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ABSTRACT: A density functional theory study of the kinetics and thermodynamics of Pd-phosphine-catalyzed
heteroatom bond formation

ArX þ REHn�!
½Pd�

ArEðHÞn�1R þ HX

was carried out. Individual steps in the catalytic cycle—ArX oxidative addition, REHn coordination, HX loss and
ArE(H)n� 1R reductive elimination and �-hydride elimination—were investigated. The effects of modification of the
ligand (PH3 versus PMe3), leaving group (X¼Cl versus X¼Br), heteroatom substrate (REHn¼H2O and NH3), aryl
(Ar¼ phenyl, p-cyanophenyl, p-aminophenyl, pyridyl) and metal coordination number (Pd(PH3) versus Pd(PH3)2)
were investigated. Copyright # 2004 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Transition metals are pivotal in catalyzing the reactions
by which drugs and drug candidates are synthesized.1 In
the pantheon of catalysts for organic synthesis, palladium
(Pd) occupies a pre-eminent spot among transition me-
tals. In addition to its extensive use for the reduction of
unsaturated moieties, Pd compounds play a pivotal role in
carbon-element bond formation, particularly for systems
with allyl, vinyl and aryl entities. Among bond formation
reactions catalyzed by palladium complexes, the Trost–
Tsuji,2 Heck,3 Stille,4 Suzuki,5 Buchwald–Hartwig
syntheses6,7 and their derivatives are among the most
commonly employed for the synthesis of drugs, drug
candidates and bioactive natural products.

Classical methods of aryl-heteroatom bond formation
involving electrophilic aromatic substitution or Ullmann–
Goldberg-type coupling procedures8 are typically neither
reliable nor efficient, and the harsh conditions required
are usually incompatible with pharmaceutical intermedi-
ates. Hence, there has been considerable experimental
research in the past decade (vide infra) to identify
transition metal catalysts for carbon-heteroatom bond
formation that work with a variety of substrates (organic
halides and triflates, arene and heterocyclic species,
amines and alcohols, etc.).6,7 From these efforts, palla-

dium (Pd) complexes, particularly those with phosphine
coligands, have emerged as the most promising catalysts
in aryl-heteroatom bond formation reactions.

The present computational research is inspired by the
experimental work of the Buchwald group (Eqn (1)):

ð1Þ
The phosphines (Ln in Eqn (1)) investigated by Buch-

wald and co-workers have the form PR2(Ar–Ar0) (Fig. 1),
where R is typically a bulky alkyl group such as cyclo-
hexyl (Cy) or t-butyl (tBu) and Ar–Ar0 is a biphenyl
derivative.9

The activity and selectivity of the Pd–phosphine cata-
lysts for the reaction in Eqn (1) have been found to be
sensitive to the steric and electronic profile of the phos-
phine (e.g. aryl versus alkyl phosphine substituents), the
X leaving group of the aryl substrate (chloride versus
bromide versus triflate), the E-bearing substrate (alcohols
versus amines), whether bond formation is inter- or
intramolecular, and even reaction parameters such as
solvent and temperature.6,7

Despite the massive experimental effort,1,6,7 Pd-cata-
lyzed aryl-heteroatom bond formation has, to our knowl-
edge, not received attention from theoreticians. Even for
amination, the most well-studied reaction,6,7 there are
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few quantitative kinetic and thermodynamic data. Sur-
prisingly, there has been little computational study of
many important Pd-catalyzed organic transformations.
Morokuma and co-workers have investigated some reac-
tions pertinent to Suzuki coupling.10 Rösch and co-work-
ers have studied some of the proposed mechanisms of the
Heck reaction involving Pd-heterocyclic carbene cata-
lysts.11 Perhaps the most comprehensive theoretical
research on a Pd-catalyzed organic synthetic transforma-
tion is that reported by Norrby et al. on Pd-catalyzed
allylic alkylation.12 This research is an excellent demon-
stration of the potential for computational chemistry to
provide better understanding of transition metal cata-
lyzed organic synthetic transformations, and for the
integration of theory and experiment in designed im-
proved catalysts.

