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The site-selectivity of Pd-catalyzed reactions of 2,3-dihalo-
pyridines [2,3-dichloropyridine (1), 2,3-dibromopyridine (3) and
2-chloro-3-iodopyridine (2)] has been studied by computing
the oxidative addition process using DFT calculations. The
activating effect of the azine nitrogen atom on C(2) and C(3)
has been obtained by comparison with the corresponding di-
halobenzene [1,2-dichlorobenzene (4), 1,2-dibromobenzene
(5) and 1-chloro-2-iodobenzene (6)]. The performed calcula-

Introduction
Pd-catalyzed reactions such as the Suzuki–Miyaura, Mi-

gita–Kosugi–Stille, Buchwald–Hartwig and Mizoroki–Heck
reaction have caused a revolution in organic chemistry in
the last decades.[1] While these processes have historically
been developed on carbocycles the interest in Pd-catalyzed
reactions for the decoration and construction of heterocy-
cles is a more recent phenomenon.[2] This shift is obvious
if one takes into account that the majority of drugs and
agrochemicals contain a heterocycle as subunit. The usually
high functional group compatibility of Pd-mediated reac-
tions make them a suitable tool to couple highly function-
alized subunits in the synthesis of complex natural products
and to perform efficient lead optimization in medicinal
chemistry/agrochemistry programs. This chemistry is cer-
tainly not limited to discovery research. In the last years in
all major pharmaceutical and agrochemical companies Pd-
catalyzed reactions have been executed on kilogram-to-few-
hundred kilogram scale in the frame of the development
of new drug/agrochemical candidates.[2a,3] There are not so
many known examples of the use of Pd-catalyzed reactions
in production processes yet. A striking example of large
scale production is the synthesis of the launched fungicide
Boscalid [2-chloro-N-(4�-chlorobiphenyl-2-yl)nicotinamide]
by BASF. The biphenyl unit of Boscalid is currently pre-
pared in Brazil via Suzuki reaction on a huge scale.[3d]
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tions involve the use of Pd(PPh3)2, Pd(BINAP) and
Pd(XANTPHOS) as catalysts. The formation of pre-reactive
complexes proved to be a very important factor in the deter-
mination of the activation energy values. A comparison with
the simplified systems Pd(PPH3)2, Pd(H-BINAP) and Pd(H-
XANTPHOS) revealed that care has to be taken when sim-
plified catalyst systems are used for the simulation of the oxi-
dative addition process.

An important part of the Pd-catalyzed processes mech-
anistically starts with an oxidative addition reaction in
which the Pd0 catalyst inserts into the carbon-(pseudo)halo-
gen bond and changes to oxidation state +II. Although
many experimental and more recently theoretical studies
have focused on the mechanism of oxidative addition of
aryl halides to Pd0 complexes,[4] only two theoretical studies
onthesite-selectivityoftheoxidativeadditionprocessonpoly-
halogenated heterocycles have been reported.[5] A funda-
mental insight in the factors governing the selectivity is im-
portant as, even when the oxidative addition is not rate lim-
iting in the catalytic cycle, it can still determine the site-
selectivity of the Pd-catalyzed reaction studied. There is a
great interest in site-selective Pd-catalyzed reactions on po-
lyhalogenated substrates as exemplified by two recent re-
views describing cross-coupling reactions with organome-
tallic compounds on nitrogen, oxygen and sulfur containing
heteroaromatics.[6] Selectivity can be achieved in two ways.
A first approach uses different types of halogen atoms (Cl,
Br, I) on the basis of their different C–X bond strengths.
Another possibility is the introduction of substituents on
and/or heteroatoms in the aromatic ring. They will govern
selectivity between two identical halogen atoms on the basis
of their activating or desactivating effect.

