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Palladium Membrane-Installed Microchannel Devices for Instantaneous
Suzuki-Miyaura Cross-Coupling
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Abstract:  Instantaneous  catalytic
carbon—carbon bond-forming reactions
were achieved in catalytic membrane-
installed microchannel devices that
have a polymeric palladium-complex
membrane. The catalytic membrane-in-
stalled microchannel devices were pro-

crosslinked linear polymer ligands and
palladium species dissolved. The palla-
dium-catalyzed Suzuki-Miyaura reac-
tion of aryl, heteroaryl, and alkenyl
halides with arylboronic acids and
sodium tetraarylborates was performed
with the catalytic membrane-installed

a, b]

microchannel devices to give quantita-
tive yields of biaryls, heterobiaryls, and
aryl alkenes within 5s of residence
time in the defined channel region.
These microchannel devices were ap-
plied to the instantaneous allylic aryla-
tion reaction of allylic esters with aryl-

vided inside the microchannels by
means of coordinative and ionic molec-
ular convolution at the interface be-
tween the organic and aqueous phases
flowing laminarly, in which both non-

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.!"! 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-
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boron reagents under microflow condi-
tions to afford the corresponding cou-
pling products within 1s of residence
time.

- mem-

tor systems that offer many fundamental as well as practical
advantages have been developed as innovative devices for
rapid organic transformations.”) 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.” 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.! We are well aware that the development of cata-
lyst-installed microflow reaction systems still remains as a
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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).
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Scheme 1. Concept of molecular convolution.

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 S5s 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.
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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.”!
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.®

The formation of the catalytic membranes was carried out
with a glass microchannel reactor”! with a Y-junction
(Figure 1) and a channel pattern 100 um wide, 40 um 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)s-co-(4-diphenylstyrylphos-
phine)] (5.0 mm phosphorus unit; solution A) and an aque-
ous solution of [PdCI,(NH,),] (1.7 mm; solution B) opposite-
ly into the microchannel at
25°C with a flow rate of
25 uLmin~!. The two-phase par-
allel laminar flow was readily
formed under the flowing con-
ditions, and a polymer mem-

brane (PA-TAP-Pd, 1)® was
‘)71 precipitated at the interface of
the laminar flow to give micro-
channel device 1 (p-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 p-device 2 [Equation (2) in Scheme 2].°! The
ionic convolution of cationic polyviologen, poly{(4,4'-bipyr-
idyl)-co-[1,4-bis(bromomethyl)benzene]} (solution A;
Figure 1) and anionic PdCl,*~ (solution B) was carried out
under similar microflow conditions to give p-device 3 [Equa-
tion (3) in Scheme 2].

Figures 2 and 3 show the microscopic images of the mem-
brane of PA-TAP-Pd (p-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 pm thick and 40 pm 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

P
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Scheme 2. Optical microscopic observation of p-devices 1-3 (width of the
tube =100 pm).

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 [PdCL(PAr;),] (Figure 3e).’! 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 (u-devices 1-3) was examined for the
palladium-catalyzed cross-coupling of aryl halides with aryl-
boronic acids (the so-called Suzuki-Miyaura reaction).!"”
Representative results are shown in Scheme 3. Thus, a solu-
tion of iodobenzene (4a) in EtOAc/iPrOH (12.5 mwm; solu-
tion C, Figure 1) and an aqueous solution of 4-methoxyphe-
nylboronic acid (5a) (18.8 mm in 37.5 mm aqueous Na,COs;
solution D) were oppositely introduced into the membrane-
divided channels, p-devices 1-3, at 50°C with a flow rate of
2.5 uLmin™" (for solution C) and 5.0 uLmin' (for solu-
tion D), respectively, and two parallel laminar layers flowed
through the channel in 4 s[''? The resulting organic/aque-
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Figure 2. Optical microscopic images of p-device 1 (the polymer mem-
brane-installed (PA-TAP-Pd)) at positions A-F (width of the tube=

100 um).

ous microstream was collected from the outlet of the chan-
nel. The chemical yield and structure of the products were
determined by GC'™¥) and '"H NMR spectroscopy. We were
very pleased to find that p-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, p-devicel promoted the Suzuki—
Miyaura reaction of 4a with Sa at 50°C for 4 s of residence
time to afford 4-methoxybiphenyl (6a) in 99% yield
through the continuous 120 min of the flow reaction, where-
as p-devices 2 and 3 gave 6a 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 u-
device 1 in the catalytic performance over p-devices 2 and 3
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Figure 3. a)-d) SEM images and e) an EDS/SEM spectrum of the cross-section of p-device 1. b) Close-up
image of (a); c¢) and d) Close-up images of (b). Scale bar: a) 10 um, b) 1 um, c),d) 100 nm.

