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Deuterium-labelling technology has emerged as a promising new direction for drug discovery.

Developing a divergent protocol to incorporate deuterium into different sites of bioactive molecules is

highly desirable, as it opens up diverse access for leading compounds. Herein, we developed a site-selec-

tive divergent protocol for the deuteration of allylic esters via an electrochemical reduction approach. In

the transformation, the reaction solvents and cathodes jointly dictated the reaction mechanism and active

intermediates, and led to D3-incorporation and mono-deuteration products. The synthetic utility of the

electrochemical protocol is highlighted in the synthesis of D-labelled ACP synthase inhibitors. Further

mechanistic studies involving linear sweep voltammetry (LSV) and gas chromatography (GC) confirmed

that the observed selectivity originates from distinct reaction pathways.

Introduction

Deuterium-containing compounds are of great significance in
the fields of materials science, and physical and pharma-
ceutical chemistry.1–12 Consequently, considerable efforts have
been devoted to discovering synthetic approaches. The explo-
sive development of synthetic electrochemistry13–23 provides
appealing opportunities for these transformations from com-
mercially available deuterium sources, such as D2O and
CD3CN. Amongst them, electroreductive deuteration of CvC
bonds and C-heteroatom bonds are the major routes to
D-labelled products. For instance, Zhang24,25 elegantly devised
copper nanowire arrays for halide deuteration via the in situ
formation of adsorbed metal-D species in the hydrogen evol-
ution reaction (HER). Very recently, a novel rhodium nano-
catalyst was disclosed by Lei and Li26,27 for highly selective
alkene deuteration. Alternatively, carbanion-mediated deutera-
tion for alkenes was developed independently by Cheng,5

Huang,28 Qiu29 and Werz30 in the absence of catalysts.
Moreover, the carbanion-mediated strategy was also applicable
to halide/D exchange reactions, as demonstrated in the work
of Qiu,31 Lin,32 Cheng33 and Lennox.34 Despite this impressive
work, modulating site-selectivity in the deuteration of complex

substrates bearing both CvC and C-heteroatom bonds still
faces great challenges but is highly desirable.

Trisubstituted cinnamic acid and its hydrogenated deriva-
tives are prevalent scaffolds in bioactive molecules and facile
building blocks for bioactive 1-indanones (Scheme 1a).35–39

Consequently, incorporating deuterium into these moieties
might provide a diverse platform for deuterated leading com-
pounds. Cinnamic-acid-containing allylic esters40 can readily
serve as versatile precursors for the corresponding D-labelled
cinnamic acid and D3-labelled products (Scheme 1b), owing to
their multiple reaction sites (CvC, C–OAc). Nevertheless, the

Scheme 1 The utility and synthesis of trisubstituted cinnamic acid
derivatives.†These authors contribute equally to this work.
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inherent competing reaction is a major issue in the reaction.
In particular, mono-selective deuteration via OAc/D exchange
is elusive and uncultivated. With our long-term interest in car-
banion chemistry and HER catalysis,41–49 we envisaged that
electrochemical approaches might enable tunable access to
these D-labelled products via the formation of carbanion or
metal-D intermediates.

Precise control over the competing generation of carbanion
and metal-D species in the reaction of allylic esters is key to
accessing divergent D-labelled products. It is well known in
energy chemistry that electrode materials dictate the overpo-
tential for HER; metal cathodes (e.g. Pt, Cu) with lower overpo-
tential would benefit HER compared to carbon materials.50

Moreover, recent work by Lei and Li51 unveiled that the
reaction solvent significantly affected the hydrogenation of
polycyclic arenes by varying the proton migration rate.
Inspired by this report, we have herein modulated the deutera-
tion reaction pathway using different combinations of cathode
and reaction solvents (Scheme 1c). With the evaluated reac-
tion conditions, D3-labelled and mono-deuterated products
were selectively delivered. This protocol features good deuter-
ium incorporation, divergent site-selectivity, broad substrate
tolerance and reductant-free conditions. Several experiments,
including linear sweep voltammetry (LSV) and gas chromato-
graphy (GC), were conducted to rationalize the divergent reac-
tion pathway.

