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One of the topical research areas dealing with Pd-catalyzed cross-coupling reactions is the development of regenerable
catalytic systems through immobilization of highly active palladium complexes, clusters or nanoparticles onto an inert
support. In the context of increased environmental requirements, highly active and multiply reusable heterogeneous catalytic
systems have a number of practical advantages over homogeneous analogues. In this review, various approaches to
immobilization on a polystyrene support of N-heterocyclic carbene and acyclic diaminocarbene palladium complexes have
been considered for the first time; these complexes are a promising alternative to the widely used phosphine complexes.
Special attention focuses on modern physicochemical methods used for investigation of corresponding heterogeneous
systems. In addition, examples are given of using reusable heterogeneous catalysts for Sonogashira—Hagihara and
Suzuki—Miyaura reactions, with emphasis on the true nature of the palladium catalytic species.
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and Suzuki —Miyaura cross coupling

1. Introduction

The study of catalytic cross-coupling reactions is a key
area of modern organic chemistry, since such trans-
formations make it possible to synthesize complex mol-
ecules in a highly selective way with atomic precision.!
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In particular, palladium-catalyzed Sonogashira— Hagi-
hara and Suzuki—Miyaura cross coupling is used as a
convenient and efficient tool in organic synthesis for
preparing important substrates for pharmaceutical,?~>
agrochemical and chemical industry.®~# In this context,
the development of the chemistry of palladium-catalyzed
cross-coupling reactions is currently undergoing an
important stage, the main goal of which is the develop-
ment of ‘ideal’ catalytic systems? capable of essentially
increasing the efficiency of laboratory and industrial
organic synthesis.

Current studies of Pd-catalyzed cross-coupling reac-
tions pursue two separate goals:

1) synthesis of highly active homogeneous catalysts
based on palladium clusters,!°~ 12 ligand-free palladium
systems or stabilized palladium clusters,!3~ 15 capable of
efficiently operating at low catalytic concentrations;

2) design of reusable catalysts'® through immobili-
zation of highly active homogeneous complexes and
palladium clusters or nanoparticles on an appropriate
support (inert under the reaction conditions used).

The latter approach aimed at developing catalysts
that have high catalytic activity in combination with the
possibility of regeneration and reuse is obviously advan-
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tageous for fine organic synthesis. However, it is worth
noting that the application of heterogeneous precata-
lysts is basically limited to laboratory practice and they
are not widely used commercially, which is mainly due
to their low economic efficiency.!” Thus, the develop-
ment of new heterogeneous catalytic systems — active,
with high turnover numbers (TON) and stable to irre-
versible leaching of palladium, and also convenient for
production and use — is an important task of research-
ers working in this area.

Among catalytic systems for cross-coupling reac-
tions, phosphine,!!-18-1% N-heterocyclic carbene (NHC-
Pd)2°-24 and acyclic diaminocarbene (ADC-Pd)?2>-28
complexes of palladium are of particular importance;
some of them are commercially available compounds.
As compared with phosphine complexes, diaminocar-
bene palladium complexes?7-29 exhibit high stability to
air oxygen, which makes it possible to carry out reac-
tions catalyzed by them under aerobic conditions. In
addition, the noticeabled donor ability of the carbene
ligand is responsible for the high strength of the met-
al—carbene bond and also promotes the key stage of
oxidative addition involved in any catalytic cycle of
cross-coupling reactions.

The history of the development of regenerable heter-
ogeneous catalytic systems based on immobilized
N-heterocyclic carbene complexes of palladium in
cross-coupling reactions began in 2000 with the work
of the German research team led by Wolfgang Herr-
mann, a noted scientist in the field of carbene coordi-
nation chemistry.’® They successfully immobilized the
NHC-Pd complex on a polystyrene support and demon-
strated that the synthesized heterogeneous precatalyst
exhibits high catalytic activity in the Heck reaction
without appreciable loss of activity after 12 runs.

Currently, efficient heterogeneous catalytic systems
based on N-heterocyclic carbene complexes of palladium
immobilized on various supports have been devel-
oped.3!-32 Among the supports, functionalized polystyr-
ene is one of the most frequently used and easily
modified ones.?® Low toxicity, high inertness with
respect to a wide number of solvents and reagents in
combination with the ease of separation from the reac-
tion solution — it is precisely these features that
contribute to the wide use of this support. It is note-
worthy that the only commercially available heteroge-
neous precatalyst based on the N-heterocyclic carbene
complex of palladium(11) [650927 ALDRICH —
N-methylimidazolium palladium(il), polymer-bound]
was obtained on the basis of polystyrene.

Carbene palladium complexes

R2 R}
\ \

R,/NﬁyN\R4 RI/NYN\W
[Pd] [Pd]
ADC-Pd NHC-Pd

To date, a number of reviews19:31.34.35 have been
published that include sections discussing the use of
polystyrene-supported N-heterocyclic carbene palladium
complexes as catalysts in cross-coupling reactions. How-

ever, in contrast to previous publications, this review
addresses modern physicochemical methods of investi-
gation used to study the surface of the corresponding
heterogeneous systems (see Sections II, 1V). Particular
attention is paid to discussing the features of immobili-
zation of carbene Pd complexes, including disadvantages
and advantages of different approaches (see Section V).
In the last Section VI, examples of reuse of heteroge-
neous precatalysts in the Sonogashira—Hagihara and
Suzuki—Miyaura reactions are considered and data on
the true nature of the catalytic species given in the
original work are discussed. In analysis of the literature,
the focus was on papers published in the period
2010-2016.

I1. Methods of investigation of polystyrene
supports functionalized with imidazolium salts

The most common solid phases for the synthesis of
immobilized diaminocarbene palladium complexes are
polystyrene (PS) supports functionalized with imidazo-
lium salts (IS-functionalized). Before discussing modern
approaches to the synthesis of such supports, one
should dwell on the basic methods used to study the
structure of their surfaces. Due to the possibilities of
modern analytical chemistry, analysis of the solid phase
becomes sufficiently informative, demonstrative and
available, despite certain limitations in the choice of
physicochemical methods for studying compounds
immobilized on the resin surface.

Using IR spectroscopy, the presence of polymer-
supported imidazolium salts can be confirmed by char-
acteristic bands. In particular, the appearance of a
strong band at 1653-1670 cm—! due to C=N stretch-
ing vibrations'4 15 and a band at 1588 cm~—! arising
from C=C stretching vibrations in the IR spectrum of
modified polymers can be evidence of the existence of
the corresponding structural fragment on the support
surface.3®

Another important optical method of analysis is
Raman spectroscopy. This method enables qualitative
and quantitative evaluation of the conversion of chlor-
omethyl groups on the surface of the initial Merrifield
resinT into imidazolium moieties (the degree of IS
functionalization). Analysis is performed by monitoring
the change in the intensity of the easily recognizable
band at 1265 cm—! in the spectrum of the unmodified
sample.?’” This band corresponds to out-of-plane bend-
ing (wagging) vibrations of the CH, group bonded to
the chlorine atom. From the change in the integral
intensity of this band, it is possible to determine the
degree of functionalization of the support and estimate
the time required for complete conversion, which is
especially useful for selecting optimal modification con-
ditions. The change in the intensity of the C—Cl
stretching vibration band at 678 cm~! can also be a
reliable indicator of the degree of IS functionalization of
the Merrifield resin.?” Moreover, Raman spectroscopy
has special advantages for solving this problem since the

T Merrifield resin is a commercially available cross-linked polystyrene
bearing benzyl chloride groups, which is mainly used for covalent binding
of imidazolium salts to the support surface.
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use of IR spectroscopy is limited by frequent overlap-
ping of neighbouring bands in the observed spectral
range.

