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Precision deuteration at metabolically vulnerable sites of pharmaceuticals can enhance drug stability and
therapeutic efficacy, yet existing methods often suffer from poor selectivity and inefficiency. Here, we
report an electricity-driven bromine-mediated deuteration strategy that enables late-stage site-selective
deuteration of pharmaceuticals using D,O as the deuterium source. This approach involves a two-step
process: (i) labile C-H bonds using Br, followed by (i) electricity-driven
deuterodebromination using a palladium membrane reactor. This design leverages in situ Br, generation

bromination of

at the anode and selective deuterium permeation through the palladium membrane cathode, thereby
significantly improving atom economy and energy efficiency. Our method achieves nearly complete
conversion and >90% deuterium incorporation for a range of aryl, heteroaryl, benzylic, and unactivated
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Accepted 2nd Novernber 2025 alkyl bromides, including ten marketed drug molecules. Furthermore, gram-scale synthesis of D-
clonidine demonstrates the scalability of this approach. By integrating high selectivity, broad substrate

DOI: 10.1039/d55c05956a scope, and operational efficiency, this method offers a practical solution for deuterated drug synthesis,

Open Access Article. Published on 03 November 2025. Downloaded on 1/14/2026 3:21:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Isotopic substitution has long been recognized as a powerful
tool in physical and medicinal chemistry, owing to the kinetic
isotope effect that influences bond dissociation energies and
reaction rates. Deuteration, the selective replacement of
hydrogen with its heavier isotope deuterium, has emerged as
a crucial strategy in drug development and metabolism
studies.”” The incorporation of deuterium can significantly
alter pharmacokinetic properties by enhancing metabolic
stability, reducing toxicity, and prolonging drug half-life.>* Over
the past few years, several deuterated pharmaceuticals have
gained regulatory approval, such as deutetrabenazine (Aus-
tedo®), deuremidevir (VV116),” and d;-(R)-pioglitazone
(PXL065)® shown in Fig. 1a. With at least 15 additional deuter-
ated drug candidates currently in clinical trials,® the pharma-
ceutical industry continues to explore deuteration as a means to
develop safer and more efficacious therapeutics. To facilitate
the synthesis of deuterated drugs, various deuteration strategies
have been developed. A widely used approach involves deuter-
ated building blocks (see representative examples in Fig. 1b),
which introduce deuterium into molecules at early synthetic
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with potential applications in pharmaceutical development and metabolic stabilization.

stages.'® While offering high isotopic enrichment, these
methods typically rely on expensive and limited deuterated
precursors and require multistep synthetic sequences, leading
to high overall cost and operational complexity. Alternatively,
direct hydrogen-deuterium exchange (H/D exchange) methods
provide a more straightforward route to introduce deuterium
into existing molecules. Although such methods can be effec-
tive, they often require D, gas, elevated temperatures, or stoi-
chiometric additives, and may suffer from low site selectivity,
incomplete labeling, or over-deuteration of complex scaffolds.
With the advancement of transition-metal catalysis, H/D
exchange reactions catalyzed by Pd, Ir, Ru, Rh, and Fe have
become well-established in synthetic chemistry."**” Neverthe-
less, most homogeneous catalytic systems depend on costly
metals and sophisticated ligands and may raise environmental
and sustainability concerns, thereby limiting their broader
applicability.'®

To address these challenges, numerous catalytic deuteration
strategies have been developed, enabling deuterium incorpo-
ration into complex molecules under milder conditions and
with greater atom efficiency (Fig. 1c)." For instance, enzymatic
deuteration primarily relies on alcohol dehydrogenases and
amine oxidases to achieve regioselective deuterium incorpora-
tion from D,0.*** Photocatalytic deuteration utilizes visible-
light-activated catalysts to enable efficient H/D or X/D
exchange,?° while electrocatalytic deuteration offers another
modular and energy-efficient strategy.*~** Although substantial
progress has been achieved in recent years, the field continues
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Fig. 1 Development of deuteration strategies. (a) Representative deuterated pharmaceuticals. (b) Conventional deuteration strategies. (c)
Various catalytic deuteration strategies. (d) Desirable deuteration sites in selected drugs. (e) Our strategy of electricity-driven site-selective
deuteration.
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to face intrinsic challenges related to catalyst cost, product
purification, undesired side processes, and insufficient
compatibility with pharmaceutically relevant functional groups.
Thus, the development of a broadly applicable and efficient
protocol for late-stage deuteration, particularly at metabolically
sensitive sites within drug molecules, remains an outstanding
goal in synthetic and medicinal chemistry.

