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Development of Catalytic Membrane-Installed

Microchannel Devices and Their Application to
Organic Transformations
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Instantaneous catalytic molecular transformation is an important goal in chemical
synthesis. Recently, microreactor systems offering many fundamental as well as
practical advantages have been considered as innovative devices for chemical
experimentation. Molecular transformations with catalyst-immobilized microflow
reactors are representative examples of these systems, in which the efficiency of
various reactions has been found to increase because of the vast interfacial area and
the close distance of the molecular diffusion path in the narrow space of the
microreactors. Considering that the majority of chemical reactions are carried out
by mixing two unique solutions of reactants, it is not surprising that the
catalyst-immobilized microreactor for liquid—solid—liquid triphase reaction systems
would be an eagerly awaited device. If a catalyst were installed as a membranous
composite at the center of the microchannel, two reactants could be oppositely
charged into and flow through the divided channel all the while 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 (a), where a catalytic cross-coupling reaction is depicted as
a typical example. Uozumi and co-workers reported a preliminary result of the
preparation of a polymeric Pd-membrane-installed microchannel reactor for the
Suzuki-Miyaura reaction.! The catalytic membrane was constructed inside the
microchannel via  “molecular convolution”, a  novel cbncept for
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Suzuki-Miyaura coupling of aryl iodides and arylboronic acids were described in the
preliminary communication.

In this thesis, this author describes the development of various polymeric
palladium membranes-installed microchannel reactors (Chapter II), and their
application to not only the Suzuki-Miyaura coupling (Chapter III and IV) but also the
allylic arylation (Chapter V) and hydrodechlorination using the first polymeric
Pd-nanoparticle membrane-installed microchannel devices (Chapter VI), in which
instantaneous and complete conversion was achieved efficiently.?

Chapter II reports details of the formation of three catalytic membranes using a
microchannel reactor having a channel pattern of 100 pm wide, 40 pm deep, 40 or
140 mm long, and a Y-junction. Thus, the coordinative convolution of palladium
species and a polymeric phosphine ligand was performed by the installation of an
EtOAc solution of poly(N-isopropylacrylamide-triarylphosphine) (solution A, Figure
1) and an aqueous solution of (NH4),PdCls (solution B, Figure 1) oppositely into the
microchannel at 50 °C with a flow rate of 20 pl/min. The two-phase parallel laminar
flow was readily formed under the flowing conditions, and a polymer membrane was
precipitated at the interface of the laminar flow (the p-device 1, Figure 2). The
palladium-immobilized membranes of poly(4-vinylpyridine) and
poly[4,4’-bipyridyl-co-1,4- bis(bromomethyl)benzene] were also installed into the
Y-junction microchannel via ionic convolution (the p-devices 2,3, Figure 2).
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PPhy 2 _ (PdXa)™ |
p-device 1 (composite 1) u-device 2 (composite 2) u-device 3 (composite 3)

Figure 2. Structure and microscopic view of .catalytic membranes in the p-devices 1-3 (composite 1-3)

In chapter III, the synthetic ability of the three types of microchannel devices
prepared above (the p-devices 1-3) were examined for the Suzuki-Miyaura reaction
(Scheme 1). Thus, a solution of iodobenzene in EtOAc/i-PrOH (solution C, Figure
1) and an aqueous solution of 4-methoxyphenylboronic acid with Na,COs3 (solution D,
Figure 1) were oppositely introduced into the membrane-divided channels, the
p-devices 1-3, at 50 °C, with a flow rate of 2.5 pl/min (for solution C) and 5.0 pl/min
(for solution D), respectively. The p-device 1 gave 4-methoxybiphenyl in‘99% yield



within 4 seconds of residence time through the continuous 120 min of the flow
reaction, whereas the p-devices 2 and 3 in 0% and 15% yields, respectively. The
reaction system of the p-device 1 was applied to the cross-coupling reaction of a

variety of heteroaryl halides, alkenyl halides and heteroarylboronic acids.

Scheme 1. The Suzuki-Miyaura reaction using the p-devices 1-3
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Application to the preparation of intermediates of bioactive compounds as well as
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functional materials using p-device 1 was also described in chapter IV. Thus, the
Suzuki-Miyaura reaction of 4-cyano-1-iodobenzene with 4-pentylphenylbronic acid
was carried out with the p-device 1 at 50 °C with 4 sec of residence time to afford, a
liquid crystal compound 5CB, 4-cyano-4’-pentylbiphenyl in 99% yield. A variety of
medicinal intermediates and functional materials were obtained with similar
conditions.

