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Abstract

Deuterium incorporation is crucial in organic synthesis and has wide applications in the pharmaceutical industry.
State-of-the-art H/D isotope exchange and chemical defunctionalization for deuterium incorporation suffer from
significant drawbacks, including expensive deuterium sources, low deuteration efficiency and poor selectivity. In
this perspective, we highlight an alternative pathway for forming C-D bonds by electrocatalytic heavy water
splitting (D,0) under mild conditions. In addition, the intrinsic mechanism and examples of the synthesis of
deuterated pharmaceuticals are discussed in detail. Finally, we present the challenges facing this field and provide
an overall perspective on future research directions.
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INTRODUCTION

Since the discovery of deuterium by Urey et al." in 1932, deuterated compounds have been extensively
employed in various applications. The growing interest in catalytic C-H activation and deuterated
compounds as references in mass spectrometry led to the rapid development of this field in the mid-
1990s"”*. Compared to their C-H isotopologues, deuterium incorporation can improve metabolic clearance
and toxicity profiles™, thus allowing for effective treatment at a lower dosage. Tremendous efforts have
been devoted to the synthesis of deuterated pharmaceuticals, including the first US Food and Drug
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Administration (FDA)-approved deuterated drug in 2017"%.

Transforming a C-H bond to a C-D bond is a straightforward process, which primarily involves H/D
isotope exchanges (HIE) with metal-catalyzed or acid/base-promoted C-H bond activation"". Such a HIE
strategy offers inherent advantages by the direct incorporation of deuterium without prefunctionalization or
alteration of the molecular structure">"”. Nevertheless, practical challenges remain, including undesirable
deuteration ratios, high-cost deuterium sources and the difficulty of controlling the deuteration sites with
the use of reactive deuterated reagents (e.g., D,, CD,CN, CD,0OD and DMSO-d,) under harsh conditions
[Figure 1A]>"***. H/D exchange is also less effective towards the deuteration of less-activated N-
heteroaromatic C(sp’) and aliphatic C(sp’) sites''”"®. The complexity of the target molecules, requirements
for specific labelling position and competing side reactions require laborious purification in conventional

[19-22]

HIE processes'***.

In this regard, defunctionalization-based deuteration through precise conversion of a specific functional
group to deuterium at target sites is promising in the pharmaceutical industry. Deuterium is installed by
deuterohydrogenation of the unsaturated bonds or deuterodehalogenation of carbon-halogen bonds,
offering excellent site selectivity, as shown in Figure 1B**. In general, deuterium gas (D,) as the deuterium
source is activated in the initial step for reductive addition across the unsaturated bonds”*”, where
complete deuteration can be achieved with stoichiometric amounts of the deuterium transfer reagents. The
major challenge lies in the use of inconvenient and expensive D, gas, where on-site generation from D,O or
other sources is highly preferred. For deuterodehalogenation, the reaction proceeds following the order of
[>Br> Cl>» F, owing to the difference in dissociation energy of the carbon-halogen bonds”. Many
methods have been devised to promote carbon-halogen bond dissociation, including photocatalysis,
electrocatalysis and bioenzymes, albeit with unsatisfactory deuteration efficiency in widely occurring
organic chlorides®**”. Moreover, the selective and stepwise dehalogenation of multiple halogen-
substituted compounds is still problematic due to competing reactivity"”"*.

In line with the defunctionalization strategy, deuterium labelling by electrochemical heavy water (D,0)
splitting affords a greener, safer and more efficient method [Figure 1C]" than conventional H/D exchanges
or difunctionalization-based deuteration with strong reductive reagents. This electrochemical method
allows the use of electrons as a green reductant source and can be readily controlled by adjusting external
parameters, such as the electrolytes and applied voltages, as well as by materials engineering of the catalyst.
This approach has been successfully demonstrated for the reductive deuteration of halides"", alkenes"”"**,
alkynes", unsaturated carboxylic acids“’ and deuterated methylation of nitroarenes, as shown in
Figure 2A1*"*,

In this perspective, we present the frontiers of electrochemical deuteration from underlying mechanisms to
novel reactor designs and provide our perspective on industrial deployment for the synthesis of deuterated
pharmaceuticals.

