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ABSTRACT: Effective and convenient protocols using
renewable sugar-derived palladium(0) nanoparticles (PdNPs)
as in situ-formed catalysts for Suzuki−Miyaura cross-coupling
reactions in isopropanol under thermal and microwave heating
conditions have been developed. The addition of a small
amount of glucose (5 mol %) to the reaction mixture lead to
an increase in yield of the cross-coupled products compared to
control experiments that omitted glucose. The size and
morphology of the in situ-formed PdNPs were determined
by TEM, and further EF-TEM analysis showed a hydrophilic
hydroxylated shell around the individual palladium particles. The polar/hydrophilic nature of the nanoparticles allowed for their
facile removal from the cross-coupled product, and a significant decrease in the amount of palladium incorporated into the final
product was observed, as measured by ICP-MS analysis.
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■ INTRODUCTION

Palladium-catalyzed cross-coupling transformations are some of
the most widely utilized methods for the generation of C−C,
C−N, and C−S bonds in both industry and academia.1−3 A key
palladium(0)-catalyzed transformation is the reaction between
an arylhalide and a boronic acid, the Suzuki−Miyaura
reaction.4,5 Palladium catalysis is currently used in spite of
the fact that in order to work effectively it can require toxic and
expensive additives, which result in unnecessary waste, expense,
and hazard to the environment. A variety of approaches have
been developed to combat some of these issues, including the
employment of ancillary ligands,6−8 solid supports,9,10 molten
salts,11 and additives for catalyst turnover.12 While homoge-
neous systems have lead the way in this area of research,
another line of investigation has centered around the use of
heterogeneous palladium nanoparticles (PdNPs).13−20 These
catalysts are particularly attractive due to their good reactivity/
selectivity, recoverability/recyclability, and low catalyst load-
ings.21−27 Traditionally, PdNPs are synthesized via the
reduction of a palladium(II) species in the presence of
stabilizing agents, capping agents, or solid supports, which
can control both their size and morphology.28−32 Despite these
advances, novel methods of nanoparticle formation, modes of
reactivity, and removal/recyclability are important for the
advancement of this integral sector.

Recently, the use of simple sugars33−36 and other
biomass37−48 that both reduce palladium(II) precatalysts and
stabilize the resulting palladium(0) nanoparticle have been
reported, though little research has investigated their ability to
catalyze cross-coupling reactions.49,50 This method for
generating PdNPs represents a simple, effective, and increas-
ingly green method toward PdNP generation as the necessity
for potentially harmful stabilizers or capping agents and solid
supports is negated. Additionally, the surface of the PdNPs are
decorated with sugar residues (vide infra). This hydrophilic
shell should allow for the facile removal of the catalyst from the
cross-coupled products. Herein, we report the use of in situ-
generated glucose-derived PdNPs in the Suzuki−Miyaura cross-
coupling reaction of aryl iodides and phenylboronic acid
derivatives using isopropanol as a solvent under both thermal
and microwave conditions. Importantly, the addition of a
renewable sugar glucose to this simple system resulted in both
increased yields of cross-coupled products and a significant
decrease in the amount of palladium incorporated into the final
product as determined by ICP-MS analysis.
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■ EXPERIMENTAL SECTION
General Procedures. Thermal Protocol. A 5 mL microwave vial

was loaded with Pd(OAc)2 (1 mol %) and glucose (5 mol %).
Technical grade isopropanol (3.0 mL) was added followed by boronic
acid (1.5 equiv), aryl halide (1.0 equiv), and K2CO3 (2.0 equiv). The
vial was sealed and heated to 100 °C with stirring for 20 h. After
cooling, the reaction mixture was taken up in water (20 mL) and
extracted with ethyl acetate (3 mL × 30 mL); the combined organic
fractions were dried over anhydrous Na2SO4. All volatiles were
removed in vacuo to afford the crude reaction mixture that was
purified by flash column chromatography on silica gel (ethyl acetate/
petroleum ether) to afford the desired biphenyls (Table 2).
Microwave-Assisted Protocol. A 5 mL microwave vial was loaded

