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Abstract: Aimed in the development of functionalized nitrogen ligands, a series of novel 2,9-dialkoxyl-4,7-
diphenyl-1,10-phenanthroline ligands 5a~5e were designed and synthesized from 4,7-diphenyl-1,10-phenanthroline
under quaternization, oxidation, halogenation and etherification. Then using Xantphos as phosphorus ligands, a
series of heteroleptic copper photosensitizers (CuPS A~H) were obtained by the in-situ method. In homogeneous
photocatalytic water reduction system, their photosensitive activity for hydrogen production was studied. Research
results show that 2,9-diethoxy is the preferred substituent and the turnover number for hydrogen production
(TON) of CuPS D is up to 270. In the analysis of photoelectric physical properties, it is found that this kind of
heteroleptic copper complexes have a pair of similar redox potentials (E*'=-0.8 V, E™=-1.2 V). Compared with
other substituents in Cu-based complexes, CuPS D shows the weakest fluorescence, which indicates the ethoxy
substituent could improve the photochemical conversion ability of CuPS by increasing the fluorescence quenching

efficiency.
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Ty ik
1.23.1 2,9- 54, 7- 22K F-1,10-FE 15 Bk (da) 19 5 1%

FERORAT T 1] = HBR AR A 60 mLL %
AR | P4 T i v 1] 44 (3) 4.0 g(0.01 mol) AT = 58 AL
4.0 g(0.03 mol), Fril& Z B , FfE SN B HEAT | 75 W
Wi B AR AR A 10 hJE  BORE  TLC R J5k
R SEA )R, AR, B RONIRE A A 0.5 kg
PRVK b R BN | A R i b S AR P
H 5091 & A8 ALK B WOE 2 pH [HZ9° 8, A [k
Brids, vk, 75 20048 o B AR, uE O =R
BEAEIL 2 W, A A HUAE 1543 51 K R A K
Vb2 W BRI A5 2048 A O P i e
B (ViamaVemem=3:1), BEH H BEE 45 & 15350
[ 2.8 g(4a), W 70%.,

&Y da. BEAREK, 13 70% ;'H NMR(500
MHz,CDCLy):6 7.84(s,2H),7.62(s,2H),7.58~7.48(m,10H) ,
BC NMR (126 MHz,CDCly): 8 151.59,151.51,145.66,
136.52,129.52,129.13,128.85,125.99,124.82,124.01,
77.29,77.03,76.78 , ESI-MS(m/z) :[M+H]* 401 ,[M+Na]*
423,

1232 2,9-8-4,7- 22K %-1,10-FE M Bk (4b) 1Y 5 1K

BT ES M 2,9- 8 -4,7-Z K K1 10-9E 1%
Wk (4a)

& ab, AR, I3 73% ;"H NMR(500
MHz,CDCLy):6 7.80(s,2H),7.72(s,2H),7.54~7.42(m,10H) ,
BC NMR (126 MHz,CDCL):8 151.00,146.06,142.70,
136.31,129.55,129.15,128.85,128.40,126.17,124.30,
77.28,77.03,76.78 , ESI-MS(m/z):[M+H]* 491 ,[M+Nal*
513,

1233 2,9-"HAKA4 7- 31 10-FE% K (5a)
i 1

ERARY T, [ 100 mL = FUBER AR oOm A
50 mL HBE 2,9- 54, 7- K S 10-3E I WK 4.0 g
(0.01 mol) F1 FH BEEH 1.35 g(0.025 mol), &+ T+ 2 70
C,8 hJ& WL i o, TLC BRER 7 J5URHR I 58
2 B EER, KRBIEEA 200 mL K B i
ot B [ R AR R DR DE A SR b B
AW B0 2 I, A IFA UM, FEATA 50 mL 7K,
FH 10% M Fs R B2 V837 pH B2 7, BCEHUH, &

