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Recent Advances of Transition Metal-Catalyzed Aerobic
Oxygenation with Molecular Oxygen

Wu, Jinwen  Zhu, Jiawen Li, Hui Wu, Chunlei Shen, Runpu™ Yu, Lemao®
(College of Chemistry and Chemical Engineering, Shaoxing University, Shaoxing, Zhejiang 312000)

Abstract Oxygen-bearing structures are attractive synthetic targets due to their wide presence in a great number of natural
products and biologically active molecules, and their role as useful synthons in organic synthesis. Thus, the preparation of
O-bearing compounds has been an important topic. Transition metal-catalyzed aerobic oxygenation strategy has emerged as a
novel and efficient methodology for constructing C—C bonds and C-heteroatom bonds. This strategy has become one of the
most important and useful synthetic method in organic synthesis of O-bearing compounds. Based on the previous work of our
group and others, herein, the new applications of transition metal-catalyzed oxygenation of C—H bond activation and C—C
bond cleavage with oxygen as oxygen source are discussed. The recent progress in trans-metal catalytic oxygen insertion of
ketones, aldehydes, alkene, alkynes, arene and aromatic heterocyclic compounds has been reviewed. Transition metal-catalysts
can initiate oxygen insertion reaction of free radical pathway and realize selective insertion of oxygen radicals under oxygen
oxidation. These reactions are characterized by mild conditions, environmental protection and highly atom economy.
Keywords transition metal catalysis; oxygen oxidation; C—H activation; C—C cleavage; oxygenated reaction; radical
pathway
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5 I 5 < PP S N S A5 UGB e i, JE L 4 1
PR R S8 N S N2 FEAR 31 T KRR, 22K
S NLAE G R A S IR N AR iz, TR R
DRI, B, FRBMPIERE, WL
S SRR AR R AL SN FREEAL L R AL S AT
JRIR SR LS. W% R SR 7 SR R B A B
. C—H A C—C BEWT R PRI A T AL B T3
NIEFE. ARSCHERT N O Al 11, [FIR 44
VR AR, AMUERR 1 I I <5 Ja fRE A R N S ML AE
R MR S ORI T BTt e, RN 2338 T %R NAE &
75 R RTRG) S MG | SR AT A 400 S5 A 03 I P

1 C—HEs5HNEMARE

I R ML AL C—H B AU N N T B
C(sp’)—H ##. C(sp’)—H M C(sp)—H S 5 KA
NIRL, ¥ R BT G R afEER k. 75&
KPR, EESENELAL T, R555
ERAE G NE R A HmEE A, N7 E b
JifEH C—H #S5EREAREL, L0 C—H
C—O #IMFAL.

1.1 C(sp’)y—H BEEMEB/ARRN

T G A AL SR C(sp”)—H BRI S0 N\ S B 1] B
PEASEE NS YR B Y S g e S e ST
ZA0A). 2011 4, Chiba BAZNE I AF 2K H G (1)
NIERL, LA INE N—H R SR 1,5-500%
(it FE, SCEL T AR AL AL 3 C(sp®)—H B2 51
AARN RN, e Ja i B A /KA vT DA R A ) 1 AR
TR EUR I P E A A 3 (Scheme 1).

Ph H Ph
p-Tol-MgBr NH
CN———~
Et,0, 60 °C p-Tol
then MeOH
1 2
Ph.__O
cat. Cu(OAc),

DMF (0.1 mol/L), 80 °C
0,, then H;O*

(0]
g
é/ “p-Tol

3, up to 91% yield

B 1 WA RS R N
Scheme 1 Imine-directed benzyl-participated oxygenation
2012 4, Chiba 1R 22 ZH 0 I VR0 04— UL IE 14k 2
fiEAl, SR [RTRE AR I 3 g A 1,5- S 78 25 A it
PSR IR PSS AR RN N, — R
TEH T ANENIREE LAY 5 (Bq. 1), RNAHLEERF R
ST SN S A OB e, B S REAT AR AR
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RN N RE, B IMGK AR H bR
RR' CuBr-SMe, (20 mol%)
j/ 2,2"-bipyridine (20 mol%) N R
|

HN
Y DMSO-CF4Ph (V:V = 5:1) Ph*o R
Ph 4 NH 80 °C, under O,

(1)
5, up to 83% yield

2011 4F, A7 2 B i YR 0 AR - i e i 4k 55
Fe O SR NE 2 IAIR N RS, ST X o 75 5 e
NEFACEY 8 1) — P M i (Eq. 2). AHELTAE G A il a- 77 5
FABEIE A%, 12 SRR R BIAS C(sp’)—H
. —A C(sp)—H . —/> N—H #A 0—O0 &y
2, R R IR R E YRGS FL
BoRIEY IG5 S L S it AT BOK 46 A O AR |
O AR R (aIAA, B i AT I A 1 A N
SN

