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Ecocatalyzed Suzuki cross coupling of heteroaryl compounds

Guillaume Clavé®, Franck Pellissier’, Stéphane Campidelli® and Claude Grison™*

A biobased EcoPd was developed for the Suzuki cross coupling of heteroaryl compounds. Based on the ability of Eichhornia
crassipes to bioconcentrate Pd in its roots, we addressed the transformation of plant-derived Pd metals to green catalysts.
The methodology is based on eco-friendly procedures. It allowed the preparation of a wide range of heterocyclic biaryl and
heterocyclic-heterocyclic biaryl compounds, with a low Pd catalyst loading. EcoPd was found to have the ideal
microstructure to promote complex Suzuki reactions without ligands or additives. For the first time, post-reaction solution
was treated by rhizofiltration. Resulting EcoPd has been reused with the same performances. This work has established
the ecocatalysis concept as a powerful strategy for Pd sustainability, with the development of homogeneous catalysts that

are easily recycled and reused.

1. Introduction

Palladium-catalyzed Suzuki cross-coupling is one of the most
efficient methods for the synthesis of biaryl compounds. This
reaction has profoundly changed methodology for the construction
of natural products,

chemistry,

building blocks for supramolecular and

medicinal organic materials and polymers.l'3
Consequently, constant efforts are being made to develop new
efficient catalytic systems“'9 and new processes using Pd
homeopathic amounts of Pd'® !, Reactions involving of heteroaryl
partners (heteroaryl halides or heteroaryl boronic acids) are less
straightforward. Nitrogen and sulfur-containg heterocycles can
displace some ligands to form stable Pd-complexes. Thiophene- and

furan-boronic acids are sensitive in polar reaction media and are

easily degraded by protodeboronation.

In consequence, Suzuki coupling of heteroaryl derivatives is
more challenging than aryl counterparts. Many efforts are
carried out to develop efficient catalysis in heterocyclic series.
A few examples have been described with Palladium
complexes containing engineered and expensive Iigandsu'M.
Recently, ligand-free systems have been reported using
additive®, colloidal nanoparticles in the presence of
stabilizersls, Pd(OAc), with a strong base'” or Pd/C with an
important catalytic Ioading.18

Aryl-heteroaryl derivatives are commonly present in natural
compounds and exhibit a biological activity. Many applications
have led to the discovery of drug or drug candidates.’® ?° The
Suzuki reaction with heteroaryl substrates has been used at
large-scales in the pharmaceutical industry. lllustrative
examples are Gleevec (anticancer drug), PDE-4 inhibitor and
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AR-C123196 (treatment of asthma), Canagliflozin (type 2
diabetes), Ledipasvir (hepatitis C), or ABT-963 (inflammation
and pain treatment).z’21

In a context of growing need for eco-friendly and sustainable
processes in the pharmaceutical industries, an interesting challenge
is to find green catalyst systems that efficiently catalyse the hetero-
Suzuki-Miyaura cross-coupling. Here, we wish to describe a green
bio-based approach for this reaction.

As alternative to traditional catalysis, our group has recently
introduced the concept of ecocatalysiszz'u. This approach is based
on the remarkable capacity of certain plants to hyperaccumulate
transition metals in shoots or leaves. We have addressed the direct
use of metals derived from contaminated plant waste as supported
"Lewis acid" catalysts, oxidizing and reducing reagents in organic
chemistry for the preparation of biomolecules. This was the first
chemical recovery of new phytotechnologies. Recycling of waste
from contaminated plants is the starting point of an unprecedented
concept in chemistry, namely ”ecocatalysis”zs. The first results
showed that ecocatalysts (called Eco-M) can be more efficient and
selective than traditional catalysts. For example, Eco-Ni is 7.6 times
more efficient than traditional NiCl, for the synthesis of Monastrol,
a potential anti-cancer agentzs. The polymetallic systems obtained
from the biomass are original (unusual oxidation states such as
Ni(1?, permitting new associations of chemical speciesB. They are
also more efficient (in terms of chemo- and regio—selectivity28 than
traditional catalysts in a number of reactions (multicomponent
reactions, domino reactions, catalytic reduction®® and oxidation®® 3*
3 They can be used as catalysts in synthetic transformations of
biomass®, thus giving access to oligomers of biological interest (5'-
capped DNA and RNAZY, highly functionalized aromatic heterocyclic
compounds, key intermediaries of varied industrial chemical
processes22 and biopesticidesaz.

This article is based on these pioneering results, revealing the high
potential of catalysts derived from rhizofiltration, which consists in
using aquatic plants capable of hyperaccumulating in their roots

L - . 33-
significant amounts of transition metals from aqueous solutions.

