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The Heck—Mizoroki cross-coupling reaction is an important part of the synthetic chemist’s toolbox,
and it has been applied to a huge variety of different substrates. In contrast, the mechanism of the
process is much less studied, and consequently less understood. There have been numerous studies
reported over recent years, both experimental and theoretical, aimed at uncovering the inner working of
this palladium-mediated coupling process. This perspective aims to review and compare these works

and to provide an up-to-date view of this reaction.

1 Introduction

Palladium catalysed cross-coupling reactions have proved ex-
tremely powerful synthetic tools and their scope continues to
increase year on year. Alongside the well-established Heck-
Mizoroki,'? Kumada,** Negishi,*® Sonogashira-Hagihara,”®
Stille*'* and Suzuki-Miyaura'"'? reactions, palladium catalysis of
aryl and vinyl hydroamination,” sulfination," dechlorination,’
dialkoxylation,' intramolecular arylation'” and C-H bond
alkenylation'® have more recently been discovered.

Although the mechanisms of many of these reactions are
thought to be relatively well understood, their nature often
prevents easy observation of the highly reactive intermediates
often associated with homogeneous catalysis. Whilst accurate
knowledge of the mechanism in operation is not necessarily a
prerequisite for the application of this reaction in organic synthe-
sis, knowledge of the mechanism may assist the optimisation of
reaction conditions, improve regio-, stereo- and chemo-selectivity,
and produce a concomitant reduction of side-reactions.
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The majority of the palladium catalysed cross-couplings are
thought to share a similar mechanism."” For the Suzuki, Sono-
gashira, Stille, Negishi, Hayama® and Kumada reactions, the pro-
posed mechanism involves initial oxidative addition of the halide
to a palladium(0) catalytic species to form a palladium(1r) species,
transmetallation of the organometallic reagent by palladium and
reductive elimination of the product from this species to regenerate
the active palladium(0) catalyst.

The Heck—Mizoroki (HM) reaction has evolved significantly
from its original guise as the arylation of olefins with aryl mercury
compounds.?*? The independent discovery by both Mizoroki!
and Heck? that aryl iodides could be used as a substitute for
aryl mercury compounds, and that this modification maintained
the oxidation state of palladium, allowing for the use of catalytic
palladium in the absence of reoxidants was particularly significant.
The reaction has been further developed over the years to allow the
coupling of less reactive halides, such as bromides,* chlorides,*
pseudo-halides such as triflates,? tosylates,”” mesylates,”® and aryl
diazonium salts.® In addition, the reaction is not limited to
arylation; it can be used to add vinyl halides to olefins* and can
involve the use of chiral ligands on palladium for the generation
of chiral centres with a high degree of enantiocontrol for certain
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substrates.’’** Recent developments involve the replacement of
the halide with an organoboron reagent in the presence of
stoichiometric reoxidant,* although this is closely related to the
original use of aryl mercury compounds.

Consequently, in contrast to the previously mentioned cross-
couplings, the HM reaction, having no organometallic reagent,
does not include a transmetallation step in its mechanism. This
review will examine the current mechanistic view of the HM
reaction and factors which impact upon it.

2 Basic mechanism

There has been a broadly accepted understanding of the mech-
anism operating in the HM reaction for many years,*® generally
thought to involve an initial oxidative addition of the halide to
a palladium(0) catalyst. Despite various claims for a possible
palladium(11/1v) cycle in the mechanism,***” the evidence for this
is poor, since it has been shown that in the majority of cases, the
palladacycles involved act as reservoirs of palladium,*®** some
of which is reduced to palladium(0). Further evidence against
this mechanism comes from gas phase computational studies
which indicate that the rate determining step in a palladium(11/1v)
cycle involving iodobenzene would be the oxidative addition of
iodobenzene to palladium.* Since the actual rate determining
step in the HM reaction of aryl iodides is not oxidative addition*
(vide infra) this indicates that a palladium(11/1v) cycle is not
in operation. Hence, the mechanism of the HM process can
be represented by Scheme 1, involving a palladium(0) species 1
undergoing oxidative addition to generate a palladium(1r) species
2, which reacts with the olefin component 3, possibly following
initial n’-coordination to the palladium atom. This results in a
carbometallation reaction to generate palladium(ir) alkyl complex
4. Elimination of palladium hydride from complex 4 furnishes the
product 5 and base assisted elimination of HX from palladium(ir)
complex 6 regenerates the active palladium(0) catalyst 1.

3 Reaction conditions

A number of palladium sources are used in the HM reaction, which
are either sources of palladium(0) such as Pd(PPh;),, Pd(dba),
and Pd,(dba);, or sources of palladium(ir) such as Pd(OAc), and
PdCl,(MeCN),. A wide range of solvents can be also used in
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the HM reaction and elevated temperatures compared with other
cross-coupling reactions are frequently required (compared with
Sonogashira reactions, for example, which often proceed rapidly
at room temperature®). High boiling point solvents such as DMF,
DMA and toluene are often used. Additionally, inorganic bases
such as NaOAc are often used and polar solvents can be preferred
to achieve homogeneity.** The use of non-polar solvents also
becomes convenient when organic bases, such as trialkylamines,
are used. Recently, ionic liquids have also have been shown to be
useful solvents in HM reactions.*’

The use of ligand free HM reactions is possible, and indeed,
the early examples of HM reactions were performed under
these conditions.> However, it is more generally found that the
addition of palladium-stabilising ligands is highly beneficial in
terms of providing increased reactivity, stability and selectivity
of the catalyst.** The most widely used ligands are phosphines,
such as triphenylphosphine and tri(o-tolyl)phosphine,* however,
nitrogen,*! arsine,* sulfur®® and carbene** derived ligands can be
used. A wide variety of bidentate ligands have also been developed
for palladium, these including P,P, PN, N,N,* NS¢ and
P,S™" ligands as well as tridentate ligands which can switch to
bidentate coordination to allow a substrate to bind.”” Bidentate
diphosphine ligands that can switch between phosphorus and
nitrogen coordination have also been developed.”” The use of
chiral, chelating ligands can give rise to high levels of asymmetric
induction for certain substrates (vide infra).

