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Introduction

Development of multiple-phase reaction systems is becom-
ing an important research subject in synthetic organic
chemistry in which, for example, substrates, products, re-
agents, and catalysts are readily separated by simple phase
separation to realize high-throughput and/or green sustaina-
ble chemical synthesis.[1] Since the majority of organic trans-
formations are carried out by mixing solutions of substrates
and/or reactants in the presence of a catalyst, the develop-
ment of liquid–liquid–solid triphase reaction systems (for ex-
ample, substrates (organic phase)/reagents (aqueous phase)/
catalysts (solid phase)) for carbon–carbon bond-forming re-
actions, the core of organic synthesis, would find a wide
range of utility in synthetic chemistry. Recently, microreac-

tor systems that offer many fundamental as well as practical
advantages have been developed as innovative devices for
rapid organic transformations.[2] Molecular transformations
with catalyst-immobilized microflow reactors are representa-
tive examples of these systems, in which the efficiency of
various reactions has been found to increase due to the vast
interfacial area and the close distance of the molecular dif-
fusion path in the narrow space of the microreactors.[3] If a
catalyst were installed as a membranous composite at the
center of the microchannel, two reactants could be opposite-
ly charged into and flow through the divided channel, all the
while remaining in contact with the vast interfacial surface
of the catalytic membrane from both front and back sides,
thereby realizing an instantaneous chemical reaction. This
concept is shown schematically in Figure 1, in which a cata-
lytic cross-coupling reaction is depicted as a typical exam-
ple.

We have previously developed a novel concept for cata-
lyst immobilization, also known as molecular convolution, in
which a soluble linear polymer with multiple ligand groups
was convoluted with transition metals by means of coordina-
tive or ionic complexation (Scheme 1) to achieve the one-
step preparation of the insoluble polymeric metal composite,
thus combining heterogeneity and catalytic activity in one
system.[4] We are well aware that the development of cata-
lyst-installed microflow reaction systems still remains as a
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major challenge. Accordingly, the preliminary success of the
molecular convolution method led us to examine the instal-
lation of the polymeric metal catalysts inside a microchannel
reactor by means of the “ship-in-a-bottle” molecular convo-
lution.

Herein we report the formation of a variety of membra-
nous polymeric palladium catalysts inside a microchannel
reactor at the laminar flow interface of the channel to devel-
op catalyst-installed microflow chemical-reaction devices.
They were applied to the palladium-catalyzed carbon–
carbon bond-forming reaction of aryl, heteroaryl, and alken-
yl halides with arylboronic acids, the so-called Suzuki–
Miyaura reaction, under microflow conditions, in which the
instantaneous production of biaryl compounds was achieved
quantitatively within 5 s of residence time in the defined
channel region. Palladium-catalyzed cross-coupling of allylic
esters with arylboron reagents was also accomplished within
only 1 s of residence time in the microchannel device.

Results and Discussion

Preparation of catalytic membrane-installed microchannel
devices : Polymer deposition at the laminar interface was
originally reported by Whitesides et al., for the reaction of a
polymeric sulfonate salt and a polymeric ammonium salt.[5]

However, to the best of our knowledge, nothing has ap-
peared in the literature so far on the interfacial deposition
of transition-metal complexes with a view toward using
them as catalytic membranes except for our preliminary
communications.[6]

The formation of the catalytic membranes was carried out
with a glass microchannel reactor[7] with a Y-junction
(Figure 1) and a channel pattern 100 mm wide, 40 mm deep,
and 40 or 140 mm long. The coordinative convolution of a
poly(acrylamide–triarylphosphine) and palladium species
was performed by the installation of an EtOAc solution of
poly[(N-isopropylacrylamide)5-co-(4-diphenylstyrylphos-
phine)] (5.0 mm phosphorus unit; solution A) and an aque-
ous solution of [PdCl4 ACHTUNGTRENNUNG(NH4)2] (1.7 mm ; solution B) opposite-

ly into the microchannel at
25 8C with a flow rate of
25 mL min�1. The two-phase par-
allel laminar flow was readily
formed under the flowing con-
ditions, and a polymer mem-
brane (PA–TAP–Pd, 1)[8] was
precipitated at the interface of
the laminar flow to give micro-
channel device 1 (m-device 1)
[see Equation (1) in Scheme 2].
The palladium-complex mem-
brane of poly(4-vinylpyridine)
was also installed into the Y-
junction microchannel under
similar conditions by means of
coordinative convolution, there-

by affording m-device 2 [Equation (2) in Scheme 2].[6] The
ionic convolution of cationic polyviologen, poly{(4,4’-bipyr-
idyl)-co-[1,4-bis(bromomethyl)benzene]} (solution A;
Figure 1) and anionic PdCl4

2� (solution B) was carried out
under similar microflow conditions to give m-device 3 [Equa-
tion (3) in Scheme 2].