As a rapid analysis for the presence of unreacted
chloromethyl groups, there exists a so-called NBP test
based on the qualitative reaction of 4-(4-nitrobenzyl)-
pyridine with free chloromethyl groups.3$

Scanning electron microscopy (SEM) assesses the
presence or absence of destructive changes in the sup-
port in the course of the IS functionalization.3°-40

In the overwhelming majority of cases, the content
of imidazolium salts on a modified support is quantified
by elemental analysis.30-39-45

The polarity of the microenvironment of the IS-
functionalized polystyrene materials has a critical effect
on their macroscopic properties, which, in turn, affects
the catalytic activity of palladium precatalysts derived
from them.*® The polarity of the microenvironment on
the surface of a functionalized support can be estimated
from a change in the fluorescence spectrum of the
adsorbed pyrene as a fluorescent probe. The polarity
of the environment of the molecule can be judged by the
change in the vibronic structure in the pyrene fluores-
cence spectrum consisting of five lines. The intensity of
the first band (~370 nm) corresponding to the
S1=% 8570 transition depends on the polarity of the
medium provided there is a vibronic coupling between
states S; and S,. The intensity of the third band
(~382 nm) associated with the S}=%—S}~? transition
is polarity independent. In particular, Luis and co-
workers 4® have performed quantitative analysis of IS-
functionalized resins with the use of pyrene as a fluo-
rescent probe to study the polarity of a microenviron-
ment. The original Merrifield resin, as expected, turned
out to be less polar than the IS-functionalized resins
with different counterions; the nature of the latter, in
turn, affected the polarity of the modified resins.

I11. Synthesis of polystyrene supports
functionalized with imidazolium salts

A general approach to the synthesis of N-heterocyclic
carbene palladium complexes immobilized on a poly-
meric support is to treat the imidazolium salts cova-
lently bound to the insoluble substrate, hereinafter
referred to as IS functions, with a Pd precursor
[Pd(OAc),, PAClL,].

In the vast majority of cases, commercially available
gel-type Merrifield resins, widely applied as solid-phase
supports in the synthesis of peptides and also for the
production of various modified resins, are used to
prepare different IS-functionalized polystyrene sup-
ports. The Merrifield resin is a granulated cross-linked
styrene —4-(chloromethyl)styrene copolymer. Being a
solid-phase functional analogue of benzyl chloride, the
Merrifield resin is able to readily react with appropriate
nucleophilic reagents, which leads to a targeted modifi-
cation of the support surface. A major advantage of
using cross-linked polymers as supports is the ease of
handling (filtration, weighing, storage) and sufficient
stability of spherical particles to the modification con-
ditions, which is critical for most of subsequent appli-
cations. However, it should be taken into account that
the grain size of a commercial support, the degree of

cross-linking and the concentration of chloromethyl
groups are of crucial importance in the synthesis of
functionalized supports and directly affect their phys-
icochemical properties.

In solid-phase complexation and nucleophilic substi-
tution reactions on the surface of polystyrene polymers,
THF and DMF are most often used as solvents. This
choice is due to the specificity of the reactions them-
selves and the good swellability of cross-linked poly-
styrene in these media (>4 ml g—!), which facilitates
rapid diffusion of the reagents into the macroporous
structure of the support. It is optimal to carry out the
functionalization of the polymer material at a temper-
ature of <150 °C because of its possible destruction at
higher temperatures.*’

The IS-functionalized polystyrene supports discussed
in this Section are referred to as n-PS, where n is the
consecutive number; in some cases, a counterion is
indicated in parentheses. The existing methods of syn-
thesis of IS-functionalized polymer supports based on
Merrifield resins can be divided into three general
strategies. The most simple and often used classical
strategy is a one-step synthesis. It can be carried out in
two alternative ways. The first one involves the alkyla-
tion of N-alkylimidazole (benzimidazole) with benzyl
chloride groups of the Merrifield resin. Samples
1-PS(Cl) (Ref. 48) and 2-PS (Ref. 39) have been synthe-
sized by this method (Scheme 1 a). In this case, natural
compounds can be used, for example, theophylline.*>-49
In the second method, the nucleophilic displacement of
the chlorine atom of the support is carried out using a
pre-synthesized imidazolium salt with a hydroxyl-con-
taining substituent as, for example, in the preparation of
IS-functionalized polymer 3-PS (Refs 40 and 50) (see
Scheme 154). Functionalization of the surface by means
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(a) Imidazole, DMF, refluxing, 4 h; (b) 1) 1,0-dibromoalkane (o = 2—6), refluxing, 4 h; 2) BuiN, 70 °C, 24 h; (¢) 1) 1,w-dibromoalkane (o = 2—6),

refluxing, 4 h; 2) pyridine, 80 °C, 12 h

of N-alkylimidazole derivatives is simplest in execution;
however, for the introduction of a bis-IS-functionalized
fragment, the first approach cannot be applied.

The second strategy involves at least two steps,
namely: pretreatment of the Merrifield resin with
N-unsubstituted imidazole and subsequent alkylation

Merrifield resin
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(a) Diethanolamine, DMF, 70 °C, 1 h;3¢ (b) 1) SOCl,, CH,Cl,, 50 °C, 4 h;3¢ 2) N-methylimidazole, 80 °C, 2 h;3¢ (¢) diethanolamine, DMF, rt, 2 h;3¢
(d) 1) 1,2-dimethylimidazole, DMF, 80 °C, 5 h;3¢ 2) SOCl,, CH,Cl,, 50 °C, 4 h;*¢ 3) N-methylimidazole, 80 °C, 2 h;3¢ (¢) dimethyl-5-hydroxyiso-
phthalate, acetone, 18-crown-6, KoCOs, refluxing, 12 h;3¢ (/) 1) LiBH4, B(OMe); THF, Ny, refluxing, 24 h;3¢ 2) SOCl,, CH,Clp, 50 °C, 4 h;3¢

3) N-methylimidazole, 80 °C, 2 h;3¢ (g) 6-chlorohexanol, NaH, THF, rt, 48 h;* (h) BImC, NaH, THF, rt, 48 h (Ref. 40)
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with alkyl bromides, which can be the final stage of
synthesis or the preceding stage for further modifica-
tion. This approach has been used to synthesize modi-
fied polystyrenes 4-PS and 5-PS (Scheme 2).3¢

The third synthetic strategy consists of the prelimi-
nary modification of the support surface with a specific
spacer followed by IS functionalization. In the synthesis
of samples 6-PS, 7-PS, 8-PS (Ref.36) and 9-PS
(Ref. 40), this approach has been used to increase the
distance between the IS function and the polymer back-
bone in order to reduce the steric effects of the latter
(Scheme 3).

