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Preface to “Suzuki–Miyaura Cross-Coupling Reaction 
and Potential Applications” 

Suzuki–Miyaura cross-coupling remains a powerful tool in organic synthesis for C–C bond 
formation and has various industrial applications, for example, the synthesis of pharmaceuticals and 
materials. Intensive research efforts are being made into finding ways of improving and expanding the 
scope of this process, and the development of more efficient catalytic systems for this extremely important 
reaction is still a hot research topic of enormous academic and industrial interest.  

This Special Issue, consisting of four reviews, two communications and six articles, focuses on 
recent promising research and novel trends in the broad field of Suzuki–Miyaura cross-coupling 
employing a range of different palladium catalysts. Homogeneous or heterogeneous catalysis in organic 
or aqueous medium, using conventional conditions or non-conventional techniques such as microwave 
and ultrasound irradiation, grinding and photo-activated processes as green chemistry approaches, as 
well as continuous flow technology are included. The catalysts described herein are unsupported metal 
complexes, catalysts immobilized on solid supports, ligand-free catalytic systems or metal nanoparticles. 
Studies on catalyst recycling, coupling of non-activated substrates, mechanistic insights, as well as 
potential applications for the synthesis of fine chemicals and intermediates used in the manufacture of 
bioactive compounds and materials are also of great interest. 

The Catalysts editorial team would like to thank the Editor-in-Chief, Professor Keith Hohn, for 
arranging this Special Issue. Professor Hohn has also expressed his gratitude to the Senior Assistant 
Editors, Jiuyu Guo and Shelly Liu, and the Editorial Office staff of the journal for their assistance and 
understanding during this issue’s preparation. Special thanks are, of course, also due to all the 
contributing authors and to the reviewers for their assessments and recommendations concerning the 
submitted manuscripts. The authors are also to be thanked for their cooperation with the subsequent 
revisions and I believe that these efforts are reflected in the high quality of the work presented in this 
Special Issue. 

Ioannis D. Kostas 
Special Issue Editor 





catalysts

Review

Palladium-Catalyzed Suzuki–Miyaura
Cross-Coupling in Continuous Flow

Christophe Len 1,*, Sophie Bruniaux 1, Frederic Delbecq 2 and Virinder S. Parmar 3

1 Centre de Recherche Royallieu, Université de Technologie de Compiègne (UTC), Sorbonne Universités,
CS 60319, F-60203 Compiègne CEDEX, France; sophie.bruniaux@utc.fr

2 Ecole Supérieure de Chimie Organique et Minérale (ESCOM), 1 rue du Réseau Jean-Marie Buckmaster,
F-60200 Compiègne, France; f.delbecq@escom.fr

3 Institute of Advanced Sciences, 86-410 Faunce Corner Mall Road, Dartmouth, MA 02747, USA;
virparmar@gmail.com

* Correspondence: christophe.len@utc.fr; Tel.: +33-344-234-323

Academic Editor: Ioannis D. Kostas
Received: 15 March 2017; Accepted: 25 April 2017; Published: 9 May 2017

Abstract: Carbon–carbon cross-coupling reactions are among the most important processes in organic
chemistry and Suzuki–Miyaura reactions are the most widely used protocols. For a decade, green
chemistry and particularly catalysis and continuous flow, have shown immense potential in achieving
the goals of “greener synthesis”. To date, it seems difficult to conceive the chemistry of the 21st century
without the industrialization of continuous flow process in the area of pharmaceuticals, drugs,
agrochemicals, polymers, etc. A large variety of palladium Suzuki–Miyaura cross-coupling reactions
have been developed using a continuous flow sequence for preparing the desired biaryl derivatives.
Our objective is to focus this review on the continuous flow Suzuki–Miyaura cross-coupling using
homogeneous and heterogeneous catalysts.

Keywords: palladium; continuous flow; Suzuki–Miyaura; cross-coupling

1. Introduction

Among the main reactions in organic chemistry, C–C bond formation via a cross-coupling
reaction catalyzed by transition metals is undoubtedly the most important and has been exploited
very widely in the recent years. Palladium, the most widely used metal, enables the synthesis of
complex and functionalized organic molecules and its chemistry possesses different interesting facets
such as heterogeneous and homogeneous catalysis under mild experimental conditions compatible
with many functional groups [1–5]. Several palladium catalyzed cross-coupling reactions such as
Heck [6–11], Suzuki [12–16], Sonogashira [17–21], Stille [22–25], Hiyama [26], Negishi [27], Kumada [28],
Murahashi [29] and Buchwald–Hartwig [30,31] have been developed over the years.

Due to current impetus in promoting green chemistry for sustainable development, both for
academic and industrial research, chemists have recently established catalytic reactions based on
renewable resources, atom economy, less hazardous chemical steps, safer (least toxic) solvents, auxiliaries
and alternative technologies such as continuous flow, microwave irradiation, ultrasound irradiation, etc.
In the context of green chemistry, catalysis and alternative media, different cross-coupling reactions such
as Suzuki–Miyaura in batch reactors have been developed in aqueous media or in water as sole green
safer solvent via conventional heating or microwave irradiation [32–43]. Continuous flow chemistry as
alternative technology offers significant processing advantages including improved thermal management,
mixing control, application to a wider range of reaction conditions, scalability, energy efficiency,
waste reduction, safety, use of heterogeneous catalysis, multistep synthesis and much more [44–49].
Two different reactors, micro and meso (or flow) reactors, exist and the devices depend on the channel

Catalysts 2017, 7, 146 1 www.mdpi.com/journal/catalysts
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dimensions, from 10 to 300 μm for the micro reactor (also called milli or mini) and from 300 μm to more
than 5 mm for the meso reactor. Several advantages and disadvantages are associated with the micro and
meso reactors. The main advantages for the micro reactor are the low material input, low waste output,
excellent mass transfer properties, fast diffusive mixing and the disadvantages are the low throughput,
tendency to channel blockage and high pressure drop. In the case of solid handling due to confined
conditions and increasing of the concentration to have a better productivity, the use of continuous
sonication could prevent clogging [50]. For the meso reactor, the advantages are the high throughput,
low pressure drop and possibility to handle solids for heterogeneous catalysis. Few disadvantages for
meso reactors are poor mass transfer property, slower mixing, etc. Different studies have described the
theory and practicalities of scaled-out micro and meso reactors but no practical examples of large-scale
production have been described. Palladium-catalyzed cross-coupling reactions in continuous flow
reactors have been reported in the literature at temperatures higher than 60 ◦C [51–63], while only few
studies have described micro and meso reactors for the C–C bond formation at temperature lower
than 60 ◦C. In parallel with the synthesis of low molecular weight compounds, this technique has been
applied by academic and industrial groups for the production of polymers [64–67]. For the sake of
clarity, this review describes continuous flow selective palladium-catalyzed cross-coupling reactions
having a good energy efficiency at temperatures ranging between 0 ◦C and 80 ◦C.

2. Accepted Mechanism of Suzuki Cross-Coupling

The Suzuki–Miyaura cross-coupling reaction [12–16] is one of the most versatile and frequently
employed method for C–C bond formation. It consists of the coupling of organoboron compounds
(organoborane, organoboronic acid, organoboronate ester and potassium trifluoroborate) with aryl,
alkenyl and alkynyl halides. Nowadays, a large variety of boronic acids are commercially available.
The general Suzuki–Miyaura catalytic cycle occurs through oxidative addition, transmetallation and
reductive elimination [13–15,68–70]. After formation of the catalytic species Pd(0), generated in situ
starting from palladium Pd(II) or directly from Pd(0) derivatives, oxidative addition of the aryl halide
ArX furnishes the palladium complex (ArPdXLn). The transmetallation step occurs by conversion of
the palladium halide (ArPdXLn) in the presence of the base RO− to a nucleophilic palladium alkoxy
complex (ArPdORLn). This complex subsequently reacts with a neutral organoboron compound
Ar’B(OH)2 to afford the diaryl complex (ArPdAr’Ln) in a cis–trans equilibrium. Then, reductive
elimination of the cis form gives the biaryl derivative Ar–Ar’ and Pd(0) (Scheme 1) [15].

 

Scheme 1. Mechanism of the homogeneous Suzuki–Miyaura reaction.

2



Catalysts 2017, 7, 146

Using supported palladium catalysts, Suzuki–Miyaura cross-coupling reaction is a heterogeneous
catalysis [71]. During the reaction, the palladium Pd(II) could be release from the surface of the solid
support and this leaching palladium could be responsible for the catalysis as a (quasi)homogeneous
mechanism (Scheme 2) [72–83].

 

Scheme 2. Mechanism of the heterogeneous Suzuki–Miyaura reaction.

3. Homogeneous Suzuki–Miyaura Cross-Coupling Reaction in Continuous Flow

Buchwald reported an efficient synthesis of biaryls from aryl halide substrates using a successive
lithiation/borylation/Suzuki–Miyaura cross-coupling sequence in three successive mesoreactors [84].
Starting from aryl bromide, the bromine-lithium exchange afforded the corresponding aryllithium
which reacted with borate to form the boronate agent. Conventional Suzuki–Miyaura cross-coupling
reaction using homogeneous second-generation palladium let precatalyst a furnished the target biaryl
derivatives (Scheme 3). One of the main drawbacks of this nice concept was the formation of solids
such as lithium triisopropylarylborate during the process; optimization of the nature of the solvent
(THF and H2O), the concentration of reagents and the use of acoustic irradiation have been reported to
avoid the formation of such solids.

 

Scheme 3. Lithiation/borylation/Suzuki–Miyaura cross-coupling sequence for the synthesis of
biaryl derivatives.
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In this report, the development of different reactors made with a perfluoroalkoxyalkane (PFA)
tube having the inner diameter of 1 mm has been described [84]. A solution of arylbromide in THF
and a solution of n-butyllithium in hexane (1.6 M or 2.5 M) were injected simultaneously, then mixed
at a T-shaped mixer and delivered to the first reactor (reactor 1) at room temperature with a flow rate
of 50–78 μL min−1 and a varying residence time (2–120 s). A solution of diluted B(OiPr)3 in THF was
injected with a flow rate of 1 μL min−1 and mixed with the exiting stream of aryllithium derivative at a
T-shape mixer. The mixed stream was introduced to the second reactor (reactor 2) at 60 ◦C under acoustic
irradiation with a residence time of 1 min. Then, a solution of aqueous KOH (0.87 M) and a solution of
aryl halide (1.00 M) and XPhos precatalyst (a, 1 mol %) in THF were successively injected into the exiting
stream with a flow rate of 100 μL min−1 and 21–40 μL min−1, respectively. The combined mixture was
introduced to the third reactor (reactor 3) at 60 ◦C under acoustic irradiation with a residence time
of 10 min (Scheme 4). Ultrasound chemistry was used for reactors 2 and 3 to avoid reactor clogging
and ensure a good mixing of reagents during the formation of the borate and the Suzuki–Miyaura
cross-coupling reaction.

 

Scheme 4. Lithiation/borylation/Suzuki–Miyaura cross-coupling sequence for the synthesis of biaryl
derivatives in a microflow system.

Application of the above methodology was realized with a range of various aryl halides (Figure 1),
the limiting step of the process being the lithiation of aryl halides. In their hands, Buchwald described
that the aryl bromide could be lithiated at room temperature. Whatever the nature of the starting aryl
bromide having different electronic and steric demands in para, meta and ortho positions, the aryllithium
and then the corresponding lithium arylborate were obtained in good yields. For the third step, the
Suzuki–Miyaura cross-coupling reaction with aryl bromide or chloride with both electron-withdrawing
and electron-donating substituents, afforded the target compounds in good yields. It was noteworthy
that non-canonic heteroatomic halides such as quinoline, isoquinoline, pyrimidine and benzothiophene
were good reagents for the continuous flow reaction.

It is noteworthy that five-membered 2-heteroaromatic boronic acids are unstable at room
temperature and consequently give low yields in the Suzuki–Miyaura cross-coupling reaction [85–90].
Consequently, Buchwald turned attention to the lithiation/borylation/Suzuki–Miyaura cross-coupling
of heteroarenes such as thiophene and furan derivatives; starting from furanic derivatives, selective
deprotonation of the hydrogen atom in position 2 at room temperature afforded the corresponding
lithium analog which reacted with borate to form the boronate agent. Then, conventional homogeneous
Suzuki–Miyaura cross-coupling reaction furnished the target biaryl derivatives. After optimization
of the first continuous flow process (Scheme 4), the borylation was made at room temperature with
a reduced time (6 s vs. 60 s) and acoustic irradiation was not needed for this step in reactor 2
(Scheme 5) [84].
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Figure 1. Substrate scope of continuous flow lithiation/borylation/Suzuki–Miyaura cross-coupling
sequence starting from aryl bromides.

 

Scheme 5. Lithiation/borylation/Suzuki–Miyaura cross-coupling sequence of heteroarenes with aryl
halides in a flow system.

Application of the method was realized to show the scope of the reaction [84]. Starting from
thiophene, 2-alkylthiophene and 2-alkylfuran, borylation in two steps was efficient: the coupling with
different substituted aryls and heteroaromatic halides afforded the target compounds in good yields
(Scheme 6). This novel process allows the use of low-cost heteroarenes instead of more expensive and
unstable 2-heteroaromatic boronic acids and 2-heteroaromatic bromides.

In order to illustrate the synthetic potential of this methodology, Diflunisal [91,92] was obtained
in a multi-step sequence [84]. Starting from 4-bromoanisole, the lithiation/borylation followed by
Suzuki–Miyaura cross-coupling with 1-bromo-2, 4-difluorobenzene permitted the synthesis of the key
intermediate in the production of Diflunisal (Scheme 7).
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Scheme 6. Substrate scope of continuous flow lithiation/borylation/Suzuki–Miyaura cross-coupling
sequence starting from furan derivatives: [a] 0.44 M NaF aqueous solution was used instead of KOH;
and [b] 0.87 M KF aqueous solution was used instead of KOH.

 

Scheme 7. Total synthesis of Diflunisal via lithiation/borylation/Suzuki–Miyaura cross-coupling in
a microflow system.

In order to develop an automated, droplet-flow microfluidic system applied to Suzuki–Miyaura
cross-coupling reaction, Buchwald and Jensen reported a systematic methodology including key
mechanistic insights [93].

A three-step flow diazotization, iododediazotization and Suzuki–Miyaura cross coupling reaction
has been reported by Organ starting from aniline derivatives [94]. Starting from the arylamine,
the diazotation followed by the introduction of iodide atom furnished the iodobenzene derivatives.
Then conventional Suzuki–Miyaura cross coupling afforded the biphenyl derivatives (Scheme 8).

 

Scheme 8. Diazotization/iododediazotization/Suzuki–Miyaura cross coupling sequence for the
synthesis of biaryl derivatives.
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Three reactors were made with PFA capillary tubing with an inner diameter of 1.52 mm and
different volumes. The residence time in reactors was adjusting the length of the reactor tubing.
A solution of aniline derivative in CH3CN and a solution of tBuONO in CH3CN were injected
simultaneously, followed by mixing with a T-mixer and injection of a solution of methanesulfonic
acid in CH3CN. The three solutions were used with a flow rate of 22 μL min−1. The mixed stream was
introduced to the first reactor at room temperature with a residence time of 2.7 min. Then, a solution of
nBuNI in CH3CN was injected into the stream with the same flow. The combined mixture was introduced
to the second reactor for which is immersed in an ultrasonic bath. The residence time was 20 min at
room temperature and then the segmented effluent was temporarily collected in an intermediate reservoir.
Due to the used reservoir a continuous flow unit (CFU) was accommodated. A solution of [PdCl2(PPh3)2],
CuI, iPr2NH in CH3CN and a solution of boronic acid in MeOH were injected simultaneously to the main
stream and introduced to the third reactor at 60 ◦C for 45 min (Scheme 9) [94].

 

Scheme 9. Diazotization/iododediazotization/Suzuki–Miyaura cross-coupling sequence of aniline
derivative with aryl halides in a flow system.

Application of the above protocol with little variations to the production of biphenyl compounds
was reported (Figure 2). In function of the different steric and electric demands in the aromatic core,
the coupling gave satisfactory yields [94].

 

Figure 2. Substrate scope of continuous flow diazotization/iododediazotization/Suzuki–Miyaura
cross-coupling sequence starting from aniline derivative.
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Application to continuous flow process on a large scale was reported recently and could open
new way for industrial use [95,96].

4. Heterogeneous Suzuki–Miyaura Cross-Coupling Reaction in Continuous Flow

A suitable solid support having Pd(II) species precursors to Pd(0) catalysts are now commercially
available but different groups prefer to design their home-made catalysts. In the first part the use of
Pd(0) reagent is reported and in the second part Pd(II) is described.

Monguchi and Sajiki reported a palladium on carbon-catalyzed Suzuki–Miyaura coupling reaction
using an efficient and continuous flow system (Scheme 10) [97]. To investigate the scope of the reaction,
a range of arylboronic acids and halogenobenzene derivatives were tested in mild conditions for 20 s
during a single-pass (Figure 3). The authors have reported the detection of little leaching (<1 ppm).

 

Scheme 10. Suzuki–Miyaura cross coupling in a flow system using H-Cube®.

 

Figure 3. Substrate scope of continuous flow Suzuki–Miyaura cross-coupling sequence in a flow system
using H-Cube®.
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Using the same apparatus H-Cube®, another group reported the Suzuki–Miyaura cross coupling in
the presence of graphene supported palladium nanoparticles [98]. A solution of 4-bromobenzaldehyde
and phenylboronic acid dissolved in H2O-EtOH-THF (1:1:1) was injected with a flow rate of 0.2 mL min−1

resulting in a contact time of less than 1 min at 135 ◦C. The target biaryl compound was obtained in good
yield with a conversion of 96% (Scheme 11).

 
Scheme 11. Suzuki–Miyaura cross coupling in a flow system using H-Cube®.

In 2006, Canty was the first to develop a macroporous monolith support as a suitable substrate
for anchoring a palladium complex for Suzuki–Miyaura cross-coupling continuous flow capillary
microreactors [99]. Ten years after, Nagaki reported an efficient three-step flow sequence using Pd
catalyst [100]. The aryllithium obtained from arylbromide reacted with B(OMe)3; after the borylation
reaction, the Suzuki–Miyaura cross coupling reaction in the presence of immobilized Pd(0) on the
polymer afforded the target biaryl derivatives (Scheme 12).

 
Scheme 12. Halogen/lithium exchange/borylation/Suzuki–Miyaura cross-coupling sequence for the
synthesis of biaryl derivatives.

In this report, a solution of bromobenzene in THF (0.10 M) and a solution n-BuLi (0.6 M in
hexane) were injected simultaneously with a flow rate of 6.0 mL min−1 and 1 mL min−1, respectively,
in a micromixer (ID = 500 μm) and then in a reactor (ID = 1000 μm) for a residence time of 1.7 s.
A solution of diluted B(OMe)3 (0.12 M) in THF was injected with a flow rate of 6.0 mL min−1 and the
main stream was introduced to a micromixer (ID = 500 μm) and the second reactor (ID = 1000 μm) for
a residence time of 2.0 s (Scheme 13). After producing the boronic acid solution, iodoaryl derivative
(0.33 M) in methanol was added and the mixture was passed through the palladium catalyst at 100 ◦C
with a residence time of 4.7 min or at 120 ◦C with a residence time of 9.4 min.

9
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Scheme 13. Halogen/lithium exchange/borylation/Suzuki–Miyaura cross-coupling sequence for the
synthesis of biaryl derivatives in a microflow system.

Application of the above methodology was successfully applied to the cross-coupling of various
functional aryl and heteroaryl iodides (Figure 4) [100]. It was noticeable that cyano derivatives in this
process tolerated the experimental conditions. Adapalene, a drug used for the treatment of acne, was
produced in 86% yield by applying this methodology.

 

Figure 4. Substrate scope of continuous flow lithiation/borylation/Suzuki–Miyaura cross-coupling
sequence in a flow system using immobilized Pd on polymer monolith.
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A large-scale Suzuki–Miyaura cross-coupling reaction using solid supported palladium Pd0

nano/microparticles and ultrasound irradiation was reported in continuous flow by Das [101].
The continuous flow technique used by the authors required a syringe, a reservoir, a pump and
a reaction vessel. After the introduction of the aryl bromide, phenylboronic acid and potassium
carbonate in MeOH-H2O in the reservoir via the syringe a, the reagents were pumped (127 mL min−1)
to the reaction vessel e where the solid supported palladium (0) nano/microparticles (SS-Pd) as
heterogeneous catalyst had been charged. Ultrasonication of the mixture (20 kHz) was realized and
the reaction product was poured through b into the reservoir. Two exits (d and g) were present to
recover the mixture after completion of the reaction (Scheme 14). In comparison with microreactor and
mesoreactor, this process permitted to furnish biaryl derivatives on a gram scale in continuous flow.

 
Scheme 14. Continuous flow Suzuki–Miyaura cross-coupling on a gram scale of the substrate.

Reactions of various aryl iodides with phenylboronic acids gave excellent yields. Aryl iodides
having different substituents were explored without significant change in their reactivity. The activation
of the aryl chloride was more difficult than expected, but gave good yields using this methodology
(Scheme 15) [101].

 

Scheme 15. Continuous flow Suzuki–Miyaura cross-coupling reaction of phenyl boronic acid with aryl
halides using SS-Pd as heterogeneous catalyst.
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The catalytic stability in MeOH-H2O under flow conditions was studied by Das and a mechanism
was proposed (Scheme 16) [101]. No significant loss of activity was observed after recycling five times.
In their hands, the SEM analysis of SS-Pd showed the presence of Pd(0) nano-microparticulates on the
solid support which implies its reusability and minimum leaching of Pd from the solid surface.

 

Scheme 16. A schematic diagram of the Suzuki–Miyaura cross-coupling reaction of phenyl boronic
acid with aryl halides using SS-Pd as heterogeneous catalyst.

Martin-Matute developed a novel strategy using Pd nanoparticles supported in a functionalized
mesoporous Metal-Organic Frameworks (MOFs) [102]. To the best of our knowledge, it was the
first report on the use of metallic nanoparticles supported on MOFs in flow chemistry for catalytic
applications. A mixture of aryl halide, boronic acid/ester and K2CO3 in water and ethanol was passed
through a column of homemade 8 wt % Pd@MIL-101-NH2 at room temperature for a residence time of
35–40 min (Scheme 17).

 

Scheme 17. Suzuki–Miyaura cross coupling in a flow system using Pd MOF.

Variations of the aryl halides and boronic acid derivatives permitted the production of
a mini-library (Figure 5). The authors always used the same cartridge for the preparation of the
mini-library of biaryl derivatives. It is noticeable that after the reaction, the recovery catalyst was
found to be partially crystalline with a remaining Pf content of 6.81 wt % (initially 7.29 wt %) [102].
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Figure 5. Substrate scope of continuous flow Suzuki–Miyaura cross-coupling sequence using
immobilized Pd on MOFs.

A very nice strategy based on dendrimer-encapsulated Pd nanoparticles as catalyst in flow
reactor was developed by Verboom [103,104]. In contrast with the conventional heterogeneous
Suzuki–Miyaura cross-coupling reaction using cartridge filled with solid catalysts, Verboom’s method
anchored Pd nanoparticles onto the inner walls of the flow reactor. Aryl halides (10 mM) were mixed
with boronic acid derivatives (15 mM) in ethanol at 80 ◦C using n-Bu4NOH (20 mM) as base at 80 ◦C.
The solution was passed through the catalytic microreactor with a residence time of 13 min (Scheme 18).

Scheme 18. Suzuki–Miyaura cross coupling in a flow system using dendrimer-encapsulated
Pd nanoparticles.

The electronic substituents effects have been studied and different biaryl compounds have been
obtained (Figure 6). This strategy demonstrated the influence of dendrimers in the stabilization of the
Pd NPs with low metal leaching [103,104].

Another group developed dendrimers for continuous flow Suzuki–Miyaura cross-coupling
reaction [105]. Variation was noticeable since the authors described magnetic Fe3O4 fixation of
dendron-functionalized iron oxide nanoparticles containing Pd nanoparticles. In this process, the
non-covalent magnetic fixation of solid material inside the glass reactor microstructures was applied
using external magnetic forces and the reversible immobilization of catalyst materials onto the wall
of microchannels was possible. Application of this methodology was realized to produce only one
compound using 4-methoxy-1-bromobenzene and boronic acid.
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Figure 6. Substrate scope of continuous flow Suzuki–Miyaura cross-coupling sequence using Pd
dendrimers encapsulated microreactor.

Another strategy used palladium nanoparticles immobilized in a polymer membrane for the
Suzuki–Miyaura cross-coupling reaction but this particular area has not been developed in this review.
As examples, some works have been written recently in this field and are just quoted in this review for
interested researchers wishing to gain deeper knowledge of the field [106–108].

Alcazar reported an efficient cross-coupling reaction using commercial heterogeneous
silica-supported palladium catalyst and a mesoreactor [109]. The authors used a simple and efficient
experimental set-up using a 6.6 mm (internal diameter) Omnifit column containing 1 g of heterogeneous
catalyst and commercial boronic acids and aryl halides (Scheme 19). A solution of aryl halide in THF
and a solution of boronic acid and base in water were pumped at 0.2 mL min−1 with two independent
pumps. The flow streams met at a T-shaped mixer and then passed through a column containing
SiliaCat DPP-Pd as diphenylphosphine palladium (II) heterogeneous catalyst at 60 ◦C with a residence
time of 5 min. A biphasic solvent system such as THF-H2O was used to ensure complete dissolution of
any solid and avoiding any subsequent clogging.

 

Scheme 19. Continuous flow Suzuki–Miyaura cross-coupling sequence using SiliaCat DPPP-Pd as
supported catalyst.

Application of this strategy permitted the synthesis of the biaryl derivatives starting from
halides/pseudohalides and (4-methoxyphenyl) boronic acid in excellent yields (Scheme 20) [109].
Whatever the leaving group on the benzene ring, the target biphenyl derivatives were obtained in
high yields. Of course, the use of aromatic ring bearing electron-donor groups such as 2,4-dimethoxy
analogs gave lower yields (50%). It was notable that bromo- and chloropyridines provided good yields
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and the ester functionality was tolerated despite the use of KOH as strong base. Using this process, the
authors claimed that the crude products are clean and free of phosphine ligand avoiding the need of
chromatographic purification. Moreover, low leaching of palladium from the support and the stability
of the catalyst after more than 30 cycles was observed.

 

Scheme 20. Substrate scope of continuous flow Suzuki–Miyaura cross-coupling sequence with different
aryl bromides and 4-methoxyphenylboronic acid.

In order to further explore the scope of the reaction, Alcazar reported the use of bromobenzene
and phenyltriflate as starting materials with different boronic acid derivatives (Scheme 21) [109].
Excellent yields were obtained with commercial boronic acids and boronic ester, borane and borate
freshly prepared from the corresponding bromo derivatives by metalation [110].

 

Scheme 21. Substrate scope of continuous flow Suzuki–Miyaura cross-coupling reaction with different
aryl bromides/triflate and phenylboronic acid derivatives.

Recently, Kappe presented a comparative investigation of four commercial immobilized
phosphine-based Pd catalyst [111]. One of them was SiliaCat DPP-Pd as diphenylphosphine palladium
(II) heterogeneous catalyst developed by Pagliaro [112–114]. In this work, the best process used
two stock solutions. The first solution contained aryl halide (0.83 M) in THF and the second one
phenylboronic acid (0.45 M) and K2CO3 (0.55 M) in a mixture of H2O-EtOH (1:1). These two solutions
were pumped in different feeds, 0.055 mL min−1 and 0.155 mL min−1, respectively, and mixed in
a T-mixer and then introduced to the catalyst cartridge of the X-cube flow reactor at 80 ◦C (Scheme 22).
Under these conditions, full conversion was obtained in less than 20 min and almost quantitative yield
of the biaryl target compound was reported.
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Scheme 22. Suzuki–Miyaura cross coupling in a flow system X-Cube using commercial Siliacat DPP-Pd.

Buarque and Esteves reported an interesting work using heterogeneous catalyst from Covalent
Organic Frameworks (COFs) [115], COFs are different than MOFs since COFs do not contain
metallic ions or heavy elements as part of their structures. In this study, the authors developed
Pd(OAc)2@COF-300 for the Suzuki–Miyaura cross-coupling reaction in continuous flow (Scheme 23).
The mixture of bromobenzene, phenylboronic acid in a solution of MeONa (2 M) in MeOH was injected
on to a glass column (Omnifit column with a volume of 6.3 mL), which was filled with glass beads
(2 mm) and Pd(OAc)2@COF-300 (100 mg). The residence time was 20 min and the temperature was
maintained at 60 ◦C; under these conditions, the maximal conversion was obtained between 20 and
40 min with a very high degree of selectivity.

 

Scheme 23. Suzuki–Miyaura cross coupling in a flow system using Pd(OAc)2@COF-300.

An efficient approach was reported for the production of furan-based biaryls [116]. A mixture of
aryl halide, boronic acid derivative and TBAF in methanol (0.37 M) was injected through an X-cube
fitted with a FC1032 catalyst at flow rate of 0.5 mL min−1 at 120 ◦C for 2 h (Scheme 24).

 

Scheme 24. Suzuki–Miyaura cross coupling in a flow system X-Cube using FC1032 catalyst.

Over to catalyst cycles, the furan derivatives were obtained in good yields (82–92%) using FC1032
catalyst as t-butyl based palladium polymer (Figure 7) [116].

The same process was developed after substitution of FC1032 catalyst by PdCl2(PPh3)2 DVB
catalyst at flow rate of 0.3 mL min−1 at 120 ◦C for 3 h. It is well known that PdCl2(PPh3)2 DVB
catalyst is a more efficient catalyst than FC1032 catalyst. In this regard; starting with the deactivated
aryl bromides or aryl chlorides in the presence of PdCl2(PPh3)2 DVB catalyst afforded the target
furan-based biaryls in 83–92% yields (Figure 8) [116].
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Figure 7. Substrate scope of continuous flow Suzuki–Miyaura cross-coupling sequence using
FC1032 catalyst.

 

Figure 8. Substrate scope of continuous flow Suzuki–Miyaura cross-coupling sequence using
PdCl2(PPh3)2 DVB catalyst.

5. Concluding Remarks

The main focus of this review has been the observance of the continuous flow chemistry and
Suzuki–Miyaura cross-coupling reactions. Homogeneous Suzuki–Miyaura cross-coupling reactions
have been reported in two different elegant and modular strategies: (i) lithiation/borylation/
homogeneous Suzuki–Miyaura sequence using a three-step triphasic flow system; and (ii) diazotization/
iododediazotization/homogeneous Suzuki–Miyaura sequence using a three-step triphasic flow system.
More examples have been reported in heterogeneous Suzuki–Miyaura cross-coupling reactions. Some
groups used Pd(0) as the active catalyst and some groups preferred to start with Pd(II) as precursor of
Pd(0). Whatever the type of catalyst, homogeneous, heterogeneous, Pd(II) or Pd(0), the residence times
were less than one hour and the Pd loading were low compared with the conversion, yield and selectivity.
As mentioned by Kappe, “palladium which is leached from the support is most likely responsible for the catalysis,
thus suggesting a (quasi)homogeneous mechanism”. In this regard, homogeneous metal catalyst/ligand
system should probably be more efficient if the recycling of the catalyst could be improved.
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Depending on the parameters used (concentrations, temperature, pressure, etc.), the lifetime of
all the elements of the process, pumps, pipes and reactors, is longer or shorter. To date, no realistic
study has been published on this aspect. Varying the nature of the materials, and the designs of the
reactor with the microfluidic system, the possibilities to work in high concentrations are new avenues
to explore in the future. Chemists and chemical engineers have the means to pave the way to a more
widespread implementation of continuous flow strategies for the production of industrially relevant
products in the future. Importantly, we hope that these demonstrated advantages of combining
Suzuki–Miyaura cross-coupling reaction and flow processes can stimulate further advances in the field
from the younger generations for the benefit of the chemical industry in the future.
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Abstract: Eco-compatible activation methods in Suzuki–Miyaura cross-coupling reactions offer
challenging opportunities for the design of clean and efficient synthetic processes. The main enabling
technologies described in the literature are microwaves, ultrasound, grinding (mechanochemistry)
and light. These methods can be performed in water or other green solvents with phase-transfer
catalysis or even in solventless conditions. In this review, the authors will summarize the progress in
this field mainly from 2010 up to the present day.
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1. Introduction

The present review deals with the use of non-conventional methods for Suzuki–Miyaura reactions
(SMC) [1]. In particular, the results obtained with different unconventional techniques were described
by following a Green Chemistry approach, and focusing on recent methodologies based on microwave
(MW) and ultrasound (US) irradiations, grinding and photo-activated processes. We aimed at
describing several original works published in the field after 2010; however, we also took on board
previous papers which can be considered seminal works on the topic and which therefore cannot be
ignored. Here, the main advantages and drawbacks of the abovementioned methodologies will be
comprehensively covered, serving as a guide for further research on innovative SMC transformations
under unconventional activation. Moreover, due to length limits, these topics have been briefly
explored, and readers are encouraged to refer to the cited reviews for in depth dissertation.

In particular, MW-assisted chemistry relies on the ability of the reaction mixture to efficiently
absorb MW energy, producing rapid internal heating (in-core volumetric heating) by the direct
interaction of electromagnetic irradiation with the molecules in the reaction mixture. Although MW
irradiation are currently applied as non conventional method to promote fast chemical transformations,
there has been considerable speculation on their own effect. Indeed, the debate is still open and focused
on discerning between thermal effects due to the rapid heating and high bulk reaction temperatures
reached under MW dielectric heating, and other specific or nonthermal microwave effects. These effects,
which are not linked to a macroscopic change in reaction temperature, have been hypothesized to
originate from a direct interaction of the electromagnetic field with specific molecules, intermediates,
or even transition states in the reaction medium [2].

Mechanochemistry is a branch of solid-state chemistry where intramolecular bonds are broken by
mechanical action followed by further chemical reactions. At the same time, mechanochemistry can
also generate radicals via the breaking of weak bonds and under extreme surface plasma conditions
generated by mechanical impact. However, mechanochemistry is not usually be applied to liquid or
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to solid–liquid reactions but in this frame, sonication could represent a viable alterantive by virtue
of the mechanical and chemical events occurring in liquid medium via the unique phenomenon of
acoustic cavitation: the rapid nucleation, growth and collapse of micrometer-scale bubbles generate in
the sonicated liquid.

Cavitation, that is a non linear phenomenon that generally depend on external parameters such
as frequency, intensity and nature of sonicated solvents, could act by means of two classes of different
effects: radical and mechanical ones. The former arises from the sonolysis of molecules which can
occur mainly at the bubble interface as well as in the interior cavity. While the latter effect, that follow
cavity collapse, originates from shear forces, microjets and shock waves that occur outside the bubble,
resulting in profound physical changes when solids or metals are present. Both effects are responsible
for speeding up organic transformations thanks to the so-called “mass transfer effect” induced by
reaction mixture sonication [3].

Among the above mentioned innovative technologies, sunlight is an abundant and easily
accessible energy supply and therefore it can display great potential to activate environmentally benign
organic transformations. The use of light would favour chemical synthesis at room temperature, as
well as it would avoid thermally induced side reactions. However, this approach suffers from two
main drawbacks: the high energy ultraviolet (UV) component is often required to drive the reactions,
and usually photochemical reactions give low selectivity to the desired products. Photocatalytic
reactions, which can be performed under mild conditions to obtain high product selectivity can easily
overcome these disadvantages [4].

This review encompasses four main sections specifically dedicated to the different activation
methodology type: MW, US, grinding and light. Each section guides the readers through a series
of reactions—from the most common reaction to the more complex one—while examining reaction
conditions and peculiar features. The discussion is directed to the importance of combining the
homogeneous or heterogeneous catalyst (mainly Pd-based catalyst) with the unconventional tecniques
in order to overcome the current limitations of organochemistry.

Due to the variety of nanostructured materials and substrates, it has been very difficult to
rationalize the order chosen to describe the reported examples. After a brief paragraph on the SMC
reaction without any activation procedure, the discussion is focused on the MW-assisted reaction
carried out in the presence of an homogeneous and then an heterogeneous catalyst, with the aim to
give an overall description on the effects observed on the reactivity (in terms of yields, reaction time
and temperature and so on) under MW irradiation. A very short paragraph has been dedicated to Ni
catalyzed couplings. Moreover, some information on the effect of MW on the heterogeous catalysts
have been also reported. A special section has been dedicated to the preparation of heterogeneous
catalysts for SMC reaction by using MW. Then the discussion moves to the US-assisted SMC and
to the use of US to synthesise heterogeneous catalysts for SMC reaction and for MW-assisted SMC
reaction. At this point, mechanochemical activation is described and the overview finishes with the use
of light to promote the SMC reaction in the presence of opportunely designed photocatalytic systems.
The conclusion section gives a description of the main open questions and of the opportunities given
by the innovative methodologies in the future scenario.

A Table of contents, that summarises how the review is organized, is here provided for the sake
of clarity:

1. Introduction
Some Insights into the Suzuki–Miyaura reaction
2. Microwave-Assisted SMC Reactions
2.1. MW Irradiation in Homogeneous Catalyzed SMC
2.1.1. SMC from Arene to Heterocycle Decoration
2.1.2. Organotrifluoroborates in MW-Assisted SMC
2.1.3. MW-Assisted One-Pot Protocols
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2.1.4. Ligands in MW-Assisted SMC
2.1.5. MW Promoted Ni Catalyzed SMC
2.2. Moving from Homogeneous to Heterogeneous Catalysis in MW Promoted SMC
2.3. Solid Supported Pd Catalyzed MW Promoted SMC
Use of MWs for the Synthesis of the Catalysts for the SMC Reaction
3. Ultrasound-Assisted SMC Reactions
3.1. Ultrasound-Assisted SMC Reactions
3.2. Ultrasound Assisted Heterogeneous Preparation of Catalysts Suitable for SMC Reactions
3.3. Ultrasound Assisted Heterogeneous Catalyst Preparation for MW Promoted SMC Reactions
4. Mechanochemical Activation of SMC
5. When the SMC Reaction is Driven by Light
6. Conclusions and Future Perspectives

Some Insights into the Suzuki–Miyaura Reaction

The Suzuki–Miyaura cross-coupling reaction (SMC hereafter) was first reported in 1979 and was
rapidly adopted by most synthetic labs as the method of choice for the formation of aliphatic and
aromatic C–C bonds [5–8]. The coupling of organoboron reagents with organic halides or pseudohalides
in the presence of a palladium (or nickel) catalyst and a base is now a classic procedure, even at the
industrial level, for the synthesis of fine chemicals, natural products, pharmaceuticals and polymers [9,10].
The literature bears witness to the enormous impact that this reaction has had, as documented by the
700 reviews published. Furthermore, every year of the last decade has seen around 50–60 surveys
highlight the versatility and the peculiar advantages of SMC. Of these advantages, low toxicity, easy
access to organoboron reagents, their chemoselectivity and mild reaction conditions are perhaps most
significant [11]. Greener protocols have been widely described, several of which are carried out in
aqueous solvents thanks to the stability of boronic acids in water [12–14], however, the poor solubility
of substrates and the low stability of metal catalysts in water mean that phase-transfer catalysts and
water-soluble phosphine ligands have been used [15]. Transition metal nanoparticles (e.g., Pd, Fe)
can be deposited onto the surface of the mesoporous nanocomposites through a mechanochemical
protocol recently SMC have been performed in the solid-state under mechanochemical activation and
a green approach to protocol optimization evaluates the catalyst recycling [16]. In this review, the most
important eco-compatible activation methods in SMC, including microwaves (MW), ultrasound,
grinding (mechanochemistry), light, and the main advances made over last few years will be described.
The use of non-conventional energy sources is a challenging topic that has paved the way for new
opportunities in the design of clean and efficient synthetic processes.

2. Microwave-Assisted SMC Reactions

2.1. MW Irradiation in Homogeneous Catalyzed SMC

2.1.1. SMC from Arenes to Heterocycles

MW-assisted organic syntheses have recently been receiving ever increasing attention as they are
seen as a viable alternative to conventional heating. It enables the rapid optimization of procedures to
be carried out without the need for direct contact between chemical reactants and the energy source.
The main advantage of MW irradiation is fast volumetric heating. Differences in solvent and reactant
dielectric constants mean that selective dielectric heating can furnish notable enhancement in the
directly transfer of energy to the reactants, which induces an instantaneous internal temperature
increase [17]. Recent years have seen the use of MW-induced heating become one of the most
efficient procedures for carrying out organic syntheses and, in the last 20 years, the scientific
community has focused on the search for MW assisted procedures to carry out environmentally friendly
SMC [18,19]. Moreover, the high versatility of SMC is becoming more prominent thanks to
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the number of commercially available reagents and several SMC procedures have been already
reported in the Journal of Chemical Education [20–22]. A valuable example describes MW-assisted
methods for the preparation of 5-phenyl-2-hydroxyacetophenone derivatives in water with K2CO3,
tetrabutylammonium bromide (TBAB) and Pd(OAc)2 (15 min irradiation at 400 W, 150 ◦C) [23].

The haloaromatic electrophilic species used in metal-catalyzed processes are commonly aryl
iodides or bromides as the catalyst can undergo oxidative addition into fairly weak carbon-iodine or
carbon-bromine bonds quite easily, while aryl chlorides are employed more rarely as the electrophilic
coupling partner is much less reactive due to the higher carbon-chlorine bond strength. SMC can also
be performed with aryl pseudohalides such as sulfonates (such as triflates, mesilates and tosilates)
affording to biaryl under mild condition.

The low reactivity of chloro-arenes as reaction partners in cross-coupling reactions means that
advances in these protocols have only been obtained in presence of various palladium complexes
and using ingenious and dedicated ligands. The efficacy of MW irradiation in this protocol has
been demonstrated by Bjørsvik et al. who developed a MW-promoted C–C coupling between
highly substituted and congested 1-chloro-2-nitrobenzene and phenylboronic acid (Scheme 1) [24].
The reactions were performed in MeOH and water (4:1), using Pd(PPh3)4 as the catalyst, Na2CO3 and
TBAB for 30 min under MW irradiation at 120 ◦C.

 

Scheme 1. Microwave (MW)-promoted C–C coupling between highly substituted and congested
1-chloro-2-nitrobenzene and phenylboronic acid.

For the same reasons to those that have already been discussed, analogous reactions involving
metal-catalyzed C–F activation are rarer still due to the very strong carbon-fluorine bond. Nevertheless,
different nickel catalyzed SMC [25] and some successful reactions involving cobalt [26], platinum [27]
and titanium [28] species have been reported. There remain only a few other examples of analogous
Pd-catalyzed syntheses [29]. In fact, Cargill et al. have reported [30] the first example of a Pd-catalyzed
SMC reaction of perfluoroaromatic systems under MW irradiaion. They described how highly
fluorinated nitrobenzene derivatives undergo regioselective SMC reactions via the Pd(0) catalyst’s
insertion into a C–F bond located ortho to the nitro group. The arylation of pentafluoronitrobenzene
is the synthetic strategy used to obtain the previously unreported 2,3,4,5-tetrafluoro-6-nitrobiphenyl
derivatives. Tetrafluoronitrobenzene and trifluoronitrobenzene systems are less reactive than
pentafluoronitrobenzene, by virtue of the corresponding decrease in the aromatic ring electrophilicity.
The MW irradiation for this SMC process was applied across a rapid and reproducible heating profile.
C–F activation was ensured by a catalytic cycle in which the nitro group directs the nucleophilic Pd
center to the contiguous C–F bond which also explains the ortho regiospecific arylation. Of the various
catalytic systems tested, Pd(0) catalysts were noted to be far more efficent than Pd(II) analogues,
especially in polar solvents. Pentafluoronitrobenzene was effectively coupled to different boronic acids
and esters bearing both electron-withdrawing and -donating groups and giving yields of 53%–80%
under MW irradiation (15 min) in the presence of Pd(PPh)4 (5 mol %) (Scheme 2).
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Scheme 2. Pd catalyzed MW promoted SMC of pentafluoronitrobenzene.

Arylation is an approach that affords structural modifications to quinones and naphthoquinones
as well as being able to synthesize new substances with biological activity. Besides a few reports
related to the arylation of unprotected 2-hydroxy-1,4-naphthoquinones, an interesting green approach
has been published by Louvis et al. [31]. A set of 3-aryl-2-hydroxy-1,4-naphthoquinone analogues of
atovaquone were synthesized from 3-iodo-2-hydroxy-1,4-naphthoquinone under aqueous conditions
either using conventional heating or MW irradiation and phosphine-free sources of Pd (Scheme 3).
MW irradiation improved the reaction rate (10 min versus 6 h) and good results were obtained
using a lower loading of palladium (1% with irradiation versus 5% with conventional, P = 300 W,
T = 120 ◦C, 10 min). In fact, intensive deiodination to obtain the Lawsone derivative occurred when 5%
Pd(OAc)2 was used, but side product production was surprisingly limited when using MW heating
and a lower amount of catalyst. Furthermore, the authors also obtained the greatest conversion from
3-bromo-2-hydroxy-1,4-naphthoquinone with 5% of the Pd(OAc)2 after 25 min at 120 ◦C under MW
irradiation; 40% yield was obtained using phenylboronic acid.

 

Scheme 3. Synthesis of 3-aryl-2-hydroxy-1,4-naphthoquinone analogues.

Biaryl chromone can be obtained in two steps route by perfoming a MW promoted SMC
from 5-bromo-2-hydroxyacetophenone followed by condensation reaction with ethyl oxalate and
intramolecular cyclization in HCl in acetic acid (Scheme 4).The Suzuki reaction gave high yields
(73%–82%) when performed with a series of boronic acids in water with TBAB, K2CO3 and Pd(OAc)2

at 150 ◦C for 15 min [32].

Scheme 4. Synthetic strategy used for the obtention of ethyl-6-phenyl-4-oxo-4H-chromene-2-carboxylate.
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3-bromo-4H-chromen-4-one derivatives were also successfully arylated under MW irradiation
at 60 ◦C in ethanol using K2CO3 and TBAB with 0.3 mol % of the Pd-complex derived from the
chromen-4-one and naphthalene-1,2-diamine, (Scheme 5). The ligand was synthesized by the
authors and a series of 24 different chromen-4-ones were obtained via SMC with excellent yields
(81%–95%) [33].

Scheme 5. Synthesis of 3-aryl-4H-chromen-4-one derivatives.

Pseudo halide such as sulfonate can be efficiently employed in the MW promoted SMC and
recently 6-aryl salicilates were obtained from the triflates with 1% of Pd(PPh3)4 and 2 equiv. of NaHCO3

in dimethyl ether (DME) at 110 ◦C in 4–10 min. The reaction tolerated significant structural modification
of the aryl boronic acid and both electron rich, electron poor aryl as well as alkenyl boronic acid afforded
good yields [34].

Furans are a key class of compounds that exist in many natural and pharmaceutical products.
In fact, Kadam et al. [35] envisioned that MW irradiation may be used for the fast preparation
of tetrasubstituted furanes. They described a fast three-step synthesis for tetrasubstituted furanes
which included the condensation of a fluorous benzaldehyde with acetophenone followed by a
Michael-type [3 + 2] cycloaddition with an 1,3-diketone and a Pd-catalyzed coupling reaction for
fluorous linker cleavage. A fluorous sulfonate linker facilitated furane intermediate purification via
fluorous solid-phase extraction and proved to be an effective triflate alternative for Pd-catalyzed SMC.
Tetra-substituted furan products were produced from MW assisted SMC reactions between arylboronic
acids and fluorous furan intermediates. Good yields (76%–85%) were described in 30 min at 130 ◦C
when using Pd(dppf)Cl2 (8 mol %) as a catalyst and Cs2CO3 as a base in acetone–H2O–HFE7200
(hydrofluoroether 7200) (Scheme 6).
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Scheme 6. Synthesis of tetra-substituted furans by SMC.

The considerable pharmacological activity of 7-substituted coumarins has made them the focus of
great interest as the scientific community searches for new synthetic protocols for the preparation of
biologically active molecules. SMC under MW irradiation has been studied by Joy et al. to modify
coumarine 7-nonaflate, which shows higher stability and reactivity over the corresponding triflate [36].
In the optimization of the reaction conditions, the authors thought that the nature of the ligand would
have a critical influence on achieving the desired product. 1,3-bis(diphenylphosphino) propane (dppp)
gave the best results, as ligands with a moderate bite angle can form a divalent square planar complex
which, in turn, enhances reductive elimination despite the presence of competitive side reactions, such
as β-hydride elimination and substitution reactions. As depicted in Scheme 7, the reaction afforded
the preparation of a large series of compounds in moderate to excellent yields using Pd(OAc)2, dppp
and tetrabutylammonium fluoride (TBAF) in DME-MeOH at 80 ◦C for 30 min. Electron poor boronic
acid was the most critical substrate and provided lower yields even when reaction time was increased
to 1 h. In an attempt to explain the mechanism, the authors suggested that TBAF was able to influence
the stabilization of the oxidative adduct, which facilitates the transmetallation.

 

Scheme 7. SMC applied to 7-substituted coumarins preparation.

As part of the search for new procedures for the production of original small-molecules, a MW
promoted SMC for the preparation of a wide range of 4(5)-arylated imidazoles has been introduced by
Pochet et al. (Scheme 8) [37]. The C-4 arylation of (NH)-imidazole generally requires long reaction
times (up to 48 h) and is limited to stable arylboronic acid. 4-iodo and 4-bromo-1H-imidazole were
reacted with 2-naphthylboronic acid in the presence of 2 equiv. of CsF, 5 mol % of PdCl2(dppf) and
5 mol % of BnEt3NCl in a 1/1 mixture of toluene/water under MW irradiation at 110 ◦C. After 2 h,
the bromide derivative was totally converted and the expected compound was isolated in a 90%
yield (92% of yield after 72 h under classical thermal conditions); total conversion of the iodine
was obtained in 2 h. Furthermore, other boronic acids, bearing nitrogen (pyridinyl, isoquinoline
and pyrimidinylboronic acids) and sensitive functional groups (aldehyde), were reacted with the
4-iodo-1H-imidazole with Pd(PPh3)4 as the catalyst and Na2CO3 in a mixture of dimethylformamide
(DMF)/H2O at 110 ◦C under MW irradiation, furnishing the desired products in moderate to excellent
yields (35%–95%). Analogously, the imidazo[1,5-a]pyridine ring was used as a core structure and was
decorated by SMC, in position 1, in the presence of Pd(PPh3)4 and K2CO3 in 1,4-dioxane at reflux
temperature for 24 h. MW-irradiation (110 ◦C) was found to accelerate the reaction. In a separate
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work, a starting aryl iodide was fully converted to afford the desired products in a comparable yield
in 1 h [38].

 

Scheme 8. Synthesis of arylated imidazoles and arylated imidazo[1,5-a]pyridine.

Sandtorv and Bjørsvik [39] have reported the first three-way switchable Pd-catalyzed protocol for
the selective arylation and hydrodehalogenation of imidazole backbones. Using these MW promoted
strategies, they prepared a wide range of 4,5-diaryl- and 4(5)-iodo-1H-imidazoles via the selective
arylation and the hydrodehalogenation of the imidazole backbone, respectively. When the two
strategies were combined in a sequential tandem reaction, they were able to successfully produce
4(5)-aryl-1H-imidazoles in excellent yields. Pd(OAc)2/Xphos was used as the catalytic system in the
presence of K2HPO4 for the SMC reaction, but two different products were achieved; a cross-coupling
product and the unexpected hydrodehalogenation ones (Scheme 9). A series of control experiments
was performed in order to shed light on this issue. The tuning of reaction conditions highlighted the
fact that only a base was essential in the reaction mixture for hydrodehalogenation. However, they
observed that it was possible to perform dehalogenation in the absence of PhB(OH)2 and base by
increasing the reaction temperature and time slightly. The author realized that hydrodehalogenation
and cross-coupling processes could be coupled into a “dose-promoted” MW assisted tandem reaction
in which the “trigger” for the subsequent catalytic cycle was a rise in the base and catalyst loadings to
achieve a mono-arylated imidazole in excellent yields (83%).

 
Scheme 9. “Dose promoted” assisted tandem reaction involving a hydrodehalogenation and a SMC to
perform synthetic transformations on the imidazole.
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Furthermore, (NH) free 3-bromo-indazol-5-amine can react with arylboronic acid in the presence
of 5 mol % of Pd(OAc)2, 10 mol % of RuPhos and K3PO4 in dioxane/H2O = 1/1 at 140 ◦C
under MW-assisted conditions for 30 min. In fact, a series of 19 azaindole derivatives have been
synthesized, by Wu et al., with excellent yields (Scheme 10) using this method [40].Following the
same procedure the authors reacted hetereoaryl boronic acid and moderate to good yields were
obtained. Only thiophen-2-ylboronic acid and pyridin-3-ylboronic acid requested more excess and
only pyridin-4-ylboronic acid provided a poor yield in this system even though the loading of the
boronic acid was increased and the reaction time was prolonged.

 
Scheme 10. SMC applied to derivatization of (NH) free 3-bromo-indazol-5-amine.

Another important class of bioactive heterocycle is isatin derivatives (indoline-2,3-diones).
A limited number of reports have dealt with the the synthesis of 4-substituted-arylisatins.
MW irradiation has been used in the synthesis of bulky 4-substituted-arylisatins via SMC, by Liu et al.,
using a wide range of substrates [41] (Scheme 11). All of the Pd catalyzed reactions were carried out
using 5 mol % of Pd(PPh3)4 in the presence of 2 equiv. of NaHCO3 and afforded very good yields
(77%–92%) in DME/H2O (5:1). This result indicates that electronic effects and steric modification have
little influence on the reaction.

 

Scheme 11. MW-assisted reaction of various boronic acids and 4-iodo isatin.

El Akkaoui et al. (2010) [42] have demonstrated the flexibility of a MW-assisted, one-pot, two-step
SMC/Pd-catalysed arylation process for the fast preparation of a library of different polysubstituted
imidazo[1,2-b]pyridazine products in good yields (69%–78%) (Scheme 12). The first arylation step
was performed in toluene/EtOH from 6-chloroimidazo[1,2-b]pyridazine in the presence of Pd acetate
(0.1 equiv.), triphenylphosphine (0.2 equiv.), K2CO3 (2 equiv.) and various boronic acids (1.1 equiv.).
The reaction was irradiated first for 15 min at 140 ◦C (SMC) and subsequently for 2 h at the same
temperature for the final arylation, after aryl bromide was added (1.5 equiv.).
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Scheme 12. Pd-catalysed one pot arylation of imidazo[1,2-b]pyridazines under MW irradiation.

Imidazo[2,1-b][1,3,4]thiadiazole scaffolds are another useful building block in pharmaceutical
chemistry. Hence, there has been massive interest in establishing efficient synthetic methodologies
for the regioselective preparation of polysubstituted imidazo[2,1-b][1,3,4]thiadiazoles. Copin et al.
(2012) [43] has carried out some extensive research into developing preparative methods for these
molecules, starting from a number of 2-bromo-imidazo[2,1-b][1,3,4]thiadiazole derivatives and using
a MW assisted SMC strategy (Scheme 13). The Pd catalyzed coupling reaction was optimized under
MW conditions using Pd(AcO)2 (0.1 equiv.) as the catalyst in the presence of Xantphos (0.2 equiv.)
and K2CO3 (2 equiv.) in 1,4-dioxane at 150 ◦C. The final compounds, which contain the rare
imidazo[2,1-b][1,3,4]thiadiazole central skeleton, were obtained after 30 min MW irradiation in
noticeable yields (73%–94%) in the presence of acid-sensitive- and both electron-withdrawing and
electron-donating groups.

 

Scheme 13. Decoration of imidazo[2,1-b][1,3,4]thiadiazole derivatives through MW promoted SMC reaction.

The 3,4-dihydro-2H-1,4-benzoxazine and the 2H-1,4-benzoxazine-3-(4H)-one structures are
wildely applied in the synthesis of a pletora of biologically active molecules. No reports on
the MW-assisted synthesis of 6-aryl-1,4-benzoxazines/ones, with the most sterically hindered
5,7,8-trimethyl-1,4-benzoxazine/one core, had, until quite recently, appeared in the literature. It is in
this context that Koini et al. (2012) [44] reported on an effective MW-assisted SMC strategy for the
preparation of 6-substituted-5,7,8-trimethyl-1,4-benzoxazines(ones), using Pd(PPh3)4 as the catalyst
(Scheme 14). This approach enabled the rapid incorporation of alkyl, aryl, and heteroaryl functionalities
into benzoxazine moieties. Under MW heating, the SMC provided good yields at 160 ◦C in only 5 min
using 5 mol % Pd catalyst, Na2CO3 and nearly equimolar boronic acid stoichiometry.

 

Scheme 14. MW-promoted SMC of 2-phenyl-6-bromo-5,7,8- trimethyl-1,4-benzoxazine with various
boronic acids.
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Building blocks that bear a benzo[e]-annelated indoline moiety exhibit strong fluorescence and can
be used as fluorescence emitting dyes. The synthesis of arylated imidazo- and pyrimido-[1,2-a]indolone
compounds has been approached by Zukauskaite et al. SMC was performed in the presence of a series
of boronic acids that possess a π-conjugated biaryl-based structural unit as a fluorofore (phenylboronic,
naphthalen-2-ylboronic, pyren-1-ylboronic and dibenzo[b,d]thiophen-4-ylboronic acids). The synthetic
protocol was performed in water with ligand-free Pd(OAc)2 and MW irradiation (50 W) was chosen as
the power source (Scheme 15) [45].

 

Scheme 15. Synthesis of arylated imidazo- and pyrimido-[1,2-a]indolone derivatives.

Arylation of purines and pyrrolopyrimidine at the C-4 and C-2 positions is an interesting
task. Conventional condition approaches are known, however, SMC of 4-chloropyrrolopyrimidine
derivatives has been performed by Prieur et al. under MW irradiation (Scheme 16) [46]. The synthesis
of a series of compounds proved the versatility of the protocol and neither the position nor the nature
of the aryl substituent on the boronic acid affected the reaction outcome (yield from 86% to 98%).

 

Scheme 16. Derivatization of 4-chloropyrrolopyrimidines derivatives by MW promoted SMC.

The synthesis of highly substituted spirooxindoles remains a great challenge for organic chemists
due to their broad biolaogical activities mainly related to voltage-gated ion channels (Na+, K+,
Ca2+) regulation related to nociception. Guillaumet et al. (2015) [47] have recently developed a new
original method for the preparation of multi-substituted spirooxindoles via SMC strategy (Scheme 17).
Through a fast MW assisted palladium catalyzed protocol, the autors prepared a plethora of new
C-5′- or C-5-monosubstitued and C-5,C-5′-disubstitued 1′-pentyl-2H-spiro[furo[2,3-b]pyridine-3,3′-
indolin]-2′-one derivatives in only 10 min under MW irradiation at 150 ◦C by using Pd2(PPh3)4

(0.1 equiv.) in presence of K2CO3. This SMC protocol was focused on the functionalization of the
phenyl part of the oxindole core or the pyridine nucleus of the starting regioselective brominated or
chlorinated spirooxindole moieties to give mono- or disubstituted- derivatives in good to excellent
yields (70%–98%).
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Scheme 17. MW-promoted C–C coupling leading to disubstituted 5,5′-di(het)aryl-1′-pentyl-2H-
spiro[furo[2,3-b]pyridine-3,3′-indolin]-2′-ones.

Qu et al. [48] have described a fast and sustainable process for the synthesis of 6-arylpurines
from 6-chloropurines and sodium tetraarylborates via a MW assisted SMC reaction in water at 100 ◦C
(Scheme 18). Furthermore, most of the reactions involved are efficient when using Pd(PPh3)2Cl2,
5 mol % catalyst in the presence of Na2CO3 (2 equiv.) and furnish the desired products in high yields
(73%–98%) in short reaction times (30 min). This eco-friendly MW-assisted method is a promising,
green strategy for the preparation of these main nucleoside compounds.

Scheme 18. MW-assisted SMC of Ph4BNa with various 6-chloropurines.

The 4H-pyrido[1,2-a]pyrimidin-4-one core has shown itself to be a useful scaffold for the
disclosure of new bioactive compounds. In this context, Kabri et al. [49] have reported the first
example of a MW assisted Pd catalyzed SMC reaction for the synthesis of a series of 3-aryl,
3-heteroaryl and 3-styryl-4H-pyrido[1,2-a]pyrimidin-4-ones. The coupling process was proven to
be extremely tolerant to electron-poor, electron-rich and bulky boronic acid derivatives, giving the
target products in good yields (70%–90%) in 2 h MW irradiation at 100 ◦C. The best conditions
for the MW-assisted, Pd-mediated coupling reactions of aryl, heteroaryl and styrylboronic acid
compounds with 7-chloro-3-iodo-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl)methyl acetate were described
in DME–EtOH (9:1), using PdCl2(PPh3)2 (0.05 equiv.) as the catalyst in the presence of the base, K2CO3

(3 equiv.).
Another study [50] adopted the same efficient Pd-catalyzed procedure to design new and unique

asymmetrical 3,9-bis-[(hetero)aryl]-4H-pyrido[1,2-a]pyrimidin-4-one compounds. They developed a
MW one-pot chemoselective bis-SMC protocol that almost gave good 4H-pyrido[1,2-a]pyrimidin-4-ones
yields (Scheme 19). Stepwise substitution at the 3- and then at the 7- and/or 9-position of 7,9-dichloro-
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3-iodo-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl)methyl acetate, using a range of boronic acids in a
one-pot process, enabled the efficient and fast synthesis of chemical libraries of bioactive derivatives
to be carried out. The same approach was more recently pursued by the same authors to obtain
2,6,8-trisubstituted 4-aminoquinazolines through MW-assisted consecutive one-pot chemoselective
tris-SMC or SNAr/bis-SMC reactions in water [51].

 

Scheme 19. One-Pot chemoselective bis-SMC gives simple access to 3,9-biaryl and 3,7,9-triaryl-4H-
pyrido[1,2-a]pyrimidin-4-ones.

Several nucleoside analogues have recently attracted considerable attention due to their potential
biological properties. Analogues that bear a C-aryl group on the glycone or aglycone section have
been more intensively studied. In fact, an easy and efficient procedure for the direct synthesis of
5-aryl-2′-deoxyuridines has been reported, by Gallagher-Duval et al. [52], via a ligand-free SMC
strategy which starts with totally deprotected 5-iodo-2′-deoxyuridine and different boronic acids and
is carried out in pure water. The desired 5-arylated uridine derivatives were synthesized in satisfactory
(57%–85%) yields in short reaction times (5–30 min) in the presence of very low Na2PdCl4 Pd catalyst
loading amounts (0.05–0.1 mol %) and KOH (0.56 mmol) as the base. One protocol was carried out
under classical thermal heating, another was performed under MW irradiation at 100 ◦C (Scheme 20).
All reported results show that the desired cross-coupling products were obtained up to three times
faster under MW irradiation than classic heating, even in the presence of electron-withdrawing groups
in the boronic acid para position. Sterically demanding boronic acids proved to be most troublesome
substrates for this process.

 
Scheme 20. Ligandless MW-promoted SMC starting from 5-iodo-2′-deoxyuridine.
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2.1.2. Organotrifluoroborates in MW-Assisted SMC

Potassium organotrifluoroborates have recently become powerful synthetic building blocks for
the formation of new carbon–carbon bonds via SMC, as these compounds show greater nucleophilicity
than their corresponding organoboranes or boronic acid derivatives and are simple to synthesize
and purify. Moreover, as crystalline solids, they are air- and moisture-stable. The inertness of the
trifluoroborate (-BF3) group under common reaction conditions for direct transformation, using Pd
or copper catalysts, enables the preparation of highly functionalized organotrifluoroborates to be
performed [53,54]. In this context, Kim et al. [55] have recently described a sustainable MW assisted
SMC process which starts from various triazole-containing trifluoroborates and which was successfully
prepared via a regioselective, one-pot Cu-catalyzed azide/alkyne cycloaddition (CuAAC) reaction from
ethynyltrifluoroborate. Potassium (1-organo-1H-1,2,3-triazol-4-yl)trifluoroborates were successfully
cross-coupled with various functionalized aryl and alkenyl bromides under MW conditions. Good
yields (88%–90%) were described in aqueous methanol for reactions performed at 150 ◦C for 40 min in
the presence of PdCl2(dppf)·CH2Cl2 (10 mol %), TBAB (1 equiv.) and K2CO3 under MW irradiation at
80 W (Scheme 21). C–C coupling products were achieved in reasonable yields (57%) even when using
sterically bulky coupling alkenes, such as 1,2,2-triphenylvinyl bromide.

 

Scheme 21. MW-assisted C–C cross-coupling starting from (1-organo-1H-1,2,3-triazol-4-yl) trifluoroborates K salt.

The benzimidazole skeleton is an important heterocycle because of its wide range of pharmacological
activities. The formation of a C–C bond at the 6-position of the electron-rich 1-,4-,6-trisubstituted
benzimidazole nucleus is challenging and was not obtainable via Kumada, Negishi, Stille or Heck
coupling strategies. As a result, Jain et al. [48] have also focused their attention on the advantages of
organotrifluoroborate salts as coupling partners for SMC with 4-nitro-6-triflyl benzimidazoles under
MW activation in aqueous tetrahydrofuran (THF) [56]. Novel functionalization of 1-,4-,6-trisubstituted
benzimidazoles at the 6-position was presented and 37%–70% yields were reported under 1–2 h of
MW irradiation at 100 ◦C in the presence of PdCl2(dppf)·CH2Cl2 (1 equiv.) and Cs2CO3 (1.5 equiv.)
(Scheme 22).

 
Scheme 22. MW-assisted SMC of potassium oraganoborates with 6-sulfonate bzenzimidazoles.
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Several examples of SMC were perromed in presence of vinyl boronic acid or vinyltrifluoroborate.
Henderson et al. [57] have reported an optimized MW protocol for SMC between N-tosyl-2-bromo-
benzylamines and -phenethylamines with vinylboronic acids. The corresponding 2-tosylaminomethyl-
and 2-tosylaminoethyl-styrenes were achieved in very good yields under MW irradiation at 100 ◦C
in 30 min using a catalyst, ligand and base pre-mixed system. The significance of this study was
demonstrated when an attempted SMC between N-(2-bromobenzyl)-4-methylbenzenesulfonamide and
(E)-2-(4-substituted phenyl)-vinylboronic acid, using relatively routine MW-assisted conditions, led
to none of the expected (E)-4-substituted-N-(2-(4-methylstyryl)benzyl)benzenesulfonamide products
in DMF, in presence of Pd(PPh3)4. The highly hindered phosphine ligand dtbpf (1,10-bis(di-tert-
butylphosphino)ferrocene), combined with Pd(AcO)2, was effective in this cross-coupling as was the
use of potassium phosphate and the change of DMF to either aqueous DMF or aqueous EtOH (Table 1).

Table 1. Optimization of coupling reaction conditions. dtbpf, (1,10-bis(di-tert-butylphosphino)ferrocene).

Cat/Ligand/Base Solvent Yields (%)

Pd(PPh3)4–NaHCO3 DMF 0
Pd(PPh3)4–NaOH 1:1 DMF–H2O 47

Pd(dba)2–dtbpf–K3PO4 1:1 DMF–H2O 43
Pd(OAc)2–dtbpf–K3PO4 1:1 DMF–H2O 63
Pd(OAc)2–dtbpf–K3PO4 1:1 EtOH–H2O 90
Pd(OAc)2–dtbpf–K3PO4 H2O 72

Pd(OAc)2–K2CO3 H2O 37

In general, yields were excellent (81%–99%), when using a pre-mixed Pd(OAc)2–dtbpf–K3PO4

system, and were not remarkably affected by the nature of the boronic acid, whether this was carrying
an aromatic or an alkenyl substituent (Scheme 23). Not surprisingly, there was also a tiny change in the
styrene yields when boronates, specifically 4,4,5,5,-tetramethyl-1,3,2-dioxaborolanes, were employed;
these would be quickly converted into the corresponding boronic acids under the aqueous conditions
used in the optimized protocol.

 

Scheme 23. MW-assisted SMCs of sulfonamides and vinylboronic acids using Pd(OAc)2–dtbpf–K3PO4.
dtbpf, (1,10-bis(di-tert-butylphosphino)ferrocene).

Brooker et al. [58] have reported the MW assisted SMC of sterically hindered and electron-rich
ortho and ortho’-substituted aryl halides with potassium vinyltrifluoroborate. Good yields were
described in short reaction times when the coupling reaction was performed in THF–H2O (9:1 mixture)
under MW irradiation (from 3 to 4 days under conventional conditions to 20 min) at 150 ◦C using
Cs2CO3 as the base (Scheme 24). This MW vinylation methodology was also proven to be more
tolerant to solvent ratios across the whole range of substrates (optimum concentration 0.051 up to
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0.091 M with a slight drop in yields). Moreover, the PdCl2(dppf)CH2Cl2 catalyst loading was reduced
by over three-fold under MW (from 18 to 5 mol %). It maintained good conversions to styrene
derivatives, while avoiding side product formation. In addition, it has been observed that vinylation
with potassium vinyltrifluoroborate is better fulfilled using ortho and ortho’-substituted aryl halides
with at least one electron-withdrawing group present, thus reducing the electron-rich nature of the
aromatic halide (as is usual for SMC).

 

Scheme 24. MW-promoted SMC vinylation of electron-rich, sterically hindered substrates using
potassium vinyltrifluoroborate.

2.1.3. MW-Assisted One-Pot Protocols

An efficient synthesis of N-quinoline 3′/4′-biaryl carboxamides, which avoids the protection/
deprotection of the amide function, has recently been described as being based around a one-pot,
MW-assisted SMC and N-Boc-deprotection sequence [59]. The mixture with 2.0 mol % of Pd(PPh3)4,
phenylboronic acid (1 equiv.) and NaOAc (2 equiv.) in dioxane:water was irradiated at 80 ◦C for
8–30 min. The optimal conditions involved the reaction temperature being increased for the first step
and then increased further to 120 ◦C for 8 min. The reaction proved itself to be well tolerant of valuable,
but unstable groups, such as hydroxyl and carbonyl groups, and excellent yields were obtained from
the benzamido, naftalen, furane, thiophen and thiazole carboxamidoamido derivatives.

Boc protection of the sulfonamino group also greatly promoted the SMC and, as already described
for the Boc carboxamides, MW irradiation in water enabled deprotection to be carried out quickly
and efficiently. As depicted in Scheme 25, the one- pot procedure, which combines SMC and
Boc-deprotection, can be performed starting with 4-bromo N-Boc-benzenesulfonamide via the addition
of P(PPh3)4 and arylboronic at 85 ◦C (MW irradiation) for 8–10 min in the first step, followed by
a second step at 130 ◦C for 8 min [60].

