4

% 4”) {h % DOI: 10.6023/cjoc201609022 SZR5iR

Chinese Journal of Organic Chemistry

REVIEW

ARt REESSESNHREE RN

B

HETRS IE

(CERMR AR SR TR B

B

B 3250035)

CHNTREEE R HM 31000058)

WE IR AT e 2 A A G RO, BA RS AR, IR S k. 2838 1T O (et )
A SRR R AR S SR, BfRReke . e, puke. BE. B — e oAb w s L S A & SRR

Kegw D BAREE RN, AR

Visible-Light-Promoted Aerobic Homogenous Oxygenation Reactions

Cheng, Xiaokai*”

Hu, Xingen™*

Lu, Zhan*?

(“ College of Chemistry and Materials Engineering, Wenzhou University, Wenzhou 3250035)
(® Department of Chemistry, Zhejiang University, Hangzhou 31000058)

Abstract Visible-light-promoted oxygenation reactions using dioxygen as a terminal oxidant have the advantage of mild

reaction conditions and environmental-friendly. Visible-light-promoted aerobic oxygenation reactions of alkanes, alkenes, al-

kynes, alcohols, aldehydes and other hetero-atom containing functional groups are reviewed.

Keywords visible light; homogeneous; oxygenation; dioxygen

BREREREA N RN A, A
AL & P A e B B R L B T2 i 2 A A .
FIF A SR, B 5-e B S S REAE AT LA &)
FEIAN—AEE AR T RITE ey M TR
SRF=IIRNLG ) 53 T (K R,

A SN E AR A HLE SN, BT B
JE 5 G AR BR AR AR AR /N A B R S5 4 1
MAF & H 3 K AR EER, BN 3 R AT 7T 7
A, — FR S e AR R T 5 R R . R
W EMFEAI ALY,

PR — R RS IS RN, AT afEt
FLRIONE O RGBT A5 B S A L T s P B AT G By
P BL 5 Mt AL ) A BB B PR kA 2 R, 7E
2008 45 B AF I PodUk e,

A A4 2 S N, 38 R = R S AT
HIERE ALP SO N N IR SR 1) 3K (U NN S O
LS HPDERGIPCB AT WO, BRI 2 RE R H = KUK
APC*), THHASFOEHATI(PCH) K RE BB E AL T

* Corresponding authors. E-mail: hxgwzu@126.com; luzhan@zju.edu.cn

FBHRY(S) 7 A WUR S IRV (S*) K I PR e &
i 18, 1AV G RE Y, WIS AT o6 A Bk
DAL PC*) b AL = i A& B AL R (PCT), TR
VI E N A BB EAFI(PC ) e FL A A3 3 E B 2R FH
B (S OB T IR SR RN, T HEAS IR A5
(PO E A, BATREALOEHA. T 7R85 KOS AR o,
WRAC AT I 7= AR I BOR ZS JGEAL TR (PCH)BE JF N AR
SHPCHEATIPCT), JRIBARM S FCAELF (PC)
BT IE RS ) B BT E 7 (S OEE BT Ja SErf 2
N, TR G HEALTI(PC) 45 2 B A, BEAT HEAL TG 3
(Scheme 1).

AT DGO ) A BB 32 S I A kAT (a)
JCHEACOE I b= A ) e 2 B b R T DL R e R
H A E RN GINRR T, X RN LA &4
o7 o0 B HEEIN SO (0)FE R WGl T A
RSN G LSRR R RS, AR L
AR BT E R A S B EAT (Scheme 2).
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a) Energy transferring photocatalysis

Visible
Light

b) Redox photocatalysis

\i \/’SI§/

c* Light

" ’\x\ j‘ .
oxidative * reductive
A PC D

215:v WP O Hi2 S A I SN

Scheme 1 General models for visible-light-promoted reactions

(a) radical addition (b) energy transation

0, _R_ ROO™ PC* PC

PC >>><<i
] 302 1

PC 0, —R> ROO-

0,

B2 HAZHEG RN
Scheme 2 General models for oxygenation

AR RE, A RIS A OB, SN Sk
PREA, RSEFEbtaE, IR, AXdEGEN
AT SCHRON AT WO R#E ) A A2 5 S IR ST A
HEAT T 404
1 ARARHENTERES K
1.1 HRENEERN

AR ke e — SRR EAAAE AR b,
XFMIRGERE B RE I BT B2 . Il I B
A [ SEAE P 45 @ A A TRV AR I B I, 7
B e A AT LG IR e e ) S SO NEAE S IR A
kAT, ARG OISR A

A LG 2 B3 e Je R S e I 285 i 4
W P AR REAT (1, FRBe il BOR A SR A D9 A
KB b, 5 0, RNARIEA HE #ELE 0—0
&mamﬁw” SRIG WL JF O IAREE, B L R

T, AR5 W2 — A /KA IR B (Scheme 3).

2011 4, Fukuzumi S5V Y BE/E 6 AL 77, HCL
TERIE SRV KR, 500 W Xe STAEOGIR, fEZIRAFAT T,
SCHUER CUbe . FRE R G SURE. 793 2 REATE KR 542,
H R B F= 223K (Eq. 1).
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BR 3 HOrOuEE S ML
Scheme 3 Possible mechanism for photooxygenation of cyclo-
hexane

500W Xe Iamp HCI

Mes-Acr* (1)
3~6h

+02

n= 13
16% ~ 26% yields

Mes-Acr*

B J5, AT R 2R BRAE Ak 70 T DL &
BRI A RN, FERARAI AR B T (2 mmol/L), f#
R OB RG], LI R A B 15 34
BE. R CEEAIR CER AR S (Bq. 2), 72550 50
FEFE 180%- 130%H11 580%. S S AEFMR 4 3
F, ABAEAE XU FEVE Z 1 0 R (R 1).

