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Recently, carbonylation reactions have gained considerable interest as they are becoming a versatile tool in the
synthesis of pharmaceuticals, agrochemicals and their intermediates. Nowadays, a plethora of transition metal
catalysts are available for the synthesis of various functional groups like ureas, carbamates, oxamates,
oxamides, a-keto amides, ketones, esters, etc. using carbonylation methodology. Several carbonylation
reactions such as aminocarbonylation, alkoxycarbonylation, double carbonylation and oxidative carbonylation,
provide efficient and attractive alternatives to the conventional synthetic routes on a laboratory or industrial
scale. Oxidative carbonylation is an important reaction as it allows direct carbonylative C-H bond activation. A
double carbonylation reaction provides a one step alternative route for the synthesis of a-keto amides,
oxamides, and oxamates. It also eliminates the use of conventional thermally unstable and toxic reagents like
oxalyl chloride. Several recent studies have focused on the various aspects of these reactions, including
catalyst—product separation, and catalyst recoverability and reusability. In view of this, developments in
anchoring homogeneous catalysts using various techniques like biphasic catalysis and supported liquid phase
catalysis are gaining importance. Carbonylation routes using these techniques are simple, efficient,
economical, avoid the use of ligands, and give the desired products in excellent yields. The use of phosphine
ligands is disadvantageous as it leads to air/moisture sensitivity, tedious work-up procedures and high work-
up costs. Several phosphine-free carbonylation routes eliminate the use of phosphine ligands, and provide
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trends in carbonylative transformations, which have undergone a rapid development.

1. Introduction

The development of sustainable and efficient methodologies
based on catalysis and organometallic chemistry has gained
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considerable attention. In this context, palladium catalysed
carbonylation reactions are now widely recognized as a very
important tool in industrial and organic chemistry. Palladium
catalysed carbonylation chemistry allows the direct synthesis of
carbonyl compounds using readily available feed stocks such as
carbon monoxide (CO), which is also the simplest C-1 unit and
meets the requirements of “atom economy”," step economy*
and “green chemistry”.? The significance of palladium catalyzed
cross coupling reactions has been recognized by awarding the
2010 Nobel Prize in chemistry to Professors Heck, Negishi, and
Suzuki. Nowadays, a variety of transition metal catalysts are
available for the synthesis of ureas, carbamates, oxazolidinones,
oxamates, oxamides, o-keto amides, ketones, esters, amides,
etc. These are important intermediates in the manufacture of
dyes, pharmaceuticals, agrochemicals, and other industrial
products. Various homogeneous transition metals can catalyse
single or double carbonylation reactions, and oxidative
carbonylation methodologies have been developed for the
synthesis of these compounds. Palladium catalyzed oxidative
carbonylation reactions require the coupling of organic nucle-
ophiles or electrophiles in the presence of CO and an oxidant to
prepare various carbonyl-containing compounds.* The double
carbonylation methodology provides an efficient way to syn-
thesise oxamates, oxamides and o-keto amides, which were
traditionally synthesised by multi-step syntheses using ther-
mally unstable mono esters of oxalyl chlorides. The synthesis of
mono esters of oxalyl chlorides requires the combination of
equimolar quantities of oxalyl chloride and the appropriate
alcohol, along with a distillation setup for the isolation of the
product from the reaction mixture. This is a major drawback of
this method.” Hence, the double carbonylation methodology
provides an efficient alternative for the synthesis of these
industrially valuable products.

Today, catalyst-product separation techniques, catalyst recov-
erability and catalyst reusability are the central issues to achieve an
economical and environmentally friendly approach from
sustainable and industrial viewpoints. Several techniques, such as
biphasic catalysis,® supported metal catalysis, polymer anchored
catalysis and metal leaching re-deposition, have been developed
in recent years.” The catalysts can be easily separated, repeatedly
used and, consequently, these methods provide an efficient and
economical way to perform carbonylative coupling reactions. Such
catalysts avoid the use of phosphines and because of this they are
not air sensitive and they show moisture stability. They afford the
coupling products in high yields at short reaction times. There are
several reviews contributing to the area of homogeneous transi-
tion metal catalysed carbonylation reactions.**”® In this review we
have described the recent developments in carbonylative trans-
formations considering all these aspects.

2. Heterogeneous palladium-
catalysed oxidative carbonylation
reactions

Palladium catalysed oxidative carbonylation reactions lead to
carbonylated derivatives via coupling of two nucleophiles with
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the assistance of a suitable oxidant. The oxidant helps to oxidize
the metal M(n) to M(n + 2), which promotes the catalytic cycle.*
The syntheses of urea, carbamate and oxazolidinone derivatives
through the palladium catalysed oxidative carbonylation of
amines and amino alcohols have been reported in several
studies. Traditional synthetic methods for the synthesis of
ureas use toxic and corrosive reagents, such as phosgene or
isocyanates. In a typical oxidative carbonylation reaction, alco-
hols and amines are used as starting materials along with
molecular oxygen as an oxidant in the presence of a homoge-
neous palladium catalyst.® This leads to the synthesis of ureas,
carbamates and oxazolidinones, and these procedures are
simple and less wasteful. Later, several groups developed
various palladium catalysed heterogeneous, phosphine-free
protocols. They provided easy catalyst-product separation
methods along with catalyst reusability and recyclability.

2.1 Heterogeneous palladium catalysed oxidative
carbonylation reactions of amines for the synthesis of
carbamates

Fukuoka and co-workers synthesised carbamates by the oxida-
tive alkoxycarbonylation of amines in the presence of a plat-
inum group metal M and an alkali metal halide or onium halide
(Scheme 1).* The reaction proceeds with various platinum
group based heterogeneous catalysts and the catalyst could be
recovered and reused twenty times showing excellent selectivity,
yield and robustness.

The reaction mechanism (Scheme 2) describes the oxidative
addition of amine 1 to catalyst M to produce the active amino-
metal species 4. The species 4 undergoes insertion of CO to
produce the carbamoyl-metal species 5. The carbamate 2 was
considered to be formed by two pathways, a and b. Pathway a
shows the formation of the metal hydride species 6 by the attack
of intermediate 5 by the alcohol. Pathway b shows the formation
of urea 3 and metal hydride species 6. Further species 3
oxidatively adds to M to generate aminocarbamoyl metal
species 7, which is further attacked by the alcohol to produce 2
and regenerate the active species 4.

In 1992, Chaudhari and co-workers studied the oxidative
carbonylation of methyl amine for the synthesis of methyl N-
methylcarbamate (MMC) using a palladium on carbon (Pd/C)
catalyst (Scheme 3)."* The effect of various reaction parameters
such as the effect of iodide promoters, the ratio of Pd : Nal, the
CO : O, ratio, the catalyst concentration, the temperature and
the effect of methyl amine concentration has been studied in
detail. It was observed that at lower temperatures and higher
methyl amine concentrations, N,N'-dimethylurea (DMU) was
obtained as the major product. At higher temperatures and
lower methyl amine concentrations, MMC was formed as the

M
R'NHy + CO + R2OH * 120, —— R'NHCOR? + H,0

Scheme 1 Reagents and conditions: aniline (50 mmol), EtOH (50 mL),
M [Pd black (0.3 mg-atom)], Nal (0.6 mmol), CO (80 kg cm™?), O, (6 kg
cm™2), temp. 160-170 °C, time 2 h.

This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Proposed reaction mechanism for the carbamate synthesis
by oxidative carbonylation of amines.
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Scheme 3 Reagents and conditions: amine (1.0 x 10~ mol cm~3), Pd
catalyst (2.35 x 107 mol cm™>), Nal (2.30 x 107° mol cm™), solvent

CH3OH, temp. 443 K, CO : O, pressure 61 atm (CO : O, 13: 1), time
120 min.
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Scheme 4 Proposed mechanism for the oxidative carbonylation of
amines to carbamates.

oC

RNHCONHR + I;Pd' + Pd—I + H,0
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major product. At higher CO : O, ratios, N-methylformamide
(NMF) was the major product.

Based on these observations they proposed a reaction
mechanism for carbamate synthesis (Scheme 4). DMU was

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Proposed mechanism for carbamate synthesis from the
oxidative carbonylation over Nal-Pd/C.
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Fig. 2 The oxidative carbonylation of aniline to carbamate using a
Pd(phen)Clo/(BMIMBF,) catalytic system.

o}
Il
2CgHNH, + CcO + 1720, ———* CgHsNH—C—NHCgH5 + Hy0
1
Scheme 5 Reagents and conditions: aniline (53.8 mmol), catalyst 5%

Pd/C (5.0 x 107* g cm~®), Nal (0.87 mmol), DMF (95 cm?), CO : O,
pressure (41 bar) (CO : O,, 5: 1), temp. 100 °C, time 2 h.

found to be an intermediate product in the MMC synthesis.
Fukuoka et al. proposed the Pd-carbamoyl complex interme-
diate 5 (ref. 10) but failed to explain the role of iodide
promoters. In this mechanism, the role of the iodide promoters

was clearly understood. In the absence of Nal, the reaction does

not proceed, indicating Pd° state. In the presence of iodide and
oxygen, the active catalyst species 8 was observed. The forma-
tion of 2 occurs in two steps through N,N'-diarylurea 10 as an
intermediate.

Chuang and Toochinda reported the synthesis of carbamates
using a Nal-Pd/C catalytic system in slurry, gas-solid and
tubular reactors. The oxidative carbonylation over NaI-Pd/C in
a gas-solid fixed-bed reactor could provide an effective pathway
for carbamate syntheses and allowed easy catalyst recovery.

Atomic absorption analysis of the reactant-product mixture

RSC Adv., 2014, 4, 10367-10389 | 10369
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Scheme 6 Proposed mechanism for the Pd/C catalysed oxidative
carbonylation of aniline to diphenylurea.
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Scheme 7 Reagents and conditions: amine 0.80 kmol m~3, [Pd]—
APTS-Y (1.854 kg m~3), Nal (1.24 x 10~3 kmolm~), pressure (CO : O,)
50 psi, DMF, time 8 h, temp. 333 K.
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Fig. 3 Recyclability studies of the [Pd]-APTS-Y catalyst for the
oxidative carbonylation of aniline. Reagents and conditions: aniline
(0.82 kmol m~3), [Pd]-APTS-Y (1.854 kg m~3), Nal (1.24 x 10~ kmol
m™3), pressure (CO : O,) 50 psi, temp. 333 K, DMF, time 4 h.

showed that there was no Pd loss from the carbon surface. The
proposed mechanism is based on the previous studies by the
Fukuoka and Chaudhari group (Fig. 1).

Deng and co-workers synthesised carbamates by the oxidative
carbonylation of aniline with CO, O, and methanol in the

10370 | RSC Adv., 2014, 4, 10367-10389
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Pd/IZr0,-S0,% (|)|
RNH; + CO* O —° " RNHCNHR
MeCN

Scheme 8 Reagents and conditions: amine (2 mL) (liquid substrate) or
1.5 g (solid substrate), (Pd/ZrO,-S0427) 35 mg, CHsCN (15 mL), CO
(3.5 MPa), O, (0.5 MPa), temperature 135 °C, time 1 h. (Unsymmetrical
ureas synthesised by directly using aniline as a solvent in the presence
of aliphatic amines.)

