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Abstract: Isotope labeling, particularly with deuterium
(’H), plays a critical role in drug discovery due to its
ease of incorporation and its potential to switch unwanted
metabolic transformations. Deuterium incorporation can
enhance drug stability, affect pharmacokinetics, and
alter metabolism pathways. Current deuterium labeling
methods focus on hydrogen isotope exchange (HIE), and
typically rely on the use of transition metal catalysis.
Herein, we present a metal-free approach for aromatic
HIE, utilizing photoexcitation in deuterated hexafluo-
roisopropanol (HFIP-d,). By exploiting the enhanced
basicity of excited-state aromatics, this method achieves
selective deuteration at positions often inaccessible by
traditional methods. The approach is efficient and was
demonstrated across a broad number of complex drug
molecules. Transient absorption spectroscopy confirms

the formation of deuterated arenium ions. )

I sotope labeling has profound implications for understanding
chemical reactivity, such as via kinetic isotope effect (KIE)
studies,[') and has also driven significant breakthroughs in
medicinal chemistry and drug discovery.>*! In this context,
deuterium (®H) is the preferred labeling isotope in isotopi-
cally modified drugs as in most of the metabolic processes a
C-H bond must be broken.’*] Due to the higher stability
of the C-D compared to the C-H bond (1.4 kcal mol™!
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difference) enzymatic processes can be modified if metabolic
hot spots are deuterated.’] For example, recent studies have
demonstrated that deuteration at specific aromatic positions
in sorafenibl®! and vismodegibl”! results in improved pharma-
cokinetic and physicochemical properties, such as logP and
metabolic stability, compared to the non-deuterated drugs
(Scheme 1a). Furthermore, the use of deuterium increases
molecular weight, allowing for high-sensitivity detection
via mass spectrometry. This makes deuterium-labeled com-
pounds highly valuable as MS standards in bioanalytical
evaluations, aiding in the identification, monitoring, and
understanding of biochemical processes.!®!

Among various approaches for incorporating deuterium
isotopes into bioactive molecules, 2] the late-stage
hydrogen isotope exchange (HIE) reaction stands out as
an ideal method due to its high atom economy.['>*] HIE
eliminates the need for deuterated synthetic precursors or
the introduction of reactive functional groups for subsequent
isotope incorporation (e.g., deuteration of C—X bonds).
Given the ubiquity of C—H bonds in drug molecules,
achieving chemoselective HIE is necessary, although it
remains a significant challenge.

Homogeneous transition metal catalysis is a prominent
approach for HIE of aromatics, offering high efficiency
and selectivity (Scheme 1b). This strategy typically requires
the presence of directing groups (R = DG) to facilitate
C(sp?)—H activation, thereby controlling the selectivity of the
process.[>1°] Nondirected HIE methods have gained signifi-
cant attention as they can increase substrate generality. These
processes often target sterically more accessible C(sp?)—H
bonds!?*??l or lead to aromatic perdeuteration.[>3-2°]

While the transition metal-catalyzed HIEs are undoubt-
edly useful, the development of metal-free variants would
offer significant advantages, particularly in pharmaceuti-
cal labeling, where trace metal contamination can require
extensive post-reaction purification.[?’-*’l However, achieving
aromatic HIE without a metal catalyst presents a significant
challenge. Deuterated Brgnsted acids have been investigated,
but the low basicity of aromatic moieties necessitates the
use of super acids (pKa < -10, such as TfOD) to generate
a transient deuterated arenium ion.?%3*! Moreover, these
methods exhibit SgAr-type ortho- and para-selectivity and
cannot accommodate acid-labile functionalities.

In this manuscript, we demonstrate that transition
metal-free and Brgnsted-superacid free HIE of aromatics
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Scheme 1. a) Aromatic deuteration can improve pharmacokinetic and
physicochemical properties of drugs. b) Overview of methods for HIE
on aromatics. c) This work uses aromatic photoexcitation to enable HIE
using HFIP-d,.

