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The mechanistic study of the palladium-catalyzed Suzuki–Miyaura cross-coupling between bromophe-
nylpyridine compounds and phenylboronic acid led to the NMR identification of a transient intermediate
in the transmetalation step. This species was identified by DFT calculations as a [Pd{Ph-B(OH)3

�}-
{C5H2RN}(PR3)2] complex, containing a boronate ligand coordinated through an oxygen group to the
metal center. The fitting of this intermediate within recent mechanistic proposals on the mechanism of
transmetalation is discussed.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Palladium-catalyzed reactions are particularly effective for the
construction of unsymmetrical biaryls and have revolutionized
synthetic routes to arylated heterocyclic compounds,1 structural
motifs in many natural products and in pharmaceutical agents.2

The palladium-catalyzed cross-coupling process between an orga-
noboronic acid and an organic halide, known as the Suzuki–
Miyaura reaction,3 has become one of the most reliable and widely
applied palladium-catalyzed cross-coupling reactions in total
synthesis.4

The coupling of organoboranes is believed to proceed through
a catalytic cycle involving three basic steps: the oxidative addition
of a carbon electrophile to a coordinatively unsaturated PdL or PdL2,
the transmetalation of a nucleophilic carbon from boron to RPdXL2

with the aid of bases, and the rapid reductive elimination of the
cross-coupling product with regeneration of the PdL or PdL2 cata-
lyst (Fig. 1). The catalytic cycle depicted in Figure 1 only schemat-
ically represents what is quite clearly a highly complex process.5

The oxidative addition and reductive elimination steps have been
the subject of several experimental and theoretical studies.6 In
contrast, detailed reaction mechanisms of transmetalation still
remain unclarified in many cases, although they are closely related
þ34 986812262.
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to a number of synthetic reactions catalyzed by transition metal
complexes.7 The experimental difficulty in the characterization of
possible intermediates in transmetalation8 has led to a substantial
role for computational chemistry in the definition of the detailed
mechanism for the reaction.9,10 Theoretical studies indicate that
transmetalation is a complex process going through several in-
termediates. Nevertheless, it is known that the initial step is the
attack of a base on the organoboronic acid, which then reacts with
the palladium species in an organoboronate form. It would be cer-
tainly desirable to find experimental support for this mechanistic
hypothesis through the characterization of reaction intermediates,
but this is a difficult task because of their transient nature.
R'–B(OH)2 + baseB(OH)3

Figure 1. Suzuki–Miyaura catalytic cycle.
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Due to the abundance of halopyridines, Suzuki–Miyaura re-
actions in which they serve as electrophiles have been used to
synthesize a plethora of arylpyridines and heteroarylpyridines. Our
interest in the preparation of complex pyridine-containing mole-
cules11 led us to study the mechanism of cross-coupling processes
of bromide-substituted pyridyl compounds, in particular the
Suzuki–Miyaura reaction. Recently, we have described regiose-
lective Suzuki–Miyaura cross-coupling reactions between 2,4-
dibromopyridine and several aryl boronic acids that furnished,
under Pd(PPh3)4 catalysis, mainly 2-aryl-4-bromo-pyridines due to
the higher electrophilic character of the C–Br bond at position 2 of
the pyridine ring and to the absence of double oxidative addition
products. We have also ascribed the observed low TON to the
formation of a dinuclear palladium complex from the mononuclear
s-alkenyl palladium complex.12

The need to unfold the mechanism of the Suzuki–Miyaura cross-
coupling reaction at both reactive positions of 2,4-dibromopyridine
prompted us to study such reaction of 2- and 4-bromopyridine in
order to mimic independently the reactive centers of 2,4-dibromo-
pyridine. Here, we report a mechanistic study of the transmetalation
step of the Suzuki–Miyaura reaction between the 2(4)-bromo-
4(2)phenylpyridines 1a and 1b and phenylboronic acid (2) (Scheme
1) in the presence of Pd(PPh3)4 and aq K2CO3 to produce 2,4-
biphenylpyridine (3) monitored by 1H and 31P NMR spectroscopies
along with a theoretical study of the transmetalation step.
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Scheme 1. Suzuki–Miyaura cross-coupling reaction.
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Figure 2. 31P NMR study of the Suzuki–Miyaura reaction of pyridine 1a, PhB(OH)2, and
Pd(PPh3)4. (a) Ph3PO in the presence of base and boronic acid; (b) catalyst-derived
transient intermediate; (c) equilibrium of L and ‘PdL’.
2. Results and discussion

