
COMMUNICATION          

1 
 

Pyranthiones/Pyrones: “Click and Release” Donors for 
Subcellular Hydrogen Sulfide Delivery and Labeling 
Wei Huang,[a] Nipuni Gunawardhan[a], Yunlei Zhang[a], Jorge Escorihuela,[b] and Scott T. Laughlin*[a] 

[a] W. Huang, and Prof. S.T. Laughlin 

           Department of Chemistry 

           Stony Brook University 

           100 Nicolls Road, Stony Brook, NY 11790, United States 

           E-mail: Scott.laughlin@stonybrook.edu 

[b] Prof. J. Escorihuela 

           Departamento de Química Orgánica 

           Universitat de València 

           Avda. Vicente Andrés Estellés s/n, Burjassot 46100, Valencia, Spain  

* To whom correspondence should be addressed. Email: Scott.Laughlin@stonybrook.edu  

 Supporting information for this article is given via a link at the end of the document. 

 

Abstract: Hydrogen sulfide (H2S), one of the most important 
gasotransmitters, plays a critical role in endogenous signaling 
pathways of many diseases. However, developing H2S donors with 
both tunable release kinetics and high release efficiency for 
subcellular delivery has been challenging. Here, we describe a click 
and release reaction between pyrone/pyranthiones and 
bicyclononyne (BCN). This reaction features a release of CO2/COS 
with second-order rate constants comparable to Strain-Promoted 
Azide-Alkyne Cycloaddition reactions (SPAACs). Interestingly, 
pyranthiones showed enhanced reaction rates compared to their 
pyrone counterparts. We investigated pyrone biorthogonality and 
demonstrated their utility in protein labeling applications. Moreover, 
we synthesized substituted pyranthiones with H2S release kinetics 
that can address the range of physiologically relevant H2S dynamics 
in cells and achieved quantitative H2S release efficiency in vitro. 
Finally, we explored the potential of pyranthiones as H2S/COS donors 
for mitochondrial-targeted H2S delivery in living cells. 

Bioorthogonal click and release reactions are powerful tools for 
the delivery of cargo with good stability and controllable release[1–

10]. For example, extensive work has been done on the activation 
of anticancer prodrugs using the Staudinger-Bertozzi ligation[11], 
strain-promoted 1,3-dipolar cycloadditions between azides and 
trans-cyclooctene[12], and inverse-electron-demand Diels-Alder 
cycloadditions (IEDDA) between tetrazines and trans-
cyclooctenes[6,13–15]. Recently, there has been growing interest in 
the development of bioorthogonal activation of prodrugs for the 
delivery of gasotransmitters, including carbon monoxide, 
hydrogen sulfide, and nitric oxide, which are now recognized to 
play vital roles in endogenous signaling pathways[16–20].  
      Dysregulation of hydrogen sulfide (H2S), one of the 
endogenous gasotransmitters for oxidative/reductive stress 
regulation, is linked to cardiovascular, gastrointestinal, 
neurological, and endocrine diseases[21–23]. One likely mechanism 
for H2S-linked disease development is its role in regulating energy 
production in mitochondria[24]. It has been reported that the total 

sulfide level in human plasma is ~3 µM with free hydrogen sulfide 
levels of 0.2–0.8 µM[25]. Unlike conventional H2S donors that 
employ inorganic sulfide salts and an instantaneous H2S 
concentration surge, or organic small molecule donors like AP39, 
which generate H2S with un-tunable release rates triggered by 
bio-thiols, Pluth and coworkers reported a click and release 
strategy for controllable H2S release[26]. They modified trans-

 
Figure 1. Inverse electron demand Diels-Alder cycloadditions between strained 
alkene/alkyne and electron deficient 2-pyrone. A, A common cyclopropene used 
in bioorthogonal reactions showed no reaction towards 2-pyrone. B, endo-BCN 
underwent cycloaddition with 2-pyrone/pyranthione followed by retro-Diels-
Alder with concomitant release of CO2 or COS driven by aromatization. 

