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a b s t r a c t

DFT calculations have been used to explore the full catalytic cycle of the Suzuki–Miyaura coupling
between PhBr and PhB(OH)3

− with four different palladium monophosphine catalysts derived from
Pd(PMe3)2, Pd(P(CF3)3)2, Pd(PPh3)2 and Pd(PtBu3)2. All the steps of the reaction have been studied and
the differences between the ligands have been analyzed; special attention has been devoted to the ligand
dissociation and catalyst regeneration processes, as well as the typical cross-coupling steps of oxidative
ransition states
ransmetallation
xidative addition
eductive elimination
ensity functional theory

addition, transmetallation and reductive elimination. Multiple linear regressions of the computationally
derived energy barriers have been carried out in order to quantify the ligand effects of the different
phosphines on the key steps of the reaction. These ligand effects, relevant to the catalytic activity, are
described in terms of the phosphine donor/acceptor and steric features. The regression models show
that oxidative addition is mainly governed by electronic effects whereas the transmetallation and the
reductive elimination processes are controlled by a mixture of both ligand effects. For transmetallation,

ands
electron-withdrawing lig

. Introduction

The Suzuki–Miyaura coupling is one of the most widely used
ethods for the formation of carbon–carbon bonds. In this reac-

ion an organoboron compound (normally an organoboronic acid)
s coupled with an organic halide or triflate in the presence of a
alladium catalyst and a base [1] (Eq. (1)). The high tolerance of the
eaction conditions towards functional groups, as well as the low
oxicity and ready availability of boronic acids have made these lat-
er one of the favourite reagents in cross-coupling reactions [2–11].

− B(OH)2 + R′ − X
[Pd]−−−−→
base

R − R′ + X − B(OH)2 (1)

The main steps in the generally accepted catalytic cycle for the
uzuki–Miyaura coupling are shown in Scheme 1. Many of these
teps are identical to or analogous to processes that occur in other
alladium-catalyzed cross-coupling reactions. The potential appli-
ations of this reaction in organic synthesis have been studied from
oth experimental [2,7,12–16] and computational [17–21] points

f view.

Among all the existing catalysts for this reaction, the most effec-
ive are the palladium/ligand systems. Recently, the introduction of
terically bulky, electron-rich ligands [7,22–28] has enabled many

� This paper is part of a special issue on Computational catalysis.
∗ Corresponding author.

E-mail address: Jeremy.Harvey@bristol.ac.uk (J.N. Harvey).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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lower the energy barrier.
© 2010 Elsevier B.V. All rights reserved.

of the previous experimental limitations of the Suzuki–Miyaura
coupling reaction to be overcome. For example, it is now possi-
ble to use less reactive aryl chloride electrophiles [3], to work with
sterically hindered systems [29], to incorporate alkyl chlorides and
alkyl boron partners [30], and to use lower reaction temperatures
and catalyst loadings [24]. The preferred ligands for this cross-
coupling reaction are usually phosphines although carbenes have
also proven successful [31–36].

One of the most controversial points when using palla-
dium/phosphine systems as catalyst is the nature of the active
catalytic species. Frequently, two equivalents of phosphine are
either present in the catalyst precursor or added in the mixture,
and it is at first sight reasonable to assume that they remain on the
metal throughout the whole reaction. However, bulky electron-rich
phosphines tend to increase the reaction performance and it has
been proposed that monophosphine species can act as catalysts as
well [12,25,29,37–43].

Computational studies dealing with individual steps related to
this reaction such as oxidative addition [41,42,44–50], transmet-
allation [4,18,51–55] or reductive elimination [56–59] have been
published as well as some that analyze the full catalytic cycle of the
Suzuki–Miyaura coupling [19,40,60]. In most of these publications,
model systems are used to describe the phosphines: PH3 or PMe3;

or the reactants: vinyl instead of aryl. Hence computational stud-
ies of this reaction with real catalysts and substrates are relatively
scarce in the literature. In this work, new density functional theory
(DFT) calculations on the full catalytic cycle of the Suzuki–Miyaura
coupling between PhBr and PhB(OH)3

− are reported. The

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:Jeremy.Harvey@bristol.ac.uk
dx.doi.org/10.1016/j.molcata.2010.02.021
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Scheme 1. General catalytic cycle for the Suzuki–Miyaura coupling.

eaction is studied using different palladium monophosphine cat-
lysts derived from PMe3, P(CF3)3, PPh3 and PtBu3. These four
hosphines cover a wide range of electronic and steric features of
his ligand family. Some additional calculations with the simpler,
ess realistic, PH3 ligand were also carried out, and the results, not
eported in detail here, are in very good agreement with previous
3LYP calculations on the same species [18].

Besides analyzing the common steps in cross-coupling reac-
ions, namely oxidative addition, transmetallation and reductive
limination, special attention has been devoted to the less studied
teps of the reaction such as the catalyst activation and regener-
tion. We have made one assumption concerning the degree of
igation of the metal centre. There is significant evidence [41–43]
hat for large, synthetically relevant, electron-rich phosphine lig-
nds such as PtBu3, most of the key intermediates in the catalytic
ycle involve only a single phosphine ligand. Though this could in
rinciple be different for other ligands, we have chosen to model all
pecies in the catalytic cycle except the starting Pd(PR3)2 as involv-
ng a single phosphine ligand. A further reason to prefer a single
igand is that it has been found previously that oxidative addition
o Pd(0) is much more facile when there is a single ligand bonded
o palladium [61].

We use the well-established B3LYP functional throughout in our
FT calculations. Recent work suggests that this functional is not
uantitatively accurate due among other deficiencies to the neglect
f dispersion effects. This error can be particularly relevant when
onsidering ligand dissociation from metal complexes [62–65], and
urther work might therefore be needed to obtain quantitative
esults. However, we expect that when comparing ligands, errors
hould broadly cancel.

