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Colorimetric sensing of anions in aqueous solution using a charge neutral,
cleft-like, amidothiourea receptor: tilting the balance between hydrogen
bonding and deprotonation in anion recognitiont
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The design, synthesis and physical evaluation of 1, a visible
colorimetric ‘naked eye’ pyridyl based bis-amidothiourea
sensor for anions, is described. This charge neutral sensor
gives rise to significant changes in the absorption spectra
upon interactions with several important biological anions
such as AMP and ADP in 4 : 1 DMSO-H,O solution, while
ATP was not detected. These colorimetric changes are due
to the formation, or the combination of hydrogen bonding
complexes and/or deprotonation between these anions and 1.

Sensing of anions in both organic and aqueous solutions
has become an active field of research within supramolecu-
lar chemistry.”® Such sensing has been achieved using both
fluorescent*® and metal based luminescence® chemosensors. In-
spired by the work of Gale et al,” Crabtree et al® and He
et al.’ all of whom have used amido or urea based 2,6-
dicarboxyamidopyridine receptors for anion recognition or sens-
ing, we decided on incorporating nitro-phenyl based amido-
(thio)urea® functionalities into this structure. This gave the di-
nitro derivative 1, which was characterized using various tech-
niques, including X-ray crystallography. Sensor 1 was shown to
detect various anions in both DMSO and 4 : 1 DMSO-H,O
solutions, where the anion recognition was visible to the naked
eye,'' a consequence of significant colorimetric changes occurring
in the absorption spectra, with A, being red shifted by almost
100 nm. Most importantly, 1 was able to clearly distinguish
between AMP over ADP or ATP in aqueous solutions. This is,
to the best of our knowledge, the first example of such a charge
neutral colorimetric anion sensor that detects phosphate anions
in aqueous solution.

The synthesis of 1 is shown in Scheme 1. 2,6-Pyridinedicarboxy-
lic acid was first converted to its corresponding di-methyl ester 2,
followed by reacting it in refluxing MeOH with hydrazine mono-
hydrate. This gave 2,6-pyridinedicarboxylic acid, dihydrazide, 3,
which was subsequently reacted with 4-nitrophenylisothiocyanate,
4, in dry CH;CN to give 1 (upon precipitation) as a pale yellow
solid in 98% yield, after washing with CH;CN.§ The '"H NMR
(600 MHz, DMSO-d,) demonstrated that 1 had the expected
C, symmetry with the presence of three broad and major N-H
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i Electronic supplementary information (ESI) available: Synthesis,
Fig. S1-S20. CCDC reference number 649247. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b807579d
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Scheme 1 Synthesis of the colorimetric anion sensor 1.
resonances, occurring at 11.30, 10.37 and 10.20 ppm (shown as
part of Fig. 6), respectively. These were assigned to the amide
and the two urea protons on each ‘arm’ using 'H-'H and "N-'H
COSY NMR (600 MHz, DMSO-d, ESIf). However, there were
also a minor set of signals in the spectra that were assigned to
N-H protons. These we assigned to a rotamer of 1, which exists at
room temperature, as upon heating, a single species was observed.
In contrast, the '"H NMR of 1 in DMF-d; at room temperature

only showed a singe rotamer in solution (see ESI{).

We were also able to grow crystals of 1 suitable for X-ray
crystallographic analysis from both DMSO and DMSO-d; so-
lutions, Fig. 1. The combination of H-bonding and n—n stacking
also gave rise to an elaborate 3D network that was perforated
with ordered DMSO solvent filled channels.q On both occasions,
the unit cell obtained was the same; giving the structure shown
in Fig. 1. Here, the asymmetric unit contained two molecules of
1 and six DMSO molecules, all of which were hydrogen bonding
directly to the N-H protons within the amidothiourea receptor.
It was also clear from the structure that the thiourea protons of

|

Fig. 1 The X-ray crystal structure of 1, obtained after recrystallisation
from DMSO solution. The asymmetric unit contained a dimer of 1 and
six DMSO molecules. Only one of these is shown above within the cleft.
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the two receptor moieties in 1 occupy an anti-conformation, but
we had previously observed such geometry in amido-urea based
colorimetric sensors.'*?

