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ABSTRACT: Deuterated compounds used in drug discovery and live-cell imaging have recently gained the attention of
various scientific fields. Although hydrogen-deuterium (H/D) exchange reactions are straightforward deuteration methods,
achieving perfect chemoselectivity is challenging. We report the highly chemoselective deuteration of a-thio C(sp3)-H
bonds using a thioxanthone or anthraquinone organic photocatalyst bearing an aromatic ketone skeleton and D.O as an



inexpensive deuterium source under 390 nm irradiation. Notably, deuterium incorporation at the a-positions of O/N atoms,

benzylic positions, and aromatic rings was not observed. The
present chemoselectivity was accomplished via a single electron
transfer mechanism between the photocatalyst and S-contain-
ing substrates, as proven by laser-induced time-resolved transi-
ent absorption spectroscopic measurements. Furthermore, the
proposed deuteration method could be applied to various S-con-
taining substrates including pharmaceuticals and biologically
active compounds with high regioselectivities. The available
deuterated compounds as novel deuterated alkylation reagents
for future drug discovery and as materials for Raman imaging
were also demonstrated.
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INTRODUCTION

Deuterium (D) is a stable and nonradioactive isotope of hydrogen (H),
and deuterated compounds can be handled in a standard laboratory
without special permission, handling licenses, or radiation safety
measures. Compared to the synthesis of other isotopes (3C, N, etc.)-
substituted compounds, the incorporation of deuterium (H/D) ex-
change reaction) has numerous advantages in terms of ease, speed,
and lower cost. Therefore, deuterated compounds have recently
gained significant attention in various scientific fields such as: (1) the
study of drug discovery including deuterated drugs (heavy drugs), in-
ternal standards for bioanalysis, identification of metabolites, and
quantitative proteomics'®; (2) elucidation of life phenomena as tags,
employing techniques such as Raman spectroscopy, magnetic reso-
nance, and mass analysis#7-9; (3) improving the functionality of mate-
rials to extend the lifespan of light-emitting diodes in organic electro-
luminescent devices®; (4) changing the properties of fragrance"; (5)
and research regarding organic chemistry, such as the analysis of the
reaction mechanism, and simplification of 'H NMR, and protecting
groups, utilizing the properties of stable C-D bonds.**> Specifically,
heavy drugs have gained considerable attention; for example, deu-
tetrabenazine and deucravacitinib, which are prepared from commer-
cially available CDj; sources, were recently approved as heavy drugs by
the Food and Drug Administration (Figure 1A). The deuterium switch
(replacement of C-H bonds with C-D bonds) at the metabolic sites of
drugs improves the bioavailability of mother drugs (H forms) owing
to the deuterium kinetic isotope effect (KIE) and the stronger stability
of C-D bonds than C-H bonds. Therefore, the development of practi-
cal deuteration protocols is highly significant and in high demand.

H/D exchange reactions are powerful and straightforward methods
for the direct synthesis of deuterated compounds.37® However, highly
selective H/D exchange at the desired reaction sites in the presence of

numerous reactive functional groups is difficult to achieve. Therefore,
LiAID, and NaBD, were used as reliable reductive deuteration rea-
gents to incorporate deuterium atoms only at the metabolic sites of
bioactive compounds for the study of drug discovery; however, these
reagents are expensive and moisture-sensitive. In previous studies, 1-
d>-ethylamine (CH;CD.NH,) and 1-d>-phenethylamine
(PhCH.CD.NH.) were prepared from their corresponding nitrile sub-
strates to synthesize deuterated bioactive compounds (Figure 1B).19>
Furthermore, sulfur (S)-containing molecules are highly significant
owing to their versatile chemical properties, important bioactivities,
and essential roles in various biological processes. For example, me-
thionine, which bears a methylthio (S-Me) moiety, is a critical amino
acid for growth and tissue repair in humans, and many S-containing
substituents are present in bioactive compounds and peptide drugs.>~
24 Moreover, their deuterated forms have been utilized in various sci-
entific fields. For example, homocysteine-ddhC-d., bearing deuterium
atoms at the a-position of the S atom, was synthesized via the reduc-
tive deuteration of carboxylic acid using NaBD, and subsequent nu-
cleophilic substitution using a thiol (Figure 1C).>> The H/D exchange
reaction at the a-thio C(sp3)-H bonds was also reported using Ru/C
under an expensive D, gas atmosphere at 60 °C for 3 days (Figure 1D).2¢
This pioneer works can be applied to various substrates, including
drugs. Because the S atom is known to poison transition metal cata-
lysts, the deuteration efficiency was low, and a long reaction time was
required; furthermore, the regioselectivity remained problematic.
Therefore, the development of selective H/D exchange at the o-thio
C(sp?)-H bonds under metal-free conditions using an inexpensive
deuterium source remains challenging and is eagerly desired, and the
application to synthesis of the deuterated alkylating reagents®, de-
rived from deuterated products resulted by H/D exchange reaction,
are also demanded.
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Figure 1. Utilization of deuterated compounds and their syntheses.

