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Original new fluorescent and electroactive compounds have
been prepared, which feature two different fluorescent
groups linked through an oxygen atom spacer. We describe
here the synthesis, photophysical and electrochemical prop-
erties and their interplay, and our theoretical calculations.
These molecules are composed of two fluorophores, an elec-

tron-rich triphenylamine unit and an electron-poor tetrazine
unit. Although the bichromophores are not fluorescent in the
neutral state due to a photoinduced electron transfer from
the triphenylamine unit to the tetrazine unit, one can restore
the fluorescence by oxydation of the triphenylamine moiety.
Thus, a redox-fluorescent switch has been realized.

Introduction

We are interested in the study of fluorescent electroactive
chromophores based on tetrazines!! and boron-dipyrro-
methene (BODIPY).I”l These molecules present different
photophysical properties according to the redox state of the
molecule (neutral, oxidized or reduced). For example, inter-
play between fluorescence and redox characteristics in the
case of 3-chloro-6-methoxytetrazine could lead to a revers-
ible switching of fluorescence (also called electrofluorochro-
mism).l*l Although there is interest in and possible applica-
tions for the reversible fluorescent electrochemical switch of
a molecule (or oligomer) composed of a single unit that is
both electroactive and fluorescent,® multiple fluorophore
systems present their own advantages.!>* Indeed, instead of
an on—off two-state system, it should be possible to prepare
dyads that display off-to-on fluorescent switching upon re-
dox activation. Such dyads should present complementary
properties to 3-chloro-6-methoxytetrazine. Hence, dyads
composed of an electroactive donating group and a fluoro-
phore accepting group should be good candidates for re-
dox-fluorescent switchable devices.!!

Tetrazines are particularly well adapted fluorophores for
the accepting unit.l"! Triphenylamine compounds are well-
known electron-rich derivatives, which are used in many ap-
plications, such as organic optoelectronics!® and electro-
chromism,!”! and could be a good choice as a partner
fluorophore as these molecules mostly display extremely
stable cation radicals, which can be formed at moderate oxi-
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dizing potentials. Hence, tetrazine-triphenylamine dyads
could behave as a two-state redox-mediated off-on fluores-
cent switches (Figure 1).
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Figure 1. Two redox-state system with different fluorescent proper-
ties.

We have prepared several dyads, which should meet the
above requirements and feature one or two triphenylamine
moieties that bear different groups on their para positions,

X |Cl
R

Figure 2. Design of dyads.
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linked by an oxygen atom to a chloro- or alkoxytetrazine,
which represents the electron-poor fluorescent moiety (Fig-
ure 2).

We have investigated the photophysical and electrochemi-
cal properties and carried out theoretical quantum calcula-
tions of the newly synthesized chromophores 7-9. We have
also investigated the photophysical behaviour (absorption
and emission) of the cation radical of these dyads.

Results and Discussion

Synthesis

The designs of the triphenylamine precursors were ra-
tionalized in order to realize nucleophilic aromatic mono-
or disubstitution of chloro-s-tetrazines. Knowing that 3,6-
dichlorotetrazine 3 can undergo mono- or disubstitution
with phenol compounds, we decided to synthesize (di-
arylamino)phenols. Triphenylamines are known to form
stable cation radicals and to polymerize through the para
position. For future applications, it was thus necessary to
prepare triphenylamine compounds that bear blocking
groups, such as bromo or methyl groups, in the para posi-
tions. Compounds 1a, 1b and 1c¢ were targeted (Figure 3).

OH

1a:R=CH,
1b:R = Br
1c:R=H

L0,

Figure 3. Design of (diarylamino)phenols.

Precursors 6a, 6b and 6¢ were successfully prepared by
Hartwig-Buchwald couplingl®! on anisidine with an excess
of the corresponding bromo derivatives 2a, 2b or 2¢
(Scheme 1). It should be noted that in the case of 6a, the
triphenylamine core was synthesized in good yield in one
step, whereas with the bromo and hydrogen substituents,
the preparation of the intermediate diphenylamines 5b and
5¢ were required followed by a second coupling step to ob-
tain 6b and 6¢c, respectively, in reasonable yields. The tar-
geted nucleophiles 1a, 1b and 1c¢ were obtained in excellent
yield by using the standard deprotection of methoxyphenyl
group with BBr;P! (Scheme 2).
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6a: R = CH,
6b: R = Br
6c:R=H

Scheme 2. Synthetic route to 7a—c.
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1a: R = CHj3 (quant.)
1b: R = Br (87 %)
1c:R=H (85 %)
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2a: R =CH; 5a: R = CHj; (0 %) 6a: R = CHj; (93 %)
2b:R=Br 5b: R =Br (81 %) 6b: R =Br (12 %)
2c:R=H 5¢c:R=H (42 %) 6c:R=H (9 %)
Br
Pd,(dba);, DPPF,
tBuONa, toluene
90 °C, 15h
excess o
2b or 2c
6b (quant.)
6c (79 %)

Scheme 1. Synthetic route to 6a—6¢.

The bichromophoric derivatives were synthesized by an
SNAT reaction with tetrazines 3 or 4. Benefiting from the
work of Hiskey and Chavez,[' multigram syntheses of 3,6-
dichlorotetrazine (3) and 1-chloro-6-methoxytetrazine (4)
have been optimized by our group.['l The nucleophilic aro-
matic monosubstitution of 3 or 4 has been studied in the
presence of 1equiv. of collidine with a variety of nucleo-
philes, in particular, with alcohols!'®!!] and phenols:!'4->-12]
mono- and disubstitution of 3 can occur. Disubstitution is
usually more difficult than monosubstitution, and it was
necessary to strengthen the conditions by heating or by
using a sealed tube. The introduction of 1 equiv. of 1a, 1b
and 1c to 3 was realized at room temperature to afford 7a,
7b and 7c, respectively, in good yields (59-100%,
Scheme 2).

