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Synthesis and Properties of New Tetrazines Substituted by Heteroatoms:
Towards the World’s Smallest Organic Fluorophores
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Abstract: New tetrazines substituted by
heteroatoms have been synthesized
and their electrochemical and photo-
chemical properties investigated. All
compounds are reversibly electroactive
with standard potentials shifting cath-
odically according to the donor charac-
ter of the substituent. The tetrazine de-

imum emission wavelengths in the
range 550-575 nm. Some of them show
very long fluorescence lifetimes (sev-
eral tens of ns) and remain fluorescent
in the solid state without major
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changes in the spectral features. The
fluorescence of one of the derivatives
can be efficiently quenched by the
presence of electron-rich compounds
such as triphenylamines, phenol or ani-
sole, which make them very promising
compounds for sensor applications.

rivatives are also fluorescent with max-

Introduction

The search for new compounds, which gather optical and
electrochemical properties is still very active, given their
huge potential in sensors building." The fluorescence and
reversible electroactivity are particularly interesting proper-
ties in this respect, because fluorescent and/or electroactive
molecules may be quenched within a given time scale and
therefore lead to sensing components according to the
quenching agent. The tetrazine family appears a very prom-
ising and fascinating class of compound for this purpose.
They are highly colored and reversibly electroactive hetero-
cycles, displaying the following special properties:

e They have a very high electron affinity, which make
them reducible at high to very high potentials (actually
they are the electron poorest C—N heterocycles)®;

e they have a low lying m* orbital resulting in an n-s*
transition in the visible light range.[*1"

Prof. P. Audebert, F. Miomandre, G. Clavier, M.-C. Verniéres,
S. Badré, R. Méallet-Renault

Laboratoire de Photophysique et

Photochimie Supramoléculaires et Macromoléculaires

UMR 8531, Ecole Normale Supérieure de Cachan

61 Av. du P' Wilson, 94235 Cachan (France)

Fax: (4+33) 147-402-454

E-mail: audebert@ppsm.ens-cachan.fr

[a

—

Chem. Eur. J. 2005, 11, 5667 —5673

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim L ) InterScience’

We have already published the synthesis and the electro-
chemical properties of several bisaryltetrazines,'l as well as
their ability to form new conjugated electroactive poly-
mers."?!

We, and others,["”! found that some tetrazines had fluores-
cence properties. In addition, all these compounds which are
fluorescent in solution are also fluorescent in the crystalline
state; this behavior place them certainly among the smallest
crystalline organic fluorophores in the visible range ever
prepared, and therefore makes them especially attractive for
potential applications as sensors.

In this article we report the synthesis of chloromethoxy-s-
tetrazine (2), dimethoxy-s-tetrazine (3), the novel chloro-
naphthoxy-s-tetrazine (4) and a new bridged tetrazine 1,4-
bis(chloro-s-tetrazinyloxo)butane (5). We also report their
electrochemical and fluorescence properties, including the
lifetimes of the excited states in solution and solid state, and
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we compare the same features for the already known di-
chloro-s-tetrazine 1.

Results and Discussion

Electrochemistry: We have already demonstrated that tetra-
zines bearing aromatic substituents are reversibly reducible
into a relatively stable anion radical.' The aim of the elec-
trochemical study was twofold: first, to investigate the po-
tential ability of the anion radical of chlorotetrazines to
cleave into a tetrazinyl radical and a chloride ion; and
second, to check the sensitivity of the reduction potential to
chemicals, especially electron-rich compounds. Indeed it had
been suggested in the literature,”! that tetrazines should be
able to coordinate to fluoride ions, and hence there was a
possibility that the redox potential could be affected by the
addition of halide ions or electron-rich aromatic compounds.