2.1. Experimental study

To investigate the mechanism of the Suzuki–Miyaura reaction
depicted in Scheme 1, we have chosen Pd(PPh3)4 as the catalyst,
because it had rendered the best results regarding conversion and
selectivity, K2CO3 and toluene as base and solvent, respectively. The
reactions have been carried out at 50 �C in order to be able to
compare the reactivity of pyridines 1a and 1b, since the oxidative
addition of the former to Pd(PPh3)4 is very slow at temperatures
below 50 �C.

In order to facilitate the study of the subsequent transmetalation
step, the oxidative addition complexes of the reaction of bromo-
phenylpyridines 1a and 1b with Pd(PPh3)4 were characterized
first.13 Thus, the reaction between 4-bromo-2-phenylpyridine (1a)
and 100 mol % of Pd(PPh3)4 at 50 �C in toluene afforded trans-
[PdBr{C5H3N(2-C6H5)-C4}(PPh3)2] complex 4a in 73% yield. The
presence of a singlet in the 31P NMR spectrum (24.13 ppm, CD2Cl2)
confirmed a trans disposition of the ligands. Its 1H NMR shows the
pyridine proton shifts upfield compared to the bromopyridine 1a
signals due to an anisotropic shielding effect of the triphenylphos-
phine ligand as well as by back donation from the palladium to the
pyridine ring. When the reaction was run with pyridine 1b and
100 mol % of Pd(PPh3)4 at 25 �C in toluene, a mixture of the mono-
nuclear complex 4b, trans-[PdBr{C5H3N(4-C6H5)-C2}(PPh3)2], and
the dinuclear complex 4b-D, trans-(P,N)-[PdBr{m-C5H3(4-C6H5)-
C2,N}(PPh3)]2, was obtained in 30% yield.14 The 31P NMR signals
appeared at 22.12 and 30.32 ppm, respectively (Scheme 2).15
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Scheme 2. Stepwise Suzuki–Miyaura cross-coupling reaction of bromopyridines 1a
and 1b.
The structure of complex 4b-D was confirmed by X-ray analysis,
which showed a boat conformation for the six-membered ring
containing both Pd and N with a dihedral angle of 89.6� between
both pyridine ring-containing planes. Each palladium atom exhibits
a square-planar geometry with bromide and phosphine trans to
carbon and nitrogen, respectively.16

When the oxidative addition of compound 1a to Pd(PPh3)4 was
conducted in an NMR sample tube in deuterated toluene at 50 �C in
an NMR spectrometer probe, two signals were observed in the 31P
NMR spectrum: the one corresponding to complex 4a (24.13 ppm)
and another at 24.41 ppm due to the presence of traces of triphe-
nylphosphine oxide. There was also a very broad signal (12–
15 ppm), whose chemical shift varied depending on the amount of
ligand and which is a consequence of fast equilibria between free
and coordinated phosphine.17

However, in the case of compound 1b, at short reaction times,
only the signal at 22.12 ppm was observed but as the reaction
moved forward, the signal due to the dimer complex 4b-D at
30.22 ppm became more significant. The oxidative addition at 50 �C
at position 2 of the pyridine ring turned out to be much faster than
that at position 4 (10 min vs 10 h).

