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Abbreviations

Throughout this dissertation, various abbreviations have been
employed to save space. For convenience, a comprehensive list of

abbreviations has been compiled for easy reference.

RFB Redox flow battery

AORFB Aqueous Organic Redox Flow Battery
TEMPO 2,2,6,6, —tetramethylpiperidine—1—oxyl
CE Coulombic Efficiency

VE Voltage Efficiency

EWG Electron withdrawing group.

9FL 9—Fluorenone

(Y Cyclic voltammetry

S.M. Solubilizing moiety

DMF N,N—Dimethylformamide

MeOH Methanol



DCM Aqueous Organic Redox Flow Battery

EtOH Ethanol

BMPyr 1—Butyl—1—methylpyrrolidinium
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TEMPO Solubility Voltage
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0.81V
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N
0,
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Table 1 (continued)
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Table 2. Viologen =2 oA
Viologen Solubility Voltage
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Table 4. RFBo|A] Fluorenone?d EEZAEAX2 A%
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1) TEMPO =A< A 9 Hr}

1—-1) TEMPO—-amide linker—t}%F3t solubilizing moiety
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Aol FERACE sttt §dlk 25 ME SAEHJOU, 25 MEE WEIE
Vet 7)o] AE7) ol 1.0 M7FA R 7F=389ith. webA amide linkers §-#] 8k
™ solubilizing moietyE imidazoliumo] otd T & E4A=E vlHo] Lo W
st gRlste A5 AT
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1—-2) TEMPO—urea linker —t}9 3%t solubilizing moiety

H=7F s=oh A dHE dojAm

ol

1h< urea linkerE ¥33t1 Qo] &

=4 SAHJ. wiEEE 1.0 M7HA 7Hs skl okt

O

o g3=7F 3.0 M2
Al urea linkers A8t wx7FA| 2 solubilizing moietyE imidazolium©] o}

do0E 2z el §AEe WEE AAste ATE APl

- -

Amino—TEMPOZYE Z7AE &1 3F1, solubilizing moietyE HF4-0]

3E 7, 85 AUt F EA BT linkerolE urea’]|E XSS, HE 1A
ez At 3 E 7S 45%, 82 88% &8 U3t (Scheme 6).
o
N
/
N
D HNYO ]
e HN_  C

o) N
N .0
* /\/NIIC’ o
cl ACN HN._O ACN N
, hd 60 °C, 1.5day
N

NH, 95% HN
I N
| HN

Scheme 6. TEMPO %A 7,89 34
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1-3)A9+ 34 TEMPO €% A9 %7}

g3 TEMPO %4 (2—-8) % 7|2 TEMPO 1d =+ 1h 9 f3l=&

=

Blw &l X gktl (Table 6). Amide linkerE zZt= Al TEMPO FEAS(2-6)

N
i
2
d
oX,
g
—
o
o
=
=

Al, F-ZF oA solubilizing moiety %t vF4-o] A3 S

W g =Tt FARSHAl SAE[A Y. 8y FEA 2 = 1d9F Hlasie W &

Urea linkerE 2zt= Al TEMPO HFE=A5(7,8)& 1het vlwm A,
solubilizing moiety® v} A9 HF sgEo] A FE 7t ofd 1A FHE

€]

Y5Ol Gt Baste g Fasgh
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Table 6. §A 3% TEMPO S:EAE9 £3=% v

Structure m M Structure m M
; o)
0 N
HN. _O 7.6m 25M | 1n HNYO 60.6 m 3.6 M
Cl

HN
N j\ ci
| +

N

\
o g
N N
HN o 91m 28M 3 8.3m 25M

o
O |
I\II N
HN OjH 83m 25M 5 HN__.O 7.6m 25M
[
\f SNT
ot Q cl
OH
: 0
E N
HN. O 6.6m 22M 7 HN_ _O 83m 25M

HN 0 7.2m 22M
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FA e TEMPO F 54 < 2,75 o= CV (3 ddd7) & &<

ol
L
38

t} (Figure 5). F %4 2,7 25F 233 A4S Hol+= A& st

|\
o,

Al A= FA S F working electrode—Glassy carbon/Counter electrode —Pt

wire/Reference electrode—Ag/AgCl (1 M KCD) o %2 Z8&3¥ 1, FASEE 20

mV/so] t}.®
6001 — T-20 60041 — T-20
300+ 3001
— 0 ~Z 0
-300+ -300+
-600 1— T r -6001— T r
0.0 0.5 1.0 15 0.0 0.5 1.0 15
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)

Figure 5. 28} 79 <& AY-AFx IA4
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2) TEMPO f=A9 o= 4 #ZAg 42 wge +5

TEAT7 el AORFBE 7hsst7] 9= 24 €& 4o] 30-50 go] &
A

TFEHo B AFod s TEMPOS 2484 olfex =els}srd/d7]3e4 54
o] 3% FFEEY UHE TS AESIY. 53, B AFAAgNA T

TEMPO §%4 & f3157} =3 Fx2A0=Z A8 313tE (TEMPO-5(1a),
TEMPO-10(1d), TEMPO-18(1h), TEMPO—-dimer—2(1j), TEMPO-dimer—

3(1k) S o=z g=EFadAd A+E st (Figure 6).

e A BR2 A A9 A sgE A

o
>_]
o]
=
g
@)
[2n
Y
N
=~
_OL
-
[-'1:1
30
oy

monomer FE=AQ YA, 1j, 1ke A% TEMPOZE 27 ¥ &3+ dimer & H 2
3} Eo|t}. TEMPO dimer 539 2%, monomerQl ZA-$-HTl 2u)¢ A3t &
=

A §FE 4 A dstn Y TES S0 RS AYsack
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0 o N
N N

HN 0o
o.__0 HN.__O

2ClI

1j 1K

Figure 6. d%F &4 dl4 TEMPO #XA
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@O 1a8 U™y 44 AH3 9 Wiy 5 23

2 oAgdel A A% TEMPO #%4 F lae 16.67 m, 3.3 MZ ¥ &
M=E Wtk mekA 2.0 M o] sE2 WS 7hEdy] S8 249D«
A5 Adsalth(Table 7). F4 RS 2 A7de] APdrop g A

o7 A3t th(Scheme 7).

G / 0
(P' N N N
Cl DCM ACN 0._0 ¢
5 W e L
b 85% N
Cl Q
\
1a
Scheme 7. 4—OH-TEMPOE &% 1a9 ¥4
Table 7. 1a8] 2AY 4
Scale Step 1 yield? Step 2 yield? total yield? (9)
S mmol 20 84 76 1.3¢
10 mmol 85 85 72 244
50 mmol 87 85 74 12.2 ¢
100 mmol 85 84 71 23.5¢g
300 mmol 86 84 72 7159

@ isolated yield
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s

oo
b
i
W
N
2
o
ol
32
rlr
=
ol

ALS 5 mmolF-E 300 mmolE £x}2 0

9

N

mmol ¥H§ 23S A WA A Fotx 300 mmol ¥-§A71 744 A 88 5 9l
Atk owk FxrA ] A HAel o] FA BFol A B¢

TEMPO%E column chromatography® A|AsFR oy A &5Fo] A upzt
AAZE Adus @dilo] Y. WA {rsE TRTE o ¥ Aodo

4-OH-TEMPOE AAs= WHE AHE3ith

gA3 lax= 2.0 M 552 WHY HAEES 23389t (Figure 7—9). H]E
? 7} =742 catholyte 2.0 M 1a + 0.5 M NaCl/anolyte 1.2M Viologen—3 +
0.5 M NaCl 2% 2 7}53lth. 106 Ale]lEw<t wiHEE AFAHoH, oy

€ o]&ES 92.71%, =T A E(CE)X 95.56%, A &8 (VE)S 66.02%

0.5-1.45V
2000 A
—
=
<
s 1500 -
S
)
@ 1000 +
w
Q
1]
O 500
—=— Charge
2.0M Tempo-5 —=— Discharge
0

0 10 20 30 40 50 60 70 80 90 100 110
Cycle No.

Figure 7. 2.0 M TEMPO %] (1a)9] =igd &3
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Efficiency (%)

Voltage (V)

100 -
90 -
80 1
70
60 -
|l —— CE
S04 = VE 2.0M Tempo-5
0 10 20 30 40 50 60 70 80 90 100 110
Cycle No.
Figure 8. 2.0 M TEMPO %A (12)9 HlE & &&
-16 E2 £0 h,IL
2.0M Tempo-5
1.4 4
_|
2
1.2 o
Q
=
1.0 - o
(®)
Q)
k]
0.8 - 5
<
0.6 -
Cyclez 220IR=:92.71%
0.4 : : : : :
0 10 20 30 40 50 60

Specific Capacity (Ah/L)

Figure 9. 2.0 M TEMPO F XA (1a)8 £ o]|& &
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@ 1d9 o=z 94 A4 94 g 5 23

1d9 A% 1la =A< 98 TEMPOSH linker7F o}l oz AZAE o 9o

-
—

7

=

R =

A

A5E W @Rdol AFRdAHA @y wie s

(Scheme 8). WatA AORFBE 71%3sl7] &) AALYS #aal o).

g A

o,
i

A= HAGAAMY TAELE A A A N-oxyl/]
9} chloroacetyl chloride WFg3Fe] A E0] 40% o] AP T= Holu, w

b dets SRAY FES Folal TA FAAGEY AR AAste 23S

(Table 8).
. o
o / '
. N
? N i
N )OJ\/ N82003 N\/)
+ Cl » -
Cl DMF ACN HN_. _O ClI
e edle MY
° 95% ﬁ/%
Cl \
LN
\
1d

L

Scheme 8. 4—Amino—TEMPOZ ¥ 1d9 %4

O
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0 0
(j g c N
1.5 eq Base _
0.5 M Solvent - HN. _O
NH, T
Cl
Entry Solvent Base Temp(°C) Time(h) Yield?
1 DMF Cs,CO4 rt 18 73
2 DMF K,CO4 rt 18 77
3 DMF Na,CO, rt 18 84
4 DMF Li,CO5 rt 18 66
5 DMF NaOH rt 18 66
6 DMF KOH rt 18 74
7 DMF DBU rt 18 74
8 DMF NaNH, rt 18 75
9 DMF EtsN rt 18 77
10 DMF Na,CO5 rt 24 84
11 DMF Na,CO4 rt 48 84
12 DMF Na,CO5 rt 72 84
13 DMF Na,CO5 40°C 18 47
14 DMF Na,CO5 90 °C 18 37
15 DCM Na,CO4 rt 18 39
16 Toluene Na,CO, rt 18 43
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Table 8 (continued)

Entry Solvent Base Temp(°C) Time(h) Yield?
17 THF Na,CO5 rt 18 58
18 ACN Na,CO4 rt 18 68
19 ACN Na,CO, 40 °C 18 66
20 ACN Na,CO4 90 °C 18 0

@ yield of GC/MS

Ao 2AES vuslE 43, §vl= DMFE AFEsER S o 7H 52 +&
= HE At (Table 8, entry 15—18). 97|+ NaCOzE AHER= Wl M &
%!