Another major unresolved issue in experiment is the
exact nature of the catalyst active species. Kocovsky

et al.13 have provided NMR evidence for so-called
MAP ligands for a dynamic equilibrium involving multi-
ple coordination isomers. This work involved PdII spe-
cies, and thus it is unclear if such a situation exists for the
catalytically active Pd0 species in aryl-heteroatom bond
formation. Experimental data support a Pd(P�P)
intermediate for bidentate phosphines (P�P¼ bis (di-
phenylphosphino)ferrocene or BINAP).7 For monoden-
tate phosphines, such as the new biaryl-phosphines (see
Fig. 1) reported by Buchwald and co-workers,14 it is
unclear if the active species is a mono- or diphosphine, or
whether both pathways are operant.

The paper is written based on the proposed catalytic
cycle in Fig. 2. The catalytic cycle involves oxidative
addition, heteroatom substrate coordination, HX elimina-
tion and reductive elimination (see Results). The �-
hydride elimination reaction is the major pathway to
unwanted reduced arene side-products and the exact

Figure 1. Phosphine co-ligands for palladium-catalyzed carbon-heteroatom bond formation

Figure 2. Catalytic cycle for amination. The proposed steps (in bold) are based on current experimental information.6,7 An
analogous catalytic cycle can be drawn for the etheration reaction
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nature of the catalyst active species is explored in the
Result section.

Calculations aim to provide insight into portions of the
proposed catalytic cycle (Fig. 2) for which direct experi-
mental evidence is limited, e.g. the bonding and structure
of the putative Pd–phosphine catalyst, the nature of the
various transition states, the kinetic partitioning between
reductive elimination to form the desired product and �-
hydride transfer to yield unwanted, reduced side-products,
etc. Following these investigations are computational
studies of experimental results concerning the response
of the Pd catalysts to modification of the substrate leaving
group X, aromatic ring Ar, heterocyclo ring-pyridine,
heteroatom substrate E and the phosphine ligands.

COMPUTATIONAL METHODS

In order to choose a suitable level of theory for describing
the structure and energetics of putative intermediates in
these reactions, calculation of the geometries of impor-
tant intermediates (e.g. 1, 2 and 3 in Fig. 2) were
performed at different levels of theory—restricted Har-
tree Fock (RHF), Møller–Plesset second-order perturba-
tion theory (MP2) and several different density functional
theories (DFTs). Comparison with x-ray structural data
for experimental models indicates the unsuitability of
RHF for this task, whereas both MP2 and all the DFTs
tested (local and non-local) seem to predict geometries
with acceptable accuracy (� 2% difference maximum,
and average differences of 1%).

For the basic oxidative addition and reductive elimina-
tion processes that comprise the catalytic cycle, MP2 and
DFT provide comparable calculated reaction energies.
Because no experimental data are available, the compar-
ison is made by the calculation of energetics with coupled
cluster (CCSD(T)) wavefunctions, a methodology that has
been shown to reproduce experimental energies to within
a few kcal mol�1.15 It is found that the calculated reaction
energetics are comparable for the B3LYP DFT and the
CCSD(T) level of theory using the same basis sets.

The Stevens effective core potential/valence basis
scheme,16 augmented with polarization functions on
main group elements, which we have termed SBK(d),
and validated in previous research, is utilized for calcula-
tions. The reactants, intermediates, transition states and
products discussed in this paper are geometry optimized
and vibrational frequencies are calculated using the
Becke three-parameter hybrid B3LYP DFT.17 All calcu-
lations are performed using Gaussian 98 software.18

The polarized continuum model (PCM)19 was em-
ployed to model solvent effects. Standard parameters
for toluene were employed.