HEAVY WATER SPLITTING AS A GREENER OPTION FOR CONTROLLABLE
DEUTERATION

Figure 2B depicts a comparison of the standard electrode potential of the water splitting reaction and
various reducible functional groups. Among the numerous unsaturated bonds, alkynes (C=C) are the most
active in terms of reduction potential and can be readily semi-deuterated to d,-alkenes prior to water
splitting. The conversion of semi-deuterated alkenes into fully deuterated alkanes is much more challenging
due to their shortened bond lengths, which require a more negative potential®. The nitro functionality is
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Figure 1. (A) A selection of conventional deuterium sources and their corresponding prices. (B) Comparison between the benchmark
H/D exchange and defunctionalization-based deuteration. Modified with permission from ref.”* (Copyright 2020 Nature Publishing
Group). (C) Schematic of electrochemical deuteration by heavy water splitting.

also a reactive motif in electrochemical deuteration. Potentially reducible C-Br, C=0 and C=C groups were

43,44]

well preserved in the products during nitro reduction according to previous reports'>*.
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Figure 2. (A) Schematic of substrate scope of electrochemical deuteration. (B) Electrochemical series of common organic functional
groups.

For organic halides, the C-I bond is relatively easy to dissociate even at mildly reductive potentials, while the
cleavage of C-F bonds is almost impossible in the water splitting window. Stepwise deuteration could be
realized whenever multiple halogens are involved and the sequence is predictable based on the difference in
C-X bond dissociation energy"”. The C=0 functionality (aldehydes or ketones) is usually less reactive than
C-I or C-Br bonds but more reactive than the C-Cl bond®. The deuteration of C=N bonds (imine) to
value-added deuterated amines (-ND,) is viable at a slightly more reductive potential. Finally, nitriles (C=N)
can be fully deuterated to produce primary amines and valuable a,a-dideutero analogues, despite their much

more reductive potentials than water splitting!***”.

Bearing the fundamental similarities in the atomic-level cooperative interaction between the electrocatalyst
and absorbents (e.g., D), knowledge from the well-documented hydrogen evolution reaction (HER)"**,
carbon dioxide reduction reaction (CO,RR)*” and nitrogen reduction reaction"! can be leveraged to design
a successful catalytic system for electrochemical deuteration. This primarily involves optimization of the
adsorption strength of H* ,, (D*,,,) and organic substances on the surface of the electro-catalyst to tune the
activity and selectivity"®*”. The mechanism can be monitored by cyclic voltammetry (CV) and linear sweep
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voltammetry, in which the shape of the curve together with the intensity and location of the redox peaks
provide key evidence on the (de-)adsorption process'****. Substantial efforts have been devoted to regulating
the catalytic activity by tailoring the electron structure and state of the d-band center through doping,
alloying, defect and strain engineering. For instance, Wu et al.”” reported a phosphorus-doped palladium
nanowire (Pd-P) cathode for selective semi-hydrogenation (deuteration) of terminal and internal alkynes
using H,O(D,0O) as the H(D) source. The CV pattern in neutral conditions displays a weakened H*
adsorption after the addition of alkyne, indicating the competitive coverage of alkyne on the H* 4 sites.
Density functional theory calculations further confirm the preferred adsorption of alkynes against H* ;. on
the Pd-P alloy, leading to higher Faraday efficiency (FE) and selectivity than conventional Pd catalysts.

In addition to appropriate catalyst designs, the reaction conditions also play a significant role in the product
distribution. For instance, Kurimoto et al.”” observed a current-dependent selectivity in alkyne deuteration.
At a lower current density of ~40 mA cm? the semi-deuterated product (phenylacetylene-d,) was
predominant (~80%) with < 5% of fully-deuterated product after 24 h. Further increasing the applied
current to ~80 or ~120 mA cm™ dramatically accelerates the deuteration process, generating a > 95% yield of
the corresponding alkane-d, within 8 or 4 h, respectively. This supports the strong correlation between the
surface coverage of D*,,, on the catalyst and deuteration selectivity, where a chemoselective process should
be conducted at low current density (low D* coverage). Notwithstanding the lower efficiency and slower
reaction kinetics, more thermodynamically challenging functionalities (C=O bonds in aldehydes and C=N
bonds in imines) can also be deuterated under specific electrochemical conditions””. In another instance,
Chong ef al.""! demonstrated the tunable reduction of nitroarene to azoxy, azo and amino compounds by
simply altering the applied potential. Using a cobalt phosphide nanosheet as the cathode material, a higher
potential leads to the formation of aniline (> 99% selectivity and conversion), while azoxybenzene is formed
preferentially at lower potentials. Such selectivity is also related to the surface concentration of deuterium.
More importantly, the electrochemical method exhibits wide functional group tolerance because it prevents
unfavorable self-coupling reactions among the C-Br, C=0 and C=C functionalities that are prevalent in
non-electrochemical strategies, thus providing a green and controllable option for deuterium