Photocatalytic H/D exchange at the C(sp3)-H bond is a valuable deu-
teration method considering the mild reaction conditions and good
site-selectivity.’> MacMillan developed the pioneering photocatalytic
deuteration method at the a-amino C(sp3)-H bonds using 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) as a photore-
dox catalyst in the presence of thiol and D.O via a single electron
transfer (SET) mechanism in 2017 (Figure 2A, left).”” The deuterations
of a-oxy C(sp3)-H bonds*®*, a-amino C(sp3)-H bonds**3?, formyl
groups®7°, and Si-H bonds?” under photo-irradiation conditions were

subsequently reported. In the substrate scope of the deuteration of

formyl C-H bonds using tetrabutylammonium decataungstate
(TBADT) as a hydrogen atom transfer (HAT) catalyst (Figure 24,
right), the deuteration of the a-position of the S atom on 4-(methyl-
thio)benzaldehyde has been reported. However, the deuteration ef-
ficiency of the methylthio group was moderate, and there was less se-
lectivity between the formyl and methylthio groups. To address this,
we investigated the photocatalytic and selective H/D exchange reac-
tion of a-thio C(sp3)-H bonds using D.O as an inexpensive deuterium
source.

The choice of an appropriate photoredox catalyst3%3° is important for
achieving a highly regioselective deuteration via a-thio alkyl radicals
generated from S-alkyl substrates+-# (Figure 2B). When using a HAT
catalyst (e.g., TBADT4#+4), the reaction sites generally depend on the
difference in the bond dissociation energy (BDE) of the C-H bonds.+”
For example, 4-(methoxythio)anisole (1) is assumed to convert to 1-de
resulting from the non-selective deuteration of methoxy and methyl-
thio groups owing to the similar BDEs of o-thio C(sp3)-H (95.2
kcal/mol) and a-oxy C(sp3)-H (97.0 kcal/mol) (Figure 2B-1; our den-
sity functional theory (DFT) calculation is described in the Supporting
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Information, section 7). The BDE values (literature data+®) also indi-
cate that the selective deuteration of o-thio C(sp3)-H bonds in the
presence of the benzylic position*-' and a-positions of O/N at-
oms*4273°32 js difficult to achieve under HAT reaction conditions be-
cause there is no significant difference between their BDEs (Figure 2B-
1, bottom). Alternatively, deuteration via the SET mechanism has the
potential to achieve the desired selectivity for the deuteration of 1 to
1-d; because the S atom is known to be more easily oxidized than the
O atom (Figure 2B-2). For deuteration via the radical cation interme-
diate C generated via SET using a photoredox catalyst such as acri-
dinium salt (Mes-Acr*ClO,4)5* and dicyanoanthraquinone (DCA) as a
one-electron oxidant, the deprotonation using the additional base is
essential to form the radical intermediate A. These independent roles
of SET and deprotonation, derived from each reagent, are assumed to
reduce the efficiency of deuteration because 1 may be reproduced
from C if the deprotonation step is not sufficiently fast. Conversely,
we hypothesized that aromatic ketone photocatalysts can act as both,
one-electron oxidants for the reaction of 1 to C and proton acceptors
to facilitate the deprotonation (proton transfer (PT)) of C to A+, and
the subsequent incorporation of deuterium can provide the desired
deuterated S-containing products. Based on these concepts, we devel-
oped a new highly selective H/D exchange reaction at the a-thio
C(sp3)-H bonds without deuteration of the a-position of the O/N at-
oms, benzylic positions, or aromatic rings using thioxanthone- and
anthraquinone-bearing aromatic ketone skeletons as organic photo-
catalysts> (Figure 2C). Additionally, the SET mechanism and applica-
tions for further transformation of the obtained deuterated products
were elucidated.
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Figure 2. Concept of selective H/D exchange at a-thio C(sp3)-H bonds.