 

Scheme 25. Pd(PPh3)4-Catalyzed SMC and N-Boc cleavage, one-pot reaction.
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The development of synthetic procedures which can perform the parallel synthesis of analogues,
where diversity elements are introduced into a multistep sequence, has been the focus of significant
interest over the last two decades. This investigation mainly makes use of reactions that are commonly
used in the medicinal chemistry, including SMC, one of the most prevalent transformations in drug
discovery parallel synthesis. As an application of this approach, a one-pot reductive amination-SMC
sequence was proposed by Grob et al. in 2011 (Scheme 26) [61]. Boron-functionalized aryl aldehydes
were first subjected to reductive amination and the C–C coupling then gave the diaryl derivative. MIDA
(N-methyliminodiacetic acid) ligand boronates were selected on the basis of a preliminary screening
because of their high stability when undergoing reductive amination. Furthermore, the proposed
MW-promoted protocol includes both the deprotection of the MIDA boronate and the subsequent
cross-coupling reaction. The authors observed that good yields were achieved with both electron-rich
and electron-deficient haloarenes. Interestingly, heteroaryl halides react successfully with examples
spanning a wide variation of ring size electronics and substitutions types; the only class that failed in
the SMC was the five-membered NH free heterocycles. Relative success was obtained in the assessment
of the versatility of reductive amination with amines containing amino-acid derivatives, ethers, esters
and heterocycles.

 

Scheme 26. Preparation of boron-functionalized aryl aldehydes and one-pot synthesis of biphenyl amine.

Park et al. [62] have developed a one-pot method that proceeds via SMC and aldol condensation
reactions to obtain naphthoxindoles in good to excellent yields (63%–94%). This reaction afforded an
oxindole moiety from 4-bromooxindoles and 2-formylarylboronic acids in 5 min under MW irradiation
at 150 ◦C. Pd(PPh3)4 (5 mol %) was used as a catalyst in the presence of K2CO3 (1.5 mmol) as the one
pot reaction was performed in toluene/EtOH (2:1) (Scheme 27). The described synthetic method was
tolerant of various substituents and functional groups, while MW irradiation was used to improve the
reaction rate of a wide set of naphthoxindole libraries.

 

Scheme 27. One-pot synthesis of naphthoxindoles from 4-bromooxindoles by SMC and aldol
condensation reactions.
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MW irradiation has been applied to a versatile and efficient one-pot borylation/SMC in an
attempt to overcome one of the main limitations of the SMC reaction; the lack of availability and/or
the instability of certain boronic species [63]. The authors optimized the one-pot model reaction which
starts from 5-bromoindanone and 3-bromopyridine to give 3-pyridinylindenone. The transformation is
mediated by the formation of the intermediate bis(pinacolato)diboronic (Scheme 28). A change in the
base used was crucial to this study. KOAc was used at first to activate the halide within the catalytic
complex for the transmetallation step with bis(pinocolato)diboron. Na2CO3 was then introduced as
a second base, after the formation of pinacolate, to form the biaryl-substituted palladium species.
The optimized protocol was performed via the irradiation of a dioxane solution of arylbromide,
Pd(PPh3)4 and KOAc in a MW oven at 120 ◦C for 45 min, followed by the addition of a second
arylbromide, Na2CO3 and further irradiation at 120 ◦C for 30 min. The author synthesized a large
series of diaryl and keto, Boc-protected aniline, halo, aryl, indanone, pyridyl, pyrazole, azaindole and
quinoline functional groups to provide a set of hinge-binding fragments. Furthermore, heteroaromatic
rings, which either contained a hydrogen bond acceptor, a hydrogen bond donor or both, were coupled
in combination with four phenyl halides.

 

Scheme 28. One-pot borylation/SMC.

2.1.4. Ligands in MW-Assisted SMC

It is well known in literature that palladacycles are efficient pre-catalysts for the SMC reaction.
Oxime-derived palladacycles are often chosen because they are known to be (1) stable at high
temperature; (2) inert with air and moisture; (3) a pre-catalyst that releases Pd(0) and avoids the
formation of large Pd metal particles. In this context, Cívicos et al. [64] have recently demonstrated
the high catalytic activity of a number of different oxime palladacycles (Scheme 29) in the SMC of
biaryls in aqueous solvents, using both conventional and MW irradiation conditions. The same authors
presented a new and simple protocol for the Pd catalyzed SMC alkenylation of deactivated organic
chlorides under MW irradiation conditions.

Alkenylboronic acids and potassium alkenyltrifluoroborates are effectively cross-coupled with
these aryl and heteroaryl chlorides using the 4,4′-dichlorobenzophenone oxime-sourced palladacycles
(PcPd1–2) as pre-catalysts at 0.1 to 0.5 mol % Pd loading, tri(t-butyl)phosphonium tetrafluoroborate
{[HP(t-Bu)3]BF4} as a ligand, tetra-n-butylammonium hydroxide as the co-catalyst and K2CO3 in DMF
at 130 ◦C under MW heating (Scheme 29). Alkenylarenes, stilbenes and styrenes were obtained in
60%–95% yields, with high β/α regioselectivity and diastereoselectivity in only 20 min, under these
conditions. The reported procedure is also very useful for the regioselective alkenylation of benzyl
and allyl chlorides to obtain allylarenes and 1,4-dienes.
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Scheme 29. SMC alkenylation of aryl chlorides.

The same authors proved that the oxime-palladacycle was efficient in arylation and alkenylation
when using neutral, electron-rich and electron-poor phenyl imidazolesulfonates (Scheme 30) and also
with sterically hindered electrophiles [65]. High isolated yields were obtained. 2-phenylpyridine
was synthesized in a high isolated yield (72%) in aqueous conditions from phenylboronic acid and
pyridin-2-yl 1H-imidazole-1-sulfonate.

 
Scheme 30. SMC reaction of aryl imidazolesulfonates with arylboronic acids and potassium aryltrifluoroborates.

The authors underlined the efficiency of MW irradiation in all examples, but in particular
with sterically challenging imidazolesulfonate. Remarkable, isolated yields (62%–93%) were also
commonly described for the regio- and stereo-selective syntheses of stilbene and styrene compounds,
regardless of which nucleophile was used. MW-assisted cross-coupling reactions were performed
in the presence of different β-aryl- and β-alkyl-substituted alkenylboronic acids and potassium
trifluoroborates. The improved reaction conditions have also proven to be effective in the coupling
of electron-deficient electrophiles and heterocycles, such as pyridine-2-yl. Within a bi-functional
starting material, the reactivity gap between the C–Br bonds and the C–O imidazolesulfonate bond
was exploited by the authors to demonstrate that MW-promoted orthogonal cross-couplings with
arylboronic acids primarily afforded the biphenyl-1H-imidazole-1-sulfonate via C–Br activation.
This product can be subsequently submitted to SMC with phenylboronic acid under aqueous conditions
to obtain the desired diarylated derivative (Scheme 31).
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Scheme 31. Use of the oxime-palladacycle (PcPd1–2) in MW promoted arylation.

Susanto et al. [66] have developed a fluorous, thermally stable oxime-derived palladacycle for
MW-enhanced carbon–carbon SMC reactions in aqueous media. The palladacycle gave extremely low
levels of Pd leaching (0.023–0.033 ppm over 5 cycles) and was reused five times with no significant loss
in activity. The catalytic activity of the reported fluorous, oxime-based palladacycle PcPd3 (0.05 mol %
Pd) (Scheme 32) was used in the SMC between phenylboronic acid and 4-bromobenzotrifluoride in
the presence of K2CO3 as the base and TBAB as the phase transfer additive. The reaction proceeded
efficiently under MW irradiation at 140 ◦C in water to give the biphenyl product in a 98% yield
in 2 min.

Excellent yields (90%–98% corresponding to 2 × 104 TON (turnover number)) were obtained
when Pd pre-catalyst loading was dropped down to 0.005 mol %, but the reaction time was longer at
1 h. It is worth noting that the author, after a mercury drop test, hypothesized that the oxime-based
palladacycle formed Pd nanoparticles and that they were, in fact, the catalytic species in the reaction.

Scheme 32. Fluorous, oxime-based palladacycle structure.

A fast MW assisted SMC reactions between either activating (2-acetyl) or deactivating (2-thiazol-4-yl)
bromothiophenes moieties with a pletora of arylboronic acids were reported by Dawood et al. (2015) [67].
A benzothiazole-oxime Pd(II)-complex was successfully applied for this proposal either in water or
DMF enabling good SMC product yields in 10–30 min under MW irradiation at 100–160 ◦C (Scheme 33).
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Scheme 33. MW-assisted synthesis of 2-acetyl-5-arylthiophenes and 4-(5-arylthiophen-2-yl)thiazoles via SMC.

Attempts to exploit aryl chlorides as SMC reaction substrates have led to several catalysts being
developed. Of these new catalysts, the use of ferrocene derivatives (Fc) as ligands has attracted
remarkable attention due to their large size and electron-rich nature. Ferrocene-containing phosphine
ligands have been applied, however, the use of other ligands, such as diimines, has gained some limited
attention. The use of diimine or pyridylimine ligands, in lieu of phosphine ligands, has major benefits,
such as simple synthetic procedures, easy management and easy tuning of the electronic and steric
properties of the final catalysts. In this context, Hanhan et al. (2012) [68] have reported the MW assisted
SMC, in aqueous media, of different boronic acids with aryl chlorides using a ferrocene-containing
Pd(II)–diimine complex as the catalyst. The use of the air-stable diimine ligand, which bears two
ferrocene units, was observed to be powerful for SMC reactions due to the sterically demanding
character of the ligand and the electron-rich properties of the ferrocene fraction. These features allow
the active Pd(0) species to be stabilized in the catalytic cycle and support the reaction. Small amounts
of FcPd1 (0.1%) (Scheme 34) were found to be powerful in the coupling of different boronic acids with
non-activated aryl chlorides to supply sterically hindered ortho-substituted biaryls (yields > 90%) in
aqueous medium in the presence of K2CO3 (1.5 equiv.) in only 15 min at 800 W. Rather, the use of very
low quantities of catalyst (0.0001%) allowed the coupling of aryl iodides and bromides with boronic
acids to be carried out in quantitative yields. When FcPd1 was compared with other catalysts, that
have already been described as used in SMCs, FcPd1 did not required any additives, such as TBAB,
or solvents other than H2O.

 
Scheme 34. Ferrocene-based Pd(II)–diimine catalyst.

Palladacycles can possess widespread structural arrangements and synthetic accessibility and,
as such, have gained attention as catalytic precursors. In this context, organosulfur ligands are usually
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precursors in the synthesis of palladacycles and can be successfully used in SMC reactions that are
promoted by various heating sources, such as MW and infrared. In a comparison of the conversions
obtained by coupling 4-iodotoluene and phenylboronic acid, Balam-Villarreal et al. used 0.1% mol
of palladacyle FcC(S)OEtPdClZR3 (ZR3 = PPh3, P(o-Tol)3, and PMe3) and K2CO3 in methanol [69].
The same reaction, conducted at 65 ◦C, produced a 99% yield in 240 min, while the same yield was
obtained in 120 min (40 ◦C) under US irradiation and in 25 min using IR. The effectiveness of MW
irradiation was proven as excellent coupling product yields were obtained in only 6 min (90 ◦C).

Yılmaz et al. [70] have described the synthesis of new bis-benzimidazole salts (Bim1–2), which
contain furfuryl and thenyl moieties (Scheme 35), and their further applications in MW-assisted SMC
reactions in the presence of Pd(OAc)2. In particular, it was reported that the SMC reaction, catalyzed
by Pd(OAc)2 (1 mol %) in the presence of bis-benzimidazolium salts (1 mol %), gave excellent yields
(86%–99%)(Scheme 36) in only 5 min when using a DMF–H2O (1:1) mixture as the solvent and either
Cs2CO3 or K2CO3 as a base (2 mol %) at 145 ◦C/400 W MW heating.

 
Scheme 35. Novel bis-benzimidazole salts bearing furfuryl and thenyl moieties.

Scheme 36. MW-assisted SMC in presence of Bim1–2.

No considerable enhancement in reaction yield was observed upon increasing the irradiation
time to 60 min. MW irradiation accelerated SMC rate, even when aryl chlorides and especially when
bearing electron-withdrawing substituents were used, resulting in 70%–89% yields. The same reaction
yields were only achieved when performing the same SMC reactions in an oil bath (145 ◦C) in 90 min
instead of MW heating. Furthermore, control experiments showed that the coupling reaction did not
occur in 5 min in the absence of bis-benzimidazole salts.

Another set of benzimidazole salts, containing a trimethylsilylmethyl substituent (BIm3), were
then synthetized by the same authors (Scheme 37) [71]. The reported SMC reactions were performed
using 300 W power MW irradiation at 120 ◦C in 10 min with a mixture of benzimidazole salts (2 mol %),
Pd(OAc)2 (1 mol %) and K2CO3 in DMF–H2O (1:1). The use of the Pd catalyst system, including these
benzimidazolium salts, gives better SMC reaction yields (87% vs. 13%) under MW-assisted conditions
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and lower reaction times than under conventional heating. Good reaction yields were also described
under optimized MW conditions even when aryl chlorides were used and particularly so with electron
withdrawing substituents (94% for –NO2) (Scheme 38). On the other hand, electron-donating alkyl
groups on benzimidazole salts led to better catalytic activity than electron withdrawing groups.

 
Scheme 37. General structure of benzimidazole salts which contain trimethylsilylmethyl substituent (Bim3).

Scheme 38. SMC using Bim3 under MW irradiation.

Of the phosphine-free (ligand-free) Pd catalysts available for use, anionic Pd complexes with
imidazolium based ionic liquids have recently attracted increased attention. In this context, Pd complexes of
the [IL]2[PdCl4] (IL = imidazolium cation) type have been shown to be effective catalysts when used in the
SMC of phenylboronic acid with 2-bromotoluene, in the presence of aqueous or pure 2-propanol at 40 ◦C
under MW. In 2-propanol, the maximum yields (89% and 85%) have been described by Silarska et al. [72]
for [dmiop]2[PdCl4] and [dmdim][PdCl4] (dmiop = 1,2-dimethyl-3-propoxymethylimidazolium cation,
dmdim = 3,3′-[1,7-(2,6-dioxaheptane)]bis(1,2-dimethylimidazolium) cation) which contain cations with a
methyl group at the C2 position. When water was used, all [IL]2[PdCl4] complexes produced ca. 90% of
the 2-methylbiphenyl product. Excellent results were also reported in the C–C cross coupling reaction
of various aryl bromides and chlorides (81%–96% yields) (Scheme 39). For instance, the conversion of
2-chlorotoluene was 71% at 70 ◦C. The formation of Pd(0) nanoparticles during the catalytic reaction
was identified by transmission electron microscopy (TEM) and confirmed by mechanistic studies,
also involving Hg(0) tests, showing that active soluble Pd species could be generated from Pd(0)
nanoparticles in catalytically amounts.
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Scheme 39. SMC in the presence of [IL]2[PdCl4] complexes, used as efficient catalysts.

Pyridyl–imine and diimine type ligands are very helpful for designing homogeneous catalysts
due to their easily switchable properties, but they suffer from rapid decomposition in water. In this
context, Hanhan and Senemoglu [73] have prepared a series of unsymmetrical, ionic sulfonated pyridyl
imine ligands and their Pd(II) complexes which are suitable for MW-assisted SMC in water (PyIPd)
(Scheme 40). These ionic Pd(II) complexes proved to be effective when used as 0.1 mol % catalysts
in water for SMC reactions in the presence of K2CO3 (2 mmol) and terabutylammonium bromide
(TBAB) (0.5 mmol), used as the phase transfer reagents. Ionic Pd(II) complexes tolerate a broad range
of functional groups on the substrate phenyl rings and good yields (71%–98%) were described in
all cases, in only 5 min of MW irradiation (850 Watt), and bulky groups on the ligand increased the
efficacy of these catalysts. Furthermore, it was possible to use Pd complexes for up to four cycles
before decomposition under MW irradiation. The hydrolysis of the imine C=N bonds in water to give
aldehydes and Pd-black is probably more easily prevented by the faster MW assisted SMC.

 

Scheme 40. Water soluble and unsymmetrical sulfonated Pd(II)-pyridyl imine complexes.

A new and efficient pyridine-pyrazole/Pd(II)catalyst system (PP-Pd) (Scheme 41) for MW-mediated
SMC reactions has been developed by Shen et al. [74]. To the best of our knowledge, this is the first report
of such complexes for the catalysis of SMC. The reactions were carried out under MW irradiation in a
water/EtOH mixture and were applied to the synthesis of different biaryls. The MW protocol has the
advantage of quick reaction (2 min, 60 W), while also avoiding anaerobic conditions or the use of a
nontoxic solvent. The best results (75%–90%) were obtained using KOH as the base, in the presence of
0.1 mol % complex PP-Pd. The catalysts were applied for up to five cycles and the methodology is an
effective synthetic route to biaryl synthesis.
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Scheme 41. New pyridine-pyrazole/Pd(II) species as a SMC catalyst in aqueous media.

In the past decade, the synthesis and design of polyphosphine ligands has been a hot research
topic due to the wide structural diversity of their metal complexes.

This type of ligand can easily form multinuclear complexes and also lead two metals into
close proximity if the bite distances are small. In this context, the bis-amino(diphosphonite) ligand,
p-C6H4{N{P(OC6H4C3H5-o)2}2}2 (PL), has recently been prepared, by Naik et al. [75], by reacting
p-C6H4- {N(PCl2)2}2 with o-allylphenol (4 equiv.) in an 85% yield (Scheme 42). When the PL ligand was
reacted with [Pd(COD)Cl2](2 equiv.) a di-nuclear complex [{PdCl2}2{p-C6H4{N(P(OC6H4C3H5-o)2)2}2}]
(PL-Pd) was reached which was proven to be suitable for SMC under MW. This was the first
example where a dipalladium(II) complex, containing a bis(diphosphonite) ligand, has been used
in a MW–assisted SMC reaction. Of the various solvents and bases tested, the best results (>90%)
were obtained under MW irradiation in methanol and K2CO3 (1.5 equiv.). An excellent turnover
frequency (TOF) of 22,800 was obtained with bromotoluene in 5 min at 60 W and at a catalyst loading
of 0.05 mol %. Even aryl halides, in particular sterically hindered bromides with ortho substituents,
reacted with phenylboronic acid in excellent conversions and yields. An enhanced TOF of 24,000 was
obtained for acyl and formyl substituents.

 

Scheme 42. Pd complex synthesis from bis-amino(diphosphonite) ligand.

Morales-Morales [76] have reported the preparation of a family of SCS pincer compounds, of
the [PdCl{C6H3-2,6-(CH2SR)2}] {R = tBu, sBu, iBu} type, which are suitable for SMC reaction, under
both conventional and MW heating. These series of alkyl-substituted SCS-PdII pincer complexes
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(Scheme 43) were prepared via the direct C–H activation of a series of α,α-bis(butylthio)metaxylene
proligands (C6H4-1,3-(CH2SR)2, for R = tBu, sBu, iBu substituents) starting from a PdCl2 suspension in
toluene. The C–C coupling reaction between the various aryl halides and phenylboronic acid were
then carried out in DMF using a catalyst loading of 0.2 mol % in the presence of Na2CO3, used as a
base. Quantitative conversions were described for all ligands tested under dielectric heating (75 W) in
10 min irradiation while 10 h were required with conventional heating. In addition, a correlation has
been established between the Hammet parameter (σ) of the para electron-withdrawing substituents on
aryl halide substrates used and the SMC conversion.

 

Scheme 43. General structure of SCS-PdII pincer complexes.

Palladacycles have been reported to exhibit weak water solubility. However, an example of a
comprehensive study into the use of Pd–PTA–imidate complexes in palladium-catalyzed SMC in
water has nevertheless been published by Gayakhe et al. [77]. Four new, water-soluble palladacyclic
derivatives [Pd(CˆN) (imidate) (PTA)] were prepared via bridge-splitting reactions of the corresponding
di-μ-imidate complexes with PTA (1,3,5-Triaza-7-phosphaadamantane). The palladacycles were then
tested in SMC with four nucleosides and a wide variety of aryl and heteroarylboronic acids (Scheme 44).
Good to excellent yields (89%–94%) were obtained in 5 min under MW irradiation for the pyrimidine
nucleosides, while an appreciable increase in product formation was observed for cytidine. Similarly,
an improvement in reactivity was observed in the coupling reaction with purine nucleosides (adenosine
and guanosine) under MW irradiation, in comparison to conventional heating, albeit in longer reaction
times than their pyrimidine analogues (10 min).

 

Scheme 44. Pd–PTA (1,3,5-Triaza-7-phosphaadamantane)–imidate complexes in palladium-catalyzed SMC.

2.1.5. MW Promoted Ni Catalyzed SMC

The clear advantages such as, cheapness and earth abundance, of the first row transition metals
compared to precious metals have moved the scientific community to study Ni catalyzed SMC [78].
A few papers have studied the effect that MW irradiation has on SMC in the absence of Pd [79,80].
The replacement of traditionally used Pd with less expensive Ni-based catalyst systems was approached
by Kappe et al. in 2011 [81]. The Ni-catalyzed SMC reactions were performed using aryl carbamates
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and/or sulfamates as the electrophilic coupling partners for reactions, because they are readily
available and more stable under a variety of reaction conditions than the more reactive triflates.
The commercially available and air/moisture stable Ni(PCy3)2Cl2 catalyst was employed and the
coupling was performed in toluene at 150–180 ◦C for 10 min in a single-mode MW reactor with accurate
internal temperature monitoring. 87% of isolated yield was obtained from the N,N-diethyl naftalene
carbamate with 5 mol % of the Ni catalyst and boronic acid (2.5 equiv.) at 180 ◦C for 10 min, whereas
the reaction required 20–24 h under conventional heating. The rate enhancement was demonstrated
by the authors to be the result of a purely thermal effect as highlighted by control experiments which
made use of a reaction vessel made out of strongly MW absorbing silicon carbide (SiC).

2.2. Moving from Homogeneous to Heterogeneous Catalysis in MW Promoted SMC

Supported Pd catalysts (1.0 wt %) and Pd2dba3 (1.0 mmol) have been found, by Martins et al. [82],
to be active catalysts in the SMC of aryl chlorides with arylboronic acids. Excellent yields, in terms of
aromatic ketones, were described (79%–99%) under MW irradiation without the addition of phosphine
ligands in 5 min at 120 ◦C (250 Watt) (Scheme 45).

Selectivity toward benzophenone was not good under optimized conditions in MW when Pd/C
was used as the catalyst. Pd/C is as strong MW absorber. The high superficial temperatures reached
on the Pd/C surface under dielectric heating probably lead to rapid biphenyl by-product formation.
Selectivity toward benzophenone dramatically improved upon reducing the reaction temperature
from 120 to 80 ◦C. Moreover, Pd/C was proven to be more effective when acetonitrile was exploited
as reaction solvent under MW irradiation instead of toluene. This improved result can be ascribed
to the optimized solubilization of the base (Na3PO4·12H2O) in a more polar solvent. This catalytic
system gave excellent selectivity, when acetonitrile was used as the solvent and Pd2dba3 as the Pd
source, but the reaction was slower. In fact, the improved base solubility in acetonitrile was found
during the hydrolysis of the benzoyl chloride and the discovery of large amounts of benzoic acid.
Better selectivity was finally observed using K2CO3 in toluene.

The effect of phase transfer catalysts in the Pd2dba3 catalyzed coupling reaction was also
investigated. Of the phase transfer catalysts studied, polyethylene glycol 200 (PEG-200) was found to
be a good choice probably because it avoids the acyl chloride hydrolysis issue as well as promoting
better base solubilization.

 

Scheme 45. Synthesis of aromatic ketones without the addition of phosphine ligands under MW irradiation.

2.3. Solid Supported Pd Catalyzed MW Promoted SMC

The combination of MW heating, supported metal (mainly Pd) nanoparticles and ligand-free C-C
coupling reactions give very high reaction rates using very small catalyst amounts, therefore increasing
the sustainability of the processes. However, separating the homogeneous catalyst (generally palladium
metal ions) is a challenging requisite, especially from a pharmaceutical point of view. A first example
of maintaining high Pd dispersion in the presence of a support can be found in Pd(OAc)2 species
immobilised on mesoporous γ-Al2O3 which displayed excellent catalytic activity in the coupling of a
number of aryl halides with phenylboronic acid [83]. A DMF/water mixture was employed and it was
necessary to heat the reaction via MW irradiation, at 150 ◦C for 10 min, despite the low catalyst amount
(0.2 mol % Pd). It was proposed that the highly dispersed nature of Pd(OAc)2 coupled with its high
affinity for γ-Al2O3 render the catalyst both active and very stable. XPS measurements revealed that
the original Pd(II) was basically transformed to Pd(0) after reaction. The use of metallic nanoparticles,
instead of isolated Pd(II) species, can therefore be advantageous. Indeed, the increase in surface area
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that accompanied the decrease in the nanoparticle size implies that more active sites are available for
catalysis. Pd is the most investigated metal, however, the introduction of more than one metal allows
the tuning of the electronic properties of the material to be carried out by opportunely choosing the
metal or alloy.

Novel CuPd bimetallic nanoparticles have recently been synthesized in oleylamine which acted
as both surfactant and solvent, therefore avoiding the need for additional surfactants, ligands or
reducing agents [84]. Moreover, the introduction of Cu did not only lower costs because of the need
for less Pd in preparation, but catalyst recovery was also more efficient as there were no phosphine
ligands, which can interact with the reaction product. The alloyed nanoparticles (0.01 mol %) showed
high catalytic activity in the SMC reaction of aryl halide and phenylboronic acid with a number of
functionalized substrates in the presence of K2CO3 using H2O; ethanol was used as an environmentally
benign solvent system under MW irradiation at 120 ◦C for 10 min. The high 92% biphenyl product
yield, an excellent TON (6000) and good TOF of 72,000 h−1 were achieved. The outstanding activity
was explained by the presence of electron transfer from Pd to Cu (as revealed by the co-presence
of both Pd and Cu metals and oxides) that allows the conversion of Pd2+ to Pd0 to catalyze the
reaction. Furthermore, the CuPd nanoparticles were successfully recycled, giving 95%, 90% and 78%
conversions after 3 consecutive runs. The PdCu nanoparticles were easily recovered by centrifugation
and washed with ethanol after which the solution was decanted and reused in the subsequent run.
Both electron donor and electron withdrawing functional groups, such as methoxy, ethoxy, cyano,
aldehyde, thiomethyl and dimethylamino, in both aryl halides and arylboronic acids were used and
gave excellent yields.

In order to promote separation, the nanoparticles can be strategically supported on insoluble
supports which can stabilize the nanoparticles without decreasing the accessibility of the catalytic sites.
In addition, the manipulation of supported nanoparticles further improves the sustainability of the
material by facilitating both recovery and reuse. The huge effort made to obtain green protocols for
reaction has given rise to the synthesis of water soluble ligands on one hand, and polymer supported
ligands or Pd-based catalysts on the other [85]. The research was focused on reactions carried out in
mild and ligandless conditions, using water as a solvent and at moderate temperatures, including
room temperature. The use of heterogeneous catalysts, instead of homogeneous catalysts, therefore has
several advantages, caused by their facility of reusability and good compatibility with flow reactors,
which facilitate the effective production of materials using continuous processes [86–88]. Several
strategies have been designed to effectively immobilize catalysts on solid supports, which include
inorganic oxides, polymers and organic–inorganic hybrid materials, in order to obtain, on one hand,
a highly dispersed and stable metal phase and, on the other, an active phase which is able to maintain
its catalytic activity under MW irradiation. For example, Soni et al. (2014) [89] have described a
suitable heterogeneous catalyst for SMC with the synthesis of a new palladium doped silica (Pd/SiO2)
mesoporous catalyst, which proceeds via the sol–gel route, using the P123 surfactant as a structure
directing agent. Of the wide plethora of supports available, ordered mesoporous silica materials are
very attractive for immobilizing/doping Pd catalysts, due to their large pore size, high surface area
and tunable pore structure. The Pd/SiO2 catalyst (0.5 wt %) exhibited high activity in the coupling
of various aryl bromides and a number of arylboronic acids at 85 ◦C in water with KOH after 7 min
of MW irradiation at 245 W power. The catalyst was recycled 9 times without a significant loss in
activity. It is worth noting that the reactions were completed in 2 h at 60 ◦C under conventional heating
conditions. In a previous paper, it was shown that SMC was mediated by a 0.5–1 mol % Pd-organosilica
heterogeneous catalyst (SiliaCat Pd(0)) at room temperature, with complete conversion of the substrate
after 6.5 h [90]. MW heating was needed to convert readily available chloroarenes. Under 200 W power
irradiation, aryl chlorides reacted with arylboronic acid in good yields, whilst aryl bromides were
coupled in remarkably short reaction times (from 20-to-100 times faster than under reflux).

Verho et al. have observed a 15-fold increase in reaction rate, compared to conventional heating in
an oil bath, in the SMC which gave 87%–90% yields in the presence of Pd nanoparticles immobilized
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on aminopropyl (AmP)-functionalized siliceous mesocellular foam (MCF) (Pd0-AmPMCF) under MW
irradiation [91]. The corresponding reaction under conventional heating, employing an oil bath, gave
rise to a four-fold decrease in yield. The authors explained such trends in terms of the existence of
more proficient heat transfer to the Pd nanoparticles which was achieved by MW irradiation, giving
rise to so-called “hot spots” [92] which possess a temperature higher than the neighboring solvent.
Additionally, two blank experiments were carried out; the first reaction was carried out in the absence
of Pd0-AmPMCF and the second was performed with MCF. As expected, no product formation was
detected in the absence of Pd.

A MW-assisted SMC was also performed which tested two catalysts, Pd/MCM-41 and Pd/SBA-15,
under solvent-free conditions and heating at 120 ◦C for 10 min in the presence of a base (K2CO3,
Cs2CO3 or CsF) [93]. Phenylboronic acid and phenyl iodide produced biphenyl in a 97.4% yield using
Pd/MCM-41, whereas phenylboronic acid and phenyl bromide gave biphenyl in excellent yields with
both Pd/MCM-4 and Pd/SBA-15. Nevertheless, the reaction with phenyl chloride gave poor yields in
the same experimental conditions.

Zheng et al. [94] have reported the MW-assisted SMC of a series of Pd and Pd/Au alloy
nanoparticles (with uniform size 1–3 nm) that had been either encapsulated or stabilized by G4-poly
(amido-amine) (G4-PAMAM, G stands for the generation) planted in SBA-15. A water/ethanol (3:2)
solvent was heated with iodobenzene (1 mmol), benzeneboronic acid (1.2 mmol) and 0.5% mol of
catalyst in the presence of K3PO4 (3 equiv.) at 100 ◦C. In conventional conditions, a 97% yield was
observed after the first cycle of 8 h, whereas the yield dropped to 31% after the 2nd cycle. However,
MW irradiation granted a 97% yield after only 10 min, a 48-fold rate increase, and the reactions were
completed after 30 min. In order to clarify the influence of the catalyst in the MW-assisted reaction,
the authors performed SMC with and without a catalyst under MW. Almost no product was obtained,
which demonstrates that the effect of MW irradiation was limited to the promotion of the catalyzed
reactions. Moreover, it was demonstrated that air retained its influence on the reaction as the procedure
that was carried out without N2 bubbling gave a 96% yield. It is worth noting that the presence
of a mild base is required to avoid the dissolution of the SBA-15 holding dendrimers in solvent.
Interestingly, they found that Pd/Au alloy nanoparticles display higher activity than monometallic
catalysts, at similar metal loading values, in catalyzing the coupling between aryl bromide/aryl
chloride and arylboronic acid. Although, pure gold gave no catalytic activity, the presence of Au3+ in
the dendrimer before reduction may be able to decrease Pd2+ complexation by internal amine groups
or other groups, resulting in the complete reduction of Pd2+ to Pd0. This feature may justify the higher
catalytic activity shown by the Pd/Au alloy catalyst over the monometallic Pd catalyst.

An effective methodology has been developed for the coupling of aryl halides (including aryl
chloride) and phenylboronic acid under MW irradiation for 30 min in the presence of Pd/Fe3O4@SiO2

and K2CO3 [95]. The catalyst was prepared by simply supporting PdCl2 on Fe3O4@SiO2 in ethylene
glycol and it was easily recovered using an external magnet after the reaction and reused without
further treatment. The MW-assisted reaction time was shortened and increased yields (99.4% and
99.8%) were achieved, as compared to those obtained for traditional heating (90.6%) in 12 h of reaction
time. Interestingly, Pd/Fe3O4@SiO2 exhibited considerable catalytic activity in the SMC involving
aryl chlorides and a 68.2% yield was observed in the coupling of chlorobenzene with PhB(OH)2 under
MW irradiation for 90 min. In addition, no deactivation was observed even after 6 runs. At the
same time, Nehlig et al. reported the exceptional catalytic performance displayed by palladium
(0.01 mol % Pd), immobilised on a maghemite nanoparticle core bearing proline at the surface, in the
coupling of 4-tolylboronic acid (0.22 mM) to 4-iodonitrobenzene (0.20 mM) in water–ethanol (1:1),
under aerobic conditions and using a base [96]. The TOF values were 1940 and 18,000 mol p-I-C6H4NO2

(mol Pd)−1·h−1. MW irradiation was used to heat the reaction mixture in accordance with the green
chemistry approach and to obtain careful control of the reaction conditions (temperature, stirring,
cooling). It was reported that the test reactions performed under thermal heating gave exactly the
same results. Moreover, γ-Fe2O3@Cat-Pro(Pd) was reused for seven runs providing total conversion
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and contained Pd leaching. The catalyst was also extremely stable; it was still active with the same
efficiency after being stored in aqueous solution, under aerobic conditions at room temperature for
more than 6 months after its synthesis.

Cravotto et al. have observed the advantages on offer when working under MW irradiation
and/or ultrasound irradiation [97]. To our knowledge, this is the sole example found in the literature in
which the coupled techniques have been successfully employed. They have performed a comparison
of a number of different activation methodologies, such as conductive heating in an oil bath (OB), MW
irradiation (MW), US horn irradiation coupled with conductive heating in a thermostated oil bath
(US/OB) and contemporary US/MW irradiation (US/MW) (as reported in Table 2) in the study of a
series of metal-catalyzed C–C couplings in glycerol, along with the SMC (Scheme 46).

 

Scheme 46. SMC reaction in glycerol (for specific reaction conditions see the Table 2).

Table 2. Cross-coupling yields in glycerol of 4-iodobenzene and phenylboronic acid via a variety
of techniques.

Method 1 T (min)
Yield (%)

Pd(OAc)2 PdCl2 Pd/C

OB 2 60 85 75 44
US/OB 60 99 98 86

MW 15 57 70 60
MW 60 74 92 67

US/MW 60 100 98 94
1 Reaction conditions: 4-iodomethoxbenzene (2 mmol), phenylboronic acid (2.4 mmol), Na2CO3 (2.4 mmol),
ligand-free catalyst (0.04 mmol), glycerol (42 mmol, 4.0 g), 80 ◦C; 2 OB = oil bath.

In particular, they investigated the coupling between 4-iodoanisole and phenylboronic acid
employing ligand-free palladium salts or palladium on charcoal as a model reaction. All the reactions
were performed at 80 ◦C, because glycerol guarantees excellent acoustic cavitation even at high
temperatures. PdCl2 and Pd(OAc)2 were more efficient than Pd/C (see Table 2) and it was found that
US/OB, MW and simultaneous US/MW irradiation significantly enhanced the reaction rate, with
the US/MW and US/OB methods giving the best results due to enhanced heat and mass transfer.
In addition to classic palladium salts, a solid ligand free catalyst, a Pd loaded cross-linked chitosan [98],
gave outstanding catalytic activity. Enhanced reaction rates, in the order MW/US > US > MW, were
observed in a number of Pd catalyzed SMC in glycerol. It is worth noting that ultrasound and MWs
significantly improved the reaction of halobenzenes, such as chloroacetophenone, which are poorly
reactive toward C–C coupling. Further modification of the Schiff base chitosan by reaction with
2-pyridinecarboxaldehyde and the subsequent palladium deposition resulted in catalysts that are
highly active in the coupling of phenylboronic acid with p-bromophenol and p-bromoacetophenone
giving high product selectivity and yields (>99%) in water under MW irradiation without the need for
a phase-transfer catalyst [99].

In order to make any catalytic process “greener”, the catalyst itself should be “green” in nature
and the process should not demand harmful solvents. With such an approach in mind, Baran et al. [100]
have prepared a green cross-linked-chitosan-cellulose composite microbead-based catalyst support for
Pd ions and tested it in the synthesis of biaryl compounds, via an environmentally safe MW irradiation
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technique in a solvent free medium. The cellulose particles were incorporated into the chitosan matrix
to improve mechanical strength on one hand and the interaction with Pd(II) on the other (see Figure 1).

 

 

Figure 1. Scanning electron microscopy (SEM) images of (a,b) cross linked-chitosan-cellulose composite
micro beads; (c,d) green chitosan/cellulose-Pd(II) catalyst. Reprinted from [100]. Copyright (2016),
with permission from Elsevier.

The reactions between phenylboronic acid and 16 different arylhalides were also examined.
The 5 min MW-assisted synthesis of biaryl compounds was carried out in a solvent free medium
adopting a small amount of catalyst (0.015 mol %) at 50 ◦C. The activity of the catalyst was compared
with that of commercially available Pd salts PdCl2, PdCl2(CH3CN)2 and Na2PdCl4, under the same
reaction conditions. In addition, the authors tested the performance of the activation method against a
conventional heating reflux system (90 ◦C, 24 h reaction time). They found TON and TOF values of
6600 and 82,500. Na2PdCl4 (the best performing commercial product) gave a 47% yield, whilst a much
higher product yield (99%) was obtained using the green chitosan/cellulose-Pd(II) catalyst.

In order to reveal the efficiency of the MW irradiation method, 4-methoxybiphenyl was
synthesized in the presence of the chitosan/cellulose-Pd(II) catalyst in a conventional heating-reflux
system (24 h, 90 ◦C) using toluene as the solvent, obtaining a 46% product yield vs. the 99% reaction yield
produced by green method (5 min, 50 ◦C) in solvent-free media. The catalyst worked efficiently for up to
nine cycles, giving high TONs (2867) and TOFs (35,837). It was concluded that this environmentally
harmless catalyst can be transferred and scaled-up into industrial operations.

A new series of solid cross-linked cyclodextrin (α-, β-, and γ-cyclodextrin) based catalysts that
are obtained via reticulation with hexamethylene diisocyanate in solutions containing either Pd(II)
or Cu(I) cations was investigated by the same group [101]. Diisocyanates are efficient cross-linking
agents for cyclodextrins, due to their high reactivity towards hydroxyl groups. The Pd(II) based
catalysts have been successfully tested in C–C couplings (Heck and Suzuki reactions). The catalyst
proved to be extremely versatile because of its polar structure and was found to be particularly suitable
for MW-assisted reactions. Indeed, both native cyclodextrins and cross-linked derivatives are very
sensitive to dielectric heating due to their polar structure. Such effect was further enhanced by the
embedded cations.

One of the strategies exploited for the preparation of active catalysts that contain solid supported
nanoparticles is the functionalization of the surface with organic ligands. Martina et al. have reported [102]
the synthesis of a novel cyclodextrin/silica support to host Pd nanoparticles with enhanced stability
and reactivity, according to Scheme 47. The authors ascribed the formation of homogeneously dispersed
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Pd nanoparticles of small size to the presence of a coordinating group. Indeed, the amino alcohol
groups and triazole on the spacer are also able to coordinate Pd species and influence metal nanoparticle
content, size and distribution on the silica surface.

 

Scheme 47. Synthetic procedure for the preparation of Si–cyclodextrin [102].

An extensive study of the catalytic performance of a Pd nanoparticle supported hybrid
cyclodextrin derivative in ligand-free C–C SMC with a large number of aryl iodides and bromides was
also carried out. The catalyst exhibited excellent results and MW irradiation abated reaction times.
The catalyst underwent 5 cycles and no appreciable loss in activity was detected. Inductively coupled
plasma (ICP) analyses of the catalyst after recycling showed negligible Pd leakage, whereas XRD
measurements indicated a slight increase in Pd nanoparticle size after usage.

Isfahani et al. [103] have described, for the first time, the synthesis of a new catalyst which is
based on Pd nanoparticle immobilized on a nano-silica triazine dendritic polymer (Pdnp-nSTDP) and
its subsequent application in C–C coupling reactions. This catalytic system showed high activity in
the SMC of aryl iodides, bromides and chlorides with arylboronic acids. These reactions were best
performed under MW irradiation (200 W, 70 ◦C) in a dimethylformamide (DMF)/water mixture (1:3)
in the presence of K2CO3 (1.5 equiv.) and of only 0.006 mol % of Pdnp-nSTDP (Pd size 3.1 ± 0.5 nm)
and gave (2–10 min) the desired coupling products in high yields (>90%). Pdnp-nSTDP was also
applied as an effective catalyst for the MW preparation of a series of star- and banana-shaped
compounds, using benzene, pyridine, pyrimidine or 1,3,5-triazine units as the central core, via a
SMC reaction (see Scheme 48). 2,6-dibromopyridine (for banana-shaped) or 1,3,5-tribromobenzene,
2,4,6-trichloropyrimidine and 2,4,6-trichlorotriazine (for star-shaped) were used as the starting
materials. The Pdnp-nSTDP catalyst was easily recovered and reused without significant loss in catalytic
activity making this a sustainable process. The analysis of palladium leaching from the Pdnp-nSTDP
catalyst by ICP pointed out that only a trace amount of palladium leached in the first two runs.

 

Scheme 48. Star- and banana-shaped compounds with benzene, pyridine, pyrimidine or 1,3,5-triazine
units as the central core.
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Following a similar approach, Borkowski et al. [104] achieved very good results using Pd
supported on a siloxane polymer functionalized with imidazole groups (Scheme 49) in a SMC model
reaction between 2-bromotoluene and phenylboronic using conventional heating and MW energy.
Environmentally friendly solvents, such as H2O and a 2-propanol/H2O mixture, were employed.

Scheme 49. Proposed structure of Pd catalyst supported on a siloxane polymer functionalized with an
imidazole group. Reprinted from [104], Copyright (2016), with permission from Elsevier.

The Pd supported catalyst showed very good recyclability (eight runs) and high activity at 40 or
60 ◦C. However, even better results and yields of 90%–100% were obtained after 1 h in three sequential
runs with the same catalyst when MW heating was used instead of conventional heating. Interestingly,
the application of MW conditions enabled the less reactive 4-chlorotoluene and 1-chloro-4-nitrobenzene
to react.

Ceramic materials, based on aluminosilicates, react quickly under MW irradiation with consequent
rapidity and uniformity of heating. MW irradiation was very recently employed during a SMC reaction
between phenylboronic acid and a broad range of aryl halides in the presence of K2CO3 (1.12 equiv.),
TBAB as an additive (0.05 mmol) and 0.016 mol % (0.7 mg) of Pd nanoparticles immobilised
into Poly(N-isopropylacrylamide) (PNIPAAM), which had previously been grafted onto halloysite
nanotubes (HNT) using water as the solvent [105] (see Scheme 50).

Scheme 50. Representation of the synthesis of Pd nanoparticles immobilised into Poly(N-
isopropylacrylamide) (PNIPAAM) previously grafted onto halloysite nanotubes (HNT). Reprinted
from [105]. Copyright (2016), with permission from Royal Society of Chemistry.
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The reactions were performed at varying temperatures (between 25 and 120 ◦C) under MW
irradiation. The catalyst was recuperated via centrifugation and used again for five cycles (Figure 2).
Yields ranged from 73% to 99% and no by-products were formed. Nevertheless, aryl chlorides gave
almost no conversions under the same reaction conditions.

 

Figure 2. Effect of temperature on the SMC between 4-bromoacetophenone and phenylboronic acid
(reaction conditions: phenylboronic acid (0.547 mmol), 4-bromoacetophenone (0.55 mmol), K2CO3

(0.615 mmol), EtOH/H2O 1:1 (1.2 mL), catalyst (0.16 mol %, 7 mg) under MW irradiation). Reprinted
from [105]. Copyright (2016), with permission from Royal Society of Chemistry.

The good results may well be due to the thermo-responsive behavior of PNIPAAM. When recycling
tests were carried out at temperatures above the lower critical solution temperature (LCST > 32 ◦C) of
PNIPAAM, the system catalyzed the formation of the desired biphenyl-4-acetophenone product in
good yields, even after 4 runs, ranging from 99% to 77%. On the other hand, very low conversions
(about 10%) were obtained at 25 ◦C as expected for the thermo-responsive behavior of the polymer.
It was proposed that, the PNIPAAM chains collapse, at above the LCST, to form a dense hydrophobic
layer covering the surface of HNTs hence promoting the mass-transfer of the hydrophobic reagents
(Figure 3). However, it was observed that prolonged MW irradiation induced a decrease in both
conversion and yield, due to homocoupling, dehalogenation products and the degradation of both
reactants and products.

 

Figure 3. Sketch representation of the swelling behavior of HNT–PNIPAAM/Pd nanoparticles at the
critical solution temperature (32 ◦C). Reprinted from [105]. Copyright (2016), with permission from
Royal Society of Chemistry.

Environmentally friendly halloysite-dicationic triazolium salts (HNT-IL) were used as supports
for palladium catalysts and used in the SMC between phenylboronic acid and a set of aryl halides.
The reaction was carried out in water at 120 ◦C and using K2CO3 [106]. All the reactions were run for
10 min. HNT-IL/Pd was used at 0.1 mol % loading. Conversions were high with yields up to 99% in the
case of anisole derivative substrates. On the other hand, the conversion of other substrates increased
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when the H2O/EtOH (1:1) mixture was used, due to the good solubility of the organic reactants and
of the inorganic base in the co-solvent. It was proposed that the impressive conversions for anisole
derivatives may be justified by a synergic effect caused by the ethereal alkyl chains, or the aromatic
rings, of the support and by MW irradiation on the cross-coupling of anisole in water. The catalyst
was recovered via centrifugation and reused for 5 runs, affording biphenyl-3-anisole in 99%–90%.
The same authors [107] found that the use of MW irradiation cut down the reaction time and enhanced
the conversion, with respect to traditional heating, when using the same catalyst, for which the
modification of the external halloysite nanotube surface with octylimidazolium moieties (HNT-IL) was
performed using MW irradiation under solvent-free conditions. The HNT-IL/Pd catalyst (1 mol %)
was tested in the SMC of a number of different kinds of aryl bromides, iodides and less reactive
aryl chlorides with phenylboronic acid in under 10 min MW irradiation at 120 ◦C in the presence of
K2CO3. No by-products were detected in all cases and the conversions reported in Table 3 correspond
to yields. Full conversions were obtained when aryl bromides and iodides were used, whilst less
reactive aryl chlorides gave lower yields. The authors pointed out that no product was detected when
traditional heating was used on aryl chlorides. Moreover, comparable results were achieved with both
electron-donating and electron-withdrawing substituents on aryl halides.

Table 3. SMC reaction of phenylboronic acid with a number of different halides under optimized
reaction conditions under MW irradiation 1.

Ar-X Yield (%) 2

4-Bromoacetophenone >99
3-Bromoacetophenone 80
4-Bromobenzaldehyde >99
3-Bromobenzaldehyde >99

4-Bromoanisole >99
3-Bromoanisole 90
4-Bromotoluene >99
2-Bromotoluene >99
4-Bromoaniline 78

2-Bromobenzonitrile >99
3,5-Bis(trifluoromethyl)bromobenzene >99

1-Bromo-2,4,6-triisopropylbenzene <5
1-Bromo 4-nitrobenzene >99

4-Iodoacetophenone >99
4-Iodotoluene >99

Methyl 4-iodobenzoate >99
2-Chlorobenzaldehyde 14
4-Chlorobenzaldehyde 33

1 Reaction conditions: aryl halide (1.01 mmol), phenylboronic acid (1 mmol), K2CO3 (1.12 mmol), solvent (1.2 mL),
HNT-IL/Pd (1 mol %), 10 min MW irradiation at 120 ◦C; 2 Determined by 1H NMR.

It was therefore shown that MW irradiation can decrease the reaction time and improve conversion
when compared to traditional heating (50 ◦C for 19 h). The outstanding reactivity was explained by
the introduction of an ionic liquid onto the external surface of the halloysite nanotubes. Such a small
amount was able to induce a dramatic change in the heating profiles by changing the overall dielectric
properties of the reaction mixture, which consequently led to improved yields.

The biogenic synthesis of cellulose supported Pd(0) nanoparticles (NPs) employing the hearth
wood extract of Artocarpus lakoocha Roxb and their use as a flexible and effective catalyst in Suzuki
and Heck couplings under MW heating has been reported [108]. Catalyst synthesis was followed by
the observation of color changes (Figure 4); the aqueous solution C, containing oxyresveratrol, PdCl2
and cellulose initially displayed a light brown color and then gradually turn to black (Figure 4D).
The black solid deposited on the bottom of the test tube was solid Pd(0) NPs@cellulose (Figure 4E).
In a 10 mL MW glass vial, 0.5 mol % (0.028 g) Pd(0) NPs@cellulose, 0.5 mmol 2-bromobenzaldehyde,
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0.75 mmol phenylboronic acid and 1.5 mmol K2CO3 were mixed in 5 mL H2O. The mixture was stirred
at 80 ◦C for the stipulated time in a MW oven. It was found that the PdCl2 salt gave disappointing
results (yield < 30%) as a catalyst, compared to Pd(0) NPs@cellulose (product yield > 90%), under the
same reaction conditions. In addition, the catalyst was filtered off and simply washed with acetone
and stored for further reactions. Its reusability was proven for up-to 10 runs without measurable
Pd leaching.

 

Figure 4. Photograph of (A) hearth wood extract of A. lakoocha Roxb in water; (B) solution A with
cellulose; (C) Solution B with PdCl2; (D) Solution C after 15 min warming in heating bath at 60 ◦C;
(E) solid recyclable Pd(0) NPs@cellulose. Reprinted from [108]. Copyright (2015), with permission
from Elsevier.

Furthermore, two comparative cross coupling reactions were carried out using the same substrates,
the former was performed in MW heating and the latter using an oil bath at 100 ◦C. It was shown
that the MW-assisted reaction required shorter times and gave higher yields than conventional
heating. The SMC was then carried out on a large number of substituted arylbromides (0.5 mmol) and
arylboronic acids (0.75 mmol) as substrates using Pd(0) NPs@cellulose (0.5 mol %) in the presence of
K2CO3(1.5 mmol), H2O (5 mL) at 80 ◦C under MW irradiation. The results are reported in Scheme 51.

Scheme 51. SMC reaction between phenylboronic acid and substituted arylbromides under MW
heating. Reaction conditions: arylbromides (0.5 mmol), phenylboronic acid (0.75 mmol), Pd(0)
NPs@cellulose (0.5 mol %), K2CO3(1.5 mmol), H2O (5 mL), 80 ◦C, under MW irradiation (isolated
yield). b Isolated yields. Reprinted from [108], Copyright (2015), with permission from Elsevier.
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Generally, all reactions provided excellent coupling product yields under MW heating (yields
in the 82%–94% range). However, arylbromides, containing electron withdrawing groups (1a, 1c),
gave yields that were higher (93%–94%) that those obtained with their electron donating counterparts.
It was found that the coupling reaction occurred also in the case of hetero aryl bromides (1e, 1i) and
ortho substituted aryl bromide (1a, 1g, 1h, 1j, 1k) as substrates. In conclusion, substrate steric and
electronic factors did not markedly influence the product yield, due to the high activity of the cellulose
supported Pd(0) catalyst.

Baran et al. [109] have very recently reported the design of highly thermally stable silane and
Schiff base-modified sporopollenin microcapsules as a support for Pd(II) catalyst (see Scheme 52).
This catalyst displayed high selectivity towards SMC reactions by producing TONs and TOFs as high
as 40,000 and 400,000. In order to prove the efficiency of MW heating, the authors tested the behavior
of the catalyst on the reaction in a reflux heating setup at 100 ◦C for 48 h in toluene and found that
MW irradiation proved to be more efficient than reflux-heating.

 

Scheme 52. Design of sporopollenin microcapsule supported Pd(II) catalyst. Reprinted from [109].
Copyright (2016), with permission from Elsevier.

In a related paper, where a chitosan-pyridil-based Pd(II) catalyst was investigated in the
MW-assisted synthesis of biaryls in SMC reactions [110], outstanding TON and TOF values were
obtained with very low catalyst loading values (5 × 10−3 mol %) in 5 min and catalytic activity was
retained up to 7 cycles. In addition, the authors demonstrated that the catalyst was more suitable for
MW irradiation than for a conventional reflux-heating system, for which low reaction yields, TON
and TOF values were found. In another very recent paper [111], Ulva sp. (a fast growing macroalga)
particles were incorporated into a chitosan matrix to favor interactions with Pd ions. The presence of
functional groups, such as thiol, hydroxyl, carboxyl, amino and imidazole moieties, on the cell surface,
mean that the biomass derived from such macroalga can be used to uptake metal ions. Moreover, Pd
ions can coordinate with the imine groups belonging to the glutaraldehyde cross-linked chitosan Schiff
base. The catalytic performance of chitosan-Ulva supported Pd(II) green catalysts was investigated
in the biaryl synthesis via the SMC reaction without using any solvent under MW irradiation. High
selectivity and efficiency were found in the reactions of phenylboronic acid with a number of aryl
halides under MW irradiation in only 4 min at 50 ◦C (TON and TOF values: 4950 and 75,000) without
showing any activity drop for 8 cycles.
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Shah et al. [112] have compared the time and yield benefits of MW heating reactions with those
carried out under conventional heating. The authors prepared and employed Pd nanoparticles
supported on cross-linked polystyrene resins to successfully catalyze the one pot synthesis of
asymmetric terphenyls, a useful industrial commodity, starting from 1-bromo-4-iodobenzene via
the sequential addition of various boronic acids, according to Scheme 53:

 

Scheme 53. Synthesis of asymmetric terphenyls. Reprinted from [112]. Copyright (2016), with
permission from Elsevier.

The reaction was carried out according to a two-step procedure. Step 1: 4-iodo bromobenzene
(1.0 mmol) phenyl-boronic acid (1.0 mmol) sodium carbonate (2.0 mmol), Pd catalyst (200 mg), ethanol
(1.5 mL) and water (1.0 mL) were added into a 10 mL vial. Then the mixture was heated at 140 ◦C
under microwave irradiation (100 W). Step 2: 1.0 mmol of substituted phenylboronic acid (1.0 mmol)
was added after 10 min and the mixture was further heated under the same conditions for 10 min.
The same reaction was also performed under conventional heating and the authors contrasted reaction
times and yields with those found upon MW heating. Heating with MW was not only very effective,
but is also green. Indeed, the reaction time was reduced (8 min) compared to conventional heating
(12 h). The yields obtained were 75% and 82%, respectively. It is worth noting that the continuous
purging of inert gas was not required during MW heating. The authors did not observe any side
products. The excellent reactivity was explained by the choice of non-functional resin, which probably
rendered the reaction sites more accessible and less than 0.1% palladium was sufficient to carry out the
C–C coupling reactions. The presence of permanent pores and the hydrophobic nature of the resin can
favor the mass transfer of the materials inside the resin matrix. Effective contact among the reactants
and the catalyst leads to high reaction rates (TOFs in the order of >103) for bromo derivatives.

Kaur et al. [113] have optimized a very simple procedure for a simple, robust, efficient and
recyclable material that is based on Pd nanoparticles encapsulated inside the matrix of Amberlite
XAD-4 (a commercial polystyrene–divinylbenzene cross-linked macroporous resin). XAD-4 can be
employed in a variety of solvents, due to the low degree of cross-linking, it guarantees facile mass
transfer and, above all, is chemically and mechanically stable under MW heating. Encapsulated Pd
nanoparticles were successfully tested in the ligand-less SMC reactions of a variety of aryl bromides
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under MW heating conditions giving high yields. The reaction conditions were reported as the
following; phenylboronic acid (1.8 mmol), aryl bromide (1.5 mmol), sodium carbonate (2.0 mmol),
ethanol (1.5 mL), water (1.0 mL) and catalyst (200 mg wet resin) were heated in a 10 mL vial using
a CEM MW (140 ◦C, 100 W) for 8 min. Interestingly, catalytic activity was maintained even in the
presence of a thio-containing substrate and a 54% yield was obtained with chlorobenzene.

There are few examples in the literature in which a supported Pd catalyst shows higher activity
than a homogeneous system [114,115]. An explanation for this behavior can be found in the improved
stability of the active Pd species in the heterogeneous catalyst. Giacalone et al. [116] have adopted a
synthetic strategy to achieve the efficient stabilization of very small Pd nanoparticles and therefore
grant enhanced catalytic activity. They prepared a C60-ionic liquid hybrid covalently linked to three
different solid supports (amorphous silica, SBA-15 and Fe2O3@SiO2) and the resulting materials were
used to immobilize and stabilize the metal active phase. The synthetic approach was successful
as outstanding catalytic activity was achieved in SMC both under classical heating and under MW
irradiation (TOFs up to 3,640,000 h−1) and the silica-based catalyst showed full recyclability even after
10 cycles. The modular synthesis of these supported catalysts, depicted in Figure 5, started from the
reaction between triethoxy-3-(2-imidazolin-1-yl)propylsilane and the C60 hexakis-adduct 1 to form
compound 2. 2 was then grafted onto varying supports to obtain compounds 3a–c, which reacted with
1-methylimidazole and gave the corresponding 4a–c. The obtained C60-IL hybrids 4a–c were used for
the immobilization of palladium nanoparticles via anion metathesis with tetrachloropalladate ions.
Further reduction with NaBH4 supplied catalysts 5a–c.

 

Figure 5. Synthesis of catalysts 5a–c. Reprinted from [116]. Copyright (2016), with permission from the
Royal Society of Chemistry.

Catalysts 5a–c were also tested at just 0.01 mol % loading in a SMC carried out between various
aryl bromides and phenylboronic acid at 50 ◦C in a mixture of ethanol and water (1:1) in the presence
of K2CO3. High yields were obtained in short times (1–2 h) in almost all cases. The silica-containing
catalyst 5a was less active than the corresponding SBA-15 and g-Fe2O3@SiO2 based catalysts 5b and 5c.
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Interestingly, catalysts 5a and 5b were chosen to carry out experiments at higher temperatures
(120 ◦C) both under MW irradiation and conventional heating, according to Scheme 54, in order to
investigate the occurrence of any benign effect that may be due to the use of MWs during the reactions.

Scheme 54. Reaction conditions used for the SMC reaction performed in the presence of the 5a–c catalysts.

The results of the comparative catalytic tests are summarized in Table 4. In more detail, the reactions
between 4-bromoacetophenone or 3-bromoanisole and phenylboronic acid were performed in the presence
of catalyst 5b (0.001 mol %), which was the most active at 120 ◦C. The authors found no specific effect
on the formation of the 4-phenylacetophenone product when the reaction was carried out for 10 min
using MWs, since both reactions reached 100% conversion within this time (Table 4, entries 1 and 2).

Table 4. SMC catalysed by materials 5a–b at 120 ◦C 1.

Entry Catalyst R T (◦C) T (min) Conv. 2 (%) TON 3 TOF 4 (h−1)

1 5b 4-COCH3 120 Δ 5 10 >99 100,000 600,000
2 5b 4-COCH3 120 MW 10 >99 100,000 600,000
3 5b 4-COCH3 120 Δ 3 88 88,000 1,760,000
4 5b 4-COCH3 120 MW 3 >99 100,000 2,000,000
5 5a 4-COCH3 120 MW 3 >99 100,000 2,000,000
6 5b 3-OCH3 120 Δ 10 56 56,000 336,000
7 5b 3-OCH3 120 MW 3 73 73,000 1,460,000

8 6 5b 4-COCH3 120 MW 3 91 182,000 3,640,000
1 Reaction conditions: phenylboronic acid (2.2 mmol), 4-bromobenzaldehyde or 3-bromoanisole (2 mmol), K2CO3
(2.4 mmol), EtOH (0.8 mL), H2O (0.8 mL), and catalyst (0.001 mol %) were stirred under MW irradiation (11 W) or
under conventional heating for the indicated time; 2 Determined by 1H NMR; 3 TON defined as mol of product/mol
of catalyst; 4 TOF = TON/h; 5 Δ, conventional heating; 6 Phenylboronic acid (4.4 mmol), 4-bromobenzaldehyde
(4 mmol), K2CO3 (4.8 mmol), EtOH (1.6 mL), H2O (1.6 mL), and catalyst (0.0005 mol %).

However, a small difference between the two activation methods was observed when the heating
time was decreased to 3 min (see entries 3 and 4). This was probably due to the faster and uniform
heating of the reaction mixture during MW irradiation, as compared to conventional heating. It was
proposed that the higher heating ability of the MW irradiation is the discriminating factor that led to a
quantitative yield in such a short time. On the other hand, 10 min was enough time to mitigate any
difference between the two methods and a quantitative yield was also obtained when conventional
heating was adopted (Table 4, entries 1 and 2). In addition, the less active catalyst SiO2-C60-IL-Pd
(5a) also efficiently catalyzed the reaction under MW irradiation giving the coupling product in a
quantitative yield in 3 min (entry 5).

A TON of 100,000 and a TOF of 2,000,000 h−1 were reached in 5b (entry 4). Nevertheless,
the MW-assisted reaction of the less reactive 3-bromoanisole substrate, for 3 min at 120 ◦C, led to
improved conversions as compared to the same reaction carried out under conventional heating for
10 min, proving that there was a beneficial effect (entries 6 and 7). Finally, a further decrease in catalyst
5b loading, to 0.0005%, gave the outstanding TON and TOF values of 182,000 and 3,640,000 h−1,
respectively (entry 8).

A novel Fe3O4@SiO2/N-[3-(trimethoxysilyl)propyl] ethylenediamine-Pd(II) catalyst was successfully
synthesised and tested in the Suzuki cross-coupling reaction between phenyl boronic acid and
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4-iodoanisol [117]. The authors proposed an elegant multivariate approach to optimise the reaction by
varying different parameters. In the first stage, the effects of time and temperature, as well as of the
interaction between them were evaluated by using factorial design. In the second step, the Doehlert
matrix was used to find the optimal reaction conditions, as the choice of the solvent, the nature of the
base and the catalyst loading for the Suzuki cross-coupling. The authors claimed that the optimized
protocol can be applied to many substrates, with yields ranging from 71% to 96% after 6 min under
microwave irradiation. In addition, the catalyst was recovered and reused for 3 runs with restrained
activity loss [117]. Moussa et al. [118] have reported the optimization of an easy laser reduction
method to synthesise Pd nanoparticles immobilised on partially reduced graphene oxide (PRGO)
and have demonstrated their high activity in Suzuki, Heck and Sonogashira cross-coupling reactions.
The strategy adopted in improving this procedure makes use of the photogenerated electrons in GO that
can reduce the Pd ions and, at the same time, can partially reduce GO, thus forming PRGO-supported
Pd nanoparticles. It was shown that it is possible to modify the reducing environment by tuning the
composition of the solvent, thus controlling the growth kinetics of the Pd nanoparticles. The authors
compared the catalytic activity of the Pd-PRGO nanocatalysts A (20 μL of Pd(NO3)2 added to 6 mL of
GO solution in 2 mg of GO/10 mL of deionized water), B (in 50 vol % ethanol–water), and C (in 50%
methanol–water mixtures) in the SMC reaction of bromobenzene and phenylboronic acid in a mixture
of H2O/EtOH (1:1) at room temperature. In more detail, A and B show comparable reactivity and
result in high conversions of 100% and 95%, respectively, after 45 min at room temperature. Catalyst
C displays only 88% conversion in 45 min. The same trend was noted when the catalyst loading
was decreased to 0.008 mol % after 8 h at room temperature (A, B, and C result in 95, 92, and 80%
conversions, respectively).

Interestingly, the reaction was surprisingly fast for catalyst A in the presence of the same
Pd loading at 120 ◦C under MW irradiation, converting 62% of the bromobenzene after 2 min.
The complete formation (100%) of the biphenyl product was observed after 5 min under the same
reaction conditions. The authors also claimed that MW heating at 120 ◦C was needed to reach full
conversion with this very low catalyst loading. An outstanding turn over number (TON) of 7800 and a
turnover frequency (TOF) of 230,000 h−1 were obtained for catalyst A.

It is worth noting that a small conversion (5%) was observed after 6 h in refluxing conditions
at 120 ◦C when a similar SMC reaction was carried out under conventional thermal heating, using
0.008 mol % of catalyst A. This finding definitely proves the beneficial effect of MW irradiation.
Indeed MW, as a direct and rapid heating source, can increase the cross coupling reaction rates.
This is in agreement with recent studies on the non-uniform heating at the surface of heterogeneous
catalysts and on the production of hot spots by MW irradiation, resulting in non-equilibrium local
heating localized at the surface of the metal nanoparticles present on the catalysts. This phenomenon
was observed as occurring to the dimethylsulfoxide (DMSO) molecules in the proximity of Co
nanoparticles under MW irradiation by real-time in situ Raman spectroscopy [119]. Interestingly,
non-equilibrium local heating was only induced under MW irradiation, not under conventional
heating. The Raman spectra collected for dimethylsulfoxide (DMSO) under MW heating at 0.25 s
intervals, in the temperature range of 300–500 K, are shown in Figure 6a. The Tr (temperatures
measured by the intensity ratios of Stokes to anti-Stokes lines employing in situ Raman scattering
measurements) and Tf (temperatures determined by the fiber-optical thermometer) plotted vs. t (time)
are reported in Figure 6b,c. Some spikes were detected in the measured temperatures, as defined by
Raman, demonstrating that abnormally high temperatures occurred at 3.4 min (433 K), 5.8 min (473 K),
and 7.3 min (423 K).
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Figure 6. Non-equilibrium local heating induced by MW irradiation. (a) Time-dependent Raman
spectra of DMSO heated by MW irradiation at 0.25 s intervals for 8 min in the temperature range
300–500 K; (b) Tr (temperatures determined by the intensity ratios of Stokes to anti-Stokes lines using in
situ Raman scattering measurements) (red circles) and Tf (temperatures monitored by the fiber-optical
thermometer) (blue line) vs. t (time) plot; (c) ΔT (ΔT = Tr − Tf) vs. t (time) plot; (d) Enlarged view
of Figure 6b in the range 3.0–3.8 min. Reprinted from [119]. Copyright (2010), with permission from
American Chemical Society.

Horikoshi et al. [120] investigated the hot-spot generation on Pd nanoparticles supported on
activated carbon during the synthesis of 4-methylbiphenyl by a Suzuki coupling reaction occurring
in a nonpolar solvent by recording the events with a high-speed camera. The authors found that
the hot-spots are produced during reaction under exposure to the microwave electric field, whilst
they are scarcely formed under magnetic field conditions. It was demonstrated that the efficiency
in hot-spot generation is related to the type of microwave generator (semiconductor or magnetron)
that is employed. Interestingly, the microwave H-field originated by a semiconductor generator has a
positive effect on the reaction, resulting in enhanced yields. On the contrary, the authors claimed that
the formation of hot-spots on the activated carbon under E-field conditions negatively influences the
product yields, due to the Pd nanoparticle aggregation. Therefore, hot-spots can have both positive
and negative effect and it is of pivotal importance to control the formation of hot-spots under E-field
conditions whn the reaction is performed in the presence of a heterogeneous catalyst in a nonpolar
solvent. Nevertheless, the reaction can be carried out with microwaves under H-field conditions. It is
worth noting that hot-spots also play an important role in the synthesis of heterogeneous catalysts, as
will be discussed in detail in the following. Pd nanoparticles supported on graphene platelets have been
successfully employed in a SMC between 4-bromoanisole and potassium phenyltrifluoroborate using
1 mol % of Pd and K2CO3, used as a base, in MeOH/H2O as the solvent at 80 ◦C under conventional
and MW heating [121]. The separation of the catalyst from the reaction mixture after each run was
easily achieved by washing with a solvent mixture (EtOAc/MeOH/H2O) and further centrifugation.
Interestingly, Pd/graphene was reused at least 8 times without losing activity when MW irradiation
(MW) conditions were adopted (first row of Table 5). However, the activity significantly dropped after
5 cycles under conventional heating (Δ) reaction conditions (second row of Table 5).
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Table 5. Pd/graphene recyclability and yields in the SMC across different cycles.

Cycle 1 2 3 4 5 6 7 8

Yield
(%)

MW 1 >99 >99 >99 >99 91 95 97 >99

Δ 1 >99 >99 >99 90 83 58 44 40
1 MW irradiation for 2 h or Δ for 20 h.

The authors performed an inductively coupled plasma mass spectrometry (ICP-MS) analysis
of the washings after the 1st cycle under both reaction conditions (MWs and conventional heating),
and found varying Pd leaching levels. In particular, 1103 ppb of leached Pd were detected under
MW irradiation conditions, whilst 15 ppb of Pd were found after the 1st run using conventional
heating. Pd leaching was therefore not the cause of the activity decrease observed after 5 cycles under
conventional thermal conditions. Transmission electron microscopy (TEM) measurements highlighted
that the average diameter of the nanoparticles after 8 cycles (originally 4.5 nm) increased significantly
under conventional heating compared to MW heating (13.4 nm vs. 6.6 nm), explaining the lower
reactivity of the recycled catalyst after being tested under conventional heating reaction conditions.
It was elegantly demonstrated that the Pd leached for the duration of the reaction is largely re-deposited
on the solid support after the reaction and that centrifugation facilitated this recovery process.

Garcìa-Suárez et al. have compared conventional and MW heating in the use of Pd nanoparticles
that are immobilised on mesoporous carbon bead catalysts were evaluated in the aqueous SMC
reactions between phenylboronic acid and arylhalides, which contained a number of different electron
withdrawing and donor substituents [122]. Excellent activity was obtained at short reaction times
(5–10 min) while TOF values of up to 3000 h−1 were reached under MW heating.

