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Abstract. In the recent years the development of complexes having
in its structure pincer type ligands has received considerable atten-
tion. Now a days these complexes are designed and synthesized not
just for the mere structural interest, but for the great number of poten-
tial applications that these compounds may have, including their use
as robust catalysts, motifs in molecules that exhibit self assembly
arrangements, synthons for their employment in Medicinal Chemistry
and as fundamental components in the synthesis of dendrimeric mate-
rials for their potential use in catalysis. Thus, the present review
shows the multiple applications that the pincer complexes have had in
particular in the area of catalysis and the future perspectives of appli-
cations of these compounds in chemistry.

Key words: PCP pincer ligands, SCS pincer ligands, NCN pincer lig-
ands, pincer type complexes, catalysis.

Resumen. En los dltimos afios el desarrollo de la Quimica de com-
puestos conteniendo ligantes tipo pincer (pinza para su traduccion en
espafiol) ha tenido un gran avance, pasando de ser especies sintetiza-
das meramente por su interés estructural a formar parte hoy en dia de
uno de los motivos en Quimica mas utilizados por los quimicos para
el desarrollo de especies con diversas aplicaciones, que van desde su
uso como precursores de catalizador, moléculas de interés en proce-
sos de autoensamblado, sintones empleados en Quimica medicinal y
el uso de estas moléculas como componentes fundamentales en la sin-
tesis de materiales dendriméricos para usos multiples entre los cuales
resalta su profuso empleo en catélisis. De esta forma, la presente revi-
sion representa una compilacion de los maltiples y variados casos en
los que compuestos tipo pincer han sido empleados en procesos cata-
liticos asi como las perspectivas de desarrollo de esta area.

Palabras Clave: Ligandos tipo pinza PCP, Ligandos tipo pinza SCS,
Ligandos tipo pinza NCN, complejos con ligantes tipo pinza, catalisis.

Introduction

In 1976 Moulton and Shaw [1] synthesized for the first time a
pincer type ligand. In that point this ligand and its correspond-
ing complexes only represented some very novel derivatives
of a new diphosphine. These ligands and their complexes were
forgotten for one decade. Then in the 80’s a careful reexami-
nation of the properties of these complexes revealed this com-
pounds to have an extraordinary thermal stability, given their
high melting points (they sublime without decomposition),
property that could enable these complexes to be potentially
used in homogeneous catalysis. Now a days these species have
been motif of multiple studies beyond catalysis, ranging from
application in nanoscience to the development of chemical
sensors and chemical switches [2].

The pincer type complexes consist on a metallic center
and of course a pincer type ligand containing in its structure
the donor atoms being thus capable of coordinate in a triden-
tated manner to acquire the typical arrangement of the pincer
like ligands.

D = donor atom; O, S, N, P
M = metallic center

O——=<<—0

It is believed that is the o metal-carbon bond the responsi-
ble for the unique stability of these complexes, thus avoiding
the dissociation of the metal from the ligand and thus the
decomposition of the complex, while the donor atoms and
their corresponding substituents allow the fine tuning of the
steric and electronic properties. Moreover, modification of
these substituents has allowed in the recent years to incorpo-
rate stereochemical centers capable of induce chirality during
a given process. Thus, depending of the donor atoms in the
pincer ligands, these compounds are denominated as PCP pin-
cer complexes for those compounds having phosphorus in
their structures, SCS for those containing sulfur, etc.

The facility to modify and tune the properties of these lig-
ands and their complexes has been reflected in the profuse
employment of these species in different areas of chemistry,
particularly in catalysis [3].

Heck Reaction

Since its discovery in the 60°s, the Heck reaction has turned
into a real power tool in organic synthesis, now a day reaching
the status of angular stone in the modern organic synthesis [4].
In general the Heck reaction consists in the coupling of an a-
olefin with a bromo or iodo derivative. Most of the processes
involving the Heck reaction are catalyzed by Pd(lIl) or Pd(0)
derivatives in the presence of PPh; in excess.
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Unfortunately, the reaction intermediates formed during
the catalytic reaction are sensitive to oxygen or thermally
unstable, hampering the coupling process. In the recent years
several research groups have done important advances with
the aim of getting the ideal catalyst with the proper character-
istics of reactivity and stability to carry out this process, the
result of these experiments has lead to the researchers to the
use of ortho metallated complexes, among which the pincer
type ligands represent one of the most important examples.
Milstein and coworkers were the first to employ Pd(I1)-PCP
pincer complexes (1, 2) in the Heck coupling reaction.

