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Radical cyclization verified their practicality.

Although the incorporation of deuterium has been widely researched, controlled deuterium labelling at
precise sites is still very challenging. Herein, efficient catalytic synthesis of deuterated pyrroles is focused,
the radical cyclizations of N-propargyl enamines were achieved from photoredox-mediated deuterated
water splitting, giving deuterated pyrroles with deuterations at the C(sp?) and C(sp?) precisely. One or
two-sites-deuterium incorporation as well as the controllable deuteration label at multi-H/D-exchange-
sites, such as a methyl group, have been realized in high selectivity and efficiency via the solvent-
controlled divergent deuterations. A halogen effect between solvents and substrates was proposed to
initiate different catalytic cycles for the deuterations. The broad tolerance to substrates, the gram scale
synthesis under natural sunlight irradiation and its applications in the synthesis of drug analogues further

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The deuterium kinetic isotope effect facilitates the widespread
applications of deuterated organic compounds (Fig. 1) in study-
ing drug metabolisms, reaction mechanisms [1-3]. Precise label
level of deuteration at functional groups bearing multi-H atoms
also facilitated the detailed study for deuterium involved process.
For example, mono-deuterated compounds had been applied in
determination of long-range dipolar coupling [4] and in astro-
physical detections [5]. Since the first successful development of
deuterium-labeled nitrogen-containing drug, deutetrabenazine [2],
the precise synthesis of deuterated drug analogues has attracted
increasing interests. Except for the traditional synthesis starting
from deuterium-containing building blocks such as D, gas, hydro-
gen isotope exchange (HIE) has been proved to be the most popu-
lar method for deuterium-labelling [6-10], including the acid/base-
mediated labelling or transition-metal catalyzed C-H functionaliza-
tion. However, it’s still challenging to install deuterium in high se-
lectivity for both reaction site and labelled number.

As shown in Scheme 1a, the site-selectivity could be achieved
via simple single-site-HIE or directing group directed mono-
deuteration [11-13]; di-deuteration at two similar aromatic C-H
bonds via transition-metal catalyzed coupling or at two adja-
cent unsaturated carbons of alkenes/alkynes via reductive addition
[10,14-18]. Otherwise it’s difficult to achieve a high selectivity. It is
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also difficult to control the deuteration degree, installing one, two,
and three deuterium atoms precisely at one site in high efficiency,
especially the mono-label for functional groups bearing multi-H/D-
exchange-sites like methyl or benzylic methylene. Besides the de-
halogenative deuteration [19] and deuterium transfer (addition) to
olefins [20] for partial deuteration of benzyl or methyl group, one
of the few solutions was reported by Dong’s group in 2022 for se-
lective deuterations at a-carbon of carbonyl group. The excellent
one-pot Cu-catalyzed degree-controlled deacylative deuterations of
alkyl radicals, generated from aromatization-driven C-C cleavage in
the presence of N-methylpicolino-hydrazonamide (MPHA) at 90 °C.
The H/D exchange with D,0 of both MPHA and the substrates
bearing acidic ketone «-hydrogens facilitated the deuteration at
different stages (Scheme 1a) [21]. The combination of HIE and
radical processes may provide a promising solution for selective
deuterations. Recently, elegant examples [21—-34] for the radical
involved selective deuterations have emerged [35-45] via deu-
terium atom transfer (DAT) [18,30,40,41]; deuterium atom abstrac-
tion (DAA) [29,31,32]; or deuterated water splitting (DWS) strat-
egy, etc. (Scheme 1b) [12,33—34]. However, most of these radical
transformations are limited to single-site deuterations, and there
are almost no reports on the deuterations of C(sp?) and C(sp3)
sites simultaneously. The divergent deuterations with precise site-
selectively and controllable D-labeling are still challenging.

