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Photocatalytic Activation of C(sp®)—H Bonds to Form C—S Bonds
Catalyzed by (Oxybis(4,1-phenylene))bis(phenylmethanone)

Wang, Lingna® Liu, Xiaoqing” Lin, Gang* Jin, Hongying®
Jiao, Minjun* Liu, Xuefen® Luo, Shuping™*
(“ State Key Laboratory Breeding Base of Green Chemistry-Synthesis Technology,
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(* Institute of Technology, Hangzhou Normal University, Hangzhou 310014)

Abstract The photocatalytic C(sp*)—H bond activated thioetherification of toluene and its derivatives was carried out with
diaryl disulfide as sulfur source, and a series of thioether compounds with 45%~93% yields. Among them, the catalysis of
new hydrogen atom transfer (HAT) photosensitizer of (oxybis(4,1-phenylene))bis(phenylmethanone) showed excellent light
conversion efficiency, up t0 9.3 X 10! mmolskW !sh !, Compared with benzophenone (1.7 X 10 ' mmolkW 'sh" 1), the light
conversion efficiency was 5 times higher. In addition, through the study of the reaction mechanism, the possible mechanism of
the benzophenone analogs in the three-line excited state grab hydrogen atoms of toluene methyl to obtain benzyl radicals, then
diphenyl sulfide is homolytically cleaved by LEDs irradiation to obtain sulfur radicals, and the bond formation reaction is car-
ried out to obtain sulfide compounds. At the same time, another part of the sulfur radicals under alkali auxiliary through single
electron oxidation of benzyl alcohol free radicals returns to the state of benzophenone, completing the photocatalytic cycle.
Keywords photocatalysis; organic photosensitizer; C(sp*)—H bond activation; thioetherification
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FHEAEGBEAL U 7R 2 TARRIRRE. &5t
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BT, BOR RERRESIE &R, B
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EFR, AAYERMIRAL, HAT X8 MEJE ik
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Figure 1 Sulfur-containing new drugs
1 HR5TE

LA 5 mol% 2K FER(PCOYE AL, H 2K
2K T RRERE AR TR, 20 W 365 nm KRt T ARE
(LED)ATHE 5 M. 10 h, 2 LL 17% IR A5 H brre
YR IR IERRBE(R 1, Entry 6). S4%EK: Sz B I 8] AT 0
PCO WPt iy, Hbsr= e f i LR
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1 HERBRDE C—S B PFIRAL
Table 1 Optimization of reaction conditions for constructing
C—S bond with toluene substrates

©/\ /© PC, Base IS
©/ Ar, rt., 365 nm O_

‘*‘

PC1~PC4 PC1:R=H, PC2:R=F
PC3: R=Br, PC4. R = Me

Entry Ph(();(i(c);t/j)lyﬁ Wavzl;:lngth/ Base Yield®/%

14 PC1 (5) 365 — n.r.

2¢ PC1 (5) — NaCOs n.r.

34 — (0) 365 Na2COs n.r.

4¢ PC1 (5) Natural light NaxCOs3 t.I.

5 PC1 (5) 365 Na2COs t.r.
68 PCO (5) 365 KoHPO4 17

7 PC1 (5) 365 KoHPO4 71

8 PC2 (5) 365 KoHPO4 54

9 PC3 (5) 365 KoHPO4 66

10 PC4 (5) 365 KoHPO4 49

11 PC1 (2) 365  KoHPO4 43

12 PC1 (10) 365 KoHPO4 59

13 PC1 (20) 365 KoHPO4 70

14 PC1 (30) 365 KoHPO4 68

15 PC1 (5) 365 Na2COs 83

16 PC1 (5) 365 Et:N t.r.

17 PC1 (5) 365 2,6-Lutidine 12

18 PC1 (5) 395 Na2COs 70

19 PC1 (5) 450 Na2COs t.r.
20/F PC1 (5) 365 NaxCOs t.1./75%

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

@ No base. ? Products yield determined by HPLC using diethyl phthalate as the
internal standard, n.r. means no reaction, t.r. means trace reaction. ¢ The reac-
tion was carried out in the dark. ¥ No PC. ¢ The reaction was irradiated by
natural light. / Air condition. & A mixture of 1a (0.2 mmol, 1.0 equiv.), base
(0.4 mmol, 2.0 equiv.), PC (5 mol%), toluene (5 mL) was stirred at room
temperature irradiated by 365 nm LEDs under an Ar atmosphere for 10 h. *
PCO0 (5 mol%) irradiated for 24 h. / PCO (20 mol%) irradiated for 24 h./Base
(0.6 mmol, 3.0 equiv.). *Base (0.3 mmol, 1 equiv.).

