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We present the high catalytic activity of an in situ generated palladium(i)/metformin complex in neat
water for the Suzuki—Miyaura and Sonogashira cross-coupling reactions. These reactions were
performed in pure water without any co-solvent or mass transfer agent. The palladium(i)/metformin
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Introduction

Nowadays, societies are paying more attention to the envi-
ronmental impact of our life style. One of the main actual
challenges in chemistry is to develop eco-friendly processes to
lower their impact to the environment. In 1998, the 12 prin-
ciples of Green Chemistry were identified to guide chemists
through this modern vision of chemistry and they assert the
main objectives of this new branch of chemistry." Many
processes are considered green without applying all the 12
principles at the same time. One of these 12 principles of
Green Chemistry encourages chemists to use and develop
efficient and preferably recyclable catalytic systems, rather
than stoichiometric reactions, in order to minimize the risks
in terms of manipulation and toxicity. Metal-catalyzed cross-
coupling reactions are a powerful tool for new bond forma-
tions (carbon-carbon, nitrogen-carbon, etc.) and are widely
used in both academia® and industry. Unfortunately they come
with a heavy price in terms of safety and sustainability, as they
are usually performed in toxic, carcinogenic and flammable
organic solvents, generally required to solubilize the organic
reactants and accelerate the reaction rates.> To date, water
remains the greenest known solvent because of its availability,
stability, non-toxicity and non-flammability. Those properties
make coupling reactions performed in water greener, because
water is not considered as a waste. Therefore, ligands are
required to perform metal-catalyzed cross-coupling reactions
in neat water to protect the metal center from oxidation and
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performed with only 0.5 mol% palladium loading.

deactivation. The Suzuki-Miyaura cross-coupling reaction has
been reviewed many times in the past,”** but recently Ward
et al.”> showed that the current challenges to be addressed for
palladium-catalyzed coupling reactions performed in water
are the reactivity of the aryl halide, the possibility to use low
catalyst loadings, short reaction times and mild reaction
conditions (low temperature).

Since recyclability is also a major concern in green chem-
istry, a water-soluble ligand may maintain the metal in the
aqueous media and therefore may allow a simple recycling
procedure, by extracting the organic product at the end of each
catalytic cycle. Many water-soluble ligands have been explored
to favour the cross-coupling reactions in aqueous media, such
as phosphines. However, these ligands are toxic, moisture and/
or air sensitive, and produce undesired side-products.”® N-
Donor ligands are an interesting alternative for different
reasons. First, numerous easy reactions lead to nitrogen-
containing compounds with infinite possibilities of design,
through the large choice of commercially available starting
materials. Also, the nitrogen atom displays different hybrid-
ization states (sp, sp?, sp*) and anionic or neutral ligand can be
envisaged for different types of interactions with a metal.

Biguanides (Fig. 1), water-soluble compounds, recently
emerged as potential ligands in terms of Green Chemistry. They
are known in medicine for their antihyperglycaemic,* antima-
larial™ and anticancer properties'® and have been found to form
numerous complexes with bivalent transition metals.”” They
have been used as polydentate ligands, well-known to stabilize
metal nanoparticles and prevent their aggregation and/or
deactivation.'®" Veisi et al. studied the catalytic properties of
different large and complex systems containing biguanides.
They developed versatile and recyclable functionalized meso-
porous silica molecular sieves SBA-15,°** biguanides-carbon
nanotubes®* and biguanide-chitosan®® as catalyst for cross-
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Fig. 1 Structure of biguanides, metformin hydrochloride and its possible complexation to a transition metal [M].

coupling reactions. However, the cross-coupling reactions were
performed in toxic DMF (the use of carbon nanotubes not
respecting the Green Chemistry principles either) or a binary
water : ethanol mixture.