cyclooctene with a benzylic thiocarbamate as a masked H2S 
donor, which undergoes self-immolation to produce carbonyl 
sulfide (COS) after reaction with a tetrazine. The generated COS 
can then be converted into H2S by carbonic anhydrase, a 
ubiquitous enzyme inside cells[27]. Though promising in vitro, this 
COS/H2S donor's slow-release rate and susceptibility to tetrazine 
reduction by the released H2S stymied its straightforward 
application in living cells. Later, Taran and coworkers showed that 
1,3-dithiolium-4-olates (DTO) could be an alternative H2S/COS 
donor when reacting with strained alkynes[28]. However, the 
release of H2S was not demonstrated. More recently, inspired by 
Taran’s work, Liang and coworkers developed a mitochondrial 
targeting H2S/COS donor by introducing a diphenylamino 
substituent on DTO[29]. This approach had the added benefit of 
generating a green fluorophore after reaction with bicyclononynes 
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(BCN). Albeit useful, the reaction between DTO and BCN 
provides modest H2S release efficiency (~40%) and limited 
potential for tuning the H2S release kinetics, which are two pillars 
of H2S donor development.  
      2-Pyrones have been widely used as building blocks for 
enantioselective total synthesis as well as bioactive compounds 
like antibiotics[30,31]. Proceeding via Diels-Alder (DA) reaction with 
alkynes or alkenes followed by a retro DA reaction by releasing 
carbon dioxide (CO2), aromatic compounds can be synthesized 
efficiently from 2-pyrones[32,33]. Further, 2-pyrones are important 
cellular metabolites that can be generated by several biosynthetic 
pathways[30]. Nevertheless, this useful synthon has received little 
attention as a potential bioorthogonal handle due to the required 
harsh reaction conditions like high temperature or pressure[34,35] 
though few works were reported using strained cyclooctynes at 
relatively lower temperatures[36,37]. We envisioned that the 
requirement for harsh reaction conditions could be mitigated 
though the addition of electron withdrawing groups that accelerate 
the reaction of 2-pyrones with alkenes and alkynes. Moreover, the 
related compounds, pyranthiones, could be potential H2S/COS 
donors when reacting with electron-rich and/or strained 
alkynes/alkenes. 
     Our initial interest in pyrones/pyranthiones stemmed from their 
potential use as reaction partners with newly developed, modular 
activatable cyclopropenes[38,39] for cell-selective bioorthogonal 
labeling[40] and cyclopropene-modified neurotransmitters for 
bioorthogonal detection[41]. Thus, to begin exploring 
functionalized pyrones and pyranthiones as bioorthogonal 
reagents, we combined an ester functionalized pyrone and a 
cyclopropene commonly used in bioorthogonal studies [42], but no 
reaction was observed (Figure 1A). In contrast, the reaction 
proceeded smoothly when a strained alkyne, BCN, was used 
(Figure 1B), which was consistent with recent reports using other 
strained cyclooctynes[33,36,37]. We reasoned that spontaneous 
release of CO2 driven by aromatization might accelerate the 
reaction. To further explore enhanced reaction rates and the 
potential for bioorthogonal gasotransmitter release, we designed 
and synthesized four pyrone/pyranthione analogues bearing 
different electron withdrawing groups (Figure 2). These 
compounds enabled us to examine the relationship between 
reactivity and biorthogonality and explore pyranthione as potential 
H2S/COS donors with both tunable release kinetics as well as 
high release efficiency in subcellular H2S delivery in living cells. It 
should be noted that, during the preparation of this manuscript, a 
similar strategy based on known pyranthione substrates for H2S 
generation in fixed cells was reported[43]. However, compared to 
the work we show here, that previous report explored fewer 
substrates, did not develop analogs with sites for further 
bioconjugation, and was limited to H2S delivery in fixed cells. 
      To demonstrate how the electron withdrawing groups 
influence the reactivity of 2-pyrones, we synthesized four pyrone 
derivatives, Pyr1, Pyr2, Pyr3, and Pyr4, with different numbers of 
ester groups appending to various positions. Corresponding 
pyranthione counterparts were also readily synthesized by 
refluxing pyrone with Lawesson’s reagent in toluene with decent 
yields (30% to 71%) (Supporting Information Synthetic details). 
Next, we determined the 2nd order rate constants between endo-

