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Synthesis of Small Molecule and Polymeric Systems for the Controlled Release of 

Sulfur Signaling Molecules 

Chadwick R. Powell 

ABSTRACT 

 Hydrogen sulfide (H2S) was recognized as a critical signaling molecule in 

mammals nearly two decades ago. Since this discovery biologists and chemists have 

worked in concert to demonstrate the physiological roles of H2S as well as the therapeutic 

benefit of exogenous H2S delivery. As the understanding of H2S physiology has increased, 

the role(s) of other sulfur-containing molecules as potential players in cellular signaling 

and redox homeostasis has begun to emerge. This creates new and exciting challenges for 

chemists to synthesize compounds that release a signaling compound in response to 

specific, biologically relevant stimuli. Preparation of these signaling compound donor 

molecules will facilitate further elucidation of the complex chemical interplay within 

mammalian cells. 

 To this end we report on two systems for the sustained release of H2S, as well as 

other sulfur signaling molecules. The first system discussed is based on the N-

thiocarboxyanhydride (NTA) motif. NTAs were demonstrated to release carbonyl sulfide 

(COS), a potential sulfur signaling molecule, in response to biologically available 

nucleophiles. The released COS is shown to be rapidly converted to H2S in the presence of 

the ubiquitous enzyme carbonic anhydrase (CA). A synthetic route that affords NTAs with 

reactive functionalities was devised and the functional ñparentò NTAs were successfully 

conjugated to a variety of substrates, ranging from small molecules to polymers. These 

functional NTAs provide a platform from which a library of NTA-based COS/H2S may be 



 

 

readily prepared convergently in an effort to move towards H2S-releasing drug and 

polymer conjugates. Additionally, preliminary in vitro cytotoxicity studies indicate that 

NTAs are noncytotoxic at concentrations above 100 µM. 

 The second system discussed in this dissertation leverages the 1,6-benzyl 

elimination reaction (or self-immolative reaction) to facilitate the release of a persulfide 

(RïSSH) from a small molecule prodrug platform as well as a separate system that releases 

COS/H2S from a polymer. The self-immolative persulfide prodrug was designed to be 

responsive to reactive oxygen species (ROS) and demonstrates efficacy as an antioxidant 

in vitro. Furthermore, the polymeric COS/H2S self-immolative system was designed to 

respond to reducing agents, including H2S itself, and shows promise as a H2S signal 

amplification platform.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Synthesis of Small Molecule and Polymeric Systems for the Controlled Release of 

Sulfur Signaling Molecules 

Chadwick R. Powell 

GENERAL AUDIENCE ABSTRACT 

 Hydrogen sulfide (H2S) has long been recognized as a malodorous and toxic 

byproduct of industrial chemical processes. However, the discovery of H2S as a key 

signaling molecule in mammals has drastically shifted the paradigm of H2S research over 

the last two decades. Research into the production and roles of H2S in the body is ongoing, 

but has pointed to the implication of changes in H2S production to the onset of a variety of 

disease states, including cardiovascular disease and Alzheimerôs. As alterations in the 

bodyôs production of H2S have been correlated to certain disease states, collaborative 

research efforts among biologists and chemists have demonstrated the utility of H2S-based 

therapeutics in helping to alleviate these disease states. 

 Our understanding of the roles of H2S in the body, and potential benefits derived 

from H2S-releasing drugs, can only continue to advance with the development and 

improvement of H2S releasing compounds. The first portion of this dissertation focuses on 

the synthesis of a new class of H2S-releasing compounds, termed N-thiocarboxyanhydrides 

(NTAs). NTAs release H2S through an intermediate sulfur-containing molecule, carbonyl 

sulfide (COS), which may have signaling properties independent of H2S. The COS that is 

released from the NTAs is rapidly converted to H2S by the action of the ubiquitous enzyme 

carbonic anhydrase. A variety of functional NTAs were synthesized, which in turn were 

used to prepare a small library of NTA-based COS/H2S releasing compounds. This work 

informs the preparation of H2S-drug or H2S-polymer conjugates. 



 

 

 The second portion of this dissertation examines a class of compounds broadly 

termed self-immolative prodrugs. The self-immolative prodrug platform was leveraged to 

release H2S, or persulfides (RïSSH), another class of sulfur-containing molecules of 

biological interest. The self-immolative persulfide prodrug system was designed to be 

responsive to reactive oxygen species (ROS), a harmful cellular byproduct. The persulfide 

donor was successful in mitigating the harmful effects of ROS in heart cells. Independently, 

a polymeric self-immolative H2S releasing system was designed to depolymerize in the 

presence of H2S, resulting in the generation of 6-8-fold excess of H2S upon 

depolymerization. We envision the self-immolative H2S-releasing polymer will show 

promise in biological applications where a vast excess of H2S is needed rapidly.
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Chapter 1: A Review of Hydrogen Sulfide (H2S) Donors: Chemistry and Potential 

Therapeutic Applications 

Reprinted with permission from: Powell, C. R., et al. (2018). "A Review of Hydrogen Sulfide 

(H2S) Donors: Chemistry and Potential Therapeutic Applications." Biochemical Pharmacology 

149: 110-123. DOI: 10.1016/j.bcp.2017.11.014. Copyright 2017 Elsevier. 

  

1.1 Authors:   

Chadwick R. Powell, §,À Kearsley M. Dillon, §,À John B. Matson§,À 

ÄDepartment of Chemistry, Virginia Tech, Blacksburg, Virginia 24061, United States 

À Virginia Tech Center for Drug Discovery, Virginia Tech, Blacksburg, Virginia 24061, United 

States 

 

1.2 Abstract 

Hydrogen sulfide (H2S) is a ubiquitous small gaseous signaling molecule, playing an important 

role in many physiological processes and joining nitric oxide and carbon monoxide in the group 

of signaling agents termed gasotransmitters. Endogenous concentrations of H2S are generally low, 

making it difficult to discern precise biological functions. As such, probing the physiological roles 

of H2S is aided by exogenous delivery of the gas in cell and animal studies. This need for an 

exogenous source of H2S provides a unique challenge for chemists to develop chemical tools that 

facilitate the study of H2S under biological conditions. Compounds that degrade in response to a 

specific trigger to release H2S, termed H2S donors, include a wide variety of functional groups and 

delivery systems, some of which mimic the tightly controlled endogenous production in response 

to specific, biologically relevant conditions. This review examines a variety of H2S donor systems 
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classified by their H2S-releasing trigger as well as their H2S release profiles, byproducts, and 

potential therapeutic applications. 

 

1.3. Introduction  

Hydrogen sulfide (H2S) has long been known as a foul smelling, toxic gas. Much of the 

early literature on H2S focused on its removal from petroleum and pulp products, concerns due in 

large part to its noxious odor. The presence of H2S in mammalian tissue has been known for 

decades, but it was not until the landmark paper by Abe and Kimura in 1996 that the endogenous 

production and signaling capacity of H2S was elucidated.1 Clarification of the cellular signaling 

mechanisms and biodistribution of its constitutive enzymes led to the induction of H2S into a 

family of small signaling molecules known as gasotransmitters. The term gasotransmitter, coined 

by Wang in 2002, refers to the gaseous nature of these compounds at standard temperature and 

pressure in the bulk.2 There are currently three accepted gasotransmitters: carbon monoxide (CO), 

nitric oxide (NO), and, most recently, H2S. For a molecule to be considered a gasotransmitter, 

specific criteria must be met, including: regulated endogenous production, the ability to freely 

permeate cell membranes, and specific signaling function with specific cellular and molecular 

targets.2 The acknowledgement of H2S as a gasotransmitter has led to a renewed interest in this 

gas over the past two decades, with a focus on creating chemical tools to probe H2S physiology, 

determining its signaling roles in various organs and systems across the plant and animal 

kingdoms, and exploiting its biological signaling capacity for therapeutic benefits. 
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1.3.1. Physical and Chemical Properties of H2S 

H2S is a colorless, pungent gas with a boiling point of -60 °C.3 A saturated aqueous solution 

of H2S has a concentration of 0.11 M at room temperature and pH of ~4.0 owing to the acidic 

nature of H2S (pKa1 = 6.98). In an unsaturated aqueous H2S solution at body temperature (37 °C), 

the pKa1 is 6.76, meaning that roughly 40% of sulfide species in the body exist as H2S with the 

remaining population as hydrosulfide anion (HSï). A very small and likely negligible amount 

exists as S2-. Unlike water, H2S does not form hydrogen bonds and is lipophilic, allowing it to pass 

through biological membranes and act as a paracrine signaling molecule.4 The hydrosulfide anion 

can undergo oxidation in the presence of O2, forming oxidized sulfide species such as sulfite 

(SO3
2-), sulfate (SO4

2-), thiosulfate (S2O3
2-), polythionates (SnOn+2

ï), and polysulfides (Sx
2-), as 

well as other oxidized polysulfide species.5 It is unclear whether it is H2S, HSï, or both that 

contribute to observed biological activity.6 To eliminate uncertainty and confusion, in any 

reference to H2S hereafter we acknowledge the appreciable presence of both species in biologically 

relevant media. 

1.3.2. Endogenous Production of H2S 

Endogenous production of H2S is a result of direct enzymatic desulfhydration of cysteine, 

catalyzed by cystathionine-ɔ-lyase (CSE) and cystathionine-ɓ-synthase (CBS), and indirect 

desulfhydration catalyzed by 3-mercapto-sulfurtransferase (3-MST) in the presence of reductants.7 

CBS is present mostly in the central nervous system and the liver, while CSE is primarily 

responsible for H2S production in the cardiovascular system. 3-MST is located predominantly in 

the mitochondria and produces H2S in concert with cysteine aminotransferase (CAT).8-12 The 

pathways for endogenous production of H2S are outlined in Figure 1.  
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Figure 1. Graphical overview of endogenous H2S production in mammalian cells. 

 

1.3.2A. CBS 

 

CBS typically catalyzes a pyridoxyl 5ô-phosphate (PLP) dependent reaction in which L-

homocysteine and L-serine are condensed to form L-cystathionine with the release of water.10 In 

the presence of L-cysteine, CBS performs the same ɓ-replacement reaction but releases H2S 
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instead of water. CBS has very complex roles in the mammalian brain, acting as a powerful 

neuromodulator.13-14 CBS-produced H2S selectively enhances N-methyl-D-aspartate (NMDA) 

receptor responses and appears to alter long-term potentiation in the hippocampus.15 CBS is 

regulated by testosterone, S-adenosyl-L-methionine, and calmodulin/Ca2+-mediated pathways and 

may be a selective target for novel cancer therapies.  

1.3.2B. CSE 

 

CSE catalyzes the PLP-dependent reaction of cysteine and homocysteine to pyruvate and 

Ŭ-ketoglutarate, respectively, resulting in the release of ammonia (NH3) and H2S. CSE is located 

solely in the cytoplasm of cells and is sequestered mostly in the cardiovascular system. Thus, this 

enzyme is under scrutiny as a possible drug target to treat the millions affected by heart disease. 

Modulating CSE activity has a profound impact in treating animal models of atherosclerosis and 

other cardiovascular conditions.16 Additionally, recent studies suggest that CSE-produced H2S 

exerts numerous cytoprotective effects ranging from alleviating ischemia-reperfusion (I/R) injury 

and attenuating cardiac arrhythmia to reducing myocardial infarction.17-19 In addition to activity in 

the cardiovascular system, CSE also contributes to cellular signaling and homeostasis in other 

organs. For example, Lefer showed that inhibition of CSE attenuated D-galactosamine- and 

lipopolysaccharide (LPS)-induced liver injury.20 This attenuation results from increased cellular 

levels of thiosulfate and homocysteine, upregulation of NF-E2 p45 factor 2 (Nrf2) and antioxidant 

proteins, among other complex factors. 

1.3.2C. 3-MST 

 

Of the three H2S-generating enzymes, 3-MST has been the least studied thus far. 3-MST 

catalyzes the conversion of cysteine to pyruvate with the assistance of CAT in a two-step reaction. 

CAT first catalyzes a transamination reaction to convert L-cysteine and Ŭ-ketoglutarate into 3-
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mercaptopyruvate and L-glutamate, respectively. 3-MST then converts 3-mercaptopyruvate into 

H2S and pyruvate using L-cysteine or other biologically relevant thiols.12 In addition to producing 

H2S, 3-MST catalyzes formation of various sulfur oxides (SOx) in perthiol redox cycles. 3-MST 

has complex, interconnecting roles with CBS in the brain.21 Consequently, mutations in 3-MST 

causing reduced levels of H2S and SOx in the brain correlate to behavioral abnormalities and 

increased anxiety.22  

1.3.3. H2S Signaling Mechanisms 

There are three main routes by which H2S exerts its biological effects: metal center 

interactions,23 reactive oxygen species (ROS)/reactive nitrogen species (RNS) scavenging,24 and 

S-persulfidation.8 Although the first two routes have significance, S-persulfidation is accepted as 

the key process by which H2S acts in a signaling capacity. S-Persulfidation (more commonly but 

less accurately called S-sulfhydration) is the process in which a thiol (RïSH) is converted into a 

perthiol (RïSSH, also called a persulfide). S-Persulfidation modulates the biological activity of 

proteins due to the decrease in pKa and increase in nucleophilicity of perthiols with respect to 

thiols.25 For example, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme whose 

main functions are in the glycolysis and gluconeogenesis pathways, changes function upon S-

persulfidation to inhibit cell apoptosis.26 Similarly, S-persulfidation in KATP channels contributes 

to H2S-induced vasodilation.26 Due to the pronounced changes S-persulfidation enacts on proteins 

and small molecules, there is currently much investigation into the biological roles of perthiols and 

polysulfides.27 
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1.4. Chemical Tools for Studying H2S 

As interest in the physiological roles of H2S has grown, the need for chemical tools used 

for studying H2S has also increased. These tools include H2S probes, which are molecules capable 

of responding to H2S typically by changing their spectroscopic properties, CSE and CBS 

inhibitors, which reduce or eliminate endogenous H2S production, and H2S donors, which are 

molecules designed to release H2S under specific conditions. For a review on compounds and 

methods used for detection of H2S, we refer the reader to recent reviews on these topics.28-30 We 

also refer the reader to reports on recent efforts to increase the selectivity and potency of CBS and 

CSE inhibitors.31-32 Here we focus solely on H2S donors. To study H2S in a physiologically 

relevant manner, donors with variable release rates and triggers are needed. This review is not a 

comprehensive look at H2S donors, but rather a critical examination of recent developments in H2S 

donor chemistry, highlighting specific examples of donors and discussing important 

considerations in designing and choosing donors for biological studies.  

1.5. Direct Delivery of H2S 

1.5.1. Inhalation 

When considering exogenous delivery of gasotransmitters, the most conspicuous method 

of delivery is inhalation of the gas directly. Inhalation offers the possibility to tune total payload 

delivery by carefully modulating pressure over time, and it circumvents some of the issues with 

intravenous delivery such as oxidation and volatilization of dissolved H2S. Despite the difficulties 

in working with toxic and flammable H2S gas directly, this delivery mode has been tested. For 

example, exogenous systemic delivery of H2S via inhalation at 80 ppm for 3 h or greater in mice 

showed a reversible decrease in motor activity and body temperature with a corresponding increase 

in blood sulfide concentration.33-34 These studies led to the use of inhaled H2S in hypothermic and 



 

8 

 

normothermic mice as a method of inhibiting pulmonary and systemic inflammatory responses 

during physiological stress.35-36 However, H2S inhalation has some inherent shortcomings due the 

toxicity and flammability of the gas, particularly gas storage, safe administration, and targeting. 

These technical difficulties limi t the overall impact of inhalation as a viable method of H2S 

delivery, and few researchers are currently actively examining this delivery strategy. 

1.5.2. Sulfide Salts 

The most common class of H2S donors employed in biological studies are the sulfide salts, 

sodium hydrosulfide (NaSH) and sodium sulfide (Na2S). Although commonly referred to as 

donors, sulfide salts are simply solid analogs of the gas, providing direct, instantaneous access to 

the biologically relevant forms of sulfide (H2S and HSï). Use of sulfide salts has been integral in 

the establishment of H2S as a gasotransmitter, and these salts have been widely used to evaluate 

the therapeutic potential of exogenous H2S delivery. 

One of the early studies on exogenous H2S delivery by Wang et al. employed aqueous 

NaSH solutions in evaluating rat aortic ring response in vitro.37 NaSH delivery led to a 60% greater 

relaxation over controls, showing the vasorelaxant properties of H2S. In a separate study by Du et 

al., delivery of NaSH solution via intravenous injection to rats with oleic acid-induced acute lung 

injury (ALI) alleviated the degree of ALI by decreasing IL-6 and IL-8 levels while simultaneously 

increasing IL-10 levels in the plasma and lung tissue.38 This study also verified the hypothesis that 

down-regulation of endogenous H2S levels in the cardiovascular system is involved in ALI 

pathogenesis. 

Sulfide salts as H2S donors have also exhibited efficacy in limiting cell damage from ROS 

in brain cells. Delivery of NaSH was tested as an antioxidant in an in vitro study where oxidative 

stress was induced in human nueroblastoma cells using hypochlorous acid (HOCl) to mimic HOCl 
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overproduction from myeloperoxidase in the brain of patients with Alzheimerôs disease. 

Exogenous NaSH inhibited protein oxidation, lipid peroxidation, and overall cytotoxicity.39 In a 

hepatic I/R injury model, delivery of Na2S (up to 1.0 mg/kg) prior to reperfusion inhibited lipid 

peroxidation and preserved a healthy balance of reduced glutathione (GSH), overall providing 

protection against I/R injuries.40 Aqueous solutions of sulfide salts have also demonstrated efficacy 

in promoting ulcer healing,41-42 as well as quenching RNS.43-44 

While sulfide salts are a popular choice amongst biologists interested in elucidating 

endogenous roles and therapeutic prospects of H2S, there are drawbacks to these H2S donors both 

as chemical tools for studying H2S biology and as potential therapeutics. Sulfide salts hydrolyze 

immediately upon dissolution in water, instantaneously establishing the equilibrium between H2S, 

HSï, and S2- species. Once this equilibrium is established, volatilization of H2S occurs, lowering 

the overall concentration of sulfur species in solution. Additionally, air oxidation of HSï catalyzed 

by trace metals in water further reduces the actual concentration of H2S in solution.6 These 

competing processes make it challenging to deliver a reproducible amount of H2S via sulfide salts. 

In addition, sulfide salts lack targeting capabilities and thus are only of utility in systemic delivery. 

Finally, studies on H2S biology using sulfide salts frequently require administration of high doses, 

causing H2S blood and tissue concentrations to surge to supraphysiological levels and then drop 

rapidly. This delivery method lies in stark contrast to the endogenous production of H2S, in which 

levels are tightly regulated. These shortcomings have led to the search for H2S donors that give 

researchers the ability to control the dose, duration, timing, and location of release.   
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1.6. Measuring H2S Release Kinetics 

Aside from the direct sources of H2S, all other donors must undergo some type of chemical 

reaction to release H2S. Release may be triggered by water, light, a nucleophile such as a thiol, the 

action of an enzyme, or other stimuli. Measuring the kinetics of these reactions can be difficult 

and has been handled in several different ways by the community of researchers developing H2S 

donors. Only in a few cases have rate constants been determined, making it difficult to compare 

release rates across different donor classes. Instead, most researchers compare different 

compounds within a specific class to assess structure-property relationships. 

One common method of assessing release kinetics is to use an H2S-selective 

electrochemical probe. These instruments provide a real-time analysis of H2S concentration in 

solution, with release data taking the form of a curve approximating an inverted, extended U-

shape. Most authors report both peaking time and peak concentration, marking the top of the 

inverted U-shape, or a peaking half-time, marking the time it takes to reach half of the peaking 

concentration. It is important to realize that this type of analysis does not enable calculation of a 

rate constant because the rates of H2S loss due to volatilization, oxidation, and other reactions are 

unknown, and all of these reactions contribute to the shape of the curve. Additionally, peaking 

times and concentrations depend on the concentrations of the reactants. As a result, these types of 

peaking time/concentration data can only be used to compare across different donors that have 

been analyzed under the same conditions. These data may not reflect how donors would react in 

the bloodstream, where rapid dilution would alter their release profile. 

Another strategy used to assess release kinetics is the methylene blue method, first reported 

by Fischer in 1883 and expounded upon by Siegel in 1965.45-46 Reaction of sulfide species in an 

acidic aqueous solution of N,N-dimethylphenylenediamine and iron (III) chloride (FeCl3) leads to 
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the formation of methylene blue. Siegel reported that methylene blue formation, monitored by 

readout of the absorbance at 650 nm, showed a linear relationship to concentration of Na2S in 

solution from 0ï80 ɛM. Methylene blue is a commonly employed assay in determining H2S release 

from synthetic donors, allowing for the determination of release kinetics because cumulative 

release can be measured.  

Close examination of the methylene blue method under the aforementioned conditions 

shows that methylene blue does not obey Beerôs Law at concentrations greater than 1 ɛM due to 

the formation of dimer and trimer species.6, 47 Additionally, formation of methylene blue occurs in 

the presence of a variety of sulfur species, including thiols, a common trigger of synthetic H2S 

donors, further complicating analysis.46 Therefore, control experiments must be conducted to 

properly account for methylene blue derived from the H2S donor of interest compared with other 

potential sources. H2S release half-lives determined by the methylene blue assay may not be 

comparable between various H2S donor systems, but this method still has utility in direct 

comparisons between similar donors under identical experimental conditions. 

H2S-selective fluorescent probes are also routinely used in the detection and quantification 

of H2S release kinetics. Many of these probes rely on the selective reduction of aryl or sulfonyl 

azides to amines by HSï in a ñturn onò fluorescence mechanism. One of the first examples of a 

probe based on the reduction of an aryl azide was from Chang and coworkers, who demonstrated 

the use of an aryl azide in imaging H2S in cells.48 Similarly, Wang and coworkers reported the 

synthesis of a reduction-based probe based on the prevalent dansyl fluorophore building block, a 

popular option amongst chemists for its relative ease of synthesis.49 Probes that rely on the 

nucleophilicity of H2S have also been reported in the literature and are typically used for 

quantification of sulfide in solution.50-52 For a more comprehensive discussion on fluorometric 
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determination of sulfide in solution, the reader is referred to a recent review on the topic.53 Lastly, 

researchers have derivatized various forms of sulfide in solution using monobromobimane, which 

appears to give a more accurate quantification of sulfide in solution compared to the previously 

discussed methods.54 

 

1.7. Naturally Occurring Do nors 

Consumption of garlic and onions is recognized as beneficial for prevention or treatment 

of cardiovascular disease, hypertension, thrombosis, and diabetes.55 While there is still debate over 

which ingredients in garlic contribute to the overall health benefits attributed to consumption, H2S-

releasing compounds from garlic extract appear to be important components. The isolated H2S-

releasing compounds from garlic are byproducts of the breakdown of thiosulfinates (RïSO2ïSR).56 

Allicin, the most common of the thiosulfinates, decomposes into diallyl disulfide (DADS), diallyl 

sulfide (DAS), and diallyl trisulfide (DATS).57 Subsequent research by Kraus et al. on DADS, 

DAS, and DATS revealed that human red blood cells converted these compounds into H2S in the 

presence of free thiols and that treatment of aortic rings with these compounds led to 

vasorelaxation, similar to experiments using sulfide salts.58 Linear and cyclic di-, tri-, and higher 

order polysulfide species have also been isolated from a variety of other plants but have not been 

as extensively studied as the aforementioned garlic-derived donors.59 

Many of the studies concerning the garlic-derived H2S donors have focused on the 

mechanisms by which the donors release H2S in the presence of thiols. Of the three allicin-derived 

H2S donors, Kraus showed that DATS, the compound with the most sulfur atoms, led to substantial 

H2S generation upon reaction with naturally occurring thiols, including GSH, cysteine, 

homocysteine, and N-acetylcysteine.58 Little H2S was released from DADS and DAS, consistent 
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with recent computational results indicating that DADS is a much poorer H2S donor than DATS.60 

Of the thiols tested, treatment with GSH resulted in the greatest amount of H2S release from all 

three allicin-derived species. Mechanistically, H2S release may occur upon nucleophilic addition 

of a thiol to one of the alpha carbons of DATS, DADS, or DAS, as well as a sulfur atom within 

the polysulfide species, leading to the conclusion that the allyl substituent may influence rate of 

release. Treatment of rat aortic rings with the garlic-derived donors (100 ɛM) showed an increase 

in relaxation over addition of Na2S (20 ɛM).  