The results of electrochemistry measurements show that
all the tetrazine compounds investigated are reducible,
either in acetonitrile or in dichloromethane, giving well de-
fined, fully reversible cyclic voltammograms (CVs), as de-
picted on Figure 1. CVs are reversible whatever the chlorine
content. Apparently the tetrazine ring is electrodeficient
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Figure 1. CVof a)1 (-----), 2 (---), 3 (—); and b) 5 in dichloromethane
(+ TBAP) on glassy carbon electrode at 0.1 Vs™. CV of compound 4 is
similar to 3 and was not displayed for clarity purpose. Concentrations are
about 10 mm except for 5 (5 mm).
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enough to prevent a chlorine atom to be expelled from the
anion radical. The electronic exchange is quite fast, since at
rather low scan rates, the peak-to-peak separation (ca.
70 mV) remains close to the theoretical value. Actually, CVs
performed at scan rates higher than 1 Vs™ display a de-
pendence of the peak potentials with logarithm of scan rate
characteristic of a quasi-reversible redox system, corre-
sponding to a standard heterogeneous rate constant of
about 102 cms ™.

Figure 1a clearly demonstrates the influence of the sub-
stituent on the position of the redox peak. While changing
an electroattracting group such as -Cl into a donating group
such as -OCHj; a negative shift of the reduction potential of
about 280 mV is induced. The standard potentials are given
in Table 1 and correlate well with the Taft-Hammett 0~ con-

Table 1. Standard potentials, relative diffusion coefficients (vs. ferrocene)
and overall Taft-Hammett coefficients for the tetrazine derivatives re-
duction in dichloromethane on glassy carbon electrode.

Tetrazine/Electrochemical data 1 2 3 4 5

E° (V vs Ag*/Ag) —-048 -0.77 -1.02 -0.75 -0.77
D/Dg, 0.55 0.62 0.56 0.55 0.73
Yo~ —046 -0.68 —-090 -0.63 —0.68

stants. Concerning the two-tetrazine moiety compound 5
(see Figure 1b), CV displays a one-step reduction process
with a bielectronic exchange (peak current is quite the same
as for 3, while this latter was twice more concentrated), as
expected for a substrate with two non-interacting electroac-
tive moieties.""! Interestingly, the diffusion coefficients in so-
lution (Table 1) are slightly lower for tetrazine compounds
than for ferrocene although the latter is larger. This demon-
strate that tetrazines are more solvated, which is not unex-
pected given their strong electron-attracting character.

Some attempts were made to investigate the influence of
halides added (all of which have been tested) and electron-
rich substances (phenol, anisole and triphenylamine) on the
redox potential of the tetrazine (compound 1 was chosen as
the model substrate). No potential shift was observed, as it
should have been the case, if the formation of a somewhat
stabilized adduct between the neutral tetrazine and the elec-
tron-rich added compound had occurred. However, in the
case of acidic aromatic compounds such as phenol and espe-
cially 4-nitrophenol, a positive shift of the reduction poten-
tial of the tetrazine, as well as a strong decrease of the reoxi-
dation current has been observed (see Figure 2). These facts
give evidence for an efficient proton transfer between the
basic anion radical of the tetrazine compound and the phe-
nolic moiety.

Theoretical modelling: Geometry optimisation has been
completed for tetrazines 1-3 (see Experimental Section for
details). All of the tetrazines investigated are completely
planar, confirming a good electronic interaction between the
cycle and its substituents. Figure 3 shows the frontier orbi-
tals HOMO, LUMO and the two lying next to them
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Figure 2. CVs of compound 1, 5 mM in dichloromethane on glassy carbon
at 1 Vs™', in presence of 4-nitrophenol: 0 equiv (—), 2 equiv (-----),
5equiv (——=), 7 equiv (seeee).

[
Lo

c)

Figure 3. Plots of HOMO (c), LUMO (b) and the two next ones
HOMO-1 (d) and LUMO +1 (a) for compound 2 (left column) and 3
(right column).The relative positions of these energy levels are indicated
in the insert frame for compounds 1-3.

HOMO-1 and LUMO+1, in the case of compounds 2 and
3. They are antisymmetrical and symmetrical, respectively,
to a plane perpendicular to the tetrazine ring and passing
through the C; and C4 atoms.
The HOMO and LUMO elec-
tronic densities appear to be lo-
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On the other hand, the configuration interaction calcula-
tion performed on these molecules were disappointing as no
transition was found in the visible region. This method does
not seem to be appropriate to explain the observed photo-
physical results (see below).

