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Abstract

Density functional theory has been used to investigate various solvated species that may be formed from palladium bis N-heterocyclic
carbene complexes, [Pd(cyclo-C{NRCH}2)2], (PdL2) in benzene solution. Formation of an g2-arene complex is shown to stabilise a
monocarbene species, PdL(g2-C6H5X), where the arene is either the solvent or a reacting aryl halide. Oxidative addition of an aryl chlo-
ride has been modelled, and the most likely transition state has been established as a PdL(arylchloride) species, with just one carbene
ligand coordinated to the palladium. The catalytic cycle for aryl amination has been investigated and the oxidative addition of the aryl
halide shown to be the rate determining step. Reductive elimination of the aryl amine has a lower activation energy. Oxidative addition of
alkyl halides has been shown to be less favourable because of the absence of an unsaturated group, such as the aryl ring, to bond to the
palladium.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The palladium-catalysed amination of aryl halides has
become an important method for the synthesis of arylam-
ines found in pharmaceuticals, agrochemicals and new
materials [1,2]. The importance of this synthetic method
has led to extensive efforts to find catalysts that provide
high turnover numbers, reaction rates and functional
group compatibility. The initiating step of oxidative addi-
tion of the aryl halide to a Pd(0) complex is common to
many other important coupling reactions such as Suzuki
reactions [3], Heck olefinations [4], and Stille couplings
[5]. For the large majority of these studies phosphines are
the supporting ligands [6–9]. The nature of the active inter-
mediate depends on the bulk of the phosphine, oxidative
addition taking place to a 12 electron Pd centre with bulk-
ier phosphines and to a 14 electron centre with less steri-
cally demanding ones [7–9]. Evidence has also been
0022-328X/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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produced for the active intermediate being an anionic trico-
ordinated complex such as [PdL2Cl]

� or [PdL2(OAc)]� [6].
A common procedure when using N-heterocyclic carb-

enes (NHCs) as supporting ligands for Pd catalysts is to
generate the NHC situ from a imidazolium or imidazolin-
ium salt [10]. Palladium bis-carbene complexes, [Pd(cyclo-
C{NRCH}2)2], 1, have been shown to act as catalyst
precursors in aryl amination reactions [11–16]. For exam-
ple, a palladium N-heterocyclic carbene (NHC) complex
useful in the coupling of amines to aryl chlorides (Scheme
1) is [Pd(cyclo-C{NtBuCH}2)2] (1c).

Complexes such as 1c can be formed via metal vapour
synthesis in which palladium vapour is co-condensed with
1,3-di-N-tert-butylimidazol-2-ylidene [17]. Alternatively 1c
may be synthesised by the addition of sodium dimethylmal-
onate to [{Pd(g3-C4H7)Cl}2] in the presence of two equiv-
alents of 1,3-di-N-tert-butylimidazol-2-ylidene [13]. Whilst
numerous studies have been carried out into the nature
of four-coordinate metal(II) carbene species [18], the reac-
tivity of the two-coordinate palladium(0) carbene species is
less well documented. Herrmann et al. [19] reported the use
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of pre-formed two-coordinate palladium(0) NHC com-
plexes such as 1 for Suzuki reactions, noting significant dif-
ferences in activity compared with complexes generated
in situ from a solution containing a mixture of an imidazo-
lium salt (such as the chloride salt of (2,4,6-trimethyl-
phenyl)imidazol-2-ylidene) and Pd2(dba)3. Nolan and
co-workers [2,20] employ [(NHC)PdCl2]2 as precatalysts
for the formation of C–C and C–N bonds, and note that
this compound provides the ideal 1:1 ratio of Pd to NHC.

The proposed mechanism for the amination of aryl chlo-
rides by primary, secondary and aryl amines in the pres-
ence of 1 is shown in Scheme 2. The reaction pathway is
similar to that proposed in analogous palladium phosphine
systems. The catalytically active species is proposed to be a
mono-carbene complex, 2 [20]. This is supported by exper-
imental studies by Cloke et al. [16] who observed that the
optimum ratio of palladium-precursor to imidazolium salt
is 1:1. A second equivalent of imidazolium salt impedes the
reaction. Kinetic studies support a mechanism for the oxi-
dative addition of para-chlorotoluene to complex 1 in
which there is a pre-equilibrium step involving dissociation
of an NHC ligand from 1 to form 2.

The electronic structure of the bis-NHC complexes has
been examined by photoelectron spectra and density func-
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tional calculations of 1c [21,22]. These studies demonstrated
that bonding between the palladium and NHC occurs pre-
dominantly through r-donation from the carbene divalent
carbon lone pairs into a Pd ðdz2 þ sÞ hybrid, with little evi-
dence of a p back-donation from the transition metal d
orbitals to the NHC unfilled out-of-plane p-orbitals. This
lack of p back-bonding is anticipated due to significant p-
donation into the out-of-plane p-orbitals of the divalent
carbon by the nitrogen atoms. Tight binding of the carbenes
to the Pd generates an annular ring of electron density
around the Pd, formed from the ðdz2 � sÞ HOMO, that
inhibits further coordination. Palladium–carbene ligand
bond energies are typically very high [22], and the existence
of a monoligated palladium complex as the reactive species
might appear to be energetically prohibitive.

