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Abstract: A facile, efficient and metal-free synthetic approach to 3-monosubstituted unsymmetrical
1,2,4,5-tetrazines is presented. Dichloromethane (DCM) is for the first time recognized as a novel reagent
in the synthetic chemistry of tetrazines. Eleven 3-aryl/alkyl 1,2,4,5-tetrazines were prepared in excellent
yields (up to 75%) through this novel approach. The mechanism of this new reaction, including the role of
DCM in the tetrazine ring formation, has been investigated by DCM13C labeling, and is also presented and
discussed as well as the photophysical and electrochemical properties.

Among other bio-orthogonal reactions, tetrazine click chemistry with strained alkenes or alkynes (also
called inverse Electron Demand Diels Alder (iEDDA) reaction) has recently emerged as a powerful tool for
biological imaging and detection, cancer targeting, drug delivery and biomaterials science.™™ The synthesis
of reactive tetrazine reagents has recently attracted significant interest since the inception of this field.!
Moreover, as a well-known electron-deficient heterocycle,®! 1,2,4,5-tetrazines have already seen
significant use for decades in various application fields such as organic electronics (e.g., OPVs, OFETs),!*!
energetic materials,® coordination chemistry,® electrofluorochromism!” and total synthesis of natural
products.®

Despite the promising application potential of 1,2,4,5-tetrazines, the lack of practical and convenient
tetrazine synthetic approaches has hampered their development, especially for click chemistry related
applications.B! Therefore, developing synthetic routes that improve access to tetrazine molecules has
recently become very useful, as it not only eases existing tetrazine applications, but also facilitates the
emergence of new applications.

Herein we report a facile and efficient synthetic approach to 3-monosubstituted unsymmetrical 1,2,4,5-
tetrazines, which are well-known to be the most reactive tetrazines for room temperature (RT) click
reactions. With our new approach, 3-monosubstituted unsymmetrical tetrazines are conveniently
prepared in mild conditions from aromatic/alkyl nitrile precursors and dichloromethane (DCM). 11
tetrazine examples were prepared with excellent yields (up to 75%) through this novel approach. To the
best of our knowledge, this is the first example utilizing DCM as a reactant in the chemistry of tetrazine
synthesis. This approach gives improved access to both 3-aryl and 3-alkyl unsymmetrical 1,2,4,5-tetrazines
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in high yields, which are expected to be widely utilized in various applications, particularly in bio-
orthogonal click chemistry.

The classical approach to prepare 1,2,4,5-tetrazines is a two-step procedure starting from the addition of
hydrazine to nitrile precursors, followed by oxidation of the resulting 1,2-dihydrotetrazine.”® However, this
approach is usually not efficient for unsymmetrical tetrazines. 3-monosubstituted unsymmetrical 1,2,4,5-
tetrazines were conventionally prepared from aromatic or alkyl nitrile precursors and formamidine salts,
but yields are typically low, between 10% to 20%.'%! Recently, Devaraj et al. demonstrated an effective
metal-catalyzed one-pot procedure to prepare 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines.!*!
This approach is currently intensively employed by scientists to prepare tetrazines useful for iEDDA
reactions. However, the limitations of this approach are also obvious because it requires excess anhydrous
hydrazine as the solvent (usually 50 equivalents to the nitrile precursors). Anhydrous hydrazine is an oily,
highly toxic and hazardous reagent, which is commercially limited in several parts of the world, including
Europe and China due to safety regulations. As a result, this synthetic procedure is limited to certain labs
or companies. In addition, it also requires excess formamidine salts (usually 10 equiv.) and a non-
neglectable amount of expensive metal catalysts (0.5 equiv.) (Therefore explaining the high prices of
commercial clickable tetrazines, usually in the 1,000 $/g range). Moreover, the harsh conditions are not
compatible with several functional groups such as carbonyls and alkyl halides, which are susceptible to
give either nucleophilic addition or reduction.™*?

Synthesis

We envisioned developing a simple but also efficient synthetic approach to prepare 3-monosubstituted
unsymmetrical 1,2,4,5-tetrazines. In our synthetic approach, DCM was selected as a novel starting material
instead of formamidine salts, and we found out it exhibits a surprisingly good reactivity and selectivity
(Scheme 1). Because of this excellent reactivity and selectivity, only mild reaction conditions are required.
The dangerous anhydrous hydrazine can be replaced by the much more stable hydrazine hydrate as a
reactant, and ethanol (EtOH) as the solvent, along with 2 equivalents of sulfur. Only 1 equiv. of DCM is
needed rather than excess amount (10 equiv.) of formamidine salts. More importantly, no metal catalyst
is required in this novel approach. All these factors make our approach simple, economical and efficient.

