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1. Suzuki-Miyaura reaction
• The coupling of aryl halides with organoboronic acids, is one of the
most important palladium-catalyzed cross-coupling reactions of
both academic and industrial interest.
• First published in 1979 by Akira Suzuki, the Suzuki reaction
couples boronic acids (containing an organic part) to halides. The
reaction relies on a palladium catalyst such as
tetrakis(triphenylphosphine)palladium(0) to effect part of the
transformation. The palladium catalyst (more strictly a pre-catalyst)
is 4-coordinate, and usually involves phosphine supporting groups.
• In many publications this reaction also goes by the name SuzukiMiyaura reaction. It is also often referred to as "Suzuki Coupling".
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• The reaction is the organic reaction of an aryl- or vinyl-boronic acid
with an aryl- or vinyl-halide catalyzed by a palladium(0) complex. It
is widely used to synthesize poly-olefins, styrenes, and substituted
biphenyls, and has been extended to incorporate alkyl bromides.
Several reviews have been published [1].

•
Scheme 1. The Suzuki coupling of aryl chlorides.
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• Starting Materials
• The cross-coupling reactions of organoboron compounds with organic halides or
related electrophiles provide one of the most straightforward methodologies for
various carbon–carbon bond formations. The characteristics of organoboron
reagents (i.e., high selectivity in cross-coupling reactions, stability, nontoxic nature,
and tolerance towards functional groups) often gives the Suzuki coupling a practical
advantage over other cross-coupling processes.
• It has now confirmed that all kinds of carbon–boron bonds including (sp3)C–B,
(sp2)C–B, and (sp)C–B bonds are employed as cross-coupling partners in the
coupling reactions.
• Among such organoboron compounds, alkynylborane derivatives were not used in
the Suzuki coupling, because they are stronger Lewis acids and easily hydrolyzed in
the presence of bases.
• The reaction also works with pseudohalides, such as triflates (OTf), instead of
halides, and also with boron-esters instead of boronic acids.
• Relative reactivity: R-I > R-OTf > R-Br >> R-Cl
• Aryl halides (bromides or iodides) and triflates substituted with electronwithdrawing groups (EWGs) are suitable substrates for the cross-coupling reaction.
Only aryl bromides and iodides can be used, as the chlorides only react slowly.
Byproducts such as self-coupling products, coupling products of phosphine-bound
aryls, are often formed.
•

Triflate, more formally known as trifluoromethanesulfonate, is a functional group with the formula CF3SO3-. The
triflate anion, CF3SO3- is an extremely stable polyatomic ion, being the conjugate base of triflic acid (CF3SO3H), one
of the strongest acids known. It is defined as a superacid, because it is more acidic than pure sulfuric acid.
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• Solvents, bases and catalysts
• The SM cross-coupling reactions generally employ organic solvents such as
THF and diethyl ether in the presence of Pd(II) or Pd(0) catalysts which are
soluble in these solvents.
• The most commonly used base in the SM cross-coupling reaction is
Na2CO3 but this is often ineffective with sterically demanding substrates. In
such instances, Ba(OH)2 or K3PO4 has been used to generate good yields of
the cross-coupling products. Other bases utilised in the SM coupling
reaction include Cs2CO3, K2CO3, TlOH, KF and NaOH. Fluoride salts
such as CsF and Bu4NF (2–3 equiv.) are useful for base-sensitive substrates
[2]. It is known that the base is involved in the coordination sphere of the
palladium and the formation of the Ar-PdL2–OR from Ar-PdL2–X is known
to accelerate the transmetallation step. There are some drawbacks with the
Pd-mediated SM cross-coupling reaction.
• Palladium homogeneous catalysis is one of the most versatile tools for the
carbon-carbon bond formation, which is in the heart of organic synthesis.
• The most frequently used catalyst, Pd(PPh3)4, suffers from this drawback
and the phenyl group of the PPh3 becomes incorporated in the products
giving scrambled derivatives. A bulky phosphine ligand (o-MeOC6H4)3P is
sufficient to retard this type of side-reactions and deliver high yields of the
desired product.

