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Abstract 

The high reaction rate of the 'click-to-release' reaction between allylic substituted trans-cyclooctene and 

tetrazine has enabled exceptional control over chemical and biological processes. Here we report the 

development of a new bioorthogonal cleavage reaction based on trans-cyclooctene and tetrazine with up 

to 3 orders of magnitude higher reactivity compared to the parent reaction, and 4 to 6 orders higher than 

other cleavage reactions. In this new pyridazine elimination mechanism, wherein the roles a reversed, a 

trans-cyclooctene activator reacts with a tetrazine that is substituted with a methylene-linked carbamate, 

leading to an 1,4-elimination of the carbamate and liberation of an amine. Through a series of mechanistic 

studies, we identified the 2,5-dihydropyridazine tautomer as the releasing species and found factors that 

govern its formation and subsequent fragmentation. The bioorthogonal utility was demonstrated by the 

selective cleavage of a tetrazine-linked antibody-drug conjugate by trans-cyclooctenes, affording efficient 

drug liberation in plasma and cell culture. Finally, the parent and the new reaction were compared at low 

concentration, showing that the use of a highly reactive trans-cyclooctene as activator leads to a complete 

reaction with antibody-drug conjugate in seconds vs. hours for the parent system. We believe that this new 

reaction may allow markedly reduced click-to-release reagent doses in vitro and in vivo and could expand 

the application scope to conditions wherein the trans-cyclooctene has limited stability.  
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Introduction 

 

Bioorthogonal cleavage reactions have emerged as powerful strategies to control the release or activation 

of small molecules and biomolecules in chemical and biological settings.1–3 Most organic cleavage 

reactions were derived from their click conjugation counterparts and include the reactions between 

tetrazines and vinyl ethers,4–6 vinylboronic acids,7 3-isocyanopropyls,8 cyclooctynes9 and 

benzonorbornadienes,10 the iminosydnone cyclooctyne reaction,11,12 the azide-to-amine reduction by 

trans-cyclooctene (TCO),13,14 in addition to the use of the Staudinger reaction15,16 and ligation.17 We 

reported that the fastest bioorthogonal conjugation reaction, the inverse-electron-demand Diels-Alder 

(IEDDA) between TCO and tetrazine derivatives,18 widely used for selective and efficient bioconjugations 

in vitro and in vivo,19,20 could be transformed into a bioorthogonal cleavage reaction.21 In this IEDDA 

pyridazine elimination reaction, termed 'click-to-release' (Scheme 1A), a carbamate-linked payload is 

installed on the allylic position of TCO. Following reaction of the TCO-carbamate with a tetrazine, the 

resulting 1,4-dihydropyridazine intermediate rapidly eliminates the amine-containing payload and CO2.  

 

The high reactivity and selectivity of the IEDDA pyridazine elimination reaction has led to its widespread 

application, such as in in vivo cleavage or unmasking of TCO-containing antibody-drug conjugates 

(ADCs),22,23 prodrugs,24,25 proteins,26,27 and peptide antigens,28 by the administration of a tetrazine 

activator. In addition, this click-to-release approach has been used in a range of diverse in vitro 

applications, such as uncaging of fluorogenic compounds29,30 and enzyme substrates,31 cell-specific 

proteome labelling,32 oligonucleotide delivery into cells,33 and purification of solid phase synthesized 

oligonucleotides.34  

 

Nevertheless, a further increase of the click-to-release reaction rate would be beneficial for a number of 

applications. For example, complete in vivo activation of a target-localized protein or ADC requires the 

intravenous administration of a large excess of tetrazine activator. A higher click reaction rate may allow 

a lower dose of the activator, which would facilitate clinical translation and may open up other prodrug 

approaches. Likewise, a higher reactivity would enable in vitro assays that use low concentrations. Here, 

the TCO is a limiting factor, as it has a reduced reactivity due to the allylic-positioned payload and as it 

needs to remain stable for hours or days when used as a linker or mask. The latter precludes increasing 

the reactivity by designing more strained TCO derivatives as these will likely become too unstable.35 

Furthermore, TCOs in general and highly strained TCOs in particular do not combine well with high thiol 

concentrations, low pH or UV light, which may affect their application scope in, for example, in vitro assays 

or chemistry. 