Green Chemistry is also about maximizing atom economy,
i.e. using molecules containing fewer atoms possible.
Commercial inexpensive metformin (Fig. 1), one of the
smallest biguanides, is highly soluble in water and was proven
to be non-toxic, since it was used as a treatment for type 2
diabetes by millions of people since 1957.>” It has previously
been shown that metformin can complex palladium(n) and
efficiently catalyze Suzuki-Miyaura reactions performed in
a water : ethanol 1 : 1 mixture with 1 mol% catalyst loading.>®
However this study does not cover the recyclability, nor the
versatility aspects of the catalytic system and showed some
limitations: the Pd loading has not been optimized, two
equivalents of metformin were used and the reaction required
the use of ethanol as co-solvent.

Herein, we report the catalytic efficiency and recyclability of
a 1:1 metformin : Pd(OAc), complex in the Suzuki-Miyaura
and the Sonogashira cross-coupling reactions in neat water at
a very low catalyst loading. The catalytic species are formed in
situ to avoid the money-, time- and energy-consuming synthesis
or purification steps. This method is a green procedure, which
simply consists in mixing the metal source(s) with the ligand in

Table 1 Formation of the catalytic species and reaction time optimi-
zation for the Suzuki—Miyaura cross-coupling reaction®

Metformin.HCI 2 mol%
Pd(OAC), 2 mol%
K,CO3 2 eq.

H,0, 100°C

Formation time of the Reaction time Yield?
Entry catalytic species (min) (min) (%)
1 120 120 100
2 120 30 94
3 120 15 93
4 120 10 61
5 15 15 99

“ Reaction conditions: 0.02 mmol Pd(OAc),, 0.02 mmol metformin
hydrochloride, 1 mmol 4'-bromoacetophenone, 1 mmol
phenylboronic acid, 2 mmol K,CO;, 5 mL distilled water, 100 °C in
air. » Non-isolated yield determined by "H NMR.

This journal is © The Royal Society of Chemistry 2017

the presence of a base, for a short time prior to the addition of
the substrates.>**°

Results and discussion

Optimization of the conditions for the Suzuki-Miyaura
reaction

Our study began with the optimization of the reaction condi-
tions. With a loading of 2 mol% of metformin:Pd (1:1)
complex, complete conversion was obtained after 15 min at
100 °C (Table 1, entry 3). The time of formation of the catalytic
species was then lowered to only 15 min at 100 °C (Table 1, entry
5).

The catalyst loading (Table 2) can be lowered to 0.0025
mol% without losing the efficiency of the system. Compared
to recently reported catalytic systems for the Suzuki-Miyaura
in neat water, this is a very low catalyst loading, the turnover
number (TON) and frequency (TOF) are
excellent.?*-?

Only one equivalent of base (as K,CO; is dibasic) was
necessary to activate the palladium complex and the boronic
acid (Table 3 and Fig. 2).>*%° A slight excess (1.1 eq.) was used to
maintain the reaction media under basic conditions and the
metformin ligand under its deprotonated form. The tempera-
ture needed to be kept at 100 °C to avoid a drastic decrease of
the yield (Table 3, entry 5). These optimized conditions were
tested under microwave irradiation, but only 79% yield was
obtained after 15 min, compared to the 95% obtained with

turnover

Table 2 Optimization of the catalyst loading for the Suzuki—Miyaura
cross-coupling reaction®

Metformin.HCI
Pd(OAc),
KyCO3 (2 eq.)

PO+ o

H,0, 100°C, 15 min

Pd(OAc),  Metformin-HCl  Yield® TOF
Entry (mol%) (mol%) (%) TON (s
1 2 2 99 50 0.06
2 0.0025 0.0025 95 38 000 41.8
3 0.001 0.001 Traces — —

¢ Reaction conditions: Pd(OAc),, metformin hydrochloride, 1 mmol 4'-
bromoacetophenone, 1 mmol phenylboronic acid, 2 mmol K,COj3, 5
mL distilled water, 100 °C, 15 min, in air. ? Non-isolated yield
determined by "H NMR.