43,56]

installation**

In addition to the deuteration of unsaturated bonds, the cleavage and deuteration of carbon-halogen bond
represents another major type of difunctionalization-based deuteration*¥. Owing to the benefits of
regulating the selectivity by external voltages, the electrochemical method offers the capability of promoting
multiple deuteration processes. Zhang et al.”” reported the electrosynthesis of deuterated chemicals using
homogeneous palladium acetylacetonate [Pd(acac),] with high activity and FE. By regulating the applied
voltages, the bromines located at the sp* and sp’ sites can be precisely substituted by deuterium atoms. For
example, D incorporation within the p-, 0- and m-bromoacetophenones required different voltages of -2.55,
-2.70 and -2.80 V, respectively. For multi-substituted organohalogen compounds, stepwise deuteration can
be achieved under different voltages due to the difference in the strength of the C-X bond, e.g., the
deuteration of iodo-, bromo- and chloroarenes can be achieved at -2.45, -2.70 and -2.90 V, while leaving
other electron-donating or withdrawing substituents intact during the course of the electrosynthesis”. Such
a strategy was further extended to pharmaceuticals, such as D-dapsone [(7) in Figure 3]°°.

Hence, by controlling the electrochemical parameters, deuterium can be readily and precisely installed at
the desired position of interest. To uncover electrochemical reaction mechanisms, in situ spectroscopy
technologies are typically employed to detect the reaction intermediates. In situ Raman and Fourier
transform infrared (FTIR) spectroscopy could be used to observe some specific intermediates, like *CO and
*CHO in the CO,RR, which are shifted toward lower wavelengths, owing to the replacement of hydrogen by
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Figure 3. Deuterated pharmaceuticals from electrochemical heavy water splitting. Modified with permission from ref.”? (Copyright
2020 Elsevier; ref.” Copyright 2020 Nature Publishing Group; ref."*”’, Copyright 2020 Wiley-VCH; ref.?®, Copyright 2020 Wiley-
VCH).

deuterium. In contrast, detection of the active D* (or H*) in both Raman and FTIR spectroscopy is very
challenging due to its short lifetime and very weak signal. It would be possible with benchmark surface
enhanced Raman scattering or shell-isolated nanoparticle-enhanced Raman spectroscopy to enhance the
Raman signal from the dissociation of interfacial (heavy) water on a metal substrate to form the M-H* (or
M-D¥) intermediate.

UNIVERSAL APPLICABILITY IN THE DEUTERATION OF COMPLEX MOLECULES

Due to its tunability and ease of operation, electrochemical deuteration by heavy water splitting can be
employed in the synthesis of many deuterated pharmaceuticals and complex molecules, as shown in
Figure 3. We now present a number of case studies of such applications.

Case 1

Cinacalcet hydrochloride is an FDA-approved parathyroid hormone regulator in the calcimimetics class,
which is used for the treatment of secondary hyperparathyroidism by increasing the sensitivity to calcium,
thus inhibiting the release of parathyroid hormone and lowering hormone levels within a few hours™. Its
deuterated variant can prolong the half-life and reduce the dosage or frequency of the drug to minimize the
risk of hypotension, heart failure or arrhythmia.
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Deuterated cinacalcet hydrochloride was synthesized through the electrochemical deuteration of an alkyne
in an undivided cell using 1 M D,SO, in D,O as the electrolyte, a palladium-modified membrane as the
cathode and Pt mesh as the anode. The d,-alkane was obtained in high yield (> 99%) and deuterium
incorporation (> 90%) after 24 h at a constant current of 100 mA. Through the subsequent Dess-Martin
oxidation and reductive amination, d,-cinacalcet hydrochloride was obtained with 2 90% deuterium
incorporation and 83% yield. Compared to traditional deuteration using D, as the deuterium source, the
electrochemical method using D,O allows for site-selective installation of four D atoms with only 5% of the
original cost™. Furthermore, the deuterated sites in the electrochemical reaction are different from those
reported in the HIE or difunctionalization-based deuteration protocols, which could facilitate metabolism
studies.