• Products
• The palladium-catalyzed cross-coupling reaction between organoboron compounds
and organic halides or triflates provides a powerful and general methodology for the
formation of carbon–carbon bonds.
• This reaction represents one of the most widely used processes for the synthesis of
biaryls, which are important intermediates in organic synthesis recurring functional
groups in natural products. The Suzuki reaction is an extremely powerful method for
the formation of biaryl compounds, consequently there has been considerable
attention focussed on the development of catalysts that are able to promote the
coupling of aryl chloride substrates.
• Biaryl compounds play an important role in industrial chemistry, appearing in
commercial products ranging from performance materials to pharmaceuticals. Much
research has been published on synthetic routes towards ortho-tolylbenzonitrile, a
common intermediate for a number of Sartan-type blood-pressure-lowering agents.
During the last three decades, there have been a number of significant advances in
biaryl coupling technology that have really broadened the scope of previous
methods (e.g., Ullmann coupling) used in multistep synthetic schemes.
• Recently, highly efficient conversions have been reported for Suzuki couplings that
are based on the use of bulky electron-rich ligands or on two-phase catalysed
processes using water-soluble phosphane ligand [3].
• The availability of the reagents and the mild reaction conditions all contribute to the
versatility of this reaction. The coupling reaction offers several additional
advantages, such as being largely unaffected by the presence of water, tolerating a
broad range of functional groups, and proceeding generally regio- and
stereoselectively. Moreover, the inorganic by-product of the reaction is non-toxic
and easily removed from the reaction mixture thereby making the Suzuki coupling
suitable not only for laboratories but also for industrial processes [2].
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2. Mechanism of Suzuki-Miyaura reaction
• The mechanism of the Suzuki reaction is best viewed from the perspective of the
palladium catalyst.
• The first step is the oxidative addition of palladium to the halide 2 to form the
organo-palladium species 3. Oxidative addition proceeds with retention of
stereochemistry with vinyl halides, while giving inversion of stereochemistry with
allylic and benzylic halides. The oxidative addition initially forms the cis-palladium
complex, which rapidly isomerizes to the trans-complex. The oxidative addition of
organic halides to the Pd(0) complex to form the organopalladium halide (R–M–X)
is often the rate-determining step in the catalytic cycle.
• .

Figure 1. Catalytic cycle for cross-coupling of organic halides and organoboranes
in the presence of NaOH

Figure 2. Catalytic cycle for cross-coupling of organic halides and
organoboranes in the presence of NaOR
The displacement of halide ion from R–Pd–X to give the more reactive organopalladium
alkoxide (R–Pd–OR) or organopalladium hydroxide (R–Pd–OH) depending on the base used.

4

• Reaction with base gives intermediate 4, which via transmetalation
with the boron-ate complex 6 forms the organopalladium species 8.
Transmetalation (alt. spelling: transmetallation) is a general chemical
reaction type in organometallic chemistry describing the exchange of
ligands between two metal centers.
• Reductive elimination of the desired product 9 restores the original
palladium catalyst 1. Using deuterium-labelling, Ridgway et al. have
shown the reductive elimination proceeds with retention of
stereochemistry [3].

• Aryl and alkenyl bromides, iodides and triflates are often used as
substrates in the SM reaction. In order to extend the scope and utility
of the SM reaction to the inexpensive and readily available aryl
chlorides as viable starting materials for the synthesis of fine
chemicals and functional materials, a great deal of research activity
has been undertaken in recent times.
• The decreased reactivity of the aryl chlorides in the Pd-catalysed
reaction has been attributed to their reluctance towards oxidative
addition to Pd(0).
• Recently, several catalysts/ligands have been found to facilitate aryl
chlorides in the SM cross-coupling reaction [4].
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Figure 3. Partial list of Pd catalysts and/or ligands used for SM cross-coupling of
aryl chlorides [4].

The palladium-catalyzed cross-coupling reaction of (alkoxy)diboron derivatives
provides the first one-step procedure for arylboronic esters from aryl halides (Scheme
2). Potassium acetate is one of the best bases to achieve a selective cross-coupling, and
stronger bases such as potassium carbonate or phosphate give biaryl byproducts arising
from further coupling of the product with aryl halides. The treatment of the
phenylpalladium(II) bromide with KOAc gives a trans-PhPd(OAc)(PPh3)2 which
exhibits high reactivity toward (alkoxy)diboron derivatives selectively giving the
phenylboronate at room temperature (Scheme 2).
Scheme 2. Formation of
palladium(I1) acetate and its
transmetalation
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Thus, the transmetalation involving formation of trans-PhPd(OAc)(PPh3)2 and its
reaction with the diboron is proposed as a key step. The acetoxy anions do not act as a
base to coordinate with boron atom under the given reaction conditions. The catalytic
cycle is shown in the Figure 4 [5].

