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Three different Pd0-based heterogeneous catalysts were devel-
oped and tested in the Cassar–Heck reaction (i. e., copper-free
Sonogashira reaction) aiming at the definition of a waste
minimized protocol. The cross-linked polymeric supports used
in this investigation were designed to be adequate for different
reaction media and were decorated with different pincer-type
ionic ligands having the role of stabilizing the formation and
dimension of palladium nanoparticles. Among the ionic tags
tested, bis-imidazolium showed the best performances in terms
of efficiency and durability of the metal catalytic system.
Eventually, aqueous acetonitrile azeotrope was selected as the

reaction medium as it allowed the best catalytic efficiency
combined with easy recovery and reuse. Finally, the synergy
between the selected catalyst and reaction medium allowed to
obtain highly satisfactory isolated yields of a variety of
substrates while using a low amount of metal catalyst. The high
performance of the designed POLymeric Ionic TAG (POLITAG)-
Pd0, along with its good selectivity achieved in a copper-free
process, also led to a simplified purification procedure allowing
the minimization of the waste generated as also proven by the
very low E-factor values (1.4–5) associated.

Introduction

The design of high-performance durable and reusable catalysts
is one of the key challenges for aiming at a modern and more
sustainable chemical production.[1] Indeed, the replacement of
stoichiometric reagents with small amounts of catalysts is
crucial for the abatement of the waste generated in the
preparation of target molecular architectures.[2] In this context,
transition metal-based heterogeneous catalytic systems play a
crucial role: provided that they are truly recoverable and
reusable in easily reproducible conditions, their easy separation
from the reaction mixture can allow the minimization of waste

and also of the product metal contamination, facilitating the
overall work-up/product isolation procedure.[3] This is even
more true if applied to the preparation of active pharmaceutical
ingredients, which have highly stringent regulations on their
metal contaminants.[4]

Among the industrially used methodologies for the con-
struction of C� C bond, Cassar–Heck or Sonogashira reactions
are among the most studied since their first report in the
literature in 1975. In fact, in the same year Heck[5] and Cassar[6]

with a copper-free approach and Sonogashira[7] using a
combined palladium/copper catalysis disclosed separately dif-
ferent protocols allowing the possibility to form a new bond
between a C(sp) (alkyne) with aromatic C(sp2).

The interest in the resultant alkynyl compounds has made
these procedures widely important and investigated for the
preparation of target pharmaceuticals or natural products.[8] In
the literature, there are reports dealing with the definition of
environmentally friendly protocols for the preparation of
alkynes and more in detail, to make Sonogashira and related
reactions consistent with the current need of a more sustain-
able chemical production.[9]

Among the strategies adopted, several studies aimed at the
minimization of the palladium amount in combination with the
use of a ligand under homogeneous conditions[10] or by
supporting the catalytic system on a heterogeneous support,
aiming at its recovery and reuse.[11]

Overall green efficiency of a protocol depends also on the
use of the materials and solvents that directly influence the
waste generation. These are utilized in large amounts in all the
synthetic steps and especially at the purification stage.[12]

Therefore, the design and test of highly efficient heterogeneous
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catalysts[13] should consider the use of more sustainable media
able to replace the most commonly used toxic solvents.[9a,b,14]

Among the latter, a good option is offered by aqueous
recoverable azeotropes that, being easily recoverable, can also
be reused solving their dispersion and disposal issues.[15] The
possibility to recover the reaction medium is one of the key
pillars to aim for a waste minimization also according to the
EPA (Environmental Protection Agency) policies.[16] Furthermore,
the combination of an organic solvent with water can also be
an effective tool to improve the process efficiency by increasing
the combination of compounds soluble in different solvents.

Our continuous interest in the definition of waste-mini-
mized procedures, is based on both the design of heteroge-
neous catalysts[17] and use of green solvents,[18] and with this
aim we have developed our POLITAG-Pd0 (POLymeric Ionic-
TAG) for a waste-minimized Cassar–Heck (copper-free Sonoga-
shira) reaction.

We have previously proven that our crosslinked heteroge-
neous support decorated with pincer-type ionic tags is able to
influence the palladium catalytic efficiency by stabilizing its
nanoparticles[17e] as well as its anionic PdII complexes.[17a,d] By
tuning the ligand architecture, our polymeric POLITAG support,
and the reaction medium, we aim to regulate the reactivity and
also the metal leaching. Taking into consideration these
parameters, herein, we report a further example proving how
important the catalyst design is in the development of environ-
mentally friendly processes.

In this contribution we have reported that our catalyst
system can reach a high performance in promoting the Cassar–
Heck reaction by using a very low loading of Pd (0.01 mol%) in
a recoverable acetonitrile–water azeotrope allowing different
substrates to be processed. Moreover, the choice of this
reaction medium and the optimization of work-up procedure
has also led to a waste-minimized protocol as confirmed by the
low E-factor[19] values associated.

Results and Discussion

The cross-linked polymeric support developed by our group is a
gel-type spaced rigid (SPACER, SP) crosslinked polystyrene resin
obtained by suspension co-polymerization of equimolar

amounts of styrene and 4-vinylbenzyl chloride with 2% of 1,4-
bis (4-vinylphenoxy)benzene as crosslinker,[20] therefore featur-
ing chlorinated anchoring centers, SP� Cl This support was
designed considering the size and flexibility of the crosslinker in
order to be efficient in various polar reaction media.

