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NTW% 2, Figurel-1 &V = F —iHEBZEXNICRIZ & &, ALFEENPZEE L
TWAHZ ENRDND 3, (LFEENERL TEXLI L TRIELOEL LBRENTR-T-
BIFER AEHOMET 72 AT, HRARTRNVF—EHET LE0E 178 L a7
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Figure 1-1. Comparison of energy consumption in each industrys.

— T, BARERNICET 2 =1V F—MRIEOWNRE 5 5 & | ALAREHI R & < K fF
LTHEY, ZHUCHRT DREZREA AH % P ST 5, Figurel -2 ([ZEAEIZE
F 5 =2 F—MHEEONRE RS (FIRTOT — 2 THESEAER) 4 2010 F0%5E
K 7 EL 2017 FOLHEIIN 8 FIMELAREHC Lo TEO BN TWD, — T, K&
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DRFHZRNAF—%HO LTW H#ENE bzl 2017 FOEBFIZBWTIE
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Figure 1-2. Changes in primary energy in Japan.
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1.3 AHEERGRIE DR L BV

AEMERIET N E CICREFMEARGHRTFEL LT EVDIF 7Y =07
MU —OBLENBIER 2O TE 72 58, YLARIEIR 1848 412 = /L2 {k(Scheme 1-
D A SN L ITBELIFEL, &< oMmonTWna 0TS L0, ITF, P

Baran 57 Dixiamycin B O 2 & U W CTEME S Z VTR, AHEEMR SO

FLH

HUE S BIIERSNWTEY . ZLOHIRENRSALIZLDH TN D 10,

0 electrolysis
2R4< R—R + 2CO,
O
0 0O
H3C% e H3C% + e
O o)
0]
H3C% — CH; + CO,
o
2CH, H,C—CH,

Scheme 1-1. General scheme for the Kolbe decarboxylation and radical-radical

coupling reaction®.

NH @nodic oxidation

[10 examples]
[Gram-scale]
[Open flask]
[Functional
group tolerance]
HO ~H
xiamycin A Me CO.H dixiamycin B
[9 steps, >1gram] [Electrochemical N-N formation)

Scheme 1-2. Synthesis of Dixiamycin B by Electrochemical N-N formation

reaction!©.
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AT 2 72 OIS IHE 79 F TR AL = 2L F — 2B 72 1T UE7e B 72, ) 7e ik
B2 NS 2 & THMME AN F =2 EBEE L 2 LT TE 08, /il L7z L 91c£<
DILF T v A TEECEAZFIM LTRSS EED T D, —J7, AEMRS
FRIEITIE & B A DR 22 & o TROGHHEITT 5, Fl 21X, 1.3V i3 10000°C
I HAEY T D720, FIREIE & Vo R S T T L EMAKITZE < OFMA KRR
G L THIBEWDO R T ¥ v VT fF—ZFfo 1, Lo T, AEMSBITE
7R T CEMARRTH Y B WAL AW R S b nfiEL T 2 L2 < Bl
FOGEEITSED 2 M TE D, £, UG MFIEITEME FUSEE & O CEHE
TRZEATD,BEFZOLOEMIGHAE L LTHWD Z & bEM bR k72 & oS %
WELE L7, DFE Y | RUSEIALFELOSHI HROBEEY 2 1 S 720 2 LD b BB
o7 et R LTHRIND, £, BEEBALCEROGIEZEIIIT> 2L T
T 7 AT I AN EOREEARICB T HEMEEZRET B2 b5, TICH
PAZIT, FFAEFRET 2L X —HROE) 2 SO O8RE) /) & U TR % Z & 6 Al6E
BV | FHERTRE RS ORI D 8l & L TH AMEM S BOE I K E 7o MifE 2 2
T ENTED 12, ERRT 1965 FFIZEL P MU E-TT 7 U r= Y LVOEME
T_wIC kBT Amy 66 OFRFEETHLT VK= kU AOEH(Schemel-3)18 73
TEAEINTUURE, BIEIZEDL ETWL OO LEOEFNH 5, RFH 2 THELE
Bl LT BASF I k572 U REFHET VT & NOWMMEMRERR E ST i

5,



(a)
H,C=CHC=N + 2¢ + 2H" ———> N=CCH,CH,-CH,CH,C=N
Acrylonitrile Adiponitrile

(b) reduction
NC_(CH2)4_CN > n HzN_(CH2)6_NH2

+ N HOOC—(CH,),—COOH

H H
= N NG (C G
O
66Nylon

Scheme 1-3. Reaction scheme for (a) Electrochemical synthesis for adiponitrile from

acrylonitrile (b) polymerization of hexamethylenediamine and adipic acid.

AR IZ B W CHMEM AR OEALS 2R CE D, — G CAREMANE T 7 n
T RACEBT 25612, W< O OB R STV S (Figurel-3), i@ DA G AL
TIXETORISE PR LT ZIRITT D7V I VIR OGS & 72D — 5 T, BIRIEGT
X ZRIC D BRI O D & 78 D T OEFEMNO I T — 72 ARG K & i L
TH 515, Fio, BREL TIIIRRICA & BB 5T 57290, ERICSKFFEMRE
IR - fRBESE D MER DV | FTEDOPURICHERE 2 5 2 I WSRFEE OBER Z
Db DDIIERIZIIT D538, ET-FFIHNREE 725 1618, ZAIfE-> T, fEHTE
HEECHIRRAA T, WEEHFEHA RO 5N TLE O AblEE 705, BTl Eii
FUZERIRIREIN A L 5 2 & ¢, MR 2ER =R ¥ —0ou 2 b4E 05, L
o T, AREMERIELEEEO®SOEERERTFIELE LTEYIRS TEMT D720
XN OEZ RS 2 Z LBRD BN D,



Reaction only proceeds at the electrode surface.

@ anion

Supporting electrolyte 1s usually required.

5| @ cation
o 0
Solution resistance is generated between

the working and counter clectrodes.

Figure 1-3. Disadvantages of conventional electrochemical synthesis.

1.4 SPE EffH i

Aind U7 AHEE MG R D TEIZ B AEMRI IS 2D b O & L TERE ST
fi#’Z (SPE: Solid Polymer Electrolyte) &A% b5, SPE &g & 1%, FEE

By TR & TR & A RS L C—IME L7 IR A A & W2 BARIE CH D, [H
RBREENED A A L BEOEEIZH D 7= IO ZFFEMEOTMBARETH Y |
A A M E TR DT AR E RN O SOSEAEZ NS Z LR TE DV, LT
o T, AASEEMEMASKREICILR SN D, £z, BRITES LTEEICR>TnDH T
D BRI DU ST 2 KB IR L 7e = % L X — R IEN B SR mIRe L 72 5
v HZIX, Y — Nl T — MANS T R S e B AR S R S - 2 ALUE
N —R o BRERICRIAT 528 T, Eix 3 ok T 22 L bHETHY ., MR
T, 70 —RTRIGZEITD 2 & TAT—NIEROKIERm En#iffcE 5, £72, SPE
BRIRIESAE OB 2 2 ENARETH 0 . BURIC L 2sRBAN D72 < | BEER
Th 2 ESRKE 72 EDOFAERRET RLF —E AL R L 72 iEF 1L OBIEMEIC b

BN TWDLZ N T~y R A A N TOELERDOTHREME D TV 5,



Z DT, AEMEDOR ., ZAMEORERCEIE 2 A N ORI, —METRRIN S 5B A
KET HHSEEICLERT 5 2 L3S 5, oE 0, SPE BN AW
LT HZEICL o THAMREBZRALF—DOREEAOZEICEN DL Z b TRIND,
FERICET D= p T — G 27 AL LT, pEEEROFANEES LT D720
20 FEIRORGEZX D Z & TIRFHEE L =RV F—EEORFIZHINE T2 763 2
ERHIREESND,

& Z AT, SPE B2 MW= AHEMRERIZEOHmE 131 <. 1981 D/, - &
REDOF V7 4 VO EMEETUE(Scheme 1-4@)ICHA L2 b DICE TS 16, %
IZ Raoult 512X BEMA b ¥ AL E(Scheme 1-4(b)), F T Jorissen (2 &Y 7L

2 — VD BRI G (Scheme 1-4() 23S ST % 2122, SPE EMEIFIZEE S
DI EN D ZBRICA DN < Ie o 7oAy, — 05 TREAE Y T BN E i o it EEA L.
FAMIZ LY SPE BIROSEMEDIERRIC L D EDOIL T OEEBR V2R, Zh
ZOK BRI D HAN N B 20 T 5, FRCEIRE O T BRI 7 0 b o 2gi

% 7= 3 1L PEM (Proton Exchange Membrane) U 7 7 2Z — L FRIENL TN 5,

(@)
Anode: H0 —= 2H" + 2¢ + 1/20,
Cathode: RHC=CHR' + 2H' + 2¢ RCH->CH-R'
(b)
R| R5 R, R3

Anode: 2CH;OH 4 ):< - R, % % Ry + 20 + 2¢

2 : OCH; OCH;
Cathode: 2H" + 2¢¢ — H,

(©)
Anode: RCHOH + H,0 —— RCOOH + 4H' + 4¢

Cathode: 4H" + 4¢ —» 2H»
Scheme 1-4. Electrochemical (a) hydrogenation of olefin (b) methoxylation of olefin and (c)

oxidation of alcohol using SPE method.
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1.5. PEM(Proton Exchange Membrane)® V 7 7 % —

PEM #V 7 7 % — L% SPE EMEAMICHNONL Y 7 72— Th ERE 5T
BRER 7 0 N AR AE W2 ) 7T 2 2 —D 2 L EFRT, TR b AR LR
PR FPEME LI U CL IR Th 2 - O EME OBGRDOREN 2 < | ONES TH

H. £ Figure 1-4 (T[R4 TROME I OBER B 2 19 22,

Fuel (H,) Oxidant (AIR: O, N,)
—)Hz_ _014—
=
= H* e 0
/ . = . / :
H, <\ w &
H* H*\\
o N H,0
) Water
Residue H, — —  Residue AIR
A ) —l
Anode Electrode Cathode
H, > 2H* + 2¢ 2H* + 1/20, + 2" - H,0

I i

Figure 1-4. Schematic principle image of a polymer electrolyte fuel cell?.

REFER OAFBNFELIC OW TR NS, 7/ — MANIKFE 2t - b2 2 &2k
7'u b EBFRRAET D, T a b ATERE S FERER A LTl Y — B
L, BB 2R LTl Y — MU~ BB 5, 7Y — P ElZksnT
a b EES. MOWRSED IS U TOKBERT D, LATICKEMmR TORIGAZ =T,

Anode:H: — 2H* + 2e

Cathode: 02 + 4e + 4H* — 2H:0

11



Z OB TORIEDMAEDEIC LY | BRI F—2SBITE Y 2 L3 AThE
Th D, EAEEFHRREHEMRIT N FTEETH 0 FIR TR 5720, IEFITIY
PGV LTS, AR T Z O ERE SRR EERIC VW 5 s PEM
B 7 7 2 —Ztn L CRx OBEMRKFCOS 2 Bat L,

WIZFEBRICH W= PEM Y 7 7 2 — Ol [X % Figure 1-5 [Z7R7,

Gold plated
stainless steel -

Carbon separator -....

Outlet 1 «— —— OQutlet 2

«— Inlet 2

Inlet 1 — 000

\_'_’
MEA(Membrane Electrode Assembly)

Figure 1-5. Schematic image of a PEM reactor.

PEM # YV 7 7 # —IZ X 5 AL E W OBRKELEIS TR, 7/ — FUITKED I
fEEnE LT v b Uz @R L OHRICBEEI L, 7Y — MW TREFIRDOE
PEARFMICE TSN D Z & THEE L OST DA L R>Tn D, EZ2AT, 7/ —F
MNIKDEMRCSE TS 7 v b EEF AL D720 BRI ZRERIZ B RS 23
EITT 5, LEMDOBRIZIIKET A Z WD Z &1k, ZeMR EOENHAFE L 20

e, KEMEEASEL I ENRESND, T EROIEFET 1 2 TIEKRER
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BUE 72 ST K0 AR L Te KSR T A% % O THERK SBAL OS2 T TE T2, KFBEA
7 m ADOHIZIT TR LR BHEH N B EN TV D, ZHUSK L, KEMIC XK > TRIG
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Figure 1-10. Electrocatalytic hydrogenation of benzoic acids using PtRu cathode catalyst in a
PEM rector.
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Figure 1-11. Electrocatalytic asymmetric hydrogenation of a,B-unsaturated acids using cinchona-

modified palladium cathode catalyst in a PEM rector.
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Figure 1-12. Electrocatalytic asymmetric hydrogenation of monomethyl itaconate with helical
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Scheme 2-1. Hydrogenation of aromatic hydrocarbons to organic hydrides.
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[CERH & Tn2D PEM LY 7 7 2 —OEMEA 2RI Uiz, KEML oo okHE
L% [FIREICAT 5 FIEDSHET STV 5 1018, BRYLFHI 72 FIE CITRRF 22500 F TG
EHEDDHZENARETHD . AL v FOAUIA T TRISEHIBTED Lol A Y v
N ® D, FITIE, KEHAZRBET D Z &R KBS EETE H-0REMD
HTHLEN TS, £/, ZOBEMT ot A TIIKOHBSMELETHS 1.23 V LV
HAXVY 1.08 V TOEMEMLNATREL 700 TR AL X —Dr AZMFITE L &b X
ILX—IIZ HEALTH 5 (Figure 2-5), Mz T, HAFMRET R L X —HKOES 217
HHELHT LT COz 7V —IKkFEEL LTORMMNRAREL 720 | Fifst ilRE /Rt LS DREFLIC
BWTH, RESHMT 2 Z L3 WiIfF D, Y EOBEBEA G, A5 Clk PEM Efif

B EES < bvx  OBMKFACSISITE L TRES 21T > 72,

ST LR kRERE | ---------- .
| BRI AL RS i
! - SH, ’ HHRIE
l OKERRER) ,

PEME ) 79 3 —IZ kX P EEERKFILRIE
ERILFEKFIL RIS

4+ 3H,0 Metal/C . +3/20,
HEROMEERE: 1.08V

Figure 2-3. Comparison of chemical and direct electrocatalytic hydrogenation of toluene.
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123V A O, +4H" +4e 2 2H,0

vs. RHE
1.08V
vs. RHE
0.152V C,Hg + 6H" + 6e- 2 C-H,,
vs. RHE ‘
0V 2H" +2e 2 H,
vs. RHE

Figure 2-4. Energy diagram of direct electrocatalytic hydrogenation of toluene.

2.1.4. KEDOHE

FATHR A= PEM LY 7 7 Z—th T v o DOEMBAREEISIZB N T, &8 B
BE DR RS DFENT AT+ AT TV, £ 2T, AR TIL PEM Y
V77 s =& b s OEMRRKFCSOGIZE LT, Ba B A oS oM 217
WEISDRREZRET D & & HIT, RUSEDOIN 21T o7, AT, HeRERE,
B LT ED & 9 % RIFT OO T b EIERM AR OE & E 58217
ol BEBREIZOWTIIINE TOEITHIND PRRu BERNE I THD Z &A%

SILTE Y 161820 pRy AR N Pt, Ru OHESE A W CTHREZ1T- 7,
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2. 2. FBR N VSR ERE
2.2.1. @
AREIZBWTHWSEZBREE 2 DL TR T,

il

ot

ot

R

=)

PK-80M, MEFL > a v

AT rETLRST

MSP101-00, [LEkAtt

AR~ N TTT 44—

GC-2014, HHERUERT (77 4 HP-1Agilent, ¥+ U 7 H A %EHK)
AR~ NI T 40— HEOH

GCMS-QP2010, &E#HEUEAT (B T L DB-5MS Agilent, v U 7 H & ~ U 7 L)
- ERHER BN > F L

LP-1. G

Ry MUK

MEA 8/Ef, At v 7 IR

- filgi B B AT S A

BELCAT 1I, MICROTRAC MRB

s X BOCE T HTEEE  (XPS: X-ray Photoelectron Spectroscopy)

Quntera SXM, ULVAC-PHI
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T U T E—EERT D R L— BN —F —DFEY DT E % Figure

2'6 LCH—‘\"@—O

PLiL $ SR ARA Lol 2 mempe Lot ane e s

Figure 2-5. Exploded and general view of PEM reactor :(a) cathode end plate, (b) cathode

separator, (¢) anode end plate, (d) anode separator.
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2.2.2. I

AREIZEBWNT, BETDROGKT, HripI W2 ildi 2 LU ISR T,
« FOSEE < AT I U 7ok

Toluene PIH b ikt

Methyleyclohexane HUR{bpk TR

Heptane HURULAK T3ERRASAE

Hexane BIf/ b tRAtt

* MEA 8{EIZHT-0 . AW - #0E
PREFE A i, TEC10E50E (Pt 45.9 wt.%), HH &&BEERSH
PR T ik, TECRu(ONLY)E30 (Ru 27.0 wt.%), H" & & @ kAatt
REFE LA filfi, TEC61E54(Pt 30.1 wt.%, Ru 23.4 wt.%): PtiRuis, HH &4 @I
EvE N
WREHE L filfi, TEC66E50(Pt 32.6 wt.%, Ru 16.9 wt.%): PtiRui, HI 1 #& @ kK
e
WREFE L i, TEC62E58(Pt 27.2 wt.%, Ru 28.7 wt.%): PtiRuz, H 1 #&JE
e
(=R AKZTNTT v F =77 v 7 EC300d)
Nafion® perfluorinated membrane, Nafion® NRE 212, SIGMA - ALDRICH
Nafion® perfluorinated resin solution (5 wt.% in mixture of lower aliphatic and
water) Nafion® DE 521, SIGMA - ALDRICH
1-Propanol  HURAL AL T 3K S

Carbon paper, GLD35BC, SIGRACET
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2.2.3. E - EEEA R (MEA) {ERTGIL