The measure of the efficiency of the synthesis
method is the degree of modification of the active
groups of the support, which is determined by both the
physicochemical properties of the initial polymer mate-
rial and the reaction conditions. It is evident that the
degree of IS functionalization directly depends on the
limiting concentration of chloride on the surface of the
support. In particular, exposure of a suspension of
Merrifield resins with different degree of cross-linking
and chlorine content (1% DVB, 1.1 mmol Cl g—! and
2% DVB, 4.3 mmol Cl g—!; DVB is divinylbenzene) in
pure N-methylimidazole at 90 °C led to IS-functional-
ized polymeric supports with a content of imidazolium
fragments of 0.93 and 3.03 mmol IS g— !, respectively.*?

The degree of IS-functionalization has an effect on
the degree of swelling of the material in polar (proto-
genic, aprotic) and nonpolar solvents. In particular, as
the number of imidazolium fragments increased, the
swellability of polymer 1-PS(Cl) increased in polar
protogenic solvents (H,O, MeOH), did not change in
DMF and decreased in nonpolar solvents (CH:Cl,,
THF, toluene).*8

It has been found that the properties of IS-function-
alized polystyrenes also depend to a significant extent
on the nature of the counterion. For example, polymer
1-PS(Cl) was easily converted into the corresponding
IS-functionalized supports containing other counter-
ions>! through anion exchange with NaBF,, TfOH,
NaSbFs¢ and LiNTf, (Scheme 4). It has been demon-
strated that the hygroscopicity of the samples decreases
in the following series of counterions:
Cl— > TfO~ > BF; > SbFg > NTf,. The polarity of
the microenvironment of a polymeric material decreases
in the series Cl— > TfO~ > NTf, > BF; > SbF4. In
addition, the nature of the counterion also determines
the ability of the modified support to swell in polar
solvents (EtOH, H,O). It is noteworthy that the original
Merrifield resin, having a high swelling ability in DMF
and a low swelling ability in an aqueous medium, after
the modification, swells equally well in both DMF and
H>O. However, replacing the counterion by NTf, leads

Scheme 4
Cl-
r /\ N
O N
1 -PS(CI) 1-PS(X)

(a) NaBHy4, or TfOH, or NaSbFg, or LiNTf>; MeOH — H»0;
X = TfO, BF4, SbFG, Nsz (Tf = CF3S02)

to a change in the swellability to the level of the original
Merrifield resin.

In addition to works based on the commercially
available Merrifield resin, examples of the synthesis of
IS-functionalized supports with the preceding stage of
polymerization of 4-(chloromethyl)styrene in the pres-
ence of divinylbenzene have been described. A principal
feature of this approach is the possibility of obtaining
supports that have a number of unique properties. In
particular, miniemulsion polymerization was used to
prepare magnetically active IS-functionalized supports
10-PS (Ref. 44) and catalysts supported on them doped
with  superparamagnetic  magnetite = nanoparticles
(Scheme 5). In addition, the relatively high dispersion
of the material favourable for the diffusion of substrates
and reagents is an extra advantage of such a support
over the IS-functionalized supports synthesized from
commercially available cross-linked polystyrene resins.
The average diameter of the magnetically active par-
ticles of 10-PS was 0.097 pm as compared with
75—150 pm (100—200 mesh) for the commercial Merri-
field resin.

Scheme 5
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IV. Methods of investigation of polystyrene-
supported N-heterocyclic carbene complexes of
palladium

As in the case of IS-functionalized supports, the most
common method for studying immobilized carbene com-
plexes of palladium is IR spectroscopy. The formation
of NHC-Pd complexes can be judged from the change in
the intensities of absorption bands at 1157—1160 and
620 cm—! [due to C(2)—H bond vibrations].41-32.53 A
decrease in intensity indicates the transformation of the
C—H into the Ccarpene—Pd bond in the immobilized
complex. Another criterion of the specific palladium
immobilization is the increase in the intensity of the
band at 1665 cm~—! (the C=C bond of an NHC
ligand).>3 The formation of the NHC-Pd complex on
support 2-PS has been confirmed by the presence of
another band characteristic of the NHC ligand
at 1447-1476 cm—! (N —Ccarbene— N moiety vibra-
tions).39-43

The use of solid-state '>C NMR spectroscopy to
prove the formation of an NHC-Pd complex by the
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presence of characteristic signals of the carbene carbon
atoms is limited due to the presence of signals of
polystyrene carbon atoms in the spectrum and the
relatively low resolution of the method.>* The spectra
of NHC-Pd-functionalized and unmodified samples
show no difference.>?

The Pd 3ds» and 3ds;» electron binding energies
measured by X-ray photoelectron spectroscopy (XPS)
make it possible to not only confirm immobilization but
also to assess the occurrence or absence of reduction
side reactions in the course of applying palladium to the
support,*® as well as to study the oxidation state of
palladium on the support surface after cross-coupling
reactions.** 33

Nearly in all cited papers, the palladium content on
a support has been quantified by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) or
mass spectrometry (ICP-MS). It should be noted that
the development of mass spectral methods for the direct
analysis of solid samples extends the analytical capabil-
ities of this method as applied to the objects under
consideration.’® In some studies, the concentration of
palladium on a support has been evaluated by energy-
dispersive X-ray spectroscopy (EDX or EDS).3°

The study of heterogeneous catalysts based on
organic polymers by electron microscopy is difficult
because of the low stability of organic compounds
exposed to electron beam. This problem can be solved
by using low-voltage microscopy and moderate electron
beam currents.’” In particular, scanning electron micro-
scopy has been used to visually assess the presence or
absence of destructive changes in the support in the
course of immobilization of NHC-Pd complexes.3?-40 In
some cases, this method allows one to visualize the
formation of palladium metal nanoparticles on the
support in the course of immobilization.4!

V. Synthesis of polystyrene-supported carbene
complexes of palladium

Based on the analysis of the relevant literature, it can be
concluded that the most popular method for the prepa-
ration of heterogeneous precatalysts based on carbene
palladium complexes is the introduction of palladium
into a support, pre-functionalized with imidazolium
salts, by treatment with palladium(Il) salts in the pres-
ence of a base or without it. The highest degree of
NHC-Pd functionalization is achieved in the absence of
an external base, when the imidazolium salt is deproto-
nated by the acetate anion in Pd(OAc),, which is
probably due to differences in the carbene generation
mechanisms.

An alternative synthesis strategy involves the immo-
bilization of a presynthesized homogeneous NHC-Pd
complex or the polymerization of monomers containing
an N-heterocyclic carbene palladium(11) complex. This
approach makes it possible to directly prove the struc-
ture of the immobilized complex. However, when choos-
ing the method for palladium immobilization in each
specific case, it is necessary to take into account the
physical and chemical properties of the substrates, and
also to realistically assess the disadvantages and advan-
tages of the methods in question, comparing them with

the requirements to the desired heterogeneous precata-
lysts.

It should be noted that no reliable data on the
structure of polystyrene-supported NHC-Pd complexes
have been reported in some of the papers under dis-
cussion. Such NHC-Pd-containing systems are herein-
after referred to as Pd-NHC-n-PS, where n-PS is the
corresponding IS-functionalized support. A similar des-
ignation was also used for complexes that, according to
the authors of this review, have a contradictory descrip-
tion in the original work. For the other structures,
standard digital numbering is used.