Also, detailed statistical analysis has been used to get a bet-
er understanding of the ligand electronic and steric effects in
he oxidative addition, transmetallation and reductive elimination
teps [66,67]. In previous work, we [67,68] and others [69,70] have
ound that greater insight into ligand effects can be obtained by cal-
ulating relevant properties for multiple ligands and carrying out a
tatistical analysis of the results. Here, we use our existing Ligand
nowledge Base [68] of computed descriptors of phosphine lig-
nds to construct multilinear regression models for the DFT energy
arriers obtained for the key steps in the catalytic mechanism.

. Computational details

All calculations were carried out using the Jaguar 6.0 package
Jaguar, Schrödinger, LLC, New York, NY, 2005) [71]. Geometry opti-

ization in vacuum was carried out for all species at the B3LYP
evel of theory using the standard 6-31G(d) basis set for all atoms
xcept Pd and Br. The Los Alamos ECP and associated LACV3P triple

eta basis set was used to describe the Pd and Br atoms. As noted
bove, the B3LYP functional does not describe non-bonding dis-
ersion interactions very well [62–65,72], but it was nevertheless
sed here for consistency with previous studies [18,19] of some of
he individual reaction steps. For all the studied species, geometry
sis A: Chemical 324 (2010) 39–47

optimization was carried out using standard geometry convergence
criteria as well as ultrafine DFT and pseudospectral grids. Frequency
calculations were carried out on most of the resulting refined struc-
tures in the case of reactions with the simplest phosphine (PMe3),
thereby providing values for the zero point energy (zpe) correc-
tion. The same zpe correction was used for the reactions of all
phosphines.

The nature of the oxidative addition, transmetallation and
reductive elimination transition states was additionally verified
by computing vibrational frequencies for these TSs with all the
phosphine ligands; a single imaginary frequency was obtained
in all cases, corresponding to the expected reaction coordinate.
For the substitution TSs Pd(PR3)2 + PhBr → Pd(PR3)(PhBr) + PR3 and
Pd(PR3)(PhPh) + PR3 or PhBr → PhPh + Pd(PR3)2 or Pd(PR3)(PhBr),
frequency calculations were only performed for the case of PMe3.
Manual scans along the expected reaction coordinate in the region
of the TS were used in the case of the other phosphines to con-
firm that these TSs did indeed correspond to the correct chemical
transformation. In our discussion, we focus on calculated poten-
tial energies rather than free energies, partly due to the expense
associated with carrying out frequency analysis for all species, and
partly due to the uncertainties associated with calculations of free
energies in solution [72]. We note that when comparing individ-
ual reaction steps with different ligands, entropic effects should
broadly cancel out. Nevertheless, where relevant, some comments
about expected entropic trends are included below.

To evaluate the solvent effect, single point calculations, using the
Poisson–Boltzmann polarizable continuum model implemented in
Jaguar [73,74], were performed on all the optimized gas phase
geometries using the same level of theory and basis sets as above.
Tetrahydrofuran (radius of solvent probe molecule = 2.52664 Å,
outer dielectric constant = 7.52) was selected as solvent, as it is
commonly used in Suzuki–Miyaura coupling experiments.

3. Results and discussion

3.1. Mechanism of PdPR3-catalyzed Suzuki–Miyaura coupling

In this section, we describe the calculations used to explore
the mechanism of all the steps hypothetically involved in the
Suzuki–Miyaura coupling. We also discuss the similarities and dif-
ferences between the structures and energies found for the four
studied phosphine ligands. A detailed scheme of the catalytic cycle,
including all the steps we have studied for the reaction between
PhBr and PhB(OH)3

−, is provided in Scheme 2. Scheme 3 shows the
general potential energy surface for this catalytic cycle. The zero
point corrected calculated energies for each species and for each
ligand can be found in Table 1.

As mentioned in Section 2, single point energies have been com-
puted for almost all species including a continuum model of THF
solvent. The corresponding relative energies including the con-
tinuum free energy of solvation are shown in Table 2. The key
difference between the results in Tables 1 and 2 occurs for the
step in which the palladium-bound bromide undergoes exchange
with the boronate PhB(OH)3

− derived from the reactant boronic
acid. Bromide is a smaller ion than the boronate, and hence has a
larger solvation free energy, so that this exchange step is predicted
to be more favourable in continuum solvent than in vacuum, by
ca. 15–20 kcal/mol. Also, oxidative addition to form (4) from (3) is
found to be more exothermic in the presence of continuum sol-

vent, e.g. �E is −15.3 kcal/mol with the PtBu3 ligand in vacuo, and
−24.1 kcal/mol with THF continuum. This stabilizing effect of the
more polar Pd(II) oxidative addition product had been noted by oth-
ers previously [75]. Other steps are significantly less affected, with
barrier heights or reaction energies for individual steps typically
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Scheme 2. Extended Su

iffering by less than 5 kcal/mol between the vacuum and con-
inuum solvent calculations. Differences between barrier heights
btained using different ligands, a particular point of focus of this
tudy, are not strongly affected by the presence of solvation.

Our discussion below uses vacuum energies almost exclusively.
t first sight, the values obtained using continuum solvent might
ppear to be preferable, but there is relatively little difference for
ey energetics. We note also that there are likely to be discrep-
ncies when comparing both the vacuum and continuum-derived
nergies with experiment. In particular, the ‘real’ reaction sys-
em involves counter-ions, and hence, in the non-polar solvents
sed for Suzuki–Miyaura reactions, closely bound ion pairs. The
ffects of ion pairing are not described by the continuum model,

nd would be demanding to account for rigorously. These effects
re likely to broadly cancel out when comparing different ligands,
o their neglect is unlikely to affect the key conclusions of this
ork.

cheme 3. Generic features of the computed potential energy surface for Suzuki–Miyau
oughly to scale (see Tables 1 and 2 for numerical values).
Miyaura catalytic cycle.