Unless stated otherwise, quoted energetics are B3LYP/
SBK(d) Gibbs free energies (298.15 K and 1 atm) deter-
mined at geometries optimized using this same level of
theory. The energies include zero point energy and

enthalpic and entropic corrections determined using
B3LYP/SBK(d) vibrational frequencies, without scaling.

RESULTS AND DISCUSSION

The catalytic cycle with Pd–monophosphine
complexes

For potential energy surface scans using the B3LYP/
SBK(d) approach, a simplified model is investigated. In
Eqn (2) Pd(PH3)n is the simplified model for catalyst
Pd(PR2(Ar–Ar0))n, whereas NH3 is used to represent the
heteroatom substrate. In the initial series of calculations a
monophosphine Pd complex (n¼ 1) is the active catalytic
species. A diphosphine Pd catalyst (n¼ 2) will be dis-
cussed later.

ð2Þ
Oxidative Addition of Ph–Br. Oxidative addition of
Ph–Br to Pd(PH3) yields the three-coordinate, 14-elec-
tron species Pd(PH3)(Ph)(Br). The initial interaction
between the substrate PhBr and the catalyst Pd(PH3)
shows that (H3P)Pd—Br-Ph (A1, Fig. 3) bonds through
the � ring of PhBr to the Pd with a binding free energy of
�10.8 kcal mol�1. Not surprisingly, � complexes are
energetically preferred to Pd—Br � complexes. Interest-
ingly, the geometries of the � minima suggest a prefer-
ence for �1 instead of �2 or �6 coordination modes for the
Pd–� interaction, for reasons that are not clear to us. The
aryl–bromide oxidative addition product, Pd(PH3)
(Ph)(Br), has three T-shaped isomers, with the trans
position to open-coordination site being occupied by
PH3 (1a), Br (1b) or Ph (1c), as shown in Fig. 3. Aryl
bromide 1c is most stable (3 and 8 kcal mol�1 lower in
energy than 1a and 1b, respectively), a result consistent
with Ph being more strongly trans-influencing than
PH3 and Br. The calculated free energy for the reaction
(from separated reactants) Pd(PH3)þPh-Br! 1c is
�15.4 kcal mol�1.

Two possible transition states for oxidative addition of
Ph–Br to Pd(PH3) are found, one with Ph trans to PH3

(T1b
z
) and, the other with Br trans to PH3 (T1c

z
) (Fig. 3).

Thus, there are two possible reaction paths: Pd(PH3)þ
Ph–Br!T1b

z ! 1b or Pd(PH3)þ Ph–Br!T1c
z ! 1c.

Isomer 1a can be generated from the isomerization of
1b or 1c, although not directly from oxidative addition of
PhBr to Pd–phosphine. The calculations indicate little
kinetic discrimination between the two oxidative addi-
tion transition states; T1b

z
is only 1.3 kcal mol�1 lower in

energy than T1c
z
. On the other hand, there is a more

pronounced thermodynamic preference for 1c, which is
7.9 kcal mol�1 more stable than 1b.
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Coordination of the heteroatom substrate
NH3. Substrate coordination is a straightforward process
(Fig. 3) for the small models employed here. The ammine
coordination product has three isomers (2a, 2b or 2c)
produced by coordination of ammonia from the three
isomers (1a, 1b or 1c) formed in the PhBr oxidation
addition. Ammine 2a of Pd(PH3)(NH3)(Ph)(Br), NH3 and
PH3 is trans, predicted by theory to be the lowest in
energy by 6 kcal mol�1. However, note that 2a is formed
from coordination of ammonia to 1a, the oxidative
addition product for which there is no direct path-to-
from reactants. Hence, substantial formation of ammine
2a would require isomerization of 1c and/or 1b to 1a
before heteroatom substrate coordination. Calculations
indicate that the isomerization pathway from 1c to 1a is
kinetically feasible with a barrier of �4.6 kcal mol�1.

