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An Extended Approach for the Development of
Fluorogenic trans-Cyclooctene–Tetrazine Cycloadditions
Sebastian J. Siegl, Juraj Galeta, Rastislav Dzijak, Arcadio V#zquez, Miguel Del R&o-Villanueva,
Martin Drač&nský, and Milan Vrabel*[a]

Inverse-electron-demand Diels–Alder (iEDDA) cycloaddition be-

tween 1,2,4,5-tetrazines and strained dienophiles belongs
among the most popular bioconjugation reactions. In addition

to its fast kinetics, this cycloaddition can be tailored to pro-
duce fluorescent products from non-fluorescent starting mate-

rials. Here we show that even the reaction intermediates

formed in iEDDA cycloaddition can lead to the formation of
new types of fluorophores. The influence of various substitu-

ents on their photophysical properties and the generality of
the approach with use of various trans-cyclooctene derivatives

were studied. Model bioimaging experiments demonstrate the
application potential of fluorogenic iEDDA cycloaddition.

Bioorthogonal reactions are a set of chemical transformations
that enable labeling and study of biomolecules under native

biological conditions.[1] The properties of these reactions in-
clude, among other beneficial factors, high degrees of selectivi-

ty, fast kinetics, formation of stable covalent products, and
compatibility with strict biological conditions. A number of

reactions featuring these attributes are currently available and

they have been developed into valuable tools in biology,
chemical biology, materials sciences, and biomedical re-

search.[2]

One especially useful property of bioorthogonal reactions is

fluorogenicity. This attribute is based on the production of flu-
orescent products from nonfluorescent starting materials, thus
providing a convenient means of detection through the pro-

duction of a fluorescent signal.[3] There are several ways in
which this can be achieved. One is based on quenching of
fluorescence through intramolecular energy transfer in bio-
orthogonal fluorophore conjugates. The subsequent reaction

provides products as different chemical species, and this leads

to restoration of the fluorescence of the attached fluorophore.

One prominent example of a class of reagents of this type is
that of 1,2,4,5-tetrazines.[4]

Another, comparably rare, example of a fluorogenic reaction
is based on the formation of a fluorophore as a result of reac-

tion between two non-fluorescent bioorthogonal reagents. An

example belonging to this class of fluorogenic reactions is the
formation of fluorescent pyrazolines through reaction between

nitrile imines and various dipolarophiles.[5]

We recently discovered that pyridinium 1,2,4-triazines con-

taining a push–pull substitution pattern also form fluorescent
products in reaction with strained trans-cyclooctenes (TCOs).[6]

In addition, we and others have reported that reactions be-

tween 1,2,4,5-tetrazines and particular dienophiles also lead to
fluorescent products without the need for attachment of an

extra fluorophore moiety.[7] Despite successful application of
this chemistry for bioimaging, we found that only the axially

substituted hydroxy trans-cyclooctene and azabicyclononene[8]

dienophiles afforded fluorescent dihydropyridazine products.

This limited scope of dienophiles suitable for fluorogenic label-

ing hampers broader utility of the methodology. An alternative
and more general approach is hence desirable. In continuation

of our work in this direction we show here that by using
1,2,4,5-tetrazines containing specific electron-donating sub-

stituents it is possible to extend the fluorogenic tetrazine cy-
cloaddition to other dienophiles. We have characterized the

photophysical properties of the reaction products and in this

sense evaluated the effects of various substituents on the
tetrazine core, as well as the influence of the TCO structure. In

addition, we show that the inherent fluorogenic nature of the
chemistry is also operative under biological conditions and can
be applied for bioimaging.