Results and discussion

We commenced our study by using allylic ester 1a as the model
substrate. D3-labelled product 2a was detected as the dominant
product (entry 1, Table 1) with DMF as solvent, D2O as D source,
a graphite rod as the cathode, and Et3N as an anodic sacrificial
agent. Replacing DMF with THF led to lower yield and reduced
D-incorporation in 2a, while maintaining D3-labelling selectivity
(entry 2). Changing the cathode metal to Cu, Pb, or Zn under
Condition A did not improve either the yield or the degree of
D-incorporation compared with the standard conditions (entries
3–5). Using less acidic MeOD as the D source dramatically
reduced the deuterium content (entry 6). It is noteworthy that Da

and Dc shared the same D-incorporation level, implying an
allylic carbanion species in the reaction, as electron delocaliza-
tion would give analogous D-incorporation at Da and Dc sites. In
contrast, the α-C–H bond of the ester (Db) was less deuterated.
This can be attributed to the reversibility of its deprotonation;
despite its higher acidity, the resulting carbanion may be stabil-
ized, leading to a slower or reversible deuterium incorporation
step with D2O. Removal of Et3N led to a lower yield and showed
a decline in D-incorporation (entry 7). The uniform preference
for product 2a showed that the multiple reaction sites of 1a
enable facile access to D3-labelled products. To reverse this
inherent reaction selectivity, we next screened various reaction
conditions by varying the reaction solvent and cathode to
CH3CN and a copper plate, respectively. With a cheaper D
source, MeOD, an allylic D-labelled product 3a was exclusively
afforded in 95% yield and 96% D-incorporation (entry 8). THF
significantly affects the product distribution, giving a mixture of
2a and 3a (entry 9), which cannot be isolated by column chrom-
atography. Further investigation on the cathode showed that
cathode materials significantly affected the reaction site-selecti-
vity. Graphite, lead and zinc cathodes resulted in substantial
erosion in reaction selectivity (entries 10–12), while the HER-
active cathode platinum retained selectivity for product 3a (entry
13), although with lower yield (70%). When using D2O as the D
source, a slightly lower yield (84%) was observed (entry 14).
Prolonging the reaction time to 6 hours afforded a major D3-
labelled product (entry 15), but it suffered from poor
D-incorporation and low yield. Interestingly, the D distribution
in the resulting product 2a differed from that observed under
Condition B, suggesting a different reaction mechanism.

With the optimal reaction conditions in hand, we examined
the generality of the reaction. Initially, a collection of allylic
esters was subjected to the D3-labelling conditions (Scheme 2).
This revealed that electron-rich substrates (2a–2g) slightly bene-
fited the reaction efficiency compared to electron-deficient ones
(2h–2k). Notably, conventionally sensitive functional groups,
such as thioether, iodine, trifluoromethyl, and ester, were amen-
able to delivering the corresponding products (2h–2k).
Specifically, the fact that the iodine atom is intact during the
reaction excludes active hydride species in the reaction. Varying
the substitution patterns was compatible in the electrochemical
protocol, and the desired D3-labelled products (2l–2p) were deli-
vered in good yield (70–97%). Additionally, replacing the phenyl

Scheme 2 Substrate generality of the electrochemical D3-labelling
reaction. Reaction conditions: 1 (0.5 mmol), nBu4NPF6 (1 mmol), Et3N
(1.5 mmol), graphite rod electrodes, DMF/D2O (9.8/0.2 mL), undivided
cell, constant current electrolysis (18 mA–4.5 h, 6.0 F mol−1).
D-incorporation of the product is determined by 1H NMR. The yield
listed is the isolated yield.
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ring with fused rings (2q–2r) and thiophene largely maintained
the reaction yield and D-incorporation. Nevertheless, the deuter-
ium content of the α-C-site of the ester is uniformly lower than
that at the other two sites, partly due to the lower reactivity of
the carbanion species.