Elimination of HBr. Upon coordination of the heteroa-
tom substrate, an equivalent of HX (in this case HBr)
must be lost to yield Pd(PH3)(NH2)(Ph), from which the
aniline product is formed and the catalyst regenerated.
The loss of HX can occur in one or two steps. In a single-
step process, which is rare for middle to late transition
metal complexes,20 1,2-HBr elimination shows a very
high endothermicity (48 kcal mol�1). The calculation is
based on the energy of ammine 2a (the most stable
isomer of Pd(Br)(PH3)(NH3)(Ph)) and amide 3c (the

most stable isomer of Pd(PH3)(NH2)(Ph); see next
section).

It has been proposed that the role of external bases such
as t-butoxide is to deprotonate the heteroatom substrate
upon its coordination to the metal.6,7 This suggests that
1,2-HX elimination may occur in two steps: proton
abstraction by an external base (t-butoxide was used in
this study) followed by liberation of bromide:

PdðBrÞðPH3ÞðNH3ÞðPhÞ þ tBuO�

! ½PdðBrÞðPH3ÞðNH2ÞðPhÞ�� þ tBuOH
ð3aÞ

2a

½PdðBrÞðPH3ÞðNH2ÞðPhÞ�� ! ½PdðPH3ÞðNH2ÞðPhÞ�
þ Br�

ð3bÞ

3c
Gas-phase calculation shows that the first step Eqn (3a) is
exergonic by 28.3 kcal mol�1, although the second step
Eqn (3b) is endergonic by 19.4 kcal mol�1. Because the
energies of ions are greatly influenced by solvent, the
most prevalent experimental solvent (toluene) is then
modeled in the calculations. The PCM implemented in
Gaussian 98 is used.19 Upon inclusion of the solvent
effects the first step is still highly exergonic
(19.2 kcal mol�1), but the second step is now only en-
dergonic by 6.9 kcal mol�1. Thus, our calculations sug-
gest that HX elimination is a two-step process.

Reductive elimination. Research by Hartwig sug-
gests that two pathways are possible in palladium-cata-
lyzed amination.7 Reductive elimination of product can
happen from either mono- or diphosphine complexes:
Pd(PH3)n(NH2)(Ph), where n¼ 1 or 2.

For a monophosphine active species, two Pd(PH3)
(NH2)Ph complexes are found as shown in Fig. 4: amide
3b (NH2 trans to open site) and amide 3c (Ph trans to
open site). Surprisingly, when geometry optimization
starts from amide 3a (PH3 trans to open site), it converges
to the 3c isomer. Thermodynamically, 3c is more stable
than 3b by 9.1 kcal mol�1. Two reductive elimination
transition states are found: T3bz, with Ph trans to PH3,
is the transition state for 3b!PdPH3þ PhNH2, transi-
tion state T3cz, with NH2 trans to PH3, is the transition
state for the reaction 3c!PdPH3þ PhNH2 (Fig. 4). The
kinetic barrier of the latter (11.8 kcal mol�1) is
1.3 kcal mol�1 higher than the former (13.1 kcal mol�1)
(Fig. 4). Because 3c is 9.1 kcal mol�1 more stable than
3b, we conclude that the reductive elimination
pathway for a monophosphine catalyst model is 3c!
T3c

z !PdPH3þ PhNH2.
If the elimination starts from diphosphine, as shown in

Fig. 4, two isomers are found, 4b (trans) and 4c (cis). Cis

Figure 3. Oxidative addition and coordination steps. The
numbers in parentheses are the Gibbs free energies relative
to that of reactants (kcal mol�1), which are PhBr, NH3 and
Pd(PH3) (X¼Br, Ar¼ Ph, REHn¼NH3)
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isomer 4c is more stable than trans 4b by 3.1 kcal mol�1.
Even though the reaction from 4c to PhNH2 is
36 kcal mol�1 exergonic, the reductive elimination bar-
rier from 4c to transition state T4

z
is high at

17.8 kcal mol�1 (the barrier starting from monophosphine
is 11.7 kcal mol�1). In addition, the calculated energy
for the hypothetical reaction T4

z !T3c
z þ PH3 is

�5.1 kcal mol�1. Thus, reductive elimination from di-
phosphine appears to be disfavored in relation to that for
monophosphine.