with Pd(OAc)2 (1 mol %) and glucose (5 mol %). Technical grade
isopropanol (1.5 mL) was added followed by boronic acid (1.5 equiv),
aryl halide (1.0 equiv), and K2CO3 (2.0 equiv). The vial was sealed and
was rapidly heated to 120 °C in a microwave. This temperature was
maintained for 2 h. Microwave reactions were run in a Biotage Initiator
2.0 microwave, and the temperature of the reaction was monitored by
IR. After cooling, the reaction mixture was taken up in water (20 mL)
and extracted with ethyl acetate (3 mL × 30 mL); the combined
organic fractions were dried over anhydrous Na2SO4. All volatiles were
removed in vacuo to afford the crude reaction mixture that was
purified by flash column chromatography on silica gel (ethyl acetate/
petroleum ether) to afford the desired biphenyls (Table 3).

■ RESULTS AND DISCUSSION
Initially, the palladium-catalyzed cross-coupling of 1-iodo-4-
nitrobenzene and phenylboronic acid was chosen in order to
ascertain the effect of glucose on the transformation and
develop appropriate reaction conditions (Table 1). Several

features of this study are noteworthy. An initial solvent screen
showed that the green solvent isopropanol gave the desired
biaryl in as good a yield as more traditional solvents such as
DMF or acetonitrile, which have increased levels of toxicity.51

Because of its high yield of product as well as increased
workers/process safety and decreased environmental im-
pact,52−54 the green solvent isopropanol was chosen for this
transformation.55−59 Importantly, isopropanol is a preferred
industrial solvent and has significant advantages over the use of
pure water in these transformations.60 A series of bases were
also screened, and it was found that the choice of base had little

effect on the overall yield of the corresponding biaryl.51 Because
of the lower molecular weight, cost, and toxicity of the
potassium carbonate base, it was used to further examine this
process. The temperature employed was however found to have
a substantial impact upon isolated yields with a distinct
decrease arising as a consequence of lowering the reaction
temperature (Table 1, entries 1−4). Interestingly, analysis of
the Pd(OAc)2 precatalyst and glucose loading (Pd/glucose
ratio of 1:5) was noted to demonstrate a minor decrease in
yield from 2 to 1 mol % Pd(OAc)2 (80% and 78%,
respectively), while a further decrease in catalyst loading to
0.2 mol % afforded a significant decrease in yield to 40% (Table
1, entries 1, 5−6). The highest yield of biaryl was obtained
when the reaction was run for 20 h at 100 °C in the presence of
1 mol % Pd(OAc)2 and 5 mol % glucose for 20 h (Table 1,
entry 7). It was found that the background reaction, in which
glucose was not added, gave the desired biaryl of 73% (Table 1,
entry 8). Therefore, an 11% increase in yield was observed by
simply adding the cheap renewable sugar glucose to the
reaction mixture, which also led to a decrease in residual
palladium in the isolated product (vide infra). This increase in
yield could possibly be due to the protective properties of the
sugar coating (Figure 1).61−19 Control experiments that
omitted both Pd(OAc)2 and glucose only afford the starting
materials (Table 1, entry 9).
With high yielding conditions in hand, the substrate scope

and functional group tolerance of the sugar-derived PdNP
protocol was investigated (Table 2). Neutral, activated, and
deactivated substrates were effectively coupled with phenyl-
boronic acid in good yields under the standard conditions
(Table 2, entries 1−3). Substrates bearing synthetically relevant
functionality that can be further elaborated and that did not
contain protecting groups63 were also investigated. Fortunately,
substrates bearing nitrile and hydroxyl functional groups
coupled with phenylboronic acid in good yield (Table 2,
entries 4, 5). Compounds containing amine, amide, ester, and
carboxylic acid functionality were also tolerated (Table 2,
entries 6−9). It was noted that when the PdNP system was run
in isopropanol that it was selective toward aryl iodides, a result
which has been previously reported by other researchers using
preformed palladium nanoparticles as catalysts in alcohol
solvents.64,65 In contrast, using DMF as solvent allowed for
the facile coupling of bromobenzene with phenyl boronic acid
in quantitative yield under similar conditions. Thus, subjection
of 4-chlorophenylboronic acid to the standard conditions in the
presence of iodobenzene afforded 4-chlorobiphenyl exclusively
(Table 2, entry 10). We envisage this result to be of particular
relevance for selective cross-coupling reactions at specific
positions of polyhalogenated substrates.66 This study therefore
provides insights into the functional group compatibility of
palladium-catalyzed cross-coupling reactions in alcoholic
solvents.
Having explored the substrate scope and functional group