Figures 2 and 3 show the microscopic images of the mem-
brane of PA-TAP-Pd (m-device 1) from the top and cross-
sections, respectively. Optical microscopic observation
showed that a sheet of polymeric Pd membrane was contin-
uously formed at the interface of the laminar flow from the
confluent position (Figure 2, position A) to the outlet (posi-
tion F). The polymeric Pd membrane was readily prepared
at the curve positions of the microflow (positions C and E).
SEM observations indicated that the polymeric Pd mem-
brane was 1.3 mm thick and 40 mm high (Figure 3a), and that
the membrane was stuck to the glassware of the microchan-
nel (Figure 3b). High-resolution SEM images also showed
the membrane with a rough “naplike” surface in the size
range of several tens of nanometers (Figure 3c and d). The

Figure 1. Illustration of a Y-junction microchannel reactor with two inlets
and one outlet (top). Concept for the preparation of catalytic membranes
at the interface of a laminar flow inside a microchannel reactor (bottom).

Scheme 1. Concept of molecular convolution.
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surface area of the amphiphilic membrane should be wide
enough to interact with substrates and reactants efficiently.
An energy-dispersive spectroscopy (EDS)/SEM observation
revealed the existence of palladium, chlorine, and phospho-
rus atoms in the membrane that was prepared in accordance
with a method for [PdCl2ACHTUNGTRENNUNG(PAr3)2] (Figure 3e).[9] The physical
properties of the membrane are shown in Table 1.

The Suzuki–Miyaura reaction with the catalytic membrane-
installed microchannel devices : To explore the utility of the
microchannel devices in catalytic organic transformations,
the synthetic ability of the three types of microchannel devi-
ces prepared above (m-devices 1–3) was examined for the
palladium-catalyzed cross-coupling of aryl halides with aryl-
boronic acids (the so-called Suzuki–Miyaura reaction).[10]

Representative results are shown in Scheme 3. Thus, a solu-
tion of iodobenzene (4 a) in EtOAc/iPrOH (12.5 mm ; solu-
tion C, Figure 1) and an aqueous solution of 4-methoxyphe-
nylboronic acid (5 a) (18.8 mm in 37.5 mm aqueous Na2CO3;
solution D) were oppositely introduced into the membrane-
divided channels, m-devices 1–3, at 50 8C with a flow rate of
2.5 mL min�1 (for solution C) and 5.0 mL min�1 (for solu-
tion D), respectively, and two parallel laminar layers flowed
through the channel in 4 s.[11,12] The resulting organic/aque-

ous microstream was collected from the outlet of the chan-
nel. The chemical yield and structure of the products were
determined by GC[13] and 1H NMR spectroscopy. We were
very pleased to find that m-device 1 with the palladium-com-
plex membrane poly(acrylamide–triarylphosphine)–palladi-
um (PA–TAP–Pd), had been successfully applied to the cat-
alytic reaction to give a quantitative yield of the desired
biaryl product. Thus, m-device 1 promoted the Suzuki–
Miyaura reaction of 4 a with 5 a at 50 8C for 4 s of residence
time to afford 4-methoxybiphenyl (6 a) in 99 % yield
through the continuous 120 min of the flow reaction, where-
as m-devices 2 and 3 gave 6 a in 0 and 15 % yield, respective-
ly, under similar conditions. A Pd residue was not detected
by inductively coupled plasma atomic-emission spectroscopy
(ICP-AES) analysis (detection limit of Pd=0.044 ppm) in
any collected flow samples. Observed superiority of m-
device 1 in the catalytic performance over m-devices 2 and 3

Scheme 2. Optical microscopic observation of m-devices 1–3 (width of the
tube=100 mm).

