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Urea vs. thiourea in anion recognition
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Neutral anion receptors (LH) form stable 1 : 1 H-bond [LH · · · X]− complexes with carboxylates, halides and
phosphate (X−). Some of the [LH · · · X]− complexes, in presence of an excess of X−, release an HX fragment, with
formation of [HX2]− and the deprotonated receptor L−. The tendency towards deprotonation increases with the
acidity of the receptor and with the stability of the [HX2]− self-complex. Thus, the more acidic thiourea containing
receptor deprotonates in the presence all the investigated anions except chloride, whereas the less acidic urea
containing receptor undergoes deprotonation only in the presence of fluoride, due to the high stability of [HF2]−.

Introduction
Urea and thiourea subunits are currently used in the design
of neutral receptors for anions, owing to their ability to act as
H-bond donors.1–3 In particular, urea and thiourea can establish
two directional H-bonds with the Y-shaped carboxylate group or
chelate a spherical anion (e.g., halides). Thus, after the seminal
papers by Wilcox4 and Hamilton5 on urea–anion interactions,
a variety of anion receptors have been reported in which
one or more urea/thiourea fragments are incorporated in an
acyclic, cyclic or polycyclic framework.6–13 H-bond donating
tendencies of a given donor group (e.g., the N–H fragment of
urea/thiourea) are in some way related to its protonic acidity.
Noticeably, hydrogen bonding has been defined as a ‘frozen’
proton transfer from the donor (the acid) to the acceptor
(the base)14 and the more advanced the proton transfer, the
stronger the H-bond interaction. Thiourea is a much stronger
acid than urea (pKA = 21.1 and 26.9, respectively in DMSO),15

thus it is expected that thiourea containing receptors establish
stronger H-bond interactions and form more stable complexes
with anions than their urea containing counterparts. On the
other hand, we have recently observed that urea derivatives
(e.g., 1,3-bis-(4-nitro-phenyl)-urea) in an MeCN solution, in the
presence of an excess of fluoride, undergo deprotonation of one
of the N–H goups with formation of the [HF2]− anion.16 Anion
induced deprotonation should be observed a fortiori in the case
of receptors containing the more acidic thiourea fragment, even
if evidence of such a behaviour has not yet been reported.

On this premise, we were interested in comparing the H-bond
donor tendencies of urea and thiourea towards the most com-
mon inorganic and organic anions and to verify the occurrence
of deprotonation processes in the presence of especially basic
anions. We report here on the interaction of receptors 1 and 2

Table 1 LogK values for the interaction of receptors 1 and 2 with anions in DMSO solution at 25 ◦C. In parentheses, the standard deviation on the
last figure(s)

LH Equilibrium F− CH3COO− C6H5COO− H2PO4
− Cl−

1 LH + X− � [LH · · · X]− 5.7 (1) 6.02 (5) 5.77 (5) 5.44 (6) 4.88 (1)
[LH · · · X]− + X− � L− + [HX2]− 5.5 (3) 3.23 (10) 3.36 (10) 0.55 (11) —

2 LH + X− � [LH · · · X]− 4.86 (5) 4.63 (3) 4.18 (1) 4.47 (1) 4.38 (1)
[LH · · · X]− + X− � L− + [HX2]− 1.83 (11) — — — —

with halides and carboxylates in DMSO solution. In the two
derivatives a phthalimide substituent, a classical chromophore,
has been appended at the urea or thiourea subunit in order to
provide an optical signal for the occurrence of the receptor–
anion interaction.

Results and discussion
The binding tendencies of receptors 1 and 2 towards anions were
investigated through UV-vis and 1H NMR titration experiments
in DMSO solution. In particular, a solution of the receptor
was titrated with a standard solution of the anion (as a
tetrabutylammonium salt), up to a 5–10-fold excess. Data from
UV-vis titrations were processed through a non-linear least-
squares procedure17 in order to determine pertinent association
constants K. Corresponding values of K are reported in Table 1.