With the oxidative addition complexes in hand, we proceeded
to study the transmetalation step of the catalytic cycle of the
Suzuki–Miyaura cross-coupling by means of 1H and 31P NMR
spectroscopies. Thus, the cross-coupling reaction of 1a with phe-
nylboronic acid in the presence of 100 mol % of Pd(PPh3)4 at 50 �C
was complete in 14 h, being complex 4a the only observable
soluble species in the transmetalation reaction. The other signals
in the spectrum were assigned to: (a) Ph3PO in the presence
of base and boronic acid;18 (b) catalyst-derived transient in-
termediate; and (c) equilibrium of free and coordinated triphe-
nylphosphine, as already found in the study of the oxidative
addition (Fig. 2).
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Figure 3. 31P NMR study of the Suzuki–Miyaura reaction of pyridine 1b, PhB(OH)2, and
Pd(PPh3)4. (a) Ph3PO in the presence of base and boronic acid; (b) catalyst-derived
transient intermediate; (c) equilibrium of L and ‘PdL’.
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On the other hand, for pyridine 1b, similar to pyridine 1a, the 31P
NMR displayed the signals previously assigned to Ph3PO oxide (a),
transient intermediate (b), and equilibrium of free and coordinated
phosphine (c). However, in this case, another species, 4c (31P NMR,
d¼22.74 ppm), appeared along with complexes 4b and 4b-D
(Fig. 3).

Interestingly, the situation regarding the involved species was
entirely the same when the starting materials of the trans-
metalation reactions were the corresponding isolated oxidative
addition complexes, yet the transmetalation of the isolated com-
plex 4a was complete in 5 h.19
2.2. Computational study

The experimental NMR observation of an intermediate 4c for
transmetalation in the reaction of species 1b is a novel and
mechanistically relevant result. We decided to undertake a DFT
study on the reaction with the double goal of characterizing 4c and
of understanding why it is present in the reaction of 2-bromo-4-
phenylpyridine 1b but not with other substrates. In previous works
we had studied computationally the transmetalation process
involving vinyl9,20 and phenyl21 groups as substrates to the cross-
coupling reaction. Here we extend the study to bromophenylpyr-
idine substrates. In particular, the reaction between the model
Figure 4. B3LYP energy profile for the transmetalation reaction
system trans-[PdBr{C5H3N(4-C6H5)-C2}(PH3)2] (5) and Ph-B(OH)3
�

(6) is considered.
Figure 4 presents the energy profile corresponding to the re-

action between 5 and 6, and Figure 5 shows the optimized geo-
metries of some of the structures. All computed structures are
labeled as I or TS depending on their nature as intermediates or
transition states, and those in this particular profile share the label A.

The overall reaction is similar to that observed in previous
reports with other systems.9,21 The transmetalation process begins
with the initial approach between 5 and 6 and formation of the
intermediate IA1. The reaction continues through the displacement
of Br� by the organoborate in the coordination sphere of the metal,
which results in intermediate IA2, where the borate coordinates to
the palladium through an oxygen atom. The rest of the process
consists of the rearrangement of the borate Ph-B(OH)3

� group
within the metal coordination sphere. First, the coordination to
palladium shifts from the oxygen (in IA2) to the h2 coordination of
two carbon atoms of the phenyl group (in IA3). In the last step, the
ipso carbon of the phenyl acquires an h1 coordination to the metal,
the C–B bond is broken, and the B(OH)3 unit moves away from the
metal (in IA4). The products, 7 and 8, are obtained by the separation
of the two fragments of IA4, in a slightly endothermic process
(9.6 kcal/mol).

The energy profile in Figure 4 shows that the transmetalation
step takes place quite smoothly for this system. The overall exo-
thermicity is 14.9 kcal/mol. The highest energy transition state
(TSA3) is 7.8 kcal/mol above the reactants and, more significantly,
24.7 kcal/mol above the lowest energy minimum (IA1). There are
up to four different intermediates in the process (IA1, IA2, IA3, and
IA4). However, not all of them are feasible candidates for the ex-
perimentally observed complex 4c. The initial intermediate IA1
is �16.9 kcal/mol below the reactants, and draws its stability from
the fact that an anionic unit is approaching a metal center in gas
phase. This large energy difference is mostly associated to the
neglection of solvent and entropic effects in the current calculations,
as has been shown in our previous studies on transmetalation.9,21

This computational artifact affects critically only the energetics of
bimolecular steps20 like the one going from the separate reactants 5
and 6 to IA1. From a more chemical point of view, IA1 is also a bad
candidate for the experimentally observed intermediate, because it
between 5 and 6. Relative energies are given in kcal/mol.