We next turned our attention to the mono-deuteration of
allylic esters (Scheme 3). Generally, the protocol exhibits excel-
lent tolerance for a broad range of functional groups, includ-
ing phenoxy (3d), fluoroalkyl (3e–3g), ester (3h), and chlorine
(3i) groups. Investigation of electronic properties reveals that
an electron-rich phenoxy group (3d) led to lower efficiency
compared to electron-deficient ones (3e–3f ), but higher
D-incorporation (91%). Nevertheless, strongly electron-
deficient substrates 3g–3h resulted in diminished yield. It is
noteworthy that the deuteration of bromine- and iodine-substi-
tuted substrates at a copper cathode delivered the resulting C–
O cleavage products (3j–3k) with a substantial amount of deha-
logenation product. This observation evidenced Cu–D species
in the reaction. The effect of substitution patterns was sub-
sequently investigated. ortho-, meta- and multiple substitution
patterns were well tolerated to give the corresponding products
(3l–3s) in good yield and high deuterium content (89–97%).
Fused rings and heterocycles were also subjected to the
optimal reaction conditions, which were precisely deuterated
to deliver D-labelled products 3t–3w with excellent
D-incorporation (90–94%). Nevertheless, an electron-rich thio-
phene ring (3v–3w) reduced the reaction yield, presumably due
to the stronger C–OAc bond. Finally, an acrylonitrile-derived
substrate proved to be amenable to give mono-deuterated
product 3x, albeit with lower D-incorporation.

After evaluating the reaction generality, the synthetic utility
of the present protocol was investigated (Scheme 4). We
employed the deuterated products in the precursor synthesis

Table 1 Optimization of reaction conditionsa

Entry Reaction conditions Yield of 2a/3ab (%) D-incorporation (2a)b D-incorporation (3a)b

1 Condition A 73/trace 97%/80%/97% n.d.
2 THF as solvent in Condition A 60/trace 94%/70%/94% n.d.
3 Cu as cathode in Condition A 54/trace 90%/58%/93% n.d.
4 Pb as cathode in Condition A 40/trace 93%/68%/78% n.d.
5 Zn as cathode in Condition A 59/trace 95%/71%/97% n.d.
6 MeOD as D source in Condition A 81/trace 70%/45%/72% n.d.
7 Remove Et3N from Condition A 52/trace 94%/80%/90% n.d.
8 Condition B Trace/95 n.d. 96%
9 THF as solvent in Condition B 23/63 n.d. 88%
10 C as cathode in Condition B 68/14 93%/68%/85% n.d.
11 Pb as cathode in Condition B 30/57 n.d. 89%
12 Zn as cathode in Condition B 49/29 99%/73%/86% 93%
13 Pt as cathode in Condition B Trace/70 n.d. 91%
14 D2O as D source in Condition B Trace/84 n.d. 95%
15 6 h in Condition B 56/3 92%/68%/81% n.d.

a Condition A: 1a (0.5 mmol), nBu4NPF6 (1 mmol), Et3N (1.5 mmol), graphite rod electrodes, DMF/D2O (9.8/0.2 mL), undivided cell, constant
current electrolysis (18 mA–4.5 h, 6 F mol−1). Condition B: 1a (0.5 mmol), nBu4NOAc (1 mmol), graphite rod anode, copper plate cathode (1.8 ×
2.0 cm2), CH3CN/MeOD (9.0/1.0 mL), undivided cell, constant current electrolysis (15 mA–4.0 h, 4.5 F mol−1). b The ratio of 2a/3a and
D-incorporation were determined by 1H NMR.

Scheme 3 Substrate generality of electrochemical mono-deuteration.
Reaction conditions: 1 (0.5 mmol), nBu4NOAc (1 mmol), graphite rod
anode, copper plate cathode (1.8 × 2.0 cm2), CH3CN/MeOD (9.0/
1.0 mL), undivided cell, constant current electrolysis (15 mA–4.0 h, 4.5 F
mol−1). D-incorporation of the product is determined by 1H NMR. The
yield listed is isolated yield.
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of ACP synthase inhibitors. The D-labelled products 3a and 2a
were subjected to sequential procedures involving facile ester
hydrolysis and amidation. The desired products 5 and 6 were
delivered in 51% and 47% yields, which can directly convert to
ACP synthase inhibitors via a further ester hydrolysis.
Additionally, the trifluoromethanesulfonic acid (TfOH)-
mediated Friedel–Crafts acylation of D3-labelled product 2b
enables direct access to bioactive 1-indanone 7.

