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Abstract: With the aim of developing efficient flow-through microreactors for high-throughput
organic synthesis, in this work, microreactors were fabricated by chemically immobilizing palladium-
, nickel-, iron-, and copper-based catalysts onto ligand-modified poly(glycidyl methacrylate-co-
ethylene dimethacrylate) [poly(GMA-co-EDMA)] monoliths, which were prepared inside a silicosteel
tubing (10 cm long with an inner diameter of 1.0 mm) and modified with several ligands including 5-
amino-1,10-phenanthroline (APHEN), iminodiacetic acid (IDA), and iminodimethyl phosphonic acid
(IDP). The performance of the resulting microreactors in Suzuki—Miyaura cross-coupling reactions
was evaluated, finding that the poly(GMA-co-EDMA) monolith chemically modified with 5-amino-
1,10-phenanthroline as a binding site for the palladium catalyst provided an excellent flow-through
performance, enabling highly efficient and rapid reactions with high product yields. Moreover, this
monolithic microreactor maintained its good activity and efficiency during prolonged use.
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1. Introduction

High-throughput synthesis is required in the globally competitive life sciences indus-
try, and so far, substantial efforts have been dedicated to the development of high-speed
synthesis tools and techniques. In this context, microreactors have received considerable
interest in organic synthesis due to their effective and efficient chemical reactions, which
benefit from their fast kinetic rates, rapid mass transfer, high yields, short reaction times,
cost reduction, and low waste production. Additionally, microreactors facilitate the scale-up
of industrial chemical processes and the development of automated solution-phase synthe-
ses. Generally, the most widely used microreactors are based on a microfluidic technology
that employs capillary tubes [1-3] and microchips/microchannels [4-9]; however, in these
systems, metal catalysts are difficult to recover and reuse. The presence of residual catalysts
in the products can generate problems in the synthesis of functional substrates. To over-
come this drawback, approaches such as the loading of metal catalysts onto carbon [10,11]
or resins [12-16] have been resorted to. So far, flow-through microreactors prepared by
immobilizing metal catalysts onto polymeric supports in a chromatography column are
the most efficient microreactor technologies. For example, microreactors prepared using
nickel or palladium catalysts supported on microporous silicate [17], styrene-based poly-
mers [18-20], and polyurea [21] have been applied to Suzuki—Miyaura cross-coupling
reactions. However, the effectiveness of these microreactors still needs improvement in
term of mass transfer and stability of the catalytic species loaded onto the surface of the
solid support material. Consequently, the development of this type of microreactor remains
a challenge.
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Fundamentally, a flow-through microreactor consists of two components: a ligand
and a polymeric support material [22,23]. The properties of both components are essential
for the characteristics and application of the microreactor [24]. The ligand is crucial for
the highly selective binding of the metal catalyst, and the polymeric support is essential
to improve the mechanical strength, chemical stability, mass transfer, and reusability of
the microreactor [25-28]. The use of organic polymer supports for the immobilization
of ligands has been widely investigated. Over the past decade, a single piece of porous
material, the so-called “monolith”, has attracted increasing attention and interest due to its
high permeability and excellent mass transfer, which allows achieving rapid separations
and reactions at high flow rates with minimal loss of column efficiency. By taking advan-
tage of these properties, we achieved rapid separations of proteins and DNA on a time
scale of seconds [29-31]. Moreover, monoliths have great potential as highly efficient cata-
lyst supports for Suzuki-Miyaura [32-34] and Heck cross-coupling reactions [34,35] and
other organic synthesis reactions [36—40]. In the present paper, we discuss the challenges
encountered in the development of a microreactor using poly(glycidyl methacrylate-co-
ethylene dimethacrylate) [poly(GMA-co-EDMA)] monoliths and their applicability to the
Suzuki-Miyaura cross-coupling reaction. We investigated several types of ligands and
metal catalysts immobilized in the methacrylate-based monolithic column for an effective
cross-coupling reaction.

2. Results and Discussion

In a direct effort to develop a flow-through microreactor, we prepared poly(GMA-co-
EDMA)-based monolithic microreactors containing APHEN, IDA, and IDP as the ligands
and Pd(II), Ni(II), Fe(II), and Cu(ll) as the metal catalysts, as summarized in Table 1. The
poly(GMA-co-EDMA) monolith was polymerized in situ within the silicosteel tubing as
described in the Materials and Methods section.

Table 1. Metal-immobilized Poly(GMA-co-EDMA)-based monolithic flow-through microreactors.
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2.1. Optimization of Chemical Reagents for Flow-Through Cross-Coupling Reactions

To conduct the flow-through cross-coupling reactions, we first focused on the optimiza-
tion of the reaction solvent using methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH),
and isopropyl alcohol (IPA) with each concentration of 50% (v/v) by employing the flow
system depicted in Figure 1. Bromobenzene (1) and 4-methylphenylboronic acid (2) as
substrates and Na3POy as a base were passed through the Pd(II)/ APHEN-immobilized
monolith microreactor 1 (M1) with a residence time of 12 s at room temperature (27 °C). The
products were successively collected in a vial and analyzed by HPLC using a homemade
reverse phase monolithic column (10 cm long, 1.0 mm i.d.) of poly(LMA-co-EDMA) [29]
and acetonitrile/water (50:50, v/v) as an eluent. As shown in Figure 2a, the reaction solvent
of IPA proceeded the highest yield (89%) of the 4-methylbiphenyl (3) cross-coupling prod-
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uct, whereas the resulted byproduct of 4,4-dimethylbiphenyl (4) is comparable (5-7%) for
all solvents at a reaction time of 12 s. Then, using a similar reaction, the IPA concentration
was varied from 30 to 70% (v/v). As shown in Figure 2b, it was found that the reaction
efficiency, indicated by the yield of the cross-coupling product (3), greatly improved up to
IPA 50% (v/v). The yield of the cross-coupling product gradually decreased at IPA > 50%
(v/v). It seems that when the proportion of water is around 50% (corresponding to IPA
concentration of 50%), the solubility of Na3PQOy, as the base, reaches saturation. However,
when the proportion of water is lower than 50% (IPA > 50%), the base (Na3zPO,) remains
undissolved in the solvent, leading to a decrease in reaction efficiency. In addition, bro-
mobenzene (1), as a substrate, is insoluble in water. Therefore, when the proportion of
water exceeds 50% (IPA < 50%), its solubility gradually decreases, causing a decrease in
reaction efficiency. Then, IPA 50% (v/v) was applied for further experiment as the reaction
solvent. The use of Na3zPOy as the base for the Suzuki-Miyaura reaction in this work was
adopted from Zhang [41].