Figure 5. B3LYP structures for selected structures along the transmetalation reaction between 5 and 6. Representative distances are given in Å.
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does not present direct interactions between the two fragments
that are likely to be affected by the nature of the bromophe-
nylpyridine group. In fact, IA1 must be better viewed as the com-
putational model of the starting point of the transmetalation
process. IA4 must be discarded for similar reasons that IA1: the
energetics of the uphill path from IA4 to 7 plus 8 are likely over-
estimated, and this intermediate is the computational model for
the final point of the transmetalation. Intermediate IA3 is finally
a bad candidate for a different reason. As can be seen in Figure 4,
IA3, with a relative energy of �2.1 kcal/mol lies in a well between
TSA2 (energy of 0.7 kcal/mol) and TSA3 (energy of 7.8 kcal/mol).
The barrier for the backward reaction from IA3 is only 2.8 kcal/mol,
a value that will be easily overcome at room temperature, and
Figure 6. B3LYP energy profile for the transmetalation reaction
makes thus unlikely the observation of this intermediate. This
leaves IA2 as the most likely candidate for the experimentally
observed species 4c. In order to confirm this hypothesis, we will
analyze in what follows the energy profile corresponding to a sys-
tem where the bromophenylpyridyl ligand is replaced by the more
usual phenyl group.

Figures 6 and 7 present the energy profile and optimized
geometries for the transmetalation step concerning trans-
[PdBr{C6H5}(PH3)2], 9, as model complex, and the same organo-
boronate anion 6. Label B is used for structures in this profile to
distinguish them from those previously discussed. There are small
differences between the profile in Figure 6 and that in our previous
work21 because of minor changes in the computational method.
between 6 and 9. Relative energies are given in kcal/mol.



Figure 7. B3LYP structures for selected structures along the transmetalation reaction between 6 and 9. Representative distances are given in Å.
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The only qualitative difference between the profiles for bromo-
phenylpyridyl (Fig. 4) and phenyl (Fig. 6) is the absence of in-
termediate IB3 (and consequently of TSB2) in the latter. This is not
critical, because intermediate IA3 is already in a quite shallow well
for the bromophenylpyridine system, as discussed above.

The overall energetics involved in transmetalation with the
phenyl system are also smooth. The reaction is mildly exothermic,
with the products �11.3 kcal/mol below the separated reactants.
The kinetics are also reasonable for a room temperature process, the
highest energy transition state (TSB3) is 27.2 kcal/mol above the
lowest energy intermediate IB1. There is, however, a critical
quantitative difference between the profiles in Figures 4 and 6, and
it involves precisely the IA1/IA2 and IB1/IB2 pairs. In the case of the
bromophenylpyridyl system, the intermediate IA1 is 1.6 kcal/mol
more stable than IA2. This energy difference is low enough to
permit a sizeable presence of IA2 in equilibrium with IA1. This fits
perfectly with the presence of small concentrations of 4c that has
been experimentally monitored throughout the reaction. In the
case of the phenyl system, the difference between the pair IB1/IB2
has been calculated as 4.5 kcal/mol in favor of IB1. The larger energy
difference involving IB1/IB2 causes a strong displacement in the
equilibrium towards IB1 and consequently decreases the concen-
tration of intermediate IB2 below detection level. These results
thus support our assignment of the computed intermediate IA2 to
the experimentally observed complex 4c.