 

We therefore set out to develop a new click-to-release strategy, still based on the robust IEDDA reaction 

between TCO and tetrazine and the unique and versatile properties of the dihydropyridazine intermediates, 

but now with the TCO being the activator and the tetrazine the linker. In such a system, wherein the roles 

are reversed, the TCO does not require the allylic substitution, and its reactivity can be boosted further as 

the stability requirements for the activator are less stringent than for the linker, which typically has to 

withstand harsher conditions and/or remain intact for a longer time. Another advantage of such a system 

would be that relatively simple, even commercially available, TCOs could be used. IEDDA reactions give 

4,5-dihydropyridazines (DHPs), which usually rapidly tautomerize to 1,4- and 2,5-dihydropyridazines.36,37 

We envisioned that the dihydropyridazine IEDDA intermediates, of which the 1,4-dihydropyridazine leads 

to an electron cascade elimination of a carbamate from the part originating from the allylic position on the 

TCO,21,31 may also be enlisted for an electron cascade elimination of a carbamate from the part originating 

from the tetrazine. Specifically, we hypothesized that a reaction of a TCO with a tetrazine substituted with 

a methylene-linked carbamate and subsequent tautomerization of the 4,5-dihydropyrididazine (4,5-DHP) 

to the 1,4- and 2,5- dihydropyridazines (1,4-DHP and 2,5-DHP) would lead to an 1,4-elimination of the 
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carbamate from either 1,4-DHP or 2,5-DHP, or both, liberating the amine, CO2 and pyridazine P2 (Scheme 

1B).38 

 

Here we show that the dihydropyridazine product from the reaction between trans-cyclooctene and 

tetrazine can indeed be enlisted to induce an 1,4-elimination of a methylene-linked carbamate on the 

tetrazine. Through a series of mechanistic studies we found that 4,5-DHP preferentially tautomerizes to 

2,5-DHP and that, fortuitously, 2,5-DHP is the releasing species. Depending on the TCO used the reactivity 

increased 6- and 800-fold compared to the parent pyridazine elimination reaction, and affording release 

yields of 67 to 93 %. The bioorthogonality of the system was demonstrated in the context of an antibody-

drug conjugate comprising the new tetrazine linker, which could be efficiently reacted and cleaved in 

biological conditions. 

 

 
Scheme 1. A) Established click-to-release reaction with trans-cyclooctene as the tetrazine-cleavable linker. B) Envisioned 
click-to-release reaction with tetrazine as the trans-cyclooctene-cleavable linker.  

 

Results and Discussion 

 

We commenced with the preparation of a range of model 1,2,4,5-tetrazines with methylene carbamate 

derivatives on the 3-position, or both the 3- and 6- positions, comprising benzylic or aromatic amines with 

and without alkyl substituents on the amine and the methylene bridge (Figure 1A). These compounds were 

then screened for stability and TCO 12-triggered carbamate cleavage in 20 % acetonitrile (ACN) / 

phosphate buffered saline (PBS) at 37 °C (Figure 1B,C).   
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Figure 1. Stability and release study of several model tetrazine linkers. A) Structures of the evaluated model tetrazine 
carbamates. B) Reaction between TCO 12 and model tetrazines. C) Plot of tetrazine stability half-life vs. TCO 12-triggered 
release half-life, in 20 % ACN/PBS, 37°C; stability determined by monitoring UV-Vis absorption at 520 nm; release measured 
by rapid formation of IEDDA adduct and monitoring its decrease upon carbamate elimination with LC-MS.  

