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Bioorthogonal chemistry is widely used in biological systems and has been trialed in patients, attracting a
lot of attention in this century. Tetrazine-based bioorthogonal reactions are essential in chemical biology
applications, including cellular labeling, live-cell imaging, diagnosis, drug release, and oncotherapy, due
to their tunable rapid reaction kinetics and unique fluorogenic characteristics. However, the scope of de
novo tetrazine synthesis is restricted due to the limited supply of commercial starting materials. Therefore,
derivatization based on tetrazine scaffolds has been used to synthesize various tetrazine derivatives to
enhance the applications of tetrazine bioorthogonal reactions. Herein, the recent advances in tetrazine
scaffold-based derivatizations, including tetrazine skeletons, aromatic substituents and alkyl substituents
of tetrazines, have been summarized. The advantages and limitations of the derivatization methods and
applications of the developed tetrazine derivatives in bioorthogonal chemistry have also been highlighted.

Received 17th September 2021,
Accepted 15th October 2021

DOI: 10.1039/d1qo01324f

rsc.li/frontiers-organic

1,2,4,5-tetrazines (s-tetrazines) in 1893 via a two-step reaction
process (condensation of hydrazine and nitrile and the oxi-

1. Introduction

Bioorthogonal reactions, such as the Staudinger ligation,
strain-promoted azide-alkyne cycloaddition (SPAAC), strain-
promoted alkyne-nitrone cycloaddition (SPANC), photoclick
1,3-dipolar cycloaddition, and inverse-electron demand Diels-
Alder (IEDDA) cycloaddition, have been extensively used in
chemical biology and biomedicine studies for imaging, detec-
tion and therapy.'® The tetrazine bioorthogonal reactions,
including IEDDA reaction with dienophiles®**** and [4 + 1]
cycloaddition with isonitriles,"*™'® have attracted more and
more attention due to their rapid reaction kinetics and unique
fluorescence properties (Fig. 1a and b). According to the latest
research progress, the tetrazine involved IEDDA reaction is the
most rapid bioorthogonal reaction with fast kinetics (up to 10’
M~ s, and can be used in vivo with a nanomolar

concentration.>”>*  Moreover, it is efficient in drug
delivery,>>>® single-cell detection,> ™’ and immuno-PET
imaging.****

Therefore, it is necessary to develop tetrazine synthesis
methods to discover the diversified applications of tetrazine
bioorthogonal reactions. Pinner firstly synthesized aromatic
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dation of dihydrotetrazine) (Fig. 1c).*> The Pinner synthesis
method has been widely used to synthesize aromatic tetra-
zines, but it is not suitable for aliphatic tetrazines.*® In recent
years, many strategies have been used for tetrazine synthesis
due to the development of tetrazine-based bioorthogonal reac-
tions. In 2012, the Devaraj group synthesized symmetrical and
unsymmetrical aromatic and aliphatic tetrazines via the con-
densation of nitriles and anhydrous hydrazine using the Lewis
acid catalyst Zn(m) or Ni(n) salt.*” Its widespread use is limited
by anhydrous hydrazine. In 2018, the Audebert group devel-
oped a sulfur-promoted reaction of nitriles with dichloro-
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Fig. 1 (a) Bioorthogonal reaction between tetrazine and dienophiles
(IEDDA reaction). (b) Bioorthogonal reaction between tetrazine and iso-
nitriles ([4 + 1] cycloaddition). (c) Typical synthesis of the tetrazine
skeleton.
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methane to form monosubstituted aryltetrazines under micro-
wave irradiation using hydrazine hydrate.*® Recently, the Wu
group demonstrated that thiols can promote the reaction
between nitriles and hydrazine hydrate to produce unsymme-
trical alkyl- or aryl-tetrazine derivatives with good functional
group compatibility and satisfactory yields at room tempera-
ture.*® Yet, large amounts of strong oxidants must be used in
these methods. Notably, in 2017, the Hu group prepared sym-
metrical and unsymmetrical dibenzyl-tetrazines through a
formal [3 + 3] addition using gem-difluoroalkenes and hydra-
zine hydrate at room temperature with ambient air as the
oxidant.*®

The above de novo synthetic strategies were used for con-
structing tetrazine skeletons. However, most methods use
hydrazine, which limits their applications due to its nucleophi-
licity and reducibility.>”" Also, these methods use excessive
oxidants, thus limiting the substrate scope. Furthermore, the
inadequate commercially available nitriles limit tetrazine syn-
thesis. These limitations hinder the synthesis of tetrazines
containing complex functional groups or macromolecules.
Therefore, as an alternative strategy, derivatization based on
tetrazine scaffolds with substituted tetrazines as building
blocks has emerged to produce novel tetrazine derivatives.

Herein, the advances in derivatization based on tetrazine
scaffolds since 2014 have been summarized. Three strategies
have been discussed: (1) derivatization of tetrazine skeletons;
(2) derivatization of alkyl tetrazines; and (3) derivatization of
aryl tetrazines. Also, the applications of tetrazine derivatives
obtained using these strategies, including bioimaging, drug
delivery, detection of DNA and microRNA, and photodynamic
therapy, have been highlighted.

2. Derivatization of tetrazine
skeletons

Chlorotetrazines are synthons that have been widely used due
to their high reactivity in nucleophilic aromatic substitution
(SnAr) reactions.”® However, SyAr reactions between tetrazines
and reactive carbon nucleophiles, such as organo-lithium or
Grignard reagents, usually yield nitrogen substitution pro-
ducts.” In 2014, the Audebert group prepared six unsymmetri-
cal alkyl-s-tetrazines (carbon substitution products, 18-52%
yields) via an SyAr reaction between chlorotetrazines and alkyl
lithium reagents.”® Aromatic halides in electron-deficient
systems can undergo both SyAr and cross-coupling reactions.
Developing cross-coupling reactions under mild conditions
can be used to directly synthesize tetrazine derivatives. The
Kotschy group reported the first cross-coupling reaction
between chlorotetrazines and different terminal alkynes and
obtained nine alkynyl tetrazine derivatives in 23-65% yields.>*
Since chlorotetrazines are easily decomposed under coupling
reaction conditions, the substrates in this reaction were
limited to 6-N,N-dialkyl-substituted 3-chlorotetrazines because
electron donor groups stabilize tetrazines in the coupling
reactions.>"*® In 2017, the Lindsley group demonstrated that
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N-alkyl-substituted chlorotetrazines transformed from com-
mercially available 3,6-dichlorotetrazine (7) (Fig. 2a) can be
coupled with different aromatic boric acids to obtain high
yields (up to 94%) via a Suzuki cross-coupling reaction using a
BrettPhos Pd G3 catalyst®® (Fig. 2b). Various unsymmetrical
N-alkyl-substituted aromatic tetrazines, including tetrazine 15,
a derivative of the minaprine analog 16, have been obtained
through Suzuki cross-coupling reactions. Tetrazine 15 is an
acetylcholinesterase (AChE) inhibitor that can be used as a
potential prodrug for senile dementia of the Alzheimer’s type
(SDAT) with improved drug metabolism and pharmacokinetics
(DMPK) properties compared to 16.>” The electron-donating
amino groups on the tetrazines produced by this method
decrease their reaction rates during the IEDDA reaction, limit-
ing their application in bioorthogonal chemistry.*>®

