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We have investigated the full catalytic cycle for the coupling of phenylbromide with morpholine
(Buchwald–Hartwig amination), catalysed by the synthetically relevant Pd(PtBu3) complex, with compu-
tational methods. The experimentally observed utility of this catalyst can be related to the energetically
accessible ligand dissociation from the initial Pd(0) species, combined with a low barrier to oxidative
omputational
alladium catalysis
–N coupling
igand effects

addition and sterically unfavourable dimer formation. Furthermore, the steric bulk of the PtBu3 ligand
allows for a low-coordinate, dissociative pathway and facile reductive elimination over the competing,
undesirable �-hydride elimination pathway. Evaluating the full catalytic cycle with one of the most versa-
tile catalyst complexes used experimentally has allowed us to evaluate the most likely catalytic pathway
and relate this to general ligand design criteria, as well as providing validation for the computational

approach used.

. Introduction

Over the last decade, palladium-catalysed C–N cross-coupling
eactions (Eq. (1)), often named Buchwald–Hartwig aminations
fter two of the main contributors to the field, have found
idespread use in synthetic chemistry (see Refs. [1–8] for recent

eviews), including in an industrial, large-scale production setting
5,7,8].

rX + RmNHm
[PdL]−→
base

ArN(H)n−1Rm + HX (1)

Apart from the utility of forming aromatic C–N bonds for a wide
ange of substrates, a key factor in making this class of reactions
ynthetically useful is that their activity for a given substrate can
ften be optimised by modifying the ligand(s) attached to the tran-
ition metal centre [1,3,6–12]. The resulting versatility of the family

f cross-coupling reactions has been instrumental in the search
or active catalysts, e.g. for arylchloride substrates, which are usu-
lly cheaper, but less reactive than the corresponding arylbromides
6,11,13–15].
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Significant gains can often be achieved by careful optimisation
of both the catalytically active species and the reaction conditions,
yet few general and reliable catalysts are available. In general,
good results can be achieved with bulky, electron-rich ligands
and the set of successful ligands (Fig. 1) includes e.g. PtBu3 I
[16–18], Buchwald’s class of biaryl ligands II [3], Verkade’s bicyclic
triaminophosphine ligand III [19], Beller’s adamantyl substituted
CatacXium A IV [20,21], several chelating ligands such as BINAP V
[22], DPPF VI [12,23], and Josiphos VII [11], as well as N-heterocyclic
carbenes of general structure VIII [24]; many of these ligands
have been patented [7,8]. The success of the subset of bulky,
electron-rich monodentate ligands has generally been suggested
to be related to the stabilisation of low-coordinate palladium com-
plexes by secondary interactions [18,25–27], facilitating catalyst
initiation/oxidative addition. Ligand bulk has also been implicated
in making an undesirable �-hydride elimination pathway less
favourable relative to reductive elimination [27–31].

The discovery and optimisation of novel ligand types active
in cross-coupling reactions and, more specifically, in palladium-
catalysed aminations, currently attracts considerable research
interest (see reviews cited above), and the high-throughput
screening of ligands can yield useful results [32]. In parallel
with such searches, research has also focussed on establishing
the detailed mechanism of amination and related cross-coupling

reactions, as well as the impact of modifying key reaction vari-
ables. Experimental mechanistic investigations (see e.g. Refs.
[12,15,17,22,30,33–36]) have been supplemented by computa-
tional studies of the reaction mechanism (for recent examples, see
Refs. [13,25–27,31,37–48]) covering key steps or indeed the full

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:Jeremy.Harvey@Bristol.ac.uk
mailto:Natalie.Fey@Bristol.ac.uk
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ism for palladium-catalysed C–N coupling.
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Table 1
Single point ligand dissociation energies (in kcal mol−1, in the gas phase) for PH3

from Pd(PH3)2. All geometries optimised with B3LYP/BS1.

Method/basis set and basis set for ECP atoms Energy (kcal mol−1)

B3LYP/BS1 25.78
B3LYP/BS2 28.43
BP86/BS2 33.01

antiparallel-spin pair correlation energy [65].
Given the size of the complexes investigated in this work,
Scheme 1. General reaction mechan

atalytic cycle of cross-coupling reactions, including aminations
25,26,44,45].