The disubstitution of 3 or the monosubstitution of 4 ap-
peared to be more difficult; as predicted, heating at 160 °C
in a sealed tube for 1 week gave 9a, 9b, 8a, 8b and 8c with
varying yields (16-64%, Scheme 3). In the case of 9a, after
1 week, 4 and 1b were still present in the mixture as judged
by TLC. Purification was first carried out by chromatog-
raphy, which gave fractions of a mixture of 4 and 9a. These
were purified by the sublimation of 4 under reduced pres-
sure, which left pure 9a in a yield of 16%. For 9b, the con-
version of 1b was very poor; degradation of the mixture led
us to stop the reaction before total conversion of 1b had
been reached, which explains the yield of 31 %.

007

3 (1 equiv.)
collidine (1 equiv,
CH,Cly, rt., 1h
o
\ _N

7a:R = CH3 (59 %)
7b: R = Br (quant.)
7c:R=H (87 %)
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Scheme 3. Synthetic routes to 8 and 9.

Hence, the syntheses of new bichromophoric compounds
based on tetrazine and triphenylamine moieties were suc-
cessfully realized in few steps by using the key SyAr step
with 3 and 4.

Electrochemistry

The redox properties of 7-9 were investigated by cyclic
voltammetry (CV), and the electrochemical data are sum-
marized in Table 1. Two well-defined redox systems were
identified, which correspond to the oxidation of the tri-
phenylamine moiety into its cation radical and to the re-
duction of the tetrazine moiety into its anion radical. These
peaks are fully reversible although the peak-to-peak separa-
tion is larger than 60 mV due to electron-transfer kinetics,
which have been previously discussed for tetrazine.''l One
exception is the case of H-substituted 7¢ and 8¢ where poly-
merization occurred upon oxidation, which was expected
because the para positions of triphenylamine were free.!'3!

The data reported in Table 1 show that the standard po-
tential of the triphenylamine moiety seems to be insensitive
to the other substituent of tetrazine but depends on the
nature of substituent in the para position. The electron-
withdrawing bromine atom (7b, 8b and 9b) increases the
potential of the oxidation, because it destabilizes the cation
radical in comparison to the methyl group (7a, 8a and 9a).
Therefore, the formation of the cation radicals of 7b, 8b and
9b is more difficult and requires the application of a higher
1396
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collidine (2 equiv.) o N
CH,Cl, (sealed tube)
160 °C, one week

8a: R = CHj (64 %)
8b: R = Br (36 %)
8c:R=H (26 %)

Jonol

Table 1. Electrochemical data for 7-9. Potentials [V] are referenced
to Ag*/Ag. The reference electrode was checked vs. ferrocene. All
measurements in dichloromethane + BuyNPFg on C.

EOTZ[H] EOTPA[b]
7a -0.83 0.48
8a 112 0.48
9a ~1.08 0.51
7h ~0.77 0.72
8b -0.94 0.75
9b -1.01 0.70
Te -0.98 0.67
8¢ -1.05 0.55 [

[a] Tz = tetrazine. [b] TPA = triphenylamine. [c] Estimated value
for the first cycle.

potential than triphenylamine that bears a methyl group by
approximately 0.2 V. This is close to the difference between
tris(4-bromophenyl)amine and tris(4-tolyl)amine.['#!

The standard potential of tetrazine depends on the atom
that it is directly linked to. A chlorine atom as the electron-
withdrawing group (7a and 7b) stabilizes the anion radical
better than an oxygen linker (8a, 8b, 9a and 9b), which
makes the reduction easier as in the parent chloro(meth-
oxy)- and dimethoxytetrazine derivatives.'d] The tetrazine
potential is insensitive to the number of triphenylamine
moieties linked to the tetrazine. This means that there is no
real conjugation between triphenylamine and tetrazine in
the different bichromophoric compounds. In the case of 9a
and 8b, the results are in agreement with the expected 1:1
and 2:1 exchange ratios, respectively (Figure 4).
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Figure 4. CVs of 8b and 9a in dichloromethane + 0.1 m BuyNPF,
on C. Potentials referenced to Ag*/Ag. Scan rate: 100 mVs'.

In conclusion, the two redox moieties are electroactive
and behave independently in the dyads.

Photophysical Properties

The absorption spectra of some of these newly synthe-
sized compounds are displayed in Figure 5, and the absorp-
tion data are collected in Table 2. The absorption properties
of the dyads are similar to the sum of the disconnected
parts. These bichromophores display two or three bands de-
pending on the substitution of the tetrazine moiety. For all
of the compounds, there is an intense band in the UV re-
gion in agreement with ©—r* transitions located on the
tetrazine and triphenylamine units. The corresponding mo-
lar absorption coefficient is ca. 30000 Lmol'cm™! for com-
pounds with one triphenylamine unit, 25000 Lmol'cm™
for 6a and ca. 5000 Lmol'cm™ for the tetrazine deriva-
tives.'®! For 8a and 8b, the molar absorption coefficient is
nearly twice that of 7a and 7b, respectively, because of the
presence of two triphenylamine units. The second band is
located at ca. 530 nm and displays a weak molar absorption
coefficient (ca. 600 Lmol 'cm™") because of a forbidden n—
7* transition centred on the tetrazine unit. This transition
is also very weakly sensitive to the substituent effects on the
triphenylamine moiety.!'®!4] The third band appears only
for the homodisubstituted tetrazines (8a and 8b) and is lo-
cated at ca. 460 nm. Its molar absorption coefficient is also
very low (ca. 600 Lmol'cm™), because there is a very
weak orbital overlap in this transition (see theoretical calcu-
lations section).

By comparing the substitution with a bromine atom or
a methyl group, one can observe that there is no influence
on the n—m* transition, but there is a weak bathochromic
shift (ca. 8 nm) for the n—r* transitions in the UV region,
and a hypsochromic shift can be observed for the third
band. An explanation for this shift is given in the theoreti-
cal calculations section.
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Figure 5. Molar absorption coefficients of 8a, 9a and 9b in dichlo-
romethane. Inset: molar absorption coefficients of 8a, 9a and 9b in
the 400-700 nm region.