3.1.1. Catalyst activation–formation of PdPR3-PhBr
The first step in the catalytic cycle is the formation of the

PdPR3-PhBr (3) species from Pd(PR3)2 (1) and PhBr. This formal sub-
stitution process can take place through three different pathways:
dissociative, associative and concerted. Most previous computa-
tional studies of cross-coupling mechanisms [12,25,29,37–42,76]
have assumed that the dissociative mechanism is favoured. In this
study, all three pathways have been analyzed with the different
phosphines in order to find which one should be favoured. We note
that in some computational studies [42,45–50], oxidative addition
has been modelled as starting from the diphosphine Pd(0) species
itself, without initial loss of phosphine. However, it has been shown
that the activation barrier in that case is considerably higher than

for the monophosphine case, especially for very bulky phosphines
[42]. We have therefore focussed only on the monophosphine path-
way. If Suzuki–Miyaura coupling can occur with some phosphines
in a bis-phosphine pathway, some of the conclusions about ligand

ra coupling of PhB(OH)3
− and PhBr catalyzed by Pd(PR3)2. The energies are shown
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Table 1
Computed vacuum relative energies, for the species in Scheme 3, in kcal/mol, at the
B3LYP level of theory, including corrections for ZPE.

PtBu3 P(CF3)3 PMe3 PPh3

1 0.0 0.0 0.0 0.0
2D 31.6 31.5 31.9 31.6
2A – −7.7 5.3 7.4
TS1 26.0 22.2 17.6 15.4
3 15.2 9.3 15.5 14.7
TS2 18.4 20.3 19.4 19.0
4 −0.1 5.3 −2.5 −1.4
5 −13.3 −11.9 −20.2 −16.7
TS3 6.5 2.5 −1.9 −0.3
6 −11.2 −17.8 −20.0 −15.9
7 −11.3 −9.9 −11.5 −11.2
TS4 −8.1 −8.1 −6.7 −7.3
8 −46.0 −53.2 −46.1 −46.4
9D −29.4 −29.5 −29.1 −29.4
TS5P −32.4 −52.8 −43.5 −43.8
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9P −61.0 −61.0 −61.0 −61.0
TS5S −34.4 −51.8 −37.8 −37.3
9S −45.8 −51.7 −45.5 −46.3

ffects that we draw here may hence be incorrect, although for
he currently popular highly bulky phosphine reactions, our model
hould be appropriate.

In the dissociative pathway, Pd(PR3)2 would first form the pal-
adium (0) species PdPR3 (2D) and PR3, then the former would
eact with PhBr to yield (3). It is known that this direct dissocia-
ion is often unfavourable in solution for complexes of the small
nd medium size phosphines like Pd(PMe3)2 and Pd(PPh3)2 [48].
ndeed, with these ligands, formation of tricoordinated Pd(PR3)3 or
ven tetracoordinated Pd(PR3)4 is often favourable, and the highly
nsaturated monocoordinated PdPR3 species are not expected to
orm at all readily [77]. We note that the energies for the ligand
issociation (PR3) in the gas phase are very similar for all the stud-

ed palladium diphosphines, showing that this endergonic process
s practically independent of the ligand nature. Dispersion effects,
oorly treated in the present B3LYP calculations [63], might be
xpected to increase the energy of the dissociated species for the
ulkier PPh3 and PtBu3 cases, hence making the dissociative mech-
nism less favourable. The coordination of PhBr to PdPR3 (2D) is
nergetically favoured in all cases and the intermediate �2-PdPR3-

hBr (3) is formed through � interaction between the aromatic
ystem of the substrate and the palladium atom [42,78]. There are
everal possible isomers for the � complex PdPR3–PhBr depending
n which carbon atoms in the ring interact to form the �2 complex.

able 2
omputed relative energies, for the species in Scheme 3, in kcal/mol, at the B3LYP

evel of theory, including corrections for ZPE and for solvent effects (THF continuum).

PtBu3 P(CF3)3 PMe3 PPh3

1 0.0 0.0 0.0 0.0
2D 27.7 23.8 27.6 27.4
2A – −7.2 3.4 10.9
TS1 26.0 22.2 17.2 18.4
3 14.1 8.6 13.9 14.0
TS2 15.5 20.0 15.3 16.9
4 −10.0 0.9 −14.9 −9.7
5 −27.7 −24.0 −36.6 −29.4
TS3 −9.5 −12.0 −20.0 −14.8
6 −25.8 −34.3 −38.6 −31.6
7 −31.6 −27.4 −32.7 −30.1
TS4 −27.6 −25.7 −27.2 −25.7
8 −64.5 −71.1 −65.9 −64.4
9D −51.0 −54.9 −51.0 −51.3
TS5P −49.5 −71.0 −61.2 −58.0
9P −78.7 −78.7 −78.7 −78.7
TS5S −52.1 −68.8 −55.4 −53.3
9S −64.6 −70.0 −64.8 −64.7
sis A: Chemical 324 (2010) 39–47

These isomers are close in energy, and our calculations suggest that
the most favourable �2-interaction is produced with the meta- and
para-C atoms of the ring. The stabilization of �2-Pd(P(CF3)3)–PhBr
is around 5–6 kcal/mol greater than for the other phosphines, per-
haps due to the weaker trans-influence of the very electron-poor
ligand [79].