 

To our delight, already among the first three prepared compounds, symmetrical tetrazines 1-3, we 

observed good TCO-triggered cleavage and reasonable stability for 3. While compounds 1 and 2 showed 

release as well, they were highly unstable, indicating a destabilizing effect from the primary carbamate NH 

on the tetrazine. Based on these results, we designed non-symmetrical model compounds 4-10 that could 

form the basis of a click-cleavable linker. Perusal of Figure 1C shows triggered cleavage half-lives between 

1.5 h and 10 h and a correlation between release rate and stability half-lives. Installing a methyl substituent 

on the methylene appears to facilitate the cleavage (5 vs. 4, and 2 vs. 1). This is in line with structure 

activity relationships established for the widely used self-immolative para-aminobenzyloxycarbonyl linker 

wherein a methyl substituent on the methylene bridge leads to more efficient liberation due to stabilization 

of the increasing positive charge upon release of the carbamate.39,40 Furthermore, benzylamine-derived 

tetrazine carbamates were more stable than aniline-derived carbamates (5 vs. 7, 6 vs. 8) and both 

carbamate types could be stabilized further by replacing the N-methyl by the bulkier N-isopropyl 

substituent (6 vs. 5, 8 vs. 7). However, comparing 5 with 9 suggests that the increased steric bulk of a 

branched vs. linear alkyl substituent on the 6-position of the tetrazine does not further improve the stability. 
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On the contrary, the analogous tetrazine 10 with a phenyl substituent showed a 6-fold higher stability. 

While this was accompanied by a slower release than the isopropyl analog 5, we believed the enhanced 

stability was more important for most applications, and we continued our investigations with this tetrazine 

motif.   

 

To further study the release, we prepared 11 (Figure 2A), the dimethylamine analog of 10, and started by 

monitoring its TCO-triggered cleavage in a range of ACN/PBS ratios with liquid chromatography–mass 

spectrometry (LC-MS). To facilitate analysis, reaction mixture aliquots were rapidly oxidized to give stable 

mixtures of (aromatic) pyridazines P1 and P2 (Figure 2A), the ratio of which affording the release yield. 

The structure of P2 was confirmed by reference compound synthesis (see Supporting Information), 

indicating that 1,4-elimination of the carbamate is followed by hydration of the exocyclic double bond of 

the elimination product (EP, Figure 2A, 2D). While the IEDDA cycloaddition between 11 and 12 was 

instantaneous in all mixtures, the ensuing dimethylamine elimination from the dihydropyridazine 

intermediate showed a strong correlation with the water content (Figure 2B). Reaction in 25 % ACN/PBS 

afforded dimethylamine liberation with a half-life of 20h, but in 50 % ACN/PBS, the release slowed down 

to a 54h half-life and, interestingly, no cleavage was observed in 100 % ACN. This trend, together with the 

10h release half-life observed in 20 % ACN for the product of 10 and 12 (Figure 1C), indicated that the 

release half-life in fully aqueous conditions was likely to be less than 3h. 

 

Subsequently, the reaction between 11 and 12 was studied in CDCl3 with 1H NMR, UV-Vis and IR, showing 

instantaneous formation of the initial 4,5-dihydropyridazine product (4,5-DHP) with -max of 279 nm as a 

mixture of two diastereomers (83 vs. 17 %), arising from the stereocenter on the methylene (Figure 2E, F, 

Supporting Information Section S3.2). In these conditions, 4,5-DHP did not tautomerize further and did not 

release dimethylamine. Addition of 0.1 v/v% formic acid resulted in complete tautomerization31,41 within 3h 

to give a mixture in a 73/27 ratio of the 2,5- and 1,4-dihydropyridazines (2,5-DHP and 1,4-DHP), each 

present as two diastereomers, as demonstrated by the loss of peaks at 7.9 and 3.2 ppm and the 

appearance of 4 new sets of peaks between 6.0 and 5.4 ppm and 3.8 and 3.1 ppm (Figure 2E; see Figure 

S6 for 2D NMR characterization). This tautomerization was accompanied by the appearance of an IR 

resonance at 3340 cm-1 for the N-H moiety (Figure S9), and the appearance of a UV absorbance at 340 

nm in addition to the band at 280 nm (Figure 2F). To understand this, the UV spectra of the three tautomers 

were simulated using time-dependent density functional theory (TDDFT) in conjunction with implicit solvent 

effects employing the COSMO model with parameters for water, leading to a predicted -max of 276, 