RESULTS AND DISCUSSION

Based on our concept (Figure 2B-2), the selective deuteration of 4-
methoxythioanisole (1) as a model compound was successfully accom-
plished using aromatic ketone photocatalysts (PCs) in the presence of
2,4,6-triisopropylbenzene thiol (2,4,6-(i-Pr);CsH.SH) as a deuterium
atom transfer (DAT) catalyst>73537 in the mixed solvent of 1,2-dichlo-
roethane (1,2-DCE) and D.O under 39o-nm irradiation (Figure 3, en-
tries 1-5; details regarding optimization of the reaction conditions are
described in the Supporting Information, Section 3). Screening of the
aromatic ketone photocatalysts determined that thioxanthone (TX)
was the most optimal catalyst providing the desired 1-d; with an 85%
yield, as well as 96% D content and perfect selectivity for the a-thio

C(sp3)-H bonds after 24 h (entry 1). Anthraquinone (AQ) and benzo-
phenone derivatives (BPs) were also suitable catalysts; however, their
deuterium contents were moderate (entries 2-5). As expected (Figure
2B-1), the use of TBADT (Ered” = ca. 2.44 V vs SCE)>* as the HAT catalyst
resulted in less selectivity with or without TBAB, and the deuterium
content at the a-oxy C(sp3)-H bond was lower than that at the a-thio
C(sp3)-H bond, depending on the difference in their BDEs (entries 6
and 7). The combination of the photoredox catalyst (Mes-Acr*ClO, or
DCA) and NaHCO; as a base gave no deuterated product (entries 8-
10), likely because the reverse reaction of C to 1 was preferable for the
deprotonation of C to A by the additional base (see Figure 2B-2). Ad-
ditionally, the combination of DCA and TBAB was ineffective (entry



11). Under these reaction conditions, the cleavage of S-alkyl bond may
occur as a side-reaction.ss However, the corresponding byproducts (4-

methoxythiophenol etc.) were not observed. The details of byproducts
are not unclear.
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Figure 3. Screening of photocatalysts in the chemoselective H/D exchange reaction.

To further demonstrate the selectivity of our photocatalytic deuter-
ation, a 1:1 mixture of thioanisole (2) and anisole (3) was used under
the optimal reaction conditions. As a result, only thioanisole was deu-
terated, whereas anisole remained undeuterated, highlighting its ex-
cellent selectivity for H/D exchange at the a-thio C(sp3)-H bonds (Fig-
ure 4A). Subsequently, the one-electron oxidation potentials of thi-
oanisole and anisole were electrochemically determined to be Eox =
1.36 and 1.67 V vs saturated calomel electrode (SCE), respectively (Fig-
ure 4B, see the details in the Supporting Information, Section 4). The
one-electron reduction potential at the singlet excited state of thi-
oxanthone ('TX"; * denotes the excited state) was 'E'red = Ered +'E" =
1.64 V vs SCE, as calculated from the one-electron reduction potential
at the ground state (Ered = -1.55 V vs SCE) and the singlet excited en-
ergy ('E" = [1/Aabs + 1/20]/2 = 319 eV) determined from experimental
results of the absorption (Labs = 372 nm) and fluorescence maxima (Aa
= 405 nm). The free-energy change of the photoinduced electron
transfer from the thioanisole to the singlet excited state of thioxan-
thone was negative (4Get = Eox — 'E'red = —0.28 €V), indicating that SET
is energetically feasible. In contrast, the electron transfer oxidation of
thioanisole with the triplet excited state of thioxanthone (3E"red = 1.14
V vs SCE) is thermodynamically unfavored.