Table 2. Photophysical properties for 6-9 in dichloromethane: ab-
sorption wavelength [A,., nm], molar absorption coefficient [e,
Lmol 'cm '], emission wavelength [A.m, nm], fluorescence quan-
tum yield [¢g].

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

;“max & )vmax & A ‘max & /’Lcm ¢F
6a 301 25000 - - - - 382 0.04(21
6b 304 26000 - - - - 389 0.001M
7a 299 28000 - - 523 580 550  0.0006!
8a 301 52000 476 686 536 690 - -
9a 301 28000 - - 533 650 551  0.0003[!
7b 309 32000 - - 524 540 559  0.001
8b 309 67000 455 450 536 600 - -
9b 308 27000 - - 532 630 n.dld  ndW

[a] Fluorescence quantum yield measured with coumarin 153 in
ethanol as a standard (¢ = 0.53).['3] [b] Fluorescence quantum
yield measured with quinine sulfate in H,SO4 (0.5 N) as a standard
(¢ = 0.546).11°1 [c] Not determined.

Even if the triphenylamine and tetrazine units are fluo-
rescent when they are disconnected, our bichromophoric
compounds are not fluorescent in their neutral state as ex-
pected. In fact, fluorescence quenching occurs because of
the proximity of the two moieties through a photoinduced
electron transfer from the triphenylamine unit to the tetra-
zine unit, as it was reported for a solution of disconnected
parts.'4 For all of the bichromophoric compounds, the
fluorescence quantum yields are lower than 1073. An esti-
mation for 7a, 9a and 7b is provided in Table 2. For exam-
ple, the fluorescence quantum yield of 7a is 0.0006 even if
it is 0.04 for 6a, and 0.38['2! for 4.

Fluorescent Switching

In their neutral state, there is no fluorescence of the
bichromophoric compounds. The fluorescence of both tri-
phenylamine!!”! and tetrazine!!! are cancelled out by an elec-
tron transfer from triphenylamine to tetrazine. When tri-
phenylamine is oxidized, the electron transfer should not
1397
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Figure 6. (a) Absorption spectra recorded upon oxidation of 7a by Cu(ClOy), in CH;CN as a function of R = [Cu!'}/[7a]. Bichromophore
concentration: 7 X 10~ molL™!. (b) Correlation of the absorbance at 675 nm with the amount of Cu(ClO,),.

occur, and thus the fluorescence of tetrazine should be re-
stored (Figure 1). To confirm this assumption, tri-
phenylamine was chemically oxidized to its cation radical.

The generation of the triphenylaminium cation can be
achieved either by electrochemical or chemical oxidation.
Although electrochemical anodic oxidation provides clean
oxidation, it is difficult to complete and to study the tran-
sient species. Therefore, a one-electron chemical oxidation
was chosen, and Cu(ClO,4), was used as a mild and clean
oxidant, which has been recently reported to effectively gen-
erate arylaminium cation radicals.'"® Another advantage of
using Cu(ClOy), is that it gives no absorption or emission in
the UV/Vis region at low concentrations, and its reduction
potential in acetonitrile is 0.7 V vs. Fc/Fc*, which matches
the arylamines well.['8 It was therefore possible to oxidize
the bichromophoric compounds. The cation radicals of the
bichromophoric compounds and 6a were thus generated by
using Cu(ClOy,), in acetonitrile and characterized by ab-
sorption and emission spectroscopy.

Upon titration with Cu(ClOy,),, one can observe the ap-
pearance of isosbestic points in the UV/Vis absorption
measurements: one at ca. 260 nm and another at 329, 328,
326 and 333 nm, respectively, for 7a, 8a, 9a and 7b, which
is in agreement with an equilibrium between the dyad and
the oxidized triphenylamine chromophore. Two bands grad-
ually appear at ca. 350 and 680 nm and a new shoulder
emerges at 575 nm, whereas the absorption band centred at
300 nm (n—n* transition located on triphenylamine) de-
creases (Figure 6a; see Figures S2a, S3a and S4a, Support-
ing Information). When oxidation is complete, one can see
the m—m* transition located on tetrazine at the same wave-
length. The new absorption bands are attributed to the for-
mation of the cation radical centred on the triphenylamine
core by comparison with the absorption spectrum of the
radical cation of 6a (Figure S5a).

The correlation of the absorbance for the lower energy
band with the amount of Cu(ClO,), revealed that all of the
compound is oxidized when 1.25 equiv. of Cu(ClO,), was
added for 7a (Figure 6b), 2 equiv. for 8a, 1.7 equiv. for 9a
1398
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and at least 2.5 equiv. for 7b for a concentration of ca.
7% 10° molL™" (Figures S2b, S3b and S4b). This is in line
with the one-electron reduction of Cu(ClO,), and the
number of triphenylamine units to oxidize (the two units
are oxidized at the same potential in the homodisubstituted
chromophores). By comparing the number of equivalents
for 7a and 7b, one can see that the ratio is close to two,
because it is more difficult to oxidize 7b than 7a, which is
in agreement with a potential difference of around zero for
7b and 0.22 V for 7a.

The fluorescence spectra were recorded upon oxidation
in the same [Cu'")/[dyad] ratios as those used for the spec-
trophotometric titrations but lower concentrations (ca.
7%X10°mol L") in order to avoid reabsorption artefacts.

Figure 7 displays the spectral evolution upon oxidation
by excitation at the isosbestic point (329 nm) for 7a. One
can observe a linear enhancement of fluorescence upon oxi-
dation by Cu(ClQy),, which is in accord with the formation
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Figure 7. Emission spectra recorded upon oxidation of 7a by
Cu(ClQy,), in CH3CN as a function of R = [Cu')/[7a]. Bichromo-
phore concentration: 7.4 X 10°® mol L', Ay = 329 nm.
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of the cation radical. In order to prove the origin of this
band, the cation radical of 6a was studied by emission spec-
troscopy. No fluorescence in this region was observed for
this cation radical (Figure S5b). The appearance of an emis-
sion band at ca. 560 nm is typical of the tetrazine moiety.['?]

