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Malonate in DMSO/Water

Ana M. Costero,*!2! Josep V. Colomer,/* Salvador Gil,?! and Margarita Parral®

Keywords: Host-guest systems / Molecular recognition / Fluorescent probes / Sensors / FRET (Fluorescence Resonance

Energy Transfer)

Two new cyclohexyl-based fluorescent thioureas have been
synthesized. The prepared ligands contain either a fluores-
cein or a rhodamine B moiety that are used as signalling units
in dicarboxylate recognition. An equimolecular mixture of
both ligands selectively recognize malonate in a competitive

buffered medium. An inhibition of FRET as a result of the
complex geometry might be proposed as a transduction
mechanism in the sensing process.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The demand for chemosensors that are selective for spe-
cific anions is continuously increasing.['! Especially impor-
tant in this regard are sensors that monitor small organic
anions of biological interest. Among these compounds o,®-
dicarboxylates can be included because of the different roles
they play in different biochemical process.”) Thus, whereas
succinate participates in the Krebs cycle, malonate or oxa-
late can inhibit the action of succinyl dehydrogenase.[?! On
the other hand, adipate and glutarate are intermediates in
the degradation of nitrogen heterocyclic compounds.!

During the last years, we have been interested in the use
of cyclohexane systems containing naphthylthiourea groups
to design fluorescent chemosensors for anions and, more
specifically, for dicarboxylates. Some of the prepared com-
pounds exhibit sensing selectivity and are able to discrimi-
nate a,m-dicarboxylates depending on their carbon chain
length. With the studied ligands, complexes with a 2:1 stoi-
chiometry are formed that induce intermolecular excimers
with some specific a,o-dicarboxylates.!!

Results and Discussion

In order to increase sensing sensitivity and to explore
new possible transduction mechanisms (for example, the
FRET process), two new cyclohexyl derivatives have been
prepared (Scheme 1). In these new compounds, the naph-
thyl moiety has been substituted by fluorescein and rhoda-
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mine B, respectively. Fluorescein is one of the most com-
monly used fluorophores because of its high molar absorp-
tivity, large fluorescence quantum yield and high photosta-
bility. However, the photophysical properties of fluorescein
are strongly dependent on pH, and for this reason anion
recognition experiments must be carefully designed to dis-
tinguish between real complexation processes and mere
acid-base reactions. Rhodamine derivatives have also been
used in sensing and recognition processes.l®) Ligands con-
taining rhodamine are less dependent on pH and present
high quantum yield values.
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Scheme 1.

In addition, the described ligands could be useful for ex-
ploring the use of resonance energy transfer (RET or
FRET) as a transduction mechanism in a similar way to
that described by Rudkeyich et al.”? FRET relies on the
distance-dependent transfer of energy from a donor fluoro-
phore to an acceptor fluorophore. In FRET, the donor
fluorophore is excited by incident light, and if the acceptor
is in close proximity, the excited state energy from the donor
can be transferred. This leads to a reduction in the fluores-
cence intensity of the donor and an increase in the emission
intensity of the acceptor.’ Even though this phenomenon
has largely been used in biochemical applications,”] there
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are only a few number of publications related to cation
sensing!'”! and even less for anion species.'!l Here, we re-
port on the utility of ligands 1 and 2 (Scheme 1) and their
use to discriminate between malonate and its longer and
shorter homologues in a very competitive medium [DMSO/
water (2:1)] through inhibition of the FRET effect.

Ligands 1 and 2 in their racemic form were easily pre-
pared from (%) trans-transoid-trans-5-amino-1,2-bis-
(ethoxycarbonyl)-4-hydroxycyclohexane and fluorescein 5-
isothiocyanate and rhodamine B isothiocyanate, respec-
tively. The reaction conditions were the same as those pre-
viously described for related compounds.['? The fluorescent
properties of ligands 1 and 2 were studied in 10~ M buffered
[102 M 2-morpholinoethanosulfonic acid (MES)] DMSO/
water (2:1) solutions (Figure 1).
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Figure 1. Fluorescence spectra of ligands (a) 1 and (b) 2 [107 M in
102M MES DMSO/water (2:1) solutions] (Aee = 488 nm and
540 nm, respectively, slits = 5).

Ligand 1 shows an emission band with a maximum at
520 nm (Ao = 488 nm), which is consistent with spectral
contributions arising from both the monoanion and the di-
anion species.['3] As was expected, the intensity of the emis-
sion is moderate because of the presence of the thiourea
group.l'¥ On the other hand, ligand 2 shows an emission
maximum at 585 nm (Aex. = 540 nm); however when A, =
488 nm, its emission intensity is practically negligible.

Complexation with different dicarboxylates (adipate, glu-
tarate, succinate, malonate and oxalate), all as their trimeth-
ylammonium (TMA) salts, were carried out in buffered
solutions to avoid acid—base reactions. The obtained results
for malonate and adipate are shown in Figure 2(a) for li-
gand 1 and Figure 2(b) for ligand 2.

