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Intramolecular tetrazine-acryloyl cycloaddition:
chemistry and applicationsy
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Brock J. Brummett, Shi Xu, Jerome R. Robinson & and Ming Xian & *

An unprecedented intramolecular [4 + 2] tetrazine-olefin cycloaddition with a,B-unsaturated substrates

was discovered. The reaction produces unique coumarin-dihydropyridazine heterocycles that exhibited

strong fluorescence with large Stokes shifts and excellent photo- and pH-stability. This property can be

used for reaction analysis. The rate of cycloaddition was found to be solvent dependent and was
determined using experimental data with a kinetic modeling software (COPASI) as well as DFT
calculations (k; = 0.64 + 0.019 s~! and 4.1 s™%, respectively). The effects of steric and electronic

Received 4th August 2022
Accepted 11th August 2022

properties of both the tetrazine and «,B-unsaturated carbonyl on the reaction were studied and followed

the known trends characteristic of the intermolecular reaction. Based on these results, we developed
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Introduction

Bioorthogonal reactions enable researchers to study the
complexities of biological systems without interfering with
natural biochemical processes. 1,2,4,5-Tetrazines have been
widely used as powerful bioorthogonal reagents because of their
rapid reaction kinetics and high selectivity with olefins like
trans-cyclooctene, norbornene and cyclopropene. These
tetrazine-olefin ligations greatly impact chemical biology
because of their non-metal/non-toxic nature, and impressive
efficiency under physiological conditions." These coupling
partners have been employed as in vivo imaging agents, meta-
bolic probes, nanoparticle biomaterials, drug surrogates, etc.*’
The conventional tetrazine-olefin ligation is illustrated in
Scheme 1A, which proceeds via a [4 + 2] inverse electron
demand Diels-Alder (IEDDA) mechanism. A subsequent retro-
Diels-Alder step releases an equivalent of N, and the cycload-
dition product. Experimental and computational results show
that tetrazines containing electron withdrawing groups (EWG)
and olefins containing electron donating groups (EDG) are the
best coupling partners. However, when the electronics are
switched, there is little to no reaction, limiting the utility of the
tetrazine platform.” It is worth noting that in almost all reported
cases the tetrazine-olefin ligations are intermolecular reactions
that quickly tether a biological target (proteins, antibodies, etc.)
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a "release-then-click” strategy for the ROS triggered release of methylselenenic acid (MeSeOH) and
a fluorescent tracer. This strategy was demonstrated in Hela cells via fluorescence imaging.

to a payload (such as fluorescent probes). On the other hand,
intramolecular tetrazine reactions are rarely seen, perhaps
because the need for such reactions for biological applications
is unjustified. However, an intramolecular reaction can have
rate constants orders of magnitude larger than an intermolec-
ular reaction. One notable example was reported by Eising et al.
for the coordination-assisted intramolecular tetrazine ligation
with vinyl boronic acids (Scheme 1B).* These reactions were

A) General tetrazine-olefin reactions
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Scheme 1 The design of intramolecular tetrazine-acryloyl

cycloaddition.
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only reported for relatively electron-rich olefins. Thus, the
reactivity between tetrazines and electron-poor olefins via an
intramolecular mechanism remains unexplored.

a,B-Unsaturated carbonyls are a class of electron poor olefins
that are considered potential cytotoxins. They are potent
cellular electrophiles that can cause redox imbalances by
depleting cellular cysteine/glutathione and can induce oxidative
DNA damage by reacting with DNA bases.** However, some
popular prodrug designs release o,B-unsaturated carbonyls as
byproducts. For example, phenol-based linkers that undergo 1,4
or 1,6-elimination release ortho- or para-quinone methides and
v-ketothiocarbamates that undergo E1Cb eliminations release
acrylates.”* The inherent toxicities of these byproducts often
complicate the design of prodrugs. We envisioned that if tet-
razines could be pushed to react with these byproducts and
remove them from the reaction system, it would solve this long-
lasting problem and expand the application of tetrazine
chemistry. We expected this could be achieved via covalently
tethering an acryloyl system to a tetrazine (Scheme 1C). Herein,
we report our investigation of such intramolecular tetrazine-
acryloyl cycloadditions.