In general, the following two consecutive equilibria may take
place in solution, involving the neutral receptor LH and the
anion X−:

LH + X− � [LH · · · X]− (1)

[LH · · · X]− + X− � L− + [HX2]− (2)

In eqn. (1), characterised by the (association) constant K1, a
genuine H-bond complex forms. In eqn. (2), characterised by K2,
a second X− anion ‘abstracts’ an HX fragment from the complex
to give [HX2]− and to leave the deprotonated derivative L−.
All investigated anions undergo the first equilibrium (eqn. (1)),
giving a more or less stable H-bond complex. Not all anions
undergo the second equilibrium (eqn. (2)), whose occurrence
is related to both the intrinsic acidity of LH and the stability
of [HX2]−. In this context, it is useful to consider the overall
equilibrium (eqn. (3)):

LH + 2X− � L− + [HX2]− (3)

With a global constant b2 = KA(LH) × b([HX2]−), where KA =
[L−] × [H+]/[LH] and b([HX2]−) = [HX2]−/[H+] × [X−]2. Table 1
shows that receptor 2, containing the less acidic urea subunit,
undergoes deprotonation and HX release only in presence of
F−, to form the very stable [HF2]− self-complex. On the other
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hand, the more acidic thiourea containing receptor 1 undergoes
deprotonation in presence of a greater number of anions, the
value of K2 decreasing with the decreasing stability of the self-
complex [HX2]− : F− > CH3COO− > C6H5COO− > H2PO4

−. As
an example, the hypothesised structure of the [HX2]− in the case
of acetate is shown.

The above statements are based on extensive titration experi-
ments, some examples of which are illustrated in the following.

Fig. 1 shows the UV-vis spectra taken over the course of the
titration of a DMSO solution of the urea containing receptor 2
(5 × 10−6 M) with a standard solution of [Bu4N]CH3COO. Upon
acetate addition the band at 330 nm, typical of the phthalimide
chromophore and of charge transfer nature, undergoes red shift.
A plot of the molar absorbance at significant wavelengths (in
the inset of Fig. 1, the increasing band at 360 nm is considered
as an example), indicates the formation of a 1 : 1 complex,
as represented by eqn. (1). It is hypothesised that an H-bond
complex forms, in which directional interactions between the
two N–H fragments of 2 and the two oxygen atoms of acetate are
established. More detailed pieces of information on the nature
of the [2 · · · CH3COO]− complex were obtained from 1H NMR
titration experiments. Pertinent spectra are presented in Fig. 2
and Fig. 3.

Fig. 1 Spectra taken over the course of the titration of a DMSO solu-
tion of 2 (5 × 10−6 M) with a standard solution of [Bu4N]CH3COO. Inset:
change in the molar absorbance at 360 nm upon acetate addition.

First (in Fig. 2), it is observed that both N–H protons
undergo a downfield shift, which reflects the establishment of
an H-bond interaction with acetate. In particular, Dd values of
both protons show a saturation profile which confirms a 1 : 1
stoichiometry. More subtle shifts of aromatic protons are shown
in Fig. 3. In this context, it must be considered that hydrogen
bond formation between the urea subunit and the anion can
induce two distinct effects on the aromatic substituents: (i)
it increases the electron density on the phenyl rings with a
through-bond propagation, which generates a shielding effect
and should produce an upfield shift of C–H protons; (ii) it
induces the polarisation of the C–H bonds via a through-space
effect, where the partial positive charge created onto the proton
causes a deshielding effect and produces a downfield shift. The
latter effect, of electrostatic nature, drastically decreases upon
increasing the distance between the envisaged C–H proton and
the site of H-bond interaction. It is seen in Fig. 3 that the
electrostatic effect predominates for protons Hb and Hd, as
indicated by the pronounced downfield shift. This reflects the

