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pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY
Palladium-Catalyzed C(sp®)—H Oxygenation via Electrochemical
Oxidation
Qi-Liang Yamgf’i Yi-Qian Li," Cong Ma," Ping Fang,% Xiu-Jie Zh:ar]lg,+ and Tian-Sheng Mei*"'

cat. Pd(ll)
R® . ) i R3
9 anodic oxidation 9
R TK'N fO\R4 h' R TLNN -D't. R4
1 - 1
R X R
H X
up to 92% vyield

X = 0Ac, OCOC;H; OCOCF3 OTs, OMe, etc.
J. Am. Chem. Soc. 2017, 139, 8, 3293-3298
PA(INAE AL 22 55 N AL C(sp3)-H 5 A M4 B 1 U 3 — Al 5
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Pd"
R=H + Y g R=Y

oxidant

R-)Y/, |Pd" | \i-H

[R-pa or[-pa| (r-ra!]

Y Y
oxidation %

Y

oxidant [ R_Frd" l
Y

Figure 1. Pd"/Pd" or Pd"/Pd™ catalytic cycles.

A

a) Mediated electron transfer
+

anode X ArPd"X or ArPd'VX Ar=—H
2 X ArPd! Ar=—X
X =ClI, Br
b) Direct electron transfer
anode ArPd"X or ArPd"VX Ar—H
2e” ArPd" + X~ Ar—X
X = DCDCEFTE
AL} /=: ‘\
WAL S A
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entry

R =~ - B R R T o B

e e e
e b = O

"'-H ,Dmph HOAc (2 mL)

H

1a

anode cathode
Pd(OAc); (10 mol%) NaOAc (2 equiv)
NaDAc (4 equiv)  HOAc (1 mL)

divided cell, (Pt)-(P1)
1.5mA, T0°C, 12 h

deviation from above conditions

none

5 mol % Pd(OAc), in lieu of 10 mol % Pd(OAc),
10 mol % PdCl, in lieu of 10 mol % Pd(OAc),
KOAc in lieu of NaOAc

LiOAc in lieu of NaQAc

CsOAc in lieu of NaOAc

5 mA in lieu of 1.5 mA (4 h)

3 mA in lieu of 1.5 mA (6 h)

no electric current

no Pd(OAc),

no electric current, Phl(OAc), (2 equiv)

no electric current, +-BuOOAc (2 equiv)

no electric current, NaNO,/O,

Page 5
“--H.JDH . "-«H,.IDF{
OAc OAc OAc
2a 2aa
yleld (%)”

E/mol 2a 2aa
22 84 (82)" 5
22 66 <5
22 66" 5
22 68 8
22 74 10
2.2 75 12
2.5 35 <5
2.2 64 <5

<5 <5

22 <5 <5
28 56

46 26

62 (53)° 30
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X, .OR X, -OR
"standard conditions” N
H OAc
1 2
R = 3-phenylpropyl
> OM K > O Ph JOR
v e e b
OAc OAc OAc QAc

2b, 78% (35%)°  2c, 86% (49%)°  2d, 84% (53%)°  2e, 81% (42%)"

\N’DR *«N,DR
"standard conditions"
'
H X
1 3
R = 3-phenylpropyl
-OR -OR .OR _.OR
'-\.N O *-..N O ‘\N @] '-\N 8]
OCOC,Hg OCOC;H; OCOCg4F43 OCOCF,CHF,

3a, 69% (55%)°  3b, 58%(69%)°  3c, 55% (51%)° 3d, 63% (30%)°

Page 6
SSPONEW S SPLONEW S
\B(LN A N,
CH CH,;0Ac
: "standard conditions" 2
1h - 2h
> .04y.Ph > 0Oy Ph
NV O,
CD, CD;0Ac
1h-D 2h-D
2a .\'}J,.DR
H Pd(OAc),
1a ligand (A) C-H HOAc
exchange activation

OAc ., -OR
OR N
SN (D) / (B)
| Pd”
Pd(OAc), .
reduce‘iv\ = N'DR
elimination /
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LIE[TITERIS

Palladium-Catalyzed C(sp?)—H Acetoxylation via Electrochemical
Oxidation

Yi-Qian Li,qufF Qi-Liang Yang.i Ping F'.;mg,i Tian-Sheng Mei,*’i and Dayong Zhang:f“f

Ex

[ Letter |

pubs.acs.org/Orglett

H N,OMe OAc N..-OMe
| Pd catalyst |
Me + "OAc - Me
R anodic oxidation R
R =0Me, F, Cl, Br, |, up to 80% yield

CO:ME, CFa, CN
Org. Lett. 2017, 19, 11, 2905-2908

55—l I B R A B pd AL B 282 171 C(sp2)-H Lt E AL
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anode cathode
Pd(OAc), (10 mol %) n-BugNOAc (1 equiv)

H NI,OMe ﬂgzﬂgﬁ §1 equiv) HOAc (3 mL) OAc NI,,OMe e
©/LME divided cell, (Pt)-(Pt) - @AMG TN Pd catalyst
1mA, 40°C, 20 h AN Me —
1a 2a R=r - anodic oxidation
entry variation from standard conditions above yield (%)" 1
1 none 78 (75)°
2 10 mol % Pd(TFA), instead of 10 mol % Pd(OAc), 74
3 10 mol % Pd(dba), instead of 10 mol % Pd(OAc), 66 OAc NOMe
4 10 mol % PdCl, instead of 10 mol % Pd(OAc), 30 Me
5 5 mol % Pd(OAc), instead of 10 mol % Pd(OAc), 23
6 60 °C instead of 40 °C 69 2 53000
7 25 °C instead of 40 °C 54 '
8 LiOAc instead of n-Bu,NOAc 51
?  NeOAC instead of rBuNOA: 6 LR ECp2) LI AT
10 KOACc instead of n-Bu,NOAc 59
11 n-Bu,NBF, instead of n-Bu,NOAc 14
12 n-Bu,NCI instead of n-Bu,NOAc 9
13 0.8 mA instead of 1 mA (25 h) 55
14 1.5 mA instead of 1 mA (19 h) S8
15 no electric current NR
16 no Pd(OAc), NR
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ROYAL SOCIETY
OF CHEMISTRY

ChemComm

COMMUNICATION View Article Online

View Journal | View Issue

(M) Check for updates | Palladium-catalyzed C-H activation/C-C
cross-coupling reactions via electrochemistry

Cite this: Chem. Commun., 2017,

5312189 Cong Ma,#* Chuan-Qi Zhao,#* Yi-Qian Li,* Li-Pu Zhang,* Xue-Tao Xu, {°
Received 23rd September 2017, Kun Zhang®® and Tian-Sheng Mei (5

Accepted 14th October 2017

DOl 10.1039/c7cc07429h

rsc.li/fchemcomm

PA(IT)id i B AR AL HE A C(sp2) -H H AL FN I Ak, 1) 5 — M5 7
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anode cathode
Pd(OAc), (10 mol%) KoHPO, (1 equiv)
KaHPOy (3 equiv)  KH,PO4 (1 equiv)
H N,DMe KH,PO, (3 equiv) HOAc (1 mL) ve N-OMe
| HOAc (3 mL) - |
a) Pioneering work on Pd-catalyzed C(sp?)-H cross-couplings (ref. 4) @/l\ avided ool (POPD @)\
H = Me " Me (& 1.5mA, 60°C, 12 h
| i Pd(OAc); (10 mol%) | 1a MeBF.K (1.5 aauly 2a
X7+ ?,B\{? — 1 - Sy K ( quiv)
Me” 20" B*Me Bengéqm?;;e ff::?ﬁfv} Entry Variation from the above standard conditions Yield® (%)
72% yield
............................................................. .1 None 89° (79)
b) This study: C(sp?)-H couplings via anodic oxidation OMe 2 5 mol% Pd(OAc), instead of 10 mol% Pd(OAc), (36 h) 75
Me N 3 10 mol% Pd(OTf), instead of 10 mol% Pd(OAc), Trace
Me—BFK Q | 4 KH,PO, instead of KH,PO, and KH,PO, 45
H N,OMe R4 5 KH,PO, instead of K,HPO, and KH,PO, 77
| cat. Pd & 6 2 mA instead of 1.5 mA (9 h) 69
R—l = anodfc Odeaﬁan T"r 1.() mA il’lStead 'Df 1.5 mA (16 h] 54
= 8 MeB(OH), instead of MeBF;K NR
5 - 9 (MeBO); instead of MeBF;K NR
PR 10  DMF instead of AcOH NR
Ph™ “COzH 11 TFE instead of AcOH NR
12  No electric current NR
13 No Pd(OAc), NR
14  MnF; (4 equiv.), TFE/AcOH/H,0 Hydrolysis
15  MnF; (4 equiv.), TFE/AcOH NR
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H N’OR Pd catalyst R2 N'OR .OMe 0 .OMe
A | - | H N| 0 Pd catalyst
R‘—: P anodic oxidation R,_:é)\ R—: = . F'h’JLCDEH W R =2
= 1 3 oxidation
.-UM& .,UME Ph. -0 N,OME DME CIME
/@A /G)\ @A MeO
Me 2n, 54% 20, 43% 2p, 35% 2q, 44% 4a, 65% 4b, 66% 4c, 64%
Me—BF;K ArPd"'-Me
[P — or
A anodic oxidation ArPdV-Me
(Path B) c
AR A S M ATLER
(PathA)  Ar—Me

| ArPd'—ie] / > |Pd| » |Pd| or|pd'|
B anodic oxidation



— Q A r —
oo miREME, RUTRRNESZ ERERRR e
v -OMe Pd(OAc), o oN N0 i
’ DCM, tt, 24 h i by
1a 82% yield D%Q\O
N-OMe 5 (10 mol%) I
| MeBF 4K (2 equiv)
Sy-OMe y Pd(OAc), anodic oxidation
C-H HOAc
H activation
13 @H‘“\‘- ,.DME
N
= N,.DMe Me
Pdl:DAG}g .-‘ 5 2a, 78%
Pd'-0Ac *
1----1; 0.6
"\ MeBFs % ol
2a ArPd''Me oxidation 2
or . “ﬁ? £ 02
z
ArPdVMe v
6 2 00
EA
5 0.2
_“*‘ i i [ i i [ i

0.8 1.0 1.2 1.4 _ 1.6 1.5
Potential/(V vs Ag/AgCIl/Cl )
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ORGANOMETALLICS
- pubs.acs.org/Organometallics

#, Cite This: Organometallics 2019, 38, 1208-1212

Palladium-Catalyzed Electrochemical C—H Alkylation of Arenes

Qi-Liang Yangﬁ’i Chuan-Zeng Li,H Liang-Wei Zh:mg_.i Yu-Yan Li,*’§ Xiaofeng Tc:ng,JF Xin-Yan “4#"#"1.1,*5‘“Jr
and Tian-Sheng Mei*'™*

il AR AR 0 B FELAC 2t AR /K R AR A A 0 55 J AR AR 22 C(sp2) —H e BAL O 5 — 1 1
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2
Pd(OAc), (10 mol%) | Pd(OAC), (10 mol%) |
N + MeBF;K - SN + MeBF4K - y N
H (2 equiv) (+) i ﬁ(—:‘ Me (2 equiv) (+) i E“‘} Z ™ Me
1a 2a 1a-1p 2a-2p
entry variation from standard conditions yield (%) Mew_~ Me._ Mew_ Mew_~
1 none 75 (70)° N | « | - | - |
2 0.5 mA instead of 1 mA 67 N N N OO N
3 1.5 mA instead of 1 mA 63 MeQ Mo F Me F3C Me Me
4 40 °C instead of 60 °C 34 2m, 68% 2n, 55% 20, 50% 2p, 61%
5 80 °C instead of 60 °C 32
6

TFE/AcOH = 2.25 mL/2.25 mL instead of 65 e = | e | Me = | Me = |
TFE/AcOH/H,0 = 2 mL/2 mL/0.5 mL HN HN \N %N
7 TFE/H,0 = 2.25 mL/2.25 mL instead of TFE/AcOH/ 52

H,0 = 2 mL/2 mL/0.5 mL Et n-Bu Et n-Bu
8 AcOH/H,0 = 2.25 mL/2.25 mL instead of 64 3a, 69% 3b, 56% 3c, 52% 3d, 38%

TFE/AcOH/H,0 = 2 mL/2 mL/0.5 mL Me & Me Z Me Z Me Z
9  no Pd(OAc), nr o o . -
10 no electric current nr N N N N
Ph Et n-Bu Me Et

3e, 20% 3f, 50% 3g, 52% 3h, 62%
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SCIENCE CHH\A @CmssMark
Chemistry & elckforupdates

*ARTICLES* October 2023 Vol.66 No.10: 2863-2870
SPECIAL ISSUE: In Honor of Professor Lixin Dai on the Occasion of His 100th Birthday https:/doi.org/10.1007/s11426-023-1603-9

Divergent synthesis of aryl amines and dihydroquinazolinones via
electrochemistry-enabled rhodium-catalyzed C-H
functionalization

Yi-Kang Xing, Zhen-Hua Wang, Ping Fang, Cong Ma & Tian-Sheng Mei

F—MEIEAFIGEAMHERIRMENRIC - HERILAIBIF
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(b) Previous studies on C—H amination

DG
DG Transition metals
@ + "N" source - . e N-'R1

H Chemical oxidants :

DG = Directing group
(c) This work
O
@]

1.0 mA, 2.2 F/mol
’ NHA
NHArE —— P - @ e e
H > = ol
@ R?