O o 85

(180%)  (130%)  (580%)

PXQ

12 HEREENEERK
Tﬂ%ﬁﬁ%%%ﬁ%%ﬁ%&ﬁ—%ﬁif%
e R RS E E LR, B A A NS C—H
FI%EAL, A Rls . FRoifs s
&ﬁ%TFﬁﬁﬁ%ﬁ%h%% S A2 ) FH A
PR AL, R 400 W H 6T /E 96, XHE
R ZEREAT IV EQ. 3). SBAX PR T A7 BRAR G B,
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1 PXQ AT WG Lt M ket A A
Table 1 PXQ-catalyzed photooxygenation of alkynes

Entry Substrate

Product (Yield vs. PXQ)

O

2 A

OH o} OOH
@(180%) 6(130%) © (580%)

OH OH OOH
)\(\ (31%) /\1/\ (78%) )ﬁ/\ (670%)
o OOH
)1\(\ (39%) /\‘/\ (220%)
OH

POy (53%) )O]\/\/ (38%) )OSH/\/ (210%)

3 N
OH (0] OOH
)\/\ )]\/\ (66%) )\/\
4 NN (78%) (310%)

/\(\

OOH

\)OJ\/ (35%) A

OH
R Oz i%&g\rléiquig;amp - COOH F2 WA CBr, AU A S R
A R-— . .
R4 P EtOAc, rt. 10 h T (3) Table 2 CBry catalyzed photooxygenation of substituted toluene

R =H, 4-t-Bu, 4-OMe, 4-Cl, 50% ~ 90% yields

R'=H,Et 4.CN, 4-Ph

PR AE W EE DL _E(50% ~90%), X T 5 K Bk B IR e )R,
WAERAL R RN, 1FBPRHE.

1% I N M FH A A 22 IR RT L 77 AR IR ) E
SRR B, RAEER T AT, 52 3k, R PR
At A D R A 700 B AT L' (R 3 B BOAR H R I S
A RN 22 W H AT 1R e, i R AR
REFIAEA A, 133 7 AR R IRER (R 2). OV
REFEAR. [a). XHOTHURH 2K BEAT, X H AL 3R
.88 & 4 (Entries 8, 9).

SN Jeilid CBry WOSCR] W= AR IR H A, 2
HR IR B AR R A R, AR EA
H2EHE O, MR UL A B %, 5 A 24 HBr I8
JR il sy, BB L TKB BRI R, 8255, 75
HWEYE 2 T HESG AR, S ERNERE, 48
R A AT B R AR A, A EAL HBr, H S48 [ AR Y
IR, B e 25— 4 FREAS 2 AH B 05 75 FH R FH 15
(Scheme 4).

XK BB 75 R FH IR 1 e R gk AT B
FEAAEE S BL R A, ROV R BELERETE BB RS € H
TR R A, AT REA TR, N AR T
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Oy, hv, cat. CBry

Ar—Me Ar—COOMe
MeOH
Entry Ar Light source” Time/h  Yield”/%
1 Ph Fluorescent lamp 24 71
2 4-t-BuCqH; Fluorescent lamp 24 92
3 4-BzPh Fluorescent lamp 24 70
4 4-BrC¢Hy;  Xenon lamp 24 80
5  3-BrC¢H;  Xenon lamp 24 54
6 2-BrC¢H;  Xenon lamp 24 34
7 4-NCC¢H; Xenon lamp 48 53
8  1-Naphthyl Xenon lamp 48 57
9 2-Pyridyl  Xenon lamp 48 2¢

“ Fluorescent lamp: four 22 W lamps. Xenon lamp: 500 W lamp. ° Isolated
yield. “'H NMR analysis.

A S A B 2R R B R F R TR 1R =4, 6T R 2 BRIk
Ui, T YRR, R G AT

AR 2 NEURIEI, S N REEAT BE 7R BRIE = 4.
T SC R A A M Y e SRR AR e AR, —
KBS B IR, 2 R AN D5, anPUE
%5 ZEORIFIEIR, HRRELE )5 R AR AR kLK (Scheme
5). RMHLIEUT Scheme 5 Fiow, A WIEKMHT, JKYIHE
WRES TR TR G R R A E T
A A, A REEABETEAFEE B 5 B, B #6EH+
FEA S A B R B R AR B R, R, R E
— T IKAR B B L Y.
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BHLE LR SR
hv 75 ZIAH N (1) 28 HY R H R (Eq. 4).
(1) CBry, —— » Br-
+
Br- HBr 0, 00" HBr Br- “:ZT-/;CF (0]
. / X __HCl(@q) _ X
Q)N—Me-LUA’N—Gh_lk**APCW R%—/} 3 W blue LED R OMe )
0,, MeOH, 30 h F
Br- HBr
OOH MeOH OMe \ f R = Me, 4-Ph, 4-t-Bu, 4-OMe, 47% ~ 87% yield
Ar—CH, —>  ArCHO —— 4-F, 4-Cl, 4-Cl, 3,5-Me;

Ar OMe

)O.\Me f MeO OMe \ fr MeO OMe

A oM OOH

MeOH
2 Meo. OMe
Ar OH

B 4 DUBRAHRAE AL RS S AL HE
Scheme 4 Possible mechanism for CBry-catalyzed photooxy-
genation of toluenes

HBr
ArCOOMe

+ -
o R Mes-Acr* ClO, )OJ\
CH3CN, Oy, r.t. Ph R
3 W blue LEDs

% 0
‘/O \‘O Me
R cl

R =H, Me, t-Bu, F, CF3, CO,Me 51%
28% ~ 77% yields

0 o)
64% 64%
Photoredox

cycle

/\RB

Ar

B 5 AR bE AL B AL S SR S LB
Scheme 5 Photooxygenation of toluenes and possible mecha-
nisms

B, 7E 2016 4F, A1) A FRE AR AL 7RI, 78
WA 3 W S LED MUK R, 8 H AR 9 i 7 A0
T Ak JEE A0 AR R 2R 3R AT S804k, 15 21040 2 2% AR PR IR
SRS T E LT B T H 2R RE L 50% LA bR R
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2014 4, Ttoh ZEME AL/ e, B 2-
RERAE AL Ve AL, FER I ()R AL 5230 T ik
FAb. SRR T5FR EA BRI SR G B A B i
B, 0T HEKIREER AL . PR LR EE Boe TR HIIZ
Ret A RN, R B A BE R AEAERAL, X T BEAE LR,
SR IANRE K (Eq. 5).

