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Are Molecular 5,8-n-Extended Quinoxaline Derivatives Good Chromophores
for Photoluminescence Applications?
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The synthesis of a new series of photoluminescent com-
pounds, namely 5,8-diaryl quinoxaline derivatives (aryl =
phenyl, 4-fluorophenyl, 4-methoxyphenyl, and 4-cya-
nophenyl), was achieved by a direct Suzuki cross-coupling
reaction with the employment of a NCP-pincer palladacycle.
The electrochemical and photophysical properties of these
compounds were also investigated. Four new 4,8-diaryl-
2,1,3-benzothiadiazoles were also synthesized in order to en-
able a comparison between the two types of nitrogen-con-
taining n-extended heterocycles. The substitution of a hydro-
gen atom at the 4-position of the aryl that is groups attached
to the quinoxaline or benzothiadiazole base by either elec-

tron-donating or -withdrawing groups results in an increase
in the bandgap energy (from 2.21 to 2.52 eV) of n-extended
5,8-quinoxaline derivatives and a decrease in the bandgap
energy (from 2.65 to 2.40 eV) of n-extended 2,1,3-benzothia-
diazoles. Moreover, n-extension at the 5- and 8-positions of
the quinoxaline core is not essential for the photolumines-
cence of these compounds and 4,7-n-extended 2,1,3-benzo-
thiadiazole derivatives are far better candidates for lumines-
cence applications than are the quinoxaline derivatives.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Without doubt, n-extended compounds are of great util-
ity in the chemistry of photoluminescent compounds.['3! In
this respect, the suitable thermal stability, electrochemical
(reversible and quasi-reversible electron-transfer processes),
and photophysical characteristics (large Stokes shift and
high fluorescence quantum yield) are the minimum proper-
ties necessary for an organic molecule to be a good candi-
date for organic light-emitting diode (OLED) applica-
tions.” Because the electron affinities (EA) and ionization
potentials (IP) that define the HOMO-LUMO levels of
aromatic molecules are well-correlated with electrochemical
reduction and oxidation potentials, the structure-reduction-
potential trends — as for example, those presented in
Scheme 1 — may provide a first level basis for the selection
of new target m-extended-type molecules for synthesis and
investigation. Thus, heteroaromatic rings containing only
imine nitrogen atoms (C=N) generally have a less negative
reduction potential compared with those of analogous aro-
matic hydrocarbons and heteroaromatic rings that contain
oxygen or sulfur atoms. For polycyclic rings, expansion of
the m-conjugation system is one method used to increase
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the reduction potential of the compound. 2,1,3-Benzothiad-
iazole (IX) and quinoline (VII) are among the most com-
mon building blocks used to increase the reduction poten-
tial and electron affinity of current electron-transport mate-

rials for OLEDs.P7
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Scheme 1. Structure and half-wave reduction potentials (versus
SCE) of some aromatic heterocycles (adapted from ref.[®]).

Quinoxaline (Q) containing building blocks are also ex-
tensively used in the chemistry of photoluminescent mole-
cules because they usually display high electron affinities,
good thermal stabilities,””! and they may also act as elec-
tron-transporting materials.'!!] These derivatives have
been successfully incorporated into polymers for use as elec-
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tron-transport materials in multilayer OLEDs.['%!3 Several
different protocols are available for the synthesis of quinox-
alines,'* 17 especially when the extension of the n-conjuga-
tion is at the 2- and 3-positions of the quinoxaline unit.['®!
Simple m-extension at the 5- and8-positions of the quinoxa-
line base is difficult to achieve by classical Suzuki and Son-
ogashira cross-coupling protocols and only one example of
a alkynylation reaction between trimethylsilylacetylene and
5,8-diiodoquinoxaline, which proceeded in moderate yield,
has been reported so far.'’! Under the same reaction condi-
tions, however, no product was observed when 5,8-dibro-
moquinoxaline was used as the starting reagent.!'” The syn-
thesis of 5,8-m-extended quinoxaline derivatives is usually
carried out through the m-extension of a 2,1,3-benzothidia-
zole (BTD) derivative, which is then followed by sulfur ex-
trusion and cyclization of the resulting product with the
appropriate 1,2-dicarbonyl compound (Scheme 2).[20-221

classical Suzuki or Sonogashira
cross-coupling reaction
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Scheme 2. Possible reaction pathways for the synthesis of 5,8-mt-
extended quinoxalines with the use of 4,7-n-extended benzothiadia-
zoles.

Herein we describe the synthesis, characterization, and
the photophysical and electrochemical properties of a new
series of 5,8-m-extended quinoxaline derivatives and 4,7-m-
extended 2,1,3-benzothiadiazole-derivatives which can be
obtained by Suzuki coupling with the employment of a spe-
cific NCP-pincer-type palladacycle as a catalyst precursor.
The efficiency of the photoluminescence of these com-
pounds and their electrochemical behavior is compared to
that of a new series of 4,7-n-extended 2,1,3-benzothiadia-
zoles and 5,8-n-extended quinoxaline derivatives.