Besides chlorotetrazines, bromotetrazines are also widely
used to synthesize tetrazine derivatives. The Wombacher
group®® used 3-bromo-6-methyl-1,2,4,5-tetrazine (21) (Fig. 3a)
for Stille cross-coupling reactions®® with various tributyl-
stannanes (21-28% yields), followed by further hydrolysis to
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Fig. 2 Synthesis of tetrazine derivatives via the Suzuki cross-coupling
reaction using chlorotetrazine as the starting building block. (a)
Synthesis of N-alkyl-substituted chlorotetrazines. (b) Suzuki cross-coup-
ling reaction between N-alkyl-substituted chlorotetrazines and aromatic
boric acids. DIPEA: N,N-diisopropylethylamine, MTBE: methyl tert-butyl
ether.
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Fig. 3 Synthesis of tetrazine derivatives using 6-substituted bromote-
trazines as starting building blocks. (a) Synthesis of 6-methyl bromote-
trazine (21) from commercially available thiocarbohydrazide (17). (b)
Synthesis of aryltetrazines from a bromotetrazine and a Sn-based
reagent via Stille cross-coupling. (c) Sonogashira cross-coupling of bro-
motetrazines and terminal alkynes. OMOM: OMeOMe, TFA: trifluoroace-
tic acid, and DMA: N,N-dimethylacetamide.

generate fluorogenic 3,6-disubstituted tetrazine probes with
high water solubility and strong fluorescence enhancement
after the IEDDA reaction (Fig. 3b). In 2020, the Riera group®
synthesized alkynyl-tetrazines (36-99% yields) through
Sonogashira-type cross-coupling reactions between bromote-
trazines and various terminal alkynes. The alkynyl-tetrazines
can undergo hydrogenation, and then oxidation to produce
the corresponding alkyl tetrazines in 95-99% yields, thus pro-
viding an alternative method for the synthesis of unsymmetri-
cally substituted tetrazines (Fig. 3c).

Many derivatization strategies of tetrazine involve the intro-
duction of an electron-donating group to stabilize the electron-
deficient skeleton enhancing coupling reactions. However, tet-
razines with 3,6-disubstituted or electron-donating groups are
usually less active in IEDDA reactions than those with mono-
substituted or electron-withdrawing groups.>®> Therefore,
3-monosubstituted tetrazines obtained from 3-bromotetrazine
(28) can improve the reaction kinetics. However, a few studies
have reported and characterized 3-bromotetrazine (28).°> In
2020, the Gademann group® synthesized and characterized
3-bromotetrazine (28) encouraged by previous reports®>°
using dibromoisocyanuric acid (DBIA) as a bromination agent
in the last step (Fig. 4a). 3-Bromotetrazine (28) is a bright
orange crystalline solid and a useful precursor for the syn-
thesis of various 3-monosubstituted tetrazines via nucleophilic
aromatic substitution with suitable bases and solvents, such
as  3-phenoxy-s-tetrazine,  3-indole-substituted-s-tetrazine,
3-thiol-s-tetrazine, 3-amino-s-tetrazine, and several tetrazine
functional amino acids. 3-Bromotetrazine (28) has been used

This journal is © the Partner Organisations 2022
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Fig. 4 Synthesis of tetrazine derivatives using bromotetrazine (28) as
the starting building block (part I). (a) Synthesis of bromotetrazine (28)
from intermediate 4. (b) Nucleophilic coupling of bromotetrazine (28).

to label macromolecules, including antibiotic fidaxomicin (di-
tet-fidaxomicin, 30), steroid (tet-dexamethasone, 31), and small
peptides (tyr(tet)-leuprorelin 32 and lys(tet)-cyclosomatostatin
33) with excellent selectivity (Fig. 4b). At the same time, the
Riera group®” also synthesized and characterized 3-bromotetra-
zine (28) using Br, as a bromination agent (Fig. 5a). It has
been proved to have excellent reactivity in nucleophilic aro-
matic substitution reactions (Fig. 5b). It was also used for
labeling the monoclonal antibody Trastuzumab, which is
chemoselective for lysines. The labeled protein can undergo
click-to-release  bioorthogonal reactions with strained
dienophiles to release doxorubicin (Fig. 5c). Recently, the
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Fig. 5 Synthesis of tetrazine derivatives using bromotetrazine (28) as
the starting building block (part I1). (a) Synthesis of bromotetrazine (28)
from commercially available thiocarbohydrazide (17). (b) Nucleophilic
coupling of bromotetrazine (28). (c) Application in the click-to-release
bioorthogonal reaction. (d) Cross-coupling of bromotetrazine with aryl
boronic acids.

Gademann group reported the palladium-catalyzed cross-coup-
ling reaction between 3-bromotetrazine (28) and aryl boronic
acids using Ag,CO; as an activating agent in 37-87% yields
with good functional group compatibility®® (Fig. 5d).

Besides halo-tetrazines, thio-tetrazines are also valuable
building blocks that can be used for the synthesis of tetrazine
derivatives through aromatic nucleophilic substitution or
cross-coupling reactions.’®*>>®°  However,
reported methods are almost used to synthesize N- or
O-substituted tetrazines with moderate yields. In 2019, the Fox
group’® used 3-thioalkyl tetrazines to synthesize 3-aryl-6-
methyl/aryltetrazines through Ag(1)-mediated Liebeskind-Srogl
cross-coupling reactions. 3-Thioalkyl tetrazine was obtained
via a two-step de novo synthesis process from a commercially
available starting material without using hydrazine (Fig. 6a). In
a one-pot operation, thiocarbohydrazide 17 was firstly alkyl-
ated with 4-(bromomethyl) biphenyl, and then underwent a
condensation reaction with triethyl orthoacetate and Cu-cata-
lyzed oxidation in air, yielding 3-(4’-phenylbenzylthio)-6-
methyltetrazine (36) (47% overall yield), a stable and safe crys-
talline solid (27 g scale) (Fig. 6a). The thio-tetrazines can react
with (hetero)arylboronic acids to produce tetrazines through
Ag(1)-mediated Liebeskind-Srogl cross-coupling reactions.”"”?

the previously
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Fig. 6 Synthesis of tetrazines via derivatization of thio-tetrazines. (a)
New strategy for the synthesis of thio-tetrazine on the decagram scale.
(b) Synthesis of aryltetrazines with various functional groups through Ag
(1)-mediated Liebeskind—Srogl coupling. (c) Selective labeling of
endogenous MAGL in human brain vascular pericytes by the tetrazine-
functionalized probe 44 and its inhibition by KML29 (experiments were
conducted in the presence of TCO-TAMRA). (d) Synthesis of mono-/di-
substituted aliphatic or aromatic tetrazines using 3-thiomethyltetrazines
from carboxylic esters. PIDA: phenyliodosodiacetate. (c) Adapted from
ref. 70 with permission from the American Chemical Society.