Figure 2. Optical microscopic images of m-device 1 (the polymer mem-
brane-installed (PA–TAP–Pd)) at positions A–F (width of the tube=

100 mm).
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may be attributed to the nature of the ligand. Thus, m-
device 1 was equipped with a polymeric phosphine–palladi-
um complex, PA–TAP–Pd (1), which is known to exhibit

very high catalytic activity in
the Suzuki–Miyaura coupling
reaction.[8]

With the instantaneous
Suzuki–Miyaura coupling
system in hand, we examined
the coupling of diverse aryl hal-
ides and arylboronic acids using
m-device 1 in which all reactions
were completed within 4 s
(Table 2). The coupling of iodo-
benzene 4 a with the o-, m-, and
p-substituted tolylboronic acids
5 b–d was performed at 50 8C
under similar conditions to
afford 2-, 3-, and 4-methylbi-
phenyl in 99, 96, and 75 %
yield, respectively (Table 2, en-
tries 2–4). Electron-deficient 3-
ethoxycarbonyl-1-iodobenzene
(4 b), 1-iodo-4-trifluoromethyl-
benzene (4 c), and 1-iodo-3-tri-
fluoromethylbenzene (4 d) read-
ily coupled with 5 a to give the
corresponding biaryl com-
pounds 6 e, 6 f, and 6 g in 99, 99,
and 95 % yield, respectively
(entries 5–7). Electron-rich 3-
chloro-1-iodobenzene (4 e) and
1-iodo-3-methoxybenzene (4 f)
reacted with 5 a to afford the
corresponding biaryls 6 h and 6 i
in 88 and 82 % yield, respec-
tively (entries 8 and 9). The cat-

alytic ability of m-device 1 was intact during the continuous
reaction, as the GC charts of the reaction snapshots at 10–
60 min of the reaction time show, thereby affording 99 %
yield of 6 f (entry 6 in Table 2, and Figure S3 in the Support-
ing Information).

The reaction system of m-device 1 was also applied to the
cross-coupling reaction of a variety of heteroaryl halides
and heteroarylboronic acids, which is among the most im-
portant organic transformations for the preparation of opti-
cal devices, organic electronics, bioactive compounds, and so
on.[14] Instantaneous preparation of arylthiophenes, arylpyri-
dines, and arylfurans with a flow-reaction device should also
be helpful in the high-throughput screening of a variety of
candidates for functional materials. The reaction of 2-iodo-
thiophene (7 a) and 3-iodothiophene (7 b) with phenylboron-
ic acid (5 e) was performed with m-device 1 at 50 8C to afford
2-phenylthiophene (8 a) and 3-phenylthiophene (8 b) in 99
and 99 % yield, respectively (Table 3, entries 1 and 3).
Sodium tetraphenylborate (9 a) also proved to be a suitable
arylboron reagent for coupling with the thiophene 7 a under
similar conditions to give 8 a in 97 % yield (entry 2). The
coupling of 3-iodopyridine (7 c) was carried out with 5 e and
o-methylphenylboronic acid (5 b) to give both phenylpyri-

Figure 3. a)–d) SEM images and e) an EDS/SEM spectrum of the cross-section of m-device 1. b) Close-up
image of (a); c) and d) Close-up images of (b). Scale bar: a) 10 mm, b) 1 mm, c),d) 100 nm.

Table 1. Physical properties of the polymeric palladium membrane in m-
device 1.

Thickness 1 mm
Height 40 mm
Length 140 mm
Density 1.3
Palladium loading (ICP-AES analy-
sis)

0.50 mmol g�1 (3.6 nmol chan-
nel�1)

Scheme 3. The Suzuki–Miyaura reaction using the catalytic membrane-in-
stalled microchannel devices 1–3. Conditions: 4 a (12.5 mm in iPrOH;
flow rate: 2.5 mLmin�1), 5 a (18.8 mm in 37.5 mm aqueous Na2CO3; flow
rate: 5.0 mLmin�1), 50 8C, residence time=4 s; turnover frequency
(TOF)=520 h�1.
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dines 8 c and 8 d in 99 % yield (entries 4 and 5). Since aryl
furaldehydes often exhibit biological activity, the develop-
ment of an efficient protocol for their preparation is impor-
tant.[15] m-Device 1 efficiently promoted the cross-coupling
of 5-iodo-2-furaldehyde (7 d) with 5 e and 5 b to give both
the 5-aryl-2-furaldehydes 8 e and 8 f in 99 % yield (entries 6
and 7). A heterobiaryl compound 5-thiophen-3-yl-2-furalde-
hyde (8 g) was also obtained in 99 % yield under similar con-
ditions from 7 d and 3-thiopheneboronic acid (5 f). The het-
eroarylboronic acids 5 g and 5 h were coupled with 4 a to
afford 2-phenylthiophene (8 a) and 2-phenylfuran (8 h) in 87
and 81 % yield, respectively.