Results and discussion

Model studies of the intramolecular tetrazine-acryloyl
cycloaddition

Before testing our hypothesis, we first carried out an intermo-
lecular reaction using tetrazine 1 and methyl/phenyl acrylate
(Scheme 2). As expected, no reaction was observed in those
cases. To test the intramolecular version, O-hydroxyphenyl
methyl tetrazine (2a) was prepared and treated with acryloyl
chloride under various conditions as shown in Scheme 2. We
expected the intermediate 3a would be produced and cyclize to
give the desired product (4a). Indeed, the reaction consistently
generated 4a in medium to high yields. This was found to be
a clean reaction (monitored by TLC) under mild conditions
giving access to a unique fused ring system. Interestingly,
compound 4a was found to be fluorescent as it has a coumarin-

Intermolecular

No Reaction

Intramolecular

N\N/)\
2a 3a Polar Intermediate 4a
Entry Solvent Dielectric Constant Base Time Yield of 4a
1 1,4-dioxane 225 2eq. TEA 1h 31%
2 toluene 2.38 2eq. TEA 1h 34%
3 CH,Cl, 8.93 2eq. TEA 1h 42%
4 CH;CN 375 2eq. TEA 1h 67%
5 CH5CN - 2eq. TEA 5h 96%
6 CH3CN - 1eq. TEA 1h 53%
7 CH3CN - w/o TEA 1h Trace
Scheme 2 Initial studies of the intramolecular tetrazine-acryloyl

cycloaddition.
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like structure (Aaps: 350 NM, Aem: 450, ¢ = 4320 M ' em ™Y, ¢ =
0.25 in H,0). We took advantage of this property to study
reaction kinetics and explored its chemical-/photo-stability and
utility in biological systems (vide infra).

The reaction yield was found to be solvent dependent with
lower yields in relatively non-polar solvents (entries 1-3) and
good yields in a relatively polar solvent-CH;CN (entries 4-7).
This suggests that a polar transition state was involved in the
process. When intermediate 3a undergoes a [4 + 2] cycloaddi-
tion a lactone ring is formed along with three dipole moments
(illustrated in Scheme 2). This polar transition state could be
stabilized by polar solvents with increasing dielectric constants
leading to higher reaction efficiency.™ The reaction also showed
a clear dependence for triethylamine (TEA) (entries 5-7), indi-
cating that the esterification proceeded before the cycloaddi-
tion. Complete conversion of the reaction was achieved in ~5 h
with 2.0 equiv. TEA. It should be noted that the intermediate 3a
could be observed on TLC almost quantitatively within minutes.
We attempted to isolate 3a but were unsuccessful as it
continued to cyclize during workup and purification.

To understand the chemical limitations of this cycloaddi-
tion, we next applied the optimized reaction conditions to
a series of O-hydroxyphenyl tetrazine substrates. As shown in
Fig. 1, high yields of the desired products were obtained from
the methyl- and hydrogen-substituted O-hydroxyphenyl tetra-
zines (products 4a and 4b) while the corresponding bulky ¢
butyl version was obtained in much decreased yield (product
4c). It is interesting to note that 4b was obtained together with
its oxidized pyridazine form (5 shown in Scheme S1t), which
suggests that 4b is sensitive to aerobic oxidation. This property
could have some applications in biological settings such as to
sense reactive oxygen species (ROS). Nevertheless, their mass

N TEA, ACN
rt, Shr
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0._0 0._0 CNgZe}

= = =
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Me H
4a (96%)

4b (87%)? 4c (38%)
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S

4d (Trace, Trace®)