Functionalization followed the polymerization by anchoring
one of the pincer-type ligands L1,[17d] L2,[17e] and L3[17a] that after
being subsequently quaternized, afforded three different
POLITAGs supports (Scheme 1). The loading of supported ionic
tags was determined by elemental analysis, and after palladium
nanoparticles formed (Scheme 1) the corresponding
POLITAGs� L-Pd0 heterogeneous catalysts could be achieved.

For the sake of an optimal comparison, we optimized the
conditions in order to prepare the three different catalysts with
comparable metal loadings (see Table S1 in the Supporting
Information), as well as the size distribution of Pd nanoparticles
for all the ionic tags employed as confirmed by transmission
electron microscopy (TEM) analysis (see Figure S1 in the
Supporting Information).

The difference of the ionic-tags was initially tested in terms
of catalytic efficiency and nanoparticles stabilization of resultant
POLITAGs-Pd0. The three catalysts were used in the Cassar–Heck
reaction of representative iodobenzene (1a) and phenylacety-
lene (2a) at different reaction times, and then palladium
leaching was measured after 4 h (Table 1).[9h] 0.5 mol% of
POLITAGs-Pd0 was used, together with DABCO (1,4-diazabicyclo
[2.2.2]octane) as base and in γ-valerolactone (GVL) as reaction
medium at 60 °C.

Although triazolium-based ionic tags L2 and L3 showed
slightly higher catalytic efficiency after 2 h (Table 1, entries 3
and 5) the conversion at 4 h was comparable with the results
obtained employing POLITAG-L1-Pd0 catalyst (Table 1, entries 2,
4, and 6). The latter showed the best compromise between
catalytic performance and metal leaching and therefore was
selected for the further progress of this study.

The reaction conditions for Cassar-Heck cross-coupling with
POLITAG-L1-Pd0 were extended to different reaction media, and
palladium leaching was always measured in all the solvents
screened (Figure 1). As a result, it can be concluded that the
catalyst efficiency was maintained in almost all the media tested
while enormous differences in term of metal leached in solution
could be observed. The most common dipolar aprotic solvents

Scheme 1. Schematic representation of POLITAG-L-Pd0 synthesis.
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N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP),
and dimethyl sulfoxide (DMSO) showed high conversion in
product 3aa with Pd leaching in the range of 61–91 ppm. These
high values of metal were significantly decreased (from 26 to 5)
when also more sustainable alternatives were used. On the
base of these results, GVL, propylene carbonate, and CH3CN/
water azeotrope were selected for a further optimization.

The amount of POLITAG-L1-Pd0 catalyst was decreased in
these sustainable reaction media by varying temperatures and
times (see the Supporting Information, Table S2). Unfortunately,
when 0.05 mol% of catalyst was employed, the conversion was
low in propylene carbonate at 80 °C (12%, see the Supporting
Information, Table S2, entry 4), while no product 3aa at all was
detected when 0.01 mol% of the catalyst was used (see the
Supporting Information, Table S2, entry 9).

Under the same conditions, GVL gave better results
affording 3aa in 78 and 64%, with 0.05 and 0.01 mol% of
POLITAG-L1-Pd0, respectively (see the Supporting Information,
Table S2, entries 3 and 5). 80% conversion to 3aa could be
obtained by prolonging reaction time to 24 h (Supporting
Information, Table S2, entry 8). The retained catalytic efficiency
could be ascribable to the formation of solid precipitate,
consisted in quaternized organic base, which make the reaction
stirring difficult.

By plotting the conversion of 1a for the selected reaction
media when 0.01 mol% of POLITAG-L1-Pd0 is used (Figure 2), it
is evident that the best catalyst performances were observed in
aqueous acetonitrile azeotrope (Supporting Information, Ta-
ble S2 entries 10–12). After further optimization of the process
in this medium (base, temperature, and reaction time, Table S3)
we could achieve full conversion to 3aa after 7 h at 90 °C by
using only 0.01 mol% of POLITAG-L1-Pd0 and DABCO as base
(see Table S3, entry 7).

To have more details on the design of our catalyst and on
the role of the support or the pincer-type ligand, we prepared
and tested three different Pd0-based polymer supported
catalysts (Figure 3), which differ in the support used in terms of
rigidity and accessibility of catalytic sites and on the single
imidazolium unit replacing the pincer-type unit.

Our bis-imidazolium ligand L1 was immobilized on commer-
cially available Janda Jel (a resin considered to act as flexible
solvent-like system) and classic polystyrene Merrifield’s featur-
ing a smaller divinylbenzene as cross-linker. After the immobili-
zation of Pd nanoparticles, JJ-L1-Pd0 and M-L1-Pd0 systems
were prepared, respectively. Beside the fact that these catalysts
showed fairly good conversions with our optimized reaction
conditions, it is clearly visible how the nature of the crosslinker
strongly influences the accessibility to the catalytic sites and
ultimately not allows to quantitatively reach product 3aa.

