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For the Suzuki-Miyaura C-C coupling, it is well accepted that the active catalytic species in the liquid phase
are leached from the solid palladium precursor. This was demonstrated for shaped solid Pd precursors
which allows fixed-bed applications in flow chemistry. Yet, many interesting solid Pd precursors, including
supported nanoparticles (NPs), are available as finely divided powders that cannot be used in fixed-bed
reactors because of the too high pressure drop generated. In this work, open cell foam materials (OCF) are
used as supports for Pd/C, Siliacat-Pd(0) and Pd(i)-DPP catalysts powders and Pd(0) NPs. The coupling of
4-iodoacetophenone with phenylboronic acid is used as a model reaction to evaluate the activity of
leached species. Some experiments with other aryl halides are also reported. It is shown that all the
catalytic foams are able to leach active species and that trace amounts in the range 30-300 ppb of Pd in
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1 Introduction

The Suzuki-Miyaura carbon-carbon coupling, catalysed by
palladium, is of paramount importance in the chemical and
pharmaceutical industries. Due to the need to avoid the
presence of palladium in the products, lots of studies were
dedicated to the development of heterogeneous catalysts.
However, recent studies have allowed to conclude that Pd
leaching, even of traces amounts, was responsible for all or part
of the catalytic activity."® A particular set-up was developed to
highlight the role of leached species on the catalytic activity of
C-C coupling reactions.”'® This “split-flow reactor” consists of
a catalytic packed bed, followed by an empty tube, with an
efficient filtration between both sections. In the case of the
Suzuki-Miyaura reaction, the catalytic column was
demonstrated to be a reservoir of hyperactive catalytic species
which were able to leach and further react in the empty tube
section.® Our objective was to check whether this
phenomenon was encountered regardless of the catalyst used,
could it be Pd(0) or Pd(u). Nonetheless, using a packed-bed was
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solution are sufficient to carry out the reaction while maintaining a low pressure drop.

not adapted to all kinds of catalysts. As an example, it was not
possible to test a Pd/carbon powder in this configuration
because the pressure drop through the column rapidly
exceeded the maximum pressure limits of the HPLC pump
(220 bar). To circumvent similar pressure drop issues, Nagaki
et al."* proposed to use polymer monolithic reactors with large
pores to run a continuous production. Recently, McMillin et al.
designed a three dimensional polymer printing fixed bed
reactor for continuous Suzuki cross-coupling reactions."”

In our case, it was decided to extend the use of the split-
flow device to the testing of catalytic open cell foams (OCF).
Catalytic OCF are now widely used for process intensification
due to the high mass and heat transfer and low pressure
drop they offer.’**°

2 Experimental section
2.1 Reagents

The reagents wused for the  experiments are:
4-iodoacetophenone, 3-iodoacetophenone, 4-iodoanisole,
4-bromoacetophenone, 4-chloroacetophenone, phenylboronic
acid and sodium methoxide, all from Acros Organics. The
solvent used for all these experiments is anhydrous ethanol
(CARLO ERBA). All chemical products were used without
purification or treatments.

2.2 OCF catalytic columns

Different kinds of OCF were used. The variety of foams
includes metallic foams coated with Pd/C (Pd/C@OCF) and
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with 2 Pd Siliacat materials (Pd(0) Siliacat@OCF and Pd(u)
Siliacat@OCF) and one glass foams impregnated with
zerovalent Pd nanoparticles (Pd(0) NPs@OCF).

2.2.1 FeCrAl OCF. A first series of OCF cylinders was
prepared from a Hollomet Foamet FeCrAl foam (ID03142)
with a mean cell size of 800 pm, a porosity of 90%, a mean
window diameter of 12 um and a specific surface area of
2700 m*> m™ (values determined by X-ray tomography
followed by 3D reconstruction and image analysis, as in
Zanota et al., see ESL} Table_S1)."” It was cut by electro-
erosion to small cylinders of 1 cm of length and 0.45 cm of
diameter. The small cylinders were calcined at 900 °C for 10
hours with a ramp of 2 °C min™" and were weighed before
the coating. The coating with a Pd/C catalyst (5 wt% Pd,
Johnson Matthey) was carried out according to our previous
publication.”® After dip-coating, the Pd/C@OCF cylinders
were dried at 120 °C all the night, then treated for 2 h under
nitrogen flow inside a horizontal oven at 300 °C and reduced
in the same oven under a flow of H,/N, (20/80%) for 2 h at
300 °C with a ramp of 3 °C min™'. The coating with Pd-
Siliacat commercial catalysts (Pd(0)/Silicycle R815-100 and
Pd(u)-DPP/Silicycle R390-100 loaded at 2.54 and 3 wt% Pd
respectively) was performed using a slurry made of Ludox
HS40 (0.10 g), hydroxyethyl cellulose (5 mL), catalyst (5 g)
and water (20 mL). After dip-coating in the appropriate
suspension, the OCF were dried at 120 °C overnight, then
treated at 400 °C under air flow during 4 h with a ramp of 2
°C min~". The resulting coated OCF are presented in Fig. 1.
Note that while this temperature treatment likely
decomposed the Pd(un)-DPP complex, it did not change the Pd
oxidation state as shown by the colour of the samples
(Fig. 1). For each catalyst, 10 cylinders were prepared, and
put in series inside a 10 cm stainless steel tube (4.6 mm i.d.,
SWAGELOK SST4-S-035-6ME). Note that the gap between the
foam and the tube wall is smaller than the mean pore size of
the foam, avoiding preferential paths. The amount of Pd in
the column was determined by subtracting the mass of the