Apparently, the combination of a PdCl,(dppf) catalyst with
Ag,0 facilitated the coupling reaction between 3-thioalkyl-6-
methyltetrazine and (hetero)arylboronic acids, influencing
functional group tolerance which could be much broader

This journal is © the Partner Organisations 2022
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under mild conditions, yielding 19-96% (Fig. 6b). This
method promotes the derivatization of tetrazine analogs via
new synthetic routes without using hydrazine. For instance, a
boron dipyrromethene (BODIPY)-tetrazine conjugate (43) was
generated via this approach in 78% yield which was much
higher than the 8% yield of the conventional hydrazine-based
synthesis method”® (Fig. 6b). Some useful pharmacodynamic
groups can be quickly and simply linked with the tetrazine
skeleton via this method to develop new probes for further
applications in the diagnosis and treatment of diseases. For
instance, probe 44, an inhibitor of monoacylglycerol lipase
(MAGL), was obtained in 78% yield within three steps. The
second-order rate constant of the IEDDA reaction between
probe 44 and axial 5-hydroxy-trans-cyclooctene (45) in metha-
nol at 25 °C is 20.66 M™' s, similar to that of 3-methyl-6-(4-
aminomethyl ethyl) tetrazine (19.5 M~ " s ')."®”* Furthermore,
it was found that probe 44 can inhibit MAGL (IC5, = 31 nM)”°
in vitro and selectively label endogenous MAGL in live cells of
human brain vascular pericytes after the IEDDA reaction with
TCO-TAMRA (Fig. 6¢). This labeling occurred with an ICs, of 8
nM and was inhibited by the KML29, a MAGL inhibitor,”®
thereby further proving that 44 was a MAGL inhibitor. This
synthesis strategy was mainly used to prepare methyl or phenyl
unsymmetrical 3,6-disubstituted tetrazines, but it cannot be
used to prepare monosubstituted tetrazines. In 2020, the Fox
group”’ took a large step in this direction. They used easily
synthesized (3-methyloxetan-3-yl)methyl carboxylic esters to
obtain 3-thiomethyltetrazines via a one-pot method. The
method can be used to synthesize mono-/di-substituted ali-
phatic or aromatic tetrazines through Pd-catalyzed cross-coup-
ling and thioether reduction reactions (Fig. 6d). This strategy
uses commercially available carboxyl compounds as starting
materials, greatly increasing the range of substrates, and can
be used to develop tetrazine probes for chemical biology
applications.

The substantial progress in tetrazine skeleton derivatiza-
tions for the generation of mono- and di-substituted tetrazines
was discussed above. Nevertheless, the unique characteristics
of a multi-nitrogen heterocycle tetrazine skeleton with strong
electron deficiency limit the type of reaction and the scope of
substrates, which cannot meet the huge demands for tetra-
zines in chemical biology. Therefore, more derivatization strat-
egies are needed.

3. Derivatization of alkyl tetrazines

Alkyl tetrazines can be modified through elimination-Heck
cascade reactions, Horner-Wadsworth-Emmons (HWE) reac-
tions, and hydrogenation reactions of alkenyl- and alkynyl-tet-
razines to directly prepare tetrazine derivatives for chemical
biology applications.

In 2014, the Devaraj group’® synthesized the n-conjugated
tetrazine derivatives (E)-3-substituted-6-alkenyl-1,2,4,5-tetra-
zines. They developed a new class of tetrazine building blocks,
3-substituted 6-mesyloxyethyl-tetrazines, which were stable

This journal is © the Partner Organisations 2022

View Article Online

Review

and can be easily synthesized. These compounds can react
with a variety of aryl halides through a Pd-catalyzed in situ
elimination-Heck cascade reaction to obtain a series of
n-conjugated 1,2,4,5-tetrazine derivatives (Fig. 7a), indicating
feasible conditions for Pd-catalyzed reactions involving tetra-
zine. In the same way, utilization of alternative vinyl-tetrazine
precursors generated several 3-substituted alkenyl-tetrazine
analogues, including the Boc-protected amine alkenyl tetrazine
47 in 91% yield, as well as diverse alkenyl-tetrazines bearing
bulky, electron-donating, electron-withdrawing, or heterocyclic
substituents in excellent yields (Fig. 7a). This strategy also pro-
vided a synthesis route for longer conjugated buta-1,3-diene-
substituted tetrazines, such as bistyryl- and diphenylbuta-
diene-substituted s-tetrazines (48 and 49), which had never
been synthesized before. Compounds 50 and 51 were also syn-
thesized with moderate yields under optimized elimination-
Heck reaction conditions, and can be deprotected to obtain
tetrazine-modified amino acid and nucleoside derivatives.
Three new fluorescent probes were developed by coupling tet-
razine with different fluorescent precursors: tetrazine-conju-
gated BODIPY 52, rhodamine 53 and difluoro-fluorescein
(Oregon-Green) 54. These probes showed up to 400-fold fluo-
rescence enhancement upon reaction with ¢rans-cyclooct-4-
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Fig.7 In situ synthesis of alkenyl-tetrazines. (a) Synthesis of
n-conjugated tetrazine derivatives through an elimination-Heck cascade
reaction. (b) Structures of the tetrazine-conjugated BODIPY 52 and
xanthene dyes (rhodamine 53 and difluoro-fluorescein (Oregon-Green)
54) and their strong emissions after reaction with trans-cyclooct-4-enol
(TCO).
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enol (TCO) with high quantum yields (Fig. 7b). Furthermore,
these alkenyl-tetrazines could be transferred to dialkyl-tetra-
zines through hydrogenation and oxidation. Therefore, this
strategy is essential in tetrazine chemistry since m-conjugated
tetrazine derivatives have widespread applications in biological
chemistry. Yet, this strategy is limited to the synthesis of aro-
matic tetrazine derivatives.

