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The quinoxaline 1, possessing a 2,6-pyridyl-based amidothiourea moiety, with the view of forming a
pre-organised molecular cleft, was developed as a fluorescent anion sensor. The sensing ability of 1
was evaluated in organic solution where both the ground and the excited state of 1 was affected upon
recognition of anions such as acetate [as tetrabutylammonium salt (TBAAc) solution] at the amiodothiou-
rea moieties in MeCN. The fluorescence of 1, with kmax at 477 nm, was, on all occasions quenched, upon
anion recognition. Using TBAOH, we also show that the same anion-induced changes occurred; demon-
strating that for this particular sensor, the anion-sensing takes place via a deprotonation mechanism. This
anion-induced deprotonation event was further investigated by carrying out 1H NMR titrations on 1,
using both AcO� and OH� in DMSO-d6.

� 2010 Elsevier Ltd. All rights reserved.
The recognition and sensing of anions using colorimetric or fluo-
rescent/phosphorescent-based sensors has become an active area of
research within the field of supramolecular chemistry.1–4 The use of
such anion targeting/binding molecules in medicinal chemistry and
biotechnology has also emereged.5 Such sensors are often based on
the use of hydrogen bonding ureas and thioureas,6 amides,7 indoles,8

carbamates,9 pyrroles and calixpyrroles,10 and imidazolium-based
receptors.11 The use of a combination of more than one of these rec-
ognition moieties has also been investigated and shown to give rise
to increased anion-binding affinity through synergetic action.12–14

The use of amidourea or amidothiourea receptors has also been used
in anion-recognition chemistry, particularly by Jiang et al.,15 Gale et
al.,s16 ourselves 17 and Yang et al.18 in which such hydrogen-bonding
donors for use in colorimetric anion-sensing were employed. To
achieve this, the amidourea and the amidothiourea moieties are
usually conjugated onto simple aryl groups, which themselves often
possess one or more electron-withdrawing substituents and usually
the anion recognition is via a hydrogen-bonding interaction when
investigated in organic solvents. This gives rise to the formation of
internal charge transfer (ICT) based systems, which usually give rise
to significant changes in the absorption spectra upon anion-sensing,
often with striking colour changes that are visible to the naked eye.
In addition, this design usually enables the use of fluorescence emis-
sion spectroscopy for monitoring the anion recognition event as the
ICT excited state of such systems is often not highly emissive.19 With
this in mind, we set out to develop a novel amidothiourea-based an-
ion sensor which would give rise both to changes in the ground and
in the excited states upon anion recognition. Our target 1, possesses
ll rights reserved.
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a central pyridyl–dicarboxamide moiety, where each side is conju-
gated to a quinoxaline fluorophore via a thiourea moiety. To the best
of our knowledge, this is the first example of such a design, as well as
the first time that this fluorophore has been employed in fluores-
cence anion sensing.20

The synthesis of sensor 1 (Scheme 1) was achieved from 6-quin-
oxaline isothiocyanate (4), which is not commercially available and
was synthesised in three steps.21,22 First, 4-nitrobenzene-1,2-dia-
mine and glyoxal (40%) were heated at reflux in EtOH for three
hours, after which the resulting precipitate was isolated by filtra-
tion and recrystallised from isopropanol, giving 2 as light brown
needles in 70% yield. The nitro group was then reduced using
10% Pd/C with H2 in MeOH. The crude product was treated with
a base and extracted with ethyl acetate to give 3 as an orange solid
in 73% yield. Compound 3 was then reacted with 1.5 equiv of thio-
phosgene (CSCl2) in H2O for two hours and the resulting orange
precipitate was collected by suction filtration and dried in air.21

The isothiocyanate 4, was then immediately added to a suspension
of 5 in MeCN. The synthesis of 5 has been previously reported17,19

and involved the formation of a diethyl ester from commercially
available 2,6-pyridine dicarboxylic acid, which was then treated
with hydrazine monohydrate in methanol at room temperature.
This resulted in an almost immediate precipitation of a white solid,
which was filtered and dried in air to give the hydrazide 5, in 65%
yield. A suspension of 4 and 5 was refluxed overnight and the
resulting solid isolated by suction filtration, followed by further
work-up by refluxing a suspension of 1 in EtOH overnight, followed
by hot filtration. This gave sensor 1 as an orange solid in 81%
yield.23