Pd(II) Siliacat/ Foam

Pd(0) Siliacat/ Foam

Fig. 1 Pictures of the two Pd Siliacat@OCF.

1800 | React. Chem. Eng., 2023, 8, 1799-1804

View Article Online

Reaction Chemistry & Engineering

filled column from the previous mass of the empty tube and
the uncoated cylinders, respectively 136 mg for the Pd(u)
catalyst and 89 mg for the Pd(0) one.

2.2.2 Glass OCF. To vary the palladium source, a
completely different kind of OCF was also used. It was a glass
OCF, similar to that described in Cabrol et al'® for the
deposit of Ru nanoparticles, here containing Pd
nanoparticles. A home-made glass OCF cylinder was
impregnated 5 successive times by a colloidal suspension of
Pd(0) synthesized by the chemical reduction of an aqueous
solution of tetrachloropalladate(u) hydrate salt with sodium
borohydride in the presence of N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl)Jammonium chloride (HEA16Cl) salt as
protective agent. The resulting OCF (3.8 g after drying)
contained 4 mg of Pd (detailed preparation in ESIf). As the
glass OCF diameter was different from that of the metallic

Fig. 2 Set-up designed to test the glass foam.

This journal is © The Royal Society of Chemistry 2023
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OCF, it was necessary to use an adapted set-up. A stainless
steel casing has thus been designed to enclose the foam glass

(Fig. 2).

2.3 Reaction

For the catalytic Suzuki-Miyaura reaction (see Fig. 3), a
reagent solution was prepared by dissolution of
4-iodoacetophenone (1.53 g, 0.01 mole, 1 eq.), phenylboronic
acid (0.9 g, 0.012 mole, 1.2 eq.), MeONa (0.5 g, 0.015 mole,
1.5 eq.) and naphthalene (GC standard, 0.5 g, 0.003 mole, 0.3
eq.) in ethanol (250 mL). The solution is then homogenized
by using an ultrasound bath for 60 min at room temperature.
The prepared solution is then pumped with a previously fixed
flow rate by using HPLC pump (Shimadzu LC-20AP) through
the preheated (60 °C) catalytic column containing the foam
and then was filtered (2 pm) and allowed to circulate in PFA
tubes (1.7 mm int. diameter, SWAGELOK PFA-T2-030-100).
One to six sections of PFA tubes were placed at the exit of the
OCF section, each of them measured 1 to 10 m and allowed
sampling, resulting in a maximum of 7 samples per test (one
at the exit of the column and up to 6 for the tubes). An
example is schematized in Fig. 4.

2.4 Analyses

The evolution of the catalytic reaction is followed through
different samples taken on the several sections of the set-up.
The catalytic solution collected from the set-up is then
quenched in deionized water (2 mL) and ethyl acetate (Sigma
Aldrich) (1 mL). This mixture allows to separate the reagents
and consequently to stop the catalytic reaction. Then the
heavier organic phase was collected, dried over MgSO, (Sigma
Aldrich) and filtered through celite 545 (ROTH). Then the
collected solution is analyzed by using GC-FID chromatography
Agilent Technologies 6890 N, column OPTIMA 5 (10 m x 100
um X 0.1 pum), split 1/400 volume injected 1 pL (100 °C), flow
H,: 20 mL min ™", program oven: 100 °C (30 s) then 50 °C min™"
up to 290 °C (90 s), FID detector. Naphthalene (Acros Organics)
was used as an internal standard. The chromatographic

+ salts

[o]
o, g
O @
—_—
I CH;ONa, Ethanol

4-iodoacetophenone

Fig. 3 Suzuki-Miyaura with

phenylboronic acid.

coupling of

Arl + PhB(OH),
+ base + solvent

Fig. 4 Scheme of the foam split-flow test.

