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Palladium nanoparticles on a pyridinium supported
ionic liquid phase: a recyclable and low-leaching
palladium catalyst for aminocarbonylation
reactionsy
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and Rita Skoda-Foldes (2*2

A new SILP (Supported lonic Liquid Phase) palladium catalyst was prepared and characterized by *C and
295i CP MAS NMR, DTG, FTIR and TEM. The presence of the grafted pyridinium cations on the surface of
the support was found to result in the formation of highly dispersed Pd nanoparticles with their diameter
in the range of 1-2 nm. The catalyst was proved to be active not only in the aminocarbonylation of
some model compounds but also in the synthesis of active pharmaceutical ingredients. Catalyst
recycling and palladium leaching studies were carried out for the first time in aminocarbonylations
Nikethamide
a precursor of Finasteride. The latter reaction proves that not only aryl iodides but also an iodoalkene

leading to CX-546(1-(1,4-benzodioxan-6-ylcarbonyl)piperidine), Moclobemide, and
can be converted into the products with the help of the heterogeneous catalyst. The results show that
the conditions should be always fine-tuned in the reactions of different substrates to achieve optimal

results. Palladium loss was also observed to depend considerably on the nature of the reaction partners.

Introduction

Palladium-catalysed carbonylation reactions serve as powerful
tools for the synthesis of carbonyl compounds and carboxylic
acid derivatives." The reaction of aryl halides with amine
nucleophiles and carbon monoxide can be considered an
especially important procedure as the amide functionality is
a key element in numerous pharmacologically active
substances.> At the same time the relatively high price of
palladium-catalysts and metal contamination of crude prod-
ucts® are the main drawbacks that hinder the application of this
methodology in the pharmaceutical industry. In spite of the vast
number of heterogeneous catalysts developed in the past
decades for C-C coupling reactions,* their use in carbonylations
has come to the front only in the last 10-15 years.® In the latter
case, the catalytic situation is more complex: heterogeneous
carbonylations are three-phase reactions, highly influenced by
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the solubility of CO in the solvent as well as by its adsorption on
the surface of the catalyst. In the reactions of amine nucleo-
philes, both amides and a-ketoamides can be formed via mono-
and double carbon monoxide insertion, respectively.' It should
be emphasized that a-ketoamides are also useful products: they
can serve as the starting material in Mannich-type reactions and
in the synthesis of heterocycles.® Their functional group is also
an important motif in some biologically active compounds.® At
the same time, the selectivity problem may lower the efficiency
of the catalytic reaction if the target is either the mono- or the
double carbonylated product.

A great variety of special supports were used for the prepa-
ration of Pd-catalysts for aminocarbonylation and double
carbonylation reactions, such as carbon nanotubes,” graphene
oxide nanosheets,® Y-zeolite,” polymers with various struc-
ture,'*"” a siliceous mesocellular foam,'® metal organic frame-
works™* or a zeolitic imidazole framework.?»** Pd/C catalysts
were also tested in a number of reactions,*** but in some cases
a rapid loss of activity was reported when the catalyst was
reused.”** Another possibility is the application of silica-based
catalysts.>*** Good stability, high porosity and easy modifica-
tion of surface functional groups are the main features that
make silica an ideal support for palladium catalysts. Silica with
grafted As-,*>*? Se-,** and P-ligands**~ or silica-based supported
ionic liquid phases (SILPs) with imidazolium®** and phos-
phonium ions* were found to exert good stabilising effect to
obtain recyclable catalysts for aminocarbonylation reactions.

This journal is © The Royal Society of Chemistry 2020
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In our earlier studies it was shown that in case of SILP phases
decorated with imidazolium ions, a dissolution-reprecipitation
mechanism was also operating in the heterogeneous systems.*
The introduction of dicationic moieties was proved to enhance
the stability of the palladium catalysts and lower the loss of
palladium.** Phosphonium-type SILP phases made it possible
to carry out the reactions in less polar solvents that led to truly
heterogeneous systems with a considerable decrease in Pd
leaching.”® At the same time, poor solubility of some of the
products in toluene limited the applicability of the latter
methodology. These observations necessitate a further quest for
the development of more efficient SILP phases that can be used
as supports for the catalysts.