There have been a number theoretical studies of oxida-
tive addition of aryl halides to Pd complexes. The majority
of these involve bis-phosphine palladium catalysts [23–27].
Cundari [28] has recently reported a density functional
study based on Buchwald�s work [29–31] with very bulky
phosphines that compares mono- and bis-phosphine palla-
dium moieties as catalysts [28]. This work also models the
reductive elimination step involved in aryl-nitrogen bond
formation. Reductive elimination has also been studied
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for model M(PH3)2(CH3)(X) species (X = CH3, NH2, OH,
and SH) and a comparison made between pathways involv-
ing a four-coordinate Pd centre and a three-coordinate one
generated by phosphine loss [32]. For palladium NHCs,
Rösch reported a study of the Heck reaction using two di-
aminocarbene ligands [33] to model the bis-NHC palla-
dium catalysts of Herrmann et al. [34].

A number of processes are available for the production
of alkyl amines. The most simple of these is nucleophilic
substitution of an alkyl halide by ammonia. The yield in this
reaction is typically poor since the resulting primary amine
is itself a nucleophile and hence products are a mixture of
primary, secondary and tertiary amines, as well as tertiary
ammonium salts. Other methods of alkyl amine preparation
include reduction of amides [35], imides, nitriles [36] or
azides; reductive amination reactions [37]; the Hofmann
rearrangement [38]; and the Curtius rearrangement [39].
All of these routes are limited by reagents and are therefore
not generally applicable. A route analogous to that for aryl
halides would be advantageous since the reagents are cheap
and readily available and the selectivity for products would
be higher. Although the catalytic cycle shown in Scheme 2 is
successful experimentally in the amination of aryl halides,
there has been no experimental evidence to show that this
cycle would work for the amination of alkyl halides.

This paper describes a computational investigation into
key steps in this proposed catalytic cycle. Specifically, we
address various questions. Solvated species of the bis-
and mono-carbene complexes of Pd are modelled and the
oxidative addition step is investigated to determine whether
a monoligated palladium complex is the active species. The
role of the bulky substituents on the carbene is clarified and
the energetics of the reductive elimination of the aryl amine
are computed. The oxidative addition of alkyl halides is
also explored and crucial differences from aryl halides are
identified.

2. Computational methods

Calculations were performed using GAUSSIAN 03, rev. A2
[40]. The exchange-correlation functional used was BP86
[41–43]. Two basis set combinations were employed. Basis
set I used a SDD ECP basis set for palladium with a small
core [44,45], and the split valence 6-31G** for all other
atoms [46–51]. Basis set II used a SDD basis set for palla-
dium [44,45], with the cc-pVDZ basis sets of Dunning et al.
[52–54] for all other atoms. Basis set I was used for geom-
etry optimisations, solvent effects and frequency calcula-
tions. Basis set II was used for improved accuracy single
point calculations. The calculation of solvent effects em-
ployed the PCM model [55–58], using the default radii of
the program. The solvent used was benzene (e = 2.284).

Reaction energetics, given in the tables, were calculated
for various levels. Initially the differences in energy of the
geometry optimised structures were calculated, then this
number was further refined by using the more accurate ba-
sis sets in single point calculations. Zero-point energy cor-
rections were added to give an estimate of DU0 at 0 K. The
frequency calculations were then used to obtain a gas phase
Gibbs free energy change at 298.15 K, DG0

298. Finally sol-
vent corrections were made to this Gibbs free energy.

One problem with the methodology being applied is the
calculated entropy terms refer to the gas phase entropy.
Depending upon the size of the molecules, the entropy term
has between 30–60% translational and rotational contribu-
tion. Smaller molecules have fewer vibrational normal
modes, therefore proportionally have a larger contribution
from translational and rotational entropy. In solution,
these terms will be reduced, as molecular tumbling and
translation are hindered by solvent–solute interactions.
The data given in the tables therefore represents an overes-
timate of the reaction free energies for associative reactions
(i.e., are too positive), and an underestimate for dissocia-
tive reactions (i.e., are too negative).
3. Results and discussion

3.1. General approach

Studies of reaction pathways should in principle be car-
ried out on a Gibbs free energy surface as a function of
temperature. This is not currently possible and normal
practice is to compute reaction pathways on an SCF energy
surface to identify minima, as models for intermediates,
and saddle points, as models for transition states. The
Gibbs free energies of these structures are then computed
to give estimates of reaction energetics and activation ener-
gies. The benefit of this approach is that it illuminates cru-
cial electronic factors that control reactivity.