’ cross-coupling
products

b)

Figure 1. (a) Flow-through microreactor system for Suzuki-Miyaura cross-coupling reactions and (b)
HPLC system for the analysis of cross-coupling products. R1: aryl-X, R2: 4-methyl boronic acid and
Na3POy, R3: acetonitrile/water (50:50 v/v), P: HPLC pump, C1: monolithic microreactors M1-M6
(I mmid. x 100 mm length), C2: poly(lauryl methacrylate-co-ethylene dimethacrylate) monolithic
column (1 mm i.d. x 100 mm length).
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Figure 2. Effect of solvent (a) and (b) concentration of IPA on the reaction of bromobenzene with
4-methylphenylboronic acid using the microreactor M1. Reaction time inside M1 was 12 s, and reaction
temperature was 27 °C. MeOH: methanol, EtOH: ethanol, 1-PrOH: 1-propanol, IPA: isopropyl alcohol.
Mole ratio of bromobenzene/4-methylphenylboronic acid/NazPOy = 1:1:1.
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Using the flow system (Figure 1) and similar reaction as in Figure 2, we then opti-
mized the mole ratio of cross-coupling reagents and base. The yields of the products,
i.e., 4-methylbiphenyl (3) as a cross-coupling product and 4,4’-dimethylbiphenyl (4) as a
byproduct, are given in Table 2. It was found that a cross-coupling product was obtained
with a yield close to 100% from the substrate (aryl-X) by adding 4-methylphenylboronic
acid (2) at a molar ratio of more than 1.2. However, the amount of byproduct 4 increased
upon increasing the amount of either 4-methylphenylboronic acid (2) or the base. Since the
cross-coupling product was obtained almost quantitatively even at stoichiometric molar
amounts and considering the formation of the byproduct and the yield of the cross-coupling
product, we selected a substrate (aryl-X)/4-methylphenylboronic acid /Na3zPO4 molar ratio
of 1:1:1 for the subsequent experiments.

Table 2. Optimization of the mole ratio of cross-coupling reagents and base.

O % ooy H 9,
IPA 50% (v/v), 27°C

Reaction time: 12 s

1 4
Mol 1 Mol 2 Mol NazPOy Yield 3 (%) Yield 4 (%)
1 1 0.1 7 1
1 1 0.5 50 5
1 1 1 89 7
1 1 1.5 90 10
1 1.2 1 97 9
1 1.5 1 99 11

IPA: isopropyl alcohol; microreactor: Pd(II)-immobilized monolith poly(GMA-co-EDMA) (M1).

By performing the reaction described in Table 2, we examined the reaction time for the
reaction of bromobenzene (1) with 4-methylphenylboronic acid (2), finding no significant
difference in the yields from 12 s to 600 s (Figure 3). Surprisingly, the coupling reaction
proceeded smoothly in M1 and afforded a quantitative yield (89%) of 4-methylbiphenyl (3)
within 12 s at room temperature. In other microreactors reported so far [42—46], a higher
temperature and a longer reaction time were often required to obtain quantitative yields in
Suzuki-Miyaura cross-coupling reactions. The rapidity of reaction in this work (within
several seconds) could be attributed to the high surface area of the poly(GMA-co-EDMA)
monolith as a polymeric support of the metal catalyst, which can provide improved kinetic
rates. In addition, room-temperature transformation is a highly desirable process from a
synthetic point of view. This phenomenon can be explained by the pore size distribution of
the poly(GMA-co-EDMA) monolith used in this work. Since we used a similar composition,
ratio, and size of the silicosteel tubing to prepare the poly(GMA-co-EDMA) monolith as in
our previous work [24], we assume that the present monolith has similar characteristics
to those of the product obtained therein, such as total (¢t), external (¢¢), and internal (¢;)
porosities of 0.63, 0.25, and 0.39, respectively. This monolith exhibits predominantly a
mesopore character because the internal porosity is higher than the external porosity, which
represents the flow-through pore character. We determined the pore size distribution of
the monolith to be 33.8% macropores/flow-through pores (>50 nm, 63.3% mesopores
(2-50 nm), and 2.9% micropores (<2 nm). Mesopores in a range of 5-15 nm were favorable
(51.2%), and the volume fraction for flow-through pores (>300 nm) was 23.7%. In general,
to achieve a favorable mass transfer in monoliths, the volume of mesopores should be
minimized and the macropores/flow-through pores should be maximized. It should be
noted, however, that surface interactions are mainly dependent on the mesopores and
micropores. A large surface area (represented by mesopores) is required to achieve an
appropriate exposure of the ligands for postchemical modification and an adequate binding
of the catalysts [47]. Mesopores are preferred over micropores because micropores might
result in adverse irreversible adsorption and high flow resistance. As a result, the monolith
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support must have sufficient porosity to reach a balance between flow-through pores
(macropores) and a large surface area (mesopores) to achieve excellent ligand and catalyst
binding for the intended application. In addition, the reaction space, represented by the size
of flow-through pores in our previous poly(GMA-co-EDMA) monolith, is several to several
tens of micrometers [31]. Therefore, diffusion distance is quite short, and then the substrates
are effectively collided and react with each other in a small space existing immobilized
Pd(II). Furthermore, an irregular flow channel will accelerate the agitation [48,49]. Thus,
the catalytic reaction would be effectively carried out in this Pd(II)-immobilized monolithic
microreactor (M1).

0] 2 4 6 8 10
Retention time/ min

Figure 3. Chromatogram of the cross-coupling products of the Suzuki-Miyaura reaction at different
reaction times. Mole ratio of bromobenzene/4-methylphenylboronic acid /Na3POy = 1:1:1, microreactor:
M1, reaction times: 12 s (a), 60 s (b), 300 s (c), 600 s (d), 0 s (e), reaction temperature: 27 °C.