Naturally occurring H2S donors may be attractive options for biologists carrying out in 

vivo studies with an eye toward clinical relevancy. This class of donors does not have some of the 

toxicity concerns that accompany many synthetic donors, and some natural H2S donors are 

commercially available. The limitations to the use of DATS, DADS, and DAS are that they are 

not structurally amenable to chemical transformations, have poor water solubility, and generate 

various byproducts after H2S release. Additionally, isolation of these compounds from the milieu 

of garlic may reduce the desired physiological effects upon administration. These drawbacks make 

it challenging to employ these compounds in vitro and in vivo to improve our understanding of the 

complicated interplay between H2S and other signaling compounds. Synthetic donors that provide 

tunable H2S release rates via structural modification with discrete byproducts allow for a more in-

depth analysis of the physiological roles of H2S and, optimistically, clinically relevant H2S-

releasing prodrugs.  
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1.8. Synthetic H2S Donors 

1.8.1. Considerations for Synthetic Donors 

It is useful to consider important characteristics in H2S donors for use both as biological 

tools and as potential therapeutics. Of course, there is not a single ideal donor; for example, there 

are situations where a fast donor may be required and others where slow release is best. Sometimes 

release immediately upon dissolution in water may be useful, while in other cases release in 

response to a specific external or internal stimulus would be ideal. Despite these variations, a few 

characteristics are broadly desirable. H2S donors should be water-soluble, stable under storage 

conditions, and generate only innocuous (if any) byproducts. They should also have a specific and 

well-defined release mechanism (i.e., release only in response to a specific nucleophile, a specific 

wavelength of light, or a specific enzyme). Many of the H2S donors in the literature achieve a 

portion of these criteria but are lacking in some aspect. Nevertheless, there are H2S donors that 

have been, or are currently, under evaluation in clinical trials. A few notable examples include the 

naproxen-based H2S donor ATB-346 (Antibe Therapeutics), which exhibits anti-inflammatory 

effects;61 GIC-1001 (GIcare Pharma Inc.), an orally administered trimebutine maleate salt H2S 

donor used as an alternative to sedatives in colonoscopies;62 and SG-1002 (SulfaGENIX), which 

is >90 % Ŭ-sulfur with the remainder being oxidized sulfur species, and was evaluated in an 

investigation aimed at increasing circulating H2S and NO levels after heart failure. 

As the field of H2S donor chemistry continues to grow, more opportunities will ultimately 

arise for clinical examination of these compounds in various disease indications. In the remainder 

of this review, we aim to critically examine the current literature of synthetic H2S donors. At the 

beginning of this decade, this would have been a very short list, but this field has grown rapidly in 
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recent years. Here we discuss reported H2S donors, categorized by their class of triggering 

mechanisms, as well as offer insight into potential future directions of the field. 

1.8.2. Hydrolysis Triggered Donors 

1.8.2A. Lawessonôs Reagent and Derivatives 

 

Lawessonôs reagent (LR) is a popular reagent for the thionation of ketones, esters, amides, 

and alcohols to the corresponding sulfur analogs.63 LR is commercially available, making it 

another popular choice for groups studying H2S physiology. LR releases H2S in aqueous media 

over a much longer period than sulfide salts, although reports on detailed release kinetics are 

sparse. In a study by Medeiros and coworkers, oral administration of LR prior to alendronate-

induced gastric damage limited subsequent gastric impairment compared to controls.64 The authors 

noted an increase in GSH levels in rats treated with LR, which they attributed to the relief of 

oxidative stress and inhibition of neutrophil infiltration. In another in vivo study employing LR as 

an H2S donor, Cunha et al. demonstrated that exogenous H2S delivery improved leukocyte 

adhesion and neutrophil migration to the site where sepsis was induced in mice, improving the 

overall survival probability of the infected mice.65 The authors also noted that reducing 

endogenous H2S production using a CSE inhibitor increased the mortality rate of the mice over 

the duration of the experiment. Despite these successes, LR has not been widely employed as an 

H2S donor in large part due to its lack of water solubility. It also suffers from a release mechanism 

that is not well understood and an apparently very slow H2S release rate. 

GYY4137 is a water-soluble derivative of LR, which also releases H2S via hydrolysis.66 

Originally prepared as a vulcanization agent for rubber in 1957 (U.S. Pat. No. 2,954,379, filed 

1957), GYY4137 is readily accessed by stirring LR with morpholine at room temperature. In a 

direct amperometric comparison of H2S release rates from GYY4137 and NaSH, GYY4137 
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released H2S with a peaking time of ~10 min versus ~10 seconds for NaSH in phosphate buffer 

pH 7.4.66 However, the peaking concentration for GYY4137 was ~40-fold lower than for NaSH 

even with a 10-fold higher concentration of GYY4137 used in this study. Incubation of GYY4137 

in phosphate buffer (pH 7.4 or 8.5) showed a sustained release for over an hour as determined 

spectrophotometrically, with an increase in release rate at lower pH. Deng et al. later noted that 

GYY4137 maintained H2S levels in cell culture above baseline for over 7 days,67 but these results 

were obtained using the methylene blue assay, which cannot specifically provide evidence for H2S 

over other sulfur-containing species and can provide spurious results in assays conducted in vitro 

and in vivo.6 Based on these and other results, GYY4137 is generally regarded as a slow-releasing 

H2S donor. Intravenous or intraperitoneal injection (ip) of aqueous solutions of GYY4137 (133 

ɛmol/kg) in rats showed an increase in plasma sulfide levels after 30 min, which was sustained out 

to 2 h.66 However, in this study sulfide levels were again measured by the methylene blue assay. 

GYY4137 (200 ɛM) treatment of isolated rat aortic rings showed a later onset, but more sustained 

relaxation of the aortic ring compared to NaSH (300 ɛM). Similarly, treatment of anesthetized rats 

with both GYY4137 and NaSH showed similar effects on blood pressure. However, GYY4137 

caused a slower onset but a more prolonged decrease in blood pressure while treatment with NaSH 

elicited only a transient decrease. 

Due to its commercial availability and ease of handling, GYY4137 is the most widely 

studied H2S donor aside from sulfide itself. In addition to its cardiovascular effects, GYY4137 has 

also shown efficacy in killing several types of cancer cells (HeLa, HCT-116, Hep G2, MCF-7, 

U2OS) in vitro, with selectivity over normal (non-cancerous) cells.67 However, very high doses 

(800 ɛM) were used in these studies, and a 5-day incubation period was used due to the slow-

releasing nature of this donor. In the same cell lines, NaSH and a non-H2S releasing GYY4137 
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control compound show diminished and no efficacy in cancer cell killing, respectively. The authors 

attribute the efficacy of GYY4137 over NaSH in inducing cancer cell death to the sustained H2S 

release profile.  

GYY4137 has proven to be a useful tool for biologists, particularly in investigating the 

importance of H2S release rate on physiological outcomes. However, GYY4137 suffers from 

several drawbacks. First, it is often prepared and sold as a dichloromethane complex, which is 

residual from crystallization. Dichloromethane is metabolized to CO, another gasotransmitter with 

biological effects similar to H2S.68 Therefore, some of the effects attributed to GYY4137-derived 

H2S may in fact come from CO. Additionally, few studies have used proper control compounds, 

such as ñspentò GYY4137, which are needed to rule out the possibility of biological effects derived 

from byproducts after H2S release. Finally, the slow hydrolysis rate makes it challenging to 

delineate observed effects from H2S, intact GYY4137, and any byproducts after hydrolysis, 

complicating conclusiveness in studies comparing sulfide salts and GYY4137.   

Xian and coworkers developed a GYY4137 analog via substitution of the PïC bond in 

GYY4137 with a PïO bond.69 These O-substituted phosphorodithioates were synthesized in four 

steps, generating the O-aryl and alkyl substituted 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) salts. 

H2S release kinetics, as measured by a dansyl azide ñturn-onò fluorescent probe, showed 

comparable kinetics to GYY4137 for the O-aryl phosphorodithioates with less than 1 % of total 

H2S released after 3 h, while the O-alkyl phosphorodithioates did not show any H2S release within 

this time frame. Initial studies on H9c2 cardiomyocyte viability under H2O2-induced oxidative 

stress after incubation with the O-aryl phosphorodithioate donors (50 and 100 ɛM) showed 

enhanced viability compared to untreated controls, although the difference was not statistically 

significant over GYY4137. When tested on B16BL6 mouse melanoma cell lines, the O-aryl 
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phosphorodithioate donors showed decreased cell viability over untreated controls (~60 % relative 

to control) after 4 days. GYY4137 showed a >90 % killing of these cells relative to controls over 

the same time scale, indicating that the potency of GYY4137 may lie in the PïC bond that was 

removed in the O-aryl phosphorodithioates. These results provide evidence that factors beyond 

H2S release may cause the biological effects attributed to GYY4137, perhaps stemming from some 

of the issues with GYY4137 discussed above.  

Expounding upon the phosphorodithioate donor structure, Xian et al. more recently 

developed a series of phosphonamidothioates, denoted as JK donors.70 These donors are 

substituted with amino acids via a phosphoroamide linkage through the amino acid N-terminus 

amine. In aqueous media at neutral and mildly basic pH, the JK donors showed low amounts of 

H2S release. However, under mildly acidic conditions (pH Ò 6.0), these compounds cyclized via 

nucleophilic addition of the carboxylic acid functionality of the amino acid, promoting H2S release 

by breaking the relatively weak PïS bond. For the series of JK donors, lower pH accelerated 

release rates as measured by the methylene blue assay, while the GYY4137 control showed no 

release profile variability at various pHs. H2S release profiles were also altered by the canonical R 

group substituent of the amino acid on the donor. The authors observed that any substitution at the 

amino acid R group (i.e., R Í H) promoted cyclization, and thus showed enhanced release profiles 

at neutral and basic pH over the unsubstituted donor. No other trends were observed when relating 

H2S release to the amino acid R group of the JK donor. The proline JK derivative released a 

negligible amount of H2S at all recorded pH values. The authors attributed the lack of H2S release 

observed from the proline derivative to the particularly stable conformation adopted by the proline 

ring in the donor, which was corroborated by density functional theory calculations. The JK donors 

(25 and 50 ɛM) showed efficacy in reducing cellular damage resulting from anoxia/reoxygenation 
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(A/R) treatment with H2O2 in vitro. The donors were also successful in reducing infarct size per 

area-at-risk via intracardiac injection in mice in an I/R model. Further investigation of 

phosphorodithioate donors in vivo involved doping poly(caprolactone) (PCL) fibers with the small 

molecule donor and examining the effects on a cutaneous wound model in mice.71 The doped PCL 

fibers showed an extended H2S release profile over the small molecule in solution, which is 

expected for a hydrolysis-triggered donor, and showed enhanced wound healing times over the 

non-doped PCL fiber control. From an application standpoint, these donors may be useful in 

treating diseases such as cancer, where pH differences exist between healthy and diseased tissue. 

1.8.2B. Dithiolthiones 

 

1,2-Dithiole-3-thiones (DTTs) are a class of compounds also commonly considered to be 

in the family of hydrolysis-triggered H2S donors. Made by the reaction of anethole with elemental 

sulfur, DTTs are easy to synthesize and can be readily attached to other molecules to make drug-

DTT conjugates. However, this class of H2S donors has two problems that must be considered 

when interpreting biological data. First, whether DTTs release significant amounts of H2S under 

physiological conditions is unclear. Williams and coworkers showed that a substituted DTT 

hydrolyzed cleanly, with the thione species being converted into a carbonyl.72 However, complete 

hydrolysis required 48 h at 120 °C in a DMSO/H2O mixture. The authors noted that hydrolysis 

under physiological conditions was very slow and did not present any data at 37 °C. However, 

they did observe activity of several DTTs as COX-1 and COX-2 inhibitors, with less potency noted 

for the hydrolyzed DTTs against both targets. Second, it is also important to mention that anethole 

trithione (ADT), a DTT compound that is frequently derivatized and attached to other drugs to 

make H2S-donating versions of these drugs, itself has biological activity. ADT is an FDA-

approved bile secretion-stimulating drug that restores salivation and relieves dry mouth in 
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chemotherapy-induced xerostomia.73 The mechanism of action is unknown. Several groups have 

studied ADT and other DTTs and observed potent biological activity that they attribute to the H2S-

donating ability of these drugs. For example, the phenol derivative of ADT, commonly denoted as 

ADT-OH, reduces cell viability via inhibition of histone deacetylase74-75 and NF-əB activation.76 

Interestingly, a study by van der Vlies and coworkers demonstrated that conjugation of ADT-OH 

to poly(ethylene glycol) altered the cellular uptake mechanism and largely eliminated cytotoxicity 

at concentrations below 200 ˃M.77 The reader is cautioned that in many papers reliable 

measurements of H2S generation were not reported, and that often no control experiments were 

reported to rule out the possibility that the observed effects were due to the biological activity of 

DTTs themselves. 

The DTT moiety has been appended to non-steroidal anti-inflammatory drugs (NSAIDs) 

and studied rather extensively. The first example of a DTT-NSAID was a diclofenac derivative 

published in 2007 by Moore and coworkers, termed S-diclofenac.78 The DTT moiety in S-

diclofenac was linked to the NSAID through an ester bond that released diclofenac and DTT upon 

esterase-catalyzed hydrolysis. Experiments in PBS buffer at room temperature showed no H2S 

release, consistent with results noted above. Addition of rat liver homogenates showed a minimal 

amount of H2S release from both ADT-OH itself and S-diclofenac, determined to about 5 % of the 

theoretical maximum H2S release for both donors after 30 min, as measured by an electrochemical 

probe. When examining plasma H2S concentrations in live rats 6 h after ip injection, S-diclofenac-

treated animals had a higher plasma H2S concentration than the sulfide salt control, measured to 

be ~35 ɛM. As this value is well beyond currently accepted ranges for plasma H2S concentration 

(below 1 µM), it is likely that the method used here generated H2S from many sources that were 

erroneously attributed to free H2S in plasma. Although the amount of H2S generated in vivo from 
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S-diclofenac is unclear, it is clear that it showed efficacy in several animal models, including 

models showing dose dependent responses towards inflammation79-80 and ulcerative colitis.81 

More recently, a DTT derivative with a mitochondria-targeting triphenylphosphonium 

bromide tail was reported and named AP-39.82 H2S release from AP-39 in mouse brain endothelial 

cells was monitored using an azide-based fluorescent H2S probe, with increased probe 

fluorescence localized to the mitochondria. Very little if any increase in fluorescence was observed 

from ADT-OH alone. These results indicate that AP-39 does indeed target the mitochondria, 

resulting in an increase in H2S production. Whether H2S is generated directly from DTT itself or 

as a result of increased enzymatic H2S production is unclear. Regardless of the mechanism of 

action, AP-39 exhibited antioxidative activity, helping to maintain cell homeostasis by suppressing 

the initiation of mitochondrial cell death pathways.  

All of the DTT compounds noted above linked the DTT unit to the drug using an ester 

bond. Pluth and coworkers recently synthesized DTT-NSAID conjugates via an amide linkage, 

which is more stable to hydrolysis than the corresponding ester.83 The authors demonstrated the 

enhanced hydrolytic stability of the amide linkage via HPLC and UV-vis spectroscopy; however, 

no studies have been completed in a biological context to date. The authors also did not report on 

H2S release from these compounds. It is possible that the hydrolytically robust amide linkage 

would increase the stability of H2S-donating NSAIDs in the acidic environment of the stomach.  

A notable compound in the DTT-NSAID class of donors is ñNOSH aspirin.ò NOSH aspirin 

is an aspirin derivative with a DTT moiety as well as a nitrate group capable of releasing 

NO.84   Remarkably, NOSH aspirin showed >100,000 times the potency of aspirin alone after 48 

h and approximately 250,000 times the potency of aspirin alone after 72 h in a human colon cancer 

cell line, with an IC50 value of 50 nM. Interestingly, when examining cell growth inhibition in the 
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presence of the three individual components of NOSH aspirin (ADT-OH, a small molecule NO 

donor, and aspirin), the cocktail had an IC50 of 450 ɛM, a 9,000-fold difference compared with 

intact NOSH-aspirin. These results indicate that cancer cell growth inhibition is influenced by 

more than simply delivering DTT and NO concurrently with aspirin, but the reasons for this 

synergy remain unknown. NOSH aspirin has also been studied in vivo, with a mean reduction of 

85 % in tumor size after daily treatment for 18 days (100 mg/kg) compared to untreated controls. 

Additional in vitro studies on NOSH-aspirin in SH-SY5Y human neuroblastoma cells showed 

enhanced anti-inflammatory capabilities over both an H2S-releasing aspirin derivative and an NO-

releasing aspirin derivative, suggesting that NOSH-aspirin may be an effective treatment in brain 

injury.85 NOSH-aspirin represents a promising area in conjugating NSAIDs to H2S donor moieties 

in an effort to generate a concerted effect through combined delivery via clever chemistry. 

Table 1. Hydrolysis triggered H2S donors. 

H2S donor General Structure Bioactivity References 

Sulfide salts NaHS, Na2S 

Anti-inflammation 

Cardioprotective 

effects 

Diabetes 

amelioration 

 

38-45 

Lawessonôs reagent 

 

Anti-inflammation 

Vasodilation 

Anti-cancer 

 

64-65 

GYY4137 

 

Ion channel 

modulation 

Anti-inflammation 

 

66-68 
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Phosphorodithioates 

 

Anti-oxidant 

properties 

Anti-inflammation 

69 

Dithiolthiones 

 

Anti-cancer 

proliferation 

Anti-inflammation 

72-85 

 

1.8.3. Thiol-Triggered Donors 

1.8.3A. N-Benzoylthiobenzamides 

 

Thiol-triggered H2S donors were some of the first synthetic donors to be reported and are 

the most common class of non-hydrolysis-triggered synthetic donors. Thiol triggered donors are 

advantageous in that free thiols are relatively abundant nucleophiles in mammals and offer a 

platform from which thiol exchange can be used to accomplish H2S release after nucleophilic 

addition. A series of N-(benzoylthio)benzamides reported by Xian et al. were among the first 

nucleophile-triggered H2S donors.86 Synthesized from substituted thiobenzoic acids, several N-

benzoylthiobenzamides were evaluated for H2S release, with a variety of release rates observed. 

The hypothesized thiol-triggered mechanism of release was confirmed with the formation of 

cystine, N-acetylcysteine, and benzamide in high yields. In cell studies, a selected N-

(benzoylthio)benzamide protected human keratinocytes against methylglyoxal (MGO)-induced 

cell damage and dysfunction, a prevalent issue in diabetics.87 These donors have also been 

evaluated in animal models of myocardial I/R injury, displaying a reduction in infarct size over 

controls in murine models, indicating a cardioprotective effect.88  

In addition to small molecule applications, the therapeutic effects of these donors were also 

evaluated in polymer templates for tissue engineering applications. Wang et al. accomplished this 

by electrospinning PCL solutions containing various N-(benzoylthio)benzamide donors to make 
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fibrous polymeric scaffolds doped with the small molecule donor.89 Donor-loaded PCL fibers led 

to increased expression of collagen type I and III in wound healing models in mice, demonstrating 

the potential for H2S-releasing materials in treating chronic wounds. 

1.8.3B. Acyl Perthiols, Dithioperoxyanhydrides, and Polysulfides 

 

Another class of thiol-triggered donors, which ultimately require disulfide exchange to 

promote H2S release, are the acyl perthiol donors. Acyl perthiol donors (RC(O)ïSïSRô) were first 

synthesized by Xian, where the R group is derived from penicillamine.90 The donors were prepared 

from thiobenzoic acid derivatives and N-benzoyl cysteine methyl ester in two steps. These donors 

showed tunable release rates by varying the aromatic R substituent. H2S release depended on both 

steric and electronic factors, with electron-withdrawing substituents accelerating release rates, and 

bulky substituents on the aromatic ring retarding release rates. These donors released H2S over the 

course of minutes to hours under the conditions tested.  

Analogous to Xianôs acyl perthiol donors are the dithioperoxyanhydride class of donors 

(RC(O)ïSïSC(O)Rô) reported by Galardon et al.91 Both alkyl  and aromatic dithioperoxyanhydride 

donors were readily prepared in one reaction step involving thiobenzoic acid and 

methoxycarbonylsulfenyl chloride (CH3OC(O)SCl) with fair overall yields. The donors showed 

similar levels of H2S released when triggered with both cysteine and GSH and slower release rates 

when treated with GSH, measured amperometrically. The compounds were non-cytotoxic at 

concentrations up to 200 ɛM in human fibroblasts and induced vasorelaxation in rat aortic ring 

models. 

The final class of donors based on the breaking of an SïS bond are the tetrasulfide donors 

developed by Pluth et al.92 This relatively simple design involves the treatment of a range of thiols 

with sulfur monochloride (S2Cl2) to generate the corresponding tetrasulfides (Rï(S)4ïR). Aromatic 
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tetrasulfides released H2S faster than their alkyl counterparts when triggered by GSH, likely as a 

result of the change in electrophilicity of the Ŭ/ɓ sulfur. Interestingly, a trend in H2S release rate 

was not observed when altering ring electronics, suggesting that other factors influence H2S release 

from this system. Analogous to the observations of the amount of H2S released for the natural 

donors DADS and DATS, the tetrasulfide donors released more H2S than DATS, which was used 

in this study as a model donor. 

1.8.3C. Arylthioamides 

 

Arylthioamides (ArC(S)ïNH2) are a versatile class of donors that was first reported by 

Calderone and coworkers.93 In this work, a series of twelve arylthioamides was synthesized either 

from substituted arylcyano compounds in two steps or via the direct thionation of select aryl 

amides using LR. All  donors released H2S in response to cysteine as measured amperometrically. 

Release studies were conducted at high concentrations of donor and thiol (1 mM and 4 mM, 

respectively), leading to rapid peak in release profile for all donors. The arylthioamides released 

only small amounts of H2S, exhibiting maximum concentrations (Cmax) between 3-21 ɛM. The fast 

rise to a steady state concentration for all the donors tested make these donors appear to be fast-

releasing compounds; however, this quick rise to Cmax in solution is misleading as the max H2S 

concentration is a small fraction of the total available H2S from the donors. The arylthioamides 

showed similar H2S release profiles to DADS and GYY4137, two slow-releasing donors, when 

measured under the same experimental conditions. Interestingly, some of the donors released H2S 

in the absence of a thiol trigger, indicating that they may also be hydrolysis-triggered. Alterations 

in ring electronics modulated release rates, but not in a predictable pattern. One donor, p-

hydroxybenzothioamide, was evaluated in vitro in a rat aortic ring contraction study and 

completely abolished vasoconstriction at 1 mM in the presence of noradrenaline (NA) without the 
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addition of exogenous cysteine, suggesting that biologically relevant levels of cysteine triggered 

sufficient H2S release, at least at this high donor concentration. This donor was also evaluated for 

its effect on hyperpolarization in human vascular smooth muscle cells (HASMCS), showing a 

similar ability to hyperpolarize HASMCs at 300 ɛM compared with 1 mM NaSH, suggesting that 

slow, sustained levels of H2S from p-hydroxybenzothioamide may be more effective than high 

instantaneous concentrations of H2S.  

Due to the observed slow, sustained H2S release profile of p-hydroxybenzothioamide and 

ease of conjugation to other compounds, other researchers have combined this donor with 

polymers and other drugs as conjugates.61 For example, Bowden et al.94 synthesized statistical 

copolymers containing L-lactide and a p-hydroxybenzothioamide lactide derivative and showed 

release of the donor in the timescale of days to weeks, although no studies of H2S release were 

included in this report.94 In another example, the development of a naproxen-

hydroxybenzothioamide conjugate, ATB-346, was described.61 In the initial report, its efficacy as 

an anticancer drug was investigated, revealing that it induced apoptosis in human melanoma cells 

in animal studies. ATB-346 has also shown efficacy in reducing gastrointestinal tract injury while 

maintaining utility as a chemopreventative agent against colorectal cancer when compared to 

naproxen.95 Further studies on ATB-346 are underway by Antibe Therapeutics, where a phase II 

study was completed in 2016 for pain associated with osteoarthritis.  

1.8.3D. S-Aroylthiooximes 

 

S-Aroylthiooximes (SATOs) are a class of thiol-triggered donors developed by Matson and 

coworkers.96 SATOs (ArC(O)ïSïN=CR2) are synthesized by condensation of an aryl aldehyde or 

ketone and an S-aroylthiohydroxylamine (SATHA, ArC(O)ïSïNH2) in the presence of catalytic 

acid, analogous to oxime formation. A variety of substituted small molecule SATOs were 
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synthesized, varying both the substituent on the SATHA component and the aldehyde or ketone. 

SATOs released H2S in the presence of cysteine and other thiols but did not show release in the 

presence of amines or water alone. H2S release was measured amperometrically as well as with 

the methylene blue method. A definitive electronics trend correlating the substituent on the 

SATHA ring with H2S release was observed by fitting release half-lives as measured by methylene 

blue to a Hammett plot. Under the conditions tested, H2S release half-lives ranged over an order 

of magnitude, from minutes to hours.  

The modularity of the SATO formation reaction has allowed for SATOs to be extended to 

macromolecular systems.97 Poly(SATOs) were synthesized via post-polymerization modification 

of functionalized polymethacrylates containing pendant aryl aldehydes with substituted SATHAs. 

H2S release rates were slower in the polymer system than in analogous small molecules, and 

electronic effects were consistent with those observed in the initial small molecule SATO study. 

Extending the poly(SATO) system further, amphiphilic block copolymers containing SATO 

functional groups as the hydrophobic block were synthesized for studies on self-assembled 

polymer micelles for H2S delivery.98 The SATO micelles released H2S over the course of several 

hours, approximately an order of magnitude slower than analogous small molecule SATOs under 

the same conditions. Treatment of HCT116 colon cancer cells with SATO micelles ([SATO] = 

250 ɛM) reduced colon cancer cell viability to a greater degree than Na2S, GYY4137, and a small 

molecule SATO at the same concentration, contributing further evidence suggesting that kinetics 

of H2S release affects therapeutic potency.  