In addition to the use of palladium-stabilising ligands, HM
reactions have often been subjected to empirical treatment with
various additives, generally claimed to promote selectivity or
reactivity. These have included saturation of the reaction with
chloride ion**” (Jeffery protocol), addition of phase transfer
catalysts,” and the addition of either silver”” and thallium? salts.
Whilst this approach is often successful in terms of achieving the
desired product, the exact mode of action of these additives is not
always well understood.

4 Catalyst generation

As in most cases, the catalyst used in the HM reaction is generated
in situ, which effectively means that the first step of the reaction
has to be the reduction of the palladium(1r) precursor to provide
the active palladium(0) catalytic species. Although there have
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been various claims made for palladium(11/1v) catalytic cycles,***
and indeed, some palladium(1v) species have been isolated,” all
current evidence seems to point to a palladium(0/11) cycle, and
this necessarily requires the reduction to the active palladium(0)
catalyst.

There is a range of methods for the in situ reduction of
palladium(1) salts to palladium(0) species, including treatment
with sodium borohydride,® hydrazine,® phenyl or methyl lithium
(to give biphenyl or ethane and lithium chloride respectively),*
n-butyllithium (to give butane, butene, octane and lithium
chloride)® and electrochemical methods.®® However, the most
common procedure is the use of triphenylphosphine as the
reducing agent and the mechanism of this reduction has been in-
vestigated independently by the groups of Jutand® and Hayashi,*
both of which propose the mechanism shown in Scheme 2.
This involves initial ligation of the palladium(ir) complex, for
example, palladium(ir) acetate in this case, to give complex 7,
which can eliminate acetoxytriphenylphosphonium acetate to
generate a monotriphenylphosphinylpalladium(0) complex, which
can coordinate further phosphines.

This mechanism explains the isotopic labelling observed by
Hayashi® and the independence of the rate of reaction on
phosphine concentration observed by Jutand.® It has been
demonstrated that the presence of one equivalent of water is
necessary for the reduction step to proceed (causing hydrolysis
of acetoxytriphenylphosphonium acetate 12, see Scheme 2),%
however, given the low catalyst loadings used, this is rarely a
problem even under rigorously anhydrous conditions! Further
evidence for this mechanism comes from the observation of similar
behaviour of analogues of Pd(OAc),, such as Pd(TFA),* and
related, sulfur bridged species.*’

Given that this method of reduction only works for Pd(OAc),
and related species, and not for palladium(ir) halide salts,®* it
appears that the thermodynamic driving force for this reaction
is the formation of the strong phosphorus—oxygen bond in triph-
enylphosphine oxide. This reduction is faster for electron poor
phosphines, as demonstrated by a positive Hammett parameter
for para-substituted tri-aryl phosphines.®® This is also in agreement
with the proposed mechanism of reduction. In certain cases, such
as when using tri(o-tolyl)phosphine, reduction of palladium by
this mechanism (Scheme 2) does not operate. Indeed, this led to
the initial proposal of palladium(11/1v) cycles®*” (vide supra) for
the resulting palladacycle catalysts. However, other methods for
the reduction of such species, including reaction with olefins and
via a palladium amide species can account for a reductive catalyst
generation process.? Indeed, for the majority of palladacycles,

and other supported palladium species, it is usually found that
the active species involved in catalysis are palladium(0) species,**
often resulting from degradation of the ligand.** The formation
of active catalytic species from palladacycle ‘reservoirs’ can give
rise to complicated kinetics.*

In cases where none of these potential reducing agents are
present, it is possible that organic amine bases are also able
to perform the reduction of palladium(i) to palladium(0),”
although this has been found to be slow compared to reduction
by triphenylphosphine.®® In addition, the olefin may reduce
the palladium(ir) species, either by a Heck-type reaction for
palladacycles,® or by a Wacker-type process when the olefin is an
allylic alcohol.”? In addition, another process that may be involved
in catalyst generation is the dissociation of dimeric catalysts. This is
sometimes responsible for the observed induction period in certain
cases.”* EXAFS studies have shown that the active catalytic
species in these systems are monomeric and that the equilibrium
favours there species at high dilution.* It could be argued that this
is not a true catalyst generation step, but part of an equilibrium
governing the oxidative addition step.

5 Oxidative addition

Despite being perhaps the easiest step to investigate due to it
being the first step in the catalytic cycle (and having received the
most attention), the mechanism of the oxidative addition step
of aryl and vinyl halides and tosylates to palladium(0) species is
still unclear. Early investigations of the mechanism of oxidative
addition involved the reaction of alkyl and aryl iodides reacting
with iridium complexes,”*® aryl iodides, bromides and chlorides
with Ni(PEt;),,” and the oxidative addition of benzyl chlorides to
Pd(PPh;),." Although these studies, particularly those involving
nickel, shed some light on the oxidative addition process involved,
it became clear that studies on palladium systems were required.
The first such study'* was the oxidative addition of aryl iodides
to Pd(PPh;),, which proved that electron withdrawing groups
on the aryl iodide accelerated the reaction with a clear positive
Hammett correlation (p = +2.0). The reaction was found to be first
order in both palladium and aryl iodide, but negative first order
in added triphenylphosphine. Since at this time it was known that
in solution, Pd(PPh;), dissociates to PPh; and Pd(PPh;),'*% it
was proposed that the active species in the oxidative addition was
probably Pd(PPh;),, formed from an unfavourable equilibrium
dissociation of a further PPh; from Pd(PPh;);, which has actually
been isolated as a solid. The build-up of negative charge on the
aryl ring in the transition state of the oxidative addition process
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(demonstrated by the positive Hammett parameter) has been
explained by a three centre transition state 13 (Scheme 3), which
collapses to the oxidative addition product 14.!

PdL,

Scheme 3

This study also explains the relative lack of reactivity of aryl
bromides and chlorides, suggesting that the electropositive iodine
is a better ligand for palladium than either bromine or chlorine.'”!
It has also been suggested that a transition state such as 13 occurs
following initial n?-coordination of the aryl ring to palladium.'*
This study also observed the disappearance of the palladium(0)
starting material, but did not isolate the resulting product or
provide information on the structure of oxidative addition species.
However, based on the proposed transition state 13, the cis-isomer
would be expected for product 14.