MEA OAER 7 5% LA T ISR ABFIE ClE & A B il & LT Pt(45.9 wt. %), Ru(27.0
wt.%). PtRu(Pt 30.1 wt.%, Ru 23.4 wt.%)fil il 2 i 7o, HIRIZD — R D THHER
D KRE 72 v F =77 v 7 EC300d & v i-, &@fliEHEiE% 0.01~0.5 mg
cm2, Nafion®& I —RrDb% 0.8 EFE LT ETHERORIELEV D | i~
— 2 b ZAERL LU 7=, Figure 2-7 (Zfififii~A— 2 F OERRIC OV TS X 2R L7z, LRI
REM 72 FERFNED—F1 2 77,

100 mL = — 27 v F =77y 7 |ZHFSEEERMEEEZE KT
02928 g BV & o7z, SHITNAY—LEAy FEAWTHIK 1.1724 g, 5%Nafion®
YA 0.6360 g, 1-PrOH 3.8988 ¢ # T ZN &V Bilo7z, IRARHIHE L 7L a—1
EBEHERT D LR KT DN D D720 MKEMZ THET L a—La A LD L9
WCHEE L, BAWKHE 80mL 7 70 UF&EICE L, 25mme DYV a=TR—/L%
10 fE# A U CEBRABERREEAR » b 2 u(LP-1, OHERER) 2 AT, 200 rpm T 20

SSRGS 2 Z &I X 0~ — 2 |+ 2457,

- DNaA=TFHR—IL 10f#

- B EMAAE  0.2928¢
- flK 1.1724 g
* Nafion Solution ~ 0.6360 g
- 1-7Ass/—)L 3.8988¢g

200 rpm , 20538

AR —Z

Figure 2-6. Preparation of catalyst paste by ball mill.
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=R =" —% 2emXb5em (IZHIV -7 b D& 2HHEL T, B RFICTH
B2ELZ, IRWNT, 1emX4 em DU REEH 0D %M % T — R _—r3—D
FRIZEE L, ThRanEdictans 7 —7THEE L, (R LUZfiS—2 %4
BOGI) FEFRD LY PANCEEOWE T, 7 7 VO~ L 2N T —R L ~—r3—
RIZBAI L7z, Z20%, 60°CT 10 MHZEE S 7o, IRWT, I —R o= 3— L filifif
AN— R N EHEESE D7D Nafion® D H 7 AR (1) 100°C) % [\ 5 iR 120°C,
0.4 MPa O&MFT 1 oAy N7V A UTe, BE, B RKIFEZ2 AV TS — 2 235
MENTEH =R _R=_"—DEHELZHEL, BEEENOGRBHEFEZIHE L, TEOE
BB R e D E CBAEMEA RV IR LTz, 7/ — RAMBEEIE Pt 04 % AT
BY ., PCHFFEN 0.5mgem2i2725 K H 12 Liz, —J7, & Y — RAflE X Pt, Ru,
PtRu &4% L TH 0, HEE 0.01~0.5 mgem2 L7425 L5 Liz,

TERL L 72 il >, 7/ — Rl Y — FMilo 2 Beax FHE L, ROGEAEIZFE Y
951 cemX4 em (ZUIVEL->72, 15T 8 emX10 cm (28] Y B> 7= Nafion®E o 1
IZZNEHEZAT L HI1ZLT 120°C, 0.4 MPa O&MAT 1 Ay 7L AT5 2 &
12X Y MEA %1572, Nafion®DEEVEZ 5 512D 7 ARG 100°0) %

HIMETDR Yy NTVAZITo Tz, {ERRED 7 v —F v — k% Figure 2-8 |27~
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(EALE=HD)

Scm

4 cm
2 cm 1cm
H—RR—/3—
kil Nafion® &
CERFEY
o RIER—X N EH—RR—
LIZ2BEOED HN—OFHIZOES
-
TIAVEDALTH—RoR—
IN—TRRER—R N EERT S SRENT
> I N x5
RIGEFEICYIYERD _ 120°C 15/
(Ix4em) & <y RyRTL R

-
Figure 2-7. Flow chart of preparation of MEA.
RBIFR LIZMEAZ Y 7 7 2 —NITHAAALTE, = R L — R &R —H—
T7r Ny X KO MEA ZLLF O Figure 2-9 @O X 9 ICAGHOET, M6 A X

DL T 8 AT DA T 7o, MEDAHT DERIL b v L F 2 HWTEFEIT ) D305 &

B

INTHEDDTF, 20N -m &7 D K HIT LT,

Carbon Teflon Teflon Carbon O
Separator gasket gasket Separator
Stainless Steel MEA Stainless Steel
End plate Carbon paper/electrode/Nafion End plate

Figure 2-8. Schematic image of a PEM reactor.
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2.2.4. EEKFEL
Figure 2-10 IZEBRBE DX 2 /RT, ~4 7 vk T7 AR 7(LEESD 2 HW T,
BEThoD My 5mL &7 Y — RANZ 20 E EIEBR S E -0 bz, BIREE 12.5
mAcm2 C 3 RSB AKFILEIT 572, B Y — RUITRIEES & U CRAE LI KEILRI
ZHEE L7z, F£72, REOHHEIX 0.25 mLmint [ZE%E Lz, BREBE - ML 0O
HUFFATIRFEDFERIC LS EERE L TV D 10, KRRFTTIET / — MINC K E 2 I3kFEE
fiefs U ClEMAKFE L2 T Lz, 7/ — FANZTINE/K R 2 il S B 72 58 12130k R EMm

HEL SRR E L TORREEZT / — FICiESE5 2L TE %, £ 7/ — FMAllZ

KERESE CTEMREIT ORI =R OBRERREZ 52Nk s, FF2 S L—
k&A=,
Power supply
®
e
Anode: N\ Outlet Outlet2
3H,— 6H"+ 6e” or F
3HZO — O, + 6H" + 6¢ EE
H, or H,0 \_/B
Inletl Inlet2 Circulator
pump
Cathode:

(Membrane Electrode Assembly)
TL + 6H"+ 6e- — MCH

Figure 2-9. Schematic image of PEM reactor assembly using circulation-flow operation for

electrocatalytic hydrogenation of toluene.
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2.2.5. BIRFAR O ST

BT OREHINIERELEZ N A7 a~ T 7 4 —IC LY ERDHT
EATo Tz, BT HAWEIZATF N 7 a~ndHh o ThoHTd, EEXNGWEZ AT LY
gun~F¥r . WEEEDEZ n~7 2 WL LT T2 fnie, E 8y
Brizix GC-2014, ¥+ 7 U —4 7 AT HP-1(Agilent #) 2 L7-, £7=, RAEtOE

PES3HT & LT GC-MS IZ L B0 bATV, BIAERM OAEEIZOWTHHERZ1T - 72,

2.2.6. FEXALFERE
£, 7/ — MK FEEZ, A Y — PS5 2 it S BT 1R E Y
77 2 —NOREZ N L To, MINEE B 58iA v B = AE 2 TR ORMFTITU,

Nafion®EDO L Z FAE S - 72,

REFRA B ZAMNE SR
< FIHENT 0.1V
- JE W He 0.1~100000 Hz

- #RME: 0.005 V

5 54172 Bode ##1X1 % Nyquist Plot (ZZ5#2 U C @& B O] 7 b a2 H i L7z,
ZOMEE ) =T AL =T ARNE A Y —HERD IR MIEC AV, SRR TR e
B OFHMIZ WS [EIE & [/ b 0% vz, BRI —2loxt LTt &
BR_HBEE v v R) EWHNHAE DT EIE & EANZ D RN EEE & 72 5,
SO N EAIER Y OPUE 2 BERGTURy & L, IR filEZ2TTo72, V=T AL —7 KL
B A U —HIEICOWT HINEAKSE - INRZEHEZ 1 RERFGES, REE2 D Y — Rl

20 Zy Mt ST B Fh L7z,
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2.2.7. XPS(X-ray Photoelectron Spectroscopy)ill &

PtRu OA&MMEIZBEI L T, 7 —REKICHFFS L Pt B L Ru BNEabEi
TE&BFALNTEL TODENE I DEEND D720 XPS JIEEITo 72, HiEix
ULVAC-PHI # Quntera SXM %{HH L7=, @@l K% AUX Platen (ZF3E L,
A bu T =7 AW THETICE Lz, X#EIT AlKa & L, JlE L7ZAX2 fL

1T T Cls(EmMBYRFB) DY — 27 hv % 284.8eV & L CHEMIELITo T,

2.2.8. /KFEiiE T HIRE T E (He-Temperature-programmed reduction: Ho-TPR)

EECHIE 21X MICROTRAC MRB % BELCAT I 2 U 7=, il > 7"/ 100
mg ZMH L7z, il s U< Ar ' A 100 mL min! i FC 150°CE T 10 C min’!
THHE. 30 min fRFF L7, Ar il FC40CE TRIE L., ZDt%, 10% Ha(Ar AirH) A
Z 50 mL min 1 it FC, 400CE T3 C min! THIR L7z, KFEDHEE%Z TCD > 7

Tl LT L, BRI OE T 2 5~
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2.3. MRKOBE
2.3.1. B AR DR

F9. PEM AU 77 2 —HTO hvx o OBMKFECICE T D5 Y — RO R
MEIToT, ARFICIIESEMEL S LT Pt, Ru, PhiRws &40 3 FlEE Vi,
Table 1 IZEMAFEOR RERT, EOMELZHWZSEIZBNTHHMETH S
AFNv 7 anFHh R RIFRERMRTHELNZ, —H T, HoKkEETHD 1-
methyl-1-cyclohexene(1-ene) DA b D EAfERE S 4172, KD 1-ene JEIRPEIZLL T DX
OIZEASWTHRE LTV,

Yield(1-ene)

1-ene selectivity(%) = Yield(total)

100 - --@

PEM A1 7 7 % — % AWz v o OBEMKFELSOSIZ IV TR S vz @A
FIZ 1-ene TH Y, Ru fillltz H W75 2R Y 3-methyl-1-cyclohexene(3-ene) <> 4-
methyl-1-cyclohexene(4-ene) DL & 72 3 BB H AL, HiV T, A4 R Al 2

NENICBIT D3R Z2R 52 UL FICIT ), Pt itz AW 72 38 1 i oo fil i & bl L

Table 2-2. Current efficiency for MCH and l-ene and selectivity for l-ene in the

electrocatalytic hydrogenation of toluene using various cathode catalysts®

Current efficiency Current efficiency  Selectivity for

Entry S;::loif for MCH? for 1-ene” 1-ene¢
g (%) (%) (%)
1 Pt/C 81 0.1 0.1
24 Ru/C 93 5.6 5.0
3 PtRu/C >99 0.3 0.3

“Experimental conditions: anode, Pt (loading amount was 0.5 mg c¢cm2); cathode, metal
loading was 0.5 mg cm; current density, 12.5 mA ¢cm%; cell temperature, r.t.; flow rate of
toluene, 0.25 mL min™'; flow rate of hydrogen, 30 mL min!; reaction time, 3 hours.
’Determined by GC. “Selectivity for I1-ene = (yield of 1-ene / total yield) x 100 (%). “3-
Methylcyclohexene (3-ene) and 4-methylcyclohexene (4-ene) were also detected by GC-MS

analysis.
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T 1-ene OAEFKIIMO THLETH 572, Pt il IKFICIEDIEMEDRIEF IZENZ &
DH LN TWD =D, BRICKFBILESNIZ ATV 7 ot ¥ N3 shRicE oz b
ExbLD 2, —H T, l-ene DAEREIZE L TiZ Ru il 2 FW 72358 1 il & R

L7z, BIZIE, 3-ene X 4-ene 72 & D RKFE LIRS GC-MS HTIC & 0 sk S 4
oo @B E KRBT OFEEDRSIZONT, Pt & Ru T3 5 & Pt-H > Ru-H Th
HZENIMBNTWS 220 5F VD Ru EIZAEK L7ZKEZBR T OWAE T RI55 N =
. Ru RENTAERT DIEEREKFRFET-OBEN DR 0D 2 & THIIZZE < OEy
KFAARPRIE LT B R B D, (BFZRKFERISIZB W T S Ru filtfi 4 V725
BITERD KB AER LT W E BB TN D 2824 —J5C, Table 1 @ Entry3
2B D K5I PtRu &tz W 5812, &b R RERZDET MLz & A
FNT T a~FHh B 5 2 LIS LTz, BT, S KFEIIRD AR S e
DIl SN TWD 7o ARICEBWTIFARMETH D Z L2V oT-, AT, PtRu
BAE N B FLITHE L TS EBEIZ OV TR S, A8k stz
T, BB E % OFFENED Z RN TND Z LA n, Pt & Ru 2 Ofilif
&L TORHMEZ BB LT 5 25,

T, Pt OREFENZOWTELZT S, PEM B Y 77 ¥ —HiZBW\ T, 100%D A TV
I AAFYUEREBIEILLEEDOY =T AL —TRALL A M) —EDOFRE
Figure2-11 |23 20, Z DG EILS LD AMMNE LTV RN, K FE 4 R fil
o7 a b BITREEZFHIT 5 Z ERARETH D, Ru 2 HWEHEITIT T m &
DWMEENRKEL RoT2—FH T, Pt ZHWGEITITRELENS KIS Z &
DD, LTeho T, @b LTEGAEITIE Pt A MW TIEMERAE KR DR

(AT D ZENHEESN D, £lo, B b LI LT, 7'a b i@ oidEE
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o 0 3 Se3eSedeioncetutesetensestes
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E [ 1]
E 20 o
z .
% -30 ::
S 40 - Ru
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s o o o o oP{RU
::
-70 *
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Cathode potential / V vs. RHE

Figure 2-10. Linear sweep voltammograms in neat methylcyclohexane at Pt and Ru cathode
catalysts: scan rate, 0.1 V s!; cell temperature, r.t.; flow rate of methylcyclohexane, 0.25 mL

min’!; flow rate of hydrogen, 30 mL min™'. The potential values were corrected for the IR drop

determined by the impedance measurement.
X Pt OFNERFICETERBEINTND Z DY Pt EICBWTEEREKEN A
L TWD Z &R ST,
A2, Ru ODFEENZHOWTELRZ LTV, Ruld bz 250 W+ A %E 2 - T
W5 EZEZOND, TOHALZL T TS, £T, Fx DI NV—TOHATHZETIL B
N DRERRIETH D oxylene DEMAKFEIE PEM B 7 7 2 —HiZisunCigat L
TW5b, Ru fillliEz WSS ZER OSSR cis KOHADPEOND Z & NBEICH 5
NETRoTUND 26, —FH T, PR HIZF S LU DRI F LI LT, & il
(CHEE N AE LTI, KRFEZZ T THREEN —ERBEZ > TREE L7286 1
trans RV ERRT DRIGA D= AL EH/E L TND 27, L7z > T, FR O O@HEIZHE
SFIE, PEM &Y 77 Z —HTO oxylene DEMAKFIZISUNT cis (KD A3 3R A

WZELNEZZEND, ERIEKTHD b iz onTh RueBEEmICTRS WE L2IR
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RECHOKFPETT 52 LR EShD, £/, ZNETIC Pt & RuBBIIKILTT
L= g SETBREOWE =3 F— 25t B AP LR 6 TEY . ED%ED Ru
~DOWAEDTT RS WAET D T LN 7hro T2 2830,

e T, B4R Z AL T 2RI OV THF 21T 9 7291, Pt & Ru ORA
W BRI A FEhE L7z (Table 2-2), AMGFHCILEIRINFEDOEN 53520 LT
L O ICHFFEA 0.3 mgem 2 (THE— L TR 21T - 72, Pt il & Ru il o> 1R A i
BEA RN SAICITEWE ThH D A F LT 7 a~FH RO ERDHRITR VE &
Ipole, ZZTHLNIERLY PUET & RuJAF2EITHFEL TWD 2 & ARG

DTS ECEEE THD T & ARIR ST,

Table 2-3. Current efficiency for MCH and 1-ene and selectivity for l-ene in the

electrochemical hydrogenation of toluene using Pt, Ru, PtRu alloy, or mixture cathode

catalysts”
Current efficienc Current Selectivity for
Cathode " Y efficiency for Y
Entry for MCH b 1-ene¢
catalyst %) l-ene (%)
0 (%) (V]
1 Pt/C 21 0.1 0.5
2 Ru/C 75 3.8 5
3 PtRu alloy/C 87 0.4 0.5
Mixture of
% PYCand RuC 32 nd ;

“Experimental conditions: anode, Pt (loading amount was 0.5 mg c¢cm™); cathode, metal
loading amount was 0.3 mg cm; current density, 12.5 mA cm?; cell temperature, r.t.; flow
rate of toluene, 0.25 mL min™'; flow rate of hydrogen, 30 mL min’'; reaction time, 3 hours.

’Determined by GC. “Selectivity for 1-ene = (yield of 1-ene / total yield) x 100 (%).
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Bz T Figure 2-12 (24 filit > XPS JIER R Z <7, Ptdaf ©—2 1251 T Pt/C (Pt
f479: 72.34, Pt 452 75.49) & Loz L C PtRWC(Pt f4qe: 72.17, Pt f450: 75.41) TiHE=
FNF—M~>T7 F LT, £72. Ru3pus E—7 122 T RwC (Ru 3pas: 462.45) & L
i L C PtRW/C (Ru 3pzst 462.49) TIXHE =R F—M~DOE—7 D7 RRHE LD,
ZOZEND, Pt & RUITAWVICHAFEAA#E, L TWLZ ERHLNTH D,

XPS HIEN S HNTWD PtRu ST &S bSn TR, ML TWLH I ENIND

DGR D XS NI,
(A) (B)
z il
S |prRwC <
z z
é g
v o
g |
83 78 73 68 473 468 463 458
Binding energy / eV Binding energy / eV

Figure 2-11. XPS spectra of Pt 4f (A) and Ru 3p2; (B) for PtRu/C catalyst.
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2.3.2. BUGA B =X LOHEE

ZZETORFERICHES & PtRu @iz oL o PEM Y 7 7 % —
HTO M DOEMBAKFND AT =ZALIROLHIICEZBND, Pt Y1 L2
WTTEPERAE KB DA U AR L 72 iEMER A KSR 1T L U 3R < R LTS Ru
YA RN RAENT—=N—F2 2 L CHENREMKBENEBR LD LEZZ LN
% (Figure 2-13), =D X 9 7RhRAR AV A — N—RNZ 5720121L Pt & Rulds
BILENTVWDRERD D Lt b, BT, AENNA == R0 = X L% T

T 572 Ok E LB TITo 72,

e

Figure 2-12. Conceptual diagram of the reaction model for the electrocatalytic hydrogenation

of toluene to methylcyclohexane on the Pt—Ru alloy cathode catalyst.
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BB TOKRBIRF DA N A —N"—Z g5 Fik L LT Xu bIdUkEE T FE
el (He-Temperature-programmed reduction: Ho-TPR) % 17> T\ 2% 31, Ho-TPR
TENTKFEE T Ca B2 7R S & T & | RinOBR IR OIRE T 2B 2 HIE T
H 5, Xu HIE Pt & Ru A4k L7ZBC 2 50 Ru i O FMEARIK KO TTiiE o
2 HEIRM O B — 27 NERT 57210, KR TER L7 Pt EOKFERFBAE /LA —

N—= L THEIRBMO E— 27 NEE Lz L B2 L T 5 (Figure 2-14),

171

= 158
= | Rupt
2 161
Z |RuPt
o 163 283

Pt e
50 100 150 200 250 300 350 400

Temperature (°C)

Figure 2-13. H2-TPR profiles of the Ru/AC, Pt/AC and RuPtx/AC catalysts3!.