CuBr (10 mol%)

H H o R1\N/R2 pyridine (2.0 equiv.) )kn,'l‘ )
+ _ >
AF)Q‘? H 4A MS, toluene Ar “R2 @)
H 90 °C, O, o
6 7 8, up to 90% yield

2012 4F, i Pk — b e R A S A -
AL T 25 2 W AN G 2 8] (R S8 N ROBE, FEAN N 3T
7 AN SRR B O 261, SEBIL T % 2- 2k RE R SR A&
10 AR RMALVEERT 7T SR, RS EE A H
FEIEB TR N, A Bl RS H 1 B eh 2 (e 44 B
JREEAL C(sp®)—H HBERIEIEN N, HEA [ Nt A
xET 6 ME(Eq. 3).

CuBr (5 mol%) O H

H
Ar1 - f
ridine (2.0 equiv. N
H+2AFANH2BL——J——jL—LAﬂ)kC/ Sar (3)
h o 9 toluene, 60 °C, O, Il

N
6 SAr?
10, up to 89% yield

4R, AR AR o-H A BRI S 3k 2
NIERL, RSB, 35 i i A A - £
W AR RN, — B AT 2,4- XU IS
MR EY) 12 (Bq. 4). SR KBNS AR T 1
. A ELAR G ROVEIE SR T 1%, 12 RN R B 2
%, e T TR H.

CuBr; (1.5 equiv.)

H_H H_ H ridine (20 mol%) <O
SN _pyridine (20 mol%)_ EQ%W(M
R™ "NHz K,c0; (2.0 equiv.)
12

6 1" toluene, 80 °C, O,

up to 89% yield

2015 4F, H o i 2 U5 i R Ak, SV AR - R I AR 2R
b 55 e 2. W0 S5 AA B 2 1) S8R N R, SEEL T — AR AL
IS 583N R, % KRR E T IR 5 1k
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C(a)—H 8, FALESIENER o-BEE A, ZHE
PRBE 5 SRR TR IR N, &AM EAS o-Ff
RIS A9 15 (Eq. 5).

L

H
o) TEMP (20 mol%) o

+ RROH ———— > ®)
Ar)J\ 1 CuBr (10 mol%) Ar T R

13 toluene, 110 °C, O,
o 15, up to 82% yield

ArJK&O

or- i %

2016 4F, Kumar BGEZH "I — A4 -tk e A R M
WAL R R RSB AN, HRSERL T BRI 5
WY TR I 171 5 5 - BRER IR IR . 2 N 75 3k BA fk
Ve B A VG S5 s[RI, BF 7% S ML FE I
R AR TR B RN K (Eq. 6).

R HUH . Cu(OAcy(10mol%) R
|\\ OR" pyridine (50 mol%), 0, ("3

2 NH toluene, 90 °C, then H;0* ~* O
17, up to 88% yield

OR!

®)
16

RS SR AL AL C(sp))—H 82 5 1) 8 N\
T LAY T6 BOTBHA R AW, 2017 4F, REKFS
PR R T — & UK O MIRENEY), 8k
WA IR AL AL C(sp®)—H 4 EIE NS, SZHl T
X5 B LR S G R, RIS PR R = 5
(Scheme 2). & M ALHLAF 5T R 7R PR 2 AR IRIE. [F
5, PMVR RN I E A A A A, fESRBRSK AR T
ST R OIS S E A R EIEA R L, AT 5
THIEZAL A Y0(Scheme 2). %0 [FIAL R bRic S286 Bon =)
FRA AR E TEA.

X
R:_\ CN  H,N" “NH,
= FeCl, (20 mol%), O,

O

18 DMSO, 130 °C, 12 h
Song's work — R@)LNHQ
=
19
< @/\CN Cu,0, NH,CI, NaOH
O 0,, CH4CN, 120 °C

69% ~ 85% yield
18 Sun's work

B 2 /R AL T 5 25 O AU N
Scheme 2 Copper/iron catalyzed oxygenation of aryl acetoni-
trile

R TR R L VR P =0 TR A P U SR AL A )
5=H P RMLA, [SEEREEN. Ze&REEN
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TESRBEC T BEERVE R T, AT DA AL 2R T 1 2-Hikme H
BT NI EIRNIR L, — PR T N-ZKFE-2-1
e LIS & 21 (Bq. 7). %8 AR AT Bk
BN AL — R4S, AR, ZTERTE R R E,
[ S 2 P 25 L e T AR A e 52 B 7 0 ) A