In spite of the fact that catalytically active colloidal palla-
dium was shown to be stabilised better by pyridinium- than by
imidazolium ionic liquids in alkoxycarbonylations,*® to the best
of our knowledge, there is no example for the application of
pyridinium SILPs in carbonylation reactions. Moreover, there
are only sporadic reports on the synthesis and application of
pyridinium SILPs in the literature.”

In the present report it is shown that a considerably more
efficient stabilisation of palladium particles can be achieved by
a pyridinium SILP compared to its imidazolium and phospho-
nium counterparts. Also, the pyridinium SILP-Pd phase is
proved to be a recyclable and low leaching catalyst not only in
simple model reactions but also in the synthesis of substances
with pharmacological importance.

Palladium immobilised on different supports was used effi-
ciently by some research groups in the catalytic synthesis of the
antidepressant drug, Moclobemide,'®***** and there is also an
example for the application of palladium nanoparticles depos-
ited on ZIF-8 to obtain other compounds of pharmaceutical
importance, too.>> At the same time, no exact data on palladium
leaching are reported for these synthetic routes. Also, catalyst
recirculation experiments were carried out only during the
synthesis of Moclobemide in our group.*
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Scheme 1 Preparation of ionic liquids (1, 2), supported ionic liquid
phases (SILP-1 and SILP-2) and catalysts (CAT-1 and CAT-2).
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Fig. 1 FT-IR spectra of SILP-1 and fresh and spent catalyst CAT-1.

Béckvall' proved that the aryl iodide in combination with
the amine reagent was responsible for the dissolution of
palladium in an aminocarbonylation reaction carried out with
Pd-nanoparticles supported on a siliceous mesocellular foam.
That means that recyclability of the catalyst and metal
contamination of the product may greatly depend on the
structure of the reagents. In the present work, an optimisation
of reaction conditions, investigation of palladium leaching and
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Fig. 2 Particle size comparison of the two samples studied with TEM.
The silica support appears in gray tone and the bright grains are the Pd
nanoparticles on the STEM HAADF images of the CAT-1 fresh (A) and
spent (B) samples. The charts show the particle size distribution of the
Pd nanoparticles in fresh (C) and spent (D) samples calculated from the
measured sizes of 200 nanoparticles in both of the samples.
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Fig. 3 Recirculation experiments with CAT-1 and CAT-2. Reaction
conditions: 0.2 mmol 3a, 0.5 mmol 4a, 0.25 mmol EtsN, catalyst (Pd/
substrate = 1.4 mol%), 1 mL DMF, 100 °C, 30 bar CO, 3 h; (Yields are
determined by GC).

Palladium was immobilised on the SILPs using
Pd,(dba);-CHCIl; as the precursor to obtain CAT-1 and CAT-2
(Scheme 1). The palladium content of the catalysts was deter-
mined by ICP-AES (0.70 m/m% for CAT-1 and 0.68 m/m% for
CAT-2). The FT-IR spectrum of CAT-1 (Fig. 1) shows the presence
of some free dba as a result of decomposition of the precursor
complex during immobilisation.

TEM measurements of CAT-1 (Fig. 2) proved the formation of
palladium nanoparticles in the diameter range of 1-2 nm.

Palladium content on the surface was found to be too low for
XPS analysis.

Catalytic tests

First, activity and recyclability of CAT-1 were tested in the
carbonylation reaction of iodobenzene (3a) with morpholine
(4a) under different conditions (Table 1). Beside the amide (5a)
and a-ketoamide (6a) products, the presence of compound 7

Table 2 Hot filtration and mercury poisoning tests®
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(Scheme 2), formed via decomposition of DMF,*" could be
detected in reaction mixtures obtained in this solvent.

High pressure together with relatively high temperature was
found to be necessary to achieve excellent conversion of iodo-
benzene (3a) and good recyclability of the catalyst (Table 1,
entries 6-8). A rise in the temperature resulted in higher
conversions even under 5 bar CO pressure (entries 2-4), but
a progressively increasing loss of catalytic activity was observed
upon reuse at temperatures higher than 80 °C (entries 3 and 4).
As it could be expected based on our previous results** the
application of a higher temperature led to an increase in the
ratio of the amide product 5a. At the same time, except for the
reaction carried out under atmospheric conditions (entry 1), the
a-ketoamide (6a) was the main product in polar solvents, such
as DMF (entries 2-8) or acetonitrile (entries 9 and 10). Good
activity together with acceptable recyclability of the catalyst
could be achieved by replacing the base, Et;N with DBU in
solvents such as acetonitrile (entries 9 and 10), toluene (entries
11 and 12) or 1,4-dioxane (entries 13 and 14). In apolar solvents
the latter change in the reaction conditions led to a reversal of
selectivity. While amide 5a was the main product in the pres-
ence of Et;N in toluene (entry 11) and 1,4-dioxane (entry 13), the
application of DBU led to a-ketoamide (6a) in excellent yields
(entries 12 and 14).