Pr pr
N
p’ PR,
Pd—TFA Pd—TFA
—P_ PR,
pr” \Pr’
R= Pr’, Bu!
(1) (2)

Milstein found that these complexes were active without
decomposition at reaction temperatures as high as 140 °C,
over reaction periods of 300 hours or higher. By using these
catalysts (1, 2) Milstein achieved full conversion in the cou-
plings of iodobenzene with methylacrylate, using N-
methylpyrrolidine (NMP) as solvent and sodium carbonate as
base with a maximum of 500,000 turnover numbers for
iodobenzene and up to 132,900 for bromobencene.

By the same time, Beller and Zapf [6] reported the use of
electro-attractor phosphite ligands for the Heck couplings of
activated chlorobenzenes.

Cl

o

Pd(OAC),
P(OR");, Base
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Based on these results Jensen [7] et. al synthesized an
analogous PCP pincer type ligand based on phosphinito frag-
ments as P donors. The palladium derivatives of this ligand
(3) where shown to be efficient in the coupling of chloroben-
zenes, being one of the few examples then known to activate,
deactivated or sterically hindered chlorobenzenes.

Pr! i
\ _Pr
P/

This complex (3) showed to be as reactive as the PCP
phosphino derivative reported previously by Milstein.

A similar approach lead to Shibasaki [8] et. al, to the syn-
thesis of complex (4), this compound was able to provide
turnover numbers higher that 980,000.

MeQO

Several other pincer type complexes and their palladium
derivatives have been synthesized and used in the Heck reac-
tion, including CNC ligands where C represents a carbon from
a heterocyclic carbene [9] (5, 6) and SCS ligands (7) [10].

(5) (6) (7)

p— _— - /R
e T

7 “\N——pd—Br C%Pd’Br R4 Pd—X

I~ 3ny—R J,\\ ‘
N7TIN INCEN S
\—/ NR "R

R= alkyl, aryl R4= H, CH3CONH, PhCH,0

R =Bu, Ph
X =Cl, CF4C0O,
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These complexes have demonstrated analogous reactivi-
ties and stabilities as their phosphinated counterparts.
However, an interesting characteristic of the SCS pincer lig-
ands is the facile functionalization of the aromatic backbone
to attach tails that in turn can be linked to polyethylene glycol
supports (8), thus generating highly stable and highly active
catalyst that can be easily separated, isolated and then used
again for at least three cycles without decrease in activity [10].

O/\/ \/\Nw ‘Qgpd cl

Thus, characteristics like the supreme activity and superi-
or thermal stability that the palladium pincer complexes have
shown in the C-C coupling reactions (Heck type reactions),
has lead to Jensen and Morales-Morales [7] to propose an
alternative reaction mechanism involving Pd(I1)/Pd(IV) [5,7]
species instead of the traditionally accepted mechanism
involving Pd(0)/Pd(Il) species. This reaction mechanism is
still under debate.

0—PPr,
Pd Cl
Ar
Oo— PPr2
)/ \\\/Ph
o— PPF 2 O— PPr2
Ph
— /§/
N
O— PPr 2 O— PPrz
k /(
o— PPr2
Oo— PPr2

Suzuki-Miyaura Couplings

The Suzuki or Suzuki-Miyaura C-C couplings [11] consist in
the reaction of a halobenzene with arylboronic acids in the
presence of a base. This reaction proceeds by a similar reac-
tion mechanism as that of the Heck reaction, thus most of the
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catalysts usually employed in the Heck coupling reactions
have been successfully employed in the Suzuki reaction too.

o o Base
S X + & B(OH), —B3se S )
Rwé\:/>7 RZQ RN 7\ TR,

Thus, Pd(Il) complexes having phosphinito PCP pincer
ligands (9) have been successfully used by Bedford et. al [12]
in the couplings of aryl halides with phenyl boronic acid,
exhibiting quantitative yields and turnover numbers in the
order of 92,000. These complexes are also efficient in the cou-
plings of deactivated and sterically hindered aryl bromides.

On the other hand, Pd(Il) SCS pincer complexes (10)
have also been employed in the Suzuki type couplings, how-
ever their application has been limited being only active in the
reaction of p-bromotoluene with phenyl boronic acid to a
maximum of 69% yield of the corresponding biphenyl [13].

(10)
Dehydrogenation of alkanes

Saturated hydrocarbons represent one of the most abundant
and accessible feedstocks in our planet [14]. However, their
use has been limited due to the intrinsic lack of reactivity of
these compounds [15]. An interesting alternative to this prob-
lem has been the use of transition metal complexes able to
activate C-H bonds under mild reaction conditions [16]. Some
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of these complexes have shown activity in the dehydrogena-
tion of alkanes to alkenes. However, the extremely low reac-
tion rates and the low turnover numbers or the instability of
the employed catalysts under the reaction conditions!® has
limited the use of these species.