+
H _RRIVORV 2.0 mA, 6. 0 Ffmol NArF
zaNx 1 — -~ ‘ N B
RZ R DG NR'R® c,,=H C,,
\-—'C
High-valent intermediates X=C,N,0O
* Weak coordination * Mild conditions * Divergent synthesis

* Chemical oxidant-free * High-valent rhodium promoted reductive elimination

Page 16
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(A)
Me O H l+lPti ilPt{—] Me O O
N Cp*RhCl5], (5 mol%
wes () e lal ek NHCeFe NCeFe
Base (2 equiv) )\I
H O Electrolyte (3 equiv) N/\ N
Ligand (20 mol%) K/D k,O
1a 2a MeOH, T, t, CCE 3a 4a
SV G G G ¢ § D Q@ @
, ¥
Me” N7 “Me ’Pr\)\cng HENJI\/\COZH NZ Me NZ NZ NZ “Me
L1 L2 L3 L4 L5 L6 L7
Yield (%)
Entry Ligand Base Electrolyte I (mA) T (°C) t (h)
3a 4a
1 L1 PhCO,Na n-BusNBF, 2 80 10 35 52
79) L4 KOPiv KPFg 1 60 d 84 (80)°) 12
129 L4 KOPiv KPFg 1 rt 7 64 12
13°) L4 KOPiv KPFg 2 60 10 - 81 (76)?
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0 l+lF'ti ilPtE-i

Page 18

0 i @ EI 0
(+)Pt Pt(-)
Xy NHCGF Cp*RhClz]; (5 mol% H [CR"RNClz); (5 mol) N NCeF,
R_:,.- R1Cﬁ 5 [Cp 2lz ) R_.\ NHCGFs + N , - > R_:,.r &Fs
N” KPFg (3 equiv), KOPiv (2 equiv) L R R KPFg (3 equiv), KOPiv (2 equiv) N
R2 ligand (20 mol%), MeOH H ligand (20 mol%), MeOH K/ X
1.0 mA, r—60 °C, 7-12 h 2.0mA, 60 °C, 1012 h 4a-4r
3a-3ad C-H amination 1a-1t C-H amination and cyclization X=C,N,0
R O Me O Me O Me O
R =Me, 3a,80% (7:1); 62% (5:1)°
@f\LNHCEFE, R =F, 3b, 57% (5:1); 44% (4:1)°) @:\“NHCBFE, /dLNHcﬁFE IdLNHCE_FE _
R =Cl, 3¢, 60% (8:1) —
N N R N 3 N
':)0 R = Br, 3d, 50% /j) @ @
R = Ph, 3e, 67% (5:1)
3f, 66% (4:1) 3g, R = Me, 70% (2:1); 64% (5:1)° 3j, 62% CCDC 2162523
3h, R = OMe, 82%
3i, R = NHBoc, 59% (3:1)
Me O Me O il Me O Me O
NCgF5
ﬁ:rLNcﬁFs NCgFs S NCgF5 [ju‘mcsﬁ, e
N P—
@ \ N O v
o]
M I\/N‘COZME K’N"E!:Jt:
(]
4n, 69%" 40, 30%" 4p, 52%") 4q, 52%" 4r, 62%") CCDC 2162526

RICIRREAN [
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(A)
M 8]
Ye § N [+Il=ti ﬁprt—l . =
NHCsF. * - NHC:F
CE‘L e [ J Standard condition Cofs
H O H(D)

4 h, CD,0D

2a 34% D 1a
H(D) O H i_@_lhprl ) H(D) O
N - D)H
(DH NHCgFs + OJ il © NHCgF5
Constant potcnﬁal
(D)H H(D) - (DH N
H(D) Ky/kp = 1.7 H(D) '\/D
1a/[D]s-1a 3a/[D],-3a
e

Me O Me O
NHCgF 5 l*lPti iIPtH CElLNGan

-
N’\| Standard condition N —r 1
o '\,0 Time (h)
- with KOPiv - 4a, 85%

without KOPiv : 4a, nd
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(E)
Me O

d\NHCBFE
H

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

1) [Cp*RhCly,
AgOAc, MeCN

2) Py, DCM

2a

Me 0
e
= Rh, . =
Q)
5, 40%
Me O
{+}Pti | lPt(=) NHCgFs
-
5 (10 mol%) N
Standard diti
a ' conaition k/o
3a, 32%
Me O
(+}Pti | |Pt(-) NHCgF5
-
Standard condition N/\
O
3a, 48%

ZA

Page 20

(J)
5| 1a + L
Rh"'
anodic RCO;” \D'Dﬂ
oxidation for Rh'"Y R
(A) 2RCO,H

reductive
elimination

o\
activation

no electricity (60 or 100 °C): not detected

1a, 85% recovery
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& Cite This: J. Am. Chem. Soc. 2019, 141, 18970-18976 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Electrochemistry-Enabled Ir-Catalyzed Vinylic C—H
Functionalization

- Lang Ya_pg,"'*:]:@ ‘j‘ri’K“mg‘‘Xi”g)-:.’§ Xiang-Yang Waﬂ,_g;-[- Hong-Xing Ma,” Xin-Jun Weng,’
Xiang Yang,‘ Hai-Ming Guo, ® and Tian-Sheng Mei*"'

ERFDHIBHE P RIGER SEIHEN ZIHEC - HIMURIE—MIF
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A. The challenge of electrochemical vinylic C-H functionalization

lectrochemical
=\ SO
R H

C—H functionalization

B. This work: Ir-catalyzed electrochemical vinylic C-H functionalization

o

R! R¢
[ TOH RE‘%

R “H

* gxcellent selectivity with
internal alkynes
= Weak O-coordination

Co. Ru. RhAIPAfEAL T A] LLSEEL N MG IR S5 i) 2 0% 3 C—H

I Ha-MERERR, {H]

bond-dissociation energy Bh 9 Ph
- g X | nbond (~65 kcalimol) | OH + %
* vinylic C=H bond (~111 kcal/mol) H Ph
1a
mi b .7
(Cp*IrCl,), (3 mol%) R 7o
-
n-BuyNOAC (3 equiv) 27N o
* MeOH R L R =il
1_'5 MA, 80°C, 12 h_ 67 examples, up to 95% yield
Me
Me\m,h'le anodic
Me” | ~Me oxidation 11
RZ Ir’ R3 = glectrochemistry enabled 12
R‘—i_ 3—9‘ electron transfer
« undivided cell 13
14
15
16

Y2 A M 1R IR P AT S B Ie Ak B A [ 5 4k, 17

ZA

I+}i (=)

(Cp*IrCla)s (3 mol%}

n-BuyNOAc (3 equw)
MeOH

1.5mA, 60°C,12h
2a

variation from standard conditions®

KOAc instead of n-Bu,NOAc

n-Bu,NBF, instead of n-Bu,NOAc

K,CO; instead of n-Bu,NOAc

O, instead of electric current

2 equiv of Ag,CO; instead of electric current

2 equiv of Cu(OAc), instead of electric current
2 equiv of PhI(OAc), instead of electric current

Page 22

yield” (%)

92
<5
<5
<5
<5
<5
18
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0 ["']i I“‘l

1 R (Cp*IrCly)z (3 mol%)
R OH  + = -
I RZ n-BuyNOAc (3 equiv)
H MeOH (3 mL)
1.5 mA, 60 °C, 12 h
1a, 11 4a—-4r, 5a-5s S mA, 60 °C,

Te, [Ir]: 91% (20:1) 7d, [Ir]: 95% (20:1) Te, [Ir]: 91% {15:1) 7f, [Ir]: B3% (14:1) 7g, [Ir]: 94% (18:1) CCDC 1941948 7h, [Ir]: 90% {20:1)
[Ru]: 58% (2.4:1) [Ru]: 42% (4:1) [Ru]: 46% (2.2:1) [Ru]: 27% (2.5:1) [Ru]: 57% (3:1) [Ru]: 21% (2:1)
[Co]: 66% (1:1.2) [Co]: 32% (1:1) [Co]: 36% (1:1.3) [Co]: 39% (1:1.3) [Co]: 88% (1:1.2) [Co]: 52% (1:1.1)

o]

0 9 Ph
Ph O
Ph
@ I,.
= = =
COzMe n-Bu HO

Ph
7i, [Ir]: 88% (25:1) 7§, [Ir]: 90% (20:1) Tk, [Ir]: 94% {15:1) 71, [Ir]: 88% (10:1) CCDC 1941944 7m, [Ir]: 96% (25:1) CCDC 1941955
[Ru]: 77% (3:1) [Ru]: 83% (1.5:1) [Ru]: 55% (3:1) [Ru]: <5% [Ru]: 34% (1.8:1)

[Co]: 70% (1:1.1) [Co]: 75% (1:1) [Co]: 76% (1:1.3) [Col: 37% (1:4.7) [Co]: 68% (1.1:1)
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R\E\DH B R1f;’z""=2 (CpIrCly), (0.5 equiv) M;;@MT

- |r| R" ME

n-BuyMOAC (3 equiv) 2N Me Me
H MeOH (3 mL) R‘&} R? 3 \Q’
60 °C, 12 h 0 a Me™ T, ~Me 1a + L
1a1l 2a, 4h, 4m, 4q, 5i 8a-8f Mg
RCOS N A
" Me " . M Me M 0 R
E\Q’ =} & - E\Q e } - g | .
Me™ T ~Me ’;‘Jﬁ‘:l‘. Me™ T =Me MR RCO,H anodic (A) C—H 2RCO,H
j’l-r\ {E = ¥ ‘:ﬂ‘l. e _)‘l-r‘l\ mPr = 23 oxidation activation
Ph—<& S ppy S P S ey A~ Me
_Og-g _Og_o ¢ Me Me - m, Me
8a, 90% CCDC 1920132 8b, 72% CCDC 1920133 Me Me Mem T Me
Me III Me Ir"'l”'-‘L
A. Stoichiometric reactions r Ph l B
e o2 e - Ph—"S—pn ©) Ao ®
Me Me ¥ e )
i OH @l methanol M\e@-’hﬂe BT 0
. + Me™ 1. TMe o i — Q
(o} At T g0 = 2a
I8 DMSO™ | “OAc  60°C,2h o\ A g % L reductive ligand
1a 90‘““3 78% yield 0  Ph ; elimination exchange
B. Catalytic reaction with 8a CCDC 1941935
i_@_lﬁ Me M Me M Me L
(+) (=) 2n Me =y Me a\g e Meﬁhﬂle
8a (6 mol%) Me™ | "Me Meph Me Me™ I “Me pp
1a + 2a -~  3a methanol ;E\ Ph Ph Ir'h,
n-Bu,NOAC (3 equiv)  ggu, yield 60°C,2h Ph—” (‘J%—pn = lr'“,”rL migratory TR f,;,
MeOH 88% yield o \ L insertion 0
1.5mA, 60 °C, 12 h 8a Ph 0 Ph PH
C. Reaction of 8a with anodic oxidation or chemical oxidants 0 0]
anodic oxidation chemical oxidant (2 equiv) (D) L (C)
3a - Ba - Ja
84% yield n-Buy,NOAc (3 equiv) NaOAc (3 equiv) <5% yield
60°C 1.5 mA 80°C or120°C

chemical oxidant: Cu{OAc);, Ag,CO;
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OL | Organic
Letters

pubs.acs.org/Orglett

Electrooxidative Iridium-Catalyzed Regioselective Annulation of
Benzoic Acids with Internal Alkynes