Amide 5a could be produced with good selectivity in the 1,4-
dioxane/DBU system at higher temperature and lower pressure
(entry 15).

Palladium leaching and catalyst recycling

Recyclability of the two catalysts (CAT-1 and CAT-2) was
compared using the best conditions (Table 1, entry 6) for the
selective synthesis of a-ketoamide 6a (Fig. 3). They showed very
similar performance and could be recycled four times without
appreciable loss of activity. The incomplete conversion in the
first cycle in both cases shows an initial activation of the cata-
lysts under the reaction conditions. Palladium leaching was
found to be 0.20% and 0.24% of the original loading in the first
runs with CAT-1 and CAT-2, respectively. After that, loss of
palladium remained below the detection limit (0.13% of the
original loading) for both catalysts. Accordingly, only a little

First step”

Second step®

Entry Catalyst Conv. of 3a% (%) Ratio of 5a: 6a“ Hg Conv. of 327 (%) Ratio of 5a : 6a“
1 CAT-1 51 0:100 — 65 2:98

2 + 55 1:99

3 CAT-1° 42 0:100 — 50 1:99

4 + 43 0:100

5 CAT-2 35 0:100 — 51 1:99

6 + 40 0:100

7 CAT-2° 32 0:100 — 43 1:99

8 + 32 0:100

¢ Reaction conditions: 0.2 mmol 3a, 0.5 mmol 4a, 0.25 mmol Et;N, catalyst (Pd/substrate = 1.4 mol%), 1 mL DMF, 30 bar CO, 100 °C. b Reaction
time: 0.5 h. € Reaction time: 3 h. ¢ Determined by GC. © Recycled catalyst after a three hour-long first run.

This journal is © The Royal Society of Chemistry 2020
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change could be observed in the Pd content of the heteroge-
neous catalyst CAT-1 after the 5™ run (Pd contents: fresh CAT-1:
0.699 m/m%, spent CAT-1 0.695 m/m%).

These results are appreciably superior to those obtained with
palladium immobilised on SILPs with imidazolium-** and
phosphonium ions.** Using palladium deposited on an
imidazolium-type SILP, metal leaching was found to be 7.6% in
the first run and an average of 3.2% loss was measured in the
subsequent 5 runs under identical conditions.*® Although
palladium-content of the reaction mixture was below the
detection limit (i.e. <1%) in the same reaction carried out with
a phosphonium SILP-Pd catalyst, it increased above 4.0% in the
further runs.* Also, some loss of activity had been observed
with these catalysts under the same conditions.

It should be mentioned that the amount of leached palla-
dium did not change noticeably in a longer reaction using the
present system (Table 1, entry 7), so in contrast to the imida-
zolium SILP-Pd catalyst,*® no reprecipitation of the metal could
be observed by heating the reaction mixture for a longer time.

To obtain information about the homogeneous or hetero-
geneous nature of the catalytic reaction, hot filtration and
mercury poisoning tests were carried out in the reactions of
CAT-1 and CAT-2 (Table 2). The catalytic mixture was filtered
after half an hour. One half of the mixture was heated further
under CO pressure, the other was treated similarly but in the
presence of mercury.

Although some iodobenzene was consumed even after the
removal of the heterogeneous catalyst (entries 1 and 5), the
conversion was much lower than in a typical experiment
(compare to Fig. 3). Similar procedures carried out with spent
catalysts (entries 3 and 7) resulted in even slower reactions in
the absence of the solid phase, which is in accordance with the
decrease in the amount of leached palladium after the first run.
In reactions carried out with fresh catalysts, carbonylation took
place both in the absence (entries 1 and 5) and in the presence
of mercury (entries 2 and 6), though with a lower rate in the
latter cases. In the experiments with spent catalysts, the reac-
tion could be stopped in the filtrate with the addition of
mercury (entries 4 and 8).