Results and Discussion

Our strategy for the synthesis of the desired Q and BTD
compounds involved the treatment of commercially avail-
able o-phenylenediamine (1) with freshly distilled thionyl
chloride in the presence of triethylamine in CH,Cl, as the
solvent to afford 2,1,3-benzothiadiazole (2) in 93% yield
after steam distillation.[>3-2%] The reaction of 2 with molecu-
lar bromine (added dropwise very slowly) in hydrobromic
acid exclusively affords 4,7-disubstituted regioisomer 3 in
95% yield (Scheme 3).2!
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Scheme 3. Synthesis of 4,7-dibromo-2,1,3-benzothiadiazole (3).

The sulfur extrusion reaction of compound 3 can be per-
formed by three different methodologies depending on the
scale of the reaction (Scheme 4). The resultant o-aromatic
diamine is then immediately treated with glyoxal sodium
bisulfite to afford air-stable quinoxaline 5 (Scheme 4) in

76% yield after purification.
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Scheme 4. Reductive sulfur extrusion reaction of 2,1,3-benzothiadi-
azole 3 and formation of 5,8-dibromoquinoxaline 5.

In order to prepare diamine 4, which was necessary for
the synthesis of desired quinoxaline intermediate 5, we ini-
tially attempted some published protocols for the reductive
extrusion of sulfur 7281 from 3,2°3! but 4 was only ob-
tained in moderate yields or the reaction was limited to a
1 mmol scale. However, the reductive extrusion of sulfur
from 3 could be easily achieved with the reductive system
of NaBH,/CoCl,-6H,0O (cat.)/EtOH to produce desired di-
amine 4 in 97% yield.3!

The classical Suzuki cross-coupling protocol®? between
5 and arylboronic acids, which employs Pd(PPhs), and
Na,COs;, results in almost no product. However, the use of
a specific, recently developed NCP-pincer palladacyclet33-34]
results in new photoluminescent 5,8-m-extended disubsti-
tuted quinoxaline derivatives 6 in excellent yields (Scheme
35).

As an alternative route, we first synthesized photolumi-
nescent m-extended BTDs 7a-d that can also be of great
interest for the chemistry of OLEDs as we have described
for other BTD series.?! Thereafter, sulfur extrusion of 7
followed by cyclization resulted in 5,8-n-extended quinoxa-
line derivatives 6a—d.

A direct Suzuki coupling reaction of 5 and the NCP-
pincer palladacycle proved to be a superior synthetic strat-
egy to that of the sulfur extrusion—cyclization sequence. Al-
though the sulfur extrusion reactions gave high yields
(Scheme 5), the cyclization reactions afforded compounds
6a-d in only moderate yields (Scheme 5). In the case of
compound 7d, the CN group was partially reduced to the
corresponding primary amine during the sulfur extrusion
reaction. The yields of the compounds synthesized by direct
Suzuki coupling and those obtained by the sulfur extrusion
process followed by cyclization are summarized in Table 1.
4925
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Scheme 5. Synthesis of photoluminescent n-extended compounds 6a—d and 7a-d.

Table 1. Yields for compounds 6a—d synthesized by direct Suzuki
coupling and the aforementioned indirect route.

Compound Yield [%]
Direct Suzuki Indirect routel®
6a 95 65
6b 87 63
6¢ 99 61
6d 91 57

[a] Yield is over two steps — sulfur extrusion and cyclization reac-
tions.

The cyclic voltammograms (CV) of the compounds in-
vestigated were recorded with the procedures used pre-
viously for this type of compound. Current versus potential
curves were employed to characterize the charge transfer
process that occurs at the electrode surface that is due to
the oxidation-reduction of the compounds. The strategy
adopted was to start the voltammograms at 0.0 V in order
to avoid any charge transfer processes at the beginning of
the experiment.

Figure 1 shows the CV of compound 6a at the platinum
electrode recorded at a potential sweep rate of 200 mV/s.
Compound 6a possesses a large electrochemical window:
from —1.0 V to 2.0 V (Ag/AgCl) for the anodic and cathodic
potential sweeps, respectively. During the anodic potential
sweep, there is a well-defined peak (1.51 V) associated with
the electrooxidation of the compound. In contrast, during
the cathodic potential sweep, four potential peaks are pres-
ent.

The first (0.60 V)of these four peaks is related to the elec-
trochemical oxidation peak (1.51 V) and indicates a quasi-
reversible process. The other three potential peaks (0.10V,
—0.31V, and -0.61 V) are attributed to irreversible electro-
reduction processes that involve species that are irreversibly
formed on the electrode surface. Compound 6a is therefore
a potential candidate for inclusion in an electron-trans-
porting layer of an organic light-emitting device because the
quasi-reversible oxidation process should allow it to un-
4926
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Figure 1. Cyclic voltammogram of compound 6a (I mm solution)
in MeCN recorded at a scan rate of 200 mV/s.

dergo one-electron oxidization and reduction without de-
composition.[3¢]

The same experiment repeated with compound 7a re-
vealed a completely different electrochemical behavior, as
shown in Figure 2.