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

Thickness 1 um

Height 40 pm

Length 140 mm

Density 1.3

Palladium loading (ICP-AES analy-  0.50 mmolg~' (3.6 nmol chan-

sis) nel™)
p-devices 1-3

©—| r (HO)@OOMe OMe
residence time: 4 s
4a 5a 6a

u-device 1: 89%
u-device 2: 0%
u-device 3: 15%

Scheme 3. The Suzuki-Miyaura reaction using the catalytic membrane-in-
stalled microchannel devices 1-3. Conditions: 4a (12.5mwm in i{PrOH;
flow rate: 2.5 pLmin"'), Sa (18.8 mm in 37.5 mm aqueous Na,CO;; flow
rate: 5.0 pLmin'), 50°C, residence time=4s; turnover frequency
(TOF)=520h"".

may be attributed to the nature of the ligand. Thus, p-
device 1 was equipped with a polymeric phosphine—palladi-
um complex, PA-TAP-Pd (1), which is known to exhibit
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very high catalytic activity in
the Suzuki-Miyaura coupling

reaction.’™
With the instantaneous
Suzuki-Miyaura coupling

system in hand, we examined
the coupling of diverse aryl hal-
ides and arylboronic acids using
p-device 1 in which all reactions
were completed within 4s
(Table 2). The coupling of iodo-
benzene 4a with the o-, m-, and
p-substituted tolylboronic acids
5b-d was performed at 50°C
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
(4b), 1-iodo-4-trifluoromethyl-
benzene (4¢), and 1-iodo-3-tri-
fluoromethylbenzene (4d) read-
ily coupled with 5a to give the
corresponding  biaryl com-
pounds 6e, 6f, and 6g in 99, 99,
and 95% yield, respectively
(entries 5-7). Electron-rich 3-
chloro-1-iodobenzene (4e) and
1-iodo-3-methoxybenzene (4f)
reacted with Sa to afford the
corresponding biaryls 6h and 6i
in 88 and 82% yield, respec-
tively (entries 8 and 9). The cat-
alytic ability of p-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 p-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." 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 (7a) and 3-iodothiophene (7b) with phenylboron-
ic acid (5e) was performed with p-device 1 at 50°C to afford
2-phenylthiophene (8a) and 3-phenylthiophene (8b) in 99
and 99% vyield, respectively (Table 3, entries1 and 3).
Sodium tetraphenylborate (9a) also proved to be a suitable
arylboron reagent for coupling with the thiophene 7a under
similar conditions to give 8a in 97 % yield (entry 2). The
coupling of 3-iodopyridine (7¢) was carried out with 5e and
o-methylphenylboronic acid (5b) to give both phenylpyri-

» 100 nm

4.00
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Table 2. Suzuki-Miyaura reaction using the catalytic membrane-installed
microchannel device 1.1

aR=H a: R =4-OCH
-~ bR =3-CO0Et A BOH: g Rrooen,
R ¢: R = 4-CF, R ¢ R =3-CH,
d: R =3-CF, d: R=4-CH,
4a-f e:R=3-Cl 5a-d
f. R = 3-OCH,
Entry Ar-1 ArB(OH), Product Yield
4 (5) [%]
1o 4a 5a 9gle.dl
6a
6b
6¢c
4 4a 5d 75
6d
O o
5 4b Sa 99
EtO 6e
@]
6 4c Sa 99lel
6f
yom
7 4d Sa 95
FsC 6g
(ron
8 4e Sa 88
Cl 6h
) -am
9 4f Sa 82
MeO 6i

[a] Aryl iodide 4 (6.3 mm in EtOACc/iPrOH (2:5); flow rate: 2.5 uLmin™"),
arylboronic acid 5 (9.4mm in 183 mm aqueous Na,CO;; flow rate:
5.0 uLmin™"), 50°C, residence time=4s. [b] Aryl iodide (12.5mmM in
iPrOH), arylboronic acids (18.8 mm in 37.5mm aqueous Na,COs;).
[c] TOF=520 h™". [d] No palladium or phosphorus residue was detected
by ICP-AES analysis in the collected flow sample. [e] 240 ugh™' of the
coupling product was isolated by use of a single microreactor.

dines 8¢ and 8d 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."™ p-Device 1 efficiently promoted the cross-coupling
of 5-iodo-2-furaldehyde (7d) with 5e and 5b to give both
the 5-aryl-2-furaldehydes 8e and 8f in 99 % yield (entries 6
and 7). A heterobiaryl compound 5-thiophen-3-yl-2-furalde-
hyde (8g) was also obtained in 99 % yield under similar con-
ditions from 7d and 3-thiopheneboronic acid (5f). The het-
eroarylboronic acids 5g and Sh were coupled with 4a to
afford 2-phenylthiophene (8a) and 2-phenylfuran (8h) 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 (10a) with 5e was carried

