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Palladacycles are amongst the most active catalysts in Heck-
type carbon-carbon bond formation and related carbon-
heteroatom bond forming reactions. For instance they have
recently emerged as showing the highest activity in the
Suzuki coupling of electronically challenging aryl chloride
substrates. In addition to the high activity they display, their
ease of synthesis, facile modification and comparative
stability all act to enhance their appeal.

I ntroduction

In the last decade the reputation of palladacyclic catalysts has
swung from them being viewed as deactivation products
through to the realisation that they are amongst the most active
catalysts for C—C and C-heteroatom bond formation. The aim
of thisreview isto chart this change in their fortune.1 Here we
will be concentrating on preformed palladacyles acting as pre-
catalysts rather than catalysis that proceeds via the formation of
a palladacyclic intermediate, another highly topical area of
research.2

What do we mean by palladacycles? The general structures of
the complexes we will be concentrating on are shown in Fig. 1
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Fig. 1 Generalised palladacyclic structures. L = donor, Y = linker
group.

and fall into two genera classes. the first are simple pallada-
cyles (1) where oneligand coordinatesto the palladium centrein
ax2L,C manner (L = donor) to form a stable, five membered
chelate; the second are so called ‘pincer’ complexes (1) where
the metallated carbon is supported by two donor groupsin ax3-
L,C,L fashion. Thedonor groups‘L’ aretypically PRy, NR, NR;
or SR and thereis usually some degree of unsaturation between
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the metallated C and the donor group ‘L. In nearly all the cases
in this article the carbon donor is an orthometallated aryl ring
(structure 111).

The study of palladacylic catalysts, and indeed metallacyclic
catalystsin general, has amost certainly been hampered by the
misconception that such species are likely to be deactivation
products and that the carbo-metallation renders them catalyt-
ically inactive. Thisisillustrated by the fact that complexes 1a
and b, examples of the most widely studied class of pallada-
cyclic pre-catalysts which show high activity in a range of
coupling reactions,1b were essentially dismissed as deactivation
products, over a decade before their renaissance, by Heck who
observed their formation in the coupling of dienes with aryl

halides.3
QjT(O_tODZ 1a: X =Br
b: X=1
Pd—X

c: X=0Ac
| 1o d: X=Cl

Perhaps the earliest demonstration that palladacyclic cata-
lysts could show higher activity than their non-metallated
analogues was in the hydrogenation of alkenes and alkynes
reported by Lewis.4 He found that the orthometallated complex
[PACI{ k2-P,C—P(OCgH4)(OPh),}{ P(OPh)3}] formed by ther-
molysis of [PdClx{ P(OPh)s},] could be used as an active pre-
catalyst while the precursor complex is completely inactive.
This enhancement in activity on orthometallation was not only
observed for palladium, but aso for complexes of rhodium,
ruthenium and cobalt. Since then by far the greatest application
of palladacylic catalysts has been in C—C coupling and, to a
lesser extent, C—heteroatom coupling. It isthisareato which the
rest of this discussion will be dedicated.

Initially we will focus on the development of catalysts of the
general classes| and I1. The earlier work in thisfield tended to
beincremental and empirical and catalysiswastypically limited
to ‘easier’ to couple substrates such as aryl iodides and
bromides. Later we will address how the catalysts have been
modified to confer very high activity in the coupling reactions
of far more challenging aryl chloride substrates. Studies on the
(lack of) recyclability of these catalyst types helped spark more
in-depth examinations of what makes this class of catalyst so
active and the results from these studies will be summarised at
the end of the article.

Catalysis of C—C and C—heter oatom bond
formation

P,C-Palladacyclic catalysts

The field was initiated in 1995 by Herrmann and co-workers
when they reported that the complex 1c and related species
showed by far the highest activity in the Heck coupling of aryl
halides with simple alkenes (Scheme 1) then reported.> These
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Scheme 1 The Heck coupling of aryl halides with alkenes.

catalysts are readily synthesised by the reaction of the
appropriate 2-methyl substituted aryl phosphines with a palla-
dium(in) salt such as palladium acetate. Indeed thermal reaction
of asimple palladium(i1) precursor with the ligand to be carbo-
metallated is typica for the synthesis of nearly all of the
catalysts discussed here.

For the first time turn-over numbers (TONs)® of up to
1 000 000 were observed in the Heck coupling of n-butylacry-
late with the electronically activated (electron-deficient) aryl
bromide, 4-bromoacetophenone. Later it was realised that this
particular bromideisnot an especially good indicator of catalyst
activity, since palladium acetate in the absence of any additional
co-ligands shows TONs of up to 100 000 in coupling reactions
with this substrate.” With the more electronically challenging
(electron-rich) bromide, 4-bromoanisole, the maximum TON
achieved was somewhat lower at 630. A particularly interesting
observation is that the catalyst 1c can be used to couple aryl
chlorides, abeit electronically activated examples such as
4-chloroacetophenone. This class of substrates is particularly
relevant from an industrial point of view as they are generally
cheaper and more widely available than their bromide or iodide
counterparts. This topic will be discussed in detail later. The
performance with aryl chlorides can be enhanced by the use of
appropriate additives such as [NBu4]Br or [PPhy]Cl.1> The
latter salt even facilitates the use of the electronically deacti-
vated substrate, 4-chloroanisole, with TONs of up to 190
achieved. As well as being useful for the coupling of simple
akenes, catalysts of the type 1 can be used with more
challenging substrates, for instance in the formation of tri-
substituted alkenes.8

The application of catalysts of the type 1 to coupling
reactions is not limited to the Heck reaction; Beller demon-
strated that 1c could be used to good effect in the Suzuki biaryl
coupling reaction (Scheme 2). Thus TONs of up to 74 000,
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Scheme 2 The Suzuki coupling reaction of aryl halides.

