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Thin poly (acrylic acid) (PAA) -coated graphite felt (GF) is a promising electrode material for preparative organic
electrosynthesis, because the electrode is not only stable and durable but also can be modified with various mediators and
enzymes in the PAA layer. The TEMPO-modified GF electrode for electrocatalytic oxidation of several types of organic
compounds were successfully constructed. The modified electrode had many advantageous properties compared with
direct electrosynthesis or mediatory reaction synthesis which is still common as an electrochemical system. The use of a
chiral nitroxyl radical-modified GF electrode afforded enantioselective oxidation of racemic alcohols or amines (remain-
ing optically pure alcohols or amines) and asymmetric lactonization of methyl-substituted diols. A preparative elec-
trocatalytic radical cyclization of bromo alkyl cyclohexenones was successfully achieved on a nickel (II) tetraa-
zamacrocyclic complex-modified GF electrode. The PAA-coated GF electrode modified with viologen and palladium
metal microparticles is effective for the electrocatalytic hydrogenation of olefins. An electrode immobilizing all compo-
nents of mediator, enzyme, and coenzyme for electroenzymatic reactions was also prepared, and several electroenzymat-
ic reactions were smoothly carried out. Substrate immobilization on GF for the solid-phase acetylene coupling reaction
was achieved by electrochemical polymerization of the substrate precursor containing a pyrrole side chain, where the
amount of substrate on the electrode surface was easily controlled by the number of repeated cyclic voltammetric scan-
ning. Couplings between terminal acetylenes and the iodobenzene-modified GF electrode or aromatic iodides and the ter-
minal acetylene-modified GF electrode in the presence of palladium catalyst proceeded smoothly with satisfactory yields.
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Fig. 1. Preparation Method of TEMPO-modified GF Electrode for Electroorganic Synthesis
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Fig. 2. A Reversible Redox System Based on TEMPO
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Table 1.

NH-CO-Polymer

NH-CO-Polymer

Enantioselective Electrocatalytic Oxidation of 1-Phenylethanol on Nitroxyl Radical Compound Modified GF Electrodes

NH-CO-Polymer
NH-CO-Polymer

= aNH-CO-Polymer
>4_& | N
) ’ =y iy O
o) 0 o) 7.
TEMPO PROXYL QUINOXYL SPIROXYL CAMPHOXYL
1 2 3 4 5
H
HO CH3 Os_-CH3 Hoy CHs
+0.8 Vvs. Ag/AgCl 4
racemate acetophenone recovery alcohol

Nitroxyl radical Catalyst/umol Recovery alcohol Charge/C Current efficiency/% Conv./% Ee/% Turnover number

1 122 228.3 98.2 96.8 0 79.3

2 138 235.6 92.1 93.7 0 67.9

3 94 233.0 94.8 95.4 0 101.5

4 7.1 R-isomer 117.8 99.1 50.4 99 74.1

5 8.9 R-isomer 215.6 95.6 88.6 20 99.6
WHZRLZ. 6S,7S, 10R DifixiliiE 2 AT 5 FkEIR T > FAERGEZRL, wﬁ’Tﬁﬁi
SPIROXYL f&fifi GF &fiix, S L&A+ 7 EETHNTNO—-H oI T7IITHLT, —F
CEZUL A ORI ETREINTON @%@wé4:/¢%ﬁ1mmﬁm;¢@méﬁé

Mo,
Moz,
fx DIt I7I)Ia—)VEIZIDOWT, 68S, 7R,
10R D #axtfid & %43 % SPIROXYL & i GF &t

Z D& D Ia BRI FOSEEST U

% FH W 7= BRI R AL OG22 1T o 72 A R % Table 2
WWART., - fIICAFRZZAETDVTND KT

I T7INIA=IVITKR LT, S-KNTF > F4RER
FICHS T 57 b RICERIES N, R-ERIIRKIG
MEL TEWHEEMETEINE N, £k, ZOK
J& % 6R, TR, 10R DifixtfiliE = A 9 % SPIROXYL
B GF EfizZ WA &ICXkD, R-KNTSF >

FTERITHST 57 ~ RKICEEL, S-Kz
KO E L TEWIEEMETRINE N, —H,
B-LICAFRFEAT DI 7I)INa—-)T
H5, 2-7x2)V-1-7FTa)N ) =)IlicBnWTiE, T
F > F A BN OSIEHETTE T, R-1K, S-KRn
THNBIRMWITHL T 57 )T RRICEH SN,
ZTOEBRMO T EIRKELTEX SN,

Z @ SPIROXYL {&fii GF iz fWnz1TF > F
FBIRWBEBLRRNE, I T7IVHEIIBWTH

7N ARIZERL, MEORMERIRRK Y E LT
WM E TR X 17~ (Table 3), 1510 F /=,
T IT7IaA—) DOkt EFE, B-LICAKIRHEZE
BT Ho7t3I7I>TIE, ITFFABRNER
FOSIZETE T, R-1K, S-AHAWITNdHEMITH
B9 D7IVT e RMRIZEHREIN, TOERYO Tt
RELTHABN.

