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ABSTRACT: In this work, we carried out computational studies
to predict the cycloaddition efficiency of strained alkynes with 2H-
pyran-2-one and its three sulfur-containing analogues: 2H-pyran-2-
thione, 2H-thiopyran-2-one, and 2H-thiopyran-2-thione. It was
predicted that the decreased aromaticity of the substrate would
yield higher reactivity. Experimental studies confirmed the

calculation results, and 2H-pyan-2-thiones were found to be

the

most reactive substrates. This reaction proceeded effectively in
aqueous buffers and in cellular environments. It also produced
COS as the byproduct, which could be converted into hydrogen sulfide (H,S) in the presence of carbonate anhydrase. This click-
and-release approach may serve as a unique way to deliver COS/H,S to specific locations.

ydrogen sulfide (H,S) is an important signaling

molecule generated in mammalian cells by enzymes,
including cystathionine f-synthase (CBS), cystathionine y-
lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-
MST). The production of endogenous H,S and the exogenous
administration of H,S have been demonstrated to exert
protective effects in a number of pathologies such as
hypertension, atherosclerosis, and coronary heart disease. ™
H,S relaxes vascular smooth muscle to promote vasodilation
and reduce blood pressure. Additionally, H,S acts as a potent
antioxidant and, under chronic conditions, upregulates
antioxidant defenses. Therefore, chemicals that can precisely
supply H,S in biological systems are useful research tools and
potential therapeutics. In the past decade, research on novel
H,S-releasing compounds (also known as H,S donors) has
received considerable attention, and many different H,S
donors have been developed (some examples are shown in
Scheme 1a).>° The release of H,S from those compounds is
controlled by cellular factors (such as pH, biothiols, enzymes,
etc.) or biologically compatible triggers (e.g, light). These
donors can be considered H,S prodrugs. Bio-orthogonal
“click”-type reactions that utilize two unnatural reaction
partners to react under physiological conditions are another
useful strategy in the design of prodrugs.” Utilizing such
reactions in the design of H,S donors would offer advantages,
including a high degree of spatial control, tunable release
kinetics, and zero consumption of endogenous species.
However, “click” reaction-based H,S donors are currently
still very limited (Scheme 1b). In 2017, Pluth et al. reported a
reaction between trans-cyclooctene (TCO) and tetrazine,
which led to the release of COS.® Because COS is a known
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H,S precursor in the presence of carbonate anhydrase (CA), a
ubiquitous enzyme in mammalian cells, this was the first
example of a “click” reaction-based H,S donor. However, due
to a rapid redox reaction between H,S and tetrazine, this
strategy cannot be used for the cellular delivery of H,S. In
2021, Liang et al. reported another elegant reaction between
1,3-dithiolium-4-olate (DTO) and strained alkynes to release
COS (and H,S).” A limitation of this strategy is the synthetic
complexity of DTO. Additionally, the poor solubility of DTO
in aqueous solutions necessitated the use of large amounts of
an organic solvent (DMSO) in the studies. As such,
investigations on bio-orthogonal “click’-type reactions to
release COS/H,S are important. Herein, we report a novel
click-and-release strategy to achieve this goal based on water-
soluble and readily available 2H-pyran-2-thiones and ana-
logues. Both COS and CS, can be released by this method
(Scheme 1c).

2H-Pyran-2-one 1 is a well-known building block in organic
synthesis.'’ It is known that 1 can react with alkynes through a
rate-determining Diels—Alder reaction to form an unstable
non-aromatic intermediate I via TS1, followed by a retro
Diels—Alder reaction to provide a benzene derivative II and
release a molecule of CO, as the byproduct (Scheme 2). We
expected that if one of the oxygen atoms in 1 was replaced with
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sulfur, the resulting compounds (e.g., 2H-pyran-2-thione 2 and
2H-thiopyran-2-one 3) may undergo similar reactions with
alkynes to release COS, thus acting as “click-and-release”-type
COS/H,S donors. Similarly, if both oxygen atoms in 1 were
replaced with sulfur, the analogue (2H-thiopyran-2-thione 4)
would be a CS, donor.