b-H Elimination (NH3 vs. NH2CH3)

�-H Elimination is a side-reaction that competes with
reductive elimination (Fig. 5). The NH2CH3 substrate is
studied instead of NH3 in order to compare the kinetics
and thermodynamics of �-H elimination with reductive
elimination. Of course, introducing NH2CH3 does not
change the Ar–Br oxidation addition process. Likewise,
NH3 and NH2CH3 also follow nearly identical paths with
respect to coordination to Pd, elimination of HBr and
elimination of Ph–amine (Fig. 5).

Hydrogens on the methyl group may initiate the side-
reaction of �-H elimination, which competes with
Ph(N(H)CH3) reductive elimination. The �-H elimina-
tion process starts from amide 3c-Me (the lower energy
conformation), goes through transition state T5

z
and

forms the four-coordination intermediate 6c. By liberat-
ing imine (HN——CH2), intermediate 6c produces
Pd(Ph)(PH3)(H) with three T-shaped isomers, the trans
position to the open coordination site being occupied by
PH3 (7a), H (7b) and Ar (7c) (Fig. 5). Because H and Ar
groups have much stronger trans-influencing effects than
PH3 group, 7b and 7c are both lower than 7a in energy.
Isomer 7b is favored by 5.7 kcal mol�1 versus 7c. Isomers
7b and 7c can go through transition states T6b

z
and T6c

z
,

Figure 4. Reductive elimination. The numbers in parenth-
eses are Gibbs free energies (kcalmol�1) relative to those of
PhNH2 and Pd(PH3)/Pd(PH3)2 (Ar¼ Ph and REHn�1¼NH2)

Figure 5. Reductive elimination and �-H elimination. The
numbers in parentheses are the Gibbs free energies
(kcalmol�1) relative to those of Ph(NHCH3) and Pd(PH3)
(Ar¼ Ph and EHn�1R¼NHCH3)
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respectively, and both passes lead to the side-product
arene (in our case, benzene). This step is very facile
because the barrier is <1 kcal mol�1 (Fig. 5).

Thus, the �-H elimination side–reaction includes one
major barrier: 3c-Me!T5

z
(17.5 kcal mol�1). On the

other hand, the kinetic barrier for the reductive elimina-
tion step 3c-Me!T3c-Me

z
is 12 kcal mol�1. The ener-

getics for the side-reaction and reductive elimination are
�12.7 and �20.0 kcal mol�1, respectively. This shows
that �-H elimination is less favored than the reductive
elimination from both thermodynamic and kinetic view-
points.

Active catalytic species (Pd(PH3) vs. Pd(PH3)2)

Until now, we have assumed a monophosphine active
species based on experimental evidence.9 In order to
address computationally the active catalytic species
(monophosphine versus diphosphine Pd complexes),
two issues need to be addressed: the relative kinetic
barrier of the oxidation addition of ArX and the stability
of Pd(PH3) versus Pd(PH3)2.

If the active catalytic species is a diphosphine complex,
the oxidative addition step will be different. As shown
in Fig. 6, reactant PhBr and catalyst Pd(PH3)2 first

form adduct A2, which is essentially unbound (�G¼
4.3 kcal mol�1) upon inclusion of entropic corrections.
Adduct A2 then proceeds to transition state T2

z
and

produces 5c, cis–Pd(PH3)2(Br)(Ph). Trans isomer 5b is
more stable than cis 5c by 6.4 kcal mol�1. The isomeriza-
tion between 5c and 5b involves three-coordinated spe-
cies 1c and 1b after losing one phosphine ligand from
four-coordinated diphosphine-ligand species. Even
though the overall oxidative addition is 7.1 kcal mol�1

exergonic, the kinetic barrier from A2 to transition state
T2

z
is 18.5 kcal mol�1, which is 8 kcal mol�1 higher than

that of monophosphine oxidative addition. In addition,
the calculated �G for the hypothetical reaction T2

z !
T1bz þ PH3 is�4.3 kcal mol�1, which further supports the
energetic preference for a monophosphine active species.