In this case, the charge transfer processes occur over a
somewhat narrower potential range from —1.9 V to —0.80 V.
The oxidation-reduction potential peaks observed at
—1.27 V during the anodic potential sweep and at —1.43 V
(Ag/AgCl) during the cathodic potential sweep are indica-
tive of a quasi-reversible process, which apparently involves
a single-electron transfer. A plausible mechanism for the
electrochemical behavior of 2,1,3-BTD derivatives has been
presented by Hirao et al.?!1 Because adsorption of the com-
pounds on the electrode surface plays an important role in
the charge transfer processes, the difference between 6a and
7a may reflect the greater propensity of sulfur-containing
BTD derivative 7a to adsorb at the electrode surface com-
pared with that of quinoxaline derivative 6a.

Eur. J. Org. Chem. 2006, 4924-4933
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Figure 2. Cyclic voltammogram of compound 7a (1 mM solution)
in MeCN recorded at a scan rate of 200 mV/s.

The introduction of two electron-withdrawing fluorine
atoms in structure 6b results in only a small modification
of the electrochemical behavior of 6b relative to that of 6a,
as shown in Figure 3.
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Figure 3. Cyclic voltammogram of compound 6b (1 mM solution)
in MeCN recorded at a scan rate of 200 mV/s.

During the anodic potential sweep, one oxidation process
was observed at 1.45 V. The first peak observed during the
cathodic potential sweep (0.61 V) is the corresponding re-
duction process of the oxidized species formed on the elec-
trode surface. The other potential peaks (-0.34V and
-0.60 V) are attributed to multielectron irreversible re-
duction of the adsorbed species. Once again, quasi-revers-
ible behavior is observed only in the oxidation process,
which restricts the use of 6b to the electron-transporting
layer of an organic light emitting device.

The cyclic voltammogram of compound 7b exhibits two
close-lying potential peaks during the anodic potential
sweep and two potential peaks during the cathodic poten-
tial sweep, as shown in Figure 4.

Eur. J. Org. Chem. 2006, 4924-4933

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

50 mA
E, =131V

tE_=-128v

=-1.44V
(1.00 x 10 M) in MeCN
0.1 m TBAPF
1 1 | 1 1 1 1 1
-18 -16 -14 -12 ~10 -08 -06 -04 -02
E/V (Ag/AgCl)

Figure 4. Cyclic voltammogram of compound 7b (1 mMm solution)
in MeCN recorded at a scan rate of 200 mV/s.

The charge transfer processes occurring at —1.21 V and
—1.28 V are reversible, while those at -1.44V and -1.31V
correspond to a quasi-reversible process. From the compari-
son of 7a with 7b, it is clear that the introduction of the F
atoms alters the charge transfer process and favors a multie-
lectron step. Relative to 6b, the electrochemical behavior of
2,1,3-benzothiadiazole 7b is much more amenable to the
potential application as an OLED device.

The incorporation of two electron-donating groups
(MeO) into the structure of 6¢ leads to remarkable modifi-
cations in the oxidation-reduction processes, as shown in
the current versus potential curves presented in Figure 5.
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Figure 5. Cyclic voltammogram of compound 6¢ (1 mM solution)
in MeCN recorded at a scan rate of 200 mV/s.

The charge transfer processes of 6¢ occur over a much
narrower range than they do for either 6a or 6b. The MeO
groups may affect the energy required for charge transfer,
or the affinity, of this compound for adsorption onto the
electrode surface. The oxidation-reduction potential peaks
(0.50 V and —0.18 V) are associated with a quasi-reversible
charge transfer process, whereas the last potential peak in-
volves an irreversible process. As expected, the presence of
electron-donating groups has a direct influence on the re-
4927
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duction of the compound, which results in a net cathodic
shift of the cyclic voltammogram of compound 6¢.

In structure 7¢, the same electron-donating methoxy
groups induce a large modification in the voltammogram,
as shown in Figure 6.
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Figure 6. Cyclic voltammogram of compound 7c¢ (1 mM solution)
in MeCN recorded at a scan rate of 200 mV/s.

The oxidation-reduction potential peaks (-1.45V and
—1.55 V) are associated with quasi-reversible charge transfer
processes. The MeO groups induce a shift of both processes
to more negative potential values relative to those of 7a
and 7b. However, multielectron reduction steps are involved
during the cathodic potential sweep. In 6¢, these processes
were shifted to more positive potentials and the last charge
transfer irreversibly produced new species on the electrode
surface. In 7¢, the electron transfer is observed at more
negative potentials and is a reversible process.

The presence of two electron-withdrawing groups (CN)
in compound 6d does not cause significant modifications of
the voltammogram relative to 6a—c, as observed in Figure 7.
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Figure 7. Cyclic voltammogram of compound 6d (1 mm solution)
in MeCN recorded at a scan rate of 200 mV/s.

This behavior is similar to that observed in structures 6a
and 6b and the same comments should be applied here. A
quasi-reversible process is observed in the oxidative sweep

4928
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(potential peak at 1.55V, related to the reduction peak at
0.60 V). The other two cathodic processes (0.32V and
—0.76 V) are irreversible.