The work of our laboratory on site-selective Buchwald–
Hartwig reactions of 2,3-dihalopyridines with anilines and
aza analogues, as well as the frequent presence of the pyr-
idine nucleus in drugs and agrochemicals, prompted us to
select these substrates as models for a prediction of the site-
selectivity in the oxidative addition via density functional
theory (DFT) calculations. Earlier we found that 2,3-dichlo-
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Figure 1. Oxidative addition of 2,3-dihalopyrdines 1–3 with Pd(PPh3)2, Pd(BINAP) and Pd(XANTPHOS) and Pd(PH3)2, Pd(H-BINAP)
and Pd(H-XANTPHOS).

ropyridine (1) undergoes C-2-selective functionalization
while the use of 2-chloro-3-iodopyridine (2) allows to syn-
thesize the C-3 regioisomers.[7,8] 2,3-Dibromopyridine (3)
gives the same selectivity as 1.[9] Besides C–N bond forma-
tion also other site-selective Pd-catalyzed reactions have
been reported in the literature on 1–3 including Suzuki–
Miyaura, Migita–Kosugi–Stille, Negishi, Sonogashira,
Mizoroki–Heck and carbonylation reactions.[10] For all re-
actions, the same site-selectivity was observed as in our C–
N bond forming reactions. The Buchwald–Hartwig reac-
tions on 1–3 performed in our laboratory involved the use
of rac-BINAP [BINAP: 2,2�-bis(diphenylphosphanyl)-1,1�-
binaphthyl] as ligand, for 1 and 2, and XANTPHOS
[XANTPHOS: (9,9-dimethyl-9H-xanthene-4,5-diyl)di-
phenylphosphane], for 2 and 3. Initially, we opted to keep
the backbones of these bidentate ligands in our DFT calcu-
lations and replace the phenyl groups on phosphorus by
hydrogen atoms to reduce the computational effort {H-
BINAP [H-BINAP:= 2,2�-bis(phosphanyl)-1,1�-binaphthyl]
and H-XANTPHOS [H-XANTPHOS: (9,9-dimethyl-9H-
xanthene-4,5-diyl)diphosphane]}. Such a substitution of
phenyl groups by hydrogen atoms, or by methyl groups,
in phosphorus based ligands is a common practice in
DFT calculations simulating the oxidative addition pro-
cess.[4e–4h] The full backbone of a bidentate phosphane
ligand in reaction profiling is usually also not kept and sim-
ulated by using an alkyl chain or a biphenyl moiety as mim-
ic.[4h] This most probably is due to the fact that without
access to supercomputing facilities even simplified systems
with hydrogens or methyl groups on the phosphorus atom
in which the actual ligand backbones are kept, are already
too large for a full quantum chemical investigation of all the
possible reaction pathways at a level of suitable accuracy. In
order to check the significance of calculations performed
with H-BINAP and H-XANTPHOS test calculations on 1
involving BINAP and XANTPHOS were also performed.
Interestingly, these revealed that site-selectivities are still
qualitatively correctly predicted but the activation energy
values can differ seriously. Based on this finding we decided
to perform site-selectivity calculations with simplified H-
BINAP and H-XANTPHOS as well as with unaltered BI-
NAP and XANTPHOS (Figure 1).[11,12] Calculations with
PH3 and PPh3 were also performed for comparison as PPh3

is the simplest triarylphosphane ligand which has also been
often used in Pd-catalyzed reactions on 1–3 (Figure 1).
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Computational Details

B3LYP density functional calculations were performed
by using Gaussian03,[13] as installed on the CalcUA com-
puting facilities. For C, H, N and O, the 6-31G* basis and
for Cl, Br and I the LanL2DZ augmented by one set of six
d polarization functions (LANL2DZ*) was used. P and Pd
were described using the LanL2DZ basis set. To be able to
fully characterize the reaction profiles studied, in the first
step of the calculations geometry optimizations were per-
formed for the two interacting monomer units and for the
resulting pre-reactive complex. Subsequently, the transition
state was obtained by using the QST3 Synchronous Transit-
Guided Quasi-Newton (STQN) Method.[14] The geometry
optimizations performed for the interacting monomer units
allow the correction for Basis Set Superposition Errors and
their effect upon the calculated energy barriers, typical er-
rors introduced during the calculations being in the order
of 5 to 10 kJ/mol. Such calculations also allowed correcting
for the occurrence of pre-reactive complexes. The nature of
all transition states was verified using a vibrational fre-
quency calculation. For all structures obtained, a single
imaginary frequency was found.