It was found that it was possible to recycle catalysts up to 10 (conventional heating) and to 5
(MW irradiation) reaction runs without any loss in activity. The reaction media was found to have
a strong influence on the recyclability of the catalysts, which could be improved in the presence of
polyethylene glycol. The conditions of a typical experiment, under an open atmosphere, are reported
as follows; catalyst (1.5 or 0.375 mol % of Pd), arylhalide (0.25 mmol), phenylboronic acid (1.4 equiv.),
either K2CO3, NaOH or KOAc (2 equiv.), internal standard (n-decane; 25 μL) and solvent (3 mL),
namely distilled H2O or a PEG in H2O mixture (50 wt %). The reaction mixture was stirred at 50 ◦C for
5–30 min. As for the reactions performed under MW conditions, the reaction medium was heated in
a CEM-DISCOVER reactor for 5 min at a power output of 100 W, reaching a maximum temperature
of 150 ◦C. Very good conversion values, >90%, were achieved in polyethylene glycol/H2O mixtures
after 10 min of reaction with all catalysts. It was found that the catalytic activity is influenced by the
chemical surface and porosity of the carbon supports. SMC reactions were also attempted under MW
irradiation using para-arylbromides and phenylboronic acid in the polyethylene glycol/H2O mixture
solvent in the presence of a reduced amount of catalyst (from 1.5 to 0.375 mol %). A comparison of
the results obtained under MW irradiation and conventional heating lead to the conclusion that that
MW heating considerably enhanced the reaction rate for all the catalysts, particularly when using
para-bromobenzaldehyde as the substrate. Moreover, the trend for the activity of the catalysts is the
same irrespective of the activation method used. Almost complete conversion (96%) was achieved
after 5 min of reaction time using Pd supported on mesoporous carbon beads previously heated at
2000 ◦C for 1 h, while a a TOF of 3236 h−1 was found, which is higher than the 650 h−1 obtained under
conventional heating. Interestingly, MW heating provided beneficial effects in the cross coupling
of para-bromoanisole, with significantly improved conversions as compared with bromobenzene.
A similar trend was also reported by Gomez et al. and explained by the interaction between the
methoxy group and the metallic surface which induces higher C–Br bond activation than expected
for the intrinsically electronic factors behind para-bromoanisole [123]. Finally, coupling reactions
were also attempted using the more challenging p-chlorobenzaldehyde, but, unfortunately, very low
conversions were achieved after 5 min of reaction.
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Schmidt et al. [124] have investigated the protecting group-free synthesis of 2,2′-biphenols via
heterogeneously catalyzed SMC under MW irradiation (see Scheme 55). Palladium on charcoal was
adopted as the simple and conveniently available heterogeneous catalyst. Because of its nature, this
catalyst can be recycled and reused and, at the same time, the contamination of the reaction products
by metal residues can be diminished. A plethora of o-halophenols and o-boronophenols underwent
SMC in high yields (85%–98%) and selectivity, in terms of 2,2-biphenols. The reactions proceeded in
H2O in the presence of simple additives, such as K2CO3, KOH, KF and TBAF and 2 mol % Pd catalysts.
The described protocol was simple and extremely sustainable, because no elaborate pre-catalysts and
ligands were needed to achieve synthetically useful yields and short reaction times. While iodophenols
successfully reacted in 2.5 h in excellent yields even under thermal conditions, the coupling of the
analogous bromophenols only proceeded effectively under MW irradiation in 0.5 h.

 

Scheme 55. Synthesis of 2,2′-Biphenols via protecting group-free MW-promoted SMC in water.

Continuing investigations into catalyst immobilization onto varying supports have led
Al-Amin et al. [125] to obtain a low-leaching Pd-catalyst supported on a sulfur-modified Au supported
material (SAPd). This immobilized Pd-catalyst has proven to be very feasible in both C–C and C–N
bond-forming reactions. SAPd was able to release a trace of highly active Pd into the reaction mixture,
which enabled it to be used in the MW-assisted SMC reactions.

In this context, the reported SAPd-mediated reactions proceeded under ligand-free conditions
under the coupled use of two different MW irradiation chambers; a leaching chamber, in which traces
of the active Pd phase would leach from SAPd via the effects of arylhalides under single-mode MW
irradiation and a catalytic reaction chamber, in which the catalytic reaction would occur towards the
desired transformations under multi-mode MW irradiation. The combined use of two MW reactors
employing differing irradiation methods made the protocol very effective, due to the easy control of
the leaching throughout the 2 step process.

The considerable accomplishment of this MW protocol was that less reactive arylbromides
(i.e., bromobenzene, 4-bromoanisole, p-bromotoluene, 4-bromonitrobenzene and 4-bromobenzonitrile)
were effectively coupled to the desired products in ethanol, a feat which has not yet been reached under
conventional heating conditions, with such catalytic system, while the reaction time for aryliodide
coupling was decreased from 12 to 2 h in a toluene/water solvent mixture. In addition, the low
leaching characteristics of SAPd make it recyclable for more than 10 runs meaning that the reaction
can be simply scaled up.

Use of MWs for the Synthesis of the Catalysts for the SMC Reaction

MW-assisted reactions are considered to be a very interesting approach and one which rapidly
prepares uniform and phase pure materials. MW irradiation has been proven to be effective in the synthesis
of a variety of nanomaterials, which are prepared with controlled size and shape without the need for high
temperatures or high pressures. Heinrich et al. [126] have synthesized two new square-planar trans Pd
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complexes, [Pd(MEA)2Cl2] and [Pd(MEA)2Br2] [MEA = (2-methoxyethyl)amine], by reacting 2 equiv.
of MEA with either PdCl2 or [(cod)PdBr2] (cod = cycloocta-1,5-diene). The complexes were then used
as precursors to the preparation of Pd nanoparticles by MW-assisted synthesis.

The authors investigated the effect of the reaction temperature, irradiation time and surfactant
(polyvinylpyrrolidone) amount on the size of the produced particles (5–40 nm). It was found that the
growth mechanism of the nanoparticles depended on the type of halide ligand used. The Pd particles
were embedded in carbonized wood and tested as a catalyst in C–C cross-coupling Heck, Suzuki and
Sonogashira reactions, resulting in TON values of 4321 (Heck), 6173 (Sonogashira) and 8223 (Suzuki).

Pd nanoparticles supported on graphene (G) and graphene oxide (GO) have been prepared using
the MW irradiation method [127]. The uniform and fast temperature rise produced by MWs in the
presence of hydrazine hydrate, used as a reducing agent, offered a facile and efficient procedure to
effectively reduce Pd(II) and GO into a dispersion of metallic nanoparticles supported on graphene
sheets with large surface area. Power and time irradiation can be optimized to yield the nearly complete
reduction of both GO and the Pd salt precursor. Therefore, it was claimed that, unlike conventional
thermal heating, activation by MW provides better control of the extent of graphene oxide reduction
by hydrazine hydrates. On the contrary, Pd/GO was synthesized by the MW-assisted deposition of
Pd(NO3)2 in a GO dispersion and no reducing agent was added.

The SMC of variously substituted aryl bromide and phenylboronic acid reagents was performed
in the presence of 0.3 mol % Pd/G and K2CO3 (3 equiv.) in H2O/EtOH (1:1), used as environmentally
benign solvents. The reactions were carried out at room temperature or heated under MW irradiation
at 80 ◦C for 10 min. It was observed that the rapid temperature rise during MW heating in H2O
induced quick Pd nucleation and consequently produced small uniform nanoparticles with sizes of
7–9 nm. As revealed by TEM measurements, the nanoparticles produced were well dispersed on the
graphene sheets, explaining the great reactivity displayed by the Pd/C catalyst.

Elazab et al. have reported a simple MW-assisted (1000 W, 2.45 MHz for 120 s) one-step synthesis of
Pd/Fe3O4 nanoparticles supported on graphene nanosheets (Pd/Fe3O4/G) that display extraordinary
catalytic activity in Suzuki and Heck coupling reactions [128]. The SMC reaction is reported together
with the reaction conditions in Scheme 56.

 
Scheme 56. MW-assisted SMC with Pd/Fe3O4/C nanoparticles catalyst.

The catalyst was magnetically separated from the reaction mixture and recycled many times
without losing activity. The synthetic procedure envisaged the reduction of palladium and ferric
nitrates in the presence of graphene oxide (GO) nanosheets under MW irradiation. Hydrazine hydrate
was employed as the reducing agent. It was found that the most active and recyclable catalyst (7.6 wt %
Pd loading) was made up of Pd(0) nanoparticles with sizes in the 4–6 nm diameter range which
strongly interacted with the 30 wt % Fe3O4 nanoparticles, with 12–16 nm diameters, on highly reduced
GO containing a C/O ratio of 8.1. Such a combination was proven to have a synergic effect on the
catalytic activity of SMC reactions under MW irradiation. The reactions tested in the presence of the
7.6 wt % Pd/Fe3O4 catalyst are summarized in Table 6.

68



Catalysts 2017, 7, 98

Table 6. SMC reactions using 7.6 wt % Pd/Fe3O4
1.

Aryl-Halide Boronic Acid Isolated Yields

 

 

 

1 Aryl halide (0.32 mmol), boronic acid (0.382 mmol), potassium carbonate (0.96 mmol) and Pd/Fe3O4/G (0.3 mol %)
in 4 mL (H2O/EtOH) (1:1) was heated at 80 ◦C under MW for 10 min. 1st and 2nd reactions were completed at r.t.
after 30 min.

Indeed, extremely high TON (9250) and TOF (111,000 h−1) values were attained at 80 ◦C.
The magnetic properties caused by the Fe3O4 component guaranteed easy separation, as illustrated in
Figure 7, thus greatly simplifying the purification of the reaction products and increasing the economic
value of the catalyst.

 

Figure 7. (a) Image of the reaction mixture using 0.3 mol % Pd/Fe3O4/G catalyst after reaction;
(b) Separation of spent catalyst from reaction mixture using a simple magnet. Reprinted from [128].
Copyright (2015), with permission from Elsevier.

Indeed, the synthesis of materials under MW irradiation is a relatively novel method that can
be used in many applications, such as the preparation of nanoporous structures. The synthesis of
metal-organic frameworks (MOFs) under MW irradiation not only extensively reduces reaction time,
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but also can grant control of the size and shape of the crystals [129]. Li et al. [130] have developed an
efficient MW assisted procedure to synthesize UiO-66 in high yields in the presence of benzoic and
acetic acids. They found that MW irradiation not only shortened the reaction time, but also improved
the surface area of UiO-66. Recently, Dong et al. [131] have successfully synthesized UiO-66 under
MW irradiation and then used the MOF as a support for Pd nanoparticles. A 0.075 mol % amount
of the obtained catalyst was able to efficiently catalyze the SMC reaction between bromobenzene
and phenylboronic acid in ethanol–water mixture (1:1) at 30 ◦C. Moreover, the complete reaction
was achieved in 0.5–1.5 h with moderate or excellent yields, in the presence of substrates that bore
electron-donating groups and electron-withdrawing groups. Pd@UiO-66 proved to be very stable
since it was separated via filtration and recycled 5 times without significant loss in catalytic activity.
Unfortunately, the authors only observed a 29% yield using aryl chlorides.

A novel heterobimetallic Pd/Y-MOF catalyst was synthesized using MW irradiation as reported by
Huang et al. [132]. This catalyst was proven to be very active in the water-medium SMC reactions of a
number of aryl halides with 4-methylphenylboronic acid and in the Sonogashira reaction. It was found
that the catalytic activity of Pd/Y-MOF is as good as that of the traditional Pd(OAc)2 homogeneous
catalyst. This was due to, on one hand, the cooperative effect of Y(III) coordination and, on the other
hand, to the highly dispersed and accessible Pd(II) active sites present in the layered structure. More
interestingly, besides high activity, the Pd/Y-MOF catalyst was also able to select the size of the reactant
molecules because of the diffusion limit within the micropores. The coordination of Pd(II) and N
atoms with 2,2′-bipyridine-5,5-dicarboxylate acid blocked the leaching of Pd(II) active species under
the reaction conditions. Moreover, it can be successfully recycled and reused repetitively thanks to
excellent MOF framework stability, which is derived from the strong interaction between Y(III) and
carboxyl, and therefore shows great potential in practical applications. This study demonstrated that
the MW-assisted synthetic strategy can be considered a general procedure for developing MOF-based
heterogeneous catalysts by building homogeneous counterparts inside MOFs frameworks for practical
catalytic applications.

A simple MW assisted technique was recently used to prepare Cu2O microcubes decorated with
nano Au and Pd [133]. The SEM and TEM images, together with Energy-dispersive X-ray Spectroscopy
(EDXS) analyses, are shown in Figure 8.

 

Figure 8. (a) SEM; (b) EDXS; and (c) TEM images of (A) Au and (B) Pd nanoparticle decorated Cu2O
microcubes. Reprinted from [133]. Copyright (2014), with permission from Elsevier.

More specifically, Cu2O microcrystals were synthesized by adding 0.03 g of polyvinylpyrrolidone
to 5.0 mL of a 10.0 mM CuCl2 aqueous solution, followed by the addition of 0.18 mL 1 N NaOH
and 0.38 mL deuterium-depleted H2O under stirring. Glucose (0.0072 g) was subsequently added
as a reducing agent and the solution was placed into a MW oven for 3 min at 100 W. 1.0 mL of
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10.0 mM HAuCl4 was subsequently added to the Cu2O colloidal solution, which then had a brick
red color, and underwent 100 W MW irradiation for 1 min, forming a blackish, winered colloidal
solution of Cu2O/Au. A Cu2O/Pd catalyst was synthesized by following the same procedure, but
using 1.0 mL of 10.0 mM H2PdCl4. A dark greenish brown color Cu2O/Pd colloid was obtained
and was tested in the coupling reaction synthesis of phenylboronic acid and 4-iodobenzonitrile (see
Figure 9 for all the synthetic steps). The SMC was performed overnight, using water as the solvent
in the presence of 8.0 mg Cu2O/Pd colloid and K2CO3 at 80 ◦C. 4-cyanobiphenyl was produced
with good selectivity and a satisfactory yield (over 85%). Moreover, the authors verified the versatile
nature of Cu2O/Pd catalyst in the coupling reactions of iodoarenes by performing reactions with
electron donating and withdrawing groups. The results of this paper demonstrate that the MW-assisted
technique successfully simplifies the synthesis process for metal/metal oxide catalysts.

 

Figure 9. Digital photographs of reagents involved during the preparation of Cu2O based catalyst.
Reprinted from [133]. Copyright (2014), with permission from Elsevier.

Veerakumar et al. [134] have reported the preparation of highly dispersed palladium nanoparticles
(average size of ca. 5 nm, PdNPs) immobilized on carbon porous materials (CPMs) via a MW assisted
procedure, during which the Pd2+ ions were successfully reduced to Pd0 and extremely well dispersed
onto the carbonaceous support. These heterogeneous Pd/CPM catalysts (5.0 mg) exhibit high
activity for C–C coupling reactions of various aryl halides with phenylboronic acid in aqueous
dimethylformamide (DMF/H2O = 1:1) with desirable product yields of >88% in the presence of
K2CO3 (2 mmol) when irradiated for 10–15 min in MW at 100 ◦C. The reported catalyst can be easily
recovered from the reaction mixture by centrifugation and reused in a few reaction cycles.

Along with supplying robust, stoichiometric and complex compounds, MW preparation routes
have also proven to be suitable for the synthesis of complex substituted oxides, where a dopant
ion resides on a metal cation site. Misch et al. [135] have recently reported a rapid MW-assisted
combustion/sol–gel preparation as a suitable procedure for the preparation of noble metal-substituted
perovskites. The authors performed a detailed investigation of the phase formation process thanks
to the very brief and controllable heating times enabled by MWs. It was also demonstrated that
substituted perovskites were able to provide a Pd source for SMC catalysis. The La containing
perovskites were more active than the Y containing perovskites (the structures are represented in
Figure 10), and the authors proposed that a varying inductive effect on the perovskite can occur
depending on the differing A-site cation, resulting in differing Pd ion stability in the material.
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Figure 10. Crystal structures for (a) LaFeO3; and (b) YFeO3. The A site cations are displayed as grey
spheres and FeO6 octahedra in blue. Reprinted from [135]. Copyright (2013), with permission from
Royal Society of Chemistry.

Furthermore, it was unambiguously established, using the 2-dicyclohexylphosphine-2′,6′-
dimethoxybiphenyl ligand, that catalytic activity does not originate from the perovskite itself, but
from reduced Pd0 that is liberated and then bound by the ligand. Interestingly, these materials were
proven to be suitable for aryl chloride coupling under more mild conditions than had previously been
described. The reported method may furthermore allow the synthesis of materials with even higher
surface areas to be carried out, thereby regulating their properties.

3. Ultrasound-Assisted SMC Reactions

3.1. Ultrasound-Assisted SMC Reactions

Among the wide range of US application in organic chemistry, a great nuber of US promoted
SMC reaction have been reported in literature in the last decade. [136] An US-induced continuous flow
technique has been developed by Shil et al. [137] for the gram scale SMC reaction of haloarenes (chloro,
bromo and iodo) with phenylboronic acid catalyzed by solid supported Pd(0) nano/microparticle
(SS-Pd). They previously reported [138] a facile process for the in situ generation of Pd(0) nano- and
microparticles and their stable deposition over the amberlite IRA 900 resin. The hydrophobic and
hydrophilic combination of the borohydride exchanged polymer used for SS-Pd preparation played
a crucial role in reducing the Pd(II) ion to Pd(0), and impregnating it into the hydrophobic pockets
of the polymer matrix as nano- and microparticles. The obtained SS-Pd catalyst was noted as being
extremely stable in aqueous media, easily separable and recyclable for up to five runs in SMC without
relevant loss in activity under mild basic conditions (Figure 11). Furthermore, ultrasonication provided
enough excitation energy to perform the reaction in methanol-water and increased the solubility of
K2CO3 to supply the extraordinary basic conditions, which drove the reaction into products at ambient
temperature with satisfactory yields (~80% for 3 mol % of Pd). Furthermore, the simple isolation of the
crude products with negligible metal contamination and recyclability of the SS-Pd catalyst can furnish
huge green impact and lead to industrial interest.
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Figure 11. A schematic diagram of the reaction outline on the catalyst surface; S1 = aryl halide,
S2 = phenylboronic acid and P = product (Reproduced from [137]. Copyright (2013), with permission
from Royal Society of Chemistry).

Azua et al. [139] have reported the synthesis of novel Pd N-heterocyclic-carbene (NHC)-based
complexes with 3,4,5-trimethoxybenzyl, alkyl and sulfonate N-substituents, suitable for SMC
(Figure 12). The new complexes were exploited as pre-catalysts (1 mol % of Pd) in the cross-coupling
reactions of various aryl halides/boron moieties in glycerol under pulsed-US activation. US activation
allows scientists to overcome one of the major drawbacks of the application of glycerol; its high
viscosity, which limits mass transport and the efficient mixing of the reaction mixtures. High yields
(70%–85%) were obtained in 30 min under pulsed US activation, without the production of undesired
by-products. Catalyst fate was investigated by the author using TEM and X-ray Photoelectron
Spectroscopy (XPS) analyses. Not quite rigidly classifying the transformation as a homogenous or
heterogeneous process, they preferred to postulate that different active catalytic species (cocktail of
compounds) were present in solution.

Figure 12. Pd(II)-NHC (N-Heterocyclic-Carbene) based complexes.

A series of 1-(α-aminobenzyl)-2-naphthols have been prepared, by Chaudhary and Bedekar, [140]
from 2-naphthols using an aromatic Mannich reaction [141] and screened as air-stable phosphine-free
ligands for Pd-catalyzed US assisted SMC. The amino phenol structure, as reported in Figure 13, has a
suitable arrangement of heteroatoms to form a six-membered stable chelate, a prerequisite for use as a
ligand in metal-catalyzed reactions. The results of the Pd(AcO)2 catalyzed SMC, in the presence of
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1-(α-aminobenzyl)-2-naphthols, showed very efficient conversion with aryl iodides and aryl bromides
when using a small quantity of TBAB and aqueous dioxane as the solvent. Chlorobenzene was
considerably less reactive after a long reaction time but iodobenzene gave biphenyls with good
conversion amounts even at very low catalyst quantities. Varying the amount of catalyst, to as low as
0.01 mol % of Pd, resulted in the US assisted formation of biphenyl in high yields and TON values.

 
Figure 13. Air-stable phosphine-free ligands used for SMC based on 1-(α-aminobenzyl)-2-naphthol structure.

A new and extremely stable Pd(EDTA)2_salt has been prepared as a catalyst by Ghotbinejad et al. [142]
employing a counter-cation of N-methylimidazolium bonded to 1,3,5-triazine-tethered superparamagnetic
iron oxide nanoparticles (SPIONs) (Figure 14). This complex efficiently catalyzed SMC reactions
between various arylbromides and arylboronic acids in the presence of K2CO3, used as a base,
in an aqueous solution of DMF. The cross-coupled products were synthesized under conventional
heating (70 ◦C) and US irradiation (160 W, 30 ◦C) using a very low catalyst loading (as low as
0.032 mol % Pd). Results indicated that conventional preparation took longer (4 h) and gave moderate
yields, while the reaction occurred quickly (10 min) in the presence of US irradiation and gave
high to excellent yields (95%). The SPION-A-Pd(EDTA) catalyst was quickly recovered using an
applied external magnetic field and was reused for several cycles without any loss in its high catalytic
performance (TOF 1.1 × 105 h−1).

Figure 14. General structure of SPION-A-Pd(EDTA) nanocatalyst. (Reproduced from [142]. Copyright
(2014), with permission from Royal Society of Chemistry).

A heterogeneous catalyst, involving Pd embedded within porous carbon (CMK-3), has been
prepared by Wang et al. (2014) [143] via a three-step method: immersion, ammoniahydrolysis and
heating. Accurate characterization of the Pd@CMK-3 catalyst showed that Pd(0) and Pd(II) species
co-exist and were embedded inside the matrix of the porous carbon CMK-3 (Figure 15). This catalyst
has shown high activity toward standard SMC in the presence of K2CO3. Resistance to mass transfer
in the pore channels was significantly reduced when the reaction mixture was homogenized by two
minutes of ultrasonication rather than magnetic stirring before heating. As a result, the reactions
proceeded quickly and a four-fold increase in the turnover frequency (~2800 h−1) was described. When
ultrasonication (40 kHz, 150 W, 30 ◦C) was used throughout the total reaction process, conversion
exceeded 90% even without the protection of an inert gas.
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Figure 15. Electron microscope images of Pd@CMK-3. (a) SEM image; (b) TEM image; (c) typical
HRTEM image; (d) HRTEM image of the sample after 30 min irradiation (300 keV), and the inset showing
the lattice fringe of a typical Pd NP (Reproduced from [143]. Copyright (2014), with permission of Springer).

Pd/C has been identified, by Suresh et al. [144], as an efficient catalyst for the US-assisted SMC
coupling of 2-aryl-3-bromoflavones with 4,4-disubstituted (1,4-dihydro-2-oxo-2H-3,1-benzoxazin-
6-yl)boronic acids. The coupling reactions were performed in aqueous DMF, without the need for
expensive phosphine ligands in the presence of 10% Pd/C and TBAB-K2CO3, and afforded the desired
6-flavonyl substituted 1,4-dihydro-benzo[d][1,3]oxazin-2-ones in good yields (82%–91%) and short
reaction times (20 min) (Scheme 57). Studies have shown that both catalyst and US played a key role
in the faster coupling reaction. The recyclability of Pd/C was documented at four cycles when the
reactions were executed under 35 kHz at 55–60 ◦C. A reaction mechanism describing the generation
of actual catalytic species is presented followed by the catalytic cycle. Overall, the methodology
may find wide applications in constructing a diverse library of small molecules containing the
6-flavonyl substituted 1,4-dihydro-benzo[d][1,3]oxazin-2-one framework, which would be of potential
pharmacological interest.

 

Scheme 57. US assisted 6-flavonyl substituted 1,4-dihydro-benzo[d][1,3]oxazin-2-ones synthesis via
Pd/C catalyzed SMC strategy.
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Kulkarni et al. [145] have described the application of an energy-efficient surface acoustic wave
(SAW) device for driving SAW-assisted, ligand-free SMCs in aqueous media. SAWs of well-defined
wavelength and frequency (19.50 MHz) were generated on a piezoelectric substrate (LiNbO3).
The reactions were performed in a closed vessel using a high boiling point, low viscosity fluid
as the liquid couplant. Under these conditions, the SAWs are transmitted into the paraffin oil as a
bulk sound wave at a Rayleigh angle of 22.2 degrees. As the bulk wave approaches the glass vessel,
a Lamb wave is formed in the base of the vessel which transmits the acoustic energy into the reaction
solution within. The reactions were performed on a mmolar scale using low to ultra-low Pd(AcO)2

catalyst loadings (0.08%–0.0008%). The reactions were boosted by the heating which resulted from the
acoustic energy penetration, derived from the radio frequency (RF) Raleigh waves generated by the
piezoelectric chip via a renewable fluid coupling layer. The yields were uniformly high (>90%) when
starting from a variety of aryl bromides and phenylboronic acid, while the reactions were executed
without the addition of ligands in water. In terms of energy density, this new technology was labeled
as being roughly as effective as MW and superior to US (Table 7).

Table 7. Surface acoustic wave (SAW), ultrasound (US) and MW energy density comparison for SMC
reactions between bromoanisole and phenylboronic acid.

Energy Source Reaction Time
(min)

Power
(W)

Energy Density
(kJ/mmol)

Catalyst Loading
(mol %)

Yields
(%)

SWA 25 8 12 0.08 89
MW 17 5 5.1 0.8 72
US 10 120 144 0.9 85

Cravotto et al. [97] have compared results obtained from metal-catalyzed SMC reactions
preformed under MW, US and conventional thermal conditions. The coupling between 4-iodoanisole
and phenylboronic acid, using either ligand-free Pd salts or Pd on charcoal, was used as a model
reaction in glycerol. Both US and MW irradiation strongly improved the reaction rate in glycerol. Only
by combining these two enabling technologies was it possible to achieve quantitative conversions in
60 min at 80 ◦C in the presence of 0.04 mmol Pd catalyst. Under these conditions, glycerol showed
excellent acoustic cavitation even at high temperatures. In all cases, the Pd salts used were more
efficient than Pd on charcoal, but less effective than previously reported Pd-loaded cross-linked
chitosan for the SMC of various aryl halides (86% reaction yields).

3.2. Ultrasound Assisted Heterogeneous Preparation of Catalysts Suitable for SMC Reactions

The US assisted synthesis of new palladium nanoparticles (Pd NP) that are supported on cobalt
ferrite magnetic nanoparticles (Pd–CoFe2O4 MNPs) has been introduced by Senapati et al. [146]
(Figure 16). The CoFe2O4 MNPs were prepared in aqueous medium (under alkaline pH) without using
surfactant or organic capping agents via a combined sonochemical and co-precipitation technique.
The catalytic activity of the Pd incorporated cobalt ferrite nanoparticles was evaluated for standard
SMC reaction in ethanol at reflux in the presence of Na2CO3 under ligand free and aerobic conditions.
The cross coupling was performed with low catalyst loading (1.6 mol %) and gave high reaction yields
(81%–92%) (TON value = 6250). The recyclability of this magnetic catalyst was also assessed in the
SMC reaction of phenylboronic acid and 4-methyl iodobenzene. After each cycle, Pd–CoFe2O4 MNPs
were magnetically recovered and reused with no significant loss in activity. Moreover, the morphology
of the recovered MNPs (40–50 nm) was unaltered, even after four consecutive cycles.
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Figure 16. SEM with EDX (a,b) and TEM image with Selected Area Electron Diffraction (SAED);
(c,d) of ferrite magnetic nanoparticles (Pd–CoFe2O4 MNPs) (Reproduced from [146]. Copyright (2012),
with permission from Elsevier).

Magnetic nanoparticles (MNPs) have recently been used as catalyst supports for different
organic transformations due to their high surface area and their easy recovery. In this context, an
efficient super-paramagnetic solid catalyst, which is suitable for SMC reaction, has been prepared
by Singh et al. [147]. Pd(0) species were loaded onto the paramagnetic catalyst support during
the synthesis of zinc ferrite nanoparticles using a co-precipitation technique in aqueous medium
under ultrasound irradiation, without the need for additional surfactants or organic capping agents.
The crystallite size for the Pd–ZnFe2O4 nanoparticles was determined by X-ray diffraction and was
found to be 10 ± 5 nm, whereas the iron/zinc ratio, measured by EDAX analysis, was found to be
2.05. The activity and stability of this Pd–ZnFe2O4 nanocatalyst was proven in model SMC reactions.
Good yields (>85%), in terms of the C–C coupling product, were reported for reactions performed
under reflux in pure ethanol in the presence of K2CO3 and 4.62 mol % of Pd–ZnFe2O4–MNPs, for a
broad range of aryl halides and phenylboronic acid. Moreover, the super-paramagnetic nature of the
catalyst meant that it was recovered using an external magnet and reused without any appreciable
loss in activity for five cycles.

Of all the supports available for metal nanocatalyst preparation, widespread attention has recently
been paid to so-called g-C3N4 which is the most stable allotrope of carbon nitride. In this context,
highly uniform Pd NPs, with an average size of 4 nm, were supported on the g-C3N4 surface by
means of an ultrasound assisted solution-reduction method by Su et al. (2015) [148]. This supported
catalyst (Figure 17) was very efficient in SMC and provided isolated yields of up to 99% in aqueous
ethanol at 80 ◦C when used with a 1 mol % Pd content combined with K2CO3. Good results were
reported for aryl bromides bearing both electron-withdrawing and donating groups, with a TOF value
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of 378 h−1, whereas no C–C couplings were detected using aryl chlorides. The results denoted that
the electronic transfer from N atoms to the γ-C3N4 framework and finally to Pd NPs improved the
interaction between the Pd NPs and the support. It was established that the interaction is useful for
improving the Pd NPs dispersion and stability on the g-C3N4. The catalyst may be easily recycled
without any leak in activity and selectivity at least 3 times showing negligible metal leaching (<0.5%).
The outstanding performance of the catalyst, in terms of activity and recyclability, may be ascribed to
the considerable interaction between g-C3N4 and Pd NPs and the robustness of the CN framework.

Figure 17. Top: Pd NPs, supported on the g-C3N4 surface. Bottom: SEM image of g-C3N4 (a); TEM
images of g-C3N4 (b); and Pd/g-C3N4 (c); HRTEM images of Pd/g-C3N4 (d,e); and size distribution of
Pd NPs (f) (Reproduced from [148]. Copyright (2015), with permission of Springer).

Supported Pd NPs play a crucial role in SMC reactions. Nevertheless, some issues, such as
aggregation and the leaching of Pd NPs onto the support’s surface, are still great challenges to be
addressed. The uniform dispersion of Pd NPs may well be the first step towards a solution to these
problems. Layered double hydroxides (LDHs), also famous as hydrotalcites, have recently fostered
increasing attention as they can play a role as a new support for the most profitable layered crystals
applied in the synthesis of nanocomposites; this interest is due to some specific features of LDHs,
such as their capability to exchange anions and undergo reconstruction (“structure memory effect”).
Focusing on this topic, Li and Bai [149] have synthesized, using a one-step ultrasonic method, new Pd
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NPs supported on the surface of sodium dodecylsulfonate (SDS)-intercalated LDH nanocomposites
that are suitable for SMC. The Pd NPs described were uniformly dispersed on the SDS–LDH surface
and showed an average size of 3.56 nm (Figure 18).

 

 

Figure 18. TEM images and corresponding size distributions of the Pd0.005/SDS–LDHs (Sodium
Dodecylsulfonate-Layered double hydroxides) (a); Pd0.02/SDS–LDHs (b) (HRTEM images (inset));
Pd0.05/SDS–LDHs (c); and Pd0.10/SDS–LDHs (d); EDS profile of the Pd0.02/SDS–LDHs (e);
Pd0.02/SDS–LDHs prepared in the absence of US (f). (Reproduced from [149]. Copyright (2016),
with permission from Springer).

The conversion of 4-bromotoluene was catalyzed by Pd/SDS–LDHs in the presence of boronic
acid, reaching 98.16% yield with 0.1 mmol % catalyst in EtOH/H2O at room temperature without
any phase transfer agents (Figure 19). Moreover, the conversion was much higher than that of the
Pd/SDS–LDHs that were synthesized without US. This enhancement was ascribed to Pd/SDS–LDH’s
size uniformity and high dispersion. In particular, Pd/SDS–LDHs showed greater catalytic activity
than Pd/C catalysts with the equivalent Pd content due to the considerable interaction between the
Pd species and SDS–LDHs within the Pd/SDS–LDH nanocomposites. These catalysts were easily
separated and recycled five times without any significant leak in activity.
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Figure 19. Schematic representation of the Pd/SDS–LDH nanocomposites. (Reproduced from [149].
Copyright (2016), with permission from Springer).

3.3. Ultrasound Assisted Heterogeneous Catalyst Preparation for MW Promoted SMC Reactions

Martina et al. [98] have reported a simple US-assisted procedure to prepare solid supported Pd(II)
catalysts on chitosane (CS). They synthesized cross-linked chitosan derivatives (CS–Pd) by reacting
chitosan in the presence of hexamethylene diisocyanate and the corresponding metal salt. The in situ
polymerization, carried out in water under sonochemical conditions (90 min under 19.5 kHz irradiation
at 30 W), was extremely fast and efficient. The activity of these cross-linked CS–Pd(II) catalysts
(1 or 0.5 mol %) was tested on a model reaction between 4-bromoacetophenone and phenylboronic acid
in a H2O/dioxane 9:1 mixture. Satisfactory biaryl product yields (90%) were reported to have occurred
under MW irradiation in 1 h at 90 ◦C without the addition of a phase transfer catalyst. The recovered
CS–Pd(II) catalyst was reused several times in SMC reactions with a minimal loss in activity.

Cravotto et al. [101] have described the use of a new series of solid cross-linked cyclodextrin
(α-, β- and γ-CD) based catalysts that were obtained via US-assisted reticulation with hexamethylene
diisocyanate (HDI) in solutions containing Pd(II). Their polar structure makes both native CDs and
their cross-linked derivatives very sensitive to dielectric heating. Moreover, this property is strongly
enhanced in the Pd(II)-CD cross-linked catalyst by the embedded Pd(II) cations, rendering them
extremely active in MW assisted SMC reactions. Best yields (75%–99%) were described as occurring
under MW irradiation in water for 45 min using aryl bromides as the C–C coupling partner at 65 ◦C
in the presence of Na2CO3. Metal leaching from the Pd(II)-CD catalyst is negligible (0.5%–1.5% less),
which allows it to be recycled.

Silica has always found widespread applicationin the synthesis of solid-supported PdNPs because
of its remarkable chemical and thermal stability, mechanical robustness and high accessibility. Silica is
a remarkably versatile support and one that is able to host metal nanoparticles (NPs) and improve
their reactivity and stability. Martina et al. [102], have recently prepared a novel cyclodextrin/silica
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support for Pd NPs (Pd/Si-CD) (Scheme 45). Cyclodextrin (CD) grafting into an inorganic silica
framework provided a hybrid organic/inorganic material suitable for further metal impregnation.
It displayed modified surface reactivity, with respect to material bulk properties, due to its new
hydrophilic/hydrophobic profile. The extremely efficient and homogeneous impregnation of small Pd
NPs into this support was successfully carried out under US irradiation at 20.4 kHz (90–100 W) for 1 h.
The Pd/Si-CD catalyst exhibited excellent activity in ligand-free C–C SMC with different aryl iodides
and bromides (both electron rich and electron deficient).

4. Mechanochemical Activation of SMC

Several publications have recently reported upon the solid-state grinding route for the preparation
of new types of supported Pd catalyst. An example of environmentally friendly preparation of
PdCl2 with a bidentate 1,5-bis(diphenylphosphino)-pentane has been described in the Journal of
Chemical Education; this procedure consists of grinding a mixed powder against the side of a 50 mL
round-bottomed flask so to achieve high metal loading and high particle dispersion capacities [150].
Many other supports with high pore volume have been used, such as mesoporous silica, carbon and
one reported example of Pd dispersed in ascorbic acid. Based on our knowledge, some examples of
the preparation of Pd supported catalysts by mechanochemical activation are reported in Table 8.

Table 8. Preparation of supported Pd catalyst by mechanochemical activation under solvent-free conditions.

Catalyst Loading Conditions Technology Pd Loading
(wt %) SMC Synthetic Protocol Reference

Magnetically
separable

mesoporous SBA-15
nanocomposites

1. SBA-15 silica support,
Fe(NO3)3·9H2O

10 min at 350 rpm.
2. propionic acid at

85 ◦C for 3 h

Retsch PM-100 planetary
ball mill 18 stainless steel

balls (10 mm)
19.2%

Bromobenzene,
phenylboronic acid, Pd catalyst

K2CO3, H2O, MW 150 ◦C, 20 min
(59% yield)

[151]

Palladium
nanoparticles

supported on carbon
nanotubes

MWCNT
powder/Pd(OAc)2 (10:1)

mechanical
shaking for 30 min

Ball-mill mixer (SPEX
CertiPrep 8000D),
two ceramic balls

(d 1
4 1.3 cm), 1060 lateral
cycles per minute.

9%

Bromobenzene, phenylboronic,
Pd/MWCNT (Multiwall Carbon
Nanotubes) (0.5 mol %) K2CO3,

H2O–EtOH (1:1),
MW 80 ◦C for 10 min (100% conv.)

[152]

Monodispersed Pd
in ascorbic acid

Pd(NO3)2·2H2O,
and Ascorbic Acid

(1.0568 g, 6 mmol) 10 min
Mortar -

Phenyl iodide,
phenylboronic acid, Na2CO3,

TBAB, Pd (10 mol %), H2O, 80 ◦C,
24 h (Yield 97%)

[153]

Examples in the literature also address the topic of using mechanochemical activation in solvent
free SMC [154,155]. Cravotto et al. have reported the use of a new catalyst, based on chitosan that is
cross-linked with hexamethylene diisocyanate using Pd(OAc)2, in solid-state SMC with aryl chloride.
The reactions were carried out in a planetary ball mill for 120 min at 600 min−1 and high yields were
obtained with unsubstituted and p-nitro chloro benzene [11].

The advantage of the strongly basic nature of KF–Al2O3, which can replace organic bases in a
number of reactions, was explored by Braga et al. in 2004 in solvent free SMC under mechanochemical
activation [156]. Stolle et al. have reported the same approach and reactions were performed in a
mechanical manner via the co-grinding of the reactants with agate milling balls using a planetary
ball mill as the source for alternative energy input. A model reaction was performed with bromo
acetophenone and phenylboronic acid and the inherent basicity of the aluminas proved to be beneficial
for the reaction, as compared to MgO, SiO2, TiO2, CeO2 and Fe2O3. In contrast to the results obtained
by Saha et al., who studied a MW assisted Pd(PPh3)4-catalyzed solid-state SMC [157], neutral γ-Al2O3,
and not the basic α-Al2O3, yielded the best results with the tested aryl bromides. The reaction was
effective in the presence of Pd-loadings higher than 1 mol % and high yields were obtained when KF
loading was higher than 20 wt % on aluminas. In addition, KF–Al2O3 activity strongly depends on the
residual water content, while the extent of water influence on the performance of the coupling reaction
is related to the polarity of the aryl bromides [158].
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The effect of liquid-assisted grinding has recently been studied using mechanical SMC for the
coupling of aryl chlorides as the model reaction [159]. Catalytic systems that used Davephos and
PCy3 were tested and the author demonstrated the strong influences that various liquids had, added
at the amount of 0.045 μL/mg. Alcohols produce unexpected improvements in yield, when used
as additives. This is perhaps due to the in situ formation of alkoxides and their participation in
oxidative addition, while the reactions performed neat gave the worst results. Based on this evidence,
the authors proposed a mechanism and the reaction was optimized over a series of chloro benzene
reactions to reduce the amount of catalyst to 2% (chloro benzene derivative, phenylboronic, Pd(OAc)2

(2 mol %), PCy3·HBF4 (4 mol %), K2CO3 (5.0 equiv.) and MeOH (η = 0.045 μL/mg, two stainless steel
balls (ø = 1.4 cm), 30 Hz, 99 min).

5. When the SMC Reaction Is Driven by Light

Solar light is a copious and safe source of energy that is attracting huge interest in efforts to
figure out the matter of growing energy demands and environmental concerns. The ultimate aim
for us here is to carry out visible light driven photocatalytic reactions. Indeed, solar light absorption
is a convenient and sustainable means for generating electronically excited states in photocatalysts.
In fact, plasmonic metal nanoparticles are able to transform solar energy into chemical energy via
localized surface plasmon resonance (LSPR) [160]. In particular, many advantages, in terms of light
harvesting and energy of the electrons, can be achieved when metal NPs are immobilized on insulating
solids [161]. Indeed, the photo-excited electrons of NPs attain energy and gather on the surface,
therefore aiding the molecule activation for chemical reactions. Higher photon efficiency can be
achieved since the light harvesting and reaction occur at a single site [162]. Pd is judged as one of the
most active metals for many reactions, among which the SMC is counted. However, its inability to
show plasmonic absorption inhibits the utilization of visible light energy, whereas other metals, such
as Ag nanoparticles, display a marked light harvesting ability due to their size-dependent plasmonic
absorption [163]. Plasmonic Pd/Ag bimetallic catalysts supported on mesoporous silica SBA-15 have
recently been used in the SMC coupling of iodobenzene and phenylboronic acid in the presence of
K2CO3, used as a base, with ethanol as the solvent for 6 h (Figure 20) [164]. Pd nanoparticles were
synthesized by LSPR-assisted deposition on the highly dispersed Ag nanoparticles under visible light
irradiation. It was found that the integrated system, made up of Pd and plasmonic Ag nanoparticles,
favored the formation of an efficient light harvesting system with unique photocatalytic reactions.
It is worth noting that no catalytic activity (yield < 1%) was observed under dark conditions at room
temperature (at 25 ◦C) due to the lack of the LSPR effect induced by silver and to the very low amount
of Pd NPs. The authors observed that the yield of biphenyl was determined by the color of the Ag
catalysts, according to the following order; Pd/Ag/SBA-15 (yellow) (2.16) < Pd/Ag/SBA-15 (red)
(3.00) < Pd/Ag/SBA-15 (blue) (3.33), the values in brackets are the rates of activity enhancement.
It was supposed that the occurrence of the reaction under visible light irradiation was related to the
heating effect of the infrared component of light. Indeed, a 10 ◦C temperature increase in the reaction
mixture was observed under light irradiation. The reaction was therefore performed at 35 ◦C and the
contribution of the conversion efficiency under light irradiation was evaluated.
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Figure 20. SMC for Pd/Ag/SBA-15 catalysts under dark, thermal (35 ◦C) and light irradiation
conditions. Reprinted from [164]. Copyright (2015), with permission from Royal Society of Chemistry.

Superior performance was observed under light irradiation, followed by thermal conditions and
then the reactions in the dark. This clearly indicates that the enhanced activity was strictly connected
to the synergistic effect between Pd and Ag nanoparticles which mutually interact with the assistance
of the LSPR effect. It was proposed that, due to the charge heterogeneity at the interface between
the two metals, the energetic electrons generated on the silver transfer to the Pd nanoparticles upon
irradiation with visible light. This can be understood if we consider that the work function of Pd
metal is 5.00 eV in a vacuum, which is larger than the work function of Ag metal, which is 4.30 eV in a
vacuum. The amount of energy required to eject the electron determines the position of the Fermi level,
suggesting that the position of the Fermi level of Pd is lower to that of Ag, making the electron transfer
process achievable [165,166]. Activated Pd species can therefore accelerate the oxidative addition step,
resulting in an increase in the intrinsic catalytic activity of palladium. The energetic electrons also
release energy into the surrounding environment, leading to an increase in temperature, which also
contributes to the improvement in activity. All Pd/Ag bimetallic catalysts were active in the coupling
reaction under visible light irradiation which was emitted at λ > 420 nm.

In a very recent paper by Yamashita et al. [167], bimetallic Pd/M (M = Ag, Au) nanoparticles
embedded into a SBA-15 (20 mg) matrix have been tested in the coupling of aryl halides and boronic
acid in ethanol and in the presence of K2CO3 (41.5 mg) and phenylboronic acid (36.6 mg) at room
temperature for 2 h under a Xe lamp irradiation with a glass filter cutting out the ultraviolet portion
of light. In these systems, Pd (0.5 wt %) was deposited onto M/SBA-15 (M = Au, Ag) using an LSPR
assisted deposition method under visible light irradiation. Interestingly, both Au and Ag (1 wt %) were
incorporated into the mesoporous silica by the MW (500 W, 2450 ± 30 MHz, 3 min) polyol method
using either ethylene glycol or 1-hexanol as the solvent and reducing agent.

PdAg/SBA-15 and PdAu/SBA-15 were proven to be more active than the monometallic
Pd-containing catalyst, while the beneficial effects of photoactivity are higher in the presence of gold
than in the presence of Ag, according to the results of the photocatalytic tests reported in Figure 21.
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Figure 21. Results for Pd/M/SBA-15 in the SMC reaction under dark and visible light irradiation
conditions. Reprinted from [167]. Copyright (2016), with permission from Royal Society of Chemistry.

A supposable mechanism has been proposed to explain the tentative reaction pathway that
may occur under visible light irradiation. The resonant excitation of plasmonic nanoparticles,
which is accomplished by matching frequencies with those of the incident electromagnetic radiation,
undergoes relaxation within tens of femtoseconds [168–170]. Relaxation can occur via either
radiative or non-radiative emission. The possible relaxation mode for metal nanoparticles with
a diameter < 30 nm is the non-radiative Landau damping process, which causes the formation of
electron–hole pairs [171,172]. The electron–hole pairs are generated by the elevated electric fields
caused by the resonance condition between the plasmonic metal nanoparticles and the electromagnetic
radiation [173]. These energetic electrons, or so-called hot electrons, are available at the surface of
the Pd sites in the bimetallic catalysts due, as explained before, to the considerably higher work
function values of Pd (5.0 eV) than Ag (4.3 eV) and Au (4.7 eV), making the electron transfer process
quite feasible. These energetic electrons can be accumulated in the lowest unoccupied molecular
orbital (LUMO) of the reactant arylhalide, through the Pd nanoparticles, which is a transformed
ionic/transient species and leads to bond weakening, as illustrated in Figure 22.

Figure 22. Proposed mechanism for enhanced catalytic activity under visible light irradiation in the
presence of plasmonic metal NPs. Adapted from [167]. Copyright (2016), with permission from Royal
Society of Chemistry.
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The electrons return to the HOMO and ultimately back to the plasmonic metal nanoparticles after
the activation of the reactants. The differing behavior of Ag and Au was explained on the basis of
their tunability sensitivity upon electron injection. Ag is much more sensitive than Au towards the
plasmonic tunability of wavelength, however both showed significant damping of intensity.

Sarina et al. [174] have observed that in reactions, such as the SMC (see Scheme 58), where the
catalytic activity is driven by Pd, the intrinsic catalytic activity of palladium in PdAu alloy nanoparticles
is significantly enhanced by light irradiation, even at room temperature. On the other hand, AuPd
alloy nanoparticles did not perform better than mono metallic Au in other reactions in which the
activity is dominated by gold.

 

Scheme 58. SMC under light irradiation.

Additionally, catalytic performance was found to be strongly dependent on Au/Pd molar ratio in
both the presence and the absence of light, as demonstrated by the data reported in Table 9.

Table 9. SMC catalyzed by Au–Pd@ZrO2 with different Au/Pd molar ratios under visible light
irradiation and in the dark 1.

R1 R2 Au/Pd 1 Yield (%) Selectivity (%) TON TOF (h−1)
Q.Y. 7 (%)

Light Dark Light Dark Light Dark Light Dark

3-CH3 4-H

1:1.86 96 2 37 99 99 87 34 14.5 5.7 2.7
1:1.00 55 2 17 98 99 56 17 9.3 2.8 1.7
1:5.58 40 2 10 99 99 34 8 5.7 1.3 1.4
1:0.62 28 2 6 99 100 33 6 5.5 1.0 1.0

1:0 2 2 0 100 - 3 0 0.5 0 0.1
0:1 26 2 11 98 99 18 8 3.0 1.3 0.7

4-CH3 4-H 1:1.86 94 2 46 98 97 95 46 15.8 7.7 2.2
2-CH3 4-H 1:1.86 86 2 30 98 98 87 30 14.5 5.0 2.6

4-OCH3 4-H 1:1.86 96 3 41 98 99 97 41 19.4 8.2 2.5
4-H 4-OCH3 1:1.86 99 4 58 99 99 100 99 50.0 0.0 1.9
4-H 4-CHO 1:1.86 98 5 65 99 96 99 67 24.8 0.0 1.5
4-H 4-N(CH3)2 1:1.86 80 6 55 68 60 81 56 3.0 0.0 0.3

1 Molar ratio; 2 Reaction time 6 h; 3 Reaction time 5 h; 4 Reaction time 2 h; 5 Reaction time 4 h; 6 Reaction time 22 h.
7 Q.Y., quantum yield. Reaction conditions: 1 mmol of aryl iodide, 1.5 mmol of arylboronic acid, 50 mg (containing
3% of metals) of catalyst and 3 mmol of base K2CO3 in DMF/H2O = 3:1 (solvent) at 30 ◦C and 1 atm of argon. TON
and TOF values were calculated based the total amount of metal(s).

AuPd nanoparticles are able to absorb light energy and photo-excited conduction electrons are
generated at the surface of Pd sites where the reactant molecules are activated. Moreover, the increase
in light intensity produced a linear increase in conversion, while the reaction temperature was carefully
checked and kept at 30 ± 1 ◦C in order to avoid the influence of thermal effects on performance.
It was observed that the largest contribution (>64%) to the catalytic activity came from radiation with
wavelengths in the 490–600 nm range, which is where the LSPR peak of gold nanoparticles is usually
observed. This suggests that Au atoms present in the alloy nanoparticles work as an antenna for
visible light absorption. Furthermore, the apparent activation energy of the SMC was calculated both
in the dark (∼49.2 kJ/mol) and under visible light illumination (∼33.7 kJ/mol). It was found that the
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activation energy is reduced by 15.5 kJ/mol under visible light irradiation, which represents a 31%
decrease in activation energy.

It was proposed that the intrinsic catalytic activity of these alloy AuPd nanoparticles is related
to charge heterogeneity at the surface of the alloy nanoparticles, hence to the Au/Pd ratio of the
alloy, resulting in an enhanced interaction between the alloy nanoparticles and the reactant molecules.
The catalytic activity’s observed dependence on alloy composition was believed to be related to
electron redistribution between the two metals. Using a free electron-gas model, the same authors
found that the number of transferred electrons (ΔN) is at its highest when the ratio of the electrons
of the two metals in the alloy NPs is approximately equal [175]. In more detail, the electron transfer
(ΔN) predicted by the model is a function of the Au electron concentration (%) in the AuPd alloy
nanoparticles and/or of the Au/Pd molar ratio. A strong correlation between ΔN and the conversion
efficiency of reactants was observed, as illustrated in Figure 23. The alloy nanoparticles which possess
an Au/Pd electron ratio near to 1:1 (corresponding to the Au/Pd molar ratio 1:1.62) have the largest
electron transfer number and displayed significant Au–Pd ionic bond character because of the Pd rich
surface of the NP.

 

Figure 23. Electron transfer from gold to palladium in the alloy NPs, expressed as ΔN, varies with
the composition of the alloy NPs (the curve). ΔN reaches a maximum when the Au/Pd molar ratio is
1:1.62. The Au/Pd molar ratio in the alloy NPs (horizontal axis) and photocatalytic conversions (red
symbols) of the SMC in the present study (vertical axis on the right) are given respectively, reaction
conversions are based on the average values of three runs for each experiment. Reprinted from [175].
Copyright (2014), with permission from Royal Society of Chemistry.

These papers highlight the fact that the intimate interaction between light-absorbing plasmonic
and catalytically active components plays a key role in achieving efficient light harvesting as well as
catalytic activity. Following the same idea, Wang et al. [176] has proposed different Au–Pd plasmonic
metal nanostructures with synthetically tunable absorption wavelengths to efficiently harvest light.
According to Figure 24, the most promising new nanostructures were made up of gold nanorods
decorated with small Pd nanoparticles that had previously been heteroepitaxially grown on the
nanorods [177,178].
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Figure 24. Nanostructures for catalytic reactions under solar radiation. (A–F) Medium Au–Pd
nanostructures: (A) TEM image; (B) high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image; (C) HAADF-STEM image of a single nanostructure; (D) elemental
map of gold for the nanostructure shown in (C); (E) corresponding elemental map of palladium;
(F) merged elemental map; (G–L) Corresponding imaging results for the small Au–Pd nanostructures;
(M) Extinction spectra recorded in 0.5 cm cuvettes for the medium and small Au–Pd nanostructure
samples; (N) TEM image of the mixture of the medium, small and spherical nanostructure samples;
(O) Extinction spectrum of the mixture at 1 cm path length. The inset shows the digital photo of the
reaction solution containing the nanostructure mixture in a glass vessel for experiments under solar
radiation. Reprinted with permission from [176]. Copyright (2013), with permission from American
Chemical Society.

The authors demonstrated that the use of a mixture of these nanostructures, of varying size and
shape (medium, small and spherical), guaranteed the maximum exploitation of sunlight and the best
photoactivity. In particular, it was proposed that the Au nanorods can function as the light-harvesting
component, because of their synthetically tunable longitudinal plasmonic absorption. At the same time,
the Pd nanoparticles are active catalysts for the C–C cross coupling reaction. The strong interaction
between the two metals means that the chemical potentials of the electrons in the Pd nanoparticles
and in the Au nanorods are in equilibrium [179]. The electrons belonging to the Pd nanoparticles
are therefore involved in the plasmon resonance occurring across the entire nanostructure upon
light irradiation. As a consequence, plasmon excitation promotes the Pd-catalyzed SMC reaction.
The authors also synthesized a similar nanostructure with a 25-nm-thick TiOx shell that plays the
role of separating the Au nanorod from the Pd nanoparticles. A comparison of the photocatalytic
performances of these two nanostructures, i.e., Au–Pd and Au–TiOx–Pd, further confirmed the key
role played by the longitudinal plasmon of the Au nanorods. Several reactions (involving the coupling
of mainly arylbromides with different arylboronic acids) performed under solar radiation gave quite
satisfying yields, of above 50% even >90% with nine of them. The catalyst used in these catalytic tests
contains 326 μg of gold and 16.6 μg of palladium.
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More recently, a very interesting paper [180] reported the intriguing possibility of extending
the plasmonic absorption of Pd nanoparticles into the visible-NIR (Near-Infrared) region of the
spectrum. This was exploited by synthesizing Pd hexagonal nanoplates with well-defined and tunable
longitudinal localized surface plasmon resonance (LSPR). As shown in Figure 25, each Pd nanoplate is
indeed a twin crystal, with its top and bottom faces enclosed by {111} facets with stacking faults and
with side surfaces surrounded by a mixture of six {111} and six {100} facets. These new nanostructures
efficiently catalyze the SMC reaction of iodobenzene and phenylboronic acid under light irradiation.
Experimental and theoretical results proved that the increase in catalytic activity granted by the Pd
hexagonal nanoplates was due to the photocatalytic effect of plasmon induced hot electrons.

 

Figure 25. (A) Top-view; and (B) side-view TEM; (C) SEM images; and (D) sketch of the Pd hexagonal
nanoplates. Yellow and pink represent the {111} and {100} planes, respectively. Reprinted from [180].
Copyright (2015), with permission from Royal Society of Chemistry.

As shown in Figure 26, the obtained TOF values were 2.5 and 2.7 times higher than those related
to non-plasmonic {111}-enclosed Pd nano-octahedra and to {100}-enclosed Pd nanocubes, respectively,
under illumination with a Xe lamp (λ = 300–1000 nm, 176 mW·cm−2) and 1.7 times higher than the
value obtained when the reaction was thermally heated to the same temperature.

Basing on the mechanism of activation of homogeneous Pd-containing catalysts which depend
on the electron-enrichment caused by the introduction of special ligands, Li et al. [181] were
interested in increasing the activity of heterogeneous Pd nanoparticle-based catalysts by increasing
their electron density via support effects. The authors employed the stimulated electron transfer
at the metal-semiconductor interface from optically active mesoporous carbon nitride (g-C3N4)
nanorods to Pd nanoparticles. It was proposed that the presence of noble metal nanoparticles on the
surface or inside of the pores of mesoporous g-C3N4 would give rise to metal-semiconductor contact
(Mott-Schottky heterojunction). Charge transfer can be envisioned at the interface and would result in
a positively charged region (the depletion region with a thickness of a few nanometers measured from
the interface) and a nanoparticle with negative charge, due to the Schottky effect [182]. Theoretically,
the energetic electrons located at the noble metal NPs and the holes placed at the g-C3N4 plane
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would be able to activate two substrates, towards electron-rich and electron-deficient intermediates
respectively, to facilitate C±C coupling reactions. The Schottky effect can also be amplified by
photo-excited electrons under irradiation, simultaneously amplifying the effective charge transfer at
the interface towards the metal nanoparticle. It was found that mesoporous g-C3N4 nanorod supported
Pd nanoparticles are highly efficient in the Mott-Schottky accelerated SMC of aryl halides with various
coupling partners under photo irradiation and very mild conditions. The wavelength-dependence of
the activity, which corresponded to the optical absorption spectrum of carbon nitride, was elegantly
demonstrated, as shown in Figure 27.

 

Figure 26. (A) Turnover frequencies (TOFs) per surface Pd atom of hexagonal-Pd were compared
with octahedral-Pd and cubic-Pd in SMC reactions carried out using different light sources: 350 nm,
2.6 mW·cm−2 (I); 380 nm, 3.4 mW·cm−2 (II); 420–1000 nm, 84.0 mW·cm−2 (III); and 300–1000 nm,
176.0 mW·cm−2 (IV); (B) The enhancement factors EF1 (open symbols) and EF2 (solid symbols) for
hexagonal-Pd were estimated from the data in (A); Control_A was performed without light illumination
in a dark room and Control_B was performed under isothermal heating at 40 ◦C. All reactions were
performed in an isothermal environment (25 ◦C) for 3 h. Reprinted from [180]. Copyright (2015), with
permission from Royal Society of Chemistry.
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Figure 27. Wavelength dependent activity of Mott-Schottky photocatalyst and corresponding UV-vis
absorbance spectra (FR) of mesoporous g-C3N4 nanorods. The coupling reaction of iodobenzene and
4-methoxybenzeneboronic acid was conducted under the following conditions: water (2.5 mL), EtOH
(2.5 mL), 138 g of K2CO3 (1 mmol), 73 mg of 4-methoxybenzeneboronic acid (0.6 mmol), 0.017 mL
of iodobenzene (0.15 mmol) and 10 mg of m-CNR-Pd (3 wt %) as the catalyst, 150 W Xe lamp, room
temperature (25 ± 5 ◦C), 1 h. The nominal spectral output of the Xe lamp is located between 350
and 800 nm. The wavelength of the incident light was controlled using an appropriate cut-off filter.
Reprinted from [181]. Copyright (2013), with permission from Macmillan Publishers Ltd.

Decreased product yield (49% after 12 h) was observed by filtering off the UV part of the Xe lamp
(≤420 nm), however no product yield was observed when wavelengths of ≤460 nm were filtered off.
Interestingly, the catalyst gave high conversion and selectivity in the coupling of iodobenzene and
4-methoxybenzeneboronic acid at elevated temperatures, even in the dark, but no conversion was
observed at temperatures lower than 50 ◦C. In the same reaction system, light irradiation enabled the
coupling reaction to occur, even at room temperature, which gave excellent conversion and selectivity.
Both reactions could not occur without the presence of K2CO3, as it is essential to activate boronic acid.
No inert atmosphere was required.

Inspired by recent research efforts into the design of electron-rich catalytic sites which could
carry out the oxidative addition of Pd0 with arylhalide and facilitate the coupling reactions, Zhang
et al. have successfully performed the activation of aryl chlorides, using heterogeneous multifunctional
Pd/Au/porous nanorods of CeO2 (PN-CeO2) which are catalysts with a well-defined spatial configuration,
under the irradiation of visible light (>400 nm) at room temperature [183]. In this heterogeneous catalyst,
Au nanoparticles were deposited on ceria using the classical deposition–precipitation method. Pd was
then selectively photo-deposited onto the surface of Au nanoparticles. It is worth noting that PN-CeO2

have a band gap of 2.63 eV, which is lower than the value of an ideal CeO2 crystal (3.2 eV), and can absorb
part of visible light, generating electron/hole pairs. These photogenerated electrons can be injected into
Au nanoparticles [184]. Gold not only absorbs visible light via LSPR excitation, but also serves as a charge
mediator for the transfer of electrons to Pd nanocatalysts. When Pd/Au/PNCeO2 catalysts is under
the illumination of visible light, the hot electrons generated by Au, which display an excited hot state
for up to 0.5–1 ps, will flow across the Au and Pd interface immediately, which enriches the electron
density of Pd and allows the SMC to occur. This possible electron transfer has also been proven both in
previous experiments and in theoretical calculation results [174,176]. Along with the consumption of
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electrons on Pd during reaction, more and more hot electrons should be provided. Au+ therefore needs
to be supplemented with electrons for its recovery to the Au0 state by the photogenerated electrons
from PN-CeO2 to mediate the electron transfer. The spatially selective deposition of Pd nanocatalysts
onto the surface of Au nanoparticles favors the possibility of electron transfer from PN-CeO2 to Au
nanoparticles. Under such synergistic action, the multifunctional Pd/Au/PN-CeO2 catalyst is able
to activate different aryl chlorides at room temperature, as seen in Figure 28. The electron-rich Pd
nanoparticles can activate aryl chlorides and facilitate the first step of the oxidative addition reaction of
SMC by accelerating the formation of active radical ligand ArPdIICl. At the same time, electron/hole
pairs created in PN-CeO2, upon the absorption of the incident visible light, activate various arylboronic
acids by cleaving the C–B bonds. The oxidized arylboronic acids close to Pd can react with the activated
aryl chlorides, giving the final products.

Reaction conditions were as follows; water (1 mL), DMF (1 mL), K2CO3 (0.6 mmol), chlorobenzene
(0.2 mmol), phenylboronic acid (0.24 mmol) and catalyst (15 mg). 91.6% conversion and 89.6% yield
were achieved in the presence of the strong electron-withdrawing –NO2 group (p-substituted with
respect to Cl) after 6 h. When electron-donating substituents, p-substituted with respect to the halogen
position were introduced to phenyl chloride, the yields of the cross-coupling products were reduced to
80.6% (–OCH3), 56.8% (–CH2OH) and 15.3% (conjugated alkynyl) for the cross-coupling product after
6 h of visible light irradiation. Furthermore, high catalytic activities were observed for arylboronic
acids with electron-donating groups, again in the p-position with respect to Cl, such as –CH3, aryl
and tertiary butyl. On the other hand, the insertion in the same position of the electron-withdrawing
group, –CHO, into arylboronic acid caused a drop in the yield of the cross-coupling product.

 

Figure 28. Schematic view of the proposed photocatalytic reaction mechanism over Pd/Au/PN-CeO2

catalysts under visible light irradiation. Reprinted with permission from [183]. Copyright (2015),
with permission from American Chemical Society.

A new Cu7S4@Pd heteronanostructured photocatalyst, in which Pd nanoparticles and Cu7S4

domains are in intimate interfacial contact, were found to be excellent catalysts for solar-driven organic
synthesis reactions [185]. Both simulation studies and experimental investigations demonstrated that
a combination of the NIR LSPR light-harvesting property of Cu7S4 and the catalytic features of Pd
resulted in the enhanced photocatalytic activity that these systems show towards the SMC reaction.
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In particular, Pd displays no LSPR absorption above 1000 nm, whereas Cu7S4 or a physical mixture
of Pd and Cu7S4 gave an absorption peak at about 1500 nm (this absorption was also observed by
simulation, compare Figure 29a,b). Interestingly, Cu7S4@Pd showed a red shift of the LSPR peak of
about 500 nm compared to bare Cu7S4. An explanation for such a spectroscopic feature is that the Pd
on the Cu7S4 surface is possibly bound to S atoms, hence lowering its exposure to oxygen. This might,
in turn, annihilate vacancies in Cu7S4, and result in a red shift of the LSPR peak. The red shift also
correlated to a refractive index change which was caused by the incorporation of palladium into the
Cu7S4 surface.

 

Figure 29. Localized surface plasmon resonance (LSPR) absorption spectra of different nanostructures
obtained from experiment (a); and finite difference time domain (FDTD) simulation (b); Green curves:
Cu7S4@Pd heteronanostructures. Blue curves: physical mixture of Cu7S4 and Pd nanoparticles. Red
curves: Cu7S4 nanoparticles. Black curves: Pd nanoparticles; (c) FDTD simulation setup for Cu7S4@Pd
and electrical field intensity scale; (d–f) The 2D contour of the electric field intensities around the
Cu7S4@Pd heteronanostructures under illumination of 808 nm (d); 980 nm (e); and 1500 nm (f);
respectively. Reprinted from [185]. Copyright (2015), with permission from American Chemical Society.

The authors demonstrated the presence of a local electrical field enhancement, due to the LSPR
effect, and studied how this enhancement is correlated with various wavelengths using a FDTD
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simulation (the Cu7S4@Pd nanocrystal was located in the center of a simulated box, as shown in
Figure 29c) of the 2D contour of the electron field intensity (XOY-plane, z = 0 nm) under different
illumination sources (808, 980 and 1500 nm, Figure 29d–f). An electrical field enhancement was
observed under irradiation at all examined wavelengths. In particular, the electrical field intensity for
1500 nm irradiation appears to be far stronger than that for 808 and 980 nm, and the same trend was
obtained when evaluating the catalytic activity of Cu7S4@Pd in the SMC reaction between iodobenzene
and phenylboronic acid at different reaction time intervals (10, 20, and 30 min). As an example, 97%
conversion was reached under 1500 nm irradiation in 30 min, whereas 45% and 50% conversions were
obtained using the 808 and 980 nm irradiation wavelengths, respectively. Similar results were collected
when phenylboronic acid was replaced by p-tolylboronic acid.

In this case, the use of cetyltrimethylammonium bromide (CTAB) was necessary to help the
hydrophobic Cu7S4@Pd nanoparticles disperse into water. It was proposed that the LSRP absorption
of Cu7S4 gives rise to “hot holes” under 1500 nm illumination. These hot holes have enough energy
to overcome the small Schottky barrier and inject themselves into the Pd domain, possibly rendering
the Pd surface electron-deficient. In terms of the SMC reaction, theoretical studies indicated that
the rate-limiting step is the oxidative addition of aryl halides onto Pd(0) [186]. Photoactivation
favors the positively charged Pd surface, analogously to the action of electron-withdrawing ligands,
and can promote the activation of aryl halides. Finally, differently to the majority of the traditional
semiconductor–metal photocatalysts in which the LSPR effect of the noble metal nanoparticles serves
the visible range absorption of the semiconductor, here Cu7S4 nanoparticles take advantage of NIR
range photons via LSPR and grants the benefits to the metal.

6. Conclusions and Future Perspectives

Within the exploitation of SMC reactions, the use of unconventional technologies is allowing
the advancement of a new chemistry with enormous potential, because it can promote processes and
products that are more sustainable from both environmental and economic points of view. In particular,
it has been shown that SMC is strongly facilitated by physical activation with MW, US, ball milling and
light in a greener approach to process intensification. Despite the large fraction of papers here cited is
dealing with the MW activation, the development of environmentally benign and often cost-effective
procedures for SMC reactions is attracting a lot of interest. It was found that mainly either isolated
Pd(II) species or supported Pd nanoparticles display a key role in the field of SMC catalyzed reaction
in which the effects due to the combined use of the new methodologies can be investigated. Indeed,
a great number of novel palladium-based catalysts has been reported in recent years for SMC. A careful
examination of the catalysts reveals that it is important not only to regulate the Pd dispersion in terms
of Pd(II) immobilization and of particle size, but also to consider the nature of the support as well as
to optimise the synthetic procedure to control the morphology and the electronic properties of the
obtained catalyst. It is worth noting that the optimised catalyst is required to be stable, recyclable and
robust under the experimental conditions achieved by non conventional activation.

All these advances are well documented in recent literature, however, there are still a lot of
problems that urgently require a solution: among these, to avoid the use of ligands, which can have
environmental impact, is one of the main goals. Moreover, the requirement of ever-smaller amounts of
metal catalyst to abate costs, as well as the need to produce recyclable catalysts are also main issues.
The possibility to employ less reactive, but more attractive chloroarenes remains a challenge. In many
cases, the selectivity is unsatisfactory when the reaction is driven by light, due to the involvement of free
radical intermediates in UV-induced chemical reactions, giving for example, undesired autooxidation
products, therefore leading to low selectivity of the desired product.

The current efforts in catalyst design can allow a more efficient exploitation of unconventional
techniques. Recent discoveries here reported have demonstrated that highly selective reactions are
feasible in the presence of an opportunely optimised catalyst and the right reaction conditions.
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The results here described represent a helpful starting point to new green processes for SMC in
the presence of innovative activation methodologies and open the door for significant improvement
connected with the use of heterogeneous catalysts that permit product isolation by simple separation.
In the near future, the green methodologies here examined combined with the catalyst design will be
strategic to improve atom and energy efficiency, especially for industrial applications. In this frame,
more intense efforts are required in the area of scaling up. In a future scenario, the most challenging
problems that have to be overcome are: (i) to develop new active catalysts able to work in combination
with unconventional activation methods; (ii) to provide cost analysis and (iii) to achieve progress in
reactor engineering with new reliable flow systems that are well suited for industrial applications.
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70. Yılmaz, Ü.; Şireci, N.; Deniz, S.; Küçükbay, H. Synthesis and microwave-assisted catalytic activity of novel
bis-benzimidazole salts bearing furfuryl and thenylmoieties in Heck and Suzuki cross-coupling reactions.
Appl. Organomet. Chem. 2010, 24, 414–420.
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Abstract: The (site-selective) derivatization of amino acids and peptides represents an attractive field
with potential applications in the establishment of structure–activity relationships and labeling of
bioactive compounds. In this respect, bioorthogonal cross-coupling reactions provide valuable means
for ready access to peptide analogues with diversified structure and function. Due to the complex
and chiral nature of peptides, mild reaction conditions are preferred; hence, a suitable cross-coupling
reaction is required for the chemical modification of these challenging substrates. The Suzuki
reaction, involving organoboron species, is appropriate given the stability and environmentally
benign nature of these reactants and their amenability to be applied in (partial) aqueous reaction
conditions, an expected requirement upon the derivatization of peptides. Concerning the halogenated
reaction partner, residues bearing halogen moieties can either be introduced directly as halogenated
amino acids during solid-phase peptide synthesis (SPPS) or genetically encoded into larger proteins.
A reversed approach building in boron in the peptidic backbone is also possible. Furthermore,
based on this complementarity, cyclic peptides can be prepared by halogenation, and borylation of
two amino acid side chains present within the same peptidic substrate. Here, the Suzuki–Miyaura
reaction is a tool to induce the desired cyclization. In this review, we discuss diverse amino acid and
peptide-based applications explored by means of this extremely versatile cross-coupling reaction.
With the advent of peptide-based drugs, versatile bioorthogonal conversions on these substrates have
become highly valuable.

