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Deuterium modification of molecules and potential effects of precision deuteration
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Conventional methods for deuterium incorporation into organic molecules

(a) of deuterium.
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The development of organic electrochemistry

1986
Yoshida: electroauxiliary

“siMe;
ROH

1834 Faraday: AcOH electrolysis
1848 Kolbe reaction

RCO,H — R=R

1964
Baizer: monsanto adiponitrile process

/\CN e NC\/\/\CN

1949
Simons fluorination process
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S N GF(+) Pb(-) e AN
S L - 43R
RN n-BusNI, DMF, rit. L A

CCE =20 mA

[ Scope of pyridine derivativesJ

D [>99%] D [>99%] D [97%] D [90%] D [95%]
| X [>99%]
~
N | N
~
Me N~ Me
99% 99% 99% 88% 99% 95%
[ Scope of quinolines j
D' [93%] Me D [97%] D [93% D [92%] B [95%]
X
X
SR Lo 00 )
N N D [90%] N
D-Acridine
0, 0, 0, 0, 0,
99% 99% 99% 94% 99% 99%
[ Deuteration of N-ligands J
D [89%]
Me D
[84%] NI = 76%] N N (879
D D | M | ° [10%] [10%]
D e 4
N e Me D D
N [84%] [76%] [87%] N
Me D
2,2'-Bipyridine D-Abametapir 4,4'-Dimethyl-2,2'-bipyridyl 2,2"6',2"-Terpyridine
99% 99% 98% 98%

Z. Zhao, R. Zhang, Y. Liu, Z. Zhu, Q. Wang, Y. Qiu, Nat. Commun. 2024, 15, 3832.



GF(+) Pb(-)

\ ol R
UON n-BuyNI, DMF, r.t. N/)
CCE =20 mA
(Late-stage modification of biorelevant compounds)
D [91%]
X
D [97%] D [97%] | B
N
X
X Me
| Z | Me o O O .|\O Me
N Me Me =

/\)\/\/l\ N e} Me
(o)
O Me M
o >r—o
Me Me 1

from Citronellol

99% from Borneol from D-galactopyranose
98% 99%
D [90%]
D [72%] | D
[53%] Me cl N7
N o \ D [86%]
[13%] =z Me D
D N (6) [86%]
Me N
AcO
from Ibuprofen O)\OEt
0,
98% . 3 D-Bisacodyl (Dulcolax)
D-Loratadine (Claritin) 92%

90%



A. Effect of the electrolyte.

GF(‘f)F }E Pb(-)

D
(] + oo . ('\/L
N Ph elevtrolyte(1.0 equiv.) N/ Ph
DMF, r.t., 10 h
$1,03mmol 15 mmol CCE =20mA 1
Entry Electrolyte Yield of 1 or recovered S1 (%) 1 (D%)
1 NaCl 99 0
2 LiBF,4 99 0
3 KPFg 99 0
4 n-BuyNBr 93 99
5 n-BuyNCI 88 96
6 n-BuysNOAc 42 >99
7 n-BuyNPFg 67 >99
8 n-BuyNHSO, 76 >99
9 n-BuyNH,PO, 90 96

B the electrolyte tetrabutylammonium salt was crucial

B. Observation of intermediate S1-a.

N GF(+)F ?I Pb(-) N

l Z |+/ + n-Bul + n-BuzN

N Ph Standard conditions l}l Ph
No D,0 n-Bu I’
1 S1-a

Detected by HRMS (212.1434)

C. Contrast experiments.

Additive
}E D '---< ------
N GF(+) Pb(-) @
| P
N

| +  Dy0 — >N Ph
N Ph n-BusN (1.0 equiv.) Ph ! |'Q I
DMF, rt., 10 h LR = ikl
CCE =20 mA , R=alky
S1, 0.3 mmol m 1 L__5mol%__;
X X \ \
| +_ | + 2 | + 2 | N2
N” “Ph N” Ph N "Ph PR
h Bu - Pr I Et I Me I
S1-a >99% D S1-b 96% D S1-c 90% D $1-d 87% D

B Sl-a may be the key intermediate in the reaction
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Current (mA)

D. Cyclic voltammetry studies.

0.5 -
(a) e -2.65,0246
— e -2.68,0.142
0.0 <
L
0.5 - S1.71. 0.401 -‘/
-1.70, -0.453
-1.0 -
TR 314, -1.038
-1.5 T 319, -1474
— TP
~ D - R
R S
2.5
| ] | | " 1
-4.0 -3.0 -2.0

Potential (V vs Ag/Ag")

Current (mA)

(b)

e -265,0.246
- -2.68,0.142

-1.68, -0.254

-1.70, -0.453 “
w314, -1.038
319, 1474
-3.27,-1.766 5"]"“"
— 514810

— S 1S a0

3.0 2.0
Potential (V vs Ag/Ag")

B the catalytic current was generated because of S1-a

B the bifunctional participation of TBAI: the improvement of conductivity and the synthesis of S1-a
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H. Competition experiments.