In this process, the first [4+2] cycloaddition step destroys
the aromaticity of the heterocyclic substrates. We thus
envisioned that there would be a negative correlation between
their aromaticity and reactivity, where stronger aromaticity
would cause lower reactivity in the [4+2] cycloadditions. Using
quantitative DFT tools (for more detailed calculation data, see
the Supporting Information), the nucleus-independent chem-
ical shift (NICS)"" and activation Gibbs free energies (AG¥ g,
using bicyclo[6.1.0]nonyne BCN § as the alkyne component)
of these four heterocycles (1—4) were calculated, allowing for
a comparison between their aromaticity and reactivity (Figure
1). For thiocarbonyl compounds, 2H-pyran-2-thione 2 was less
aromatic than its thiopyran analogue, 4 (—2.05 ppm vs —2.29
ppm), which had a lower activation Gibbs free energy (19.2
kcal/mol vs 23.6 kcal/mol). 2 was also less aromatic with an

|:> COS or CS,
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Figure 1. Theoretical studies of heterocycles 1—4. Gibbs free energies
of all of the intermediates and transition states computed at the
SMD (water)/M06-2X/6-311G(d) level. NICS was computed at the
B3LYP/6-31+G(d) level, based on the optimized structures.

activation energy lower than those of the other two carbonyl-
based analogues, 1 and 3. Therefore, 2H-pyran-2-thione 2 was
the least aromatic compound and should exhibit the highest
[4+2] cycloaddition reactivity among this group. The intrinsic
reason is that O is more electronegative than S. When O is on
the six-membered ring and S is on the exocyclic double bond,
67 aromatic structure B would be more disfavored than non-
aromatic structure A compared to its analogues, 1, 3, and 4. It
should be noted that while there are no examples of 2 reacting
with alkynes, some DA examples of 2 reacting with maleimide
are known."”

We next carried out experiments to verify our predictions.
Indeed, compound 2 could react with BCN 5 (in methanol)
effectively to give cycloaddition product 6a in high yield (90%)
at room temperature (Table 1). With electron-withdrawing
substituents (2b and 2c), the reaction was even faster and
could be completed within 10 min. On the contrary, electron-
donating groups (2d) led to slower and less productive
reactions. DFT calculations were also performed to analyze the
substitution effects. The activation Gibbs free energies of 2b
and 2d were 16.4 and 22.7 kcal/mol, respectively, demonstrat-
ing the reaction was an inverse electron demand Diels—Alder
(iEDDA) reaction. We were curious to determine the reactivity
of 2H-thiopyran-2-ones and prepared substrate 3b with an
electron—withdrawin§ group (EWG), which should be more
reactive than 3 (AG¥ of 3b, 21.0). Nevertheless, the reaction of
3b with 5§ was found to be much slower than that of its thione
analogue, 2b. We also tried the reactions of 2H-thiopyran-2-
thione 4 and its EWG-containing analogues 4b (AGF =203),
4e, and 4f (AG* = 18.4). These substrates showed improved
reactivity versus that of 2H-thiopyran-2-one 3 but reactivity
significantly lower than that of 2H-pyran-2-thiones 2. These
results demonstrated that sulfur-containing heterocycle sub-
strates 2—4 could undergo cycloadditions with BCN, and their
reactivity trend followed our calculated predictions.

Because 2H-pyran-2-thiones 2 were the most reactive
substrates among these sulfur-containing heterocycles, we
further compared the reaction kinetics of 2 and 2b with non-
sulfur substrate 1. The rate constant (k,) of 2 was measured by
following its UV absorption changes (4 = 369 nm) and
determined to be 7.35 X 1072 M~! 57!, ~3.7-fold faster than
that of 1 in PBS buffer (Table 2). We also attempted to
measure the kinetics of 2b in PBS buffer but found that 2b was
unstable in aqueous solutions. As such, we had to use MeOH
for its kinetic measurement, and its rate constant (k,) was 1.12
x 107" M™! s7! when the reaction was monitored by 'H NMR.
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Table 1. Reaction Scope of Heterocycles with BCN § Co2ecA
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H v
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1 .
O 2 y  OH
62,90%, 2h_ 6.0x10° -
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A MeO,C H a b c d
Me0,C 2 6b, 95%, 10 min
H Figure 2. H,S release detected by SeSP1. Each group was incubated
3 Z /@""\ in PBS buffer (10 mM, pH 7.4) at rt for 2 h. Then, SeSP1 (10 uM)
0,07 O, EtO,C ) o OH and CTAB (100 pM) were added. Fluorescence responses were
s Me B, 88%, 10 min recorded after 30 min: (a) 2 (20 uM) and CA (50 ug/mL), (b) 5§
Z . 297 (100 uM) and CA (50 pug/mL), (c) 2 (20 uM) and 5 (100 M), and
4 0 ., OH ) (d) 2 (20 uM), 5 (100 uM), and CA (SO pug/mL). The experiments
2d Me were performed in triplicate, and results are expressed as means + the
_ 6d, 53%, 50 °C, 48 h standard deviation (n = 3).
5 ~ s 6b, 24%M0!, 48 h 21.0
MeO,C 2H-thiopyran-2-thiones and BCN by GC-MS (see the
NS Supporting Information). However, CS, is a known poor
6 g 6a, 31%[), 50 °C, 48 h 236 substrate for CA,"> so we did not observe obvious H,S
S formation from the reaction in the presence of CA.
ﬁf 6b, 62%, 48 h 20.3 To investigate the compatibility of the cycloaddition of 2 in
Me0,c” S b y biological environments, we carried out cell imaging studies
PN » using fixed HeLa cells and monitored the formation H,S from
8 s BnO,C o the reactions using Se?SPl (Figure 3). Strong green
BnO,C 4e Br6e. 55% 48 h fluorescence was noted with 2, §, and CA treatment (Flgure
3a), while very weak fluorescence was observed in the controls
. z iy 18.4 [2 and CA or 2 only (Figure 3b,c)].
™ Me0,C H
MeO,C