Keywords: Suzuki–Miyaura reaction; peptide diversification; peptide cyclization

1. Introduction

The Pd-catalyzed Suzuki–Miyaura reaction has found widespread use in the synthesis of
carbon–carbon bonds [1,2]. The success of this cross-coupling reaction can be attributed to the
generally mild reaction conditions required and the versatility of the boron species as organometallic
partners [3–9]. Compared to related C–C bond formations, the environmentally benign nature, high
functional group tolerance, wide commercial availability of the reactants, and compatibility with
aqueous conditions are advantageous [10–12]. As a result, various research groups have utilized and
reviewed this reaction for the derivatization of complex molecules such as natural products [13–16]
and nucleosides [17–23]. The mechanism of this reaction originally proposed by Miyaura and Suzuki
has been revisited recently, which provides insights useful for rational reaction optimization [24–26].
Besides classical organoboronic acids, new boron-derived reagents have been developed with
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improved shelf life and controlled release of reactant and stability versus deborylation during
cross-coupling [4–9,27,28]. In this review, we focus on the derivatization of amino acids up to protein
substrates. In general, through bioorthogonal reactions, the site-selective derivatization of peptides and
proteins is possible after the incorporation of non-proteinogenic amino acids and subsequent labeling
of the (bioactive) substrate [29–33]. Additionally, this cross-coupling possesses a huge potential with
regards to the improvement of peptide-based therapeutics and pharmacological probes. To achieve the
envisaged site-selective modification, a single residue must undergo transformation in the presence of
a significant amount of other side chains or functionalities In contrast, when multiple reactive sites
are present, non-selective derivatization methods often yield less active conjugates that are difficult
to separate [34]. To access the desired, pin-pointed modification, a wide array of halogenated and
borylated residues (selected examples are shown in Figure 1) can for instance be incorporated in
peptidic substrates, all of which allow diverse substitutions or cyclizations.
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Figure 1. Representative examples of building blocks used in Suzuki–Miyaura-based derivatizations.

Halophenylalanines are generally commercially available, while (bio)synthetic methods have
been developed for the preparation of halogenated tryptophans [35–38]. Boron groups are readily
introduced in aromatic and aliphatic amino acids via borylation or hydroboration [39,40]. Insertion
of these residues can be realized via solid-phase peptide synthesis (SPPS) methods utilizing the
halogenated or borylated amino acid analogue. Next, peptide derivatization can be performed in
solution-phase, after cleavage from the solid support. Alternatively, the direct Pd-catalyzed solid-phase
derivatization has also been widely reported. The latter strategy offers the added value of a rapid
purification by filtration, and hence removal of excess reactants, reagents, by- or side-products.

Due to the significant role that natural aromatic amino acids play in peptide-protein
interactions [41], it can easily be perceived that additional interactions with the biological targets
are within reach through usage of derivatized amino acids, prepared by the Suzuki–Miyaura reaction.
The benefit of using non-natural amino acids has been well established [42–44], as the biological
activity profile of the targeted peptide and its overall stability can be greatly enhanced through such
modifications [45]. Ready access to a broad variety of unusual amino acids is therefore highly desirable
for medicinal chemists, since they allow to perform structure–activity relationship studies. Hence,
the Suzuki–Miyaura reaction serves as a powerful tool for peptide/medicinal chemists and it has
certainly secured a place in their “toolbox” to improve peptide lead agents [45–47].

Furthermore, since both the halogen substituent and the boronate group are readily introduced,
cyclization of the peptide can be achieved through Suzuki–Miyaura cross-coupling. Traditionally,
cyclic peptides are often used as analogues of their linear counterparts to protect the peptide from
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a premature enzymatic degradation, to stabilize secondary motifs and lock the active conformation
for an improved pharmacological profile [48]. Peptide macrocyclization has thus been developed to
overcome the intrinsic drawbacks of peptide therapeutics [49–52]. In this regard, various strategies
have emerged for the synthesis of constrained cyclic peptides with different structural motifs
emerging at the site of macrocyclization. Commonly applied strategies include disulfide or lactam
bridge formation [53], ring-closing metathesis (RCM) [54], azido-alkyne cycloaddition [55], and
palladium-catalyzed reactions [15,56,57]. Of specific importance to the current review are the
biaryl-bridges, which gained interest for the stabilization of α-helices and β-sheets [58,59]. Interestingly,
biaryl-linkages and moieties are also found in a variety of naturally occurring peptides and even
synthetic drugs (e.g., Figure 2) [60,61].

 
Figure 2. Naturally occurring peptides 6–8 and anti-retroviral drug Atazanavir 9 containing a
biaryl moiety.

In light of the natural environment of peptide substrates, the importance of water as a (co-)solvent
has been evaluated during Suzuki–Miyaura reactions applied on peptide substrates. The need for
aqueous or mixed aqueous conditions is important for enabling the derivatization of unprotected
amino acids or proteins, since such solvent systems ensure solubility of these complex products.
The development of water soluble ligands and further improvement of catalysts for classical organic
reactions [62] has encouraged peptide chemists to also explore mild conditions for amino acid/peptide
derivatizations [63,64]. Such reaction conditions are preferred for amino acid(-based) substrates in
order to avoid epimerization or other unwanted side reactions, while mild conditions are simply
mandatory for protein substrates. Physiological conditions (37 ◦C, buffered aqueous solutions) are
often considered to maintain the natural protein folding [63,65].

In this review, the aim is to present, in a comprehensive manner, the major advances of the
Suzuki–Miyaura cross-coupling in the field of peptide chemistry. Ever since the first reports in 1992,
replacement of the typical organic reaction conditions, along with developments in chemical biology,
has opened a plethora of potential applications. The usefulness of this cross-coupling has been shown on
simple amino acids, synthetically prepared peptides, and large protein complexes. Herein, we focus on
methodology development for both solution- and solid-phase derivatizations of increasingly complex
substrates. Efforts towards peptidic natural product synthesis and peptide cyclization are discussed.
In the final part, several biological applications in different therapeutic areas are briefly highlighted in
which the Suzuki–Miyaura reaction represented a key reaction.

2. Derivatization of Amino Acids and Peptides in Solution

2.1. Access to and Derivatization of (Pseudo)halogenated Aromatic Amino acid Substrates

Halogenated residues can be introduced in peptide sequences via replacement of aromatic amino
acids by their halogenated (Cl, Br, I) or pseudohalogenated (OTf, OMs) analogues. In contrast to these
aromatic amino acids bearing (pseudo)halogenated moieties, amino acid-based alkyl halides are not
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used directly as substrates in the Suzuki–Miyaura reaction. To date, their use is limited to the Negishi
reaction of β-iodoalanine, β-iodohomoalanine, and iodobishomoalanine with various aryl iodides, to
gain access to non-proteinogenic phenylalanine analogues [66–69]. For peptides that are prepared by
chemical methods, SPPS easily enables the replacement of an aromatic amino acid with a non-natural
(pseudo)halogenated analogue. Most of the (pseudo)halogenated phenylalanines are available from
commercial sources. In contrast, the use of halotryptophans as substrates in Suzuki–Miyaura couplings
was initially hampered by their limited commercial availability (NB: pseudohalogenated tryptophans
and derivatization thereof have not been reported to date). Chemical synthesis of these building blocks
often lack generality and require specific procedures for each regioisomer [70–73]. In view of this issue, a
straightforward procedure for the enzymatic synthesis of halogenated tryptophans was described via use
of tryptophan synthase on the corresponding readily available indole analogues [37,74]. This methodology
affords Gram-scale quantities of enantiomerically pure chlorotryptophans, bromotryptophans, and more
recently 7-iodotryptophan [75]. Site-specific halogenases of tryptophan have also been developed for
the preparation of halotryptophans. [35–38,76,77] Complex protein substrates that contain halogenated
residues and which are not accessible via chemical synthesis could also be specifically obtained by means
of auxotrophic strains or reassignment of stop codons [78,79]. Pioneering work by the group of P. G.
Schultz expanded the genetic code via a unique tRNA/aminoacyl-tRNA synthetase pair, resulting in a
solid protocol to insert 4-iodophenylalanine [80] and 4-boronophenylalanine [81]. The introduction
of 4-iodophenylalanine, for example, opened the gateway for protein modification via Pd-catalyzed
reactions [65,82,83].

While early cross-couplings on amino acid substrates include Sonogashira, Mizoroki–Heck, and
Stille cross-couplings, the Suzuki–Miyaura reaction is most prominent in literature for the bioorthogonal
derivatization of (pseudo)halogenated aromatic amino acid-containing substrates [21,84,85]. Initial work
reported by Shieh et al. described the derivatization of protected L-tyrosine triflate 10 with different
aryl boronic acids [86]. By combination of Pd(PPh3)4 and anhydrous K2CO3 in DMF (Figure 3A),
racemization was observed (an ee as low as 66% was observed). However, by changing base to
Et3N, racemization could be avoided, but the reaction time was significantly increased to two days.
Improvement of the reaction conditions was realized by use of toluene and anhydrous K2CO3, which
combined shorter reaction times with excellent yields and high optical purity. Derivatization of
halogenated substrates 12 (Figure 3B) was first described by Burk and coworkers, and their pioneering
work involved biphasic conditions (DME/aqueous base), and di- and tripeptide substrates [87].
During their optimalization, it was found that using Pd(OAc)2 in combination with P(o-tol)3 yielded
high conversion and no observable amounts of racemization. These conditions could be applied
on protected 2-,3- and 4-bromophenylalanine 12, whereas the successful derivatization of several
dipeptides and a tripeptide (containing methionine) demonstrated the versatility of this reaction.
Kotha et al. further explored the derivatization on Boc-Phe(4-I)-OMe and small peptides (up to
five residues: Boc-Ala-Leu-Phe(4-I)-D-Val-Val-OMe, not shown) [88]. In their work, Pd(PPh3)4 in a
mixed THF/toluene solvent system, combined with an aqueous solution of inorganic base (Na2CO3),
afforded cross-coupled products starting from protected 4-iodophenylalanine with excellent yields
and no reported racemization.

In following years, the substrate scope was further extended. Wang et al. showed that an
asymmetric hydrogenation of 14, (with (S/S)/(R/R)[Et-DuPHOS-Rh]OTf), followed by Suzuki–Miyaura
cross-couplings on protected 5-bromotrypthophan 15, afforded ready access to a series of novel
tryptophan analogues 16 (Figure 4A) [89]. Intermediate 14 was prepared via Horner-Wadsworth-Emmons
olefination of 5-bromo-3-formylindole and phosphonate (MeO)2P(O)CH(NHCbz)-COOMe. The protected
5-bromotryptophan 15 was then submitted to similar conditions, as described by Burk [87], yielding bulky
and hydrophobic 5-aryltryptophans (Figure 4A). In addition, Espuña published the first derivatization of
an iodinated aspartame 17, bearing no protecting group at the N-terminus and a side chain carboxylic
acid (Figure 4B) [90].
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Figure 3. (A) First report of Suzuki–Miyaura reaction on 4-triflyloxyphenylalanine [86]. (B) Protected
bromophenylalanines as substrates for cross-coupling.

Figure 4. (A) Access to 5-aryltryptophans 16 via sequential asymmetric hydrogenation and
Suzuki–Miyaura reaction. (B) Iodinated aspartame 17 transformed via cross-coupling.

Work published by Limbach et al. showed that protected 4-bromo-β3-homophenylalanine 19 could
be derivatized in mixed organic/aqueous (toluene/H2O 8:1) conditions with a catalyst loading as low
as 5 mol % (Figure 5A) [91]. The substrate scope was further expanded by Knör and coworkers via
introduction of protected 3-iodo-L-tyrosine as a substrate [92]. In their work, biphasic conditions (DME/aq.
Na2CO3) were applied in combination with Pd(OAc)2 and P(o-tol)3. Under these conditions, it was shown
that protection of both the main chain termini and the phenol group was required. Cerezo reported
the synthesis of 5-arylhistidines 22 under microwave conditions [93]. Ac–His–OMe was first treated
with N-bromosuccinimide (NBS) and subsequently protected with a 2-(trimethylsilyl)ethoxymethyl
(SEM) group, to yield 21. Due to the coordination potential of the imidazole ring of histidine, elevated
reaction temperatures, combined with relatively high catalyst loading (up to 40 mol %) and KF as
a base, were required (Figure 5B). Under these optimized conditions, a series of novel 5-substituted
histidines 22 were prepared, but only in moderate yields and facilitated under microwave (MW)
conditions. In an attempt to suppress the racemization of protected 3-bromo-4-methoxyphenylglycine
(not shown), a substrate sensitive for racemization, Prieto and colleagues studied the Suzuki–Miyaura
cross-coupling of protected phenylglycine with various aryl boronic acids [94]. It was found that,
by means of mild bases, such as sodium succinate and potassium acetate, racemization could be
avoided. Recently, Dumas et al. proposed the use of Pd-nanoparticles (ca. 5.6 nm diameter) as
catalyst for Suzuki–Miyaura reactions in aqueous media for the derivatizations of Boc-protected
halophenylalanine as the substrate [95]. In their work, the nanoparticles were stabilized on the
surface of larger poly(D,L-lactide–co–glycolide)–block–poly(ethylene glycol) copolymer nanoparticles
(PLGA–PEG NPs, ca. 158 nm diameter). These nano-assemblies were found to be excellently suited
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to catalyze the Suzuki–Miyaura coupling (1 mol %) of brominated and halogenated amino acids
with arylboronic acids at 37 ◦C for 18 h (98% conversion) (Figure 5C). Remarkably, when potassium
phenyltrifluoroborate or phenylboronic acid MIDA-ester (N-methyliminodiacetic ester) were used,
respectively 4% and no cross-coupled product was found. When cyclic triolborate derivatives (for
example, potassium 4-methyl-1-phenyl-2,6,7-trioxa-1-borate-bicyclo-[2.2.2]-octane 24) were used, the
reaction rate was improved in comparison with boronic acids. Moreover, the reaction could be carried
out in slightly acidic media (phosphate buffer, pH = 6.0), which can be beneficial for substrates
containing base-sensitive groups.

Figure 5. (A) Derivatization of β3-homophenylalanine 19 in mixed aqueous conditions. (B) Protected
5-bromohistidine 21 as a substrate for arylation. (C) Cross-coupling with palladium nanoparticles
yielding 25.

The derivatization of unprotected halotryptophans was first described by Deb Roy et al. under
purely aqueous conditions, with the aid of the water-soluble trisulfonated triphenylphosphine (TPPTS)
ligand, and Na2PdCl4 as a precatalytic system (Figure 6A), to generate tryptophan analogues 27 with
fluorescent properties [64]. As expected, the obtained yields were highly dependent on the halogen
atom present (Br > Cl), and derivatization on the 7-position afforded low yields. Further optimization
indicated that a related ligand, bearing sulfonated m-xylene groups instead of phenyl (TXPTS), allowed
for work at a lower temperature (40 ◦C) while still presenting excellent yields and significantly improved
conversions when introducing a phenyl substituent on the 7-position. Alteration of the ligand to sulfonated
2-dicyclohexylphosphino-2’-6’-dimethoxybiphenyl (SSPhos) was necessary to maintain the applicability
of the Suzuki–Miyaura reaction on 7-Cl-tryptophans, as beautifully illustrated by derivatization
of the natural product chloropacidamycin in mixed aqueous conditions (water/acetonitrile (AcN)
5:1) [96]. The synthesis of 7-vinyltryptophan 29 with potassium vinyltrifluoroborate and PdCl2(dppf),
starting from 7-iodotryptophan 28 in mixed aqueous conditions (Figure 6B), broadened the scope
of halotryptophan derivatization, along with the derivatization of unprotected bromotryptophan
and bromotryptophan-containing dipeptides [97]. Recently, Frese et al. combined a biocatalytic
and regioselective tryptophan halogenation and Suzuki–Miyaura cross-coupling in a multi-step
one-pot reaction [98]. The benign halogenation is performed via immobilized tryptophan 5-, 6-,
or 7-halogenases using NaBr as a halogen source, followed by biocatalyst removal and subsequent
Suzuki–Miyaura reaction. The cross-couplings proceeded in high conversion with either SPhos in
mixed aqueous conditions or SSPhos in purely aqueous conditions (Figure 6C).
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Figure 6. Derivatization of unprotected halotryptophans in aqueous conditions: (A) Arylation.
(B) Vinylation. (C) Multistep one-pot biocatalytic halogenation presented 30, followed by
Suzuki–Miyaura reaction.

As the Suzuki–Miyaura reaction is performed in basic conditions, the base labile
9-fluorenylmethyloxycarbonyl (Fmoc) protecting group is often not considered as part of a substrate.
Nevertheless, Willemse reported Fmoc-iodophenylalanine as a substrate, and in their hands demonstrated
that at 80 ◦C Fmoc-deprotection occurs when using PdCl2(dppf) in mixed aqueous conditions
(iPrOH/H2O 1:1) with K2CO3 (not shown) [97]. However, by lowering the reaction temperature to
40◦C, no deprotection occurred, but the reaction only reached a maximum conversion of 80% after
24 h. Similarly, Maity et al. investigated the fluorescent properties of an amino acid containing
a 4’-acetamido[1,1’-biphenyl] moiety [99]. The synthesis involved the successful Suzuki–Miyaura
cross-coupling reaction of 4-acetamidophenyl-1-pinacolatoboron ester with Fmoc-4-bromophenylalanine
step in 81% yield (not shown). The cross-coupling proceeded in the presence of PdCl2 and Na2CO3

in a mixture of THF and ethylene-glycol (10:1) at 66 ◦C. Recently, Qiao and coworkers reported the
one-step synthesis of Fmoc-protected aryl substituted phenylalanines 33 (Figure 7) [100]. Formation of
des-Fmoc product was minimized by using relatively mild conditions (<80 ◦C) and an organic solvent
(THF or t-amylOH). Microscale high-throughput screening of diverse phosphine ligands indicated
that 1,1′-bis(di-tert-butylphosphino)ferrocene (DTBPF) was optimal in combination with Pd(OAc)2 as
Pd-source and K3PO4 as a base. Under the optimized conditions, no ee erosion was observed. The
developed methodology proved successful for generating Fmoc-Bip (biphenyl) derivatives with both
aryl boronic acids containing e-withdrawing and e-donating groups. Preliminary experiments on a
Fmoc-protected pentapeptide suggested that the reaction rate was significantly reduced and after 50 h
only des-Fmoc products (3:1 starting bromide vs. product) were observed.

Figure 7. Synthesis of Fmoc-protected biphenylalanines 30.

110



Catalysts 2017, 7, 74

2.2. Synthesis of Borylated Aromatic and Aliphatic Amino Acids and Subsequent Derivatization

Most studies of the Suzuki–Miyaura reaction on biomolecules, such as amino acids and peptides,
are performed on halogenated Trp, Phe, or peptide sequences containing these residues as a
consequence of their good accessibility and straightforward introduction into sequences by means of
SPPS. The incorporation of borylated amino acids into peptide sequences equally allows cross-coupling
with aryl or alkyl halides. Coupling with alkyl halides in particular has the added advantage of an
excellent commercial availability of structurally diverse halogenated reactants and their improved
stability in comparison to alkylboronic acids. The latter compounds possess low stability and
limited commercial availability, and easily undergo deborylation or β-hydride elimination after
transmetallation [101]. The biological stability and role of boronic acids in therapeutic peptides has
already been studied in detail since this functional group has been used in protease inhibitors, boron
neutron-capture therapy, and cancer therapy (e.g., Bortezomib) [102].

Multiple borylated amino acids have been synthesized, both aliphatic and aromatic residues [39,40].
Introduction of boron can be achieved through different strategies which depend on the envisaged
application. Synthetic methods standardly introduce a protected analogue of a boronic acid. The
preparation of pinacolyl arylboronate esters in particular has been well described, either starting
from Seebach’s imidazolidinone [103,104], via the Miyaura borylation of a (pseudo)halogenated
phenylalanine [105–108], metal–halogen exchange [109], through direct Iridium-catalyzed borylation [110–
112], or even Friedel–Crafts alkylation (selected examples are shown in Figure 8) [113]. Alternatively,
direct synthesis of amino acids containing the MIDA-boronate ester group is also possible via Negishi
coupling (not shown) [114].
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Figure 8. Representative examples of methods to prepare pinacolyl arylboronate esters.
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The cross-coupling of 4-pinacolylborono-L-phenylalanine [L-Phe(4-Bpin)] 45 with aryl iodides was
first reported by Satoh et al. When aryl bromides and triflates in combination with the pre-catalyst
PdCl2(dppf) were used, moderate yields resulted (Figure 9A) [103]. In the same year, an extension of this
study was reported by Firooznia, describing the derivatization of racemic Boc–Phe(4-Bpin)–OEt with aryl
chlorides, conversions which required the alkylphosphine-based precatalyst PdCl2(PCy3)2 [104]. Their
methodology was however limited to electron-donating aryl chlorides. Enantiomerically pure
Boc-L-Phe(4-Bpin)–OMe was also derivatized by the same group through application of the previously
published conditions of Satoh et al. [103], which used PdCl2(dppf) in DME. It was also shown that
racemic, unprotected 4-boronophenylalanine (4-BPA) could be derivatized under microwave conditions
(150 ◦C, 5–10 min) [115]. Optimal conversion was achieved when PdCl2(PPh3)2 was used in combination
with Na2CO3 in water/acetonitrile (1:1) as a solvent. Čapek et al. investigated the cross-coupling of
unprotected 4-boronophenylalanine with halogenated nucleosides [116,117]. Surprisingly, use of protected
nucleosides in combination with Pd(OAc)2 and JohnPhos in dioxane proved to be ineffective. However,
when the water-soluble TPPTS ligand was employed with unprotected 8-bromoadenine nucleosides and
4-boronophenylalanine, efficient cross-couplings followed. These reactions were facilitated by microwave
irradiation at 150 ◦C for 5 min, yielding the desired compounds in excellent optical purity, as determined
by FDAA analysis [116]. Following these results, Čapek and coworkers also successfully coupled 6- or
8-halogenated purine nucleosides with 4-BPA in the presence of TPPTS and Pd(OAc)2 [117]. In addition
to pinacol esters, the MIDA boronate group was also introduced on aromatic amino acids such as
49 by Colgin et al. [114]. Starting from compounds 47 and 48, a Negishi coupling and subsequent
Suzuki–Miyaura reaction yielded 50 in mixed aqueous conditions (dioxane/H2O 10:1) with Pd(OAc)2

as the precatalyst and SPhos as ligand (Figure 9B). Very recently, Bartocinni showed that racemic
(7-pinacolborono)tryptophan 51 can be transformed to biaryl products 52 via Suzuki–Miyaura reaction
in mixed aqueous conditions (Figure 9C) [118]. Similarly, access to (7-pinacolborono)tryptophan via
selective Ir-catalysis allowed Loach to prepare arylated tryptophan derivatives [119]. Meyer et al.
reported the selective borylation of phenylalanine (in the presence of a directing group, for example Cl
on the 3-position) and heteroaromatic amino acids, such as 2-thienylalanine, 3-pyridinylalanine, and
tryptophan [111]. To show the applicability of their methodology, protected borylated thienylalanine
54 was converted to 55 (Figure 9D). When comparing the optimized reaction conditions found for
the derivatization of arylboronate esters with conditions commonly applied for the Suzuki–Miyaura
reaction of halogenated amino acids and peptides, one can conclude that in the former case higher
reaction temperatures and/or prolonged reaction times are often required. In addition, the limited
stability of pinacolyl boronate esters towards conditions commonly applied during solid-phase peptide
synthesis requires careful design of the peptide assembly [120]. Although the use of other protected
alkylboronic acid analogues may circumvent this problem, as exemplified via MIDA-boronates [114],
the pinacol ester functionality is used in most cases.

In contrast to the absence of Suzuki–Miyaura reactions involving amino acid-based alkyl
halides, the synthesis and derivatization of borylated aliphatic amino acids have been described
extensively. These have been prepared via hydroboration of protected allylglycine [121–125], quenching
of a lithiated serine analogue with triisopropylborate [126], a Cu-catalyzed cross-coupling of
gem-diborylalkanes with primary alkyl halides [127], and very recently by Pd-catalyzed C(sp3)-H bond
activation (selected examples are shown in Figure 10, left side) [128].
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Figure 9. (A) Derivatization of N-benzophenone protected pinacolboronophenylalanine 45
with aryl halides. (B) Biphenylalanine 50 synthesis from the corresponding MIDA-boronate 49.
(C) Preparation of racemic 7-aryltryptophan 52 by Suzuki–Miyaura reaction of the unprotected
pinacolborono-D/L-tryptophan 51. (D) Protected thienylalanine 53 transformed to biaryl 55 via
subsequent Ir-catalyzed borylation and Suzuki–Miyaura cross-coupling.

Campbell prepared bishomophenylalanine derivatives 58 by hydroboration of protected allylated
oxazolidine 56 with 9-borabicyclo[3,3,1]nonane (9-BBN), followed by Suzuki–Miyaura reaction
with aryl iodides and phenyl bromide in good yields (Figure 10A) [121]. The homologated
phenylalanine analogues were obtained in mediocre yields (30%–50%) after oxidation with Jones’
reagent (CrO3/H2SO4) (not shown). Comparable work was also published by Sabat, which expanded
the scope of the reaction to aryl triflates and heteroaryl bromides as substrates, giving way to
oxazolidines like 58 in decent yields [122]. The oxidation protocol was further optimized to obtain
the α-amino acid analogues in yields up to 82% with excellent optical purity. Collier et al. further
improved the procedure by performing the hydroboration-Suzuki protocol directly on protected
allylglycine 59, yielding bishomophenylalanine derivatives 61 in two steps (Figure 10B) [123]. Extension
to higher phenylalanine homologues was achieved by Rodríguez and coworkers [124]. In their
work, but-3-enylglycine was prepared via Negishi coupling and after hydroboration, access to higher
homologues was realized via Suzuki–Miyaura cross-couplings (not shown). Alternatively, a borylated
serine analogue 63 was prepared by Harvey et al. by quenching an organolithium species (derived from
62) with triisopropylborate. This building block was transformed to non-proteinogenic phenylalanine
analogues 64 by Suzuki–Miyaura reaction in the presence of Ag2O (Figure 10C). The corresponding
amino acid was obtained after consecutive 2-(trimethylsilyl)ethoxymethyl (SEM) deprotection and a
two-step oxidation with Dess–Martin periodinane and Pinnick oxidation (not shown).
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Figure 10. (Left) Representative examples of the preparation of amino acid alkylboronates. (Right)
Synthesis of phenylalanine and analogues thereof prepared (A) via hydroboration/Suzuki–Miyaura
protocol on protected allylated oxazolidine 56 (B) directly from protected allylglycine 59 or (C) from
borylated serine analogue 63.

2.3. Coupling of Amino Acids: Synthesis of Biaryl-Bridged Dipeptides

Yoburn investigated the synthesis of protected dityrosine substrate 70 (Figure 11) [129]. Initially,
homocoupling of Ac–Tyr(3-I, 4-OBn)–OMe was performed in a one-pot borylation-Suzuki–Miyaura
protocol with PdCl2(dppf) and B2pin2. Here, K2CO3 was essential as a base in order to obtain efficient
cross-coupling, since use of KOAc only led to borylation of the iodotyrosine educt. Reaction rates
and conversions were however significantly lower when the substrate’s complexity was increased,
for example, to tripeptides. Next, isolation of the borylated peptide intermediate was envisaged
and coupling proceeded smoothly when KOAc was used as a base. As such, Suzuki–Miyaura
cross-coupling between peptide substrates bearing iodo- and boronotyrosine residues proceeded
efficiently, and a viable strategy for homodimerizations (up to heptapeptides) was realized. These
findings were simultaneously reported by Hutton et al. [130]. Similarly, Kotha synthesized dimers of
protected phenylalanine 71 with racemic 4-boronophenylalanine and 4-iodophenylalanine (Figure 11),
along with several unnatural bis-armed amino acids containing a variable number (one to five)
of benzene rings [131]. In addition to their investigations on the racemization of phenylglycine
under Suzuki–Miyaura conditions [94], Prieto further elaborated on the cross-coupling between
4-hydroxyphenylglycine and tyrosine or tryptophan derived building blocks [132]. Using standard
reaction conditions, up to 32% of undesired diastereoisomer was found. Racemization could be
suppressed (with up to 99% ee) via usage of the Buchwald ligand SPhos [9], eventually yielding biaryl
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building block 72 (Figure 11). Synthesis of these biaryl-bridged building blocks 71–72 represents a
basis to obtain cyclic peptides when intramolecular couplings are performed (vide infra).

Figure 11. Amino acid homo- and heterodimers 45–47 by intermolecular Suzuki–Miyaura
cross-coupling.

2.4. Suzuki–Miyaura Reaction on Peptidic Substrates

Transposition of the Suzuki–Miyaura reaction from amino acid to larger, more complex peptides
substrates required adapted methodologies. While solubility of protected amino acid substrates in
organic solvents is not an issue, peptide substrates, and by extension proteins, are preferentially treated
in aqueous conditions. Circumvention of the traditional solvents (e.g., toluene, DMF, dimethoxyethane)
and lower reaction temperatures complicated the envisaged transformations. Moreover, application of
the reaction with water as (co-)solvent demands a catalytic system that achieves high conversions in
this environment, whilst avoiding side product formation. One needed to move away from the use of
Pd(PPh3)4, Pd2(dba)3 or Pd(OAc)2, combined with classical (phosphine) ligands such as the ones used in
sections above (Figure 12, compounds 73–76), and out-of-the-box catalytic systems were required. One
solution was found in designing more hydrophilic analogues of traditional ligands [11,62]. For example,
3,3′,3”-phosphanetriyltris(benzene sulfonic acid) trisodium salt (TPPTS 77a, Figure 12) [18,64], its xylene
analogue TXPTS 77b [64,133], sodium 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl-3’-sulfonate
(SSPhos 78) [10,96], and water-soluble NHC-ligands (N-heterocyclic carbene), such as 79 [134–137], have
been proposed for Pd-catalysis in aqueous media (Figure 12). Suzuki–Miyaura reactions encompassing
other water soluble ligands [11,12,138], or additives such as polyethyleneglycol and surfactants were
also applied [11,34,139] Notably for Suzuki–Miyaura reaction in aqueous conditions, ligands containing
the guanidine functionality, such as 2-aminopyrimidine-4,6-diol disodium salt (ADHP 80a) [63,140],
its dimethylated analogue (N,N-diMeADHP 80b) [34], and (methyl)guanidines 81 and 82 [34,141,142],
have been reported.

The development of peptide diversification through Suzuki–Miyaura reactions in a purely
aqueous environment was first reported by Vilaró et al. [143]. By combination of Pd(OAc)2 and
the water-soluble sulfonated triphenylphosphine (TPPTS) ligand, couplings were realized in aqueous
media on unprotected peptides 83 in very mild conditions (Figure 13A). Nearly quantitative yields
were reported starting from the iodinated Leu-enkephalin analogue 83, bearing neither main chain
nor side chain protection. These transformations were realized upon application of potassium
aryltrifluoroborates as reactants [7,9]. As expected, it was found that not only the length of the
peptide chain, but also its respective amino acid composition were critical. For example, conversions in
the presence of a histidine residue were greatly reduced. This can easily be rationalized by a potential
complexation of unprotected side chains - but also the main chain termini- with the palladium catalyst,
hence interfering with the envisaged derivatizations. During their exploration for phosphine-free
catalyst systems, Chalker et al. observed that an aqueous solution of the sodium salt of ADHP 80a
and Pd(OAc)2 could be used for cross-couplings of partially unprotected substrates like 85 in purely
aqueous conditions (Figure 13B) [63]. In addition, mono- and bis-arylations were realized when,
respectively, 3-iodotyrosine or 3,5-diiodotyrosine was introduced in the unprotected peptide sequence.
Despite limited catalyst loadings (1–4 mol %), high conversions were obtained for halogenated
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phenylalanines, tyrosines, and p-iodobenzyl cysteine (Pic, such as in 85). In contrast, in case of
reactions on chlorophenylalanine- or substrates bearing Cys (unprotected in the side chain), these
derivatization reactions were unsuccessful, presumably, due to the fact that the palladium catalyst
is not electron-rich enough. Extension of their work showed that both the dimethyl analogue of
ADHP (i.e., Me2ADHP 80b) and methylated guanidine 81 or 82 outperformed the ADHP catalyst
system when a complex PEG-bound phenylboronic acid was utilized [34]. The latter consisted of
monomethoxy-PEG (MW 2 k or 20 kDa) linked to 4-propylcarbamoylphenylboronic acid.

 
Figure 12. Ligands used Suzuki–Miyaura cross-coupling reactions on peptides. Classical ligands
(73–76) that have commonly been used in the early developments on protected peptide substrates.
Hydrophilic analogues (77–79) and non-classical ligands (80–82) used in aqueous media.

In order to unravel side/main chain functionality that hampers the application of Suzuki–Miyaura
conversions on peptides, Willemse et al. performed a systematic screening of unprotected peptide
main and side chain functionalities with various aqueous soluble ligands on dipeptide substrates of
type 87 (Figure 13C) [97]. It was shown that, in purely aqueous conditions, a precatalyst solution of
ADHP and Pd(OAc)2 led to efficient derivatizations of dipeptides containing 4-bromophenylalanine.
Presence of histidine, bearing an imidazole moiety, and asparagine, bearing a primary amide, were
revealed to be troublesome during the targeted cross-couplings. Alteration of the catalytic system
to the ferrocene-containing catalyst PdCl2(dppf) resulted in improved conversions in these cases.
However, in order to achieve solubility of the catalyst and efficient cross-couplings, a water/iPrOH
mixture was required. For the investigated histidine-containing peptides, maximum conversions of
approximately 50% were reached, despite efforts to pre-saturate the imidazole moiety by the addition
of sacrificial Lewis acids (e.g., MgCl2) prior to the cross-coupling, as was previously successfully
reported for ring-closing metatheses (RCM) and Heck reactions [82,144,145]. Derivatizations on a
large peptide (89, 34 amino acid residues) in aqueous conditions were performed by Ojida et al. [146]
(Figure 13D). Synthetic analogues of the WW domain (6–39) of PinI protein were prepared via SPPS
assembly of a peptide containing an iodophenylalanine residue and subsequent Suzuki–Miyaura
reactions. Experiments indicated that the addition of glycerol (10% v/v), known to stabilize proteins,
to a Tris-HCl buffer (pH 8) was mandatory to reach high yields. Remarkably, the reaction temperature
could be limited to 40 ◦C when using 1 equivalent of Na2PdCl4.
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Figure 13. Suzuki–Miyaura reactions on peptides (A) Unprotected pentapeptide 83 as a substrate.
(B) Internal p-iodobenzylcysteine residue transformed to biaryl tripeptide 86. (C) Use of unprotected
dipeptides 87. (D) Derivatization of 34-mer 90.

3. Solid-Phase Derivatizations of Peptide Substrates

Alternatively to Pd-catalyzed cross-couplings in solution, the derivatization of solid supported
substrates offers advantages such as convenient washing steps and easy removal of any excess or
unreacted reagents and reactants through filtrations [147,148]. For these cross-couplings on resin,
the solvent is of high importance, as it is related to the swelling properties of the solid support.
Typically, polystyrene-based resins are used for solid-phase peptide synthesis (SPPS) in organic media
(e.g., DMF, CH2Cl2), whereas very limited swelling is observed in aqueous conditions or upon use
of polar solvents. Alternatively, PS-PEG copolymer resins have been developed to improve swelling
in mixed aqueous or polar conditions [149–151]. Of relevance to the current review, the preparation
of a solid supported phenylalanine scaffold was first performed by Colombo [152]. Herein, it was
shown that the Suzuki–Miyaura reaction of 4-iodophenylalanine anchored on Rink Amide resin
was possible by means of biphasic conditions (EtOH/toluene 7:3), Pd(PPh3)4 precatalyst, and an
aqueous solution of Na2CO3, albeit full conversion was not reached in these reactions. In their
work, Wang resin was the first to be evaluated as the solid support; however, under the applied
conditions, significant loss of product because of benzyl ester hydrolysis (i.e., linkage between amino
acid and support), and low purity was observed. Performing the reaction on Rink Amide resin
afforded desirable transformations. Limbach et al. reported Suzuki–Miyaura reactions on a Rink
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Amide resin linked pentapeptide containing a brominated β3-homophenylalanine [91]. In their hands,
Pd(PPh3)4 and Na2CO3 in a mixture of EtOH/toluene/H2O solvent system resulted in high conversion.
The “on support” derivatization was further elaborated by Nielsen et al. on hydroxymethylbenzoic
acid-polyethylene glycol (HMBA-PEG) resin (Figure 14A) [153]. Peptide substrates anchored on this
base-labile resin and containing either a 3- or 4-iodophenylalanine residue were derivatized to yield
Compound 92 after coupling with a variety of arylboronic acids, K3PO4 and PdCl2(dppf) in a biphasic
(tBuOH/toluene/H2O) medium.

Similarly, Le Quement and co-workers reported the solid-phase derivatization of thienylalanine
containing peptides 93 (Figure 14B) on HMBA-PEG800 resin [154]. By solid-phase peptide synthesis, the
3-thienylalanine residue was introduced and subjected to Pictet–Spengler cyclization and bromination,
to obtain 94 on support. From this compound, a set of cross-coupled products 95 could be obtained
in good yields. Under analogous conditions, a derivatization strategy was employed to access biaryl
pentapeptides with antagonistic effect on inhibitors of apoptotic proteins [155]. Additionally, a library
of antimicrobial peptides was prepared by Haug et al. via the Suzuki–Miyaura reaction on tripeptides
containing 4-iodophenylalanine [156]. Here, a Rink Amide linker on NovaGel resin (i.e., a PS-PEG resin)
was employed as the solid support for the preparation of the Boc–Arg(Pbf)–Phe(4-I)–Arg(Pbf)–Rink
amide educt. Successful cross-couplings with different bulky arylboronic acids were realized with
Pd(OAc)2 and P(o-tolyl)3 as the catalyst system in mixed DME/H2O (not shown).

Figure 14. Solid-Phase derivatization via Suzuki–Miyaura cross-coupling (A) with iodophenylalanine
containing 91, (B) with bromothienylalanine containing 94, (C) with 4-iodophenylalanine containing
octapeptide 96, and (D) with tripeptide 98 bearing pinacol protected 4-borono-L-phenylalanine.

Doan et al. reported the solid-phase derivatization of an enkephalin-like octapeptide sequence
96 (Figure 14C) [157]. The peptide, prepared on Wang resin, was modified using a variety of bases,
solvents, catalysts and temperatures. Based on earlier reports on the instability of resin-bound peptides
with unprotected N-termini [153], the final amino acid was introduced with a Boc protecting group.
In their hands, aqueous solutions of weak bases (K3PO4 or Na2CO3) in combination with DMF as
solvent proved to be optimal. It was also found that the use of Pd(PPh3)4 as catalyst at a maximum
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temperature of 80 ◦C for 20 h provided access to a range of biaryl containing peptides 97. Not
surprisingly, low yields were obtained upon insertion of several heteroaryl moieties, and significant
side products were formed upon prolonged exposure to high temperature (>100 ◦C).

Interestingly, Afonso et al. disclosed for the first time the preparation of biaryl-containing peptides
from 4-iodophenylalanine by sequential solid-phase borylation and Suzuki–Miyaura conversion [158].
Their approach relied on the introduction of the arylboron group by Miyaura borylation on Rink Amide
resin. Treatment of polymer-bound halogenated peptide with the optimized catalytic conditions,
being B2pin2/KOAc/PdCl2(dppf) in DMSO, afforded the boronopeptidyl resin 98 (Figure 14D) with
excellent conversion, as determined by HPLC after small scale cleavage. Next, the cross-coupling
was investigated with iodobenzene in degassed DMF under microwave irradiation. Initially, only
minor conversions were attained, and side products, including deborylated or homocoupled peptide,
were formed. By switching the solvent system to DME/EtOH/H2O 9:9:2, in combination with the
use of an aqueous solution of K3PO4, improved reaction efficiency was obtained, and gratifyingly,
target arylated peptides 99 were accessed in acceptable isolated yields. In an extension of their work in
solution phase [93], Cerezo reported the first solid-phase derivatization of 5-bromohistidine containing
tripeptides (not shown) [159]. The 5-bromo–histidine residue was introduced as the N-terminal amino
acid via SPPS on Rink MBHA resin and subjected to Suzuki–Miyaura reactions. The imidazole moiety
was protected with a SEM-group (as in Figure 5B). In comparison with their optimal solution-phase
conditions, elevated temperatures (170 ◦C) and a solvent change to DME/H2O/MeOH was required.

4. Formation of Biaryl-Bridges in Peptidic Natural Products and Peptide Macrocyclics

By introduction of halogen and boron groups onto amino acid side chains, the preparation of biaryl
products starting from two amino acids can be envisaged (see Section 2.3). First reports of these biaryl
linkages in cyclic structures via Suzuki–Miyaura reactions were inspired on peptidic natural molecules such
as complestatin. Elder and coworkers synthesized a model ring system 105 based on complestatin [160].
In their work, two syntheses are reported, going either via intramolecular cross-coupling of 103,
containing brominated tryptophan and borylated tyrosine residues (Figure 15A) or via lactamization
of a biaryl-bridged intermediate 104. The D-tryptophan residue in 103 and 104 was prepared via a key
enantioselective ene-reaction between 100 and 101 with (S)-(−)-2,2′-p-tolyl–phosphino)-1,1′-binaphthyl
((S)-Tol–BINAP). The unnatural protected amino acid 102 was obtained in excellent ee (94%). After
peptide assembly in solution, 103 was submitted to Suzuki–Miyaura coupling condition (Figure 15A,
reaction parameters not fully disclosed). Alternatively, the 17-membered ring system in 105 could be
formed by activation of 104 with pentafluorophenyl diphenylphosphinate (FDPP) in diluted DMF.

The synthesis of biphenomycin analogue 107 was reported by Carbonnelle et al. Instead of
isolating the pinacolatoboron intermediate, the diiodinated ortho-substituted Compound 106 was
converted to biaryl 107 in a tandem procedure with B2pin2 and PdCl2(dppf) (Figure 15B) [161].
The efficiency of such a tandem reaction was, however, moderate and highly dependent on the
concentration of the reaction, with significant formation of de-iodinated compound. The interest
of the Zhu group in the use of Suzuki–Miyaura reactions for natural product synthesis was further
illustrated by the synthesis of RP-66453 108 [162], and the concise asymmetric total synthesis of
biphenomycin B, wherein this cross-coupling served as the final step [107]. A different approach
was reported by Waldmann et al. [163]. Here, the biaryl bridge in 108 was first prepared via
intermolecular Suzuki–Miyaura of a pinacolatoboron- and iodo-precursor. The cyclization was then
performed by lactamization, to again provide 108. Owing to their widespread occurrence in nature [61]
and the efficient access of biaryl-bridged peptides via Suzuki–Miyaura cross-couplings, multiple
research teams focused their efforts on natural product synthesis of, among others, TMC-95A/B
109a,b [164–168], arylomycins 110a,b [169], complestatin [170,171] and Rubiyunnanin B [172], wherein
the Suzuki–Miyaura reaction often serves as the disconnection site of the biaryl-bridge (Figure 15C).
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Figure 15. Cyclic peptide synthesis via Suzuki–Miyaura reactions. (A) Synthesis of a part of the ring
system of complestatin (B), 105. One-pot borylation - Suzuki–Miyaura on diiodinated substrate 106.
(C) Disconnection strategy for different natural products 108–110, bearing a biaryl bridge.
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Figure 16. (A) Solid-phase synthesis of biaryl-linked peptide 112 with p,p-motif and 113 with
m,p-motif. (B) Synthesis of m,m- and m,o-cyclic peptide 115 and 117 via respective solution-phase and
solid-phase Suzuki–Miyaura.

Afonso et al. extended their work on cross-couplings of borylated peptides on solid support [158]
through the cyclization of a linear peptide, for example, 111, containing both the boronate and the
halogenated aromatic amino acid [120]. Different ring sizes were obtained by varying both the
length of the peptide sequence (three to eight residues) and the position of the halogen atom on
the N-terminal amino acid (p-I–Phe, m-I–Tyr and 3-Br–His). The cyclization was carried out under
microwave conditions and provided the expected biaryl cyclic peptides in high purity for both p,p
and m,p-linked peptides as exemplified by, respectively, 112 and 113 in Figure 16A. An extension to
their study was performed by alteration of the borylated residue [173]. The peptidyl resin containing
protected 3-iodotyrosine was first borylated; and, after extension of the peptide chain, either protected
4-iodophenylalanine or 3-iodotyrosine was added to synthesize the p,m- and m,m-crosslinked biaryl
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peptides (not shown). Meyer et al. report the preparation of additional combinations of biaryl-bridged
peptides [174]. Either a solid- or solution-phase approach allowed m,m-, o,m-, and m,o-bridged
cyclic peptides, for example, 115 and 117, through regiochemical variation of the aryl halide and
arylboronate (Figure 16B). While solution-phase couplings were reported with PdCl2(dppf) precatalyst,
the solid-phase reactions were performed with Pd(OAc)2 and dppf.

5. Protein Derivatization

Substrate complexity was pushed further and proteins bearing halogenated or borylated amino
acid side chains were considered. Labeling of protein substrates through natural amino acids
side chains is commonly carried out on cysteine, lysine or even aspartic acid side chains [31,175].
However, the abundance of nucleophilic groups in proteins hampers site-specific alteration of the
substrates and emphasized the necessity for a chemoselective reaction toolbox. For this purpose,
chemoselective bioorthogonal reactions have been explored and exploited for labeling substrates such
as peptides and proteins, but these conversions have also been used for other purposes, namely to
change the pharmacokinetic and pharmacodynamic properties of biologically relevant peptides and
proteins [29–33]. Popular bioorthogonal reactions examples include the Staudinger ligation, click
chemistry, cycloadditions, and transition-metal catalyzed C–C bond formation. Of interest to this
work, the potential of palladium-mediated chemistry has even been extended to living cells [176–178].
However, in case of transformations on highly complex proteins, containing multiple complexation
sites, superstoichiometrical quantities (often palladium >50 eq, boronic acid >500 eq) are required.
Since the allowed palladium level thresholds in active pharmaceutical ingredients are very low
and metal impurities can affect activity and toxicity studies of the target compounds, analysis and
removal of palladium impurities is of utmost importance [179]. Due to the scale of all described
reactions (R&D phase), recycling of the precious metal catalysts has not been studied in much detail
when working on protein substrates. An exception to this can be found in the work of Dumas,
which shows that inductively coupled plasma (ICP) with optical emission spectrometry (OES) can
provide quantitative data on palladium content in protein samples after Suzuki–Miyaura reaction [34].
The addition of 3-mercaptopropionic acid has been shown to efficiently remove palladium from
the protein surface [180]. Furthermore, recoverable palladium nanoparticles have been shown to
possess excellent catalytic activity for the transformation of brominated or iodinated amino acids [145].
However, in view of future upscaling efforts, recyclability will have a major impact on newly developed
methodologies [179,181]. Recent reviews on sustainable Suzuki–Miyaura reactions in aqueous media
discuss the use of recoverable catalysts, yet these are limited to non-peptidic substrates [11,138,182].
In this respect, several recyclable catalysts [183–190], including silica- or polymer-supported catalysts
and magnetically recoverable catalysts, are reported for biaryl formation and could potentially be
implemented for transformations of peptide substrates.

Site-specific carbon–carbon bond formation on proteins was first realized by Kodama
through Mizoroki–Heck and Sonogashira reactions on a His6-fused Ras protein containing a
4-iodophenylalanine residue (iF32-Ras-His) [65,82]. The first example of a Suzuki–Miyaura reaction
on protein substrates was reported by Brustad and coworkers via expansion of the genetic code,
which allowed selective introduction of a 4-boronophenylalanine residue [83]. Subsequently, the
Suzuki–Miyaura reaction induced the coupling of a fluorescent iodoaryl boron-dipyrromethene
(bodipy-I) scaffold through use of Pd2(dba)3 complex in an aqueous buffered solution (20 mM EPPS)
at 70 ◦C, though in a moderate conversion (ca. 30%) (Figure 17A). Both bodipy-I and Pd2(dba)3 were
added in 20-fold excess with respect to the borylated protein. Chalker et al. previously showed
that an aqueous catalyst solution of the sodium salt of 2-amino-4,6-dihydroxypyrimidine (ADHP,
80a) and Pd(OAc)2 catalyzed cross-couplings in excellent yields on C-terminally unprotected amino
acids using only buffered aqueous conditions at 37 ◦C (vide supra, Section 2.4) [63]. Their elegant
method was extended towards protein-based substrates by introduction of p-iodobenzyl cysteine
(Pic) as replacement of a single cysteine residue in a subtilisin Bacillus lentus (SBL) mutant S156C
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(SBL-156ArI, Figure 17B) [63]. To ensure fast couplings, an excess of the catalyst solution (50 eq) and
boronic acid (500 eq) were employed. Further research by the Davis group also showed that when
4-iodophenylalanine is present in a His6-tagged maltose binding protein (MBP), the ADHP-Pd(OAc)2

combination was again perfectly suited for the envisaged derivatization [180]. Similarly, 50 eq of
palladium catalyst and 680 eq of boronic acid were required for achieving complete conversion after
2 h at 37 ◦C. Reaction follow-up by mass spectrometry was however hampered by non-specific metal
binding to the protein. Therefore, the addition of 3-mercaptopropionic acid scavenger was mandatory
to remove palladium and re-emergence of proteinogenic ionic species during MS reaction analysis.
Spicer et al. expanded the scope of the Suzuki–Miyaura reaction to living cell surface proteins [191].
Four mutant plasmids of the OmpC protein were co-transformed into E. coli cells to incorporate
4’-iodo-L-Phe, via amber stop codon suppression, in different loop regions of cell-surface channels.
The Pd(OAc)2.(ADHP)2 catalyst system proved again appropriate for efficient labeling with fluorescent
dyes on the outside of the cell-surface.

 
Figure 17. Schematic representation of different strategies for Suzuki–Miyaura reaction on protein
substrates. Various proteins were utilized. Here, a common “dummy” substrate 118 is shown for
illustrative purposes. (PBS = phosphate buffer).

Attachment of polyethylene glycol (PEG) chain to proteins (also denoted as the “PEGylation”
process) in often used to improve stability and pharmacokinetic properties [192]. As a disadvantage,
PEG-conjugates cope with a reduced biological activity which is related to the presence of multiple
reactive sites at the level of amino acid side chain in the protein (usually lysine or cysteine residues).
Therefore, the site-selective PEGylation via Suzuki–Miyaura reactions was envisaged as an alternative
approach by Dumas (Figure 17C) [34]. A PEG unit (2 kDa or 20 kDa) was attached to two different
iodinated proteins (Npβ-69pIPhe and SBL-156Pic). First, the derivatization of Boc-4-iodophenylalanine
was unsuccessfully attempted with a monomethoxy PEG polymer phenylboronic acid (mPEG-PBA)
reagent and ADHP as the ligand. Luckily, upon application of structurally related ligands such as
2-(N,N)-dimethyl-4,6-dihydroxypyrimidine (N,N-diMeADHP) and methylated guanidine derivatives,
the derivatizations proceeded smoothly after 2 h at 37 ◦C. Intriguingly, reaction conversion also
proceeded in >90% conversion when no ligand was added to reactions with K2PdCl4 as the palladium
source. Converting these findings on the iodinated proteins showed that these “self-liganded”
conditions resulted in high conversion for both Npβ-69pIPhe and SBL-156Pic with respectively
40 and 10 eq of Pd catalyst and 1000 eq of the mPEG2k-PBA (Figure 17C). Application of the
guanidine-based ligands was furthermore explored for the introduction of 18F tags by Gao et al. [142].
With 1,1-dimethylguanidine 82 as a ligand, the first Pd-catalyzed introduction of 18F, the most common
radionuclide in PET imaging, was exemplified on SBL-156Pic (Figure 17D) with 250 eq of Pd-catalyst
solution and 250 eq of labeled 4-fluorophenylboronic acid. Moreover, Ma and coworkers have
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shown that water-soluble NHCs, such as 79 (Figure 12), can be applied for protein derivatizations
(Figure 17E) [135]. Pd-complexes with NHC-ligands bearing hydrophilic groups were first verified on
N-Boc-4-iodophenylalanine under mild conditions (37 ◦C, 2–6 h). The feasibility of this methodology
was transferred to a modified Bovine serum albumin (BSA) protein (not shown). In this study,
the introduction of the halogen moiety was realized by derivatization of the lysine residues with
(p-iodophenyl)methyl p-nitrophenyl carbonate. Incubation of the iodine-bearing protein pIPM-BSA
with 100 eq of this Pd-NHC complex and 100 eq of biotin-B(OH)2 yielded the desired derivatives
(Figure 17E). Similarly, a lysozyme containing p-iodobenzoate (pIBZ-lyso) also underwent efficient
cross-coupling with a PEG-bearing boronic acid (not shown) [135]. The utility of this catalytic system
was even demonstrated to work on the cell-surface of live mammalian cells. Biotinylation of HeLa cells,
pretreated with N-succinimidyl p-iodobenzoate, was achieved as detected by confocal microscopy.
Interestingly, clearly, the high versatility of the Suzuki–Miyaura reaction is demonstrated by successful
conversions on the abovementioned and highly challenging substrates.

6. The Suzuki–Miyaura Reaction as a Tool towards Improved Biological Activity

Most of the successful drugs can be subdivided in “small molecules” (MW < 500) and “biologicals”
(MW > 5000). The latter class has emerged during the last decades due in part to an improved
knowledge of recombinant protein expression and purification. These biomolecules often possess
excellent biological activity and selectivity, but they are not amenable to oral bioavailability and come
with a high production cost. Up until the past two decades, the large gap between these two classes
had been less explored by the pharmaceutical industry. However, peptides of short and intermediate
length (<50 AA) lie in the soft spot between small molecules and biologicals [45,193]. They still possess
the high specificity for their biological target (which reduces the risk for off-target effects) and they can
be made by synthetic organic chemistry. However, if we consider linear peptides bearing natural side
chains, several inherent drawbacks arise. When comparing to typical “small molecules,” disadvantages
of these small peptides include poor metabolic stability, low (oral) bioavailability, and rapid clearance
rates. In this regard, the Suzuki–Miyaura reaction provides a valuable bioorthogonal reaction to the
medicinal chemist, as both the introduction of non-natural amino acids and a reduction of side chain
flexibility can be realized via this reaction. Biaryl adducts have provided valuable SAR-information
and proved to alter the selectivity, stability, and availability of the parent peptide. Selected examples to
illustrate this are touched upon below.

The groups of Hagmann and Yang described the optimization of sulfonylated dipeptide inhibitors
with subnanomolar inhibitory activity for integrin VLA-4 as illustrated by compound 119. [194,195].
Highly potent analogues, for example, 120 and 121 (Figure 18A), were obtained when encompassing
a biarylic C-terminal residue. Modification of the substituents on the distal ring of biphenylalanine
altered the availability, half-life and clearance rate of the dipeptide ligands. Synthesis of these ligands
was carried out by Suzuki–Miyaura reaction on the protected triflated tyrosine [194] or halogenated
phenylalanine [195] with Pd(PPh3)4 in toluene and the corresponding boronic acids to yield 120
and 121.

In analogy, dual α4β1/α4β7 integrin antagonists, for example, 122 and 124, were designed
by Sircar and Castanedo (Figure 18B) [196,197]. Sircar and coworkers prepared ligand 122 via
Suzuki–Miyaura-catalyzed cross-coupling of triflated tyrosine or bromophenylalanine with Pd(PPh3)4

in DME [196]. Castanedo prepared the ligands via on-resin derivatization with PdCl2(dppf) in
NMP [197]. Exploration of the chemical space surrounding the distal ring of the biphenylalanine
moiety indicated that substitution of the ortho-position had a beneficial effect on the inhibitory activity.

Short analogues of Glucagon-like peptide 1 (GLP-1) with potential antidiabetic activity were
prepared by Mapelli (Figure 18C) [198]. The natural gastrointestinal peptide hormone exists
predominantly as a 30 or 31 amino acid sequence with functional agonist activity at the GLP-1 G
protein-coupled receptor. Endogenous GLP-1 is not suitable as a therapeutic agent due to its very short
half-life time of ca. 2 min. A lead nonapeptide containing the critical residues for binding was extended
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with two biphenyl residues, to yield an 11-mer peptide 125. The presence of two biphenylalanine
moieties was found to be crucial for providing submicromolar agonist activity in the utilized cAMP
accumulation assay. Introduction of small substituents on the distal rings of the biphenylalanines
further improved the biological activity (EC50 decreased to 7 nM, not shown). Additionally, alterations
to the initial 9-mer showed a significant improvement in activity (0.087 nM) and resulted in a nearly
equipotent analogue 126, as compared to the endogenous 30-mer, while prolonging the in vivo
residence time to 20 h. Introduction of side chain-based macrocyclic constraints by lactam formation
as illustrated in 127 or disulfide linkage in 128 produced agonists with stabilized secondary structural
motifs (N-terminal β-turn and C-terminal helix) that differentially influenced affinity and agonist
potency [199]. Both Mapelli and Hoang reported the synthesis of the unusual biaryl building blocks
via attachment of 4-iodophenylalanine to the solid-support, followed by Suzuki–Miyaura reaction
with the respective boronic acids and Pd(PPh3)4 or Pd(OAc)2 and JohnPhos.

Figure 18. (A) Synthesis of dipeptide ligands 120 and 121 with inhibitory activity for integrin VLA-4.
(B) Dual α4β1/α4β7 integrin antagonists 122 and 124. (C) Short GLP-1 analogues 126–128 that
are improved by amino acid substitution (126) and introduction of secondary motifs by backbone
cyclization (127 and 128).

Cationic antimicrobial peptides (CAP) have been studied as a therapeutic alternative to the
widespread bacterial resistance of common antibiotics. Typically, the sequences of these amphipathic
peptides alternate between cationic residues and hydrophobic moieties. The positive influence of
bulky hydrophobic groups has been described in these CAPs [200]. Evidently, biaryl containing
peptides 129 and 130 were explored for their activity versus Gram-positive drug-resistance pathogenic
bacteria (Figure 19A) [156,201]. In view of the development of novel antimicrobial peptides,
Ng-Choi et al. incorporated 5-bromohistidine as a replacement of phenylalanine in undecapeptides at
the 1- or 4-position (for example, 131, Figure 19B) [202]. Derivatization of these building blocks was
previously reported on solid-phase [159] and afforded a small library of biaryl peptides, which were
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tested for their biological activity in comparison with the lead peptide H–FKLFKKILKFL–NH2. These
arylhistidine-containing peptides displayed similar antibacterial and antifungal activity; however,
a decreased hemolytic effect was observed. Hemolysis represents an important concern when
developing CAPs.

Figure 19. (A) Short cationic antimicrobial peptides 129 and 130 featuring, respectively, triaryl-and
biarylphenylalanine (B) Improvement of the antimicrobial activity of undecapeptides by incorporation
of 5-arylhistidine (C) Improvement of antifungal activity via borylation-Suzuki–Miyaura reaction on
Aurebasidin A 134.

The Suzuki–Miyaura reaction has also proven useful in the optimization of cyclic peptides.
Wuts et al. explored analogues of Aurebasidin A (AbA) as antifungal agent to improve potency against
a human pathogen (Aspergillus fumigatus) [203]. Selective borylation of the N-Me-Phe residue of 132
generated a 2:1 mixture of m- and p-substituted phenylalanine that was converted to iodophenylalanine
and submitted to Suzuki–Miyaura catalysis (Figure 19C). Substrate 134 was found to be a potent ligand
with an enhanced minimal inhibitory concentration (MIC) value, as compared to the native AbA.

7. Conclusions

In this review, we covered the initial developments of Suzuki–Miyaura cross-couplings on
single amino acids in organic(/aqueous) media up to aqueous reaction conditions for the efficient
derivatization of complex protein substrates. A plethora of unusual biaryl substituted amino acids
was made accessible through this reaction, starting from either halogenated or borylated residues.
Initial work was primarily focused on organic media with typical catalysts (Pd(PPh3)4, Pd(OAc)2,
Pd2(dba)3), to provide protected amino acids. Progress towards (pre)catalysts that are active, stable
and more soluble in aqueous environments and subjected to mild conditions enabled the derivatization
of more complex substrates. Especially, water-soluble pyrimidine ligands and hydrophilic analogues
of classic ligands (PPh3, NHCs, SPhos) have made transformations in aqueous media possible. This
allowed the late-stage derivatization of peptides, both in solution- and solid-phase, for multiple
applications, such as drug discovery and labeling efforts. Furthermore, the constrained biaryl-bridge
motif was introduced in peptidic natural products and peptide substrates, and led to cyclic analogues.
Transformations on protein substrates were realized as well, albeit superstoichiometrical quantities
are required for derivatization of these highly complex substrates. Interestingly, recyclability of the
palladium catalysts or recoverability of palladium is typically not discussed yet, due to the small
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scale on which the cross-couplings have been executed. Furthermore, catalyst development is still
required to achieve higher substrate compatibility and a more broadly applicable catalyst system.
Current limitations include the incompatibility of cross-couplings with alkylboronic acids and the
limited use of chlorinated substrates. Nevertheless, it is clear that the Suzuki–Miyaura reaction is a
powerful tool for the bioorthogonal transformation of amino acid substrates, peptides, and proteins.
The incorporation of biaryl-bridged amino acids has been shown to significantly impact the biological
activity of peptide sequences, and further development in the field of Suzuki–Miyaura catalysis will
definitely have a positive impact on both synthetic methodology and pharmaceutical applications.
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Abstract: The development of new solid supports for palladium has received a lot of interest lately.
These catalysts have been tested in a range of cross-coupling reactions, such as Suzuki–Miyaura,
Mizoroki-Heck, and Sonogashira cross-coupling reactions, with good outcomes. Attaching the catalyst
to a solid support simplifies the operations required in order to isolate and recycle the catalyst after
a reaction has completed. Palladium on solid supports made of magnetic materials is particularly
interesting since such catalysts can be removed very simply by utilizing an external magnet,
which withholds the catalyst in the reaction vessel. This review will showcase some of the latest
magnetic solid supports for palladium and highlight these catalysts’ performance in Suzuki–Miyaura
cross-coupling reactions.

Keywords: palladium; magnetic support; Suzuki–Miyaura cross-coupling; catalyst recycling

1. Introduction

Since the discovery of the Suzuki–Miyaura cross-coupling reaction in 1979 (Scheme 1) [1–3], it has
become one of the most utilized cross-coupling reactions both in industrial and academic research
laboratories [3–7]. For the development of this reaction Suzuki was awarded the 2010 Nobel prize
in chemistry, together with Negishi and Heck, the chemists behind the Negish coupling and Heck
coupling, respectively [8–10]. Since the early reports by Suzuki and Miyaura on the cross-coupling
reaction a tremendous development has taken place in terms of substrate flexibility and reaction
conditions. A range of different catalysts and conditions are now available for the successful
cross-coupling of halides, triflates, O-tosylates, and diazonium salts upon reaction with boronic
acid, boronates, and trifluoroborates [3,7,11–15].

X
+

R1

X = I or Br

R2
B

R1

R2

R1 = H or Et
R2 = Et, Bu,
n -hexyl, Ph

41-100% yie ld

Pd(PPh3)4, benzene,
EtONa, reflux, 2 h

Scheme 1. Reaction conditions and substrates used in the first reported Suzuki–Miyaura
cross-couplings [1].

Homogeneous palladium catalyst systems have, by far, been the most dominating catalysts
utilized for this cross-coupling reaction [7]. In addition to the catalyst many reactions also require
the addition of ligands in order to either promote a reaction that does not work or improve yields of
sluggish reactions. However, lately there has been a growing interest for the use of heterogeneous
catalysts for the Suzuki–Miyaura cross-coupling reaction, which can be seen by the increasing number
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of publications on the topic [16–18]. The growing interest is due to the many possibilities that
heterogeneous catalysts open up for recovery and recycling of the metal catalyst.

Palladium on charcoal (Pd/C) was used for the first time as a catalyst for the Suzuki–Miyaura
cross-coupling in 1994 [19]. The work by Marck et al. marked the beginning of the use of heterogeneous
catalysts systems in this particular cross-coupling reaction. Since then it has been applied to
an increasing number of reactions making Pd/C one of the most utilized catalyst supports for
heterogeneous Suzuki–Miyaura cross-coupling reactions. Several review articles have discussed
their use in cross-coupling reactions and Suzuki–Miyaura cross-couplings in particular [20–23].
Lately graphene has also been taken into use as a catalyst support for palladium [24], in addition to
graphite oxide [25]. Although graphene, similarly to charcoal, is pure carbon, it adds new properties
to the catalyst that are not seen with charcoal as the catalyst support.

Other types of carbon-containing materials are also frequently used as support for palladium
nanoparticles (NPs). A good overview of naturally-occurring biopolymers used as catalyst supports
was presented by Kumbhar and Salunkhe in 2015 [26]. For example, palladium on various types
of tea leaves [27], cellulose [28,29], chitosan [30,31], pyrolysed whole plants [32], cotton [33],
and filter paper [33] have been used with success in Suzuki–Miyaura cross-coupling reactions.
Palladium on synthetic polymer films has also been utilized with very promising results both in
view of the conversion, but also in terms of recyclability [34–36]. Chalcogenide nanoparticles are
a support material that has been used as a catalyst support [37]. In addition, metal-organic frameworks
(MOF) have been used in order to support palladium used for cross-coupling reactions. A recent
review by Dhakshinamoorthy et al. describes the current status of this type of support materials for
palladium [38]. The use of MOF as a catalyst support is also briefly discussed in a review describing
recent advances and applications in boron chemistry [39].

Although many of the catalyst supports mentioned briefly above are suitable for recycling there
are very few of them that can be easily recycled. One very good example of a catalyst that is easy
to recycle is palladium on a polymer film support, the so called dip catalyst [34,35]. The polymer
film with the catalyst can be easily added to the reaction mixture and when the reaction has reached
completion the film can simply be removed from the reaction flask. A quick washing procedure then
makes the catalyst ready for the next reaction.

The preparation of palladium on magnetic supports, predominately Fe3O4, with a range of
different attachment strategies, has gained a lot of attention lately. The magnetic support makes it
easy to isolate the catalyst by withholding it in the reaction flask by the use of an external magnet.
The reaction mixture can then be removed and the catalyst can easily be washed preparing it for
the next reaction. Naturally, catalysts that perform well over many runs with minimum loss of product
yield are preferable. This review will discuss the developments made for the use of magnetic-supported
catalysts for the Suzuki–Miyaura cross-coupling reaction since late 2013. For literature discussing
the topic prior to 2013 the reader is referred to several reviews describing the topic [16,20,21].

2. Palladium on Magnetically Supports

Amongst the solid supports utilized for palladium, and other catalytic metals for that matter,
magnetic particles have become quite popular. This is predominantly due to their easy removal from
the reaction mixture after the reaction has reached completion [16]. Due to the magnetic beads, it is
simple to apply an external magnetic field and decant the reaction mixture off (Figure 1). The catalyst
can then be washed and used again in the next cross-coupling reaction. The ability for the various
catalysts to tolerate many rounds of recycling then becomes an important parameter to consider.
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Figure 1. Application of an external magnetic field that collects the catalyst and withholds it in
the reaction flask making it possible to decant the product mixture. The catalyst can then be washed
and used in another cross-coupling reaction immediately afterwards.

2.1. The Magnetic Particle

A range of metals, Fe, Co, and Ni; alloys, FePt and CoPt; and ferrites, CoFe2O4, MnFe2O4, CuFe2O4,
CoFe2O4, and ZnFe2O4, can be formed into magnetic nanoparticles (NPs) [40]. However, the majority
of magnetic retractable NP catalysts in use are metal oxides, such as iron(II) oxide (FeO),
magnetite (Fe3O4), and maghemite (γ-Fe2O3), due to their ease of formation. In the Suzuki–Miyaura
cross-coupling the majority of catalyst systems on magnetic NPs are based on Fe3O4. Another very
interesting feature with iron oxides (FexOy) is that they have been found to facilitate the reduction of
oxidized palladium species onto the iron oxide in Suzuki–Miyaura cross-couplings and by such means
capture leached palladium [41]. Palladium can be deposited directly on the iron oxide NP surface [41],
or a thin coating can be applied often in the form of SiO2 (Figure 2a), which functions as a handle for
attaching organic ligands that hold palladium in place (Figure 2b). Furthermore, polystyrene-coated
iron nanoparticles have also been utilized with good outcome [42].

Fe3O4

SiO2

Fe3O4

SiO2
O

SiR

O

O

a b

Figure 2. (a) Fe3O4 coated with SiO2 is the predominant magnetic particle used in these catalyst
systems; and (b) the finer details of how the ligand that holds palladium in place is attached to
the magnetic particle.

2.2. Palladium Deposited Directly onto the Iron Oxide Nanoparticle

As just described in Section 2.1, one strategy for generating a magnetic retractable catalyst is to deposit
the palladium directly onto the iron oxide nanoparticle. Several good examples of this strategy used for
the Suzuki–Miyaura cross-coupling reaction have been reported over the last three years (Table 1).

In the work by Sun et al. Fe3O4@C-Pd@mSiO2 was used in order to give the corresponding biaryls
in good yield (Table 1, Entry 1) [43]. However, when 3-pyridyl boronic acid and 2-thiophenyl boronic
acid was utilized the yields dropped to 19% and 38%, respectively. Park and co-workers obtained good,
stable yields with Pd@Fe3O4@C as a catalyst (Table 1, Entry 2) [44]. The catalyst gave stable yields >99%
(for PhX with PhB(OH)2) over four rounds of recycling. Li et al. obtained predominantly higher yields
than 90% for X = Br and I (Table 1, Entry 3) [45]. However, when X = Cl the yields dropped dramatically
to around 50%. The catalyst, namely Fe3O4@C-Pd@mCeO2, was recycled 10 times, which resulted in
the yields dropping from 99% to 90% for the cross-coupling of 4-iodoanisole with phenylboronic acid.
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The work by Strumia and co-workers predominantly focused on the development of the catalyst,
however, the two examples of Suzuki–Miyaura cross-coupling reactions reported resulted in very
good yields of the desired product (Table 1, Entry 4) [46]. Palladium on Fe3O4-ZnO nanoparticles were
prepared by Hosseini-Sarvari et al. (Table 1, Entry 5) [47]. The catalyst system gave good yields for
X = Br and I, but the yields with X = Cl was low (25%–53%) despite a prolonged reaction time. Ye and
co-workers reported the use of two different magnetic palladium supports in their work (Table 1,
Entries 6 and 7) [48]. Fe3O4@h-Pd@mCeO2 was the preferable catalyst of choice, also giving good
yields for the cross-coupling of aryl chlorides. Palladium on nickel and carbon black was used as
a catalyst system by Wang and co-workers (Table 1, Entry 8) [49]. The catalyst gave good to excellent
yields for X = Br and I, however, when the corresponding chloride was used, the yields dropped
significantly. In their recycling experiments it was found that the product yield dropped by 18% over
five runs.