290/307 and 346 nm for respectively the 4,5-, 2,5 and the 1,4-tautomer, matching the trend in the previous 

observations (Figure 3). Extending the incubation in acidic conditions to 184h resulted in conversion of 

2,5-DHP into 1,4-DHP, affording a 26/74 mixture and a concomitant increase of the 340/280 nm 

absorbance ratio, as predicted (Figure 2E, F). Also some oxidation to the aromatic pyridazine (P1) 

occurred, similar to the previously reported pyridazine elimination reaction.21,31 Even though all three 

tautomers could be formed in CDCl3, no release was observed, which is possibly due to the need to 

stabilize the charges on the carbamate and methylene that develop upon release.39,40 Alternatively, proton-

assisted mechanisms wherein water acts as the proton carrier can be a critical pathway in the cleavage 

mechanism. 
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Figure 2. Mechanistic studies. A) Reaction of TCO 12 with model tetrazine 11, affording 4,5-DHP and then 1,4-DHP and 
2,5-DHP, of which one liberates dimethylamine, in conjunction with hydrated elimination product (EP-H2O), and oxidized 

pyridazines P1 and P2. B) Release reaction between 11 and 12 in ACN/PBS mixtures at 37C, quantified with LC-MS after 
sample oxidation to P1/P2. C) Release reaction between 11 and 12, starting from different tautomer compositions in 25% 

ACN/PBS at 37C, quantified with LC-MS after sample oxidation to P1/P2. D) Putative structure of the elimination product 
(EP), formed upon release from 2,5-DHP, and its (I) reaction with water and (II) trapping by N-acetyl cysteine (NAC), as 
demonstrated by LC-MS. E) 1H NMR of reaction of 11 with 12 in CDCl3. F) UV of NMR samples of E) diluted in ACN. G) 1H 
NMR of reaction product of 11 with 12 in CDCl3 that was incubated in 25 % ACN/PBS for 3 days (top) compared to a non-
incubated sample (bottom). H) PDA trace of reaction product of 11 with 12 (70/30 mixture of 2,5-/1,4-DHP) in 25% ACN/PBS 

at 37C, monitored with LC-MS of non-oxidized samples. I) Second order rate constants of the reaction of tetrazine 11 with 

TCOs 12 and 14 in ACN and 25% ACN/PBS at 20C. J) UV of tautomerization of the 4,5-DHP product from the reaction 

between 3-methyl-6-phenyl-tetrazine and, resp. TCO 12 and sTCO ethyl ester 16 in 25% ACN/PBS at 20C. 
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The ability to control the tautomerization in chloroform was subsequently applied to identify the releasing 

tautomer by comparing the release profiles when starting from 4,5-DHP, or a composition rich in 

respectively 2,5-DHP or 1,4-DHP. This was achieved by starting the reaction between 11 and 12 in CDCl3 

and by controlling the tautomer formation as shown above. Samples with the desired tautomer were 

concentrated and then dissolved in 25 % ACN/PBS, incubated at 37C, followed by oxidation of aliquots 

and evaluation of the P1/P2 ratio with LC-MS (Figure  2C). Starting from 4,5-DHP led to a steady release 

of eventually 85 % with a half-life of the maximum cleavage yield of 14h, similar to when the release was 

started directly in 25 % ACN/PBS (Figure 2B). Interestingly, starting from a 70/30 mixture of 2,5-/1,4-DHP 

afforded a much faster liberation, with a half-life of the maximum cleavage yield of 3h, leading to a 

maximum cleavage of 71 %. On the contrary, starting from a 24/76 mixture of 2,5-/1,4-DHP led to a 

reduced maximum release yield of only 26 %. The strong correlation between the 2,5-DHP percentage 

and release yield as well as the marked release rate increase when starting from 2,5-DHP clearly indicates 

this is the releasing species. To confirm this, we set out to identify the non-releasing tautomer by incubating 