EROKBE 2 W, TR IR SRR (Vs V 2 mew=10:1), 2
J P FH VAR 45 5 3 16 TR 3.2 g(5a), 0% 82%
&%) 5a. FIERER, I3 82% ;'H NMR (500
MHz,CDCly):6 7.62(s,2H),7.56~7.43 (m, 10H),7.06 (s,
2H),4.35 (s,6H), “C NMR (126 MHz,CDCl,):86 162.25,
151.56,143.93,138.18,129.51,128.49,128.37,123.67,
121.15,113.38,77.29,77.03,76.78 ,53.34, ESI-MS (m/
z):[M+H]" 393,[M+Na]* 415,
1234 2,9- 2% %-4,7-25 31 10-3E 1 WK (5b)
45 B

GWITES I 2,9- K4 7-— 2K %1, 10-
FENE Wk (Sa) .,

&%) sb. BEEAEK, I 83% ;'H NMR(500
MHz,CDCl,):6 7.60 (s,2H),7.51(d,J=4.4 Hz,10H),7.04
(s,2H),4.84(d, J=7.1 Hz,4H),1.59(t,/=7.1 Hz,6H), “C
NMR (126 MHz,CDCly):6 161.91,151.39,144.06,138.28,
129.49,128.45,128.29,123.51,120.99,113.50,77.28,77.03,
76.77,61.76,14.77, ESI-MS(m/z):[M+H]* 421 ,[M+Na]*
443,
1.2.3.5 2,9-THN A4, 7- TR B, 10-FE g ok

(5e) A Ak

GBI S I 2,9- W E K4 7- 2K K1, 10-
JENE Ik (Sa)

L&Y Se. IR R I 86% ;'H NMR(500
MHz,CDCly):6 7.61(s,2H),7.55~7.45 (m, 10H),7.09 (s,
2H),6.34 (dd,J=17.2,10.4 Hz,2H),5.71~5.33(m,4H),
5.31(dt,J=5.8,1.3 Hz,4H), "“C NMR(126 MHz,CDCl):
5 161.45,151.61,143.96,138.20,133.90,129.50,128.50,
128.37,123.74,121.18,118.12,113.52,77.28,77.03,76.78 ,
66.72, ESI-MS(m/z):[M+H]" 445 ,[M+Nal* 467,

123.6 2,9-"NEI-4,7-Z 28361, 10-3E M 1 (5d)
45 B

GBS 2 0- " HEH 4 7- 22K F -1 10-
EIANED)

L&Y 5d. AR, KFE 87%;'H NMR (500
MHz,CDCly):6 7.82(s,2H),7.77~7.66 (m, 10H),7.49 (s,
2H),4.96(t, J=6.8 Hz,4H),2.23(dd,J=14.3,7.1 Hz,4H),
1.37 (t,J=7.4 Hz,6H), “C NMR (126 MHz,CDCl,):6
162.10,151.44,138.31,129.52,128.47,128.31,123.52,
121.00,113.53,77.29,77.03,76.78,,67.67,22.47,10.65 ,
ESI-MS(m/z) :[M+H]* 449 ,[M+Na]* 471,
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) B
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G Se. HAME, I 80% ;'H NMR (500
MHz,CDCLy):8 7.58(s,2H),7.49(dd, J=7.1,6.0 Hz, 10H),
7.03(s,2H),4.78(t,J=6.8 Hz,4H),1.95(dt,J=14.5,6.8 Hz,
4H),1.74~1.50(m,4H),1.05(t,J=7.4 Hz,6H), “C NMR
(126 MHzCDCly):6 162.10,151.37,144.05,138.32,129.52,
128.45,128.29,123.52,120.97,113.53,77.29,77.04,76.78,
65.82,31.27,19.48,14.00, ESI-MS (m/z):[M+H]* 477,
[M+Nal* 499,
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Fig.3  In situ synthetic method of copper complex
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CuPS A . ESI-MS(m/z) :[M+H]* 1072, [M+Na]* 1094,
CuPS B:ESI-MS(m/z):[M+H]" 1 162,[M+Na]" 1 184,