By oxidation of the triphenylamine unit, the photoin-
duced electron transfer from triphenylamine to tetrazine
was cancelled out, and fluorescence of the tetrazine was re-
stored as expected. The fluorescence is multiplied by 17, 7
and 4 for 7a, 9a and 7b, respectively, but the fluorescence
quantum yields of the cation radical remain low (Table 3).
These values are unfortunately still far from the value for 4
(0.38).['3 This can be explained by a possible energy trans-
fer in the cation radical because of an overlap of its ab-
sorbance and its emission (Figures 6 and 7).

Table 3. Fluorescence quantum yields for 7a, 9a and 7b with R =
[Cu'")/[dyad].l

R =05 R=1 R=15 R = excess
Ta 0.0018 0.0045 0.0076 0.01
9a - - - 0.0065
7b - - - 0.0013

[a] Measurements in acetonitrile. Fluorescence quantum yield mea-
sured with coumarin 153 in ethanol as a standard (@, = 0.53).1'3]

Thus, new bichromophoric compounds based on tri-
phenylamine and tetrazine were designed and synthesized
that have two states: a neutral state, in which the bichromo-
phore is not fluorescent, whereas the cation radical is fluo-
rescent. A fluorescent switch by oxidation was obtained.

Theoretical Calculations

Quantum chemical calculations were carried out on 7a,
8a, 9a and 7b. Geometry optimizations were first performed
at the B3LYP level of theory and with the 3-21g basis set.
Time-dependant (TD)DFT calculations at the PBEO level
of theory with the 6-31+g(d) basis set were subsequently
performed.

In each case, the two aromatic cycles (tetrazine and
phenyl rings) bound by the oxygen atom are in the same
plane, whereas the two other phenyl rings of triphenylamine
make a small angle with this plane (Figure 8).

b
5. { ‘a0
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9 29 9
9.9% %99 g 2gdg9.4 12 0%838y.
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,,"‘3'“ a4 ..c.o",“b 5

Figure 8. Calculated geometries of 7a, 8a, 9a and 7b.

The molecular orbitals are localized on each chromo-
phore. The highest occupied molecular orbital (HOMO) is
always a 7 orbital centred on the triphenylamine, which re-
flects its electron-donating ability. The nonbonding orbital

Eur. J. Org. Chem. 2012, 1394-1403
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of the tetrazine is found at lower energy. Conversely, the
lowest unoccupied molecular orbital (LUMO) is a ©* or-
bital centred on the tetrazine ring.

All compounds show one absorption band at ca. 300 nm
(for H- or CHj3-substituted triphenylamine) or 310 nm (for
Br-substituted triphenylamine). This absorption band is
due to two types of transition: one from the HOMO to the
n* orbital (L+1) centred on the tetrazine and the phenyl
ring and the second from the HOMO to the n* orbital
(L+3) centred on the diphenylamine (Figure 9). The impor-
tant overlap between the orbitals of the latter transition ex-
plains the intense absorption. A weak transition is found
at ca. 524 nm [for alkoxy(chloro)tetrazines] or 535 nm (for
tetrazines linked to two oxygen atoms), which is localized
on the tetrazine ring (n—n*) and the difference of symmetry
of the H-4 orbitals and the LUMO explains the weak oscil-
lator strength found experimentally (Table 4). Calculations
show also a weak bathochromic shift when a chlorine atom
replaces the oxygen atom. Indeed, chlorine stabilizes full n
orbitals better than empty m* orbitals. Finally, for these
bands, calculations fit well with experimental data both for
wavelengths and molar absorbance coefficients (Table 4).

L & ¥
43 L+1 LUMO
R o3
3 % »‘va, 2, o8> N 2,
2 09,0 2. gy °
I et ¥ BEeed
» [ 2] ° 9 b
? “, ’ “4 ?
-8 HOMO &’ H-4
, 24
6"" C g0, st L b QRS
.s % u"a.f“ﬂ »
v 9
WP W 9

Figure 9. Representation of the main molecular orbitals involved
in the electronic transitions of 9a.

Table 4. Experimental and calculated absorption wavelengths [/,
nm] and molar absorption coefficients [¢, Lmol'cm™'] for 7a, 8a,
9a and 7b in vacuo [TD-DFT, PBEO, 6-31+ g(d)].

A lexp A lcalc Elexp Ecale j-Zexp )“2calc E2exp  €2calc
7a 299 307 28000 31000 523 533 580 400
7b 309 314 32000 30000 524 533 540 400
8a 301 350 52000 65000 536 540 690 500
9a 301 336 28000 38000 533 538 650 300

Symmetrical 8a and 8b also exhibit a weak band at 455
and 475 nm, respectively, which does not exist for the un-
symmetrical compounds. This absorption band is not seen
by calculations performed in vacuo for 8a. Therefore, calcu-
lations in dichloromethane have been performed by using
the integral-equation formalism polarizable continuum
model. Thus, 8a displays a band at 422 nm due to a transi-
tion from a m orbital centred on the triphenylamine
(H-2, see Figure S8) to the LUMO (r* orbital centred on
the tetrazine). This is an intramolecular charge-transfer
band.

Experimentally, the cation radical of 9a shows two im-
portant bands at 362 and 683 nm, a shoulder at 580 nm and
a weak band at 292 nm. Calculations have been performed
1399
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on the cation radical of 9a, and Figure 10 shows the charge
localization on this cation radical. One can observe that the
unpaired electron is localized on the triphenylamine core as
expected. The band at 730 nm is due to a transition from
the m orbital centred on the tetrazine (S-2) to the SOMO
(Figure 11). The shoulder has been modelled by two transi-
tions: one from a m orbital centred on the diphenylamine
part (S-3) to the SOMO at 620 nm and the second from a
n orbital centred on the phenyl (S-6) to SOMO at 571 nm.
The n-m* transition on the tetrazine ring is found at
538 nm. The band at 362 nm is also due to two transitions:
one from the SOMO to a ©* orbital centred on the diphen-
ylamine unit (S+4) at 340 nm and the second from the
HOMO to a n* orbital centred on the phenyl ring (S+2) at
338 nm.

rA
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Figure 10. Spin density on the cation radical of 9a.
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Figure 11. Representation of the main molecular orbitals involved
in the electronic transitions of the cation radical of 9a.

