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1.1 HRH =28 AN ESHE 2N

a) Natural Products b) Emergency Medicines

Me '
N '
@) Ph E o
¢ : Et
® O Oy
HO O ©H < HO :
Morphine ("2 HE) Atropine (B ¥E /) Coramine (7] 7 8H)
: TR
: Et
NH,
HN— 2 Me
Tryptamine (&%) : Lidocaine (#]% R &)
c) Catalysts d) Materials
o
;s S O &) ey Sy
L7 )

DMAP DABCO : Polyadiohexylenediamine ()& J-66) 4



1.2 B 50 H = - X AR s C-N &9 7 i%

a) Buchwald-Hartwig coupling reaction c) Metal-free C-N bond formation

: NHR? |
R1\— R L,Pd®, base R1\_ RZ SO A xgg; ((2601equ-)) PN
Br + H—N ; 1 equiv.
N\ 7/ ' k3 toluene, 105 °C Q_N‘Rs \ R'5r | —R? V) e R | —R?

= | = toluene, 135 °C, 24 h = N =
53
High chemo-selectivity High cost Metal-free R
High reaction efficiency Potential toxicity Harsh conditions
Activated substrates Activated substrates
b) Ullmann coupling reaction
I N CuBr (20 mmol%)
N - R2 PPhs (20 mmol% z z
R'T + R /© ¢ 2 > rE | 3 R?
= N Cs,COg, toluene N N N
H 110 °C-120 °C |
R3
High chemo-selectivity Potential toxicity
High reaction efficiency Activated substrates
a) S. L. Buchwald, et al. J. Am. Chem. Soc. 1994, 116, 7901-7902 .

b) D. Venkataraman, et al. Tetrahedron Lett. 2001, 42, 4791-4793 c) C. Bolm, et al. Org. Lett. 2012, 14, 1892-1895



1.3 RH =-C-HaE A ik

a) Buchwald’s CDC amination reaction b) C-H Bond Oxidative Amination without Transition Metal

R @)
i R N
R _ )L Pd(OAc), (5 mol%) T

I X
N~ “Me Cu(OAc), (1.0 equiv.) = Me . R1\_ R? PhiOAc), (5.0 equiv) Ry=\ R
H 0, atm - N S\ : OH + H—N - @_N
2 @) ' N\ / ’ benzene, 140 °C R3

toluene, 120 °C R®

Metal-free
Harsh conditions
Excess amounts of oxidant

High chemo-selectivity High cost
High reaction efficiency Potential toxicity
Directing-group

Ph :
S ~_-Ph I, (1.0 equiv.) \\él \S/\/\Ph : New methods
@ PhI(OAC), (3.0 equiv) ©i + ©1/\‘N L OH + HD > O
Me - : :
DCE, "t's'g]e light Me ; Without Oxidant

L, Ar : Without Transition Metal

Metal-free 36% 36% : High Chemo-selectivity
Poor chemo-selectivity :
Hard purification X

a) S. L. Buchwald, et al. Angew. Chem. Int. Ed. 2008, 47, 1932-1934
b) S. H. Cho, S. Chang, et al. J. Am. Chem. Soc. 2011, 133, 16382-16385 ¢) C. Bolm, et al. Adv. Synth. Catal. 2017, 359, 4274-4277
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[1833] [1965] [1986] [2012]
Faraday’s la_ws of Monsanto Yoshida electroauxiliaries Waldvogel Biaryl coupling
electrolysis adipoitrile process

OH H OH
1 =1 Na- - 2e” P H 1 @
ACo__> o /\CN : NC\H/CN R SiMej; RO_) R OR @ + @ i_' @
" 4

>

[1549] [1575] [1999] [2013]

Kolbe reaction Shono oxidation Yoshida’s cation pool Yoshida C—H amination
] NP P Y, g
_ - 2e" .Y H [ Na
RCOO —» R-R R' E:\RS MeOH R 22 R R-X low temp. R R-Y r—»*