As the continuous interests in the construction of carbo-
/heterocycles via visible-light induced tandem radical transforma-
tions [46-51], this work envisioned that deuterations at different
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b) Synthetic strategies for deuterium labeling
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Scheme 1. Challenges in deuteration reactions.
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Fig. 1. Selected examples for deuterated drugs.

stages of the tandem radical transformations may achieve site-
specific deuterations, and different photoredox cycles may also
achieve different deuterations, which may leding to controllable
D-labeling. Deuterated water splitting was focused on the easily-
available D,0 deuterium source and its efficient radical transfor-
mations. Herein, photoredox DWS was investigated from the radi-
cal cyclizations of N-propargyl enamines, giving deuterated pyrrole
derivatives with deuterations at the C(sp?) and C(sp3) carbon pre-
cisely (Scheme 1c). Different from the direct incorporation of the
CD3 group [52-55], a precise mono- or di-deuteration to methyl
group was achieved [19,20], which has been proved to be pretty
useful but challenging in studying the therapeutic and metabolic
profile of related drugs. Deuteration at the pyrrole motif could also
be achieved by controlled deuterium labeling at specific sites in
high efficiency. The halogen effect between solvents and substrates
were proposed to initiate different catalytic cycles for these diver-
gent deuterations from the same N-propargyl enamines.

Firstly, the feasibility of this radical-triggered cycliza-
tion/deuteration was investigated with N-propargyl enamine
1a as a model substrate (Table 1). To our delight, under 15W blue
LEDs irradiation with (Ir[dF(CFs;)ppyl.(dtbpy))PFg (PS1, 3 mol%)
as a photosensitizer, deuterated pyrrole 2a was obtained in 83%
isolated yield with an excellent deuteration ratio in a co-solvent
under nitrogen atmosphere (entry 1). When other potential pho-

tosensitizers were screened, no better results were observed than
that using PS1 (entries 2—4). Varying the loading of PS1 led to the
decrease in both yields and deuteration efficiency (entries 5 and
6). Excessive deuterium oxide led to a poor solubility of 1a, result-
ing in a lower yield (entry 7). The reaction using 5W blue LEDs
irradiation could not give better result (entry 8). Moreover, other
solvents were also screened. No desired 2a was observed when
CD3COO0D used as the co-solvent (entry 9). The reaction using
acetonitrile gave a decreased yield (entry 10). It is interesting to
find that deuterations at both the pyrrole moiety (Csp?) and 4-CH;
(Csp®) of 1a were achieved when CDCl; or 1,2-dichloroethane
(DCE) used as the co-solvents (entries 11 and 12). Further opti-
mizations (entries 13—15) showed that deuterations at the C(sp2)
and C(sp3) could be achieved in a nearly 1:1 ratio in as high as
84% vyield in the presence of PS1 (2 mol%) and D,0 (20 equiv.)
in DCE (see Supporting information for details). It is also a good
example for the mono-label at methyl group.

Encouraged by these exciting results, the scope of this highly
selective DWS deuteration was studied. The results of photo-
catalytic deuterations at the 4-CH; (Csp3) are summarized in
Scheme 2. N-Propargyl enamines 1 bearing electron-withdrawing
or electron-donating substituents at the ortho-, meta-, and para-
positions of the phenyl group were all tolerated to this DWS
deuteration, delivering the desired 2a-2m in moderate to ex-
cellent yields with high D incorporation (1.33-1.75 D) exclu-
sively at 4-CH3 position. It was shown that ortho-substituted
ones required a longer reaction time with a lower D incorpo-
ration. N-Propargyl enamines 1 bearing poly-substituents at the
phenyl group were also tolerated, giving the corresponding 2n-2q
smoothly. N-Propargyl enamines 1 bearing 2-methoxy-naphthyl, 9-
fluorenyl, thienyl, furyl substituents were all suitable substrates
(products 2r-2u). Due to the poor solubility of 1s in EtOD, DMF
was used as the co-solvent instead, giving the desired 2s with
a 170 D incorporation. It is glad to see that the reaction of
N-propargyl enamines 1 bearing aliphatic substituents could be
achieved successfully in moderate D incorporation (products 2v
and 2w). This reaction also showed excellent tolerance to N-
propargyl enamines 1 bearing various ester groups, affording the
corresponding 2x-2ad in high yields with good D incorporation.



B. Zheng, D. Zhang, B. Ren et al. Chinese Chemical Letters 37 (2026) 111544

Table 1
Effects of the reaction parameters.