(U-Liang Yang,# Hong-Wei ] ia,” Ying Liu, Yi-Kang Xing, Rui-Cong Ma, Man-Man Wang, Gui-Rong Qu,
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M 0
0 Pt [ et
OH (Cp*IrCly), (3 mol %) e
= OH + R1 — RZ - R== I
R | ER-_; ; "Bu,NOAG (3 equiv) NN g:'
H " MeOH (3 mL) R' RY,
1 5 1.5mA, 60°C, 12 h 6
0 Me O o o
Me O Me O .
0 = oM —ﬁ-) i.%-
2~ -OH A ~OH Me 7 © = J}. % 1 OH
_A\__OH _AA__oH i
Ph Me® Bh Me© Ph e : { R e
'?Bu Me "By Me 3 "Bu Me
6a, 71% &b, 75% B¢, 70% ) i 61, R = Me, 86% (70%)°
1
). 72% Bk, 61% CCDC 2052477 6m, R = CI, 59%
0 o ll
0 g 0 o ve Q
H M

Y e ™ " (13 (S
Ph Me = Me Z 0? ~ 3H
g , "Bu Me” Ph Me =

6d, R = OMe, 74% v
Be, R = Br, 60% Me Bn, 55% 6g, 52%

6f, R = CF4, 41% 6h, R = OMe, 86% CCDC 2014257

69, 74% 8i, R = Cl, 69%
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b. This work
. @ . @r
- NPh RI—=—R? . R'——r* o
a. Previous study: o NHR -
NG SRz Undivided cell, 60 °C | Undivided cell, rt N
[Rh] cat. o [RH] cat R L R = Ph < m R=Ts 18
- RI——Rr? . Rl——Rr? _ _ _ -
o NHR - via Me via: We
- R? [Cujor[Ag] as oxidant ) | [Cu] or[Ag] as oxidant e M Me MEQME
high temperature -~ "H high temperature Rl Me Me « divergent synthesis Me Me
) A I - Rh + alectrochemistry Rl
C—N reductive elimination C-0 reduciive elimination PhN/ Ph * mild conditions Fn
(Well studied) {rare) b ‘ \I( « terminal alkynes tolerated o9 |
0% M — " py + mechanistic studies i, —" " pp
I'I.I'Ia,_ Ll Me/_
neutral concerted pathway fonic stepwise pathway
o Ph {+}Pt£ “PI{-} NR
Me (Cp*RACI): (4 mol%s) Me o
NHR + | ‘ - +
| n-BugNOAC (3 equiv) Z~ph
H Ph
1.5 mA, 60°C, 7 h Ph
1a-1d 23 2.0 Fimaol 3
Entry 1(R) Variation from standard conditions Yield®(%) of 3 Yield®(%) of 4
1 1a (Ts) None 99(91)¢ n.d.
13 1b (Ph) None <5 4b (95)¢
14 Tc (p-NO,-CgHy) None <5 4c (86)°
15 1d (p-OMe-CgHa) None <5 4d (42)°
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0 Mi |(-)
= R* {CE*RACE ) (4 mol%)
MHR + % -
| =E n-BuyNOAS (3 equiv)
RZT VH MeOH
1.5 ma, rt, 7-12 h

1a, 5a—S5r 2a-2y
.............................................................. with Iwmma;mwnes.--.--.--.----.--.--.-..-.--.--.-----.-.--.--.---.:
MTs MTs NTs NTs NTs H

|

Me Me Me Me Me :
B B B B | :

]

1]

= = P A, = o

1]

]

R F !

1

7s, 819t CCDC 1967783 R = OMe, 7t, 93% "Il Tv, 86%0) Tw, 67%]0 Tx, 7% 0 :

. . . . '

R = Tpr Tu oo bl
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| {somerizalion belween Int1 and int11 |

Cp
|
Rh“' o,
51X
TaM™ o =— " py
Me”
|
- o |( AR
i 'f"J“a | j( .Ir..——. Ph l
int3 OM == P TsN* we’ Ts8 pn_ RN
o y N
ph. RA , . MTs
Ph—?N"' ;‘2~ Me Rh—N bond
Ts
—
[ \—
,,L.--\\ }‘
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(b) Previous work: Rh-catalyzed enantioselective C—H annulation using Cu(OAc); as the oxidant

RE-
COZME
0 : N 0
1 _"Rh Rd b & 1 A
RN CH; X » Fk RenA
i — + A — A "
N= R3 Cu(OAc), (2 equiv) Nx
R 0°C, 72h k2R3
(C) This work: Rh-catalyzed electrochemical C~H annulation with alkynes
O UC, RVC(+)|Pt(-) O A
1 : 1
R‘N CHs Rh catalyst R'NJZ
) +  A—=—B > I
R3 n-BugNPFg, MeOH, rt N=
R2 R2 R3

1 Mild reaction conditions
1 Good enantioselectivity

[1 Short reaction time
1 In air, undivided cell

[1 Traceless oxidant
[ Excellent regioselectivity

FWC{i-}i | | Pi(-)

Me [Cp'RhCly]5 (4 mal %)
— + Ph——= -
= Ph n-BuyNOAC (3 equiv)
Ph MeOH
1a 2a 1.5mA, rt,3h
Ph, [ Ph
I
M=
MePh
46, 81%

£
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QO Ph

h
P." Ph
N"\-\.

FhPh
3
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O vami ilPt{-) O ph
Ph‘N Me cat (10 mol %) Ph‘NJ{_ Ph
v Y= +Ph—=—Ph - 0
N=" ‘py BPO (10 mol %) Nz

Ph n-BuyNPFg (1.5 equiv) PhPh
MeOH, U=12V. 1, air

cat-1, R = OMe, 29%, 97:3 er®

cat-2, R = 4-t-Bu-Ph, 31%, 90.5:9.5 er?
cat-3, R = OTIPS, 35%, 91585 er?
cat-4, R = Ph, 33%, 90:10 er®

cat-5, R = O-i-Pr, 30%, 937 er?

cat-7, <15%, 89:11 er? cat-8, <15%, 90:10 er® cat-9, 25%, 93.7 er®
Entry Variation from Standard Conditions” Yield (%)? er
1 None 71 94:6

* Reaction conditions: 1a (0.1 mmol), 2a (1.5 equiv), Cp*Rh (10 mol %), BPO (10 mol %), n-BusNOAc
(3.0 equiv), MeOH (3.0 mL), in an undivided cell with RVC as anode and Pt as cathode (each
1.0 cm x 1.0 cm), 1.5 mA.
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Cp*Rh(l)
0
BPO g2 o R2 Me
.LN \ e i r:l —
'!l-.. M= 1
R' R
Cp*Rh{Ill) 3 h3
1 1
+
H
" Rh
0
N= -
R? A
Ar——~R
Cp’i Ar 2
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Palladium-Catalyzed Electrochemical C—H Bromination Using NH,Br

as the Brominating Reagent
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Xin-Yan Wu,* '@ and Tian-Sheng Mei**
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anode cathode
a) Sole report on catalytic electrochemical C—H bromination by Kakiuchi (ref. 21¢)

H QO Pd(OAc); (10 mol %) NH4Br (0.5 M) Br
anode cathode M I e DMF (10 mL) HsO (10 mL) N | ™
H H
PdBr; (10-15 mol %) HBr (2 M) = H N~ divided cell, (RVC)-(Pt) Br N &

DMA or DMF |

i 5mA, 90°C "
divided cell, (Pt)-(Pt) G
20 mA, 100 °C 2 Q o c Q O Me, 0
R = 2-Me, 95% (15 h) NN N NN NSNS
R = 3-CF3, 83% (6 h) Hol HooL | HoN N
=
b) This work: removable directing group-assisted electrochemical C-H bromination 1b. 93% 1c, B4% 1d. nr 1e nr
anode cathode

" Pd(OAC), (10 mol %) NH,Br (0.5 M) /O
R—t H
= H N__= divided cell, (RVC)-(Pt) CI)L

5 IA, 90 : Q d 1
(a] 95 o El I
Upt 1" i 1f| nr 194 nr 1h< nr I, nr
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anode cathode
Pd(OAc), (10 mol %) NH,4Br (0.5 M)

DMF (10 mL) zD (10mL)
! divided cell, (RVC)-(Pt)
5 mA, 90 °C

Meé 0 o Br ©O Br O Br O
A
= == s
N . Nz iPr Br Z ‘Bu Br Z MeO Br Z

Br
4k, 90% 41, 87% 4m, 80% ar, 89% 4s. 91% . 85%
Br O Br O
N = F N =
i HoN
BnO Br = Br =
an, 93% 40, 91% 2b, 93%

4u, 90% dv, B8% dw, 87%
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2a

1a

Me O
[Fdlll-—‘N -
Br

HX

[ArPd"'Br]
or
[ArPd"Br;)

(€)

_ anodic
Bry  oxidation _
Or - Br
B 2
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R F F R

ACTA CHIMICA SINICA DOI: 10.6023/A19040135

SRR (LRI F5IE C(sp®)—H BER K L

mEEN  IpmEt AEE R BEE
TR TS EHAS EERE

anode cathode

Q Pd(OAc), (10 mol%) LiCl (20 mmol) 0
NN . DMF (10 mL) H,O (10 mL) NN x
SORR® LSS
H divided cell, (RVC)-(Pt) ZNal =
1 2

5mA, 90 °C
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Letter
Organic [ Letter |
Lette rs @ Cite This: Org. Lett. 2019, 21, 3167-3171 pubs.acs.org/OrgLett

Electrochemical Radical Formyloxylation—Bromination,
—Chlorination, and —Trifluoromethylation of Alkenes

Xiang S‘mrﬁ Hong-Xing Ma:i Tian-Sheng MEL? Ping Fang,*’}:: and Yulai Hu™"'
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Previous work:

X x2
2

R;J\/ X NaN- MgCl,, CF,80,Na  R% ¥
§ T o - R X, = CFa Na

H3 g 2 HE NHNE. TEMFO H:‘l }:-2 - CI ':}TMP
¥ =N, Cl &

2 T~ ArSH, ArSO;NHNH,,
a2 BF;K-R R . Fosona - reX
Hpkf,x‘ - R CF;50;Na Rg\(w X' = ArS, ArS0;, CF,
- 1
R3 H20 ROH, RNH, R ; X? = OR, NHR
R

X'=R, X*=0H

Eai Eam AR, FERE R ENE, SO AR

QCHO

s === /@l)\l
HCOOH

Ph Ph Br

NaBr, DMF

1a 2a
entry variation from standard conditions 2a }rieldb (%)
1 none 95°
2 HOAc (0.4 mL) 67
3 HOAc (1.0 mL) 97
4 HCOOH (0.8 mL) 93
5 TFA (1.0 mL) 79
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c i;!;ﬂ Pt OCHO

| = = ~
Ry HCOOH, DMF R
]
n-BusNPFg, 3.0 mA, rt. = Br
1a-t undivided cell 2a-t
L.
QCHO
OCHO 2ca,
2ch,
2cc
Br g
Br R
R

2ka, R=F, 84%, 48h

2aa, R = Ph, 95%
2ab, R =H, 87%
2ac, R = {Bu, 96%
2ad, R = OFh, 93%

EHT

Br

oo (O

2m, 94%

2kb, R = CI, 85%, 48h

2ke, R =CFs, 86% 48h
2kd, R = COOMe, 72%, 48h
2ke, R = COOH, 52%, 48h
2kf, R = CN, 39%, 48h

BRAHLT

OCHO

Br

20, 89%, (dr = 2:1)°

1 A
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OCHO
N x
e L
N HCOOH + H,0, DMF RT J ¢
1a-r n-BusNPFg, CuCl, 3.0 mA, rt. %a.r
undivided cell
OCHO )OL
OCHO
Cl
R Kl
" Cl :
3g, R =Cl, 91%, 48h
3a, R = Ph, 83% 3h, R =Br,77%, 48h
3b, R = H, 93% 3i, R=F,87%, 48h
3¢, R =tBu, 87% 3j, R=CFy, 93%, 48h
3k, R = COOMe, 90%, 48h
¢ i_“_D Pt OCHO
. CI/H\\ NaSO,CF; =
— 1
" HOAG + H,0, DMF R cr
{a-0 n-BugNPFg, CulAc, 3.0 mA, rt, da-o
undivided cell
QOCHO OCHO
OCHO
~ OCHO
LT T o
CFy CF3
4a, R = Ph, 85% 4e, R = 0-OMe, 75% HOOC
db, R = H, 78% 4, R=m-OMe, 73% M. 47% 41, 63%, 48h

d4c, R=1Bu, 69% 49, R = p-OMe, 56%
4d, R = OPh, 83%

s~

nnnnn M H
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| |
| [
CI', Br,, CF5;” (NaCl, NaBr, CF;SO,Na)