V.1. Metallation of the surface of modified polystyrene
supports to give carbene complexes of palladium

The conventional palladium immobilization strategy
leading to an N-heterocyclic carbene complex on an
IS-functionalized support involves the in situ generation
of a carbene ligand (NHC ligand) by the reaction with a
base [Na,COs3 (Scheme 6)>8—63 or Bu'OK
(Scheme 7)3%41-43] in an inert atmosphere with subse-
quent metallation of the activated ligand by means of
treatment with palladium acetate [Pd(OAc),]. It is worth
noting that, under these conditions, the concentration of
immobilized palladium is always lower as compared to
the total number of imidazolium moieties fixed on the
support. This is especially the case for supports with a
high degree of functionalization. The high concentration
of imidazolium fragments in the bulk of the polymeric
material is favourable for close spatial arrangement of
base-generated NHC ligands, which increases the prob-
ability of the formation of the (NHC),Pd structure

Scheme 6
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(see Scheme 6, complex 1). The presence of acetate
anions in complex 1 have been demonstrated by the
presence of signals at 14 ppm (CH3COO) and 187 ppm
(CH3COO) in solid state '3C NMR spectra.®3 However,
it is not clear from the data presented in this paper why
the immobilized complex has been attributed to the
(NHC),Pd(OAc), structure rather than to a possible
mixture of the (NHC),Pd(OAc),, (NHC),Pd(OAc)Cl
and (NHC),PdCl, structures. In the original paper*®
where the procedure used by Qureshi er al.%? was
described for the first time, the immobilized structure
is denoted by the formula (NHC),PdX,, which allows
different combinations of ligands X.

In addition, this method of immobilization often
leads to the palladium concentration significantly lower
than the NHC:Pd ratio (2:1), which indicates the
presence of unreacted imidazolium fragments. This is
assumed to be due to the diffusion limitations caused by
the formation of the bis(carbene) structure (NHC),PdX>»
in the surfase layer of the polymer granule, which
prevents the penetration of palladium into the support
bulk and determines the preferential localization of the
Pd complexes on the surface.*® Given that the major
contribution to the catalytic activity is made by the
surface of polystyrene granules,>®%* the methods of
immobilization of palladium with its predominantly
superficial distribution can be considered acceptable
and justified.

The approach involving the metallation of a modi-
fied support through the reaction with Pd(OAc), in the
presence of an external base (ButOK) has also been used
for palladium immobilization on supports.?¢-40 For
example, precatalysts Pd-NHC-n-PS (n = 4-8) have
been prepared on the basis of modified supports
4-PS -8-PS (THF, 50 °C, 3 h) by this procedure.3%-41.43
However, their structures have not been described.

An interesting example of immobilization in the
presence of an external base is the preparation of
complex 2 (see Scheme 7),** which is structurally similar
to the commercially available catalyst PEPPSI-IPr (CAS
No. 905459-27-0). Under the reaction conditions,
3-chloropyridine acts as a base, a ligand and a solvent.

The immobilization of the NHC-Pd complex in the
whole volume of a cross-linked polymer has been
accomplished by Lee er al.%° without the use of an
external base and on a support with a relatively low

concentration of the deposited imidazolium salt
(0.32 mmol IS g— 1) (Scheme 8).
Scheme 8
AcO\ /Cl

cl- bd
;I//\N/Mes a N,)—\N/Mes
\—/ \—/

(es) (bs) 3

(a) Pd(OACc),, DMSO, 50 °C, 4 h - 100 °C, 0.5 h;
Mes = 2,4,6-Me3CH,

The presence of bulky substituents (Mes) at the
nitrogen atom could also prevent the formation of a
surface-localized bis(carbene) structure and favour the
uniform distribution of monocarbene NHC-Pd complex

3 (0.33 mmol Pd g—!) over the entire volume of the
support.®> A monocarbene structure has been attributed
to the immobilized complex based on the experimental
equimolar Pd:ligand ratio (0.33 mmol Pd g—! and
0.32 mmol IS g—1!). The selectivity of the immobilization
process without side occurring of metal reduction was
proved by the XPS method based on binding energies of
336.5 and 337.7 eV corresponding to Pd!!. The absence
of an external base is an important feature of this
approach: under the conditions of heterogenecous com-
plexation, the acetate anion in Pd(OAc), acts as a
deprotonating agent, which leads in situ to a uniform
carbene generation and eliminates the need for an inert
atmosphere, which is required when free carbene is
generated by treatment with an external base.

The immobilized complex produced by refluxing a
suspension of polymer 2-PS and Pd(OAc), in tetrahy-
drofuran in the absence of a base has been described by
Gaikwad er al3® as the monocarbene complex
(NHC)PdCl, (Pd-NHC-2-PS, Scheme 9). The high
degree of IS functionalization of polymer 2-PS
(1.41 mmol IS g—!') in this case did not prevent the
nearly complete conversion of the imidazolium moieties
into the corresponding palladium complexes
(1 mmol Pd g—'), which underlines the decisive effect
of carbene generation conditions on uniform distribu-
tion of the immobilized complex.

Scheme 9
cl- Cl\Pd/Cl
TN
NTNTFRe By
& O o
2-PS @ @

Pd-NHC-2-PS
(a) PA(OAc),, THF, A, 48 h

At the same time, Wang et al.** have assigned the
(NHC)Pd(OACc)> structure (Pd-NHC-10-PS, Scheme 10)
to the immobilized complex formed under the condi-
tions analogous to those described in Ref. 39. The
structure of the monocarbene complex has been sug-
gested on the basis of the experimentally determined
equimolar Pd:ligand ratio (0.23 mmol Pd g—! and
0.21 mmol IS g—1). It is worth noting that the treatment
of imidazolium salts with an equimolar amount of
palladium acetate leads to the (NHC)Pd(OAc)X com-
plexes;®> if the imidazolium salt is taken in a twofold
excess, the (NHC),PdX, complexes are formed (X is the
counterion of the imidazolium salt).33-%¢ Given the

Scheme 10

Cl- ACO\ /OAC
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10-PS Pd-NHC-10-PS
(a) Pd(OAc), DMSO, 50 °C, 12 h; R = 2,6-PrbCgH;
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monocarbene character of the complexes described in
Ref. 39 the adequacy of such an unambiguous interpre-
tation of the immobilized structure is questionable.

To summarize, it is worth emphasizing that, because
of known limitations when operating with such objects,
it is not always a simple task to determine the immobi-
lized structure.

It is essential that palladium immobilization through
the metallation of the support with a high degree of IS
functionalization can be accompanied by the side proc-
ess of palladium reduction. For example, according to
XPS data, there is a Pd"/Pd® mixture on the support in
those cases when supports 1-PS(X) with a high concen-
tration of the applied imidazolium salt are used for
immobilization.#! The authors believe that the presence
of Pd° is associated with the affinity of the supports
under consideration to polar solvents. Thus, Pd!l is
partially reduced by a significant amount of methanol
used in the synthesis and is adsorbed onto the polymer.
Moreover, for polar supports 1-PS(Cl) and 1-PS(TfO),
the fraction of reduced palladium (Pd®) was determined
to be higher than for less polar support 1-PS(BFy4),
which is extra evidence for the crucial role of the
support microenvironment on the immobilization selec-
tivity.