Precision deuteration at metabolically soft positions is crit-
ical because many pharmaceuticals undergo rapid clearance via
cytochrome P450-mediated hydroxylation.***” The strategic
replacement of metabolically weak C-H bonds with C-D bonds
can significantly modulate the rate of oxidative metabolism
through the kinetic isotope effect, ultimately improving drug
stability, prolonging systemic exposure, and reducing the
required dosage and frequency of administration.*® Moreover,
precise and selective deuterium incorporation can fine-tune the
pharmacokinetic and pharmacodynamic profiles of drug
candidates without altering their fundamental biological
targets, providing a powerful means for optimizing clinical
performance. Despite these benefits, existing deuteration
methods remain inadequate for achieving site-specific isotopic
modification in structurally complex drug molecules. Conven-
tional approaches either require pre-installed deuterium at the
target site, which limits flexibility in modifying existing drugs,
or lead to non-selective over-deuteration, potentially altering
molecular properties and introducing unknown pharmaceu-
tical risks. In fact, the desirable deuteration sites of quite a few
drug molecules have been determined with representative
examples shown in Fig. 1d. However, the development of
a general and efficient strategy capable of achieving site-
selective deuteration at metabolically relevant positions
remains challenging.

Herein, we present a bromine-mediated deuteration strategy
that enables precise late-stage deuteration of various drug
molecules. This approach consists of a two-step process as
shown in Fig. 1e: (i) bromination of metabolically labile sites in
drug molecules using Br,, followed by (ii) electricity-driven
deuterodebromination in an electrochemical palladium
membrane reactor (ePMR). The latter step takes advantage of
the selective deuterium permeation from a D,0O-based electro-
lyte into a separate reaction chamber where deuterodebromi-
nation takes places.*” Unlike conventional electrocatalysis, this
spatially separated deuteration design eliminates product
contamination from electrolytes, simplifying purification and
improving isotopic purity. Additionally, our method leverages
bromide oxidation at the anode, which reduces the required
voltage input compared to conventional electrocatalytic
deuteration systems usually using water oxidation as the
counter reaction. Furthermore, the in situ generated Br, at the
anode can be extracted to brominate additional drug molecules,
further enhancing atom economy and sustainability. Beyond
enabling the precise deuteration of 10 deuterated drug mole-
cules, our approach is equally applicable in producing a variety
of deuterated building blocks. Finally, gram-scale synthesis of
deuterated clonidine has been successfully demonstrated,
highlighting its great promise and broad utility in pharmaceu-
tical and synthetic chemistry applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Confirmation of hydride transfer

Conventional electrocatalytic hydrodehalogenation (i.e., hydro-
genolysis) typically proceeds via initial one-electron reduction
of an organic halide, generating a carbon radical intermediate
upon halide release. Subsequent proton-coupled electron
transfer to this radical species leads to the formation of the
hydrogenated product. A competing pathway involves radical
dimerization, which can reduce the efficiency of the process.
Alternatively, at highly negative potentials, direct two-electron
reduction of organic halides generates carbanion intermedi-
ates, which subsequently undergo protonation to afford the
hydrogenated product. However, such extreme potentials inev-
itably promote competitive proton reduction, leading to exces-
sive H, evolution (HER) and diminished faradaic efficiency.
Regardless of the mechanistic pathway, hydrodehalogenation
fundamentally requires a net 2e /H' transfer, which can be
conceptually framed as a formal hydride (H™) transfer process.
This perspective aligns with emerging electrochemical strate-
gies that leverage controlled hydrogen atom manipulation to
achieve selective transformations.