This journal is © The Royal Society of Chemistry 2023
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analysis (GC-FID) is used to study the kinetics of the catalytic
reaction and to follow the evolution of the concentration of the
reactants and products at each section of the set-up. To carry
out this study, different calibration curves were made for the
reagents and products. The amount of leached palladium in
solution was measured at Glincs (Villeurbanne, France)
following the protocol below: first, after collecting 0.4 mL of
catalyst solution at the outlet of the catalytic column in a sterile
tube (50 mL, guaranteed metal free), an addition of 5 mL of
10% nitric acid containing 2 ppb of indium ion, used as an
internal reference, was done. To homogenize the solution, the
sample is then placed in an ultrasonic bath at 80 °C for 1 h.
Then the obtained solution is diluted by the same nitric acid +
indium ion solution until a total volume of 40 mL is reached.
The final solution obtained is then placed again in the
ultrasonic bath at 80 °C for 1 h and then left to cool before
being analysed by ICP-MS (Nexion 2000, Perkin Elmer).

3 Results and discussion
3.1 Coated FeCrAl foams

The different coated foams were used in the catalytic column
to catalyze the coupling of 4-iodoacetophenone with
phenylboronic acid. In addition, one PFA tube of 1 m long
was placed at the exit of the catalytic column, after the filter.
In the case of Pd/C@OCF, containing 71 mg of 5 wt% Pd/C,
the pressure in the system remained under 15 bar after 7
hours of test, contrasting drastically with experiments using
powder catalysts (Fig. 5). The conversion at the Pd/C@OCF
column outlet was stable during the test performed at 1 mL
min~', at a mean value of conversion of 30% while that at the
tube outlet was 50%. Note that the reaction was selective and
only produced 4-acetylbiphenyl with all the tested catalysts. It
was checked that the concentration of Pd at the tube outlet

160 T T T T T T T
L1}

140

120 °
= |
=
£ 100 t B
2 Pd(0) siliacat powder @
5 80 |- Pd(Il) siliacat powder W
P Pd(0) siliacat@OCF O
2 u PJ/C@OCF X
3 60
& °

40 |

20 LIPS

l.- X X X X
o Lx802 .
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Time-on-stream (min)

Fig. 5 Pressure drop through the column for fixed bed and OCF
reactor. Conditions: tube of 4.5 mm id, T = 60 °C, 0.025 M of
4-iodoacetophenone, 0.030 M of phenylboronic acid and 0.038 M of
MeONa. Fixed beds: Pd(0) Siliacat, m¢;x = 680 mg, Q = 1.5 mL min%,
Pd(i) Siliacat, mcae = 345 mg, Q = 0.4 mL mint for the 40 first
minutes and Q = 1 mL min? after. OCF reactors: Pd/C@QOCF (10 cm),
Meat = 71mg, Q =1 mL min~%, Pd(0) Siliacat@OCF (10 cm), mcae = 89
mg, Q = 1 mL min™%,

React. Chem. Eng., 2023, 8,1799-1804 | 1801
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(0.3 ppm according to ICP/MS analysis in the 6 h product
collection), and responsible for the catalytic activity at least
in the PFA tube section, was due to leaching and not to fine
particle detachment, which indicates that the catalyst was
well adherent to the OCF. Concerning Pd(0) Siliacat and Pd(u)
Siliacat@OCF, the conversion at the set-up outlet was
doubled compared to that at the column outlet, from 13% to
23% and from 24% to 44% respectively (Table 1).

The observed pressure drop remained below 10 bar for all
the tested conditions. Note that both Pd(0) and Pd(u) Siliacat
catalysts were also tested as powder catalysts in packed bed
column thanks to moderate pressure drops for these
materials (Fig. 5)."° The rapid increase of pressure drop while
using powder packed beds can be explained by two
hypotheses. First, the formation of iodide and boronate salts
can crystallize in the bed porosity; second, some fine
particles can be formed by the destructive role of pressure on
the particle bed. The activity results obtained with the
powder or foam are consistent.

3.2 Catalytic glass foam

Similar experiments were performed in the set-up dedicated
to the test of the catalytic glass OCF. At the outlet, not only
one PFA tube was installed but 6 tubes, allowing sampling at
each intersection (see Fig. 2). The length of the tubes is in
the range of 0.5 to 3 m which gives a cumulative length of up
to 10 m.

An example of 4-iodoacetophenone conversion measured
at the different points of sampling is presented in Fig. 6. The
first point corresponds to the column foam exit, the other
ones to the exit of each PFA tube.