Figure 4. Cross-coupling with (a1koxy)diboron

3. Recent Developments on Suzuki-Miyaura reaction
3.1. Palladacycles as catalysts for Suzuki-Miyaura reaction

As with the Heck reaction, the initial studies on the use of palladacyclic catalysts in the
Suzuki coupling of aryl chlorides focussed on the use of the complex 1a.
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It was found that the somewhat more electron deficient phosphinite-based
palladacycle 1, while showing only very limited activity with deactivated substrates
(entries 2 and 3), can be used to good effect in the coupling of activated and
nonactivated aryl chlorides (e.g. entries 4 and 5).

Activity is not limited to phosphorus-based palladacycles; It was found that the
oxime-derived palladacycle 3 can be used to couple not only activated and
nonactivated aryl chlorides (e.g. entry 6), but that they can also be used with
deactivated substrates such as 4-chloroanisole (entry 7). Further, this catalyst can be
used to couple allylic and benzylic chlorides (entries 8 and 9). Related catalysts
display varying degrees of success in the Suzuki coupling of chloride substrates in
water under air.

8

3.2. Co-ordination compound of palladium as catalysts for Suzuki-Miyaura
reaction
Since phosporus ligands are often water- and air-sensitive, catalysis under phosphinefree conditions is a challenge of high importance, and a number of phosphine-free
ligands for the Suzuki-Miyaura reaction have been reported, some of which were
successfully applied to this reaction under aerobic conditions. In our lab [6] attempts to
evaluate phosphine-free systems in palladium catalysis, salicylaldehyde
thiosemicarbazones were chosen for this purpose. These multidentate ligands with five
potential coordination sites (three N, one O and one S atoms) offer certain advantages,
since it is known for transition-metal complexes, that an additional coordination site in
the ligand as a stabilizing group during the course of a metal-mediated reaction could
improve the catalytic efficiency of the complex [6].
Heterocyclic thiosemicarbazones (TSCs) have aroused considerable interest in chemistry and
biology due to their antibacterial, antimalarial, antineoplastic and antiviral activities and represent
an important series of compounds because of potentially beneficial, biological activity. TSCs
represent some of the most potent known inhibitors of ribonucleoside diphosphate
reductase.
The reductive conversion of ribonucleotides to their deoxyribonucleotide counterparts is a
particularly critical step in the synthesis of DNA. Evidence has also been presented that a
thiosemicarbazone cause lesions in DNA suggesting a second site of action.

The analogous complex 6 [Pd(HSal4NH2)Cl], in which, the terminal amino group of
the thiosemicarbazone is not substituted. Both complexes have been applied to the
Suzuki-Miyaura reaction of aryl bromides and chlorides with phenylboronic acid,
under aerobic conditions. The synthetic sequence for the preparation of complexes 5
and 6 was in accordance to that previously reported (Scheme 3). Salicylaldehyde
thiosemicarbazone (H2Sal4NH2) was prepared by treatment of salicylaldehyde with
thiosemicarbazide in ethanol. The synthesis of complex 6 was achieved by the
reaction of ligand

with Li2PdCl4, prepared in situ from PdCl2 and LiCl [6].
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Complexes 5 and 6, as a stock solution in DMF, were applied to the Suzuki-Miyaura
reaction of phenylboronic acid with some representative aryl bromides and chlorides at
100 ºC for 24 h, using Na2CO3 as base, without addition of free ligand or any promoting
additive (Scheme 4, Table 2).
Pd Complex 1 or 2
R

X + (HO)2B

R

5

6

Na2CO3, DMF/H2O
100°C, 24 h
Air
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All reactions were performed in air. Addition of small amount of water (close to one equivalent
with respect to the substrates) to the reaction mixture enhances the activity of the catalyst
(compare conversions in entries 3 and 4), and for that reason, catalysis was performed in the
presence of water. It is worth noting that the catalysts seem air stable at 100 ºC, and no palladium
black was observed. It is also important to mention that during the presented experiments, homo
coupling of phenylboronic acid to unsubstituted biphenyl was negligible. The reaction was first
performed using a 1:1000 catalyst:aryl halide molar ratio. As expected, the catalytic activity
depended on the halide, while electron-withdrawing groups on the aryl ring increased the reaction
rate. For the deactivated 4-bromoanisole and the non-activated bromobenzene, the reaction
proceeded with conversions ranging from 40 to 71%. For the activated 1-bromo-4-nitrobenzene
and 4-bromobenzonitrile the conversions were usually about 80% or higher. For these substrates,
the reaction was also performed with 1:100000 catalyst:aryl halide molar ratio, leading to TONs
of up to 49000, but however, with lower conversions.