Z T TAR—HOBETHEM L7z Pty Ru, PtiRwis &@ il O PtRu IR G AR

B LT Ho-TPR MIEZ1T o 72, HIEDHE R, Figure 2-156 O 17 7 A V3G H LI,
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Figure 2-14. Ho-TPR profiles of the Pt/C, Ru/C, PtiRui1s/C and Pt/C+Ru/C

catalysts.

Ru 122\ TIIKEHEE D 60°CHHIIENT 190°CHIED 0 FT TR Sz, Fiz,
Pt IZOW TR ZRE T E— 7 XA o2 o 7208, 100°CHlEfE TOKRBEHE R B
72o Pt & RuZiEA L 7L CliE Ru EREROZEITLIREICE — 27 DA LN Z &
5. RuHROETLE =7 THD I LML IND, —F7 T, @b L7ty 7L
TiE 280°CHHIICE T B — 2 MBIz, Pt R4 Lo KRF A B4 —
N—=LTRuHRDETLE —27 O 5 BARRMHROBEZE T L2 & TH—DOY
— I BB ERIRT 5 2 L b TE 08, RUER RN BITA VA — =& o)
EDDNTONTHIET D Z LIFEE LV,

—J5. W BT v OEBEEMKE Y AT JMTEWT IrRu G-t O kit 4
ToTEY, [FERIC Ir 2°5 Ru ~OKFRFDAE N A== A ) = XL ZHRE L
WD 1T, B BT O S A A VT e b BT LSV MIEE L, HFHh

2RV EE T T LOEMEZWAEKBRFNELLTNDLTHA S Ir OEETEY ()

49



T EWER—HTHZ L aHmELTWD, Ziud, e hOBETCGH Ir Rifi T
RETHNDZEEREL TS, MM T, Ru Bl CRIGDETT D Z L 2EMfiT 57
HORETE L TA SRl X O Ru M4 VT Lo > o PR e itk b 2 %
B L CW5, ZOMMIEI LT, &0T OfifEalER4E  (TOF: Turnover Frequency) %
BHL, Ru b ITHE T2 CENFEREICZR S Z L6 Ru R CRFE(LDBETL
TWNDHZLaIFLTND, b OBFHRIREZHRE LT Ir iS5 Ru Kl KHE
JRFDAENF—/N=NEE TND b O &I TV,

Ho-TPR 7 BRI F- DA N A — =2 BT 5 Z EBNEE Lo 7ol AENXL
FOHDOFEICH > THRETZFE M L, £3 2 E TITHWEZ Pty PtiRuis it iz
PtiRui, PtiRuz (22T b i) 2 /Fpk L. MCH100% it T (23T LSV #lliE 2 5=
i L7z, BONTZARNZET T ATONTERMFHERE CTHISME LD L Pt OE&E

B THEE LT b D& £ E i Figure 2-16 (277, Pt OEHEY72 0 THIEL

a b
(a) 0 (b) 0
ﬁl& 0 u”w’.,.-.-s-w-;-c-c-:-:-'.- 0 ...."))}:-:'.
°*® )
2-10 ; £-10 S
E [ —I‘OD :-C ’..
<20 <20 z
z‘ :' eee Pt Only ~ :f eee Pt Only
g -30 :.' £-30 Y]
[ : L N ] : LN
§ 40 i PtIRul £ 40 3 PtIRul
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Cathode potential / V vs. RHE Cathode potential / V vs. RHE

Figure 2-15. Linear sweep voltammograms in neat methylcyclohexane at Pt and PtRu cathode
catalysts. Currents are normalized by (a) geometric area and (b) mass loading of Pt. Scan rate,
1 mV s7; cell temperature, r.t.; flow rate of methylcyclohexane, 0.25 mL min’!; flow rate of

hydrogen, 30 mL min!. The potential values were corrected for the IR drop determined by

the impedance measurement.
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T2ARNEET T AOWREITE DMK ERAMEIC O THR—H L TNnEZ LD
Pt EizkBWT7m b OETENEIT L, WAEKBEZAER L TWDZ EDNREBINT,
WA BB Z VT M= o O b 72l F L 21T Ru 720 OHNT

® TOF ZH H L7-(Table 2-3), #HEIZLL FO@XITIESNTIT- 7217,

AWRu
Mcatalyst X W %(Ru)/100

app — TOF(Ru) = —r(H,) X -@

I'(HZ) j: 1 H#Fﬁﬁélﬁ_ D ®7k?%@{|%% r aWRu i Ru @E%i mcatalyst iﬁﬂiﬁi@ﬁﬁ‘ "

wt.%RWIE4E Bt Ru HEFEZ R L T\ 5,

Table 2-4. Catalytic activities of Pt(x)-Ru(y)/C catalysts for the -catalytic

hydrogenation of toluene

App-TOF(Ru)”

Entry Catalyst material e
Pt,Ru,/C 167

2 Pt,Ru, s/C 157
Pt,Ru,/C 167

afxperimental conditions: catalyst, 5 mg; temperature, r.t.; concentration, neat;

reaction time, 2 hours. 2App-TOF(Ru) was determined by GC.

ZOERNSGNDEIIZ, Ru BEY7-0 OHT O TOF OEITEE4ftiz iy
THRD T LVMEE LD Z LB 0otz, 2O b, Ru BHEIZEW TN 727K
FALSOERHEIT LT D Z E N RIS i,

VL EORFHER L 0. PtRu A@IC W TIEMEREKFIL Pt Rl W TAERLTE
D, KFEMYA MERuEHTHDZ E0D Pt LOREKFERTH Ru Hl~& AL

VA — R — U TR 72K BAEDEIT L TVND 2 ENIFF S Lz,
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2.3.3 & EMEER B ORRFT

B RAEAREFEIT 2 A FOE BT 5 Z ENEE L, HEFEZEO LIS
D &5 RN D OO0 EPRET L T2 DI A RS B A O R 8 2 2 8 TEMAK
FAVB & FEff L 7z,

$£9°. FFLD Table 2-4 |2 Pt il DHARF 4 20 S & CEMAKFEL LT o TR RE
Y, PtREAE W ZBEICIE A T LV 7 o~V AR O BT HIT Pt 2 )
HIICONTEIMIIE T T 52 B LML /RoT-, —FHT, Pt ZHWELETEZ
HIRFFREACTICAE, 1ene OFRPMEN M LT HHER L7207, ZhUTE B &3
D35 L PCHIEMREN D72 <20 | o KFE SN D W REDESEL LD THL LHE
oD, FEROBEHERE Y HEEND W & 45 s K F R 2 SSE I T

ERVWbDEEZ BN,

Table 2-5. Current efficiency for MCH and 1-ene and selectivity for l-ene in the

electrochemical hydrogenation of toluene using Pt cathode catalysts?

?;;(ailii: Current efficiency Current efficiency  Selectivity for
Entry amount for MCH? for 1-ene? 1-ene¢

/mg cm? (%) (%) (%)

1 0.5 81 0.05 0.1

2 0.3 21 0.09 0.5

3 0.1 7 0.10

4 0.05 3 0.09

5 0.01 1 0.03

“Experimental conditions: anode, Pt (loading amount was 0.5 mg cm™); current density, 12.5
mA c¢cm?; cell temperature, r.t.; flow rate of toluene, 0.25 mL min™'; flow rate of hydrogen, 30
mL min™'; reaction time, 3 hours. “Determined by GC. “Selectivity for 1-ene = (yield of 1-ene
/ total yield) x 100 (%).
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fEW T, TFREO Table 2-5 (Z Ru il OHFF &4 2L ST b v OEMKFE L E

T TefRZ ™Y,

Table 2-6. Current efficiency for MCH and 1-ene and selectivity for l-ene in the

electrochemical hydrogenation of toluene using Ru cathode catalysts®

?atzlii/lst Current efficiency fﬁC?r;ent for Selectivity for
Entry oa gb for MCH¢ etticlency 1o 1-ene?

amount (%) 1-ene¢ (%)
/mg cm- (%)

1 0.5 93 5.6 5

2 0.3 75 3.8 5

3 0.1 46 3.5 7

4 0.05 19 1.6 7

5 0.01 1 n.d. -

“3-Methylcyclohexene (3-ene) and 4-methylcyclohexene (4-ene) were also detected by GC-
MS analysis. "Experimental conditions: anode, Pt (loading amount was 0.5 mg cm); current
density, 12.5 mA cm; cell temperature, r.t.; flow rate of toluene, 0.25 mL min™'; flow rate of
hydrogen, 30 mL min™'; reaction time, 3 hours. “Determined by GC. “Selectivity for 1-ene =
(yield of 1-ene / total yield) x 100 (%).

Ru fiift 2 72356 0 Pt it S FERIOMEm 2R LTz, ©DF 0 &BHEEFEOHD I
N, AT T a Y RO EGRZIRITIAT L, 1-ene ZRIEIXA L L72, 3-ene
72 HTNT 4-ene DA BIER SN, AREN TS METH SO EEIFIT> T

A/AN
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gl & i, PtiRws fllBlc DWW CREx OB BIEFRIZI 1T 2 B K FILORE R %
Table 2-6 (27”9, PtRu it 2 72581238\ T h oo il & [FIEkIC &g H iR 4
D7p T % L 1-ene OIRIWEN ) L3 SR 23R Sz, —FH T, PtRu itz fho
fil i 2 V2354 X0 b &RBEFEN D R WEMKEISIZE W T B4 B
REMFFTE D LB E o7, ZOHM & L TERTR L7z X 512 Pt it & Ru
DN R D FBLL TV D72 ThD EEx LD, b5, Pt AllIXIEHER
FEKFEBFICHB L, Ru it b 2l E 3+ 2 %E 2o Tnh EEX BN
Do

U EO—BEORFHFER LV | BF L7t FCld PtRu A& M v > OEMR

KA E L TRIECTHD ZENHLNERST,

Table 2-7. Influence of Pt;Ru, s catalyst amounts on the current efficiency for MCH and 1-

ene generation.

Catalyst Current

. Current efficiency . Selectivity for
Entry loading for MCH? efﬁc1encz for |-ene¢
amount (%) I-ene (%)
/mg cm2 ° (%) °
1 0.5 >99 0.3 0.3
2 0.3 87 0.4 0.5
3 0.1 76 0.5 0.7
4 0.05 53 0.6 1
5 0.01 21 0.5 2

“Experimental conditions: anode, Pt (loading amount was 0.5 mg cm™); current density, 12.5
mA cm?; cell temperature, r.t.; flow rate of toluene, 0.25 mL min™!; flow rate of hydrogen, 30
mL min™'; reaction time, 3 hours. “Determined by GC. “Selectivity for 1-ene = (yield of 1-ene
/ total yield) x 100 (%).

54



2.3.4. B DE %
MV U FOREEICER T 5 & 0 AFIVEES DN BT T 7 & 23 5 BRI SR

ELpN DG, LTINS T, ML UG FDOAFIVIEORITCICEIT A IRFRFE FELE

=3
l-ene W& A LTIZ & 2

BWMLITAKRFEZZ TS < < ERKBEEDO T T H AR

515 (Scheme 2-2).

Steric hindrance of
methyl group

Double bond at 1-positon
was often remained

By-products

+nH" + ne” 3-ene 4-ene

1-ene
Toluene
diene

Scheme 2-2. By-products formation of electrocatalytic hydrogenation of toluene in a PEM

reactor.

Z 2 E TIESMAIEE OBLEN B EL LTEW | LR OB 2 IR e & B 2R 2T

STEEAITBWTY 1-ene N EIZAERKT D Z E NG00 5, KFEER37

EMER ST B L 1l-ene DLW I BHOT VAL Th Y MBI OBRIZ L0 D
FHEICK

KA DET ) 1Y

E L 725, Gaussiun09 % VT DFT-B3LYP/6-31(d) ?Z:1f:T Opt-Fleq

D REE R AL ATV, RO TSR RIS 6-311+(2df,2p) T— MEMEZITWAFEE ) = D

TRNVX—Z RO KT ) = OREMNZ T % & Figure 2-12 D L 51272 5 32,

S0 72 BT TGO EIT L7285A 120X 3-ene 3 L <X 4-ene 705 1-ene ~D 5

PEALRSIAEE Z Y 9 D, £ Z T, 3-ene 721X 4-ene # FEICTHW-5E12 PEM A Y
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T —HFICBWT, LRSI EE R 1-ene (BT 20 E NI OV TR &
1Tol2& 2 A, lene I SN o7z, BHLRIGREICKFILEHIGE LE X

LD, BMCOFEIZOWTIIER IR NBLETH D

2.7 kcal/mol
" ’2.4 kcal/mol
2 —
isomerization isomerization

. Okcalimol

Figure 2-16. Comparison of thermodynamic stability of partially hydrogenated compounds??.
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2.35. 7/ — FAK&EMET 0t 2D M

VEMMET r AR RIEZ T — FMANZKEMRZ#EH S8 brx o oEE
K FACSOE 2 T LTz, T E CIERHBRTH 5 i & kR & L, BMLUS %
Fhi L C& 7=, PEM MY 7 7 % —ORERIE T 7 b > & k3 5 KOS Thiudan
722 bDObWHTE D, LV DOITBBTORIEEKOEMRIBIL & THUE, KFER X
HAREIZRY , KO ENOERIBRICT AT L e D, £ I TH ERE | L%
IKOEMIEE LI2HED v OEMEAFE LR, 205G, 7/ — FMilC
MNTWE =R T L— FOBRBENBRER SN, FF 7 L— MIERE L, Efif

BARFBLSINEIT -T2, £ ORERZ LT O Scheme 2-3 (2787,

6H", 6e
12.5 mA cm?, 0.25 mL min’!

PtRu/KB

Current efficiency
>99%

Scheme 2-3. Electrocatalytic hydrogenation of toluene with water oxidation reaction in a PEM
reactor. Experimental condition: anode, Pt (loading amount was 0.5 mg cm™); cathode, PtRu
(loading amount was 0.5 mg cm™); cell temperature, r.t.; flow rate of substrate solution, 0.25
mL min™'; flow rate of IM H.SOs aq., 0.25 mL min'; coulomb number, 540 C. Current
efficiency was determined by GC.