4e (30%, 53%") 4f (28%, 86%") Xray
0._0 o
Z =
PN e NN e

4g (Trace, Trace®) 4h (85%)

Fig. 1 Substrate scope containing various O-hydroxyphenyl tetra-
zines. Tetrazine (2a—h, 0.1 mmol), triethylamine (0.2 mmol), acryloyl
chloride (0.2 mmol), CHzCN (1.0 mL). ¢ Reaction was done under
argon for 1 h. ® Reaction was allowed to run for 24 h.
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balance was >95%, indicating a drastic increase in cycloaddi-
tion reactivity with less sterically hindered O-hydroxyphenyl
tetrazines. This steric trend has also been reported for inter-
molecular tetrazine cycloadditions.*>*

Electron-donating groups (product 4d) drastically decreased
the efficiency of the reaction, yielding trace amount of cyclized
product even after 24 h. On the other hand, when the tetrazines
contained less electron-donating substituents or electron-
withdrawing groups the reaction once again became produc-
tive albeit at longer reaction times (products 4e and 4f). A single
crystal was obtained for 4f, and the core structure confirmed the
formation of the fused coumarin-dihydropyridazine moiety
shown in Fig. 1 (detailed crystal structure analysis can be found
in Fig. S1 and S2t of the X-ray ESI). Next, the phenyl backbone
present in these structures was replaced with a two-carbon
chain which drastically decreased the reactivity, yielding trace
amount of cyclized product even after 24 h (4g). This suggests
that structural rigidity is required for this reaction to proceed.
Another structural property of these substrates is the ester
functional group which could potentially undergo hydrolysis in
biological systems, limiting potential applications. Thus,
a more stable amide version of these compounds was synthe-
sized, and the expected cycloaddition proceeded in good yield
(4h, 85%). We realized that compound 4h could be presented as
the lactam (shown in Fig. 1) or its tautomer (2-hydroxyquino-
line). Such an equilibrium is known to be solvent dependent,
and both forms are found to have little energy difference
(~5 kecal mol™')."7® Therefore, we believe the equilibrium will
have no effect on applications that produce 4h as a product. For
substrates that did not give efficient cycloaddition, the corre-
sponding ester intermediates were isolated and characterized.

We then set out to understand how the intramolecular
cycloaddition would be affected by substitutions at the olefin
site. It has been demonstrated that for intermolecular tetrazine
reactions terminal olefins react more readily than non-strained
internal olefins.” We wondered if this rule would stand with
intramolecular tetrazine reactions. Thus, we tested the reac-
tivity of compounds 8-13 containing various CH;- substituents
on the olefin site and H- or CH;- on the tetrazine site
(Scheme 3). Among these, only intermediates 12 and 13
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Scheme 3 Methyl-decorated acryloyl substrates in cycloaddition.
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provided the cycloaddition products (69% and 51%, respec-
tively) with no over-oxidized pyridazine observed, and all of the
rest failed in cycloaddition. The E- and Z-isomers were found to
have negligible Gibbs free energy differences (AG;, = 20.8, AGy3
= 20.9 kcal mol ™) calculated at the M06-2X/6-311G(d) level.
Thus, the reactivity observed for 12/13 is due to the lack of steric
hindrance resulting from a H-substituted tetrazine.
Compounds 6-11 were stable enough to be isolated and char-
acterized without noticeable cyclizing even after 24 h. Clearly
the introduction of a methyl group on the olefin significantly
decreased the reactivity, especially when the tetrazine compo-
nent was also decorated with a methyl.

