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Deuterated organic molecules are of utmost importance in many areas of science and have been recently
intensively investigated in medicinal chemistry due to their enhanced metabolic stability. The development
of efficient and broadly applicable methods for the selective incorporation of deuterium atoms into organic
molecules from readily available starting materials and reagents is therefore of extreme importance. Such
methods however often lack generality and selectivity, notably in the nitrogen series. With nitrogen-
containing molecules being indeed ubiquitous in medicinal chemistry, there is a strong need for efficient

methods enabling the selective synthesis of deuterated amines. In this perspective, we report herein
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Introduction

Since its discovery in 1931 by Harold C. Urey,' deuterium D, or
’H, one of the three isotopes of hydrogen together with protium
"H and tritium T, or *H, having a natural abundance of 0.015%,
has found many applications in various areas of science,
notably when incorporated into organic molecules.”> While
a carbon-deuterium bond indeed closely resembles a carbon-
hydrogen® one, the main difference lies in the higher stability of
the former compared to the latter due to a smaller vibrational
frequency and hence a lower zero-point energy. This subtle
difference has a dramatic effect when replacing a hydrogen
atom by a deuterium in a carbon chain.” Deuterated organic
molecules, in addition to their use as internal standards for
mass spectrometry or NMR spectroscopy, have been indeed
utilized to measure minute amounts of a specific chemical in
the environment or in the body by means of the stable isotope
dilution technique,>* to study reaction mechanisms as well as
their kinetics - the use of deuterium as a tracer and kinetic
isotope effects being especially useful in this area —** for the
elucidation of biosynthetic pathways,® to alter the selectivity of
some reactions>” and even to improve the properties of poly-
mers® and chemical stability of materials such as OLEDs.®
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deuterium incorporation by a unique sequence involving a domino keteniminium/iminium activation.

In addition to their use in metabolism and toxicology
studies,' the increased stability of deuterated molecules has
moreover been extensively studied recently in medicinal
chemistry, notably to increase the metabolic stability of some
drugs and/or to avoid the formation of toxic metabolites.
Representative examples of such a strategy include deuterated
Efavirenz 1,4 an isotopologue of Bristol-Myers Squibb's Efavir-
enz utilized for the treatment of AIDS, in which the incorpora-
tion of a deuterium atom at the propargylic position inhibits its
enzymatic oxidation, resulting in the formation of nephrotoxic
metabolites (Fig. 1),"> or deuterated Telaprevir 24, a deuterated
analogue of Johnson&Johnson/Vertex Pharmaceuticals' drug for
the treatment of hepatitis C with improved stability due to
a reduced epimerization rate.* While the deuteration of drugs
has been mostly studied in academia for years and was clearly
recognized as a subtle, yet powerful, medicinal chemistry tool to
retain potency and selectivity together with improving the
overall pharmacological profile of a drug, several companies
have started to focus on this area.'"** It can indeed breathe new
life into old drugs, with Teva's Austedo® (deutetrabenazine) 3 4,
the first FDA-approved deuterated drug displaying a better
safety profile than its non-deuterated analogue (tetrabenazine,
readily demethylated by cytochrome CYP2D6 to less active
metabolites 4 and 4’) and commercialized since 2017 for the
treatment of chorea associated with Huntington's disease,
being certainly the most striking example."® Other deuterated
drugs in the pipeline include Avanir's AVP-786 (hexadeuterated
dextromorphan 5,4) in phase III clinical trials for the treatment
of agitation in Alzheimer's disease patients'® and phase II trials
in major depressive disorder and schizophrenia,'” Vertex's VX-
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Fig. 1 Impact of deuterated molecules in drug discovery.

561 649, a deuterated form of ivacaftor in phase II trials for cystic
fibrosis,"™ or Concert's deuterated Paroxetine CTP-347 7,4, in
phase II clinical trials for non-hormonal treatment of vaso-
motor symptoms. In addition to bringing new life to old drugs,
deuteration is now starting to be envisioned from the early
stages of drug development as exemplified with Bristol-Myers
Squibb's de novo deuterated BMS-986165 8,3 developed for the
treatment of psoriasis which recently succeeded in phase II
trials."” Many more deuterated small molecule drug candidates
are currently in the pipeline® and a growing number of
companies are now actively pursuing the deuterated drug
market which was recently estimated to represent a total value
of transaction of $5 billion."**