2.2. Effect of the Metal Catalyst and Ligands on the Efficiency of Flow-Through
Cross-Coupling Reactions

Next, we investigated the effect of the metal catalyst by evaluating Pd(II), Ni(II), Fe(II),
and Cu(Il) catalysts binding to the APHEN ligand in the M1-M4 microreactors according to
the reaction depicted in Table 2. As shown in Figure 4, M1 provided superior performances
compared with M2-M4. Assuming that the reaction proceeds via a similar mechanism
for all metal catalyst/ APHEN-immobilized poly(GMA-co-EDMA) monoliths, it can be
concluded that the Pd(II) catalyst exhibited the highest reaction rate because it afforded the
highest yield of 4-methylbiphenyl (3) within a short time. Generally, Pd(0) is regarded as
the catalytically active species in Pd catalysis. In contrast, Ni(II), Fe(Il), and Cu(Il) are not so
readily reduced by the base, solvent, or ligand to the corresponding metal(0) species, which
could be invoked to explain the lower reaction rates and yields obtained with the Ni(Il)-,
Fe(II)-, and Cu(Il)-immobilized M2-M4 microreactors. According to previous reports
showing that the use of Zn(Il) as a reductant in the Ni(ll)-catalyzed Suzuki-Miyaura
reaction promotes the conversion from Ni(Il) to Ni(0) at elevated temperature (80 °C-
130 °C) [50,51], the addition of reductants could be expected to improve the result of
the M2-M4 system. However, such a high temperature is not conducive to the present
coupling reaction conducted at room temperature.
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Figure 4. Effect of metal catalysts on the reaction of bromobenzene with 4-methylphenylboronic acid.
Other conditions were similar to those in Figure 3.

We also examined the efficiency of the poly(GMA-co-EDMA)-based microreactors
possessing different ligands (M1, M5, M6) and Pd(II) as a catalyst in the Suzuki-Miyaura
reaction of bromobenzene (1) with 4-methylphenylboronic acid (2). As can be seen in
Figure 5, the yield of 3 in M6 (IDP ligand) increased with increasing the reaction time,
reaching 80% at 600 s. In contrast, M1 (APHEN ligand) and M5 (IDA ligand) afforded 3
in a higher yield (89%) with a faster reaction rate. M1 outperformed M5 slightly because
it produced 3 in a higher yield at a reaction time of <60 s, although both microreactors
generated comparable yields at longer reaction times. Additionally, the production of
byproduct 4 in M5 increased slightly with increasing the reaction time. We attribute the
different results obtained with M1, M5, and M6 to the different binding of Pd(II) to each
ligand. Thus, Pd(II)-IDP forms an eight-membered ring complex that is less stable than the
five- and six-membered rings of Pd(II)-APHEN and Pd(II)-IDA, respectively. Therefore,
Pd(II) is adsorbed more strongly in M1 and M5 than in Mé. In addition, the -NH; group
of APHEN is more reactive than the -NH group of IDA, which could result in a higher
amount of APHEN being attached to the monolith support via the ring-opening of the
electrophilic epoxy groups. To prove our hypothesis, we analyzed the amounts of Pd in the
microreactors by ICP-MS. For this experiment, the monoliths inside the M1, M5, and M6
microreactors were removed from the column by applying a high pressure of over 20 MPa,
dried at 105 °C for 24 h, and subsequently digested via microwave-assisted acid digestion.
We found that the Pd content in M1, M5, and M6 was 250, 180, and 80 nmol, respectively.
These amounts correspond to the amount of ligand in the microreactors because a 1:1
metal-ligand complex is formed in each case, which confirms our hypothesis.
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>
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<
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Figure 5. Effect of ligands on the reaction of bromobenzene with 4-methylphenylboronic acid. Other
conditions were similar to those in Figure 3.
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Having selected M1 as the best microreactor, we then explored the substrate scope of the
present Suzuki-Miyaura cross-coupling reaction. We initially chose 4-methylphenylboronic
acid (2) as the common electrophilic coupling partner of aryl halides. As shown in Table 3,
4-methylphenylboronic acid (2) reacted with aryl halides to afford the corresponding biphenyl
3 in good to excellent conversions (Table 3, entries 1-3) within 12 s at room temperature. In
contrast, aryl chloride afforded a poor result due to its weak reactivity compared with that of
aryl iodide, bromide, and trifluoromethyl sulfonate (Table 3, entry 4).

Table 3. Substrate (Aryl-X) scope of the coupling reaction.

O

O

Na,;O, R

et Sas

IPA 50% (v/v), 27°C

Cross-coupling product

byproduct

Yield (%), [1 Indicates the Yield of Byproduct

Ent Aryl-X Cross-Coupling Product
i Y Ping 12s*2 60 s *2 300 s *2 600 s *2
=\ =\
g p— ) -
1 Q Vs 93 [4] - -
3
— =
2 @ Y Y 89 7] - - -
3
O\ } CFy //T:\\—//-\
3 Qof% N/ \/ 74 [13] - - -
3
7\
4 b 2 [16] - - -
5 ‘”‘ﬂ// - 93 [4] 99 - -
6 Hooe o 88 [6] 99 - -
HO- / \ B
7 46 [8] 50 [9] 62  [14] 69  [15]
7—\\\
8 ne— B 95 99 - -
9 @E, / 7\ \ 84 [6] 99 - -
9
/A . 7 *\\/—/:\f—
10 AA~A_ NN\ 60 7] 63 [10] 74 [13] 99
— 10
o, CH,
11 @m 7 [ 55 B e [ 75 [9]
11
CH,
CH,
12 C% O O 2B o2 [ 3% 8 % [
Ci

12

*2 Reaction time; IPA: isopropyl alcohol; microreactor: Pd(II)-immobilized poly(GMA-co-EDMA) monolith (M1).
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Then, we evaluated other types of electrophilic substrates having electron-withdrawing
and donating groups. Aryl bromides possessing an -NO, or -COOH group at para po-
sition produced excellent yields (>99%) of the corresponding biphenyls 5 and 6 within
60 s (Table 3, entries 5 and 6), and a fairly good conversion was achieved with 4-hydroxy
bromobenzene (Table 3, entry 7) after 600 s. As the electron-withdrawing groups, the nitro
and carboxyl stabilized carbocation in the reactions, while the hydroxyl group donated
electrons, making the carbocation less stable.