(o} O,, fluorescent lamp (0] )OJ\
2-CI-AQN
Ar/\N - = Ar)J\ (5)
EtOAc, r.t.
O O
NJJ\ C|\©)J\Nk
H H
3% 81%
(0] (0] J<
©)L ©)LNJKO
H
80% 1%
O
SRS
74% 0%

SSIHLEE 4 Scheme 6 Fizn: G, BER(AQN)TE
W W] DL U, TR AS I B (AQN*) 5 W kA
TR R A B E AR A, A B O, Fli SR AT 2T S B
H3E Ak B, B ARG A5 A S R (AQH ) B AL i
IR BE(AQN) H & i J5 it e, W2 — 71 /K15
BRI EEAL =,

18 F Ru(bpy);Cl*6H,0 1E AL, Cu(MeCN),-
OTf 1E & @i, fEv] WIS T 9H-Z5 thae AT
ABRMNARK 9-ZifH(Eq. 6. REX T 9H-% 75
IR B R Bk, BE2E . WEde. MEi%. Piv &
Py R AR LA SR DL B AR BIAE R 9-
Zill. 2 BRI OH-Zj B Re K AR A G IR VA BRI 9-
27 .

X T HAR T I RAL A S B, T A SR A A AT
(Eq. DY SZEAIBEXAF, [N BT EREL T
JE A I BAR S ) AR R OUUBEE, B L, AT B
WAL IIAE SR N R AE C—T R4k B &,
NI S B 15 PLEAT (Scheme 7). SO Xt 2R FEWEME . 2%
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7 ~ /\N R
H
A

(0]
Ar)l\ N ‘
H

OH AQ O

N N R
H H
B

B 6l WoBHE sk A B AL A SO
Scheme 6  Visible-light-promoted oxygenation reactions of
AQN
R’ Ru(bpy)sCly6H;0
R® R? Cu(MeCN),OTf
OO MeCN, r.t.
O,, white LED
R, RZ=H
R®=H, CHO, NHAc, OPiv, NO,, F
o R!

R3 R2

41% ~ 100% yields

O,, fluorescent lamp

NG Q0 N,
Ly e~ ULy

B 7 ZI7 R A R
Scheme 7 Photooxygenation of heterocyclic compounds
P 55 5 A SN BAR R SR, e a2 F
AR R SIE . FERREE o 7R AR A SR 2 58
LA A OO AT AL SR B Y, AR o A2 E
M4 O, ARG B 2 B th %, &d —RAHAL, %%
TR a-¥2 5L .
fEEAT ROt BRIE o AEEAT AL, AR o AL T HX
ﬁE’JEPIEMZ!SETJu‘MEJ&?ﬁ% C—T BRI o fiL
HHE, SERAE o MREAREL, B3] a-F2REE.
S BB B I e B, R, R ke Bt L 75 B alihe
B RE AR I P 2 R AR SRR N R B e e |
TrEEL JETAEE. BTN EEUEEIGES, RBIRERA. 4 R
NH I, RNAFEIXREE ), A0 T B

N TFA. I, N , . RSHLEEGN Scheme 8 FT7w.
@EXH”e EtOAG, 70°C @EX*C“O @ 2016 4, 7 PoH AU F U2 SE NI b
K20 S 20~50h 519 ~ 35% vields A, 1EFHEMEBEATIPTOMAFE T, LUEAK R
| B R 4% P ST A BRI DAL 28 B 00 B-PRIE R p-pet
M IR AS A BAIE R (0 AR o BEAk. RS 3 W i € LED {E
0O O I, NaOAc o o
300 W mercury lamp
RAJj:LRZ air, THF, 35 °C R! o R?
R", R? = alkyl, aryl, OR up to 95% yield
R3 = H, alkyl, aryl, allyl,
propargyl, amide O o
R3 OH

R3

O O |
2 :
R1J\/U\R2 NaOAc R MRZ R?

R3 0|

/ N

R3 00l R3O-
D E

sub

B 8 1/NaOAc AL ] WOGALHE I IR IR R4

Scheme 8 1,/NaOAc-catalyzed photooxygenation of malonic esters
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HNFEIR, KHyPO, 8% KoCOs W TRAE b, = R4S 21 A B
AR o 3234672 I(Eq. 8).

0 TPP, PTC o)
aq. KH,PO,4 or K,CO3
N 2 R1'—\ 2 (8)
R'-— R? air, r.t., toluene/CHCl3 T R
Z 3 W blue LED nOH

n=1,2

R'=H, F, Cl, Br, Me, OMe
R?=0'Ad, O%Ad, OMe

O'Pr, O'Bu, Ofamyl,

NHPh, NMePh, 4-methylpiperdine

76% ~ 98% vyields
37% ~ 83% ee

3 AR RHENHEREEE RN

B -t XU AL — 2K T R S S B BE], |z AFE T
FERA EYNENE RN 25 70 1 oh, DR RI TG
Ko B R AR 7 1 AT B R AE AR W 5 AN 259 7
T P B AT RS AT L et R g g U )
S A R LR R B B 2% AR O — R R BT ik
[19]

W B S IR X FR IR A 245 Bz (AT
FC, — B I AR AT A, DGR X =4
ST, BN ELEA B A S SO R - BR XL
SEHEAT IR, E 1986 4R, I IO SR B0 i Ak i
RS, AEBRIR DY 5 PR S A5 R X i i Joe 5 JBUA PR sk -
BT L, 193] o SRR AP (Eq. 9).