These recent tremendous developments obviously strongly
depend on the synthesis of deuterated molecules. An analysis of
the processes developed for the synthesis of all deuterated
drugs/drug candidates reported to date actually reveals that they
mostly rely on commercially available, simple deuterated
precursors such as D,0, CD;I, CD;0D, DCO,D, CD,0, CD;S(0O)
CD; or CD3NH, which are incorporated into organic molecules
using standard and classical techniques.”* Further develop-
ments in this area will clearly require the use of more advanced
processes either based on the use of a broader variety of
deuterated reagents or for the selective introduction of deute-
rium atoms. A parallel can actually be drawn with fluorinated
drugs: since the first approval by the FDA of such a drug, flu-
drocortisone, in 1955, nearly 150 fluorinated molecules have
succeeded in reaching the market and a recent analysis esti-
mates that about 30% of drugs will soon contain at least one
fluorine atom,> this dramatic increase being mainly associated
with the design of novel methods for the synthesis of fluori-
nated organic molecules. With deuterium being considered as
the potential “next fluorine” in medicinal chemistry, a strong
need for new processes streamlining the synthesis of deuterated
molecules is logically emerging, such methods being expected
to have an important impact in drug discovery.

M58 | Chem. Sci, 2021, 12, M57-1165

Among all deuterated functional groups, amines occupy
a central place due to the vast majority of drugs containing at
least one nitrogen atom and due to their easy metabolization.
The selective introduction of deuterium atoms close to the
nitrogen in amines could indeed represent a quite subtle
strategy to increase the stability of nitrogen-containing drug
candidates while bringing minor structural changes, a concept
already validated with AVP-786 54 '*'” and BMS-986165 843."
The state-of-the-art methods available for the synthesis of
deuterated amines actually reveal the limited number of
possibilities as well as an important number of limitations.
Incorporation of deuterium o to the nitrogen atom indeed
mostly relies on the alkylation of amines or surrogates with
deuterated alkyl halides or synthetic equivalents and on the
reduction of nitriles, imines and amides with LiAlD,, a reagent
whose commercial availability greatly varies over time. Limita-
tions met with these classical methods, mostly in terms of
efficiency, generality and functional group tolerance, have
stimulated the development of alternative processes relying on
the use of readily available deuterated reducing agents such as
PhSiD; in the presence of a nickel catalyst*® or on the use of D,O
or EtOD under reductive conditions.** Other methods recently
reported are essentially based on the use of metal catalysts* or
on a cooperative acid/base catalytic system® for the direct
deuteration of amines o and/or B to the nitrogen atom. While
these methods are clearly attractive since they enable the
synthesis of a- or a,B-deuterated amines from the correspond-
ing non-deuterated ones using readily available sources of
deuterium such as D,O, D,, CD;S(O)CD;, CD;COCD; or
deuterated alcohols and can be performed in a stereospecific
manner with some chiral amines, they however suffer from
important limitations in terms of substrate scope, regiose-
lectivity and, more importantly, with respect to deuterium
incorporation, which is far from quantitative in most cases.

Based on our long-standing interest in the chemistry of

ynamides,*” stable nitrogen-substituted alkynes,”® and in the
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Fig.2 Working hypothesis for the divergent and selective synthesis of
deuterated amines.

unique reactivity of activated keteniminium ions* derived from
these reagents, we envisioned that these building blocks - that
are either commercially available or readily prepared by a range
of methods® - and intermediates might provide a straightfor-
ward, versatile and divergent entry to «- and/or B-deuterated
amines, which should overcome most of the limitations met
with other methods. Our strategy, depicted in Fig. 2, is based on
a simple, yet unexplored, and unique keteniminium/iminium
activation sequence: upon reaction with an acid (deuterated
or not), the starting ynamide 9 would afford a transient acti-
vated keteniminium ion 10 whose trapping with a hydride or
a deuteride would yield an intermediate enamide 11. Further
reaction of this enamide with an acid would then enable the
generation of an iminium ion 12 whose final reduction should
provide the desired amine 13.*"**> Depending on the nature of
the acid and the hydride (either deuterated or not), this reaction
should enable an easy and divergent access to a range of amines
with selective deuteration at the o- and/or B-positions. We
report in this manuscript the development of a broadly appli-
cable versatile, and divergent synthesis of selectively deuterated
amines based on this working hypothesis.

Results and discussion
Optimization of the reduction of ynamides to amines

We initiated our studies by assessing the feasibility of our
working hypothesis and the identification of the optimal
conditions for the reduction of ynamides to amines first using
non-deuterated reagents. The main problems associated with
our strategy lie in the fact that the acid and the hydride should
both react faster with all intermediates than together and that
the conjugated base of the acid should not competitively trap
the activated keteniminium 10 and iminium 12 ions.