The catalyst obtained by immobilizing the single imidazo-
lium unit onto our SPACER support led to SP-imi-Pd0, which
showed a slightly better conversion in comparison with JJ-L1-
Pd0 and M-L1-Pd0 confirming the higher efficiency achieved by

Table 1. Selection of POLITAG-Pd0.[a]

Entry Catalyst t
[h]

Conv.[b]

[%]
Pd leaching[c]

[ppm]

1 POLITAG-L1-Pd0 2 90
262 POLITAG-L1-Pd0 4 97

3 POLITAG-L2-Pd0 2 96 1284 POLITAG-L2-Pd0 4 98
5 POLITAG-L3-Pd0 2 96

836 POLITAG-L3-Pd0 4 >99

[a] Reaction conditions: POLITAG-Pd0 (0.5 mol%), 1a (1 mmol), 2a
(1.5 equiv.), DABCO (1.2 equiv.), GVL (1 mL), 60 °C, 4 h. [b] Conversion was
measured by GC analysis. The remaining materials were 1a and 2a. [c] Pd
leaching was measured by MP-AES 4210 instrument.

Figure 1. Conversion/leaching comparison for Cassar–Heck reaction between
1a and 2a using POLITAG-L1-Pd0 catalysts. Reaction conditions: POLITAG-L1-
Pd0 (0.5 mol%), 1a (1 mmol), 2a (1.5 equiv.), DABCO (1.2 equiv.), solvent
(1 mL), 60 °C, 4 h. Conversion was measured by GC analysis. The remaining
materials were 1a and 2a. Pd leaching was measured by MP-AES 4210
instrument.

Figure 2. Conversion of 1a into 3aa during the time in the selected reaction
medium using 0.01 mol% of POLITAG-L1-Pd0. Conversion was measured by
GC analysis. The remaining materials were 1a and 2a. Reaction conditions:
POLITAG-L1-Pd0 (9.4 wt%, 0.01 mol%, 0.117 mg), 1a (1 mmol), 2a (1.5 equiv.),
DABCO (1.2 equiv.), 1 mL of medium, 80 °C.
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combining the pincer-type ionic tag and our polymeric support
to obtain the best results and the full conversion of 1a.

Finally, the amount of POLITAG-L1-Pd0 was also tentatively
decreased to 0.002 mol%, obtaining 87% conversion to 3aa
after 16 h. This result makes our system competitive, in terms of
turnover number (TON) and frequency (TOF), with the best-
performing Pd-NP-based heterogeneous catalysts reported in
the literature (Table 2).

The protocol was finally optimized using 0.01 mol% of
POLITAG-L1-Pd0, and a low Pd leaching (1 ppm) could be
achieved (Supporting Information, Table S2, entry 12).

At the end of the process, the catalyst was filtered and
washed with aqueous acetonitrile azeotrope. The latter could
be recovered by distillation leading to a protocol with an overall
E-factor value of 1.4 for the product 3aa. This value is extremely
low compared with some selected and best-performing proto-
cols also using sustainable reaction media in the literature
(Table 3). Although GVL,[9h] N-hydroxyethylpyrrolidone (HEP),[9b]

and glycerol-based deep eutectic solvent (DES)[9a] have been
shown to be valid alternatives to toxic dipolar aprotic solvents
by allowing high isolated yields and also being possibly
recoverable,[9a,b] they generally require an extraction work-up,

which negatively influences the E-factor calculation. The use of
a minimum-boiling-point azeotropic mixture allows an easy
recovery accompanied with solvents and energy saving.[15]

Moreover, the high catalyst efficiency and selectivity led us
to improve the purification protocol. Filtration and washing of
the solid reaction crude on silica pad with 10 mL of heptane
affords the pure product 3aa in 97% yield. The heptane used in
purification step was then recovered in 94%. When the
optimized conditions were scaled up to 10 mmol scale, similar
results were obtained.

The optimized reaction conditions were efficiently extended
to the Cassar–Heck coupling of different iodoarenes 1b–i
(Scheme 2) and 2a in good to excellent isolated yields (76–
98%). When electron-withdrawing substituted aryl iodides (1b–
e) were employed, high yields were obtained by filtering and
washing the reaction crude with toluene. The solvent used in
this purification procedure was recovered in 97%. For deacti-

Figure 3. Comparison of catalytic performance between POLITAG-L1-Pd0 and
other polymer-supported Pd0-based catalyst by changing support (JJ: Janda
Jel; M: Merrifield) or ionic ligand (imi: imidazolium moiety). Reaction
conditions: Pd0-catalyst (0.01 mol%), 1a (1 mmol), 2a (1.5 equiv.), DABCO
(1.2 equiv.), 1 mL of CH3CN/H2O azeotrope, 90 °C, 7 h. Conversion was
measured by GC analysis. The remaining materials were 1a and 2a.

Table 2. Comparison of TON and TOF of POLITAG-L1-Pd0 with the best-
performing Pd-NPs based catalysts for the representative coupling
between 1a and 2a.

Pd
[mol %]

Medium t TON TOF (h-1) Ref.

0.158 EtOH/H2O 10 min 633 3750 [11a]
0.05 TPGS-750-M/H2O 24 h 1900 79 [11e]
1.00 CH3CN/H2O (1 :1) 10 min 100 600 [11d]
0.2 DMF 2 h 480 240 [11 f]
0.005 CH3CN 48 h 17200 358 [11 g]
0.05 DMA 24 h 1760 73 [11i]
0.04 H2O 0.5 h 2250 4500 [11j]
0.01 EtOH/H2O (1 :1) 24 h 9000 375 [11k]
0.06 H2O 1 h 1583 1583 [11 l]
0.01 H2O 2 h 9600 4800 [11 m]
0.05 ethylene glycol 2 h 1960 980 [11n]
0.002 az. CH3CN/H2O 16 h 43500 2806 this work

DMA=N,N-Dimethylacetamide

Table 3. Comparison of E-factor values in sustainable alternative reaction
media for reaction between 1a and 2a.