7
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3) R REFEMRS, 5Tt

Anode Cathode Anode Cathode
Oxidation by catalyst Oxidation & reduction

S . 2505
9 # R B 89 R R KA ! P # R ) &9 % AR X =
| | l | | :
: A ALY
B 2 H* xX* A : W, R BEATHE K WA R AT T )
e :> e 69 | RBEEMNK, BLEZ | REERAN, HILEK
X B
A H; | B AR £ B 4T
Anode Catﬁode Anode Catﬁode :
Anodic oxidation Cathodic reduction r-- -~ TTT T TS T TS T T T TS T s Tt
|
] 1 ] 1 . - .
| l I l | A AL RO G R B
E |
I
MTK m> Al : 1) JEdh 1o B HAT & 0T
+e i ) | s .
[Cat] © +5 ! 2) R R F A i Fe
A C |
|
I
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1.6 BAR: FIAC-HERAEwELES

"N" Source

¢ Without Oxidants
¢ Without Transition Metals
¢ High Chemo-selectivity
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011 BB 3 89 C_HEE FAEEAL
B 5] ¥ A AL sp? C—HAR AL

C(+) | Pt(-) N—H
/@ Pyridine, MeCN
H,;CO BU4NBF4 25 C MeCN, 80 C H,CO
1 8 mA

Representative products

Jun-ichi Yoshida 1% 99%
Kyoto University

(1953-2019) PCH, 0 C
QI Ph N
H,CO NH, H,CO

74% 66%

J. Yoshida, et al. J. Am. Chem. Soc. 2013, 135, 5000-5003

O

OCHj

84%

97%

aeallive O

NH, !

Synthetlc application

Os_OFEt NO, Os_OFEt NO,
Br\/©/ O
- 1
H,CO H;CO

N|trat|on
OEt
Electrochemical
C-H amination
5 steps vs 2 steps 89%
H;CO 0
Reductlon
OEt NO, (@) OEt NO,
H,N O
HZN:©j/Protection Br\/©/ Deprotection i O
' ? v > o
+ H3CO H3;CO

Key intermediate of
VLA-4 antagonist

12
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2.1.1 8k 2 389 C—H4 A, Lk

DFT calculations

b)

MeO :

The lowest unoccupied molecular orbitals obtained by
DFT calculations (B3LYP/6-31G*)

J. Yoshida, et al. J. Am. Chem. Soc. 2013, 135, 5000-5003

Proposed mechanism

OQ

L] I r I
_I+ +\ i/

@D
to

@ )2 o)
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2.1.1 8k 2 389 C—H4 A, Lk

e — — 2

AN

e

N NH,
BDD anode
OO Pyridine, MeCN OO Piperidine
a) >
"Bu,NBF,, 60 °C 80 °C
10 mA N W
(Boron-doped diamond) | F® | 2
S \ —

\ ( - - )

Siegf '\d\\\R W Id | 2 <

iegfried R. Waldvoge OM
Johannes Gutenberg University of O—>_ © }OMe
Maing b) BDD anode O O
FG\— Pyridine, MeCN FG\— — Piperidine FG/— _>=O
N > N RN NH
"Bu,NBF,, 25°C| N\_4/ \_/ 80 °C \ 7
10 mA

\. _ — J

R. Waldvogel, et al. ChemElectroChem 2017, 4, 2196-2210
R. Waldvogel, et al. Chem. — Eur. J. 2017, 23, 12096-12099

S. 14
S.
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2.1.2 £k Jz 7 &9 C-Hag fz ik

N '
n : . L. ]
)\ BusNPFy, MeOH N +  Mechanistic studies
07N 10 mA, reflux )*N\

Representative products : NH N\
' Standard condition
N N : N > N
' Cl )“N‘
O Me

Me
I\ s 2%

O Bn O Bn '
92% 85% :
Hai-Chao Xu E | F i
Xiamen University N MeO N NH . N
< \ \ ' N Standard condition
o) N N ' > N
F :
)N N : Y RPN
\ \ ' I O Me
O Bn O Bn ' Me
81% 88% ' R = Me, 26%
: R=H,12%
15

H.-C. Xu, et al. Angew. Chem. Int. Ed. 2017, 56, 587-590
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2.1.2 £k 2 389 C—H4ék il

Proposed mechanism

+
-H //\. -
@\ N 2 MeO" + H,

2 MeOH

I~ —=. CL
\ _e' \
5~ e T
3 )N 4 )N

O Bn O Bn

H.-C. Xu, et al. Angew. Chem. Int. Ed. 2017, 56, 587-590
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21 kM BEL SERE N