30

R3 0,, TPP, hv R

L o oons:
R2OR Ti(OiPr),, DCM, 0 °C R2R1 OH
R, R?, R = Alkyl up 87% yield

Ttoh Z521FI F RT Lo 4 38 10 25 FR s Rt i o s
AR PRI SRR R G I S DU AT R AE, BB DL 99%
7= 245 B U A BE(Eq. 10). SR Joe 3 A1 7
BRI M et AR A 125 2, IR IR A 8 L A = 4
1,2- =& 255 WILL 27%01 66% )7 R A5 2 AL & W

O (1) aldehyde, O,, MeCN e
R2 fluorescent lam| 1
RITNART + ©)J\H P, R /(l)>/ (10)

(2) substrate, N, r.t.

0/ ~ 0, 1
R, R2 = Alkyl, Aryl (2 equiv.) 27% ~ 99% yields

256 http://sioc-journal.cn/
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FI AR R RS AR, A8 2- 18R F IR 1 e figdk,
TN 2R 75 21 (13 2K 0T e — e DUBE R AT 4L,
BRI AR KD RN —#LIT, BELLE R
R M(Eq. 11).

O,, fluorescent lamp

AQN-2-CO,H R
™ R2 + R1

R AcOEYMeCN, rt. >

R', R2 = Alkyl, Aryl Bu-t 62% ~ 99% vyields

FEHE M 45 Rt B A b BB 2 Y PRk
MR S AL A AR A 7 A R S (B, 12)PY, OB AL
AEKM R PRYE, R REAESLHE I 25/ w53 51 9 AR
TR B RIS R AR O, 6T ER R T, SR R A
TR I A EYI(Eq. 13).

0O,, 1568 W CFL

0-0
Rose bengal or TPP
Rl Dobalo Pl o (8
\/\/\R MeOH, r.t. — (12)

R" = Aryl, R? = H, Me up to 100% conversation
up to 72% yield

0,, 158 W CFL
&y —r— o#i/& (13)

MeOH, r.t. —

100% conversation
FIH 9,10- —F B (DCAWE NI 1,2- 75

BRI R S KPR H Mizuno A1 Otsuji 25215
1983 4E R, (HiZRPOEFEMERZ(Eq. 14). BiJE, Mi-
zuno. Otsuji 1 Gollnick Z5£%%FF| ] DCA 4k it 47
THFE—B T, RN T E BT BRI A A,
TERRRIAFEAE T, Be LA (R 3% A0 2R e 8 11 15 21 AH B
WL A MI(Eq. 15).

DCA, hv ArwAr

_ - +
Ar Ar 0, CHsCN 0-0
O OH j\ (0] (14)
+ + 4
ArMAr A" TH Ark
DCA, hv
ﬁ biphenyl! Ar\(YAr
Ar Ar Oy, CH3CN 0-0 (15)
Ar =4-MeOCgH,4 > 95% conv.
CN
CN
DCA

2014 4F, Yoon ¥ERZHPTFIF Ru(bpz)s(PFe), 1F A
3R, SEBL 1,2- 05 BRI AR A R . RN B AR
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F IR, X 2 HOTRBRY, SBEBEAE 1T h K
LA 90% AL 7 FA5 2 B A 1L S ALY (Bq. 16).

23 W CFL .
Ar RubpzisPFely A~ AT o
M~ 0-0
Ar 0,,-30°C, 1h

47% ~ 99% yields

BB B T 14T salen 28-S WML
K B PR A O B RERS 19 B FHE A &Y. 2010 4,
Katsuki 2281 Fil Ru(NO)-salen 5 &4, 7653 4T (T AL
SO ERZM T, AAMEREMR], L7 IR
LIFHIAKI IR AL, B Rg DA EE DA b= 28 i i
1 92%I1) ee HAFE] 1,1- HBURGEHIFAE AL = H(Eq.
17).

. s Ru-salen o
R R |
Ar R2 C|CGH5 O Ar
hv,r.t.

Ar = Ph, 2-Naphthyl, 34% ~ 67% vield
0~ 0 ylelds
o Mel\fg“é A ﬂeCR§H4Me 76% ~ 92% ee

or RZ=Me, R®=H

Ru(NO)-sanle

BRIt A, BEAE R WOGIERE AR I AN AR IR AL
S A A LA T,

ket = B A A R B R A O,
AR B S W P A, 2 — 2 TR BRI )
(Scheme 9).

B 9 ke s b A A R

Scheme 9 Visible-light-promoted oxygenation of alkenes

FNBETE B R PR3 B B 3E, 05 LG IR X 25
Gy R RIEAL B, Ttoh 2509E 2010 4EA# ] 1, B HBr
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AR IR AR IR RS, S N T BRI 2.0
F12-ZHURIE IR A BE LA S5 DL = S8 E o R AR %)
T HEEWAYR R, i F HBr 1L EELL 28% M7= K153 a
HARH(Table 3).

Table 3 b SR AL AR AR BRILAL S 3
Table 3 Carbonylation of alkenes catalyzed by halogen

0 Oy, hv, aq. HBr O, hv, | 0
Br~ RN ———— |
R H,0 H,O R
Entry Time/h Product X Yield/%

1 10 0 1 77
X
2 7 Br 74
3 7 (0] 1 76
X
4 7 Br Trace
MeO
5 15 o 1 67
X
6 12 Br 86
O,N
7 7 0 1 72¢
N X
| b
8 10 _ Br 39
9 10 (e} 1 trace
X
10 7 Br 45
11 10 1 Trace®
A
12 10 0 Br 28

“With NIS (1.2 equiv.). * With NBS (1.2 equiv.).  With I, (1.2 equiv.).

2 [ NS T A ALY 224 o o7 (R BUA
HOWNEIRIR, N3 EIZK ZHH(Scheme 10).