” (Ir[dF(CF3)ppylo(dtbpy))PFe HN7\ H
(PS1, 3 mmol%) . y
HN > Tol
D,0 (1 mL), EtOD (4 mL)
To|)\/COZE‘ 15 W Blue LEDs, rt, N; COAEt
1a 2a
Entry Variations from the standard conditions Yields of 2a?
1 None 83% (1.75 D)
2 [Ir(dtbbpy)(ppy). ][PFs] instead of PS1 Trace (\)
3 Ir(ppy)s instead of PS1 N.O.P (\)
4 Acrt-Mes ClO4~ instead of PS1 N.O.P (\)
5 PS1 (1 mol%) 71% (1.65 D)
6 PS1 (5 mol%) 68% (1.64 D)
7 2mL D,0, 3mL EtOD instead of 1mL D,0, 4mL EtOD 70% (1.72 D)
8 5W blue LEDs instead of 15 W 63% (1.56 D)
9 CD3COOD instead of EtOD N.O.> (\)
10 MeCN instead of EtOD 44% (1.79 D)
11¢ CDCls instead of EtOD 46% (1.98 D, 0.56 D)
12¢ DCE instead of EtOD 64% (1.70 D, 0.22 D)
13¢ 10W blue LEDs instead of 15W, DCE instead of EtOD 40% (1.25 D, 0.26 D)
14¢ On the basis of entry 13, D,0 (20 equiv.), DCE (5mL) 51% (1.11 D, 0.89 D)
15¢ On the basis of entry 14, 0.1 mmol scale, PS1 (2 mol%) 84% (1.00 D, 0.94 D)

2 Isolated yields.
b N.O.=Not observed.
¢ Two-sites-deuterated product 3a was obtained.

(Ir[dF(CF3)ppyl2(dtbpy))PFe
N (3 mmol%) "D_ M
_—— - 1
PN D,0 (1 mL), EOD (4 mL) ROY
R 15 W Blue LEDs, rt., N, R
1 2

Scope of aryl substituents

2a,R = CH3,13 h, 83%, 1.75 D HNT\ H ROHNT H Gl HNT\ M
2b,R=H, 14 h, 71%, 169 D R ~ N <
HN\  H 2c,R=F 17h, 82%,166 D
N 2d,R=Cl, 10 h, 75%, 1.68 D COEt COEt o CO,Et

Cogt  2%R=Br15h 68% 164D
R 2 2f, R=CF317h, 55%, 163D 2i, R=Br, 15 h, 72%, 168 D 21,R = CI, 8 days, 65%, 137 D , .
2g,R=Ph, 6h,79%, 1.72 D 2j, R=CHg, 240, 74%, 1.66 D 2m R = CHy, 8 days, 60%, 1.33 D 2M 70N, 58%, 1.24D

2h,R=0CHg, 24 h,64%, 1.70D 2k, R=0OCH3,11 h, 71%, 1.63 D

HN\ H HN\  H HNT\ M
A0 X o} X X :
~ CO,Et <o CO,Et CO,Et :

20,4.5h,64%, 1.68D 2p, 4 h,59%, 1.68 D 2q, 14 h,47%, 1.69D : 2r,4.5h,88%, 1.69 D 2s% 7 h,38%, 1.70 D

PH CO,Me

- - : AN _H HN\\ M
X" “H &S = ' ~ ~
HN HN HN z )
g ;(FO %{0\// H \ s CO,Et \ le} CO,Et

2x,17 h, 73%,1.65 D 2y,23h,77%, 1.72D 2z,4.5h,69%, 1.66 D H 2t,11 h, 81%, 1.73 D 2u, 13 h, 82%, 1.63 D

[ Scope of aliphatic substituents ---
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HN| = 0\ ~ : HNT\ H HN7\ M
— o HN HN . 7 4
\,;w\/ph = 0. S = 0. H X x
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o Ph O Ph O : CO,Et CO,Et
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Scheme 2. Deuterations at the 4-CHs (Csp?) of N-propargyl enamines 1. 2 DMF as the co-solvent.
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Scheme 3. Deuterations at C(sp?) and C(sp?) of N-propargyl enamines 1.