It has been found that co-ordinately unsaturated palladium
(i.e. one triphenylphosphine per palladium) is unstable in solution
and reacts readily with aryl iodides®* This provides further
support for the suggestion that the active species is co-ordinately
unsaturated and that itis in equilibrium with the inactive, saturated
species. A subsequent study of oxidative addition of aryl iodides
to Pd(PPh;), in less polar solvents'™ (toluene) gave a similar
Hammett parameter (p = +2.3) and kinetics, the lack of effect of
the change in solvent polarity indicating little charge development
in the transition state. Because of this it was suggested that
transition state 13 was unlikely due to the development of charge'®
but a similar three centre transition state must occur as the
alternative SyAr clearly requires a greater development of charge.

In contrast, the oxidative addition of aryl chlorides to pal-
ladium(0) species has been found to proceed through a highly
charged transition state;'* a Hammett parameter of +5.2 being
found for the addition of aryl chlorides to Pd(dippp),. Again,
oxidative addition is predicted to proceed through an unsaturated
palladium(0) species [i.e. Pd(dippp)] and involves a three-centre
late-transition state charged species, which is essentially analogous
to structure 13 (Scheme 3), but involving chloride ion.

Although oxidative addition is generally accepted to be
an irreversible process, it has been shown that for sterically
crowded systems, the process is reversible, and reductive elim-
ination can be induced by the addition of bulky, electron-rich
phosphines."” Thus, reaction of tri-fert-butylphosphine with a
palladium(1r) oxidative addition product of mono-ligated tri-
ortho-tolylphosphinyl complex produces reversal of the oxidative
addition, regenerating the aryl halide and deriving a bis(tri-tert-
butylphosphinyl)palladium(0) complex.'”

As mentioned previously, the catalysts employed in the HM
reaction are typically generated in situ from palladium(1r) precur-
sors. The investigation of the oxidative addition process involving
Pd(PPh;), has tended to ignore the possible influences of any
associated anions. When using Pd(OAc), as the catalyst precursor,
two equivalents of acetic acid are generated during the palladium
reduction process, however, since HM reactions are performed in
the presence of stoichiometric bases, this results in the formation of
two equivalents of acetate anion, and, in addition, two equivalents
of the tributylammonium cation are also generated (for example).

It had been found using P NMR that there are signals for
palladium—phosphine complexes in solution, that their chemical
shift depends on the anions present,* and that their reactivity
is dependent upon the palladium(ir) precursor used. Additional
investigations have shown that only one equivalent of acetic
acid per palladium is actually generated,*® and investigation into
the effect of added chloride ion on the rate and mechanism of
oxidative addition has shown that the reaction is far more complex
than previously thought.'”® It appears that in the presence of
chloride ions, a number of palladium(0) species are present in
solution, all of which disappear to give the oxidative addition
product upon addition of iodobenzene.’® This shows that either
all species are active in the oxidative addition, or they are in rapid
equilibrium with each other (or both). Although various anionic
palladium species with chloride ligands have been proposed, there
is little chemical evidence for the existence of any of them, and
indeed, they have been proposed on the basis of ‘general chemical
expectations’ rather than hard evidence.'® That said, it has been
demonstrated that the transition state that occurs in the oxidative
addition step involving iodobenzene and palladium(0) in the
presence of chloride ions is different to the one that occurs in their
absence. This has been clearly demonstrated by comparison of the
Hammett parameters for two relevant processes, which produced
Hammett parameters of p = +2.7 and p = 2.0 respectively. This
indicates that there is a greater degree of negative charge in the
transition state when chloride is added compared to chloride
free, and is consistent with a chloride ligated anionic palladium
species being involved. The presence of chloride was also found
to accelerate the rate of oxidative addition; two equivalents per
palladium giving the greatest level of acceleration compared to the
absence of chloride.®® A further addition of chloride ion was also
shown to retard the reaction.’”® The acceleration of the oxidative
addition step by increasing the negative charge on palladium
(to a point) is in some ways unsurprising, especially in the
light of the fact that more electron donating phosphines also
increase the rate of oxidative addition®® or the overall reaction”™
in HM reactions. It has also been found that the nature of
the palladium(0) species changes upon the addition of acetate
anions to the solution.' This was again rationalised by the
suggestion of anionic, acetate-ligated palladium species, however,
in this case, a substantial increase in rate of oxidative addition
was not observed.'” Tt was also found that the final product
of the oxidative addition reaction, in the presence of acetate,
was trans-ArPdL,0Ac and not the expected trans-ArPdL,I, and
that the acetate was reactive towards olefins whilst the iodide
was not.'” These results led to the proposal of five-coordinate,
anionic palladium intermediates in the oxidative addition.!?®!°
Hence, the HM process may be formulated as proceeding through
the mechanism outlined in Scheme 4. An anionic complex of
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type 15 can react by oxidative addition in the presence of, for
example, chloride, resulting in the formation of the proposed trans-
ArPdL,I five-coordinate species 16. This structure is consistent
with the observation of two equivalent phosphines by *'P NMR,
and also accounts for the reported release of a second equivalent
of chloride upon formation of the product.'® A similar five-
coordinate intermediate has been proposed involving acetate, 1%
and therefore, in both chloride and acetate cases, a revised
mechanism of oxidative addition can be proposed, in which a
three-coordinate palladium anion adds to the aryl iodide to give a
five-coordinate palladium anion (as outlined in Scheme 4).

In contrast to the preceding discussion, the proposed five-
coordinate intermediates such as 16 might appear to be un-
likely, since the reluctance of palladium to form five-coordinate
complexes is documented,'"'? five-coordinate species only being
isolated when polydentate ligands are used. This reluctance of
palladium to be five-coordinate can also be inferred from the lack
of reactivity of chelated palladium(ir) aryl halide complexes in
the carbometallation step of the HM reaction (vide infra), and
dissociation is necessary for the olefin to bind. Additionally, for
such observed intermediates, such as 16 where X is chloride,
this addition compound appears to be relatively stable, having
a lifetime of over one hour (observed using electrochemical
methods). This is clearly not consistent with a five coordinate
palladium anion, because if such a species were to form, it would
be expected to rapidly dissociate to restore the preferred four-
coordinate geometry.