+
Cl, Br, CF; R19CHO
+ Me,NH,"*
R! Ar? 2
A2 & Cl, Br, CF
o 1/2 H, o
> O
3 H-0 o
2 R’ 2 ‘ z
(] . o
Ar? o
~ ¥ -
Cl, Br, CF; ﬁl

0
R1
& H’JQ -~

I‘N —— Arz

Cl, Br, CF, Cl, Br, CF,

Ar?
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Copper-Catalyzed Electrochemical Selective Bromination of
8-Aminoquinoline Amide Using NH,Br as the Brominating Reagent

Xiang Yang, Qi-Liang Yang, Xiang-Yang Wang, Hao-Han Xu, Tian-Sheng Mei,* Yan Huang,*
and Ping Fang*

*| Cite This: J. Org. Chem. 2020, 85, 3497-3507 Read Online
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o Cu(OAc), (10 mol %) 0 Br
NH4Br (0.8 M)
N
H | DMF (3 mL) H |
N — - N —

a) Previous work: removable directing group-assister electrochemical C-H bromination undivided cell, (Pt)-(Pt)

1a 3 mA, 60 °C 2a
o anode cathode o ’
o
AW Eﬁ:??ﬂzﬁﬂ_g mol %) ,T:'S?:éﬂnfl_:ﬂ} AW entry variation from standard conditions above yield (%)"
RT = H N. = divided cell, (RVC)-(Pt) RY = H N._ .= 1 none 99 (94)°
5 mA, 90 °C Br
b) This work: copper-catalyzed electrochemical bromination of 8-amidoquinoline amide
‘ | Scheme 3. Evaluation of Analogous Substrates
Br
0 Cu(OAc), 0 0 o
DY i NH,Br e o Ny Hyf o
H | 3 mA, 60 °C H NH N o]
Nx divided cell ' | |
undivided ce CH?, M~ N“-\.

1ab, nr 1ac, nr 1ad, nr



| part 1.2 BAREGIE, RUELES/L page 46

f;@// o~

YH Cu“{DAc)z "?'
D NH"' Il
E N H Cu (OAC),
R A
PT
AcOH
x
-
O _N__ !
Y HCU"DAC
H ,Br R
: B
- anodic
5 OO
o] oxidation -
DA N or « iabon
% Y R"Gu Ln Bra

C Ln =solvet
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Copper-Catalyzed Electrochemical C—H Amination of Arenes with
Secondary Amines
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Part 1.3 fARFLIE.

anode Med,, Cu(ll)
ne- Med,q Cu(lll)
NHCO-2-Py
|
= (+) i Ell!—l'

I Cu(OTf) (10 mol%)

*+ NHR'R?
n-BuyNI (50 mol% }

room temperature
undivided cell
metal oxidant free

(+)i_@—|j(-)

@N“CO'Z'PV N _cat CuoTh,
+
H I\/o
1a 2a
entry variation from standard conditions

1 none

9 KI instead of n-Bu,NI

10 n-Bu,NBr instead of n-Bu,NI

Page 48

Ar=—NR'R?
{+]i ilt-] DG
DG cat. Cu(OTf),
Ar==H . HNTY
'\,o NN
H I\/O
1b-1m 3b-3m
o) 1 L) @ p *ﬂp m
60 axamples 1b: nr 1c: nr ‘Il:l nr 1e: 84%
to 93% vyield
up yie ) ,N] . Nﬁj W PN W )
. = N =
N radone
0 (o} 0 0o
NHCO-2-Py 1f: 85% 1g: <5% 1h: <5% 1i: 37%
(:[ CF OMe Me =
N 3 3 =z = N
Lo L e P QPSS
” oY oYY Ogyv O
0
yield (%)" © © ©
: 1j: 18% 1k: 86% 11: 76% 1m: 25%
92 (86)°
44

nr

15 1 equiv of Cu(QTIf),, no electric current nr
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=

" =
H

da-4dy

,@NHC{}E-Py
Me N /\I

0
Ta, 82%

NHCO-2-Py
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{+}i_®_ﬂ[-i

cat. Cu(OTf), R

NHCO-2-Py

, HNTY

o

N
L_o
2a 5a-5y

/@ENHc&zpy /G:NHCOQ-P';
Et N’\l i-Pr

NHCO-2-P
Nf’\l NHCO-2-Py " {'-j: y
Lo Lo E:I " NHRIRS ZSNR'R?

H
W, 2% 2b-2! 8a-8k
NHCO-2-Py NHCO-2-Py NHCO-2-Py NHCO-2-Py
8 Do CE CE L (Z
cat. CutDTf)z /I

@ |\r k/ NBoc |\/ NCO,Me

Me
8a, 80% 8c B4% 8d, 87%

{+}i hl )

cat. 'C.‘.u{'C)Tl']2

2a Ta—?l 8b, 74%

Fﬂnnco-z-w mﬁnnco-z-w
NZN Nig NN
|\,o 0

7b, 80% 7c, 71%
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NHCO-2-P standard NHCO-2-Py ?%
CE y g HN/\l conditions - CEN / .
H k/D TEMPO (2 equiv) k/D

|
1a 2a 3a, <5% 3a (Cu) (Cu) 1a + 2a + KOPiv
(1a, 92% recovery)

TEMPO RN FI ] sz

Cu(OTf), (1 equiv) NHCO-2-Py
NHCO-2-Py HN n-BuyNPFg (50 mol%)
(:I . /\O - - ul""N u”-"N

KOPiv, CH,CN [ j ¢
: E (V vs. Ag/Agl) K/D (i?w
1a 2a 27 °C, 2.6 F/mol 3a
E=13V,NR .
E=14V, 20% rate-determining step I_)
E=20V, 53% ] §
G Cu(OTf), (10 mol%) NHCO-2-Py
2Py n-BugNI (50 mol%) @: 0
+ -
@H /\tll KOPiv, CHyCN N 9 N J\O
E (V vs. Ag/Agl) Lo H.__(!';u"*"N Z ””'
1a 2a 27 °C, 13.4 F/mol 3a (N | OPw
E=06V,NR © OPv -~ (B)

E=08V,78% (C)
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W) Check for updates
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Cu"/TEMPO-Catalyzed Enantioselective C(sp’)-H Alkynylation of

Tertiary Cyclic Amines through Shono-Type Oxidation

Pei-Sen Gao®, Xin-Jun Weng', Zhen-Hua Wang, Chao Zheng, Bing Sun, Zhi-Hao Chen, Shu-
Li You, and Tian-Sheng Mei*

Cu/TEMPOECIA RN R iR Z (BB (U XT BRUSE I EABERRIE — M5 F
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a) Shono oxidation of carbamates (ref. 4 & 5)

Brensted or Lewis acids

|
] — O

OMe OMe
il‘\lu (allyl silanes, cyanide, etc.)

[+]i ](-)

MeOH
Et4NOTs, rt, 500 mA, 2.0 F/mol

N._-0

H OMe
72%

N. .0
Nu OMe

b) Chiral amine-catalyzed enantioselective electrochemical C—H alkylation by Luo (ref. 12)

h]i iI{ )

nEr
o N
N Oﬁ'AR’ chiral amine (10 mol:ﬁ}b N,hm “opy
“ar ¢t o eR
M i Uggt ~ 3.0V, rt R NH,
R chiral amine

up to 95% ee

Page 52

c) This work: Cu(ll}/TEMPO-catalyzed enantioselective electrochemical C-H alkynylation

I*]‘i i|[—] R—:\h

= Cu(OTH), (10 mol%) AN
A N"R" + | = | |
i k2 TEMPO (20 mol%)
mild, scalable g (i onaton) R?
TEMFO as modiator "/ 120 41 examples

electricity as an oxidant up to 97% ee

novel ligand-enabled high enantioselectivity

-

ligand
Ar = p-OMe-Ph
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[+}i il{—l'
H Cu(OTf), (10 mol%)
(;l\? L* (13 mol%), TEMPO (20 mol%) N'Ph{p—CI} i_@_fh
“Phipcl) * |‘| n-BusNPFg (1.0 equiv) | | ) -

H PMP CF4CH,OH (3.5 equiv) H Cu(OTn; (10 mai%) N
1a 2a I=1.5mA, MeCN, r.t, 12 h PMP g; . | | L16 (13 mol%), TEMPO (20 mﬂl".‘-::} Ph(p-Cl)
(0.3 mmol) (0.45 mmol) 3a Phip-Cl) n-BuNPF; (1.0 equiv) Il
H PMP CF3CH,OH (3.5 equiv)
I=1.5mA, MeCN, rt 12 h PMP
\Y/(j\( \(/(j\( /(j\( 1a 2a 3a
o (0.3 mmol) (0.45 mmol)
.r-Pr .. eis .
- L L é Entry Variation from standard conditions Yield®™ ee [%]"
29% yield, 7% ee 27% vyield, 11% ee 73% yield, 0% ee
Me Me Me Me Me, Me 1 none 81l 95
\r*Q w*rf; ‘»)QQ 2 o Cu(OT), - -
,E ? <‘~ S’ S" S’ 3 no ligand - -
Bn .
L4 = 4 no electric current - -
NR 51% yteld. <5% ee 29% y:eld, <5% ee 28% weld. 2% ee g no TEMPO 12 829
6 no CF,CH,OH 20 87
L14 (Ar = 3,5-di-t-Bu-Ph) L15 (Ar = 3,5-di-OMe-Ph) L16 (Ar" = 3,5-di-(4-OMe-Ph)-Ph)

69% vyield, 87% ee B2% yield, 90% ee B1% yield,[® 95% ee
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1 (0.3 mmol) 2a (0.45 mmol)

Il N\(j::

8

4r, 41%, 90% ee

[0} =R 0

['l-]i il':-]

Cu(OTf), (10 moal%)
L16 (13 mol%), TEMPO (20 mol%)

_—

n-BuyNPFg (1.0 equiv)
CF4CH-0H (3.5 equiv)
I=1.5mA, MeCN, rt, 12 h

R* = COPh, 4s, <5%
R? = By, 4t, <5%

Page 54
PMP PMP
R'  PMP PMP
o |
It N N
R2 (5
34 L16
It
Anode | Cathode
Hh‘d"ﬂe L,Cu RZ  L,CuX H Jord
k Transfer
/N @Q v
N
< ° B+ H R2
TEMPO
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C(sp®)—H Aerobic Alkenylation of Tetrahydroisoquinolines via
Organic Electrosynthesis

Zeng Hsa:,§ Hui-Lin Liu,§ Zhen-Hua Wang, Ke-Jing Jiao, Zi-Meng Li, Zhang-Jian Li, Ping Fang,*
and Tian-Sheng Mei*

Cite This: J. Org. Chem. 2023, 88, 6203-6208 Read Online




| Part 1.3 BIIRSE{LE, [EHESL

(+) Pti [[Pt()

Cu(QTf), (10 mol%)
Quinine {20 mol%) N'Ph
A, + oo
"Ph TEMPO, n-BuNPFg -

1a

entry

R T s T R O " I o

_— e
= = O

13
14
15

DCM O
2a 1.5 mA, .t 3a

deviation from the standard conditions

none

no TEMPO

no Cu(OTY),

under N,

no quinine

no current

0.1 mmol of 1a was used
Cu(acac), instead of Cu(OTf),
Fe(OTTf), instead of Cu(OTf),
5 mol % of Cu(OTf), was used
20 mol % of NaBArF,

1 mA instead of 1.5 mA

Ni foam instead of Pt (cathode)
carbon instead of Pt (cathode)
without TFE

MeO

Quinine

yield” (%)
98 (90°) / 7(~j<

48

6
12 .

20
19
34 -
11
62
95
32
28
40
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71 \)@/

§

Cu{OTf),
Cu" /4 o
e = “\-d?'