7/ — FMANZK O BRI 2 ] S 72358 1280V T b ki RAF R B R T
JEHEITT S 2 L AR T & 7z, £72. Figure 2-13 I[TEMERFO N Y — NMAlOEEDZE
ftZ 7=, Figure 2-13 22O EMP DA Y — MUDOEEITIZEF—ETHY . s %
KOEIRIRICEIS & LG A IO ZE L TEMTETWNDLEERXLND, £/2. KDOE
fRICITEGRAIIC 1.28 VSETH L b b, RYUBRD Y —FEETHLLEEZEZALN

Do
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Figure 2-17. Temporal cathode potential change in the electrocatalytic hydrogenation of

toluene in a PEM reactor. IR drop was included.
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AR CILEE S AR B L 28 LI PEM ALY 77 4 —& W T hre v
D EMRARFACSOS 2 FEfi LTz, BRI E @B OB 21TV SISO A
T DL EBIT M DOEMKFACSIED ARG DI 21T o7, o, &RHEF
BEWD L2 B ICARBUSRIZED K 5 728 % b2 5 DINIHOWT, B R D
BURINDER LT, KEOERGIR LD | ABUSRIZEWTIE PtRu &2 v 5
ZETEWERMET I N ATy T anth oG TERTEDH T &
AW OMNC LTz, £, ATF AT 7 ant o UAOARY & LIS KRR TH
HE/TDHTHY . TOMOAEY I SRh o7z, PtRu &@LU
Tt O CRGE CH HELHIT Pt & Ru OFEDRICEL DD THD Z EIREB I

776
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#3%E PEMAY 77 ¥—%2AVZEEBREDOBHARILKIE
3.1. #=
3.1.1. ‘= EAEMIADKF LIS D Tl E

AT Y BN E BT D 2 L O TE DHEHFCED ORKFLIGIE, KU
PRSI DND Z & RREITE LWl HL 2R B O 72 D 12 b5t 3 L OMUERE S 0 55 BF
THEINTND M, ZOHTH, BREFRN LV 7 0 ~FH 2 BRI A~DRRY
KBS TIAKFALIRTH B o 7 o ~FH o B LR RIS praziquantel, caprolactam,
ansatrienin ® X 9 ZREHK L OFEPEASL T ERGEOTHETH S0, EHEZED

TG 57, LIedi» T, REBBRDNRAVLMKELFIEORRBEIID TRETH 5,

praziquantel caprolactam ansatrienin

Figure 3-1. Compounds for medicament derivatized and petroleum product from

cyclohexanecarboxylic acid.
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3.1.2. ZEAEADKFETFIE
ZRAEBROKFEFEL LTRENZR S D% Scheme 3-1 (2777, —2HDKGHIT
IZ Na-K &exiEcH & LTHWTEY | REITH LT lamE 0@l s L2 &
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TR mIESF CORIRE T L TV D 9, F£72, 3 DHDAX—ATHEEBSEMFT
ICBW TR L - Z B EFRE2 G L L THWS Z LT, MSHEEZEDTWD 10, LI ED
KO ZBREMOBAKFLIE TIEmRmEREEZZE L2 2 O BREL VL L
L7z, B PO LUWEMERRIEELE L T2 0, ZhoIZfb 5 ifE)D
AN 72 S T M T & DK FLFIEDORHFERD TV D

RO A RS D 72 DI BEBEO K FCSOGIZE L T, 2V E TITHE & 7ok
SR ThILTWS, BHAeE Pdl, Rhi2, 3L RuBB L NZEOAEE 1I12HD < fil il
PIBAFE SALTUW D03 RER DRMESURNIFKIR L L TRERMEEZET 2 HONRETH D,
BEGM COKRBISINIL MO TY A7 205 72, X 0 R dtkcokFE{b
DEFE LW, Fio, RISEEITSE 2572012 Bl o X 5 7ol 722 504 T CORG % 28
ETDHIENZND, REFWBEIZB T 2 VAR F VR EOKRFELEIHI L, &

REANTHKFET 52 L b EETH D 91516,
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COOH COOH

Transition metal / C

v

H,, 323 K, scCO,

COOH COOH

Transition metal / C

v

H,, 453 K

molten benzoic acid

Scheme 3-1. Conventional hydrogenation of benzoic acid to cyclohexanecarboxylic acid.
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KFELDARLEZFIZ, PtRu &4, Pt,Ru,Rh &% ¥V — Nfifit & L C#E L7, EXUL
FHEIC X D SRABEOIEERIM 24T 5 & & bICKHERLEZ A9 5 L BEBRIEDK

FERIE~ERB L CnE | EEAEORE 21T 72,
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- ERALFHET T A Y —

ALS660E, BAS
A~ NI T T 40—
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LP-1. OHEEEAERT

s ARy N AR

MEA 8EH, SRRt v 7 IR

3.2.2. R

AAFFRIZ BT, BRETDROEK T, HrRpC W2k 2 LU ICRE T,
c ROSHHE L BEWERIE

Benzoic acid HA{bAK T3

pToluic acid B R/ T3

4-Isopropylbenzoic acid SIGMA - ALDRICH

4-tert-Buthylbenzoic acid B F bk T2

4-(Trifluoromethyl)benzoic acid H ALk T3

pAnisic acid H A bk T2

Monomethyl terephthalate # 5{bak T2

4-Fluorobenzoic acid SIGMA — ALDRICH

4-Fluorobenzoic acid (Z2OWTCIEFH /A ¥ ) — VIRAEEEFICTHMAER LD

DEIEL L THWE

- TR

1,4-Dioxane HrU{bpk T.2
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MEA BHEIZBH 720 . FHWTZEEE - BPEE
BREFE L fill, TEC10E50E (Pt 45.9 wt.%), HH &4 Bk att
BREHE T ik, TECRu(ONLY)E30 (Ru 27.0 wt.%), H"H & &J@ kst
PRERE A il TECRh(ONLY)E30 (Rh 28.9 wt.%). M &)@ kA4t
WREFE LA fili . TEC61E54(Pt 30.1 wt.%, Ru 23.4 wt.%), HH & EkA 4t
(W —RARTT R Tr v F =77 v 7 EC300J)
Nafion® perfluorinated membrane, Nafion® 117, H)ll=—Y = —
Nafion® perfluorinated resin solution (5 wt.% in mixture of lower aliphatic and
water) Nafion® DE 521 SIGMA - ALDRICH
1-Propanol  HUAUEARL T3ERRAZAE

Carbon paper, GLD39BC, SIGRACET

3.2.3. Bk - AR (MEA) {R51E

MEA OER T 5% DL T IZR T ABFIE ClE &4 Bl & LT Pt(45.9 wt.%), Ru(27.0
wt.%). Rh(28.9 wt.%)., PtRu(Pt 30.1 wt.%, Ru 23.4 wt.%)fifltt 2 AV 7=, KT H —
ROPTHHEREBOEWT vF =77 v 27 EC300d & v 7o, flliiHifr&% 0.5
mgem?2, Nafion®& 7 —AR D% 0.8 LF%E L7 ECTHEEORIELFEY Y | Al

N N EER U7z, FEZAERCFIEICBI L TS TR LD LFERRTH 5,
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3.2.4. B

Figure 3-2 \IZEBRMEX Z <3, £, 7/ — MIZIE KR E213KkE, BV —F
PNCIIINREFEZRESE T 1IRRIZE Y 77 X —NOEZ IR L=, 20k, v U v
PR 7 (Kd science) & VT, VA FH M S BEFE LY B Y — RNk
WEETT R GRUCTEMKFENEIT 72, B Y — FAITREIR R & LTHAE LK
FILRIMTHEH U, RRRETCIET 7 — RANCK E 7213k H#E 2 s L CEMKFE L E %
Wi Uz, 77— RN A SE 2 il & B 72 B A I3k BB S I & L C ok
AT /—RNCHESEL 2N TE D, £/2. 7/ — MlTK L s S ¥ CTEM AT

FPEIII I —AR L OBREERR Z b2k 9ls, FE2 U FL— 2R,

Power supply o
—
‘%

— —

Anode: N\_ Outletl Outlet2
3H,— 6H"+ 6¢e" or
3H20 — 02 + 6H" + 6¢

H, or H,O — - —

Inletl Inlet2 =“

MEA
(Membrane Electrode Assembly)

Cathode:
BA + 6H"+ 6e- — CCA

Figure 3-2. Schematic image of PEM reactor assembly using circulation-flow operation for

electrocatalytic hydrogenation of benzoic acid(BA) to cyclohexanecarboxylic acid(CCA).

3.2.5. BRI D ST

BTG DORBNIT A7 u~ N7 4 =2k W EBGIT AT T2, B b=V
YINEAL )= MR BRI b DE o Lz, E'SHTITIE GC-2014(5HRUE
i), v 7 U —"7 A HP-1 (Agilent #) &2 L7z, £72, BEOEMIHT &

LTGCMS 2L 2 biTv, BIERYOFEIZ SOV THHER b IFETIT o 72,
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3.2.6. BXLFHIE
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Nafion®ED % RS - 72,

SERA e — 5 ZESAT
- PIEEAL 0.1V
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%51 7- Bode #tX% Nyquist Plot 2254 U C AR MO U T 5 ST 2 FiH L
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Tz BARBNZIZIRBUA Sy — 2l LT & R EE (F v /3o 2) 2 WHNTHAE D
W7 B A BN DRWZEIE & 72 D, 15 O AVTZESIR S OIRGUE 2 BTy & L
IR #iIEZ T o7z, U=T AL —TFHRNH A R —JEIZOWTHINEKE « IEE

F 1@ E., EEE D Y — FUNZ 20 /il S & T s FEE L7z,
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3. 3. FERBLOELE

3.3.1. ZREAMOEMAKFEILIZ

BT B B4R AR O fE S

FT Ha OBESBAMBAZHEE L7 PEM B Y 7 7 2 —HiZBn\T

AMeaFE LT, ¢

;—l—;

IR D ERFK

EEFE R %2 Table 3-1 (2~ d, F£7-. EEBEMEMP O L Y — FE

FEAZHOWTHRPUICFEH LTz, 7V —

REEAL DRREFZEAIZ DWW T S Figure 3-3 1277,

Table 3-1. Current efficiency for cyclohexanecarboxylic acid(CCA) in the electrocatalytic

hydrogenation of benzoic acid using various cathode catalysts”

COOH COOH
6H", 6¢
Metal/KB
Current Average cathode Cur.rent
. . Flow rate - efficiency
Entry Catalyst material density JmL h! potential for CCAC
/ mA cm? / mV vs.RHE 0
(%)
1 PtRu/C 1.5 1.8 +11 >99
2 PtRu/C 3.0 3.6 -43 93
3 Pt/C 1.5 1.8 -15 93
4 Pt/C 3.0 3.6 -69 70
5 Rh/C 1.5 1.8 0 89
6 Rh/C 3.0 3.6 -54 61
7 Ru/C 1.5 1.8 -37 16
8 Ru/C 3.0 3.6 -101 11

“Experimental conditions: anode catalyst, Pt (loading amount was 0.5 mg cm™); cathode

catalyst, loading amount was 0.5 mg cm?

; cell temperature, r.t.; concentration, 1 M in dioxane;

coulomb number, 24 C; flow rate of hydrogen, 50 mL min™'. “The potential values were

corrected for the IR drop determined by the impedance measurement. “Current efficiency was
determined by GC.
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Figure 3-3. Influence of cathode catalysts and current density on the cathode potential changes
(left: current density, 1.5 mA cm%; right: current density, 3.0 mA ¢cm). The potential values

were corrected for the IR drop determined by the impedance measurement.

Ru Z&< . PtRu &4, Pt, Rh ikl a 7= 35510 BIF 72 B R TGS HEIT L
7o £z, EOfEEZ AW HEIZBW TS, VAR F U VI AKE SN TE S
T BIRICEBFROAD KB S T2, BETHRAR7Z XD ICEESEEOSME T T

B DA FIE T VR % LV M KL% 45 FTREME A B\ 28, PEM ALY 727

A
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CEMAKFENEFN LIZE A, trace BTY 7 a~FHh A ¥ ) — )LRERKT H DR
CTIFEHEN T o 72 2 &7 b | REMLEME CIIBIRICERF DO R EEI TS D Z L
WTEDLZENHONE o], BREEORBLZ DL BREENKEL 8D LE
TN EME NI DM HR S iz, Eio, AR E T Lz & 2 A BAKFBIKLIA
CIEEB IR SN oo 2 e D BIROEE LTKERENEITEE TN DL EE
ZbNb, LZAT, Ru ZHWVESAICIIRERBERDEOR FAMR SN, —F
T, PtRu && M4 AW 5610k b RAFRERNER LR Lic, ZOFH & LT
TETHRLAELIICPL & Ru DMERDIRICEILZbDTHL EEABND, SHIT,
BfEh O Y — REAUICOWTEH PtRu A&l AR b & 722 B0 CEMAETT
LTCWDZ EMDBRRMNIEHEITLTWD Z E2Maz2 D, £7-. Figure 3-3 &
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D EDOEMICBNTHEMRT DL Y — REMMITRZE L TWD Z LRtz

3.3.2. V=T AL =T RNz A ) —HEIZ X 24 @A oI5 R
& B AR OTEM: 2 FICEHl 272010, U =T A —F R A b —lIE % Efi
L7, HIERREZLLTO Figure 3-4 (T3, MA T, V=T AL =T HRLVEET T A

% tafel plot (22842 L7=H D % Figure 3-5 ([ZfF TRT,
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Figure 3-4. Linear sweep voltammograms obtained with benzoic acid: anode, Pt (loading
amount was 0.5 mg cm™); solvent, 1,4-dioxane; concentration, 1 M; cell temperature, r.t.;
flow rate of substrates, 0.25 mL min’!; flow rate of hydrogen, 100 mL min™'; scan rate, 5 mV

s, The potential values were corrected for the IR drop determined by the impedance
measurement.
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Figure 3-5. Tafel slope for electrocatalytic hydrogenation of benzoic acid using various

cathode catalyst.
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FAEDS ENTZT 51T T2 25l 2 BRI Tafel slope 7> 5 & &HICHHET 5 Z & 23
ARECTH D, Figure 3-4 (TR T X H 12572 tafel plot D EARFEIKOME X 23 tafel
AEIZFE Y9 %, Butler - Volmer RA3EL O L OB B EIEHEIRE TIX, +oIZmWE
AL RV TEIE BT U THREBIRRITH R T 27280, Tafel 7'v v MIEH
Els, TOARN/NIWIEEBBREEDOSL D EXYNRKRENWT L2 BT 5, Tafel
slope D EARER Iy D & 2 ZNENFHHE T 5 & PtRu, Rh, Pt, Ru ®JIEIZ-38, -38, -52, -
59 mV dec! & 72 o7z, L7zid> T, SRR LIt Tk Rh i N PtRu &4
DEZEEWROBAFIIZE L TWD I ERNmhoTe,

UL E, find o~ 27 v S Rl NCESUEFRE DR RS, PEM Y 7 7 & —rh
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3.3.3. K RBAMRIRIE DR
WIZ, REFBOEMAKFNCE T HREOXEL KRG LT, Table 3-2 IZ BT
9, 1.0M, 0.6 M, 0.1 M O THig &2 £l L7228, £ D%E b RAFRERMH
TRIGHHEITT D ENH LN /o7, DF D, bOREREN L L, WEREEN

KT LG E THEWERDRNHERE T 5 2 EHEHI S 7=,

Table 3-2. Current efficiency for CCA in the electrochemical hydrogenation of benzoic acid

with PtRu catalyst using various concentration of substrate solution”

(OoH COOH
6H", 6¢
1.5mA cm?2, 1.8 mL h'!
PtRu/KB .
Concentration  2verage cathode Current efficiency
Entry M potential® for CCAc
/ mV vs.RHE (%)
1.0 +11 ~99
2 0.5 22 08
0.1 +11 ~99

“Experimental conditions: anode catalyst, Pt (loading amount was 0.5 mg cm); cathode catalyst,
loading amount was 0.5 mg cm?; cell temperature, r.t.; coulomb number, 24 C; flow rate of
hydrogen, 50 mL min’'. ®The potential values were corrected for the IR drop determined by the

impedance measurement. “Current efficiency was determined by GC.
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3.3.4. FEPLHMED K

KBRS AT DOPHAMEZE MR T 572012, Fix OERIEEZEAN L LZEEBREOE
iRk K AL DR & it U=, 2 EEFmROBEMKF(LITHKE T - 7= PtRu A& filll %
AW TEMB S ZT T2,

FTZEBRBONRTAFEA DRESEZHT LT VRNV ELEAN LT RE RGO
% Tid Scheme 3-2 1Z77¥, £7-. Figure 3-5 IC&KHLE A2 H W TEMAEIT - 12D
1Y — REBAL ORI E N EZ R LT, EOEEZHWTZHEEITB W T EHRIEOKFZbIX
KON oTc, T T, MMERBEPFIEICEH T2 & cis (AP RRNICHE LN DR & 72 -
7o LAEMO S 7 o ~%H U BROBRAIE 1,3- V7 2 T AMEEM 22372\ trans
RRE) PRI E Tl d 2 23 B RS RARSE 2 T L IR FE L OSGEITITRAE LTz

N OKBIRFMIINT D Z T cis IKPBENART D2 ENMBILTVD, FERE.

COOH COOH
6H", 6¢e
1.5 mA cm?, 1.8 mL h!
PtRu/KB ]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R
COOH COOH
COOH
2 3 4
Current efficiency Current efficiency Current efficiency
>99%, 86% 68%
cis:trans = 80:20 cis:trans = 70:30 cis:trans = 85:15

Scheme 3-2. Electrocatalytic hydrogenation of p-alkyl substituted benzoic acid. Experimental
conditions: anode catalyst, Pt (loading amount was 0.5 mg cm); cathode catalyst, loading
amount was 0.5 mg cm™; concentration, 1 M; cell temperature, r.t.; coulomb number, 24 C;

flow rate of hydrogen, 50 mL min™'. Current efficiency was determined by GC.
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BEECOMIEL D7D cas KR BRIE DNz B2 bND, RKIGDOERZFEICH
LT, BKFARLAN O GBI Shrino 7otz BIRE & U TR ERAENE
ThdIENEZBND, Eio, BEIEY A XBRKE R DICONTERDEOIK T A
HHNTz, ZIFTEIIEY A ANRENGEITTRE OSBRI ~DT 7 & AN HE S
NHOTHLHEEBEZLND, £o, EOREZHAWTEGE L ERMICODIE>ThH Y —
RENITLE L TND 2 EREND BiLTe, T 2C, H 3 DBKFELA = CHEST
L2 EFFERELTRBERRY, BARFELTHOND 44 Y a7 anFki v
JIVIR VBRI OHEIRIFEE & LTV BTV D Neteglinide O&RKF A TH D =

Enn, BBFOT v AR L7 D Z EnIFEEND 20,
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Figure 3-6. Temporal cathode potential change in the electrocatalytic hydrogenation of p-
alkyl substituted benzoic acid. The potential values were corrected for the IR drop determined

by the impedance measurement.
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(Scheme 3-3), F£7=. EBRFFDO D Y — RENMOE{L%E Figure 3-6 |27,

COOH COOH
6H*, 6¢e
1.5mAcm?2, 1.8 mL h'!
PtRWKB ]
R R
COOH COOH
CF; COOMe
5a 6"
Current efficiency Current efficiency
44%, 22%
cis:trans = 85:15 cis:trans = 84:16

Scheme 3-3. Electrocatalytic hydrogenation of electron-with-drawing substituted benzoic
acid. Experimental conditions: anode catalyst, Pt (loading amount was 0.5 mg cm™); cathode
catalyst, loading amount was 0.5 mg cm™; cell temperature, r.t.; coulomb number, 24 C; flow
rate of hydrogen, 50 mL min™'. Current efficiency was determined by GC. “Concentration, 0.5

M. “Concentration, 0.1 M.
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Figure 3-7. Temporal cathode potential change in the electrocatalytic hydrogenation of
electron-with-drawing substituted benzoic acid. The potential values were corrected for the

IR drop determined by the impedance measurement.
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COOH COOH COOH
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1.5 mA cm=2, 1.8 mL h*!
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OMe OMe
7 Current Current
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27% 62%
cis:trans = 86:14
COOH 2H+, 26_ COOH
1.5 mA cm?2 1.8 mL h!
PtRu/KB

n.d.

OMe

Scheme 3-4. Electrocatalytic = hydrogenation of p-anisic acid and 4-
methoxycyclohexanecarboxylic acid. Experimental conditions: anode catalyst, Pt (loading
amount was 0.5 mg cm); cathode catalyst, loading amount was 0.5 mg cm™%; concentration,
0.5 M; cell temperature, r.t.; coulomb number, 24 C; flow rate of hydrogen, 50 mL min™'.