D [16%]
G. D/H exchange experiments. N N
(a) | + D0 |
N~ >Ph n-BuyNI (1.0 equiv.) N
H,0 (7.5 mmol)
DMF, r.t,, 10 h 1
D , It
F ’EI ’ $1, 0.3 mmol 7.5 mmol CCE = 90 mA
| N GF(+) Pb(-) A
: —R + H,0 > ‘ | —R
t--t N/) n-BU4N|, DMF, r.t. e N/) o D [240/0]
CCE =20 mA D [>99%] o
0.3 mmol 15 mmol (b) N ) . S
| roPe -Bu,NI (1.0 - L
---------------------------------------------------------------------------- . bz n-buy equV N Ph
: N™ "Ph H,0 (7.5 mmol)

E H [95%] H [>99%] H [>99%] ! 1 7.5 mmol DMF, r.t., 10 h 1

; CCE = 20 mA
% % % B the ability of pyridine anions to capture H+ is better than D+

E $1, 99% S6, 99° !

: A 99% S8, 99% : )F }E D [70%] D [12%]
! , F(+

; H [95%] o H s : > X

: H [98%] [>99%] . Q Q n-BuyNI (1.0 equiv.) ﬁj\ * O

5 \ X : h(4-OMe)  D,0 (9.0 mmol) N” >Ph N” > Ph(4-OMe)
; | | ! DMF, r.t, 5 h
' N7 Ph N~ ~Ph ' S$1,0.3 mmol  S6, 0.3 mmol CCE =20 mA 1, 99% 6, 99%

! S16, 99% $19, 99% $39, 99% 5 F}EI D [33%] D [65%]
: : A
----------------------------------------------------------------------------- Q Q “BugNI (1.0 P
n-bu e U|V
h(4- 4 d Ph Ph(4-F)

h(4-OMe) F) D,0 (9 0 mmol) (4-OMe)N
. . ) . . DMF, r.t.,, 5h 6. 99% 1, 99%
B this electrochemical deuteration reaction was reversible §6, 0.3 mmol $11,0.3mmol ~ CCE =20 mA ’

B the D% of products that bearing F was superior to that bearing OMe 1>



Proposed mechanism.

Vil \-I-_G/ vi \4‘_@/

cathode

0 X
N~ “Ph N~ “Ph N

r|7-Bu II7-Bu ,l,-
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Electrochemical Hydrogen isotope exchange Reaction

Other examples:

Pt(ﬂr }E Pb(-)

n-BuyNI, DMF
7mA, rt, 13 h

N C(+) r }EZn(-)

N Ph n-BuyNI, DMF
10 mA, r.t.,, 10.5h

D\ /

F. Qiu, Y. Chen, P. Liao, Y. Gao, M. Guo, H. Zhang, A. Lei, W. Li, Green Synth. Catal. 2024, 10.1016/j.gresc.2024.06.003
L. Shi, M. Liu, L. Zheng, Q. Gao, M. Wang, X. Wang, J. Xiang, Org. Lett. 2024, 26, 4318-4322.
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R’ FESteel() b p R

N. R)S(N\R2
R R®*  CD,CN, TEMPO, TBAB
o DMF, 5mA, rt., 1.5h o
[ Synthesis of a-deuterated amides J
prTrenseenseeneees \, T T :
b | [77%]D ! o : s i
[o9%] = : Ph ! .
0 °N©i S v
0 : ' [98%] D D Et ' D D Et :
; Y ; O MeO [98%] I NC [95%] i
94% ; 84% E 60% 90% o 2% ;
F M
o e o BnO 0
Et [96% [96%]
N NEt, NMe, H)L
D D ph DD DD
[97%] [98%] [97%]
81% 83% 84% 90% 85%
L Drug molecule derivatives ]
o MezN [92% 940/]
D
° ome  [97%] o D%
0 D Me @d D
NI HO N X
-Ph Me 4 OMe I
[92%] Et
from Oxaprozin from Isoxepac Zolpidem-d, Ivabradlne-d2 Tropicamide-d;
70% 52% 73% 30% 53%

S. Ning, C. Wu, L. Zheng, M. Liu, Y. Zhang, X. Che, J. Xiang, Green Chem. 2023, 25, 9993-9997.



Proposed mechanism.
The radical-trapping experiment.