UV/Vis spectroscopy: The UV/visible spectra were recorded
in dichloromethane and are shown in Figure 4. They display
a very strong band in the UV region, corresponding to the
n—m* allowed transition, and a much less intense band in the
visible region, corresponding to the n—m* transition, which is
responsible for the color of the compounds. The UV band
maximum wavelength correlates clearly with the donor-ac-
ceptor balance of the substituent. When the chloro moiety is
substituted by a methoxy group, a red shift of the absorption
band is observed. This shift is stronger for the UV band
than for the visible one. As shown by the molecular orbital
diagrams, the —m* allowed transition position is much more
sensitive to substituent effects than the n—mt* transition, as
was previously observed.’! The absorption maxima are
listed in Table 2, along with the extinction coefficients and
the fluorescence characteristics of the tetrazine compounds.

Fluorescence in solution: The fluorescence spectra of the
tetrazine compounds have been recorded both in solution
and in the crystalline state, in addition to their decay times
(Aex=495 nm). The fluorescence of heteroatom-substituted
tetrazines has been already observed,'¥ although much
more data can be found on calculated spectra than on actual
measurements.">7 It seems that fluorescence is a property
of some tetrazines substituted by heteroatoms directly on
the ring, because up to now no bisaryltetrazine has been
found to be fluorescent.''? The spectra in solution are
shown in Figure 5 and indicate the spectral shape and posi-
tion of the band. The fluorescence decays (Figure 6) have
also been investigated and show long lifetimes (several tens
of ns) with monoexponential behavior, as expected for small
molecules in solution if only one population of molecules is
encountered. Compound 4 shows a biexponential behavior
with a very short lifetime; this might be due to the contribu-
tion of the naphthalene moiety.

For symmetric molecules 1 and 3, lifetimes are all in the
same range (50 to 60 ns) and quantum yields are close. On
the contrary, the chloromethoxytetrazine 2 shows a three

Table 2. Spectroscopic features of the tetrazine derivatives (recorded in dichloromethane).

calised solely on the ring nitro-

Compound Absorption Emission max- Molar extinction coeffi- Lifetime of the ex- Fluorescence
gens. However, no MO coeffi- maximum imum wave- cient of the (n-m*) transi- cited state [ns] quantum
cient is present on the substitu- wavelengths lengths [nm]  tion [cm 'Lmol '] (Aex=495 nm) yield
ents for the considered mole- [nm]
cules in these orbitals, which 1 307-515 551-567 460 58 0.14
seems to indicate that their in- > 269-327-520 567 1900 160 038

3 275-345-524 575 663 49 0.11
fluence on the observed electro- 4 281-523 338l 573
chemical behavior of the tetra- 5671 120; 6! 0.004
zine 1is mainly due to their in- 5 270-328-521 572 1170 144 0.36
ductive effect. [a] Excitation at 281 nm. [b] Excitation at 524 nm. [c] Biexponential decay.
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Figure 4. Absorption spectra of compounds 1 (ss++), 2 (—), 3 (-—),
and 5 (-—-) in dichloromethane.
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Figure 5. Fluorescence emission spectra of compounds 1 (se««+), 2 (—),
3 (-—), and 5 (---), in dichloromethane. Excitation wavelength is
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Figure 6. Fluorescence decays of compounds 1-3 in dichloromethane (ex-
citation wavelength 495 nm).

times higher quantum yield and a very long lifetime. This
very unusual behavior is interesting in view of potential
sensor applications and will be the topic of more detailed in-
vestigations and computational analysis in the future.
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Fluorescence in the solid state: Interestingly these mole-
cules show luminescent properties in the solid state
(Table 3). The less promising candidate is naphthoxytetra-
zine 4. The fluorescence is weak both in CH,Cl, and in the
solid state. Millimeter-size crystals of the “family” of the
three disubstituted tetrazines 1--3 and the bridged com-
pound 5 are actually luminescent under the microscope. The
spectral shift observed in CH,Cl, for the three disubstituted
tetrazines remains valid in the solid state when going from
the chloro to the methoxy group. The spectral shape is pre-
served, although the band is narrowing. This might be due
to less accessible deactivation processes. Indeed in CH,Cl,
the band broadening can be ascribed to solvent—tetrazine in-
teractions.

Table 3. Maximum emission wavelengths and lifetimes of tetrazine com-
pounds in the powder state (excitation wavelength at 495 nm).