CuPS C : ESI-MS(m/z) :[M+H]" 1 064 ,[M+Nal* 1086,
CuPS D:ESI-MS(m/z) :[M+H]" 1 092,[M+Na]* 1 114,

CuPS E : ESI-MS(m/z) :[M+H]* 1 116, [M+Na]* 1 138,
CuPS FESI-MS(m/z) :[M+H]* 1 120 ,[M+Na]* 1 142,

CuPS G ESI-MS(m/z) :[M+H]" 1 148 ,[M+Na]* 1 170,
CuPS H:ESI-MS(m/z):[M+H]* 1 004,[M+Na]" 1 026,
1.3 Rk EMK

IR B 2,0-Z A Jk 4 7-Z o8 561 10-9E 1%
Wk, R, R ZBEBC AR Xantphos(3.5
wmol) . 2,9-— B 4 KE-4 7-7 2R 5L -1, 10-9E % Bk (3.5
wmol) . 7S B IR U 2 A 4 (3.5 wmol) A1+ % Kk =
BR(5 pmol) A KB, A 10 mL(V e VgV g 0 =4
3 (THF 2 U &K, TEA iy = e ), HITE 3
FE I 7KV FEDRE TN 2R G5 R B RS AE 25 °C i R
V7V 1) B0 £ 2 S R B, 15 min SR ST IR

TR RS ROV, I U TR A IR - AR AR, RN
RER AT SRR 4 R BE R SCHDEIR  1IC %7 A
AR SRR I FH /0 € 35 G O A 2 1) <A
1.4 gk

W4, 7-Z 2R EL1, 10-FE % Ik (5F) 2,9-—TR 4,7-—
REE-1,10-FE MG Wk (db) Fl 2,9- - LA B4 7- TR FE L
10-FF 1 Wbk (Shy) P A< 380 228 5t 457 F5E A7 ) 0] 2 PR 5 400 (2 [
3) 3.5 wmol , JH VU &K MR %5 i I 28 25 ) 50 mlL 25 i
H R IR T AT A A,
1.5 AR Z MK

Bt il 0.1 mol + L VU T 37 580 M 2 4z 114 1Y & 1k i
L VAT, A 3.5 wmol AR LT &4, & 45 5
100 mL 2 & = A (AR X A Al RS
HBR)HEA TN, A R 22 S0 A5 1 . A s A Ry B ik
HL M (d=2 mm), XTHBCH IR, S Ag/
AgNO; AR | 20 FLRE B2 0.1 mol - L7 U T BE75 9
T 2 i P D Sk R VS Y, 13 S 100 mV -7, B R FRL
£ 2.5 mV, IR IE 25 mV, P8 EHE] 0.05 s, 8] B B
1] 0.5 s, 5w AL 1.8 V, B fRHEAI-2.5 V,
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$E-1,10-3EME Mk (5a~5e), LR IE 45% 4547,

FULA R 2,9- ke A K4 7-Z K 31, 10-3F
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O A v ESI-MS SERFAEI DL CuPS D
e, Ak ESI-MS K I 45 2R ESI-MS: [M+H]* 1 092,
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1 AT, AR MR R Y 2,9 1A B 3
BF R 2R A A0S P ORI AT IR A 2 Y
SR AE 8 Pk R A B A AR B AR A
CuPS A~H ", CuPS D Jtfit K il &b th e i, | RH
L% TON Al35 270, M Entry 1 #1 2 XAl LR 3R
CuPS B il &0 0% M = F CuPS A, 8 Br 45 H TRk
HRTF Cl, H4,7- K31, 10-FEME R 2,9 17 Mk