The B3LYP equilibrium geometries for the pre-reactive
complexes (PRC), the transitions states (TS) and the oxidat-
ive addition reaction products (OA) for reaction at C(2)
and C(3) of 1–3 with Pd(PPh3)2, Pd(BINAP) and
Pd(XANTPHOS) as catalysts are shown in Figures S1–S6
in the Supporting Information. The corresponding reaction
energy profiles are given in Table 1. For comparison the en-
ergy profiles of the analogous reactions involving Pd-
(PH3)2, Pd(H-BINAP) and Pd(H-XANTPHOS) are also in-
corporated in Table 1.

To obtain information on the applicability of the rela-
tively small basis sets used in the first series of calculations,
for a set of complexes, additional geometry optimizations
were performed in which the C and H atoms were described
using the def2-SVP basis set[15] and all other atom atoms,
including Pd, P and the different halogens, were described
using the triple zeta plus polarization def2-TZVP basis
set.[16] In addition, single point calculations were performed
in which all atoms are described using the larger basis set.
To ensure a more correct description of the dispersion inter-
actions present in the backbone corrections for these inter-
actions were estimated using the empirical method devel-
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Table 1. Stabilization energies E1 (kJ/mol),[22] activation energies
Ea (kJ/mol), energy losses E2 (kJ/mol) and reaction energies
Er (kJ/mol) for the reaction of 1–6 with Pd(PH3)2, Pd(H-BINAP)
and Pd(H-XANTPHOS) and Pd(PPh3)2, Pd(BINAP) and
Pd(XANTPHOS). All values refer to potential energy. PRC:
pre-reactive complex, TS: transition state, OA: oxidative addition
reaction product.

oped by Grimme.[17] To reduce CPU requirements, the
larger basis set calculations were performed using Turbo-
mole 6.0.[18] For all calculations, standard B3LYP functionals
were used in combination with the resolution of identity
(RI-DFT) approximation.[19]

www.eurjoc.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2010, 3152–31583154

