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Abstract

Sulfonamide derivatives have been used in pharmaceutics for decades. Here we report a new 

approach to release sulfonamides efficiently using a bioorthogonal reaction of sulfonyl 

sydnonimines and dibenzoazacyclooctyne (DIBAC). The second-order rate constant of the 

cycloaddition reaction can be up to 0.62 M−1 s−1, and the reactants are highly stable under 

physiological conditions. Most significantly, we also discovered the mutual orthogonality between 

the sydnonimine–DIBAC and benzonorbornadiene–tetrazine cycloaddition pairs, which can be 

used for selective and simultaneous liberation of sulfonamide and primary amine drugs.

Sulfonamides constitute an important family of drugs that have been extensively applied in 

human and veterinary medicine due to their general stability, bioavailability, and ease of 

preparation.1 The compounds of this class (Fig. 1) have been clinically in use for decades, 

and some of which showed potent antitumor activity.2 Over decades, various strategies for 

controlled release of drugs under biological conditions have been developed,3 such as multi-

function polymeric nanoformulations4 and photoresponsive biomaterials for targeted drug 

delivery.5 However, in the case of sulfonamides, few examples had been reported, such as 

the use of an epichlorohydrin-crosslinked semi-interpenetrating polymer network to control 

the release of the sulfonamide drug sulpiride.6 In biological systems, the physiological 

triggers, such as pH value,7 are subtle, more general and reliable triggers that involve rapid 

bond formation and selective bond cleavage8 to release drug molecules are highly desirable.

In recent years, with bioorthogonal chemistry as a powerful tool,9 click-release reactions 

have been developed and applied to drug delivery, enzyme activation, and so on.10 In 2013, 
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Robillard and coworkers reported the inverse-electrondemand Diels–Alder (IEDDA) 

reaction of carbamate-modified trans-cyclooctene (TCO) with tetrazine that allows release 

of a primary amine drug doxorubicin attached to the TCO after the cycloaddition step under 

ambient conditions.10a Royzen et al. applied this drug release strategy into treating soft 

tissue sarcoma in vivo.10g Very recently, Weissleder and coworkers discovered that the 

TCO–tetrazine-ligation-based drug release is sensitive to pH value, and can only achieve 

partial release due to an intramolecular side reaction.11 They further designed and 

synthesized the tetrazine-acids for rapid cleavage reactions that are less sensitive to pH 

value. In addition, the Gamble group reported the strain-promoted 1,3-dipolar cycloaddition 

of TCO and azide, the product of which undergoes degradation, hydrolysis, and elimination 

to release doxorubicin.10d

Sydnone and its derivatives are a relatively new class of bioorthogonal reagents, introduced 

into bioorthogonal reactions by Taran,12,13 and some of them have been used in click-release 

reactions.14 Chin first described the reaction of N-phenyl sydnone with strained alkyne 

bicyclo-[6.1.0]-nonyne (BCN) in protein labeling.15 The rate constant in MeOH/H2O (55 : 

45) was measured to be 0.054 M−1 s−1 at 21 °C. Previously we predicted that 

dibenzoazacyclooctyne (DIBAC) had better reactivity than BCN with N-phenyl sydnone by 

DFT calculations. Our prediction was confirmed by the Murphy group, and the measured 

rate constant is 0.90 M−1 s−1 (Fig. 2a).16 Inspired by the fact that sydnone cycloaddition is 

followed by the extrusion of CO2, which has a very low barrier,16 we envision that the 

sulfonyl sydnonimine cycloaddition will lead to the simultaneous generation of sulfonyl 

isocyanate, which is extremely unstable in aqueous media and quantitatively hydrolyzed to 

form CO2 and sulfonamide.17 Therefore, a new strategy for the controlled release of 

sulfonamides is proposed: sulfonyl-modified sydnonimines (N6-sulfonyl-SIN 4, with 

aliphatic and aromatic substituents) undergo 1,3-dipolar cycloadditions with DIBAC 5, 

resulting in rapid release of sulfonamide 8 via sulfonyl isocyanate 7 (Fig. 2b).

