal complexes and the theoretical prediction that not only

Lewis base but also the fluoro ligand accelerates the trans-
metalation process. The successful result of this palladium-
catalyzed borylation of aryl halides is attributed to the charac-
teristic feature of the boryl group; it is the presence of the empty
pπ orbital on the B atom with which the Beg group forms a
bonding interaction with the X ligand to accelerate the hetero-
lytic B-B bond scission. The similar features are expected to
be observed in Suzuki-Miyaura coupling reaction, of which
theoretical study is under progress now in our laboratory.
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Figure 11. Contour maps of HOMO of X-Beg (X ) OH, F, Cl, or I) Hartree-Fock calculation with BS-II. Contour values are 0.0,(0.0125,(0.025, ....
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