NS OFERMS, 2 0MFF )= raoFI)b
Z TV HIVER GF EMER WS Z EICKD, o fif
KAFRFEEZAT DT E2I7IVa—IIVRT—K
TYIT7 I OBLRACENBIHESENTAD &
DRI Nz,

%7z, 6R, TR, 10R Difixtfili& % H 3 % SPIROX-
YL &fii GF Sz W=7 )V > 2o F — )V FE

BRI SORIC BN T, R-1,4- XY 2P
F— VIR REF S Nz R- RO N BTG IR 5 7
h ARNEERBER, &INE, SERBETEMRTE
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FIV-1,5- R & > PF =)V kW cis-1,2- 7 O
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Table 2. Enantioselective Electrocatalytic Oxidation of Racemic Alcohols Using (6S, 7R, 10R) -SPIROXYL Modified GF Electrode

Charge Current

R Conversion
Substrate Product Recovered Config. passed  efficiency %e Turnover
alcohol number
C % %
OH o) OH
©)\ ©)K ©/\ 117.8 99.1 50.4 99 74.1
OH o} OH
©)\/ ©)\/ ©/\/ 125.7 97.3 52.8 98 77.6
QO oL g
Cm i‘ i‘ﬂv 121.6 97.9 51.4 95 75.6
OH o) OH
121.2 96.1 50.3 98 74.0
OH (o} ~OH
% (I@ % 131.2 92.8 52.6 93 77.3
OH o] OH
S S H 132.0 96.3 53.4 9 78.4
NSNS
OH o}
[:i:] [:f:J [:::] 112.4 9.5 51.9 98 76.3
©)VOH ©)\ ©)V Racemate  233.7 95.8 96.7 0 141.9

R- R TN 1S, 6R- (R DIEHIENIR T U b 2Rk &
FERAR, MR, SBERRTEMTE L (Ta-
ble 4) .17 Z DK 68, TR, 10R @%@iﬁﬁﬂ%%ﬁ

9 % SPIROXYL &8 GF &Mz AWEEE1213,
&Ww%iﬁﬁmiﬁb/wmtxﬁﬁé_&ﬁ
nRETH o /.

33. —wHLYA4U 7 LB GFBEREZRAW:
BREMEETRE 7O WIVRERKIRE, A,
PLE B B WIS EB IR ERRE R 21T D e Bk B
fEa b & U TRAMERITIEL S FIHS N TWY
5. LnLians, —BNICIEAERAXEZH NS

OiEOHFE N FLEMTH S Z &, HIEH
*@ﬁi%%&ﬁ%%%%&wﬁ%,h%#ﬁ%T
H2HEOMENHDH. £ I T, AKIH%E Med &L
Ty IV A 7 I LFEEKRZ PAA #7% GF &)

WZEE U 7B B R 2 U 72 B AR R T SO T &
DREt L7z, ZOfES, NHBr FEF—1.5V TE
BAEMETCEITOE, JOETIIFIL I Z7OAF
Y RN OT ABIC K D T P AIIVERIERIGIZ
X0, HNETHMBRILEMENRITED T &N
T&7/= (Table 5).®

Oy VA 75 MMERE GF i, Nos
ACEMEREAL T 1 > ED T YIRS 2
bEBRAE, SR, SRRETERTERL £
7=, ﬁ)l/ﬂ?__}wté\%@iﬁﬁﬁﬁﬁ\%ﬁott:5,
WTNOREEIZHLTHE/ NS Ry 7 7)Lba—
WHEEEFO—IVEDIRGME S A1 51T,
NOF ACEYOREN TS AL BNRITHEFT L /=
ZEMG, 0 SHMEER Y TWBEY A FFI 20
NUNORAY S ZEDQE BN DT 2 HE D 5 BRI
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Table 3. Enantioselective Electrocatalytic Oxidation of Racemic Amines Using (6S, 7R, 10R)-SPIROXYL Modified GF Electrode
Charge Current Conversion
Substrate Product Recovered Config. passed efficiency %e Turnover
alcohol number
C % %
NH, O
©)\ ©)\ 241.6 98.5 51.4 98 173.7
NH, @)
/@2\ /©)J\ 268.4 96.8 56.1 95 189.6
L COLR
O O 262.8 95.7 54.3 92 183.5
NH» O y
250.8 97.3 52.7 96 178.1
©)\ Racemate 461.6 96.1 95.8 0 281.7

o

Table 4. Asymmetric and Stereoselective Lactonization of Diols Using (6R, 7R, 10R)-SPIROXYL Modified GF Electrode
Charge Current Isolated
Substrate Product passed efficiency yield R:S % ee Turnover
number
% %
/ﬁ\\//l\\//N\ [jlj]§§ 117.3 92.6 93.8 99.0 : 1.0 98 68.6
ey 7 oH C\A\ 121.5 84.5 88.7 99.5: 0.5 99 64.9
HO o0
CC 93.3 92.4 90.5:9.5 81 67.6

@ 112.5

(18, 6R) : (1R, 6S)

HTE, B

BEALEHANOHEB D M TE 5.