No noticeable change in the structure of CAT-1 could be
observed by FT-IR and STEM measurements after the catalytic
reaction. The FT-IR spectrum (Fig. 1) of the spent catalyst
preserved the bands attributed to the pyridinium cation at 1630
and 1480 cm ™ (It should be mentioned that the DMF solvent
could not be removed completely and the signal at 1660 cm ™"
can be assigned to the amide band of this compound). STEM
pictures of spent CAT-1 showed no aggregation of Pd nano-
particles (Fig. S71). Some redistribution of Pd particles could be
observed on the size histogram (Fig. 1), but size range remained
essentially the same.

Carbonylation of other substrates

Because of the very similar performance of the two catalysts,
CAT-1 was chosen to carry out further experiments and it was
used efficiently during the aminocarbonylation of other
substrates. Recyclability of the catalyst was investigated in three

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Side products in the aminocarbonylation of 4-nitro-iodo-
benzene and morpholine.

subsequent cycles in each case (Table 3). The application of
cyclic secondary amines as reaction partners led to the ketoa-
mide product with an excellent ketoamide/amide ratio (entries
1-3), at the same time, poor selectivity was obtained with
dibutylamine (entry 4). As it was expected from previous
results* selective formation of amide products was observed
during carbonylation with aromatic amine nucleophiles
(entries 5-7). Other iodobenzene derivatives, such as the 4-
methoxy- (entry 8) and 3,4-dimethyl derivative (entry 9) could be
converted to the corresponding a-ketoamide with morpholine
as the reaction partner with excellent results. In contrast, the
amide derivative was the main product in the carbonylation of
4-nitro-iodobenzene (entry 10). Interestingly, a reduction of the
nitro group also took place leading to compounds 8 and 9
(Fig. 4) as side products. It should be mentioned that no
carbonylation involving the aromatic amino group could be
detected, possibly because of the excess of the more reactive
morpholine.

Synthesis of pharmaceutically active derivatives

As the above results clearly show, the structure of the substrates
can greatly affect the outcome of the reaction. Their involve-
ment in palladium leaching was proved by Bickvall,”® so
a detailed investigation of the selectivity of the carbonylation
reaction, efficiency of catalyst recycling and amount of leached
palladium was carried out in aminocarbonylations leading to
four compounds of pharmaceutical importance.

CX-546 (1-(1,4-benzodioxan-6-ylcarbonyl)piperidine) (11),
developed for the treatment of schizophrenia,®™ had been
prepared in 95% yield by an aminocarbonylation reaction cat-
alysed by palladium nanoparticles deposited on ZIF-8, but no
recycling experiments were carried out.”” In order to test the
applicability of catalyst CAT-1 in the same reaction, 6-iodo-1,4-

H
0] |
SeRTGRNE
+ + CO
o) solvent,
10 4b base
0 0 O
Eoﬁ . C N
+
(6] O ©
11 12

Scheme 3 Synthesis of CX-546 (11) by the aminocarbonylation of 6-
iodo-1,4-benzodioxane (10) with piperidine (4b).
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“ Reaction conditions: 0.2 mmol 10, 0.5 mmol 4b, 0.25 mmol base, catalyst CAT-1 (Pd/substrate = 1.4 mol%) and 1 mL solvent. 5 A: DMF/Et;N; B:1,4-dioxane/DBU, C: —/piperidine. ¢ Determined

by GC.

View Article Online

Paper

' (\/? CAT-1
+ HZN/\/ N + CO >

solvent,

cl base

13 14
N \/\N

Cl
15 16

Scheme 4 Synthesis of Moclobemide (15) by the aminocarbonylation
of 1-chloro-4-iodobenzene (13) and 2-morpholinoethanamine (14).

benzodioxane (10) was reacted with piperidine (4b) and CO
under different conditions (Scheme 3 and Table 4). The
application of high pressure resulted in the selective forma-
tion of the corresponding o-ketoamide derivative (12)
together with a noticeable loss of catalytic activity of the
recycled catalyst in DMF (entry 1). Even a change in the
reaction conditions to higher temperature and lower pressure
resulted in the formation of the target product (11) with only
33% selectivity (entry 2). Moreover, a constant decrease in the
ratio of amide 11 was observed when the catalyst was
recycled.