7 600 and 2 100 are seen in the coupling of phenylboronic acid

with 4-bromoacetophenone, 4-bromoanisole and 4-chloroaceto-

phenone respectively.® Complex 1c can also be used inthe Stille

coupling (Scheme 4) of aryl bromide substrates,10.1b as well as

the related coupling of aryl Grignard or zinc reagents (the

Kumadaand Negishi reactions, Scheme 3).10 |t can a so be used
[Pd cat]

X M

Scheme 3 The Stille(M = SnR3), Kumada (M = MgX) and Negishi (M =
ZnX) coupling reactions.

in the Sonogashira coupling of aryl bromides with phenyl-
acetylene (Scheme 4)1r and the Buchwal d-Hartwig amination
of aryl bromides and chlorides (Scheme 5).1

Aswell as the good activity it shows, there are several other
advantages associated with the use of the preformed catalyst 1c
over catalysts formed in situ from tri(o-tolyl)phosphine and
palladium acetate, such asits air-stability, ease of handling and

1788

CHEM. COMMUN., 2003, 1787-1796 |

- X HC=CPh [_»Pd-cat] - C=CPh
+ = =
R! )\ / base R )\ /

Scheme 4 The Sonagashira reaction.
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Scheme 5 The Buchwal d-Hartwig amination reaction.

the fact that the phosphine : palladium ratio can be maintained
al:l

While complexes of the type 1 were the first, and by far the
most widely studied phosphorus-based palladacyclic catalysts
in coupling reactions, they are by no means the only ones.11
Shaw and co-workers demonstrated that the palladated naphthyl
complexes 2 and 3 and the modified versions of Herrmann's
system, 4, can also be employed. These catalysts give TONSs of
up to 1.12 million in the Heck coupling of methyl acrylate with
iodobenzene after 13 days at 95 °C.12

We synthesised the orthometallated triaryl phosphite complex
5a, as a mixture of cis and trans-isomers, by reaction of
palladium dichloride with the very inexpensive ligand tris(2,4-
di-tert-butylphenyl)phosphite, 6.13 Complex 5a shows what
was then the highest activity in the Suzuki coupling of aryl
bromides, with TONs of up to 1 million in the coupling of
4-bromoacetophenone with phenylboronic acid. With the more
electronically challenging substrate, 4-bromoanisole, then the
maximum TON obtained in the coupling with phenylboronic
acid is 30 000. Complex 5a is aso an active catayst for the
Stille coupling of phenyltributyltin with aryl bromides, showing
TONSs of up to 830 000 with 4-bromoacetophenone, but only
840 with 4-bromoanisole. The catalyst is also highly active in
the Heck coupling of aryl bromideswith simple alkenes.24 Thus
TONs of up to 5.75 million are seen in the coupling of
4-bromoacetophenone and styrene and up to 9800 in the
coupling of 4-bromoanisole with n-butylacrylate. By contrast,
substantially lower activity isseen when the triphenyl phosphine

adduct 7 is employed.
P(naphthyl)z P(naphthyl)z
d OAc

R

3: R=Me, CF3
Qj‘P(O-tolyl)z
Pd—0O,
| R
3

R

4:R=Me, CF,

It is interesting to note that the high activity noted with
complex 5ais despite the fact that the wt-acidic, orthometallated
ligand renders the palladium centre electron deficient with
respect to the palladacyclic phosphine systems described above.
At the time of this research it was more or less assumed that
oxidative addition of the aryl bromide would be rate limiting. If
this was indeed the case then triarylphosphites should be
relatively poor ligands. At the same time, Beller demonstrated
that catalysts formed in situ from palladium acetate and the
ligand 6, could even be used to couple activated and non-
activated aryl chlorides in both Heck and Suzuki reactions, a
topic that will be addressed further later.15.16 Therefore we were



R1 0—PR?, Bu O—P(OAr),
Pd—Cl Pd~Cl
Il2 PPh,
R’ 'Bu

5a: R' = 'Bu; R? = OCgH3-2,4-Bu, 7: Ar = CgHy-2,4-Bu,
b: R'=H; R?=Ph

c:R'='Bu;R?2=Ph

d:R'='Bu, R?='Pr

interested to see what effect varying the steric and electronic
properties of complexes of the general type 5 would have on
Suzuki coupling reactions and we synthesised the anal ogues of
5a, complexes 5b—d.17 The size of the substituents on the
orthometallated ring isimportant with 5b showing significantly
lower activity than the bulky analogue 5c. However 5b is still
far more active than the bulky phosphite complex 5a, showing
TONs of up to 290000 in the Suzuki coupling of the
electronically deactivated substrate 4-bromoanisole with phe-
nylboronic acid — nearly ten times higher than that shown by 5a.
This indicates that increasing the electron density on the
palladium leads to greater activity, since the orthometallated
phosphinite ligand in 5b is less m-acidic than that of 5a.
Increasing the steric bulk leadsto avast improvement in activity
with 5c giving a TON of 2.6 million in the same reaction. The
introduction of iPr groups onto the phosphorus of the phosphi-
nite ligand instead of phenyl groups leads to a further increase
in activity witha TON of 4.2 million observed, again indicating
that a reduction in m-acidity is beneficia. When an extra
equivaent of ligand is added to the palladacyclic phosphinite
complexes then even greater activity results. Thus TONs of up
to 8.75 million are seen with 5¢ and when 5d is employed in the
coupling of phenylboronic acid with the activated substrate,
4-bromoacetophenone, then a huge TON of 475 million is
obtained. It seems that increasing the electron density on the
palladium when using st-acidic phosphite or phosphinite-based
palladacycles increases the catalytic activity; however it is
important to strike the right electronic balance. This is
demonstrated by thefact that the complex 8a, which issterically
essentially identical to 5b, but is more electron rich at the
palladium centre, shows less than half the TON in the coupling
of phenylboronic acid with 4-bromoanisole.® The electronic
picture is complicated further by the observation that this result
is highly dependent on palladium source: there is not a
particularly large difference in activity between the catalysts
formed in situ from [Pd(dba);] and either Ph,P(CH,Ph) or
Ph,P(OPh) and the performances of [PdCl{ PPhy(CH,Ph)};]
and [PdClx{ PPho(CH,Ph)} ;] are again very similar.18