3-4. %Eﬁ@%mhtwu—#>%%GF%a

ZRWCE

EHET Y E XA

BEeETHAWE

F L7 1 CHEOEMAKFSONE, AEGHRIZBN
TIEEITEEBIETDH 20,
ZRWTERNE T TR TTHhbN S, £ I TEKR

i BRI

— 1)

IZI3KFET A

7O EEREIRSEICLD

IKBHAZRNTITEREE T TIT O 2012, B

INTG DT L, OPTL) &HEF
Bz ER L BREL

BBk T (A%,
LizeEdAo—% > &fi GF &
7.2V

[ = FNICHINRZIVEF L T 4 2DHET B
HEL, NPT LZHEEFLEMERE WD &
FTL T a4 DB EEERDE, @R, SRR
MK FEML L T2, 7272 5 5\ isophorone 137K # 1k
PMEERNE, BRINETHSZ2DIT, NTPT L
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Table 5. Electrocatalytic Cyclization of Ni-cyclam Derivative Modified GF Electrode

Charge Current . o o Turnover
Substrate Product passed/C efficiency/ % Yield/ % Conv./% number
(0] (6]
(CHy),Br n=4 189.4 87.6 86 92 1433
(CHan p—5 168.6 61.8 54 65 900
O O
ij\ é n=4 95.4 84.9 42 88 700
n=>5 202.6 71.4 75 75 1250
(CHa)nBr @Hz)n

Table 6. Electrochemical Hydrogenation on Graphite Felt/ (Poly (acrylic acid) -Viologen) -Metal Microparticles Electrode

Consumed current

Current

Substrate Metal cat. (electron molecule- 1) Product efficiency (%) Yield (%)

Pd(2X10 % eq.) 2 10 15

5 Rh (6X10~*eq.) 2 o 35 42
Rh(2X10 3 eq.) 2 62 68

Rh(2X 103 eq.) 4 47 94

/ Pd(5X1073eq.) 2 72 76
@—/ Pt (5X1073eq.) @—/ 63 67
Rh(5X1073eq.) 62 65

JRFr&ObEEORETHO /‘7A %E?Elhéﬁ#%%i%
MHfEZEKE< T2 2 EICKDBEBRMFN NITINEZ
WETDHIENTES (Table 6).

—F, KA L T4 > %#HI 5 styrene iIZHNT
BNT DT AL BMEmRE NS 2 LITK
DB H L T 1 > &2KENMT DI ENTE.
iz, ZOEBRRBMATEHEELZEF DT >
EMEBIL, FL 71 > OKREBAIEUUINC, T
FL EOKFEL ZNIIIVKOCZNOEOY 2/
HADEIL, 5 TIVTe REOY)IVO—)VFE
NOEWE HEERDE, SR, SRR TER
TE&E.

4. AT 4 T—4%—BERHEH GF EROIER

MR ITETBE 21T OG0 (FADH %) 8
MO EHE TEDLDN TS0, BMEEREE
FTHRENKNETH 2. %:’6, IR OVE L & &
ME OB FHEZHEICT S Med 2N S HE S 2
EITEX D, Med- BEFEA GF B2 W=\~ F
IV b I T o5 —ZE%EL . Med-
Be % R 1E, T4 E TIZ Rh (bpy) -HLADH,??

Fep- 7 LY =)V AFILE ROFT T —EDDHRMN
Steckhan S ICEZDHEINTWS, L, Th
513 Med OANETLEINTNDZHD, 2 HBHN
I & BBERFITHFEET 26D TH 7.2

41. 70t -BREBHGFERZAWL
BRMERIERE BEELLZFcDOAT 1 T—
avig, 7/ 70t >X07I ) TFIVT
Ot EAVWDHENRNTH> 2.2 OB
BRI SICRILECEFZEDOY YR T—tE (EC
1.8.1.4, Dp) Z@EET 5 &, FEHiL NADH % 5E
MEE, ®IET, TEMNICNADT AL . 2
Z @ Fe-Dp £ {&f GF L Y )L I3 — )VEOE (b
FORZIEE 2 RS o /2720, X512 NADH &
7)Va—)V5Fk ko4 F—+ (EC 1.1.1.1, ADH)
ZEE L L REEEM AL, YILa—)b
FEOEIRMBAL IS 2 LB T & 72,29 KIBFWIRITIE
pH7.2 ®V > EEFEE R Z VY, FEERE 50 mmol/
127z, RERRELRN DT, KIS
S5OERYOE, ¥EEIESTHD, 72—k
BRI ERIGRE 5 A2 72, T ® Fc-NADH-Dp
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Table 7. Electroenzymatic Oxidation of Alcohols on Fc-, Dp-NADH and ADH-Multimodified GF Electrode