- (L
NH

Scheme 9 Reagents and conditions: amine (74 mmol), Pd(OAc),(Bi-
pyDS) (0.078 mmol), water (10 mL), toluene (50 mL), Nal (0.90 mmol),
pressure (68.9 bar), CO : O, (13 : 1), agitation (16.66 Hz), temp. 423 K,
time 2 h.

Transition metal catalyst
2 CO+0,/T

1M1 * HO

presence of a Pd(phen)Cl,/(BMImBF,) catalytic system."®* The
products could be precipitated by adding water into the resulting
mixture and the catalyst system could be reused. The resulting
catalyst was soluble in the water phase and could be easily
recycled (Fig. 2). Step I consists of the oxidative carbonylation of
aniline with CO, O, and methanol in the presence of the
Pd(phen)Cl,/(BMImBF,) catalyst. A liquid mixture containing
the desired product was obtained after the reaction. Step II
involves the addition of 10 mL of water into the reaction mixture,
which leads to the precipitation of the product. In step III the
solid product is recovered. An ionic liquid containing Pd(phen)
Cl, could also be recovered and reused in step IV after the filtrate
was distilled to remove the water.

2.2 Heterogeneous palladium catalysed oxidative
carbonylation reactions of amines for the synthesis of ureas

Gupte and Chaudhari synthesised N,N'-diphenylurea (DPU) 11
by the oxidative carbonylation of aniline over a 5% Pd/C-Nal
catalyst system (Scheme 5)."** The effects of promoters,
solvents, reaction conditions, CO : O, pressure, and pre-treat-
ment of the catalyst with reactants have been investigated in
detail. The optimum Nal/Pd ratio (molar) observed was 3.6. At
higher concentrations of iodide promoters, catalyst inhibition
takes place due to the strong adsorption properties of Nal,
leaving behind smaller sites vacant for adsorption of CO and O,.
The Pd/C-Nal catalyst system could also be reused several times
without loss of activity.

The proposed mechanism (Scheme 6) shows that the reac-
tion proceeds through the Pd-carbamoyl complex 14 as
described by Fukuoka et al.® In the absence of iodide
promoters, the reaction does not take place. In the presence of
Nal, the Pd/C is modified to 12 as an active species, as proposed
in Scheme 6. At a higher O, pressure the active site may be
species 13, which is inactive for oxidative carbonylation reac-
tions, indicating inhibition of the catalyst by blocking the sites
on the carbon support. The pre-treatment results also showed
that there was a significant decrease in the catalytic activity at
higher oxygen pressures. The carbamoyl intermediate 14 is

This journal is © The Royal Society of Chemistry 2014
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Scheme 10 Proposed mechanism for urea synthesis in a biphasic system.
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Scheme 11 Reagents and conditions: ethanolamine (10 mmol), Pd/C
(0.01 mmol), promoter (0.036 mmol), temp. 100 °C, CO (1.0 MPa), O,
(0.25 MPa), DME (8 mL), time 1 h.
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Scheme 12 Proposed mechanism for the oxazolidinone synthesis by
the Pd/C catalysed oxidative carbonylation reaction.

c2 OH i
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OH R o R3

Scheme 13 Reagents and conditions: alcohol (0.05 mmol of 3-yne-
1,2-diol per mL of alcohol), Pdl, (2 mol%), KI (KI/Pdl, molar ratio of 5),
CO [40 atm (4/1 mixture of CO and air)], temp. 100 °C, time 2 h.

This journal is © The Royal Society of Chemistry 2014

R! R3 R! R3
p Pdl, n

*COo*1R0, —= 5§

OH OH \H/

(0]

Scheme 14 Reagents and conditions: DMA (0.5 mmol of diol/mL of
DMA, 4 mmol scale based on diol), KI/Pdl, molar ratio of 10, CO
(20 atm, 4 : 1 CO/air mixture), temp. 100 °C.
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Scheme 15 Oxidative carbonylation of glycerol to glycerol carbonate
using a Pd-catalyst.
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Scheme 16 Reagents and conditions: diaryl ether (0.2 mmol),
Pd(OAc), (2.5 mol%), K»S,0g (2 equiv.), 1 atm CO, TFA (1.0 mL), temp.
50 °C, time 2-6 h.

_ 10 mol% Pd(OAC),
CH3;COOAg

N7 \ | / CO balion pressure

Ry R3 CH3CN, 80°C, 24 h

Scheme 17 Reagents and conditions: N-sulfonyl-2-aminobiaryls

(50.0 mg), Pd(OAc), (10 mol%), CH3zCOOAg (5 equiv.), 4 mL of anhy-
drous CHzCN, CO balloon, temp. 80 °C, time 24 h.

RSC Adv., 2014, 4, 10367-10389 | 10371
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Scheme 18 Reagents and conditions: indole (0.2 mmol), PACl,(PPhs),
(2.5 mol%), PPhs (5 mol%), Cu(OAc), (10 mol%), 1 atm CO/air (7 : 1),
nBUOH (0.2 mL), toluene/DMSO (1.5 mL/0.1 mL), temp. 100 °C,
time 36 h.

R! R!
N PdCI,(PPhy),, PPh; XX
| > + co+ RoH N
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Scheme 19 Reagents and Conditions: indole (0.2 mmol), PACl,(PPhz),
(2.5 mol%), PPhz (5 mol%), Cu(OAc), (10 mol%), 1 atm CO/air (7 : 1),
nBuOH (0.2 ml), toluene/DMSO (1.5 mL/0.1 mL), temp. 100 °C,
time 36 h.

2R Q2R
S S

Scheme 20 Reagents and conditions: benzothiopene (0.2 mmol),
PdCl,(PPhs), (2.5 mol%), PPhz (5 mol%), Cu(OAc), (10 mol%), 1 atm
COl/air (7 : 1), alcohol (0.2 mL), toluene/DMSO (1.5 mL/0.1 mL), temp.
90 °C, time 36 h.
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Scheme 21 Reagents and conditions: ArB(OH), (1 mmol), styrene
(2 mmol), DMSO (2 mL), Pd(OAc), (2 mol%), DPPP (2 mol%), air (5 bar),
CO (5 bar), temp. 60 °C, time 20 h.

0
Ar—B :>< + co
o)

Scheme 22 Reagents and conditions: arylboronic acid (0.25 mmol),
nBUOH (2 mL), EtzN (0.5 mmol), [PACL(PPhs),] (0.0125 mmol), CO/air
(1:3) at 1 atm pressure.

[ PdCIy(PPhy),] EtsN

ArCO,nBu
CO/Air (1:3), nBuOH, 40 °C, 24 h

H
Pd(OAc), BQ

* CO* MeOH R OMe
e
Ri DDQ, CHyCN, 50 °C 1W

Ry R, O

Scheme 23 Reagents and conditions: alkene (0.3 mmol), Pd(OAc),
(10 mol%), oxidant (BQ: 2 equiv.; DDQ: 0.5 equiv.), MeCN (2 mL),
MeOH (0.5 mL), CO (1 atm), temp. 50 °C, time 24 h.

attacked by the amine to give the urea as a product and
regenerate the metal hydride species 15. The iodide promoter in
the presence of oxygen plays a key role in regenerating the active
catalyst by eliminating water as a by-product.
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Ar—X + CO + PhNH,
(n-Bu)sN

ArCONHPh

Scheme 24 Reagents and conditions: aryl halide (5 mmol), aniline
(8 mmol), tri-n-butylamine (7 mmol), 'Si'-2P-Pd (180 mg, 0.075
mmol Pd), atmospheric pressure of CO.

22,23 or 24

Ar—X + CO + CgHsNH, ArCONHCgHs

Scheme 25 Reagents and conditions: aryl halide (5 mmol), aniline
(8 mmol), n-BuzN (7 mmol), CO (1 atm), 22 (0.08 mmol) or 23
(0.078 mmol) or 24 (0.08 mmol).

| 10%Pd/C, CO

©/ DMF, DBU | AN NR'R"
+ HNRR® ——

R// MW, 130°C, 20 min R//

Scheme 26 Reagents and conditions: aryl iodide (0.50 mmol), amine
(0.50 mmol), DMF (1 mL), DBU (224 pL, 1.50 mmol), Pd/C 10% (10 mg,
0.01 mmol), CO (130 psi), time 20 min, temp. 130 °C at 150 W.

N j\ PdIC XN
| s ———— |l |
R/ = | POCl,, 140°C R/ =

R =H, Me, OMe, Br, NO,

Scheme 27 Reagents and conditions: aryl iodide (1 mmol), Pd/C
(0.1 mmol), POCls (2 mmol), DMF (10 mL), temp. 140 °C, time 24 h.

| Pd/C, CO @] Pd/C, C1O (@]
1 N
Ol B e o Roﬂjg
X  DABCO DABCO |
Toluene O Toluene
X=1,Br R=CHs, H

Scheme 28 Reagents and conditions: o-dihaloaryl/o-halobenzoate/
o-halobenzoic acid (0.5 mmol), amine (0.7 mmol), 10% Pd/C (2.5
mol%), DABCO (1.5 mmol), toluene (7 mL), CO (90 psi), temp. 120 °C,
time 2 h.

In 2010, Didgikar et al. reported palladium nanoparticles
immobilized on a NaY zeolite support through 3-amino-
propyl-trimethoxysilane (APTS) as an anchoring agent ([Pd]-
APTS-Y). The [Pd]-APTS-Y catalyst along with Nal promoter
showed excellent selectivity towards the desired urea products
with a wide range of amine compounds (Scheme 7).** The
previously reported 5% Pd/C catalyst had a very poor TOF of
23.6 h™" compared to the [Pd]-APTS-Y catalyst (TOF of 157.5
h™"). The [Pd]-APTS-Y catalyst had a high activity (TOF of
157 h™") even at lower temperatures and pressures compared
to the catalysts reported previously. The catalyst was easily
separated and recycled several times without any loss of
activity (Fig. 3)."*

This journal is © The Royal Society of Chemistry 2014
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Scheme 29 Reagents and conditions: o-halobenzoic acid (1 mmol),
amine (1.5 mmol), 25 (1 mol%), EtzsN (2 mmol), toluene (10 mL), CO (1
atm), temp. 100 °C, time 4 h.

O O
25
OCH; + CO + RINHp —— = N—R'
EtsN, 100°C
| Toluene, 6 h o)

Scheme 30 Reagents and conditions: o-halobenzoate (1 mmol),
amine (1.5 mmol), 25 (1 mol%), EtzsN (2 mmol), toluene (10 mL), CO
(1 atm), temp. 100 °C, time 6 h.

I

| S 25,CO | X NR4R;
+ HNRR, ——

R// NagCO31 HZO R//

R=H, Me, COCH;  Ry/Ry=H, Ar, Alkyl

Scheme 31 Reagents and conditions: aryl iodide (1 mmol), amine
(2 mmol), Na,COs3 (2 mmol), 25 (50 mg, 14.2 pmol), water (10 mL), CO
pressure (100 psi), temp. 100 °C, time 8 h.