» Recently, we demonstrated that different plants such as Brassica
juncea and Lolium multiflorum can extract and accumulate
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palladium which finally can be transformed in catalytic materials for
Heck and Suzuki cross—coupling.36 EcoPd has revealed high activity
without ligand and ideal microstructure®® (stable nanoparticles of
10-20 nm, stabilization of Pd on plant’s mineral matrix. Moreover,
EcoPd was successfully used for the coupling of aryl chlorides and
areneboronic acids. However, EcoPd was difficult to recover and
reuse, which could induce contamination of heteroaryl products.
Moreover, the production of root biomass is limited by the nature
of plants, the reactivity of EcoPd in heterocylic series is unknown
and the reaction conditions must be improved in terms of green
chemistry (solvent, reaction conditions, recycling and sustainability
of sourcing).

In this article, we describe the use of Eichhornia crassipes
(water hyacinth) to bioconcentrate Pd with the aim of
increasing the root biomass and the capacity of EcoPd
production, thereby allowing the scale-up and the study of
EcoPd recycling-reusing in the delicate case of heterobiaryl
compounds. Herein we report a novel bio-based EcoPd to
perform hetero Suzuki coupling in green conditions. The
preparation, characterization, reactivity and reusability of
EcoPd, as well as Pd leaching, are described.

2. Experimental
2.1 General

All chemicals were purchased from Alfa Aesar, Carlo Erba or
Sigma-Aldrich. Gas chromatography-mass spectrometry (GC-
MS) analyses were carried out by using a TRACE™ 1300
apparatus equipped with an ISQ™ QD mass spectrometer
detector (Thermo Fisher Scientific). The following
chromatographic system was used for analytical experiments:
GC-MS (Thermo TG-5SilMS, 20 m, 0.18 mm, 0.18 um) with
hydrogen as carrier gas [80°C (0.5 min), followed by linear
gradient from 80 to 280°C (5 min)] at a flow rate of 0.8
mL/min. Digestions were made by microwave assisted
dissolution using a Multiwave GO microwave system (Anton
Paar). In this procedure an exact mass (about 10 mg) was
suspended into a Teflon reactor with a mixture of aq. HCI
37%/aq. HNO; 65% (2:4, v/v, 6 mL). The reactors were heated
according the following program: [rise in temperature from TA
to 160°C (20min), followed by a stage at 160°C (10 min)]. After
cooling for 30 min the digests were transferred to 50 mL test
tubes and diluted to 50 mL with ag. 1% HNO;. Mineral
compositions were determined by using a MP-AES 4200
(Agilent Technologies) equipped with a concentric nebulizer
and a double pass cyclonic spray chamber. The pump speed
during analysis was kept at 10 rpm and the sample
introduction tube diameter was 0.89 mm. The analytical cycle
consisted of 30 s rinsing with aqg. 1% nitric acid followed by 25
s of sample uptake (pump speed 40 rpm) and then 20 s of
equilibration before the reading at preselected integration
times (pump speeds 10 rpm). The integration time was set to 3
s for all elements. Unless otherwise stated the automatic
background correction mode available in the software was
used. An Agilent SPS-3 autosampler was used throughout the

study. '4 and *c NMR spectra were recorded on a Bruker DPX
300 spectrometer (Bruker). Chemical shifts are expressed in
parts per million (ppm) from CDCl; (1H =7.26, 13C = 77.16). )
values are in Hz. X-ray photoelectron spectroscopy (XPS) were
performed on a Kratos Analytical Axis Ultra DLD, fitted with an
Al Ka source monochromatised at 1486.6 eV. We used a
hemispheric analyser working at pass energy of 50 eV for the
global spectrum and 20 eV when focusing on the sole core
levels. All products have been reported previously’”*, and their
identities were confirmed by mass spectrometry, '4 NMR and
3¢ NMR spectroscopy. Bright-field TEM experiments were
conducted on a Philips CM12 TEM operating at 120 kV. IR
spectra were recorded on a PerkinElmer Spectrum 100 FT-IR
spectrometer in ATR mode.

2.2 Rhizofiltration experiments

E. crassipes were purchased from a specialised grower
(Nymphea company, France). The plants were placed in an
outdoor tank filled with water to which guano was added as
fertilizer.

2.2.1 Rhizofiltration of effluents for the preparation of EcoPd,

E. crassipes was exposed to a synthetic solution. An aqueous
HNO; solution of demineralised water (1L, pH = 2.5) containing
40 mg/L of Pd(NO;3),.4NH; (40 mg, 134 umol). The
accumulation was carried out over 3 days with 1 plant/L of
effluent with periodic mechanical homogenization of the
solution.

2.3 General procedure for the preparation of the EcoPd

EcoPd was prepared from roots of E. crassipes (1 plant/L of
effluent) after three days of rhizofiltration of agueous media
enriched with Pd(ll) salts, with periodic mechanical
homogenization of the solution. The collected roots were dried
at 80°C for 6 h. The obtained solid (2.4 g) was treated at 550°C
for 6 h and the resulting ashes (144 mg) were added to 20 mL
of concentrated HCI (37%). The suspension was stirred for 6 h
at 90°C. The reaction mixture was then filtered on a celite pad
which was rinsed with boiling Milli-Q water (10 mL). The
resulting brown solution, composed of different metal chloride
salts, was concentrated under vacuum, yielding the ecocatalyst
EcoPd as brown powder (202 mg). EcoPd was placed in an
oven at 140°C for 12 h and then stored in a desiccator.