Table 2. Suzuki-Miyaura cross-coupling of aryl halides with phenylboronic acid
catalyzed by palladium complex 5 or 6, in air

Reaction conditions: ArX (1.0 mmol), PhB(OH)2 (1.5 mmol), Na2CO3 (2.0 mmol), H2O (1.7
mmol), Pd complex in DMF (1mM or 0.01 mM, 1 mL), 100 °C, 24 h.
aConversion to coupled product, based on aryl halide (decane as internal standard).
bH2O was not added.
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The use of aryl chlorides as substrates remains the goal in cross-coupling reactions
due to their inexpensive costs and convenient availability, but unfortunately, the
oxidative addition is difficult due to the comparatively high C–Cl bond strength. In
spite of that difficulty, complexes 5 and 6 were applied to the cross-coupling of
phenylboronic acid with chlorobenzene and 1-chloro-4-nitrobenzene, in air, under
the above-mentioned conditions, yielding the corresponding biaryls with TONs of
up to 370.
In conclusion, we have shown that easily accessible palladium complexes with
salicylaldehyde thiosemicarbazone ligands can serve as efficient catalysts for the
Suzuki-Miyaura cross-coupling of aryl bromides and chlorides with phenylboronic
acid under mild reaction conditions. Although the activity is not as high as some
other palladium systems, these phosphine-free catalysts offer the advantage of the
successful coupling of aryl halides and the synthesis of biaryls under aerobic
conditions. This first study of the application of thiosemicarbazones to the SuzukiMiyaura reaction provides promising results [6].

Microwave-promoted Suzuki–Miyaura cross-coupling of aryl halides with
phenylboronic acid under aerobic conditions catalyzed by a new palladium complex
with a thiosemicarbazone ligand

The synthesis of the palladium complex 5 . Salicylaldehyde N(4 hexamethyleneiminyl
thiosemicarbazone (H2Sal4hexim) 4 was prepared by the reaction of salicylaldehyde 1 with
N(4)-methyl-N(4)- phenylthiosemicarbazide 2 and hexamethyleneimine 3. Synthesis of the
complex [Pd(HSal4hexim)2] 5 was achieved by reacting K2PdCl4 with 2 equiv of the ligand 4
in H2O/MeOH and in the pH range of 9.0–9.5. The microanalytical data were consistent with
the formula C28H36N6O2PdS2 and the structure [Pd(HSal4hexim)2]. This formula is indicated
also by the ESI MS spectrum of 5 (M = 659).
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Initial catalytic studies with the complex 5 were performed on the Suzuki–Miyaura
coupling of bromobenzene with phenylboronic acid with conventional, in air. The
coupling was achieved at 100 C for 24 h by a 1:1000 catalyst/bromobenzene molar
ratio, using a variety of bases (Na2CO3, K2CO3, KOtBu) and solvents (toluene,
DMSO, acetone, dioxane) in the presence or absence of water. Although, no palladium
black was observed, unfortunately, all attempts led to very discouraging results, as the
work-up procedure gave the starting materials and no coupling product.
These results are in contrast with our catalytic studies under aerobic conditions by using
other palladium complexes with thiosemicarbazone ligands.6 An explanation may lie in
the structure of 5: the metal is bonded to two thiosemicarbazone moieties by the
presence of four intramolecular bonds (N(2)–H O, C(1)–H S), and perhaps, this results
in an inhibition of the addition of the aryl halide to the metal during the catalytic cycle.
The reaction was then performed with microwave irradiation by mixing
bromobenzene, a stock solution of complex 5 (Pd/PhBr ratio of 1:1000) in DMF,
phenylboronic acid and Na2CO3 as base (Scheme 2, Table 1).15 All reactions were
performed without exclusion of air.
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Addition of a small amount of water (close to 1 equiv with respect to the substrates) to
the reaction mixture enhanced the activity of the catalyst (compare yields in entries 1–
2 and 4–5), and for that reason, most experiments were performed in the presence of
water. The coupling proceeded in a good yield (74%) at 100 C within 60 min (entry
1). For the activated 1-bromo-4-nitrobenzene, the coupling was performed at 100 C
with a 1:100,000 catalyst:aryl halide molar ratio, leading to a TON of 37,000, while no
unsubstituted biphenyl was detected in GC and GC– MS analysis of the reaction
mixture, indicating the absence of homo coupling of phenylboronic acid (entry 7). The
corresponding aryl chloride led to a TON of 25,000 at 155 C (entry 8). Addition of a
small amount of water (close to 1 equiv with respect to the substrates) to the reaction
mixture enhanced the activity of the catalyst (compare yields in entries 1–2 and 4–5),
and for that reason, most experiments were performed in the presence of water.
The coupling proceeded in a good yield (74%) at 100 C within 60 min (entry 1). For
the activated 1-bromo-4-nitrobenzene, the coupling was performed at 100 C with a
1:100,000 catalyst:aryl halide molar ratio, leading to a TON of 37,000, while no
unsubstituted biphenyl was detected in GC and GC– MS analysis of the reaction
mixture, indicating the absence of homo coupling of phenylboronic acid (entry 7). The
corresponding aryl chloride led to a TON of 25,000 at 155 C (entry 8).