(1) Oy, visible light, I, H,0
A (2) acetone, 60 °C
EtOAc

(e}
Ar)]\

)‘\/' >_< Arj\

o o}

A P

B 10 WAL AR A A N

Scheme 10 I,-catalyzed photooxygenation of alkenes

EFPUE A NN T A AU, R
fRfedk B AL 75 5 0 53— 00 7 [ ke DU AT B 2k
TR, R B Bk A, 2t 75 A SR BN
NI, SRIERL % H TR 2 T EE C, C 5t

Ar X o2 hv, I
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AR b= 2 R A B e 2 O A T RS S B A e S
thialfk D, fJa, Bk —0 RS B, ROBxT
TR LGN, BT IRMAE 2 707 [A1REAT, 2 Ff
AN BRI & S NA5 2 7 R KR A )(Scheme 11).

(e]
- +
AN 0O,, MesAcr
2R blue LED RIS | D g
CH;CN, r.t., 16 h = _
R = 4-Me, Et, i-Pr, t-Bu, OMe, up to 62% yield

OEt, 4-F, CI, Br, NO,, MeCOO
2-Me, 3,5-Me,, 2,5-Mey, 3,4,5-OMe3

@ @@

Photoredox
cycle

+

B 11 A WG R o 1 I A SO
Scheme 11 Visible-light-promated intermolecular photooxy-
genation of alkenes

ouf-ANHIANFREEAL & W0 th RELE T WO 26 AF N R A5
RN 2014 4F, SRIWERIR AR P2 A 1E Aot
AT, EREME AR T, K af-EMTREE
%A%m% SR, AEBRIER o SL5INBRIE. SN2l
i REEARIS I AORIE AR, HLEEU Scheme 12 P,

4 FRARHRER SR

IR RN, et RE A A E AR s L, m
PRGBS R, B R, R
RS HELEY.

Ttoh ZECYERNRILEMA, TER WG, R
S BN a,0- —IRARER. EIRAEAE T, 24 h LA, B

ZT

Pt( II) complex Ar”
AK‘\rf\W/ +ROH + 0, — 775
fo) blue LED

R = Me, Et, i-Pr, t-Bu 37% ~ 67% yield

o
N
K T \
Y @ W
/ PH(Il)*
@ ﬁ — [j“”fY
@“‘ﬁ@c‘? oY
B 12 PG af-ARAREEAL SV E S SR

Scheme 12 Pt(Il) complex catalyzed photooxygenation of a.f-
unsaturated ketone

IR LIRBE LA ZE DL B AR B o,0- —IRFK LH.
SN oA 4 W L R 4 L R R R AT T 1 5
PE(Eq. 18). MR NERIR R iR 1T, 8RRELL 17%(1)
FEER AR B AR (Eq. 19).

4 O,, fluorescent lamp o
N aq. HBr, H,0 N Br
R i
= MeCN,rt. 7~24h R P Br (18)
R = H, 4-Ph, 4-t-Bu, . o
4-Me, 4-MeO, 4-NO, 66% ~ 84% yields
O,, fluorescent lamp O
\fa/géa aq. HBr, H,0 \fffﬂ\T/Br (19)
7 EtOAc, r.t., 10 h 7
Br
17% yield

e, WALELENT OGRS AR IR E 2, 5,
TR H R IEAT INRAS 20 55 B e e Ak A,
AAHIR A BRI A H BT A B R ZF
AR TN AR C, CHHRILVEE FoNEGEED, fi)E
D 5 R [ B A B f =) (Scheme 13).
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hv, O, hv
HBr Br- Bry

_— . 00~
:// Br- ©/\/Bf 0, @Br
—_— —_—
A B
Br2
HBr ©)\/Br L_Z
—_—

\Br—>
C D

Br
Br

B 13 HBr MR A S R
Scheme 13 HBr catalyzed photooxygenation of alkynes

2011 4, Ttoh SEIZER] WL 26 T Al FH IRAL B 2Tk
ZKEWVE AL, SEIL T J7 SRR AR A S b e ) 4
L. 2 BLAE 57 QR A A7 BRI R 5 00 T ANBE & 2.
X 0 A Y S i A B 2 57 i AU S5 8 7 A B A1
(Table 4).

F4 AT HOGHEE R AR AR S B i A

Table 4 Photooxygenation of non-terminal alkynes

O,, fluorescent lamp O

Rl 2 MgBr,-Et,0 " )H(Rz
MeCN, r.t., 24 h 0
Entry R' R? MgBr,*H,0/equiv.  Yield/%

1 Ph Ph 1.0 71
2 4-CIC¢Hy Ph 1.0 70
3 4-AcC¢Hy Ph 1.5 68
4  4-MeOC¢H, Ph 1.0 30
5  4-MeCeH, Ph 1.5 56
6 2-MeCgHy Ph 1.0 n.r.
7 2-Pyridyl Ph 1.0 33
8 n-Bu Ph 1.0 n.r.
9  c-Hexyl c-Hexyl 1.0 n.r.

SOSHLER AN Scheme 14 ATz, 5 AR S LIz i s ML
FEZBL, SN FHRAEEAE T RIS S R P AR R
HHEEE &, &it |l 0,3k, HBr ik 7%t
T2, E KRS E) 1,2- RIS

2016 4F, FNRERFIRIZHPOIL Bosin Y 1 N6 fiE4L 711,
A- SRR A B AL, # € LED 1E A, {EiEmM
264 RSBl AE R R AL, LA 55%~86% 177 %
R 1,2-ZFRIEED. [N HA BT BE 4]
HAME, ST 1L,3-RE 1,300, N HILL 77%A0
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Br Br HBr Br2
A )\(oo- . )\(OOH )
Ar? Ar?

Br
B
A:j\\(OH — )<% ArJ\fo

Ar?
Br-Br Ar? Ar?

B 14 MgBr, AR E G R B
Scheme 14 MgBr, catalyzed photooxygenation of alkynes

68% = HAF 2 1,2- HFEAL AW (Scheme 15).