O Cu(OTf), (10 mol%) 0 @
Ligand (15 mol%
AN N M’ | N N 7
| H t-BuOK, O, _N H

=N DMF, r.t., 24 h

20 21, up to 92% yield
/ \}
g\ N\> /<N /;
< :}—N—Cu"\N
/ \ \Ph
O\

/N\ OH

1.2 C(sp’—H sk C=C #S5HNEMNARK
S B A AL C(sph)—H 1A N\ RS 32 32
FLFEIE . BRI A5 3 E C—H 8 2 5 EIHA R
M. %R BB et B R RN S, A ECET
H R afA, BERHET C(sph)—H HISSIEN M.
2013 4F, Hz iR A A OV et = R R AR R Ak 4t
[FIfEAL, SEBLT 05 B ES BRI 2K 200 2 TR I AUdE N R
P, AT 1,2- 55 B BURK 4 LAY 24.
HE— 2 [0 S SLJE P 0 e 45 SR, 12 I 8L 3 F 3 LR
A, AR T o5 R A Y(Eq. 8).
Ar? Fe(N%J()OTQf)HZ g (n;?swrim%) i >
BT Ar1)HfAr ®)

DABCO (3.2 equiv.) o)
CH3CN, 0°C, O,

Ar1/N\NH2+ ﬂ
22 23 2
up to 90% yield
2015 4, TR A E U &R A LR R
5= RIS ERERE A EAEA OB, SEIL TR -2 A
BB EY) 27 RS . 2R S AT PAE = i 2%
PR REAT, T E ARG (0 R A, i s A P S
AIAS 5 RN, %2 RER(DFT)4 R R, p-2 %
AR B E 3 A )4 R =0 A T 4 1 AR il A 1% BT
DAL O B IR (Scheme 3).
[FI4E, 75 9% SCUR A ZH S5 ok G0 S0 40 R I 6 4 i A
A S 72 5 R T s A 1, - A s 2 1) R SN
N, SEHLT X a-SAER 30 Al a- SR =R EESRAL A 31 1Y
B ST E R B A IR B B T AT A
B E B N S AL RO AL ER R S R IR R
ARG E R, BT B RIS N, e
S B B 54 A R R (Scheme 4).
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R2 (a) MnBr; (5 mol%) , OH
H,0 (10 equiv.) R N
RTTNY + TMSN; R 3
R3 26 MeCN, 25 °C, O, R3
(b) PPh3 (1.0 equiv.)
25 27, up to 94% yield
Mn', O, o-OMn! J

R

B 3 A I N SN S - B RS
Scheme 3 Synthesis of f-azidol compounds by Mn®" catalyzed
oxygenation

_______________

Mo "

N —! N

28 | Py
(0]

R CuCl, DMSO, 60 °C

= N
Ar/& R=H '
29 Ph
) 30, up to 74% yield
2 Co(OAG),-4H,0 OH
PhMe, 60 °C AR;>I\/O\N/C02MG
R = aryl, alkyl |

31, up to 94% yield

RIS 4 A/l A ST TR 5 A4 (8] 1 B N
Scheme 4 Copper/cobalt catalyzed oxygen insertion reaction
between oxime acid and terpene

RISV BA T 2 A B ETE, —HRH
WL B F IR e 1 25 2 —10) 2013 4R, FAHERE
ZH POV Jod T TR A, ST A P e S TR A T
IR, SEHL T XS B-FRIERNCRAL 54 33 (65 Al
MUHBIE 7E 57 S B S 28 i R A R4k, A BRIt
HSE ] A, 2014 4F, EMAREZE R E—5d i Pk &
M BR AL PR T PR 5 P A R 2 ) R R N SO, S
TR p-BRIENRAL SRR, 77 5 KA (Scheme 5).

R3SO,NHNH,

Cu(OAc); (5 mol%)
EtOH, O,, 70 °C 0O
2 (2013)

32 (ls? SO,R®
R OH 33
72% ~ 95% yield
FeCI2 . 4H20 (5 mol%)
EtOH, O,, 70 °C
(2014)

B 5 /BRI N BB R - R R & 1)
Scheme 5 Copper/iron catalyzed oxygenation for the synthesis
of f-carbonyl sulfones

2018 47, BRSO R AH P IE I KRR I 4 1 1 R
A, SEBLT D5 RN BARRANER . DT R AR A
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SEEWH S 2 B ESE AN RN, —8iE G T o-25
B-p-EANIAL AW 36. [RINT, %I b 5753 I HR AR U (1)
JEVIIE Y. SRS BILERARF 7 S S R 2 1 Se 48 i i
H SN, BEJG 3T A SN B, 123 B A
FEST C—O #. C—S A C—N B —4Rik i (Eq.
9).