Before launching into experiments, we carried out DFT calculations at the M06-2X level of 

theory18 on the (3+2) cycloaddition of N6-methanesulfonyl-SIN 4a and DIBAC. The 

computed activation free energy for this reaction is 21.5 kcal mol−1 (TS_4a-DIBAC, Fig. 3), 

corresponding to a predicted second-order rate constant of 0.12 M−1 s−1, which is 

reasonably fast for a bioorthogonal reaction. Subsequently, we synthesized sydnonimine 

hydrochloride 9.19 After optimization, we found that lowering the reaction temperature to 

−10 to 0 °C, the desired products N6-sulfonyl-SIN 4a–c can be obtained in good yields from 

the reaction of 9 and sulfonyl chlorides 10 in dichloromethane with triethylamine (Fig. 4).20

To test the feasibility of the click-release strategy, we monitored the cycloaddition reaction 

of 4a (c0 = 2 mM) with DIBAC-COOH 5 (c0 = 2.2 mM) in 9 : 1 DMSO-d6/D2O at 22 °C 

with 1H NMR spectroscopy (Fig. 5a). The process of the reaction is characterized by the 

disappearance of the methyl proton signal of 4a at 2.97 ppm (▪, Fig. 5a). After 2 hours, we 

observed 40% conversion of 4a into the cycloaddition product 6 (★, Fig. 5a) and 

methanesulfonamide (8a) (*, δ= 2.91 ppm, Fig. 5a). After 6 hours, 65% of the starting 

material was consumed. Nearly complete transformation took place within 24 hours, and no 

side product or intermediate signals were observed during the whole process. This result 

confirmed our prediction of the effciency of the cycloaddition reaction and the release of 
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sulfonamide. We also monitored the reaction of pro-drug 4c (N6-CXB-SIN) with 5 in 9 : 1 

DMSO-d6/D2O using the same method (see ESI†). The release of drug 8c (celecoxib, CXB) 

is very effcient.

We further studied the kinetics of the reactions of N6-sulfonyl-SIN 4a–c with 5. As shown in 

Fig. 5b, the measured second-order rate constants (k2) of N6-methanesulfonyl-SIN 4a was 

0.043 M−1 s−1 in 9 : 1 DMSO-d6/D2O at 22 °C, and N6-sulfonyl-SIN 4b–c have better 

reactivities than 4a (0.067 M−1 s−1 and 0.050 M−1 s−1 for 4b and 4c, respectively). To our 

delight, the second-order rate constants are increased by 5–9 fold in 1 : 1 DMSO-d6/D2O 

(Fig. 5b).21 Moreover, the stability of pro-drug N6-CXB-SIN 4c is tested in phosphate-

buffered saline (PBS) and fetal bovine serum (FBS) at 37 °C. No degeneration was observed 

within a week in PBS/DMSO (1 : 1 v/v), while less than 20% of 4c decomposed after a 

week in FBS/PBS (1 : 1 v/v). The high stability of the pro-drug and efficiency of the click-

release reaction make 4c very promising for in vivo applications.

Celecoxib is a non-steroidal anti-inflammatory drug (NSAID), a specific COX-2 inhibitor 

for pain and inflammation without inhibiting COX-1,22 and also shows potent antitumor 

activity.23 Since the bioorthogonal release of CXB has proved to be effcient, we further test 

the inhibition effect of this method against human COX-2 (Fig. 5c). When pro-drug 4c was 

treated with DIBAC 5 (100 mM) in the system, it shows excellent performance with IC50 of 

0.106 mM, which is very close to that of the direct use of CXB (IC50 of 0.065 μM). 

Decreasing the concentration of DIBAC to 50 μM, the measured IC50 slightly dropped to 

0.169 μM. The pro-drug 4c and DIBAC 5 are both nontoxic at the testing concentration with 

IC50 > 25.0 μM. Control experiments indicate that the combination of 4b and 5 showed no 

toxicity even at maximal testing concentration, demonstrating that the cycloadduct 6 is 

nontoxic. These results confirmed the biostability and high cycloaddition-release effciency 

of 4c, which can be potentially applied to targeted drug release.