The spectroscopic investigation of 1 (1 x 10~ M) was first carried
out in DMSO, which showed a broad absorption band centred at
ca. 348 nm (¢ = 21270 M cm™) and a shoulder at a shorter
wavelength at ca. 290 nm. Upon titration with anions such as
AcO™ and H,PO,~, HP,O,* and F~ (as their tetrabutylammonium,
TBA, salts), a new band began to develop at a longer wavelength,
centred at ca. 420 nm, tailing into 560 nm, as demonstrated for
pyrophosphate in Fig. 2 (see ESI, Fig. S6, for other anions}).
These are not unexpected results, and demonstrate that the anion
is coordinating to the receptor (most likely) within the cleft®
of the sensor, which is in conjugation with the p-nitrophenyl
group. This gives rise to enhanced internal charge transfer (ICT)
character for this system and subsequently shifts the spectra to a
longer wavelength. Most importantly, at such low concentration,
these changes were clearly visible to the naked eye where the
solution changes from colourless to yellow.” In contrast to these
results, titrations using Cl- only gave rise to minor changes in
the absorption spectra, within the same concentration range.
However, Br~ did not give rise to any such changes. Analysis of
the binding affinity of 1 for the above interactions showed that
pyrophosphate was detected most strongly. However, and most
importantly, these changes were not reversed upon the addition of
competitive hydrogen bonding solvents such as H,O or MeOH,
strongly indicating that the ions could be detected in a mixture of
organic-aqueous solution.!*?
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Fig. 2 The changes in the UV-Visible spectra of 1 upon addition of
HP,0,* (0 — 2 equivalents) in DMSO at room temperature.

With this information in hand, we set out to determine the sens-
ing ability of 1 towards biological phosphate based anions such
H,PO,~, HP,O,*, ATP, ADP and AMP, as well as evaluating the
response to AcO™ and halide in the more competitive 4 : 1 DMSO-
H.,O solution, where possible deprotonation phenomena, often
associated with anion recognition in organic media, could be
minimized.'™"'* These titrations were carried out using both TBA
and Na* salts of these anions. The changes in the absorption
spectra of 1 in 4 : 1 DMSO-H,O upon titration with H,PO,”
are shown in Fig. 3. Under these solvent conditions, 1 displayed
similar changes in the absorption spectra as shown above, with
a An of 344 nm which was shifted to a longer wavelength,
Amex = 412 nm upon recognition of the anion. While again, no
‘clear’ isosbestic point was observed for these changes, a ‘pseudo’
isosbestic point can be seen at ca. 340 nm."*"7 The absorption
changes observed at 425 nm are shown as an inset in Fig. 3,
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Fig. 3 The changes in the UV-Visible spectra of 1 upon addition of
H,PO, (0 — 133 equivalents) 4 : 1 DMSO-H,O solution at room
temperature. Inset: the observed changes at 425 nm and the result (solid
line) of the fitted data using the SPECFIT programme.

and demonstrate the presence of some possible aggregation effect
(shown more clearly in the ESI, Fig. S7f) at the start of the
titration. The titration of HP,0;", AMP and ADP also gave
rise to the formation of a new band at long wavelengths (see
ESI, Fig. S6%), while no significant changes were seen in the
absorption spectra upon titration with ATP. Hence, 1 showed
a strict selectivity for both AMP and ADP over ATP. Once
again, these changes were visible to the naked eye, and indicate
a common mechanism for the binding of these anions, most likely
occurring within the cleft of the sensor, through hydrogen bonding
interactions. The changes seen for all of these Na* salts, at 425 nm
are shown in Fig. 4.
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Fig.4 The changes in the UV-Visible spectra of 1 (3 x 10~ M) at 425 nm
upon addition of various anions in 4 : 1 DMSO-H,O solution.