The ePMR has garnered significant attention for organic
hydrogenation due to the rapid diffusion of hydrogen atom
through the palladium lattice.**** However, previous studies
predominantly focused on the hydrogenation of unsaturated
substrates (e.g., alkenes, alkynes, aldehydes, and nitriles) via
hydrogen atom transfer (HAT) from the palladium membrane
electrode (Pd,,). While effective for these transformations, HAT
alone is insufficient for hydrodehalogenation, which requires
an overall hydride transfer process. Given that hydrogen atom
disproportionation has been proposed as a route to generate
hydrides,* our initial objective was to confirm the formation
and utilization of a hydride species on the hydrogenation side of
Pd,, (opposite to its electrochemical interface) as illustrated in
Fig. 2a. To probe this mechanism, we employed N-methyl-
nicotinamide (NA") as a hydride acceptor, drawing inspiration
from the NAD'/NADH redox cycle. Constant-current electrolysis
at —50 mA cm~ > was applied to the electrochemical chamber,
facilitating proton/water reduction at the Pd,, surface and
generating hydrogen atoms. These hydrogen atoms subse-
quently permeated through the membrane into a separate
chamber containing 5 mM NA' in a phosphate buffer (pH 8)
with 30% methanol (v/v). After 24 hours of electrolysis, the UV-
visible absorption spectrum of the hydrogenation solution
exhibited a pronounced absorption peak at 305 nm (Fig. 2b),
indicative of NA" reduction and subsequent dearomatization.
Structural confirmation via "H NMR (Fig. 2c¢) and mass spec-
trometry (Fig. 2d) revealed the formation of 1-methylpiperidine-
3-carboxamide, a product consistent with hydride transfer to
NA" followed by hydrogenation of two C=C bonds—an overall
one-hydride-four-hydrogen transfer process. To further validate
the hydrogen source, we replaced H,O with D,O in the
electrochemical chamber. This modification resulted in the
incorporation of five deuterium atoms into the product (Fig. 2¢
and d), unambiguously confirming that the hydrides (or

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05956a

Open Access Article. Published on 03 November 2025. Downloaded on 1/14/2026 3:21:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

a—||—|

0O
B
H* I "y NH2
H ...... S H -< ’;j |'
/‘ H HQ
H,0 WNHQ
\ \
(@]
H - - H
NH,
N
|
Pd,,
C
(@]
S
N
|
D O
D l]l D
A_JL iy S W SN
34 32 ;o' "28 26 '2; ' 2; "20 ’-'1:8' 16
f1 (ppm)

View Article Online

Edge Article
1.0 4
—0h
-8 h
0.8 - —24 h
3
&
o 06
(8]
o
(]
£
3 044
)
<
0.2
00 T T T T 1
200 250 300 350 400
Wavelength (nm)
d 1009 143.1148 [C,H,;N,O)H]"
X
8 754
=
o
2
S 504
K]
©
[
% 25 -
< 144.1178
(4
0 T T T T T T T T T 1
141 142 143 144 145 146 147 148 149 150 151
m/z
100
2 148.1523 [C,HoD;N,O)H]
8 754
C
o
2
> 504
el
@
2 % 149.1576
©
[
o
0 T T T T T T T T T 1
141 142 143 144 145 146 147 148 149 150 151
m/z

Fig. 2 Hydrogenation of N-methylnicotinamide (NA*) using ePMR. (a) Proposed schematics of NA* hydrogenation following a one-hydride—
four-hydrogen transfer mechanism. (b) UV-visible absorption spectra of the hydrogenation solution. (c) *H NMR spectra of the hydrogenation
(top) and deuteration (bottom) solutions. (d) Mass spectroscopies of the hydrogenation (top) and deuteration (bottom) solutions.

deuterides) originate from electrochemical H,0/D,O reduction
on the Pd,, surface. These findings demonstrate the feasibility
of hydrogen/deuterium disproportionation in protic solvents
using Pd,, for hydride/deuteride transfer.

Optimization of deuterodebromination

To evaluate the efficacy of the Pd,, in facilitating electrocatalytic
deuterodebromination, we employed D,O as a cost-effective
deuterium source. 2-Bromoquinoline was selected as a model
substrate due to the ubiquity of quinoline-based structural
motifs in pharmaceuticals. Notably, the C2-position of the
quinoline ring, present in the widely used antimalarial drug
quinine, is metabolically susceptible to oxidation, making it

Chem. Sci.