We can also analyze why this intermediate is observed for the
particular case of the bromophenylpyridyl system, but not with
phenyl or other more usual groups. The structures of IA2 and IB2
have been presented in Figures 5 and 7. It can be seen that they
involve coordination of the organoboronate group to the metal
through the oxygen atom of one of its hydroxyl groups. The in-
teraction is quite strong, as proved by the Pd–O distances of 2.185 Å
(IA2) and 2.179 Å (IB2). The distance is longer, thus indicative of
a weaker coordination for IA2. This is consistent with a stronger
trans influence of pyridyl, but may seem in contradiction with the
fact that IA2 is detectable, but IB2 is not. The contradiction is solved
by noticing that we are dealing with relative binding energies. The
main contribution to the energy difference between IA2 (IB2) and
IA1 (IB1) is not the absolute coordination energy of organo-
boronate, but its relative coordination energy with respect to
bromide. Bromide is a better ligand than organoboronate, and the
difference between the two ligands will decrease when their
absolute coordination energy does.

An additional set of calculations on the reaction between trans-
[PdBr{C5H3N(4-C6H5)-C4}(PH3)2] (11) and Ph-B(OH)3

� (6) was car-
ried out, and shown to produce results very similar to those of the
phenyl system described above. The corresponding structures and
energetics, provided in Supplementary data with labels C, indicate
that the reported intermediate must be observable only for the case
of 2-bromopyridine, but not for 4-bromopyridine, again in agree-
ment with experiment.

The presence of neutral and negatively charged species on the
overall reaction questioned the validity of the use of potential
energies for the discussion of overall energetics. However, the ap-
proach is valid because the key comparisons are always carried out
between species with the same charge. In any case, we confirmed
the validity of this reasoning through an additional set of single-
point calculations with the PCM method to account for the effects
of a toluene solvent. The results are summarized in Table 1. The
energy profiles obtained when the reaction takes place in gas phase
or solution follow the same general patterns. For the reaction
between 5 and 6, with A labels, the overall barrier (difference be-
tween highest energy TSA3 and lowest energy IA1) is 24.7 kcal/mol
and the value is 22.7 kcal/mol in solution (difference between TSA3
and IA2). The corresponding values for the reaction between 6 and
9 are 27.2 and 25.1 kcal/mol.

More critically to the topic under discussion, the energy differ-
ences between the IB1/IB2 and IA1/IA2 pairs follow the same
trends. Intermediates IA1 and IA2 are much closer, with energy
differences of 1.6 and �0.5 kcal/mol in gas phase and solution, re-
spectively. This allows for IA2 to be detected, and is thus the most
likely candidate to be the experimentally observed species 4c. In



Table 1
B3LYP energy profile (in kcal/mol) in gas phase and toluene solution for the trans-
metalation reaction between phenylboronate 6 and complexes 5 and 9, respectively

5þ6 6þ9

Gas phase Solution Gas phase Solution

Reactants 0.0 0.0 0.0 0.0
I1 �16.9 �3.4 �15.9 �4.4
TS1 �2.4 7.6 �3.2 6.7
I2 �15.3 �3.9 �11.4 �1.6
TS2 0.7 11.2 d d

I3 �2.1 8.8 d d

TS3 7.8 18.7 11.3 20.7
I4 �24.5 �13.6 �21.2 �11.7
Product �14.9 �8.5 �11.3 �6.5

I2–I1 1.6 �0.5 4.5 2.8
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the case of the IB1/IB2 pair, things are different, the energy
differences are larger (4.5 and 2.8 kcal/mol, respectively), and this
justifies that IB2 is more difficult to monitor experimentally.

2.3. Conclusions

Our joint experimental and computational studies on the
transmetalation step of the palladium-catalyzed Suzuki–Miyaura
cross-coupling of bromophenylpyridines have allowed the charac-
terization of a previously unreported intermediate, and this sheds
further light in the understanding of the mechanism of this process.
The experimental NMR evidences indicate the presence of an
unknown species when the reaction is carried out and DFT
calculations identify such intermediate as a trans-[Pd{Ph-
B(OH)3

�}{C5H2RN}(PR3)2] complex where the organoboronate an-
ion coordinates the metal through the oxygen of one of its hydroxyl
groups. The present experimental and theoretical results confirm
the previous computational proposal that the transmetalation
reaction takes place following a multistep mechanism where the
organoboronic acid is initially activated by an external base, and
attacks the palladium center as an organoboronate anion.