In another example of the modularity of SATO chemistry, an amphiphilic peptide with the 

sequence IAVEEE was modified by appending an aryl aldehyde to the N-terminus.99 The 

unsubstituted SATHA was conjugated to the modified peptide to form a SATO-based aromatic 
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peptide amphiphile. The SATO aromatic peptide amphiphiles self-assembled in aqueous media to 

form nanofibers that gelled in the presence of calcium to afford a hydrogel using just 1 wt.% 

peptide. These peptide-based H2S donors exhibited sustained H2S release in the gel state with a 

peaking time of ~120 min and detectable H2S out to 15 h in PBS buffer in the presence of cysteine, 

as measured amperometrically. In vitro studies using mouse brain endothelial cells showed 

minimal toxicity of the gels, a promising result for future in vivo studies as these gels show great 

potential for localized H2S delivery. 

Table 2. Thiol-triggered H2S donors. 

H2S Donor General Structure Bioactivity References 

N-Benzoylthiobenzamides 

 

Cardioprotection 86-89 

Acyl perthiols 

 

Cardioprotection 90 

Dithioperoxyanhydrides 

 

Vasodilation 91 

Polysulfides  None reported 92 

Arylthioamides 

 

Vasodilation 61, 93-95 

S-Aroylthiooximes 

 

Anti-cancer 

proliferation 
96-99 

  



 

29 

 

1.8.4. Light Triggered Donors 

1.8.4A. Geminal-dithiols 

 

Light-triggered prodrugs are useful tools for studies in vitro and hold promise as potential 

therapeutic candidates due to the bioorthogonality of visible light as a trigger. Light has an 

advantage over other triggers because it can affect H2S release without perturbing any native 

biochemical processes, albeit only in areas of the body where sufficient light penetration is 

possible. Light-triggered prodrugs are ideal in applications where tissue-specific delivery is 

required. After prodrug administration, light of a particular wavelength can trigger release at the 

site of interest, minimizing off-target effects through direct spatial and temporal control over 

release.  

One of the first examples of light-triggered H2S donors was reported by Xian et al. in the 

form of geminal dithiols (ArCH2ïSïC(CH3)2ïSïCH2Ar). Gem-dithiols were prepared by treating 

ortho-nitrobenzylthiol or related derivatives with acetone and catalytic amounts of titanium(IV) 

chloride (TiCl4) to bridge two thiols together via a thioacetal linkage.100 The ortho-nitro group 

underwent cleavage when irradiated with UV light (365 nm), which has been demonstrated in a 

variety of systems,101 to produce a geminal dithiol intermediate. This intermediate hydrolyzed to 

yield H2S relatively rapidly. All of the donors released their full payload within ~30 min. Control 

experiments showed that no H2S was released in the absence of UV light. Because hydrolysis of 

gem-dithiols is acid-catalyzed, H2S release was accelerated at low pHs and retarded at higher pHs. 

A variety of other gem-dithiol derivatives were also prepared by varying the bridging group 

between thiols. In general, alkyl derivatives released H2S with profiles similar to the model 

compound, but aryl variants exhibited much slower release by decreasing the rate of hydrolysis, 
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most likely due to changes in both sterics and electronics as a result of adding an aromatic ring to 

the bridging group. 

1.8.4B. Ketoprofenate Photocages 

 

Another example of a light-triggered H2S prodrug is the ketoprofenate donor reported by 

Nakagawa et al.102 Synthesis of this donor was accomplished in three synthetic steps. Upon 

irradiation by UV light, the donor released two equiv of 2-propenylbenzophenone and carbon 

dioxide (CO2), along with one equiv of H2S. To determine H2S release behavior in a biological 

system, this donor was examined in a solution containing fetal bovine serum. No H2S was detected 

without UV irradiation; however, 30 µM H2S was detected from 500 µM donor after irradiation 

for 10 min, as measured by the methylene blue assay. 

1.8.4C. Ŭ-Thioetherketones 

 

In addition to small molecules, polymeric light-triggered H2S donors have been reported. 

Connal and coworkers developed a prodrug that incorporated a UV-responsive Ŭ-thioetherketone 

linkage, which decomposed into a thioaldehyde species and benzophenone, a byproduct that has 

been approved as safe by the FDA.103 In the presence of an amine, the thioaldehyde generated H2S, 

and an imine byproduct. The authors incorporated this donor into polymeric systems using Ŭ-

thioetherketone-modified styrene along with water-soluble comonomers. These polymers were 

then used to prepare hydrogels. Growth of 3T3 fibroblasts was observed on the hydrogels, and an 

H2S-selective fluorescent probe was used to visualize H2S in the fibroblasts after UV irradiation. 

The polymeric Ŭ-thioetherketone donors highlight promising potential applications for a variety of 

polymeric H2S prodrug systems, particularly in applications that require localized delivery where 

gels and films may be advantageous.  
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Light-triggered H2S donors provide feasible options for H2S release under unique 

conditions, enabling a more specific triggering mechanism than nucleophiles typically offer. Using 

light as a trigger also provides the opportunity for spatiotemporal control of H2S release. This 

donor class is most likely to find utility as chemical tools for studying H2S biology in vitro due to 

the limited penetration depth of UV and visible light in mammalian tissue. However, the 

development of near-IR light-triggered donors may enable in vivo studies due to the ability of 

near-IR light to penetrate tissue at a greater depth than UV and visible light with little risk to 

surrounding tissue. 

1.8.5. Enzyme-Triggered Donors 

 

Utilizing enzymes as triggers for H2S release offers several advantages over the other triggers 

mentioned. Enzymes are native to living organisms and often exhibit substrate and tissue 

specificity. Combined, these factors allow for specific drug targeting to a tissue of interest. 

Additionally, enzyme overexpression is a common cause of many diseases, offering potential 

targets to treat such diseases with the implementation of enzyme-triggered prodrugs. Although 

only a handful of enzyme-triggered H2S donors have thus far been reported, these types of donors 

are poised to make a substantial impact in the coming years. 

The first enzyme-triggered H2S donors were a series of esterase-responsive compounds 

developed by Wang and coworkers.104 These donors rely on a lactonization reaction popularly 

termed ñtrimethyl lockò (TML), which has been used to promote the release of a variety of 

drugs.105 The TML system requires cleavage of a phenolic ester by an esterase, after which steric 

repulsion of three methyl groups triggers lactonization (via the Thorpe-Ingold effect), releasing a 

drug from a neighboring carbonyl group. In the case of the esterase-triggered H2S donors, the 
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authors included a thioester, which reacts in the lactonization step to release H2S. The authors 

prepared a number of derivatives in this study through variation of the phenolic ester moiety as 

well as addition or removal of the methyl substituents on the aromatic ring. Because specifically 

placed methyl groups are required to drive cyclization after ester cleavage, it was expected that 

removing them would offer an avenue of slowing H2S release. Indeed, derivatives lacking aryl 

methyl groups exhibited longer times to reach 50 % of the peaking concentration, ranging from 

45ï99 min, whereas prodrug containing aryl methyl groups reached 50 % of peaking concentration 

in 13-29 min, as measured by an H2S electrode probe. In addition, several NSAID-TML hybrids 

were synthesized and evaluated for their efficacy as anti-inflammatory agents, successfully 

inhibiting TNF-Ŭ secretion. Finally, one TML derivative in this study (BW-HP-102) reduced 

losses in myocardial tissue in a mouse I/R injury model.106 The authors are currently investigating 

the pharmacokinetics, precise mechanism of action, and safety profile of BW-HP-102 in an effort 

to bring this compound to clinical trials. 

In another example of enzyme-triggered H2S donors, Chakrapani and coworkers merged 

the concepts of enzyme-specific cleavable functionalities with the protected geminal dithiol as an 

H2S releasing moiety.107 Rather than employing a photocleavable functionality, as seen in Xianôs 

work, the authors used a para-nitro benzyl thioether as the geminal dithiol protecting group. The 

nitro group on the benzene ring underwent selective reduction to an amine in the presence of 

nitroreductase, an enzyme found in bacteria. Reduction by nitroreductase led to an unstable 

intermediate, which underwent self-immolation to release the deprotected geminal dithiol, which 

in turn decomposed to generate H2S via hydrolysis. The donors (50 ɛM) showed sustained H2S 

release out to 45 min using a fluorescent BODIPY probe, with peak instantaneous H2S 

concentrations of 30 ɛM in the presence of nitroreductase. In vitro studies using E. coli strains 
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showed that the donor rescued the bacteria from oxidative stress resulting from treatment with 

common antibiotics, indicating that H2S production in bacteria may be a mechanism leading to 

antibiotic resistance. 

Table 3. Light and enzyme triggered H2S donors. 

H2S Donor General Structure Bioactivity References 

Geminal-

dithiols 

 

Restores 

AMR 
100-101, 107 

Ketoprofenate 

photocages 
 

None reported 102 

Trimethyl lock 

 

Anti-

inflammation 
104, 106-107 

 

1.8.6. Dual Carbonyl Sulfide / H2S Donors 

A recent innovation in H2S donor design is the synthesis of compounds that release 

carbonyl sulfide (COS), a compound that is an intermediate to H2S generation and may itself be a 

gasotransmitter. Two studies in 1979 and 1980 first demonstrated that COS metabolism is linked 

to the generation of H2S in vivo through the action of the ubiquitous enzyme carbonic anhydrase 

(CA).108-109 Since these seminal papers on COS physiology, the literature had been quiet on the 

topic until recently. For a more detailed account of the potential roles of COS  in mammalian 

biology the reader is referred to a recent review on the topic.110 The link between COS and H2S 

via CA opens a new avenue of H2S research through the synthesis of compounds that release COS. 
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COS donors act as H2S donors in the presence of CA, but also provide the opportunity to study 

COS as a potential gasotransmitter. 

1.8.6A. N-Thiocarboxyanhydrides 

 

N-Thiocarboxyanhydrides (NTAs) are a class of COS releasing compounds first reported 

in 1971 as monomers for the synthesis of polypeptides.111 Matson and coworkers saw these 

molecules as a potential nucleophile-responsive COS/H2S donor platform with the advantage of 

releasing only COS and innocuous peptide byproducts. The sarcosine NTA derivative (R=CH3, 

NTA1) was synthesized in three steps from sarcosine (N-methyl glycine).112 The generation of 

COS, triggered by opening of the NTA with glycine, and the resulting dipeptide byproduct were 

confirmed by GCMS and LCMS, respectively. In the presence of glycine and CA, the conversion 

of COS into H2S was confirmed via the methylene blue assay. A polymeric NTA donor 

(polyNTA1) was also synthesized via conjugation of NTA1 to a norbornene moiety and 

subsequent polymerization by ring-opening metathesis polymerization (ROMP). Comparison of 

the H2S release kinetics of the NTA1 and polyNTA1 using a fluorescent H2S sensor showed a 4-

fold increase in release half-life for the polymer compared with NTA1, with half-lives in the range 

of hours for both donor types under the testing conditions. In vitro studies with mouse brain 

endothelial cells showed an enhancement in endothelial cell proliferation after treatment with 

NTA1 (100 ɛM) over controls.  
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Figure 2.  A) Schematic illustration depicting the concept of a self-immolative releasing its 

payload. B) An example mechanism depicting COS release from a generalized thiocarbamate.  

 

1.8.6B. Self-Immolative Thiocarbamates 

 

A separate class of COS releasing prodrugs is based on a self-immolative reaction 

mechanism whereby COS release is the result of the decomposition of a thiocarbamate-containing 

compound in the presence of a specific trigger (Figure 2). The first self-immolative COS/H2S 

donors were reported by Pluth et al. in the form of analyte replacement probes.113 These 

thiocarbamate-based donors were prepared by conjugation of an aryl azide to a pro-fluorophore 

via a thiocarbamate (RïO(S)ïNHR) linkage. H2S initiated self-immolation by reducing the 

aromatic azide to an amine, resulting in a cascade-like decomposition of the molecule to release 

COS, a quinone methide species, and the fluorophore. A 65-fold increase in fluorescence response 

to H2S was observed over other reactive sulfur, nitrogen, and/or oxygen species (RSONS), 

demonstrating the trigger specificity of this self-reporting system. 
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Building off of their analyte replacement probes, Pluth and coworkers aimed to synthesize 

a similar class of self-immolative COS donors with RSONS-sensitive triggers.114 These donors 

consist of an RSONS-active boron pinacol ester connected to para-substituted phenyl derivatives 

by way of the aforementioned thiocarbamate linkage. These donors were non-toxic and released 

H2S in the presence of CA in response to H2O2, superoxide (O2
-), and peroxynitrite (ONOO-), with 

H2O2 resulting in the greatest amount of H2S release, as measured amperometrically. Using the 

phorbol 12-myristate 13-acetate (PMA) assay, a well-established method to induce production of 

H2O2 in macrophages,115 the authors demonstrated that endogenously produced ROS also triggered 

H2S release in these donors. Additionally, these donors exhibited cytoprotective effectsðthe 

presence of the prodrug showed a significant dose-dependent increase in cell viability (10-50 ɛM) 

after treatment with H2O2 (100 ɛM) compared to controls. These data suggest that this prodrug 

was not only capable of quenching RSONS as a result of the rapid reaction between arylboronates 

and RSONS in vivo, but also of reducing cellular damage in an oxidative environment through 

H2S release. 

Pluth et al. have also reported on the synthesis of enzyme-triggered self-immolative COS 

prodrugs, with the same general thiocarbamate-based structure as those discussed previously.116 

These COS donors contain a para-pivaloyl group, which is preferentially cleaved in the presence 

of esterases. These donors were stable in aqueous media, exhibiting no H2S release in the presence 

of physiologically relevant levels of CA in the absence of esterase. However, when the authors 

introduced porcine liver esterase a relatively rapid release of COS/H2S resulted under the same 

conditions. Interestingly, these thiocarbamate donors exhibited higher levels of cytotoxicity than 

equivalent levels of Na2S and GYY4137 in BEAS 2B human lung epithelial cells and in HeLa 

cells. The authors attribute the cytotoxicity to reduced cellular respiration and ATP synthesis, 
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which is in line with the well-known ability of H2S to inhibit cytochrome c oxidase.117 The authors 

suggest that COS itself may have physiological functions different from those of H2S in certain 

biological environments, leading to these unexpected observations. 

Another example of enzyme triggered self-immolative COS prodrugs was reported by 

Chakrapani et al.118 In this work the authors examined the use of pivaloyloxymethyl 

carbonothioates (ArCH2SïC(O)ïOR) and carbamothioates (ArCH2SïC(O)ïNHR) as esterase-

triggered COS donors. These prodrugs consist of a para-pivaloyloxymethyl linkage that blocked 

self-immolation until triggered. After cleavage of this linkage, a carbamothioate (ïS-C(O)-NHR) 

or carbonothioate (ïS-C(O)-OR) anion formed, allowing for self-immolation and tandem release 

of COS and either an ester or amine. H2S release did not depend on ring electronics, and minimal 

differences in release profiles were observed between carbonothioate and carbamothioate donors. 

The authors concluded that rapid cleavage of the pivaloyloxymethyl group occurred, followed by 

self-immolation of a short lived intermediate to release COS and eventually H2S in the presence 

of CA. 

Another type of self-immolative H2S prodrug comes in the form of  ñclick-and-releaseò 

thiocarbamates.119 This system utilized the inverse-electron demand Diels Alder reaction to click 

together tetrazine and thiocarbamate-containing trans-cyclooctene to selectively release COS. 

This strategy is different from other COS/H2S donor systems because the triggering reaction is 

completely bio-orthogonal. In other words, release can theoretically be triggered by the researcher 

upon addition of tetrazine to cells or an animal. From this platform, Pluth and coworkers showed 

that H2S release was dose-dependent on tetrazine, that the prodrug was non-toxic, and that CA was 

required to observe any measurable quantities of H2S. However, the authors were unable to expand 

this strategy to a cellular environment due to incompatibility of the click-and-release reaction with 
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the fluorescent probes currently used to image H2S. The authors attributed this limitation to the 

rapid scavenging of H2S by tetrazine via a known reduction mechanism.  

Bio-orthogonal, light-activated thiocarbamates have also been reported by Pluth et al.120 

This system utilized an o-nitrobenzyl functionality that underwent UV-triggered cleavage. UV 

light exclusively initiated the release of H2S, as amino acid nucleophiles produced no response 

after incubation in PBS for 10 min. Additionally, this system exhibited tunable release, with 4,5-

dimethoxy substituted derivatives reaching peak instantaneous H2S concentrations twice as fast as 

the unsubstituted donor, likely a result of the increased light absorption of the dimethoxy 

derivative. These donors have yet to be evaluated in biological systems. 

The advent of COS donors enables the study of COS itself, including the intriguing 

possibility that COS may enact biological effects that differ from H2S. While complete inhibition 

of the ubiquitous enzyme CA may be difficult due to its many isoforms, clever methods to study 

COS will continue to be developed. With the persistent production of dual H2S/COS donors by 

chemists, the physiological interactions of COS may eventually be fully elucidated, affording a 

greater understanding of how small sulfur species signal cells and interact in the body.  
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Table 4. Dual COS/H2S donor systems. 

H2S Donor General Structure Bioactivity References 

N-

Thiocarboxyanhydrides 
 

Angiogenesis 110 

Arylboronate 

thiocarbamates 

 

Cardioprotection 113 

Esterase-triggered 

thiocarbamates 

 

Reduction in 

cellular 

respiration 

115-117 

ñClick and releaseò 

thiocarbamates 
 

None reported 118 

o-Nitrobenzyl 

thiocarbamates 

 

None reported 119 

 

 

1.9. Conclusions 

Remarkable progress has been made in the field of H2S donor chemistry in the short amount 

of time since the therapeutic potential of H2S was discovered. Continued innovation from synthetic 

chemists will be a major factor in driving H2S research forward in the coming years, with an eye 

toward building H2S donors that enable biological studies on the (patho)physiological roles of this 
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gas and have potential as clinically relevant H2S-releasing therapeutics. Important questions 

remain unanswered in the H2S field at large, which will require joint effort from chemists, 

pharmacologists, and biologists. One chief concern is determining the therapeutic window of H2S 

for a given target as well as the active species giving the desired effect once the donor is delivered. 

An increased molecular and biological understanding of donor triggers and byproducts, species 

interchange, signaling mechanisms, and redox chemistry of H2S donors will help elucidate 

biological activity and species involved. The chemistry of H2S donors is often complicated by the 

release of reactive byproducts, including unidentified sulfur species, a topic that needs further 

attention. As the field of H2S research continues to grow, it is imperative that these key issues be 

addressed so that the field as a whole can move forward. Persistent innovation in synthetic donors 

and increased understanding of H2S physiology may eventually enable a pathway to the clinic for 

H2S therapeutics. 
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Chapter 2: Therapeutic Delivery of H2S via COS: Small Molecule and Polymeric Donors 

with Benign Byproducts 

Reprinted (adapted) with permission from: Powell, C. R., et al. (2016). "Therapeutic Delivery of 

H2S via COS: Small Molecule and Polymeric Donors with Benign Byproducts." Journal of the 

American Chemical Society 138: 13477-13480. Copyright 2016 American Chemical Society. 
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2.2. Abstract. 

Carbonyl sulfide (COS) is a gas that may play important roles in mammalian and bacterial biology, 

but its study is limited by a lack of suitable donor molecules. We report here the use of N-

thiocarboxyanhydrides (NTAs) as COS donors that release the gas in a sustained manner under 

biologically relevant conditions with innocuous peptide by-products. Carbonic anhydrase converts 

COS into H2S, allowing NTAs to serve as either COS or H2S donors, depending on the availability 

of the enzyme. Analysis of the pseudo-first order H2S release rate under biologically relevant 

conditions revealed a release half-life of 75 min for the small molecule NTA under investigation. 

https://pubs.acs.org/doi/abs/10.1021/jacs.6b07204
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A polynorbornene bearing pendant NTAs made by ring-opening metathesis polymerization was 

also synthesized to generate a polymeric COS/H2S donor. A half-life of 280 min was measured for 

the polymeric donor. Endothelial cell proliferation studies revealed an enhanced rate of 

proliferation for cells treated with the NTA over untreated controls. 

 

2.3. Introduction 

Since nitric oxide (NO) was first proposed to be an endothelium-derived relaxing factor in 

1986,1 an increasing number of scientists have been drawn to the field of signaling gases. These 

short-lived gaseous mediators, classified as gasotransmitters, exist in most tissues throughout the 

body and play a critical role in cellular signaling and homeostasis.2 To meet the definition of a 

gasotransmitter, a gas must be enzymatically generated and regulated, have specific molecular 

targets and physiological functions, and be freely permeable to cellular membranes.3 Three species 

are currently classified as gasotransmitters: NO, carbon monoxide (CO), and hydrogen sulfide 

(H2S). However, evidence suggests that a variety of other gases may be involved in cellular 

processes. Gases currently under investigation include ammonia, methane, sulfur dioxide, and 

carbonyl sulfide (COS).4-6 Of these, COS is perhaps the least studied in biological systems, in large 

part due to a lack of suitable donor molecules. 

COS is the most abundant sulfur compound in the atmosphere (500 ppt), generated 

naturally from emissions from hot springs, trees, and volcanoes.7 Despite its low overall 

atmospheric concentration, high concentrations near volcanoes may have enabled COS to serve as 

a condensing agent in prebiotic times for coupling amino acids.8-9 Investigation into the role of 

COS in biology continues today, with COS-generating enzymes (thiocyanate hydrolases) 

identified in bacteria and COS generation and utilization hypothesized in mammals.10 The study 
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of COS biology is complicated by its short half-life in vivo, primarily due to its fast hydrolysis by 

carbonic anhydrase (CA). CA is ubiquitous in plants and mammals and efficiently carries out its 

primary function of generating carbonic acid from water and carbon dioxide (CO2). Due to its 

structural similarity to CO2, COS is also a substrate for CA, which the enzyme rapidly converts 

into CO2 and H2S.
5 In fact, COS itself is relatively non-toxicðits toxicity is a result of this 

conversion into toxic levels of H2S.
11 

Gasotransmitter donors have become vital tools for studying the biology of NO, CO, and 

H2S. Donors are typically small molecules that release gasotransmitters under physiologically 

relevant conditions over a defined period of time.3 Chemists strive to synthesize gasotransmitter 

donors that mimic the bodyôs natural signaling through precise exogenous application. Today 

many small molecule donors are available that release NO, CO, or H2S, all triggered by various 

stimuli with wide-ranging half-lives of release. For example, a variety of H2S donors have been 

reported in recent years, with release triggers including water,12-13 thiols,14-16 light,17-18 and 

enzymes19. Gasotransmitter donors can be covalently attached to drugs,20-21 which extends the 

capacities of existing therapeutics, or to polymers, providing localized release. Multiple types of 

NO, CO, and H2S-releasing polymers have been reported recently.22-24 In contrast, COS donors 

have received little attention, which has impeded studies on COS biology or delivery of H2S via 

COS release. 

To address this gap, we set out to design a molecule that could readily generate COS in a 

controlled fashion, easily attach to a polymer scaffold, and conveniently decompose to yield 

biologically innocuous byproducts. We envisioned that this COS-releasing small molecule and the 

resulting polymer could serve as either COS donors (in the absence of CA) or as H2S donors (in 

the presence of CA) to facilitate biological studies. There exist a handful of methods to generate 



 

60 

 

COS, including from potassium thiocyanate and sulfuric acid in the presence of water7 and a 

recently published metal-catalyzed reaction of CO and elemental sulfur25. While useful for 

generating solutions of the gas, these methods are not capable of generating COS in a biological 

environment. In the lone example of COS use in a biological system, Pluth and coworkers recently 

reported on a class of turn-on fluorescent H2S sensors that regenerate the detected H2S through a 

decomposition reaction involving COS.26 Considering our requirements for sustained release 

under biologically relevant conditions and non-toxic byproducts, we envisioned that N-

thiocarboxyanhydrides (NTAs) might provide a suitable platform from which to build small 

molecule and polymeric COS donors. 

 

2.4. Results and Discussion 

NTAs were first reported in 1971 by Hirschmann et. al as an alternative to N-

carboxyanhydrides (NCAs) for use in the solution-phase synthesis of oligopeptides.27 More 

recently, NTAs have been synthesized from N-alkyl amino acids and polymerized to afford 

polypeptoids.28 Because the ring-opening polymerization of NTAs occurs with loss of COS, we 

envisioned that NTAs could be suitable COS donors upon ring-opening by a biological nucleophile 

such as an amine. After COS release, conversion into the known gasotransmitter H2S is expected 

to occur by one of two routes: 1) the rapid, enzymatic conversion by CA; or 2) hydrolysis, a 

relatively slower process.  

In order to test our hypothesis that NTAs could be used as COS/H2S donors, we began by 

synthesizing the NTA derivative of sarcosine (NTA1) through the route shown in Scheme 1. With 

modifications of literature procedures,28 we were able to obtain NTA1 in three steps with minimal 

purification. Although COS release from NTAs during ring-opening polymerization has been 
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hypothesized, direct detection of COS generation from ring-opening of NTAs has not been 

reported.  

Scheme 1. Synthesis of NTA1.a  

 

aConditions: i) NaOH, H2O, 98 % yield; ii) CH2Cl2, 0 °C, 53 % yield. 