The associative pathway consists of sequential coordination of
PhBr to Pd(PR3)2 followed by PR3 dissociation. The tricoordinated
species Pd(PR3)2–PhBr (2A) have been found in previous computa-
tional studies for PMe3 and PPh3 [80]. Several limiting variations on
this mechanism are possible in principle, depending on the stability
of the intermediate tricoordinated species and on whether the lig-
and addition and loss steps occur through barrierless processes or
through marked transition states on the potential energy surface.
As noticed elsewhere [42], in the case of PtBu3, it was impossible
to find the tricoordinated species Pd(PtBu3)2–PhBr; this complex
appears to be unstable due to steric reasons and all attempts to
locate a corresponding structure by geometry optimization led to
dissociation of PhBr. This is not unexpected given the large cone
angle (182◦) of the PtBu3 ligand [66], which effectively shields all of
the coordination sphere of Pd in Pd(PtBu3)2; as a result the associa-
tive pathway seems to be impossible for this bulky phosphine. For
the rest of the ligands, the tricoordinated species (2A) of Pd(PMe3)2,
Pd(P(CF3)3)2 and Pd(PPh3)2 were found. These complexes show
that a �-bond is formed between the palladium atom and the
aromatic ring of PhBr. In all cases the favoured isomer for this �2-
interaction involves coordination of the ipso- and ortho-aromatic
carbons. The tricoordinated complex is more stable than the start-
ing materials (−7.7 kcal/mol) for P(CF3)3, and it is therefore possible
that PhBr addition to Pd(P(CF3)3)2 may be barrierless (we have not
explored this possible TS). The big difference in energy between
this species and PdP(CF3)3–PhBr (3) indicates that the phosphine
loss is very endothermic. In the case of PMe3 and PPh3, the tricoor-
dinated (2A) species are slightly less stable than the reactants (5.3
and 7.4 kcal/mol, respectively). This implies that there must be at
least a small potential energy barrier for addition of PhBr; again, we
have not explored this TS. Again, phosphine loss from these adducts
is endothermic, and may involve a barrier on the potential energy
surface, though we have not verified this.

In a hypothetical concerted pathway, dissociation of PR3 occurs
in the same elementary step as addition of PhBr. This mechanism
can be viewed as involving stabilization of the developing unsatu-
rated PdPR3 species by the � system of the aryl halide. This process,
although endergonic, provides a lower energy pathway, at least in
terms of potential energy, than the direct dissociative pathway. We
have located TSs for this process for all phosphines. In each case,
the TSs have structures with a long distance between the Pd and
the dissociating PR3 and a short Pd–�PhBr distance. This means
that it is difficult to state with confidence whether these TSs are
direct substitution TSs, or TSs for loss of phosphine from the asso-
ciative adducts (2A). At least for the case of PtBu3, however, where
there is no stable adduct (2A), (TS1) must be a substitution TS. In
the other cases, it is the highest barrier along a substitution pro-
cess with associative character, and the distinction is hence not so
important. The height of the barrier for this transition state seems
to depend markedly on the identity of the ligand, but it is difficult
at first sight to explain the relationship.

This TS has been located previously in the case of PtBu3 [42], for
substitution by PhBr or PhCl. These authors however discounted
this TS, as it lies higher in free energy than species (2D). Our results
in Table 1 and Scheme 3 suggest that (TS1) is favoured over dis-

sociation into (2D), but it could be claimed that this is an artefact
arising due to our choice to focus on potential energies, and thereby
not to include the entropic penalty associated with binding the aryl
halide before loss of phosphine. Nevertheless, we believe that the
concerted mechanism is, at least under certain conditions, com-



Cataly

p
r
c
t
t

s
b
a
m
t
a
a
h
d

3

c
i
p
f
p
o
s
i
b
P
p
[
1
t
c
p
t
c
(
[
d

v
i
t
P
h

3

a
l
P
p
t

s
b
a
p
t
e
n
f
a
g
b
n

J. Jover et al. / Journal of Molecular

etitive with the dissociative mechanism, as we have previously
eported experimental observations for a related Pd-based catalytic
ycle that can only be rationalised in this way [43]. It is possible that
he calculations of Ref. [42] overestimate the energy of (TS1) due
o the neglect of dispersion interactions [63].

In conclusion to this section, we consider that both the fully dis-
ociative and the partially associative concerted pathways should
e considered as possible for formation of PdPR3–ArX intermedi-
tes in Suzuki–Miyaura cross-coupling. These are the only possible
echanisms in the case of PtBu3, as with this phosphine, forma-

ion of the tricoordinated complex necessary to follow the stepwise
ssociative process is not possible. In the case of the PPh3, PMe3
nd P(CF3)3 ligands, this third mechanism, less thoroughly explored
ere, may also be possible, and indeed, all three mechanisms are
ifficult to discriminate between in energy terms.

.1.2. Oxidative addition
The oxidative addition of aryl bromides is a very common step in

ross-coupling reactions and it has been studied thoroughly, exper-
mentally and computationally [41,42,44–50]. In this process the
alladium atom is inserted in the CAr–Br bond in (3), leading to the
ormation of the T-shaped species (4) where the bromine and the
hosphine lie trans to each other due to the higher trans-influence
f the Ph group and the steric bulk of the larger phosphines. It is pos-
ible that with the smaller phosphines, addition leads to another
somer initially, with aryl and phosphine lying trans to one another,
ut the barrier to rearrangement should be small. In the case of
tBu3, the vacant coordination site trans to the aryl group is occu-
ied by an agostic interaction with a �-C–H bond of the phosphine
37,81,82]. The computed Pd–H and C–H distances are 2.467 and
.101 Å (vs 1.093 Å on average for the non-agostic C–H bonds of
he PtBu3 ligand). This weak interaction has been observed also in
rystal structures [81] and its effect in stabilizing low coordinate
alladium complexes has been studied computationally [82]. For
he rest of the studied phosphines, where no agostic interaction
an be established, stabilization of the low coordinated palladium
II) can only be achieved by the formation of halide-bridged dimers
82–84] or addition of solvent or other species in the vacant coor-
ination site, a process that we have not examined here.