a relevant target for selective deuteration.* We first conducted
10-hour electrolysis at —50 mA cm ™~ with the chemical chamber
containing 20 mM 2-bromoquinoline in various solvents to
determine the optimal conditions for deuterium incorporation.
Due to the limited solubility of 2-bromoquinoline in water, we
explored methanol as a protic solvent. As summarized in
Fig. 3a, methanol enabled near-complete conversion (95%) of 2-
bromoquinoline, with a deuterium incorporation efficiency of
89%. In contrast, aprotic solvents resulted in significantly lower
yields: 72% in tetrahydrofuran and 37% in chloroform. A
parallel investigation with 4-bromotoluene under identical
conditions revealed that only methanol enabled full conversion
(99%) and near-quantitative deuterium incorporation (99%),
whereas the other solvents were ineffective. These results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reaction development. (a) Yields and deuterium (D) incorporations after electrolysis at —50 mA cm~2 for 10 hours. Condition: two-
compartment ePMR, Pt mesh as the anode, Pd,, as the cathode, 1.0 M NaClOy, in D,O as the electrolyte, 2-bromoquinoline or 4-bromotoluene
(20 mM) in different solvents inside the deuteration chamber. (b) Proposed mechanism for the CHzOH-assisted deuterodebromination of
organic bromides using ePMR. (c and d) Calculated energy profiles of the hydrodebromination of (c) 2-bromoquinoline and (d) 4-bromotoluene
on B-PdH surfaces in the absence and presence of CH3zOH. (e) Time-dependent yield and deuterium incorporation. Default condition: two-
compartment ePMR, Pt mesh as the anode, Pd,,, as the cathode, 1.0 M NaClO, in D,O as the electrolyte, 2-bromoquinoline (20 mM) in CHzOH in
the deuteration chamber, —50 mA cm™2. (f) Yield and deuterium incorporation of 2-bromoquinoline under different conditions. Condition 1:
default condition, =50 mA cm™2 for 10 hours; condition 2: 10% H,O (v/v) added to the electrolyte solution; condition 3: 10% H,O (v/v) added to
the deuteration chamber; condition 4: CDzOD as the solvent in the deuteration chamber.

suggest that methanol plays a crucial role in promoting deu-
terodebromination using ePMR. To probe the reaction mecha-
nism, 5 equivalents of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) were introduced as a radical scavenger into a meth-
anol solution of 20 mM 2-bromoquinoline in the chemical
chamber. After electrolysis at —50 mA cm™ > for 10 h, only

© 2025 The Author(s). Published by the Royal Society of Chemistry

TEMPO-H was detected by "H NMR and HR-MS (Fig. S3 and S4).
No TEMPO-quinoline adduct or radical dimerization products
were observed, suggesting that the deuterobromination in
ePMR system does not proceed through a radical pathway. As
depicted in Fig. 3b, we hypothesize that methanol facilitates
deuterium disproportionation on Pd,, leading to effective
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deuteride transfer to organic bromides. Additionally, in the case
of 2-bromoquinoline, the nitrogen atom can be protonated,
inducing the disproportionation process and enabling hydride
transfer even in aprotic solvents.

To gain deeper mechanistic insights, we conducted density
functional theory calculations to simulate the hydrogen-
saturated Pd,, for the hydrodebromination reaction by using
surface models created from the bulk B-PdH structure (see SI for
details). The results presented in Fig. 3c and d strongly support
our hypothesis. In the absence of methanol, protonation of the
nitrogen atom in 2-bromoquinoline by an H atom on the PdH
surface occurs with an energy barrier of 0.53 eV, followed by
a facile hydride transfer from the PdH surface with a barrier of
0.27 eV. When methanol is present, the protonation barrier is
only slightly reduced (0.49 eV), and the resulting protonated 2-
bromoquinoline is further stabilized via hydrogen bonding,
while the hydrodebromination step requires a slightly higher
activation energy of 0.68 eV. A striking contrast is observed for 4-
bromotoluene, where direct hydride transfer is kinetically
infeasible in the absence of methanol, requiring a high activa-
tion energy of 1.50 eV. However, introduction of methanol
substantially reduces the overall energy barrier, with hydride
transfer becoming the rate-determining step at a reduced
energy barrier of 0.59 eV—even lower than that for 2-bromo-
quinoline. Collectively, the above experimental and computa-
tional findings establish that, in N-heteroaromatic systems, the
substrate nitrogen induces H/D atom disproportionation. By
contrast, in hydrocarbon substrates, methanol acts as a critical
facilitator of H/D disproportionation, thereby enabling efficient
hydride/deuteride transfer using Pd,,. This mechanistic insight
provides a strong foundation for realizing selective late-stage
deuteration strategies in pharmaceuticals and beyond.