In the next experiments, carbonylation was carried out in
the 1,4-dioxane/DBU solvent/base system that also showed
good stability in the model reaction of iodobenzene (3a) and
morpholine (4a) (see Table 1, entries 13 and 14). As it could be
expected based on these results, the a-ketoamide (12) was the
main product at 30 bar pressure. Fortunately, CX-546 (11) was
obtained with selectivity above 80% at 120 °C and 5 bar CO
pressure. Besides, no considerable change in the activity of
the catalyst and selectivity of the reaction could be observed
in five successive runs.

The palladium content of the combined reaction mixtures
was below the detection limit. This means that the total
palladium loss was less than 0.25% of the original load after

Table 5 Optimisation of reaction conditions for the synthesis of

Moclobemide (15)¢

Entry  Temp.[°C]  CO press.[bar] Run Conv.” [%] 15/16

1° 100 30 1 55 71/29
2 100 30 1 96 51/49
3 120 15 1 100 82/18
4 120 15 2 100 87/13
5 120 15 3 100 84/16
6 120 15 4 100 79/21
7 120 15 5 100 87/13
8 120 5 1 100 97/3
9 120 5 2 100 96/4
10 120 5 3 100 99/1
11 120 5 4 100 96/4
12 120 5 5 100 92/8

% Reaction conditions: 0.2 mmol 13, 0.5 mmol 14, 0.25 mmol base
(DBU), catalyst CAT-1 (Pd/substrate = 1.4 mol%) and 1 mL solvent
(1,4-dioxane). ” Determined by GC. ¢ Solvent: DMF, base: Et;N.

This journal is © The Royal Society of Chemistry 2020
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Scheme 5 Synthesis of Nikethamide (19) by the aminocarbonylation
of 3-iodopyridine (17) and diethyl-amine (18).

the 5 cycles. Chromatographic separation of the combined
reaction mixtures of the five runs led to CX-546 in 78% isolated
yield.

As preferred formation of amides from iodoaromatics and
secondary amines had been observed before in solvent-free
reactions in the presence of a palladium catalyst supported on
an imidazolium SILP,* the application of the same conditions
was attempted here. Although CX-546 (11) could be produced
with good conversion and excellent selectivity at 120 °C and 5
bar CO pressure (entry 6), a considerable drop of activity and
selectivity was noticed when the catalyst was reused.

Previously, the antidepressant drug Moclobemide® (4-
chloro-N-(2-morpholinoethyl)benzamide) (Scheme 4, 15), had
been prepared from 1-chloro-4-iodobenzene (13) and 2-mor-
pholinoethanamine (14) in 76-94% yield using different sup-
ported catalysts.'®****>* but no information had been reported
on catalyst recycling and palladium leaching.

During the present work, carbonylation of 1-chloro-4-
iodobenzene (13, Scheme 4) was carried out first under the
standard conditions (30 bar CO, 100 °C) using the DMF/Et;N
(Table 5, entry 1) and 1,4-dioxane/DBU (entry 2) systems. Simi-
larly to the reaction of iodobenzene with the non-cyclic dibu-
tylamine (Table 3, entry 4), an increase in the ratio of the amide
product (15) was observed compared to the results of the model

=19 =20

100
80
60
g
o
T 40
>
20
0
1 2 3 4 5

runs

Fig. 5 Recirculation of CAT-1 in the carbonylation of 3-iodopyridine
and diethyl-amine. Reaction conditions: 0.2 mmol 17, 0.5 mmol 18,
0.25 mmol DBU, catalyst (Pd/substrate = 1.4 mol%), 1 mL 1,4-dioxane,
120 °C, 5 bar CO. (Yields are determined by GC).
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Scheme 6 Synthesis of 17-(N-t-butyl-carbamoyl)-4-aza-5a-androst-
16-en-3-one (23) by the aminocarbonylation of 17-iodo-4-aza-5a-
androst-16-en-3-one (21) and t-butyl-amine (22) (Reaction condi-
tions: 0.2 mmol 21, 0.5 mmol 22, 0.25 mmol base (EtzN or DBU),
catalyst CAT-1 (Pd/substrate = 1.4 mol%) and 1 mL solvent (DMF or
1,4-dioxane), 120 °C, 5 bar CO, 3 h).