To further examine the suitability of M1, we conducted the reactions of sterically
hindered substrates of bromobenzene derivatives with 4-methylphenylboronic acid (2).
Substrates bearing electron-donating groups at meta (Table 3, entry 8) and para (Table 3,
entry 9) positions smoothly underwent the coupling reaction to afford complete conversion
of the desired biphenyl products 8 and 9 within only 60 s. The presence of a longer chain in
the donating-electron group at para position (Table 3, entry 10) also resulted in an excellent
yield of biphenyl 10 within 600 s. However, for ortho-substituted substrates, the conversions
decreased to 75% (Table 3, entry 11) and 52% (Table 3, entry 12) at a reaction time of 600 s
due to steric hindrance.

We also examined the chemical stability of Pd(II)-immobilized monolithic microreactor
via APHEN ligand (M1) by passing bromobenzene (1) through the microreactor at a
reaction time of 12 s for at least 20 cycles. As shown in Figure 6, the yield of a cross-
coupling product, 4-methylbiphenyl (3), was 89.08 & 0.76% (A1) with and the retention
time of 5.46 + 0.66 min (A2) whereas the yield and retention time of a byproduct, 4,4’-
dimethylbiphenyl (4), were 7.16 &= 0.34% (B1) and 7.21 & 0.10 min (B2), respectively. All
reaction products and retention times after 20 cycles do not change significantly since
the relative standard deviations (RSDs) are less than 5%. Additionally, we also thought
that a small amount of Pd had been eluted, and we tried to determine Pd in the effluent
by ICP-MS, but it was below the detection limit (not detected). These results indicated
that the monolithic microreactor M1 provides good chemical stability and efficiency for
cross-coupling reactions.

100 e — 10
R T anan o S on o S S S o ) S Y

c

80 B2 m= e e e > 8 =

S 60 1 A2 = »|16 g

a') - -

£ 40 4 S

©

20 - -2 =

A= ———— Bl &’
*——0—0—0—0—000 00990000000

0 r r r r 0

0 2 4 6 8 10 12 14 16 18 20
Number of cycle

Figure 6. The chemical stability test of Pd(II)-immobilized monolithic microreactor (M1) through

the reaction of bromobenzene with 4-methylphenylboronic acid. Reaction time inside M1 was

12 s. Other conditions are simar as in Figure 3. Al and A2 are the cross-coupling product and

retention time of 4-methylbiphenyl, respectively. B1 and B2 are the byproduct and retention time of

4,4'-dimethylbiphenyl.

The thermal stability of the microreactor M1 was examined by introducing bro-
mobenzene (1) with 4-methylphenylboronic acid (2) in the reaction temperature range
of 27 °C to 80 °C. As shown in Figure 7, the results showed no significant change of the
4-methylbiphenyl cross-coupling product (3) and the 4,4’-dimethylbiphenyl byproduct (4)
at all reaction temperatures examined, indicating good thermal stability of the microreactor.
Additionally, from a synthetic point of view, it is advantageous because this microreactor
can work at room temperature and gives good results for cross-coupling reactions.
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Figure 7. The thermal stability test of the microreactor M1 at various temperatures for the reaction of
bromobenzene with 4-methylphenylboronic acid. Reaction time inside M1 was 12 s. Mole ratio of
bromobenzene /4-methylphenylboronic acid /NazPO, = 1:1:1.

3. Materials and Methods
3.1. Reagents

All chemicals were used as received without further purification. For the preparation
of poly(GMA-co-EDMA) monoliths inside a silicosteel tubing, glycidyl methacrylate (GMA),
ethylene dimethacrylate (EDMA), 1-propanol, 1,4-butanediol, and 2,2-azobis(isobutyronitrile)
(AIBN) were purchased from Wako Pure Chemicals (Osaka, Japan), and 3-methacryloxypropyl
trimethoxysilane (MPS) was supplied by Sigma-Aldrich (Tokyo, Japan). The ligands 5-amino-
1,10-phenanthroline (APHEN), iminodiacetic acid (IDA), and iminodi(methyl phosphonic
acid) (IDP) were obtained from Sigma-Aldrich Japan (Tokyo, Japan). PdCl,.(CH3CN); of
the highest pure grade commercially available was purchased from Sigma-Aldrich Japan.
Similarly, NiCl,, FeCl,, and CuCl, were also obtained from the same company. For the Suzuki-
Miyaura cross-coupling reactions, iodobenzene, bromobenzene, chlorobenzene, phenyl tri-
fluoromethanesulfonate, 4-bromonitrobenzene, 4-bromobenzoic acid, 4-bromophenol, 2-
bromotoluene, 3-bromotoluene, 4-bromotoluene, 4-pentylbromobenzene, 2,6-dimethylbromo
benzene, 4-methylbiphenyl, and 4,4’-dimethylbiphenyl were purchased from Tokyo Kasei
(Tokyo, Japan). NazPO4 was obtained from Sigma-Aldrich Japan, and isopropanol and 4-
methylphenylboronic acid were purchased from Wako Pure Chemicals. As organic solvents,
acetonitrile, tetrahydrofuran, methanol, dimethyl sulfoxide (DMSO), and acetone were also
supplied by Wako Pure Chemicals. Water used in all the experiments was purified by an
ELIX 10/Milli-Q Element A-10 purification system (Millipore).