This is in contrast to 7d, where the presence of the CN
groups induces a significant modification in the cyclic vol-
tammogram, as shown in Figure 8.
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-04
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Figure 8. Cyclic voltammogram of compound 7d (I mm solution)
in MeCN recorded at a scan rate of 200 mV/s.

The electrochemical charge transfer processes were re-
markably changed by the presence of a CN group on the
structures when we compare compound 7d with 7a—¢c. A
well-defined reversible oxidation-reduction process was ob-
served at the potential peaks —1.10 V and —1.19V, and a
quasi-reversible process was observed at the potential
peaks —0.62 V and —1.01 V. This effect is comparable to
those observed with compound 7b. The comparison be-
tween compounds 6d and 7d reinforces the significant dif-
ferences in the electrochemical behavior of the BTD and Q
derivatives. A systematic study of the substituent effects on
the electrochemical properties combined with an approach
to assess structure—property relationships was previous re-
ported.?”]

All four BTDs have a small electrochemical window and
almost all processes are reversible or quasi-reversible in
both the oxidation and the reduction pathways. The results
suggest the possibility that these compounds can be used
for both hole- and electron-transport, as required in a sin-
gle-layer electroluminescent device.[>> The four Q deriva-
tives, however, exhibit irreversible multielectron reduction
processes and a quasi-reversible oxidation process. This re-
stricts the possibility of their use to that of an electron-
transporting layer in an OLED but not as a hole-trans-
porting layer.¢l

The photophysical properties of all of the compounds
were also investigated and the results are summarized in
Table 2.

All BTD compounds have rather good fluorescence
quantum yields, especially 7a (@; = 0.80) and 7b (& =
0.71), and show Stokes shifts between 67-108 nm. The low-
est energy absorption bands (in acetonitrile) are assigned to
n-n* transitions by virtue of their large molar extinction
coefficients (loge values in the range of 3.52-4.12). In con-
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Y =HC=CH Y=8§
R 3 Q (quinoxaline) BTD (2,1,3 benzothiadiazole)
7N R R A F-ph, 7h
N. .N R = 4-F-Ph, 6b DAY
Y R = 4-MeO-Ph, 6¢ R = 4-MeO-Ph, 7¢
R = 4-CN-Ph, 6d R =4-CN-Ph, 7d
Cpd. log el max Amax Amax Stokes E, @ 4] ¢ (sing) 7 (trip) kg (trip)
type shift
[nm]@ [am]'®! [nm]™! [nm]™®! [eV]e! [ns]t [us]t™ [ sl

6a Q 3.91 311 467 557 90 2.21 0.051 18.1 27 1.2x10°
6b 4.84 312 428 489 61 2.43 0.048 17.4 27 NDM
6¢ 3.11 312 427 473 46 2.52 0.099 12.9 2.3 1.4x10°
6d 4.55 311 419 476 57 2.32 0.094 12.3 2.9 0.8x10°
Ta BTD 4.04 402 426 493 67 2.65 0.80 12.2 il —Ihl
7b 3.62 372 443 495 52 2.54 0.71 14.6 il —Ihl
Tc 3.52 362 418 526 108 2.40 0.51 12.7 il —Ihl
7d 4.12 356 419 503 84 2.53 0.58 6.2 il —Ih

[a] MeCN solution (1.0000 x 10> m). [b] Solid-state. [c] Energy of the bandgap (optical — from solid-state). [d] Quantum yield of fluores-
cence [quinine sulfate (from Riedel-de Haén) in 1 m H,SO,, @; = 0.55, as standard]. [e] Singlet lifetime, determined by single photon
counting. [f] Triplet lifetime, determined by nanosecond laser flash photolysis in acetonitrile in the absence of oxygen. [g] Bimolecular
rate constant for oxygen quenching of the triplet state, determined as [1/zr(air) — l/zr(nitrogen)] = kq [O,], where [O5] = 1.9x 103 M in
air-saturated acetonitrile.’”) [h] Not determined, signal too weak to determine lifetime adequately in the presence of oxygen. [i] Not
determined, transient signals weak and indicative of complex, wavelength-dependent kinetics.

trast, all Q derivatives have low fluorescence quantum
yields but show large Stokes shifts (57-90 nm). The lowest
energy absorption bands (in acetonitrile) are assigned to m—
n* transitions by virtue of their molar extinction coeffi-
cients (loge values in the range of 3.11-4.84). In solution,
the A8 is very close for all four Q compounds, but very
distinct in all BTD systems. The absorption (A32*) and
emission (A54%) maxima (in solid state) lie between 419—
468 nm and 473-557 nm, respectively. Compounds 6a, 7c,
and 7d have large Stokes shifts: 90, 108, and 84 nm, respec-
tively. This indicates a very efficient intramolecular charge
transfer (ICT) in the excited state between the terminal CN
group (electron-withdrawing), or the MeO group (electron-
donating), and the core employed, which in this case is a
BTD-type compound. In the Q-type compounds, the ad-
dition of electron-donating or -withdrawing groups has a
similar effect on the ICT, and the compounds possibly pres-
ent a very efficient process. These characteristics are re-
quired in the solid-state of the potential candidates so that
an OLED test can be run.

