Published on 03 June 2021. Downloaded on 3/12/2026 4:14:46 PM.

ORGANIC CHEMISTRY
FRONTIERS

REVIEW

’ '.) Check for updates ’

Cite this: Org. Chem. Front., 2021, 8,
5182

ofalcly SHINEZE ™ ROVAL SOCIETY
ddl CHEMICAL
=Y SOCIETY PN OF CHEMISTRY

View Article Online

View Journal | View Issue

1,2,4,5-Tetrazine derivatives as components and
precursors of photo- and electroactive materials
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Extensive research on the synthesis and application of tetrazine derivatives for electronic devices, lumi-
nescent elements, photoelectric conversion elements, and image sensors has been published recently.
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Introduction

Since the discovery of 1,2,4,5-tetrazines (s-tetrazines)" and over
the whole past century, around 300 publications describing
s-tetrazine syntheses have been published. Only in the last
four decades the properties and applications of various 1,2,4,5-
tetrazines derivatives have gained much interest from
researcher groups in various fields.>*® The most important
synthetic application of s-tetrazines is associated with their
ability to participate as dienes in the inverse electron demand
(ID) Diels-Alder cycloaddition reactions to afford multi-substi-
tuted pyridazines.>*® Saracoglu® demonstrated such reactions
to be successfully used for the convenient preparation of
natural products, bioactive compounds, high energy materials,
building blocks, and other heterocyclic compounds. Shawali
et al. collected and analysed the literature data on synthesis,
biological activity and industrial applications of a wide range
of annelated 1,2,4,5-tetrazines, from bicyclo- to heptacyclo
ones, for the period from 1981 to 2000.° Additionally, the
application of s-tetrazines as dienes in biorthogonal cyclo-
addition reactions for their rapid bioconjugation to various
molecules was described.™ Finally, the data on the biological
activity of s-tetrazines as well as their bi-, tetra- and hexahydro-
derivatives were collected in two book chapters by
Neunhoeffer'® and Sauer.'® The application of s-tetrazines for
the creation of (in)organic functional materials/fluorophores
was highlighted in many publications. Thus, in coordination
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This review covers reported data on the modern trends in the design of functionalized tetrazines obtained
within the period 2010-2020. Aryl(heteroaryl) and arylvinyl derivatives of tetrazines and their photo-
luminescence and application for fluorogenic probes are discussed. Examples of photosensitive oligo-
mers and polymer 3,6-dithienyltetrazines are reviewed.

chemistry many s-tetrazines have been reported as ligands for
metal complexes.””’” Among various heterocycles, great poten-
tial of s-tetrazine-based push-pull systems for designing oligo-
mers and optoelectronic materials was highlighted in a recent
review article;' however, among various heterocycles, s-tetra-
zine-based molecules were presented very briefly. Early examples
of photophysical properties of s-tetrazines were presented by
Neugebauer,'*"* and a summary of photophysical properties of
3,6-diaryl(heteroaryl)-1,2,4,5-tetrazines ~ was  presented by
Audebert et al.® All the authors noted such unique properties of
s-tetrazines as their deep colour from purple to red in a visible
spectrum region (due to the weak n-r*-transitions), as well as
fluorescence emission with maxima A.,, = 550 to 590 nm and
quantum yield @' = 2 x 107 to 0.40, which, however, depends
strongly on the nature of substituents in the tetrazine core.

Among the so far reported stable six-membered cyclic
azines, s-tetrazines are the electron-poorest ones with a stron-
gest electron attractor, s-tetrazine ring, and the applications of
these heterocycles in the NLO field are highly expected. In
addition, the fluorescence of s-tetrazines can be quenched in
the presence of various electron donors and s-tetrazines can be
reversibly reduced to the radical anions.

In the current review, we wish to analyse the reported over
the past decade articles on new or improved synthetic
approaches to symmetrical and unsymmetric 3,6-disubstituted-
1,2,4,5-tetrazine systems, as well as oligo- and polymers based
on 3,6-dithienyl-1,2,4,5-tetrazines, and the photophysical and
electrochemical properties of such systems, as well as some
important fields of their practical applications. The review con-
sists of three main chapters: synthesis and photophysical pro-
perties of 3,6-di(het)aryl-1,2,4,5-tetrazines, synthesis and photo-
physical properties of alkenyl-substituted 1,2,4,5-tetrazines and,
finally, synthesis and photophysical/photovoltaic properties of
3,6-dithienyl-1,2,4,5-tetrazine-based oligomers and polymers.
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Synthesis and photophysical
properties of 3,6-diaryl(heteroaryl)
tetrazines

Some developed synthetic approaches to 3,6-diaryl(heteroaryl)
tetrazines were summarized by Audebert et al.’ Pinner syn-
thesis proved to be the most common method, and 3,6-diphe-
nyl-tetrazine (2) was obtained from hydrazine and benzonitrile
and the following mild oxidation (Scheme 1)." Further modifi-
cation of this approach with the involvement of sulfur-contain-
ing intermediates, performed by Abdel et al, led to dihydro-
tetrazines 3 in high yields (76-94%) (Scheme 2).'® The above-
mentioned method proved its effectiveness when aromatic
nitriles were involved, whereas it proved to be ineffective in the
case of aliphatic nitriles, and the proposed mechanism of the
process was presented by Audebert et al.'’

A more common approach to both symmetric and unsym-
metric 3,6-diaryl(heteroaryl)tetrazines was based on nucleophi-
lic ipso-substitution reactions in s-tetrazines 4 (Scheme 3).°

Initially, bis(thiomethyl)tetrazine was used as the starting
reagent.”® However, later the convenient approach to 3,6-bis
(3,5-dimethyl-1H-pyrazol-1-yl)-s-tetrazine 8 starting from hydra-
zine and guanidine was developed, and the process included
the oxidation step of dihydrotetrazine intermediate 7.>! In the
frames of further research,”®>® the two-step conversion of
derivative 8 into 3,6-dichloro-s-tetrazine 10 was realised in up
to 80% total yield (Scheme 4).

Incorporation of symmetric tetrazines 8 and 10 into the
reaction with a wide range of nucleophiles allowed obtaining a
huge amount of novel functionalized s-tetrazines. It was
shown that nucleophilic mono-substitution proceeds easily at

H,NNH, HN_N\ Ox N-N
Ph-CN —2—2 Ph—( “H—Ph —= Ph— “H—Ph
N-NH =

1 2

Scheme 1 Synthesis of 3,6-diphenyl-s-tetrazine 2.

C,HsOH HN-N
A-CN + HpNNH, + § 2 Ar—(  D—Ar
reflux N—NH

3

Scheme 2 Modification of the Pinner approach.

Scheme 3 Nucleophilic substitution in the synthesis of tetrazines.
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Scheme 4 Synthesis of 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-s-tetra-
zine 8 and 3,6-dichloro-s-tetrazine 10.

room temperature, whereas further di-substitution requires
harsh conditions and/or hard nucleophiles, for example, the
participation of anionic nucleophiles. In particular, the reac-
tion of 3-chloro-6-(pyrrolidin-1-yl)-s-tetrazine 11 with lithium
alkynes leading to the formation of new derivatives 12 pro-
ceeded successfully with acetylenes bearing electron donor
aryl substituents (Scheme 5).°

Palladium-catalysed cross-coupling reactions are not quite
common in s-tetrazines due to the strong electron deficient
nature of the 1,2,4,5-tetrazine cycle. However, upon the intro-
duction of electron-donating substituents, such as dimethyl-
amine, pyrrolidine, morpholine, etc. in the tetrazine cycle, the
second substituent, such as chlorine or thiomethyl, can be
substituted with aryl or heteryl residues via cross-coupling
reactions under the common Sonogashira, Negishi or Suzuki
conditions®***> as well as by Ag-mediated Pd-catalyzed
Liebeskind-Srogl coupling®® (Scheme 6).

N—-N N—-N
CN—( S—al E)N—</ S=—ar
N=N THF N=N
11 12
Ar = phenyl, 4-(trifluoromethyl)phenyl, 3,5-difluorophenyl, 2-thienyl

Scheme 5 Interaction of 3-(pyrrolidine-1-yl)-6-chloro-1,2,4,5-tetra-
zine 11 with lithium alkynes.
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Scheme 6 Suzuki and Sonogashira cross-coupling reactions in chloro-
and thiomethyl-substituted tetrazines 13, 15.
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The growing application potential of substituted s-tetra-
zines in various fields requires the development of new
approaches. In particular, the synthesis of 3,6-disubstituted
1,2,4,5-tetrazines 19 was developed starting from well-available
hydrazones 17 in the presence of [hydroxyl(tosyloxy)iodo]
benzene (HTIB) (Scheme 7).*” At the first stage, 1,4-dihydrote-
trazines 18 formed under mild conditions, while the following
de-tosilation/aromatization was carried out by using tetrabutyl
ammonium fluoride (TBAF) under reflux in THF. Reaction
yields at the first stage were 38-96% and at the second stage
were 85-98% except for o-bromoderivatives. The method toler-
ates a wide scope of substrates to result in a wide variation of
substituents at the positions of C3 and C6 in the 1,2,4,5-
tetrazines.

Audebert et al. recently reported an easy and effective
approach to 3-monosubstituted unsymmetric 1,2,4,5-tetrazines
20-23 (Scheme 8).%® Thus, mono-substituted 1,2,4,5-tetrazines
were obtained in yields up to 75% under mild conditions start-
ing from alkyl(aryl)nitriles and dichloromethane (DCM). When
1,4-dicyanobenzene was used as the nitrile component, both
cyano groups were converted sequentially into 1,2,4,5-tetrazine
cycles. It should be noted that the approach presented in
Scheme 8 demonstrates a very first example of using DCM as a
reagent for the synthesis of 1,2,4,5-tetrazines and, according to
the authors, this solvent provided its good reactivity and
selectivity. The mechanism of this process as well as the eluci-
dation of the role of DCM in the formation of the 1,2,4,5-tetra-
zine cycle was studied using '*C-labeled DCM. Additionally,
optical and electrochemical properties of tetrazines 20 were

Ts

H HTIB, pyridine N’NYR TBAF NS
RN e AN T e g AL
CH,Cl,, 0°C RN’ rellux RSN

Ts

T a

- ~ L

Scheme 7 Synthesis of tetrazines 19 from hydrazones 17.
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Scheme 8 DCM as a reagent in the synthesis of tetrazines 20-23.
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studied, and as it was expected, all the obtained tetrazines 20
have intensive absorption maxima in the visible region (A,ps
~535 nm). However, only low-intensive fluorescence (lem
575-595 nm) was observed.

Mao et al®* noted that the abovementioned reaction
requires prolonged microwave irradiation, and this limits its
applicability for the synthesis of 1,2,4,5-tetrazines, especially
on a large scale. The authors also reported an organocatalytic-
based approach to unsymmetric 1,2,4,5-tetrazines based on
the commercially available nitriles with various functional
groups, and these nitriles can be smoothly activated in the
presence of thiol-containing catalysts (L-cysteine, 1,3-propan-
dithiol, 2-aminoethanthiol, thioglycolic acid, and N-acetyl-L-
cysteine). By the optimization of reaction conditions, the
authors found that in the presence of 3-mercaptopropionic
acid the higher yields of target tetrazines were observed. Thus,
the reaction between two different nitriles and hydrazine
hydrate in ethanol in the presence of this acid at room temp-
erature led to a wide range of unsymmetric tetrazines 24 in up
to 71% yields (Scheme 9).

The authors highlighted that the proposed approach is
mild, economical, and compatible with water and does not
require dangerous reagents, harsh reaction conditions or soph-
isticated equipment; moreover, it allows scaling, and, thus, it
is suitable for the most chemical and biochemical labora-
tories. Unfortunately, the properties of the obtained 1,2,4,5-tet-
razines were not studied.

