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Fluoric Phenanthrolines and Their Heteroleptic Copper Complexes:
Synthesis and Application in Photocatalytic Hydrogen Evolution from Water
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Abstract: A series of novel bidentate ligands of fluoro phenanthrolines were designed and synthesized, which could
formulate a series of heteroleptic copper photosensitizers CP1~CP4 with Cu(MeCN),PF, and Xantphos as P ligand.
The photosensitive activities of this copper complex were researched in water reduction system, and the turnover
number (TON) of hydrogen evolution was up to 896. The absorption spectrum and fluorescence emission spectrum of
the copper complexes indicated the good stability in solution. The oxidation quenching is the main quenching path-
way in water reduction system, which was confirmed by the fluorescence quenching experiments. Moreover, a pre-
liminary explanation and discussion of the structure-activity relationship and the mechanism of photocatalytic hydro-

gen evolution from water were carried out.
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(water reduction catalysts, fij # WRC) 4§ 4 7] (sacrifi-
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Scheme 1  Synthesis route of 4,7-bis(fluoroaryl)-2,9-dimethyl-1,10-phenanthroline derivatives
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SM-2(2.93 g, 11.65 mmol)Fl1 200 mL = 7 48 # , T+l
Z Al IR 6 ho JEURE SM-2 Sz i 1t i ph o 2 (A3
(TLC) Wi, S W S5 R e = SR W S B s
WIS A B A VOKIR G2 I ZUHE , SR 5 P
FH 1 mol - L™ B Z AL ANK IS WO 2 pH=10 47, A
E AT o T =S e 2 I3 K, Tk Bt R A 144
RERCAE Z BT 2l (5 e Fl SR C BRIR R LE R 20
D55 2.74 o 1K A (SM-3), IR : 70%; '"H NMR
(500 MHz, CDCL,): 6 8.17(s, 2H), 7.83(s, 2H), 2.92(s,
6H); “C NMR(125 MHz, CDCL,): & 159.81, 145.59,
134.30,127.97,126.34,124.96,25.49.,
1232 4,7-(4-FA3E)-2,9- " H K1, 10-FE & mk
(NDIA Y
TERS AT | 17 Schlenk 45 H & i A v ) 4
SM - 3(0.365 g, 1 mmol), 4-3 & i % (0.35 g, 2.5
mmol) | Bk iR # (1.10 g, 8 mmol), PO (= 7 5 J§) 48
(0.115 g,0.1 mmol),3 mL F1 & |3 mL ZBEM 3 mLL 2%
BFK, BT 2 80 CIFHE K 24 he TLC Wil Ji
BFSM-3 W 58 I, ARk v, O A U e vk
VUEYE, B IFA MU, R JCK G RR4A TJ4 , fE AT
EHT A BER 2R CERIRA L R 30 1)F5 3]
0.317 g KA (NT) , #0% : 80% ; 'H NMR(500 MHz,
CDCL): 6 7.72(s, 2H), 7.53~7.46(m, 4H), 7.44(s, 2H),
7.25~7.17(m, 4H), 3.00(s, 6H); *C NMR(125 MHz,
CDCL,):8 162.98(d,J=248.5 Hz),158.98,147.73,145.83,
134.15(d, J=3.4 Hz), 131.48,131.41,124.79, 124.22,
122.95,115.82,115.65,25.94;°F NMR(375 MHz,CDCL,):
6 —113.19; ESI-HRMS: m/z: Caled. for C,H,F,N,:
397.151 1 [M+H]";Found:397.153 0 [M+H]",
1233 4,7-2(3,5- " FEH)-2,9- " 31, 10-3F
I (N2) 445
H TS BN,
1A W) N2: B (0 [ 44, iR 78%; 'H NMR(500
MHz,CDCL,):8 7.73(s,2H), 7.44(s, 2H), 7.09~7.01(m,
4H), 6.94(1t, J=8.9,2.3 Hz, 2H),2.99(s, 6H); *C NMR
(125 MHz, CDCL,):6 164.08(d, J=12.9 Hz), 162.09(d, J
=12.8 Hz),159.32,146.36,145.93,141.29(t, J=9.5 Hz),
124.29,123.97,122.94,113.08,112.77,104.06(t, J=25.1
Hz),26.03;"°F NMR(375 MHz, CDCL,): 6 —~108.69; ESI
-HRMS: m/z: Caled. for C,0H,,F,N,:433.432 2 [M+H]';
Found:433.134 0 [M+H]',
1.2.3.4  4,7-Z(4-(= R )R K)-2,9- “H 31,
10-FEME IH(N3) ) 5 i