&S H(Table 8, entry 1-9). 5= =o {85 2333t

o

=9 1dEY FAd =] ¥ wWol ddEe st th(Table 8, entry 13, 14).

o
s
N

o

ok 25 3helslt} (Table 8, entry 10—

i
=

g ARb2 FE] 4F

’

14).

weba B A dAlE 8 21 HAEE FEl entry 3 o AASHA

rlr
o
o2
re
-
e}
o
rE
_V:I,
offt
e
_O|L
X
)
_O|L
3%
)
[
1)
=
@
=)
()
*
=
AL
>,

o R A

Scheme 82 WF-gxHOo 7 AAY AL W3t} (Table 9).
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Table 9. 1d9) 2AY <

Scale Step 1 yield? Step 2 yield? total yield® (9)

5 mmol 90 95 86 1449
10 mmol 85 93 79 26g
60 mmol 80 95 76 15.04¢
150 mmol 80 97 78 38.6g
300 mmol 83 98 83 80.5¢g

@ jsolated yield

A3 wreZAC2E 5 mmololA 300mmol7tA 8] AALE 142 iz A

o
d

Al gw, F3HA AA g oA DMF+ column chromatography =
TRt ey A &5l A wek A AFESE &0 DMFE] ol
Wol &uje] AAZF oJHh= d-o] v wEkA DCM, & 7o =2 AdA s

2 WA

=

olo

o] DMFE A AT T3t FHA dAodME Ze AAdZ v
S = A FAHA gAY 2 AALdAgE 1L F8 3 aA7 A
HE A3y, ety JAAE uAE At o3ste] ethyl acetate® A

oA o WA A A Ae SEael)

SHA S 1dE SEAE AFEsto] wig g "HAEES Ao (Figure 10—
2). ¥l el 2]+ catholyte 1.0 M 1d + 1.0 M NaCl/anolyte 1.2 M Viologen—3 +
1.0 M NaCl 2d 02 71E38tth. 851 Alo] ¢t w8 S ZEA 7 o, o]u

&% o]&ES 87.82%, TF A E(CE)X 99.90%, At &8 (VE) 81.156%

ET R

e
-1 (

ik

ne2
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Capacity (mAh)

Efficiency (%)

1200

—
o
o
o

[o0]
o
(=]

o2}
o
o

400

200

1.0M Tempo-10 0.5-1.45V

—— Charge
—a— Discharge

0 100 200 300 400 500 600 700 800
Cycle No.

Figure 10. 1.0 M TEMPO +%#) (1d)9 =& £&F

100

90 -
80 I TN R g S p e st
70 -

60 -

| alutntmiuiuuguieiuptiuiptitonieiinieietuieie Rt deteenp e sisinl s ninistnistt ittt

—— CE
—— VE

1.0M Tempo-10

0 100 200 300 400 500 600 700 800
Cycle No.

Figure 11. 1.0 M TEMPO #+%A(1d)2 H=igd &&
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Voltage (V)

26.80 Ah/L

16
1.0M Tempo-10
_|
=2
1]
o
o
=
-]
(®)
Q
kel
Q
o,
<
Z20[E=: 87.82%
Cycle2
0.4 : : : : :
0 5 10 15 20 25 30
Specific Capacity (Ah/L)
Figure 12. 1.0 M TEMPO #E=A(1d) Y £F °|&F
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® 1he o=z 94 HA3 9 g 5 23

1he 3%, F=A2 linkerol urea”]”} S0l #HF 3dtdEo] AA FH=

ZAe7] o] 60.6m, 3.6 ME & £ E BAUC wabd wEg g =S 7hE

2

371 98 1h §2A4AE A2AY o 3t (Table 10). 34 W&

o

e A
=

w drAde] AdAdTe Fdg o r X8 sglth(Scheme 9).

0
. U > U

N e
cl >~ 0.5M ACN 05IVIACN
NH, rt, 2h 60 °C, 1.5day HN ci

95% HN\L 90% \L

cl N\L/\\

\
1h
Scheme 9. 4—amino—TEMPOE &£3% 1h9 ¥4
Table 10. 1h9] 2ALD ¢

Scale Step 1 yield? Step 2 yield? total yield? (9)
30 mmol 96 81 78 8.4¢g
60 mmol 96 80 77 16.6 g
100 mmol 95 81 77 276 ¢
150 mmol 66 80 53 28.5¢
300 mmol 66 90 59 63.5¢

2 isolated yield
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i

o
q4E A

of
ol

bt

o

1h ~2AYd o FHE& T8 d=Z tA sk 1ThE 542
ALE-ste]l wiEH g HAEE AP (Figure 13-15). viE El+= catholyte
1.0M 1h + 1.0M NaCl/anolyte 0.7M Viologen—3 + 1.0M NaCl =d o2 7}

AT 100 Alo] S5t HiEH & ZFAlZFoH, ojly &3 o852 79.19%,

Ol

% A5 (CE)2 99.06%, A% & (VE)2 81.73% #= EYe A3

9

[¢)]

=

1000
0.5-1.45V
= 800
<
£
S
2 600 -
o
@
=
@
O 400 -
—»— Charge
1.0M Tempo-18 —*— Discharge
200

0 10 20 30 40 50 60 70 80 90 100
Cycle No.

Figure 13. 1.0 M TEMPO =] (1h)9 wiglg £33
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Efficiency (%)

Voltage (V)

100 | smrsmrmomoetoususmoosetsassmssonssssom caS————-"

90
80 | st ISy
70 1

—— CE

—— VE 1.0M Tempo-18

60- T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Cycle No.

Figure 14. 1.0 M TEMPO +%4A(1h)9 ®egd &&

16 26.80 Ah/l
1.0M Tempo-18
-
>
®
o
ol
=2
o
(@)
D
ko]
D
o
<
0.6 - 220|2S:76.18%
Cycle2
0.4 - ' ' ' '
0 5 10 15 20 25 30

Specific Capacity (Ah/L)

Figure 15. 1.0 M TEMPO #%A (1h)9 £ o)L &
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@ 1j° Wi 9 HA3 g owiEY e A

Tempo Dimer F%#¢ 7%, monomer®| & F+EA7}F TEMPOE 27] X%

of Wi El e &S vusty] Y& 2 AFAHoA TS 1] 2AY d AFE
A PsF T (Table 11). A WHS 2 AFAe] AagdAF9 FLg whdo=z A
81519 o} (Scheme 10).%°

o

N
Pyridine
JK/B —
°C 30min HN 0

60% \f

Br
| .0
\.N/\/N\ N
ACN
40 °C, overnight
95%
o
N”

N
Amberlite IRA-900(CI) \r(\ /\/ \)L
ion-exchange

Scheme 10. 4—amino—TEMPOZS &3 1j9 A4
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Table 11. 1j8 AALY

Scale Step 1 yield? Step 2 yield? total yield? (9)
10 mmol 40 95 38 23g
50 mmol 43 95 41 1259
100 mmol 56 98 55 3364
150 mmol 68 92 63 5784
300 mmol 65 92 60 110g

g isolated yield

N
e
=
>
rlr
2
olo
ofN
=\
o
k=
24
N
)
bl
[-‘>~I
ottt
o
)
e
ol
ol
2
=
=
ALY
2
bl
2
i
b
24
r |

FAe 1j5 542 AHEete] ey HAEE v (Figure 16—
18). wlE 2]+ catholyte 1.0 M 1j + 1.0 M NaCl/anolyte 1.2 M Viologen—3 +
0.5 M NaCl 2722 7Hgatalth. 108 Ate]E%<t mlHEE AFAz oy, o
o &% o]§ES 96.22%, A& (CE)Z 99.78%, A%+ & (VE)S 68.38%

®e RS HAFAL
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2400
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2200 +
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o
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1200 —=+— Charge
—e— Discharge

1000
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Figure 16. 1.0 M TEMPO # XA (1j)8 #iglg &

100 |
I"";" ]
2 90
>
3 . —+ CE
lg ]
b
L

0 M

1.0M Tempo Dimer-2

60 4—
0 10 20 30 40 50 60 70 80 90 100 110

Cycle No.

Figure 17. 1.0 M TEMPO #+%A (1)< &8 &
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Voltage (V)

53.60 Ah/L

1.8
1.0M Tempo Dimer-2

1.6
_|

1.4 - 3
o
o
=
]
o
Q
k]
QD
0,
<

0.6 - 220|128 : 96.22%

Cycle2
04 T T T T T
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Specific Capacity (Ah/L)
Figure 18. 1.0 M TEMPO #+=A1(1)) £F °]&&
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® 1k Wiz ¢4 A3k 2 Wy e 23

71E B AFAA FAsA Y TEMPO %4 linkerel soluble moiety

S

%

il

T o] Qltt. TEMPO dimer®] 7% 270¢] linker®l soluble moietyE 3¢

d =]
ottt olg 3 Fx2o ©HE TEMPO 249 #EApzko] 7] wjio & =

ol
L
£l

il

Fol=tl $HA

N
-

Att= Aotk wabA linker$t soluble moiety 7} £31%,

Ft

e m&e mAs gFe vlasty] 98 7€ del RaiE lk= FAH A

o

o} (Scheme 11). &&5 =o|7] fsl AF Fwl9 F7, vk 2% % A7

ol
ftlo

N N
. . N N
? 0 NaCNBH; CHy-l r
N N Acetic acid NaHCO,
+ — = -
MeOH HN MeOH N
reflux, overnight reflux, overnight
NH, 0 0% N.g5 80% Xe]
o
N

Amberlite IRA-900(CI)

-
-

ion-exchange

1k

Scheme 11. 4—amino—TEMPOES &£3 1k 34
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Table 12. 1k A& g3 =4 A3

o
. N
Q CI) 1. Acid Catalyst
N N 1.0 M Solvent
+ >  HN
2. Reductant
NH, o) N.g
Entry  Solvent Catalyst % 1. Time(h) 1. Temp(°C) Reductant 2. Time(h)  Yield?
1 MeOH Acetic acid 10 3 rt NaBH, 18 43
2 MeOH Acetic acid 30 3 rt NaBH, 18 40
3 MeOH TsOH 10 3 rt NaBH, 18 40
4 MeOH TFA 10 3 rt NaBH, 18 40
5 MeOH Formic acid 10 3 rt NaBH, 18 39
6 MeOH Benzoic acid 10 3 rt NaBH, 18 0
7 MeOH Acetic acid 10 18 rt NaBH, 18 23
8 Acetone Acetic acid 10 18 40 °C NaBH, 18 34
9 EA Acetic acid 10 18 40 °C NaBH, 18 33
10 ACN Acetic acid 10 18 40°C NaBH, 18 30
11 Ether Acetic acid 10 18 40°C NaBH, 18 30
12 DCM Acetic acid 10 18 40°C NaBH, 18 35
13 MTBE Acetic acid 10 18 40°C NaBH, 18 30
14 THF Acetic acid 10 18 40°C NaBH, 18 25
15 DMF Acetic acid 10 18 40°C NaBH, 18 22
16 DMSO Acetic acid 10 18 40°C NaBH, 18 0
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Table 12 (continued)