Compounds 6a—d show relatively strong triplet—triplet
absorption by laser flash photolysis (355 nm excitation, Nd-
YAG laser) in the absence of oxygen, with triplet lifetimes
in the range of 2.3-27 ps, which suggests that there is ef-
ficient intersystem crossing in these four compounds. The
lack of noticeable laser-induced decomposition also indi-
cates high chemical stability in the excited state in the ab-
sence of oxygen. The triplet states of 6a-d are efficiently
quenched by molecular oxygen (presumably by energy
transfer to form singlet oxygen). In acetonitrile, the bimo-
lecular rate constants for the quenching of 6 by oxygen
(0.8-1.4-10° M 's’!, Table 2) are similar to those reported
for naphthalene derivatives with electron-withdrawing sub-
stituents.*®! Compounds 7a—d exhibited weak transient sig-
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nals with complex, wavelength-dependent kinetics, which
were not further investigated.

The bandgap energies were determined from the solid-
state absorption spectra. The HOMO-LUMO levels of =-
extended conjugated molecules are defined by their electron
affinities (EA) and ionization potentials (IP), which are
correlated with electrochemical reduction and oxidation po-
tentials or with the energy of the onset of absorption spec-
tra in the solid state.!®! The bandgap energies are all between
2.21 eV and 2.65 eV, a range that is appropriate for applica-
tion in OLED devices.[?*-#!

Figure 9 shows the normalized absorption and emission
spectra of the quinoxaline derivative 6a and the benzothiad-
iazole derivative 7a in the solid-state.

Under these conditions, the absorption maximum of 6a
is bathochromically shifted relative to that of 7a (467 nm
for 6a versus 427 nm for 7a). In solution, however, the op-
posite behavior is observed, with a AJ3* of 311 nm and
402 nm for 6a and 7a, respectively. The Stokes shift in the
solid state is much larger for 6a (90 nm) than it is for 7a
(65 nm), but the relative fluorescence yield of 7a is much
higher than that of 6a (see Supporting Information). The
energy of the bandgap (HOMO-LUMO) is similar for the
two compounds (2.21 eV and 2.65 ¢V, respectively). The
small bandgap energies of these compounds are a very de-
sirable characteristic for a component of OLEDs for cus-
tomization of the energy use.

Figure 10 presents the normalized absorption and emis-
sion spectra of 6b and 7b in the solid state.

The fluorine atoms induce a bathochromic shift in the
spectra of both 6b and 7b (A2* of 428 nm and 443 nm,
respectively). Both possess large Stokes shifts (61 nm and
52 nm, respectively) and reasonable ICT processes. As be-
fore, the relative fluorescence yield of 7b is much higher
4929
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Figure 11. Absorption (dashed curve) and fluorescence emission (solid curve) spectra of 6¢ (left) and 7c¢ (right) in the solid state.

than that of 6b (see Supporting Information). The energy
of the bandgap is similar in both compounds (2.43 eV and
2.54 eV, respectively). In comparison with 6a (2.21 eV), the
insertion of two fluorine atoms increases the bandgap en-
ergy of 6b (2.43 eV), but, relative to 7a (2.65 eV), the fluo-
rides diminish the energy of the bandgap in 7b (2.54 V).

Figure 11 shows the normalized absorption and emission
spectra of 6¢ and 7c in the solid state.

A similar redshift is noted when a MeO group is attached
to the compound, as in compounds 6¢ and 7¢. The 154* of
6¢ and 7c is 427 nm and 418 nm, respectively. Both possess
large Stokes shifts (46 nm and 108 nm, respectively). The
large Stokes shift for compound 7¢ implies that this com-
pound exhibits very efficient ICT. Once again, the fluores-
cence intensity of the BTD core is much higher than that
of the Q core (see Supporting Information). The energy of
the bandgap is similar in both compounds (2.52 eV and
2.40 eV, respectively). However, in the case of Q 6a
(2.21 eV), the inclusion of an electron-donating group in-
creases the bandgap energy (2.52 ¢V for Q 6¢). In compari-
son, the energy of the bandgap of BTD 7a (2.65 ¢V) dimin-
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ishes in the presence of the same electron-donating group
(2.40 eV for 7Tc).

These facts indicate that even in the presence of an elec-
tron-donating or -withdrawing group, the substitution of a
hydrogen atom for another group results in an increase in
the bandgap energy of 5,8-m-quinoxaline-extended com-
pounds and lowers the bandgap energy of n-extended 2,1,3-
benzothiadiazole derivatives (Table 2).

Figure 12 shows the solid-state (normalized) absorption
and emission spectra of quinoxaline derivative 6d and
benzothiadiazole derivative 7d. The inclusion of another
electron-withdrawing group (CN) leads to equal 2J}2* in the
solid-state for both compounds. The A3~ is 419 nm for
both compounds. Both possess large Stokes shifts (57 nm
and 84 nm, respectively) and a good ICT process. In solu-
tion, we observe a redshift in the spectra of compounds 6d
and 7d. The A32* is now 311 nm for quinoxaline containing
6d and 356 nm for benzothiadiazole containing 7d. The
fluorescence intensity of the BTD core is much higher than
that of the Q core (see Supporting Information). The energy
of the bandgap is close in both compounds (2.32 eV and

Eur. J. Org. Chem. 2006, 4924-4933
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Figure 12. Absorption (dashed curve) and fluorescence emission (solid curve) spectra of 6d (left) and 7d (right) in the solid state.