The 1H NMR spectrum of 1 (400 MHz, DMSO-d6) is shown in
Figure 1. Similar to that seen in our previous work, compound 1
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Scheme 1. Synthesis of the quinoxaline fluorescent anion sensor 1.
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Figure 2. The changes in the absorption spectra of 1 in 1% DMSO in MeCN
[2 � 10�5 M] upon addition of AcO�(0–3.5 equiv). Inset, the changes at 400 nm with
a 1:2 (host/guest) fit.
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was shown to exist, at room temperature, as a mixture of two (a
major and a minor) rotamers in solution (assigned using VT
NMR). Moreover, only two N–H signals were observed for 1 in
which both of the thiourea protons resonated at 10.32 ppm and
the amide proton appeared further downfield, at 11.38 ppm. The
13C NMR spectrum of 1 also displayed the expected number of res-
onances whilst the ES-MS analysis of 1 gave m/z = 570.1254 for the
[M+H]+ ion. The IR spectrum showed medium broad vibrations at
ca. 2900 and 3100 cm�1, due to N–H stretches and strong sharp
bands at ca. 1700, 1550 and 1450 cm�1, which were assigned to
the carbonyl groups, as well as N–H bending.

The absorption spectrum of 1 exhibited a kmax at 338 nm, as-
signed to the quinoxaline fluorophore and a shoulder at 260 nm,
which we assigned to both the quinoxaline and the pyridyl unit,
in 1% DMSO/MeCN solution. Excitation at 338 and 260 nm, respec-
tively, led to long wavelength emissions, centred at 464 and
477 nm, for these two excitation wavelengths, respectively. The
ability of 1 to detect various anions was next investigated in this
solvent media, monitored using both absorption and fluorescence
spectroscopy. Upon titration with AcO�, an increase was observed
in the absorption across the spectrum; accompanied by a batho-
chromic shift to ca. 490 nm, for the long wavelength kmax, Figure
2. These changes were also accompanied with the formation of a
single isosbestic point at 255 nm. As shown in the inset to Figure
2, a plateau was reached at 2 equiv of AcO�, indicating that each
of the amidothiourea moieties was interacting with the anions,
in an overall 1:2 (host/guest) stoichiometry. The changes in the
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Figure 1. The 1H NMR (400 MHz, DMSO-d6) spectrum of 1, showing the aromatic
and amido and thiourea protons and the presence of two, major and minor,
rotamers in solution.
presence of AcO� were best fitted to a three-component binding
model using the non-linear regression analysis programme SPEC-
FIT, the fit being shown as a solid line in the inset in Figure 2. From
this fit, we determined two binding constants for the 1:1 and the
1:2 (host/guest) interactions. However, these were the same with
log K1:1 = log K1:2 = 6.4 (±0.1). This clearly indicates that both amid-
othiourea moieties are functioning independently and from the
species distribution diagram, shown in Figure 3, it is clear that both
the 1:1 and the 1:2 host/guest stoichiometries are formed simulta-
neously and at 1 equiv of the anion, a mixture of both the 1:1 and
1:2 host/guest complexes is formed in an almost equal amount.

The changes in the fluorescence emission were also monitored
during the course of the above anion titration. Excitation at 338
and 262 nm led to the formation of broad emission bands centred
at 464 and 477 nm, respectively, where the emission at 477 nm
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Figure 3. Species distribution diagram of 1 [2 � 10�5 M] upon titration with AcO�

(0–3.5 equiv) in 1% DMSO in MeCN.
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Figure 5. (A) 1H NMR (400 MHz, DMSO-d6) titration of 1 [1 � 10�3 M] with AcO�

upon addition of 0, 1, 2 and 3 equiv of the anion; (B) 1H NMR (400 MHz, DMSO-d6)
titration of 1 [3 � 10�3 M] with TBAOH upon the addition of 0, 1, 2, 3 and 4 equiv of
the anion.

5404 R. M. Duke, T. Gunnlaugsson / Tetrahedron Letters 51 (2010) 5402–5405
was of a higher relative intensity. Figure 4 shows that the fluores-
cence emission at 464 nm was quenched by ca. 62% after the addi-
tion of 2 equiv of AcO�; with a concomitant bathochromic shift of
ca. 5 nm. It is worth pointing out that only minor quenching was
observed after the addition of 1 equiv of the anion. Analysis of
these changes gave rise to similar binding constants as seen above
indicating a strong affinity of 1 for AcO�. In a similar manner, the
fluorescence emission at 477 nm was quenched by 48%, after the
addition of ca. 1 equiv of AcO�. The emission spectrum also exhib-
ited a change in the shape of its emission band, with the appear-
ance of a slight shoulder around 545 nm. In agreement with that
observed in the absorption titrations, a plateau was reached for
both excitations upon addition of 2 equiv of anion, however and
as shown in the inset to Figure 4, most of the changes occurred
from addition of 0 to 1 equiv of AcO�. These results clearly demon-
strate that anion sensing information can be obtained from both
the ground and the excited state properties of 1.