The main results are reported in Table 1. Note that the
residence times are much different than for the metallic
OCF objects since the size of the OCF is different and the
length of PFA tubing also. Here, the conversion increased
from 27 to 86% in the tube sections, thanks to Pd species
that were leached out of the OCF. The 27% conversion in
the column is due to the quite long contact time of ca. 10
min during which leaching occurs leading to conversion in
the column. Although the nature of the catalytic species is
not well known, it is not due to mechanical attrition.
Indeed, the integrity of the glass OCF is preserved. Also, no
powder is deposited, formation of micrometric solid
particles is not observed and would lead to pressure drop
increase at the filter placed at the exit of the column. The

View Article Online
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Fig. 6 Example of result obtained using Pd NPs@glass OCF, at
different sampling positions corresponding to different time-on-
stream (0.05 M of 4-iodoacetophenone, 0.06 M of phenylboronic acid,
0.076 M of sodium methoxide, Q = 1 mL min™, T = 60 °C).

pressure drop never exceeded 12 bars. The reactor was used
for consecutive runs. Several concentrations of reactants
were used and the flowrate was maintained at 1 mL min™".
For all the experiments, the concentration of Pd in the tube
was measured at ca. 30 ppb, 10 times lower than with the
previous Pd/C@foam, thus demonstrating that a very small
amount of Pd is sufficient to catalyse the reaction as
previously described.'® The complete series lasted 10 h, with
a constant leaching of 30 ppb (measured by ICP/MS). Thus,
only 0.5% of the Pd coated on the glass OCF was leached
after 10 h on stream. However, even if the concentration of
leached species was stable, their activity was found to
decrease rapidly. This is quantified by the decrease of the
conversion measured at the exit of the column from 70% to
17% after several runs using the same columns (see ESIT
Table_S3). To  further quantify this deactivation
phenomenon, kinetic constants were evaluated, based on
the hypothesis that the kinetic model established for the
Suzuki-Miyaura coupling with a palladacycle homogeneous
catalyst would be the same for the leached active species.’
r = KArI][Pd] where [ArI] is the concentration of the aryl
halide and [Pd] is the Pd concentration in the liquid
(leached species). A concentration of 30 ppb was used for
the estimation. For each experiment, a parameter estimation
was made using the version 4.27 of COPASI (COmplex
PAthway SImulator),”" considering the entry of the first tube
as initial conditions (initial time, ArlI initial concentration

Table 1 Results obtained at the exit of column and tubes (conditions: 0.025 M of 4-iodoacetophenone, 0.03 M of phenylboronic acid, 0.038 of sodium
methoxide, Q = 1 mL min™? (entries 1, 2, 4) or 2 mL min? (entry 3), T = 60 °C). t.o; and tywe are the residence times in the column and empty tube
respectively, Xeoi and Xipe are the Arl conversion measured at the column outlet and at the column + tube outlet respectively, [Pd] is the leached Pd

concentration measured at the tube outlet

Entry Catalyst@OCF teol (Min) Xeor (%) trube (Min) Xiube (%) [Pd] (pbb)
1 Pd/C@OCF 1.5 26 2.1 46 360

2 Pd(0) Siliacat@OCF 1.5 13 2.1 23 n.d.

3 Pd(u) Siliacat@OCF 0.75 24 1.1 44 n.d.

4 Pd(0) NPs@glass 9.5 68 20 99 33

1802 | React. Chem. Eng., 2023, 8,1799-1804
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Fig. 7 Kinetic constant of the coupling reaction for different
4-ijodoacetophenone concentrations and as a function of time-on-
stream. (T = 60 °C, C = 0.025 M of 4-iodoacetophenone, 0.030 M of
phenylboronic acid and 0.038 M of MeONa. For xC, all the
concentrations are multiplied by x).

and Pd leached concentration) and a plug flow behaviour in
the tubes. Kinetic constants were estimated for the different
sets of experiments and are represented in Fig. 7. It can be
seen that the kinetic constant decreases drastically with
time-on-stream, although freshly leached species are
generated continuously.

Considering the reaction rate law, the results could be
explained by a decrease of the concentration of active species
with time-on-stream, the intrinsic constant k keeping the
same value. The total Pd concentration analysed by ICP-MS
includes both the concentration of active and inactive Pd
species. The reasons why more inactive Pd species are
generated with time is not yet understood but several
hypotheses can be speculated. Since the total leached Pd
concentration is constant with time, it is proposed that the
leaching mechanism is the same, leading initially to a large
quantity of active species.