Entry  Solvent Catalyst % 1. Time(h) 1.Temp(°C) Reductant 2. Time(h)  Yield?
17 MeOH Acetic acid 10 3 60 °C NaBH, 18 13
18 MeOH Acetic acid 10 3 90 °C NaBH, 18 10
19 MeOH Acetic acid 10 24 rt NaBH, 18 21
20 MeOH Acetic acid 10 48 rt NaBH, 18 0
21 MeOH Acetic acid 10 20 min rt NaBH, 50 41
22 MeOH Acetic acid 10 18 rt NaBH, 20 min 43
23 MeOH Acetic acid 10 20 min rt NaBH, 18 55
24 MeOH Acetic acid 10 20 min rt NaCNBH, 18 67

@ jsolated yield

<]

1o
FN

A5S vludlE 43, MeOHS 9 &ule= MeOHE AFg3st 4 $HTH
S F8S HAH(Table 12, entry 8—16). AF =1} A ¢ Benzoic acidZS A
?)st = Acetic acid® H] =3 &S H Yt (Table 12, entry 3—6). Reductant

+ NaBHu&= ®EGo] W=7 &= gbd, fabgo] Jage wep 8o g

=

NaCNBH & whgo] Hs] Aaum pukgo] Q@ gol Fgo] Hopdg

3}l 3} 3t (Table 12, entry 24).

(=
av)

Al AdA YAk bz ol A

£% one—potl® P o} F

amino— TEMPO® oxo—TEMPOS 3RO E iminedt =0 WsEolx

R
2

7ol NABH4¢} 22 S&dAE Yo $AAA dimeric amine—TEMPOE 374 ¥
ok 3 2 imine ¥4 WS NFEAIES EESE WS &S HYYS FUs)
A th(Table 12, entry 19,20). ¥b-§ &% T3 Ed45% F&o] ol s el
A th(Table 12, entry 17,18). FHA &A1 ¢ ¥ vk AEE 58 %

FEo] Wdo] glAtt(Table 12, entry 21,22).
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whep A A o] AWM A AElQl reductive amination HFS2 99 =74 HAE

= E23) entry 24 202 2AY AL At (Table 13).

Table 13. 1k9 2Ad ¢

Scale Step 1 yield? Step 2 yield? total yield? (9)

5 mmol 68 80 54 119
30 mmol 67 82 35 6.4g
90 mmol 72 79 57 20.0¢g
120 mmol 70 80 56 26.2 g
150 mmol 70 82 57 334¢

g isolated yield

>~
=
ofo
ol
i
)
jus)
=
)
i)
4
[
(m
i
=
o
ol
5
38
3
&)
0Q
o
-
@
—
O
|
Do
—
=
Ay
i)
s
(@)
V)
jrd
=
o,
<
=
@
—
1

M 1k/anolyte 1.2 M Viologen—3 + 0.5 M NaCl 2722 7539t 100 A}
o]t WiHE & #AFAFHOoH, oy &5 o] & FEL 73.44%, =F a5 (CE)

& 97.40%, AL FE(VE)E 63.90% < mole elstglch.
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Efficiency (%)

Capacity (Ah/L)

a
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1 1 1

o
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1
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Figure 19. 1.5 M TEMPO +%A (1k)9 w®ig g &3

70 -

60 -
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'\ —e— VE
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Cycle No.

Figure 20. 1.5 M TEMPO +%A (1k)9 #=#iglg &&
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80.40 Ah/

1.8
— 1.5M N+ Tempo-dimer
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S :
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o

Figure 21. 1.5 M TEMPO #+ %A (1k) 9 &% °]&&
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Table 14. TEMPO $5A9 wigg +% 247

molarity CE VE capacity cycle
1a 20M 99.55% 66.02% 92.71% 106
1d 1.0M 99.90% 81.15% 87.82% 851
1h 1.0M 99.07% 81.73% 76.18% 100
1j 1.0M 99.78% 68.38% 96.22% 108
1k 1.5M 97.34% 63.90% 73.44% 100

A o=r g5 &dEH° TEMPO %A= monomer FE S 1d¢ dimer
FEH 9 1iE 493 Monomer 54 & la$t lhe &al=rt su= FHol
Atk 2EY wiE Y s Al VE#RT &% o] § 8] "WolAdE Elekith. v
1d> &3l=+ vlwd AR CE, VE, &% °]l&& %ol =4 FA=HAoH,
850 AtolE7hA HiEl Y& b A o2 7hEetdltt. Dimer =A% 1ke] 4¢ *
- GAEE zta, 2vie] Atstsd §%e ZFa AN 1M ol o E wHEE

&

W 1jE 1 Mz

ot
o
ofo
i
o,
i)
ol K3
o,
s
B
r o
ol
32
o
r]I.
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2. 93 BB ¥4 47

5= FEAZE Viologen % 9—fluorenones EAZ 3lo] A 3R

Viologen<- 2 HE4G 3% Sk, W2 Atst-—gkd ALgs 2= Adol 3l

1) Viologen FX42] 4 4 H7}
1-1) Viologen %A% 34
71E FAse] U, 1sr® WEEE =319 JTE Tl 7 A

3t viologen %A= BTMAP-Vi(9) o]t} (Figure 20).

4CI_
N4/

_N\_/_ _\_/ N

Figure 22. BTMAP-Vi (9)

e

gH o, HEst wob 1.2 MW 7}

ofo
ol

1= 54 434 5m (2 M=
39tk webA soluble moietyES trimethylamine©] ofd thE EAZ upio]
S3lEe wWzE Flee= dATE AUt (Scheme 12-13). WA
dibromopropanes  toF3dl  tertiary amine XY  pyridine®} HF-EA]A

=

quaternary ammonium bromide 9 X372 Z¢+= propyl bromideE &4

S
3%

(Scheme 12). Scheme 12914 A3t Z+2+] propyl bromideE 4,4—bipyridine
I HESA]Z] 3 29]2 bromideZE chloride® X &3}o] thekst viologen H %

A (9a—9%e) & A 33 th(Scheme 13).
_47 -



Br” >~""Br -
rt, overnight

S

> | SN
67% -~ _
’ HO/\/IS\/\/N = Cl |
+
x _Clo
. Cl (7
> CN\/\;N =
77% - o J/OH
’ \ -
DMF, 100 °C, 24h +S o NS mo
2. Amberlite IRA-900(CI) 64% CN\/\}N =
ion-exchange -cl “Cl
= ﬁ/\/\JrN S
I - |
@ “cl | SN Cl =
[
N
259, x EI\/\/N = “cl
“Cl |
= I‘:I/\/\N/\
J @'l o
0™y S
- +
— K/'},I\/\/N =
8.6% ¢l

Scheme 13. Viologen &% (9a—9¢e) 2] A
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Viologen® solubilizing moietyE t3lste] 9a—09e 3T ES AT, 3}
StEL AYE A 34 Fe R do]FH ). Solubilizing moietyE 9a—9e AT =
amino ethanol, pyrrolidium, hydroxyethyl pyrrolidine, pyridine, morpholine ©.
2 st &S A 67%, T7%, 64%, 25%, 8.6% = D ATH(Scheme 12—

13)

1—-2) Viologen f-%A2 H7}

At &A%t viologen %A 9a—9e+ 719 BTMAP-Vi(9) ¥ L EE
=ZAste] HlwsA T (Table 15). A3 Viologen HFEA+= 7]& A%
BTMAP-Vi(9) 8 F*ol|A solubilizing moiety%t B}Fo] Al Zld o]t
SM.8 WAL 7]E viologen® &3lZel lojA fremet FHS M ¢
orth. weld wE g2 tE37] g 7]=o] A3 BTMAP-Vi(9) o2 t]&kst

4 drE AP 2 P
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Table 15. Viologen §EAE9 £3I= v

Structure m M
=z N/\/\Jll/
9 . | 5m 2M
| I
INOAUN
+
9a ™ - | 5.26 m 2M
PR
= ﬁ/\/\Jl]
9b NN ' O 526 m 2M
CN:/\;N =
/rOH
OH ZINN
9c S o 53m 21 M
+ | S
CN\/\;N =
= ﬁ’\/\+|\| X
| |
9d ™ X X Z 4.35m 1.5M
X l}l\/\:N =
+ |
= ||\l/\/\+N/\
9e 0™ AN O 4.35m 1.5M
K,lﬁ\/\,"N Z




A7t =4 SAHYJAY A7t 92 AlgF viologen XA (9a, 9b) =
Aoz CV (=3 dgdAd7)E &3t (Figure 23). 9a% 9b BF Ak3) st
4 AHE HAL FHFHY. SHA AAT FAHOFE working electrode—

Glassy carbon/Counter electrode—Pt wire/Reference electrode—Ag/AgCl (1 M

KCho® A3 1, FAEEE 20 mV/so|th.>®

1000{ —— V4 1000{ — V5
500+ 500+
g 0 g 01
) -500- -5001
1000 -1000;
15 10 05 00 15 1.0 05 0.0
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
Figure 23. 9a%} 9b8 <3 A¢-AF FA
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2) Viologen =419 o= 4 HZA st 2 wHa] %

AORFBE 7F&st7] skl 43t Viologen 524 5 HA=7F w1 x4

o =F ¢k 3% 3srEQ BTMAP-VI(9)E oz AAAdY A+E 1y3A ).
B

©
1o
o,
o
re
rO
4
1,
=
=
e
o
>,
Ul
8
©
=
1o
ofo
:(I){=1
kr
i

Br~ >""Br | Br” ™>""N7
rt, overnight |
80%

DMF, 100 °C, 24h

|
N
— /\/\
050, s (AN N
: > X
2. Amberiite IRA-900(Cl) | _ {
ion-exchange N AN

Scheme 14. BTMAP-Vi(9) ¢ %A

Scheme 139 34 AEZZ 10 mmolollA 400 mmol A2AL Q] tf=3HA

ol
oX

of dF¥Aoz A4 4 9t (Table 16). 22 AALHT & AAYE W
= & o FEo] FgE F AT FHA dACA FHH= LAY ol

Wi, a2oA REEE HuU7] wie] whE 3y Fol] uAVE B EATE RS
Aot wetA ol= 4dsty] Y& &wHel DMFO <& 0.3 ME B,

mechanical stirrerS ©]g83to] WSS R & A 7 o},



Table 16. BTMAP-Vi(9) 9 2AY ¢

Scale Step 1 yield? Step 2 yield? total yield? (9)
10 mmol 75 85 64 32¢
50 mmol 83 93 77 229
100 mmol 80 95 76 43 g
200 mmol 85 90 77 88g
400 mmol 95 92 87 180 g

& isolated yield

o
ol

1A

=
©

tel <= @E4 TEMPO f=EAsg #A&

S o
= [

1

gEAR AR

Fol WY E F553t (Figure 7—-21).
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3) 9—Fluorenone %9

Gl

1
T

A ol A

S

ol
ol

)

)

3l linker2} soluble moietyE E9¢

BA 2

9-FL=

—_
fite)
0

ol

713}

L —
R

rHolx ¢okt}fl (Figure 24-25). 284 4 m FE A

KX
=

weld 9-FLO ZA$ msxes A7) 3)

9 oho (Figure 25).