3.2. Procedure for the Preparation of Flow-Through Monolithic Microreactors

The preparation of the microreactors comprised the following three steps: (a) prepara-
tion of the poly(GMA-co-EDMA) monolith as a polymer base, (b) chemical reaction of the
ligands with the epoxy group of the organic polymer monolith, and (c) immobilization of
the catalyst by binding it to the ligand. In situ copolymerization inside a silicosteel tubing
(1.02mmi.d., 1/16 o.d., GL Sciences, Tokyo, Japan) was used to create the poly(GMA-co-
EDMA) monolith. According to a methodology outlined in our previous work [29], to
provide olefins on the inner tube wall of the silicosteel tubing for covalently binding the
organic polymer monolith, the tubing was first silanized with MPS. After that, the treated
tubing was cut into the necessary length (100 mm long in this study). All of the poly-
merization mixture’s components were transferred to a glass vial, composing of 6000 puL
GMA, 2000 uL EDMA, 7000 pL 1-propanol, 4000 uL 1,4-butanediol, 1000 uL water, and
AIBN as an initiator (1 wt. percent of the total monomer). Before filling the silanized
silicosteel tube, the resulting solution (the mixture of monomers, porogen, and initiator)
was ultrasonically homogenized for 10 min. The tube was then placed in an oven for 24 h
at 60 °C after both ends were sealed with stainless fittings to complete the polymerization
process. The poly(GMA-co-EDMA) monolith was washed with ethanol and water using
a high-pressure liquid chromatography (HPLC) pump to remove the leftover porogenic
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solvent and unreacted monomers inside the monolithic column. Subsequently, the lig-
ands (APHEN, IDA, and IDP) were chemically functionalized to the polymeric support
by ring-opening the monolith’s epoxy groups by passing each 0.1 mmol ligand solution
in DMSO (1 mL) through the poly(GMA-co-EDMA) monolithic column using a syringe
pump (MSP-DT2 model, As One Itd, Osaka, Japan) with a flow rate of 5 pL./min. The
column was then placed in the oven at 60 °C for 14 h after both ends were sealed with
stainless fittings. Before further treatment, the column was washed for 1 h with ethanol and
water using an HPLC pump with a flow rate of 50 uL/min. Then, 0.1 mmol solutions of
Pd(II), Ni(Il), Cu(Il), and Fe(II) in acetone (2 mL) were retained on the ligand-immobilized
monolithic support by passing the catalyst solution through the monolithic column using
the syringe pump with a flow rate of 5 uL/min at room temperature (27 °C). In the case
of NiCl,, this compound was dissolved in acetone/water with a ratio of 4:1 (v/v). All
monolithic microreactors were washed for 1 h with acetone and water before use at flow
rate of 50 uL/min. At this flow rate, the pressure drop of all microreactors was in the range
of 0.6-0.7 MPa using water as a solvent.

3.3. Instrumentation and Measurement

The flow system for the evaluation of the microreactors consisted of a Shimadzu
modular system equipped with two HPLC pumps (LC-20AD), a communication bus
module (CBM-20A), and a column oven (CTO-20AC), as shown in Figure 1a. Flow lines
were made of PEEK tubing (0.13 mm i.d., 1/16” o.d.), and T-pieces made of PEEK were
used as a mixing joint. The Suzuki-Miyaura cross-coupling reagents (R1, R2) with a
concentration of 10 mM were introduced into the flow system and passed through the
monolithic microreactor at various flow rates ranging from 8 uL/min to 390 uL/min,
which correspond to reaction times of 12600 s inside the monolithic microreactor, to
form the biphenyl products. After the reaction product was collected in a small vial,
it was immediately analyzed by injecting 1 pL of the effluent into the HPLC system
(Figure 1b), which was equipped with pumps and a communication bus module similar
to that of Figure 1a, a Rheodyne 8125 injector with a homemade 1 pL sample loop, a
model SPD-20A UV /VIS detector with a semimicro flow cell (2.5 puL.), and a homemade
reverse phase column of poly(lauryl methacrylate-co-ethylene dimethacrylate) [poly(LMA-
co-EDMA)] [29]. The separation of the products was conducted under isocratic elution
by employing acetonitrile /water (50:50 v/v) as a mobile phase at room temperature and a
flow rate of 0.05 mL/min. System control and data acquisition were performed using the
Shimadzu LC solution software.

To determine the catalyst amount that was immobilized into the microreactor, the
monoliths were removed from the column by applying a high pressure of over 20 MPa
followed by drying at 105 °C for 24 h. These samples were then weighed, transferred
into a 100 mL poly(tetrafluoroethylene) vessel, and subjected to acid digestion using a
mixture of 60% ultrapure HNOj3 (4 mL) and 30% ultrapure H,O, (1 mL) in an ETHOS E
Microwave Extraction System (Milestone General, Italy). The microwave heating program
for the digestion was as follows: The temperature increased from room temperature to
70 °C within 2 min at 1000 W. For safety considerations, the temperature was reduced
to 50 °C (0 W) in 3 min before heating continually to 200 °C (1000 W) over a 10 min
period. The temperature and power were then maintained at this level for 25 min, followed
by a 60 min cooling period inside the oven. This procedure was repeated twice. Then,
the concentration of the catalyst in the digested samples, which contained an internal
standard solution of 8?Y (10 ppb), was determined via high-resolution inductively coupled
plasma mass spectrometry (ICP-MS; ELEMENT?2, Thermo Fisher Scientific, USA) at the
middle-resolution mode (R = 4000).

4. Conclusions

In conclusion, we fabricated flow-through microreactors using a poly(GMA-co-EDMA)
monolith prepared by in situ copolymerization of GMA and EDMA as the polymer support.
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Subsequently, several kinds of ligands and metal catalysts were chemically immobilized
onto the monolith. The M1 microreactor, which consisted of the poly(GMA-co-EDMA)
monolith chemically attached with APHEN as a binding site to the Pd(Il) catalyst, pro-
vided an excellent flow-through performance in Suzuki—Miyaura cross-coupling reactions,
enabling highly efficient (high yield) and rapid syntheses (from 12 to 600 s at room tem-
perature). Moreover, this microreactor maintained its good activity and efficiency after
prolonged use. The present monolithic microreactor has great potential for flow-through
and high-speed cross-coupling organic synthesis.

Author Contributions: Conceptualization, A.S., K.Y., T.U.; writing-original draft preparation, A.S.,
T.U.; writing-review and editing, A.S., K.Y., T.U.; supervision, A.S., T.U.; investigation, S.S., A.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data in this study are available upon request from the correspond-
ing authors.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Jin, J; Cai, M.-M,; Li, J.-X. Highly Efficient Suzuki Coupling of Aryl Chlorides in a Continuous Flow Capillary Microreactor.
Synlett 2009, 15, 2534-2538.