Fig. 2 1H NMR spectra taken over the course of the titration of
a DMSO solution of 2 (5 × 10−3 M) with a standard solution of
[Bu4N]CH3COO.

rather strong through-space interaction with the N–H protons
polarised by bonding with acetate. Protons Ha and He are too far
away from the N–H protons to be subjected to any electrostatic
effect. Thus, the shielding effect induced by the propagation of
electron density associated with the formation of the H-bond
complex is not (or is only poorly) contrasted and a significant
upfield shift is observed. It may be surprising that the Hc protons,
quite far away from the N–H fragment, undergo substantial
downfield shift, which indicates a strong electrostatic effect.
However, such a behaviour can be ascribed to the polarisation
effect exerted by the rather close urea oxygen atom, which has
acquired electron density following the N–H–anion interaction.

Let us consider now the interaction of the thiourea containing
receptor 1 with acetate. Fig. 4 shows the UV-vis spectra taken
over the course of the titration of a 5 × 10−6 M DMSO solution of
1 with [Bu4N]CH3COO. Upon acetate addition, first the charge
transfer band centred at 360 nm undergoes red-shift, as observed
in the titration of 2. Then, upon further acetate addition, a new
band develops at 410 nm; something that had not been observed
upon titration of the urea containing receptor 2.

Best fitting of titration profiles was obtained on assuming the
occurrence of two stepwise equilibria (eqn. (1) and eqn. (2)),
to which the following K values corresponded: logK1 = 6.02 ±
0.05 and logK2 = 3.23 ± 0.10. The inset of Fig. 4 shows how
the concentration of the species at the equilibrium, calculated
from K1 and K2 values, varies upon acetate addition. First, the
H-bond complex [1 · · · CH3COO]− forms, as signalled by the
shift of the band from 360 to 375 nm. Then, after the addition
of the first anion eq., the new band at 410 nm develops, which
corresponds to the deprotonated receptor L− and reflects the
stabilisation of the charge transfer excited state upon N–H
deprotonation.

1 4 9 6 O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 1 4 9 5 – 1 5 0 0



Fig. 3 1H NMR spectra as in Fig. 2, zoomed on C–H protons.

Fig. 4 Spectra taken over the course of the titration of a DMSO solu-
tion of 1 (5 × 10−6 M) with a standard solution of [Bu4N]CH3COO. Inset:
change of the concentration of the species at equilibrium upon acetate
addition.

Further insights regarding the nature of the species
[1 · · · CH3COO]− and L− were obtained from 1H NMR titration
experiments. Spectra were recorded in CD3CN solution owing to
the favourable solubility of 1 in such a solvent. Selected spectra
taken over the course of the titration are shown in Fig. 5.

It is seen that during the addition of 0→1 eq. of acetate,
Hb and Hd protons undergo a downfield shift due to the
dominating electrostatic effect present in the [1 · · · CH3COO]−

H-bond complex. Then, after the addition of the first anion
eq., deprotonation of an N–H fragment occurs which induces
delocalisation of electron density on the receptor’s framework,

Fig. 5 1H NMR spectra taken over the course of the titration of
a CD3CN solution of 1 (5 × 10−3 M) with a standard solution of
[Bu4N]CH3COOH.

causing nuclear shielding and an upfield shift of the Hb and
Hd protons. The fact that such an effect is distinctly more
pronounced for Hb (whose signal disappears after the addition
of the second eq.) would suggest that deprotonation occurs
at the N–H fragment close to the phthalimide substituent.
However, receptor deprotonation can be more clearly followed
upon titration with fluoride, due the higher value of b2 (and, in
particular, of b([HF2]−)).

Fig. 6 shows the specta taken over the course of the titration
of a DMSO solution of 1 (5 × 10−6 M) with a standard solution
of [Bu4N]F. Fig. 7 (triangles) displays the titration profile based
on the absorbance of the band centred at 410 nm.