2.1.2 £k 2 389 C—H4ék il

from Fenofibrate

o) | Py PhO,S.. .SO,Ph : Radical trapping experiment Eo2ph
+ t(- N ; S
. SO,Ph
Oe . Ph\S'P O\\S,Ph "BuyNOAC - : 00 2
& \Nr Y DCM/MeCN/HEIP Oe N Ph\,S/:N:\S:Ph Standard condltlons>
. / \ H
RT, 10 mA : oy o 2.0 equiv. BHT - -
: OH
Representative products : Parallel KIE experiment 35%
PhOZS\N,SOZPh Q / N Ph\S’P O\‘S,Ph Standard conditions
NN N S0,Ph : & SN~ D
| )N, : H
oa\ril N" 'SO,Ph : b D K/Kp = 1.06
¢+ D D 00
: Oe N Ph\S" \‘S/Ph Standard conditions>
50% 74% . b O N
Aiwen Lei from caffeine :
) : : D D
Wuhan University o :
: ompetition experimen
SO,Ph C P tit KIE P t
4 0
Q- sacll
\ O :
N s \r \n><o o
S . Standard conditions -
° Phozs’N‘sozph ; b D + Phes? A_Ph » Ky/Kp=0.82
53% 33% :

b D 17
A. Lei, et al. Nat. Commun. 2019, 10, 5467-5477
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2.1.2 £k Jz 7 &9 C-Hag fz ik

Cyclic voltammetry experiments Proposed mechanism

1 v T
0.0 0.5 1.0 1.5 2.0 25 3.0 35
Potential(V)(vs Ag/AgCl)

]
]
]
]
]
]
]
]
a '
]
]
0.00 A ! (ONO) (ONO)
5 Phe” \W._Ph "By,NOAc Ph_# =\ _Ph
_ ' 77NN < 2 Nh\
Z 0051 : o Y © J N o
- : :
E —— 2mM 2aa ' H2
O _510d —— 2mmMTBAOAC . :
. —— 2 mM 2aa + 2 mM TBAOAc [ nBU4NOAC
]
: _e'
—0.15 - ! N
.............. ' -H
]
00 05 10 15 20 25 30 35
Potenti X (ONO)
otential(V)(vs Ag/AgCl) ' Ph ~ S// \\S /Ph N
' @) . O Y
0.00 )
]
]
]
-0.05 !
2 ]
£ ]
£ |1 —— 2mM 2aa + 0 mM TBAOAc :
< ] 2 mM 2aa + 1 mM TBAOAc
5 %1 — 2mM2aa + 2mM TBAOAC : PhO,S< |, .SO,Ph PhO2S<,,-SO2Ph
| —— 2mM 2aa + 4 mM TBAOAc ' N N
—— 2mM 2aa + 6 mM TBAOAG :
-0.15 4 —— 2 mM 2aa + 8 mM TBAOAc [ _
) -e
' a
]
0,20 g X -H* OO
]
]
]
]

18

A. Lei, et al. Nat. Commun. 2019, 10, 5467-5477
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2.1.2 £k 2 389 C—H4ék il

Deprotection of arylimines

1) Mono-desulfonation of product

PhOZS\N,SOZPh NHSO,Ph NH, NH,
Mg powder
r
0 e 00 P00 OO
N5, 12h
0.1 mmol 99% 99% 99%

2) Double-desulfonation of product NH»

PhOzS\N,SOZPh Mg powder NH2
. I .
Ti(OPr)y, MesSICL_

@ THF, 50 °C @

N,, 4 h

89% 81%

19

A. Lei, et al. Nat. Commun. 2019, 10, 5467-5477
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2.1.3 8RB 89 C—H4&t ik
B A SR A AT R Fy F P a4

(1 R c+) | Pt()

N Et;N, MeCN o\
) L BN, A e
A 1 mA, RT 7

a) Calculated Fukui indices and experimental

regioselectivity

Representative products 5
,CH3 ,CHj ,CHj '
N+ (\N + (/:/N + '