Current efficiency was determined by GC.
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Figure 3-8. Temporal cathode potential changes in the electrocatalytic hydrogenation of p-
anisic acid and 4-methoxycyclohexanecarboxylic acid. The potential values were corrected

for the IR drop determined by the impedance measurement.
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Scheme 3-5. Electrocatalytic hydrogenation of 4-fluorobenzoic acid. Experimental
conditions: anode catalyst, Pt (loading amount was 0.5 mg cm™); cathode catalyst, loading
amount was 0.5 mg cm?; concentration, 1.0 M; cell temperature, r.t.; coulomb number, 24 C;

flow rate of hydrogen, 50 mL min™'. Current efficiency was determined by GC.
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Figure 3-9. Temporal cathode potential change in the electrocatalytic hydrogenation of 4-

fluorobenzoic acid.

81



Plb, Bt L2 EICE L C, EEEMRTQ.5 mAem2) DN Y — NEA L 558D
BIRA £ L 7= b D% LT O Figured-9 125771, S FEN/KEVIEE I Y — REAAH
(272 DAAMDERR STz, Y — NEAIEE ORISHEDIRIRE L 12 D72 3 FED/I
SWHDIIMEICEATEY . =T O FEPREINSDIZOWTIRISHERZ L
WiR L R0 Tc, ZHUE B FEDPRE WS FIEERBRRE~DEEDT 7 & ANHE
ENDHZLICERL TS bDEEZBND, iz, REMR TIXETRI - BE1Ht5

DOEHILDOBIEMEIT R S8 o7,

COOH
]5 COOH

COOH COOH

COOH
- 5 COOH . OMe

COOH

-10 [ ] COOH
. COOMe

-15

Average cathode potential / mV vs.RHE

[ J ¢ |
-20 :

120 130 140 150 160 170 180 190 200
Molecular wight / g mol!

Figure 3-10. Relationship between molecular weight and cathode potential.
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3.3.5. NLUREIRMEIC 1T 5 B R Al RE O Rt

& BB X > THERT D KFEIIRD cisltrans v Eie D Z LN THEEND, %
ZC NI TR VERO S 3 FEICE L C, AMAeRAE 2 AV CEAKFELE
SFfi L 72 R A Table 3-2 (23 d, BIRAFRICBEIL T, Ru 2 72358 123K
FALS TSR EHEATE T, K FELIRIT trace DA L 72572, cis/trans HIZ DWW T
EOIEEZHWI=HAITBWTH, Rh>PtRu>Pt O E 72 o 72, R 51T oxylene
DIKFACE NN T cis BERMEDO FFFIX Ru>Rh>Pt DJRIC72 5 Z L Z2#HE L Tk Y

2 ARROGRIZEW T b RBROME A 23D S Tz,

Table 3-3. Electrocatalytic hydrogenation of p-alkyl substituted benzoic acid using various

cathode catalyst in a PEM reactor.

6H*, 6¢
R COOH > R COOH
PtRu/KB

Substrate Catalyst Average cathode potential® Current efficiency®

Entry R= material /mV vs. RHE (%) cis/trans*
1 PtRu -10 >99 80/20
2 Pt -19 89 78/22

Methyl

3 Rh -56 78 87/13
4 Ru -38 trace -

5 PtRu -18 86 70/30
6 | ! Pt +2 49 67/33

T

7 SOPToPY Rh 25 54 83/17
8 Ru -43 trace -

9 PtRu -7 68 85/15
10 Pt -15 10 81/19

tert-buthyl

11 -27 25 90/10
12 Ru -28 trace

aExperimental conditions: anode catalyst, Pt (loading amount was 0.5 mg cm-z); cathode
catalyst, loading amount was 0.5 mg cm-z; cell temperature, r.t.; concentration, 1 M in
dioxane; current density, 1.5 mA c¢cm; flow rate, 1.8 mL h-l; coulomb number, 24 C; flow
rate of hydrogen, 50 mL min’. bThe potential values were corrected for the IR drop

determined by the impedance measurement. ‘Current efficiency was determined by GC.
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PR AREIRY KVBETERRIIS T AT L ERD, £ THIERHEE, i
B L L, RS E K OEMER & LTS E OEMKFEILERARTZ, ZOBE. 7
J = FUZAWTWS =R 7 L— FOBRBENRE S ND T2, Ti 7 L— MIAEH
L. EAEAKRBICRISEAT > T2, DOFER % Scheme 3-6 12777, 7/ — NMALZ/KDE
fEipft a2 S GE T80T b B RERME CTRICHETT 5 Z LN HERTE
720 IO T IR D OFELEKIZ L0 KISHE 0 S RETICBKIC /20 | %
BRI T 7 2 A LI K Rolzl-dThd &2 BND, £7-. Figure 3-8 &
VEMPO Y — MIOBEITIZE—ETH Y | S Z K OEMEBILS & LTS
AICHLELTEMRTETNDLEEZXOND, £z, KOEMBITITHGRIIIZ+1.23

VRBETHLZLmbb, ZURNY—FEBETHDLLEZDND,
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6H*, 6¢-
1.5mA cm?, 1.8 mL h'!

v

PtRu/KB

Current efficiency
75%

Scheme 3-6. Electrocatalytic asymmetric hydrogenation of monomethyl itaconate with water
oxidation reaction in a PEM reactor. Experimental condition: anode, Pt (loading amount was
0.5 mg cm™); cathode, PtRu (loading amount was 0.5 mg cm™); solvent,1,4-dioxane; cell
temperature, r.t.; flow rate of substrate solution, 1.8 mL h*'; flow rate of 1M H2SO4 aq., 15 mL

h'; coulomb number, 24 C. Current efficiency was determined by GC.
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Figure 3-11. Temporal cathode potential change in the electrocatalytic hydrogenation of

benzoic acid. IR drop was included.
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voaFTaiaA ReERFERAE T 5
PEM Y 7 7 % —H1TD ao,B-/~EaF0
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F2E vraFTarbuAd FeRFEMFILE TS PEMAEY 77 #—HTO a,B-R
fafn A VAR VB DO BRRARF ARILRG

4.1. =

4.1 165G E
HFEEDEONRER L LT, T NICREFRFEZA L, EWVICEHEBIRICH 5 —xt
DRIPEERDZFT B (Figure 4-1), Z OXMEROERREEME 7 & IR E MRS, %
TEMEEIIR E =) o TF A~ —M TERDAIENEZ ST L ONRLAFEL, FIC
PR AIZIRIA < I &N T 5D, FDA(T A U B &MEIRM 2 2014 ISR A LT
WEN 29 FIAFEL, ZOFTHOARFELATOWHEIL 27T FEOFELZZ L0 b
HAIEEDE O BB UTICEE THLINNFHADH L, Lian-T, HBlZS U TR

D FH 2 FIRATAE D 731F 2 Hfidid THEHETH 5,

\'/!1c c\W'yg
A A
B B

Figure 4-1. Typical optically active substance.

APEMEZ R T T UEEH OB E LTH Y RvA RBZET bond, ZOWEIIAF
RFEZA L TR NAHEERWE TH 5, BEIRIEM 2 W57 L CHEIRZE L L CTHE SNz
DAENTT7 I LI2Z I KV IERIEH Tl fgd k2 A 352 F4~—1
FERNTHERLTLEVREREL 2o, VU F~oa FEHFIIMERNTT B ILE
DEANTRRAIZER TE T THRAZRNED T 72, ZOF 2@ L TEY

—B R FOF o TF A — @RI AEKT D I EONFRENEEEEHITHI ZED
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HEINEREND Z &I o7 2, fICHFRIE UTRHA IS U 1 300
WHETH Y | BRRITK L TR AR T, ZOWEIX RIETIELELVOFD
SKTRHA VY PDOFEYNT 5LV X ) ICHBRITIE UTED ST ALETH S, b
DHFDIZBWEZFERIZ, ITBVDO L & ERDIEDFLEMPREET D2 LITL T, ¥

(ZHRERRE/ Y & L TEDERPMeb D Z L mbh T 5,

S sacse Sl ol

RIK #5216 =T
A StA R RIK:LEVDEY SIK:ALUCDOFY

(a) HURTAR (b) YERY

Figure 4-2. Optically active substances (a) thalidomide (b) limonene.

4.1.2. FFIEVE LTS
R L7 e B B & S p T 2 8 E . b TR AT 5 & RANICIT B, Sk
WERRIE LT IR LR D AN O ARFEHE ) E<HEAT L EThHHOA%E

BIRANCGED Z ENTTREL 72 %, EAOEEMME 21525 FiE 2 L TITRT,

4.1.2.1. T TF— )Lk 3

L-7 X VX DHEZR ERG IO RBEICAF AR NEAENEDEDOX T VT 4 —%F
AL, CROBEEEZZEWR LIV, H5VIEZHUCEA LY T5 2 L THRWEE A
FIT2HETHD, 2F0., ThbXT VT 4 —5F AW E B E LIZWEDOS

Folzim LT b,
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4.1.2.2. e ENES

TEIRNOR T OEF o FA~v—5RETL5FETH Y BIENRER % Tl 5,
BHME TH D 78 IERE20HT 2583 HEERT I 2  BEMEME ThH S
7% IREHFNET DA IR A A D TR AR S5, B Sz
T AT VA=W OBIREOEEZFA L CEMEDO/NS WY T AT VA~ —f %
B2, SN EE2 MR E 2 ITMEIRIC X 0 FF1d 5 2 & THR & TS
I ONFEEWE E D 2 ENTE D, 2TV T AT LA~ — OB A B 72
HTEEIELIEHAHLELDTH Y, Figure 4-3 [T FLFHO7n—F v — bZ2RL
2o BBEZ A 7I02BTRLTWS, 7a—F v — N CIIAKIRO T & I K426
EMEZRT L U CHFEDET D FIRZ TR L TV D, KRFETEEST X VICRE S D0 E
ETHLZ ENOREHEMHEHOR I N R A TH D, FITIL, IR 50% THh D

EIWZHLHEE LW,

(£)-A
(H)-B
(H)-A=(+)-B (-)-A*(+)-B
BifE& nE
iK%z I
(H)-A-(+)-B — (H)-A

Figure 4-3. Flowchart of optical resolution using diastereomer salt.

4.1.2.3. REERES
REERIEIZINE N O RFEREZEAN L, i HONFHIEEE 2 &N AR T 5T
ETh D, R e U CIREMICHREIFERI T XTI O W T HIWEIC RS 5 Z L3 F]
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R THLD, BEKOBRWERTFIETH L LWVA D, AFARIEITTRIORT LI

T AT VBRI F G E =) o FABIRAF RIS S5,

4.1.2.3.1. VT AT L AERIRFH AL

HAEEREE 2T ZEDOX T VT 4 — 2 YT AT VAMEICEKS LTIk 7
V7 4 —%AIHT 2 5ETHD (Figure 4-4), SUGHE O IFIEME 72 AL I LR SIZ X
D) Y HES, ARVECITEBIEO SRR EICR & AR OR Y Neh Shb, SikEE
DR Z VBRI SIS FANTIT D XU < < SRR E O /N S WMl BRI K

o EIT T A, Z AU cram HIIZEESW T 5,

A A

rE

Figure 4-4. Reaction image of diastereomeric asymmetric synthesis.

4.1.2.3.2. =F VU F A BRI A AL

TG M 72 BOSTE MRS 70 B2 W o FAmE 7= o F 455 % X
TORISEATO, TR INRIEEN X T VT 4 —aRolc kG E AT 2 FIETH
% (Figure 4-5), FFICAF AR Z W2 ROS TIE 2 < EO Al 2 SOSRITIRINT £ 72
TT, REDOHFEMWEZG DL LN TE LD, REMNBRTiELEEA D, A=

DG TR o F AR AFT AR E R AT b D Lo TV D,
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B
B A
A
) E
) | — F | — | —

Figure 4-5. Reaction image of enantiomeric asymmetric synthesis.

4.1.8. RHEKRFALIE
RERFACBTNEIARF GO R THREANRFT SN TV DLHRETHY T ¥
WIRA VT 4 V. 7 R RRICK LTI RIS T DR T OV L Ty a— v E S
L EEN OB EN I Tk L 72D (Scheme 4-1), Z OFEDOFFIEDEE AN IR > T2 & 5D
& UTIEEK 512 L 5 BINAP REFENL - OBF AT Hivd 4, C2 XMl R4 %
A3 5 BINAP & &JEESA L At by - REMELE V5 Z & T, B—RUGI2E
W THEF IS @ VOB TRREEA IS AT R TS D Z LITHEI L T % 5, B)— R filfi
FOSTIEmWEF U FARBRERE LT N LD REEDZ < D3 — Rl
IZLD2bDTHD, LLns, i & BeiiRititz L2 e L, V3 A 7 R

AR OSEME SRR & L CIREN R S LT 5 68,

>:< H, o * %
> H>_§H
RS R, RS R,
Ry Ry
>ﬁ=o H . Hiy;ﬂH
RS R;

Scheme 4-1. Asymmetric hydrogenation of alkene and ketone.
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— T B R SOS IS 6 U T AR EE A TR — R ARSI, BRALEL D f
S PEED Y B 7 NAEDBLE D DEREGFHFI 2GR FIETH Y TNETICEL D
WERDPATONTE TN D 910, [ 2 FI 7o AR KSR BOR T EIE SR T O RS
(Z72 57120 BT T U FABRENRT SIS D E WS LN H D, ARG
(2 & o TEWERIETH O ETEEWE 2 G 2 FIED L S i, id TH A

7w R T D 2 ENLIRIERETH D L2 D (Figure 4-6),

18— R AR RS ) — R RS
/ (majority) / (minority)

Bl UYL R BiBI= kYIS E R SI<E
\_ A HRBENRE )\ AR UYIOLERE

Figure 4-6. Comparison of homogeneous catalytic reaction and heterogeneous catalytic

reaction.

L AT, RAOEEREER AL L 212 Pd &R R 1 % HE S 7 filli T
o, T RaT I BHFERORFRFIIKR L THRKRT 35.6%ee 23MFHILTND
n, LA LARs, FHMEOKI BB I, KW TH HMEOMEEEITIKTE LT G
RTHDEMAEINTZ, —FH, U RXTEORR L > TAEKR LT 2 B &2 HES
NIV NMERL, REPFEINTWDLOTERO N EB X OGS, 7/ B%E
XL ET L BIEDOT v aFThu A RROWEAEERIC K DO EMHIR 2 B% S
7z 12,

RYJ—R PO EB T DARFARFICE L T @) o FARPMERE LTV DK
SR E KB D E 3D 52 LMK D, ORFEMT x—=v F/UillR, @
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yaFTadiuA MEM Pt AEMESR, @ a Tt T u g MES Pd AR

DI TH D, TNEHITE L TUTIZHIAT %,

ORFEH T 21— = > 7 VbR

TAx—=y BRI S B SN TS, =y TV ET LI =T ARG
HEaITxt LCUKm b Y U SRR A FWTT NV =0 ARG EBET 5 2 LI
Ko TTIX—=y F VN SN D, ROITT 13 —= v T VR A FrE OS54 TC
JEEFEMER e e 0T X BRTTERTT S & TR & FEE U7 18, ARAREET

HIVIR=NMALBE I DOKFBCIZHE N TH D Z ENFMLNTWD,

@ v atrTahaA REh Pt RERRBER

AL D BAFEE ORI DRFALEE L HIFENTWD, v aF T A aA Re A4
ERf U 7o A F A LR A VDO ARF KB ENTOR R TH Y | AFIL
IE 60~80%ee &7V RAFRIEN BN HELITWD U, KBERIT o-F b A
TR L TH TH D | RFICRIZEEOMEICRE KFTHZ Lnmbn T b,

o, IEFIIRBLED B2 < ORFFEFE DI BSHERE ORI EL Y LA TV % 1516,

@vraFTadiaA NEf Pd RAEME R

vrvaFFasuA K Pd REIEN LI-AER TH 5, ARMBERIT o p- R0
R BDARFRFCRIRCH I TH S, KT o 7 = = VRO N F R FELBOE
ZHLDTHRE STV 2 1718, KEJROREE LTIET 2 OIRINS K o THRIGHE D
[ B3 D LD TZT Tl | RFMRBKIBICH LT D L 2AI0H D, HE &R EH
Bl 7R RBAER T E D L RAAFEMNIME E AR STV D DnE, EY

T BB OFRENTEETT> TS, 192,
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4.1.4. BREARFKFLE
B EMRERIEEZ HOWTEAFTAERILIZNE TIZE L OFER 2 ST\ 5D, fix 7T
EIZ L > TEBAFTAEPMTOILTEY, 28T 5 L Figure 47 DX 5178 b, AF

AT D RPEME 2 0T e 22, ARAEE 23 FEAR 2426 55 & W TR SIS B RS

Thbihv T\,
Electrochemical
asymmetric synthesis
Chiral Chiral Chiral Chiral
solvent electrode catalyst supporting electrolyte

Figure 4-7. Electrochemical asymmetric synthesis using various chiral sources.

e DBELSACFERRARF BRI S LTV BT, T VOB KFELICE
LT, 2NETICEWRFRENMF LN TR, Bl2E, HhoiEs <~ UFER
DAFKFEAIZE LT poly-L-valine 7 7 7 7 A MNEMIZEL L= H D% W THRES
AT TV D3, 43%ee L FRREDARFINRIZL EE-TWND 27, o, TAAwuA R
Td % yohimbine & RAFERMIA] & L7 KEREM EICH1T 5 7 ~ ) VIFERDO R KSR
ETIE 47%ee DAFINR L 72> TS 28, LLEOBHNG, AREMREKRIZL ST L