FER AR, W) = EVRER U A Hh ] 44 SM-3
(0.5 g, 1.37 mmol) . 4-( = L H J£) K W i (0.86 ¢, 4.5
mmol) R FREH (1.02 g, 7.4 mmol) , fii ik 42(0.01 g, 0.05
mmol), = L FE % (0.03 g,0.1 mmol), 10 mL 1,4-—
SASFRR 2 mL 25 B UK, 3 I 2 L O
24 ho SR HITLC W, J5ORk s g 58 f5 , A i+ ik
U I AW TR IE RS A MR, K B R
AT AR R BT E AT 2l A (R B LR SRR
H R 20:1)4531 0.584 g (48 K (N3), L% : 86%; 'H
NMR(500 MHz, CDCL,):8 7.80(d, J=8.0 Hz,4H),7.70~
7.62(m, 6H), 7.47(s, 2H), 3.02(s, 6H); *C NMR(125
MHz,CDCL,):6 159.11,147.19, 145.76, 141.70, 130.70
(d, J=32.9 Hz), 125.62, 125.57(q, J=3.8 Hz), 125.53,
125.09,124.40,124.05,122.93, 122.88,25.79; “F NMR
(375 MHz, CDCL,): 8 —62.52; ESI-HRMS: m/z: Calcd.
for Co H,,F,N,: 497.144 7 [M+H]" ; Found: 497.147 0
[M+H]' -

1.2.3.5 4,7-—(3,5- (o )R 3)-2,9- " 3t

-1, 10-FE RS bk (N4) 1) 5 1

BT %S N,

1645 W) N4 2 0 [ 44, Ii0% 82% 5 'H NMR(500
MHz, CDCL): & 8.03(d, J=1.8 Hz, 2H), 7.99(d, J=1.7
Hz,4H),7.63(s,2H),7.52(s,2H), 3.04(s, 6H); “C NMR
(125 MHz, CDCL,): 8 159.80, 145.89, 145.69, 140.18,
132.47(q, J=33.7 Hz), 129.83(d, J=3.9 Hz), 126.47,
124.62,124.32(d, J=3.5 Hz), 122.91, 122.79, 122.44,
122.13,119.96,25.98; °F NMR(375 MHz,CDCL,):6 —62.71;
ESI-HRMS : m/z: Caled. for C,)H,F,N,:633.119 5 [M+
HJ";Found:633.122 3 [M+H]',
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WA BB Xantphos(1 mmol)F17S FUBE R
DU 2548 (1 mmol) i F 20 mL & F kg Hh fiE 3 5
min, FIIA Z AR N1(1 mmol), I8 FHiFE2 h, 15
B A R 1Y B AR AR C S 9 CPL(1&] 2), k4 J B AT
TR CV i
1.3 Stk SR

DLA AR N1 B 72 SR T | F B A
Xantphos(3.5 pmol) 7 SRR 10 £ )i 5 4 (3.5 wmol)
FI10 mLAR AT (Vi Vigat Vi o=4235 1, TUEIK g
(THF) M , = 2 B (TEA) A 444 500) i A Bz 1973
rhe, 8 PR PR IR K U REDRE RO AR R R RS E T



o

2

L
&

=

Eitd $36%

\P O
7\
Ph Ph

CPL:R=F R=H
CP2:R=H RS=F
CP3:R=CF, R=H
CP4: R=H R,=CF,
K2 MG CP1~CP4 45

Scheme 2 Structure of copper complexes CP1~CP4
25 C, fiE#F 15 min, 40 A N1(3.5 pmol), $if 1 5
min, 55 1A AL 7] PACL, F1 Xantphos(4% 5 wmol),
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431K 1 mmol J5 A7 & 1 CP1~CP4 4 SL i &
Y1 (1 mmol)H THF ¥ )5 & 45 5 50 mL &5 f i, 78
E b N o o o e 3L
1.5 CVilli®