3. Experimental section

3.1. General

Reagents and solvents were purchased as reagent grade and
used without further purification unless otherwise stated. Solvents
were dried according to published methods22 and distilled before
use. All reactions were performed in oven-dried or flame-dried
glassware under an inert atmosphere of Ar unless otherwise stated.
NMR spectra were recorded in a Bruker AMX400 (400.13 and
100.61 MHz for proton and carbon, respectively) spectrometer at
298 K with residual solvent peaks as internal reference and the
chemical shifts are reported in d [parts per million], coupling
constants J are given in hertz and the multiplicities expressed as
follows: s¼singlet, d¼doublet, t¼triplet, q¼quartet, m¼multiplet.
Electronic impact ionization (EI) mass spectra were recorded on
a VG-Autospec M instrument. Melting points (mp) were taken on
a Stuart Scientific apparatus. Crystallographic data were collected
on a Bruker Smart 1000 CCD diffractometer at CACTI (Universidade
de Vigo) at 20 �C using graphite monochromated Mo Ka radiation
(¼0.71073 Å), and were corrected for Lorentz and polarization ef-
fects. The frames were integrated with the Bruker SAINT23 software
package and the data were corrected for absorption using the
program SADABS.24 The structures were solved by direct methods
using the program SHELXS97.25 All non-hydrogen atoms were
refined with anisotropic thermal parameters by full-matrix least-
squares calculations on F2 using the program SHELXL97. Hydrogen
atoms were inserted at calculated positions and constrained with
isotropic thermal parameters. Drawings were produced with
PLATON.26

3.1.1. trans-Bromo(2-phenylpyrid-4-yl-kC4)bis(triphenyl-
phosphane)palladium(II) (4a)

To a thoroughly degassed solution of Pd(PPh3)4 (0.15 g,
0.13 mmol) in toluene (1.0 mL), a solution of 4-bromo-2-phenyl-
pyridine (1a) (31 mg, 0.13 mmol) in toluene (0.5 mL) was added
dropwise. The reaction mixture was stirred at 50 �C for 18 h. Then,
the solvent was removed under reduced pressure; the residue was
titrated with ether yielding 83 mg (73%) of a solid, identified as
complex 4a. 1H NMR (400 MHz, CD2Cl2) d 6.75 (m,1H, H5), 6.99 (br s,
1H, H3), 7.27–7.32 (m, 18H, H6þPhþPPh3), 7.35–7.39 (m, 6H, PPh3),
7.57–7.61 (m, 12H, PPh3) ppm. 13C NMR (100 MHz, CD2Cl2) d 127.3
(CH), 128.2 (CH), 128.5 (CH), 128.5 (CH, virtual triplet, vJ¼5.0 Hz),
130.8 (CH),130.9 (CH),131.4 (C, virtual triplet, vJ¼23.3 Hz),132.1 (CH,
t),135.2 (CH, virtual triplet, vJ¼6.2 Hz),141.2 (C),146.1 (CH),154.7 (C),
175.1 (C) ppm. 31P NMR (162 MHz, CD2Cl2) d 24.13 ppm. HRMS (ESIþ)
calcd for C47H39NP2

79Br106Pd 864.0771; found 864.0770.

3.1.2. trans-Bromo(4-phenylpyrid-2-yl-kC2)bis(triphenyl-
phosphane)palladium(II) (4b) and di-m-(4-phenylpyrid-2-yl)-
kN:kC2-bis[bromotriphenylphosphanepalladium(II)] (4b-D)

To a thoroughly degassed solution of Pd(PPh3)4 (0.089 g,
0.08 mmol) in toluene (0.5 mL), a solution of 2-bromo-4-phenyl-
pyridine (1b) (18 mg, 0.08 mmol) in toluene (0.5 mL) was added
dropwise. The reaction mixture was stirred at 25 �C for 10 h. Then,
the solvent was removed under reduced pressure; the residue was
titrated with ether yielding 25 mg (30%) of complex 4b along with
complex 4b-D. After crystallization from CH2Cl2/hexane, complex
4b-D was obtained as a crystalline solid (mp >178 �C, decomp.).
Data of mononuclear complex 4b: 1H NMR (400 MHz, CD2Cl2)
d 6.26 (dd, J¼5.1, 1.8 Hz, 1H, H5), 6.69 (d, J¼1.8 Hz, 1H, H3), 6.90–6.92
(m, 2H, Ph), 7.22–7.39 (m, 21H, PhþPPh3), 7.57–7.62 (m, 12H, PPh3),
7.69 (d, J¼5.1 Hz, 1H, H6) ppm. 31P NMR (162 MHz, CD2Cl2)
d 22.7 ppm.