A radically different approach to the formation of
diaminocarbene complexes on the polystyrene surface
was described in 2016.3% To simultaneously generate and
immobilize acyclic diaminocarbene palladium(Il) com-
plexes (ADC-Pd) 4 and 5, a simple metal-mediated
reaction of nucleophilic addition of an NH> group of
commercially available benzhydrylamine polystyrene
resin to the isocyanide ligand of the palladium(Il) com-
plex was used (Scheme 11). The reaction proceeds under
mild conditions with high regioselectivity (no ligand
exchange products are observed). It is important that,
under these conditions, immobilization is not accompa-
nied by the side reduction of Pd!" to Pd®, which often
occurs under common conditions of NHC-Pd immobili-
zation with the use of Pd(OAc),. The absence of
reduction side processes makes it possible to determine
with high accuracy the structure of the immobilized
complex acting as a precatalyst in cross-coupling reac-
tions. The immobilization has been proved by compar-
ing the IR spectra of the immobilized complex and the
non-immobilized complex pre-synthesized through the
reaction with benzhydrylamine. The presence of only
one CN stretching vibration band at 2225 cm—!

Scheme 11

cis-PACI,(C=NR),
- -

NH,
ORW, :

H H
Ph

Cl*l"d*CENR
4,5 Cl

(a) CHCls, rt, 24 h; R = Bu' (4), Cy (5); Cy is cyclohexyl

(R = Bu') in the spectrum of the immobilized complex
(see Scheme 11), as distinct from the initial
PdCIl,(CNBu'), complex for which the spectrum shows
two bands of CN symmetric and antisymmetric stretch-
ing vibrations, has been used to confirm the formation
of the mixed isocyanide-carbene complex on the poly-
mer surface.

This approach was also successfully used to synthe-
size acyclic diaminocarbene complexes of palladium(1I)
immobilized on a polymer support modified with chiral
amino acid moieties.°” Thus, the method enables the
one-stage high-selectivity generation and immobilization
of acyclic diaminocarbene complexes of palladium(II)
with different structures by varying palladium isocya-
nide complexes and amino-functionalized supports.

V.2. Immobilization of pre-synthesized N-heterocyclic
carbene complexes of palladium(I1)

An alternative synthetic strategy involves direct immo-
bilization of the pre-synthesized NHC-Pd complex 6’
containing a nucleophilic hydroxyl group to give com-
plex 6 (Scheme 12).4? Thus, the immobilized complex is
bound to the support through a linker. Explaining the
choice of this synthetic approach, the authors focused
on the possibility of direct proof of the structure of the
immobilized complex, pointing out the lack of an
unambiguous description of the structure of such a
complex obtained through the reaction of the IS-func-
tionalized support with Pd(OAc), in early works of
Luo’s team.%8-70

Scheme 12
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The immobilization of the pre-synthesized NHC-Pd
complex 7' in the presence of a base on magnetically
active nanoparticles with a chloromethylpolystyrene
coating also led to complex 7 (see Scheme 12).7!
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Comparison of two  alternative approaches
(Scheme 13) to the synthesis of compound 8 revealed
that the efficiency of the method used depends on the
solubility of the preliminarily obtained complex under
immobilization conditions.>® If the complex is poorly
soluble, the optimal strategy is to immobilize a target
NHC-Pd complex through metallation of the corre-
sponding  IS-functionalized support 11-PS  (see
Scheme 13, path b).

Scheme 13
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(a) Pyridine, NMP, rt —150 °C, 24 h;
(b) PACl,, NaOAc, DMSO, rt —90 °C, 44 h

The synthesis of a supported NHC-Pd complex
through the azobis(isobutyronitrile) (AIBN)-catalyzed
copolymerization of the preliminarily synthesized
p-vinylbenzyl-substituted diaminocarbene complex of
palladium 9’ based on theobromine with a styrene excess
has been described (Scheme 14).52 Complex 9 grafted to
a non-cross-linked polystyrene chain can act as a heter-
ogeneous precatalyst in an aqueous medium. Owing to
the good solubility of the polymeric support in organic
solvents, the immobilized complex was studied by gel
permeation chromatography (M,, = 13780) and
'H NMR (DMSO-dg). Comparison with the spectrum
of the monomer made it possible to assume that the
initial structure of the complex was retained after
polymerization.

O
\ /
\/©/\ \ ‘ N Pdl >
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(a) Styrene, AIBN, DMF, 150 °C, 48 h

Scheme 14

VI. Application of polystyrene-supported carbene
complexes of palladium in catalysis of
Sonogashira — Hagihara and Suzuki — Miyaura
cross coupling

In the discussion of the use of heterogeneous precata-
lysts, a particular issue is the nature of the real catalytic
palladium species. Alternative possibilities are consid-
ered for the reaction to occur both on the support
surface and in the solution in which, after leaching
from the support, catalytically active molecular com-
plexes of palladium and/or colloidal palladium particles
(clusters, nanoparticles and submicron particles) can be
present.”>—74 The dynamic character of the distribution
of catalytic palladium species between phases in cross-
coupling reactions is increasingly frequently considered
in modern research;”>~77 this feature enables the reuse
of heterogeneous precatalysts when palladium is leached
into a solution and then physi- or chemisorbed onto the
support after the end of the catalytic reaction and the
complete conversion of the substrate. Such heterogene-
ous catalytic systems are often referred to as ‘release
and catch’ or ‘boomerang’ systems.”5 78,79

In most of the papers discussed in this review, the
heterogeneous nature of catalysis is attributed to the
catalytic systems based on polystyrene-supported diami-
nocarbene palladium complexes for the Suzuki-—
Miyaura reaction. In favour of the heterogeneous nature
of catalysis, the authors give negative results of the ‘hot
filtration test’, the absence of substantial leaching of
palladium into the solution after the reaction (according
to the analysis of the reaction solution or support by
various spectral methods), and insignificant changes in
the catalytic activity of the precatalyst after multiple
reuse. However, it is worth noting that in order to
reliably establish the true nature of the catalytic species,
a wide range of complementary methods should be
applied.72-80.81

For the Sonogashira—Hagihara reaction catalyzed
with multiply reused immobilized diaminocarbene com-
plexes of palladium, catalysis is of homogeneous nature
(boomerang system) owing to reversible leaching of
catalytically active palladium species from the support.
The observed difference can be caused both by the
possibility that the Suzuki reaction is catalyzed by
homeopathic amounts of the leached palladium and by
different reaction mechanisms involved when heteroge-
neous precatalysts are used, which requires an addi-
tional comprehensive study.