Q1%

st
ol

o}
e

L —
T

Ho]

o]
o

Tor

B
—
file)

“nxwo

~
M

B
)

~
file)

ol

o0

R

10

-0

N—

O\/\/EIW

/NVN

10a

Figure 24. 9FL S+ EA)
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i (MA)

0.0

-0.1-

-0.2+

-0.3-

-0.4-

-0.5-

42 1.0 0.8 06 -0.4 0.2 0.0
Potential (V)

0.3
0.2-
0.1
0.0

-0.1-

0.2
-0.3-
-0.4-
-0.51
-0.6-

i (mA)

42 10 08 -0.6 -04 0.2 0.0
Potential (V)

Figure 25. 10a¢] CV () 1 m 10a (%) 4 m 10a

FLL $%A49 linker dolE& &3

0

o
i

71 Y& linker? 4dol&E 9 1

shel e

rir

718ke 4 24 oAFE

Acetone
60 °C, overnight
48%

~
N
1, L:\§
N
ACN, 65 °C, 1.5 day
70%

—
Ll

2. Amberlite IRA-900(CI)
ion exchange

A7

i
o,

LR

hd

40

o} /

2Ccr N

(/N\ J"f\/\/\/o Q.O 0\/\/\/'}(\/)
/

10b

Scheme 15. FL %4 10b9 ¥4
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OFL #=AE Ls% A WEHAE 7Festy] fskd =7t 2 =

()
o
)
>

I St= A S HxE Y. wrEbA solubilizing moietyE imidazolium©]

o
T
K}

T AR Ao gl ®MEtE Fdstes A s IS A (Scheme

16).

o}

o
o o - o~/ N0
Acetone Br\/\/ \/\,Br
60 °C, overnight
45%

N
O Qe t =
Z \‘ IE\/\/O 2¢l h = 10
. O’O ~ N\ ©
(0]

D C ~ o 2C|_
N o] \
+\/\/ O’ /‘*/\NO 10d
+
1. ACN, 65 °C, overnight Q o

2, Amberlite IRA-900(CI) ~NT

Y

ion exchange \ 2
9 ! NP 2CI” N 10
O’ /*—/\*\ ©
(@]
OH
J: \ J/ HQ
N”  OH G
/ +

Y

~~O ( 21" \\\N 10f
O.Q O/\/\ +Q

Scheme 16. FL =42 10c—-10f9 %A
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OFL #=A4°] linkerE Z°lE =9 pentane® =938t 10bE #7433,
34% &2 3Tt 10b—10f= 9FL2 solubilizing moietyE tFgtsto] 34
3R, Solubilizing moietys= 10b—10f <A th=Z pyridine, pyrrolidinium
trimethylamine, hydroxyethyl pyrrolidines Y3ttt +&& zZ+7 23%,

36%, 14%, 32% 2 4t} (Scheme 16).
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4) 9—Fluorenone =9 7}

Al A3 9—fluorenone- =4 10b—10f= 7]£9 10a9 £I=5 =

o

3to] B w3 T (Table 17). ©]% pyrrolidinium® S.M.S ZI+= 10d =49
A =7 SRS ERlskslth HiHEE FEst7] o] el skl Abs)

gl FHE Hol=A Fdstr] fl& CVE 4 st (Figure 26).

Table 17. 9FL %419 £33 % vlm

Structure m M

0 2c1”

10a | N— o] 0.0 o] s 5m 2M
%NJ\/ \/\*N\VN\

\N_-\ O .
N 2ClI
N o) N>
10b &,,{-,/\/\, O’ f N, a1m 125 M
o

@ o O acr

P~ N_‘

10c JQ 1.25m 0.5M
o]

@/ 0 g acr
10d Y O'Q J\'“D 8m 14 M

o)
N_A~_0 2c1” \ s
10e C’Q N 3.8m 12M

10f q\/\/o
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3 AYG AFHES T3 9FL =AY #7|Fsty EAHS sttt
(Figure 26). =7%AA A= FASRE working electrode—Glassy

carbon/Counter electrode—Pt wire/Reference electrode—Ag/AgCl (1 M KCI)
o® XY, FAEEE 20 mV/solth &A% 9-FL #%4 10b—10f=

4 m 52 CVE =HIS v, 10c9 10f= 719AS Holx ¢kgkth. wbd,

—
o
o
—
o
o
—
o
()]

1o
o,
o
rr
N
)
12
oX
tlo

gelst Atk (Figure 26). wekA wiH & %
7] fal Il st atstgkd @S &g 10agk Alar §4 3 1049

2AY 9 ATE AWs . Yok,

0.1
50 - ]
0.0
0 0.1 {
. -50- —_ .02
- T 021
= -100- E -0.3-
-150 - = 0.4
_200_ '0.5"'
250 10b -0.6 10c
T T T T T T T '0-7 T v T v T v T v T T v T
1.2 1.0 -08 -06 -0.4 -0.2 0.0 1.2 1.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential (V) Potential (V)
100
0.2
501 0.1-
0 z 0.0 —
<
2 -50- E -0.11
-100- -0.2-
-0.31
-150 4
10d 0.4 10e
—200 T . T M T ¥ T v T h T b T L v T L] M L v L L] M L
1.2 1.0 -08 -0.6 -04 -0.2 0.0 1.2 1.0 -08 -0.6 -0.4 -0.2 0.0
Potential (V) Potential (V)
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0.00+

-0.02

-0.04

mA)

= -0.06

-0.08

0.10- 10f

1.2 -1.0 -0.8 -0.6 -0.4 0.2 0.0
Potential (V)

Figure 26. 9FL 4% 10b—10f9 <3 AY-AFHF
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5) 9FL #=A19 diz 94 A4 9 wige 75 23

F% 9FL =4l & z7ister sy 24
ME7h %S FPEQ 10de ddoz wMeds F5a] 98 ~AL9E 2
d ARz FAddd. WA GAelAd 9-
A1, T

o

stk T

Fluorenones E A2 3}4 dibromopropane
=99

@A 4 imidazole®} pyrrolidines

(Scheme 17—18).

Br~ >~ "Br

0 BuyNBr
K,CO,
o/ o - o~ TN
Acetone Br\/\/ \/\,Br
60 °C, overnight

45%
/
N
1. M
N\/) 0 _
2CI
ACN, 65 °C, overnight
85% = O'O o =\
10a

2, Amberlite IRA-900(Cl)
ion exchange

3

Scheme 17. 1029 &
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Br~ >~""Br

0 Bu,NBr Q
K,CO4
oY o - oL
Acetone Br\/\/ NN_Br
60 °C, overnight
45%

/
N

-0
acr
ACN, 65 °C, overnight
80% / 0 ' © N
10d

Y

2, Amberlite IRA-900(ClI)
ion exchange

Scheme 18. 1049 A

10a, 10d9 AL A5 Adeo ddF F4& dFsdet(Table 18—

19). 10mmol ¥H-g =& AA WASHA %ol% 300 mmol W7 744 2] &
& & 99k
Table 18. 9FL #+%31(10a) 8 2A4 ¢
Scale Step 1 yield? Step 2 yield? total yield® (9)

10 mmol 40 85 34 1.8 ¢

50 mmol 35 82 29 779

120 mmol 37 87 32 20.3 ¢

240 mmol 45 87 39 50.09g

300 mmol 48 85 41 65.19g

2 isolated yield
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Table 19. 9FL §54(10d)9 A2AY ¢

Scale Step 1 yield? Step 2 yield? total yield?® (9)
10 mmol 40 65 26 149
50 mmol 35 70 25 69¢
120 mmol 37 75 28 18.0 g
240 mmol 45 74 33 4239
300 mmol 48 75 36 57.7¢g

2 isolated yield

ouk, S o] Aol o] AAIDe] AAF= dibromopropane©] $HE o ut
22 10he}, x84 o] doji}x] ¢ elimination ¥WFEo] dojyd 10i, % 4

A= 10g9 =49 X7} W] %3F4 column chromatography® 7} o] ¥

o} T ]
Br\/\/o 0.0 O\/\/Br Br\/\/OOH /\/O Q.O O\/\
10g 10h 10i

Figure 27. 9FL %A 10a, 10d9 A 94 AR E

wekA 10het 10iE Al ASH7] 98] Hexaneol 3t £l =fo]E o] &3
T8t WS AFESESlth Crude AFHIS] A E Hexane o 2 A ojuo], 10hs}

10i2 A A3s ).
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=37 10g =

Ay
i
g

=]
=

flo

3 10h, 100 F7HA FAG = ofol= wbe =

o

371 flst ®hHS ucksidtk. 10g sEe AS f%=7F ol column
chromatography® #3287} ojgtt= ©@do] k. wetas AA4 S F3 A A s

Aok AAH 27142 DCM: EtOH = 1: 12 g3},

2719 9 78 % 10a, 10d 7}z AORFB @EA =z Apg3sto] g e oA

E2 Agaslt. 1028 45 MY AL 245E A7 A@Fel Ak @
4o 10d% BEAR Agatol WEY HAES AW} (Figure 28-30). W]

Bl 2]+ catholyte 1.09 M TEMPO—-10(1d) + 1.21 M BMPyr—Cl/anolyte 0.92 M
10d + 1.03 M BMPyr—Cl 792 7}&3st3itt. 100 AtolE 3t viHEE &
Al o olu £F o]&EL 82.32%, FTE A5 (CE)= 96.56%, A a5

(VE)+= 81.04% #< 2SS glsgin.”

Ao

30

—e— Charge
25 | —e— Discharge

Capacity (Ah/L)

0 20 40 60 80 100
Cycle No.

Figure 28. 9FL 4 =41 (10d)9 ®igd &%

- 64 -



Efficiency (%)

Voltage (V)

80

75 1

70 +

—e— CE
—eo— VE

20 40 60 80
Cycle No.