7 DARFIRFITHRR Z2BE TH Y . BB ORMARNMTFRS TV D,
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4.1.5. KEDHYE

ERECHR AR & IR FARFEACSGITF TV AR E IR RA 2 ST D FiEE LT
BHRFETHD, LDLRBL, T7 VEOBEMAFT KBS B W TIEREIZ
EWIEPRPECARFRFT D Z EDNER I LT, £/, PEM BV 77 4% —%H
W BRARFIKBCBIE DR S ZAVE TICRL RV, £ 2T, RETIIEFEH 2R
FARBSIETHREBMEINTWD Y a TV ARICERL, PEM &Y 77 4
—HCEMAFAKFENT D EEEF MR LI, PEM Y 77 ¥ —dZB W\ TEMA A K
FACSUGAER S NAUERE — RS TH D & & b, FERICITKET A ZFIH L
WKEIRZ G DR T KRBT 0B AOREENFRE L 05720 BRIFHEICB VT HE
BN e D, LEOBRICLY  AETIZIPEM MY 77 2 —HTO q,p-

AEARNT VIR AR D EREAF KL ORES &2AT > 72,
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4.2. FEB M OFEEERE
4.2.1. E
AREIZBWTHWEREEE 2 L FIORT,
c TININ ) AH
HABF-501A, 4b3bET
- F—4 B —(BERE)
VR-71, T&D
B~ A 7T AR
MSP101-00, [LEkAtt
- BRULFRET 7 A Y —
ALS660E, BAS
AR~ N TTT 44—
GC-2014, BHERUWERT (F 7 At Cyclosil-B, Agilent)
TR~ NI T 40— HEOHT
GCMS-QP2010, EE##ERT (77 At CP-Sil 8 CB for Amines, Agilemt)
- wEEk s o~ N7 T T 4 —
LC-20AD, SPD-20A, CTO-20 (OD-H, %A &)
- NMR

DRX500, Bruker

MEA fERUZ &7V | AW AEE 2 LU FIZRE T,

 EBRRERERELR Y R I, LP-1, (FEERERT

ARy b7 A (MEA BYEH) . At v 7 IR
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4.2.2. #IK

AREICBWNT, BRETHROCKET, TR WK 2 LUTICRE T

< SOSEE « Ao i L7z akE
(E)-o-Phenylcinnamic acid BAH/{b%
(E)-a-Methylcinnamic acid Hs{bpk T2
Tiglic acid HU{bpk T2
2-Propanol B H{L5
Hexane Bk

Trifluoroacetic acid L EK T.%

- RFEAH
Cinchonidne (CD) SIGMA — ALDRICH
Cinchonine (CN) HsU{bpk T3
Quinine (QN) Htfbpk T3
a-Isocupreine (a-ICPN) HRU{bAk T3¢

N-[(9.9-8a-Cinchonan-9-yll-quinoline-8-sulfonamide (QQVM) H 5k sk T3

- TR

1,4-Dioxane HF{bpk T3

RNIIEY

Benzylamine HUR({bjk T3
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« SBE AU L 7o iA

4-Methoxyphenylacetic acid H{bsk T2
4-(Trifluoromethyl)phenylacetic acid B iifb ik T.3
4-(Trifluoromethyl)benzaldehyde HAF{kak T3
pAnisaldehyde #{bpk T.2%

Triethylamine R {bpk T3

Acetic anhydride Hr{bpk T3

Potassium hydroxide BH/{L2#

Hydrochloric acid BIHALF

* MEA 84EIZH 720 . H 3K - $18)

PREVE L A i, TEC10E50E (Pt 46.0 wt.%), HH &&BEERSH

PRELE ML A i, TECPA(ONLY)30E (Pd 29 wt.%), H &4 @ikat:

(=R AKZTNTT v F =77 v 7 EC300d)

Nafion® perfluorinated membrane, Nafion® NRE 212, SIGMA - ALDRICH
Nafion® perfluorinated resin solution (5 wt.% in mixture of lower aliphatic and
water) Nafion® DE 521, SIGMA - ALDRICH

1-Propanol M E{LAK T35

Carbon paper., GLD39BC., SIGRACET
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4.2.3. &R - FEEEA R (MEA) {ERTGIE

MEA OER 7 5% LT IZR T, ATl &4 @il & U< Pt(45.9 wt.%), Pd(29.0
wt. %) il 2 iz, HEIE T —A o b hERRBEOR WS v F =TT v
EC300d % 7z, fillf R &Y 0.5 mg em?, Nafion & 7 — R D% 0.8 L3E L
7o ECHEEORIELFED Y | Al —2 M AER U7z, LN ICERFIEOFEMZ R

T FEAIAERTFIRICHE L CHE M OR L b L AR TH 5,

4.2.4. FHEE K
E-2-(4-methoxyphenyl)-3-(4-methoxyphenylDacrylic acid I O (& E2-(4-

trifluoromethylphenyl)-3-(4-trifluoromethylphenylDacrylic acid (22U Cld/8—
POSIZ X0 AfEGR L, EE LTHMA L 29, DITICAMFIEEZ <Y,

NWIMITEREEAEI L 727 = = VEFEG g & N TICERBELZ B Lo AT
LT E R(1.0~1.2 equiv.). F VU =F /LT 2 (0.7 equiv.). HEKFEEL(2.9 equiv.) &) A 7
T ATIMAT 48 Kefi], 120CTIRUETIZ1T > 70, st =RICETHAIL, 50
mL OffiZk, 6 NKOH ZJEXINZ . overnight TR L=, Dk, Y=F/LT—T /L
T2 \WEHEAETTV, AKEICX LT 2NHCL % 100 mL iz 72, 30 53, LB % A
CEDEI L, BT F RS, ZAUTIEER Z M TR L7z, AEIZ X0 iE
PERR ZBRE LIRS, EARRBIC L VR T V2 AT 5 2 L TREERY 21572,
oI =2 7 — VIKIBEWEEPICB W THF G Z1T O 2 & THEO®mWE
Iz 1572,

Bonlt 7T IHNMREIC L > THNAER TH D Z & 28 LTz,
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E-2-(4-methoxyphenyl)-3-(4-methoxyphenyl)acrylic acid(4) 29
White solid; yield: 39%; 1H NMR (500 MHz, CDCls) § 7.89 (s, 1H),
7.21 (d, J = 8.5 Hz, 2H), 7.09 (d, J = 8.5 Hz, 2H), 6.98 (d, J = 8.5 Hz,

2H), 6.78 (d, J = 9.0 Hz, 2H), 3.88 (s, 3H), 3.79 (s, 3H).

E-2-(4-trifluoromethylphenyl)-3-(4-trifluoromethylphenyl)acrylic acid(5) 30
White solid; yield: 43%; 1H NMR (500 MHz, CDCls) § 8.06 (s, 1H), 7.69 (d, J = 8.0 Hz,

2H), 7. 51 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H).

4.2.5. EMRKFEL

Figure 4-8 [IZFEBMEOM A ~T, T v A 7 nt T LR 7 (LEkRASh) 2 v
T VAR OAEZFIBIE T OV vs. RHE OFENL T 1 R PHiZEcB 21T - 72,
0%, VAXRHUERPH L, BE, RHEEMAE GO U EIRICE A T,
1Y — RNC 20 E EMEBR S ETo0blo, TEOEREE CEBREMEZIT T2, W
Y — RITCRIBG & UTHAE L TR BITRIMTHE U7z, ARETTIET 2 — FANTKHE
A U CHEMA R A i Lz, 7/ — RN K 3 4 il & W72 856 130K R B

DSBS L COMEEEZ T / — RICHESED Z LN TE D,
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Power supply

C— —

\_ Outletl Outlet2
Anode:
H, — 2H" + 2¢

H, i
Inletl Inlet2 Circulator
pump
MEA :
(Membrane Electrode Assembly) Cathode:
Substarate + 2H* + 2e-
— Product

Figure 4-8. Schematic image of PEM reactor assembly using circulation-flow operation for

electrocatalytic hydrogenation of o,B-unsaturated acid.

4.2.6. FEMRARI O 53T

R AR AL OEMWI 6 LT, 1M il T B 2 S B 72 O BICHEg = F /L T
HHL7zboZoirh 7L E LTHZ 0 HPLC( 7 A OD-IIC L V) E&E1TV), &
TN A F IR ZFEH Lo, i R1E 214 nm & LB #E)fH(hexane/2-propanol/
trifluoroacetic acid = 490/10/0.1)1% 0.5 mL min Tift L7=, F7-. BIERY OMERZE1T

9 72912 GC-MS iz >\ T b - Tir - 7=,
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4.2.7. EXALFNE
7 ) — RN e AKEZ . B Y — MMM INREZ 2 iE SN 580 A v B —&

v AMNE % FREDFEMATITV, Nafion®EO ST A RIS - 7,

REFRA B ZAMESAE
< PIAEN 0.1V
- JEW %5 0.1~100000 Hz

- ik 0.005 V

354172 Bode ##[X% Nyquist Plot (2254 U C a0 7 b R A R L
Too ZOfEER ) =7 AL =T RN E A ) —HERO IR MEI N EfEH O F Y —
RENALD IR AIEIC Wz, S AGEEE (TR R O R (W D [E18E & [R U b o0 2 v
Co BARAIICIIIRPUA Sy — 1okt L TP & BRI B v R & v R) W FNZ AL 2
B OB A2 EINZ D72 WIZNIE & 72 5, 15 bV B RS OREUE 2 Ry &

L. IR#IEZTT o7,
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4.3. fRFBLOBZE
4.3.1. BERTALERORRES « 7 X IR OFRET
FT T a7 == VB AE & LU USRI ORE(LEIToTc, v aF T AR
A REEHILIZ ST VYA ETO a7 = = MERIEO R ERBA B =X LT TR
INTRE SN TS (Figure 4-9)31, F T NVEMFITHL vy a=vuidx/ U VR
ZHELTEBY, ndEFEZN LT PAREIIRET D, FX7VPUVRIMEE Fr¥ky
LA FHWTHEE THD DA R RO B VRS VIR TKFERER 2R LAFR

SN D,

-/ UREMIAPA/CIZIRE

A=V M-OH,F XIS UIRELD
NZNLTHEED-COOHE L EZ AT
KEFEEEHBL. FEDRENTTHND,

Figure 4-9. Plausible interaction between chiral modifier and carboxylic acid.

£9. PEM MY 7 7 2 =R COEMAFTAKFIZHTZ0 . NPT I OB
RIZOWTHETE T o 72, HH - A GIT 240 E T oA aFi 7 LR RO rr 72
REKRFATBN TR DT 2 ORI BOGIHEE O F) ESLSARF RO % 5
TEHZEERHL TS 8238, ZnEXont e LTELLDIHRENR AT IO
WA ROV TIHE L TS, FHOIET I 2 ORINZHRIZ OV Tl HEAH AR
ICEVFHHEZ LTS, AT, NPT 2 URNF TIVERAIOWE LT Pd
(ZWAE L. 71 RO A LT D &l T g (Figure 4-10) 32, £7z,
Baiker 53~ P07 X OUEMENRICE LT, Pd REIZWAE L TV D R ERA] T
bHoHyra=Ur OWEREEZZLSE T, KO AFR#ELZA LSETCWD Loz

NEZHE L TN D 3,
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PCA ——Amine Amine u +
C|D — 9 PCA —= C|D —> Amine . CD
i

BEOEFSILYA~DRE oo
- -—Amine i
- : N : PCA
e e oo
ERUENILRBEE ESLREF A DELE
hEE KRB

Figure 4-10. Proposed catalytic cycle in the presence of benzylamine.

ERROMANS, ETHDICPEM LY 77 X2 —HIZBNTHR UL T I ORI
12 &0 RFURO ) EAHIRF S5 72 DUIBIRIC DWW TRRF L7z, EiC, Pd Rilo
LRI & fRET 5 2 & TRAFRBAREZ RN D L& x| PiiE A ORI OV
THITo 7, PIHETCABIIEETCH S 1,4- XV OHE VT 7 X —HNIZiBE I
C. 0V vs. RHE OFEN T 1 BFFFIETCAEEZ 1T o 7o, BG4 LU 0 Table 4-1 127
To NUUNAT IR L RWEEITXERSE - REDEENF & bRWEIZE EE o
e, RUVLT I VORI L > TRIEREGEN A LNz, LR >T, PEM Y
T A=Wt a7 = = VRO EMRAFT KBS B N THE R VLT I
DOWIMIANTH D Z LRSI, BT, TETCLHZIT > 25 EIIEE 22 2 Eif
N AFUEON EXMER ST, Fio, PEETCHRIZE LT, HEELTWD 8T
DU LOWE RIS LT ERIRIEE R TP HEEITCAE T o TW A 728 1 R O IT

M THATHLEEZLND,
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Table 4-1. Current efficiency and optical yield for the electrocatalytic asymmetric

hydrogenation of PCA with and without BA addition in a PEM reactor®

COOH COOH =
2H, 2¢° o H?Q
SO T O &

Current efficiency” Optical yield®

.. b
Entry Additive Pretreatment (%) (%ce)
1 none without 27 2
2 BA(1 eq.) without 66 30
3 BA(1 eq.) with 87 44

“Reaction conditions: anode catalyst, Pt; cathode catalyst, Pd; charge passed, 0.5 F mol’!; cell
temperature, r.t.; concentration, 0.06 M in 1,4-dioxane; substrate solution, 5 mL; addition
amount of CD, 19 pmol; current density, 0.4 mA cm; flow rate of substrate solution, 1.25
mL min'; flow rate of hydrogen, 50 mL min™'. For the pretreatment of Pd catalysts, 1,4-
dioxane without PCA, BA and CD was provided to the cathodic chamber by a circulator pump
and the potential of 0 V vs. RHE was applied for 1 h. “Current efficiency and optical yield
were determined by chiral HPLC.

4.3.2. EBIEEOMKG
NI IZBWNT, ERBINIGE UTIIKRERAETH D, Fpk LIiEMHERAEK

=
FEREEORFIC Lo THBESND D b L <IREEREKER LR v 7Y 7 L
TKFEH APIAET 5730 2580 WEE SN D, KFEFREDKE Z 0 07 SILERBES
71V — REALICKE UKFFT D728, BIREE OB OV TG Lo, Matib R4 2
T Figure 4-11 (27 ¥, 8T, EEBREMHOYH D Y — REMIZONWTHELL
7z. F7z. Figure 4-12 |[ZEBMEMTIZI T L7 Y — FEMOBREFEIC OV T HIR
T EIETE BNV COKBRAEDFEIC L0 —HEMAEN TV DA, iRy

DEILIXEIE LT DT PR S DL,
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Figure 4-11. The effect of current density on current efficiency and optical yield in
electrocatalytic asymmetric hydrogenation of PCA with CD in a PEM reactor. Reaction
conditions: anode catalyst, Pt; cathode catalyst, Pd; charge passed, 0.5 F mol"; cell
temperature, r.t.; concentration, 0.06 M in 1,4-dioxane; substrate solution, 5 mL; amount of
BA addition, 1 eq. to PCA; amount of CD addition, 19 pmol; flow rate of substrate solution,
1.25 mL min’'; flow rate of hydrogen, 50 mL min™'. For the pretreatment of Pd catalysts, 1,4-
dioxane without PCA, BA and CD was introduced to the cathodic chamber by a circulator
pump and a potential of 0 V vs. RHE was applied for 1 h. Current efficiency and optical yield
were determined by chiral HPLC. The potential values were corrected for the IR drop

determined by the impedance measurement.
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Figure 4-12. Influence of current density on the cathode potential changes. The potential

values were corrected for the IR drop determined by the impedance measurement.
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AL S AT BT kD BRI C I KRS IS AT L7z,

— 5T, BIMBENRKRELSRDHIZONTERDEORIEXME TR I N, Ziux

vy

BIMEENRE S RDICHONTH Y — REMP LY FMIZ 7 b L, AKEREEDESI
RolleOThDHEBEZLND, £o, BE LW CEMKEZIER I E-IG6134E
RN LGSR T2 LB AKET AD Y 1 A F—"—2 X Db K FE L
FOSMEIARFEBRZTITEE TV RNEB X bivd, il 21T, EXULFRICARFKRFE L
PHEITLTND Z LR ST,
RICRFFILRIZONWTHELET 5, 0.8 mA em DEFHE T TR TR L
H 2T, TETIZWS DO 7 L —128 0T /U VRO EBERIL TR KA
ZAENTHA STV D 3536, Z 5 DOMFEIZ K D L DI n B CEM LI PEATICRAE
LTHY ., BALAEMANZ L T IZONTEFRKFEDET TS BBV IED | Fi&
FNZIENBES D L W o 7eifE 2 LT D, AFEMAIE LTHWTWD Y ra=vrg

FIUVVBRBEALTWDLZ 0D, F /U EAROWEEEL & D2 ENEEIND,

Parallel
adsorption CD

~ Desorption
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Chiral recognition ability

Parallel Raised
adsorption CD < CD

Figure 4-13. Plausible adsorption and desorption behaviors of CD on the Pd electrocatalyst

surface at various cathode potentials.
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L7278 o T REAERHI O W BEAS 56 8) A B\ BBV FE 106 5 R IR DA 2 R D
L O ITRERICHT 5 Z L N TE 5, Figure 4-13 1R & 9 ICBREENMEWEE
i ra=vrox Y R Pd RENIKT U CHETIC o FE CTHRAET 5. BIE
FERRKRELSRDIZONTEFEIZE>TIEL LRV IRDDH, LZAT, vra=vy
FEDO AR BEIZES L C Rodriguez-Garcia SR E N LD ER~Tovra=y
> fE(Figure 4-13, Raised CD)E WAFikiE2 AT 5 L2 HME L T\ 5 37, oF
D T OIS TR RRE OBREEICB W XN 2% 7 VBB T2 5 &5
AbiD, — /T, BREEZREL LIEGEIITEm Lo v a = U3 BBk LG
HIEDIIAFINRDIR T EZB N EEZXLND, DEV, v a=y FOREREN

AFRMREICRE S D 2 LAVRR S NI,

4.3.3. RHEHA O

WIZ, Fol 7 RS 2 R 5 BT, RFEMAIORSN 21T o7z, v a2t T
NAiaA RORFEMEZR—AL L, Hita %Lz (Table 4-2), RAEMH % T
MUZRWGEITIE T EIERBH/OND N, i TR RERDE TG ET Lz
(Entry 1), &iZv v a=(CN)ZHWEAIZIZy >y a2 =y (CD) & g L TRV
FULEIZ & & F o7 (Entryd), £ZF HIHMEFHIRAREFRKFEIZIE N T, CN 2V
HIZCD ZHWHAE LD b ARAFINENMET T2 &2 ELTHY, PEM Y 77
Z—% AW TCEMRAF KB DORITBNTHRERORERI G L 38, L ZAT, CN
WG A TS DD ERD OSERHEE LT D O, RAEEHIFIO 8,9 (DL
DEWVCER L TWDEBZ LN, F=QN)EHWZIGE, /7 U VBREMLICA b
FUEMNMAELTEY, Pd REIZHT 2WEDLE SN D T2 OITRWRFRE L 725
7z 38, o-Isocupreine(a-ICPN) % RAEHiAl & L THWIZHEITIXRAFRERZFE TR

JEDSHEETT L7223, ARFRIIMD TIRVWME S 7o 72, %/ U VEBREMLICE Fr ¥ s
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Table 4-2. Electrocatalytic asymmetric hydrogenation of PCA in a PEM reactor with various

alkaloid modifiers”

MeQ

a-IC PN QQVM
. B b
Entry Chiral modifier Current efficiency” (%) Op UC(%} §11e1d

0
1 none 91 -
2 CD 87 44(9)
3 CN 78 19(R)
4 QN 65 13(S)
5 a-ICPN 80 4(R)
6 QQVM 30 3(S)

“Reaction conditions: anode catalyst, Pt; cathode catalyst, Pd; charge passed, 0.5 F mol!; cell
temperature, r.t.; concentration, 0.06 M in 1,4-dioxane; substrate solution, 5 mL; amount of
BA addition, 1 eq. to PCA; amount of chiral modifier addition, 19 umol; current density, 0.4
mA cm%; flow rate of substrate solution, 1.25 mL min™'; flow rate of hydrogen, 50 mL min"'.
For the pretreatment of Pd catalysts, 1,4-dioxane without PCA, BA and CD was provided to
the cathodic chamber by a circulator pump and the potential of 0 V vs. RHE was applied for
1 h. ®Current efficiency and optical yield were determined by chiral HPLC.