VI.1. Suzuki — Miyaura reaction catalyzed by immobilized
N-heterocyclic carbene complexes of palladium(Ir)
Rashinkar and co-workers3® have demonstrated that
immobilized complex Pd-NHC-2-PS (see Scheme 9)
taken in a concentration of 0.05 mol.% is a highly
active precatalyst in the Suzuki—Miyaura coupling,
exhibiting high catalytic activity in EtOH. Ethanol,
acetone, DMF, MeCN, THF and toluene were studied
as solvents, and K3POy4, K>CO3; and KOH were used as
bases. Refluxing in ethanol with the use of K3POy4 as a
base was selected as the optimal conditions for the
coupling of phenylboronic acid with different aryl
iodides, aryl bromides and aryl chlorides (Scheme 15).
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Under optimized conditions, the precatalyst in the
reaction of iodobenzene with phenylboronic acid
showed the ability to regenerate without significant
loss of catalytic activity in the five catalytic runs.
Scanning electron microscopy has demonstrated that
the reaction conditions do not lead to destructive
changes in the spherical morphology of the granular
heterogeneous precatalyst Pd-NHC-2-PS. The reaction
of aryl iodides proceeded in short times (~20 min) to
give the target product in high yields (79% —82%).
Under the same conditions, aryl chlorides reacted in
60—-139 min to give the products in moderate yields
(49% —69%). To determine the nature of the catalysis, a
‘hot filtration test” was used, which showed that there
was no further increase in the reaction product concen-
tration after the separation of Pd-NHC-2-PS. In experi-
ments on reuse, this heterogeneous precatalyst exhibited
high stability in the course of, at least, six runs and did
not lose its activity after two weeks of storage in air at
room temperature. Relying on these data, the authors
have concluded that heterogeneous catalysis is realized
when the precatalyst Pd-NHC-2-PS they developed is
used.

Scheme 15
Pd-NHC-2-PS
X (0.05 mol.%),
K3PO4 (3 equiv.)
+ —
EtOH, 78 °C
R (HO):B R

R = H, Ac, CHO, OH, Me, CF3, NO,, NH,

X Time /min Yield (%)
1 18-21 79-82
Br 30-42 68-80
Cl 60—139 51-69

Heterogeneous catalyst 6 (see Scheme 12), containing
an immobilized NHC-Pd chelate, was reported*?> to
catalyze, with moderate activity, the coupling of phenyl-
boronic acid with bromobenzene as well as with acti-
vated and deactivated aryl bromides: after 24 h at 80 °C,
the yield of the products was no more than 66%
(Scheme 16). In addition, for all substrates, the catalytic
activity of complex 6’ was compared with that of
immobilized complex 6. It was shown that on going
from the homogeneous catalytic system to the heteroge-
neous one, the decrease in the yield of the products was
no more than 8%. Based on analysis of the liquid phase,
the authors stated that the diaminocarbene complex was
retained immobilized. However, no data were given on

Scheme 16

(15% — 66%)

Pd-NHC-PS

(0.2 mol.%),

K>COs3 (1.5 equiv.)

- x
DMF —H»0,
80°C,24h R
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R = H, OMe, Ac; Pd-NHC-PS = 6

the method by which the reaction solution was studied
for palladium content.

Later, Herrmann and co-workers>* have studied the
Suzuki—Miyaura reaction catalyzed by immobilized
NHC palladium(il) chelate 8 (see Scheme 13). In the
reactions of aryl bromides with phenylboronic acid
under optimized conditions (Cs>CO3 as a base, toluene),
precatalyst 8 (0.25 mol.%) could be used without sig-
nificant loss in activity during four runs (Scheme 17).
The lack of palladium leaching from the support surface
was proved by the hot filtration test, which allowed the
authors to state the heterogeneous nature of catalysis.

Scheme 17
Pd-NHC-PS
Br (0.1 mol.%),
Cs2CO3 (2 equiv.)
+ - >
PhMe, Ar, O
R (HO),B 100 °C,4—12h

R
R = OMe, Ac, CHO; Pd-NHC-PS =8

An interesting example of using N-heterocyclic car-
bene palladium(IT) complex 9 immobilized on a linear
polymer (see Scheme 14) in the Suzuki—Miyaura reac-
tion in an aqueous medium has been described.>? K»,COj;
or ButONa has been used as a base. The nature of this
precatalyst is essentially different from that of most of
the catalysts presented in this review, synthesized on the
basis of insoluble cross-linked functionalized polystyr-
enes. Being highly soluble in most of organic solvents,
the complex immobilized on a polymeric support is not
dissolved in an aqueous medium and acts as a hetero-
geneous precatalyst in the reaction of 4-bromotoluene
with phenylboronic acid (Scheme 18). After reuse for
three times, precatalyst 9 (0.5 mol.%) showed insignif-
icant loss of catalytic activity at 80 °C (yield of 67%,
65% and 61% for the first, second and third runs,
respectively). Thus, the cross-linked nature of the sup-
port is not a prerequisite for the successful regeneration
of the immobilized NHC-Pd complex. However, it
should be noted that the results of the hot filtration
test or the quantitative determination of the palladium
leaching into a solution during the reaction have not
been reported in this paper. Moreover, comparison of
the catalytic activity of heterogeneous and structurally
similar homogeneous (monomer 9’) catalytic systems
has not revealed differences.

Br
/©/ ’ /@
(HO)2B

Pd-NHC-PS =9

Scheme 18

Pd-NHC-PS
(0.5 mol.%),

K»COs (1.5 equiv.)
_— >

H>0, 80 °C,

6h O

An interesting and promising approach for enhanc-
ing recyclability of the catalytic systems is to metallize,
with Pd(OAc)> or PdCla, a specially synthesized IS-func-
tionalized polystyrene support doped with magnetite
nanoparticles.** Precatalysts Pd-NHC-10-PS and 2 thus
synthesized (see Schemes 7, 10) exhibited high catalytic
activity in the Suzuki—Miyaura reaction. As solvents,
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EtOH-H,O (3:1 and 1:1), dioxane—H>O (1:1),
THF-H,O0 (1:1), DMF-H>O (2:1 and 1:1) and tol-
uene—H>O (1:1) mixtures have been studied, and
M,CO;3; (M = Na, K, Cs), KsPOs, MOH (M = Na, K)
and Et3N have been used as bases. An obvious advant-
age of this catalytic system was the possibility to
separate the precatalyst using simple magnetic decant-
ation. Precatalyst Pd-NHC-10-PS (0.02 mol.%) effi-
ciently catalyzed the reaction of different aryl bromides
with phenylboronic acid in an EtOH-H,O (3:1) mix-
ture in the presence of K>COj3 (3 equiv.) in 12 h to give
target products in high yields (Scheme 19). A practically
important result of this study is that the catalyst
Pd-NHC-10-PS (1 mol.%) demonstrated the possibility
of multiple regeneration (21 run) without loss of cata-
lytic activity in the model reaction of p-bromophenone
with phenylboronic acid. The heterogeneous nature of
catalysis was confirmed by the negative hot filtration
test. In addition, the ICP-AES method has shown that
99.8% of palladium remain on the support after the 21st
run, which demonstrates the lack of palladium leaching
in the course of reaction. X-ray powder diffraction has
also shown that, after the reaction, no palladium nano-
particles are formed on the support surface. The absence
of agglomeration of palladium into nanoparticles after
the reaction is evidence in favour of the heterogenecous
nature of catalysis. The authors explain the stability of
the complex on the surface by the nature of the ligand,
which is a bulky N-heterocyclic carbene strongly bound
to the metal centre.