Direct coordination of NH3 to form a five-coordinate
intermediate from 5b is not favored. All attempts at
geometry optimization to identify a stable Pd(NH3)
(PH3)2(Ph)Br resulted in loss of ammonia. However,
the process of exchanging PH3 with NH3 (5bþNH3!
2aþ PH3) is 5.6 kcal mol�1 exergonic.

Reductive elimination to form an aniline product from
the diphosphine Pd complexes is disfavored relative to
the analogous process for monophosphines discussed
earlier.

Experimental evidence, particularly NMR spectro-
scopy, has been interpreted to indicate that the active
species for the most active catalysts are Pd–monopho-
sphine complexes Pd[PR2(Ar–Ar0)], where R is typically
a bulky alkyl group, such as cyclohexyl (Cy) or t-butyl
(tBu), and Ar–Ar0 is a biphenyl derivative.9 However,
phosphine dissociation from Pd(PH3)2 to Pd(PH3) is
19 kcal mol�1 exergonic. Because our simplified system
ignores the steric effect of the phosphine ligand, the
energetics for phosphine dissociation need to be justified
using more realistic models. This is currently being
explored in our laboratory by hybrid quantum mechanics
and molecular mechanics (QM/MM) techniques. Our
preliminary results suggest that monophosphines are
stabilized by Pd–� interactions with the pendant Ar0

group, hence all the preceding and ensuing discussion
is based on a Pd–monophosphine active species.

The effect of different X groups (Cl vs. Br)

In experiment, the use of aryl chlorides rather than
bromides or iodides in cross-coupling chemistry has
been actively pursued because of the low cost of the
former.21 In our calculations, they follow very similar
reaction paths. The lowest energy isomers for the dif-
ferent reaction intermediates (Pd(PH3)(Ph)X and
Pd(PH3)(Ph)(NH3)X) are also similar in geometry for
X¼Cl and X¼Br. The overall free energy for oxidative
addition from separated reactants is �11.3 kcal mol�1 for
PhCl versus �15.4 kcal mol�1 for PhBr. Furthermore, the
barrier from adduct to transition state is 18.3 kcal mol�1

Figure 6. Oxidative addition of Ph–Br to Pd(PH3)2. The
numbers in parentheses are the Gibbs free energies
(kcalmol�1) relative to those of PhBr and Pd(PH3)2
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for chlorobenzene versus 10.4 kcal mol�1 for bromoben-
zene (Table 1). The lower barrier for oxidative addition of
the aryl bromide is consistent with the mechanistic data
of Buchwald and co-workers.6 Substitution of Br with Cl
also disfavors the coordination of amine by 3 kcal mol�1.

The 1,2-HX elimination process (gas phase) favors
HCl elimination (43.5 kcal mol�1) versus HBr elimina-
tion (48.0 kcal mol�1) by 4.5 kcal mol�1. However, cal-
culation of the two-step elimination with toluene solvent
(see Eqns (3a) and (3b)) shows that liberation of chloride
is 12.0 kcal mol�1 endergonic, which is 5.1 kcal mol�1

higher than that of bromide (6.9 kcal mol�1) (Table 1).
Thus, aryl chlorides hinder the overall reaction by in-
creasing the barrier to oxidative addition as well as HCl
elimination.

The effect of Ar group (PhBr vs. ArBr)

The role of electronic effects in modifying the reaction is
investigated by comparison of the computed kinetics and
thermodynamics of bromobenzene with that of p-substi-
tuted aryl bromides such as p-NH2–C6H4Br (electron
rich) and p-CN–C6H4Br (electron poor).