\) + NN\) + N\) OCFj3 _N

Q \ : 0.089 0.089  p.p92 0.074  0.084 0.085
-N ' 0.081 (2~
N : 0.084 povo 0090 0078 0.077 |N
: F Me / ' 0.036 0.069
- . . [ 0 184 D 176 D 173
Christian A. Malapit 98%; 23:1:1 p:o:m 78%; 5:1 p:m 69% ' 0.097
Northwestern University +_CH :
(\N 3 . 1 (p:0:m) smgle 5.1 (p:m) GI
(\"'/CH3 N/\\ﬂ : regioisomer =lge
N =z + ' regioisomer
. NM ~ | " Q Position of substitution by DABCO?*: predicted by Fukui indices
| ¥ | = N " ﬁ Experimental site of reactivity (major regioisomer)

NN ]
MeO” "N” ~OMe 2 ;
55% 43% '

20
C. A. Malapit, et al. J. Am. Chem. Soc. 2024, 146, 3591-3597
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2.1.3 8RB 89 C—H4&t ik

b) DFT studies on radical-cation — pi interaction vs

) o c) KIE studies
HAT and observed regioselectivity

s cH: cH
' +
A : N NL
' D
_ standard conditions> SNT . N7
: : D\l)%/D H\I)%/H
a"I) 909 DABCO?* : D D
T A2-TS-C2 ' HL X . Z D/ Z D
Qa . h "p' 2.0 [48] \\)"" = M § : 10 GQUIV.
-?—DO—%—: © oA2TSB2 7T ' D H
Lt B e 052 Ky/Kp = 1.1
RAPPT I m-A2-TS-B2 . 0.6 [2.4] '
y ot eemm TR0 T '
e Ny RN o : d) Role and effects of Et;N
81, v A2-TS-B2 » '
m-A2 _ .- f S “~<. mBz H '
1.6 [1.2] 0.9[0.7] 1.2 [0.3] ,
_Az '
00 [0.0] 3 p-B2 X CH3
D . -21[-0.8] : lll +
A ' 7NN
j} 7S ; H Et;N yield
e M Lz 1CH o standard conditions SNT none 31%
- . -8.9[-9.0) “'DABCO , >
JERR DABCO? —H- - -8 : )§ 0.2 equiv. 98%
E | 1.0 equiv. 87%
AH [AG] keal/mel (298.15 K, 1 M acetonitrile) : OCF; \f °.0 equiv. n.d.
UMO06-2X/6-311+G(d,p)-CPCM(Acetonitrile) '

)

@)

M
w

21
C. A. Malapit, et al. J. Am. Chem. Soc. 2024, 146, 3591-3597
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2.1.3 8RB 89 C—H4&t ik

Proposed mechanism

CHs ‘
Et;NH* (\/

-N
NE/
Et:N + H A \
3 i F +e
CH
+ / \ / 3 CH3 CH -
R N/I/N—CH3 Charge transfer & ’ll R H (]/ - ) 3
H /% - C-N bond formation [N B l_\l_l\7 - N
> _F
H i +N +F N+\7

EtsN  Et;NH*

N\
RN\/l//l}II_—CHg \ > RAQ_'FN/\/I//\[:{_CH:S

H

22

C. A. Malapit, et al. J. Am. Chem. Soc. 2024, 146, 3591-3597
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' 221 %58 589 R 8
Lutz AckermanniRE &9 aHI T B2 5 5aywBEALC-HEKLR B

RVC(+) | Pt(-) 0 ~ | . Control experiments
"BusNPFg, y-Valerolactone :
@ 0 Y_ > ” '}l_ . a) H/D exchange >95% H
Morpholine, KOAc 9] ! o pZ HD O z
Co(OA)+4H0 (0.1 q) Y E | < )
1 4 mA, 40 °C, N, 6 K/O , \+ Standard cond|t|on @fL \ﬁ . ” N
| | D,0

. NT .
.............................................................................. ) o o)
: H/D N
Representative products ; K/O
>95% H
b) KIE experiments [D]n-1: 38% [D].-6: 55%

@

‘ /O HID Q /@

: +

: Xy~ Standard cond|t|on S SN
Hs/Ds—(— H4/D4_'_/

E KH/KD =1.0

. ¢) Headspace H,-analysis

: o ¢

: |

' \+ Standard condltlon N~ N

: H 4, 7 H>
N/\ Confirmed

' K/O by GC-analysis
' 23

L. Ackermann, et al. Angew. Chem. Int. Ed. 2018, 57, 5090-5094
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Cyclic voltammetry experiments