2.4 General procedure for catalytic Suzuki cross-coupling reaction
and analysis of reaction products

The general procedure is described here in the case of 5-(2-
thienyl)indole39 including the recovery of black palladium.

2-Bromothiophene (410 mg, 2.5 mmol), indole-5-boronic acid
(440 mg, 2.75 mmol), potassium carbonate (410 mg, 3 mmol)
and EcoPd; (2.3 mg, 2.5 pmol of Pd, EcoPd; at 11.7 wt% of Pd)
were suspended into degassed glycerol (5 mL). The mixture
was stirred at 120°C for 4h in an oil bath under an argon
atmosphere. The reaction was checked for completion by TLC
(cyclohexane/AcOEt, 9:1, v/v) and GC-MS analysis after a short
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extraction of the organic material: 10 pL of the crude were
added into a 1 mL microtube containing a mixture of water
and AcOEt (800 uL, 1:1, v/v). The microtube was vortexed
before using organic layer to perform analysis. Deionised
water (50 mL) and AcOEt (50 mL) were added into the flask
and the mixture filtered through filtered glass to isolate black
Pd for recycling. The organic layer was further washed by
deionised water (50 mL x 3) before drying over Na,SO,. The
organic layer was filtered and concentrated under vacuum.
The residue was then purified by chromatography on a silica
gel column (25 g) with a linear gradient of AcOEt (0-20%) in
cyclohexane as the mobile phase, giving the desired coupled
compound as a yellow powder (456 mg, 2.30 mmol, yield
92%). Ry = 0.26 (cyclohexane/AcOEt, 9:1, v/v). 'H NMR (300
MHz, CDCl): & = 8.05 (br s, 1H), 7.96-7.95 (m, 1H), 7.55-7.52
(dd, J, = 8.5, J, = 1.9 Hz, 1H), 7.38-7.33 (m, 2 h), 7.29-7.27 (dd, J
= 5.1, 1 Hz, 1H), 7.20-7.18 (m, 1H), 7.15-7.12 (dd, J, = 5.0, J, =
3.6 Hz, 1H), 6.62-6.60 (m, 1H). >C NMR (75.5 MHz, CDCls): & =
103.0, 111.5, 118.3, 121.1, 122.1, 123.6, 125.2, 126.7, 128.0,
128.3, 135.5, 146.2. MS (El): m/z = 199 (M*, 100%), 171 (13%),
154 (27%), 127 (15%), 99 (14%) calcd for C;, HgNS: 199.05.

3. Results and discussion

3.1 EcoPd, Catalyst preparation and characterization

3.1.1 Rhizofiltration of Pd(ll) rich effluents

Previously our group studied the ability of Lolium multiflorum and
Brassica juncea to accumulate in their roots Pd salts from aqueous
media.*® We succeeded in reaching high Pd concentration in the
root biomass after optimisation of the rhizofiltration conditions.
These first results were very encouraging, but we quickly noticed
the difficulty of implementing large-scale effluent rhizofiltration due
to the biological characteristics and morphology of the plants
studied, especially their low root biomass and low capacity for
multiplication. Eichhornia crassipes is known ability to spread
quickly, but also to accumulate efficiently within its roots high levels

4345 including platinum group metals (PGM).43’ 6

of transition metals
With the goal of significantly improving the results obtained
previously, we set up new experiments with Eichhornia crassipes.
The experiments were carried out with high Pd concentration (40
mg/L of Pd(NH;),(NOs),). After 3 days of rhizofiltration, we analysed
the palladium concentration in roots, floats and leaves of Eichhornia
crassipes (Table 1). We also determined the bioconcentration
factors (BCF: Pd concentration in roots, shoots or floats divided by
Pd concentration in solution) and the translocation factors (TF: Pd
concentration in shoots or floats divided by Pd concentration in
roots) to identify the localisation of Pd salts in the plants. The
results clearly indicate the high capacity of Eichhornia crassipes to
bioconcentrate within its roots the palladium present in solution
with a root BCF of 640. The results also show that translocation to
floats or leaves are negligible. This constitutes a major asset for the
to maximize the palladium

production of EcoPd in order

concentration by exploiting the roots. The loadings obtained in a

reproducible manner (0.9 wt% in roots) are of the same order of
magnitude as those previously obtained with Lolium multiflorum or
Brassica juncea (0.4-2.5 wt% in roots)36’ * but with a much simpler
and efficient implementation thanks to the significant root biomass
of Eichhornia crassipes compared to Lolium multiflorum or Brassica
juncea (~1.8 g/plant versus 4-10 mg/plant).

Table 1. Palladium concentration in roots and leaves of Eichhornia crassipes
(wt%, standard deviation). BCF and TF calculation.