HALTWAZ END, QN E[REROIEH T Pd RilIZZ < ORFEMAINKAE TE o0
72O, AFNEOIRTEHNZEEZEZ NS, 7o, X7 U U B RS
LloTHEY, HELEOKRBHEEITBWTHAN@) 2ol b D EBEZBND, K
i . (9-N-8-quinolinesulfonyl-(quinolin-4-y1)(8-vinylquinuclidin-2-yl)methanamine
(QQVM) z A 2 & B FE =R O AR F IR OB B RIEIAR T35 2 L3 pinotz,
QQVM 13/ U v B%E oA LTEY Pd EFEISHT WG TR 2 & N EES L
Do LIPLZRM B REFHFLDNTR Y IAI NS T D T2 DI NARREE OB TN T

JEALIZKLK o EFEZBND,

I EOREHRERE D, PEMALY 7 27 2 —HCTD o- 7 = = /VEER TR O EMEAF K FEAL
ICBW TR LIEAFEMAIOF Tl CD Bl Th 5 Z EBNH LN E 2Tz,
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= 2T, CD ORMEAAAFEEZIT TWDENE 9 &) O HT-012 HPLC 43
MrasEhLizs 2 A, IRINL7Z CD O 25% 03 KE(LEINTEY . ERNRICHE T
HEBWRETHDLZ LN nrol, $c, Yra=yrox /) U UREMAKELS
NGB EIC PABEHA~ARE TE RS RoTCLEIZENFPHREND, 22T, ¥/ Vv
Z EEIZHOTRER DO EBRSEANT T CEMAKFEEZFEmLIZE ZAFRBHEIRTH 72 2
EH PEM A Y 7 7 2 —H T Pd Z# HWESEIZIEFT 2 U VIROBKABITEZ 572

WZ LRIl

4.3.4. FEILAMEORFS

RENE Y AT 2MCHT 2 MEIRAMEOMF %217 572, Table 4-3 [Z&FE op-REIF
VIR B O W TEMRAFT RKFOEAT o IR E R T,

INOORRELEETDE o MDD T = = VENRFRHT 2 L THEETHS Z LN
Gole, afiD 7 == VL F LT 4 VEIZR CHOBMRIZH D | DOSLIRA R K
THRRFIEOM LIZFGE LTV b0 EE X bLh, HE 3 2 HWIZGE ITidftho i
B & L CRICSIUT WIEDITERSEME T Lc, —F T, EFEGEEZEAL
THE 4 2V AIIIRBE R A ZEE S OB FEERREWDITE TS
1< <720, 31%ICE TEMDFEMET Ui, BFRSIFEEZEA LI 5 CI3iAE 4
g U CERFRILm B L2y, BE 1 i L TERVMEIC E EE o7, ZHUE Y
TG\ A FOFEIRNARIEE & 720 BESMEEREICT 7 B A LIS K Ro e T ER
TR ELTEZOND, HE 5 Z AV EITRKORFNE 51% 035 b,
UbElLdd e EFHREREIY SRR BERPARICBWTEIEE CHL Z L&

DRI STz,
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Table 4-3. The current efficiency and enantioselectivity for the electrocatalytic asymmetric

hydrogenation of various a,B-unsaturated acids in a PEM reactor”

- COOH
O mCOOH /YCOOH

10 2¢ 3¢
87% Current efficiency 88% Current efficiency 29% Current efficiency
44% Optical yield 10% Optical yield 10% Optical yield

~COOH ~-COOH
MeO l ‘ jNe ‘ O

4b OMe 5cd CF;
31% Current efficiency 66% Current efficiency
49% Optical yield 51% Optical yield

“Reaction conditions: anode catalyst, Pt; cathode catalyst, Pd; charge passed, 0.5 F mol!; cell
temperature, r.t.; concentration, 0.06 M in 1,4-dioxane; substrate solution, 5 mL; amount of
BA addition, 1 eq. to substrate; amount of CD addition, 19 umol; current density, 0.4 mA cm
2; flow rate of substrate solution, 1.25 mL min’!; flow rate of hydrogen, 50 mL min™'. For the
pretreatment of Pd catalysts, 1,4-dioxane without substrate, BA and CD was provided to the
cathodic chamber by a circulator pump and the potential of 0 V vs. RHE was applied for 1 h.
bCurrent efficiency and optical yield were determined by chiral HPLC. “Current efficiency
and optical yield were determined by chiral GC. “Methyl esterification of the product was

conducted before the analysis.

4.3.5. 7t I{LOAFEDGE

WNT, KRGV AT DR T, LD 7 & UEBIE & TV D OOV TR
Lo MWEIRMETAEBIDNEONTZE LTH 78Ik T5EXT7 VT 0= KbhT
LE 9, BAORHME LT BRI RERMKF L 21T 29, BTz T0%ee DY 7
=T U BEEREE L CTHWCPEMBLY 7 7 4 — i CEMAF KFELE £ L
7z, BIEBEDOY T NEF T HPLC IZL W 5 &{Tolo b 25, KFEILEDRFIL
KL 68%ee THoTZ ENOLAREROFMHTTIET7 2 IITIITHE TV RN EEZ X
BiLDd, L7eido T, EFKBCRHZ AR O SLR DI RE S v, BSOS ONZ o HT
RBHZ BT T B MRITE Z 5 00nW 2 &3 ST,
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4.3.6. 7/ — FKEMET & 2D

wBIZ, EFRIE7 e 822 /REATTY / — FMNZKEMRZEH S B 0-7 = = /L
R DR F KRB % Fhi L7z, 2 E THExHRCTH 5T /7 — K& HRPUK SR E
LU, BMRREEFER L CE 2, PEM B 77 4 —OBBISIE 7 7 b & T
LIS THITMM 722 DO bEHATE S, &0 DOITERT ORI ZKOEMREL L
UL, KBRS AREIRY | IVHEECEERIST AT L ERD, ZO5E. 7
J = RN TV D =R T L— FOBRBEN G SN D720, TI 7'L— MIAER
L. BEMAFKERIEEAT 7, & B EMPRE O mRH EE Ak oW T Figure
4-14 (TR LTz, 7/ — FNKOEMBAL 20T ST 7256, BIRAED 50%, ~7F
INFEFT BT WRER E oo, THUE, RS OKDIBAIZ K 5 HE & REEAH
LD TOREFEROIETICEL D bDLHERIND,

Z 2 TCHIE R E . FUSHITIR T 2K DB ZBEMED D D700, WK E A%
Y DIREGTEIEOK 2.5 vol.%) & FIV T, ARRIZI T 2 Fol St TRz FEfi L7z, £
OFER, BINR « AFPEEOIK TR X1 (c.e.l 65%, optical yield: 30%ee), A%
JERIZBWDTUIARDIRAD B RN KT Z 3o le, LEER-T, K
FOGHRTIE A Y — FANZ BT 2K EBLOMUELAK SIBA L7222 X9 e i o i3 @ 55 )3

KEMZEH S L55I2I3RD 6N 5,
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AETIZ, PEM B U 7 7 2 —HZBW T o,B-REFI D VR R O B K FEAK
DWW THRE E1T o 72,

L5 2 itk AL & ABRIC R U DL T 2 ORISR FIEE R L5952 &
BABIINE R0, £l RENERPERBEIKET LI ENRHALNE R, Th
1T, B Y — REAIZ L > TRFEMAOPAEIRENZLT D720 TH Y . & LTW
HyyamY TR BRAEREN SN ER oo a = D VR E AR
WHREA AT 5 Z E R I Nz,

Flo e rarraias RRFEMAEZ AWV TRFEZITo7c 2 2 A, BETL
EARFEMBNODTIIL v a=P U BNRETHDLZENRHALNE R T,

B, RE ORGSR REKGFET D LRH LN ERY | EFHRER LY
LRI 72 K S AFINER EICKRE S HET 2 2 AR I,

b\, KEMAE T 7 — RANZHE A & 7256 13xHmih bRt 2 /KO EIC L0 &
TEEhH « RFUER ST & BIKT LizToh, KOEEBEE T 2 TRANETH D Z L3

BHEMNE 72T,
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BHEE FINRLEARY T I FEAFRLETLZPEMBY T 72— ThDA &2
VBRE ) A TFNOEBMRAF KRS

5.1. #kE

5.1.1. A Z 2 VD AFAKRFLSE

A & 3 IO RF KBS NI — RS & > TR F A& IR
KB NE SN S 13, i 21E, Poklukar b IZ8kEERDRAMMEE VD Z & T
BIRANK TR EZIF TN D (Scheme 5-1)3, RITEE THIk7z k51, AE—RKRIC
Ko TERTF v F AR SOS DR TE UL Y YA 7 AEOBSEN S BITH )78

AT R LD,

COOH
COOH  [Rh((R,R)-iPr-JDayPhos)(MeOH),]BF, \”E
1 bar H,/22°C

>99%ee(R)
O
w 0]
“ i(:? /X\\

P
(R,R)-iPr-JDayPhos

Scheme 5-1. Asymmetric hydrogenation of itaconic acid with homogeneous metal catalyst.

5.1.2. 7/ HHANRY T I MEM Pt SOGH 2 W T AR FKE RIS

Sharma HIEF T L7 HEARY 7 I FHIC Pt 2 S EAFSE 2 VT,
Ethyl 2-oxo-4-phenyl butylate ® & T J > F A IRINA 2R FKFZLITHK I L TV D
(Scheme 5-2)4, flix DE /) v —DfAEDLEEHRFTLTEY, D- W77 —fL~F
PFAFLUUTIVBRHEFXTINRLEARY T I Re AW IT @ OB

BonNTnD, @A~ 7 FAEICE DV BRLIEF I AR 7 I REF I 07856
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HAMEL o TNDL I EZWLNTLTEY | ZORRRAEFT RIS TR =V K

DARFIKZBACD R STV D OB,

H,

OC,H; Herical chiral polyamide, Pt OC,H;

0 (0] (0]
. s N J\/\/\N+
"y, | H
H

Scheme 5-2. Asymmetric hydrogenation of ethyl 2-oxo0-4-phenyl butylate with helical chiral
polyamide.

5.1.3. X 7 /UEREM « X7 VEBEMIC L D AT E MG

RHEARBIEDOH T RFEMA % B I EET 2 TR, BB OME X ORG
DOV UAEREDB AN SR 2ED TV D, BiETHANZA, BP 51T poly-L-
valine (i /7 7 7 A NEME AT, 7~V VRO BMAF KFEE LT
55, —FHT, EBBAKICXZ VT 4 —ZFE5 X9 2B ITOA TS, Attard
HIIF F AR BESE AR L2 o h = 2T L DALFR IR R F KBS & HiE L
TW5 6, E(Z, Kuhn 5I3&BWICK L TR0 RmiEIER & RIS ST,
SR EMEENT 2 7 AVWE, BbRemB e Mz TEEISEL 2 LICLD*7
N F D e E ol Pt EMOIERIZREI L TEY . My VAR Z A ) —JIE
MHX T VRHEEATHEMTHHLZEHHLNILTND T, HIZ, ZOFXFTLE
W% B F ARFBALSOSITISH L TR T h 7 =/ VORFKRFELIZE N T 13%ee
THTEOKRFEDPF LN TN D MMZ T 3 FRF T A b ~E$ LR &R T
POV ABMO FIEEMAADED Z LT, 91%ee IZF TRFMFEEZ A LD Z LI

BRI L TW5 9,
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5.1.4. REDPYH

AETIE, AFREEm EICEE ST D & T, L0 BEAN RIS OREEEN
AIREIZ 72 D EEM L, Sharma HME L TWDHLX I AR BHEARY 7 I RERFR &
LCEALE, T VKIGE LTEA X 2 PR ) A FIIVOEMAFT KFALEOL & it
L. FIALHARY T I FOBERFEOBFCEMEM OB, WNE /v —DOHEE
EEZTBAICBIT DAFNRA~OFEBCOWCTHAE L, FiZid Kuhn 52385 L
TV 7V ABMHEIZ B A A L. A PEM BFIZB W T HAFIRR EA~DFHIZO0

Ttz T 7,
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5. 2. B K VTR #RE
5.2.1. HE{E

AREIZBWTHWFEZBREE 2 DL TR T,

CRTUVF AL b
HABF-501A, b8 T
R~ A 7k T LRSS
MSP101-00, ikt
s BRALFET T 7 A P —
ALS660E. BAS
AT a~ NI T T 4 — HEST
GCMS-QP2010, &E##ERT (77 4 CP-Sil 8 CB for Amines, Agilemt)
cEHERE S v~ T T T 4 —
LC-20AD, SPD-20A, CTO-20 (%7 4:0D-H, ¥ A &)
- NMR
DRX500, Bruker
« Zetasizer
NanoZS, Malvern
- $41 - FIHL(UV - Vis) ot llE
UV-1800., RHRAERT
+ Circular Dichroic Polarimeter
J-725. JASCO
- FT'IR £&

IR Affinity-1, Shimazu
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s R—X TN pH A — X
D-71., HORIBA

-« FEERH LR RSN > b L
LP-1, {FREfERT

s ARy N AR

MEA 8EH, BRI v 7 IR

5.2.2. I

AREIZBWNT, AL T LRUSKRO, SRV 2 LTSRS,
« SOGHE « AT I L 723k

Monomethyl itaconate HU gtk %k T3

Ethanol BE#{b*:

Hexane BHH{L5~

2-Propanol BIHL

Trifluoroacetic acid H A LAk T2

- T

Dichloromethane B/ b5~

XTI HARY T I ROARITHW I
D-(+)-Camphoric Acid  H F bk T3
1,6-Diaminohexane # RU{bi% T3
Thionyl Chloride H A {Lpk T.2

Sodium Hydroxide BIH{L%
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Dehydrated toluene BiH{L5:
Anhydrous hexane HR{bAk T3
Buffer Solution pH6.86 ASONE

Buffer Solution pH9.18 ASONE

* MEA YEIZH 720 VTR - APk
ORI TIfilii, TEC10E50E (Pt 46.0 wt.%). HH &4 EkAStt
PRELE ML A i, TECPA(ONLY)30E (Pd 29 wt.%), H H && @ikt
(=R AT XTT vy F =77 v 7 EC300J)
Nafion® perfluorinated membrane, Nafion® NRE 212, SIGMA - ALDRICH
Nafion® perfluorinated resin solution (5 wt.% in mixture of lower aliphatic and
water) Nafion® DE 521, SIGMA - ALDRICH
1-Propanol MRk T35

Carbon paper, GLD39BC, SIGRACET

5.2.3. #ik - SR (MEA) 1ERUGIA

MEA OER 7 5% LLFIZR T, AR Tl &4 @it & U< Pt(46.0 wt.%), Pd(29.0
wt. o) il 2 7o, BRI —AR o ThikREEOGWNT v F =TTy
EC300J % 7=, i FF 81T 0.5 mgem2, Nafion & W —HR o DbE 0.8 EREL
7o LB EORIELFEY Y | lE~—2 F2FR L7z, DLUNICERFIHOFEMZ R
7,

P AFFE LTHW ST ALEAKRY 73 FOAMIE, Sharma 512 X 0 4
SNTWALFIRICHES T T4 DA 77— 3 g LAk ~FHL 20 mL &Y

B, 07T ANzl 7L — 0 WmEEZLEE UIBREE Z AN T, F0lk
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BEBNZHRET N T A TEIB LUK ZRELTRIZ, A7 7 23RO HIE
ftFH4=/L 20 mL #FE RNz, FA AN RHT 80COIRE CMEGRTE 4 24 KT
ST, BIEFIET L— I EIE O LEICT VA H A EFTRE LIZA Ty v 72T 5
LI E Y TN I AFIR MR LT, BB TR, 7B 7 v T2
HF ez "R =2 =2 ORISR A ET L2281k v rn ) FMEEE
(L 85%). o7y 7 v Y ROLEEZFLPICA S ) —EMRSETEAT UL
L. GC-MS TH—OEFMBHEOLNTWD Z xRl LTz, ki, Aoy rnrl
N1g#zik btz 15 mLIIEfE S, £lo, ~FVPAFLYT7 I (pFi)
LU YT R MEEKBET FY U AIZE D pH 11 ICFHHR L 72K 15 mL Hic
ST, NG OWIRE RSB T /3 F v 7 A4 —F =2 k5T, 100 mL
B — TR 5 2 LT L0 FUEHE A EE UG & AT o 1o, S EHE A R RUSETNEA
BB 1T 72 > T ISR LT RIS IR 60 % BT B BT D3RR S L7,
rvo s ANFY RO = F L —T )L TR 2 P4 . I8 E2 =R L — 2 —(C
EOBEL, RV T Nelr, BohieR) T I FEbROAY ) — ML, v
UATNaFRE LT 7 LAWIHE L, B EZ T o7z, BonAR Y 7 2 Fizon
T. NMR HED LFFEOR Y v =2 EbN T 5 2 & 2R Lz, A 1~1.5g(TH Y
T X REVERE ST — 2 FHIEA LT, 2L O MEA (B FIEILER % &

[FERCTH D,

5.2.4. 7 &EHE
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5.2.5. FT-IR &

IR Affinity-1(Shimazu) % AV T FTIR BIE 24TV, B L7ZF T A HLEARY 7 R
ROXx¥Z7 742V —a&i7o7-, KBr &V 7 LOEEN 100:1 L7225 L 91T
RA L, LTI o 5T 2 Lic L 7ok &2 7-, KBr DR TN 7 Z
Uy RIEEATS BRI TR ARI 7 I REGLh 7 MCERE L JET S Z

ETHRINUOLHEARY T I FROEREEZE L7,

5.2.6. UV - CD #I;E

UV :CD A7 MAHIEIZE YD, B LT T VBHEARY 7 I ROREZ T L
7z. UV 27 R AVHIERT UV-Vis-NI(Shimazu) & FIV TIT o 7o, > 7V EE 1M
FIZ 0.03 g Lt D K OICRRELIZbOZME L, £/, CD A~7 MVRIE
Circular Dichroic Polarimeter(JASCO) % N THTU Y U o 7 /UMK 2R AE L 5 mg

Lt L7,

5.2.7. B

Figure 5-1 [ZEBMEH X & ~d, £, 7/ — FANSIEKEE, H Y — A2
WERZMESETIRMIZE Y 77 X —NOREEZIE L=, 20k, vV IR
(Kd science)x HIWVC, Y7/ ma X X ANIEfREETA X a VBT ) AFNVET Y —FK

RNl S & T, EEEEMRIC L EMARKRIET 72, VY — FUTRIBOS & LT3
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Figure 5-1. Schematic image of a PEM reactor assembly using circulation-flow operation

for electrocatalytic hydrogenation of monomethyl itaconate.