Br
LT [
R, (HO),B

R, = 4-Ac, 4-CHO, 4-OMe, 4-COH, 4-Me, 4-CN, 2-Me, 4-NO»,
2,3-benzo

Scheme 19

(87% —99%)

Pd-NHC-10-PS
(0.02 mol.%),
K>COs (3 equiv.)
_— >
EtOH—-H>0 (3:1),
70°C, 12 h

n

When aryl chlorides were used as substrates, a
reaction had to be carried out at higher temperature
(100 °C). However, in this case, when catalyst Pd-NHC-
10-PS was used, there was a noticeable leaching of
palladium (2% —5%) into the reaction solution. Going
from precatalyst Pd-NHC-10-PS to immobilized com-
plex 2, containing 3-chloropyridine as a stabilizing
ligand, made it possible to significantly enhance the
stability of the catalytic system while it retained its
high activity. The authors point out the heterogeneous
nature of catalysis in the presence of the catalytic
systems under study.

There are examples of the use of precatalysts based
on polystyrene-immobilized N-heterocyclic carbene
complexes of palladium, when aryltriazenes are used as
substrates in the Suzuki—Miyaura reaction instead of
aryl halides, which makes it possible to carry out the
reaction under mild conditions with high chemoselectiv-
ity. Luo and co-workers>® carried out the reaction of
l-aryltriazenes with arylboronic acids with the use of
2 mol.% of the precatalyst Pd-NHC-3-PS (Scheme 20,
the positions of the substituents are specified in the
initial compounds). Dioxane, dimethoxyethane (DME),

THF, MeCN, DMF and DMSO have been studied as
solvents. Optimal conditions were reached when the
reaction was carried out in dioxane in the presence of
an equivalent amount of Lewis acid (BF3-Et,0O) at room
temperature for §—12 h to give the target products in
high yields. It was found that the precatalyst could be
reused in eight runs without significant loss of catalytic
activity: the difference between the product yields in the
first and eighth runs did not exceed 14% (92% and
78%). To confirm the heterogeneous nature of catalysis
with the participation of Pd-NHC-3-PS, a hot filtration
test was performed, which gave a negative result.

Scheme 20
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Pd-NHC-3-PS

R} = H, 4-1, 4-Br, 4-Me, 4-OMe, 2-NOs, 3-NO,, 4-NO,, 2-Me-4-NO»;
R? = H, 4-CHO, 4-Me, 4-OMe, 3-NO,

Heterogeneous precatalyst Pd-NHC-3-PS, previously
developed by Luo an co-workers,3%-98-70 has been used
by Reddy’s team 32 in the multistage synthesis of oxazole
derivatives with potential antibacterial, antifungal, anti-
tuberculosis and anti-inflammatory activity. The multi-
stage synthesis was based on the Suzuki—Miyaura reac-
tion of 5-cyano-l-naphthyl trifluoromethanesulfonate
with indolylboronate. The reaction was carried out in
dimethoxyethane with the use of Na,CO; as a base
(Scheme 21). The heterogeneous precatalyst retained
the high activity in the course of at least six runs.

Scheme 21
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() Pd-NHC-3-PS (2 mol.%), Na,CO3, DME, 80 °C, 12 h; X = F, Cl

Catalytic systems based on polystyrene-immobilized
acyclic diaminocarbene complexes of palladium were
used in the Suzuki—Miyaura cross coupling of a wide
range of aryl iodides and bromides with phenylboronic
acid (Scheme 22).3% The optimal reaction conditions for
precatalysts 4 and 5 were as follows: DMF in the
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presence of 5 vol.% —10 vol.% of water and K>COs3 as a
base. The demonstrated ability of repeated reuse of
catalysts 4 and 5 without significant loss in catalytic
activity combined with the ease of obtaining makes
these systems promising for synthetic application. It is
noteworthy that the XPS study of the support before
and after the reaction showed no change in the oxida-
tion state of palladium(Il), which can be indirect evi-
dence that the immobilized complex was retained during
the reaction. A detailed study of the nature of catalysis
was not carried out in this work.

Scheme 22
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(a) Pd-ADC-PS (5 mol.%), Et3N or K,CO3 (4 equiv.),
DMF —H-0, 70 °C, 50— 150 min; Pd-ADC-PS =4, 5; X = I, Br;
R, = 4-OMe, 4-NO>, 4-CN, 2-Me-4-NO,

VI.2. Sonogashira — Hagihara reaction catalyzed by
immobilized N-heterocyclic carbene complexes of
palladium(I1)

The use of a polystyrene-supported N-heterocyclic car-
bene palladium(Il) complex as the precatalyst in the
Sonogashira—Hagihara reaction was mentioned for the
first time by Lee and co-workers.®3 When catalyzed by
precatalyst 10 (1 mol.%), the cross-coupling of aryl
iodides with terminal acetylenes in the presence of
Cs>CO3 as a base proceeded at 60 °C for 1—4 h under
copper-free conditions in ambient atmosphere to form
the corresponding unsymmetrical alkynes in high yields
(Scheme 23). The reaction was studied in DMF—-H-0
(3:1), MeCN—H»0 (3:1), THF —H»O (3:1) and diox-
ane—H>O (3:1) mixtures in the presence of Cs,COs,
NaOH, pyridine, piperidine and 4-dimethylaminopyri-
dine as bases. The use of piperidine as a base for some
substrates (aryl bromides and 4-iodoanisole) was more
preferable. However, under given conditions, the reac-
tion exhibited critical dependence on the amount of the
base: an increase in the piperidine amount was accom-
panied by a decrease in the yield of the product in the

I
ﬁ;ﬁ
Rl

(@) 10 (1 mol.%), Cs2CO; (1.6 equiv.), DMF —H,0 (3: 1), 60 °C, 1 -8 h;
R! = H, Ac, OMe, NO,, Cl, CF3, Me; R? = Ph, 4-MeCsHy 4-Bu'CsHa,
4-M€OC(,H4, 4-NCC(,H4, n-C(,H13;

®
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Scheme 23
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reaction of 4-iodoanisole with phenylacetylene in a
DMF —H>O (3:1) mixture at 80 °C. The increase in
the base amount to 7 equiv. completely suppressed the
catalytic system. According to the authors, this behav-
iour is associated with the difficulty of coordination of
the alkyne to the Pd centre at a large excess of piper-
idine, which can act as a ligand.

It is also important to note that this catalytic system
could be used in four runs of the reaction of 4-iodoace-
tophenone with phenylacetylene under optimized con-
ditions without loss of catalytic activity. Each reaction
run was carried out for 1 h, and the yield of the product
from the first to the fourth run was retained at 94%.
Although the nature of catalysis was not discussed in
the paper, the absence of Pd leaching into the solution
from the support during the reaction was revealed by
the ICP-AES method (the support was analyzed).

Salunkhe and co-workers#? have studied the effect of
the presence and absence of a spacer tethering the
complex to the support surface in immobilized com-
plexes Pd-NHC-9-PS and Pd-NHC-3-PS on their cata-
lytic activity towards the Sonogashira—Hagihara cross-
coupling reaction. It has been found that catalyst
Pd-NHC-9-PS with a spacer is somewhat more active
than precatalyst Pd-NHC-3-PS, due to the greater
accessibility of active catalytic sites. The high activity
of precatalyst Pd-NHC-9-PS (1 mol.%) has been dem-
onstrated in the reactions of different aryl bromides
with arylalkynes containing both electron-withdrawing
and electron-releasing substituents. It is worth noting
that all the reactions proceed under solvent-free con-
ditions for 1.5-8 h to give target products in high yield
(Scheme 24). As bases, EtsN, pyridine, piperidine and
pyrrolidine have been studied. At the same time, in the
reaction of aryl chlorides with phenylacetylene, the yield
of the target product after 12 h was no higher than
30%.