Fig. 6 Spectra taken over the course of the titration of a DMSO
solution of 1 (5 × 10−6 M) with a standard solution of [Bu4N]F. The
increasing band at 410 nm signals deprotonation of the receptor.
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Fig. 7 UV-vis titration of 1 with F− (spectra of Fig. 6). Symbols:
absorbance at 410 nm (normalised on the limiting value). Lines: how
percent concentration of the species present at the equilibrium varies
upon fluoride addition.

Titration data are best fitted based on the assumption that
the occurrence of the two consecutive equilibria (eqn. (1) and
eqn. (2)). From the values of equilibrium constants (logK1 =
5.7 ± 0.1 and logK2 = 5.5 ± 0.3) the distribution diagram of
the species present at the equilibrium, LH, [LH · · · F]− and L−,
was calculated (lines in Fig. 7). It can be seen that, due to the
especially high value of K2, the deprotonated receptor L− forms
in the early stages of titration so that the band at 410 nm begins to
develop upon the addition of the first subequivalents of fluoride.
Notice also that under the conditions of the UV-vis titration
experiment the highest concentration of the H-bond complex
[LH · · · F]− is 35%, reached after the addition of 1 eq. of F−.

Fig. 8 shows the 1H NMR spectra taken over the course of
the titration of 1 with fluoride. We first look at the Hb and Hd

protons, which are especially sensitive to the H-bond interaction
of the proximate N–H fragments. In the 0→1 eq. range, Hb

undergoes a small upfield shift. This would indicate that the
through-bond effect overcomes the through-space effect. The
opposite occurs with the Hd proton, which undergoes a distinct
downfield shift following up to 1 eq. addition. The interpretation
is complicated by the fact that the [LH · · · F]− complex coexists
since the beginning of the titration with L−, which exerts its
own effects on the spectrum (vide infra). However, it appears
that F− establishes unequivalent interactions with the two N–H
fragments of the thiourea subunit, interacting with a single N–H
group. A distinct downfield shift is observed for the Hc proton,
which reflects the electrostatic interaction with the sulfur atom
of the thiourea subunit. Then, on addition of excess fluoride
and predominance of the L− species, the through-bond effect
prevails for the Hd and Hc protons. In particular, the spectrum
at 3 eq. of added fluoride should reasonably correspond to the
limiting spectrum of the deprotonated receptor L−. In these
circumstances, it has to be noticed that the upfield shift is more
pronounced for Hb than for Hd. This would suggest that depro-
tonation occurs at the N–H fragment close to the phthalimide
substituent. Such an event would be favoured by the electron-
withdrawing properties of the phthalimide substituent, which
allows delocalisation of the excess electron density according to
a p-mechanism. This situation is illustrated by the resonance
representation below (in which only two limiting formulae, a
and b, are reported as an example).

Thus, it appears that the more acidic receptor 1 undergoes
deprotonation in the presence of an excess of the more basic

Fig. 8 1H NMR spectra taken over the course of the titration of a
CD3CN solution of 1 (5 × 10−3 M) with a standard solution of [Bu4N]F.

anions (F−, carboxylates). In the case of less basic anions, a
pronounced excess is required in order to produce a detectable
amount of L−. This is the case for H2PO4

−, as illustrated in
Fig. 9, which displays the UV-vis spectra taken during titration.
The band at 410 nm slowly develops only after the addition of
the first eq. of H2PO4

− and a detectable amount of L− can be
observed in presence of a huge excess of phosphate.

Fig. 9 Spectra taken over the course of the titration of a DMSO
solution of 1 (5 × 10−6 M) with a standard solution of [Bu4N]H2PO4.
Inset: change in the concentration of the species at equilibrium upon
phosphate addition.

Among the investigated anions, only chloride fails to induce
the deprotonation of receptor 1. In particular, the H-bond
complex that forms, [LH · · · Cl]−, definitively resists the addition
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Fig. 10 1H NMR spectra taken over the course of the titration of
a CD3CN solution of 1 (5 × 10−3 M) with a standard solution of
[Bu3BzN]Cl.

of a large excess of chloride. Details on the nature of the complex
have been obtained from the 1H NMR spectra recorded during
the titration of chloride with a 5 × 10−3 M solution of 1 in
CD3CN, as shown in Fig. 10.