N,BF,
CuS0,-5H,0 (20 mol%)
Ar- X + R'SO,Na + | \_Rz
23 34 _ DMA, r.t., O,
35
=
i N \_:Rz
Ar Z ©)

SO,R!
36, up to 85% yield

FIFH 23 7 P9 3% e I 1] 55 9 i 3 T 2 1) 1) 2
FIRRA B8 TR 5 3. TR 437 3R 8t 7T
PLSEELA> 2 5 - 1d S8 B B/ M2, 2011 4F, Chiba
PR A P I = A (B ER A AL SE B T 4 T N R b
AN 12 S5 S LA [R] B 15 iy s 22k (4] 5 R Hb 0 e
FE A R ENIEY), TEAEMEILAR T, —5H
T HUR 3Nk SR A 38, FEBEE R AP
FARYIE F 1(Eq. 10).

\?\ cat. Cu(OAc), o
DABCO, K,CO; HNN\
NH —_— < (10)
CO,Et DMSO,80°C,0, Ph H
Ph CO,Et
37

38, up to 83% yield

I 4 R A AL 55 5 2 5 1 A N OB T B
TEFFIR_ER) C(sp®)—H $SCHUEIAE . %8803 L 3
%5 R 55 B KA IR 55 18 25, ¥ T B0 I B AL H
C(sp?)—H 8 [ FRFEAL SR AN 55 3 2 5 1 2 95 Mtk I
NP4 2009 4, A SR R A P o I R A (A S
EZEIR EH C(sp®)—H 4, 2Bl T KPR S WA
WAL, G T AR IR I A D(Eq. 11). R
MU 70 B oR P2 R AR B TR, R 2 R R 30
H AR B R e A 3 FH A

10 mol% Pd(OAc),
2.0 equiv. KOAc R

R
COH 10 equiv. BQ CO,H
N .0 equiv. X
|\ —_— |\ (11)
= DMA, 115 °C ANon
39 15 h, O, (101 kPa)

40, up to 82% yield

ToAA 8, 2013 4F, BT R EE M EUL
AL N-FRREORAS R B AL E AL C(sp?)—H
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B, OSEEL TN 2- 5 SEIERE R ) C—H BRI RV,
B R =2. RNV RN, RPIEE R S5
HERAL, AR RONERAL I 4 B 4 A R A, fER L R T
AN B 175 S AU RS AR IR F 2L C—H $#(Eq. 12).

PdCl, (5 mol%)
— NHPI (10 mol%) — (12)
\ \
N / toluene, 100 °C, O, N /
H OH
41 42, up to 78% yield
| N , up (B
> N\ CI\
Pd\ /Pd\
Cl N= |
N

2010 4E, Chiba 25PDL o5 B -N- K FE B R,
KT — 4B B 15 7 N B -3 AN RO,
BT — RYNMEIRTRIAL AN, LB T 4 AR 1 I5 6
1. HED I S REAVER B R, N5 R B 2R B A B
C(sp>)—H #[1i% AL AN N FE(Eq. 13).

N
11
+N Cu(OAc), (20 mol%) o
-N K3POy4 (1 equiv.) N
N T 4 (13)
~ DMF,80°C, O, N_
o) 0

43 44, up to 83% yield

2012 4E, Chiba AUHPIR JE T —Fh3E T 10 b
AR AL IR ANZEIR B C(sp?)—H HEAIEIR AN RN, 1%
T Ch 3-F 562 F5 BEFE S AR, e 5% BRI
IR BEIAT SRS N R S A BT i LA, 6 i 4
AR FNZEIR M 1,4-Z I 0E N N FE, —#Ridkse
P72 IR 28 B S N R N 2R 5 R A 1 42
L B (Scheme 6).

" pTokMgBr  CU(OAC)(10 mol%)
# (1.3 equiv.) 1,10-phen (10 mol%)

Et,0, 80 °C

DMF, H,0, r.t., O,
then MeOH

46, up to 87% yield

B 6 A 57 0 EE N BRI S
Scheme 6 Copper catalyzed spiral cyclization of aromatic rings
with oxygenation

2015 4F, AETIRBAPIR R T — FAE MRS
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WIEIAE C—H A MBE AL [ B (Scheme 7). %)%
[ PAARCT AN R # (TBN) M R4y B i B A4k, i8
AR R T30 B e SE AT A, R Dy S
HBEAT AR 0 TR AR A SN, N B H 2 5]
R N335 2 40— FF I e B A k2 15 R I3 1 el
FERAE R W T AR R OB, 5 ) L6 SR
A ATRER H TR, A ATRER A TIRYA S,