Case 2

D-Pheniramine (5), D-coumarin (6) and their derivatives [D-vanillin (4), D-thymol (1), D-fenofibrate (2)
and D-aspirin (3)] are among the most successful deuterated molecules prepared through electrochemical
deuteration. These compounds have been synthesized in high yields on a gram scale through the
difunctionalization and transformation of halides"™. Taking D-aspirin as an example, the traditional
method involves the use of deuterated sodium hydroxide in the presence of a Raney Ni-Al alloy, followed by
extraction, acetylation and recrystallization to produce 3,4,5,6-d, aspirin with poor deuteration efficiency
and site selectivity. According to Su’s report, the 5-d,-aspirin derivatives were synthesized by debromination
of the corresponding 5-Br analogues in a divided cell with a graphite working electrode and an electrolyte
containing heavy water, palladium acetylacetonate, Na,SO, and acetonitrile. A high isolated yield (81%) and
deuterium incorporation (91%) were achieved using a constant voltage of ~3.1 V and a reaction time of ~8 h
under an argon atmosphere. The Pd(acac), homogeneous catalyst in the electrochemical process could
activate the substrate to enhance the deuteration performance, which is safer and more controllable than the
use of flammable Raney Ni.

Case 3

Ibuprofen (9) is among the most widely used analgesic-anti-pyretic-anti-inflammatory drugs, similar to
aspirin and paracetamol in non-prescription over-the-counter medicine. A general procedure for the
deuterium labelling of ibuprofen is by alkaline treatment in D,O under reflux conditions for a few hours.
Using this method, monodeuterated ibuprofen was obtained via isotopic exchange of the proton located at
the a-position of the side chain with low deuterium incorporation (50%)'”. Using an unconventional
tandem setup, Ou et al" demonstrated that deuteration at the benzyl (sp’ C-H) sites could be
accomplished with a broad scope and excellent chemoselectivity under mild conditions. D, gas was
produced on-site through the electrochemical splitting of D,O and subsequently used for the reductive
deuteration of nitriles to furnish primary amines and valuable a,a-dideutero analogues at > 90% deuterium
incorporation in another chemical compartment. This outperforms earlier efforts in partial deuteration by
the reductive amination of ketones or aldehydes in D,0O and allows for a much safer and efficient practice
than direct hydrogenation using D, gas'*’l. Moreover, the method can be used to prepare lbuprofen-d, on a
gram scale.

ENERGY-RELATED CONSIDERATIONS AND REACTOR DESIGNS FOR INDUSTRIAL
DEPLOYMENT

In addition to deuterated pharmaceuticals, electrochemical deuteration is promising for the production of
deuterated small molecules, such as CD,0D, C,D.OD and C,D,. In particular, the deuterium-incorporated
CO,RR or CORR offers high FEs and current densities in benchmarking flow devices and high deuteration
incorporation efficiency (i.e., 100% D for the production of deuterated formic acid). Alternatively, such
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deuterated small molecules can be accessed by the electrochemical deuteration of acetylene to C,D, in D,0,
the electrochemical water-gas shift reaction and the dehalogenative deuteration of organic halides (CHCL,
or CHCL,)" ¥,

While significant advances have been made in electrochemical deuteration, the energy-related aspects of the
entire electrochemical process need to be considered for their successful translation to industrial
applications. This includes the suppression of side reactions to improve the FE, recycling of unused heavy
water for cost reduction and better reactor designs that integrate with state-of-the-art electrolyzer
technologies to reduce electricity consumption. Herein, we provide a short perspective on these aspects that
goes beyond deuteration chemistry.

Utilization efficiency of heavy water

For electrochemical systems using D,O as an electrolyte, hydrogen (deuterium) evolution is an inevitable
side reaction due to the low energy barrier for self-coupling of the H (D) intermediate. Compared to
hydrogenation, the kinetic isotope effect typically results in slower kinetics and thus lower efficiency to
install deuterium under the same reaction conditions. FE is a key indicator to evaluate the efficiency in the
electrochemical deuteration process®*. According to the electrochemical palladium membrane reactor, the
initial current efficiency of deuteration is considerably low (17%) due to the formation of D, gas™. The
influence of such side reactions becomes more significant at elevated current densities, owing to the
attractive forces between the positively charge proton cation and the negatively charged electrode surface,
which will eventually diminish the cell efficiency when a full proton coverage is achieved'***..