1, Entry 6). #EEW 7T T #i% HAT Ye85(PC1~PC4)%t
RIS (ER 1, Entries 7~10), KIE A BAREEHE T
B HAT J6BGR PC1 R348 1IN, A%
TR T RO EGR PC2~PC4 AR ARXS T
PC1#H AR ISS. 55, AL T ARFEYIF A EQR.
10, 20 F1 30 mol%) [t B Ab IR S B B 82 (3R 1,

Entries 11~14), 4L EFFKE] 2 mol%h), XML
HRBEUE; 2% 30 mol%, WA TR

5 PCo %Wir‘ FALE, B HAT JeloRIN i &N A 5

WA SUR, BT HEM 20 mol%FIkE 5
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mol%, RIS 24 h FEAIKE 10 h, KRR T M
R TROR. BhAb, 60 LA S B F & AT T i
(3% 1, Entries 15~17, 20). k. Y68 YeEALFIFIE R
BRI #T 0 I B ke 45 22 G B AR, Sk AR — AR (3R 1,
Entries 1~5).

1E Bk R, FERBEAE IR AR AR, 1512
JRAA B TE A ¥ 5 TAEAE Js BRYE, BT LA S AR &R
TSI BRI DR B2 R AR B I IR & A . Ji i
DA LU A A [RIVR B 4 R VA TR AZ S B IR, R
PUFRZR N s Retk =0T DORTS B A5 =4, HEEE 2R 1)
TR, BRI 2 R, 1508 2R Rk

IR B ISR SRR IR, B T
BAERIR PG ETK AN E AT, BLS mol%
] PC1 N YEHEALT, 2 equiv.Jo/K NayCOs AHE, BRI
ORI REE R S, XAE R, 20 W 365 nm
LED 4Tt 10 h.

e R ML AR S, IR T T IR BRI A
TR ZRATAE R E VG R(R 2). 156, FERfERN
A TR T B PP OR BRI S RV . &5 AR,
—RANGHE BB EYE R R R R, FER
45%~ 88 %W ZHR Mt T A B 1) — 07 BB M (3R 2,

2a~-2j). TR B R, 120 &R TR X 25
B ARG BE R A2, S AN TR P 45 ok e 32 [ T L
H RGPS, [Rm B S, S, & R
FHWYIEE 2, 2b~2d) IR IREAR. 4T3
W, E b FRAR R RIRY R ) 0 R R RS T DUR AR
JNE, FCART WIS 50 Sl 45 B AF B 1) — 05 S5 R Rk A
YI(ER 2, 2e~2g, 2i). LLECE AN AR B A e ik A RE —
TR SR 2, 2e, 20) T LA H, A AL ke R
ARIEFINCRTE =, 3X 28 B AT A BOFR S, Ta) 7 e
I 2 [ ALBHEE K. BhAh, SHRRA) AR ER (R 2,
2h) A 45% K. TEERMZ, L8T%MINR &K T
— Rl 97 E AR BB A e SRR R 2, 2j).
PRI A, oA — Lo R R (1 0 B 20 3 i Rk A 15
FIMRLH BARP(E 2, 2k~21). %, B T BEAT
EVIRDIRE VR, SRR, —RIFRGTAEN S
TR R A IR I B, FEEL 54%~93% (11U
AR T AL 0 TR B (R 2, 2m~2s). AL ]
FIXE = FZR DL 54% ~81% 1WA 28 43 7 A= i 1 AH 2T H b
PR 2, 2m~2p), —HAHEEL, A0 2m R EAK,
A 54%, WL 20 YR m, B E] 81%, HENHJEF7E
s £ SN T s £ 7 1 s s 7 N s TR VA ERZ S0 A
UEAh, X & 2K R AL I R BT 1, P2 PR 2, 2q~

