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Abstract Aryl halides are key building blocks in organic synthesis for the construction of valuable natural products, me-
dicinal and agricultural chemicals via transition metal-catalyzed coupling or substitution reactions. Halogenation is one of the
most fundamental and important reactions in organic synthesis. Electrochemical transition-metal-catalyzed C—H functional-
ization has emerged as a powerful tool for molecular synthesis with the prospect of avoiding the use of costly and toxic oxi-
dants or reductants, thereby reducing the footprint of undesirable, toxic byproducts. The palladium-catalyzed electrochemical
C—H chlorination of benzamide derivatives directed by PIP amine directing group under divided cells has been demonstrat-
ed, in which readily available inorganic halides salts serve as halogen sources. The reaction features a broad substrate scope,
high functional group tolerance, and compatibility of thiophene substrates. This reaction could be conducted on a gram scale,
which is important for future application. Additionally, the sequential bromination and chlorination of C(sp?)—H bond con-
structs highly functionalized aromatic carboxylic acid derivatives. The typical procedure is as follows: The electrolysis was
carried out in an H-type divided cell (anion-exchange membrane), with a RVC anode (10 mm X 10 mm X 12 mm) and a plat-
inum cathode (10 mm X 10 mm X 0.2 mm). The anodic chamber was charged with Pd(OAc), (5.6 mg, 0.025 mmol, 10 mol%)
and benzamide derivative (0.25 mmol, 1.0 equiv.) and dissolved in DMF (10 mL). LiCl (847.8 mg, 20.0 mmol) was added in
the cathodic chamber and dissolved in water (10 mL). Then the reaction mixture was electrolyzed under a constant current of
5mA at 90 “C until the complete consumption of the starting material as monitored by TLC or 'H NMR. After the reaction,
EtOAc (50 mL) was added to dilute the mixture and then washed with water (20 mL X 3) and then with brine (20 mL). The
organic fraction was dried over Na,SO, and concentrated. The resulting residue was purified by silica gel flash chromatog-
raphy to give the chlorination product.
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a) Kakiuchi's work (ref.16)

anode

gt Hd, G RS ES R EAR S E AL
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NS G i AL A TSI T DL 2-2R B
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i 3t ) 3ot I 4 R A P e U Y RE T A I ). AR R
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Fi) Ve S 3, @it Ak 2R 4 F R AL C(sph)—H
MIEAC N, SEELTS 3 GARPI RN 4% 95 3 S AR & 3
HFEPEA (A 16)18

2 #R5WE
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FATIE PIP N 3 B 2K FRERATAE A 1a 1E R
FERRR A, K F R 35 H Al (RVC) Ry TAE FaAl, 7
P B8 7 A e 43 B 1) H Y A A v b AT T R L. &
T 48 0 2% A PR ACT 2 1R R S B 268 4: 7E 10 mol%
Pd(OAc), (IIFEFE T, LL LiCl fE N5 IE, DMF 1E NIE,
7E90 CHIEEE T LLS.0 mA fHHEFEHAE 12 h, GELL 92%
HIRZ RIS R 15 B E A ¥ (Entry 1, Table 1). PdCl, 5§
Pd(OCOCFs), % 7x 7 AHALIY S B i 1 (Entries 2~ 3).
I L PR VS TR I, R NAE N,N-— F 3 2 T
(DMA), 7~ F EE it =l (HMPA), — H 3LV (DMSO)
DA B K HR B R IURI 3R AT, WO A 0 45 2% (Entries 4~7).
PL HCI, NaCl #1 NH,Cl Z/E RER, R HEEFAT, K
FEARAI LiCl R I (Entries 8~10). 435 F&IK
F| 80 CH, B NI HiRE T mE] 100 C, H
REHW RIS, BRNMAER B 5 mA B3 2.5 mA
i, RN K, (HR SN 8] 75 B K — 5. {Eil
HEAAREOLT, KHEAH 5 mA 3NE 10 mA H,
JRBIARE E A AL, JATE TR 67%(Entries 13~
14). ¥EHS2aG R0, BA A AR A E IR LR,
AU N ANGE & E (Entries 15~16).