 

To identify COS evolution, NTA1 was added to an aqueous solution of glycine in an air-

tight vial. GC-MS analysis of samples taken of the vial headspace after 5 min revealed the presence 

of COS (m/z = 60). A small peak at m/z = 34 was also observed, which is consistent with slow 

hydrolysis of COS into H2S (Figures S14-15).29 Confirmation of the expected dipeptide byproduct 

upon nucleophilic attack by glycine was realized by LC-MS. (Figure S16). After confirming COS 

release, we next measured the H2S release kinetics of NTA1 both in the presence and absence of 

CA. Currently, there are no simple and reliable methods for measuring the rate of COS release in 

solution. However, the fast conversion of COS into H2S in the presence of CA allows for indirect 

quantification of COS release kinetics using methods commonly employed to detect and quantify 

H2S. To evaluate the rate of H2S evolution, a colorimetric assay known commonly as the methylene 

blue assay was chosen.30 In the presence of 300 nM CA and 1 mM glycine (biologically relevant 

values) in PBS buffer (pH = 7.4), the pseudo-first-order release half-life of H2S for NTA1 was 

measured to be 75 min (Figure S17). Further studies of H2S release using an H2S-selective 

electrochemical probe gave a peaking time of 45 min (Figure 1A). Additional release studies 

performed in complete endothelial cell media exhibited a faster release profile and a quicker return 
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to baseline (Figure S19). No measurable release was observed in the absence of CA. Although a 

half-life cannot be determined using this electrochemical method due to oxidation and 

volatilization of the gas, it is a reliable way to measure instantaneous H2S concentration.  

 

 

Figure 1. A) H2S-selective electrochemical probe release curves for NTA1 (10 ɛM) in the presence 

of glycine (1 mM) with 300 nM CA (black curve) or without CA (grey curve) in PBS buffer (pH 

= 7.4). B) Representative fluorescence spectra (ɚex = 340 nm) exhibiting an increase in intensity 

over time as H2S reduces the non-emissive Da-N3 probe into fluorescent Da-NH2. C) First-order 

kinetic plot of Da-NH2 generation over time, as measured by the change in fluorescence emission 

intensity at 535 nm. Line represents the pseudo-first-order kinetic fit using the equation conv. = 1 

ï e[-kt]. 

 

Neither the colorimetric nor the electrochemical assay were suitable to quantify the H2S 

release rate in the absence of CA because COS hydrolysis is sufficiently slow to limit the use of 

these methods. In order to make a comparison between the H2S release rates with and without CA, 

additional analysis of the H2S release profile of NTA1 was performed using the azide derivative 

of dansyl sulfonamide developed by Wang et al.31 The dansyl azide (Da-N3) probe exhibits 

pronounced selectivity for the hydrosulfide anion (HSï) over other anions and reactive species 
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commonly found in biological assays with a response time on the order of seconds. The probe acts 

through a turn-on fluorescence mechanism whereby HSï reduces the non-fluorescent azide in 

solution to give the corresponding fluorescent amine (Da-NH2). Although Da-NH2 is a known CA 

inhibitor,32 we used the initial rates of Da-N3 reduction by NTA1 to compare the rates of H2S 

production in the presence and absence of CA.  

Fluorescence assays were performed under similar conditions to those described above for 

the methylene blue and electrochemical probe experiments, monitoring the increase in emission 

intensity at 535 nm over 10 h (Figure 1B). Pseudo-first-order analysis of Da-NH2 production in 

the first 60 min of the experiment in the presence of CA gave an H2S release half-life of 120 min 

(Figure 1C). The discrepancy between the half-lives based on methylene blue and fluorescence is 

likely due to some inhibition of CA by Da-NH2. Performing the assay in the absence of CA gave 

a release half-life of 990 min, in excellent agreement with previously measured COS hydrolysis 

rates in aqueous media of 796 min at pH 7.29 

Next, we set about preparing an NTA-containing polymer for potential use in COS or H2S-

releasing films, hydrogels, nanoparticles, or other materials that could serve to localize gas 

delivery. A polymerization technique was needed that would be compatible with the reactive NTA 

moiety. Ring-opening metathesis polymerization (ROMP) is typically performed under mild 

conditions (room temperature, no potential nucleophiles or radical initiators), proceeds rapidly to 

high conversions, and is highly functional group tolerant.33 Therefore, we designed a synthesis to 

couple a ROMP-active norbornene to a COS donor. ROMP monomer NB-NTA was prepared 

similarly to NTA1 in three steps starting from iminodiacetic acid (Scheme 2A). 

Polymerizations of NB-NTA were carried out in CH2Cl2 initiated by Grubbsô 3rd generation 

catalyst (H2IMes)(pyr)2(Cl)2Ru=CHPh (G3). The resulting homopolymer was insoluble in water, 
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so a poly(ethylene glycol) (PEG) norbornene comonomer was introduced into the feed at a 9:1 

ratio with respect to NB-NTA (Scheme 2B). The polymerization yielded a water-soluble random 

copolymer (polyNTA1) with a number-average molecular weight (Mn) of 37 kDa and a dispersity 

of 1.06 (Figure S13). 

Scheme 2. Synthesis of norbornene-NTA monomer and copolymer polyNTA1.a 

aConditions: i) NaOH, H2O, 52 % yield; ii) EDC, pyridine, CH2Cl2, 52 % yield; iii) CH2Cl2, 0 ÁC, 

50 % yield. 

 

H2S release from copolymer polyNTA1 was analyzed using the H2S-selective 

electrochemical probe (Figure 2A). A rapid initial release was observed, followed by a plateau 

after approximately 2 h and sustained release out to at least 20 h. Additionally, the methylene blue 

assay (Figure 2B) revealed an H2S release half-life of 280 min (Figure 2C), a three-fold increase 

over the small molecule NTA1. This result is consistent with similar gasotransmitter-releasing 
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copolymers in which the release of the polymeric donor is sustained over a longer period than the 

corresponding small molecules.23 We speculate that this phenomenon may be due to the steric 

crowding imparted by the polymer backbone as well as the pendant PEG chains in polyNTA1.  

 

Figure 2. A) H2S-selective electrochemical probe release curves for polyNTA1 (1 ɛM) in the 

presence of glycine (100 ɛM) with 300 nM CA in PBS buffer (pH = 7.4). Release was sustained 

out to 20 h. (B) Absorbance spectra from the methylene blue assay. The increase in intensity over 

time corresponds to in situ generation of methylene blue from H2S. C) First-order kinetic plot 

derived from the methylene blue data, measured by an increase in absorbance at 676 nm. Line 

represents the pseudo-first order kinetic fit using the equation conv = 1 ï e[-kt]. 

 

To test the ability of NTA1 and polyNTA1 to deliver H2S in a biological system, we 

assessed their efficacy in promoting proliferation of brain-derived endothelial cells. Endothelial 

cell proliferation is an important first step in angiogenesisðthe formation of new blood vessels 

from existing vesselsðwhich is vital for several biological processes, most notably wound 

healing. H2S promotes angiogenesis;
34 therefore, H2S donors may be useful as wound healing 

agents.35 Experiments were performed by treating endothelial cells with NTA1, Na2S (an H2S 

source used as a positive control), or the Sar-Gly dipeptide byproduct for 24 h, followed by 

measuring the percentage of BrdU positive cells in each treatment group. No CA enzyme was 

added to any of the treatment groups because the concentration of endogenous CA, which is widely 
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distributed in mammalian cells, is sufficient to quickly convert COS into H2S.
11 A significant 

increase in endothelial cell proliferation was observed for both NTA1 and Na2S at 100 ɛM (Figure 

3) compared with the untreated control group. No increase was observed for the Sar-Gly 

byproduct. Caspase activity was also measured for NTA1 to assess apoptosis, revealing no 

significant activity up to 100 ɛM (Figure S20). We also evaluated the effect of polyNTA1 on 

endothelial cell proliferation (Figure S21). No increase in proliferation was observed, which may 

be a result of the slower rate of H2S generation from the polymeric donor. 

 

Figure 3. Endothelial cell proliferation data showing the ratio of proliferating cells in each 

treatment group. Cells were treated for 24 h in serum-free media, and quantification was performed 

by counting the number of BrdU+/Dapi+ cells (n = 7ï8 for each treatment group). * indicates p < 

0.05, *** indicates p < 0.001 relative to untreated control. Error bars represent standard error of 

the mean. 

 

2.5. Conclusions 

 

In summary, NTA1 and polyNTA1 were synthesized to afford donor compounds that 

released COS in a sustained manner; COS is then converted into H2S in the presence of CA. In 

contrast to many H2S donors that release potentially toxic byproducts, the products of release from 
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NTA1 are COS and an amino acid residue. Analysis of the H2S release kinetics in the presence of 

CA gave release half-lives on the order of hours for both NTA1 and polyNTA1. Treatment of 

endothelial cells with NTA1 increased proliferation over relevant control groups. Taken together, 

these results demonstrate that NTAs offer a unique method to deliver H2S in a therapeutic manner. 

Additionally, the polymeric delivery vehicles developed herein may enable localized, sustained 

H2S delivery likely through intravenous or intraperitoneal injections for treatment of 

cardiovascular disease, cancer, and neurodegenerative disorders. We envision that NTAs will 

provide a chemical tool for studying COS in biological systems, facilitating a greater 

understanding of the roles that this gas plays in signaling biology.  
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2.7. Experimental  

Materials and Methods 

 

All reagents were obtained from commercial vendors and used as received unless otherwise stated. 

NMR spectra were measured on Agilent 400 MHz or Bruker 500 MHz spectrometers. 1H and 13C 

NMR chemical shifts are reported in ppm relative to internal solvent resonances. Yields refer to 

chromatographically and spectroscopically pure compounds unless otherwise stated. GC-MS 

experiments were performed on a Hewlett Packard 5890 Series II GC and a Hewlett Packard 5972 

Series Mass Selective Detector, equipped with a Restek RTX 1 DB-5 capillary column (30 m, 

1.25 mm diameter, 0.25 ɛm film thickness), 250 ÁC injection temperature, 250 ÁC transfer line, 
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1 mL/minute flow rate.  Analytical LCMS was performed on an Agilent 1200 system with a Waters 

SQ Detector 2 quadrupole-time-of-flight mass spectrometer using an XBridge C18 column (5 ɛm 

particle size, 6 x 100 mm) eluting with a gradient of 0% ACN to 15% ACN in water, with each 

solvent containing 0.1% formic acid. UV absorbance was monitored at 220 nm with a Waters 

2489 UV/Vis detector. UV-Vis absorbance spectra were recorded on a Spectramax M2 plate 

reader (Molecular Devices). Fluorescence spectra were recorded on a Cary Eclipse fluorescence 

spectrophotometer equipped with a PMT detector (600 V), excitation and emission slit widths of 

5 nm. Size exclusion chromatography (SEC) was carried out in THF at 1 mL minī1 at 30 °C on 

two Agilent PLgel 10 ɛm MIXED-B columns connected in series with a Wyatt Dawn Heleos 2 

light scattering detector and a Wyatt Optilab Rex refractive index detector. No calibration 

standards were used, and dn/dc values were obtained by assuming 100% mass elution from the 

columns. High-resolution mass spectra were taken on an Agilent Technologies 6230 TOF LC/MS 

mass spectrometer.  

 

Scheme S1. Synthesis of NTA1 

 

  



 

73 

 

2-[(Ethoxycarbonothioyl)thio]acetic acid (1) 

 

2-[(Ethoxycarbonothioyl)thio]acetic acid was synthesized according to literature procedures.1,2 

Briefly, a 2-necked round bottom flask was equipped with an N2 inlet and a septum and then 

charged with ethanol (17 mL), NaOH (2.19 g, 54.7 mmol), water (42 mL), and a stir bar. Once the 

NaOH was completely dissolved, the solution was bubbled with N2 for 15 min and the flask was 

cooled to 0 °C on an ice bath. Under N2 flow, CS2 (4.00 mL, 65.6 mmol) was added dropwise via 

syringe with vigorous stirring at 0 °C. After complete addition, the ice bath was removed and the 

reaction mixture was stirred for 2 h under N2 and allowed to return to rt. In a separate flask, 

bromoacetic acid (7.60 g, 54.7 mmol) was dissolved in deionized water (20 mL) and added to the 

pale yellow reaction mixture via addition funnel. Immediately the reaction mixture turned dark 

orange. The reaction mixture was allowed to stir for 14 h at rt. The reaction mixture was acidified 

by slow addition of concentrated HCl (5 mL) and extracted with CH2Cl2 (3 x 50 mL). The organic 

layers were combined, washed once with brine (10 mL), dried over Na2SO4, and concentrated 

under vacuum. The resulting yellow solid was recrystallized from CH2Cl2/hexanes to afford the 

product as yellow crystals (7.41 g, 75 % yield) (m.p. = 44.4-50.6 °C). 1H NMR (CDCl3): ŭ 4.66 

(q, J = 7 Hz, 2H), 3.98 (s, 2H), 1.43 (t, J = 7 Hz, 3H). 13C NMR (CDCl3): ŭ 212.2, 173.1, 71.1, 

37.6, 13.8.  
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Figure S1. 1H NMR spectrum (CDCl3) of xanthate 1. 

 

 

Figure S2. 13C NMR spectrum (CDCl3) of xanthate 1. 
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N-(Ethoxycarbonothioyl)-N-methylglycine (2) 

 

N-(Ethoxycarbonothioyl)-N-methylglycine was synthesized according to literature procedures.1 A 

round bottom flask was charged with xanthate 1 (6.88 g, 38.1 mmol), sarcosine (3.40 g, 

38.1 mmol), NaOH (3.05 g, 76.0 mmol), water (15 mL), and a stir bar to give a clear yellow 

solution. The reaction mixture was stirred at rt for 48 h and monitored by TLC eluting with 

10 % MeOH in CH2Cl2 (UV visualization). Once the starting material had been completely 

consumed, the reaction mixture was acidified by dropwise addition of concentrated HCl, which 

immediately led to the formation of a white precipitate. HCl addition was continued until formation 

of the precipitate subsided (~ 10 mL HCl). The mixture was extracted with CH2Cl2 (3 x 30 mL). 

The organic layers were then combined and washed with 1 N HCl (2 x 15 mL) and brine (1 x 

10 mL). The clear solution was then dried over Na2SO4 and concentrated under vacuum to afford 

the product as a white solid (6.62 g, 98 % yield). The thiocarbamate product was used directly in 

the next step without further purification.  

 

Sarcosine N-thiocarboxyanhydride (NTA1) 

 

 

 

An oven-dried, 2-necked round bottom flask was equipped with an N2 inlet, a septum, and a stirbar 

and then charged with thiocarbamate 2 (5.20 g, 29.3 mmol) and dry CH2Cl2 (37 mL) under N2 
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flow. PBr3 (2.80 mL, 29.3 mmol) was added dropwise via syringe at 0 °C to give a pale-yellow 

solution. The reaction mixture was allowed to stir at 0 °C for 15 min before removing the ice bath 

and allowing the reaction mixture to warm to rt as it stirred for an additional 1 h. The reaction 

mixture was transferred to a separatory funnel and washed carefully with saturated sodium 

bicarbonate solution (3 x 15 mL) followed by brine (1 x 15 mL). The organic solution was then 

dried over Na2SO4, and concentrated under vacuum to obtain the crude product as a yellow oil. 

The crude product was purified on a silica column, eluting with 1:1 hexanes/EtOAc to give the 

pure product as a light-yellow oil (2.04 g, 53 % yield). 1H NMR (CDCl3): ŭ 4.18 (s, 2H), 3.08 

(s, 3H). 13C NMR (CDCl3): ŭ 193.9, 164.98, 61.7, 30.9; HRMS (ESI-TOF) calcd. for C4H6NO2S
+ 

[M+H] + 132.0114, found 132.0114.  

 

Figure S3. 1H NMR spectrum (CDCl3) of NTA1. 
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Figure S4. 13C NMR spectrum (CDCl3) of NTA1.  

 

Scheme S2. NTA ROMP monomer Synthesis 
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2,2'-((ethoxycarbonothioyl)azanediyl)diacetic acid (3) 

 

 

A round bottom flask was equipped with a stir bar and charged with 1 (2.20 g, 12.2 mmol), 

iminodiacetic acid (1.62 g, 12.20 mmol), NaOH (1.46 g, 36.6 mmol), and water (55 mL) to give a 

turbid solution. The slurry was stirred at rt for 14 h, at which point the reaction mixture had become 

a clear yellow solution. Reaction progress was monitored by TLC, eluting with 10 % MeOH in 

CH2Cl2. Once the reaction was complete, the reaction mixture was then acidified by dropwise 

addition of concentrated HCl (10 mL). The clear yellow solution was extracted with EtOAc (3 x 30 

mL), and the organic layers were combined and washed with 1 N HCl (2 x 15 mL) and brine (1 x 

10 mL). The organic solution was then dried over Na2SO4 and concentrated under vacuum to give 

the crude product as a white solid. The product was purified by recrystallization from 

hexanes/EtOAc to afford the product as a white solid (1.40 g, 6.33 mmol, 52 % yield) (m.p. = 

131.2-132.7 °C). 1H NMR (DMSO-d6): ŭ 12.90 (s, 2H), 4.48 (s, 2H), 4.38 (q, J = 7 Hz, 2H), 4.22 

(s, 2H), 1.22 (t, J = 7 Hz, 3H). 13C NMR (DMSO-d6): ŭ 189.1, 169.7, 169.6, 67.5, 54.8, 50.8, 13.9. 

HRMS (ESI-TOF) calcd. for C7H10NO5S
- [M-H]- 220.0273, found 220.0285. 
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Figure S5. 1H NMR spectrum (DMSO-d6) of thiocarbmate diacetic acid 3. 

 

Figure S6. 13C NMR spectrum (DMSO-d6) of thiocarbamate diacetic acid 3. 
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Norbornene thiocarbamate acetic acid (4) 

 

Exo-norbornene alcohol was synthesized according to literature procedures.3 A round bottom flask 

was equipped with a stirbar and charged with dicarboxylic acid 3 (2.00 g, 9.04 mmol), pyridine 

(750 ɛL, 9.04 mmol) and CH2Cl2 (75 mL) giving a light yellow, slightly turbid solution. The flask 

was placed in an ice bath and a solution of EDC (1.73 g, 9.04 mmol) and exo-nobornene alcohol 

(9.37 g, 45.2 mmol) in CH2Cl2 (25 mL) was added dropwise via addition funnel. The reaction 

mixture was allowed to stir at rt for 14 h. Reaction progress was monitored by TLC, eluting with 

5 % MeOH in CH2Cl2. The resulting clear yellow solution was washed with 1 N HCl (2 x 10 mL) 

and brine (1 x 10 mL). The organic solution was then dried over Na2SO4 and concentrated in vacuo 

to yield the crude product as a yellow oil. The product was purified on a silica column, eluting 

with 1-10 % MeOH in CH2Cl2 to give the pure product as a light-yellow oil (1.93 g, 4.70 mmol, 

52 % yield). 1H NMR (CDCl3): ŭ 6.29 (m, 2H), 4.64 (m, 2H), 4.49 (m, 2H), 4.24-4.37 (m, 4H), 

3.78 (m, 2H), 3.27 (s, 2H), 2.72 (m, 2H), 1.22-1.56 (m, 6H). 13C NMR (CDCl3): ŭ 190.44, 190.33, 

178.38, 170.01, 168.47, 137.93, 69.10, 68.86, 62.66, 62.34, 55.16, 51.42, 50.58, 48.03, 45.38, 

42.90, 42.85, 37.66, 37.53, 14.18, 14.10. HRMS (ESI-TOF) calcd. for C18H21N2O7S
- [M-H]- 

409.1036, found 409.1075. 
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Figure S7. 1H NMR spectrum (CDCl3) of norbornene thiocarbmate acetic acid 4. 

 

 

Figure S8. 13C NMR spectrum (CDCl3) of norbornene thiocarbamate acetic acid 4. 
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Norbornene-NTA ROMP monomer NB-NTA 

 

A flame-dried, two-necked round bottom flask was equipped with an N2 inlet, a septum, and a stir 

bar. The flask was charged with 4 (0.302 g, 0.736 mmol) and dry CH2Cl2 (4 mL) under N2 flow. 

The clear and colorless reaction mixture was then cooled to 0° C on an ice bath. Once cool, PBr3 

(0.09 mL, 1 mmol) was added dropwise to the reaction mixture via syringe. The reaction mixture 

was allowed to stir for 10 minutes at 0 °C. The ice bath was the removed, and the reaction mixture 

was allowed to warm to rt as it stirred for an additional 30 minutes. The reaction mixture was then 

transferred to a separatory funnel where it was washed with saturated bicarbonate solution added 

slowly (2 x, 2 mL) and brine (1 x, 2 mL). The organic solution was then dried over Na2SO4 and 

concentrated in vacuo to yield the crude product as a yellow oil. The crude product was purified 

on a silica column, eluting with CH2Cl2 to give the pure product as a light-yellow oil (0.135 g, 50 

% yield). 1H NMR (CDCl3): ŭ 6.29 (t, J = 2 Hz, 2H), 4.36 (s, 2H), 4.32 (m, 2H), 4.22 (s, 2H), 3.77 

(m, 2H), 3.27 (m, 2H), 2.70 (d, J = 1 Hz, 2H), 1.53 (m, 1H), 1.24 (m, 1H). 13C NMR (CDCl3): ŭ 

193.3, 178.1, 167.4, 138.0, 62.9, 60.2, 48.1, 45.4, 44.5, 42.9, 37.5. HRMS (ESI-TOF) calcd. for 

C16H16N2O6SNa+ [M+Na]+ 387.0632, found 387.0621. 
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Figure S9. 1H NMR spectrum (CDCl3) of NB-NTA .  

 

Figure S10. 13C NMR spectrum (CDCl3) of NB-NTA .  
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Synthesis of Norbornene-PEG550 (NB-PEG) 

 

Exo-norbornene carboxylic acid was prepared by literature procedure.4 A round bottom flask was 

equipped with a stirbar and charged with exo-norbornene carboxylic acid (2.021 g, 9.14 mmol), 

poly(ethylene glycol) monomethylether (Mn = 550 Da) (1.675 g, 3.05 mmol), and DMAP (0.112 g, 

0.914 mmol). Dry CH2Cl2 (30 mL) was added, giving a clear yellow, slightly turbid solution. EDC 

(1.290 g, 9.14 mmol) was added in one portion, and the reaction mixture was allowed to stir at rt 

for 14 h. Reaction progress was monitored by TLC, eluting with 5 % MeOH in CH2Cl2. Once 

complete, the reaction mixture was transferred to a separatory funnel and washed with 1 N HCl 

(2 x, 15 mL) and brine (1 x, 15 mL). The organic layer was dried over Na2SO4 and concentrated 

under vacuum to yield the crude product as a light pink oil. The crude product was purified on a 

silica column, eluting with 5 % MeOH in CH2Cl2 to afford a clear, colorless oil 

(1.972 g, 2.56 mmol, 84 % yield). 
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Figure S11. 1H NMR of NB-PEG monomer. 

 

Synthesis of polyNTA1 by ROMP 

 

A 20 mL scintillation vial equipped with a screw-cap lid was charged with NB-NTA  (10.5 mg, 

29.0 ɛmol), NB-PEG (200 mg, 260 mmol), and dry CH2Cl2 (3.5 mL). G3 catalyst, prepared 

according to a literature procedure,5 was dissolved in dry CH2Cl2 in a second vial at a concentration 
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of 8.40 mg/mL. The G3 solution (0.5 mL) was added rapidly by syringe to the monomer solution 

with vigorous stirring. The reaction mixture was stirred at rt for 1 h. A few drops of ethyl vinyl 

ether were then added to quench the polymerization, and then the reaction mixture was stirred for 

an additional 20 min. The polymer was isolated via precipitation from hexanes. 

 

Figure S12. 1H NMR of polyNTA1.  

 

Figure S13. SEC analysis (RI trace) of polyNTA1. 

14 15 16 17 18 19

Retention Time (min)



 

87 

 

Scheme S3. Proposed scheme for COS release from a generalized NTA structure 

 

 

GC-MS detection of COS 

A 1.5 mL vial was charged with 0.2 mL of a solution of NTA1 (5 mM in DMSO), 0.8 mL glycine 

solution (12.5 mM in PBS buffer) and sealed with a screw cap lid with a rubber septum. The 

reaction mixture was allowed to sit at rt for 5 min, at which point an air-tight syringe was used to 

sample 100 ɛL of the vial headspace. This volume was injected into the GC-MS immediately. A 

control vial containing 0.8 mL glycine (12.5 mM in PBS buffer) and 0.2 mL DMSO was sampled 

using the same procedure at the 5-minute mark. 

 

Figure S14. GC-MS mass chromatogram of NTA1 reaction with glycine after 5 min. 
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Figure S15. SIM mode monitoring of NTA1 reaction with glycine after 5 min. A) H2S abundance 

(m/z = 34.00) and B) COS abundance (m/z = 60.00). 

 

Analysis of byproducts by LCMS 

A one-dram vial was charged with NTA1 (50.2 mg, 0.383 mmol) followed by addition of 1 mL 

glycine solution (0.46 M in 1X PBS) to give a colorless solution. After 8 h, 20 ɛL of the reaction 

mixture was injected onto the HPLC eluting 0 % ACN to 15 % ACN in water (0.1 % formic acid).   
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Figure S16. LCMS UV absorbance (ɚ = 220 nm) chromatogram of NTA1 (0.38 M in phosphate 

buffered water) in the presence of glycine (0.42 M) after 8 h incubation.  