2.53 eV, respectively). In the case of Q 6a (2.21 eV) the in-
sertion of a CN group once more increases the bandgap
energy (2.32eV for 6d). When compared to BTD 7a
(2.65 eV) the presence of a CN group lowers the energy of
the bandgap ( 2.53 eV for 7d).

These observations of 6a—d and 7a—d (Table 2) imply that
the substitution of the hydrogen atom at the 4-position of
an aryl group by either electron-donating or -withdrawing
groups results in an increase in the bandgap energy of 5,8-
n-extended quinoxaline derivatives but a decrease in that of
n-extended 2,1,3-benzothiadiazoles.

Conclusions

The synthesis of a new series of photoluminescent com-
pounds, namely 5,8-diaryl quinoxaline and 4,7-diaryl-2,1,3-
benzothiadiazole derivatives (aryl = phenyl, 4-fluorophenyl,
4-methoxyphenyl, and 4-cyanophenyl) was achieved by a
direct Suzuki cross-coupling reaction with the employment
of a NCP-pincer palladacycle. The obtained photophysical
and electrochemical properties indicate that the substitution
of the hydrogen atom at the 4-position of the aryl group
that is attached to the quinoxaline or benzothiadiazole core
by either electron-donating or -withdrawing groups results
in an increase in the bandgap energy of 5,8-m-extended
quinoxaline derivatives but a decrease in that of n-extended
2,1,3-benzothiadiazoles. Moreover, the n-extension at the 5-
and 8-positions of the quinoxaline base is not essential for
the photoluminescence of these compounds. 4,7-m-Ex-
tended 2,1,3-benzothiadiazole derivatives were found to be
far better candidates for luminescence applications than
were the quinoxaline derivatives.

Experimental Section

General: All catalytic reactions were carried out under an argon
or nitrogen atmosphere in oven-dried resealable Schlenk tubes. All
substrates were purchased from Acros or Aldrich and used without
further purification. The NCP palladacycle catalyst precursor was
prepared according to the reported method.3! All new compounds
were fully characterized after purification. NMR spectra were re-
corded with Varian Inova 300 MHz or Varian Gemini 200 MHz
spectrometers. Infrared spectra were registered with a Bomem B-
102 spectrometer. Melting points were measured with a 12000 PL-
DSC apparatus at a heating rate of 5 °C/min or with an Electro-
thermal 1A9000 Melting Point apparatus. Cyclic voltammograms
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(CV) were recorded with an Autolab PGSTAT 30 Potentiostat. UV/
Vis absorption spectra were measured with a Cary 50 Varian spec-
trophotometer or a Shimadzu Model UV-1601PC. For fluorescence
quantum yields, a Shimadzu UV-1601PC spectrophotometer and a
Hitachi Model F-4500 spectrofluorometer were employed. Fluores-
cence decays were collected by the time-correlated single photon
counting technique with an Edinburgh Analytical Instruments
FL900 lifetime Spectrometer (H, lamp excitation source). Lifetimes
were determined from the decays with the FL900 convolution and
fitting routines for mono- and bi-exponential decay. Nanosecond
laser flash photolysis experiments were performed at 20 °C on air-
equilibrated solutions and on solutions deoxygenated by exhaustive
purging with solvent-vapor-saturated argon in cuvettes capped with
a rubber septum. The Edinburgh Analytical Instruments LP900 la-
ser flash photolysis system was equipped with a 450-W Xe high-
pressure monitoring lamp and excitation was carried out with the
third harmonic (355 nm) of a Surelite 1I-10 Nd-YAG laser. Solu-
tions were stirred between each laser shot and 10 laser shots were
averaged to obtain the transient absorption decays. Solutions were
monitored for laser-induced decomposition by conventional UV/
Vis absorption spectroscopy (Hewlett—Packard 8452A diode array
spectrometer) and replaced by fresh solutions at the first sign of
decomposition. The standard exponential decay routines of the
LP900 system software were used to analyze the decays of the tran-
sient species and to obtain the lifetimes of the excited species. Ele-
mental analyses were performed by the Analytical Center of the
Institute of Chemistry — UNICAMP (Brazil).