Chemical intuition would suggest that the steric bulk of
the tert-butyl groups in complex 1c prevents an associative
mechanism, whereas oxidative addition by such a mecha-
nism to 1a might well be possible. A key goal of this study
was to determine whether steric factors are important in
determining the reactivity. Therefore, the ligand set a–c
shown below was chosen to investigate the oxidative addi-
tion mechanism.

N
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a, R = H
b, R = Methyl
c, R = tert-Butyl

3.2. Structures

The structures of the bis-carbene complexes were opti-
mised without symmetry constraints to give the D2d sym-
metry structures shown in Fig. 1. The palladium–carbon
bond lengths for 1a–c are in good agreement with those ob-
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Fig. 1. Structure of complex 1a–c. Pd–C bond length is given in Å.
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tained in a previous study using the BP86 functional and
Slater type orbitals [22].

The structures of the mono-carbene complexes 2a–c
were optimised without symmetry constraints to give the
structures shown in Fig. 2. The palladium–carbon bond
lengths are circa 0.09 Å shorter than the bis carbene com-
plexes for ligands a and b, and circa 0.11 Å shorter for
the bulkier ligand c.

Steric effects are expected to be small in complex 2, as
the alkyl groups are not interacting with the opposite car-
bene ligand. Therefore, the palladium–carbon bond length
should be a reflection in the energetics of the bonding of the
NHC to palladium.

3.3. Ligand dissociation energies of the bis-carbene
complexes

Energetics for the dissociation reaction (1) for com-
plexes 1a–c are given in Table 1. There is a clear trend that
the bulkier the ligand substituent groups, the lower the dis-
sociation energy of the bis-carbene complex. The entropy
term gives the largest correction to the energy of dissocia-
tion, as would be expected for a dissociative reaction.
The solvent corrected energy barriers are in the range to
be accessible at moderate temperatures. Thus, despite the
high bond enthalpy, it is possible for small amounts of
mono substituted palladium carbene complexes to be gen-
erated in solution at the temperatures typically used for the
amination reactions [59]. It is also the case that any adven-
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Fig. 2. Structure of complex 2a–c. Pd–C bond length is given in Å.

Table 1
Energies for the dissociation reaction (1) for complexes 1a–c

Complex GGA
energy

Larger
basis set

ZPE
corrected

Free
energy

Solvent
corrected

1a 225.8 213.6 208.2 157.4 159.1
1b 225.6 202.6 197.5 140.0 135.0
1c 194.0 185.5 180.2 111.8 119.4

Values shown are in kJ mol�1, and are calculated at 298.15 K in benzene.
Details of the corrections can be found in Section 2.
titious hydrogen ions may protonate the dissociated car-
bene and assist formation of catalytic amounts of the
mono-carbene complex.
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3.4. Palladium–carbene–solvent complexes

The energy associated with dissociation of a ligand to
form a mono-carbene palladium complex does not prevent
this from occurring as part of a chemical reaction. How-
ever, most amination reactions are performed in benzene
or other similar solvent [16]. Therefore, it is likely that spe-
cific solvent palladium interactions will occur that greatly
stabilise the monosubstituted complex formed. The struc-
ture and energetics of various palladium–carbene–solvent
complexes that may form when complexes 1a–c are dis-
solved in benzene were examined.

3.5. Structures

The mono substituted complexes 2a–c were optimised
with a benzene ligand coordinated to the palladium metal,
to give an g2 structure, 3a–c, shown in Fig. 3. The Pd–car-
bene C bond lengths (parameter a in Fig. 3) are substan-
tially longer than in the mono substituted complexes, and
approach those of the bis-carbene complexes 1a–c given
in Fig. 1.

A second benzene ligand was added to complexes 3a–c
and optimised to give the structures, 4a–c shown in
Fig. 4. The palladium–carbene distances are longer in com-
plexes 4a–c than in 1a–c. The less sterically demanding li-
gands have shorter Pd–benzene distances, a reverse of the
NN
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Fig. 3. Structure of the g2-benzene palladium carbene complexes 3a–c.
Parameters a, b and c are given in Å. b represents the average of Pd–C
distances to the two coordinating benzene carbon atoms.