Reaction medium 3aa yield
[%]

E-factor[a] Ref.

CH3CN/H2O az. 97 1.4 this work
CH3CN/H2O az. 77 17[b] [9g]
CH3CN/H2O az. 82 90[c] [9g]
GVL 70 73[d] [9h]
HEP 97 173 [9b]
DES 98 24.4[e] [9a]

[a] Calculated without considering product purification processes and
recovered catalysts. [b] Heterogeneous base. [c] Homogeneous base. [d]
Calculated considering 5 mL of petroleum ether and 3×1.5 mL of water
for extraction as optimized by the same authors in ref. [9g]. [e] 1a
substituted with 3-chloroiodobenzene.
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vated substrates 1f, 1h, and 1 i a slightly higher amount of
POLITAG-L1-Pd0 was required together with 16 h of reaction
time, and filtration with heptane was employed to isolate
products.

The optimized reaction conditions and purification protocol
was revealed to be efficient also when different substituted
phenyl acetylenes 2b and c (Scheme 3) were employed, as well
as alkyl-substituted terminal alkyne 2d. The yields obtained for
these substrates (76–99%) are comparable with the reactions
performed with phenylacetylene 2a affording E-factor values in
the range from 1.6 to 3.1, very good values also considering the
most deactivated alkyne 2d.

The substrate scope was subsequently extended to different
iodo-heterocycles 4a–d (Scheme 4) which are rarely investi-
gated in this type of studies but are relevant to prove the
generality of the protocol. 2-Iodothiophene 4a gave good
isolated yields (60–80%) with our optimized reaction conditions
when both phenylacetylene 2a and p-tolyl acetylene 2b were
employed. When nitrogen-containing heterocycles were re-
acted with 2a, 0.02 or 0.03 mol% of POLITAG-L1-Pd0 was
required to satisfactorily afford the products 5ba, 5ca, and 5da.
Product 5ca, which contains an amino group, was successful
isolated by recrystallization. However, in these reaction con-
ditions 3-iodopyridine 5e gave the desired product only in
traces. It is worthy to note that the protocol here developed
showed good efficiency in terms of waste minimization (E-factor
range 3–27) even by including in the calculation the amount of
materials used for purification (solvents and SiO2) (see the
Supporting Information for further details).

As an illustration of the applicability of our protocol in the
synthesis of API, we conducted the Cassar-Heck coupling with
our POLITAG-L1-Pd0 for the synthesis of Eniluracil intermediate

(8) (Scheme 5). Eniluracil is an inactivator of the enzyme
dihydropyrimidine dehydrogenase obtained by the coupling of
5-iodouracil (6) and trimethylsilyl acetylene (7) with subsequent
deprotection to remove trimethylsilyl group.[8g]

Scheme 2. Substrate scope for the Cassar–Heck reaction between iodoarene
1a–i and phenyl acetylene 2a. Reaction conditions: POLITAG-L1-Pd0 (9.4 wt
%, 0.01 mol%, 0.117 mg), 1 (1 mmol), 2a (1.5 equiv.), DABCO (1.2 equiv.),
1 mL of CH3CN/H2O azeotrope, 90 °C, 7 h. Isolated yields are given in
parentheses. [a] By conducting this reaction on 10 mmol scale, similar results
were obtained. [b] E-factor calculated without considering purification
process. [c] Reaction performed with 0.02 mol% of POLITAG-L1-Pd0 for 16 h.

Scheme 3. Substrate scope for the Cassar–Heck reaction between iodoarene
1 and phenyl acetylene 2b–d. Reaction conditions: POLITAG-L1-Pd0 (9.4 wt
%, 0.01 mol%, 0.117 mg), 1 (1 mmol), 2 (1.5 equiv.), DABCO (1.2 equiv.), 1 mL
of CH3CN/H2O azeotrope, 90 °C, 7 h. Isolated yields are given in parentheses.
[a] E-factor calculated without considering purification process. [b] Reaction
performed with 0.03 mol% of POLITAG-L1-Pd0 for 16 h. [c] Reaction
performed with 0.02 mol% of POLITAG-L1-Pd0 for 24 h.

Scheme 4. Substrate scope for the Cassar-Heck reaction between iodo-
heterocycles 4a–d and phenyl acetylenes 2a and b. Reaction conditions:
POLITAG-L1-Pd0 (9.4 wt%, 0.01 mol%, 0.117 mg), 1 (1 mmol), 2 (1.5 equiv.),
DABCO (1.2 equiv.), 1 mL of CH3CN/H2O azeotrope, 90 °C, 7 h. Isolated yields
are given in parentheses. [a] E-factor calculated without considering
purification process. [b] Reaction performed with 0.02 mol% of POLITAG-L1-
Pd0 for 16 h. [c] Reaction performed with 0.03 mol% of POLITAG-L1-Pd0 for
16 h.
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We found optimal solubility of the starting material 6 in our
selected aqueous acetonitrile azeotrope reaction medium,
which allowed us to obtain high conversion in product 8 with
only 0.01 mol% of POLITAG-L1-Pd0.