General Procedure for the Synthesis of 2,1,3-Benzothiadiazole (2):
To a 1000 mL flask were added commercial o-phenylenediamine
(1, 10.0 g, 92.5 mmol), CH,Cl, (300 mL), and triethylamine (37.4 g,
370 mmol). The solution was stirred until total dissolution of di-
amine 1 was observed. Thionyl chloride (184.9 mmol, 2 equiv.) was
added dropwise very slowly, and the mixture was heated at reflux
for 5h. The solvent was removed under reduced pressure, and
water (700 mL) was added. Concentrated HCl was added to
achieve a final pH of 1. Water was added to the reaction mixture,
and the desired compound was purified by direct steam distillation.
The steam distilled mixture was extracted with CH,Cl,
(5%200 mL), dried with MgSQ,, and filtered. The solvent was re-
moved to afford pure 2 in 93% yield (11.7 g, 86 mmol). 'H NMR
(200 MHz, CDCl;): 0 = 7.99 (dd, J = 3.2 Hz and J = 5.7 Hz, 2 H),
7.57 (dd, J = 32Hz and J = 57Hz, 2 H) ppm. 3C NMR
(50 MHz, CDCly): 0 = 154.6, 129.1, 122.4 ppm. FTIR (KBr): v =
1659, 1433, 1264, 1104, 747 cm™'. M.p. 43.6-44.4 °C (ref.?31 44 °C).
CgH4N,S (136.2): caled. C 52.92, H 2.96, N 20.57, S 23.54; found
C 52.63, H 2.74, N 20.31.

General Procedure for the Synthesis of 4,7-Dibromobenzothiadiazole
(3): To a 500 mL two-necked round-bottomed flask were added
benzothiadiazole 2 (10.0 g, 73.4 mmol) and HBr (150 mL, 48%). A
solution containing Br; (35.2 g, 220.3 mmol) in HBr (100 mL) was
4931
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added dropwise very slowly (slow addition is essential!). If necessary,
an additional 100 mL of HBr can be added to the solution. After
the total addition of Br,, the solution was heated at reflux for 6 h.
Precipitation of a dark orange solid was noted. The mixture was
cooled to room temp., and a sufficient amount of a saturated solu-
tion of NaHSO; was added to completely consume any excess Br,.
The mixture was filtered under vacuum and washed exhaustively
with water. The solid was then washed once with cold Et,O and
dried under vacuum for ca. 20 h to afford dibrominated product 3
in 95% yield (20.5 g, 69.8 mmol). 'H NMR (200 MHz, CDCls/[Dg]
DMSO, 8:2): 6 = 7.73 (s, 2 H) ppm. '*C NMR (50 MHz, CDCly/
[Dg]DMSO, 8:2): 6 = 152.6, 132.1, 113.6 ppm. M.p. 189-190 °C
(ref.29 188-189 °C). C4H,Br,N,S (294.0): caled. C 24.52, H 0.69,
Br 54.36, N 9.53, S 10.91; found C 24.78, H 0.76, N 9.72.

Compound 4 was synthesized according to a previously described
procedure. The sulfur extrusion reactions of BTDs 7a-d, followed
by cyclization, were performed according to a literature method.

General Procedure for the Synthesis of 5,8-Dibromoquinoxaline (5)
and Cyclization Reactions: Compound 4 (365 mg, 1.4 mmol) was
dissolved in EtOH (10 mL). While the solution was stirred, glyoxal
sodium bisulfite (912 mg, 3.4 mmol) was added, and the mixture
was heated at reflux for 3 h. The solvent was then removed, and
the crude product was washed with water (320 mL). The yellow
solid was then crystallized from hot EtOH to afford compound 5
in 76% yield. 'TH NMR (300 MHz, [D¢]DMSO): 6 = 9.13 (s, 2 H),
8.17 (s, 2 H) ppm. *C NMR (75 MHz, [Dg]DMSO): § = 147.3,
140.6, 133.9, 123.4 ppm. M.p. 229 °C (ref.#31 226-228 °C). HRMS:
calcd. for CgH4Br,N, 285.87412; found 285.8750.

General Procedure for the Suzuki Coupling Reactions: An oven-
dried resealable Schlenk tube was evacuated and back-filled with
Ar and charged with CsF (3.7 mmol — for BTD) or Na,CO;
(3.7 mmol - for Q), arylboronic acid (3.7 mmol), and the NCP-
pincer palladacycle (1-3 mol-%). Compound 3 (1.7 mmol — BTD)
or 5 (1.7 mmol — Q) was added in 1,4-dioxane (5 mL). The reaction
mixture was stirred and heated at 130 °C (for BTD) or 100 °C (for
Q) for 18 h. The solution was then cooled to room temp., and the
solvent was evaporated under reduced pressure. The crude material
was chromatographed directly on silica gel with Et,O as the eluent.

Quinoxaline 6a: '"H NMR (300 MHz, CDCl,): 6 = 7.96 (d, J = 8.40
and J = 1.18 Hz, 4 H), 7.81 (s, 2 H), 7.56 (m, 4 H), 745 (t, J =
7.52 Hz, 2 H) ppm. *C NMR (75 MHz, CDCls): 6 = 146.0, 141.5,
135.6, 132.6, 127.9 ppm. FTIR (KBr): ¥ = 2243, 2122, 802,
795cm . M.p. 181 °C. HRMS: calcd. for C,oH 4N, 282.1157;
found 282.1131. CyoH 4N, (282.3): caled. C 85.08, H 5.00, N 9.92;
found C 84.90, H 4.75, N 10.13.