The spectral changes observed in the 4 : 1 DMSO-H,O solution
were analysed using the non linear regression analysis program
SPECFIT. The fitting of the data observed for TBA-H,PO, is
shown as an inset in Fig. 3, and demonstrates excellent correlation
between the experimental and the theoretical fit. From this fitting,
both the affinity constants (logf or logK) and the speciation
distribution in solution could be estimated. On all occasions, the
changes were fitted to various combinations of stoichiometries,
including 1 : 1, 1 : 2 and 1 : 3 host—guest species. For H,PO,",
both 1 : 1 and 1 : 2 binding were observed, with a logf3 of 4.24
and 8.31, respectively. The binding constants obtained for the
HP,0;* titration showed, however, a very clear and stable 1 : 1
species in solution with a logK,., = 6.53, Fig. 5. This is a very high
affinity, particularly given the fact that the interaction of the anion
with 1 is expected to be through hydrogen bonding interactions
to the amidothiourea moieties, possibly in a manner such that
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Fig. 5 The speciation distribution diagram for 1 (3 x 10 M) upon
titration with HP,O,* in 4 : 1 DMSO-H,O solution. Blue = 1; red =
1 : 1 formation and black = 1 : 3 (host—guest). The presence of a 1 : 2
stoichiometry was, interestingly, not observed in a high percentage yield.
The 1 : 3 species most likely represents the deprotonated receptor.

the anion bridges the two amidothiourea moieties within the cleft
of the sensor. Analysis of the results obtained from the fitting of
ADP, using SPECFIT, also indicated the formation of different
absorbing species in solution. However, while the fitting of these
results gave good correlation with the experimental data, it only
resulted in binding constants that carried unacceptably high errors.
Nevertheless, we can conclude from these analyses that the 1 : 1
stoichiometry was initially formed as the main dominant species in
solution, and that at higher concentrations of the ion, other host—
guest complexes were also formed. The results from the fittings in
aqueous solution are summarised in Table 1.

While the above results indicated the generation of new host—
guest complexes in solution, that are formed through hydrogen
bonding between the amidothioureas and the anions, it cannot be
ruled out that such binding will eventually lead to deprotonation
by the anions.* Furthermore, it is also possible that both mecha-
nisms are operating in concert. The binding trend seen above seems
to suggest that such combined processes might be operating, and
that the balance between hydrogen bonding vs. deprotonation is
being tilted during the recognition process. Consequently, sensor
1 was also titrated with NaOH in order to directly deprotonate the
receptor in the 4 : 1 DMSO-H,O solution. This titration indeed
confirmed the HO™ induced deprotonation in the absorption
spectra. However, the titration profile was somewhat different to
that observed for the other anions (see ESI}). Hence, with the aim
of further investigating the balance between hydrogen bonding and

Table 1 Stability constants obtained from fitting the changes in the
absorption spectra of 1 using the nonlinear regression analysis program
SPECFIT**

Anions H-G Logp Standard deviation LogK
TBA-OAc 1:1 5.73 +0.18 —
1:2 11.3 +0.13 5.57
TBA-H,PO, 1:1 4.24 +0.06 —
1:2 8.31 +0.04 4.06
TBA-HP,0;* 1:1 6.53 +0.20 —
1:2 — — —
1:3 15.5 +0.20 —
ADP-Na, 1:1 3.17 +0.10 —
1:2 6.94 0.10 3.77
1:3 10.3 +0.08 3.42

“ All measured in 4 : 1 DMSO-H,O solution. ® The binding profile for F-
and AMP-Na were too complicated to accurately determine logf3.

deprotonation for the anion recognition of sensor 1, we titrated 1,
with TBA-H,PO,, NaAMP, TBA-F and NaOH in DMSO-d, using
"H NMR spectroscopy.>*® The results obtained for the titration of
TBA-H,PO,, are shown in Fig. 6.
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Fig. 6 The '"H NMR (400 MHz) titration of 1 (9.5 mM) with H,PO,~ in
DMSO-d;.

In general, these titrations gave rise to changes in the chemical
shift of both the aryl and the N-H protons. However, even though
the '"H NMR showed similar features at each of the endpoints,
there were distinguishable differences, particularly for the aryl
resonances, for these titrations (see ESI{). The changes seen
in Fig. 6 give an indication of the general trend observed for
these titrations, where the endpoint of each titration produced a
spectrum in which there were only two identifiable NH resonances,
which integrate for four protons. These resonances were sharp and
clearly indicative of the formation of a new species, which was
structurally different from that seen for 1. This we assign to host—
guest formation, which potentially involves the deprotonation of
two N—H donors, rather then broadening of these signals. Selective
ROESY NMR experiments on 1 (600 MHz, DMSO-d;) after the
addition of 2.5 eq of TBAF suggest that the deprotonated N-
H moieties are the thiourea protons adjacent to the amido N-
H moieties (see ESI). Similar deprotonation patterns have been
demonstrated by Gale et al.