Out of the catalysts presented in this section the work by Park and co-workers showed that
the catalyst could be used four times, giving yields consistently at 99% [44], which is the most
promising catalyst system in terms of recycling described in this section. However, in order to establish
the full potential of the catalyst it should have been tested over several more cycles. There are several
examples of catalysts that perform well over a few rounds of recycling before collapsing.

2.3. Iron Oxide with Ligands Holding Palladium

Another strategy, which is more commonly used, is to attach an organic substrate to the magnetic
nanoparticle. A range of chelating agents have been attached to magnetic nanoparticles in order
to chelate to palladium and, by such means, keep the catalyst attached to the magnetic particle.
Several of these catalysts are depicted in Figure 3. All but one catalyst is based on Fe3O4 nanoparticles
with γFe2O3 making up the last example. These catalysts have been utilized and put to the test in
the Suzuki–Miyaura cross-coupling in addition to other cross-coupling reactions.

2.4. The Use of Palladium Chelated to Magnetic Nanoparticles

A general trend seen with all of the catalysts described in Figure 3, and further outlined in Table 2,
is that the most reactive cross-coupling partners are the iodides, followed by bromides, with chlorides
showing the lowest reactivity. The work by Zhang et al. utilized catalyst 1 for the formation of
biaryls (Table 2, Entry 1) [50]. The catalyst gave constantly high yields for X = Br and I, however,
when X = Cl the yields dropped dramatically. Somsook and co-workers utilized polyaniline attached
to a magnetic nanoparticle in order to catalyze the Suzuki–Miyaura cross-coupling reaction between
1-bromo-4-methylbenzene and a range of aryl boronic acids (Table 2, Entry 2) [51]. The outcome of
the reactions generally gave good yields with a few exceptions. Catalyst 2 showed high conversion
and very good yields for aryl bromides, aryl iodides, and in the two examples that were performed
with 1-chloro-4-nitrobenzene (Table 2, Entry 3) [52]. It would have been very interesting to see how
this catalyst would perform in cross-coupling reactions between a broader range of aryl chlorides
and more complex boronic acids. The catalyst also showed very good yields through 10 runs with
only a 1% reduction in the isolated yield. Catalyst 3 gave good to excellent yields for aryl chlorides,
bromides, and iodides (Table 2, Entry 4) [53]. The catalyst also maintained good catalytic activity over
six runs both for cross-coupling of iodobenzene and 1-chloro-4-nitrobenezene with phenyl boronic acid.

Ma and co-workers prepared catalyst 4 and tested its performance in a range of Suzuki–Miyaura
cross-coupling reactions (Table 2, Entry 5) [54]. The catalyst performed very well with aryl bromides
and iodides in most cases, except for two examples, which contained a nitro group ortho to the halide.
When aryl chlorides were tested under the same reaction conditions the yields dropped dramatically
compared to the yields obtained with aryl bromides and iodides. In the work by Ghotbinejad et al.
SPION-A-Pd(EDTA) (5) (EDTA = ethylenediaminetetraacetic acid) was used as catalyst under both
conventional heating and ultrasound condition. The use of ultrasound reduced the reaction time
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from hours to minutes and generally also resulted in slightly better yields compared with the yields
obtained when conventional heating was used (Table 2, Entry 6) [55].

Figure 3. The structure of magnetically-supported palladium catalysts used in Suzuki–Miyaura
cross-coupling reactions.

Catalyst 6 performed well in all the examples with aryl iodides take for the example where
1-iodo-4-nibrobenzene was cross-coupled with 2-thiophenyl boronic acid (Table 2, Entry 7) [56]. Out of
the catalysts presented herein, catalyst 6 is the only one based on γ-Fe2O3 nanoparticles. Upon recycling
of this catalyst the yields dropped from 99% to 90% over eight runs. Catalyst 7 prepared by Esmaeilpour
and Javidi performed well for all three aryl halides with yields ranging from 70%–80% for the aryl
chlorides tested (Table 2, Entry 8) [57]. The conditions reported by Biji and co-workers generally gave
good yields for all three aryl halides when utilizing catalyst 8 (Table 2, Entry 9) [58]. Although the aryl
chlorides only engaged in the cross-coupling reaction under quite forcing conditions (120 ◦C). Catalyst 9
worked excellently for aryl bromides and aryl iodides, however, the yields were disappointingly low in
the examples with aryl chlorides (yields ranging from 20% to 25%) (Table 2, Entry 10) [59]. The catalyst
prepared by Khakiani could be recycled seven times without significant loss in activity (the yield
dropped by 1%–2%).
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Heydari and co-workers utilized EDTA attached to the magnetic nanoparticle in order to
coordinate to the palladium catalyst (Table 2, Entry 11) [60]. The catalyst gave good to excellent
yields for the aryl bromides and iodides they tested, however, the yields dropped significantly
when the catalyst was recycled (the yield dropped from 90% in run 1 to 80% in run 5). Catalyst 10
gave a mix of results, with yields ranging from poor to very good when tested by the Mobaraki
group (Table 2, Entry 12) [61]. In particular, the aryl chlorides tested gave very poor yields.
Palladium/Fe3O4/reduced-graphene oxide was used by Nasrabadi and co-workers with good
outcome to catalyze the Suzuki–Miyaura cross-coupling between a range of aryl chlorides, bromides,
and iodides (Table 2, Entry 13) [62]. The catalyst system also maintained its catalytic activity over eight
runs with the yield only dropping by 2% from 97% in the first run to 95% in the eighth run.

Fe3O4-NHC-Pd was used by Wang et al. for a range of aryl bromides with a range of boronic
acids (Table 2, Entry 14) [63]. The catalyst system was tested over 21 runs without loss of activity.
The yields varied between 93% and 99% with 96% yield in the first run, and 97% yield in run number 21.
Catalyst 11 gave very good yields for aryl bromides and iodides both under conventional heating and
under microwave conditions (MW) (Table 2, Entry 15) [64]. The great advantage utilizing microwave
conditions was that the reactions reached completion in a few minutes compared to hours under
conventional conditions. In addition, the yields were slightly higher under MW conditions. The catalyst
maintained most of its activity over seven rounds of recycling (yield dropped from 95% to 93%).
Fe3O4@PEG-iminophosphine-Pd was used as catalyst by Lu and co-workers resulting in good to
excellent yields of the desired biaryl system when utilizing all three aryl halides (Table 2, Entry 16) [65].
This catalyst system also showed good perseverance of activity over five runs with only a 2% drop
in the isolated yield. Azadi and Ghorbani-Choghamarani developed catalyst 12, which was put to
the test in the Suzuki–Miyaura cross-coupling reaction with good to very good yields for both aryl
bromides and aryl iodides (Table 2, Entry 17) [66].

Andrés and co-workers prepared catalyst 13 and tested it in two reactions, namely the cross-coupling of
phenyl boronic acid with 1-chloro-4-methylbenzene and 1-bromo-4-methylbenzene (Table 2, Entry 18) [67].
In both cases they reported 100% conversion as judged by GC analysis. The β-cyclodextrine-based catalyst
system performed well in Suzuki–Miyaura cross-couplings with aryl bromides and aryl iodides,
however, the yields dropped dramatically for the corresponding aryl chlorides (Table 2, Entry 19) [68].
Catalyst 14 also showed a dramatic drop in activity over five runs with the isolated yield going down
16% over the five runs. Catalyst 15 performed very well when utilizing aryl bromides and aryl iodides,
however, the yields dropped roughly 30% when the corresponding aryl chlorides were used (Table 2,
Entry 20) [69]. A similar drop in yields was also experienced by Hajipour et al. when they tested
catalyst 16 with aryl chlorides (Table 2, Entry 21) [70]. However, with the more active aryl halides, viz.
bromide and iodide, the catalyst performed well.

Dubey and Kumar, in addition to aryl bromide and aryl iodide, also tested the corresponding
diazonium tetrafluoroborate (N2

+BF4
−) as the coupling partner with boronic acid (Table 2,

Entry 22) [71]. This is the only example where this coupling partner has been utilized in combination
with a magnetically retrievable catalyst. The reaction time when diazonium tetrafluoroborate was
utilized was significantly quicker than the reaction time obtained when Br and I were utilized.
The reaction time was as short as 2–3.5 h at room temperature. The yields in all examples were
generally good ranging from 77% to 98%.

As mentioned, the trend that is usually seen for aryl chlorides when homogenous catalysts are
used is also present in the examples brought forward herein. As just mentioned, the reactivity is
significantly lower resulting, in most cases, to much longer reaction times when aryl chlorides are used.
The yields are, in most cases, also dramatically lower for aryl chlorides compared to the corresponding
iodide or bromide counterpart, although some very nice exceptions can be found in the work of Andrés
and co-workers (Table 2, Entry 18) [67].
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2.5. Recycling

As seen in the examples discussed in the forgoing the majority of the catalyst systems give
good yields for aryl bromides and aryl iodides, and if the reaction time is prolonged compared to
the reaction time used for the aryl bromides and aryl iodides, a number of the aryl chlorides also
result in good conversion. However, when it comes to the ability of the various catalysts to perform
at the same high level of conversion over multiple cycles, the differences between them becomes
obvious. While some catalysts manage to maintain a high level of conversion over numerous rounds
of recycling, other catalysts drastically deteriorate after just a few rounds of recycling. In particular,
two catalyst systems by Karimi et al. [52] and Lin and co-workers [63] are singled out as better than
the rest with the catalysts used by the Lin group being outstanding with its 21 runs without the catalyst
losing its activity.

2.6. Catalyst Leaching

The active form of the catalyst in heterogeneous catalysis is a topic that has been much debated
over the years [72]. Is the reaction catalyzed by the solid catalyst or is it catalyzed by palladium leached
out from the heterogeneous catalyst. Very few reports deal with this issue, however, the work by
Azadi and Ghorbani-Choghamarani tested this in a very clever way [66]. By removing the catalyst
with a magnet when the reaction had proceeded to 50% conversion, they could evaluate if the reaction
proceeded after that point. Their data clearly showed that the reaction stopped after the catalyst was
removed, determining that the active catalyst was the heterogeneous palladium catalyst.

3. Concluding Remarks

The results presented in this article clearly show that catalysts on magnetic particles are fully
able to catalyze the Suzuki–Miyaura cross-coupling reaction in good yields over a reasonable reaction
time. However, the substrates demonstrated thus far are relatively simple compared with some of
the starting materials used in Suzuki–Miyaura cross-coupling reactions conducted under homogenous
conditions. For example, the substrates during such cross-coupling reactions conducted during
synthesis of complex natural products or pharmaceuticals are far more complex than the ones utilized
during the examples shown herein for heterogeneous catalysis. The use of palladium on magnetic
retractable catalyst supports would be of interest in these settings, in particular the latter, where there
are strict regulations regarding leftover palladium in the product. In addition, this type of catalyst
would become more generally attractive if they were commercially available.
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Abstract: Intramolecular transfer of t-Bu3P-ligated Pd catalyst on a carbon–carbon triple bond (C≡C)
and nitrogen–nitrogen double bond (N=N) was investigated and compared with the case of a
carbon–carbon double bond (C=C), which is resistant to intramolecular transfer of the Pd catalyst.
Suzuki–Miyaura coupling reaction of equimolar 4,4’-dibromotolan (1a) or 4,4’-dibromoazobenzene (1b)
with 3-isobutoxyphenylboronic acid (2) was carried out in the presence of t-Bu3P-ligated Pd precatalyst
3 and KOH/18-crown-6 as a base at room temperature. In both cases, the diphenyl-substituted product
was selectively obtained, indicating that the Pd catalyst walked from one benzene ring to the other
through the C≡C or N=N bond after the first substitution with 2. Taking advantage of this finding,
we conducted unstoichiometric Suzuki–Miyaura polycondensation of 1.3 equiv. of 1 and 1.0 equiv.
of phenylenediboronic acid (ester) 6 in the presence of 3 and CsF/18-crown-6 as a base, obtaining
high-molecular-weight conjugated polymer with a boronic acid (ester) moiety at both ends, contrary
to the Flory principle.

Keywords: palladium catalyst; Suzuki coupling; catalyst transfer; conjugated polymer; unstoichometric
polycondensation

1. Introduction

Suzuki–Miyaura coupling reaction is a powerful protocol for the synthesis of polyarylenes
containing π-conjugated polymers [1]. We have found that t-Bu3PPd(Ar)Br [2,3] initiates chain-growth
Suzuki–Miyaura coupling polymerization of haloarylboronic acid (ester) as an AB type monomer to
afford well-defined polyfluorene [4], poly(p-phenylene) [5], and poly(hexylthiophene) [6], and other
researchers have obtained well-defined poly(phenanthrene) [7] and poly(fluorene-alt-benzothiadiazole) [8].
The chain-growth polymerization progresses via intramolecular transfer of the Pd catalyst to the terminal
C–X (X = halogen) bond after reductive elimination of polymer–Pd–ArX. Therefore, these types of
chain-growth polymerizations, including Kumada–Tamao and other coupling polymerizations, are
known as catalyst-transfer condensation polymerizations (CTCPs) [9,10].

When this t-Bu3PPd(0) catalyst, which has a propensity for intramolecular catalyst transfer
on a π-electron face, was used for Suzuki–Miyaura coupling polymerization of dibromoarene and
arenyldiboronic acid ester (AA + BB polycondensation), high-molecular-weight π-conjugated polymer
with a boronate moiety at both ends was obtained, even though excess dibromoarene was used [11].
This unstochiometric polycondensation behavior is accounted for by successive substitution of the
bromides in dibromoarene with arenyldiboronic acid ester or oligomers having boronate moieties at
both ends through intramolecular transfer of the Pd catalyst on the π face of dibromoarene. However,
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Suzuki–Miyaura coupling reaction of 4,4’-dibromostilbene with phenylboronic acid in the presence
of t-Bu3PPd(0) catalyst did not selectively afford diphenyl-substituted stilbene, implying that the Pd
catalyst did not walk from one benzene ring to the other through the carbon–carbon double bond (C=C)
in the stilbene after the first substitution of 4,4’-dibromostilbene with phenylboronic acid [12]. We
found that this failure of intramolecular catalyst transfer is due to bimolecular intermolecular transfer
of t-Bu3PPd(0) on the C=C of dibromostilbene to the C=C of another dibromostilbene. However, this
intermolecular transfer of the catalyst could be suppressed by introduction of alkoxy groups at the
ortho positions of the C=C.

We were next interested in whether or not the Pd catalyst undergoes intramolecular catalyst transfer
on other multiple bonds. In the present study, we investigated catalyst transfer on a carbon–carbon
triple bond (C≡C) and nitrogen–nitrogen double bond (N=N) by means of Suzuki–Miyaura coupling
reaction of 4,4’-dibromotolan (1a) or 4,4’-dibromoazobenzene (1b) with phenylboronic acid 2 in the
presence of t-Bu3PPd(0) precatalyst 3 [13] (Scheme 1). If the catalyst undergoes intramolecular transfer
on the multiple bond X in 1 and then inserts itself into the C–Br bond after the first substitution, the main
product would be disubstituted 5. On the other hand, if the catalyst diffuses into the reaction mixture
after the first substitution, the main product would be monosubstituted 4. Bielawski and coworkers
have demonstrated intramolecular catalyst transfer of t-Bu3PPd(0) catalyst on C≡C in Stille CTCP of
4-(tributylstannylethynyl)-2,5-dialkoxyiodobenzene as an AB monomer [14]. However, this catalyst
transfer on C≡C might be dependent on the steric effect of the tributylstannyl and/or alkoxy groups, as
in the case of catalyst transfer on C=C in o-alkoxy-substituted stilbene. In the present work, we found
that t-Bu3PPd(0) catalyst undergoes intramolecular catalyst transfer on C≡C and N=N even if the
benzene rings adjacent to these multiple bonds are unsubstituted, in contrast to the case of catalyst
transfer on C=C. To demonstrate effective catalyst transfer on C≡C and N=N, we further conducted
unstoichiometric Suzuki–Miyaura polycondensation of excess 1 and 1.0 equiv. of phenylenediboronic
acid (ester) in the presence of 3, obtaining π-conjugated polymer with a boronate moiety at both ends.

 

Scheme 1. Suzuki–Miyaura coupling reaction of 1 with 2 in the presence of 3 to examine intramolecular
catalyst transfer on the multiple bond X in 1.

2. Results and Discussion

2.1. Suzuki–Miyaura Coupling Reaction of 1 with 2

Intramolecular catalyst transfer on C≡C was first investigated by Suzuki–Miyaura coupling reaction
of equimolar 1a with 2 in the presence of 5 mol % of t-Bu3PPd(0) precatalyst 3 and KOH/18-crown-6
(Table 1). In order to determine the product ratio of monosubstituted 4a to disubstituted 5a by means of
gas chromatography (GC), authentic 4a and 5a were prepared by the reaction of equimolar 1a and 2 in
the presence of (Ph3P)4Pd, which has no propensity for intramolecular catalyst transfer on a π face, and
by the reaction of 1a and 2 equiv. of 2 in the presence of 3, respectively.
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Table 1. Suzuki–Miyaura coupling reaction of 1 with 2 in the presence of 3 1.

Entry 1 Additive Conv. of 1 (%) 2 Yield of 4 and 5 (%) 2 4:5 2

1 1a - 74 70 6:94
2 1a styrene 80 77 74:26
3 1a stilbene 74 66 23:77
4 1a phenylacetylene 97 56 35:65
5 1a tolan 69 66 8:92
6 1a 1-pheynyl-1-propyne 67 62 10:90

7 3 1b - 61 4 52 4 11:89 4

1 Reaction of 1 and 2 was carried out in the presence of 5.0 mol % of 3, KOH (4.5 equiv.)/18-crown-6 (8.0 equiv.), and
4 equiv. of additive in THF ([1]0 = 1.60 × 10−2 M) and water (THF/water = 26.7/1, v/v) at rt for 2 h; 2 Determined
by GC; 3 Reaction was carried out for 24 h; 4 Determined from the 1H NMR spectra.

In the reaction of 1a with 2, disubstituted 5a was obtained with high selectivity (Entry 1).
Furthermore, the product ratio of 5a was consistently more than 90% from the beginning of the
reaction (Figure S1). This is important, because if 5a was selectively formed due to higher reactivity
of 4a than 1a—i.e., not via the catalyst-transfer mechanism—then 4a should be accumulated at the
beginning of the reaction, in which the concentration of 1a is much higher than that of 4a [15]. Therefore,
these results indicate that intramolecular transfer of t-Bu3PPd(0) catalyst on C≡C took place, in contrast
to the case of the reaction of 4,4’-dibromostilbene with 2 in the presence of t-Bu3PPd(0) catalyst, which
afforded mainly monosubstituted stilbene [12]. We next examined the effects of additives to see
whether intramolecular catalyst transfer on C≡C is disturbed by additives containing C=C or C≡C.
If the affinity of an additive for t-Bu3PPd(0) is stronger than that of C≡C, the additive would trap
the Pd catalyst during intramolecular catalyst transfer on 1a, resulting in a decrease of the ratio of
disubstituted 5a. In the case of styrene as an additive, the ratio of 5a was drastically decreased to
26% (Entry 2), whereas stilbene resulted in decrease to 77% (Entry 3). It turned out that terminal
C=C disturbed intramolecular catalyst transfer on C≡C more strongly than did internal C=C. As
for additives containing C≡C, phenylacetylene also induced a decrease of the ratio of 5a (entry 4),
whereas tolan and 1-phenyl-1-propyne did not affect the intramolecular transfer of the catalyst, and 5a
was selectively formed (Entries 5 and 6). Consequently, compounds bearing internal C≡C, including
substrate 1a, turned out not to disturb intramolecular catalyst transfer on C≡C.

We next investigated intramolecular catalyst transfer on N=N. Suzuki–Miyaura coupling reaction
of 4,4’-dibromoazobenzene (1b) with 2 was similarly carried out. Products 4b and 5b were isolated
by preparative HPLC, and we confirmed that aromatic proton signals of 1b, 4b, and 5b appeared
separately in 1H NMR spectra (Figure S2). The same reaction was conducted again in the presence
of 1,4-bis(hexyloxy)benzene as an internal standard, and conversion of 1b and the product ratio of
4b to 5b were determined by 1H NMR spectroscopy. The ratio of 4b to 5b was 11:89, indicating that
intramolecular catalyst transfer also took place on N=N (Entry 7), although the ratio of 5b was slightly
decreased as compared to the case of reaction of 1a with 2 (Entry 1).

The observation that t-Bu3PPd(0) catalyst underwent intramolecular catalyst transfer on C≡C and
N=N, in contrast to the case of C=C, might be accounted for by lower stability of the η2 coordination
complexes of these multiple bonds to t-Bu3PPd, compared with the η2 complex of C=C. As the η2

complex becomes less stable, the chance of bimolecular ligand exchange of η2 complex between
multiple bonds would be decreased. The observation that intramolecular catalyst transfer on C≡C
is disturbed by additives containing C=C implies that the η2 complex of C=C is more stable than
that of C≡C. In addition, density functional theory (DFT) calculations were performed to estimate
the stability of the η2 coordination complexes of these multiple bonds with t-Bu3PPd. The values of
stabilization energy of complexation of stilbene, tolan, and azobenzene with t-Bu3PPd were −27.9,
−25.6, and −20.8 kcal/mol, respectively (Figures S3–S5). These results support our interpretation,
although calculations for model PdPH3 systems with ethylene and acetylene indicated that the Pd–C
bonds are stronger in the acetylene complex than in the ethylene complex [16,17].
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2.2. Unstoichiometric Suzuki–Miyaura Polycondensation

2.2.1. Polycondensation of Dibromotolan and Phenylenediboronic Acid (Ester)

Since we found that t-Bu3PPd(0) catalyst undergoes intramolecular catalyst transfer on C≡C,
we conducted unstoichiometric Suzuki–Miyaura polycondensation of 1.3 equiv. of 1a and 1.0 equiv.
of phenylenediboronic acid 6a in the presence of Pd catalyst 3 and CsF/18-crown-6 as a base at
room temperature to afford polymer with Mn of 5500 Da and Mw/Mn of 3.95 (Scheme 2). The
matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrum of the polymer
showed one series of peaks due to polymer with a boronic acid moiety at both ends (Figure 1). These
results indicated that the polymerization involved intramolecular catalyst transfer on C≡C-containing
monomer 1a.

 

Scheme 2. Unstoichiometric Suzuki–Miyaura polycondensation of 1a with 6a in the presence of 3.

Figure 1. MALDI-TOF MS spectrum of polymer obtained by the polymerization of 1.3 equiv. of 1a
and 1.0 equiv. of 6a in the presence of 2.0 mol % of 3, CsF (5 equiv.), and 18-crown-6 (8 equiv.) in THF
([6a] = 8.33 × 10−3 M) and water (THF/water = 30/1, v/v) at rt for 15 h, followed by quenching with
1 M hydrochloric acid.

The polymerization of alkoxy-substituted dibromotolan 1c and alkoxy-substituted phenylene
diboronic acid ester 6b was also conducted under similar conditions (Scheme 3). The molecular weight
increased with reaction time and reached Mn = 10,500 Da (Mw/Mn = 2.77) (Figure 2a), even though
1.3 equiv. of 1c was used. The MALDI-TOF mass spectrum of polymer obtained at 24 h similarly
showed major peaks due to polymer with a boronic acid ester moiety at both ends (BPin/BPin).
Minor peaks in the lower-molecular-weight region are assignable to BPin/H and BPin/B(OH)2, which
would be formed by hydrolysis of polymer–Pd–Br and the pinacol boronate moiety, respectively, by
hydrochloric acid used to quench the polymerization. Formation of higher-molecular-weight polymer,
in contrast to the polymerization of unsubstituted tolan 1a with 6a, is presumably accounted for by a
higher propensity for intramolecular catalyst transfer on 1c than 1a, as in the case of Suzuki–Miyaura
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coupling reaction of dibromostilbene with phenylboronic acid: alkoxy groups at the ortho position of
C=C of stilbene promoted intramolecular catalyst transfer, as mentioned in the Introduction.

 

Scheme 3. Unstoichiometric Suzuki–Miyaura polycondensation of 1c with 6b in the presence of 3.

(a) (b)

Figure 2. Unstoichiometric Suzuki–Miyaura polycondensation of 1.3 equiv. of 1c with 1.0 equiv. of
6b in the presence of 2.0 mol % of 3, CsF (5.0 equiv.), and 18-crown-6 (8.0 equiv.) in THF ([6b] = 8.33
× 10−3 M) and water (THF/water = 30/1, v/v) at rt: (a) GPC profiles of polymer obtained at (i) 1 h
(Mn = 2470 Da, Mw/Mn = 1.29), (ii) 5 h (Mn = 3000 Da, Mw/Mn = 1.39), (iii) 24 h (Mn = 6640 Da,
Mw/Mn = 2.03), (iv) 48 h (Mn = 10,500 Da, Mw/Mn = 2.77; (b) MALDI-TOF mass spectra of polymer
obtained at 24 h (Mn = 6640 Da, Mw/Mn = 2.03).

2.2.2. Polycondensation of Dibromoazobenzene and Phenylenediboronic Acid Ester

We applied intramolecular catalyst transfer on N=N, as mentioned in Section 2.1, for unstoichiometric
polycondensation of 1.3 equiv. of dibromoazobenzene 1b and 1.0 equiv. of phenylenediboronic acid
ester 6b in the presence of Pd catalyst 3 (Scheme 4). The polymerization proceeded homogeneously, but
polymer was precipitated at 42 h. Accordingly, the THF-soluble part of the polymer obtained at 42 h was
analyzed. The GPC elution curve of the obtained polymer showed Mn = 5500 Da and Mw/Mn = 1.44,
and the polymer ends were confirmed to be BPin/BPin by MALDI-TOF mass spectrometry (Figure 3).
Therefore, it turned out that polycondensation involving intramolecular catalyst transfer on 1b proceeded,
although high-molecular-weight polymer was not obtained due to the low solubility of the polymer
in THF.

 

Scheme 4. Unstoichiometric Suzuki–Miyaura polycondensation of 1b with 6b in the presence of 3.
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Figure 3. MALDI-TOF MS spectrum of polymer obtained by the polymerization of 1.3 equiv. of 1b and
1.0 equiv. of 6b in the presence of 2.0 mol % of 3, CsF (5 equiv.), and 18-crown-6 (8 equiv.) in THF ([6b]
= 8.33 × 10−3 M) and water (THF/water = 30/1, v/v) at rt for 42 h, followed by quenching with 1 M
hydrochloric acid.

In order to obtain more soluble polymer, polymerization of 1b with 6a, bearing a 2-ethylhexyloxy
group, was carried out. The polymerization proceeded homogeneously, and the molecular weight
was increased to 8300. However, the molecular weight distribution was exceptionally broad
(Mw/Mn = 12.4); the reason for this is not clear at present. Probably due to this broad molecular weight
distribution, the MALDI-TOF mass spectrum did not show clear peaks in the region of molecular
weight higher than 2000 Da.

3. Materials and Methods

3.1. Materials

All starting materials were purchased from commercial suppliers (TCI, Aldrich, Wako, and Kanto,
Tokyo, Japan) and used without further purification. Dry tetrahydrofuran (THF, stabilizer-free, Kanto,
Tokyo, Japan) and distilled water (Wako, Tokyo, Japan) were used as received. Dibromoazobenzene
1b [18] and phenylenediboronic acid 6a [11] were prepared according to the literature.

3.2. Measurements

1H and 13C NMR spectra were obtained on JEOL ECA-500 (JEOL, Tokyo, Japan and ECA-600
spectrometers (JEOL, Tokyo, Japan). The internal standard for 1H NMR spectra in CDCl3 was
tetramethylsilane (0.00 ppm) and the internal standard for 13C NMR spectra in CDCl3 was the
midpoint of CDCl3 (77.0 ppm). IR spectra were recorded on a JASCO FT/IR-410 (JASCO, Tokyo, Japan).
All melting points were measured with a Yanagimoto hot stage melting point apparatus (Yanaco,
Tokyo, Japan) without correction. GC was performed on a Shimadzu GC-14B gas chromatograph
(Shimazu, Kyoto, Japan) equipped with a Shimadzu fused silica capillary column CBP1-W12–100
(12 m length, 0.53 mm i.d.) and a flame ionization detector (FID). Isolation of 4b and 5b was
carried out on a Japan Analytical Industry LC908-C60 recycling preparative HPLC (eluent, CHCl3)
(JAI, Tokyo, Japan) with two JAIGEL columns (1H-40 and 2H-40). Column chromatography was
performed on silica gel (Kieselgel 60, 230–400 mesh, Merck, Darmstadt, Germany) with a specified
solvent. The Mn and Mw/Mn values of polymer were measured on a Tosoh HLC-8020 gel permeation
chromatography (GPC) unit (eluent, THF; calibration, polystyrene standards) (Tosoh, Yamaguchi,
Japan) with two TSK-gel columns (2 × Multipore HXL-M). MALDI-TOF mass spectra were recorded
on a Shimadzu/Kratos AXIMA-CFR plus (Shimadzu, Kyoto, Japan) in the reflectron ion mode
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(laser λ = 337 nm). DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile)
was used as the matrix for the MALDI-TOF mass measurements.

3.3. Synthesis of Monosubstituted Tolan 4a

Transfer of reagents and withdrawal of small aliquots of the reaction mixture for analysis were
carried out via a syringe from a three-way stopcock under a stream of nitrogen. A two-necked
round-bottomed flask was equipped with a three-way stopcock and a dimroth condenser. Dibromotolan
1a (134.9 mg, 0.40 mmol), phenylboronic acid 2 (81.4 mg, 0.42 mmol), (PPh3)4Pd (23.3 mg, 0.020 mmol),
K3PO4 (370.9 mg, 1.75 mmol), and 18-crown-6 (846 mg, 3.26 mmol) were placed in the flask, and the
flask was flushed with argon. Dry THF (10.0 mL) and distilled water (0.60 mL) were added to the
flask via a syringe, and the reaction mixture was refluxed for 3 h. The reaction was quenched with 1
M hydrochloric acid, and the mixture was extracted with CHCl3. The organic layer was washed with
water and dried over anhydrous MgSO4. The solvent was removed under reduced pressure, and the
residue was purified by means of column chromatography (SiO2, hexane) to afford 4a as a pale yellow
viscous liquid (111.3 mg, 69%); mp 96–99 ◦C.

1H NMR (500 MHz, CDCl3) δ 7.58 (s, 4H), 7.50 (d, J = 8.6 Hz, 2H), 7.40 (d, J = 8.6 Hz, 2H), 7.35
(t, J = 8.0 Hz, 1H), 7.18 (d, J = 6.9 Hz, 1H), 7.13 (s, 1H), 6.90 (dd, J = 5.7 Hz and 2.3 Hz, 1H), 3.78 (d,
J = 6.9 Hz, 2H), 2.14-2.10 (m, 1H), 1.05 (d, J = 6.3 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 159.7, 141.8,
140.9, 132.0, 129.8, 127.3, 122.3, 119.3, 113.4, 90.0, 75.6, 30.9, 28.3, 19.3; IR (KBr) 3460, 2908, 1606, 1471,
1350, 1206, 1105, 965, 776, 690, 513 cm−1.

3.4. Synthesis of Disubstituted Tolan 5a

Transfer of reagents and withdrawal of small aliquots of the reaction mixture for analysis were
carried out via a syringe from a three-way stopcock under a stream of nitrogen. Dibromotolan 1a
(134.3 mg, 0.40 mmol), 2 (157.7 mg, 0.81 mmol), 3 (10.2 mg, 0.020 mmol), KOH (105.4 mg, 1.88 mmol),
and 18-crown-6 (861.0 mg, 3.26 mmol) were placed in a flask equipped with a three-way stop cock, and
the atmosphere in the flask was replaced with argon. Dry THF (10.0 mL) and distilled water (0.60 mL)
were added to the flask via a syringe, and the mixture was degassed under reduced pressure and filled
with argon. The reaction mixture was stirred at room temperature for 2 h. The reaction was quenched
with hydrochloric acid, and the mixture was extracted with CHCl3. The organic layer was washed
with water and dried over anhydrous MgSO4. The solvent was removed under reduced pressure, and
the residue was purified by means of column chromatography (SiO2, hexane) to afford 5a as a dark
yellow viscous solid (184.1 mg, 96%); mp 130–134 ◦C.

1H NMR (500 MHz, CDCl3) δ 7.60 (s, 8H), 7.35 (t, J = 7.7 Hz, 2H), 7.18 (d, J = 7.7 Hz, 2H), 7.15
(s, 2H), 6.90 (dd, J = 6.0 and 2.0 Hz, 2H), 3.79 (d, J = 6.6 Hz, 4H), 2.13-2.10 (m, 2H), 1.04 (d, J = 6.9 Hz,
12H); 13C NMR (126 MHz, CDCl3) δ 167.7, 152.2, 147.2, 144.7, 130.8, 124.5, 115.5, 114.2, 83.9, 69.8, 29.7,
24.8; IR (KBr) 3461, 2907, 1606, 1522, 1295, 1206, 1050, 1013, 873, 830, 776, 690, 538 cm−1.

3.5. Synthesis of Mono- and Disubstituted Azobenzene 4b and 5b

Transfer of reagents and withdrawal of small aliquots of the reaction mixture for analysis were
carried out via a syringe from a three-way stopcock under a stream of nitrogen. Dibromoazobenzene
1b (50.9 mg, 0.15 mmol), 2 (30.6 mg, 0.16 mmol), 3 (4.2 mg, 0.016 mmol), KOH (37.8 mg, 0.68 mmol),
and 18-crown-6 (318.4 mg, 1.2 mmol) were placed in a flask equipped with a three-way stop cock, and
the atmosphere in the flask was replaced with argon. Dry THF (6.0 mL) and distilled water (0.36 mL)
were added to the flask via a syringe, and the mixture was degassed under reduced pressure and filled
with argon. The reaction mixture was stirred at room temperature for 24 h. The reaction was quenched
with hydrochloric acid, and the mixture was extracted with CHCl3. The organic layer was washed
with water and dried over anhydrous MgSO4. The solvent was removed under reduced pressure, and
the residue was purified by means of HPLC to afford 4b as a pale yellow viscous solid (10.4 mg, 17%)
and 5b as a pale yellow viscous solid (22.3 mg, 31%).
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4b: mp 89–95 ◦C; 1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 8.6 Hz, 2H), 7.82 (d, J = 8.9 Hz, 2H),
7.74 (d, J = 8.6 Hz, 2H), 7.66 (d, J = 8.6 Hz, 2H), 7.37 (t, J = 8.0 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H), 7.20 (s,
1H), 6.94 (dd, J = 7.7 and 1.7 Hz, 1H), 3.80 (d, J = 6.6 Hz, 1H), 2.16–2.10 (m, 1H), 1.06 (d, J = 6.6 Hz, 6H),
13C NMR (126 MHz, CDCl3) δ 159.7, 151.9, 143.6, 141.6, 129.8, 127.8, 123.3, 119.4, 113.8, 113.6, 74.5, 28.3,
19.3, IR (KBr) 3460, 2911, 1599, 1469, 1397, 1217, 1108, 965, 840, 610, 552 cm−1.

5b: mp 195–198 ◦C; 1H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 8.6 Hz, 4H), 7.75 (d, J = 8.3 Hz, 4H),
7.37 (t, J = 8.0 Hz, 2H), 7.24 (d, J = 8.3 Hz, 2H), 7.20 (s, 2H), 6.93 (dd, J = 6.3 and 2.0 Hz, 2H), 3.81 (d,
J = 6.3 Hz, 4H), 2.17–2.11 (m, 2H), 1.06 (d, J = 6.6 Hz, 12H), 13C NMR (126 MHz, CDCl3) δ 159.7, 151.6,
132.3, 129.9, 128.3, 127.8, 124.3, 119.4, 113.9, 113.6, 77.3, 28.3, 19.3, IR (KBr) 3448, 2924, 2362, 1719, 1571,
1473, 1281, 1065, 1006, 835, 657, 577 cm−1.

3.6. Suzuki–Miyaura Coupling Reaction of 1a with 2

Transfer of reagents and withdrawal of small aliquots of the reaction mixture for analysis were
carried out via a syringe from a three-way stopcock under a stream of nitrogen. Dibromotolan
1a (0.100 mmol), 2 (0.105 mmol), 3 (0.005 mmol), KOH (0.5 mmol), 18-crown-6 (0.80 mmol), and
1,4-bis(hexyloxy)benzene (0.040 mmol) as an internal standard substance were placed in the flask, and
the atmosphere in the flask was replaced with argon. Dry THF (4.0 mL), distilled water (0.40 mL), and
additive (none or 0.100 mmol) were added to the flask via a syringe, and the mixture was degassed
under reduced pressure and filled with argon. The reaction mixture was stirred at room temperature
for 2 h, and the reaction was quenched with 1 M hydrochloric acid. The mixture was extracted with
CHCl3, and the organic layer was subjected to GC analysis for estimation of conversion of 1a and the
product ratio of 4a to 5a.

3.7. Suzuki–Miyaura Coupling Reaction of 1b with 2

Transfer of reagents and withdrawal of small aliquots of the reaction mixture for analysis were
carried out via a syringe from a three-way stopcock under a stream of nitrogen. Dibromoazobenzene
1b (50.9 mg, 0.15 mmol), 2 (30.6 mg, 0.16 mmol), 3 (4.2 mg, 0.008 mmol), KOH (37.8 mg, 0.68 mmol),
18-crown-6 (318.4 mg, 1.2 mmol), and 1,4-bis(hexyloxy)benzene (27.2 mg, 0.016 mmol) as an internal
standard substance were placed in the flask, and the atmosphere in the flask was replaced with argon.
Dry THF (6.0 mL) and distilled water (0.36 mL) were added to the flask via a syringe, and the mixture
was degassed under reduced pressure and filled with argon. The reaction mixture was stirred at room
temperature for 24 h, and the reaction was quenched with 1 M hydrochloric acid. The mixture was
extracted with CHCl3 and dried over MgSO4. The solvent was removed under reduced pressure.
The whole mixture was dissolved in CDCl3 and then subjected to 1H NMR analysis to determine
conversion of 1b and the product ratio of 4b to 5b.

3.8. Polycondensation of 1c and 6b

Transfer of reagents and withdrawal of small aliquots of the reaction mixture for analysis was
carried out via a syringe from a three-way stopcock under a stream of nitrogen. Dibromo monomer 1c
(36.89 mg, 0.065 mmol), phenylenediboronic acid pinacol ester 6b (26.91 mg, 0.051 mmol), CsF (34.1 mg,
0.22 mmol), 18-crown-6 (119.1 mg, 0.45 mmol), and 3 (1.4 mg, 0.027 mmol) were placed in the flask, and
the atmosphere in the flask was replaced with argon. Dry THF (6.0 mL) and distilled water (0.2 mL)
were added to the flask via a syringe, and the mixture was degassed under reduced pressure and filled
with argon. The reaction mixture was stirred at room temperature for two days, and the reaction was
quenched with 1 M hydrochloric acid. The mixture was extracted with CHCl3, and the organic layer
was washed with water, then dried over anhydrous MgSO4. Concentration under reduced pressure
gave residue, which was purified by preparative HPLC to give polymer (32.7 mg, 94%).
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4. Conclusions

We have demonstrated that t-Bu3PPd(0) catalyst undergoes intramolecular transfer on C≡C and
N=N, in contrast to the case of C=C, by means of Suzuki–Miyaura coupling reaction of equimolar
dibromotolan 1a or dibromoazobenzene 1b with phenylboronic acid 2 in the presence of t-Bu3P-ligated
Pd precatalyst 3 and by unstoichiometric polycondensation of 1 and phenyleneboronic acid (ester)
6 with 3. In the former reaction, successive disubstitution of 1 with 2 selectively proceeded, and
the latter polycondensation yielded high-molecular-weight conjugated polymer with a boronic acid
(ester) moiety at both ends, even if excess dibromo monomer 1 was used. We believe these findings
provide useful information about the requirements for Pd catalyst transfer on π-conjugated faces, as
well as affording entry into a new class of π-conjugated polymer architectures via functionalization of
chain-end boronate moieties.

Supplementary Materials: The following details are available online at www.mdpi.com/2073-4344/7/7/195/s1,
Synthesis of mono- and disubtituted tolan 4a and 5a, Synthesis of mono- and disubstituted azobenzene 4b and
5b, The product ratio of 5a to 4a and 5a as a function of conversion of 1a, Estimation of product ratio of 4b to 5b
by 1H NMR spectra, and DFT calculations for complexation of diphenylacetylene, stilbene, and azobenene with
PdP(t-Bu)3.
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Abstract: The synthesis of new vicinal diamines based on aziridine and azetidine cores as well as the
comparison of their catalytic activities as ligand in the Suzuki-Miyaura coupling reaction are described
in this communication. The synthesis of three- and four-membered ring heterocycles substituted by
a methylamine pendant arm is detailed from the parent nitrile derivatives. Complexation to palladium
under various conditions has been examined affording vicinal diamines or amine-imidate complexes.
The efficiency of four new catalytic systems is compared in the preparation of variously substituted
biaryls. Aziridine- and azetidine-based catalytic systems allowed Suzuki-Miyaura reactions from
aryl halides including chlorides with catalytic loadings until 0.001% at temperatures ranging from
100 ◦C to r.t. The evolution of the Pd-metallacycle ring strain moving from azetidine to aziridine
in combination with a methylamine or an imidate pendant arm impacted the Suzuki-Miyaura
reaction issue.

Keywords: aziridine; azetidine; vicinal diamine; imidate; ligand; Suzuki-Miyaura coupling

1. Introduction

The Suzuki-Miyaura reaction is “an easy way for C–C bonding” [1]. This statement is especially
worthwhile in modern organic synthesis. Indeed, the advent of the Suzuki-Miyaura reaction represents
a critical step in this field. This reaction has become for decades a major methodological tool available
to chemists to build molecular architectures especially based on a biaryl scaffold. The biaryl motif can
be found in numerous natural products, agrochemicals, drugs, polymers, ligands and thus triggered
the attention of the scientific community for a wide range of applications [2–9]. If the formation of
a biphenyl motif belongs nowadays to a textbook knowledge, the past decade has witnessed spectacular
innovations and improvements such as ligandless transformations [10], supported or nanostructured
catalytic systems [11–13], performing additives [14,15], neat and/or aqueous conditions [2,13,15],
MW activations [10] for example.

Although the presence of a ligand is not strictly mandatory, increase of selectivity, the use of
poorly reactive chlorides, room temperature conditions remains challenging and usually requires
a ligand [11,13,15,16]. Additionally, preformed and geometrically constrained catalytic systems
appears as crucial features beneficial to a catalytic activity enhancement [8,17]. If phosphorus-based
catalytic systems dominated this area during the last decades, nitrogen-containing ligands revealed
recently useful and appear as a pertinent alternative. In this context, ligands incorporating
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pyridyl-based scaffolds as well as combinations of pyridines linked to flexible alkylamine arms or rigid
cycloalkylamines such as piperidines have been successfully developed in recent years [17–23]. In this
communication, we describe new ligands based on strained aza-heterocycles such as aziridines and
azetidines. We focused on two strategies using these small aza-heterocycles. The first one involves
a combination of these small aza-heterocycles and a flexible methylamine side chain while the second
requires a more rigid pendant arm based on an imidate moiety (Figure 1).

Figure 1. Aziridine- and azetidine-based catalytic systems. Modulation of ring and side chain strain.

We expect the modulation of the ring and side chain strains to impact the catalytic properties of
these new ligands families. The abilities of the latter to promote couplings especially involving aromatic
chlorides will be examined. In addition, room temperature conditions will further be prioritized in the
context of the synthesis of variously substituted biphenyls.

2. Results and Discussion

2.1. Synthesis of Catalytic System

2.1.1. Synthesis of Ligand Precursors

Cyanoazetidine 1 and cyanoaziridine 2 have been easily obtained in two and three steps
respectively starting from commercially available reactants as reported earlier [24,25]. The further step
was to prepare vicinal diamines 3 and 4. Both diamines were obtained using a two-step sequence,
first an addition of phenylmagnesium bromide followed by a reduction with sodium borohydride.
According to recent literature [26–28] reduction afforded a 9/1 ratio of diastereomers. In the absence
of X-ray data, a relative stereochemistry can only be hypothesized. In good agreement with literature
data [26–28], the assumed anti selectivity, might results from a hydride attack on the less strained
Re face of the imine moiety leading as depicted in Scheme 1. The proposed chelate model could result
either from an intramolecular hydrogen bond between the tertiary amine and imino moieties or from
the formation of a five-membered Mg-chelate after addition of the Grignard reagent. The probable
major anti diastereomer was in each case isolated after silica gel chromatography purification in 56%
and 69% yields respectively (Scheme 1).

Scheme 1. Synthesis of aziridine and azetidine ligand precursors.
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2.1.2. Synthesis of Pd Complexes

The next step was the preparation of Pd complexes starting from both nitrile and diamine precursors.

• Synthesis of vicinaldiamine-based Pd complexes

For this purpose, vicinal diamines 3 and 4 were reacted with Na2PdCl4 in freshly distilled MeOH
for 20 h at room temperature. Expected complexes A and B were easily obtained after filtration
and successive washings with cold MeOH, ether and pentane in 94% and 83% yields respectively
(Scheme 2).

Scheme 2. Preparation of diamine-Pd complexes A and B.

• Synthesis of heterocycle/amidate-based Pd complexes

Amidate-Pd complexes were prepared under similar conditions and isolated by simple filtration
and washings as shown in Scheme 3. Dual complexation of the nitrile group and the heterocyclic
nitrogen atom to palladium in MeOH allowed the activation of the nitrile group and the formation of
the imidate fragment through nucleophilic addition of one equivalent of methanol moiety. Bidendate
complexes C and D display characteristic chemical shifts in 1H and 13C NMR corresponding to the
presence of an imidate fragment as shown in Scheme 3. Methoxy groups appear at 3.87 and 3.65 ppm
in 1H NMR and the sp2 carbon appear at 175.3 and 177.3 ppm in 13C NMR. Both novel complexes
were obtained in 70% and 63% yields respectively (Scheme 3).

Scheme 3. Preparation of amine/imidate-Pd complexes C and D and characteristic chemical shifts in
1H and 13C NMR spectra.
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Within these series, complexes appeared more stable than the corresponding ligands. Especially
the aziridine 3 displays averaged stability, we assume to arise from ring opening without careful
storage under inert conditions. Complexes display high stability for months. No modification of
aspect, 1H NMR spectra or catalytic activities was noticed.

2.2. Evaluation of Catalytic Properties

Catalytic properties of complexes A, B, C and D were next evaluated. The coupling between
4-bromonitrobenzene and 4-tolylboronic acid was chosen as the model coupling reaction (Scheme 4).
Gratifyingly, running the reaction at room temperature for 10 h, using 1% of catalytic loading and
base/solvent combination (Cs2CO3 and DMF/H2O) as already reported for benzhydrylamines [20–24],
allowed us to identify 4-nitro-4′-methyl biphenyl 5 in the crude material 1H NMR spectra. Various
conversions were observed ranging from 10% to 50% evidencing that our catalytic systems were able
to trigger Suzuki-Miyaura coupling at room temperature.

Scheme 4. Catalysts A–D applied to a model Suzuki reaction.

• Optimisation of catalytic conditions

The next step was to adjust the base/solvent combination. Among several base (Na2CO3,
NaHCO3, K3PO4, CsF) and solvent (THF, dioxane, toluene/ethanol/H2O) combination tests, Cs2CO3

as the base and DMF/H2O (9/1) as the solvent, gave the best conversions.
All catalytic systems were further evaluated and compared each other as shown in Figure 2.

In the context of the synthesis of biphenyl derivative 5, iodo-, bromo- and chloro-precursors were
independently reacted with 4-tolylboronic acid using A, B, C and D catalysts, Cs2CO3 as the base and
DMF/H2O (9/1) as the solvent at various catalytic loadings. Results obtained with 1% and 0.1% of
catalyst loading at room temperature are compared in Figure 2a,b respectively and results obtained
with 0.01% and 0.001% of catalyst loading at 100 ◦C are compared in Figure 2c,d respectively.

Figure 2a shows obtained results when using 1% of catalyst loading for 16 h at room temperature.
Iodides readily react affording the expected biphenyl motif in 93% to quantitative Yields whatever
the catalyst A, B, C or D. The use of bromides and chlorides allowed us to clearly differentiate the
efficiency of both catalyst families. Indeed, diamine-based catalysts A and B and amine/imidate
catalysts C and D behaved differently. Best results were obtained using the more strained catalysts C
and D. If transformation of arylchloride using D as the catalyst led to 41% in 16 h at room temperature,
an extended reaction time to 48 h at room temperature allowed us to reach 94% yield.
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A similar trend was observed with 0.1% catalytic loading for 24 h at room temperature (Figure 2b).
Amine/imidate complexes C and D revealed superior to diamine complexes A and B. Aryliodides
were transformed up to quantitative yields at room temperature. An expected decrease of catalytic
activity is observed when moving to bromides and chloride. At this loading, complex D that displays
an enhanced ring strain and a more rigid side chain led to best results. Again, an extended reaction
time to 48 h improved the yield of biphenyl 5% to 58% at room temperature.

(a) (b)

(c) (d)
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Figure 2. Comparison of catalytic system: (a) Catalytic loading 1%, 16h, r.t.; (b) Catalytic loading 0.1%,
24 h, r.t.; (c) Catalytic loading 0.01%, 24 h, 100 ◦C; (d) Catalytic loading 0.001%, 24 h, 100 ◦C.

At lower catalytic loadings such as 0.01% and 0.001% (Figure 2c,d) reactions were run at 100 ◦C.
Again both complex families were compared and the amine/imidate C and D were found superior to
the diamine complexes A and B. Again combination of ring and side chain enhanced strain in catalyst
D revealed beneficial to catalytic activity. Indeed, the use of D at 0.01%, allowed reaching 91% yield
for aryliodides and 53% for bromides. In contrast, chlorides exhibit only poor conversion. At 0.001%
at 100 ◦C only aryl iodides react affording the expected biphenyl motif in 38% yield. In contrast, using
bromides and chlorides analogues showed no reaction.

In fact, complex D was found superior to all others at room temperature until 0.1% loading and at
100 ◦C at lower loadings. Better results obtained using complex D, may result from the joint presence
of an enhanced ring strain and a more rigid side chain which both likely play a crucial role in the
transmetalation step of the catalytic cycle and the final product releasing step.

• Application to various substrates

Complex D was next evaluated in several Suzuki-Miyaura reactions.
tab:catalysts-07-00027-t001 gathers results obtained using various combinations of electronic effects
for both aryl halides and boronic acids. As shown, chlorides bearing electron withdrawing groups
are transformed in fair to high yields at room temperature using catalytic loadings ranging from 1%
to 0.1% (entries 1–6, 9, 12–13). Reactions using boronic acids substituted by electron withdrawing
groups such as NO2-phenyl, CH3CO-phenyl or sterically hindered substituents required the use of
bromides in order to obtain the desired biphenyl with fair to excellent yields (entries 10–11, 14–16).
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Phenyl halides substituted by electron donating groups such as MeO-phenyl and HO-phenyl (entries
17–21) also required the use of bromides at catalytic loadings from 0.1% to 1% and/or increase of
temperature from room temperature to 100 ◦C respectively. Finally, 2,2′-biphenyl (entries 22–24) could
be obtained in high yields (89%–90%) at 100 ◦C using either chlorides or bromides at 0.1% and 0.01%
catalytic loading.

Table 1. Synthesis of biaryls using catalyst D, Cs2CO3 as the base and DMF/H2O (9/1) as the solvent.

Entry Halide
Fragment

Boronic Acid
Fragment Halide Cat. Load. Conditions Yield

(%)

1 Cl 0.1% r.t., 24 h 28
2 Cl 1% r.t., 18 h 88

3 Cl 0.1% r.t., 24 h 21
4 Cl 1% r.t., 24 h 69 [29]

5 Cl 0.1% r.t., 24 h 21
6 Cl 1% r.t., 24 h 60
7 Br 0.01% 100 ◦C, 24 h 89
8 Br 0.1% 100 ◦C, 6 h 93 a [30]

9 Cl 1% r.t., 24 h 30
10 Br 0.1% r.t., 24 h 43
11 Br 1% r.t., 24 h 61

12 Cl 0.1% r.t., 24 h 16
13 Cl 1% r.t., 24 h 45
14 Br 0.1% r.t., 24 h 58

15 Br 0.1% r.t., 24 h 52
16 Br 1% r.t., 24 h 81 [31]

17 Cl 1% 100◦C, 18 h 32
18 Br 1% r.t., 24 h 39 [32]

19 Cl 1% 100 ◦C, 18 h 25
20 Br 1% 100 ◦C, 18 h 57 [33]

21 Br 0.1% r.t., 18 h 45

22 Cl 1% r.t., 24 h 30
23 Cl 0.1% 100 ◦C, 6 h 89
24 Br 0.01% 100 ◦C, 24 h 90

a A similar yield of 87% has been obtained using an analogue of catalyst C under similar reaction conditions [27].

3. Materials and Methods

3.1. Materials

Unless otherwise noted, all starting materials were obtained from commercial suppliers and used
without purification. Petroleum ether was distilled under Argon. NMR spectra were recorded on
a 300 MHz and 200 MHz Brucker spectrometers (Bruker BioSpin GmbH, Rheinstetten, Germany).
Chemical shifts were reported in ppm relative to the residual solvent peak (7.27 ppm for CHCl3)
for 1H spectra and (77.00 ppm for CDCl3) for 13C spectra. High Resolution Mass spectroscopy
data were recorded on an Autospec Ultima (Waters/Micromass) device (Waters, Gyancourt, France,)
with a resolution of 5000 RP at 5%. Thin-layer chromatography (TLC) was carried out on aluminium
sheets precoated with silica gel 60 F254. Column chromatography separations were performed using
silica gel (0.040–0.060 mm). (N-benzyl)-2-cyanoazetidine 1 and (N-benzyl)-2-cyanoaziridine 2 have
been prepared according to references [24,25].
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3.2. Methods

3.2.1. General Procedure for Addition/Reduction Sequence

The phenylmagnesium chlorde (2 mmol) was added to a solution of 2-cyanoderivative 1 or 2
(1 mmol) in dry THF (10 mL) at 0 ◦C under argon. After stirring for 20 min, MeOH (10 mL) and NaBH4

(1.2 mmol) were successively added. After a further 1 h, the reaction was quenched with saturated
aqueous NH4Cl solution (5 mL), and extracted with EtOAc (3 × 10 mL). The combined organic extracts
were washed with brine, dried with magnesium sulfate and concentrated under reduced pressure.
Amines 3 and 4 were purified by silica gel column chromatography using cyclohexane/Et2O 1:1 as
the eluant.

3.2.2. General Complexation Procedure

To a stirred solution of ligand 1–4 (0.25 mmol) in 5 mL of freshly distilled MeOH was added
Na2PdCl4 (74 mg, 0.25 mmol). The mixture was stirred at room temperature for 1 to 16 h and filtered
over a celite pad. The filtrate was removed by evaporation under vacuum. The residue was then
purified over silica gel pad eluting first with cyclohexane/EtOAc 7:3 to remove traces of free ligand,
then with EtOAc for ligands 3 and 4 and with AcOEt/MeOH 95:5 for ligands 1 and 2.

3.2.3. General Suzuki Coupling Procedure

To a stirred solution of aromatic halide (0.5 mmol), boronic acid (0.6 mmol) and Cs2CO3 (407 mg,
1.25 mmol) in 1 mL of DMF/H2O (95:5) was added the palladium complex as a solid or in solution in
DMF/H2O (95:5). The mixture was stirred at room temperature or 100 ◦C (refer to
tab:catalysts-07-00027-t001). 10 mL of EtOAc and 10 mL of water were then added and the aqueous
phase was extracted with EtOAc (3 × 5 mL). The combined organic layers were dried (MgSO4), filtered
and concentrated under vacuum, the crude product was purified by flash chromatography on silica
gel to give the biaryl product.

4. Conclusions

Two new families of ligands based on an aziridine and azetidine core have been developed.
Starting from the parent aziridine- and azetidine-nitriles, vicinal diamines and amine/imidate
palladium complexes were obtained respectively using a nucleophilic addition/reduction-complexation
sequence or a direct complexation in methanol. Evaluation and comparison of the catalytic activities
of four complexes are described. The amine/imidate family C and D was found superior to the
diamine analogues family A and B. Within the amine/imidate family best results were achieved using
complex D that combines both enhanced ring strain and side chain rigidity. The aziridine-imidate
complex D proved to be efficient for the synthesis of various substituted biphenyls. Catalyst D allowed
iodides to react at 100 ◦C and catalytic loadings as low as 0.001%. In addition, bromides are able to
be used as partners in couplings at 100 ◦C and loadings of 0.01%. Finally, D catalyzes the reaction of
chlorides at room temperature using catalytic loadings ranging from 1% to 0.1%.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/1/27/s1,
experimental procedures for the preparation of precursors, catalytic systems and Suzuki couplings as well
as analytical data for new compounds.
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Abstract: Heterogeneous recyclable catalysts in Suzuki-Miyaura C-C coupling reactions are of great
interest in green chemistry as reusable alternatives to homogeneous Pd complexes. Considering the
interesting properties of fluorinated compounds for the pharmaceutical industry, as precursors of
novel materials, and also as components of liquid crystalline media, this present study describes
the preparation of different fluorinated biphenyl derivatives by Suzuki-Miyaura coupling reactions
catalyzed by a heterogeneous system (G-COOH-Pd-10) based on Pd nanoparticles supported onto
COOH-modified graphene. The catalytic activity of the hybrid material G-COOH-Pd-10 has been
tested in Suzuki-Miyaura C–C coupling reactions observing excellent versatility and good conversion
rates in the reactions of phenylboronic acid, 4-vinylphenylboronic acid, 4-carboxyphenylboronic
acid, and 4-fluorophenylboronic acid with 1-bromo-4-fluorobenzene. In addition, the influence of
the arylbromide has been studied by carrying out reactions of 4-fluorophenylboronic acid with
1-bromo-2-fluorobenzene, 1-bromo-3-fluorobenzene, 1-bromo-4-fluorobenzene, 2-bromo-5-fluorotoluene,
and 2-bromo-4-fluorotoluene. Finally, catalyst recyclability tests show a good degree of reusability
of the system based on G-COOH-Pd-10 as the decrease in catalytic activity after five consecutive
catalytic cycles in the reaction of 1-bromo-4-fluorobenzene with 4-florophenylboronic acid at 48 hours
of reaction is lower than 8% while in the case of reactions at three hours the recyclability of the
systems is much lower.

Keywords: Pd nanoparticles; C-C coupling; fluorinated compounds; graphene; supported catalysts;
Suzuki-Miyaura reactions

1. Introduction

Palladium-catalyzed reactions have been one of the main methods for C-C cross-coupling
processes [1]. In particular, Suzuki-Miyaura are one of the most widely used reactions for the
preparation of biphenyl derivatives [2]. These reactions have been principally carried out using
homogeneous catalysts based on simple or sophisticated Pd complexes [2–5]. However, the current
needs of industry and the search for greener alternatives to these catalyst are pushing the development
of new heterogeneous and recyclable systems [6]. These heterogeneous C-C coupling catalysts are
based on either supported palladium complexes [7,8] or supported palladium nanoparticles [9].
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Most of the studied palladium-based heterogeneous catalytic systems have shown lower
efficiencies and catalytic activities than homogeneous counterparts [9]. Nevertheless, current research
advances of the scientific community have led to the development of highly active, reusable, and
robust heterogeneous systems. The majority of these systems are based on palladium nanoparticles
(PdNPs) which take advantage of their interesting properties, such as high surface area and high
catalytic activity [9].

In addition, supporting PdNPs on different nanostructured materials enhances the recyclability
properties and facilitates the separation of the products which are usually dissolved in the reaction
mixture [10]. Thus, the ongoing research in this topic is very intensive because there is still much work
that needs to be done to improve the catalytic performance of the supported systems. Therefore, many
groups are working on supporting Pd nanoparticles onto mesoporous silica [11,12], alumina [13,14],
graphene [15,16], modified graphene [17,18], graphene oxide [19], graphite oxide [20], reduced
graphene oxide [21], or other carbon-based materials [22], for example, for the development of novel
catalytic systems. However, with supported catalysts considerable work still needs to be carried out in
order to increase the versatility of the reagents and products of the C-C coupling reactions.

In this context, our group has decided to study the preparation of different fluorinated biphenyl
derivatives by Suzuki-Miyaura coupling reactions. In general, fluorinated compounds, although generally
viewed as mostly inert because of their lack of chemical reactivity [23], may have biological activity
which could be of interest in different therapies. For example simple and accepted compounds, such
as ProzacTM, ReduxTM, or 5-fluorouracyl, are fluorinated compounds with anti-depressant, anti-obesity,
and anticancer properties, respectively. Furthermore, there is a long list of fluorine-containing drugs
that have been introduced to the market during last two decades [24]. The incorporation of fluorine in
drugs normally improves their metabolic stability and impedes the oxidative attack of cytochrome P450
enzymes, thus improving their activity in vivo [25]. Pharmaceutical use is not the unique application
of F-containing organic derivatives, for example, fluorination compounds are used to improve material
properties opening new fields of research [26]. In particular, fluorinated biaryl derivatives are highly
suitable as components of liquid crystalline media [27] and, in the form of ethers, have also recently
been considered as pro-drug scaffolds employing the chemical-microbial approach [28].

We have only found in the literature a few examples reporting the preparation of fluorinated biaryl
derivatives via C-C coupling catalytic reactions. Almost all of these reports described homogeneous
systems based on Pd-complexes as catalysts [29–35], while only one study was carried out using
Pd nanoparticles [36]. Therefore, we report here the synthesis and characterization of palladium
nanoparticles supported onto commercial graphene modified with COOH groups and the study of
the application of this composite material in Suzuki-Miyaura C-C coupling heterogeneous catalytic
reactions in the formation of fluorinated biphenyls. We have studied different parameters for this
reaction, including the recyclability of the catalytic systems. Furthermore, we have developed a new
quantification method, as an alternative to gas chromatography (GC) or high-performance liquid
chromatography (HPLC) for the fluorinated products of the catalytic reactions based on a simple
19F-NMR study using an internal standard method.

2. Results and Discussion

2.1. Synthesis and Characterization of the Supported PdNPs

Supported palladium nanoparticles were prepared by the reaction of commercial COOH-modified
graphene (G-COOH) with different amounts of [PdCl2(cod)] in toluene for 48 hours. The supported
PdNPs were presumably formed via the reduction of [PdCl2(cod)] as was previously reported by our
group for silica- and titania-based materials [12,14,37,38]. This synthetic method requires the reduction
of the organometallic palladium complex which is achieved by toluene and the carbon atoms at the
surface of the graphene which presumably act as the reducing agents. In addition, an agglomeration
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of the graphene layers occurs giving rise to the formation of a hybrid material that consists mainly of
a graphite support in a mixture of phases and impregnated palladium nanoparticles.

This reaction was repeated using different amounts of the organometallic Pd precursor
[PdCl2(cod)] to study the Pd loading on the materials which was determined by X-ray fluorescence
(XRF) analysis. Thus, a theoretical amount of 5 wt %, 10 wt %, and 15 wt %. Pd was used for the
reactions to give the materials G-COOH-Pd-5, G-COOH-Pd-10, and G-COOH-Pd-15, respectively.
After analysis of the materials by XRF, the incorporation of palladium to the material was 3.06 wt %,
7.93 wt %, and 11.20 wt % Pd. for G-COOH-Pd-5, G-COOH-Pd-10, and G-COOH-Pd-15, respectively.
Therefore, the higher Pd efficacy was achieved for G-COOH-Pd-10 (79.3%) while in the case of
G-COOH-Pd-5 and G-COOH-Pd-15 this value was 61.2% and 74.6%, respectively (Table 1 and Table S1
of Supplementary Material). The differences in the incorporation rate are not very high. Other materials
have shown that the loading capacity follows a logarithmic tendency as the material saturates and
limits the reduction of the Pd(II) complex to palladium nanoparticles [12]. This may be the reason for
the lower Pd incorporation rate found for G-COOH-Pd-15. In general, these materials showed higher
loading capacities than other silica-based materials reported previously by our group [12], similar Pd
incorporation to that found for other C-based materials [15–20] and slightly lower than in the case of
alumina submicronic particles [14].

Table 1. Theoretical and experimental Pd (wt %) quantity and Pd incorporation rate (%) in materials
G-COOH-Pd-5, G-COOH-Pd-10, and G-COOH-Pd-15.

Material Theoretical Pd Quantity (wt %) Experimental Pd Quantity (wt %) Incorporation Rate (%)

G-COOH-Pd-5 5 3.06 61.2
G-COOH-Pd-10 10 7.93 79.3
G-COOH-Pd-15 15 11.20 74.6

Bearing in mind that the most effective incorporation of Pd in the material was achieved
for G-COOH-Pd-10, this catalytic system was selected for the catalytic studies and for further
characterization. G-COOH-Pd-10 was then studied by transmission electronic microscopy (TEM).
The TEM image of G-COOH-Pd-10 (Figure 1a) shows that this material contains Pd nanoparticles
that can be easily observed as black dots impregnated on the external surface of the carbon-based
support materials. The obtained PdNPs have a poorly defined shape with a size of 14.6 ± 1.4 nm.
Pd nanoparticle size distribution (Figure 1b) has been calculated by using the software ImageJ (1.51j,
Wayne Rasband, National Institutes of Health, MD, USA, 2017) [39] and a subsequent Gaussian fit using
Origin (OriginLab 8.0, Northampton, MA, USA, 2009). In addition, the TEM image (Figure 1) shows
that the larger palladium particles are formed by clusters of small Pd nanoparticles (for additional
images see Figures S1–S3 of the Supplementary Material).

In addition, the material was characterized by Fourier-transformed infrared spectroscopy (FT-IR),
N2 adsorption-desorption isotherms (BET), and X-ray diffraction (XRD). The FT-IR spectrum shows the
expected signals for the O-H vibration, stretching band of the C=O and vibration of the C-O bond of
the COOH groups at ca. 2900, 1600–1750, and 1100 cm−1, respectively (Figure S4 of the Supplementary
Material). The characterization by N2 adsorption-desorption isotherms (BET method), showed a
specific surface area of material G-COOH-Pd-10 of 4.1 m2/g and an irregular pore size distribution
of the material. The measurements showed type III isotherms (Figure 2) according to the IUPAC
classification [40] which is indicative of non-porous materials with low affinity adsorbent-adsorbate.
The measured surface areas by BET studies is much lower than the theoretical surface area limit of
graphene which is estimated to be ca. 2600 m2/g. Therefore, material G-COOH-Pd-10 in dry state
is probably affected by the stacking of the graphene sheets, causing a decrease in its surface area.
This also indicates that the nitrogen gas of the BET analysis does not easily penetrate the graphene
layers of the material giving type III isotherms of low surface area. The partial stacking of layers in the
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dry state, while measuring the textural properties of the materials giving low surface area, has been
previously observed in similar systems [19].

(a) (b)

Figure 1. (a) Transmission electronic microscopy (TEM) image of the material G-COOH-Pd which
consists of Pd nanoparticles supported on a graphite support in a mixture of phases; and (b) Pd-particle
size Gaussian distribution.

In spite of the partial stacking of the layers detected in the BET analysis, an interesting difference in
the adsorptive parameters of the material after Pd-functionalization was observed, namely, a decrease
in the surface area, a slight increase in the Barnett, Joyner and Halenda (BJH) adsorption or desorption
cumulative volume of pores and a slight decrease in the BJH adsorption or desorption cumulative
surface area of pores (Table S2 and Figure S5 of the Supplementary Material). These changes indicate
the impregnation of the Pd nanoparticles on the external surface which decreases the surface area and
slightly increases the estimated pore volume. This reveals that the Pd nanoparticles perturb the pure
stacking of the graphene layers because the impregnation of the particles in the material increases the
distance between layers due to the intercalation of the metal nanoparticles.

Figure 2. N2 adsorption-desorption isotherm of material G-COOH-Pd-10.

Finally, the material G-COOH-Pd-10 was characterized by powder XRD to confirm the presence
of Pd nanoparticles. The XRD pattern (Figure S6 of the Supplementary Material) shows the peaks
corresponding to a mixture of carbon-based materials with graphite as a broad peak at a 2θ of ca. 26◦

(indicating the partial agglomeration of graphene layers to graphite) and the peaks assigned to the Pd
nanoparticles at 39◦, 43◦, 67◦, 78◦, and 84◦ corresponding to the Miller planes (111), (200), (220), (311),
and (222), respectively. This confirms, therefore, the presence of Pd nanoparticles impregnated onto
the carbon-based material, as was previously observed in TEM images.
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2.2. Catalytic Study

2.2.1. Determination of the Optimal Conditions and Influence of Different Boronic Acids

The heterogeneous catalyst G-COOH-Pd-10 was tested in four coupling reactions of 1-bromo-4-
fluorobenzene as aryl bromide with boronic acids with different substituents, namely, phenylboronic
acid, 4-vinylphenylboronic acid, 4-carboxyphenylboronic acid and 4-fluorophenylboronic acid and
(Scheme 1, reactions a–d, respectively).

The reaction conditions were determined previously by our group using analogous supported
catalysts based on palladium nanoparticles and silica or alumina [12,14]. Thus, all of the catalytic tests
of this study were carried out using a DMF/H2O (95:5) mixture as solvent, K2CO3 as the base, and two
different temperatures (70 ◦C and 110 ◦C). The reactions were carried out at different time intervals of
3, 8, 24, and 48 h, in order to determine the kinetic parameters of each reaction.

BrF (HO)2B F+
DMF/H2O

K2CO3

BrF (HO)2B F+
DMF/H2O

K2CO3

BrF COOH(HO)2B F COOH+
DMF/H2O

K2CO3

BrF F(HO)2B F F+
DMF/H2O

K2CO3

(a)

(b)

(c)

(d)

15 mg G COOH Pd 10
0.1% mol Pd

15 mg G COOH Pd 10
0.1% mol Pd

15 mg G COOH Pd 10
0.1% mol Pd

15 mg G COOH Pd 10
0.1% mol Pd

Scheme 1. Reaction of 1-bromo-4-fluorobenzene with (a) phenylboronic acid; (b) 4-vinylphenylboronic
acid; (c) 4-carboxyphenylboronic acid; and (d) 4-fluorophenylboronic acid catalyzed by G-COOH-Pd-10.