Cathode
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pubs.acs.org/OrglLett

C(sp®)—H Alkenylation of Tetrahydroisoquinolines via Merging

Electrochemistry and Organocatalysis

Hui-Lin Liu,” Zeng He,” Na-Na Wang, Hao Xu,* Ping Fang,* and Tian-Sheng Mei*

Read Online

Cite This: Org. Lett. 2023, 25, 608-613

Pt{+) i Pt{-)

TEMPO (20 mol%)
DMAP (25 mol%)

MaBr (0.1 M)
MeCHN (5 mL), r.L
I=15mA,t=8h
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I’ J_
Anode Cathode
r#-ﬁ}ﬁ P .
Br < il )
3 H\H y R 0 ?JIH N
l", ,'I i _— "'HE
/J[.'IFL[FI B minor
+ . .I', :"'-
H =—"% L

N

}(j<\/ SO

( path & major
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JAIC'S

JOUBRNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

TEMPO-Enabled Electrochemical Enantioselective Oxidative
Coupling of Secondary Acyclic Amines with Ketones

Zhen-Hua Wang, Pei-Sen Gao, Xiu Wang, Jun-Qing Gao, Xue-Tao Xu, Zeng He, Cong Ma,
and Tian-Sheng Mei*

Cite This: J. Am. Chem. Soc. 2021, 143, 15599-15605 Read Online
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—3 b =[5> 3—3
Part 1.3 BRIREAMIE, [EERAML
R IEIR % B shono s B AR 2>
b) Cu/aminocatalyst co-catalyzed oxidative coupling mediated by TBHP c) This work: asymmetric Shono-type oxidative coupling with acyclic amines

Me
methyl L-prolinate (30 mol %) /@’ {*Ji (=) Ar COOH
- O HN * { :

Cu(OAc),*H»0 (10 mol %) o0 HN

y O
/@/N \)J\OET H\)L ketone (10 equiv) A
PhCO,H (30 mol % __OEt - - ~__OR + H,
Me 2n ; Mek)ﬁ( Ar OR 3a (20 mol %) R1J\|/\[( +

TBHP (1.5 equiv), acetone 2
O TEMPO {10 mol %) Rz O 3a

47%, 15%
0, 197 & DMSO, rt, 1.5 mA, 5 h
41 examples
up to > 99:1 dr and 99% ee

3 (20 mol %) OMe
0] (0] Mediator /@
H CO,H
N Eletrolyte (2 equiv
\)J\DEt . yte (2 equiv) . O HN j

Additive (1 equiv) ' OEt
MeQ Pt (+)/ Pt (-) H
0]

Solvent, rt, 1.5 mA

1a 2a 4a 3a
Entry 3 Mediator (mol %) Electrolyte Additive Solvent Yield (%) dr(antilsyn) ee (%)
24 3a TEMPO (20) n-BusNPFx CF3CH,0H MeCN 18 > 991 97
5¢ 3a TEMPO (10) - - DMSO 75 (m}d > 99/1 a7

ATREBMAT, SGE TSR AFZERMA, 553E 7RI
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Q 3a {20 maol of"ro} O HN- Ar
H 9 TEMPO (10 mol %) _ . _OR
AN Hor Riﬁz Pt (+)/ Pt (-) RJ\(\W
DMSO, rt, 1.5 mA, 5 h RZ O
1 (0.1 mmol) 2 (10 equiv) 4

O Hl‘;.l
(Uj/'\rroa
(8]

0

/@OME
O HI’;-I
mOET_
O

]

dak 4al®
50%, 51:49 dr, 13% ee 45%, 99:1 dr, 74% ee

TLTAER, =JeEd, 2K L

4aj
33%, 83:17 dr, B5% ee

(
(b) OMe
2a (15 equiv) /©/
0 3a (30 mol %) O HN
H\)LDH Cu(OAC),*H,0 (10 mol %) © OR
| j] DDQ (1 equiv) (] &
MeO CHCls, 0°C~t, 18 h 4s
1a 35%, 63:37 dr, rac

AL 3a

O HN
- O"Bu
Q

o

4an®
44%, 99:1 dr, 90% ee

4ao
40%, 99:1 dr, 90% ee

42%, 97:3 dr, 89% ee

, CHRSEERERAS SN

c) OMe
0 2a (10 equiv) Q/
H
N A e 3a (20 mol %) O HN
Oxidant (2 equiv) OEt
MeO DMSO, t, 60 h 5
1a 4a
Oxidant Yield (%) dr ee (%)
DDQ 32 61:39 6
TEMPO'BF, 26 63:37 13
B [ 2=
WA E AL



0 (9]
A 0 B <_§‘OH
; N A
PPN PMPS—_ .
R R R
R R
(e) 2a (10 equiv)

OMe
0 3a (20 mol %) U
H
\)J\OEt TEMPO (10mol%) _ O HN

[H*] (60 mol %) ~._OEt
0

Pt (+)/ Pt (-)
DMSO, rt, 1.5mA, 5h

1a 4a
[H'] Yield (%) dr ee (%)

TsOH 83 61:39 rac

TFOH (0.5 h) 10 74:26 14

(f) OMe
0 .
TfOH (1 equiv
0 HN (1 equiv) 4a N ~~._OEt
OEt DMSO, rt, 60 h o
0

4a 61%, 87:13 dr, 92% ee
96:4 dr, 97% ee

5a, 39%

Page 62
l
anode | cathode
TEMPO 2
H2O),)f 3a
[j COOH
hl+ 1 £NS 4 H*
? v
COOH
+
AEQ /\ :N|:<’ HN,Ar
/NN 3 - H,0 H
2 2
OH CO,R COR
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(M) Cheok for updates. Palladium-catalyzed reductive
| electrocarboxylation of allyl esters

Cite this: Org. Chem. Front., 2018, 5,

2244 with carbon dioxide+

Ke-Jin Jiao,” Zhao-Ming Li,” Xue-Tao Xu, ®" Li-Pu Zhang,b Yi-Qian Li,° Kun Zhangb
and Tian-Sheng Mei (& *2
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a) Prior art: metal-catalyzed selective carboxylation of allyl electrophiles (refs 5-8)

Ni or Pd )
2~ CO, (1 atm) COH *° chemical reductants
R X —v—— - = B non-conjugated substrates only
R = alkyl reauc R * not enantioselective

b) The challenge: avoid metal reductants and enable the use of styrenyl substrates

M, CO, (1 atm CO.H
Ar MK _______ ?_( _____ ) i/
Ar
d) This study: an electrocarboxylation of homostyrenyl acetates
Pd catalyst .
CO, (1 atm) CO,H * electric current as reductant
Ar MO * conjugated allyl electrophiles
Mg( *']i ® hf }F't * first enantioselective example
up to 95% yield; 30:1 B/L regioselectivity
up to 67% ee

Pd(OAc); (5.0 mol%)

CO,H

\ DPPPh (5.3 mol%) Ar)\}age 64
/@f\/\t‘}hc EtOH (1.0 equiv) _ 2a
Br CO, (1 atm), Et,NOTs (0.07 M) *
1a (0.3 mmol) 8 mA, 30 °C, 3 h, DMF (6 mL) ,cu”"‘“v"""r:,r::2
undivided cell, Pt-Mg 2aa

Deviation from above F Conv.” Yield? 2a/
Entry conditions mol™" (%) (%) 2aa’
1 None 3 100 85 (81)Y 20:1
2 PPh; (12 mol%) in 3 79 36 2:1

lieu of DPPPh
3 DPPE in lieu of 3 85 70 15:1

DPPFPh
4 DPPE in lieu of 3 81 65 18:1

DPPPh
5 DPPE in lieu of 3 68 51 6:1

DPPPh
6 No EtOH 3 38 21 2:1
7 EtOH (0.5 equiv.) 3 94 64 20:1
8 EtOH (5.0 equiv.) 3 81 59 11:1
9 no Pd(OAc), 3 32 19 2:1
10 no DPPPh 3 72 38 3:1
11 no electric current — 0 NP —
12 Mn or Zn in lieu of - 0 NP —

electric current

PPh,
(:[ e PP P pph, pp oS PP

PPh,
DPPPh DPPE DPPP

DPPB
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=

DPPPh (5.3 mol%)

R = OAc EtOH (1.0 equiv) o X
w .}
Z CO, (1 atm), EtyNOTs (0.07 M) g
1 (0.3 mmol) 8 mA, 30 °C, 3 h, DMF (6 mL) 2
undivided cell, Pt-Mg
COH COH CO.H CO,H
Sondiiehd @*\/ W
R=Br(2a), 20:1,81% 2h 17:1,87%  2i,16:1,91% 2j, 22:1, 87%
H(2b), 7:1,58%
Me (2¢), 4.5:1,65%  Br COH CF3 CO,H CO,H
OMe (2d),4:1, 62% Z =~ Br >
'Bu (2¢), 4:1,80%
F(2f), 9:1,78%
CF1(2g),12:1,62% 2k, 14:1,85%° 21, 7:1,72% 2m, 25:1, 78%

fre Bk BARAN3,3- B o S b

1b
(0.3 mmol)

oo
i i PPh,

7:1 BIL
59% yield
56% ee

cozrngx

carboxylation

(D) [A

p

cathodic
reduction

rearrangement

Page 65
Pd(OAc)s (7.5 mol %) CO,H
(R)-MeO-BIPHME (8.0 mol %)
EtOH (1.0 equiv)

CO; (1 atm), EtsNOTs (0.07 M)
8 mA, 30 °C, 3 hr, DMF (6 mL) 2b
undivided cell, Pt-Mg up to 67% ee

¢
o PPh;
0 PPh,
G
o}

5:1B/L 6:1 B/L
55% yield 66% yield
61% ee 67% ee

oxidativ
addition
\ Pd“L,.,
L rearrangement

Ar/“lif" — Ar
(A) (C)
unfavored

AI’MFdIILn

favored
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QDCh Communications Angewandte

[ lvsi International Edition: DOI: 10.1002/anie.201900956
German Edition: DOI: 10.1002/ange.201900956
Nickel-Catalyzed Thiolation of Aryl Halides and Heteroaryl Halides
through Electrochemistry

Dong Liu, Hong-Xing Ma, Ping Fang, and Tian-Sheng Mei*

a) Conventional transition-metal-catalyzed thiolation via thiolates

X M] SN
ey .
strong base (+) (=)

up to 200 °C S NiBry*glyme (10 mol%) \ S‘“Ar room temperature
: - . . R—' + Ar—SH - R—' undivided cell
b) Photoredox mediated transition-metal-catalyzed thiolation ! P dl-rBUij’ (10 mol%) Lz base free
photo catalysis X = Br, Cl LiBr (4 equiv), DMF, rt 47 examples

X [M] S. up to 95% yield
Q" . - o s
weak base

room temperature
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/©/ \@\ NiBr,+glyme (10 mol%) /@’ \©\ (+) (=)
FiC Me di-Bubpy (10mol%) FyC Me . @/ " HS\@\ . ek ki R@’ S\Cl\
” - LiBr (4 equiv) %a (Z Me  di-Bubpy (10 mol%) A Me
3b-3s

DMF (3 mL) 1b-1s 2a LiBr (4 equiv), DMF (3 mL)
Entry Variation from standard conditions Conv. (%) Yield (%)"!
1 none 100 95 (85)1‘] ME%CQ \©\ /©I \©\ /© \©\
2 NiBr, instead of NiBr,-glyme 86 86 3¢, 85%
3 NiCl,-glyme instead of NiBr,-glyme 40 40
4 Ni(OAc),4 H,0 instead of NiBr,glyme 61 61 U \©\ U O U @
5 Ni(acac), instead of NiBr,-glyme 0 0
6 L2 instead of L1 44 40 5a, 95% 5b, 92% ¢, 70%
7 L3 instead of L1 70 65 N._ S S NS
8 L4 instead of L1 80 75 @l‘/j’ \©\ @ O\ @L/j \©\
9 LS instead of L1 25 20 Me N Me N Me
10 L6 instead of L1 50 45 0= -, e -
11 Al instead of M 70 70
2 ptinetend of Mg s s FH R . R 57 265 b A0 7 5 NP b 28 A i RS ) ]
13 RVC instead of Mg <5 <5 B R G R TASERIER .
14 RVC instead of Ni foam 100 83l
15 Graphite instead of Ni foam 100 82l (+) i |.: )
16 Pt instead of Ni foam 100 80/ cl HS NiBryeglyme (10 mnl%}

i . +
:; ne '\T'Bf,glyme t g g @M& di-'Bubpy (10 mol%) ‘ @
! no electric curren LiBr (4 equiv), DMF (3 mL) 3¢, 54, Ta-Tg
t-Bu t-Bu R R 7\ /"
— - B N/
7\ 7 NN \(j’
— N7 — N7 Me . NC
L1 L2, R =H; L3, R = Me, L6 3c, 80% Ta, 80% 7b, 71%
L4, R = OMe; L5, R = CO;Me ’ -
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a) Formation of disulfide
I[+]'i |(-) Me

NiBrz=glyme (10 mol%)

Br HS .
ISR L Khs
FoC Me di-Bubpy (10 mol%) S \CL
Me

LiBr (4 equiv)