Deng and co-workers reported a sulfate modified zirconia
supported palladium catalyst (Pd/ZrO,-SO,>") for the synthesis
of disubstituted ureas by the oxidative carbonylation of a series
of aliphatic amines (Scheme 8).*

The combination of aliphatic amines in aniline as a solvent
led to various unsymmetrical ureas. The catalyst could be easily
separated and recovered from the reaction mixture. Afterwards
the same group developed a homogeneous catalyst system
consisting of a palladium complex and an ionic liquid
(Pd(phen)Cl,/BMImBF,)* for the synthesis of ureas. The reac-
tion occurs in a homogeneous phase and at the end of the
reaction, water is added to the reaction mixture, which creates
biphasic conditions. In this case the catalyst components
separated into the aqueous phase, while the product (and
unconverted amine, etc.) remained in the organic phase. In
2011 Gupte and co-workers reported the synthesis of 11 by the
oxidative carbonylation of an amine using water-soluble

This journal is © The Royal Society of Chemistry 2014
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Scheme 32 Possible mechanism for the PS—Pd—-NHC catalysed
synthesis of N-substituted phthalimides.

0
I

| X ImmPd-IL, CO | ~ NR4Ry
+ HNRR, —>

R/ Z NHR:R, R/ =

Ry, Ry = H, alkyl, aryll

Scheme 33 Reagents and conditions: aryl iodide (1 mmol), amine
(2 mmol), ImmPd-IL (2 mol%), EtzN (3 mmol), toluene (10 mL), CO
pressure (1 MPa), temp. 100 °C, time 8 h.

T T T T

- Wide scan -1

Intensity

4 th recycle

1 st recycle

Binding energy / eV

Fig. 4 XPS of the fresh and recycled ImmPd-IL catalyst.

palladium catalysts in a biphasic media (Scheme 9).” This
methodology overcomes the catalyst-product separation draw-
backs of the previously reported method by Deng and co-
workers."

The aqueous-organic biphasic catalytic system involving a
water-soluble catalyst can be of great advantage in terms of
catalyst and product separation and easy recyclability.

Water soluble ligands like sulfonated N-containing ligands,
e.g. disodium 2,2'-bipyridine-4,4’-disulfonate (Bipy-DS), were
found to be highly active and stable under the reaction
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Ry d/ZIP-8 (1 wt.)
ArBr + CO + HN dpePhos )J\ Ry
| Ar N
Ra KoCO3, Toluene é
105 °C (12-18 h) 2

40 examples
up to 98% yield
Scalable

Scheme 34 Reagents and conditions: ArBr (1 mmol, 1 equiv.), CO
(4 bar), NHR3R; (1.5 equiv.), Pd/ZIF-8 (24 mg, 0.21 mol% Pd), dpePhos
(1 mol%), K,COs (1.5 equiv.), toluene (3 mL).

'Si'-8-Pd

RX * cOo + BuOH RCO,BuU"

Scheme 35 Reagents and conditions: 'Si'=S—Pd (0.01 g, 0.04 mmol),
iodobenzene (0.61 g, 3 mmol), n-BusN (0.65 g, 3.5 mmol), n-butyl
alcohol (2 cm®), CO stream, temp. 100 °C, time 25 h.

22,23 or 24
_—

RX * CO + n-BuOH RCO,Bu-n

X=1, Br

Scheme 36 Reagents and conditions: (a) aryl halide (5 mmol), n-butyl
alcohol (4 mL), n-BuzN (7 mmol), CO (1 atm), 22 (0.08 mmol) or 23
(0.078 mmol) or 24 (0.80 mmol).

I COOR?
Pd/C
+ROH — —_—— —*
Et;N, CO, 140 °C
Benzene
R R’

R' = H, CH3, OCHj,
R2 = Et, Ph, CHPh

Scheme 37 Reagents and conditions: aryl iodide (2.5 mmol), alcohol
(2.5-3.0 mmol), EtsN (3 mmol), 5% Pd/C (50 mg), benzene (5 mL),
carbon monoxide (1 MPa), temp. 140 °C, time 6 h.

0
ay Ar—I| + CO + ROH 5% Pd/C Aryl I OR'
Et;N
o]
0,
b Ar—I + CO + AOH 2PPdC Aryl Il OAr
EtN

Scheme 38 Reagents and conditions: (a) iodobenzene (2.5 mmol), 5%
Pd/C (5 mg), EtsN (7.2 mmol), alcohol (4 mL), CO (0.5 MPa), temp.
130 °C, time 2 h; (b) iodobenzene (2.5 mmol), ArOH (3 mmol), 5% Pd/C
(30 mq), EtzN (7.2 mmol), toluene (4 mL), CO (2.0 MPa), temp. 130 °C,
time 8 h.

conditions. The urea product could be precipitated out from the
reaction medium and thus the soluble catalyst could be recy-
cled. The oxidative carbonylation of aniline in a biphasic cata-
lytic system using the Pd(BipyDS)Pd(OAc), catalyst gave a TOF
of ~210 h™" with 97% conversion and 91% selectivity for 11.
The aliphatic amines were found to be unreactive under such
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I COOR
10% Pd/C
CO (130 psi),
+ H
MW, 130°C, 10-20 min
R R

Scheme 39 Reagents and conditions: aryliodide (0.50 mmol), alcohol
(0.50 mmol), DMF (1 mL), DBU (224 pL, 1.50 mmol), Pd/C 10% (10 mg,
0.01 mmol), CO (130 psi), temp. MW, 130 °C at 150 W, time 20 min.

I 1 mol% KyPdCly
/©/ 5 mol% PVC-PVI OCH3
R CO (1atm), EtzN R
MeOH, 55°C, 60 h

Scheme 40 Reagents and conditions: aryl iodide (0.2 mmol), EtsN
(0.4 mmol), K,PdCly, (1 mol%), PVI-PVC (70 : 30) (5 mol%), methanol
(2 mL), temp. 55 °C, time 60 h.

(e}

OR;

U‘COAQ

R =H, OH, NHy, COCH3
OCHj,

Ry = Me, Et, benzyl

Rz =H, CHz, OCHjs, CI

Scheme 41 Reagents and conditions: (a) aryl iodide (1 mmol), alcohol
(5 mL), ImmPd-IL (2 mol%), EtsN (3 mmol), CO pressure (0.5 MPa),
temp. 80 °C, time 3 h; (b) aryl iodide (1 mmol), phenol (2 mmol),
ImmPd-IL (2 mol%), EtzN (3 mmol), toluene (10 mL), CO pressure
(1 MPa), temp. 100 °C, time 8 h.

R o Pd/C R R
Nt L+ H—=—R RsAN\H/
H T R? TBAI, O,
1,4-dioxane, 80°C o
R?, R® = symmetrical,
unsymmetrical R' = alkyl, aryl, 14 examples
substituent heteroaryl substituent 55-94 % yield

Scheme 42 Reagents and conditions: alk-1-yne (1 mmol), secondary
amine (1.5 mmol), 10% Pd/C (8 mol%), CO/O, pressure (5/1 atm), TBAI
(0.90 mmol), 1,4-dioxane (10 mL), temperature 80 °C, time 14 h.

reaction conditions. Comparison of the XPS patterns of the
recovered and fresh complexes also confirmed that the molec-
ular nature of the complex and more importantly the oxidation
state of palladium remained unchanged after the reaction.
Plausible reaction mechanisms for the oxidative carbonyla-
tion reaction has been reviewed by various groups, e.g. Gabriele
et al.,'®* McElwee-White and co-workers' and Ragaini.”® Based
on these observations, a reaction mechanism has been
proposed for the oxidative carbonylation in the liquid-liquid

This journal is © The Royal Society of Chemistry 2014
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Scheme 43 Reagents and conditions: alk-1-yne (1 mmol), alcohol
(0.5 mL), 10% Pd/C (10 mol%), CO/O, (5 : 1 atm), TBAI (0.6 mmol), 1,4-
dioxane (10 mL), temp. 80 °C, time 8 h. (The unsymmetrical maleate
esters were formed directly by using the alcohol as the solvent under
the same reaction conditions).

B(OH), b o

(¢} a

X B Pd(tmhd), X _ Pd(tmhd),/Pd(OAC), N ;
1 " <]

= [ | ; V& x 7/

R - }) R 7
> * SFn

R = CHz, OCH3, Br | et X
R1= CHa, OCHg, NO,, Br _ co

X=N,S8
n=1 or2

Scheme 44 (a) Reagents and conditions: aryl iodide (1 mmol), aryl-
boronic acid (1.1 mmol), Pd(tmhd), (2 mol%), K,COsz (3 mmol), anisole
(10 mL), 6 h, 80 °C, CO (100 psi); (b) heteroaryl iodide (1 mmol),
arylboronic acid (1.2 mmol), Pd(tmhd), (2.5 mol%), K,COz (3 mmol),
toluene (10 mL), time 12 h, 100 °C, CO (200 psi).

N
| Jw
[¢]
e N

7
R—T + CO * Pd/C

Pz
R = CH3, OCHa, Br O)J\{\/U
R" = CH; OCHj3, NO,, NH2, Br
X=N, S
£ H
n=1or2 {a' ,,.'
X

Scheme 45 Reagents and conditions: (a) aryl iodide (1 mmol), aryl
boronic acid (1.2 mmol), CO (200 psi), 10% Pd/C (2 mol%), K,COs
(3 mmol), anisole (10 mL), 100 °C, 8 h; (b) heteroaryl iodide (1 mmol),
aryl boronic acid (1.2 mmol), CO (200 psi), 10% Pd/C (2.5 mol%), K,COz
(3 mmL), toluene (10 mL), time 10 h, temp. 100 °C.

interphase of a biphasic medium (Scheme 10). The reaction
mechanism highlights the role of the iodide promoter. Step I
shows that complex 16 and Nal promoters leads to the forma-
tion of the active catalytic intermediate species 17. In step II the
oxidative addition of aniline to 17 generates the species 18
which undergoes CO insertion in step III to give the Pd-carba-
moyl intermediate 19. It is postulated that phenyl isocyanate is
formed at the interface in step IV, which is highly reactive and is
attacked by 20 to generate DPU (steps V and VI).

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances
|
o}
- N P
+ CO * 25 o
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X=N,S r(\n |
n=1or2 X

Scheme 46 Reagents and conditions: (a) aryl iodide (1 mmol), aryl-
boronic acid (1.2 mmol), 25 (14.5 mmol), K,COz (3 mmol), toluene
(10 mL), 100 °C, CO (100 psi), 10 h; (b) aryliodide (1 mmol), arylboronic
acid (1.2 mmol), 25 (14.5 mmol), K,CO3 (3 mmol), toluene (10 mL),
100 °C, CO (100 psi), 10 h.

I o
x
Z < | | —x
nx
B(OH)
RE( ImmPd-IL
wx T O roene Q
n R\%
%VX v

R =H, CHs, OCHz, Br, X =C,S g n
n=1or2, (<Xn |
R'=H, CH3, NH,, OCH3, NO,, B Y=N,§ Y

Scheme 47 Reagents and conditions: (a) aryl iodide (1 mmol), aryl
boronic acid (1.2 mmol), CO pressure (1 MPa), ImmPd-IL (2 mol%),
K>COs3 (3 mmol), toluene (10 mL), 100 °C, 8 h; (b) hetero aryl iodide
(1 mmol), hetero aryl boronic acid (1.2 mmol), CO pressure (1 MPa),
ImmPd-IL (2.5 mol%), K,COs (3 mmol), toluene (10 mL), 100 °C, 10 h.

| T 1 L]
Wide scan

- 4 th recycle l
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Fig. 5 XPS spectra of the fresh and recycled ImmPd-IL catalysts.