Recently, the Wu group®® developed a novel strategy for the
derivatization of alkyl-substituted tetrazines based on the de
novo formation of tetrazines from nitriles and hydrazine
hydrate via 3-mercaptopropionic acid (56) catalysis. This strat-
egy can be used to produce tetrazine methylphosphonate
derivatives from commercially available diethyl cyanomethyl-
phosphonate (55). Furthermore, n-conjugated tetrazine deriva-
tives can be synthesized via a Horner-Wadsworth-Emmons
(HWE) reaction with tetrazine methylphosphonate (Fig. 8a).
Various alkyl substituted tetrazines with excellent yields and
compatibility of functional groups, such as azide (57), di-
sulfide bond (58), alkynyl (59), amino acid (60), and glucopyra-
nose (61), can also be synthesized using this strategy.
Ditetrazine 62, which can act as a crosslink precursor in
material chemistry, can also be obtained using this strategy.
This strategy can also be used to develop novel fluorogenic
Huaxi-Fluor probes whose efficacy was validated by the suc-
cessful synthesis of pyridazine fluorophores in situ with large
Stokes shifts and high quantum yields through the
IEDDA reaction.”” The IEDDA reaction between non-fluo-
rescent probe 65 and bicyclooctyne (BCN) 63 can produce fluo-

EtO, R?
(a) 1)Hs/\/COOH \ \,OEt P
. EO om 56 I
R R NaHaeHo0, rt, EtOH > R2-CHO
N (o 2"~ NN — T L NP
CN 2) NaNOy, Ho0, HCI N+ N HWE reaction N. N
55 jn/‘ \(1
R
3 Up to 45% on a gram scale
R'=Me
R?= N; s o o _Z
/\/ ~ /\/ \/\
o™ o s N % To !
57,90% 58, 93% 59, 90%
(¢}
(o) AcO 0. \/\)71
V\HLOMG AcO™ " “OAc
NHBoc OAc H
60, 92% 61, 94% on a gram scale

N=N
7\ ri%Me y NMe,
N=N /
N-N =N A
Me—</N » R304/_<\N—N/

62, 87%

64, R3= TBS, 55%
HCl| ' ’
65, R%=H,75%
N((CH220R) | (1)

.

LN s x105 1.0 15 20

N T Ll A [ Color Scale : Min—6.80¢” Max=2.10¢* |
67, R® = H, HF 45, 83%

R%°0

Fig. 8 Synthesis of alkyl-substituted tetrazines via the tetrazine-HWE
reaction. (a) Synthesis method. (b) In vivo imaging of probe 67. (b)
Adapted from ref. 79 with permission from John Wiley and Sons.
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rescent pyridazine with a 1273-fold turn-on ratio and large
Stokes shift (212 nm). The reaction between HFg,s (67) and
BCN (63) produced a consistently luminous product with a
wide pH range (pH = 4.0 to 10.0). Furthermore, the probe 67
was also used for live-cell imaging of SKOV3 and MC3T3 cells,
and in vivo imaging of mice bearing SKOV3 xenograft tumors
(Fig. 8Db).

4. Derivatization of aryl tetrazines

The derivatization of aryl tetrazines provides a practical
method for developing new tetrazine-substituted probes via C-
H activation, Friedel-Crafts alkylation, and coupling reactions,
which show great potential applications in bioorthogonal
chemistry and materials science.

In 2015, the Audebert group®® synthesized several new tetra-
zine-based compounds in 12-24% yields with a few substrates
via Stille, Suzuki-Miyaura, and Hartwig-Buchwald cross-coup-
ling reactions. In 2016, the Hierso group® reported the first
efficient mono-, di-, tri-, and tetra-ortho C-H functionalization
of 3,6-diphenyl-1,2,4,5-tetrazine (68) with moderate to excellent
yields (Fig. 9a). Functional derivatizations (F, Cl, Br, I and OAc)
were achieved via a direct Pd-catalyzed reaction under micro-
wave irradiation at 100-120 °C in 10 min or 30 min for F
functionalization and 17 h for others. The optimal yields of
the products with different numbers of substituents can be
achieved using different catalysts and adjusting the equivalent
of functionalization reagents that act as oxidants. Pd(dba),
(dba: dibenzylidene acetone) and Pd(OAc), were the most com-
monly used palladium catalysts. N-Fluorobenzenesulfonimide
(NFSI), N-chlorosuccinimide (NCS), N-bromosuccinimide
(NBS), N-iodosuccinimide (NIS) and PhI(OAc), were the
functionalization reagents for F, Cl, Br, I and OAc, respectively.
The IEDDA reaction rate between difluorinated aryltetrazine
(70a, 1 mM) and bicyclononyne dienophile (74, 1.14 eq.) in
tetrahydrofuran was 0.0755 min~", higher than that of the
corresponding non-fluorinated derivative 68 (0.0355 min™"),
indicating that the fluorine atoms promoted cycloaddition due
to their electronic effect. Tetrazines with electron-withdrawing
groups and good water solubility have high bioorthogonal
reaction rates and can be used in vivo. Therefore, further
studies are necessary to determine whether this method is
compatible with electron-deficient substrates or water-soluble
groups. Moreover, it will have great research value if '°F
functionalization can be performed in this method using [**F]
NFSI, since '®F is commonly used in positron emission tom-
ography (PET).*!

In 2017, the Hierso group®” also reported N-directed Pd-
catalyzed C-H ortho-functionalization of mono-, di-, and tetra-
halogenated homofunctionalized s-aryltetrazines. These reac-
tions were highly selective and efficient. The preferential halo-
genation sequence was from F, Cl, Br to I with a reaction time
of only 10 to 45 minutes. These multihalogenated aryltetra-
zines could undergo halogen-selective Pd-catalyzed Suzuki-
Miyaura cross-coupling reactions (Fig. 9b). For instance, 3,6-
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Fig. 9 Functionalization of aryl-substituted tetrazines via C-H acti-
vation. (a) ortho-Functionalized aryltetrazines prepared via direct Pd-
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genated and biphenyl aryltetrazines via sequenced selective halogena-
tion and Suzuki—Miyaura coupling reactions. (c) ortho-Functionalized
aryltetrazines prepared via iridium-catalyzed C—H amidation.