Compound Max. emission wavelength [nm] Lifetime [ns]
1 555 17.8
2 560 19.1
3 569 16.0
4 563 0.7%al
5 559.5 12.6M
89kl

[a] Multiexponential. [b] Monoexponential (excitation at the crystal
centre). [c] Multiexponential (excitation at the crystal edge).

Concerning the decay times, one can see that the fluores-
cence lifetime is strongly decreased in the solid state com-
pared with the solvent environment (roughly 4-5 times
lower). Nevertheless, the decay times are generally monoex-
ponential with a lifetime between 10 and 20 ns. Such a mon-
oexponential behavior shows that only one population of
fluorophores can emit light; this indicates very few interac-
tions between molecules in the solid state. The fact that the
spectrum shape is roughly preserved and fluorescent proper-
ties are not completely lost also gives evidence that only a
weak intermolecular coupling occurs in the solid state.

The fluorescence decay of compound S shows a different
behavior with a dependence on the position of the excita-
tion relative to the crystal (Figure 7). Indeed, if the center
of a single millimeter-size crystal is irradiated, the decay is
monoexponential with a 12.6 ns lifetime; conversely when
the excitation is focused on the crystal edge, one can ob-
serve a multiexponential decay, with an average lifetime of
8 to 9 ns. This behavior might be due to crystal surface de-
fects, which act as quenchers for the exciton. Nevertheless,
we will carry out a complete study of the solid state lumines-
cent properties, focusing especially on the influence of the
crystal size™®! and solvent evaporation.

Fluorescence quenching: In order to investigate the possible
use of these molecules as sensor agents, we have studied the
fluorescence quenching by electron-rich rings, of either
aprotic compounds such as anisole or tertiary amines or
protic compounds such as phenol or 4-nitrophenol. The tet-
razine 5 was selected as potential “tweezer” for donor sub-

Chem. Eur. J. 2005, 11, 5667 —5673
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1000—= Table 4. Stern—Volmer slopes Kgy for the fluorescence quenching of com-
3 a pound 5, in presence of the indicated quenchers (from Figure 8).
] Quencher Stern—Volmer slope (Kgy in mol L)
’g | b triphenylamine 1400
2 100 tri-p-bromophenylamine 1250
»é ] phenol 580
@ 1 4-nitrophenol 80
§ ] ¢ anisole 40
S 103
[ 7
) from fluorescence lifetimes and Stern—Volmer slopes would
1= I I I I | range from 3.10° to 10° Lmol's™!. These values are not in
0 10 20 30 40 50

Delay/ns

Figure 7. Fluorescence decays of compound 5: a)reference decay in
CH,Cl,; b) in the powder state (excitation at the centre of a millimetre-
size crystal); c) in the powder state (excitation at the crystal edge).

strates, because it can possibly act as a two-sided acceptor.
In all cases the electron-rich aromatic compounds have been
shown to quench the fluorescence of the tetrazine excited
state, in the visible range, according to the Stern—Volmer
Equation:

1
70* = ky 7 (0]

where [ and [, are the intensities in presence and absence of
quencher, respectively; k, is the quenching constant; 7, is
the tetrazine lifetime; and [Q] is the quencher concentra-
tion. This is shown in Figure 8, which depicts the Stern-

Iy 1 1-1

T I I | I ]
0 1 2 3 4 5

Quencher concentration / mmol L'

Figure 8. Stern—Volmer plots for compound 5 as functions of quencher
concentrations for the various quenchers: e triphenylamine; x tris-p-bro-
mophenylamine; A phenol; + 4-nitrophenol; e anisole.

Volmer plots in the case of several quenchers. Table 4 sum-
marizes the Stern—Volmer slopes (Ksy = k7o) for the vari-
ous quenchers.

The quenching mechanism can be either static or dynam-
ic. Considering a dynamic quenching (diffusion controlled
mechanism), the diffusional rate constant (k,) calculated
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good agreement with usual diffusional rate constants in lig-
uids, which are about 10°~10'° Lmol s 1.["]

Hence we expect the quenching mechanism to be rather
static, since quenching is observed when quencher concen-
tration is in excess compared to tetrazine 5 (7.5x
10~ mol L™")." This is also in accordance with the “tweez-
er” structure of the tetrazine, which could allow “chelation”
of the donor molecules.