Suzuki cross-coupling in chloro/S-alkyl substituted s-tetra-
zines is another convenient approach for the preparation of
unsymmetrically substituted ones. For instance, tetrazines 26
were obtained by Leconte et al. and Bender et al. via the
Suzuki cross-coupling protocol using an expanded range of
N-alkyl substituted chloro-tetrazines 25 and aryl(heteroaryl)
boronic acids (Scheme 10).>**" Notably, the highest yield was
achieved in the reaction of 25 (R = NHCH,CH,CH,CHj;) with
phenylboronic acid. Products 26 bearing a wide range of aryl/
heteryl residues were obtained in the yields up to 89%.
According to the authors, the method is promising for the syn-
thesis of new tetrazine derivatives with applications in medical
chemistry and materials science.

" s~ ~~COOH
NH,NH,.H,0, RT, EtOH

N-N
RICN + RZCN R—C H—R?
N=N

2) NaNO,, H,0, HCI

X 24
—
R= @ © E%S E{NBOC

X = Br, F, CO,H, CH,CO,H,
COyH
BocHN

R2= Me, CH,CO,H, (CH,),0H, (CH,),NH,, (CH,),NHBoc,
(CH2),0(CH,),0H, CH,(CH,0)3CH,N3.

Scheme 9 Synthesis of unsymmetric tetrazines 24.
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Scheme 10 Suzuki cross-coupling reaction in the synthesis of
3-amino-6-aryl(heteroaryl)-1,2,4,5-tetrazines 26.

In another work,*® several S-alkyltetrazines 27 were sub-
jected to react with arylboronic acids. It was found that biphe-
nyl-substituted tetrazine 27a was the most effective in this reac-
tion, and a series of desired products 28 was obtained in yields
up to 94% (Scheme 11). This approach represents the first
example of the Ag-mediated Suzuki cross-coupling reaction.
The reaction proceeded under mild conditions and allows
introducing the 6-methyltetrazin-3-yl group in a wide range of
aromatic and heterocyclic molecules.

Fox et al.®* noted that this cross-coupling method is not
limited to 6-methyltetrazines. 3-(Methylthio)-6-phenyltetrazine
29 also reacted successfully with arylboronic acids with the
yields comparable to the ones observed for the compound 27a
(Scheme 12).

In a similar manner, the Suzuki cross-coupling reaction
between tetrazine 27a and BODIPY-appended phenylboronic
acid 31 afforded BODIPY-n-tetrazine conjugate 32 in 78% yield
(Scheme 13). It is worth mentioning that this product was
reported earlier®® as an “ultra-bright” bioorthogonal probe for
fluorogenic bio-visualisation in living cells; however, it was iso-
lated only in 8% yield.

SAr
Ph MeO.
NN
N\fN
Me
27 X= Ph (a), OMe (b), But (c),
w O e
N-N N-N
PdCl,(dppf
s—¢ Vme —oCHPR) g ¢ Y me
N=N Ag,0, DMF, 60 °C N=N

GEREPT

X = 4-Bu", 4-Cl, 4-CF3, 4-CH,NHBoc, 3-NHBoc, 4-CH,0H, 2-Me, 4-OMe, 2-OMe,
3-NO,, 4-S0,Me,3-CN, 3-SCH,Ph, 4-COH, 4-COOMe, 4-COPh, 4-NPh,,
4-morpholin-1-yl, 4-(1,2,3-triazol-2-yl), 4-(1-metylimidazol-2-yl),
4-CH,C(NHBoc)COOBuU!

Scheme 11 Participation of 3-arylthiomethyl-6-methyltetrazines 27 in
the Suzuki cross-coupling reaction.
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Scheme 12 Participation of 3-methylthio-6-phenyltetrazine 29 in the
Suzuki cross-coupling reaction.
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Scheme 13 Synthesis of BODIPY-tetrazine conjugate 32.
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Scheme 14 ortho-Halogenation of 3,6-diphenyl-s-tetrazine 2.

Direct TM-catalysed C-H functionalisation of aryl-1,2,4,5-
tetrazines was also reported, and in this approach N-atoms act
as directing groups.**~*° Thus, palladium-catalysed ortho-halo-
genation of C3 and C6 phenyl substituents in 3,6-diphenyl-
tetrazine 2 was reported by Hierso et al. (Scheme 14).>* After the
optimization of the reaction conditions, mono- and tetrahalo-
genated 1,2,4,5-tetrazines 33-36 were synthesized. Different
palladium salts were applied, and it was shown that microwave
irradiation during the fluorination process significantly
reduces the reaction time. Notably, these halogenated tetrazine
derivatives represent useful precursors for further structure
modification. For example, Hierso et al. converted tetrabromo-
derivative 34a into tetraaryl and tetra(3-thienyl) derivatives
through the Suzuki-Miyaura cross-coupling process; the
obtained heptaaryls are of great value for further construction
of electron-poor, nonplanar phenyl-substituted benzenes,
which are complementary to graphene-like fully planar build-
ing blocks in materials science.?”

A general approach to the synthesis of ortho-halogen substi-
tuted unsymmetric biphenyl and polyaromatic s-tetrazines was
reported later by the same research group.?> The authors used
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multiple universal Pd-catalysed activation and halogenation of
C-H bonds in the phenyl substituent in 1,2,4,5-tetrazine to
form C-X bonds (X = I, Br, Cl, F) and to create polyhalogenated
unsymmetrically substituted building blocks. Conditions for
the accelerating halogenation reaction of aromatic substituents
were found by using microwave irradiation. As a result, diverse
bi-, tri- and tetra-halogenated aryl-substituted tetrazines
bearing different halogen atoms in aryl substituents were
obtained, including tetrazine 37 bearing four different halogen
atoms (Scheme 15). The synthesized polyhalogenated deriva-
tives can then be used further in the controlled cross-coupling
reactions to perform ortho-substitution in the aromatic substi-
tuent polycyclic s-tetrazines. Finally, to create new T-shaped
(38a) and Z-shaped (38b) tetrazines Hierso et al. used the
halogen-selective Suzuki-Miyaura reaction of halogen-functio-
nalized tetrazines 37 (Scheme 15). The same scientific group
designed bis-tetrazines 39 by oxidative homocoupling of
o-bromo-s-aryltetrazines.*®

An effective and selective C-H amidation of s-tetrazines in
the presence of the iridium(m) catalyst was reported.*® At first,
the reaction conditions were optimized for the reaction of
3-methyl-6-phenyltetrazine 40 with tosylazide. After that, the
optimized synthetic protocol process was applied for the
diverse sulfonylazides 41, and ortho-disubstituted phenyl
moiety tetrazines 42 were obtained in 56-96% yields
(Scheme 16). It was observed that mono-substituted tetrazines
can be also obtained at lower temperatures. The main features
of reaction are the diversity of substrates, tolerance to various

HY EE\ “H? r ; ~cl
N )

NN NN
N /N N __N
" 3 polyhalogenatlon F
2
R R =
N NS \ /

X N=N

W

X =H,Cl, F; N-N
X'=H, F X!

38a (T-shaped) 38b (Z- shaped

Scheme 15 The design of biphenyl tetrazines 38 with T-shaped and
Z-shaped structure and bis-tetrazines 39.

)M\e o [IrCp'Cly )M\e
NTSN Ry AgNTf, NTSN
Ul U + -S—N; ———
NN be) AgTFA, DCE NN
100°C,3h  RO,SHN NHSO,R
40 41 42

Scheme 16 Selective C—H amidation of s-tetrazines.
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groups, atmosphere, and moisture, as well as an easy scaling
up of the process. Some examples demonstrated that tri- and
tetra-functionalised building blocks can be obtained quickly.

Along with the development of approaches for the synthesis
of new s-tetrazine derivatives, theoretical and experimental
studies of the photophysical and electrochemical properties of
3,6-disubstituted 1,2,4,5-tetrazines are in progress. Thus, the
influence of the nature of the substituents on the Red-Ox,
spectral and structural characteristic properties of symmetric
conjugated aryl- and dithienyl-substituted 1,2,4,5-tetrazines 43
bearing three to five units (Fig. 1) was studied.*® In this study,
tricyclic tetrazines were synthesized in high yield by using the
Pinner reaction with diethyl azodicarboxylate as an oxidizing
agent. Tetrazines 43e-g with five heterocyclic units were pre-
pared by Stille or Suzuki cross-coupling reactions using
dibromo-substituted tetrazine precursor 43b.

In UV-spectra tetrazines 2 and 43a-d exhibited low-intensity
longest-wavelength (first) absorption maxima at 531-547 nm,
and for the compounds 43e-g, they appear only in the form of
a shoulder. Substitution of the phenyl moiety with a thienyl
one (switching from compound 2 to compound 43b) led to a
hypsochromic shift of the long-wave absorption maximum by
16 nm, while upon the replacement of the phenyl derivative by
the 4-pyridinyl-substituted one the position of an absorption
band practically did not change (Amax = 547 nm for 2, Apax =
545 nm for 43a). Pron et al>° noted that according to the
quantum-chemical calculations, the first band corresponds to
n—-n* transition for the 1,2,4,5-tetrazines 2 and 43a, and to n—n*
transition for other compounds (43b-g). All derivatives were
studied by cyclic voltammetry (CV), and experimental LUMO
energy values proved to be comparable with theoretically calcu-
lated ones. The single crystal X-ray data for the five cycles con-
taining tetrazine 43e were collected. It was shown that 43e crys-
tallises in the P21/s spatial group, and for this reason the struc-
tural arrangement is not favourable for the effective charge
transfer inside the crystal. A powder diffraction study for other
derivatives showed that their structural organisation is sensi-
tive to the position of the substituents.

In another work?® the dynamics of the excited state of tetra-
zines 2, 43b and 43h (Fig. 1) was investigated. It was shown
that in the most cases the emission from the S,, level is more
intense than from the S; level. Under the excitation of 3,6-
diphenyltetrazine 2 at its first absorption maximum (dexc
~550 nm), weak fluorescence was observed with emission

Het/Ar—</ \)—Ar/Het

z, 43

2: Ar = Ph; CgHiz

43: Ar/Het = ] (@), O\(b) / (©), /@\CeHw(d)’

CsH13 C8H17 OMe

Fig. 1 Symmetrically conjugated diaryl- and dithienyl s-tetrazines.
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maximum at 600-750 nm (@5 ~1.5 x 10~* in cyclohexane). For
molecules 43b and 43h the fluorescence quantum yield was
significantly higher (in cyclohexane, & ~1.3 x 10~° for 43h
and @&; ~5.9 x 10* for 43b). Time resolved fluorescence and
femtosecond transient absorption data led to the conclusion
that from the S, state molecules can undergo either internal
conversion to the S; state or direct emission to the ground
state. Relaxation from S, to S; represents a rather slow process
(time constant ~20 ps for 43h and ~30 ps for 43b).

Incorporation of naphthalenimide fragments into the struc-
ture of 3,6-bis(ethynyl)tetrazine 43b using the Pd-catalysed
Stille cross-coupling reaction led to the formation of donor-
acceptor-donor (D-A-D) tetrazine 46 (Scheme 17).*' For the
compound 46, a low-energy band maximum at 454 nm in the
absorption spectrum was observed, and this band underwent
up to a 75 nm bathochromic shift at the transition from the
solution to the films. These films were obtained from the solu-
tions of dithienyltetrazine 46 in dioxane, 1,1,1,2-tetrachloro-
ethane, 1,2-dichlorobenzene or mesitylene/tetralin (1/1)
mixture. The films of tetrazines 46 were used for the fabrica-
tion of organic field transistors (OFETs) with spin covering.
The observed electronic mobility of the transistor was up to
0.15 cm® V! 57, and for the inkjet-printed OFETs obtained
on flexible plastic substrates the electronic mobility reached
0.15cm*> V57!

1,2,4,5-Tetrazines 48-50 with the A-D-A structure, contain-
ing phenothiazine, 2,7-carbazole or 2,6-benzo[1,2-b:4,5-b']-
dithiophene fragments as donors, were reported.*”> All these
derivatives were prepared from bromotetrazine 47 by means of
the Suzuki reaction in the case of compounds 48 and 49 and
the Stille reaction for compound 50 (Scheme 18). It was shown
that central donor fragments with different conformations and
planarity affect mainly the optical, electrochemical, and solid-
state properties of 48-50. It is important that the planarity
increases in the following order: phenothiazine < 2,7-carbazole
< 2,6-benzo[1,2-b:4,5-b'|dithiophene.