Chem. Eur. J. 2010, 16, 11311 -11319
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Table 3. Suzuki-Miyaura reaction of heteroaryl halides using the catalyt-
ic membrane-installed microchannel device 1.1

Entry  Aryl halide Aryl boron Product Yield
reagent [%]
S
T el ¢
1 U (0% \ /) 990!
7a 5e 8a
S
2 7a NaBPh, 9a N\ / 97
8a
D e D0
| (HO)B
3 = = 99
7b 5e 8b
9= (H%B@ 9
4 N / N / 99
7c 5e 8c
A I (HO) B{/ > <
5 N / ¢ N / 99
7c 5b 8d
o) (0]
6 H W W 99
7d 5e 8e
o] o]
O | (HO).B o
7 Ho\ H o\ 99
7d 5b 8f
o]
S o, (H0)2B\Cs A
=
8 H o\ = H o\ J 99
7d 5t 8g
S
9 U N\ / 87
4a 59 8a
O
O roe
| O
10 \@ \/ 81
4a 5h sh

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

out under similar conditions to afford ethyl cis-3-cinnamate
(11a) in 99% yield in which the thermodynamically more
stable frans isomer was not detected (Table 4, entry 1). The
substrate 10a underwent the coupling reaction with 4-me-
thoxyphenylboronic acid 5a, thus leading to ethyl cis-3-(4-
methoxyphenyl)acrylate (11b) in 94% yield (entry 2). The
reaction of the alkenyl bromides 10b and 10¢ proceeded
smoothly to afford 11a and a-phenylstyrene (11¢) 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 Pd’ 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),) with the polymeric Ar-Pd-
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Table 4. Suzuki-Miyaura reaction of alkenyl halides using the catalytic
membrane-installed microchannel device 1.1

Entry Aryl halide Aryl boron Product Yield
reagent [%]
o)
O
EtO |
1 — Se Eto& 99
10a 11a
OMe
o)
EtO | (o]
2 = S5a EtO 94
10a =

EtO 2 Br o
3 — Se BO—=_ 92

10b 11a
Br
4 Se 96
10c 11c
[a] Alkenyl halides (6.3 mm in EtOAc/iPrOH (2:5); flow rate:

2.5 uLmin "), arylboronic acids (63 mm in 126 mm aqueous Na,COs; flow
rate: 2.5 uLmin’l), 50°C, residence time =35 s.

X to give aryl(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

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 (12a) and sodium tetraphenylborate (9a)
using p-devices 1-3. Thus a solution of 12a in iPrOH
(5.8 mm; solution C, Figure 1) and an aqueous solution of 9a
(58 mm; solution D) were oppositely introduced into the
membrane-divided channels, p-devices 1-3 (40 mm long), at
70°C with a flow rate of 3.0 pLmin™'. Two parallel laminar
layers flowed through the channel in 1s, and the resulting
organic/aqueous microstream was collected from the outlet
to afford (E)-1,3-diphenylpropene (13a) (Table 5, entries 1-
3). Determination of the chemical yield and characterization
of the product were performed by GC analysis and '"H 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 p-devices 1-3 promoted the allyl-
aryl coupling reaction to give 13a in 99, 77, and 56 % yield,
respectively. The turnover frequency of p-device 1 in the cat-
alytic reaction reached 1000 h™'. The catalytic membrane of
p-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 12a and
9a to afford 13a 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).

parallel  laminar  flow I:ates. Table 5. Allylic arylation using catalytic membrane-installed microchannel reactors.!
Compared to the conventional - 5 -
. . Entry Allylic ester Aryl boron reagent p-Device Product Yield
flask reaction system, this %]
method of performing a catalyt- ~on -
. . . . c
ic re.actlon that involves multi 1 W NaBPh, (9a) 1 ggldl
ple intermolecular steps offers 12a 13a
a great advantage. 5 12a 9a 2 13a 77
3 12a 9a 3 13a 56
Allylic arylation with the cata- 4 12a PhB(OH),-N2,CO; 1 13a 43
. . . X
lytic membrane-installed micro- OCOOMe
. . 5 9a 1 13a 99l
channel devices: The synthetic 12
ability of the three types of mi- OAc
crochannel devices prepared =
: 6 9a 1 13a 99
above (the p-devices 1-3) was
also examined for allylic aryla- 12¢
tion of allyl esters with arylbor-
on reagents. Whereas numerous / 12a NaB(4-F-CiH,), 9b 1 F 94
reports on aryl-aryl couplings 13b
with arylboron reagents (the OCOOMe O
ey . S
Suzuki-Miyaura coupling) have e @/\)\ 0a X - 5