cathode

Z | PdBr, (10~15 mol%) HCI (2 moliL) Z |

X DMA or DMF

_— divided cell, (Pt)-(Pt) >

H 20 mA, 100 °C cl

b) This work: PIP-directed catalytic electrochemical C—H chlorination

anode
(0]
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LiCl (2 mol/L) o
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Figure 1 Palladium-catalyzed electrochemical chlorination
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Table 1 Optimization of chlorination conditions “

anode

cathode

Me O Pd(OAc), (10 mol%) LiCl (20 mmol) Me O
dﬂ,% DMF (10 mL) H20 (10 mL) d‘\,\j N
H | H |
H N~ divided cell, (RVC)-(Pt) cl N~
5mA, 90 °C
1a 2a
Entry Variation from standard conditions above Yield"/%
1 none 92 (85)°
2 PdCl, instead of Pd(OAc), 89
3 Pd(OCOCF;), instead of Pd(OAc), 91
4 DMA instead of DMF (anode) 80
5 HMPA instead of DMF (anode) 63
6 DMSO instead of DMF (anode) 12
7 H,0 instead of DMF (anode) 34
8 HCl instead of LiCl 72
9 NaCl instead of LiCl 71
10 NH4Cl instead of LiCl 65
11 80 C instead of 90 C 90
12 100 C instead of 90 C 92
13 2.5 mA instead of 5 mA (24 h) 88
14 10 mA instead of 5 mA (6 h) 67
15 no Pd(OAc), nr
16 no electric current nr

“Reaction conditions: 1a (0.25 mmol), Pd(OAc), (10 mol%), DMF (10 mL) (anode), and LiCl (20 mmol), H,O (10 mL) (cathode) in H-type divided cell with RVC
anode (10 mmX 10 mm X 12 mm), platinum plate cathode (10 mmX 10 mm X 0.2 mm) and a anion-exchange membrane, 5 mA, 90 “C, 12 h (9.0 F/mol). * Yield was
determined by "H NMR analysis with CH,Br; as the internal standard. “ Isolated yield in parentheses.
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Table 2 Substrate scope”
anode cathode o
Pd(OAc), (10 mol%) LiCl (20 mmol)
(:fk DMF (10 mL) H,O (10 mL) (\:\HLN N
R—— H
N
divided cell, (RVC)-(Pt) Z el Z
5mA, 90 °C 2
Me O Me O Me O
H H H
N N N
cl = Me cl 7 MeO cl Z
2a, 85% 2b, 82% 2c, 79%
/~0 O o o O o
o)
LD ReEasIRCERS
N =
a W cl % cl
2f, 85%
2d, 70% CCDC 1885379 2e,73%
Me O F 0 Br O CF; O
N X N N N X N X
i D 1 1
F cl 7 cl a N o NF
29, 87% 2h, 81% 2i, 88% 2j, 78%

% 0
Br 0 0o Q
N | X F3C N N Me\s// OzN N
H H | /7 N X N |
Cl N~ cl AN 0 H ! H N~
cl N~ Cl

mono: 2k, 66%

di: 2k', 12% 21, 79% 2m, 82% 2n, 72% (10:1)
O (0] O Ccl O
eO
al N~ N~ N~ N~
Cl Cl Cl
mono: 20, 55%
di: 20% 20% 2p, 85% 29, 81% 2r, 90%
Cl O c o Ccl O
N~ H
Me ¢ ipr a N sy a N
2s, 92% 2t, 82% 2u, 91%
Cl O
H
BnO a W
2w, 88%

2x, 90% " ccDC 1885375

“Reaction conditions: 1a (0.25 mmol), Pd(OAc), (10 mol%), DMF (10 mL) (anode), and LiCl (20 mmol), H,O (10 mL) (cathode) in H-type divided cell with RVC
anode (10 mm X 10 mm X 12 mm), platinum plate cathode (10 mmX 10 mm X 0.2 mm) and a anion-exchange membrane, 5 mA, 90 C.
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Table 3 Sequential double C—H activation”

anode

DMF (10 mL)