Starting [Pd] concentration in effluent (mg/L + SD) 13.9+0.12
Roots concentration (wt% * SD) 0.89 +0.011

BCF (in roots) 640

Leaves concentration (wt% + SD) 0.0010 + 0.00013
BCF (in leaves) 0.76

TF (leaves / roots) 0.0011
Concentration in floats (wt% * SD) 0.0006 + 0.00009
BCF (in floats) 0.45

TF (floats / roots) 0.0007

Figure 1. E. crassipes roots enriched with Pd(ll) salts.

3.1.2 Transformation of biomass into EcoPd,

Since no translocation was observed, roots were separated
from the rest of the plant in order to prepare EcoPd,. Roots
were first dried and then treated at 550°C to destroy most of
the organic matter. The resulting ashes were treated with
concentrated hydrochloric acid to convert the metal oxides
formed during the heat treatment into chlorine salts. After
filtration of the solution and evaporation to dryness, EcoPd; is
obtained as a brown powder.

3.1.3 Mineral composition of EcoPd,

The mineral composition of the EcoPd; catalyst was
determined via MP-AES analysis (Table 2). Pd is clearly the
major transition metal in the ecocatalyst (11.7 wt%). In
addition of Pd, the major physiological cations (Mg, Fe, Al, Ca,
Na and K) were present because of the biosourced origin of
the catalyst. A certain variability in the results, inherent to the
use of biological material was observed. Consequently, the
preparation of the ecocatalyst was repeated 10 times. The
results given in Table 2 represent the average of these
experiments.

Table 2. Mineral composition of EcoPd; catalyst derived from Eichhornia
crassipes (wt% * standard deviation) determined by MP-AES analysis.

Element Pd Fe Ca K Mg Al Na
Concentration 11.7 0.4 9.3 7.1 1.0 0.3 2.5
(Wt%xSD) 0.190 0.005 0.160 0.048 0.006 0.002 0.025
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3.1.4 X-Ray Photoelectron Spectroscopy analyses of EcoPd,

XPS of EcoPd; was performed allowing study the oxidation
state of the Pd of EcoPd, after the thermal treatment and the
acid activation. The strong peak at 202 eV corresponding to
chlorine 2p;/, confirms the formation of chloride salts due to
the aq. HCl treatment of the material (Figure 2). High-
resolution analysis of Pd element was performed. The strong
Pd 3ds,, peak at 338 eV corresponds to Pd(ll) as expected after
the thermal treatment. Pd is expected to be present as K,PdCl,
according to literature data and our previous results®® *® Note
the total absence PdO (peak at 337 eV) by comparison of our
spectrum with the literature data®® *° demonstrating the
effectiveness of the acid treatment on the ashes in
transforming PdO into K,PdCl,.

100,0K —— EcoPd,

Pd3d
80,0k .

60,0k 1203

Counts /s

40,0k

20,0k

-
N

00 1000 800 600 400 200
Binding energy / eV

o

Pd 3d;),
338 eV

B 20,0k
18,0k]
16,0k
14,0k]
12,0k]
10,0k]
8,0k
6,0k
4,0k

Total spectrum
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Envelope

Counts /s

355 350 345 340 335 330
Binding energy / eV

Figure 2. XPS analysis of EcoPd;. Survey spectrum showing the composition of the
catalyst (A). High resolution spectrum of the Pd region showing the Pd 3ds/, peak at 338
eV assigned to Pd(ll) (B).

3.1.5 Transmission Electron Microscopy imaging

EcoPd; was characterised by TEM imaging in bright field (BF) to
achieve a better contrast for heavy elements (i.e., palladium
versus other metals). We can observe that the palladium is
present as clusters of spherical nanoparticles in the size range
of 5-10 nm. The Pd nanoparticle (PdNPs) clusters are
homogeneous in size, between 20 and 100 nm (Figure 3).
Moreover, we can see clearly that the clusters are well
dispersed on a matrix constituted by the other salt present in
the catalyst. This saline matrix contributes significantly to the
good dispersion of the clusters within the catalyst by

preventing the formation of massive PANPs aggregates. Here
we notice a significant difference in morphology between the
EcoPd; obtained from Eichhornia crassipes and that previously
described and obtained from Lolium multiflorum.36 Indeed, the
latter exhibited smaller PdNPs of 3 to 4 nm that were
extremely dispersed within the mineral matrix and did not
exhibit cluster formation.

B g™

200 nm

Figure 3. TEM imaging of EcoPd showing saline matrix on which are attached
PANP clusters (in black, A). The average size of the PdNPs is in the size range 5-10
nm assembled as clusters of homogeneous size between 20 and 100 nm (B).