With this goal in mind, a series of acids and hydrides, known
to be compatible and typically used in ionic reductions and
deoxygenations, was first evaluated using at this stage an excess
of these reagents, with ynamide 9a as a model substrate in
dichloromethane at 0 °C for 15 minutes. Results from these
studies, shown in Fig. 3, reveal the feasibility of our approach as
well as the superiority of triflic acid for the activation of both the
starting ynamide 9a and the transient enamide 11a. Among the
hydrides evaluated,® triethylsilane was found to be the most
efficient one: indeed, a combination of triflic acid and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Screening of acids and hydrides for the reduction of ynamides
to amines. *H NMR yields determined with 1,1,2,2-tetrachloroethane as
the internal standard; HEH: Hantzsh ester, 4-dihydro-2,6-dimethyl-
3,5-pyridinedicarboxylate.

triethylsilane resulted in the formation of the desired amine 13a
(84% 'H NMR yield) together with amide 14a (14% 'H NMR
yield) resulting from the trapping of the intermediate keteni-
minium ion 10a by the triflate anion followed by further
hydrolysis upon workup.?* Having demonstrated the feasibility
of our approach and identified the best combination of the acid
and reducing agent, we next focused our attention on reducing
the amount of both these reagents, a critical point in the
deuterated series. A brief screening of different stoichiometries,
temperatures and reaction times (not shown) revealed that the
use of 2.5 equivalents of triflic acid in combination with 5
equivalents of triethylsilane at room temperature for 18 hours
was optimal, resulting in the formation of the reduced product
13a in 84% '"H NMR yield and 72% isolated yield.

With these optimized conditions in hand, we then evaluated
their extension to the deuterated series: as shown in Fig. 4, the
use of deuterated triethylsilane, deuterated triflic acid, or both,
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Fig. 4 Divergent and selective deuterative reduction of ynamides to
amines.
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resulted in a smooth reduction to the corresponding o-, - or
a,B-deuterated products 13a442, 13245, and 13a,4,4,, in good
yields, excellent and good levels of deuteration at the « and
B positions being respectively attained. Importantly, a complete
regioselectivity was observed in these three trials, which is in
sharp contrast with previously reported techniques.

Scope of the divergent synthesis of deuterated amines

We then moved to the study of the scope and limitations of
this divergent synthesis of selectively deuterated amines, first
focusing on o-deuterated ones 134, resulting from the
reduction of the corresponding ynamides 9 with deuterium-
labelled triethylsilane (Fig. 5). A set of ynamides 9 with
representative substitution patterns was therefore reacted
under our optimized conditions: in all cases, the reduction
was shown to be fully regioselective, with deuterium being
selectively incorporated at the o position only, and remarkably
high levels of deuteration (96 to >99% D) were systematically
attained. The a-deuterated amines 134,, could be obtained in
fair to good yields, with the major byproducts that could be
detected and easily separated being the amides resulting from
a competing trapping of the transient activated keteniminium
ions by the triflate followed by hydrolysis of the resulting
ketene N,O-acetals.”® Oxazolidinone- and pyrrolidinone-
derived ynamides were found to be suitable substrates,
providing the corresponding deuterated N-alkyl oxazolidi-
nones 13a-c4,, and lactam 13dg,., respectively. Interestingly,
N-tosyl-ynamines were also found to smoothly undergo the

reductive deuteration to afford the corresponding
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Fig. 5 Synthesis of selectively a-deuterated amines.
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deprotectable N-tosyl-amines 13e-mg,, in modest to good
yields. As for the substitution pattern and electronic proper-
ties of the starting ynamides, both aryl (13b-dg,z, 13f-hg,,
and 13l,mg,,) and alkyl (13a44,, 13€4,, and 13i4,,) groups
were found to be tolerated and even terminal and
trifluoromethyl-substituted ynamides could be transformed
into the corresponding selectively a-deuterated amines 13jgq2
and 13Ky, respectively, although with reduced efficiency yet
excellent levels of deuteration. Interestingly, and which nicely
highlights the efficacy and selectivity of our method, an alkyne
(13c4q2) was found to be compatible with the reaction condi-
tions and no competing reduction was observed in this case.
As for the substituent on the nitrogen atom in the starting
ynamides 9, cleavable benzyl (13e-kg,2) and allyl (1314,2)
groups were tolerated and no products resulting from
a competing Pictet-Spengler-type trapping of the transient
keteniminium ions by the benzyl group, a reaction that is
known to be fast and that would afford isoindolines,**
observed. Finally, even an acid-sensitive cyclopropyl group
(13my,;) was found to survive the reductive deuteration
without competing ring-opening.