To clarify the details of the reaction mechanism, we examined the key
intermediates via laser-induced time-resolved transient absorption
spectroscopy (Figure 4C). Triplet-triplet absorption of TX in deaer-
ated 1,2-DCE was observed at 640 nm5®57 by nanosecond laser flash
photolysis at 355 nm (Nd-YAG laser, FWHM = 10 ns) (Figure 4C-i).
The transient absorption spectra in a 1,2-DCE solution containing TX
and thioanisole (1.0 M) revealed the formation of TX radical anion
(TX~; Amax = 360 nm3®), and triplet excited state of TX (3TX") was ob-
served at 640 nm (Figure 4C-ii). The TX radical anion, a unique inter-
mediate formed via the SET mechanism, immediately appeared upon
exposure to laser light at 360 nm, indicating that the photoinduced
electron transfer from thioanisole to the singlet excited state of TX
('TX") occurred within nanoseconds, with a bimolecular rate constant
of 108-10° M s (The absorption band due to 'TX" was not observed
owing to its short lifetime).5% Thus, the initial event of the photoin-
duced formation of the radical intermediate (A) is not HAT, but SET
between the thioanisole and the singlet excited state of thioxan-
thone.ov62

Conversely, the decay rate-constant of 3TX" observed at 640 nm was
2.24 x 10° 87, which is larger than the value in the absence of thioan-
isole (2.48 x 105 s7) (Figure 4C-i vs. 4C-ii). The bimolecular rate con-
stant of the triplet excited state of TX with thioanisole was determined
to be 2.0 x 10° M~ s7, which indicated that it was significantly slower
than the value of SET from thioanisole to 'TX" (108-10° M~ s™). Thus,
this photochemical reaction proceeds via the catalytic deprotonation
pathway with singlet-sensitized SET rather than the triplet-sensitized
HAT or proton-coupled electron transfer (PCET) pathway. To exam-
ine whether the triplet-sensitized proton transfer process at the a-thio
C(sp3)-H bonds influences the reaction rate, we conducted the KIE
experiments using thioanisole-d; (PhSCDj3). Consequently, no signifi-
cant KIE was observed (KIE (H/D) = 1.2) determined from the rate
constants of electron-transfer from PhSCH; (2.0 x 10® M s) and
PhSCD; (1.7 x 10° M~ s7) to 3TX" (Figures Sg and S10), which clearly
supported that HAT and PCET pathways, where hydrogen abstraction
is the rate-determining step, were unfavored. The bimolecular elec-
tron transfer from thioanisole to3TX"is thermodynamically unfavored
due to the positive free energy (AGe: = +0.41 €V) as mentioned above.
Electron transfer may occur in the exciplex with the strong interaction
between thioanisole and3TX" to generate the radical ion pair.

The fluorescence of the 'TX" was observed at 420 nm by the excitation
(Figure Su). Upon addition of thioanisole, the emission intensity of
TX slightly increased with increasing the thioanisole concentration (o
- 2.0 M). The broad emission band, obtained from the difference spec-
trum (Figure Su1), was observed at around 500 nm probably due to the
exciplex between 'TX" and thioanisole. Electron transfer may occur in
the exciplex to generate the radical ion pair, TX~ and the radical cat-
ion of thioanisole. On the other hand, the fluorescence quenching of
DCA with thioanisole was observed as shown in Figure S12. The elec-
tron-transfer rate constant was determined from the Stern-Volmer
constant (26 M™) and the fluorescence lifetime (7 = 12 ns) to be 2.2 x
109 M s7. No deuterated product was formed in the case of DCA-
thioanisole system, fast back electron transfer from DCA™ to the rad-
ical cation of thioanisole efficiently occur to form the original state as
DCA and thioanisole (Figure 3, entry 10).%

In the proposed reaction mechanism, the photoexcitation of TX gen-
erates a singlet excited state of TX (‘TX’), which acts as a strong one-
electron oxidant. Single electron transfer (SET) from thioanisole to