Table 2
Energies for the solvent association reactions (2)–(6) for complexes 1a–c

Reaction
complex

GGA
energy

Larger
basis set

ZPE
corrected

Free
energy

Solvent
corrected

(2)
1a 28.6 32.2 29.6 79.5 85.0
1b 38.8 35.3 32.4 80.1 75.5

(3)
1a 126.7 118.6 113.9 109.9 111.8
1b 125.6 108.4 103.6 70.2 69.4
1c 93.3 89.8 85.2 64.4 76.6

(4)
1a 131.1 127.3 122.7 175.4 178.5
1b 138.5 123.6 119.3 165.6 161.7
1c 133.1 132.3 129.7 168.7 172.7

(5)
5a 98.1 86.4 84.3 30.4 26.7
5b 86.8 73.0 71.2 �9.8 �6.1

(6)
3a 4.4 8.7 8.7 65.5 67.7
3b 12.9 15.2 15.7 95.4 92.3
3c 38.9 42.5 44.6 104.3 96.1

Values shown are in kJ mol�1, and are calculated at 298.15 K in benzene.
Details of the corrections can be found in Section 2.
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Fig. 4. Structure of the bis g2-benzene palladium carbene complexes 4a–c. Parameters a, b and c are given in Å. b represents the average of Pd–C distances
to the two coordinating benzene carbon atoms, and c the average coordinated carbon–carbon distance in the two benzene rings.
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trend in the mono solvent complexes 3a–c. This suggests
that steric crowding is probably becoming a more domi-
nant factor in complexes 4a–c.

A benzene molecule was added to the bis-carbene palla-
dium complexes 1a–c, and the resultant structures opti-
mised to give the structures, 5a, and 5b shown in Fig. 5.

The tert-butyl groups of ligand c prevented a stable ad-
duct forming, and the benzene molecule preferentially
decoordinated. The palladium–carbene carbon distances
are longer than in the bis-carbene complexes, and are com-
parable to those in the three-coordinate complexes 4a and
4b. The importance of steric effects reducing palladium sol-
vent interactions for the bis-carbene complexes is sup-
ported by the lack of bis-carbene palladium benzene
complex for ligand c.

3.6. Energetics

The energetics for the reactions (2)–(6) are shown in Ta-
ble 2. In general, when two molecules combine to form a
complex, the free energy of activation is substantially high-
er than the zero-point energy differences. This is a reflection
of the reduction of entropy of the system. Thus, reactions
(2), (4) and (6) are unfavourable. The reverse is true of a
complex that dissociates into two molecules. Hence reac-
tion (5) is actually favourable when R = Me.

Solvent association to the bis-carbene complex (reaction
(2)) becomes less favourable with increasing ligand bulk.
This extends to the observation that the very bulky tert-
butyl carbene ligand does not form a bis-carbene solvent
complex. The steric crowding that is present in the ground
state bis-carbene complexes is reduced on forming a mono-
carbene solvent complex. Formation of a bis-solvent car-
bene complex is not favourable. Both reactions (4) and
(6) are uphill, and not only due to the loss of entropy term.
5a, R = H
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Fig. 5. Structure of the bis carbene g2-benzene palladium carbene
complexes 5a and 5b. Parameters a, b and c are given in Å. b represents
the average of Pd–C distances to the two coordinating benzene carbon
atoms.
The choice of ligand system used to model the reactions
appears reasonable. The ligands a, b and c reflect a broad
range of reactivity, and it is clear there is a change over in
some of the above equilibriums when changing to the bulky
ligand c. The extra computational cost required to treat the
large alkyl groups correctly is rewarded by revealing the
true reactivity of the real system.
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3.7. Oxidative addition transition states

The solvent complexes detailed above were investigated
to determine whether they allowed oxidative addition of
chlorobenzene. Initially, the solvent complexes were opti-
mised with one chlorobenzene replacing a benzene ligand.
The structures obtained are of similar energy (to within
10 kJ mol�1) to the benzene complexes, and act as the ref-
erence level for the oxidative addition transition state ener-
gies detailed below.

The transition state, 6a–c, for oxidative addition in com-
plexes 3a–c is shown in Fig. 6 below.

To verify that 6a is the correct transition state for oxida-
tive addition, an intrinsic reaction coordinate (IRC) calcu-
lation was allowed to progress from the transition state to
the minima it connects. One direction led easily to 3a, the
solvated mono-carbene palladium complex. The other
direction leads to a T-shaped palladium carbene phenyl
chloride complex, 7a, the correct oxidative addition prod-
uct, as shown in Fig. 7. As a comparison for the data given
in Fig. 6, the bond lengths in the optimised oxidative addi-
tion product are �2.34 Å for the Pd–Cl bond, and �1.98 Å
for the Pd–Ph bond.

Geometry optimisations were carried out on three possi-
ble isomers of the oxidative addition product when
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a, b, c and d are given in Å. m is the frequency of the imaginary mode
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R = But. The structure in which the carbene is trans to the
chloride ligand (as shown in Fig. 7) was found to be
39 kJ mol�1 lower in energy compared to the conformer
in which the phenyl ring is trans to the carbene ligand, At-
tempts to optimise the structure with the phenyl group
trans to chlorine resulted in the more stable configuration
shown in Fig. 7.

Parameters b and d in Fig. 6 suggest the transition state
is slightly earlier for the bulkier ligand c. This is in agree-
ment with the data for the ground state solvent complexes
3 shown in Fig. 3. Thus bulkier ligands have shorter metal
solvent bonds in the ground state, and an earlier oxidative
addition transition state, in the mono solvated complexes.