These results lead us to propose that specific microwave
effects rather than thermal effects are responsible for the
acceleration of this reaction.
The microwave-promoted cross-coupling reaction by
palladium complexes with thiosemicarbazones provides a
convenient approach compared to existing methods that
require an inert atmosphere due to the air-sensitive nature of
other catalysts.
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3.3 Palladium nanoparticles as catalysts for Suzuki-Miyaura reaction
A palladium-nanoparticle-cored G-3 dendrimer, characterized by TEM, TGA,
absorption, and IR spectroscopies, has approximately 300 Pd atoms in the metallic core
and an average diameter of 2.0 nm, to which are attached fourteen G-3 dendrons.
Nearly 90% of the metal nanoparticle surface is unpassivated and available for
catalysis. The dendrons inhibit metal agglomeration without adversely affecting
chemical reactivity. Thus, investigations have shown that Pd-G-3 can efficiently
catalyze Heck and Suzuki reactions [7].

Scheme 5. Synthesis of Pd-G-3, in Which Seven of the Fourteen G-3 Wedges Are
Shown (see text)

Pd-G-3 was prepared by the Brust reaction
(Scheme 5). K2PdCl4 was phase transferred
into toluene using tetraoctylammonium
bromide (TOAB). Fre´chet-type dendritic
polyaryl ether disulfide3 of generation 3 (G3S) was then added. The mixture was cooled
in ice (0-2 °C) and excess of NaBH4 was
added. The Pd-G-3 thus obtained was a black
powder, freely soluble in methylene chloride,
chloroform, toluene and THF, but insoluble
in ether and alcohol. Pd-G-3 was stable for
several months both as a powder and as a
dilute solution in CH2Cl2. FT-IR and TGA
experiments
showed
that
Pd-G-3
incorporated some amount of TOAB and this
could not be removed by the standard
purification procedure. Figure 5 shows a
high-resolution TEM image of Pd-G-3 and
the corresponding core-size histogram. It can
be seen from Figure 1 that the particles
exhibit a relatively wide size distribution (1-5
nm). The mean core diameter obtained from

Figure 5. TEM image and core-size
histogram of Pd-G-3.
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Scheme 6. Suzuki Reactions with Pd-G-3 Used as a Heterogeneous Catalyst (yields are
unoptimized)
It was used Pd-G-3 as catalyst in the Suzuki reaction, Since Pd-G-3 is not soluble in ethanol, PdG-3 acts as a heterogeneous catalyst in these reactions. The products were isolated by decanting
the reaction mixture into water and extracting with hexane. GC-MS of hexane extract showed
only products and staring materials. The yields shown are not optimized but the TON and TOF
are very high. These schemes show that coupling reactions with Pd-G-3 can be performed under
homogeneous or heterogeneous conditions. In both instances, separation of the reactants and
products from the catalyst is easy, and the Pd-G-3 recovered from the reactions was freely
soluble in CH2Cl2, indicating that the Pd core had not agglomerated under the reaction
conditions. The TON and TOF reported here are among the highest reported for stabilized Pd
nanoparticles [7].

Thiosemicarbazone-derivatised palladium nanoparticles as efficient catalyst for
the Suzuki-Miyaura cross-coupling of aryl bromides with phenylboronic acid [8]

Scheme 1. Preparation of Pd nanoparticles.
.

Figure 1. X-ray diffraction patterns of Pd(0) nanoparticles.
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SEM images of the of the Pd(0) nanoparticles at (a) low and (b) high magnification

Suzuki-Miyaura cross-coupling of aryl bromides with phenylboronic acid.

Suzuki-Miyaura cross-coupling of aryl bromides with phenylboronic acid catalyzed by palladium nanoparticles.