2.3 Palladium catalysed oxidative carbonylation reactions of
amino alcohols, alcohols and diols

Xia and co-workers have synthesised oxazolidinones using a Pd/
C-I, catalytic system by the oxidative cyclocarbonylation of
amino alcohols (Scheme 11).>* The catalyst could be reused five
times without significant loss in the catalytic activity and
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I B(OH),
| = + | S Pd2(dba)& K2C03 | ~ | X
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2 R'// anisole, GO, 100°C F{// R,//

Scheme 48 Reagents and conditions: aryl iodide (0.2 mmol), aryl
boronic acid (0.2 mmol), Pd,(dba)s (1 mol%), K,COs (3 equiv.), CO
(balloon pressure), anisole (2 mL), temp. 100 °C, time 20 h.

Pdy(dba); K,CO3

R—I * R—B(OH),

(0]
R)J\R‘
i 0
R= Heteroaryliodide anisole, CO, 100°C

R'= Heteroaryl boronic acid

Scheme 49 Reagents and conditions: heteroary!l iodide (0.2 mmol),
heteroaryl boronic acid (0.2 mmol), Pdx(dba)s (1 mol%), KCOs (3
equiv.), CO (balloon pressure), anisole (2 mL), temp. 100 °C, time 20 h.

P
ZA—0siMe,
/; o
2 BTN O,
Z—0 b -/
A e PdCl,
MCM-41-2N-Pd(1l)
30
o)
Ar—I + CO(latm) + Ar'—B(OH), 30 A,)'LN'
K,COj3, anisole, 80°C
25 examples
65-91%

Scheme 50 Reagents and conditions: arylboronic acid (1.1 mmol), aryl
jodide (1.0 mmol), CO (1 atm), K,CO3 (3 mmol), 30 (2 mol%), anisole
(5 mL), temp. 80 °C.

—O
~- Cl
/
o— si”” "s—pd
AN
cl
—O0
Fe;0,4@Si0,-SH-Pd' catalyst
31
(o]
|
©/ | Xy BOHEL 31 | A | N
+ _—
S & 1 atm CO, k,CO3 S S
R} R, R’ R,
20 examples

72-99% yield

Scheme 51 Reagents and conditions: aryl iodide (0.5 mmol), aryl-
boronic acid (0.6 mmol), CO (1 atm), K,COs (1.5 mmol), 31 (1 mol%),
anisole (5 mL), temp. 80 °C.

selectivity. The catalyst system not only solves the basic prob-
lems of catalyst separation and recovery but also avoids the use
of phosphine ligands. The catalyst gave high TOF values, which
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Ayl—l + CO + p—=—=g SWPdC_ I — g

T Et;N

Scheme 52 Reagents and conditions: aryl iodide (2.5 mmol), alkyne
(3 mmol), 5% Pd/C (10 mg), EtzN (7.2 mmol), toluene (4 mL), CO
(2.0 MPa), temp. 130 °C, time 4 h.

o)
Pd (0
Aryl —1 RLICNS Aryl—pPd—1 SO Aryl—“—Pd—l 32
(U]
EttN | R——H
0 o o
Aryl4[< or | Aryl
Pd——R
H Pd—I1
33 34
Pd (0)
0
Aryl—“—: R
()

Scheme 53 Possible mechanism for the Pd/C catalysed carbonylative
Sonogashira coupling reaction.

/ \ _— Pd/Fe304 ﬁ
I+ = 2 — / \ c R
P e — 2
Ry CO/Et;N R \—

Scheme 54 Reagents and conditions: aryl iodides (2.5 mmol), phenyl-
acetylene alkynes (3.0 mmol), Pd/FesO4 catalyst (Pd, 1.04 wt%), 50 mg,
EtzN (7.2 mmol), toluene (5.0 mL), CO (2.0 MPa), temp. 130 °C, time 4 h.

o)

P(DVB-IL)-Pd I

Aryl—I| + cO + =——R > Aryl—C
EtsN, H,0

R

Scheme 55 Reagents and conditions: aryl iodide (1 mmol), terminal
alkyne (1.2 mmol), P(DVB-IL)-Pd (20 mg, 0.005 mmol Pd), EtzN
(0.4 mL), CO pressure (3.0 MPa), distilled water (5.0 mL), temperature
130 °C, time 6 h.

are 15 times larger than the best results previously reported
using homogeneous Pd catalyst systems. The 2-aminophenols
are also reactive under such catalytic conditions.

A plausible mechanism shows that in the presence of iodide
promoters, Pd/C is modified to 12 (Scheme 12). The active
species 12 reacts with the -NH, group of the B-aminoalcohols
and CO to produce the cabamoyl-type complexes 21, which
further react with the -OH group of the aminoalcohols to
produce the oxazolidinones products.

In recent years, synthesis methods for carbonates, cyclic
carbonates and furan-3-carboxylic esters have been developed
using homogeneous palladium catalysed oxidative carbonylation
reactions of alcohols and diols.”> Gabriele and co-workers syn-
thesised furan-3-carboxylic esters by the heterocyclodehydration—
alkoxycarbonylation of readily available 3-yne-1,2-diol derivatives

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Recyclability of the Pd/FezO4 catalyst.

MCM-41-2P-Pd(0)

R H+* Arl * co

:HAr*R_Ar

Condition A or B
major minor
Condition A: Ef;N, 25°C
Ar=4-MeOCgHy, 3-MeOCgHy, 4-HoNCgHy, 4-MeCgHy, 3-MeCgHy, 2-MeOCgHy, 2-HNCgH,.
Condition B: ag NH3(0.5M), THF, 15°C
Ar=4-CICgHy 4-MeOCOCgH 4, 4-O,NCgHy,, 3-NCCgHy4, 3-OoNCgHy.

Scheme 56 Reagents and conditions: terminal alkyne (1.2 mmol), aryl
iodide (1 mmol), CO (1 atm), [MCM-41-2P-Pd(0)] (0.05 mmol);
conditions A: EtzsN (3 mL), 25 °C; conditions B: ag. NHz (0.5 M, 4 mL),
THF (8 mL), 15 °C.

MCM-41
i |
Ar ——R op
38 |
Pd(0) Arl
MCN-41
Mcr\r-41
2P
() | 2P 35
O~_ _Pd |
Y x Ar—Pd—I
Ar R
37
MCN-41
Ets;N co
H——R 2P
o) Pd\l
Ar 3

Scheme 57 A plausible mechanism for the MCM-41-2P-Pd(0) cata-
lysed carbonylative Sonogashira coupling of aryl iodides with terminal
alkynes.

using the PdI,/KI catalytic system and air as an oxidant (Scheme
13).22 Bell and co-workers investigated the oxidative carbonyla-
tion of ethanol to diethyl carbonate. The catalyst was prepared by
dispersing CuCl, and PdCl, on activated carbon and carbon
nanofibers.?”” The catalysts prepared with CuCl, alone were also

This journal is © The Royal Society of Chemistry 2014
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Scheme 58 General proposed mechanism for the double carbonyl-
ation of an aryl halide.

Pd"
RX + CO + HNR, ——» RCOCONR',
Scheme 59 Reagents and conditions: aryl halide (4.0 mmol), amine
(3 mL), PdCl,(dppb) (1.88 x 102 mmol), CO (40 atm), temp. 60 °C,
time 4 h.

RPA(X)L, + 2CO +R,NH =~ ——»

RCOCONR'y

(R =Me, Ph; X=Br, |; L = PMePh,,PPhj3;
R',>NH = Et,NH, morpholine, piperidine)

Scheme 60 Reagents and conditions: aryl halide (1 mL, 9.6 mmol),
amine (3 mL, 29 mmol), PAC1,(PMePh,),, (49 mg, 0.085 mmol), CO (10
atm), temp. 100 °C, time 40 h.

RPd (X) L;
X)L co
RX
RCOPd (X) Ly

Pd(0) L,

R';NH,X
R,NH
HPd(X) Ly

Scheme 61 Proposed mechanism for the double carbonylation of aryl
halides.

R,NH, CO

RCOCONR', (+ RCONR’)

active. A fivefold increase in activity was realized using a PdCl,/
CuCl, catalytic system. It was proposed that the Pd>* cations
interact with the [CuCl,]™ anions to form Pd[CuCl,], complexes
that are stabilized through dative bonds formed with the oxygen
groups present at the edges of the graphene sheets of the support.

Yang et al. prepared palladium catalysts supported on Pb-
cation-doped manganese oxide octahedral molecular sieves
and used them for the heterogeneous oxidative carbonylation
of phenol to diphenyl carbonate (DPC).?>* The DPC yield
increased to 18.1% after the doping of Pb. This suggested that
the new support of Pb,-xMngO,s was responsible for the
enhanced catalytic performance. The syntheses of cyclic
carbonates have been described by various groups using the
homogeneous palladium catalysed oxidative carbonylation of
diols. Gabriele and co-workers presented an efficient
approach for 5- and 6-membered organic carbonates using the

RSC Adv., 2014, 4, 10367-10389 | 10377
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Scheme 62 Mechanistic studies of the double carbonylation of aryl iodides.
alkyl migration
TimH— ArCOPd (X) L, 22 M9 ArRd (X) L, ArPd (X) L,
HT ~PCix 54 H co H
(Si0y> Ti-N-Pd) [ArCOPdCO L, " X [ArPA(CO) L, I* X
51 base
base
51 RNH, RNH,
RX + CO + 2HNR, ——» RCOCONR, + RCONR, HX-base
HX- base

Scheme 63 Reagents and conditions: 51/Phl (0.5%), phenyl halide (5.1 ArCOPd(CONHR) L, ArPd(CONHR) L,
mmol), E;NH (100 mmol), temp. 100 °C, CO pressure (3.0 MPa), time l l
6-24 h. 53 52

X
| e CO. NuH E\—COCONU
_ -
N [Pd] (1 mol% ) N
(NEtg)

Scheme 64 Reagents and conditions: 4-iodopyridine (0.50 g, 2.44
mmol), HNEt, (1.2 mL, 12 mmol), Pd(OAc), (5.5 mg, 0.024 mmol) and
PCysz (19.2 mg, 0.072 mmol), CH,C1, (30 mL), CO (60 bar), temp.
50 °C, time 6 h.

(3 equiv)

° 0
! NHBu-n
X NHBu-n
R | 4+ HN_~_~ + CO(1atm Fdmbase, fi + R I
= solvent, 25 °C =
52 53

R =H, -OCHj, -CHy , -Cl, -CFy

Scheme 65 Reagents and conditions: iodobenzene (170 mg, 0.83
mmol), n-butylamine (183 mg, 2.5 mmol), [PdCl(n*-CsHs)], (4.6 mg,
0.0125 mmol), PPhs (13.1 mg, 0.05 mmol), THF (8.3 mL), DABCO
(280 mg, 2.5 mmol), temp. 25 °C, CO (1 atm), time 12 h.