It is worth mentioning that the number of equivalents required
to reach the endpoint are in close agreement with those obtained
for the absorption titrations carried out in DMSO. Unfortunately,
accurate binding constants could not be obtained from these
changes. However, these results clearly demonstrate the fine bal-
ance between hydrogen bonding and deprotonation in hydrogen
bonding anion receptor chemistry, even when carried out in mixed
organic—-aqueous solution.

In summary, we have developed a new colorimetric anion sensor
incorporating two amidothiourea moieties, and demonstrated the
sensing of various anions such as biologically relevant phosphates
in4: 1 DMSO-H,O solution. The nature of the anion receptor in-
teraction has been defined by absorption and NMR spectroscopy,
and we have demonstrated that in the case of 1, both hydrogen
bonding and deprotonation interactions are most likely involved
in the recognition process. We are currently exploring the sensing
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ability of structures related to 1, possessing more water soluble
functional groups, in greater detail.
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Notes and references

§ Synthesis of 1,6-bis-[4-nitrophenyl( thioureidocarbamoyl) J-pyridine (1).
2,6-Pyridinedicarboxylic acid, dihydrazide (0.281 g, 1.03 mmol, 1 eq) and
4-nitrophenylisothiocyanate (0.518 g, 2.88 mmol, 2 eq) were refluxed in
acetonitrile for 16 h. The precipitate was isolated by suction filtration and
washed with acetonitrile to give a pale yellow solid, 0.784 g, 98%. Mp 203—
205 °C; 6y (600 MHz, DMSO-d;): 11.30 (2H, br s, NHNH,,.,), 10.37 (2H,
brs, NHNH,.,), 10.20 (2H, br s, NH,.,), 8.31 (2H, br s, CHpy), 8.30 (1H,
br s, CHpy), 8.22 (4H, br s, CHCNO,), 7.92 (4H, br s, Hz, CHCNH,);
dc (150 MHz DMSO-d;) 181.1 (C=S), 162.8 (C=0), 147.8 (C6), 145.7
(CNH), 143.6 (CNO,), 139.8 (C3/5), 125.6 (C4), 125.2 (CHCNH), 123.9
(CHCNO,); éx (600 MHz DMSO-d;) 129.6 (Noigo), 127.7 (NH,peo), 126.2
(NHNH); IR v, (cm™) 3128, 2962, 1704, 1597, 1549, 1506, 1469, 1345,
1278, 1219, 1157, 1002, 887, 851, 745, 698. HRMS (ES*): calculated for
C, H;sNyO¢S,: 556.0821, found: 556.0822 (M + H).

8 X-Ray crystallographic information. The data were collected on a Rigaku
Saturn 724 CCD diffractomer. A crystal, of dimensions 0.27 x 0.20 x
0.08 mm, was selected and mounted on a 0.30 mm quartz fibre tip
and immediately placed on the goniometer head in a 123 K N, gas
stream. The data set was collected using Crystalclear-SM 1.4.0 software
and 1680 diffraction images of 0.5° per image were recorded. Data
integration, reduction, corrections for absorption and polarization effects
were all performed using Crystalclear-SM 1.4.0 software. Space group
determination, structure solution and refinement were obtained using
Crystalstructure ver. 3.8 and Shelxtl" ver. 6.14 software. Crystal data:
CyH3sNyO,Ss, M = 789.99, triclinic, a = 14.489(3), b = 15.929(5), ¢
17.154(5) A, o = 87.377(7)°, B = 68.142(6)°, y = 81.774(8)°, U
3636.5(17) A}, T = 123 K, space group Pl, Z = 4, u (Mo-Ko) =
0.381 mm™, 36636 reflections collected, 12589 unique, (R, = 0.0430),
R=0.0815,wR2[I > 20(I)] = 0.2394. CCDC deposition number 649247.
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