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ABSTRACT: A highly sustainable and waste-minimized protocol for Heck coupling
has been defined. Optimal conditions have been defined by exploiting a
heterogeneous catalyst based on supported ionic liquid-like phases featuring high
Pd loading (10 wt %) and by optimizing its efficiency in a recoverable green reaction
medium (acetonitrile/water azeotrope). Pure products 4a—I and 6a—h have been A
isolated chromatography-free in high yields (74—99%) and with extremely low
environmental factor (E-factor) values (2.3—5.0). With the application of flow
technology, the selected heterogeneous base and Pd catalyst have been fully
recovered and reused, and minimum palladium leaching allowed for isolation of the
final products with low residual palladium content (<5 ppm) without any purification
step. pump
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B INTRODUCTION must be paid to the amount of palladium leached into the

The palladium-catalyzed vinylic hydrogen substitution reaction prodyct. It should be also noted that common dipolar ap ro tic

by an aryl, alkenyl, or benzyl halide was discovered media such as DMF or NMP strongly bind to soluble palladium

independently by Heck and Mizoroki in the early 1970s.! species, facilitating their dissolution with a consequent
. 23-25

Today, the Heck cross-coupling reaction is a very important significant leaching mt(l)1 the ?rOdUCt ) h cal

synthetic tool that enables access to molecular moieties often In some cases, such as for APIs (Active Pharmaceutica

found in the pre;aratlon of pharmaceutical targets and organic Ingredlents) specification limits for residues of metals are very
semiconductors. strict.”® Purification methods for the removal of palladium from

27,28

Due to the industrial relevance of the Heck reaction, research target m.aterlals alrezlidy exist, but they are time and solvent
is focused on the definition of protocols featuring the use of consuming. Accordmgly,. to fulfill the .current need for the
efficient, recyclable, and reusable catalytic systems and simple definition of more enwronmentallx friendly Prggedures for
isolation of the final products and minimal waste production. trz.m'sfo.rmatlons catailyzed by precious metals,™ a w./vaste.-
Several heterogeneous systems have been proposed such as Pd rglnlmlzeq and eﬂic1e.nt protocol f<?r the Heck reaction is
on activated carbon,** on metal oxides,® and on functionalized hi gl.lly' desirable. MOSt 1mport.ant1y', this protocol should be al?le
silica.”® Palladium nan oparticles (PdNPs) stabilized by renew- to hmljc the leaching of pal.ladll{m in the products and minimize
able cellulose and sugars also have been recently reported.”"° or avo_ld the need for purification steps. .

The design of recyclable catalysts for the Heck reaction is not B e51d'es, the base selecteq has a fundgmental role in the
trivial because the whole catalytic cycle is liable to changes in mechaglsm of the Heck reaction, as it acts in the last step %f)the
response to the chemical environment. It must be kept in mind catalytic cycle to ) regener_ate _the active Pd Species. A
that this reaction needs many different species (reagents, base, homogeneous tert'lary amine  1s gener?.lly used V.Vlth the
ligands) and breeds others (product, salts, etc.). As a result, the consequent formation of the corresponding ammonium salt.
composition of the reaction mixture varies continually through As a result,_the recovery of the pure prodgct is achieved after
all the process. 11,12 several purification steps such as extraction and/or column

Heck reaction is usually carried out in highly undesirable chron?atography, With. a consequent large copsumpFipn of
aprotic polar solvents, such as N,N’-dimethylformamide materials and production of waste. Therefore, in addition to
(DMF) and N-methylpirrolidinone (NMP),">'* whereas a

great attention should be paid to the alternative safer media.'® Received: September 8, 2014
In addition, the Heck reaction may proceed through a “release Revised:  October 10, 2014
5,16-22

and catch” mechanism™ and therefore, much attention Published: October 13, 2014

W ACS Publications  © 2014 American Chemical Society 2813 dx.doi.org/10.1021/5c500584y | ACS Sustainable Chem. Eng. 2014, 2, 2813-2819


pubs.acs.org/journal/ascecg

ACS Sustainable Chemistry & Engineering

Research Article

palladium leaching, the amount of waste produced and the
resulting E-factor values (kg of waste/kg of isolated desired
product) are generally very high.>"**