PdI,-catalyzed direct oxidative carbonylation of 1,2- and 1,3-
diols (Scheme 14).2¢ The use of an excess of a dehydrating
agent, such as trimethyl orthoacetate, was needed to achieve
appreciable results. Li and co-workers showed various catalytic
systems for the synthesis of glycerol carbonate using the
oxidative carbonylation of glycerol. Such catalytic systems
are PdCl,(phen)/KI, PdCl,(phen) with the aid of Cul, and
the zeolite-Y confined Pd catalyst (PdCly(phen)@Y)

10378 | RSC Adv., 2014, 4, 10367-10389

Scheme 66 Reaction mechanism for the synthesis of 53 by the double
carbonylation reaction of aryl iodides.

i \@

Php M1\X/M2 PH,
R

M'=M2=Pd, X=Cl, R=Me
55

55
Phl + CO + ElbNH - ——— PhCONEL, + PhRCOCONEL,

Scheme 67 Reagents and conditions: iodobenzene (5.0 mmol),
amine (7.5 mmol), KzPO4 (5.0 mmol), 1,4-dioxane (3 mL), 55 (0.01
mol%), CO (10 atm), temp. 100 °C, time 15 h.

(Scheme 15).22¢/ The zeolite based catalyst showed comparable
activity to its homogeneous counterpart and could be reused
five times without any significant decrease in activity.

Muller and co-workers synthesised cyclic carbonates by the
oxidative carbonylation of polyols. Polyols are easily available
from bio-feedstock and can be converted efficiently into their
corresponding cyclic carbonates by using a Wacker-type Pd/Mn
catalyst system.*”® Waymouth and co-workers synthesised 5-
and 6-membered cyclic carbonates.?”” The sterically uncon-
gested 1,2- and 1,3-diols were found to be reactive substrates for
the catalyst.
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Scheme 68 Double carbonylation of aryl iodide using a dinuclear
palladium complex catalyst.
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Scheme 69 Double carbonylation of aryl iodides catalysed by a
Pd(t-BuzP), catalyst.

0.5 mol% Q
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Scheme 70 Reagents and conditions: microflow system: aryl iodide
(14.0 mmol), Et,NH (70 mmol, 5.0 equiv.), CO (20 or 15 atm), Pd cat.
(0.5 mol%) in [BMIM]PFg (17 mL); flow rates: mixture of aryl iodide and
Et,NH (0.04 mL min~?), Pd/[BMIm]PFg (0.14 mL min™Y), CO (0.25 mL
min~Y), temp. 80 °C, residence time 34 min; conventional batch
system: aryl iodide (2.66 mmol), Et,NH (5.0 equiv.), Pd cat. (0.5 mol%),
[BMIm]PFg (2.0 mL), CO (20 or 15 atm), 80 °C, time 5 h.

2% Pd(OAc),
— 2.2 % Xantphos

/ Br | n

R/\ morpholine/toluene (1:1) b = K/O
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2

Scheme 71 Double carbonylation of aryl bromides in a micro reactor
system.

2.4 Miscellaneous oxidative carbonylation reactions

The oxidative carbonylation reaction is an efficient methodology
for the direct insertion of the carbonylation functionality by
activation of the C-H bond. Various homogeneous palladium
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Scheme 72 Reagents and conditions: aryl halide (0.05 M), amine
(0.05 M or 0.1 M), DBU (0.1 M), immobilized Pd(PPhsz), (0.4 g), flow
rates between 0.2 and 0.5 mL min~, CO (40 bar), temp. 70-100 °C.

0 R?
|
| N
N R? Pd/C, PPh, ~R2
R + HN —— = R
= “R2 coO = e}

Scheme 73 Reagents and conditions: aryl iodide (1.0 mmol), amine
(1.5 mmol), DABCO (2.0 mmol), the molar ratio of catalyst/PPhs/
substrate = 1/4/100, solvent (6.0 mL), CO (4.0 MPa), temp. 60 °C,
temp. 20 h.

| NR'R"
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| +* NHRR® ——> |
R// rt, 19 h R// °©

Scheme 74 Reagents and conditions: aryliodide (0.5 mmol), amine (2
equiv.), room temperature, time 19 h; chamber 1: Pd(dba), (2 mol%),
HBF4P(tBu)s (4 mol%), DBU (2 equiv.), THF; chamber 2: COgen (1.5
mmol), Pd(dba), (5 mol%), P(tBu)z (10 mol%), Cy,NMe (2 equiv.), DMF.

[Pd]
AIX + HNRiRp + 260 ————= ArCOCONR{R,
ase

X=Br,l; Ry=Ry or Ri£#R,

Scheme 75 Reagents and conditions: aryl iodide (1 mmol), amine
(2 mmol), K,COz (2 mmol), PACL,(PPh,),@SBA-15 (1 mol% [Pd]), MEK
(5 mL), temp. 60 °C, CO 40 bar, time 48 h.

H
I N
~ ~N
Catalyst / DBU X
| + HZN/\/\ —_— |
A CO, Toluene S o}
R R 60

Scheme 76 Reagents and conditions: aryl iodide (0.5 mmol), amine
(1.2 mmol), catalyst [Pd(n®-CsHs)(u-Cll, (0.005 mmol), DBU (1 mmol),
toluene (5 mL), CO (1 bar).

catalysts along with an oxidant are used for the carbonylative
synthesis of xanthones, phenanthridinones, chalcones, esters,
acids, etc.” Classically, esters, acids and amides were synthesised
using aryl halides. These oxidative carbonylation methods car-
bonylatively activate the C-H bond of arenes and heteroarenes,
and eliminate the need for aryl halides, providing an environ-
mentally benign protocol for the synthesis of valuable chemicals.

During the past decade, increased attention has focused on
the Pd-catalyzed aromatic C-H functionalization/carbonylation.
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Scheme 77 Proposed mechanism for the double carbonylation
reaction of aryl halides in the presence of DBU.
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Scheme 78 Reagents and conditions: iodobenzene (0.2 mmol),
secondary amine (0.5 mmol), EtzN (0.25 mmol), catalyst (3.6 umol Pd-
content), DMF 1 mL, CO 30 bar, temp. 100 °C, time 3 h.

+CHs +CHs +CHa
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Scheme 79 Preparation of the silica supported phosphine-free cata-
lyst (SILP—Pd).

O O
H H
R—NH, + co — R—N N—R + Hp
Scheme 80 Reagents and conditions: n-decylamine (7.9 g), PdCl, (0.5
g), benzene (30 mL), CO (100 kg cm™2), temp. 180 °C, time 20 h.

Pd(OAc), , K,CO3
R'R:?NH + CO +0, ———»
KI CHsCN

95°C

[R'RZNCO ], + [R'RZNl,CO + H,0O

Scheme 81 Reagents and conditions: amine (1.5 mmol), Pd(OAc),
(0.022g, 0.10 mmol), KI or (C4H)N*I~ (0.2-0.8 mmol), K,COs (1.5
mmol), THF (10 mL), CO (2.7 atm), O (1 atm), temp. 95 °C, time 3 h.

Lei and co-workers synthesised xanthones by the Pd-catalyzed
double C-H functionalization/carbonylation of diaryl ethers
(Scheme 16).2«

Chuang and co-workers synthesised phenanthridinone
derivatives by the palladium catalyzed oxidative carbonylation of
N-sulfonyl-2-aminobiaryls through C-H bond activation and C-C,
C-N bond formation under TFA-free conditions (Scheme 17).2*
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Scheme 82 Proposed reaction mechanism for the oxamide synthesis.
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Scheme 83 Reagents and conditions: diethylamine (2.07 mL, 20.0
mmol), trans-[PdCly(PPhs),] (17.5 mg, 0.0250 mmol), THF (3 mL), 1,4-
dichloro-2-butene (0.540 mL, 5.00 mmol), carbon monoxide (1 to 100
atm), rt, time 3-17 h.

i
C—NR,
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Scheme 84 Proposed mechanism for the catalytic carbonylation of a
secondary amine to form an oxamide with DCB as an oxidant.

Lei and co-workers showed the regioselective aerobic oxida-
tive C-H carbonylation of heteroarenes using a balloon pressure
of CO (Schemes 18-20).>* This oxidative carbonylation catalytic
system was also applied to the aerobic N-H carbonylation of
N-free indoles to afford various indole carbamates. Later on,
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Scheme 85 Reagents and conditions: amine (1.0 mmol), PAC1,(MeCN),
(0.05 mmol), Cul (0.15 mmol), alcohol (50 mmol), dehydrating reagent
CH(OMe)s (2 mmol), CO (80 kg cm™2), O, (5 kg cm™2).
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Scheme 86 Reagents and conditions: amino alcohol (1 mmol),
PdC1,(MeCN), (0.05 mmol), Cul (0.25 mmol), acetonitrile (2 mL), CO
(80 kg cm™2) and O2 (5 kg cm™2), rt, time 20 h.
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Scheme 87 A plausible reaction mechanism for the cross double

carbonylation reaction of an amine and an alcohol for the synthesis of
an oxamate.

Rl _H 1
- O Pd/C R oL
'T‘ +2CO+H/\R—>AO N \N)Hf R
R2 TBAI, O, (1 atm) RO
60°C,2h

R, R?= allylic, benzylic, aliphatic,
heterocyclic symmetrical and
unsymmetrical substituents

Scheme 88 Reagents and conditions: amine (1 mmol), alcohol
(10 mL), 10% Pd/C (8 mol%), TBAI (0.2 mmol), CO/O, (6 : 1 atm), temp.
60 °C, time 2 h.

Lang et al. reported the oxidative iodination and subsequent
Pd’-catalyzed carbonylation of heteroarenes.?*? Wrigglesworth
et al. showed the heteroannulation reactions of N-alkoxy-
benzamides by a Pd(u) catalyzed carbonylative C-H activation
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reaction.”® Beller and co-workers synthesised chalcones by
palladium catalyzed oxidative carbonylative coupling reactions
of arylboronic acids with styrenes (Scheme 21).2¥ This reaction
proceeds under mild conditions using air as an oxidant.

Bell and co-workers showed the mechanism and kinetics of
the liquid-phase oxidative carbonylation of toluene to toluic
acid over Pd(u) in the presence of trifluoroacetic acid, tri-
fluoroacetic anhydride, and molecular oxygen.** Elman syn-
thesised 2,6-naphthalenedicarboxylic acid via the liquid-phase
oxidative carbonylation of naphthalene using a Pd(OAc),/
K,S,05 catalytic system.?*” The reaction goes via the formation
of naphthalic anhydride (NAn) by oxidative carbonylation,
subsequent alkaline hydrolysis of NAn and isomerization giving
1,8-naphthalenedicarboxylic acid, which is known to lead to 2,6-
naphthalenedicarboxylic acid. Sarkar and Chaudhari syn-
thesised a Pd(pyca)(PPh;)(OTs) complex anchored on different
mesoporous matrices, such as MCM-41, MCM-48 and SBA-15.
Such anchored Pd-complex catalysts were found to be effective
for the hydrocarboxylation of alkenes or alcohols to acids.?* The
materials showed excellent activity, regioselectivity, stability
and recyclability for the low-pressure carbonylation of olefins
and alcohols.