The microchannel-device-promoted cross-coupling of al-
kenyl halides was also investigated (Table 4). Thus, the reac-
tion of ethyl cis-3-iodoacrylate (10 a) with 5 e was carried

out under similar conditions to afford ethyl cis-3-cinnamate
(11 a) in 99 % yield in which the thermodynamically more
stable trans isomer was not detected (Table 4, entry 1). The
substrate 10 a underwent the coupling reaction with 4-me-
thoxyphenylboronic acid 5 a, thus leading to ethyl cis-3-(4-
methoxyphenyl)acrylate (11 b) in 94 % yield (entry 2). The
reaction of the alkenyl bromides 10 b and 10 c proceeded
smoothly to afford 11 a and a-phenylstyrene (11 c) in 92 and
96 % yield, respectively (entries 3 and 4).

This coupling reaction includes two intermolecular reac-
tion steps: 1) the oxidative addition of the aryl halides to
the Pd0 complex forming an arylpalladium(II) intermediate
(Ar-Pd-X) in the matrix of the membranous polymeric pal-
ladium complex on the membrane, and 2) the reaction of
the arylboronic acid (Ar’B(OH)2) with the polymeric Ar-Pd-

Table 2. Suzuki–Miyaura reaction using the catalytic membrane-installed
microchannel device 1.[a]

Entry Ar�I
(4)

ArB(OH)2

(5)
Product Yield

[%]

1[b] 4a 5 a 99[c,d]

2 4a 5 b 99

3 4a 5 c 96

4 4a 5 d 75

5 4b 5 a 99

6 4c 5 a 99[e]

7 4d 5 a 95

8 4e 5 a 88

9 4 f 5 a 82

[a] Aryl iodide 4 (6.3 mm in EtOAc/iPrOH (2:5); flow rate: 2.5 mL min�1),
arylboronic acid 5 (9.4 mm in 18.3 mm aqueous Na2CO3; flow rate:
5.0 mLmin�1), 50 8C, residence time =4 s. [b] Aryl iodide (12.5 mm in
iPrOH), arylboronic acids (18.8 mm in 37.5 mm aqueous Na2CO3).
[c] TOF=520 h�1. [d] No palladium or phosphorus residue was detected
by ICP-AES analysis in the collected flow sample. [e] 240 mg h�1 of the
coupling product was isolated by use of a single microreactor.

Table 3. Suzuki–Miyaura reaction of heteroaryl halides using the catalyt-
ic membrane-installed microchannel device 1.[a]

Entry Aryl halide Aryl boron
reagent

Product Yield
[%]

1 99[b]

2 7 a NaBPh4 9a 97

3 99

4 99

5 99

6 99

7 99

8 99

9 87

10 81

[a] Aryl iodide (6.3 mm in EtOAc/iPrOH (2:5); flow rate: 2.5 mLmin�1),
arylboronic acids (63 mm in 126 mm aqueous Na2CO3; flow rate:
2.5 mLmin�1), 50 8C, residence time=5 s. [b] No palladium or phosphorus
residue was detected by ICP-AES analysis in the collected flow sample.

Chem. Eur. J. 2010, 16, 11311 – 11319 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11315

FULL PAPERPalladium Microchannel Devices

www.chemeurj.org


X to give arylACHTUNGTRENNUNG(aryl)palladium(II) (Ar-Pd-Ar’) and produce a
biaryl product (Ar-Ar’), each of which has a unique reaction
rate. With this catalytic membrane-divided microchannel re-
actor, the fine optimization of the reaction conditions for
the intermolecular steps was facilitated by changing the con-
centration of each reactant so-
lution as well as the individual
parallel laminar flow rates.
Compared to the conventional
flask reaction system, this
method of performing a catalyt-
ic reaction that involves multi-
ple intermolecular steps offers
a great advantage.