Curiously, it has also been claimed that an acetate ligated three-
coordinate anion is less reactive than Pd(PPh;), and that this
reduction in the rate of the oxidative addition step is responsible for
the overall acceleration of the reaction by bringing the rates of the
fastest and slowest steps closer together.''* However, the addition
of acetate has been shown to have little or no effect on the rate of
oxidative addition,'” therefore, if its presence does accelerate the
reaction, this is clearly not the reason.

It is interesting that recent DFT studies including solvation
examining the anionic HM reaction mechanism have reached
similar conclusions on the overall mechanism. A previous DFT
study including solvation had suggested that three-coordinate
palladium anions were stable species in solution.'”” These
calculations suggested that the addition of acetate to palladium

114-116

to form a three-coordinate anion should increase the rate of
oxidative addition."* However, it is known that oxidative addition
of aryl iodides is not rate limiting,* indeed, such reactions occur
rapidly at room temperature!® and it has been shown that it is not
rate limiting even for some bromides.!”® More importantly, both
studies showed that oxidative addition of the three-coordinate
anion to an aryl halide did not give the expected five-coordinate
anionic palladium species, rather a four-coordinate anionic species
was produced involving the halide of the aryl halide.'**'s This
species undergoes an oxidative addition reaction with concurrent
loss of halide to form a neutral four-coordinate product,"*!*s
with the dissociated halide electrostatically bound to a phosphine
ligand."¢ This mechanism rationalises some of the experimental
observations such as an intermediate that undergoes slow release
of chloride without resorting to less plausible five-coordinate
palladium species.

Another point of interest is the geometry of the product
obtained in the oxidative addition process. From the proposed
three centre transition state (i.e. 13, Scheme 3), the expected
geometry of the resulting palladium(ir) complex should be cis
with respect to the Ar and X groups on palladium. However,
the product that is invariably isolated when using monodentate
phosphines is the trans-isomer; the cis product only having
been found once.' A clue as to the reason behind this comes
from the observation that the isolated products of oxidative
addition from stoichiometric reactions often react more slowly
in subsequent steps than the apparently identical species under
catalytic conditions.”® It was noted that if the isomerisation of
a cis-oxidative addition product, i.e. 20 (Scheme 5), was slower
than transmetallation (traditional cross-coupling reactions such
as Suzuki and Negishi, for example), then the reaction could
proceed directly via a reductive elimination from 21.*® However,
if isomerism is fast, transmetallation yields the trans-palladium
species 23 and a second isomerism is required before reductive
elimination can occur (Scheme 5). For stoichiometric reactions in
which the product of oxidative addition is isolated, isomerism to
the trans-product 22 is ensured, as this is the thermodynamically
favoured product.®®

The mechanism of the isomerism of the cis-products of oxidative
addition has been investigated.”™ The mechanistic details are
complex, however, after isolating an oxidative addition product, it
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was possible to study the rearrangement process. Four separate
pathways were proposed to be in operation; two dependant
on triphenylphosphine concentration and involving associative
replacement of phosphines with iodide, either THF mediated,
or iodide bridged species; and two independent, with both
dissociative and associative pathways proposed, depending on the
solvent and involving Berry pseudorotation processes.'

The oxidative addition of aryl triflates has also been investigated
and appears to occur by a similar mechanism to that of the
halides. Again, the oxidative addition is accelerated by the presence
of electron withdrawing groups on the aryl group; a Hammett
parameter of p = +2.55 being found in the reaction of aryl triflates
with Pd(PPh;),.* As had been previously established,”™** the
product of oxidative addition is ionic and the palladium triflate
bond is fully dissociated in moderately polar solvents.?® In non-
polar solvents, however, although no covalent bonding is present
(IR spectroscopy), the ions exist in the form of tight ion pairs.?
Again, addition of chloride ion was found to accelerate the
reaction but in this particular case, only when large excesses
(150 fold) were added,?® while other systems show severely inhib-
ited activity."*! It was also observed that the addition of chloride
could enable regeneration of a neutral palladium halide species.*
This has subsequently been verified and applied synthetically.'*

The magnitude of the Hammett parameter found for the
oxidative addition of aryl electrophiles to palladium(0) species can
be related to the reactivity of the aryl species towards oxidative
addition. The experimentally observed order of reactivity is:
1> OTf > Br > Cl, and the Hammett parameters found for iodides,
triflates and chlorides are 2.0,'" 2.55% and 5.6'% respectively.
Although the Hammett parameter for the oxidative addition
of aryl bromides to palladium(0) has not been determined,
the Hammett parameters for the oxidative additions of aryl
iodides, bromides and chlorides to Ni(PEt;), are 2.0, 4.4 and 5.4
respectively.” It therefore appears that the smaller the Hammett
parameter found for the oxidative addition of a group of aryl
electrophiles, the more facile the process is.

So far, only monodentate phosphines have been discussed.
Whilst the majority of phosphines used in HM reactions are
monodentate, bidentate (or chelating) phosphines are important
because of their ability to activate unreactive halides, particularly
chlorides, and for their ability, when chiral, to impart enantios-
electivity in certain HM reactions.”®® The use of bidentate phos-
phines has several implications for the oxidative addition: i.e. that
the product of oxidative addition is necessarily cis; the chelating
ligand not permitting the formation of trans-complexes;*® and
the bite angle of the phosphine having a significant impact on
the reactivity of the palladium(0) species.’***** The first issue sur-
rounding the use of bidentate phosphines arises when the catalyst
is being formed in situ by reduction of a palladium(ir) precursor.
Since the oxidation of the bidentate phosphine effectively yields
a monodentate phosphine, this gives rise to a scenario that is
somewhat more complex than that found for the monodentate
systems. Since it is clearly necessary to use at least two equivalents
of the bidentate phosphine, species such as 25 tend to result'*
with predictable mechanistic complications. This situation can be
avoided in several ways: firstly the use of three equivalents of the
bidentate ligand forces the formation of 26*'3¢ by means of the
chelate effect; secondly, palladium(ir) precursors can be avoided
by the use of palladium(0) sources such as Pd,(dba);, however,

dba can coordinate palladium and impede oxidative addition;"¥”:!*
and thirdly, addition of acetate promotes the formation of three
coordinate species such as 27.1%¢