tolerance of the sugar-derived PdNP-catalyzed cross-coupling
protocol, research into reducing the overall reaction time via
microwave heating was conducted.67−72 After a brief inves-
tigation into the use of microwaves in our in situ palladium
nanoparticle protocol,51 it was found that 1-iodo-4-nitro-
benzene and phenylboronic acid could be coupled in 86%
yield in 2 h at 120 °C (Table 3, entry 1). 4-Nitrobiphenyl was
formed in 74% yield under the microwave conditions when no
glucose was added. In addition to an increase in yield versus the
control experiments, this procedure also represents a significant

Table 1. Development of Sugar-Derived PdNP-Catalyzed
Cross-Coupling of 1-Iodo-4-nitrobenzene and
Phenylboronic Acida

entry
Pd(OAc)2
(mol %)

glucose
(mol %)

temp.
(°C)

time
(h)

yieldb

(%)

1 2 10 100 16 80
2 2 10 80 16 72
3 2 10 60 16 48
4 2 10 rt 16 0
5 1 5 100 16 78
6 0.2 1 100 16 40
7 1 5 100 20 84
8 1 − 100 20 73
9 − − 100 20 0

aReaction conditions: 1-iodo-4-nitrobenzene (0.78 mmol, 1 equiv),
phenylboronic acid (1.16 mmol, 1.5 equiv), and base (1.56 mmol, 2
equiv). bIsolated yields.
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rate enhancement over the thermal protocol with a reduction of
18 h in reaction time.68−73 Neutral, activated, and deactivated
substrates all afforded the desired cross-coupled products in
good yield (Table 3, entries 2−4). Additionally, 4-chlorobor-
onic acid was found to couple efficiently with iodobenzene
under the reaction conditions to give the desired biaryl in good
yield (Table 3, entry 5). In comparing the representative yields
of the biaryl products, comparable isolated yields were observed
under both the thermal and microwave conditions. While a
direct comparison of the energy used in the two methods was
not practical for this study,73 it should be noted that an 18 h
decrease in time was observed between the thermal and
microwave protocols.

■ TEM ANALYSIS OF IN SITU-FORMED
PALLADIUM(0) NANOPARTICLES

Given the rate enhancement demonstrated by the microwave-
assisted protocol, we became interested in both the size and
morphology of the sugar-derived PdNPs and the influence that
the heat source has on these features. Transmission electron
microscopy (TEM) of the palladium(0) nanoparticles
generated under both thermal heating and microwave
irradiation showed that while they both formed circular
aggregate structures the microwave generated nanoparticles
were smaller and more uniform in size (Figure 1a,b).51 This
increase in monodispersity is most likely due to the uniform
heating74,75 and rapid cooling in the microwave reactor, as the
individual nanoparticles exhibit a similar size distribution. Our
hypothesis, that the surface of the PdNPs are decorated with
sugar residues, was supported via the use of energy filtered
transmission electron microscopy (EF-TEM) analysis, which
gave a spatially resolved composite image showing a hydro-
philic shell of oxygen atoms (red) surrounding the palladium
nanoparticle (green, Figure 1c). The layer of oxygen (red) and
carbon (blue), presumably sugar residues, surrounding the
palladium nanoparticles should increase their polarity as well as
solubility in polar media.51

Figure 1. Representative TEM images of sugar-derived palladium nanoparticles generated under (a) thermal and (b) microwave irradiation. (c) EF-
TEM map of palladium (green), oxygen (red), and carbon (blue) for PdNPs showing the nanoparticles surrounded by a hydrophilic hydroxyl shell.