can be achieved by direct irradiation in deuterated
hexafluoroisopropanol (HFIP-d, ) (Scheme 1c). In this regard,
photoinduced HIE is typically achieved at C(sp®)—H sites due
to the lower bond dissociation energy compared to C(sp?)—H
bonds. Indeed, the deuteration of aromatics under photo-
chemical conditions has been only achieved using “super
reductive” photoredox catalysts via an interrupted Birch
pathway.>! In contrast, our approach leverages photoexcita-
tion to transiently enhance the basicity of the aromaticl3-4!
independently from the redox potential of the substrate. This
feature allows for electrophilic deuteration from a weakly
acidic medium like HFIP-d,. Since the properties of excited-
state aromatics differ significantly from their ground state
counterparts, this method enables the selective labeling of
specific positions that are often elusive to other strategies. This
effectively by-passes the need for DGs or strong steric bias.
At the outset of our work, we were inspired by McClel-
land’s and Shizuka pioneering work on the differing behaviors
of ground-state versus excited-state aromatics in the presence
of proton sources (Scheme 2a).[**1 Specifically, these studies
confirmed that upon photoexcitation, S;-arenes (7,7 *), such
as 1,3-dimethoxybenzene A, underwent protonation by weak
Brgnsted acids like HFIP (pKa = 9.3). This process led to the
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formation of arenium ions (e.g., A—H™), which were observed
and characterized through laser-flash photolysis. According to
this work, since photoexcited aromatics experience a dramatic
increase in basicity, the utilization of weakly acidic deuterium
sources should overcome many of the limitations of ground-
state chemistry with super Brgnsted acids. However, despite
the potential of this photobasicity concept for aromatic
functionalization, is far from being established.

Our approach for transition metal-free photochemical
HIE of aromatics is described in Scheme 2b using 1-OMe-
naphthalene 1 as the model substrate. Direct photoexci-
tation would populate its S; excited-state that has m,7*
configuration.*®! According to Baird’s rules,*'~*! this elec-
tronic state exhibits anti-aromatic character, which increases
its associated basicity.?*34] Hence, the reaction with an
electrophilic deuterium source would relieve excited-state
anti-aromaticity, leading to the formation of a ground-
state deuterated arenium ion 1-H*.[>>°°] This intermediate,
upon deprotonation and rearomatization, would yield either
the deuterated product [?H]-1 or regenerate the starting
aromatic 1. Running the reaction in a deuterated medium
should effectively drive the formation of [?H]-substituted
products.

A potentially valuable aspect of this approach lies in its
selectivity. Indeed, upon photoexcitation, the redistribution
of electronic density around the aromatic ring should alter
the preferred sites of electrophilic deuteration, compared to
traditional thermal SgAr reactivity (Scheme 2¢).-%] In the
case of 1, photoexcitation leads to charge transfer (CT) from
the OMe group to the distal aromatic unit increasing electron
density at the remote C5 and C8. This opens the possibility
of targeting selectively distal aromatic positions that are
inaccessible through thermal or metal-catalyzed processes.

We began studying the feasibility of this approach using
1 and HFIP-d; (CAS: 38701-73—4) under 300 nm irradiation
at room temperature (Scheme 2d). Gratifyingly, we observed
high deuterium incorporation, predominantly at the distal
C5 position, along with moderate incorporation at C4 and
C8, in quantitative yield. Crucially, under these conditions
no C2 deuteration took place, despite its intrinsically acti-
vated nature (ground state). The reaction performed equally
well under air, supporting the hypothesis that deuteration
occurs from the S; excited-state. Interestingly, to the best of
our knowledge, the selectivity displayed by this process is
orthogonal to all other reported HIE strategies.

Other deuterated solvents, such as AcOD or TFE-d,,
provided a lower degree of incorporation, while the signifi-
cantly less acidic MeOD-d, resulted in no D-incorporation.
Interestingly, mixtures of non-deuterated HFIP with D,0O,
MeOD-d,, or AcOD still facilitated deuteration, though with
reduced efficiency. Notably, when D,O was combined with a
nonacidic solvent, such as CH;CN, no HIE occurred, further
confirming the crucial role of the medium in achieving high
reactivity. Additionally, the amount of HFIP-d; could be
reduced to 47 equivalents (0.2 M) without compromising the
resulting HIE.

We then briefly evaluated the generality of the process
using other aromatics. Unprotected 1-naphthol (2) and 1-
naphthylamine (3) exhibited similar reactivity, favoring C5
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Scheme 2. a) McClelland experiments by laser-flash photolysis. b) Proposed mechanism for photochemical HIE. c) Change in aromatic basicity upon
charge-transfer. d) Optimization of the photochemical deuteration of 1 and other selected examples. 2 4 = 300 nm. > A = 370 nm. € 1 = 254 nm.

HIE. This approach also allows for the tolerance of acid-labile
functionalities, such as N-Boc group (4).