Photophysical properties of the cycloaddition products

Based on the results acquired thus far, we know that both
a sterically unhindered tetrazine and acryloyl group are
required for efficient cycloaddition. Any applications using this
chemistry will produce either 4a or 4h as products. Therefore,
the photophysical properties of these two novel heterocyclic
compounds were measured and compiled in Table 1. The
experiments were carried out in 1% DMSO and H,O at
a concentration of 50 uM. The maximum absorption wave-
lengths for 4a and 4h were 350 and 320 nm, respectively, which
are slightly blue shifted compared to their core coumarin and
1H-quinolin-2-one under the same conditions. The maximum
emission wavelengths for 4a (450 mn) and 4h (425 nm) resulted
in Stokes shifts of 100 and 105 nm, respectively. Furthermore,
4a showed an increase in quantum yield (¢ = 0.25) when
compared to the non-fluorescent coumarin while 4h showed
a 6.8-fold increase in quantum yield when compared to its
parent 1H-quinolin-2-one (¢ = 0.34 vs. 0.05). These results
suggest that the dihydropyridazine moiety fused at C3 and C4
has a positive effect on fluorescent intensity attributed to the
intramolecular charge transfer between the electron donor and
acceptor. The photostability of 4a and 4h was also tested by

Table 1 Photophysical properties of 4a and 4h in water (with 1%
DMSO)

Stokes shift
(nm) ¢

CCL
2o 367 NA 21.5 (at 367 nm)  NA NA

Coumarin

0._0O
A
4a HN~N/

Compound (nm) eM 'em™)

350 450 4320 (at 350 nm) 100 0.25
H
N._O
©/\j 325 375 7920 (at 325 nm) 50 0.05
1H-quinolin-2-one
H
N. _O
7 320 425 8333 (at320nm) 105 0.34
4h HN‘N/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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exciting both compounds with their corresponding absorption
wavelengths at 5 min intervals for 16 h (shown in Fig. S2t). Both
4a and 4h were found to be highly photostable with negligible
decrease in fluorescence intensity. Moreover, we measured their
fluorescence under different pHs (from 6 to 9) and again found
negligible changes, suggesting high pH stability as well
(Fig. S31).

Investigation of the reaction kinetics

Given the strong fluorescence of 4a and 4h, we envisioned that
the progress of the cycloaddition could be monitored by fluo-
rescence. To this end, we synthesized a model compound 15
(Fig. 2). 15 can be considered the precursor of the active cyclo-
addition substrate 16. In this study, 15 (100 uM) was saturated
with varying concentrations of NaOH (with 10% DMSO) to force
the elimination to generate 16. The formation of 4 h was
monitored by its fluorescence. It was anticipated that the total
tetrazine concentration would be present as 16 due to the
saturation conditions, resulting in a pseudo-first order reaction.
As shown in Figure 2, 4h was efficiently produced within 5
minutes with 0.1 M NaOH and within seconds with 1.0 M
NaOH, suggesting a rapid cycloaddition rate in aqueous
conditions. The overall second-order rate constant for this
reaction was determined to be 0.18 M~ "' s~ *. This experimental
rate constant was then used to model the overall reaction using
the complex pathway simulator (COPASI) software (version
4.20).*° From this model, the first-order rate constant for the
cycloaddition step (16 to 4 h) was calculated to be 0.64 & 0.019
s~ (Fig. s47).

To further understand the kinetics of the cycloaddition step
alone, we used density functional theory (DFT) calculations to
predict the Gibbs free energies of the intermediates and tran-
sition states in both the [4 + 2] Diels-Alder step and its subse-
quent retro-DA steps (Fig. 3). Starting from 16, the Gibbs free
energies (AG) for the intermediates (17 and 18), the transition

H O H
Y~ N—« N._O
NH ~
[NaOH] =
Ney e P
0 ‘N')\ HN‘N/
N. =
N
15 16 4h

0 T v v v r J
0 5 10 15 20 25 30

Time (min)

Fig. 2 Formation of 4h from 15 monitored by fluorescence.
Compound 15 (100 pM) was incubated in 10% DMSO and [NaOH] at
25 °C. Aem: 425 nm, Aex: 320 nm. (a) 1.0 M NaOH, (b) 0.1 M NaOH, (c)
0.01 M NaOH, (d) 0.001 M NaOH.
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AG
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-85.0
Solvent First-order rate constant (k4) Half life (t4,2)
H,0 415" 0.17s