25 26 27 28
( p=0 m OAc © 3 )
P AN Pd .Pd Pd P)
1 Bl ~N s P
Pd PPl P R P

& N\

When three equivalents of bidentate phosphine are used the rate
determining step is dissociative, involving a dimeric palladium
species such as 28 to give a reactive di-coordinate palladium
species.’ Oxidative addition of the halide to this gives the
expected cis-product; one solvation included theoretical study
finding that this occurred by initial ¥ complexation of the iodo-
arene to palladium.” When the catalyst is generated from a
palladium(0) dba species, dba dissociation is generally required
prior to oxidative addition although the dba coordinated species
show some activity in oxidative addtion.’” Three coordinate
anionic palladium species with bidentate phosphines have been
‘characterised’ in solution by DFT calculations'” and have been
shown to be active catalysts, giving either the cis-aryl acetate
product or cationic species such as 29.
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Another interesting feature of chelated palladium catalysts
is that in some cases they allow the isolation of palladium-
olefin complexes." The complex (dppf)Pd(methylacrylate) 30 has
been isolated and characterised, and the complex was stable to
dissociation of methylacrylate although this process could be
promoted by the addition of Lewis acids.’*® Addition of PhI or
PhOTTf led to oxidative addition with displacement of the alkene.'*

30 Ph o)
2
e |HLOMe

29

R
Fe Pd—
P
Phy

As alluded to in the last section, the generation of palladium
catalysts from palladium(0) precursors can have effects on the
oxidative addition step. Such palladium(0) species often incorpo-
rate dba and this has been found to impact the reactivity of the
active catalysts. Despite the common assumption that dba is a
weak ligand for palladium, the presence of dba has been found to
inhibit the oxidative addition of PhI to Pd(PPh;),."** Comparison
of the rate constants for oxidative addition of Phl to preformed
Pd(PPh;), and Pd(PPh;), generated from Pd(dba), showed that
the presence of dba decreases the rate of reaction by a factor of
ten,™! and the oxidative addition to chelated palladium catalysts is
similarly inhibited."*” Studies involving substituted dba analogues
have shown that the dissociation of dba can govern the rate of
oxidative addition to aryl iodides'** and in some cases the presence
of dba can completely inhibit reaction by preventing oxidative
addition taking place.'*®

Oxidative addition to amine ligated palladium—phosphine com-
plexes has also been proposed,'*® however, subsequent studies have
shown that amine decomplexation is required before oxidative
addition can take place.'*145
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The coordination number of the active palladium species
has also received recent attention, with two theoretical studies
including solvation suggesting palladium—monophosphine species
are involved.!**! Tt was suggested that whilst oxidative addition of
PhI to Pd(PPh;), occurs with an energy barrier, oxidative addition
to PdPPh; required no activation. Although the dissociation of
PPh; from Pd(PPh;), is endothermic, it was suggested that in
solution, a favourable entropic contribution gives a sufficient
concentration of the active catalytic species.® Further evidence for
this mechanism comes from a recent investigation of the oxidative
addition of aryl iodides, bromides and chlorides to a palla-
dium diphosphine complex with a bulky monodentate phosphine
(Q-phos derivitive 31)."*” The investigation revealed three distinct
mechanisms in operation depending on the identity of the halide.™’
Aryl iodides reacted by oxidative addition with concurrent
dissociation of a ligand, whereas aryl bromides were found to
follow a mechanism involving rate determining ligand dissociation
followed by rapid oxidative addition, and aryl chlorides were found
to react by reversible dissociation of a phosphine followed by
rate limiting oxidative addition."” Although these results are in
agreement with those of DFT studies, it should be noted that
the great steric bulk of the ligands involved is likely to promote
reaction by ligand dissociation, although another experimental
study has implied the participation of monoligated palladium
triphenylphosphine species.'*

31

Spa,
Ar_Fe _ar

Ar@Ar

Ar Ar = 4-MeCgH,

Oxidative addition of alkyne ligated palladium complexes in
solution has also been investigated theoretically."® It has been
suggested that acetylene is an excellent ligand for palladium
and that oxidative addition of aryl iodides to such species is
a favourable process. The addition occurs with initial iodide
coordination, followed by concerted iodide dissociation and
metal-carbon bond formation.'*

Finally, the oxidative additions of a number of other species
have been investigated, including benzoic anhydride'®® and acetic
anhydride.”™" Although rare, these species can be used as elec-
trophiles in the HM reaction if a decarbonylation step is added
between the oxidative addition and carbometallation steps.”® The
mechanism of oxidative addition of these species involves insertion
of palladium into one of the carbon—oxygen single bonds of 32 to
generate species 33 from which loss of carbon monoxide generates
a palladium alkyl or aryl acetate or benzoate 34 (Scheme 6).46:15
It has been suggested that the presence of chloride is necessary for
this reaction as palladium benzoates are unreactive.”

19 A o LL oL L
pdL, * 9 R Pd__R -co JL_pa
R O \n/ R” "O" 'R

o}

Scheme 6

6 Carbometallation, p-hydride elimination and HX
elimination

Since these steps follow oxidative addition they are significantly
more difficult to investigate and are best discussed together
rather than as separate steps. Although the products of oxidative
addition are sometimes isolable, it has often been found that
they show different reactivity to those generated under catalytic
conditions.” This has been ascribed to cis—trans-isomerism and
makes experimental studies of carbometallation both difficult and
potentially meaningless. Additionally, palladium alkyl compounds
with B-hydrogens are generally sufficiently unstable to prevent their
isolation,* 15! which has precluded the study of stoichiometric f-
hydride eliminations.