Results and Discussion

First we computed the site-selectivity in 2,3-dihalopyrid-
ines containing two identical halogen atoms (1, 3). The cal-
culated C(2) and C(3) activation energies (kJ/mol), Ea[C(2)]
and Ea[C(3)], involving the different catalysts are summa-
rized in Table 2. Interestingly, the ∆Ea[C(3)–C(2)] is rela-
tively high (ca. 10–40 kJ/mol) for Pd(PPh3)2, Pd(BINAP)
and Pd(XANTPHOS) which is in agreement with the site-
selectivity observed experimentally in Pd-catalyzed reac-
tions on 1 and 3 using Pd-catalysts based on these li-
gands.[7,9,10] There is a significant ∆Ea[C(3)–C(2)] difference
for Pd(BINAP) and Pd(XANTPHOS) for substrate 1 as
well as 3. This difference does not reveal from the calcula-
tions involving Pd(H-BINAP) and Pd(H-XANTPHOS). A
calculation involving Pd(PPh3)2 gave an ∆Ea[C(3)–C(2)]
which is similar as obtained for XANTPHOS as ligand.
Interestingly, Pd(PH3)2 and Pd(PPh3)2 gave small
∆Ea[C(3)–C(2)] differences. Our calculations on 1 and 3
show that, for these substrates, qualitative site-selectivity
predictions can be achieved for the three ligands under
study with simple PH3 as model ligand for the palladium
catalyst. For Pd(PPh3)2 and Pd(XANTPHOS) as catalysts,
Pd(PH3)2 interestingly also gives a fairly good quantitative
idea (1: 13.3 for PH3 vs. 20.9 kJ/mol for XANTPHOS; 3:
12.1 for PH3 vs. 8.8 kJ/mol for XANTPHOS). However,
Pd(PH3)2 seriously underestimates the site-selectivity for
Pd(BINAP) (1: 13.3 for PH3 vs. 41.6 kJ/mol for BINAP; 3:
12.1 for PH3 vs. 28.6 kJ/mol for BINAP). As expected,
based on published calculated effects of model bidentate
ligands on oxidative addition energies, the Ea[C(2)] and
Ea[C(3)] values are much higher for Pd(PPh3)2 than for
Pd(BINAP) and Pd(XANTPHOS) in substrate 1 and 3 sup-
porting a higher reactivity in oxidative addition reactions
of the latter two.[20] This trend can also be seen upon com-
parison of Pd(PH3)2, Pd(H-BINAP) and Pd(H-
XANTPHOS). Important to note is that there seems to be
no significant ∆Ea[C(3)–C(2)] difference between a sub-
strate containing two chlorine atoms (1) or two bromine
atoms (3) with Pd(PPh3)2 (17.2 vs. 16.1 kJ/mol). With
Pd(BINAP) and Pd(XANTPHOS) a significantly larger dif-
ference is observed when two chlorine atoms instead of two
bromine atoms are present (BINAP: 41.6 vs. 28.6 kJ/mol;
XANTPHOS: 20.9 vs. 8.8 kJ/mol). For Pd(H-BINAP) and
Pd(H-XANTPHOS) we could not identify a significant
∆Ea[C(3)–C(2)] difference for the dichloro- and dibromo-
pyridine substrate (H-BINAP: 12.9 vs. 11.4 kJ/mol; H-
XANTPHOS: 12.7 vs. 10.1 kJ/mol). The Ea[C(3)] for oxi-
dative addition with a bidentate ligand based catalyst seems
to be similar irrespective of the ligand used. This can be
observed in substrate 1 as well as 3 upon comparison of the
energies computed for Pd(BINAP) and Pd(XANTPHOS).
The significant differences in ∆Ea[C(3)–C(2)] observed for
both bidentate ligands are therefore solely determined by
Ea[C(2)] in these substrates. For the simplified systems
Pd(H-BINAP) and Pd(H-XANTPHOS) only a small differ-
ence in Ea[C(2)] value could be observed. In order to deter-
mine the effect on the activation energy of the nitrogen
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Table 2. Activation energies Ea (kJ/mol) and differences in activation energies ∆Ea (kJ/mol) between C(3) and C(2) for the reactions of
1–6, with Pd(PPh3)2, Pd(BINAP) and Pd(XANTPHOS) and Pd(PH3)2, Pd(H-BINAP) and Pd(H-XANTPHOS). All values refer to
potential energy.

atom on C(3) vs. C(2) of the 2,3-dihalopyridine, we calcu-
lated the activation energy required for oxidative addition
of one of the carbon–halogen bonds of 2,3-dichlorobenzene
(4) and 2,3-dibromobenzene (5) to the same bidentate li-
gand based catalysts (Table 2). When one subtracts from
the Ea[C(X)] values obtained for reaction at C(X) in 4 and
5 the Ea[C(X)] values for reaction at C(2) and C(3) in the
corresponding 2,3-dihalopyridines, the activation effect of
nitrogen can be quantified (Table 3). This revealed that for
1 the activating effect of the nitrogen atom is larger at C(2)
than at C(3) irrespective of the bidentate ligand (BINAP,
XANTPHOS) used. For 3 the same observation was made,
but the activating effect at C(2) seems to be smaller for this
substrate (BINAP: 24.6 kJ/mol for 3 vs. 34.0 kJ/mol for 1;
XANTPHOS: 13.3 kJ/mol for 3 vs. 23.6 kJ/mol for 1). Cal-
culations performed with Pd(PPh3)2 showed also in this
case that the activating effect of nitrogen is larger at C(2)
than at C(3). Again, the activating effect in the chlorinated
substrate (46 kJ/mol) seems to be larger than in the bromi-
nated (19.9 kJ/mol) substrate for C(2). Both for substrate 1
and 3 there is no significant activating effect of the nitrogen
atom at C(3) for all ligands except in one case: substrate 1
with Pd(PPh3)2 catalyst (28.8 kJ/mol). The reason for the
presence of this effect in substrate 1 and its absence in sub-
strate 3 remains unclear.