Eosin Y 0

4-chlorobenzenethiol )kn/R
Ar

Ar—="R MeCN, rt., air, 8 h
blue LED (e}
R = Aryl, phenylethynyl, styryl 55% ~ 86% yields
" 05 0,
ArSH ———> ArS* —> ArS00"
sub.
OOSAr

PC- i
0O, Ar R

PC* X l

o)
R

A
K/ PC 02 r/uﬁof

Bz 15 Eosin Y-AEREMiEAL 1L IEE AL [ B

Scheme 15 Eosin Y-benzenethiol catalyzed photooxygenation

ArSH

of alkynes

5 WRRHEMEMERS RN

2012 4E, Rueping M4 FI [Ru(dtbbpy)s](PFe),
TERCHEART, WCH T, KA B s i R A s B8
BA(Eq. 20). SN 75 3647 B AN — 55 56 i LA & 93 0nl 4>
591 g 5 5 AN A S5 1) A S R LA v 1) 7 S 15 30 TS
Xof T 95 A SR L TR0 CF,, NO, BUR R 5 e 7
HIEAT TP

2013 4F, Ttoh AR PSIE Y 2- SRR 1 N e AL 77,
TEFRME B 25 AF T, SHABSEAT SR BIRR. X057
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BHLE =R SR
CuCl,, O,
OH [Ru(dtbbPY)s](PFs)z o OH 300 V\?véble light o
1 (i-Pr),NEt, O, iy 1 AL,
RI7NR2 o oF R17 R (20) R1”R2 acetone, r.t. R" R
ue , ans 18% ~ 42% conversation
R' = Aryl; RZ = H, Alkyl, Aryl 70% ~ 99% conv. R'" = Ph, c-hexyl; R2 = H, Me and 67% ~ 95% selectivity
CUC|2
| (PFe), ngand
R2
R Cl— Cu CI CI C
HCI
LCuCl R17<
- RZ H R2 H
R = t-Bu: [Ru(dtbbpy)s](PFe)2
e FLBEIAE, RAAIEITRIET, DL 32%~99%" K i
S Y EHRRR Scheme 16). SRNZIN th %, ZEREAT It 1 E 0t
1 2 \
e 2 1) 5 o 7 S A I R AT B | S5OK B, PR AR ROR R12 i
R? H L

1,1- Rk p A BORUR A5 1 OB B e 748 U4E, 15 31
HE M, ZVEABES O, Mk, R A E R,

BiKARIE AR, &5, A REOKEEAR R B ARy
78

air, fluoroescent lamp 0

2-CI-ANQ
R™OH R” “OH
K,COj3 or TFA, H,O
EtOAc
R = Ph, 4-{-BuCgHy, 4-MeOCgHj, 32% ~ 99% vyields

4-C|CGH4, 4-BrC6H4, n-C11H23
OH OH
Og, hv O HQO
PN —_— —_— o
R7YOH ™, o R)J\H R)\OH — R*OH

O /
)J\ AQN OH

OOH ~——— )<00H

OH R OH
H,0
H202
(0]

PN

R” “OH
B 16 fAEERE A R

Scheme 16 Photooxygenation of primary alcohol to acid

2015 4F, G RAE POV T CuCl, L REARE AL e Y
B, N IR AN S Dt Al EAT 1 B L TR
W R, e, SRS R AR TR e, A —
TREAME, BB 7 — 7§ SIS Bl R & 7
W, W R A B P SR E W] DG B 5T gl A A
A E VAR SR (Scheme 17).
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B 17  CuCl, fEALKIEE 1A A SR
Scheme 17 CuCl,-catalyzed photooxygenation of alcohols

fd I F4E Ru-salen LA WML, BEMLIEFRPE DT B
— R B AT A A, AR BIER A — B AR, A
T35 B FPEPR 2 (0 B 90 X i 55 5 —d H 3R EL
REIEY, [N BE DL 5 98.3%H] ee (E 435 R ¥R f A
W T P AR g e B EAR R, G0 2-3F L3 2 ek
3-CU IS I L 97.7%F1 98.3%H) ee 1E 153 R F4 B ()
BE. XTRrA IR, RNAA PS5 EREALRGER S).

SALEEGN Scheme 18 Fiw, BES Ru FCALM) A [A]
RATER WO T, PR AR 4Ek, 22004 Ru
%AV B, B BiEk—aTid A EGE Ru-BELSY)
C, C 5JRWE R A Ak 22 #e45 BIRR AN 25 540 A

MAE ] WG S R A B, — = AR R 1)
P9, 2010 4, Safari 25 g U (2,4,6- = F L2838 gk
(H,TMP)YE RG], fEIR T, el ib At oy B
SR RR. kNELIREEAR T REITE, S
HIG AL 7R RE BAL B 48 = RS A B UL S I
AR, RRSIAE SR T AL, BT ER.
AR 5 — 0 PRV N AR Lo ES, REH
FIP 731 IR (Scheme 19).

Cho 5" UfH Ir(dFppy)s 1 RGHEATI, W CkfE
NIEIR, G AR DI, PRI o IR S RE
AR S R A AR, T O RS, N BRI A
TR AT, A R I B~ B DUEEE T 2 . - 6 B 5 R
(3 6).
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5 FIE Ru-Salen LA EESAAL
Table 5 Ru-Salen complex catalyzed oxidation of secondray
alcohols

air, hv, r.t.

Entry Substrate Time’h  Conv./%  ee/
OH
1 /@A 23 57.6 82.5
MeOOC
Br OH
2 12 51.2 93.5
3 \@A 9 65.5 98.3
OH
4 O/K 24 58.2 98.3
OH
5 \/\/é\ 11 65.8 97.7
“ Determined by GC analysis.
X
s o5 oG
" 4>02' hv iy 0
L*Ru'lx L*Ru L*Ru™~-0
A SET \é/
(6]
R)J\ R
}Oi Q)\ H20,
R L*Ii?u”' (of

B3R 18 Ru-salen &SI BRI L
Scheme 18 Ru-salen complex-catalyzed photooxygenation of
alcohols

HA7E R A AE T, R KA AR, 72PN
XU S ), i A S5 TR AR DRV AR S L. 1
Je, AR EBRAEAE T, B, 15 20 PR A
A, YRR b A B R AT B L B 2 )
(Scheme 20).
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0 H,TMP, O, o
B —

RJ\H visible light, MeCN RJ\OH
r.t.