UL B SRRSO 2,9 1 14 3 B GRS
P ARG TR K F R ZEIR T, Entry 3
4 HEL | 258 FE A0 F 6 SR 0 1 &0 1 R W A
FFEOCHAI M H A Ny | LR R XK
PEGF | L faf o3 A B B A S A e T LA SR S
TRENRTHAI, BEE 2,9 0B EL S (8] 45 4 1) 14
K, EHOEHEA P T B (Entey 4 F106 XF L), 2,9 i 5E 4]
) FEL 2507 25 (1) 25007 5% W o) 0T 1 T 2 4, 7- 0K
-1, 10-FEME BRI 2,9 3% A BAEE 1 be A LB, &8
[ A7 BEL A9 A7 26 055 T 600 1 9 A2 B o0 i A5 A
] P W 1 e M AR 55 ) ST M R 7 AT

KATHA M 2,9-Z ke H K4, 7-Z 2K 31, 10-
A W IR T A 1 Xantphos 38 32 J5037 FiC A7 5 7S 580 B2 DY
I A A A S R R ' R A o A R N A R R A
ZHIA AR 2,9- ki -4 7- T 2K 1 10-FF M Mk A=
S R ] R S A0 U LAY R IR 2,9 67 b A L )
Bl SRR I A 2,9 17 R e L 10 4 | 1T RE Y J5 PR 2
Pt EEE P EE T 0] LS5 o0 4R T I B AT £ L
] S SA v Y DU T A T G 0 1 5 R 1 B R S B
HREMEAS S EEIR | LB R 5 i B | BT L)t 8 3
i W% Wbk A ' BIGR Y T SRR B 25
22.1 B K OB RS

ek 8 i o I A7 e A AR B Y A L A ) CuPS
A~H 11, CuPS D G A il &0 M et | ik — 25 D)
CuPS D A GEGH] | A58 FLER P KOG R il 3%,
23 5 AR PO 380,400,450 nm B Y 77 S
SRR M R S50 25T, CuPS D 7E 3 F AT
W R r=Etm R 3.8.2 F1 5.1 mL(ANE 4), Ho ek
£°M 400 450 nm B 09 7= &8 B 58 380 nm I £,
Uk WG A 7K A 5 B N T A AT LS L3R B

x1 HSHE
Table 1 Data of hydrogen production

Entry* R Complex Time / h Vi, / mL TON”
1 Cl CuPS A [§ 5.6 142
2 Br CuPS B 6 72 183
3 MeO- CuPS C 8 6.4 163
4 EtO- CuPS D 8 10.3 270
5 CH,=CHCH,0- CuPS E 4 7.8 198
6 n-PrO- CuPS F 19 9.0 229
7 n-BuO- CuPS G 24 8.4 214
8 H CuPS H 8 — —

*Reaction condition: Ligands (3.5 pmol), [Cu(MeCN)y|PFs (3.5 wmol), Fex(CO)p, (5 pmol), (Vo ViealVy,0=4:3:1, 10 mL), 25 C,
Perfect Light 300 W Xe-light irradiation (output 1.5 W), without light filter; "TON,=ny/n¢.= 2 000V, /(24.48n,).
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Fig.5 UV absorption and PL intensity of complexes
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0.8 V,E"'=—1.2 V), SWEMNMEARLERNF A
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AhAE R A LA, EEEE T cu(D R
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Fig.6 Cyclic voltammetry of complexes
3 & it
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10-FERE I (Sd)  2,9-— T A4, 7- -1 10-FE 5 ik
(Se), SR J5 A B BC AR Xantphos 7S FUBE R 1 2 1% & 4
i 3 JFA AT U A CuPS A~G, Al OB
T PE, CuPS D A 7K il S0 P B | 5 K5 155 fh 4
TON 4 270, FRATX 4 EL B & W 647 T OG M 3 3k
fiE, A SRS Wbk 2,9 o7 B P 1) H, 280107 25 [) 201 Xof
7K i ] é?ﬁ@kﬂﬁﬁfur] XA S i G BT P A
[ ENIDR e s /oy RS

Acknowledgments: This work would like to thank Key
Laboratory of Photochemical Conversion and Optoelectronic

Materials for financial support.



276 M

e

EE 55 34 %

n2
¥

SE k.