reaction (Table 1, entries 6 and 14). Still, the double carbony-
lated product 16 was formed in a considerable amount. Inter-
estingly, only a moderate conversion could be achieved in DMF
solvent (entry 1). As it was expected, selectivity could be pushed
towards the desired product 15 with the application of lower
pressure and higher temperature (entries 3 and 8). An efficient
catalyst recycling could be achieved both at 15 bar (entries 3-7)
and 5 bar (entries 8-12). Under the latter conditions Moclobe-
mide (15) could be produced with excellent selectivity. Accord-
ing to the ICP-AES measurements, the palladium content of the
reaction mixtures was below 0.8% of the original load in each of
the five successive runs. Chromatographic separation of the
combined reaction mixtures led to Moclobemide (15) in 91%
isolated yield.

Nikethamide (19, Scheme 5), a respiratory stimulant,* could
also be produced with excellent selectivity using the 1,4-
dioxane/DBU solvent/base system (Fig. 5). The catalyst could
be recycled in 4 further experiments without a noticeable
change in activity or selectivity. Loss of palladium was found to
be 1% of the original load per run, according to the ICP-AES
measurements.

Chromatographic separation of the combined reaction
mixtures of the five runs led to Nikethamide (19) in 84% iso-
lated yield.

Palladium-catalysed aminocarbonylation under homoge-
neous conditions was reported to be a key step® in the synthesis
of the 5a-reductase inhibitor Finasteride,*® used in the treat-
ment of benign prostatic hyperplasia. Synthesis of the inter-
mediate 23 (Scheme 6) was attempted under heterogeneous
conditions using either the 1,4-dioxane/DBU or the DMF/Et;N
solvent/base systems. Similarly to the previous experiments, the
possibility of catalyst recycling and the extent of palladium
leaching were investigated. Although total conversions of the
substrate 21 was observed in five successive runs in both
solvents, amide 23 could be isolated only in 46% yield from the
reaction mixtures in 1,4-dioxane, due to the formation of
a considerable amount of side products. At the same time,

RSC Adv, 2020, 10, 23988-23998 | 23995
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amide 23 was formed selectively in DMF and could be isolated
in 82% yield (It should be mentioned that no double carbon-
ylation was observed during the conversion of alkenyl iodide 21
in either solvents). Unfortunately, the loss pf palladium was
much higher in the polar solvent DMF (2% of the original load
per run) than in 1,4-dioxane (0.05% per run). However, these
experiments proved that the heterogeneous catalyst can be used
not only for the conversion of aryl iodides but also for the
aminocarbonylation of an iodoalkene.

Conclusions

A better stabilisation of catalytically active palladium nano-
particles can be achieved on SILP phases modified by pyr-
idinium cations compared to imidazolium and phosphonium
type SILPs. The heterogeneous catalyst could be recycled with
excellent results in the model reaction of iodobenzene and
morpholine. It could be used for the selective and high-yielding
synthesis of a-ketoamides starting from different iodoaromatics
and aliphatic amines under elevated CO pressure. The appli-
cation of aromatic amines as reaction partners led to the
formation of amide products under the same conditions. The
possibility of the reuse of the catalyst was proved in all cases.
Detailed catalyst-recycling and palladium-leaching tests were
carried out for the first time during the synthesis of pharma-
ceutically active derivatives CX-546 (11), Moclobemide (15),
Nikethamide (19) and an intermediate (23) of the synthesis of
Finasteride. The catalyst could be recycled in five successive
experiments without a change in the catalytic performance and
the products could be isolated in good to excellent yields. With
the exception of the aminocarbonylation of iodoalkene 21,
palladium leaching remained below 1% in all of the reactions.

It was found that a tuning of reaction conditions is necessary
in most cases to obtain optimal results. Also, in accordance with
the investigations of Bickvall," palladium-leaching was found
to be greatly dependent on not only the choice of the solvent,
but also on the nature of the substrates.

Experimental
General information

17-Iodo-4-aza-5a-androst-16-en-3-one ~~ was  prepared  as
described before.>* All other reagents were commercially avail-
able and were used without further purification. All solvents
were distilled from the appropriate drying agents and were
stored under argon atmosphere before use.