Compounds 48-50 are thermally stable to 270 °C. Their
absorption spectra are widened with maxima at 488-553 nm in
chloroform solution and at 536-643 nm in thin films. For all
the compounds the band gap values obtained from the spec-
tral and CV data are comparable and lie within 1.75-2.31 eV.
To study the photovoltaic properties of derivatives 48-50, bulk
heterojunction photovoltaic devices were created with a film
obtained from solutions of compounds 48-50 and [6.6]-
phenyl-C61-butyric acid methyl ester (PCs;BM) as an active

CeHis

O
oLN
CsH13
Pd(PPhy), CeH oe
SnBug N-N Br Pd(PPRs)y o o N-N s
Oe IR RS s gt Ly B
N N st s” N=N 0”7 N0
90 min OO CeHia
csH13
° 46
o
44 CeHia

Scheme 17 Synthesis of bis(thienyl)tetrazine 46 bearing naphthaleni-
mide fragments.
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Scheme 18 Synthesis of conjugated tetrazine derivatives 48—-50 with
different planarity of the central donor fragments. Reagents and con-
ditions: i: 10-hexyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-10H-phenothiazine, Pd(PPhs),, toluene; ii: 9-(heptadecan-9-yl)-2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole, Pd
(PPh3z),, toluene; iii. (4,8-bis(dodecyloxy)benzoll,2-b:4,5-b'ldithio-
phene-2,6-diyl)bis(trimethylstannane), Pd(PPhs),, toluene.

layer. The component ratio as well as films thickness was
varied. The best performance was obtained for the film con-
taining derivative 50 due to its higher coplanarity, highest
effect of intramolecular charge transfer (ICT) and excellent
crystallinity. All devices showed different performances, and
the values of power conversion efficiency (PCE) were changing
from 0.1% (with compound 48) to 0.005% (with 49) and 0.78%
(with 50). Based on all mentioned above the device based on
higher coplanar molecules (50) exhibited the best photovoltaic
performance.

Several series of new unsymmetric 3,6-disubstituted-1,2,4,5-
tetrazines 51-53 (Fig. 2) were synthesized and investigated by
Li et al.*® These compounds were obtained in 71-85% yield by
the reaction of one or two different aromatic nitriles with
hydrazine hydrate in the presence of sulphur in ethanol upon
heating.

For all the compounds the absorption maxima are located
at 317-346 nm. Experimental and theoretical studies of the
spectral properties have shown that among all tetrazines
studied the only derivatives 51a-c, 52a-c and 56b could be
considered as donor-acceptor systems with an efficient intra-
molecular charge transfer from methoxyphenyl or aminophe-
nyl donor moieties to pyridyl or aryl acceptor ones. As a result,
these tetrazines exhibited intense fluorescence in a visible
region with emission maxima at 396-441 nm and the
quantum yields ranging from 0.22 to 0.67. The electrochemical

51a-c 52a C
R= 2-Py (a), 3-Py (b), 4-Py (c) R= Me (a), Cl (b), Br (c)

>< >R’
53

R= 2-Py, 3-Py, 4-Py

= Me, Cl, Br
54 55 56ab

R= OMe (a), NH, (b)

Fig. 2 Chemical structure of tetrazine derivatives 51-56.
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behaviour of synthesized tetrazines demonstrates their com-
plete charge reversibility. The effect of pyridinyl substituents
on CV characteristics was shown on the example of com-
pounds 51a-c. Thus, 4-pyridyl tetrazine 51c possesses the
highest reduction potential (0.314 V) and half-wave potential
(0.355 V), whereas its 3-pyridyl counterpart 51b exhibits the
lowest ones (Ep. = 0.235 V, Ey;, = 0.283 V) (Fig. 3). According to
the authors,”® tetrazines 51, 52, and 56 are promising
materials for application in organic materials, due to their
high electrochemical energy storage capacity and good electro-
catalytic reduction effects.

Fernandez-Gomez et al. reported that 3,5-bis(3,5-dicyano-
phenyl)-1,2,4,5-tetrazine exhibits more suitable electron injec-
tion properties, whereas its fluorinated and brominated
counterparts followed by the halogenated derivatives show
efficient electron transport properties.**

Several D-A-D type systems containing triphenylamine (TPA)
as an electron donor group and an electron acceptor tetrazine
ring bound through a n-conjugated linker were reported.***°
Thus, new electroactive bichromophores 57-60 (Fig. 4) with a

00038 =5la
00030 51b
00025 — 5l¢
0.00201
0.0015]
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00005

A

.0005
00010
00015
000201
©.0028 |
01 0.2 03 04 0s
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Fig. 3 Cyclic voltammetry (CV) curves for compounds 5la-c, the
obtained samples in 2 M KOH electrolyte versus SCE at a scan rate of
20 mV s}, the voltage window ranged from 0.0-0.5 V. Adapted from
ref. 43 with permission from The Royal Society of Chemistry.
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Fig. 4 Chemical structure of methoxy and chloro tetrazine derivatives
57-60.
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3-methoxy or 3-chlorotetrazine moiety connected to a triaryl-
amine one via simple linkers were prepared in 16-87% yields by
using the nucleophilic substitution reaction in 3,6-dichlorotetra-
zine under the action of oxy- or oxime-containing triarylamines.

A study of the electrochemical and photophysical properties
of derivatives 57 and 58, bearing an oxygen atom as a linker,
showed that these compounds practically do not emit in a
neutral state (in dichloromethane solution the photo-
luminescence quantum yield value was significantly lower
than 107°).*> The quenching of fluorescence in these mole-
cules is associated with chromophore proximity and photo-
induced electron transfer from triphenylamine to tetrazine.
However, the chemical oxidation of TPA into cation-radicals
using Cu(ClO,), in acetonitrile caused only the appearance of
low intensity fluorescence, although the photoluminescence
quantum yield value was still low (@ ~107%). In this way the
redox-fluorescence switching was achieved, because syn-
thesized bichromophores can exist in the neutral state, in
which they are non-fluorescent, and in the fluorescent cation-
radical state. Using redox-dependent spectroscopy for com-
pound 58b authors demonstrated that triphenylamine can be
oxidised into its stable cation-radical. Upon the chemical oxi-
dation of tetrazine 58b with Cu(ClO,),, aimed to mimic an
electrochemical oxidation process, the appearance of cation-
radical absorption bands at 696 nm in the UV-vis spectra
upon addition of increasing copper(u) amounts was observed
(Fig. 5). In the emission spectra some fluorescence recovery
was observed due to the conversion of tetrazine 58b to the
cation radical (Fig. 6).

In their next paper*® Quinton et al. reported some bichro-
mophoric systems 59 and 60, containing an oxime or alkoxy
linker (Fig. 4), and the influence of the linker nature on
electrochemical behaviour and spectral electrochemistry was
discussed. According to the results of the electrochemical
studies by means of the CV method, two redox fragments
(triarylamino and tetrazine) are capable of electron transfer
and their electrochemical behaviour is similar in all bichromo-
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Fig. 5 UV-vis absorption spectra of a 5 x 107 mol dm™ solution of
58b upon gradual addition of copper perchlorate in acetonitrile. Inset,
increase of the 696 nm peak with the number of Cu(i) equivalents.
Reproduced with permission of Elsevier.*®
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Fig. 6 Increase of the fluorescence of molecule 58b upon addition of 2
eq. of copper perchlorate. Bottom curve (grey) fluorescence spectrum
of the native molecule; top curve (black) fluorescence spectrum of the
oxidized molecule. Reproduced with permission of Elsevier.*®

phores 57-60. In the absorption spectra of these bichromo-
phores, one or two intensive absorption bands with maxima at
300-362 nm were observed and a low intensity band (because
of a forbidden transition) with A,.x 490-565 nm featuring the
tetrazine moiety absorption (n-n* transition band). The band
(s) observed in the UV-region agree with n-n* transitions
located both on tetrazine and triphenylamine units with the
prevalence of the last ones as they have a higher extinction
coefficient compared to free triphenylene and tetrazine.
According to the authors, a value of the n—* transition located
on the triphenylamine moiety depends on the nature of the
link. For instance, for the compound 58 with the phenoxy link,
the n—* transition band is centred at ca. 310 nm, while for the
compound 59 with an oxime link the n-r* transition is centred
around 360 nm. This confirms the more attracting effect of an
oxime group as a linker. Upon the chemical oxidation of tetra-
zine 58b with Cu(ClO,),, aimed to mimic an electrochemical
oxidation process, the appearance of cation-radical absorption
bands in the UV-vis absorption spectra upon addition of
increasing copper(i) amounts was observed. In the emission
spectra some fluorescence recovery was observed due to the
conversion of tetrazine 58b to the cation radical. The electro-
fluorochromic properties of compounds 59a,b were tested in
the thin-layer electrochemical cell, wherein the derivative 59b
showed no change in oxidation intensity. In the case of deriva-
tive 59a, a well reversible and potential-dependent modulation
of fluorescence intensity was observed, demonstrating, accord-
ing to the authors, that this mechanism includes not only the
electron transfer process, but probably also energy transfer.

Conjugated systems 61-63 of D-n-A-n-D and D-m-A types
with the central tetrazine core modified with one or two TPA
groups through the n-spacer (phenylene and 3-decylthiopheny-
lene) were prepared and reported (Fig. 7).*”*® To obtain the
derivatives with a phenylene spacer the Stille cross-coupling
reaction was used, whereas the synthesis of thiophene-contain-
ing derivatives was carried out by the Suzuki-Miyaura cross-
coupling reaction.

Next, the optical properties of derivatives 61-63 were
studied by experimental and theoretical methods.”” These
compounds were characterized by two or three bands of
single-photon absorption in dichloromethane solution. The
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Fig. 7 Chemical structure of triphenylamine-containing derivatives
61-63.

absorption band at 300-307 nm (4,) was assigned to the elec-
tronic transition between the orbitals delocalised on the tetra-
zine core and linkers. The calculated energy gaps of 3.75-3.92
eV, obtained by the TD-DFT method, were consistent with the
experimental 4, values. A noticeable ICT for compounds 62
and 63 was noted. For compounds 62a and 62b bearing the
p-phenylene linker, the absorption band 1, was characterised
by maxima at 412 nm and 401 nm, respectively, whereas in the
case of the thiophenylene linker (compound 63) the absorp-
tion maximum was located at 441 nm. According to the calcu-
lated data, this band corresponds to the electron transfer from
the m-orbital, localised on the TPA fragment, to the localised
on the core tetrazine m*-orbital and to a linker. An extinction
coefficient for compounds 62a and 63a, bearing two TPA moi-
eties, was doubled compared to monosubstituted derivatives
62b and 63b. For compound 61 with a m-phenylene spacer the
A, band was shifted to the blue region and overlapped with the
A1 band.

Additionally, an intensive two-photon absorption was
observed for compound 62a at An.x 795 nm with a cross-
section value of 860 GM, and for compound 63a at Apax
820 nm with a cross-section value of 650 GM (Fig. 8).
According to Quinton et al.,*” compound 62a is promising for
the construction of two-photon absorbing materials, and its
characteristics are comparable to widespread initiators of stil-
bene nature.

The effect of linker nature in symmetric triphenylamino-s-
tetrazine derivatives 61a-63a (Fig. 4) on their electrochemical
and spectral properties, as well as the ability of these deriva-
tives to undergo electrochemical polymerisation, was investi-
gated.*® These compounds were studied by the CV method,
and ionization potentials and electron affinity were calculated.
All of them were found to be bipolar, and all of them under-
went a quasi-reversible reduction and oxidation. The study of
the reduction process using absorption and EPR spectroscopy
showed that it leads to the generation of anion radicals.
Adjusting the conjugation degree between the donor and
acceptor part molecules resulted in different activity during
electrochemical polymerization/oligomerization. Oxidation of
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Fig. 8 Linear (black curves, scale upwards) and two-photon (red
curves, scale downwards) absorption spectra of 62a, 63a in DCM.
Adapted from ref. 47 with permission from The Royal Society of
Chemistry.

derivatives 61a and 62a proved to be a single-stage process in
which monomers (in 2 mM solution) undergo electro-poly-
merisation to form a stable electroactive layer on the electrode
working surface. Oxidation of the thiophene derivative 60a was
found to be a three-stage process, which, however, did not lead
to the formation of an electroactive layer on the electrode
working surface. The bication-radical formed in this process
was more stable due to the charge delocalization also on the
linker, compared to the cation-radicals formed from com-
pounds 61a and 62a. The study of polymer layers revealed an
interesting fact: thin polymer films exhibited a charge capture
phenomenon along with storage properties.