The calculation of the energetics for the overall reaction
(Ar–BrþNH3!HBrþAr–NH2) indicates that p-NH2–
C6H4Br disfavors the reaction by 2.9 kcal mol�1

(�G¼ 1.0 kcal mol�1) and p–CN–C6H4Br favors the
reaction by 2.9 kcal mol�1 (�G¼�4.8 kcal mol�1)
compared with C6H5Br (Table 1). The electron-withdraw-
ing p-cyano group yields lower oxidative addition
(by 3.9 kcal mol�1) and reductive elimination (by
0.5 kcal mol�1) barriers versus bromobenzene. On the
other hand, amino substitution lowers the oxidative addi-
tion barrier by 1.0 kcal mol�1, but raises the reductive
elimination barrier by 0.4 kcal mol�1 versus bromoben-
zene. Experimentally, acceleration of C—N22 and C—O23

bond formation was observed with complexes containing
aryl groups with electron-withdrawing substituents, a re-
sult consistent with the present computations if one
assumes that the rate-determining step is either oxidative
addition of ArX or reductive elimination of the product.

The effect of heterocycle (PyBr vs. PhBr)

Because the pyridine moiety exists in many synthetic
drugs, fungicides and herbicides (i.e. epibatidine and
nicotine in Fig. 7), it would be of interest to know the
effect when the bromopyridine replaces aryl bromide as
substrate. We focused on 2-bromopyridine and 3-bromo-
pyridine, which are more of experimental interest.9

Theoretically, due to the electronegativity of the nitrogen
atom, the 2nd and 4th positions bear a partial positive
charge, making them prone to nucleophilic attack by the
catalyst during the oxidative addition step. Experimen-
tally, aminations of 2-chloropyridine were observed to be
considerably faster than those of 3-chloropyridine.6 T
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In ourcalculation, 2-Br–Py yields lower barriers (both by
1.4 kcal mol�1) of oxidative addition and reductive elimi-
nation compared with those of Ph–Br. On the other hand,
3-Br–Py increases oxidative addition (by 1.6 kcal mol�1),
reductive elimination (by 0.6 kcal mol�1) and HBr loss
(by 4 kcal mol�1) barriers relative to bromobenzene.
Thus, the greater activity of 2-Br–Py than 3-Br–Py is
not only caused by the difference in the oxidative addi-
tion step but also HX loss and reductive elimination steps.

The effect of different E groups (NH3 vs. H2O)

Substitution of NH3 with H2O will permit an examination
of the catalytic process of producing aryl ethers, which
remains a major challenge for organic synthesis.6–8 The
observed differences in catalytic aryl–O and aryl–N
formation for otherwise similar catalyst systems6,7 are
investigated by comparison of the relative kinetics and
thermodynamics for H2O versus NH3 coordination and
reductive elimination to form C—O versus C—N bonds,
respectively.

Coordination of H2O to Pd(PH3)(Ph)Br is still exer-
gonic (�G¼�7.5 kcal mol�1) even though it is
11.6 kcal mol�1 less favorable than coordination of NH3

(Table 1). Thus, it does not seem as if the differences in
aryl ether versus aryl amine synthesis are due to some
inherent unfavorability of substrate coordination for
oxygen-containing heteroatom substrates.

The 1,2-HBr elimination process (gas phase) seems to
be easier from Pd(PH3)(H2O)(Ph)(Br) (�Grxn¼
34.9 kcal mol�1) than Pd(PH3)(NH3)(Ph)(Br) (�Grxn¼
48.0 kcal mol�1) by 13.1 kcal mol�1. However, calcula-
tion of two-step HX elimination (toluene solvent)
shows that for the aqua complex the deprotonation
step is �37.2 kcal mol�1 (�19.2 kcal mol�1 for the am-
mine) and liberation of bromide is 11.9 kcal mol�1

(6.9 kcal mol�1 for the ammine) (Table 1). Thus, sub-
stitution of NH3 with H2O retards HBr elimination by
increasing the energy of bromide loss.