RSC Aadv., 2017, 7, 21036-21044 | 21037
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Table 3 Optimization of the amount of base and temperature for the
Suzuki—Miyaura cross-coupling reaction®

Metformin.HCI 0.0025 mol%
Pd(OAc), 0.0025 mol%
K,CO3

POre + Oreom

H20, 15 min

Entry Base amount (eq.) Temperature (°C) Yield” (%)
1 2 100 100

2 1.1 100 98

3 0 100 Traces

4 0.5 100 60

5 1.1 90 14

“ Reaction conditions: 0.000025 mmol Pd(OAc),, 0.000025 mmol

metformin hydrochloride, 1 mmol 4’-bromoacetophenone, 1 mmol
henylboronic acid, K,COjz;, 5 mL distilled water, 15 min, in air.
Non-isolated yield determined by "H NMR.

Ar'-x
Oxydative addition

Ar'-Pd(Il)L,-X

/ KoCO;
KX

Fig. 2 Catalytic cycle of the Suzuki—Miyaura cross-coupling reaction.

Pd(O)L,
Ar'-Ar?

Reductive elimination

Ar'-Pd(ll)L,-Ar?

2K*
"B(OH)2(CO3),

Transmetallation
Ar'-Pd(Il)L-CO3

KyCO3 K*

o)
[
Ar’-B(OH), Ar2—||3—c:o3
OH K*

Boronic acid activation

Table 4 Control reactions of the Suzuki—Miyaura cross-coupling
reaction®

Metformin.HCI
Pd(OAc),
K,CO;3 (1.1 eq.)

PO+ Oeem

H,0, 100°C, 15 min

Pd(OAc), Metformin-HCI Yield”
Entry (mol%) (mol%) (%)
1 0.0025 0 Traces
2 0 0.0025 0

% Reaction conditions: 1 mmol 4-bromoacetophenone, 1 mmol
phenylboronic acid, 1.1 mmol K,CO3, 5 mL distilled water, 100 °C,
15 min, in air.  Non-isolated yield determined by 'H NMR.

conventional heating. Suzuki-Miyaura couplings usually need
higher temperatures under microwave conditions and the
optimized conditions with conventional heating are therefore
greener.’”*® Finally, the important role of the metformin as
a ligand was highlighted through a control reaction. Indeed, at
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0.0025 mol% palladium loading in the absence of metformin
(Table 4, entry 1), only traces of the coupling product were
detected by "H NMR.>73%

Nature of the active species of the Suzuki-Miyaura cross-
coupling reaction: the catalyst poisoning test

The nature of the catalytic species was determined by the
addition of mercury as the poisoning agent. In the case of
a heterogeneous catalyst, the addition of mercury leads to its
amalgamation on the surface of the active sites of the catalyst
and totally inhibits its catalytic activity. If the catalyst is
soluble in the reaction solvent, the addition of mercury has no
effect on the catalyst's activity. The nature of our catalytic
species was assessed by addition of 2 drops of mercury, prior
to the addition of the substrates. The yield dramatically
dropped to 3% which indicates that the catalytic species are
not water-soluble.

Substrate scope for the Suzuki-Miyaura cross-coupling
reaction

With the optimized reaction conditions in hand, the versatility
of the catalytic system was studied through a substrate scope
(Table 5). It is important to remind here that the optimized
catalyst loading was determined for the reaction between 4’
bromoacetophenone and phenylboronic acid and may not be
suitable for other substrates. The substrate scope was realized
under the optimized reaction conditions for comparison. Aryl
halides with electron-withdrawing groups and boronic acids
with electron-donating groups, especially in ortho and para
positions, are expected to favour the palladium insertion, and
therefore increase the rate of the reaction.