Interestingly, once the catalyst was separated by hot
filtration, the product 8 precipitated in the reaction mixture at
room temperature and could be easily obtained by filtration.
This optimized protocol led to an isolated yield of 82% and an
E-factor value of 3.

Notably, the use of aryl iodide is also widely exploited in
pharmaceutical industries. This choice is generally related to the
interest in developing highly efficient processes. We decided to
also perform the Cassar–Heck reaction with generally less-
reactive aryl bromides (Scheme 6).

With the selected POLITAG-L1-Pd0 catalyst and CH3CN
aqueous azeotrope as reaction medium, we were able to obtain

good isolated yields for electron-withdrawing aryl bromides
(9b–d); while poor yields were observed with deactivated 4-
bromotoluene (6e) as well as with bromobenzene (9a) under
the same reaction conditions.

Conclusion

Three different POLITAG-L1-Pd0 have been developed and
tested in the Cassar–Heck reaction. Among the ionic tags
screened, bis-imidazolium pincer-type ligand L1 was selected
for giving the higher stabilization of Pd nanoparticles on
polymeric support in comparison with triazolium based coun-
terparts L2 and L3. Our polymeric support featuring a rigid and
spaced structure due to the cross-linker used (SPACER) plays a
crucial role in the overall efficiency of the Pd0 system especially
if compared to catalysts obtained from commercially available
supports (JJ-L1-Pd0, M-L1-Pd0). Aqueous acetonitrile azeotrope
has been identified as the best reaction medium to perform the
coupling with very low Pd amount (0.002 mol%). With these
conditions high turnover number (TON) and frequency (TOF)
values were measured (43500 and 2806 h� 1 respectively). The
optimized reaction conditions were selected to have the best
match between low catalyst amount (0.01 mol%) and reaction
time (7 h). These conditions allowed us to synthesize a wide
variety of alkynyl products with isolated yields ranging from
good to excellent values.

Moreover, the synergy between the reaction medium
selected and high catalyst performance and selectivity led to an
effective and simple purification that allowed us to achieve a
minimal-waste production; in fact, low E-factor values have
been calculated in the range from 1.4 to 5 and from 3 to 27 if
also purification materials were considered. Our optimized
protocol was extended also to the synthesis of Eniluracil
intermediate with good isolated yield and low E-factor value.
Finally, the efficiency of our POLITAG-L1-Pd0 in the selected
reaction medium has been proved by employing generally less
reactive aryl bromides.

Experimental Section
Unless otherwise stated, all chemicals were purchased and used
without any further purification. GLC analyses were performed by
using Hewlett-Packard HP 5890 SERIES II equipped with a capillary
column DB-5MS (30 m, 0.32 mm), a flame ionization detector (FID),
and helium as gas carrier. GC-EIMS analyses were carried out by
using a Hewlett-Packard HP 6890 N Network GC system/5975 mass
selective detector equipped with an electron impact ionizer at
70 eV. Melting points were measured on a Büchi 510 apparatus.
NMR spectra were recorded on a Bruker DRX-ADVANCE 400 MHz
(1H at 400 MHz, 13C at 100.6 MHz and 19F at 376.4 MHz) in CDCl3.
Chemical shifts are reported in ppm (δ), coupling constant (J) in
Hertz, and multiplicity are reported as follows: s= singlet, bs=

broad singlet, d=doublet, dd=double doublet, td=double triplet,
t= triplet, m=multiplet. Elemental analysis (EA) was conducted on
Elementar UNICUBE® elemental analyzer. Metal loading was meas-
ured using MP-AES 4210 instrument. Products purification was
performed through filtration on silica plug using 230–400 mesh
silica gel. TEM images were obtained using a PHILIPS CM 12

Scheme 5. Synthesis of Eniluracil intermediate (8) by Cassar-Heck reaction
between 5-iodouracil (6) and trimethylsilylacetylene (7) with POLITAG-L1-
Pd0. Isolated yield is given in parentheses. Reaction conditions: POLITAG-L1-
Pd0 (0.01 mol%) 6 (1 mmol), 7 (1.5 equiv.), DABCO (1.2 equiv.), 3 mL of
CH3CN/H2O azeotrope, 90 °C, 16 h.

Scheme 6. Substrate scope for the Cassar–Heck reaction with aryl bromide 6.
Reaction conditions: POLITAG-L1-Pd0 (9.4 wt%, 0.5 mol%, 5.66 mg), 9
(1 mmol), 2 (1.5 equiv.), DABCO (1.2 equiv.), 1 mL of CH3CN/H2O azeotrope,
120 °C, 15 h. Isolated yields are given in parentheses. [a] Reaction performed
with 0.01 mol%. [b] Reaction conducted in 8 h.
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transmission electron microscopy operating in the range 20 to
120 kV with an image resolution of 0.34 nm.

General procedure for Cassar–Heck reaction

A 2 mL screw capped vial, equipped with a magnetic stirrer, was
charged with the aryl halide (1 mmol), the terminal alkyne
(1.5 equiv.), DABCO (1.2 equiv.), catalyst POLITAG-L1-Pd0 (9.4 wt%,
0.117 mg, 0.01 mmol%), and 1 mL of CH3CN/H2O azeotrope (1 m,
84 :16 w/w). The reaction mixture was then stirred at 90 °C for 7 h.
The conversion was determined by GLC analyses. After reaction
completion, the catalyst was separated through filtration on
0.45 μm filter and washed with 1 mL of CH3CN/H2O azeotrope,
which was then recovered through distillation (95% azeotrope
recovered).