Conclusions

Dyads based on tetrazine-triphenylamine units have
been synthesized, and their photophysical and electrochem-
ical properties have been investigated. The generation of tri-
phenylaminium cations was achieved by chemical oxidation
and their photophysical properties have also been investi-
gated. It appears that for unsymmetrical dyads (7 and 9),
the absorption properties are similar to the disconnected
parts, and for symmetrical dyads (8), another transition be-
tween a © orbital centred on triphenylamine and a ©n* or-
bital centred on tetrazine was observed, which is supported
by theoretical calculations. As expected, the bichromo-
phores exhibit very low fluorescence quantum yields in
their neutral state because of a photoinduced electron
transfer from the triphenylamine part to the tetrazine part.
By the formation of cation radicals, the emission of tetra-
zine was restored, although fluorescence quantum yields re-
main low because of a possible energy transfer. In order to
avoid this transfer and to enhance the fluorescence quan-
tum yield, the design of new bichromophores with a ba-
1400
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thochromic shift of the cation radical absorption is in pro-
gress.

A fluorescent switch by oxidation was designed, which
features a neutral state without fluorescence and a stable
cation radical state with restored fluorescence. We are cur-
rently trying to achieve a third state with these dyads with
restored fluorescence of the triphenylamine moiety by re-
ducing the tetrazine ring. Fluorescence modulation by elec-
trochemistryl!®-34-11 could be also performed by coupling
to epifluorescence microscopy, which is currently under de-
velopment in our laboratory.

Experimental Section

Spectroscopic Measurements: UV/Vis absorption spectra were re-
corded with a Uvikon 942 spectrophotometer in 1cm optical
length quartz cuvettes. Corrected emission spectra were obtained
with a Jobin—Yvon Horiba Spex FluoroMax-3 spectrofluorometer.
Dichloromethane and acetonitrile (Aldrich, spectrometric grade or
SDS, spectrometric grade) were employed as solvents for absorp-
tion and fluorescence measurements. The fluorescence quantum
yields were determined by using coumarin 153 in ethanol as a stan-
dard (@ = 0.53)I"3] or quinine sulfate in H,SO, (0.5 N) as a stan-
dard (&, = 0.546).'Y The estimated experimental error is less than
10%. For the emission measurements, a right-angle configuration
was used, the absorbance at the excitation wavelength was kept
below 0.1 and the concentration below 8 X 10 mol L™! for the un-
symmetrical compounds in order to avoid reabsorption artefacts.

Electrochemistry: Solvents (SDS, HPLC grade) and electrolyte salts
(BuyNPF¢ from Fluka, puriss.) were used without further purifica-
tion. CV was performed in a three-electrode cell with a potentiostat
(CH Instruments 600) driven by a PC. A carbon electrode (I mm
diameter) was used as the working electrode, and platinum wire
and Ag* (0.01 M in acetonitrile)/Ag were used as the counter and
reference electrodes, respectively. All the investigated solutions were
deaerated by bubbling with argon for at least 2 min before per-
forming the electrochemical measurements.

Quantum Chemical Calculations: Calculations were performed with
the Gaussian 03 softwarel?! at the MESO calculation centre of the
ENS Cachan (Nec TX7 with 32 processors of type Itanium 2).

Synthesis: Reagents were commercially available from Aldrich and
used without further purification. Column chromatography was
performed with SDS 0.040-0.063 mm silica gel. All compounds
were characterized by the usual analytical methods: 'H and '*C
NMR spectra were recorded with a JEOL ECS (400 MHz) spec-
trometer. All chemical shifts are referenced to the solvent peak.
Melting points were measured with a Kofler melting point appara-
tus. IR spectra were recorded with a Nicolet Avatar 330 FTIR spec-
trometer. Mass spectra were recorded with a Bruker MicrOTOF —
QII instrument in direct introduction ASAP in APCI mode.

N,N-Ditolyl-4-anisidine (6a): To a solution of tris(dibenzylidene-
acetone)dipalladium(0) [Pd,(dba);, 120 mg, 0.131 mmol) and 1,1'-
bis(diphenylphosphanyl)ferrocene (DPPF, 140 mg, 0.258 mmol) in
dry toluene (35mL) under argon was added 4-bromotoluene
(4 mL, 32.5 mmol) at room temperature. The resulting mixture was
stirred for 10 min. Sodium zerz-butoxide (2.070 g, 21.54 mmol) and
4-anisidine (0.99 g, 8.04 mmol) were added. The resulting mixture
was stirred at 110 °C for 19 h, cooled to room temperature and
concentrated under reduced pressure. The crude product was puri-
fied by silica gel column chromatography [petroleum ether/CH,Cl,
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(8:2) to petroleum ether/CH,Cl, (5:5)] to give 6a (2.048 g, 93%) as
a grey solid. M.p. 70 °C. '"H NMR (400 MHz, CDCl5): § = 7.08—
7.05 (m, 4 H), 6.97 (d, J = 8.2 Hz, 2 H), 6.84 (d, J = 8.7 Hz, 2 H),
3.82 (s, 3 H), 2.33 (s, 6 H) ppm. '3C NMR (100 MHz, CDCls): 6
= 1557, 146.0, 1414, 131.3, 129.8, 126.5, 123.2, 114.7, 55.5,
20.8 ppm. IR: ¥ = 3024-2830, 1606, 1499, 1273, 812 cm™ .