 

Methylene blue H2S release assay 

Each assay described was run in triplicate in a one-dram vial containing 1.856 mL PBS buffer (pH 

= 7.4), 100 ɛL Zn(OAc)2 solution (40 mM in H2O), 20 ɛL NTA1 or poly(NTA1) solution (10 mM 

in NTA functional group in DMSO), 20 ɛL CA solution (30 ɛM in PBS buffer), 4 ɛL glycine 

solution (500 mM in PBS buffer). Final concentrations were 100 ɛM NTA1, 2 mM Zn(OAc)2, 1 

mM glycine, and 300 nM CA. A control solution was run for each experiment containing all of 

the above components with the exception of NTA1. At predetermined timepoints, 100 ɛL was 

removed from each reaction vial and diluted with 100 ɛL FeCl3 solution (30 mM in 1.2 M HCl) 

followed by 100 ɛL N,N-dimethyl-p-phenylenediamine solution (20 mM in 7.2 M HCl). Aliquots 

were stored until 90 minutes after the final aliquot had been taken to allow completion of 

methylene blue formation. The aliquots were transferred to a 96 well plate (250 ɛL/well) and their 

absorbance spectra were collected from 500 to 800 nm on a plate reader. Kinetic analysis was done 
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by subtracting the absorbance of the control experiment (no methylene blue formation) from the 

absorbance of each aliquot at that specific timepoint at 676 nm.    

 

 

Figure S17. Representative absorbance spectra for the methylene blue spectrophotometric H2S 

release assay with absorbance increasing over time. Inset shows the pseudo-first order kinetics plot 

derived from absorbances at 676 nm.  

 

H2S selective electrochemical probe calibration 

A scintillation vial was charged with 1X PBS buffer (pH 7.4) (10 mL) and a small magnetic stir 

bar. The buffer solution was set to stir and the electrochemical probe was positioned in the vial. 

Once the probe current had equilibrated, a stock solution of NaSH (2 mM in H2O) was added in 5 

ɛL aliquots. Upon each addition of the NaSH stock solution to the vial, there was a spike in current 

which quickly stabilized. Upon current stabilization another addition was made until probe 
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response no longer appeared linear. The calibration curve was constructed by plotting the apparent 

concentration of H2S in solution against the stabilized probe current.  

 

Figure S18. Calibration curve for H2S release in 1X PBS buffer. 

 

H2S selective electrochemical probe release studies 

A scintillation vial was charged with 9.73 mL of 1X PBS buffer (pH 7.4), 4 ɛL of a glycine solution 

(0.5 M in H2O), 20 ɛL of a solution of NTA1 (5 mM in DMSO), 250 ɛL of a solution of CA (6 ɛM 

in 1X PBS), and a small magnetic stir bar. Final concentrations were 10 ɛM NTA1, 100 ɛM 

glycine, and 300 nM CA. Once all of the reagents had been added, the probe was immediately 

inserted into the solution, and the probe current was recorded. The current initially spiked due to 

immersion in the solution, but stabilized quickly. This initial current spike is omitted from the 

reported data. Peaking time of H2S in solution is measured at the point where the current readout 

is at a global maximum for the dataset. 
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Figure S19. H2S selective electrochemical probe release data for NTA1 (10 ɛM) in complete 

endothelial cell media (10 mL). The faster peaking time is a result of a higher concentration of free 

amines available in complete cell media. The rapid return to baseline is likely a result of 

sulfhydration of the various proteins in the cell media by the H2S released leading to a lower 

instantaneous concentration of sulfide.  

 

Fluorescence H2S release assay kinetics 

Fluorescence assays were prepared in a 3 mL quartz cuvette with a threaded lid containing 1.80 mL 

1X PBS buffer (pH 7.4), 0.1 mL glycine solution (30 mM in PBS buffer), 0.1 mL 

diethylenetriaminepentaacetic acid (DTPA) solution (2.5 mM in H2O), 0.2 mL dansyl azide probe 

solution (3.76 mM in DMSO), and 0.020 mL CA solution (0.0375 mM in PBS). The fluorescence 

spectrum of this mixture was collected from 400 to 600 nm (ɚex = 340 nm) as the t = 0 timepoint. 

To this solution was added 0.3 mL of NTA1 solution (0.823 mM in DMSO). The cuvette was the 

capped, and Parafilm was wrapped around the cap to limit any potential volatilization of COS/H2S. 

The cuvette was then placed in the fluorometer, and fluorescence spectra were collected every 

10 min from 400 to 600 nm. Kinetic analysis was done by subtracting the zero-time point 
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fluorescence intensity from the fluorescence intensity at each time point at 540 nm. The pseudo-

first-order half-life of H2S release was determined by plotting time vs. ln(1/(1-% released), with 

t1/2 = ln(2)/slope. 

 

Brain-derived endothelial cell assays 

Primary brain-derived endothelial cells (ECs) were plated in a 96-well plate containing serum-free 

media, pre-coated with 0.2% gelatin, at 20,000 cells/well. After 24 h incubation with the indicated 

treatments, cells were assessed for proliferation by adding 10 µM bromodeoxyuridine (BrdU; 

Sigma Aldrich, St. Louis, MO).  Following 1 h incubation with BrdU, cells were fixed and stained 

with anti-BrdU (1:1000; ThermoFisher Scientific, Inc., Waltham, MA).  ECs were counterstained 

with DAPI (1 mg/ml) and analyzed under TRITC/DAPI filters on an inverted IX-71 Olympus epi-

fluorescence microscope equipped with a digital XM-10 camera and Cell Sense software package 

(Olympus, Valley, PA).  For quantification of BrdU-positive ECs, four images per well were 

acquired and quantified as a ratio of BrdU/Dapi or proliferating cell fraction. For Casapase 3/7 

assessment after 24 h incubation, cells were subjected to the Caspase-Glo 3/7 assay per 

manufactures instructions (Promega, Madison, WI). Data were graphed using GraphPad Prism, 

version 4 (GraphPad Software, Inc., San Diego, CA).  Studentôs two-tailed t-test was used for 

comparison of two experimental groups. For three or more groups, multiple comparisons were 

done using one-way ANOVA followed by Tukey test for multiple pairwise examinations.  

Changes were identified as significant if p was less than 0.05. Mean values were reported together 

with the standard error of mean (SEM). 
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Mouse brain endothelial cell caspase assay 

 

 

Figure S20. Caspase assay of brain-derived endothelial cells treated with 5-100 ɛM NTA1. 

 

Mouse brain endothelial cell BrdU assay of PolyNTA1 

 

Figure S21. Endothelial cell proliferation data showing the ratio of proliferating cells in each 

treatment group. Cells were treated for 24 h in serum-free media, and quantification was performed 

by counting the number of BrdU+/Dapi+ cells (n = 6ï8 for each treatment group). Error bars 

represent standard error of the mean. There was no statistically significant difference between 

these groups. 
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Chapter 3: Functional N-substituted N-Thiocarboxyanhydrides as Modular Tools for 

Constructing H2S Donor Conjugates 
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3.2. Abstract. 

We report a synthetic route toward a family of functional COS/H2S-releasing N-substituted N-

thiocarboxyanhydrides (NTAs) with functionalities to accommodate popular conjugation 

reactions, including olefin cross metathesis, thiol-ene, and copper-catalyzed azide-alkyne 

cycloaddition. The N-substituted NTAs were attached to small molecules, polymers, and a protein 

to synthesize novel H2S donors convergently. All conjugates showed sustained H2S release 

kinetics.  

 

3.3. Introduction 

Biology has benefitted immensely from the emergence of bioconjugation chemistry. The 

development of bioconjugates has led to key discoveries in measuring protein/ligand binding, 

developing effective MRI contrast agents, probing antibodyïantigen interactions, and imaging 

biomolecules in vivo.1 Expanding upon this work, many common bioconjugation reactions also 
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find use in other areas of chemistry, including surface modification2 and polymer 

functionalization.3 However, bioconjugation strategies have been applied only sparingly in the 

arena of gasotransmitter research,4-6 which focuses on uncovering the biological roles and 

exploiting the therapeutic potential of endogenously produced signaling gases. We envisioned that 

popular bioconjugation reactions could be employed to synthesize a wide variety of 

gasotransmitter donor conjugates, specifically conjugates capable of delivering hydrogen sulfide 

(H2S), from a small library of functionalized donors. 

As first reported by Abe and Kimura in 1996, H2S is a gasotransmitter.7 Since this 

discovery, studies on the physiological roles of H2S in the body have ensued.8 More recent 

discoveries suggest that alterations in endogenous H2S production contribute to a variety of disease 

states, including cardiovascular disease,9 diabetes,10 and Parkinsonôs disease,11 among others.12 

These results also indicate that exogenous delivery of H2S may be therapeutic in certain indications 

by promoting wound healing,13 alleviating cardiovascular tissue damage in ischemia-reperfusion 

events,14-15 and mitigating cellular damage in the central nervous system induced by reactive 

oxygen species (ROS).16 However, compared with existing small molecule H2S donors, donors 

appended to a variety of compounds and constructs, including established drugs, polymer 

scaffolds, and proteins, would likely increase the therapeutic viability of exogenous H2S delivery 

moving forward. 

Compared with H2S ñdonor saltsò NaSH and Na2S, which lead to instantaneous release, 

synthetic H2S donors can incorporate specific release triggers and extend the H2S release half-life, 

better mimicking endogenous H2S production.17 These properties allow for greater sophistication 

in studying H2S in biological settings and open avenues for targeted H2S delivery. Over the past 

decade, various H2S donors have been developed that respond to specific stimuli, including water, 
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nucleophiles, light, and enzymes, among others.18-20 Additionally, current efforts focus on 

extending H2S donors to polymeric drug delivery systems as well as modifying existing drugs with 

H2S-releasing moieties.21-25 However, nearly all synthetic H2S donors lack reactive chemical 

ñhandlesò for use in conjugation reactions, a necessity to develop a library of donors convergently. 

Based on previous work in our group on donors of carbonyl sulfide (COS), which is converted 

into H2S in vitro, we aimed here to create a platform of dual COS/H2S donors that could be readily 

conjugated to various scaffolds.  

Previously, our lab reported on N-thiocarboxyanhydrides (NTAs) as a class of dual 

COS/H2S donors with nontoxic, peptidic byproducts.26 NTAs release COS in the presence of 

primary amines (e.g., glycine), and the ubiquitous enzyme carbonic anhydrase (CA) rapidly 

catalyzes hydrolysis of the released COS into H2S (Scheme 1A). The initial version of NTAs as 

COS/H2S donors was the NTA of sarcosine (NTA1) as it offered a straightforward synthesis from 

commercially available starting materials. However, NTA1 lacks functional handles and is not 

conducive to conjugation reactions. Therefore, we sought a synthetic route to make NTAs that 

would tolerate the incorporation of functional groups used in common bioconjugation reactions. 

Functional NTAs would allow for the simple modification of existing small molecules, polymers, 

proteins, surfaces, or other platforms with COS/H2S releasing NTAs, opening a range of novel 

H2S donor systems. To this end, we devised a modular synthetic route to prepare NTAs with 

several functionalities via the same starting materials. Functional groups with high prevalence in 

the fields of bioconjugation and polymer chemistry such as alkynes, azides, alkenes, and 

norbornenes were targeted to allow access to popular conjugation reactions. 
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3.4. Results and Discussion 

 

 

Scheme 1. A) Proposed mechanism of COS/H2S release from donor NTA1, studied previously. 

B) Synthetic route to functional N-substituted NTAs. 

 
 

N-Functional NTAs were prepared in three steps starting from commercially available 2-

((ethoxycarbonothioyl)thio)acetic acid (XAA) and iminodiacetic acid (IDAA) (Scheme 1B), 

affording thiocarbamate diacetic acid (TCDA). This compound was subsequently monoesterified 

with commercially available functionalized alcohols to give compounds 1i-v (see Appendix 3.6 

for synthetic routes), followed by ring-closure with phosphorous tribromide (PBr3) to give the 

corresponding NTAs, labelled NTAs 2ï6. To show the versatility of this approach, five N-

substituted NTAs were prepared as alkynyl, azido, allyl, norbornyl, and benzyl esters (Scheme 

1B). We aimed specifically to synthesize alkynyl- and azido-NTAs (NTA2 and NTA3) to 

accommodate the Huisgen [3+2] cycloaddition reaction (CuACC) between organo-azides and 

alkynes. Allyl-NTA (NTA4) was designed to facilitate olefin cross metathesis and thiol-ene 

reactions, owing to the prevalence of reactive thiol-ene substrates.27 Lastly, benzyl-NTA (NTA6) 

was synthesized as a model compound to study H2S release from NTAs under various conditions 
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(i.e., different pH and nucleophiles) in detail. All five NTAs are solids at room temperature and 

stable for months on the benchtop. 

To assess whether NTAs decompose under common CuAAC reaction conditions, model 

reactions on small molecules were conducted. The CuAAC reaction was performed using alkynyl 

NTA2 and 2-azidoethyl benzoate to form compound 7 (Table 1). The best conditions found for 

this reaction included a THF/H2O solvent mixture (4:1 v/v) with sonication in lieu of magnetic 

stirring, as sonication best facilitated the dispersion of the precipitate formed upon addition of 

sodium ascorbate to copper sulfate pentahydrate (CuSO4·5H2O). Under these conditions, we 

observed near quantitative conversion to the desired product by 1H NMR spectroscopy in 

approximately 20 min at rt, with product isolation by flash chromatography (Table 1, compound 

7). 

 
To further highlight the robust nature of the CuAAC reaction with NTA2, we extended the 

scope of these conditions to conjugation of NTA2 onto an azido-functionalized lysine (Fmocï

Lys(N3)ïOH) as well as a macromolecular substrate, azide-terminated poly(ethylene glycol) 

(PEGïN3, molecular weight (MW) = 5.0 kg/mol). These two substrates were chosen as analogs to 

peptidic and polymeric drug delivery systems. Using the same reaction conditions outlined above, 

complete conversion to product was observed after approximately 60 min for reactions with both 

FmocïLys(N3)ïOH (Table 1, compound 8) and PEGïN3 (Table 1, compound 9). These reactions 

demonstrate that a single NTA can be used to functionalize a variety of systems from small 

molecules to polymers under similar reaction conditions. 

 In order to fully encompass the scope of the CuAAC click reactions for both alkyne and 

azide substrates, we synthesized an azide-functionalized NTA, NTA3. To evaluate the reactivity 

of NTA3, we performed CuAAC on a small molecule model compound, THP-protected propargyl 
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alcohol (Table 1, compound 10), and an alkyne-functionalized PEG (MW = 5.0 kg/mol) (Table 1, 

compound 11). Both reactions reached complete conversion within 75 min under the same CuAAC 

conditions described for NTA2. 

We also investigated conjugation of NTAs using olefin cross metathesis (CM), a widely 

used tool in organic chemistry as a facile and mild means of forming carbon-carbon double bonds 

in bioconjugation,28 drug development,29 and polymer synthesis30.  Grubbs and co-workers 

previously categorized terminal olefin CM substrates into four categories depending on their 

propensity to form homodimer CM products.31 Ideal CM partners have mismatched reactivity (i.e., 

Type I + Type II or III), motivating the decision to choose methyl acrylate (Type III) as a model 

CM partner with allyl-NTA (NTA4) (Type I). CM reactions were conducted in the presence of 

Hoveyda-Grubbs second generation (HG2) catalyst with p-cresol as an additive, as reported by 

Tooze and coworkers.32 In the presence of p-cresol and 2 equiv methyl acrylate, complete 

consumption of NTA4 was observed in 2 h by TLC with 0.1 mol % catalyst loading. The desired 

NTA-methyl acrylate CM product (85:15 E/Z ratio (Figure S31)) was isolated by flash 

chromatography (Table 1, compound 12). 

The final class of reactions used for NTA conjugation was the radical thiol-ene reaction 

between thiols and electron-rich alkenes. Thiol-ene reactions can be initiated thermally or by UV 

light and do not require a metal catalyst, making them particularly attractive bioconjugation 

reactions. Thiols are commonly found in biological systems in the form of reduced cysteine or 

glutathione as well as cysteine residues on proteins. Additionally, polymers with thiol chain ends 

are readily prepared by reversible additionïfragmentation chain transfer (RAFT) polymerization 

followed by removal of the thio-carbonylthio species,33 offering another mode for conjugation of 

NTAs to synthetic polymer systems. 
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For conjugation of NTAs to thiols via thiol-ene, (diphenylphosphorylmesityl)methanone 

(TPO) was used as the photoinitiator. For the equimolar reaction of NTA4 with N-acetyl cysteine 

(AcïCysïOH) in THF (Table 1, compound 13), complete consumption of the allyl-NTA starting 

material was observed by TLC in 60 min, with isolation of the conjugate via flash chromatography. 

The thiol-ene conjugation reaction was then extended to a polymeric system. Water-soluble 

poly(acryloyl morpholine) (PACMO) was synthesized via RAFT polymerization (MW = 6.0 

kg/mol, ẩ = 1.08), followed by reduction of the trithiocarbonate with hydrazine34 to reveal a free 

thiol on the polymer chain end. Reaction of this polymeric thiol for 70 min with NTA4 under 

similar conditions to those described above afforded complete consumption of NTA4. The NTA-

PACMO conjugate was easily isolated by precipitation (Table 1, compound 14). 

To evaluate the scope of thiol-ene reactions with NTAs, we performed the thiol-ene 

reaction between NTA4 and bovine serum albumin (BSA), a model protein with a single reduced 

cysteine residue (Cys34).35 To accommodate the solubility of BSA a largely aqueous reaction 

medium was employed. Unfortunately, there was no evidence of NTA consumption by TLC after 

UV irradiation for up to 2 h under these conditions.  
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Table 1. Reactions of functional N-substituted NTAs. 

 
 

N-substituted 

NTA 
Substrate (equiv) Product structure 

7 NTA2 

2-azidoethyl 

benzoatea (1) 

 
 

8 NTA2 
FmocïLys(N3)ï

OHa (1) 
 

9 NTA2 PEGïN3
a (0.8) 

 

10 NTA3 
THPïpropargyl-

OH (1)a 
 

11 NTA3 

PEGïalkyne 

(0.8)a 

 
 

12 NTA4 
methyl acrylateb 

(2) 
 

13 NTA4 

 

AcïCysïOHc 

(1)  

14 NTA4 
PACMOïSHd 

(0.5) 
 

15 NTA5 

benzyl 

mercaptanc 

(1)  

16 NTA5 BSAe (0.1) 
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aCuSO4·5H2O (0.4 equiv), sodium ascorbate (5 equiv), THF:H2O (4:1 v/v), sonication. bHoveyda-

Grubbs Gen. II catalyst, CH2Cl2, reflux, N2 atmosphere. cTPO (0.1 equiv), THF, UV irradiation. 

dTPO (0.3 equiv), THF, UV irradiation, N2 atmosphere. eTPO (0.05 equiv), H2O:THF (9:1), UV 

irradiation. 

Figure 1. A) H2S release from parent functional NTAs (10 µM) in the presence of Gly (100 µM) 

and CA (800 nM) in 1X PBS buffer (pH 7.4). B) H2S release from functionalized NTAs 7-15, see 

table 1. C) H2S release for benzyl NTA (10 µM) in the presence of N-Ŭ-acetyl-L-lysine (AcïLysï

OH), glycine (Gly), N-acetyl cysteine (AcïCysïOH) in 1X PBS buffer (pH 7.4). D) Plot of peaking 

times of benzyl NTA (10 µM) vs pH value in various buffered systems (10 mM). 

 

Previous reports have demonstrated rapid and efficient light-mediated thiol-ene reactions 

between substituted norbornenes and thiols in aqueous media.27, 36 This inspired the synthesis of 

norbornyl-NTA (NTA5) to enable thiol-ene under conditions where NTA4 does not give 
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appreciable conversion. A small molecule model reaction between NTA5 and benzyl mercaptan 

in the presence of TPO progressed smoothly, reaching full conversion in approximately 60 min 

(Table 1, compound 15). Using the same reaction conditions with NTA4 and BSA, we observed 

complete consumption of NTA5 by TLC after 2 h of irradiation with UV light in the presence of 

TPO. After isolation via precipitation, analysis by MALDI-TOF mass spectrometry revealed a 

shift in the center of the peak observed for pure BSA from 66,200 to 66,700 m/z (Figure S38), 

indicating that the conjugation reaction was successful. These results are similar to published 

MALDI -TOF analyses of modified BSA.37 Successful formation of NTA-functionalized BSA was 

also confirmed by H2S release measurements (Figure S40). 

H2S release profiles of the functional NTAs were investigated using an H2S-selective 

electrochemical probe in the presence of physiologically relevant concentrations of CA (800 nM). 

H2S release profiles for the parent NTAs (NTAs 2ï6) displayed the typical release profile for small 

molecule H2S donors, with a rise to a peak concentration followed by a slow return to baseline 

(Figure 1A). For NTAs 2ï6 H2S concentrations peaked between 20ï35 min in PBS buffer (pH 

7.4) with 100 µM added glycine as a trigger. H2S release from small molecule NTAs after the 

various functionalization reactions (compounds 7, 8, 10, 12, 13, and 15) did not show a change in 

the general shape of the H2S release profile from their parent, N-substituted NTA, and peaking 

times remained within a 15ï35 min timeframe (Figure 1B). Although fairly small, we attribute the 

differences in peaking times between non-polymeric products from the same parent NTA (e.g. 

compound 7 versus 8 and compound 12 versus 13) to changes in the local environment; for 

example, the carboxylic acids in compounds 7 and 13 may contribute to their enhanced release 

rate compared with compounds 8 and 12. Maximum concentrations of H2S in these release profiles 

are related to peaking time, where a faster peaking time generally leads to a larger maximum H2S 
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concentration. Overall, these results demonstrate that functionalization of NTAs with small 

molecules does not substantially alter their H2S release profile. 

A more dramatic change in H2S release profile was observed for the polymer-NTA 

conjugates, PEG-NTA (9 and 11) and PACMO-NTA (14). All of the polymer-NTA conjugates 

showed substantially lower maximum concentrations of H2S relative to the small molecule NTAs 

at the same concentration, with peaking times occurring at 20 min for the PACMO-NTA conjugate 

(14) and approximately 2 h for the PEG-NTA conjugates (9 and 11). Despite the differences in 

peaking times, all of the macromolecular NTA conjugates showed a more gradual return to 

baseline H2S concentrations relative to the small molecule NTA donors, demonstrating that 

polymeric donors are capable of maintaining a sustained concentration of H2S in solution to a 

greater degree than the small molecule NTAs. The phenomenon of extended and sustained H2S 

release from polymeric H2S donors has been previously reported, and it likely stems from steric 

effects of the polymer chain in solution.21-22, 26  

To gather further insight into the H2S release kinetics of N-substituted NTAs, benzyl-NTA 

(NTA6) was used as a model substrate in the presence of various biologically relevant nucleophiles 

and at different pH values. In the first set of experiments with NTA6, we explored the effect of 

various nucleophiles on H2S release rate under pseudo-first-order conditions (10:1 molar ratio of 

nucleophile to NTA). The nucleophiles included water only (hydrolysis), glycine, AcïLysïOH, 

and AcïCysïOH and were chosen to provide a range of functionalities available in vivo. Each 

nucleophile tested gave a similar release profile to hydrolysis, with addition of AcïLysïOH 

leading to a moderate decrease in peaking time and a greater maximum H2S concentration (Figure 

1C) than the others, indicating a faster overall release.  
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Release of H2S from NTA6 was also measured in buffers at various pH values. Peaking 

times remained constant within experimental error between pH 6 and 8.8, with peaking times 

ranging from 20ï25 min at each pH value (Figure 1D). Taken together, these results demonstrate 

that NTAs provide a platform with consistent COS/H2S release rates under a variety of 

physiologically relevant pH values. 

 

 
Figure 2. Viability of H9C2 cardiomyocytes treated with NTA6 at various concentrations. 

Viability is presented as a percentage relative to a media-only control. Quantification of 

viability was carried out using Cell Counting Kit-8 (CCK-8). Results are expressed as the 

mean ± SEM, where 10 trials were run for each treatment group over two independent 

experiments. 

 

 Lastly, we assessed the cytotoxicity of NTA6 in the presence of H9C2 

cardiomyocytes (Figure 2). NTA6 showed no effect on cell viability at concentrations of Ò50 ÕM 

after incubation for 24 h, relative to untreated controls. Slight decreases in viability were seen at 

100 and 200 µM, similar to other COS donors. 19, 38-39    

 



 

108 

 

3.5. Conclusions 

In summary, we have validated functional N-substituted NTAs as a modular donor 

platform from which a wide variety of H2S donor conjugates may be prepared. Herein, we have 

presented a synthetic route to a variety of functional NTAs, which can subsequently be used to 

modify existing drugs, macromolecules, or proteins to form COS/H2S-releasing conjugates. NTAs 

release H2S spontaneously in CA-containing water but at a faster rate when triggered with an 

amine. Synthesis of NTA conjugates in aqueous conditions was successful, which will inform 

preparation of H2S-donating proteins or water-soluble polymers. An assortment of H2S donor 

systems will further facilitate the study of COS/H2S physiology and help fully realize the 

therapeutic benefits of exogenous H2S delivery. 
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3.8. Experimental 

Materials and Methods 

All reagents and solvents were obtained from commercial vendors and used as received unless 

otherwise stated. NMR spectra were measured on Agilent 400 MHz or Bruker 500 MHz 

spectrometers. 1H and 13C NMR chemical shifts are reported in ppm relative to internal solvent 

resonances. Yields refer to compounds as isolated by silica gel chromatography unless otherwise 

stated. Thin-layer chromatography (TLC) was performed on glass-backed silica plates and 

visualized by UV. XAA, 1 THP-protected propargyl alcohol,2 2-azidoethanol,3 rac-norbornyl 

alcohol,4 PEG-N3,
5 Fmoc-Lys-N3,

6 and PACMOïSH7 were synthesized according to literature 

procedures. For pH studies on H2S release, buffers were prepared at 10 mM for the following pH 

ranges: acetate buffer (pH 5.3-6.0), phosphate buffer (pH 6.2-8.1), and carbonate buffer (pH 8.2-

8.8). pH was measured by a Fisher Scientific accumet AE150 benchtop pH meter. High-resolution 

mass spectra were obtained via an Agilent Technologies 6230 TOF LC/MS mass spectrometer. 