An effective strategy to minimize waste is based on the direct
alkenylatlon of simple arenes catalyzed by homogeneous Pd or
Rh catalysts.>® This synthetic approach is highly attractive but
also very challenging, and available protocols require the use of
a large excess of arene, long reaction times, and often feature
poor selectivity.

Recently, we have contributed to the development of
sustainable approaches to cross-coupling reactions by using
green reaction media and flow conditions and by preparing
novel immobilized palladium nanoparticles based on imidazo-
lium salts supported on silica gel (Figure 1).**”® The resulting
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Figure 1. Structures of the SILLP Pd catalysts 1.

material belongs to the category of Supported Ionic Liquid-Like
Phases (SILLPs), features high Pd loading (10 wt %), and is
proved to be highly efficient, but also recoverable and reusable,
in the Suzuk1 —Miyaura reaction both under batch**** and flow
conditions.*® Flow technique allowed a very high environ-
mental efficiency to be reached by using our SILLP Pd catalyst
in ethanol /water azeotrope as the medium.*®

Although the reaction was carried out by using two separate
columns containing the base and the catalyst, respectively, we
observed a high catalytic efficiency. This can be ascribed to the
known “release and catch” mechanism,'®"** in which the
supported palladium catalyst serves as a reservoir for active Pd
species that are dissolved from the solid catalyst.*’ > The
active Pd species can move through the apparatus and then are
effectively scavenged by the ionic liquid-like sup g)ort
result, the catalyst is still active and recyclable.**

Quaternary ammonium salts are re ;)onmble for the
stabilization of the metal nanopartlcles, which may result
in a low degree of leaching. Then, acting also as scavenger of
the soluble metal species, they make the “release and catch”
mechanism possible.

Indeed, the results obtained in the Suzuki—Miyaura reaction
proved that our flow approach applied to cross-coupling
reactions can be a very powerful tool to reduce waste, optimize
catalyst recovery and reuse, and simplify product isolation and
solvent recovery.>®***

In this contribution, we have developed a novel and highly
sustainable protocol for Heck coupling using our SILLP Pd
catalysts in flow and featuring a very low waste production.*
Considering that solvents are responsible for the large majority
of waste produced, to reach this goal, we have directed much
efforts to the use of a recoverable reaction medium and to the
definition of reactions conditions that would allow the isolation
of products without any further workup and/or column
chromatography purifications.
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Optimization of the reaction conditions therefore has been
performed in recoverable and sustainable azeotropic mixtures
avoiding the use of undesirable toxic dipolar aprotic
solvents."*** In combination, our strategy has focused on the
use of an immobilized base with the intention of simplifing the
workup procedures and allowing the isolation of the final
product without additional purification steps. Initially, catalysts
1 (Figure 1) were used in the representative Heck reaction of
iodobenzene (2a) and methyl acrylate (3a), and then, the
protocol was extended to several aryl iodides 2b—e, acrylates
3b, and styrenes Sa—b.

B EXPERIMENTAL SECTION

Unless otherwise stated, all solvents and reagents were used as
obtained from commercial sources without further purification. GLC
analyses were performed by using a Hewlett-Packard HP 5890A
equipped with a capillary column DB-35MS (30 m, 0.53 mm), FID
detector, and hydrogen as the gas carrier. GC-EIMS analyses were
carried out by using a Hewlett-Packard HP 6890N Network GC
system/597S mass selective detector equipped with an electron impact
ionizer at 70 eV. NMR spectra were recorded on a Bruker DRX-
ADVANCE 400 MHz (*H at 400 MHz and *C at 100.6 MHz) in
CDCI; using TMS as the internal standard. Elemental Analyses (EA)
were conducted on a Fisons EA1108CHN. Melting points were
measured on a Biichi 510 ICP-OES 710 Agilent Technology. Flow
procedures were performed using a Jasco PU-2080 pump, Omnifit
Glass Column as reservoir, and Supelco HPLC column blank as the
base/catalyst column.