To gain insight into the reaction mechanism, a series of
linear sweep voltammetry (LSV) and gas chromatography (GC)
experiments were conducted (Fig. 1). Initially, LSV testing of
both reaction systems revealed that the cathode materials and
reaction solvents significantly affect the reduction behaviors of
substrate 1a and the deuterium source (Fig. 1a–b). At the
graphite cathode, substrate 1a is reduced more readily than
D2O (Fig. 1a), whereas at the copper cathode in acetonitrile,

MeOD reduction predominates over that of 1a. These results
collectively indicate the presence of two distinct reaction path-
ways (Fig. 1b). Direct reduction of 1a initiates deuteration in
the DMF solvent and graphite cathode via carbanion species.
By contrast, the hydrogen evolution of MeOD starts the mono-
deuteration of 1a through an in situ-formed Cu–D intermedi-
ate. Subsequently, GC-monitoring experiments performed
during the first hour of both reactions provided further evi-
dence supporting the above conclusion (Fig. 1c–d). The results
showed that only trace D2 was detected in the D3-labelling reac-
tion (Fig. 1c), whereas a substantial amount of D2 was
observed in the mono-deuteration system (Fig. 1d). Finally, the
oxidation behaviors of substrate 1a, Et3N, and

nBu4NOAc were
also investigated by cyclic voltammetry (CV), and the oxi-
dations of Et3N and nBu4NOAc were regarded as the major
anodic reactions in D3-incorporation and mono-deuteration
(Fig. S25, p S17), respectively.

We further investigated the reaction mechanism by design-
ing various control experiments (Fig. 2a–c). First, radical sup-
pression experiments revealed that common radical scaven-
gers, such as 1,1-diphenylethylene, 2,2,6,6-tetramethyl-
piperidinooxy (TEMPO) and tert-butanol, have a negligible
effect on reaction efficiency, excluding the possibility of a
radical-type mechanism (Fig. 2a). Second, using a combination
of NaBH4 and CuCl2 to replace electrolysis led to a detectable
product 3a-H, supporting the Cu hydride species being

Scheme 4 Investigation of synthetic utility.

Fig. 1 (a) Linear sweep voltammograms of substrate 1a and D2O in DMF (0.1 M, nBu4NPF6) using graphite, platinum wire and Ag/AgNO3 as working,
counter and referencing electrodes, respectively. (b) Linear sweep voltammograms of substrate 1a and MeOD in CH3CN (0.1 M, nBu4NOAc) using
copper, platinum wire and Ag/AgNO3 as working, counter and referencing electrodes, respectively. (c) GC spectra of the headspace atmosphere of
the D3-labelling reaction. (d) GC spectra of the headspace atmosphere of the mono-deuteration reaction.
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involved in the mono-deuteration reaction (Fig. 2b). Third, the
possible intermediate acrylates 3a were subjected to the
electrochemical D3-labelling conditions (Fig. 2c). The high
reaction yield and D-incorporation indicate that the D3-label-
ling reaction should proceed via stepwise deuteration of inter-
mediates 3a.

On the basis of the experimental observations and related
reports,5,29,31 two plausible pathways were proposed for electro-
chemical D3-incorporation and mono-deuteration (Fig. 2d–e).
In D3-incorporation, substrate 1a is initially reduced to carba-
nion species A via a sequential single electron transfer (SET),
departure of OAc and SET. In the presence of excessive D2O,
rapid deuteration of carbanion A delivers intermediates 3a,
which undergo double sequences of SET and deuteration to
give final D3-labelled product 2a. For the electrochemical
mono-deuteration, the reduction of MeOD generates a reactive
Cu–D species over the cathode. The Cu–D species serve as reac-
tive nucleophiles to substitute an OAc group, giving mono-deu-
teration product 3a. Alternatively, the neutralization of alkali-
nous Cu–D with MeOD releases D2 byproducts.

Conclusions

In conclusion, we developed an electrochemical protocol for
the deuteration of allylic esters using commercially available
deuterium source D2O and MeOD. With variations in reaction
solvents and cathodes, the reaction site-selectivity was readily
tuned and divergent access to D3-labelled and mono-deute-
rated products was enabled. Furthermore, we proposed two
distinctive reaction pathways mediated by carbanion and Cu–D
species to rationalize divergent selectivity. The further appli-
cation of electrochemical deuteration approaches is being
actively investigated in our lab.
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