N-(4-Bromophenyl)-4-anisidine (5b): To a solution of Pd,(dba),
(242 mg, 0.264 mmol) and DPPF (289 mg, 0.529 mmol) in dry tol-
uene (70 mL) under argon was added 1,4-dibromobenzene (15.31 g,
64.90 mmol) at room temperature. The resulting mixture was
stirred for 10 min. Sodium rerz-butoxide (4.22 g, 43.90 mmol) and
4-anisidine (2.03 g, 16.5 mmol) were added, and the mixture was
stirred at 110 °C for 17 h. The reaction mixture was cooled to room
temperature, and water (100 mL) was added. The aqueous layer
was extracted with CH,Cl, (3X30mL). The organic layer was
dried with anhydrous sodium sulfate, filtered and concentrated un-
der reduced pressure. The crude product was purified by silica gel
column chromatography [petroleum ether/CH-Cl, (8:2) to CH,Cl,]
to give 5b (3.681 g, 81%) as a grey solid. M.p. 84 °C. '"H NMR
(400 MHz, CDCl3): 6 = 7.29 (d, J = 8.7Hz, 2 H), 7.06 (d, J =
8.7Hz, 2 H), 6.89 (d, J = 8.7 Hz, 2 H), 6.76 (d, J = 8.7 Hz, 2 H),
5.52 (s, 1 H), 3.82 (s, 3 H) ppm. '3C NMR (100 MHz, CDCls): 6
= 155.7, 144.5, 135.1, 132.1, 122.8, 117.0, 114.8, 111.0, 55.6 ppm.
IR: v = 3419, 3050-2850, 1594, 1508, 1491, 1243, 1030, 813 cm™'.

N-Phenyl-4-anisidine (5c¢): To a solution of Pd,(dba); (137 mg,
0.150 mmol) and DPPF (130 mg, 0.238 mmol) in dry toluene
(40 mL) under argon was added 4-bromobenzene (2.5 mL,
23.74 mmol) at room temperature. The resulting mixture was
stirred for 10 min. Sodium fert-butoxide (2.564 g, 26.70 mmol) and
4-anisidine (1.233 g, 10.01 mmol) were added, and the mixture was
stirred at 90 °C for 22 h. After this time, the starting materials had
disappeared as judged by TLC. The reaction mixture was cooled
to room temperature, and water was added. It was extracted with
diethyl ether, dried with anhydrous sodium sulfate, filtered and con-
centrated under reduced pressure. The crude product was purified
by silica gel column chromatography [petroleum ether/CH,Cl, (1:1)
to CH,Cl,] to give 5¢ (1.169 g, 42%) as a grey solid. M.p. 102 °C.
'H NMR (400 MHz, CDCls): 6 = 7.25-7.20 (m, 2 H), 7.10-7.06
(m, 2 H), 6.93-6.82 (m, 5 H), 5.55 (s, 1 H), 3.81 (s, 3 H) ppm. '3C
NMR (100 MHz, CDCl3): 6 = 155.2, 145.2, 135.8, 129.3, 122.1,
119.6, 115.7, 114.7, 55.6 ppm. IR: ¥ = 3386, 3008-2836, 1595, 1500,
1489, 1249, 1032, 749, 694 cm™!.

N,N-Bis(4-bromophenyl)-4-anisidine (6b): To a solution of
Pd,(dba); (282 mg, 0.308 mmol) and DPPF (230 mg, 0.421 mmol)
in dry toluene (10 mL) under argon was added 1,4-dibromobenzene
(5.17 mg, 21.92 mmol) at room temperature. The resulting mixture
was stirred for 10 min. Sodium ferz-butoxide (1.53 g, 15.92 mmol)
and 5b (1.12 g, 5.25 mmol) were added, and the mixture was stirred
at 110 °C for 15 h. After this time, the starting materials had disap-
peared as judged by TLC. The reaction mixture was cooled to room
temperature and concentrated under reduced pressure. The crude
product was purified by silica gel column chromatography [petro-
leum ether/CH,Cl, (8:2) to petroleum ether/CH,Cl, (1:3)] to give
6b (1.740 g, quantitative yield) as a white solid. M.p. 75°C. 'H
NMR (400 MHz, CDCl;): 6 = 7.32 (d, J = 9.2 Hz, 4 H), 7.07 (d,
J=9.2Hz, 2 H), 693 (d, J=8.7Hz, 4 H), 6.88 (d, J = 8.7Hz, 2
H), 3.82 (s, 3 H) ppm. 3C NMR (100 MHz, CDCl,): § = 156.7,
146.8, 139.7, 132.2, 127.4, 124.3, 115.1, 114.6, 55.5 ppm. IR: ¥ =
3050-2830, 1578, 1504, 1482, 1237, 813 cm™".

N,N-Diphenyl-4-anisidine (6¢): To a solution of Pd,(dba); (253 mg,
0.276 mmol) and DPPF (202 mg, 0.370 mmol) in dry toluene
(40 mL) under argon was added 4-bromobenzene (1.7 mL,
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16.56 mmol) at room temperature. The resulting mixture was
stirred for 10 min. Sodium zert-butoxide (1.379 g, 14.35 mmol) and
5¢ (1.100 g, 5.52 mmol) were added, and the mixture was stirred at
90 °C for 20 h. After this time, the starting materials had disap-
peared as judged by TLC. The reaction mixture was cooled to room
temperature, and water was added. It was extracted with CH,Cl,,
dried with anhydrous sodium sulfate, filtered and concentrated un-
der vacuum. The crude product was purified by silica gel column
chromatography [petroleum ether to petroleum ether/CH,Cl, (1:1)]
to give 6¢ (1.069 g, 79%) as a white solid. M.p. 102 °C. 'H NMR
(400 MHz, CDCl5): 6 = 7.19 (dd, J = 8.2, 7.3 Hz, 4 H), 7.08 (m, 6
H), 6.97 (t, J = 7.3 Hz, 2 H), 6.87 (d, / = 9.2 Hz, 2 H), 3.83 (s, 3
H) ppm. 3C NMR (100 MHz, CDCl;): 6 = 156.2, 148.3, 140.9,
129.1, 127.4, 123.0, 121.9, 114.9, 55.6 ppm. IR: ¥ = 3003-2835,
1595, 1584, 1488, 1237, 728, 692 cm™!.