Having demonstrated the broad scope and the generality of
our reductive deuteration for the synthesis of a range of amines
selectively deuterated at the o position, we next moved to the
study of the synthesis of their analogues selectively deuterated
at the B position 13,4,. The exact same set of ynamides 9 was
therefore reacted under our optimized conditions but now
using deuterated triflic acid instead of deuterated triethylsilane
(Fig. 6). This simple switch in reagents enabled the synthesis of
a variety of B-deuterated amines 134z, that could be obtained
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Fig. 6 Synthesis of selectively B-deuterated amines.
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with similar efficiencies and good levels of deuteration (82-93%
D), levels that were however somehow a bit lower than the ones
obtained for the deuteration at the B-position but still in the
high range and highly competitive with levels of deuteration
that can be obtained with other methods. As for the yields, some
are somehow lower than when using triflic acid, which might be
attributed to the lower acidity of TfOD vs. TfOH. As a practical
note, higher levels of deuteration were attained with freshly
prepared deuterated triflic acid. Importantly, the reductive
deuteration was not affected by the presence of aromatic
substituents that could be competitively protonated by TfOD,
resulting, after deprotonation, in the release of TfOH and
therefore reduced levels of deuteration at the B-position, as
observed only with an especially electron-rich anisole substit-
uent that was partially deuterated in the course of the reaction
and resulted in a reduced (85% D) level of B-deuteration
(13hgg,). In a similar vein, no competing deuteration of the
alkene (13lgg,) or cyclopropane (13mgg,) was noted, the
deuteration being selective for the B position.

We finally focused our efforts on the synthesis of amines
selectively deuterated at both their o and B positions,
compounds that could be obtained using a combination of
deuterated triflic acid and deuterated triethylsilane under our
standard reaction conditions. Results summarized in Fig. 7
show the generality of this process that enables the preparation
of a broad range of selectively deuterated amines - compounds
that can be hardly prepared otherwise — with various protecting
groups, substitution patterns and substituents. As for the
trends in reactivity and deuteration levels, they logically follow
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Fig. 7 Synthesis of selectively a,B-deuterated amines.
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the ones discussed above for the synthesis of a- and B-deuter-
ated amines.

Results from these studies highlight the efficiency and
selectivity of our process for the divergent preparation of
amines selectively deuterated at the a position, B position, or
both. By simply selecting the appropriate deuterated reagent(s),
all these selectively labelled molecules can be prepared in a fully
divergent manner and with high functional group tolerance and
levels of deuterium incorporation. These processes could have
a significant impact in medicinal chemistry, a field in which
amines are ubiquitous, and we therefore decided to apply them
to the synthesis of representative deuterated biologically rele-
vant amines. The corresponding results will be described in the
next section.

Application to the synthesis of deuterated biologically relevant
amines

In an effort to further highlight the synthetic potential of our
divergent and selective synthesis of deuterated amines, we
indeed next envisioned, as a proof of concept, its use for the
synthesis of simple biologically relevant amines selectively
deuterated at the o- and/or B-position(s) with respect to the
nitrogen atom: phenethylamine 17 and dopamine 19 were
selected for this study. Phenethylamine 17 is indeed a mono-
amine alkaloid found in low concentrations in the central
nervous system of mammals. Along with other so-called “trace
amines”, phenethylamine is a major one and is known to act as
a neuromodulator for structurally related classical neurotrans-
mitters such as dopamine 19, norephedrine and serotonin.*
Therefore, trace amines are known to affect the release and
uptake of the latter neurotransmitters and have thus been
linked to psychiatric and neurological pathologies such as
depression, schizophrenia, Tourette's syndrome and Parkin-
son's disease. Accordingly, their use for the development of new
therapeutics has been suggested and highlighted on multiple
occasions.*® Interestingly, the very first example of deuterium
substitution in biologically relevant compounds, dating back to
1961, already described that the metabolism of two trace
amines, p-tyramine and tryptamine, was significantly reduced
when replacing a-hydrogens with deuterium atoms.*” With this
in mind, we envisioned the synthesis of phenethylamine 17
deuterated at the a- and/or B-position(s) from ynamide 9n, itself
readily synthesized by copper-catalyzed cross-coupling of bro-
moalkyne 15 with sulfonamide 16 (Fig. 8). Upon exposure of 9n
to combinations of triflic acid and triethylsilane, deuterated or
not, and subsequent deprotection of the anisylsulfonyl and
benzyl moieties, selectively deuterated phenethylamine 1742,
174> and 17 gaap2 could be obtained in good overall yields and
with excellent deuteration levels of 97 to >99% at the a-position,
and 84 to 95% at the B-position, further demonstrating the
usefulness and versatility of our process for the synthesis of
deuterated amines.