Before investigations of carbometallation, studies on the mech-
anism of insertion of various species into a transition metal carbon
o-bond served as a model for the carbometallation step. Investiga-
tion of the insertion of para-substituted styrenes into a rhodium
hydride bond** showed that the process produced a negative
Hammett parameter, p = —0.9. This shows that electron donating
substituents on the olefin accelerate the migratory insertion. The
same study also demonstrated that the migration is accelerated
by electron donating phosphine ligands.'** Interestingly, a second
study on the kinetics and mechanism of the insertion of a range of
olefins into a niobium hydride bond showed an identical Hammett
parameter (p = —0.90) suggesting that this effect may be more
general as the two hydride bonds involved are very different
electronically.' The postulated mechanism to explain these results
involves cyclic transition state 35 in which there is build up of
positive charge on the olefin being stabilised by electron donating
groups.'s

The bond breaking—forming process was suggested to be
concerted,'™ however, the electronic effects in these reactions
appear to be complex. In another system it was found that
electron withdrawing groups accelerated the migration;'™* this
being ascribed to stabilisation of the ground state with the effect
of increasing the olefin binding constant. The migratory insertion
of olefins into palladium alkyl bonds has also been investigated
and it was found that electron poor olefins underwent a faster
insertion process although electron rich olefins bound to the
metal more strongly.’® It was found that syn insertion occurred
for the insertion of olefins into palladium(ir) acyl bonds; these
reactions being faster for cationic palladium species than for
neutral. The mechanism of insertion was suggested to involve
the dissociation of either solvent (cationic pathway) or phosphine
(neutral pathway), to allow the coordination of the olefin.'*
Also, the investigation of the intramolecular insertion of alkynes
and olefins into palladium acyl bonds showed a dissociative
equilibrium existed between a phosphine ligated species and the
less coordinately saturated active species. The existence of five-
coordinate intermediates in the reaction was disproved.'’

The nature of the product obtained from the oxidative addition
step has a great influence on the rest of the catalytic cycle (see
Scheme 7). Cationic palladium species formed from the oxidative
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Scheme 7 Comparison of cationic and neutral HM cycles.

addition of triflates®®® and diazonium salts*® behave differently

to the neutral species generated from halides.’* Additionally,
the nature of the phosphine (monodentate or bidentate) has a
marked effect on subsequent steps, some bidentate phosphines
chelating so strongly that they render the oxidative addition
product unreactive.”

For a long time there has been considerable evidence that
oxidative addition is not rate limiting in HM reactions. The
observation of a reversal of the expected reactivity for aryl
iodides®'® is noteworthy, and the unexpectedly low reactivity of
aryl chlorides in HM reactions, when compared to their rates of
oxidative addition, suggests that even for these species, other steps
may limit the reaction rate.'®

It has been proposed that for the reaction of aryl iodides
with acrylates using triphenylphosphine as a ligand, the rate
determining step depends on the phosphine-palladium ratio,
olefin coordination being rate limiting when the ratio is 2 : 1
or more whilst migratory insertion being rate limiting for ratios
of 1 : 1." Strong effects of the phosphine—palladium ratio have
also been observed in other systems,'*"*%* although mechanistic
reasoning was not given.

6.1 Neutral monodentate intermediates

For monodentate ligands and ligand free systems, various sug-
gestions for the rate determining step have been put forward.
These include B-hydride elimination,'®* coordination/insertion of
the olefin'®* and halide dissociation.'®

An interesting observation came in an investigation of a ligand
free HM reaction. It was found that for certain combinations,
addition of one olefin to a HM reaction accelerated the arylation
of another olefin.'*® This was rationalised by a modification of the
B-hydride elimination step; the elimination of palladium hydride
41 being replaced by the transfer of the palladium hydride species
41 to another olefin 42 furnishing the product and unsubstituted
palladium(1) alkyl species 44 (Scheme 8). This palladium hydride
transfer was suggested to be the rate determining step,'*® although
a traditional B-hydride elimination step, followed by an elimination
of HX, would still be required to generate an active catalyst. The
study also proposed that both revised and traditional mechanisms
could occur at the same time.'*

The olefin insertion has been shown to be irreversible in
the ligand free palladium system in a study which also found

40

Ar 41
Traditional mechanism R LoPdHX
3 4 PdLx
Ar''y 'R
H H
42 =\
R 44
PdL,X
Revised hani 3 Ar R
evised mechanism —/
R
Scheme 8

B-hydride elimination to be rate determining.'®® High pressure
experiments have shown that olefin coordination or insertion is
rate determining when triphenylphosphine is the ligand and also
prove the presence of a polar transition state.'** Gas phase DFT
studies have suggested that for carbene ligands, halide dissociation
is required before the olefin can bind to the resulting cationic
intermediate.'®s

Another interesting suggestion was that the aryl iodide species
45, resulting from the oxidative addition of PhI to Pd(PPh;),, was
unreactive to olefins, whilst the corresponding aryl acetate species
46 (arising from the proposed oxidative addition to palladium
anions, vide supra) was the active species.'” However, the problem
with this suggestion is that HM reactions of aryl iodides can be
performed in the absence of acetate,"'*” showing that aryl acetate
46 is not the only possible reactive intermediate. This appears to be
another case of stoichiometric reactions being unrepresentative of
those taking place under catalytic conditions,' and presumably
can be explained by several factors, including isomerisation.'*!
Hence, it thus appears likely that the increase in reactivity observed
on addition of, for example, acetate anions to aryl iodide 45 is due
to an increased rate of isomerism to the reactive cis-form,! or
that the cis—trans equilibrium for aryl acetate 46 lies more on the
side of cis-form than the equivalent equilibrium for aryl iodide 45.

45
PhsP,
P

46

i PhsP. OAc
d Pd

PK PPhy Ph PPhy
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6.2 Cationic intermediates

Although one study has suggested that the reaction of cationic
palladium aryl species with olefins is slow,'” this does not appear
to be a general phenomenon since it has been shown that
insertion reactions of olefins into palladium carbon c-bonds is
faster for cationic species.”® It has also been found that the
addition of chloride to cationic systems, to form the neutral
chloride species, can completely inhibit the reaction with olefins.**!
Cationic palladium systems have also been used to great success
in the asymmetric HM reaction.'® In these systems, reactions
are accelerated by electron donating groups on the aryl moiety,
which is the reverse order of reactivity observed for oxidative
addition and this behaviour can be ascribed to rate limiting
olefin coordination or carbometallation.'?® The high enantiomeric
excesses observed in the asymmetric HM reactions under cationic
conditions are due to the olefin being able to bind to palladium
without partial dissociation of the bidenatate phosphine.'***” This
observation has led to the proposal of some sort of dissociation
from a four-coordinate palladium(ir) complex, which is necessary
for the olefin to coordinate.’® In cationic systems, the availability
of a free site for an olefin to bind is due to the dissociation
of an anion, whilst in neutral systems phosphine dissociation is
necessary.'?® Because dissociation of many chelated phosphines is
slow,” HM reactions using aryl halides and bidentate phosphines
often do not occur.’** The olefin insertion reaction can be facile
in cationic systems; in the intramolecular HM reaction shown in
Scheme 9, this occurs rapidly at —40 °C.'*