An intrinsic limitation of this methodology is its reliance
on electron-rich aromatics. This is due to the requirement
of the CT to increase the electron density at the 7 system.
Contrarily, the presence of electron-withdrawing groups
prevents deuteration due to CT from the aromatic moiety
to these functionalities. Nevertheless, we successfully applied
it to 1-ethyl-naphthalene (5), although naphthalene itself
remained unreactive. We then screened benzene derivatives,
successfully extending the chemistry to aniline derivatives 6
and 7 as well as 3-Me-indole (8). In this latter case, HIE
took place preferentially at the C4 and C7 positions, which
would be difficult to target by methods based on alternative
activation pathways. Crucially, no background reactivity was
overserved upon treatment of these derivatives (1-8), as well
as the ones reported in Scheme 4, in HFIP-d; in the dark.[*’]
This means aromatic deuteration is the exclusively result of
basicity increase upon photoexcitation. In the case of 3 and 7,
thermal HIE occurred but with different site selectivity (see
the Supporting Information for more details).

To provide direct evidence of the generation of deuterated
arenium intermediates, we performed transient absorption
spectroscopy (TAS) studies (Scheme 3a—f). Upon irradiation
at 266 nm of 1 in HFIP, we detected the formation of 1-
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H™*, which showed two absorption bands with identical decay
(r ~ 1600 ns) centered at A = 360 and 550 nm. The use
of HFIP-d; resulted in an almost identical transient (1-
H*), which however showed a slightly shorter lifetime (r ~
1300 ns) (Scheme 3a and b).[4+]

To further demonstrate the unique effectiveness of HFIP
to lead to aromatic protonation/deuteration (see Scheme 2d),
we performed identical TAS experiments using MeOH as
the solvent. In accordance with the synthetic experiments,
arenium ion formation (1-H") did not take place and
photobleaching was observed below 400 nm (absorption of 1
in the ground state) (Scheme 3a and b).

Similar TAS experiments were also run for 8 in both HFIP
(Ar and O;) and MeOH. The TAS in MeOH shows two bands
centered at 320 and 520 nm which belong to the formation
of the radical cation 8 (v ~ 17 ps) (Scheme 3c).[*¢*] In
contrast, experiments run in HFIP revealed the formation of
a new transient showing two main absorption bands centered
at & = 339 nm and 400 nm. Following the decay traces at 339
and 440 nm it was possible to observe overlap of two species
(Scheme 3d and ¢) corresponding to the areniums 8-H* and
8-H, which are in equilibrium!*’! (note that the same species
protonated at C7 should be also present in solution, leading
to the same transient signal, not shown). These measurements
were run under both Ar and O to give the same absorption
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Scheme 3. a) Transient absorption spectra for 1 (150 yM) in HFIP, HFIP-d;, or MeOH as solvents under Ar. b) Corresponding decay traces monitored

at 550 nm. c) Transient absorption spectra of 8 (150 pM) in HFIP or MeOH

as solvents under Ar, and in HFIP under O,. d) Transient absorption

spectra of 8 (150 pM) in HFIP at different time intervals under Ar. e) Contour plot of the full 2D transient absorption data set of 8 (150 pM) in HFIP

under Ar. f) Corresponding decay traces monitored at 339 and 440 nm (inse

profile, thus ruling out the intermediacy of triplet or radical
intermediates. These two species had rather different decay
profile with 7(8-H) ~ 17 ps and 7(8-H") ~ 800 ps (Scheme 3f).

Our optimized conditions for HIE involve the irradiation
of aromatics in HFIP-d; at room temperature, under air, and
without the need for stirring. Additionally, chromatographic
purification is generally unnecessary, making this a practical
and straightforward protocol for the selective deuteration
of aromatic compounds. With these conditions in hand,
we decided to benchmark the reactivity across a series
of pharmaceutically relevant and structurally complex
molecules. As we will discuss, our method typically offers
deuteration selectivity that is orthogonal to other strategies.

We began by evaluating several naphthalene-containing
drugs (9-11) (Scheme 4). In line with our optimization
results, propranolol (9), dapoxetine (10), and naftopidil (11)
demonstrated efficient HIE with strong selectivity for the
distal C5 position and tolerance of polar groups such as
free alcohol and amines (primary, tertiary, and aniline).
Naftopidil (11), in particular, exhibited selective HIE of the
naphthalene core over the ortho-disubstituted benzene sub-
stituent, likely due to its higher absorbance at the irradiation
wavelength.

Angew. Chem. Int. Ed. 2025, 64, 202500627 (4 of 7) © 2025 The A

t: decay of 8 in MeOH at 500 nm).