Secondly, we computed the site-selectivity in 2-chloro-3-
iodopyridine (2). The calculated Ea[C(2)] and Ea[C(3)] val-
ues (kJ/mol) involving the different catalysts are summa-
rized in Table 2. The activation energies, for Pd(PPh3)2,
Pd(BINAP) and Pd(XANTPHOS), are in favor of reaction
at C(3) which is in agreement with the experimentally ob-
served site-selectivity on 2.[8,10] Interestingly, the ∆Ea[C(3)–
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Table 3. Differences in the activation energy ∆Ea (kJ/mol) for the
reactions of dihalopyridines (1, 3, 2) and the corresponding dihalo-
benzenes (4, 5, 6) with Pd(PPh3)2, Pd(BINAP) and
Pd(XANTPHOS). All values refer to potential energy.

C(2)] difference for Pd(BINAP) (–1.6 kJ/mol) is much
smaller than the value obtained for Pd(XANTPHOS)
(–23.3 kJ/mol), which is the opposite of what was observed
for substrates containing two identical halogen atoms (1,
3). This also reveals from the calculations involving Pd(H-
BINAP) and Pd(H-XANTPHOS). Calculation of the
Ea[C(2)] and Ea[C(3)] values for oxidative addition of 2 to
Pd(PPh3)2 as catalyst showed that, as observed for 1 and 3,
the ∆Ea[C(3)–C(2)] is similar as computed for
Pd(XANTPHOS) but now quantitatively overestimates the
site-selectivity induced by Pd(BINAP) (–23.7 for PPh3 vs.
–23.3 XANTPHOS and –1.6 kJ/mol for BINAP). PH3 and
PPh3 gave similar ∆Ea[C(3)–C(2)] values on 2. Therefore
for the three unsimplified ligands a qualitatively, and for
XANTPHOS and PPh3 a quantitatively, correct result can
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be achieved using PH3 as model phosphane. In line with
the observation on 2,3-dihalopyridines with two identical
halogen atoms (1, 3) the Ea[C(2)] and Ea[C(3)] values are
much higher for Pd(PPh3)2 than for Pd(BINAP) and
Pd(XANTPHOS) in substrate 2 pointing again to the acti-
vating effect of bidentate ligands on the oxidative addition
process.[20] This trend can also be seen upon comparison of
Pd(PH3)2, Pd(H-BINAP) and Pd(H-XANTPHOS). Com-
parison of the oxidative addition energies computed for
Pd(BINAP) and Pd(XANTPHOS) in C(3) {Ea[C(3)]} as
well as C(2) {Ea[C(2)]} of 2 indicated that the ∆Ea[C(3)–
C(2)] observed for the bidentate ligands can solely be as-
cribed due to a difference in the computed Ea[C(2)] value,
as was also observed for substrates 1 and 3. For the simpli-
fied systems Pd(H-BINAP) and Pd(H-XANTPHOS) only
a small difference could be observed for the Ea[C(2)] value.
In order to get a quantitative idea of the activating effect
of the nitrogen atom on C(3) vs. C(2) in 2, we subtracted
the Ea[C(X)] values for reaction at C(2) and C(3) in 2
respectively from the Ea[C(X)] values obtained for reaction
at C(1) and C(2) in 6 (Table 3). This revealed that the acti-
vating effect of the nitrogen atom is larger for C(2) than for
C(3) for the three catalyst systems. There is also a signifi-
cant activating effect of the nitrogen atom on C(3) for
Pd(BINAP) and Pd(XANTPHOS) but for Pd(PPh3)2 no
significant activating effect was observed for C(3). This is
the reverse of what was observed for 1. Interestingly, the
Ea[C(2)] of 2 seems not to be influenced by the other ortho
positioned halogen atom present on the nucleus since the
Ea[C(2)] in 1 and 2 gave only small difference for all three
ligands, although in substrate 1 a more electronegative chlo-
rine is present in C(3) (Table 2). This trend could also be
seen with the simplified ligands.