K2 WREATEY AR E o

Table 2 Expansion of toluene derivative and thiolation substrate

Zh 2 = 2
L H R PC1, Na,CO; - R
R'—— + N S< N SN S N
= R2 S Ar, rt., 365 nm Ri-N
= pZ
1 2
Q jod jog L Qr
oY oy o o o
2a, 83% 2b, 84% 2c, 77% 2d, 56% 2e, 78%
o o a J
|
N
Sl Sy oD o S
2f, 88% 29, 53% 2h, 45% 2i, 66% 2j, 87%

o\
0 ~ Q J
©/\S/_@ ©/—S S \@/\S /@/\S
2Kk, n.r. 21, nr. 2m, 54% 2n, 70% 20, 81%
o Q oy Lr
O o O O
cl cl
2p, 63% 2q, 93% Cl 2r, 80% 2s, 68%

4 A mixture of 1 (0.2 mmol, 1.0 equiv.), Na,COj3 (0.4 mmol, 2.0 equiv.), PC1 (5 mol%) in toluene (5 mL) was stirred at room temperature irradiated by 365 nm LEDs
under an Ar atmosphere for 10 h. The yield is determined by purification and separation by column chromatography; n.r. means no reaction.
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28) IR BN 93%, FHELERTT &, 7650 & 281 %
e, A B I A K R B A B R (4 T
B TR B R R R A T R R PR . B,
B IEAT AN S 95 B S A YR N BE
BT, RN RREA @

NT BB IRAEZ R SN P ), T AR
T, E RN Z AR RN E TR, 7E 100 mL [
E R 26 SN 88 HOIIN 2K AR E#(20 mmol, 1 equiv.),
PC1 (1 mmol, 5 mol%), Na,CO; (40 mmol, 2 equiv.), Fi
P =AM HF (100 mL), ESMA 40 min,
20 W 7 365 nm LED 42/ 24 h J5, #HT/5 403, Wi
JEREJENT B, 1R THR Y 5.76 g, WLEA 72%,
RAGE B AR, RSB E RN, X4
HOARRE T AT A RN B BRAE S SR, RSB R TIRE
(=), XA RN R ) B e S AR R K

©/\H . s—sg PC, Na,COs, TEMPO _SE

1a 2a,n.r.

Ar, rt., 365 nm

B2 R A s
Figure 2 Experiment of free benzyl radical capture
FERTR B A e LR (8 3) AT LAE H, BT
FAERIZEAT T, 1a £ B TG LR D, ] D 2406

FEALIEIA T ™ AR ).
toluene, Ar, r.t. SH

<
s /@ 365 nm, 10 h ©/
B D, nr.

1a
B3 R AR
Figure 3 Experiment of thiophenyl free radical capture
BEJE, AT 1 POV K S (Kl 4), 1M P06
ERPICRITIREE. 43 HIECH] 1X10* mol/L 1) PC1 &
VRO B 2R AR Y R, Al s R T
SRIG A 1X 104 mol/L 1) PC1 LG 43 AN 2.4+
8+ 16 mmol HJFFZE, FFCRAE MR EiE. dE 4 W]
LAE i, FEAR L HEE PR R, GO b
PERIZE S, PR HERTOGBGR] PCT A] DA Y 4 7
AR H H A
I H ARSI AT A, OV AR AR R E B
RN I HE T R, AR DA_b S0 0445 A0 5 1 SR
18, 412016 4F Fu VREAHUSH DAL 7 & AU S5
A R 05 FE R BE LA, 2020 4F, Xiao FIl Wang 1)
FHIFF TAEE TR T OafEA N-F2 340 28 — P I 0 e Joe 2
Mg 5 =07 B Zmid SV IR R ARG T AL S
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Figure 4 Fluorescence emission spectrum of photocatalyst PC1
with the toluene

&, T AR R MALER(E 5). 7E 365 nm 1)
LED T HH T, PC1 JGBOR O Y B = B MR &
PC1*, [ifiJ5 & o0 H L, XE B S ECE A B 1)
AT, HFELAREFEBERTEAHRE A M
PC1-H. LED /] FJ5ERGE T DUE 1a TERRGE H A B,
TEBRA A BN N AR T A 7 A PC1-H #5218 [ 2 3
PC1, [, HH%E B i 5 PR e OB AL IE R,
BERRAE T C, BT C SRMAARFHERT
H &5 & AR D. G E B A 58 E
B 53] T %) 2a.