8a: R=Ph; X=Cl
b: R =Ph; X =Br
cR=®wX=&

Pd—X

I 12

Buoyed up by the results obtained with the complexes5in the
Suzuki coupling of deactivated aryl bromides, we then tried
coupling the deactivated aryl chloride, 4-chloroanisoleusing the
most electron-rich of the catalysts, complex 5d, but obtained
very poor resultswith only 6 turn-overs observed. Sincethen we
have found that this catalyst will catalyse the coupling of non-
activated and activated aryl chlorides with conversions of 76%
and 100% respectively in the coupling of phenylboronic acid
with 4-chlorotoluene and 4-chlorobenzal dehyde at 1.0 mol% Pd
catalyst loading.18 By contrast when Cole-Hamilton and co-
workers used the related orthopalladated benzylphosphine
complex 8c, they found no activity with the activated substrate
4-chloroacetophenone and a good TON of 2 700 with 4-chlor-
obenzaldehyde, but at the expense of selectivity; the product is
contaminated with substantial amounts of 1-(4-chlorophenyl)-

1-phenylmethanol and 1,4-biphenyl-1-phenylmethanol.1° They
aso found that the complexes 8b and ¢ are good catalystsin the
Heck coupling of aryl bromides with TONs of up to 3.6 million
in the coupling of 4-bromoacetophenone with n-butylacrylate
and 16 900 with the more electronically challenging substrate,
4-bromoanisole.

By contrast with palladium, platinum catalysts show amost
no activity in coupling reactions. One reason for thisis that the
higher oxidation states of platinum are more stable than those
for palladium, disfavouring reductive elimination processes.20
If this is indeed the reason for the poor activity then s-acidic
phosphite or phosphinite ligands may well be expected to
increase the rate of such processes and render the use of
platinum catalysts viable. Thisindeed proved to be the case and
again orthometallation appears to be important with the
complexes 9 showing enhanced activity compared with the non-
cyclometallated complex 10 in the Suzuki coupling of aryl
bromides.2! The best activity was observed with complex 9b
which givesa TON of 2.5 million, under air, in the coupling of
phenylboronic acid with 4-bromoacetophenone. Substantially
lower activity is seen with electronicaly deactivated aryl
bromides, but some activity is even seen with activated aryl
chlorides.

Bu 0—PR,
Fl’(OCGH3-2,4-‘Bu2
Rt—Cl Ci—Ft—Cl
Iol2 P(OCgH3-2,4-Bu,
Bu
9a: R = OCgHj-2,4-'Bu, 10
b: R = Ph
c:R=Pr

Palladium P,C,P-pincer complexes

Shortly after the early development of x2-P,C palladacyclic
catalysts, k3-P,C,P-pincer complexes were shown to be active
by Milstein and co-workers. They demonstrated that the
complexes 11 and 12 could be used to good effect at low
catalyst loadings in the Heck coupling of aryl iodides and
activated aryl bromides.22 Thus TONs of up to 528 700 are seen
in the coupling of iodobenzene with methyl acrylate catalysed
by 10a; changing to 4-bromobenzaldehyde leads to a drop in
TON to 113 300. The P,C,P-pincer complex 13, based on the
metallation of a saturated ring, aso shows good activity in the
Heck coupling of aryl iodides and activated and non-activated
aryl bromides.23 Indeed in all cases its performance was better
than that obtained with related unsaturated system 11.

A chiral bis(phosphine) pincer complex, 14, has been
synthesised, but it proved to be a poor catalyst for the

P'Pr, TRZ
Pd—TFA P‘d—TFA
P'Pr, PR,
1 12a: R="Pr
b: R='Bu
Ph
R
P'Buy p=Bu
Pd—TFA Pd—Cl
P'Bu, P\.,,(Bu
Ph
13 14
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asymmetric Heck reaction, giving an ee of only 3% in the
coupling of phenyl triflate with 2,3-dihydrofuran.24

Since more mt-acidic ligand systems seem to be beneficial to
the performance of x2-P,C palladacylic catalysts, it may be
logical to assume that more m-acidic P,C,P-pincer ligands
should aso show enhanced activity. This indeed appears to be
the case; Shibasaki and co-workers showed that the bis-
(phosphite)-P,C,P-pincer-based complex 15 gives TONSs of up
to 8.9 million in the Heck coupling of n-butyl acrylate with
iodobenzene, and 980 000 with the more electron rich iodide
4-iodoanisole.zs

O—P(OAr), O—TR22
Pd—I R’ P‘d—X
O—P(0OAr), O—PR?,

16a: R" = H; R? = Ph; X = TFA
b: R" = Me; R? = Ph; X = TFA
c:R'=H; R®="Pr; X=Cl

15: Ar = CgHy-4-OMe

As seen with the P,C-palladacyles, while phosphite-based
systems show better activity than very electron-rich phosphine
analogues, ‘fine-tuning’ of the electronic properties can have a
further beneficial effect on the performance. Thus the bi-
s(phosphinite) pincer complexes 16a and b not only show good
activity in the Suzuki coupling of deactivated and activated aryl
bromides but also activated aryl chlorides.26 Meanwhile the
analogous complex 16c can be used for the Heck coupling of
deactivated aryl chlorides such as 4-chloroanisole.2? Inter-
estingly, the TONs seen with complexes 16a and b are 1-3
orders of magnitude lower than those obtained with the
notionally related P,C-palladacycles 5¢c and d.17 Additionally
while 16c evidently has no problem coupling deactivated
chloride substrates such as 4-chloroanisole, complex 5d is very
poor in this regard. This may indicate that very different
catalytic manifolds are followed by the two distinct catalyst
families.