Interestingly, for all substrates pre-reactive complexes
(PRC) revealed from the calculations. Their potential occur-
rence preceding oxidative addition is well documented in
the literature.[4a–4d,4f–4h] For H-BINAP and H-
XANTPHOS pre-reactive complexes involving a palla-
dium–iodine bond were observed with substrate 2. These
bidentate model ligands contrast with PH3 for which no
pre-reactive complexes could be identified. Surprisingly, for
none of the substrates 1–3 an η2 arene complex is observed
with the simplified ligands PH3, H-BINAP, H-
XANTPHOS. These results strongly contrast with the data
for PPh3, BINAP and XANTPHOS for which pre-complex-
ation always occurred. Three types of PRC were observed:
pre-reactive complexes involving a palladium–halogen
bond, π complexation (η2 arene) and “hydrogen bonding”
via an anagostic interaction of the metal center with the
hydrogen of a C–H bond.[21] In contrast to π complexation,
neutral pre-reactive complexes involving palladium–halo-
gen bonding and “hydrogen bonding” have hitherto not
been reported to play a significant role. In anionic Pd0 com-
plexes, however, palladium–iodine as well as anagostic in-
teractions have been predicted earlier.[4f] Inspection of the
equilibrium geometries shown in Figures S1–6 suggest that
the exact nature of the pre-reactive complexes is determined
by the specific substrate-ligand combination as no general
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trends could be deduced. The binding energies of the pre-
reactive complexes vary between –5.6 and –48.0 kJ/mol for
the palladium–halogen bonding, between –9.5 and
–40.0 kJ/mol for the η2 arene complexes and between –9.3
and –18.1 kJ/mol for the anagostic interactions (Table 1).
The latter are only found with PPh3 as ligand. The anagos-
tic interaction, M–H distance and M–H–C angle, in the
pre-reactive complexes in the reaction in C(2) of 1, 2, 3 and
in C(3) of 1 with Pd(PPh3)2 are, respectively, 2.908 Å and
162.4°, 2.806 Å and 162.3°, 2.841 Å and 161.7°, and
3.156 Å and 147.7°. Important to note is that the energies
associated with pre complexation are often a significant %
of the activation energies required for the actual oxidative
addition process. The oxidative addition reaction in C(2) of
3 with Pd(BINAP) for example is an extreme case since the
stabilization energy (E1) is more than three times larger
than the required activation energy (Ea). It should also be
stressed that although there are two reaction sites in our
2,3-dihalopyridine substrates each transition state is pre-
ceded by its own different pre-reactive complex. If the
∆Ea[C(3)–C(2)] for oxidative addition of the dihalopyridine
substrate to a catalyst is very small, the regioselectivity can
be governed by the pre complexation process. The reaction
of 2 with Pd(BINAP) might be such a case since the
∆Ea[C(3)–C(2)] is only –1.6 kJ/mol, which simply cannot
explain the regioselectivity experimentally observed, while
the stabilization energy E1 is –44.8 kJ/mol for reaction in
C(3) as opposed to a value of –25.1 kJ/mol for reaction in
C(2). This small value for ∆Ea[C(3)–C(2)] might also be the
result of the limited basis set used. Therefore we replaced
the LANL2DZ(*) basis sets by def2-SVP and def2-TZVP
basis sets and repeated geometry optimizations and single
point calculations for substrates 1–3 with Pd(BINAP). The
data for the single point calculations in which all atoms are
described by using def2-TZVP are summarized in Tables 4
and 5. For substrate 1 the ∆Ea[C(3)–C(2)] values were es-
sentially identical. However, for substrates 2 and 3 substan-
tial differences revealed. Replacing the LANL2DZ(*) basis
sets for substrate 2 changed the ∆Ea[C(3)–C(2)] from –1.6
to –13.6 kJ/mol which fits better with the experimental re-
gioselectivity observed for this substrate. The good agree-
ment between calculations involving substrate 1 and the
large differences for substrates 2 and 3, suggest that larger
basis sets are able to better describe molecules containing
more polarizable atoms such as bromine and iodine.