2. Shi, G.; Hong, F,; Liang, Q.; Fang, H.; Nelson, S.; Weber, S.G. Capillary-based, serial-loading, parallel microreactor for catalyst
screening. Anal. Chem. 2006, 78, 1972-1979. [CrossRef] [PubMed]

3.  Basheer, C; Hussain, FS.J.; Lee, HK,; Valiyaveettil, S. Design of a capillary-microreactor for efficient Suzuki coupling reactions.
Tetrahedron Lett. 2004, 45, 7297-7300. [CrossRef]

4. Uozumi, Y,; Yamada, YM.A.; Beppu, T.; Fukuyama, N.; Ueno, M.; Kitamori, T. Instantaneous Carbon-Carbon Bond Formation
Using a Microchannel Reactor with a Catalytic Membrane. J. Am. Chem. Soc. 2006, 128, 15994-15995. [CrossRef]

5. Min, K.-I; Lee, T.-H.; Park, C.P.; Wu, Z.-Y.; Girault, H.H.; Ryu, L; Fukuyama, T.; Mukai, Y.; Kim, D.-P. Monolithic and flexible
polyimide film microreactors for organic microchemical applications fabricated by laser ablation. Angew. Chem. Int. Ed. 2010, 49,
7063-7067. [CrossRef] [PubMed]

6. Nagaki, A.; Kenmoku, A.; Moriwaki, Y.; Hayashi, A.; Yoshida, J. Cross-Coupling in a Flow Microreactor: Space Integration of
Lithiation and Murahashi Coupling. Angew. Chem. Int. Ed. 2010, 49, 7543-7547. [CrossRef] [PubMed]

7. Usutani, H.; Tomida, Y.; Nagaki, I.; Okamoto, H.; Nokami, T.; Yoshida, J. Generation and Reactions of o-Bromophenyllithium
without Benzyne Formation Using a Microreactor. J. Am. Chem. Soc. 2007, 129, 3046-3047. [CrossRef] [PubMed]

8. Ye,S.;Hamakawa, S.; Tanaka, S.; Sato, K.; Esashi, M.; Mizukami, F. A one-step conversion of benzene to phenol using mems-based
Pd membrane microreactors. Chem. Eng. J. 2009, 155, 829-837. [CrossRef]

9. Nagaki, A,; Togai, M.; Suga, S.; Aoki, N.; Mae, K; Yoshida, ]. Control of Extremely Fast Competitive Consecutive Reactions using
Micromixing. Selective Friedel-Crafts Aminoalkylation. J. Am. Chem. Soc. 2005, 127, 11666-11675. [CrossRef] [PubMed]

10. Maegawa, T.; Kitamura, Y.; Sako, S.; Udzu, T.; Sakurai, A.; Tanaka, A.; Kobayashi, Y.; Endo, K.; Bora, U.; Kurita, T.; et al.
Heterogeneous Pd/C-Catalyzed Ligand-Free, Room-Temperature Suzuki-Miyaura Coupling Reactions in Aqueous Media. Chem.
Eur. J. 2007, 13, 5937-5943. [CrossRef] [PubMed]

11. Kitamura, Y.; Sako, S.; Tsutsui, A.; Monguchi, Y.; Maegawa, T.; Kitade, Y.; Sajiki, H. Ligand-Free and Heterogeneous Palladium on
Carbon-Catalyzed Hetero-Suzuki-Miyaura Cross-Coupling. Adv. Synth. Catal. 2010, 352, 718-730. [CrossRef]

12.  Zhang, ].; Zhang, W.; Wang, Y.; Zhang, M. Palladium-Iminodiacetic Acid Immobilized on pH-Responsive Polymeric Microspheres:
Efficient Quasi-Homogeneous Catalyst for Suzuki and Heck Reactions in Aqueous Solution. Adv. Synth. Catal. 2008, 350, 2065~
2076. [CrossRef]

13. Altava, B.; Burguete, M.I1,; Garcia-Verdugo, E.; Karbass, N.; Luis, S.V.; Puzary, A.; Sans, V. Palladium N-methylimidazolium
supported complexes as efficient catalysts for the Heck reaction. Tetrahedron Lett. 2006, 47, 2311-2314. [CrossRef]

14. Kobayashi, Y.; Tanaka, D.; Danjo, H.; Uozumi, Y. A Combinatorial Approach to Heterogeneous Asymmetric Aquacatalysis with
Amphiphilic Polymer-Supported Chiral Phosphine-Palladium Complexes. Adv. Synth. Catal. 2006, 348, 1561-1566. [CrossRef]

15. Hocke, H.; Uozumi, Y. PS-PEG resin-supported palladium-MOP complexes. Application in asymmetric 7-allylic reduction.

Tetrahedron 2004, 60, 9297-9306. [CrossRef]


http://doi.org/10.1021/ac051844+
http://www.ncbi.nlm.nih.gov/pubmed/16536435
http://doi.org/10.1016/j.tetlet.2004.08.017
http://doi.org/10.1021/ja066697r
http://doi.org/10.1002/anie.201002004
http://www.ncbi.nlm.nih.gov/pubmed/20575129
http://doi.org/10.1002/anie.201002763
http://www.ncbi.nlm.nih.gov/pubmed/20818635
http://doi.org/10.1021/ja068330s
http://www.ncbi.nlm.nih.gov/pubmed/17323950
http://doi.org/10.1016/j.cej.2009.09.007
http://doi.org/10.1021/ja0527424
http://www.ncbi.nlm.nih.gov/pubmed/16104743
http://doi.org/10.1002/chem.200601795
http://www.ncbi.nlm.nih.gov/pubmed/17444548
http://doi.org/10.1002/adsc.200900638
http://doi.org/10.1002/adsc.200800304
http://doi.org/10.1016/j.tetlet.2006.02.023
http://doi.org/10.1002/adsc.200606146
http://doi.org/10.1016/j.tet.2004.07.093

Molecules 2021, 26, 7346 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Oe, Y,; Uozumi, Y. Highly Efficient Heterogeneous Aqueous Kharasch Reaction with an Amphiphilic Resin-Supported Ruthenium
Catalyst. Adv. Synth. Catal. 2008, 350, 1771-1775. [CrossRef]

Greenway, G.M.; Haswell, S.J.; Morgan, D.O.; Skelton, V.; Styring, P. The use of a novel microreactor for high throughput
continuous flow organic synthesis. Sens. Actuators B Chem. 2000, 63, 153-158. [CrossRef]

Phan, N.T.S.; Khan, J.; Styring, P. Polymer-supported palladium catalysed Suzuki-Miyaura reactions in batch and a mini-
continuous flow reactor system. Tetrahedron 2005, 61, 12065-12073. [CrossRef]