Table 2. Substrate Scope of the Sugar-Derived PdNP
Catalyst System in the Suzuki−Miyaura Cross-Coupling
Reactiona

aReaction conditions: aryl halide (0.78 mmol, 1 equiv), boronic acid
(1.2 mmol, 1.5 equiv), K2CO3 (1.6 mmol, 2 equiv), iPrOH (3.0 mL),
Pd(OAc)2 (1 mol %), glucose (5 mol %), 100 °C, and 20 h. bIsolated
yields. cNo glucose was added.

Table 3. Sugar-Derived PdNPs in Microwave-Assisted
Suzuki−Miyaura Cross-Coupling Reactiona

aReaction conditions: aryl halide (0.39 mmol, 1 equiv), phenylboronic
acid (0.58 mmol, 1.5 equiv), K2CO3 (0.78 mmol, 2 equiv), iPrOH (1.5
mL), Pd(OAc)2 (1 mol %), glucose (5 mol %), 120 °C, and 2 h.
bIsolated yields. cNo glucose was added.
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■ ICP-MS ANALYSIS OF THE RESIDUAL PALLADIUM

The removal of toxic heavy metals from active pharmaceutical
ingredients needs to be efficient in order to meet regulatory
standards, and significant research has been undertaken to
facilitate the removal of palladium.76−78 The degree of
palladium incorporation into the biaryl cross-coupled products
after both the workup and purification stages was investigated
using ICP-MS analysis. The organic extracts from an aqueous

workup and silica gel-purified products of the thermal reaction
of 1-iodo-4-nitrobenzene and phenylboronic acid both with and
without the addition of glucose were subjected to IPS-MS
analysis (Table 4).51 It was found that reactions conducted in
the presence of the cheap additive glucose gave a 36%
difference in palladium content after simple aqueous workup
verses the sample not containing glucose (Table 4, compare
entries 1 vs 2).51 Additionally, a 48% difference in palladium
was observed after flash column chromatography in comparison
to reactions conducted without glucose (Table 4, compare
entries 3 vs 4).51 These results support our hypothesis that the
increased hydrophilicity of the sugar-derived nanoparticles as
well as their enlarged polarity and size when compared to the
nonglucose system allows for a more facile removal of the
palladium.