The transition state (8a and 8b) for oxidative addition to
complexes 4a–c is shown in Fig. 8.

Again, the transition state was verified as correct by an
IRC calculation on 8a, with one direction progressing to
complex 4a and the other to an oxidative addition product.
A transition state could not be found for the tert-butyl
complex. In attempted optimisations of 8c, the spectator
solvent molecule decoordinated from the palladium, and
the resultant complex optimised to 6c. As a comparison
for the data given in Fig. 7, the bond lengths in the opti-
mised solvated oxidative addition product are �2.45 Å
for the Pd–Cl bond, and �2.02 Å for the Pd–Ph bond.

The data given in Fig. 8 shows a reasonably clear trend.
As the ligand becomes more bulky, the oxidative addition
transition state occurs later on the reaction surface, with
longer parameters b and d, and a shorter parameter c. This
is in agreement with the data for complex 4 shown in
Fig. 4, where the bulkier ligands have longer metal solvent
bond lengths. The formation of the more crowded oxida-
tive addition transition state is disfavoured by an increase
in steric bulk of the ligands. Thus for the tert-butyl substi-
tuted ligand, formation of 7c is not possible, and the spec-
tator benzene ligand is preferentially decoordinated.

Numerous transition state optimisations were attempted
on complex 5a to find a transition state for oxidative addi-
tion. In several of these, the chlorine atom was lost, and did
not form a bond to the metal centre. A structure that con-
sistently occurred during attempted optimisations has CS

symmetry, with the chlorine atom H-bonding to the hydro-
gens of the carbene ligands, as shown in Fig. 9.

The frequency calculation on complex 9a had an imag-
inary mode at 130i cm�1 corresponding to the chlorine
atom moving away from the phenyl ring. An IRC calcula-
tion did not progress to an oxidative addition product. In-
stead, the chlorine atom moved further from the phenyl
ring to H-bond to the carbene ligands.

Complex 9a clearly does not correspond to an oxidative
addition transition state. Instead, it corresponds to chloride
being lost to H-bond between the carbene ligands. To
avoid the strong H-bonding from the hydrogen substitu-
ents in ligand a, ligand b was used in an attempt to optimise
an oxidative addition transition state in complex 5b. All
attempts converged to an analogous transition state to
9a. This suggests that the metal centre is not electrophilic
enough to oxidatively add an aryl chloride in the linear
bis-carbene complexes. The annular ring of electron density
repels the reactant.

3.8. Energetics of oxidative addition

The activation energetics of reactions (7)–(10) are
shown in Table 3. Initially considering the oxidative addi-
tion from the chlorobenzene complexes, the data for reac-
tions (7) and (8) show that as the steric bulk of the
carbene ligand increases, the oxidative addition becomes
easier in the mono solvent complex, and harder in the
bis solvent complex. From the trends discussed above, this
is consistent with the early transition states having lower
activation energies.

The data for reactions (9) and (10) represent the reaction
energies for oxidative addition of chlorobenzene to the bis
carbene palladium complexes. A comparison between (9)
and (10) for ligand a shows that complex 1a has very sim-
ilar zero-point activation energy barrier for the two transi-
tion states 6a and 8a. Changing the ligands to larger
substituents results in the mono solvent oxidative addition
transition states 6b–c having lower zero-point activation
energies.



Table 3
Energies for the formation of the oxidative addition transition state, as
shown in reactions (7)–(10) for complexes 1a–c

NHC GGA
energy

Larger
basis set

ZPE
corrected

Free
energy

Solvent
corrected

(7)
a 45.9 44.3 42.3 40.5 41.4
b 46.1 44.5 42.3 38.4 39.4
c 41.8 41.4 40.2 32.2 –

(8)
a 32.5 31.9 30.2 25.4 26.0
b 38.7 38.0 37.0 37.4 41.2

(9)
a 179.4 167.6 159.9 152.8 157.3
b 176.9 154.9 147.3 134.8 137.0
c 140.8 132.2 126.1 106.3 –

(10)
a 170.9 164.8 157.4 207.8 215.1
b 186.1 168.7 162.2 206.3 208.7

Values shown are in kJ mol�1, and are calculated at 298.15 K in benzene.
Details of the corrections can be found in Section 2. A solvent calculation
was not possible on complex 7c, due to problems constructing a suitable
cavity.
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Formation of the bis solvent oxidative addition transition
state, in free energy terms, is greatly disfavoured, due to
the loss of entropy from coordinating an additional solvent
molecule. Hence, the rate determining transition state for
oxidative addition in all complexes is likely to be 6. The
reaction energy of (9) is substantially lower for ligand c
than a or b. Comparison of the data in Tables 2 and 3 show
that the largest contributor to this difference is the more
favourable dissociation of the bulky carbene ligands, as gi-
ven in reaction (1).