Pd(OAC), (10 mol%)

cathode
LiCl (20 mmol)
H,0O (10 mL)

H (o]
R(l:ﬁNg@
H
N
Br Z
3

divided cell, (RVC)-(Pt)
5mA, 90 °C

Ccl O
R&Nx@
H
N
Br Z
4

Ccl O Ccl O Cl O
Br N~ Br N~ Br N~
4a, 64% 4b, 55% 4c, 42%

“Reaction conditions: 1a (0.25 mmol), Pd(OAc), (10 mol%), DMF (10 mL) (anode), and LiCl (20 mmol), H,O (10 mL) (cathode) in H-type divided cell with RVC
anode (10 mm X 10 mm X 12 mm), platinum plate cathode (10 mm X 10 mm X 0.2 mm) and a anion-exchange membrane, 5 mA, 90 C.

anode

cathode

LiCI (60 mmol)
H,O (40 mL)

Pd(OAc), (10 mol%)
Cﬁ‘\ Xy, DMF (40 mL)
divided cell, (RVC)~(

Says

10 mA, 90 °C 36h

35mmo| 1.113 g)
B2 TEHIRL

Figure 2 Gram-Scale Experiment
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;. SRR AR R EREAh, ERTIRYERT
B S FRL TR A2 B v 1 e I 12

AT T 53 FIRAT ITRARSE S (B 3e). SEgm iR
SRBN S FAL RN KIE=1.0, X 15t B Ak 22 S AC R
Rir C—H BE L IX — A2 P IR,

T 3RS S BN B EAAE S, FRATTAR 48 STk

G IR TE T R R R S A TR S R R T (1

4). B4 E RS R AN S5 Y & 1Y) 1r 78 SV 7
RN 4 hJE, AT B3] T FRE 1) Pd(ID)
“EY 5, G 5 AR bRAE SR AL 7,
I B H AL 2 SARR R AT SON, BERL 79% 1K 73 B U
FEABNEAT= 2r, B, FRAIHERTIZ RS H ] fe AR Bk
B IV )44

HA S EAUR BB I TR A 2, N T i
R B s BT, 33— 2R T B
B, JRAME T AHSREIMR 2 L g (B 5). MhZk b FTAn,
LiCl #f#] C1” 7E CH;CN/n-BuyNPF¢ /& R — AN E Ak IE
(E,=1.08 V vs. Ag/AgC)F1— /N5 IE(E,=0.86 V). &5
A CHERRIEN, AT CL AT RER B B AL 2 4E Cly
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(78% yleld 0.961 g)

HARBEHERR Cly, Clegliay CIRIA NS, AR &4 5 1)
FALHAL(E,=1.26 V)IIE ST CI B FAL(IZ ¢).
H1A) LiCl FIIANL AW 5 J5, LiCl G JR I 2%, 44
W5 BEAIEIRTS(E,=0.82 V, HIZk d). IXATREULIILZ
HW 5 R CURIAA =) Cly 838 Clof # EAEH.

BT UL R sae g5 A2 TR SO A, FRATSRH T
FL SRR T 0 R s ) e S i A S B 1) T AT ([
6). BEERHL T Je 5 KW R ERAL, (244 )8 b ik B
FIFEUT AR A B, B S R A Pd X C—H BERITE LT B
FCH & JE Ak B, 82Ok, AT Ak B S5RHIK
FAA R Ly N AR R PA(IIDER PAAV) IS C,
BEY) C KA BRI A D; B, Hik
D KA BCAARAE 315 B E AR W SL I AT B A, AN
M 5 BAE AL TG IR,

3 g

FATLL PIP X0k T 1 B [, LARRAN 237531 LiCl
NG, KL T RG22 2 AF T R AR A A8 I K
WEMAAL C(sp’)—H BEEARRRL R B R A
RAFHE RERIAAIE, R IENE, R, JEat
BRTR B FRATTIE W] AT B A I R R, SR
T S B i e S S ) SR, SR o FEE SR 2% 1 22 R ATEUAR
(28 ISR AL S DR, PRI T % AR 5 AN Y
WA AT P A 1R S A1