Diethylaminomethyl-polystyrene was prepared by reacting Merri-
field resin (200—400 mesh, 4.4 mmol/ g Cl loading, 2% cross-linked
with divinylbenzene) with diethylamine (2.5 equiv) in toluene at 100
°C for 24 h. The resin was washed with a 0.5 M solution of
diethylamine in toluene, then toluene, dichloromethane, water, and
acetone to remove the excess amine and finally dried under vacuum.
The amine loading was determined by EA.

Typical Procedure for Heck Reaction in CH;CN/H,0
Azeotrope under Batch Conditions. To a solution of aryl iodide
2a—e (1 mmol) and alkene 3a—b or Sa—b (1.2—1.0 mmol) in
CH;CN/H,0 az. (1 M, 1 mL), diethylaminomethyl—polystyrene (~4
mmol/g, 1.5 equiv, 0.375 g) and catalyst 1 (0.1 mol %, 1 mg) were
added. The reaction mixture was stirred at the desired temperature for
the time necessary to complete conversion of the aryl iodide 2a—e
monitored by GLC. The heterogeneous base and catalyst were
separated by filtration, and product (4a—h or 6a—h) is isolated by
distillation of the azeotrope.

Heck Reaction to Methyl Cinnamate (4a) under Flow
Conditions at 130 °C. A premixed mixture of iodobenzene (2a)
(50 mmol, 5.60 mL) and methyl acrylate (3a) (60 mmol, 5.40 mL) in
CH,CN/H,0 az. (S0 mL) was charged into a glass column
functioning as a reservoir. Diethylaminomethyl—polystyrene (~4
mmol/g, 75 mmol, 18.75 g) and catalyst 1 (10 wt %, 0.1 mol %, SO
mg) were mixed and dispersed in 1 mm diameter solid glass beads and
charged in a stainless steel HPLC column; the equipment was
connected, by using the appropriate tubes and valves, to the pump and
installed into a thermostated box. The reaction mixture was cyclically
pumped (flow rate 2.0 mL/min) through the base/catalyst column at
130 °C until complete conversion of the reactants to methyl
cinnamate (4a) was achieved (reaction was monitored by GLC). At
this stage, the pump was left to run in order to recover the reaction
mixture into the reservoir. To completely recover the product and
clean the reactor, CH;CN/H,O azeotrope (3 mL X 25 mL at a2 mL/
min) was cyclically pumped through the base/catalyst column for 15
min (each fraction) and then collected into the reservoir to isolate the
product in 80% yield after removal and recovery of the azeotrope (95%
of which was recovered) via distillation. A solution of TEA (15 mL in
30 mL of aqueous acetonitrile azeotrope) was cyclically pumped
through the base/catalyst column (2 mL/min, 30 min) to regenerate
the diethylaminomethyl—polystyrene. Finally, azeotrope (40 mL) was
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cyclically pumped through the base/catalyst column in two portions to
remove residual TEA.

E-Factor Calculation for Batch Reaction in CH;CN/Water
Azeotrope at 130 °C (1 mmol). E-factor for Heck reaction of
iodobenzene (2a) (1.0 mmol) and methyl acrylate (3a) (1.2 mmol)
(75% isolated yield): E-factor = [0.204 g (iodobenzene (2a)) + 0.103
g (methyl acrylate (3a)) + 0.818 g (medium) + 0.375 g (PS-TEA) +
0.001 (catalyst) — 0.120 g (methyl cinnamate (4a))]/0.120 g (methyl
cinnamate (4a)) = 11.5.