Next, we explored the HIE of electron-rich benzene
derivatives, given the ubiquity of these motifs in pharma-
ceutical and agrochemical products. Notably, approximately
60% of small-molecule drugs approved by the FDA in
2020 contained a phenolic-type group.[°'l Mephenesin (12)
exhibited high and selective C6 deuterium incorporation,
demonstrating tolerance of a free 1,2-diol functionality,
which would typically undergo rearrangement or other side
reactions under acidic conditions. Methocarbamol (13) and
rolipram (14) also showed compatibility with carbamate and
lactam functionalities, as well as 1,2-dialkoxy aromatic sub-
stitution patterns, which are generally unstable under acidic
photolysis due to competitive hydrolysis.[>®*] Empagliflozin
(15), which contains two aromatic units and a glucose residue,
underwent selective HIE of the most electron-rich arene,
specifically at the position ortho to the ether substituent.
Dopamine*HCI (16) underwent moderate deuteration, pref-
erentially at CS. It is worth noting that amines do not need to
be used as hydrochloride salts for HIE, as demonstrated by
dropropizine (17), which underwent efficient perdeuteration.
Control experiments confirmed that all HIE processes were
photochemically driven (see the Supporting Information for
more details).
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Scheme 4. Reaction scope for the photochemical deuteration of aromatics. 2 300 nm. ® 254 nm, 94 equiv. HFIP-d;. € 254 nm. 9 254 nm, HFIP/D,0
(7/3, 0.1 M). © 310 nm. f 370 nm. 2H incorporation was determined by "H NMR spectroscopy and further confirmed by HRMS.

ParoxetinesHCI (18), which contains two aromatic groups,  our method led to selective functionalization at C6 of the
provided an interesting selectivity outcome compared to  more electron-rich ring. Moreover, protecting the piperidine
literature reports. Previous methods based on [Ir],[% [Fe],[*!  with a 1-naphthyl group (19) shifted the selectivity, directing
[Co],[®] and [Ni]l®] catalysis generally result in unselective  deuteration to the C5 position of the naphthalene unit.
labeling of both aromatic rings or target positions activated  Dehydroabietic acid (20), a complex terpene-like structure
by the fluorine atom and [1,3]dioxole group. In contrast, with a free carboxylic acid and three aromatic positions,
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underwent selective C8 deuteration, albeit with moderate
efficiency.

We also revisited the deuteration of imipramine (21)
and estradiol-17-valerate (22), which have been previously
studied.l?0306467] In the case of imipramine, our method
enabled preferential deuteration at C4 and C6 positions.
Estradiol-17-valerate displayed striking orthogonal selectiv-
ity, with complete C4 deuteration—a notable divergence
from the selectivity observed with superacids,*’! [Fe]l®”] and
[Pd][?] catalysis, and recent photoredox methods.[*

We then evaluated indole-containing pharmaceuticals.
Melatonin (23) and serotonin (24) underwent effective
aromatic perdeuteration with high and moderate efficiency,
respectively. L-Tryptophan (25), which has been extensively
studied for deuteration, showed a promising outcome: while
[Fe] catalysis!®’! leads to selective C2 deuteration and super
Brgnsted superacids*’! and [Pd] catalysis/®’! are unselective,
our method favored C4 (95%) and C7 labeling. Interestingly,
embedding L-tryptophan into a dipeptide system (26) main-
tained high C4 selectivity, with C2 labeling instead of C7. This
example also showed tolerance of a thioether motif.

Furthermore, vincamine (27), tadalafil (28), and reserpine
(29) showcased the orthogonal selectivity of our method
compared to mainstream approaches. For instance, treatment
of vincamine with Brgnsted superacids/*’! results in unselec-
tive deuteration, whereas our method exhibited exclusive C4
selectivity. [Ir] catalysist®! targets C5, C6, and C7 of the indole
moiety and C3 of the benzodioxole group in tadalafil, but our
method shifted selectivity to C4 and C7. Lastly, treatment of
reserpine with [Pd] catalysis/?’! generally targets C4 and CS,
but our approach diverted selectivity to C7 and CS5.

This study demonstrates a novel, metal-free method
for the selective deuteration of aromatic compounds using
photoexcitation in deuterated HFIP-d;. By harnessing the
unique properties of singlet excited-state aromatics, this
approach enables HIE avoiding the use of transition metal
catalysts or superacids. The method achieves high selectivity,
particularly at positions that are challenging for other strate-
gies, and exhibits broad substrate compatibility, including
complex pharmaceutical molecules. This technique offers
significant advantages for drug development and isotope
labeling, providing a practical and efficient alternative for the
selective incorporation of deuterium into complex molecules.
Future efforts will be needed to enhance the overall labeling
efficiency, ensuring this process becomes viable for the
preparation of of MS standards.

Supporting Information

Characterization for all new labeled compounds; additional
experimental details; photophysical measurements; materials
and methods, including photographs of experimental setups
are included in the Supporting Information file.
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