[1] Fang B, Bonakdarpour A, Reilly K, et al. ACS Appl. Mater.
Interfaces, 2014,6(17):15488-15498

[2] Teoh W Y, Scott J A, Amal R. J. Phys. Chem. Leit., 20123
(5):629-639

[3] Kamat P V. J. Phys. Chem. Lett., 2012,3(5):663-672

[4] Fukuzumi S, Yamada Y, Suenobu T, et al. Energy Environ.
Sci., 2011,4(8):2754-2766

[5] Xing Y, Fang B, Bonakdarpour A, et al. Int. J. Hydrogen
Energy, 2014,39(15):7859-7867

[6] Yuan Y J, Yu Z T, Chen D Q, et al. Chem. Soc. Rev., 2017,
46(3):603-631

[7] Hiraishi T, Kamachi T, Okura 1. J. Mol. Catal. A: Chem.,
2000,151(1):7-15

[8] Kitamoto K, Ogawa M, Ajayakumar G, et al. Inorg. Chem.
Front., 2016,3(5):671-680

[9] Kitamoto K, Sakai K. Chem. Eur. J., 2016,22 (35):12381-
12390

[10]Probst B, Guttentag M, Rodenberg A, et al. Inorg. Chem.,
2011,50(8):3404-3412

[11]Yamauchi K, Masaoka S, Sakai K. Dalton Trans., 2011,40
(46):12447-12449

[12]Kitamoto K, Sakai K. Angew. Chem. Int. Ed., 2014,53(18):
4618-4622

[13]Yamamoto K, Kitamoto K, Yamauchi K, et al. Chem.
Commun., 2015,51(77):14516-14519

[14]Kagalwala H N, Gottlieb E, Li G, et al. Inorg. Chem., 2013,
52(15):9094-9101

[15]Guo W, Lv H, Bacsa J, et al. Inorg. Chem., 2016,47 (14):
461-466

[16]Yuan Y J, Yu Z T, Liu X J, et al. Sci. Rep., 2014,4(2):4045
(9 pages)

[17]Mejia E, Luo S P, Karnahl M, et al. Chem. Eur. J., 2013,19
(47):15972-15978

[18]Karnahl M, Mejia E, Rockstroh N, et al. ChemCatChem,
2014,6(1):82-86

[19]Fischer S, Hollmann D, Tschierlei S, et al. ACS Caial.,
2014,4(6):1845-1849

[20]Khnayzer R S, McCusker C E, Olaiya B S, et al. J. Am.
Chem. Soc., 2013,135(38):14068-14070

[21]Kim J, Whang D R, Park S Y. Chemsuschem, 2017,10(9):1-
5

[22]ZHANG Hong-Mei(iK £L#), CAO Hu-Jun(® #14%), ZHANG
Zhi-Yong (3 3& 5), et al. Chin. J. Org. Chem. (7 #LAt %),
2012,32(3):621-623

[23]Guo H C, Zheng R H, Jiang H J. Org. Prep. Proced. Int.,
2012,44(4):392-396

[24]Frey J, Kraus T, Heitz V, et al. Chem. Eur. J., 2007,13(27):
7584-7594

[25]Luo S P, Mejia E, Friedrich A, et al. Angew. Chem. Ini.
Ed., 2013,52(1):419-423

[26]Lennox A, Fischer S, Beller M, et al. Chem. Eur. J., 2016,
22(4):1233-1238

[27]Dooley D M, Scott R A, Knowles P F, et al. J. Am. Chem.
Soc., 1998,120(11):2599-2605

[28]Chen N Y, Xia L M, Sun Y Y, et al. Chem. Eur. J., 2017,23
(15):3631-3636

[29]Knorn M, Rawner T, Czerwieniec R, et al. ACS Catal., 2015,
5(9):5186-5193

[30]Zhu B Y, Han L, Li Y J, et al. Tetrahedron, 2017,73(12):
1602-1610

[31]XIA Liang-Min (& R ), CHEN Hao (M 7%), WU Qing-An
(RIKZ), et al. Chinese J. Inorg. Chem.(% #LAt 5 5 3R),
2017,33(4):560-568