'TX" in the exciplex occur to form a radical cation intermediate C ac-
companied by the radical anion of TX (TX") (Figure 4D). A subse-
quent PT between C and TX"~ produces the o-radical intermediate A
and TX-H. Meanwhile, the thiol catalyst (Ar-SH) is considered to
work as a DAT catalyst. The H/D exchange of Ar-SH with D.O pro-
duces Ar-SD, which serves as the deuterium atom into A to produce

the deuterated product. The TX catalyst is reproduced by SET and PT
between TX'-H and Ar-S'.
Radical clock experiments using the substrate 4, bearing S-cyclo-
propylmethyl moiety, gave the ring-opened product 5-di, which
clearly indicated that the present deuteration proceeded via a--radical
intermediate (Figure 4E).
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Figure 4. Mechanistic studies.

The substrate scope in the H/D exchange reactions at the a-thio
C(sp3)-H bonds was subsequently investigated (Figure 5); TX or AQ

was used as the photocatalyst, resulting in the higher D contents (the
deuteration efficiency depends on the combination of substrate and



catalyst, and details in the Supporting Information, Section 11). Vari-
ous aryl alkyl sulfides (6-16; 4-Br-CsH,-, 4-MeO-CsH,-, phenyl, 2-
pyridyl, 2-pyrimidinyl, 2-thiazyl as the aryl groups, and methyl, iso-
pentyl, phenethyl, cyclopropyl, and isopropyl, etc. as the alkyl groups)
underwent efficient deuteration with high selectivity at the o-thio
Additionally, the methylene moieties of S,0-acetal (17) and S,S-acetal
(18) were also deuterated. The present a-thio C(sp3)-H bond-selective
deuteration method was adapted to dialkyl sulfides (19-23) to produce
the desired products, which were deuterated at two positions on the
neighboring S atoms. Notably, the a-thio C(sp3)-H bond-selective
deuteration of 20-22 proceeded without deuteration of the a-position
of N atom. Additionally, the o,B-unsaturated carbonyl moiety of 22
was tolerant under the present photocatalytic conditions. The o-thio
C(sp3)-H bond-selective deuteration of 23 could be accomplished
without deuteration of the a-position of the ester because the present
deuteration can proceed without an additional base (see Figure 2B).
As illustrated in Figure 2A, the deuteration of 4-(methylthio)benzal-
dehyde (24) using TBADT was less selective and the deuteration effi-
ciency of the formyl group was higher than that of the methylthio
group. Meanwhile, the present photocatalytic method using AQ
achieved a highly selective deuteration of the methylthio group of 24
demonstrating 68% D content, which was improved by repeated re-
actions to provide the desired deuterated product (24-ds) with a high

C(sp3)-H bonds without deuteration of the a-positions of the oxygen
atom, benzylic positions, or aromatic rings. Note, deuteration of the
substrates (10 and 11), bearing numerous a-oxy C(sp3)-H bonds, was
also applicable with a perfect selectivity at the o-thio C(sp3)-H bonds.

D content (98% D)(The increase of photocatalyst and elongation of
reaction time were also effective to get the higher D contents; see Ta-
ble S4). Furthermore, a 1-g scale reaction of 1 was also applicable with-
out any loss of D content (see Figure 3; entry 1). Various bioactive com-
pounds could also undergo the present a-thio C(sp3)-H bond-selec-
tive deuteration. Cysteine (25) and methionine (26 and 27) derivatives
as S-containing amino acids were also applicable; note that the a-po-
sition of the selenium (Se) atom of the selenomethionine derivative
(28) can be selectively deuterated in the same manner as the S atom.
1-Phenyl-1-thio-B-D-glucopyranoside tetraacetate (29) as the glucose
derivative and the precursor of diltiazem (30) underwent deuterium
incorporation while retaining its stereochemistry. For biotin deriva-
tive (31), the a-thio C(sp3)-H bond deuteration proceeded with deu-
teration of the a-positions of the N atom. The low site-selectivity in
the deuteration of 7 and 21 using TBADT clearly indicated that the
present a-thio C(sp3)-H bond-selective deuteration using TX and AQ
via the SET mechanism can be a powerful tool for obtaining desirable
deuterated S-containing products.