■ CONCLUSION
In summary, a simple and effective method for the employment
of in situ-generated, renewable, sugar-derived PdNPs in the
Suzuki−Miyaura cross-coupling reaction of aryl iodides and
phenylboronic acid derivatives conducted in isopropanol was
developed. It is noteworthy that a wide range of functional
groups were compatible with the reaction conditions and that
the use of a microwave influenced both the rate of the reaction
and size distribution of the resultant palladium nanoparticles.
Moreover, these protocols led to a significant decrease in
residual palladium found in both the crude and purified
products. Therefore, the addition of a cheap renewable sugar
glucose to the system resulted in both increased yields of cross-
coupled products and a significant decrease in the amount of
palladium incorporated into the final product. Investigations
into the nature and role of the reducing sugar as well as further
applications of this system into other reaction manifolds are
ongoing and will be reported in due course.
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Pagliaro, M. Heterogeneous Sonogashira coupling over nanostructured
SiliaCat Pd(0). ACS Sustainable Chem. Eng. 2013, 1, 57−61.
(60) Papa, A. J. Propanols. In Ullman’s Encyclopedia of Industrial
Chemistry; Pelc, H., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2005; pp: 1−12.
(61) Tamura, M.; Fujihara, H. Chiral bisphosphine BINAP-stabilized
gold and palladium nanoparticles with small size and their palladium
nanoparticle-catalyzed asymmetric reaction. J. Am. Chem. Soc. 2003,
125, 15742−15743.
(62) Roucoux, A.; Schulz, J.; Patin, H. Reduced transition metal
colloids: A novel family of reusable catalysts? Chem. Rev. 2002, 102,
3757−3778.
(63) Young, I. S.; Baran, P. S. Protecting-group-free synthesis as an
opportunity for invention. Nature Chem. 2009, 1, 193−205.
(64) Al-Amin, M.; Akimoto, M.; Tameno, T.; Ohki, Y.; Takahashi,
N.; Hoshiya, N.; Shutoa, S.; Arisawa, M. Suzuki−Miyaura cross-
coupling reactions using a low-leaching and highly recyclable gold-
supported palladium material and two types of microwave equipments.
Green Chem. 2013, 15, 1142−1145.
(65) Wang, H.-B.; Zhang, Y.-H.; Yang, H.-L.; Ma, Z.-Y.; Zhang, F.-
W.; Sun, J.; Ma, J.-T. Palladium immobilized in the nanocages of SBA-
16: An efficient and recyclable catalyst for Suzuki coupling reaction.
Micro. Meso. Mater. 2013, 168, 65−72.
(66) Jana, R.; Pathak, T. P.; Sigman, M. S. Advances in transition
metal (Pd,Ni,Fe)-catalyzed cross-coupling reactions using alkyl-
organometallics as reaction partners. Chem. Rev. 2011, 111, 1417−
1492.
(67) Kappe, C. O. Controlled microwave heating in modern organic
synthesis. Angew. Chem., Int. Ed. 2004, 43, 6250−6284.
(68) Namboodiri, V. V.; Varma, R. S. Microwave-accelerated Suzuki
cross-coupling reaction in polyethylene glycol (PEG). Green Chem.
2001, 3, 146−148.
(69) Ekegren, J. K.; Ginman, N.; Johansson, A.; Walberg, H.; Larhed,
M.; Samuelsson, B.; Unge, T.; Hallberg, A. Microwave-accelerated
synthesis of P1′-extended HIV-1 protease inhibitors encompassing a
tertiary alcohol in the transition-state mimicking scaffold. J. Med. Chem.
2006, 49, 1828−1832.
(70) Bai, L.; Wang, J.-X.; Zhang, Y. Rapid microwave-promoted
Suzuki cross coupling reaction in water. Green Chem. 2003, 5, 615−
617.
(71) Pagnotta, M.; Pooley, C. F. L.; Gurland, B.; Choi, M. Microwave
activation of the mutarotation of α-D-glucose: An example of an
interinsic microwave effect. J. Phys. Org. Chem. 1993, 6, 407−411.
(72) Liao, X.; Ragharvan, G. S. V; Yaylayan, V. A. Dielectric
properties of aqueous solutions of α-D-glucose at 915 MHz. J. Mol.
Liq. 2002, 100, 199−205.
(73) Robinson, J.; Kingman, S.; Irvine, D.; Licence, P.; Smith, A.;
Dimitrakis, G.; Obermayerb, D.; Kappe, C. O. Understanding
microwave heating effects in single mode type cavitiestheory and
experiment. Phys. Chem. Chem. Phys. 2010, 12, 4750−4758.
(74) Mallikarjuna, N. N.; Varma, R. S. Microwave-assisted shape-
controlled bulk synthesis of noble nanocrystals and their catalytic
properties. Cryst. Growth Des. 2007, 7, 686−690.
(75) Nadagouda, M. N.; Speth, T. F.; Varma, R. S. Microwave-
assisted green synthesis of silver nanostructures. Acc. Chem. Res. 2011,
44, 469−478.
(76) Barbaras, D.; Brozio, J.; Johannsen, I.; Allmendinger, T.
Removal of heavy metals from organic reaction mixtures: Preparation
and application of functionalized resins. Org. Process Res. Dev. 2009, 13,
1068−1079.
(77) Girgis, M. J.; Kuczynski, L. E.; Berberena, S. M.; Boyd, C. A.;
Kubinski, P. L.; Scherholz, M. L.; Drinkwater, D. E.; Shen, X.; Babiak,
S.; Lefebvre, B. G. Removal of soluble palladium complexes from

reaction mixtures by fixed-bed adsorption. Org. Process Res. Dev. 2008,
12, 1209−1217.
(78) Brown, J.; Chighine, A.; Colucci, M. A.; Galaffu, N.; Hirst, S. C.;
Seymour, H. M.; Shiers, J. J.; Wilkes, R. D.; Williams, J. G.; Wilson, J.
New functionalised silicas for highly selective cation exchange SPE
purification in medicinal chemistry. Tetrahedron Lett. 2008, 49, 4968−
4971.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400410v | ACS Sustainable Chem. Eng. 2014, 2, 500−505505