Reaction mixtures were analysed by gas chromatography
(Hewlett Packard 5890) and GC-MS (Hewlett Packard 5971A GC-
MSD, HP-1 column). Conversion and selectivity of the reactions
were determined by GC using ferrocene as internal standard.
The palladium-content of the catalysts and palladium leaching
were determined by ICP-AES. Solid phase NMR spectra were
recorded on a Bruker Avance 400 spectrometer. 'H and **C NMR
spectra of the products were obtained at 500.15 MHz and 125.78
MHz, respectively, using a Bruker Avance 500 spectrometer or at
400.13 MHz and 100.62 MHz, respectively on a Bruker Avance
400 spectrometer. FT-IR spectra were measured on a BRUKER
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Vertex 70 type spectrometer with a Bruker Platinum ATR
adapter without sample preparation. The spectra were recorded
at a resolution of 2 cm™" with a room temperature DTGS
detector (512 scans were co-added). Thermogravimetric analysis
was performed on a Netzsch Thermische Analyse TG209 Cell
instrument (heating rate 5 °C min").

Samples for transmission electron microscopy (TEM) were
prepared by depositing a drop of aqueous suspension of the
sample on copper TEM grids covered by an amorphous lacey
carbon film. TEM analyses were performed using a Talos F200X
G2 instrument (Thermo Fisher), operated at 200 kV accelerating
voltage, equipped with a field-emission gun and a four-detector
Super-X energy-dispersive X-ray spectrometer, and capable of
working in both conventional TEM and scanning transmission
(STEM) modes. Low-magnification bright-field (BF) images,
high-resolution (HRTEM) images and selected-area electron
diffraction (SAED) patterns were obtained in TEM mode. STEM
high-angle annular dark-field (HAADF) images were collected
both for Z-contrast imaging and for mapping elemental
compositions by coupling STEM imaging with energy-dispersive
X-ray spectrometry (EDS).

Preparation of catalysts

Preparation of pyridinium ionic liquids 1 and 2. A mixture of
3-chloropropyl-triethoxysilane (1 mL, 4.16 mmol), pyridine (0.34
mL, 4.17 mmol) or 4-methylpyridine (0.41 mL, 4.17 mmol),
potassium iodide (1.09 g, 6.57 mmol), tetrabutylammonium
iodide (0.32 g, 0.87 mmol) and acetonitrile (5 mL) was refluxed
under argon at 90 °C for 24 h. The precipitated salt was removed
by filtration from the hot solution under inert conditions. The
salt was washed with acetonitrile (2 x 2 mL). Acetonitrile was
evaporated from the combined filtrates and the liquid residue
was dried in vacuo at 60 °C for 8 hours to obtain 1.66 g of ((3-
triethoxysilyl)propyl)pyridinium iodide (1) (yield: 97%) or 1.64 g

of 4-methyl-((3-triethoxysilyl)propyl)pyridinium iodide (2)
(vield: 93%).
N-((3-triethoxysilyl)propyl)pyridinium iodide (1). 'H NMR

(400.13 MHz, DMSO-dg) 6: 9.05-9.11 (m, 1H); 8.62 (t, ] = 7.6 Hz,
1H); 8.17 (t,J = 7.6 Hz, 2H); 4.58 (t, ] = 7.3 Hz, 1H); 3.73 (q, ] =
7.0 Hz, 6H); 1.92-1.99 (m, 2H); 1.13 (t, ] = 7.0 Hz, 9H); 0.52-0.56
(m 2H). *C NMR (100.62 MHz, DMSO-d,) 6: 146.0; 145.2, 128.6;
63.3; 58.4; 25.4; 18.6; 7.1.

4-Methyl-N-((3-triethoxysilyl)propyl)pyridinium iodide (2). 'H
NMR (400.13 MHz, DMSO-d,) é: 8.86 (d, ] = 6.6 Hz, 2H); 7.95 (d,
J = 6.6 Hz, 2H); 4.45 (t, ] = 7.2 Hz, 2H); 3.71 (q,J = 7.0 Hz, 6H);
2.58 (s, 3H); 1.85-1.93 (m, 2H); 1.11 (t, ] = 7.0 Hz, 9H); 0.46-0.51
(m, 2H).