It is clear that the slopes of the Stern—Volmer plots are re-
lated to the electron affinity of the quenchers: The better
electron donors lead to the higher quenching constants. The
Rehm-Weller Equation:

62

AG" = E(D/D*) — E(AJA") = Eqy — ——

where e is the electron charge, ¢ the dielectric constant of
the solvent and r is the distance between the donor and ac-
ceptor. The Equation yields the free energy for the electron
transfer between the two compounds. Usually it is impossi-
ble to get the exact value of r; thus it is assumed to be equal
to the sum of the donor and acceptor radii. Therefore we
have plotted the logarithm of the Stern—Volmer constant
(logK = —AG"/RT) versus the standard potential of various
quenchers?” (see Figure 9). Apart from phenol, a very good
linear correlation is observed, which is indicative of the oc-
currence of an electron transfer between the tetrazine excit-
ed state and the donor, even in the case of protic donors.
Hence electron transfer seems to be the most efficient way
of fluorescence quenching for the tetrazine excited state. We

10* ¢
1000 | "8
5 E ‘~_..- &
¥ i .
100 ‘~@.___
g .
10 PR Y L 1 P R S SR

0.8 1 1.2 14 1.6 1.8
E°/Vvs SCE
Figure 9. Correlation between the logarithm of the Stern-Volmer con-

stant and the standard potential (vs. SCE) of the various quenchers (for
symbols, see Figure 8).
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can mention that similar conclusions were drawn in the case
of fluorescence quenching of fluorenone by phenol deriva-
tives, although a contribution of hydrogen-bonding interac-
tion was proposed in the case of high oxidation potential
donors.”! In fact, further investigations are probably re-
quired in order to clearly quantify the contribution of each
process (electron transfer and/or intermolecular hydrogen
bonding) in the fluorescence quenching of tetrazines.

Conclusion

We have described herein the properties of several new sub-
stituted tetrazines which display a fully reversible electro-
chemical behavior and an intense fluorescence, both in solu-
tion and in the solid state. The fluorescence lifetimes are
long (several tens of ns) and the emission can be efficiently
quenched by electron donors such as aromatic compounds,
which highlights the ability of these new compounds to be
used in sensor devices. Work is now in progress to develop
applications in that direction.

Experimental Section

Synthesis: Dichlorotetrazine 1 was obtained by the method recently de-
scribed by Hiskey.”>?! We noticed that, in the last chloration step it was
important first to freshly prepare the bis(hydrazinotetrazine), and second
to ensure an important flux of chlorine with a strong agitation, because
of the side reactions that might occur between the starting compound
and 1. The best way was to insure a large chlorine inlet and a powerful
magnetic stirrer, so that the reaction was over in 7-10 min; longer reac-
tion times led to the formation of by-products. The reaction was finished
when the solution turned clear.

CAUTION: The use of a thiosulfate filled washing funnel to quench
excess chlorine outlet, as well as a ventilated hood are crucial!

The chloromethoxytetrazine 2% was obtained by simple stirring of 1 in
methanol at room temperature for 1 h, while dimethoxytetrazine 3% was
formed upon refluxing overnight in dry methanol in presence of excess
dry hydrogenocarbonate. Please note that solvent dryness was important
in this reaction; therefore for this latter synthesis it was also necessary to
introduce a small amount of drying agent in the vessel, for example, acti-
vated molecular sieve or anhydrous magnesium sulfate to avoid substitu-
tion by adventitious water. Yield: 70-75% for 2 and 80-85 % for 3.
Compound 2: 'H NMR (300 MHz, 25°C, CDCl,;, TMS): 6 =4.34 (OCH;);
BC NMR (300 MHz, 25°C, CDCl;, TMS): 6=167.1, 164.1 (C of tetra-
zine), 57.5 (OCH,;); HRMS (EI): m/z: caled for 145.9995; found:
146.0006 [M]*.

Compound 3: '"HNMR (300 MHz, 25°C, CDCl;, TMS): 6 = 4.23
(OCH5); *C NMR (300 MHz, 25°C, CDCl;, TMS): 6=166.5 (C of tetra-
zine), 56.7 (OCH;); HRMS (EI): m/z: caled for 142.0491; found:
142.0489 [M]*.