E-Factor Calculation for Reaction in Flow at 130 °C (50
mmol). E-factor for Heck reaction of iodobenzene (2a) (50 mmol)
and methyl acrylate (3a) (60 mmol) (80% isolated yield): E-factor =
[10.20 g (iodobenzene (2a)) + 5.40 g (methyl acrylate (3a)) + 102.25
g (medium) + 10.90 g (TEA) + 53.15g (TEA wash) — 6.50 g (methyl
cinnamate (4a)) — 97.15 g (95% recovered medium)]/6.50 g (methyl
cinnamate (4a)) = 12.0. (PS-TEA and catalyst 1b were not considered
due to their complete recovery.)

E-Factor Calculation for Batch Reaction in DMF/Water (4:1).
Reference for the procedure: Pavia, C.; Giacalone, F.; Bivona, L. A,;
Salvo, A. M,; Petrucci, C.; Strappaveccia, G.; Vaccaro, L.; Aprile, C,;
Gruttadauria, M. J. Mol. Catal. A: Chem. 2014, 387, 57—62.

E-factor for Heck reaction of iodobenzene (2a) (1 mmol) and
methyl acrylate (3a) (74% isolated yield): E-factor [0204 ¢
(iodobenzene (2a)) + 0.129 g (methyl acrylate (3a)) + 0.202 g (TEA)
+ 4.78 g (DMF/H,0 4:1) + 101.2 g (water) + 332.5 g (CH,CL,) —
0.10 g (methyl cinnamate (4a))]/0.10 g (methyl cinnamate (2a)) =
3657. (Silica gel for purification has not been considered.)

More details on E-factor calculations are in the Supporting
Information.

B RESULTS AND DISCUSSION

We tested the activity of catalysts 1 (bis-imidazolium salt having
a p-xylyl (1a) or linear C, (1b) linker**) in the Heck coupling
under conventional conditions. The representative Heck
reaction between iodobenzene (2a) and an excess of methyl
acrylate (3a) was therefore carried out in DMF/H,O (4:1) (0.2
M with respect to 2a) with triethylamine (TEA) as the base
(Table 1, entries 1 and 2).

Under these conditions, the catalysts could be recycled
successfully for two cycles with no loss of their catalytic
efficiency.

According to our plan and in order to simplify the workup
procedure toward a more efficient isolation of the product, we
investigated the use a heterogeneous base, namely, diethylami-
nomethyl—polystyrene (PS-TEA), which can trap the hydriodic
acid and can be removed by simple filtration, therefore making
possible the isolation of the final product without any
purification process. The use of PS-TEA in the 4:1 DMF/
water mixture gave encouraging results (Table 1, entries 3 and
4), and complete conversion could be achieved also at higher
concentration of the reactants (Table 1, entry S vs 4). This is an
interesting outcome in view of our plan to define a waste-
minimized protocol. Indeed, this experiment proved that it is
possible to use the easily removable solid base and a smaller
amount of medium reaching satisfactory results. Considering
their comparable efficiency, investigation was continued using
only catalyst 1b, which showed a slightly higher activity (Table
1, entries 4 vs 3).

At this point, we proceeded to the screening of safer
media'*'* to be used as alternatives to DMF. Toluene and i-
PrOAc gave no reaction, proving that aqueous media are
necessary for the efficiency of the process (Table 1, entries 6
and 7). Acetonitrile gave comparable results with respect to the
DMEF/water mixture, but it needed slightly longer reaction
times to reach complete conversion of 2a (Table 1, entry 10).
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Table 1. Screening of Optimal Reaction Conditions in Heck
Coupling of Iodobenzene (2a) and Methyl Acrylate (3a)

