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The deuterium labeling has garnered significant interest in drug discovery due to its critical role on im-
proving pharmacokinetic and metabolic properties. However, despite its pharmaceutical value, the general
and rapid syntheses of aromatic scaffolds that contains deuterium remain an important yet elusive task.
State-of-the-art approaches mainly relied on the transition metal-catalyzed C-H deuteration via the as-
sistance of directing groups (DGs), which often suffered from over-deuteration and lengthy step counts
required for installation and/or removal of DG. Herein, we report a generalizable synthetic linchpin strat-
egy for the facile preparation of the ortho-deuterated aromatic core. Through capture of aryne-derived
1,3-zwitterion with heavy water, we synthesized an array of ortho-deuterated aryl sulfonium salts. These
novel linchpins not only participated the transition metal catalyzed cross-coupling reaction as nucle-
ophiles, but also served as aryl radical reservoirs under photochemical or electrochemical conditions,
enabling facile and precise access to structurally diverse deuterated aromatics. Moreover, we have dis-
closed a novel EDA complex enabled direct arylation of phosphines under visible-light irradiation, further

expanding the utility of our platform approach.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Deuterated compounds have found wide applications in organic
synthesis [1-4], fundamental biology [5-7], drug/agrochemical de-
velopment process [8,9], and medical imaging [10-12]. In particu-
lar, the incorporation of deuterium into bioactive molecules have
emerged as a powerful tool for medicinal chemists, as it can often
dramatically improve the metabolic and pharmacokinetic proper-
ties [13,14]. In 2017, Austedo (deutetrabenazine) was approved by
the US Food and Drug Administration as the first deuterated drug
[15,16], which has been further stimulating the research on the
direction of D-incorporation [2,17-38]. In this vein, a wide array
of D-labelling techniques has been developed in recent years with
particular success in hydrogen isotope exchange (HIE) reactions of
aromatic substrates utilizing catalytic or stoichiometric amount of
transition metal such as Ir [39-44], Pt [45-48], Pd [49-53], Rh [54-
59], Ru [60-64], etc. [65-70]. Despite these progresses, the over-
deuteration and installation and/or removal of DGs are often in-
evitable. Indeed, the precise control of both the labelled position
and the degree of deuteration can greatly affect the physicochem-
ical and biological properties of deuterated compounds [3,5-7]. As
such, the selective incorporation of deuterium at aromatic ring re-
mains to be a significant yet challenging task.
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Recently, sulfonium chemistry in particular aryl thianthrenium
salt, has emerged as a powerful tool in modern organic synthe-
sis [71-81]. In general, aryl thianthrenium salts can participate in
both transition metal-catalyzed cross-coupling reactions as the aryl
electrophiles [82-89] and photoredox/electrochemical radical reac-
tion as the aryl radical reservoirs [78,90-96]. Moreover, the thi-
anthrenation of aromatics could be achieved via direct C-H acti-
vation with corresponding sulfoxides that most of these reported
protocols displayed excellent chemoselectivity by combining elec-
tronic effect and steric effect together. These progress indeed also
empowered site-selective or even late-stage functionalization to-
ward complex real-world targets, which should be beneficial to-
ward medicinal chemistry efforts [71-81]. In addition, C-I bond
cleavage (nucleophilic substitution) [97-99] or C-M bond activa-
tion (Chan-Lam coupling) [100] was also disclosed to install the
thianthrenium group (Scheme 1).

In view of the rapid progress of aryne chemistry [101-131] and
our interests in sulfonium zwitterion [77,132-140], we wonder if
we could prepare ortho-deuterated aryl thianthrenium salts, and
leverage them as a novel class of linchpin to access deuterated
aromatic derivatives via versatile downstream derivatization. In-
deed, our group and others have demonstrated the employment
of aryne species to achieve the vicinal functionalization of arenes
with neutral nucleophiles in a variety of transformations. As such,
we sought to find the suitable “D*” source to drive the capture
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Scheme 1. Background and working hypothesis.