A caveat was put on the use of paladium P,C,P-pincer
complexes as catalysts in the Heck reaction when Bergbreiter,
Sulikowski and co-workers demonstrated that not only is the
complex 17 no use as a catalyst in the intra-molecular Heck
coupling of the diene 18 (Scheme 6), but also that the catalyst is

T(C'CsHQ)z
P‘d—TFA 17
P(c-CsHg)2
CO,Me CO,Me
-
Br 18
Scheme 6

inhibited by the presence of the substrate.28 Further experiments
demonstrated that it is the diene portion of the substrate that
leads to the inhibition, presumably by binding strongly to the
palladium centre. By contrast, a simple Pd(OAc),/PPhs system
is unaffected and is able to catalyse the intra-molecular Heck
coupling of 18 effectively.

When the catalyst simply acts as a Lewis acid and does not
undergo a change in oxidation state during the catalytic cycle
then stereoselectivity can occur with chiral P,C,P-pincer
complexes. Thus complex 19 shows reasonabl e enantiosel ectiv-
ity in the aldol reaction of methylisocyanoacetate with alde-
hydes. In nearly all cases the trans-oxazoline products predom-
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inate with ees up to 31%. The maximum ee observed for the cis
product is 77% (Scheme 7).2°

PPh,
Pd—Cl

o)
PPh, 19 R §—0Me

O
,

19 + AgOTf
+ +
NEtPr,
0 2 Q
CN\)k R OMe
OMe
Oo_ N
A cis

Scheme 7

L,C-palladacyclic, L,L,C- and L,C,L-pincer based catalysts
(L =N,9

Catalytic activity is by no means limited to phosphorus-
containing palladacycles. For instance we, and later others,
found that the orthopalladated N,N-dimethylbenzylamine com-
plex 20a could be used as a catalyst for the Heck coupling of
aryl bromides 14303132 | gter Milstein demonstrated that the
imine containing catalysts 21 and 22 could be used in the Heck
reaction with aryl iodide and bromide substrates.33 While TONs
of upto 1.4 million are seen in the coupling of iodobenzene with
methyl acrylate, the activity dropped by about one order of
magnitude on changing to bromobenzene.

1
R /Rz
TM% —N
d?d—x Pd—X
1, 1,
20a: X = Cl 21a:R' = Me; R? = 'Pr; X = TFA
b: X=TFA b: R =H; R? =Pr; X = TFA
O/E‘\\\R
—N 22a:R=H
’ b: R = CH,Pr
Fd—OAc c:R='Pr
1,
R’ R?
_T/ TMez
Pld—TFA dﬂd—x
PPhs PPhg
23a: R' = Me; R? = 'Pr; X = TFA 24a: X = Cl
b: X = TFA

b:R'=H; R? ='Pr; X = TFA

The catalyst 21a also shows good activity in the Suzuki
coupling of aryl bromides with TONs of up to 840 000 and
136 000 for the coupling of phenylboronic acid with 4-bromoa-
cetophenone and 4-bromoanisole respectively.3* We have
found that the triphenylphosphine adducts 23 of the dimeric
complexes 21, show substantialy increased activity in the
Suzuki reaction compared with the parent dimers.3536 Thus
while complex 21a gives a TON of 320 000 in the coupling of
4-bromoansiole with phenylboronic acid, the phosphine adduct



23a gives a value of 480 000 for the same reaction. Changing
the ketimine ligand for an adimine analogue is beneficia to
catalyst performance with the complex 23b giving a TON of
820 000. The complex 20b also showsreasonably good activity,
however this is again enhanced when triphenylphosphine is
incorporated to give the complex 24b.36 A similar increase in
activity is seen when complex 24a is used in the Heck coupling
of aryl iodides in place of the parent dimer 20a.32

Recently Navarro and co-workers synthesised the chira
N,N,C-complexes 25, based on (1R,2R)-1,2-diaminocyclohex-
ane and applied them to Heck-type coupling reactions.3” These
catalysts show reasonable activity in the coupling of methyl
acrylate with aryl iodides and activated aryl bromides but poor
activity with the non-activated substrate bromobenzene. At-
temptsto apply these catalyststo the asymmetric hydroarylation
of 2-norbornene (Scheme 8) showed no enantiosel ectivity, with

_N..,..Q
ats
|\ H 25a: X = OAc

X b: X =Cl

MeO OMe
* _Ar
+ ArX ———»
HCO,H, EtsN, DMSO

Scheme 8 Catalytic hydroarylation of 2-norbornene.

all optical rotations measured close to zero. By contrast when
the chiral amine-based palladacycles 2628 are used as catalysts
in the asymmetric Clai sen rearrangement of the allyl imidate 29
then the chiral amide 30 is obtained with an ee of up to 79%
(Scheme 9).38 The reason why good enantioselectivity is seen

NM
L Q) L Dad ;
Pd—Cl Pd—Cl Q o
a—¢ i [
- O
27

[
26

28

% [Pd-cat] \A
PhN
X0 59 PAN_2© 39
Scheme 9

here is almost certainly due to the fact that the catalysts act as
Lewis acids and do not undergo any redox processes.