100 -

0

Cﬁ‘w SN ACOH>/\ 3 OAC
' | | —

X Co—0O

' N

L5 [ j

— blank
——[Co] + KOAc 1.51V
80 - 1a
1a + [Co] + KOAcC
—1a + [Co] + KOAcC + 2a
60 -
1.05V
T 404
20
04
-Eﬂ 1 T T 1 I ! I ! 1 1
0,5 0,0 05 1,0 1,5 2,0
[V]

L. Ackermann, et al. Angew. Chem. Int. Ed. 2018, 57, 5090-5094

Proposed mechanism

AcO:~ AcO- 1
Co(OAc),
anonic i
oxidation \~ € 0 =z
+
Co(OAc)3 ©)\N SN
H o I-
anonic O
CoOAc oxidation 2

6 2 AcOH
Z
AcOH a0 |
N

= | CIO_O

0 \ Q Z |

Nt
C-N formation l}l l}l_
Co—O
N
¢
) 24



2.2 KM AB 5w B

2228559 BER B

Proposed mechanism

C(+) | Fe() Ny ;
LiCIO,, MeCN/HCOOH 73 ;
> N X Me
Na” Pd(PPhy)y(OAc), (0.05 eq.) = : @ /O/
! A\
H

2mA, RT, N, Me
2 X"+ H,
Representative products
' PdL2X2
- 2 HX
Me X HX
OMe __ Cl :
N Q =N\ 5 PP Me
N\ ¥ S NN
N Cl N :
Aiwen Lei 99% 71% 45% : e
Wuhan University E Me
: ~ N HX
OCF,4 Ph A
TN : Pd (0)
Q_Q Q_Q \\ \_Q : @PUW
N : -
5 S
62% 60% 40% 5
25

A. Lei, et al. ACS Catal. 2020, 10, 3828-3831
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223 REECHER

t(+) | Pt(-) NHPh : .
NH4PFg, MeCN/H,Q . Proposed mechanism
MeyNI (20 mmol%), N '

©\/\ Aniline,10 mA, RT 5 Is
Pt(+) | Pt(-)
NHT:
) ° KSCN, MeCN/H,Q A
>
MeyNI (20 mmol%) N

5 mA, 80 °C 7 Ts ; .

Representative products E -e ©j\>
' 1 N 1/2 H2 + OH"

NHPh NHPh NHPh 1/, 1,

Zhiyong Wang Ts Ts Ts

-
Z E
Z
@)
pd
o
T
@)
Z 5
’t_+
o
T
_>
(7]
@)
Z
I
N
o

. ) N
93% 78% 82% : ¢ SCN
: NHPh
. o
; N
3 H,O Ts
5% 2% 2%
26

Z.Zha, Z.Wang, et al. Org. Lett. 2020, 22, 5773-5777
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3.1.1 £k B 3169 C-H4t Sk

The control experiments

C(+) | Pt(-) :
"BusNOAC O\ : :
Ph 4 - Ph' a) Intramolecular KIE experiment
THN T " e A bcEmFR R :
Ts E D. H H/D
...................................................... ' NHTs Standard condition
: > N
Representative products : Ts
5 K./Kp = 2.45
Ph _ Ph Ph
Et-Cr ’Pr~Cr + b) Intermolecular KIE experiment
N\ N\ N\ :
Ts Ts Ts ' D. D
Aiwen Lei . . . : NHTs
Wuhan University 95% 97% 97% H/D
Ts Standard condition
\ ' + N
N Ph O-__Ph ' Ts
Xfe Y oY
N, N, N, ; H_H K/Kp = 1.44
Ts Ts Bz ' NHTs
94% 89% 90%
29

A. Lei, et al. ACS Catal. 2018, 8, 9370-9375
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3.1.1 £k B 3169 C-H4t Sk

The control experiments Proposed mechanism

c) 'H NMR and CV studies

0.02 -

path b
(CF3)2CHO- + 1/2 H2

0.00 —

- -H* +e
-0.02 =

= Ph CF5),CHOH
TSN/\/\/ ( 3)2

-0.04 o

Current / mA

1,5-HAT Ph
TSN /\/\/Ph —> TsNH /\/\/

anodic
oxidation

O\ Nucleophilic
izati Ph
Ph  Cyclization TSNH /\/\+/

11 (ppm) 0.06
=— ().002M 1aa and 0.002M "BuANOAc

! i = (0.002M 1aa
| .. w | -0.08 =

1.0 1.5 20 25 3.0
Potential / V (vs Ag/ AgCl)