R = Aryl up to 100% conversation
hv
H<
7N o (o oy
2 A R
PC pPC* R R @/—
102 302 ‘

J A e —

R” "OOH

B 19 H,TMP LIRS (K5 A S
Scheme 19 H,TMP-catalyzed photooxygenation of aldehydes
K 6 Ir(dFppy); AL I AT WG BE 1S 1 A AL
Table 6 Ir(dFppy)3-catalyzed photooxygenation of aldehydes

O [Ir(dFppy)s], O2

B e

R~ “H Blue LED, MeCN R™ "OH
r.t.

F F
[Ir(dFppy)3]
(0]
L:H\ (jk i:f%H
MeO F
99% 99% 93%
CF; O
/@i‘\ \©)J\ H OH
90% 94% 92%
O
(0] (0]
on o P
6 OH = 7 "OH
96% 99% 90%
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6 FRARENSHMRREFEREALSY

HNEAaRE

FERTOGERAE T, RARGE R Rew AL, e Ak i
. 2011 4F, AR S Ru(bpy)sCl, 1 4-F 4 5k
MEbIE e ) e A R ARG s PR A S . S A T 25 R
KA, TRPRIRT Z o7 FR el 2-11-2-77 7 RS

MEELE S B E S8 S IRV = G #h A, A B
TN 1,4-ZEMENE B 3L B, B/ iR 15 25 2k B A
HE R, FERESTIAEE T, &0t O, flid AR B AL
P, A3 2 BR 7 P)(Scheme 21).
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BT SR EHR

O 0,500 W xenon lamp 0 LJQ%~m%%F$W%%%E<E80C,%ﬁx%
R1J\R2 Anthraquinone HOO><OOH O‘O é[iéi?ﬁ/fk{%yﬂﬁﬂ, 1-ZREE R 2 s AL N a,0- %
o 2-propanol R'”°R? 2 Z.WH(Scheme 22).

o] 2012 4F, P SORSIRBZLAN Jorgensen MAHZHO13E ]

N 4p10/90% yield Anthraginone HE 1 Ru(bpy s CLoeGHLO 1 At AL 70 35l

0 AR, %I N fE A 69%~96%F$%§MHFE§E%

OH Anthracene HO)QOOH - Me,CO H,0, (Scheme 23). N EFIRGEERIE DM, Tk
o oo 3L PR, IERRERUR R R .

0 X HO_ OOH H202  HOO_ OOH 2013 4, Scaiano HAIZH 7 A 7 FH 5 i (Mehtylene
ROR oo, | RTCR T ROCR: blue) {9 AE (LA, %4 55 FRRHE 740, S ILBUA T

R BRI I 24 34k, ROBHLER AN Scheme 24 fiTR, fE
JEHE ARG I Ik A2 o P AR A AR B 3 S 05 TR s
AR A, B A W E R S TR RIS 2 R A A B, B
KA T7 RS BN ER S C, )5 /KAAS 2.

2016 4E, Jp@ SR Ru(bpys)ClL 75 NG
F, EALIIWE L TR, Bl 54%~T4% 1 R E N — &
S RIEA AL &Y. N ALEE AN Scheme 25 Fios:

B 20 EFERAE AL I R A SR
Scheme 20 Anthraquinone-catalyzed photooxygenation of ke-
tones

2014 4%, B YL/ T 48l Bosin Y 1E AL
), £ 80 CHATN, FMLHREA W 52/ T
BB L8 k. ERET, FIRE 1-55 591 2k hE

Ru(bpy)3CI2, LI2003
Br 20 (0]
4-methoxypyridine )J\
Ar R 24 W fluorescent lamp Ar R
DMA, r.t., air
R = Aryl, esters group 39% ~ 85% yield
. 12 0, o)
oM ANy, —————
e R Ar R )\ Ar
hy Ru(bpy)s®* m Br 0,
N
R)\AI' OMe HBr O.,
B 2
Ru(bpy)s?** SET | A o
Nig A
OMe R”™ TAr
> ruteyst [, \%ﬂ
u(bpy)s
Br rtl/ R™ TAr
R)\Ar
0, A
B 21 Ru(bpy)s - (A s £ 1 S I
Scheme 21  Ru(bpy);>"-pyridine-catalyzed photooxygenation of haloalkane
j\r Eosin Y OH Eosin Y )OL
Ar R 24 W fluorescent lamp Ar R 24 W fluorescent lamp Ar R
DMSO, l'.t., air DMSO. 80 °C. air
R=H, Me 61% ~ 91% yield R = H, 32% ~ 67% yield

0]

Eosin Y OH
24 W fluorescent lamp OH

DMSO, 80 °C, air .
R = Me, Ar = Ph, 80% yield

Bl 22 Eosin Y AL s A0S S

Scheme 22 Eosin Y-catalyzed photooxygenation of haloalkane

262 http://sioc-journal.cn/ © 2017 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2017, 37, 251~266



Chinese Journal of Organic Chemistry

+e
i-PrNEt QH
B.
Ar” _"OH
Ru! 0, Ar—OH
2
oH Ru(bpy)sCly6H,0 o .
B . . Ar” I-PerEt
Ar” "OH i-Pr,NEt, DMF, air, r.t.
36 W fluorescence lamp Ru'

18 examples
69% ~ 96% yields
hv Ru' 0,

Scheme 23 Ru(bpy)s” AL IR R (1 A S
Scheme 23 Ru(bpy)s>'-catalyzed photooxygenation of phenylboronic acid

OH Methylene blue o /@ Lj\
B. i-ProNEt
. Y OH : TS >N s SN

R white LED R | |
MeCN/H,0, Oy, r.t.

