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The [PACl]?~ palladium complex has been immobilized on a polystyrene-type resin loaded with pincer-
type imidazolium ionic tag binding sites. The catalytic system (Pd(i)-POLI-TAG) has proved to be highly
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flow conditions. Importantly, it is shown to be highly robust in combination with a safe non-toxic reaction
medium, i.e. biomass-derived GVL, since it could be reused for multiple runs without significantly losing

rsc.li/greenchem its activity.

Introduction

In the last 50 years, palladium-catalyzed cross-coupling reac-
tions have played a fundamental role in shaping chemical syn-
thesis and innovative synthetic strategies in organic chemistry,
be it for small or highly complex target systems.">

The Pd-catalyzed olefination of alkyl halides (i.e. the Heck-
Mizoroki reaction) is a widely used synthetic tool empowering
the structural motifs often found in, for example, pharmaceuti-
cals, agrochemicals, fine chemicals, and organic semi-
conductor materials with rapid and convenient access, along
with excellent yields.*™

Motivated mainly by their easy separation and recovery, re-
cycling and reuse, and amenability to continuous processing,
possibly leading to waste minimized protocols, several palla-
dium-based heterogeneous catalysts have been proposed for
the environmentally friendly Heck-Mizoroki couplings, includ-
ing palladium on activated carbon, oxides, polymers and
zeolites.®
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Possible metal leaching from the surface is one of the
major drawbacks in heterogeneous Heck-Mizoroki catalysis,
since it would make the above arguments invalid. It would
also implicate a time-consuming and costly product cleaning
step, especially in the case of, for example, the synthesis of
active pharmaceutical intermediates, in which metal contami-
nation is a serious issue.” In addition, the metal leached and
the change of morphology and metal particle size may modify
the heterogeneous catalyst both in its structure and mainly in
its catalytic efficiency reproducibility. This is a critical issue
that sometimes still makes homogeneous catalysis
preferable.”®

Palladium leaching is known to correlate significantly with
metal-support interactions as well as reaction parameters.®
For example, Jumde et al.®® reported on the high stabilization
of palladium nanoparticles by the pyridyl domain of a 4-vinyl-
pyridine/ethylene glycol dimethacrylate co-polymeric mono-
lith, which demonstrated to be effective as catalyst in the
Heck-Mizoroki reaction carried out in a continuous-flow mini-
fluidic device. In the context of the reaction parameters, a
marked influence of the reaction medium is often observed.®”
It is worth noting that the Heck reaction is still usually per-
formed using hazardous conventional dipolar aprotic sol-
vents,” such as dimethyl formamide (DMF), dimethyl-
acetamide (DMAc) and N-methyl-2-pyrrolidone (NMP). Besides
being highly undesirable from the safety and environmental
points of view, conventional dipolar aprotic solvents strongly
bind to palladium species, thereby not only facilitating their
dissolution from the support with a consequent high reactivity
but also largely leaching into the products.*®
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y-Valerolactone (GVL), a safe, non-toxic chemical from
renewable lignocellulosic biomass, has been proved by us to
replace dipolar aprotic solvents in metal-catalyzed cross-coup-
ling reactions."* Our group also observed that when combining
the use of GVL with heterogeneous metal catalysts, this
medium tends to minimize metal leaching.

In this context, we also demonstrated that by operating in a
continuous flow regime, additional advantages in terms of
catalyst lifetime and, ultimately, waste minimization are
attained.>'""?

In this contribution, we report our results on the definition
of a tailor-made polymeric ionic tag as a support for palladium(u)
featuring high durability and minimal leaching and with the
goal of defining a waste-minimized, efficient flow protocol for
a clean Heck reaction.

We have developed our protocol by combining the use of
GVL as the reaction medium with flow technology exploiting
the features of a specifically designed heterogeneous palla-
dium catalyst, consisting of a POLymeric Ionic TAG (POLI-TAG)
working as a support for the formation of the palladium(i)
complex (Pd(u)-POLI-TAG).