Traditionally, such modelling studies of C–N coupling have had
o rely on small model complexes [37,38,45] or layered approaches
ONIOM, QM/MM [49]) [31,50], which were unable to capture
he steric and electronic properties of the catalytically active
pecies fully. However, only computational studies of the sys-
ems used experimentally allow us to compare experimental and
omputational observations with confidence, thus both validat-
ng the computational approach and providing useful insights into
he experimental data. Recent technological developments have

ade such computational studies of the catalytic cycle accessi-
le [9,25,26], although conformational flexibility, isomerism and
ultiple reaction pathways remain significant challenges in the

omputational study of synthetically relevant complexes.
As part of an ongoing large-scale exploration of ligand effects

n transition metal complexes [51], we are interested in probing
he mechanistic consequences of changing the ligand on a range
f reactions. Fundamental to such work is a fully mapped catalytic
ycle and here we describe our exploration of a likely catalytic cycle
Scheme 1), exploring ligand effects on the potentially compet-
ng elimination pathways, as well as possible side-reactions and
imeric reservoir species. We have focussed here on palladium
omplexes with PtBu3, I, as this ligand is widely used but confor-
ationally rigid, allowing us to confirm the most likely reaction
echanism without having to consider complications arising from

onformational responsiveness [9,25,26]. Morpholine, our chosen
ubstrate, is also reasonably rigid, provides a �-hydrogen, thus
llowing evaluation of the competing elimination pathways, and
as been used synthetically as a substrate for ligand screening, see
.g. [19,52].

. Computational details

Geometries were initially optimised in the gas phase using
he popular B3LYP density functional [53,54] as implemented in
aguar [55], with the 6–31G basis set on all atoms except for
d and Br, where the effective core potential basis set LACVP as
mplemented in Jaguar was used (labelled as BS1). Test calcula-
ions on selected intermediates and transition states involved in
he oxidative addition show that adding polarisation functions

n the non-H atoms leads to small changes in bond lengths and
ngles upon re-optimization, but without any significant effect
n relative energies. All stationary points were verified by cal-
ulation of vibrational frequencies and for transition states the
ature of the calculated eigenvector corresponding to the imag-
SCS-MP2/BS3 30.25
MP2/BS3 35.85
CCSD(T)/BS3 32.12
CCSD(T)/BS4 31.57

inary frequency was checked to be consistent with the expected
transformation. Gas phase single point energies were calculated
for these B3LYP/BS1 geometries using a larger basis set combina-
tion (BS2), with Jaguar’s effective core potential basis set LACV3P
for Pd and Br, and 6–311 + G** on all other atoms. The B3LYP/BS2
energies were calculated with ultrafine DFT grids and tight cutoffs
for SCF convergence.3

To identify the most suitable computational approach, the lig-
and dissociation energy from PdL2 was calculated for L = PH3 using
Møller–Plesset second-order perturbation theory (MP2), two dif-
ferent density functional theories (B3LYP and BP86), and coupled
cluster methods; these results are summarised in Table 1. These
used B3LYP/BS1 optimised geometries throughout, BS2 as detailed
above, and the BP86 functional [53,56] as implemented in Jaguar
[55]. Single point energies with Møller–Plesset second-order per-
turbation theory (MP2) [57] and coupled cluster calculations with
both single and double substitutions and non-iterative triple exci-
tations (CCSD(T)) [58] were calculated in Gaussian [59], using the
standard 6–31 + G** basis set on all atoms except for Pd and Br,
where the Stuttgart/Dresden effective core potential [60] and the
associated basis sets as implemented in Gaussian were used (BS3).
Molpro [61] was used to calculate single point energies with the
CCSD(T) approach [62] using an expanded basis set (BS4) including
the Stuttgart/Dresden effective core potential on Pd [60] with an
associated (8s7p6d2f1g)/[6s5p3d2f1g] valence basis set [63], and
the cc-pVTZ basis [64] on other elements. The scaling parameters
used to calculate spin-component scaled MP2 energies (SCS-MP2)
were 1/3 for parallel-spin pair correlation energy and 6/5 for
only the DFT approaches are feasible for a detailed exploration of
the catalytic cycle. At this level of theory, the most pronounced

3 Additional keywords: gdftfine=-13, gdftmed=-13, gdftgrad=-13, iacc=1.
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Scheme 2. Detailed reaction mechanism.