Allylic arylation with the cata-
lytic membrane-installed micro-
channel devices : The synthetic
ability of the three types of mi-
crochannel devices prepared
above (the m-devices 1–3) was
also examined for allylic aryla-
tion of allyl esters with arylbor-
on reagents. Whereas numerous
reports on aryl–aryl couplings
with arylboron reagents (the
Suzuki–Miyaura coupling) have
appeared so far, the allyl–aryl
coupling, which often requires
relatively high reaction temper-
atures,[16] has received only
scant attention. Successful re-

sults for aryl–aryl coupling using the microchannel reactor
with a catalytic membrane (vide supra) led us to the idea
that the microchannel devices might also promote allyl–aryl
coupling with high efficiency.

The allyl–aryl coupling reaction was examined with cin-
namyl acetate (12 a) and sodium tetraphenylborate (9 a)
using m-devices 1–3. Thus a solution of 12 a in iPrOH
(5.8 mm ; solution C, Figure 1) and an aqueous solution of 9 a
(58 mm ; solution D) were oppositely introduced into the
membrane-divided channels, m-devices 1–3 (40 mm long), at
70 8C with a flow rate of 3.0 mLmin�1. Two parallel laminar
layers flowed through the channel in 1 s, and the resulting
organic/aqueous microstream was collected from the outlet
to afford (E)-1,3-diphenylpropene (13 a) (Table 5, entries 1–
3). Determination of the chemical yield and characterization
of the product were performed by GC analysis and 1H NMR
spectroscopy. We were pleased to see that the palladium-
complex membrane, poly(acrylamide–triarylphosphine)–pal-
ladium (PA–TAP–Pd), had been successfully applied to the
catalytic reaction. Thus m-devices 1–3 promoted the allyl–
aryl coupling reaction to give 13 a in 99, 77, and 56 % yield,
respectively. The turnover frequency of m-device 1 in the cat-
alytic reaction reached 1000 h�1. The catalytic membrane of
m-device 1 was intact during the reaction, and its morpholo-
gy, as well as its catalytic activity, were similar to that before
the catalytic reaction and after the 120 min flow of 12 a and
9 a to afford 13 a in 99 % yield continuously (Scheme 4). In
this reaction, no palladium or phosphorus species were de-
tected in the collected sample (checked with ICP-AES;
Pd<0.044 ppm and P<0.076 ppm).

Table 4. Suzuki–Miyaura reaction of alkenyl halides using the catalytic
membrane-installed microchannel device 1.[a]

Entry Aryl halide Aryl boron
reagent

Product Yield
[%]

1 5e 99

2 5a 94

3 5e 92

4 5e 96

[a] Alkenyl halides (6.3 mm in EtOAc/iPrOH (2:5); flow rate:
2.5 mLmin�1), arylboronic acids (63 mm in 126 mm aqueous Na2CO3; flow
rate: 2.5 mLmin�1), 50 8C, residence time=5 s.

Table 5. Allylic arylation using catalytic membrane-installed microchannel reactors.[a]

Entry Allylic ester Aryl boron reagent m-Device Product Yield
[%][c]

1 NaBPh4 (9a) 1 99[d]

2 12 a 9a 2 13a 77
3 12 a 9a 3 13a 56
4 12 a PhB(OH)2-Na2CO3 1 13a 43

5 9a 1 13a 99[d]

6 9a 1 13a 99

7 12 a NaB ACHTUNGTRENNUNG(4-F-C6H4)4 9b 1 94

8[b] 9a 1 57

[a] Conditions: allylic ester or carbonate (5.8 mm in iPrOH), arylborate (58 mm in water); flow rate:
3.0 mLmin�1, 70 8C, residence time 1 s. [b] Flow rate: 2.5 mLmin�1. [c] In all the reactions, the selectivity of 13
was >99 %. [d] No palladium or phosphorus species were detected in the collected sample.
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Representative results of the allyl–aryl coupling of a vari-
ety of allyl esters and arylborate reagents are shown in
Table 5. Coupling with PhB(OH)2/Na2CO3 (aqueous flow)
showed moderate reactivity under otherwise similar condi-
tions to give 13 a in 43 % yield (Table 5, entry 4). Both cin-
namyl methyl carbonate (12 b) and the regioisomeric 1-ace-
toxy-1-phenyl-2-propene (12 c) also reacted with 9 a under
the same conditions to give quantitative yields of 13 a in 1 s
(entries 5 and 6), in which no leaching of palladium or phos-
phorus species was again confirmed by ICP-AES analysis.
The microflow reaction of 12 a with sodium tetrakis(4-fluo-
rophenyl)borate (9 b) under similar conditions gave (E)-3-
(4-fluorophenyl)-1-phenyl-1-propene (13 b) in 94 % yield
(entry 7).