of sulfonium zwitterion that were in situ formed. This idea should
allow us to control the deuteration selectivity, thereby address-
ing the aforementioned over-deuteration issues. However, there are
two major concerns associated with our working hypothesis. On
one hand, the sulfide addition step was kinetically unfavorable,
and the solvent molecules or the counterion in D-source may di-
rectly couple with the highly reactive aryne species in a competi-
tive pathway. On the other hand, ortho-sulfonium aryl anion inter-
mediates should be thermodynamically unstable, which have been
recently discovered as aryne precursors by Stuart and co-workers
[141]. Despite these challenges, we herein would like to report
the success execution of the abovementioned ideas, and present
a linchpin-based platform strategy for facile preparation of ortho-
deuterated aromatic derivative from corresponding easily avail-
able aryl sulfonium salts. Our user-friendly protocol substitution
reactions, over 45 representative ortho-deuterated aryl employed
cost effective heavy water as the deuterium source, and empower
the precise selectivity control. With the downstream derivatization
toolkit including transition metal catalysis, photo/electrochemical
methods as well as nucleophilic derivatives could be readily ac-
cessed in good structural diversity and deuterium incorporations,
part of which could be difficult to be obtained by existing methods.
Additionally, an operationally simple phosphine arylation reaction
was achieved via electron donor-acceptor complex photoactivation.

We initiated the reaction condition optimization using thi-
anthrene (1a), Kobayashi aryne precursor (2a) and “D*” source
(3) as the model substrates (Table 1). At first, a series of fluoride
source including potassium fluoride (KF), cesium fluoride (CsF),
tetrabutylammonium fluoride (TBAF) and tetrabutylammonium di-
fluorotriphenyl silicate (TBAT) were examined, among which CsF
was surprisingly superior to give the desired product in 89%
yield and 98 % deuterium incorporation (entries 1-4). Reducing the
amount of D,0 would lead to a decrease of deuterium incorpo-
ration whereas a high loading of D,0 also failed to increase ei-
ther the yield or deuterium incorporation (entries 5 and 6). We
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Table 1
Reaction condition optimization of synthesis of ortho-deuterated arylthianthrenium
salts.?

; ~s
©:Sj© @[TMS CsF, MeCN &
+ + D ————
s ort 60°C, 36 h @D

OTf

1a 2a 3 4a

Entry “F-"[Solvent 3 (equiv.) Yield® (%) [D (%)]°
1 KF/18-C-6/THF D,0 (10) trace

2 CsF/MeCN D,0 (10) 89 [98]
3 TBAF/THF D,0 (10) trace

4 TBAT/THF D,0 (10) trace

5 CsF/MeCN D,0 (6) 75 [82]
6 CsF/MeCN D,0 (25) 84 [98]
7 CsF/MeCN D,0 (160) trace

8 CsF/MeCN CDCl; (10) 63 [87]
9 CsF/MeCN CD5;0D (10) trace
10 CsF/MeCN CD3COCDs (10) trace
114 CsF/MeCN D,0 (10) 78 [95]
12¢ CsF/MeCN D,0 (10) 55 [98]
13f CsF/MeCN D,0 (10) 90 [93]

2 Reaction conditions: 1a (0.1 mmol), 2a (0.25 mmol), “F” (0.25 mmol), solvent
(0.3mL), “D*” source, N;, 60°C, 36 h.
Isolated yield.
Determined by 'H NMR.
CH3CN (0.15mL).
30°C.
80°C.

- e a n o

discovered that further increasing the loading of D,0 resulted a
heterogeneous reaction, which also failed to increase the yield of
4a as the competitive reaction took place to afford phenol byprod-
uct from D,0 and aryne precursor (entry 7). Further screening of
other D* source indicated that chloroform-d (3b) methanol-d,4 (3c),
and acetone-dg (3d) gave less satisfying reaction outcome (entries
8-10). Increasing the concentration has a negative effect on this
transformation, leading to a slightly lower chemical yield of 78%
(entry 11). Different reaction temperature also showed no improve-
ment on the reaction outcome (entries 12 and 13).