Figure 29. 9FL 4 =4 (10d) 9 g &8

1.0

100

5 10 15 20
Capacity (Ah/L)

Figure 30. 9FL X4 (10d) ¢ £ o|& &
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= g EAZ viologen F+EA4< BTMAP—-Vi(9) ¢} fluorenone

o

1

. BTAMP-Vi(9) &= ®g g T%5A <HFAH

ol

S X
Att. 10dY 4§ fluorenone FEAZA AORFBolA 100AF0] & o]AF & 9]
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m 2

AN ] Apol dF Foh ZAetel wel iR ouA A4

o

(ESS)7F &= ol 3lokel s ol wig g7t 7h gl slstAl AbgEa AW,

—

o

7t ox g A FATE EATH. =HE T/ ESSE RFB (redox
flow battery) 7} #4& ¥3 td. RFBe= AdAldS & £ #7189 + T/77F
7beetdl, Qs 2 7k AV 9l A RFBZE 2 @eol AFE a9l
Z|EdE vtdEY 2 FUEAS AEStE FARFBO A wol 1 EH

o Ee HA4 wa vgew Ag #AZ Ak WA B AToAL

B AdHME 4= dEHE TEMPO #2415 {AsH 1, o3 FEH=
+ Viologen XA ¢ 9-Fluorenone A& @Adste] 2t &=29 d7]3gr

Ml g vl ATk,

I-14E %= FEAZ TEMPO FEAES A5 AdF+E AA5S .

Linker ®+= solubilizing moiety & ©eFslAl §Ad st =29 5AS v ustsl

oo ERE AGHAY Ao FelEVE i FERACR MR fFEAS WY
o UFIY A= Ay FYs TEMPO X412 AORFBE 7h&3t3d
o

I-2Me= 5= &&54= Viologen #5492 9—Fluorenone #%4& 3
Adate A5 HystAth. Viologen 524l TEMPO =49 34 Wy
AFeHAl solubilizing moiety & ©FstAl FAsted dede SAS wwstiith

T AN TN HPHS AAW FEAT dHoE UBTY ATE



W& star, TEMPO X419 §7 AORFBel o] 43 $ith.

9—Fluorenone FEA= FAANA Atstsled A4S HO
sto] A= 133Ut 9—Fluorenone F+E#49 A4 AxTolx CV(E=3A

AFH) 54 A arsk g FA4S wolA gkoy, nEEolM FASNS

¥ % Linker ¥+ solubilizing moietyS ThFstA A st & &

=
ol
32
v
o
o,
i)
i
it
i
of\
2
>
oo
:?L_"
kit
N
=iy
flo
i
it
i)
o
=
o
|o
il
[
X
e
r
ftlo
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V. A%

1. 4387171 & A<k
1) Ag717]

'"H NMR#} ""C NMR A~#E# & ZEOL-500(500M Hz for 'H, 126 MHz for
PO ESFH  dddth. &vlE D08t DMSO-dieE AHEEITE. dHlolH &
Multiplicity in proton NMR (s—singlet, d—doublet, t—triplet, dd—doublet of
doublet, dt—doublet of triplet, tt—triplet of triplet, m—multiplet), coupling
constant (Hz), integration® <A Z 7|53} t}. Gas chromatography (GC)+=
Hewlett Packard Series 6890 X 9o HP—1 capillary columng A}&3}3it}.
Liquid chromatography+= HPLC (Agilent Technologies, HP 1100 seires HPLC,
Agilent 6130 Mass selective Detector)S AFg£3+itt. TLC (Thin layer
chromatography)+ MerckAFe] TLC silica gel 60 FaossEs AFESER 1, UV

lamp (2564 mm) & AH&sto] TLCH = &4 Heldte] &lsltt.

2) Ale¥

TCI, Alfa Aesar, Sigma—Aldrich, Samchun, Daejungol A st HEe

A el ARSIl
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A9 4—Amino—TEMPO 1.0 eq® Na2CO3 1.5 eqE 3 3}¢

ol
rl
I
I8
!
= -E

DMFE 4¥o] 4—Amino— TEMPO<S stirring 3t™ =it =

3] 59kSS #93ta 0 ColA 1.5 eq chloroacetyl chloride® 3] 713

o

H Ao FAIZE E<F ¥FSS Bttt HEgo] Byd B3 Eo E3 DCMS ¥
i, DCMCe & FE3tt}. Holgl:= DMFE Al A8’ 98l DCM & 52 53] A
=0, o]%F brinelZ &S AASIL, ¥ =2 Na.SO,Z A|ASY. DCMSET

rotary evaporator® £ E A A3 Y. Column chromatography® Hexane,

Ethyl acetateE AF&3to] AA|sto] d=th.

General procedure B

g A A AAAE 1.0 eqeE T oY EZAF ¥, 0.5 M ACNel
stirring st Felt. FH3] w2 ZS &sla, 1.5 eq solubilizing moiety &

H7Fstth o] & 60 TeolA 1.59 T WS Bt wkgo] 2 &g Ed =
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29 ¥4

General procedure A WHo=w RS 3, 8% F&= Atk

General procedure B W © % solubilizing moietys 1—Methylpyrrolidine<

H7tslol B& 14, 93% &€& 99t 'H-NMR (500 MHz, DMSO—ds) &

8.98 (d, /= 7.6 Hz, 1H), 4.18 (s, 2H), 3.96 (tt, /= 12.1, 4.1 Hz, 1H), 3.56

(dd, /= 15.6, 11.1 Hz, 4H), 3.13 (s, 3H), 2.06—2.03 (m, 4H), 1.66 (dd, J =

12.6, 3.4 Hz, 2H), 1.34 (t, /= 12.4 Hz, 2H), 1.04 (s, 12H). 6—8 ppm¥ peak

& phenyl hydrazine peako]t}. *C—NMR (126 MHz, DMSO—ds) & 163.2,

65.1, 62.9, 58.3, 49.4, 45.0, 41.3, 33.1, 21.5, 20.1.

39 4
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General procedure A HWH oz H2 1A, 85% &= It ol F
General procedure B W © 2 solubilizing moiety+ Trimethylamine Solution
31—35 Wt. % In Ethanol, 4.2 M2 #7}st] H2 1A, 75% &2 AAh 'H-

=

NMR (500 MHz, DMSO—-ds) ¢ 8.93 (d, /= 7.6 Hz, 1H), 4.13 (s, 2H), 3.96
(qd, / = 7.8, 3.8 Hz, 1H), 3.19 (s, 9H), 1.65 (d, /= 9.5 Hz, 2H), 1.32 (t, J =
12.4 Hz, 2H), 1.03 (s, 12H). 6—8 ppm% peaks phenyl hydrazine peak®|t}.
"C-NMR (126 MHz, DMSO—ds) 6 158.0, 64.3, 63.1, 58.5, 47.9, 46.5, 41.3,

34.9, 33.2, 21.4, 20.2.

YO

Z-0,

HN__O OH
T~
cf*D

General procedure A WHo=Z 2 A, 85% F&ZE Atk 9]
General procedure B W O 7 solubilizing moiety & 1-(2-
Hydroxyethyl) pyrrolidines H7}sted H& 14, 95% 42 A9t 'H-NMR
(500 MHz, DMSO—ds) 6 8.79 (d, /= 38.1 Hz, 1H), 4.16 (s, 2H), 3.94 (tt, J
= 12.1, 4.1 Hz, 1H), 3.78 (t, J = 4.8 Hz, 2H), 3.72-3.62 (m, 4H), 3.57 (t, J

= 4.8 Hz, 2H), 2.02 (d, /= 3.4 Hz, 4H), 1.65 (dd, /= 12.6, 3.4 Hz, 2H), 1.31

(t, /= 12.4 Hz, 2H), 1.03 (d, J = 4.2 Hz, 12H). 6—8 ppm2 peak< phenyl
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hydrazine peako]t}. ""C—NMR (126 MHz, DMSO—ds) 6 163.4, 64.7, 62.4,

59.2, 58.3, 56.0, 45.0, 41.2, 33.1, 21.5, 20.1.

)

5 T4

(05

Z-0,

OH

General procedure A WHow RS 3, 8% FE&E drt. o F
General procedure B W5 © 2 solubilizing moiety+ Dimethylaminoethanol<
HA7rste] HEe A, 94% F&#E A9tk 'TH-NMR (500 MHz, DMSO—ds) ¢
8.82 (d, /= 7.6 Hz, 1H), 4.15 (s, 2H), 3.96—-3.93 (m, 1H), 3.82 (d, / = 4.2
Hz, 2H), 3.57 (t, /= 4.8 Hz, 2H), 3.22 (s, 6H), 1.66 (d, /= 9.5 Hz, 2H), 1.31
(t, /= 12.4 Hz, 2H), 1.03 (s, 12H). 6—8 ppm?] peak< phenyl hydrazine peak
o]t} C—NMR (126 MHz, DMSO—ds) & 163.0, 66.6, 63.3, 58.3, 55.5, 52.6,

45.0, 41.2, 33.1, 20.1.
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62 7

oL

General procedure A WHo=T HE 1A, 85% FE&EE ddrt. o F
General procedure B W S Z solubilizing moiety+ 4—Methylmorpholine<
HA7rstel HE& A, 64% F&#E A9tk 'H-NMR (500 MHz, DMSO—ds) ¢
9.20 (d, /= 7.6 Hz, 1H), 4.38 (s, 2H), 3.98-3.87 (m, 4H), 3.60 (dq, /= 12.9,
3.3 Hz, 2H), 3.52 (dq, /= 12.9, 3.1 Hz, 2H), 3.33 (s, 3H), 1.67—1.64 (m, 2H),
1.34 (t, J=12.4 Hz, 2H), 1.03 (d, /J=5.3 Hz, 12H). 6—8 ppm? peak phenyl
hydrazine peako]t}. "*C—NMR (126 MHz, DMSO—ds) & 162.5, 60.6, 60.3,

58.3, 44.9, 41.3, 33.1, 20.1.
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T2 vty ZgAFo] 4-Amino—TEMPO 1.0 eq, 0.5 M ACNS Y11
stirring 3t =t} FH3] H2 FH 0 ColA 2-chloroethyl isocyanteE #H

7heE H, Aol A 2413 Fot vhE S Bl

2=
olo
o

| €4 E¢=° =3 DCM

= %91, DCMe® F&3%H. DCM T+ &% 33

P
rlr

t}. 9]% brinel® S

2
M,
ol
=
of
rlo
(Gl

< NazS04Z A ASY. DCMS 2 rotary evaporator® £ &
A A8 F tF. Column chromatographyE Hexane, Ethyl acetateE AF£3Fo] A
sto] w2 34 dE, 95% TE52 9. o] % General procedure B W S
2 solubilizing moietys 1—Methylpyrrolidineg #H7}slo] HE& 1A, 47% <
&2 42t 'H-NMR (500 MHz, DMSO—ds) ¢ 6.49 (t, /= 5.5 Hz, 1H), 6.35
(d, /= 8.0 Hz, 1H), 3.79-3.71 (m, 1H), 3.52—3.49 (m, 2H), 3.44—3.40 (m,
4H), 3.35 (t, J = 6.1 Hz, 2H), 3.01 (s, 3H), 2.04 (s, 4H), 1.66 (dd, /= 12.6,
3.4 Hz, 2H), 1.22 (t, J = 11.6 Hz, 2H), 1.04 (s, 12H). 6—8 ppm? peak<
phenyl hydrazine peako]t}. C—NMR (126 MHz, DMSO—ds) & 162.9, 64.5,

58.3, 53.7, 45.0, 41.2, 33.1, 20.1.