Attention is first called to the downfield shift experienced by
the Hb and Hd protons due to the predominance of the through-
space electrostatic effect. Such a shift exhibits a saturation profile
consistent with the formation of a 1 : 1 association complex.
Moreover, the fact that Dd(Hb) and Dd(Hd) have nearly the same
value suggests the formation of a bifurcate H-bond complex (in
contrast to that observed with fluoride, where F− establishes a
H-bond interaction with just one N–H fragment). As observed
in the previously considered complexes, the thiourea–anion
interaction induces an increase in the electron density on the
sulfur atom, which causes a strong polarisation of the nearby
C–Hc bond, as shown by the pronounced downfield shift. Due
to the larger distance from the interaction site, the through-
space effect on the Ha and Hd protons is outbalanced by the
through-bond effect, which results in a slight upfield shift. On
the other hand, the farthest Hf proton experiences very small
or no electrostatic effect, so that the through-bond effect can
induce a pronounced upfield shift.

The results of this study are summarised in the diagram
presented in Fig. 11, in which the scale of pKA(LH) and that
of logb([HX2]−) are tentatively juxtaposed. The diagram is a
graphical way to illustrate the concurrence of (i) the intrinsic
acidity of LH and (ii) the stability of [HX2]− to favour the
receptor’s deprotonation, where the receptor, either 1 or 2,
undergoes deprotonation in presence of those anions whose
logb([HX2]−) values are placed above the pertinent horizontal
line.

Fig. 11 Matching of the acidity scale of the receptor LH and of
the stability scale of [HX2]−. Each receptor deprotonates in presence
of excess of anions whose logb([HX2]−) values lie above the pertinent
horizontal line (solid for 2 and dashed for 1).

With regards to the H-bond complexes [LH · · · X]−, the more
acidic receptor 1 forms, with a given anion, a more stable
complex than the less acidic receptor 2. This behaviour is
consistent with the view of hydrogen bonding as an incipient
(and frozen) proton transfer from the receptor to the anion;
where the more acidic the receptor, the stronger the H-bond
with the anion.14 On the other hand, for a given receptor,
the stability of the [LH · · · X]− complex increases with anion
basicity. Comparison of the behaviour of fluoride and acetate
is intriguing. CH3COO− forms a more stable complex than F−,
due in part to the fact that acetate establishes with the receptor–
bifurcate interaction whereas the small spherical fluoride ion
interacts with a single N–H group. Thus, the release of HF
in presence of F− seems to be favoured not only by the high
stability of [HF2]−, but also by the relatively low stability of the
monofurcated [LH · · · F]− complex.

Conclusion
Urea and thiourea are among the most frequently used frag-
ments to design neutral receptors for the selective recognition
of anions. Recognition implies the association of host and
guest through relatively strong, and reversible, non-covalent
interactions. In this sense, the choice of the receptor should
be directed towards the most acidic H-bond donors. However,
this work has demonstrated that a receptor which is too acidic,
like thiourea, leads to the formation of complexes which are
intrinsically stable but are unstable with respect to HX release
and deprotonation. Moreover, fluoride recognition creates a
particular problem, as the extreme stability of [HF2]− may
induce deprotonation even of less acidic receptors, like urea.
This usually leads to the development of an intense colour,
an enjoyable and valuable event, which is not associated with
the host–guest interaction, but derives from a charge transfer
transition within the deprotonated receptor (while fluoride, as
[HF2]−, moves far away in the solution and out of the control of
supramolecular interactions).