It is noteworthy that the methyl vinyl carbinol carbonate
12 d underwent the palladium-catalyzed allyl–aryl coupling
to give the corresponding coupling product 13 c with excel-
lent selectivity, although, under
identical conditions, the chemi-
cal yield was only moderate
(57 % yield). The reaction of
methyl vinyl carbinol carbonate
must proceed through the cor-
responding p-allylpalladium in-
termediate that bears the b-sp3-
hydride, which often suffers
from b elimination under palla-
dium-catalyzed conditions to
give the undesired 1,3-dienes
(Scheme 5).[17, 18] However, no
trace of the 1,3-diene, phenyl-
butadiene, was observed in the
reactions using m-device 1, pre-
sumably due to the extremely
fast intermolecular coupling
pathway (versus intramolecular
b elimination).

Preparation of pharmaceutical
and functional materials using
microchannel device 1: To dem-

onstrate the utility of the Pd-membrane-installed m-device 1
in medicinal as well as material science, bioactive com-
pounds and functional materials were prepared with m-
device 1. Thus, the Suzuki–Miyaura reaction of 2-cyano-1-io-
dobenzene (14) with p-tolylboronic acid (5 d) was carried
out with m-device 1 at 50 8C with 4 s of residence time to
afford in 99 % yield the synthetic intermediate 15 of losar-
tan, an angiotensin II receptor antagonist used for the treat-
ment of hypertension.[19] The ethyl ester 17 of fenbufen, a
cyclooxygenase inhibitor and a nonsteroidal antiinflammato-
ry drug used to treat inflammation in osteoarthritis, ankylo-
sis spondylitis, and tendinitis, was obtained quantitatively by
means of the Suzuki–Miyaura reaction of 16 with 5 e inside
m-device 1 with 5 s of residence time.[20,21] ortho-Terphenyl
(19), an important skeleton for the preparation of functional
cyclic supramolecules and photochromic materials,[22] was
prepared in 97 % yield from 1,2-diiodobenzene (18) with 9 a
under similar conditions. When the reaction of 4-cyano-1-io-
dobenzene (20) with 4-pentylphenylboronic acid (21) was
performed under similar conditions inside m-device 1, a 4’-
pentyl-4-cyanobiphenyl (5CB) liquid-crystal compound (22)

Scheme 4. Allyl–aryl coupling using m-device 1. Microscopic observation
of m-device 1 inside a microchannel reactor after the reaction (120 min)
of 12 a and 9 a.

Scheme 5. Intermolecular substitution versus intramolecular b elimina-
tion.

Scheme 6. Preparation of a synthetic intermediate for the preparation of an angiotensin II receptor antagonist,
losartan.

Scheme 7. Preparation of fenbufen, a cyclooxygenase inhibitor.
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was readily obtained quantitatively from the outlet of m-
device 1. (Schemes 6–9)

Conclusion

A variety of palladium membranes were installed inside mi-
crochannel reactors through the “ship-in-a-bottle” protocol
of our molecular convolution method to provide microreac-
tion devices. These microchannel devices were applied to
the instantaneous Suzuki–Miyaura reaction and allyl–aryl
coupling reaction to afford the corresponding coupling prod-
ucts in quantitative yields within 5 and 1 s of residence time,
respectively. m-Device 1 was applied to the preparation of
bioactive compounds as well as functional materials to give
the target molecules in high yield. The extension of catalytic
membrane-installed microchannel reactors with a variety of
convoluted polymeric metal complexes to other organic
transformations is currently in progress.