Work-up with heptane (method A)

The product was isolated through filtration and washing on silica
plug (500 mg) using heptane (5 mL). The solvent was recovered at
94% through distillation.

Work-up with toluene (method B)

The product was isolated through filtration and washing on silica
plug (150 mg) using toluene (5 mL). The solvent was recovered at
97% through distillation.

General procedure for leaching determination

After reaction completion, the catalyst was separated through
filtration and washed with 1 mL of CH3CN/H2O azeotrope. The
reaction mixture was dried under vacuum, dissolved in 2 mL of
aqua regia, and stirred for 1 h at room temperature. The reaction
mixture was transferred in a 10 mL graduated flask and Milli-Q
water was added to reach the final volume. If present, residual solid
was filtered off and the sample was analyzed by MP-AES 4210
instrument.

Acknowledgements

The Università degli Studi di Perugia and MIUR are acknowledged
for financial support for the project AMIS, through the program
“Dipartimenti di Eccellenza-2018-2022”.

Sterling SpA is acknowledged for useful discussion on the
synthesis of target APIs. Open Access Funding provided by
Politecnico di Milano within the CRUI-CARE Agreement.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: azeotrope · C� C coupling · Cassar-Heck · polymer-
supported catalyst · waste minimization

[1] R. A. Sheldon, I. Arends, U. Hanefeld, Green chemistry and catalysis,
Wiley, 2007.

[2] European Association for Chemical and Molecular Sciences EuCheMS,
Chemistry-Developing solutions in a changing world, 2011.

[3] a) P. Kisszekelyi, R. Hardian, H. Vovusha, B. Chen, X. Zeng, U.
Schwingenschlögl, J. Kupai, G. Szekely, ChemSusChem 2020, 13, 3127–
3136; b) A. Bellé, T. Tabanelli, G. Fiorani, A. Perosa, F. Cavani, M. Selva,
ChemSusChem 2019, 12, 3343–3354.

[4] a) C. E. Garrett, K. Prasad, Adv. Synth. Catal. 2004, 346, 889–900; b) Note
for Guidance on Specification Limits for Residues of Metal Catalysts, The
European Agency for the Evaluation of Medicinal Products, Evaluation
of Medicines for Human Use; London, 17 December 2002; http://
www.emea.eu.int.

[5] H. A. Dieck, F. R. Heck, J. Organomet. Chem. 1975, 93, 259–263
[6] L. Cassar, J. Organomet. Chem. 1975, 93, 253–257.
[7] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 50, 4467–

4470.
[8] a) F. Manoni, C. Rumo, L. Li, P. G. Harran, J. Am. Chem. Soc. 2018, 140,

1280–1284; b) M. J. Sowden, M. S. Sherburn, Org. Lett. 2017, 19, 636–
637; c) R. Chinchilla, C. Nájera, Chem. Rev. 2014, 114, 1783–1826 d) D.
Wang, S. Gao, Org. Chem. Front. 2014, 1, 556–566 e) R. Chinchilla, C.
Nájera, Chem. Soc. Rev. 2011, 40, 5084–5121 f) C. Torborg, M. Beller Adv.
Synth. Catal. 2009, 351, 3027–3043; g) J. W. B. Cooke, R. Bright, M. J.
Coleman, K. P. Jenkins, Org. Process Res. Dev. 2001, 5, 383–386.

[9] For representative examples see: a) F. Messa, G. Dilauro, F. M. Perna, P.
Vitale, V. Capriati, A. Salomone, ChemCatChem 2020, 12, 1979–1984;
b) L. Ferrazzano, G. Martelli, T. Fantoni, A. Daka, D. Corbisiero, A. Viola,
A. Ricci, W. Cabri, A. Tolomelli, Org. Lett. 2020, 22, 3969–3973; c) A.
Iben Ayad, C. Belda Marín, E. Colaco, C. Lefevre, C. Méthivier, A.
Ould Driss, J. Landoulsi, E. Guénin, Green Chem. 2019, 21, 6646–6657;
d) J. F. Campos, M.-C. Scherrmann, S. Berteina-Raboin, Green Chem.
2019, 21, 1531–1539; e) L. Orha, J. M. Tukacs, L. Kollár, L. T. Mika,
Beilstein J. Org. Chem. 2019, 15, 2907–2913; f) S. Handa, J. D. Smith, Y.
Zhang, B. S. Takale, F. Gallou, B. H. Lipshutz, Org. Lett. 2018, 20, 542–
545; g) V. Kozell, M. McLaughlin, G. Strappaveccia, S. Santoro, L. A.
Bivona, C. Aprile, M. Gruttadauria, L. Vaccaro, ACS Sustainable Chem.
Eng. 2016, 4, 7209–7216; h) G. Strappaveccia, L. Luciani, E. Bartollini, A.
Marrocchi, F. Pizzo, L. Vaccaro, Green Chem. 2015, 17, 1071–1076; i) S.
Frindy, A. Primo, M. Lahcini, M. Bousmina, H. Garcia, Abdelkrim El Kadi,
Green Chem. 2015, 17, 1893–1898.