In chapter V, the synthetic ability of the three types of microchannel devices
prepared above (the p-devices 1-3) was also examined for allylic arylation of allyl
esters with arylboron reagents. While 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 temperatures, has received
only scant attention. The successful results for the 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 the allyl-aryl coupling with high
efficiency. The allyl-aryl coupling reaction was examined with cinnamyl acetate
and sodium tetraphenylborate using the p-devices 1-3 (Scheme 2). Thus, a solution
of cinnamyl acetate in i-PrOH (solution C) and an aqueous solution of

tetraphenylborate (solution D) were oppositely introduced into the membrane-divided



channels, the p-devices 1-3 (40 mm long), at 70 °C with a flow rate of 3.0 pl/min.
Two parallel laminar layers flowed through the channel in 1 second, and the resulting
organic/aqueous micro stream was collected from the outlet to afford
(E)-1,3-diphenylpropene. Thus, the p-devices 1-3 promoted the allyl-aryl coupling
reaction to give (£)-1,3-diphenylpropene in 99%, 77%, and 56% yield, respectively.
The turnover frequency of the p-device 1 in the catalytic reaction reached to 1,000 ht.
A variety of allyl esters and arylboronic acid were also carried out under the similar

conditions to give the corresponding products in high yield (Scheme 2).

Scheme 2. Allvlic Arviation using the p-devices 1-3
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Hydrodechlorination of aryl chlorides has been an important chemical
transformation in organic synthesis as well as an environmental point of view.
Accomplishment with instantaneous and continuous flow system would become an
attractive method for this purpose. In typical results, it is known that several
palladium-nanoparticle catalysts promote the hydrodechlorination of aryl halide.
Therefore, this author made a through investigation on the preparation of the first
polymeric Pd-nanoparticle mémbrane—installed microchannel devices by reduction
with sodium formate (HCO;Na) or thermal decomposition ‘at 250 to 300 °C.
Furthermore, the application of polymeric palladium particle-installed microchannel
devices to the instantaneous hydrodechlorination of aryl halides with sodium formate
was described in chapter VI. Thus, the composites 1-3 were reduced with saturated
aqueous sodium formate at 50 °C for 30 min to give insoluble powders 4-6 in 96%,
99% and 30%, respectively (Figure 3, left). Optical microscopic observation
showed that color of 5 and 6 was changed from yellow to black whereas that of 4
remained unchanged (Figure 3, left). High resolution TEM analysis of 5 and 6
revealed that the Pd nanoparticles in 5 and 6 had a mean diameter of 2.0+0.3 nm and
10.0£2.0 nm respectively (Figure 3, right). In contrast, nanoparticles were not
observed in 4. This result suggested that microflowing of HCO;Na in the p-devices
2 and 3 at 50 °C should in-situ provide a polymeric palladium-nanoparticle membrane
inside a microchannel reactor.

For the thermal decomposition of palladium species, the complexes 1-3 were heated
at 250, 325 and 300 °C for 0.5 h in an electric furnace under batch conditions to
afford black powders 4’-6’ in 93%, 90%, and 79%, respectively.



T szl RCOOMA &
;’F‘hgf 2
f
4 \T}'}n
[:::‘ B {FaCl, sat HCOONS aq.
o TR0C.a0min

aaf HOOONa .
PN T T T

50 *C, 34 mn

Fipure 3. (left) Optical microscopic images of polymeric palladiumcomposites 4-6 prepared by
reduction of the composite 1-3 wath HCO,Na: (right) TEM images of the three types of palladium

compusite 4 (a),5 (b) and & {c)
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3,5-dimethoxychlorobenzene, with HCO,;Na by using the p-devices 1-3 (u-devices
4-6 generated in-situ) and the p-devices 4’-6’. Thus, a solution of
3,5-dimethoxychlorobenzene in i-PrOH (5.0 mM) and an aqueous solution of
HCO;Na (saturated) were oppositely introduced into the membrane-divided channels,
the p-devices 1-3 and 4’-6° (40 mm long), at 50 °C with a flow rate of 0.5 pl/min for
2 hours. Two parallel laminar layers flowed through the channel in 8 sec, and the
resulting organic/aqueous micro stream was collected from the outlet to afford
1,3-dimethoxybenzene (Scheme 3). The p-devices 1-3 and 4’-6’ promoted the
hydrodechlorination to give 1,3-dimethoxybenzene in 10%, 99%, 35%, 0%, 99%, and
65% yield, respectively (Scheme 3). Since the p-device 2 (the p-device 5 generated
in-situ) was found to be the most active and the most readily prepared, the reaction
system of the p-device 2 was applied to the hydrodechlorination of a variety of aryl
chlorides. The p-device 2 promoted the hydrodechlorination of various aryl
chlorides in 8 seconds of residence time with the formation of a palladium
nanopérticle-installed catalytic membrane in-situ.

In summary, this author developed a variety of palladium membrane-installed
microchannel devices via “coordinative and ionic convolution® and demonstrated that
these microchannel devices efficiently promoted the instantaneous Suzuki-Miyaura
reaction and allylic arylation within 4-5 and 1 seconds of residence time, respectively
to afford the corresponding products quantitatively. Moreover, the first polymeric
Pd-nanoparticle membrane-installed microchannel devices were prepared by
reduction with HCO;Na or thermal ‘decomposition in chapter VI. The polymeric
Pd-nanoparticle membrane-installed microchannel devices p-device 1-3 (4’-6) was
applied to the hydrodechlorination of aryl halides with sodium formate. Especially,
the p-device 2 promoted the hydrodechlorination of various aryl chlorides in 8
seconds of residence time with the formation of a palladium nanoparticle-installed

catalytic membrane in-situ.