The three-membered oxidative addition transition state (TS2) is
ery similar in structure for all the phosphines; the CAr–Br distance
s around 0.3 Å longer than in PhBr. As expected, the oxidative addi-
ion (3) → (TS2) barrier is lower for the electron-rich phosphines
tBu3, PMe3 and PPh3 (3.2, 3.9 and 4.2 kcal/mol, respectively); and
igher (11 kcal/mol) for the electron-poor P(CF3)3 [85].

.1.3. Substitution of Br− by PhB(OH)3
−

In this step of the catalytic cycle the bromine atom of intermedi-
te (4) is displaced by the hydroxyboronate anion PhB(OH)3

−. The
atter species can be formed from the reactant organoboronic acid
hB(OH)2 in the presence of base and traces of water, in a facile
rocess that we do not investigate here. Addition of hydroxide to
he boronic acid has been shown to be practically barrierless [17].

The detailed mechanism of this ligand exchange has been
uggested to be stepwise, consisting of initial weak interaction
etween the hydroxyboronate and the intermediate (4) to form
complex, followed by an exchange step via a transition state to
roduce the intermediate (5), and finally loss of bromide [86]. In
his work, these steps have not been studied thoroughly as we
xpect that the barrier of this process is not going to contribute sig-
ificantly to the observed reactivity. In the square planar species
ormed after the ligand exchange (5), the PhB(OH)3
− ligand acts

s a chelate, with two of the hydroxyl groups acting as donor
roups to the palladium. Due to the difference in trans-influence
etween Ph and PR3, all these species present distorted square pla-
ar geometries, where the Pd–O distances are slightly longer for
sis A: Chemical 324 (2010) 39–47 43

the substituents trans to the aryl group; besides, the bond angles
CAr–Pd–O are always smaller (around 160◦) than those of P–Pd–O
(∼170◦).

3.1.4. Transmetallation
This step involves the transfer of the phenyl group from the

coordinated hydroxyboronate to the palladium atom. It has been
stated that PhB(OH)3

− is a much better transmetallating agent than
the starting boronic acid PhB(OH)2 [18]; the quaternization of the
boron with a negatively charged base enhances the nucleophilicity
of the aryl group and facilitates its migration to the palladium [4].
Accordingly, we have not investigated this process using a boronic
acid ligand to palladium.

In the transmetallation mechanism as modelled here, the metal
centre is bound to only one phosphine, but the palladium centre in
the starting complex (5) is nevertheless tetracoordinate and square
planar due to the chelating nature of boronate. Transmetallation
requires that one of the Pd–O bonds of (5) is cleaved in order to
generate a free site for the new Pd–CAr bond. It is known that the
trans-influence of the Ph group is higher than that for the phos-
phine and so the Pd–O bond trans to the Ph should be more reactive,
thereby naturally leading to the more stable isomer of (6) in which
the two phenyl groups lie cis to one another. In (TS3) for trans-
metallation that we have characterized, the Pd–O interaction trans
to phosphine is broken, and conformational reorientation of the
boronate has brought the transferring phenyl group close to Pd.

The four-membered ring transition state (TS3) shows the same
general structure for all the phosphines, with the Pd–CAr distances
around 2.2 Å, and the B–CAr distances ca. 0.4 Å longer than those in
(5). There is some evidence that under some conditions, this step
can be rate limiting (competing with the ligand dissociation) and so,
the barriers for the (5) → (TS3) transformation were expected to be
quite high. Surprisingly, this behaviour is not really confirmed, with
all the computed barriers found to be less than 20 kcal/mol. One
way to explain this discrepancy is that it is possible that with the
less bulky ligands, the oxidative addition product (3) adds a second
phosphine, so that transmetallation through (TS3) requires initial
loss of phosphine, adding to the barrier. The barriers as described
here for the electron-rich ligands PtBu3 and PMe3 (barriers of 19.8
and 18.4 kcal/mol, respectively) are found to be slightly higher than
those for the electron-poorer ligands PPh3 and P(CF3)3 (16.4 and
14.4 kcal/mol, respectively), indicating that the ligand electronics
seem to be very important in this step of the catalytic cycle. This
kind of electronic dependency has never been associated to a trans-
metallation barrier before.

3.1.5. Loss of B(OH)3
After the transmetallation, the boric acid B(OH)3 formed

remains bonded to palladium through one of the oxygen atoms, in a
position trans to one of the Ph groups, in the complex (6). However,
the boric acid is a weak ligand, especially given the strong trans-
influence of the phenyl group, so the Pd–O bond strength is small
and B(OH)3 can readily dissociate to form the T-shaped species (7),
in which the two phenyl groups again remain cis to each other. As
explained for (4), this formally tricoordinate species can involve
stabilization of the low coordinated palladium (II) center in a vari-
ety of ways, e.g. formation of halide-bridged dimers [82–84]. In the
case of PtBu3, agostic interaction between the palladium and one
�-C–H bond of the phosphine is re-established [37,81,82], as shown
in Fig. 1; this fact can also explain why the loss of B(OH)3 seems to
be energetically favoured for PtBu3 and unfavoured for the rest of

studied phosphines.