Reactive alkyne and alkene units remained intact in products 2z
and 2aa, facilitating further functionalizations. To testify the util-
ity of this DWS deuteration, the modifications of esterified natu-
ral products were investigated, giving modified nerol and phytol
derivatives 2ae and 2af in good yields with high levels of D incor-
poration. The reaction from tertiary enamine 1ag was also tested,
similarly to the formation of 2I-2n, a longer reaction time was re-
quired with a lower D incorporation, giving the corresponding 2ag
in 27 % yield. It was deduced that the steric hindrance at the nitro-
gen atom was unfavorable to this transformation.

Accordingly, the precise installation of deuterium atoms at
C(sp?) and C(sp?) simultaneously was further investigated as
shown in Scheme 3 under the optimal reaction conditions (Table
1, entry 15). Generally, these reactions showed excellent toler-
ance to N-propargyl enamines 1, affording the desired two-sites-
deuterated pyrroles 3 with approximately 1D per site in good
yields with a shorter reaction time. Most of the substrates used
in Scheme 2 could give the corresponding deuterated pyrroles 3,
including the modifications of esterified natural products. It was
noticed that the reaction of N-propargyl enamines 1 bearing 2-
methyl or benzoyl substituents only gave the corresponding one-
site-deuterated pyrroles 2m and 2y, while N-propargyl enamine 1
bearing cyano substituent only gave the two-sites-deuterated pyr-
role 3ah. Although currently it's difficult to explain, it indicates
that different mechanisms may be involved for the formations of
2 and 3.

: N H
: CO,Et
3af, 2 h, 75%, 0.97 D, 0.80 D . 3ag, 4 h, 46%, 1.06 D, 0.15 D
| | (Ir[dF(CF3)ppylo(dtbpy))PFe
(3 mmol%) HNT\

)\/cozEt D,0 (10 mL), EtOD (40 mL) ~ Tol
Sunlight, r.t., Ny, 7 days CO,Et

1a (1.70 g, 7 mmol) 2a, 59%, 1.60 D

Beginning ther 7‘days

Scheme 4. Scale-up synthesis.

Furthermore, product 2a could be synthesized in 71% yield in
a 0.2mmol scale’s reaction under natural sunlight irradiation at
nitrogen atmosphere (see Supporting information for details). The
practicality of this reaction was further verified from the scale-up
reaction under natural sunlight irradiation in 7mmol scale. Prod-
uct 2a could be obtained in 59% yield with similar D incorporation
(Scheme 4).

To gain more insight into the key points for above different
selectivity, an array of controlled experiments and spectroscopic
analyses were investigated (Scheme 5, Figs. 2 and 3). Firstly, the
formation of 2a and 3a were investigated with the light off/on over
a period of time under the optimal reaction conditions respec-
tively. Both reactions proceeded well under visible light irradiation,
but no further transformations were observed without light irra-
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a) Radical trapping experiments

PS1 (3 mol%)
12 + TEMPO — " > 22
D,0 (1 mL), EtOD (4 mL)
1eq. 15W Blue LEDs, r.t, N,  23%

PS1 (2 mol%)
1a + TEMPO ————————————» 3a
D,0 (20 eq.), DCE (5 mL)
1eq. 10 W Blue LEDs, r.t., N, 20%
b) Controlled experiments PS1 (3 mol%)

D,0 (1 mL), EtOD (4 mL)
15 W Blue LEDs, r.t., N,

2a, 0%

HN
PS1(3 1%
(8 mol%) ) Recovery of 4a: 73%

JEEE——
12 “EtoH (5 mL) Tol ]
15 W Blue LEDs COEt PS1 (2 mol%)
rt, Ny 4a D,0 (20 eq.), DCE (5 mL)

3a, 0%
10 W Blue LEDs, r.t., N,

¢) Deuterium source comparision Recovery of 4a: 91%

PS1 (3 mmol%)

Deuterium source
1a 2a
15 W Blue LEDs, r.t., N,

D-source (mL)  Co-solvent (mL) Time (h) Yields of 2a (%)

1 D,0 (1) C,HsOH (4) 10 73 (0.57 D)
2 C,H50D (4) H,0 (1) 10 88 (0.35 D)
3 C,H50D (5) \ 10 50 (1.48 D)
4 D,0 (5) \ 120 16 (1.27 D)
5 D,0 (1) DMF (4) 20 53 (1.71 D)
SC?  D,0 (1) C,Hs0D (4) 13 83 (1.75 D)

@ SC = Standard conditions for pyrrole 2a.