References

(1) Uozumi, Y.; Yamada, Y. M. A.; Beppu, T.; Fukuyama, N.; Ueno, M.; Kitamori, T. J.
Am. Chem. Soc. 2006, 128, 15994.

(a) Yamada, Y. M. A.; Watanabe, T.; Torii, K.; Uozumi, Y. Chem. Commun. 2009,

5594. (b) Yamada, Y. M. A.; Watanabe, T.; Beppu, T.; Fukuyama, N.; Torii, K.;

Uozumi, Y. Chem. Eur. J. accepted.



BRI OEEFROEE

AELRE, MEREEAR A 70 )T 78 —T N AOWBEZOFBERKIE~DNG
BlonwTsHBRENbDTHS, E1ENFR. BE2E-—FOEETHARR. B7TEVFER
DTEILXTTHERINTND,

H1ETE, BEMMEBRBRRE A /0 T8 -TNA ZORABCBTIER. BRICD
WTHRARBATWS, BEOHBEAZRTLYSD, B TFEEMBEEDO~AA /70T 2 —R
BRAB~DEAOER, EEMRREIN, FARXOFWHRABSTRERE LTV D,

WLoOETIR, BAFRATIVVLBEAR A/ n )T 78T ADRFLAFIZONT
RSN TWSB, w4271 ) 727 &—HN~D poly(acrylamide-triarylphosphine-palladium) fif #
R, YRFEAROFT ¥ VRIANRNE = 2HTDA 70 )T 7 ¥ —IC,
poly(acrylamide-triarylphosphine) D EFEE= F /LIS & (NH4)2PdCl4 DKBEWHBFER L TYF
WAL D EASNDZ L THB AN, BFEME, TXL¥—SHEXBRHFEC LY.
EE]1 mm, & &40mm. E&4cmb L<IX14cm (FiBE) OBLFRTVUALER, =A47
Y7 EA-—BRATEICAR LTS Z EBHLMICENT (device 1), RHEDFIEIZLD
poly(vinylpyridine-palladium) fil % (device 2), poly(viologen-palladium) il % (device 3) @
v A VT I -BRAT~DEANCHD TEI LI,

HEIETIE, SEEDO~A 7 BRIET /SA A devices 1-3 RHAR-EH I/ aA by FY 7T
BRESHh, FALSZAOMBEAFmINTE, TOKE. devicel OEMENRH S,
iodobenzene & 4-methoxyphenylboronicacid & DX v 7V v 7 RIENRISIRESO C. i & B [
A TEBMICEITT2ENTENTZ, &b, Bao nn S LERRLEED. ~u i ik
FAr=eT Y —ARavig, ~Fu7)—LRo rBEEORIEBITbRL, WThOBE T
b EGIBES) C, BWEBEMH4-SHDTHRTIIy 7Y I EaPREWVIETE L, MEE

BAB~A 0 )T 78T L ZADERMNERERBT SN,

HAETH, device ] ILEDHx DERS - BEMHAERTREIARS N, A7 /51 20
7 u v AMLERRAESNTR SN,

5 E T, devices 1-3 BT VAT AF AL LELEBRRIELLED L DT VAET U — LR
WEA S, TO %, cinnamyl acetate & sodium tetraphenylborate & @ iz T devices 1-3
WTFRIKBWCHMEERERH E 2 L BRI, FIZ device ] IWBWT, iKY D
1,3-diphenylpropene?s KIS IRET0 C., HBEEMID TEENTEONIENRB I, X7
NA R FHL2RERBCBOTHLHBEL, AIBEOEHECTHETIERMREENI/BLNLIZ &
MREN, A7V T 74 —TOHUDTOTINMET V—VEREPEL S NI,



% 6 ETIX, devices 1-3 BTV — NV DOKBMBEERRKBICEA SN, ARISIIEFHS
FRibZEDRZLTPCB, FAFTXV UV ORBICELTH D, Device2 BARBIKED TH B Z
EMRHEN, MBI M) U LAKERFET. SmMOEART UV —ABKIGBRESO C,
HEEESH CEEN CTHRERLIND D ZEBRENTE, £, TATE R, by, 7IF
EE2FT2EHEZRAVEREETH, BROCBREREIETIZ2ENRE SN, EHICET
BEMEREOREICIY, MEFEEERAAT OV AT JRFTHEIEEREENLTVS,

B7TETRR2EAORE. FREB~bhL TS,

UED LS. A7) 778 - ORBHRABICHMEEZND CTHRET I Z 2TV BERY
REBEBRRGHER SN, —EORRITETMN E OEBKFIE Chemical Communications
¥ X ' Chemistry European Journal (234 & L. Chemical Communications TiX Hot Article Z
BHIN IR CPEENC b EWFMEZX T2, AR, AWML 27 Mok 50 FRE
DFBEHPERINL., BEENCEVWKEDOHE THD LYiahk, 1o T, BEEZBESIX
RXBEL (BE) OFMHRXKET LI O THd 28— R THERMT .