3.1.6. Reductive elimination
In this step, a bond between the two phenyl groups attached

to the metal is formed producing biphenyl (9) which is the cou-
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and Knowledge Base [68]. The use of a broader set of descriptors
ig. 1. Agostic interaction observed in complex (7) between the palladium atom
nd one �-C–H bond of PtBu3 (other H atoms have been omitted for clarity).

ling product. It has been stated that for the reductive elimination
o happen, the two eliminating groups have to be cis to each other
57]; in this case, the two phenyl groups in intermediate (7) are
lready cis, so no rearrangement is needed prior to elimination.
he three-membered transition state (TS4) has a CAr–CAr distance
f around 2.2 Å, and Pd–CAr distances that are only slightly longer
han in (7). These small changes in the geometry are consistent
ith the low barriers found for this step of the reaction: 4.7, 1.7,

.9 and 3.2 kcal/mol for PMe3, P(CF3)3, PPh3 and PtBu3, respectively
Table 1). It is known that electron-poor ligands and sterically hin-
ered ligands tend to lower this barrier [87]; as can be seen, the

owest barrier is found for P(CF3)3. Among the electron-rich ligands
tBu3 has a lower barrier than PMe3 due to its higher bulkiness.

After the reductive elimination, the formed biphenyl remains
ttached to the palladium monophosphine through an interaction
etween an aromatic ring and the palladium atom, �2-PdPR3–PhPh
8), similar to the one described for intermediate (3). In this case,
he most favoured �2-interaction is achieved with the ortho- and
eta-C atoms of one of the biphenyl rings.

.1.7. Regeneration of the catalyst—product release
This is the last step of the reaction; the biphenyl product

s released from (8) and the active catalyst is recovered, clos-
ng the catalytic cycle. This process, just as seen for the catalyst
ctivation, can take place through several different pathways: dis-
ociative, associative or concerted; but in this case, it is even more
omplicated as the associative and concerted pathways can be
ediated by the substrate PhBr or by a free phosphine PR3. As

hown in a previous experimental and computational study of the
ewman–Kwart reaction [43], it is important to consider the nature
f the steps leading to product removal and renewed formation of
he aryl bromide complex. This is because they can have a large
nfluence on the overall turnover rate, and the effect of added phos-
hine on turnover.

In the dissociative pathway, the � interaction in the complex
2-PdPR3–PhPh (8) is broken to form biphenyl (9D) and the pal-

adium monophosphine PdPR3, which will take the catalytic cycle
ack to (2D). This process is endergonic for all the ligands, around
7 kcal/mol for the electron-rich phosphines PMe3, PPh3 and PtBu3,
nd 23 kcal/mol for P(CF3)3.

The associative pathways are putative sequential processes,
n which initial addition of PhBr or a phosphine PR3 to (8)
ives the tricoordinated species �2-PhPh–PdPR3–�2-PhBr or �2-
d(PR ) –PhPh, respectively. In the second step, biphenyl would
3 2
hen dissociate to regenerate �2-PdPR3–PhBr (3) or Pd(PR3)2 (1).
ur attempts to characterize these tricoordinate adducts were
nsuccessful; during geometry optimization, one of the ligands:
hBr, PhPh or PR3 was found to dissociate from the metal. Although
sis A: Chemical 324 (2010) 39–47

this behaviour was expected for the bulky PtBu3-derived species,
it was more surprising for the other phosphines given the exis-
tence as local minima of the analogous (2D) species. In any case,
this suggests that associative displacement of product from (8) can
be neglected.

In the concerted pathways the product is displaced from (8) by a
free phosphine PR3 or substrate PhBr to release biphenyl (9S or 9P)
and PdPR3–PhBr (3) or Pd(PR3)2 (1), respectively. The structure of
the transition states (TS5P) leading to (9P) is, as could be expected,
similar to the ones found for (TS1), with a long distance between the
palladium atom and the entering phosphine and a short distance
between the metal and the leaving biphenyl group. The early nature
of the TSs is consistent with the exothermic nature of the step. On
the other hand, the transition states (TS5S) show that the Pd–PhPh
and Pd–PhBr distances are similar, again consistent with a reaction
that involves an overall small energy change. The tricoordinated
transition states, (TS5P) and (TS5S), are always lower in energy than
the direct dissociation for all the phosphines so this pathway will be
preferred. Indeed, for the PtBu3 ligand, (TS5S), which leads directly
back into the catalytic cycle, is slightly lower in energy than (TS5P)
which regenerates the ‘blocked’ diphosphine species. This suggests
that small amounts of added phosphine may not be able to inhibit
catalytic turnover, despite the fact that the active species involve
only one phosphine ligand. This behaviour is similar to that found
computationally – and experimentally – in the recently developed
catalytic version of the Newman–Kwart reaction [43]. For the other
ligands, these two TSs lie in the opposite order in terms of their
relative energy. This may be one of the reasons why electron-rich
bulky ligands are good catalysts for this reaction [7], as they favour
regeneration of (3) without requiring initial phosphine dissocia-
tion. Another favourable aspect of bulky phosphines, not examined
here, is that they may help to avoid sequestration of the active pal-
ladium species by dimerization of the tricoordinated intermediates
along the cycle which seems to be one of the principal experimental
problems for the smaller phosphines [82–84].

Another more general point can be made about this behaviour,
together with the previous discussion of the concerted process
through (TS1) for formation of (3) by concerted substitution of
ligand by substrate in Pd(PtBu3)2. It was already known that the
mono substituted species PdPR3 is rather unstable, and that it read-
ily forms adducts with various molecules [19]. However, it is also
known that monoligated PdPR3 is much more active in oxidative
addition (and reductive elimination) than doubly ligated palladium.
The present mechanisms suggest that it is possible to form catalyt-
ically competent mono ligated species without ever forming the
unstable PdPR3.