2 i

FOCHEL R BAR R BT C(sp®)—H W77 1, LA
T R M BRI L (4- R D) g AL,
PMIREE S RS =55 2k —RRmEABRIE, Jo 7 s HEAL7,
ST IR REATAEMIN C(sp)—H #EILIREL, &
KT — RV RN ERTRBL S, NE C—S Bt
TR R . IABOARLT . SRR G T .

3 SCIEE4e
31 UBE5EHF

AR R IR A0S . % SR A Bruker-
500(A 3% 500 MHz. B%iE 126 MHZz)RZRESLIROCI . =
RO AR (B 3% (HPLO) A2 72 T KoM = 846, 5N 1290
Infinity II, AT A A BRNARA HR — 8. BR4SIR U
Ak, 56 B AL 257 8 O R Ml iR A2 SR .
3.2 ZWHE

BC A R 7316 F 1 g sk 3 v 4 Ao ON 05 2 R
fi£(0.2 mmol, 1 equiv.)s YfEALFTI(S mol%). #5(0.4 mmol,
2 equiv.) DL A BRI R RIS mL). HE R4S,
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Figure 5 Possible mechanism of C—S bond reaction with toluene substrates

FASUHERE XA R BT =R B <, S i
R, AN RSB WAMR RS R R E. A
Ji 20 W [ 365 nm LED ] 78 =i N R SHE &Y
10 h. MBS s, fd FEAE K/ 2 B 2B =X,
TR BRBRENT-H, W4, EENT B CRFR UL, vk
AN IE T kE), 7331 AR 2.

3.3 LEYELEE

HRIE 1 BT A LA Y RAEEE 5 2 2% SCik[12~23]—
.

WA R TR (2a): OB, 7% 83%, mup.
40 °C (lit.'"? 40 C); 'H NMR (500 MHz, DMSO-de) J:
7.38~7.25 (m, 8H), 7.23 (d, J=7.3 Hz, 1H), 7.17 (s, 1H),
4.23 (s, 2H); 3C NMR (126 MHz, DMSO-ds) &: 137.46,
136.11, 128.89, 128.74, 128.31, 128.27, 126.99, 125.81,
36.63.

I 4- TR B EE2b): O E AR, PR 84%,
m.p. 35 C (lit!¥ 32~35 C); '"H NMR (500 MHz,
DMSO-ds) 6: 7.38~7.34 (m, 3H), 7.29 (d, J=2.0 Hz, 3H),
7.14 (ddd, J=11.1, 6.1, 2.7 Hz, 3H), 4.19 (s, 2H); 3C
NMR (126 MHz, DMSO-ds) d: 137.40, 131.64, 131.57,
128.72, 128.26, 126.97, 115.94, 115.77, 37.90.

WEHR(4- SR BB (20): W AE AR, R 77%,
mp. 52 C (lit!'"¥ 52~53 C); '"H NMR (500 MHz,
DMSO-ds) 6: 7.36~7.32 (m, 6H), 7.31~7.26 (m, 2H),
7.25~7.20 (m, 1H), 4.24 (s, 2H); '*C NMR (126 MHz,
DMSO-ds) 6: 137.13, 135.16, 130.48, 130.01, 128.78,
128.74, 128.35, 127.08, 36.67.

R @G-IRFE IR (2d): ABEE, =R 56%,
mp. 63 C (lit!'Y 63~65 C); '"H NMR (500 MHz,

2852 http://sioc-journal.cn/
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DMSO-ds) 6: 7.49~7.43 (m, 2H), 7.38~7.32 (m, 2H),
7.28 (tt, J=9.3, 2.3 Hz, 4H), 7.23 (ddd, J=7.3, 3.8, 1.2
Hz, 1H), 4.24 (s, 2H); '*C NMR (126 MHz, DMSO-dj) &
137.09, 135.76, 131.65, 130.18, 128.74, 128.36, 127.09,
118.70, 36.50.