diphenyl-1,2,4,5-tetrazine (68) can be halogenated from chlori-
nation to bromination through C-H activation/halogenation,
yielding dihalogenated tetrazines 77a and 77b. The two dihalo-
genated tetrazines can undergo two halogen-selective Suzuki-
Miyaura cross-coupling reactions to yield polyaromatic biphe-
nyl tetrazines 80 (Z-shaped) and 81 (T-shaped). However, 3,6-
diaryltetrazine is relatively less water-soluble during bioortho-
gonal reactions, limiting the applications of these substrates.
Besides, 3,6-diphenyltetrazine benzene with a halogen atom
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can be further modified and coupled with other components.
Recently, the Xu group® reported an efficient and selective
iridium-catalyzed C-H amidation of 3-methyl-6-aryl-1,2,4,5-tet-
razines using sulfonyl azides as amidation agents (Fig. 9c).
Mono- or bis-amidation tetrazine products were selectively
obtained in 56-98% yields. These compounds can be trans-
formed into the corresponding amines via desulfination,
which can be used either in DNA-encoded library (DEL) syn-
thesis®® or in Michael addition or nucleophilic substitution
reactions to produce functional linkers for peptide rebridging,
antibody-drug conjugation and live cell imaging.
Friedel-Crafts alkylation, which can attach fluorophores to
aryl-substituted tetrazines, has attracted a lot of attention
towards probe synthesis for biological imaging. The Vazquez
group® used the general BODIPY synthesis strategy (optimized
Weissleder strategy) to yield novel halogenated BODIPY-tetra-
zine probes (Fig. 10a). In this process, tetrazine benzyl alcohol
82 was oxidized to the tetrazine benzaldehyde derivative 83
using  2,2,6,6-tetramethylpiperidinooxy (TEMPO), thereby
undergoing Friedel-Crafts alkylation with 2,4-dimethylpyrrole
(84). BODIPY-tetrazine 85 could be produced via 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) oxidation. This opti-
mized previous strategy®® involved three-step reactions using
hydroxymethyl benzonitrile as an initial material with a total
yield of 21%. Further iodization of BODIPY-tetrazine 85 with
N-iodosuccinimide (NIS) can produce iodinated BODIPY-tetra-
zine probe 86 with 96% yield. In 2019, the Wombacher
group,”” based on their previous work,>® obtained the self-
blinking (containing fluorescent quinoid and non-fluorescent
spiroether isomers) fluorogenic hydroxymethyl silicon-rhoda-
mine (f-HM-SiR) probe 89 via Friedel-Crafts alkylation
(Fig. 10b). The fluorescence of these probes would be
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Fig. 10 Derivatization of the aldehyde aryl-substituted tetrazine deriva-
tives. (a) New synthesis strategy for BODIPY-tetrazine of Weissleder's
probe and synthesis of the halogenated BODIPY-tetrazine derivative. (b)
Synthesis of the self-blinking silicon rhodamine f-HM-SiR 89.
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quenched by through-bond energy transfer (TBET) due to the
electron-withdrawing effect of the tetrazine skeleton. However,
fluorescence could be turned on when the IEDDA reaction
occurred. These developments and achievements demon-
strated that Friedel-Crafts alkylation involving mild
Lewis acids has an application prospect in tetrazine
derivatization.

Aryl tetrazines with several functional groups on the aryl
core have been widely used in coupling reactions to develop
new tetrazine derivatives.**°° In 2020, the Hierso group”’
enhanced the cross-coupling of bromo-substituted aryl tetra-
zines by developing “doubly clickable” tetrazines via Cu-cata-
lyzed coupling reactions (Fig. 11a). The constrained bis-tetra-
zines can undergo a double IEDDA cyclization. However, the
double cycloaddition between 91 and bicyclo[6.1.0Jnon-4-yne
(BCN, 92) took long with 30% yield in 90 min at 20 °C in tetra-
hydrofuran (second-order rate constant k, = 1.45 x 107> M™"
s'). Under the same conditions, a single-ring addition
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Fig. 11 Derivatization of the halogenated aryl-substituted tetrazine
derivatives. (a) Synthesis of bis(tetrazine)s via Cu-catalyzed C-C homo-
coupling. (b) Derivatization of o-bromoaryltetrazines via Cu-catalyzed
nucleophilic coupling. (c) Functionalization of bromoaryltetrazines via
Buchwald—Hartwig cross-coupling.
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product could be obtained using a hindered BCN dienophile
93 after 90 min, due to the strong steric effect of the bridge
pliers (k, = 0.47 x 107> M~" s71). Yet, the second cycloaddition
occurred above 40 °C. Therefore, these tetrazine derivatives are
unlikely to be used in bioorthogonal chemistry due to the poor
reaction kinetics in IEDDA reactions, but they have potential
applications in materials chemistry. A series of s-aryltetrazines
doped with O, S, N, or P was synthesized from various nucleo-
philes by Cu-mediated nucleophilic coupling reactions, which
are difficult to obtain via SyAr reactions of halide tetrazines
(Fig. 11b). In this process, triazole-tetrazines can be syn-
thesized through click reactions from various alkynes and the
azide tetrazine derivative 94 formed from azidotrimethylsilane
via a one-pot azidation/cycloaddition strategy in 55-63% yields
at 90 °C. The Huisgen azide-alkyne cycloaddition selectively
occurred to form novel tetrazine derivatives with fluorophores,
such as coumarin 95 and pyrene 96 (more than 50% yield).
Besides, tetrazine derivatives 95 and 96 underwent IEDDA
reactions with BCN 92 under the same IEDDA reaction con-
ditions of 91 (second-order rate constant k, = 2.54 x 107> M
s™' and 3.08 x 107> M™' s7!, respectively). In 2020, the
Audebert group®” obtained unsymmetrical 3-monosubstituted
and symmetrical tetrazines from bromo-substituted aryl tetra-
zines and various electron-rich aromatic secondary amines via
Buchwald-Hartwig cross-coupling reactions (Fig. 11c). In the
process, strong bases, such as ‘BuONa (pK, = 17) and lithium
hexamethyldisilamide (LHMDS, pK, = 26), induced the
decomposition of the tetrazine core. However, the weak base
NEt; (pK, = 11) did not trigger any reaction. Fortunately, weak
inorganic carbonate bases (pK, = 10), such as K,CO; and
Cs,CO3, were effective in this process. Adding 4.0 equivalents
of the sterically hindered ligand 2-dicyclohexylphosphino-
2',4',6-triisopropyl-biphenyl (XPhos) to the metal catalyst
Pd,(dba); can stabilize the catalyst and hinder the binding of
catalyst Pd and the tetrazine core to afford the best yields. The
yield of this reaction reached 61-72%, expanding the appli-
cation range of the Buchwald-Hartwig cross-coupling reaction
for the functionalization of 1,2,4,5-tetrazine derivatives. Seven
new donor-acceptor tetrazine analogues were synthesized
under the optimized conditions, and could act as novel tetra-
zine-based luminescent probes for the IEDDA reaction with
cyclooctyne (OCT, 101). Monosubstituted derivatives 99a-99d
(10 mM) can undergo IEDDA reactions with OCT 101 (4.0 eq.)
in dichloromethane at room temperature for a few minutes,
while the reactions of 3,6-disubstituted derivatives 100a-100c
(6.7 mM) needed to be carried out at 50 °C for one hour. The
two new pyridazine products of IEDDA reactions obtained
between 99b or 100b and OCT 101 showed room-temperature
phosphorescence (RTP) properties, possibly due to the phe-
nothiazine donor attachment on the pyridazine acceptor, trig-
gering effective intersystem crossover, thus leading to a long-
lived triplet excited state.”®?* RTP molecules can be used in
bioimaging and sensing, organic light-emitting diodes
(OLEDs) and organic photovoltaics (OPV). This Buchwald-
Hartwig cross-coupling can be used to develop symmetrical
and unsymmetrical tetrazines from various electron-rich aro-
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matic secondary amines. The resulting products can be used
as precursors of new functionalized tetrazines.