More specifically, we planned the preparation of a novel
immobilized anionic palladium complex (1) based on a pincer-
type imidazolium salt supported on a polystyrene-type struc-
ture (Fig. 1), i.e. on organic ionic tags. Though anionic species
are frequently proposed to participate in cross-coupling cataly-
sis,” the direct use of anionic palladium complexes remains
scarce.™ In particular, to the best of our knowledge, there are
no previous reports about the use of supported anionic palla-
dium complexes which do not undergo the formation of an
N-heterocyclic carbene (NHC)-metal bond, eventually leading
to a notable decrease in catalyst efficiency."

The catalyst was designed bearing in mind that ionic moi-
eties are able to selectively scavenge metal catalytic species,
allowing for their recycling.'*“'®'” Additionally, pincer-type
coordination to palladium species is expected to offer the
advantage of enhanced complex stability.'® For the support, we
focused on a styrene/vinylbenzylchloride/1,4-bis(4-vinylphe-
noxy)benzene copolymer (SP) since our previous studies'” have
proved that this polymer exhibits high thermal and mechani-
cal stability, high compatibility with a range of safer (green)
polar reaction media and enables chloride substitution under
relatively mild conditions.

Our results demonstrate that catalyst 1 can be reused for mul-
tiple runs without significant Pd leaching from the surface into
the reaction solution under the applied reaction conditions.

I NT
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Fig. 1 Architecture of imidazolium-based heterogeneous palladium
catalyst 1 (Pd(1)-POLI-TAG).
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Results and discussion
Catalyst synthesis and characterization

The preparation of palladium(u)-based catalyst 1 begins with
the reaction of polystyrene-type resin SP-C1'® (2) (styrene/vinyl-
benzylchloride/1,4-bis(4-vinylphenoxy)benzene = 0.83/0.15/0.2)
with 3,3-bis(1H-imidazol-1-yl)propan-1-ol (3) in the presence of
NaH (Scheme 1) to afford the intermediate 4, exhibiting a
loading of bis-imidazole units of 0.76 mmol g~'. 3,3-Bis(1H-
imidazol-1-yl)propan-1-ol (2) is, in turn, synthesized via hydro-
amination of methyl propiolate by 1H-imidazole under
solvent-free conditions, and subsequent reduction with LiAIH,
of the resulting methyl-3,3-bis(1H-imidazol-1-yl)propanoate
(see the ESIf for the experimental details). In the subsequent
step, the derivative 4 is subjected to a quaternization reaction
by employing iodomethane to provide the polymer-supported
imidazolium salt 5, with a bis-imidazolium moiety loading of
0.51 mmol g* (Scheme 1).

Fig. S1-S3 (ESI{) report the solid-state *C cross-polariz-
ation magic angle spinning (CP-MAS) NMR spectra of
materials 2 and 5, respectively. CP-MAS spectra at different
spinning frequencies (8 kHz and 10 kHz) were employed to
identify the spinning sidebands (ESIt). NMR experiments
using the “total suppression of spinning side bands” (TOSS)
sequence were performed as well (Fig. S3at). A comparison of
the spectra before and after quaternization allows evidencing a
significant decrease of the signal centered at around 45 ppm
that can be reasonably assigned to the carbon of benzyl chlor-
ide. This observation represents an indication of the
functionalization of the polymeric support. An in-depth NMR
investigation employing the non-quaternary and non-methyl
suppression (NQS) sequence was also performed (Fig. S3bt). It
is known that NQS experiments allow the removal of mainly
the contributions relative to the secondary and tertiary
carbons while the signals corresponding to the primary
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Scheme 1 Synthetic route to heterogeneous catalytic system 1.
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carbons are only slightly decreased. Sample 5 displays a contri-
bution at around 36 ppm corresponding to the methyl func-
tionality, indicating a good performance of the quaternization
reaction.