BCN-OH (BCN) and 2-pyrones by following the decay of the 
peaks of 2-pyrones using HPLC or 1H NMR (Figure 2 and S1). 
Not surprisingly, Pyr1, with the highest number of ester groups, 
showed the highest reaction rates, achieving up to 1.2 M-1·s-1, 
comparable to SPAACs. In contrast, more sluggish kinetics were 
observed for pyrones with a smaller number of electron 
withdrawing groups, showing a 2nd order rate constant of 0.18, 
0.02, and 0.006 M-1s-1 for Pyr2, Pyr3, and Pyr4, respectively. In 
addition, a 9-fold difference of reaction rate between Pyr2 and 
Pyr3 implied the importance of the substitution position as well as 
steric effects on the reactivity of 2-pyrones. The kinetics between 
pyranthione the counterparts and BCN were also determined by 
following the decay of the characteristic absorption at 412 nm 
(Figure S2, S3, and S4). Similar reactivity trends were observed 
for pyranthione derivatives, showing 2nd order rate constants of 
7.96, 0.36, 0.069, and 0.013 M-1s-1 for PyrS1, PyrS2, PyrS3, 
PyrS4, respectively. All pyranthione derivatives showed 
enhanced kinetics (2- to 6-fold) compared with their 2-pyrone 
counterparts, which is counterintuitive since pyranthiones are 
considered more aromatic than pyrones[34]. 

 

Figure 2. Kinetics studies for the IEDDA cycloaddition between 2-
pyrones/pyranthiones and BCN. Second-order rate constants were derived from 
pseudo first-order rates using 10 to 20 : 1 ratio of BCN to 2-pyrone/pyranthione 
in 50% H2O/CH3CN. Rates are shown as mean values from linear fitting 
between pseudo first-order rates versus concentration of BCN ± standard 
deviation. 

To begin exploring the rationale for the reactivity difference 
between pyrone and pyranthione we performed a computational 
study using DFT calculations with Gaussian 16 (Supporting 
Information Computational details). The computed transition 
state structures at the M06-2X/6-311+G(d,p) level of theory and 
the activation energy (ΔE‡), activation free energy (ΔG‡), and free 
energy of the reaction (ΔGrxn) are shown in Figure 3A. The 
activation free energies for 2-pyrones (Pyr1, Pyr2, Pyr3, and Pyr4) 
were higher than that of the homologous pyranthione derivatives 
(PyrS1, PyrS2, PyrS3 and PyrS4) and followed the same trend 
observed experimentally. The cycloaddition reaction proceeds in 
all cases through non-synchronous transition states with 
activation free energy (ΔG‡) in the range of 15.1–21.0 kcal/mol 
and highly exergonic processes (ΔGR < 0). Pyr1 and PyrS1, with 
the highest number of ester groups, show earlier transition states 
and a longer forming C−C bond distance than other pyrone or 
pyranthione derivatives, respectively, and accordingly lower 
activation free energies. 
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Figure 3. (A) Optimized transition state structures at the M06-2X/6-311+G(d,p) level of theory with bond forming distances in Å. Values of activation energy (ΔE‡), 
activation free energy (ΔG‡), and free energy of the reaction (ΔGrxn) are shown below each structure in blue, red, and green, respectively, in kcal mol−1. (B) Analysis 
of distortion, interaction, and activation (blue: distortion energy of PyrX (X = 1–4, S1–S4), green: distortion energy of BCN, red: interaction energy, black: activation 
energy). Energies are given in kcal mol−1. 
 