Metal-mediated cross-coupling reactions are widely
employed in tetrazine derivatizations. Tetrazine derivatives are
less reactive during coupling reactions because (1) the skeleton
of tetrazine is usually unstable at high temperatures or under
strong bases, (2) the multi-nitrogen core can poison the metal
catalyst through coordination,”® and (3) metals can reduce tet-
razine and decompose the ring.”® Nevertheless, great efforts
and achievements have been made in the derivatization of tet-
razine scaffolds for the synthesis of tetrazine derivatives and
their applications in bioorthogonal chemistry.

5. Applications in biological
chemistry

New-type synthetic methods of tetrazine derivatives have been
introduced to meet the needs of chemical biology. Tetrazine-
based bioorthogonal reactions are fast (kinetic constant up to
107 M~* s71)** with good bioorthogonality without (metal) cat-
alysts and can be used for fluorophore conjunction to regulate
fluorescence properties. Herein, the biological applications of
new tetrazine derivatives developed in recent years via derivati-
zation strategies have been summarized (Fig. 12). These novel
tetrazine probes have some distinct advantages in chemical
biology, cell imaging, DNA and microRNA detection, drug
release, phototherapy, and other clinical applications for
disease prevention, diagnosis, and treatment.

5.1 Bioimaging

Bioimaging visualizes specific biomolecules at tissue, cellular,
and subcellular levels, which can qualitatively and quantitat-
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Fig. 12 Synthesis of diversified tetrazine-based probes through deriva-
tization of the tetrazine scaffold.
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ively analyse biological processes in live cells by intuitively
evaluating biomolecular behaviours. Probes required for
effective bioimaging should have excellent biocompatibility,
transmembrane ability, photobleaching resistance, high
signal-to-noise ratio, and bright fluorescence. The Kele group
has synthesized various tetrazine-based fluorescent probes for
bioimaging based on the elimination-Heck strategy for deriva-
tization of tetrazine developed by the Devaraj group’® and
Suzuki cross-coupling reaction, (Fig. 13). In 2016, they syn-
thesized vinylene- (102) and phenylene-linked (103) phenoxa-
zine-tetrazine probes.”” The fluorescence of the probes was
quenched by through-bond energy-transfer (TBET) due to the
quenching effect of tetrazine. These probes could turn fluo-
rescence on with up to 275-fold ratio when reacted with
OxTCO (111) (Fig. 13a, 102 and 103). These probes (5 pM) were
also used as markers for Mammalian HEK293 T cells due to
their good membrane permeability. In 2017, they used the
same approach to obtain double-fluorogenic siliconrhodamine
(SiR)-tetrazine probes as far-red/near-infrared dyes (104-106)
for super-resolution microscopy (SRM).”® Dimethylamino
(104a, 105a and 106a) and diethylamino (104b, 105b and
106b) SiR-tetrazine probes had excitation maxima at around
645 nm and 655 nm and fluorescence emission occurred at
around 665 nm and 670 nm, respectively, in an aqueous solu-
tion with 0.01% sodium dodecyl sulfate (SDS). These probes
had rapid kinetics (k, up to 1923 M~' s7") and fluorescence
turn-on ratio (up to 49-fold) after the IEDDA reaction with
OxTCO 111 in water containing 0.1% SDS (Fig. 13a, 104-106).
These probes were also evaluated in bioimaging and super-
resolution microscopy (SRM). The BCN“"%° (112)-modified skel-
etal protein vimentin'**™¢-mOrange®'*°  (vimentin®*N""-
mOrange) was used for labeling. The labeling could be
observed visually in live mammalian COS-7 cells with weak
background fluorescence at 37 °C for 10 minutes even at low
concentrations of probes 104a and 104b (1.5 pM) (Fig. 13b).
The SRM image showed higher resolution than the conven-
tional image when 104a was used (Fig. 13c). Recently, the Kele
group also developed m-extended rhodamine analogs 107 to
label the actin filament network from fixed COS-7 cells and
skeletal protein, vimentin, from live COS-7 cells for super-
resolution microscopy imaging.'°* In 2018, two bistetrazine-
cyanines (108a, 108b) (Fig. 13a) as two-point binders or cross-
linker probes were synthesized'®” with maximum emission
between 600 nm and 620 nm. The second-order rate constants
(k,) of 108a and 108b with bicyclo[6.1.0]non-4-yn-9-ylmethanol
(BCN, 92) in sodium PBS containing 0.1% SDS at room temp-
erature were 3.1 x 10> M~' s and 1.6 x 10> M™' s™*, respect-
ively. Notably, the Kele group'®® also recently synthesized cou-
marinyl-tetrazine 109 through an elimination-Heck reaction,
and obtained rhodol-coumarinyl-tetrazine 110 (Fig. 13a).
Probe 110 was used as an activatable visible-light photocage
during the IEDDA reaction in A-431 live cells to enhance the
visualization of specific subcellular structures, such as
mitochondria.