6f, 57%, 24 h

“Heterocycles (0.12 mmol, 1.2 equiv) reacted with BCN 5 (0.1
mmol, 1.0 equiv) in MeOH (1 mL) at room temperature. *NMR
yield, using 1,3,5-trimethoxybenzene as the internal standard.

Table 2. Kinetic Studies of 1, 2, and 2b with BCN §

X H H
/\f Kinetics
rE ¥ | | ——— R iy
H OH H OH

0
X=0,8 5 6
substrate Amax (nm) ky, (M7!s7h) G¥ 11 (keal/mol)
14 289 1.99 x 1072 20.5
2° 369 7.35 x 1072 19.2
2b° - 1.12 x 107! 16.4

“Substrate 1 or 2 (50 uM) and BCN § (1 mM) reacted in PBS buffer
(pH 7.4 with 10% DMSO); the kinetics were determined by the UV—
vis spectrum. bSubstrate 2b (7.5 mM) and BCN § (8.3 mM) reacted
in CD,0D); the kinetics were determined by the 'H NMR spectrum.

The reaction between 2H-pyran-2-thiones and BCN should
also produce COS, a CA-triggered H,S precursor.”” This was
verified by a fluorescent probe SeSP1, which specifically
detects H,S."* As shown in Figure 2, only when 2, 5, and CA
were present was strong fluorescence observed. Other
combinations (e.g, 2 and CA, 5 and CA, or 2 and §) gave
much weaker signals. These results demonstrated that 2H-
pyran-2-thiones were cycloaddition-triggered COS/H,S do-
nors. We also verified CS, release from the reaction between
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Figure 3. Fluorescence images of H,S in fixed HeLa cells. Cells were
first treated for 2 h at rt with (a) 2 (10 uM), § (100 uM), and CA (50
pug/mL), (b) 2 and CA, and (c) 2 only. The cells were then incubated
with CTAB (100 #M) and SeSP1 (10 M) for 30 min before images
were recorded.

To further demonstrate the biocompatibility of the cyclo-
addition, we carried out the reaction using a protein-based
model system. Briefly, lysozyme C was first treated with p-
nitrophenol- BCN carbonate to give BCN-modified lysozyme
(Lyso-BCN).'® Then, Lyso-BCN was incubated with 2 in PBS
buffer to give the click-and-release product Lyso-Prod. The
protein sample was digested with trypsin and subjected to LC-
MS/MS analysis. As expected, the peptide with the desired
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modification was identified (Figure 4). These results proved
this “click”-like reaction has a potential application for

bioconjugation.
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Figure 4. MS/MS spectrum of a cycloaddition product-labeled
peptide (NTDGSTDYGILQINSR).

In summary, computational studies were carried out to
predict the cycloaddition efficiency of BCN with 2H-pyran-2-
one and its sulfur-containing analogues. It was predicted that
the less aromatic the substrate, the more reactive it will be.
This was demonstrated by experimental studies, and 2H-pyran-
2-thiones were found to be the most reactive in this series of
substrates. This reaction proceeded effectively in aqueous
buffers and in cellular environments. It also produced COS as
the byproduct, which could be converted into H,S in the
presence of CA. This click-and-release approach may serve as a
unique way to deliver H,S to specific locations, and this is
currently under investigation in our lab.
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