DG [T . Pd(OAc), PG @
1 1 0,
©H+ ©/ + 0, + Nup | _(10mO%) @)LPh
A (101 kPa) (20 mol%) 80°C, 24h
. . 48
47 [PhCOT  [PINO] up to 96% yield
G DG
: Pa(OAc), (10 mol%) NO,
. tBu\O/N\\
O Pncl, 100°C, 24 h, O,
47 49

up to 81% yield

Bz 7 A A S N OB RE AL R A S
Scheme 7 Palladium-catalyzed acylation and nitrogenation of
Aromatic rings with oxygenation

2015 4F, R T IREAPOLLSS B L RERT BN A
JE, RS, U= ORI AL, SEEL T
P T BRI ONE, B T V-0 S A b e il
WAEYIEQ. 14). SVHUEEHEDN W] B8 e L B NERR, TG
EAS VRIS e 2 A S R TR N P L SR i
ANEEHAR=4 51, 0 FAL R bR ici i SR = i
ST AR SRR T K AR

Ar. N Ar
Cu(TFA); - xH,0 (20 mol%) \(I
H H NH, H,0 (20 equiv.)
0 N N" 0 (14
Ar)kf * SN (14)
DMF, 120 °C, O, N
H
6 50
51
up to 93% yield

EAERIE, BT R BN Csp))—H 2514
ECEPAN - A DG 1S ST DR DN AN Are A SN e
VIR LA B TGS, LTS 5 1 U
NSRBI TR R . TR A R s,
307 C(sp>)—H B A ME R IR, 5 K4 C—H Ihfgtb &
N 2011 4, 5 TR O R T I R R e RN R
ERILRIMEAL, N-F3E SEAT — PR i de Bh Ak, A/EAL
(I Wk 5 B BRI 1) S8 A A8 SR IR S 2, 4581 13-4 I
FAb-2- R LRI ER 54k & 54, 5 2 8 A
X1 BL A 2 PP R, DL 2,2,6,6-PU B R IR iE - - 4EAL
Y)(TEMPO) J AL, SSRAT T, BiBR AR A i 477,
SEPL T IR 2B 2R s 2 R ARSI R, 58K
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TR 2 AL S 45 1 (Scheme 8).

Su's work
[CoJ/[Mn] O O
R! NHPI (0.15 equiv.) R2 | R!
H<~
NH \/Co a 0, o N
/ \ + p— >
N\ O Pl cuso,5H,0 7\
R R TEMPO, O, —~
52 53 R
toluene, 85°C, 20 h 54
Liu's work 45% ~ 69% yield

B 8 TESEMAEINRS 1, 3- 2 (8] A5 HE N RS
Scheme 8 Transition metal catalyzed oxygenation between
indole and 1,3-diketone

2013 4, EET WA RIS 7RSI, i
A PG| e 55 5 21 22 1) B S N IR S B, SEB T
Xf C B 2R A S D B S BRI ATT 5 2 7R g A
A AR RUERAE T, WTRVE R AR S AL, Bl s aid
IR FEABER, 70T W RREZINEUR N, B Ja A T5 /4
13 3 B 4 O I B ZS =) 56 (Scheme 9).

RZ (0]
X (0]
@ﬁ\}o R! N
= — RZ
o 0
N/
(0]

Cul, O, NMP
1 80°C, 16 h
R\\ H 56a
— up to 68% yield
P
7 0
52 Cul, O,, DMSO
R! N
80°C, 24 h U T N R
\ Y N A
N
(e}
56b
up to 81% vyield

BRI 9 S HE AL SN S A R I B SR 5 1)
Scheme 9 Copper catalyzed oxygenation for the synthesis of
tryptamine compounds

2016 4, MEZERBACR R T — s i 1L A
SAELIREIE 3-62 C—H S 5EIRAIRML IR, %%
LPESACH AR 2T, Jl i R A 2- U
W 552 2 5 2 T S SR NG R, — vk sl T
FFUGI 1K) 22 ThREAL SN (Eq. 15). [ M IHLELATE 70 B0,
RN — N AR R NALER, 2K A AR
Ak 5| RO A E AR R N

CuCl, (15 mol%) O
R 2 R
X NOAC (3, (sealed tube) S R?
| N—R2 e 15
- TR 1,4-di (19)
N ,4-dioxane = N
H 58 4h,80°C N=“Rs

57 59, up to 85% yield
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2018 4, JuAARMEEAR R T IR Ak 0 AR L AR
% P gk i -2- BUAR P R P A0 N R . 1% % B 7E 25 R
gerb, BLONN-Z VR F B (DMIF) 36 55, AT BLSEEIL XS
W5 e -3- i 251 22 F 14 2 (Scheme  10). BEAN, % % NAE
1,4- SR U TR, AR A I A2 1] e A bk 45 A 2 4L,
a1