1) NH2NH2'H20, S
MW, 50 °C, 24 h

N=N
EtOH
CH,CIl, + NC—R —R
2v2 2) NaN02 <\N_,\1

AcOH

Scheme 1: Synthetic approach for 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines.

We optimized the reaction conditions using 4-cyanophenylacetic acid as nitrile precursor to prepare
tetrazine T1, which is a well-known tetrazine for bio-orthogonal reactions (Table 1). The reaction
temperature is extremely important to the outcome of this reaction. We used microwave heating
throughout, but we have verified that the microwave irradiation was not necessary, and heating in a sealed
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tube worked as well, though minor changes to the yields did happen. At 80 °C, the reaction can be finished
within 6 hours (most of the nitrile precursor consumed, Entry 1). However, considerable amount of side
products were also generated, making the purification tedious, along with a moderate yield of 38%. The
yield of the reaction is significantly increased by decreasing the temperature to 50 °C (Entry 3). Using these
conditions, an excellent yield of 72% was obtained. However, further decreasing the temperature
decreases the yield again (Entry 4). In addition, (as historically noticed in Pinner reaction!*®) sulfur addition
was also found important in this reaction. As an inducer of the reaction, 1 equiv. of sulfur already leads to
a quite reasonable yield, while slight excesses of sulfur can still improve the yield and 2 equiv. of sulfur
gives the best yield. The importance of sulfur addition is also important to elucidate the mechanism of the
reaction (see later on). When no sulfur is used, most of the nitrile precursor was recovered and only a
small amount of product could be isolated (3%, Entry 5). However, further excess sulfur (4 equiv.) lowers
the yield of the reaction probably because of unwanted side reactions (Entry 7).

Table 1: Optimization of the reaction conditions®®.

1) NH2NH2'H20, S

+ NC—< >—’ >—< >—
2v2 2) NaN02 \N_N/

AcOH

T

Entry Temp., time S Yield [%]()
1 80°C,6h 2 equiv. 38
2 60°C, 24 h 2 equiv. 61
3 50°C, 24 h 2 equiv. 72
4 40°C,24 h 2 equiv. 40
5 50°C, 24 h 0 equiv. 3
6 50°C, 24 h 1 equiv. 45
7 50°C, 24 h 1.2 equiv. 62
8 50°C, 24 h 1.5 equiv. 70
9 50°C, 24 h 4 equiv. 55

(a) All reactions were carried out on a 0.5 mmol scale in 0.5 ml
EtOH. 1 equiv. DCM, 1 equiv. nitrile precursor and 8 equiv.
hydrazine hydrate (MW = microwave, equiv. = equivalents). (b)
Yields (isolated) based on the nitrile precursor.

To extend the scope of this synthetic approach, a series of 3-monosubstituted unsymmetrical 1,2,4,5-
tetrazines were prepared employing this approach (Table 2). Several useful unsymmetrical tetrazines T1,
T2, T3 and T4 were successfully prepared in good to high vyields. Interestingly, when using 4-
(aminomethyl)benzonitrile hydrochloride as the nitrile precursor, the desired tetrazine with amine
functional group was not obtained, instead tetrazine T3 with hydroxy group was obtained in high yield
(71%, Scheme 2), due to the reaction of nitrous acid (HNO,) with primary amine during the oxidation step.
The yield is even higher compared to using 4-(hydroxymethyl)benzonitrile as the nitrile precursor which is
commercially-unfriendly. This reaction offers a more efficient and economical pathway to tetrazine T3.
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Table 2: Synthesis of 3-monosubstituted unsymmetrical tetrazines T1-T11®.

1) NH2NH2'H20, S

MW, 50 °C, 24 h N=N

EtOH
CH,Cl, + NC—R § )R
2) NaN02 N—N
AcOH
T1, Ry = CH,CO,H, 72% T5, R, = Br, 38%©)

N—N
</ \> < > R, T2, Ry = CO,H, 70% T6, Ry = Cl, 54%
N=N T3, Ry = CH,OH, 64%, 71%® T7, Ry = CH3, 56%

T4, R, = CH,NHBoc, 40% T10,R;=CN, 61%

T9, 45%

T11, 75%@

(a) Reactions were carried out on a 1 mmol scale in 1 ml EtOH. Yields (isolated)
based on the starting nitrile. 1 equiv. DCM, 1 equiv. nitrile precursor, 2 equiv.
sulfur and 8 equiv. hydrazine hydrate (except T11). (b) T3 was alternatively
prepared using 4-(aminomethyl)benzonitrile hydrochloride as the nitrile
precursor. (c) 0.2 ml DMF as co-solvent. (d) 2 equiv. DCM, 1 equiv. nitrile
precursor, 4 equiv. sulfur and 16 equiv. hydrazine hydrate.