The first reaction step of inverse-electron-demand Diels–

Alder (iEDDA) cycloaddition between a 1,2,4,5-tetrazine and a
dienophile involves the formation of a tetraazabicyclic system,
which, after a retro-Diels–Alder reaction and extrusion of
molecular nitrogen, is transformed into a 4,5-dihydropyridazine
(Figure 1 A). This can further isomerize to the corresponding

1,4-dihydropyridazine through, for example, addition and elimi-
nation of a water molecule or alternatively through intramolec-

ular interaction with an appropriately placed heteroatom sub-
stituent on the TCO.[7b, 9] The initially formed 4,5-dihydropyrida-
zine heterocyclic core is a unique p-conjugated system formed

upon reaction between tetrazines and all TCO derivatives.
Therefore, we thought that it offers an exclusive opportunity

to be used for potential formation of fluorophores. Indeed,
during experimentation with various 1,2,4,5-tetrazines we
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Dr. M. Drač&nský, Dr. M. Vrabel
Institute of Organic Chemistry and Biochemistry of the
Czech Academy of Sciences
Flemingovo n#m. 2, 166 10, Prague (Czech Republic)
E-mail : vrabel@uochb.cas.cz

Supporting information and the ORCID identification numbers for the
authors of this article can be found under https ://doi.org/10.1002/
cbic.201800711.

T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons At-
tribution Non-Commercial License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited and
is not used for commercial purposes.

This article is part of the young researchers’ issue ChemBioTalents. To view
the complete issue, visit http://chembiochem.org/chembiotalents

ChemBioChem 2019, 20, 886 – 890 T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim886

CommunicationsDOI: 10.1002/cbic.201800711

http://orcid.org/0000-0001-9802-5174
http://orcid.org/0000-0001-9802-5174
http://orcid.org/0000-0001-9802-5174
http://orcid.org/0000-0002-7729-1825
http://orcid.org/0000-0002-7729-1825
http://orcid.org/0000-0003-1141-7736
http://orcid.org/0000-0003-1141-7736
http://orcid.org/0000-0001-5593-5434
http://orcid.org/0000-0001-5593-5434
http://orcid.org/0000-0002-4495-0070
http://orcid.org/0000-0002-4495-0070
http://orcid.org/0000-0001-6633-4351
http://orcid.org/0000-0001-6633-4351
https://doi.org/10.1002/cbic.201800711
https://doi.org/10.1002/cbic.201800711
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://chembiochem.org/chembiotalents


found that tetrazine derivative 1 a, bearing a p-dimethylamino
substituent, forms a fluorescent product when combined with

equatorially hydroxy-substituted TCO 2 a (eqTCO). As we have
previously reported,[7b] the same derivative leads to fluorescent

products, with different photophysical properties, upon re-
action with the corresponding axially hydroxy-substituted TCO
2 b (axTCO, Figure 1 B and C). We ascribed the formation of the

two different fluorescent species to the production of different
tautomers of the dihydropyridazine core (Figures S1 and S2 in
the Supporting Information). The structure of the central di-
hydropyridazine heterocycle thus influences the photophysical

properties of the products, enabling control over the outcome
of the reaction by simply changing the configuration of the

starting TCO. This interesting behavior prompted us to explore

the phenomenon in more detail.
We first synthesized a series of tetrazine derivatives by the

Heck cross-coupling methodology developed by Devaraj and
co-workers[4b] and measured the photophysical properties of

the products formed after reaction with eqTCO (Table 1).
The derivative formed from the tetrazine 1 b, bearing a me-

thoxy substituent, was found to be non-fluorescent. This indi-

cates that the weaker electron-donating ability of the methoxy
group is not sufficient to promote formation of the fluoro-

phore. On the other hand, the presence of a phenyl or thio-
phene moiety at position 6 in the tetrazine structure, in combi-

nation with a dimethylamino substituent (tetrazines 1 a and
1 c), led to the formation of fluorophores with higher fluores-

Figure 1. A) General mechanism of iEDDA cycloaddition between a 1,2,4,5-tetrazine and an alkene dienophile. B) Scheme showing formation of two different
products in the reactions between tetrazine 1 a and different TCO isomers. The dihydropyridazine core is highlighted in bold. For clarity only one regioisomer
of each product is shown. C) Absorption and emission spectra of products formed in the reactions between 1 a and 2 a or 2 b.