tetrazine 11 and TCO 12 in 25 % ACN/PBS at 37C for 3 days. Given the release rate observed in these 

conditions (see Figure 2B) it follows that the releasing tautomer(s) would have to be consumed at that 

time. Indeed, subsequent lyophilization and NMR in CDCl3 clearly showed that 1,4-DHP was still present, 

together with some oxidized P1, but the signals belonging to the 2,5-DHP had disappeared, confirming 

this is the releasing species (Figure 2G). In line with this and the established UV signatures of the 

tautomers, LC-MS of non-oxidized aliquots from of the 70/30 mixture of 2,5-/1,4-DHP in 25 % ACN/PBS, 

showed the two tautomers as adjacent peaks with respectively a  -max of 278 and 327 nm, with the 278 

nm peak disappearing in time, in conjunction with the formation of hydrated elimination product (EP-H2O) 

(Figure 2H and D). To confirm that the formation of EP-H2O and the corresponding P2 is the result of 1,4-

elimination followed by addition of water to the exocyclic double bond of EP, instead of hydrolysis of the 

carbamate bond of 2,5-DHP, 11 and 12 were incubated in 25 % ACN/PBS containing the N-acetyl cysteine 

(NAC) to trap EP. As expected, LC-MS of the reaction mixture clearly showed the formation of the cysteine 

adduct EP-NAC in addition to EP-H2O (Figure 2D). The foregoing demonstrates that in aqueous 

conditions the 4,5-DHP predominantly tautomerizes to the 2,5-DHP and to a minor extent to the 1,4-DHP, 

of which 2,5-DHP then liberates the carbamate. Furthermore, the formation of EP-H2O, EP-NAC and P2 

indicates that this release occurs via the envisioned 1,4-elimination.  

 
Figure 3. Simulated UV-VIS spectra of A) 4,5-DHP; B) 2,5-DHP and C) 1,4-DHP. The isosurfaces of the ground and excited 
state corresponding to the transitions with the highest oscillator strength are shown on the right. (ground state: red and blue; 
excited state: teal and orange). Bonding energies of the ground states are given using water as implicit solvent. 
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To further support the mechanistic findings we calculated the minimal energies of 4,5-DHP, 2,5-DHP and 

1,4-DHP (Figure 3) and several other possible tautomers of the reaction product of 11 and 12, including 

the 1,2-dihydropyridazine and its exocyclic analog (Table S1).  Using a B3LYP exchange-correlation 

functional and water as an implicit solvent, the 2,5-DHP and 1,4-DHP were indeed shown to have the 

lowest energy, with the 1,4-DHP being slightly lower. Calculations in vacuum showed essentially the same 

result, but with a slightly smaller energetic difference between the two tautomers (Table S1). These values, 

combined with the NMR study (Figure 2E), suggest that upon 4,5-DHP tautomerization 2,5-DHP is 

kinetically favoured and can slowly convert to the thermodynamically favoured 1,4-DHP. The high release 

yield in 25 % ACN/PBS indicates that this 2,5- to 1,4-tautomerization does not readily occur in neutral 

aqueous conditions. 

 

Having identified the releasing tautomer, we evaluated the potential reactivity advantage of this system. 

Click reaction of 11 with 12 in ACN afforded a k2=3.14 +/- 0.10 M-1 s-1 at 20C, which is already 6-fold 

faster than the parent reaction of allylic substituted TCO with 3,6-bisalkyl-tetrazine.21 Conformationally 

strained TCO (sTCO) based on a cis-fusion of a cyclopropyl to the TCO ring represents the most reactive 

TCO that still has good utility in bioorthogonal conjugations.42 Reaction of 11 with this much more reactive 

sTCO-acid 14 was found to have a very high k2= 420 ± 49 M-1s-1, 800-fold higher than the parent click-to-

release reaction (Figure 2I).21 As expected, in 25 % ACN/PBS these rates increased further to 287 ± 10 

M-1 s-1 for 12 and to the very high rate of 23800 ± 400 M-1 s-1 for 14.  