To further rationalize the different trends reported above,
we performed additional calculations in which the relative
position of the different frontier orbitals were analyzed,
using a similar method as described earlier by Ziegler.[4h]

The results obtained for the 2,3-dihalosubstituted pyridines
show that for both the dichloro- (1) and the dibromo-sub-
stituted species (3), the carbon–halogen antibonding molec-
ular orbital is the LUMO+2, while the corresponding car-
bon–iodine molecular orbital in 2-chloro-3-iodopyridine (2)
is strongly stabilized and becomes the LUMO. These results
fit with the data on chloro-, bromo- and iodobenzene re-
ported by Ziegler.[4h] The differences and trends observed
while comparing the data for Pd(PH3)2, Pd(H-BINAP) and
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Table 4. A comparison of the stabilization energies E1 (kJ/mol),[22]

activation energies Ea (kJ/mol), energy losses E2 (kJ/mol) and reac-
tion energies Er (kJ/mol) for the reaction of 1, 2 and 3 with Pd-
(BINAP) calculated with Gaussian and Turbomole. All values refer
to potential energy. PRC: pre-reactive complex, TS: transition state,
OA: oxidative addition reaction product.

Table 5. A comparison of the activation energies Ea (kJ/mol) and
differences in activation energies ∆Ea (kJ/mol) between C(3) and
C(2) for the reactions of 1, 2 and 3 with Pd(BINAP) calculated
with Gaussian and Turbomole. All values refer to potential energy.
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Pd(H-XANTPHOS) as well as Pd(PPh3)2, Pd(BINAP) and
Pd(XANTPHOS), however, could not be rationalized by
comparing the properties of the HOMO molecular orbital
and the molecular orbitals located just underneath.

Conclusions
For 2,3-dihalopyridines 1–3 site-selectivities are qualita-

tively correctly predicted both with Pd catalysts containing
the simplified (PH3, H-BINAP, H-XANTPHOS) and un-
simplified (PPh3, BINAP, XANTPHOS) ligands. The sim-
plest catalyst system Pd(PH3)2 can therefore easily be used
for this purpose saving significantly CPU usage. Interest-
ingly, quantitatively Pd(PH3)2 gives a fairly good ∆Ea[C(3)–
C(2)] prediction of the reactions involving oxidative ad-
dition of 1–3 to Pd(PPh3)2 and Pd(XANTPHOS) but not
for Pd(BINAP). This might have a steric origin. The
Ea[C(2)] and Ea[C(3)] figures for all dihalopyridine sub-
strates are smaller for bidentate ligands (BINAP,
XANTPHOS) than for PPh3. The same trend can be seen
in the three simplified ligands. Comparison of the oxidative
addition energies computed for Pd(BINAP) and
Pd(XANTPHOS) in C(3) {Ea[C(3)]} as well as C(2)
{Ea[C(2)]} of 1–3 indicated that the differences in activation
energy {∆Ea[C(3)–C(2)]} can solely be ascribed due to a
difference in the computed Ea[C(2)] value. No such clear
difference revealed when comparing with the data obtained
for the simplified systems Pd(H-BINAP) and Pd(H-
XANTPHOS). To correctly predict oxidative addition ener-
gies pre-reactive complexes have to be taken into account
[palladium–halogen bonding, π complexation (η2 arene),
“hydrogen bonding” via an anagostic interaction]. The en-
ergy associated with the pre-reactive complex formation is
significant when compared with the activation energies re-
quired for the actual oxidative addition process. Our work
clearly shows that the use of simplified ligands (replacement
of the phenyl groups by hydrogen atoms) can strongly influ-
ence the energies and geometries of the prereactive com-
plexes, the transition states and the oxidative addition reac-
tion products. Reliable quantitative data on oxidative ad-
dition activation energies can consequently only be ob-
tained by using catalysts which contain the full ligands for
the calculations.
Supporting Information (see also the footnote on the first page of
this article): Equilibrium geometries for the pre-reactive complexes
(PRC), the transition states (TS) and the oxidative addition reac-
tion products (OA) for the reactions computed (Figures S1–S6).
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