To pursue the formation of the supported anionic palla-
dium complex (1), derivative 5 was stirred with an aqueous
solution of [PACl,]>", generated in situ from PdCl, and NaCl
(Scheme 1). Microwave plasma-atomic emission spectrometry
(MP-AES) revealed a loading of Pd(u) of 3 wt%.

Catalytic activity

The efficiency of the new immobilized anionic palladium
complex (1) has been first tested in the Heck-Mizoroki reac-
tion under conventional batch conditions. Thus, the represen-
tative reaction between iodobenzene (6a) and a slight excess
(20%) of methylacrylate (7a) (Table 1) was carried out in GVL
(0.8 M with respect to 6a) with polystyrene-supported triethyl-
amine (PS-TEA) as a heterogeneous base (Table 1, entry 1).
PS-TEA has already proved to be effective in providing a more
efficient isolation of the product compared to the homo-
geneous counterpart.®

Under the selected conditions, a quantitative conversion
into the desired product 8aa was obtained. Notably, MP-AES
analyses revealed negligible palladium leaching (0.37 ppm).

For comparison purposes, the use of a homogeneous tri-
ethylamine (TEA) base led to metal leaching about four times
higher (Table 1, entry 2), which is attributable to the higher
ability of TEA to coordinate active Pd species from the hetero-
geneous catalyst, thereby increasing the amount of the leached
metal in the solvent.®

Next, we analyzed the behavior of our system in different
media, both in terms of the conversion to product 8aa and the
palladium leaching issue. By employing conventional dipolar
aprotic solvents (i.e. DMAc, DMF, and NMP), the model sub-
strates 6a and 7a showed high reactivity, but a somewhat

Table 1 The Heck reaction? of iodobenzene 6a and methyl acrylate 7a
in different reaction media, and the corresponding data for palladium
leaching

(0]
I o]
+ 7 ~ 1 (0.1 mol%) A e
©/ /\g/ PS-TEA, medium ©
130°C,2h
6a 7a 8aa
Entry Medium c’ (%) Pd-Leaching® (ppm)
1 GVL >99 (91) 0.37
2¢ GVL >99 1.44
3 DMAc >99 2.01
4 DMF >99 1.25
5 NMP >99 1.60
6 DMF/H,O (4:1) >99 3.18
7 CH,CN/H,0 az >99 1.20

“Reaction conditions: 6a (1 mmol), 7a (1.2 mmol), base (1.5 mmol),
solvent (1.25 mL), 130 °C, 2 h. ? Conversion determined by GLC ana-
lyses, yields of isolated products are given in parenthesis. “ Determined
by MP-AES analyses. ¢ Homogeneous triethylamine base was used.
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greater amount of leached palladium species was measured
(Table 1, entries 3-5). A similar behavior was observed for a
DMF-water mixture and an acetonitrile azeotrope (Table 1,
entries 6 and 7).

It is worth noting that a low residual palladium content has,
however, been measured in all cases, and, with reference to the
use of GVL in combination with PS-TEA, it is well below the
strict specification limits for the residual metal in, for example,
pharmaceutical targets’ (vide supra). This indicates good catalyst
stability under different conditions (i.e. a strong metal-sup-
ported IL interaction) and easy purification of the product.
Furthermore, these findings suggest that the Heck cross-coup-
ling catalyzed by 1 is either authentically heterogeneous or may
proceed through a so-called “release and catch” mechanism."’

We also investigated the recovery and reuse of catalyst 1
under the optimized conditions.

To recover the catalyst, it was indeed necessary to also
recover and regenerate the base, since the catalyst cannot be
separated from the solid base after filtration. Thus, the solid
mixture of catalyst 1 and PS-TEA was first quantitatively recov-
ered using a classical filtration technique, then washed with a
solution of TEA in GVL (1.5 equiv. with respect to the sup-
ported base) to displace the hydroiodic acid reaction by-
product from PS-TEA. The solid mixture was then washed with
some GVL to remove residual TEA and efficiently reused in a
subsequent run (Fig. 2). Notably, the GVL used in the regener-
ation/wash steps could be nearly quantitatively recovered by
distillation (97%).