Charge

Currnt Isolated

Turnover number

0,
Substrate Product passed/C efficiency/ % yield/ % e of Fc
OH o
[:i:] [:f:] 988 96.1 98.4 0 171
HOHZC\V/l\V,CHZOH [ji:L§ 974 89.4 90.2 98 157
0o
CCOH C:Eo 1005 90.8 94.5 99 164
OH
0
H H
[WOH NOH
1018 91.8 96.8 96 168
/0
. 0
o H 0

CHs
-0.8 V vs. SCE

(£)-2-methylcyclohexanone

Current efficiency : 98.6%
Reduction yield : 49.8%

O’CH?’

(18,28)-(+)-2-methylcyclohexanol | (R)-(-)-2-methylcyclohexanone

ll|[e}

ij‘\\\CHs

Recovery yield : 50.2%
% ee : 99.6
% ee : 100

Turnover number of VL : 91

Scheme 9.

-ADH # &5 GF i, 7L a—)LEEHY
THHNRIIMEEMTE®ILT S E LB, D4 —
WHIZBW TN T 2GR T 7 b xS
BIRANE, @SINE, EHERETENWL (Table 7).
42. EAO0—7-BRLEH GF EEZ A
TEBRMEETRIE Med &L TEAO—4 >
AR EHWEZEA O —% > —NAD*-Dp-ADH #
A&/ GF B, TRV EYEEZHYST 3
TIA=)VENZEITTHEEDIL, FJEIT N
D—F D BMARZ HAETR T )V D=V & EBIRZ)
R, @R, MBRRETAFERTT SO LRI,
fth 5 D ENER B RIS & U TR IE2ERE TREIN
L 7= (Scheme 9, 10). 2730

5. RERET(LEBOEREEHEEHRRIENDIS
A

A SO A W R & LN TRIRESE OB S S
WENTWALZENS, BFERFEITHELTNS,

Z T, EMiEEAE U CHE R BT L 2 EME
MO EAEERRANDFFHICDOWTHE L. 3 33—k
NIV ERY > MZFOEO—)ViEERIZ, &
fREE AR 2 T 5 2 EIC K 02 O E L E S il
HTE, I5ICIOREEEN GF &Mz NTY
YFL AT T RIGERATZEZA, FTE
BMICH Y TV 2T ROSMEST U7z (Scheme 11),
Fz, KEHEZEITHYEFL EIDODWTL, B
VT RIS TH, —hOFIILSThIICK
% 7Kg HABAL D EMRRLAC IR ZTTA D T E DY M
Elxo Tz,

6. BHYIC

B> T W% GF 12 Med, X3 5 ICEH 2T
U BIRE, SEREE, @SERIE, SHER
FCEEM 2L TED Z 2N L. ZORIZ
2 < ODEWEMINITHEHATESIXND T, &
A M RE I 728 L W D FE R A O ] RetE S+
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(0]

(#)-3-methylcyclohexanone

H

1o

-0.8 V vs. SCE

Current efficiency : 96.5%
Reduction yield : 51.7%

(18,3S)-(-)-3-methylcyclohexanol

o)

f;%m

(R)-(+)-3-methylcyclohexanone

Recovery yield : 48.3%
% ee : 95.8

% ee : 93.1
Turnover number of VL : 94

Scheme 10.

5 mmol 1-phenyl-2-propyn-1-ol

10 mmol Et3N,
o 0.1 mmol Pd(PPh3),,
| = .
0.2 mmol Cui,
C/ _Electrochemical 7 N/\/U\O DMF
polymenzatlon = | room temp., 12 h

4 mmol 2,6-lutidine,
0.1M TEAP/MeCN

0.1 mmol 4-hydroxy-TEMPO benzoate,

Scheme 11.

NHBH. Gk, < OWFEE DB K D R Z M
FFLTW5, 3)
AT, RACKZFERZF B AR K BRI

ST BV T o 2R TH D, TIENEE 9
SRSV =501 ¥ BN -2 N AN |Gk 1) 5)
HEMEEDOHLIESHLEBEL BT ET. £,
AWFRIISCHENEE, H AL RS ORI T & 6)
WO TEFENEZHDTHY, T ZITEHNWEL
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