In order to quantitatively analyze the factors behind the 
reactivity, we used the Activation Strain Model (ASM)[44], which 
assess the relative contributions of the distortion (ΔEdist) and 
interaction (ΔEint) terms upon the approach of BCN to the pyrone 
or pyranthione. The distortion energy can be decomposed into the 
distortion energy of both reactants, i.e., the distortion energy of 
PyrX (X = 1–4 or S1–S4), and the distortion energy of BCN 
(Figure 3B). The change in BCN distortion is small across the 
series of pyrone or pyranthione derivatives (1.5–1.6 kcal/mol, 
green values). PyrX distortion varies more (blue values), between 
6.4 and 6.7 kcal/mol, for pyrones or pyranthiones, respectively. 
However, the change in interaction energies (red values) is most 
significant, and pyranthiones have higher interaction activation 
energies compared to the homologous pyrones, which is reflected 
in lower activation free energies. 

Next, we began to test the biorthogonality and stability of 
pyrones and pyranthiones since successful biolabeling using 
clickable handles always requires biorthogonality towards bio-
nucleophiles to diminish nonspecific reactions. To this end, we 
chose two of the most reactive pyrones, Pyr1 and Pyr2, and 
tested the biorthogonality towards three naturally occurring amino 
acids, glutathione, lysine, and serine by HPLC assay (Figure S5, 
S6 and Figure S7). We found that Pyr1 reacted rapidly with 
glutathione, and, more slowly, with both lysine and serine, likely 
resulting from the ring’s electron deficiency priming it for 
nucleophilic attack. In comparison, Pyr2 showed negligible 
reaction towards these amino acids, highlighting the trade-off 
between reactivity and biorthogonality in this system. 

Next, we sought to move forward with biological studies 
leveraging the Pyr2 scaffold, which necessitated its 
functionalization. We started the synthesis from α-ketoglutaric 
acid to prepare a pyrone derivative bearing a hydroxy group, 
compound HO-Pyr2 (Scheme S1). However, activation of the 
hydroxyl group by treating with phosgene followed by reaction 
with amino linker did not yield fruitful results (Scheme S2). 
Instead, we attached a bromopropane linker by treating HO-Pyr2 
with 1,3-dibromopropane and potassium carbonate at 80 oC, 

affording Br-Pyr2 in 52% yield. Substitution of the Br for Az 
produced azide derivative Az-Pyr2 in 60% yield and provided a 
convenient clickable handle for subsequent bioconjugation 
reactions (Scheme S1).  

 

Figure 4. Demonstration of protein labeling using the ligation between BCN and 
pyrone-fluorophore conjugate. A, BCN modified lysozyme was labeled with 
sulforhodamine B-pyrone. B, In-gel fluorescence analysis of lysozyme-BCN or 
lysozyme (1.3 mg/mL) incubated with various concentrations of sulforhodamine 
B-pyrone (50–400 µM) in PBS at room temperature for 4h. 

To demonstrate the utility of the pyrone-BCN reaction, we 
explored in vitro protein labeling with in-gel fluorescence detection 
(Figure 4). To accomplish this, we synthesized a fluorophore-
pyrone conjugate, sulforhodamine B-PEG4-pyrone using copper 
catalyzed azide-alkyne click chemistry, indicating the 
compatibility of the pyrone-BCN reaction with 1,3-dipolar 
cycloadditions. Separately, we prepared BCN-modified lysozyme 
by incubation with BCN N-hydroxysuccinimide ester in PBS and 
confirmed the BCN modification by mass spectrometry (Figure 
S7).  Then we performed protein labeling experiments by treating 
BCN-functionalized lysozyme with sulforhodamine B-PEG4-
pyrone (50-400 µM) in PBS for 4h at room temperature and 
analyzed by in-gel fluorescence (Supporting Information 
Protein labeling experiments). Labeling results showed the 
reaction proceeded in a concentration dependent manner, with 
the highest fluorescence observed reacting with sulforhodamine 
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B-PEG4-pyrone (400 µM). The success of in vitro protein labeling 
indicated that the 2-pyrones could be a promising bioorthogonal 
reactive handle for labeling in vitro and, potentially, in vivo. 
 