3.2.8. EMFARI D ST

BIR KT OREHIF 7 /v HPLC(OD-H 4 7 22 X 0 EEEZ{TV, ERYM O
R NCERDFRZEE Lz, MEFEEIX 214 nm & LB ##H(hexane/2-propanol/
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T GC-MS 2L DM ATV, BIERR DA EIZ SV TOMER S O TIT o 72,

3.2.9. EXLFHIE
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Zetasizer |Z & Y 1EfK L 72 Debye plot Z LL T ® Figure 5-2 |27~ 77, £5 5 4172 Debye plot
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Figure 5-2. Debye plots for light scattering of helical chiral polyamides in methanol.

T, UV A7 b (B 7 VB £ 0.03 g L)IFONT CD A7 h (o 7L
J& . 5 mg LDWIE % i L 7= (Figure 5-3), & L7=F TV 6HARY 7 I RHIZIET
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BB L TS DN AR 2 B REREANE B LI, EHHD0XF T ARY T I RIZ
DONTH, UV AT FAHIZENTT X FREICHKRT 2 I E— 2 73 190 ~230 nm
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Figure 5-3. (a) UV-Vis spectra of chiral polyamides in deionized water (b) CD spectra of

chiral polyamides in deionized water.

feW T, FTIR JERE R Z UL F IR T (Figure 5-4), IZL > THELNEF T LR
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Figure 5-4. FT-IR spectra of helical chiral polyamides and corresponding monomers.
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Figure 5-5. NMR charts for helical chiral polyamides.
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5.3.2. F TR YT I RIEM Pd & VoA & 2 VBT ) A F VO EMAFTRFLIE

BRRLIEF I ALHARY 7 I REEM EICHFEIE S Z L1800 RERICS %1
B, A XA VBT ) AT NVOEMRRFEKFESIEDMFT EAT 572, T 2 TILEMFFD
B NCF TV HHARY 7 ROMRFREZ LS & & ORFIE - BRhFELE
A LTz, MIDOIZ, ~"FTRAF LTI VEKREZAETDLXFIALHEARY 7 I RIZH
WCHRE L7t R4 LA FIc R 3 (Figure 56), EOZMEICHB VT BAFRETHE T
JIEDELT LT, £ TEMEZZCSET2HGE OBPRPEDFEVICHOWNWTELET 5, IR
M & U CEBIOBN CEMEIT T2 BEWARFIERIE LN TN D, 2Tz %
NFR—TEMEERM LI SITHY L, AERISSHZAT Z &< RERISG P EZE
L7TERIETKRFBIEDPEIT LI Z LICER LTS B2 b, EXILFIR A FKE
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Figure 5-6. Electrocatalytic asymmetric hydrogenation of monomethyl itaconate with various
amount of helical chiral polyamide in a PEM reactor. Experimental condition: anode, Pt (loading
amount was 0.5 mg cm2); cathode, Pd (loading amount was 0.5 mg cm); coulomb number, 50
C; constant potential, including IR loss; cell temperature, r.t.; concentration, 4.3 M CH2Cly; flow
rate of substrate, 0.25 mL min™'; flow rate of hydrogen, 100 mL min'. Current efficiency and
optical yield were determined by chiral HPLC.
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KIZFXFTNVHHARY T I ROMFFEEZEIETIGEORBIZONTEET L, ¥
FNUHHARY T I RE 8 mg HFFSHGAITITEOAFIE L ooz, —FHT 14
mg R S H725A1T 28%ee &b @ WARFICENG Oz, HEFERZ 20 mg T
IIARFIEMET Lz, ZHEXF IV ARY 7 I ROWMBENSL T X5 & AR
P A ERIABE > TLEN, RERBEN LR WD R0/ ThDH EEZBRD,
Fogassy O3B @ mIIxt L CARFERMAI 2 WA ST, AEKFSOBEFZ LTk
D AFROEBEAEZ G LIREG 22T 5 L AFEN LT ED EARFIENMET
TAHMHMPERINTND 12, £, BPHH 27T 7 7 A FEMEIZ poly-L-valine %
% MEMI LI2HBICARFIEMET T2 2 L 2@E LT\ D 13

HNT, pX VIV LU UTIVEREATLODXIVHHARY 7 I R HWTEMRA
FokFEA A& FEhE U755 %2 UL FIooR 3 (Figure 5-7), JeOBaHE RS -20 mV vs. RHE

BN CEBILEEMREZIT T2, BIIRICOWVWTIEF I LHHARY 7 I FOMEEIC
BR2 K RFTH T, D7 I VBRI ERZEAT 5 2 & TRBAIE L O AR

IZ LD AFRIED R LA AT, L LR s, HEFRIZED 5T, 10%ee F2E DR
FULR T B OKFEELE ST, Sharma S1EP7 I % /= —IZB L TREHD
a2 T > TR Y . REBEDPENGEICAFIERMET T2 L 2HmELTND 4, D
0. HOBREORE SOREFEBHPTFRBRICIIVETH D Z L BARFFERN O bR
ST, DRI, BRI R AFNERGEONIAFIATF LU OT I VERERT

AFXTNLHARY T I RIZHOWT, B ZEREITHo 7,
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Figure 5-7. Electrocatalytic asymmetric hydrogenation of monomethyl itaconate with various
amount of helical chiral polyamide in a PEM reactor. Experimental condition: anode, Pt (loading
amount was 0.5 mg cm2); cathode, Pd (loading amount was 0.5 mg cm); coulomb number, 50
C; constant potential, -20 mV vs.RHE(including IR loss); cell temperature, r.t.; concentration, 4.3
M CH,Cly; flow rate of substrate, 0.25 mL min'; flow rate of hydrogen, 100 mL min-'. Current
efficiency and optical yield were determined by chiral HPLC.

KICFXFTNVHHEARY T I FOFT)VE /) ~v—a=y & Pd il & OWE EORBK
EHDTIZDIC, AFEOKERH L=(Table 5-1), HIE L= TEILEBLIZRY <
—IX6T BERTHLZ EPRE SN FTALLHARI T I ROEEEZSTETERL,
67T 53D LIcL VRO, PAITEMREIZ 2mg HEF ST, ZOWE X 1.88
X103 mol THh 5, FEMOF 7 /N HHARY 7 I RBRHRAINSREHE L T HKIZ
STEDN) —FT L T7THZLEBETLHEPAOMEEU EOXF I A HHARY 7 2

RORFNROM EIZIINETH D Z L3 and,
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Table 5-1. The number of chiral units in helical chiral polyamide

Chiral polyamide amount Number of chiral unit in polyamide”
/mg /(%10 mol)
8 2.88
14 5.04
20 7.18

“ Chiral unit molar in helical chiral polyamide = (Chiral polyamide amount x Number of

chiral unit) / Molecular weight.

WICAIERICB W T A BT IV LHARY 7 3 RIS 7-EmE A
TV =T AL —FHRAZ A b U —HIE%ZFHM L7 (Figure 5-8), ¥ T4 5HFARI 7
2 R Pd EME B STV D8RI E LTERT 2720, BT L THl
KT EDTELEIRMEMETTHZENTIREND, 2200, AR EDREINT
WDDPHDZENARRTH D, V=T AL —THRNZ A N —HIEORS LV B
EOMZ SNIFIZ, FTALLHARY T I ROMEFEIZE U CTHERENRHR LI,
XINLHARY T I RE Smg HFFSHEMmE AN LD L TR TH L, £
KOXFFTNHHEARY T I RS ANERMEIIRECIMZ O TWND Z &R

PND,
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Figure 5-8. Linear sweep voltammograms obtained with monomethyl itaconate in
dichloromethane at various cathode catalysts: scan rate, 1 mV s'; cell temperature, r.t.;
concentration, 4.3 M CH,Cly; flow rate of substrate, 0.25 mL min™'; flow rate of hydrogen,
100 mL min™.

PLEOREHERICNZ B2 HES TXIALEARY 7T I RERIMLTWAS 2
Eb Y HHIZ L OF TV HFARY T I RBARFRIRICIINLETH S L fbiafh

Sy 4%/

5.3.3. 7NV AEBIRAFT KFEL

Kuhn S3FERFKFCSIEOEITZMEIT 2 Z L 2 HEY L L, FEE DR RA~D%
EREZRIT D720, BREOMICA & — VL (FrikFEf]) 2@ < L 2 &M 2B
T2 2 L TRAMEDOR EIZHH LTV D T, RBOGRICBWTHEERIC, RERED
f ERHIfE SN D LB X SV AEMIC LD AFARFELERE L 72(Table 5-2), EHEIE
B2 BRMAT 5 AN BB A7 (OCP: Open Circuit Potential) 2 IE L. 5 6 7= Bk
fr&-20 mV vsRHE L DI TITE kAT 5L 5R2 7 07T Lufli T, 7V AEMREZE
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FEhi L7,

Table 5-2. Pulse electrocatalytic asymmetric hydrogenation of monomethyl itaconate in a

PEM reactor with helical chiral polyamide

. Coulomb (Pulse / Current Optical

Potential . ) b . b

Entry I mV number relaxation  efficiency yield
/C time) / s (%) (Yoee)

1 -20 50 - >99 23.4

2 +196 /-20 40 2/10 >99 21.4

3 +256 /-20 50 6/30 >99 273

4 +186/-20 30 10/ 60 >99 28.4

“Reaction conditions: anode catalyst, Pt; cathode catalyst, Pd; cell temperature, r.t.;
concentration, 4.3 M in dichloromethane; substrate solution, 5 mL; flow rate of substrate
solution, 0.25 mL min™'; flow rate of hydrogen, 100 mL min™'. “Current efficiency and optical

yield were determined by chiral HPLC.

FP. BRARICOWTIIAKRFERELZMHS ZER<MOTREFTHoTZ, £/o. GC-
MS AT & o TRIEBIIIRE S 2 hr o7z, —FH T AFIERIS OV T EERFH
(Relaxation time) & & < 9% Z & TAFIRO M EAMHEES Lz, Zhid, ERIC L -
THARHPE CTeBICHFR IR M 23R 5 2 LI Ko T s o E A ek v 1

(CWE LRIGDNEAT S D720, AFIERPMmELIEbDEEZLND,
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5.3.4. 7/ — FKEMET n & 2D M

BB, EAT m A& BIEZ CTT / — RNOKEMEEH S 7oA ¥ 2 VBT
AF N DOEMAFT KBS E T LTc, ZRETIIHMTH LT/ — NEREUKFEE
fi & U, ARG I L CE 7228, PEM Y 77 X — OB INE 7 v ko & B
T LIS THIUTIMA2 D b DO HEATE S, &V DTG T OGS % KO BRI &
FTIUL, KBRANEAREIRY | KOBETLRRIST AT LERD, £ THE
feE, A X aVfBE ) AFNVERE L U, fHBBUS &2 K OB L L6 O EMRK
FezikBlz, ZOEE. 7/ — MINCHNTWA I —AR 7 L— FOBRIED RS ST
D, Ti 7 L— MIEE L, B KFUSIGEEIT -7, T Z Tl Nafion B4 i
IE L THMER A B Ag/AgCl M FV AL Z HIf L7=, AT Nafion 0> pH 7> 5H 28
#4752 LT RHE BEYEICEH LT 4, ZOfEH % Scheme 5-3 (TR T, 7/ — FHIC
KOEMER 2 ST HE 1BV T, RFIER - EIRIENTT & IR T T 58K &
ol ZHUIAFRTHLX TR Y ~—2KEMETH Y | st b L TE 72K
IZE o TERSDEIR LI EDERTH DL EEZBND, LR > T, RRUSRIZEBW
T, A Y — REOERKERZAT O LE RS Y | EMOBBKMECEMEE R &%

S OITEIEIL L TV BERH D T LN ahoT,
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89% 14%ee

Scheme 5-3. Electrocatalytic asymmetric hydrogenation of monomethyl itaconate with water
oxidation reaction in a PEM reactor. Experimental condition: anode, Pt (loading amount was
0.5 mg cm™); cathode, Pd (loading amount was 0.5 mg ¢cm?) with helical chiral polyamide
(14 mg); cell temperature, r.t.; flow rate of substrate solution, 0.25 mL min™'; flow rate of 1M
H2SOs aq., 0.25 mL min™'; coulomb number, 50 C. Current efficiency and optical yield were

determined by chiral HPLC.
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Figure 6-1. Contribution to society by introducing PEM electrolysis technology.

B REICRB W TR Lz & 512, 3, HIERIRE(LO R A ST TREZ R AT X OHE
HEZES T EENET SN TWD, 20 BAEEZERT 5 72 DI IR AN 22 FRT Al
DOBRFENEFEEITRO HiLDd, FHEEICBT D= RAX—HEONRD S b (LFEE
DENEGNREL 2 EDTHEY, ZIUHMEFTLE T R B THEBEET R ERIC X -
TEEOREBNREA A RKPICHEH L TnD 2 2R LTS, 2F 0, BIfEOT X
NFX—%2 L HBRTHIFLET B A MOBRERMA R 7o A~ EEH#Z T
WS 2L TIREDRY AR R E S H#RT 2 Z L BREE 2 D, T ORI A fRIR
T2HLOLE L THEREE CKISEZEITSE S 2 LD TE DAREMA RN ZET S
hNd, —FHT, TRNF—FEEICBONTUIANREEL L L LTHEY, COPEHAE D
ROVEHARRTRLX -2 KEIZEAL TN ZERRO LN TND, WFOFEHEDRE

THE & 70 B S PEM Efif T 5, PEM EfEEMFITEEME LBIEMEICENTWA 2

146



EMBEBBERTH HHERGET X — L OBFIMERE, 2D X 972 PEM B
nsfENs S UL, BROBEE NS HAERRET LT —OREEALHIfF N5, PEM
BRI X DA REM OB ME P TEICEA SN TV D HITHETH Y ALFA—T
—BLOZRNLX—A =D =L LTCZDEI T N—F— % OFEFRICHELT
DT EIE, ABDOA—I—DIEY FIZbERiggBr 52, L0 —J@RERfmEZ Bl
TR EL Z A TREIND, U EOEENG, PEM &Y 7 7 % —%2 W&
fRA R Z TE T v ATHEAT 5 2 LI Lo T, BRERME O QN Rk O 4
AIRET 0L X —FI & Bl & U 72t AR B U 72 50l & I b D it & 70 D 2 & S
s, TF, %< OEFEITBW TEREMMNZE#H L7CE /5 < 0 ~Ofias D
bNooH Y, EHOmEY BELLND,

Z 2 F TIZA PEM EBAFHEMTFE AT L DA EBMEIZOW TR TE 7223, DIFEICE
WT, FEMEIZOWTRHME L T <, £33, PEM &2 o b iko v
TR AET V% Figure 6-2 (IR T AWFPEE L TR VKX —FEEDORITIE L 722 PEM &
FRBIN DI, L OB EE T v R AT 51210 TR A

AIRE T RV F—HAIZEED < — B TR 5 OANC b kT 5 Z L 3 liff S h D,

ft¥EX — B PR HEA R DEB
BRARTOCAOBA AUFRIR A AR
ex. PEMEfZHif7

ey CO, BEHZER L 1=
x PEMEREREMNDOEA ichghipleriiohiy
IRILF—EE
BATEIRLY—D REGEETOER
K=EEA
[

’i‘EE B iees

L.

L

Figure 6-2. Business model of chemical synthesis using PEM electrolysis technology.
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Figure 6-4. Strategy canvas for PEM electrolysis business.

Table 6-1. Comparison between the conventional method and this method
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