Subsequent steps in the catalytic cycle were studied only
for the bulky ligand c as this gave the most realistic com-
parison with experiment.

3.8.1. Bis-carbene palladium aryl halide

In the absence of aryl amine the product of oxidative addi-
tion of an aryl halide is trans- [Pd(cyclo-C{NtBuCH}2)2-
(Cl)(Ph)] [15]. Coordination of a carbene to the more stable
intermediate shown in Fig. 7 would suggest formation of the
cis isomer. Therefore the bis-carbene oxidative addition
product [Pd(cyclo-C{NtBuCH}2)2(Cl)(Ph)] 10c was also
investigated. The optimised structure and selected parame-
ters are shown in Fig. 10. The trans-isomer was found to be
lower in energy than the cis-isomer by 71 kJ mol�1 as it re-
duces the steric interactions between the bulky t-butyl sub-
stituents on the carbene. Experimental bond lengths and
angles for [Pd(cyclo-C{NtBuCH}2)2(CO2Me-4-C6H4)(Cl)]
(10c 0) are provided in Fig. 10 for comparison.

3.8.2. Binding of aniline to intermediate 7c
Consequent to determination of the lowest energy struc-

ture for intermediate 7c, the product, 11c, of the coordina-
tion of aniline to 7c was investigated. Geometry
optimisations were performed on the possible stereoiso-
mers of complex 11c. The isomer with the phenyl ring trans
to the chlorine ligand was found to be lowest in energy
(Fig. 11). The most significant difference in bond vectors
between 10c and 11c is the Pd–C(NHC) distance which is
�0.11 Å shorter. This is a consequence of the increased
trans influence of carbene compared with aniline, a reflec-
tion of the superior r-donating capabilities of carbenes.
The cis-arrangement of the amine and the aryl group is
favourable for subsequent reductive elimination after re-
moval of HCl.
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Fig. 11. Optimised geometry of 11c. Parameters a, b, c and d are given in
Å.
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The energetics found so far for the tertiary butyl NHC
Pd system are summarised in Fig. 12.
3.8.3. Palladium-amido intermediate
The step involving the removal of H+ and Cl� from 11c

by potassium t-butoxide was not studied in detail since the
Energy

PdL2

PdL
Pd

L

Ph Cl

(transition state)

L

Pd
H Cl

0

+119 kJ mol-1

~106 kJmol-1

+87kJ mol-1

Fig. 12. Relative free energies of oxidative addition and insertion products. L
phase value as the solvent correction failed.)
thermodynamic driving force is the formation of KCl and
HOBut. The product of this step, 12c, is shown in
Fig. 13. Akin to 7c, this complex displays a T-shaped
geometry. The Pd–N bond is significantly shorter in this
complex than in 11c (0.16 Å shorter) and lies in the range
expected for palladium-amido species. The concomitant
loss of H+ with formation of an amido-bond results in
the palladium-centre in 12c retaining a 16 electron count.
The Pd–carbene bond length is increased in comparison
to 11c (by 0.04 Å) due to the increased trans influence of
an amide compared with an amine.

3.8.4. Reductive elimination of ArNRH from complex 13c
The final step of the catalytic cycle is the reductive elim-

ination of diphenylamine from complex 13c. A transition
state for reductive elimination, 14c (Fig. 14) was found.

The optimised transition state displays a single imagi-
nary frequency indicating a negative force constant. To
Pd
Ph

L Cl

Pd

Cl

Ph L Pd
Cl

Ph L
NH2Ph

NH2Ph

Pd

Ph

L Cl
Pd

L

Cl Ph

NH2Ph

+78 kJ mol-1

+39 kJ mol-1
+27 kJ mol-1

+44 kJ mol-1

+75 kJ mol-1

= cyclo-C{NtBuCH}. (The energy given for the transition state is the gas
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Fig. 14. Transition state for reductive elimination of diphenylamine.
Parameters a, b, c and d are given in Å. m is the frequency of the imaginary
mode corresponding to motion over the transition state.
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Fig. 15. Intermediate formed on reductive elimination of diphenylamine.
Parameters a, b and c are given in Å.
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Fig. 16. Structure of g2 coordinated diphenylamine. Parameters a, b and c
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J.C. Green et al. / Journal of Organometallic Chemistry 690 (2005) 6054–6067 6063
verify that this was the correct transition state for reductive
elimination, the IRC was investigated around this point.
The local minimum in one direction was 13c. In the other
direction the structure evolved to diphenylamine coordi-
nated to the mono-carbene Pd (15c) shown in Fig. 15, thus
confirming that structure 14c is indeed a transition state for
reductive elimination. The N retained its trans configura-
tion with respect to the carbene throughout the elimination.

The Pd–N bond length in 15c is 2.205 Å (compared to
2.006 Å in 13c) as a result of the nitrogen becoming coord-
inatively saturated.