 
Figure 5. Demonstration of H2S release in vitro. A, Schematic demonstration of 
H2S release and detection after the ligation between pyranthiones and BCN. B, 
Turn-on fluorescent assay for the detection of generated H2S when incubation 
of PyrS2 (100 µM) with BCN (100 µM) using NDI (10 µM) as the H2S probe in 
the presence of carbonic anhydrase (50 µg/mL) in PBS at room temperature. C, 
Quantification of H2S released by using methylene blue assay after incubation 
of pyranthiones (100 µM) with BCN (1 mM) in the presence of carbonic 
anhydrase (50 µg/mL) in PBS at room temperature. Error bars in B and C 
represent standard deviation from three replicates. 

Inspired by the promising results of protein labeling using 
pyrone analogues, we next set up to examine the capabilities of 
pyranthione as H2S/COS donors in vitro (Figure 5A). We first 
used a fluorescence assay based on a turn-on fluorescent probe 
for H2S, NDI[45], to evaluate bioorthogonal H2S release with 
physiological concentrations of H2S donor (Supporting 
Information Fluorescent assay of H2S release). NDI is an activity-
based mitochondrially targeted H2S fluorescent probe, which has 
been proven to be useful for endogenous and exogenous H2S 
imaging[45]. PyrS2 was treated with BCN at submillimolar 
concentrations (100 µM) in the presence of Mito-NDI (10 µM) and 
carbonic anhydrase (50 µg/mL). The release of H2S was 
monitored by the increasing green fluorescence of NDI backbone 
freed by H2S substitution at 528 nm. As depicted in Figure 5B, 
PyrS2 showed steady H2S release while no significant changes 
of fluorescence were observed for 2-pyrone or amino acids 
control (Figure S9). Notably, the release rate of H2S seemed to 
be much slower without the presence of CA, suggesting that its 
important role in converting COS to H2S, which is consistent with 
previous reports[27]. H2S release with tunable rates were also 
performed with PyrS1, PyrS3 and PyrS4. However, both PyrS1 
and PyrS4 did not show significant fluorescent signal after 12h 
incubation at room temperature (Figure S10). We reasoned that 
the vulnerability of PyrS1 to nucleophilic attack and the relatively 
slow kinetics of PyrS4 reaction with BCN might be responsible for 
the absence of fluorescence signals in this assay. Interestingly, 
the PyrS3 showed rapid turn on fluorescence, which was 
determined to be from the degradation in DMSO (Figure S10 and 
S11). The highest H2S release rate of PyrS2 among all 
pyranthione analogues highlighted the important balance 
between reactivity, stability and biorthogonality. 

Next, to further quantify the H2S releasing efficiency of 
pyranthiones, we used a methylene blue assay[46] (Supporting 
Information Quantification of H2S release). As shown in Figure 
5C, PyrS2 (100 µM), when treated with 1 mM of BCN, showed an 
almost quantitative H2S release efficiency in 15 minutes at room 
temperature, demonstrating a great potential for H2S/COS donors. 
In contrast, PyrS3 and PyrS4 exhibited decreased H2S releasing 
kinetics as well as inferior release efficiency compared with PyrS2, 
which agreed well with their relatively solwer kinetics for these 
compounds. On another hand, PyrS1, exhibiting the highest 2nd 
order rate constant, showed the poorest H2S release efficiency. 
This is a consequence of PyrS1’s poor stability and 
biorthogonality towards nucleophiles that could be cystine groups 
on carbonyl anhydrase. These results suggested that tunable 
H2S release might be achieved using pyranthiones with well-
balanced reactivity and bioorthogonality. 

 

 

Figure 6. Live cell imaging of H2S delivery in mitochondria. HeLa cells were 
treated with PPh3-Pyr2 (40 µM) and NDI (mitochondrial targeting H2S probe, 10 
µM) for 30 min, followed by treatment with BCN (200 µM) for 2.5 h, washed, co-
stained by MitoTracker Red (200 nM) for 21 min, Hoechst 33342 (1 µg/mL) for 
15 min at 37 oC, washed, and then imaged by confocal microscopy. 