However, with time, we speculated that at least two
phenomena could occur, one being named “the ad-atom
deactivation mechanism”, the other named “the ligand
coordination deactivation mechanism”. 1) For the “ad-atom”
mechanism, we hypothesized that the surface of the Pd
crystallites leading to the leached species could change. In
particular, single Pd atoms or “adatoms” could be formed
at the Pd surface. It is speculated that these single Pd(0)
atoms could react with the Pd(u) active species leading to
inactive bi- or poly nuclear Pd species. For example, it has

View Article Online
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been reported that reaction of Pd(u) complexes with Pd(0)
complexes leading to binuclear Pd(i) is one synthetic route
to Pd(1) complexes.”> Whereas binuclear Pd(1) complexes
bearing phosphine ligands have been reported to be active
in Suzuki coupling,”® Pd(1) binuclear complexes having no
phosphine ligands are not so active, displaying similar
activities than Pd(OAc),.** Thus here, the deactivation
mechanism would be due to Pd itself. 2) For the ligand
coordination deactivation mechanism we hypothesized that
with time, some species such as salts or other side products
of the reaction adsorb and accumulate on the OCF material.
These species would not change the leaching phenomenon
but would react with the leached species leading to inactive
yet soluble Pd compounds. This would explain why the total
Pd concentration is constant with time-on-stream while a
clear decrease of conversion is observed. Studies of the
deactivation mechanism of soluble Pd catalysts in C-C
coupling reactions are scarce and the investigation of such
mechanisms at trace amount of Pd species is a real
challenge to be tackled.

3.3 Other aryl halides

To demonstrate the versatility of the set-up, 2 other iodoaryl
compounds were used with one of the foams (Pd/C@OCF).
The results are presented in Table 2. In the case of
4-iodoanisole, the reaction was not selective. The yield in
4-methoxybiphenyl was much lower than the conversion.
Nevertheless, it was shown that the yield increased between
the end of the OCF column and the end of empty tube, once
again showing that leached species were responsible for the
catalytic activity. Concerning 3-iodoacetophenone, at a first
sight, the performances may look similar to that of
4-iodoacetophenone in Table 1, but using a residence time 5
times greater. The reaction rate is lower due to the meta
position of iodide but the behavior in terms of leaching and
selectivity are the same. Some experiments concerning
bromo- and chloroaryls are also presented in Table 2,
although they were not obtained with foams. First, it is
observed that the selectivity of both 4-bromo- and
4-chloroacetophenone couplings is not 100%. A leaching of
ca. 200 ppb of Pd was measured in both cases, nevertheless,
no conversion/yield increase was observed in the case of the
chloro compound after its stay in the tube, as we have
already published.’® This result may be due to a very rapid
deactivation of the leached Pd species. Finally,

Table 2 Results obtained at the exit of column and tubes (conditions: 0.025 M of aryl halide, 0.03 M of phenylboronic acid, 0.038 of sodium
methoxide, Q = 0.2 mL min™* for Arl, 0.3 mL min™* for ArBr and 1 mL min* for ArCl, T = 60 °C, solvent EtOH/H,O (9:1) for Arl, pure EtOH for others).
teor @and type are the residence times in the column and empty tube respectively, X.o and Xipe are the ArX conversion measured at the column outlet
and at the column + tube outlet respectively, [Pd] is the leached Pd concentration measured at the tube outlet

Reactant Catalyst (mg Pd) teol (Min) Xeor (yield) (%) trube (Min) Xube (vield) (%) [Pd] (ppb)
4-Todoanisole Pd/C@OCF (3.5) 7.5 24 (5) 10.5 29 (10) n.d.
3-Iodoacetophenone Pd/C@OCF (3.5) 7.5 32 (31) 10.5 54 (53) n.d.
4-Bromoacetophenone Pd(u) Siliacat (0.6) 0.08 12 (5) 7.2 16 (9) 230
4-Chloroacetophenone Pd(u) Siliacat (11) 0.42 47 (33) 2.6 48 (34) 170

This journal is © The Royal Society of Chemistry 2023
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4-bromoacetophenone shows an intermediate behavior
between 4-iodo- and 4-chloroacetophenone.

4 Conclusion

In conclusion, the PA@OCF materials are interesting catalyst
precursors in the Suzuki-Miyaura coupling for flow chemistry
applications. OCF materials can cope to some extent the
formation of some insoluble salts side products without
pressure drop building. Also, the presence of trace amount of
palladium as low as 30 ppb in the product solution complies
with regulations on metal contents in the product. Besides
these technical advantages, some key questions remain to be
solved. In particular, only a small amount of the Pd
contained in the solid precursor is used. Also, the
deactivation of the soluble active species with the process
time (time on stream) is hardly explainable. Further studies
are on progress on these topics.
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