appeared so far, the allyl-aryl

coupling, which often requires 12d

O 13c

relatively high reaction temper-
atures,'® has received only
scant attention. Successful re-
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[a] Conditions: allylic ester or carbonate (5.8 mMm in iPrOH), arylborate (58 mm in water); flow rate:
3.0 uLmin !, 70°C, residence time 1 s. [b] Flow rate: 2.5 uLmin". [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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70°C,1s
Ph"0Ac Ph”"“pp Snapshot at 30 min: 99%
snapshot at 120 min: 99%
+ NaBPhy

3 !

5 -
r — - s —

| |

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

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),/Na,CO; (aqueous flow)
showed moderate reactivity under otherwise similar condi-
tions to give 13a in 43% yield (Table 5, entry 4). Both cin-
namyl methyl carbonate (12b) and the regioisomeric 1-ace-
toxy-1-phenyl-2-propene (12¢) also reacted with 9a under
the same conditions to give quantitative yields of 13ain 1s
(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 12a with sodium tetrakis(4-fluo-
rophenyl)borate (9b) under similar conditions gave (E)-3-
(4-fluorophenyl)-1-phenyl-1-propene (13b) in 94% yield
(entry 7).

It is noteworthy that the methyl vinyl carbinol carbonate
12d underwent the palladium-catalyzed allyl-aryl coupling
to give the corresponding coupling product 13¢ 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- 14
responding m-allylpalladium in-
termediate that bears the B-sp*-
hydride, which often suffers
from  elimination under palla-
dium-catalyzed conditions to
give the undesired 1,3-dienes
(Scheme 5)." ¥ However, no
trace of the 1,3-diene, phenyl-
butadiene, was observed in the
reactions using p-device 1, pre-
sumably due to the extremely
fast intermolecular coupling
pathway (versus intramolecular
B elimination).

losartan.

16

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

Chem. Eur. J. 2010, 16, 11311 -11319

+ (HO)aB‘Q* - -

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

intermolecular

[Pd] TdXL” substitution PdPhL,
F‘h/\/l\ - th" ST Ph%H
+ NaBPhy
8
intramolecular
B elimination
Ph
Ph S .
9

Scheme 5. Intermolecular substitution versus intramolecular f§ elimina-
tion.

onstrate the utility of the Pd-membrane-installed p-device 1
in medicinal as well as material science, bioactive com-
pounds and functional materials were prepared with p-
device 1. Thus, the Suzuki-Miyaura reaction of 2-cyano-1-io-
dobenzene (14) with p-tolylboronic acid (5d) was carried
out with p-device 1 at 50°C with 4s 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.'"”! 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 5e inside
p-device 1 with 5s of residence time.”*?"! ortho-Terphenyl
(19), an important skeleton for the preparation of functional
cyclic supramolecules and photochromic materials,”? was
prepared in 97 % yield from 1,2-diiodobenzene (18) with 9a
under similar conditions. When the reaction of 4-cyano-1-io-
dobenzene (20) with 4-pentylphenylboronic acid (21) was
performed under similar conditions inside p-device 1, a 4'-
pentyl-4-cyanobiphenyl (5CB) liquid-crystal compound (22)

p-device 1

4©7 15: 99%

N.
b HN N
\
e orlly OH
3 .l
Bu/<\ cl
josartan N

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

u-device 1 @
(HO),B - .
5o ' 17: 99%

fenbufen

Scheme 7. Preparation of fenbufen, a cyclooxygenase inhibitor.
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Scheme 8. Preparation of o-terphenyl.

u-device 1
+ (HO).B E——
21

Scheme 9. Preparation of a SCB liquid crystal.

u-device 1

——

20

was readily obtained quantitatively from the outlet of p-
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. p-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 PACL/PA-TAP membrane inside a microchannel (u-
device 1): An solution of PA-TAP in EtOAc (5.0 mm phosphorus unit;
solution A) and an aqueous solution of [PdCl,(NH,),] (1.7 mm; solu-
tion B) were charged oppositely into the microchannel (100 pm width,
40 um depth, 40-140 mm length) at 25°C for 10 min with a flow rate of
25 uLmin~'. 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 um). Elemental analysis caled (%) for
(Cyp0H,4400N,(P,PdCL-5H,0),: 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 PdCl/polyPy membrane inside a microchannel (u-
device 2): An solution of poly(4-vinylpyridine) in EtOAc (5.0 mm pyri-
dine unit; solution A) and an aqueous solution of PdCl, (1.7 mm) and
NaCl (17 mm) (solution B) were charged oppositely into the microchan-
nel at 25°C for 5 min with a flow rate of 25 pLmin'. 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 pm). IR (ATR) 7=
3476, 1612, 1427, 1221, 1068, 829 cm'; elemental analysis calcd (%) for
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[(PACL);(C;H,N)#CH,CO,Et],:  C
44.17, H 4.03, N 6.72; found: C 44.11,
H 4.15,N 7.18.