Compound 4 was prepared by heating 1 (1 g) in a pressure resistant tube
at 100°C with a large excess (about 10 times) of 1-naphthol in dichloro-
methane (5 mL) for about two hours. Yield: 54 % of deep red needles.
"HNMR (300 MHz, 25°C, CDCl;, TMS): 6=7.96 (dd, J=7.54, 2.02 Hz,
1H; H8), 7.89 (m, 2H), 7.56 (m, 2H), 7.41 (dd, J=7.54, 0.92 Hz, 1H;
H2); *C NMR (300 MHz, 25°C, CDCl,;, TMS): 6 =168.3, 165.6 (C of tet-
razine), 147.9 (Cq), 135.2 (Cq), 128.5 (CH), 27.5 (CH), 127.4 (CH), 127.2
(CH), 126.2 (Cq), 125.6 (CH), 120.8 (CH), 117.3 (CH); HRMS (EI): m/z:
caled for: 258.0308; found: 258.0306 [M]*.
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Compound 5 was prepared by heating for 3 h in a pressure resistant tube,
1 (1.4 g, 9.3 mmol), butane-1,4-diol (Aldrich Chemicals, 0.36 g, 4 mmol)
in CH,Cl, (2 mL) with magnesium sulphate (0.2 g) and potassium hydro-
genocarbonate (0.2 g). After chromatography (CH,Cl,), 0.2-0.25¢ of 5
were recovered (13-15%). 'H NMR (300 MHz, 25°C, CDCl,;, TMS): 6=
3.75 (t, J=5.88 Hz, 4H; OCH,), 1.79 (t, J=6.31 Hz, 4H; OCH,CH,); *C
NMR (300 MHz, 25°C, CDCl;, TMS): d=166.7, 164.3 (C of tetrazine),
70.9 (OCH,), 28.7 (OCH,CH,); MS (EI): m/z: calcd for: 318.0147; found:
318 [M]*.

Electrochemistry: The electrochemical studies were performed by using
an EG&G PAR 273 potentiostat, interfaced to a PC computer. Cyclic
voltammetries at scan rates higher than 0.1 Vs™' were performed by
using a home made potentiostat equipped with a manual ohmic drop
compensation system.*!

The reference electrode used was an Agt/Ag electrode filled with 0.01m
AgNO;. This reference electrode was checked vs. ferrocene as recom-
mended by IUPAC. In our case, E°(Fc™/Fc)=0.118 V in dichloromethane
with 0.1 TEAP. A platinum wire and a glassy carbon disk (1 mm diame-
ter) were used respectively as counter and working electrodes.

Tetrabutylammonium perchlorate was purchased from Fluka (puriss.).
Acetonitrile (Aldrich, 99.8 %), dichloromethane (SDS, 99.9 %) were used
as received. All solutions were deaerated by bubbling argon gas for a few
minutes prior to electrochemical measurements.

Theoretical modelling: All the geometry optimizations were performed
using the hybrid density functional B3LYP potential in conjuration with
a 6-31G* basis set as implemented in GAUSSIANO3W.! This level was
adequate for the geometry optimization of aromatic compounds.””’ Har-
monic vibrations were also calculated for all the obtained structures to
establish that a true minimum was observed.

UV/Vis and fluorescence spectroscopy

Steady-state spectroscopy: A UV/Vis Varian CARY 500 spectrophotome-
ter was used. Excitation and emission spectra were measured on a SPEX
Fluorolog-3 (Jobin-Yvon). A right-angle configuration was used. Optical
density of the samples was checked to be less than 0.1 to avoid re-absorp-
tion artifacts.

Time-resolved spectroscopy: The fluorescence decay curves were ob-
tained with a time-correlated single-photon-counting method using a tita-
nium/sapphire laser (82 MHz, repetition rate lowered to 4 MHz by a
pulse-peaker, 1 ps pulse width, a doubling crystals was used to reach
495 nm excitation) pumped by an argon ion laser. The Levenberg—Mar-
quardt algorithm was used for non-linear least squares fits.

The compounds were purified one additional time (obtained in the end
as millimeter-size crystals), and put under a Nikon DIAPHOT 200 micro-
scope. Fluorescence emission spectra of crystalline powders were record-
ed under the microscope, excitation wavelength 495 nm, by using an
Ocean Optics S 2000 miniature fiber optic spectrophotometer.
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