To explore the application of pyranthiones in subcellular 
targeted H2S delivery, we synthesized a pyranthione derivative, 
Br-PyrS2, by treating Br-Pyr2 with phosphorus pentasulfide at 80 
oC in toluene with 41% yield (Scheme S3). Interestingly, this 
reaction did not show any conversion when Lawesson’s reagent 
was used, indicating the lower reactivity of Br-Pyr2 compared with 
Pyr2. To prepare a mitochondrial targeting pyranthione, PPh3-
PyrS2, we tried refluxing Br-PyrS2 with triphenylphosphine in 
acetonitrile. However, we failed to isolate the product due to the 
domination of side reactions at high temperatures (above 80 oC) 
and low conversion with relative lower temperatures (60 oC to 70 
oC). To facilitate the reaction’s success at lower temperatures, we 
synthesized an iodinated pyranthione, I-PyrS2, by treating Br-
PyrS6 with sodium iodide at 40 oC. PPh3-PyrS2 was then 
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prepared by reacting I-PyrS6 with PPh3 at 40 oC with a yield of 
16% over two steps (Scheme S4). A mitochondrial targeting 
pyrone derivative, PPh3-Pyr2, was also synthesized using similar 
procedures (Scheme S2) and is an ideal control for live cell 
imaging of H2S. 

Finally, to evaluate bioorthogonal click and release H2S 
generation in living cells, we exposed HeLa cells to mitochondria-
targeted PPh3-PyrS2 or control PPh3-Pyr2, with or without BCN, 
and imaged the production of H2S using the fluorescent indicator 
NDI (Figure 6). In the controls lacking BCN or with PPh3-Pyr2 
instead of PPh3-PyrS2, we observed minimal fluorescence in the 
cells (Figure 6A, B). However, living HeLa cells exposed to PPh3-
PyrS2 and BCN showed significant fluorescence turn on of the 
H2S fluorescent indicator NDI (Figure 6C), and the NDI 
fluorescence colocalized with a fluorescent marker for the 
mitochondria (Mitotracker Red, Pearson’s correlation coefficient, 
0.625), indicating we have successfully delivered H2S in the 
mitochondria. Importantly, we evaluated the cytotoxicity of PPh3-
PyrS2 (10–80 µM) and the reaction between 40 µM PPh3-PyrS2 
and 200 µM BCN using an MTT assay and found no significant 
toxicity for PPh3-PyrS2 (up to 80 µM) or the cycloadduct (Figure 
S18). 

In conclusion, we have reported a “click and release” pair 
based on an inversed electron demand Diels-Alder cycloaddition 
between pyrone/pyranthione and BCN by introducing strong 
electron withdrawing groups on dienes (pyrones/pyranthiones). 
We found that this type of reaction is likely driven by aromatization 
induced retro Diels-Alder reaction with the commitment release of 
CO2/COS, which proceeded with second order rate constants 
comparable to SPAACs. We demonstrated the utility of 
pyrones/pyranthiones in protein labeling, in vitro H2S release with 
quantitative efficiency, and H2S delivery to mitochondria in living 
cells. This click and release reaction enriches the click reaction 
toolkits and provides a tunable and high efficiency method for 
subcellular H2S delivery in living cells.  

Supporting Information 

The authors have cited additional references within the 
Supporting Information. 

Keywords: Click and release • pyrone/pyranthione • hydrogen 
sulfide • subcellular delivery • labeling and live imaging 

References: 

[1] X. Ji, Z. Pan, B. Yu, L. K. De La Cruz, Y. 
Zheng, B. Ke, B. Wang, Chem Soc Rev 
2019, 48, 1077–1094. 

[2] J. Wang, X. Wang, X. Fan, P. R. Chen, 
ACS Cent Sci 2021, 7, 929–943. 

[3] D. Kang, S. Lee, J. Kim, Chem 2022, 8, 
2260–2277. 

[4] R. M. Versteegen, W. ten Hoeve, R. 
Rossin, M. A. R. de Geus, H. M. 
Janssen, M. S. Robillard, Angewandte 

Chemie International Edition 2018, 57, 
10494–10499. 

[5] Q. Wang, Y. Wang, J. Ding, C. Wang, X. 
Zhou, W. Gao, H. Huang, F. Shao, Z. 
Liu, Nature 2020, 579, 421–426. 