With optimal conditions described in Table 1, we then ex-
plored the substrate scope with various aryne precursors and
sulfides (Scheme 2). To our delight, symmetric aryne precursors
that incorporate a wide range of functional groups, were well-
tolerated, leading to the corresponding deuterated arylthianthre-
nium salt products (4a-4f) in 55%—89% yields along with high
level of deuterium incorporations (92 %—98% D). In addition, the
transformation with polycyclic arynes also proceeded smoothly,
leading to naphthyl and phenanthryl-based products 4e (92% D)
and 4f (98% D) in 55% and 78% yield, respectively. In accordance
with the distortion/interaction model disclosed by Garg, Houk and
colleagues [142], the utilization of 3-substituted benzyne deliv-
ered single regioisomer product of 4g-4i. To our surprise, when 4-
substituted aryne were investigated for this three-component re-
action, a unprecedently high regioselectivity was observed for 4k
and 41, whereas 41+4I’ was obtained as a 1:1 mixture. Further
studies on extending the scope to 4m and 4n were also performed
to afford the desired deuterated sulfonium salts in 96% and 65%
yield (both 95% D-incorporation), respectively. Di-p-tolyl sulphide
and phenoxathiin was also discovered to be amenable, leading to
4m with 4n with similar level of D-incorporation, both of which
have been reported as synthetic handle for downstream trans-
formations [143,144]. For 2,3-pyriydne, the direct two-component,
nucleophilic addition of heavy water took place instead, leading to
the 40 in 48% yield and 96% deuterium incorporation.

Next, we further demonstrated the application of downstream
derivatization toolkit to access versatile ortho-deuterated aromatic
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Scheme 2. Substrate scope of ortho-deuterated arylthianthrenium. # The crystal
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derivatives (Scheme 3) [71-96]. At first, the model substrate 4a
was evaluated as aryl pseudo-halides for classic transition-metal-
catalyzed cross-coupling reactions, including Suzuki-Miyaura (a),
Heck (b), Sonogashira (c), a-arylation of carbonyl compounds (d),
carbonylation with phenyl formates (e), and arylations of 2H-
indazole (f), all of which proceeded smoothly to give the desired
products in moderate to good yields without compromising the D-
level. Next, both palladium catalyzed arylsulfonamidation (g) and
palladium-catalyzed C-H arylation of tryptophan (h) were also ex-
plored, leading to the medicinally relevant compound 12a and 13a
in 80% and 83 % yields, respectively. In addition to transition metal
catalysis, the derivatization of ortho-deuterated arylthianthrenium
salt could be accomplished via photochemical toolkits (photore-
dox catalysis or EDA complex). A series of representative transfor-
mations were explored including phosphorylation with triphenyl
phosphite (i), hydroarylation of azine-substituted enamides (j), bo-
rylation with B,Pin, (k), sulfonylation with sodium sulfinate salt
(1), arylation of quinoxalinone (m) and di-aryl dithiocarbomates
synthesis (n). These transformations provided straightforward ac-
cess to versatile D-labelled building blocks with high efficiency,
serving as a complementary tool to transition metal catalysis. The
mildness and simplicity of photoredox catalysis also enabled a tele-
scoped one-pot cascade reaction combining arylthianthrenium salt
formation and photochemical sulfonylation, which successfully de-
livered 17a in 49% yield. In light of the resurgence of organic elec-
trosynthesis [145-148], we next demonstrated the functionaliza-
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Table 2
Reaction condition optimization of synthesis of ortho-deuterated tetraarylphospho-

nium salts.
.
PPhg
: :D

s PPhs, MeCN, Ny, 12 h

S* —_—_—T
C[ 427 nm, 40W LED
b- ?

198%] OTf
[98%] ~ OTf
4a 22a

Entry Variations from the standard conditions Yield (%) [D (%)]°
1 None? 94 [98]

2 456 nm, 40 W 45 [98]

3 440 nm, 40 W 84 [98]

4 427 nm, 20 W 53 [98]

5 427nm, 30 W 79 [98]

6 Dark N.D.

2 Reaction conditions: 4a (0.1 mmol), PPh3 (0.2 mmol, 2 equiv.), MeCN (0.5 mL).
b Isolated yield [Deuterium incorporation].