3.1.6 Fourier Transform Infrared Analysis (FT-IR)

The Pd complexation in Eichhornia crassipes roots was assessed by
comparing the FT-IR analyses of the roots before and after
rhizofiltration (respectively Figures 4A and B). The broad band at
3329 cm™ of the native roots is indicative of the existence of
bonded hydroxyl group. The band observed 1716 em™ can be
assigned to the carboxyl group. In accordance with DellaGreca et
al>!, we conclude that there are naphtyl carboxylic acid moieties.
According to K. Mohanty et al.sz, DeIIagrecaSl, Wang et al.53, Shanab
et al.> and Sarkarss, the band at 1632 cm™ can be assigned to the
C=C bond. The spectrum of the Pd-loaded (figure 4B) root was
compared with that of native root. A significant shift of absorption
band can be observed indicating several interactions between
adsorbed palladium and root. A significant shift of the broad
absorption peak of 3329 em™ to 3299 cm™ reflects Pd binding to
the OH group. The band at 1716 cm™ disappeared after
rhizofiltration, indicating that the carboxyl group also contributed
to the formation of a complex with Pd**. Finally, the peak at 1632
cm-1 has been shifted to 1590 cm™, and may be due to the
complexation of Pd**. These results indicated that strong chelation
occurs between Pd>* and the roots of E. crassipes.

The same analysis was repeated on roots leading to EcoPd, after
recycling of EcoPd;. The results obtained are comparable
demonstrating the consistency of the root morphology (see S1 and
S2, ESI).
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Figure 4. FT-IR spectrum of unused roots (A) and Pd loaded roots (B).

3.2 Suzuki cross-coupling of heteroaryl substrats

The common bases used for Suzuki coupling are Cs,CO;3, K,CO3,
Naz;PO,, NaOMe, KF and NaOH.>® Among these K,COs is cheap,
abundant, environmentally friend|y57' 8 39, 60
making it an obvious choice for this study.

The solvent is a crucial element of Suzuki reaction. With the
first generation of EcoPd, the best results were obtained in
toluene.” In the present study, much effort was applied to
conform to the criteria of Green Chemistry.

Table 3 summarises the results obtained with different
solvents whith K,CO; and 0.1 mol% of Pd in EcoPd; without
ligand or additive. We chose as model substrates 2-
bromothiophene and phenylboronic acid. The best results
were obtained with glycerol (Table 3, entry 1) which has for
several years been considered a promising bio-sourced green
solvents®™ ®

and non-toxic

% and has been used with success for many organic
reactions such as hydrogen transfer,eg’ 64 CuAAC,eS Pauson—
Khand carbocyclisations66 and Pd catalyzed cross-coupling
reactions.®” %

Table 3. Study of the influence of the solvent.

Entry Solvent Conversion (%)"’b
1 Glycerol 89%
2 DMF 80%
3 IPA 79%
4 MeTHF 79%
5 Toluene 68%
6 MeCN 59%
7 CPME 40%
8 BuOH 44%

? Reaction conditions: 250 umol 1a, 275 pmol 2a, 300 umol K,COs, 0.1 mol% Pd
(EcoPd1), 100°C, 500 pL solvent, 4h.

® Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard.

The Pd catalyst loading is another key parameter of cross-
coupling reaction. This aspect has been finely studied with 2-
bromothiophene and phenylboronic acid (Table 4). A
quantitative yield was obtained in less than one hour with 1
mol% of Pd (Table 4, entry 1). By decreasing the catalytic
charge to 0.1 mol%, a quantitative conversion was observed
with a reasonable reaction time of 4 hours (Table 4, entry 2).
With 0.01 mol% of Pd, the reaction was significantly advanced
after 4 hours (Table 4, entry 3). However, the yield did not
reach complete conversion even after prolonged reaction
time. This behaviour is probably due to the deactivation of the
catalyst under the sponge-like form of Pd black, observed in
suspension at the end of the reaction. Indeed its formation is
favoured by the reducing properties of glycerol.sg' 70 Finally,
the reaction could be performed with a catalyst loading as low
as 0.001 mol% (Table 4, entries 4 and 5). When the reaction
time is extended to 40 h, an interesting turnover number
(TON) of 92 000 was achieved. This result indicated that
EcoPd; has a very good stability at very low concentration. This
observation may be rationalized by de Vries works, which are
established the direct correlation between palladium
nanoparticle stability and the concentration of palladium in
solution.”
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Table 4. Study of the effect of catalyst loading.

s
@\@

3a

. HO_ ,-OH

O~ & —
/) Br
1a 2a

? Reaction conditions: 250 umol 1a, 275 pmol 2a, 300 umol K,COs, 0.1 mol% Pd
(EcoPd;), 500 L glycerol, 2 h.

® Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard.

Entry Time (h) Catalyst loadings (mol%) Conversion (%)”’b
1 1 1 100%

2 4 0.1 100%

3 4 0.01 48%

4 20 0.001 8%

5 40 0.001 92%

?Reaction conditions: 250 pmol 1a, 275 pumol 2a, 300 umol K,COs, Pd (EcoPd,), 500 pL
glycerol, 100°.

® Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard.

Thereafter, we determined the influence of the temperature
(Table 5) with the model reaction using 2-bromothiophene and
phenylboronic acid. Glycerol is a sustainable solvent for green
chemistry. However, it is highly viscous at normal conditions of
temperature and pressure making it difficult to use at low
temperatures. Its viscosity dramatically decreases at
temperatures 60°C’> which was the minimum
temperature of this study. The results showed there is a clear
gap concerning the reaction efficiency between 80 and 100°C
(yield increasing from 59 to 84%) and we observed that the
reaction was quantitative for higher temperature (120°C). This
temperature was used for this study.

above

Table 5. Study of the effect of the temperature.