In the presence of a dicarboxylate, ligand 1 suffers a
quenching of the fluorescence that is higher for adipate
than for malonate. This behaviour is not related to an acid—
base reaction, because when we studied the sensing of car-
boxylates in nonbuffered solutions, we always observed a
strong enhancement of the fluorescence. Figure 2(b) shows
that the effect in ligand 2 is smaller, in any case, malonate
induce a small enhancement of the fluorescence with a con-
comitant blueshift of the maximum (Ad = 3 nm).

In order to explore the possible use of FRET as a trans-
duction mechanism, solutions of equimolecular mixtures of
ligands 1 and 2 were prepared, and their photophysical
properties studied. Figure 3 shows the fluorescence spec-
3674
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Figure 2. (a) Fluorecence spectra of ligand 1 and ligand 1 in the
presence of 4 equiv. TMA malonate and adipate and (b) fluores-
cence spectra of ligand 2 and ligand 2 in the presence of 4 equiv.
TMA malonate and adipate [in all cases 10° M in 102 M MES
DMSO/water (2:1) solutions] (Lexe = 488 nm for ligand 1 and
540 nm for ligand 2, slits = 5).

trum of a DMSO/water (2:1) buffered solution (102M
MES) of both ligands 1 and 2 (107> M) [Jexe = 488 nm]. As
can be seen, the emission band at 520 nm, characteristic of
ligand 1, is in this case clearly smaller, whereas the emission
at 585 nm, which corresponds to ligand 2, appears even
though the excitation was carried out at 488 nm. This be-
haviour could be related with a FRET process in which the
energy absorbed by ligand 1 is transferred to ligand 2,
which emits at its characteristic wavelength. Energy transfer
does not require physical contact of the interacting partners
but a close proximity of both donor and acceptor is necces-
ary.">! The strong tendency of thiourea derivatives to form
aggregates could play an essential role in the observed be-
haviour for mixtures of ligands 1 and 2.I'9 By titration, a
1:1 stoichiometry (logf = 5.5 + 0.7)['"] was determined for
the aggregation of these ligands in (10> M MES) DMSO/
water (2:1) solutions.

To study the possible use of this system in the selective
sensing of o,w-dicarboxylates, studies with these species
were carried out under the established conditions (MES,
102m in DMSO/water, 2:1). Sensing studies were per-
formed with oxalate, malonate, succinate, glutarate and
adipate, all as their TMA salts, and a different behaviour
was observed depending on the dicarboxylate used. Fur-
ther, experiments with TMAOH were carried out to con-
firm that no acid-base reactions were operating under these
conditions.
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Figure 3. Fluorescence spectrum of a DMSO/water (2:1) buffered
solution (102M MES) of both ligands 1 and 2 (105 M) [fexe =
488 nmy].

Oxalate, succinate, glutarate and adipate induced no ap-
preciable changes in the fluorescence spectrum (Figure 4 for
adipate and malonate), which suggests that the FRET pro-
cess continued to be operative after anion complexation,
unlike malonate, which gave rise to a completely different
spectrum. With this anion, a spectacular recovery of ligand
1 emission (4 = 520 nm) was observed after excitation at
488 nm. Tritation experiments carried out with TMA
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Figure 4. Fluorescence spectrum of a DMSO/water (2:1) buffered
(102M MES) solution of both ligands 1 and 2 (105 M) [fee =
488 nm] with 4 equiv. TMA malonate and with 4 equiv. TMA

adipate.
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adipate and malonate demonstrated that the stoichiometry
of the complexes is in both cases L,A (logf 11.2+0.5 for
adipate and 8.7+0.9 for malonate!'”)). In addition,
TMAOH did not induce any modification in the emission
spectrum. This selective behaviour of TMA malonate could
even be detected by the naked eye, as can be seen in Fig-
ure 5.

None TMAOH

TMA oxalate | MA malonat| WA succinat TMA glutaras TMA adip

Figure 5. Equimolecular mixture of ligands 1 and 2 (10> M in each
ligand) and 102 M in MES (DMSO/water 2:1), free and in the pres-
ence of the different anions.