Preparation of a PdCl,/polyviologen
membrane inside a microchannel (u-
device 3): A solution of poly{(4,4"-bi-
pyridyl)-co-[1,4-bis(bromomethyl)ben-
zene]} in iPrOH/EtOAc/H,0 (2:1:1)
(3.4 mm pyridinium unit; solution A)
and an aqueous solution of PdCl,
(1.7mm) and NaCl (17 mm) (solu-
tion B) were charged oppositely into
the microchannel at 25°C for 5min
with a flow rate of 25 WL min"'. 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 pum).

19: 97%

©

o

Representative procedure for cross-coupling using the microchannel with
a divided PA-TAP-Pd membrane (Table 2, entry 6; u-device 1): A solu-
tion of 4-trifluoromethyliodobenzene (4¢) in EtOAc/iPrOH (2:5; 6.3 mM;
solution C)) and a solution of 4-methoxyphenylboronic acid (5a) and
Na,CO; in water (ArB(OH),=9.4 mm, Na,CO;=18.3 mM; solution D)
were oppositely introduced into the membrane-divided channel p-
device 1 at 50°C with a flow rate of 2.5 uLmin~"' (for solution C) and
5.0 uLmin™' (for solution D), respectively, and two parallel laminar
layers flowed through the channel in 4s. The resulting organic/aqueous
microstream was collected from the outlet of the channel to afford a
quantitative yield (240 pgh™") of 4-methoxy-4'-(trifluoromethyl)biphenyl
(6f). 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 'H NMR
spectroscopy.

Representative procedure for the allylic arylation reaction using the mi-
crochannel with a divided PA-TAP-Pd membrane (Table 5, entry 1; n-
device 1): A solution of cinnamyl acetate (12a) in /PrOH (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 p-device 1 at 70°C with a flow rate of 3.0 uLmin*, and
two parallel laminar layers flowed through the channel in 1s. 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 (13a).

Acknowledgements

This work was supported by the Green-Sustainable Chemical Process
project sponsored by the METI/NEDO. We also thank the JSPS (Grant-
in-Aid for Scientific Research no. 20655035), the MEXT (Science Re-
search on Priority Areas no. 460), the JST (CREST Project), and the
NEDO (GSC Project) for partial financial support of this work. We are
thankful to Dr. Satoru Nakao (IMS) for his help in measuring the SEM,
which is supported by the Nanotechnology Support Project (MEXT) and
managed by the IMS.

[1] For a recent review of solid-phase reactions by using palladium cata-
lysts, see: a) Y. Uozumi, T. Hayashi in Handbook of Combinatorial
Chemistry (Eds.: K. C. Nicolaou, R. Hanko, W. Hartwig) Wiley-
VCH, Weinheim, 2002, Chapter 19; b) T. Franzel, W. Solodenko, A.
Kirschning in Polymeric Materials in Organic Synthesis and Catalysis
(Ed.: M. R. Buchmeiser), Wiley-VCH, Weinheim, 2003, Chapter 4;
¢) Y. Uozumi, Top. Curr. Chem. 2004, 242, 77; d) Z. Wang, G. Chen,
K. Ding, Chem. Rev. 2009, 109, 322; ¢) J. Lu, P. H. Toy, Chem. Rev.
2009, 709, 815; f) Y. Uozumi, Y. M. A. Yamada, Chem. Rec. 2009, 9,
S1.