Subsequently we investigated the scope of EcoPd; / glycerol
system for the heteroaryl Suzuki reactions under optimised
conditions (i.e. 0.1 mol% of Pd at 120°C in glycerol). A survey of
heteroaryl bromide cross-coupling with phenylboronic acid is
provided in table 6. Interesting results were achieved with
different substrates. The coupling of 2-bromothiophene and 3-
bromopyridine gave yield of 97% in a few minutes (Table 6,
entry 1 and 3). The reaction was quantitative after 1 hour.
Electron-poor heteroaryl bromides such as 3-bromopyridine
could couple efficiently with phenylboronic acid (Table 6, entry
6). For comparison, the catalytic ability for catalyzing coupling
reactions of chloride and iodide-derivatives should be
conducted. In the cases of 2-iodothiophene (entries 4 and 5)
and 3-iodoprydine (entry 8), the Pd loading catalyst can be
reduced, but the reaction was slower. Unfortunately, the
reaction cannot be extended to chloroaryl derivatives. The use
of 1-chloro-4-nitrobenzene or 4-chlorobenzonitrile led to the
deboronylation of the arylboronic acid.”?

As expected, the NH group deactivated EcoPdl.12 The coupling
of 4-bromopyrazole is not possible, even with prolonged
reaction time (Table 6, entry 9). N-Protected pyrazole reacted
in satisfactory yield (Table 6, entry 10).

Table 6. Suzuki cross-coupling of boronic acids with heteroaryl bromides.

s
@\@

3a

. HOL ,-OH
| + -
/B
2a

Entry Temperature (°C) Conversion (%)"’b
1 60 32%

2 80 59%

3 100 84%

4 120 >95%

1 2a 3
Heteroaryl Product . b
Entry halide Time (h)  Conversion(%)
B
! b 3a 0.15 97

3a 1 >99 (88)

3a 4° 62

3a 16° >99
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>99 (85)

N7 Br
10 J 3d 4 69
/

? Reaction conditions: 250 pmol of heteroaryl bromide 1, 275 umol of boronic acid 2a,
300 pumol K,C03, 0.1 mol% Pd (EcoPd,), 500 pL glycerol, 120°C.

b Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard. Values between parentheses are isolated yields.

¢ Reaction conditions: 250 umol of heteroaryl halide 1, 275 umol of boronic acid 2a,
300 pumol K,C03, 0.01 mol% Pd (EcoPd;), 500 L glycerol, 120°C.

In view of the low loading and the rapidity of the coupling reaction
catalyzed by EcoPd,, it was interesting to evaluate the turnover
number (TON) and the turnover frequency (TOF) of the reaction.
The assessment was carried out for the synthesis of 3a and 3b. The
conditions of table 6 were kept with the exception of the Pd
catalytic loading which has been optimized.74 The results are
summarized in Table 7 (entries 1, 2, 7) and compared with the data
from the literature (entries 3-4 and 8-12). The coupling reaction of
entries 3-6 and 8-10 required the presence of ligand; the example
of entry 11 needs an additive. EcoPd; can be advantageously
compared with these data. 7580 Without ligand and additive, EcoPd;
exhibited high TON with the specific  examples,
bromothiophene and bromopyridine. The most demonstrative
result has been achieved with 3-bromopyridine, because cross-

two

coupling substrates that include nitrogen heterocycles are the most
challenging. As illustrated in entry 7, the combination TON/TOF
could be advantageously compared with literature (entries 8, 9, 11,
12). In addition, it should be noted that EcoPd; leads to excellent
TOF. Interestingly, these results were comparable to the coupling of
iodo- and bromobenzene with phenyl boronic acid in the same
conditions.

This demonstrates the higher stability of EcoPd compared to
conventional Pd catalysts, which are associated with a ligand
or an additive.

Table 7. EcoPd; TON and TOF calculation.

B
1 @’ 0.001 40 92*° 92000 2300
2 @’ * o001 4 62*° 61600 15400
* B
37 @’ " 01 20 99 990 50
* B
47" @" 0.001 16 93 93000 5812
* B
570 @’ " 3 98 98 33
67 @’ o001 2 100 10000 5000
Br
= a,b
7 | 0.001 1 76” 76000 76000
N
Br
*79 =
8 o | 005 6 93 1860 310
N
Br
*75 =
9 | 0.001 18 95 95000 5277
N

0.01 2 93 9300 4650

12"% | 0.5 2 100 200 100

X

* TOF and TON calculation for entries — 8 was performed on the basis of the data
available in the cited reference.

“Reaction conditions: 250 pumol of heteroaryl bromide 1, 275 umol of boronic acid 2a,
300 pmol K,CO3, 0.01 mol% Pd (EcoPd;), 500 pL glycerol, 120°C.

® Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard.