Experimental
General procedures and materials

All reagents for syntheses were purchased from Aldrich/Fluka
and used without further purification. UV-vis spectra were
recorded on a Varian CARY 100 spectrophotometer, with a
quartz cuvette (path length: 1 or 0.1 cm). The cell holder was
thermostatted at 25.0 ◦C, through circulating water. 1H NMR
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spectra were obtained on a Bruker AVANCE400 spectrometer
(400 MHz), operating at 9.37 T. Spectrophotometric titrations
were performed on 10−5–10−6 M solutions of 1 in DMSO
(polarographic grade). Typically, aliquotes of a fresh alkyl-
ammonium salt standard solution of the envisaged anion (F−,
CH3COO−, C6H5COO− and H2PO4

− as tetrabutylammonium;
Cl− as tributylbenzylammonium) were added and the UV-vis
spectra of the samples were recorded. All spectrophotometric
titration curves were fitted with the HYPERQUAD program.17

Care was taken to ensure that in each titration the p parameter
(p = [concentration of complex]/[maximum possible concentra-
tion of complex]) was lower than 0.8; a condition required for
the safe determination of a reliable equilibrium constant.18 1H
NMR titrations were carried out on DMSO-d6 solutions of 2
and on CD3CN solutions of 1 at 5 × 10−3 M concentration of
the receptor (Scheme 1).

Scheme 1 Synthetic route to 1 and 2.

1-(2-Methyl-1,3-dioxo-2,3-dihydro-1H-isoindol-5-yl)-3-phenyl-
thiourea (1). Phenylisothiocyanate (0.07 mL, 0.37 mmol) was
added into an argon filled reactor containing 4-ammine-N-
methylphtalimide (0.065 g, 0.37 mmol) in dry dioxane (10 mL).
The mixture was heated at 100 ◦C under magnetic stirring for
24 hours. During the reaction a white precipitate appeared
which was collected by filtration, washed with water and dried
in vacuo. The white solid (0.071 g, 58%) was air stable in the
solid state and soluble in acetonitrile. Mp: 159.1 ◦C. Anal.
calcd for C16H13N3O2S: C, 61.72; H, 4.21; N, 13.50; O, 10.28; S,
10.30%. Found: C 61.74; H, 4.23; N, 13.51; O, 10.26; S, 10.32%.
1H NMR (CD3CN, dH ppm): 8.63 (br, 2H, NH); 8.12 (s, 1H,
Hc); 7.77 (s, 2H, Ha–Hb); 7.45 (m, 5H, Hd–He–Hf). IR (nujol
mull) cm−1: 1764, 1708 (C=O); 3343, 3327 mas, ms(N–H); 1490,
1249 das, ds(N–H).

1-(2-Methyl-1,3-dioxo-2,3-dihydro-1H-isoindol-5-yl)-3-phenyl-
urea (2). Phenylisocyanate (0.04 mL, 0.37 mmol) was
added into an argon filled reactor containing 4-ammine-N-

methylphtalimide (0.065 g, 0.37 mmol) in dry dioxane (10 mL).
The mixture was heated at 100 ◦C under magnetic stirring for
24 hours. During the reaction a white precipitate formed, which
was collected by filtration, washed with water and dried in
vacuo. The white solid (0.073 g, 67%) was air stable in the solid
state and soluble in acetonitrile. Mp: 298.7 ◦C. Anal. calcd for
C16H13N3O3: C, 65.08; H, 4.44; N, 14.23; O, 16.25%. Found:
C, 65.10; H, 4.45; N, 14.23; O, 16.27%. 1H NMR (DMSO,
dH ppm): 8.85 (s, 1H, NH); 9.41 (s, 1H, NH); 8.10 (d, 1H, Hc);
7.77 (d, 1H, Ha); 7.65 (dd, 2H, Hb); 7.49 (d, 2H, Hd); 7.31 (t, 2H,
He); 7.10 (t, 1H, Hf). IR (nujol mull) cm−1: 1763, 1693 (C=O);
3372, 3313 mas, ms(N–H); 1460, 1240 das, ds(N–H).
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