In 1976 Moulton and Shaw reported [1] for the first time
the synthesis of the complex IrHCI{Cg¢H5-2,6-(CH,PBut,),}
(11). They observed that this compound exhibited a high ther-
mal stability, subliming without visible decomposition at tem-
peratures as high as 180 °C. These results, led independently
to the research groups of Jensen [16], Goldman [18] and
Leitner [19] to the use of derivatives of this complex for its
potential application as catalysts in the dehydrogenation of
alkanes. Thus in 1998, Jensen and coworkers [20] reported the
use of the dihydride rhodium complex RhH,{CgsH3-2,6-
(CH,PBUY),}(12) in the dehydrogenation of cyclooctane at
150 °C, using tert-butylethylene as sacrificial hydrogen accep-
tor. This compound has been tested at reaction temperatures as
high as 200 °C, showing to be stable for periods of weeks.
However the dehydrogenation reaction using this complex
only afforded 1.8 turnovers at 200 °C. Further experiments,
led Jensen and coworkers [21] to determine that it was in fact
the iridium derivative IrH,{CgH5-2,6-(CH,PBu%),} (13) and
not the rhodium complex (12) the best dehydrogenation cata-
lyst. Thus, under the optimized conditions Jensen and cowork-
ers were able to attain turnover numbers of 720 at reaction
temperatures of 200 °C, even though this complex exhibits
excellent activity at temperatures as low as 150 °C (TON =
82). Unfortunately, complex (13) is quickly deactivated by the
formed product (product inhibition) [21].

Bu'z
H
<
PBu’ 2
(13) \
/ N (o]
A ©

The complex IrH,{C¢H3-2,6-(CH,PBUY,),} (13), has been
employed in the activation of C-H bonds of several substrates
(vide supra) [21]; probably the most notable case being the
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dehydrogenation of linear alkanes to their corresponding ter-
minal alkenes (ci-olefins), being this the kinetically favored
process. However, the same complex slowly catalyzes the iso-
merization of the terminal alkene to internal alkenes, being
this the thermodynamic product [22].

PBu’z
PBU2
w )
PN (13 I
dehydrogenation

:>T isomerization
R NN

Further modifications in the PCP pincer ligand, like
changing substituents at the P moiety and different hydrogen
acceptors has led to Goldman and coworkers [23] to increase
the efficiency of the catalytic system to a maximum of 68%
selectivity for the terminal alkene in the catalytic dehydro-
genation of n-octane with turnover numbers in the order of
143. Further improvement to the system has been the elimina-
tion of the need of the sacrificial hydrogen acceptor, this
achievement being the product of the join efforts of the Jensen
and Goldman research groups, reaching a 1000 turnovers
under the optimized acceptorless conditions [24]. Further con-
tribution by theoretical calculations [25] have led to the postu-
lation of a tentative reaction mechanism through which com-
plexes IrH,{C¢H3-2,6-(CH,PBuUL),} (13) and IrH,{C¢H5-2,6-
(CH,PPri,),} (14) carried out the alkane dehydrogenation both
under hydrogen acceptor and acceptorless conditions [26].

PBuY, PBu',
‘ ~H  H,Cc=CHCMes ‘ A\_—CMe;
Ir TR Ir—H
N /

- H HY |

HaCHC=CHR . accentor
)/, g PBU', P
2
PBu',

pathway
PBu',
CHs
P
Ir—H
Cdl
. H,C=CHR
PBu', \

I~ |

PBuz

‘ ww PBu',
pathway PBuz PBu', H3CCH,R

isomerization’
/\,/R ‘ /CHZCHAR
Ir H
e
PBu2

Recently, Kaska and coworkers [27] have reported a rigid
PCP pincer system based on antracene backbone (16), the irid-
ium derivative of this ligand has demonstrated catalytic activi-
ty in the dehydrogenation of alkanes at temperatures as high
as 250 °C without decomposition. Although even at this reac-

PBu',
‘ __#CH,CH,CMeg

acceptorless
pathway
H3CCH,CMej
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tion temperature the system do not match the performance of
the complexes 13 and 14, nor in yield of the terminal olefin or
in the turnover numbers previously discussed.

Hydrogen Transfer Reactions

van Koten and coworkers have employed successfully rutheni-
um NCN (17) and PCP (18) pincer complexes to perform
hydrogen transfer reactions to reduce ketones to their corre-
sponding alcohols using iso-propanol as source of hydrogen
and KOH as co-catalyst [28].