Symmetrically and unsymmetrically substituted tetrazine-
triarylamine fluorophores 61-66 were studied as molecular
donors for organic solar cells (Fig. 7 and 9).*° Apart from com-
pounds 61 and 62 bearing a phenyl spacer and derivatives 63
with thienyl one, molecules 64 with an alkynyl spacer and
compounds 65 and 66, in which donor and acceptor moieties
are directly bound to each other, were described. The synthesis
was carried out by different methods described previously. The
influence of the linker nature on electrochemical and photo-
physical properties of derivatives 61-66 was studied.

N-N
O
N=N

N
R = OMe (a),—N\_/O (b)

66a,b

Fig. 9 Chemical structure of triphenylamine-containing derivatives
64-66.
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According to cyclic voltammetry data, two well-defined
redox systems can be identified in all compounds, corres-
ponding to the oxidation of the triphenylamine group into
cation-radicals and the reduction of tetrazine into anion-rad-
icals. It was noted that TPA oxidation peaks are reversible,
while tetrazine electrochemistry is not completely reversible.
The reduction potential of compounds 61-64 was about 1.45
V, while for compounds 65 and 66 it proved to be 0.15 V
higher. The oxidation potential of compounds 61-64 is about
0.45 V, it was slightly lower for derivative 65 (0.30 V) and
higher for derivatives 66a and b (0.65 V and 0.57 V, respect-
ively). Audebert et al. concluded that the reduction potential of
tetrazine is weakly dependent on the substituent nature, but,
on the other hand, tetrazine causes a significant increase in
the oxidative potential of triphenylamine when they are
directly bound (compounds 65, 66).

In the absorption spectra of compounds 61-66 several
bands were observed depending on the delocalisation between
the tetrazine and TPA groups. All the compounds exhibited
one or two intense bands in the UV region corresponding to
the n—n* transitions with extinction coefficients ranging from
13 000 to 76 000 L mol " em ™" depending on the nature of sub-
stituents in tetrazine. Derivatives 62a and 63a demonstrated
the highest values of two bands, which is quite suitable for the
application in organic solar cells. A low-intensity long-wave-
length band at 545 nm corresponds to the n-r* transition in
compounds 61 and 62b; for the derivatives 62a and 65 it was
observed as a shoulder, while for the rest of the compounds
such a band was missing. Solvatochromism of several deriva-
tives was studied, and it was shown that the solvent polarity
affects the value of absorption bands at 360-440 nm. Based on
the observed absorption with high ICT and a notable solvato-
chromic behaviour, some important applications of these com-
pounds were suggested by Audebert et al, such as organic
solar cell devices or new fluorescent two-photon absorption
chromophores.

Even though the organic photovoltaic solar cell fabricated
from derivative 62a demonstrated low performance (PCE =
0.21%) according to the authors the application of more
advanced ways for the manufacturing of photovoltaic solar cell
devices will lead to their higher productivity.

Semiconductor organic dyes 67-69 of D-n-A type having tet-
razine moieties as acceptors (Fig. 10) were designed to sensi-
tize titanium dioxide in the photochemical hydrogen evolution
reaction (HER).>*"

The synthesis was carried out by means of the bromination
of the thienyl rings in 3,6-bis(4-(2-ethylhexyl)-2-thienyl)-1,2,4,5-
tetrazine by the action of N-bromosuccinimide, the following
cross-coupling reaction with diarylaminophenyl-boronic acid,
and then with 5-formyl-2-thienylboronic acid or 5-formyl-2-fur-
ylboronic acid and further condensation with cyanoacetic acid.
The route to derivative 68 included the cross-coupling process
with 4-methoxycarbonylphenylboronic acid at the second step
with the subsequent hydrolysis. In the synthesis of compound
69 4-formylboronic acid was used for the second cross-coup-
ling step, and the condensation with cyanoacetic acid was
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Fig. 10 Chemical structure of 3,6-bis(thienyl)tetrazines 67—69.

carried out in the last step.”' Dyes 67-69 were characterised by
absorption spectroscopy and voltammetry. These compounds
exhibited an absorption in the range of 343-426 nm and fluo-
rescence with emission maxima in a range of 538-575 nm.
According to CV data, oxidation potentials of the donor triphe-
nylamino groups were 0.81-0.86 V, and the reduction poten-
tials of the tetrazine moiety were in a range from —0.79 V to
—-0.90 V.

HER activity was studied with triethanolamine as an elec-
tron donor component under sunlight irradiation in the
absence or in the presence of a co-catalyst (Pt and Cu,WS,). It
was concluded that furyl-containing dye 67b was more photo-
active than compound 67a due to the higher electronegativity
of the oxygen atom.’® Compound 69 was expected to exceed
derivative 68 in sensitising activity due to the presence of more
electron withdrawing groups and to exhibit a higher molar
absorption coefficient. However, the aggregation on the TiO,
surface was observed for dye 69, so, for this reason the com-
pound 68 possessed better properties. Both dyes 68 and 69
were found to be more effective than xanthane eosin-y (EY) dye
during hydrogen release due to effective separation of elec-
tron-hole pairs.’® Aslan et al. proposed the HER mechanism
with participation of dye energy levels, TiO, and Cu,WS, co-
catalyst.

Kedzia et al. reported novel conjugated systems based on
tetrazines bound directly to such heterocycles as 1,3,4-oxadi-
azole (71 and 73) or 1,3,4-thiadiazole (72 and 74) (Scheme 19).>>
The oxadiazole framework attracted the attention of the
authors due to its ability to transfer electrons and to block
holes. Compounds 71 were synthesized by the condensation
reaction between tetrazine-3,6-dicarboxydrazide 70 and triethyl
orthoesters in acetic acid, while the derivatives 72 were

This journal is © the Partner Organisations 2021

View Article Online

Review

H

RC(OCH,CHy);  ©: N\NHZ
Lawesson's

RC(OCH,CHg)s

R_s N-N s R reagent NTSN o R
T~ <T Nt I HN HI

< - N AcOH AcOH <

N N=N N N
MW, 50-100°C 1 MW, 50-100 °C
72a-d 7.5 min H o 7.5min 71a-d
70
RV o « Dy
N/> _</ \>_ <\ /> (/ \) < ‘N
N-
73a-c T4a-c

71,72: R = H (a), Me (b), Et (c), Ph (d).
73, 74: R = OMe (a), NMe, (b), NO, (c).

Scheme 19 Synthesis of 1,3,4-oxadiazole- and 1,3,4-thiadiazole-con-
taining tetrazines 71-74.

obtained in 51-77% yields under the same conditions using
Lawesson’s reagent. Compounds 73 and 74 were prepared in
23-77% yields from tetrazine-3,6-dicarbohydrazide 70 and
aroyl chlorides, followed by the condensation reaction. In all
the cases, the cyclocondensation reaction proceeded quickly
and efficiently under microwave irradiation conditions.

In UV-spectra of chromophores 71-74, intense absorption
bands at 265-347 nm were observed, which preceded immedi-
ately the emission maximum. Compounds 71-74 exhibited
blue fluorescence in solutions with one regular fluorescence
maximum in 3D spectra at 327-418 nm, and significant
quantum yields from 0.33 to >0.98 were observed in the most
cases, except the compounds 71d and 73c¢ (& 0.10 and 0.08,
respectively). 1,3,4-Oxadiazole and thiadiazole-based deriva-
tives 71a,b, 73a,b, and 74a,b demonstrated the highest lumine-
scence intensity (®¢ > 0.98). According to Kedzia et al.,>* these
molecules represent perspective building blocks for
optoelectronics.

In other publication, a series of symmetrically and unsym-
metrically substituted 1,2,4,5-tetrazines 77a-j were presented
in which the 1,3,4-oxadiazole cycles were conjugated through
the 1,4-phenylene linkers.”® These compounds were prepared
via the Pinner reaction of 4-(5-aryl-1,3,4-oxadiazol-2-yl)benzo-
nitrile 76, and the subsequent oxidation of the dihydro deriva-
tive with hydrogen peroxide at room temperature (Scheme 20)
with final yields of 43-72%.
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76: R=H (@), OMe (b), t-Bu (¢), NO, (d); 77: R"=R2=H (a), OMe (b), t-Bu (¢), NO; (d),;
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Scheme 20 Synthesis of 3,6-bis-(1,3,4-oxadiazolylphenyl)-1,2,4,5-tet-
razines 77.
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Photophysical properties of derivatives 77 were studied, and
only one intense absorption band at 284-338 nm was observed
in absorption spectra. All the compounds exhibited strong
fluorescence emission with maxima located at 348-438 nm. It
was shown that the n-n* electron transition during light
absorption represents the main source of excited states of tet-
razines 77, and the luminescence intensity increases in the fol-
lowing order of substituents in aryl fragments: NO,/NO, <
NO,/t-Bu < NO,/H < OMe/H < NO,/OMe < t-Bu/H < H/H <
OMe/t-Bu < t-Bu/t-Bu < OMe/OMe. Three-dimensional fluo-
rescence spectra for all derivatives 77 were recorded (Fig. 11),
and it was shown that compounds 77a, 77¢, 77f and 77g
possess one maximum at 348-374 nm, whereas derivative 77e
exhibits two maxima at 359 nm and 432 nm. For compounds
77b, 77d, 77h, 77i and 77j only one fluorescence maximum
was detected at 438-384 nm, but there was a second, weaker
local maximum that was partially covered by the main
maximum. The fluorescence quantum yield of compounds 77
ranged from 0.264 to 0.607. Derivatives with two donor substi-
tuents exceeded the unsubstituted ones in quantum yield (&¢ =
0.466, 0.607, 0.582, and 0.532 for compounds 77a, 77b, 77c,
and 77h, respectively). Based on all mentioned above and large
Stokes shift values, these molecules may be referred as promis-
ing building blocks for optoelectronics.

Many aryl derivatives of 1,2,4,5-tetrazines, including
3-phenyl-1,2,4,5-tetrazine conjugates with fluorophores, were
used in chemical biology to monitor cell proliferation and
generate new enzyme inhibitors and for other processes. The
reason for this popularity of tetrazine derivatives lies in their
ability to participate in non-catalysed transition metal (TM-
free) click reactions, accompanied by the transformation of the
1,2,4,5-tetrazine ring into pyridazine one, and this transform-
ation caused a multiple increase in fluorescence. The ability of
tetrazine to quench the luminescence of certain dyes was
reported for the first time.>**" Since then, a wide range of dyes
were conjugated with tetrazines for further participation in
TM-free click reactions; notably, some known fluorophores
such as coumarin, xanthene, boron dipyrromethene (BODIPY)
and others were applied. Audebert et al. designed turn-on

P ——— e ®
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Fig. 11 Three-dimensional fluorescence spectra of compounds 77b,c,
e,h. Reproduced with permission of Elsevier.>®
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luminescent probes through the Buchwald-Hartwig cross-
coupling reaction of 3-(4-bromophenyl)-1,2,4,5-tetrazine with
carbazole, phenoxazine, phenothiazine and 9,9-
dimethylacridane.”®

Among all conjugates, the most accessible were those in
which the tetrazine fragment is bound to the fluorescent dye
by the amide spacer, since the reaction of 3-(4-benzylamino)-
1,2,4,5-tetrazine with the corresponding succinimidyl esters
was especially convenient for the synthesis.”**> As a next step,
the synthesized conjugates 78-82 (Fig. 12) were studied in the
inverse-electron-demand Diels-Alder (DA;,,) reaction with
trans-cyclooctenol (TCO). Absorption and emission spectra
were recorded, and the quantum yields before and after reac-
tion were determined (Table 1).