Experimental Section

Preparation of a PdCl2/PA-TAP membrane inside a microchannel (m-
device 1): An solution of PA-TAP in EtOAc (5.0 mm phosphorus unit;
solution A) and an aqueous solution of [PdCl4 ACHTUNGTRENNUNG(NH4)2] (1.7 mm ; solu-
tion B) were charged oppositely into the microchannel (100 mm width,
40 mm depth, 40–140 mm length) at 25 8C for 10 min with a flow rate of
25 mLmin�1. Two-phase parallel laminar flow was formed under the flow-
ing conditions and yellowish polymer membrane 1 was precipitated out
at the interface between the two parallel flows (thickness of membrane
1= 1 mm). Elemental analysis calcd (%) for
(C100H144O10N10P2PdCl2·5 H2O)n : C 60.79, H 7.86, N 7.09, P 3.14, Pd 5.39;
found: C 60.36, H 7.67, N 6.97, P 2.99, Pd 5.79 (Pd and P were measured
with ICP-AES).

Preparation of a PdCl2/polyPy membrane inside a microchannel (m-
device 2): An solution of poly(4-vinylpyridine) in EtOAc (5.0 mm pyri-
dine unit; solution A) and an aqueous solution of PdCl2 (1.7 mm) and
NaCl (17 mm) (solution B) were charged oppositely into the microchan-
nel at 25 8C for 5 min with a flow rate of 25 mL min�1. Two-phase parallel
laminar flow was formed under the flowing conditions and yellowish
polymer membrane 2 was precipitated out at the interface between the
two parallel flows (thickness of membrane 2 =10 mm). IR (ATR) ñ=

3476, 1612, 1427, 1221, 1068, 829 cm�1; elemental analysis calcd (%) for

[(PdCl2)3 ACHTUNGTRENNUNG(C7H7N)6·CH3CO2Et]n : C
44.17, H 4.03, N 6.72; found: C 44.11,
H 4.15, N 7.18.

Preparation of a PdCl2/polyviologen
membrane inside a microchannel (m-
device 3): A solution of poly{(4,4’-bi-
pyridyl)-co-[1,4-bis(bromomethyl)ben-
zene]} in iPrOH/EtOAc/H2O (2:1:1)
(3.4 mm pyridinium unit; solution A)
and an aqueous solution of PdCl2

(1.7 mm) and NaCl (17 mm) (solu-
tion B) were charged oppositely into
the microchannel at 25 8C for 5 min
with a flow rate of 25 mL min�1. Two-
phase parallel laminar flow was
formed under the flowing conditions,
and brownish polymer membrane 3
was precipitated out at the interface

between the two parallel flows (thickness of membrane 3 =10 mm).

Representative procedure for cross-coupling using the microchannel with
a divided PA–TAP–Pd membrane (Table 2, entry 6; m-device 1): A solu-
tion of 4-trifluoromethyliodobenzene (4 c) in EtOAc/iPrOH (2:5; 6.3 mm ;
solution C)) and a solution of 4-methoxyphenylboronic acid (5 a) and
Na2CO3 in water (ArB(OH)2 =9.4 mm, Na2CO3 =18.3 mm ; solution D)
were oppositely introduced into the membrane-divided channel m-
device 1 at 50 8C with a flow rate of 2.5 mLmin�1 (for solution C) and
5.0 mLmin�1 (for solution D), respectively, and two parallel laminar
layers flowed through the channel in 4 s. The resulting organic/aqueous
microstream was collected from the outlet of the channel to afford a
quantitative yield (240 mgh�1) of 4-methoxy-4’-(trifluoromethyl)biphenyl
(6 f). The chemical yield and structure of the product 6 f were determined
by GC (based on similarity of GC–MS data with the National Institute of
Standards and Technology (NIST) mass database library) and 1H NMR
spectroscopy.

Representative procedure for the allylic arylation reaction using the mi-
crochannel with a divided PA–TAP–Pd membrane (Table 5, entry 1; m-
device 1): A solution of cinnamyl acetate (12a) in iPrOH (5.8 mm ; solu-
tion C) and an aqueous solution of sodium tetraphenylborate (9a)
(58 mm ; solution D) were oppositely introduced into the membrane-di-
vided channel m-device 1 at 70 8C with a flow rate of 3.0 mL min�1, and
two parallel laminar layers flowed through the channel in 1 s. The result-
ing organic/aqueous microstream was collected from the outlet of the
channel to afford a quantitative yield of 1,3-diphenyl-1-propene (13 a).
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