Tetrazines T5, T6, T7 and T8 were also easily prepared in moderate to high yields as expected, among
which T5 and T6 are useful for further preparation of new photo and/or electroactive molecular materials
through coupling reactions, an outcome which is currently under investigation in our group. Importantly,
unsymmetrical alkyl tetrazines could also be prepared in high yield by this approach. T9 was directly
prepared from the alkyl nitrile precursor benzyl cyanide and DCM in a moderate yield (45%).

Remarkably, when using 1,4-dicyanobenzene as the nitrile precursor, the two cyano groups can be
sequentially converted to tetrazine groups. Therefore, tetrazine T10 and T11 were readily prepared in high
yields. Notably, T11 is a di-tetrazine molecule which has two functional sites adapted for click reactions,
which could potentially serve as a bifunctional bio-orthogonal tetrazine reagent.
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1) NH2NH2'H20, S
MW, 50 °C, 24 h N

NH,HCI =N OH
2) NaN02 N—N

AcOH

T3, 71%

Scheme 2: Synthesis of T3 using 4-(aminomethyl)benzonitrile hydrochloride as the nitrile precursor.

In order to explore the mechanism of the reaction, the participation of CH,Cl; in the tetrazine ring
formation was firstly confirmed by using *CH,Cl, as the reactant (Scheme 3). The doublet peak at 10.17
ppm (Yen = 212.04 Hz) of *H NMR and the extraordinary high intensity of singlet peak at 157.73 ppm of 3C
NMR can be ascribed to the proton and carbon of H-'3C group, respectively (Figure 1). In addition, the C-3
carbon shows a doublet peak at 166.61 ppm (3Jcc = 29.20 Hz) in 3C NMR (Figure 1 lower), which also
indicates the incorporation of 3C into the tetrazine ring of T12.

1) NH2NH2'H20, S
MW, 50 °C, 24 h N=N

130H20|2+ NC@ EtOH > H_13C/\ /:04©7
2) NaNO, \N—N

AcOH

Scheme 3: Synthesis of T12.
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Figure 1: 'H NMR ((left, 400 MHz, CDCls) and 3C NMR (right, 100 MHz, CDCls) spectra of T12. Only
downfield parts of the spectra are shown here to show the characteristic signals clearly (see NMR spectra
T12 in supporting information for full spectra).

The formation of 1,2,4,5-tetrazine is commonly agreed as a two-step procedure starting from the
nucleophilic attack of nitrile precursor by sulfur activated hydrazine, followed by oxidation of the resulting
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1,2-dihydrotetrazine.®! Since no standard “Pinner” product is observed, with as little as 1 equiv. of DCM
added, the first step is very likely addition of the sulfur-activated hydrazine on DCM, followed by addition
on the nitrile. Since a noticeable amount of product is formed with as little as 1 equiv. of sulfur (despite 2
equiv. improve the yields), and that the dihydrotetrazine is formed before oxidant addition, it is likely that
hydrazine alone reacts in the following step, with cyclization kicking out the less reactive second chlorine
in the end. Following this reasoning, a possible mechanism for tetrazine ring formation using CH,Cl, as a
reagent is summarized in Scheme 4.

NH
1)DeM  CIH,C_ _C-R
HN-NH, + § ——= H,N-NHSH———>  ‘N—N
— | |
2)R-CN Lo
leN_NHZ
N=N_q “NH; H—N NH> H NH,
N
HC  JC-R =—— HyC] ﬂ—R ~—CH,C. H2N Nﬂ—R
N=N -HZS l?l
SH H SH H
N—N
MNTNS
Hc.  c-R

Scheme 4: Proposed mechanism for tetrazine ring formation using CHCl; as a reagent.

To support more strongly our mechanism, and lead by the idea that actually, the activated hydrazine was
implicated in the first addition step, and not further, we have investigated the influence of intermediate
amounts of sulfur. Actually, 1.2 equiv. of sulfur already leads to quite good yieds, and 1.5 equiv. give almost
the same high yield than 2 equiv. This demonstrates that sulfur in moderate excess to 1 equiv. is sufficient
to the reaction, the excess probably serving to compensate for a non-quantitative formation of the sulfur-
hydrazine activated nucleophile (due to the heterogenous reaction). This strongly suggests that only 1
equiv. of activated nucleophile is used at the beginning of the reaction process, 1 equiv. of hydrazine alone
being involved afterwards in one of the following steps, as proposed in Scheme 4.

It is worth mentioning, however, that the reaction did not work in a few trials with the more hindered
dichloroethane, and seems probably limited to DCM as a synthon, despite our attempts were limited to
this dichloroalkane only.