For the reductive elimination step, only one transition
state is found, that in which the OH group is trans to
phosphine (T3c

z
in Fig. 4). The reductive elimination

barrier for Caryl—O bond formation is 15.8 kcal mol�1 to
produce phenol, which is 3 kcal mol�1 higher than the
barrier to Caryl—N formation to produce aniline. Thus,
the differences in reactivity for aryl ether versus aryl
amine products thus seems to be due to the higher

reductive elimination barrier for the former, although
the effect of the E-containing substrate on HX loss cannot
be discounted.

The effect of phosphine ligand modification
(PMe3 vs. PH3)

The phosphine ligands in the experimental systems
require electron-rich as well as sterically bulky substitu-
ents,6 whereas the model PH3 has neither of these proper-
ties. The replacement of PH3 with PMe3 was investigated
to provide an assessment of how a larger and more
electron-donating phosphine may affect the catalytic
cycle.

Differences are found upon going from a Pd(PH3) to a
Pd(PMe3) catalyst model. First, among the three Ph–Br
oxidative addition isomers (1a, 1b and 1c), 1a is slightly
more stable than 1c by 0.6 kcal mol�1 for the PMe3-
substituted system in contrast to the Pd(PH3) system
(1a< 1c by 2.9 kcal mol�1). Second, 1,2-HBr elimination
is even more disfavored in the gas phase (51 kcal mol�1

for PMe3 versus 48 kcal mol�1 for PH3). However, if
toluene solvent effects are considered for the two-step
HBr elimination (see Eqns (3a) and (3b)) then both steps
are exergonic: the deprotonation by t-butoxide is
�7.3 kcal mol�1 (�19.2 kcal mol�1 for the PH3 system)
and bromide loss is �2.2 kcal mol�1 (6.9 kcal mol�1 for
the PH3 system). Third, the PMe3 ligand facilitates
oxidative addition (the barrier is 1.1 kcal mol�1 lower
for PMe3 versus the PH3 catalyst model) and hinders
reductive elimination (the barrier is 1.2 kcal mol�1

higher) (Table 1) which is consistent with PMe3 being a
better donor than PH3.

SUMMARY

A DFT study of the kinetics and thermodynamics of Pd–
phosphine–catalyzed heteroatom bond formation (Eqn
(1)) was carried out. Individual steps in the catalytic
cycle—ArX oxidative addition, REHn coordination, HX
loss, ArE(H)n� 1R reductive elimination and �-H elim-
ination—were investigated. The effects of modification
of the ligand (PH3 versus PMe3), leaving group (X¼Cl
versus X¼Br), heteroatom substrate (REHn¼H2O and
NH3), aryl (Ar¼ phenyl, p-cyanophenyl, p-aminophenyl
and pyridyl) and metal coordination number (Pd(PH3)
versus Pd(PH3)2), were investigated. Major conclusions
are summarized here:

(i) Aryl chlorides hinder the overall amination reaction
by increasing the barrier to the initial oxidative
addition relative to aryl bromides. Also, HX loss is
more favorable for X¼Br than X¼Cl.

(ii) Para electron-withdrawing groups on the aryl ring
facilitate both the oxidative addition and reductive
elimination steps.

Figure 7. Structures of epibatidine (left) and nicotine (right)
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(iii) 2-Halopyridines are more active than 3-halopyri-
dines by facilitating oxidative addition, HX loss and
reductive elimination.

(iv) More weakly coordinated heteroatom substrates (i.e.
alcohol versus amine) will hinder the reaction by
increasing the reductive elimination barrier and
increasing the barrier to bromide loss.

(v) Electron-rich phosphine ligands facilitate the oxida-
tive addition step and hinder reductive elimination.

(vi) The exact nature of the catalyst active species is
predicted to be a monophosphine Pd complex be-
cause it allows lower oxidative addition and reduc-
tive elimination barriers than diphosphine Pd
complexes. However, more realistic models are
needed to model the steric effect of the phosphine
ligands on the active catalytic species.
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