Previous research on the HER indicated that the HER activity is directly related to the dissociation energy of
water and the adsorption energy of a proton on the catalyst'®”!. Therefore, the introduction of an energy
barrier in either step could potentially eliminate competitive reactions. Another possibility for minimizing
the HER is phase separation between organic substances and D,O by lipophilic electrode modification or a
non-aqueous electrolyte, where the electrode reaction predominately occurs in the organic phase to achieve
high efficiency for deuteration”"””. Inspired by recent results from aqueous batteries, introducing additives
in the solvent could aid in suppressing the HER activity and enhancing deuteration incorporation”>”*. In
contrast, the unused heavy water must be recycled in a practical operation. Unlike harsh chemical
deuteration in organic solvents, electrochemical deuteration is carried out in an open system at ambient
temperature and pressure, which enables “on-demand” production by switching on/off the voltage.
Compared to homogeneous methods, electrochemical deuteration bypasses the tedious catalyst recovery
step by a heterogeneous flow cell operation. The use of an aqueous electrolyte is also beneficial for the
separation and recovery of deuterium oxide and inorganic electrolyte from deuterated organic compounds
by solvent extraction in a tandem flow setup with one or more oil-water separators. Subsequent product
purification can be achieved by continuous distillation or inline column chromatography!.

Paired operation (anodic reaction)

For practical applications, the reductive process at the cathode is always paired with another anodic
oxidation to maximize the cell productivity and energy efficiency. However, most research in
electrochemical deuteration only focuses on the half reaction where deuteration occurs. The optimal catalyst
and conditions under such evaluation could significantly deviate from practical conditions, whereby the
counter reaction at the anode limits the cell performance®***. For instance, oxygen evolution is the most
common counter reaction in aqueous systems and has a considerably large overpotential for multiple
electron transfer processes. This accounts for ~56% of the energy consumption in commercial alkaline water
electrolyzer that only produces low value O, gas in return”. To be practically meaningful, the anodic
reaction should be carefully selected among those potentially capable of affording value-added products
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(such as the selective oxidation of hydroxymethylfurfural”’?, ethanol™ and glycerol®). Care should be
taken to avoid the crossover of deuterated product to the anode, which can lead to undesired oxidative
reactions (or vice versa). This calls for careful selection of the separation membrane in electrochemical
deuteration.
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Reactor design for industrial applicability

While traditional H-cell reactors have been widely used to study electrochemical deuteration, they are mass-
transport limited as a result of the poor diffusion kinetics of the electrolyte. Furthermore, as a batch process,
it precludes scale-up of the reaction for practical industrial purposes. To surmount the mass-diffusion
limitation and increase the current density to industrial levels (500 mA cm?), a flow electrolyzer based on
state-of-the-art gas diffusion electrode technologies is highly desirable. One example of this is the micro-
reactor with a parallel plate configuration in Figure 4A. Owing to its narrow inter-electrode distance
(varying from mm to pm), the microreactor usually possesses a much lower cell resistance and therefore a
higher current/productivity than H-type reactors”®'l. A representative flow electrolyzer was developed by
Leow et al.*, as shown in Figure 4B. By using a membrane electrode assembly to achieve high current
density, the injected CO, gas can be fully converted into ethylene and subsequently oxidized into ethylene
oxide in the flow cell without further purification. The novel reactor design enables a high FE of ~70% and
product specificities of ~97% at 1 A cm?, even after running the cell for 100 h.

One advantage of flow electrolyzers is that they are naturally suited to tandem synthesis. As shown in
Figure 4C, Mo et al.™ proposed a fully electrochemical two-step approach to synthesize 4-cyano-4’-
pentylbiphenyl (~$100/g) from inexpensive 4-chlorobenzonitrile (< $1/g). The first homocoupling step
involves the electrochemical reductive dehalogenation of 4-chlorobenzonitile to form 4-4’-
biphenyldicarbonitrile (BPDN). The microfluidic flow cell allows for the gram-scale synthesis of BPDN with
a higher yield (2.65 g in 24 h with a 87% yield) than a batch reaction. The second electrochemical step
involves cross-coupling between BPDN and hexanoic acid under catalyst- and electrolyte-free conditions. A
12-fold increase in productivity (1.13 g of target product in 67 h) was observed by using the three-layer
stacked module. Similarly, Peters et al.* demonstrated a 10 to 100 g scale-up for the Birch reduction by
using flow cell stacks without major changes or loss in yield (72%). This underscores the importance of
integrating flow cell technologies and modular operations for translating laboratorial practice to industrial
applications.

CONCLUSION

In recent years, the electrocatalytic splitting of heavy water has been demonstrated as a highly effective
strategy for the synthesis of deuterated pharmaceuticals. However, challenges still remain, including
unexpected competitive reactions, low energy utilization of the paired reaction and a lack of good reactor
design for industrial applicability. The key to addressing these challenges is to adopt a multidisciplinary
approach encompassing expertise in organic chemistry, electrochemistry, materials science and flow
chemistry engineering.
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