1a (0.30 mmur} 2a {3 equiv) DMF (3 |-|-1|_]I I"l. 3 h B6% 10 (O 285 mmol, 95%)
Br WS w - O v
AT @ e Klgs
LiBr (4 equiv) O
DMF (3mL), .8 h Me
1a (0.3 mmol) 2a (3 equiv) 0% 10 (0.18 mmol, 60%)

b) Trapping thiy! radical

[+) i “I—]'
/@)3" HS\©\ NiBr,eglyme (10 mol%}
+
FAC Me di-Bubpy (10 mol%)

TEMPO (2 equiv)

Raar

1a (03mmol)  2a (3 equiv) LiBr (4 equiv) 11 (0.09 mmol, 30%]
DMF (3 mL), it, 6 h
Br HS Y il
F\C TEMPO (2 equiv) \@L
LiBr (4 equiv) M
1a(03mmol)  2a(3equiv)  DMF@mL),rt,6h 0%  11(0.051 mmol, 17%)
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.- RS

ArsSR w

path a (Ni®/Ni")

RS~

i

[ArhiI;SR] 2 it 22X e

RS’ ——= RS-SR

12

pathb RS" :

|

[Willls R]

X
14

- = [NiU/Ni"]

112 H,

RSH

cathode

N
/
A
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GwDCh Communications Angewandte

| h \ International Edition: DOI: 10.1002/anie.201912753
German Edition: DOI: 10.1002/ange.201912753
Nickel-Catalyzed Electrochemical Reductive Relay Cross-Coupling of
Alkyl Halides to Aryl Halides

Ke-Jin Jiao, Dong Liu, Hong-Xing Ma, Hui Qiu, Ping Fang, and Tian-Sheng Mei*

b) This work: electrochemical reductive relay cross-couplings

@ Ar
. . . . . n Br - Me
a) Ni-catalyzed reductive cross-elecrophile couplings by Weix (Ref. [4]) ® Ar=Br jigand n
Br @ n=0,1,2 efetrochemistry _
s i ©/\/\Ar ® electric current as reductant up to 92% yield
Mn or Zn —

* high yields & selectivity \ 4 7N\
* mild, scalable " N. M e
* undivided cell ligand

Y
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Ni(CIO4),*6H50 (10 mol%)
L1 (12 mol%) o

Br/Cl n-BuyNBr (1.0 equiv)
(+) Fe—Ni foam (=), 6 mA RT

10 h, RT, DMA (4.0 mL)

Page 70

o rBr
3+ i [I‘-Il L]
cathodic

1 (0.3 mmaol) 2a (0.45 mmol) undivided cell
: [BrNi'L] reduction ArlTli" e
o Me. _Me F Br
i cathodic
G C 0.0 reduction
e 3z 90% Me [Ni°L) PhM[Ni”L]Ar S PhNAr
(84%, 1.08q) A c (by-product)
SN /
= AN = =] N
& L B 77 R SR 2 T SO Y e _
(desired product) [ArNi'L] ArNi"LJH
PMP y PMP PMP y Me Ph)\ F‘h‘ﬁl“*
@/I\J e @/IVME @/I\/ € — m E D

4h, 45% 4i, 43% 4h, 60%
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JAICIS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Enantioselective Ni-Catalyzed Electrochemical Synthesis of Biaryl
Atropisomers

Hui Qiu,§ Bin Shuai,§ Yun-Zhao Wang, Dong Liu, Yue-Gang Chen, Pei-Sen Gao, Hong-Xing Ma,
Song Chen, and Tian-Sheng Mei*

._: v Cite This: J. Am. Chem. Soc. 2020, 142, 9872-9878 Read Online
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a) Strategies for construction of axially chiral Ar-Ar bonds

R el 0.,

] L +

cross-coupling oxidative coupling R
R
M = [Mg], [B], [Zn], [In] R=0OH
R2
NiClz+glyme (10 mol% ==
oy Nemm (NS
R1_®[ . oBn ligand (12mol%) P oBn
OBn R'—: e OBn
electrochemist =
Sihas e
* prganometal reagent free | = X R?
* electric current as the reductant R N, 8] 30 examples
* high yields & enantioselectivities o _ h.ll—) up to 91% yield, 98:2 er
* mild, scalable or cyclohexyl |

broad substrate scope ligand

E‘OBn

s

NICl,-glyme {10 mol%)
Br L13 (12 mol%)
Fe (+)/ Ni foam (-)

Mal (1.0 equiv), DMF
4A MS (250 mg)
GmA, 15°C, 12 h

1b

9
<5~

Page 72

H

OBn OBn
400

2b 3b
entry variation from standard conditions 2b (%)° ee (%)° 3b (%)°
19 no 44 MS 10 93 85
2 - 72 (65)¢ 93 25
3 NasS0, in lieu of 44 MS 13 a3 84
4 MgSQ, in lieu of 44 MS 0 - a5
12f 5 mmol scale of 1b (15 °C, 12 mA, 36 h) 81° 88 15
13f 5 mmol scale of 1b (0 °C, 12 mA, 36 h) 8g* 90 10
16 Mn in lieu of electric current 24 89 22
17 Zn in lieu of electric current 5 86 41
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2n, 1.44 g
[A] 81% yield, 95:5 er
[B] 4% yield, 94:6 er

MiCl*glyme {10 mol%)
Ligand (12 mol%)

. o

Fe (+) / Ni foam (-}
Mal (0.24 equiv), DMF
12mA,0°C,36h

OBn

[GG@

20, 1.16 g
[A] 75% yield, 97:3 er
[B] 22% vield, 95:5 er

QBn

'gDBn

2ad, 0.79 g
[A] 66% yield, 84:16 er
[B] 14% vyield, 80:20 er

2b-2ae

R=Me, 2p, 1.32g
[A] 82% yield, 96:4 er
[B] 14% yield, 93:7 er

2ae, 0.86 g
[A] 75% yield, 89:11 er
[B] 17% yield, 60:40 er

0]
N h}‘-Z“"

R = ethyl, L9
R = cyclohexyl, L13

R=Et 2q,1.35g
[A] 80% yield, 97:3 er
[B] 15% yield, 96:4 er

R=Ph,2r, 1.52g
[A] 78% yield, 95:5 er
[B] 10% yield, 95:5 er

R=F 2s,1.09g

[A] 67% yield, 96:4 er
[B] 16% yield, 96:4 er

g ‘ CO,Ph
l i CO,Ph

2af*®
[A] 78% yield, 64:36 er®

o™

i E OBn
I Cl

2t, 1.23¢g
[A] 7T2% vyield, 96:4 er
[B] 14% yield, 92:8 er

2ag
[A] 68% yield®

Page 73

+ Gram scale synthesis
+ High yield and enantioselectivity
+ Comparison with Mn powder

[A]? electrochemistry, 10% [Ni]
[B]” Mn as the reductant, 10% [Ni]

OBn

EEOBH

>

2u, 143 g Q
[A] 82% yield, 96:4 er
[B] NR
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X [Ni':']L
! ArX
o
electrochemical oxidative
reduction addition
[Ni'X]L,, [ArNI'XL,
reductive electrochemical e~
elimination reduction
"
ArNiXL .
[ ,i!., I oxidative [ArNI'L,
r

Arx
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Chinese :luurnal For submission: https://mc.manuscriptcentral.com/cjoc .
of Chemistry Comprehensive Report

For published articles: https://onlinelibrary.wiley.com/journal/16147065

Cite this paper: Chin. J. Chem. 2022, 40, 2335—2344. DOI: 10.1002/cjoc.202200245

Nickel-Catalyzed Electroreductive Syntheses of Triphenylenes
Using ortho-Dihalobenzene-Derived Benzynes

Zhao-Ming Li, Bin Shuai, Cong Ma, Ping Fang, and Tian-Sheng Mei*

CF
= : —
Fer Ni foam N Fer| Ni foam A
: o ‘
Br  NiBry(DME) (5 mol%) I 11 NiBr,(DME) (15 mol%)
X Ligand (10 mol%) N A Br Uehre (30 mol%) X
RE - > Ligand TN + /7 N/ \ e 2, R—L S
a Nal (0.5 equiv) P R4~ " N Nal (1.5 equiv) [
DMA (3 mL), MS N % R \— —/ R : =
: | Br DMA (3mL), 4 AMs
X=Br0r0302|: 6 mA, 12 h, Ar, rt N 6mA,12 h, Ar, 60 °C ~\\
CF4 =
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Ni(ll)L

Reduction

]

oL
ez B

Ni{0)L2

Int 1l
Br
Mi(ll)L; Int VI
o (o)
Intl i
L L~ L
Br—HNi Int 111
Br '
Int w‘j\ Hor
Br
o ) Do Qo

MilD)L; Int 1l Intll
Int V

Page 76
a) Electrolysis of complex Int |

CF3
= i_“_'

N Fa Mi foam O
7 BroBr Mal (0.3 mmol) .

@ s s~ ()
6 mA, 0.5h, Ar, rt

50%

b) Decompaosition of compleax Int |
CFs

@ ®
"NxN__Br Br Mal {0.3 mmol) Br ']@
|
Z DMA (3 mL), 48 MS Br o
w 10h

CF4 27% 33%

c) Electrolysis of 2 2'-dibromobiphenyl

M/
Br, Fe ﬁ Mi foarm Q
MiBra(DME] (0.03 mmol)
D O Ligand (.06 mmol) .
o Q

Mal (0.3 mmaol)
DMA (3 L), 44 M3
& md, 12 h, Ar, rt

0.3 mmaol

d) Using complex Int | as the catalyst D

ol et () OO
Br Intl{1.0
aquiv)
Br Nal (0.3 mmol) Q

DMA (3 mL), 44 MS
B ma, 12 h, Ar, il

2008
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Cobalt-Catalyzed Electrochemical
Enantioselective Reductive
Cross-Coupling of Organohalides

Shi-Shuo Xu', Hui Qiu’, Pei-Pei Xie', Zhen-Hua Wang’, Xiu Wang, Chao Zheng*, Shu-Li You* & Tian-Sheng Mei*
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CO,Bn
CO,Bn

Br
CO-Bn
|

©

Thermodynamics of electroreduction processes
AG(INT2—INT3) = =170.9 keal/mol

AG(INT4—INT5) = —163.2 kcal/mol

Estimation of the difference of reduction potentials
by Nernst equation

Ae= - [AG(INT2—INT3) - AG(INT4—INTS))/(2*F) = 0.17 V
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B T AG(INT4—>INTS) = —163.2 kealimol
Estimation of the difference of reduction potentials
by Nernst equation
Ae = - [AG(INT2—INT3) - AG(INT4—INT5)]/(2*F) = 0.17 V

(b) AG in keal/mol

Me"'o For homocoupling
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Nickel-catalyzed electrochemical reductive relay
coveoe o cross-coupling of alkyl halides with alkyl
ooz " carboxylic acidst

Ke-Jin Jiao,>® Cong Ma,® Dong Liu,® Hui Qiu,® Bin Cheng*?® and
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a) Ni-catalyzed reductive acylations (ref. 3-6)

®

Y~ _R!'
D

R=—X +
O
R = alkyl Y = Cl, pyridyl thial,
pyridyloxyl,
OC(OR’

Mn or Zn

b) Ni-catalyzed electrochemical acylation of benzyl bromides (ref. 10)
NiBrabpy (5 mol%)

. Clm/\me

ph..-'"‘h

bpy (10 mol%)

Br

E
O
an+li iII-:—C
¢) This work: electrochemical reductive relay cross-couplings
Ni cat.lligand
Boc,O

P.r/\(\')?ﬂl' + HDYR
n=0,1 O

* mild conditions
* high selectivity
* broad scope

* undivided cell

Fe

Me

-
[+]F®-|h[-]Ni

Ligand Me

O~ R
47 examples
39-83% vyield
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NiCls-glyme (10 mol%)
ligand 1 (12 mol%) O Ph
h/\j\o Br {Boc),0 (2.0 equiv.)
+ :
P H @N MgBr;, (1.0 equiv.)
(+) Fe — Ni foam (-)
(0.3 mmol) (0.3 mmaol)
Variation from the above F/ Yield of 3a”
Entry conditions” mol (%)
1 None 4.5 77 (72)° xMe
2 NiBr,-glyme as the catalyst 4.5 64 | ZN
3 NiCl, as the catalyst 4.5 47
4 Mg as the anode 4.5 37 ZN
5 Al as the anode 4.5 55 X Me
67 RVC as the anode 4.5 31 ligand 1
7 Mgl, in lieu of MgBr, 4.5 31 Z~pMe
8 n-BuyNBr in lieu of MgBr, 4.5 NP h
9 (Boc),O (1.0 equiv.) 4.5 40
10 (Boc),O (3.0 equiv.) 4.5 40 N
11 Ligand 2 as the ligand 4.5 42 X Me
12 Without Ni or ligand 4.5 0

ligand 2
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Ni(cod}, (1.0 equiv) 9]

0 Br Ligand 1 (1.2 equiv)
/\,)L * -
Ph OH ©/\" (Boc)20 (2.0 equiv.)

MgBr (1.0 equiv.)