82 &4
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S vtg ZgkAF9] 4-Amino—TEMPO 1.0 eq, 0.5 M ACNEg Y1
stirring 3t =<t} FE3] w2 FH 0 ColA 2-chloroethyl isocyanteE #

7heE H, Aol A 2413 Fot vhE S Bl

2=
olo
o

| €4 E¢=° =3 DCM

= %91, DCMe® F&3%H. DCM T+ &% 33

P
rlr

t}. 9]% brinel® S

2
M,
ol
=
of
Flo
(Gl

2 NaSO,% #| A%t} DCMS 2 rotary evaporator@® £wE
A A8 F tF. Column chromatographyE Hexane, Ethyl acetateE AF£3Fo] A
sto] w2 34 dE, 95% TE52 9. o] % General procedure B W S
% solubilizing moiety+ Trimethylamine Solution 31 —35 Wt. % In Ethanol, 4.2
MS H7tste] & 14, 93% &= ¢t 'TH-NMR (500 MHz, DMSO—ds)
8 6.43 (s, 1H), 6.32 (d, /= 7.6 Hz, 1H), 3.78—3.70 (m, 1H), 3.30 (t, /= 6.5
Hz, 2H), 3.06 (s, 9H), 1.65 (dd, J = 12.6, 3.8 Hz, 2H), 1.20 (t, J = 12.2 Hgz,
2H), 1.03 (s, 12H). 6—8 ppm2| peake phenyl hydrazine peake]t}. *C—NMR

(126 MHz, DMSO—ds) & 158.0, 65.3, 58.5, 53.1, 46.5, 41.3, 34.3, 33.2, 20.2

TEMPO-5(1a) 9] @A

Q
N\/
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tet ZefA~Ae] 4-0H-TEMPO 1.0 eq® %3, 0.5 M DCMe] stirring

off
ry
o

s =itk 33 599 FA5 11 eq pyridine$ F7F3Th o]F 0 T

1.2 eq chloroacetyl chlorideE 3] FH7Fstth. H7Esk 5, 24 447 &

=

b Whg& Bty wbgo]l ¥ £ =l &3 DCM+ ¥il, DCMOo 2 FE3i,
DCM T& E2 33 A+t o|F brineC® & AAS L, F& 52 NaxSOs
2 AAZY. DCMZFL rotary evaporator® £wWE A AsS . Column
chromatography= Hexane, Ethyl acetateS AF&3lo] AA|slo] H&A 14 &

g, 85% F&= AU

e 3 T A AAE 1.0 eqE 52 vte ZgkATe] 93, 0.5 M ACNe

o

stirring st =t} FES] w2 AS &F3d, 1.0 eq 1—Methylimidazoles
H7Fsth, o] % 60 TolA 29 &< ¥H&& Rtk wrgo] ¥ &g & &3

DCMS Y13, 535S DCMe=z 53 A2 FH =358 Eat. &2 rotary

A e, 85% FEE

o
Lo,
it
i
o
Yo
flo
=
k=

evaporatorg AFE3Fo] A A S 1L
At 'H-NMR (500 MHz, DMSO—-ds) 6 9.21 (s, 1H), 7.77-7.75 (m, 2H),
5.27 (s, 2H), 5.04 (tt, /= 11.4, 4.2 Hz, 1H), 1.89 (dd, /= 12.6, 4.2 Hz, 2H),
1.50 (t, /= 11.8 Hz, 2H), 1.09 (d, J = 13.0 Hz, 12H). 6—8 ppm¥] peak>
phenyl hydrazine peak®]t}. "?C—NMR (126 MHz, DMSO~ds) & 167.0, 138.3,

124.2, 123.8, 69.5, 58.5, 50.1, 43.9, 36.5, 32.7, 20.9.
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TEMPO-10(1d) 2 &4

General procedure A WHoOE HE& 1A, 85% FE&= du. o X
General procedure B ¥ © 2 solubilizing moietys¥ 1—MethylimidazoleS %
7bste] HE 1A, 95% & E AUrh 'H-NMR (500 MHz, DMSO—ds) 6 9.10
(s, 1H), 8.55 (d, /= 7.6 Hz, 1H), 7.68 (dd, J = 3.6, 2.5 Hz, 2H), 4.96 (s, 2H),
3.87 (s, 3H), 1.70-1.67 (m, 2H), 1.35 (t, /= 12.4 Hz, 2H), 1.05 (d, /= 12.2
Hz, 12H). 6—8 ppm2 peak< phenyl hydrazine peako]th. *C—NMR (126 MHz,
DMSO—ds) & 164.5, 138.3, 124.2, 123.4, 58.3, 51.1, 45.3, 41.4, 36.3, 33.1,

20.1.
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TEMPO-18(1h) 2 &4

T vte Egkade] 4-Amino-TEMPO 1.0 eq, 0.5 M ACNS ¥
stirring 3t =t} FH3] ¥ FH 0 ColA 2-chloroethyl isocyanteE 3
7hsk H, AdelA 2A1 B vEESS Bt §h§o] Ed £33 Ee| &3 DCM
= ¥il, DCMe 2 FE3t. DCM T& =2 33 et olF brine 2 ==&
AL, 2 E& NaSO2 A A%t DCM%S < rotary evaporator® £1jE
A A st Column chromatography£ Hexane, Ethyl acetate AF&3to] 7 A

stol 24 1A FE, 95% FEE AU

N

FdAde A dA AAAE 1.0 eqs T vte ZEkAFe] €3, 0.5 M ACNe
stirring 3l Itk T3] 52 AL &lstal, 1.5 eq 1—-Methylimidazoles

H7rgtt. o] % 60 CTeAM 1.59 FF Rbe= Bt vbso] &y

(ot
%

=l

e

o

I DCM= 91, =55 DCMe® 53] AL FH =55 E2H. &2 rotary
evaporatorg Ab&sto]l AAAL, 1h FFES HF24 A =, 90% TE=
Atk "H-NMR (500 MHz, DMSO—ds) & 9.05 (s, 1H), 7.64 (d, J = 13.4 Hz,
2H), 6.25-6.23 (m, 1H), 6.06 (d, J = 8.0 Hz, 1H), 4.15 (t, /= 5.3 Hz, 2H),
3.78 (s, 3H), 1.65 (d, /= 10.7 Hz, 2H), 1.21 (t, J = 12.4 Hz, 2H), 1.05 (d, J
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= 4.2 Hz, 12H). 6—8 ppm? peak phenyl hydrazine peako]t}. '*C—NMR
(126 MHz, DMSO—-ds) 6 158.2, 137.3, 123.9, 123.0, 58.5, 50.0, 46.4, 41.3,

36.2, 33.2, 20.2.

TEMPO—dimer—2(1j) 2] A

ON o H
k/N</\+ N
N + /N/\n/
H 0 N
0,
2C1
=2 vtd ZgAFe] 4—-Amino—TEMPO 1.0 eq® ¥ 1, 0.5 M DCM¢e]

stirring 8FH Itk T3] S¢S st 1.0 eq pyridines H7FgH. o]
% 0 T 1.0 eq bromoacetyl bromides 3] H7fstrh. H71sk H, 0 CTeolA
304 &< REEE HdY, ¥hgo] B¢ E£3tEe £¥ DCMS ¥i, DCMe=
F=3%.DCM S5 EE 33 Aev. o]F brinel® =& AAstE, He =2
Na;SOs= A|Agtth. DCMGS & rotary evaporator® & W& A A3 th. Column
chromatography® Hexane, Ethyl acetate® AF&3to] A A|ste] #2414,

60% T&= A3du

SEASE A dA AN E 2.0 eqs T vty ZEA T €, 0.5 M ACNe
stirring 8t o, T3] 52 ZS &Asta, 2.0 eqs H7FSE o]F 40 T

o4 18h &<t Whg= Hultk whgo]l & § EdEs Aol A3 ofF
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Ae ol

i

¥ 22 2AE = Fo =55 DCMeE 33 Heu =52

o
ot
flo
iIN)
falts)
r o
=
off
i)
>
iy
=
i

Amberlite IRA—-900(Cl), ion exchange resin
iong Cl— ion® 2 X33t} lon exchangeE 3 53-& rotary evaporator= Al
435to] AASdAL, 1) FFEES H2 uA Fe, 95% FE&E AUt 'H-NMR
(500 MHz, DMSO—ds) 6 9.11 (d, /= 7.6 Hz, 2H), 4.26 (d, /= 11.4 Hz, 8H),
4.00-3.93 (m, 2H), 3.29 (s, 12H), 1.68 (dd, /= 12.0, 2.9 Hz, 4H), 1.34 (t, J
= 12.2 Hz, 4H), 1.03 (d, J = 4.2 Hz, 24H). 6—8 ppm% peak phenyl
hydrazine peako|th. "*C—NMR (126 MHz, DMSO—-ds;) & 162.3, 62.6, 58.3,

56.7,52.4,44.9, 41.4, 33.1, 20.1.

TEMPO—dimer—3(1k) ¢ A

B
N

offt
rl
o

te Z&k~= 9] 4-Amino—TEMPO 1.0 eq, 4—Oxo—TEMPO 1.0 eq&
F &l stirring barg Y3l argon # 33t} 1M anhydrous MeOH& Y 3 stirring
3t Helth, FHE) 58 S Fedla 0.3 eq acetic acidE 21 1A B

Wtk 1A 5 2 eq NaCNBH3E Y37 rtoll 4] 10%59F stirring gt}

o]% 65 ColAl 18hE¢r &S wUlith w0l &Y %o DCM, sat NaHCO3=



Y91 DCMO & #7]5& FE3H}. Sat NaHCO:E AAS L, DCMES &2 33
M=tk o]F brinel® ES AASL, B2 52 NaSO,= #|AstH. DCME2
rotary evaporator@® £w]E A A3 Y. Column chromatographys Hexane,

Ethyl acetate® Ab&sto] FAlsto] F4 1A Hol, 70% FE=2 AU

stk A w A AAAE 1.0 eq, NaHCO3 5 eqE ¥ 1 1M MeOHel stirring

_O‘L
)
I
rO
o
o
iz
i{t{
I
flo
ph)

S #93&3 5 eq iodomethanes ¥t} o]3 65 ¢

oA 2441t ¢ REES Hdn. ®Ego] Ed

(ot
st

= 3% DCM= ¥, &

=S DCMOZE 53 AL 7 E=& o, E=& Amberlite IRA—900(CD),

o
v
rlo
N
i
o

ion exchange resin A o] E3AA - ione Cl— ion®o & X 3k3tc},

Ion exchange® 3 =%+ rotary evaporators Abg3ete] AAS ¥ F34 1
AE v T2 1AE ACNe| x994 ACNel| =& H2 JAE Roq,
2] o= A uAlE A AT, ACNS rotary evaporators ARE3le] & E
AASAL, 1k HFES H24 14 FH, 82% F&= AUtk 'H-NMR (500
MHz, DMSO—ds) 6 3.63 (t, /= 12.0 Hz, 2H), 2.84 (s, 6H), 1.93 (d, /= 11.4
Hz, 4H), 1.70 (t, /= 12.2 Hz, 4H), 1.13 (d, J = 31.3 Hz, 24H). 6—8 ppm2]

peak< phenyl hydrazine peako]t}. ’C—NMR (126 MHz, DMSO—ds) & 63.9,

59.1, 44.0, 38.2, 33.3, 19.8.
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2) == &4 &4