tion of deuterated arylthianthrenium salts using an electrochem-
ically driven method. This exemplified approach provided a viable
route to synthesize aryl sulfonyl fluoride (o) with deuterium po-
sitioned at the neighboring site, resulting in 20a with a 78% iso-
lated yield. The o-amino alkyl radicals induced Minisci-type reac-
tions of pyrazine using Na,S,0g and BusN has also been demon-
strated (p). Finally, we disclosed that the nucleophilic substitution
of 4i selectively took place via thianthrene ring opening, allow-
ing the incorporation of deuterated diphenyl thioether scaffold in
a single step (q). More importantly, several active pharmaceuti-
cal ingredient or natural product derivatives could be successfully
linked to the as-prepared ortho-deuterated aromatic modules (r-
t), further showcasing the attractiveness that our protocol might
have for deuterated lead discovery. Indeed, this indirect strategy
expands far beyond the previously studied vicinal difunctionaliza-
tion range of aryne chemistry, overcoming the functionality limita-
tion brought by aryne initiation conditions. Note that, in all cases,
we observed no erosion of the deuterium content, and strongly
believed that our platform protocol offered a synthetic alternative
toward ortho-deuterated aryl derivatives, allowing exclusive posi-
tional selectivity while avoiding over deuteration. At this stage, the
overall results observed with respect to purpose-designed derivati-
zation provided the first glimpse into the blueprint of our strategy,
which clearly displayed its great promise and immense potential
toward precise synthesis of deuterated aromatics.

To further expand the elaboration toolkit and the utility of
our linchpin-based methods, a photochemical method for phos-
phine arylation that leveraged the photoexcitation of electron
donor-acceptor (EDA) complex was then developed. Upon ex-
tensive investigation, we discovered that in the presence of
arylthianthrenium salt, triphenylphosphine could be easily ary-
lated with arylthianthrenium salt (4a) under the blue LEDs
(40W, Amax =427 nm) irradiation to access ortho-deuterated aryl
phosphonium salts (Table 2). Thianthrenium salts bearing both
electron-rich and electron-poor substituents as well as various aryl
phosphines all proved to be amenable, affording the correspond-
ing ortho-deuterated phosphonium salt products (22a-22j) in good
to excellent yields (69%—94% yields) along with 97%-98% D-
incorporations (Scheme 4A) [149]. Next, non-deuterated sulfonium
salts derived from either C-H thianthrenation with sulfoxides or
Chan-Lam coupling of arylboronic acids were also investigated to
further expand the scope of our protocol. To our delight, various
functional groups (alkyl, phenyl, halogen, pseudo-halogen, methoxy
and alkoxycarbonyl), and even complex drugs (flurbiprofen, bifona-
zole, pyriproxyfen and clofibrate), were well tolerated under mild,
metal-, and photocatalyst-free conditions (Scheme 4B). The scale-
up of 4a was also straightforward (Scheme 4D), leading to compa-
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rable reaction outcome. Overall, compared to classic strategy that
rely on transition metal catalysis and high-temperature processes,
this protocol can offer a sustainable alternative toward aryl phos-
phonium salts, which shall find potential applications in catalysis,
ionic liquids, etc. [150-152]. A series of mechanistic experiments
was performed to elucidate the reaction pathway. The redshift of
the substrate mixture in the UV-vis spectrum compared to the in-
dependent substrates (Scheme 4C) and the 'H NMR titration ex-
periments results (for details, please see Supporting information)
[95] indicated the formation of the EDA complex. The light ON-OFF
experiments suggested the necessity of light during the reaction
and excluded the possible radical chain mechanism (Scheme 4E).
No desired product was observed in the presence of TEMPO under
otherwise identical conditions, while the radical trapping interme-
diate was successfully identified by HRMS, suggesting the involve-
ment of a radical process (Scheme 4F). On basis of the above exper-

imental results and previous reports [153-155], a plausible mecha-
nism is proposed (Scheme 4G).

In summary, we have established an ortho-deuterated arylthi-
anthrenium based linchpin platform for the facile preparation
of ortho-deuterated aromatic derivatives. Rapid assembly of such
linchpin is achieved via a three-component coupling of arynes, thi-
anthrene and heavy water. Both transition metal catalysis and or-
ganic photo-/electro-synthesis-based manifolds were explored for
elaboration of sulfonium handles, enabling more modular, selective
and expedient access to deuterated arene derivatives than previous
methodologies. We also demonstrated that these methods can be
applied to the modification of complex drug compounds via install
D-labelling building blocks, further showcasing its applicability to-
ward medicinal chemistry efforts. From an aryne chemistry per-
spective, this reported strategy significantly broadens the scope be-
yond the traditionally explored vicinal difunctionalization, address-
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(B) Substrate scope
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ing the limitations imposed by the conditions required for aryne
generation. Overall, we envision that our platform strategy will al-
low for the precise synthesis of valuable deuterated aromatic ana-
logues, and highly expedite the exploration of the deuterium iso-
tope effect.
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