Preparation of SILP-1 and SILP-2. A mixture of 1 (510 mg,
1.24 mmol), or 2 (527 mg, 1.24 mmol) 6 mL toluene and 1 g
silica (Kieselgel 60 (0.040-0.063 mm), Merck, pre-treated by
heating for 8 h at 220 °C) was heated under argon at 100 °C for
24 h. Then the solid material was filtered, washed with toluene
(3 x 2 mL), methanol (4 mL) and diethyl ether (4 mL) and dried
in vacuo at 60 °C for 8 hours. Ionic liquid content: 0.80 and
0.61 mmol g ' modified silica for SILP-1 and SILP-2,

This journal is © The Royal Society of Chemistry 2020
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respectively (determined from the weight increase after heating
the material to constant weight at 150 °C in vacuo).

Preparation of CAT-1 and CAT-2. A solution of Pd,(dba)s-
-CHCI; (20.7 mg, 0.02 mmol) in THF (2 mL) and acetonitrile (2
mL) was stirred for 15 min under inert conditions at room
temperature. Then modified silica gel (SILP-1 or SILP-2) (550
mg) was added and the resulting mixture was stirred for 24 h at
room temperature. The catalyst was filtered and dried in vacuo
at 50 °C for 6 h. Palladium content of the catalysts: 0.70% (CAT-
1) and 0.68% (CAT-2) (determined by ICP).

General procedures for catalytic reactions

Catalytic reaction at atmospheric pressure. A solution con-
taining the palladium catalyst CAT-1 (with 2.8 pmol Pd-content)
was placed in a Schlenk-tube. Under argon, iodobenzene (3a)
(22.5 pL, 0.2 mmol), morpholine (4a) (44 uL, 0.5 mmol), trie-
thylamine (35 pL, 0.25 mmol) and DMF (1 mL) was added and
the atmosphere was changed to carbon monoxide. The reaction
was conducted for 3 hours at 100 °C. The reaction mixture was
analysed by GC and GC-MS.

Catalytic reactions at elevated pressure. In a typical experi-
ment the catalyst (containing 2.8 pmol Pd) was placed in
a stainless steel autoclave. The aryl iodide (0.2 mmol), amine
(0.5 mmol), base (35 pL, 0.25 mmol) and solvent (1 mL) were
transferred into it under an inert atmosphere. It was charged
with carbon monoxide (5 bar, 15 bar or 30 bar) and heated with
stirring in an oil bath at 100 °C or 120 °C. After cooling to room
temperature, the liquid phase was removed with a syringe. The
reaction mixture was analysed by gas chromatography and the
catalyst was reused.

After the evaporation of the solvent of the reaction mixture,
the products were purified by column chromatography (silica,
eluent: ethyl acetate (Table 3, entry 1), toluene : tert-butyl
alcohol 4 : 1 (entries 2, 5-7), toluene : ethyl acetate = 2 : 1 (entry
3), toluene : ethyl acetate = 3:4 (entries 8 and 9), tolue-
ne : acetone = 5 : 2 (entry 10), toluene : acetone = 5 : 2 (11, 12)
acetone (15), hexane:ethyl acetate = 2:1 (19), chlor-
oform : methanol = 20 : 1 (23)).

The 'H-, **C NMR and MS spectra of the products corre-
spond well to those reported in the literature (Table 3 entries 1-
3 and 5-9; 11, 12, 15, 19)."

1-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-2-(piperidin-1-yl)
ethane-1,2-dione (12) is a new product and its spectra corre-
spond to the proposed structure.

'H NMR (400.13 MHz, CDCl;) é: 7.45 (dd, J = 0.3 Hz, 2.1 Hz,
1H); 7.43 (dd, = 2.1 Hz, 8.1 Hz, 1H); 6.91 (dd, J = 0.3 Hz, 8.1 Hz,
1H); 4.23-4.32 (m, 4H); 3.63-3.69 (m, 2H); 3.22-3.28 (m, 2H);
1.62-1.70 (m, 4H); 1.48-1.54 (m, 2H). *C NMR (100.62 MHz,
CDCl;) 3: 190.7; 165.7; 149.6; 143.8; 127.1; 124.0; 118.7; 117.8;
64.8; 64.1; 47.1; 42.1; 26.2; 25.5; 24.4. MS (m/z/rel. int.): 275(M")/
4;163/100; 135/14; 112/12; 107/22; 84/9; 79/14; 51/18. Yield: 75%
(Table 4, entry 1).
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