Scheme 5. Mechanistic studies.

a) Investigations on two-sites-deuteration

02D 0.09D
PS1 (3 mmol% HN
1a ¢ ) HN 169 D|vs 175D
D0 (1 mL), w0 . 2
15 W Blue LEDs, rt, N, %, H Lo EtH entry 1
a COHEt 25U (Table 1)

b) Studies on the effect of solvents via "H NMR titration: 1a (0.1 mmol) in
DMSO-dg (0.5 mL) with the addition of solvents

It I
Cl/\/CI\J DCE vs. EtOD

NH HN
X COLEt
Tol)\\/COZEt Tol 7Yy
'L Halogen bond interaction H No obvious interaction
between 1a and DCE between 1a and EtOD
1a in DMSO-dg 1a in DMSO-dg
4 4

1a and DCE (20 pL) in DMSO-dg 1a and EtOD (20 pL) in DMSO-dg

1a and DCE (40 pL) in DMSO-dg 1a and EtOD (40 pL) in DMSO-dg

, 1aand EtOD (60 L) in DMSO-dg

1a and DCE (60 pL) in DMSO-dg 1y

453 451 456 450

435 454 452
11 (ppm) 1 (ppm)

Fig. 2. Studies on the effect of solvents.
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a) UV-vis absorption spectra
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b) UV-vis absorption studies under blue LEDs irradiations
[Ir) and D20 in EtOD
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0.035
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— 1508
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0.000 0.0
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Fig. 3. Studies on the UV-vis absorption spectra.

diation (see Supporting information for details). It indicates that
the continuous irradiation of visible light is essential for these cat-
alytic reactions and the photo-induced pathways may be involved.
Then, the radical trapping experiments with 2,2,6,6-tetramethyl-1-
piperidyloxy (TEMPO) as the radical-inhibitor have been performed
under the standard reaction conditions for the formation of prod-
ucts 2 and 3 respectively. Both reactions have been greatly inhib-
ited, indicating the possibility of a radical process (Scheme 5a).

To further understand the mechanisms, the reaction of 1a was
performed under the standard conditions for pyrrole 2a but using
undeuterated ethanol as the sole solvent to get the corresponding
undeuterated pyrrole 4a. Then, 4a was subjected to the standard
conditions using EtOD or DCE as co-solvent with D,0 respectively.
It was found that no deuterated product was observed in both re-
actions (Scheme 5b), indicating these deuterations are not simple
H/D exchange. By varying the deuterium sources and co-solvents
(Scheme 5c and Table 1, entry 10), it was deduced that D,O is
more efficient as the deuterium source while EtOD mainly provides
a good solubility.

It was noticed that when DCE was used instead of EtOD as
co-solvent under otherwise standard reaction conditions for 2a,
deuteration at C(sp?) increased, indicating that chlorine containing
solvents seem facilitating the two-sites-deuteration process (Fig.
2a). We speculate that halogen bond interaction [56-58] may be
formed between DCE and 1a, facilitating the SET process between
1a and the photosensitizer. The TH NMR titration experiment of
the alkene hydrogen of 1a to higher chemical shift values was
clearly observed with the increased addition of DCE, which also
supported such an interaction between DCE and 1a (Fig. 2b). In
contrast, no obvious changes in the 'H NMR chemical shift for the
alkene hydrogen were observed when EtOD was added similarly.

Moreover, the UV-vis absorption spectra confirmed that
(Ir[dF(CF3)ppyl,(dtbpy))PFg is the sole photosensitizer in both
deuterations (Fig. 3a). The interaction of excited [Ir] photosensi-
tizer with D,0 and 1a were also investigated respectively in EtOD
or DCE under blue LEDs irradiation (Fig. 3b). It was observed that
an absorption at about 675 nm was observed for the irradiation of
D,0 and [Ir] photosensitizer in EtOD, which could be attributed
to the formation of Ir(IV) (reference value between 600nm and
700nm) [59-61] during the SET process between Ir(Ill) and D,0,
while no obvious absorption was observed for 1a and [Ir] pho-
tosensiter in EtOD. On the contrary, a strong absorption at about
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Scheme 6. Proposed mechanisms.
500nm was observed for the irradiation of 1a and [Ir] photo- HN— o
sensitizer in DCE with a significant color change of the solution, e dh’ R )