Table 1. Photophysical properties of 4,5-dihydropyridazine products.

labs/lem
[a] Stokes Ffl

[b] Intensity
R1 R2 [nm] shift [%] increase

[nm]

545/628 83 0.55 13-fold

295/– – – –

546/626 80 0.52 18-fold

546/626 80 0.45 10-fold

566/643 77 0.21 threefold

549/626 77 0.47 12-fold

[a] Absorption and emission maxima were measured in CH3CN/H2O 1:1.
[b] Relative fluorescence quantum yields were determined by using Nile
Red in methanol as standard.
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cence quantum yields. The enhancement of the fluorescence

signals after the iEDDA click cycloaddition reached 13- and 18-
fold for the phenyl- and the thiophene-substituted tetrazines,

respectively (Figures 2 and S3–S8, Tables 1 and S2).
A recent literature example prompted us to explore the pos-

sibility of introducing an azetidine moiety as an alternative
electron-donating substituent; this had been shown to im-

prove the photophysical properties of some xanthene dyes.[10]

We also varied the substituent on the other side of the tetra-
zine and introduced phenyl, thiophene, and pyridyl groups at

position 6. Surprisingly the iEDDA cycloaddition between the
pyridyl-substituted tetrazine 1 e and eqTCO provided only

modestly increased fluorescence (Table 1). Possibly, the pres-
ence of an electron-withdrawing substituent (pyridyl) at this

position is not beneficial for fluorescence generation and/or

other quenching mechanisms are responsible for the observed
lower fluorescence. By comparing the absorption and emission

maxima of all derivatives it can be concluded that none of
these substituents influence the absorption and emission

maxima to any great extent. Although the fluorescence quan-
tum yields of the fluorophores formed in the reactions are

rather low, their photophysical properties enabled successful

use in bioimaging application, as we show below.
An important aspect of bioconjugation reactions is the reac-

tivity of the reagents, which are usually used at low-micromo-
lar concentrations. Accordingly, we determined the second-
order rate constants of iEDDA cycloaddition between tetra-
zines 1 a–f and the eqTCO 2 a (Table S1). All of the tetrazines

reacted with this dienophile, displaying second-order rate con-

stants of approximately 7 m@1 s@1 in a 1:1 mixture of CH3CN and
H2O at room temperature. For purposes of comparison, we

also determined the second-order rate constants of cycloaddi-
tion between the same tetrazines and the axTCO 2 b. Our data

are in good agreement with previous observations in which
the equatorial isomer was found to react four to five times

more slowly than the corresponding axial isomer (Table S1).[11]

As mentioned above, the 4,5-dihydropyridazine system is an
intermediate in the iEDDA reaction. Depending on the TCO

structure and the environment (e.g. , presence of water), it can
further isomerize to the corresponding 1,4-dihydropyridazine

(Figure 1 A). This means that the fluorescence of the initially
formed 4,5-dihydropyridazine should decrease over time as the

tautomerization proceeds. This decrease in fluorescence is an

important factor for potential application in, for example, bio-
imaging. Consequently, we measured the decay in the fluores-

cent signal over time for tetrazine derivatives 1 c and 1 f (Fig-
ures 3, S9, and S10).

Our data show that the fluorescence of the click products
persists over hours with a half-life of about two hours, almost

completely disappearing within one day. Concomitant appear-

ance of the fluorescence of the newly formed 1,4-dihydropyri-
dazine tautomer was detected after this time period (Fig-

ures S9 and S10). In addition, formation of a small amount of
the fully oxidized pyridazine product was observed by HPLC-
MS analysis (Figure S1). This product can also partially contrib-
ute to the observed decay in the fluorescent signal. Although

Figure 2. Summary of A) absorption, and B) emission spectra of the products formed in the reactions between tetrazines 1 a–f and eqTCO.