OH
) é ArHet.
halideArHet—Br  +  HO™ \© R E—— \©
1 2a 3
o . 1
Mol% Time Conversion  TON TOF (h™)

Entry  HetAr

pa

Thereafter, the coupling of different heteroaryl boronic acids
with bromobenzene was examined in order to determine the
effect of the nature of the heteroatom-bearing partner on the
efficiency of EcoPd;. From a mechanistic viewpoint, the
boronic acid plays the role of nucleophile in the Suzuki
coupling.81 Thus, the presence of a heteroatom can notably
influence the coupling efficiency. While good results were
obtained when the heteroatom was carried by the haloaryl 1,
the performance of EcoPd; was less general with a hetero
boronic acid derivative 2 (Table 6). Indole-5-boronic acid led to
significant conversion in 4h (Table 8, entry 1). Unfortunately,
thiophene and pyridine boronic acids gave poor results with
bromobenzene.
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Table 8. Suzuki cross-coupling of heteroarylboronic acids with bromobenzene.

Br Ar-
©/ +  (HOB—Ar — = \©

1b 2 3
Entry Boronic acid Product '(I'r:r)‘ne Conversion(%)® b
B(OH),

4
1 3d 4 62

N

H

B(OH),

2 9 3b 4 5

7

B(OH).
3 @’ : 3a 4 0

®Reaction conditions: 250 umol of bromobenzene 1b, 275 umol of heteroaryl boronic
acid 2, 300 umol K,C0s, 0.1 mol% Pd (EcoPd,), 500 L glycerol, 120°C.

°Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard.

Heteroaryl-substituted thiophene moieties are common in
drug candidates®*® and polythiophenes possess very
interesting optoelectronic properties making them extremely
useful and efficient in the fields of conducting materials and as
a photosensitizer for photovoltaic cells.®* ¥ suzuki coupling is
widely used for the synthesis of such material. Thus, we
investigated the coupling of 2-bromothiophene with different
partners (Table 9), including heteroboronic acid partners. By
using the conditions presented above, we managed to couple
different boronic acid derivatives bearing either electron
donating (EDG) or electron-withdrawing groups (EWG). Total
conversions were observed in a reasonable time of 4h with
activated substrate bearing EWG (Table 8, entries 6 and 7), and
with indole-5-boronic acid despite the presence of the
additional heteroatom (Table 9, entry 5). Good yield was also
obtained in 4h with boronic acid bearing EDG (Table 9, entry
1). The successful coupling with 2-thienylboronic acid (Table 9,
entry 4) could open the way to the synthesis of polythiophene.

Table 9. Suzuki cross-coupling of various aryl and heteroarylboronic acids with 2-

bromothiophene.

1a 2

(HO)B—AT —————>

@/Ar
4

)a,bSS

Entry Boronic acid Product  Time (h) Conversion(%

94 (86)

B(OH), 4a
1 /©/ 4
MeO’
X\ B(OH), ab
2 @’ 4 11
X B(OH), ab
3 @’ 20 51

X\ B(OH), ab
4 Q/ 40 93 (84)
B(OH), de
5 <:©/ 4 100 (92)
H

B(OH), af
6 /©/ 4 99
Cl
B(OH), 4g

Cl

99 (88)

? Reaction conditions: 250 umol of 2-bromothiophene, 275 pmol of boronic acid, 300
pumol K,CO3, 0.1 mol% Pd (EcoPd;), 500 pL glycerol, 120°C.

b Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard. Values between parentheses are isolated yields.
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3.2 Recycling of EcoPd;: catalyst preparation from post-reaction
solution

The major problem of homogeneous catalysts, with or without
ligand, is the difficulty of recover and reuse the residual Pd
metal in the synthesized product. Because of the high value of
palladium several research groups developed their own
recycling method using materials derived from chitosan89'91,
ion exchange resingz, magnetic nanoparticles93 or thiol-
functionalized zirconium oxide MOFs.** In the last part of this
work, we demonstrate that the palladium can be recycled
from the reaction crude by an ecological and efficient
methodology. It is based on the following principle: the post-
reaction solution of a transformation catalysed by an EcoPd
(EcoPd,) can be treated by rhizofiltration and a new,
EcoPd (EcoPd,) can be regenerated.

active

. Rhizofiltration
of rich-Pd solution

4~ Pd bioconcentration
ﬁ into roots of
' E. Crassipes
W Generation of EcoPd;
from roots of
E. Crassipes

EcoPd, Suzuki ¥ 9
reaction

Generation ™ EcoPd, Suzuki

of EcoPd, reaction

from roots ) g

of E. Crassipes : " . !

Pd bioconcentration | { EC°_|°€'Ca| feC‘/?"“g .
into roots of . i of rich-Pd reaction mixture

E. Crassipes

Scheme 1. Process of ecological recycling of EcoPd illustrated by the Suzuky reaction.