The results obtained in the C-C cross-coupling reactions of Scheme 1 at different time intervals
are given in Table 2 and presented in Figure 3. In general, the increase of the temperature from 70 to
110 ◦C results in higher conversion percentages as expected for this kind of reaction.

(a) (b)

Figure 3. Conversion vs. time in the reaction of different boronic acids and 1-bromo-4-fluorobenzene
catalyzed by G-COOH-Pd-10: (a) at 70 ◦C; and (b) at 110 ◦C.
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However, these results are in contrast with the previous study of Pd-supported nanoparticles using
mesoporous silica-based materials such as MSU-2 or SBA-15 [12] in which a decrease in the catalytic
activity was observed when increasing the temperature, due to a higher mobility of the nanoparticles
which increase the aggregation of the catalytic centers, thus, decreasing the catalytic activity.

Table 2. Bromide conversions in C-C coupling reactions using 1-bromo-4-flurobenzene and different
boronic acids catalyzed by G-COOH-Pd-10.

Time (h) T (◦C) Bromide
Conversion (%) TON a TOF b (h−1) Reaction

3

70

70 157 52

BrF (HO)2B+

8 72 161 20
24 73 162 7
48 80 179 4

3

110

67 149 50
8 73 164 21
24 78 175 7
48 96 215 5

3

70

3 8 3

BrF (HO)2B+

8 5 10 1
24 11 26 1
48 32 71 2

3

110

31 69 23
8 49 109 14
24 1

48 71 158 3

3

70

19 43 15

BrF COOH(HO)2B+

8 34 76 10
24 70 157 7
48 71 159 3

3

110

24 53 18
8 54 120 15
24 61 136 6
48 62 139 3

3

70

59 132 44

BrF F(HO)2B+

8 67 151 19
24 81 181 8
48 98 219 5

3

110

90 201 67
8 91 202 25
24 99 221 9
48 100 223 5

a Turnover number. b Turnover frequency. 1 Not analyzed.

In addition, one can clearly observe that the most effective boronic acid in terms of conversion
of 1-bromo-4-fluorobenzene at both studied temperatures is 4-fluorophenylboronic acid, which leads
to almost complete halide conversion. The second most active boronic acid at both temperatures is
phenylboronic acid which, at 3 h and 8 h reaction time at 70 ◦C, is even slightly more active than
4-fluorophenylboronic acid. Both reactions reach almost the maximum level of halide conversion after
just 3–8 h of reaction and the conversion does not increase significantly from 8 to 48 h. Thus, the highest
TOF value (67.1 h−1) found in these studies was observed for the reaction using 4-fluorophenylboronic
acid at 110 ◦C after 3 h of reaction. In the case of phenylboronic acid, the TOF values at 70 or 110 ◦C
were of ca. 50 h−1. In all cases, these TOF values were much higher than in the case of similar systems
based on alumina and Pd nanoparticles [14] or mesoporous silica and palladium nanoparticles [12].
In addition, they are in the same range, if not somewhat higher, than those described for homogeneous
systems based on palladium complexes used for the preparation of fluorinated biaryls [29–35].
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The reactions using the other two boronic acids, 4-carboxyphenylboronic acid, and
4-vinylphenylboronic acid, showed less conversion of the halide. It appears that the reaction with
4-vinylphenylboronic acid is more temperature-sensitive than in the case of 4-carboxyphenylboronic
acid as the conversions for 4-vinylphenylboronic acid at 110 ◦C are much higher than at 70 ◦C.
However, in the case of 4-carboxyphenylboronic acid this increase is not as high. The reaction using
4-carboxyphenylboronic acid seems to be more effective than that of 4-vinylphenylboronic acid but
not comparable to phenylboronic acid or 4-fluorophenylboronic acids. The differences in the activity
are presumably due to the difference in the electronic properties of the substituents. Thus, –F and
–COOH have an electron-withdrawing inductive effect −I, while vinyl group has an electron-releasing
effect +I. Therefore, as many mechanistic studies have proven that the only reactions involving boronic
acids occur at a significant rate, is between the neutral boronic acid and oxo-palladium species [41].
It seems that the activation of the boronic group is faster in the case of F- and COOH- substituted
phenylboronic acids, and this results in a higher activity.

2.2.2. Influence of the Fluorinated Aryl Bromide

In view of the interesting catalytic properties when using 4-fluorophenylboronic acid (which was
superior to that of phenylboronic acid and 4-carboxyphenylboronic acid), this reagent was selected and
used with other fluorinated bromoaryls, namely, 1-bromo-2-fluorobenzene, 1-bromo-3-fluorobenzene,
2-bromo-5-fluorotoluene, and 2-bromo-4-fluorotoluene (Scheme 2a–d, respectively), for the formation
of different difluorinated biphenyls.

Br F(HO)2B F+
DMF/H2O

K2CO3
(b)

F F

BrF F(HO)2B F F+
DMF/H2O

K2CO3
(c)

Br F(HO)2B F+
DMF/H2O

K2CO3
(a)

F F

Br F(HO)2B F+
DMF/H2O

K2CO3
(d)

F F

15 mg G COOH Pd 10
0.1% mol Pd

15 mg G COOH Pd 10
0.1% mol Pd

15 mg G COOH Pd 10
0.1% mol Pd

15 mg G COOH Pd 10
0.1% mol Pd

Scheme 2. Reaction of 4-fluorophenylboronic acid with (a) 1-bromo-2-fluorobenzene; (b) 1-bromo-3-
fluorobenzene; (c) 2-bromo-5-fluorotoluene catalyzed; and (d) 2-bromo-4-fluorotoluene by G-COOH-Pd-10.
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The results obtained in the C-C cross-coupling reactions of Scheme 2 at different time intervals are
given in Table 3 and represented in Figure 4. As occurred in the previous study, concerning the influence
of boronic acids, the increase of the temperature from 70 ◦C to 110 ◦C again results in higher conversion
percentages of the bromides. In addition, the results show that, except for 1-bromo-4-fluorotoluene and
2-bromo-4-fluorotoluene at 110 ◦C, the reactions achieve almost the maximum conversion between 3 and
8 h. In the case of 1-bromo-2-fluorobenzene, 1-bromo-3-fluorobenzene, and 1-bromo-4-fluorobenzene
at both 70 ◦C or 110 ◦C and 3 h of reaction, the obtained TOF values were between ca. 44 and
67 h−1. In contrast, in the case of 2-bromo-5-fluorotoluene and 2-bromo-4-fluorotoluene at 70 ◦C or
110 ◦C and 3 h of reaction, the TOF values were lower, indicating an inferior activity when using this
substituted bromide.

(a) (b)

Figure 4. Conversion vs. time in the reaction of different fluorinated arylbromides and
4-fluorophenylboronic acid catalyzed by G-COOH-Pd-10: (a) at 70 ◦C; and (b) at 110 ◦C.

It seems clear that the position of the fluorine substituent at the phenyl ring does not have a
remarkable influence in the catalytic activity. Thus, the steric effect does not seem to be determinant
for their reactivity. However, in the case of 1-bromo-4-fluorotoluene and 2-bromo-4-fluorotoluene,
the incorporation of the methyl group in ortho-position to the bromine atom, results in a decrease of
the catalytic activity due to both the steric hindrance and the electronic +I effect of the methyl group in
the bromide, which decrease the catalytic activity.

Finally, we have carried out the reaction between 4-fluorobenzeneboronic acid and
1-chloro-4-fluorobenzene observing halide conversion after 48 h of ca. 12%. However, from the reaction
mixture we were unable to isolate the coupling product observing various unidentified F-containing
compounds. This indicates the limited applicability in coupling reactions of these systems when starting
from arylchlorides.

2.2.3. Recyclability Tests

It is well known that one of the most important advantages of heterogeneous catalytic systems
is the possibility of recovery and recyclability. Thus, a series of catalytic tests were carried out to
determine the degree of loss of activity of the synthesized catalyst G-COOH-Pd-10 after several
consecutive catalytic cycles. The studied recyclability tests were performed using similar experimental
conditions, but tested in up to five consecutive catalytic cycles. The selected reagents for this study
of recyclability were 1-bromo-4-fluorobenzene and 4-fluorophenylboronic acid (highest TOF values).
After each catalytic cycle, the catalyst was centrifuged and washed with water and diethylether, dried
under vacuum, and then used in the subsequent catalytic test.
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Table 3. Halide conversions in C-C coupling reactions using 4-fluorophenylboronic acid and different
fluorinated arylbromides catalyzed by G-COOH-Pd-10.

Time (h) T (◦C) Bromide
Conversion (%) TON TOF (h−1) Reaction

3

70

66 147 49

Br F(HO)2B+

F
8 84 189 24
24 85 191 8
48 91 204 4

3

110

67 151 50
8 79 177 22
24 92 207 9
48 100 224 5

3

70

87 195 65

Br F(HO)2B+

F
8 92 206 26
24 96 215 9
48 97 218 5

3

110

88 197 66
8 90 202 25
24 98 218 9
48 100 224 5

3

70

35 78 26

BrF F(HO)2B+

8 46 102 13
24 57 127 5
48 62 140 3

3

110

46 102 34
8 53 117 15
24 88 197 8
48 97 217 5

3

70

65 149 50

Br F(HO)2B+

F

8 67 151 19
24 71 159 6
48 76 169 3

3

110

77 172 57
8 81 182 23
24 86 194 8
48 94 210 4

For the studied reaction, a very low loss of activity (less than 10%) of the catalyst G-COOH-Pd-10
was observed after the five catalytic cycles (Figure 5). It is important to note that these systems based
on palladium nanoparticles may lead to agglomeration of the nanoparticles after the first or subsequent
cycles because of the mobility of the palladium nanoparticles at high temperatures. This effect has
previously been observed in similar hybrid systems based on mesoporous silica [12] and graphene
oxide [16], but not significantly in alumina-based materials [14], or graphene oxide when using
microwaves [16]. In the case of G-COOH-Pd-10 the very small loss of activity suggests that there is no
formation of big clusters of Pd nanoparticles as this would lead to deactivation of the catalyst.
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Figure 5. Recyclability tests of the consecutive reactions of 1-bromo-4-fluorobenzene and
4-fluorophenylboronic acid at 110 ◦C for 48 h (green) or 3 h (blue) catalyzed by G-COOH-Pd-10.

We have carried out additional recyclability tests using a reaction time of 3 h. We have observed a
progressive loss of activity in the consecutive tests at 3 h from 90% to 47% after the fifth cycle (Figure 5).
This did not happen at 48 h probably because the reaction time is higher and, therefore, compensates
for the loss of activity.

Thus, in order to determine the reason of the loss of activity, we measured the Pd leaching in
the solution by XRF although we were unable to determine Pd in concentrated solutions. However,
when we carried out a TEM measurement of the material after the fifth catalytic cycle (Figure 6),
we observed the formation of clusters of palladium nanoparticles which agglomerate and, therefore,
cause a decrease in the catalytic activity.

Figure 6. Transmission electronic microscopy (TEM) image of G-COOH-Pd-10 after five consecutive
catalytic cycles.
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3. Materials and Methods

3.1. General Conditions

All manipulations were performed under dry nitrogen gas using standard Schlenk techniques
and a dry box. Solvents were distilled from the appropriate drying agents and degassed before
use. Graphene modified with COOH groups UGRAYTM-COOH (Graphene-carboxyl, G-COOH) was
purchased from United Nanotech (Karnataka, India) and was used as purchased, after a simple
dehydration process (see Section 3.3.2.). Water (resistance 18.2 MΩ·cm) used in the study was obtained
from a Millipore Milli-Q-System (Billerica, MA, USA).

3.2. General Remarks on the Characterization of the Materials

X-ray diffraction (XRD) patterns of the hybrid materials were obtained on a Philips Diffractometer
model PW3040/00 X’Pert MPD/MRD at 45 KV and 40 mA, using a wavelength Cu Kα

(λ = 1.5418 Å). Pd wt % determination by X-ray fluorescence was carried out with a X-ray
fluorescence spectrophotometer Philips MagiX with an X-ray source of 1 kW and a Rh anode using
a helium atmosphere. The quantification method is capable of analyzing from 0.0001% to 100% Pd.
N2 gas adsorption-desorption isotherms were performed using a Micromeritics ASAP 2020 analyzer
(Micromeritics, Norcross, GA., USA). Conventional transmission electron microscopy (TEM) was
carried out on a TECNAI 20 Philips unit (Philips, Eindhoven, The Netherlands), operating at 200 kV.

3.3. Preparation of the Hybrid Materials G-COOH-Pd-X

3.3.1. Preparation of the Palladium Precursor

PdCl2 (1.53 g, 8.6 mmol) was dissolved in 6 mL of concentrated HCl. The cooled solution was
diluted with 150 mL of absolute ethanol and passed through a filter paper; the residue and filter paper
were then washed with 2 × 10 mL of ethanol. Afterwards, 1,5-cyclooctadiene (2.5 mL, 20.4 mmol) was
added to the resulting solution under stirring. The color of the solution turned from brown to orange
and the solid product precipitated immediately. The reaction was stirred for an additional 20 min and
then filtered and the yellow-orange solid washed with diethylether (3 × 10 mL). The final product was
dried under vacuum overnight giving 2.32 g (16.4 mmol) of [PdCl2(cod)] (yield: 97%).

3.3.2. Dehydration of G-COOH

In order to reduce the quantity of physisorbed solvents or water on the external surface area
of G-COOH, activation by dehydration of the corresponding material was carried out at 150 ◦C
under vacuum.

3.3.3. Pd-Loading Study

Functionalization of G-COOH has been studied using different quantities of Pd precursor
[PdCl2(cod)] and one gram of G-COOH. Table S1 of the supplementary material shows the quantity of
palladium complex and G-COOH employed in each reaction.

The general procedure for the preparation of the Pd-supported nanoparticles was carried out
using a similar method to that published by our group for titanium oxide-based materials [12,14,37,38]:
In summary, the corresponding amount of G-COOH (1.0 g) and [PdCl2(cod)] (141.2 mg, for a theoretical
Pd loading of 5 wt %) were added to a Schlenk tube and dried under vacuum for 1 h at room
temperature. Subsequently, 50 mL of toluene (THF) was added under an inert atmosphere. The reaction
mixture was then heated to 110 ◦C and stirred for 48 h. The resulting material was isolated by filteration
and washed with toluene, water and diethylether (2 × 50 mL each). The material was dried under
vacuum for 12 h to remove all trace of solvents.
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3.4. Catalytic Study

3.4.1. Determination of the Optimal Conditions and Influence of the Boronic Acid

The study was focused on the reaction of 1-bromo-4-fluorobenzene with different boronic acids,
two different temperatures were tested (70 and 110 ◦C) and the reactions were monitored after 3, 8,
24, and 48 h reaction time. The different boronic acids used in the reaction were phenylboronic
acid, 4-vinylphenylboronic acid, 4-carboxyphenylboronic acid and 4-fluorophenylboronic acid
(Scheme 1a–d, respectively). The reactions were performed under identical conditions in order
to facilitate a subsequent analysis of the results. In all the reactions, the limiting reagent was
1-bromo-4-fluorobenzene, the molar ratio between the halide and the boronic acid was 1:1.2, the molar
ratio between the halide and the base (K2CO3) was 1:2 and the amount of catalyst was in all cases
15 mg. All the reactions were carried out using degassed solvents and under a nitrogen atmosphere to
achieve higher final conversions [42].

Reaction of 1-bromo-4-fluorobenzene with phenylboronic acid derivatives: a stock solution of
1-bromo-4-fluorobenzene (262 mg, 1.5 mmol) in a mixture of degassed solvents (DMF:H2O 95:5,
15 mL) was carried out under nitrogen in a Schlenk tube. Subsequently, Schlenk flasks were
filled with either phenylboronic acid (36.6 mg, 0.300 mmol), 4-vinylphenylboronic acid (44.4 mg,
0.300 mmol), 4-carboxyphenylboronic acid (49.8 mg, 0.300 mmol), or 4-fluorophenylboronic acid
(42.0 mg, 0.300 mmol), K2CO3 (69.1 mg, 0.5 mmol), and Pd catalyst (15 mg G-COOH-Pd-10, 1.18 mg of
Pd, 1.11·10−3 mmol Pd, 0.44% molar ratio bromide:Pd, 0.1% mol Pd in the reaction). Three vacuum/N2

cycles (10 min/1 min) were carried out to remove oxygen from the reaction atmosphere and adsorbed
water from the solids. Afterwards, 2.5 mL (0.25 mmol) of the stock solution of 1-bromo-4-fluorobenzene
were transferred under N2 to the Schlenk flasks containing the solid mixtures. The suspension was
then heated to the corresponding temperature (70 ◦C or 110 ◦C) using a condenser and stirred for 3, 8,
24, or 48 h. After this time, the solution was cooled to room temperature and filtered over a nylon filter
(0.4 μm).

3.4.2. Quantification of the Conversion of 1-Bromo-4-Fluorobenzene

For the quantification of the conversion of 1-bromo-4-fluorobenzene, 0.3 mL of each resulting
solution of the reactions was mixed together with 0.3 mL of a standard 2.5 wt % solution of
4-fluorobenzophenone in deuterated acetone. An additional NMR tube (blank) was prepared by
mixing 0.3 mL of the original solution of 1-bromo-4-fluorobenzene (262 mg, 1.5 mmol) in a mixture
of degassed solvents (DMF:H2O 95:5, 15 mL) with 0.3 mL of a standard 1.0% v/v solution of
4-fluorobenzophenone in deuterated acetone. The quantification was carried out by comparison
of the ratio of the integral of the signal of the fluorine atom in 1-bromo-4-fluorobenzene (δ−111.7 ppm)
with that of the standard (4-fluorobenzophenone, δ −102.9 ppm) before and after the reaction.
The chosen internal standard was 4-fluorobenzophenone (final concentration of 0.75% v/v), an inert
compound with respect to reagents and products and that has a very different chemical shift to
that of the other compounds. The solution samples were always in the range of the concentration
of 1-bromo-4-fluorobenzene of the calibration curve. The calibration curve was prepared using a
concentration of 1-bromo-4-fluorobenzene in the range 0.005–0.1 M. Using this method, the molar
quantification of the conversion of 1-bromo-4-fluorobenzene was carried out. For an example of the
19F NMR spectra of the reaction between 1-bromo-4-fluorobenzene and phenylboronic acid see Figures
S7–S12 of the Supplementary Material.

3.4.3. Isolation of the Coupling Products

For the isolation of the product, the solvent of the filtrated solution after 48 h of reaction was
eliminated under vacuum and the solid or oily residue was dissolved in CDCl3 and analyzed by 1H,
and 19F NMR spectroscopy. For further details of all the synthesized fluorinated biaryl derivatives see
section Spectroscopic Data (1H and 19F NMR) of the Supplementary Material.
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3.4.4. Reactions of Different Fluorinated Aryl Bromides with 4-Fluorophenylboronic Acid

In order to determine the influence of different fluorinated aryl bromides in the catalytic
C-C coupling reaction, additional reactions of 1-bromo-3-fluorobenzene, 1-bromo-2-fluorobenzene,
2-bromo-5-fluorotoluene, or 2-bromo-4-fluorotoluene with 4-fluorophenylboronic acid were carried out
(Scheme 2a–d), following a similar procedure to that described in the Section 3.4.2 using temperatures
of 70 ◦C and 110 ◦C and reaction times of 3, 8, 24, or 48 h. In this case, the quantification was carried
out by comparison of the ratio of the integral of the signal of the fluorine atom in the 19F NMR
spectrum of 1-bromo-3-fluorobenzene (δ −106.9 ppm), 1-bromo-2-fluorobenzene (δ −104.4 ppm),
2-bromo-5-fluorotoluene (δ −112.0 ppm), or 2-bromo-4-fluorotoluene (δ −112.0 ppm) with that of the
standard (4-fluorobenzophenone, δ 102.9 ppm) before and after the reaction. For an example of the 19F
NMR spectra of the reaction between 4-fluorophenylboronic acid and 1-bromo-2-fluorobenzene see
Figure S13 of the Supplementary Material.

3.4.5. Studies of the Catalyst Recyclability

Additional catalytic tests were carried out to determine the loss of activity of the catalyst after
several catalytic cycles. Recyclability tests were carried out using similar experimental procedures but
tested in up to five consecutive catalytic cycles. The reactions were performed on a larger scale, but
under the same experimental conditions. The tests were conducted using a higher starting amount of
catalyst (75 mg) in order to be able to carry out up to five catalytic cycles. After each cycle, the catalyst
was centrifuged and washed with water (2 × 100 mL) and diethylether (2 × 30 mL).

4. Conclusions

In this work we have synthesized a hybrid heterogeneous catalyst based on Pd-supported
nanoparticles onto COOH-modified graphite support in a mixture of phases (G-COOH-Pd-10).
This material has shown interesting catalytic behavior in the Suzuki-Miyaura coupling reaction of
fluorinated aryls with TOF values of up to 67 h−1 which are higher than those found for reported
homogeneous palladium complexes in similar reactions for the formation of fluorinated biaryls.
In addition, the recyclability of the system G-COOH-Pd-10 at short 3 h reaction time shows a
progressive loss of activity in the catalytic tests from 90% to 47% after the fifth cycle. However,
this material showed a good degree of recyclability with a low deactivation of less than 8% after up to
five catalytic cycles after 48 hours, probably due to the longer reaction time compensating for the loss
of activity.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/3/76/s1. Table S1:
Experimental quantities of reagents for the Pd loading study; Table S2: Adsorptive parameters of the materials
G-COOH and G-COOH-Pd-10; Figure S1: TEM image of G-COOH showing the single layer of graphene; Figure S2:
TEM image of a cluster of agglomerated Pd nanoparticles; Figure S3: TEM image showing the impregnation of a
cluster of Pd nanoparticles at the edge of the graphene layer; Figure S4: FT-IR spectrum of G-COOH-Pd-10; Figure
S5: Nitrogen adsorption desorption isotherm of G-COOH; Figure S6: XRD of the material G-COOH-Pd-10; Figure
S7: Comparison of the 19F NMR spectra of the reaction between 1-bromo-4-fluorobenzene and phenylboronic acid
catalyzed by G-COOH-Pd-10 in the presence of a constant quantity of standard (4-fluorobenzophenone) at different
reaction time periods; Figure S8: 19F NMR spectrum of the starting solution of 1-bromo-4-fluorobenzene in the
presence of a constant quantity of standard (4-fluorobenzophenone) (0 hours); Figures S9–S12: 19F NMR spectrum
of the reaction between 1-bromo-4-fluorobenzene and phenylboronic acid catalyzed by G-COOH-Pd-10 after 3, 8,
24, and 48 hours of reaction in the presence of a constant quantity of standard (4-fluorobenzophenone), Figure S13:
Comparison of the 19F NMR spectra of the reaction between 1-bromo-2-fluorobenzene and 4-fluorophenylboronic
acid catalyzed by G-COOH-Pd-10 in the presence of a constant quantity of standard (4-fluorobenzophenone) at
different reaction time periods. In addition, the spectroscopic data (1H and 19F NMR) of all the fluorinated biaryl
derivatives are included.
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Abstract: Palladacycles are highly efficient precatalysts in cross-coupling reactions whose immobilization
on carbonaceous materials has been hardly studied. Herein, we report a detailed study on the
synthesis and characterization of new oxime palladacycle-graphene oxide non-covalent materials
along with their catalytic activity in the Suzuki–Miyaura reaction. Catalyst 1-GO, which has been
fully characterized by ICP, XPS, TGA, and UV-Vis analyses has been demonstrated to be an efficient
catalyst for the Suzuki–Miyaura coupling between aryl bromides and arylboronic acids using very
low catalyst loadings (0.002 mol % of Pd) at room temperature under aqueous conditions.

Keywords: graphene oxide; Suzuki–Miyaura coupling; palladacycle; aryl bromide; palladium;
aqueous conditions

1. Introduction

Palladium-catalyzed cross-coupling reactions occupy a predominant place in the arsenal
of synthetic chemists [1–9]. Carbometallated Pd(II) compounds, especially the highly active
palladacycles [10–13], have emerged as very promising catalysts for C–C bond forming reactions.
These complexes usually involve very low catalyst loadings, minimizing the cost-effective impact of
the expensive palladium. However, the product contamination problems associated with this toxic
metal have converted the immobilization of this type of well-defined complex into an attractive strategy
to develop sustainable catalytic processes. Until now, different palladacycles have been immobilized
on inorganic and organic supports through covalent or non-covalent interactions [11,12]. Among
them, silica-based supports [14–24], organic polymers [19,25–37], monolithic supports [38], magnetic
nanoparticles [39,40], macrocyclic molecules [41], and Montmorillonite [42,43], are the studied systems.
Although these catalysts can be generally reused, a progressive deactivation caused by complex
degradation is usually observed, with the reaction products generally being vulnerable to palladium
contamination [44]. Also, contribution to the catalysis of leached species, from the solid into the
solution, is usually observed.

During the last years, carbon-derived materials have been designed as interesting supports for
palladium nanoparticles due to their chemical stability as well as large specific surface area. This type
of catalyst has been mainly used in the Suzuki–Miyaura cross-coupling reaction [45–62]. However,
to the best of our knowledge, only very recently has some attention been paid to the immobilization
of palladacycles to graphene materials, with two studies having been reported so far using covalent
immobilization strategies [63,64].
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Very recently, we have shown that palladium nanoparticles (Pd NPs), supported on graphene and
reduced graphene oxide, efficiently catalyze the Suzuki–Miyaura coupling between aryl bromides and
potassium aryltrifluoroborates under aqueous and low loading conditions (0.1 mol % Pd) employing
conventional or microwave heating [65]. Based on the experience and knowledge of our research group
with oxime palladacycles as highly efficient precatalysts in cross-coupling reactions [66–68], herein
we report a detailed study on the synthesis and characterization of new oxime palladacycle-graphene
oxide non-covalent materials along with their catalytic activity in the Suzuki–Miyaura reaction.

2. Results and Discussion

We initially chose GO as support for oxime palladacycles 1–3 (Figure 1) since this carbon
material shows interesting hydrophilicity and stability properties in liquid phase reactions due to the
abundant oxygen-containing functional groups on its surface. A non-covalent immobilization strategy,
through hydrogen-bond and π-stacking interactions between the pre-formed palladacycles and the
functionalized carbon support was selected to prepare the new catalytic materials. This approach
should integrally preserve the palladacycle structure, avoiding an uncontrolled generation of other
Pd(II) or Pd(0) species, as demonstrated by other authors when using a post-palladation strategy [17].
Furthermore, we expect the carbonaceous support to act as a reservoir and stabilizing medium for the
in situ generated Pd NPs, which could extend the catalyst lifetime.

Figure 1. Oxime palladacycles employed in this study.

Preliminary studies on the immobilization of the palladacycles over GO were carried out
with complex 1. The preparation procedures tested to obtain the 1-GO catalyst are indicated in
Scheme 1. Basically, they consisted of the synthesis of the corresponding oxime palladacycle 1 from
4,4′-dichlorobenzophenone [69] and a subsequent immobilization of this complex over GO [70] in THF
or water as solvents (Scheme 1). As depicted, sonication of the palladacycle in the presence of GO for
1 h (methods B and C) significantly improved the content of the immobilized complex on the carbon
surface as determined by Inductively Coupled Plasma Optical Emission Spectrometry ICP-OES, being
the highest (2 wt % Pd) when using THF as solvent (method B). Finally, following B conditions but
starting from 4-hydroxyacetophenone and 1-[4-(2-hydroxyethoxy)phenyl]ethan-1-one, the supported
catalysts 2-GO (2.72 wt % Pd by ICP-OES) and 3-GO (2.98 wt % Pd by ICP-OES) were also prepared
(Scheme 1).

X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental composition of the
surface of the different catalysts. Interestingly, XPS analysis of the palladacycles 1–3 and all the
supported catalyst batches showed all the binding energies associated with the oxime palladacycle
structure (see SI). This point confirmed the stability of the cyclopalladated complexes during the
immobilization process to GO. In fact, in the case of the preparation of 1-GO, no structural changes
were observed by 1H-NMR analysis in the eluted palladacycle after the immobilization process (see SI).
Generally, none of the prepared catalysts contained palladium oxides or palladium(0) species on their
surface according to the XPS analyses. Indeed, in isolated cases we could identify small amounts of
the precursor Li2PdCl4 by XPS analysis, easily removed by simple washings with water. On the other
hand, in the case of using water as solvent (method C) for the preparation of 1-GO, we also observed
small amounts (~8%) of a non-identified oxidized palladium specie (336.0 and 341.1 eV by XPS, see SI).
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Scheme 1. Synthesis of supported oxime palladacycles.

Thus, performing the palladation reaction using THF as solvent before immobilization onto GO
led to the integral cyclopalladated species being supported. In fact, Pd(0) has been previously detected
when anchoring oxime palladacycles to different supports such as, 3-hydroxypropyltriethoxysilyl-
functionalized MCM-41 [17] and 3-(aminomethyl)pyridine-functionalized graphene oxide [63].

Figures 2 and 3 show the XPS spectra of 1 and 1-GO where the spectroscopic signature of
palladium, carbon, oxygen, and nitrogen atoms has been determined [71–73] Regarding palladium
(Figure 3a), the Pd3d XPS spectrum for 1 and 1-GO showed the corresponding binding energies at
337.70 (3d5/2) and 343.02 (3d3/2) eV and 337.62 (3d5/2) and 342.83 (3d3/2) eV, respectively. These
energies were assigned to the Pd(II) from the oxime palladacycle. On the other hand, O1s XPS analysis
for catalyst 1 showed three different components related to the C=N–OH bond at 531.76 eV, the O–H
bond at 533.5 eV and the C–O bond at 532.20 eV (Figure 3b). The higher content of the O–H and C–O
groups in 1-GO (532.20 and 533.32 eV, respectively) can be associated with the corresponding groups
on the graphene oxide surface. The carbonaceous material was also responsible for the higher content
of the C=C/C–H aromatic ring binding energies (284.60 and 286.71 eV) in the C1s XPS spectrum
of 1-GO when compared with 1 (Figure 3c). The N1s XPS spectra of 1 and 1-GO showed the N=C
bonding energies at 400.36 and 399.93 eV, respectively. Furthermore, the peaks corresponding to
the N–Pd moiety appeared at 402.86 eV for 1 and 401.93 eV for 1-GO (Figure 3d). Finally, the Cl2p
XPS spectra of 1 was analyzed showing the corresponding binding energies at 198.6 eV (2p), 199.9
(2p3/2) and 200.3 eV (2p1/2). These energies were assigned to the Cl–Pd bonding energy from the
oxime palladacycle 1. The band at 200.1 8 eV corresponded to the 2p3/2 aromatic–Cl bonding energy
(Figure 3e) [63].
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Figure 2. X-ray photoelectron spectroscopy (XPS) full spectra of: (a) 1; (b) 1-GO.
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Figure 3. XPS spectra of 1 and 1-GO: (a) Pd3d; (b) O1s; (c) C1s; (d) N1s; (e) Cl2p, and deconvoluted
peaks (%) for Pd3d, C1s, O1s, N1s and Cl2p core levels.

Thermogravimetric analysis (TGA) of 1 (line blue), GO (black), and 1-GO (line red) was next performed
(Figure 4). As shown, palladacycle 1 presents a 39% mass loss below 300 ◦C which corresponds with
the degradation of the 4,4′-dichlorobenzophenone oxime. On the other hand, regarding the support,
GO exhibited around a 13% mass loss below 100 ◦C and almost a 27% loss at 210 ◦C resulting from the
removal of the labile oxygen-containing functional groups and H2O. Finally, 1-GO exhibited a 28%
mass loss at 200 ◦C due to the loss of the carbonaceous oxygenated species from GO and the loss of the
organic ligand of the palladacycle. A final and significant common drop in mass was observed for
the three materials around at 925 ◦C connected with the pyrolysis of the carbon skeletons (Figure 4).
According to the TGA, the Pd content for catalyst 1-GO (measured over different material batches)
was between 1.35% to 2% which slightly differs from the content obtained from the more accurate
ICP-OES technique (1.10% Pd).

Figure 4. Thermogravimetric analysis (TGA) of 1 (line blue), GO (black), and 1-GO (line red).
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Catalyst 1-GO was also characterized by solid UV-vis spectroscopy. As depicted in Figure 5,
4,4′-dichlorobenzophenone oxime (EtOH solution) showed the characteristic absorption C band
at 265 nm. This absorption band was slightly blue shifted to 261 nm for palladacycle 1, which
also exhibited the specific metal-to-ligand charge transfer band at about 357 nm. As shown in the
UV-vis absorption spectra, graphene oxide exhibited two absorption peaks, a maximum at 230 nm
corresponding to π/π* transitions of aromatic C–C bonds, and a shoulder at 293 nm attributed to n/π*
transitions of C=O bonds [74]. Finally, in the UV-vis spectrum of 1-GO, the absorption C band from
the palladacycle at 262 nm could be detected (Figure 5).
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Figure 5. UV-Vis spectra of: 4,4′-dichlorobenzophenone oxime (EtOH solution), palladacycle 1 (solid
state), GO (solid state), and 1-GO (solid state).

Palladacycles 1 and 2 have been demonstrated by our group to be very active precatalysts
in the Suzuki–Miyaura reaction under organic [75] and aqueous conditions [76]. On the other hand,
the amphiphilic character of GO (hydrophilic edges and hydrophobic basal plane) [77] should
be beneficial in aqueous processes, converting this material in a potential phase-transfer catalyst.
Thus, the synthesized materials 1-GO, 2-GO, and 3-GO were tested as precatalysts in the aqueous
Suzuki–Miyaura cross-coupling between 4-bromoanisole and phenylboronic acid at room temperature
under low loading conditions (0.02 mol % Pd) (Table 1). Initially, we demonstrated that GO (2 wt %) was
not active in the cross-coupling process (Table 1, entry 1). As depicted in entries 2–4, the non-supported
palladacycles 1–3 afforded 4-methoxybiphenyl (4) with high yields after 20 h (83, 80, and 99%,
respectively). Similar results were obtained for the supported catalysts 1-GO (85%) and 3-GO (82%) in
the cross-coupling reaction, while catalyst 2-GO afforded 4 in a lower 69% conversion (Table 1, entries
5–7). In order to compare catalytic activities under the studied reaction conditions, Herrmann’s catalyst
(5) (Herrmann’s catalyst was purchased from Aldrich (Madrid, Spain)) was also supported in GO
following immobilization method B (Scheme 1) to afford catalyst 5-GO with a 3.22% of Pd content
according to the ICP-OES analysis (see SI for the synthesis and characterization data). As depicted in
entries 8 and 9, both 5 and 5-GO afforded 4-methoxybiphenyl with good conversion, showing similar
catalytic activities than the rest of the tested palladacyclic catalysts.
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Table 1. Suzuki–Miyaura reaction. Catalyst study.

Br B(OH)2

MeO
MeOH/H2O: 3/1

rt, 20h
MeO

Pd catalyst, K2CO3

4a

+

Entry Pd Catalyst Mol % Pd 4a (Conv., %) 1

1 GO - 0
2 1 0.02 83
3 2 0.02 80
4 3 0.02 99
5 1-GO 0.02 85
6 2-GO 0.02 69
7 3-GO 0.02 86
8 5 0.02 80
9 5-GO 0.02 81

10 PdNPs-G 0.02 30
11 PdNPs-rGO 0.02 40
12 1-GO 0.002 99 (73)
13 2-GO 0.002 45
14 3-GO 0.002 33
15 5-GO 0.002 15

1 Reaction conversion towards 4 determined by GC analysis. Isolated yield in brackets.

The activity of immobilized palladium nanoparticles on graphene nanoplatelets (PdNPs-G) and
reduced graphene oxide (PdNPs-rGO) as a catalyst was also evaluated in the model Suzuki–Miyaura
coupling. As previously described, these supported catalysts, obtained from NanoInnova Technologies
S.L., have shown good activity in the Suzuki cross-coupling of potassium aryltrifluoroborates with
aryl halides [65]. However, under the studied conditions, these materials afforded 4-methoxybiphenyl
(4) in a 30 and 40% conversion, respectively (Table 1, entries 10 and 11).

In view of the obtained results, it became evident that a reduction in the catalyst loading
was mandatory to determine the most active catalyst in the model Suzuki cross-coupling. Thus,
supported catalysts 1-GO, 2-GO, 3-GO, and 5-GO were tested reducing the catalyst loading down to
0.002 mol % of Pd in order to test the limits of the new materials. As depicted in Table 1 (entries 12–15),
only oxime-palladacycle-derived catalyst 1-GO was active enough to give 4-methoxybiphenyl in a
good 73% isolated yield at room temperature.

Next, we performed a substrate scope using catalyst 1-GO under the optimized reaction
conditions (Table 2). Initially, we checked the reactivity of different boron-derived nucleophiles with
4-bromoanisole (Table 2, entries 1–4), none of them being as active as the phenylboronic acid. Then,
we confirmed the activity of the catalytic system using deactivated aryl bromides as electrophiles,
since not only 4-bromoanisole but also 4-bromophenol afforded, after reaction with phenylboronic
acid, the corresponding [1,1′-biphenyl]-4-ol in a 61% yield (Table 2, entry 5). Both the activated
4-bromoacetophenone and the neutral bromobenzene reacted with phenylboronic acid and 4-tolylboronic
acid to afford biphenyls 4c and 4d in 66 and 94% yields, respectively. On the other hand, as depicted
in entries 8 and 9, 1-GO seemed to be very sensitive towards the steric hindrance of the reactants since
a 42% yield was obtained for the reaction between 2-bromotoluene and phenylboronic acid (entry 9),
while no reaction was observed when 4-bromoanisole reacted with (2,6-dimethylphenyl)boronic acid
(Table 2, entry 9). Regarding the electronic nature of the nucleophile, the electron-rich 4-tolylboronic
acid afforded 4g in a 68% yield after reaction with 4-bromoanisole (Table 2, entry 10). On the contrary,
the electron-poor 4-(trifluoromethyl)phenylboronic acid showed, as expected, a very low reactivity
with the same deactivated electrophile giving biphenyl 4h in a 12% yield (Table 2, entry 11). Finally, we
could also perform a Suzuki alkenylation of 4-bromoanisole with styrylboronic acid, which afforded
compound 4i in a 35% yield (Table 2, entry 12).
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Table 2. Suzuki coupling catalyzed by 1-GO 1.

Entry R R’ BX Product Yield (%) 2 TON

1 4-OMe H B(OH)2 73 36,500

2 4-OMe H BF3K 33 16,500

3 4-OMe H B(OCMe2)2 27 13,500

4 4-OMe H B(OCOCH2)2NMe 5 -

5 4-OH H B(OH)2 61 30,500

6 4-Ac H B(OH)2 66 33,000

7 H 4-Me B(OH)2 94 47,000

8 2-Me H B(OH)2 42 21,000

9 4-OMe 2,6-(Me)2 B(OH)2 5 -

10 4-OMe 4-Me B(OH)2 68 34,000
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Table 2. Cont.

Entry R R’ BX Product Yield (%) 2 TON

11 4-OMe 4-CF3 B(OH)2 12 6000

12 4-OMe -3 B(OH)2 35 17,500

1 Reaction conditions: ArBr (1.25 mmol, 1 eq.), ArB(OH)2 (1.56 mmol, 1.25 eq.), K2CO3 (2.5 mmol, 2 eq.), 1-GO
(2 × 10−3 mol % Pd); 2 Isolated yields after flash chromatography; 3 Styrylboronic acid was used as nucleophile.

With respect to the active species involved in the Suzuki reaction employing 1-GO as a pre-catalyst,
it is well-known that oxime palladacycles act as stable precursors to highly active and truly Pd(0)
catalyst, usually generated after transmetallation by the activated boron nucleophile followed by a
reductive elimination reaction of the aryl-ligated palladacycle [78]. The presence of water in the reaction
medium, as demonstrated by Blackmond [79], would also play a key role in accelerating the initial
formation of the monomeric active catalytic species. As commented above, palladium nanoparticles
on graphene nanoplatelets (PdNPs-G, average nanoparticle size: 4.50 nm) and reduced graphene
oxide (PdNPs-rGO, average nanoparticle size: 10.9 nm) have shown lower activity in the model
Suzuki reaction under the optimized reaction conditions, probably due to the agglomeration of the
nanoparticles under the reaction conditions. The slow release of the active Pd species from the oxime
palladacycle in 1-GO, would account for the better activity of this material in the Suzuki reaction.

A simple recovery and reuse of transition-metal immobilized catalytic systems is highly desirable
from both economic and environmental points of view. Therefore, a study of 1-GO recyclability
was carried out on the model reaction, i.e., the coupling between 4-bromoanisole and phenylboronic
acid using 0.1 mol % Pd as catalyst loading. After each cycle, the catalyst was easily separated from
the reaction mixture by washing the crude reaction with a EtOAc/H2O: 1/1 solvent mixture and
subsequent centrifugation (see SI, for details). As depicted in Scheme 2, catalyst 1-GO showed good
catalytic activity for the two first reactions runs, decreasing the conversion of the reaction from the
third cycle.

Br B(OH)2

MeO

MeOH/H2O: 3/1
rt, 20h

MeO

+

1-GO (0.1 mol% Pd)
K2CO3

Run
1
2
3
4
5

4a (Conv., %)
99
99
61
65
16  

Scheme 2. 1-GO recyclability and yields in the Suzuki–Miyaura coupling in different reaction cycles.
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Figure 6 shows the reasons why 1-GO undergoes a loss of catalytic activity along the successive
reaction cycles. The Pd3d X-ray photoelectron spectroscopy (XPS) spectrum (Figure 6a) indicated the
presence of two different Pd(II) entities. The component at the higher binding energy was assigned to
oxime palladacycle 1, while the component at the lower binding energy [336.2 (Pd3d5/2) and 341.8
(Pd3d3/2) eV] was assigned to PdO due to the surface oxidation of the Pd NPs generated from the
palladacycle during the catalytic cycles [80]. C1s XPS analysis also showed a marked decrease of the
oxygen content in 1-GO after the fifth run: Fresh 1-GO (O/C: 0.714); 1-GO after the fifth cycle (O/C:
0.371). The low catalytic activity of palladium oxide, especially being agglomerated as demonstrated
by the TEM analysis (Figure 6b), would account for the observed decrease of the catalytic activity
of the 1-GO system. Also, inductively coupled plasma mass spectrometry (ICP-OES) analysis of the
washings after the fifth run showed 67 ppb of Pd leaching.

 

Figure 6. Analysis of 1-GO after five reaction cycles: (a) XPS Pd spectrum; (b) TEM images.

Oxime palladacycles are considered reservoirs of highly active palladium nanoparticles [66–68].
Usually, PdNps supported on graphene materials are prepared by reduction of a Pd salt or Pd
catalyst in the presence of the corresponding carbonaceous support [45–62]. Then, we next turned
our attention to the reduction of 1 with NaBH4 and the catalytic activity of the supported PdNPs
was thus obtained. When unsupported palladacycle 1 was reduced with NaBH4 in the presence
of GO (Scheme 3, Eq. a) [81], a carbonaceous material [Pd(0)-rGO] with an 8.40% Pd content (by
ICP-OES analysis) was obtained. XPS analysis of this material showed a 75.8% content of Pd(0), which
unfortunately suffered agglomeration during the reduction process as demonstrated by TEM analysis
(Scheme 3 Eq. a). On the other hand, the reduction of 1-GO with NaBH4 (Scheme 3, Eq. b) afforded a
material [Pd(II)-rGO] which, according to ICP-OES analysis, contained a 5.97% Pd. XPS analysis of
[Pd(II)-rGO] demonstrated the stability of palladacycle under these reduction conditions since 76.8%
of 1 was not reduced. Both materials suffered a strong decrease of oxygen content as a consequence of
the reduction of GO (O/C: 0.655) to rGO (O/C: 0.237–0.369).

We also studied the activity of Pd(0)-rGO and Pd(II)-rGO in the model Suzuki reaction between
4-bromoanisole and phenylboronic acid under the optimized reaction conditions (0.002 mol % Pd)
(Scheme 4). As expected, Pd(0)-rGO was catalytically inactive in the process. On the other hand,
Pd(II)-rGO afforded 4a in a 40% yield (Scheme 4). This result ratified the important amphiphilic
effect of GO on the Suzuki coupling carried out under aqueous conditions. Palladacycle 1 was also
immobilized over rGO following Method B (see SI), but the material thus obtained (1-rGO) only
contained a 0.035% of Pd, according to the ICP-OES analysis.
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Scheme 3. Palladacycle reduction studies in the presence of GO.

 

Scheme 4. Suzuki coupling using rGO as a catalyst support.

3. Materials and Methods

3.1. General

Unless otherwise noted, all commercial reagents and solvents were used without further
purification. 1H-NMR (300 MHz) and 13C-NMR (75 MHz) spectra were obtained on a Bruker AC-300,
using CDCl3 as solvent and TMS (0.003%) as reference, unless otherwise stated. Low-resolution mass
spectra (MS) were recorded in the electron impact mode (EI, 70 eV, He as carrier phase) using an Agilent
5973 Network Mass Selective Detector spectrometer, being the samples introduced through a GC
chromatograph Agilent 6890N equipped with a HP-5MS column [(5%-phenyl)–methylpolysiloxane;
length 30 m; ID 0.25 mm; film 0.25 mm]. Analytical TLC was performed on Merck aluminum
sheets with silica gel 60 F254. Silica gel 60 (0.04–0.06 mm) was employed for flash chromatography.
The conversion of the reactions was determined by GC analysis on an Agilent 6890 N Network GC
system. Centrifugations were carried out in a Hettich centrifuge (Universal 320, 6000 rpm, 15 min).
ICP-MS analyses were performed on an Agilent 7700x equipped with HMI (high matrix introduction)
and He mode ORS as standard. Elemental analyses were determined with a CHNS elemental micro
analyzer with Micro detection system TruSpec LECO. X-ray Powder Diffraction (XRD) was performed
in a Bruker D8-Advance with mirror Goebel (non-planar samples) with high temperature Chamber (up
to 900 ◦C), with a generator of x-ray KRISTALLOFLEX K 760-80F (power: 3000 W, voltage: 20–60 KV
and current: 5–80 mA) with a tube of RX with copper anode. X-ray photoelectron spectroscopy (XPS)
was performed in a VG-Microtech Mutilab 3000 equipment equipped with a hemispherical electron
analyzer with 9 channeltrons (with energy of passage of (2–200 eV) and an X-ray radiation source
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with Mg and Al anodes. Transmission electron microscopy (TEM) was performed in JEOL Model
JEM-2010. This microscope features an OXFORD X-ray detector model INCA Energy TEM 100 for
microanalysis (EDS). The image acquisition camera is of the brand GATAN model ORIUS SC600. It is
mounted on the axis with the microscope at the bottom and is integrated into the GATAN Digital
Micrograph 1.80.70 image acquisition and processing program for GMS 1.8.0. The supported catalyst
were sonicated in a ultrasons P-Selecta (360 W). Solid state UV-Vis spectroscopy was performed in
a JASCO V-670 dual-beam UV-Vis/NIR spectrometer covering the wavelength range from 190 to
2700 nm. The equipment has a single monochromator with double netting, one for the UV-Vis region
(1200 grooves/mm) and one for the NIR region (300 grooves/mm). The detectors are a photomultiplier
tube for the UV-Vis region and a PbS detector for the NIR region. The switching of both the detectors
and the networks is automatically effected at a wavelength set by the user between 750 and 900 nm.
The sources used are a deuterium lamp (190 to 350 nm) and a halogen lamp (330 to 2700 nm). UV-Vis
spectroscopy analysis of oxime precursor of catalyst 1 was performed in ethanol solution (1.04 mg of
oxime in 20 mL of ethanol aproxymately) in a SHIMAZU UV-1603 spectrophotometer covering the
wavelength range from 190 to 2700 nm.

3.2. Synthesis of Oxime Palladacycle 1

A MeOH (0.8 mL) solution of the oxime derived from 4,4′-dichlorobenzophenone (1 eq), sodium
acetate (61.70 mg, 0.752 mmol, 1 eq) and Li2PdCl4 (1.5 mL of a 0.5 M solution in MeOH, 1eq) was
stirred at room temperature under argon atmosphere for 4 days. Then, water was added to precipitate
the corresponding palladium complex and subsequently, the palladacycle was filtered and washed
with water and hexane. Finally, the catalyst was dried under reduced pressure overnight giving oxime
palladacycle 1 as a yellow solid (47% yield).

3.3. Synthesis of 1-GO

A 10 mL glass vessel was charged with GO (200 mg) and 1 (45.89 mg). Then, anhydrous THF
(4 mL) was added and the reaction mixture was sonicated for 1 h. Afterwards, the reaction was
stirred at room temperature for 48 h. After this time, the catalyst was submitted to four washing (THF,
10 mL)-centrifugation (6000 rpm, 20 min) cycles, with the solvent being eliminated after each cycle
with a syringe equipped with a 4 mm/0.2 μm PTFE syringe filter. The residual solvent was completely
removed under reduced pressure affording 1-GO (2% Pd by ICP-OES).

3.4. Typical Procedure for the Suzuki–Miyaura Reaction

A 10 mL glass vessel was charged with 1-GO (0.002 mol % Pd, 0.198 mg), 4-bromoanisole (156.5 μL,
1.25 mmol, 1 eq), phenylboronic acid (190.20 mg, 1.56 mmol, 1.25 eq), K2CO3 (345.50 mg, 2.5 mmol,
2 eq) and MeOH/H2O: 3/1 (3 mL). The vessel was sealed with a pressure cap and the mixture was
stirred at room temperature for 20 h. Then, H2O (5 mL) and EtOAc (5 mL) were added and the liquid
mixture was filtered with cotton and extracted with EtOAc (3 × 10 mL). The organic layers were
dried over MgSO4 and concentrated under reduced pressure. The crude residue was purified by flash
chromatography (silica gel, Hexane/EtOAc: 95/5) to obtain 0.167 g of pure 4a (73% yield).

3.5. Typical Procedure for the Recovery of the Catalyst in the Suzuki–Miyaura Reaction

Once the reaction was finished, the mixture was suspended and stirred for 15 min in a
10 mL mixture of EtOAc/H2O: 1/1. Then, this mixture was centrifuged (6000 rpm, 20 min) and
the solvent was eliminated using a syringe equipped with 4 mm/0.2 μm PTFE syringe filter.
The washing/centrifugation sequence was repeated four additional times until no product was
detected in the liquid phase by thin layer chromatography. The residual solvent was completely
removed under reduced pressure affording the supported palladacycle catalyst which was directly
used in the same tube with fresh reagents for the next run. This procedure was repeated for every
cycle and the conversion of the reaction was determined by GC using decane as internal standard.
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4. Conclusions

We have synthesized and characterized new non-covalent supported oxime palladacycles on
graphene oxide as efficient catalysts for the Suzuki–Miyaura coupling between aryl bromides and
arylboronic acids. Catalyst 1-GO resulted very active for this process under aqueous conditions
at room temperature under very low catalyst loadings (0.002 mol % Pd). Catalyst 1-GO can be
recovered and reused with loss of catalytic activity after the second cycle due to the oxidation and
metal agglomeration processes.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/3/94/s1.
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Abstract: Suzuki-Miyaura coupling reaction catalyzed by the palladium (Pd)-based nanomaterials is
one of the most versatile methods for the preparation of biaryls. However, use of organic solvents
as reaction medium causes a big threat to environment due to the generation of toxic byproducts
as waste during the work up of these reactions. Therefore, the use of water as reaction media has
attracted tremendous attention due to its environmental, economic, and safety benefits. In this study,
we report on the synthesis of green Pd@graphene nanocatalyst based on an in situ functionalization
approach which exhibited excellent catalytic activity towards the Suzuki–Miyaura cross-coupling
reactions of phenyl halides with phenyl boronic acids under facile conditions in water. The green
and environmentally friendly synthesis of Pd@graphene nanocatalyst (PG-HRG-Pd) is carried out by
simultaneous reduction of graphene oxide (GRO) and PdCl2 using Pulicaria glutinosa extract (PGE) as
reducing and stabilizing agent. The phytomolecules present in the plant extract (PE) not only facilitated
the reduction of PdCl2, but also helped to stabilize the surface of PG-HRG-Pd nanocatalyst, which
significantly enhanced the dispersibility of nanocatalyst in water. The identification of PG-HRG-Pd
was established by various spectroscopic and microscopic techniques, including, high-resolution
transmission electron microscopy (HRTEM), X-ray diffraction (XRD), ultraviolet–visible spectroscopy
(UV-Vis), Fourier transform infrared spectroscopy (FT-IR), and Raman spectroscopy. The as-prepared
PG-HRG-Pd nanocatalyst demonstrated excellent catalytic activity towards the Suzuki-Miyaura cross
coupling reactions under aqueous, ligand free, and aerobic conditions. Apart from this the reusability
of the catalyst was also evaluated and the catalyst yielded excellent results upon reuse for several
times with marginal loss of its catalytic performance. Therefore, the method developed for the green
synthesis of PG-HRG-Pd nanocatalyst and the eco-friendly protocol used for the Suzuki coupling
offers a mild and effective substitute to the existing protocols and may significantly contribute to the
endeavors of green chemistry.

Keywords: green synthesis; plant extract; palladium; graphene and Suzuki-Miyaura coupling

1. Introduction

Catalysis plays a very important role in many aspects of life, ranging from academic research to
the chemical industry [1]. In the absence of catalysts, manufacturing of several essential commodities
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would not be possible at affordable prices—such as medicines, polymers, paints, lubricants, and
various types of fine chemicals [2,3]. So far, the field of catalysis has made remarkable advances in the
development of several catalytic processes for various important organic transformations including
C–H bond activations, chemoselective oxidation and reductions, asymmetric hydrogenations, oxidative
aminations, etc. [4,5]. Apart from these catalytic transformations, the cross-coupling reactions for the
creation of C–C bonds, such as Heck coupling, Stille, Sonogashira, Kumada, and Suzuki-Miyaura
coupling reactions have gained immense interest in several fields [6]. These reactions have been
extensively applied for the vast industrial organic transformations, including for the production of
agrochemicals, pharmaceuticals, and various other fine chemicals [7].

Among various coupling reactions, the Suzuki–Miyaura coupling has become the most powerful
tool for the formation of C–C bonds, which is a transition-metal-catalyzed cross-coupling between
an organoboron compound and an organic (pseudo) halide [8]. The Suzuki–Miyaura couplings
have gained immense popularity due to their mild reaction conditions, wide range of functional
group tolerance, high stability, and easy availability of organoboron reagents [9]. Although, several
transitional-metal-based catalysts have been investigated for the Suzuki–Miyaura cross-coupling but
palladium-based heterogeneous catalysts have so far gained great success, due to their robust ligand
design [10–12]. Particularly, due to the rapid advancement of nanotechnology, Pd nanoparticle (NP)-based
heterogeneous nanocatalysts have emerged as excellent substitutes to other organometallic-based
conventional materials, which are found to be robust and possessing high surface area and that
were used as catalyst support for Suzuki–Miyaura cross-coupling [13,14].

The nano-sized Pd-based catalysts enhances the surface area many folds which results in
increasing the contact between substrate and catalyst, and their insolubility in reaction solvents
facilitates effortless separation [15]. In order to further enhance the efficiency, cost effectiveness of
Pd-based nanocatalysts, different types of support materials are required which facilitate stabilization
and homogeneous dispersion of nanocatalyst [16]. So far, silica-based support materials, due to their
excellent stability and porosity, have been commonly applied for the Suzuki–Miyaura cross-couplings
reactions [17]. Apart from this, many carbon-based support materials have also been applied, as their
high specific surface area, superior electronic conductivity and excellent stability significantly improve
the activity and stability of Pd nanocatalysts [18]. Recently, graphene, as a new promising candidate
among various carbon materials, has attracted tremendous attention of scientists and technologists
due to its remarkable properties [19]. Owing to its 2D planar structure, excellent conductivity and
large theoretical specific surface area of 2630 m2·g−1, graphene has garnered an incredible reputation
as a support material in catalysis [20].

The synthesis of composite, combining the intrinsic properties of both Pd and graphene in the form
of nanocomposite, may collectively contribute to the further enhancement of the catalytic properties of
hybrid nanocatalysts [21]. The dispersion of Pd NPs on the surface of graphene is usually carried out
either via post immobilization (ex situ hybridization), which involves the mixing of separate solutions
of graphene and presynthesized Pd NPs or by the in-situ crystallization of NPs [22,23]. The in-situ
binding is carried out via simultaneous reduction of Pd salts and graphene oxide (GRO) with several
reduction techniques including chemical, thermal or electrochemical reduction [24–26]. So far, majority
of Pd-graphene (Pd@graphene nanocomposite) is prepared by in-situ chemical reduction of Pd salts
and GRO, which usually involves potentially hazardous and toxic reagents, starting materials, solvents,
and stabilizers [27,28]. Recently, atomic layer deposition technique was used for the preparation of
Pd/graphene nanocomposites [29,30], which give enhanced control over particle size and dispersion,
however these techniques cannot be carried out easily in all labs and will be more difficult to scale up.

Due to growing environmental concerns, the involvement of the concepts of the green chemistry,
which are designed to eliminate or reduce harmful chemicals or chemical processes that are a
threat to the environment have become imminent in the field of nanocatalysis [31,32]. Therefore,
applying green methods for the synthesis of catalysts and using sustainable catalytic processes may
tremendously enhance the energy efficiency, environmental friendliness, and several economic benefits
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for the large scale industrial processes [33]. Recently, the trends of applying green reductants—such
as microorganisms, plant extracts (PEs), and amino acids—in the field of nanotechnology have
garnered significant popularity [34]. Particularly, the acceptance of PEs as suitable alternatives to
the chemical reductants has been steadily growing in recent years, due to their easy availability and
cost effectiveness [35,36]. To date, PEs have been used for the preparation of different metallic NPs
and also for the reduction of GRO, however, they are rarely applied for the in-situ preparation of
graphene-metallic NP-based nanocomposites [37–39]. For instance, in our previous study, Pd@graphene
nanocomposites were prepared in a facile method by the simultaneous reduction of GRO and
PdCl2 using Salvadora persica L. (miswak) root extract (RE) as bioreductant [38]. The as-prepared
nanocomposites demonstrated excellent catalytic activities towards the selective oxidation of alcohols.

Herein, we demonstrate the synthesis of Pd@graphene nanocomposites using Pulicaria glutinosa
extract (PGE) as reducing agent. The reducing ability of PGE that possesses rich phenolic contents has
been already tested for the efficient synthesis of various metallic NPs [40]. Apart from this, the PGE
has also been applied for the effective reduction of GRO and stabilization of HRG [41]. In view of
the excellent reducing properties of the PGE for nanoparticles as well as GRO, we contemplated the
study of one-step preparation of nanocomposite involving metallic NPs and GRO via simultaneous
reduction. In continuation of our previous study, the PGE is now being used as a green reductant for
the preparation of catalytically active Pd@graphene nanocatalyst (Scheme 1). The PGE not only acted
as a reducing agent but also functioned as an in-situ functionalizing ligand to facilitate the dispersion
of Pd NPs onto surface of HRG nanosheets. During this study, the catalytic activity of the Pd@graphene
nanocomposites towards Suzuki-Miyura coupling reactions were tested and compared with the activity
of previously prepared Pd NPs with the same PGE. Although, in both cases comparable catalytic
activity is obtained, however, in the latter scenario a higher amount of Pd nanocatalyst was required to
obtained similar catalytic activity. Furthermore, detailed kinetic study of catalytic coupling reactions
and reusability of the catalyst was also performed. Pd@graphene nanocomposites and the products
of the catalytic reactions were characterized using various microscopic and analytical techniques
including gas chromatography (GC), XRD, FT-IR, UV-Vis, and HRTEM.

Scheme 1. Schematic illustration of the green synthesis of Pd@graphene nanocatalyst (PG-HRG-Pd)
using an aqueous extract of the P. glutinosa and their catalytic activity for the Suzuki Miyaura coupling.
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2. Results and Discussion

The preparation of Pd@graphene nanocatalyst is performed in a single step via concurrent
reduction of GRO and PdCl2 under mild conditions using P. glutinosa extract (PGE) as both reducing
and stabilizing agent. To begin with, PGE was added in the required amount to the aqueous mixture of
GRO and PdCl2. The resulting mixture was stirred under reflux conditions until a clear color change
from dark brown to black was observed, which indicated the formation of Pd@graphene nanocatalyst
(PG-HRG-Pd). Furthermore, to study the effect of the amount of Pd NPs on the catalytic activities of
PG-HRG-Pd nanocatalyst, two different samples including PG-HRG-Pd-1 and PG-HRG-Pd-2 were
prepared by taking 50 wt % and 75 wt % of PdCl2 with that of GRO, respectively, however, to monitor
the influence of precursors on the density and distribution of Pd NPs on graphene support, the amount
of PGE was not changed during this process.

Most of the oxygen-containing functional groups are removed during the reduction of GRO
which affects the dispersing properties of HRG severely and makes it difficult to use HRG for further
processing. To counter this, various additional stabilizing agents and surfactants are usually added for
the dispersion of HRG, which facilitates better dispersibility of the resulting mixture. However, the PGE
which is used here as a reducing agent is already known to possess various phytomolecules such as
terpenoids, flavonoids, etc., which are rich in oxygen containing functional groups. These functional
groups not only facilitated the simultaneous reduction of GRO and PdCl2 but also helped to stabilize
PG-HRG-Pd nanocatalyst by sticking on the surface of the resulting material. The oxygen containing
functional groups of various phytomolecules of residual PGE, which remained attached on the surface
of the HRG nanosheets, extend into the solution to provide electrostatic repulsion that stabilizes the
suspension. Among these functional groups, several carboxyl and hydroxyl groups are also present,
which may act as the active sites for the adsorption of Pd ions and also facilitate nucleation and growth
of Pd NPs.

2.1. TEM and EDX Analysis

The presence of residual phytomolecules on the surface of PG-HRG-Pd not only enhances the
aqueous dispersibility of the resulting composite, but also facilitates the homogeneous distribution
of Pd NPs on the surface of HRG nanosheets. Since the nucleation of Pd starts directly on to the
bound phytomolecules, it results in highly dense coating of Pd NPs on the surface of HRG sheets as
shown in transmission electron micrographs (Figure 1). Detailed size distribution analysis of Pd NPs
using 50 wt % ratio of Pd precursor is difficult to comment on as the particles are mostly anisotropic.
The most excited morphology among metal nanoparticles is two-dimensional (2D) nano-plates (triangle
or hexagonal shape). As shown in HRTEM images, the lower concentration of Pd precursor also results
mostly in triangle shape Pd NPs. Here, the average edge length of Pd triangle is ~15–18 nm. The fcc
structure of the Pd phase is confirmed by measuring the lattice d-spacing on top of one of the triangle
shape HRTEM image which is 2.4 Å corresponding to (111) plane. However, upon using a higher
concentration of Pd precursor, the morphology became isotropic with particle sizes of ~7–8 nm but
it further improved the density and distribution of Pd nanoparticles onto graphene. It has provided
an efficient support for the homogenous distribution of Pd NPs. In the former case where less
concentration of Pd precursor is used, it could be the result of fast depletion of precursor to give rise to
Ostwald ripening, resulting in bigger and anisotropic particles. This is also evidenced by very small
particles in the background of bigger particles attached to support material (HRG). Whereas, in the
latter case where more precursor salt is used, there is enough precursor to grow the nuclei beyond
a critical radius. However, it is worth mentioning that these nanoparticles are polycrystalline with
domains exposed on the surface having d-spacing (2.23 Å) corresponding to the (111) plane and also
d-spacing 1.89 Å related to (200) of cubic Pd phase. The composition of the product is confirmed
by energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 2). Apart from the signal of Pd,
the oxygen and carbon can also be seen in the EDX spectrum of PG-HRG-Pd-1, which can be attributed
to the oxygen-containing functional groups of the residual phytomolecules.
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Figure 1. Transmission electron microscope (TEM) and high-resolution (HRTEM) images of the
Pd@graphene nanocatalyst (PG-HRG-Pd-1) (A) overview PG-HRG-Pd (50 wt % ratio of Pd precursor);
(B) HRTEM image confirming the triangular shape of Pd nanoparticles with distance between two Pd
lattice fringes is 2.4 Å (inset) corresponding to (111) crystal planes of face-centered cubic (fcc) Pd
crystals; (C) overview PG-HRG-Pd (75 wt % ratio of Pd precursor) showing the enhanced density of
Pd nanoparticles and (D) high-resolution (HRTEM) image of the corresponding sample confirming the
spherical morphology and also fcc structure of as synthesized Pd NPs (inset).

Figure 2. Energy dispersive X-ray spectrum (EDX) of as-synthesized Pd@graphene nanocatalyst
(PG-HRG-Pd-1) confirming the composition of product.

2.2. Raman Spectroscopy

Raman spectroscopy was applied to monitor the reduction of GRO. Raman spectra of GRO and
PG-HRG-Pd-1 nanocatalyst are displayed in Figure 3. Pristine graphene consists of two different
characteristic signals, with the G and D bands situated at 1575 cm−1 and 1350 cm−1, respectively.
However, after oxidation, the sp2 character in graphene is destroyed and various defects are formed in
GRO, due to which the characteristic bands of graphene in this case are shifted to 1602 and 1340 cm−1,
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respectively. Notably, these bands are relocated closer to their ideal positions after the reduction with
PGE in the Raman spectrum of PG-HRG-Pd-1, i.e., the G band is shifted from 1602 to 1592 cm−1,
whereas the D band is relocated from 1340 to 1336 cm−1. The emergence of some visible changes in
the Raman spectra of GRO after reduction with PGE clearly reflects the formation of PG-HRG-Pd-1.

Figure 3. Raman spectra of graphene oxide (GRO) and plant extract-mediated Pd@graphene
nanocatalyst (PG-HRG-Pd-1).

2.3. XRD Analysis

XRD analysis was used to confirm the phase and crystallinity of PG-HRG-Pd-1. For this purpose,
XRD diffractogram of pristine graphite, GRO, and PG-HRG-Pd-1 were measured as shown in Figure 4.
Typically, graphite consists of an intense reflection at 26.4◦ (002), which is moved to the lower brag
angle in case of GRO at 10.9◦ corresponding to (001) plane with d-spacing of 0.81 nm, due to the
addition of various oxygen containing functional groups between the graphite layers during the
oxidation process [42]. Notably, in the XRD pattern after reduction, i.e., of PG-HRG-Pd-1, a broad
reflection appeared at ~22.4◦ (002), whereas the reflection corresponding to (001) plane of GRO at
10.9◦ disappeared. This clearly points towards the destruction of the regular layered structure of GRO
and the formation of a few layer stacked HRG sheets in PG-HRG-Pd-1 after the reduction with PGE.
Besides, the XRD spectrum of PG-HRG-Pd-1 also contains several reflections at 40.02◦ (111), 46.49◦

(200), 68.05◦ (220), 81.74◦ (311), and 86.24◦ (222), which can be attributed to the face centered cubic (fcc)
structure of Pd NPs on the surface of HRG (JCPDS: 87-0641, space group: Fm3m (225)).

Figure 4. XRD (X-ray diffraction) diffractograms of graphite, graphene oxide (GRO), and plant
extract-mediated Pd@graphene nanocatalyst (PG-HRG-Pd-1).

206



Catalysts 2017, 7, 20

2.4. UV-Vis Spectral Analysis

UV spectroscopy is a very useful tool for investigating the formation of nanocatalysts and
also to confirm the presence of plant extract as stabilizing agent on the surface of PG-HRG-Pd
nanocatalyst. The UV spectra of PdCl2, pure PGE, GRO, and PG-HRG-Pd nanocatalyst are displayed
in Figure 5. Typically, GRO exhibits two absorption bands at ~230 and ~301 nm, while PdCl2 possesses
a distinguished absorption band at ~420 nm. The absence of these peaks in the UV spectrum of
PG-HRG-Pd evidently confirms the concurrent reduction of both GRO and PdCl2 and also confirms
the formation of PG-HRG-Pd nanocatalyst. Notably, the UV absorption spectrum of PG-HRG-Pd
exhibits two weak absorption bands at ~280 and ~325 nm which closely resemble the absorption
peaks of PGE. This clearly suggests the presence of residual phytomolecules of PGE on the surface
of PG-HRG-Pd nanocatalyst as stabilizing agent. This is further confirmed by FT-IR analysis by
measuring the FT-IR spectra of pure PGE, GRO, and PG-HRG-Pd nanocatalyst as shown in Figure 5.
Typically, the FT-IR signals belonging to the GRO either disappear or their intensities are significantly
reduced after the reduction process, which in turn confirms the formation of HRG. For instance, in the
FT-IR spectrum of PG-HRG-Pd the peaks at ~1630 cm−1 (for C=C stretching), ~1740 cm−1 (for C=O
stretching) corresponding to the GRO disappear, whereas the intensities of some of the distinguished
peaks are relatively decreased, such as a broad band at around 3440 cm−1 for hydroxyl groups, which
points towards the reduction of GRO to HRG in PG-HRG-Pd. Upon further analysis, it was revealed
that the IR spectrum of PG-HRG-Pd also bear close resemblance to the FT-IR spectrum of pure PGE.
The FT-IR spectrum of the PGE exhibits signals at 3746 and 3410 cm−1 belonging to the OH group
and a C−H peak at 2943 cm−1. Apart from this, the peaks around 1753, 1622, and 1407 cm−1 are
the typical aromatic peaks for the C−H, C−C, and C−O stretching, respectively. Whereas, the peaks
corresponding to the C−O stretching of carboxylic acids, alcohols, ether, and ester groups appeared
at 1264 and 1077 cm−1. Expectedly, most of these peaks of PGE are also found in the FT-IR spectrum
of PG-HRG-Pd, either on the same position or with slight shifts. This clearly suggests that PGE not
only acted as a reducing agent but also functioned as a stabilizing agent by attaching to the surface of
HRG sheets.

Figure 5. (a) UV-Vis absorption spectra of graphene oxide (GRO), Pd@graphene nanocatalyst
(PG-HRG-Pd-1), palladium chloride (PdCl2), and PGE; (b) FT-IR spectra of graphene oxide (GRO),
Pd@graphene nanocatalyst (PG-HRG-Pd-1) and the PGE.