Having established that both the absorption and the emission
spectra of 1 were affected by AcO�, we next carried out a 1H
NMR anion titration of 1. The results from the 1H NMR
(400 MHz) titrations of 1 with AcO� in DMSO-d6 are shown in
Figure 5A; the titrations were also carried out in 1% DMSO-
d6:MeCN-d3 solution. On both the occasions, the results were the
same; upon binding of AcO� to 1, an initial broadening was
observed for the resonances assigned to both the N–H and the aro-
matic protons. However, to our surprise, no measurable up- or
downfield shift was observed for the N–H protons, as is commonly
seen for such hydrogen-bonding donors upon binding to anions.
From Figure 5A it is clear that this behaviour exists up to the addi-
tion of 2 equiv of the anion. However, after the addition of further
equivalents of the anion, the NMR spectra becomes significantly af-
fected; all the aromatic resonances are quite sharp and the N–H
proton assigned to the amide part is still visible. The results from
these titrations, suggest that the thiourea N–H protons are depro-
tonated over the course of the titration.24 Consequently, we re-
peated the titration using OH�, with the view of confirming if
indeed such a deprotonation did occur for 1. The results from these
anion titrations are shown in Figure 5B and demonstrate great sim-
ilarity to those observed for the titration with AcO�, that is, initial
broadening for both the N–H and the aromatic protons, followed
by sharpening of the amido N–H and the aromatic protons after
the addition of 2 equiv of OH�. Moreover, the final spectrum ob-
served for both AcO� and OH�, seems to indicate the formation
of the same species in solution. From these results it can be de-
duced that both anions are functioning here as a base, giving rise
to the deprotonation upon interaction with 1.

With this in mind, we carried out an absorption titration of 1
using TBAOH, under identical conditions to those described above.
The results observed in the UV–vis absorption spectra of 1 are
0

50

100

150

200

250

300

350

360 410 460 510 560 610 660

Guest Equivalents

In
te

ns
it

y 
(a

.m
.u

)

0.50

0.75

1.00

0.0 1.0 2.0 3.0
Guest Equivalents

R
el

. I
nt

 4
81

 n
m

Figure 4. The changes in the emission spectra (kex = 338 nm) of 1 [2 � 10�5 M]
upon addition of AcO� (0–3.5 equiv) in 1% DMSO in MeCN. Inset, the relative
changes in intensity at 481 nm.
shown in Figure 6 and again demonstrate that the deprotonation
event has a significant effect upon the overall absorption spectra,
which is at the end-point, very similar to that observed for the
titration of 1 with AcO�, Figure 2. By plotting the changes occurring
at 400 nm, as a function of anion equivalent, it was also clear that
these changes occur within the addition of 2 equiv, as demon-
strated by the inset to Figure 6. These results support our hypoth-
esis that in the case of 1, the anion recognition is most likely
caused via a deprotonation event. This is in contrast with many
other reports, both from our own research group17 and others,15,18

where hydrogen-bonding interactions usually dominate such an-
ion recognition events in amidourea-based systems. Hence, these
results seem to demonstrate that great care has to be paid to the
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Figure 6. The changes in the absorption spectrum of 1 [1 � 10�5 M] upon titration
with OH- (0–9 equiv) in 1% DMSO in MeCN. Inset, the changes at 360 nm against
numbers of equivalents.
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nature of the anion, which can also function as a base.24 This is par-
ticularly important when examining such recognition in organic
solvents such as DMSO and MeCN, as the anion can give rise to
deprotonation of the receptor, with concomitant changes in the
absorption and the emission spectra of the sensor.25

In summary, we have developed 1 as a fluorescent sensor for
anions. We have demonstrated that the anion-sensing occurs most
likely via deprotonation of the amidothiourea receptor adjacent to
the quinoxaline fluorophore, which causes significant changes in
the absorption spectra, which is red-shifted and in the emission
spectra which is quenched significantly upon interaction of 1 with
anions such as AcO� and OH�. We are currently exploring the sens-
ing ability of other structurally-related sensors, possessing both
water-soluble functional groups and other types of chromoph-
ores/fluorophores, in greater detail, with the aim of establishing
criteria for the effect of such structures and media on the sensing
mechanism of such pyridyl–amiodothiourea cleft-like systems.
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