anode || cathode

D +
TEMPO
H N —> 2
C(+) Steel(-) ‘ph  cathode
N 5 N 0O CD,CN
CD3;CN (30.0 eq.) _ |
© TEMPO (0.2 eq.) O CD,CN

CD;CN \

O

BHT (2.0 eq.)
TBAB (1.5 eq.) Not detected
DMF, 5mA, rt., 1.5h (100% rsm)
O — 0
4 Ph -0 Ph
v 1]
+ e
B a radical process should be involved in the electro-deuteration reaction . @
I\E;Ie N Mee N\Ph
O
Il
e -
MemMe \ N, 1
Me 6H Me HO Ph
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B Electrochemical Dearomative Deuteration
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X Al(+) | Ru-N/CF(-), 10 mA D D XN Al(+) | Ru-N/CF(-), 10 mA D D
RTu_ > R— R=g et > R Het
TBAB, t-BuOD/D,0O D D TBAB, t-BuOD/D,0O D D
A, 0.4 mmol D B A, 0.4 mmol DB
[ Reductive deuteration of aromatics j [ Reductive deuteration of heteroaromatics j
JSTTTTT T ' ave. [96] 96 .[139
o891, pl8sl, 5 5 5 \/jT [28]D [96] [106) [95] al:\)le [D ]
[93] ' [112] 091 HN D [94] D
NH; 0] : NH, | [114] D
CFy ! N~ D D
2 D125 b pr10z1 °% | D i p D ave.[18] p H [154] N M
s 5 ave. [105]p P M12] p  [158] i b ave.[132] [52] [158] D ave.[96] ave-[147] p
82% 82% i 60% 5 79% 82% 81% 81% 70%
6.4 D per molecule 6.0 D per molecule ! 7.5D per molecule ! 9.5 D per molecule 4.7 D per molecule 4.6 D per molecule 14.0 D per molecule 1n$i.o1le[(): plzr
N ) u
50 °C
_______________________________________________ p [99]
D 98] : D t-Bu D : Mo H D Lo 1
[116] D [99] D o : D80 D D t-Bu . D N D N D
b OH ;P D D : [18] I [119] I I [145] D r [99]
D D ' [126] D D : D N D N D D D
D : b P8l : H H
[144] ? P D p P - D ave. [117]
[118] p ave. [115] E Dave. [111] b ave. [121] E 76% 78% 80%
61% 75% : 62% 86% : 2.8 D per molecule 5.8 D per molecule 10.2 D per molecule
1 o f
7.2 D per molecule 6.9 D per molecule ! 6.7 D per molecule 14.6 D per molecule !

increasing Ru loading and temperature

F. Bu, Y. Deng, J. Xu, D. Yang, Y. Li, W. Li, A. Lei, Nature 2024, 634, 592-599. 18



R
AN @O e
Xn—|/ .

X=F n=1-10
( Defluorinated deuterated reaction}
[95]
DDy o, [96]
D D D D ¥ MeM
D NH, Me [971D, DY e
D N/\( D Mo
D D D K(O
@]
971° ' P D o8
ave. [97] ave.[97] D D [98] Me o p " ave.[98]
85% . X
10.7 D per molecule 75% 108D Q;f)nolecule
X=F n=5 10.7 D per molecule . p
’ X=F,n=5 X=Fn=5
[99] jmmmm e .
HO D : DD '
D © D [99] ' D D '
- D 5 D D :
: D D :
" D D :
A : D D :
[99] : ave. [34] . D D ave. [97]
65% 5 con > 99% ; 48%
10.8 D per molecule » 11.3 D per molecule 14.6 D per molecule
X=F n=5 ; X=F n=6 5 X=F n=5

.......................



Preparation of deuterated drugs from the corresponding saturated deuterocarbons.

Mej(%N

PhI(OAC),, MeCN

Y

H
o
NH,
© S
0

DD DD

D
D

O o

D
(0) N ave [97]
o Y

[95] /
o)
D

NH, 0]
D N

[971° 1) KOH, D,0
ave. [97] 2 > NH

K,CO3, acetone, reflux

Y

wa@b

Glipizide
91% 10.7D per molecule

) 2) SOCl, Et;N, DCM
cyclohexylamide

\

&K/ [84] ave. [97]

Praziquantel
41%, 10.7 D per molecule

NH»,
Br:
cl DD
[99] NH o i
e
1081 D D,{l . 2 o ave. [97]
D “Boc THF, DCM _ Br - l}l D
D B} DCM e D P
[991° " V199 ot
Br
N Bromhexine
aniline 1 CO,Et 36%, 10.7 D per molecule
) NP
0 NI