A great deal of work has been done on styrene-related systems,
which has provided information on the olefin insertion step in the
cationic HM reaction of PhOTf with a range of para-substituted
styrenes.'® A negative Hammett parameter (p = —0.74)
was obtained for a-substituted products only, and notably no cor-
relation being found for B-substituted products. This observation
was rationalised by the transition states 50 and 51. For o-sub-
stitution, the build-up of positive charge occurs at the a-carbon
and is stabilised by electron donating groups on the styrene. For
B-substitution, the build-up of positive charge occurs at the
B-carbon and no stabilisation from groups on the styrene is
possible.'®®

50 51
L L
Pd “pd
R, R, >—Ar
6 5
Ar

a-substitution

0S B-substitution
transition state

transition state

Carbene ligated palladium catalysts have also been used with
some success under cationic conditions (AgBF,). These strong
donor ligand systems presumably assist in stabilising the positive
metal centre.>*

a7
Ph, \}
R AgOTf
Fe Pd Q g
P -78C to -40C

The use of cationic catalysts has also been shown to have a
pronounced effect on the regioselectivity of the HM reaction.
Typically, in the neutral manifold, steric effects have a large impact
upon regiocontrol and tend to favour B-substitution, however,
by using a cationic catalyst, electronic effects can be made to
dominate.'®® For electron rich olefins, coordination to the cationic
palladium atom favours migration to the a-carbon.'?® Acrylates,
however, always favour complete B-selectivity.'® Interestingly, it
has been reported that it is possible to achieve highly selective
a-substitution using a neutral catalyst.'® DFT studies including
solvation have been used to generate a selectivity index for o/ -
selectivities of a variety of olefins, in both neutral and cationic
pathways, and the results appear to be quite accurate.'”

6.3 Neutral bidentate intermediates

As previously noted, reactions involving this sort of species tend
to be sluggish due to the reluctance of both chelated phosphines
and halides to dissociate from palladium to give a co-ordinately
unsaturated species.”> However, it appears that under certain
circumstances, the olefin can displace the halide to give a reactive
species. This was suggested as being the mechanism operating in
the neutral asymmetric HM reaction shown in eqn (1)."3*

52 o} o, R
N R Nf
| R-(+)-(BI-NAP)Pd (1)
( j Amine

High e.e.s were obtained in the absence of added halide scav-
engers, indicating that phosphine dissociation was not occurring.
The proposed mechanism involved associative displacement of
halide by the olefin to give a reactive cationic species.’* In this case,
the five-coordinate palladium transition state required contains
two bidentate ligands which makes it less disfavoured than the five-
coordinate palladium intermediates discussed previously. Another
interesting observation to come from this study was the reversal of
enantioselectivity upon the addition of AgOTTf to the reaction,'*?
thus forming a cationic species upon oxidative addition.

More generally, however, small ring chelated palladium species
seem to be poor catalysts of the HM reaction. Although the
oxidative addition can occur, the resulting palladium species is
unreactive towards olefins due to its coordination saturation
and lack of labile groups.*'® For some chelated species, the
poor catalytic activity observed is due to disproportionation of
the catalyst. For the reaction shown in Scheme 10, evolution
of hydrogen occurs and the catalyst is oxidised to palladium(ir)
chloride in two catalytic cycles.**

Whilst the small ring chelates from phosphines such as dippe
and dippp generally give poor catalysts, increasing the size of the
ring tends to increase activity.>'® The use of dippb as a ligand

Ph,
R OTf
pd_°
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o
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allows the coupling of aryl chlorides;* the increased ring size
apparently increasing the lability of the phosphine and causing it
to behave more like a monodentate ligand (Scheme 11).
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The kinetics of the HM reaction catalysed by chelated neutral
species have been investigated.?” Use of a range of para-substituted

iodides gave a Hammett parameter p = 1.39, and although the
positive sign of this value is consistent with oxidative addition, its
magnitude is not and rate limiting olefin insertion was proposed.®’

Bidentate carbene—phosphine ligands have also been investi-
gated by gas phase DFT studies and a mechanism involving rate
limiting phosphine dissociation (i.e. chelate opening) has been
proposed.’®®

7 Asymmetric HM (AHM) reactions

The Heck reaction discussed hereto is concerned with the gener-
ation of an sp” hybridised centre and consequently no induction
of chirality is possible. However, if the incoming group is added
to a di- or tri-substituted carbon and a f’-proton is present, the
competing ’-hydride elimination can give rise to a chiral centre
(Scheme 12). In this case, the use of chiral ligands for palladium
can give asymmetric induction.

The discovery of this reaction came considerably later than that
of the achiral variant, Shibasaki®*! and Overman® independently
discovering the intramolecular version and Hayashi'**!?" subse-
quently developing an intermolecular variant. The importance of
this variant of the HM reaction is demonstrated by its extensive
application to natural product total synthesis.'"” Although the
mechanism of this variant of the HM reaction is the same, the
greater complexity introduced by the required enantioselective and
regioselective steps merits further discussion.

Good control over both the enantioselectivity of the olefin
insertion and the regioselectivity of the subsequent B-hydride
elimination from 75 are essential to the AHM reaction. Even
if great enantioselectivity can be achieved in the first step, the
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induced chirality will be lost if poor control of the B-hydride
elimination step yields an achiral product. Additionally, the
reinsertion of olefin 77 into the palladium hydride bond can lead
to an equilibrium between the two products with consequent loss
of chirality.'

7.1 Enantioselectivity

This requires a chiral palladium catalyst and hence the use of
a chiral ligand. Bidentate ligands are required to achieve good
asymmetric induction and a huge number of different ligands have
been used. These include homochiral chelating P,P, PN and N,N
ligands.'*

Another important point relating to the enantioselectivity
of the olefin insertion is whether the palladium(ir) species is
neutral or cationic. As a rule, the cationic pathway is found to
give much greater asymmetric induction, this being ascribed to
the requirement for ligand dissociation in the neutral pathway
(vide supra). Whilst in the neutral pathway, partial dissociation of
the bidentate chiral ligand reduces the influence of the ligand and
thus e.e., in the cationic pathway the olefin can bind without ligand
dissociation and thus high e.e. can be achieved.