X
R,i—@/ + =

(a) PA-NHC-r-PS (1 mol.%), EtsN (2 equiv.), 90 °C,
1.5-8 h (X = Br, 70% —95% yield) or 12 h (X = Cl, 20% —30%);
R,l, = H, 4-NO,, 4-OMe, 4-Me, 4-CHO, 4-Ac, 4-NH,, 4-CN, 2,4,6-Mes,
4-Bz; R?2 = Ph, 4-MeCsH4
Pd(OAc),, THF

n-PS ——————> Pd-NHC-n-PS
60°C,8h

Scheme 24

RZ
=Z

R2 L» Rl
n

n=3,9

It is important that both precatalysts in the reaction
of 1-iodo-4-nitrobenzene with phenylacetylene can be
used within of five runs. The precatalyst Pd-NHC-9-PS,
including experiments with repeated reuse, has exhibited
higher relative efficiency. The decrease in the activity of
Pd-NHC-9-PS, observed as a decrease in the yield of the
product from the first to the sixth run was no higher
than 20% (95% and 75%, respectively). However, it
should be noted that the authors4® have reported no
data on the hot filtration test or quantitative determi-
nation of the palladium leaching into the solution from
the support during the reaction.
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It has been previously noted that the simplest way to
synthesize the polystyrene-supported N-heterocyclic car-
bene complexes of palladium(1l) is through the direct
metallation of supports pre-functionalized with imida-
zolium salts by means of Pd(OAc),. The nature of the
counterion in the immobilized imidazolium salt can be
varied over a wide range through anion exchange with
the imidazolyl chloride-functionalized resin [1-PS(Cl)].
Luis team has studied the effect of the degree of IS
functionalization, the nature of the base used and the
counterion in immobilized N-heterocyclic carbene palla-
dium(1I) complexes on their catalytic activity and stabil-
ity for the copper- and phosphine-free Sonogashira—
Hagihara reaction.*3 Tetra-n-butylammonium acetate
and benzoate, piperidine and EtsN were used as bases.
The effect of the anion was studied for the model
reaction of iodobenzene with phenylacetylene in DMF
at 70 °C catalyzed by 0.1 mol.% of the precatalyst in
the presence of tetra-n-butylammonium benzoate
(TBAB) as a base (Scheme 25).

Scheme 25

I
=0 0=0
(@) PA&-NHC-1-PS(X) (0.1mol.%), TBAB (2 equiv.), DMF, 70 °C;
X = Cl, TfO, BF4, SbFG, Nsz; X-

+ 2
Sk
L

N |
O
N, L

Pd-NHC-1-PS(X) = @ (L = X or OAc)

When precatalyst Pd-NHC-1-PS(Cl) was used, an
induction period of >10 h was observed. However, the
reaction was completed in 24 h to form the target
product in 90% yield. At the same time, precatalyst
Pd-NHC-1-PS(TfO) exhibited considerably lower cata-
lytic activity under the same conditions: the yield of the
product after 24 h of the reaction was no more than 3%.
The highest reaction rate and the shortest induction
period (<50 min) were observed in the presence of
catalytic system Pd-NHC-1-PS(SbFs). The other coun-
terions are arranged in the following order by their
activity: SbF¢ > BF; > NTf,. On the basis of the
obtained kinetic data and the observed sigmoidal kinetic
profiles, it has been assumed that the rate-limiting step
is the formation of catalytically active palladium nano-
clusters as a result of palladium leaching from the
support surface into the solution. The catalytic activity
of dissolved palladium species was confirmed by the hot
filtration test. The influence of the nature of the anions
on the induction period of the reaction is attributed to
their coordination ability with respect to palladium: the
higher the coordination ability, the less active the dis-
solved palladium species. The authors note that the
nature of the base has a significant effect on the
formation and stabilization of dissolved Pd species as
well as on the deprotonation of alkynes in the copper-
free Sonogashira reaction. It has been found that when
tetra-n-butylammonium benzoate or acetate are used as

bases, the catalytic activity is significantly higher as
compared with the reactions in the presence of amines
(Et3N, piperidine). An important conclusion of this
paper is that the support can play an active role not
only in generating the active catalytic species but also in
their capture and stabilization, acting as a reagent and
precatalyst in catalytic processes.

To date, a small number of examples of the use of
precatalysts based on immobilized acyclic diaminocar-
bene complexes of palladium(i1) have been reported;
nevertheless, the available data allow one to assess the
high potential of such catalytic systems. In particular,
precatalysts 4 and 5, in which 13% of the amino groups
of the support (benzhydrylamine polystyrene resin) are
modified by diaminocarbene Pd complexes, exhibit the
high and stable catalytic activity in the Sonogashira—
Hagihara reaction (Scheme 26) for a wide range of
substrates and can be reused (up to eight times).4¢
Studying heterogeneous catalysts 4 and 5 by the XPS
method has demonstrated that, as distinct from the
Suzuki—Miyaura reaction, the Sonogashira—Hagihara
cross coupling leads to the change in the oxidation
state of palladium on the support from +2 to 0. This
fact can be indirect evidence for the homogeneous
nature of catalysis and for a boomerang system with a
high capacity for adsorption of dissolved palladium
species, given the low degree of their leaching after
catalytic runs.

Scheme 26

(a) Pd&-ADC-PS (0.5 mol.% — 10 mol.%), Cul (10 mol.%),

Et3N (4 equiv.), DMF, 40—-70 °C; Pd-ADC-PS = 4,5; X =1, Br;
R! = 4-OMe, 4-NO3, 4-CN, 4-NH,, 4-CHO, 4-NMe,, 2-NO», H;
R2 = CMeon, I’l-CsH]], SiM€3

* * *

Heterogeneous precatalysts based on polystyrene-sup-
ported carbene palladium complexes exhibit high effi-
ciency in catalysis of the Suzuki—Miyaura and
Sonogashira—Hagihara cross coupling, including cop-
per-free reactions. These systems can be reused without
significant loss of catalytic activity, regardless of the
heterogeneous or homogeneous nature of catalysis. In
the latter case, regeneration and stable efficiency of the
immobilized catalyst in a series of catalytic runs are
associated with the high capacity of the support to
adsorb and retain the dissolved catalytically active
palladium species. However, the immobilization of pal-
ladium in the form of N-heterocyclic carbene complexes
on the surface of polystyrene functionalized with ionic
liquids is often characterized by a low degree of limiting
functionalization of the support. Using, as an alterna-
tive, immobilized diaminocarbene acyclic complexes,
which retain the advantages of catalytic systems based
on diaminocarbene palladium complexes, makes it pos-
sible to simplify the procedure of their preparation and
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variation of the structure as well as to enhance the
degree and selectivity of surface functionalization.

The preparation of this review was supported by
funding from Saint Petersburg State University (Project
No. 12.40.515.2017) and the Russian Foundation for
Basic Research  [Project No. 16-33-00659-mol-a
(V.N.Mikhaylov) and No. 16-03-00436-a (I.A.Balova)].
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