. . . N
while no obvious absorption was observed for D,0 and [Ir] pho- CO,Et ant T NN
tosensitizer in DCE. The Stern-Volmer emission quenching studies 2a,1.60 D S0
revealed that the excited [Ir] photosensitizer could be quenched DMF H Sunitinib
by D,0 in ethanol and by 1a in DCE (see Supporting informa- POCI3
tion for details). It gave a strong support for our proposed solvent- CHO Fm = CO,Et
controlled divergent deuteration pathways. HN— /\ o

In light of all the experimental data and precedent literatures, Tol 7 E‘OH [ N

. . . —_— o]
two different plausible catalytic cycles were proposed for the for- CozE‘ Pyrrolidine

mation of pyrroles 2 and 3 (Scheme 6, with the reactions of 1a
as examples). For the formation of 2a, the [Ir] photosensitizer was
excited to Ir(IlI)* under blue LEDs irradiation and transformed to
Ir(IV) via a SET process with D,0, realizing deuterated water split-
ting (DWS) [12,33,34]. The addition of generated deuterium rad-
ical to 1a initiated the radical cyclization, giving intermediate II
Subsequent oxidative radical-polar crossover (RPC) process [62-
64] of II with Ir(IV) species [59—61] and the following deproto-
nation, achieving intermediate IV. Further addition of deuterium
radical and the following SET/deprotonation process afforded one-
site-deuterated pyrrole 2a. On the other hand, for the formation of
3a, the proposed halogen bond interaction [56-58] between DCE
and N-propargyl enamine 1a (Fig. 2b) facilitates the SET process
of excited photosensitizer Ir(Ill)* with VI leading to the formation
of intermediate VII, which was transformed to o-amino alkyl radi-
cal VIII via deprotonation [65-69]. Then, intermediate IX, from the
radical coupling of VIII and deuterium radical [70], undergoes simi-
lar radical addition/cyclization/RPC/deprotonation process, with the
final aromatization, afforded two-sites-deuterated pyrrole 3a. The
high resolution mass spectra (HRMS) detections of the reaction
intermediates (captured by TEMPO) also supported our proposed
radical species (Schemes 6a and b). The capture of carbocation
intermediates like intermediate III was also testied by the ad-

N
5,95%,1.60D (10 mol%) H 7,31%, 1.60 D

Scheme 7. Synthesis of sunitinib analogue.

dition of acetonitrile, and the corresponding derivative A-IIl was
captured by HRMS detections (Scheme 6¢). It was proposed that
the different solubility of deuterated reagent in solvent and halo-
gen bond interaction between DCE and N-propargyl enamines may
be essential for the selectivity. Thus, the solvent-controlled diver-
gent deuterations from the same N-propargyl enamines have been
achieved with precisely controlled deuterium labeling.

To further verify the practicality of this reaction, the synthesis
of sunitinib, which is a novel oral multi-targeted anticancer drug
[71], from one-site-deuterated pyrrole 2a was studied (Scheme 7).
It is glad to see that sunitinib analogue 7 could be easily obtained
via Vilsmeier-Haack reaction of 2a and the following condensation
with indolinone 6 with deuterium labeling (1.60 D) remained [72],
providing a potential method for the synthesis of deuterated drugs.

In conclusion, photoredox deuterated water splitting was
achieved from the radical cyclizations of N-propargyl enamines,
giving deuterated pyrroles with deuterations at the C(sp?) and
C(sp3) precisely. The precise mono- or di-deuteration of methyl
group have also been successfully achieved as a good example
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for the controllable deuteration label at multi-H/D-exchange-sites,
which is especially useful but challenging in drug-studies. These
solvent-controlled divergent deuterations have been achieved in
high efficiency and selectivity, which may credit to the halogen ef-
fect between the solvents and substrates. The mechanistic differ-
ence between these different catalytic cycles have been discussed
in detail. Furthermore, these deuterations showed broad tolerance
to various N-propargyl enamines. The gram scale synthesis under
natural sunlight irradiation and its application in the synthesis of
drug analogues verified the practicality of these deuterations. Fur-
ther applications for potential deuterated drugs are in progress.
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