Photophysics

The photophysical data for the T1-T9 series are gathered in Table 3. All compounds present similar
features, typical of tetrazine derivatives, namely an absorption band in the visible with a maximum located
near 535 nm and a rather low extinction coefficient. Unfortunately, a very weak emission in the 575-595
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nm range has been recorded for all the series (only T4 exhibits a luminescence quantum yield over 1%).
These poor fluorescence properties were expected since it is known that only tetrazines substituted with
heteroatoms are highly emissive.!

Table 3: Absorption and emission maximum wavelengths

Absorption Emission Quantum

wavelength(@) wavelength yield©
Tl 536 (300)®) 595 0.17%
T2 534 (270) - -
T3 535 (750) 581 0.17%
T4 535 (500) 598 0.20%
T5 533 (580) 577 1.40%
T6 533 (880) 575 0.13%
T7 535 (930) 578 0.21%
T9 535 (400) 587 0.19%

(a) Values in nm. (b) The values in brackets are extinction
coefficients. (c) Luminescence quantum vyields of solutions of
compounds T1-T9 in acetonitrile.

Electrochemistry

The electrochemistry of compounds T1-T9 was studied in solution in acetonitrile. Two types of cyclic
voltammetries (CV) are observed:

- For non-acidic compounds a nicely reversible CV is observed (Figure 2, green curve).
- For acidic compounds (T1-T2), a fully irreversible reduction peak can be seen (Figure 2, red curve)

All CVs have been compared to a standard (chloroethoxytetrazine) to assess the number of electrons
exchanged on one hand and the standard potential on the other hand. Using a standard allows one to get
rid of electrode surface issues for the relation between peak current and number of electrons and of
reference drift for the determination of standard potential.

The results are summarized in Table 4. All compounds behaving reversibly shows a one-electron reduction
as expected, leading to the anion radical which is thus stable at the timescale of cyclic voltammetry.
Moreover, the standard potentials for the redox couple formed by tetrazine and its anion radical all lie
around -1.35 V vs. Fc which is similar to tetrazines substituted by donating aromatic groups like pyrrole or
thiophene.®! It can be noticed that T5-T6 have a more positive reduction potential of ca. +0.1 V in
agreement with the withdrawing character of the halogen substituents born by the tetrazine core. This
demonstrates that the redox potentials of these tetrazine derivatives are actually sensitive to the
electronic properties of the substituent.
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Iimax

Figure 2: CVs of T7 (full green line) and T1 (dotted red line) in acetonitrile (+TBAPFs) on glassy carbon
electrode at 0.1 V/s. Currents are normalized vs. the peak cathodic value for clarity sake.

The two compounds substituted with acidic functions show a non-reversible electrochemical behavior
assigned to the rapid protonation of the anion radical. This leads to more positive reduction potential
(typically -1.14 V for the peak reduction potential of T1) in agreement with an ‘EC’ mechanism. Besides the
number of electrons exchanged which has been found close to 2 is in agreement with a 2H* + 2e™*
mechanism similar to quinone reduction. Typically after the one-electron first reduction and fast
protonation, the generated radical is further reduced and the anion protonated.

Table 4: Electrochemical data for T1-T9®

Standard potential Exp. det. number of

/V vs. Fc*/Fc electrons exchanged
T1 n.d.® 2.25
T2 n.d. 1.88
T3 -1.33 0.97
T4 -1.35 0.98
T5 -1.23 0.89
T6 -1.24 1.12
T7 -1.32 0.95
T9 -1.35 0.97

(a) In acetonitrile (+TBAPFs) on glassy carbon electrode. (b) n.d. =

not defined.

In summary, we have discovered a facile, efficient and metal-free synthetic approach to 3-
monosubstituted unsymmetrical 1,2,4,5-tetrazines. DCM has been demonstrated to be a novel alternative
reagent to formamidine salts which exhibits excellent reactivity and selectivity during the tetrazine ring
formation, resulting in high yields and mild reaction conditions in the tetrazine synthesis. 3-
monosubstituted unsymmetrical 1,2,4,5-tetrazines were thus prepared which are among the most useful
reagents in bio-orthogonal click chemistry as well as other application fields (e.g., photo and/or
electroactive molecular materials).
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COMMUNICATION

1) NH,NH,H,0, S
MW, 50 °C, 24 h

N=N
EtOH
CH,Cl, + NC—R - H—<\ />—R
2) NaNO, NIV

AcOH

Only dichloromethane, sulfur and hydrazine, no metal catalyst

A facile, efficient and metal-free synthetic approach to 3-monosubstituted
unsymmetrical 1,2,4,5-tetrazines is presented. Dichloromethane (DCM) is for the first
time recognized as a novel reagent in the chemistry of tetrazine synthesis. 11 tetrazine
examples were prepared with excellent yields (up to 75%) through this novel approach.
The role of DCM in the tetrazine ring formation, has been investigated by DCM13C
labeling.
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