1a 2a rt, DMA (4.0 mL) 3a, 65%
(0.3 mmol) (0.3 mmol)
X
| o0 R™ “OH
cafhm:lﬁc [Ni"L] + Boc,0
mducV (A)
[Ni'L [RC(O)NI"XL]
(F) (B)
cathodic
/k—\ reduction
o ~Br PR
[Ni°L] Ph.m_..mi"cm}n
(A) (C)
BN /
Ph
RC(O)Ni' RC(O)Ni'H
ph~=
Ph -

(E) (D)

FPh

Page 82
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JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL 50CIETY

Sbsace T TIACS

Enantioselective Reductive Cross-Couplings of Olefins by Merging
Electrochemistry with Nickel Catalysis

Yun-Zhao Wang, Bing Sun, Xiao-Yu Zhu, Yu-Cheng Gu, Cong Ma, and Tian-Sheng Mei*

Cite This: J. Am. Chem. Soc. 2023, 145, 23910-23917 https://doi.org/10.1021/jacs.3¢10109




‘+ N
Part 2 i
BBWJEJ?I% (+) Fe | Ni foam (-)
CDQME : . o
a) Enantioselective reductive cross-couplings of olefins NlBrnglszengl?nﬂm )
Diao, Chu, and Nevado (2019-2020) +EBUO,CT + /1<
@ @ Br TBAB (1 equiv)
NiL 2a 3a Acetone, 2.3V, 9h, rt
¢ O ¢ g R > fa
Bril [Stoichiometric Reductants] * R
* entry variations from standard conditions yield (%)IEJ
Chemical approaches: Reductive cross-coupling with aryl chiorides is unknown 1 none 71(70)
b) Enantioselective electroreductive cross-couplings 2 L2 instead of L1 40
m 3 L3 instead of L1 43
NiL
4 L4 instead of L1 <5
)( . X -~ O—O mstead O
5 L5 instead of L1 <5
Ph 6 L6 instead of L1 trace
OBn > 7 DMACc instead of Acetone 23
OBn NHTs - NHTs 8 anode Al instead of Fe 13
Me . @ 9 anode Zn instead of Fe 6
RO N g 10 anode Pt instead of Fe® 42
Reisman Mei evado Mei . . ~
(2019) (2020} (2022) (2023) (2023) 11 cathode RVC instead of Ni foam 54
Enantioselective electroreductive cross-coupling of alkenes is unknown 12 without [Ni], L1, or electric current

--------------------------------------------------------------------------- t-Bu t- Bu t-Bu 8] o
c) This work: Enantioselective electroreductive cross-couplings of olefins ,[ H :l
r7 N NTER
03 Onic, @
H

* EBUO,CT + g >
X R NH" R
X =Cl|, Br, OTf R = alkyl t-BuQ,C

t-Bu0,C
4

Page 84
CO,Me

ee (%)

94
94
94
70
53

85
75
87
93
94

L4 R = s-Bu

L5R = i-Pr
L6 R = c-pentyl

L2R = i-Pr
L3 R = c-pentyl
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-B B
(+) Fe | Nifoam (-) ) !
NiBrs+glyme (10 mol%)
L (15 mol%) @
X TBAB (1 equiv)

L 14 A
Acetone, 2.3V, 9 h, rt t-BuO,C N N WS
1 2 3 = L1

-------------- Different Acrylates -------<-----

R'=Me 5q, 46%, 79% ee

N CF5 COsMe
| = R = n-Bu 5r, 45%, 72% ee
o
.
B R=Cy 5t 63%, 71% ee éﬁﬁ%ﬁ?[ﬁ%
-Bu

t-BuO,C
4h, 35%, 90% ee

t-Bu R=Bn Su, 73%, 70% ee
R=Ph 5v, 58%, 57% ee

TR BRI SR R=FPr Ss.72%78% o FLffitkHleefd

ST TS G < \
SO > .

-Bu -Bu t-Bu t-Bu
f-BUOzC f-BUOzC f-BUOzC f-BLIDzC
5w, 64%, 93% ee 5x, 68%, 92% ee Sy, 58%, 91% ee 5z, 57%, 95% ee Saa, 61%, 95% ee
(from flurbiprofen) (from naproxen analog) (from menthol analog) (from adamantanemethanol) (from cholesterol)

“All yields refer to isolated products. “Current of 4 mA, 9 h. “Addition of 6 mmol of 2a, 60 h.
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(C 1.0

)

U-ﬁ'v‘%—----.oooooool.

E=0.39Vvs. Fc'/Fc?

0.0
=)
= -0.57
B ®— Cathode (Ni foam)
c
'E Lo- ® - Anode (Fe)
o

E=-187Vvs. Fc'Fc?

-E.D-.v-—-'-'lllll-l-.-

|
()
o

T T T T
0 100 200 300 400 a00 600

(F} t‘BUO2C”§:\"' Fe (+} ! Ni foam (-} COQMB
NiBry+glyme (10 mol %)

MeO,C 2a L1 (15 mol %)
A -
- TBAB (1 equiv)
A< Acetone, rt, 9 h t-BuO,C

3a 4a

1a Br

constant potential (V) yield (%) ee (%)

-1.0 0
-1.8 68 94
—2.2 27 93

WEBHAENI( I )/Ni( T )7E3

Page 86
(G) , F
LBUOCT 4 )< Fe (+)/ Nifoam (-) . t—BuDEC’KX
5 Br TBAB (1 equiv)
a Ja Acetone, rt, 2.3V, 9 h
not detected by GC or NMR
WE B B H AN A B AARE e A
(H) £BUO,CTN Fe (+) / Ni foam (-) CO,Me

NiBr;+glyme (10 mol %)
MEDQC 2a L1 (15 mol %)
T, - -
Cl TBAB (1 equiv)
)< Acetone, rt, 9 h

t-Bu0,C

1a B aq 4a
entry additive yield (%) ee (%)
1 TEMPO (2 equiv) 0 -
2 BHT (2 equiv) 0 -
3 Mn (3 equiv) 0 -
4 Zn (3 equiv) 0 -
5 TDAE (3 equiv) 0 -
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cathode

|
|
‘%ﬁﬁ\

[Ni"Ln}(gl

A

Arx

£BUO,CT X

t-Bu chﬁ\/ a
c

[ArNi”Ln}(I

B

‘*u.._________

R

\

E

t-BuO,C

D

R

Ar
|Ni'L,,J{l I-EUDEE'J\’R

Fe4?

anode
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(%Ch Communications Angewandte

How to cite: Angew. Chem. Int. Ed. 2021, 6O, 9444—9449
Paired E’ECtl‘O’YSiS International Edition: doi.org/10.1002/anie.202016310

German Edition: doi.org/10.1002/ange.202016310
Nickel-Catalyzed N-Arylation of NH-Sulfoximines with Aryl Halides
via Paired Electrolysis

Dong Liu', Zhao-Ran Liu', Cong Ma, Ke-Jin Jiao, Bing Sun, Lei Wei, Julien Lefranc,
Simon Herbert, and Tian-Sheng Mei*

R.E
Q. NH g NiBry*glyme (5 mol%) o N= =
S 3R (v -
M =~ Me + ¥ / % - N S"n
R o — electrochemistry R _,O/ Me
t, 6 h N
: 71 examples

X =Br, Cl up to 92% yield
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b) Ni-catalyed N-arylation of NH-sulfoximines via Ni{O)Nill) catalysis by Bolm (ref. 11)

Q NH Ni(COD), (10 mol%) &
b BINAP (15 mol%) A
e Tm_@ - “Me
Cs,C04 (1.4 equiv)
" 110 °C R
R = -Bu, 69%
R = CN, 35%

_ HNR'R? "
ArNi' -— ANi'X

base
NR'R2

ArX

ArNi''X — NifX ———= ANi"X,
I

anode NR'R? RIRTN=Ar cathode

Page 89

Table 1: Reaction optimization and control studies.™

NiBrs*glyme (5.0 mol%)
L1 (6.0 mol%)
O NH undivided cell

‘E: (+)RVC/{-)Ni foam Q JI:J _Q_CF:"
Me + Er—Q—CFs - > Me
DBU (2.0 equiv) O
MeO

n-BuyNEr (2.0 equiv)
DMAG, rt, 4.0 mA, 6 h 3a

MeO
1a 2a

Entry Deviation from standard conditions  Conv. [%]®  Yield [%]"

1 none 100 91 (90)™
2 Cin lieu of RVC 35 20
3 Pt in lieu of RVC 28 15
4 C in lieu of Ni foam 10 NR
5 Pt in lieu of Ni foam 5 NR
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a) Diversification of pharmaceutical agents

Analogues of pharmaceutical agents

S0OsMe
CO,Et
0 Me
“I S <9
| S S M
e~z
d4a, Fenofibrate 4b, Bezafibrate analogue 4c, Etoricoxib
SDEME
COsEt
OYMe /\/Q/ Me Me 2~ Me
|
o SH G ge!
\'- ."_p “ " )
Me™ Me™ \@\ q:a.rr,q
“ “CL
R
R = OMe, 5a, 85%% (9%)/° R = OMe, 5b, 71%® (1095 R = OMe, 5¢, 75%!0"] («5%)<!

R = H, 5g, 70%!° (%) R = H, 5h, 4% (10%)!"! R =H, 5i, 70%® (14%)!

4d, Amoxapine analogue

MO0

\\ j';

R

R = OMe, 5d, 60%"!
R = H, 5j, 55%"!

EWD
N

\_/

4e, Loratadine

R

R = OMe, 5e, 57%"] (<50)
R = H, 5k, 60% (<5%)!

Page 90

sy o
d ~.©_NJLO
L‘g —{

HN
SN
——

cl
4f, Rivaroxaban

R = OMe, 5f, 51%/"] {<5%)l¢]
R = H, 51, 57%®! (<5%)!
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b) Mechanistic study ¢) Proposed catalytic cycle
i) Preparation of complex 8 q‘ flr:l-mi NilL, A—X
'Bu | R : Bu i x A7 Me (A)
& :
=M Br Ni{COD}; (0.5 mmol) =N JEtr Me P——
- Mi reduction
Z N THF, nl Z N Al
ey i . I o L Ni"L,.,
‘Bu ‘Bu VL APNI"XL,
L10 2w 6, 70 % At 'EESMe (B)
i) Stoichiometric reaction
Me , .
a cathodic
S NH ) om% rg:{ﬁctrm
5% electrochemistry O
Me [ - Wy
DBU (2 equiv) Me
Me n-BusMBr (2 equiv)
DMAc, 1t, 40 mA, 6 h Me Ar
1a 3w, 41% BH* o N hlli”L sidiialke
% - '
Me Yo" ligand ©) La
0 Ar! exchange
.. NH (D)
52 Q, T
Me 6 - oy
oo DBU (2 equiv) D/@’ Me 5 Q, NH
E' A 1 < + fs‘h
DMAc, it (120°C ), 8h Me A"
1a Iw, < 5%

L ER ) £SR3
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The Journal of Organic Chemistry

Esterification of Carboxylic Acids with Aryl Halides via the Merger of
Paired Electrolysis and Nickel Catalysis
Lei Wei, Zhen-Hua Wang, Ke-Jin Jiao, Dong Liu, Cong Ma, Ping Fang, and Tian-Sheng Mei*

Cite This: J. Org. Chem. 2021, 86, 15906—15913 Read Online
@

Br 0 (+) i | |[—} O _R [Arrli“Ln] =j_HﬂzﬂR“’:HSe [ArNI"XL,] <A [Ni]

ahd excnange

+ )L - - \ﬂ/ ocor ‘

R OH Ni Cat. O
undivided cell §
[ANIXL,] INIXL,] !
. . | N n [NI'XL]
® Paired Electrolysis ® Nickel Catalysis amte OCOR _OoCOR cathode
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Journal of Electrochemistry

Volume 30
Issue 5 Special Issue on Organic
Electrosynthesis (ll)

2024-05-28

Nickel-Catalyzed a-Arylation of a-Cyanoacetates Enabled by
Electrochemistry

Zi-Meng Li
Zhang-Jian Li
Anat Milo

Ping Fang

State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, University of
Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai 200032, China,
pfang@sioc.ac.cn