Procedure for the Deprotection of the Phenols: In a three-necked
round-bottomed flask was placed the protected phenol compound
(2.23 mmol) in anhydrous CH,Cl, (30 mL). A solution of 1M
boron tribromide (3 mL, 3.00 mmol) was added dropwise at
~78 °C, and the mixture was stirred at room temperature for 3 h.
The mixture was poured onto ice and extracted with CH,Cl,
(3 X 30 mL). The organic layers were dried with anhydrous sodium
sulfate, filtered and concentrated under reduced pressure. The
crude product was purified by silica gel column chromatography.

4-(Ditolylamino)phenol (1a): The crude product was purified by sil-
ica gel column chromatography [petroleum ether/ethyl acetate (4:1)]
to give 1a as a white solid (quantitative yield). M.p. 68 °C. 'H
NMR (400 MHz, CD;0D): 6 = 7.00 (d, J = 7.8 Hz, 4 H), 6.88 (d,
J=8.7Hz, 2 H), 6.84 (d, J = 8.2 Hz, 4 H), 6.73 (d, J = 8.7Hz, 2
H), 2.27 (s, 6 H) ppm. '*C NMR (100 MHz, CD;0D): § = 154.7,
147.5, 141.5, 132.1, 130.5, 128.0, 123.8, 117.0, 20.7 ppm. IR: ¥ =
3250, 3027, 1605, 1502, 1276, 1216, 813 cm™'. UV/Vis (CH,Cl,):
Jmax (& Lem 'mol™") = 300 (21400); @ = 0.013 in CH,Cl,.

4-|Bis(4-bromophenyl)amino|phenol (1b): The crude product was
purified by silica gel column chromatography [petroleum ether/
ethyl acetate (4:1)] to give 1b (714 mg, 87%) as a white solid. 'H
NMR (400 MHz, CDCl;): 6 = 7.29 (d, J = 8.7 Hz, 4 H), 6.98 (d,
J=87Hz 2 H), 690 (d, J =8.7Hz, 4 H), 6.84 (d, / = 8.7 Hz, 2
H) ppm. 3C NMR (100 MHz, CDCly): 6 = 153.4, 146.8, 139.3,
132.1, 127.7, 124.2, 116.6, 114.4 ppm.

4-(Diphenylamino)phenol (1c¢): The crude product was purified by
silica gel column chromatography [petroleum ether/CH,Cl, (1:1) to
CH,Cl,/ethanol (85:15)] to give 1c¢ (777 mg, 85%) as a grey solid.
M.p. 121 °C. 'H NMR (400 MHz, CDCl): 6 = 7.26-7.18 (m, 4 H),
7.11-6.89 (m, 8 H), 6.85-6.7 (m, 2 H), 5.07 (S, 1 H) ppm. 1*C
NMR (100 MHz, CDCls): 6 = 152.0, 148.2, 141.0, 129.2, 127.6,
123.0, 122.0, 116.4 ppm. IR: ¥ = 3300, 3050-2830, 1584, 1506,
1488, 1281, 1229, 752, 694 cm™!.

Procedure for the SyAr Reaction with 3,6-Dichlorotetrazine: To a
solution of the phenol compound (1.14 mmol) in anhydrous
CH,Cl, (25 mL) were added 3,6-dichlorotetrazine (1.14 mmol) and
2,4,6-collidine (1.14 mmol). The mixture was stirred at room tem-
perature for 1 h and concentrated under reduced pressure. The
crude product was purified by silica gel column chromatography.

3-Chloro-6-[4-(ditolylamino)phenoxy]-1,2,4,5-tetrazine (7a): The
crude product was purified by silica gel column chromatography
[petroleum ether/CH,Cl, (1:1)] to give 7a (270 mg, 59%) as a pur-
ple solid. M.p. 170 °C. '"H NMR (400 MHz, CDCl5): § = 7.10-7.07
(m, 8 H), 7.02 (d, J = 8.7 Hz, 4 H), 2.32 (s, 6 H) ppm. '*C NMR
(100 MHz, CDCly): 0 = 167.9, 165.2, 147.2, 145.6, 145.1, 133.2,
130.2, 125.0, 123.1, 121.3, 21.0 ppm. IR: ¥ = 3050-2850, 1604,
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1497, 1432, 1354, 1274, 1154, 819 cm™'. HRMS: caled. for

C2,H,gN5OCl [M]* 403.11944; found 403.1194.

3-{4-| Bis(4-bromophenyl)amino]phenoxy}-6-chloro-1,2,4,5-tetrazine
(7b): The crude product was purified by silica gel column
chromatography [petroleum ether/CH,Cl, (7:3) to petroleum ether/
CH,CI, (4:6)] to give 7b as a red solid (quantitative yield). M.p.
154 °C. '"H NMR (400 MHz, CDCl;): 6 = 7.38 (d, J = 8.7 Hz, 4
H), 7.15-7.14 (m, 4 H), 6.97 (d, J = 8.7 Hz, 4 H) ppm. '3C NMR
(100 MHz, CDCl;): 6 = 167.7, 165.4, 147.1, 146.2, 145.8, 132.7,
125.9, 125.2, 121.9, 116.3 ppm. IR: ¥ = 1578, 1502, 1484, 1358,
1270, 823 cm™!. HRMS: caled. for C, H;2NsO**CI”Br, [M]*
530.90916; found 530.9091.

3-Chloro-6-|4-(diphenylamino)phenoxy]|-1,2,4,5-tetrazine (7c): The
crude product was purified by silica gel column chromatography
[petroleum ether to petroleum ether/CH,Cl, (2:8)] to give 7¢
(113 mg, 87%) as a red solid. M.p. 102 °C. '"H NMR (400 MHz,
CDCly): 6 = 7.28 (dd, J = 8.2, 7.3 Hz, 4 H), 7.16-7.11 (m, 8 H),
7.08-7.03 (m, 2 H) ppm. 13C NMR (100 MHz, CDCly): 6 = 167.9,
165.3, 147.6, 146.8, 146.4, 129.6, 124.7, 124.5, 123.5, 121.5 ppm.
IR: v = 3050-2830, 1591, 1502, 1492, 1358, 1278, 1200, 843,
813 cm!.