Scheme 3. Routes for coordination of morpholine 2 to complex 7 and subsequent deprotonation/loss of bromide.

Fig. 1. Ligands used industrially for aryl-amination reactions.
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mprovement of ligand dissociation energies can be achieved by
ncreasing the size of the basis set. The B3LYP/BS2 dissociation ener-
ies are lower than the more accurate CCSD(T) and SCS-MP2 values,
hereas the BP86/BS2 energies are slightly higher. The B3LYP den-

ity functional was also used by Cundari and Deng [45], and they
ound results comparable to the CCSD(T) level of theory for the
BK(d) basis set. The general conclusion from this limited ab initio
enchmark study with large basis sets BS3 and BS4 is that the error

n the B3LYP/BS2 results is acceptably small given the mainly qual-
tative purposes of this work. Nevertheless, some of the calculated
nergetics are clearly far from quantitative at the B3LYP level as the
unctional is unable to capture dispersion interactions fully (see e.g.
ef. [66] for a recent discussion), thus favouring ligand dissociation
s observed here, and this is significant when attempting detailed
omparison with experiment.

Unless stated otherwise, the results reported in the remainder
f this manuscript have been calculated using B3LYP/BS1 for geom-
try optimisations and frequency calculations, needed to derive
ero-point energy (ZPE) corrections, and we report energy dif-
erences �E calculated from single point EB3LYP/BS2 + ZPEB3LYP/BS1
nergies throughout. We have also explored the energies of key
pecies with the SCS-MP2/BS3 approach and these energies have
een included in the Supporting Information.

For Section 3.2, solution phase single point energies have been
alculated with B3LYP/BS2, using the Poisson Boltzmann polarised
ontinuum solvation model [67] as implemented in Jaguar with
oluene (ε = 2.379, probe radius = 2.757) as the solvent. These ener-
ies have been corrected with gas phase B3LYP/BS1 ZPE estimates.
enn and Ziegler identified stepwise halide dissociation followed by
d–C bond formation as an energetically feasible pathway for the
xidative addition when solvation effects were taken into account
uring geometry optimisation, but were unable to confirm the con-
erted mechanism identified in the gas phase [68]; this observation
as been supported by Norrby et al. [69]. However, for the large
omplexes considered here we found geometry convergence slow
nd unreliable when including solvation, and have thus only con-
idered single point solvated energies where charged species are
nvolved.

. Results and discussion

The catalytic cycle considered here is shown in Scheme 2,
hich also illustrates the numbering system used throughout this
ork; alternative pathways considered for the amine coordina-

ion/deprotonation step are shown in Scheme 3. The discussion
s divided into three main headings: catalyst initiation/oxidative
ddition (Section 3.1), amine coordination/deprotonation (Section
.2) and elimination pathways (Section 3.3).

.1. Catalyst initiation/oxidative addition

The oxidative addition of aryl halides to Pd(0) complexes is the
rst step in many palladium-catalysed reactions and may be rate
etermining in some cases [17,22]. The necessary increase in the
etal oxidation state can be facilitated by electron-rich spectator

igands, a feature shared by most of the ligands shown in Fig. 1
7]. Much recent computational work has thus covered this ini-
ial step, seeking to establish likely catalytic cycles for a range
f cross-coupling reactions [25,37,41,44–46], to explore different
actors such as solvent [13,44,68], substrate [13,42,68] and lig-

nd effects [42,43,70], and to assess the possible role of anionic
pecies [38,40]. However, with the exception of Buchwald’s recent
ork [25], computational studies of amination have used model

omplexes, hampering comparison with experimental data. In this
ork we have assumed the catalytic cycle starts from Pd(PtBu3)2, 5,
talysis A: Chemical 324 (2010) 48–55 51

and proceeds via a neutral, dissociative pathway; this assumption
is supported inter alia by calculations by Shaik and co-workers sug-
gesting that the anionic pathway is less likely for electron-donating
ligands and bromide counterions [71]. It is worth noting that this
initial step could also proceed via oxidative addition of phenylbro-
mide to a range of [Pd(PtBu3)X] complexes, where X could be ligand
I [34,36], solvent [44], counterion [38,40] or amine substrate, fol-
lowed by dissociation of X to form 7, or reaching the coordinatively
saturated complex 9 by a different route altogether.