In addition to showing activity in the Heck coupling of
iodobenzene, palladacycles of the types 31 and 32, based on
pyrazole and benzothiazole, show activity in the three-
component cascade process outlined in Scheme 10.39

Once again Bergbreiter demonstrated that the attempted use
of an N,C-palladacycle, namely complex 22c, in the intra-
molecular Heck coupling of the diene 18 (Scheme 6) is
unsuccessful, again presumably due to inhibition by the
substrate.28

S,C-based palladacyclic complexes have also been success
fully applied as cataysts in C-C bond forming reactions.
Bergbreiter demonstrated that the SC,S-pincer complexes 33a
and 34 could be used as catalysts for the Heck coupling of aryl
iodides with TONs up to 70 000, although no activity was
observed with aryl bromides4® By contrast Dupont and
Monteiro showed that the more electron-rich system 33b could
be used to good effect in the coupling of the deactivated

/ _
N—T N
R® Pd—OAc R! Pd—OAc
[ 12 [ 12
R* R? R®
31 32
X
N
[Pd-cat] -
+ + HNR'R? b—> % /
ase RN\ 1p2
H,C=C=CH, NR'R
Scheme 10

substrate 4-bromoanisole in Suzuki coupling reactions.4t Sim-
ilarly, good activity is seen with the complexes 35 and 36.
Catalyst 35a even shows some, albeit very limited, activity with
the deactivated aryl chloride substrate, 4-chloroanisole. This
catalyst also shows good activity in the sterically challenging
coupling of bromomesitylene with 2-tolylboronic acid.

SR? SPh
@ BF4-
R! P‘d—CI Pd—NCMe
SR? SPh
33a: R' = NHAc; R? = Ph 34
b:R'=H; R?='Bu
1
R 2 S'Bu
SR
Pd—X 12
I I2
35a: R' = Me; R? = 'Bu, X = Cl 36

b: R' = Me; R? = Me, X = Cl
c:R'=H;R?='Bu, X =Cl
d: R' = Me; R? ='Bu, X = OAc

Again attempts to use chira analogues in the asymmetric
Heck reaction failed with essentially no ees observed in the
coupling of 3,4-dihydro-2H-pyrane with aryl bromides or
iodides catalysed by resolved (R)-35a.42 Enantioselectivity is
once again observed if the metal centre is not required to
undergo redox processes during the catalytic cycle. Thus the
complex 37 shows moderate enantioselectivity in asymmetric
Michael coupling reactions (Scheme 11).43

Aryl chlorides as substrates

While a few of the complexes outlined above show some
activity in the coupling of aryl chlorides, the best of them only
give moderate performances with electronically challenging
(electron-rich) substrates. Thisis unfortunate as such substrates
tend to be far more readily available and considerably cheaper
than their bromide or iodide counterparts. The problem with
aryl chlorides is that the C—Cl bonds are significantly stronger
than those of aryl bromides, which are in turn stronger than
those of aryl iodides.44 Consequently oxidative-addition reac-
tions of aryl chlorides are much less facile than those of the
heavier congeners. There hasrecently been alarge body of work
focussed on the development of catalysts that can activate aryl
chlorides, 4> but in most cases reasonably high catalyst loadings
are required. This means that the advantage of using a cheap
substrate may be lost because of the high cost of the palladium

CHEM. COMMUN., 2003, 1787-1796

1791




O/w‘\\\\CHZCy
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®

Pd—OH,

—N 37

R OQ\
)\ CH,Cy
R? CO,Et R!

/\/‘< R?
- .
* EWG CO,Et

Hunig's base

EWGT X up to 34% e.e.
R' = Me, CO,Et
R? = CN, NO,

EWG = CN, COMe
Scheme 11

and the ligands. In addition, for fine chemical synthesis, Pd
loadings must be kept to a minimum to reduce product cleanup
costs. Given that a large proportion of the interest in
palladacyclic catalystsisdueto thefact that, in general, they can
be used in low loadings, it is not surprising that this class of
complexes has recently had a substantial role to play in aryl
chloride activation.

As discussed earlier examples of the complexes 1, 5, 8, 16
and 35 show reasonable activity with some, usualy less
electronically challenging substrates, while the pincer complex
16¢ shows good activity in the Heck coupling of 4-chlor-
oanisole at 0.67 mol% Pd.24 Having found that the triphenyl-
phosphine adducts of orthometallated amines and imines,
complexes 23 and 24, are good catalystsfor the Suzuki coupling
of deactivated aryl bromides,3536 we wondered whether di- and
trialkylphosphine derivatives would show any activity in the
coupling of aryl chloride substrates. The complexes 38, 39a and
b are readily prepared by reaction of the parent dimers with the
appropriate phosphines.#6:47 While complex 39c forms under
these conditions, isolation of the pure complex is not possible
due to the extreme | ability of the phosphine. All of the catalysts
areactivein the Suzuki coupling of aryl chlorideswith complex
39a showing TONs of up to 8000 in the coupling of
phenylboronic acid with 4-chloroanisole46 making it, at the
time, one of the most active aryl chloride coupling catalysts.48
The performances of 39b and c in this reaction were lower,
despite both phosphine ligands being excellent in their own
right for the Suzuki coupling of aryl chlorides.4® By contrast
catalystsformed in situ from palladium acetate and tricyclohex-
ylphosphine show very little activity.5047 The catal ysts 39 were
aso screened for activity in Buchwald—Hartwig amination
reactions of 4-chloroanisole and catalyst 39c, formed in situ,
shows the best activity in this regard and nearly seven timesthe
activity of a catalyst formed in situ from palladium acetate and
PBus.4”

Subsequently Indolese and Studer reported the application of
related catalysts, such as 40, in a range of coupling reactions
with deactivated aryl chloride substrates and found that
secondary as well as tertiary phosphine adducts show good
activity.st

In the absence of any added phosphine ligands, the parent
amine complex 20b shows essentially no activity in the
coupling of 4-chloroanisole with phenylboronic acid.4¢ By
contrast Ngera demonstrated that the oxime-containing com-
plexes 41 shows activity in this reaction, giving a TON of 40,
provided that tetrabutylammonium bromide and water are
present in the reaction mixture.52 The significance of this result
will be discussed later.