General procedure C

T vty ZgE AT 1,3—-Dibromopropane 3 eq, solubilizing 1 eqE Y+
ok 0 CeollA 15A17F T<F HES-& Hlth, wEgo] #4 Sof AAdH vAE 4
3tol A =3, MTBE (tert—butyl—methyl—ether)® 1AE A=t A2 314+

rotary evaporatorg ©o]g3sto] A A 1A FEHE =),

A s A A YA E 3.5 eq, 4,4-Bipyrinde 1.0 eq, 0.5 M DMF& %+ uf

g EoAade] ¥=v 100 T, 2443 2k i3S Btk vbgo] gy o &

900(Cl), ion exchange resinge B2 AW F3A#A Br- ions Cl- ionlo &
2] 3Fskt}. Ion exchangeE 3t &5 rotary evaporators AFE3Fo] A A3SE H

A A gHE =t

General procedure D

T vtg Z8A~ 39 2,7—dihydroxy—9—fluorenone 1 eq, K:CO3 4 eq,

l-‘\l

FEQ e

BwNBr 0.4 eq, linker 5 eq, 0.3 M Acetone2 Y=t} 60T, 184

ot

Euig wbgol B 5, EFES TR A5l ggste A A 1A
7 2R 4 w7k DCMO 2 A=tk DCMT S /TR 23] Aoldl & brine
o7 EE& AAFZ, HE$L& EL NaSOs= AAzt. DCMZ=L  rotary

evaporator® €wW=E A 73 H . DCMS A Aty d& HLM ZA3 AA A
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=
=2
jon
(@)
%
)
=
(@)
o
ot
=
=
é{
il
s
)
>,
Ny
e
0%
oX
it
=
é{
i
M,
rlu
4,
ey
—+
@)
T
w)
O
=
Il

o] Amberlite IRA—900(Cl), ion exchange resine < ZAH T 3 A7 Br—

iong Cl— ionl. Z X33t} [on exchanges 3 &% rotary evaporatorE Af

Foto] AAT ¥ F24 uA dHE =

BTMAP-Vi(9) 2] 3arA

7 N\

—,

_5_
\

General procedure C W © % soluble moiety: Trimethylamine Solution
31-35 Wt. % In Ethanol, 4.2 M& FH7lste] 3 &4 A ES 34 14 FH,
80% T&E AUtk FHA @A YA ES 3N 1A FH, 95%°] FEEZ €3
t}. '"H-NMR (500 MHz, D:0) & 9.08 (d, /= 7.2 Hz, 4H), 8.50 (d, /= 6.9 Hz,
4H), 4.74 (t, J = 7.8 Hz, 4H), 3.48-3.45 (m, 4H), 3.07 (s, 18H), 2.59-2.53
(m, 4H). "»C—NMR (126 MHz, D:0) 8 150.6, 145.8, 127.6, 62.4, 58.3, 53.2,

24.7.
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)

9a2% A

O:

Cl
|
= KI/\/\N/\/OH

| H -

| S X cl

-~ +
HO/\;N\/\/N =
“Cl
General procedure C HFH O 7 soluble moiety & ,2—

Dimethylaminoethanols #7}3te] A @A A ES 34 1A FH, 80% &
2 A3t FHAl dA AP ES A uA FH, 83% F&Z Atk 'H-
NMR (500 MHz, D20O) ¢, 9.09 (d, J = 6.9 Hz, 4H), 8.51 (d, J = 6.9 Hz, 4H),
4.75 (t, /= 7.4 Hz, 4H), 3.92 (s, 4H), 3.54—-3.51 (m, 4H), 3.46—-3.44 (m, 4H),
3.10 (s, 12H), 2.61-2.55 (m, 4H). ">*C—NMR (126 MHz, D:0) & 150.6, 145.8,

127.5, 65.3, 61.1, 58.4, 55.4, 51.8, 24.4

9be] A

+
Ol N _C'Q

General procedure C WH © % soluble moietys: 1—Methylpyrrolidine,<

Arhstel R WA ANES 84 1A Fu, 89% FEE Ak TAA WA A
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e 34 14 o, 86%2 F&= ¥t 'H-NMR (500 MHz, D20) 6
9.07 (d, J = 7.2 Hz, 4H), 8.50 (d, /= 7.2 Hz, 4H), 4.73 (t, J = 7.8 Hz, 4H),
3.50—3.45 (m, 8H), 3.42 (dd, J = 11.8, 8.0 Hz, 4H), 2.97 (s, 6H), 2.60—2.53
(m, 4H), 2.13-2.10 (m, 8H). "*C-NMR (126 MHz, D»0) 6 150.6, 145.7,

127.5, 64.9, 60.2, 58.5, 48.2, 25.4, 21.3.

A

9c?l T4

O:

OH /:\l N
g‘m XX C'Q

—

General procedure C HH O soluble moiety = 1-(2—
Hydroxyethyl) pyrrolidine= F7Fsted A @A A ES A A4 HH, 75%
T2 dodu. FuA A AP E2 A A FH, 85%° FE&E Al
'"H-NMR (500 MHz, D:0) ¢ 9.07 (d, J = 6.9 Hz, 4H), 8.49 (d, /= 6.9 Hz,
4H), 4.74 (t, J = 7.4 Hz, 4H), 3.85 (t, / = 4.4 Hz, 4H), 3.57-3.51 (m, 8H),
3.50—-3.47 (m, 4H), 3.41 (t, /= 4.8 Hz, 4H), 2.59—-2.52 (m, 4H), 2.09 (dd, J
= 9.3, 5.9 Hz, 8H). "C-NMR (126 MHz, D:0) ¢ 150.6, 145.8, 127.5, 64.0,

60.6, 58.5, 56.7, 56.0, 25.0, 21.3
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)

9del 4

O:

Cl
30
| - |
@ R X ¢ \&
N *N
XN INA
e

General procedure C ¥ S 2 soluble moiety+ pyridines F7}ste] A
GA BPES M 1A FH, 30% FEE AT FHA A A ES A
A He, 84%9 &2 AUt 'TH-NMR (500 MHz, D:0) 8 9.07 (d, /= 6.9
Hz, 4H), 8.83 (dd, /= 6.7, 1.3 Hz, 4H), 8.50-8.46 (m, 6H), 8.00 (t, /= 7.2
Hz, 4H), 4.81 (t, /= 7.8 Hz, 4H), 4.74 (t, /= 7.8 Hz, 4H), 2.79-2.73 (m, 4H).

BC—NMR (126 MHz, D:0) 6 150.5, 146.4, 145.8, 144.5, 128.7, 127.5, 58.4,

58.1, 31.9.

9eo A

N
oY T IR o o

< +
K/[f\/\/N F
“Cl

General procedure C W 2% soluble moiety: 4—Methylmorpholine<

Arhstel R WA ANES 84 1A FH, 10% FEE Ak FAA WA A
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e 34 14 o, 86%2 F&= ¥t 'H-NMR (500 MHz, D20) 6
9.08 (d, J = 6.9 Hz, 4H), 8.50 (d, /= 6.9 Hz, 4H), 4.75 (t, J = 7.8 Hz, 4H),
3.96—3.94 (m, 8H), 3.60 (t, /= 8.6 Hz, 4H), 3.50—3.40 (m, 8H), 3.14 (s, 6H),
2.62—2.55 (m, 4H). >*C—NMR (126 MHz, D:0) & 150.6, 145.8, 127.5, 60.4,

60.0, 58.2, 46.6, 23.4

10a9 4

\N
N [
N\ Noo~© _
cf .Q /\/SI”
0 NEEN
Ly
\

General procedure D wWyo=z FWHA GAA  linkers= 1,3—

dibromopropane< AF£3te] AT, AdA AAHEL HS 124 FH, 45%

FEE2 At T A @A oA solubilizing moiety® 1—Methylimidazole2 A}
g3, H& 1A dH, 87%2 F&= ddrk. 'H-NMR (500 MHz, D:0) &

8.61 (s, 2H), 7.38 (t, /= 1.7 Hz, 2H), 7.31 (t, / = 1.7 Hz, 2H), 6.92 (d, J =
8.0 Hz, 2H), 6.66 (dd, J = 8.2, 2.5 Hz, 2H), 6.56 (d, J = 2.3 Hz, 2H), 4.28 (t,
J=6.9 Hz, 4H), 3.89 (t, J = 5.5 Hz, 4H), 3.71 (s, 6H), 2.23-2.18 (m, 4H).
"C—NMR (126 MHz, D:0) & 235.9,207.7,195.7, 158.1, 151.8, 137.6, 136.1,

134.9, 132.7, 123.7, 122.5, 121.3, 120.8, 110.4, 65.2, 46.8, 35.7, 28.8.
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10be] A
N
i 0
+

General procedure D Wy o=z FWHA GANA  linkers= 1,5—

dibromopentanes Alg3te] AT AGA YN ELS H2 A4 FH, 48%

FEE I, FHA @A A solubilizing moietys 1—Methylimidazole2 A}
gad 1, HE uA FH, 70%9 F&2 43t 'TH-NMR (500 MHz, D20) ¢

8.60 (s, 2H), 7.36 (t, /= 1.8 Hz, 2H), 7.30 (t, / = 1.8 Hz, 2H), 6.92 (d, J =
8.3 Hz, 2H), 6.67 (dd, /= 8.1, 2.4 Hz, 2H), 6.57 (d, /= 2.4 Hz, 2H), 4.11 (t,
J=17.1Hz, 4H), 3.82 (t, /= 6.3 Hz, 4H), 3.74 (s, 6H), 1.85—-1.79 (m, 4H),
1.68—1.63 (m, 4H), 1.37—-1.30 (m, 4H). ""C—=NMR (126 MHz, D:0) & 158.3,
137.4, 134.7, 123.6, 122.2, 121.1, 120.9, 110.3, 68.3, 49.4, 35.7, 29.0, 27.8,

22.0

10c9 4

Q\/\/O "O O/\/:ND
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General procedure D wW¥o=z HAWA GAA  linkers 1,3—
dibromopropane= AF£3to] $ASHA T AGEA YA ES FHS A FH, 45%