Mennecke, K.; Kirschning, A. Polyionic polymers—Heterogeneous media for metal nanoparticles as catalyst in Suzuki-Miyaura
and Heck-Mizoroki reactions under flow conditions. Beilstein J. Org. Chem. 2009, 5, 21. [CrossRef]

Lan, Y,; Zhang, M.; Zhang, W.; Yang, L. Enhanced Pd-catalyzed hydrogenation of olefins within polymeric microreactors under
organic/aqueous biphasic conditions. Chem. Eur. J. 2009, 15, 3670-3673. [CrossRef]

Lee, CK.Y.; Holmes, A.B.; Ley, S.V.; McConvey, LE,; Al-Duri, B.; Leeke, G.A.; Santos, R.C.D.; Seville, ].PK. Efficient batch and
continuous flow Suzuki cross-coupling reactions under mild conditions, catalysed by polyurea-encapsulated palladium (II)
acetate and tetra-n-butylammonium salts. Chem. Commun. 2005, 16, 2175-2177. [CrossRef]

Munirathinam, R.; Huskens, J.; Verboom, W. Supported Catalysis in Continuous-Flow Microreactors. Adv. Synth. Catal. 2015, 357,
1093-1123. [CrossRef]

Sachse, A.; Galarneau, A.; Coq, B.; Fajula, F. Monolithic flow microreactors improve fine chemicals synthesis. New J. Chem. 2011,
35, 259-264. [CrossRef]

Zhao, X.S.; Bao, X.Y.; Guo, W.; Lee, FY. Inmobilizing catalysts on porous materials. Mater. Today 2006, 9, 32-39. [CrossRef]

Lu, L.; Zou, S.; Fang, B. The Critical Impacts of Ligands on Heterogeneous Nanocatalysis: A Review. ACS Catal. 2021, 11,
6020-6058. [CrossRef]

Zou, Y.-Q.; Chakraborty, S.; Nerush, A.; Oren, D.; Diskin-Posner, Y.; Ben-David, Y.; Milstein, D. Highly Selective, Efficient
Deoxygenative Hydrogenation of Amides Catalyzed by a Manganese Pincer Complex via Metal-Ligand Cooperation. ACS Catal.
2018, 8, 8014-8019. [CrossRef]

Lu, J.; Toy, PH. Organic Polymer Supports for Synthesis and for Reagent and Catalyst Immobilization. Chem. Rev. 2009, 109,
815-838. [CrossRef]

Arrua, R.D.; Strumia, M.C,; Igarzabal, C.I.A. Macroporous Monolithic Polymers: Preparation and Applications. Materials 2009, 2,
2429-2466. [CrossRef]

Shu, S.; Kobayashi, H.; Kojima, N.; Sabarudin, A.; Umemura, T. Preparation and characterization of lauryl methacrylate-based
monolithic microbore column for reversed-phase liquid chromatography. J. Chromatogr. A 2011, 1218, 5228-5234. [CrossRef]
[PubMed]

Tasfiyati, A.N.; Iftitah, E.D.; Sakti, S.P,; Sabarudin, A. Evaluation of glycidyl methacrylate-based monolith functionalized with
weak anion exchange moiety inside 0.5 mm id column for liquid chromatographic separation of DNA. Anal. Chem. Res. 2016, 7,
9-16. [CrossRef]

Sabarudin, A.; Huang, J.; Shu, S.; Sakagawa, S.; Umemura, T. Preparation of methacrylate-based anion-exchange monolithic
microbore column for chromatographic separation of DNA fragments and oligonucleotides. Anal. Chim. Acta 2012, 736, 108-114.
[CrossRef] [PubMed]

Gomann, A.; Deverell, ].A.; Munting, K.E; Jones, R.C.; Rodemann, T.; Canty, A.].; Smith, ].A.; Guijt, R M. Palladium-mediated
organic synthesis using porous polymer monolith formed in situ as a continuous catalyst support structure for application in
microfluidic devices. Tetrahedron 2009, 65, 1450-1454. [CrossRef]

Bolton, K.F.; Canty, A.].; Deverell, ].A.; Guijt, R.M.; Hilder, E.F,; Rodemann, T.; Smith, J.A. Macroporous monolith supports for
continuous flow capillary microreactors. Tetrahedron Lett. 2006, 47, 9321-9324. [CrossRef]

Jones, R.C,; Canty, A.].; Deverell, ].A.; Gardiner, M.G.; Guijt, R M.; Rodemann, T.; Smith, J.A.; Tolhurst, V.A. Supported palladium
catalysis using a heteroleptic 2-methylthiomethylpyridine-N,S-donor motif for Mizoroki-Heck and Suzuki-Miyaura coupling,
including continuous organic monolith in capillary microscale flow-through mode. Tetrahedron 2009, 65, 7474-7481. [CrossRef]
Karbass, N.; Sans, V.; Garcia-Verdugo, E.; Burguete, M.I.; Luis, S.V. Pd(0) supported onto monolithic polymers containing IL-like
moieties. Continuous flow catalysis for the Heck reaction in near-critical EtOH. Chem. Commun. 2006, 29, 3095-3097. [CrossRef]
[PubMed]

Burguete, ML.L,; Cornejo, A.; GarciaVerdugo, E.; Garcia, J.; Gil, M.J.; Luis, S.V.; Martinez-Merino, V.; Mayoral, J.A.; Sokolova, M.
Bisoxazoline-functionalised enantioselective monolithic mini-flow-reactors: Development of efficient processes from batch to
flow conditions. Green Chem. 2007, 9, 1091-1096. [CrossRef]

Burguete, M.I.; Cornejo, A.; GarciaVerdugo, E.; Gil, M.].; Luis, 5.V.; Mayoral, ].A.; Martinez-Merino, V.; Sokolova, M. Pybox
monolithic miniflow reactors for continuous asymmetric cyclopropanation reaction under conventional and supercritical
conditions. J. Org. Chem. 2007, 72, 4344—4350. [CrossRef] [PubMed]

Baumann, M.; Baxendale, LR.; Ley, S.V.; Nikbin, N.; Smith, C.D. Azide monoliths as convenient flow reactors for efficient Curtius
rearrangement reactions. Org. Biomol. Chem. 2008, 6, 1587-1593. [CrossRef]