Different aryl halides with different functional groups were
coupled to phenylboronic acid (Table 5) and a large range of
yields were obtained. Electron-deficient aryl halides gave overall
excellent yields at both studied catalyst loadings (Table 5,
entries 1-6 and 16-18), while electron-rich aryl halides gave only
low to moderate yields at the optimized 0.0025 mol% Pd
loading after 2 hours (Table 5, entries 10-13). By increasing the
catalyst loading and/or the reaction time, good to excellent
yields were obtained, showing that less reactive substrates need
a longer reaction time, such as the bulky naphtyl halides (Table
5, entries 14 and 15). In the Suzuki-Miyaura cross-coupling, aryl
iodides are supposed to give higher yields than aryl the rate-
limiting step is bromides.”* As it is not the case here, this
result suggests that the oxidative addition in the catalytic cycle,
as initially postulated by Suzuki and Miyaura.*” The water
solubility of the substrates is also an important factor and aryl
iodides are usually less soluble. Water solvation of the aryl
halide may play a role on the oxidative addition step, making it
faster in the case of aryl bromides. Moreover, at the end of the
oxidative addition, KX (X = halide) is generally formed (Fig. 2).
According to the HSAB theory,” the formation of KBr is fav-
oured compared to KI due to the nature of both the acid and the
bases.

Different functionalized aryl chlorides (nitro, aldehyde,
ketone, trifluoro) were used but no conversion was observed,

This journal is © The Royal Society of Chemistry 2017
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Table 5 Substrates scope of aryl halides for the Suzuki—Miyaura cross-coupling reaction catalyzed by the Metformin/Pd complex in neat water®

Metformin.HCI 0.0025 mol%
Pd(OAc), 0.0025mol%
K2CO3 (11 eq.)
Ar'-X + Ar?-B(OH), Ar'-Ar?
H,0, 100°C, 15 min
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Table 5 (Contd.)
Metformin.HCI 0.0025 mol%
Pd(OAc), 0.0025mol%
K2CO3 (11 eq.)
Ar'-X + Ar?-B(OH), Ar'-Ar?
H,0, 100°C, 15 min
Isolated yield
Entry Ar'X Ar*-B(OH), Product (%)
(o] O,
b ) O-Q b
18 74
O o
(@) O O, O »
[e) O,
. b OO

“ Reaction conditions: Pd(OAc),, metformin hydrochloride, 1 mmol aryl halide, 1 mmol boronic acid, 1.1 mmol K,COs, 5 mL distilled water, 100 °C,
15 min, in air. ? Yield after 15 min. ¢ Yield after 2 hours. ¢ Reaction performed with 0.5 mol% Pd/Met.

even when the reaction was performed under nitrogen
atmosphere.

When different arylboronic acids were coupled to 4’-bro-
moacetophenone excellent yields were obtained for those con-
taining electron-rich substituents (Table 5, entries 15-17), as
expected. 2,6-Dimethylphenylboronic and 4-acetylphenyl-
boronic acid did not react at all even after 2 hours (Table 5,
entries 19 and 20), probably due to the steric hindrance of the
methyl groups and the presence of a para electron-withdrawing
substituent on the respective boronic acids, which may rein-
force the carbon-boron bond and disadvantage the trans-
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10 -

Recyclability of the Suzuki-Miyaura cross-coupling reaction

The recyclability of the reaction was studied for different
palladium loadings (Fig. 3). At 0.005 mol% Pd, we were able, to
perform 2 catalytic runs without significant loss of activity,
which is not surprising, the 0.0025 mol% being the optimized
Pd loading. At 0.5 mol% of Pd, we were able to recycle up to 4
times with no significant loss of efficiency. These results are in
accordance with previously reported complex biguanide-based
catalytic systems.*>** However, at higher Pd loadings, we were
expecting more recycling cycles. This result suggests that the
catalytic species gradually degraded, probably due to air and/or
water exposure. This can be the result of a decomplexation of

W 0.005 mol% = 0.01 mol% ' 0.5 mol%

metallation step.
1 2 3

4 5 6

Catalytic runs

Fig. 3 Recyclability of the Suzuki—Miyaura cross-coupling reaction at different Pd loadings.
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Table 6 PMI and E factor for recent catalytic systems for the Suzuki-
Miyaura coupling in aqueous media

Bhalla et al.*’ Khan et al.”° Our work
PMI >2229.2 44.99 44.81
E factor >2232.6 32.95 30.35

the metformin/Pd complex, which results into non-protected Pd
species subject to oxidation in water.