TX or AQ a)
R'-S R2 2,4,6-(i-Pr)3CgHoSH R-S R2
HXH 1,2-DCE / D,0 D7<D
390 nm LED (52W), 1t, 24 h
Ar-S-alkyl
) S O.
SCD, W Y\Ph 7(\0/\/0'\/'9 >(\O/\/ Ph
/O/ 87% D D D D D D
Br 93% 9%  MeO 970/ 97% 97%
6-d 7-d; 8-d; 9-d, 10-d, 11-d
65% (AQ) quant. (TX) quant. (TX) 80% (TX) 85% (TX) 95% (TX)
99% 40/
° 94% 79 /0 204) 8%f n 66%
Y O QR QR al, 0k W8
N” SX% 10 Phg g P
12-d, 13-d, 14-d.
- 15-d, 16-d, 17-d
o/ b 2 2 2 2 18-d,
79%P (AQ) 92% (TX) 88% (AQ) 83% (AQ) 71% (AQ) 47%"" (AQ) 74% (AQ)
alkyl-S-alkyl 82% 63%
69% 69% ? & ) b D o 4o
DDDD 71% A)( 57%
43%
19-, O 20 MeO 21-d 22-ds
75% (AQ) 81% (AQ) 82% (AQ) 67% (AQ)
29% (Repeated reaction) ‘ I (1gscale reaction)® !
O pDbDD O | 0 D 95% !
: L SCD; |
o S o M : H  repeated o :
0 1 L 68% L5Peae, g8 trace v i
203-d4 ; D;CS D,CS 3 '+ MeO 3
92% (TX) 3 24-d, 240, 3 ! ) 1-d3 3
: 65% (AQ) 69%° (AQ) | | 73%" (TX) :
bioactive compound derivatives T LT ‘
89%
D S o) 16% 84% 48% 0 OAc
D,;CS
>J\ 3 OBn DsCS OMe DsCSe OMe e}
S OMe D' D NHF D D NHAc DD A%OO SPh
NHAc 34% moe 93% g2% | = aco) 91%
cysteine derivative methionine derivative methionine derivative selenomethionine derivative glucose derivative
25-d, 26-d5 27-ds 28-ds 29-d,
58%" (AQ) 87% (AQ) 33%" (AQ) 69%°9 (TX) 79% (AQ)
0 R e b LR LR ‘
U ' using TBADT and TBAB istead of TX or AQ 3
@[ j? 19% ;N> gN:H 22% : <5% e a0k :
°p p 247 OBn : s cD O DDDD !
o ' 3 o !
- 25% p. H//\/\‘( e WDM% NMSCDSBA ‘
65%P oMe 84%D S Dery O L heco D D cp, N s :
1 9 '
diltiazem precursor biotin derivative ' N 25% D;CO ;
! -ty 21-d, '
30-d, 31-ds ! . <59 ey :
59%¢ (AQ) 30% (AQ) o b4 . ;

a) SM (0.25 mmol), TX or AQ (0.4 mol%), 2,4,6-(i-Pr)3Ce¢H2SH (10 mol%), 1,2-DCE (0.25 mL), D0 (0.46 mmol, 25 mmol) were used. b) NMR yield. ¢) SM (6.5 mmol) was used.

d) DCM was used instead of 1,2-DCE e) using 0.68 mL D,0 f) using 1.38 mL D,0, g) repeated 2 times h) repeated 3 times

Figure 5. Substrate scope in the H/D exchange reactions of a-thio C(sp3)-H bonds.