CuBr, HCI
—
DMF, 120 °C, air

CuBr, HCI

1,4-dioxane
120 °C, air

B 10 AL SR N\ SR B 3-SR4 547
Scheme 10 Copper catalyzed oxygenation for the synthesis of
indole 3-ketones

2019 4F, Borban PV J T —Fif b Sk IE -
R 3H-M5I W 50T Sk e i 22 1] F) U3\
7, SR 2-A80T AU i 2 A A Mg -3 2B 4k
Y 64 KI5 MU(Eq. 16). 2RT, ZMNEA —E RV
BRAE. FEZRATT, 2 3-BURMEINES 5 N, JFAEE
A ISR SAL S, Tt — 2D SEIURT 2-Ar H R T
REAL 1.

R BocHN, R
CuCl (10 mol%) o

7N pyridine (2 mol%) N
+ BocNHOH ————— (16)
THF, air, 24 h
63
62 64
up to 77% yield

2018 4F, AL PR T — A A 3-HUAR ]
MR ) B T X B £ SR AL OS2 (Eq. 17). FEBR U IR
HAIEE R AR ALV E T, JE R M C=C XUtk
JROSUEMF AL ) PR I, B D A A5 B4
2% = U S R 1) G W R A, 12 v T A i 2

10 mol% Cu,(OH),CO4

R! R
I\\ A @G 5 mol% Cu(OAc),, O,
P + 3// N TS DCM, 24 h, r.t.
R
\R2
66
65 R3
R! \\\
R
— 1N
N™2
/ H
R? s

\
!

67, up to 90% yield, > 99:1 dr
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PRIV i 28 IR A S R A9 381 2 8 2 3 1) — Ui RS AT
AW 67, HH RS AR SRR LARE R, FRSH
AT, Z SN FIHLER B 7T s SR R A
AT FELAN oA A2 2 B BTy AR S LA IR BRI
F A
1.3 C(spy—H iz C=C ESEMEMARIN
RN Csp)—H BS54 XN 3 %
WA GO E SR, HIERKS 5N E AN R MR
L, P E et AT &R AL B IR B, T JE BEAT A A
WL C(spH)—H B C(sp’)—H HERIA /I N T FE.
2010 4E, B iU A 2H PO ik R Ak SV AR - e e 1A R A,
BN B H 4l 2 770 DY R R IR e S0 4 (TEMPO) il B fi
th, SEELT 5 RMANE S R M IR R, SR T
o-BRMBE LR EH 69. 1T BERI R ML BN 1% R BT 2
et iR TR R N IS R, 15 B S Ak, AR
JG%: C(sp”)—H H M AN I N A3 B S i S VT Te R A
H k. PO ARicseis BoRrE T AR Aok B
TSR, IR IS R 7R ZE W2 0—O #(Eq. 18).

CuBr (10 mol%) o]
TEMPO (10 mol%
Ar—NH, + =R PO (19 mol%) Ar\N)H(R (18)
68 pyridine (4.0 equiv.) H )
9 toluene, 60 °C, O,

69, up to 84% yield

2011 4F, FZ) S 9RE T VAR, R
AR AL bR T 5 R 3 H-W5 | W = 4 9) 2 [ [ 4R
FANRBL, BT 3D PRIE IR &9 72, &V
WIELBE s, RIS RE B e B R 5 R
N B JETE BF J  Jie ok JE AS, BE S s e AR S
TR S 7 5 31 D B s e PP R . B )i, 48 i SR A Ak
A C(sp®)—H B 5 N N1 B B & P2 W)(Eq. 19).

R2
Hewr _R' CuBr (0.1 equiv.)
N Pyridine (2 equiv.)
R — + R*—SO;N; + —_— >
68 4 { DCM, air, r.t.,, 3h
70 —/>R
7
o} 3
4/%’N R
R*¥H N N\
\O 0] (19)
R;— \ R2
Z N
\R1

72, up to 80% yield

P S bk At T DAE A JEC 4 S BT O 4 i Ak 1) AR
TN, N FEAMUAN A R EI%E C(sp’)—H #EH
AAb. T NIERES 5 S 3E N RN 2 J5, Chiba B8
TR 2012 4EHE— BT IRAL AR AN 1,10-48 — %24 3F
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WA AL, STHLT P 5 0 3 B2 R 4 F Y ER A -
RN R ST AR C(sph)—H
SRR BT 40 T AL SR L T T, A N ]
Pl 25 Csp’)—H B2 54U EILE A
SR, A R T IR AR (M K AL &1 74
(Scheme 11). FEIZ gAY, I Z A RIS BR R (AL,
B ST T B TR A R N R L, P
S BRIR IR [ BRI N AT AE W 76 1694 R (Scheme
11).