Despite the fact that complexes of the type 5 show, at best,
very limited activity in the coupling of activated and non-
activated aryl chlorides,'8 we recently found that catalyst 42,
typically formed in situ from complex 5a and one equivalent per
palladium of PCys, shows extremely high activity in the Suzuki
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coupling of deactivated aryl chloride substrates, with TONs of
up to about 49 000 observed in the coupling of phenylboronic
acid with 4-chloroanisole.5354 Similarly catalystsformed in situ
from 5a and either PBuz or PCy,(o-biphenyl) show good
activity, but not as high as that observed with tricyclohex-
ylphosphine. When the precursor 5a is replaced with the more
electron-deficient complex, 43, then even greater catalyst
performance results.>* Thus the catalyst formed in situ from 43
and tricyclohexylphosphine shows TONs of up to 128 000 and
2 million in the coupling of phenylboronic acid with 4-chlor-
oanisole and 4-chloroacetophenone respectively.

Q
'Bu  O—P(OA), By O—T‘o ©
Pld—PCy3 Pd—Cl
Cl | lo
'Bu By
42: Ar = CgHy-2,4-Bu, 43

The high activity obtained with these catalysts is not due to
any spectacular increase in rate, but rather to greater catalyst
longevity. What is the basis of this increased longevity? Given
that the rate determining step i s oxidative addition and assuming
that the active catalyst is a Pd(0) species (see later) then the
catalyst spends most of its time ‘resting’ in a zerovalent state.
This ‘resting’ state will be stabilised both thermodynamically
and kinetically by the reversible coordination of the m-acidic
triarylphosphite ligand. Decoordination of the phosphite would
give a low coordinate, electron rich complex readily able to
oxidatively add the aryl chloride substrate and thus re-enter the
catalytic manifold. This argument is supported by the data in
Fig. 2 which shows plots of conversion vs. time in the coupling
of 4-chloroanisole with phenylboronic acid, catalysed by
palladacycles with varying m-acidity of the orthometallated
ligand. As can be seen, the catalyst longevity is dependent on
the m-acidity which falsin the order 43 > 5a > 5c¢ > 5d. In
addition when the complex 39a is used, which has no n-acidic
co-ligand, then there is no activity observed after two hours,
however addition of ligand 6 to complex 39a in situ leads to a
substantial increase in longevity.53

While the catalyst 42 aso shows good activity in Stille
coupling of aryl chloride substrates, the activity is no better than
that observed with catalysts formed in situ from tricyclohex-
ylphosphine and palladium acetate.55 This is not surprising
since the rate-determining step here does not appear to be
oxidative addition, but rather trans-metallation. Therefore the
catalyst resting state will be Pd(11) which may not be expected to



70 - . 0.5 43/PCy;
L ]

60 -

50 PPN 0.5 5a/PCy;
® oY
c 40 -
-g 0 . - un 055¢/PCys
2 30 g 4 M 4% 0 55d/PCy,
3 4

Ol
10 4 .".
0 : : ; : ‘
0 10 20 30 40 50 60

Time, h

Fig. 2 Suzuki coupling of 4-chloroanisole with phenylboronic acid at 0.001
mol% Pd loading.

be significantly stabilised by the presence of m-acidic co-
ligands.

Recyclable catalysts?

The high thermal stability of palladacycles combined with their
high activity in coupling reactions makes them obvious
candidates for recycling protocols. In general, the results from
this research have been somewhat equivocal; while some
systems do appear to be recyclable, they only work for the
coupling reactions of the ‘easy’ substrates, aryl iodides. When
more challenging reactions are investigated then invariably no
real recyclability is observed.56

Bergbreiter and co-workers synthesised the polymer-mod-
ified catalysts 44 and 45 which seem to show recyclability in
coupling reactions of aryl iodides. Thus complex 44 at 1 mol%
Pd loading shows recyclability over three runs in the Heck
coupling of iodobenzene with methylacrylate or styrene,40
while complex 45 shows recylability at 0.2 mol% Pd in both
Heck and Suzuki coupling of aryl iodides over 4 to 5 runs.57
Interestingly, in these cases, the highest activity was not seen
until after the first run which may indicate a protracted
induction period. In addition there is not a great disparity
between the total TONs recorded and the maximum TON
recorded for homogeneous anal ogues. For true recyclability, the
catalyst should show afar greater total TON compared with the
maximum TON for ahomogeneous analogue. Thereforeit isnot
possible at this stage to determine whether these catalysts are
truly recyclable or whether they act as slow-release sources of
Pd(0).