Lei and co-workers synthesised aromatic esters by the
oxidative carbonylation of arylboronic acid derivatives under
balloon pressure of CO with air as the oxidant using
[PdCI,(PPh;),] as the catalyst precursor (Scheme 22).2¥

Jiang and co-workers synthesised B-enoic acid esters by the
palladium-catalysed direct oxidative carbonylation of allylic
C-H bonds with carbon monoxide (Scheme 23).2%*

Huang and co-workers developed an efficient Pd-catalyzed
carbonylation of benzylic C-H bonds with CO through nondi-
rected C(sp*)-H bond activation.?* This process represents a
practical and efficient methodology for the synthesis of
substituted phenylacetic acid esters from simple toluene.

3. Heterogeneous palladium
catalysed aminocarbonylation and
alkoxycarbonylation reactions

Palladium catalysed aminocarbonylation and alkoxy-
carbonylation reactions of aryl halides and alkynes are efficient
methods for the synthesis of amides and esters.**** Various
homogeneous and heterogeneous palladium catalysed proto-
cols have been developed for the synthesis of these valuable

products.®®/

3.1 Heterogeneous palladium catalysed aminocarbonylation
reactions of aryl halides

Cai and co-workers reported a silica-supported bidentate
phosphine palladium complex (abbreviated as ‘Si’-2P-Pd) for
the Heck carbonylation of aryl halides (Scheme 24).*° The
catalytic activity of ‘Si’-2P-Pd was comparable to that of the
analogous homogeneous (Pd(PPh;),Cl,) catalyst. The catalyst
could be separated from the product by a simple filtration and
could be reused without any noticeable deactivation.
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In 2004 the same group reported a silica-supported bidentate
arsine palladium complex 22 (abbreviated as ‘Si’-2As-Pd),*® a
silica-supported poly-y-diphenylarsinopropylsiloxane palla-
dium complex 23 (abbreviated as ‘Si’-As-Pd)”” and a silica-
supported sulfur and phosphine mixed bidentate palladium
complex 24 (abbreviated as ‘Si’-S,P-Pd(II))*® as heterogeneous
and reusable catalysts for the aminocarbonylation of aryl
halides (Scheme 25). Both aryl iodides and activated aryl
bromides under atmospheric pressure of CO gave amino-
carbonylation and the catalyst could be recovered and reused.

9 o}

Si05—0—SICH,CH,CH,0CH,CH —CH, I
S | | Sioz—O—?|CH2CHZCH2AsPh2 ] ,PdCh

| Ph,As  AsPh, o
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(|3 o’ o
'Si-S, P-Pd (Il)
24

Csajagi and co-workers reported the aminocarbonylation of
iodobenzoic acids in a micro/meso fluidic continuous flow
reactor using a polymer-supported tetrakis(triphenylphosphine)
palladium catalyst.> The method gave improved results over
comparable batch techniques. Petricci and co-workers described
the microwave-assisted aminocarbonylation of aryl iodides in
the presence of a Pd/C catalystat 10 bar and 130 °C (Scheme 26).°
The catalyst could be recycled for up to two runs without
considerable differences in the reaction yields.

In 2008, Bhanage and co-workers reported the amino-
carbonylation of aryl iodides by N,N'-dimethylformamide (DMF)
as a non-gaseous CO source using Pd/C as a heterogeneous
catalyst (Scheme 27).>' The catalyst showed excellent reusability.
Pd leaching was examined and effective redeposition of Pd
metal on the support was carried out using a thermal deposition
technique.

Redeposition of the catalyst was monitored using ICP-AES
analysis. At 140 °C, efficient redeposition of Pd took place and
the Pd content was found to be 4.45 ppm, which was in agree-
ment with a literature report for a similar catalyst system used
for the Heck reaction.® Afterwards, the same group reported Pd/
C and a polymer-supported palladium-N-heterocyclic carbene
complex (PS-Pd-NHC) 25 as heterogeneous, phosphine free
and recyclable catalysts for the synthesis of N-substituted
phthalimides using a variety of substrates such as o-dihaloaryls,
o-halobenzoate and o-halobenzoic acid (Schemes 28-30).*
Using Pd/C, they examined the ICP-AES analysis of the 1°* and
8™ recycle run, where the palladium in solution was estimated
below 0.01 ppm and thus no significant leaching of the palla-
dium catalyst was observed. The catalyst 25 was prepared by the
reported literature procedure.** It was found that 25 was also an
effective catalytic system for the aminocarbonylation of aryl
halides (Scheme 31).*® Various aliphatic and aromatic amines
undergo carbonylation with aromatic and heteroaromatic
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halides to provide an excellent yield of the amides. The polymer
supported catalyst was found to show remarkable recyclability
without loss in catalytic activity and selectivity.

A plausible mechanism for the synthesis of N-substituted
phthalimides (Scheme 32) shows that the reaction goes by an
acylpalladium complex 26. Complex 26 then reacts with the
amine to give intermediate 27, which, in the presence of base,
gives intermediate 28. Species 28 is then cyclised to produce
intermediate 29, which can reductively eliminate to give the
corresponding N-substituted phthalimide product.

In 2013 the same group reported an immobilized palladium
metal-containing ionic liquid (ImmPd-IL), which is a structur-
ally well-defined transition metal complex, as a heterogeneous,
phosphine-free catalytic system for aminocarbonylation of aryl
halides (Scheme 33).** The ImmPd-IL catalyst could be easily
recovered and reused for up to four consecutive cycles. The
recycled catalyst was characterized using XPS analysis, which
indicated that after the fourth recycle run, reduction of the Pd**
species to the Pd° species takes place (Fig. 4).

Seayad and co-workers reported Pd nanoparticles supported
on a zeolitic imidazole framework (ZIF-8) as a robust and effi-
cient catalyst for the aminocarbonylation of both aryl bromides
and iodides (Scheme 34).*” There are several advantages to
using ZIF-8 as a support. It has a high surface area, is easy to
prepare, has high stability in water, and has high temperature
tolerance in the presence of methanol and acids/bases. The
catalyst is recyclable and a TON of 2540 was achieved in a single
batch reaction.

3.2 Heterogeneous palladium catalysed alkoxycarbonylation
reactions of aryl halides

Reddy et al. reported a polymer-anchored phosphine palladium
complex catalysed ethoxycarbonylation of organic halides in
ethanol.®® The activity of the catalyst was moderate and
decreased gradually with repeated use. Huang reported a silica-
supported poly[3-(2-cyanoethylsulfanyl)propylsiloxane palla-
dium] complex (abbreviated as ‘Si’-S-Pd) as an efficient catalyst
for the carbonylation of aryl bromides/iodides using carbon
monoxide and n-butyl alcohol (Scheme 35).** The ‘Si’-S-Pd
catalyst was separated from the mixture by filtration and reused.

Cai and co-workers described 22,2 237 and 24*® as hetero-
geneous and reusable catalysts for the butoxycarbonylation of
aryl iodides and activated aryl bromides (Scheme 36).

In 2003, Sugi and co-workers reported the Pd/C catalysed
alkoxycarbonylation of aryl iodides (Scheme 37).* The Pd/C
catalyst could be recovered after the reaction, and reused for
further reactions. Chen and Xia reported the alkoxy and phe-
noxycarbonylation of aryl halides using Pd/C as a novel, effi-
cient, versatile, recyclable, and phosphine-free catalytic system
(Scheme 38).** The Pd/C catalyst was reused several times with
no significant loss in the catalytic activity and selectivity.

Petricci and co-workers reported the alkoxycarbonylation of
aryl iodides using Pd/C as a heterogeneous catalytic system
under microwave dielectric heating conditions (Scheme 39).*°
Various alcohols such as aliphatic, alicyclic, chiral alcohols, and
phenols showed excellent reactivity towards carbonylation with
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aryl iodides. The Pd/C catalyst was recycled for up to two runs
without a considerable decrease in the yield of the products.

Beletskaya and Ganina reported palladium nanoparticles
immobilised on poly(N-vinylimidazole-co-N-vinylcaprolactam)
(PANPs/PVI-PVC) in methanol for the alkoxycarbonylation of
aryl iodides (Scheme 40).*> The PANPs/PVI-PVC catalyst could be
recycled several times without loss of activity.

In 2013 Bhanage and co-workers reported the alkoxy and
phenoxycarbonylation of aryl iodides using an immobilized
palladium metal-containing ionic liquid (ImmPd-IL) as a
heterogeneous and phosphine-free catalytic system (Scheme
41).>® The reaction avoids the use of phosphine ligands and the
precious palladium metal catalyst could be recovered. The
catalyst showed excellent recyclability for up to four consecutive
cycles of the methoxycarbonylation reaction.

3.3 Heterogeneous palladium catalysed amino and
alkoxycarbonylation reactions of terminal alkynes

In 2012, Gadge et al. synthesised alk-2-ynamides by the oxida-
tive aminocarbonylation of terminal alkynes with secondary
amines using Pd/C as a heterogeneous and reusable catalyst
(Scheme 42).** Various aromatic, heteroaromatic, and aliphatic
terminal alkynes underwent aminocarbonylation reactions with
excellent product yields. Only secondary amines were found to
be effective. Primary amines were found to give the urea as the
major product. The developed methodology avoids the use of
phosphine ligands and bases, and has the additional advan-
tages that the palladium catalyst can be recovered and reused
for up to four consecutive cycles. The ICP-AES analysis of the
reaction mixture on a larger scale (4 mmol of alk-1-yne) showed
that the palladium content was below the detectable level,
indicating no significant leaching.

Instead of using amines as nucleophiles, the same group
demonstrated the phosphine-free oxidative alkoxycarbonylation
of terminal alkynes using alcohols in the presence of Pd/C as a
heterogeneous catalyst (Scheme 43).** In the presence of 1,4-
dioxane solvent, the reaction provides a,B-alkynyl esters.
However, with only ethanol, double carbonylation takes place to
produce selectively unsymmetrical maleate esters. Various
aromatic, heteroaromatic and aliphatic terminal alkynes resul-
ted in excellent yields of the o,B-alkynyl esters and unsymmet-
rical maleate esters. The catalytic system has competitive
advantages since it eliminates the use of phosphine ligands,
bases and acids. In addition to this, the catalyst can be easily
separated and recovered, allowing it to be reused several times
without significant loss in the catalytic activity and selectivity.

4. Phosphine-free carbonylative
Suzuki and Sonogashira coupling
reactions

Biaryl ketones and a,B-alkynyl ketones are important moieties
in many biologically active molecules, natural products, and
pharmaceuticals. Palladium catalysed carbonylative Suzuki and

Sonogashira reactions have provided attractive routes for the
synthesis of these ketones using aryl halides, gaseous CO and
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one of the partner boronic acids or terminal alkynes respec-
tively.*® Various homogeneous palladium catalysts, along with
N/P-containing ligands have been developed for these reac-
tions.*® Heterogeneous and ligand-free palladium catalysed
reactions for the synthesis of these biaryl ketones and o,B-
alkynyl ketones would be more desirable from economical and
environmental points of view. The carbonylative Sonogashira
coupling reaction is generally reported using Cul as a co-cata-
lyst, but recently new catalytic systems have investigated elim-
inating the co-catalyst. The high cost of transition metal
catalysts and the toxic effects associated with them has led to an
increased interest in immobilizing catalysts onto a support.
Such heterogeneous and phosphine ligand-free cross-coupling
reactions have been enthusiastically investigated because of
their current toxicity and cost burden, and the difficulty in
purifying the product from the reaction mixture.