Burguete, ML.I; Garcia-Verdugo, E.; Karbass, N.; Luis, S.V.; Sans, V.; Sokolova, M. Development of efficient processes under
flow conditions based on catalysts immobilized onto monolithic supported ionic liquid-like phases. Pure Appl. Chem. 2009, 81,
1991-2000. [CrossRef]


http://doi.org/10.1002/adsc.200800359
http://doi.org/10.1016/S0925-4005(00)00352-X
http://doi.org/10.1016/j.tet.2005.07.109
http://doi.org/10.3762/bjoc.5.21
http://doi.org/10.1002/chem.200802697
http://doi.org/10.1039/b418669a
http://doi.org/10.1002/adsc.201401081
http://doi.org/10.1039/c0nj00965b
http://doi.org/10.1016/S1369-7021(06)71388-8
http://doi.org/10.1021/acscatal.1c00903
http://doi.org/10.1021/acscatal.8b02902
http://doi.org/10.1021/cr8004444
http://doi.org/10.3390/ma2042429
http://doi.org/10.1016/j.chroma.2011.05.104
http://www.ncbi.nlm.nih.gov/pubmed/21703629
http://doi.org/10.1016/j.ancr.2015.11.001
http://doi.org/10.1016/j.aca.2012.05.039
http://www.ncbi.nlm.nih.gov/pubmed/22769012
http://doi.org/10.1016/j.tet.2008.12.007
http://doi.org/10.1016/j.tetlet.2006.10.113
http://doi.org/10.1016/j.tet.2009.07.013
http://doi.org/10.1039/b603224a
http://www.ncbi.nlm.nih.gov/pubmed/16855697
http://doi.org/10.1039/b704465h
http://doi.org/10.1021/jo070119r
http://www.ncbi.nlm.nih.gov/pubmed/17500566
http://doi.org/10.1039/b801634h
http://doi.org/10.1351/PAC-CON-08-11-02

Molecules 2021, 26, 7346 13 of 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lozano, P.; Garcia-Verdugo, E.; Piamtongkam, R.; Karbass, N.; de Diego, T.; Burguete, M.I1; Luis, S.V.; Iborra, ].L. Bioreactors
Based on Monolith-Supported Ionic Liquid Phase for Enzyme Catalysis in Supercritical Carbon Dioxide. Adv. Synth. Catal. 2007,
349, 1077-1084. [CrossRef]

Zhang, G. Ligand-free Suzuki-Miyaura reaction catalysed by Pd/C at room temperature. J. Chem. Res. 2004, 9, 593-595. [CrossRef]
Basavaraju, G.; Rajanna, R. Flow Process Development and Optimization of A Suzuki-Miyaura Cross Coupling Reaction using
Response Surface Methodology. Bull. Chem. React. Eng. Catal. 2020, 15, 604-616. [CrossRef]

Nagaki, A.; Hirose, K.; Moriwaki, Y.; Takumi, M.; Takahashi, Y.; Mitamura, K.; Matsukawa, K.; Ishizuka, N.; Yoshida, J. Suzuki-
Miyaura Coupling Using Monolithic Pd Reactors and Scaling-Up by Series Connection of the Reactors. Catalysts 2019, 9, 300.
[CrossRef]

Reizman, B.J.; Wang, Y.-M.; Buchwald, S.L.; Jensen, K.F. Suzuki-Miyaura cross-coupling optimization enabled by automated
feedback. React. Chem. Eng. 2016, 1, 658-666. [CrossRef]

Bennett, J.A.; Davis, B.A.; Ramezani, M.; Genzer, J.; Efimenko, K.; Abolhasani, M. Continuous Ligand-Free Suzuki-Miyaura
Cross-Coupling Reactions in a Cartridge Flow Reactor Using a Gel-Supported Catalyst. Ind. Eng. Chem. Res. 2021, 60, 9418-9428.
[CrossRef]

Yan, L.; Wang, H.; Bai, L.; Fu, Y.; Cheng, Y. Suzuki-Miyura cross-coupling reaction in droplet-based microreactor. Chem. Eng. Sci.
2019, 207, 352-357. [CrossRef]

Shusuke, O.; Takuma, U.; Takashi, K.; Kohsuke, M.; Hiromi, Y. Synthesis of Pd-supported Nanosized Mesoporous Silica as a
Spherical Nanocatalyst for Suzuki-Miyaura Coupling Reaction. Chem. Lett. 2011, 40, 609-611.

Yamamoto, K.; Komiyama, R.; Umemura, T. Numerical Simulation on Flow in Column Chromatography. Int. |. Mod. Phys. C
2013, 24, 1340003. [CrossRef]

Yamamoto, K.; Tajima, Y. Numerical Simulation of Fluid Dynamics in a Monolithic Column. Separations 2017, 4, 3. [CrossRef]
Percec, V.; Bae, ].-Y.; Hill, D.H. Aryl Mesylates in Metal Catalyzed Homocoupling and Cross-Coupling Reactions. 2. Suzuki-Type
Nickel-Catalyzed Cross-Coupling of Aryl Arenesulfonates and Aryl Mesylates with Arylboronic Acids. J. Org. Chem. 1995, 60,
1060-1065. [CrossRef]

Galland, J.-C.; Savignac, M.; Genet, ].-P. Cross-coupling of chloroarenes with boronic acids using a water-soluble nickel catalyst.
Tetrahedron Lett. 1999, 40, 2323-2326. [CrossRef]


http://doi.org/10.1002/adsc.200600554
http://doi.org/10.3184/0308234042430539
http://doi.org/10.9767/bcrec.15.3.8229.604-616
http://doi.org/10.3390/catal9030300
http://doi.org/10.1039/C6RE00153J
http://doi.org/10.1021/acs.iecr.1c01531
http://doi.org/10.1016/j.ces.2019.06.031
http://doi.org/10.1142/S0129183113400032
http://doi.org/10.3390/separations4010003
http://doi.org/10.1021/jo00109a044
http://doi.org/10.1016/S0040-4039(99)00239-7

	Introduction 
	Results and Discussion 
	Optimization of Chemical Reagents for Flow-Through Cross-Coupling Reactions 
	Effect of the Metal Catalyst and Ligands on the Efficiency of Flow-Through Cross-Coupling Reactions 

	Materials and Methods 
	Reagents 
	Procedure for the Preparation of Flow-Through Monolithic Microreactors 
	Instrumentation and Measurement 

	Conclusions 
	References