Important exceptions to this rule have been observed in which
high e.e.s have been found using the neutral pathway.'”® Indeed,
in some cases it has been found that the addition of silver
additives to promote the cationic pathway can be detrimental
to asymmetric induction.' Also, the observed stereochemistry
is generally reversed on moving from a cationic catalyst to a
neutral catalyst.' It has been shown that in these cases, phosphine
dissociation does not occur and although halide dissociation to
yield a cationic intermediate has been postulated, this would
not explain either the change in configuration, the lack of
selectivity for aryl triflates or the lack of solvent effects.’*> Two
other potential mechanisms which have been suggested, involve
associative displacement of halide by the olefin and insertion from
a five-coordinate palladium(ir) intermediate.' As noted earlier,
the reluctance of palladium to form five-coordinate intermediates
is documented, ' however, in this case with both the phosphine
and the halide/olefin being bidentate, and thus having an enforced
bite angle, such intermediates seem more plausible than in the case
where all substituents are monodentate. Both mechanisms have the
potential to explain the reversal in product configuration over the
cationic pathway and thus without further studies it is not possible
to say which occurs although the authors favour the associative
displacement process.'*?

7.2 Regioselectivity

This requires a way to favour §’-hydride elimination over B-hydride
elimination. The most obvious way to achieve this is through
the generation of a quaternary chiral centre, in this way no
B-hydride elimination is possible. Unfortunately, the formation
of asymmetric quaternary centres is rather less well documented
than for tertiary centres although it has been known to be possible
for some time. Presumably, the tri-substituted olefins required for
this tend to be less reactive due to steric hindrance and although
possible, this reaction remains a challenge.

A number of other, more common ways of favouring f’-hydride
elimination include: i) use of intramolecular AMH reactions since
when the product is an endocyclic alkene, the rotation required
around the alkene o-bond for f-hydride elimination to occur is not
possible; ii) use of a themodynamic driving force for ’-elimination
through choice of the group R”. For instance, R” = OH gives an
enol which tautomerises to the corresponding aldehyde or ketone,
R” = OR gives an enol ether or R” = alkenyl gives a conjugated
diene; iii) the use of an allylsilane as the olefin component has also
allowed controlled B’-hydride elimination under AMH reaction
conditions.”” Additionally, it may be expected that f’-hydride
elimination would be favoured kinetically since the rotation
around the alkene o-bond necessary for f-hydride elimination is
not necessary for ’-hydride elimination.

These points explain why the AMH reaction is most often used
in intramolecular reactions to form endocyclic alkenes, another
drive for B’-hydride elimination often also being present.'”

7.3 Product isomerism

In order to prevent the loss of chirality associated with isomerism
by reinsertion of products back into the palladium(ir) hydride
bond, it is often necessary to add chemicals to suppress this, these
typically being thallium or silver salts.””7#17

8 Aryl-aryl exchange

The observation of the formation of unexpected products in
HM reactions using triarylphosphine ligands has been known for
some time.’*'”7 Typically, when triphenylphosphine is used, the
alkenylated benzene product 81 is found as one of the products
(eqn (2)).

78 X 80 81

79 , xR R
R solvent, base R (2)
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In addition, the phosphine resulting from exchange of one of
the aryl groups of the phosphine with one of those from the halide
can be observed.'” This problem tends to occur in systems which
generally show poor reactivity, such as deactivated bromides and
possibly because of the temperatures required to achieve coupling
in such systems.' It has been found that addition of stoichio-
metric Pd(PPh;), to vinyl triflates and aryl halides gives rise to
vinylphosphonium!*'” and tetra-aryl phosphonium salts.'” This
process can also be performed with catalytic palladium as a useful
method to generate mixed aryl triarylphosphines.'®

The mechanism for this scrambling involves the oxidative addi-
tion of the aryl halide to palladium(0) phosphine ligated catalyst
82 and subsequent reductive elimination to generate phosphonium
salt 85 (Scheme 11)."%-'% The eliminated phosphonium salt can
then undergo oxidative addition to the palladium(0) species 84
generated in this process. However, the phosphorus—carbon bond
undergoing the oxidative addition may not be the same as that
which was formed in the reductive elimination, hence, aryl-
aryl exchange can occur.’®-' Tt has been demonstrated that the
selection of the phosphorus—carbon bonds that undergo oxidative
addition is entirely random, allowing the statistical modelling of
product distributions.®!

Various attempts have been made to eliminate these reactions,
mainly by varying the phosphine ligand employed,'**'** however,
the only way to eliminate such side reactions is through the use of
ortho-substituted phosphines, such as tri(o-tolyl)phosphine'® and
tri(mesityl)phosphine,’®® or by using trialkylphosphines.’®®* The
reaction also appears to be promoted by electron donating sub-
stituents, either on the phosphine or the aryl group of the halide.™!
This is presumably due to the promotion of the reductive elimina-
tion reaction by stabilisation of the positive charge on phosphorus.

Summary and conclusions

At best it can be said that the mechanism of the oxidative addition
is strongly dependent on conditions, particularly depending on
whether the reaction is saturated with halide. However, as the
reaction proceeds, assuming aryl or vinyl halides are involved,
the mechanism of the oxidative addition may well change as the
halide generated saturates the reaction mixture. Clearly, not one
proposed mechanism for the oxidative addition explains all the
phenomena observed and it seems likely that several mechanisms
may be in operation, either independently, depending on the
reaction conditions, or in parallel.

For subsequent steps, the mechanism is more poorly understood
due to difficulties of investigations. It seems that even for aryl
chlorides, the rate determining step may be after the oxidative
addition step, since the rates of reaction of such species are lower
than those seen for the oxidative addition reactions. This may
be due to the electron rich, chelating nature of the phosphines
required to activate aryl chlorides, which in turn disfavours
carbometallation or dissociation. For iodides, and some other
activated leaving groups, it seems to be generally accepted that
the rate determining step comes after initial oxidative addition.
However, the nature of this step is unclear and has a strong
dependence on the nature of the species produced in the oxidative
addition step.

Clearly, for a full understanding of the mechanism in operation,
further studies are required, although it may well be the case

that due to the reactive nature of the intermediates involved, a
comprehensive understanding will be challenging to achieve.
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