Quinoxaline 6b: "H NMR (200 MHz, CDCl;): 6 = 7.90-7.62 (m, 4
H), 7.06-7.02 (m, 4 H) ppm. 3C NMR (50 MHz, [Dg]DMSO): ¢
=165.3, 162.2, 147.3, 136.6, 136.5, 134.0, 114.5, 114.2 ppm. FTIR
(KBr): v = 2893, 2659, 2245, 2122, 2054, 1591, 1546, 1487,
801 cm™!. M.p. 147 °C. HRMS: calcd. for C,oH>F>N, 318.0968;
found 318.0991. C,oH;,F>N, (318.3): calecd. C 75.46, H 3.80, N
8.80; found C 75.51, H 3.49, N 8.65.

Quinoxaline 6¢: 'H NMR (300 MHz, CDCl3): 6 = 9.00 (s, 2 H),
8.15(d, J = 8.4Hz 4 H), 7.99 (s, 2 H), 7.01 (d, J = 8.4 Hz, 4 H),
3.89 (s, 6 H) ppm. *C NMR (75 MHz, CDCl,): 6 = 163.1, 162.0,
146.0, 141.6, 137.5, 133.7, 113.5, 55.2 ppm. FTIR (KBr): v = 2644,
2117, 2038, 1591, 1488, 799 cm™'. M.p. 152 °C. HRMS: calcd. for
C5,H sN,0, 342.1368; found 342.1349. C5,H sN,0, (342.4): caled.
C 77.17, H 5.30, N 8.18; found C 76.75, H 4.88, N 7.89.

Quinoxaline 6d: '"H NMR (200 MHz, CDCl;): 6 = 8.45 (s, 2 H),
8.15 (s, 2 H), 7.93 (d, J = 8.2 Hz, 4 H), 7.78 (d, J = 8.4 Hz, 4 H)
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ppm. 3C NMR (75 MHz, [DsJDMSO): 6 = 152.6, 147.3, 134.7,
131.1, 119.1, 112.5 ppm. FTIR (KBr): v = 2533, 2119, 2053, 1591,
1547, 1494, 1428, 807 cm™'. M.p. 240°C. HRMS: caled. for
CaH,N, 332.1062, found 332.1051. CoH N, (332.4): caled. C
79.50, H 3.64, N 16.86; found C 79.05, H 3.27, N 16.52.

Benzothiadiazole 7a: '"H NMR (200 MHz, CDCl;): 6 = 8.23 (d, J
= 6.4 Hz, 2 H), 7.97-7.24 (m, 10 H) ppm. '*C NMR (50 MHz,
CDCly): 0 = 137.3, 136.5, 133.9, 133.2, 113.8, 113.0 ppm. FTIR
(KBr): ¥ = 1586, 1463, 1424, 1333 cm™'. M.p. 127 °C. C;sH>N,S
(288.4): caled. C 74.97, H 4.19, N 9.71; found C 75.31, H 4.56, N
9.97.

Benzothiadiazole 7b: '"H NMR (200 MHz, CDCls): § = 7.91-7.80
(m, 4 H), 7.79-7.44 (m, 2 H), 7.21-7.10 (m, 4 H) ppm. '*C NMR
(50 MHz, CDCl;): 6 = 164.50, 161.3, 153.9, 133.3, 132.2, 131.0,
130.9, 128.1, 127.9, 115.9, 115.7, 115.6, 115.5, 113.2 ppm. FTIR
(KBr): ¥ = 3068, 1604, 1517, 1227, 1163 cm™!. M.p. 127 °C. HRMS:
caled. for CigH;oFoN,S 324.0532; found 324.0572. CigH oF,N,S
(324.3): caled. C 66.65, H 3.11, N 8.64; found C 66.95, H 3.31, N
8.92.

Benzothiadiazole 7¢c: '"H NMR (200 MHz, [Dg]DMSO): § = 3.89 (s,
6 H), 7.08 (d, J = 8.4 Hz, 4 H), 7.70 (s, 2 H), 7.32 (d, J = 8.2 Hz,
4 H) ppm. '*C NMR (50 MHz, CDCly): & = 159.6, 154.1, 132.2,
130.3, 129.9, 127.4, 114.0, 5.4 ppm. FTIR (KBr): v = 3029, 2954,
1604, 1519, 1284 cm!. M.p. 207 °C. CaoH;N,0,S (348.4): caled.
C 68.94, H 4.63, N 8.04; found C 69.31, H 4.96, N 8.41.

Benzothiadiazole 7d: '"H NMR (200 MHz, CDCly): § = 8.10-7.77
(m, 10 H) ppm. '*C NMR (50 MHz, CDCls): § = 152.9, 152.5,
141.2, 140.9, 134.5, 132.8, 132.4, 132.3, 129.8, 129.7, 128.9, 128.5,
127.9, 118.7, 118.6, 116.3, 114.9, 113.8 112.2 ppm. FTIR (KBr): ¥
= 3080, 2924, 2862, 2367, 2222, 1747, 1607, 1401, 1185, 826 cm™'.
M.p. 160°C. HRMS: caled. for C,o0H;oN4S 338.0626; found
338.0661. Co0H (NS (338.4): caled. C 70.99, H 2.98, N 16.56;
found C 71.28, H 3.32, N 16.84.

Supporting Information (see also the footnote on the first page of
this article): UV/Vis, fluorescence, solid state, and HRMS spectra
of all compounds are available.
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