Protein-NTA conjugate analysis was performed using a matrix-assisted laser desorption 
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ionizationītandem time of flight mass spectrometer (4800 MALDI TOF/TOF; AB Sciex). H2S 

release data acquired with a WPI ISO-H2S-100 electrochemical probe set to a constant 100 nA 

current. 

Cell studies were conducted on an adherent H9C2 line of rat embryonic cardiomyocytes (ATCC, 

Manassas, VA, USA). Cultures were grown in Dulbeccoôs Modified Eagle Medium (DMEM, 

VWR, Radnor, PA), supplemented with 10 % fetal bovine serum (FBS, VWR, Radnor, PA). Cells 

were cultured at 37 °C in 5 % CO2-air. The cultures were passaged after 70ï80 % confluence was 

achieved. Cells were rinsed with PBS solution, and then released with trypsin and EDTA solution 

(VWR, Radnor, PA). The suspension of released cells was centrifuged at 1000 rpm for 5 min. 

  

Synthesis of functional N-substituted NTAs 

 

Synthesis of compound TCDA 

 

 

A round bottom flask was charged with XAA (6.60 g, 36.6 mmol), IDAA  (4.87 g, 36.6 mmol), 

and a magnetic stir bar. An Erlenmeyer flask was charged with NaOH (4.39 g, 110 mmol), and the 

NaOH was dissolved in water (120 mL). The aqueous NaOH solution was then added slowly, in 

one portion, to the flask containing XAA and IDAA while stirring at rt to give a clear, pale yellow 

solution. The reaction mixture was stirred at rt for 40 h, at which point full consumption of XAA 

was observed by TLC (10 % MeOH in CH2Cl2 + 2 % v/v acetic acid). The reaction mixture was 
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acidified with concentrated HCl until the pH reached ~2 as measured by pH paper (Hydrion). The 

resulting aqueous solution was extracted with EtOAc (30 mL, 3x). The organic layers were 

combined, dried over Na2SO4, filtered, and concentrated to give a yellow oil. The oil was dissolved 

in Et2O (30 mL) and cooled to 0 °C in an ice bath. Hexanes (100 mL) was added, resulting in a 

white precipitate. The white powder was filtered, triturated with CH2Cl2 (50 mL), and filtered 

again to give thiocarbamate diacetic acid TCDA  (6.152 g, 27.81 mmol) (m.p. = 131.2-132.7 °C). 

1H NMR (DMSO-d6): ŭ 12.85 (broad s, 1H), 4.49 (s, 2H), 4.37 (q, J = 7 Hz, 2H), 4.23 (s, 2H), 

1.22 (t, J = 7 Hz, 3H). 13C NMR (DMSO-d6): ŭ 189.1, 169.7, 1z69.6, 67.6, 54.7, 50.7, 14.0.  

 

Figure S1. 1H NMR spectrum (DMSO-d6) of 1. 
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Figure S2. 13C NMR (DMSO-d6) spectrum of 1.  

 

Representative synthetic procedure for NTA precursors 1i-1v 

 

 

A round bottom flask was charged with iminodiacetic acid thiocarbamate TCDA (2.188 g, 9.890 

mmol) and a magnetic stir bar. To this flask, CH2Cl2 (80 mL) was added to give a suspension of 

TCDA . Pyridine (0.80 mL, 9.9 mmol) was added in one portion, generating a soluble pyridinium 

salt of TCDA  as a clear solution. This solution was cooled to 0 °C in an ice bath. A separate round 
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bottom flask was charged with EDC·HCl (1.896 g, 9.890 mmol) and CH2Cl2 (25 mL) to give a 

suspension of EDC. Allyl alcohol (2.0 mL, 30 mmol) was added to the EDC suspension in one 

portion, which resulted in a clear, yellow solution. The EDC/alcohol solution was added dropwise 

to the solution of pyridiniumĀTCDA via addition funnel at 0 °C. The reaction mixture was allowed 

to warm to rt as the ice melted. Disappearance of starting material 1 was monitored by TLC (5 % 

MeOH in CH2Cl2). After 16 h, complete disappearance of TCDA  was observed, and the reaction 

mixture was washed with 1 N HCl (2x) and brine (1x), dried over Na2SO4, filtered and 

concentrated. The resulting yellow oil was purified by silica gel chromatography (CH2Cl2) to give 

the thiocarbamate acid-ester 1iii  (2.147 g, 8.217 mmol). Yields for additional thiocarbamate acid-

esters are as follows: 1i (76 %, pale yellow oil), 1ii (73 %, yellow oil), 1iv (81 %, pale yellow oil), 

1v (26 %, pale yellow oil). 

1i: 1H NMR (CDCl3): ŭ 4.79 (dd, J = 20, 3 Hz, 2H), 4.70 (d, J = 3 Hz, 2H), 4.52 (m, 2H), 4.32 

(d, J = 8 Hz, 2H), 2.52 (m, 1H), 1.34 (td, J = 7, 5 Hz, 3H). 13C NMR (CDCl3): ŭ 190.4, 173.8, 

172.8, 169.0, 167.8, 76.8, 75.9, 75.8, 69.2, 69.1, 55.0, 54.8, 53.3, 53.1, 51.1, 50.6, 14.1.  

1ii: 1H NMR (CDCl3): ŭ 4.69 (d, J = 5 Hz, 2H), 4.52 (m, 2H), 4.43-4.28 (m, 4H), 3.60-3.46 (m, 

2H), 1.40-1.27 (m, 3H). 13C NMR (CDCl3): ŭ 190.4, 173.5, 172.4, 169.7, 168.4, 69.3, 69.1, 64.6, 

64.3, 55.3, 55.0, 51.6, 50.7, 49.7, 14.2, 14.1. 

1iii : 1H NMR (CDCl3): ŭ 6.03-5.78 (m, 1H), 5.45-5.22 (m, 2H), 4.80-4.60 (m, 4H), 4.59-4.42 (m, 

2H), 4.30 (d, J= 7Hz, 2H), 1.33 (dt, J= 11, 7 Hz, 3H). 13C NMR (CDCl3): ŭ 190.4, 177.5, 173.5, 

170.2, 168.4, 131.3, 131.2, 119.6, 119.5, 69.2, 69.0, 66.9, 66.5, 55.5, 55.1, 52.0, 50.9, 14.2, 14.1. 

1iv: 1H NMR (CDCl3): ŭ 10.22 (broad s, 1H), 6.49-5.53 (m, 2H), 4.72-4.59 (m, 2H), 4.54-4.44 

(m, 2H), 4.33-4.19 (m, 2H), 4.07 (m, 1H), 3.01-2.55 (m, 2H), 1.90-1.66 (m, 1H), 1.40-1.11 (m, 

5H). 13C NMR (CDCl3): ŭ 190.3, 173.4, 172.1, 170.4, 168.8, 138.0, 137.8, 137.2, 137.1, 136.2, 
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136.0, 132.2, 131.9, 70.3, 69.9, 69.7, 69.3, 69.1, 68.8, 55.5, 55.1, 51.9, 51.8, 51.0, 49.6, 49.5, 

45.0, 43.9, 43.7, 43.6, 42.3, 41.7, 41.6, 38.0, 37.9, 37.7, 14.1. 

1v: 1H NMR (CDCl3): ŭ 7.42-7.30 (m, 5H), 5.21 (d, J = 12 Hz, 2H), 4.70-4.63 (m, 2H), 4.46 (dq, 

J = 33 Hz, 7 Hz, 2H), 4.28 (d, J = 4 Hz, 2H), 1.26 (dt, J= 48, 7 Hz, 3H). 13C NMR (CDCl3): ŭ 

190.4, 190.3, 172.6, 171.8, 169.9, 168.6, 140.4, 135.0, 134.9, 128.8, 128.7, 128.6, 128.5, 127.8, 

127.2, 69.0, 68.9, 67.8, 67.5, 65.2, 55.3, 55.0, 51.4, 51.0, 14.0.  

 

 

 

Figure S3. 1H NMR spectrum (CDCl3) of 1i. 

 

 



 

119 

 

 

Figure S4. 13C NMR spectrum (CDCl3) of 1i. 

 

Figure S5. 1H NMR spectrum (CDCl3) of 1ii. 

 



 

120 

 

 

Figure S6. 13C NMR spectrum (CDCl3) of 1ii. 

 

 

Figure S7. 1H NMR spectrum (CDCl3) of 1iii . 
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Figure S8. 13C NMR spectrum (CDCl3) of 1iii . 

 

Figure S9. 1H NMR spectrum (CDCl3) of 1iv. 
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Figure S10. 13C NMR spectrum (CDCl3) of 1iv. 

 

 

Figure S11. 1H NMR spectrum (CDCl3) of 1v. 
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Figure S12. 13C NMR spectrum (CDCl3) of 1v. 

 

Representative synthetic procedure for functional N-substituted NTA synthesis 

 

A two-neck round bottom flask equipped with a glass vacuum adaptor and septum was charged 

with a magnetic stir bar. The reaction vessel was flame-dried under vacuum and backfilled with 

nitrogen. Dry THF (2mL) (passed through an alumina column and dried over 3 Å molecular sieves) 

was added to a vial containing thiocarbamate monoester 1iii (0.372 g, 1.42 mmol). Once fully 

dissolved, this solution was added to the reaction vessel. The reaction mixture was then diluted 
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with dry THF (3 mL) to the final reaction volume (5 mL). The clear yellow reaction mixture was 

placed in an ice bath to cool to 0 °C. Phosphorous tribromide (PBr3) (0.150 mL, 1.57 mmol) was 

added dropwise under nitrogen, and the reaction mixture was allowed to stir at 0 °C for 10 min, at 

which point the ice bath was removed and the reaction mixture was allowed to warm to rt. Once 

at rt, the reaction mixture was allowed to stir for an additional 45 min. The reaction mixture was 

again cooled to 0 °C in an ice bath, and MeOH was added dropwise until bubbling ceased to quench 

excess PBr3. The reaction mixture was concentrated on a rotary evaporator, and the residue was 

dissolved in CH2Cl2. The CH2Cl2 solution was washed with saturated NaHCO3 (2x) and brine (1x), 

dried over Na2SO4, filtered, and concentrated. The crude oil was then purified via silica gel 

chromatography (CH2Cl2) to give NTA3 as an off-white solid (0.215 g, 0.999 mmol). Yields for 

specific NTAs are as follows: NTA2 (63 %, off-white solid) (m.p. = 46.3-46.8 °C), NTA3 (77 %, 

clear oil), NTA4 (70 %, off-white solid) (m.p. = 38.5 ï 39.0 °C), NTA5 (50 %, yellow oil), NTA6 

(59 %, off-white solid) (m.p. = 93.4 ï 94.1 °C).  

NTA2: 1H NMR (CDCl3): ŭ 4.77 (d, J = 3 Hz, 2H), 4.32 (d, J = 5 Hz, 2H), 2.52 (t, J = 3 Hz, 1H). 

13C NMR (CDCl3): ŭ 192.9, 166.9, 166.4, 76.6, 76.2, 60.1, 53.4, 44.4. 

NTA3: 1H NMR (CDCl3): ŭ 4.38-4.33 (m, 6H), 3.56-3.52 (m, 2H). 13C NMR (CDCl3): ŭ 192.9, 

167.3, 166.4, 64.5, 60.2, 49.6, 44.5. 

NTA4: 1H NMR (CDCl3): ŭ 5.98-5.84 (m, 1H), 5.39-5.27 (m, 2H), 4.68 (dt, J = 6, 1 Hz, 2H), 4.32 

(d, J= 7 Hz, 4H). 13C NMR (CDCl3): ŭ 193.1, 167.1, 166.2, 131.1, 119.6, 66.6, 60.1, 44.4. 

NTA5: 1H NMR (CDCl3): ŭ 6.21-5.90 (m, 2H), 4.38-4.21 (m, 5H), 4.09 (dd, J = 11, 9 Hz, 1H), 

3.99-3.74 (m, 1H), 2.89-2.81 (m, 1H), 2.68 (h, J = 2 Hz, 1H), 1.89-1.68 (m, 1H), 1.41-1.35 (m, 

1H), 1.33-1.25 (m, 2H), 1.20-1.13 (m, 1H). 13C NMR (CDCl3): ŭ 193.2, 167.5, 167.4, 166.4, 138.1, 

137.2, 136.1, 132.0, 70.2, 69.6, 60.3, 45.1, 44.6, 44.0, 43.7, 42.3, 41.7, 38.0, 37.8. 
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NTA6: 1H NMR (CDCl3): ŭ 7.48-7.30 (m, 5H), 5.21 (s, 2H), 4.31 (d, J = 3 Hz, 4H). 13C NMR 

(CDCl3): ŭ 193.1, 167.4, 166.4, 134.8, 129.0, 128.9, 128.7, 67.9, 60.2, 44.6. 

 

Figure S13. 1H NMR spectrum (CDCl3) of alkynyl NTA, NTA2. 

 

Figure S14. 13C NMR spectrum (CDCl3) of alkynyl NTA, NTA2. 
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Figure S15. 1H NMR spectrum (CDCl3) of azido NTA, NTA3. 

 

 

Figure S16. 13C NMR spectrum (CDCl3) of azido NTA, NTA3. 
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Figure S17. 1H NMR spectrum (CDCl3) of allyl NTA NTA4. 

 

 

 

Figure S18. 13C NMR spectrum (CDCl3) of allyl NTA, NTA4. 
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Figure S19. 1H NMR spectrum (CDCl3) of norbornyl NTA, NTA5. 

 

 

 

Figure S20. 13C NMR spectrum (CDCl3) of norbornyl NTA, NTA5. 
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Figure S21. 1H NMR spectrum (CDCl3) of benzyl NTA, NTA6. 

 

 

 

Figure S22. 13C NMR spectrum (CDCl3) of benzyl NTA, NTA6. 
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Functionalization of NTAs  

Representative synthetic procedure for Huisgen [3+2] reactions between alkynyl/azido NTAs and 

small molecule organo-azides/alkynes 

 

A scintillation vial was charged with alkynyl NTA (NTA2) (87 mg, 0.41 mmol) and 2-azidoethyl 

benzoate (78 mg, 0.41 mmol). The reactants were dissolved in THF (2 mL) to give a clear yellow 

solution. Copper sulfate pentahydrate (CuSO4·5H2O) (41 mg, 0.16 mmol) was added in one 

portion. Sodium ascorbate (240 mg, 1.20 mmol) was added to a separate vial and dissolved in 

water (0.5 mL); this solution was subsequently added to the vial containing the NTA/azide mixture 

in one portion. Immediately, an insoluble brown precipitate formed. The vial was placed in a bath 

sonicator (Branson 2510) at rt, and the reaction mixture became a moderately turbid, yellow 

solution after approximately 10 min. Reaction progress was monitored by TLC (CH2Cl2) until the 

disappearance of NTA2 was noted (30 min). The reaction mixture was concentrated by rotary 

evaporation to remove THF, and the residue was diluted with water. The aqueous solution was 

then extracted with CH2Cl2 (3x). The organic layers were combined, dried over Na2SO4, and 

concentrated. The crude product was purified by silica gel chromatography (CH2Cl2 and MeOH 

mixture, with acetic acid added (2 % v/v) to give a white powder (102 mg, 62 % yield) (m.p. 
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=127.8-130.4 °C). Product 8 (white powder, 42 %) (m.p. = 80.0 ï 85.8 °C, possible degradation) 

and product 10 (clear oil, 35 %). 

Product 7: 1H NMR (CDCl3): ŭ 7.99-7.94 (m, 2H),7.75-7.72 (s, 1H), 7.61-7.55 (m, 1H), 7.48-7.42 

(m, 2H), 5.31 (d, J = 1 Hz, 2H), 4.79-4.69 (m, 4H), 4.26 (d, J = 3 Hz, 4H). 13C NMR (CDCl3): ŭ 

192.9, 167.4, 166.4, 166.0, 142.2, 133.8, 129.8, 129.2, 128.8, 124.8, 62.9, 60.2, 58.9, 49.6, 44.5. 

HRMS (ESI-TOF) calcd. for C17H16N4O6S [M+H]+ 405.0869, found 405.0866.  

Product 8: 1H NMR (CDCl3): ŭ 7.72 (d, J = 8 Hz, 2H), 7.62-7.45 (m, 3H), 7.40-7.18 (m, 4H), 5.71 

(d, J = 8 Hz, 1H), 5.23 (s, 1H), 4.50-4.12 (m, 9H), 2.17-1.52 (m, 6H), 1.44-1.14 (m, 2H). 13C NMR 

(CDCl3): ŭ 193.2,176.4, 167.6, 166.6, 156.3, 143.9, 143.8, 141.7, 141.4, 127.2, 125.2, 124.4, 

120.1, 67.1, 60.3, 58.5, 50.2, 47.2, 44.6, 31.5, 27.0, 22.0, 20.9. HRMS (ESI-TOF) calcd. for 

C29H30N5O8S [M+H]+ 608.1815, found 608.1827. 

Product 10: 1H NMR (CDCl3): ŭ 7.61 (s, 1H), 4.88 (dd, J = 12, 1 Hz, 1H), 4.67-4.59 (m, 6H), 4.27 

(d, J = 4 Hz, 4H) 3.94-3.87 (m, 1H), 3.59-3.50 (m, 1H), 1.88-1.69 (m, 2H), 1.65-1.49 (m, 5H). 13C 

NMR (CDCl3): ŭ 192.7, 167.1, 166.5, 146.0, 123.3, 98.5, 63.6, 62.6, 60.7, 60.2, 48.9, 44.5, 30.6, 

25.5, 19.6. HRMS (ESI-TOF): calcd. for C15H20N4O6S [M+H]+ 384.1104, found 384.1138. 
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Figure S23. 1H NMR spectrum (CDCl3) of product 7. 

 

 

Figure S24. 13C NMR spectrum (CDCl3) of product 7.  
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Figure S25. 1H NMR spectrum (CDCl3) of product 8. 

 

 

Figure S26. 13C NMR spectrum (CDCl3) of product 8.  
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Figure S27. 1H NMR spectrum (CDCl3) of product 10. 

 

 

Figure S28. 13C NMR spectrum (CDCl3) of product 10. 
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Synthetic procedure for Huisgen [3+2] cycloaddition between alkyne or azido NTA and PEGïN3 

or PEGïalkyne 

 

A scintillation vial was charged with alkynyl NTA (NTA2) (50 mg, 0.23 mmol) and PEGïN3 (940 

mg, 0.19 mmol), and the reactants were dissolved in THF (6 mL) to give a clear yellow solution. 

Copper sulfate pentahydrate (CuSO4·5H2O) (23 mg, 0.094 mmol) was added in one portion. 

Sodium ascorbate (140 mg, 0.70 mmol) was added to a separate vial and dissolved in water (2 

mL); this solution was subsequently added to the vial containing the NTA/PEG-N3 mixture in one 

portion. Immediately, an insoluble brown precipitate formed. The vial was then placed in a bath 

sonicator (Branson 2510) at rt, and the reaction mixture became a moderately turbid, yellow 

solution after approximately 10 min. Reaction progress was monitored by TLC (CH2Cl2) until the 

disappearance of alkynyl NTA was observed after 75 min. The reaction mixture was passed 

through a column of neutral alumina and diluted with CH2Cl2. The organic solution was washed 

with saturated NaHCO3, dried over Na2SO4, and concentrated via rotary evaporator. The crude 

solid was then dissolved in a minimal amount of CH2Cl2 and precipitated into diethyl ether to 

afford the PEG-NTA conjugate as a white solid (800 mg recovered).  

Product 9: 1H NMR (CDCl3): ŭ 7.84 (s, 1H), 4.77 (broad s, 2H), 4.54 (t, J = 5 Hz, 2H), 4.30 (d, J 

= 6 Hz, 4H), 3.70-3.56 (broad s, 451H), 3.44 (dd, J = 6, 4 Hz, 4H), 3.36 (s, 3H). 



 

136 

 

Product 11: 1H NMR (CDCl3): ŭ 7.68 (s, 1H), 4.70-4.56 (m, 6H), 4.27 (d, J = 4 Hz, 2H), 3.65-3.60 

(broad s, 413H), 3.47-3.43 (m, 4H), 3.36 (s, 3H). 

 

 

Figure S29. 1H NMR spectrum (CDCl3) of product 9 with inset magnifying region with triazole 

and NTA methylene peaks. 
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Figure S30. 1H NMR spectrum (CDCl3) of product 11 with inset magnifying region with triazole 

and NTA methylene peaks. 

 

Synthetic procedure for cross-metathesis (CM) reaction with allyl-NTA 

 

A two-neck round bottom flask equipped with a condenser and a septum was charged with allyl 

NTA (NTA4) (153 mg, 0.711 mmol), p-cresol (48.0 mg, 0.444 mmol) and a magnetic stir bar. 

CH2Cl2 (1.5 mL) was added to give a clear, pale yellow solution. Methyl acrylate (0.130 mL, 1.42 

mmol) was then added in one portion. The reaction mixture was bubbled with N2 for 20 min and 

heated to a gentle reflux. In a separate vial, a stock solution of Hoveyda-Grubbs Gen. II catalyst 

(1.6 mM in CH2Cl2) was prepared and immediately added (0.5 mL) to the refluxing reaction 
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mixture under N2 flow. The reaction mixture was allowed to stir at reflux under N2 until 

disappearance of allyl NTA was observed by TLC (CH2Cl2), 2 h. After completion of the reaction, 

the round bottom flask was cooled to rt, and the contents were concentrated via rotary evaporation 

to remove CH2Cl2 and any excess methyl acrylate. The residue was purified by silica gel 

chromatography (hexanes:EtOAc), yielding NTA 12  as a clear, colorless oil (60 mg, 36 % yield). 

Product 12: 1H NMR (CDCl3): ŭ 6.91 (dt, J = 16, 5 Hz, 1H, E isomer), 6.23 (dt, J = 12, 5 Hz, 1H, 

Z isomer), 6.04 (dt, 16, 2 Hz, 1H, E isomer), 5.92 (dt, 12, 2 Hz, 1H, Z isomer), 4.84 (dd, J = 5, 2 

Hz, 2H), 4.34 (d, J = 7 Hz, 4H), 3.75 (s, 3H). 13C NMR (CDCl3): ŭ 192.9, 167.0, 166.4, 166.0, 

143.1, 139.9, 123.0, 121.4, 64.0, 63.9, 60.2, 60.1, 52.0, 51.8, 44.5, 44.4. HRMS (ESI-TOF): calcd. 

for C17H16N4O6S [M+H]+ 274.0385, found 274.0376. 

 

 

Figure S31. 1H NMR spectrum (CDCl3) of product 12 with inset magnifying region with alkene 

peaks and integrations (85:15 E/Z). 
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Figure S32. 13C NMR spectrum (CDCl3) of product 12.   
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Representative synthetic procedure for thiol-ene reactions of small molecule thiols with NTAs 

 

A scintillation vial was charged with norbornyl NTA (NTA5) (150 mg, 0.530 mmol) and a 

magnetic stir bar. The NTA was dissolved in THF (1.7 mL) and allowed to stir at rt. In a separate 

vial, (diphenylphosphoryl)(mesityl)methanone (TPO) photoinitiator (19 mg, 0.053 mmol) was 

dissolved in THF (0.3 mL) and added to the vial containing the NTA5 solution in one portion, 

affording a pale-yellow solution. Benzyl mercaptan (62 µL, 0.53 mmol) was added to the reaction 

mixture, and the scintillation vial was capped and placed inside a 250 mL beaker covered in 

aluminum foil. The top of the beaker was covered with a UV lamp (UVP, Analytik Jena US, long 

wavelength setting) and allowed to stir at rt under UV irradiation. Reaction progress was monitored 

by TLC (CH2Cl2) until the NTA5 starting material was consumed, 60 min. The reaction mixture 

was concentrated by rotary evaporation, and the crude material was purified via silica gel 

chromatography (CH2Cl2:MeOH mixture) to give product 15 as a clear oil (131 mg, 61 % yield). 