NMe2 PPh2

‘ PPhj ‘ PPh3

RuZcl RuZCl

NMez PPh2

X=CI, H, OSO,CF3
(17) (18)
(0] OH KOH OH (o]
+ +
R R, )\ R1)\R2 )‘K

Although both complexes are active catalysts in this
process, the best yields and turnover numbers where obtained
with the PCP pincer derivatives, for instance, for cyclohexa-
none, under reflux conditions, yields of 98% and turnover
numbers of 27,000 were obtained, being these numbers the
best so far obtained, compared with mono phosphine rutheni-
um complexes like [RuCl,(PPh3)] or [RuCI(H)(PPh3)] [29].
Given these results, several attempts have been done with the
aim of interpolate this process to obtain enantiomerically pure
alcohols, among these the use of chiral ruthenium PCP pincer
complexes (19) [30]. However, despite of the fact that com-

R
PPh,
‘ PPhs
RuZ-Cl
PPh,
R
R=Me, Et

(19)
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plex 19 exhibits catalytic activity comparable to the non-chiral
counterparts, the reaction of iso-PrOH and acetophenone only
affords 14% ee [31].

Aldolic Condensations

The synthesis of enantiomerically pure oxazolines can be con-
veniently done through the gold catalyzed [32] aldolic conden-
sation reactions between an aldehyde or a ketone with an iso-
cyanate. These compounds are very important, since the con-
secutive hydrolysis of the oxazolines obtained by this proce-
dure, offers a simple and efficient route for the synthesis of [3-
hydroxyaminoacids.

It is noteworthy that the first enantiomerically pure PCP
pincer complexes were evaluated in this process. Venanzi and
coworkers [33] designed these compounds by introducing chi-
ral acetals in the benzylic positions of the PCP ligands, the
reaction being achieved by the Sharpless type enantioselective

epoxydation.
OTL
/

W
o ',,,/O

PPh, PPh,

The platinum derivative of this ligand (20) has shown to
be active in the asymmetric aldolic addition of methyl-o-iso-
cyanoacetate with aldehydes to yield moderated enantiomeric
yields of 32% and 65% ee for the corresponding cis and trans
oxazolines respectively. This reaction is carried out in the
presence of a base that acts as cocatalyst for the formation of
the metal-isocyanoenolate intermediate (21).

R, COOMe R COOMe
o} ’ >—<
CNCH,COOMe —Catalyst
R)J\H + 2 © base 0\7"‘ + 0\7'\‘
trans cis
NHR;"
PPh, o
Y/ OMe
Pt—C=N
H

(21)
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However, the synthesis of these compounds is difficult
and tedious, thus its potential application has been limited.
Recently, Zhang and coworkers [34] have reported an easier
and efficient route for the synthesis of enantiomerically pure
PCP pincer ligands and their Pd(Il) complexes (22).

\ \\\\

PPh,

Pd—Cl

PPh,
(22)

The use of the palladium derivatives of this ligand (22) in
the same reaction reported by Venanzi, affords the formation
of oxazolines in high yields, with high enantioselectivity for
the formation of the cis-oxazolines. This example once more
illustrates the importance of the proper selection of the ligand
and metal for a particular transformation.

Other chiral pincer type complexes have also been
employed. For instance, ligands including ozaxolines in their
backbones afford modest results in the synthesis of oxazo-
lines [35].

SbFg

In addition, SCS pincer ligands including chiral groups
have also been employed in this reaction. Unfortunately, the
chiral induction using this kind of complexes resulted to be
zero, this being probably due to the fact that the chiral centers
are located too far from the metal center to have a significant
effect in the chiral discrimination during the reaction [36].

Most recently Morales-Morales and coworkers [37] have
synthesized a PCP pincer ligand (25) and its palladium deriva-
tives (26) having the chiral centers at the phosphorus atoms
and used them in the same reaction with poor enantiomeric
excesses in the order of 6%. In this case it does seems that the
R groups at the P* chiral centers are too similar in size to led

343
SR
<|) Pd—NCH,
o
‘ SR
X (BF),
o SR
o) Pd—NCH,
SR
R= CgHj, Bu'

(24)

to a good chiral discrimination, thus efforts pointing to the
design of similar ligands with bulkier requirements are under
way.