2 A, FHA GA oA solubilizing moiety: pyridine< AFE3}F9 3,

n
fifo

H2 1A FH, 50%9 F&=2 Atk 'H-NMR (500 MHz, D:0) & 8.76 (d, J
= 5.7 Hz, 4H), 8.42 (t, /= 7.8 Hz, 2H), 7.93-7.90 (m, 4H), 6.91 (d, / = 8.1
Hz, 2H), 6.57 (dd, /= 8.1, 2.3 Hz, 2H), 6.49 (d, /= 2.1 Hz, 2H), 4.70 (t, J =
6.7 Hz, 4H), 3.94 (t, /= 5.3 Hz, 4H), 2.39-2.35 (m, 4H). "*'C—NMR (126 MHz,
D,0) 6 195.4,157.9, 145.9, 144.6, 137.6, 134.8, 128.3, 121.2, 120.7, 110.3,

65.2, 59.5, 29.8

10d9] &4

GE</\/0 ‘.O O/J‘\F\/j

General procedure D W o=z WA GAA  linkere 1,3—
dibromopropane= AFg&3ste] A Y. A A A= H 124 FH, 45%
FERZ At FHA Al A solubilizing moiety: 1—Methylpyrrolidine&
AbEEA T, B 1A FH, 80%9 &2 9tk 'H-NMR (500 MHz, D20)
6 7.02 (d, J = 8.0 Hz, 2H), 6.81 (dd, J = 8.0, 2.3 Hz, 2H), 6.77 (d, J = 2.3
Hz, 2H), 4.00 (t, /= 5.5 Hz, 4H), 3.49-3.39 (m, 12H), 2.98 (s, 6H), 2.19 (td,

J =112, 5.2 Hz, 4H), 2.12 (s, 8H). ®C—NMR (126 MHz, D>0) & 195.5,
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1568.2, 137.7, 134.8, 121.3, 121.0, 110.5, 65.2, 64.6, 61.4, 48.2, 23.4, 21.4.

10e2 4

\ O
/'1'\/\/0 \N/
O. ~ N
(O-o

General procedure D HW o=z AHAWHA wAA linker:s=  1,3—
dibromopropanes AF£3to] §ASHA L. AGEA AHES FHS A FH, 45%

FEE I, FHA @A oA solubilizing moiety+ Trimethylamine Solution

i
rlo

31-35 Wt. % In Ethanol, 4.2 M& A}&3%tt. Ion exchange® 3t =%
rotary evaporators AFE3sto] A AT F H24 1A JEHE A=tk olu Ao
A 1AE DCM: MeOH = 15:1 2702 AAdFse] FAs. AAdAste] H&
A A FE, 30 % &2 Ak 'H-NMR (500 MHz, D:0) ¢ 6.98 (d, J =
8.3 Hz, 2H), 6.79 (dd, J = 8.2, 2.5 Hz, 2H), 6.74 (d, J = 2.4 Hz, 2H), 4.00 (¢,
J=05.7Hz, 4H), 3.47-3.43 (m, 4H), 3.07 (s, 18H), 2.18 (td, /= 11.2, 5.3 Hz,
4H). »C-NMR (126 MHz, D-0) & 195.6, 158.2, 137.7, 134.9, 121.3, 121.0,

110.6, 65.1, 64.0, 53.0, 22.7
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10f9] €A

J/ HQ
\/\/O

O. e

General procedure D Wy o=z WA GAA  linkere  1,3—

s

dibromopropanes AF£3to] $ASHA L. AGEA AHES FHS A FH, 45%
FER A3}, T A oA o] A solubilizing moiety & 1-(2—
Hydroxyethyl) pyrrolidine2 AF£3t9 1, & 1A e, 71%29 &2 A},
'H-NMR (500 MHz, D:0) & 7.21 (d, /= 8.3 Hz, 2H), 6.95 (d, / = 2.6 Hz,
2H), 6.91 (dd, /= 8.0, 2.6 Hz, 2H), 4.05 (t, /= 5.7 Hz, 4H), 3.91 (t, /= 4.9
Hz, 4H), 3.57—-3.50 (m, 8H), 3.49-3.46 (m, 4H), 3.41 (t, J = 5.0 Hz, 4H),
2.16 (dt, /= 16.3, 5.8 Hz, 4H), 2.11-2.08 (m, 8H). "*C—NMR (126 MHz, D-0)
6 195.4, 158.1, 137.6, 134.8, 121.2, 120.9, 110.5, 65.1, 63.8, 60.5, 57.3,

55.9, 23.0, 21.2.
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Abstract

Design and Synthesis of Organic Active Materials for

Aqueous Organic Redox Flow Batteries

Misong Kim
Department of Chemistry
Graduate School of

Sungshin Women's University

As attention to renewable energy increases, the need for eco—friendly
energy storage devices has also increased. Among various energy storage
devices, redox flow battery (RFB) show high potential for large —scale energy
storage, showing the possibility of independent energy use and good stability.
Lithium—ion batteries, which are the most widely used these days, exhibit
good battery performance, but safety issues are emerging due to the risk of

fire. For this reason, an aqueous redox flow battery was devised.
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The Vanadium redox flow battery (VRFB) is the most actively studied
because it has high potential value, but it has the disadvantage of toxicity and
high cost. Therefore, this study aims to operate AORFB (Aqueous Organic
Redox Flow Battery) using organic molecules as active materials under
aqueous conditions. It offers advantages of non—toxicity, low cost, and safety.
In this study, cathode and anode active materials were designed and

synthesized.

TEMPO (2,2,6,6—Tetramethylpiperidine 1—oxyl) has been used as a
cathode material for RFB. TEMPO is a representative example of N—oxyl
compounds and the N—oxyl radicals allows for electrochemical characteristics.
To use TEMPO as cathode material for AORFB, TEMPO derivatives were

synthesized with various linkers and solubilizing moieties.

As an anode active material, viologen and 9 —fluorenone derivatives were
synthesized. Viologen, used as an anode active material, offers advantages
such as high stability, solubility, and low potential values. Additionally, 9—
fluorenone derivatives were also synthesized for AORFB, despite its
predominant use in non—aqueous RFBs thus far. After synthesizing cathode
and anode active materials, their solubility was measured and redox activity
in aqueous conditions was evaluated by cyclic voltammetry. Among these
compounds, those with high solubility and structural stability were selected

for scale—up aimed at operating in the AORFB system.
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Appendix

Figure 31. 'H NMR spectrum of 2

400

100

400

a-Cowpling Asalysks Mepoet
Fils : MG-240318-T20_ssngle_pubae-1-3.1dE

Fosithos Ent Py a

Iepml 1 4 1= T.gmm

Adlppm] 2 =

A ipml 1 ke 31 s 131 HE)
I e a1

3salppml 4 a2 1= 1380z
72 = 111 ns)

1ialppml @

2asjppal 4 =

L.eflpm] 2 &4 J1 = 1Z.4(uz)
ais dajm)

Lodippal £ 1= 13 4Hal

L.ddippm] L2 &

abundance

T T T T T
L] a0 (2] 0 1.0
z# g5 2 .
== I

X - paarts per Million : Proton

Figure 32. '*C NMR spectrum

of 2

1o 120
i

1o
i

a0

l

!l. ll

L

JwCaupling salysis baport
Flla © MS-240315-720_sirgle pelss dei-1-3. 34

Fasktion

T T T T
Lk 1504 140,00 13000

[UERET S

=

arts per Million : Carbon 13

T T T T T T T T
20,0 11D LKED %0 800D 704k 600 50,0

ECRLTE

T T
20 100

T T
D 3D




Figure 33. 'H NMR spectrum of 3
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Figure 35. 'H NMR spectrum of 4
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Figure 37. 'H NMR spectrum of 5
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Figure 39. 'H NMR spectrum
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Figure 41. '"H NMR spectrum of 7
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Figure 43. 'H NMR spectrum of 8
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Figure 45. '"H NMR spectrum of la
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Figure 47. '"H NMR spectrum of 1d

a-Coupling Aealymis Rmpart
- Fila : MS-24B104=TL0_singla pulze-1-2.1df
g_ o Pesition Eab Pal &
3.lllppm] 1 a2
4.55ppm|] 1 4 J1 = T.4[ux}
Toih|ppml F Bk a1 w3 & [Hm)
dz = E.5[Hz]
4.3 ]z
= ¥l 3
Logd(ppm] § o ow
L.as|ppm] = t J1 = Li &[Hx]
Lasippm] 12 4 J1 = L2 2(Nx]
a3
w
=
-
] =
el o = (=
2 = =
; I * |
=
22 I 1 3l i A JL.._A ik
T T T T T T T T T
9.0 &0 T .01 30 40 kXU ] 1.0
o e mmor w0 o
P ous FEEE = X1
= wmw SEaas = Foe o m
S wmaw e - =
X - parts per Million : Prodon

Figure 48. 3C NMR spectrum of 1d

JeCaEpling Analywis Raport
Fila : MS-240319-TLI_tingle Fulee des-1-3.3E

Bante,

(thousandths)

ITREE ‘ll

T T T
16040 1500 14400

T

I,

= & == = L= Bl vl ) 8

& g 4 £ E 25 ES g

] H] £ E AT RZ 2

- P R i e =

I = a8 EE e
X - parts per Million ; Carbon13

T T T T T T T T
13000 12000 1100 [HEED %0 800 7000 A0

T T T
S0 400 3040 L0

T
[LIE}]

- 109 -




Figure 49. 'H NMR spectrum of 1h
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Figure 51. 'H NMR spectrum of 1j
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Figure 53. 'H NMR spectrum of 1k
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Figure 55. 'H NMR spectrum of 9
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Figure 57. 'H NMR spectrum of 9a
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Figure 59. 'H NMR spectrum of 9b
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Figure 61. '"H NMR spectrum of 9c¢
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Figure 63. 'H NMR spectrum of 9d
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Figure 65. 'H NMR spectrum of 9e
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Figure 67. 'H NMR spectrum of 10a
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Figure 69. 'H NMR spectrum of 10b

2-Caupling dmalyviz bapect
Pila - M-ZHCLI-OFL-pastars_slsgls pulss-1-2. HE

2
R
-
o5 (2
3302
=
- .
B -
- foi 2 el
2]

abundance

a0

R340

X - parts per Million

Figure 70. 3C NMR spectrum of 10b

J-Coupling Analysis Report

File - MS-240625-5FL5_single pulse_dec-1-2.3df

I

Fosition

158. 3tppm)

i

i

i

-0.1 0 0.10203040506070809101.11.2131415161.718192.02.122

2

3

=

=]

)

T T T T T T T T T T T T T T T T T
170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0
] AREANY J L LAL
3 3Y GRZSR 3 by 2 Sea
- ad An=8R b - 6 3RS
CEREEEEE g $ 4 oand
X : parts per Million : Carbonl3

- 120 -



Figure 71. 'H NMR spectrum of 10c
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Figure 73. 'H NMR spectrum of 10d
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Figure 75. 'H NMR spectrum of 10e
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Figure 76. }3C NMR spectrum of 10e
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Figure 77. '"H NMR spectrum of 10f
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