Cl NH 1) Ru-N/CF(-), TBAB

PhMe, reflux
Cl

. @ NH
(@) Cul, L-proline, Cs,CO3
o~ 2 1 ) MeO

cat. Cul, cat. bpy

tetrachloropyridone KF@AI,03, PhMe, 110 °C 2) NH3, MeOH, DCM

L
v

[74]
N

D D
[94]1 D D
MeO D
Apixaban ave. [92]
59%, 7.0 D per molecule
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B Electrochemical Olefin Deuteration
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Electrochemical Active Olefin Deuteration

ool Do g s

0]
97%lp o f
©/'\|)J\o
D [95%)]

71%

9%y o

OBu
D196%]
67%

MeO

[96%ly o

NHPh
D [93%]

75%

R2
3 - oS
17 > 1 X
= M D,0 (20 equiv.) R RZD R3
R3 TBABF, (0.5 equiv.)
DMF, 6V, r.t.
[ Scope of electrochemical deuteration }
Q Me
[95%]
0,
[98%lp o [93%]D
PR OEt p[97%]
(0] I':"—OEt
[96%] D
68% 52%
from pregnenolone 77%
from stavudine
[99%] [99%ID © [99%] o
[93%]
D[98°/ D OBn
D o]
[95%] s [99% D [94%]
91% 75% 72% 38%
97%lp o L%l o : 194%] [96%]
D N. : ' DD
[94%] Boc ! D195%] : [94%] D [129%)]
54% E 80% ; 62% 49%

.......................
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X. Liu, R. Liu, J. Qiu, X. Cheng, G. Li, Angew. Chem. Int. Ed. 2020, 59, 13962-13967.



A. CV and SWV analysis of species in reaction.

-0.05- < 40- 1c

0.00- =

0.05- ‘q:': 30

B 0.10-‘ Blank g

0.15- ——D,0 (0.80 M) ® ey
< —— 1c (0.04 M) E

0201 ——1¢ (0.04 M) +D,0(0.80M) £ 10-
1 3 S

0.25" lc WOE!

0.30 Ll v ) » L b4 1 b Ll v L) v | » 0 % A L 1 ol L v 1 ] 1
30 25 20 -15 -1.0 -05 0.0 12 -16 20 24 -28 32

Vvs SCE V vs SCE

B the reaction is initiated by electron transfer to the substrate to yield an anionic radical

B there is an ECEC pathway in this reaction 23



B. Measuring pH of the reaction.

D O
I +>F EGF()
OEt
D,0 (20 equiv.)
TBABF, (0.5 equiv.)

1c DMF, 2 h 2c DMF reaction Bu:NOH

Y
U §

o}

m

B the pH not vary significantly from neutral

C. Detection of oxygen generation in reaction.

A GF(+) GF(-
OEt > OEt | 189 T
H,0"® (20 equiv.) H 2

TBABF, (0.5 equiv.)
1¢, 4 mmol DMF, 6V, rt., 1h 2c, 0.8 mmol formed
1802
PPh; > O=PPhg
Et;B(1.2 mmol) 18
1.0 mmol THF, rt. 0.62 mmol detected B definitely capture the™Oz2 as a triphenylphosphine oxide

24



Proposed mechanism.

Ph/\)l\OEt

1c

—— Anode

(+)

(-)
smmmm  Cathode
0] +e- (0] O +e” @]

Ph/.\_)I\OEt N Ph/.\l)J\OEt Ph/_\HJ\OEt

D
A D20 DB C
D,0 >
D,0
path 1 Y
D O
2e,,-2D* Y )\l)j\
D,0 — O, DO- + DO- Ph OEt
path 2 D 2¢

2e’
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Electrochemical Active Olefin Deuteration

Other examples: r
ol s

Med-1 (20 mol%
Et,NI (O 5eq.)

©/\ . /@ Cs,CO3(05eq.)
| D,0 (30 eq.), dry DMF (4 mL)

y

CCE=12mA
GF(+ r }E
R1
R3 TPP (20 mol%)
)Q( + Dzo >
AT Et,NI, DMF

undivided cell, r.t., 8 h

R Zn(+) F ?lGF(-)

% + CDCly
R? LiClO4, DMF

X. Li, J. Zhou, W. Deng, Z. Wang, Y. Wen, Z. Li, Y. Qiu, Y. Huang, Chem. Sci. 2024, 15, 11418-11427.
K. Yang, T. Feng, Y. Qiu, Angew. Chem. Int. Ed. 2023, 62, €202312803.
X. Zhang, X. Cheng, Org. Lett. 2022, 24, 8645-8650.