[6] R. Rossin, R. M. Versteegen, J. Wu, A. 
Khasanov, H. J. Wessels, E. J. 
Steenbergen, W. ten Hoeve, H. M. 
Janssen, A. H. A. M. van Onzen, P. J. 
Hudson, M. S. Robillard, Nat Commun 
2018, 9, 1484. 

[7] J. Tu, M. Xu, S. Parvez, R. T. Peterson, 
R. M. Franzini, J Am Chem Soc 2018, 
140, 8410–8414. 

[8] J. C. T. Carlson, H. Mikula, R. 
Weissleder, J Am Chem Soc 2018, 140, 
3603–3612. 

[9] M. Wilkovitsch, M. Haider, B. Sohr, B. 
Herrmann, J. Klubnick, R. Weissleder, J. 
C. T. Carlson, H. Mikula, J Am Chem 
Soc 2020, 142, 19132–19141. 

[10] A. H. A. M. van Onzen, R. M. 
Versteegen, F. J. M. Hoeben, I. A. W. 
Filot, R. Rossin, T. Zhu, J. Wu, P. J. 
Hudson, H. M. Janssen, W. ten Hoeve, 
M. S. Robillard, J Am Chem Soc 2020, 
142, 10955–10963. 

[11] A. S. Cohen, E. A. Dubikovskaya, J. S. 
Rush, C. R. Bertozzi, J. Am. Chem. Soc. 
2010, 132, 8563–8565. 

[12] S. S. Matikonda, D. L. Orsi, V. 
Staudacher, I. A. Jenkins, F. Fiedler, J. 
Chen, A. B. Gamble, Chem. Sci. 2015, 
6, 1212–1218. 

[13] R. M. Versteegen, R. Rossin, W. Ten 
Hoeve, H. M. Janssen, M. S. Robillard, 
Angewandte Chemie - International 
Edition 2013, 52, 14112–14116. 

[14] D. Sondag, L. Maartense, H. de Jong, F. 
F. J. de Kleijne, K. M. Bonger, D. W. P. 
M. Löwik, T. J. Boltje, J. Dommerholt, P. 
B. White, D. Blanco-Ania, F. P. J. T. 
Rutjes, Chemistry – A European Journal 
2023, 29, e202203375. 

[15] K. Neumann, A. Gambardella, A. 
Lilienkampf, M. Bradley, Chem Sci 
2018, 9, 7198–7203. 

[16] R. Wang, Trends Biochem Sci 2014, 39, 
227–232. 

[17] B. D. Paul, S. H. Snyder, Biochem 
Pharmacol 2018, 149, 101–109. 

[18] A. Ali, Y. Wang, L. Wu, G. Yang, Free 
Radic Res 2021, 55, 83–105. 

[19] K. D. W. Hendriks, H. Maassen, P. R. 
van Dijk, R. H. Henning, H. van Goor, 
J.-L. Hillebrands, Curr Opin Pharmacol 
2019, 45, 87–93. 

[20] L. Wang, X. Xie, B. Ke, W. Huang, X. 
Jiang, G. He, J Adv Res 2022, 38, 261–
274. 



COMMUNICATION          

6 
 

[21] M. R. Filipovic, J. Zivanovic, B. Alvarez, 
R. Banerjee, Chem. Rev. 2018, 118, 
1253–1337. 

[22] J. L. Wallace, R. Wang, Nat Rev Drug 
Discov 2015, 14, 329–345. 

[23] O. McCook, P. Radermacher, C. Volani, 
P. Asfar, A. Ignatius, J. Kemmler, P. 
Möller, C. Szabó, M. Whiteman, M. E. 
Woodg, R. Wang, M. Georgieff, U. 
Wachter, Nitric Oxide 2014, 41, 48–61. 

[24] M. Fu, W. Zhang, L. Wu, G. Yang, H. Li, 
R. Wang, Proc. Natl. Acad. Sci. USA 
2012, 109, 2943–2948. 

[25] X. Shen, E. A. Peter, S. Bir, R. Wang, C. 
G. Kevil, Free Radic Biol Med 2012, 52, 
2276–2283. 