T (ºC)

Conversion (%)a

Entry

R

Amount of catalyst
(wt% wrt bromide)

1

OMe

1.0

25

14

2

OMe

1.0

100

60

3

OMe

0.1

100

21

4

H

1.0

25

36

5b

H

1.0

25

6

H

1.0

100

71c; 45d; 26e;
17f

7

H

0.1

100

54

8

CN

1.0

25

99

9

CN

0.1

25

47

10

CN

0.1

100

100

11

NO2

1.0

25

100

12

NO2

0.1

25

51

13

NO2

0.1

100

100

29

Reaction conditions: molar ratio ArBr : PhB(OH)2 : K2CO3 : H2O = 1.0 : 1.5 : 2.0 : 1.5; 2 mL DMF
per 1 mmol ArBr; 24 h.aConversion to coupled product R-C6H4-Ph, based on aryl bromide (GC).

16

Palladium nanoparticles were applied to the Suzuki-Miyaura reaction of phenylboronic acid with some
representative aryl bromides (from electron-rich to electron-poor) in DMF for 24 h, using K2CO3 as base.
Since the addition of water usually enhances the activity of the catalyst, catalysis was performed in the
presence of a small amount of water (close to one equivalent with respect to the substrates). Catalysis was
performed at room temperature or 100 ºC using 1.0 or 0.1% w/w catalyst:bromide ratio. It is worth noting
that GC and GC–GCMS analyses of the reaction mixtures showed the formation of only cross-coupling
rather than homo-coupling products. As expected, electron-withdrawing groups on the aryl ring increased the
reaction rate. At 100 ºC using 1.0% w/w catalyst:bromide ratio, the yield ranged from 60% for the
deactivated 4-bromoanisole (entry 2) to 71% for the non-activated bromobenzene (entry 6). At the
temperature of 100 ºC, the conversion of the activated 4-bromobenzonitrile and 1-bromo-4-nitrobenzene to
the corresponding biaryls was quantitative even with 0.1% w/w catalyst:bromide ratio (entries 10, 13).
The feasibility of recycling and reusing the catalyst was also examined for the cross-coupling of
bromobenzene for four cycles (entry 6). After each cycle, toluene (5 mL) was added to the reaction mixture,
together with ethanol (2 mL) to precipitate the catalyst, which was recovered by filtration, and after dryness
under vacuum at 100 ºC, was used for the next cycle of the reaction. Unfortunately, the catalyst exhibited a
loss in activity, and perhaps this is due to the small-scale process and the practical difficulties to recover the
total amount of the catalyst by filtration. When the filtrate solution resulted from the coupling of
bromobenzene was used after dryness for the reaction of the activated 4-bromobenzonitrile with
phenylboronic acid at 100 ºC for 24 h, only a very small catalytic activity was detected, indicating that
palladium leaching out of the composite into the reaction solution was not significant.
Since the synthesis of biaryls performed at ambient temperature is an important goal in cross-coupling
reactions, it is worth noting that the presented catalyst is active even at room temperature with conversions
14, 36, 99 and 100% for the 4-bromoanisole (entry 1), bromobenzene (entry 4), 4-bromobenzonitrile (entry 8)
and 1-bromo-4-nitrobenzene (entry 11), respectively, using 1.0% w/w catalyst:bromide ratio. Under the same
reaction conditions, the most commonly employed homogeneous catalyst Pd(PPh3)4 provided 29%
conversion of bromobenzene to biphenyl (entry 5).

Thiosemicarbazone-derivatised palladium nanoparticles were prepared
and used as catalyst for the Suzuki-Miyaura cross-coupling of aryl
bromides (deficient and efficient) with phenylboronic acid. Although
the large size of the metal nanoparticles (average crystallite size 16.2
nm), catalysis led to satisfactory results even when the reaction was
performed at room temperature, indicating the constructive role of the
thiosemicarbazone-derivatisation. Palladium leaching out of the
composite into the reaction solution was not significant. The catalytic
system could be recovered and reused for at least four runs with a
decrease in product yields, perhaps due to practical difficulties to
recover the total amount of the catalyst in the small-scale process. The
development of analogous thiosemicarbazone-derivatised metal
nanoparticles for other metal-catalyzed reactions is currently in
progress

.
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3.4. A High-Throughput Experimentation (THE) approach for optimization of
Suzuki-Miyaura reaction
In view of the large number of parameters affecting the Suzuki reaction, it was
envisioned that an High-Throughput Experimentation (THE) approach would be an
efficient way to approach optimisation [3]. It was screened (using the ASW 2000)
several different solvents, palladium sources, bases, additives, and reaction
conditions, for a wide range of aryl bromides and arylboronic acids. Preliminary
experiments coupling 4-bromoacetophenone with phenylboronic acid using Pd(OAc)2
(0.05 mol %) and K2CO3 in NMP revealed that this ligand-free approach is
promising, but these unoptimised conditions caused precipitation of the palladium
before full conversion was reached. An HTE screening of several different solvents
and solvent combinations showed that NMP/water (19:1), toluene, and iPrOH/H2O
(19:1), are especially suitable media for the studied coupling (Figure 6).