 

To demonstrate the proof of principle of this novel click-to-release reaction in a biological environment, we 

developed an antibody-drug conjugate (ADC) comprising the drug monomethyl auristatin E (MMAE) linked 

via the tetrazine to a pegylated CC49 diabody that targets tumor associated glycoprotein 72 (TAG72).23 

Based on model compound 11 we prepared tetrazine linker 18 via a modified Pinner synthesis (Figure 4A) 

followed by PNP carbonate formation and introduction of the MMAE. After Boc-deprotection, tetrazine-

MMAE 21 was conjugated to PEG derivative 22, affording maleimide-functionalized Tz-MMAE linker 23. 

Linker-drug 23 was then site-specifically conjugated to four engineered cysteine residues in the CC49 

diabody providing tz-ADC with a drug-to-antibody ratio (DAR) of 4 (61 kDa, Figure 4B). Tz-ADC exhibited 

excellent stock stability (PBS, 4°C) as no tetrazine degradation or spontaneous drug liberation was 

observed in 1 year (Figure S22).  In addition to TCO 12 and sTCO-acid 14 we also prepared the DOTA 

chelate-conjugated analogs 13 and 15, for increased hydrophilicity and to be able to monitor their reaction 

with tz-ADC by labeling the chelate with a radiometal (Figure 4D). The four TCOs were subsequently 

examined for their ability to liberate MMAE from the tz-ADC (Figure 4C,E-G). For all TCOs, mass 

spectrometry of the diabody in PBS showed efficient conversion of the ADC (30691 Da for the scFv 

monomer, each monomer linked to 2 MMAE) to the IEDDA product, followed by formation of species that 

had eliminated 1 or 2 MMAE moieties. Whereas TCO 12 and its DOTA analog 13 afforded a MMAE release 

yield of 93 %, the sTCO motif had a lower maximal cleavage yield of ca. 67 % (Figure 4F). Similar results 

were obtained in mouse plasma, while only low levels of free MMAE were found when the ADC was 

incubated without a TCO (Figure 4G). We hypothesized that the lower release from sTCO may be caused 

by a slower tautomerization of the 4,5-DHP derivative, which may allow for more oxidative deactivation to 

P1. Indeed, when we used UV to evaluate the tautomerization of the 4,5-DHP product from the reaction 

between 3-methyl-6-phenyl-tetrazine and, respectively TCO 12 and sTCO ethyl ester 16 in 25 % 

ACN/PBS, we found a markedly slower tautomerization for the sTCO (Figure 2J). Despite the lower overall 

release from sTCO-derived 2,5-DHP, the remarkable reactivity increase offered by these TCOs provides 

a compelling argument for their use when the application is relatively demanding (e.g. at low 

concentrations). Furthermore, the cleavage yield is on par with the release observed for the widely used 

3-pyrimidyl-6-methyl-tetrazine based activators29,30 and TCO-linked ADC (data not shown). 
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Figure 4. Evaluation of a TCO-cleavable antibody-drug conjugate. A) Synthesis of maleimide-PEG-tetrazine-MMAE 23. B) 
Conjugation of 23 to diabody affording tz-ADC. C) TCO-triggered cleavage of MMAE from tz-ADC. D) Structures of TCO 
derivates used for release studies. E) Protein MS of tz-ADC (black) and of TCO 13-activated tz-ADC (magenta) after 24h 
in PBS. F) TCO-triggered release of MMAE from tz-ADC in PBS. G) TCO-triggered release of MMAE from tz-ADC in mouse 
plasma after 24h quantified by LC-MS of liberated MMAE. H) Cell proliferation assay on TAG72-positive LS174T human 
colon carcinoma cells treated with tz-ADC alone or in combination with activator 15, 15 alone or free MMAE; data are the 
mean with s.e.m (n=3); I) Schematic representation of radiolabelling of  TCO 15 with 111-indium, resulting in 15*, which was 

reacted with tz-ADC in PBS at 37C at 0.15 equivalents with respect to the diabody (0.6 M); similarly tco-ADC (0.6 M) 
was reacted with 0.36 equivalents of radiolabelled tetrazine S16. 
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ADCs allow the safe and effective use of highly potent drugs like MMAE, which are too toxic to be used 

as free drugs. After ADC targeting of the cancer cell, these drugs typically need to be cleaved from their 

antibody linker to exert their therapeutic effect. As a proof of principle of the TCO-cleavable tz-ADC we 

evaluated the cytotoxicity of tz-ADC and TCO 15 alone and in combination in a human colorectal cancer 

cell culture. TCO 15 alone was not toxic while tz-ADC alone only exhibited a relatively moderate activity 