Given the solubility constraints of many organic bromides,
methanol was chosen as the protic solvent in the deuteration
chamber for all subsequent experiments unless otherwise
specified. Electrolysis at —50 mA cm > using D,O as the elec-
trolyte solvent resulted in a steady conversion of 2-bromo-
quinoline (20 mM) to quinoline-2-d, reaching >95% conversion
after 10 hours (Fig. 3e). The initial deuterium incorporation
exceeded 95%, but a slight decrease to ~89% was observed over
time, suggesting a minor source of hydrogen contamination. To
systematically identify the origin of this contamination, we
conducted control experiments (Fig. 3f). Introducing 10% H,0
(v/v) into the D,O0 electrolyte (condition 2) significantly reduced
deuterium incorporation to 37%, indicating that residual H,O
in the electrolyte chamber plays a dominant role in hydrogen
contamination. In contrast, adding 10% H,O to the deuteration
chamber (condition 3) resulted in a less severe contamination,
with deuterium incorporation decreasing to 76%. Notably,
replacing methanol with CD;OD (condition 4) yielded the
highest deuterium incorporation (95%), further confirming that
methanol in the deuteration chamber may contribute to limited
H/D exchange but to a much lesser extent than electrolyte
contamination. Importantly, high conversion efficiencies
(>95%) were observed under all conditions, regardless of the
presence of H,O in either chamber. These results establish that
adventitious H,O in the electrolyte chamber is the primary
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source of hydrogen contamination, whereas methanol in the
deuteration chamber exhibits only a minor influence on
isotopic purity.

Substrate scope

Encouraged by the efficient deuterodebromination of 2-bromo-
quinoline and 4-bromotoluene via ePMR, we sought to evaluate
the generality of our strategy across a broad range of organic
bromides (Fig. 4). Aryl bromides bearing electron-donating (e.g:,
methoxy, alkyl) and electron-withdrawing (e.g., ester, amide,
chlorine) groups underwent efficient deuterodebromination
under standard conditions (20 mM substrate, —50 mA cm™ 2, 10
h), yielding the corresponding deuterated arenes in high yields
(1-9). 2-Bromoanthracene (10) also gave high deuterium incor-
poration under the standard conditions, despite its relatively low
reactivity. Notably, dibromoaryl substrate 11 exhibited near-
quantitative deuterium incorporation at both positions, demon-
strating the strategy's efficacy for multi-site deuteration. Given the
widespread presence of heteroaryl motifs in pharmaceuticals and
bioactive molecules, we extended our investigation to pyridine
(12-18), quinoline (19, 20), isoquinoline (21), and pyrimidine (22)
derivatives. The reaction proved highly effective in most cases,
delivering excellent conversion and high deuterium incorpora-
tion, highlighting its compatibility with heteroaryl-containing
systems. Benzylic bromides, which are frequently encountered
in pharmaceuticals and synthetic intermediates, also exhibited
high reactivity under our conditions. A diverse set of substituted
benzyl bromides (23-31) were smoothly deuterated, yielding the
desired benzylic C-D bonds with high efficiency (75-99% yield,
88-99% deuterium incorporation). Unactivated alkyl bromides,
often considered challenging substrates due to their low faradaic
efficiency in electrochemical deuterodehalogenation,* were also
successfully deuterated. For instance, 1-bromo-4-phenylbutane
(32) underwent smooth conversion, affording its deuterated
product in 97% yield with 98% deuterium incorporation after 24-
hour electrolysis. These results establish ePMR as a highly
versatile platform for deuterodebromination, enabling site-
selective deuteration across aryl, heteroaryl, benzylic, and unac-
tivated alkyl bromides. This system was successfully applied to
produce deuterated pharmaceutical building blocks, including
deuterated benzoic acid (33),"” p-toluic acid (34),” and nicotinic
acids (35-36),>® which can be employed as precursors to
synthesize specifically deuterated drug molecules. The broad
substrate compatibility, combined with high conversion effi-
ciency and excellent isotopic purity, underscores the potential of
this method for the synthesis of high-value deuterated building
blocks—with significant implications for pharmaceuticals, agro-
chemicals, and materials science.