3.2. Quantitative ligand effects on the barriers in the
Suzuki–Miyaura coupling

Recently [67–70], it has been found that the use of statistical
analysis can be used to improve the understanding of ligand effects
on calculated properties such as bonding energies or energy barri-
ers. In this work we have built multiple linear regression models
to predict the DFT calculated energy barriers for some of the key
steps of the Suzuki–Miyaura reaction in terms of the phosphine
electronic and steric features. Usually, phosphine ligand electron-
ics and sterics are described using the Tolman parameters [66] and
they have been already used in quantitative statistical ligand effect
studies [70]. In this work the phosphine ligand electronic and steric
features are described by different descriptors, included in our Lig-
provides a more detailed overview of ligand properties [67]. Elec-
tronic properties of ligands can be captured by several descriptors,
including the energies of the molecular frontier orbitals HOMO and
LUMO. These descriptors roughly account for electron �-donation
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Table 3
DFT barriers and descriptors used in the regression models.

PtBu3 P(CF3)3 PMe3 PPh3

Barrier (kcal/mol) Oxidative addition 3.2 11.0 3.9 4.3
Transmetallation 19.8 14.4 18.3 16.4
Reductive elimination 3.2 1.7 4.7 3.9

Descriptor HOMO (Hartree) −0.173
LUMO (Hartree) 0.028
He8 steric (kcal/mol) 23.4
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Fig. 2. Geometry used for the computation of the He8 steric parameter.

nd �-acceptance properties of the phosphines, respectively. On
he other hand, ligand sterics can be described using several values,
ncluding the He8 steric parameter, calculated as the interaction
nergy between the phosphine ligand and a fixed ring of eight
elium atoms [68]. This set-up (Fig. 2) mimics the interactions
etween a ligand and other cis-coordinated groups in an octahedral
omplex.

A variety of simple multilinear regression models were con-
tructed for the DFT energy barriers of the oxidative addition,
ransmetallation and reductive elimination steps. Encouragingly,
ome fairly successful models were found that use physically plau-
ible descriptors as input, namely the He8 steric descriptor and the
nergy of the HOMO or the LUMO mentioned above. The values
f the studied DFT barriers and the HOMO, LUMO and He8 steric
escriptors for each phosphine are shown in Table 3.

The standardized regression coefficients (ˇi) for the descrip-
ors in each of the model provide information as to the relative
mportance of each descriptor in the correlations derived here. The
ign of each standardized regression coefficient indicates whether
n increase in a given descriptor leads to an increase (positive)
r decrease (negative) in the predicted barrier height. The stan-
ardized regression coefficients for the three multilinear regression
odels, together with the associated determination coefficient

R2), are shown in Table 4. In the case of the transmetallation step,
wo different models were constructed, as shown.

It should be noted that a rather small dataset is used here (only
our ligands), which clearly limits the statistical significance of the
odels. However, the models are quite simple, and are physically
lausible, which suggests that they do already provide valuable
uantitative insight into the ligand effects on each barrier.

able 4
tandardized regression coefficients for the multivariate models used to reproduce
FT-calculated energy barriers. In the case of transmetallation, two different models

a) and (b) are shown, as discussed in the text.

Barrier R2 ˇHOMO ˇLUMO ˇHe8

Oxidative addition 0.996 −3.76 – 0.23
Transmetallation (a) 0.820 1.61 – 0.72
Transmetallation (b) 0.943 – 1.72 0.90
Reductive elimination 0.972 1.52 – −0.91
−0.277 −0.190 −0.187
−0.058 0.033 −0.051

3.0 3.0 8.0

3.2.1. Oxidative addition
The height of this barrier has been calculated as the energy

difference between �2-PdPR3–PhBr (3) and the corresponding
oxidative addition transition state (TS2) rather than from the
diphosphine Pd(PR3)2 reactant because we have assumed that this
process will always take place after the phosphine dissociation. It
is known [85] that strong �-donor ligands favour palladium inser-
tion into the CAr–X bonds and it is therefore no surprise that a
higher oxidative addition barrier is found for the electron-poor
P(CF3)3 than for the electron-rich ligands PtBu3, PMe3 and PPh3.
The multilinear regression model obtained using the HOMO energy
and the He8 steric descriptors, Table 4, shows that the oxidative
addition barrier is mainly governed by the phosphine electron-
ics; the standardized coefficient of the HOMO (ˇHOMO = −3.76) is
more than sixteen times larger than for the He8 steric descriptor
(ˇHe8 = 0.23). The direct regression of the barrier heights with the
HOMO energy gives a very good model with a determination coef-
ficient R2 = 0.990, confirming that the ligand steric features are far
less important in the oxidative addition barrier than the electron
donation ability. In both cases the ˇHOMO coefficient is negative
indicating that the stronger �-donor ligands, with higher energy
HOMOs, will produce lower oxidative addition barriers, in agree-
ment with what has been published previously [85].

3.2.2. Transmetallation
The transmetallation barrier is calculated as the energy needed

to produce the (5) → (TS3) transformation; in this step the Ph group
of PhB(OH)3

− is transferred to the palladium atom. As the quat-
ernization of the boronic acid enhances the nucleophilicity of the
aryl group [4], this step can be seen as a nucleophilic attack of
the Ph of PhB(OH)3

− on the square planar palladium complex (5).
Although this is one of the key steps of the Suzuki–Miyaura cou-
pling, it has not been explored as thoroughly as other steps, i.e.
oxidative addition, probably because the mechanism of transmet-
allation depends upon the organometallic reagent in question [1].
As a result, we could not find any analysis of ligand effects on the
transmetallation barrier of the Suzuki–Miyaura coupling in the lit-
erature and therefore we cannot compare the results obtained with
the regression model to any experimental or calculated data. The
first regression model for this process, built using the HOMO energy
and the He8 steric descriptors, is not very good (R2 = 0.820), Table 4.
This can be related to the fact that the HOMO energy descriptor is
not well suited to describe this step. In the transmetallation the
palladium atom is attacked by the electron-rich Ph group of the
boronate and it is therefore not surprising that using a descriptor
that accounts for electron �-donation provides a poor model.