In an effort to go one step further, we next targeted a second
biologically relevant amine, dopamine 19, a major neurotrans-
mitter that also plays a central role in various pathologies. It is
notably involved in Parkinson's disease which is characterized

Chem. Sci., 2021, 12, 1M57-11165 | 11161
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Fig. 8 Divergent synthesis of selectively a-, B- and o,B-deuterated
phenethylamine.

by a progressive loss of dopaminergic neurons, causing
decreasing dopamine levels and therefore a degeneration of
motor skills in affected patients. To date, the most efficient
symptomatic therapy for Parkinson's disease relies on the oral
administration of 1-DOPA (1-3,4-dihydroxyphenylalanine) as
a precursor to dopamine.®® Interestingly, and which further
showcases the importance of selectively deuterated drugs, the
introduction of deuterium atoms at the o- and B-positions of -
DOPA significantly slows down the metabolic breakdown of
deuterated dopamine, thus improving its potency.** Indeed,
and as mentioned in the introduction, the breaking of C-D
bonds during metabolic oxidation is often more difficult than
that of C-H bonds, meaning that the selective deuteration of
bioactive compounds might allow for smaller or less frequent
dosing. In this perspective, we decided to apply our method to
the divergent synthesis of a- and/or B-deuterated dopamine
from readily available dichlorinated ynamide 9o that was
chosen as the starting substrate to avoid a competing deutera-
tion of its electron-rich dimethoxylated analogue with deuter-
ated triflic acid. As shown in Fig. 9, this ynamide 9o was readily
converted into selectively deuterated amines 130442, 13044, and
13044252 With good yields and deuteration levels of =99% at the
a-position and ranging from 87 to 94% at the B-position.
Installation of the methyl-protected catechol moiety by a palla-
dium-catalyzed Buchwald-Hartwig cross-coupling*® and subse-
quent deprotection of the anisylsulfonyl, benzyl and methyl
ether moieties next afforded selectively deuterated dopamine
194a2, 19452 and 194454, Without affecting deuteration levels,
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Fig. 9 Divergent synthesis of selectively a-, B- and a,B-deuterated
dopamine.

further highlighting the versatility and efficiency of our
modular synthesis of deuterated amines.

After having successfully developed a straightforward and
divergent access to o- and/or B-deuterated amines and applied
it, as a proof of concept, to biologically relevant amines
including phenethylamine and dopamine, we finally wanted to
briefly evaluate the possibility of extending this strategy to the
synthesis of selectively deuterated alcohols and ethers.

Extension to the synthesis of selectively deuterated ethers

In order to illustrate the generality of our method, we indeed
envisioned that our strategy could be extended to other heter-
oatomic molecules and building blocks starting from other
heterosubstituted alkynes. With this goal in mind, ynol ether
21, readily obtained in a single step from commercially avail-
able ethyl ethynyl ether 20, was subjected to our standard
conditions and gratifyingly gave the corresponding selectively
deuterated ethers 22442, 2248, and 22442z, With good to excel-
lent levels of deuteration (Fig. 10). In this case, lower yields were
however obtained due to the formation of an ester side-product
resulting from the hydrolysis of the intermediate ketenium ion.
This side-product could however be easily removed by simply
subjecting the crude reaction mixture to saponification condi-
tions and subsequent acid-base wash. Despite lower yields,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Divergent synthesis of a-, B- and a,B-selectively deuterated
ethers.

these examples again still highlight both the strong selectivity,
as no residual deuteration was observed at untargeted posi-
tions, and versatility of this method. Other heterosubstituted
alkynes such as thioynol ethers and bromoalkynes were
however found to be reluctant substrates for this
transformation.

Conclusions

In conclusion, we have developed a simple, user-friendly and
general synthesis of amines selectively deuterated at their
o and/or B positions. Upon simple treatment of readily available
ynamides with a mixture of triflic acid and triethylsilane, either
deuterated or not, a range of amines can be smoothly obtained
with high levels of deuterium incorporation. Notable features of
this process, for which we envision great acceptance due to the
major and growing importance of selectively deuterated
amines, particularly in medicinal chemistry, include its versa-
tility, its generality and its user-friendliness. The extension of
this process to the synthesis of selectively deuterated ethers and
its use for the preparation of biologically relevant amines such
as phenethylamine and dopamine, deuterated with surgical
precision at their o and/or B positions, further highlight the
potential of this rather unique method involving moreover an
underrated novel domino keteniminium/iminium activation.
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