Product 13: white solid, 17 % yield (m.p. = 130.0 ï 132.3 °C). 1H NMR (DMSO-d6): ŭ 8.25 (d, J 

= 8 Hz, 1H), 4.52 (s, 2H), 4.37 (td, 8, 5 Hz, 1H), 4.33 (s, 2H), 4.18 (t, J = 6 Hz, 2H), 2.91-2.68 (m, 
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4H), 2.58 (t, J = 7 Hz, 2H), 1.86 (s, 3H). 13C NMR (DMSO-d6): ŭ 194.2, 172.3, 169.4, 167.7, 

165.0, 63.8, 60.8, 52.0, 44.6, 32.8, 27.9, 27.8, 22.4. HRMS (ESI-TOF) 13: calcd. for C13H19N2O7S2 

[M+H] + 379.0634, found 379.0636. 

Product 15: 1H NMR (CDCl3): ŭ 7.34-7.22 (m, 5H), 4.34-4.21 (m, 4H), 3.92 (dd, J = 2 Hz, 2H), 

3.78-3.65 (m, 2H), 2.58-2.41 (m, 1H), 2.33-2.18 (m, 2H), 2.14-2.02 (m, 1H), 1.79-1.57 (m, 3H), 

1.41-1.00 (m, 4H). 13C NMR (CDCl3): ŭ 193.02, 167.41, 166.15, 138.58, 128.81, 128.77, 128.53, 

128.50, 126.92, 68.79, 68.69, 60.14, 60.13, 45.92, 45.77, 45.11, 44.46, 44.44, 43.95, 42.15, 41.74, 

40.35, 40.07, 38.83, 38.50, 38.41, 37.99, 36.78, 36.61, 36.08, 32.98, 32.55. HRMS (ESI-TOF): 

calcd. for C20H24NO4S2 [M+H] + 406.1147, found 406.1144. 

 

 

Figure S33. 1H NMR spectrum (DMSO-d6) of product 13. 
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Figure S34. 13C NMR spectrum (DMSO-d6) of product 13. 

 

 

 

Figure S35. 1H NMR spectrum (CDCl3) of product 15. 



 

143 

 

 

 

 

Figure S36. 13C NMR spectrum (CDCl3) of product 15.  
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Synthetic procedure for thiol-ene reaction with PACMO-SH 

 

 

A Schlenk tube was charged with allyl NTA (NTA4) (6.6 mg, 31 µmol), PACMOïSH (100 mg, 

15 µmol) and a magnetic stir bar. The reactants were dissolved in THF (1.0 mL), and a solution of 

TPO in THF (0.2 mL, 20 mM) was subsequently added. The flask was subjected to three freeze-

pump-thaw cycles and backfilled with N2. The Schlenk tube was placed in a beaker (500 mL) 

covered in aluminum foil, and a handheld UV lamp (UVP, Analytik Jena US, long wavelength 

setting) was placed adjacent to the flask inside the beaker, with the bulb parallel to the Schlenk 

tube and pointed toward the contents of the reaction mixture. The entire UV lamp ensemble was 

covered in aluminum foil, and the UV lamp was turned on. The reaction mixture was stirred at rt 

under UV irradiation. The reaction was monitored by TLC (CH2Cl2) until NTA4 was consumed, 

90 min, at which point the flask was opened to air. The reaction mixture was precipitated into cold 

Et2O (2x), dried, and collected to give PACMO-NTA (14) as a white powder (50 mg).  

Product 14: 1H NMR (CDCl3): ŭ 4.40-4.27 (m, 4H), 4.05 (s, 2H), 3.82-3.22 (broad, 211H), 2.70-

2.35 (broad, 33H), 1.91-1.56 (broad, 74H).  
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Figure S37. 1H NMR of product 14. 

 

Synthetic procedure for thiol-ene reaction of bovine serum albumin (BSA) with norbornyl NTA 

A scintillation vial was charged with BSA (100 mg) and a magnetic stir bar. The BSA was 

dissolved in water (0.8 mL) to give a viscous, clear, yellow solution. A solution of norbornyl NTA 

in THF (50 µL, 0.300 M) was added followed by addition of a solution of TPO in THF (20 µL, 

0.038 M). The scintillation vial was capped and placed in a 250 mL beaker covered in aluminum 

foil, and a UV lamp (UVP, Analytik Jena US, long wavelength setting) was placed on top of the 

beaker. The reaction mixture was allowed to stir at rt under UV irradiation. After 2 h, the reaction 

mixture was poured into acetone at 0 °C, resulting in the immediate formation of a white 

precipitate. The suspension was cooled in a freezer for 20 min and subsequently centrifuged at 

2000 rpm for 30 min. The supernatant was decanted off, and the precipitate was collected, washed 

with cold acetone, and dried via lyophilization.  
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Figure S38. Samples were analyzed by a matrix-assisted laser desorption ionizationïtandem time 

of flight mass spectrometer (4800 MALDI  TOF/TOF; AB Sciex). Two µL of alpha-cyano-4-

hydroxycinnamic acid matrix (4 mg/mL, 50%/50% ACN/H2O, 0.1% TFA and 10 mM ammonium 

chloride) were loaded on a MALDI -target plate, mixed with 1 µL of protein solution (2 mg/mL in 

H2O). The sample spot was de-salted via adding 1 µL water onto the sample and immediately 

wicking the water away with a Kimwipe prior to analysis in linear positive-ion mode (laser 

intensity 7900). The peak m/z value of 66200 was obtained for standard BSA, and 66700 was 

observed for the BSA-NTA conjugate.  

 

H2S release electrochemical probe data 

A scintillation vial was charged with 9.73 mL of 1X PBS buffer (pH 7.4), 4 L˃ of a solution of 

nucleophile (0.5 M in H2O), 250 ˃ L of a solution of CA (33.3 M˃ in 1X PBS), and a small 

magnetic stir bar. The probe was submerged in the solution and the voltage was allowed to 

equilibrate for ~5 minutes. Once equilibrated, 20 L˃ of a solution of NTA (5 mM in DMSO) were 
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added. Final concentrations were 10 M˃ NTA1, 100 ˃ M glycine, and 300 nM CA. Once all of the 

reagents had been added, the probe was immediately inserted into the solution, and the probe 

current was recorded. This initial current spike was omitted from the reported data. Peaking time 

of H2S in solution was measured at the point where the current readout was at a global maximum 

for the dataset. 

 

 

 

Figure S39. Representative calibration curve constructed for the H2S-selective electrochemical 

probe. Values on the x-axis indicate the concentration of Na2S in solution (PBS buffer, pH 7.4). 

Values on the y-axis indicate the change in output voltage after each successive addition of Na2S. 

Concentration of H2S calculated via the equation ὌὛ ὔὥὛȾρ  where pKa
1 

= 6.89 and pKa
2 = 19 for the chemical equation [total sulfide] = [H2S] + [HS-] +  [S2-].8 
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Figure S40. H2S selective electrochemical probe data of pure (unfunctionalized) BSA (blue) and 

the BSA-NTA conjugate (yellow) (90 µM) in the presence of glycine (900 µM) and CA (800 nM) 

in 1X PBS buffer (pH 7.4). 
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Chapter 4: Polycarbonates as Macromolecular Scaffolds for the Delivery of Hydrogen 

Sulfide 
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4.2. Abstract 

Herein we report a novel, biodegradable, polymeric H2S donor scaffold via the preparation of an 

azide-functionalized aliphatic polycarbonate by ring-opening polymerization, termed PC-N3. Each 

repeat unit of the polycarbonate backbone contained an azide, which was used as a functional 

handle for the Huisgen [3+2] cycloaddition reaction (CuAAC). In two sequential steps, an alkyne-

functionalized PEG and an H2S-releasing alkynyl-NTA (NTA2) were appended to the 

polycarbonate backbone to give water soluble, H2S releasing polycarbonates. 

 

4.3. Introduction 

The application of macromolecules in the field of drug delivery has become a cornerstone 

in polymer research. Polymers provide an element of controlled, tunable release to a variety of 

drugs, allowing for more effective dosing schedules over simply delivering a small molecule drug.1 

Polymers are most commonly employed as drug encapsulation agents, wherein the drug is 

dispersed within a polymer matrix, resulting in diffusion of the drug from the matrix.2-3 More 

recently, polymer therapeutics have become increasingly popular wherein the polymer itself is 

bioactive,4-6 or more commonly, the drug is covalently attached to an inert polymeric delivery 
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vehicle.7-9  As a testament to the viability of these strategies, there are a large number of polymer-

drug conjugates that are approved for clinical use or are currently in clinical trials.10-11 

 Drug delivery polymers of particular interest to us are those that deliver hydrogen 

sulfide (H2S). H2S has recently garnered much interest in the area of drug delivery after its 

discovery as a signaling molecule in mammals.12 Research into the physiology of H2S has 

demonstrated its implication in a variety of disease states including cystic fibrosis,13 cardiovascular 

disease,14 and Alzheimerôs.15 Since this discovery, a wide variety of sulfur-containing functional 

groups have been developed to enable the release of H2S from organic compounds (termed H2S 

donors) in response to a variety of stimuli.16 Additionally, considerable effort has gone into 

preparing H2S donor systems with tunable, extended release half-lives (from minutes to hours), 

and polymer-H2S donor conjugates effectively decrease release rate in aqueous media.
17-19 Current 

H2S-releasing macromolecular systems include water-soluble statistical copolymers,17-18, 20-21 and 

block copolymer micelles22-23. 

 While the current polymeric H2S donor systems have demonstrated limited toxicity, 

and positive therapeutic indications in some cases, there is no indication of the toxicity or mode of 

clearance of the polymeric byproducts after H2S release. In an effort to alleviate this gap in the 

H2S donor literature, we devised a route to a biodegradable polymeric H2S donor based on an 

aliphatic poly(carbonate) (PC) platform. PCs synthesized via ring-opening polymerization (ROP) 

have gained attention recently as modular platforms from which a wide range of functional, 

aliphatic PCs can be readily prepared.24 PCs undergo gradual enzymatic degradation in vivo to 

generate alcohols and carbon dioxide as the major byproducts, which contributes to their general 

biocompatability.25-26 Additionally, work by Dove, Hedrick, Waymouth, and others, has generated 

a litany of organocatalysts that are easily applied to the ROP of PCs, eliminating the need for toxic 
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heavy metal catalysts.27-29 Additionally, PCs have been employed in a variety of drug delivery 

applications due to their biocompatibility, biodegradability, and wide range of functionalities 

which can be accommodated.30-33  

 

4.4. Results and Discussion 

When devising a synthetic route toward an aliphatic PC-NTA conjugate via ROP, the 

electrophilicity of the NTA moiety generated the need for a post-polymerization modification 

strategy. Conjugation of the NTA to the PC monomer prior to ring-opening would result in partial 

or total loss of the COS/H2S payload as well as crosslinking via ring opening of the NTA moiety. 

With this synthetic restriction in mind, we devised a route to a cyclic carbonate azide monomer 

(CM-N3) (Scheme 1).  

CM-N3 was prepared on the gram scale in five steps from commercially available 

trimethylolethane ((CH3C(CH2OH)3). In order to install an azide exclusively on one alcohol of 

trimethyolethane, an acetonide was utilized as a protecting group for two of the alcohols in the 

presence of a catalytic amount of acid (cyclic acetal 1). The unprotected alcohol of product 1 was 

then tosylated in pyridine to give tosylate 2. Product 2 was subjected to nucleophilic substitution 

in the presence of sodium azide (NaN3) to generate azide 3. To obtain the desired cyclic carbonate, 

the acetonide was deprotected in refluxing acid (generating diol 4) followed by ring closure with 

ethyl chloroformate to ultimately form the cyclic carbonate monomer CM-N3.  
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Scheme 1. Synthesis of CM-N3. 

 

Polymerization of CM-N3 was carried out using a dual thiourea (TU)/amine organocatalyst 

system; DBU was selected as the amine base, as it has been shown to mediate ROP of lactide as 

well as various lactones.34-35 In apolar solvents, the TU:DBU catalyst system can effectively 

mediate ROP initiated by alcohols via an activated monomer mechanism, effectively preventing 

transesterification/transcarbonation reactions, and thus providing conditions for a living 

polymerization. Additionally, for polymers of biological interest, the catalysts alleviate the need 

for heavy metal catalysts, which may be cytotoxic in vitro or in vivo. 

Polymerization of CM-N3 was conducted in dichloromethane employing benzyl alcohol as 

the initiating species and the TU:DBU cocatalyst system noted above, targeting a degree of 

polymerization (DP) of 50 (theoretical Mn = 8.7 kg/mol) (Figure 1A). Polymerizations were 

conducted for 18 h at rt, reaching > 90 % conversion under these conditions as monitored by 1H 

NMR spectroscopy. Pure poly(carbonate azide) (PC-N3) was readily isolated via precipitation with 

(Mn = 9.1 kg/mol (
1H NMR end group analysis), Mn = 8.4 kg/mol (SEC), ẩ = 1.11). The presence 

of azides on the PC-N3 repeat unit was confirmed by FTIR spectroscopy (Figure S13).  Kinetic 
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analysis of the polymerization of PC-N3 displayed living behavior as evidenced by the linear 

relationship between the natural log of monomer concentration at a given time ([M]) relative to 

initial monomer concentration ([M]0), subtracting the equilibrium monomer concentration ([M]eq) 

from each, vs. time (Figure 1B). Monomer concentrations were determined by 1H NMR 

spectroscopy.  Additionally, we observed a linear relationship between relative Mn based on SEC 

analysis (assuming linear relationship between Mn and retention time by SEC) and monomer 

conversion (Figure 1C).   

 

Figure 1. A) Synthesis of PC-N3 using benzyl alcohol as the initiator and TU:DBU cocatalyst 

system (50:1:1:1 [M]:[I]:[TU]:[DBU]). B) Plot of monomer conversion versus time determined by 
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1H NMR spectroscopy. C) Plot of retention time determined by SEC RI traces vs. time. The linear 

nature of the plots in B and C supports the living nature of the polymerization. 

 

As the PC-N3 homopolymer was not water soluble, we postulated that introduction of 

poly(ethylene glycol)  (PEG) (Mn = 0.75 kg/mol) grafts would be sufficient to attain adequate water 

solubility. Thus, an alkyne-terminated PEG750 was prepared according to a literature procedure
36 

and employed in the copper-mediated Huisgen [3+2] cycloaddition (CuAAC) reaction with PC-

N3. The best reaction conditions found for the CuAAC reaction between PC-N3 and PEG were in 

THF, with copper iodide (CuI) as the copper source, and diisopropylethylamine (DIEA) as the 

base, at rt. 1H NMR analysis of the product showed a new peak at ŭ = 8.1 ppm corresponding to 

the formation of the desired triazole between the PEG750 alkyne and PC-N3, with integration 

relative to PC-N3 end groups corresponding to 96% conversion (Figure S14) under these reaction 

conditions to give the desired PC-graft-PEG (Figure 2). Unfortunately, subsequent CuAAC 

reactions with alkynyl NTA (NTA2) were met with limited success, possibly due to steric factors 

arising from the PEG grafts or poor solubility of PC-graft-PEG. Attempts to alter reaction 

conditions for the conjugation of NTA2 to conditions previously employed to conjugate NTA2 

with PEG chains (Chapter 3) were met with limited success. Previous CuAAC reactions of NTA2 

with PEG azides were performed in a THF/H2O mixture with copper sulfate pentahydrate (CuSO-

4Ŀ5H2O), sodium ascorbate as a reducing agent, and sonication in lieu of stirring. However, these 

conditions caused gelation of the PC-graft-PEG, likely due to chain scission events along the PC 

backbone induced by the sonicator. When vortex mixing followed by stirring was employed in lieu 

of sonication, limited conversion of NTA2 was observed, and an insoluble yellow precipitate 

formed, which is tentatively assigned to a CuïNTA2 complex. Additionally, purification of the 
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resulting polymer product from the THF/H2O solvent system as well as the water soluble copper 

salts and sodium ascorbate proved a challenge as the PEG grafts had imparted water solubility, but 

also appear to result in the formation of ~10 nm aggregates, as determined by dynamic light 

scattering (DLS). However, in the most successful attempt to conjugate NTA4 under these 

conditions, ~40 % conversion of NTA2 to PC-graft-PEG was achieved as determined by 1H NMR 

spectroscopy (Figure S15). 

 

 

 

Figure 2. A) Stacked 1H NMR spectra (DMSO-d6) of PC-N3 (purple) and PC-g-PEG (orange) 

showing successful conjugation of the PEG alkyne to PC-N3, determined by the appearance of a 

peak corresponding to a 1,4-disubstituted triazole (ŭ = 8.1 ppm) as well as broad peaks 
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corresponding to PEG methylenes (ŭ = 3.45-3.55) and PEG end-group methyl (ŭ = 3.23). B) SEC 

traces for PC-N3 (purple) and PC-g-PEG (orange) showing an increase in retention time after the 

CuAAC reaction, indicating an increase in molecular weight. 

 

Thus, the synthetic strategy was reformed to attempt the CuAAC reaction with NTA2 prior 

to appending the PEG750 grafts. However, the CuAAC conditions that were successful in installing 

the PEG750 grafts (CuI with DIEA in THF) gave a completely insoluble yellow precipitate within 

minutes of the addition of the CuI to the reaction medium. Attempts to analyze the product were 

unsuccessful, and model reactions with NTA2 and a small molecule organo-azide under these 

conditions generated the same insoluble material, indicating that the CuI catalyst was incompatible 

with NTA2 under these conditions.  

However, to demonstrate the importance of macromolecular H2S donors in modulating H2S 

release rate, the moderately successful product of the CuAAC reaction was dissolved in 1X PBS 

buffer (pH 7.4), and H2S release was monitored by an H2S-selective electrochemical probe in the 

presence of carbonic anhydrase (CA) (800 nM) and glycine (100 ҡM) (Figure 3). When compared 

to the H2S release profile from small molecule NTA2, it is clear that at the same concentration of 

NTA (10 ҡM) in solution, the macromolecular donor PC-graft-PEG-NTA is capable of extending 

the H2S release from minutes to hours, similar to other macromolecular systems reported from our 

lab.17-18 As a control, H2S release from the PC-graft-PEG, prior to appending the NTA, was 

collected under the same conditions and demonstrated no H2S release, as expected. Despite the 

limited success of the CuAAC reaction as of now, this is an exciting result. 
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Figure 3. H2S release using an H2S-selective electrochemical probe for small molecule NTA2 (10 

µM) (green line) showing a peaking time of 20 min, typical of small molecule NTAs. The PC-

graft-PEG-NTA  (2.5 µM, 10 µM [NTA]) (yellow line) showed a peak concentration of H2S out 

past 300 min and PC-graft-PEG (blue line), showed no H2S release. 

 

4.5. Conclusions 

In summary, we have synthesized a biodegradable macromolecular H2S donor PC-g-PEG-

NTA . Synthesis of the azido-polycarbonate homopolymer PC-N3 was successful and 

demonstrated a living polymerization facilitated by the dual TU:DBU organocatalyst system. 

Conjugation of PEG750 via the CuAAC reaction was successful and went to complete conversion 

to generate a water-soluble graft polymer PC-graft-PEG. However, attempts at conjugating NTA2 
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under various CuAAC reaction conditions were met with limited success. However, preliminary 

H2S release studies indicated that the PC-graft-PEG-NTA system successfully extends H2S 

release over the small molecule NTA2. Current efforts focus on optimizing the CuAAC reaction 

conditions for the reaction between NTA2 and PC-N3 to incorporate greater NTA loadings onto 

the water-soluble macromolecular donor. 
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4.8. Experimental 

Materials and Methods 

All reagents were obtained from commercial vendors and used as received unless otherwise stated. 

NMR spectra were measured on Agilent 400 MHz or Bruker 500 MHz spectrometers. 1H and 13C 

NMR chemical shifts are reported in ppm relative to internal solvent resonances. CH2Cl2 and THF 

were dried and degassed on solvent columns (MBraun) containing alumina absorbent and stored 

in a Strauss flask under N2 before use. Other solvents were used as received unless otherwise noted. 

Yields refer to chromatographically and spectroscopically pure compounds unless otherwise 

stated. Thin-layer chromatography (TLC) was performed on glass-backed silica plates and 

visualized by UV unless otherwise stated. Size exclusion chromatography (SEC) was carried out 

in THF at 1 mL/min at 30 °C on two Agilent PLgel 10 µM MIXED -B columns connected in series 

with a Wyatt Dawn Heleos 2 light scattering detector and a Wyatt Optilab Rex refractive index 

detector. H2S release was monitored via an ISO-H2S-100 electrochemical probe operating at a 

constant 100 nA. TU catalyst was synthesized according to literature procedure.1 

 

Synthesis of acetonide-protected trimethylolethane (1) 

 

A three-neck round bottom flask equipped with a glass vacuum adaptor and two septa was charged 

with 4 Å molecular sieves and a stir bar. The flask was flame-dried under vacuum and then put 

under positive N2 pressure. Acetone (400 mL) was added to the round bottom flask and allowed 

to dry over sieves for 24 h. The flask was charged with trimethylolethane (40 g, 250 mmol) and p-
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toluenesulfonic acid (PTSA) (2.5 g, 15 mmol) and set to stir. The trimethylolethane slowly 

dissolved over the course of ~20 min to give a clear, colorless solution. The mixture was stirred 

overnight at rt. To quench the reaction potassium carbonate (K2CO3) (5.0 g, 36 mmol) was added 

and the resulting suspension was stirred for 30 min. The excess K2CO3 and molecular sieves were 

filtered off via vacuum filtration and the filtrate was concentrated via rotary evaporation. The 

resulting oil was purified by vacuum distillation to give pure 1 was a clear oil (b.p. 75 °C at 400 

mtorr, literature value 75 °C at 400 mtorr2) (22.03 g, 55 % yield). 1HNMR (CDCl3): d 3.62 (m, 

6H), 2.37 (broad s, 1H), 1.40 (m, 6H), 0.81 (s, 3H). 13C NMR (CDCl3): ŭ 98.1, 66.4, 65.9, 34.9, 

27.4, 20.2, 17.7.  

 

Figure S1. 1H NMR spectrum (CDCl3) of 1. 
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Figure S2. 13C NMR spectrum (CDCl3) of 1.  

 

Synthesis of acetonide-protected trimethylolethane tosylate (2) 

 

Procedure adapted from Peng et al.3 A round bottom flask equipped with an addition funnel was 

charged with 1 (12.86 g, 80.3 mmol), pyridine (40 mL), and a magnetic stir bar to give a clear 

solution. A separate round bottom flask was charged with p-toluene sulfonyl chloride (TosïCl) 

and pyridine to give a clear, yellow solution. The TosïCl solution was transferred to the addition 

funnel and added dropwise to the solution of 1 with vigorous stirring at rt. Once addition of the 

TosïCl solution was complete, the reaction flask was equipped with a condenser and heated to 100 
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°C in an oil bath. Reaction progress was monitored by TLC (5 % MeOH in CH2Cl2) and showed 

complete consumption of starting material within 30 min. Once complete, the brown reaction 

solution was removed from the oil bath and cooled to rt, resulting in the formation of colorless 

crystals. Once cooled the reaction mixture was poured into ice water with vigorous stirring, 

resulting in the precipitation of 2 as a white solid. The precipitate was isolated via vacuum filtration 

and washed with ice cold water and dried in vacuo to give 2 as a white solid (11.73 g, 93 % yield). 

The product was used without further purification. NMR data matches literature precedent.3 1H 

NMR (CDCl3): d 7.26 (m, 2H) 7.31 (m, 2H), 4.03 (s, 2H), 3.50 (m, 5H), 2.39 (s, 3H), 1.25 (m, 

6H), 0.75 (s, 3H). 13C NMR (CDCl3): ŭ 144.8, 132.4, 129.8, 128.0, 98.0, 72.6, 65.6, 33.8, 27.6, 

21.6, 19.2, 17.1. 

 

Figure S3. 1H NMR spectrum (CDCl3) of 2.  
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Figure S4. 13C NMR spectrum (CDCl3) of 2. 

 

Synthesis of acetonide-protected trimethylolethane azide (3) 

 

Procedure adapted from Liu et al.4 A round bottom flask was charged with 2 (9.50 g, 51.3 mmol) 

and a magnetic stir bar. Product 2 was then dissolved in DMF (50 mL) to give a clear solution. A 

separate round bottom flask was charged with NaN3 (6.14 g, 95.0 mmol) dissolved in water (5 

mL). The NaN3 solution was added to the solution of 2 in one portion. The flask containing 2 and 

NaN3 was equipped with a condenser and heated to 80 °C in an oil bath. Reaction progress was 

monitored by TLC (50 % EtOAc in hexanes, visualized by iodine stain) and showed completion 
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after 32 h. The flask was removed from the oil bath and allowed to cool to rt. The reaction mixture 

was diluted with water (100 mL), transferred to a separatory funnel, and extracted with Et2O (5 x, 

20 mL). The organics were combined, dried over Na2SO4, and concentrated via rotary evaporation 

to give a crude yellow/brown oil. The crude product was then purified by silica gel chromatography 

(eluting 20 % EtoAc in hexanes, visualized by iodine stain) to give product 3 (6.84 g, 72 % yield). 

NMR data matches literature precedent.4 1H NMR (CDCl3): d 7.77 (m, 2H) 7.34 (m, 2H), 3.74 (d, 

J = 8 Hz, 2H), 1.74 (t, J = 2 Hz, 1H), 1.34 (s, 12H). 13C NMR (CDCl3): d 144.43, 135.31, 127.50, 

83.90, 29.18, 24.98. 

 

Figure S5. 1H NMR spectrum (CDCl3) of 3.  
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Figure S6. 13C NMR spectrum (CDCl3) of 3. 