By analogy with the coordination of chlorobenzene to
the Pd centre, as represented by structure 3c, a structure
was postulated in which the palladium is bonded in an g2

fashion to the phenyl ring of diphenylamine. Though the
starting structure had the Pd coordinated to the C(1)–
C(2) bond of the phenyl ring immediately adjacent to the
N, the optimised structure, 16c, had the Pd coordinated
to the C(2)–C(3) bond (Fig. 16). The mesomeric effect of
the N would be expected to maximise electron density in
this location. The free energy of 16c (inclusive of solvent ef-
fects) was calculated to be lower than that of 15c by
44 kJ mol�1.

The energy profile for reductive elimination from 13c

resulting in the more stable 16c is shown in Fig. 17. A de-
tailed breakdown of the relative energies are given in Table
4. The free energy barrier to reductive elimination was cal-
culated to be 64 kJ mol�1.

Replacement of the amine by a further molecule of aryl
chloride would release the aryl amine product and recom-
mence the catalytic cycle.

3.9. Comparison with previous studies

Previous computational studies employing bis-ligated
palladium have found similar g2-arene complexes and
oxidative addition transition states to those reported here
[23,25–27]. The most directly comparable study is that of
Cundari and Deng [28] who model the catalytic cycle for
Pd(PH3) and Pd(PH3)2. They argue that the monophos-
phine compound is the more active catalyst because it
lowers the barriers to oxidative addition and reductive
elimination compared with the bisphophine complex.
Our findings are similar. In addition we find that the
bulky tertiary butyl NHC lowers the energy of ligand
dissociation needed for formation of the monocarbene
complex. They report arene g1 coordination being the
most stable whereas we find an g2 complex. The most
stable isomer for the oxidative addition product is with
the phosphine trans to the halide as found for the oxida-
tive addition product 7 described here with the carbene
trans to the chloride. Also the most stable isomers of
the analogues of 11c and 13c have the same stereochem-
istry as those we describe. The energetics of the two
studies are not strictly comparable in that Cundari and
Deng use PhBr as the aryl halide and NH3 as the amine,
but the magnitudes found are not dissimilar. However,
they do not report any coordination of the aryl amine
formed on reductive elimination comparable to 15c and
16c. Macgregor et al. [32], who have studied reductive
elimination of CH3NH2 from M(PH3)2(CH3)NH2, identi-
fied a pathway for reductive elimination from a three-
coordinate species formed after phosphine loss, the product
of which was a Pd(PH3)(NH2Me) with a coordinated



PdL N

14c +64 kJ mol-1

L

Pd

N
H

16c -51.5 kJ mol-1

PdL

13c 0 kJ mol-1

PdL NH

15c  -7.5 kJ mol-1

H

N
H

Fig. 17. Free energy profile (inclusive of solvation) for the reductive elimination of aryl amine.

Table 4
Energies of the complexes 14c, 15c and 16c relative to complex 13c

Reaction
complex

GGA
energy

Larger
basis set

ZPE
corrected

Free
energy

Solvent
corrected

14c 61.2 59.4 56.4 62.3 64.4
15c �31.3 �29.4 �25.9 �18.5 �7.5
16c �55.5 �51.2 �49.8 �45.6 �41.2

Values shown are in kJ mol�1, and are calculated at 298.15 K in benzene.
Details of the corrections can be found in Section 2.
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Fig. 18. Monocarbene palladium complex solvated with methyl chloride.
Parameters a, b and c are given in Å.
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amine. Their study though lacks an arene in the amine
product so there is no competition with coordination
to the arene ring, which we identify as a more stable
intermediate.

3.10. Oxidative addition of alkyl chlorides

One might postulate that the energy barrier to oxidative
addition of alkyl halides is greater than that of aryl halides
due to the absence of a phenyl p-system (present in aryl ha-
lides) which promotes formation of a solvated complex. The
validity of this theory has been investigated by modelling
the oxidative addition of chloromethane to complex 2c.

A local minimum was found corresponding a solvated
chloromethane–palladium–NHC complex (17c) shown in
Fig. 18. Intermediate 17c is analogous to the solvated chlo-
robenzene species, 3c, shown in Fig. 3.

The transition state, 18c, found for oxidative addition of
methyl chloride is shown in Fig. 19. A frequency calcula-
tion revealed a single imaginary mode of vibration corre-
sponding to the methyl group moving from the palladium
metal to the chlorine atom. The distance between the
methyl carbon atom and the chlorine in 18c is 2.143 Å
(compared to 1.805 Å in free chloromethane).

The geometry of 18c can be rationalised by inspection of
Fig. 20 which shows the total electron density of 2c with
the potential superimposed. This shows a region of high
positive charge to be located on the palladium metal
pointing away from the carbene. It therefore follows that



Fig. 20. Total electron density of 2c with superimposed potential.
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Fig. 22. Energetics for the oxidative addition of methyl chloride to 2c.
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the chlorine atom of the chloromethane (which bears a
negative charge due to electronegativity effects) should
align with the least electron rich part of the palladium me-
tal reducing electrostatic repulsion. The carbon atom of
chloromethane is aligned with the more electron rich side
of the palladium since it carries a positive charge.