Acta Chim. Sinica 2019, 77, 866—873



% F F #® 5B
(a) H/D exchange experiment
0,
anode cathode D?H/O 1) 40% H
Pd(OAc), (10 moi%) LiCl (20 mmol) DH O
) DMF (10 mL) H,O (10 mL) N X + D
H N| NH | N
divided cell, (RVC)-(Pt) D D/H = D cl N~
5mA, 90°C, 2 h D 36%H D
[Ds]-1r 44% 45%
(b) competition experiment
anode cathode
Pd(OAc), (10 mol%) LiCl (20 mmol)
A DMF 10mL H,O (10 mL) X+ | A
N~
divided cell, (RVC)-(Pt
WR=CF 5mA,90°C, 1h
1yR= Mes 2y:21=2.6:1 ("HNMR) 2y, 29% 21, 11%
c) KIE study
O
d % standard conditions dN N
H
anodic oxidation Cl N~
Parallel experiments: ky/kp = 1.0 ] 2
D O
>§/\> standard conditions D N X
H |
anodic oxidation D al N~
D
[D5]-1r [D4]-2r'
B3 Bl
Figure 3 Summary of key mechanistic findings
Pd(OAc), (1 equiv.
Ny PRk (T equv) 3.0x10° 2 Dlank
Pd—N '

CH3CN 60°C,4h
5 (10 mol%)
LiCI (20 mmol)

5mA, 90°C, 14 h
anodic oxidation

CHj

79% yield
Cl O
CLr
cl N~
2r
B4 FRAL A AL P o] 8 R0 S S I it

Figure 4 Preparation and reactivity of monomeric palladacycle

4 SILERsy

FTA ) FA I AE ] 2B B FE AR b AT, BRI BH B
P B 72 b T A H DR B FEAR(RVC 10 mm
X 10 mmX 12 mm)fENBEM, 1A (10 mmX 10 mm X
0.2 mm)fERPIRR. FEBIBGE KRN Pd(OAC), (5.6

mg, 0.025 mmol, 10 mol%), 7K H Mt&ATAEH(0.25
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c Complex 5

2.0x10° 4 d Complex 5 + LiCl
5 |
< 1.0x10
I
0.0
=
-1.0x10° 1
~0.86
-2.0x10° . . . , .
0.0 0.5 1.0 1.5 2.0

EIV (vs. Ag/AgCl)

B5 fEMR s

Figure 5 Cyclic voltammograms recorded on a Pt electrode (area=0.03
cm?): (a) MeCN containing 0.1 mol/L n-Bu,;NPF; (b) solution (a) after
addition of 5 mmol/L LiCl; (c) solution (a) after addition of 2 mmol/L
palladacycle 5; (d) solution (b) after addition of 2 mmol/L palladacycle 5

mmol) Al DMF (10 mL). 7&K m A LiCl
(847.8 mg, 20.0 mmol) 1% & F7K(10 mL). A5 H [
FEET o0 CHMBHT, L5 mA fEE BT
FLAA SR, FH TLC 8% 'H NMR S 5B I e 73k R
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2a N™ S
[Pdll]/N =

A

1a HX
Me O Me O
e NS
|
[Pdll]/N = ?d”_N _
(¢]] D L B

anodic
\ [ArPd”'CI] _ oxidation _ _
or Cly «=— ClI

[ArPdVCLy]
c

Bl6 I RERIEMLIEALHE
Figure 6 Proposed catalytic cycle

RNZEFRJE, TN EtOAc (50 mL)#iFe 5 7K (20 mL X
) Ve, K@ mL)BE k. A HLA I LK
Na,SO, T4, I8, IEHIRIE RS 5 2 4F Z T 7 5 alith
BREARY. FE: I TEAETHRENARSHE 7
ARG TN FHAR, AT DA F ik B0 IR A KA 7

5 min.
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