Ts

>
9}

)
T
>
0
o

30
A. Lei, et al. ACS Catal. 2018, 8, 9370-9375
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3.1.1 £k B 3169 C-H4t Sk

Ph Me Ph
TsHN ™ X >Cr
Me Et Et N,
Ts

) Continuous Flow Electrosynthesis
Magnus Rueping Gram-scale synthesis
KAUST

C (+)|Pt()

Ph
"BugNI (0.1 eq.), KPF
TsHN >0 - Cr
RT, MeCN/TFE N,

0.5V, CFL (20 W) Ts

Photoelectrochemical synthesis

Shannon S. Stahl
University of Wisconsin-Madison

M. Rueping, et al. Chem. — Eur. J. 2019, 25, 7177-7184
S. S. Stahl, et al. Angew. Chem. Int. Ed. 2019, 58, 6385-6390

31



31 RMmBBESHEECBR R

3.1.1 £k B 3169 C-H4t Sk

Cyclic voltammetry experiments

o)
Pt(+) | Pt(-)

)
|
)
)
|
l
H ! a)
N, N\ "Bu,NBF, MeCN/THF N ®
,N 3 > ,N | o]
N’ 12 mA, 80 °C N’ '
|
1a 2a 3a ! ®
e
"""""""""""""""""""""""""""""""""" i g-ﬁ—
)
Representative products | 20 — ta 2V e
i 2 =
0 | w
)
S;:l J q i @0 a5 10 15 20 25 30
. é ~N | Potertid / V(vs AgAQ) - .
v N N N | operating voltage:
\ \ \ ' b) 100
Aiwen Lei (:[ﬁ“ ©:,¢N @[,\]'N | . 1.90-223V
Wuhan University | °
)
95% 97% 97% ' 10
s
1
| = o
p .k .
O : o]
N PN |
@[fN Laa N i )
/ Ph '
N ! 254 V7
42% 60% : 8 65 1o 1s 20 25 30 35
' Potertial / V(vs AAGQ) 32

A. Lei, et al. ACS Catal. 2017, 7, 8320-8323
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3.1.1 £k B 3169 C-H4t Sk

Radical trapping experiments

2 equiv. TEMPO

standard conditions 3a
1a + 2a
trace
2 equiv. BHT
standard conditions
1a + 2a OH
N\
N
N
4a, 76%
KIE experiments
D
1 ° o3P tandard conditi :
a + or standard conditions .
D D D > K,/Kp=1.07:
D p D .
D
O D oD standard conditions ;
1a + Q+ 5 5 > Ku/Kp=1.22

DpbD
A. Lei, et al. ACS Catal. 2017, 7, 8320-8323

Proposed mechanism

2 H*

+ 2e”

33
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3.1.2 % % & sh 89 C—H4 A, Ltk

NHTs ' .
RVC() | PHO) . The control experiments

Et E
102 "Bus,NBF,, DCE/HFIP ‘
+ NHR'R > !

Representative products

KIE experiments

NHTs

o o H ' R._ R
\\S/ \\S’N\Bn + TsNH, Standard condltlon>
HN” ) HN” % OAc ! R
\ + R =H(1.0 equiv) _
A Ph Ph Ph ! R=D (1.0 equiv) Ky/Kp = 5.2

76% 80% 45% 5

Hai-Chao Xu

Xiamen University N . o 4D NHTs
N 4, W . \ '
COOMe : ”

H ' + TsNH, Standard cond|t|on> R

Bn !
:  Ph Ph
Ph NHTs NHTs ' /Ko = 4.2
) H D_ -

45% 63% 42%

34
H.-C. Xu, et al. Angew. Chem. Int. Ed. 2021, 60, 2943-2947
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Proposed Mechanism

o
Ph H2
i + 2¢e”
-e Et >
Ph

X

o
Ph

-e TSNH2
+

/@/\Me & /©)\
v o
Ph - H” Ph

H.-C. Xu, et al. Angew. Chem. Int. Ed. 2021, 60, 2943-2947
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Supporting Information
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Supporting Information

Enantioselective electrochemical cross-dehydrogenative amination

Electrosynthesis
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