It was shown that conjugation of all dyes, possessing emis-
sion at 400-600 nm, with tetrazine led to emission quenching;
however, pyridazine-type products exhibiting intense fluo-
rescence were formed through the reaction of conjugates with
dienophile. Under conversion the conjugates, exhibiting green
and red emission, into cycloaddition products, 15-20-fold
increase in emission intensity was recorded in sodium phos-
phate buffer. Conjugates with dyes exhibiting shorter emission
wavelengths were transformed during the click reaction into
products with only a 3-fold increase in emission. For the emit-
ting in the near IR region dyes no emission enhancement was
observed for the tetrazine conjugate (for example, conjugate
82).

The same team described later new biorthogonal reactions
of BODIPY-tetrazine derivatives 83-85 (Fig. 13).>* The synthesis
of conjugates 83, 32, and 84 was achieved by the Zn-catalysed
reaction of BODIPY nitriles with hydrazine in acetonitrile (for
83, 32) or in water (for 84). Notably the compound 32 was

Fig. 12 Chemical structure of conjugates 78—82.
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Table 1 Photophysical properties of conjugates 78-82 before and
after the reaction with TCO

Aabs Aem & without  @¢with  Fluorescence
Conjugate  (nm) (nm) TCO TCO enhancement
78 430 480 0.01 0.03 3.3-fold
79 505 512 0.02 0.24 15.0-fold
80 495 523 0.04 0.82 18.5-fold
81 543 573 0.02 0.40 20.6-fold
82 669 687 0.16 0.16 1.0-fold

32,83
R = H (83), Me (32)

Me Me  mdve
X N
\ N\,B\/N\

Me FF Me

85a,b
R = H (a), Me (b)

Fig. 13 Chemical structure of conjugates 32, 83—85.

obtained later in higher yield using the cross-coupling reac-
tion.>® Conjugates 85 were prepared from the iodo-derivative
of BODIPY. In structures 83-85 the spatial proximity of an
acceptor and a donor is enhanced compared to conjugates 79
and 81, providing the orientation of transition dipoles and the
possibility for stronger quenching of the fluorescence of the
conjugate.

The DA;,, reactions of conjugates 83-85 with TCO were
carried out to confirm the possibility of their use for bio-visu-
alization. The process proceeded rapidly, and the resulting pyr-
idazine derivatives exhibited intense fluorescence. Fluorogenic
activity data (Table 2) indicated high efficiency of synthesized
conjugates as bioimaging probes. Fluorogenic imaging of epi-

Table 2 Quantum yields and fluorogenic activity of conjugates 32, 84,
and 85

&g with &g with Fluorescence Fluorescence
TCO in TCO in increase in increase in
Conjugate water MeCN water MeCN
32 0.80 0.23 900-fold 340-fold
84 0.73 0.58 1600-fold 1100-fold
85 ND* 0.22 ND“ 120-fold

“Compound is insoluble in water.
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dermal growth factor receptor (EGFR) expression in both fixed
and live A-431 cells showed that TCO-labelled targets were
readily visualised, with excellent signal intensity and very low
background; moreover, the washing step after adding the dye
solution was not required.

Coumarin-tetrazine conjugates 86-89 (Fig. 14) for real-time
bio-visualisation ~were synthesized and investigated.’’
Compounds were prepared from 3-cyanophenyl-coumarine
derivatives and hydrazine through Zn-catalysed tetrazine cycle
formation.

Conjugates 86-89 possess fluorescence in the blue or green
region and demonstrated high quantum yields in the click
reaction with TCO in phosphate-borate buffer (PBS) (Table 3).
These series of compounds were characterised by the highest
radiation switching coefficients compared to other probes
available at that time.

To demonstrate the applicability of probes as native bio-
orthogonal fluorogenic probes, a simple model system was
chosen to evaluate the kinetics of probe 89 in extracellular
version, namely, EGFR at the cancer cell surface. Cells A-431
were incubated with TCO-labelled anti-EGFR antibody. The
addition of conjugate 89 revealed bright, membrane-specific
colouring, which coincided with the known receptor distri-
bution. Images were obtained within seconds after the
addition of dye. Meimetis et al. noted that such conjugates
open great opportunities for in vivo probing.

A series of new conjugates of tetrazines and widely known
fluorophores (Fluorescein, Oregon Green, Tetramethylrhodamine,
Si-Rhodamine) 90-98 (Fig. 15), which cover the entire emission
region, from green to far red, was reported by Wieczorek et al.*®
Synthesis of compounds 90, 91 and 95, 96 was carried out by the
Stille cross-coupling reaction starting from 3-bromo-6-methyl-
1,2,4,5-tetrazine and organotin derivatives of these fluorophores.

86-89: R = Me (), H (b).

Fig. 14 Chemical structure of coumarine—tetrazine conjugates 86—89.

Table 3 Photophysical properties of conjugates 86a—89a

AexlAem € & with Fluorescence
Conjugate (nm) M em™) TCO increase
86a 400/502 16 000 0.41 4000-fold
87a 388/482 20 000 0.38 11 000-fold
88a 347/455 18 500 0.29 2500-fold
89a 370/453 19 000 0.49 2900-fold
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Fig. 15 Chemical structure of conjugates 90-98.

To prepare tetrazine-rhodamine derivatives 92-94 and 97, and
98, tetrazine benzaldehyde derivatives were reacted with diaryl-
ethers or diarylsilanes by means of the Friedel-Crafts alkylation
reaction.

Conjugates 90-98 were characterized by means of absorp-
tion and emission spectroscopy and changes in their fluoro-
genic properties in the DA;,, cycloaddition reaction with TCO
were studied (Table 4, Fig. 16a).

The increase in fluorescence intensity of green emission of
conjugates (90, 95, 91, and 96) in DA;,, reactions was moni-
tored over time, and the cycloaddition process was found to
complete within 10-15 minutes at equimolar concentrations of
reagents (Fig. 16b).

Next, the authors®® successfully applied new fluorogenic
probes in experiments on protein selective labelling.
Fluorogenic properties of fluorophores 90-98 were successfully

Table 4 Photophysical properties of conjugates 90-98

Aabs Aem e @¢ without Turn-on
Conjugate  (nm) (nm) (M 'em™)  TCO (x-fold)*
90 495 521 57 000 0.0037 72
95 495 517 55000 0.0033 109
91 495 524 87 000 0.0048 60
96 495 522 70000 0.0041 103
92 556 580 46 000 0.037 22
97 554 577 54 000 0.031 12
93 650 665 58 000 0.020 1.8 (5.6)
98 649 664 62 000 0.017 3.7
94 651 656 53000 0.026 2.0 (3.3)

“Values in brackets: reaction with TCO-labeled protein.
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Fig. 16 (a) Normalized emission spectra of compounds 90-98. (b)
Time course of fluorogenic DA;,, between green emitting tetrazine dyes
and TCO (500 nM in PBS each). Reproduced with permission of ref. 58.
Published by The Royal Society of Chemistry.

applied for the fluorescence microscopy-assisted imaging of
the actin cytoskeleton in fixed cells as well as mitochondrial
and nuclear proteins in living cells.

Systematic research of a wide series of coumarin-tetrazine
conjugates 99 (Fig. 17) for bio-orthogonal fluorescent imaging
was reported by Liu et al.’>® The influence of the nature of sub-
stituents and spacers on photophysical properties of dyes,
formed in the reaction of conjugates with two types of dieno-
philes (TCO and bicyclononyne (BCN)), was studied. The target
conjugates were obtained in 12-49% yields after a two step
sequence. Thus, the nitrile derivative of the coumarin-spacer
was obtained at the first step, and the subsequent interaction
of R>-CN with hydrazine hydrate in the presence of Zn(OTf),
led to target compounds.

Obtained conjugates 99 were introduced into the DA;,,
cycloaddition reaction with the axial isomer of (E)-cyclooct-4-
enol (axial TCO-OH) and ((1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-
yl)methanol (endo BCN). The photophysical properties of the
resulting click-products showed that in most cases the dyes
formed from the endo BCN dienophile demonstrated a higher
increase in fluorescence compared to the dyes formed from
axial TCO. The properties of some click-products are shown in
Table 5.

The formation of pyridazine dyes during the reaction of
conjugates with endo BCN proved to be excellent in terms of
fluorogenicity. It was also shown that fluorescence of the
obtained fluorophores can be tuned by both on steric and elec-
tronic effects of substituents at the 1,2,4,5-tetrazine ring and/

N.
R’ 0~ o N~ "R?

R'= |:| _N _/NJ'\/ )

|\;_

. ¥ ESS VLN
R2=H, Me, ~OH © @\l WNT\)C

Fig. 17 Chemical structure of conjugates 99.
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Table 5 Photophysical properties of click-reaction products 99

Aabs/Aem Turn-on
R Spacer” R?¢  Dienophile?  (nm) LR (x-fold)
Az 3,5-Py 2-Py AT 375/485 — 850
Az 35Py 2Py EB 375/470  0.032 200
Az 3,5-Py H AT 371/485 — 1050
Az 3,5-Py H EB 371/480 0.15 500
Az 3,5-Ph Me AT 374/483 — 2900
Az 3,5-Ph Me EB 376/472 0.67 3100
Az 3,5-Ph HE AT 363/483 — 2300
Az 3,5-Ph HE EB 365/479 0.57 4200
NEt, 3,5-Ph Me AT 398/481 — 2700
NEt, 3,5-Ph Me EB 397/483 0.22 5000
MP 3,5-Ph Ph AT 340/460 — 70
MP 3,5-Ph Ph EB 352/451 0.38 550
M2p 3,5-Ph Ph AT 352/457  — 125

M2P  3,5-Ph Ph EB 350/452  0.58 950

Az - azetydinyl; MP - 1-Me-piperazin-4-yl; M2P - 1 -Me,-piperazinium-
b3,5-Py - 3,5- pyrldlnyl 3,5-Ph - 3,5-phenylene. ©2-Py — pymidin-2-yl;
HE 2-hydroxyethyl. ¢ AT - axial TCO-OH; EB - endo BCN.

or coumarin moieties of the tetrazine conjugates. For instance,
the presence of the azetidine or N,N-dimethylpiperazine
moiety in the coumarin scaffold leads to an increase of fluo-
rescence quantum yield of the obtained pyridazines due to
suppressing the formation of twisted intramolecular charge
transfer (TICT) upon photoexcitation.’>*® However, cell
imaging experiments demonstrated that other factors, such as
reaction kinetics and good cell permeability, predominated
over fluorescence switching properties.

Galeta et al.®* concluded that the best fluorophore was the
compound 99, which contained azetidinyl-coumarin bound to
6-(pyrimidin-2-yl)tetrazine through the pyridine linker, since
this fluorophore showed excellent results in living cell label-
ling experiments and allowed realising the fluorogenic
imaging without washing for several seconds.

Synthesis and photophysical
properties of alkenyltetrazines

While the Knoevenagel reaction (condensation of methyl-sub-
stituted hetarenes with aromatic aldehydes) represents the
main approach to alkenyl derivatives of different heterocycles,
this method was never used for the synthesis of alkenyl-substi-
tuted 1,2,4,5-tetrazines due to the inaccessibility and instabil-
ity of starting methyl-substituted tetrazine precursors. Some
other approaches were also developed for alkenyl-tetrazine
preparation. Thus, in situ synthesis of (E)-3-substituted
6-alkenyl-1,2,4,5-tetrazine derivatives 101 through the elimin-
ation-Heck cascade reaction was reported in 58-99% yields.®>
Stable and easily available mesyloxyethyl-substituted deriva-
tives 100 were used as starting reagents. The reaction was
carried out in DMF under microwave irradiation in the pres-
ence of the palladium catalyst and the ferrocene ligand
(Scheme 21). The possibility of preparing bis(styryl) and bis
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Scheme 21 Synthesis of alkenyltetrazines 101.