Figure 6. Solvent effects in Suzuki couplings of 4-bromoacetophenone and phenylboronic acid
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Figure 7. Scope of aryl bromides used in
‘‘homeopathic’’ palladium-catalysed Suzuki
reactions with PhB(OH)2

Figure 8. ‘‘Homeopathic’’ palladium
catalyses
Suzuki
couplings
of
4bromoacetophenone
with
organoboron
reagents in two different media [1 mmol
scale, 0.05 mol % Pd(OAc)2, K2CO3, 90
oC]

It is interesting to note that next to protic media, well known from earlier studies, toluene is also a
highly effective solvent. In toluene/water (9:1), however, the conversion of the aryl bromide is
remarkably low. Apparently the balance between highly active ligand-free palladium and lessactive palladium clusters is a delicate one. However, with these unoptimised conditions
[Pd(OAc)2 (0.05 mol %), K2CO3, toluene] a wide range of aryl bromides can be coupled with
phenylboronic acid. Activated aryl bromides gave smooth conversions and high yields, and yields
between 26 and 60% were obtained with nonactivated and deactivated aryl bromides (Figure 7).
Several different bases, such as K2CO3, DBU, K3PO4, KF, NaOAc, and NaOH, were tested in
the Suzuki reaction of PhB(OH)2 and 4-bromoacetophenone in two different media: toluene and
NMP/water (19:1). K3PO4 and KF were less efficient than K2CO3 and DBU gave poor results in
both toluene and NMP/water. In toluene, NaOAc·3H2O and NaOH gave very poor results, but
when NMP/water was the solvent, the latter two both resulted in complete conversion of the aryl
bromide. Next, we performed an HTE screening study of different organoboron reagents in the
coupling with 4-bromoacetophenone using the ligand-free homeopathic palladium loading in two
different media. As is shown in Figure 8, several functional groups are tolerated in the
organoboron reagent. In most cases, the couplings in NMP/water (19:1) are higher yielding than
those in toluene. Pinacol esters of functionalised boronic acids were difficult to couple. It is
unclear if this low reactivity is due to the ester functionality or the functionality (amine, phenol or
acid group) in the organoboron reagent. In an ASW 2000 run, several Pd catalysts were tested for
the coupling of 4-bromoacetophenone with phenylboronic acid and 2-indenylboronic acid,
respectively, in toluene and in NMP/water.
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During this test, the catalysts were 0.01 mol % PdCl2, PdI2 and Pd(CF3CO2)2, which
were added as suspensions in toluene.The results are summarised in Table 3.

From these results it can be concluded that the Pd source is not very important for reactions
carried out in NMP/water, but when toluene is the solvent, the results differ significantly. This
observation might be due to the solubility of the catalyst. To verify the effectiveness of the
ligand-free homeopathic palladium loading in Suzuki couplings, we performed some selected
examples (including workup and product isolation) on a laboratory scale (10 mmol). Isolated
yields of between 76 and 95% were obtained. Using this HTE approach, it was developed a
widely applicable and very cost-effective catalyst for Heck and Suzuki couplings of aryl
bromides in a very short period of time [3].