This uncertainty about the exact mechanistic pathway leading
to the product of oxidative addition 7 leads to difficulties when
seeking to compare computational results with experiment. In
particular, it is not obvious that it is appropriate to compare the
calculated ligand dissociation energy (or free energy) from 5 with
the experimental activation energy or free energy. Ligand dissocia-
tion from 5 may be a complicated process, with the formal product
of ligand loss, monoligated Pd(PtBu3) 1, being able to interact with
solvent molecules or other species present in the reaction mix-
ture to stabilise the low-coordinate metal centre (see e.g. Refs.
[37,42,44,68] for a more detailed discussion). Indeed, there is still
further complication due to the existence of yet another mech-
anistic possibility [72], whereby monoligated Pd(PtBu3) is never
formed as an isolated species, but instead concerted substitution
occurs from Pd(PtBu3)2 to yield species such as Pd(PtBu3)(ArX). In
the present contribution, whose focus is not on the details of the
catalyst activation and oxidative addition steps, we do not explore
all these possible variations in detail, and simply assume that the
mechanism shown in Scheme 2 is correct.

Irrespective of these aspects, it is important to use a
computational method that describes the Pd–L ligand bond
energy accurately. As indicated in the computational details
section, we have explored method performance for dissoci-
ation of a model ligand from PdL2 and our chosen DFT
approach gives reasonable agreement with higher levels of the-
ory. The calculated ligand dissociation energy (we report energies
as �E = �EB3LYP/BS2 + �ZPEB3LYP/BS1 unless stated otherwise) for
Pd(PtBu3)2 is quite high at 29.7 kcal mol−1, but this step is entrop-
ically favourable and hence has a more favourable free energy
(�G = 17.7 kcal mol−1 at B3LYP/BS1 level) which should be feasi-
ble, especially at elevated reaction temperatures. This is also in
agreement with a recent computational study of the same step con-
sidered as part of the Stille reaction, reporting �E = 30.5 kcal mol−1

and �G = 17.4 kcal mol−1 for the dissociation of one PtBu3 from
Pd(PtBu3)2 [46].

For the bulky PtBu3 ligand, the most likely catalytic pathway
will involve monophosphine intermediates, suggesting that the
oxidative addition of ArX will proceed via a dissociative mecha-
nism [37,42,46]. Indeed the product of oxidative addition 7 has been
characterised crystallographically [27], showing only a single PtBu3
ligand, and the most active catalysts are generated in situ from a
1:1 ratio of ligand to palladium derived from different precursors
[73]. Recent experimental studies have hinted at a more compli-
cated catalyst initiation pathway [34–36,74], but this lies outside
the scope of the present work.

Prior to oxidative addition, the phenyl bromide 3 can coordi-
nate to the metal centre via the aromatic ring or the halide atom.
In line with previous work [41,45,68], isomers for the possible
� interactions with the ring are quite similar in energy, with an
�2-interaction with the meta and para C atoms of the ring low-
est in energy, whereas a complex bound via the halide [75] lies
noticeably higher in energy. This coordination of the PhBr substrate

occupies the vacant coordination site in a linear complex with 6
lying 15.0 kcal mol−1 lower in energy than 1. The lowest barrier to
oxidative addition in the gas phase for the monoligated complex
6 [Pd0(PtBu3)(PhBr)] is 3.3 kcal mol−1 and the reaction product 7
[PdII(PtBu3)(Ph)(Br)] lies lower in energy than 6 by 14.0 kcal mol−1.
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Table 2
Energies for amine coordination and deprotonation steps, see Scheme 3
for complex numbering (relative energies calculated with solvation model,
�Esolv = �EB3LYP/BS2,solv + �ZPEB3LYP/BS1);L trans to amine.