Chem. Eur. J. 2010, 16, 11311 -11319


http://dx.doi.org/10.1021/cr800406u
http://dx.doi.org/10.1021/cr8004444
http://dx.doi.org/10.1021/cr8004444
http://dx.doi.org/10.1002/tcr.20165
http://dx.doi.org/10.1002/tcr.20165
www.chemeurj.org

Palladium Microchannel Devices

[2] a) J-i. Yoshida, A. Nagaki, T. Yamada, Chem. Eur. J. 2008, 14,
7450-7459; b) C. Wiles, P. Watts, Eur. J. Org. Chem. 2008, 1655; c) J.
Kobayashi, Y. Mori, S. Kobayashi, Chem. Asian J. 2006, 1-2, 22;
d) K. Jahnisch, V. Hessel, H. Lowe, M. Baerns, Angew. Chem. 2004,
116, 410; Angew. Chem. Int. Ed. 2004, 43, 406; ¢) H. Pennemann, V.
Hessel, H. Lowe, Chem. Eng. Sci. 2004, 59, 4789; f) P. D. I. Fletcher,
S.J. Haswell, E. Pombo-Villar, B. H. Warrington, P. Watts, S. Y. F.
Wong, X. Zhang, Tetrahedron 2002, 58, 4735; g) S.J. Haswell, R.J.
Middleton, B. O’Sullivan, V. Skelton, P. Watts, P. Styring, Chem.
Commun. 2001, 391.
For recent reports on flow reactors that bear immobilized palladium
catalysts for organic synthesis, see: a) G. M. Greenway, S. J. Haswell,
D. O. Morgan, V. Skelton, P. String, Sens. Actuators B 2000, 63, 153;
b) G. Jas, A. Kirschning, Chem. Eur. J. 2003, 9, 5708; c) J. Kobayashi,
Y. Mori, K. Okamoto, R. Akiyama, M. Ueno, T. Kitamori, S. Ko-
bayashi, Science 2004, 304, 1305; d) U. Kunz, H. Schonfeld, W. Solo-
denko, G. Jas, A. Kirschning, Ind. Eng. Chem. Res. 2005, 44, 8458;
e) A. Kirschning, W. Solodenko, K. Mennecke, Chem. Eur. J. 2006,
12, 5972; 1) I. R. Baxendale, C. M. Griffiths-Jones, S. V. Ley, G. K.
Tranmer, Chem. Eur. J. 2006, 12, 4407; g) M. T. Rahman, T. Fukuya-
ma, N. Kamata, M. Sato, I. Ryu, Chem. Commun. 2006, 2236; h) O.
Trapp, S. K. Weber, S. Bauch, W. Hofstadt, Angew. Chem. 2007, 119,
7447; Angew. Chem. Int. Ed. 2007, 46, 7307; i) T. Fukuyama, M. T.
Rahman, M. Sato, I. Ryu, Synlett 2008, 151; j) S. Ceylan, C. Friese,
C. Lammel, K. Mazac, A. Kirschning, Angew. Chem. 2008, 120,
9083; Angew. Chem. Int. Ed. 2008, 47, 8950; k) M. Ueno, T. Suzuki,
T. Naito, H. Oyamada, S. Kobayashi, Chem. Commun. 2008, 1647;
1) A. Gomann, J. A. Deverell, K. F. Munting, R. C. Jones, T. Rode-
mann, A.J. Canty, J. A. Smith, R. M. Guijt, Tetrahedron 2009, 65,
1450.
a) Y. M. A. Yamada, Chem. Pharm. Bull. 2005, 53, 723; b) Y. M. A.
Yamada, Y. Uozumi, Org. Lett. 2006, 8, 1375; ¢) Y. M. A. Yamada,
Y. Maeda, Y. Uozumi, Org. Lett. 2006, 8, 4259; d) Y. M. A. Yamada,
H. Guo, Y. Uozumi, Org. Lett. 2007, 9, 1501; ¢) Y. M. A. Yamada, Y.
Uozumi, Tetrahedron 2007, 63, 8492; f)Y.M.A. Yamada, Y.
Uozumi, Heterocycles 2008, 76, 645.
a)P.J. A. Kenis, R. F. Ismagilov, S. Takayama, G. M. Whitesides,
Acc. Chem. Res. 2000, 33, 841; b) P.J. A. Kenis, R. F. Ismagilov,
G. M. Whitesides, Science 1999, 285, 83; ¢) B. Zhao, N. O. L. Viernes,
J.S. Moore, D.J. Beebe, J. Am. Chem. Soc. 2002, 124, 5284; d) H.
Hisamoto, Y. Shimizu, K. Uchiyama, M. Tokeshi, Y. Kikutani, A.
Hibara, T. Kitamori, Anal. Chem. 2003, 75, 350.
a) Y. Uozumi, Y. M. A. Yamada, T. Beppu, N. Fukuyama, M. Ueno,
T. Kitamori, J. Am. Chem. Soc. 2006, 128, 15994; b) Y. M. A.
Yamada, T. Watanabe, K. Torii, Y. Uozumi, Chem. Commun. 2009,
5594.
[7] Purchased from Institute of Microchemical Technology, Co., Ltd.,
(Kanagawa, Japan; http://www.i-mt.co.jp).
[8] For a preparation of PA-TAP-Pd for the Suzuki-Miyaura reaction
and Mizoroki-Heck reaction, see: a) Y. M. A. Yamada, K. Takeda,
H. Takahashi, S. Ikegami, Org. Lett. 2002, 4, 3371; b) Y. M. A.
Yamada, K. Takeda, H. Takahashi, S. Ikegami, J. Org. Chem. 2003,
68, 7733; ¢) Y. M. A. Yamada, K. Takeda, H. Takahashi, S. Ikegami,
Tetrahedron Lett. 2003, 44, 2379; d) Y. M. A. Yamada, K. Takeda, H.
Takahashi, S. Ikegami, Tetrahedron 2004, 60, 4087.