0 )J\/\/U\ ‘
\o</\/ \/)’\N N Pd—Cl
n H H ‘

SPh

44
SPh

50 4
Cco ocC HN Pd—CI
H'I\l/ NH, \H/\/\/\n/
'Pr o]
45 SPh

Another route to recyclable catalysts is to immobilise them
on solid supports. Nowotny and co-workers opted for this
method and produced the polystyrene-immobilised catalyst
46.58 The catalyst shows comparable activity to homogeneous
analoguesin the Heck coupling of iodobenzene with styrene. In
both homogeneous and heterogeneous cases an induction time
was observed, demonstrating that the complexes are not the true

active catalysts but rather pre-catalyststhat are activated in situ.
In the case of 46 no recyclability is observed; the catalyst
recovered by filtration showed no activity in a second run. By
contrast the filtrate showed activity comparable to that obtained
in the first run, but without the presence of an induction time.
The authors concluded that the likely active catayst is
nanoparticul ate pal ladium stabilised by an ammonium salt; such
species have been shown previously to be active catalystsin the
Heck reaction.s®

1 ]
Pd—Br Pd—Br
ST a7 | 48

2 PPh,

We have found similar effects in the Suzuki coupling of aryl
bromides.35 The silica-immobilised catalysts 47 and 48 were
synthesised and their application to the Suzuki coupling
reaction studied. Figure 3 indicates that while the complex 48

90-
80
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§ 509
§ 40
] -
3
© 30
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104 |
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Run

Fig. 3 Use and recyclability of the catalysts 47 (® 0.31 mol% Pd ) and 48
(™ 0.0013 mol% Pd) in the Suzuki coupling of 4-bromoanisole with
phenylboronic acid.

shows some limited reuse, the phosphine adduct shows no
recyclability, but much higher initial activity. In addition wetoo
find that the filtrate from reactions catalysed by 48 is
catalytically active. This demonstrates that at |east some part of
the catalysis is performed away from the support, which may
merely be functioning as a slow-release source of active
catalyst.

Similar results were found by Gladysz and co-workers when
they attempted to recycle the perfluoroalkyl-modified imine-
and thioether-based palladacycles 49 and 50 in Heck and Suzuki
coupling reactions; activity fell off from one run to the
next.60

M echanistic consider ations

In light of the observations obtained in the recycling studies
outlined above, it seems apparent that in most, if not all cases
palladacycles are not the ‘true’ active catalysts, but rather are
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pre-catalysts that undergo an activation process. Thisis further
supported by the observation that chiral analogues show no
stereosel ectivity in asymmetric coupling reactions that proceed
via redox processes, which implies that the ligands may not
even be in the coordination sphere of the active catalysts. This
brings us to the question that has been raised on many an
occasion during the study of palladacyclic pre-catalysts — do
the coupling reactions proceed via ‘classical’ Pd(0)/Pd(i1)
pathways or via Pd(n)/Pd(1v) cycles? In order to address this
question it is best to separate the coupling reactions into Heck-
type reactions where a nucleophile is coupled with an aryl
halide and the Heck reaction proper, which differs mechanist-
ically. Highly smplified catalyst cyclesfor these two processes
which show only the ordering of the major reaction steps are
shown in Schemes 12 and 13 respectively.

Ar—Nu L, Pd® ArX

oxidative
addition

(+2) Ar (m+2) Ar

LmPd{ Lde\
Nu X

ENu
base

nucleophilic
attack

Scheme 12 Highly simplified catalytic cycle for Suzuki (ENu =
Ar’'B(OH),), Stille (ENu = Ar’' SnRz), Kumada (ENe = Ar'MgX), Negishi
(ENu = Ar'ZnX), Sonogashira (ENu = HCCR) and Buchwald-Hartwig
amination (ENu = HNRR') reactions.

reductive
elimination

HX

L,,,Pd(") ArX
oxidative
base reductive addition
elimination
(n+2) /H (n2), Ar
Lde\ Lyl Pd
X
/—&Iimination J
Ar mlgratory
R/\““r (n+2) insertion

L, LPd

Scheme 13 Highly simplified catalytic cycle for the Heck reaction.

In the case of the reactions other than the Heck reaction then
the answer now appears to be relatively straightforward; the
weight of evidence strongly supports Pd(0)/Pd(i1) pathways of
the type shown in Scheme 12 with n = 0. How then are the
palladacycles reduced to palladium(0) species? Louie and
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Hartwig demonstrated that complex 1c reacts with phenyl-
tributyltin to generate the new ligand 51 both free and
coordinated to a palladium(0) centre (Scheme 11).10 They also
showed that 1c reacts with HNEt; to give the amine adduct 52
which is deprotonated in the presence of NaOtBu to give the
palladium(0) complex 53 via [3-elimination of the amide ligand
(Scheme 14). The activities of 1c, 52 and 53 are identical in the

QP(O tol), P(o-tol),
PhSnMe3
Pd OAc + [Pd(51),] + Pd(0)

51
l HNEt,
P(o-tol), F’(o tol)
‘ NaO'Bu
—_—
Pd—OAc
NHEt, NEtz
52 B-elimination l -ANEt
reductive

[Pd{P(o-tol)s},] + Pd(0) elimination

- P(o-tol),
53 ‘
Pd

Scheme 14

amination of 4’-bromobenzophenone with N-methylaniline,
indicating a common Pd(0) catalyst. When -elimination is not
possible, i.e. when diphenylamine is used as the coupling
partner, complex 1c is inert whereas the pre-formed Pd(0)
catalyst 53 is active.

Having found that the silica-supported complexes 47 and 48
are not recyclable, but rather appear to act as dow-release
sources of active catalysts in solution, we investigated the
reactions of the model compounds 21b and 23b with compo-
nents of the Suzuki reaction.35 No reaction was observed with
activated aryl bromides, indicating that the Pd(1) complexes
show no propensity to enter a Pd(i)/Pd(1v) manifold. However,
reaction of the complexes with phenylboronic acid in the
presence of base, followed by hydrolytic work-up, leads to the
formation of 2-phenylbenzaldehyde, presumably by the mecha-
nism shown in Scheme 15, indicating that the palladacycles are
readily reduced under the conditions employed in the Suzuki
reaction. Such pathways are not without precedent — some
years earlier Rao demonstrated a similar reaction with aryl
lithium reagents acting as the nucleophiles could be used to
generate 2-arylbenzal dehydes.®! Itislikely that, in the presence
of PPhg, the active catalysts are low coordinate phosphine
adducts, while in the absence of the co-ligands the catalyst is
probably palladium metal in colloidal form. This is supported
by the observation that aliquots taken from a Heck reaction
catalysed by the fluorous ponytail-modified imine palladacycle
49 and analysed by TEM show the presence of palladium
nanoparticles.sop