2.5. Suzuki Reaction Catalyzed by Pd@graphene Nanocatalyst

Suzuki coupling is one of the most useful methods for the synthesis of biaryls and alkene
derivatives [43]. These reactions are usually carried out by using various Pd-based catalysts in
different organic solvents [44]. Typically, such types of carbon–carbon couplings, including Suzuki
reactions, are performed in a mixture of an organic solvent and an aqueous inorganic base, under inert
conditions [45,46]. However, the concerns of the environmental impact of various chemical products
and the chemical processes by which they are produced have been mounting rapidly in recent years due
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to global warming. Since, majority of the chemical wastes from a reaction mixture corresponds to the
solvents. Therefore, the use of water as a reaction medium, which is considered a benign solvent due to
its natural abundance and physiological compatibility, may potentially contribute towards the serious
efforts of reducing the environmental impacts of the organic reactions [47]. In this study, the catalytic
activity of the as-synthesized PG-HRG-Pd-1 nanocatalyst was evaluated in the Suzuki Miyaura
coupling of bromobenzene with phenylboronic acid in water. For this purpose, the Pd@graphene
nanocomposite (PG-HRG-Pd) obtained by the simultaneous reduction of both PdCl2 and GRO using
PGE as reducing agent was used as a catalyst. The as-prepared nanocatalyst effectively catalyzed
the reaction of various aryl halides, including, chloro, bromo, iodobenzene, chloro-benzophenone,
and bromo-acetophenone with benzeneboronic acid in water containing sodium lauryl sulfate and
K3PO4 under aerobic conditions to obtain biaryls (cf. Figure 6). The variation in the substrate structure
was carried out in order to understand the catalytic performance of the nanocatalyst in the presence of
different ring substituents.

Figure 6. Schematic representation of the Suzuki reaction of iodobenzene, bromobenzene,
and chlorobenzene, with phenylboronic acid under aqueous conditions.

The comparison between the catalytic performance of the two nanocatalysts, i.e., PG-HRG-Pd-1
and PG-HRG-Pd-2, has been found to be negligible whereas the catalytic performance varied extensively
in the presence of different substituents. The results reveal that iodo substituted aryl halide yields
the coupled product at the fastest reaction rate within 30 min for both the catalysts, however for the
bromo- and chloro-substituted substrates yield ~90% and ~54% products. The 4-Chlorobenzophenone
yielded least conversion product of 38%, while the 2′-Bromoacetophenone did not yielded any coupling
product. This could be due to the increasing anionic nature among halogens down the group, which
induces the difference in the rate of the reaction, while in the case of 2′-Bromoacetophenone, the steric
hindrance from the acetate group could be responsible for not yielding any coupling product. The
kinetics of the reaction were carried out using the gas chromatography (GC), which was studied by
collecting the reaction mixture at equal intervals of time and quenched immediately. The graphical
representation of the data is presented in the Figure 7.

The reusability of the nanocatalyst was also studied in order to find out if there is depreciation in
the catalytic performance with consecutive reuse. When the catalyst was reused under similar reaction
conditions, it was observed that there was a slight decrease in the percentage product formation upon
consecutive reuse, which is very much unlike the results obtained when the same studies were carried
out using Pd NPs prepared without graphene support [48]. Comparisons of the results obtained from
reusability studies of the catalysts Pd NPs and PG-HRG-Pd-1, revealed that the depreciation of catalytic
performance found by employing the PG-HRG-Pd-1, is much lower than Pd NPs wherein the catalyst
loses about catalytic performance yielding an ~50% conversion product after three consecutive re-use,
while PG-HRG-Pd-1 yields an ~77% conversion product after five consecutive re-uses. The graphical
representation of the results obtained after several reuses of catalyst is given in Figure 8. A leaching

208



Catalysts 2017, 7, 20

study was carried out in order to ascertain the leaching of Pd NPs during the catalytic process;
the product was subjected to ICP-MS studies. It was found that there is 0% percent Pd NPs in the
reaction mixture. This indicates that the Pd NPs formed are well supported on the HRG, hence there is
no leaching of Pd NPs, which in turn results in the excellent reusability of the prepared catalyst.

Figure 7. Time dependent conversion efficiency of the Suzuki reaction employing (A) PG-HRG-Pd-1
and (B) PG-HRG-Pd-2 for various substrates (a) iodobenzene, (b) bromobenzene, (c) chlorobenzene,
and (d) chloro benzophenone with phenylboronic acid under aqueous and aerobic conditions
determined by GC analysis.

Figure 8. Graphical representation of conversion product obtained by the reuse of catalyst for the
catalytic conversion of iodobenzene.

The results obtained in the present study were compared with our previously reported study [48],
where in the catalyst was prepared employing the same green reducing agent without the presence of
highly reduced graphene. It was observed that the prepared nanocatalyst containing graphene uses
2.5 mol % Pd NPs which is half the amount used for the previously reported, i.e., 5 mol %. However,
to better understand the results obtained from both the studies, the turn over number (TON) values
for both the catalysts are calculated. Upon comparison, it was observed that the TON value obtained
for Pd NPs was found to be 20, while it was found to be ~74 and ~52 for the catalysts PG-HRG-Pd-1
and PG-HRG-Pd-2, respectively. A graphical representation of the comparative TON values is given
in Figure 9.
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Figure 9. Graphical illustration of comparative turn over number (TON) values.

3. Materials and Methods

3.1. Materials

Natural graphite powder (99.999%, 200 mesh) was purchased from Alfa Aesar (Tewksbury,
MA, USA); Palladium (II) Chloride (PdCl2 99.99%), NaBH4 (96%), concentrated sulfuric acid (H2SO4

98%), potassium permanganate (KMnO4 99%), sodium nitrate (NaNO3, 99%), hydrogen peroxide
(H2O2, 30 wt %), bromobenzene (99.5%), sodium dodecyl sulfate (98%), phenyl boronic acid (95%),
tripotassium phosphate (98%), and all organic solvents were obtained from Aldrich Chemicals
(St. Louis, MI, USA) and were used directly without further purification. The details about the
procedure of the collection of P. glutinosa and the preparation of extract are given in our previous
study [40].

3.2. Methods

3.2.1. Preparation of Pd@graphene Nanocomposite (PG-HRG-Pd-1)

Graphite oxide (GO) used for the preparation of PG-HRG-Pd-1 was synthesized according to our
previously reported method [41]. Initially, as-prepared graphite oxide or GO (200 mg) was dispersed in
40 mL of distilled water (DW) water and sonicated for 30 min to obtain graphene oxide (GRO) sheets.
The resulting suspension was taken in a round bottom flask, to which 100 mg (0.563 mmol) of PdCl2 was
added. The flask was mounted with a cooling condenser, which was heated to 100 ◦C. Subsequently,
10 mL of an aqueous solution of the PGE (0.1 g·mL−1) was added to the suspension, which was
then allowed to stir for 24 h at 98 ◦C. Afterwards, the resulting black powder of (PG-HRG-Pd-1) was
collected by filtration, and further washed with DI water several times to remove excess PGE residue
and redistributed into water for sonication. This suspension was centrifuged at 4000 rpm for another
30 min. The final product was collected by vacuum filtration and dried in vacuum.

3.2.2. Suzuki Reaction Catalyzed by Pd@graphene Nanocatalyst

In a typical experiment, a mixture of sodium dodecyl sulfate (144 mg, 0.5 mmol), tripotassium
phosphate (K3PO4, 399 mg), phenylboronic acid (146 mg, 1.2 mmol) and deionized water (20 mL)
was taken in a 100 mL round bottom flask. Halobenzene (1.0 mmol) was added to this mixture under
stirring, followed by the as-prepared PG-HRG-Pd-1 nanocatalyst (5 mol %, 5.32 mg). The mixture
was stirred at 100 ◦C in an oil bath for 5 min and then extracted with ethyl acetate (3 × 20 mL).
The combined organic extract was dried over anhydrous sodium sulfate (Na2SO4), and the resulting
mixture was analyzed by gas chromatography (GC). In order to identify the product obtained from
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the catalytic reaction, the as-obtained mixture was crystallized from ethanol. The coupling product
obtained from using bromobenzene as starting material was isolated using column chromatography
which was found to be a white powder, identified as biphenyl using 1H and 13C solution nuclear
magnetic resonance spectroscopy (NMR) and mass spectroscopy. 1H-NMR δ 8.25 (d, J = 8.3 Hz, 4H,
C–CH, next to ipso), 7.25–7.26 (m, 6H, remaining protons of phenyl ring); 13C-NMR δ 141.3 (2C, C–C,
ipso), 128.8 (4C, CH–CH), 127.3 (2C, CH–CH, edge carbons), 127.2 (4C, C–CH, next to ipso); electron
impact-mass spectrometry( EIMS) m/z 154 (M+). The progress of reaction employing other substrates
was monitored using gas chromatography (GC), however the coupling product was not isolated.
NMR spectra’s obtained are provided as Supplementary information as Figures S1 and S2.

3.3. Characterization of Catalysts

3.3.1. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy
(HRTEM) images were obtained using a JEOL JEM 1101 (USA) instrument. The samples for the TEM
measurements were prepared by suspending the composites in ethanol and were drop-cast onto
a carbon-coated 200-mesh copper grid and subsequently dried at room temperature.

3.3.2. X-ray Powder Diffraction (XRD)

X-ray powder diffraction (XRD) measurements were performed on an Altima IV (Rigaku, Tokyo,
Japan) instrument, which is equipped with a Cu Ka radiation source.

3.3.3. UV-Vis Spectroscopy

UV-Vis measurements were conducted on a Perkin Elmer lambda 35 (USA) UV-vis
spectrophotometer (Perkin Elmer, Waltham, MA, USA). The analysis was performed in quartz cuvettes
using DI water as a reference solvent. Stock solutions of PG-HRG-Pd-1 and GRO for the UV measurements
were prepared by dispersing 5 mg of sample in 10 mL of DI water and sonicating for 30 min. The UV
samples of GRO and PG-HRG-Pd-1 were prepared by diluting 1 mL of stock solution with 9 mL of water.

3.3.4. Fourier Transform Infrared Spectrometer (FT-IR)

Fourier transform infrared spectrometer (FT-IR) spectra were measured on a Perkin-Elmer 1000
(Perkin Elmer, Waltham, MA, USA) Fourier transform infrared spectrometer.

4. Conclusions

In summary, we have developed a green and facile method for the preparation of Pd@graphene
nanocomposites and investigated their catalytic application towards the Suzuki-Miyura coupling
reactions. This graphene-based novel catalyst was prepared in a single step by the spontaneous
reduction of both GRO and PdCl2 using P. glutinosa extract as reducing agent. The resultant nanocatalyst
showed homogeneous distribution of Pd NPs on the surface of HRG with excellent dispersion properties,
due to the presence of residual phytomolecules as stabilizing ligands. The enhanced dispersibility
has enabled PG-HRG-Pd nanocatalysts to be utilized as effective catalysts for various Suzuki-Miyura
coupling reactions in aqueous solution. These features, together with the ease and greenness of the
synthetic process may promote the suitability of the method for large-scale production of efficient
catalysts for various important organic transformations including the Suzuki-Miyura couplings. HRG
support plays an excellent role due to which there is no leaching of the catalyst during the reaction,
which in turn results in excellent reusability of the catalyst. Comparative studies of the TON values
revealed that the prepared catalyst PG-HRG-Pd-1 is the better-performing catalyst when compared to
Pd NPs prepared employing the same procedure.
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Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/1/20/s1,
Figure S1: 1H-NMR spectra of the Suzuki–Miyaura Coupling product. Figure S2: 13C-NMR spectra of the
Suzuki–Miyaura Coupling product.
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Abstract: A highly efficient and stable Pd-diimine@SBA-15 catalyst was successfully prepared by
immobilizing Pd onto diimine-functionalized mesoporous silica SBA-15. With the help of diimine
functional groups grafted onto the SBA-15, Pd could be anchored on a support with high dispersion.
Pd-diimine@SBA-15 catalyst exhibited excellent catalytic performance for the Suzuki coupling
reaction of electronically diverse aryl halides and phenylboronic acid under mild conditions with
an ultralow amount of Pd (0.05 mol % Pd). When the catalyst amount was increased, it could
catalyze the coupling reaction of chlorinated aromatics with phenylboronic acid. Compared with
the catalytic performances of Pd/SBA-15 and Pd-diimine@SiO2 catalysts, the Pd-diimine@SBA-15
catalyst exhibited higher hydrothermal stability and could be repeatedly used four times without a
significant decrease of its catalytic activity.

Keywords: Pd-diimine@SBA-15; catalyst preparation; functionalization of SBA-15; Suzuki coupling
reaction; manufacture of biphenyl compounds

1. Introduction

Palladium is one of the most versatile and widely applied catalysts for the construction of
carbon–carbon bonds in Heck, Suzuki, Sonogashira, or Stille coupling reaction. As a homogeneous
catalyst, Pd with phosphine ligands, carbene ligands, and other coordinates have often exhibited a
higher turnover number (TON) and better catalytic activity for inactive chloride substances, especially
in the Suzuki coupling reaction [1–7]. However, the homogeneous catalytic system may cause
greater difficulties, including purification of final products and recycling of the expensive catalysts
in large-scale applications. Fortunately, the heterogeneous catalytic system could be an alternative
strategy to overcome the above difficulties [8].

The palladium nanoparticle supported on polymeric organic [9–13] or inorganic [14–18] supports
is a high-efficient heterogeneous catalyst, and its catalytic activity strongly depends on the size of Pd
particles. Some heterogeneous Pd catalysts showed lower catalytic activity due to leaching of Pd species
or aggregation of nanoparticles. To disperse and stabilize the supported palladium nanoparticles,
the nature of supports, advanced preparation methods, and essential functionalization should be taken
into proper consideration [19,20].

Catalysts 2016, 6, 181 215 www.mdpi.com/journal/catalysts



Catalysts 2016, 6, 181

Palladium nanoparticles immobilized on inorganic materials such as silica [21–23], carbon [24],
and metal oxides [25] could be one promising solution. Owing to highly ordered mesoporous
structures with regular channels, larger surface areas and pore size, thicker walls, and higher
hydrothermal stability, mesoporous silica SBA-15 is a desirable solid support for Pd nanoparticles [26].
In addition, palladium nanoparticles supported on the channels of SBA-15 with two-dimensional (2D)
hexagonal structures can be ideally dispersed, to effectively prevent the aggregation of palladium
nanoparticles [27,28].

Moreover, the functional groups (such as amino, thiol, and vinyl groups) can usually be
incorporated on the mesoporous walls [29]. Some of functional groups have been shown to act
as anchoring sites for palladium species, thus providing additional stabilization. For example,
Crudden et al. [30,31] anchored Pd on mercaptopropyl-modified mesoporous SBA-15. Their leaching
study illustrated the importance of the thiol ligand to retain Pd on the support surface. An efficient
and reusable catalyst SBA-15/CCPy/Pd(II) could also be synthesized by grafting melamine-bearing
pyridine groups onto SBA-15 [32]. Undoubtedly, the imine groups possess good coordinating ability
in a catalytic reaction, and the diimine groups might intensify its coordinating ability.

The Suzuki coupling reaction is a typical carbon–carbon bond-forming process, and has become
one of the most powerful and convenient means in the fields of agrochemistry, pharmaceutical
chemistry, materials, and synthetic chemistry [33]. Despite the successful application of the Suzuki
coupling reaction in homogeneous catalytic systems, the highly efficient and stable heterogeneous
catalysts are still in great demand, and the activities and stabilities of heterogeneous catalysts for the
Suzuki coupling reaction require be improvement.

Herein, we describe our design and preparation of the Pd-diimine@SBA-15 catalyst for the Suzuki
coupling reaction by immobilizing Pd species onto diimine-functionalized mesoporous SBA-15 silica
(Scheme 1), in which Pd ions were dispersed atomically onto the functionalized mesoporous SBA-15.
The scope and limitations of Pd-diimine@SBA-15 for Suzuki coupling reactions of electronically diverse
aryl halides and phenylboronic acid were also evaluated.

Scheme 1. Schematic diagram of Pd-diimine@SBA-15 fabrication.

2. Results and Discussions

2.1. Structure and Textural Properties of Samples

The Fourier-transform infrared (FT-IR) spectra of SBA-15, 3-aminopropyl trimethoxysilane
(APTMS)@SBA-15, diimine@SBA-15, and Pd-diimine@SBA-15 are shown in Figure 1. The peaks
at 600–1200 cm−1 can be attributed to the vibration of Si–O groups in the mesoporous silica framework.
The absorption bands of SBA-15-based materials at 1083, 801, and 466 cm−1 are attributed to the
Si–O–Si anti-stretching vibration, the Si–O–Si stretching vibration, and the bending vibration of Si–O,
respectively [34]. Meanwhile, the band around 956 cm−1 should be attributed to the bending vibration

216



Catalysts 2016, 6, 181

of Si–O–H in SBA-15 [35]. In the FT-IR spectrum of APTMS@SBA-15, there are the characteristic bands
of –NH2 at 1645 and 1538 cm−1. For the diimine@SBA-15 sample, the absorption peak at 1656 cm−1 is
observed and attributed to the characteristic peaks of diimine, due to the presence of the C=N bond.
After diimine@SBA-15 coordinated with Pd, this IR absorption peak shifted from 1656 to 1622 cm−1,
which is indicative for the formation of a Pd–ligand bond [22,36]. The results above imply the presence
of diimine bonded on the surface of SBA-15, and that the molecular structure of these functional
moieties can be perfectly retained in the complex of Pd-diimine@SBA-15.
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Figure 1. Fourier-transform infrared (FT-IR) spectra of SBA-15, 3-aminopropyl trimethoxysilane
(APTMS)@SBA-15, diimine@SBA-15, and Pd-diimine@SBA-15 (fresh and used repeatedly four times).

The Pd-diimine@SBA-15 catalyst before and after reactions were tested by 13C cross-polarization
magic-angle spinning (CPMAS) solid-state NMR, and the results are shown in Figure 2.
13C {1H} CPMAS NMR spectrum of fresh Pd-diimine@SBA-15 catalyst exhibits peaks at 10.1
(CH2Si groups), 22.4 (CH2 groups), and 50.6 ppm (CH2 groups in α-position of C=N bond). The other
broad peak at 169.8 ppm could be attributed to C=N function groups. After this catalyst was repeatedly
used four times, the 13C {1H} CPAMS NMR spectrum of Pd-diimine@SBA-15 catalyst is hardly changed.
The additional singlet at 128.5 ppm might correspond to the presence of a biphenyl product. This shows
that the diimine ligands remain on the catalyst and were not hydrolyzed after the catalytic reactions.

Figure 2. 13C cross-polarization magic-angle spinning (CPMAS) NMR spectra of Pd-diimine@SBA-15
before and after being repeatedly used four times.
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The N contents in APTMS@SBA-15 and diimine@SBA-15 were tested by element analysis;
the former was 2.05 mmol/g and the latter was 1.92 mmol/g. Thus, the loadings of APTMS
and diimine were 2.05 and 0.96 mmol/g, respectively. The Pd content in the Pd-diimine@SBA-15
sample was 5.8 wt %, determined by inductively coupled plasma optical emission spectrometry
(ICP-OES). The oxidation state of Pd in the Pd-diimine@SBA-15 catalyst was investigated by the
X-ray photoelectron spectroscopy (XPS) technique, and the results are shown in Figure 3. In the fresh
Pd-diimine@SBA-15 sample, the peak at 3d3/2 BE = 337.8 eV (or 3d5/2 BE = 343.0 eV) corresponds to
the Pd(II) ions [18], and the peak at 336.5 eV (or 3d5/2 BE = 341.7 eV) corresponds to the Pd(II) ions
in the diimine-Pd(II) complex [27]. This shows that the Pd(II) ions existed in two kinds of chemical
environments, and Pd(II) was not reduced to Pd(0) during the synthesis.
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of Pd-diimine@SBA-15 (fresh and after being
used four times).

The N2 sorption isotherms and pore-size distribution curves of the samples are displayed in
Figure 4, and their textural parameters (Brunauer–Emmett–Teller (BET) surface areas, pore volumes,
and pore diameters) are listed in Table 1. As shown in Figure 4, all the isotherms exhibited a typical
type IV isotherm with an H1 hysteresis loop starting from P/P0 = 0.6. This is the characteristic of
mesoporous SBA-15 with ordered pore structures [37], which is quite important to disperse and
stabilize the supported palladium species. Compared with the BET surface area (641 m2/g) of SBA-15,
the surface area of Pd-diimine@SBA-15 was decreased to 351 m2/g after SBA-15 was functionalized.
Meanwhile, its pore volume was decreased from 0.96 to 0.48 cm3/g, average pore diameter was
decreased from 6.35 to 5.50 nm, and most probable pore diameter was decreased from 10.5 to 6.90 nm.
These results are in good agreement with the fact that the surface of mesoporous SBA-15 has been
modified successfully by diimine groups. Pd species have entered into the channels of the SBA-15
materials, resulting in the decrease in its pore size.
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Figure 4. N2 sorption isotherms and pore-size distribution curves of SBA-15, diimine@SBA-15,
and Pd-diimine@SBA-15.

Table 1. Textural parameters of SBA-15, diimine@SBA-15, and Pd-diimine@SBA-15.

Sample BET Surface Area (m2/g) Pore Volume (cm3/g)
Pore Diameter (nm)

Average Most Probable

SBA-15 641 0.96 6.35 10.5
diimine@SBA-15 398 0.53 5.58 6.90

Pd-diimine@SBA-15 351 0.48 5.50 6.90

The X-ray diffraction (XRD) patterns of SBA-15 and Pd-diimine@SBA-15 are shown in Figure 5.
The SBA-15 sample exhibits three peaks at 2θ = 0.9◦, 1.6◦, and 1.9◦, which correspond to (100),
(110), and (200) facets, the characteristic diffraction peaks of mesoporous SBA-15 with a hexagonal
geometry [38]. After SBA-15 was modified with diimine, its peak of (110) facet shifted to a lower angle
and its intensity was obviously weakened. Compared with SBA-15, the diffraction peak intensities
of (110) and (200) facets for Pd-diimine@SBA-15 were greatly decreased. These results are consistent
with the fact that Pd-diimine@SBA-15 has smaller surface area, pore volume, and pore size than the
SBA-15 sample. The reduced ordering degree of the mesoporous structure is mainly attributed to the
occupation of Pd species in the pore channels [39]. Thus, it is reasonable to conclude that Pd species
have been dispersed well in the pore channels of SBA-15.

In the XRD patterns of SBA-15, Pd/SBA-15, and Pd-diimine@SBA-15 (Figure 5 inset), a very broad
and typical diffraction peak of silica is slightly visible around 2θ = 25◦. That is, there is no major change
in the crystallinity of SBA-15 after diimine-functionalization and Pd immobilization. Furthermore,
the diffraction peaks of Pd species cannot be detected, which also shows that the Pd species were
immobilized into the pore channels of SBA-15 in the atom dispersion [9], and no crystal Pd species
existed in the sample.
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Figure 5. Small-angle X-ray diffraction (SA-XRD) and XRD patterns of SBA-15, Pd/SBA-15,
and Pd-diimine@SBA-15.

As shown in the SEM images of Figure 6A, the SBA-15 sample is that with the bagel-shaped
particles with relatively uniform sizes. After being functionalized with diimine and Pd, the shape of
SBA-15 is unchanged (Figure 6B). To investigate the role of diimine groups in the catalyst, we prepared
the Pd/SBA-15 sample as a comparison. The Pd/SBA-15 sample was synthesized by a method similar
to Pd-dimine@SBA-15, but without using 3-aminopropyl trimethoxysilane and glyoxal. The TEM
image of the Pd-diimine@SBA-15 sample (Figure 6C) reveals that no palladium nanoparticles can
be observed in the pores, which shows the Pd2+ ions have coordinated with two N atoms in
diimine@SBA-15. Unlike the Pd-diimine@SBA-15 sample, more Pd nanoparticles in the pores of
SBA-15 can be observed in the TEM image of Pd/SBA-15 (Figure 6D), which shows that the growth of
Pd nanoparticles can be inhibited by Pd ions coordinating with diimine anchored on SBA-15.

Figure 6. SEM images of (A) SBA-15 and (B) Pd-diimine@SBA-15, and TEM images of
(C) Pd-diimine@SBA-15 and (D) Pd/SBA-15.
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2.2. Catalytic Activities of Pd-Diimine@SBA-15 for Suzuki Coupling Reactions

The catalytic activity of Pd-diimine@SBA-15, SBA-15, and PdCl2 were tested for the Suzuki
coupling reaction of para-bromotoluene with phenylboronic acid at 80 ◦C, and the results are listed in
Table 2. The reaction could not occur over SBA-15 (Table 2, entry 1), and 85% yield could be obtained
on the PdCl2 homogenous catalyst (Table 2, entry 2). Using the Pd-diimine@SBA-15 catalyst, almost the
same yield as that on the PdCl2 catalyst was achieved. The effect of alkalinity in the reaction system on
the stability of mesoporous silica SBA-15 and the catalytic activity of the Pd-diimine@SBA-15 catalyst
was tested. The results show that stronger alkalinity could increase the product yield. For instance,
91% yield was obtained by adding KOH after 4 h, while only 84% yield could be reached by adding
K2CO3 after 24 h (Table 2, entries 3–5).

Table 2. Effect of base on the Suzuki coupling reaction of para-bromotoluene with phenylboronic acid
over the Pd-diimine@SBA-15 catalyst at 80 ◦C (a).

Entry Catalyst Base Time (h) Conversion (%) Selectivity (%) Yield (%) (b)

1 SBA-15 K2CO3 12 0 0 0
2 PdCl2 (0.05 mol% Pd) K2CO3 12 85 100 85
3 Pd-diimine@SBA-15 K2CO3 24 84 100 84
4 Pd-diimine@SBA-15 K3PO4 12 88 100 88
5 Pd-diimine@SBA-15 KOH 4 91 100 91

(a) Reaction condition: 3 mmol 4-bromotoluene, 3.3 mmol phenylboronic acid, 4.5 mmol base, solvent
(i-PrOH/H2O = 3 mL/3 mL), 3 mg catalyst (0.05 mol % Pd); (b) gas chromatography (GC) yield based
on 4-bromotoluene.

However, the alkali solution might damage the structure of mesoporous SBA-15 during the
Suzuki coupling reaction. The TEM, SEM, and XRD analyses for Pd-diimine@SBA-15 treated with
KOH and K3PO4 during the Suzuki coupling reaction were carried out, and their results are shown
in Figure 7. The TEM and SEM pictures of Pd-diimine@SBA-15 used in the KOH solution display
irregular structures and Pd crystallites (Figure 7A,C). However, Pd-diimine@SBA-15 used in the K3PO4

solution still retained the basic shape of mesoporous SBA-15 (Figure 7D) and abundant wormlike
mesoporous structures can be clearly observed (Figure 7B inset). The Pd nanoparticles can be observed
in Figure 7A (inset) but not in Figure 7B (inset). As shown in Figure 7, after the Pd-diimine@SBA-15
catalyst was treated in the alkali (KOH or K3PO4) solution, the dispersing diffraction peaks of Pd◦

at 2θ = ~40◦ can be observed. Unlike the XRD pattern of the sample treated in the K3PO4 solution,
the sample treated in the KOH solution has three weak diffraction peaks at 2θ = ~40◦, ~46◦, and ~68◦,
which shows that the sample treated with the KOH solution has the larger size (2.6 nm, estimated by
Scherrer equation) of Pd0 crystallites than that (2.1 nm) of the sample treated with the K3PO4 solution.
These results show that that active Pd species were dispersed quite well on the support, though the
mesoporous structure of SBA-15 had been damaged after being treated in the KOH solution. Thus,
it is reasonable that the Pd-diimine@SBA-15 catalyst could maintain its catalytic activity due to the
high dispersion of Pd.
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Figure 7. TEM images of Pd-diimine@SBA-15 after use with (A) KOH and (B) K3PO4; SEM image of
Pd-diimine@SBA-15 after use with (C) KOH and (D) K3PO4, and (E) their XRD patterns.

To evaluate the scope and limitation of the Pd-diimine@SBA-15 catalyst for Suzuki coupling
reactions, the reactions of electronically diverse aryl halides and phenylboronic acid were further
examined under optimized condition (Table 3). High yields can be obtained for the coupling reactions
of bromobenzene with electron-withdrawing and -donating substituents and phenylboronic acid
(Table 3, entries 1–8). The better catalytic activity of Pd-diimine@SBA-15 might be contributed
to the good dispersion of Pd in the pore channels and high surface area of the SBA-15 support.
For instance, the biphenyl yield reached 87% for the reaction of bromobenzene and phenylboronic
acid at 80 ◦C for 12 h (Table 3, entry 1). When an aryl bromide including an electron-withdrawing
groups (as bromopentafluorobenzene) was used as a reactant, only 27% yield was obtained at 80 ◦C
for 12 h (Table 3, entry 9) due to the homocoupling of bromopentafluorobenzene, and only 33%
selectivity for product. When 2-bromopyridine was used as a reactant, only 13% yield was achieved
(Table 3, entry 10). These results indicate that the Pd-diimine@SBA-15 catalyst can easily catalyze the
Suzuki coupling reaction of the electron-rich Br-including aromatic compounds with phenylboronic
acid. When the amount of catalyst was increased to 60 mg (1 mol % Pd), aryl chlorides became
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applicable substrates (Table 3, entries 11 and 12); for instance, 20% yield was obtained for the coupling
of activated (electron-deficient) 4-nitrochlorobenzene and phenylboronic acid (Table 3, entry 12).

Table 3. Suzuki coupling reactions of various aryl halides (X) and phenylboronic acid over
Pd-diimine@SBA-15catalyst (a).

Ar1X + Ar2B(OH)2
Pd-diimine@SBA-15, 80oC, in N2

K3PO4(1.5 equiv), i-PrOH/H2O=1/1
Ar1-Ar2

X = Br or Cl
Entry Aryl X Boronic acid Time (h) Conversion (%) Selectivity (%) Yield (%) (b)

1 12 87 100 87 (87)

2 12 88 100 88 (84)

3 8 91 100 91 (87)

4 8 91 100 91 (88)

5 6 87 100 87 (79)

6 10 84 100 84 (77)

7 3 88 100 88 (81)

8 4 99 100 99 (96)

9 12 83 33 27

10 4 13 100 13

11 4 2 100 2 (c)

12 4 20 100 20 (c)

(a) Reaction condition: 3 mg catalyst (0.05 mol % Pd), ArX (3.0 mmol), ArB(OH)2 (3.3 mmol, 1.1 equiv), K3PO4
(4.5 mmol, 1.5 equiv), i-PrOH/H2O (3 mL/3 mL); (b) GC yield based on ArX and isolated yield shown in
brackets; (c) 60 mg catalyst (1 mol % Pd).

Based on the research results above, the possible mechanism of the Suzuki coupling reaction of
aryl halide and phenylboronic acid over Pd-diimine@SBA-15 can be described as Scheme 2 [32,40].
In Scheme 2, there are three main stages in the mechanism of the Suzuki cross-coupling reaction over
Pd-diimine@SBA-15: the oxidative addition of substrate, transmetalation, and reductive elimination to
produce the final product, in which the catalytic cycle of Pd(0)/Pd(II) occurred.
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Scheme 2. Possible mechanism of the Suzuki coupling reaction over Pd-diimine@SBA-15.

2.3. Repeated Use of the Pd-Diimine@SBA-15 Catalyst

The catalyst was separated immediately by filtration after the reaction was finished, and was
washed by deionized water, ethanol, and diethyl ether successively. After drying in air, the recovered
catalyst could be used repeatedly in the Suzuki coupling reaction. To facilitate the recycling of the
catalyst, the reaction scale was magnified to 50 mg catalyst. As shown in Table 4 and Figure 8,
after the Pd-diimine@SBA-15 catalyst was repeatedly reused four times, its catalytic performance
had not decreased based on the yield obtained (first 87%, second 87%, third 86%, and fourth 85%),
in which the slight reduction of yield should be ascribed to the loss of the catalyst in the process
of recovery and washing. As a comparison, the performances of Pd/SBA-15 and Pd-diimine@SiO2

catalysts after repeated use were also measured. With an increase in recycle times, the catalytic
activities of Pd/SBA-15 and Pd-diimine@SiO2 catalysts were reduced gradually, in which the stability
of Pd-diimine@SiO2 was higher than that of Pd/SBA-15. For the Pd/SBA-15 catalyst, the yield of first
run was 84%, and after the fourth run its yield fell to 19%.
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Table 4. Recyclability test of the Pd catalyst for the coupling reaction of bromobenzene and
phenylboronic acid at 80 ◦C for 12 h (a).

Catalyst Cycle Times Yield (b) (%) Pd Leaching (ppm) Pd leaching/Pd Loading (%)

Pd-diimine@SBA-15
(5.8wt % Pd)

1 87 3.7 1.6
2 87 3.0 1.3
3 86 2.2 0.9
4 85 1.9 0.8

Pd/SBA-15
(4.7wt % Pd)

1 84 23 12.2
2 73 13 6.9
3 56 23 12.2
4 19 9.1 4.8

Pd-diimine@SiO2
(5.2wt % Pd)

1 88 - -
2 87 - -
3 74 - -
4 73 - -

(a) Reaction condition: 50 mg catalyst (0.05 mol % Pd), ArX (50 mmol), ArB(OH)2 (55 mmol, 1.1 equiv), K3PO4
(75 mmol, 1.5 equiv), i-PrOH/H2O (50 mL/50 mL); (b) GC yield based on 4-bromotoluene.
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Figure 8. Repeated-use testing of the Pd catalysts for the coupling reaction of bromobenzene and
phenylboronic acid at 80 ◦C for 12 h. (Reaction condition: 50 mg catalyst (0.05 mol% Pd), ArX (50 mmol),
ArB(OH)2 (55 mmol, 1.1 equiv), K3PO4 (75 mmol, 1.5 equiv), i-PrOH/H2O (50 mL/50 mL)).

The TEM image, N2 sorption isotherm curve, and the small-angle (SA)-XRD pattern were
employed to evaluate the reused catalyst (Figure 9). After Pd-diimine@SBA-15 was repeatedly
used four times, the TEM image (Figure 9A) still showed basic shape of SBA-15, which meant that
the Pd species were still highly dispersed with some nanoparticles of 2~3 nm. The N2 sorption
isotherm and the SA-XRD pattern suggested that the 1D mesoporous structure of Pd-diimine@SBA-15
cannot be observed, but abundant wormlike mesoporous structures still exists obviously (Figure 9C).
However, the TEM image of reused Pd/SBA-15 catalyst after four runs (Figure 9B) showed that
Pd nanoparticles were aggregated on the surface of the support, and their size was 5~7 nm. In the
XPS Pd 3d spectrum of Pd-diimine@SBA-15 after being used four times (Figure 3), the small peak at
337.8 eV (or 3d5/2 BE = 343.0 eV) corresponds to the Pd(II) ions, and the larger peak at 335.4 eV
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(or 3d5/2 BE = 340.7 eV) corresponds to Pd(0), which shows that a majority of Pd(II) ions were
reduced to Pd(0) after the reaction. The FT-IR spectrum of Pd-diimine@SBA-15 after being used
four times is shown in Figure 1. The absorption band at 1622~1656 (the top at 1635 cm−1) was
observed, which shows the existence of diimine@SBA-15 and Pd-diimine@SBA-15; that is to say, some
Pd-diimine@SBA-15 was damaged and turned to supported Pd(0) and diimine@SBA-15 after being
used four times. These are evidences accounting for the effect of diimine-functionalization on silica.
With the help of diimine groups, Pd species could be anchored on the support tightly with high
dispersion and stability, which greatly enhanced the catalytic activity and recyclability [41]. Thus, the
mesoporous structure and organic functional groups grafted on the SBA-15 simultaneously improved
the catalytic performance of Pd-diimine@SBA-15.
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Figure 9. TEM images of (A) Pd-diimine@SBA-15 and (B) Pd/SBA-15 repeatedly used four times;
(C) SA-XRD pattern and N2 sorption isotherm of Pd-diimine@SBA-15 repeatedly used four times.

Palladium leaching was also taken into consideration. After the reaction, the solid catalyst was
filtrated, and the filtrate was measured by ICP; the results are shown in Table 4. The amount of leaching
Pd in the reaction solution using Pd-diimine@SBA-15 catalyst (1.9–3.7 ppm, Pd leaching/Pd loading
of ~1%) was lower than that using the Pd/SBA-15 catalysts (9.1–22.5 ppm, Pd leaching/Pd loading
of 5%~12%). This result suggests that diimine groups can anchor palladium ions effectively.

The hot filtration test was done to check the reaction process. The test entails filtering a portion of
the reaction solution to remove the catalyst before the reactants are added and the reaction is initiated.
The results show that unfiltered portion still proceeded up to 87% yield, while the filtered portion could
not react any more. When the reaction mixture after 2 h of the reaction proceeding at 80 ◦C was filtered
with 38% yield, the filtrate was further heated at 80 ◦C for 2 h and 8% yield was added on the basis of
original yield. This shows that Pd leaching can catalyze this coupling reaction. Nevertheless, this test
could lead to inaccurate conclusions if fast redeposition of soluble species occurs; if an induction
period can be observed, due to an activation of the catalyst, the immobilized species is definitely not
the active catalytic species [42].
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3. Experimental Section

Triblock copolymer Pluronic P123 (EO20PO70EO20) was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and 3-aminopropyl trimethoxysilane and others chemicals were obtained from Aladdin
(Los Angeles, CA, USA). All chemicals were purchased as reagent grade from commercial suppliers
and used without further purification, unless otherwise noted.

3.1. Synthesis of Materials

Synthesis of SBA-15. In a 250 mL round-bottomed flask, Pluronic P123 (4 g) was dissolved in the
mixed solution of water (30 mL) and 2 M HCl (120 mL) under stirring at room temperature for 2 h.
Then, the mixed solution was heated to 40 ◦C, and 8.50 g tetraethyl orthosilicate (TEOS) was added
under stirring. After this synthesis solution was stirred at 40 ◦C for 20 h, it was aged at 100 ◦C for
24 h under static condition. The solid formed was filtered and dried at room temperature overnight.
The template in as-synthesized sample was removed by washing twice with the mixed solution of
hydrochloric acid and ethanol (1.5 g hydrochloric acid per 200 mL ethanol) under reflux for 6 h and
designated as SBA-15 [43,44].

Synthesis of APTMS@SBA-15. In a 100 mL three-necked round-bottomed flask, 3-aminopropyl
trimethoxysilane (APTMS) (8 mL, 45 mmol) was added dropwise to a suspension of SBA-15 (5 g) in
dry toluene (30 mL) under a N2 atmosphere. This mixture solution was refluxed for 24 h. After that,
the solid was filtered and washed repeatedly with dichloromethane to remove the unreacted starting
material, and dried in a vacuum oven at 120 ◦C for 8 h. The white powder obtained was designated as
APTMS@SBA-15 [45].

Synthesis of diimine@SBA-15. In a 250 mL round-bottomed flask, glyoxal (4 mmol) and formic
acid (4 drops) was added to the suspension of APTMS@SBA-15 (4 g) in MeOH (100 mL). The mixture
solution was refluxed for 4 h. Then, the solid was filtered and washed repeatedly with ice-cold MeOH
and dried at room temperature by infrared radiation. The yellow solid obtained was designated as
diimine@SBA-15.

Synthesis of Pd-diimine@SBA-15. In a 100 mL round-bottomed flask, diimine@SBA-15 (0.4 g)
was added to the mixture solution of PdCl2 (35.4 mg, 0.2 mmol) in acetone (40 mL). After this mixture
solution was stirred at room temperature for 24 h, the solid was filtered and washed repeatedly
with acetone until the eluate became colorless, and then dried at room temperature by infrared
radiation. The light-orange solid obtained was designated as Pd-diimine@SBA-15. The Pd content in
the Pd-diimine@SBA-15 catalyst was 5.8 wt % Pd, determined by ICP-OES. The samples above were
prepared by the strategy shown in Scheme 1.

Synthesis of Pd/SBA-15. As a comparison sample, the Pd/SBA-15 catalyst was prepared.
In a 100 mL round-bottomed flask, SBA-15 (0.4 g) was added to the mixed solution of PdCl2
(35.4 mg, 0.2 mmol) in acetone (40 mL). After this mixed solution was stirred at room temperature
for 24 h, the solid was filtered and washed repeatedly with acetone until the eluate became colorless,
and then dried at room temperature by infrared radiation. The Pd content in the Pd/SBA-15 catalyst
was 4.7 wt % Pd, determined by ICP-OES.

Synthesis of Pd-diimine@SiO2. As a comparison example, the Pd-diimine@SiO2 catalyst was
prepared by using the same method as Pd-diimine@SBA-15. In a 100 mL round-bottomed flask,
diimine@SiO2 (0.4 g) was added to the mixture solution of PdCl2 (35.4 mg, 0.2 mmol) in acetone
(40 mL). After this mixture solution was stirred at room temperature for 24 h, the solid was filtered and
washed repeatedly with acetone until the eluate became colorless, and then dried at room temperature
by infrared radiation. The Pd content in the Pd-diimine@SiO2 catalyst was 5.2 wt % Pd, determined
by ICP-OES.
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3.2. Characterization of Sample

The Pd content of the catalyst was determined with an inductively coupled plasma optical
emission spectroscopy (ICP-OES, Optima 7000DV, Perkin-Elmmer Co., Waltham, MA, USA) after the
sample was dissolved in the HF solution. The FT-IR spectra were recorded on a Nicolet NEXUS 670
FT-IR spectrometer (Thermo Scientific Co., Madison, WI, USA), and the sample to be measured was
ground with KBr and pressed into thin wafer. The N2 adsorption–desorption isotherms of samples
were performed on a Micromeritics ASAP 2020 Sorptometer (Micromeritics Instrument Co., Norcross,
GA, USA) using static adsorption procedures, and the surface areas of catalysts were calculated by
the BET method. The pore-size distribution was calculated by Barrett–Joyner–Halanda (BJH) method.
The single-point pore volume (Vp) of sample was estimated based on the amount adsorbed at the
relative pressure of P/P0 = 0.989. The X-ray diffractions (XRD) patterns of catalysts were performed
on a PANalytical PW3040/60 X’pert PRO diffractometer (PANalytical, Almelo, Netherlands) with Cu
Kα radiation. Scanning electron microscopy (SEM) images of samples were taken on a Hitachi S4800
scanning electron microscope. Transmission electron microscopy (TEM) images were obtained on a
JEOL JEM-2100 microscope (JEOL, Tokyo, Japan), and the sample to be measured was first dispersed
in ethanol and then collected on a copper grids covered with carbon film.

3.3. Suzuki Coupling Reactions of Aryl Halides over Supported Pd Catalyst

Aryl halide (3 mmol), arylboronic acid (3.3 mmol), K3PO4 (4.5 mmol), catalyst (appropriate
quantity), and solvent (6 mL) were added in a 50 mL two-necked round-bottomed flask under a
N2 atmosphere and stirring. After this mixture solution was heated to 80 ◦C in an oil bath under
stirring, the Suzuki coupling reaction occurred at 80 ◦C for 3–12 h. After the reaction was finished, the
catalyst was separated by filtration immediately, and washed by deionized water, ethanol, and diethyl
ether, successively. After drying in air, the recovered catalyst could be used repeatedly in the Suzuki
coupling reaction. The filtrate was extracted with ethyl acetate, which was uncolored and clear, and no
catalyst particles could be observed. The solvent was evaporated and the resultant crude products
were purified by silica column chromatography with hexane as eluent. The reactant conversion and
product selectivity were determined by gas chromatograph (GC-950, Shanghai, China) equipped with
a flame ionization detector (FID) and the method of correction area.

4. Conclusions

In summary, the highly efficient Pd-diimine@SBA-15 catalyst for Suzuki coupling reactions has
been successfully prepared by immobilizing Pd species onto diimine-functionalized mesoporous
SBA-15, in which the Pd species were atomically dispersed on support. The Pd-diimine@SBA-15
catalyst exhibited high-efficient catalytic performance for the Suzuki coupling reaction of electronically
diverse aryl halides and phenylboronic acid under mild conditions with an ultralow amount of
Pd (0.05 mol % Pd). High yield of product can be obtained for almost all coupling reactions
of bromobenzene with electron-withdrawing and -donating substituents and phenylboronic acid.
When the amount of catalyst was increased to 1 mol % Pd, this catalyst can catalyze the coupling
reaction of chlorinated aromatics and phenylboronic acid. Compared with the catalytic performances
of Pd/SBA-15 and Pd-diimine@SiO2 catalysts, the Pd-diimine@SBA-15 catalyst exhibited higher
hydrothermal stability and could be repeatedly used four times without significant decrease of its
catalytic activity. This study might offer a new strategy for synthesis of supported metal catalysts on
different types of mesoporous silica.
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Abstract: It is highly desirable to design functionalized supports in heterogeneous catalysis regarding
the stabilization of active sites. Pd immobilization in porous polymers and henceforth its application
is a rapidly growing field. In virtue of its’ scalable synthesis and high stability in reaction conditions,
amorphous polymers are considered an excellent scaffold for metal mediated catalysis, but the
majority of them are found as either agglomerated particles or composed of rough spheres. Owing to
several important applications of hollow organic tubes in diverse research areas, we aimed to utilize
them as support for the immobilization of Pd nanoparticles. Pd immobilization in nanoporous
polymer tubes shows high activity in Suzuki cross coupling reactions between aryl halides and
sodium phenyl trihydroxyborate in water, which deserves environmental merit.

Keywords: porous organic tubes; heterogeneous catalysis; Suzuki coupling in water

1. Introduction

Porous organic polymers (POPs) are emerging as next-generation support materials for
heterogeneous catalysis [1–6]. Cheap and readily available organic precursors, tailorable functionality
arising from diverse building blocks, are generally advantageous for making high surface area POPs,
which are not only used as “support” for metal-mediated catalysis, but also possess significant
applications in diverse research, owing to the advantages of densely packed organic groups [7–9].
Therefore, it is customary to mention that the inherent advantages of having organic units in POPs is
tremendous, as a support for metal complexes/nanoparticles or as a catalyst because of the virtue of
having an electronic interaction between the organic units in POPs and metal nanoparticles. In fact,
the main advantage of POPs with its competitive porous support viz. metal organic frameworks
(MOFs) [10] and periodic mesoporous organosilica (PMOs) [11,12] is its stability in drastic reaction
conditions, which has been immensely highlighted as POPs have shown usability in water medium
for catalysis.

Considering adverse environmental impact, using volatile organic solvent for catalysis is a serious
concern, which should be replaced by water as an environmentally more demanding. However,
reactions using water as the only solvent is frequently encountered as fatal because of the moisture
sensitive organic precursors, catalysts, and intermediates. Therefore, it is highly challenging to
develop water-compatible catalysts that could be stable, active, and reusable for a number of times
without being deteriorated [13,14]. In this context, a Suzuki–Miyaura cross coupling reaction in
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water as an eco-friendly solvent is meritorious because of its high stability and good solubility of
phenyl boronic acid/salt [15]. Pd-catalyzed Suzuki–Miyaura cross coupling reactions have significant
importance in organic chemistry, pharmaceuticals research, drug discovery, and development as
an elegant tool for C–C bond formation reactions, mainly because of the wide availability of starting
materials and relatively mild reaction conditions [16,17]. Although a majority of research has been
done in homogeneous conditions using either organic/water as solvent, it suffers from the formation
of Pd black as an inactive catalytic species. Again, the use of triphenyl phosphine for stabilization
of Pd intermediates under homogeneous conditions often encounters toxicity/poison [18]. In this
regard, high surface area heterogeneous catalysts possess tremendous applications in fine chemical
industries, owing to its repetitive usability, tailorability of surface modification for stabilization
of active sites, and so on. Pd-grafted heterogeneous catalysts comprising porous silica, zeolite,
MOFs, and polymers are hereby reported as solid-supported catalysts for Suzuki reaction, but
few show considerable recyclability and stability in a water medium [19–21]. On the other hand,
microporous POPs are generally formed through precipitation polymerization as agglomerated solid
particles/irregular flakes, instead of any well defined nanostructure [22]. Nevertheless, POPs having
uniform morphology of hollow tubes/fibers are still scarce; moreover, their application is merely
limited to device manufacturing [23]. Recently, Modak and Bhaumik reported interesting microporous
polymer tubes (PP-1, PP-2, PP-3; PPs) that are uniform and show high heterogeneity for one-pot tandem
catalysis [24]. However, PPs could also be interesting as support for metal nanoparticles’ owing to
their amine functionality; therefore, we investigated its activity for Suzuki–Miyaura cross coupling
reactions. The catalysis in water might be advantageous, since the hydrophobic 4-tritylaniline-based
tubes are stable and prevent the active sites from agglomeration and inactivation. Hopefully, this
research can provide tremendous scientific interest in the utilization of highly functionalized porous
organic tubes/fibers as support of nanoparticles.

2. Results and Discussion

2.1. Synthesis and Characterization of Pd/PP-3 Tubes

The amine-functionalized hypercrosslinked polymer (PP-3) is formed through a one-pot
polymerization condensation using 4-Tritylaniline as starting precursor, dimethoxymethane (DMM) as
linker and FeCl3 as catalyst/mediator (Scheme 1).

Scheme 1. Schematic representation for the formation of Pd/PP-3 from a 4-tritylaniline precursor.

The resulting light brown precipitate shows a unique hollow tube shaped morphology as shown
in both scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images
(Figure 1). Unlike other tube-shaped porous polymers, synthesis of PP-3 is performed in relatively
mild conditions utilizing FeCl3 as a cheap and non-harmful chemical [23,25]. The size of the organic
tubes are found to be ~5–7 μm in length, and the inner hollow diameter is ~80–100 nm, together with
~300–350 nm is the wall thickness. This thickness accounts for excessive polymerization/non-covalent
interaction, which is due to the addition of a large quantity of DMM linker during the synthesis [24].
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Pd immobilization to PP-3 was performed by loading with Pd(OAc)2, followed by a reduction with
aqueous NaBH4 under mild conditions. It was observed in TEM images (Figure 2) that Pd nanoparticles
with dimensions of 5–9 nm were distributed throughout PP-3, which is possibly because of the
stabilization by built-in amine sites (Figure 2) [26–29].

Figure 1. Scanning electron microscopy (SEM) (left) and transmission electron microscopy (TEM)
(right) images of PP-3 tubes (Scale 200 nm for TEM).
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Figure 2. TEM images of Pd/PP-3.

Size distribution of Pd nanoparticles is shown in the inset of Figure 2, suggesting a broad
distribution pattern (3–9 nm). Further characterization of Pd/PP-3 was achieved through powder
X-ray diffraction (XRD), N2-sorption, X-ray photoelectron spectroscopy (XPS), and inductively coupled
plasma atomic emission spectroscopy (ICP) analysis and provides good justification for the presence
of Pd nanoparticles in our hypercrosslinked PP-3 tubes.

PXRD of Pd/PP-3 is given in Figure 3a, which shows sharp diffraction at the 40.2◦, 43.9◦, and 47.3◦

regions, corresponding to different facets of Pd crystal particles. In comparison with Pd/PP-3, only PP-3
shows a broad peak because of the presence of an amorphous pore wall [30]. Porous properties of Pd/PP-3
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were measured from the N2 sorption isotherm, as shown in Figure 3b, which preferentially suggests Type I
characteristics of the isotherm. Like other microporous materials, a high uptake at a low P/P0 is observed,
followed by a flat extrapolation at 0.2–0.8 P/P0, along with a step uptake at 0.9 P/P0. The increase of
the isotherm at 0.9 P/P0 depicts the inter-particle mesoporosity. The Brunauer–Emmett–Teller (BET)
surface area of Pd/PP-3 was calculated to be 420 m2·g−1, lower than 530 m2·g−1 for PP-3 tubes, which
is basically due to pore blocking by Pd nanoparticles. In Figure 4a, we provide a survey XPS spectrum
of Pd/PP-3, which shows the presence of N, O, and Pd. Figure 4b shows the XPS of Pd 3d electrons,
which indicates that Pd sites were reduced to a metallic state in PP-3 with the presence of NaBH4. The
confirmation of Pd(0) has been characterized at 334.4–334.8 eV and 339.8–340.2 eV, which were assigned
to the Pd 3d5/2 and Pd 3d3/2 electrons, respectively [31,32]. Traces of a PdO peak at 341 eV have been
observed [33]. All these results, however, demonstrate almost a complete conversion of Pd(OAc)2 into
Pd nanoparticles with the utilization of hollow PP-3 tubes.

Figure 3. (a) Powder X-ray diffraction pattern; (b) N2 adsorption-desorption isotherm of Pd/PP-3.

Figure 4. (a) Survey XPS (X-ray photoelectron spectroscopy) spectra of Pd/PP-3; (b) Deconvoluted
XPS spectra of Pd 3d electrons in Pd/PP-3, showing the presence of Pd nanoparticles.

2.2. Heterogeneous Catalysis for Suzuki–Miyaura Cross Coupling Reaction in Water

Based on this perspective, the benchmark Suzuki reaction between bromobenzene and sodium
phenyltrihydroxyborate was tested in water as a solvent at 100 ◦C. Because of the better solubility of
sodium phenyltrihydroxyborate (PHB) in water compared with phenylboronic acid, the use of PHB for
Suzuki coupling without the aid of an additional base was considered advantageous. Owing to the easy
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preparation and highly stable PHB as organoboron salt, Pd-mediated C–C bond formation reactions are
quite meritorious. [34]. Initially, we investigated the scope of Suzuki catalysis in several solvents such
as toluene, dicholomethane, dioxane, water, and dimethylformamide (DMF) (Table 1). We observed
that the reaction was very sluggish in non-polar, aprotic solvents such as toluene and dicholomethane,
partly successful in 1,4-dioxane, and takes place quite efficiently in DMF and DMF/water mixtures
(Table 1). Reaction in pure water shows only a 60% yield of biphenyl at 24 h, which considerably
improves to >90% at 24 h upon the addition of tetrabutylammonium bromide (TBAB) as phase
transfer catalyst.

Table 1. Optimization in reaction conditions for Suzuki coupling reactions between 1 equiv
bromobenzene and 1.2 equiv sodium phenyltrihydorxyborate, catalyzed by Pd/PP-3 support.

Entry Solvent Temperature/◦C Time/h Yield a/%

1 Toluene 100 24 Traces
2 1,4-dioxane 20 24 35
3 DMF 100 24 >90
4 Dichloromethane 20 24 <10
5 Acetone 20 24 50
6 Water/DMF 25 24 >90
7 Water b 100 24 60
8 Water c 100 24 >90
9 Water d 25 24 50

a Yield refers to isolated products after purification; b Without using TBAB; c, d 1 equiv of TBAB.

Using TBAB during the reaction is essential in order to increase the solubility of organic precursors
in water. However, upon the addition of TBAB, the reaction can also take place at room temperature
conditions, as shown in Table 1. In this regard, we show a temperature-dependent conversion of
bromobenzene to biphenyl in Figure 5a, with or without TBAB. In the case of adding TBAB, our
model reaction shows much faster kinetics than the reaction devoid of TBAB, demonstrating that
phase transfer catalyst is indeed essential for reactions in water. Furthermore, the optimum loading of
Pd(OAc)2 and consequently the generation of Pd nanoparticles in PP-3 influences catalytic activity,
and we observe the highest catalytic activity/reaction rate (12.5 h−1) with 2 wt % Pd/PP-3, which
shows the highest yield of biphenyl from bromobenzene (Figure 5b).

It is worthy to mention that the reaction was carried out in aerial conditions without using
degassed water/co-solvent, which could partially lead to the formation of agglomerated Pd/Pd black,
as this phenomenon is quite common with several known palladacycles [35]. Therefore, the problem
of using Pd/PP-3 in recycling studies was outperformed when choosing degassed water under N2

prior to adding substrates and catalysts, which worked out well in our study.
Next, the efficiency of Pd/PP-3 was tested by encountering a broad substrate scope ranging from

electron rich to electron poor aromatic halides, as given in Table 2. Aromatic iodo and/or bromo
compounds worked efficiently for the formation of substituted biphenyl; however, for chloro derivates,
a partially sluggish reaction was observed. Nonetheless, there are many reports for heterogeneous
catalysts such as Suzuki coupling reactions, which can work efficiently with expensive aromatic
iodo/bromo derivatives, [36], but very few catalysts can activate aromatic chloro compounds, which
are cheap and have more economically feasible applications [31].
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Figure 5. (a) Influence of reaction temperature; (b) Amount of catalyst on yield of biphenyl from
bromobenzene; (c) Reaction profile/kinetic plot for bromoenzene conversion to biphenyl; (d) Plot of
natural logarithm of the remained bromobenzene conc. during reaction with time.

Table 2. Substrate scope of Suzuki coupling reaction by Pd/PP-3.a

Entry Ar-X Time/h % Conv. of Ar-X b % Selectivity Rate c/h−1

1 Iodo benzene 20 90 >99 12.5
2 Bromobenzene 24 86 >99 11
3 Chlorobenzene 24 48 >80 6
4 4-bromo nitrobenzene 18 88 >95 13.8
5 4-chloro nitrobenzene 24 40 >78 8
6 4-bromo benzaldehyde 24 75 - 5.3
7 4-bromo acetophenone 20 76 >80 12.5
8 4-iodo acetophenone 15 88 >98 16.6
9 4-iodo anisole 19 85 >98 13
10 4-bromo anisole 24 79 >90 10
11 4-bromo benzonitrile 24 70 >90 9.2
12 4-chloro benzonitrile 24 30 >70 4.7
13 4-bromo toluene 20 70 >85 11
14 4-bromobenzoic acid 18 60 >80 12.8
15 Brombenzene d, e 24 70 d, 55 e >90 d, >86 e -

a 1 mmol aryl halide, 1.2 mmol sodium phenyltrihydroxyborate, 5 mL water, 100 ◦C, 0.02 g Pd/PP-3 (2 wt %
Pd); b Yield refer to the isolated product; c Reaction rate (mol product per mol of total Pd per time) at 10 min;
d Reaction was carried out with Pd/MCM-41; e Pd/C catalyzed reaction.
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It is worthy to mention that the Suzuki coupling reaction of aromatic chloride by Pd/PP-3 showed
almost a 40% yield of biphenyl in water, which indicates that Pd/PP-3 also has a potential for utilizing
much cheaper chloroaromatics for making biphenyl in a cost-effective way. All products of the
Suzuki reaction, given in Table 2, were characterized by 1H NMR and 13C NMR (see Supplementary
Materials). It is pertinent to mention that the model Suzuki reaction, when compared with Pd/MCM-41
(2 wt %·Pd; 5–8 nm) and Pd/C (2 wt % Pd; 10–15 nm) in water, shows much lower activity than
Pd/PP-3, signifying the importance of amine functionality decorated in hydrophobic PP-3 for the
stabilization of active sites, as well as organometallic intermediates. Similarly, Pd nanoparticles
stabilized by phenol resign also show comparable catalytic activity as that of Pd/PP-3, which again
proves that the surface functional sites could endow a significant binding interaction with guest metal
particles for stabilization and improvement in its catalytic property [37,38].

In Figure 5c,d, we present the kinetic aspect of the Pd/PP-3 catalyzed Suzuki reaction, which
shows that the reaction is devoid of any long induction time. The reaction rate shows first order
dependency with respect to bromobenzene; the rate constant is calculated to be kobs = 0.081 ± 0.006 h−1,
and the half life period, t1/2, is 6.93 h. The first order reaction rate can be explained on the basis of
an initial oxidative addition by bromobenzene with surface-exposed Pd nanoparticles in a slow step,
accompanied by rapid elimination of the cross coupled product.

Finally, the heterogeneity of Pd/PP-3 was proved through a hot filtration test. In this regard,
we initially separate the catalyst after the 10 h reaction is over. The hot filtrate without any Pd/PP-3
was then investigated for the Suzuki reaction, which did not produce any cross coupling products,
signifying that the filtrate is devoid of any Pd-based impurity (Figure 6a). Again, ICP measurements
of the filtrate solution did not detect any Pd content, i.e., the Pd amount in the filtrate is beyond the
scope of its detection limit. All these results clearly suggest that Pd sites in Pd/PP-3 are stable for
liquid-phase catalytic reactions.

Figure 6. (a) Percent yield of biphenyl versus time during a leaching experiment, where the red
arrow indicates the time when catalyst was separated and the supernatant was run afterward;
(b) Recycling study of Pd/PP-3 for Suzuki coupling reaction between iodobenzene and sodium salt
of phenyltrihydroxyborate.

Furthermore, we studied poisoning experiments in order to check if the reaction is still catalyzed
by leached Pd nanoparticles or not. In this regard, we added 2–3 drops of metallic Hg at the middle of
the reaction, and the addition of Hg hardly affects the rate as well as the overall yield of final product,
demonstrating that Pd/PP-3 has good heterogeneous characteristics for successive reactions.
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Later, while investigating the recycling experiments, we found that Pd/PP-3 retains its catalytic
activity for five cycles without much deterioration in its activity (Figure 6b). All these results, however,
demonstrate that Pd/PP-3 is a stable heterogeneous catalyst for long-term applications. Since Pd/PP-3
was used to repeat Suzuki coupling experiments in a water medium, there might be another possibility
of damage in either morphology or active Pd sites. In this regard, we investigated the stability of
reused Pd/PP-3 through TEM and XPS analysis. XPS investigation of the 5th reused Pd/PP-3 shows
marginal change in Pd 3d electrons, possibly because of the partial oxidation or continuous exposure
in water (Figure 7). On the other hand, TEM analysis of the 3rd reused Pd/PP-3 suggests no collapse
of hollow tube morphology and almost no change in the Pd size distribution (3–6 nm particles), as
shown in Figure 8.

Figure 7. XPS spectra of 5th recycled Pd/PP-3 catalyst.

Figure 8. TEM of Pd/PP-3 after third catalytic cycle is over.

3. Materials and Methods

3.1. Instrumentation

Porosity was measured at 77 K using a Quantachrome Instrument (Quantachrome Instrument;
Boynton Beach, FL, USA), Autosorb-1, where all samples was degassed at 100 ◦C for 4 h before the
measurement. The Brauner–Emmett–Teller (BET) surface area was calculated over the entire pressure
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region from ~0.05 to ~0.18 P/P0. Transmission electron microscopy (TEM) was obtained from Hitachi
HT-7700 (Nishi-shimbashi, Minato-Ku, Tokyo, Japan) with an acceleration voltage at 100 kV after the
samples were dispersed in ethanol via sonication and placed onto an ultrathin carbon film supported
on a copper grid. Powder X-ray diffraction (PXRD) was performed with a Rigaku D/Max2500 PC
diffractometer with CuKα radiation (λ = 1.5418 Å) over the 2θ range of 5◦–70◦ at a scan speed of 5◦

per min at room temperature. A Bruker DPX-300 NMR spectrometer was used to measure the 1H
and 13C NMR of catalytic products in a liquid state. X-ray photoelectron spectroscopy (XPS) was
recorded on a VG ESCALAB MK2 apparatus using AlKα (hν = 1486.6 eV) as the excitation light
source. Pd content was determined via PLASAM-SPEC-II inductively coupled plasma atomic emission
spectrometry (ICP). Particle sizes were determined from Nano Measurer 1.2 software, 2008 by Jie Xu,
Fudan University, China.

3.2. Methods

Synthesis of PP-3 was followed in accordance with a previously reported procedure [24]. For the
preparation of Pd/PP-3, we initially dissolved 0.010 g of palladium acetate in a 20 mL glass vial
containing 10 mL of distilled water and stirred until the solution became yellow. Next, 0.05 g of
PP-3 was mixed, and the solution was stirred for 7 h. The mixture was centrifuged several times and
washed with H2O and ethanol followed by drying at 60 ◦C for 12 h, which was denoted as Pd/PP-3.
Pd loading was found to be ~2 wt %, as confirmed by ICP analysis.

3.3. General Procedure for Suzuki–Miyaura Coupling Reaction

In the typical synthesis condition, a mixture of Arylhalide (1 mmol), sodium phenyltrihydroxyborate
(1.2 mmol), 0.02 g Pd/PP-3 (2 wt % Pd), and TBAB (1 mmol) was stirred in water (5 mL). The mixture
was refluxed with magnetic stirring for several hours, as shown in Table 2. After the reaction was
complete (monitored by thin layer chromatography technique), the mixture was filtered to separate the
catalyst, and the filtrate was subjected to extract (10–20 min) with diethyl ether (20 mL). The combined
organic layers were then washed with brine (10 mL), dried by anhydrous Na2SO4, and evaporated.
The residue was purified on a short column of silica using petroleum ether as the eluent to afford the
desired substituted biphenyl as pure product.

4. Conclusions

Herein, we report on a Suzuki–Miyaura cross coupling reaction in water with Pd-grafted PP-3
as a porous polymer support, which is thought to be promising and environmentally appealing.
High catalytic activity, good stability, and reusability of Pd/PP-3 essentially signify its advantages
as a heterogeneous catalyst for the liquid phase synthesis of fine chemicals. Moreover, the hollow
tube geometry of PP-3 is suitable for anchoring Pd sites by exploiting both the inner and outer hollow
spaces, providing an enormous stabilization of Pd and preventing the formation of inactive Pd clusters.
Owing to the importance of particle morphologies in solid catalytic research, we believe our efforts
could motivate others’ for developing organic nanotubes/carbon tubes and utilization of its hollow
space for developing nanoreactors, which could ultimately lead to a sustainable and environmentally
benign solid catalysis research.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/10/161/s1.
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Abstract: Triethylammonium salts of phosphinoferrocene amidosulfonates with electron-rich
dialkyphosphino substituents, R2PfcCONHCH2SO3(HNEt3) (4a–c), where fc = ferrocene-1,1′-diyl,
and R = i-Pr (a), cyclohexyl (Cy; b), and t-butyl (c), were synthesized from the corresponding
phosphinocarboxylic acids-borane adducts, R2PfcCO2H·BH3 (1a–c), via esters R2PfcCO2C6F5·BH3

(2a–c) and adducts R2PfcCONHCH2SO3(HNEt3)·BH3 (3a–c). Compound 4b was shown to
react with [Pd(μ-Cl)(η-C3H5)]2 and AgClO4 to afford the zwitterionic complex [Pd(η3-C3H5)
(Cy2PfcCONHCH2SO3-κ2O,P)] (5b), in which the amidosulfonate ligand coordinates as a chelating
donor making use of its phosphine moiety and amide oxygen. The structures of 3b·CH2Cl2,
4b and 5b·CH2Cl2 were determined by single-crystal X-ray diffraction analysis. Compounds
4a–c and their known diphenylphosphino analogue, Ph2PfcCONHCH2SO3(HNEt3) (4d), were
studied as supporting ligands in Pd-catalyzed cyanation of aryl bromides with K4[Fe(CN)6] and in
Suzuki–Miyaura biaryl cross-coupling performed in aqueous reaction media under mild reaction
conditions. In the former reaction, the best results were achieved with a catalyst generated from
[PdCl2(cod)] (cod = η2:η2-cycloocta-1,5-diene) and 2 equiv. of the least electron-rich ligand 4d in
dioxane–water as a solvent. In contrast, the biaryl coupling was advantageously performed with a
catalyst resulting from palladium(II) acetate and ligand 4a (1 equiv.) in the same solvent.

Keywords: ferrocene ligands; phosphines; sulfonates; aqueous catalysis; Suzuki–Miyaura reaction;
cyanation; palladium

1. Introduction

Sulfonation of phosphines represents an efficient and time-tested approach toward hydrophilic
ligands. Introduction of a single sulfonate moiety into a molecule of a phosphine donor usually increases
polarity and hydrophilicity to such an extent that the resulting derivatives can be used as donors to prepare
highly hydrophilic coordination compounds as well as supporting ligands for transition metal-catalyzed
reactions performed in aqueous and water-organic biphase media [1–3]. Phosphinosulfonate Donors
including the archetypal and widely used trisodium tris(sulfonatophenyl)phosphine (TPPTS) [4–6] are
typically obtained by direct sulfonation of the parent phosphines, which somewhat limits the scope of the
accessible compounds, mainly due to problems associated with a high reactivity of the sulfonation agents
and their compatibility with other functional groups.

We have recently demonstrated that phosphinosulfonate donors can also be accessed via
amidation of phosphinocarboxylic acids with ω-aminosulfonic acids [7]. This synthetic approach,
which inherently leads to a simultaneous incorporation of the polar amide linking group, is modular
and allows the synthesis of libraries of donors with modified structures and also eliminates some
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Catalysts 2017, 7, 167

limitations of the direct-sulfonation approach. So far, we have utilized this method to prepare a series
of phosphinoferrocene amidosulfonates differing in the length of the aliphatic spacer between the
amide and sulfonate groups, compounds A (n = 1–3) [7], and a pair of isomeric phosphinobiphenyl
donors B and C [8,9] (Scheme 1). These compounds were successfully tested as supporting ligands in
Pd-catalyzed cyanation of aryl bromides and in Suzuki–Miyaura cross-coupling [7–9].

Scheme 1. Examples of phosphino-amidosulfonate donors.

Having recently established a reliable synthetic route to new (dialkylphosphino)ferrocenecarboxylic
acids in their stable, phosphine-protected form (viz. compounds 1a–c) [10], we decided to use
these compounds further in the preparation of phosphinoferrocene amidosulfonate donors with
varied, electron-rich phosphine substituents, compounds 4a–c (Scheme 1). The synthesis, structural
characterization and an evaluation of these compounds as supporting ligands in Pd-catalyzed
cyanation of aryl bromides to the corresponding nitriles [11,12] and Suzuki–Miyaura cross-coupling of
aryl bromides with arylboronic acids [13–17] performed in aqueous reaction media are reported in
this contribution.

2. Results and Discussion

2.1. Synthesis of the Ligands

Compounds 1a–c were prepared in analogy to the amidosulfonate donors A–C mentioned in
the Introduction except that their oxidation-sensitive phosphine moieties were protected in the
form of BH3 adducts [18] during the synthesis (Scheme 2). In the first step, phosphinocarboxylic
acid-borane adducts 1a–c were reacted with pentafluorophenol in the presence of 1-ethyl–3-
[3-(dimethylamino)propyl]carbodiimide (EDC) and 4-(dimethylamino)pyridine (DMAP) to afford
the corresponding esters 2a–c. These active esters were, in turn, reacted with aminomethanesulfonic
acid in a mixture of N,N-dimethylformamide (DMF) and triethylamine to give the target ligands in
their P-protected form, compound 3a–c. In the last step, the borane protecting group was removed by
heating these borane adducts in neat morpholine (65 ◦C/16 h) and the resulting free phosphines 4a–c
were isolated by column chromatography using a NEt3-pretreated silica gel column to avoid cation
exchange. The target ligands 4a–c as well as all reaction intermediates were characterized by NMR
and IR spectroscopy, electrospray ionization (ESI) mass spectrometry and by elemental analysis.
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Scheme 2. Synthesis of ligands 4a–c. Legend: R = i-Pr (a), cyclohexyl (Cy; b), and t-Bu (c);
EDC = 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide, DMAP = 4-(dimethylamino)pyridine, and
DMF = N,N-dimethylformamide.