Selective deuteration of pharmaceuticals

The broad substrate compatibility of our deuterodebromination
strategy suggests strong potential for late-stage deuteration of
drug molecules. Many pharmaceuticals undergo in vivo degra-
dation through cytochrome P450 (CYP)-mediated oxidation,
necessitating strategies to minimize metabolic clearance and
enhance drug stability.®® Typically, the most labile C-H bonds,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05956a

Open Access Article. Published on 03 November 2025. Downloaded on 1/14/2026 3:21:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

ePMR
R B ——— » R D
r
n D0 n

aryl bromides

D D D
/©/[99%] /©/[92%] /©/[99%]
Cl F5C

1, 99% 2,93% 3, 99%

D o]
S 2,
H

D D
A oo (e
®

4, 99% 5, 95% 6, 75%

D
s cl D D D _O D [99%]
- 5 [ ] OO [ ] OOO [ ] \O D [99%]

7,99% 8, 90% 9, 99% 10, 22% 1, 75%
(hetero)aryl bromides
N._D
Mo " Syiose " ise) " Yoos [ J1eow ®
gt e O e
12, 99% 13, 90% 14, 99% 15, 90% 16, 99% 17, 99%
D [99%] D [99%]
N D D
| ] 199%] Z [99%] 7 - N"N199%]
H,N" D SN \ W
2 N NS
N
18, 99% 19, 99% 20, 99% 21, 97% 22, 98%
benzyl bromides
D D
D g D [96%] [97%] HOOC D
o [98%] /O\N/©/\o
©[?7m FiC 6 ) [97%]
23, 75% 24, 99% 25, 80% 26, 99% 27, 90%
alkyl bromide
A0 D D D Ny ™p D™D D
[98%] [99%] [99%] | Jo7%) i88%] | [88%] M%]
28, 99% 29, 98% 30, 95% 31, 90% 32, 97%°
building blocks
D
N._D N
75% D N N
0o AT jor? Iy Jole
HOOC HOOC HOOC D
33, 99%? 34, 99% 35, 97% 36, 97%

Fig. 4 Scope of electricity-driven deuterodebromination of organic bromides using ePMR. Default condition: 20 mM substrate in CHsOH, —50
mA cm™2, 10 hours. Yield and deuterium incorporation (in red brackets) were determined from *H NMR spectroscopy. 9 t = 24 h. bt—=20hn.