Fig. 3 DFT calculations for the intramolecular cycloaddition of 16.
Calculations were done on SMD(H,O)/M06-2X/6-311G(d).

structures (TS1 and TS2), and the final product (4h) were
calculated at the M06-2X/6-311G(d) level using H,O as the
solvent. The AG of all structures after TS1 were found to be
substantially negative (AG = —14.9 to —85.0 kcal mol ') sug-
gesting a very exergonic reaction. The activation free energy
(AG* = 16.6 kcal mol*) for TS1 corresponded to a first-order
rate constant (k;) of 4.1 s~' computed from the Eyring transi-
tion state theory at room temperature.” This equated to a half-
life (¢,/,) for compound 16 of 0.17 seconds. This indicates a 6.4-
fold increase in the first-order rate constant when compared to
the experimentally calculated 0.64 4 0.019 s~ (in water with
10% DMSO). It is worth noting that the rate information shown
in Fig. 2 and 3 suggests that the cycloaddition should complete
rapidly while the reaction conditions in Fig. 1 show cycloaddi-
tion completion >1 hour. These results suggest a solvent
dependence on reaction rates. It can be explained by the
enhanced hydrophobic effect known to drastically increase
reaction rates of Diels-Alder reactions in aqueous media over
organic media by 200-5800 times.*” Thus, we believe this reac-
tion is suitable for bioorthogonal applications.

A ROS-triggered “release-then-click” system for MeSeOH
release

With these results, we envisioned that the formation of 4h-like
fluorescent products through a bioorthogonal process could
have some applications. To this end, we explored appropriate
precursors of tethered tetrazine-acrylamides and triggering
strategies to form this pair under biologically relevant condi-
tions. We expected that oxidative selenoxide formation and
elimination could be used for this purpose. Endogenously,
methylselenocysteine (MSC) is hypothesized to undergo selen-
oxide formation and elimination to produce dehydroalanine
(for pyruvate synthesis) in oxidative environments.* In this
process, methylselenenic acid (MeSeOH) is produced as a crit-
ical selenium metabolite because it is a precursor for methyl-
seleninic acid (MeSeO,H) and methylselenol (MeSeH); two

Chem. Sci., 2022, 13, 10336-10341 | 10339


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04331a

Open Access Atrticle. Published on 19 August 2022. Downloaded on 9/14/2022 8:07:10 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

compounds known for their chemo-preventative properties.>*>”
Though MeSeOH is hypothesized to play an important role in
biology, its true function is still unclear because it is too
unstable to study. Thus, the development of small molecule
donors that generate MeSeOH is needed to understand its
biological functions. Using the intra-molecular tetrazine cyclo-
addition discovered herein, we propose a ROS-triggered
“release-then-click” strategy that utilizes oxidative stress to
release MeSeOH and a fluorescent tracer. This strategy can
potentially slow down tumor progression as well as monitor the
release of MeSeOH through fluorescence imaging. As a proof-of-
concept, we synthesized a model tetrazine substrate (19) and
tested its reactivity under different oxidative environments. As
shown in Fig. 4, the oxidation of 19 should produce the selen-
oxide intermediate 20 followed by elimination and subsequent
tetrazine cycloaddition to form 4h.

We first tested the reaction viability and 4h progression over
time (monitored by fluorescence) with increasing H,O,
concentrations at rt in 10%DMSO/PBS buffer. Compound 19
(100 pM) was indeed activated by H,O, to yield the fluorescent
product 4h in quantitative yields within 1 h at excess H,O,
concentrations (50 and 100 mM). The second order rate
constant (k,) for this reaction was calculated to be 0.56 M~ ' s~
Compound 19 (100 pM) was also screened against various
oxidants at a more relevant concentration (200 uM) in the same
solvent conditions at 37 °C for 1 h. Under these conditions, 19
could be activated by H,0,, hypochlorite (HOCI), tert-butyl
hydroperoxide (¢-BuOOH), superoxide (O, ), and peroxynitrite