Recently, the Franzini group reported that 7-aza-benzonorbornadiene (ABNBD) derivatives 

react with tetrazine to liberate a primary amine drug doxorubicin.10i Tetrazines react rapidly 

with ABNBD but are inert to DIBAC.24 Our calculations predicted that sydnonimines have 

selectivity opposite to that of tetrazines, and react with DIBAC but not with ABNBD (Fig. 

3). The computed activation barrier for the reaction between sydnonimine 4a and ABNBD is 

27.2 kcal mol−1, corresponding to a rate constant of 3 × 10−4 M−1 s−1. Based on these facts, 

we designed click-release pairs that can be used for orthogonal release of two different drugs 

simultaneously, where sydnonimine–DIBAC and tetrazine–ABNBD cycloaddition pairs are 

delivery vehicles for celecoxib 8c and doxorubicin 13, respectively (Fig. 6a). 1H NMR 

spectroscopy confirmed that there is no reaction between sydnonimine 4c and ABNBD 11 
within 25 hours (Fig. 6b). We successfully released celecoxib (after 4.5 h) or doxorubicin 

(after 11 h) by introducing DIBAC 5 or 3,6-di(2-pyridyl)-1,2,4,5-tetrazine (DPTz, 12) 

correspondingly to the system where both 4c and 11 were present (Fig. 6b). When both 5 
and 12 were added, the selective and simultaneous liberation of two drugs 8c and 13 can be 

complete after 11 hours (Fig. 6b). While a few examples of multi-component bio-labeling 

†Electronic supplementary information (ESI) available: Experimental and computational details. See DOI: 10.1039/c8cc08533a
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using mutually orthogonal cycloaddition pairs were reported,24a,25 this established the first 

example of using mutually orthogonal click-release pairs to liberate multiple bioactive 

molecules.

In summary, we describe a bioorthogonal reaction of sulfonyl sydnonimines with DIBAC for 

effcient release of sulfonamides. The sulfonyl sydnonimine as pro-drug exhibits excellent 

bio-stability with low toxicity under physiological conditions, which is essential in targeted 

drug release. With the aid of DFT calculations, we also discovered the first mutually 

orthogonal click-release pairs—sydnonimine–DIBAC and tetrazine–ABNBD, which 

realized the liberation of sulfonamide and primary amine drugs selectively and 

simultaneously in one system. This method is promising for applications in dual-drug 

delivery and targeted therapy.
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Fig. 1. 
Sulfonamide drugs in clinical use.
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Fig. 2. 
(a) The (3+2) cycloaddition reaction of sydnone; (b) release of sulfonamides through the 

(3+2) reaction of N6-sulfonyl sydnonimines. aOnly one regioisomer is depicted.
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Fig. 3. 
Transition-state structures for the (3+2) cycloadditions of 4a with DIBAC and ABNBD 

(activation free energies and predicted rate constants are shown below each structure).
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Fig. 4. 
Synthesis of N6-sulfonyl sydnonimines.
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Fig. 5. 
(a) 1H NMR analysis of the reaction of N6-Ms-SIN 4a (2 mM) and DIBAC-COOH 5 (2.2 

mM) in DMSO-d6/D2O (9 : 1 v/v). δ = 3.82 ppm is H2O. aOnly one regioisomer is depicted. 

(b) Measured rate constants (k2, in M−1 s−1) for reactions between 4a–c and 5 at 22 °C. (c) 

IC50 values against human COX-2. b 95% confidence interval (n = 2) is given in parentheses.
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Fig. 6. 
Orthogonal drug release of celecoxib and doxorubicin. (a) Mutually orthogonal click-release 

pairs. (b) 1H NMR analysis of drug release in DMSO-d6/D2O (9 : 1 v/v). Attendance reagent 

(+), or no reagent (−); release drug (√), or no drug (×).
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