The preparation of 3a was used as study model. The study was
carried out on large scale (20.4 g, of 2-
bromothiophene) in order to use a significant amount of
EcoPd; (111 mg of EcoPd;, 13.3 mg of Pd, 125 pumol of Pd) and
enable the recycling process (see S1, ESI). The amount of any
Pd leached was analysed in each layer by MP-AES (Microwave
Plasma-Atomic Emission Spectrometer). No Pd was detected
either into organic or aqueous layer after crude workup (Table
10). Note the high K concentration due to the use of K,CO3 as
base for the coupling reaction (Aqg. layer from crude, Table 10).

125 mmol

We can hypothesize that the quantitative formation of black
palladium at the end of the reaction is an opportunity to avoid Pd
leaching and to facilitate recycling. In order to confirm this
explanation, we analysed the crude product 3a by MP-AES. No Pd
was detected.

Table 10. Mineral composition of solid samples and solutions involved in the
recycling of palladium determined by MP-AES analysis (wt% for solid sample,
mg/L for liquid sample).

Liquid sample Pd Fe Ca K Mg Al Na
(mg/L)

Agq. layer from O 1.2 153 33618 1.3 0 12.8
crude

Org. layer from O 0 6.1 4.1 0 0 3.49
crude

Effluent before 13.2 0 16.0 5.4 1.15 0 4.3
rhizofiltration

Effluent after 3.08 2.6 47.5 60.3 179 1.29 300
rhizofiltration
Solid sample (wt%) Pd Fe Ca K Mg Al Na

Roots 0.81 0.04 0.07 0.12 0.03 0.01 0.06

EcoPd; 11,1 2.8 13.2 2.7 2.2 0.8 3.0

The post-synthesis solution was treated in three successive
steps: a) the recovery of the black Pd by simple filtration; b)
the dissolution of the latter in a minimum of aqua regia; (c) its
dilution with water. These three steps allowed quantitative
recovery of the Pd engaged in the synthesis in the form of an
effluent, which can be subjected directly to rhizofiltration
(Table 10, solution before rhizofiltration analysis, see details in
S2, ESI). The procedure allowed the recovery of 77% of the Pd
by Eichhornia crassipes. A second rhizofiltration allowed the
recovery of the remaining Pd (see details in S3 and S4, ESI).
The EcoPd, obtained after roots treatment contained 11.1 wt%
of Pd. This concentration was very close to EcoPd; (11.7 wt%).

3.3 Reuse of EcoPd and catalytic activity

EcoPd, was successfully used for a Suzuki coupling reaction.
The preparation of 3a led to the same result. The EcoPd,
catalytic activity is totally maintained. A further recycling cycle
of the palladium from EcoPd, was carried out by adjusting the
amount of water used during the aqua regia dilution step in
order to maintain a Pd concentration of 13 mg/L leading to
EcoPd; (Table 11). By doing this concentration adjustment, the
successive EcoPd concentration remained of the same order of
magnitude (~11-14 wt% of Pd) demonstrating the
reproducibility and the recycling process that contributes to
making this model system “eco-friendly”.

Table 11. Mineral composition of EcoPd; catalyst derived from Eichhornia
crassipes (wt% * standard deviation) determined by MP-AES analysis.

Element Pd Fe Ca K Mg Al Na

Concentration 14.4 2.2 5.8 2.2 1,3 1.8 0.4
(Wt%zxSD) 0.014 0.040 0,031 0,002 0,008 0,007 0,001

As summarized in Table 12, the EcoPd could be used for up to four
cycles, without decreasing of catalytic activity. These results
demonstrate the reusability of EcoPd in the Suzuki reaction.
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Table 12. Reusability of EcoPd in the coupling of 2-bromothiophene and
phenylboronic acid in our optimised conditions.

EcoPd  Conversion(%)*"°

EcoPd; >99
EcoPd, >99
EcoPd; >99
EcoPd, >99

?Reaction conditions: 250 umol 1a, 275 pmol 2a, 300 umol K,CO3, 0.1 mol% Pd (EcoPd),
500 uL glycerol, 2 h.

b Conversions reported were determined by GC-MS after calibration with dodecane as
internal standard.

The efficiency of ecological recycling based on rhizofiltration can be
advantageously compared to direct using of black Pd. Whereas the
sequence rhizofiltration/ecocatalysis led to excellent results (Table
12), black Pd exhibit a negligible catalytic activity in the same
conditions (only 1% of 3a was detected).

Conclusion

In conclusion, we have developed a biobased and green
procedure for the Suzuki-Miyaura cross-coupling of heteroaryl
bromides and heteroboronic acids. We have demonstrated the
utility of Eichhornia crassipes to prepare efficient and
recyclable EcoPd. This ecocatalyst was fully characterized and
then exploited with success in the Suzuki coupling of various
heterocyclic reagents under homogenous conditions
compatible with green chemistry and without ligands or
additives. Moreover, we developed an eco-friendly and
effective recycling process of the homogeneous Pd catalyst
that can be repeated without loss of activity of the catalyst.
Finally, this knowledge should prove useful of the ecocatalysis
in green catalysis. The methodology opens the opportunity for
the large-scale synthesis of industrial targets at the frontiers of
sustainable processes and phytotechnologies.
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