Y
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Electrochemical Non-active Olefin Deuteration

e(+) F E Cu(-) D Fe(+) F }E Ni foam(-) H

- H
R/\N'{\ > R/\“’H)\/ D R/\N'{\ > R/\“’H)\/

‘ Ph3SiCl (20 mol%) Ph3SiCl (20 mol%)
unactivated alkenes D,0 (20.0 equiv.) unactivated alkenes H,0 (3.0 equiv.)
NiBr,dtbbpy (5 mol%) NiBr,+dtbbpy (5 mol%)
TBABF,, DMF, 10 mA, r.t., Ar TBABF,, DMF, 5 mA, r.t., Ar
[ Scope of electroreductive deuteration J [ Scope of electroreductive hydrogenation ]
H
[99%] >99% [>99%]p
D [>99%] PO9%ID . ogu, [>99%] O~ _H H f Q
O\/\)\,D O\/\)\,D [ )/O\/\)\/D N H
/@/ ©/ MG/WO H
Ph
Ph MeO © H
80% 85% 70% 98% 98% 62%

H
[98%] [97%] p [95%] p o\/\)\rMe
[>99%)] >99% [>99%]
/©/O\/\)\/D O\/\)\/[D ] /©/ \/\)\/ /©/ H
[ :] Ph
F FsC Cl

63%
65% 80% 72%
0O
Q Me/s\/ﬁ)\owle H
[>99%] Ph [94%ID [>99%ID  (g0% HN H
[>99% [ggcy] H [D 0]
O \/\)\/ O/ ©/ o
(0]
o From L-Methionine From Flurbiprofen From Estrone
81% 86% 95% 55% 80% 98%

Y. Wang, Q. Wang, L. Wu, K. Jia, M. Wang, Y. Qiu, Nat. Commun. 2024, 15, 2780. 27



A. Investigation on the role of chlorosilane.

Fe(+)/Ni foam(-), 5 mA

O\/\)\/H
Ph,SiH (20 mol%), H,0 Ph/©/

NiBryedtbbpy (5 mol%)
1 TBABF,, DMF, r.t., Ar

B PhsSiH could catalysis the reaction

©/\/\/S'Mes ©/\/\Me

75, Alkyl-SiMe; 75-recovered, 86%

Fe(+)/Ni foam(-), 5 mA

Ph3SiCl (20 mol%), H,0
NiBryedtbbpy (5 mol%)
TBABF,4, DMF, r.t., Ar

B. Deuteration experiments.

(e) D
O~ Fe(+)/Ni foam(-), 5 mA= o \/\[i)a
/©/ Ph3SiCl, H,0, PhMe,SiD D
Ph NiBr,+dtbbpy (5 mol%) h
s3 TBABF,4, DMF, rt., Ar 3.D
Entry PhMe,SiD Yield% D-inc.%(a/B)
1 5.0 equiv. 90 85/79
23 5.0 equiv. 88 56/85

@ w/o NiBr,edtbbpy

B the hydrogen in the product was from silane

Fe(+)/Ni foam(-), 5 mA

O\/\)\/H
Ph,SiCl (20 mol%), H,0 Ph/©/

NiBry+dtbbpy (5 mol%)
1 TBABF,, DMF, rt., Ar 2, 99%

Ph;SiH was detected by GC-MS

B PhsSiH could be the key active specie

O~ A
Ph/©/

2, trace
1-recovered, 88%

Fe(+)/Ni foam(-), 5 mA

75 (20 mol%), H,0
NiBryedtbbpy (5 mol%)
1 TBABF,, DMF, r.t., Ar

Fe(+)/Cu(-), 10 mA

D D
. ot
NiBry*dtbbpy (5 mol%) Ph D

PhSiCl, D,0, PhSiH;
S36 TBABF,, DMF, rt., Ar 36-D, 53%

a: 66%-D, B + y: 89%-D

Fe(+)/Cu(-), 10 mA

D D
NiBry+dtbbpy (5 mol%) Ph D D

PhsSiCl, D,0, PhSiH,
S37 TBABF,, DMF, rt., Ar 37-D, 35%

a: 36%-D, B +y: 52%-D, &: 53%-D

B the double bond might migrate to the end first

28



C. Ring-opening experiments.

(h)
- +)/Ni foam(-), 5 mA M
Ph @\ > Ph/\/\ﬂ' e
PhSiCl (20 mol%), H,0
TBABF,4, DMF, r.t., Ar 77, 20%
i
[Fe] B-carbon [Fe]
W elimination
Ph ﬁ,(\/ > b N

protonation

L
-

78

VN

Me

78, 33%

protonation

k-
-

77

D. °F NMR spectroscopic evidence for the formation of fluorosilanes.

Internal standard TMSF
-
20 mol% TMSCI | l
Stirred for 3 min | MeO =
. " % I
z :
20mol% TMSCl — TBABF, - S
Stirredfor12h
1 D,
20mol% TMSBr 2 %
Stirred for 2 min T ] =
20mol% TMSBr &' +
Stirredfor12h f o
.- \—- — .l.
) %
S -
o o
=110 -115 -120 -1235 -130 -13 -140 -145 -150 -135 -160
1 (zpm!