Methylene bl
up to 100% yield eihyiene biue

- Y

.
i-Pr,NEt i-Pr,NEt N AOH <—— 0" OH
I
TY A
c
MB*
fast
hv MB-*
- OH
slow ArB(OH), gH FPrNEt L
MB 0'27 ? Ar” 1 OH Al’/é\OH
02 .O’ HO
A B

B 24 IR EAL R RIIIR A S SR
Scheme 24 Mehtylene blue-catalyzed photooxygenation of phenylboronic acid
ISR A Ru AL 205 RAk, 753 Hi2E
BHES T o A, A e U E R B — X 4 (jij

. e Ru(bpy)sCly, CsOAc
A BRI C, C RAESTHFRZIUR, F%—5a0FKkE #  oHON. 3022” it % (21)
BB 2 H ). R 36 W CFL N\)
AR, )lL%m]Eﬂﬂjlﬁ{Eiﬁ?, MEER A A R=H,F, CI, Br, Me, OMe 54% ~ 74% yield
Bi, PE4 TR, §=:$Ph
= e

2010 4, Katsuki Z£284g i} Ru(NO)-salen 2% &4, 7

o ,
BRAT (T IR R T, AAMENRAA, X% " Ru(opy)h, DABCO o~
FFRREE (7 PRI, RS DA 07 A RN I s NW Rcmmoﬂch 0 &
R?

FEVEAS BRI (Eq. 23). 36 W CFL

{67 B TS0 201 OV 6 9 (BODIPY ) 4 1, gﬂﬁ%ﬁhﬂmﬁh 61% ~ 71% yield
FETT LRI 26 1 T B8 5 LA 3 B 2 RY= H, Me, r-pentyl

AR S B E e AL s FEREAT 1, HLIEUT Scheme

26 iR, BORASCHGIH B BAASSR ek  FEEMEIL S, TR R T BRI AU R SR

AR REREAT S A, 15 2 A R, X T 75 2 Pk SR J i P T e DA b &5 DL ) P 2645 3
FIH Pt BAUERCBGIRRRE R S s FIRLEIL. HLERAN Scheme 27 Fizr, it # i 741k
I HIE. 2016 4F Cabrera ZPNAR T — %1 8- BEILFE(SET)ILATHY.
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)
8 "

[RuZ*J* [Ru*]
05
e
2+
[Ru’] 0,

HO _0
N o) o]
( — 0y —

mo N oH N
N J _/ “\__OH
D B c

o

Lo

B 25 Ru(bpy)sCl, AL MEAT AP AL 2555 10 R

pijRL
Scheme 25
dearomative reaction of indole derivatives

Mechanism of Ru(bpy);Cl,-catalyzed aerobic

Ru(NO)-sanle

Ru-salen complex
S H,O (1 equiv.) +S.
Y Me , TR Me (23
R—— AcOEt, air, hv, r.t. R
= =

R = H, 2-Cl, 2-Me,
4-Me, 2,4,6-Me;

18% ~ 99% vyields
72% ~ 94% ee

il FH A2 S A SR S A T B AT A 3k A0 i O SR B I
oA RE, R R 2 P N B OB 4L (Rose
Bengal){E 8GR, 3l 18 W CFL 1 8 W 20%1E
NIGIER, RS o-95 353 R T A AL, TP 3]
IR RR B NG, OB Tt B, )RR 2,
o T LT B T O SR EUIRIR L%, AR AR IR M 15 3
FHNERELNEE. SN ALFRUN Scheme 28 AN, IE4IL
TG IR JE I R (SET) g &A% 33 1 F2(ET) 73 21 R
Yy, BRAESEES LED MR T, Sl mfbidid i,
W EEF=H).
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Fik 5itR
(0]
Ls_me __BooeY 9
R visible light, MeOH, air R17°~~

R' = Aryl, R> = H, Me 82% ~ 99% yields

BODIPY

o
BODIPY* 0, \&
hv Q
[jS\
BODIPY 30,
R 26  KIe FERENBODIPY) AL R kA AL I B
Scheme 26 BODIPY catalyzed photooxygenation of sulfides

Cl
X
(0]
[Pt], 15 W blue LED A ez
1/s\ 2 —_— s N
R R®  V(EtOH)/V(H,0) = 1/1 R~ > R2 /
R O—pt
air, r.t. ; - ~DMSO
R, R? = aryl, alkyl cl
Pt catalyst
0,
[Pt
0y
Py \ e
—_—
R1/S\R2 R1’S\R2
[Pt]
R1/S\R2

B 27 Pt EALRIBREE K S S

Scheme 27 Pt complex catalyzed photooxygenation of sulfides
7 R

ZS @SN B ot (i 0 7oy SN i SN i o
EAE BRI SN A G R KRN,
RBFEE MRS 5N, RIVA B0 ER A h
ST 0 B R AN R B B DL S S U T
KGR R A REEAL B, AT WOBfedt (8 & SR
ARG IR T, R EAFRMN, SRAERE, W3
Bk, — YN RENEHEAT AR AL, FERIR D4
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B A2 e R BAT R R

Ar Rose Bengal
18 W CFL o} O
NH  —————— J N !
Od'osalrl'e‘ 25 th Ar OH | NaO o ONa
2 (balloon), 36% ~ 72% yields O O
ICI o |
Ar Rose Bengal 0 Cl
NH 8 W green LEDs 0 o
2 DMF, 47 °C Ar o IS
O, (balloon), 48 h Rose Bengal
17% ~ 56% yields
(e}
CFL 0 Q Green LED
)J\/\/U\ /U\/\)J\ > (0]
Ar Ar OH Ar 0
NH,
SET, O]
O 0 0
O Ar
Ar 2 0. NJYAVkm
NH .' 0 on—
w2 OH
+
: NH /ﬂ\v/«\//%k/NHz
Ar/\/W 2 Ar OH
— O

B 28 FWDBREEE A A

SR

Scheme 28 Rose Bengal catalyzed photooxygenation of amines

KR B

n\\

B —EAR AL, IRZ MK AT REA T, &
Dy L FESE AL ), T TR A 2 0N i T A
B JFIE R, AR AT FARAE R A, DL E H 3

P I (1 Bl S A 25 -0 R R
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