In the second model, which uses the LUMO energy and the
He8 steric parameter as predictor variables, a much improved
regression model is obtained (R2 = 0.943), Table 4, as could be
expected. In this case, the standardized coefficients confirm that

both descriptors are significant for the correlation (ˇLUMO = 1.72
and ˇHe8 = 0.90); with the steric factor twice as important as the
electronic features. The sign of the He8 steric parameter is positive,
which means that bulkier ligands will produce higher barriers for
the transmetallation. The rearrangement of the bonded boronate
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rior to the transmetallation may be responsible for this, as it can
e expected that this process should be more difficult for the bulkier
hosphines. The LUMO energy descriptor also has a positive sign,

ndicating that the better �-acceptor phosphines will contribute to
owering the transmetallation barrier, as they can better stabilize
he developing additional electron density on the metal.

.2.3. Reductive elimination
This barrier is calculated as the difference in energy between

h-PdPR3-Ph (7) and the corresponding reductive elimination tran-
ition state (TS4). It has been stated that bulky and electron-poor
igands contribute to lowering this barrier [87]. A very good lin-
ar model (R2 = 0.972) can be built using the HOMO energy and the
e8 steric descriptors, Table 4. The standardized coefficients of the
OMO (ˇHOMO = 1.52) and the He8 steric descriptor (ˇHe8 = −0.91)

ndicate that both factors are important in the reductive elimina-
ion. The sign of ˇHOMO is positive which means that strong �-donor
igands such as PtBu3 and PMe3 will make this barrier higher

hereas weak �-donors like P(CF3)3 will lower it. As expected,
He8 is negative, indicating that the bulky phosphines will lower the
eductive elimination barrier; as bigger ligands will push the two
henyl groups closer it will be easier to form the biphenyl product.
he relative importance of both descriptors shows that electron-
cs play a bigger role in the reductive elimination than the sterics,

hich is consistent with the fact that this process occurs starting
rom the relatively unhindered monoligated palladium phosphine
pecies.

. Conclusions

The full catalytic cycle of the Suzuki–Miyaura reaction between
henyl bromide and PhB(OH)3

− has been studied using four differ-
nt palladium monophosphine catalysts, derived from Pd(PMe3)2,
d(P(CF3)3)2, Pd(PPh3)2 and Pd(PtBu3)2. The three possible acti-
ation pathways of the catalyst, by losing one of the phosphines
n an associative, dissociative or concerted mechanism, have been
tudied. Our calculations suggest that all of them may occur in com-
etition with one another, except in the case of PtBu3, where the
ulkiness of the ligand prevents the formation of Pd(PtBu3)2–PhBr
nd thus forces the reaction to follow the dissociative or concerted
athways. We note that it is possible that substitution of PR3 by
hBr could be overall rate-limiting for oxidative addition, a fact that
ould explain the observation in some cases of a rate-limiting step
rior to ligand loss in reactions of Pd(PR3)2 with ArX [38,50,51,88].
he present calculations, which do not account for dispersion or
ntropic effects, are however not able to make predictions on this
uestion.

Similar conclusions to those given above for the catalyst activa-
ion step could have been expected in the step where the catalyst
s regenerated; unfortunately, the tricoordinated Pd(PtBu3)2–PhPh
pecies could not be found for any of the phosphines and the
ssociative pathways could not be studied. Even so, a difference
etween the ligands is found in the concerted catalyst regenera-
ions, for PMe3, P(CF3)3 and PPh3 the substitution of the biphenyl
roduct by PR3 is favoured whereas for PtBu3 the displacement
f the product is more likely to be achieved by PhBr. These con-
erted substitutions will take the reaction back to Pd(PMe3)2,
d(P(CF3)3)2, Pd(PPh3)2 and Pd(PtBu3)–PhBr, respectively; mak-
ng PtBu3 the better catalyst as it will avoid the highly endergonic
hosphine dissociation step.
Also, multiple linear regression models have been constructed
o quantitatively analyze the ligand effects of the different phos-
hines on the oxidative addition, transmetallation and reductive
limination energy barriers. As it has been stated before, the oxida-
ive addition is mainly dominated by ligand electronics; in this

[
[
[
[

[

sis A: Chemical 324 (2010) 39–47

case the HOMO descriptor, used to account for the phosphine �-
donation, is far more important than the He8 steric parameter. The
sign of the HOMO regression coefficient confirms that the better
�-donor ligands will lead to lower oxidative addition barriers. The
computed energy barriers for the transmetallation show that this
step is strongly influenced by the ligand, with the electron-poor
ligand P(CF3)3 providing the lowest value for this transformation.
This is one of the key new observations in this work. The multilinear
regression model built to predict these barriers indicates that both
ligand electronic and steric features are important. Bigger ligands
tend to increase this energy barrier due to possible interactions
with the rest of the substituents on the palladium during the struc-
tural rearrangement that takes place during this step. On the other
hand, better �-acceptor ligands lower the transmetallation barrier
as they are able to accommodate the incoming electron density
developing as a result of the nucleophilic attack of the boronate
phenyl group on the palladium atom. The analysis of ligand effects
on the low reductive elimination barrier shows that both sterics
and electronics are significant. The multilinear regression model
indicates that weak �-donors and bulky ligands will produce the
lower barriers for this step.
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