Intermediate �Esolv (kcal mol−1)

Pathway A
[PdII(PtBu3)(Ph)(Br)] + HNC4H8O 7 0.00
[PdII(PtBu3)(Ph)(Br)(HNC4H8O)] 9 −7.75
[PdII(PtBu3)(Ph)(Br)(NC4H8O)]− + H+a 10 −4.60
[PdII(PtBu3)(Ph)(NC4H8O)] + H+a + Br− 12 −11.58
ig. 2. Agostic interaction observed in structure 7 between a C–H bond of the ligand
and the palladium(II) metal centre.

here are three possible T-shaped isomers of 7 from this reac-
ion step, and the energetically most favourable isomer has the
hosphine ligand trans to the bromide, in line with expected trans

nfluences, placing the strongest donor (Ph−) trans to the vacant site
see also Ref. [45]). The energies of other isomers of 7 are included
n the Supporting Information.

In agreement with the crystallographically observed geometry
27], an interesting �-agostic interaction is observed for 7, with a
ydrogen in reasonably close proximity to the palladium(II) metal
entre (H· · ·Pd of 2.51 Å, cf. 2.18 Å from idealised positions in the
rystal structure geometry [27]), as shown in Fig. 2, essentially
rotecting the vacant coordination site with steric bulk. Similar

nteractions have been identified for the ligands considered by
uchwald and Barder [25], and the importance of these interac-
ions in stabilising low-coordinate palladium complexes has been
xplored computationally [70].

Dimerisation of the low-coordinate complex 7 of this oxidative
ddition step would also serve to occupy the fourth coordination
ite on the square-planar palladium. Such halide-bridged dimers
ave been observed crystallographically for slightly less hindered

igands, such as S-Phos (II with R = Cy, R1, R3 = OMe and R2 = H) [76],
ataCXium A, IV [20], and P(o-tolyl)3 [77] as well as for a chlo-
ide complex of PtBu3 I [34]; in this last example the authors have
onfirmed predominantly monomeric species in solution. We have
een unable to perform the frequency calculations necessary to
btain ZPE corrections in this case, but without these the resulting
omplex [Pd2(�-Br)2(PtBu3)2(Ph)2] 8 lies 6.7 kcal mol−1 lower in
nergy than two monomers 7. The dimer 8 would be entropically
isfavoured, reducing this energy difference further. On the other
and, consideration of dispersion effects would likely make this
omplex more favourable due to attractive interactions between
he ligands and Ph rings. Here we conclude that while this complex

ay act as a reservoir species lying off the catalytic cycle, this dimer
s not a deep minimum on the potential energy surface for bulky
igands such as PtBu3 I; this may contribute to the catalytic utility
f such ligands. A recent computational study by Lledós et al. has
xplored ligand effects on dimerisation, solvent coordination and
he stability of monomeric species further [70] and reported Gibbs
ree energies both in the gas phase and with solvation which favour
he monomeric complex 7.
.2. Amine coordination and deprotonation

The amine, in our chosen model morpholine, 2, which is gen-
rally present in excess for this catalytic cycle, could also be
oordinated in the vacant site of complex 7 (Scheme 3, route A);
Pathway B
[PdII(PtBu3)(Ph)(HNC4H8O)]+ + Br− 11 40.20

a Modelled as tBuOH.

this would lock the palladium complex in the productive pathway
and has indeed been observed crystallographically for the S-Phos
ligand (II with R = Cy, R1, R3 = OMe and R2 = H) [76]. Pathway A sees
deprotonation of the amine before the bromide dissociates from the
complex, leaving the negatively charged complex 10 after deproto-
nation. This supports the crystal structure obtained with the S-Phos
ligand, which has both the bromide present and the amine trans
to the phosphine ligand [76]. However, an alternative pathway,
where bromide is lost before/during coordination of morpholine
(route B), can be envisaged as well. Pathway B loses the bromide
ligand first, forming a positively charged intermediate 11, before
the base tBuO− 3 deprotonates the amine. Scheme 3 illustrates both
routes; charged species exist in both cases and a continuum dielec-
tric solvation model for toluene was applied to these complexes
(see Section 2).