3

=

4

[l

5

[

[6

)

FULL PAPER

[9] F. G. Mann, D. Purdie, J. Chem. Soc. 1935, 1549.

[10] a) N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457; b) P. He, J.
Haswell, P. D. 1. Fletcher, Appl. Catal. A 2004, 274, 111; ¢) N. T.S.
Phan, J. Khan, P. Styring, Tetrahedron 2005, 61, 12065.

[11] The reaction efficiency was strongly affected by the concentration
and the flow rate of each solution of the substrates. Thus, for exam-
ple, the reaction of 4a (flow rate: 2.5 uLmin ') and 5a (flow rate:
2.5 uLmin ') afforded 24 % yield of 6a under otherwise similar con-
ditions.

[12] The coupling reaction did not proceed without the catalytic mem-
brane under similar conditions (see section IV in the Supporting In-
formation).

[13] Several fractions were collected as random snapshots for each reac-
tion shown in Tables 2-5 to demonstrate the stable and high catalyt-
ic performance of the microchannel reactor with a divided catalytic
membrane (Figures S3 and S4 in the Supporting Information).

[14] a) I Osaka, R. D. McCullough, Chem. Rev. 2008, 108, 1202; b) U.
Mitschke, P. Béuerle, J. Mater. Chem. 2000, 10, 1471.

[15] a) P.R. Parry, M. R. Bryce, B. Tarbit, Org. Biomol. Chem. 2003, 1,
1447; b) M. S. McClure, B. Glover, E. McSorley, A. Millar, M. H.
Osterhout, F. Roschangar, Org. Lett. 2001, 3, 1677.

[16] a) H. Tsukamoto, M. Sato, Y. Kondo, Chem. Commun. 2004, 1200;
b) C. Ndgjera, J. Gil-Molté, S. Karlstrom, Adv. Synth. Catal. 2004,
346, 1798; c) K. Manabe, K. Nakada, N. Aoyama, S. Kobayashi,
Ady. Synth. Catal. 2005, 347, 1499; d) M. Monreno-Maiias, R. Pleix-
ats, S. Villarroya, Organometallics 2001, 20, 4524; ¢) G. W. Kabalka,
G. Dong, B. Venkataiah, Org. Lett. 2003, 5, 893; f) E. Paetzold, G.
Oehme, J. Mol. Catal. A 2000, 152, 69; g) E. Blart, J. P. Genét, M.
Safl, M. Savignac, D. Sinou, Tetrahedron 1994, 50, 505.

[17] For palladium-catalyzed arylations of secondary allylic acetates that
possess a B-sp” or -sp’ hydride, see: a) H. Ohmiya, Y. Mikida, T.
Tanaka, M. Sawamura, J. Am. Chem. Soc. 2008, 130, 17276; b) G.
Ortar, Tetrahedron Lett. 2003, 44, 4311; c) D. Bouyssi, V. Gerusz, G.
Balme, Eur. J. Org. Chem. 2002, 2445; d) J.-Y. Legros, J.-C. Flaud,
Tetrahedron Lett. 1990, 31, 7453.

[18] For a resin-supported Pd-catalyzed arylation of secondary allylic
esters that possess a 3-sp® or -sp® hydride, see: Y. Uozumi, H. Danjo,
T. Hayashi, J. Org. Chem. 1999, 64, 3384.

[19] D.J. Carini, J. V. Duncia, P. E. Aldrich, A.T. Chiu, A. L. Johnson,
M. E. Pierce, W. A. Price, J. B. Santella III, G.J. Wells, J. Med.
Chem. 1991, 34, 2525.

[20] S.S. Kerwar, Am. J. Med. 1983, 75, 62.

[21] a) G. Lu, R. Franzén, Q. Zhang, Y. Xu, Tetrahedron Lett. 2005, 46,
4255;b) G. A. Grasa, M. S. Viciu, J. Huang, C. Zhang, M. L. Trudell,
S. P. Nolan, Organometallics 2002, 21, 2866.