[26] A. K. Steiger, Y. Yang, M. Royzen, M. 
D. Pluth, Chem. Commun. 2017, 53, 
1378–1380. 

[27] A. K. Steiger, S. Pardue, C. G. Kevil, M. 
D. Pluth, J. Am. Chem. Soc. 2016, 138, 
7256–7259. 

[28] R. A. Kumar, M. R. Pattanayak, E. Yen‐
Pon, J. Eliyan, K. Porte, S. Bernard, M. 
Riomet, P. Thuéry, D. Audisio, F. Taran, 
Angew. Chem. Int. Ed. 2019, 131, 
14686–14690. 

[29] Y. Chen, R. Zhao, C. Tang, C. Zhang, 
W. Xu, L. Wu, Y. Wang, D. Ye, Y. Liang, 
Angew. Chem. Int. Ed. 2022, 61, DOI 
10.1002/anie.202112734. 

[30] Z. S. Bhat, M. A. Rather, M. Maqbool, H. 
U. Lah, S. K. Yousuf, Z. Ahmad, 
Biomedicine and Pharmacotherapy 
2017, 91, 265–277. 

[31] T. Ahmad, T. Rasheed, M. Hussain, K. 
Rizwan, Top Curr Chem 2021, 379, 38. 

[32] G. Huang, C. Kouklovsky, A. de la 
Torre, Chemistry - A European Journal 
2021, 27, 4760–4788. 

[33] H. Meier, T. Molz, U. Merkle, T. Echter, 
M. Lorch, Liebigs Ann Chem 1982, 
1982, 914–923. 

[34] B. Rickborn, in Organic Reactions, 
2004, pp. 223–629. 

[35] D. L. Boger, C. E. Brotherton, 
Tetrahedron 1986, 42, 2777–2785. 

[36] N. Münster, P. Nikodemiak, U. Koert, 
Org Lett 2016, 18, 4296–4299. 

[37] J. Meinecke, U. Koert, Org Lett 2019, 
21, 7609–7612. 

[38] P. Kumar, O. Zainul, F. M. Camarda, T. 
Jiang, J. A. Mannone, W. Huang, S. T. 
Laughlin, Org Lett 2019, 21, 3721–3725. 

[39] T. Jiang, P. Kumar, W. Huang, W. Kao, 
A. O. Thompson, F. M. Camarda, S. T. 
Laughlin, ChemBioChem 2019, 20, 
2222–2226. 

[40] W. Huang, S. T. Laughlin, Cell Chem 
Biol 2023, DOI 

https://doi.org/10.1016/j.chembiol.2023.
09.010. 

[41] P. Kumar, D. Shukhman, S. T. Laughlin, 
Tetrahedron Lett 2016, 57, 5750–5752. 

[42] D. M. Patterson, L. A. Nazarova, B. Xie, 
D. N. Kamber, J. A. Prescher, J Am 
Chem Soc 2012, 134, 18638–18643. 

[43] Q. Cui, T. W. Pan, M. Shieh, S. S. Kelly, 
S. Xu, W.-J. Qian, M. Xian, Org. Lett. 
2022, 24, 7334–7338. 

[44] F. M. Bickelhaupt, K. N. Houk, Angew. 
Chem. Int. Ed. 2017, 56, 10070–10086. 

[45] Y. L. Pak, J. Li, K. C. Ko, G. Kim, J. Y. 
Lee, J. Yoon, Anal Chem 2016, 88, 
5476–5481. 

[46] Y. Chen, R. Zhao, C. Tang, C. Zhang, 
W. Xu, L. Wu, Y. Wang, D. Ye, Y. Liang, 
Angew. Chem. Int. Ed. 2022, 61, 
e202112734. 

  

 



COMMUNICATION          

7 
 

Entry for the Table of Contents 

 

Click and release reaction between pyrone/pyranthiones and bicyclononyne (BCN), features a release of CO2/COS with second-order 
rate constants comparable to Strain-Promoted Azide-Alkyne Cycloaddition reactions (SPAACs) for tunable H2S delivery and imaging 
in living cells. 

 