Tian-Sheng Mei

State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, University of
Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai 200032, China,
mei7900@sioc.ac.cn
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Br S |
0 paired b e R
N ~ J 1 RVC NF
:‘:\'-\&_ RO’- R + .
E NiBr,-glyme (10 mol%)
GFa 5,5-Mes-bpy (15 mol%)
TBABTr (2.0 equiv), DBU (2.0 equiv) CF,
DMAc (2.0 mL), 4.0 mA, 4 h, 30 °C, N, "
1 2a 3
@® S 0
e L "y
I O self-coupling
N r ~H“]
EDG
Q
=
-g - & 3-radical
c _ 0
< s ol J -
H " ]\ ) ;
(” "‘*3‘:] x_,—-— ___\\
N ® pBUH DBU
EDG
3-anion
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nature communications

Article https://doi.org/10.1038/541467-022-35073-2

Paired electrolysis-enabled nickel-catalyzed
enantioselective reductive cross-coupling
between a-chloroesters and aryl bromides

Received: 28 July 2022 Dong Liu"3, Zhao-Ran Liu"3, Zhen-Hua Wang"3, Cong Ma', Simon Herbert?,
Hartmut Schirok? & Tian-Sheng Mei®'

Accepted: 17 November 2022
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a) Traditional strategies for electrochemical asymmetric catalysis
|1

|I
[Med] Sub.  H, M pfggj' [Med]'e
asymmettric asymmetric
catalysis " catalysis
chnira
[Med]* product H" MI™  sub. [Med]*

b) Our hypothesis: paired electrolysis for electrochemical asymmetric catalysis

| |
R [ArNI"L 3 L,*Ni'"X
[Aer'"L "
| *Nilx
AF-R/&,L *Nilx Ar—X L,*Ni'X

anode chiral product cathode
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b) Radical clock

jou
MeQ.C

1a, 0.2 mmal
standard condition

+ o
fil:lj\rOR
Q
R = 2,3, 3trimethylbut-2-yl
4, 2.0 eqguiv
B standard condition
* o OEt
MeQC o
1a, 0.2 mmal 7. 2.0 equiv
‘Bu
\© @ NiBr,=dme (0.1 mn’bﬂl}
THF, rt, 4.0 h
,, N, glovebox
“Bu N N “Bu

L7 (1.1 equiv)

OR

o]
MeO,C

5.30% yield, 91% ee
+

MeQ,C
T e

O
6, 61% yield, racemic
(anti/syn = 62:38)

MeQ,C
> OE
= {

o}
8, BD% vield
rN/w"”SBU
-__N\li
h T #"Er
i Br M,
""B Br

\,_K

Ni-1, 70% vyield
Ar = 3-1B UGEHq,

Page

anode
e_[

&

Si’

Si—=H

Convergent Paired Electrolysis

cathode

[ArNI"XL,] A

Ci—A R [LNX]

Ar—Xx

97

[AMNIXL )
: /
Ui'}(] L Ni'X]

Ar=R
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‘ > ROYAL SOCIETY
D OF CHEMISTRY

ChemComm

COMMUNICATION View Article Online

View Journal | View Issue

M) Check for updates Nickel-catalyzed decarboxylative cross-coupling
of indole-3-acetic acids with aryl bromides

Cite this: Chem. Commun., 2022, . .

58, 8202 by convergent paired electrolysis

Received 10th May 2022, : e ; : ;
ﬂizzgteed gy,t,d JS::]E 2022 Zhen-Hua Wang,# Lei Wei,i Ke-Jin Jiao, Cong Ma and Tian-Sheng Mei {2 *
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Pl(*]i {=) Nifoam
o NiBrz-glyme {10 mol %) Ar
@ 3 . e d(OMelbpy (0mol %) A
M DBU (1 equiv) N
R [UtHICIO, (1 equiv) 3
K 3 A — R b
R ' \={ |
N ) N &) |k
Fu'la N N .
Me y R cceeeceegm [ArNi"Br]
(-]
3a, R = CO;Me, 71% 30,R=H,61% 30, CCDC 2130437 3y, 50% \ /—
3b, R = CO,'Bu, 70% 3p, R =CN, T6% /
[ArNI™R] Ar==Br
(D} 10
-
0.5 e D R-CO3H Ar=—R [Ni"]
N anode cathode
e Ak ~a— Anode potential

=— Cathode polential

th

Ni(I)2INi(0) 75 E-1.9V
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nature communications

Article https://doi.org/10.1038/s41467-023-37965-0

Nickel/biimidazole-catalyzed electro-
chemical enantioselective reductive cross-
coupling of aryl aziridines with aryl iodides

Received: 5 December 2022 Yun-Zhao Wang"#, Zhen-Hua Wang"?4, Inbal L. Eshel ® %%, Bing Sun’', Dong Liu’,
Yu-Cheng Gu®?3, Anat Milo®? & Tian-Sheng Mei ®'

Accepted: 29 March 2023
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NiBro+glyme (10 mol %)

Ts L (15 mol %) TsHN
N ' Nal (2 equiv), Et3N (2 equiv) *
3
- -
@ﬁ MaO H,O (3 equiv), DMAG O O
rt,6 mA,6h OMe
1a (0.2 mmol) 2a (3 equiv) (+) Zn-RVC (-) 3a
rine ()
1.5x10°
s04{ (A) l il VS
[ n ' |
5.0x10™ -
50 + on 1
-
—_ (0] ]
%40_ . & -5.0610° -
L'":‘.l . g -1.0x10° -
— = = 4
S 31 3 - 5x10°-
3% -2.0x10° 4 Background
20 + . 1 — NiBr,*glyme: L7 = 1:1
. -2.5x10°* : o &
] . 4 1 — NiBr,*glyme L7:1a=1:1:2
10 - -3.0x10° ’ — NiBr,*glyme :L7:1a = 1:1:3
1 . -3.5x10° - ~—— NiBr,*glyme ‘L7:1a = 1:1:5
0 Y T Y T Y T Y T Y T Y T -4.0x10* ] T T T T T T
0 S0 60 90 120 150 180 2.5 2.0 1.5 -1.0 -0.5 0.0
Time (min) Potential (V)

InfAtkiH 2 5it R

-1.6VAI-2. 2V B Ni(IT)/Ni(1) FINi(I)/Ni0
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|
A (+) Zn-RVC (-) Ph . > L NHTs
(A) NiBryeglyme (10 mol %) TsHNH\: H,0 (3 equiv) Ph
NTs L7 (12 mol %) : 1a DMAc, rt. 6 h 4a

P >
Fh 2a (3 equiv)
OMe

Nal (2 equiv), Et;N (2 equiv) additive yield (%)
1a H,0 (3 equiv), DMA, tt, 6 h Ja . .
EtsN (2 equiv) + |, (2 equiv) 0%
constant potential (V) yield (%) ee (%) Et;N+HI (2 equiv) 81%
-1.0 0 = HI 87%
-1.8 10 89

(B)

29 68 89 (F)
Zn (+)/RVC (-)

anode 3a cathode
Et,N

NTs 2a (3 equiv) o |
Nal (2 equiv), Et:N (2 equiv) L C | | —[Ni']
H,0 (3 equiv) o Ar—{Ni'" A
" DMAG, t. 6 mA, 6 h b Ele = (Bl J__NHTs
68% 1a Ph
(D) Zn (+) / RVC (-) | D
I 2a (3 equiv
A__NHTs ool SN VY SV Ph)\/NHTs
Ph Nal (2 equiv), Et3N (2 equiv) E
H,0 (3 equiv) l ;
gt DMAc, 1t. 6 mA, 6 h SET Ar—[Ni']—I o
; ) _ ro-
without NiBr,+glyme and L7 0% 58% ph/\./NHTS c \L [Ni%)
with NiBr,sglyme and L7  67% yield F B

90% ee
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Contents lists available at ScienceDirect

. . Science
Science Bulletin

www.scibull.com

journal homepage: www.elsevier.com/locate/scib

Article

Synergistic use of photocatalysis and convergent paired electrolysis for
nickel-catalyzed arylation of cyclic alcohols

Zhao-Ran Liu, Xiao-Yu Zhu, Jian-Feng Guo, Cong Ma *, Zhiwei Zuo *, Tian-Sheng Mei *

[ A ]

) A——\
CEHw v || 1 o
./% -
Metallaelectrophotocatalysis 5. 4 OL‘
Il
R=alkyl, aryl X =Br, |, OTf n=01234.. \ (.Fe

R
—— O\ Wy
ArX

po) A ok

Photoinduced LMCT

R [ArNi”}(l

anode

cathode
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O n
ﬁEGH i x Mega;gz:;ysis - @ 2 : "

Ll

R = alkyl, aryl
Product Substrate Product

Substrate Product Substrate
<8 Sy
H{X_@ O HO O i
= 0
s, 88% 6, 72%
[PCET], N.D.#

4, 72%
[PCET], N.D.¢ [PCET], 6%
AC
HO Me HO Me o AC HO El Ac
Me Et
L Me
@ 0
27, 56%

25, T2% 26, 40%"
[PCET], N.D.7 [PCET], N.D.? [PCET], N.D.#
COOEt CN CF;
o Ac o O Ac 5 Ac
HO G I HO 0 HO 0 g
EtOOC NC FaC
17, 0% 18, 64%" 19, 59%
[PCET], N.D. [FCET], N.D.¢ [PCET], N.D.Y

Xt A PR AT SR FL T 05 e C 2 e ke IR VD RE A R PCETIE R o ik A A AL R F i e
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Science
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Science Bulletin

www.scibull.com
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Article

Parallel paired electrolysis-enabled asymmetric catalysis: simultaneous
synthesis of aldehydes/aryl bromides and chiral alcohols

Bing Sun®', Zhen-Hua Wang *'!, Yun-Zhao Wang?, Yu-Cheng Gu”, Cong Ma*, Tian-Sheng Mej *-*

Cathodic reduction
| Y
x Ar” OH G "ﬂ\ ’ HO, A0
R + or y or
Y’}r NiBr,+glyme (10 mol%),
(0]

Ar—H chiral ligand (12 mol%. Ar—Br
X = |. B Sacrificial anode free

| Anodic oxidation +
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| Fe (+) i_"_fh—; Ni
GE NiBrseglyme (10 mol%)
0

L1 (12 mol %)

S "Bu,NBF, (2 equiv), DMA
CCE, 10 mA, i, 5 h

CLs

o G

1a 2a
Entry” Deviation from above conditions Yield (%)" ee (%) T X
1 None 92 (83)" 98 R ANy A R?
2 L2 instead of L1 32 —85
3 L3 instead of L1 64 97 X=1 Br
A "BusNOAc instead of "BuyNBF, ND /
5 "BuyNI instead of "Bu,NBF, 54 92
6 "BusNPFs instead of "BuyNBF,4 66 97
7 Al instead of Fe 86 89 OH @/OME
8 Zn instead of Fe 44 79 e
9 No catalyst and ligand ND /
10 No electric current NR / @
2ae
O 0 51% yield, 91% ee®
O 0 o) thu
TR D =
é N N
Ph Ph

L1 L2

L3

Fe(ﬂr“ﬁ( ) Ni

NiBr»* glyme (10 mol%)
L1 (12 mol%)

"BuyNBF,4 (2 equiv), DMA
i, CCE10mA,5h

s
0

2af
80% vyield, 19% ee
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2ag
21% vyield, 57% ee
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(b)

potential (V)

=
=]
1

(=1
&n
1

[2=}
=
1

n
[

0. &

0.0

i ——

—— Anode
—— Cathode

E=1.39Vvs. Fc*/Fc”

E =-1.40V vs. Fc*/Fc?

0 50

100 150 200 250 300 350
Time (min)

400
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Br~

Brg

Anode

Ar=Br

CE‘”""

Ea

[N'”]xz

[Nl"]

12 Cathode
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Part 4 proposal

*[irllN)

(o] SET

Rz\T}f\R [Iril]
[Ni] y

Ligand

PC .
Boc,0 Ni(l) Q
0o NHC (0] SET

Ry R + L pyrridine RZ\T)L Ne
- < R
Ry OH R™ "OH DMA 0 o~ Ry
R3 [iri1] RyR,
Ni(0)
0
R.__O
R, T J
kl}li(lll) R™ OH
R™ R, o\BOC Boc,0 e
R?o
Ni(ll) \

Ng H
. N -— X R
KR o PoRy
R3R2 O 32



15 MHLTELE