Ph Os_Ph
CuBr-SMey(10 mol%)
1,10-phen (30 mol%) X CO2Et
NH o,
coRt DMF, 4A MS, 60 °C, O, N Ph
Ph Ph

. 74, up to 90% yield
~
N Ph

R2
R2 (\ . Cu(OAc), (10 mol%) N
=N R'  1,10-phen (10 mol%) /k\Af
DMF, 4A MS, 60 °C, O,

75 76, up to 84% yield

R 11 MRS 5 0 5 WIME- S RN
Scheme 11  Copper catalyzed intramolecular cyclization-
oxygenation involved by internal alkynes

2014 4, IR 2 i S AR AL A B
TEAL LA — bl 0 i SR BR R 2R A S 4 77 1 A b
N B I B A N S, it B BB ) A8 B AL S A
NS RE,  SEEIL 150 Se | Rkl A 5 ) B 0 g i 2 P
T4k &) 80 MUK (Scheme 12). BN R FE ¥ K
F|— C(sp”)—H BEMIWTEL. ARHEIE K AR IS LE M mT LA
BT R R MR E] 1,4- T EEER S, ER
LB 70 5 e S [4 42140 & 7 a2 B =4 1)
T, 2016 4F, I a2 e pi i AR R S
— GBI 4R A S AR T AR B A AL, 7R
AIREE R, SCELT A AR A B SRR R
PR, Tt i T R L AR () 25 R SR AL B )
81 (Scheme 12). [AJA7 2 AR 1c SEE 7R =) s ¥ I [
AR T Bk B TRMASR. [EE =02, ZBRRMN
AR mE a5, BAEME e 4.

2017 4, Rl E ik A0 AL A B A A A R,
DAFAL I AS XA AN R R N 7 3, b — 20 sl T
W5 R 5 IR FE R AL A 2 B AN OB, e
AR T BRI FERE AT DY) 83, il SLit B I M.
N E SR, BP0 R ok R A AR E
THAAR. R A RN, RN B E R
AR A 1 K C(sp™)—H FIAEEE N [ R 3 F2E(Eq. 20).
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In 2014

(X=NTsor O)
77

o o)

|
PdCl, (10 mol%) R2
CuBr, (20 mol%) X
D ———————
DMF/H,0, O, R 1 rfoH

o
35°C,3h 80

up to 95% yield

In 2016
CO,H CO,R

PdCl, (5 mol%)
— - Cul (1 equiv.)
7 N\ " /7 \ owwosoco,
1 R2 RS R4

77

R

81
up to 92% yield

B 12 AR R Bt 2 ) A K - S0 S DK e
Scheme 12 Palladium/copper catalyzed coupling-oxygenation
cascade between alkynes

3

\/\R PdCl, (5 mol%)
COH | CuBr, (0.2 equiv.), Oy
— NH,  3AMS, 30 °C, DMF
7\ Il then CHl, KoCOj3 40 °C
;
R R? R4
82

(20)

83, up to 91% yield

2018 4F, TR 5 0L V- BRI EE I
i (NTS) /Ay BN 7], 308 3 7514 0 - nE e A Ak 2 142
b, SEILT 5 ARG S W B TR bR 2 1] S A g
NI, —HER T 2,4,5-ZBACKIEM LS 86
(Eq. 21). JRNIEFE Hp 2 A8 pleds B v TR A4, [R]ES 0 K 31—
AN C(sp?)—HBERIWIZ. X R0 45 S 2o, N-HLCBE
B 0 e ] DA REANL R B S BT Y, SR F B LA
HHEERER.
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REVIEW
CuBr;, (10 mol%)
NHz B pyridine (40 mol%) O/\g\
£:+!

| NIS (1 equiv.) SN E @1
£ K5,CO3 (1 equiv.)
80 °C, O, (101 kPa)
84 85 toluene/DCE (V:V = 1:1) 86, up to 79% yield
E
E
Ph/\H)\H(
Vi) AR RN
I 4 R A S C—H SR N N
FIEE T ER, B UEHE 2 RS K el AR
PRI AR, C—H 2 583N NS TR 2,
Al AN [FR B Ry S . PRI, MRARS. SR
RRDL L Bl A 59, B TGtk C—H #z ok, i