Greenness of the process

Metrics have been created to measure the greenness of chemical
processes. The more relevant here are: the E factor (eqn (1)),
which focuses on organic waste only, and the Process Mass
Intensity (PMI) (eqn (2)), preferred by the pharmaceutical
industry because it includes the use of both organic solvents
and water in the whole process (reaction and purification
steps).*
mass of waste

E factor = - 1
actor mass of desired product (1)

mass of materials
PMI = - 2
mass of desired product 2)

The values of E factor and PMI are sometimes misleading
and difficult to compare because scientists do not always
consider the purification steps’ materials in their calculations.
We decided here to consider them to have a better idea of the
greenness of the process in its whole and to be able to compare
it with others, keeping in mind that the purification steps
usually produce the most waste.

Calculations of PMI and E factor have been done for our
catalytic system to produce 1 mmol of 4’-phenylacetophenone
and estimated for two recent catalytic Suzuki-Miyaura reactions
performed in water (Table 6) for the same final product. Bhalla

Table 7 Optimization of the Sonogashira cross-coupling reaction®

View Article Online
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et al. have reported a very interesting photocatalytic system for
the Suzuki-Miyaura coupling using a copper complex, but the
work-up process involved a huge amount of dichloromethane.
Therefore the PMI and E factor values are extremely high. Our
catalytic system is very close to the one developed by Khan et al.,
where a pyridinium modified-B-cyclodextrin ligand was loaded
with 3 mol% of Pd and used as catalyst for the same Suzuki-
Miyaura coupling.

Optimization of the Sonogashira cross-coupling reaction

To assess the versatility of metformin as a water-soluble ligand
for cross-coupling reactions, we also investigated its potential as
ligand in the Sonogashira cross-coupling in neat water (Table
7). The Sonogashira reaction was performed under nitrogen
atmosphere with degassed water to avoid the undesired Glaser
homocoupling product.**** Despite all our efforts, the homo-
coupling product was sometimes observed and therefore 1.5
equivalents of phenylacetylene were used to obtain complete
conversion of the aryl halide.

The reaction time was optimized to 8 h at 100 °C while using
a 5 mol% of palladium loading. The Pd loading cannot be
lowered without a significant loss of efficiency of the reaction.
The control reaction without metformin demonstrates that the
ligand has a crucial role, as only 16% of the desired product
were obtained. Metformin is therefore necessary to avoid the
deactivation of the metals. We began the study with a Pd/Cu 1/2
ratio to overcome the potential oxidation of Cu(i) in water.
When this ratio was reduced to 1/1, the resulting catalytic
system was less efficient, even when 5 mol% of sodium formate
was added as a reducing agent (Table 7, entry 5). As was the case
for the Suzuki-Miyaura cross-coupling reaction, the tempera-
ture needed to be maintained at 100 °C, since the yield
decreased to 66% when the reaction was performed at 90 °C.