The results obtained could agree with the inhibition of
the FRET phenomenon after the addition of TMA malon-
ate. The FRET process not only depends on the distance
between the donor and acceptor moieties, but also on the
spatial arrangement of the groups. A parallel disposition of
the participant dipoles leads to the maxima energy transfer.
This disposition can be adopted either in the fundamental
or in the excited state.!'8! Thus, if the formed mixed complex
(1-anion-2) is rigid enough to preclude the appropriate ori-
entation, the FRET process would be inhibited. Even
though complexation induces a change in the donor-ac-
ceptor distance with any of the studied anions, malonate
might give rise to a significant change in the relative spatial
position of both fluorophores. As Figure 6 depicts, the thio-
urea groups from rhodamine and fluorescein in the 1-2 di-
mer are in the same plane. The same orientation is expected
for those complexes formed with adipate, glutarate and suc-

FRET
INHIBITION

Figure 6. Optimized geometries for assembly of ligands 1 and 2 and their complexes with carboxylates (a) dimer 1-2, (b) complex with

adipate and (c) complex with malonate.
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cinate; however, with malonate another geometry, one with
both fluorophores in almost orthogonal planes (Figure 6),
seems to be more favourable.!'”! By taking into acount that
the So — S, transition moments of both fluorescein” and
rhodamine B!l derivatives are parallel to the long axis of
the xanthene ring system, it is expected that these transition
moments are in orthogonal planes in the complex with ma-
lonate.

To confirm the feasibility of this hypothesis, studies of
sensing with the 1,1-cyclobutanedicarboxylic TMA salt
were carried out. With this anion, in which both carboxyl-
ate groups form a similar angle to that proposed for malon-
ate, FRET inhibition was also observed.

Conclusions

The system formed by an equimolecular mixture of li-
gands 1 and 2 is able to act as a selective chemosensor for
malonate rather than for its longer and shorter homologues.
FRET inhibition, for geometrical reasons, seems to be a
successful transduction process for designing chemosensors
by following the binding-site-signalling-unit approach. Fi-
nally, the sensing process takes place in a very competitive
and buffered medium (DMSO/water 2:1) and can be ob-
served by the naked eye.

Experimental Section

Synthesis of Compounds 1 and 2 — General Procedure: Fluorescein
isothiocyanate or rhodamine B isothiocyanate (available from Ald-
rich as mixtures of isomers ref. 283924) (4.5 mmol) were added
dropwise to a solution of trams-transoid-trans-5-amino-1,2-bis-
(ethoxycarbonyl)-4-hydroxycyclohexane (4.5 mmol) in THF
(I5mL), and the resulting solution was heated at reflux for 16 h.
The mixture was then cooled to room temperature and was poured
over hexane (25 mL), to yield 1 or 2 (mixture of isomers) as an
orange and dark red precipitates, respectively (47.4% for 1 and
89.7% for 2). Ligand 1: orange solid. M.p. 202-204 °C. IR (KBr):
v = 2982, 1738, 1592, 1464, 1208, 1180, 1109, 850 cm!. 'H NMR
(500 MHz, [Dg]DMSO, 25°C): 6 = 9.6 (br. s, 1 H, NH), 8.25 (br.
s, 1 H), 7.75 (m, 1 H), 7.17 [d, *J(H,H) = 2.2 Hz, 1 H], 6.68-6.56
(m, 9 H), 5.26 (s, 1 H, OH), 4.47 (m, 1 H), 4.01 (m, 4 H), 3.92 (m,
1 H), 2.95 (m, 1 H), 2.93 (m, 1 H), 1.95 (m, 3 H), 1.88 (m, 1 H),
1.77 (m, 6 H) ppm. 13C NMR (125 MHz, [Dg]DMSO, 25 °C): 6 =
173, 169, 160, 152, 147.5, 142, 130, 129.5, 126.5, 124, 118, 113,
110.2, 102.6, 68.8, 50.3, 46.1, 31.4, 24.4, 14.2, 14.0 ppm. UV/Vis
(DMSO, 1073 M): Apmax (6, Lmol™tem™) = 260 (22080), 272 (16550),
482 (6540), 521 (16550) nm. Fluorescence Aoy, = 520 nm, Aee =
488 nm. FAB-HRMS caled. for C33H33N>0,0S 649.1856; found
649.1854. Ligand 2: purple solid. IR (KBr): ¥ = 3419, 2975, 2938,
1592, 1475, 1434, 1398, 1339, 1181, 1036cm™!. 'H NMR
(300 MHz, [Dg]DMSO, 25°C): 6 = 10.3 (br. s, 1 H), 10.1 (br. s, 1
H), 8.9 (m, 1 H), 7.9 (m, 1 H), 7.6 (m, 1 H), 6.7-6.6 (m, 3 H), 6.3
(s, 2 H), 6.0 (br. s 2 H), 4.0-4.2 (m, 5 H), 3.2 (m, 1 H), 2.9 (m, 8
H), 2.1 (m, 2 H), 1.9 (m, 2 H), 1.7 (m, 2 H), 1.3 (t, J = 7.2 Hz, 6
H), 1.1 (m, 12 H) ppm. UV/Vis (DMSO, 10°M): Anax (&
Lmol'em ') = 275 (17463), 555 (1664) nm. Fluorescence Je, =
585nm, Ay = 540 nm. FAB-HRMS caled. for C4HsN4OgS
759.9419; found 760.0126.

3676

WWW.eurjoc.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Supporting Information (see footnote on the first page of this arti-
cle): UV spectra and excitation spectra of ligands
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