Finally, utilization of the obtained deuterated products for drug dis-
covery and Raman spectroscopy was demonstrated. For drug discov-
ery, the development of a preparation method (efficient introduction
of the CD; moiety®+% and novel deuterated alkylating reagents®¢ for
drugs, bearing deuterium atoms at the o-position (metabolic sites) of
oxygen and nitrogen atoms, is critical (Figure 1A-1C). 1-d; was con-
verted to CDs-substituted diarylsulfonium salt (32-d;) via m-chlo-
roperoxybenzoic acid (m-CPBA) oxidation of the S atom and activa-
tion using triflic anhydride (Tf.0); 32-d; can be used as a CD;-
introducing reagent for phthalimide potassium salt to produce N-CD;
phthalimide (33-d;) without loss of the D content (Figure 6A-1). Fur-
thermore, deuterated S,0-acetal 17-d. can also act as a deuterated
methylene source; namely, the reaction of 1,2-diol (34) with 17-d. in
the presence of 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) and
dibutylhydroxytoluene (HBT)®” providing the 2,2-dideuterio-1,3-diox-
olane product (35-d.) with a high D content (Figure 6A-2). Addition-
ally, 9-d. and 11-d were used for the late-stage deuterated alkylation
of the drugs (Figure 6A-3). The in-situ preparation of the deuterated
alkyl iodides (D) from 9-d. or 11-d. using CH;I under heating condi-
tions®® and the subsequent addition of sulfamethoxazole or ezetimibe
produced the alkylated drugs (36-d.-39-d.), bearing deuterium atoms
at the a-positions of the nitrogen or oxygen atoms with a high D con-
tent.

Deuterium labels have been used as Raman tags for biological species
such as fatty acids®, amino acids?, sterols”, and glucose’, because
deuterium labeling has a significantly limited effect on biological ac-
tivities, and the C-D bond has a distinct vibrational frequency in the
cell silent-region (1,800-2,700 cm™; range of wavenumbers where the
A) Use as deuterated alkyl reagents

Raman peaks from endogenous intracellular molecules such as pro-
teins and lipids are not observed). For example, methionine-ds in its
fully deuterated form (commercially available) can reportedly be used
to observe the uptake of methionine (a fundamental amino acid es-
sential for a wide range of biological processes, including protein syn-
thesis, cancer metabolism, and epigenetics) in live HeLa cells via stim-
ulated Raman scattering.” However, these deuterated analogs are ex-
pensive and tend to exhibit broad or complex spectra derived from
different C-D bonds, limiting the simultaneous detection of several
compounds. Several peaks were observed in the cell silent-region for
methionine-ds; however, the strongest Raman peak at 2127 cm™ was
used for specific imaging. We speculated that the methionine deriva-
tive developed in this study, 27-ds (methionine derivative deuterated
at the o-position of the S atom), would demonstrate a simpler Raman
peak (DFT calculation of the Raman spectra of 27-ds and its ds- and d;-
analogues also supported this speculation; see Supporting Infor-
mation, Section 14). A Raman analysis of 27-ds demonstrated a peak at
2128 cm™ whereas its non-deuterated analogue 27 did not show a peak
in the cell silent-region (Figure 6B), indicating that deuteration at the
o-thio C(sp3)-H bonds is important for Raman imaging. These results
also suggest that deuteration at the o-thio C(sp3)-H bonds offers the
simultaneous detection of several compounds with different C-D
peaks or other Raman tags, such as alkyne- or nitrile-tags owing to the
simpler spectrum and that deuterated agents for Raman imaging can
be prepared efficiently and at a low cost using the method proposed
in this study.
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Figure 6. Application to further transformation of obtained deuterated products as deuterated alkyl reagents and Raman analysis of deuterated

methionine derivative.

CONCLUSIIONS

We successfully developed a highly selective deuteration method at
the a-positions of sulfur atoms using the thioxanthone or anthraqui-
none photocatalyst and D.O as an inexpensive deuterium source. Im-
portantly, the a-positions of the oxygen/nitrogen atoms, benzylic po-
sitions, and aromatic rings were not deuterated under the present re-
action conditions. The SET reaction mechanism that achieves this un-
precedented regioselectivity was elucidated using laser flash photoly-
sis. This deuteration strategy applies to a range of sulfur-containing
substrates, including pharmaceuticals and biologically relevant com-
pounds. Furthermore, the deuterated products obtained by utilizing
this method can provide novel deuterated alkylation reagents for fu-
ture drug discovery and materials for Raman imaging applications.
These advancements demonstrating the first use of thioxanthone and
anthraquinone in photocatalytic deuteration have the potential for

applications in various scientific and technological fields of deuterium.
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