Substrate scope for the Sonogashira cross-coupling reaction

With the optimized conditions in hand, the versatility of the
catalytic system for the Sonogashira reaction was assessed

Metformin.HCI 15 mol%
Pd(OAc), 5 mol%

Cul 10 mol%
O  KyCO32eq — — (o]
o= =04
H,0, N, 100°C \ /

Reaction time Metformin-HCI : Pd : Cu Temperature
Entry (min) (mol%) (°Q) Yield (%)
1 18 15:5:10 100 100
2 8 15:5:10 100 97
3 6 15:5:10 100 86
4 8 12:4:8 100 76
5 8 10:5:5 100 59 (607)
6 8 15:5:10 90 66
7 8 0:5:10 100 16
8 8 15:0:0 100 0

“ Reaction conditions: 1 mmol 4-iodoacetophenone, 1.5 mmol phenylacetylene, 2 mmol K,COj3, 5 mL distilled degassed water, 100 °C, 8 h, under
nitrogen. ” Reaction performed with 5 mol% of sodium formate as reducing agent.

This journal is © The Royal Society of Chemistry 2017
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Table 8 Substrates scope for the Sonogashira cross-coupling reaction catalyzed by the metformin—Pd/Cu in neat water®

Metformin.HCI 15 mol%

Pd(OAc), 5 mol%

Cul 10 mol%

K>CO3 2 eq —

15 / \ — + ArX Z73 N\ / ——Ar
R/S— H,0, Ny, 100°C, 8h

Entry Aryl acetylene Product Isolated yield (%)

-~ w I [N
0 o o o |&
E E =

z 1 e 1

T
o 9T PPPPPT5

z

2] ~
I
N
@Z 0
Q

10

<
]

11

550

Z
P4
l

O,
O=C .
o= -

=)

O,
O=pow

¢ Reaction conditions: 0.05 mmol Pd(OAc),, 0.1 mmol Cul, 0.15 mmol metformin hydrochloride, 1 mmol aryl halide, 1.5 mmol aryl acetylene,
2 mmol K,CO3, 5 mL distilled degassed water, 100 °C, 8 h, under nitrogen.

Pd(O)L,
Ar———R Ar-X
Reductive elimination Oxydative addition
Ar'-Pd(I)L,—==—R Ar-Pd(ll)L-X

Transmetallation

H— R’\ /(\ KHCO3 + KX

H——R
' KoCOs
L,Cu*X

Fig. 4 Catalytic cycle of the Sonogashira cross-coupling reaction.

21042 | RSC Adv., 2017, 7, 21036-21044

through a substrate scope (Table 8). Different aryl iodides were
coupled with phenylacetylene and again, the substrates con-
taining electron-withdrawing groups gave excellent yields (from
70% to 97%) (Table 8, entries 1, 3 and 5), unlike substrates
containing electron-donating groups which did not react (Table
8, entries 8 and 9). Moreover, this catalytic system seems to be
specific to aryl iodides since aryl bromides were inactive, even
when possessing electron-withdrawing groups (Table 8, entries
2, 4, 6 and 7). Potassium iodide (1 eq.) and iodine (0.2 eq.),*
were used as additives in order to replace the bromide and
promote the insertion of Pd, but only traces of the desired
product were detected by "H NMR. In the Sonogashira reaction,
the rate-limiting step is the transmetallation, when CuX is
formed (Fig. 4). Indeed, during this step, both metals must have
an electronic gain and yet, according to the HSAB theory, the
formation of Cul is favoured, compared to CuBr.

This journal is © The Royal Society of Chemistry 2017
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Yield (%)
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Fig. 5 Recyclability study of the Sonogashira cross-coupling reaction
at different Pd loading.

Recyclability of the Sonogashira cross-coupling reaction

Recyclability of the Sonogashira cross-coupling was assessed at
5 and 10 mol% palladium loadings (Fig. 5). The increase of the
Pd loading did not increase the number of possible catalytic
runs demonstrating the degradation of the catalytic species.

Experimental

All organic compounds were obtained commercially and used
without further purification. '"H and *C NMR spectra were
recorded on a 400 MHz Bruker spectrometer. All Suzuki-
Miyaura reactions were performed in vials in a Chemglass Pie-
Block. All Sonogashira reactions were performed under
nitrogen atmosphere using distilled water, previously degassed
with nitrogen for 15 min.