(0]
I o] 1 (0.1 mol%)
+ R A ~
©/ \)ko/ base ©/\)‘\O

medium
2a 3a 4a
medium T time cony
entry (2a molarity) cat. base (eq) (°C) (h) (%)
1 DME/H,0 (4:1) la  TEA(20) 90 21 100
(02 M)
2 DMF/H,0 (4:1) 1b  TEA (20) 90 21 100
(02 M)
3 DME/H,0 (4:1) la PSTEA 90 30 95
(02 M) (2.0)
4  DMEF/H,0 (4:1) b  PSTEA 90 30 100
(02 M) (2.0)
S DMF/H,0 (4:1) 1b PS-TEA 90 30 100
am) (2.0)
6  Toluene (1 M) 1b PS-TEA 90 30
(2.0)
7 iPrOAc (1 M) b PSTEA 90 30
(2.0)
8 H,0(1M) b PSTEA 90 30 78
(2.0)
9  EtOH az (1 M) b PSTEA 70 30 11
(2.0)
10 CH,CN (1 M) b PSTEA 70 30 90
(2.0)
11 CH,CN/H,0 az. 1b PS-TEA 70 36 100
(1 M) (2.0)
12 CH,CN/H,O az b PSTEA 70 36 100
(1 M)° (1.5)
13 CH,;CN/H,0 az. 1b PS-TEA 70 36 94
(1 M)° (1.0)
14  CH,;CN/H,0 az. 1b PS-TEA 130 2 100
(1 M)* (1.5)

#2a (1.0 mmol), 3a (1.5 mmol). “Conversion of 2a to 4a is measured
by GLC analyses; the remaining material is unreacted 2a. “2a (1.0
mmol), 3a (1.2 mmol).

The use of sole water (Table 1, entry 8) as medium gave
poorer results, confirming the need of combined organic/
aqueous media to reach the highest efficiency. Therefore, we
focused our attention to potentially recoverable media such as
aqueous ethanol or acetonitrile azeotropes (96% and 84%,
respectively). In particular, the use of aqueous azeotropes is
truly interesting because while they combine the properties of
organic and aqueous media, they also have the potential of
being recovered at the end of the reaction and reused without
increasing the amount of waste.

In this Heck coupling, we obtained poor results when EtOH/
water azeotrope was used (Table 1, entry 9). Despite the lower
reaction temperature, encouraging results were obtained with
acetonitrile/water azeotrope as the medium (Table 1, entries
11—14). In fact, quantitative conversion of 2a to 4a was
obtained in 36 h at 70 °C (Table 1, entry 12). The aqueous
acetonitrile azeotrope is a promising alternative to DMF
because it can be removed by distillation at about 75 °C and be
efficiently reused. Moreover, according to solvent selection
guide, CH;CN is an acceptable solvent, and its use as DMF
replacement is recommended.">"*

Afterward, we screened different reaction conditions, using
various amounts of PS-TEA and acrylate 3a in order to reduce
the reagents excess. In addition, we have also measured the Pd
content into isolated product 4a by ICP (Inductively Coupled
Plasma) analyses. We found that in product 4a isolated from
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the reaction in batch at 70 °C (Table 1, entry 12), the
palladium content was 14 ppm. This value is acceptable, but it
does not meet the specification limits fixed for APIs at 5 ppm.>

At this stage, we also considered that the ability of the solid
supports to quantitatively scavenge soluble palladium species
strongly depends on the temperature and medium used.***
Indeed, the same reaction carried out at 130 °C, which was
complete in 2 h (Table 1, entry 14), gave product 4a with only
4 ppm of palladium content (ICP analyses), which meets the
specification limit of 5 ppm.

The reaction conditions shown in Table 1, entry 14, using
1.5 equiv of the supported base, 1.2 equiv of methyl acrylate
(3a), and 130 °C of reaction temperature were adopted as the
optimal conditions for the subsequent experiments.