4.1 Phosphine-free palladium-catalysed carbonylative
Suzuki coupling reactions

In 2009, Bhanage and co-workers discovered Pd(tmhd),/
Pd(OAc), as a phosphane-free catalyst for the carbonylative
Suzuki reaction for biaryl ketones synthesis (Scheme 44).*” The
developed protocol was applicable for both aryl and heteroaryl
iodides with various boronic acids using phosphane-free
homogeneous palladium complexes. The loss of the precious
palladium metal catalyst was the main issue under such reac-
tion conditions. Afterwards various heterogeneous supported
palladium catalysts were investigated for such reactions, which
includes Pd/C (Scheme 45),** PS-Pd-NHC (Scheme 46)*° and
ImmPd-IL catalysts (Scheme 47).*° The advantages of all these
methods are: the easy separation of the catalyst and product,
catalyst recoverability, catalyst recyclability, and avoiding the
use of expensive phosphine ligands. XPS spectra were measured
for the fresh ImmPd-IL catayst, the catalyst after the 1% recycle
and the catalyst after the 4™ recycle (Fig. 5). The wide scan
showed that the fresh and recycled catalysts do not differ much.
All these methods were applicable to aryl/heteroaryl iodides and
resulted in excellent product yields.

Yang and Xue reported Pd,(dba); as a ligand-free catalyst
under atmospheric pressure of carbon monoxide with high
TONSs up to 1700 (Scheme 48).°* The catalytic system was also
applicable to a broad range of heteroaryl iodides with heteroaryl
boronic acids (Scheme 49). The catalyst was recovered simply by
filtration and it was found that the activity of the catalyst
remained after four consecutive runs.

Cai and co-workers discovered a 3-(2-aminoethylamino)
propyl-functionalized = MCM-41-immobilized  palladium(u)
complex 30 as a phosphine-free heterogeneous catalyst for the
carbonylative cross-coupling of aryl iodides with aryl boronic
acids under an atmospheric pressure of carbon monoxide
(Scheme 50).7> The MCM-41 support has a high surface area and
large pore size, and the catalytic palladium species is anchored
on the inner surface of the mesopores of the MCM-41 support
and exhibit a high activity and good reusability. The catalyst and
product could be separated by a simple filtration procedure and
the catalyst was recycled up to ten consecutive trials without any
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decrease in activity. Niu et al. discovered magnetically separable
mercaptopropyl-modified  silica-coated palladium nano-
particles (Fe;0,@Si0,-SH-Pd") 31 and used them for the
Suzuki carbonylative cross-coupling reaction (Scheme 51).>* The
catalyst could be magnetically separated from the solution
phase and reused five times without any significant loss in the
catalytic activity and selectivity.

4.2 Phosphine-free palladium-catalysed carbonylative
Sonogashira coupling reactions

Xia and co-workers reported Pd/C as an efficient, versatile,
recyclable, and phosphine-free catalytic system for the
carbonylative Sonogashira coupling reaction of aryl iodides with
terminal alkynes for the first time (Scheme 52).>*

The reaction avoids the use of Cul as a co-catalyst. This
catalytic system is advantageous as there is no need to add
phosphine ligands and the catalyst can be easily recycled,
allowing it to be reused several times.

A possible reaction mechanism (Scheme 53) shows that the
carbonylative coupling product was obtained through 33 via the
electron deficient acylpalladium complex 32. An alternative
route is the insertion of an arylalkyne into the 32 species to give
34, followed by B-hydrogen elimination. The same group then
reported two different catalytic systems for the carbonylative
Sonogashira reaction. The first one is based on a magnetically
separable palladium catalyst (Pd/Fe;0,) (Scheme 54)°* and the
second one is based on a cross-linked polymer-supported ionic
liquid immobilized palladium catalyst (P(DVB-IL)-Pd) (Scheme
55).°¢ The magnetically separable Pd/Fe;O, catalyst was
prepared by the wet impregnation of Fe;O, with Na,[PdCl,],
followed by reduction with KBH,, and it consists of Pd particles
of 5 nm in diameter entrapped in iron oxide nanoparticles. The
Pd/Fe;0, catalyst was recycled seven times after magnetic
separation without loss in activity and selectivity (Fig. 6). Both
catalytic systems not only solve the basic problem of palladium
metal recovery, but also avoid the use of toxic and expensive
phosphine ligands.

Cai and co-workers reported a heterogeneous carbonylative
Sonogashira coupling reaction using a MCM-41-supported
bidentate phosphine based palladium(0) complex catalyst
[MCM-41-2P-Pd(0)] (Scheme 56).”* This polymeric palladium
catalyst could be reused at least ten times without any decrease
in activity. A plausible reaction mechanism is shown in Scheme
57. When an electron-rich aryl iodide is used as a substrate, the
insertion reaction of CO to the less reactive arylpalladium
complex 35 can proceed smoothly, giving the corresponding
acylpalladium complex 36. Complex 36 reacts with a terminal
alkyne in the presence of Et;N to afford 37 and the carbonylative
coupling product 38, respectively. When an electron-deficient
aryl iodide is used as the substrate in the presence of Et;N, the
electron-deficient arylpalladium complex 35 reacts too rapidly
with a terminal alkyne without insertion of CO, affording the
direct Sonogashira coupling products in good yields. Djakovitch
and co-workers synthesised several organophosphino palla-
dium complexes grafted on SBA-15 silica or incorporated within
the walls of SBA-3 silica, and applied them to the carbonylative
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Sonogashira reaction, particularly concerning the leaching/
redeposition phenomena.®”” The catalyst showed successive
recycling runs.

5. Palladium-catalysed double
carbonylation reactions of aryl halides
and amines

Palladium catalysed double carbonylation of amines and aryl
halides is an important reaction for the synthesis of o-keto
amides, oxamides and oxamates. Previous routes for the
synthesis of these products involves the use of thermally
unstable oxalyl chloride based chemicals such as the monoester
of oxalyl chloride or diesters of oxalic acid.*® The synthesis of
these starting materials involves a multistep synthesis and
isolation procedures require a distillation setup.’®* The alter-
native to these routes is the double carbonylation reaction.
Various palladium metal salts and phosphine ligands have been
developed to achieve these valuable products using the double
carbonylation technique. Two basic routes have been proposed
for the double carbonylation of aryl halides to a-keto amides
(Scheme 58).*° The first step is an oxidative addition of the aryl
halide on the transition metal catalyst to produce 39 (step a). An
oxidative addition followed by the migratory insertion of CO
(step b), gives the acylmetal complex 40. Then, two routes may
be possible. Route A proposes a further migratory insertion of
CO to 40, creating the (-CO-CO-) chaining species 41 (step c),
followed by a nucleophilic attack on the a-carbonyl of the
formed ligand to liberate the double carbonylated product 42
(step d). Route B proposes a nucleophilic attack on a terminal
CO of 43 (step f), then a carbon-carbon coupling of complex 44
would afford 42 (step g).

For the synthesis of oxamides and oxamates, a palladium
catalysed oxidative carbonylation methodology has been
developed. The palladium catalysed double carbonylation
methodology has provided an atom economical, environmen-
tally benign protocol for the synthesis of these valuable
products.

5.1 Palladium-catalysed double carbonylation reactions of
aryl halides for the synthesis of a-keto amides

In 1982, Tanaka demonstrated the synthesis of a-keto amides by
the double carbonylation of aryl and heteroaryl halides using
the dichloro[l,4-bis(diphenylphosphino) butane]palladium
complex, [PdCl,(dppb)], under a CO atmosphere (Scheme 59).°
Various secondary amines gave excellent yields of the desired
products, however with primary amines the imine of the o-keto
amide was obtained as the main product.

Yamamoto and co-workers reported the double carbo-
nylation of aryl iodides, bromides and chlorides using
PdC1,(PMePh,), as a catalytic system for the synthesis of a-keto
amides (Scheme 60).*" A reaction mechanism for the double
carbonylation reaction has been proposed in Scheme 61. It is
undecided whether the double carbonylation reaction proceeds
by a double CO insertion into a Pd-C bond giving a RCOCO-Pd
species to be trapped by an amine or by a single CO insertion
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giving a CO-coordinated acylpalladium species RCO-Pd(CO),
followed by attack of the amine on the coordinated CO to give
acyl-carbamoyl species RCO-Pd-CONR,, which reductively
eliminates to form RCOCONR,.

In 1985 the same research group studied the detailed
mechanism of the diphenylmethylphosphine palladium
complex catalysed double carbonylation of aryl halides
(Scheme 62).%>

The reactivity of the phenyl halides decreases in the order
PhI> PhBr >> PhCI. Highly basic secondary amines were found
to be the best substrates for the a-keto amide synthesis, while
the selectivity for the a-keto amide formation decreased with
decreasing steric bulk. Primary amides are not suitable for the
double carbonylation reaction. The mechanism consists of two
catalytic cycles to produce a-keto amides and amides. Cycle I
produces the o-keto amide whereas cycle II yields the amide.
The reaction goes via an oxidative addition of the aryl halide to a
zero-valent palladium species to give the common intermediate
arylpalladium complex 45 for both cycles. A highly reactive
amine attacks the coordinated CO in the arylcarbonylpalladium
species 46 to give the arylcarbamoyl species 47. After reductive
elimination the amide is generated as well as the zero-valent
palladium species. When a less reactive amine was used, the
intermediate 46 converts to the aroylpalladium species 48. After
CO insertion the ionic species is generated (49) and this is
attacked by the amine to generate the aroylcarbamoyl species
50. Finally, a reductive elimination step gives the a-keto amide.
The smooth formation of the aroylpalladium intermediate 48 is
key to the successful double carbonylation reaction of the aryl
halide. The migration step, forming 48 from the intermediate
46, is greatly influenced by the electron density of the aryl
moiety. Aryl halides with electron withdrawing groups have
been regarded as unfavourable substrates and the protocol is
only applicable to those aryl halides without electron with-
drawing groups. Miura et al. demonstrated the formation of a-
keto amides at atmospheric pressure of CO.*® By adding Cul as a
co-catalyst, the uptake of CO could be promoted and the rate of
reaction is enhanced. Yan and co-workers prepared silica-sup-
ported polytitazane—palladium complex 51 and used it to
catalyse the double carbonylation reaction of phenyl halides
(Scheme 63).** It was found that the reactivity of the phenyl
halides decreased in the order of Phl > PhBr > PhCl. The
catalyst could be reused ten times without any noticeable
decrease in the catalytic activity and selectivity. In 1999, Car-
pentier and Castanet used the double carbonylation method for
the synthesis of a-keto amides using 4-iodopyridines, CO and
diethylamine in the presence of a catalytic amount of
Pd(OAc),(PCy;) complex catalyst (Scheme 64).%

The reaction resulted in more than 90% yield of the a-keto
amides under mild conditions. Uozumi and co-workers syn-
thesised a-keto amides by the double carbonylation of aryl
iodides with primary amines under atmospheric pressure and
ambient temperature conditions using the Pd/PPhs/DABCO/
THF system (Scheme 65).°° High selectivity for the double
carbonylation reaction was obtained using DABCO as a base. In
the presence of other bases such as Et;N, pyridine and DBU, the
selectivity decreased. The role of DABCO is not properly
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understood in the double carbonylation reaction. The reaction
mechanism shows that the irreversible alkyl migration step
forming 54 is the divergence of the reaction pathway towards
the double carbonylation reaction for the synthesis of 53
(Scheme 66). The protocol is only applicable to those aryl
iodides without electron withdrawing groups.