Amine coordination gives rise to several possible isomers of 9,
10, 11 and 12. The ordering of energies for these isomers follows
expected trans influences and this has been discussed in detail in
the Supporting Information; here we show the most feasible route
where the ligand remains trans to the amine group. From 7, where
PtBu3 is trans to Br in the favoured isomer, this could have arisen
by isomerisation prior to amine coordination to create the neces-
sary vacant site trans to the ligand (although we have been unable
to find this isomer), or by the amine coordinating between the
bromide and phenyl ligands, pushing the complex into a square-
planar geometry from the T-shaped arrangement of 7. As detailed
in Scheme 3, route A, the amine is then deprotonated by a base,
modelled here as tBuO−. Bromide loss can occur before or after the
deprotonation, with the former implicit in route B (Scheme 3).

The calculated energies (Table 2) favour pathway A, which is
also in agreement with the observed crystal structure geometry for
the S-Phos ligand [76]. The lower relative energies of intermediates
9 and 10 in comparison to intermediate 11 show the most likely
route after oxidative addition of the phenylbromide to the complex
is amine coordination to give 9, deprotonation of the coordinated
amine, giving 10, and finally dissociation of the bromide ligand.
This produces complex 12 which is the precursor to the two pos-
sible elimination routes of this catalytic cycle (discussed in Section
3.3), with a preference for the PtBu3 ligand I to be trans to the amido
group (see Supporting Information for a more detailed discussion
of isomers). This agrees with Cundari and Deng’s results [45], who
suggested a two-step process of deprotonation (7–9) and bromide
loss (10–12). While they found the bromide loss step to be ender-
gonic in the gas phase, both steps became exergonic when they
considered PMe3 as the ligand and included solvation effects. In
this context it is perhaps also worth noting recent work by Lledós
and co-workers, where they analysed how amide ligands stabilise

low-coordinate complexes such as 12 [78].

In summary, the calculations suggest that amine coordination
and deprotonation are facile and thus unlikely to be rate-limiting,
in line with the experimental observation that reaction rates are
independent of base concentration [17].
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Table 3
Energies for elimination steps (�E = �EB3LYP/BS2 + �ZPEB3LYP/BS1, see Scheme 4 for
complex numbering).

Intermediate � E (kcal mol−1)

[PdII(PtBu3)(Ph)(NC4H8O)] 12 0.00
Reductive elimination
Transition state 10.94
[Pd0(PtBu3)(Ph–NC4H8O)] 13 −22.78
[Pd0(PtBu3)] + 14 1 −9.91
ˇ-Hydride elimination
Transition state 22.66
[PdII(PtBu3)(Ph)(H)(NC4H7O)] 15 5.79
[PdII(PtBu3)(Ph)(H)] + 16 17 25.26 (6.47)a
Scheme 4. Elimination

.3. Competing elimination pathways

From the amido complex 12, the catalytic cycle (Scheme 2) com-
letes with reductive elimination of the desired arylamine 14 and
egeneration of the low-coordinate Pd(0) complex 1. However, with
uitable amines a �-hydride elimination could occur instead, form-
ng imine 16 and then generating an aryl species, benzene 18 in the
ycle studied here. These pathways are detailed in Scheme 4. While
he �-hydride elimination pathway requires a vacant coordination
ite on the metal complex to accommodate the hydride, reductive
limination could occur from both three- and four-coordinate pal-
adium complexes. However, Hartwig observed that elimination is
sually faster for three-coordinate compounds [29], in line with the
xperimentally observed utility of complexes with bulky ligands
hich are more likely to be monoligated.

The desirable reductive elimination step can be achieved by
ppropriate choice of ligand and in this area, work by Hartwig and
o-workers [2,16,28–30,79] has contributed substantially to the
evelopment of ligand design criteria. In brief, sterically hindered

igands support fast reductive elimination, whereas electron-rich
igands slow the elimination step down, as the reduction of an
lectron-rich metal centre becomes more difficult [30]. The PtBu3
igand I seems to represent an appropriate compromise, overcom-
ng the disadvantage afforded by its electron-rich character with
xtreme steric bulk. In addition, a number of computational studies
ave sought to explore ligand effects on elimination steps fur-
her [9,26,31,45–48,80]. While the relative importance of steric
nd electronic contributions varies according to the system stud-
ed [30,31,47,80], synthetically useful ligands (Fig. 1) are often
ither chelating (V–VII), preventing the generation of a vacant site
or �-hydride elimination, or they are monodentate but sterically
emanding (I–IV, VIII), again favouring a low-coordinate route and
ccelerating the reductive elimination pathway.