Several aryl iodides 2a—e were reacted with acrylates 3a—b
(Table 2) and styrenes Sa—b (Table 3) using the optimized

Table 2. Heck Reaction between Aryl Iodides 2a—e and
Alkyl Acrylates 3a—b“

1b (0.1 mol%)

o PS-TEA (1.5 eq) o
At \)J\O/R CHaCN/H,0 az. ArMo’R
130°C,2h
2a-e 3a-b 4a-j
entry product Ar R yield (%)
1 4a Ph CH, 74
2 4b 4-OCH,- C,H, CH, 99
3 4c 4.COCHy CH, CH, 96
4 4d 4-CH,- C(H, CH, 98
S 4e° Ph n-Bu 99
6 af 4-OCH,- C¢H, n-Bu 87
7 4g° 4-COCH;- C,H, n-Bu 97
8 4h° 4.CH, C,H, n-Bu )
9 44 2-iodothiophene CH; 8§
10 4j°4 2-iodothiophene n-Bu 80

“Reaction conditions: aryl iodide 2a—e (1.0 mmol), alkyl acrylate 3a—
b (1.2 equlv) PS-TEA (1.5 equiv), CH;CN/H,0 az. (1 mL), 130 °C,
and 2 h. "Isolated yield of the pure product after filtration of the
reaction mixture and without any further purification step. “1 equiv of
butyl acrylate 3b was used. “Reaction was carried out for 16 h to
achieve complete conversion.

batch conditions and obtaining after 2 h from high to
quantitative yields (Tables 2 and 3). The substrates reacted
are represented in Figure 2. In the case of 2-iodothiophene
(2e), longer reaction times were needed, but excellent results
could be obtained (Table 2, entries 9 and 10).

When styrenes Sa—b were employed, longer reaction times
were needed to achieve quantitative conversions. Because the
stylbene products 6a—h were less soluble in the acetonitrile
azeotrope with respect to the cinnamates 4a—Il, more diluted
conditions were adopted (1.5 mL vs 1.0 mL of medium) in
order to allow an easier recovery of the products. In some cases,
a small amount of the gem-product 7a—h was detected.
Eventually, we observed a small amount (below 2%) of
homocoupling product in the reaction between 4’-iodoaceto-
phenone (2c) and 4-chlorostyrene (5b) (Table 3, entry 7), and
therefore, in this case, product 6g was purified by column
chromatography.

In batch, the recovery of the catalyst is impossible because it
cannot be separated from the supported base after filtration.
Therefore, to recover the catalyst, it is also necessary to recover
and regenerate the solid base and verify that this treatment does
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Table 3. Heck Reaction between Aryl Iodides 2a—d and
Styrenes Sa—b.”

Q@

1b (0.1 mol%)
PS- TEA (1 5eq)

CH3;CN/H,0 az.

130 °C,4h
[ Ir
~ G Ro A
SN .
Ry
R4
6a-h 7a-h
entry  product R, R, yield (%)° 6/7°
1 6a H H 72 95:5
2 6b 4-OCHj;4 H 72 97:3
3 6¢ 4'-COCH;, H 95 92:8
4 6d 4-CH, H 79 95:5
S 6e H 4-Cl 91 92:8
6 6f 4-OCH;4 4-Cl 98 90:10
7 6g 4'-COCH, 4-Cl 834 97:3
8 6h 4-CH; 4-Cl 96 89:11

“Reaction conditions: aryl iodide 2 (1.0 mmol), styrene S (1. O equiv),
PS-TEA (1.5 equiv), CH;CN/H,O az. (1.5 mL) 130 °C, 4 h. *Isolated
yield of the clean mixture of products 6/7 obtained after filtration and
without any further purification step. “Determined by GLC or
"HNMR analyses. FAfter column chromatography purification.

ngaﬁf

R3

2aR;=H 2 3aR,=CHs; 5a R, =

2b Ry = OCH, 3b R, = C4Hg 5b R, = CI
2c Ry = COCH3

2d Ry = CH,

Figure 2. Substrates screened in the Heck reaction under optimized
conditions.

not affect the catalyst chemical integrity and efliciency. These
aspects could not be properly investigated under batch
conditions due to several and obvious practical issues that
hamper the quantitative recovery of the solid mixture of catalyst
1b and PS-TEA base. It should be noticed that mechanical
stirring causes the crunching of the solid, making its recovery
tedious and not reproducible at smaller and mostly at a larger
scale.