[10] For representative examples see: a) B. Jin, F. Gallou, J. Reilly, B. H.
Lipshutz, Chem. Sci. 2019, 10, 3481–3485; b) S. Handa, M. P. Andersson,
F. Gallou, J. Reilly, B. H. Lipshutz, Angew. Chem. Int. Ed. 2016 55, 4914–
4918; c) S. A. Timofeeva, M. A. Kinzhalov, E. A. Valishina, K. V. Luzyanin,
V. P. Boyarskiy, T. M. Buslaeva, M. Haukka, V. Yu. Kukushkin, J. Catal.
2015, 329, 449–456; d) K. Voronova, L. Homolya, A. Udvardy, A. C.
Bènyei, F. Joò, ChemSusChem 2014, 7, 2230–2239; e) J.-C. Hierso, M.
Beaupérin, P. Meunier, Eur. J. Inorg. Chem. 2007, 3767–3780.

[11] For recent representative examples see: a) Y. Wang, J. Liao, Z. Xie, K.
Zhang, Y. Wu, P. Zuo, W. Zhang, J. Li, Z. Gao ACS Appl. Mater. Interfaces
2020, 12, 11419–11427; b) T. Tamoradi, M. Daraie, MM. Heravi, Appl.
Organomet. Chem. 2020; 34, 5538; c) Z. Wei, Z. Xie, L. Gao, Y. Wang, H.
Sun, Y. Jian, G. Zhang, L. Xu, J. Yang, W. Zhang, Z. Gao, Catalysts 2020,
10, 192; d) S. Alapour, M. D. Farahani, D. Ramjugernath, N. A. Koorba-
nally, H. B. Friedrich ACS Sustainable Chem. Eng. 2019, 7, 12697–12706;
e) S. Handa, B. Jin, P. P. Bora, Y. Wang, X. Zhang, F. Gallou, J. Reilly, B. H.
Lipshutz, ACS Catal. 2019, 9, 2423–2431; f) P. Nazari, M. Hekmati, Appl.
Organomet. Chem. 2019, 33, 4729; g) L. Yu, Z. Han, Y. Ding, Org. Process
Res. Dev. 2016, 20, 2124–2129; h) K. Karami, S. Abedanzadeh, P. Hervés,
RSC Adv. 2016, 6, 93660–93672; i) M. Gholinejad, N. Jeddi, B. Pull-
ithadathil, Tetrahedron 2016, 72, 2491–2500; j) A. R. Hajipour, Z.
Shirdashtzade, G. Azizi, Appl. Organomet. Chem. 2014, 28, 696–698; k) C.
Deraedt, L. Salmon, D. Astruc, Adv. Synth. Catal. 2014, 356, 2525–2538;
l) S. M. Baghbanian, H. Yadollahy, M. Tajbakhsh, M. Farhang, P. Biparva,
RSC Adv. 2014, 4, 62532; m) A. Landarani Isfahani, I. Mohammadpoor-
Baltork, V. Mirkhani, A. R. Khosropour, M. Moghadam, S. Tangestanine-
jad, Eur. J. Org. Chem. 2014, 5603–5609; n) P. Veerakumar, M.
Velayudham, K.-L. Lu, S. Rajagopal, Appl. Catal. A 2013, 455, 247–260;
o) D. A. Alonso, A. Baeza, R. Chinchilla, C. Gómez, G. Guillena, I. M.
Pastor, D. J. Ramón, Catalysts 2018, 8, 202.

[12] C. Jimenez-Gonzalez, C. S. Ponder, Q. B. Broxterman, J. B. Manley, Org.
Process Res. Dev. 2011, 15, 912–917.

[13] a) “Metal Nanoparticles Catalyzed C–C Bond Formation via C–H
Activation”: F. Valentini, G. Brufani, L. Latterini, L. Vaccaro, in Advanced
Heterogeneous Catalysts Vol. 1: Applications at the Nano-Scale. ACS
Symposium Series, American Chemical Society, Washington, DC, 2020,
pp. 513–543; b) M. J. Hülsey, C. W. Lim, N. Yan, Chem. Sci. 2020, 11,

ChemSusChem
Full Papers
doi.org/10.1002/cssc.202101052

3365ChemSusChem 2021, 14, 3359–3366 www.chemsuschem.org © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 19.08.2021

2116 / 212559 [S. 3365/3366] 1

https://doi.org/10.1002/cssc.202000453
https://doi.org/10.1002/cssc.202000453
https://doi.org/10.1002/adsc.200404071
https://doi.org/10.1016/S0022-328X(00)94049-X
https://doi.org/10.1016/S0022-328X(00)94048-8
https://doi.org/10.1021/jacs.7b13591
https://doi.org/10.1021/jacs.7b13591
https://doi.org/10.1021/acs.orglett.6b03793
https://doi.org/10.1021/acs.orglett.6b03793
https://doi.org/10.1021/cr400133p
https://doi.org/10.1039/C3QO00086A
https://doi.org/10.1039/c1cs15071e
https://doi.org/10.1021/op0100100
https://doi.org/10.1002/cctc.201902380
https://doi.org/10.1021/acs.orglett.0c01269
https://doi.org/10.1039/C9GC02546D
https://doi.org/10.1039/C8GC04016H
https://doi.org/10.1039/C8GC04016H
https://doi.org/10.3762/bjoc.15.284
https://doi.org/10.1021/acs.orglett.7b03621
https://doi.org/10.1021/acs.orglett.7b03621
https://doi.org/10.1021/acssuschemeng.6b02170
https://doi.org/10.1021/acssuschemeng.6b02170
https://doi.org/10.1039/C4GC01728E
https://doi.org/10.1039/C4GC02175D
https://doi.org/10.1039/C8SC05618H
https://doi.org/10.1016/j.jcat.2015.06.001
https://doi.org/10.1016/j.jcat.2015.06.001
https://doi.org/10.1002/cssc.201402147
https://doi.org/10.1002/ejic.200700405
https://doi.org/10.3390/catal10020192
https://doi.org/10.3390/catal10020192
https://doi.org/10.1021/acscatal.9b00007
https://doi.org/10.1021/acs.oprd.6b00322
https://doi.org/10.1021/acs.oprd.6b00322
https://doi.org/10.1039/C6RA17914B
https://doi.org/10.1016/j.tet.2016.03.085
https://doi.org/10.1002/aoc.3184
https://doi.org/10.1002/adsc.201400153
https://doi.org/10.1039/C4RA11411F
https://doi.org/10.1002/ejoc.201402503
https://doi.org/10.1016/j.apcata.2013.01.021
https://doi.org/10.3390/catal8050202
https://doi.org/10.1021/op200097d
https://doi.org/10.1021/op200097d
https://doi.org/10.1021/op200097d