Fig. 18 Chemical structure of conjugates 102-104.

(butadienyl) substituted tetrazines by this method was
demonstrated.

This method was also used for the synthesis of tetrazine
conjugates with xanthene dyes (102, 103) and BODIPY (104)
(Fig. 18).°% Tetrazine derivatives 102-104 were characterized by
fluorescence spectroscopy to exhibit low-intensity fluorescence
with emission maximum at 520, 575 and 530 nm, respectively.
A significant increase in emission intensity was observed for
the cyclocondensation reaction products. Thus, reaction of tet-
razines 102-104 with various dienophiles led to highly fluo-
rescent pyridazines, which are promising probes for bio-visual-
isation. The greatest fluorescence enhancement was achieved
after for the products of reaction between conjugate 102 and
cyclopropene and trans-cyclooctenol: a 135-fold and 400-fold
increase in intensity was observed, respectively.

Conjugates similar to 104 were proposed as fluorescent
probes for the bio-visualization of nucleic acids, and the tetra-
zine cycle transformation was carried out under the action of
2-((1R,8S,E)-9-azabicyclo[6.1.0]non-4-en-9-yl Jethan-1-ol.
According to Devaraj et al., 20-70 times increase of the emis-
sion at 475-540 nm was achieved after carrying out this TM-
free click reaction.®

A series of siliconrhodamine conjugates 106 and 107 emit-
ting in the NIR region were reported.®* These compounds were
prepared in 11-46% yields by means of Pd-catalysed cross-
coupling of bromo-derivatives 105 with the corresponding
mesyloxyethyl substituted 1,2,4,5-tetrazines (Scheme 22). The
obtained conjugates exhibited fluorescence with an emission
maximum at 665-673 nm with quantum yields of 0.015-0.037.
The DA;,, reaction of these conjugates with axial TCO-OH was
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Scheme 22 Synthesis of conjugates 106, 107. Reaction conditions: (a)
Pd,(dba)s, QPhos, (Cy),NMe, DMF, 50 °C, 40 min, MW; (b) Pd,(dba)s,
QPhos, DIPEA, 1,4-dioxane, 90-110 °C, 16 h.

studied. In the case of compound 106, a fluorescence increase
by 22- or 49-fold, as well as quantum yield increase from 0.016
to 0.34 (conjugate 106a) and from 0.015 to 0.80 (conjugate
106b), was observed. Trifluoromethylphenyl derivatives 107
reacted with axial TCO-OH much faster than compounds 106,
but weaker fluorescence increase (6-8 times) was detected.

Notably, siliconrhodamine conjugates represent examples
of membrane-permeable labels and allow realising site-specific
bio-orthogonal labelling of genetically modified intracellular
proteins and subsequent imaging in a high inclusion rate by
means of super-resolution microscopy (SRM).

Other examples of alkenyl-tetrazine preparation through
cross-coupling reactions were described. Styryl derivative 109
was synthesized by the Stille reaction, and substitution of the
methylthio group in tetrazine 108 was carried out in 34% yield
in the presence of such monovalent salt as copper thiophene-
2-carboxylate (CuTC) in DMF under microwave irradiation and
heating (Scheme 23).*°

In another work®> 3-methyl-6-phenylstyryltetrazine 110 was
prepared in 39% yield by the Ag-mediated cross-coupling reac-
tion under mild Pd-catalyzed conditions (Scheme 23).

The previously developed soft organocatalytic approach to
unsymmetrically substituted tetrazines, based on application
of the thiol-containing catalyst, was also used for the synthesis
of simple tetrazines, and the latter were subjected to further
functionalization.*

- SnBu
;S N-N o pp N SnBug —  N-N
o N~ N5 N—C Y /
/" \=N Q)

CuTC, Pd(PPh3), N=N
108 DMF, MW 109
200°C, 2h
N=N ph X B(OH)s \ N=N
5— )—Me N )—Me
N-N PdCly(dppf), Ag,0 N-N

27a DMF, 60 °C 110

Scheme 23 Synthesis of styryltetrazines 109, 110.
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Scheme 24 Synthesis of styryltetrazines 113-115.

Thus, 3-methyltetrazine phosphonate 112, obtained in 45%
yield, proved to be a convenient building block for a highly
efficient Horner-Wadsworth-Emmons reaction (HWE) with
aldehydes under mild reaction conditions (Scheme 24).
Optimization of the reaction conditions was carried out, and
lithium 1,1,1,3,3,3-hexafluoroisopropoxide (LiHFI) was pro-
posed as an ideal soft base. A wide series of alkenyltetrazines
113 and conjugates 114 and 115 were obtained in 87-94%
yields using various aldehydes 111.

The mechanism of the DA;,, cycloaddition reaction of
trans-cyclooctene to 1,2,4,5-tetrazine and the effect of the di-
enophile structure were studied for the series of alkenyltetra-
zines 116 (Scheme 25),°> which are capable of rapidly forming
fluorescent products in the abovementioned reaction without
introducing extra fluorophore. Two spatial isomers of TCO-OH
(axial and equatorial) were synthesized and used. In model
experiments with simple 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine as
an example, it was shown that axial TCO-OH reacts with the
formation of fluorescent 1,4-dihydropyridazine, whereas equa-
TCO-OH does not react. Vrabel et al. monitored the reaction by
using "H NMR to analyze the composition of the reaction mix-

R—</ \>_//_R1
116

R= Ph, pyridin-2-yl, pyridin-4-yl, thien-3-yl;
R4= Ph, 4-NMe,Ph, 4-CF;Ph, 4-OMePh, Ph, Styril, 1-Naphthyl

N-N R
R Y7
N=N

axial-TCO-OH
equa-TCO-OH

aza-TCO

N-NH / kNMeZ
ph— N7 \_/
\ 7/
N-N
ph— /
\\
117a OF o
118
1176 M

Scheme 25 Reaction of styryltetrazines 116 with two TCO-OH isomers
and aza-TCO.
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tures. It was found that the reaction proceeds through the for-
mation of an intermediate 4,5-dihydropyridazine derivative,
which, in the case of axial TCO-OH, was rapidly isomerized
into fluorescent 1,4-dihydropyridazine, but in the case of equa-
TCO-OH such isomerization proceeded very slowly. The click-
reaction of other tetrazines 116 with axial TCO-OH rapidly
afforded the corresponding pyridazines possessing fluo-
rescence with maxima lying at 480-539 nm and up to 195 nm
red-shift compared to parent tetrazines. In addition, depend-
ing on the nature of the R substituent 11-91-fold fluorescence
increase was observed for pyridazines compared to parent tet-
razines. In all the cases the formation of a second regioisomer
was observed as a minor product.

In another work of the same team® a conformational-
restricted aziridine-fused trans-cyclooctene (aza-TCO) dieno-
phile was synthesized, for which the “half-chair” conformation
was confirmed by NMR and X-ray methods. This dienophile
was introduced in the DA;,, process with several tetrazines
116. It was shown that the click-reaction proceeds with the for-
mation of dihydropyridazines 118 (Scheme 25) exhibiting an
emission maximum at 475-540 nm, the fluorescence increased
by 40-70 times. Kinetics measurement for the click-reaction of
simple 3,6-diphenyltetrazine with aza-TCO and axial TCO-OH
dienophiles demonstrated that aza-TCO reacts 20 times faster
than axial TCO-OH. In the reaction of tetrazines 116 with both
aza-TCO and axial TCO-OH the second regioisomer was always
observed as the minor product. The potential of aza-TCO di-
enophile for application in bioimaging was demonstrated by
experiments of protein labeling, cell glycoconjugate imaging
and living bacteria peptidoglycan imaging.

Thus, Vrabel et al.®>°® elucidated the role of the dienophile
spatial structure in click-reactions with tetrazine derivatives,
and it was found that only axially substituted hydroxyl deriva-
tives of trans-cyclooctenes and aza-bicyclononenes act as di-
enophiles with the formation of fluorescent 1,4-dihydropyrida-
zine products.

In the next work of the same team®” it was shown that in
the case of 1,2,4,5-tetrazines bearing specific electron donor
substituents the fluorogenic tetrazine cycloaddition can be
extended to other dienophiles. The reaction of alkenyltetrazine
116a, containing a strong electron donor, with two TSO-OH
isomers was studied (Scheme 25). This tetrazine was found to
react with axial TCO-OH giving 1,4-dihydropyridazine 117a
(Aem = 478 nm) and with equa-TCO-OH to form 4,5-dihydropyr-
idazine 117b (ley = 628 nm). To study the effect of substitu-
ents on alkenyltetrazines, the reaction of a wide range of com-
pounds 116 with equa TCO-OH was carried out, and the pro-
perties of the resulting products are demonstrated in Table 6.
According to the data presented in Table 6, a strong electron
donor with a methoxy group is not enough for this reaction.
Fluorescence enhancement (15- and 18-fold) was observed in
reaction of tetrazines bearing phenyl and thien-3-yl moieties,
and pyridine substituents reduced the fluorescence quantum
yield.

Thus, tetrazines, containing donor dimethylamino or azeti-
dine groups, are capable of forming fluorescent products in
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Table 6 Photophysical properties of 4,5-dihydropyridazine products
derived from tetrazines 116

Aabs/Aem Turn-on

Tetrazine R R' (nm) on (x-fold)
116a Ph NMe, 545/626 0.55 15

116b Ph OMe 285/— — —

116¢ Thien-3-yl NMe, 546/626 0.52 18

116d Ph Azetidinyl 546/626 0.45 10

116e Pyridin-4-yl ~ Azetidinyl = 566/643  0.21 3

116f Thien-3-yl Azetidinyl ~ 548/626  0.47 12

DA;,, reactions with different TCOs. Model bio-visualisation
experiments have demonstrated the application potential of
this fluorogenic DA;,, reaction.

It is worth mentioning that recently Boger’s group reported
the synthesis of novel isomeric tetrazine, namely 2,6-diphenyl-
1,3,4,5-tetrazines,®® and its photophysical and electrochemical
properties were studied. In the UV-vis spectrum, a strong
absorption (¢ = 2.52 x 10" L mol™* em™) was observed at
275 nm, corresponding to the n-n* transition of the phenyl
rings and tetrazine core along with a weaker absorption peak
(e = 4.90 x 10> L mol™" em™) at 396 nm, corresponding to the
n-n* transition of the tetrazine. Compared to 3,6-diphenyl-
1,2,4,5-tetrazine, which exhibits weak fluorescence (¢ = 1.5 x
1074, 2,6-diphenyl-1,3,4,5-tetrazine demonstrated no fluo-
rescence. By cyclic voltammetry (CV), 1,3,4,5-tetrazine was
found to undergo a quasi-reversible single-electron reduction
at —1.37 V (vs. Fc+/Fc, —0.78 V vs. NHE), to reveal its electron-
deficient nature. In contrast to reduction potential, no oxi-
dation was observed when a positive scan was performed.
According to Li et al., the reduction potential of 2,6-diphenyl-
1,3,4,5-tetrazine is almost comparable with the one for 3,6-
diphenyl-1,2,4,5-tetrazine 19 (—1.21 V vs. Fc+/Fc),°® and this
indicates a similar electron deficiency of both tetrazine
isomers.

Next, the reactivity of 2,6-diphenyl-1,3,4,5-tetrazine in
inverse electron demand Diels-Alder cycloaddition reactions
with various dienophiles, such as heterodienophiles (ami-
dines), electron-rich dienophiles (ynamines, enamines, ketene
acetal), and strained alkynes (cyclooctyne), was studied
(Scheme 26).”° Isomeric 3,6-diphenyl-1,2,4,5-tetrazine 19 was
used as a reference.