We have recently focused the attention on the use of flow
technology as an alternative efficient stirring method able to
preserve the eﬂic1ency of a heterogeneous catalytic system and
minimize waste.* In this context, to recover the mixture of
catalyst and solid base, we decided to apply the flow approach,
which may allow for preserving the physical integrity of the
solid materials during all the stages of the process and simplify
their recovery and reuse.

We have defined a flow protocol by charging a mixture of the
catalyst 1b and the supported base PS-TEA (1.5 equiv) in a
stainless steel HPLC column, while the reactants solution was
charged in another glass column, acting as the reservoir
(Scheme 1).

All the equipment was connected, by using the appropriate
tubes and valves, to a pump and installed into a thermostated
box (not shown in Scheme 1 for clarity). After setting the
temperature at 130 °C, the reaction mixture was cyclically

dx.doi.org/10.1021/5c500584y | ACS Sustainable Chem. Eng. 2014, 2, 2813—2819
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Scheme 1. Schematic Flow Reactor for Representative
Preparation of 4a, 4c, 6a, 6¢

0o 4a 4.5 h, 80%yield E-Factor=12.0
o or
o VJ\OMe ;gf?gﬂ%’;q) flow g«r: 4.5 h, 97%yield E-Factor=7.8
- 3a
CH3CN/H,0 az. 6a 8 h, 76%yield E-Factor=11.5
or 130 °C or
2aor2c o)
@/\ 6c 8 h, 97%yield E-Factor=7.1
5a

* flow selector
* air/solvent valve

v
pump
% &

pumped through the columns at a 2.0 mL/min flow rate for the
time required to obtain quantitative conversion.

As shown in Table 4, in the first run, 4.5 h were required to
achieve reaction completion. The column containing the PS-

Table 4. Reusability of Catalyst in Flow Reactor for
Representative Reaction to Methyl Cinnamate (4a)“

| o 1b (0.1 mol%) A (0]
PS-TEA (1.5 eq) \flow
* \)]\ - > o~
O CH3CN/H,0 az.
130 °C
2a 3a 4a
entry cycle time (h) yield (%)® Pd content in 4a (ppm)©

1 1 4.5 80 4.5

2 2 3 90 4.3

3 3 3 88 42

4 4 3 89 43

54 1 30 75 142

6 2 20 80 14.8

“Todobenzene 2a (50 mmol), methyl acrylate 3a (60 mmol), PS-TEA
(1.5 equiv), medium (50 mL). bIsolated yield of the pure product after
filtration of the reaction mixture and without any other purification
step. “Pd-content into product 4a measured by ICP analyses. %70 °C.

TEA and catalyst was then cyclically washed with a solution of
TEA in acetonitrile/water azeotrope (1.5 equiv of TEA with
respect to the supported base, 2 mL/min, 30 min) to remove
the hydriodic acid formed during the reaction and regenerate
the amine. The column was then cyclically washed with some
azeotrope (2 mL/min, 30 min) to remove residual TEA. After
this treatment, a second batch of reactants was charged in the
reservoir, and quantitative conversion to product 4a was
achieved again (Table 4, entry 2) in only 3 h.

The shortening of the reaction time required to achieve
complete conversion of the aryl iodide in the second run had
already been observed before and was attributed to an increase
in Pd(0) content in the catalytic material, likely due to an in
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situ reduction, which was confirmed by XPS (X-ray Photo-
electron Spectroscopy).*® In this case, it was not possible to
determine the Pd(0) content of the catalyst after use because it
is dispersed into the large amount of solid base and cannot be
separated from it. In these conditions, Pd(0) species cannot be
detected by XPS analyses due to the very low Pd content of the
overall mixture. The reuse of the catalyst was repeated for four
representative runs (Table 4, entries 1—4), achieving a TON of
about 4000 and a TOF of about 0.08 s, and further recycles
may clearly lead to higher values.