Ph, Bu Ph, Bu'
KW 4 K4
P P
PdCl,(COD ‘
[PdCI(COD)] pd—Cl
Toluene
Reflux
R R
Bu Ph Bu Ph
(25) (26)

Asymmetric allylic alkylation

In the recent years, the allylic alkylation reaction in its asym-
metric fashion has received considerable interest; proof of this
is the tremendous number (more than a 1000) of chiral
diphosphines that have been synthesized for this particular
reaction. In the field of the pincer ligands Zhang and cowork-
ers [38] have used the PCP pincer chiral ligand 22, previously
employed in the aldolic condensation reaction, in the reaction
of dimethyl malonate with 1,3-diphenyl-2-propenyl acetate
using [Pd(C3H5)CI,], as a source of palladium, attaining
yields in the order of 50 to 94%. This particular reaction pro-
ceeds at room temperature; however decreasing of the reaction
temperature increases considerably the enantiomeric yields to
a maximum of 79% ee for the enantiomer (R).

Ph\/\(Ph . <COOMe PPh, PPh,
[Pd(C3Hs)Cl],

OOM
OAc COOMe N,O-bis(trimethylsilyl)acetamide
KOAc, THF or CH,Cl,

Ph R) _ph
ot

MeOOC COOMe



344  Rev. Soc. Quim. Méx. 2004, 48

Recent advances

As it can be noted from the above, the pincer ligands an their
metallic derivatives represent in many cases the ideal exam-
ples to carry out catalytic processes otherwise difficult or
impossible to be carried out with conventional diphosphine
ligands. The versatility of these species to be modified and
modulated both steric and electronically, makes these com-
pounds an their corresponding transition metal derivatives
attractive complexes to be continuously used in different chal-
lenging catalytic processes. Thus, around the world several
important research groups maintain as priority research lines
the design of new pincer ligands, their complexes and their
potential applications, while other research groups have fore-
seen the potential of these complexes by use them as catalyst
in different organic transformations. It is noteworthy the use
of the palladium—phosphinito PCP pincer complex 27 [39] in
the synthesis of corannulenes in high yields recently reported
by Siegel and coworkers [40].

cl ‘

e
‘ TMSA, Cs,CO.
. cl ZnCl,

AT )

Cl

Moreover, Zsab6 and coworkers [41] have found the pal-
ladium derivatives of NCN and PCP pincer complexes to be
active catalysts in the allylic stannylation reaction with high
yields.

° 9 °
Me,;N—Pd—NMe, PhyP—Pd—PPh,
+ (SnRy), Br cl
R'= Bu, Me

R SNR3

L
/\(9
R

0
Lg= Cl, epoxyde, Ph,PO

Recently, Morales-Morales and coworkers have extended
the application of the iridium pincer complexes IrH,{C¢H5-
2,6-(CH,PR,),} (R= B, Pr) for their application in the cat-
alytic dehydrogenation of amine [42] and alcohols [43], pro-
viding alternative high yield methods for the synthesis of
imines and ketones and aldehydes.

Additionally, Goldman et. al [44] has recently reported
the use of these same species for the catalytic dehydrogenation
of tertiary amines to enamines in good yields.

Furthermore, Brookhart et al. [45] and Morales-Morales
et al [46] have recently reported, independently, the use of
Iridium-Phosphinito PCP pincer type complexes in the catalyt-
ic dehydrogenation of alkanes, thus matching the yields and

David Morales-Morales

P 1
N\

i

v

RH,C~ CH,R' R CH,R'
PR,
|
Irl

R1\N/R2 | H R1\N/R2
PR, R

N =
Rs3 A A Rs

performance of the previously reported phosphino analogues.
However, these complexes exhibit additional advantages com-
pared to their phosphino counterparts, such as the fact that the
phosphinito PCP pincer ligands can be obtained in an easier
manner and in higher yields; and, second, that the hydrido
species are not necessary, since this complex can be formed in
situ by plain addition of a strong base, like NaOBuUt.

Bu 2P 4I|r

H ¢l

PBU 2

o C
/\K NaOBU', 200 °C /\’<

The continuous search for more specific ligands [47], has
taken several research groups to the synthesis of more com-
plex ligands as well as their transition metal complexes, with
more elaborated structures including fullerene (28) [48] or fer-
rocene (29) [49] backbones or very sterically hindered ligands
(30) that have allowed to block, in a very specific way, partic-
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(29)

ular quadrants in the complex and thus make them able to pro-
vide exceedingly good enantiomeric excess values in, for
instance, asymmetric Michael additions [50].

It results easy to forecast that the chemistry of pincer lig-
ands would continue to grow and evolve in the following
years, to be included in new and emerging areas of chemistry.
Now a days silver(l) systems having the pincer motif in their
structure have been considered for their application in
Medicinal Chemistry as antimicrobial agents (31) [51],
bioorganometallic chemistry (32) [52], and more recently used
in the design of nanostructured and dendrimeric systems for
their application in catalytic heterogeneized systems and
supramolecular chemistry (33) [53].
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