The lowest energy isomer of intermediate 12 is T-shaped and has
he deprotonated amine trans to the PtBu3 ligand; this can undergo
irect reductive elimination with a barrier of 10.9 kcal mol−1

Table 3; other isomers have been discussed in the Supporting
nformation). From 12 the coordination number decreases from
hree to two to form a linear adduct with the amine product,
omplex 13, which lies 22.8 kcal mol−1 lower in energy than 12.
-Hydride elimination can also occur from the same isomer of 12,
roceeding via a barrier of 22.7 kcal mol−1. However, the reaction
roduct is higher in energy by 5.8 kcal mol−1, as the morpholine
ing makes formation of the imine unfavourable. For the bulky
tBu3 ligand I, the reductive elimination pathway is thus substan-
ially favoured over the competing �-hydride elimination (Table 3).
We have also explored the balance of elimination energies with
Me3 and PPh3 ligands, assuming that they follow the same dis-
ociative mechanism as calculated for PtBu3, to highlight ligand
ffects on the transition state energies. For PMe3, the reductive
limination step proceeds via a barrier of 12.5 kcal mol−1 and the
[Pd0(PtBu3)] + 18 1 −2.99

a Energy of lowest isomer, Ph trans to L, in parentheses, see Supporting
Information for further discussion.

barrier to �-hydride elimination amounts to 16.2 kcal mol−1, sup-
porting the observation that sterically demanding ligands such
as PtBu3 (I) essentially prevent the �-hydride elimination step
through increased steric hindrance, whereas this side reaction
remains energetically feasible for smaller alkylphosphines. In addi-
tion, reductive elimination is comparatively more difficult for the
smaller PMe3 ligand, suggesting that compared to PtBu3, a good
donor ligand (thus worse for reductive elimination) with less steric
hindrance is indeed giving rise to a higher barrier for this step.
Similarly, with a PPh3 ligand, barriers to reductive elimination and
�-hydride elimination are calculated as 11.1 and 15.7 kcal mol−1,
respectively, and side-products arising from the hydride elimina-
tion pathway may thus be observed in this case. While bisligation
or some other form of associative mechanism becomes more likely
for these smaller ligands and an exploration of these alternatives
lies outside the scope of this work, it is nevertheless illustrative to
compare ligand effects on the elimination barriers. It is also worth
noting that ZPE corrections have a substantial effect on the balance
of elimination barriers and are thus crucial for reproducing the cor-
rect trend when considering smaller ligands, where the �-hydride
elimination pathway is more competitive.

4. Conclusions

We have explored the catalytic cycle for the amination of phenyl
bromide with morpholine, catalysed by a Pd(PtBu3) complex, using
density functional theory calculations. We have mapped the likely
cycle and explored the stability of unreactive dimer intermedi-
ates, as well as assessing the competing elimination pathways
quantitatively. In contrast to computational studies of model sys-

tems, consideration of realistic catalysts and substrates provides
a valuable opportunity for the validation of both our computa-
tional approach and of general criteria used in the design of novel
ligand types. Calculated barriers also allow us to quantify the dif-
ferences between competing pathways, and to assess the structural
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nd electronic features leading to such observed preferences. Here,
e have been able to highlight the role of the steric bulk of the

tBu3 ligand in favouring a low-coordinate reaction pathway, pre-
enting dimerisation and disfavouring �-hydride elimination. This
ork forms part of an ongoing large-scale exploration of ligand

ffects in transition metal complexes [51], and we are currently
xpanding our mechanistic studies to a more diverse ligand set, as
ell as considering potentially competing bisligated pathways and

xploring dispersion effects on the calculated barriers.
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