B highly active chlorosilane or bromosilane could exist in the reaction system in the form of fluorosilane
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E. CV experiments.

200
ﬁ
O =1 /c—' — /j
-200 -
_
<
2 -400 -
N
£ Blank
= [Ni]+L(1:1)
S 600 - ——[Ni] +L+PhSiCl (1:1: 1)
© — [Ni]+ L +PhsSiCI (1:1:2)
[Ni] + L+ PhSiCl (1:1: 4)
—— [Ni]+ L+ PhSiCI (1:1:6)
-800 _ _ ——[Ni] + L + PhsSiCI (1 : 1:8)
Ni'"/Ni!
-1000 -
1 ' 1 I 1 1 ' 1 1
-3.0 -2.5 2.0 -1.5 -1.0 -0.5 0.0
Potential (V)

B both the Ni(Il) ligand complex and Ph3SiCl underwent reduction

B the in-situ generated Ni(0) complex appears to be the active catalyst

F. Proposed mechanism.

anode cathode
Ph3SiH«———— Ph,Si”
Cc B
[FelX,
X=BF,4, CI

Fe-INT1A

Ph,Si®
A
[Fe]-H

H
[Fe]42 [Fe]_>_R Fe-INT2A
R H Ph;SiX
Fe-INT3A Fe-INT3B =
(minor) (major) X=F, CI
e
H,0 Ph;SiOH
D
H—>_ [Fe]-OH
R
H Fe-INT4A
2 Ph;SiH
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Electrochemical Non-active Olefin Deuteration

Other examples:

R" R® Al(ﬂr}ERU-NGF(-) R RS

R2 R4 TBAB, THF/D,0 = 1/1 R2 R4
10mA, r.t, 3h
Pt(+) F }E Pd(-) R'" RS
R1l——R? DHD
1M D,SO4in D,O D D
DCM or MeOH
100mA, 24 h
OMe OMe
O ol Do Y
N > HN
| Et3N, n-BuyNBF, /l\
Ph CO,Me Dioxane/D,0 (v/v = 2:1) Ph D CO,Me
5mA, rt., 3h

F. Bu, Y. Deng, L. Lu, Y. Li, W. Song, Z. Yang, X. Luo, X. Dong, R. Yi, D. Yang, S. Wang, A. Lei, W. Li, J. Am. Chem. Soc. 2025, 147, 5785-5795.
A. Kurimoto, R. S. Sherbo, Y. Cao, N. W. X. Loo, C. P. Berlinguette, Nat. Catal. 2020, 3, 719-726.
Y. Fan, W. Ou, M. Chen, Y. Liu, B. Zhang, W. Ruan, C. Su, Org. Lett. 2023, 25, 432-437.



Outline

B Electrochemical Dehalogenation Deuteration
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RVC(+) F }ERVC(

of 9 D
Ar”1TR2 O (20 equiv.) Ar/l\1R2
R DIPEA (3 equiv.) R
TBABF, (2.5 equiv.)
DMF, 20 mA, r.t., 3 h
[ Non-heterocyclic Benzyl Chlorides } [ Heterocyclic Benzyl Chlorides J
tB S Me 9 9
D [93%] “Bu D [93%] D [92%] D [88%] D [92%]
gPh N Me
Me” D [01%] o S N el
70% 77% 67% 55% 81% 58%
0]
Cl DI[89%] \ S OMe
8¢ o WONINS CONES A
/ 0,
Me [87|°3A;]\/©/ D N P 3 1 eow
[95%] M N
OCF2H D e M

€ o,

63% 87%
40% 52% 37%
F Me
85% S 92%
gr plo°% \_ % No _N_&
0NN BT [90%] ~ U
[91%] Me DN Me
D D [20% sp? deuterodehalogenation] Me
3% 60% 57% 30%

D. Wood, S. Lin, Angew. Chem. Int. Ed. 2023, 62, €202218858.



A. PPh3/CI” sequential paired electrolysis

D/\©\
_Ph
X

i X,Me
N
D\/©)L I:/\J( O
35

Cl

~ /S\
Ar/+ ~"°R?