Figure 3. The decay in fluorescence signals over time for the click products formed from eqTCO 2 a and tetrazines 1 c and 1 f.
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this enables only temporary labeling, the timescale is sufficient

for bioimaging applications (see below).
To study the scope of the fluorogenic reaction we tested a

series of TCOs[12]—2 c to 2 f—for their propensity to form fluo-

rescent products with tetrazines 1 c and 1 f (Figures 4, S11, and
S12, Tables 2, S3, and S4). We found that all TCOs tested gave

rise to the formation of fluorophores with similar photophysi-

cal properties to those observed with the eqTCO 2 a. The only
exception was the dioxolane-fused TCO 2 f, which provided a
less pronounced fluorescence enhancement of only sixfold.
The absorption and emission maxima of all derivatives were

similar, being centered around 550 nm and 630 nm, respective-
ly. These data demonstrate that the formation of 4,5-dihydro-

pyridazines in cycloadditions between tetrazines and TCOs can
be considered a more general approach for the development
of fluorogenic reactions based on this type of chemistry.

We next performed a series of experiments to test whether
we could apply these fluorogenic reactions for bioimaging. We

first prepared triphenylphosphonium-functionalized TCO (TPP-
TCO). The TPP moiety is known to target various cargoes to

mitochondria[13] and thus enables organelle-specific intracellu-

lar labeling. We incubated live HeLa cells with 5 mm TPP-TCO
for 15 min, then washed the cells to remove any excess of the

probe, and finally added 5 mm tetrazine 1 c to initiate the fluo-

rogenic reaction. We observed the formation of a marked fluo-
rescence signal inside the cells after only 5 min incubation,

thus indicating good cell permeability of probe 1 c and con-
firming successful reaction. Co-staining with commercially

available mitochondrion-specific MitoTracker Deep Red dye
further confirmed specific labeling of this organelle (Figures 5 A

and S13). The fluorescent signal was still detectable even after

2 h, in good agreement with our previous time-lapse fluores-
cence-decay experiments.

Figure 4. Fluorescence enhancement of the reaction between tetrazines 1 c/1 f and different TCOs.

Table 2. Absorption and emission maxima [nm] and fluorescence en-
hancement of the products formed in reaction of 1 c/1 f with different
TCOs.

Tetrazine

1 c 547/627 550/627 547/631 558/638
Fl. intensity increase 13-fold 14-fold 11-fold sixfold
1 f 550/627 550/627 550/631 551/631
Fl. intensity increase ninefold ninefold eightfold fourfold

Figure 5. Confocal microscope images from fluorogenic live cell labeling.
A) Live HeLa cells were incubated with the mitochondrion-selective TPP-TCO
probe followed by incubation with 1 c. Mitochondrial labeling was con-
firmed by co-staining with Mitotracker Deep Red. B) Labeling of glycoconju-
gates with ConA-TCO and 1 c. Excitation for the click product : l = 561 nm
(intensity 50 %). Emission was collected in the l = 568–620 nm window. Mi-
toTracker Deep Red and DRAQ5 were excited with a l = 633 nm laser, inten-
sity 20 % and 25 %, respectively. Emission was collected in the l = 643–
703 nm window. Scale bar : 10 mm.
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To examine the potential of the fluorogenic reaction for bio-
imaging further, we also conjugated the TCO moiety to conca-

navalin A (ConA-TCO). Concanavalin A is a lectin with high spe-
cificity for a-d-mannose- and a-d-glucose-containing glycocon-

jugates.[14] After incubation of live HeLa cells with ConA-TCO
and addition of tetrazine 1 c, specific cell membrane labeling

was observed by confocal fluorescence microscopy, whereas
cells treated only with ConA-TCO were not fluorescent (Fig-
ures 5 B and S14). These experiments demonstrate that the flu-

orogenic nature of the cycloaddition is well preserved under
biological conditions and can be used for intracellular labeling

as well as for fluorescent labeling of cell membrane compart-
ments.

In conclusion, we have shown that the 4,5-dihydropyridazine
reaction intermediate is a unique structural motif that can be

utilized for the formation of fluorescent products in iEDDA cy-
cloaddition between 1,2,4,5-tetrazines and trans-cyclooctenes.
Tetrazines containing electron-donating dimethylamino or aze-
tidine groups form fluorescent products upon treatment with
various TCOs. The fluorogenic nature of the cycloaddition ena-

bles application for bioimaging, as we have shown by fluoro-
genic labeling of intracellular compartments and cell mem-

brane glycoconjugates.
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