H
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Fig.4 Increasing [H,O,]: 19 (100 uM), (a) 100.0 mM H,0O,, (b) 50.0 mM
H>05 (c) 10.0 MM H,05, (d) 1.0 mM H,O, in 10% DMSO and 10 mM PBS
buffer (pH = 7.4) at 25 °C. Oxidant Screen: 19 (100 uM) and oxidant
(200 pM) in 10% DMSO and 10 mM PBS buffer (pH = 7.4) incubated at
37 °Cfor1h (+) Control: the positive controlis reported as the average
maximum intensities with pure compound 4h in 10% DMSO and
10.0 mM PBS buffer (pH = 7.4) incubated with each oxidant (200 uM)
individually at 37 °C for 1 h.
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100 pm

100 pm

Fig. 5 Fluorescent images of 4h release from 19 in Hela cells: (a and
b) cells were pre-treated with NAC (100 uM) and then treated with 19
(200 uM) for 1 h at 37 °C, (c and d) cells were treated with 19 for 1 h at
37 °C, (e and f) cells were treated with 19 for 1 h then washed and
treated with H,O, (200 pM) for 30 min at 37 °C, (g and h) cells were
treated with 19 for 1 h then washed and treated with HOCL (200 pM) for
30 min at 37 °C.

(ONOO™), with H,0, and HOCI being the most reactive triggers.
Nitric oxide (produced from sodium nitroprusside, SNP) did not
trigger the reaction and this is expectable because NO is known
as a weak oxidant compared to other ROS tested.”® The forma-
tion of MeSeOH in this process was proved by the observation of
its decomposition product dimethyl diselenide (MeSeSeMe).

Having confirmed that compound 19 could release 4h in
vitro in the presence of ROS, we wondered if this reaction could
take place in response to intracellular ROS. It is known that
there are elevated levels of ROS in cancer cells.?® Thus, HeLa
cells were used in our studies. As shown in Fig. 5, HeLa cells
pretreated with N-acetylcysteine (NAC) to quench intracellular
ROS**** showed almost no fluorescence when treated with 19 (a
and b), while cells not pretreated with NAC showed some fluo-
rescent enhancement (c and d) attributed to endogenous ROS
levels present in HeLa cells. This suggests that compounds like
19 can potentially detect endogenous ROS. When 200 pM H,O0,
(e and f) or HOCI (g and h) were added exogenously, dramatic
fluorescence enhancement was observed after a 30 min incu-
bation. These results suggest that the intramolecular tetrazine-
acryloyl cycloaddition does proceed in cellular media. As
a result, compounds like 19 have potential as ROS-triggered
fluorescent probes/MeSeOH donors. It is worth noting that 19
and 4h did not exhibit obvious cytotoxicity under concentra-
tions up to 300 uM after 24 h (Fig. S51).

Conclusions

In summary, an intramolecular tetrazine-olefin cycloaddition
between an acryloyl ester/amide and 1,2,4,5-tetrazine was
discovered. This reaction produced unique coumarin-like
heterocyclic products that showed strong fluorescence and
excellent photo- and pH-stability. This property can be used to
monitor the progress of the reaction. Structure reactivity rela-
tionship studies revealed that less sterically hindered tetrazines
and non-substituted acrylate/acrylamides worked the best. The
rate of cycloaddition was found to be solvent dependent and
was determined using experimental data with a kinetic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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modelling software (COPASI) as well as DFT calculations (k; =
0.64 + 0.019 and 4.1 s™', respectively). With these results,
a “release-then-click” strategy was developed using compound
19 for the ROS-triggered release of MeSeOH and 4h in cellular
media, suggesting that the rate of cycloaddition is suitable for
bioorthogonal applications. Further bioorthogonal applications
based on this intramolecular tetrazine-cycloaddition are under
investigation in our lab.
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