R1

D

D,0 (20 equiv.)

TBABF, (2.5 equiv.)

DMF, 20 mA, r.t.

33 D N OMe
"Oct D H o)
X 36
34

Substrate Product Reductant X Yield(%) Deuterium(%)
sub-33 33 DIPEA S 68 93
sub-34 34 DIPEA S 72 80
sub-35 35 DIPEA S 53 88
sub-36 36 DIPEA S 68 80
sub-33 33-0x PPh; S=0 74 97
sub-34 34-0x PPh, S=0 53 97
sub-35 35-0x PPh, S=0 53 94
sub-36 36-0x PPh, S=0 52 96

r ’EI DIPEA (3.0 equiv.) )r
RVC(+) rve() R

D

Ar/i;v S

/S\RZ

0]
I

N

R2

B. TBACI sequential paired electrolysis

from Zaltoprofen

D
Me
Me/x D
D/\©\ “ O O OMe
-Ph X
X _ @]
Me
33 37 38
Substrate Product Reductant X Yield(%) Deuterium(%)
sub-33 33 DIPEA S 68 93
sub-37 37 DIPEA S 44 88
sub-38 38 DIPEA S 88 >99
sub-33 33-0x TBACI = 52 83
sub-37 37-ox TBACI = 30 88
sub-38 38-0x TBACI = 52 89
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Proposed mechanism.

A. Net Reductive.

sub-33

Me

M

e

Epl, = 0.73 V

N Me

B. Redox-Neutral.

D,0
Ph \S/©/ Ph \S/O/\
33

Int-2

Eply =1.01V

+

Epl, = 1.05V
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Electrochemical Dehalogenation Deuteration

Other examples: oF,

Et0O” O

0]
e
Ph
/©/CF3
PhO

oG

J. Cheng, J. Sheng, X. Cheng, Org. Lett. 2023, 25, 5602-5607.

P. Li, C. Guo, S. Wang, D. Ma, T. Feng, Y. Wang, Y. Qiu, Nat. Commun. 2022, 13, 3774.

J. Sheng, X. Cheng, CCS Chem. 2024, 6, 230-240.
L. Lu, H. Li, Y. Zheng, F. Bu, A. Lei, CCS Chem. 2020, 2, 2669-2675.

vk o

TBAB (1.0 eq.)
D,0 (80.0 eq.)
DMF, 5V, r.t.

v T

Y

TBAI (20 mol%),
DIPEA, DMF, 30 mA rt

vl e

V

t-BuOLi (1.0 eq.)
TBAB (1.0 eq.), D,O
DMF, 3.2-4.5V , rt., Ar

ok b

.
v

n-BuyNBF, (0.5 eq.)
NPhs (0.6 eq.)
D,0 (10.0 eq.)
DMF,15 mA,3 h, r.t., Ar

CD,

Et0” "0

o
Ph

/©/CF2D
PhO

o
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Outline

B Electrochemical Deoxygenative Deuteration
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Electrochemical Deoxygenative Deuteration

0 Zn(+) r }EGF(-) DD

L
-

DCI (10.0 eq., 20 w% in D,0)
TBAPF; (5.0 eq.) or NaCl(2.0 eq.)
MeCN/D,0(9:1)

R'” "R2 R1XR2

R', R% = H, alkyl, aryl

0 Zn(+) r }EGF(-) H H

L

- 2
HCI (10.0 eq., 36 W% in Hy0) R™ "R
TBAPFg (5.0 eq.) or NaCl(2.0 eq.)
R R2=H, alkyl, aryl  MeCN/TFE or H;0(9:1)

R "R?

30 mA, r.t. 30 mA, r.t.
[ Scope of deoxygenative deuterization J [ Scope of deoxygenative hydrogenation ]
Aldehydes Aldehydes
D [>99%]
[>00% OMe D [>99%] D [>99%] e H M H. H
MeO D H Ph H H ) Ho ™0
H ! Osg OO H N P l H H “
HO MeO >§ré NC S MeO
56% 66% 52% 68% 69% 63% 61% 68%
Ketones Ketones
[>99%] [>99%] [>99%] : ool H H H_H HH H H
b D D, ,D D D - D ! H_ H
: Me D . Ph Ph - Me Me
Me Me ! | : N
F Ph AcO ! D 160%)
50% 70% 56% E 60% E 74% 65% 68% 63% 66%

Z.Sun, R. Ji, J. Wu, J. Zhao, F. Fang, F. Wang, C. Jiang, Z. Q. Liu, Adv. Synth. Catal. 2023, 365, 476-481. 38



A. Deuteration experiments.

[25%]
DCI (10.0 eq., 20 w% in D,0) D, D

Me
O NaCl (2.0 eq.) HCI (10.0 eq., 36 w% in H,0) [29%)]

Bh MeCN (9 mL) D,0 (1 mL) b, D
o ZN(H)IGF(-), 30 mA Ph 50%

g

B both DCI and D,O serve as sources of deuterium

B. Radical clock experiments.

HCI (10.0 eq., 36 w% in H,0)
H,O (1 mL)

%

53%
0] NaCl (2.0 eq.)