(Figure 4H). However, when a fixed dose of 3.3 μM of TCO 15 was combined with the tz-ADC, the 

cytotoxicity increased 100-fold, affording an EC50 value of 0.67 nM, matching the toxicity of the parent 

drug MMAE, clearly underlining the efficacy of this new cleavage system. Finally, to demonstrate the 

reactivity advance offered by click-to-release from tetrazine vs. click-to-release from TCO, we compared 

the click reaction between a previously reported TCO-linked MMAE diabody ADC (tco-ADC)23 and 177Lu-

labelled DOTA-tetrazine activator (S16) with the reaction of tz-ADC with 111In-labelled DOTA-sTCO 15 in 

PBS at 37C at a very low concentration of 0.6 µM in nearly equimolar conditions. Figure 4I shows the 

striking difference between the two systems, with the conjugation of 15 complete within 1 minute, while 

the conjugation of the tetrazine activator had a 3h half-life. 

 

 

Conclusion 

 

We have developed a new and highly reactive bioorthogonal elimination reaction that enables traceless 

release of an amine-containing payload from a tetrazine following reaction with a trans-cyclooctene. This 

was achieved by switching the roles of the tetrazine and TCO in the parent IEDDA pyridazine elimination, 

now permitting the use of highly reactive sTCO derivatives as activators, boosting the reactivity 3 orders 

of magnitude compared to the parent click-to-release reaction, and 4 to 6 orders of magnitude compared 

to the other known cleavage reactions.4-17 Even the non-conformationally strained TCOs already gives 6-

fold higher reactivity than the parent reaction combined with near quantitative release yields. Through 

mechanistic studies we demonstrated that the releasing tautomer is the 2,5-dihydropyridazine, which 

fortuitously is the favoured IEDDA product, and we found that the formation rate of this species is 

dependent on the type of TCO being used. By trapping the elimination product, we could show that the 

release occurs via the hypothesized 1,4-elimination. Furthermore, the strong dependence on water 

indicates a direct role for water in the electron cascade elimination mechanism. The new click-cleavable 

linker was subsequently applied in an ADC, which exhibited TCO-triggered drug cleavage half-lives down 

to 2h in fully aqueous conditions and showed good controlled release in biological conditions in plasma 

and in cell culture. Activation of the ADC led to effective cancer cell killing with the same potency as the 

free drug. Furthermore, a head-to-head comparison of the click reaction of TCO-linked ADC with 

radiolabelled tetrazine and tetrazine-linked ADC with radiolabelled TCO at very low concentration, 

underlined the pronounced advance offered by the highly reactive TCO-triggered dihydropyridazine 

elimination, for example for cases when the activator cannot be used in large excess. 

 

These results hold promise for in vivo drug release and unmasking applications, potentially allowing 

substantially reduced activator doses. We also envision the use of this reaction in chemical biology, life-

science assays, and material chemistry, enabling the controlled (dis)assembly of molecules, proteins, 

cells, or biomaterials at low concentration or in conditions that are incompatible with the TCO. For example, 

contrary to TCOs, tetrazines are typically stable at low pH. While the click-to-release from TCO offers 

faster release kinetics, we expect that the versatile click-to-release from tetrazine harbours ample 

opportunity for further improvements in cleavage rate and yield. Finally, the presented release chemistry 

can be performed with commercially available TCOs and uses tetrazine linkers and masks that are easier 

to prepare than TCO linkers, making highly reactive click-to-release chemistry available to a larger 

research community. 
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