The synthesis of 3-substituted-6-alkenyl-s-tetrazines via the
elimination-Heck approach enhances the understanding of the
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properties and potential applications of mn-conjugated 1,2,4,5-
tetrazine derivatives. The Vrabel group synthesized a series of
n-conjugated 1,2,4,5-tetrazines (Fig. 14a) through the elimin-
ation-Heck strategy developed by the Devaraj group,”® and
explored their applications in labeling microtubules,'®*
mitochondria,'®* %" protein of human carbonic anhydrase II
(hCAII),"*® glycoconjugates,'*'*® nucleus,'®® and mitochon-
dria-specific prodrug activation'®” in live cells of U20S cancer
cells and HeLa cells. In 2017, they demonstrated that
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Fig. 14 Construction of n-conjugated 1,2,4,5-tetrazines through the
elimination-Heck strategy and their applications in IEDDA reactions and
bioimaging. (a) Synthesis of n-conjugated 1,2,4,5-tetrazines and photo-
physical properties of their IEDDA products. (b) Confocal micrographs of
U20S cells treated with TPP-Tet 118 or Taxol-Tet 119 (5 um). Nucleus
was stained with DRAQ5 dye for localization. (b) Adapted from ref. 104
with permission from John Wiley and Sons.
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n-conjugated 1,2,4,5-tetrazines (0.625 mM) could undergo the
IEDDA reaction with the axial TCO isomer (axially hydroxy-sub-
stituted TCO, 117) (2.0 eq.) in CH3CN containing 5% H,0 at
room temperature for 1 hour to form fluorescent 1,4-dihydro-
pyridazine probes in situ without additional fluorophore
moiety attachments (Fig. 14a)."®* They adjusted the photoche-
mical properties of n-conjugated tetrazines using different sub-
stituted groups, with maximum emission between 480 nm and
605 nm and large Stokes shifts (up to A = 243 nm, 113). The
second-order rate constant of this reaction was up to 778 M™"
s™! (114) in CH;CN/H,O 1:3 at room temperature. Two repre-
sentative n-conjugated 1,2,4,5-tetrazines (TPP-Tet 118 and
Taxol-Tet 119, Fig. 14a) were obtained with commendable fluo-
rescent properties in live cells, which targeted different subcel-
lular compartments with a tetrazine moiety (118 in mitochon-
dria and 119 in microtubules). Fluorescent cell labeling was
performed in just a few minutes after adding TPP-Tet 118, or
Taxol-Tet 119 to U20S live cancer cells with the treatment of
axial TCO isomer 117, indicating that the fluorescent 1,4-dihy-
dropyridazine products of IEDDA could be efficient fluorescent
labeling probes for bioimaging in live cells (Fig. 14b). A sub-
sequent report in 2019 showed that the reaction between
n-conjugated tetrazines (0.5 mM) containing electron-donating
groups and BCN (92, 10 eq.) in CH;CN at room temperature
for 19 hours can in situ-generate pyridazine probes with large
Stokes shifts (up to 170 nm for 115) and great fluorescence
enhancement turn-on ratios (up to 900-fold for 116), indicating
good bioimaging ability for mitochondria in HeLa cells and
the nucleus in U20S cells.'®

With the development of tetrazine derivatization methods,
more and more groups have employed novel strategies to
modify tetrazine-based probes. Besides the elimination-Heck
reaction, other coupling reactions have also been used to syn-
thesize tetrazine-based probes.

The Wombacher group®” first reported the fluorogenic and
self-blinking properties of a tetrazine-modified f-HM-SiR
derivative 89 synthesized through the Friedel-Crafts alkylation
as mentioned above (Fig. 10b). This probe had several advan-
tages including cell permeability, photostability and high
brightness (extinction coefficient and quantum yield up to
185000 M™' em™' and 0.26, respectively), suitable for bio-
imaging. The fluorescence intensity of f-HM-SiR 89 was evalu-
ated by determining the cell labeling efficacy (Fig. 15a).
Fluorescence increased by 10-fold after 20 minutes of the
IEDDA reaction between 89 (10 pM) and BCN 92 (100 uM) in
aqueous phosphate buffers (pH 4.0, 37 °C). Moreover, the cel-
lular labeling ability of 89 was investigated by transiently trans-
fecting HeLa cells with histone H2A-Halo Tag and the mito-
chondrial import receptor subunit TOM20-HaloTag (2 pM)
under efficient background suppression (HaloTag ligand-BCN
(HTL-BCN, 120, 10 M) was targeted to the nucleus and triphe-
nylphenyl-BCN (TPP-BCN, 121, 10 pM) was targeted to mito-
chondria) (Fig. 15b). f-HM-SiR 89 also had good resolution
imaging when used in single-molecule localization microscopy
(SMLM) to image nucleus and mitochondria in live cells with
simple operation (no need of high excitation power or stabiliz-
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Fig. 15 (a) Self-blinking fluorophore for the bioorthogonal IEDDA reac-
tion. (b) Bioimaging of HelLa cells. (1) Labeling of the nucleus. (2)
Labeling of mitochondria. (3) SMLM image of the nucleus. (4) SMLM
image of mitochondria. Scale bars: (1, 2, 4) 10 um and (3) 5 pm. (b)
Adapted from ref. 87 with permission from John Wiley and Sons.

ing buffers), prolonged response time and higher spatiotem-
poral resolution (Fig. 15b).

5.2 Applications in “click-to-release” reaction

The bioorthogonal “click-to-release” reaction is a novel and
effective tool used to regulate the activation of probes and pro-
drugs and can be used in the diagnosis and treatment of
diseases.>***>19911% With the deepening understanding of
bioorthogonal ligation reactions, the use of biocompatible
agents as bond cleavage stimuli under physiological con-
ditions is currently a hot research topic. In addition to adding
other functional groups to the biomolecules, the bioorthogo-
nal “click-to-release” reaction provides the functional restor-
ation of protected motifs as an ideal alternative, especially for
photocages, prodrugs and masked biomolecules which are
required to be bioorthogonal, non-toxic, stable, and reactive in
a cellular environment. Recently, vinyl ether was explored in a
“click-to-release” reaction with tetrazines to release free mole-
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cules in vitro."%° "% In 2019, the Wu group™'® synthesized vinyl
ether-caged camptothecin (CPT) 122 as a prodrug and a tetra-
zine-based trigger (123) equipped with a near infrared (NIR)
fluorophore (a Nile red derivative) based on the derivatization
of the tetrazine skeleton through a Suzuki cross-coupling reac-
tion, which was used for the “click-to-release” reaction in vivo
(Fig. 16a). The tetrazine trigger (NR-TZ, 123), a quenched fluo-
rescent probe induced by the through-bond energy transfer
(TBET) of tetrazine, was employed in the anti-tumor prodrug
activation. The two molecules were respectively encapsulated
into liposomes, which offered high plasma stability and
enriched in tumors due to the enhanced permeability and
retention (EPR) effect. The “click-to-release” reaction occurred

OH

Fluorescence quenched Fluorescence "ON"

1ie8

‘N_

N= =
Q(% Me  d27-ABN

Fluorescence quenched

d27'-ABN

Fluorescence "ON"

Fig. 16 Applications in “click-to-release”. (a) “Click-to-release” reaction
to release CPT in tumors. (b) In vivo fluorescence images of tumor and
abdominal regions. (c) Detection of DNA and microRNA (miRNA) tem-
plates. (b) and (c) Adapted from ref. 115 and 121 with permission from
the American Chemical Society.
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after using the two-component liposomal bioorthogonal
system in a mouse model of HeLa xenograft tumors (Fig. 16a).
The anticancer drug CPT (124) was then released to exert an
anti-tumor effect and a diazine 125 was produced by the tetra-
zine core, resulting in significant fluorescence (about 6-fold
turn-on) for imaging with byproducts of 4-(hydroxymethyl)
phenol (126), N, and CO, (Fig. 16a and b). Therefore, the
“click-to-release” reaction of the two components effectuated
the generation of strong fluorescence and the release of the
active drug in the aqueous medium, suggesting that the bio-
logical orthogonal “click-to-release” reaction in vivo has exten-
sive application prospects, especially in tumor imaging and
therapy.