P @ity LOs i AL C—C By sUBEAT S
NI

2 B C—C EBMEMARN

I R A TR C—C B A S S R R A
A P S a5 R 3 e e e AR 4 SV BRE ) (] I
Wizd. 2012 4F, A= Ot — 20 DL KBS R i 1k,
IR C—C B O—O R P FE, SEIL TS
il 2 TR RS N OBE, B T o0 R SR AL & 1) 88.
2L SFA AT DLdE T e R AU, I DUSE s
RAFEIHFR W), AN, BRI RN
JERAIIS, SOREHE AT DLHEAT, 1 B 12 e N AR o S AR
[l 1 1] 44(Scheme 13).

d o)
0 2
A0, RL_R? MN(OAG); 2H,0 G mol%) )LN/R
H toluene, 90 °C, O, |
R1
87 7 88
up to 84% yield

/\¢N\©\ standrad condition HT \©\
O
CN CN

70%

B 13 HfEiR C—C BE S i i 18] ) 4l N\ s
Scheme 13 Manganese catalyzed oxygenation between alde-
hydes and secondary amines via C—C bond clevage

2013 4F, FET S i 1R A AR - i A F
b 1,3-ZF A A A — Gl 2 TR AR N N, 74
ST, SEIL T 0 K o-FERTESS 90 (G . RS
WA RN R N R b B C—C BRI, RN CEpES
A= 75 5L R EE 91 117~ 4E (Bq. 22).
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CuBr (10 mol%)
pyridine (50 mol%)

4
O O
R1 &\J‘j\ R2 + Ho_R3
H H

14 toluene, 90 °C, 24 h, O,
89
(6]
(0]
0) 3
1JJ\ N + R 22
R ¢ R3 \OJ\ Ph (22)
0 91
90

up to 92 % yield

2014 4, H iR A S I IR A S AR - i e A Rk
— DA T BB R 2R S — L 2 (Al AR N N, B
T 5 REEREE R A 93, R R ARIC LI BoR A
REEF AN =z ZoRE TERIER 92, R =%
2 —WER B TSR, MU R N [R5 & 2
T C—C 81 O—O FBMWTEL, FEBEE B r= 0w AL
(Eq. 23).

o ¥ CuBr (10 mol%)
. pyridine (2.0 equiv.)
Ar)L"': kyi T R—
alky BF3-Et,0 (1.0 equiv.)
92 14 PhCI, 130 °C, O,

0O

o)
)J\o/R * Ar)J\O/R (23)

93, up to 86% yield
(f0:"%0=1:2)

Ar

2017 4, FEYLE A NRE T 55 50 5 R
e 2 1) (R 8N SONE(Bq. 24). 1% S S AE 53 B S R 4 1
AL N2 4-N,N-—F 3L g (DMAP) BRI 261, il it
T Clo)—H BT A SIS, 1% B4 0t 75 S
(11 Cla)—C(B) HEWTRL, S4B I T 2L LA K Pl e (R 23 A%
IR, BE MR BN R a-BIB &Y. %N
KTt — i 2, RN SRR 2 AN B e
B, Bl WA RI ).

0 Cﬂ R2 CuSCN (5 mol%) o R?
)J\/\ b HN/ DMAP (1.5 equiv.) )Hrrl‘ 24)
NN + _—— N
Art R’ \R3 toluene, 70 °C, air Ar R®
94 7

95, up to 88% yield

S B AR C—C RN N H FT RN
TE - R AL 284 B, 2LV & R AL SR d N
SN 5 — BB Ay AR, B AT N R R F
C—C BT, LR K BWiR C=C #ak C=C #
(SRR N SO, R, e 3ol 3V o i A T SRS R e
T e 1 e N IS 2 3K 350 43 AR SR 1) A 7 T
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3 REERE

X TG & S A Gk, R
SR SN BA T R AL R R BR AR L %
FIR BTV R R E A S 1 X AR, R, (K
B\ I kR IR WIIASE S 5 IR R, JF
ERT A E R BB RIS AR R G
HAT, o i A RN SO, D2 O L
B Db b s B SN R R TR . R,
RN e BARARH TG, (HBEHE SR O AL A RTA] 45 4k
RIEAEAHIHTER, I NATIIRAFAE AR A R (14 7] AT
Pl Ltz RN HEZ MRS, HRNER
PEEAELE, SN A LURHT 2, [R]85 Z A
AL B, A7 R B P R 5SS A 8 6 e A A o B
XA L ARPRAR] 1 XSRS )2 L AT PR A . 3T
R, TR TR RN G T A A S IR
PR, I A T H 2 IR 0 SR N SN G T
S REAEH], (1 N gk ORIk, dnf
SEHUR A AT RSB, I ARG 12 R A A
ARG AR B E R B 22 5 IR SR &
Ao 5 < Jom AR A ST A3 A P AR N S L A 1 A4 i
R SRR
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