Similar studies with complex 5b again show that it does not
oxidatively add aryl bromides, but is readily reduced to
palladium(0) by phenylboronic acid/base mixtures. In this case
GC/MS analysis showed the presence of the new phosphinite
ligand PPh,(OCgH4-2-Ph), formed by reductive-elimination of
the orthometallated aryl group.1”

While these stoichiometric studies may be persuasive, they
may not accurately represent the true situation under catalytic
conditions. Evidencethat such pathways areindeed activein the
Suzuki reaction was provided by analysis of a coupling of
4-chloroanisole with phenylboronic acid catalysed by complex
39a. Thisreaction not only shows nearly quantitative formation



—NiPr

Pd—TFA

[P PPh3
21b 23b

\ihB(OH)z + cho;/
_TiPr
C%M
reductive
eliminatin Pd rgretal

"Pd(PPhgz),"

—N'Pr =0
H+
—_—

Scheme 15

L = PPhs or
vacant site

of the Suzuki product but also the presence of the 2-arylated
ligand, Me;NCH,(CgH4-2-Ph) (~63% based on 39a), pre-
sumably formed by a mechanism related to that shown in
Scheme 15.

Given that both imine- and amine-based palladacycles react
with aryl boronic acidsin the presence of base to generate Pd(0)
species, it seems highly likely that the oxime-based pallada-
cycles, 41, reported by N§jera,52 undergo a similar activation
process. However, these catalysts are able to couple deactivated
aryl chloride substrates such as 4-chloroanisole. Interestingly
they are only able to do this in the presence of tetra-
butylammonium bromide. This salt is known to stabilise
palladium nanoparticles that are able to couple aryl halide
substrates.>? It is possible that what these data are showing usis
that palladium nanoparticles are capable of acting as aryl
chloride coupling catalysts. However, under the conditions
employed, palladium acetate — a good source of palladium
nanoparticles— isnot active.52 This may conceivably be dueto
different modes or rates of formation of palladium colloidsfrom
different palladium starting materials. In support of this we
found that palladium acetate, in the absence of any co-ligands
but in the presence of tetrabutylammonium bromide and water,
can indeed be employed to similar effect in the Suzuki coupling
of aryl chlorides under different reaction conditions.62

In the case of the Heck reaction the issue of whether
palladacyclic catalysts follow a Pd(0)/Pd(i1) or a Pd(i1)/Pd(iv)
pathway (Scheme 13, n = 0 or 2 respectively) was not, at first,
as clear cut. The lack of visible palladium black deposition
when complexes of the type 1 are used as catalysts and the fact
that it is possible to isolate high yields of the palladacycle 1 in
which the only change isthat the dimer is bridged by the halide
from the substrate, indicate that maybe Pd(0) is not being
formed.e Following the coupling of 4-bromobenzaldehyde
with n-butyl acrylate catalysed by 1c by 31P NM R spectroscopy,
Herrmann found no evidence for the formation of zero-vaent
palladium—phosphine complexes. The only complexes ob-
served were 1a and mononuclear ‘ate’ complexesformed by the
reaction of dimers with anions present in the reaction.5 All this
data implied that it might be possible that the catalysis occurs
via a Pd(n)/Pd(1v) pathway. Such a pathway was described by
Shaw,12 and invokes the reversible attack of a nucleophile (e.g.
acetate, halide) on a coordinated alkene to generate a o-alkyl
complex which is sufficiently electron-rich to promote the
oxidative addition of the aryl halide to the Pd(i1) centre.
However, as yet, there is essentially no evidence that such a
pathway is operative. Oxidative addition of aryl halides to the

complexes 1 is not observed,1P suggesting a simple mechanism
such as that shown in Scheme 13 with n = 2 is not plausible.
Heating complexes of the type 1 with alkenes leads to the
formation of palladium black, indicative of a reductive process,
but there is no evidence for insertion into the Pd—C bond.
Therefore Herrmann specul ated that simplethermal decomposi-
tion of the complexes 1 may lead to the true catalysts. Indeed the
order of activity of the palladacycles 1 with varying anionsis 1c
(X = OAc) > la(X = Br) > 1d (X = ClI),* which is the
opposite trend for the thermal stability of Pd(i1) salts with these
anions.3 The akyl substituted palladacycles 54 are more
electron-rich than the complex 1c, therefore if a Pd(1)/Pd(iv)
pathway is operative they should show higher activity. In
practicethey are poorer catalysts.64 In addition alkyl-substituted
complexes such as 54 are more thermally stable than the
complex 1c which further supports the suggestion that the true
catalysts are formed by a thermal reduction process.

In summary, while it is still not entirely possible to dismiss
any contribution from Pd(i)/Pd(iv) pathways, the evidence
accumulated so far indicates that it is highly unlikely that such
mechanisms can account for the high catalyst activity observed
with palladacycles. Far more likely is that palladacycles act as
stable, inexpensive, clean sources of low-coordinate palla-
dium(0).

Outlook for the future

It seems highly likely that given the success of palladacyclic
catalysts in coupling reactions, that further advances will be
madeinthisarea. Their general air and moisture stability allows
them to be easily handled and stored, yet their ability to undergo
rapid activation processes leading to the clean generation of
highly reactive species makes them ideal candidates for use in
industrial processes. To date such applications have remained
limited, but the situation may well change as more in depth
investigations into areas such as catalyst longevity, substrate
tolerance and the ability to couple deactivated aryl chlorides at
very low catalyst loadings are performed.
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