The catalyst reuse was repeated for four representative reac-
tion runs, and it was found that conversion to 8aa was sub-
stantially retained, with the system 1-PS-TEA undergoing
regeneration treatment in between runs (Fig. 2).

The good durability of the catalytic system was also con-
firmed by MP-AES analyses, which constantly revealed a negli-
gible palladium leaching for each reaction run, with an
average value of about 0.3 ppm (Fig. 2). This excellent result
corresponds to a catalyst turnover number (TON) of 4870 and a
turnover frequency (TOF) of 487 h™".

Reaction scope

To broaden the reaction scope, several (hetero)aryl iodides 6
were reacted with acrylates 7 (Scheme 2) and styrenes 9
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Fig. 2 Reusability of catalyst 1 for the Heck—Mizoroki reaction to 8aa.
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Scheme 2 Heck—-Mizoroki coupling of iodoarenes 6 and acrylates 7 in
GVL. Reaction conditions: 6 (1 mmol), 7 (1.2 mmol), base (1.5 mmol),
GVL (1.25 mL), 130 °C, 2 h.

(Scheme 3) using the optimal conditions, and good to excel-
lent yields (76-93%) were obtained in a short time (2 h). In the
case of the reaction between 2-iodothiophene (6e) and alkyl
acrylate 7a or 7b (Scheme 2), traces of the homocoupling by-
product 2,2"-bithiophene 12 was obtained (below 4%, Table S1,
ESIY).

When styrenes 9 were employed, a small amount of gem-
substituted regioisomers 11 was detected in all cases. By react-
ing 2-iodothiophene, the homocoupling by-product 12 was
additionally formed, but stilbenes 10ea and 10eb were easily
obtained in a pure form by the precipitation work up
(Scheme 3 and Table S17).

To realize a truly waste-minimized protocol, we also
focused our attention on the work-up procedure. Notably, after
the removal of the catalyst 1-PS-TEA system by filtration, the

A
1(0.1 mol%
Ar —I + (0 mol%) /\/©/
PS-TEA, GVL /Ar
130°C,2h
6 9

R=H (10aa): 85% R=H (10ba): 86% R=H (10ca): 89%
R= Cl (10ab): 87% R= Cl (10bb): 82% R= CI (10cb): 90%

N7 ®

R= H (10ea): 76%°
R= CI (10eb): 80%"

R= H (10da): 93%
R= CI (10db): 89%

Scheme 3 Synthesis of stilbenes 10.7 Reaction conditions: 6 (1 mmol),
9 (1.2 mmol), base (1.5 mmol), GVL (1.25 mL), 130 °C, 2 h. PAfter column
chromatography.
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pure product could be conveniently isolated either by direct
precipitation from the reaction mixture with a minimal
amount of water, due to the high solubility in this medium of
GVL or by extraction with n-heptane, depending on the for-
mation of solid or oily products, respectively.

On the bases of the optimized results obtained under clas-
sical batch conditions, we have set a flow protocol by charging
a stainless-steel column reactor of an appropriate length with
a mixture of catalyst 1 and the supported base PS-TEA dis-
persed in glass beads (@ = 1 mm), while a pre-mixed solution
of 6a and 7a was charged in a glass column, acting as the
reservoir. The equipment was then connected, by using the
appropriate valves, to a pump and installed into a thermo-
statted box. The temperature was set at 130 °C and, sub-
sequently, the reaction mixture was continuously pumped
(flow rate: 1.0 mL min~') through the base-catalyst column
until complete conversion of the reactants into product 8aa
was achieved (2 h, Table 2, entry 1).

Next, a solution of TEA (1.5 equiv. in 2 mL of GVL) was
cyclically pumped through the base-catalyst column (flow rate:
1 mL min~%; 30 min) to regenerate PS-TEA. The column was
then cyclically washed with GVL (2.5 x 2 mL) and pumped
through the base-catalyst column to remove residual TEA.
After this treatment, a second batch of 6a and 7a was charged
in the reservoir, and a quantitative conversion to product 8aa
was achieved again after 2 h (Table 2, entry 2).