 

Synthesis of 2-(azidomethyl)-2-methylpropane-1,3-diol (4)  

 

A round bottom flask was charged with 3 (5.42 g, 29.3 mmol) and a magnetic stir bar. Product 3 

was dissolved in THF (50 mL) and 9 N HCl (5 mL) was added in one portion. The flask was 

equipped with a condenser and heated to 90 °C in an oil bath. Reaction progress was monitored 

by TLC (5 % MeOH in CH2Cl2), showing completion after 90 min. The solvent was removed by 

rotary evaporator to give product 4 (4.25 g, quant.), which was carried forward without further 
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purification. 1H NMR (CDCl3): ŭ 4.02 (broad s, 2H), 3.54 (s, 4H), 3.39 (s, 2H) 0.84 (s, 3H). 13C 

NMR (CDCl3): ŭ 67.4, 55.5, 41.1, 17.5.  

 

Figure S7. 1H NMR spectrum (CDCl3) product 4.  
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Figure S8. 13C NMR spectrum (CDCl3) of product 4.  

 

Synthesis of cyclic carbonate azide monomer (CM-N3) 

 

Procedure adapted from Li et al.5 A three-neck round bottom flask equipped with a glass vacuum 

adapter, an addition funnel, and a rubber septum was charged with a magnetic stir bar. The flask 

was flame-dried under vacuum and back-filled with N2. The flask was charged with 4 (3.80 g, 26.2 

mmol) which was subsequently dissolved in THF (150 mL) to give a clear, colorless solution. The 

solution was cooled to 0 °C in an ice bath. Ethyl chloroformate (5.3 mL, 55 mmol) was added in 

one portion via syringe at 0 °C and the reaction was allowed to stir for 10 min. Distilled 
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triethylamine (NEt3) was then added dropwise via the addition funnel at 0 °C resulting in the 

formation of the white triethylammonium hydrochloride precpitate. Once addition of NEt3 was 

complete, the reaction was allowed to stir at 0 °C for an additional 30 min at which point the flask 

was removed from the ice bath and the mixture was stirred at rt for 16 h. The triethylammonium 

salt was filtered off via vacuum filtration and the filtrate was concentrated via rotary evaporation 

to give a crude off-white product. The crude product was then recrystallized twice from THF to 

give pure CM-N3 (3.34 g, 75 % yield) (m.p. = 79.4 ï 82.0 °C). NMR spectra match literature 

precedent.5 1H NMR (CDCl3): d 4.17 (m, 4H), 3.48 (s, 2H), 1.10 (s, 3H). 13C NMR (CDCl3): d 

147.7, 73.8, 54.1, 32.9, 17.5.  

 

Figure S9. 1H NMR spectrum (CDCl3) of CM-N3.  
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Figure S10. 13C NMR spectrum (CDCl3) of CM-N3.  

 

Polymerization of CM-N3 (PC-N3). 

 

A two-neck round bottom flask equipped with a glass vacuum adapter and a rubber septum was 

charged with a magnetic stir bar. The flask was flame-dried under vacuum and backfilled with N2. 

The flask was then charged with CM-N3 (0.850 g, 5.0 mmol) and CH2Cl2 (9 mL) to give a clear, 

colorless solution. A separate flame-dried, two-neck round bottom flask was charged with TU (80 

mg, 0.2 mmol) and CH2Cl2 (2 mL) to give a suspension of TU. Freshly distilled DBU (30 µL, 0.2 
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mmol) was added to the flask containing TU, resulting in a soluble TU:DBU complex. The stock 

solution of TU:DBU cocatalysts (1 mL) was added to the polymerization flask in one portion, and 

the polymerization was set to stir at rt. Conversion was monitored by 1H NMR (CDCl3) removing 

aliquots and quenching with excess benzoic acid (0.5 M in CH2Cl2), removing as much CH2Cl2 as 

possible by passing a stream of air through the vial. Polymerization reached > 90 % conv. in 

approximately 10 h. To quench, benzoic acid (1 mL, 0.5 M in CH2Cl2) was added and stirred for 

additional 10 min. PC-N3 is then precipitated into MeOH at -98 °C by cooling in liquid N2, 

collected, and reprecipitated into hexanes (680 mg, 80 % yield). 

 

Figure S11. 1H NMR spectrum (CDCl3) of PC-N3. 
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Figure S12. Representatitve SEC (RI trace) of PC-N3 (Mn = 8.4 kg/mol, ẩ = 1.11). Mn calculated by SEC-

MALS, dn/dc value (0.06 in THF) calculated by assuming 100 % mass recovery. 

 

Figure S13. FTIR spectrum of PC-N3 where the azide stretch absorbance can be seen at 2100 cm-1. 
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Synthesis of PC-graft-PEG  

 

A two-neck round bottom flask equipped with a glass vacuum adapter and rubber septum was charged with 

PC-N3 (80 mg, 10 µmol) and a magnetic stir bar. PC-N3 was dissolved in THF (1 mL) to give a clear, 

colorless solution. PEG750 alkyne (300 mg, 390 µmol) was added to a separate 1 dram vial and dissolved in 

THF (1 mL) to give a clear, yellow solution, which was subsequently added to the vial containing PC-N3 

in one portion. DIEA (20 µL, 120 µmol) was added to the yellow reaction solution. The solution was 

deoxygenated via bubbling with N2 for 30 min. CuI (6 mg, 30 µmol) was added under positive N2 pressure 

and the reaction was set to stir vigorously at rt for 16 h; reaction conversion was monitored by aliquoting 

the reaction into CDCl3 and acquiring 1H NMR spectra. Once complete, the reaction mixture was passed 

through a column of neutral alumina and concentrated to ~1 mL of THF. The reaction mixture was then 

precipitated twice into diethyl ether at 0 °C to give PC-g-PEG (320 mg, 84 % yield) as a viscous yellow 

oil. 
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Figure S14. 1H NMR spectrum (DMSO-d6) of PC-g-PEG (64 scans, 10 s T1 relaxation) with integration 

of the triazole peak (ŭ = 8.1 ppm) used to calculate conversion of the CuAAC reaction between PC-N3 and 

PEG750 alkyne. 

 

Synthesis of PC-graft-PEG-NTA 

A two-neck round bottom flask equipped with a glass vacuum adapter and rubber septum was 

charged with PC-g-PEG (38 mg, 1.2 µmol) and a magnetic stir bar. PC-g-PEG was dissolved in 

THF (2 mL) to give a clear, yellow solution. NTA4 (5.2 mg, 24 µmol) and DIEA (1.3 µL, 7.3 

µmol) were subsequently added and the solution was deoxygenated via bubbling with N2 for 30 

min. CuI (1.2 mg, 6.3 µmol) was added then added and the solution was set to stir vigorously at rt. 

The reaction was monitored visually and as soon a yellow precipitate began to form the reaction 

was cooled to 0 °C in an ice bath and diluted with THF. The reaction mixture was passed through 
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a column of neutral alumina, concentrated to ~1 mL THF and precipitated twice into cold diethyl 

ether to give PC-g-PEG-NTA (34 mg).   

 

Figure S15. 1H NMR spectrum (DMSO-d6) of PC-g-PEG-NTA  (64 scans, 10 s T1 relaxation) with 

integration of the triazole peak (ŭ = 8.1 ppm) showing an increase from 37.5 to 44.2 over the integration of 

PC-g-PEG under the same 1H NMR experimental conditions. This result indicates that the CuAAC reaction 

went to ~42 % conversion.  
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Chapter 5: A Reactive Oxygen Species (ROS)-Responsive Persulfide Donor: Insights into 

Reactivity and Therapeutic Potential 

Adapted with permission from: Powell, C. R., et al. (2018). "A Reactive Oxygen Species (ROS)-

Responsive Persulfide Donor: Insights into Reactivity and Therapeutic Potential" Angewandte 

Chemie 130: 6432-6436. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. 
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5.2. Abstract 

Persulfides (RïSSH) have been hypothesized as critical components in sulfur-mediated redox 

cycles and as potential signaling compounds, similar to hydrogen sulfide (H2S). Hindering the 

study of persulfides is a lack of persulfide donor compounds with selective triggers that release 

discrete persulfide species. Herein we report the synthesis and characterization of an ROS-

responsive, self-immolative persulfide donor. The donor, termed BDP-NAC, showed selectivity 

towards H2O2 over other potential oxidative or nucleophilic triggers, resulting in the sustained 

release of the persulfide of N-acetyl cysteine (NAC) over the course of 2 h, as measured by LCMS. 

Exposure of H9C2 cardiomyocytes to H2O2 revealed that BDP-NAC mitigated the effects of a 

highly oxidative environment in a dose-dependent manner over relevant controls and to a greater 

degree than common H2S donors sodium sulfide (Na2S) and GYY4137. BDP-NAC also rescued 
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cells more effectively than a non-persulfide releasing control compound with a Bpin moiety in 

concert with common H2S donors and thiols. 

 

5.3. Introduction 

Hydrogen sulfide (H2S) plays a key signaling role in mammalian biology and has been 

under investigation as a potential therapeutic via exogenous delivery.1-4 To help elucidate its 

biological roles, chemists have synthesized several types of H2S releasing compounds (termed H2S 

donors) with a variety of biologically relevant triggers, including water,5-8 nucleophiles (e.g., 

thiols, amines),9-10 enzymes,11-13 and light14-15. Additionally, compounds that release carbonyl 

sulfide (COS),16-17 and sulfur dioxide (SO2),
18-19 have recently been reported, allowing for the 

study of other small molecule sulfur species as potential signaling compounds. These donors aid 

in our understanding of the physiological roles of H2S and related compounds, and hold potential 

therapeutic value via exogenous H2S delivery.20-22 Interestingly, recent studies into the redox 

chemistry of sulfur species in the body indicate that persulfides (RïSSH) may have physiological 

roles similar to H2S, insinuating that some of the physiological effects ascribed to delivery of H2S 

may actually be derived from persulfides.23-26 Further study of persulfides is needed to differentiate 

between the roles of H2S itself and its biological products. Moreover, a clear description of sulfur 

redox chemistry in a biological context will allow further development of therapeutics that exploit 

pathways involved in H2S signaling. 

Dean and coworkers first identified persulfides in a biological context in their 1994 report 

on a protein persulfide intermediate of the cysteine desulfurase NifS.27 Persulfides are prevalent 

in mammalian biology, generated via reaction of an oxidized thiol (e.g., a sulfenic acid, RïSOH) 

with H2S in a process called S-persulfidation.28 More nucleophilic than thiols, persulfides have 
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pKa values a few units lower than their corresponding thiols,29 as well as greater reduction 

potentials,30 making them highly reactive, transiently stable species. In a biological context, 

persulfides protect thiols from irreversible oxidation, serve as reactive intermediates in sulfur 

shuttling,31 and alter enzymatic activity.32-33 Some examples of protein persulfidation and the 

resulting changes in protein activity include: an increased parkin activity upon S-persulfidation 

resulting in a decrease in Parkinsonôs symptoms,34 an increase in activity of GAPDH, protecting 

cells from apoptosis,35 and H-Ras activation in cardiac tissue, regulating cellular redox signaling.36 

More recently, studies have confirmed the presence of endogenously produced small molecule 

persulfides (e.g., cysteine persulfide and glutathione persulfide) with reported concentrations as 

high as 150 ɛM in human and mouse tissue.23 Small molecule persulfides likely play a role in 

regulating cellular redox balance and mediating cellular signaling.25 A major barrier in the study 

of the biological roles of persulfides is a lack of chemical tools capable of generating well-defined 

persulfide species in response to specific, biologically relevant triggers. Our understanding of H2S 

biology has been aided immensely by the synthesis of organic H2S donors; analogous to H2S, 

persulfide donors will be vital tools for understanding how persulfides fit into the overall web of 

redox signaling. 

Figure 1. Cartoon schematic representing the proposed release of a discrete persulfide 

species from a generalized self-immolative prodrug (PG = protecting group) in the presence of a 

trigger (H2O2 shown here). 
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Polysulfides (RSï(S)nïSR), such as naturally occurring diallyl trisulfide (DATS), are 

perhaps the best known type of persulfide donor, but their reactivity in biological systems is 

complex, leading to generation of other redox-active species, including H2S.37-39 As a result, 

polysulfides are not ideal persulfide donors for use in studying persulfide biology, and the complex 

product mixture may limit their therapeutic potential. Free persulfides (i.e., RïSSH) have been 

isolated, but they suffer from poor stability under storage conditions and poor water solubility, and 

thus have relatively low utility in a practical sense.39 Persulfides are also proposed intermediates 

in several types of H2S donors,9-10 but these compounds all require conditions that cause rapid 

conversion of the persulfide into H2S. To date there exist only two families of compounds capable 

of generating discrete persulfides: Wang and coworkers developed esterase-triggered persulfide 

prodrugs capable of releasing either a persulfide or hydrogen persulfide (HSSH) and Galardon and 

coworkers developed a pH-triggered persulfide analog of the nitrosothiol SNAP.40-42 These donors 

generate persulfides without concomitant generation of H2S and can be viewed as spontaneous 

persulfide donors due to the ubiquity of esterases in vitro and in vivo. 
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5.4. Results and Discussion 

 

Scheme 1. A) Synthetic route to BDP-NAC. Conditions: i) MgSO4, Et2O, rt, 16 h; ii) AIBN, 

C6H12, reflux, 16 h; iii) 1) EtOH, rt, 4 h; iv) 1 N NaOH, reflux, 45 min; v) NEt3, CHCl3, rt, 3 h; B) 

Synthetic route to BDP-Fluor . Conditions: vi) CHCl3:MeOH (1:1 v/v), rt, 40 h. 

We sought to synthesize a discrete persulfide donor scaffold, inert under normal 

physiological conditions but capable of self-immolation in response to a specific trigger, revealing 

a discrete persulfide species (Figure 1). As the triggering moiety and persulfide could be readily 

tuned, this system would enable persulfide generation in response to many types of triggers, 

providing a valuable set of laboratory tools similar to the self-immolative COS donors recently 

reported by Pluth and coworkers.43 In addition to their use as biological tools to study persulfide 

reactivity, persulfide prodrugs are exciting from a therapeutic standpoint because the reduction 

potential of persulfides is higher than that of thiols or H2S, making them prime candidates for 
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scavenging and reducing the harmful effects resulting from high levels of reactive oxygen species 

(ROS). Therefore, we aimed to synthesize an ROS-responsive persulfide prodrug as a proof of 

concept. This would allow for a two-stage quenching of ROS: the initial reaction of the ROS with 

the prodrug to trigger release, followed by the release of the persulfide. We envisioned that such 

an ROS-triggered persulfide prodrug would be ideal for cytoprotection against harmful levels of 

ROS. 

Figure 2. A) Proposed reaction of BDP-NAC in the presence of H2O2 leading to the release of 

NACïSSH. B) LC chromatograms highlighting the conversion of BDP-NAC into NAC persulfide 

(NAC-SSH) in the presence of H2O2. Timepoints are noted above each LC chromatogram. The 

peak eluting at 2.9 min corresponds to BDP-NAC, and the peak at 3.4 min corresponds to NAC-

SSH (see Figure S20 for corresponding mass spectrometry data). 
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Aryl boronic esters are relatively easy to synthesize, generally biocompatible, and react 

selectively with ROS in a BïC bond cleavage reaction to reveal the corresponding phenolate. 

Therefore, we set out to synthesize a self-immolative persulfide donor containing an aryl boronic 

ester as an ROS-sensitive trigger. The desired persulfide donor (termed BDP-NAC for Bpin-

disulfide prodrug-N-acetyl cysteine) was synthesized from commercially available 4-tolylboronic 

acid in four steps (Scheme 1A). Theoretically, any thiol may be installed on the distal end of the 

disulfide bond from the trigger/self-immolation moiety. Our choice of N-acetyl cysteine (NAC) 

was motivated by its biocompatibility as well as its ability to protect cells in vitro in highly 

oxidative environments.44-45 

The ability of BDP-NAC to mediate the release of the desired NAC persulfide (NAC-SSH) 

in response to ROS was analyzed by LCMS (Figure 2). Aliquots of the reaction mixture of BDP-

NAC with H2O2 were injected at various time points until the peak attributed to BDP-NAC (2.9 

min) had subsided, revealing near complete decomposition of BDP-NAC within 2 h. A peak 

corresponding to NACïSSH (3.4 min) increased in intensity over the course of the reaction, 

consistent with our proposed mechanism of persulfide generation. Mass spectrometry evidence 

also confirmed the presence of the other byproduct of the reaction, 4-hydroxybenzyl alcohol (a 

result of addition of water to the quinone methide), but the chromatogram peak was weak, likely 

due to low absorbance at the monitoring wavelength. 

In addition to LCMS, we also investigated the reaction of BDP-NAC with H2O2 utilizing 

1H NMR spectroscopy. Experiments were conducted in DMSO-d6:D2O (9:1 v/v) due to the 

hydrophobic nature of BDP-NAC and the increased concentration required in NMR spectroscopy 

compared with LCMS. Shortly after the addition of H2O2 to the BDP-NAC solution, two new sets 

of peaks in the aryl region of the 1H NMR spectrum appeared. One was consistent with 4- 
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Figure 3. A) Proposed reaction mechanism for the release of 7-hydroxycoumarin from BDP-Fluor  

in the presence of H2O2. B) Representative overlay of the fluorescence spectra of BDP-Fluor  in 

the presence of 100-fold excess H2O2 resulting from the release of 7-hydroxycoumarin over the 

course of 5 h. C) Relative response of BDP-Fluor  (3.3 ɛM) to each potential trigger (330 ɛM) or 

control (no trigger added) represented as the ratio of the final fluorescence (If) intensity after 5 h 

to the initial fluorescence intensity (I0), showing an increased selectivity for H2O2 over other 

potential triggers. 

hydroxybenzyl alcohol, and the other was attributed to the slow hydrolysis of the Bpin moiety of 

BDP-NAC, yielding a boronic acid; boronic acids react with H2O2 in a similar fashion as pinacol 

boronic esters.46 The reaction was considerably slower under these conditions than in the LCMS 

experiments. This retardation in reaction rate is likely a result of the high organic solvent content 

in the reaction.47 Further insights into the stability of BDP-NAC as a persulfide prodrug as well as 

pertinent controls without the Bpin triggering moiety can be found in the SI (Figure S25 and S26).  
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To further evaluate the reactivity and trigger selectivity of BDP-NAC, a profluorophore 

(BDP-Fluor, Scheme 1B) was synthesized. Drawing inspiration from Xian and coworkersô turn-

on fluorescence probe (compound 7) used for detection of sulfane sulfur species (HSSH,  RSï

(S)nïSR, or S8), the self-immolative BDP-Fluor has the same general structure as BDP-NAC, but 

with a coumarin-based fluorophore as the distal thiol species.48 As shown in Figure 3A, we 

expected self-immolation to trigger release of a discrete persulfide, which would then cyclize to 

form a 5-membered benzodithiolone species, resulting in the release of 7-hydroxycoumarin. 

Because BDP-Fluor  itself is not fluorescent, an increase in fluorescence at the characteristic 

emission wavelength of 7-hydroxycoumarin should only result from persulfide release and 

subsequent intramolecular cyclization, providing secondary confirmation of persulfide release 

from these self-immolative prodrug systems. 

We tested this design by exposing BDP-Fluor  to a variety of potential triggers. BDP-Fluor  

showed no evidence of self-immolative behavior (i.e., low fluorescence signal) in the absence of 

a trigger, but addition of H2O2 (100-fold excess) led to a 90-fold increase in fluorescence intensity 

at the characteristic wavelength of 7-hydroxycoumarin after incubation for 5 h in PBS buffer 

(Figure 3B and C). When BDP-Fluor  was treated with other potential triggers, including sodium 

hypochlorite (NaOCl), cysteine (Cys), glutathione (GSH), lysine (Lys), and potassium superoxide 

(KO2), the response was significantly lower, with H2O2 showing a greater than 20-fold response 

over all of these potential triggers, and a greater than 90-fold response over Lys and KO2. 

As the increase in fluorescence response to thiols was unexpected, further investigation 

indicated that the fluorescence increase may be attributed to nucleophilic attack by cysteine at the 

aryl ester position, resulting in the release of 7-hydroxycoumarin. For more discussion on the probe 

response to thiols and relevant controls, see the SI (Figure S22). Taken together, these results 
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confirm release of the desired persulfide species and demonstrate the selectivity of H2O2 as a 

trigger. 

 

Figure 4. Viability of H9C2 cardiomyoctyes treated with BDP-NAC or various controls and 

related compounds concurrent with exposure to H2O2 (100 µM) for 1 h. Each control compound 

was applied at a concentration of 200 ɛM (except for Na2S (100 ɛM) in the Bpin-OH + Na2S 

treatment group). Quantification of viability was carried out using Cell Counting Kit-8 (CCK-8). 

Results are expressed as the mean ± SEM (n = 10ï15 for each treatment group) with 2ï3 

independent experiments. *P<0.01 for comparisons with the H2O2 treatment group and #P<0.01 

for comparisons with the BDP-NAC (200 ɛM) treatment group. Group comparisons are indicated 

as determined by a one-way analysis of variance (ANOVA) with a Student-Newman-Keuls 

comparisons post-hoc test. 

We next aimed to analyze BDP-NAC in a biological context. In vitro cytotoxicity studies 

on H9C2 cardiomyocytes showed that BDP-NAC is non-toxic up to 200 ɛM (Figure S27). As 

mentioned previously, persulfides have greater reducing potential than their corresponding thiols 

as well as H2S. Thus, we envisioned that BDP-NAC might be effective in rescuing cells under 
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oxidative stress, either via direct reduction of H2O2 or via upregulation of antioxidant pathways 

mediated by persulfide signaling.23, 32 To this end, we evaluated the protective effects of BDP-

NAC on H9C2 cells in culture via exogenous delivery of H2O2, which stresses the cells and 

promotes apoptosis (Figure 4). In the absence of BDP-NAC, cell viability drastically decreased 

after exposure to H2O2 (100 µM) for 1 h. However, simultaneous application of BDP-NAC (100ï

200 ɛM) with H2O2 showed a dose-dependent increase in cell viability, with no cytotoxicity 

observed after treatment with 200 ɛM BDP-NAC. At longer treatment times (2 h), BDP-NAC 

rescued a similar percentage of cells compared to H2O2-only controls (Figure S29). These results 

indicate that BDP-NAC can successfully mitigate the deleterious effects of a hyperoxidative 

environment in culture. 

To further ensure that persulfide release imparts protection to the cardiomyocytes in the 

presence of H2O2, several control studies were carried out. Exposure of the cells to H2O2 with 

added 4-(hydroxymethyl)benzeneboronic acid pinacol ester (Bpin-OH), a non-persulfide releasing 

compound with a Bpin moiety, showed an increase in viability compared to H2O2 alone but did 

not rescue cells to the same extent as BDP-NAC. We also compared BDP-NAC to sodium sulfide 

(Na2S), a fast-releasing H2S donor, and GYY4137, a slow-releasing H2S donor, under the same 

experimental conditions. Na2S had a limited ability to rescue cells while GYY4137 had no effect 

on viability. Interestingly, BDP-NAC was more effective at rescuing cells than Na2S, even while 

Na2S enhanced H9C2 proliferation in the absence of H2O2 (Figure S28). This provides further 

evidence that persulfides may serve to maintain redox homeostasis in cells to a greater extent than 

H2S. NAC, a potential thiol byproduct after reaction of BDP-NAC, also had no effect on viability. 

To confirm that BDP-NAC derives its activity from ROS-triggered persulfide release, the 

cardiomyocytes were treated with BDP-Control , which has an identical structure to BDP-NAC, 
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but without the Bpin triggering moiety. BDP-Control  also did not rescue cells exposed to H2O2 

under identical conditions to the previous experiments. 

Finally, to recreate the synergistic effects of the Bpin moiety of BDP-NAC and the 

resultant persulfide release, cells were treated with Bpin-OH simultaneously with either NAC, 

GYY4137, or Na2S. Each of these combinations was able to mitigate the effects of H2O2 on cell 

viability, but not to the same degree as BDP-NAC, with the exception of Bpin-OH + Na2S. We 

suspect that simultaneous treatment of the cardiomyocytes with Bpin-OH and Na2S gives a greater 

instantaneous concentration of potential antioxidants than BDP-NAC, considering its sustained 

release. In a system with continuous generation of ROS, delivery of Bpin-OH and Na2S would 

likely have a diminished ability to rescue cells compared to sustained release from BDP-NAC. 

 

5.5. Conclusions 

In summary, we have synthesized a self-immolative prodrug that releases a discrete 

persulfide species (BDP-NAC) in the presence of H2O2. Persulfide release and trigger specificity 

were characterized by LCMS, NMR, and fluorescence spectroscopy, demonstrating that sustained 

release of the persulfide is selectively triggered by H2O2. In vitro studies using H9C2 

cardiomyocytes under oxidative stress showed that BDP-NAC mitigates the harmful effects of 

highly oxidative environments with greater potency than commonly used H2S donors Na2S and 

GYY4137 as well as relevant controls. BDP-NAC not only shows promise therapeutically, but it 

also provides a modular system for persulfide donors that may be triggered under a variety of 

conditions. We envision that a library of persulfide donors based on the BDP-NAC template will 

enable the study of persulfide biology in greater depth than is currently possible, providing insight 

into sulfur redox cycles and sulfur-mediated cell signaling. 
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