Conclusions
A general aim of transition metal-catalysed organic synthesis is carbon–carbon (C–C) bond
formation. In this respect, the Pd-catalysed Suzuki–Miyaura (SM) coupling reaction is one of the
most efficient methods for the construction of C–C bonds. Although several other methods (e.g
Kharash coupling, Negishi coupling, Stille coupling, Himaya coupling, Liebeskind–Srogl coupling
and Kumuda coupling) are available for this purpose, the SM crosscoupling reaction which
produces biaryls has proven to be the most popular in recent times. The preference for the SM
cross-coupling reaction above the other Pd-catalysed crosscoupling reactions is not incidental. The
key advantages of the SM coupling are the mild reaction conditions and the commercial
availability of the diverse boronic acids that are environmentally safer than the other
organometallic reagents. In addition, the handling and removal of boron-containing byproducts is
easy when compared to other organometallic reagents, especially in a large-scale synthesis. The
cross-coupling reactions based on Grignard reagents have several drawbacks. These include ability
of the Grignard reagents to attack the reactive functional groups present in the starting materials
whereas the SM cross-coupling process tolerates a variety of functional groups in the starting
partners. Although the disadvantages posed by Grignard reagents can be minimised by using tin
compounds, the toxicity and the difficulties associated with the purification of certain tin
compounds makes them a less attractive choice. The usage of other accessible methods is
restrained, as the availability of the corresponding organometallic reagents is somewhat limited
Since biaryls and their homologues are found in several molecular frameworks (e.g. drugs
polymers, liquid crystalline materials and ligands for organometallic chemistry) there is a timely
need for their development.
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The SM reaction has gained prominence in the last few years because the conditions developed
for the cross-coupling reaction have many desirable features for large-scale synthesis and are
amenable to the industrial synthesis of pharmaceuticals and fine chemicals. Several biaryls
were prepared via the SM coupling reaction for structure/activity relationship (SAR) studies.
Out of 24 potential agonists modelled by Eli Lilly, for example, nine compounds were
synthesised by the SM coupling reaction and four derivatives had activity, at micromolar
concentrations
[4].
It is clear that the SM cross-coupling reaction is more user-friendly than other coupling
reactions and is widely employed in the synthesis of various natural and non-natural products.
This methodology has found extensive use in the preparation of several drug-like molecules.
Many problems associated with the SM cross-coupling reaction have been addressed here.
Various advances to overcome the problems associated with less reactive electrophiles such as
aryl chlorides are discussed. There are some uncertainties, however, with regard to the selection
of ligand, catalyst, solvent, base, additives, etc. An important aspect which require further
attention is the lack of suitable methods for the preparation of boronic acids without the
involvement of lithium reagents. Recently, some catalytic methods have been found to be
useful to address this issue, thereby avoiding the sensitive lithiation reactions. Additional
advances are likely to appear in the near future. Limited examples are available regarding the
asymmetric SM cross-coupling reaction and it is hoped that more advances may come in the
near future [4].

For these reasons, there are many advantages to the use of homogeneous catalysis in
fine chemical production, which may be summarised as follows:
_ Reduction of waste
_ High selectivity
_ Production of a desired single enantiomer through asymmetric catalysis
_ Shortcuts in lengthy total syntheses
_ C_C bond formation under mild conditions obviating the use of protective groups
In view of all these advantages, it seems surprising that the percentage of fine
chemical production processes making use of homogeneous catalysis is still below
10%.[5] There are a number of reasons for this. Economics is often a decisive factor
when there is a choice of production methods.[6] Obviously, many transition metals
are very expensive and the same holds true for ligands that have to be prepared by
lengthy total syntheses. A key success factor, therefore, is the rate of the reaction,
usually expressed as its turnover frequency (TOF _ moles of product/moles of cataly
_ hour). Of equal importance is the stability of the catalyst, expressed as its turnover
number (TON _ moles of product/moles of catalyst). A second factor is the scalabilit
and robustness of the process. Many transition metal-catalysed reactions may work
well on a laboratory scale, but, on scaling up, substrate and product inhibition may be
an issue and sensitivity to impurities may become apparent [3].
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It is apparent that care is needed in selecting the right palladium source. While
palladium acetate or palladium dibenzylideneacetone complexes remain the most
commonly used precursors, they do not always give optimum performance.
Palladacyclic precursors, for instance, can often give much higher activity when used
in combination with the same ligands. This is particularly true for
tricyclohexylphosphine whose utility in a given reaction can be highly susceptible to
palladium source. Further, as these reactions are taken up in large scale syntheses then
issues of catalyst loading, stability and longevity will become increasingly important.
To this end, it is likely that the future design of many catalyst systems will focus on
the stabilisation of the catalyst resting state in order to increase longevity by retarding
the rate of precipitation of bulk palladium. Another area that is likely to evoke a lot of
interest in future research is the issue of ‘tuneable’ catalyst selectivity. Fu has already
demonstrated that aryl chlorides can be activated in preference to aryl triflates while
Buchwald has shown that different NH functions in the same molecule can be
arylated with different catalyst systems. In conclusion while the activation of aryl
chlorides is now viable, there are still plenty of interesting problems and taxing issues
to be tackled in the use of this class of substrates in coupling chemistry [1].
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High-throughput equipment: left: Chemspeed’s ASW 2000; right: Argonaut’s
Endeavor for high-pressure reactions
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