The CH;CN aqueous azeotrope used in the reaction was
distilled off and recovered with a high purity (GLC analysis),
totally comparable to the starting azeotropic mixture, thus
being reusable without affecting the reaction yield. After
performing four consecutive runs, no apparent activity loss was
observed, and the products obtained after each cycle of the flow
protocol were subjected to ICP analyses. A Pd content of about
4 ppm was found in all of them (Table 4). To confirm the
results obtained in terms of residual palladium into the product
from the reaction at 70 °C, we realized another flow protocol
carrying out the reaction at 70 °C (Table 4, entries S and 6).

We achieved complete conversion of iodobenzene 2a after 30
h of reaction time (Table 4, entry S). The solid base was
regenerated through the same procedure described above in
order to perform a second cycle. The recycling was successful,
and product 4a was obtained after 20 h of reaction (Table 4,
entry 6), showing again the phenomenon of the reduction of
reaction time.

Both the products from the reaction under flow conditions at
70 °C were isolated and subjected to ICP analyses, confirming a
palladium content of about 14 ppm observed in the
corresponding batch protocol (Table 1, entry 12). The flow
procedure at 130 °C was extended to other representative cases
(Scheme 1) always obtaining comparable results in terms of
yield and Pd content into the products (<S ppm).

To evaluate the sustainability of our protocol, we calculated
the E-Factor’' values of both the batch and flow protocols in
acetonitrile azeotrope. It should be pointed out that these
processes cannot be properly compared because in batch
conditions the heterogeneous base/catalyst mixture cannot be
actually recovered and recycled and therefore must be
accounted for as waste (see Supporting Information for E-
factor calculation of PS-TEA). Therefore, in the case of the
preparation of methyl cinnamate (4a) for the batch protocol, a
value of 11.5 was obtained without considering the waste for
PS-TEA preparation and raises up to 151.

For the corresponding flow protocol, the E-factor value is
12.0, which includes the recovery and reuse of heterogeneous
PS-TEA and catalyst after reactivation of the base with fresh
TEA. This is an important feature proving the effectiveness of
the flow approach because it allowed us to preserve a high-value
material (PS-TEA/catalyst mixture) maintaining a low amount
of waste.

For comparative purpose, we calculated the E-factor for the
batch protocol in a DMF /water mixture finding a much higher
value (>3600) with respect to our batch and flow protocols.
This value is mainly affected by the need of purification steps,
that is, extraction and column chromatography, and by the use
of an unrecoverable reaction medium.

In conclusion, in this contribution, we have reported our
protocol based on the use of a SILLP-based Pd catalyst (10 wt
%) in the Heck reaction. We substituted a highly toxic dipolar
aprotic solvent, such as DMF, commonly used in the Heck
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cross-coupling reaction, with a greener medium, that is,
acetonitrile/water azeotrope. We consider that azeotropes are
promising reaction media because they are recoverable and
reusable allowing for reduction of the waste production.

The possibility of avoiding wasteful workup procedures was
given by the use of a supported base, which could be
regenerated at the end of the reaction. The use of flow
conditions allowed us to define a protocol with minimal
production of waste. The flow approach proved to be an
efficient technological solution to preserve the physical integrity
of the catalyst and also to allow for its easy recovery and
recycle. In addition, with this technique, it is possible to
optimize the use of the solvent required in the process and
minimize waste.

The combination of the flow technique and sustainable
reaction conditions leads to a substantial reduction of the waste
production, as proved by the low E-factor value of 12. Finally,
by adjusting the reaction conditions, we were able to limit the
amount of leached palladium in the final product, thus
matching the specification limits of S ppm for APL
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