Inoue and co-workers reported the dinuclear palladium
complexes 55 bridged by a novel PNNP ligand (dpfam) for the
double carbonylation of iodobenzene (Scheme 67).” The cata-
Iytic system allowed the double carbonylation reaction to
proceed with a TON up to 105 and a selectivity of 96%.

A plausible mechanism proposed for the 55-catalysed double
carbonylation reaction is shown in Scheme 68. Insertion of CO
gives the acetyl complex 56, which was confirmed by NMR
analysis. Coordination of a second molecule of CO to species 56
generates intermediate 57. Nucleophilic attack of the amine
generates the acyl-carbamoyl species 58, which on reductive
elimination generates the Pd°Pd" bimetallic species 59. The
intermediate 59 undergoes oxidative addition with iodobenzene
and continues the cycle by CO insertion through the acyl
species 56.

Iizuka and Kondo showed that the use of ¢-Bu;P as a ligand
dramatically improved the generality of the double carbonyla-
tion reaction of aryl iodides (Scheme 69).°* Using #-BusP as a
ligand resulted in almost complete selectivity for the o-keto
amide at room temperature and atmospheric pressure of CO
in THF.

Moreover, this altered protocol gave access to the double
carbonylation reaction of electron-deficient aryl iodides. Rah-
man et al. developed a low pressure microflow system for the
palladium catalyzed double carbonylation of aryl iodides in an
ionic liquid (Scheme 70).® In comparison with a conventional
batch system, the microflow system resulted in superior selec-
tivity and higher yields for the a-keto amide synthesis
(Scheme 70). Murphy et al. developed a microreactor system for
the double aminocarbonylation reaction of aryl iodides.”
Microreactors have enhanced heat and mass transfers, reduced
reaction volumes, and the ability to run several experiments
within a sealed system. They also have the additional advantage
of continuous flow. Here both electron donating and electron
withdrawing substituents on aryl bromide showed remarkable
activity for the double carbonylation reaction (Scheme 71).

Balogh et al. showed the double carbonylation reaction of
iodobenzene in the presence of various amines with high
selectivity in a microfluidic-based flow reactor (X-CubeTM)**"*
using an immobilized Pd(PPh;), catalyst (Scheme 72).”” The
double carbonylation reaction observed selectively at 80 °C
using DBU as the base. At higher temperatures the imine was
observed as a side product.

In 2009 Xia and co-workers used Pd/C-PPh; as a simple and
efficient catalyst system for the double carbonylation reaction of
aryl iodides.” The reaction proceeded under homogeneous
conditions through a leached palladium species from the Pd/C
source (Scheme 73). Skrydstrup discovered the palladium-cata-
lyzed double carbonylation reaction of aryl iodides with amine
nucleophiles using a stoichiometric amount of CO for a-keto
amide syntheses (Scheme 74).”* 9-Methylfluorenecarbonyl
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chloride (COgen) acts as a solid source of CO in a sealed two-
chamber glass reactor. Various aryl and heteroaryl iodides
showed excellent reactivity and selectivity towards the double
carbonylation reaction with various amines, and excellent yields
of the a-keto amide derivatives were achieved.

Djakovitch and Dufaud synthesised a-keto amides using
covalently immobilized palladium complexes on mesostruc-
tured SBA-15 type silica [PdCl,(PPh,),@SBA-15] (Scheme 75).7
It was found that the PdCl,(PPh,),@SBA-15 catalyst could be
reused for up to three cycles without affecting the catalyst
performance.

Recently Castillo'n reported the first phosphine-free Pd-cat-
alysed double carbonylation reaction of aryl iodide using Pd/
DBU as a catalytic system under atmospheric CO pressure
(Scheme 76).”® They proved the key roles of DBU were a nucle-
ophile (or acyl transfer agent) and a base. As shown in Scheme
77, in the absence of an amine nucleophile, three new products
61, 62 and 63 were formed and detected by NMR and MS
analysis. These products were the a-keto amide 61 containing a
charged DBU unit, and the cis and trans isomers of the Pd-acyl
complex 62, 63, respectively. This experiment clearly demon-
strated that DBU acts as a nucleophile under these conditions.

Intermediates 62 and 63 can react with a second molecule of
CO to form a cationic species 64, containing a terminal CO group
and an acyl moiety with iodide as the counter-ion. At this stage,
nucleophilic attack at the terminal CO could occur from the
amine nucleophile to directly form Pd-acyl-amide species 65.
Reductive elimination of the complex 65 regenerates the Pd°
species and 60. Papp and Skoda-Foldes reported various phos-
phine-free silica supported palladium catalysts (SILP-Pd) for the
double carbonylation reaction of iodobenzene in the presence of
secondary amines (Scheme 78).”” The catalyst was prepared by
impregnating silica with a mixture of a palladium precursor and
an ionic liquid (Scheme 79). The catalyst could be recycled at least
six times and resulted in excellent yields of the a-keto amides.

5.2 Palladium-catalysed double carbonylation reactions of
amines for the synthesis of oxamides

In 1966, Tsuji synthesised oxamides by a palladium catalysed
double carbonylation reaction of primary amines for the first
time (Scheme 80).”® The by-product of hydrogen was confirmed
by gas chromatography.

Alper and co-workers have shown palladium catalysed
oxidative coupling reactions of amines and carbon monoxide
for the synthesis of oxamides and ureas (Scheme 81).” Oxa-
mides were formed in excellent yields when secondary amines
were carbonylated in the presence of iodide as a promoter and
oxygen. When using primary amides, the selectivity was towards
the urea.

The reaction mechanism showed that there were two inde-
pendent reaction pathways using iodide ligands for the
synthesis of oxamides and ureas, respectively (Scheme 82).
Palladium acetate can convert to the diiododicarbonyl palla-
dium compound 66 using iodide and carbon monoxide.
Displacement of iodide by the amine gives 67. With complex 67
ligand migration followed by CO insertion takes place to
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generate species 68. Addition of another carbon monoxide
molecule generates the ionic species 69. At this stage amine
addition, followed by reductive elimination generates the oxa-
mide 70. Reoxidation of 71 in the presence of oxygen and the
iodide promoter regenerates the active species 66.

Hiwatari et al. developed a new process for converting
secondary amines into oxamides under CO pressure, catalyzed
by homogeneous palladium complexes in the presence of 1,4-
dichloro-2-butene (DCB) 72 as an oxidant (Scheme 83).%°

The mechanism (Scheme 84) proposes that in the presence
of 72, oxidation of the Pd(0) species readily gives dichlor-
opalladium(u) complex 73. Complex 73, upon treatment with
CO and diethylamine, forms the monocarbamoylpalladium
intermediate 74. Bis(carbamoyl)palladium complex 75, gener-
ated by another CO molecule and amine molecule insertion to
species 74, undergoes reductive elimination to produce the
oxamide and regenerate Pd°.

5.3 Palladium-catalysed double carbonylation reactions of
amines for the synthesis of oxamates

In 1987 Murahashi and co-workers synthesised oxamates by
oxidative cross double carbonylation of amines and alcohols
using a PdC1,(MeCN),/Cul catalytic system (Scheme 85).** The
reaction required Cul as a co-catalyst and the dehydrating
reagent CH(OMe); under a very high pressure of CO (80 kg
em ?) and O, (5 kg em™?). In the case of B-aminoalcohols,
intramolecular double carbonylation proceeds highly effi-
ciently, giving the corresponding cyclic oxamates (Scheme 86).
In this case, addition of the dehydrating reagent CH(OMe); was
not necessary.

The mechanism shows that the double carbonylation reac-
tion proceeds via the carbamoylpalladium complex 76 or the
alkoxycarbonylpalladium complex 77 (Scheme 87). Further co-
ordination of carbon monoxide to 76 or 77 and the subsequent
nucleophilic attack of the alcohol or amine gives the alkoxy-
carbonylcarbamoylpalladium complex 78. Reductive elimina-
tion of 78 gives the oxamate and PdL,. PdL, is readily oxidized
with O,-Cul-HCI to continue the catalytic cycle.

Recently Gadge and Bhanage used Pd/C as a heterogeneous
catalytic system for the synthesis of oxamates (Scheme 88).%>
The reaction proceeds under a low pressure of CO/O, (6 : 1 atm),
a short reaction time, and does not require a co-catalyst, base,
dehydrating agent or ligand. A variety of amines, such as allylic,
benzylic, aliphatic, symmetrical and unsymmetrical amines,
underwent cross double carbonylation reactions with alcohols,
providing excellent yields of the desired products. Moreover the
catalyst was recovered by a simple filtration and reused for up to
six consecutive cycles.

6. Conclusions

To summarize, we have reviewed various palladium catalysed
carbonylation reactions such as oxidative carbonylation, double
carbonylation and several other carbonylative coupling reactions.
These reactions provide a novel and efficient tool for constructing
various carbonylative compounds. It is necessary to conduct
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research towards the synthesis of various heterogeneous catalysts
and the development of economical procedures for the synthesis
of these heterogeneous catalysts, as this will result in a higher
efficiency, selectivity, and a larger substrate scope. Many of these
reactions work at high pressure, limiting their application. Future
effort needs to be directed towards developing a catalyst which
works at atmospheric pressures. There is also a requirement for
the deeper understanding of the fundamental aspects of the
mechanistic studies of heterogeneous catalysed carbonylation
reactions. The catalyst-product separation and the catalyst recy-
clabilityin homogeneous catalysis is a major problem and there is
aneed for the development of various novel strategies to solve this
problem. The invention of novel catalyst-product separation
techniques and the recovery of precious metal catalysts are
current challenges. The development of various biphasic catalysis
systems, supported liquid phase catalysis systems, polymer
anchored catalysis systems and metal leaching re-deposition
techniques for carbonylation reactions have provided attractive
ways for process economy and for the overall development of truly
ecofriendly reaction methodologies.

Abbreviations

MMC Methyl N-methylcarbamate

DMU N,N'-dimethylurea

NMF N-methylformamide

DPU N,N'-diphenylurea

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene

DABCO 1,4-Diazabicyclo[2.2.2]octane

TBAI Tetrabutylammonium iodide

DMF Dimethylformamide

MW Microwave

DCB 1,4-Dichloro-2-butene

TOF Turnover frequency

TON Turnover number

DME Dimethoxyethane

dpfam [N,N'-bis[(2-diphenylphosphino)
phenylformamidinate]

DMA Dimethylacetamide

phen 1,10-Phenanthroline

DMSO Dimethyl sulfoxide

dppp 1,3-Bis(diphenylphosphino)propane

dppb 1,4-Bis(diphenylphosphino)butane

pyca 2-Picolinate

BQ 1,4-Benzoquinone

DDQ 2,3-Dichloro-5,6-dicyanobenzoquinone
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