According to Fischer et a compared to 1,2,4,5-tetrazine
19, 1,2,3,5-tetrazine exhibited an outstanding reactivity toward
heterodienophiles (amidines), a comparable reactivity toward

l. ’70

Ph

Ph
Ph—<;\‘ _\<N —_— =t
N=N Ph \ NH
HE ; ;H
e
118

Scheme 26 Reaction of 2,6-diphenyl-1,3,4,5-tetrazine with cyclooctyne.
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electron-rich dienophiles (ynamines, enamines, ketene acetal),
and a lower reactivity toward strained olefins and alkynes
(cyclooctyne). In the last case the cycloaddition reaction at
room temperature under effectively and modestly concentrated
reaction conditions (400 mM tetrazine, 4 eq. cyclooctyne)
afforded fused pyrimidine 23 in 97% yield, while under more
diluted conditions (10-50 times) the reaction yields went down
to 0%. In all the cases only a single mode of cycloaddition was
observed (C4/N1 vs. N2/N5).

Synthesis and photovoltaic properties
of 3,6-dithienyl-1,2,4,5-tetrazine
oligomers and polymers

The simplest way to use solar energy is to convert it into elec-
tricity by photovoltaic (PV) technology. Organic polymer solar
cells (PSCs) have attracted great attention of researchers due to
their low cost and ease of industrial production. A key part of
polymer solar cells is the active layer, which usually represents
a mixture of donor and electron acceptor. In numerous
materials with photovoltaic properties the tetrazine cycle acts
as the electron acceptor, and thiophene derivatives play a role
of donors. Thus, novel copolymer 119, in which the thiophene
bridge was introduced between tetrazine and cyclopenta[2,1-
b:3,4-b"|dithiophene (CPDT), was prepared (Fig. 19).°° The syn-
thesis was realised through the Stille reaction from the
dibromo derivative of 3,6-dithienyltetrazine, obtained by the
Pinner method from 4-hexylthiophene nitrile. The polymer
demonstrated good thermal stability and a wide absorption
band, covering the area of 450-700 nm. The energy levels
HOMO and LUMO were estimated as —5.34 and —3.48 eV, and
the energy gap was 1.86 eV according to CV data. Solar cells
fabricated from the mixture of polymer 119 and fullerene-
based donor PC,;BM ([6.6]-phenyl-C,;-butyric acid methyl
ester) demonstrated the calibrated energy conversion efficiency
of 5.4%.

In another work of the same team,”* the modified polymer
120 (Fig. 19), in which tetrazine is bound to dithieno[3,2-
b:2',3"-d]silole (DTS) as the electron donor component, was
described. This polymer is thermally stable and exhibits strong
absorption in the visible region (molar coefficient 4.67 x 10*
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s N=N S \ /[Tn R', R% 2-ethylhtxyl, 2-ethylhexyl (a);
2-ethylhexyl, hexyl (b); hexyl, 2-ethylhexyl (c);
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Fig. 19 Chemical structure of polymers 119-121.
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M~' em™ in toluene), and low energy gap (1.65 eV). Solar cells
from a mixture of this polymer and PC,;BM demonstrated
energy conversion efficiency (PCE) up to 4.2%.

In the next work of the same team,”* a series of copolymers
121a-e with various substituents in the thiophene cycle and
CPDT fragment (Fig. 19) were studied to elucidate the effect on
solubility, optical, electrochemical characteristics and inter-
chain attraction of polymers. According to the authors these
polymers have very promising properties for application in
functional materials, such as thermostability at 220 °C, a long
wavelength absorption band at 546-588 nm (chlorobenzene)
with a large molar coefficient (from 4.4 x 10 to 5.6 x 10* M™*
em™'), a low energy gap of 1.60-1.72 eV and HOMO/LUMO
values around —5.35 eV/—3.52 eV accordingly.

To prove the applicability of these polymers bulk hetero-
junction solar cells were fabricated by mixing the polymers
with PC,;BM, and the observed power conversion efficiency
was up to 5.53% (in case of polymer 121d bearing linear hexyl
substituents) under simulated AM 1.5 G irradiation of 100 mW
cm 2. The morphological structures of the active layers from
different polymers or under different processing conditions
were then analyzed by atomic force microscopy (AFM) and cor-
related with their device performance.

In another report, copolymers 122 and 123 (Fig. 20), in
which tetrazine cycle and carbazole or fluorene units as elec-
tron donor components are bound through the thiophene
spacer, were synthesized and studied.”

Polymers 122 and 123 are thermally stable to 260 °C and
245 °C, respectively, and both polymers have wide UV-absorp-
tion bands to ~700 nm with maxima at 495 nm (122) and
498 nm (123) in chloroform. It was noted that carbazole-con-
taining copolymer 122 exhibited a higher absorption coeffi-
cient than polymer 121d, and a long-wavelength shift of about
30 nm was observed in the films of both polymers. According
to CV data, energy levels HOMO and LUMO and band gaps for
polymers 122 and 123 were: —5.32 eV and —5.60 eV, —3.09 eV
and —3.12 eV, 2.23 eV and 2.49 eV, respectively. Bulk hetero-
junction photovoltaic devices were made using copolymer 122
and PC,;BM at a weight ratio of 1:1, 1:2, 1:3, or 1:4. The
best of them with a ratio of 1:1 had a high open-circuit
voltage (1.0 V) under AM 1.5 G illumination at 100 mW cm™>
with a power conversion efficiency of 2.13%.

In the last few years, application of small molecules in
organic solar cells (OSCs) has attracted increasing attention
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Fig. 20 Chemical structure of copolymers 122, 123.
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due to easier purification methods to reach higher purity, well-
detailed by using common physical methods, molecular struc-
ture, workability of solutions due to better solubility (because
of lower molecular weight), and, finally, certain molecular
weight, which can be determined by common methods.

The design and synthesis of the series of highly coplanar
tetrazine-containing oligomers 124-126 with the A-D-A struc-
ture were reported.”* These molecules were prepared by the
Pd-catalysed Stille cross-coupling reaction of 3-(5-bromo-4-
hexyl-2-thienyl)-1,2,4,5-tetrazine  with  bis(trimethylstannyl)
thiophene derivatives. In all the oligomers, non-alkylated oli-
gothiophene acts as the central donor fragment, and tetrazine
units on both sides act as acceptors while alkylated thiophene
units act as the n-bridge between donor and acceptor parts
(Fig. 21).

Molecules 124-126 (Fig. 21) proved to be highly soluble in
conventional organic solvents and exhibit high thermal stabi-
lity (T4 > 257 °C). These molecules possessed an ICT band in
the visible region with a high molar coefficient: A, 447 nm
and emax 84500 M™' em™! for 124, Amax 463 nm and emax
96300 M™' cm™ for 125, Anax 473 nm and emay 82600 M™*
em™ " for 126. According to CV data, the LUMO energy levels
were practically independent of the number of thiophene
cycles in oligothiophene: —3.54 eV, —3.55 eV, and —3.41 eV for
124, 125 and 126, respectively. HOMO energy values changed
more significantly: —5.50 eV, —5.18 eV, and —5.02 eV for 124,
125 and 126, respectively. The band gaps were 1.96 €V, 1.63 eV,
and 1.61 eV for 124, 125, and 126, respectively. It was shown
that band gaps of these three SMs and energy levels can be
tuned through changing the number of oligothiophenes (OTs)
based on the A-D-A structure, and also the A-D-A structure
SMs can lead to high absorption coefficients.

To study the photovoltaic properties, bulk heterojunction
photovoltaic devices were fabricated using the above-men-
tioned SM as the donor, and PCs;BM or PC,;BM as the accep-
tor. Active layers for the devices were obtained from chloro-
form solutions of SM and PCs;BM or PC,;BM by spin-coating.
The optimized current-voltage curves of oligomers 124-126
are presented in Fig. 22. The cells based on 124/PCsBM
showed an open circuit voltage (Vo) of 0.73 V, a short circuit
current density (Js.) of 1.77 mA em™?, and a fill factor (FF) of

CeHi3 CeH13 CH13 CeHiz

D ML(MH 45

N=N

CeH13 CeHia CeHi3 CeH1z

DN 7y /“'”\>_f§

S N=N S S S S N=N S

125

CeH1s CeH1s CeHiz CeHi3

R ANV WaWaly! M

S N=N S S S S S N=N S

126

Fig. 21 Chemical structure of coplanar molecules bearing two tetra-
zine rings 124-126.
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Fig. 22 Current—voltage characteristics of optimized photovoltaic cells
based on 124: PC¢BM, 125: PC4,BM and 126: PC4,BM under illumina-
tion of AM 1.5, 100 mW cm™2 white light. Reproduced with permission
of Elsevier.”*

0.38, giving a PCE of 0.49%. Interestingly, with the increasing
number of thiophene units in the backbone, the photovoltaic
cell based on 125/PC¢;BM exhibited V,. of 0.74 V, J,. of
5.77 mA cm™?, FF of 0.52, and significantly increased PCE to
2.22%, which is more than three times higher than that of
124. However, the photovoltaic performances of 126 with
increasing thiophene number in the backbone decreased
greatly. The results indicated that hierarchical structures con-
trolled by adjusting the conjugate moiety length of small mole-
cules represent an effective way to improve the performance of
OSCs. Thus, the photovoltaic device based on 125/PC,;BM
showed the best performance, with a J,. of 7.87 mA cm™> and
a PCE of 3.24%.

Tetrazine-containing polymers 127 and 128 (Fig. 23),
including benzo[1,2-b:4,5-b]dithiophene (BDT) as the electron
donor fragment with a rigid planar structure and increased
mobility, as well as thiophene spacers between tetrazine and
BDT parts to improve the solubility of copolymers, were
obtained by the cross-polymerization Stille reaction.”® The
determined molecular weight was 7.8 kg mol™" for copolymer
127 and 30.0 kg mol™" for copolymer 128. Polymers demon-

R = 2-ethylhexyl

Fig. 23 Chemical structure of polymers 127 and 128.
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strated high thermal stability (T4 = 295 °C for 127 and 305 °C
for 128). The absorption spectrum of polymer 127 in o-dichlor-
obenzene exhibited two bands in the visible region with
maxima at 440 nm and 510 nm, while polymer 128 exhibited
one band with a maximum at 494 nm. In the film, the absorp-
tion maximum underwent a long-wave shift of 20-25 nm for
127 and 48 nm for 128. According to CV data, the HOMO and
LUMO energy levels and the energy gap had the following
values for copolymer 127: —5.39 eV, —3.58 eV and 1.81 eV, for
copolymer 128: —5.28 eV, —3.60 eV and 1.68 eV. Both polymers
possessed a low HOMO level and narrow band gap.

To study the photovoltaic properties of the obtained poly-
mers, several structural PSCs were created by depositing copo-
lymers 127 or 128 and PC,,;BM on indium-tin oxide/glass sub-
strates. It was shown that the solvent composition had a sig-
nificant effect on the device performance (a mixture of 80%
o-dichlorobenzene and 20% chlorobenzene was proved to be
the best one). Analysis of the characteristics of fabricated
devices showed that promising PCE > 5.0% was achieved at
high open circuit voltage (V) ~1.0 V.

Novel small molecules (SMs) 129 and 130 with a D,-A-D;-
A-D, structure including benzo[1,2-b:4,5-b]dithiophene as the
central building block, tetrazine as the acceptor component,
and bi- or terthiophene as terminal donor fragments (Fig. 24)
as potential candidates for OSCs were reported.”” Compounds
129 and 130 were prepared by using the Stille cross-coupling reac-
tion between 3-(5-bromo-4-hexyl-2-thienyl)-6-(3,50-dihexyl-2,20-
bithiophen-5-y1)-1,2,4,5-tetrazine and 3-(50-bromo-3,40-dihexyl-
2,20-bithiophen-5-y1)-6-(3,40,50-trihexyl-2,20-50,20-terthiophene-5-
y1)}-1,2,4,5-tetrazine and bis (trimethyltin)-4,8-bis(2-ethylhexyloxy)
benzo[1,2-b:4.5-b]dithiophene using Pd(PPh;), as the catalyst. In
UV-spectra, molecules 129 and 130 exhibited wide absorption
bands at 300-600 nm in chloroform solution with maxima at
479 nm (129) and 489 nm (130) and high molar coefficients (7.29
x10* M~ em™ for 129 and 1.27 x 10° M~ em ™" for 130). Due to
high organic solvent solubility thin films of these SMs were easily
fabricated, and in these films the greater widening of the absorp-
tion bands along with a 43-49 nm red-shift of the absorption
maxima was observed compared to the solutions, thus indicating
strong intermolecular n-r interactions in the solid state for the
both oligomers.