NI (4- R I IR (2e): K, PR 78%,
m.p. 122 C (lit.'® 122~123 ‘C); 'H NMR (500 MHz,
DMSO-ds) 6: 7.35~7.25 (m, 4H), 7.22 (dd, J=10.6, 4.8
Hz, 3H), 7.10 (d, J=7.9 Hz, 2H), 4.18 (s, 2H), 2.24~2.17
(m, 3H); 3C NMR (126 MHz, DMSO-ds) &: 137.71,
135.48, 132.23, 129.53, 129.08, 128.71, 128.26, 126.90,
37.31,20.47.

R (4- TR I IR 2): BB, PR 88%,
m.p. 122 C (1it177122 “C); '"H NMR (500 MHz, DMSO-
ds) 0: 8.15~8.08 (m, 2H), 7.59~7.50 (m, 2H), 7.45 (d,
J=7.4 Hz, 2H), 7.34 (dd, J=10.3, 4.7 Hz, 2H), 7.27 (,
J=173 Hz, 1H), 443 (s, 1H); *C NMR (126 MHz,
DMSO-ds) d: 147.18, 144.53, 136.15, 128.82, 128.52,
127.36, 126.48, 123.78, 35.13.

NI (4- FE IR R ) B Tk (2g): LT AR, PR R
53%, m.p. 47 C (lit.'¥ 47~49 C); 'H NMR (500 MHz,
DMSO-ds) 6: 7.30~7.23 (m, 6H), 7.21 (ddd, J=8.5, 5.0,
2.0 Hz, 1H), 6.89~6.83 (m, 2H), 4.09 (s, 2H), 3.72 (s,
3H); 3C NMR (126 MHz, DMSO-ds) : 158.44, 137.97,
132.38, 128.72, 128.22, 126.85, 125.71, 114.57, 55.12,
38.95.

TR R B A (2h): B [E AR, PR R 45%, mop.
49.5 C (1it." 49~50 °C); '"H NMR (500 MHz, DMSO-
ds) 0: 7.37~7.30 (m, 4H), 7.28 (t, J=4.0 Hz, 4H), 7.24
(ddd, J=6.2,2.9, 1.4 Hz, 2H), 3.65 (s, 4H); *C NMR (126

Chin. J. Org. Chem. 2023, 43, 2848~2854
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MHz, DMSO-ds) 8: 138.25, 128.78, 128.35, 126.78, 35.15.

L () R 2R I BB (21): B OB, TR R 66%.
'H NMR (500 MHz, DMSO-ds) &: 7.35 (dd, J=11.2, 3.8
Hz, 2H), 7.32~7.26 (m, 2H), 7.25~7.20 (m, 1H), 7.19~
7.11 (m, 3H), 6.98 (dd, J=6.5, 1.4 Hz, 1H), 4.21 (s, 2H),
2.25 (s, 3H); *C NMR (126 MHz, DMSO-dq) J: 138.16,
137.48, 13591, 128.77, 128.72, 128.67, 128.26, 126.93,
126.54, 125.28, 36.71, 20.78.

4-(F B EE )L E (2§): KR AR, 2 E 87%, mup.
161 C (lit.2 161~163 C); ¥4 Bk PE) &
HE(EA) (V: V=3 :1); '"H NMR (600 MHz, Chloro-
form-d) 6: 8.42 (s, 2H), 7.45~7.28 (m, 5H), 7.21~7.13
(m, 2H), 4.24 (s, 2H); '3*C NMR (126 MHz, Chloroform-d)
J: 149.28, 149.09, 135.49, 128.84, 128.72, 127.75, 120.94,
35.68.

(2-FF L) IR BE2m): TR, 77 54%,
m.p. 70 C (lit['® 69~71 C); 'H NMR (500 MHz,
DMSO-ds) 6: 7.37~7.29 (m, 4H), 7.25~7.14 (m, 4H),
7.09 (td, J=7.3, 1.7 Hz, 4H), 421 (s, 2H), 2.36 (s, 3H);
3C NMR (126 MHz, DMSO-ds) J: 136.48, 136.28,
134.90, 130.21, 129.58, 128.91, 128.74, 127.34, 125.99,
125.81, 35.46, 18.67.