An analogous oxidative addition product 19c to that of
the aryl halides was optimised to the structure shown in
Fig. 21. Complex 19c is 58 kJ mol�1 lower in energy than
the conformer in which the carbene is trans to the methyl
group. Attempts to optimise a structure in which the chlo-
rine is trans to the methyl group were unsuccessful, the
structure reverting to the lower energy isomer. The Pd–
NHC bond in 19c is 0.14 Å longer than that of the analo-
gous phenyl complex 10c. This is a consequence of the
stronger r-donating capability of the methyl group increas-
ing the electron density at the palladium centre.

To verify that complex 18c is a transition state for the oxi-
dative addition of chloromethane to 2c, the IRC around 18c
NN

PdH3C

Cl

tBuBut

α 

β 
γ α 2.121 

β 2.038 

γ  2.330

19c

g. 21. Optimised geometry of product of oxidative addition of MeCl to
Pd mono carbene complex. Parameters a, b and c are given in Å.
was investigated. The local minimum in one direction was
17c and 19c in the other direction thus confirming that com-
plex 18c is indeed a transition state for oxidative addition.

An energy profile for the oxidative addition of chloro-
methane to 1c is shown in Fig. 22. The energy of the tran-
sition state 18c is 47.2 kJ mol�1 higher in energy than the
intermediate 17c. In the analogous oxidative addition of
chlorobenzene the transition state is higher in energy with
respect to the solvated species by around 30 kJ mol�1. An
g2-benzene mono-NHC complex (Fig. 3) has a relative free
energy of 86.8 kJ mol�1 with respect to 1c and hence ben-
zene will bind competitively against chloromethane to form
3c. Should the reaction be performed in the presence of a
non-competitive solvent (such as pentane), formation of
2c would still be preferred over the oxidative addition tran-
sition state 18c.

This leads to the conclusion that oxidative addition of
chloromethane to complex 1c is kinetically unfavourable.

4. Conclusions

The equilibria that may occur when various bis N-het-
erocyclic carbene palladium complexes are dissolved in
benzene were investigated. It was shown that benzene
was able to coordinate to the bis carbene complexes when
the N–R substituent was H or CH3. However as the car-
bene�s N-substituent groups became larger, this associative
equilibrium was less favourable. In the case of tert-butyl
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substituted carbene ligands, a bis carbene solvent complex
was not stable.

Dissociation of a carbene ligand was calculated to be
energetically demanding. However the coordination of a
benzene ligand partially compensated for the loss of bond-
ing to the carbene. Coordination of a second solvent mol-
ecule to this complex was moderately endothermic on the
zero-point energy surface. However, inclusion of entropy
terms made formation of the bis-solvent carbene palladium
complex highly unfavourable on a free energy surface.

The oxidative addition of chlorobenzene to the palla-
dium carbene complexes was investigated. It was found
that the most favourable oxidative transition state was
the mono-carbene-aryl chloride palladium complex. Oxida-
tive addition of chlorobenzene to a complex with a specta-
tor benzene ligand also coordinated to the palladium atom
was much higher in energy due to the loss of entropy asso-
ciated with coordinating the second solvent molecule. This
bis-solvent oxidative addition transition state was deter-
mined to have a favourable zero-point activation energy
with sterically minimal carbene ligands. However, the steric
crowing in complexes with carbene ligands with larger sub-
stituent groups results in higher zero-point activation ener-
gies than the mono-solvated complex for oxidative
addition. A transition state for oxidative addition to the
bis-carbene solvent palladium complex was not found. It
is thought the palladium centre is too electron rich to un-
dergo oxidative addition. This supports the proposed dis-
sociative mechanism for oxidative addition.

The amination of chlorobenzene by aniline has been
investigated using the mono-carbene solvent complex as a
catalyst. Coordination of aniline to the T-shaped oxidative
addition product occurs with a rearrangement in configura-
tion placing the amine cis to the aryl group which is neces-
sary for subsequent steps in the catalytic cycle.

The product of HCl removal from 11c has been shown
to be a 16-electron amido-complex. The reductive elimina-
tion from the amido complex to an aryl amine complex via
a transition state has been investigated. The transition state
has been verified by frequency and IRC calculations and
the energy barrier of this step has been calculated to be
64 kJ mol�1. This is a lower barrier than the oxidative
addition of the aryl halide confirming the latter as the rate
determining step in the cycle.

The oxidative addition of chloromethane to the mono-
carbene palladium complex was also investigated. A transi-
tion state for this process was found to be higher in energy
than that for oxidative addition of the aryl chloride and
therefore significantly less favoured.
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