MeCN (9 mL)
Zn(+)/GF(-), 30 mA

[88%]
DCI (10.0 eq., 20 w% in D,0) D D
D,0 (1 mL)

%

D
[>99%)]

45%

B a benzylic radical intermediate should be involved in the process

Me
DCI (10.0 eq., 20 w% in D,0) [>99%]
D,0 (1 mL) D_ D
PhX@\ 46
Me

[>99%]
D
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Current (A)

C. CV experiments.

0.010 H

0.005

0. 000

0.005

0.010 A

—Blank:CH,CN+H,O+NaCl
—Blank+HCI
Blank+17a
Blank+17a+HCI+HCOOH

T ' T Y T ? T y T
2 1 0 1 2

Potemal (V vs SCE)

Proposed mechanism.

B the addition of protonate promotes electron transfer from the cathode to the C=0O =n* orbital
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Electrochemical Deoxygenative Deuteration

Other example:

O
GF(+) GF(-)
Ges
n-BusOAc (1.0 eq.)
0 D,0 (40.0 eq.)
MeCN, 5V, r.t., 5h, Ar

A. Qiu, J. Li, X. Zhang, P. Ran, W. Ding, X. Cheng, M. Ding, Adv. Synth. Catal. 2023, 365, 2894-2899.

Y
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B Summary and Outlook

Outline
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Summary

Electrochemical deuteration reaction

Advantages:
1) Proceed under mild reaction conditions.

2) Enable regioselectivity or chemoselectivity that is difficult or impossible to achieve with conventional methods.

3) Eliminate the need for stoichiometric redox reagents, thereby minimizing chemical waste. 43



Outlook

1. The direct and selective deuteration of inert C(sp®)-H bonds

i

D,O

- 6~

2. The asymmetric construction of C-D bonds

]
B
z,
v
N

using the right metal catalysts and chiral ligands,
or even by bringing in chiral amino acids or NHC-based catalysts

3. The selective deuteration of allenes

|
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
A
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Thanks for your listening |
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Bk EE L

Table 3. Scope of substrates used in the hydrogenation.'a]
Fritsch Pulverisette 7
Classic Line Ball Mill {P-7)
Substrate 129 (30 equiv} = Product
SUS 304 balls (50}
Air, 800 rpm,
in 12 mL SUS304 vessel

electron transfer, electron transfer, chemical protonation, chemical protonation (EECC)
mechanism

electron transfer, chemical protonation, electron transfer, chemical protonation (ECEC)
mechanism


https://zhuanlan.zhihu.com/p/90244003

Ll - PhsSiH
| I

| anode

Bu
cathode| [
'BI.I =N
H,0 - | s Ph;SiOH “Ni—OH
PhySiH =<———— PhsSi =N Br = N/ 4
B Ni! «
[FelX, c 7 lN/ o B Hj}
X =BFy, CT By Ni-INT4A R
1 Fe-INT1A i f 2
Si-catalyzed cycle Ni-il Bu | =
PhSi" AN
By /NiI_H Ni-catalyzed cycle
H A [ Z N
[Fe]j_ N -
(Fel— SR [Fel—H Ni—r Bu . H:0
; R SFe-INTZA ZN ZNiINT2A B b Bul
FeNT3A  SFe.INT3B A _N L N
{minor) (major) Ph,SiX Bu \Ni' = \N_I
NI el R A '_>_R
X=F, Cl | N
! o |
H,0 / Bu gy = "
PhsSiOH Bu_~ 'Bu | ~ INNT3A INLINT3E
D | ! )
2N ,-DMF PhySiH /N\N'" H 1 (major) (minor)
Ni P
H 2N oME 2N siph,
_>—R [Fe]—OH | )
H 5 By = Bu
Fe-INT4A PhsSiH
2 ? 3Ni-0 DMF INiINT1A

Supplementary Figure 11. The proposed catalytic cycle for the electroreduction of

unactivated alkenes using H20 as hydrogen source.
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Zinc bar anode

R=2.0 cm, L=30.0 cm

Reaction equipment

Graphite felt cathode

20.0 cm*15.0 cm™*0.5 cm

49