The redox behaviour of compounds 129 and 130 was
studied by the CV method and it was shown that the energy
levels of the HOMO and LUMO and the band gap have the fol-
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Fig. 24 Chemical structure of molecules 129 and 130.
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lowing values for compound 129: —5.51 €V, —3.67 eV and 1.84
eV and for compound 130: —5.30 eV, —3.64 eV and 1.66 eV.
Thus, the elongation of the n-bridge and the increase in end
groups practically did not affect the LUMO energy level but
reduced the HOMO level and the band gap width. For the
study of photovoltaic properties, bulk heterojunction organic
solar cells were fabricated by blending of molecules 129 and
130 with PC,;BM on indium tin oxide/glass substrates. Devices
using SMs 129 and 130 showed a promising power conversion
efficiency of 5.01% and 5.29% with a large V,. of 0.98 V and
0.88 V, respectively.

The synthesis of tetrazine-quaterthiophene co-polymer 131
(Fig. 25) and data on its optical, structural, and photovoltaic
properties were described.”® In this polymer core the 1,2,4,5-
tetrazine moiety as an acceptor part combines with two 4-(2-
octyl)dodecyl-substituted thiophene units and one non-substi-
tuted bithiophene unit as a donor part. Similarly to the above
reported cases, the synthesis of copolymer 131 was carried out
by the Stille cross-coupling reaction between 3,6-dithiophene-
tetrazine dibromo derivative and 5,5-bis (trimethylstannyl)-
2,2""-bithiophene using Pd(dba); as the catalyst.

In the thin film, the polymer 131 was characterized by a
wide absorption band with a maximum at 583 nm and an
absorption coefficient of 1.87 x 10° em™, as well as a band
gap value of 1.8 eV. The HOMO and LUMO values determined
from CV data were —5.58 eV and —3.10 eV respectively, and the
value of the band gap was 2.48 eV (greater than optical value).
In order to study crystallization behavior and molecular packa-
ging, two-dimensional measurements of wide-angle X-ray scat-
tering of the thin films of copolymer 131 were performed,
which demonstrated that the preferred orientation of the
packaging of polymer chains in the film was face-to-face, and
the d-distance of about 0.40 nm indicates n-n stacking. Next,
to fabricate the OSCs this polymer was mixed with a non-full-
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Fig. 25 Chemical structure of polymers 131-133.
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erene acceptor (1:1) and applied for the absorption layer.
((3,9-Bis(2-methylene-(3-(1,1-dicyanomethylene)-6-fluoroinda-
none))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:20,30-
do0]-s-indaceno[1,2-b:5,6-b0]dithiophene (ITIC-F) was used as
an acceptor layer as its energy levels and optical properties
match well with those for copolymer 131. Bulk-heterojunc-
tion non-fullerene OSCs were manufactured in inverted and
normal device configurations. They demonstrated high V,. of
0.9 V, the highest PCE of 2.6% was obtained in the case of
inverted solar cell architecture.

Two new polymers 132 and 133 (Fig. 25) were synthesized
by Stille coupling polymerization and studied for PSCs.”” In
polymer 132, the tetrazine moiety was used as an acceptor part
and tetrathiophene derivatives with 2-octyldodecy side chains
introduced for better solubility were used as electron-donating
moieties. In polymer 133 hexyl- and 2-octyldodecyl-substituted
hexathiophene fragments were introduced to suppress exces-
sive molecular aggregation and to tune energy levels as well as
morphology of the blend film. The obtained polymers exhibi-
ted high thermal stability (T4 = 299.8 °C for 132 and 418 °C for
133). Molecular geometry and HOMO and LUMO energy levels
of polymers 132 and 133 were calculated by using DFT at the
B3LYP/6-31G(d,p) level, and hexyl, octyl and dodecyl residues
were replaced with ethyl to simplify the theoretical study.
Based on the calculated and X-ray diffraction data, it was con-
cluded that polymer 133 with a hexathiophene fragment pos-
sesses relatively lower molecular coplanarity, a larger stacking
distance but more orderly molecular stacking compared to tet-
rathiophene polymer 132. Next, the UV-absorption spectra of
these polymers were measured in chlorobenzene at tempera-
tures from 35 to 95 °C (Fig. 26a and b). At 35 °C, two UV-bands
were observed for polymer 132 with maxima at 564 and
618 nm, which were attributed to intramolecular charge trans-
fer (ICT) and intermolecular n-n stacking respectively. The
latter is higher than the former, which indicates that inter-
molecular n-n stacking is stronger than ICT in polymer 132.
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Fig. 26 Temperature-dependent absorption spectra of (a) 132 and (b)
133 in chlorobenzene solution, and (c) absorption spectra of 132, 133,
PC,,BM and ITIC in film. Reproduced with permission of Elsevier.””
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For the polymer 133 these two bands also appeared at longer
wave lengths (I, = 581 and 634 nm). Films 132 and 133
exhibit strong absorption in the visible light band between
400 nm and 700 nm, but they possess little absorption in the
short wavelength band (<380 nm) and long wavelength band
(>700 nm), while PC71BM and ITIC possess strong absorption
in the short wavelength band (300-600 nm) and long wave-
length band (550-900 nm) respectively (Fig. 26¢). Peng et al.
demonstrated that two polymers possess complementary
absorption spectra with PC71BM and ITIC. This fact implies
that the polymers could construct efficient fullerene- and non-
fullerene-based PSCs as well as the corresponding ternary
PSCs. According to voltammetry data, the HOMO, LUMO and
band gap values were respectively —5.63 eV, —3.75 eV, and 1.88
eV for polymer 132, and —5.34 eV, —3.64 eV, and 1.70 eV for
polymer 133.

To analyze exciton dissociation and electron transfer behav-
ior of the blend films, the steady state photoluminescence
measurements were carried out for the films of polymers 132
and 133, as well as their mixed samples (132/PC,,BM), (133/
PC,BM) and (133/PC,;BM/ITIC) were measured. The film pre-
pared from polymer 132 demonstrated an emission maximum
at 652 nm and the intensity in the mixed film at this wave-
length maintained at 33.9%. The film of polymer 133 had an
emission maximum at 667 nm, the mixed film (133/PC71BM)
retained intensity at this wavelength by only 6.1%, and the
film of the triple mixture (133/PC71BM/ITIC) had only 1.5% of
retained intensity. The mixed films of polymer 133 exhibit
higher fluorescence quenching than polymer 132, and the
triple blend film 133 possessed the most effective exciton dis-
sociation and charge transfer to electron acceptors. The hole
mobility of mixed films was studied, and it was shown that the
triple mixture film demonstrates the highest value.

Photovoltaic properties of polymers 132 and 133 were inves-
tigated by using inverted PSC devices with an architecture of
ITO/ZnO (30 nm)/polymer: acceptor/MoO; (5 nm)/Al (100 nm),
in which very active layers were spin-coated from chloroben-
zene solution. Optimal polymer/acceptor ratios were found as
follows: 132/PC71BM (1/2), 133/PC71BM (1/2), 133/PC;;BM/
ITIC (1/1.8/0.2). For devices with such active layers, the V.
values of 1.02, 0.84, 0.88 V and PCE,,,, 5.16, 6.69 and 7.88%,
respectively, were obtained, i.e., the triple blend layer showed
better results.

Conclusion and future perspectives

In this review we have demonstrated that tetrazine-based
systems display a wide set of promising chemical, photo-
physical and redox properties, which makes them ideal candi-
dates for various practical applications.

First of all, 3,6-disubstituted 1,2,4,5-tetrazine-based systems
possess a strong electron deficient s-tetrazine core and a
strong election acceptor, and for this reason many research
articles in the last decade were focused on the synthetic design
of tetrazine-based push-pull systems/NLO-devices. Original
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and convenient approaches for the synthesis of new s-tetrazine
derivatives have been developed, such as various types of
metal-catalysed cross-coupling reactions, as well as metal-cata-
lysed or metal free C-H functionalisation or their combi-
nations. Some general important tools for tuning photo-
physical characteristics and solubility of molecules were
applied: incorporation of amino-derived electron donors pos-
sessing highly positive mesomeric effects, extension and pla-
narization of the n-system, and introduction of long alkyl
chains to provide good solubility of the chromophore.”®
Tetrazine-based push-pull systems with an unprecedently high
fluorescence quantum yield (>0.98) and considerable Stokes
shifts were recently reported®® as potentially useful building
blocks for optoelectronics.

Some new tetrazine derivatives were used for creating
advanced all-organic materials with high electrochemical
energy storage capacity and a good electrocatalytic reduction
effect,”® as well as for creating advanced two-photon absorbing
materials.””*® Semiconductor organic donor-acceptor dyes
bearing tetrazine moieties as acceptor units were designed to
sensitize titanium dioxide in the photochemical hydrogen
evolution reaction (HER).>*"

Tetrazine-based pre-fluorophore systems are now widely
used in chemical biology as synthetic precursors for “turn on”
fluorogenic probes for bioimaging applications. Such probes
are generated by means of the DA;,, reactions between tetra-
zines and various dienophiles to afford pyridazine, and this is
accompanied by a dramatic enhancement in fluorescence.
Various tetrazine derivatives, which demonstrated excellent
results in living cell labelling experiments and enabled no-
wash fluorogenic imaging on a timescale of seconds, were
reported.®’ Depending on the nature of a dienophile and the
reaction conditions the fluorescence of the resulted pyridazine
can be enhanced dramatically and this improves the efficiency
of tracking/staining biomolecules in cellulo.”® Along with
1,2,4,5-tetrazine derivatives the recently reported 1,2,3,5-tetra-
zine diens® were proven to be successfully involved in DAj,,
reactions with dienophiles to afford pyrimidines, which might
be even more advanced in terms of photophysical properties.
In addition, the antibody pretargeting approach for radio-
immunotherapy (RIT) using the DA, reaction between tetra-
zines and trans-cyclooctenes was recently reported as an emer-
ging theranostic approach for solid cancers.** Another impor-
tant application of 1,2,4,5-tetrazines in bioimaging can be
associated with their ability to form so called through-bond
energy transfer (TBET) donor-acceptor systems. Fluorescence
resonance energy transfer (FRET)-based ratiometric probes are
widely used for bioimaging applications. However, in such
systems it is necessary to provide a sufficiently large spectral
overlap between the donor emission and the acceptor absorp-
tion, which would limit the resolution of double-channel (bio)
images. The s-tetrazine-based through-bond energy transfer
(TBET) systems do not need to follow such conditions and,
thus, they could afford a large wavelength difference between
the two emissions with improved imaging resolution and
higher energy transfer efficiency than that of the classical
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FRET system and that is more favorable for designing
more advance ratiometric probes for  bioimaging
applications.?**7:3%:62:81,82 pina|ly, exclusive use of the tetrazine
moiety as a photoquencher in the design of advanced fluoro-
genic probes was reported recently.®® In contrast to common
nitro-phenyl-based phototriggers in this study upon light
irradiation the tetrazine-based quenchers were photodecom-
posed to afford novel photoactivatable fluorophores with an
enhanced fluorescence.

In numerous advanced small-molecule-based, oligomeric
or polymeric photovoltaic materials of D-A types the appropri-
ate combination of the s-tetrazine units (A) and thiophene
derivatives (D) results in materials with a relatively broad light
harvesting range and appropriate energy levels for both fuller-
ene and non-fullerene-based acceptors,”®®* which results in
promising power conversion efficiencies over 5.0%.” It should
be noted that the creation of highly effective organic materials
with thermally activated delayed fluorescence (TADF) which
represent an alternative to phosphorescent OLEDs was
achieved for some tetrazine derivatives.>*%

Based on all the above, in our opinion, the future appli-
cations of tetrazine-based scaffolds should be concentrated on
creating more advanced materials for bioimaging, photovoltaic
and NLO materials as well as on the ones for energy storage.
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