often termed metabolic soft sites, are the primary targets for
CYP oxidation.*” Replacing these C-H bonds with C-D bonds
provides a means to slow systemic clearance, reduce dosing
frequency, and enhance pharmacological efficacy.*® Given that
bromination may selectively activate these metabolically labile
sites, we hypothesized that our two-step bromination-deuter-
odebromination approach would enable late-stage, site-
selective deuteration of pharmaceuticals. To test this hypoth-
esis, we selected ten marketed drugs whose metabolic vulner-
abilities are well-documented but the specific deuteration at
these sites has not been thoroughly investigated (Fig. 5).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chlorzoxazone, a muscle relaxant and analgesic, is metabo-
lized predominantly via 6-hydroxylation, a pathway linked to
toxic aromatic oxirane intermediates.” Bromination with Br, in
methanol (50 °C, 12 h) yielded the desired Br-chlorzoxazone
(80%), which underwent smooth electrochemical deuterode-
bromination to afford D-chlorzoxazone with excellent yield
(97%) and deuterium incorporation (97%). Similar results were
observed for clonidine, an antihypertensive drug primarily
metabolized via CYP-mediated 4-hydroxylation.”® Treatment
with 0.6 equivalents of Br, in methyl tert-butyl ether (MTBE)
produced Br-clonidine (80%), which, under electrochemical
deuterodebromination, furnished D-clonidine (97% yield, 95%
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D-incorporation). Diclofenac, a non-steroidal anti-inflammatory
drug (NSAID) with a short plasma half-life, undergoes metabo-
lism at the C5-position, forming 5-hydroxy-diclofenac as its
primary phase I metabolite.”® Bromination of diclofenac methyl
ester selectively produced 5-Br-diclofenac methyl ester, which
was further converted to D-diclofenac methyl ester under the
default electrochemical deuterodebromination condition. Sali-
cylic acid, a precursor to aspirin® and a plant hormone,* can
also be used to treat various skin disorders.>® Bromination with
Br, in glacial acetic acid at 60 °C for 12 h afforded Br-salicylic
acid in 80% yield. Despite the presence of phenolic hydroxyl
and carboxyl groups, subsequent electrochemical deuterode-
bromination in CD;OD successfully delivered D-salicylic acid
with 94% yield and 80% deuterium incorporation. Caffeine,
a widely consumed stimulant, is primarily metabolized via CYP-
mediated demethylation, generating paraxanthine, which
subsequently undergoes further oxidation before excretion.®”**
To extend its pharmacokinetic half-life, our strategy selectively
incorporated deuterium at the 8'-position, yielding D-caffeine
(88% yield, 90% D-incorporation). For drugs containing two
metabolically vulnerable positions, such as imipramine® and
dapsone,® our strategy successfully enabled double deuteration
at both target sites, achieving high selectivity and efficiency.
Beyond aromatic C(sp’)-H oxidation, benzylic C(sp’)-H
hydroxylation is another prevalent metabolic pathway (Fig. 5b).
For example, celecoxib undergoes benzyl hydroxylation,*
a process that can be mitigated by deuterium substitution.
Electrochemical deuterodebromination of Br-celecoxib yielded
D-celecoxib with 99% yield and 98% deuterium incorporation.
Similarly, ibuprofen® and mexiletine,** both metabolized at
benzylic positions, underwent efficient site-selective deutera-
tion under our optimized conditions. Collectively, these results
highlight the broad utility, robustness, and adaptability of our
site-selective electricity-driven deuteration strategy across
diverse drug scaffolds, establishing it as a promising tool for
pharmaceutical development and metabolic optimization.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Gram-scale synthesis of D-clonidine

The efficacy and scalability of our two-step bromination-deu-
terodebromination strategy were demonstrated in the gram-
scale synthesis of deuterated clonidine (D-clonidine). As illus-
trated in Fig. 6a, bromide oxidation (4.0 M NaBr in electrolyte)
at the anode generated Br, in situ, as evidenced by the increase
of cell voltage and the characteristic color change observed in
the anodic chamber (Fig. S3 and S4). The electrochemically
generated Br, was subsequently extracted with methyl tert-butyl
ether and used for selective bromination of clonidine at room
temperature, yielding Br-clonidine in 80% yield. Simulta-
neously, in the deuteration chamber, Br-clonidine (0.1 M in
methanol) underwent constant-current electrochemical deu-
terodebromination using D,O as the deuterium source, afford-
ing D-clonidine in 97% yield with 95% deuterium incorporation
(0.9 g). The final product required only methanol removal for
isolation and purification, streamlining the synthesis. This
strategy not only maximizes atom economy by continuously
recycling bromine but also enhances energy efficiency. As
shown in Fig. 6b, in the absence of NaBr, water oxidation
requires a high cell voltage of 3.36 V to achieve 10 mA cm™>.
However, in the presence of 4.0 M NaBr, bromide oxidation
enables the same current density at a significantly reduced
voltage of 2.13 V, saving over 1.2 V in energy input. These results
establish our electrocatalytic bromination-deuterodebromina-
tion strategy as a practical and energy-efficient approach for
scalable late-stage deuteration, with direct implications for the
synthesis of isotopically labeled pharmaceuticals.

Conclusion

This work presents a selective, scalable, and energy-efficient
strategy for precise deuterium incorporation into diverse
molecular frameworks. By integrating electricity-driven deuter-
odebromination with in situ Br, generation in a palladium
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membrane reactor, our method enables site-selective deutera-
tion using D,O as the deuterium source. It enhances atom
economy, energy efficiency, achieving nearly complete conver-
sion with over 90% deuterium incorporation across aryl,
heteroaryl, benzylic, and unactivated alkyl substrates while
simplifying product purification. The successful gram-scale
synthesis of D-clonidine further demonstrates its scalability.
Its broad functional group compatibility and applicability to
pharmaceuticals make it a powerful tool for metabolic stabili-
zation and drug development. As demand for deuterated
compounds grows, this method offers a practical and versatile
solution for high-precision deuteration.
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