(3-FIEC I R MBE2n): B O, P2R 70%,
m.p. 70 C (lit['™® 69~71 C); 'H NMR (500 MHz,
DMSO-ds) 0: 7.31 (ddd, J=21.5, 10.9, 4.8 Hz, 4H),
7.19~7.12 (m, 4H), 7.04 (d, J=7.3 Hz, 1H), 4.19 (s, 2H),
2.26 (s, 3H); *C NMR (126 MHz, DMSO-dq) d: 137.43,
137.27, 136.26, 129.36, 128.89, 128.21, 127.67, 126.39,
125.82, 125.77, 36.65, 20.88.

(4-F LI R BE R Ik (20): 5 CAlE A, P2 81%,
m.p. 70 C (lit['® 69~71 C); 'H NMR (500 MHz,
DMSO-ds) 6: 7.34~7.26 (m, 4H), 7.23 (d, J=8.0 Hz, 2H),
7.19~7.14 (m, 1H), 7.09 (d, J=7.8 Hz, 2H), 4.19 (s, 2H),
2.26 (s, 3H); *C NMR (126 MHz, DMSO-dq) J: 136.25,
136.11, 134.30, 128.88, 128.86, 128.63, 128.19, 125.72,
36.36, 20.60.

(4- PR IR O FH R BE B Tk (2p): B A, 7=
63%, m.p. 69 C (lit.'" 67~68 C); '"H NMR (500 MHz,
DMSO-ds) 8: 7.20 (t, J=8.5 Hz, 4H), 7.09 (t, J=7.5 Hz,
4H), 4.12 (s, 2H), 2.25 (d, J=2.4 Hz, 6H); *C NMR (126
MHz, DMSO-ds) d: 136.02, 13538, 134.56, 132.39,
129.51, 128.99, 128.83, 128.61, 37.03, 20.61, 20.47.

(4-ECF ) IR B 2q): AR, R 93%,
m.p. 77 C (lit®" 77~78 C); 'H NMR (500 MHz,
DMSO-dg) 6: 7.38~7.33 (m, 4H), 7.33~7.26 (m, 5H),

Chin. J. Org. Chem. 2023, 43, 2848~2854
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7.18 (ddd, J=6.7, 2.8, 1.4 Hz, 1H), 4.23 (s, 2H); '*C NMR
(126 MHz, DMSO-ds) 0: 136.75, 135.54, 131.53, 130.53,
128.92, 128.57, 128.24, 126.02, 35.86.

@-F R @-F KB B BE (2r): 8O, 2%
80%, m.p. 56 C (lit.22 62~64 ‘C); 'H NMR (500 MHz,
DMSO-ds) 6: 7.36~7.33 (m, 4H), 7.32~7.25 (m, 3H),
7.23~7.12 (m, 1H), 4.23 (s, 2H); '*C NMR (126 MHz,
DMSO-ds) o: 131.06, 130.84, 129.45, 129.35, 129.08,
128.83, 128.77, 126.54, 36.36.

(4- SR FE)CoF FI 2R IR ) I K (25): 3 (R [ A, 7 e
68%, m.p. 68 C (lit.23) 66~68 ‘C); 'H NMR (500 MHz,
DMSO-ds) 6: 7.34~7.28 (m, 4H), 7.23~7.18 (m, 2H),
7.10 (d, J=8.0 Hz, 2H), 4.17 (s, 2H), 2.24 (s, 3H); 13C
NMR (126 MHz, DMSO-ds) 6: 137.51, 136.25, 132.19,
131.97, 131.03, 130.09, 129.90, 128.72, 37.04, 20.99.

1,4- 0K T Bi-1,4-R2t): G, 775 27%,
m.p. 145 C (lit.?* 46~47 C). ¥eii7fl]l PE/EA (V : V=
15:1). '"H NMR (500 MHz, Chloroform-d) J: 8.06 (dt,
J=172, 1.3 Hz, 4H), 7.63~7.57 (m, 2H), 7.53~7.47 (m,
5H), 3.49 (s, 4H); '*C NMR (126 MHz, Chloroform-d) ¢:
198.70, 136.79, 133.16, 128.61, 128.13, 126.68, 124.38,
32.59.

#H B#1 KL (Supporting Information) L&) 2a~2t [
MRS . TRk, X Leph Rl ] BL G 2 AR T1) R 3l
(http://sioc- journal.cn/)_F N %K.
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