In addition, solid-state structures of 3b·CH2Cl2 and 4b were determined by single-crystal X-ray
diffraction analysis. Views of the molecular structures are shown in Figure 1 and the relevant structural
parameters for the phosphinoferrocene amidosulfonate anions are presented in Table 1. The ferrocene
units in both structures adopt their usual geometry with similar Fe–C distances (cf. Fe–C(1–10):
2.036(2)–2.066(2) Å for 3b·CH2Cl2 and 2.032(2)–2.070(1) Å for 4b) and tilt angles not exceeding 5◦.
The substituents attached in the positions 1 and 1′ are diverted from each other, so that the ferrocene
cyclopentadienyls assume conformations near to anticlinal eclipsed (compare τ angles with the ideal
value of 144◦ [19]). Generally, the individual geometric parameters compare well with the values
reported previously for compound 4d [7] and acid 1b [10]. In the pair, the structures of the anions
differ mainly by the orientation of their CH2SO3 pendant groups. In the structure of 3b·CH2Cl2, this
moiety extends above the amide plane toward the ferrocene unit, whereas in 4b, it is directed away
from the ferrocene moiety (compare the dihedral angles C11-N1-C24-S of −88.5(2)◦ and 105.3(1)◦

in 3b·CH2Cl2 and 4b, respectively). Slight differences are observed also in the overall molecular
conformation (compare angles τ and φ in Table 1) and in the lengths of the P–C bonds, which are
longer in the free phosphine 4b than in the corresponding BH3 adduct 3b·CH2Cl2 [3b·CH2Cl2: P–C6
1.798(2) Å, P–C12 1.843(2) Å, and P–C18 1.840(2) Å; 4b: P–C6 1.825(1) Å, P–C12 1.873(1) Å, and P–C18
1.862(1) Å]. The cyclohexyl substituents assume chair conformations, which is clearly indicated by
the ring puckering parameter θ being 0.0(2)◦ [2.2(2)] and 178.0(2)◦ [175.3(2)◦] for the rings C(12–17)
and C(18–23) in 3b·CH2Cl2 [4b], respectively (N.B. ideal chair requires θ = 0/180◦, see ref. [20]). In all
rings, the P–C bonds occupy equatorial positions.

Despite their obvious structural similarity, compounds 3b·CH2Cl2 and 4b constitute different
solid-state assemblies in their crystals (Figure 2). The amidosulfonate anions in the structure of
3b·CH2Cl2 interact with their inversion-related counterparts through a pair of N1–H1N···O4 hydrogen
bonds (N1···O4 = 2.811(2) Å) to form a closed dimeric motif, which further binds two adjacent
Et3NH+ cations via N2–H2N···O1 hydrogen bonds involving the amide oxygen (N2···O1 = 2.794(2) Å).
A similar central unit formed from a pair of inversion-related amidosulfonate anions is found also in
the structure of 4b (N1···O2 = and 2.813(2) Å) and this dimeric moiety even interacts with a pair of the
triethylammonium cations though via hydrogen bonds toward the sulfonate oxygen O3 (N2–H2N ···
O3 = 2.717(2) Å).
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Figure 1. PLATON plots of the molecular structures of 3b·CH2Cl2 (top) and 4b (bottom).
The displacement ellipsoids are scaled to the 30% probability level. Note: all rings are numbered
consecutively and, hence, only the labels of the pivotal and the adjacent atom are shown to avoid
complicating the Figure. The molecule of solvent is also omitted.
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Figure 2. Simplified packing diagrams for 3b·CH2Cl2 (left) and 4b (right).

Table 1. Selected distances and angles for the anions in the structures of 3b·CH2Cl2 and 4b (in Å
and deg) a.

Parameter 3b·CH2Cl2 4b

Fe–Cg1 1.6506(8) 1.6452(7)
Fe–Cg2 1.6490(8) 1.6490(8)

∠Cp1, Cp2 4.8(1) 4.50(9)
τ −130.3(1) 146.1(1)

P–C6 1.798(2) 1.825(1)
P–B 1.931(2) n.a.

C1–C11 1.483(2) 1.477(2)
C11–O1 1.239(2) 1.230(2)
C11–N1 1.346(2) 1.353(2)

O–C11–N1 123.0(1) 122.6(1)
φ 11.9(2) 5.9(2)

N1–C24 1.443(2) 1.434(2)
C24–S 1.804(2) 1.791(2)
S–O2 1.453(1) 1.445(1)
S–O3 1.454(1) 1.458(1)
S–O4 1.460(1) 1.442(1)

N1–C24-S 112.3(1) 115.0(1)
C24–S–O b 104.59(7)–106.20(7) 103.06(8)–107.16(7)
O2–S–O3 114.07(7) 110.89(7)
O2–S–O4 113.27(8) 114.73(8)
O3–S–O4 112.16(7) 113.57(8)

a Definition of the parameters: Cp1 and Cp2 are the cyclopentadienyl rings C(1–5) and C(6–10), respectively. Cg1 and
Cg2 are the respective centroids. τ denotes the dihedral angle C1–Cg1–Cg2–Cg, and φ is the angle subtended by the
planes of the ring Cp1 and the amide group {C11, O1 N}. n.a. = not applicable. b The range of C24–S–O(2,3,4) angles.

The reaction of [Pd(μ-Cl)(η-C3H5)]2 with ligand 4b chosen as a representative and then with
silver(I) perchlorate proceeded under cleavage of the chloride bridges in the dimeric Pd(II) precursor
and removal of the Pd-bound chloride to afford the zwitterionic (η3-C3H5)Pd(II) complex 5b wherein
the phosphinosulfonate anion Cy2PfcCONHCH2SO3

− coordinates through its phosphine substituent
and the amide oxygen, forming an O,P-chelate ring (Scheme 3). The coordination of the phosphine
group in 5b was manifested through a shift of the 31P NMR resonance to a lower field (the 31P NMR
coordination shift, ΔP = δP(complex) − δP(free ligand), was 36.0 ppm), whereas the shift of the amide
C=O vibration in the IR spectrum by 65 cm−1 to lower energies suggested that the amide oxygen is
involved in coordination to the (η3-C3H5)Pd fragment rather that the anionic sulfonate moiety [7].
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Scheme 3. Synthesis of complex 5b.

The formulation of 5b was unequivocally corroborated by X-ray diffraction analysis on the
stoichiometric solvate 5b·CH2Cl2. A view of the complex molecule is shown in Figure 3, and the
selected geometric parameters are given in Table 2. The allyl moiety {C31, C32, C33} in the structure of
5b is rotated by 69.7(4)◦ with respect to the plane defined by the palladium atom and the remaining
ligating atoms P and O1, so that the carbon atom C32 in the meso position is diverted from the ferrocene
ligand [21]. The individual Pd–C(allyl) distances decrease gradually from C31 to C33, reflecting the
trans-influence of the donor atoms located opposite the allyl moiety (P > O) [22,23].

Table 2. Selected distances and angles for 5b·CH2Cl2 (in Å and deg) a.

Pd–P 2.3161(7) P–Pd–O1 105.07(5)

Pd–O1 2.131(2) C31–Pd–C33 67.1(1)

Pd–C31 2.225(3) P–Pd–C33 97.00(9)
Pd–C32 2.140(3) O1–Pd–C31 91.1(1)
Pd–C33 2.082(3) C31–C32–C33 121.4(3)
Fe–Cg1 1.650(1) ∠Cp1,Cp2 6.5(2)
Fe–Cg2 1.652(1) τ −65.1(2)
C1–C11 1.467(3) O1–C11–N 120.6(2)
C11–O 1.249(3) φ 15.3(3)
C11–N 1.342(3) C11–N–C24 123.2(2)
N–C24 1.436(4) N–C24–S 112.5(2)
C24–S 1.793(3) C24–S–O b 103.0(2)–106.8(2)
S–O2 1.442(3) O2–S–O3 111.1(2)
S–O3 1.460(2) O2–S–O4 116.9(2)
S–O4 1.443(3) O3–S–O4 111.8(2)
C6–P 1.813(3) C6–P–C12 104.6(1)

P–C12 1.844(3) C6–P–C18 101.2(1)
P–C18 1.854(3) C12–P–C18 104.9(1)

a Definition of the parameters: Cp1 and Cp2 are the cyclopentadienyl rings C(1–5) and C(6–10), respectively. Cg1
and Cg2 denote their respective centroids. τ stands for the dihedral angle C1–Cg1–Cg2–Cg, and φ is the angle
subtended by the planes of the ring Cp1 and the amide moiety {C11, O1 N}. b The range of C24–S–O(2,3,4) angles.

 

Figure 3. PLATON plot of the complex molecule in the structure of 5b·CH2Cl2 showing displacement
ellipsoids at the 30% probability level.
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Apparently because of chelate coordination, the 1,1′-disubtituted ferrocene unit is less open than
in the structure of 4b, adopting a near synclinal eclipsed conformation as evidenced by the torsion
angle C1–Cg1–Cg2–C6 (τ) of −65.1(2)◦ (cf. the ideal value: 72◦). The ferrocene moiety is somewhat
tilted (dihedral angle: 6.5(2)◦) with the C1 and C10 atoms that reside above each other in the ferrocene
unit forming the shortest bonds toward the central iron atom (N.B. the individual Fe–C bonds span
the range 2.011(2)–2.074(2) Å). More importantly, the distortion propagates to the amide unit, which
appears twisted by 15.3(3)◦ with respect to its parent cyclopentadienyl ring Cp1 and the pivotal atom
C11 is displaced from the Cp1 plane inward of the ferrocene unit by as much as 0.214(2) Å. All this aids
in bringing the amide oxygen O1 into a position suitable for chelate ring formation. The CH2SO3 arm
is oriented above the amide unit and to the side of the ferrocene unit so that the angle subtended by
the C24–S bond and the axis of the ferrocene unit (Cg1···Cg2) is 21.75(6)◦. In contrast, the phosphine
phosphorus lies in the plane of its bonding cyclopentadienyl ring (perpendicular distance from the
Cp2 plane is only 0.047(1) Å). However, because of the proximity of one of the cyclohexyl substituents,
the C7–C6–P angle is 3.6◦ less acute than the C10–C6–P angle opening to the less sterically encumbered
side of the ferrocene moiety (N.B. the difference between the C2–C1–C11 and C5–C1–C11 angles is
only 2.0◦).

In the crystal, the molecules of complex 5b associate into dimers via hydrogen bonds between
their amide NH groups and sulfonate oxygen O2 in a proximal molecule, N–H1N···O2 (N1···O2 =
2.779(3) Å, angle at H1N = 155◦). Additional soft C–H···O3S interactions interconnect these dimers
into a three-dimensional array.

2.2. Catalytic Experiments

The series of phosphinoferrocene amidosulfonates 4a–d bearing different substituents at the
phosphorus atom, which can be regarded as the primary coordination site for the catalytically active
soft metal ions, was firstly evaluated in Pd-catalyzed cyanation of aryl bromides leading to the
corresponding nitriles [11,12] using potassium hexacyanoferrate(II) as a practically non-toxic and
environmentally benign cyanide source [24]. In particular, we chose the cyanation of N-Boc protected
4-bromophenylalanine 6 (Scheme 4) performed in dioxane–water (1:1) mixture at 100 ◦C in the presence
of potassium carbonate as a base. The results collected in Table 3 indicate that the yield of the coupling
product 7 depends strongly on the Pd source. At a Pd loading of 2 mol. % and with the model ligand 4d,
the best catalyst performance resulted from [PdCl2(cod)] (cod = η2:η2-cycloocta-1,5-diene) and 2 equiv.
of the phosphine ligand, which reached full conversion of 6 to 7 within 3 h. An analogous catalyst
prepared at a 1:1 [PdCl2(cod)]:4d molar ratio ensued in only 30% conversion. Similar catalysts resulting
from 4d and palladium(II) acetate, which is commonly used as a Pd-precursor in cross-coupling
reactions [25] and even afforded very good yields of the coupling products in similar cyanation
reactions [7,26], performed considerably worse (conversions <5%). Poor results were also obtained
when [Pd(μ-Cl)(η-C3H5)]2 was employed as the Pd source, whereas the reaction performed in the
presence of [PdCl2(cod)] (2 mol. %) without any supporting ligand did not proceed in any appreciable
extent. Notably, the yields of the coupling product 7 markedly decreased when the supporting ligand
4d, used during the screening experiments, was replaced with its more electron-rich dialkylphosphino
analogues 4a–c (see Table 3).

 
Scheme 4. Pd-catalyzed cyanation of N-protected (4-bromophenyl)alanine 6.
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Table 3. Summary of the catalytic results in Pd-catalyzed cyanation of substrate 6 a.

Entry Pd Source (Loading) Ligand (Amount) NMR Yield of 7 [%]

1 [PdCl2(cod)] (2 mol. %) 4d (4 mol. %) 100 (95 c)
2 [PdCl2(cod)] (2 mol. %) 4d (2 mol. %) 30
3 Pd(OAc)2 (2 mol. %) 4d (4 mol. %) <5%
4 Pd(OAc)2 (2 mol. %) 4d (2 mol. %) <5%
5 [Pd(μ-Cl)(η-C3H5)]2 (2 mol. %) b 4d (2 mol. %) <5%
6 [PdCl2(cod)] (2 mol. %) none 0
7 [PdCl2(cod)] (2 mol. %) 4a (2 mol. %) 6
8 [PdCl2(cod)] (2 mol. %) 4b (2 mol. %) 14
9 [PdCl2(cod)] (2 mol. %) 4c (2 mol. %) 12

a Conditions: Substrate 6 (0.50 mmol), K2CO3 (1 mmol) and K4[Fe(CN)6] (0.25 mmol) were reacted in the presence
of in situ generated catalysts in dioxane–water (1:1, 4 mL) at 100 ◦C for 3 h. b 2 mol. % of Pd. c Isolated yield.

Next, we turned to Suzuki–Miyaura biaryl coupling, which is one of the most widely
utilized cross-coupling reactions [14–17]. We chose the reactions of bromobenzoic (8o/8m/8p) and
(bromophenyl)acetic (9o/9m/9p) acids with 4-fluorophenyl (10a) and 4-tolylboronic (10b) acids
(Scheme 5) that can be advantageously performed in aqueous solvents, and used the most stable
and accessible ligand 4d for the initial screening experiments. The reaction conditions were optimized
for the coupling of 9p and 10a yielding biphenyl 12pa, which can be easily monitored by 1H and 19F
NMR spectroscopy. The results are summarized in Table 4.

 
Scheme 5. Pd-catalyzed Suzuki–Miyaura cross-coupling of aromatic acids 8/9 with boronic acids 10a
and 10b.

The first reaction tests were aimed at finding a suitable solvent (Table 4, entries 1–5). When
performed in water at 40 ◦C and with a catalyst formed from [PdCl2(cod)] and 4d (1:2 ratio, 1 mol. %),
the model reaction produced the coupling product 12pa in a decent 60% yield after 2 h and a 72%
yield after 6 h. Better results were obtained in ethanol and, in particular, an ethanol–water 1:1 mixture,
where the yield was 81% after 6 h. Reaction in pure dioxane proceeded to only a negligible extent
(10% yield after 6 h), presumably for solubility reasons. However, the addition of water to the system
markedly improved the reaction outcome. Thus, the yields of 12pa achieved in a 1:1 dioxane–water
mixture were 82% after 2 h and quantitative after 6 h at 40 ◦C.
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Table 4. Summary of the optimization experiments for the model coupling of 8p and 10a.

Entry Pd Source (Loading) Ligand Solvent
NMR Yield of 12pa [%] after

2 h 6 h

1 [PdCl2(cod)] (1 mol. %) 4d (2 mol. %) water 60 72
2 [PdCl2(cod)] (1 mol. %) 4d (2 mol. %) ethanol 72 75
3 [PdCl2(cod)] (1 mol. %) 4d (2 mol. %) ethanol–water (1:1) 72 81
4 [PdCl2(cod)] (1 mol. %) 4d (2 mol. %) dioxane 0 10
5 [PdCl2(cod)] (1 mol. %) 4d (2 mol. %) dioxane–water (1:1) 82 quant.
6 [PdCl2(cod)] (1 mol. %) 4d (1 mol. %) dioxane–water (1:1) 41 n.a.
7 Pd(OAc)2 (1 mol. %) 4d (2 mol. %) dioxane–water (1:1) 78 n.a.
8 Pd(OAc)2 (1 mol. %) 4d (1 mol. %) dioxane–water (1:1) 85 n.a.
9 [Pd(μ-Cl)(η-C3H5)]2 (1 mol. %) b 4d (1 mol. %) dioxane–water (1:1) 0 n.a.

10 Pd(OAc)2 (1 mol. %) none dioxane–water (1:1) 56 n.a.
11 Pd(OAc)2 (0.5 mol. %) 4a (0.5 mol. %) dioxane–water (1:1) 79 98
12 Pd(OAc)2 (0.5 mol. %) 4b (0.5 mol. %) dioxane–water (1:1) 74 88
13 Pd(OAc)2 (0.5 mol. %) 4c (0.5 mol. %) dioxane–water (1:1) 43 67
14 Pd(OAc)2 (0.5 mol. %) 4d (0.5 mol. %) dioxane–water (1:1) 85 89
a Conditions: substrates 8p (1.0 mmol) and 10a (1.15 mmol) were reacted in the presence of in situ generated
catalysts and K2CO3 (2.0 mmol) in 4 mL of the respective solvent at 40 ◦C. n.a. = not available. b 1 mol. % of Pd.

Evaluation of different Pd(II) precursors performed next (Table 4, entries 5–13) revealed that the
best yield of the coupling product (85%) is obtained with a catalyst resulting in situ from palladium(II)
acetate and 1 equiv. of the amidosulfonate ligand 4d. Addition of another equivalent of 4d slightly
reduced the yield of 12pa. A different trend was noted for [PdCl2(cod)] in which case the catalyst
obtained after the addition of 2 equiv. of 4d achieved a higher yield than the analogous catalyst after
the addition of only 1 equiv. of the supporting ligand. The catalyst generated from [Pd(μ-Cl)(η-C3H5)]2

and 4d (1 equiv. per Pd atom) proved to be inactive. It is also noteworthy that unsupported
palladium(II) acetate also catalyzed the reaction but the yield was substantially lower than for both
tested Pd(OAc)2/4d catalysts.

In the last step, we have compared catalysts resulting from palladium(II) acetate and different
ligands 4. For this purpose, the metal loading was reduced to 0.5 mol. % and the reaction was
monitored after 2 h and 6 h to check whether the catalysts retain their activity. In the case of the
Pd(OAc)2/4d catalyst, the yields achieved after 2 and 6 h were 85% and 89%, respectively. Analogous
catalyst resulting from 4b showed a similar yield after 6 h (namely 88%) but a significantly lower yield
after 2 h (only 74%), which may suggest a slower catalyst activation and/or slower reaction rate [6].
A similar situation was noted in the case of ligand 4a possessing diisopropylphosphino substituent,
except that the yield of 12pa after 6 h was the highest among the catalysts tested (nearly quantitative).
In contrast, catalysts resulting from the most bulky and electron-rich ligand 4c acquired the lowest
conversions in the entire series, presumably due to rapid deactivation [10]. Based on these results, the
Pd(OAc)2/4a catalyst (0.5 mol. % Pd) was chosen for the following reaction scope tests, which were
limited to aryl bromides because the reaction with (4-chlorophenyl)acetic acid and 10a did not yield
any coupling product (0.5 mol. % Pd(OAc)2/4a, dioxane–water, 40 or 80 ◦C/6 h).

The results collected in Table 5 reveal several trends. First of all, both 2-bromobenzoic and
(2-bromophenyl)acetic acid reacted only sluggishly with arylboronic acids 10a/b, which can be ascribed
to a steric hindrance. All other isomeric aryl bromide substrates reacted well, achieving very good to
practically complete conversions. In all cases, the reactions with 10a bearing the electron-withdrawing
substituent proceeded with higher conversions than those with 10b. The differences in pairs of the
analogous reactions involving 10a and 10b were considerably larger for ortho- and para-substituted aryl
bromides than for their meta-substituted counterparts, which in turn points to a dominant electronic
influence (I- and M-effect).
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Table 5. Summary of the reaction scope tests a.

Entry Aryl Bromide Boronic Acid Product NMR Yield [%] Isolated Yield [%]

1 8o 10a 11oa 19 n.d.
2 8m 10a 11ma 89 67
3 8p 10a 11pa 92 77
4 8o 10b 11ob 24 n.d.
5 8m 10b 11mb 88 77
6 8p 10b 11pb 84 64
7 9o 10a 12oa <5 n.d.
8 9m 10a 12ma 97 78
9 9p 10a 12pa 98 78
10 9o 10b 12ob 12 n.d.
11 9m 10b 12mb 93 90
12 9p 10b 12pb 80 71

a Conditions: the respective substrates 8/9 (1.0 mmol) and 10 (1.15 mmol) were reacted in the presence of a catalyst
generated from palladium(II) acetate (0.5 mol.%) and ligand 4a (1 equiv. with respect to Pd) and K2CO3 (2.0 mmol)
as the base in 4 mL of dioxane–water (1:1) at 40 ◦C. n.d. = not determined.

Attempted coupling of 4-bromophenyl alanine substrate 6 with 10a and 10b (Scheme 6) under
similar conditions proceeded satisfactorily, producing the biphenyl amino acids 13a and 13b,
respectively, in approximately 90% yields (Table 6). Unfortunately, these products could not be
separated from unreacted 6a either by chromatography or crystallization due to a similar retention
characteristic and reluctance to crystallize, respectively. Upon increasing the amount of the catalyst
to 1 mol. %, the reaction achieved complete conversions within 6 h at 40 ◦C, which in turn allowed
for the isolation of the pure products 13 in good yields. Notably, NMR analysis of the crude reaction
mixtures revealed that the Boc-protecting group is stable under the reaction conditions, which is
indeed manifested in the good yields.

Scheme 6. Pd-catalyzed Suzuki–Miyaura biaryl coupling involving substrate 6.

Table 6. Reactions of 10a/b with amino acid 6 a.

Entry Boronic Acid Product Pd Loading NMR Yield [%] Isolated Yield [%]

1 10a 13a 0.5 mol. % 88 n.d.
2 10b 13b 0.5 mol. % 91 n.d.
3 10a 13a 1.0 mol. % 100 76
4 10b 13b 1.0 mol. % 100 83

a Conditions: compound 6 (1.0 mmol) and 10a or 10b (1.15 mmol) were reacted in the presence of a catalyst
generated from palladium(II) acetate (0.5 or 1.0 mol. %) and ligand 4a (1 equiv.) and K2CO3 (2.0 mmol) as the base
in 4 mL of dioxane–water (1:1) at 40 ◦C for 6 h. n.d. = not determined.

3. Experimental

3.1. Materials and Methods

Compounds 1a–c [10] and 4d [7] were prepared according to the literature methods. Anhydrous
dichloromethane was obtained from a PureSolv MD5 Solvent Purification System (Innovative
Technology Inc., Amesbury, MA, USA). Triethylamine and dioxane were distilled from sodium
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metal. Other chemicals (Alfa-Aesar or Sigma-Aldrich, Ward Hill, MA, USA; Saint Louis, MO,
USA), anhydrous N,N-dimethylformamide over molecular sieves (Sigma-Aldrich), anhydrous
ethanol (Penta, Prague, Czech Republic) and all solvents (reagent grade from Lach-Ner, Neratovice,
Czech Republic) used for workup, column chromatography and crystallizations were without any
additional purification.

NMR spectra were recorded at 298 K on a Varian Unity Inova 400 spectrometer (1H, 399.95 MHz;
13C, 100.58 MHz; and 31P, 161.90 MHz) or a Bruker AVANCE III 400 spectrometer (1H, 400.13 MHz;
13C{1H}, 100.62 MHz; 19F, 376.46 MHz; and 31P, 161.97 MHz). Chemical shifts (δ/ppm) are given
relative to internal tetramethylsilane (1H and 13C NMR), to external 85% aqueous H3PO4 (31P NMR),
and to external neat CFCl3 (19F NMR), respectively. In addition to the standard notation of NMR
signals, vt and vq are used to distinguish virtual triplets and quartets arising from the C=O and
phosphine-substituted cyclopentadienyl rings, respectively. Conventional low-resolution electrospray
ionization mass spectra (ESI MS) were recorded with an Esquire 3000 (Bruker). High-resolution (HR)
analyses were performed with a compact Q-TOF (Bruker Daltonik) instrument. The samples were
dissolved in HPLC-grade methanol. Infrared spectra were collected in Nujol mulls on a FTIR Thermo
Fisher Nicolet 760 instrument in the range 400–4000 cm−1.

3.2. General Procedure for the Synthesis of Esters H3B·R2PfcCO2C6F5 (2a–c)

The respective acids H3B·R2PfcCO2H (1a–c, 5.0 mmol), 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (1.15 g, 6.0 mmol), pentafluorophenol (1.10 g, 6.0 mmol) and
4-(dimethylamino)pyridine (122 mg, 1.0 mmol) were dissolved in dichloromethane (50 mL). After
stirring overnight, brine (50 mL) was added to the reaction mixture and stirring was continued for
another 10 min. Then, the organic layer was separated and washed with brine (50 mL). The combined
aqueous phases were back-extracted with dichloromethane (20 mL). The combined organic layers
were dried over anhydrous MgSO4 and evaporated to dryness. The crude product was purified by
flash column chromatography over silica gel as described below.

3.2.1. Preparation of iPr2PfcCO2C6F5·BH3 (2a)

Ester 2a was synthesized from acid 1a (1.80 g, 5.0 mmol) following the general procedure and
isolated as an orange solid. Ethyl acetate-hexane (1:8) was used during the chromatography. Only the
first band from the product was collected. Yield: 2.46 g (94%).

1H NMR (CDCl3): δ 0.15–1.10 (br m, 3 H, BH3), 1.16 (dd, 3JHH = 7.1 Hz, 3JPH = 2.7 Hz, 6 H, CHMe2),
1.19 (dd, 3JHH = 7.1 Hz, 3JPH = 3.5 Hz, 6 H, CHMe2), 2.16 (d of sept, 2JPH = 10.1 Hz, 3JHH = 7.1 Hz, 2 H,
CHMe2), 4.52 (vq, J′ = 1.8 Hz, 2 H, fc), 4.61 (d of vt, J’ ≈ 0.9, 1.9 Hz, 2 H, fc), 4.80 (vt, J′ = 2.0 Hz, 2 H, fc),
5.06 (vt, J′ = 2.0 Hz, 2 H, fc). 13C{1H} NMR (CDCl3): δ 17.16 (s, 2 C, CHMe2), 17.47 (d, 2JPC = 2 Hz, 2 C,
CHMe2), 22.58 (d, 1JPC = 35 Hz, 2 C, CHMe2), 68.05 (s, Cipso-CO of fc), 70.65 (d, 1JPC = 53 Hz, Cipso-P
of fc), 72.32 (s, 2 C, CH of fc), 73.44 (d, JPC = 7 Hz, 2 C, CH of fc), 73.59 (d, JPC = 6 Hz, 2 C, CH of fc),
75.43 (s, 2 C, CH of fc), 125.16 (s, Cipso of C6F5), 137.96 (dm, 1JFC = 253 Hz, Cmeta of C6F5), 139.45 (dm,
1JFC = 253 Hz, Cpara of C6F5), 141.48 (dm, 1JFC = 250 Hz, Cortho of C6F5), 167.45 (s, C=O). 19F{1H} NMR
(CDCl3): δ = −162.60 (m, Fmeta of C6F5), −158.34 (t, 3JFF = 22 Hz, Fpara of C6F5), −153.08 (m, Fortho of
C6F5) ppm. 31P{1H} NMR (CDCl3): δ 31.9 (br d). IR (Nujol): 2373 m, 2342 m, 1768 s, 1522 s, 1305 w,
1261 (s), 1203 w, 1169 w, 1142 w, 1072 s, 1058 m, 1023 m, 1011 m, 974 m, 885 m, 870 w, 852 w, 833 w,
753 w, 639 w, 611 w, 531 w, 505 w cm−1. MS (ESI+): m/z 549.1 ([M + Na]+), 565.1 ([M + K]+). Anal.
Calc. for C23H25BF5FeO2P (526.06): C 52.51, H 4.79%. Found: C 52.50, H 4.69%.

3.2.2. Preparation of Cy2PfcCO2C6F5·BH3 (2b)

Ester 2b was obtained from acid 1b (2.20 g, 5.0 mmol) as described above and isolated as an
orange solid. Ethyl acetate-hexane (1:10) was used during the chromatography. Only the first band
from the product was collected. Yield: 2.54 g (84%).
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1H NMR (CDCl3): δ 0.15–1.05 (br m, 3 H, BH3), 1.10–1.40 (m, 10 H, Cy), 1.65–1.73 (m, 2 H, Cy), 1.75–2.01
(m, 10 H, Cy), 4.49 (vq, J′ = 1.8 Hz, 2 H, fc), 4.60 (d of vt, J′ ≈ 0.9, 1.8 Hz, 2 H, fc), 4.78 (vt, J′ = 2.0 Hz,
2 H, fc), 5.04 (vt, J′ = 2.0 Hz, 2 H, fc). 13C{1H} NMR (CDCl3): δ 25.89 (d, JPC = 1 Hz, 2 C, CH2 of Cy),
26.77 (d, JPC = 2 Hz, 2 C, CH2 of Cy), 26.88 (d, JPC = 1 Hz, 2 C, CH2 of Cy), 26.95 (s, 2 C, CH2 of Cy),
27.27 (d, JPC = 2 Hz, 2 C, CH2 of Cy), 32.33 (d, 1JPC = 34 Hz, 2 C, CH of Cy), 68.03 (s, Cipso-CO of fc),
71.31 (d, 1JPC = 53 Hz, Cipso-P of fc), 72.34 (s, 2 C, CH of fc), 73.42 (d, JPC = 6 Hz, 2 C, CH of fc), 73.58 (d,
JPC = 7 Hz, 2 C, CH of fc), 75.39 (s, 2 C, CH of fc), 125.18 (m, Cipso of C6F5), 137.95 (dm, 1JFC = 252 Hz,
Cmeta of C6F5), 139.44 (dm, 1JFC = 253 Hz, Cpara of C6F5), 141.38 (dm, 1JFC = 251 Hz, Cortho of C6F5),
167.46 (s, C=O). 19F{1H} NMR (CDCl3): δ = −162.62 (m, Fmeta of C6F5), −158.33 (t, 3JFF = 22 Hz, Fpara

of C6F5), −153.10 (m, Fortho of C6F5) ppm. 31P{1H} NMR (CDCl3): δ 24.3 (br d). IR (Nujol): 2373 m,
2342 m, 1768 s, 1522 s, 1305 w, 1261 m, 1203 w, 1169 w, 1142 w, 1072 s, 1058 m, 1023 m, 1011 s, 974 m,
885 m, 870 w, 852 w, 833 w, 753 w, 639 w, 611 w, 531 w, 505 w cm−1. MS (ESI+): m/z 629.2 ([M + Na]+),
645.1 ([M + K]+). Anal. Calc. for C29H33BF5FeO2P (606.18): C 57.50, H 5.50%. Found: C 57.46, H 5.49%.

3.2.3. Preparation of H3B·tBu2PfcCO2C6F5 (2c)

Ester 2c was synthesized from 1c (1.94 g, 5.0 mmol) by using the general procedure and isolated
as an orange solid. Ethyl acetate-hexane (1:8) was used during the column chromatography. Only the
first band from the product was collected. Yield: 2.06 g (93%).

1H NMR (CDCl3): δ 0.20–1.20 (br m, 3 H, BH3), 1.30 (d, 3JPH = 12.9 Hz, 18 H, CMe3), 4.62–4.65 (m,
4 H, fc), 4.80 (vt, J′ = 2.0 Hz, 2 H, fc), 5.03 (vt, J′ = 2.0 Hz, 2 H, fc). 13C{1H} NMR (CDCl3): δ 28.64 (d,
2JPC = 2 Hz, 6 C, CMe3), 33.42 (d, 1JPC = 27 Hz, 2 C, CMe3), 67.95 (s, Cipso-CO of fc), 72.46 (s, 2 C, CH
of fc), 72.76 (d, 1JPC = 48 Hz, Cipso-P of fc), 73.51 (d, JPC = 6 Hz, 2 C, CH of fc), 74.91 (d, JPC = 6 Hz,
2 C, CH of fc), 75.92 (s, 2 C, CH of fc), 125.18 (m, Cipso of C6F5), 137.92 (dm, 1JFC = 252 Hz, Cmeta of
C6F5), 139.44 (dm, 1JFC = 253 Hz, Cpara of C6F5), 143.37 (dm, 1JFC = 251 Hz, Cortho of C6F5), 167.45 (s,
C=O). 19F{1H} NMR (CDCl3): δ = −162.60 (m, Fmeta of C6F5), −158.35 (t, 3JFF = 22 Hz, Fpara of C6F5),
−153.01 (m, Fortho of C6F5) ppm. 31P{1H} NMR (CDCl3): δ 45.5 (br d). IR (Nujol): 2391 m, 2363 m, 2344
m, 1752 s, 1521 s, 1304 w, 1267 s, 1162 w, 1144 w, 1080 s, 1057 w, 1026 m, 1006 w, 995 m, 980 w, 910 w,
895 m, 874 w, 852 w, 833 m, 815 w, 755 w, 647 w, 626 w, 573 w, 531 w, 514 w cm−1. MS (ESI+): m/z 577.2
([M + Na]+), 593.1 ([M + K]+). Anal. Calc. for C25H29BF5FeO2P (554.11): C 54.19, H 5.28%. Found:
C 54.18, H 5.22%.

3.3. General Procedure for the Synthesis of Amides R2PfcCONHCH2SO3(HNEt3)·BH3 (3a–c)

The respective ester 1 (3.0 mmol), aminomethanesulfonic acid (0.51 g, 4.5 mmol) and
4-(dimethylamino)pyridine (122 mg, 1.0 mmol) were dissolved in a mixture of N,N-dimethylformamide
(10 mL) and triethylamine (2 mL). After stirring overnight, the solvents were evaporated under
vacuum and the residual DMF was removed by trituration with diethyl ether (50 mL). The crude
product was purified by flash column chromatography over silica gel. The column was packed in
CH2Cl2–MeOH–Et3N (100:5:5) and the product was eluted with CH2Cl2–MeOH (100:5). The first
orange band was collected and evaporated. The solid residue was triturated with diethyl ether
(3 × 20 mL) to remove residual triethylamine and, finally, dried under vacuum.

3.3.1. Preparation of iPr2PfcCONHCH2SO3(HNEt3)·BH3 (3a)

Amide 3a was synthesized from ester 2a (1.58 g, 3.0 mmol) following the general procedure
described above and isolated as an orange crystalline solid after crystallization from hot ethyl acetate.
Yield: 1.32 g (79%).

1H NMR (CD2Cl2): δ 0.10–1.10 (br m, 3 H, BH3), 1.11 (dd, 3JHH = 7.1 Hz, 3JPH = 1.4 Hz, 6 H, CHMe2),
1.15 (d, 3JHH = 7.1 Hz, 6 H, CHMe2), 1.31 (t, 3JHH = 7.3 Hz, 9 H, CH3 of Et3NH+), 2.13 (d of sept,
2JPH = 10.1 Hz, 3JHH = 7.1 Hz, 2 H, CHMe2), 3.10 (q, 3JHH = 7.3 Hz, 6 H, CH2 of Et3NH+), 4.40 (vq,
J′ = 1.7 Hz, 2 H, fc), 4.43 (d, 3JHH = 6.6 Hz, 2 H, CH2N), 4.50 (vt, J′ = 2.0 Hz, 2 H, fc), 4.65 (d of vt,
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J′ ≈ 0.9, 1.9 Hz, 2 H, fc), 4.83 (vt, J′ = 2.0 Hz, 2 H, fc), 6.92 (t, 3JHH = 6.5 Hz, 1 H, NH). 13C{1H} NMR
(CD2Cl2): δ 8.85 (s, 3 C, CH3 of Et3NH+), 17.30 (s, 2 C, CHMe2), 17.62 (d, 2JPC = 2 Hz, 2 C, CHMe2), 22.82
(d, 1JPC = 35 Hz, 2 C, CHMe2), 46.46 (s, 3 C, CH2 of Et3NH+), 56.05 (s, CH2N), 69.36 (d, 1JPC = 55 Hz,
Cipso-P of fc), 70.09 (s, 2 C, CH of fc), 73.35 (s, 2 C, CH of fc), 73.59 (s, 2 C, CH of fc), 73.66 (d, JPC =
1 Hz, 2 C, CH of fc), 76.96 (s, Cipso-CO of fc), 169.54 (s, C=O). 31P{1H} NMR (CD2Cl2): δ 31.6 (br d).
IR (Nujol): 3312 m, 2376 w, 2360 m, 2332 m, 1654 s, 1533 s, 1499 m, 1366 m, 1313 w, 1285 w, 1245 m,
1216 m, 1165 s, 1070 m, 1035 m, 1012 m, 980 m, 899 w, 888 w, 868 w, 852 w, 840 m, 831 m, 812 w, 797 w,
754 m, 692 w, 667 w, 632 w, 615 m, 585 w, 535 w, 515 m cm−1. MS (ESI+): m/z 555.2 ([M + H]+), 656.4
([M + HNEt3]+); MS (ESI−): m/z 451.9 ([M − HNEt3]+). Anal. Calc. for C24H44BFeN2O4PS (554.30): C
52.00, H 8.00, N 5.06%. Found: C 51.90, H 8.03, N 4.93%.

3.3.2. Preparation of Cy2PfcCONHCH2SO3(HNEt3)·BH3 (3b)

Amide 3b was synthesized from 2b (1.82 g, 3.0 mmol) according to the general procedure and was
isolated as an orange crystalline solid after crystallization from hot ethyl acetate. Yield: 1.67 g (88%).

1H NMR (CD2Cl2): δ 0.04–1.04 (br m, 3 H, BH3), 1.08–1.38 (m, 10 H, Cy), 1.31 (t, 3JHH = 7.3 Hz, 9 H,
CH3 of Et3NH+), 1.64–1.71 (m, 2 H, Cy), 1.74–1.99 (m, 10 H, Cy), 3.11 (q, 3JHH = 7.3 Hz, 6 H, CH2 of
Et3NH+), 4.37 (vq, J′ = 1.8 Hz, 2 H, fc), 4.42 (d, 3JHH = 6.6 Hz, 2 H, CH2N), 4.47 (vt, J′ = 2.0 Hz, 2 H,
fc), 4.64 (d of vt, J′ ≈ 0.9, 1.8 Hz, 2 H, fc), 4.80 (vt, J′ = 1.9 Hz, 2 H, fc), 6.85 (t, 3JHH = 6.6 Hz, 1 H,
NH). 13C{1H} NMR (CD2Cl2): δ 8.87 (s, 3 C, CH3 of Et3NH+), 26.39 (d, JPC = 2 Hz, 2 C, CH2 of Cy),
27.15–27.30 (m, 6 C, CH2 of Cy), 27.57 (d, JPC = 2 Hz, 2 C, CH2 of Cy), 32.49 (d, 1JPC = 35 Hz, 2 C, CH of
Cy), 46.50 (s, 3 C, CH2 of Et3NH+), 56.02 (s, CH2N), 69.99 (d, 1JPC = 55 Hz, Cipso-P of fc), 70.04 (s, 2 C,
CH of fc), 73.35 (s, 2 C, CH of fc), 73.48 (d, JPC = 7 Hz, 2 C, CH of fc), 73.70 (d, JPC = 7 Hz, 2 C, CH of
fc), 76.98 (s, Cipso-CO of fc), 169.44 (s, C=O). 31P{1H} NMR (CD2Cl2): δ 24.1 (br d). IR (Nujol): 3531 m,
3456 m, 3337 m, 2378 m, 2334 m, 1648 s, 1523 m, 1296 w, 1253 w, 1211 m, 1168 s, 1053 m, 890 w, 853 w,
826 w, 765 w, 635 w, 616 w, 528 w, 506 w cm−1. MS (ESI+): m/z 635.2 ([M + H]+), 736.5 ([M + HNEt3]+);
MS (ESI−): m/z 532.0 ([M − HNEt3]+). Anal. Calc. for C30H52BFeN2O4PS (634.43): C 56.79, H 8.26, N
4.42%. Found: C 56.64, H 8.31, N 4.29%.

3.3.3. Preparation of tBu2PfcCONHCH2SO3(HNEt3)·BH3 (3c)

Amide 3c was synthesized from 2c (1.66 g, 3.0 mmol) according to the general procedure and
isolated as an orange solid. The compound decomposes upon attempted crystallization. Yield:
1.62 g (92%).

1H NMR (CD2Cl2): δ 0.15–1.15 (br m, 3 H, BH3), 1.27 (d, 3JPH = 12.8 Hz, 18 H, CMe3), 1.31 (t,
3JHH = 7.3 Hz, 9 H, CH3 of Et3NH+), 3.10 (q, 3JHH = 7.3 Hz, 6 H, CH2 of Et3NH+), 4.43 (d, 3JHH = 6.6 Hz,
2 H, CH2N), 4.48 (vt, J′ = 2.0 Hz, 2 H, fc), 4.50 (vq, J′ = 1.7 Hz, 2 H, fc), 4.69 (d of vt, J′ ≈ 0.9, 1.9 Hz, 2
H, fc), 4.80 (vt, J′ = 2.0 Hz, 2 H, fc), 6.91 (t, 3JHH = 6.5 Hz, 1 H, NH). 13C{1H} NMR (CD2Cl2): δ 8.86
(s, 3 C, CH3 of Et3NH+), 28.84 (d, 2JPC = 2 Hz, 6 C, CMe3), 33.60 (d, 1JPC = 28 Hz, 2 C, CMe3), 46.44
(s, 3 C, CH2 of Et3NH+), 56.03 (s, CH2N), 70.23 (s, 2 C, CH of fc), 71.66 (d, 1JPC = 49 Hz, Cipso-P of
fc), 73.49 (d, JPC = 6 Hz, 2 C, CH of fc), 73.85 (s, 2 C, CH of fc), 75.16 (d, JPC = 7 Hz, 2 C, CH of fc),
76.93 (s, Cipso-CO of fc), 169.42 (s, C=O). 31P{1H} NMR (CD2Cl2): δ 45.1 (br m). IR (Nujol): 3296 m,
2382 m, 2363 m, 2343 m, 1656 s, 1517 m, 1498 m, 1316 w, 1299 w, 1251 w, 1211 m, 1161 s, 1068 w, 1039 s,
1014 m, 983 m, 895 w, 858 w, 838 w, 814 w, 751 w, 647 w, 613 w, 598 w, 516 w cm−1. MS (ESI+): m/z
684.4 ([M + HNEt3]+), 605.3 ([M + Na]+); MS (ESI−): m/z 479.9 ([M − HNEt3]+). Anal. Calc. for
C26H48BFeN2O4PS·0.1CH2Cl2 (590.84): C 53.05, H 8.22, N 4.74%. Found: C 52.98, H 7.88, N 4.49%.

3.4. General Procedure for Deprotection of Borane Aducts 3

A Schlenk flask was charged with a borane adduct 3 (1.5 mmol) and freshly distilled morpholine
(10 mL). The reaction mixture was thoroughly degassed by five freeze–pump–thaw cycles and then
heated at 65 ◦C for 16 h. Next, the morpholine was removed under vacuum and the crude product was
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purified by flash column chromatography over silica gel. The chromatographic column was packed
in CH2Cl2–MeOH–Et3N (100:5:5) and the product was eluted with CH2Cl2–MeOH (100:5). The first
orange band was collected and evaporated. The residue was triturated with diethyl ether (3 × 20 mL)
to remove residual triethylamine.

3.4.1. Preparation of iPr2PfcCONHCH2SO3(HNEt3) (4a)

Amide 4a was prepared from 3a (0.831 g, 1.5 mmol) as outlined above and isolated as an orange
crystalline solid after crystallization from hot ethyl acetate. Yield: 0.657 g (81%).

1H NMR (CD2Cl2): δ 1.05 (dd, 3JHH = 7.0 Hz, 3JPH = 2.1 Hz, 6 H, CHMe2), 1.08 (dd, 3JHH = 7.0 Hz,
3JPH = 4.2 Hz, 6 H, CHMe2), 1.32 (t, 3JHH = 7.3 Hz, 9 H, CH3 of Et3NH+), 1.91 (d of sept, 2JPH = 2.0 Hz,
3JHH = 7.3 Hz, 2 H, CHMe2), 3.12 (q, 3JHH = 7.3 Hz, 6 H, CH2 of Et3NH+), 4.25 (vq, J′ = 1.6 Hz, 2 H,
fc), 4.31 (vt, J′ = 1.9 Hz, 2 H, fc), 4.41 (d, 3JHH = 6.5 Hz, 2 H, CH2N), 4.47 (vt, J′ = 1.8 Hz, 2 H, fc),
4.68 (vt, J′ = 1.9 Hz, 2 H, fc), 6.77 (t, 3JHH = 5.8 Hz, 1 H, NH). 13C{1H} NMR (CD2Cl2): δ 8.90 (s, 3 C,
CH3 of Et3NH+), 20.03 (d, 2JPC = 11 Hz, 2 C, CHMe2), 20.25 (d, 2JPC = 15 Hz, 2 C, CHMe2), 23.76 (d,
1JPC = 12 Hz, 2 C, CHMe2), 46.61 (s, 2 C, CH2 of Et3NH+), 56.08 (s, CH2N), 69.66 (s, 2 C, CH of fc),
72.21 (d, JPC = 2 Hz, 2 C, CH of fc), 72.75 (s, 2 C, CH of fc), 73.13 (d, JPC = 10 Hz, 2 C, CH of fc), 76.28 (s,
Cipso-CO of fc), 76.28 (d, 1JPC = 10 Hz, Cipso-P of fc), 170.09 (s, C=O). 31P{1H} NMR (CD2Cl2): δ − 0.1
(s). IR (Nujol): 3509 s, 3448 s, 3285 s, 1659 s, 1637 s, 1540 s, 1342 w, 1315 m, 1286 m, 1243 m, 1209 m,
1157 s, 1073 w, 1038 s, 964 w, 893 w, 834 m, 769 w, 658 w, 635 w, 616 m, 595 w, 541 w, 525 w, 517 w cm−1.
MS (ESI+): m/z 440.0 ([M + H − NEt3]+), 541.2 ([M + H]+); MS (ESI−): m/z 437.9 ([M − HNEt3]+).
Anal. Calc. for C24H41BFeN2O4PS (540.47): C 53.33, H 7.65, N 5.18%. Found: C 53.07, H 7.69, 5.24%.

3.4.2. Preparation of Cy2PfcCONHCH2SO3(HNEt3) (4b)

Amide 4b was synthesized from 3b (0.952 g, 1.5 mmol) by following the general procedure and
isolated as an orange crystalline solid after crystallization from hot ethyl acetate. Yield: 0.78 g (84%).

1H NMR (CD2Cl2): δ 0.96–1.37 (m, 10 H, Cy), 1.32 (t, 3JHH = 7.3 Hz, 9 H, CH3 of Et3NH+), 1.61–1.82 (m,
10 H, Cy), 1.86–1.95 (m, 2 H, Cy), 3.12 (q, 3JHH = 7.3 Hz, 6 H, CH2 of Et3NH+), 4.22 (vq, J′ = 1.6 Hz,
2 H, fc), 4.29 (vt, J′ = 1.9 Hz, 2 H, fc), 4.42 (d, 3JHH = 6.5 Hz, 2 H, CH2N), 4.46 (vt, J′ = 1.8 Hz, 2 H, fc),
4.67 (vt, J′ = 1.9 Hz, 2 H, fc), 6.86 (t, 3JHH = 6.3 Hz, 1 H, NH). 13C{1H} NMR (CD2Cl2): δ 8.91 (s, 3 C,
CH3 of Et3NH+), 26.87 (d, JPC = 1 Hz, 2 C, CH2 of Cy), 27.65 (d, JPC = 9 Hz, 2 C, CH2 of Cy), 27.78 (d,
JPC = 11 Hz, 2 C, CH2 of Cy), 30.48 (d, JPC = 2 Hz, 2 C, CH2 of Cy), 30.60 (s, 2 C, CH2 of Cy), 33.73 (d,
JPC = 12 Hz, 2 C, CH of Cy), 46.63 (s, 3 C, CH2 of Et3NH+), 56.09 (s, CH2N), 69.67 (s, 2 C, CH of fc),
72.16 (d, JPC = 3 Hz, 2 C, CH of fc), 72.76 (d, JPC = 1 Hz, 2 C, CH of fc), 73.32 (d, JPC = 10 Hz, 2 C, CH
of fc), 76.23 (s, Cipso-CO of fc), 170.21 (s, C=O). One ferrocene resonance (Cipso-P) was not identified,
presumably due to overlaps. 31P{1H} NMR (CD2Cl2): δ − 8.3 (s). IR (Nujol): 3309 s, 1653 s, 1533 s,
1314 m, 1284 m, 1247 w, 1217 m, 1169 s, 1077 w, 1044 s, 966 w, 891 w, 847 w, 831 w, 771 w, 613 m, 547 w,
533 w, 516 w cm−1. MS (ESI+): m/z 621.3 ([M + H]+); MS (ESI−): m/z 518.0 ([M − HNEt3]+). Anal.
Calc. for C30H49BFeN2O4PS (620.59): C 58.06, H 7.96, N 4.52%. Found: C 57.81, H 7.82, N 4.50%.

3.4.3. Preparation of tBu2PfcCONHCH2SO3(HNEt3) (4c)

Amide 4c was synthesized from 3c (0.874 g, 1.5 mmol) as described above and isolated as an
orange solid. Yield: 0.605 g (71%).

1H NMR (CD2Cl2): δ 1.18 (d, 3JPH = 11.2 Hz, 18 H, CMe3), 1.32 (t, 3JHH = 6.0 Hz, 9 H, CH3 of Et3NH+),
3.12 (q, 3JHH = 6.4 Hz, 6 H, CH2 of Et3NH+), 4.32–4.45 (m, 4 H, fc), 4.42 (d, 3JHH = 6.5 Hz, 2 H, CH2N),
4.54 (vt, J′ = 1.8 Hz, 2 H, fc), 4.71 (vt, J′ = 1.9 Hz, 2 H, fc), 6.76 (t, 3JHH = 5.4 Hz, 1 H, NH). 13C{1H} NMR
(CD2Cl2): δ 8.92 (s, 3 C, CH3 of Et3NH+), 30.92 (d, 2JPC = 13 Hz, 6 C, CMe3), 33.00 (d, 1JPC = 20 Hz, 2 C,
CMe3), 46.58 (s, 3 C, CH2 of Et3NH+), 56.10 (s, CH2N), 69.72 (s, 2 C, CH of fc), 72.17 (d, JPC = 3 Hz, 2 C,
CH of fc), 73.34 (s, 2 C, CH of fc), 74.65 (d, JPC = 12 Hz, 2 C, CH of fc), 76.11 (s, Cipso-CO of fc), 170.00 (s,
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C=O). One ferrocene resonance (Cipso-P) was not identified, presumably due to overlaps. 31P{1H} NMR
(CD2Cl2): δ 27.3 (s). IR (Nujol): 3448 s, 3324 s, 1644 s, 1541 s, 1317 m, 1292 m, 1186 s, 1072 w, 1039 s,
936 w, 896 w, 837 m, 812 m, 756 w, 734 w, 617 m, 522 m cm−1. MS (ESI+): m/z 468.1 ([M + H − NEt3]+),
569.2 ([M + H]+); MS (ESI−): m/z 465.9 ([M − HNEt3]+). Anal. Calc. for C26H45FeN2O4PS·0.3CH2Cl2
(594.00): C 53.18, H 7.74, N 4.72%. Found: C 53.16, H 7.75, N 4.53%.

3.4.4. Preparation of [Pd(Cy2PfcCONHCH2SO3-κ2O,P)(η3-C3H5)] (5b)

Solid [Pd(μ-Cl)(η3-C3H5)]2 (18.3 mg, 0.05 mmol) was added to a solution of 4b (62.1 mg, 0.1 mmol)
in dichloromethane (5 mL). After stirring for 30 min, a solution of AgClO4 (21.0 mg, 0.1 mmol) in
benzene (1 mL) was added causing immediate precipitation of AgCl. The resulting mixture was stirred
for 1 h and filtered through a syringe filter (PTFE, 0.45 μm pore size). The filtrate was evaporated
under vacuum to afford a crude product, which was purified by two subsequent crystallizations by
liquid-phase diffusion of diethyl ether into a chloroform solution of the complex to fully remove
triethylammonium perchlorate. Yield after two crystallizations: 41 mg (62%).

1H NMR (CDCl3): δ 1.11–1.44 (m, 11 H, Cy), 1.67–2.09 (m, 11 H, Cy), 4.41 (br m, 2 H, fc), 4.53 (br m, 2
H, fc), 4.60 (br d, 3JHH = 5.4 Hz, 2 H, CH2N), 4.76 (br m, 2 H, fc), 4.87 (br m, 2 H, fc), 5.67 (quint, 3JHH =
9.9 Hz, 1 H, CH of C3H5), 7.14 (br s, 1 H, NH). 31P{1H} NMR (CDCl3): δ 27.7 (s). IR (Nujol): 3240 s,
1588 s, 1566 s, 1329 w, 1297 m, 1258 m, 1249 w, 1226 w, 1204 s, 1175 s, 1091 s, 1039 s, 1007 m, 976 w,
959 w, 937 w, 921 w, 846 m, 836 w, 771 w, 743 m, 619 m, 604 w, 594 w, 548 w, 529 w, 500 w. MS (ESI+):
m/z 688.1 ([M + Na]+). Anal. Calc. for C27H38FeNO4PPdS (665.86): C 48.70, H 5.75, N 2.10%. Found:
C 48.52, H 5.68, N 2.04%.

3.5. Catalytic Tests in Pd-Catalyzed Cyanation

A solution of ligand (2, 4 or 8 mol. % with respect to the aryl bromide 6) in dry dichloromethane
(3 mL) was added to the respective palladium source (2 or 4 mol. %) placed in the reaction vessel; the
obtained mixture was stirred for 5 min and then evaporated under vacuum. Anhydrous potassium
hexacyanoferrate(II) (184 mg, 0.5 mmol), potassium carbonate (138 mg, 1.0 mmol) and 6 (172 mg,
0.5 mmol) were added to the pre-formed catalyst. The flask was equipped with a magnetic stirring bar,
flushed with argon, and sealed with a septum. Solvent (1,4-dioxane/water, 1:1; 4 mL) was introduced,
the septum was replaced with a glass stopper, and the reaction flask was transferred to an oil bath
maintained at 100 ◦C. After stirring for 3 h, the reaction mixture was cooled to room temperature and
diluted with water (10 mL), ethyl acetate (5 mL) and 3 M HCl (3 mL). The organic layer was separated
and washed with brine (10 mL). The aqueous layer was back-extracted with ethyl acetate (3 × 5 mL).
The combined organic layers were dried over anhydrous magnesium sulfate and evaporated under
reduced pressure. The conversion was determined by integration of 1H NMR spectrum.

Characterization data for the coupling product 7. 1H NMR (CDCl3): δ 1.35 (s, 9 H, CH3), 2.95–3.38
(m, 2 H, CH2), 4.25–5.10 (m, 2 H, CH and NH), 7.32 and 7.60 (2 × d, JHH = 8.0 Hz, 2 H, C6H4). The NMR
data are in accordance with the literature [27].

3.6. Catalytic Tests in Pd-Catalyzed Suzuki–Miyaura Cross-Coupling

The procedure was modified from ref. [28]. Thus, palladium(II) acetate (1.0 or 0.5 mol. %) and the
respective ligand 4 (1 or 2 equiv. with respect to Pd) were placed into a Schlenk tube and dissolved
in dichloromethane (2 mL) under argon. The mixture was stirred for 5 min and then evaporated
under vacuum. Next, aryl halide (1.00 mmol), boronic acid (1.15 mmol) and K2CO3 (2.00 mmol) were
added to the Schlenk tube and the reaction vessel was filled with argon and sealed with a rubber
septum. Degassed water (2 mL) and dioxane (2 mL) were introduced and the reaction flask was placed
into a preheated oil bath (40 ◦C). After stirring for 6 h, the reaction was terminated by cooling on ice
and the simultaneous addition of 3 M aqueous HCl (3 mL), water (7 mL) and ethyl acetate (10 mL).
The aqueous layer was separated and extracted with ethyl acetate (3 × 15 mL). The organic layers were
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combined, washed with brine (30 mL), dried over MgSO4 and evaporated under reduced pressure.
Conversion was determined by 1H NMR spectroscopy.

If appropriate, the coupling products were isolated as follows. K2CO3 (ca. 300 mg) was added
to the crude product and the mixture was dissolved in water (10 mL). Brine (10 mL) and NaCl (ca.
300 mg) were added to the solution and the resulting precipitate was filtered. The collected precipitate
was dissolved in boiling water (100 mL) and filtered immediately by suction to remove the by-product
resulting from self-coupling of aryl boronic acids. The filtrate was cooled to laboratory temperature
and acidified with dilute hydrochloric acid until pH 3–4 was reached whereupon a white precipitate
formed. The separated product was filtered off, washed with distilled water (20 mL) and then taken up
with ethyl acetate (30 mL). The solution was dried over MgSO4 and evaporated under reduced pressure
to afford pure coupling product, which was analyzed by 1H NMR spectroscopy. Characterization data
of the coupling products were as follows.

2-(4-Fluorophenyl)benzoic acid (11oa). 1H NMR (CDCl3): δ 7.13–7.01 (m, 2 H), 7.31–7.25 (m, 2 H), 7.33
(dd, J = 7.8, 1.1 Hz, 1H), 7.43 (td, J = 7.6, 1.4 Hz, 1H), 7.57 (td, J = 7.6, 1.4 Hz), 7.96 (dd, J = 7.8, 1.1 Hz,
1H), (all aromatics). The collected data correspond to those in the literature; see ref. [29].

3-(4-Fluorophenyl)benzoic acid (11ma). 1H NMR (dmso-d6): δ 7.28–8.17 (m, 8 H, aromatics), 13.16 (br s,
1 H, CO2H). The NMR data are in line with those in the literature (see ref. [27]).

4-(4-Fluorophenyl)benzoic acid (11pa). 1H NMR (dmso-d6): δ 7.30–7.37 (m, 2 H, aromatics), 7.75–7.83
(m, 4 H, aromatics), 7.98–8.04 (m, 2 H, aromatics), 13.02 (br s, 1 H, CO2H). The data are in accordance
with those in the literature; see ref. [27].

2-(4-Tolyl)benzoic acid (11ob). 1H NMR (CDCl3): δ 2.38 (s, 3 H, CH3), 7.26–7.14 (m, 4 H, aromatics),
7.35 (dd, J = 7.7, 0.9 Hz, 1 H, aromatics), 7.39 (td, J = 7.6, 1.4 Hz, 1 H, aromatics), 7.53 (td, J = 7.6, 1.4 Hz,
1 H, aromatics), 7.92 (dd, J = 7.8, 1.1 Hz, 1 H, aromatics). The analytical data are in agreement with
those in the literature, see ref. [28].

3-(4-Tolyl)benzoic acid (11mb). 1H NMR (dmso-d6): δ 2.35 (s, 3 H, CH3), 7.27–8.19 (m, 8 H, aromatics).
The NMR data are in agreement with those in the literature; see ref. [27].

4-(4-Tolyl)benzoic acid (11pb). 1H NMR (CDCl3): δ 2.42 (s, 3 H, CH3) 7.27–7.32 (m, 2 H, aromatics),
7.52–7.57 (m, 2 H, aromatics), 7.66–7.71 (m, 2 H, aromatics), 8.13–8.18 (m, 2 H, aromatics). These data
correspond with those in the literature; see ref. [27].

2-(4-Fluorophenyl)phenylacetic acid (12oa). 1H NMR (dmso-d6): δ 3.50 (s, 2 H, CH2), 7.21–7.38 (m, 8 H,
aromatics), 12.27 (br s, 1 H, CO2H). 13C{1H} NMR (dmso-d6): δ 38.49 (s, CH2), 115.06 (d, 2JCF = 21 Hz,
2 C, aromatic CH), 126.91 (s, CH), 127.45 (s, CH) 129.76 (s, aromatic CH), 130.79 (s, CH), 130.83 (d,
3JCF = 7.9 Hz, 2 C, aromatic CH), 132.53 (s, aromatic C), 137.06 (d, 4JCF = 3 Hz, aromatic C), 140.76 (s,
aromatic C), 161.42 (d, 1JCF = 244 Hz, aromatic C), 172.67 (s, CO2H). HRMS (ESI−) calc. for C14H10FO2

([M − H]−): 229.0665, found 229.0670.

3-(4-Fluorophenyl)phenylacetic acid (12ma). 1H NMR (dmso-d6): δ 3.65 (s, 2 H, CH2), 2.24–2.33 (m, 3 H,
aromatics), 7.37–7.43 (m, 1 H, aromatics), 7.50–7.55 (m, 2 H, aromatics), 7.65–7.71 (m, 2 H, aromatics),
12.35 (br s, 1 H, CO2H). 13C{1H} NMR (dmso-d6): δ 40.61 (s, CH2), 115.68 (d, 2JCF = 21 Hz, 2 C aromatic
CH), 124.88 (s, aromatic CH), 127.79 (s, aromatic CH), 128.56 (s, aromatic CH), 128.60 (d, 3JCF = 7.9 Hz,
2 C aromatic CH) 128.83 (s, aromatic CH) 135.72 (s, aromatic C), 136.50 (d, 4JCF = 3 Hz, aromatic C),
139.04 (s, aromatic C), 161.82 (d, 1JCF = 244 Hz, aromatic C), 172.62 (s, CO2H). HRMS (ESI−) calc. for
C14H10FO2 ([M − H]−): 229.0665, found 229.0669.

4-(4-Fluorophenyl)phenylacetic acid (12pa). 1H NMR (dmso-d6): δ 3.61 (s, 2 H, CH2), 7.24–7.74 (m, 8 H,
aromatics), 12.38 (br s, 1 H, CO2H). The data are in accordance with those in the literature; see ref. [30].

2-(4-Tolyl)phenylacetic acid (12ob). 1H NMR (CDCl3): δ 2.39 (s, 3 H, CH3), 3.59 (s, 2 H, CH2), 7.25–7.55
(m, 8 H, aromatics). The NMR parameters are in agreement with those in the literature; see ref. [31].
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3-(4-Tolyl)phenylacetic acid (12mb). 1H NMR (dmso-d6): δ 2.34 (s, 3 H, CH3), 3.64 (s, 2 H, CH2),
7.20–7.56 (m, 8 H, aromatics), 12.35 (br s, 1 H, CO2H). 13C{1H} NMR (dmso-d6): δ 20.67 (s, CH3),
40.66 (s, CH2), 124.68 (s, aromatic CH), 126.45 (s, 2 C, aromatic CH), 127.56 (s, aromatic CH), 128.17(s,
aromatic CH), 128.78(s, aromatic CH), 129.51 (s, 2 C, aromatic CH), 135.62 (s, aromatic C), 136.72 (s,
aromatic C), 137.15(s, aromatic C), 140.013 (s, aromatic C), 172.69 (s, CO2H). HRMS (ESI−) calc. for
C15H13O2 ([M − H]−): 225.0916, found 225.0957.

4-(4-Tolyl)phenylacetic acid (12pb). 1H NMR (CDCl3): δ 2.39 (s, 3 H, CH3), 3.59 (s, 2 H, CH2), 7.25–7.55
(m, 8 H, aromatics). The data correspond with those in the literature (ref. [27]).

Rac-2-{[(tert-butyloxy)carbonyl]amino}-3-(4′-fluorobiphenyl-4-yl)propionic acid (13a). 1H NMR
(dmso-d6): δ 1.32 (s, 9 H, CMe3) 2.83–2.89 (m, 1 H, CH2), 3.03–3.08 (m, 1 H, CH2), 4.01–4.15 (m,
1 H, CH), 7.16–7.09 (m, 1 H), 7.13 (d, 3JHH = 8.3 Hz, 1 H, NH), 7.24–7.30 (m, 2 H, aromatics), 7.33 (d,
J = 8.1 Hz, 2 H, aromatics), 7.56 (d, J = 8.2 Hz, 2 H, aromatics), 12.65 (br s, 1 H, CO2H). The data are in
accordance with those reported in ref. [32].

Rac-2-{[(tert-butyloxy)carbonyl]amino}-3-(4′-methylbiphenyl-4-yl)propionic acid (13b). 1H NMR
(dmso-d6): δ 1.32 (s, 9 H, CMe3), 2.33 (s, 3 H, CH3), 2.76–3.08 (m, 2 H, CH2), 4.01-4.16 (m, 1 H,
CH), 7.12 (d,3JHH = 8.3 Hz, 1 H, NH), 7.24–7.26 (m, 2 H, aromatics), 7.30–7.32 (m, 2 H, aromatics),
7.51–7.56 (m, 4 H, aromatics), 12.63 (br s, 1 H, CO2H). The analytical data are in agreement with those
in the literature (see ref. [8]).

3.7. X-ray Crystallography

The crystals of 3b·CH2Cl2 (orange prism, 0.17 × 0.20 × 0.25 mm3) and 4b (orange plate,
0.07 × 0.17 × 0.23 mm3) were grown from dichloromethane–hexane and ethyl acetate–heptane,
respectively. Full-set diffraction data for both compounds (±h ± k ± l, θmax = 27.5◦) were collected
on a Bruker D8 VENTURE Kappa Duo PHOTON100 diffractometer equipped with IμS micro-focus
sealed tube (MoKα radiation, λ = 0.71073 Å) and a Cryostream cooling device (Oxford Cryosystems)
at 150(2) K.

Selected crystallographic data for 3b·CH2Cl2: C31H54BCl2FeN2O4PS·CH2Cl2 (M = 719.35 g
mol−1), triclinic, space group P − 1 (no. 2); a = 8.3583(3) Å, b = 11.0812(4) Å, c = 20.6164(8) Å,
α = 99.276(1)◦, β = 100.551(1)◦, γ = 102.947(1)◦; V = 1788.3(1) Å3, Z = 2, Dcalc = 1.336 g mL−1,
F(000) = 764, μ(MoKα) = 0.711 mm−1. A total of 37,660 diffractions were collected, of which were 8211
unique (Rint = 2.93%) and 7117 observed according to the Io > 2σ(Io) criterion.

Selected crystallographic data for 4b: C30H49FeN2O4PS (M = 620.59 g mol−1), monoclinic,
space group P21/c (no. 14); a = 17.3904(6) Å, b = 9.1114(3) Å, c = 19.7014(7) Å, β = 97.552(1)◦;
V = 3094.6(2) Å3, Z = 4, Dcalc = 1.332 g mL−1, F(000) = 1328, μ(MoKα) = 0.643 mm−1. A total of 82,146
diffractions were collected, of which were 7125 unique (Rint = 4.12%) and 3275 observed according to
the Io > 2σ(Io) criterion.

The structures of 3b·CH2Cl2 and 4b were solved by direct methods (XT2014 [33]) and refined by
unrestricted least-squares against F2 (SHELXL-97 [34] or SHELXL-2014 [35]). All non-hydrogen atoms
were refined with anisotropic displacement parameters. The amide hydrogens H1N were identified on
an electron density map and refined as riding atom with Uiso(H1N) set to 1.2Ueq(N). Hydrogen atoms
in the CHn groups were included in their theoretical positions using the standard HFIX instructions in
SHELXL-2014 and refined as riding atoms. A recent version of the PLATON program [36] was used to
perform all geometric calculations and prepare the structural diagrams.

In the case of 3b·CH2Cl2, the refinement converged (Δ/σ ≤ 0.002, 391 parameters) to R = 2.96%
and wR = 7.02% for the observed diffractions and to R = 3.84% and wR = 7.54% for all diffractions.
Extremes on the final difference electron density map were: Δρmax = 0.72, Δρmin = −0.79 e Å−3. CCDC
deposition number: 1545049.

For 4b, the refinement converged (Δ/σ ≤ 0.002, 355 parameters) to R = 2.68% and wR = 6.53%
for the observed diffractions and to R = 3.31% and wR = 6.83% for all diffractions. Extremes on the
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final difference electron density map were: Δρmax = 0.36, Δρmin = −0.36 e Å−3. CCDC deposition
number: 1545048.

An orange, bar-like crystal of 5b·CH2Cl2 with approximate dimensions of 0.14 × 0.25 × 0.36 mm3

was obtained by recrystallization of the complex from dichloromethane–diethyl ether. Full-diffraction
data (±h ± k ± l, θmax = 27.56◦) were collected at 150(2) K with a Nonius Kappa CCD diffractometer
equipped with a Bruker APEX-II image plate detector and a Cryostream cooling device (Oxford
Cryosystems) using MoKα radiation (λ = 0.71073 Å). A total of 26,856 diffractions were collected, of
which 7049 were independent (Rint = 2.98%) and 5970 observed according to the Io > 2σ(Io) criterion.
Selected crystallographic data: C27H38FeNO4PPdS·CH2Cl2 (M = 750.79 g mol−1), monoclinic, space
group P2/c (no. 13); a = 17.257(1) Å, b = 10.4304(6) Å, c = 17.2618(8) Å, β = 100.882(2)◦; V = 3051.2(3) Å3,
Z = 4, Dcalc = 1.634 g mL−1, F(000) = 1535, μ(MoKα) = 1.395 mm−1.

The structure was solved and refined as described above for 3b·CH2Cl2 and 4b. The refinement
converged (Δ/σ ≤ 0.002, 352 parameters) to R = 3.30% and wR = 7.74% for the observed diffractions
and to R = 4.26% and wR = 8.22% for all diffractions. The final difference electron density map
showed peaks of no chemical significance (Δρmax = 1.51, Δρmin = −0.75 e Å−3). CCDC deposition
number: 1544852.

4. Conclusions

In summary, several new phosphinoferrocene amidosulfonate donors with different
dialkylphosphino substituents were synthesized and characterized. Together with their
diphenylphosphino- substituted counterpart, these compounds were used as a ligand in Pd-mediated
cyanation of aryl bromides and Suzuki–Miyaura cross-coupling of bromo-substituted benzoic and
phenylacetic acids with boronic acids to the corresponding biphenyls. The testing reactions—aimed
mainly at comparing different ligands and catalysts resulting thereof, rather than at obtaining the
highest yields—revealed differences between the two types of reactions. Namely, ligand 4d bearing
the least electron-donating phosphine moiety and [PdCl2(cod)] as a palladium source provided the
best results in the cyanation reaction, while the biaryl coupling reactions provided the best yields with
a catalyst resulting from the electron-rich donor 4a and palladium(II) acetate. In a wider perspective,
the collected results confirm that careful optimization of the catalytic system and reaction conditions is
needed in each particular case to obtain good results in Pd-catalyzed C–C bond forming reactions.
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