[22] a) N. Tamaoki, T. Yamaoka, J. Chem. Soc. Perkin Trans. 2 1991, 873;
b)S. Y. Lee, S.J. Na, H. Y. Kwon, B. Y. Lee, S. O. Kang, Organome-
tallics 2004, 23, 5382; c) R. Sato, G. Hamasaka, T. Yamamoto, H.
Muraoka, S. Nakajo, S. Ogawa, Bull. Chem. Soc. Jpn. 2007, 80, 768.

Received: February 26, 2010
Revised: May 31, 2010
Published online: August 16, 2010

Chem. Eur. J. 2010, 16, 11311 -11319

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 11319


http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/ejoc.200701041
http://dx.doi.org/10.1002/asia.200600058
http://dx.doi.org/10.1002/ange.200300577
http://dx.doi.org/10.1002/ange.200300577
http://dx.doi.org/10.1002/anie.200300577
http://dx.doi.org/10.1016/S0040-4020(02)00432-5
http://dx.doi.org/10.1039/b008496o
http://dx.doi.org/10.1039/b008496o
http://dx.doi.org/10.1016/S0925-4005(00)00352-X
http://dx.doi.org/10.1002/chem.200305212
http://dx.doi.org/10.1126/science.1096956
http://dx.doi.org/10.1021/ie048891x
http://dx.doi.org/10.1002/chem.200600236
http://dx.doi.org/10.1002/chem.200600236
http://dx.doi.org/10.1002/chem.200501400
http://dx.doi.org/10.1039/b600970k
http://dx.doi.org/10.1002/ange.200701326
http://dx.doi.org/10.1002/ange.200701326
http://dx.doi.org/10.1002/anie.200701326
http://dx.doi.org/10.1002/ange.200801474
http://dx.doi.org/10.1002/ange.200801474
http://dx.doi.org/10.1002/anie.200801474
http://dx.doi.org/10.1039/b715259k
http://dx.doi.org/10.1016/j.tet.2008.12.007
http://dx.doi.org/10.1016/j.tet.2008.12.007
http://dx.doi.org/10.1248/cpb.53.723
http://dx.doi.org/10.1021/ol060166q
http://dx.doi.org/10.1021/ol0615026
http://dx.doi.org/10.1021/ol070258v
http://dx.doi.org/10.1016/j.tet.2007.05.071
http://dx.doi.org/10.1021/ar000062u
http://dx.doi.org/10.1126/science.285.5424.83
http://dx.doi.org/10.1021/ja025835j
http://dx.doi.org/10.1021/ac025794+
http://dx.doi.org/10.1021/ja066697r
http://dx.doi.org/10.1039/b912696a
http://dx.doi.org/10.1039/b912696a
http://dx.doi.org/10.1021/ol0264612
http://dx.doi.org/10.1021/jo034354v
http://dx.doi.org/10.1021/jo034354v
http://dx.doi.org/10.1016/S0040-4039(03)00220-X
http://dx.doi.org/10.1016/j.tet.2004.02.072
http://dx.doi.org/10.1039/jr9350001549
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1016/j.apcata.2004.05.042
http://dx.doi.org/10.1016/j.tet.2005.07.109
http://dx.doi.org/10.1039/a908713c
http://dx.doi.org/10.1039/b302767h
http://dx.doi.org/10.1039/b302767h
http://dx.doi.org/10.1021/ol0158866
http://dx.doi.org/10.1039/b402256d
http://dx.doi.org/10.1002/adsc.200505135
http://dx.doi.org/10.1021/ol034067d
http://dx.doi.org/10.1016/S0040-4020(01)80772-9
http://dx.doi.org/10.1021/ja808673n
http://dx.doi.org/10.1016/S0040-4039(03)00980-8
http://dx.doi.org/10.1002/1099-0690(200208)2002:15%3C2445::AID-EJOC2445%3E3.0.CO;2-S
http://dx.doi.org/10.1016/S0040-4039(00)88513-5
http://dx.doi.org/10.1021/jo982438b
http://dx.doi.org/10.1021/jm00112a031
http://dx.doi.org/10.1021/jm00112a031
http://dx.doi.org/10.1016/0002-9343(83)90330-3
http://dx.doi.org/10.1016/j.tetlet.2005.04.022
http://dx.doi.org/10.1016/j.tetlet.2005.04.022
http://dx.doi.org/10.1021/om020178p
http://dx.doi.org/10.1039/p29910000873
http://dx.doi.org/10.1021/om049483w
http://dx.doi.org/10.1021/om049483w
http://dx.doi.org/10.1246/bcsj.80.768
www.chemeurj.org