Another application of the “click-to-release” reaction invol-
ving tetrazine is to detect DNA and microRNA (miRNA) tem-
plates. Many scientists have investigated the detection and
imaging of nucleic acid in sitw.''*""® The Devaraj group
demonstrated that tetrazine probes can be used to detect syn-
thetic nucleic acid templates.'*® They also evaluated the probe
efficacy in the detection of DNA and microRNA (miRNA) tem-
plates via a “click-to-release” reaction.'”® Novel tetrazine-
BODIPY probes were synthesized via an elimination-Heck
cascade reaction”® between 3-mesyloxy-ethyl-6-methyltetrazine
and different BODIPY derivatives.'”® The tetrazine-BODIPY-
oligonucleotide probe (d27'-Tz) and dienophile 7-azabenzonor-
bornadiene (ABN)-oligonucleotide probe (d27-ABN) were
obtained from 5’ and 3' amine-modified oligonucleotides. The
tetrazine and dienophile accessed the desired proximity when
the antisense probe was hybridized with a complementary
template oligonucleotide strand (Fig. 16c¢). The “click-to-
release” reaction occurred immediately when d27'-Tz (1 uM)
and d27'-ABN (1 pM) were hybridized with the corresponding
DNA template d27 (1 pM), with a 108-fold turn-on fluorescence
intensity than the control reaction without d27 after 1.5 h (a
first-order rate constant of (9.1 + 0.2) x 10~* s™', and a reaction
half-life of 12.7 min in Tris-HCI buffer (pH = 7.4) at 25 °C).
Furthermore, this strategy had good imaging and detection
properties of microRNA-21 (mir-21) at low-picomolar (5 pM)
levels in SKBR3 and MCF-7 breast cancer cells with significant
selectivity.

5.3 Photodynamic therapy

Photodynamic therapy (PDT) is a promising treatment strategy
for various diseases. PDT induces its effects by activating the
photosensitizer through light and generating reactive oxygen
species (ROS) and has many advantages, such as high selecti-
vity, minimal invasion, exact curative effect, low toxicity, good
adaptability, and reusability.'**'>* Notably, a photosensitizer
is critical for the successful application of PDT, since its tox-
icity and selectivity can cause side effects. The design of a
photosensitizer has been a hot research topic with great pro-
gress being achieved. However, tetrazine-based photosensiti-
zers are rarely used in PDT. It has become facile to synthesize
fluorophor-tetrazine probes due to the development of a one-
pot synthesis procedure.’® The Vazquez group®® used this strat-
egy to synthesize novel halogenated BODIPY-tetrazine probes
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Fig. 17 Application of tetrazine derivatives in PDT. (a) The IEDDA reac-
tion between mTz-2I-BODIPY 86 and norbornene 127. (b) DNA-targeted
bioorthogonal strategy for PDT. (b) Adapted from ref. 85 with permission
from John Wiley and Sons.

by aryl tetrazine derivatization via a Friedel-Crafts reaction as
described above (Fig. 10a), and achieved conditional phototoxi-
city and specific subcellular localization in PDT through the
IEDDA reaction (Fig. 17). Probe mTz-2I-BODIPY (86), based on
the Weissleder tetrazine-BODIPY probe, can undergo an
IEDDA reaction with norbornene (127) to produce (mTZ-Nor)-
21-BODIPY (128) (Fig. 17a). The 'O, quantum yield of mTz
2I-BODIPY (86) (P, = 0.217) was significantly lower than that
of (mTZ-Nor)-2I-BODIPY (128) (@, = 0.505), due to the quench-
ing effect of tetrazine. The reaction constants for 'O, gene-
ration of 86 and 128 were 0.38 s '10™° and 2.85 s ‘1077,
respectively. The cytotoxicity assay of HeLa cells showed that
86 and 128 had almost no dark toxicity (up to 6 pM), and 128
(ICs0 = 0.212 pM) had significant cytotoxicity (about 10-fold)
than probe 86 (ICs, = 1.92 pM) upon irradiation. The bioortho-
gonal IEDDA reaction between probe 86 (1 pM) and dienophile
5-vinyl-2'-deoxyuridine (VdU, 129), which further caused
singlet oxygen and efficient DNA damage of VdU (30 pM)
treated HeLa cells, showed that probe 86 was a high-efficiency
photosensitizer (47% phototoxicity) (Fig. 17b). This mecha-
nism of action is similar to that of etoposide, working as a
DNA double-strand breaker agent.'**

6. Conclusions

Tetrazines have been widely employed in the synthesis of
natural products, explosive technology, coordination chem-
istry, material chemistry, medicinal chemistry, electro-
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chemistry, and photochemistry. Tetrazines have also played
critical roles in chemical biology with the rapid development
of bioorthogonal chemistry. Tetrazine-based bioorthogonal
reactions are crucial for cellular labeling, live-cell imaging, and
disease diagnosis and treatment due to their ideal properties
of chemo-selectivity, bioorthogonality, and compatibility in
aqueous media. Therefore, it is necessary to determine the
practical methods for tetrazine-based probe synthesis. De novo
synthesis methods previously developed are limited by func-
tional group compatibility or yields. Derivatization of the tetra-
zine skeleton or its alkyl or aryl substitutes is an alternative
strategy that can be achieved via several reactions, such as SNy,
reaction, C-H activation, Friedel-Crafts alkylation, hydrogen-
ation, elimination-Heck reaction, = Horner-Wadsworth-
Emmons (HWE) reaction, and cross-coupling under Suzuki, or
Stille, or Sonogashira, or Liebeskind-Srogl, or Buchwald-
Hartwig conditions. Novel tetrazine probes generated via these
synthesis reactions have shown great potential in chemical
biology applications, including bioimaging, drug delivery,
photodynamic therapy, and detection of DNA and microRNA.
Further research studies on derivatization based on tetrazine
scaffolds should focus on the development of new tetrazine
coupling blocks, expansion of carbon-centered SyAr reactions
and new coupling reactions that work with various substrates
under mild reaction conditions, especially the synthesis of tet-
razine derivatives with mono-substituents, strong electron-
withdrawing functional groups or excellent water solubility.
The strategy developed by the Fox group, that is, Pd-catalyzed
cross-coupling and reduction reactions with easily obtained
3-thiomethyltetrazines, has excellent compatibility with func-
tional groups and has a great application value in the future.
Furthermore, selective labeling of biological macromolecules
using tetrazine derivatives is essential in bioorthogonal
chemistry.
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