Procedure for the SyAr Reaction with 3-Chloro-6-methoxy-1,2,4,5-
tetrazine: To a solution of the phenol compound (1.17 mmol) in
anhydrous CH,Cl, (25 mL) were added 3-chloro-6-methoxytetra-
zine (1.17 mmol) and 2.4,6-collidine (1.17 mmol). The mixture was
stirred at 150 °C in a sealed tube for 1 week and concentrated under
reduced pressure. The crude product was purified by silica gel col-
umn chromatography.

3-[4-(Ditolylamino)phenoxy|-3-methoxy-1,2,4,5-tetrazine (9a): The
crude product was purified by silica gel column chromatography
[petroleum ether/CH,Cl, (3:7)] to give 9a (74 mg, 16%) as a red
solid. M.p. 190 °C. '"H NMR (400 MHz, CDCls): § = 7.10-7.05 (m,
8 H), 7.00 (d, J = 8.2 Hz, 4 H), 4.26 (s, 3 H), 2.31 (s, 6 H) ppm.
13C NMR (100 MHz, CDCls): 6 = 167.3, 166.7, 146.8, 146.5, 145.2,
132.8, 130.1, 124.7, 123.6, 121.5, 57.0, 20.9 ppm. IR: ¥ = 3050—
2850, 1605, 1497, 1441, 1370, 1274, 1197, 818 cm™'. HRMS: calcd.
for Cy3H, NsO, [M]* 399.16898; found 399.1683.

3-{4-|Bis(4-bromophenyl)amino]phenoxy}-3-methoxy-1,2,4,5-tetra-
zine (9b): The crude product was purified by silica gel column
chromatography [petroleum ether/CH,Cl, (7:3) to petroleum ether/
CH,Cl, (1:1)] to give 9b as a red solid (31%). M.p. 140 °C. 'H
NMR (400 MHz, CDCl3): 0 = 7.35 (d, J = 8.7 Hz, 4 H), 7.17-7.11
(m, 4 H), 6.97 (d, J = 9.2 Hz, 4 H), 4.27 (s, 3 H) ppm. *C NMR
(100 MHz, CDCls): ¢ = 167.1, 166.8, 148.2, 146.3, 145.1, 132.6,
125.7, 125.5, 122.0, 116.0, 57.1 ppm. IR: ¥ = 3050-2850, 1576,
1500, 1484, 1379, 1270, 1206, 823 cm!. HRMS: caled. for
C5H;5N50,7°Br, [M]" 526.9587; found 526.9588.

Procedure for the SyAr Disubstitution Reaction with 3,6-Dichloro-
tetrazine: To a solution of the phenol compound (1.50 mmol) in
anhydrous CH,Cl, (8 mL) were added 3,6-dichlorotetrazine
(0.75 mmol) and 2,4,6-collidine (1.50 mmol). The mixture was
stirred at 160 °C in a sealed tube for 1 week and concentrated under
reduced pressure. The crude product was purified by silica gel col-
umn chromatography.

3,6-Bis|4-(ditolylamino)phenoxy|-1,2,4,5-tetrazine (8a): The crude
product was purified by silica gel column chromatography [petro-
leum ether/CH,Cl, (5:5)] to give 8a (303 mg, 64%) as a purple so-
lid. M.p. 170 °C. "H NMR (400 MHz, CDCl;): 6 = 7.15-7.05 (m,
16 H), 7.04 (d, J = 8.2 Hz, 8 H), 2.34 (s, 12 H) ppm. 3C NMR
(100 MHz, CDCl;): 6 = 167.5, 146.6, 146.5, 145.2, 132.9, 130.1,
124.8, 123.6, 121.5, 20.9 ppm. IR: ¥ = 3000-2850, 1604, 1497, 1432,
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1355, 1273, 1155, 819 cm'. HRMS: caled. for C4oH3sNgOs [M]*
656.28942; found 656.2892.

3,6-Bis{4-|bis(4-bromophenyl)amino]phenoxy}-1,2,4,5-tetrazine (8b):
The crude product was purified by silica gel column chromatog-
raphy [petroleum ether/CH,Cl, (7:3) to CH,Cl,] to give 8b as a
pink solid (36%). M.p. 148 °C. 'H NMR (400 MHz, CDCl;): 6 =
7.37 (d, J = 8.7 Hz, 8 H), 7.17-7.10 (m, 8 H), 6.96 (d, J = 8.7 Hz,
8 H) ppm. *C NMR (100 MHz, CDCl;): § = 167.5, 148.0, 146.3,
145.4, 132.7, 125.8, 125.4, 122.1, 116.2 ppm. IR: ¥ = 2988, 1579,
1501, 1483, 1398, 1267, 825cm'. HRMS: caled. for
C3sH,4N4O,7Bry [M]* 911.86887; found 911.8684.

3,6-Bis|[4-(diphenylamino)phenoxy]-1,2,4,5-tetrazine (8c): The crude
product was purified by silica gel column chromatography [petro-
leum ether/CH,Cl, (1:1) to CH,Cl,/ethanol (95:5)] to give 8¢
(174 mg, 26%) as a red powder. M.p. 236 °C. '"H NMR (400 MHz,
CDCl;): 6 = 7.27 (dd, J = 8.7, 7.3 Hz, 8 H), 7.14-7.09 (m, 16 H),
7.03 (t, J = 7.3 Hz, 4 H) ppm. 3C NMR (100 MHz, CDCls): § =
167.5, 147.7, 147.3, 146.3, 129.5, 124.9, 124.5, 123.3, 121.7 ppm.
IR: ¥ = 3050-2830, 1587, 1502, 1488, 1385, 1276, 1198, 755,
699 cm .

Supporting Information (see footnote on the first page of this arti-
cle): CV data, photophysical data and theoretical data.
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