General procedure for the Suzuki-Miyaura cross-coupling
reaction

In a typical experiment, 25 pL of a solution of Pd(OAc), in
methanol (1 mM), 25 pL of an aqueous solution of metformin
hydrochloride (1 mM) and K,COj; (1.1 eq.) were added to 2.5 mL
of distilled water and stirred at 100 °C for 15 min. Arylboronic
acid (1 mmol) and aryl halide (1 mmol) were added and the
reaction mixture was stirred at 100 °C for 15 min. Afterwards,
the reaction medium was cooled to room temperature and the
aqueous phase was extracted with 3 x 2 mL of EtOAc. The
organic phases were combined, dried over MgSO,, evaporated in
vacuo and the obtained white powder was analyzed by "H NMR
to determine the yield. All products are known compounds and
their '"H NMR data were in accordance with literature.

General procedure for the recycling process of the Suzuki-
Miyaura cross-coupling reaction

After performing a typical Suzuki-Miyaura cross-coupling
reaction as described above, the extractions were made in situ
in the vial with a 1 mL syringe to collect the organic layers.
K,CO; (0.1382 g, 1 mmol), phenylboronic acid (0.1219 g, 1
mmol) and 4’-bromoacetophenone (0.199 g, 1 mmol) were
added to the remaining aqueous phase and stirred at 100 °C for
15 min. The procedure described above was followed and the
aqueous phase is once again available for subsequent recycling
cycles.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Poisoning experiment of the Suzuki-Miyaura cross-coupling
reaction

General procedure mentioned above was followed. Two drops of
mercury were added after the formation of the catalyst before
adding the substrates.

General procedure for the Sonogashira cross-coupling
reaction

In a typical experiment, Pd(OAc), (11.22 mg, 0.05 mmol), Cul
(19 mg, 0.10 mmol), metformin hydrochloride (24.84 mg, 0.15
mmol) and K,CO; (0.2764 g, 2 mmol) were added to 5 mL of
degassed distilled water and stirred at 100 °C for 30 min. Aryl
acetylene (1.5 mmol) and aryl halide (1 mmol) were added
and the reaction mixture was stirred at 100 °C for 8 h. After-
wards, the reaction medium was cooled to room temperature
and the aqueous phase was extracted with 3 x 5 mL of EtOAc.
The organic phases were combined, dried over MgSO,,
evaporated in vacuo and the obtained product was analyzed by
'"H NMR to determine the yield. All products are known
compounds and their "H NMR data were in accordance with
literature.

General procedure for the recycling process of the
Sonogashira cross-coupling reaction

After performing a typical Sonogashira cross-coupling reaction
as described above, the extractions were made in situ in the flask
with a 1 mL syringe to collect the organic layers. K,COj;
(0.2764 g, 2 mmol), phenylacetylene (165 pL, 1.5 mmol) and 4'-
iodoacetophenone (0.199 g, 1 mmol) were added to the
remaining aqueous phase and stirred at 100 °C for 8 h. The
procedure described above was followed.

Conclusions

We have successfully demonstrated the use of metformin as
a water-soluble ligand for the Suzuki-Miyaura and the Sono-
gashira cross-coupling reactions. For the Suzuki-Miyaura,
metformin allowed the use of a very low 0.0025 mol% palladium
loading. The substrate scope showed the great tolerance of the
catalytic system to various functional groups. We were able to
recycle up to four catalytic runs without significant loss of
activity at only 0.5 mol% Pd. Unfortunately we observed that the
catalytic species degraded in water even at high catalyst load-
ings. The versatility of the ligand was then confirmed by using
metformin as ligand in the Sonogashira coupling reaction. The
catalytic system was efficient over 8 hours and was specific to
aryl iodides. However, no recycling can be performed. We are
currently working on a new ligand which should offer a better
protection of the metal center and therefore allow a better
recycling of the catalytic species.
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