Data of dimer 4b-D: 1H NMR (400 MHz, CD2Cl2) d 6.81 (m, 2H,
2�H5), 6.88 (m, 2H, 2�H3), 7.08–7.10 (m, 4H, Ph), 7.25–7.32 (m, 18H,
PhþPPh3), 7.37–7.40 (m, 6H, PPh3), 7.84–7.89 (m,12H, PPh3), 8.60 (d,
J¼5.8 Hz,1H, H6), 8.61 (d, J¼5.8 Hz,1H, H6) ppm. 13C NMR (100 MHz,
CD2Cl2) d 117.7 (CH), 127.4 (CH), 128.8 (CH, d, 3JC–P¼10.9 Hz), 129.2
(CH), 129.3 (CH), 130.9 (CH), 131.8 (C, d, 1JC–P¼51.1 Hz), 135.5 (CH, d,
2JC–P¼11.6 Hz), 138.1 (C), 145.6 (C), 151.9 (CH), 186.6 (C) ppm. 31P
NMR (162 MHz, CD2Cl2) d 30.22 ppm. HRMS (ESIþ) calcd for
C58H47N2P2

79Br2
108Pd2 1206.9684; found 1206.9654.

3.2. Crystal data and structural refinement for 4b-D

Crystallographic data were collected on a Bruker Smart 1000
CCD diffractometer at 20 �C using graphite monochromated Mo Ka
radiation (l¼0.71073 Å), and were corrected for Lorentz and
polarization effects. All non-hydrogen atoms were refined with
anisotropic thermal parameters by full-matrix least-squares cal-
culations on F2 using the program SHELXL97. Hydrogen atoms were
inserted at calculated positions and constrained with isotropic
thermal parameters. The phenyl rings of triphenylphosphine
ligands, with their hydrogen atoms included on stereochemical
grounds, were refined anisotropically as rigid groups [C–
C¼distance¼1.39 Å] except the C55–C60 ring whose carbon atoms
having common anisotropic parameters. Reflection data were cor-
rected for the diffuse scattering due to disordered dichloromethane
molecules by means of the program SQUEEZE.27 Empirical formula:
C58H47Br2N2P2Pd2; formula weight: 1206.54; temperature:
293(2) K; crystal system: triclinic (P�1); unit cell dimensions:
a¼10.9508(12) Å, b¼12.8812(14) Å, c¼21.513(2) Å; a¼72.632(2)�,
b¼83.787(3)�, g¼75.811(2)�; volume: 2805.9(5) Å3; Z¼2; density
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(calculated): 1.428 Mg/m3; absorption coefficient¼2158 mm�1.
F(000)¼1202; crystal size¼0.44�0.37�0.06 mm3; independent
reflections 11,087 [R(int)¼0.0486]; data/restraints/parame-
ters¼11,087/36/439; final R [I>2s(I)]: R1¼0.0631, wR2¼0.1398; R
indices (all data): R1¼0.1406, wR2¼0.1582.28

3.3. Computational details

All calculations have been performed with the Gaussian03 suite of
programs.29 Density functional theory (DFT) calculations were car-
ried out using the B3LYP30 functional. The basis set was LANL2DZ for
Pd and Br,31 and 6-31þG(d) for H, B, C, N, O, and P.32 The basis set for
Br was expanded to include polarization33 and diffuse functions.34

All energies presented are potential energies without solvation cor-
rections. No symmetry constraints were imposed during structural
optimizations. All stationary points were characterized through the
number of negative Eigen values in their Hessian matrices.
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