1456–1468; c) R. Jin, G. Li, S. Sharma, Y. Li, X. Du, Chem. Rev. 2021, 121,
567–648; d) D. Rodríguez-Padrón, A. R. Puente-Santiago, A. M. Balu, M. J.
Muñoz-Batista, R. Luque, ChemCatChem 2019, 11, 18–38.

[14] a) G. Feng, R. Bai, F. Ferlin, L. Vaccaro, M. Li, Y. Gu, Green Chem. 2020,
22, 6240–6257; b) L. Vaccaro, Eur. J. Org. Chem. 2020, 4273–4283 c) P. G.
Jessop, Green Chem. 2011, 13, 1391–1398.

[15] F. Valentini, L. Vaccaro, Molecules 2020, 25, 5264.
[16] U. S. Environmental Protection Agency. Report to Congress: Minimiza-

tion of Hazardous Waste, EPA/530-SW-86-033, OSW and ER, Washing-
ton, DC, USA, 1986.

[17] a) D. Sciosci, F. Valentini, F. Ferlin, S. Chen, Y. Gu, O. Piermatti, L.
Vaccaro, Green Chem. 2020, 22, 6560–6566; b) F. Ferlin, P. M. Luque Na-
varro, Y. Gu, D. Lanari, L. Vaccaro, Green Chem. 2020, 22, 397–403; c) S.
Mujahed, F. Valentini, S. Cohen, L. Vaccaro, D. Gelman, ChemSusChem
2019, 12, 4693–4699; d) H. Mahmoudi, F. Valentini, F. Ferlin, L. A. Bivona,
I. Anastasiou, L. Fusaro, C. Aprile, A. Marrocchi, L. Vaccaro, Green Chem.
2019, 21, 355–360; e) F. Valentini, H. Mahmoudi, L. A. Bivona, O.
Piermatti, M. Bagherzadeh, L. Fusaro, C. Aprile, A. Marrocchi, L. Vaccaro,
ACS Sustainable Chem. Eng. 2019, 7, 6939–6946.

[18] a) F. Campana, B. M. Massaccesi, S. Santoro, O. Piermatti, L. Vaccaro ACS
Sustainable Chem. Eng. 2020, 8, 16441–16450; b) D. Morelli Venturi, F.
Campana, F. Marmottini, F. Costantino, L. Vaccaro ACS Sustainable
Chem. Eng. 2020, 8, 17154–17164.

[19] R. A. Sheldon, Chem. Commun. 2008, 3352–3365.
[20] a) M. Tassi, E. Bartollini, P. Adriaensens, L. Bianchi, B. Barkakaty, R.

Carleer, J. Chen, D. K. Hensley, A. Marrocchi, L. Vaccaro, RSC Adv. 2015,
5, 107200–107208; b) A. Marrocchi, P. Adriaensens, E. Bartollini, B.
Barkakati, R. Carleer, J. Chen, D. K. Hensley, C. Petrucci, M. Tassi, L.
Vaccaro, Eur. Polym. J. 2015, 73, 391–401.

Manuscript received: May 19, 2021
Revised manuscript received: July 1, 2021
Accepted manuscript online: July 9, 2021
Version of record online: July 22, 2021

ChemSusChem
Full Papers
doi.org/10.1002/cssc.202101052

3366ChemSusChem 2021, 14, 3359–3366 www.chemsuschem.org © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 19.08.2021

2116 / 212559 [S. 3366/3366] 1

https://doi.org/10.1002/ejoc.202000131
https://doi.org/10.1039/c0gc00797h
https://doi.org/10.3390/molecules25225264
https://doi.org/10.1039/D0GC02634D
https://doi.org/10.1039/C9GC02961C
https://doi.org/10.1002/cssc.201901728
https://doi.org/10.1002/cssc.201901728
https://doi.org/10.1039/C8GC03228A
https://doi.org/10.1039/C8GC03228A
https://doi.org/10.1021/acssuschemeng.8b06502
https://doi.org/10.1039/b803584a
https://doi.org/10.1039/C5RA21140A
https://doi.org/10.1039/C5RA21140A
https://doi.org/10.1016/j.eurpolymj.2015.10.002
https://doi.org/10.1016/j.eurpolymj.2015.10.002