By employing the same flow reactor, different substrates
were quantitatively reacted under the above conditions. More
specifically, our optimized flow reaction conditions proved to
be effective for representative 6d, 9a and 6e, 9b substrates
(Table 2, entries 3 and 4, and 5 and 6, respectively).

Interestingly, the reaction between 6d and 9a was comple-
tely selective towards the target product 10da compared to the
one under classical batch conditions, for which 10da:11da =
94 : 6 was obtained (Table S17).

Table 2 Catalyst reusability in a flow reactor for the representative
Heck—Mizoroki couplings?

Thermostated Box @ 130 ° C

Pd(ll)-POLITAG/ PS-TEA

Ar—l o+ xRy d 9, 060 a o6, o T
LooP
6 7or9 8or10
Ry = CgH, (10da)

R¢ = 4-Cl-CgHy (10eb)
R¢ = COOMe (8aa)

Entry Substrate Cycle C”(%) Pd-Leaching® (ppm) E-Factor
1 6a, 7a 1 99 (90)  0.04 5

2 6a, 7a 2 99 (90)  0.03 —

3 6d, 9a 1 99 (94)  0.04 2.4

4 6d, 9a 2 99 (94) 0.06 —

5 6e, 9b 1 99 (87)  0.08 3.9

6 6e, 9b 2 99 (87)  0.07 —

“Reaction conditions: Iodoarene (1 mmol), styrene 9 or acrylate 7
571.2 mmol), PS-TEA (3.2 mmol g %), GVL (1.2 mL), 130 °C, 2 h.

Conversion determined by GLC analyses, yields of isolated products
are given in parenthesis.  Determined by MP-AES analysis.
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To further evaluate the durability of the catalytic system 1
we have quantified the amount of palladium species leached
in the mixture at the end of each reaction cycle, and it is worth
noting that such an amount was consistently negligible, with
an average value of 0.05 ppm.

These results correspond to TON and TOF values higher
than those for the batch mode, ie. 5940 and 495 h™',
respectively.

The GVL used in the reaction was distilled off and nearly
quantitatively recovered with a purity comparable to the start-
ing solvent (*H-NMR analysis).

To evaluate our results in terms of sustainability, we calcu-
lated the associated environmental factor (E-factor)*’ values of
both batch and flow protocols in GVL as the medium (see the
ESIt and Table 2).

While for batch conditions, E-factor values are in the range
of 21-75 (or 14.5-63.7, when considering GVL recovery, see
above), under flow conditions, these values resulted in a
marked reduction, and E-factors in the range of 2.4-5 are
achieved. This is an important feature proving the effective-
ness of the flow approach since it allowed us to maintain the
amount of waste produced low. In addition, the stability of the
leaching phenomenon, which is the main feature of our Pd(u)-
POLI-TAG solid catalyst, can be most efficiently exploited
under flow conditions where the catalyst remains closed in the
reactor and can be reused without any manipulation. Low
leaching and flow conditions ensure a very high stability and
durability of the catalyst that is able to consistently give identi-
cal reproducible results in terms of both catalytic efficiency
and metal contamination of the products.

Conclusion

The immobilization of an anionic palladium complex on a
polystyrene-type resin loaded with pincer-type imidazolium
salt binding sites provided a highly stable catalyst (Pd(u)-
POLI-TAG), and no evidence of the formation of NHC was
observed. A low amount (0.1 mol%) of the catalyst was used in
the widely representative Heck-Mizoroki reaction in GVL as a
safe and recoverable reaction medium. It demonstrated a high
activity over consecutive runs with a negligible release of the
metal. Finally, the durability and reusability of the catalyst as
well as waste production during the process have been con-
siderably improved by means of flow technology, as also con-
firmed by the very low E-factor values achieved.
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