Bl 0.1 mol - L™ PU T JE 7S U 1R &4 1Y) THF Ha fift
JEEEW, A 3.5 wmol A4 FE it &4 , % 25 %) 100
mL AR RS H S BRI R (UL d=2
mm P B0 FL AR Ry A FL AR, DASA A H A, DL Ag/

SIS A AT 100 mV s, B BRAL A 2.5 mV,
PEHIPRIE 25 mV, JEHIE] 0.05 s, A FEE] 0.5 s, Fx
LA 1.8 V, FAKHL A -3.0 V.,
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Fig.3 Absorption (left) and emission (right) spectra for CP1~CP4
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Table 1 Electronic absorption and emission spectrum data for CP1~CP4
By Complex Absorption Emission
A/ nm e/ (Lemol-cm™) A citation / IM A/ nm D,
1 CP1 390 9681.2 371 564 0.43
2 CP2 395 94253 410 578 0.27
3 CP3 393 9441.8 410 578 0.32
4 CP4 394 52354 410 570 0.18

*Quantum yield was measured in THF solution of 0.1 mol- L' H,SO, using quinine sulfate as standard.
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Fig.4 CV curves for CP1~CP4
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Fig.5 Results for the photocatalytic water spliting using
CP1~CP4
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Table 2 Effect of SR on hydrogen production from water splitting

Entry nps /| wmol® Aype / pomol SR Vy,/ mL TONP
1 35 5 TEA 124 289
2 35 5 TEOA 5.9 137
3 3.5 5 CH,OH 24 56
5 35 5 EDTA 6.2 144

*Reaction conditions: PS: CP1; WRC: Fey(CO),p; solvent: Vit Vet Vy =4:3:1, 10 mL; 25 °C; perfect light: 300 W
light irradiation (output 1.5 W) without light filter; ® TON=ny, Inps=2 000V, /(22.48n).

F3 EUFIFEI SRS KM
Table 3 Effect of WRC on hydrogen production from water splitting

Entry WRC® Time / h Vy,/ mL TON®
1 Fey(CO),, 18 12.4 289
2 K,PiCl, 6 5.7 133
3 PdCl, 24 23.4 546
4 PdCl,+PPh, 7 8.2 191
5 PACL,+PCy, 9 5.0 117
6 PdCl+Xantphos® 24 38.4 896
7 [Ru(bpy)s], 12 2.5 58

*Reaction conditions: PS: 3.5 wmol; WRC: 5 wmol; solvent: Viye® Vg, Vy (=4:3: 1, 10 mL; 25 °C; perfect light:
300 W Xe-light irradiation (output 1.5 W) without light filter; * TON=n, /n,s=2 000V, /(22.48n,,); * P ligands: 5 pmol.

x4 BEEESEXEMBAKT SRR
Table 4 Effect of P ligand content on hydrogen production from water splitting

Entry T aniphos | BeMOI* Vy,/ mL TONP
1 5 38.4 896
2 10 25.2 588
3 15 25.0 583

*Reaction conditions: PS: 3.5 wmol; WRC: 5 pwmol; solvent: Vit Vigy: Vyy =431, 10 mL; 25 °C;
perfect light: 300 W Xe-light irradiation (output 1.5 W) without light filter; * TON=n,; /n;,;=2 000V, /
(24.48n,5)

x5 EUFNASIBEATSFMN
Table 5 Effect of WRC content on hydrogen production from water splitting

Ty / wmol®

Entry Time / h l/112 / mL TONP

(M pact, Mxamphos= 1 1)

1 20 3 32 75
2 10 10 13.8 322
3 5 24 38.4 896
4 2.5 24 31.8 742
5 1 19 17.0 397

2Reaction conditions: PS: 3.5 pwmol; solvent: Viyp: Viga: VH10:4: 3:1, 10 mL; 25 °C; perfect light: 300 W Xe-

light irradiation (output 1.5 W) without light filter; ? TONZnHZ/nPSIZ 000V, /(24.48n,5)

Xe-
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Fig.6  Fluorescence spectra of CP1 quenched by different concentrations of WRC (a) and TEA (b)
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Fig.7 Proposed reaction mechanism for the hydrogen production from water splitting
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